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CORRECTIONS AND ADDITIONS TO DRAFI' INTERIM REPORT OF THE JOINT 
FACULTY-TRUSTEE STUDY COMJvIITTEE: 

1). 

2). 

3). 

4) . 

5). 

6). 

page ?, line 2, delete comma 

page ?, line 5, 11r elation.§.11 

page 21, line 14, "Faculty merel.,y because" 

page 21, line 15, delete comma after 0 needed11 

page 22, line 6 from bottom, semicolon for co:mrna after "solution" 

page 27, new item 6: 

6. On what grounds , and by what means, should we seek new 
endoVJment? What is the relevance of the provisions of 
the new tax l egislation? 
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THE INSTITUTE FOR ADVANCED STUDY 
PRINCETON, NEW JERSEY 

OFFICE OF THE DffiECTOR 9 November 19.55 

To the Trustees of the Institute for Advanced Study: 

At a meeting of the Faculty of the Institute for Advanced Study 
on November 8, 1955, the Faculty expressed approval of the joint 
committee to study and report on the problems of the Institute 1 s 
resources and program; and named Professors Harold Cherniss , Freeman 
Dyson, Marston Morse and Erwin Panofsky to represent them on the 
committee. 

The first meeting of the ccm.mittee is planned for November 28th 
in Princeton. 

r ·, . ,- 1~ • ' . J • , .... 
. L r ,..1 , . r l. , -... I ~- ~ 

"' '-'·· .... . . l· v ::.I''"'-' " 

Robert Oppenheimer 
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THE INSTITUTE FOR ADV AN CED STUDY 

PRL~CETON, NEW JERSEY 
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THE INSTITUTE FOR ADVA"NCED STUDY 
PRI :"IC ETO:-J , ::-I EW JERSEY 

UI 1 ICh UI THf OIREl:l"OI\ 

It seens to that I d beet report directl,y' to you the status 
ot ..;r. Jule Cba--:icy. :W wi ll portantly a!~ ct,, tho i."l wa,ys t.11 t 
are not now cc:apleteJ¥ clear to:> of the tutu.re pro of the 
rnati tu .. a . 

old. li .is a lea~r in app].¥in new 
t.ion to teorological problema. He and von 

pr~diCtiOii of hrlC. stor.D.8 J be has deve
,_-..--... and be and Phillipa have made the 

Dr. Charney £1r t 
invitaticr. irl 191!8. lie l~• ..--...... r......-~-
von tieumann' a departure aa Acting 

the ge::ierel c1rcul&tion or the atmos-

This project i3 sUpported os'" ~ .. , ....... 
the annual a iB appro.xirute}3 7 ,ooo. 
approximate~ or~e t.hird of U effort ,_ • 
com;iutation i• an eseential part l the thods 
few yean:o ago Ten II~ a:.igg a thnt rm c 
permanent, and perhaps a professorial appoiu t iu the School ot Plathema
t.ica. lle pointed to the fact tha • ClltllnGl '.. ;.rk mw not only aucceaaful, 
but increasinalT well knoftll, and that. unleas Char.ne.r were taken into tho 
Institwt ... f=1..l,7 Q1lQ. given usura.nceB or tutu.re cupport, ha V!Ould probably 
choose to go elsewhere. Strong opposition to this proposal. developed on 
the part of Bevcre.l. of ~'le tL..""G thaut.1.cian.~, on the ground that they did 
not think that Cbe.rney'a field "arranted Institute support. At that time, 
all we could agree on was that ·embll.rking on the er:oanent support of aeteo
rology and asae>ciated au.bjecta called for ad.ctl.tional endoftl!l.ent, since it 
wu a new departure academically. I ao reported to the Trustees. The 
matter was raised again last year, and I attempted to resolve the dif!el'
ences between those in the School of athe::iatics-especially the pb;rsicists
wno approTed the professorial appointment !or Cba.rney, and those who r e 
oppoaed to t.hie course. We were not able to r ach agreement., and in the 
absence of new endatlmmt, or ot a clear deeision ot ollc;y on th part of 
J'aoul.ty and TrWs s, the matter was let lapae. 
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This autumn Charney told me that he had been kept informed of 
bis situation ey von Neumann, and that he could not 1nde!initel.7 postpone 
making suitable and stable arrang nta !'or his future. The contract on 
which he ia now opera.ting, and the appointrr.mt as a membor or t... Inst -
tute, will l:x>tll laps witb the end of 1956. Last ridq Dr. Cham told 
ma that he expected shortly to have suitable invitatiDns from thre 
universities aL whlch worK in theoretical meteorology is being supported: 
:New !or University, the f1usachueatts Inatit~te of Technology, Q.J'ld th 
University of Calif.omia at Loa Antele • He told me r tb.er that his 
colleaguo Dr. Fh:Uli a would go with him t/.> the place of his choice; that 
he would like to e hi decision shortly-not later than Januaxy of 
1956; and he "'uld i~l o · atec1 to tell ~ assoc .,.t,; in the project 
ot h1a decision. in order that they might make their pl~ ·~ for the future. 
iie explained to me tn t if J".o had an oi'fer fr the !n :..tJ.tc, he wc\ll.<1 
atil1 be very much tenpte<1 to stay hera beoau.ae of the advante. a , but 
ti1at he .fol t he cow.a no lonaer postpone his use 1 the baeis of an-
cert&in suggestions about. our possible future ld hill that l 
aoul.d axplora thG possibility of reaolvi."lg ana affirm-
atively, and that unler I eaw prospect t done I would 
understand that ho ftc ll.d accept one ot 

I havq now talked separately 
ot the School of' M th tic•, inclu ~--
on the tolephone. Tbs s.cul t.y or . r o 
betliroen thooe who wouJ.d wish to s e us or 
atte:npt subsequently to r.l JC :he • ot.l~ c 
project, indepen e:nt of ye~ ~ e 
were tinnlT oppo"'ed to 
clear that positions ~ 
could tnnarge £rom coll c 
that the School will not ~C:Qt:'.!oa1 
to the Truatees> that we o 

Opinions cl•arly mq- dif!er as tc ..,hs wiS or Io of t.his 
course. Charney alld Phillips are t.b.e leaders, and the only quasi-permanent 
scoolars or di.atinction in the meteorolos;r projeot. bey also prvvi an 
!•port.ant, ii' not the most important field of application of the electronic 
computer project. Thus, what ls hap;>ening will have a protound bearing on 
the lnstit-ute•s project -researches; on our views of the tutu.re relations 
betweon the cc-mpi:rter n.nd the Institute 1 and to 8o:ne extent on the deolsione 
which we fti.ll be tree to take a.bout the •cope of our work in the athemat.1-
cal sciences. It 16 !or thia reaaon that I have ltritten to 70~ at such 
very great lenatb. I should or cours , as always, be glad to diacuss tb1s 
matter with 110 1 1£ you Ohould w h to. 

Mr. Herbert a. aaaa 
100 Park Avenu.e 
N.• York, New York 

Fa1tb.t\1 yol.il"S, 

Robort Oppanhe r 
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Draft of a letter to Mr. Hochschild, with copies to members 
of the Trustee-Faculty Study Corrnnittee : 

Dear Harold: 

Thank you for the copy of your note of February 20th to Harold 
very ~ -ft tu tb 

Cherniss; I am/gladA.you wrote it. It brings to a sharp ~t one of the 

matters on wnich I most ~vistf-to solicit Committee discussion and 

deliberation, and to which we nust turn our attention with great serious-

ness if we are to do our duty. 
~ K... i..trt.:..A. 

It is true tha~ at the Institute today sociology and education, 

and the other set of subjects, ul - p~~nl . th. h' .I.. • al wo a appear,.. o y J..n eir is roric 

meaning~~and HT-e- historical context; but the reason that we do not 

have a professor of education or sociology is not because our work is 

organized in two schools, a School of Historical Stuaies and a School 

of Hathena tics. That we could change, am should change, in the interests 
, t'LO 

of doing the best possible job, if we coula carry out - mandate to 

conduct advanced study) in education or sociology. :1 do not want to labor 

the wor& 0 advanced study" too often. It is in our charter, and it is our 

nameJJ Lt does stand for something: it means study which not only requires 

intelligence and imagination and devotion, but a long period of l earn:ing, 

~ of the acquisition either of technique or of background. In this 

sense I have come to the reluctant conclusion that the subjects mentioned 

in the third co~plete paragraph of page 2 of the Cherniss aide memoire 
fn1 

are not now subjects suitable,._, or susceptible of advanced study. I have 

read widely in many of t£ese subjects; they interest me as a laY'11an and 

a student. I may nevertheless be wrong. 

It is precisely to this point the Committee needs to direct its 

attention, and on which we should seek a corrnnunity of understanc1ing and 
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an ability to explain our differences, if they a.a in .fact exist 

I am glad that Cherniss recorded the conv8rsation as it did 

occur, and I hope there will be other conversat::.ons v1t1ich do come to 

grips with t his question. 

Faith.fully yolll's, 
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msilverstein
Sticky Note



Do ~+ ~ 0 (}) 'IA-v---1-

Jl-o fn l ~ d "'--kk.. CJ'( 

~1~1-

5070 ~c~~ c.-v-

N s TCt.c.J-t4 ~ \-((; ~' 
4 Xf 0 (,,, 
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THE INSTITUTE FOR ADVANCED STUDY 
Princeton, New Jersey 

February 22, 1956 

Dr. Robert Oppenheimer, 
Director, 
Institute for Advanced Study, 
Princeton, N.J. 

Dear Robert, 

lunong the points that have been discussed in the meetings of the Joint 
Conunittee of Faculty and Trustees the following are some that I should think it 
proper and important to develop in the final report of the Committee to the Faculty 
and the Trustees. As I express them here they are in some respects no doubt too 
general, ~nd I think that the Conunittee itself should in further discussion come 
to a cl&ar understanding of their more specific implications before they are 
incorporated, if the Conunittee should wish to incorporate them at all, in the final 
report. 

1. The essential character of the Institute as it now exists should be maintained 

2 . 

intact. 
a) 

b) 

c) 

d) 

The 
the 
a} 

Its activities should be confined to genuinely advanced study in fields 
which in the present circumstances are susceptible of such study without • 
the use of elaborate physical equipment and the maintenance of permanent 
staffs of technicians. 
It should be alert to the possibility of expanding its activities into 
any field of study that answers to the description above but only if 
there is available for appointment a genuinely eminent and productive 
scholar in that field of study. 
It should neither engage in any activity nor refrain from any, simply 
because it might thereby attract additional financial support; and it 
should not feel obligated to include in its programme any area of invest- , 
igation, simply because of a popular belief that by such investigation 
the cure of social ills or the solution of troublesome problems ought to 
be discoverable. 
It should preserve itself as an intimate and informal community of 
independent scholars working with the greatest possible freedom from 
regulations and restraints; and it should not increase in size to a point 
at which such intimacy, informality, and freedom might be impaired or 
jeopardized. 

faculty of the Institute should be strengthened within the framework of 
present programme of the two Schools. 

Pure mathematics should be represented in the numerical strength and 
versatility that it had when Professors Weyl and von Neumann were active. 
This will require one professorial appointment in addition to the appoint
ment of Borel as professor and Serre as a long-term member; and the 
strength thus achieved should be maintained. 

b) The activities in theoretical physics should be extended to such aspects 
of the science as astrophysics, chemical physics, and fluid dynamics; and 
two professorial appointments in fields such as these should be made. 

c) The School of Historical Studies should continue to con~entrate its activ
ities upon the various aspects of European culture in its development from 
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classical antiquity to the present time. It should be reini'orced by the 
appointment of about five new professors specializing in periods and 
topics within this framework that are not now represented, e.g. European 
history from the 15th to the 18th centuries, history of science, history 
of philosophy and religion, history of language and literature, and legal, 
economic, and diplomatic history. 

3. The Institute in its uniqueness fulfills an important f'unction in the educational 
and intellectual life of the United States and of the western world. It is 
important that it should continue to do so; and this it can do only if it develops 
on the highest scholarly level as something other than merely another graduate 
school, however eminent, among the graduate schools of this country. Patronage 
of it should be solicited frankly and firmly on these .grounds, in order that it 
may .fulfill still more adequately and effectively this f'unction with which it 
has come to be identified ever more widely throughout scholarly circles in the 
western world. 

