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PREFACE

~ In December 1963, the Committee on Science and Astronautics of the
United States House of Representatives concluded a formal agreement with

the National Academy of Sciences. The purpose of the agreement, which -

evolved into the first contract ever entered into by Congress and the Acad-
emy, was the production of a comprehenswe study designed to throw into
bold relief some of the more serious phases of policy which Government
must consider in its decisions to support or otherwise foster research in
America.

This report is the embodiment of that study. It has not been an easy
one to undertake, requiring as it does the careful evaluation of an extremely
complex and elusive relationship—that of Government, science, technology,
society, and individuals, each to the other and each to all.

. In carrying out the terms of the agreement and in developing the form
and substance of the report, we in the Congress are particularly indebted
to Representative Emilio Q. Daddario who, as chairman of our Subcom-

mittee on Science, Research and Development, served a§, the congressional |

agent and focal point throughout, and to Dr. George B. Kistiakowsky who,
as Chairman of the Academy’s Committee on Science and Public Policy,
served in similar fashion on behalf of the Academy.

It is my belief that this report represents not only genuine achievement
and utility in itself, but a significant milestone in Congress’ methods of
gathermg talented, ob]ectlve assistance to its use. .

GEoRGE P, MILLER, Chairman,
Commzttee on Sczence and Astronautws
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NATIONAL ACADEMY OF SCIENCES

OFFICE OF THE PRESIDENT
210t CONSTITUTION AVENUE
WASHINGTON, D.G, 20418

MARGH 19, 1965,
Hon. Georce P, MILLER, o
Chairman, Committee on Sczence and Astmnautws, House of Representa-
‘tives, Washington, D.C.

DeaR Mr. Mrier: In March of last year, as chauman of the Com-
mittee on Science and Astronautics you asked the National Academy of
Sciences for an advisory report’ to the Congress on certain fundamental
questions related to the support of basic scientific research by the United
States Government. The task of responding to your request I assigned to -
our Committee on Science and Public Policy under the leadership of its
chairman, George B. Kistiakowsky: It gives me’ great pleasure to transmit
herewith the resulting report.

The report has been prepared by a panel of 15 d1st.mgulshed 1nd.1v1dua!s
whom we especially selected for this task, eight of them members of the Com-
mittee on Science and Public Policy. A summary of their prinmpal findings
and opinions, prepared by the Committee, precedes the 15 essays of the
individual panel members. =~ -

As you well know, the effort to determme the desirable level of F edcra.l
support for basic research, and its wisest allocation among fields or activities,
is beset with difficulties. Each panel member has sought, after intensive
discussions with the others, to clarify the factors that he  himself deems es-
sential to the task. And the Committee has sought in its summary to cap-
ture both the similarities and the differences among their views.

The Academy is indebted to those who have labored with d]llgence and
devotion to produce this report. We hope that it will prove helpful to those
in the Congress who through their diverse responsibilities bear the crucial
burden of determining both the extent of Federal support of basic research
and the broad character of its distribution.

Sincerely yours, ,
Frepzrick Serrz,
President.
D
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The papers presented in thlS volume were prepared in response to'a
request addressed to the National Academy of Sciences by the Com—_
mittee on Science and Astronautics of the U.S. House of Representa.tlves
In its request, the House committee sct out two extremely broad questlonsl
of funda.mental 1mportance to the Federal Govemmont in connect.lon'
with its scientific research and development program '

-I. What level of Federal support is needed to maintain for the

- United States a. posmon of leadership through basic research in the
advancement of science and technology and thelr econormc, eultural
and military applications? = . :

‘I1. What judgment can be reached on the balance of support Now

- being given by the Federal Government to various fields of .scientific.
. endeavor, and on adjustments that should be con51dered either within
existing levels, of overall support or under cond.mons of mcreasqd or
decreased overall support"’ - g

The task of preparing rephes to these questmns was undertaken m_"
behalf of the Academy by its Committee on Science and Public Policy.
* The committee ‘has been aware of the significance and scope of these.
questions because of its work on the report, Federal Suﬁport of Basic-
Research in Institutions of Higher Learning, published in-1964. In
view of the complexity of even thé comparatively limited area covered
in that report, the committee was impressed by the difficulties presented
in responding to the questions now before it. An additional difficulty
was created by the comparatwely short time available, since the mem-
bers of the committee edn givé only a portion of their time to'the activ-
ities of the Academy. Finally, the committee was aware that its member-
ship is heavily biased on the side of college professors engagcd in scientific.
research and is less competent to deal with problenis of research outside.
institutions of higher learning. These considerations led to the appoint-
ment of an-ad hoc panel of 15 membérs for the present task, 8 of whom
are currently members of the committee. All members of the ad hoc
panel aré associated with representatlve msutut:lons a.nd/or professrons
concerned with research in the sciences. :

Tt has been traditional for groups of this kmd to develop 2 consensus
as abasis for unanimity in the public statement of their findings addressed
to the executive branch of the governmert. We concluded that, ‘in
view of the nature of the legislative process, this may be less desirable in
a response to a request from a congressional committee, Since the
issues raised by the questions of the House committee are very complex,
a response on the level of a common denominator of individual opinions
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might not be very useful. Therefore, the membership of the ad hoc
panel was deliberately selected to secure diversity of viewpoint, and,
following the summary which begins this volume, 15 papers are presented,

each prepared by an individual member of the panel. For each of the
papers only the individual author is responsible: neither the other
members of the ad hoc panel, nor the committee, nor the Academy
assumes responsibility for the opinions expressed, except where explicitly
stated. Even the subject of each paper was largely left to the individual
choice of the author. During its meetings, however, the ad hoc panel
subjected each paper to intensive discussion and frank criticism. Ob-

_serving the evolution of subsequent drafis of the papers, we believe that - "

this has been an exh‘emcly fruitful procedure and that the present docu-
ment is substantially “more than the sum of its parts.”

The summary following this introduction, prepared by the Committee
on Science and Public Policy, analyzes the 15 individual papers in the
light of the 2 questions of the House committee. However, criticism of
the individual positions has been avoided. The members of the ad hoc
panel generally approve this summary as an objective statement of their
views. We are aware, however, that it does not do full justice to alil

 the individual essays, especially in the balance of emphasis upon par-

ticular points and in the detailed definition of areas of agreement and

disagreement, The reader can correct these inevitable shortcomings

only by reading the individual essays themselves.

. The 15 papers are arranged alphabetically according to the names
of their authors. - We suggest that the paper by Hendrik Bode, “Re-
flections on the Relation Between Science and Technology,” be rcad first,
however, since it provides a broad historical sketch which serves well as
background for the other papers.- At.the end of the volume are brief
résumés of statistical data on research and development activities in the
United States {(app. A) and on those in some other highly developed
countries (app. B). These have been included to reduce repetitious .
citation of such data in individual papers and to bring out the uncertain-
ties and inadequacies of statistical information.

We hope that notwithstanding its limitations this volume meets some
of the needs of the House committee that led to its request to the Acad-
emy, and that it furthers better understanding of science policy problems
and issues. 'We recognize that our contribution is only a beginning, but
hope that the many points left unclear or those on which disagreement
exists can be further developed by oral statements of the individuals
involved to the membcrs of the House committee, or be taken up in
future studies. :




SUMMARY -

To summarize 15 separately written essays on issues as complex as
those raised by the House committee might seem at first sight to be an
insuperable task. 'The task is made easier, however, because each paper
was discussed and criticized extensively by the entire ad hoc panel. Al-
though no author was compelled to respond to the criticism of his. paper,
most of the authors did, on rethinking, modify at least some of their
original views, and to this extent there emerged many elements of a com-
mon position. This is not to say that all the authors agreed, even on
some of the central questions; for example, on the question of whether
the Government should support basic research at an increasing rate,
the mathematician, MacLane, and the geologist, Verhoogen, take some-
what different vicws, as do the two economists Johnson and Kaysen.
Nevertheless, a common viewpoint does permeate a surprising number
of the essays. The purpose of this summary is, therefore, not to repeat in
abbreviated form what is said so much better in the essays. Rather,
it is to identify the common threads in the many different approaches to
these problems, as well as to point up the sharpest areas of disagreement.
The committee is cncouraged that problems as difficult as those raised
by the House committee can elicit fairly congruent analyses, and even
similar answers, from men of widely different backgrounds.

The papers tall into three groups. Eight of them are concerned
broadly with the questions as stated by the House committee. These
papers, by Bode, Brooks, Johnson, Kaysen, Kistiakowsky, MacLane, Ver-
hoogen, and Weinberg, try to lay down general principles and to examine
specific tactical questions arising in connection with the support of science
They tend to have a philosophic, political-scientific, or economic flavor
Three other papers, by Kantrowitz, Teller, and Willard, are prlmanly fo-
cused on the relation between education and research, The remaining
papers, by Blinks, Horsfall, Pfaffmann, and Revelle, depict the state of
certain particular fields of science—biology, medmme, the behavioral
sciences, and the earth sciences. These papers give the flavor of the
substance of science by showing the intellectual challenge, the material
requu'ements and the relevance to our society of some specific ﬁelds of
science.

The choice of whether to write on the general questions or on a par-
rower topic was left to each writer. As a result, not all aspects of the
general questions, and certainly not all the particular fields of science,
were covered equally. It was decided to leave out of the summary most
of the discussion of particular fields since the essays on specific fields
. cover 50 small a part of science. On the other hand, we have tried in
(3) ' '
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this summary to present a somewhat more balanced analysis of the
broader questions of strategy and tactics of Government support of basic
research than emerges from any of the individual papers. Some of the
issues, like the relation between education and rescarch, are touched upon
-in a.lmost all the papers whereas the matter of geographic distribution
.appears exphatly in only one. . In the summary the imbalance in the
discuissions of these questions is to some extent redreéssed. '

Both questions put by the House committée involve the i issue of allo-
cation of resources. The first question was interpreted by most of the
panehsts as raising the issue: How should we allocate resources between
science and the other activities of our society? The second question

~ .asks: Flow should we allocate our resources within sc1cncc'r‘ In our
summary we conmder f:ach question 1n turn L '

Part One. The Aﬂocanon of Resources between ? .7
‘ Scxence and Other Actlwnes

I ‘Basic Saence “as a Whole” Is Nat the Issue -

We ﬁrst restate Questmn I: What level of Federal rupport is needed
to maintain for the United States a position of leadership through basic
research in the advancement of science and technology and their eco-
nomic, cultural, and military applications?.

The first question as stated makes certain fmplicit assumptions with
wh1ch not all the authors agree.  Verhoogen qucsuons whether the U.S,

“position of leadership’ in applications of basic science is as firm as the
question implies: “The United States has, without doubt, mastered the
technology of many ﬁelds, but brilliant engineering achievements are
not to be seen exclusively in the United States, and our technolog1cal
supremacy does not extend to all fields.” And the concern over our
ablhty to convert basic research into application cffectwcly is the main
topic of Teller’s and Kantrowitzs contributions and a major theme in
Bode’sessay. Nevertheless, the reservations concérning American leader-
ship are much less pronounced than the.affirmations .of it. Thus
Kistiakowsky speaks of the beneficial interaction between ‘“‘chemical
research and the welfare and the position of leadership of the Ameri-
can Nation”; and Brooks points out that the United States enjoys a
highly favorable balance of trade both in payments for. technical know-
how and in exports of products based on sophlsncated technology
Morcover, the authors, almost w1thout exceptlon, concede that in most
of basic research per se, the United States today stands préeminent. As
Teller says, “* * * the United States enjoys an unquestionable lead in
pure science.” MacLane states: “Mathematics in the United States has
recently been strikingly successful % * # and Kaysen adds: “Our own
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contnbutmn to_the stock of basic knowledge * * * has been so great
that we cannot simply act as if the total were given mdependcntly of our
own actions.” Though Johrison argues that scientific leadership in basic
research itself may confer ‘a kind of international leadership that is
apprec1ated only by a small elite of scientific sophlstmates, Bode articulates
the views of scveral othiers when he replies that science and technology,
as intellectual fields, are important components in the struggle of cultures
in which our country isengaged.

This colloquy, in touching upon the connection between basic research
and its applications, brings out one of the most pervasive and essentlal
pOmts in the whole analysis. The question, as put, implies that basic
résearch “as a whole” is a proper focus either for budgetary decision or
for political action. With this several essayists sharply disapgree. As
Wemberg says, to bring order to our thinking about public support of
research, it is first necessary to separate basic research done to support
a practical mission from research done to further science. . Brooks and
Kistiakowsky (as well as Kaysen and Verhoogen ) also find that dealing
with basic research “as a whole” is impractical. They emphasize, how-
cver, the unpredictability of practical uses of basic research and therefore
do not stress as much as docs Weinberg the distinction between mission-
oriented and nonoriented research. To’ them the distinction based upon
who does the research (umvers1ty, Govemment laboratory, or. mdustry)
appears parucularly relevant,

‘Nobody on the ad hoc panel challenges the proposmon that the pur—
poses of Government, as opposed to.the techmques of Government,
are nonscientific, Thus the question to which question I naturally leads:
Why should our society support basic science at all, and the corollary
unSthH ‘how much basic science. should we support? must be an-
swered in terms that generally lie outside science.~ Brooks identifies four
goals of society to which basic science contributes and which justify
its support by society. Basic science, per se, oontnbutes to culture; it
contributes to our social well»bemg, including ‘national defense and
public health; to our economic well-being; and it is an essential element.
of the education not only of scientists but also of the population as a
whole. In demdmg how much science the society needs, one must
decide how the support of science .bears on these other pohtically_
defined, goals of the society. :

‘ With these goals, and the relevance of science to them, the essayists,
except for Johnson who expresses serious doubts, are in good agreement.
In particular, most of the essaylsts especially Willard, stress the im-
portance of basic scientific activity in maintaining our system of sclentific
education, although Teller and Kantrowitz, and ‘Bode with less fervor,
insist that, though basic science is necessary, it has distorted the uni-
versity’s perspective toward a_pphed science, - Several essayists conclude
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that this is not the case at present, and that men trained in basic
research subsequently play key roles in applied research and other
practical activities (see especially Brooks). Kistiakowsky notes that -
“education and research in basic science form the best base from which
young scientists can develop their skills in applied fields.” This dis-
agreement with Kantrowitz and Teller perhaps can be attributed to the
much closer and older relations between industry and universities in
chemistry than in physics. As Brooks notes, the situation in physics will
probably tend in the future to become more like that in chemistry.

A major divergence could lie between the viewpoints that basic science
is a sort of long-range investment or social overhead, supported primarily
because it will eventually lead to applied benefits, and that basic science
is a part of culture, as is music, or art, or literature. None of the panel—
ists holds the one view to the exclusion of the other, The difficulty in
tying basic science too strictly to apphed missions is summarized by many
of the panelists: Basic research is unpredictable. Thus no man was
bright enough to know that Roentgen’s expcriments with cathode rays
would lead to the: dlSCOVCI'Y of X-rays, which in turn would lead to vastly
important advances in medicine, -

On the other hand, granting that basic research is part of culture, why
should the society single out this branch of culture for particularly favored
treatment? As Johnson says, “* * * insistence on the obligation of
society to support the pursuit of scientific knowledge for its own sake
diﬂ'e:s little from the historically earlier insistence on the obligation of
society to support the pursuit of religious truth, an obligation recom-
_ pcnsed by a similarly unspec:lﬁed and problematlcal payoff in the distant
future.” Johnson rccognxzes, however, as he states later in his papet,
that “* # # if the public is convinced that a scientific culture is de-
sirable, it is perfectly appropriate for the taxpayer’s money to be used
‘to support scientists and scientific research.” And Verhoogen, sup-
ported by others, adds “¥ ¥ * human beings * * ¥ want to know,”
which is to say: Science as culture is in itself 2 valid goal of the society.
Moreover, as Brooks puts it, science is a publicly verifiable enterprise,
and therefore its claim to public support can easily be validated.

But the argument for public support of basic science because it is a
distinctive element of our culture is conceded by most of the panelists to
be less persua.sivc than is the argument based on useful application of
basic science. As Brooks says, -“the basic difﬁculty with the cultural
motivation for Federal support of basic research is that it does not provide
any basis for quantifying the amount of support required.” On the
other hand, basic research viewed as an overhead necessary for the
accomplishment of politically defined goals of the society, such as better
defense, .or better transportatlon, or health and longevity, though still
difficult to quantify, is at least related to goals of society whose -
unportance has bcen subjected to prior pohtlcal judgment.
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Which brings us again to a central peint on which there is general
agreement: that basic research “as a whole” is a misleading notion. It
does not help our scientific policy-makers to view the allocation problem
as one of basic research as a whole versus other activities of Government.
On this crucial point at least three of the panelists, Brooks, Kistiakowsky,
. and Weinberg, agree explicity. Thus Brooks says: ‘““The basic thesis of
this paper adds up to the conclusion that the concept of a total science
budget, which is implied by the questions asked by the House Commit-
tee, is probably not a very meaningful or significant one. Only in the
restricted area of academic basic research does the concept of a Govern-
ment-wide ‘science budget’ make a certain amount of sense * * *, The
* rest of the ‘science budget’ ought to be considered in a different context,
in which the value of research and development is judged in competition
with other alternative means of achieving the same objectives.” Kistia-
kowsky essentially agrees with this view, although he divides basic re-
search somewhat differently. Weinberg puts it thus: *“The expense of
science as a means to achieve a nonscientific end should logically be as-
sessed against the budget for achievement of that end, not against some
mysterious budget labeled ‘Science as a Whole’ ¥ * ¥, The remaining
basic sciences * * * would then be properly included in a budget which
I call the ‘Intrinsic Basic Science Budget” This activity of our society
* % % ghould properly be balanced against other activities of the
society—for example, education and foreign aid * ¥ * the choice be-
tween intrinsic basic science as a whole and other, nonscientific, activities
isthe primary rclevant polmcal decision.”

II. The Government and the M. arket Place as Supportm of Research

From the conclusion that basic research, cither as culture or as a long-
range investment for the achievement of society’s other goals, is desirable,
to the conclusion that Government must therefore provide large-scale
support for basic research is a step that requires argument. Johnson’s
paper makes the necessity of such argument explicit: He points out that
there are mechanisms in our society and economy that would. provide
financial support for basic research subdivisions, so that the question is
not one of “all or nothing” but whether privately financed research
would be adequate. As Johnson puts it, “In order to establish a case
for Government support, it must be shown that basic research yields a
social return over its cost that exceeds the return on alternative types of
investment of resources. Alternatively, it must be shown that the amount
of basic research that would be carried on in the absence of Government
support would be less than what would be economically optimal.” He
agrees with Kaysen, however, that the market may not provide enough
or the right balance of support. Therefore the society cannot rely upon
the markct completely and must supplement it, especially since much of

&5—101—85—»——2
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science is a byproduct of hlgher educatlon which is certainly of im-
mediate public concern.  Hence the Federal funds become involved
but the question remains whether the present commitment s too little or
too much. He makes a case for more reliance on support of basic re-
- search by sources other than the Federal Government. Johnson also
argues that since basic research dane by one country is available to all,
there are limits to how far the United States can profitably go in attempt-
ing to maintain leadership across the board in basic research. '

All the other general papers endorse the desirability of large-scale
Federal support of basic research, and exphmtly or 1mp11c1t1y reject the
view that the private marketplace should be utilized imore and Gov-
ernment sources less for seeking support for basic rescarch. Thus Bode
responds to Johnson’s suggestion that foreign basic research can be trans-
planted by tracing the history of technology. In the early days, tech-
nology flourished with relatively litile fertilization from basic science.
Leadership in science was usually uncorrelated with leadership in tech-
nology; but as technology, especially military technology, has become
~ more sophisticated, its reliance on basic science has grown. Today, -
the connection between basic science and technology is so close that to
Bode it is unthinkable to maintain 1eadersh1p in technology witheut main-
taining an indigenous supporting basic science. . It takes trained people
of highest order to apply modern science to our sophisticated technology.
Such people, who must be trained in our own, mdrgenous, educational
and research system, will be available only if we have vigorous basic
researchof ourown. -

Kaysen responds to. “But why the government"’” by pomtmg out that '
just because its contribution to our nonscientific goals is so unpredictable,
basic research is a proper concern of the one element of our society
responsible for the general welfare—the Federal Government. = ‘The
marketplace always underinvests in social capital or social overhead.
The economic and social benefits of basic research cannot be wholly
recaptured by the private institution that finances it, but only by society
asawhole. Hence the Government cannot rely either on the marketplace
or on institutions with Tegional or spec1a11zed interests to support the -
volume of basic research that would benefit the economy as a whole:
Moreover, some of the fruits of basic research, for example, those related

o “military capability, fall directly within'the sphere of Federal respon-
s1b1hty, and only the Federal Government can and will pay for them.
This applies both to military requirements for applied research and
development, and to the insurance value of the sc1ent1ﬁc reserve corps
This general view is shared by Brooks. '

And, finally, Weinberg argues that much of the basm research sup-
ported by the Government is justified by its direct relevance to specific,
pohtleally defined goals of Government. For exambple, once the political
decision is made by the Government , 52y, to desalt the sea economically,
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_then the Government must do wha.tever is necessary in the judgment of
those responsﬂ)le for developing techniques of desalination to achieve it.
If, for getting on with the job of desalting the sea, basic research on sea
water seems more important than building another pilot plant, then the
Gpvernment must see to it thae_t basic research on: sea water is done.
Insofar as basic research is done to accomplish specific applied missions
of the Government, such basic research is obvisusly the job of the Govern-
ment. This kind of basic research constitutes a substantial part of the
basic research conducted by the Government. It is only the other part;
- which is not so obviously relevant, about which there can be serious argu-
ment as to 1ts rclevance o the goals of Government

IIL Mechamsms for Allocating Support

We consider: now. the mechanisms for detcrmlmng how’ much basic
research Government ought to support. Since, as the previous discussion
stresses, basic research “as a whole” is not a very useful concept, different
mechanisms and different justifications are appropriate for the differ-

ently motivated segments of basic research. The entire mechanism for -
allocating support (and by 1mphcat10n, the total to be supported) turns.

out to be a collection of separate mechanisms (and separate subtotals)

The precise -partitioning of all basic research into components is, of
course, largely arbitrary. Bas1c research can be classified in terms of its
motivation—as culture, as an adjunct of education, as a means to ac-
complish nonscientific goals of the socicty; of its sources of support,
whether mission-oriented agency or science-otiented agency; of its per-
formers, whcther umverslty, Government laboratory, or prlvate industry;
or of its character-——whether “little science” or “big science.’ Any one
of these classifications, if applied consistently, could cover all basic science,
but none is wholly satlsfactory, hence, the dlfferent_classﬁcatlop schemes
crisscross each other and are somewhat incongruent.- For some purposes,
one classification scheme is more convenient than another. In this dis-
cussion we shall use elements of .all the schemes proposed in individual
essays. Though this may cloud some of the underlying philosophic
issues, it accords more nearly to the actual situation than does a strictly
logical classification, and as Brooks puts it, in some cases leads more
naturally to a basis for alloca.tmg resources to science.

For the purpose of answering the first question, i.e., how much should
be allocated to basic research as a whole rather than to other activitics
of the society, the clasification suggested by Brooks and Wembcrg is
germane: the larger pa,rt of basic research is tied to specific, nonscien-
_nﬁc missions of agencies; 2 much smaller part is not directly relevant to

missions.. Let us consider first the larger part—thc basic research done .

by m1331on-onented agenmes to ‘accomplish their pohtlcally dcﬁned non-
scientific, missions, .




As we have already said, such basic research is supported by the agency

‘because the agency believes that basic research is a better place to allocate

its resources than is some alternative, like procurement, transportation, or

communications. 'This basic research is an overhead expense, since it is-

performed primarily not for the sake of the basic research but rather
for the sake of the agency’s mission.  But how does one decide what frac-

‘tion of the agency’s resources should be allocated for basic research to

accomplish even the most specific mission? Johnson argues that our
understanding of cost/effectiveness of basic research is too insccure to
allow -even the mission-oriented agencies to decide what a reasonable
allocation. to mission-oriented basic research should be. . Or, as Kaysen
puts it, “It is in the very nature of an overhead that a nice calculation of

the ‘right’ amount to expend on it is difficult.” Difficult, but not im- -

possible, suggest Brooks and Weinberg. Every business, in every part
of its operation, makes the same sort of overhead calculation as goes into

an agency’s estimate of how much basic research it needs to accomplish -

its mission, Weinberg suggests that the amount of such support should

be geared to an estimate of just how much the agency’s applied mission

derives from past basic research—perhaps 10 percent for agencies whose
missions depend on scientific knowledge heavily, perhaps less for agencies
that need science less. Brooks suggests that “10 to 15 percent of the
applied effort might be a good rule of thumb for the basic research
effort.” These judgments of the percentage going to basic research,
would be decentralized in the sense that they would be left primarily to
the agency, but they would be reviewed, as is any overhead expense of an

organization, by other interested parties in Government, like Congress, -

the Bureau of the Budget, and the Office of Science and Technology. -
The basic research of an agency is thus related to the applied or de-
velopmental effort of the agency: The main problem, as indicated above,
is to determine what fraction of the overall agency budget should go into
basic research. But evidently, as pointed out by many of the panclists,
and especially Brooks and Verhdogen, this method of supporting basic

research as an overhead on applied missions, logical though it may be,

also causcs trouble. Basic research closely tied to an agency’s nonscien-
tific goals suffers from the vagaries of agency budgeting and agency man-
agement. If it is to be effective, basic research cannot tolerate such
fluctuations, whether they are imposed by fluctuating budgets or by
fluctuating opinions within an agency as to the relevance of particular
basic research to the agency’s mission. Mechanisms are needed both to

smooth out the fluctuations in mission-supported basic research and to

enllghten agency managements about basic reséarch.