As I believe lt desirable for the c9mmittee to discuss the details of the 
above points, so I think that there are other matters either touched upon onl.y 
casualJ.y or not discussed at all hitherto which we should consider be:fore we proceed 
to fonnulate a final report. Among these are 

1) The point raised in Harold Hochschild's letter of February 20th and your 
reply to it of February 21st. It is essential that all members of the 
committee should reach a very clear understanding concerning the subjects 
considered inappropriate to the regular and permanent programme of the 
Institute, the difference between these and what may be called "peripheral 
subjects", and the reasons for these judgments. .... ' 

2) The prQblem of the library - space, service, and staff - both with regard 
to imminent and to more long-range requirements. Some members of the 
committee, I feel, desire to discuss this subject in detail; and many 
faculty-members not on the committee have raised questions about it with 
me time and time again. 

3) Stipend f'unds for temporary memberships and the questions of the number 
and character of appointments as well as the criteria and p~ocedure of 
election. 

4) Support of publication. I am sure that the Faculty wishes neither an 
Institute Press nor a formal series of Institute Publications; but, since 
these questions have frequently arisen, I think that we might well formu
late our opinions concerning them and also consider the advisability of 
seeking f'unds for the greater support of publication by members 0£ the 
Institute both permanent and temporary. 

5) The matter of the salary-scales for assistants, secretaries, and service
staff. I am not sure that this subject comes within the terms of refer
ence of our committee; but it is a question that will need review by 
someone. It has a direct bearing upon the reasons advanced for seeking 
increased endowment, and we might at least call it to the attention of 
the trustees. 

6) I think that the importance of the Director's Fund as a means of supporting 
"peripheral studies'' should be stressed in our final report. In connection 
with this we might consider our resources for bringing to the Institute 
for special purposes and for brief periods of time visitors or groups of 
visitors to take pirt in conferences or seminars on specific scholarly 
problems. 
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I believe that we still have too much to discuss to permit us to make a 
final report to the Trustees in April. Moreover, I think that it would be wise for 
you to present to the Faculty an outline of our conclusions long enough before the 
final report is made to enable all faculty-members to make suggestions and express 
opinions which our committee could then consider before fonnulating the final re
port. For all this there is not time before the end of the current t erm. I should, 
therefore, prefer that only an interim report be presented to the Trustees in April 
with the promise of a final report to come perhaps about at the end of this calendar 
year. 

Copies sent to: Messrs: Dyson 
Greenbaum 
Hochschild 
Lewis 
Morse 
Pan of sky 

Yours ever, 

/s/ Harold 

Harold Cherniss 
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INSTITUTE FOR ADVANCED STUDY 

nrart 

Interim Report of the 
Joint Faculty - Trustee Study Committee 

At a meeting of tha Trustees of the Institute on the 27th of 

October, 1955, it was voted to create a special committee, under the 

Chairmanship of the Director, to be composed of three members of the 

Board of Trustees and two Professors each from the two schools of the 

Institute. 'rhe Chair appointed Nessrs .. Greenbaum, Hochschild and 

Lewis as the Trustee members. At a meeting of the Faculty of the 

Institute on tha 8th of November, 19S'S, the Facul·by welcomed the esta-

blishment of the Committee arrl elected Professors Cherniss, Dyson, 

Morse and Panof sky to serve on it. 

The purpose of the Committee was to rrake a comprehensive and 

critical survey of wrat tha Institute is now doing in its academic 

policy and pr ogram; to consider wh3ther this pro gram needs amendment 

or alteration or extension; to ask wmther the program is now being 

adequately carried out; to ask what new undertakings it would be 

reasonable for the Institute to embark on that are consistent with 

its overall policy and Charter; and in all of these matters to consider 

whather the resources now available to the Institute are adequate, and, 

if not, to assess as well as may be possible the additional resources 

required, either for doing better what we are now doing, or for new 

undertakings. 

- l -
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It has been clear to us from the beginning that we could not 

make a useful contribution to answering these qi:e st.ions without a common 

and reasonably complete understanding of what is now going on at the 

Institute and an examination of whatever rationale e.xists for this 

activity. It was also clear that we would need to reflect a:rxi discuss 

at some length what the Institute' s Charter and tradition mean in the 

context of today's intellectual and academic life. 

Thus we have not expected to report quickly and decisively to 

the Faculty and the Trustees. This report is an interim report, intended 

in the first instance as an internal committee document for discussion 

among us and for eventual discussion with the Faculty and other members 

of the Board of Trustees. Indeed, it is clear at this writ:ing tba t 

there are a number of questions :in tl::e minds of members of too Committee 

which we have not touched on at all, and without a consideration of 

which we shall not have answered the questions that are put to us. We 

shall return to sane of these at the end of this report. 

The Committee has met ;four times, each time for about six 

hours. It seems likely that several more smh meet:ings will be required, 

and that we can hardly expect to sti:>mit a final report before the autumn 

of 1956. One consequence of this time scale is that on many questions, 

which were before the Institute at the time the Committee was created, 

it has been forced to seek a solution and to take act:i,on without eJq:>licit 

reference to the Committee's wo21k, even though the Committee 1 s recommenda

tions, if available, might well have been relevant. We list four S'llCh 

examples: 

- 2 -
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1. The inadequacy of our hous:ing, and the means whereby to 

meet the expense of improving it were before tm Trustees when the 

Committee was created. We have now virtually completed our application 

for a loan from the Federal Housing Authority for approximately 70% of 

the anticipated constrootion costs, and are submitting requests for 

bids for the construction of the housing. In all probability, any 

comments the Conmittee may make on this matter muld be too late to 

be useful. 

2. A second acute problem facing the Institute at the time 

of its October meeting had to do with the status of our contract 

research: the program in numerical meteorology and theoretical geo

physics on the one hand, and the development and operation of the 

Electronic Computer on the other. It is now clear that the former 

will be abandoned. The principal scientists involved will go else

where. It is also olear that the Institute will cease its work on the 

design of larger and faster computers, that it will attempt to operate 

the present computer for a limited period as an important facility for 

the researches conducted here in mathematics and physics, and an even 

more important facility for researches in physics and astrophysics at 

Princeton University. The future of this operation, which is radically 

different in scope, purpose and nature from tha. t undertaken by the 

Institute a decade ago, is a suitable subject for Committee recommenda

tion, as will appear below. 

- 3 -
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Jo A third eJ<alllple is the nomination by the Faculty for a. 

Professor ship in the School of Mathem:i.tics of Armand Borel, and the 

nomination for a long-tenn ioombership in the same school of Jean-Pierre 

Serre o These nominations have cane to the Trustees in the traditional 

way, and must be acted on before the Committee's f:inal report, though 

it might bear directly upon them. 

4. Finally, the budget now in preparation cont.ains provision 

for increases in the stipend funds in the schools for the coming 

academic year to meet a very serious need that has arisen, especially 

in the School of Historical Studies. Our report will certainly consi

der the adequacy of our stipend funds and suggest policies far deter

mining their size, and discuss the metro ds by which we now allocate 

th:lm, and the criteria we use. But here again these considerations 

cannot bear on the imnediate problem of rumiing the Institute at the 

present time. 

This Committee has been kept informed on all th:lse matters. 

It has not construed it as its function to provide emergency advice to 

Faculty or Trustees; on the contrary, as a CO!T!111ittee, we have been 

concerned to give counsel on Institute policy for the next five or ten 

years, and to estimate as faithfully as we can the implications of this 

policy for the budgetary needs and resources of the Institute .. 

* * * * * * 

- 4 -
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We began our work with the study of t.be present work at the 

Institute. That of the School of Mathematics falls in three fairly 

clearly distinguished fields: in pure mathematics; in theoretical 

natural science, almost wholly th~oretical physics; and in the contract 

research program. 

The work in pure matheinatics is unique in a cbuble sense. 

There is no other place in the world where work of such scope , depth, 

and vigor is carried out in this field; and there is no other field 

of advanced study at the Institute in which there is, in magnitude and 

catholicity, a comparable effort. .A,t pre sent there are six pure mathe

maticians on the active resident Faculty of the Institute, and the 

number of members in pure mathematics is about fifty, or half of the 

total membership of the Institute. 

This work is catholic, both as to the fields of study and as 

to the schools of mathematics represented which interact with and cross

fertilize each other. It is a great international center in which 

French, English, Gennan and Japanese mathematicians participate , along 

with Americans, and in which the only important missing school is that 

of the Soviet countries. The work is independent of experiment and of 

the stimulus of nat'l.ll'al science; it is far more abstract and immensely 

more powerful than the mathematics of the turn of the century. It is 

recognized throughout the world, and attracts a large fraction of 

fellows, of professors on sabbatical leave, and of foreign scholars, 

who elect to come to the Institute in preference to any other institution. 

Most of the members are supported by funds from the departments of the 

Government or from other outside gources. 

-5-
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We are clear that there are both historical and intrinsic 

reasons why what is true of our work :in mathematics is not trte in other 

fields. The historical reason is, of course, the generous, continuing 

and enlightened support, given to this work fran the very beginning of 

the Institute, arrl the great eminence of its early Faculty. The intrinsic 

reasons are no less important, trough they are harder to explain. 

Mode:r.n nathematics combines great difficulty, abstractness and power both 

with specia.ljzs,tion and hannonious elanents of unity. It is self-contained, 

self-sU'3taining, and almost self-generative. It is therefore extraordin

arily fruitful for men with different interests or different styles to 

consult one another, and to learn by their conversations and by their 

lectures what they would only later, and with far greater difficulty, 

learn from the literature. A mathematician may come to the Institute 

and be quite confident that he can find out about anything really impor

tant :in cmTent work :in the field. 

One of the questions which this Committee has considered is 

whether the Institute could realize in other subjects, for instance in 

theoretical physics, or in some branch of history, a comparable massive 

pre-eminence. It would appear that the answer to this question is in 

the negative. In physics, for instance, the close connection of theory 

with experiloont, the dependence of theo~etical progress on experimental 

discovery, and the corresponding fluctuating character of really deep 

and important developroonts, all distinguish it sharply from mathematics. 

So too does the :immense dispersion and wealth of the institutes and 

laboratories devoted to physics, and the great variety of derivative 

-6-
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branches of physics. In this field it would manifestly not be feasible, 

and it is most doubtful, that it would be desirable to establish at a 

single institution the dominant position which we have in mathematics. 

It is commonly thought, as it was at one tine true, that the 

relation between currerrli mathematics and current theoretical physics are 

close and intimate. The developments of mathematics referred to above, 

its imreasingly abstract nature, and its concern with extending and 

uniting those classical branches of mathematics, such as algebra, geometry 

and analysis, th at arose to gather with physics , all help to explain the 

change. The absence of von Neumann and the death of Weyl have removed 

from the Institute the last two great mathematicians likely to make 

direct and important contributions to physics. As Dyson said in his 

obituary notice of Hermann Weyl, 11 Now he is dead, the contact is broken, 

and our ho:p3S of comprehending the physical universe by a direct use of 

creative matmmatical imagination are for the time being ended." 

The work in physics at the Institute shares with that in 

mathematics its international character and its intensity of communica

tion between different workers. It has been higily concentrated in a 

fundamental and special fielda The attempt to understand the properties, 

behavior and existence of the particles of nature, and specifically the 

attempts to apply methods of field t mory am of group theory to this 

understanding. Brilliant work has also been done at the Institute on 

problems less near the frontier, primarily on the so-called problems of 

order, which are important for an understanding of solids. At the pre sent 

time theoretical physics as a whole is, despite this, not adequately 
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represented, partly because of Placzek•s death and Van Hove's departure. 

The undertaking is snallar than :in mathematics. Physics is represented 

by three members of the Faculty, and a total membership of about twenty

five. 

Very occasionally members :in other branches of th:loretical 

science, in biology, chemistry and astrophysics come to the Institute. 

No one on the Faculty is expert in these subjects. More sustained is the 

work in theoretical psychology, which is guided by an advisory cormnittee, 

and where two or tlu-ee members tend to come each year, usually to study 

and analyze and report on experimental work to which they have devoted 

many prior ;years. For these subjects there is little direct technical 

relation, either with theoretical physics or with mathematics, although 

the presence of experts in the latter disciplines is occasionally helpful 

to the fonner. 

The Committee has heard both Dr. Charney and Dr. Goldstine 

report on the contract researcl:e s for mich they are respectively respon

sible. Dr. Charney is acting head of the work in meteorology; arxi he 

described to us the successes that he and his associates have had in 

identifying, by nurrerioal calculation of the properties of appropriately 

simplified models, some of the salient features of large storms, of the 

general circulation of the atmosphere, of the Gulf Stream, and of hurri

canes. The Committee learned, with m:i,xed feelings, of Dr. Charney• s 

impending departure. On the one hand, his work is lively, full of 

interest, and quite promising; on the other, it requires staff and support

ing equipment, going far beyond what the Institute makes available to its 
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Professors; and there are differences of jud(:'gllent and taste as to the 

depth and difficulty of the contributions that Charney has made. 

Dr. Goldstine reported on the general program of the computer. 

It devotes one-third of its time to the problems of the meteorologists, 

a small amount of its time to internally generated mathematical problems, 

and the rest to problems in physics, astrophysics and mathematics which 

come from members of the Institute and the University and associates 

elsewhere. In addition, the Institute has been developing, under its 

computer contract, components and designs which might be helpful in 

faster and larger computers. Dr. Goldstine reported that with the depar

ture of the meteorologists, and on the occasion of his discussing the 

matter with us, he had come to the conclusion that the Institute should 

alter and, if possible, discontinue its efforts in this field. The 

engineers at the Institute are few, and are, in comparison to those 

available to industry, inadequate to the ta.sk of developing the next 

generation of computers. We a.re, in his opinion, neither appropriate nor 

qualified for such an undertaking. He, himself, believes that the sacri

fice of his mathematical interests, entailed in the direction of this 

project, is no longer justified. He explained to th:! Committee that the 

Instituters legitimate scientific needs in this field could be fully met 

by quite limited access to a computer located in Princeton or even, though 

less conveniently, by access to a computer in New York or Philadelphia. 

The Connni ttee expressed approval of the projected plan of 

eliminating the engineering program and some of the studies of the 
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mathematics of computation, and of seeking at the earliest practical time 

to transfer the operation of the computer to another management. This 

transfer, of course, should protect the Institute's legitimate interests 

in having access to a computer, and should honor, as far as possible, the 

obligation to the University, not to deprive it strldenly of a resource on 

which some University scientists have come to depend. The Committee suggests 

that only very special circumstances, not now foreseen, would warrant the 

reinstitution of the Institute's contract research program. Some reasons 

for this view will appear below. 

* * * * * * 

At present, studies at the Institute, which do not fall within the 

School of Mathematics, are in the School of Historical Studies. One of tm ' 

Committee 1 s purposes has been to enquire wbetner this framework was too 

narrow. In the School of Historical Studies today, there is a good deal of 

unity, both in the emphasis on historical method and in the elements of 

unity in field and soope. On the other hand, there is breadth and variety 

of technical approach; as the Director stated at tm October meeting of the 

Board of Trustees, this effort 11 should concern itself broadly with the 

history of man on this Eart.h wherever it is recorded and in whatever form." 

Today the fields of study represented by mE111bers of t~ Faculty, 

am those primarily pursued by visit:ing members in the School of Historioal 

studies, all have to do with one as?'ct or another of the history of the 

West, from pre-Hellenic times to the present. In this respect, the situa

tion is rather different than it was ten :years ago, where Middle-Eastern 

studies and Chinese studies were also represented, as were special, non

historioal, undertakings :in finance and economics. 
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There are now eight members of the Faculty in this school, and 

the total membership is about thirty. The small number of members, com

pared to those in mathematics and physics, reflects, in part, the relative 

scarcity of scholars in many of the fields represented; in part it is also 

to be attributed to the fact that funds in support of scholarship in these 

fields are very mu.oh more limited and harder to find than in the mathema

tical sciences; and that therefore the size of the stipend budget of the 

school effectively restricts the size of the membership, as is not the 

case in mathematics. 

It is true that in Greek archaeology, the Institute, in a 

smaller field and in a smaller sense, occupies s01oothing of the central 

position that it does in pure mathematics; a Slbstantial fraJtion of 

Greek archaeologists have been members of the Institute. In the history 

of~European art something canparable, but perhaps still snaller may be 

trm. But certainly a minute fraction of historians, working in the 

general span of fields covered by the school, have been members. 

We may list here for explicitness the specific fields in which 

the eight Professors are specialists: Two are Greek archaeologists, one 

of them pr:imarily an epigrapher; one is a Greek philologist and historian 

of philosophy and science; one is an historian of Imperial Rome and 

Byzantium and a numisnatist; one is a mediaeval historian; one an historian 

of European painting; one of modern British history; and one of modern 

diplomatic history. It is clear that there are striking and, at first 

sight, bizarre lacunae in this roster. We shall return below to a dis

cussion of this point. 
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In addition to the stipend funds of the two schools, the 

Institute has a so- called Director's Fund. Its purpose is to provide 

grants for temporary members in cases where their work is distinguished 

and interesting, and their membership receives the approval of one or 

another Faculty; but wmre their work lies m a field in which no member 

of either Faculty is reasonably competent. E.:xample s are: theoretical 

biology and psychology, law, philosophy, and literature. The role of 

this fund will be clearer after we have reviewed the criteria by which 

we must select our Faculty, and the consequence of the exclusion from 

the Faculty of sch:>lars in many fields of inherent intellectual :interest. 

* * * * * * 

In reviewing the Institute 1 s work, we have had two questions 

in mind: (1) Are our present fields of work wisely chosen? And (2) Why 

are there oo many other fields richly represented in universities and 

graduate schools in which we are not active at all? There is a third 

question, which is whether we are going about our work properly in those 

fields in which we are engaged. This last question the Connnittee has so 

far hardly considered, since it involves an evaluation of the methods by 

which we select our members and our Faculty, the adequacy of our library 

and other facilities, and the general good sense with which the place is 

operated. 
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As for question (1), the Committee is of the .opinion that what 

we do is good, with the single probable exce~tion of the contract research 

program, which is to be rapidly reduced, and probably shortly abandomd. 

It is to question ( 2) that we rave given almost all our attention: 

What, if anything, ought we to be doing that we are not doing today? This 

has involved for us the formulation of a set of criteria in tenns of which 

it would, for instance, be possible to recommend for or against, institut-

ing a program for sinology or biochemistry or political science. Any such 

criteria will necessarily appear strict and forbidding; and before advocat-

ing them, we should insist that they sometimes be honored in the breach. 

But as general rules, which should not be violated light-heartedly, or 

without grave reason, we set them forth in items A to F herewith: 

A. We are limited to some extent by the Charter, the Certificate 

of Incorporation of the Institute. The relevant declaration with regard 

to fields of stu1y is contained in Item 2, which follows: 

"The purpose for which this corporation is formed is the 
establishment, at or in the vicinity of Newark, New 
Jersey, of an institute for advanced study, and for the 
promotion of knowledge in all fields, and for the train
ing of advanced students and workers for and be:yond the 
degree of Dootor of Philosophy and other professional 
degrees of equal standing. 11 

In the letter addressed by the Foun:lers to the first Board of Trustees, 

this mandate is emphasized in the following words: 

"••.The primary purpose is the pursuit of advanced learn
ing and exploration in fields of pure science and high 
scholarship to the utmost degree that the facilities of 
the institution and the ability of the faculty and 
students will permit ••• n 
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We have considered how to apply these instructions, and we have also 

considered the question of whether they too severely narrowed the field 

of our work. In doing so, we have the sanction of the Founders, who 

concluied their letter with the following paragraph: 

11 This letter is written in order to convey to the 
Trustees the conception which we hope the Institute 
may realize, but we do not wish it or any part of it 
to hamper or restrict our Trustees in their complete 
freedom of action in years to come if their experience 
with changing ~cial needs and conditions shall appear 
to require a departure from the details to which we 
have herein drawn attention.11 

B. In trying to give more specific meaning to the Founders' 

instructions, we note, as a first step, what 11the changing social needs 

and conditions appear to require. 11 Today, in the Western world generally, 

and in this country in particular, there is plenty of money for science. 

By the standards that prevailed when the Institute was founded, jobs and 

patronage are plentiful. They are the most plentiful, the most overwhelm

ing precisely in those areas of practical application a.rxl relatively easy 

success. But, even in pure mathematics, even in the most recondite parts 

of theoretical physics, money in support of research is not what is 

missing. 

What we can provide, rather permanently for our Faculty and for 

a limi tad time for our members, is freedom, freedom from the press of 

intricate, organized scientific activity, freedom from unremitting 

requirements of classes, freedom from the administrative paraphernalia 

that have become so threatening to the tranqu:i.llity of scholarship with 

the growth of institutions, programs and student bodies. We can provide 

- 14 -

Board of Trustees Records: Committee Files: Box 3: Faculty - Trustee Study Committee 
From the Shelby White and Leon Levy Archives Center, Institute for Advanced Study, Princeton, NJ, USA



more than freedan& Something that is implicit in the word 11patronage11. We 

oan provide the appreciation of a man•s colleagues for the difficult, the 

deep, the unusual, and the beautiful in his own work; and we can provide him 

with an opportunity to see this intimately, and often at the time of creation, 

in the work of his colleagues. 

In the fields of science, it is these functions that are called for 

by the situation of the day; and it is only in these that the Institute can 

make a contribution not wholly overwhelmed by the billions spent upon science 

elsewhere. We can also provide for direct consultation and cormnunion between 

men of different countries; and we can provide it precisely at the level of 

abstractness and novelty where practical grounds would hardly afford the 

basis for bringing men together. 

In historical studies, the situation is not similar; but it bas 

elements of similarity. Here the foundations arrl the governments make vast 

funds available for studies deemed relevant to practice, studies aimed primar

ily at the present and the future in economics and political science, in 

sociology and social psychology, to cite examples. Support for the scholar · 

whose interest lies in a deep understanding of the past is hard to find; and 

such scholars are in no less need than are the mathematicians of relief fran 

the burdens of contemporary college and university life. They are also in 

no less need of opportunities to learn at first hand what colleagues in other 

lands have been up to. 

The lavish support of applied science, of natural science generally, 

arrl of the practical aspects of the social sciences clearly give a contempor

ary argument for interpreting with so~ strictness the phrase "pure science 

and high scholarmip11 in the Founders' latter. 
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c. The sittation just outlined seems to us to reenfcrce all 

other arguments that the Institute should not attempt experimental 

researches; and should be cautious in those studies which require a large 

supporling staff of technical, but not scholarly workers. There is no 

need for another great nuclear laboratory, an::l yet its cost would swallow 

the whole of the Institute 1 s endowment; there is no need for another 

Bureau of Economic Research even if we could afford one, which we oannot 0 

In addition to these arguments, which derive from the present 

landscape of intellectual activity, tmre are others based on tm way the 

In~titute conceives its function. Members outnumber the Faculty by four 

or five to one. They are men who come here for intensive work for a year 

or two at tl'E most. If we are to have them and thus fulfill perhaps our 

major function, we must restrict our selves to fields in which such tempor

ary work is possible. Projects, area studies, experimental pro grams require 

a continuity of organization, of staff, and often of equipment which cannot 

be achieved by ~o ple coming for a winter or a year. The introduction of 

equipment, or the institution of major project researc~ s would add to this 

community great numbers of workers who are not scholars; it would introduce 

problems of regulation and organization; it would make the Institute very 

different than it has been or is. The Connnittee believes that it would be 

a mistake to lose our ability to perfonn the functions that we now do perform. 

These are s<Jlle of the reasons why pre sent developments in the 

Institute 1 s project research seem to us healthy, and why we would advise 

against instituting such research at all lightly. 

These views have a clear bearing on t~ fields that should be 

cultivated at t:t:e Institute. A ;field in which massive equipment, staff, or 

organization is required is not a field for us. 
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D. There are other ways in which th!J intimacy arrl freedom of 

the Institute could be jeopardized and its canmunity impaired. One of 

these would be a too great arrl too rapid growth, which would call for 

compartmentalization and organization which would interpose a barrier 

to free and informal arrl intimate canmunication; and which would bring 

to the Institute those elements of organization which it is part of its 

purpose to enable its members to escape. We conclude that too Institute 

should not rapidly increase in size, and that such increases should be 

watched with care, to see that they have not had seriously harmful 

effects, and that they should be reversed if they have begun to show 

such effects. 

Some growth is natural to any enterprise; and we shall come 

below to make specific recommendations about the character of that growth 

over the next decade. But the arguments which favor it will be meaning

less, if in the process of grCX-J'ing we have lost the virtue which is our 

reason for existence. 

It follows from tbis that there is a limit on tm number of 

fields in which we can be active that derives from our limits of size. 

Were we to add to our historical studies the history of China, the 

archaeology of India and the pre-history of Africa, we should no doubt 

have added interesting fields. Nevertheless we should probably not try 

to do it. 
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E. Perhaps our hardest theme has been to get an adequate and 

appropriate understand:ing of what we ought to mean by "advanced study"• 

It could be taken to mean any singularly intelligent, creative or great 

achievement in cultural or intellectual life. But we believe this inter

pretation too broad for the determination of Institute policy. We 

bel:ieve that the word 11 study'' should be taken to mean what it says; and 

that works of art and literature, nonnative, hortatory or prophetic 

writing, and rhetoric, clearly have no place as "studies11 , though they 

d6 have a place as objects of study. 