Here the National Science Foundation is viewed as playing a decisive
role. The National Science Foundation is the sole agency of Govern-
ment whose purpose is support of science across the board and without




regard for immediate practical gains. If there is good basic science

ready to be done but which does not as yet command support from some
mission-oriented agency, then the National Science Foundation must be

equipped to step in, if it chooses, to pick up the tab. Thus the Na-.

tional Science Foundation is viewed by Weinberg as being responsible
for what he calls “Intrinsic Basic Science,” the motives for which are
relatively remote from politically defined missions. Since this is a social
overhead whose connection with specific applied objectives of the society
is distant and undefined, it would seem, as Kaysen stresses, that alloca-
tion of resources to this activity would be éven more difficult than the
allocation to mission-related basic research.

And, indeed, Weinberg insists that ]ust this dec1s10n-~how much
should go for “Intrinsic Basic Science”—is the primary political de-
cision that faces Congress. Moreover, he visualizes this decision as
coalescing more and more with the decision as to the budget for the
National Science Foundation if, as seems likely, more and more of this
kind of science gravitates toward the National Science Foundation.

In the analyses of Brooks and Kistiakowsky, the National Science
Foundation is also seen assuming the role of a “balance wheel” to soften
the impact of variable research policies of mission-oriented agencies on

“academic basic research” or “little science.” Looking at the problem
more from the point of view of the “performers,” however, they realize
that -most of this type of research, although not immediately related
to the practical missions, is nonethcless supported now by those mission-
oriented agencies that choose to interpret their research tasks broadly.

As an illustration we may cite the finding, based on a recent sutvey

by the chemistry panel of the Committee on Science and Public Policy,.

that the National Science Foundation contributes only 23 percent of
Federal funds to support basic research in unjversity chemistry ‘dopart—
ments. And yet this is typu:al ‘little science.” In fact, the same in-
dividual “performers,” that is, chief investigators, receive funds from
the National Science Founda.tlon and from mission-oriented agencies
for research pro;ects that are not different in kind and frequently overlap
closely. 'This is related to the unpredlctablhty of basic rescarch (see
Kistiakowsky) : What to one may seem to be “science for science’s sake,”
to another may have germs of exciting but as yet uncertain practlca]
appllcaﬂons

1f this view is appropnate, the formal sepa.ra.tlon of “Academic Basie
Research” into “intrinsic” and “not so intrinsic” would be very difficult
from the points of view {far from uniform) of both the Federal agencies
and the performers. Hence the recommendations of Brooks and Kis-
tiakowsky that other agencies continue supporting academic basic re-
search without a reappraisal of what is relevant to their missions (im-
plied in Weinberg’s arguments), but that the National Science Founda-



tion grow into:the role of the “balance wheel ” assunng steady progress

of such research, ,

Whichever breakdown turns out to be. most useful are there cntena
for judging how much should go for this kind of science; i.e., how much,
eventually, should go to .the National Science Foundatlon or to any
other agencies carrying respons1b1hty for “Academic Basic Research?
The panelists genera.lly take for granted that the present situation; which
has led to our position of leadership, should be used as a baseline. Sev-
cral of the panelists argue that the amount should increase on two general
grounds First, as Kistiakowsky and Bode suggest, our society is becom-
ing increasingly scientific. As science helps to improve our taterial or
personal well-being, our appetite for more 1mpr0vements grows. Since
the advanced technologies on which. these improvements depend make
ever greater demands on basic science, this trend will be reflected in an
mcreasmgly scientific culture and therefore an mcrea.smg ¢ffort in basm
science. - Moreover, as the wealth of our industrialized society increases,
‘we can afford to put a larger share of our wealth into science that furthers
the more sophisticated needs of the society. Second, basic science is i
extricably related to the cducation of scieritists, who are so essential to
the modern industrial society. Our society is committed to the idea of
providing its citizens with adequate education. Insofar as academic
scientific research is connected with scientific education, the growth' of
our student body implies a growth of science. ‘This is emphasized by
Kistiakowsky, Willard, and Verhoogen As Brooks says, one great ad-
vantage of tylng support of science to educatmn is that educationally
justlﬁed science is the easiest to quantify: One may look mainly at the
projections of populanon and guess how many more science students will

be entering the universities some years hence, and make adequate prepa—-

rations for this.
But a strict separation into rmssmn-onented basic rescarch and intrinsic
basic science hardly provides unequivocal clues as to how much science,
particularly of the latter sort, we need. "This separation is useful primarily
because it suggests where in.the Government the problem should be
looked at. - Mission-oriented basic research is the business of most agen:
cles, whereas intrinsic basic research is the business of the National Science
Foundation or of other agencies which, as Weinberg puts it, have become,
in part, “little National Science Foundations.” To find ches as to hiow
much basic science we ought to support, as opposed to who should sup-

port it, we therefore return to the classification schemes used by Kistia- -

kowsky, Brooks, and Kaysen, which divide science into “Yittle smence”
and “big science.” 'The way would be clear indeed if all “little science™
and “big science” were congruent with all “intrinsic basic science.”” This
is not the case. The professor and his small group of students, the typical

performers of “little sc1ence,” are often supported by a mlssmn-onented :



agency because i it Judges the professor s bas1c research to be falrly relevant
to the needs of the agency. The totality of “academic science,” or “little
science,” ‘is very much larger than the Natmnal Science Foundatmn
research. budget .

“Little science™ as defined in several essays is largely academic science.
It is highly individualistic, and the performance varies greatly among
the fewer than 100,000 people who do it. As evidenced by the agency
records of re;ected applications for funds (see _Wlllard), far from all
these people receive Federal support for: research.” Kistiakowsky’s esti-
mate is that in 1963 the total cost to the Government of “little science,”
includmg facilitics and fellowships, was approximately $600 million.
The opinions of panelists as to the desirable level of support vary some-
what, Verhoogen believes that every qualified scientist should be pro-
vided with adequate support prov1ded his activities are within the fiscal
range of “little science” (e.g., $20,000 or less per annum) and provided -
his research is subjected always to the scrutiny of his peers. : Brooks and .
Kistiakowsky (and less explicitly Kaysen) take the present situation as
a satisfactory starting point, and the first two argue that als percent
annual increase will meet national needs.

-Brooks’s argument, which is the most explicit, is based on a foreeast
of the populatzon of graduate students and faculty, and the 15 percerit
annual increase is suggested as minimal rather than as a necessarily ade-
guate level to take care of expanding educational needs. Finally, Mac-
Lane, directing his: attention to theoretical sciences, holds that every
potentially original scientist should be provided with adequate support,
while by implication he holds that the growth of the research budget
should depend in some fashion on the growth in the number of outstand-
:mg scientists. Verhoogen’s point of view calls for larger growth because:

“in other ficlds (other than mathematics) we still very much need to
assemble the verifiable facts on whlch new ideas may grow.” ” :
- We now turn to “big science,” some of which is “academic science”
‘and some clearly mission-oriented (e.g., the scientific satelhtes) This
sciefice centers ‘around research equipment, some of which is so costly
that it in itself represents a 31gn1ﬁcant element in the total national budget.
As Kistiakowsky puts it: “ ‘Big science’ is fiscally 0pen—ended because
the commitment of scientific. personnel per pro;ect is. nsmg compara-
. -tively slowly and the costs are concentrated in:the engmeermg effort.
* % R0 Hence, the principle of supportmg every good -man in “little
science” is not very useful for “big science.” It is obviously impossible
to provide every high-energy physicist with his own accelerator. As
stressed by Kaysen, Kistiakowsky, and Brooks, the decentralized methods
of aIIocatlon that. characterize the panel system under which “little
sclence” is governed must for “big science” be replaced by much more
centralized. planning - and: dehberanon Each “big science” pro]ect




obviously demands special judgment and action and, since the size -
of each such expenditure is so great, tlie decisions will have to be
made at the highest levels of Government with the strongest interplay
between the pohtlcal and scientific communities; in the words of Brooks,
they are strategic decisions. Thus, although a total budget for “little
science® can be arrived at a priori by adopting some such principle as:
Support every good man (especially if he contributes to the educational
process),. or, use the prescnt gencra]ly satisfactory situation as a basis
for reasonable expansion, no a prmn Judgment can be made for “big
science.” Each instance of “big science” must be examined by itself,
and must find its place not only as part of the science budget but also
as part of the entire national budget. : :

IV The Self-Eqmlzbratwn of Scientific Growth

Support of “little science’ * at alevel that assures every qualified scientist
of adequate support may run the danger- pinpointed by Johnson, who
says, “Ultimately it {such a policy) relies on the self-equilibrating proc-
esses of the intellectual market in ideas and the commercial market in
scientifically trained labor to prevent serious misallocations ¥ * * the
approach depends on a particular assumptlon * % %*: that there is a
limited and fairly readily identifiable group in the populatmn that is
capable of acceptable scientific performance, and a sharp difference in
ability between this group and the rest.  This assumption does not make
economic sense in any long-run perspective: One would expect the supply
of potential scientists, like the supply of any other kind of skilled labor,
to vary in response to the income and career opportunities offered.”

Most of the other panelists, insofar as they touch on this question,
don’t agree with Johnson. Their view is that the number of people in-
terested and qualified in science is limited, and, because science is so
demanding, will always remain limited. Moreover, the “self-equilibrat-
ing process of the intellectual market” is generally thought to work very
well, especially in Kistiakowsky’s view. The panel system, the internal
criticism that characterizes the scientific community, the institutional
standards established by the universites, at which so much of “lttle
science” is performed—all of these keep basic science honest, keep it
demanding, and will always keep it relatively small. '

One of the panelists, MacLane, devotes his paper primarily to the
question of standards in science; he is concerned that the growth of
science budgets should not be so explosive asto erode these standards.
He holds that the fruitfulness of science depends vitally upon the pres-
ence of relatively few top-quality scientists..- Hence he argues that a
first allocation of resources should be to support top-quality scientists,
whatever their choice of subject or field.  This might yield a system of
allocations with multiple criteria: some basic research supported accord-
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ing to its relevance to the missions of various agencies; other basic research -
supported because sc1ent15ts of proven exccllence ]udgc it worthy of
pursuit.

Brooks, in a sense, 1mposes a similarly stringent set of quahficauons on
those eligible for support simply because they are really good. He esti-
mates the number of truly outstanding “little scientists” as being only
around 5 percent of all the active basic research scientists, and that their
support is justified purely on cultural grounds. Brooks urges support
for the rest of “little science,” but not solely on cultural grounds or on
the grounds of supportirig good pf:ople; rather, it is on the basis that
what the remaining “little scientists” do is necessary for our expanding
educationa] system, and that it is germane to apphed mission of
Government,

Kaysen goes further along this line and recommends, -in much the
same spirit as Weinberg, that the support of basic science be defined as an
overhead on total expenditures for applied research and development,
with the proportion of _th_c total set initially at its historic level of 9 percent.

V. We Moust Improve the Connectwn between Basic and Apphed_
Science

Since what emerges from the essays is a preponderant opinion that the
primary justification for Government support of basic research lies, aside
from education, in the expectation of payoff, we must examine more care-
fully the efficiency with which our Nation has been able to convert suc-
cesses in basic research to practical advantage. This is the substance of
the discussion by the physicists, Teller and Kantrowitz, and looms large
in Bode’s thinking. Teller puts the problem succinctly: “Most of our
Federal expenditure is used to support applied science and the engincer-
ing developments based upon applied science. At the same time, most
of our educational effort on the relevant graduate level goes into the
support of pure science.  As a result, the most massive cXpenditurcs of
our Government suffer from inadequate technical leadership.” Teller
and Kantrowitz argue that the strong encouragement of basic research in
the universities has created an environment that is uncongenial to applied
research—so uncongen.ial that ‘even universities that were organized to
pursue applied science and engineering now turn out many graduates
who have no taste for anything but pure science.

But many of the panelists believe the universities do play a notable role
in mamtalmng our strength in applied research.  For, as Brooks suggests,
there is a steady flow of people trained in university-type research who.
go into applied science, “which has been one of the characteristic features
of American science that has contributed to its v1tahty” (see also Kistia-
kowsky). This indeed is one of the important ways in which the results
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of basic science are converted into applied payoffs. And neither Teller
nor Kantrowitz nor Bode wishes to disturb our position of leadership in
basic research, established largely because the government has supported
basic research at the universities so steadily. Rather, the former two
suggest a new educational pattern for applied science in which the cita-
dels of basic research, the universities, and of applied research, the in-
dustrial and Government laboratories, form joint entities devoted to
graduate education in the applied sciences. The degree would be con-
ferred and the academic standards would be maintained by the universi-
ties; the graduate thesis and much of the instruction would be the re-
spons1b111ty of the cooperating laboratory. Many such arrangements are
springing up in the United States. - However, since in many cases the
laboratory is an agent of the Government, “these arrangements' often are
hampered because of Government regulanons concerning the propriety of
using Government facilities for educational purposes. Fxplicit sanc-
tioning of such. arrangements by the Government is urged by both Teller
and Kantrow1tz :

Part Two: Allocation.of Resources within Science

The second question, What judgment can be reached on the balance
of support now being given by the Federal Government to various fields
- of scientific endeavor, and on adjustments that should be considered,
either within existing levels of overall support or under conditions of
increased or decreased overall support, raises the question of allocations
within science. It thereby involves possibly fewer elements of public,
as opposed to scientific, policy than does the first question. In dealing
with this question, the panelists tended to broaden its scope to include
not merely the allocation among fields of science but also allocations
among institutions engaged in science.. ‘

We have already examined various.subdivisions of sc1ence——1nto mis-
sion-oriented and non-mission-oriented; into “big” .and *little”; into
“basic” and “applied”; into science at universities and science cutside
of universities—and we have discussed how the panelists have used
various subdivisions, as they found appropriate, to discuss the total budget
for all basic research. For making allocations within science, two sub-
divisions seem particularly appropriate: By -field of science, and by
institution ; allocations within the first subdivision may be called “scientific
choice,” within the second “institutional choice.” These choices are,
related to considerations of the sources of support and the performers.

L The Criteria for Scientiﬁc Choices

The problem of “scientific choice,” that is, deciding how to allocate
funds to different fields of science within a total science budget, has
been debated publicly since 1958. As a means of clarifying the issues
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in this debate, several committces of the Academy and some groups
directly sponsored by Federal agencies have prepared reports dealing
. wih the opportunities and requirements of specialized fields of modern
science. These include reports on oceanography, atmospheric sciences,

. and high-energy physics. Several major efforts to cover other areas of

science have been undertaken since 1962 by groups of experts in coopera-
tion with the Committee on Science and Public Policy and sponsored
mainly by the National Science Foundation. We refer the reader to
one such effort—a report, Ground-Based Astronomy: A Ten-Year Pro-
gram (National Academy of Sciences, 1964), as an example of what'can
be achieved by a highly competent group (working on a part-time basis,
of course) in approximately 18 months. Other such reports, on the
academic uses of computers, on physics, chemistry, and the plantsciences,
are in various stages of completion and are expectcd 10 bc available
‘beforetheend of 1965, :

These reports will still leave many major scientific areas unexammed
and thus will not provide sufficient basis for the formulation of a balanced
answer to the second question of the House committee. As an expedient
to bridge the gap, four members of the ad hoc panel prepared papers on
scientific areas in which they have special competence. Of these four es-
says, those by Blinks and Horsfall deal with essentially the same scientific
area—Ilife and biomedical sciences—but from quite different viewpoints.
The essay by Blinks emphasizes the unity and interdependence of life
sciences and brings out the great gains in our knowledge of life processes
that can accrue from biological research, Horsfall’s article describes
the impressive breadth of scientific fields that now have relevance to
health problems, and establishes ties between basic and applied research
in these fields. Revelle’s essay traces the close connection between re-
search in earth sciences and future progress and conservation in many
areas of the civilian economy. = Finally, Pfaffmann’s essay stresses the
point that many areas of behavioral scicnces have advanced to a stage
where objective scientific research is feasible and is rewarding from the
point of view of social benefits; also that such research, no less than re-
search in natural smences, requlres major investment of financial
resources.

Since these essays do not pretend to be full comrmttee reports and
since they do not begin to cover all fields of science, the panelists felt they
did not have information on which to base re'commendations for alloca-
tion of resources among fields. - Instead, most of the panelists who spoke
of this problem tried to lay down principles for making the judgments on
allocation among fields that the House committee asked for. The under-
lying strategy suggested by many of the panelists, notably Kistiakowsky,
Kaysen, and Brooks, was to separate “big science” from. “little science,”
and to use different criteria of choice for them. Briefly, these panelists
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recommended that allocations w1thin “Jittle science,” or, almost synony-
mously, “academic basic science,” should be made by the free play of
the scientific marketplace of ideas. The prior assumption, already dis-
cussed in Part 1, is that, starting with the present situation, which has
given us leadershlp, every really good man, especially if he helps the edu-
cational process, should be supported. No one kriows as well a3 he does
what is a fruitful or useful direction for his basic research; his work is
continuously scrutinized and monitored by his scientific co]leagues and
hence he should be allowed to decide what facet of science to pursue.

The total allocation within “little science,” broadly, is the sum of in-

numerable individual judgments by individual scientists. Such a self-

equilibrating system of allocation is almost the only one that can ensure
contmued long-term viability for our preciously individualistic “little
science.’

- Kaysen sharpens this strategy He also accepts the play of the sc1cnt1ﬁc
marketplace within fields of basic science—e.g., in physms or in chem-
istry—but he pleads for a more deliberate comparison of fields by a
mechanism that takes into account the total number of active researchers
and the number of new Ph. D.’s produced in a field to guide allocations
to that field.

The criteria for choice in “big science” must be very different, partly
because of the open-endedness of “big science,” already mentioned, and
partly because any single decision may affect a large sector of science.
Thus, whether a 200-Gev accelerator is built or is not built is a matter
that wﬂl profoundly affect the long-range future of American high-
energy physics. . Three of the panelists consider in some detail the prob-
lem of allocation of resources within “big science.”. Kaysen recommends
that the proposed projects be scrutinized as to their compeutlve merits
by a group composed of the representatives of the funding agencies and
of “performers” in various sciences. The evaluation process must in-
volve the fusion of. the elements of technical “ripeness” or urgency of
particular projects, and political considerations. Kaysen suggests fur-
ther an ingenious “tax” on “little science™ to finance a part of the costs
of “big science.” “This cost-sharing arrangement would appear as
another useful administrative control device, directed toward making
those representatives of any (scientific) field not themselves too directly

" concerned with using large facilities sensitive to their costs in terms of
their own interests.”” Brooks classifies the entire research funds into
three categories: (1) the capital costs of “big science” facilities; (2)
the operating costs of such facilities needed to make them available to the
scientific community; (3) the strictly scientific costs of research involving
the facilitics. This last item he treats as part of “little science’ and segre-
gatesit from (1) and (2). Item (2) has occasionally been insufficiently
allowed for in the past, with serious effects for progress of science, and




Brooks urges its careful consideration when making decisions regarding
(1). “The decisions regarding allocations under (1) are the only de-
cisions regarding allocations between fields of science that should be made
at the highest levels of Government * * ¥, They are the basic invest-
ment decisions of the Federal Government * * ¥ that determine the
scientific priorities for many years ahead ¥ * * in which the price of
error is highest.”  Brooks goes on to say that he agrees with Kistiakow-
sky’s criteria for ordering the prioritics of “big science” projects. Kistia-
"kowsky starts from Weinberg’s criteria (published in Ainerva, Winter
1963) but revises them for “big science.” The following factors emerge
as most important in making the decisions that Brooks calls strategic: (a)
commitment of qualified scientists to a project; (b} the relevance of the
project to adjacent and significant branches of science; (c) the potential
impact of the project on practical applications; (d) its impact on national
prestige and international influence; (e) the broad cultural impact of
the proposed undertaking.

All the panelists who deal cxphc1t1y with the sub]ect emphagize that
decisions regarding allocations within “big science™ must be centralized
at a high level in Government, and that decisions regarding allocations
within “little science” must be decentralized. o

II The Cnterm for Institutional Chowes

But Kistiakowsky Jns1sts, even in “11tt1e science” the scientific choices
cannot really be separated from institutional choices. Where the “little
science” is done, whether in Government laboratories, or universities, or
industrial laboratories, must affect, if nothing else, the degree of permis-
* siveness that the agency can allow in the support of the research,

Kistiakowsky and several other panelists argue that general, non-mis-
sion-oriented, basic research in the universities, above all, needs strength-
‘ening even at the expense of such basic research in other institutions.
Perhaps Willard states the case most explicity: First, that because of
our growing population, education in general and education in science
in particular must increase. The need for more education is inexorably
- growing, and must take precedence over other needs. Second, that the
universities have proved in the past that they provide the climate (the
“ecology” as Brooks puts it) most conducive to distinguished achievement
in basic research. Thus, the Government gets its best money’s worth
for a dollar spent on undlrcctcd basic research at the university and, if
institutional choices are to be made in disbursement of funds for such
basic research, the university should have first claim.

The nonuniversity members of the panel do not choose to respond pre-
cisely to this challenge. Kistiakowsky strongly supports relevant basic
research in the Government and industrial laboratories—all created for
pra.ct:tcal purposcs—-whlle rejecting the substltutlon of general research




for a valid applied mission. Verhoogen, who makes a strong case for
basic research in the universities, argues for continued vigorous basic
research in the Federal laboratories on three grounds: First, because:
*“their research (e.g., meteorology and weather predlcuon) is cammonly
of akind and scope that cannot be carried out in universities. . That is, it
is “big science,” a pomt on which no panelist chsagrecs Second, com-
petition in science is good, and Government agencies may set standards
of excellence in research that private institutions should equal or surpass.
Finally, it is difficult # * ¥ to ensure that science will move forward with
the necessary vigor on all fronts * % ¥, By a judicious choice of its own
research program, the Federal Government can fo some extent correct
the imbalance.” '
The sceming d.wcrgence betwecn Kmtlakowsky s view and Verhoo-
gen’s is not very sharp. ' Both agree that mission-related basic research is
necessary in the Government and industrial laboratory; the point at issue
is really where one draws the line between mission-related basic research
and non-mission-related basic research. Kistiakowsky would possibly
draw the line more sharply than some of the other panelists,"and would
tend to keep out of, or at least not expand in, the mission-oriented labora-
tories, some parts of basic research that are now pursued in such institu-
" tions. Brooks, in much the same vein, suggests that the amount and kind
of basic research in Federal laboratories should be primarily the decision
of the laboratory management, subject to the- constraint that the total
budget of the laboratory be govcmed by the importance of its practlcal
rmssmn and its long-term succcss in accomphs}ung it. :

1. Geographic Distribution: of Researck s

The matter of institutional chmcc inevitably leads to cons1deratlon of
geographic distribution of research support by the Government, If one
supports only excellence, and if excellence exists, as MacLane implies, at
only a limited number of established centers (“One cannot have more
centers than the populatlon of scientists allows.” ), how does the country
redress imbalances in its economic and cultural growth that are con-
nected with geographic distribution of scientific activity? This is a ques-
tion asked explicitly only by Johnson; yet it is obliquely implied in several
other papers, Johnson. urges a deliberate policy of locating scientific
research in the backward arcas of the country to encourage their industrial
development: “So long as public funds are allocated to the support of
basic research, the geographic allocation of the funds should take account
of the social effects of their expcnd1turc '

That this issue is not discussed in the cther genera.l essays probably

_ results from the fact that the Committee .on. Science and Public Policy
had already taken a stand on the matter. In. its 1964 report, Federal
Support of Basic Research in Institutions of Higher Learning, the Com-



mittee on Science and Public Policy recommended spectal Federal action
to assist selected institutions in attaining higher levels of excellence, em-
phasizing at the same time the great difficulty of making the right choices.

To some extent, the project system of granting Federal support to
science may have slowed down a process of dispersion of scientific re-
sources, which might not have been slowed down under different systems
of support. Brooks recommends a gradual transmon to a situation in
which about 25 percent of the costs of “little science” goes to supportmg
people, 25 percent is institutional support, and about 50 percent is pro_;ect
support.

The problem of geographlc dlstnbu'aons of Federal funds for research
is taking on increasing importance in the eyes-of Congress. - Whether it

will tend to go away of its own accord, or how much the process of dif-

fusion of scientific excellence can be accelerated without sacriﬁcing the
excellence itself, are questions on which additional thought is needed
bcyond what was given in the report, Federal Sup;;:ort of Basic Research
in Institutions of H. zgher Leammg .

IV. The Age of Biology and the Crisis in Physzcal Sczences o
Though the panelists could not fully address themselves to the ‘ques-

tion of scientific choice {inasmuch as the necessary data were not avail- -

able), nevertheless two themes in this connection are discernible. One

impression created by several panelists is that the next decade ought to .

be the age of biological science. As Weinberg puts it, “The National
Institutes of Health seems * * % to be the Government agency, the
achievement of whose mission is most directly and obviously dependent
on a great push in our understand.mg of an underlymg basic science
(biology), and whose mission will continue to enjoy greatly expanding
public support.” Or as Blinks says, “Many physical scientists feel that
support should be even greater for biology (than the 15 percent per
annum suggested for ‘little science’ as a whole) as it enters an era of
unprecedented fruitfulness.”