We further believe that what makes study advanced is not so 

much the native talent and orgi.nality of the investigator as the fact 

that he must have learned a great deal in order to conduct it. He may,, 

for instance, have learned the disciplines and arts of modern mathematics, 

or the specialized concepts, methods and lore of atomic physics; or he 

may be steeped in what was written and said, acted and recorded in early 

Imperial Rome. This knowledge, this learning, will have taken a long 

time to acquire; i n the case of an historian, perhaps much of a life-time. 

It will be a treasure. It is to the fostering and appl ication of such 

treasure that the Institute is devoted. This is what we mean by advanced 

study; and this is why we must not conclude that because a subject is of 

practical interest, or has attracted large numbers of experts to it, it 

necessarily follows that it is a suitable subject for us. 

We shall return to the appl ication of these views in specific 

instances. But they will lead us to the conclusion that although creativity 

and high intelligence are necessary conditions for a professorial appoi ntment 

to the Institute, they are by no means sufficient. 
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F. There are t wo kinds of field of study at the Institute. 

In one there will be on the Faculty one, or preferably a group of 

people, who are themselves outstanding experts, and who will have an 

interest in bringing to the Institute, for consultation and encourage

ment, other members who work in the same field. To enter a new field 

the Institute needs to make such Faculty apJ?ointments. Where we do 

not have a Professor, we can and still do invite members; and this is 

one of the essential functions of the Director• s Fund. SUch invitations 

will tend to have an exploratory, and sometimes a casual quality. We 

may conclude, from getting to know a member's work and the member h:imself, 

that he is someone whom we ought to have here permanently, and that we 

would like more like him. We may cone lude, as is manifestly the case 

in psychology, that we are pJaying a very helpful part in nroviding 

temporary memoorships, but that it is unlikely that any of the men 

who have come here would in the long run flourish away from laboratories 

and exp3rience. Or we may conclude that the Institute has, in this 

instance, invited someone who does not fully conform to what we ought 

to mean by an advanced student, but who has nevertheless had a year to 

get some interesting work done which he would otherwise not have had. 

Your Committee believes that an occasional appointment., which 

turns out not to correspond to advanced study, though not desirable, 

is a reasonable price to pay for the flexibility which it provides; and 

that a too rigid and absolute application of categorical standards to 

temporary appointments would be likely to do us harm. But in the making 

of Faculty appoinbnents, we are, for many reasons, constrained to apply 
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higp standards. The commitment is financially grave; even more, it is 

academically grave, in establishing that there is a field of study that 

we wish to cultivate. 

we have, in the making of Faculty appointments two requirements 

that must intersect. On the om hand, we must find a scholar in a field 

of which we are confident that it does involve advanced study. We must 

also find a man of achievement, intelligence and greatness. And no 

blU9print for developing the Institute will have meaning unless the men 

exist to give life and reality to the proposals. 

It is somet:imes asked whether there are any fields of which it 

can be said that we would not appoint a man to our Faculty if he were 

sufficiently intelligent and creative. Probably, apart fran the require

ments of relevance, and of our inability to provide equipment and staff, 

there are few fields in which such pronouncements can be made absolutely. 

But even an intelligent man cannot become an advanced student in a subject 

which does not have the relevant material, or becane educated with great 

learning, or with difficultly acquired techniques, if the learning does 

not exist and the techniques have not been invented. The founders of 

great disciplines were not always practitioners of advanced study. Some

tme s they were. But such men will not appear with great frequency in 

the mxt decade. Thus it is possible for us to say of some fields that 

it is most unlikely that we shall enter them by a Faculty appointment, on 

the ground that the material for advamed study does not exist in them 

and probably will not exist in the decade for which we are writing. 

* * * * * * 
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I. When we now look at what the Ins t itute is and is not doing, in 

the light of the arguments and the criteria set forth above, we come to 

a number of findings, some affirmative and som3 restrictive. These we 

should now review. 

We have concluded that in its essential character, the Institute 

should be preserved. It should not attempt the vast expansion which any 

more compJe te coverage of all fields of research and study would imply; 

it should keep away from the laboratory and the experiment; it should not 

change its size radically; it should not admit as members, and certainly 

not to its Faculty, men whose work is interesting, but elem3ntary; it 

should continue to be an international center, open to scholars from all 

parts of the world, with a primary, but not exclusive emphasis on their 

welfare, their achievements and their intellectual and professional 

growth; it should never appoint to its Faculty, because an appointment 

is needed, in a particular field; it has no need to be complete, and 

cannot be; it should never appoint a man no matter how brilliant, unless 

his work rests on and creates a corpus of learning; it should in all 

these matters follow the traditions which have in general characterized 

it in the past; and it should no ·(; grow too fast or too much. 

II. We have examined in a good deal of detail what elements of 

desirable growth are likely for the df:icade ahead; and, as a part of this, 

have asked ourselves with some seriousness whether we were right in 

anticipating that we would not enter many important fields prominent in 

higher education in this country or throughout the world. We can now 

summarize our conclusions on these matters: 
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A. The mathematicians of the School of Mathematics believe 

that if their present :recommendation for the appointment of Borel is 

approved and accepted, they will be cl<;>se to having a Faculty broad 

enough and strong enough to carry on. They estimate that one further 

appointment, or a total strength of about eight would be right :in the 

present and foreseeable state of mathematics, and with the present 

strength and interests of the Faculty. This Committee is only poorly 

qmlified to judge the substantive elements of this judg,nent. We would 

expect that the Faculty in mathematics would need to be, would wish to 

be, and should be maintained at about this level. It is not anticipated 

that the temporary memberships in mathematics will rise or should rise 

above their present level. 

B. As indicated above, the physicists at the Institute have 

concentrated to a very great extent on the deep and difficult problems 

of particle physics. In the last decade there has been much progress, 

and much brilliant and beautiful work on the theoretical side of thi. s 

problem. But your Committee has been told that the problems that lie 

am ad appear very deep indeed, that it is not clear by what means they 

will be solved, that i'f:, is not clear to what extent experimental clues 

may be required for their solution, and that a continuing effort, concen

trated entirely on these questions, does not appear adequate as an 

Institute program. For one thing it gives too narrow a range of problems 

for tha younger members, by setting a style which discourages them from 

studi.e s in other parts of physical theory where progress may not be so 

difficult. For another, it deprives the Institute of the interest and 
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vitality that branches of science now flourishing could bring. And far 

another, it does not do justice to the poss;ihility that the methods now 

applied in other parts of physical theory may be relevant and even 

necessary if progress is to be made toward finding the basic principles, 

now unS'llspeoted, which describe the order of the atomic world. Thus 

the physicists desire to add to their Faculty, in ~h fields as astro

physics, fluid dynamics and ch3mioal physics. TP.ey have infonned us that 

they are now considering possible candidates. 

It is also clear, particularly in view of the fact that three 

Professors of physics are very much of the same age, that the Institute 

should be prepared to make new appointments al so in the basic field of 

particle physics, should during the coming decade a new man or a new 

method or a new discovery make that appropriate. 

Your Committee believes that in other fields of theoretical 

science, Faculty appointments are probably not now justified by the state 

of the science. It is doubtful whether in biology, in chemistry or in 

psychology, purely theoretical work, divorced from the laboratory, is 

of sufficient robustness and diffiqulty. On the other hand, in these 

subjects temporary memberships should certainly be encouraged. Probably 

the system of an advisory committee, already ac:bpted in psychology, might 

with profit be applied to the biological sciemes. 

c. Within the School of Historical Studies, it is the view of 

your Connnittee that historical work should be concentrated, as it now is, 

on the history of the European tradition and on areas or subjects closely 

contiguous with this. It is clear that there are many periods and many 
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aspects of this tradition whose history is not represented on the present 

Faculty; and whenever eminent scholars are available, we should certainly 

wish to represent the history of Europe f'ran the 15th through the 18th 

Centuria s, the history of scieme, of music, of philosophy and religion, 

of law and literature; we would be interested in legal, economic and 

diplomatic history. 

Your Conunittee believes that not all of these virtual great 

scholars will in fact be found, or will be available to us. But we 

think that perhaps ten years from now the Faculty of the School of 

Historical Studies will be increased by about five over its present 

strength of eight. This cannot be an exact assessment; but your Conmittee 

affirmatively does recommend that we attempt to find and appoint scholars 

to bridge and to enrich the study of the W~stern tradition. 

It is clear that this development should and must also be accom

panied by an increase in the number of members in the school. No exact 

equality in Faculties or memberships seems to us necessary or obtainable 

as between the two schools. They are now more out of balance than seems 

to us healthy. 

n. This Committee has considered quite earnestly some subjects, 

the history of which would naturally fall within the scope of the School 

of Historical Studies, but which can be approached by non-historical, 

substantive methods. We are not concerned as to whether scholars so 

engaged are or are not counted in the School of Historical Studies. We 

are concerned as to whether we are likely to find them, and whether we 

ought to seek them. We are clear that if a philosopher, as opposed to a 
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man primarily an historian of philosophy, who was a great scholar and a 

great philosopher, were to become known to us, we should take a great 

interest in having him here on our Faculty. This interest would, be 

increased if his philosophy had a synoptic bearing on human affairs as 

manifested in man's history, on the one hand, and on the sciences and 

logic and mathematics on the other. We regard it as very much less 

likely that we should appoint a Professor of theology, jurisprudel'))e 

or political economy, as opposed to an historian dealing with the 

development of these subjects. 

There are a group of disciplines of which we are persuaded, 

that as of today they are unlikely to qualify as subjects of advanced 

study; these include, but are not limited to, most of the social sciences. 

This view we hold of economics, political science, social psychology, 

literary and artistic criticism, anthropology and sociology. We do, 

however, re commend that the Director ' s Fund be used to bring the be st 

scholars in such fields to the Institute for temporary m:imberships, for 

exploratory purposes, and for their inherent interest; and we further 

suggest that the Director's fund be used for conferences which might 

serve to widen our views and correct our prejudices. 

****i"* 

We must turn now to the implications of what we think ought to 

happen at the Institute in the next ten years, that we think probably 

will happen if there are adequate resources. Whenever a Professor is 
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added to the Institute Faculty, the Institute is conunitted explicitl y for 

his salary, travel, retirement and assistants to about $25,000 a year; and 

implicitly for a good deal more. He will ~ed th! services of a secretary; 

he will have bibliographical needs which the library probably will not ini

tially be in a position to meet; h! will want, and he ought to want, to have 

some temporary members interested in his field, on the average perhaps of 

four members for each member of the Faculty, of which at least two typically 

will require stipends. It is thus reasonable to say that each new Professor

ship requires in explicit funds $25,000 a year and ought to be based on addi

tional income of at least $50,000 a year. Thus, since we are taJking of 

increasing our Faculty by about ten members in the coming decade, we are 

talking about an incx•ease in budget of about $500,000. If we now assume 

that our present budget of about 1 to 1.2 million is justified on the basis 

of a portfolio of market value of approximately 30 million, we should need 

an extra 12 million in endowment. We would need this not to change, not to 

alter, but only on the basis of what we now are and what we intend to be. 

* * * * * * 

There are matters which t~ Committee has not so far discussed, or 

which it bas discussed only in a most iroonclusive and random way. They 

clearly also ha.ve a bearing on our financial needs, which should thus not 

be formulated in more than a most provisional way at this time: 

1. Do we do the rigpt thing with our stipend funds? Are our 

stipends large enou@'l and is our metmd of detennining their magnitude wise? 

Are there any reforms in the procedures by which we select members that we 

ought to consider or institute? 
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2. Are we following the ri&:lt course in the growth of the 

library and in the physical arrangements for housing it? Are our other 

facilities adequate, such as those that we support and borrow in McCormack 

Hall for historians of art? Are we making adequate provision for high

speed computing for the future, primarily for the physicists and mathema

ticians who may need it? 

J. If our Faculty is to grow by about 50%, and if the member

ship in the School of Historical Studies is also to increase, will we have 

room? Is the cafeteria large enough? What problems will confront us 

because of the fixed nature of some elements of our physical plant? Mlat 

will the building program for new offices cost? 

4. Should we change our policies with regard to publication by 

seeking a more uniform format or more form.al imprimatur? Is the Publica

tions Fund available where it is needed? Is it adequate? 

5. What can we predict of the number, what should be done for 

the salary, of the Institute•s staff? 

Only when we have looked at these points and drawn conclusions 

from them shall we be able to define our financial needs. 

p. s. -since ~ propose a 50% increase in Faculty, I would conclude that 

we needed a 50% increase in endowment. I doubt whether we shall 

find methods of calculation more precise than this. RO 
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I. INTRODUCTION 

Our charge is to examine the influence of the computer in 

applied physical sciences . We have taken a narrow interpretation, 

limiting ourselves to the geophysical sciences; even there, the em

phasis is almost entirely on the fluid envelope of the planet Earth. 

This is in part because of our own limited competence, in part because 

we believe that the underlying principles of the computer revolution 

are better brought out by case histories than broad generalities. Even 

so, we end up with more than we can handle. 
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II. EARLY HISTORY OF COMPUTING IN METEOROLOGY 

In 1946, at t he end of the Second World War and on the eve 

of the arithmetical revolution, a conference on mathematics was held at 

Princeton University in celebration of its bicentennial anniversary .l 

Two famous mathematicians spoke of the future importance of the computer. 

Hermann Weyl expressed concern that the store of mathematical substance 

which formed the basis for current generalizations was in danger of be

coming exhausted without outside help, "be it even by such devilish 

devices as high-speed computing machines". And John von Neumann remarked 

that the success of mathematics with the linear differential equations 

of electrodynamics and quantum mechanics had concealed its failure with 

the nonlinear differential equations of hydrodynamics, elasticity and 

general relativity. He expressed the hope that the computer-aided solu

tion of a large s tore of problems in nonlinear continuum mechanics would 

indeed s upply a basis for mathemati cal generalization. 

To him meteorology was par excellence the applied branch of 

mathematics and physics that stood the most to gain from high-speed 

computation. Earlier that year he had called a conference of meteor

ologists to tell them about the general-purpose electronic computer he 

was building at the Institute for Advanced Study and to seek their advice 

and assistance in designing meteorological programs for its use. Charney 

had the good fortune to at tend and recalls that the response from the 

established figures was interested but less than enthusiastic. C.-G. 

Rossby perhaps best voiced their feel ings by stating tha t the ma thematical 
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problem was not yet defined: there were more unknowns than equations, for 

we had not yet been able to express the components of the Reynolds stress 

tensor in terms of mean f low variables . Citing L. F. Richardson ' s 2 gallant 

but unsuccessful attempt to solve the hydrodynamical equations of the at

mosphere by hand calculation, Rossby said that computation could not be 

successful before observation, experiment and analysis had led to a bet

ter understanding of f undamental atmospheric processes, in particular of 

atmospheric turbulence. 

His caution had the positive effect of convincing von Neumann 

of the need for physical as wel l as mathematical analysis , but he failed 

to appreciate the great psychological s timulus that the very possibility 

of high-s peed computation brought to meteorology. All of its branches 

were given new urgency and new impor t ance by the promises that the con

tributions to the atmospheric circulation from a variety of physical pro

cesses could be synthesized mathematica lly within the computer. This was 

especially true of dynamical meteorology, where the requirements of math

ematical tractability had forced such oversimplifi cations that theories 

of the l arge-scal e circulation were of little use in prediction and in

capable of meaningful comparison with reality. 

Charney joined van Neumann ' s group t wo years later and took up 

the task of formulating a hierarchy of mathematical models embodying 

successively more and more of the physical and numerical aspects of the 

general prediction problem, hoping in this way to avoid the dangers of 

introducing a great many poorly understood factors all at once~ Ile had 

previously devised a method for overcoming the ma thematical difficultles 

responsible for Richardson ' s failure. His point of departure was the 
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realization that a compressible, stratified fluid held gravitationally 

to a rotating sphere can support a variety of wave motions, including 

acoustic and inertial-gravity oscillations, which are of little meteor

ological importance but which impose highly restrictive conditions on 

numerical algorithms for solving the gas dynamical equations. He pro

posed to filter out these "noise" motions by imposing certain equilib

rium constraints on the primitive equations of motion. 4 It can be 

established by scale analysis that the slow, large-scale motions con

taining the bulk of the atmosphere's energy are close to equilibrium 

in the sense th at the pressure, gravitational,centrifugaJ. and Coriolis 

forces are nearly in balance. Because of this balance, quantities like 

acceleration and velocity divergence are obscured by the noise motions , 

and any scheme, such as Richardson's, which is based upon their explicit 

calculation will give nonsense in the first few time steps. The bal

ance equations deal only with observables and are therefore consonant 

with meteorological experience and theory. They were inunediately suc

cessful in application to prediction. 

Not surprisingly, the simplest model in the hierarchy was Rossby ' s 

own . Ile had previously sugges ted that the atmosphere at a level between 

3 and 6 km behaves as if it were a two-dimensional, incompressible flow 

and had deduced his famous dispersion formula for long, small-amplitude 

waves in a uniform zonal current. 5 Charney and Eliassen6 verified that 

there were indeed important aspects of the observed motions, involving 

horizontal energy dispersion rather than vertical dispersion or over

turning, which were explicable as two-dimensional phenomena; whereupon 

Charney, Fjf5rtoft · and von Neumann7 dev :lsed a numerical method for solving 
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the two-dimensional vorticity equation 

az 
at 

1 a(Z,ijJ) 
a2cos2¢ a(¢,A.), Z _ 'V 21jJ + 2S1sin¢ , 

5 

for the stream function 1jJ(¢,A.,t) on a rotating sphere of radius a, 

latitude ¢, longitude A. and angular speed n. The solutions, carried 

out in 1950 on the ENIAC*, bore a sufficient resemblance to reality 

to inspire further effort. 

At that time one of the principal problems of meteorology was 

extratropical cyclogenesis, the formation of the large cyclonically 

rotating vortices responsible for weather in middle and high latitudes. 

Charney8 and Eady9 had explained cyclogenesis theoretically as an in-

stability of the mean zonal flow according to which the incipient 

cyclone grows at the expense of the potential energy associated with 

the mean equator to pole temperature gradient; and Phillips10 had shown 

that a model consisting of two superimposed homogeneous, incompressible 

layers of different density was capable of simulating the main features 

of the more general theorelical models. Accordingly, the first models 

programmed for the new computer at the Institute for Advanced Study con-

sisted first of two and then of three layers . An exceptionally strong 

and sudden development of a cyclone over the Eastern United States was 

* Electronic Numerical Integrator !nd f.omputer, at the Ballistics Re
search Laboratory of the U.S. Army Ordnance Department, Aberdeen, 
Maryland . The ENIAC was built as a specjal-purpos e computer by J.P. 
Eckert and J.W. Mauchly at the Univers ity of Pennsylvania and later 
provide d with a general-purpose control after the design of von Neumann. 

\ 
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successfully predicted in 1953 with a three-layer model; of course after 

the event. The results tended to subs t antiate the theoretical ideas con

cerning its mechanism of generation, and they interested the U.S. Govern

ment in the possibilities of numerical weather prediction. A national 

numerical forecasting unit was set up in 1954 and began experimental oper

ation in 1955. Similar units were established in other countries. 

Jeffries 1 1 , Bjerknes 12 and Starr 1 3 had shown empirically that the cy

clone is a major element in transporting angular momentum poleward from 

the tropics to maintain the mid-latitude westerly zonal flow against fric

tional dissipation ; and Kuo14 and Charncy15 had proposed the explanation 

that the cyclone wave, while deriving energy from the potential energy 

associated with the meridional temperature gradient in the zonal flow,_ 

retun1s kinetic energy to the flow through the action of the Reynolds 

stresses in the presence of a stabilizing meridiona l vorticity gradient . 

A rudimentary, therma lly-active model permitting this type of interaction 

was constructed by Phillips - with sealing wax and str:ing so to speak -

and in 1955 the fjrst dynamically consistent simulation of the atmosphere's 

general circulation was obtained; the conjectured mechanisms were f ound to 

operate, and many important feat ures of the observed circulation were 

simulated. 16 . 

In 1955, a s e cond conference of meteorologists was held at the Insti

tute for Advanced Study to consider t he implications of these extremely 

encouraging results for long-range prediction and for the simulation of 

climate . Von Neumann 17 divided the motions of the atmosphere into three 

categories: (1) those that are determined primarily by the initial con

ditions; (2) those that are practically independent of the initial conditions; 
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and (3) those that are not so far from the initial state that they are 

unaffected by the initial conditions but sufficiently far that the initial 

conditions do not express themselves clearly. The corresponding prediction 

problems arc short-range prediction, sinulation of climate, and long-range 

prediction respectively. From general experience he expected the first 

problem, for which the extrapolation parameter is comparatively small, to 

be the simplest, the next most difficult to be the asymptotic problem for 

which the extrapolation parameter is very large, and the most difficult 

of all to be the intermediate problem for whi ch the extrapolation parameter 

was neither large nor small. 

His expectations have been amply borne out. The greatest successes 

have been achieved in short-range weather prediction and in the simul a tion 

of climate; a beginning attack has even been begun on the simulation of a 

coupled ocean-atmosphere s ystem; bul long-range prediction has remained 

essentially an unsolved problem. It is not even known what, if anything, 

can be predicted for more than two weeks. Nevertheless, the potential 

social and economic benefits to be derived from even a modest extension 

I 

of forecast r ange or accuracy have justified a considerable investment in 

observing and data processing equipment. The computer has brought a new 

maturity to me teorology whereby theory and observation at last exist on an 

equal footing, and the requirements for numerical prediction and physical 

understanding have become a major influence in the selection of observational 

systems. The Global Atmospheric Research Program, sponsored jointly by 

the World Meteorological Organization and the International Council of 

Scientific Unions, is the inten1ational expression of this reality. A 

description of these efforts is given in a number of publications. 1 8,19 
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The considerable progress that has been achieved in the past twenty

five years has been based largely on the adaptation of old ideas to the new 

computational framework; gradually the growth of sophistication in numer

ical techniques and of speed and capacity of computers has made it possible 

to incorporate existing knowledge of physical processes in something like 

the order of their importance for the atmospheric circulation. There have 

been difficulties. Parkinson ' s law of computing in meteorology is that 

problems expand to fill all computers. As a result, spatial resolution and 

truncation error have diminished only slowly, and it has not always been 

possible to distinguish between mathematical and physical error. Short

range numerical predictions for the middle and upper atmosphere have demon

strated their usefulness, but j t has been onl y recently that the more com- • 

plicated surface boundary-layer structures, involving friction and topo

graphy, have been sufficiently resolved to yield useful numerical predic

tions of wind and temperature. The numerical prediction of cloud and pre

cipitation remains only marginally useful because it involves poorly under

stood condensation phenomena on still smalJer scales.20 

The question of predictability arises. In the early 1950's there 

was an apparent divergence of view concerning the nature of the meteor

ologicaJ prediction problem between what may be called the Princeton school 

under von Neumann and the Cambridge (Massachusetts) school under Norbert 

Wiener. Von Neumann and Charney regarded prediction as a determinate 

initial value problem, whereas Wiener21 and others at M. I.T . emphasized 

the stochastic character of the atmospheric motions and proposed instead 

to employ linear "bJack box" prediction methods based upon long time-series 
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of past data. Wiener went so far as to s tate privately that von Neumann 

and Charney were misleading t he public by pretending that the atmosphere 

was predictable as a determinate system. Without taking sides in the con

troversy , let us at t empt to look at th e problem of numerical prediction from 

a general point of view . 

At a height of 100 km the density and pressure in the atmosphere are 

less than a millionth part of their surface values . Below 100 km the at

mosphere is very nearly a perfect gas obeying known laws of physics : t h e 

Navier-Stokes equations of motion are not seriously in doubt; absorption , 

emission and scattering of radiation by the principal atmospheric molecules 

is not a mystery~ the caJculus of radiative transfer is well advanced; and 

while there remains more to be learned about such phenomena as the micro

physics of cloud formation, scattering and absorption by suspended particu

lates, and the influence of trace gases on ozone photochemistry, the laws 

of motion and energy exchange may be considered quite well und erstood. 

If Laplace ' s mathematical intelligence were replaced by a computing machine 

of unlimited speed and capacity , and if the atmosphere below 100 km were 

spanned by a computational lattice whose mesh size were l ess than the scale 

of the smallest turbulent ed dy, say one mill imeter, there can be little 

doubt that numerical integration of the partial differential equations 

embodying the known dynamical and thermodynamical laws of motion would 

simulate and predict atmospheric behavior wi th considerable accuracy. 

Would the problems of meteorology then have been solved? Or, contrariwise, 

would more be known than can presently be learned by careful observation 

of the atmosphere itself, which, after all, is its own analog computer? 