On the other hand, Wemberg sees the physu:al sciences conironted

with a deep financial crisis: “* * % the necesmty of expanding basic
physical science research in order to further the missions of * * * the
Atomic Energy Commission, the Department of Defense, and the Na-
tional Aeronautics and Space Administration is not * ¥ ¥ gbvious
* % %2 Yet, since orderly expansion of these sciences is a necessary
element in the general growth of the sciences—in education if nowhere

else—"% ¥ # basic research in the physical sciences is faced with a.

crisis.  Most of its support has come from the mission-oriented agencies,
but these agencies (faced with stationary budgets) will probably not
expand their support of basic research as fast as our capac1ty to do basic
: rescarch (in the phymca.l sctenccs) expan :



Part Three: Government Decisions and Actions

What specific actions do the panelists call for from the Government
agencies and from Congress? Two kinds of actions seem to be called
for by various panelists: In one group arc additional staff studies and
statistical analyses; in the other are broad and, in some instances, crucial
decisions that affect our whole governmental organization for science.
These latter actions in a sense constitute a sort of operatlonal answer to
the questxons put by the House committee.

1. Statistics on Research

Statistics on research and development in the Federal Government are
complex, and sometimes misleading, not because the dedicated statis-
ticians and analysts who amass these figures are incompetent, but rather
because the situation is inherently so complicated. As Brooks says, “A
recent report of the Organization for Economic Cooperation and Devel-
opment has remarked that most countries have better statistics on poultry.
production than they do on the activitics of their scientists and engmeers
"To some extent this is inevitable since the product of scientific activity is
an elusive entity which defies measurement.” Brooks then goes on to
analyze some of the difficulties: It is very hard to decide what is basic,
what is applled what is academic, what is nonacademic; what is re-
scarch, what is education; or even what is Federal, what is non-Federal.
There is probably no easy way to improve our statistical picture of
research in the Federal Government: essays such as Brook’s point out the
complexities and may help Government administrators brmg their data
together in more useful ways. ‘

One aspect of research statistics is partlcularly troublesome this has
to do with estimating the cost/effectiveness ratios of research. Here it
is not so much a matter of statistics. Rather, as Johnson implies, there
are exceedmgly difficult questions on which professional economists are
still groping for ways to make progress. He suggests that additional re-
search be done on this group of quesuons Pfaffmann echoes this in
urging wider . support of behavioral sciences research generally on the |
economic and social implications of science and technology.

. A few specific statistical studies are suggested by some of the essay—
ists. For example, Weinberg suggests that the Government try to estab-
lish how the support of basic research in each field of science is now dis-
tributed among the agencies of Government. Since some basic science
is mission-oriented and some is not, it would be useful to know how the
agencies differ in their assessment of relevance of basic research to their
missions. Kistizkowsky notes how uneven. this assessment now is.




I11. The Role of the National Science Foundation: Conclusions

~ Two really major conclusions emerge from these papers. - The first
is that Government should recogmzc that, on the whole, science in the

United States today enjoys preeminence, and that what is done in the

future should be based on expanding and i 1mpr0v1ng the present situation.
Though some illogicalities may exist, of course, in the conduct of so large
an activity as Government-supported science, it has so far been effective
and there is no reason to change it drastically. In a sense, this consti-
tutes the s:mplest answer to the first question. The more detailed sug-
gestions by various panelists: To look at academic research separately
from other research, or to provide support as broadly as possible for “little
science,” or to treat “big science” differently from “little science,” are in-
herently complex and are made against a background of belief that the
Government’s scientific policies in the past have been generous and re-
sponsible, and that U.S. science has done very well indeed.

The second essential point that runs through at least half the papers
is the belief, stated either explicitly or implicitly, that the role of the Na-
tional Science Foundation during the next decade should become much
greater than it has been in the past, especially in the physical sciences.
The crisis in the physical sciences has already been alluded to. As the
handmaiden mostly of mission-oriented agencies such as the Atomic
Energy Commission, the Department of Defense, and the National Aero-
nautics and Space Administration, whose missions are not likely to ex-
pand in the immediate future, these sciences are caught in a squeeze.
Yet, as many of the panelists have argued, the physical sciences should
expand, though perhaps not as rapidly as the biological sciences.

. The reasons for such expansion are: (1) That biological and environ-
mental sciences, to which Government is already heavily committed, will
increasingly depend on advances in and people from the basic physical
sciences; (2) that although military and space research and development
expenditures appear to be declining, the Nation must continue to build
up its stock of knowledge and people in the physical sciences, on which
future advances in military and space technology will rest if a later.
emergency requires renewed emphasis on these fields; (3) that the
physical sciences rather than the biological sciences have been the major
source of past improvements in civilian technology, and support of them
is, therefore, important for the further growth of productivity in the U.S.
economy.

Two courses for providing increased support to the physical sciences
are open, and probably both should be followed. The first, recommended
by several panelists, is that the mission-oriented agencics, at times such
as this when budgets are rather stationary, should devote a larger frac-
tion of their budgets to basic research. This implies that they incline
toward a broader interpretation of what kinds of basic research they
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deem relevant to their missions than is sometimes the case now; or event
that Congress extend the mission of the agency to include the pursuit
of certain branches of basic science, if this is necessary,

The second course, which by no means excludes the first, is to makc
the National Science Foundation a much larger agency than it now is—
50 Iarge that it can eventually become the “balance wheel,” or even the
main “umbrella,” for the support of basic rescarch—especially in the
physical sciences—that is too Temote to merit support from the mission-
oricnted agencies. Such a specific policy with respect to the future
growth of the National Science Foundation involves .a major political
decision by, Congrcss and by the executive branch as formidable and far-
reaching as its decision has been w1th respect to exPanszon of the Natmnal
Instltutes of Health - :

JEU— e



f OPPORTUNITIES AND REQUIREMENTS
IN THE LIFE SCIENCES -

- by Lawrence R. BLINKS
8 tanfard U niversity

In addressmg myself to the questron of how much support should be
made available to science by the Federal Government, I felt:I might best
contribute by indicating some of the accomphshments, present- require-. .
ments, and future opportunities of the life sciences... This may provide
some background for judgments concerning support- needed by biclogy
in comparison with some other sciences, such. as astronomy, physics, and
chemistry, which are making large-scale appraisals of their requirements.

Biology is closely related to astronomy, geology, physics, and chemistry,
for living organistms, which are its subject matter, are but extraordinarily
involved and intricate assemblies of physmal particles, and chemical
molecules. They were shaped by cosmic and geological history, and have
affected the earth, in turn, by laying down great limestone depomts and
forming fossil fuels such as coal and oil.

“Life still gets its daily energy from the earth’s star, the sun, trapped
through. the activity of land plants and water-living algae. Man now
probes out to our sister planets, and may some day venture to reach them,

Like other sciences, which show us how to find minerals, utilize nuclear
energy, and produce useful chemicals, biclogy. has application. It is the
basis of agriculture, forestry, medicine, and some of the most fundamen-
tal industries and arts. All of these profit from the evolution of general
biological principles, derived from intellectual cunosrty as to how life
originates, develops, and functions.

Many principles turn out to be the same for men, for Iugher plants and
animals, one-celled protozoa, bacteria, a.nd algac. Discoveries concern~
ing the simpler and more accessible -organisms. that the biologist studies
can often be extended to the cure of disease, the supply of food, and the
control of human population. . These are surely three of the most im-
portant challenges facing mankmd in the next generation and the next
century; and they must be solved largely by brologlcal procedures. ‘Thus,
it is essential that progress in the biological sciences be supported if Amer-
ica, and the world, are to meet these important challenges. -

The present state of biology reflects some striking trends. The great—
est of these is the breakdown of barriers that formerly isolated biclogy
from physics and chemistry, and divided it into several disciplines, such
as botany, zoology, and microbiclogy.. -This unifying trend is reflected in
the establishment of biology, biochemistry, and biophysics depa.rtments in
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many American universities, Itis the consequence of two other trends—
the discovery of more and more common features of all life, giving a
fundamental unity to biology; and increasing success in the attempts to
describe life at physicochemical and molecular levels. :

This now well-recognized unity of biology permits rapid progress by
concentrating research on the simplest and most readily controlled or- -
ganisms. These include viruses, bacteria, and other unicellular crea-
tures like algae and protozoa, as well as the 1solated cells of hlgher or-
ganisms (including man).

The “molecularization” of biology is rapidly brmgmg thc causal
analysis of structure and function to its most basic level. The implica-
tions of this are tremendous for understanding the hereditary makeup of
organisms (including man). XKnowledge is being created and tools
forged for immensely powcrful biological applications, which may lead
to a revolution. compara,ble in importance to or even greater than that
of the nuclear age in physics. -

Although these new developments are bearing such exciting fruits, the
importance and usefulness of other aspects of biology should not be mini-
mized. Failure to keep these other branches active could lead to at-
tenuation of many motivating ideas of physicochemical biology itself, and
to the loss of much theoretical and practical advance.. Two branches in
danger of possible atrophy (because they may appear less glamorous at
present) are supracellular biology and “systematic” biology.

Although molecules are the structural basis of cells, and the laws of

physics and chemistry govern their functioning, most of biclogy is supra-
cellular. At each level of supracellular organization, there are impor-
tant problems that can be investigated only at that level. Cells in isola-
tion do not usually show cither the same form or the same function as cells
integrated into tissues—e.g., muscle, nerve, glands; wood, pith, cortex.
Combinations of tissues introduce further aspects of form and function,
as'in brain, heart, eyes; root, stem, leaves. QOrgans combine to form or-
gan systems—for circulation, cormmunication, digestion in animals; for
food production, transport, and storage in plants. The next Ievel is the |
integration of organ systems into complete individuals—animals, plants,
humans; these, in turn, constitute populations—families, herds, hives,
cities, grasslands, forests, swamps, These populations interact viot only -
with their physical milieu—air, water, soil, light, temperature, etc -—but
with each other, and, above all, with man himself.

Fach of these levels of biological integration has its own prmc1plcs
and methods of investigation, which indeed involve physics and chemistry,
but also include many strictly biological concepts—inheritance, variation,
succession, evolution, behavior, competition, survival—which are not
reducible as yet to their physicochemical origins, Indeed, it is a fact of
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scientific history that physmochemlcal principles often become apphcable
to biological materials only after strictly biological methods have defined-
the problems, and have identified favorable organisms on which to attack
and solve them. Hormones, like adrenalin or plant-growth substances,
- could not have been anticipated by chemists until studies of animal and
plant behavior suggested the presence of such transportable messengers.
Modern molecular genetics could not have developed until strictly bio-
logical methods of breeding analysis and microscopic observation, and
patient biological experimentation, had led to and validated the chromo-
some and gene theories of heredity. ‘Noris it likely that the organic and
biological chemist would have chosen-the fruitfly, the bread mould, or
the bacterium E, coli for the study of chemical genctics, without the .
knowledge of the biology of these organisms which showed them umquely
adapted to quick and significant experimentation.

Physiologists, embryologists, endocnnologlsts, ccologlsts marine. b1010-
gists, and other life scientists are exposing other facts and principles which
are prerequisites to the physical and chemical explanation of phenomena
at supracellular levels of organization. . It is, therefore, essential to assure
the vigorous pursuit of each of these more complicated levels of biology.
Only thus can there be a truly integrated, theoretlcal science extendmg
to all manifestations of life—a biological unity.-

On the other hand, the students of biological diversity—the taxonormsts
and systematists who compare organisms, name them, group them, and
establish their relationships—are exposing the other “face” of biology.
In the midst of an overall biological unity, there exist literally millions of
species of plants, animals, and microbes, each with its own distinctive
form, function, and interaction with its neighbors. This grand view of
the order of nature—the synthesis and visible result of millions of years of
change—provides the picture of how evolution has proceeded, and hence
aids in understanding how it may be directed in the future by man. It
also discloses the raw materials from which to develop useful new plants
and animals (or even microbes—to supply new antibiotics).

'The exploration and classification of the world of existing organisms
also provides experimental biologists with the organisms most suitable
for their research, and guarantees to each of them that he is using the
same plants, animals or microbes described in the work of others.. Only
thus can one arrive at insights into what is generaly valid, or what-is
special for given organisms. On the study of diversity, therefore, depends
the ultimate discovery. of valid unlfymg pnnc1p1es and the definition of
many significant problems. '

We may now turn to some of the pamcular subdlsaphnas of blology
to mdlcatc some of the:r needs, and requxrements for support
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Taxonomy and Systematlcs e

Tho task of identifying, describing, classifying, and relatmg in thclr
family trees the millions of species of plants, animals, and microbes is,
after two centuries of effort, probably only half ﬁnished Many parts
of our planet, such as the rlch tropical jungles, polar regions, high moun-
tains, deserts, and the depths of the ocean, are still in need of further ex-
plorauon Onrganization of the necessary expeditions is often very ex-
pensive. - Moreover, modern' taxonomists have come to appreciate the
advantages of bringing living organisms into the laboratory, and supple-
menting gross descriptions of. adults: with studies of breeding relations -
(genetics), development (embryology), and even physiology and bio-
chemistry (e.g., for immunological reactions) . The: bmohermstry of
microorganisms is often their most certain identification. -+ -

- Among the needs in the immediate futire:are Iarger numbers of sys—

’ _tematm biologists with a flair for intuitively grasping the relationships of

spec1es, well trained not only in-careful observation and description, but
also i in statistics, genetics, population behavior, e:mbryology, and chem-
istry.. This is a large order indeed, and would make the ideal systematist.
- perhaps the most well-rounded of a.ll'biologists. Unfortunately he is often
just the opposite. But modern: “biosystematics” .is an interesting and
exciting discipline, which should mcreasmgly attract able young workers
They must be subsidized. :

Furthermore, not:only must typc spec1mens of all known organisms,
‘with duplicates for. study, be deposited and catalog'ued in’ central muse-
ums and herbaria; but also they should be kept alive in zoos, botanical
gardens, or controlled'-climatc facilities,. - Thus they will be available,
alive, :for reference and future study, instead of becoming pickled or
dried “vouchers.” - Accomplishment of this is expensive: Qrganisms
proving useful for experimental study should be maintained, often in
many genetic strains, in type culture collections, or as viable seed, from
which researchers can obtain them at will. Such storehouses of genetic
material constitute 4 major source for agricultural experimentation, for
‘eventual improvements of existing plants and animals (e.g., as to-disease
resistance), and for potentially important additions to our list of useful
organisms. The precious genetic materials brought back alive by ex-
pensive and laborious- expeditions {or developed in the laboratory by
mutation) must not be lost, expensive though their preservation may be.

Unforeseeable, but almost certa.mly valuable, additions to knowledge
and practical ntilization will require well-staffed and well-equipped col-
lecting expeditions, especially to little-explored regions of the earth and
theseas. Desert laboratories-and oceangoing laboratories will be needed,
along with arctic and tropical stations, as expedition headquarters.

These are as essential to- biological explorauon as observatories are to

astronomical exploratlon--—and are becoming as costly.




" LAWKENCE: R, BLINES::
Genetics and Molecular Biology

The study. of heredity has become. a central and umfymg chscxplme

of blology It makes contact with and leads to virtually every aspect,

of the science. . It has provided a concrete basis for-the species concept,
the central _1dea of taxonomy: those organisms that can interbreed and
produce fertile progeny constitute a species; those that cannot belong to
a different species, . Although this definition has its limitations. and
difficulties, it has proven to be of great value, and has, as pointed out
earlier; made breeding tests of great value to taxonomists.

Genetics leads to all other aspects of biclogy because of the obwous
fact that heredity determines the characteristic properties of every. orga-

nismn,  This includes its systerm of reactions to other organisms and to its
physmal and chemical environment. . To understand fully how an orga-
nism. develops and functions and reacts, one must understand its heredi-

tary mechanism and how it operates. , -

It is well known that the hereditary nicchamsm res1des clueﬂy in -

genes, a strictly biological concept worked out long before thelr molecular

constitution was known. . Genes are arranged end-to-end in linear series:

in the chromosomes of the nuclcus.  The laws of heredity are the rules—
the same for all organisms—by which the genes are transmitted from
parents to oﬁsprmg, including the rules by which sexual reproduction
leads to various.combinations of genes. Evolution is the process by
which new genes (mutations) and new genic combinations arise and are
propagated by natural or artificial (i.e. man—dlrccted) selection, De-
velopment from the €gg is fundamentally the progess that leads to. the
different action of various genes of the set in different cells of the body—
a process.affected by cellular interactions and environmental influences
(such as disease.or poisons). Adult physiology and behavior are due

to the functional interactions of direct and indirect products of gemc'

activity.

No wonder that the gene and gemc action. have becomc centra]:

in modern biology! Progress along these lines has been continuously
accelerating during the past quarter-century, especially with the shift of
attention from more complex organisms such as flies and corn—or mice
and men—to su’npler ones such as fungi, unicellular.plants and animals,
bacteria, and viruses. . The essential genic material has been shown to
be nucleic. acid, espct:lally deoxyribonucleic acid (DNA). Its struc-
ture—a linear, 1rregu1ar sequence mostly of four kinds of chemical units—
was only recently. discovered, as was the main feature of how it can
reproduce itself so exactly. A gene turss out to be a length of DNA:

hundreds to a thousand or more such units in a sequence peculiar to that
gene-—each gene having a different sequence. A mutation turns out

to be a change from one of the four kinds Qf units to another, at any one.
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of the hundreds of positions in a gene; or the insertion, removal, or
transposition of one or more units,

Genes were soon shown to act by somehow controlling thc formatmn
of proteins—one of the most distinctive chemicals found in living orga-
nisms, formed only by organisms or their parts. Proteins are also long-
chain molecules, but they consist of 20 kinds of units— again in a se-
quence that is unique for each kind of protein. Recent evidence shows
that there are three times as many nucleic-acid units in a gene as therc
are protéin units in the protein molecule controlled by the gene.  This
and other evidence léd to the conclusion that each sequence of three
nucleic-acid units (a triplet in a gene) somehow “codes” for a given
protein unit. This code-—the Rosetta Stone of life—was partly de-
ciphered a few years ago, and further study of it proceeds apace. Con-
currently, biologists have been discovering the mechanism by which the
code operates upon protein formation: It is first transcribed onto a
closely related chemical messenger (RNA) which carries the genic
message out from the nucleus into the cell body; in the process it com-'
bines with a minute particle, the ribosome, which is the “protein factory.”
The order having been received, the protein is custom-built to the nuclear -
specifications. The sequence of triplet nucleic acid is translated, from
one end to the other, into a sequence of corresponding protein units
until the whole protein is completed. The translation involves a very
complex machinery, much of which is already understood. It is one of
the most complex of programed factories. '

This marvelous and qumsﬂely controlled process, so briefly and in-
adequately described here, is literally the core of modern molecular.
biology (just as the nucleus is the core of the cell). It is the study of
protein synthesis under genic control. And why are proteins so im-
portant? Not only are they major buildings blocks of the cell, making up
many important structures; but also they include such important mole-
cules as hemoglobin, the red oxygen carrier of the blood; the contractile
myosin of muscles; and all known enzymes. The latter, of course, are
the catalysts responsible for practically every characteristic vital reaction,
from digestion through respiration to excretion. Many aspects of nerve’
and muscle activity, as well as fermentation and photosynthesis in plants,
involve dozens of stepwise enzyme catalyses. If the formation of an
enzyme is blocked by a mutation (which garbles the genetic code) then
some step of an important function, such as respiration, fails, and the
whole Jprocess may stop. {This biologica.l dictum, “one gene, one en-
zyme,” was first well established in a common bread-mould.)

To carry on work of this sort requires increasingly complex apparatus:
instruments that count the scintillations produced by radioactive chemical
tracers; others that separate molecular species by high-speed centrifuga-
tion, adsorption, or electrical migration; still' others that analyze the
molecule by its characteristic adsorption of infrared or ultraviolet radia-




tion.. These are now standard and indispensable tools for genetic and
molécular researches, and they may cost $10,000 apiece and upward.
No longer does a $500 microscope suffice, nor do the breeding cages,
milk bottles, and test tubes of earlier genetics. To keep American biclogy
out in front (and it is indeed leading the world in the particular fields
dis¢ussed here) it will be absolutely essential to supply investigators
with these and ever more complicated instruments. - Biology, while not
yet as expensive as nuclear. physics or astronomy, must be at least as well
provided with tools as is modern chemlstry, mdced it uses many of the
same tools. =
" Given the tools—and we]l-tramed brains—the results will be not only
of fascinating theoretical importance, but also often of practical value as
- well. In the not-to-distant future, individuals who have intherited a gene
that makes a defective protein (such as an enzyme or a hormone) may
be provided with a proper one, for it is possible even now to have the
‘right genes make the right proteins in a test tube. It may even prove
possible to change the defective gene into a normal one, though that
still secems far away despite some encouraging discoveries with micro-
organisms. In any case, the strateglcally promising research for the
health-oriented and agricultural sciences is that which goes to the heart.
of the problem: to the chromosomal genes—their nature, action, and
mutation; and to the mechanistns that control their differential activity.
Tt seems clear that study of the biological nucleus must yield ag im-
portant results as has the study of the nuclei of chemical elements. It
is desirable that such fundamental study should 20 forward at the max1—
mum poss1blcspced : o : :

‘ Cytology and Cellular Physmlogy

Moving from nuclear to cellular bmlogy, we agam must consider
structure and function. Both mvolve' genetics and molecular biology,
for the study of chromaosomes is one of the classic topics of cytology
(cell structure) and the study of protein synthesis and nucleic-acid
metabolism are within the established domain of cell physiology. This
is a good example of how the old barners between biological dlSCIPhnCS
happily are vamshmg :

But there is much more to these domalns Cell physiology embraces
the membranc control of substances passing both in and out of the cell
(and its parts); the accumulation of salts; the loss of waste materials;
the trapping of solar energy by plants, and its utilization in synthesizing
cellular materials. It includes the intake of materials by animal or
bacterial cells; respiration or fermentation of foods; the mechanisms
of ameboid and ciliary motion; muscle contraction and the transmission
of the nerve impulse; and the generation of heat, electricity, and light.




'These are examples of the complex and highly patterned mult;enzyme
cycles by which the living machinery operates.

- Enormous strides have been:made recently by the use of radioactive
tracersto follow the pathways in the cell taken by various essential mole-
cules, and their inclusion in strategic structures (including the nucleus
itself). Modern methods for breaking up cells with the least possible
damage to component parts (expert “watch-grinding™) have led to the
isolation of organelles, such as nuclei, plastids, mitochondria, ribosomes,
spindle fibres, and internal membranes.: It has become clear that dif-
ferent parts of the cell’s working are closely associated with this or that
organelle; thus respiration occurs in mitochondria, photosynthesis in
plastids; protein- synthesis in ribosomes. (as alrcady described). - The
detailed molecular organization of these structures, indeed of every com- -
ponent of the cell, thus becomes basic to -an understanding of their
function. It has been possible to.isolate many enzymés from the con-
stituent: particles, but unt11 recently it was not poss1blc to “see” at molec-
ular levels. . '

Cytology was hrmted for ycars by the lenses of the hght microscope,
. which had:indeed revealed many of the subcellular entities, but scarcely
their basic structure.. All this was. drastically changed about 25 years
ago, when the electron microscope was invented. It is still being per-
fected, but underideal conditions it can reveal particles as small as 5 to 10
angstrom - units; that is to say, a few hundred-millionths of an inch.
These are about 500 times smaller than objects just visible in the light
micrescope, which in turn are about 500 times smaller than ob]ects
just discernible by the naked eye. It is obvious that various sciences
(including colloid chemistry and geology) could utilize such magnifica-
tion, but its most valuable application has probably been in biology, to
reveal fine structures below the limits of light microscopy. The cutting
_of extremely thin sections, and the application of mineral stains or shadow-
ing techniques, have opened.up a previously unexplored microcosm in the
cell. Now the beautifully clear electron-micrographs reveal the fine
details of cilia, membranes, chromosomes ribosomes,. m1tochondr1a, and
plast1ds and have shown the remarkably organized structures of bacteria
and viruses; mostly below the resolving power of the ordinary micro-
scope. Thin membranes or laminations a few molecules thick can be
discerned, and the ordered aggregation of macromoleculcs into ﬁbers or
ﬂagellae clearlyseen. =

Ancther powerful tool for molecular analys1s has also reccntly been
explo1ted in biology,. though applied for a longer time in physics and
crystallography This is the X-ray, used for discovering molecular
arrangement in organized fibers such as those of cotton or wool, and in
cartilage or muscle, With the aid of the highest-speed computers, X-ray
crysta]lographers have gone far toward elucidating the exact conforma-
tion of all the subunits in some proteins, such as myoglobin from muscle.



Wh11e this technique is only now commg into use, its promise i for the
future is enormous.

One difficulty is the pauc1ty of personnel tramed to interpret the com-
plex X-ray photographic patterns, by means of mathematics, chemistry,
physics, and the lore of computers. Another is the great expense of the
tools—not only of the computers (up to $500 000) but also of the X-ray
machines.

Electron microscopes also cost up to $40 000 each (as agamst $1 000.
_ for a good light mmroscope) The time is actually at hand when one
of every four laboratory blologlsts eould well utilize an eIectron micro-
scope in his daily work, - '

Centrifuges and oscﬂloscopes were adequate a genera.tlon ago; now it
is X-ray equipment, electron microscopes, electron spin resonance instru-
ments, and mass-spectrometers,  Tomorrow the computer will be added.
It is clear that large sums of money will have to be made available for
such biclogical instrumentation if Amenca.n blology is to retain its prcsent
emmence : - :

- DeveloPmcnt

" Like the rest of bxology, embryology———the study of development—has. ,
in recent years taken on a new character. Not only have the new
knowledge and methods of molecular biology béen exploited, but at least
two new strictly embryological approaches have been developed. -

On the one hand, the development of adequate media and techmquw
has made it poss1b1e to explant cells and tissues into cultures in glass,
where they may be mamtamed for long periods away from the parent
organisms. This permits the study of interactions between diverse kinds
of body cells, how they “recognize’ each other, how they respond to each
other, and what pattern of organization they set up when they come to-
gether again, as they do, after artificial separatlon These isolated, sim-
plified, and controlled systems are giving new insight into the decisive
_ intercellular events that occur during the much more- complex develop-
ment of an intact embryo.. On._the other hand, the development of
new, delicately precise mstruments the mzcromanlpulator and, niicro-
forge permit analytical operations not heretofore possible,

' We have referred above to the all-important nucleus, which transmlts

the genetic code from generation to generation. What is its role during
the change from a relatively undiffcrentiated egg into the highly devel-
oped adult? One way to approach this problem is to remove the nucleus
from one cell or inject it into another. . Thus nuclei can be removed from
eggs, and others introduced from embryos at later stages of develop-‘
ment—and vice versa.  Such procedures have revealed that nuclei un-
dergo progressive and very persistent changes as they “age’ * during the
proccss of dcvelopment Much more can be lca.rned by such techmques




about the alteration of the genetic message with time. It can already be
stated (from work on micro-organisms} that there are “gene-control”
mechanisms that regulate the activities of many specific genes; this re-
sults in inhibition or stimulation of various kinds of protein production.
It is surmised that similar changes occur during development of higher
organisms, so that a given gene is only active in certain cells and at cer-
tain times.. This has recently been verified in full by studies of giant
chromosomes, in which the position of a given gene, as well as its state of
activity or inactivity, can be directly seen. Such analysis, which is only
beginning, promises to produce important new knowledge. It is closely -
relating development to the orderly control of gene action. o
The molecular analysis of development is also being advanced by re-
cent successes in culturing explanted cells, in the use of radioactive
tracers to follow cellular interactions and transfer of materials, and in
very sophisticated physicochemical studies on the regeneration and
repair of wounds and excisions. (This is a sort of “delayed embry-
ology” by which damaged tissues can be reconstituted. ) '
- In the opinion of many biologists, one of the greatest areas for spec-
tacular advances in the near future will be the analysis of development.
The importance of such knowledge for human biology has been widely
publicized in recent years in connection with thalidomide injury in babies
and disturbances in development resulting from certain mild discases like
German measles in pregnant women. It is clear that animals must be
used in the study of such qucstlons. : :

Physmlogy of Organs a.nd Orgamsms

This discipline deals with the highly diversified functioning of the adult

organism, whether plant, animal, or human. Itisan old and well-estab- =~

lished discipline which has had molecular aspects much longer than has
the rest of biology. The explanation of the manifold activities of organs,
like heart, brain, kidney, and muscle, or root, stem, leaf, and fruit, was
always sought in terms of chemistry and physics. Modern physiology
continues to develop along such traditional lines, but with the added
advantages of more soplustlcated apparatus, and w1th the fertilization of
new ideas from other life sciences. Thus hormones, long known to
change the activity of cells, are now suspected of doing so, in part, by
controlling the action of specific genes in certain cells of the body, excel-
lent evidence for this has been shown in an insect. Many investigators,
indeed whole institutes, have recently begun to search for the mechanism
of learning and memory in the production of specific nucleic acids or
proteins. The physzology of the brain, nerves, and sensory organs, and
of behavior mechanisms in general, has entercd a new phase with the
~ application of biophysics and of specially designed computers, The ana-



‘log computer has been helpful in analyzing the time course of the nerve
impulse. It is quite possible that the phenomenal success that crowned
the study of viruses and bacteria during the last quarter-century may be
matched in the years ahead by the study of the neuron, the individual
nerve cell. Cunously enough, the generation of electric impulses like
those of nerve in certain plant cells has been of value in understandmg
the conduction mechanism. '

The situation created by the increasing proportion of old people in our
population has stimulated research into the problems of the aged (geron-
tology). All kinds of organisms, from bacteria and protozoa through
plants and animals to man, display changes with age, and biologists,
studying organisms with relatively short lifespans, may contribute to an
understanding of human aging. The oldest living things such as the
redwoods and. certain pines, when compared with short-lived aspens or
cottonwoods, may have somethmg to tell us about aging.

Among the topics of interest in the overall physiology and behavior of
animals is the migration of birds, which seem to accomplish a kind of
celestial navigation by reference to stars. This is just beginning to be
understood. So is the remarkable ability of other animals, notably the
bat, to catch food or avoid obstacles completely in the dark; this it does
by emitting characteristic high-pitched “squeaks,” or pulses of sound,
Whlch are echoed by objects in the environment. It is almost lmp0551ble

o “jam” this remarkable echo-soundmg device. Porpoises employ a
somcwhat similar sound-echo system in the water; and electrical 1mpulscs
are broadcast by some fishes for the same purpose. Some marine ani-
mals seem to be responswe to polarized light. All these navigational
devices are suggestive of further developments and apphcauon even by
man himself. :

Ecology

_ Change is inherent in the hJstory of the earth, and durmg millions of
years, organisms have had to adapt to altered environments. This has
been a condition of the selection process, which has, with genetic muta-
tion, aided the evolution of present-day forms, with their astonishing
ability to fit almost every climatic niche, from swamp to plain to highest
mountain. Some forms of life exist in all earth’s environments. Caves,
the dark depths of the sea, the driest desert, the coldest snowfields—all
support some peculiarly adapted organisms—if not large, then micro-
scopic. The study of the means by which extremes. of light, humidity,
temperature, or pressure are tolerated is one of the important biological
disciplines and one of great significance to man.. It has for half a century-
been more a matter of obscrvation than of experimentation. But with
the development of facilities for controlling the environment (phytotrons;
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biotrons, chmatrons, marmostats) these are becommg matters for experi-
mentation as well. And much has already been learned about the effects
of such Jmportant variables as length of day and mght temperatures upon
such various phenomena as flowering of plants, m.lgratlon of birds, and
hatchmg of insect pupae. A few minutes difference in day length or
expostre to a brief flash of light in the middle of the night, can trigger
astonishing biological results. (The color of the Tight is also of extreme
unportanoe, m;frared often bemg able to oppose the effect of red hght,
and viceversa.)

It is obvious that such control of the environment requn'es eqmpment
whose building and maintenance is both elaborate and expensive. nghly
rlmportant results can be expected from such facilities.

Othér environmental factors (besides these physical ones) are b1o-
logical. 'These include not only the obvious ones of predator and prey,
or grazer and grazed, but the more subtle one of competition for space.
Even a slight advantage possessed by one species over another may glve
it quick dominance. Here isinvolved hered1ty and the diversity of species,
and also behavior, the study of which is commg more and more into
biological realms under the name of “ethology.”” The “territoriality”
of many animals that defend strongly delimited areas is not without its
human implications. - The excretion of poisonous substances into soil
gives some plants 2 territorial protection, especially in the desert. '

The prcservatmn of forest or desert, seashore or mountams, for the
use and enjoyment of present and future human generations is highly
dependent upon a knowledge of ecology. Small environmental
changes—draining, flooding, air and water pollution, sometimes grazing -
and trampling—may become disastrous to a beautiful or useful plant
cover, or may drive away interesting or valuable animals, Conservation
of natural resources is frequently dependent upon understanding of the
factors necessary to maintain an’ adequate enviropment for survival.
It is highly important that our few remaining natural areas be main-
tained for such study, as well as for the use and enjoyment of people.
Most of the remaining wildlands are in Federal control, and should be
adequately protected for smenhﬁc as we]l as recreanonal and watershed

purposes
Pathology and Dlsease Gontrol

Like humans, plants and ammals are attacked by a grea.t vanety of
diseases. Even some bacteria have virus infestations (e.g., bacteri-
ophage). While the control of disease can often be accomplished by
chemical means such as sprays; many types of biological control are also
employed. Often there are intermediate hosts, which carry the disease
through: one of its stages.  Well-known exa.mpies are the transmission
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of malaria and other diseases by mosquitoes.. It was a triumph of biology
when this was discovered, allowing for biological control and later physi-
cal or chemical warfare against these diseases. Many other insects such
as fleas and lice, as well as the spider-like ticks, are carriers of disease.
Snails are intermediate hosts for the liver fluke of sheep, and the barberry
bush for white pine blister rust, The recognition of such carriers requires
a strictly biological procedure, mvolvmg the ecological tracmg of the
chain. More subtle problems remain, such as:the marked speclﬁmty of
the host—intermediate or final. Why are some species. immune and
others susceptiblé? ‘Why must an aIteratlon of infection occur in so many
instances? What is the genetic and biochemical basis for susceptibility
or resistance?  Biological tcchmques, such as genetic selection for disease
resistance in commercially important plants and animals, can be coupled
with. quarantine measures and the. mtroducuon of counter-parasites,
- which can destroy the organisms causing disease. . Novel techniques such
as the broadcasting of irradiated males (rendering their progeny non-
viable) have already wiped out whole populations of insect pests. The
scn51t1v1ty of insects to cxtremcly dilute .odorous molecules may. be uti-
lized aswell.

The importance of dlscase is not limited to med1cme and agnculture,
it may cause the fall of wild populations.in a few years: Witness the dis-
appearance of the American chestnut forests and the Bermuda juniper
within a few years. Wild animals such as deer are subject to: diseases
that cause wide fluctuations of populatlon .Not only bacteria and
viruses but also fungi and parasitic worms are important causes of disease.
The whole problem of parasitism and .the changes of physmlogy that
parasites display must be better understood.., Immune reactions in in-
vertebrates are proving to be different from those in higher animals.

Fortunately the electron microscope, mentioned above, is proving im-
mensely valuable in the study of viruses; and the tools of the biochemist
as well as those of the geneticist are elucidating the characteristics of
virus multiplication in cells, Nonmedical entities, such as the virus.
causing tobacco mosaic disease, are still advantageous for the study of
many of these problems. EcoIogy is-an especially Jmportant aspect of

disease study and control—-——espeually in the tropics.

- "Ttisclear that disease is a strictly biological entity, not found in physics,
chem1stry, or geology; its study, while involving all the tools that other
sciences can supply, remains a largely biological discipline. Students
must be trained in its various aspects, and exploration must continue to
uncover disease-resistant organisms and to supply information on inter-
mediate hosts. Breeding stocks of grains and other crop plants must be
maintained to anticipate newly evolvmg or arriving strains of bacteria,
fungi, and viruses, which constantly arise to plague organisms temporanly
protected by sprays, msectlmdes or annb1ot1c:s Etemal v1g1lance is the
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price of safety, here as in warfare. And the expense, perhaps our greatest
bmloglcal one (except medlcmc) » must continue to be met.

o Spaqe Biology

This brief account cannot close without mention of one of the most
exciting prospects in the future of the life sciences-~the exploration of life
on other planets, or “exobiology,” as it is sometimes called. No one can
say whether organisms will be found there; some of the space probes raise
doubts as to whether life as we know it may exist on our nearest planet
neighbors, Venus and Mars. But it still remains an intriguing prospect
for many blologlsts The techniques of discovery may have to be subtle
and-indirect, for it is unlikely that living samples, or even preserved ones,
will be brought back within our generation.” But physical and chemical
tests for certain compounds, such as enzymes and characteristic pigments,
known only from living systems, may tell us whether life is there. The
task is tremendous, taxing all the ingenuity of some of America’s best
b1olog13ts and it is certain to be immensely expensive. Some people
question whether the money so spent would not better go to elucidating
terrestrial biology, curing disease, improving crops, and similar worthy
activities.  Doubtless both purposes should be served.

Meanwhile, the present announced national policy, requiring the effec-
tive sterilization of all probes sent to the planets, must be maintained, for
once terrestrial bacteria, viruses, and higher organisms are deposited upon
Mars or Venus, they may mult:lply so rapidly that all chance of discover-
ing native fauna and flora will vanish—and with it one of the greatest
,opportumtles that blology will cver have had.

. St;minary

. This brief account, necessarily.selective and leaving many interesting
developments in biology untouched, has, I hope, showed needs and oppor-
tunities in some of the life sciences. . More biologists are required and
should be trained under appropriate fellowship support. Biological in-
strumentation, borrowing more and more heavily from physics, chemistry,
and mathematics, becomes increasingly expensive. - Facilities for environ-
mental experimentation must be extended and supported. Exploration
and the maintenance of -discovered organisms from. all over the world
(including the oceans) must be kept up. Both biological oceanography
and exobiology involve expensive activities, but both national prestige and
well-being demand that efforts in these fields be continued and increased.
Disease must be controlled in forest, field, and farm.  Advances in under- -
standing the immensely complex b1010g1ca1 system can help solve the
problems of food, population, and medical care for the Nation and the
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world, The prospects are really great that the next generation may see
a biological revolution as far-reaching in effect as that produced by nu-
clear physics and electronics in the generation just past.

. Thus life sciences should be supported at least as substantially as the
physical sciences have been in recent decades, and with a minimum rate
of increase of 15 percent per year, indicated as being desirable in other
papers in this series. Many physical scientists feel that support should
be even greater for biology as it enters an era of unprecedented fruitful-
ness.

The author wishes to acknowledge the suggestions of T. M. Sonneborn

- of Indiana University in revising the first draft of this paper. However,

the plan of the paper and the ideas expressed in it are solely the respon-
s1b111ty of the author.
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REFLECTIONS ON THE RELATION R
BETWEEN SCIENCE AND TECHNOLOGY

by. HENDRIK W. BODE '
Bell Tele phone Laborataﬂes

Summary

This paper gives a quam-hlstoncal review of the relation betwcen
science’and technology. It also attempts: to-describe some of the out-
standing characteristics of science and ‘technology in recent decades.
Throughout most of their history the relation between science and tech-
nology has been quite loose; and applications of science to:technology in
many areas have been.casual and dilatory. - In recent times science and
technology have been growing steadily closer together.  However, the
deliberate effort to apply science to technology on a broad scale and with
maximum exploitation of comparatively new science is-.essentially a phe-
nomenon of the war and postwar years. -Since modern science now has
more to offer technology that it ever had before, this trend is full of prom-
ise, particularly if scientific research can be kept at a sufficiently high
level and in sufficiently close contact with the body of technological ac-
tivity, However, the systematic application of science to- technology on
the present scale is a relatively new idea in human affairs, and raises many
problems of its own. It appears likely. that thie benefit to the country
from basic scientific research will depend at least as much on the skill with
which we manage to solve these problems as 1t does on the basn: research
effortitself. - S L -

- . Introductlon

Undoubtedly most of the papers in this collecnon will begin by com-
menting. on the great difficulty. of preparing an adequate answer to the
" questions posed by the House Committee on Science and Astronautlcs,

and the fact that any one paper can prov1de only a partial response to -

these questions. 'This paper is no exception.. Certainly it has caused the
author great difficulty, and itisonlyin a fragmentary sense respon&ve to
the questions raised by the House committee,

In other respects, the aims of the present paper are st;ll more Iumted
than those to be expected from the other papers in the collection. In
particular, I do not attempt to confront the central question raised by
the House commlttee, but instead concern myself with some preliminary
issues that seem important, Thus, this may be thought of as a sort of
essay that should find its value, if any, as background for the other papets.

1)




The central question raised by the House committee is that of the ap-
propriate level of Federal support of basic research. This question is
raised against a backdrop of other considerations: the country’s posi-
tion of world leadership, its activities in science and tcchnology gen-
erally, and the bencficial end-effects that stimulation of science and
technology, through basic research, will have on the country’s cuttural,
economic, and military positions. Although science and technology
are coupled in the statement of the problem, it must be assumed that they
may be related to the various end-effects in different ways. Thus, the
cultural life of the country should be most closely related to scientific
advances, and its economic life to advances in technology, while in the
present age our military position. may be Cﬁticaﬂy dependcnt on both
factors. Similarly, all these clements may enter in varmus ways into the.
country’s overall posmon of lIeadership. ‘

In posing the issue of basic rescarch  against th1s background one
obviously assumes that the interplay among all these factors is reason-
ably well understood, so that the impact of changes in the level of basic
research on the various end-results can be calculated, at least approxi-
mately. This paper is written in the belief that this takes much too
much for granted. The interrelations among the various factors are
too complex and too little understood for such a computation to be made.
The practical connection between basic scientific advances, on the one

hand, and technology, on which so much depends, on thc othcr appears :

tobe partlcula.rly uncertain and comphcated :

Thus, my fundamental position is simply that a satlsfactory answer to -
question 1 cannot be obtained through consideration of basic research
alone. The end-results in which the House committee is interested de-
pend in a complex way on the total technological and economic struc-
ture. ~ It is not necessarily true that an increase of basic rescarch by
itself would lead to a significant increase in these beneficial applications.

- The outcome would depend primarily on the overall structure. The
primary problem confronting the country, then, is that of maintaining
a scientific and technological establishment that works in a coherent and
effective way. 'The central problems in such an establishment may well '
lic in fields of applied science and technology, rather than in basic
research.

My treatment is Iargely historical. Basic research has been with us -
at least since the time of the Groeks, and techniology for several millennia
more, so that there is plenty of material to draw on to show that there has
been no unique or necessary connection between the two. At the same
time, the historical approach makes it relatively easy to isolate some of
the stnkmg new characteristics of contemporary science and technology,
and thus to indicate some of the considerations that should be important
in a systematic approach to the country’s present-day problems. The




L wedieif iArAlifad Ty AW bk

treatment s intended to be merely suggestive, however a deﬁmtlvc trea.t-
ment would be beyond my capabﬂmcs

The Questlon of Leadership, and Other Issues

Before attemptmg the hlstorlcal résumé descnbed above, it may be
worth while to interpolate one other introductory section. The questions
posed by the House committee are-about the support of basic science,
and they are addressed to a group most of whose members are identified
primarﬂy with scientific research. Thus, one might naturally expect a

“scientific” answer.  In fact, however, the questions nnply value judg-
ments-and factual backgrounds that lie outside the universe of discourse
appropriate for pure science. Thus, one has the. choice of a narrow
answer that stays within the scientific sphere, or a broader answer with 2
correspondingly larger seasoning of personal opinion and judgment.

There are two areas in particular in which the issue just raised is im-
portant to an understanding of the present paper. The first has to do
with leadership, particularly Ieadership in scientific research.  To a pro-
fessional sciéntist, research Ieadershlp is an end in itself, to be measured
by professional judgment, and requires no further justification. - In this
paper, on the other hand, leadership in any of the areas mentioned by the
committee will be related to the international influence of the United
States, with secondary emphasis on our domestic well-being. . In other
words, we shall be concerned with the Nation’s ability to shape the world
so that it will remain hosplta.ble to western ideas durmg the present time
of troubles,

Obwously, military strength as menuoncd in the House commxttee s
question, is an important element in the United States’ international
position. In the long run, however, the future must be decided by vol-
untary acceptance of the basic elements in our culture, rather than by
simple force. Thus, strength in science and technology is both an im-
portant element in our domestic affairs and an important aspect of our
position of international leadership.

The other area has to do with the question of the values of basic re-
search in terms of its economic, cultural, and military applications——the
general field of this paper. Tt is worth noting that this is not quite a fair
question to pose to a pure scientist, even if adequate information were
available to answer it. 'All definitions of basic research agree in the
statement that the actual motivation for basic research must be simple
curiosity about an interesting and challenging aspect of nature. If the
work is motivated in any more dircct way, it is no longer “basic.” Thus
the basic researcher is almost necessarily driven to the comfortable, if
unexammed dogma that basic research always pays its own way in the
long run. To ask him to examine the issue further is like asking a young
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lover to give some sensible reasons why the adored person is rcally o
charming.

T'o stay within the logical conﬁnes of basic science, one cannot readﬂy
do more than make a more or less detailed exploration of possible lines
for basic research, either within some fields of science or in science as a
whole. Such an examination cannot furnish a complete answer to the
House committee’s qucsﬂons in a logical sense, but it might well furnish
an adequate answer for practical working purposes. For example, one
might turn up the result that research posmblhtm In many areas are so
promising that the country cannot afford not to pursue them with all
quahﬁed workers. In addition; one might find that the number of peoplée
in the United States qualified for-and interested in doing basic research
is in any case so limited that support for them is never likely to be 2 big
item in the Nation’s budget. ‘This would make the support of basic re-
search at most a matter of chome of areas to emphasme, rather than one
‘of overalllevel. - '

1t may help in the undcrstandmg of th1s paper to say- that the hypo-
thetical conclusion just stated is essentially what I believe to be true. Of
course, one must make qualifications, - “Science spectaculars” and “big
science” generally must be left out of such-a conclusion. Their values
must be calculated separately, perhaps in terms of their direct contribu-
tions to the country’s international prestlge, as discussed earlier.

If the support for basic research is to be essentially open-ended, scien-
tists must see to it that quality standards are kept high. The research
blanket must not be allowed to cover large areas of- plodding, unmsplred
work, only marginally “publishable” and in the long run merely a com-
phcatlon for the information-retrieval problem.. ‘The maintenance of
appropriate standards, however, is a job the scientific community should
do for itself. They are not readily xmposcd from without. Subject to
these limitations, thére seem to be no pressing reasons for trying to re-
strict budgetary support for basic research. Thus, the fundaimental ob-
ject of this paper is not to suggest lumts for pure rescarch but to urge
that adjom.mg areas get adequate attentmn o

L. Sczem:e and Technology n sttoncal Perspectwe

A somewhat i 1mpressmmst1c version of the history of science s and tcch-
nology might be imagined as a graph containing two curves representmg,
rcsPectwer, the relative rates of advance in the two areas at various times
in the past. The science curve would start several millennia before the
birth of .Christ, to reflect work, primarily in astronomy, in Egypt and
Asia Minor. The first conspicuous feature, however, would be a big
bump a few centuries before the beginning of the Christian era, to
represent the great achievements of the Greeks during their Golden Age.




The Greeks of that period, however, were not noteworthy for technology;
and the technology curve would still be at a low level for some time. - The
technology curve does rise a little later, however, so that for a century or
so science and technology flourished together, as the Greek world merged
into the Alexandrian. On the other hand, the science curve flattens out
rapidly just before the birth of Christ, as the Romans; an emmcntly prac-
tical people, with no particular taste for or interest in science, became
dominant in the Mediterranean world. - The Roman world, on the other
hand—in particular, the urbanized world of the Roman Empire—was
quite competent and -interested -in technology, so that the technology
curve continues at a substantial level for some time. After the fall of
Rome; western European civilization rapidly decayed and both curves
go negative, to indicate that previous knowledge and skills were actually
being forgotten at a faster rate than new: knowledgc and sk:lls were
being gcneratcd .

The science curve does not rise 51gn1ﬁcantly untxl thc middle of the
16th century with the Copernican revolution, followed in the 17th century.
by the great age led by Galileo and Newton. This is generally regarded
as the beginning of modern science.: One need only think of Galileo
with the pendulum, the telescope, the elements of ‘mechanics; Newton
with gravitation, the calculus, light; Harvey with the c1rculat1on of the
blood; Levenhock with the discovery of bactcna, usmg the first pmmtwe
microscopes ;and so forth.

The technology curve rises much carhcr perhaps as. early as the year
1100. Beginning then and continuing through the year 1500 or later,
there was a steady improvement in the arts and skills by which people
lived. In degree of advance, it meant as much as the Iridustrial Revolu-
tion meant much later in transforming the United. States: in the 19th
century from. the colonial period to a.modern industrial state. - The -
inventions and. the new skills. were numerous: To cite only those of
special military value, the crossbow. and the longbow were both developed
in this time; gun powder and firearms, including primitive artillery, were
also invented.. So-called “Greek fire” appeared at the siege of Con.
stantlnople in the mid-15th century. A more subtle but perhaps more
important advance was the dcvelopment of a better metallurgy.  This
permitted lighter but stronger armor and much better swords and lances.
Advances in shipping and navigation were equally important. - The
mariner’s compass was invented. So also was the decked-over ship,
propelled by square or fore-and-aft rigging. Such ships were far more
rugged and far more maneuverable, especially in rough weather, than
were the earlier light, open boats propelled by oars with only auxiliary sail
power.. The classic Battle of Lepanto, in which the Venetians destroyed
the power of the Turks in the Mediterranean, was a victory for the new
ships over the old, So also, in a way, was the defeat of the Spanish
Armada, since the Spanish fleet had gone only halfway down the new




path. These developments in ships, of course, underlay the great age of -
discovery that began near the end of the Middle Ages. .