The answer would seem to lie somewhere between these extremes . With 
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respect to prediction, even if one disregards the i ndeterminacies arising 

from lack of knowledge of fluctuations at the boundaries - these could be 

overcome by extending the calculations higher into the atmosphere and lower 

into the oceans - it is very likely that all accuracy would have vanished 

in l ess than one month. This is not because of quantum indeterminacy, or 

even because of macroscopic errors of observation, but because the errors 

introduced into the smallest turbulent eddies by random fluctuations on 

the scale of the mean free path (ca 10-5 mm at sea level), although very 

small initially, would grow exponentially until in a very short time these 

eddies would have become indeterminate and would have begun to affect the 

next larger scales by nonlinear interaction. The escalation to larger 

scales would continue until eventually the main energy-bearing scales woulq 

have been rendered indeterminate. 22 , 23 •24 This escaJation of the error 

occurs because the turbulence exhibits a similarity behavior such that the 

time scales of the interactions increase in approximate geometric ratio 

with scale (at least for the smaller scales ) in such a manner that the 

error progresses from 1 mm to JO km in less than one day, and from 100 

* km to the planetary scales in a week or two. 

Unfortunately, or fortunately, the limitations imposed by the 

finiteness of the velocity of light and the least sjze of a stable memory 

storage element make computation for the sx1028 points in the one-millimeter 

lattice impossible in times short of the astronomical . Even the sx10 9 

* The upward propagation of uncertainty t oward l arger scales must face 
a downward propagation of energy toward smaller scales in the high-wavenumber 
"Kolmogoroff" range . Leith and Kraichnan 25 have shown that uncertainty 
wins . 
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points in a lattice with a horizontal mesh size of 10 km and a vertical 

mesh size of 100 m is beyond the capacity of any present or contemplated 

computer. Thus one is forced to reduce the effective number of degrees 

of freedom by dealing with volumes containing turbulent element s ranging 

over several decades of scale, and it becomes necessary to determine the 

turbulent transports of mass, momentum, and energy from one volume to 

the next, i . e . , to develop a theory of small-scale turbulence . More gen

erally, one must develop statistical theories for all processes smaller 

than the l eas t computational mesh size . These include not only mechan

ically and thermally driven turbulence, but also cumulus convection, in

ternal gravity-waves produced by flow over obstacles, wave interactions at 

t he air-sea interface, etc. Ideally t he mesh sizes should be smaller than , 

the scale over which the small-scale processes are statistically homogeneo\IS · 

Given realistic limitations in computer speed and capacity, the computational 

lattices must ultimately become variable in space and time, or the base 

functions for Galerkin methods of approximation must change in time . 

The problems of mechanically or convectively driven turbulence, 

or of cumulus convection, are no closer to solution t han those of the gen

eral circulation of the atmosphere. They, too, can be aided by computer 

simulation; but the reduction in scale is not an essential r eduction in 

compJexity, and it has been estimated that each will require approximately 

the same amount of computation as the general circulation . 

It is perhaps fortunate for human activity that motions whose 

scales are so large that they can be resolveu by possible computational 

lattices constitute a fairly well-defined set. This is because the energy 

of the turbulent .motions decreases very rapidly with scale below a space scale 
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of about 1000 km and a time scale of two or three days. It is this cir

cumstance that makes the atmospheric flow predictable in principle for as 

long as a week and makes the l arge-scal e motions the controlling ent it ies. 

It would thus appear that there is some justification for both 

the Princeton and the Cambridge schools of thought. It is possible to 

look at the large-scale motions of the atmosphere as a determinate system 

for short periods of time, providjng one has a statistical theory permit

t ing the incorporation of the turbulent fluxes of matter, energy and mo

mentum . But for longer periods of time the atmospheric variables, even on 

a large scale, must be regarded as random. 

There remains the question as to the best method of statistical 

prediction. The use of linear prediction methods is based on the assump

tion that one is dealing with a conservative system, or at l east one which 

is in statistical equilibrium . In this case the ergodic theorem asserts 

t hat a present state of the a tmosphere may be found to any degree of approx

imation in a cataJog of past states, if the time series is sufficiently 

Jong. It is very doubtful that such methods will prove feasible, not 

only because the time series would have to be impossibly long but because 

the atmosphere-ocean-Earth system is nonconservative, and t h e very notion 

of statistical equilibrium on a climatic time scale is in doubt . It is 

more l ikely that long-range prediction will become a matter of calculating 

probability distributions and ensemble averages by Monte Carlo methods and 

climatic theory a matter of calculating statistical moments from long com

puter simulated time series. 
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III. SOME CASE HISTORIES 

The past twenty-five years has seen much progress in meteorology 

and oceanography . To what extent has this progress been aided by the com

puter? And how has the computer affected the manner in which problems 

are selected and solved? We believe that answers to s uch questions are 

best given by presenting a _few representative case histories . 

The uses of the computer in fluid geophysics may be classed as 

synthetic, experimental, heuristic and data-analytic . The first category 

includes the prediction or simulation of the large-scale circulation of 

atmospheres and oceans , numerical studies of predictability, simulation of 

climate and climatic variation, of mechanically and convectively driven 

turbulence on various scales, of atmospheric and oceani c tides, and of 

cloud microphysics and dynamics. · The second category deals with the simu

lation of individual phenomena as a means of inferring their physical 

causes , insofar as these phenomena can be isolated in the highly interactive, 

nonlinear atmosphere-ocean system. Among the atmospheric problems in this 

category are extratropical cyclogenesis, tropical cyclogenesis and fronto

genesis. The oceanographic problems include the formation of such major 

currents as the Gulf Stream , the Kuroshio, the Somali Current, the Antarc

tic Circumpolar Current , and the Equatorlal undercurrents . The third 

category includes the construction of highly simpllfied numerical models, 

sometimes in conjunction with laboratory experiments, sometimes alone, 

as a means of discovering n ew r elationships having a bearing on the non

linear behavior of the atmosphere and oceans . For example, games played 

with highly truncated Fourier series or with a finite number of vortex 
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elements have been valuable in illuminating the nonlinear and stochastic 

properties of complex systems whose detailed numerical prediction, espec

ially over long periods of time, is either prohibitive or so time-consuming 

as to furnish little understanding for the effort expended. The fourth 

category deals with problems of data reduction and analysis as a means of 

inferring physical behavior from raw observations. The following are some 

case histories taken from the various categories. 

1. Tropical cyclogenesjs , One of the major stumbling blocks 

to accur~te simulation of the atmospheric circulation is lack of knowledge 

of the statistical dynamics of cumulus convection. Solar insolation is 

made available for driving the atmospheric circulation primarily by evap

oration of moisture from the sea surface ~nd liberation of the latent heat ' 

by condensation in rising currents of air. In the tropical atmosphere the ' 

release of latent heat adds sufficient buoyancy to the rising air parcels 

to produce gravitational instability. This instability is manifested as 

cumulus convection. It has been conjectured that trop'ical disturbances 

arise from a kind of cooperative interaction between an ensemble of cumu

lus cells and the large-scale field of motion. 26 According to this hy

pothesis, frictionally-induced convergence of moisture in the surface 

boundary lay~r of a large-scale cyclonic disturbance supplies moisture for 

cumulus convection, and the convection in turn supplies latent heat energy 

for driving the large-scale disturbance against frictional dissipation. 

Theoretical analysis is made difficult by the fact that condensation pro

cesses on both small and large scales are intrinsically nonlinear, even 

for small amplitudes (the r~lease of heat of condensation depends on the 
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sign as well as the magnitude of the vertical ve locity). For this r eason 

adequate theories relating the convection to the large-scale motion are 

l acking . Nevertheless, several semi-empirical schemes for incorporating 

the large-scale effects of the release of latent heat have been used for 

the numerical simul ation of tropical disturbances . The growth of an axi-

symmetric disturbance into a hurricane has been simulated with some 

success by Ooyama27 and others . Numerical mode l s have even been used to 

simulate hurricane modification by artificial and natural means. 28 

But there have been difficulties. All small-amplilude symmetric 

disturbances of an a tmosphere a t r e l ative rest grow into hurr i canes. No 

small-amplitude asymmetric disturbances grow into hurricanes . 29 Since only 

' 
a small fraction of al l rea l tropical disturbances do grow into hurricanes, 

the conclusion of the syllogism is t hat the cyclogenesis r equires an initial 

asymmetric, finite-amplitude disturbance. We conjecture that the hurricane 

arises as a kind of finite-ampl itude i nstability , and t hat onl y when 

cumulus stat:i.stics are properl y understood, and the interaction of the 

perturbation with t he asymmetric shearing flow in its environment is prop-

erly taken j.nto account, wil l the prediction of tropical cyclogenesis become 

possible. 

2. The general circulation of the atmosphere. The invention 

of the balloon-borne radiosonde and the military requirements of World 

War II brought about a rapid expansion of the globa l observational net-

work in the thirties and forties . For the first time the three-dimensional 

structure of the atmospheric circulation became sufficiently well known 

to suppl y a foundation for theory. To a first approximation the circulation 
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may be described as an axisymmetric , circumpolar vortex on which wave and 

vortex perturbations are superimposed . Analysis has suggested that travel

ling disturbances are due to instability of the mean zonal flow8J 9 and 

stationary disturbances to forcing of the zonal f l ow by mechanical6 and 

therma130 action. The deformation iields in the cyclone wave disturbances 

give rise to velocity and temperature discontinuities . These are the so

called frontal surf aces whose three-dimensional structure was described 

by J . Bjerknes and 11. Solberg31 just after World War I and whose formation 

was described hy T . Bergeron32 a few years l ater. A dynamical theory of 

frontogenesis h as only recently been given , by Stone33 , Williams 34 and 

Hoskins 35 . 

Linear analysis of wave and vortex modes and their first order 

interactions with the mean flow have been useful. One seeks causal laws, 

but a numerical prediction or a numerical experiment is not in itself a 

causal law; i t can only verify a causal law. When one is dealing with 

nonlinear, nonstationary phenomena, causal laws require ior their state

ment or interpretation a basic vocabulary of characteristic wave and vor

tex modes of which the more complex motions are composed. Undoubtedly a 

fuller explanation will require that one consider self-interactions and 

higher-order interactions, as well as secondary and tertiary instabilities, 

but it is likely to r emain true for some time that linear thinking based 

on simple models will serve as a first-order guide in the labyrinth of 

nonlinearity. 

Phillips ' numerical experiment16 synthesized several of the pro

cesses that had been inves tigated analyticnlly . It was followed by more 

elaborate experjmcnts with more realistic atmospheric models . Numerical 
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integrations for the entire global circulation with realistic surface 

boundary conditions and energy sources and sinks have simulated the char

acteristic features of the large-scale circulation with some fidelity 36 . 

Others have simulated the simpler rotating-tank analogs? 7 These integra-

tions, when taken in combination with the theoretical studies and the simple 

laboratory and numerical model experiments, are a kind of dcfinition-in

use of what one means by an "understanding" of the atmospheric circulation. 

One m~y now ask: how has the computer contributed to our under-

standing of the general circulation? Let us enumerate its accomplish-

ments: the theoretical and laboratory models are too greatly simplified 

to be directly applicable to the atmosphere; numerical computations have 

v.erified thatthe hypothetical mechanisms do indeed operate. The theories 

of cyclogenesis were developed before the computer, but the theories of 

frontogenesis were influenced by laboratory and numerical models of the 

frontogenetic process . The most successful models of tropical cyclogenesis 

are numerical . Genuinely nonlinear phenomena, such as the fJuctuating in- , 

teraction of the perturbations and the mean flow were f irst simulated 

numerically and only later, and to a very limited extent, analytically. 

Although we have no general theories of nonlinear atmospheric and oceanic 

processes , the accumulating store of special results is beginning to reveal 

characteristic properties, such as transition from steady, to regularly 

fluctuatins, to random regimes, which are shared with quite different 

* ' nonlinear systems . These add support to van Neumann s anticipation that 

the computer wiJl eventually supply a basis for meaningful generalization 

in nonlinear continuum mechanics. 

* See, for example, Pasta38 . 

Board of Trustees Records: Committee Files: Box 3: Faculty - Trustee Study Committee 
From the Shelby White and Leon Levy Archives Center, Institute for Advanced Study, Princeton, NJ, USA



18 

When a computer simulation successfully synthesizes a number of 

theoretically-predicted phenomena and is in accord with reality, it valid

ates both itself and the theories - just as the birth of a child who re

sembles a paternal grandfather legitimizes both itself and its father. 

The theoretical ideas of extratropical cyclogenesis and of the interaction 

of the cyclone with the zonal flow were legitimized in this way. But 

this synthetic use of the computer was effective only in combination with 

observation and theory. When one element in the trichotomy is absent the 

synthesis fails. If it is theory, the computer may f unction as an experi

mental-heuristic device. It has played this role in the theory of tropi- . 

cal cyclogencsis. 

3. The general circulation of the oceans. The computer has not 

played an equally imporlant role in the theory of ocean circulations. 

Stonune13 9 remarked in 1954 that the theories of the ocean circulation had 

a peculiarly dreamlike quality . They retain some of this quality to the pre

sent <lay. The cause is the diffj culty of observing the deep ocean and the , 

lack of a sufficient economic incentive for doing so. The turbulent trans

fers of momentum and heat (and salt) are not understood, especially in the 

deeper layers of the ocean, and yet they play a more decisive role in the 

oceans than in the atmosphere. It is not known, for example, whethE>r tur

bulent diffusion js vertically downward from the surface or along isen

tropic surfaces inward from coastal boundaries. 

Nevertheless, theory has flourished. In the late forties phys

ical oceanographers, having little knowledge of turbulent transport mech-

anisms, concentrated their attention on predicting the behavior o[ the vertically 
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integrated mass transport . Sverdrup40 employed the principle of force 

equllibrium already mentioned in Chapter II to estimate the mass transport 

of the prlncipal ocean currents from the observed surface wind stress. 

His e>..'"Planation failed at the western boundaries where the reduced order 

of the equilibrium equations made them incapable of satisfying the condition 

of zero normal mass transport. Stornmel41 and Munk42 explained the western 

intensification of the ocean currents, i. c., the Gulf Stream and the Kuro

shio, as nature's way of satisfying the boundary conditions by introducing 

higher order frictional forces; Charney43 showed that this could be accom

plished by inertial accelerations without invoking ad hoc assumptions con

cerning turbulent Reynolds stresses; and Kamenkovi ch44 combined the fric

tional and inertial processes into a single theory. Later theories explaiRing 

vertical structure were developed by Robinson and Stommel45 and Robinson 

and Welander46 , but again with ad hoc coefficients of momentum, heat and 

salt diffusion. 

Classical analysis sufficed, or at most computers were used as 

auxiliary devices for numerical quadrature and for solving two-point bound

ary value problems. Such nonlinearities as existed were mitigated by hodo

graph or similarity transformations. Recently, computers have been used 

more intrinsically by Charney and Spiegel47 , McKee48 and Philander49 to 

construct theories of the equatorial undercurrents. These are also criti

cally dependent on the mechanism of turbulent diffusion and consequently 

incapable of giving truly satisfactory explanations. 

Computation suffers not only from a lack of knowledge of tur

bulent transport mechanisms hut from the existence of widely varying time 

scales in different layers of the oceans. These range from days or weeks 
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in the upper layers and near the equator where the action of wind stirring 

is large, to years at midlatitudes and somewhat greater depths where velo-

city and density gradients remain appreciable, to centuries in the abys-

sal regj ons where velocity and density gradients are very small. This is 

characteris tic of a d rculation which is driven by heating and friction at 

the upper boundary of a fluid in a gravitational field.* Similar problems 

are encountered in the simulnt ion of the deep Venus circulation if it is 

assumed that the continuous cloud cover prevents the penetration of solar 

radiation to great depths . Despite these limitations, numerical models 

of the global oceans have been constructed by Sarkisyan50, Kamenkovi~h 

e t al. 51 , Bryan and Cox52 , and Bryan53 . The first two avoid the multiple 

time problems by dealing with a homogeneous ocean; in the second two it i s 

' 
not clear that the deep circulaLion r eaches a steady or statistically steady 

state. N·evertheless, certain features of the observed ocean circulation are 

simulated by all models, as for example the Gulf Stream, the Kuroshio, 

and, in the case of the latter two, some aspects of the vertical thermohaline 

structure of the oceans . Recently Cox54 has been able to reproduce features 

of the Somali Current, showing that, unlike the other western boundary 

currents, it is much more influenced by local wind action. 

The Antarct-Lc Circumpolar Current, as its name implies, is not 

as obviously confined to a · closed oceanic basin as the other major currents. 

·:c The oceans may also be driven to sornP extent from the bottom upw~rds by 
interaction of the tides with bottom topography. 

Board of Trustees Records: Committee Files: Box 3: Faculty - Trustee Study Committee 
From the Shelby White and Leon Levy Archives Center, Institute for Advanced Study, Princeton, NJ, USA



• 

21 

Munk and Palm~n 55 and Stommel56 pointed out that its dynamics must also be 

differ.ent. It is, however, constrained by the narrow and shallow "Drake 

Passage", and Gi11 and Bryan 57 have shown by numerical sj.mulation that the 

entire character of the current, including its transport, is strongly 

affected by the shape of this passage. If, for example, the Drake Passage 

were deepened, the circumpolar transport would decrease by a fa'ctor of 

tbree. The calculated current is not r.ealistic; again, the model cries 

out for a better understanding of the turbulent eddy viscosities and 

heat conduction. 

Measurements of deep ocean currents by means of neutrally-buoyant 

floats tracked acoustically or by current meters attached to moored buoy 

cables have revealed a degree of unrest in the deep oceans which threatens 

to overthrow some 'dream' Lheorjes and suggests entirely new mechanisms 

of turbulent diffusion. The Mid-Ocean Dynamics Experiment (MODE) planned 

for 1973 is a concerted attempt to measure these motions in a limited re

gion of the western north At l antic. The study is unusual because it is 

accompanied by a theoretical and numerical effort to examine a series of 

idealized models for guiding observation . Bottom topography is thought to 

play an important role. Theoretical analysis and numerical experiments 

carried out by RMnes 58 have shown that vortex shrinking and stretching 

due to up- ancl down-slope flow acts as a mechanism for trapping the energy 

of oceanic Rossby waves . 

4. Climate and climatic change. Lorenz 59 has raised the question 

of the statistical transitivity of the solutions of the atmospheric or the 

coupled atmosphere-ocean equations. Is there a unique climate? Or is it 

possible tllaL two different initiaJ states mighl lead to two different, 

but stable, statistics? Examples of both possibilities occur in rotatjng, 
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differentially-heated, cylindrical annuli. For certain values of the 

boundary parameters, the flows are degenerate: different initial conditions 

l ead to different steady or regularly fluctuating regimes . Such flows 

have been studied by Lorenz60 with simple truncated Fourler and Fourier

Bessel expansions and by Charney61 with finjte point vortex elements. 

No feasible method has been proposed for simulating the actual 

climate except by carrying out numerical calculations of the global cir

culation for long periods of time. When one considers that there are no 

accepted theories of anisotropic, nonhomogeneous turbulence of any kind, 

it i s not to be expected that the vastly more complicated general circu

lation of the atmosphere-ocean system will reveal statistical regularities 

that would permit the inference of an ~ priori statistical theory of climate. 

Seasonal averages computed from global integratj ons carrie d out for a perio,d 

of one year by Manabe, et al. 62 a.t the National Oceanographic and Atmospheric 

Administration Geophysical Fluid Dynamics Laboratory at Princeton University 

compare reasonably well with normal climatic averages.· But there are dis

crepancies. To what extent these are due to physical and mathematical 

inadequacies in the model and to what extent to the natural variability of 

the atmosphere from one year to the next is not yet known. Numerical cal

culations carried out with a simpler model, and for longer periods of time 

by Katayama, Mintz and Arakawa63 , with a fixed ocean temperature field but 

with seasonally varying solar insolntion, reveal surprisingly large vari

ations in seasonal averages from one year to the next. If the ocean temp

eratures had been permitted to vary, these variations would presumably 

have Leen larger. 
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The variations would presumably have been even larger, and per

haps of longer persistency, if the oceans had been coupled into the system. 

We know that certain baroclinic oscillations in the oceans have time con

stants of the order of centuries, and that the "overturn" time of the oceans 

is a thousand years (as determined from c14 ages). Long time series of 

oceanographic vad ables are almost en ti rely lackjng, but where they exis t, 

they show striking anomalies occurring for years, or even a decade . This 

type of observation is now being greatly accelerated under the auspices 

of the International Decade for Ocean Exploration. 

Once realistic averages of the global circula tion have been ob

tained, one is then ln a position to carry out numerical experiments con

cerning the role played by VAriable solar input , by variable boundary con-' 

ditions, etc. We know that planetary perturbations of the Earth-Moon-Sun ' 

system are associated with significant changes in the radiation pattern, 

such changes occurring with typical time scales of 104 - 105 years. These 

planetary perturbations correJate reasonably well with profiJes of paleo

temperatures in deep-sea cores, as determined by isotopic methods. Going 

back even further to time scales of 107 - 108 years, one can consider the 

effects of the disappearance of mountain chains, the closing of Drake 

Passage, and the variable distribution of oceans and continents. This 

promises to be an active field of computer applicaLion in the decades to 

come . 

A beginning has been made in the development of a numerical mod el 

of the combined atmospherc-ocran circulation64 . It has been possible to 

simulate the ef fect of ocean currents on the distribution of temperature, 
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humidity and precipitation in the atmosphere. At the moment the most 

profound diffj cul ties concern lack of knowledge of turbulent exchange 

processes in the oceans and the very long oceanic time scales in the 

deep ocean •. 

S. Predictability and turbulence. Predictions of the large

scale motions of the atmosphere wj.th the most elaborate of the numerical 

models are found to be quite accurate for periods of one or two days and 

to remain superior to the climatic norm up to five days. Some positive 

skjll persists up to nine or ten days.65 What is the ultimate limit of 

accuracy? The growth of random observational error was first studied by 

Thompson66 and Novikoff6 7 , but Lorenz 22 was the first to clearly define the 

problem of predictabi lity as one of instability. lle pointed out that the 

atmosphere is an unstable system in which small perturbations grow until 

ultimately the predicted flow pattern differs from the observed by as much 

as two states selected at random. The basic uncertainty is :independent 

of measurement. It begins at the smallest turbulent scales and propagates 

toward larger scales at a rate which is roughly the characterisU c time 

scale in the statistical equilibrium resulting from intcracLions among all 

scales. When uncertainty is introduced at scales which can be resolved 

by the computational grids, il is possible to investigate its further pro

pagation by numer-i cal simulation. At sub-grid scales its propagation has 

been investigated by Lorenz 23 and Leith and Kraichnan25 using statistical 

turbulence models based on closure hypotheses relating higher to lower 

order statistical moments . 

Tbe rat e of progressJon of uncertainty depends strongly on· the 

nature of the turbulence spectrum. At very small scales, atmospheric and 
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oceanic 1·urbulence <'lppear to sat:! sfy the Kolmogoroff hypotheses of isotropy, 

homogeneity , and localness in wave-number space, which lead to the k-% 

dependence of the kinetic cmergy spectral function on the scalar wavenumber 

k in the so-called inertial subrange. At larger scales, veloc:lty shear 

and density stratification become important, and at still larger scales the 

horizontal kinetic energy spectral function exhibits an approximate kH3 
dependence on the horizontal scalar wavenumber kU . In Lhis case the char-

acteristic time is :Independent of wavenumber and predictability is greatly 

extended; it is limited by the non-localness of the interactions in the 

wave-number space (Leith and Kraichnan2 5). The kj:j3 spectral behavior has 

been aocribecl to the two-dimens jonal characteriof the flow. Onsagcr68, 

Lee6 9 , Batchelor70, and Fjl!Srtoft 71 have pointed out that vorticity conser-

vation in two-dimens:l ona] flow prevents the kind of enccgy cascade toward · 

high wavenumbers which is produced in three-dimensional flow by the stretching 

of vortex tubes. This cjrcumstance led Kraichnan72 to postulate inertial 

subranges for two-dimensjonal turbulence in whjch energy injected in a 

given wavenumher band is transferred uniformly to lower wavenumbers whereas 

mean-square vorticity is transferred to higher wavcnumbers. A similarity 

-5.h argument then gives the Kolmogoroff kH l aw in the former range and the 

ki{3 law ln the latter. Kraichnan' s hypo th uses were apparently confirmed 

in numerical experiments carried out by Lilly 73, although similar experi-

ments performed by Deems and Zabusky 74 yielded a kH 4 dependence, corresponding 

to a statistical theory of Saffman's75 based on the hypothesis that the 

vorticHy field in statistical equilibrium may be characterized by a col-

lcction of random step-function discontinulti~s. Orszag76,7 7 has questioned 
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the accuracy of the numerical experiments and has proposed more accurate 

ones which are now underway. 

In any case, Charney 78 has denied t hat the atmospheric flow can 

be regarded as two-dimensional and has shown that the kji3 behavior is due 

rat.her Lo rotational constraints on the large-scale flow . His theory 

also predj cts equipartition among the l1orizontal components of kinetic ener

gy an<l the available potentj al energy and therefore a kH_3 dependence of 

the temperature variance spectrum as well. Direct measurement and numer

ical simulation suffer equally from an inability t.o determine spectra and 

predictability at small scales . As far as can be determined, they appear . 

to be in accord with Chm:ney' s predictions . 