Following this burst, there was a coasting period for technology.
New inventions were made and new processes found, of course, but they
appear not to have had a profound effect on human, life until the onset:
of the modern Industrial Revolution, which can be dated perhaps from

 the invention of Watt’s steam engine about 1765, This led, in the first

instance, to the application of steam power to weaving, spinning, and
other industrial tasks. The first steamships and steam locomotives fol-
lowed soon thereafter. It is hard to imagine many comparable develop-
ments that could have had such a technological impact, and one must
consequently think of the technology curve as first rising to a high peak
and then slackening somewhat after the first few decades of the 19th cen-
tury. However, technological progress was rapid throughout.
Following the Newtonian ¢poch, there was also a coasting phase in
pure science.  Although much good work was done in the 18th century,
the first notable upturn did not take place until about the year 1800, In
mathematics, this was led by Gauss, commonly regarded as one of the
three or four great mathematicians of all time, followed by Cauchy,
Weilerstrass, Riemann, and others.. Systematic chemistry, based on Dal-
ton’s atomic theory, began. In physics, many fundamental discoveries
were made, especially by Faraday and others in electricity. - Much was

‘also accomplished in the theory of heat and heat engines, culminating in

the enunciation of the first and second laws of thermodynamics about the
middle of the century. This work is of particular relevance to our mod-
ern industrial age, wh1ch dcpends S0 Iargely on mechamcal and clectncal :
power.

Even as abbreviated a sketch as this one is Sufﬁcmnt to estabhsh the
fact that, until about the middle of the last century; the connection be-
tween science and technology was very loose. - Im-genheral; the times in’
which science flourished do not coincide with those during which tech-
nology was making most rapid progress. When they did flourish to-
gether they did not necessarily flourish in the same place. Unless we
wish to go back as far as the Alexandrian world, the only real exceptmn
is furnished by England near the begmmng of the 19th century, and even
hereit is probable that practmoners in thc two fields had httie contact
with one another.

Another 1mportant fact emerges ‘when we review this history in more
detail, This is that, in a certain sense, science was far more indebted to
techniology than technology to science throughout this penod There
were, of course, exceptions, but on balance the scientist was in the posi-
tion of relying on. tcchnology, or, more broadly, on the world of practical
expenence generally, for his tools and much of his information: Tech-
nology was there first,” For examplc, the mvenuon of both the tcle-
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scope and microscope depended on a flourishing lndustry in spectacle
lenses that already existed, - Magnetism was known as an empirical fact,
and had been used as the basis for the navigator’s compass for centuries
before 18th and 19th century physn:lsts got around to studying the
phenomenon Watt’s steam engine was invented without the benefit of
the Carnot cycle, or Joule’s work, and so'on. _

Thus, the work of the scientist was largely to refine and systematlze
the knowledge that technology in some sense alrcady had. Of course,
technology. eventually profited thereby. - The scientific understandmg
gamed in the Newtonian epoch led to many advances in nawgatlon, ma-
rine and civil enginecring, and medicine. However, science was not
yet inia posmon to contnbute many actually new thlngs to the world’
stock : : S

IL Sczem'e and Technalogy in sttoncal Perspectwe

Sclence and technology begln to dra.w gradually closer togetlmr, and
science begins to take the lead in some areas, as we enter the second half
of the last century. Tables ! and 2 give listings of some of the principal
advances in science and technology over a 14- or 15-year period about a
century ago. - -

TABLE 1 —Some autstandmg ‘contributions to soienze, 1859—73

Darwine.o..ooivvrenenan, Theory of evolution. . . . ... J ‘ 1859
Helmholtz. .......... ... "Basic theories of vision and hearing...... . ca. 1860-62
Rekulé.......ooivienen. Structural theory of chemical compounds. © 1858-66
Pasteur-Koch............. Germ theory of disease. . .............. - 1866-68
Mendel............... ... Theory of heredity............ wieee.ws . 1865
Mendeleev............... Pericdic table......... e teeeiaeaaes . 1871,
Mazxwell......., e, Electromagnetic theory. ........... s 1873
K.lrchhoﬂ'-Bunsen ..... .-+ Spectroscopic analysm ..... e, - 1859

TABLE 2.—Sorme. oumandmg technologwal advanm‘ about 1860 :

[Nonthtary] = .
Beginning of synthetlc drug and dyc mdustry. i iaeaaas e 1856
BesSemmer PrOCess. . o7 v e i i 1856
Industrial dynamo. .....c...voeinn.. e e e 1860-70
First transatlantic cable (Kelwn) ............ i eesaetees i, . 1865
Flrstplastlc............,._._._...‘__._...._ ....... b eeeeeetrrereneaae e 1870

_ {M111tary] _ :

Improved explosives (smokel&s powder, dynam1te, ete.). . e 1855-65
Armored ships. ... ... .ooiii sl N Ceeead R, 1855-62
Machinegun (Gatling, Hotchkiss)......... e aeaiaeeee e i, 1861-72

- Self-propelled torpedo (Whitehead)............ P L1
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[Tt is sometimes said that the present age of science is an unprecedented
one—that man has never before advanced so rapidly. . It takes only a
brief glance attable 1, however, to show that the 14 or 15 years between
1859 and 1873 weére atleast equally rich. For example, the year 1859 is
the year of publication of Darwin’s Origin. of Species, followed 5 or 6
years later by the Descent of Man. ' These are the cqmvalent in biology
of the Copernican revolution in astronomy, as far as man’s understand-
ing of his place in nature is concerned. The year 1873 is the time of pub-
lication of Maxwell’s Electricity and Magnetism. = This includes, as an
mc1denta,l the. whole of the electremagnetic theory of light. Almost
more important for our modern age is the fact that it involves the-basic
theory of radio propagation; ‘The fact that there could. be such: things
as electromagnetic waves—radio waves—was verified with great diffi-
culty 15 years later by Hertz. Without Maxwell Y predmnon thc field
might have been undiscovered for many years.- : ,

Between the books of Darwin and Maxwell were a numbcr of other
only slightly less anortant advarices, In chemistry, for’ cxample, Men-
deleev enunciated the periodic law and Kekul laid the systematic foun-
dations of organic chemistry., In other areas, Mendel enunciated the
so-called Mendelian laws of heredity, Pasteur enunciated the germ theory
of disease—followed quickly by the work of the microbiologist Koch in"
isolating and identifying many of the most serious disease-causing or-
gamsms——Knchhoff initiated systematic spectroscopy, essential to many
fields, and so on. In spite of the richness of present-day sc1ence, it
would be hard to contend that it has made a better rccord in any :
recent 14 years. ,

‘Table 2 gives some sample activities. in the tcchnologzcal ﬁeld that
were going on at the same time. Here we begin to see some intercorninec-
tions between technology and contemporary of earlier science. . " This is
obvious, for example, in the chemical fields. The technological applica-
tion of the dynamo was clearly a dilatory appreciation of the importance
. of Faraday’s pioneer work nearly. 40 years earlier. The telegraph cable -
may similarly be thought of as an outgrowth of scientific work during the
first half of the century. The work of Pasteur and Koch was, of course,
almost immediately apphcable in medicine and public health.” On:the
whole, however, this was an age in which the relation” between sc1ence'
and the great bulk of technology was still quite remote. '

As a matter of passing interest, table 2 also includes a listing of some
of the principal activities in military technology during the same period,
approxnnatcly contemporary: with our Civil War, The idea of apply-
ing science and technology in warfare, which has been such a consplcuous

feature of recent years, is, of course, not entirely new.- It has béen given- -
sporadic attention on many occasions in the past, and was the subject
of relatively lively intercst at the time of the Civil War. What was in- -
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volved at that time, however, was clearly the 19th century’s technology—
not its science.

. As we enter the 20th century, ‘the connection between science and
technology gradually becomes closer. Tables 3 and 4 give a comparison
of representative accomphshments in the two fields near the turn of the
century. Several of the items in table 4—notably those related to prime
movers—were, of course, quite remote from any contemporary, or near-
contemporary, scientific activities, as measured by the other table. How-
ever, such engmeermg work could now rest on properly laid theoretical
foundations in pure science, dating, in fact, largely from the first half
of the 19th century. It did not need to depend prxmarﬂy on empmelsm
or mtultlon, asit de in Watt s tjme

TABLE 3. —.S’ome outstandmg contﬂbutwm to: sctence, 1897—-1905

Thomson, ........... Dlscovery Of the eleCtrOm, .27 o iuusiasiinnns ... 1897
Clurie. .. ... e Vi Dmcoveryofradlum ...... T il 1898
Hilbert........... SR Foundations of geometry...,......., I £:
Planck..... e Quantum theory of radiation................... 1900
Einstein. ...... vvee... Special théory of relativity. ........ooiiiiiins 1905
. ) ' Quantum theory of photoelectricity. .. ...\... ik 1903
Freud'......io0nil - Piychoanalysis. ... i vevinvninen P Geldos o 1904
Pavlov...... PR Conditioned reflex............... Wieeae s veae 1904
: | TaBrE 4.—Some outstanding technological advaniés about 1900

Marconi.......... -v+v+ Radio, practical experiments. .,...... . ... 1895-1902
Curtis.......... PRCANA "Steam and gas turbines. ...\ ....... e - 1896
Rudolf Diesel. ... . ;.~....--Dieselengine...._....-...;....- ............. . 1897
Wright Brothers. . ...... Pawered airplane, . .... s e weooono 1903
Fleming. ...: PR <. Radiotube,..cv.ooiiiiiiiiiiine, ' e - 1904

In other 1tems of table 4, notably Marconi’s work’ and the Flemmg
valve, the advance was obv:ously an offshoot of a relatwely recent scien-
tific discovery. In still other areas, technological applications of carlier
scientific discoveries were imminent, but had to wait a little longer for fur-
ther scientific work. For example, MendePs pioneering work in genetics,
which had been overlooked for a generation, was rediscovered at this
time and became the subject of further active research. This led within
a few years to the systematic experimental work on new strains of plants
and animals that are so important in our present-day agricultural econ-
- omy. In chemistry, the plastics mdustry—now so elaborately devel-
oped—had made a slow and halting start in the 19th century. It finally
began to make consistent progress with the invention of bakelite in 1907.

The decade between 1900 and 1910 was also the period when the large
industrial laboratory was first established in this country.. (Similar
laboratories, principally in the drug and dye industry, had previously
existed in England and Germany.) Du Pont, General Electnc, and the
Bell System all estabhshed substantial central laboratories at this time.
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The individual inventor or engineer of the 19th century was hkely tobea
man whose primary training had been in drafting or the shop.. The new
industrial laboratories of the early 20th century showed how much more
effective a better knowledge of science and the systematic application of
scientific method could be in attackmg technological problems. A series
of public or quasi-public institutions, such as the Bureau of Standards,
the Rockefeller Institute for Medical Research, and the Hygienic Labora-
tory of the Public Health Service (which later became the National In-
stitutes of Health), were also cither established originally or reestab-
lished with broadened charters at this time. They performed a similar
function in bridging the gap between pure science and it apphcatmns in
their particular fields. -

The major scientific advances near the tarn of the century, as listed in
table 3, are, however, interesting not so much for their immediate applica-
tions as for another reason. This also was a golden period for science,
but it was primarily a germinal period, in-which science made new starts
whose ultimate implications were great but which lay well in the future,
Pavlov’s work on the conditioned reflex, which was begun in 1904 and
has been a cornerstone of the behavioral sciences for the last few decades,
_is one example. We are all deeply immersed, of course, in the world of
~ “electronics,” ushered in by Thomson’s discovery of the electron as a
separate physical particle in 1897.

'In several instances, new starts began with the d1scovcry that the great
achievements of preceding eras could not be taken quite at face value,
but were subject to reconsideration or qualification. For example, 1898
is the year of the discovery of radium, which appeared to be a source of
infinite energy, thus refuting the first law of thermodynamics so labo-
riously established in the middle of the 19th century. To reestablish the
law, one had to postulate a special atomic world, which led finally to-
modern atomic and nuclear physics. The year 1899 was the year of the
publication of Foundations of Geometry by David Hilbert, a German
mathematician who is generally regarded as the proponént and formula-
tor of the modern abstract school of mathema.ncs One of Hilbert’s
tenets is that mathernatics exists whether or not it is in corréspondcnce
with the real physical world. Mathematicians were led to this position
by the discovery of a number of so-called “pathological” cases such as
Peano’s space-filling curves, which, in defiance of ordinary intuition,
were curves including all the points in a square or a cube. The year 1900
saw the enunciation of Planck’s quantum hypothesis, involving the
assumption that in some ways nature has to proceed in steps and cannot
be continuous.

The period near 1900 was  also a time of reappraisal of the thcory of
light, based on the negative results of the famous. Michelson-Morley ex-
periment some years catlier. This experiment, in a sense, left Maxwell’s
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electromagnetic theory of light unchallenged, but without foundation.
It indicated, in effect, that light may indeed be a wave motion, but that .
the so-called ether, which had been postuIatcd as the substance in which
the wave traveled, could not possibly exist. Physics was rescued in 1905
with the enunciation of Einstein’s first theory of relativity. The theory
includes the famous mass-energy equivalence now used to compute ulti-
thate yields in nuclear weapons. Einstein in that same year also gave the
guantum theory its first real support by establishing a quantum theory
for the photoelectric effect. This further undermined Maxwell by point-
ing out that, on the atomlc scale, light behaved like waves but also hke
bullets.

There is a consistent intellectual style to all these discoveries. Whereas
the universe of Newtonian mechanics was obviously logical and straight-
forward, these new discoveries indicate a natural world that is in a sense
perverse and sub}ectwe, that is full of paradoxes and not necessarily
straightforward in any obvious way. Anyone who has had to accept the
quantum hypothesis, or the relativistic barrier to infinite speed, or rela-
tivistic foreshortening, or the equivalence of mass and energy, or Peano’s
space-filling curve, can no longer believe that nature is made up of simple
straightforward elements obvmusly accessible to the intuition of an un-
tutored mind. Instead, it-is subtle, sophisticated, and even deceptive.
Freud’s enunciation of the principles of psychoanalysis in 1904 is included
in table 3 because it represents the same sort of change in point of view.
Human behavior is no longer to be understood only through the obvious
and rational aspects of the human mind, as the 18th and 19th centuries
would have had it, but instead is to be studied by penctratmg dccply into
a hidden regime with-a perverse logic of its own.

In the short run, this change to a more profound and subtle sort of
science may have weakened the impact of science for the uses-of the
ordinary world. ' In the long run, however, it was full of promise. It
meant that by digging deeply enough we could expect to turn up new
phf;ndmena and new rclationships not readily predictable from ordinary
expenence Thus science could play more and more the role of an
innovator in technology, a creator of new devices and new ways of doing
things, It was léss and less confined to improving on and systematizing
known technology, as it had been in its early days. The change has, of
course, come about gradually, but it is one of the pnmary reasons for the
strong impact of science in the prcsent day.

Sc:ence and- Technology in the United States |

‘We can convemently contlnue this skctch of the relation between sci-
ence and technology by confining our attention to the United States, the
area of partlcular interest to us. It is also convenient to center particu-




larly on the years extending roughly from 1930 to 1940—the Jast decade
before World War I1. Since the war made vast changes in both science
and technology and in their effects, this period.is a natural point of de-
‘parture for any more contemporary problems

The situation in the United States, at least up to 1930 is of addmonal
interest because it cxemplifies so well the rather casual and distant rela-
tion between science and technology durmg most of their history.” We
have, of course, long been.conspicuous in technology. Until recent years,
however, the United States has not been a country.of key importance in
the world of science. We had occasional noteworthy men but they were
very few in comparison with the number in older couniries,

Table 5 illustrates this, It g1ves a count of Nobel Prize winners in thc
sciences (Nobel Prizes are given in physics, chemzstry, physxology, and

medicine) in the years 1900-30. One notices that scientifically the
United States was able to give countries like Sweden and. Holland quite
good compeﬂhon, and we actually led Switzerland, but we were hardly
anywhere in the major league eompentmn represented by Germany,
England, and France. ‘ e

TAB!’..E 5. --Nobel Pnzes in mmce, 1901—30

Ger.many. : : T Denmark

4
England. ... — 15 | Austria 3
France _______ _ . 11 | Switzerland '3
Sweden S — 6 Ttaly o 2
Umted'sf'am‘ S 6 | USSR 2

Holland N ERREETRN T

In contrast our contnbutlons to tcchnology have been nrnportant for
many years, A rough documentation of this, using invention rates as an .
index of contributions, is attempted in table 6, Column A is a Hsting
of the nationalities of the authors of major inventions from colonial times
to the present as given in a recent popular almanac.  Such a tabulation
can, of course, be assailed on grounds both of probable chauvinism in
the choice of inventors to whom credit is given and of lack of discrimina-
tion in choosing important inventions. As a corrective, column B ngeS‘

~the average annual patenting rate for the years 193039 in the countries
concerned (1). Although the margm is somewhat miore modest, this
column also shows the United States in a leading role. It should-be
noted, however, that the result is due in large part simply to the fact
that the United States is a big country. In proportion to population
the Swiss invention rate, for example, is much higher than ours.

To describe adequately this period in our history we should make
several further remarks. One is that the stature of American science had
in fact been growing steadily ever since the late 19th century, when several
universities had reorganized their graduate instruction along the lines




of the best European models, and 1930 is about the last possible year
when one could conceivably ascribe any inferiority to American science.
During the 1930’s, for example, the United States finished approximately
ina triple tic with England and Germany for Nobel awards in science,
and since then we have been domg still better.

Another point worth making is that in many areas bridges between
science and technology did exist in the United States during this period:
‘These bridges existed in the various industrial and quasi-public labora-
tories mentioned in the preceding section, the agricultural expenmcnt
stations, and the like. The growth of industrial laboratories is perhaps
particularly noteworthy. = At the onset, of the depression there were. ap-
proximately 1,600 such organizations of various shapes and sizes. - With
a few notable exceptions, however, this activity was very. much on the
applied side, with little coupling to advancing arcas in science. - .

Finally, it is worth. pointing out that straightforward technologlcal
advances, whether brought about by science or by sunple invention,

‘were important in this era, but they were not the most conspicuous aspect

of the American economy. First in importance were the management
and orgamzatmnal aspects of production. Mass-productlon techniques,
based on time and motion studies, materials-flow studies, assembly line
techniques, and so forth, were.the dominant elements of the economy,
They tended tolead to product:on techniques that were fairly similar even
among industries producing quite different kinds of goods. We all re-
member how quickly American 1ndustry shifted from peacetime to war-
time productlon under the urgcncws of the two world wars.

TA‘BLE [ —--Iuvsntwn ram in vanom mmtm.r coe s

- Tota.I on . Avm'
1 Selected List | Annual Rate
:1600-present | - 1930-39-

United States. S LRI 208 | 38,300
Gréat Britain. P AN . vl BB 9,050
. i e 14, 600

" 9,550
3,900
3,130

© 1,030

The years during and after World War II have scen a revolutionary
change in American attitudes toward both science and technology. - As
we all know, they are now. very much in the forefront of our thinking,

,and we aspire to a position of infernational’ leadership in these. arcas
“thatis qulte different from the one we had enjoyed earlier.




' The shift in the po_éit_ion_oi ‘the United States in pure science is exemn-
plified by table 7, which gives, in. comparison with table 5, a tabulation
of Nobel Prize winners for the sccond 30 years of the Nobel Prize awards.

TARLE 7.—Nab:'e_l Prizes in science, 193&60

United States . - "33 .| -Austria
En_gltand : - 18 Sweden
Germany——_ _ . 14 Ttaly

I TR

Switzerland_. ) USSR

We see here that the United States now has taken a leading role, which
would be still more marked if we confined the comparison to the years
following the war, The sudden change may be attributed in part to the
maturation of our own institutions, as noted earlier, and in part to a
very substantial infusion of first-rate European scientists that took place
because of the pohucal troubles of the 1930’s. Asin the casc of patents,
however, the lead is in large part merely a reflection of our large pop-
ulation. We also benefit from our great material resources; the areas
in which we lead tend to be those requiring relatively expensive experi-
mental equipment rather than those that can bo dommated by the
paper-and-pencil theorist. -
- In technology, the precipitating cause of the change was clearly our
military experience during World War II, confirmed and extended by
the military and space program since. The appllca.’uon of relatively new
science to military technology was obviously a vital element in many of
our undertakings, while the vast scale and ambitious goals of such activi-
ties as the Manhattan Project, the ICBM program, and the current
Apollo project have led the public to the belief, perhaps unwarranted,
that “science” can do almost anything when pursued with Suﬂicient de-
termination and budgetary support.
- The success of the Manhattan Project was particularly critical. Dur— '
- ing World War T, most Americans would have conceded leadership in
sciencc and thc applicatmns of science to Germany. - But the success
other fields, | gavc the country a qulte different view of itself and its poten-
tialities. At the same time, the fact that such a large and complex under-
taking could be organized and carried through to completion on a short -
time scale has lent encouragement to the planzing of ambitious proj jects
ever since. - “Forced development” has become an established concept,,
particularly for military purposes. The fact that the Manhattan Project
depended on a quite recent d1scovery in pure physics emphas;zcd the
importance of a close coupling between tcchnology and pure sc1ence, to
permit the rapid exploitation of scientific advances.

On the other hand, a somewhat more gradual evolution toward a
science-based technology should probably have been expected even if the
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war had not broken out. As we have already seen, the pioneer indus-
trial laboratories of the early 20th century were constantly finding more
imitators, Moreover, after a long period of gestation, the scientific up-
heaval near the turn of the century was beginning to bear fruit in many
fields. By the early 1930’, for example, it had carried us to the begin-
nings of modern solid-state physics, so important for contemporary elec-
tronics. In atomic theory, it had led us to the point where the basic dis-
coveries about atomic energy could be made. In genetics, the work
begun just after the turn of the century had already led by the 1930’s to
the introduction of commercial hybrid corn. The science that was be-
ginning to emerge by the outbreak of the war had considerably more to
offer technology than had its predecessors of a generation or two earlier.

It was richer and more diversified, with greater depth of understanding
and more lines of attack to offer in any given situation. It produced
greater probability of turning up new and unexpected phenomena that
might lay the foundation for substantial steps forward in technical method
or even totally new areas in technology. Under such circumstances, it
seems certain that competitive forces would have produced increasingly
close ties between science and technology in any event. _'

The U.8. position in science and technology is, of course, an important
factor in its general position of international leadership for many rea-
sons. Both science and technology are directly involved in our military
posture. In addition, technology, through its effects on our economic
life, also acts indirectly to help provide the financial support both of our
military establishment and of our forelgn-au:l policy. As we saw in the
introduction, however, U.S. leadership in the long run cannot be based
upon military strength or even upon foreign aid. It must depend on
voluntary recognition by other nations of our culture as a healthy and
successful one, worth emulating at least in many of its aspects, Thus
our successes in science and technology, as conspicuous elements of our
total culture, are important to achievement of leadership,

" In reflecting on these questions it is natural to think first of tcchnology
American goods flood the world’s markets and carry with them the na-
tional image. The fact that they are generally well made is all in our
favor. So also is the fact that they increasingly represent advanced tech-
nology——that jet transports and data-processing machines, for example,
are typlcal American export items.

It is also important, however, to include leadership in basic science as
a vital element in our position. In fact, in the underdeveloped countries,
intellectual communication with science on a global scale may be better
than it is with technology, if only because science is so internationalized.
Thus, Nobel Prize winners in the United States are by no means a negli-
gible factor in 1nﬁuencmg the world to follow our lead. Cultural leader-
ships also helps us in other ways. The fact that foreign stude_nts come
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increasingly to the United States to be educated is a factor in our favor
if we assume, as we must, that they generally return home as our friends.
Cultural leadership also helps if it means that educated people all over
the world must learn to read English because so much that is important
appears in that language.

The struggle of cultures is, of course, one that the country must wage
on a broad front. Science and technology', however, are important com-
ponents. Expenditures in science and technology may be indirectly ef-
fective for our position of international leadership, in addition to their
more direct values.. Thus, such expenditures can properly be compared
in value with the sums spent for information agencies, direct aid, or
ather similar means of strengthening our international position.

Changes in the Nature of Science

With this long background, we can now begin to ask what there is
about contemporary science and technology that distinguishes them from
the science and technology of past generations, and which poses particu-
lar problems for the present day. The writer can hardly claim to make
a definitive statement about these questions, but will attempt only to offer
some general remarks.

To turn first to science, it is clear that, while we live in a dlstlng'umhed
era, there have been very distinguished epochs of science in the past. In
a certain qualitative sense, our era is probably no more distinguished
than certain of its predecessors. Nevertheless, it far outstrips them in
other respects. Science now is bigger; it covers more fields; there are
more interconnections; there are more technical resources on which it
can draw so that there are more avenues of useful exploration open to
research at any one time. (Of cou'i"se, there are also more research
workers to exploit them. ) o L '

These changes séem in a sense to be merely a reflection of the growth
in the body of science itself. As the body of science grows, there are rel- -
at1vely more and more mterrelatmns, and in a sense one approaches

“critical mass” just as one does as one brings nuclear material together
in an atomic bomb,

There are several ways in which the effects of this gradual ma.tunng
of science can be discerned. The first is that, as any body of science
becomes more thoroughly understood, it is possible to make more imagi-
native jumps into the unknown to explore more and more obscure effects.
The better established the base camp, in other words, the longer the foray
one can mount from it. In the early years of science, most of its material
- came through casual observation. It is only as theory becomes well
established that one can make a very specialized and elaborate experiment
with hope of success. The discovery of Neptune is the classic instance
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of a theoretical prediction that led to an experimental finding that other-
wise would almost certainly have remained unknown, or at least un-
recognized. The prediction of radio propagation by Maxwell, later
verified by Hertz, which was referred to earlier, represents another such
instance., As we fecl tnore confident in our basic understanding, similar
occasions in which one can commit a considerable experimental effort
on the basis of a refined theoretical prediction become more and more
common. For example, chemical purity in most substances is measured
in hundredths or thousandths of a percentage point. In transistors and
other semiconductors, on the other hand, the impurity level, at least
for critical contaminants, must be of the order of millionths of a per-
centage point. Such purity is not found in nature or created by ordinary
refining. Obviously, no, one would undertake the job of finding ways
of providing such pure materials without the sort of theoretical under-
standing that tells him that achievement of such purity would really
provide a new kind of performance. Similarly, the modern maser will
not “mase” unless conditions are just right. It takes an elaborate de-
ductive process to see that a unique result may be possible if the required
conditions are met. In another field, hybrid corn and similar modern
- plants are obtained from long programs of inbreeding and recrossing,
which no practical plant breeder of the past, without the aid of modern
genetic theory, would have had the confidence to undertake. Organic
synthesis represents still another field in which elaborate and protracted
- experimental programs can be undertaken only because of the depth
and completeness of our theoretical understanding.