In numerical det~rminations of predictability the practice is 

to calculate the evolution of a model circulation for a long period of 

time, store the results, then insert a small random perturbation at an 

intermediate lime and repeat the numerical calculation . The growth of the 

standard deviati.on between the perturbed and unperturbed temperature fieJd , 

for the GFDL modcl79 remains weJl below the devjation between two random 

states for more than two weeks. This result agrees qualitatively with the 

model calculations of Lei th and Kraichnan25 , who find that an initial 

state detm mined w.t th the horizontal resolution that may be expected from 

a satellite-based observing system results in significant pre<lictabilit.y 

of the large-scale motions for more than a week. 

Numerical simulations will eventually indicate what statis

tical quantities remain predictable for periods longer than the determin

isLic predictabiJity time, i.e., the degree to which the signal due to 
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anomalies in the s urface boundary conditions , such as ocean surface temp

erature , e tc . , can be det ec t ed in the nolse due to the growth of uncer

tainty in the initial conditions. The theory of predictability grew up 

with computers and there is little doubt that it wil1 remain tie d to 

them. 

6. Tides. The theoretical tide problem is defined as follows : 

given tl1e moUon of the Earth , Moon, and Sun, and given the (bottom and 

coastal) boundarjcs of the world's oceans , compute the tides. Because 

of the complexity in the configuration of the world's oceans, this boundary 

value problem was beyond the scope of solution until the development of 

modern computers. Munk vividly remembers discussions with von Neumann on 

this problem in 1946. The principal difficulty, then and now, has to do 

with the turbul cnL energy dissipation in the s hallow waters of marginal 

seas. Von Neumann suggested absorbing boundaries as a means of para

met erjzing t he dissipation. 

It may come as a surprise to Lhi s audience that the problem of 

tides was not disposed of by Sir Isaac Newton. The trouble with the 

Newtonian solution, according to which the sea surface is distort ed into 

an equipotential surface, is that it bears no resemblance to reality. 

The "potential tide" is a sta t ic solution; in fact, there are a l l sorts 

of resonances of oceanic basins , whose periods are of the same order as 

that of t he tide producing forces , thus requiring a uynamic treatment. 

Quasi-static solutions correspond to small values of a parameter c = Qa/c, 

the ratio of the velociLy of the sublunar point on a spinning Earth with 

angu l ar velocity n and radius a , compa reJ to the velocity of free waves . 
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For l ong gravitational waves, c = Vgh where h is ocean depth , and £ happens 

to be near 1, the most complex of circumstances. The problem is further 

complicaled by the existence of other classes of waves which owe their 

existence to the Earth's rotation (related to Rossby waves in the atmo

sphere). These form cqnatoriaJJy and continentally trapped waves called 

Kelvin waves. Simjlar solutions exist for waves travelling around l arge 

islands, and along the continental slope, undersea escarpments and other 

depth " discontinuities" . The normal modes are then a complex combination 

of different classes of soluU ons, and for the general case of neither 

large nor small £, these were not sorted out even for basins of simple 

geometry until computers became available. 

At the 1961 General Assembly of· the IUGG in Helsinki, Pekeris 

flashed across the screen the first solution to the theoretical tide prob-, 

lem for the world 's oceans, with a comment that it was in good agreement 

with observations. But not until eight years later was there an oppor

tunity to examine the results. SO The original work had been for a 

12°xl2° global grid; as it turned out, a tightening of the mesh system to 

a 1° grid did not lead to the expected l.mproveruent. Pckeris's work was 

performed on the lJeizmann Institute' s computer Golem, whose capacity grew 

in parallel .with the t.:i.dal gricl. Even today, the numerical solution re

mains u11acccptably sensitive to seemingly minor details in the discretiza

tion of the boundary. The computational boundaries contain many re-entrant 

corners, and evidently these affect th~ e i genvalues in the finite differ

ence approximation. Precise approximation of the free periods is crucial 

because the frequencies of 0ne or more of the normal modes of the world ' s 

oceans lie close to the driving frequency (not surprising in view of the 
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diversity of modes as mentioned above). 

However , the key difficul ty remains in the choice of coastal 

boundary conditions . To accommodate dissipation, three conditions have 

been used: 

(i) vanishing normal velocity at coas tlines8 l,82 

(ii) a specified albedo at coastlines or continental shelves 83 

(iii) specified (observed) values at coastal stations84 and/or 

at sel ected islands.85,86 

There is a furthe r problem concerning the appropriate bottom boundary con-

ditions . The fact that the ocean bottom is not rigid, but yields under t~e 

combined effects of tidal forces and ocean loading, can alter results by 

a factor of two; yet is not t aken into account in mos t of the numerical 

work . 87 Hendershott has now formul a t ed this mutual interaction between 

the ocean and solid-Earth tides. The problem is crucial also to measure-

ments on land of gravity, strain, or tilt; even in the very center of con-

tinents these are significantly contaminated by the effect of ocean tides, 

and unless properly taken into account, geophysical conclus ions that one 

might draw will be in error. 

Finally, the recent global tide calculations by Hendershott per-

mit an estimate of the oceanic t idal diss ipation, about 3x1012 watts. This 

is pleasingly close to an estimate made many years ago entirely on the 

basis of astronomic observations; namely, the departures of the Moon's 

longitude from those computed by Keplerlan mechanics. The astronomic 

observations give only the total energy diss ipated; they cannot tell whether 

this t akes place in the ocean, the solid Earth, or for that matter on the 

Moon. We now know that it Lakes place largely in the oceans . This has 
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an important bearing on reconstructions of the Earth-Moon history. 

Here is a case in point where availability of computers has led, 

within a tlecade, to something resembling the solution of a problem. This 

is because the physical laws, embodied in the Laplace tidal equation (1775), 

were fairly well understood (apart from boundary dissipation) and could now 

be applied to a complex geometry. Quite the opposite holds for the atmo

spheric titlal problem. Here a spherically-symmetric geometry is probably 

adequate, but there has been a gross misjudgment as to the pertinent physical 

processes. The outstanding observational fact is the predominance of the 

solar 12h tidaJ oscillation over the lunar 12h.42 in the ratio 15:1; gra

vitational theory favors the lunar tide 2:1. To account for this discrep

ancy a sharp resonance peak precisely at 12h has been postulated, and a 

lot of theoretical effort has been spent to prove its existence . But now 

Siebert88 and Chapman and Lindzen89 have demonstrated (following a sug

gestion by Kelvin) that the solar tide is thermally driven, and the argu

ments for resonance amplification have vanished. The advance in under

standing is comparable to that for ocean tides, but the role played by 

computers (though substantial) has been in an auxiliary capacity, 

7. Spectroscopy . Computers have played a vital role in the 

analysis of geophysical observations. We consider only one aspect: numer

ical spectroscopy. This is most valuable for processes of such low fre

quency that analog filters are not readily available. For example, in the 

early days of spectral analysis of ocean waves, the recording was made on 

a film that could subsequently be playe d back at high speeds to bring the 

interesting frequencies into the resonance range of R.C.-filters. At the 
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present time, discrete sampling and numerical spectroscopy can be done 

with such efficiency that the numerical method competes with analog even 

at high frequencies. The numerical effort is necessarily extensive: a 

1% resolution with 100 degrees of freedom required 104 data points; for multi-

variate processes the number is correspondingly higher. The increasing 

capacity of computers plus the introduction of more efficient algorithms 

has made it possible to keep up with most of the geophysical requirements. 

Geophysics has profited in some vital ways. In some instances 

the numerical spectroscopy has led to the discovery of processes by the 

detection of unsuspected weak l ines. In fields blessed with high signal/ 

noise ratios (earthquakes , tides) the numerical spectroscopy has revealed 

the underly ing natural background and thus the ultimate limits to detection 

and prediction. In other instances, the emphasis on high resolution has 

revealed the fine-structure of spectral peaks and with it some of the most 

interesting physics . This is particularly true for the normal modes of 

vibration of the Earth. 

For certain broad-band stationary processes, turbulent motion in 

the atmosphere and ocean, internal and surface waves, the numerical spec-

h . ld d . 1 f 1-% 1 -3 -s troscopy as yic e some simp e orms, c , c , w , • • • • Usually 

these had already been suggested from dimensional consideration, and the 

numerical analysjs yielded the ranges, if any, over which the idealizations 

were applicable. Such analyses may yield simple displayG of very complex 

time series. 

One of the most interesting developments is the generalization of 

spectral analysis to bi-linear (and tri-linear) interactions, pioneered 

by John Tukey. The extent to which a frequency, w = w1 ± w2 , is excited 
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by a quadratic sum- and difference-fre quency interaction can be investigated 

in this manner. It is surprising that this bi-spectral analysis has not 

been more widely used ; in the instances it has been applied it showed 

itself to be a tool of great power. 

But perhaps the most important contribution of computers to the 

analysis of geophysical observations has been to discipline the observer . 

It has forced him to face up to the realities of the sampling theorem, 

to the unreliability of spectral estimates for finite time series . In a 

field where investigators remained notoriously ignorant of concepts long 

after thay had become familiar to their colleagues in optics , acoustics 

and electrical engineering, this was a welcome and overdue development. 

8. Decision-making and early compaction . An increasingly 

important contribution by computers t o geophysics is by an active , on-line. 

participation in field experiments. One of the characteristic properties 

of the atmosphere and the ocean t as distinct from laboratory experiments , 

is the high degree of intermittency. Many of the most interesting events 

are episodic. 

The known kurtosis in the distribution function of so many geo

physical variables is an indication of intermittency . Mandelbrot attributes 

the " infrared catastrophy" of so many geophysical spectra to intermittency. 

Mollo-Christensen (the most enthusiastic proponent of inLermittency) 

will go so far as to say that any theory that explains a geophysical pro

cess in terms of the average situation is likely to be wrong. 

The implication of intcrmittency on geophysical data-taking is 

severe. Routine sampling at fixed data rates would seem to be just ·the wrong 

way to go about it: it will be highly retlundant nearly all of the time, 
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and inadequate at the rare interesting time. A fixed program of intermit

tent rapid sampling superposed on a standard low-sampling rate is an im

provement, but does not really meet the issue. What is needed is a high 

rate of sampling conditioned by the rare important events. This is common 

sense, and is precisely the program followed when there is strong human 

involvement: special recording flights into severe storms, a tighter data 

grid over seamounts , etc., etc. This needs to be carried out automatically. 

The following proposed experiment can serve as an example. 

Physical conditions near the deep-sea floor (temperature , current, pressure) 

are monitored by instrumented capsules. These are freely dropped, l eft 

on the bottom for a month to a year, and then recovered by acoustic command 

from a surface vessel. A miniature computer monitors the signals, and 

increases the sampling frequency during the occurrence of a high-frequency 

event. All this would be quite simple; most of the logical circuitry is 

required to have the computer make sensible decisions when the instrument 

malfunctions. 

In a typical experiment of this kind, we record 105 data words 

of 12-18 bits each. Eventually the published results typically involve 

102 numbers, whether in tabular or graphical form. Accordingly, there is 

a data compaction by a factor 10 3. At present all this compaction takes 

place after the return of the observations to the l aboratory. Some of the 

compaction could be done by computers during the experiment. 

There is then a question as to whether one uses on-line computers 

for early decision-making, or whether one relics on lal:'ge memory banks and 

telemetering channels. We have come to the conclusion that the present 

technology favors decision-mak:ing over data storage and transmission. 

There are those who wlll argue that anything short of " complete" recovery 
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of .observations may l ead to the overlooking of the unexpected, and there

fore most crucial, results; that a preset program of da ta reduction will 

give you little more than what you already know. But there is an element 

of procrastinat ion here, an unwillingnes s to think serious~y about the 

r eduction of data unt i l the observations have been t erminated. The many 

files of "original data" that overflow into the halls of the Scripps Insti

tution, and that have never been looked at, would support this point of 

view. 

The problem may be put another way: the information that is re

jected in a preset decision-making program is still there, not in the file 

cabinets , but in the oceans and a tmos phere (where it belongs). We will go 

after this information at some future .time , again wit:h tt1e use of on-line 

computers capable of early data compaction. 

What has been said here· is particularly true in the study of 

earthquakes. Unattended instruments on the Moon and the sea floor can 

take advantage of on-line computers for s elective sampling at critical 

times. 
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IV. DISCUSSION 

Even within the limited scope of our review , it i s apparent that 

the subject is very broad and that we have done it limited justice. A re

view of the first 25 years of achievements by modern computers has been 

a worthwhile exercise; we doubt whether this will still be the case at the 

end of the next 25 years. As time goes on, the subject becomes more and 

more like asking about the impact of teJescopes on astronomy. Initially 

there were some effects that could be sensibly traced to these technological 

innovations; eventually they become so much ingrained in their fields that 

a discussion of the influence is nothing short of a monograph of the 

entire subject. 
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