A second general fact of our present situation is that, as science grows
more mature, more and more areas lend themselves to successful scientific
attack. Mathematics and physics, which are perhaps the oldest and
‘best-established sciences, are so because in some ways they are simpler
than most other sciences, The problems they confront could be clearly
~ defined at an earlier period. For example, physics is simpler than chem-
istry, 'The theory of the atomic nucleus. may be complex enough; but
the number of kinds of organic molecules js far greater than the number
of nuclear species. In turn, chemistry is surely simpler than biology, -and
biology than the behavioral sciences. : Thus, the more complex disciplines
necessanly lag behind the simpler ones, and are added one by one¢ to the
“areas in which really active progress can be expected as time goés by.
Lavoisier and Priestley, in displacing phlogiston by oxygen in the mid-
18th century, were doing what Galileo was doing to the Aristotelian
hypothesis about falling bodies near the beginning of the 17th .century.
Similarly, Dalton’s atomic hypothesis' near the beginning of the 19th
century did for chemistry something like what Newton’s laws of motion
did for physics near the end of the 17th century.

More complex arcas have had to wait still longer. In certain aspects
of biclogy and the behavioral sciences, quantitative scientific progress




perhaps dates from Karl Pearson, who is also one of the pioneers asso-
ciated with the famous peak near 1900, which I spoke of before. The
fact that more and more areas are becoming accessible to scientific investi-
gation, more or less in: the style of the physical sciences, is thus one of thc
outstanding features of our scientific time. '

Another major trend is in the growth of 1nterd1sc1phnary fields. These
are fields that lie at the borderline between two disciplines and that make
use of the ideas and methods of both. At one time science was becoming
more and more fragmented, but the tide is clearly turning. Physical
chemistry, the well-known border strip between physics and chemistry,
‘has. been joined by another field, chemical physics, Biochemistry has .
been a flourishing area for many years. Biophysics is much younger, but
'shows many signs of vitality. There is even a recognized field of bio-
mathematics. This sort of junction, involving the massive importation
of the basic concepts of one field into another, frequently yields enormous
results. The importation of the ideas of modern physics, particularly in
atomic theory and quantum physics, for example, has revolutionized the
fundamentals of chemistry.

The final conspicuous aspect of our times is the massive employment
of tools (as distinguished from concepts) drawn from one scientific field,
or from engineering, in another. The most obvious example of a field
that is almost completely dependent on other fields for its tools is
astronomy. Ordinary visual observation of the stars goes back, of course,
for many millennia, but progress beyond that point had to wait for the
contribution of the telescope by physics. The next revolutionary tools
for astronomers were photography and spectral analysis. Long time ex-
posures, rather than visual observation, are, of course, the basic observa-
tional techniques that astronomy now uses in coping with the dim and’
distant parts of the universe. Spectral analysis, with its indications of
chemical composition, relative motions, physical conditions of pressurc
density, and other factors, has been almost equally important.

Spectrum analysis was included in the list of achievements in the golden
age between 1859 and 1873 because of its unique value asa tool. Inad-
dition to its contribution to astronomy, it has been uniquely valuable to
chemists, replacing many of their previous methods of analysis and giv-
ing them information not otherwise available. As a tool, it also served:
physicists themselves in many ways. For example, the long catalog of

spectrum observations was the primary source matcnal for the develop-
ment of the modern theory of the atom,

The history of the use in astronomy of tools from other areas is by
no means over. Modern control theory of the highest order is required
to position big telescopes with sufficient exactness. Radio telescopes give
astronomers a new way of charting the universe. If we succeed in put-
ting a telescope into orbit or on the moon, astronomers will have a new
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observatlonal tool, mdependent of the earth’s atmosphere, of almost
incalculable value.

The importance of this process, by which some of the sciences (or
engineering) furnish tools for other sciences, is extremely marked at the
present time. - One has only to observe what radioactive tracers have
meant to chemistry, the life sciences, and many forms of engineering
process control, or what the discovery of naturally decaying elements—
radio isotopes of various sorts—has meant in historical and geological
dating, in periods running from the formation of the continents to the-
construction of your great grandfather’s Windsor chair,

High-energy physics furnishes another example.  With respect to ex-
perimental equipment, this field is really an exercise in advanced elee-
trical engineering. It could not be attempted without the tools fur-
nished by electrical engineering. Its huge experimental installations
represent the classic example of the sort of large-scale expensive re-
source that scientists of the past did not ordinarily have and that are
indispensable for certain kinds of investigations.

The role of electronics and electronic instrumentation in many other
areas is worthy of comment. Comparison of a relatively simple instru-
ment like the electrocardiograph with the old-fashioned stethoscope
shows how important even simple new tools can be. Automatic or
quasi-automatic electronic instrumentation has revolutionized experi-
mentation in many areas, permitting experimenters to take many times
more data in a given time than they could only a few years ago.

While these examples are taken from the natural sciences, the impact
of such new tools on psychology and the behavioral sciences is also very
great. Inmany cases, moreover, the contribution is not limited to simple
instrumentation. For example, the concepts of information theory,
originally developed for communication engineering, have turned out to
be unexpectedly fruitful in these ficlds.

A final example of the widespread application of new too_ls is furnished
by the modern computer. In many cases it serves as a substitute for ex-
periments that could be made only with difficulty, if at all. In others, it
provides the only goed way of coping with the enormous mass of data
produced by the new instrumentation. In the planning of very elab-
orate experimental situations, involving substantial forays into unknown
ground, it provides an almost indispensable way of investigating the sitna-
tion thoroughly before one starts. In one or another of these ways the
computer appears capable of substantially acceleratmg the rate of progress
in many scientific areas.

An analogy between science and mining is a suggestive one here. In
the beginning, science exploited nuggets and rich superficial pockets just
as primitive man satisfied his small needs for metals. These most acces-
sible deposits of metals were quickly used up, but vastly greater quantities
of the world’s ores still remained for exploitation through systematic
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utilization of large-scale equipment capable of exploiting poorer ores or of
reaching rich deposits well below the surface. In scicnce, the com-~
parable era of systematic “mining” has just begun.

Since the basic topic of this paper is the relation between science and
technology, one further remark may be in order. The 1nstrumentat10nr
called for by modern science may be relatively surnple, as in recording
equipment, or very eclaborate, as in space experiments. In all cases,
however, it is properly defined as technology, and is the product of essen-
tially technological effort. Thus, the increasing use of instrumentation
in science is an important bridge between science and technology.

Some General Problems in the -Réiation, between Science
and Modern Technology

I have just given a brief account of some of the charactenstlcs of
modern science. Logically we should now continue with a similar dis-
cussion of modern. technology The discussion of science laid stress on
the fact that modern science is increasingly likely to turn up new and un-
expected phenomena, which might form the foundation for a substan-
tial step forward in technical method, or even a whole new area in tech-
nology. Thus, we might expect the sketch of modern technology to
show it in an attitude of passive, though attentive, waiting, ready to run
off promptly with any new discovery and exploit it without further ado,
If this simple picture were accurate, the application of science to tech-
nology would be a relatively straightforward matter, and could be easily
discussed. , _ o

Unfortunately, the actual application of science to technology is con-
siderably more difficult than this, Itislikely, even under the best circum-

“stances, to call for more initiative and active effort in technology than
the simple picture would suggest. The subject is a very complica,ted one,
however, because of the great va.nety of technical and economic situa-
tions in which applications of science may take place An adequate
treatment of all these possibilities would be well beyond the scope of this -
paper. For the sake of formal completeness, however, this section will
give a brief sketch of a few of the questions that make the whole matter
so complicated, and which must be borne in mind in any final appraisal
of our overall progress in the application of science to technology. The
logical thread of the paper, then, will be resumed in the following sections
with a description of the characteristics of modern technology in limited
areas where the interplay between science and technology is most -appar-
ent, and reasonably general statements can be made.

The most obvious reason for the complex1ty of the sub]ect is the fact
that the various sciences find their ways to eventual impact on the life
of the society through quite different channels. For example, the physi-
cal sciences are most closely related to manufacturing and to certain
portions of the service industries, such as transportation, electric power,
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and communications. Thus, a new discovery in the physical sciences

is likely to find application, in general, through the methods available -

in these parts of our economy. The biological sciences, on the other
hand, have only a tenuous relation with manufacturing, but they are
very closely tied to agriculture and medicine. Our methods of capitaliz-
ing on scientific advances in these areas, however, are quite different from
those in the typical manufacturing industry. The behavioral sciences
" represent still a different problcm, with different channels for applica-
tion, subject to different constraints.

To simplify our discussion we may restrict ourselves to the single ﬁeId
of manufacturing industry. With related areas in the service industries,
~ as noted above, this still covers the bulk of the Nation’s economy, includ-
ing almost all our activities in military and space fields. This restriction,
however, still leaves a great variety of possibilities, Table 8 llustrates
‘the situation. It is an abbreviated form of a standard table giving re-
search and development expenditures as a percentage of net sales in
various sectors of manufacturing industry proper. The four industries—
aerospace, electrical machinery and communications, chemicals, and
scientific instruments—whose expenditures exceed the average for all
manufacturing industry are listed at the top of the table. The rest of the

table gives a few samples of the remaining industries whose research .

and development expenditures are below the overall average. The cate-
gories are, of course, quite broad. For example, “Chemicals” includes
everything from bulk industrial chemicals to pharmaceuticals, and “Ma-
chinery” everything from construction machinery to office equipment.

Tanvz 8.—Research and development indusiry—196T .

. R&D S$MILLIONS R&D
Sales : as
$Billions .| Percent
: Fed- Com- | Total * of
eral pany Sales
Aircraft and missiles. . ... e 16.4 | 3,537 385 3,957 | 24.2
Electrical equipment and communi- | - :
CALIONE . s i ee e ceeeie e e 23.1 1,533 861 2,404 10. 4
Professional and scientific - instru-

F T S . 5.3 176 208 384 7.2
ChemicalS. .. .oovreerenanneenennss 23, 4 224 845 | 1,073 4.6
All manufacturmg industry . .| 246,01 6,313 | 4,480 | 10,872 4.4
Machinery..... ..ol - 20.0 292 600 896 4.4
Motor vehicles and other transpor- - . :

‘tation....... e aa s B 28.0 . 802 609 192 2.9
Primary metals........ e 2000F 16| 143 160 .8
Food....ooririv i 35.0 4 101 105 3

1 Includes minor arounts from other sources.
‘Source: NSF 64~9,




It takes only a moment’s inspection to see that the various industries
- differ quite widely in terms of research and development. For example,
on the average, the first 4 industries spend about 10 times as much for
research and development, in proportion to their sales, as do the others.
The ratio between the acrospace industry and the food industry is about
80 to 1. ‘Some of this disparity is, of course, a reflection of Government
expenditures for military or space purposes. 'The differences, however,
are substantial even when Government funds are subtracted.

The fact that an industry does not spend a large sum on research and
development does not, of course, inevitably mean that it is not spending
as much as its situation justifies. It is, however, one index to the flexibil-
ity and speed with which it is likely to respond to basic scientific ad-
vances. It is noteworthy that the four top entries in table 8 have all been
recognized historically as “science-based” industries. The chemical and
electrical industries, in particular, were pioneers in the establishment of
industrial laboratories, and have long experience in the applicaton of -
new science to technology.

In the rest of this paper, we shall have tacitly in mind science-based
industries of the sort found near the top of table 8, possibly excluding bulk
chemicals. These are the areas in which the impact of a scientific ad-
vance on technology is most clearly evident, and in which the interaction
between science and technology occurs under the most favorable- cir-
cumstances. They are, of course, also critical areas for our defense effort.

The restriction to the science-based industries can perhaps also be
justified in part by the argument that they are areas of particular interest
for the United States’ international position. - This is cbviously true in
the military sphere. It also tends to hold for our normal export trade,
since the more technological industries seem to be increasingly the
arenas in which advanced industrial nations now compete. As we saw
earlier, the most significant exports of the United States are now jet
transports and data-processing machines, rather than, say, wheat and
typewriters, and ships and transistor rachos have tended to replace cotton
goods as exports of the Japanese.

The science-based industries are also of special importance becaunse of
their indirect impact on the rest of domestic industry. To illustrate, if we
look at a random sample of current technological advances in industry
broadly, we will probably find that many of them stemmed ultimately
from improvements in materials, Thus, they are likely to have been
contributed by the chemical industry. A good example is furnished by
the use of synthetic materials in the textile industry, In mechanical engi-
neering one is likely to encounter techniques like explosive forming or
light-weight actuator and control systems originated or perfected for
aerospace applications. The random sample is also likely to include a
number of examples of automation, in the form of either automated
processing in the factory or advanced bookkeeping and data handling
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in the office. In either case, there is a fair chance that the advance rests
ultimately on modern electronics, perhaps with an assist from the instru-

‘mentation industry, The machinery industry—the fifth entry in the list -
of table 8—is also one whose effect on the technological progress of other
industries may be profound, because it creates so many of the tools they
use. .

To carry this discussion further, we need to turn now to some of the
‘difficulties that may present themselves whenever we consider an actual
application of science to technology. These obstacles may arise for the
science-based industries as well as the others, and indeed the discussion
is intended primarily as a preliminary for the sketch of these industries
'in the following section. It is included here, however, because it also
helps, indirectly, to explam why one must expect such varied results in
different areas. :

" From the technologlcal side, the pr1n<:1pa,l difficulty arises from the
fact that many scientific advances are; in a sense, incomplete. They
point the way to an advance in technology, in other words, but a great
deal more must be supplied both.in science and engineering before the
step can actually be taken. Frequently the additional advances must be
drawn from many fields.. ‘The classic example is furnished by the Man-
hattan Project referred to in an earlier section. Nuclear energy is, of
course, based on discoveries in pure physics made even before the war.
To make a successful bomb, however, also required substantial contribu-
tions from chemistry and chemical engineering, electronics, and math-
ematics, as well as much more work in physics. The further develop-
ment of the atomic-energy field has, of course, required continued work
in all these technical areas, and more. ‘

The Manhattan PrOJect is an extreme case, but &m;lar situations on
a more modest scale are quite common. Further examples are given in
the next section. In some cases one must simply wait for-concurrent
advances in several fields, In others, it may be possible to fill the gaps,
but only at the cost of considerable additional effort. 'When we deal with
scientific advances less revolutionary than nuclear. energy, the scope and
difficulty of this additional effort may overshadow the scientific advance
itself, so that the real choice is between expending the effort to exploit
one scientific advance or another. Expenditure for applied research
rather. than pure research, in other words,. turns out to be the critical
factor (2). '

- Other problems are economic in nature. For example, it is obv;ously
necessary for a technological advance to be justified in terms of the new
investment in physical capital than it may require. Again, the Manhat-
tan Project, with its very large expenditures for the Oak Ridge plant and
similar facilities, is a good, if extreme, illustration. In normal industry,
the weight of such a consideration may depend on the particular activity
involved. For example, the question may not be a difficult one in the




B e N

pharmaceutical industry, where the shift from one drug to another of
related sort can be made readily, using substantially the same productive
equipment, It is, however, obviously more important in capital-inten-
sive areas such as transportation, power, and communications, men-
tioned  earlier, where capital charges are high and physical equipment
may last for many years. Problems of this sort are made much more
serious by a high rate of technological progress. When technological
progress is slow, it may be sufficient to incorporate technical advances
in equipment that needs renewal anyway. As we postulate increasing
rates of technical growth, so that technological obsolescence comes more
and more before natural wearout, however, this solution becomes less
satisfactory. We must- debit technical advance w1th the value of the
scrapped equ1pment

A related question has to do with the possible 1ncompat1b111ty bctween
a proposed technological advance and the general usages and organiza-
tion of an industry. This may cover a broad field, including sich tech-
nically irrelevant considerations as specific building codes, labor union
requirements, national distribution networks, and the like. In utilities
and transportation it may include such things as standardized hardware
and operating practices. In manufacturing industry, it includes the gen-
eral management and organization of the productive process. The
automobile industry, with its elaborate network of suppliers, assembly
plants, and service facilities, is an example. Whatever the area, an ef-
~ fective and smooth-working economic organization is likely to be as

. important for the ultimate efficiency of the system as the basic technology
itself. If a technological change is really to be an advance, we must find
some way of 1ntroduc1ng it without too much dlsruptmn of the gomg
system.

- The overall.competitive structure of an 1ndustry is ewdcntly impor-
tant in all such questions, Broad innovations, whether in usage or in
basic technology, are likely to be expensive, and any individual company
engaged in such projects is necessarily working, in part, for the benefit
of its:industry as a whole. Thus the more fragmented and competitive
an industry is, the more likely it is that technological advances will be of -
the limited and specific sort that small concerns, under h1gh competitive
pressure, can afford.
~All these considerations point in the same general d;rectmn that is,
that industry cannot always take advantage of isolated scientific advances
as they occur.. Explcntatlon of an advance must be reconciled with all
the facts of life concerning capital obsolescence, existing production or-
ganization, and so on. In general, technological advance should be eas- .
iest in new industries, just as modern cities tend to grow in suburban
zones rather than in central areas. It is also casiest when the advance
has a limited and specific impact, like the substitution of a new drug,
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or a new measuring instrument, or a new finish, for an old one, and does
not cali for a long series of interrelated changes. :

When these conditions are not met, we must expect that technologlcal
advances may take place in rather large quantum steps, after the accum-
ulation of technological possibilities have provided us w1th the potential
for really significant progress. The “activation energy,” in other words,
may be quite high, This does not mean that the benefits of scientific
progress are Iost———merely that they are postponed. To carry through
such large changes in an orderly way, however, obviously calls for good
pIannmg and the assurance of ‘adequate financial and orgamzatlonal'
support. )

A final point may be worth mentlonmg “The appheat;lon of science
to technology does not happen of itself; it has to be brought about
through some agency. In many cases, the industrial laboratory type ‘of
organization seems to be the natural means. On the other hand, it is
not clear that the industrial laboratory fits all situations. To flourish,
such a laboratory should be fairly large, with a technical mission that is -
well defined and yet broad enough to maintain a diversified intellectual
atmosphere, with stable financial support, and without overwhelmmg
competitive pressures. 'These conditions may not be met in all circum-
stances. Alternative solutions such as trade assocmtmns, research in-
stitutes, and Government-sponsored laboratories come readily to mind,
and evidently need to be considered in any complete survey They are,
however beyond the scope of this paper o

" Changes in the Nature of Technology =

We saw in the preceding section that modern technology as a whole
is too heterogeneous to admit any simple description. However, if we
confine our attention to the science-based industries near the top of the:
list in: table 8,-it is possible to paint a reasonably coherent picture.

The science-based industries naturally reflect, to some extent, the
characteristics we have previously ascribed to modern science itself.
For example, as modern science is becoming interdisciplinary, we may
expect its applications to be even more interdisciplinary. Thus in-many
technological situations we may need substantial teams of scientists and
englneers to encompass the required skills, As experimental precedures
in a single science are increasingly likely to depend upon a mixture of
tools and methods borrowed from other sciences, we can expect a cor-
responding hybridization of tools and methods in technology. The fact
that science frequently takes long steps forward nowadays has its coun-
terpart in the fact that technological projects are frequently quite ambi-
tious. ‘When we look at these characteristics from the technological side,




however, they tend to have a different flavor. In addition, we find that
contemporary technology has some distinctive aspects of its own.

We can describe the characteristics of the science-based industries most
conveniently by contrasting them with the traditional view of the Ameri-
can economy. This was, briefly, that America owed her prosperity in
part to the skill of her people and in part to her natural resources. The
natural centers of industry were near coal and iron deéposits—the prin-
cipal raw materials—and near good shipping, because of the importance
of cheap transportation of bulk products. This meant primarily the
northeastern part of the United States, as it meant England and the
~adjacent parts of the continent for European industry. Mass produc-

tion of standard items, usually consumer goods, by well-standardized
production techniques was the most conspicuous achievement of Ameri-
can industry, and provides a yardstick against which we can set the
science-based industries.

It takes only a moment’s thought to realize that the trad1t10nal picture
has very little relevance to much of our present economy. It does not,
for example, explain the booming city of Phoenix, Ariz., which has no
coal, no iron, no water transportation. Phoenix exists for other reasons.
It makes high-value products, based principally on electronics. People
like to live there, and transportation requirements for such high-value
articles are of minimal importance. The specialized production tech-
niques required by the industry can be practiced there as well as any-

.where else, Very similar statements could be made for most other
science-based industries. They are located where they are for a variety
of reasons—tradition, industry centralization, congenial surroundings,
intellectual atmosphcrc—-—but seldom on account of any very compelling
physical considerations,

‘We have laid stress on these geographical considerations because they
bear so directly on the House committee’s concern with the United
States’ position of international leadership, In the traditional view, we
think of the economic and industrial position of the United States as a
reflection in part of her generous endowment of natural resources. Ob-
viously, in such highly technological areas, these considerations no longer
apply. If an electronics industry can take root in Phoenix, it can take
root in Libya, the Congo, Tokyo, Bombay, or anywhere else, so far as
objective physical factors are concerned. Thus, the position of the
United States in such fields depends entircly on the technical and man-
agement skills of its people.

- Another contrast with the traditional view becomes apparent when

we tummn to the details of production processes. Typically, in the science-
based industries, one deals with relatively small quantities of (sometimes)
very expensive raw materials, and subjects them to a complex fabrication
process. The problems of materials and parts handling, production flow,
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and so forth, which are so conspicuous in normal mass production, are
of little importance, Instead, one is concerned primarily with very
eldborate process control for a wide range of processes. The “clea,n
room’ and the instrumentation center are standard equipment. -

The complexity of these processes can be illustrated by a simple look
at the range of materials involved in typical cases. The aerospace indus-
try, for example, must deal with a considerable variety of structural
materials in addition to the conventional steel and aluminum, for reasons
connected with weight, high-temperature strength, dimensional stability,
and other qualities. The fact that beryllium, let us say, s perhaps a
thousand times as expensive as steel, and raises metallurgical and fabri-
cation problems all its own, is not decisive when beryllium solves a criti-
cal problem. Similarly, it turns out that the communications-electronics
industry makes purposeful use, in one way or another, of at least half
of all the chemical elements, including a number that were little more
than chemical curiosities a generation age. In some cases they are used
only in irace amounts, but the traces are important.

The discussion of science given in an earlier section made the pomt
that in relying more heavily on instrumentation and other equipment;
experimental science was in some ways drawing more closely to tech-
nology. Similarly, in dealing with comparatively small quantities of
material in very elaborate and carefully controlled ways, technology
begins to take on some of the character of experimental science. Asin
many areas of experimental science, advances frequently turn on the
discovery of clever techmques to deal with hitherto elusive or intractable
phenomena.

The development of such sophisticated technologies carries with it
two implications worth noticing. First, as such technologies become more
specialized and more difficult, they become less and less accessible to tradi-
tional mass-production techniques. Thus it is necessary to cultivate them
directly at whatever level the country’s interests demand. This is espe-
cially important because of their significance for defense. One estimate
(3) puts the fraction of defense material needs. currently requiring spe-
cial-purpose production facilities as high as 90 percent. This is in con-
trast to the situation in World Wars I and IT, where half or three-quar-
ters of military equipment was essentially peacetime goods and most of the
rest could be obtained from converted peacetime equipment. It obviously
implies that we are not likely to win future wars by World War II's
“production miracle,” _

The other implication has to do with the kind of effort required to de-
velop such technologies in the first place. We took note in the last sec-
tion of the large and varied technical effort required, in the Manhattan
Project, to go from the initial discovery of nuclear fission to a workable
bomb. On a more modest scale, a similar history occurs repeatedly in
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the science-based industries. A good example is furnished by the develop-
ment of the transistor, The transistor itself arose from a deliberate and
aggressive effort to exploit the new field of solid-state physics. To sup-
port the work, however, one needed competence in a variety. of related
areas. Crystallography was one, for example, since crystal structure is
basic to the solid state. Methods of growing very large and nearly perfect
single crystals was another, since without such units one could not easily
know what he was doing. Since very minute impurities of the order of
1 in 100 million have appreciable effects in semiconductors, a separate
investigation of the means of making substances to such extraordinary
degrees of purity was needed. Once the basic transistor discovery was
made, it wag still necessary to put it to practical application by aggressive
specialized work in many fields. This involved investigations of pro-
duction techniques for making the necessary materials, for protecting the
units, for developing circuit designs.and auxiliary devices to permit their
particular properties to be used successfully in circuits, and so on. Asin
the Manhattan Project, the work on supporting technology was not over
when the first transistor was operated, or the first bomb exploded. A con-
tinuing effort on a wide range of supportmg technology has bcen neces-
sary to carry both fields forward.

A somewhat similar situation exists in the aerospace field. A ba,lhstlc
missile; for example, is a complex of systems designed to give structural
strength, heat shielding, guidance and control, and propulsion. All of
these are supported by complex technologies, and the history of advance
in the missile field has been largely a history of successive improvements
in these technologies. In some cases this effort has been a matter of
straightforward -engineering, but i others the problems have béen so
difficult and have required such frequent return to first principles that
they are best characterized as “applied research.” Military considera-
tions almost always lead in the long run to a large premium for moderate
increases in weapon. performance. In addition, rocket performance

tends in any case to be abnormally sensitive to small changes, especially .

in propulsion and weight allowances. The inevitable result is great pres-
- sure to achieve the highest possible refinement of technology in every
aspcct of the design.

- An industrial laboratory, or similar organlzatlon is the natural means
to carry forward the sort of technological effort described in this section.

Such a laboratory, if it is of adequate size, can maintain the necessdry

array of skills to attack either new or old technologies on a broad front,
including interdisciplinary problems as they arise. It can also offer the
scientific perspective to see what most needs working on in new and
comparatively ill-defined areas. Such a laboratory is also able to main-
tain a close coupling with the world of science, particularly if it is in a
position to do a reasonable amount of basic research itself. Thus, it is



in a particularly good position to recognize a relevant scientific advance,
and perhaps to supply promptly the many bits and pieces that may be
 called for if the advance is to be turned to practical account. .

The fact that so many industrial laboratories find it to their advant—
age to dedicate a significant fraction of their total effort to basic research
(10 percent or so is a representative figure for the larger laboratories) is
of special interest for the purposes of this paper. It evidently implies the
desirability of very close coupling between basic science and technology in
the modern world. -The days when the United States could subsist
on Jmportcd science and homegrown technology are well behind us.

Complemty and Small Numbers

There is one other 1mportant way in which the science-based industries
tend to differ from the traditional mass-production operations. It has
been reserved for a separate section because it leads naturally into a dis-
cussion of some related questions concerning large single technological
projects. The traditional American economy was an cver-expanding
one in which the number of units of any sort increased steadily, This is
what “mass production” meant. In consumer goods this still tends to be
true. If we look in other areas, however, we find that technological ad-
vance often goes in another direction. There is a tendency for greater
outputs to be obtained from increase in the size and complexity of indi-
vidual units and the improvement of utilization factors. Thus, actual
numbers of individual units may remain about constant or even diminish.

Most of us are accustomed to the fact that construction machinery,
such as carth-moving machinery, seems to grow larger every year. A few
large, if expensive, units are more efficient than a larger number of small
_ units, A similar tendency appears to hold in the industries we are talking
about here, except that the growth is now not primarily in gross physical
size but in speed and in complexity and refinement of design. For ex-
ample, the total computer capacity of the country has been growing
recently by a large factor each year. The growth, however, appears to
be due prlmarlly not to increased numbers of computers but to great
increases in the speed and working capabﬂlty of the most advanced types.

(A very fast computer must be quite small in overall dlmensmns, for
basic physical reasons, so that working capacity tends to increase, in fact,
through the use of larger and larger numbers of ~very small, but Iughly
refined, components. )

In the long-distance communications before the war, thc maximum
traflic that could be supported by a pair of conductors was about a dozen
simultaneous conversations, or perhaps a few hundred for a cable full
- of conductors. The corresponding figure that the art would support

now is of the order of three or four thousand for the pair of conductors,




~or some tens of thousands for a complete cable. Of course, both the
cable and conductors and the supporting electronic equipment would
. be much more claborate, but the overall system nevertheless shows a net
gain in efficiency. A comparison of the numbers and performance of
our present fleet of B-52°s with our World War II B-2%s-shows the
same trend in the military sphere.
The most familiar example, however, is in air transport. In the mid-
1930’s, the DC~3 was the bellwether of transport planes. - The total
-production, including a very large military production during World
War II, was about 11,000 (4). After the war these planes continued
in use for short flights (about 1,400 are still in service). Their long-

distance flights, however, were gradually taken over by larger four-

engine planes typified by DC—6’s and Constellations, A thousand or so
such planes were made in the decade after the war. This seems a rela-

tively small number, considering the great increase in the amount of air -

traffic. FHowever, each plane could carry several times as many passen-
gers as the DC-3, and was also substantially faster, so that it could pro-
vide at least five or six times as many passenger miles per day.

In recent years these propeller-driven planes have, in turn, been dis-
placed for long-distance flights by the modern subsomc jets. This has
again entailed a reduction in total numbers, There are about five or six
hundred jets of the longest-range types in the country, but each is roughly
twice as large and twice as fast as the DC—6’s and Constellations, so that
they represent considerably more traffic capacity, The supersonic trans-
port plane, if it arrives, will provide a further step in the same direction,
It will be still larger, and, of course, significantly faster than a subsonic
jet. - One estimate places the world market for such planes as low

- as 200.

Such trends as these have several conscqucnces With so small a num-
ber of articles to be built, the approach to the production problem obvi-
ously must differ greatly from the traditional mass-production tack. In
some areas, such as electronics, design ingenuity allows us to reclaim some
of the savings of quantity production through designs that consist largely
of replications of standard subassemblies, and can be automated. How-
ever, in other areas, preparation for production consists largely of the
preparation of appropriate jigs and patterns. The numbers involved are
too small to make it worth while to automate the actual process of
fabrication. :

Another implication is more unportant for the purposes of the present
inquiry. Obviously, many more engineering hours must be put into the
design of these very complex items than were required for their simpler
predccessors As the number of produced items dwindles, however, this
greater engineering investment must be supported by smaller and sma]ler
numbers of finished products. Thus, the cost relation between produc-
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tion and engineering development moves farther and farther from the
proportions that obtained historically. In some areas of the aerospace
industry, for example, there are now supposed to be only five production
workers for each research and development employee. In the past, a
ratio more like 50 to 1 would have been expected, even in such techno-

logically advanced arcas. Where these technological trends obtain, we

must expect development costs to be a substantial fraction of overall
production costs, and not a meager fraction as they have normally been
in the past. This also has an indirect bearing on the desirable scale of
support for basic research. It means that when there is a reasonable
prospect that the research will benefit development efforts significantly,
we are justified in a hlgher level of activity than we mlght have been
willing to contemplate in the past,

A final point is the fact that the total development bill must be pa_td
before even one unit is available. There is no way of “easing into” the
situation. -One cannot test the design or the market in a small way. “We
saw in the last section that the replacement of physical capital by tech-

nologically more advanced equipment could be expected to take place-

. in quantum steps, after an accumulation of research results had provided
such a large potential for improvement that the costs of replacing still-
usable equipment could readily be borne. Obviously; large development
charges represent an influence that tends to make the quantum step still
larger. In some mstances the estimated rate of technical advance may
also enter the calculation. In other words, one may clect to defer an
attractive development for a few years in the hope of doing still better
later on. This makes the quantum step larger yet.

» The importance of accumulating an adequate base of new science and
technology before proceeding with a development shows itself with par-
ticular clarity in systems that depend on advanced technology in several
different areas. An example is furnished by a communications satellite
like Telstar or Relay. This is cited in one of the other papers as a tech-

nological advance that depended on a totally unexpected research result— '

in this case the discovery of the maser. "It is true that the maser, though
not quite indispensable, is a very effective contributor to the efficiency of
the satellite system. On the other hand, a number of other elements are
also important. For example, solar batteries, as the source of power
for the electronics in the vehicle, are critical elements, They were also
an unexpected result from research, this time from semiconductor phys-
ics, ~Similarly, solid-state circuitry itself is also indispensable, as are many
of the technical modulation schemes and other specifically communica-
tions aspects of the system. The dependence of the system upon advances
in launching rockets is, of course, also obvious.

The success of such a project thus depends on the existence of a full
storehouse of mterrelated techmques on which to draw. The depth and
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adequacy of the supporting technology are what count. In this respect,
the communications satellite, or the supersonic transport, are at least
broadly- akm to the atomic bomb and the transistor, which we discussed
earlier.

On the other hand even when such a storehousc exists there may be
many remaining problems, The formulation of a suitable system, with -
the right combination of elements and the best “trade-offs” among the
various aspects of the design, may itself be an engineering challenge of
considerable difficulty. In a commercial situation, this planning or
“systems-engineering” phase must include all the factors of cost, timing,
probable markets, and other factors mentioned in the air-transport dis-
cussion. . Moreover, the full storehouse is a somewhat elastic concept.
In normal application it is likely to mean that, while technical approaches
to all aspects of the plan are known, we will not always have had actual
experience with them on the scale or to the accuracy desired.. This, in
‘turn, may call for an estimate of the real degree of technological risk in -
- each aspect of the design, and provision for parallel or alternative courses
of action where necessary. This initial planning stage is a much more
difficult as well as a much more important activity than it was in earlier
times, when technology took less bold steps. Itseems impossiblé to overdo
either the quality or the amount of the effort that ought, in. prmc1ple, to
be assigned to it.

Thls discussion. has been at such length because the questmns of tech-
. nical planning and management it raises apply broadly to a whole class
of ambitious technical pm]ects ‘These are, moreover, projects that are
especially likely to rcqu1rc Federal support; thus they are particularly
relevant to this inquiry. Examples are found in the military and space
fields, in “big science,” and in various proposals for new types of metro-
politan transportation systems, water management, and the like. In
detail, projects in these various areas are likely to raise different sorts of
questions. In the military area, for example, one is likely to be con-
cerned with balancing technological risk against schedules and military
performance; in ¢ big science” one is, or should be, concerned with the
trade-off between engineering costs and scientific results; in the other pro-
posals-one may be concerned with a whole host of social and economic
considerations. However, the basic questions concerning the justification
for undertaking a project at-a given time, or at all (as illustrated by the
supersonic transport)—the adequacy of the technical base and the tech-
nical plan erected on it (as illustrated by the communications satellite),
and finally the skill of the organization to carry the project through to
completion—arise in all fields and are often not easy to answer.

This leads to the final point of this paper. The advance of science
and technology often makes the job of technical planning and manage-
ment much more critical as well as more difficult than it has normally
been thought to be in the past. There are two general reasons for this:
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We are likely to be working in new and relatively unexplored technical
arcas, where one must make adequate judgments of probable perform-
ance and reliability, and of the best ways of realizing ther, on the basis
of skimpy or nonexistent experience. In addition, we may be dealing
with complex and elaborate systems involving a maze of economic and
technical considerations, all of which must be thought through in detail
and brought into harmonious accord if the outcome is to be successful.
Particularly in evaluating complex new projects, these planning and
management factors, as well as the mtrmsm desirability of the ﬁnal result,
need to be considered. -

Gonclusmn

"This dlSCHSSIOIl is intended primarily to be a background for the other
papers of this collection rather than a direct response to the House com-
mittee’s questions directly. To give the paper as much point as possible,
however, it seems advisable to add a few words to emphasize points that
appear to have at least broad relevance to the issues raised by the House
committee.” '

The first question of the House committee has to do with the appro-

. priate scale of support for basic research. I have not dealt with this
question directly. Some incidental remarks about the contribution of
* scientific success to the international prest:ge of the United States provide -
an indirect measure, by inviting comparison with other expendztures to
improve our prestige. My remarks on the general rise in research and
development costs as a fraction of total production costs in certain areas
may also be relevant. In my opinion, there is not much danger that first-
class scientific work in the country will be oversupported. No doubt,
one would always want to be a bit chary about second-rate work. How—
ever, a monetary ceiling on research support does not seem to be a very
satisfactory’ approach to such a problem. It calls instead for internal
policing by the scientific community. Any real consideration of such
questions must, of course, allow for the fact that research is done in
government and industrial laboratories, as well as at. universities, and
problems of motivation or mission definition, standards, financial support,
and leadership may be ‘very different in these various settings.
- 'The Committee’s second question, on the areas of science that most
deserve support, is not answered very directly either. However, the sec-
tion on the characteristics of modern science does have some indirect
bearing onit. Obviously, the most inviting areas tend to be those in which
science demonstrates that it can make the most progress. Thus, the
remarks in that section on the gradual diffusion of science into more
complex and less tractable fields, on the role of cross-fertilization between
scientific fields, and the use of new methods and new instruments in
individual fields, are all indicators of potentially rewarding areas for
support, ' ' ' F
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It may be helpful also to recall some of the usual canons of quality -

in scientific research. Novelty is certainly one; the importance of dis-

‘covering a new and unpredicted phenomenon requires no argument.
Beyond this, the principal criterion can perhaps be described as a sort
of intellectual efficiency in getting a great understanding of, and com-

- mand over, nature for a small price. The gencrality of the result and
the perspective it sheds on a wide range of situations, in other words, are
important indices. The fascinating feature of Newton’s law of gravita-
tion was the fact that it applied to every particle of the universe. Such
a formulation does not rule out the systematic experimental work that
constitutes the backbone of science, but it is almost the opposite of defin-
ing research as the mere satisfaction of idle curiosity or the indiscriminate
heaping up of disjointed facts, without pattern or purpose.

Such criteria as these are too general for routine administrative eval-
uation of individual projects, Scientific judgment is still required.
They do, however, suggest some broad emphases. For- example, the
criterion of novelty tends to strengthen the role of the individual worker
as against the role of “big science.” The big scientific project. usually
exists in the first place only because we think we can foresce, at least
dimly, what its results may be. Of course, it may yield something quite
new that could not be found by any other means. However, a large
fraction of the totally unpredictable discoveries, which furnish the start-
ing point for later important fields, are still made by individuals. Thus,
while modern physics advances through multi-million-dollar high-energy
machines, it also advances through phonograph turntables in the hands
of a Mossbauer, In a copious era, synthesizing and integrating concepts .
are of particular importance if generality of result is to be achieved.
Thus, the same set of criteria suggests special support for areas of work
(usually theoretical ) that are promlsmg here. ' '

The bulk of my paper, however, is directed not to science but to tech-
nology, or rather to the interaction between science and technology. In
summary, I have tried to show that, until comparatively recent years,
science and technology pursued essentially independent courses. Ad-
vances in science affected technology only gradually, and, one might
almost say, accidentally. There were only a few areas, such as the pio-
neer industrial laboratories, and public health or medical and agricul-
tural laboratories or experimental stations, in which the applications of
science were pursued in a systematlc and deterrmned way.

The deliberate application of science to technology on a broad scale
is primarily a phenomenon of the war and post-war years. The change
has come about partly because science now has more to offer than it ever
had before. It is also due in large part to the fact that the public, prin-
cipally because of wartime experience, now accepts the idea that science
is apphcable to technelogy, and looks to-such applications as a main-
spring for progress. .
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Since the deliberate application of science to technology in most areas
of the country’s life is so new, it may not be surprising that it presents a
number of problems. The discussion in the section on the characteris-
tics of modern technology, and in particular the later discussion of the
problems of technical planning and management of complex projects,
were intended to illustrate some of these. Perhaps it is also not sur-
prising that the results in various areas of our society turn out to be
uneven.

1t is the major conclusmn of this paper that these difficulties and un-
evennesses in the transition from science to technology represent the most
eritical aspect of the isstues raised by the questions of the House commit-
tee—the aspect that most needs attention if the country is to maximize
the yield from its investment in basic science. There are several ways
in which we can think of bettering the situation. For example, since
the application of science to technology does not come about all by itself,
one way is through a consideration of the possible agencies—industrial
Iaboratory, Government laboratory, or whatnot-~that may do the job.
The principles of operation that will make any one of these agencies
actually successful in its appropriate setting, however, present an impor-
tant problem in their own right, which goes well beyond the scope of
this paper.

Another means of 1mprovcmcnt relates to the people required. Inmy
description of technology, I emphasized the need for applied research
and for careful advance planning in new areas. The men one would
like for such work are easy to describe.  They should obviously be highly
trained. To work well in interdisciplinary situations, of which they can
expect a great many, they should be well enough and broadly enough
acquainted with science to understand its structure and motivation.
Since they will be close to the research frontier in many cases, they also
need direct experience with research. In this respect they should be
on the same footing as the typical pure scientist. At the same time, one
should surely want men who also have enough engineering background
and interest to operate effectively in essentially engineering situations.

Whether or not this ideal is often realized, the country is dependent
on the universities for a sufficient supply of reasonable approximations to
it, as well as for its supply of pure scientists (5). Federal support of re-
search in universities is one of the principal means of assuring an ade-
quate flow of new scientists, and, in gauging the level of support, it is

- important that needs of both sorts be understood.

"A third approach is simply to recognize how much science and tech-
nology actually have in common. The descriptions of modern science
and technology given in this paper were intended to stress some of these
resemblances, including in particular the growing interdependence of the -
two areas in methods and techniques. In addition to methods, the two
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ficlds, when seen from a distance, seem to be growing together in every-
day outlook. -As we noted a few pages back, the objective of scientific re-
search can be broadly described as understanding nature in an intellec-
tually efficient manner. Similarly, the objective of technology can be de-
scribed as control of the natural world to bring about prescribed results.
But, in the context in which advanced technology now finds itself, under-
standing and control are inseparable. In very many cases the first and
most crucial step is simply to establish a sufficiently thorough and funda-
mental understandlng of ‘a situation by procedures similar to those of
pure science. Seen in this perspective, technology appears as a natural
extension of science rather than as something essentially different.
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' FUTURE NEEDS FOR THE
SUPPORT OF BASIC RESEARCH

by HARVEY Brooxs,..
Harvard University. -

Introduction

The two questions posed by the House committee are exceedingly diffi-
cult to answer in any precise quantitative way. The general approach
taken by this paper is that the answers can only be arrived at by successive
approximations. We thus try to suggest some of the considerations and
some of the mechanisms of choice that ought to be considered in determm—
ing levels of support for science. :

I begin my paper discussing some of the problems involved in interpret-
ing research and development statistics. = Since current statistics ust
provide the basis for any future planning for science it is unportant that
the limitations of these statistics be fully understood.

"The second section deals with some of the reasons why the support of
basic research is considered to be in the national interest, and why this
support must be primarily a. Federal responsibility. In this section we
suggest some possible guidelines for future overall support of academm
research.

Insection ITTa conceptual scheme for conmdermg the “science budget
is suggested. This involves an attempt to separate the requirements of
big science from those of the individual investigator in the university. It
suggests that the problem of relative allocation to fields is not one to be

- centrally determined, but rather a question of setting up suitable mecha-

nisms for continuing decentralized choice. This section is concerned
maln.ly with academic research.,

The fourth section attempts to. describe the dlﬂ'erence between aca-
demic research and organized institutional research, and to explain the
different mechanisms of cheice and cntena that should apply to the latter
as compared with the former.

I Some Remarks on Research and Development Statistics

~ Since much current discussion of Federal spending on science is - based
on financial and manpower statistics, it is important that the meaning
and limitations of these statistics be fully understood. A recent report

a7
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of the Organization of Economic Cooperation and Development has re-
marked that most countries have better statistics on poultry production
than they do on the activities of their scientists and engineers. To some
extent this is inevitable since the product of scientific activity is an elu-
sive entity that defies measurement. Especially in basic research we have
nothing but historical analogy to go on in evaluating the worth of the
product, and even in purely scientific terms the value of any given piece
of work often does not become fully apparent until several years after
itispublished. Inmany cases an unsuccessful experiment may have more
lasting value than a successful one. A classic example is the famous
Michelson-Morley experiment, which failed to detect the absolute mo-

‘tion-of the earth through space and led directly to Einstein’s formulation -

of the theory of special relativity, but not until many years later.

As a result of these features rescarch activity is not very amenable
to the ordinary methods of economic analysis. We can measure the
“inputs” in financial terms or in terms of “professional man-years” of
cffort, but we have no comparable currency in which to measure the
“output.” We can see the continuing growth of our economy as pri-
marily a product of technical innovation, but until very recently little of
this innovation was clearly connected with organized research and de-
velopment. No striking. acceleration of economic growth has accompa-
nied the dramatic growth of organized research in recent years. This is
not very surprising in view of the large average time lag between research
discoveries and their application. On the other hand, the sectors of the
economy showing the largest percentage growth rates are in many cases
those most heavily dependent on modern research., All the advanced
industrial countries devote about the same proportion of their national
income to civilian research and development. Thus we have no “con-
trols” by which we may judge what would have happened to economic
growth if there had been no research and development, nor do we have
2 way of measuring the relative importance, cconomically speaking, of

~ the research relative to the development. Indeed, there is no economic

“payoff”” from research until it is incorporated in some kind of product,
service, or process, and this won’t happen to current research results,
for the most part, for many years, Thus research, and particularly basic
research, is a speculative investment in the relatively long-term future;
its economic payoff has a longer incubation tlme than any other form of
investment, except possibly education.

On the other hand, there are certain things that can be said about thc

-current economic benefits of technical proficiency to the United States.

For one thing, this country has an exceedingly favorable balance of
trade in “technical know-how,” as measured by international payments
for royalties, licensing agreements, and management fees. Such pay-
ments net nearly half a billion dollars a year, and payments to the United




AsasAN ¥ AL AN AT L4

States exceed, by a factor of nearly 5, payments from the United States
to all other countries.  As another cxample, analysis of our exports
clearly reveals that the proportion of products from industries that may
be classed as “research intensive” is very much higher in our export trade
“than it is in the gross national product as a whole, suggesting that it is
“the industries based on technical know-how that generally compete most
effectively in world markets, Analysis of the exports of other advanced
nations indicates a similar bias toward products and services based on
‘research. On the other hand, one must interpret these figures with
‘some caution, since they must relate primarily to technical advances that
‘took place before the present high Federal investment in research and
development, and since technical progress in Europe and Japan was -
heavily retarded by the effects of World War IT and its aftermath.

Because of the absence of valid economic measures for the product or
‘benefits of research and development we arc forced to measure it essen-
tially in terms of its economic inputs, with the implicit assumption that
in some sense the output will be proportional to the input. In terms
of inputs, one thing is clear: research and development probably consti-
tute one of our fastest—expandmg forms of economic activity. . Never-
theless, one must regard statistics of the past with great caution. Even
within a span of a few years, there has been a tendency to include more
and more activities under the category of research and development that
were formerly looked upon as part of production or design or, in the
military field, procurement. A few years ago, as a result of a reorga-
nization, the category of research and development in the Defense De-
partment was changed to “research, development, test, and evalution,”
This placed the dividing line between development and procurement
much further along in the weapons system cycle than had formerly been
the case. Now sample production runs of weapons for evaluation, and
the costs of expending them under simulated service conditions, are
treated as part of rescarch, development, test, and evaluation. . Apart
from this effect, which caused a discontinuous 20-30 percent jump in
the apparent research and development budget of the Department of
Defense, the general popularity of research and:development probably
resulted in a good deal of redefinition of many technical activities. Thus
the growth of research and development in the last decade, while sub-
stantial, is probably-not as rapid as indicated by the raw statistics.

On the other hand, there is much activity of a highly technical nature
in the Federal Government which, while not classified as research and
development, requires the participation and supervision of people with
advanced technical training and experience. Many of the services per-
formed by Government involve the collection of technical data on a
more or less routine basis. Examples occur in weather forecasting, hy-
drographic and geological mapping, and collection of economic and .




population statistics... That the function of the Federal Government in
our society is highly technical is indicated by the fact that nearly 50 per-
cent of the professwnal civilian employees of the Federal Government
are scientists, cngmeers, or -health professionals, and the three highest
grades of the civil service are even more hcavx.ly populatcd with people
with technical backgrounds. o

Similar problems arise when one talks about speaﬁc classes of a.ct;thy,
such as basic and applied research. In the first place, the motivations
of the man who does research can, quite legitimately, be different from
the man‘who supports it. In the second place, some basic research in-
volves the design, construction, and opcration of very large and complex
equipment. The motivation for acquiring this cqu1pmcnt may be purely
scientific, but much of the activity accompanying its. demgn and use is
indistinguishable from the more applied kinds of engineering or pro-
duction. - Thus, for example, in fiscal year 1964 the National Science
Foundation reported a Federal investment of about $1,6 billion in basic
research. It turns out that nearly half of this amount was spent by the
National Aeronautics and Space Administration and that approximately
80 percent of the National Aeronautics and Space Administration ex-
~ penditure was for the design and procurement of scientific space vehicles,
the operation of tracking ranges, and payments to military missile ranges
for putting the vehicles into orbit. A significant part of the oceanog-
raphy budget goes into simply keeping research vessels at sea, without
any science. The operation of a large particle accclerator requires
annually something like 10 percent of its capital cost, or perhaps as much
. as 30 percent if one includes the cost of continued updating of the equip-
ment. Similar figures can be quoted for large optical telescopes or
arrays and ‘“dishes” for radio astronomy- These are operating costs
that are required simply to make a {; acﬂlty available, with no considera-
tion of the additional costs of the actual science to be done.

Why is it necessary to stress these logistic costs of research? Since
they are incurred for the purpose of achieving basic research results, they
are legitimately chargeable to basic research. Nevertheless, the i impres-
sion conveyed by statistics that include such supporting costs can be quite
misleading. A basic research budget that rises annually by 15 percent
may appear to be adequate or even generous, but if most of this cost
increase is merely to ensure the availability of certain new facilities, then
the increased budget could actually be supporting the activities of fewer
scientists. The situation would be a little like building a new department
store that was so expensive to keep open that it was necessary to fire all -
the salesmen. This is not an academic issue, Much of the planning for
new research facilities that took place in fiscal years 1962 and 1963 was
based on an unp11c1t assumption of continuing expansion of research
budgets Now, in fiscal years 1964 and 1965, when these facilities are .
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just coming into operation, the expenses of merely making them availa-
ble—without any science—are confronting fixed or éven declining oper-

ating budgets for basic research. The political embarrassment that

would attend not using a facility already built makes it inevitable that

the facilitics are made available anyway, usually at the expense of the

individual scientist who does not have large fixed costs. A recent calcu-
lation indicates that if the budget for oceanography continues to stay
level, the cost of operating ships already planned but not yet completed
will eventually consume almost the entire research budget. - A similar
situation appears to be developing in low-energy nuclear physics, and
with respect to university computing facilities. In nuclear physics, for
example, expenditures for facilities doubled between fiscal years 1962 and
1964, while operating expenditures increased only slightly and actually
decreased in the university sector between 1963 and 1964,  The point
I am making is that simply to look at total budgets for basic rescarch, or
even their annual increments, can be highly misleading unless éne knows
something about the fixed availability costs that have been built into
the program by past commitments for capital facilities. Where large
availability costs are involved, the relation between research output and
dollar input can be highly nonlinear, and hence measurements of basic
research activity by dollar inputs can give a misleadingly reassuring im-
pression as to the adequacy of support. Unfortunately, our present
methods for collecting and classifying statistics on research expenditures
are not sufficiently refined to reveal problems of this sort, or to draw clear-
cut conclusions about the current situation. Subjective opinions of
many individual scientists and research groups indicate that support for
the individual investigator is becoming increasingly inadequate rela-
tive to his needs, but it is hard to prove this quantitatively, and even
harder to establish that it is due to past commitments for facilities.
Classifications of research into basic and applied can also be mislead-
ing as to the type of manpower required. ' In the space example, a single
experiment may involve the services of hundreds of technicians and skilled
workmen, whereas only four or five scientists may be involved in the
~ actual design of the instrumentation package and the analysis and inter-
pretation of the data. The same amount of money in another field of
research might finance the activities of 50 highly trained scientists: This
issue is an important one because it is sometimes claimed that thereis more
money for basic research than the really competent people available to
do it can spend wisely. ‘This could be true, but I submit that it is a judg-
ment that cannot be made in terms of total available funds, but only on
a project-hy-project basis. Two or three competent scientists can in some
areas of research wisely command or direct the activities of a large num-
ber of less highly skilled people. In fact, one effect of increased research
funds is that many scientists are able to buy from industry equipment

-
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that they would otherwise have to design and build themselves. The
dollar input to their research is much larger than it would otherwise
have been, but this does not necessarily mean that the research is more
“expensive” if measured in terms of the research results obtained. The
capital investment may not only enable the scientist to obtain more re-
sults for the same effort, but also may permit him to choose a much
more significant problem or to obtain a much more conclusive answer.
Just as capital investment embodying new technology improves the pro-
ductivity of ordinary labor, so does it improve the productivity of sci-
entific effort. Unfortunately, since it is the only thing that is quantifi-
able, there is 2 tendency to measure research in terms of man-years of
effort or in terms of output of publishable papers. While the latter is
certainly much more significant than the former, there is still too wide a
variation in the information content and quality of scientific papers for
paper publication to provide an accurate measure of research output.
Another statistic that is often quoted has to do with academic research..
Tor a long time it was common practice to report only the total research
and development support going into universities. However, in the post-
war period many universities undertook the management of large applied
laboratories or basic research institutes. Some of these, like Los Alamos,
were remote from the campus and had no visible intellectual connection
with the parent university. However, such clearcut cases were the ex-
ception; usually the relationship to the university was closer, as in the
case of the Radiation Laboratory at Berkeley, the Cambridge electron
accelerator, or even the Lincoln Laboratory at MIT. It has now become
customary, however, to classify such organizations as federally financed
research centers and exclude them in reporting the support of research
in ‘“‘universities proper.” Nevertheless, there are many such organiza-
tions that employ faculty members part time and participate in the
training of graduate students. Other organizations, such as the Brook-
haven National Laboratory, the National Radio Astronomy Observa-
tory, or the Kitt Peak National Astronomy Observatory, are not classi-
fied with universities at all, but nevertheless provide important facilities
for university “‘user groups,” including significant numbers of graduate
students and faculty on temporary assignment. Conversely, there are
some research activities within “universities proper’ that are little more
than research institutes with rather minimal intellectual connection with
the rest of the university. - The point here is that the line between “aca-
demic” and “nonacademic” research in universities—between universi-
ties proper and research centers—is not a sharp one if measured by
involvement in the educational process. Yet, with respect to Federal
research and development investment, the research centers account for
something like 40 percent of all university research activity. With cur-
rent emphasis on the connection between basic research and graduate
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education, there is a danger in completely eliminating the research center
statistics from the overall picture, with the implication that the elimi-
nation or downgrading of such activities would have no effect on the
educational function of the universitics. In some cases this might well
be so, but in others it would not be. There is equal hazard in the con-
verse assumption that all the research funds going to universities proper
are in support of graduate education and therefore required to maintain
the quality of graduate training; unfortunately, we have discovered no
quantitative way to measure the educational relevance of research funds.

Another statistic that may be misleading is the separation of Federal
funds into contributions to “research” and “education.” Thus, on the
one hand, in reporting Federal research and development funds in univer-
sities proper, fellowship funds, research training grants, and certain types
of institutional support areusually omitted, despite the fact that many of
the individuals who receive stipends under such programs are actually
engaged at least part time in research or in the supervision of student re-
search. It is clear that a significant proportion of such funds contributes -
to the progress of research in universities. In the National Institutes of
Health they amount to about 30 percent of all the funds contributed
to universities, although they are less significant for other agencies. On
the other hand, a very large proportion of the funds designated as
search” actually provide stipends for graduate students and postdoctora_l
research associates who, while engaged in research, are also receiving
training. Indeed, since research experience is believed to be the most
important and valuable part of advanced training in science, the separa-
tion between research and education funds is bound to be rather arbltrary
and artificial.

Even the classification of rescarch funds into cheral and non-Federal
may be highly misleading. For example, procurement contracts in de-
fense, space, and atomic energy permit business organizations to charge a
small fraction of their independent research activity to procurement over-
head and also allow technical work in connection with the preparation of
development proposals, including unsuccessful proposals, as an overhead
item., It has been estimated that the total funds channeled to industry
in this way amount to close to $1 billion, about the same amount of money
as flows from the Federal Government into universities proper for
research, basic and applied. Yet this money is classified in the statistics as
being financed by the private, not the public, sector. A good deal of
private research is also financed out of the profits of military and space
procurement. The proper classification of these activities is hard to
decide, In the sense that the basic resource-allocation decisions are
made in the private sector, regardless of the source of funds, the activity
is corréctly classified as private. On the other hand, the Government
does exercise some surveillance over the expendituré of part of these funds.
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Furthermore the extent an {d scopc of the act1v1ty is strongly cond1t1oned
. by decisionsin the public sector,’

In cons1der1ng rescarch in the umversxty sector it is often forgotten
that, in practice, the salaries of faculty members engaged in research
are paid largely by the university out of its own sources of funds, and are
not a charge against Federal research and development budgets. Thisis |
in. contrast to federally financed research centers and to research in
private industry, where the Federal Government is routinely expected to
bear the full costs. .In addition, the universities make a major contribu~
tion in the form of unreimbursed indirect costs, estimated to exceed $60
‘million annually. In a sense that does not apply to any other sector to
the same degree, the Federal contribution to university research is a con-
tribution to a shared activity rather than procurement of a service at cost.
Any increase in the Federal contribution to university research thus
generally reflects an increased contribution from other sources as well,

In considering the totality of Federal research and development activi-
ties, there appears to be no unique way of breaking down expenditures
into their significant components. Except possibly in the area of spe-
cific hardware development, most Federal research expenditures serve’
several purposes simultaneously, and most scientific activities relate to
more than one traditional disciplinary categorization. The network. of
communications and organization in the technical community is so dy-
mnamic and complex that it is difficult to capture in a statistical snapshot
at-any one point in time, and even harder to characterize by fixed statis-
tical categories over a period of time. - In my personal view the most
reliable and useful statistical categorics are those that relate to institu-
tional arrangements, such as universities, Federal research centers, and
scientific departments or schools, rather than to'such categories as basic
and applied or to the various traditional scientific disciplines. - -

IL. Why Should the Federal Government Supbort Basic Reseorch?

The House committee hag asked at what level basic research should
be supported in order to maintain our present position of leadership"
As background for answering this question it is necessary to inquire why
the Federal Government should support basic research in the first place,
and what functions basic research serves in our society.

One can recognize four distinct functions of basic research, some of
which also pertam to certain types of apphcd research They are: cul—
tura.l econormc, soc1al and cducauonal

Cultural

Basic scientific research is recognized as one of the characteristic ex-
pressions of the highest aspirations of modern man. It bears much the
~same relation to contemporary civilization that the great artistic and
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philosophical creations of the Greeks de tml,lens or the great cathedrals

did to medieval Europe. In a certain sepsé it not only serves the pur-

poses of our society but if one of the purposes of our socicty. Science
—andtechiiology together constitute the distinctive aspect-of American
cilture that is most admired and imitated in the et of theworld, and
Tbelieve this admiration is connected with more than the economic and;
" nif{tary giwa that derive from technology. -
" The attitude of the general pubhc toward the space program sug-
gests that this cultural aspect does enjoy a degree of public acceptance.
While it is true that much of the public supports the space effort because
it feels in a somewhat vaguc way that it is connected with military power,
nevertheless there is 2 genuine sense of identification with the adventure

of exploration into the unknown. - To the scientists it may seem naive
“that the public should identify the space program, especially the marni-in-
space program, with science. To many, but by no means all, scientists

the relative emphasis on the lunar-landing program appears as a dis-

tortion of scientific priorities and of intellectual values. Is manned
exploration of the near solar system really worth a thousand times as

much as probing the secrets of distant galaxies or the dramatic and in-.

triguing quasi-stellar energy sources"’ Nevertheless, public acceptance

—

dence in intellectual cxploratmn as such and a récognition of the de-
~~sirability of public support i¢ support for such cxploratlon “This recognition is, by
itself, a new political pheriormenon, and may represent only the first step
toward a wider and more informed public recognition of the dcsmabﬂlty
of social support of intellectual exploration for its own sake. S
‘M/dtatement of a cultural motivation for the support of basic re-
earch raises, of course, much more serious issues of -political philosophy
than the other motivations listed. :Why basic scienice but not art, music,

and literature? Why-not research in the humanities? If we support |

science for cultural reasons, how can we tell how much is.enough? = 1
think the only definite answer that can be given to these questions lies
in the nature of science as a:system of acquiring and validating knowl-
_.edge, ~"Stience—especially tiatiival §¢i€iice—has a public character that
is still lacking in other forms of knowledge. ~The results of scientific re-
search have to stand the scrutiny of a large and critical scientific com-
munity, and after a time those that stand the test-tend to be accepted by
all Iiterate mankind. Qutside the scientific community itself this ac-
ceptance tends to be validated by the practical results of science. If it
works it must be true. ‘There is no question that the successful achjeve-
ment of an atom bomb. provided a certain mtj:llect:yal validation for
nuciear p_ill%%qulte apart from its practical value.  Part of the public
“character of science results from the fact that it is always in principle
subject to independent validation or verification. . It is like paper money
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that can always be exchang...tor gold or silver on demand. Just be-
cause everybody believes that he can get gold for paper, nobody tries;.
so the public seldom questions the findings of science, just because it
believes that they can always be questioned and revalidated on demand.
This is much less true of other forms of knowledge and:culture, which
may be of equal social importance but are more subjective and more
dependent on the vagaries of private tastes and value systems. It is just
because sciencwe_‘iia;’g_quymacﬁyij;y_ggg“q_@_l_ly believed ta transcend pri-
vate value systems that it becomes eligible for government support where
0"“1’1’“&“?’10:1113 of cultural activities are not,. The system of indirect public
suppoﬁf through tax excmptlon has been used in the United States suc-
cessfully to support cultural activities in areas where there is no consensus
of values or tastes. This is possible because, although public funds are
used, actual decisions as to what will be supported are left in private
hands. It may well be that this situation should be regarded as tem-
porary. Direct Government support of other forms of cultural expression
* is generally accepted in advanced countries other than the United States.
The hasic difficulty with the cultural motivation for Federal support of

basic research is that it does not provide any basis for quantifying the

amount of support required. The amount of basic rescarch that should
be supported for purely cultural reasons is. certainly a fraction of what

should be supported: for other reasons. It is currently believed that the = .

talent for really creative basic work in scicnce is exceedingly rare, I
believe there is a most creative minority, poss1b1y not more than 5 per-
cent of all the active basic research scientists, who should receive sup-
port for their work for no other reasons than their-demonstrated capacity .
for original and creative work. This highly selected group of people’
might be provided with some minimum level of research support with
no-strings attached.” They would simply be backed up-to some level, say
$20,000 to $30,000 per year, to work on anything they thought worth
doing. If they needed more than this, then their requirements would
have to be justified in competition with others in terms of their specific
proposed work and for other than purely cultural reasons, I believe the
Government could reasonably commit something of the order of $100
million (1) a year to this type of completely frcewhcehng research
expcnd1ture
- It must be remembered, howevcr that the work of this most creative

group cannot be regarded as independent of the more run-of-the-mill
kinds of research, as is sometimes implied. Important discoveries have
sometimes been made by individuals who never did anything else of sig-
nificance in their careers. The brilliant generalizations of giants often
rest on the painstaking accumulation of data by less gifted individuals.
The relative importance of brilliant and intuitive insight as compared
with the more pedestrian bard work will vary from time to time with the
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circumstances of particular fields. For example, the progress of mathe-
matics and theoretical physics is probably much more dependent on the
insights of a few leaders of extraordinary ability than is the progress of
experimental physics or chemistry. One cannot support only the geniuses
and expect that science will continue to progress as though the workers
in the vineyard were superfluous. However, it is certainly true that more
than a merely cultural motivation should be required to Justlfy the sup-
port of other than the few most highly gifted.

For the sake of its position of leadership it is essential that the Nation
be_prepared to invest heayil eqmpmgmgmiggllmt1a which place a
few of its most talcntc  group: t “cutting edges” of modern scientific

dvance, No matter how talented the people, facilities that are second
best are likely to leave them in the posn:mn of verifying exciting discov-
eries made by somebody else. The preeminence of the United States in
nuclear physics owes much to the brilliance of its workers in. this field,
including many imported from other countries, but it owes even more
to the superior equipment that generous Federal support, good planning,
and high-claSs engineering have made possible.  United States preemi
nence in many fields of science reflects not only the intellectual v1gor
of its scientists but also the excellence of its industrial base,

‘The United States has Ied the world in discoveries in optical astronomy
almost since the turn of the century, and this is largely attributable to the
foremght of some of the great private foundations that supported Amer-
ican astronomers in the construction of better instruments than existed
anywhere else in the world. By contrast, in radio astronomy, despite a
large investment, American instruments are inferior to some in Britain
and Australia, with the result that the United States does not enjoy the
clear lead in this field that it does in optical astronomy, despite the
fact that the detection of radio waves from space was originally an
American discovery.

Supporting basic science for purely cultural reasons, of course, pays
dividends in other arcas such as national prestige and the intellectual
respect of the most influential groups in the rest of the world. Thus the
purely cultural motivation supports the power and influence of the

“United Stafes in th Mﬁt“ﬂeuwo"rldﬂm d adds-to thmg]&g@ilgmguts own

€0 cverthelcss paradoxmall"y, Supporting science solely for reasons
“of national prestige usually tends to corrupt it by distorting its scientific
objectives and priorities, and thus ultimately to defeat the prestige ob-
jectives as well. This is gencrally an arca where virtue is its own reward.

Economic
There is now general acceptance among economists of the importande
of technological innovation in economic growth. To an increasing extent

such innovation depends upon the results of basic science, although the
ME 101 —eni] CT
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~degrec to which this is true is difficult to quantlfy To an, mcreasmg
degree also there is a disposition to regard organized research and devel-

‘opifient.as an invesiment in néWw knowledge egmvalent n some sense to
~~the.investment in fixed capltmﬁmost capital investments incor-

Tporate some measure of technologlcal innovation. According to some

_economists the rise in capital-to-labor ratio accounts for only a small

part of increases in productivity; about 50 percent is ascribed to other
factors lumped under-the general heading of “technical progress,” which
probably incorporates about equal parts of research and education as
well as such factors as managenal and marketing innovations, There
is also general agrecment that in a market economy the allocation of
resotirces to the advance and spread of knowledge will tend to be less

‘than the optlmum required for maximum efficient long-term growth of

the economic system as a whole. . Moreover, the further removed research
is from ultimaté practical application the less likely it is to be supported

in a market economy without either direct pubhc subvention or private

support induced by special tax incentives, which is also a form of public

.support. Thus, there appear to be strong economic reasons for Federal

support of research, and especially basic research.

In comparing the United States with other advanced 1ndustr1al coun-
tries one finds that, if one sets aside mﬂltary research and development
expenditures, our investment in research is about the samé in terms of
percentage of national income as that of other countries, including Japan,
the Netherlands, the United Kingdom, Sweden, West Germany, and
France. Tt is noteworthy that Federal support of basic research in uni-

‘versities is' a smaller fraction of total university basic research than in

any other advanced country. This is, of course, because the United States
has no Federal university system, and also because it relies much more
heavily than other nations on indirect public support via tax deductions
for private contributions. It is also noteworthy that the Federal share
of university basic research has remained almost constant at ahout 57
percent over the last 10 years, despite the very large absolute increase.
The fact that the Federal share of total research support in universities has
increased is thus attributable solely to the increase in applied research,

. _largely in the medical and engineering areas. Thus, in relation to our
national investment in higher education, it does not appear ‘that the Fed-

eral contribution to basic research in umversmes is in any way excep-

'uonally large.

'Since World War II there has been i 1ncrea51ng recogmtmn of the po-
tential economic benefits of supporting science on its own terms without
any commitment to specific applications. Politically, however, this com-
mitment has always been made with some reserve. The National Science

‘Foundation, the only agency with a clear mandate to support basic

research as such, had a long struggle to come 1nto exlstence, and an
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even longer struggle to attain a significant budget for research:  Even
today it accounts for only.a little more than 10 percent of the support of
reseatch in universities proper—nearer 20 percent of the truly basic re-
search. It also accounts for about 10 percent of all federally supported
basic research. On the other hand, the Clongress has been quite liberal
in: permitting the mission-oriented agencies to support basic research
related to their missions, and the interpretation of mlssmn-rclatedness has
been reasonably broad. .If it had mot been for this fact, U.S. science
would not have attained the reputatlon for world Ieadershlp that. it
- enjoys today

In several fields cheral support for mlssmn-rclated bas1c research

has been of decisive importance for U.S. technological leadership, even

" in the field of civilian applications. Although the transistor was invented
in private enterprise, Federal support for umvermty solid-state, research
played an important role in creating an environment in which thé transis-
tor could be rapidly exploited and developed. Federally supported re-
search also greatly accelerated the development of high-speed computers,
and much of the pioneering work on computers was done in universities.

Federal support of aeronautical research, largely in inhouse laboratories,,

was important for U.S, leadership in the development of modern civilian
aircraft. Undoubtedly, Federal support for basic research in the medi-
cal sciences and biochemistry has accelerated the development .of new
drugs by industry. Support by the Atomic Energy Commission of basic
nuclear research that was not obviously relevant to weapons or nuclear
power has been largely responslblc for the ma.lntenancc of U S. leader-
ship in this field. :

On the other hand, in only three ﬁclds——agnculture mmeral resources,
and civilian nuclear power—has the Federal Government explicitly siup-
pdﬁa@ﬁ“ﬁmm at development of the civilian economy.

Soc:lal

s In many ‘areas, mcludlng public hcalth and natlonal defense; there
is a recognized Federal responsibility, In these areas the Federal Gov-
ernment has generally been quick to utilize research in support of it mis-
sions, including a substantial amount of basic research. In fact, for
the most part, basic research support has tended to derive from these spe-
cial missions rather than from any overt policy concerning the desir-
ahility of social support for research. More recently, beginning with the
National Advisory Coommittee for Aeronautics in 1920 and extending
through the Atomic Energy Commission and the National Aeronautics
and Space Administration, the Government has recognized a special re-
sponsibility for exploiting certain advanced technologies in the national
interest. In these cases it was recognized that the technologies were suf-
ficiently new and unapprecmted so that they would not be adopted and
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adequately supported as part of the missions of existing Federal agencies
or private institutions. They needed hothouse cultivation, as it were,
before they could grow and mature on their own. In each example of
such an agency, however, there was a strong military overtone to the.
justification; it is doubtful whether the National Advisory Committee for
Aeronautics, the Atomic Energy Commission, or the reincarnation of the
National Advisory Committee for Acronautics in the National Aeronau-
tics and Space Administration would ever have been justified without a
quas1-m111tary incentive. However, once there, their additional roles in
economic growth gradually came to be appreciated.

It is clear that with increased urbanization and. Industna.hzatlon, _
our country is developing a number or problems that can only be faced
on a national basis—for example, _education, air pollution, water_re-
Sg;rccs;——w%_lgg;_ forecasting and cwo@gst1q;ﬁ€sjad10&gnye wastes,
public recréation, natural resolirces, air traﬂi&ﬁgﬂtﬁl highway safety,
and urban tr transportation. The dcgree of Federal responsibility in these
arcas will always tend to be a matter for political debate, but there is
greater consensus that the Federal Government has a responsibility for
seeing that the foundations of knowledge are laid in these areas than
'~ there is that it has an operational responsibility. Research related to
these social goals tends to be recognized as a Federal responsibility even
when operation or regulation is delegated to the State or local level or to
private enterprise. If applied research for these purposes is'a Federal
responsibility, it is clear that the basic research that underlies it must also
be recognized as a Federal responsibility.  Except in the areas of health
and national security, however, there is still little appreciation of the con-
tribution that uncommitted basic research can and should make to these
goals. What is called basic rescarch in many areas of Federal civil re-
sponsibility is still rather narrowly oriented in terms of obvious relevance
to the immediate goal. Such oriented basic research is vital, but not suf-
~ ficient. The rather rigid interpretation of relevance to mission that exists
in the research in the older civilian agencies is in sharp contrast to the
broader interpretation that is followed in national defense and health.

.+ The difficulty with this motivation for Federal basic research is that
criteria for the amount and character of basic research that should be
supported in connection with social goals is difficult to establish, Clearly
it is proper that research as.a whole in these areas should compete on an
equal basis with alternative means of achieving the same goals. Per-
haps the only reasonable criterion is to relate the basic rescarch effort of
an agency to its total applied or development effort, possibly in terms
of some percentage of the applied effort. Any such criterion, however,
should involve some smoothing of fluctuations to take into account the
larger time frame of basic research. The fractional effort on basic re-
search will inevitably be strongly dependent on the breadth of the mission




of an agency and on the magnitude of the total effort and its degree of
dependence on relatively new or recently discovered scientific knowledge.
I would suggest that in many instances 10 to 15 percent of the applied
effort might be a good rule of thumb for the basic research cffort. How-
ever, it is difficult to mount a viable basic research effort when the ap-
phed research is too fragmented into.small units, as it is, for example, in
the Department of the Interior, the Department of Agriculture, and the
Department of Commerce (except for the National Bureau of Stand-
ards). In such cases it might make more sense for these departments
to “task” the National Science Foundation with basic research in certain
broad areas of relevance to the total mission of the department. It also
scems rather important that not all the research, either basic or applied,
be inhouse. Exclusively. inhouse rescarch often appears to be more
efficient in the short run, since the people involved can be more closely
channeled into. rescarch areas that mect the short-range requirements of
the mission, but in the long run a purely inhouse rescarch effort tends
to cut the agency off from the scientific community. Not cnly is the
scientific and educational community unaware of its problems, but its
own people lose awareness of the opportunities that new developments
in basic science present in the applied research it is doing. It always
tends to define its own subject matter too narrowly.. :
Education _ o _

The intimate connection between basic research and graduate educa-
tion has been repeatedly stressed in recent years. In engineering, medi-
cine, agriculture, and several other arcas, apphed research is equally as
important as advanced training, and there is danger that this fact may
be forgotten in identifying the universities too exclusively with basic
research, In particular, there is a tendency in the universities to regard
the application of science as a lower order of intellectual activity than
pure science, an attitude that tends to impedeé the healthy flow of talent
between basic and applied science, which has been one of the charac-
teristic features of American science contributing to its vitality, On the
other hand, it is true that even in applied research the universities. ought
to focus on the longer-range goals, the things that are likely to become
economically viable several years away, and that have the greatest gen-
erality in application. Research apprenticeship is the most essential part
of graduate education beyond the master s level whether it be in pure
or apphed science.

There is a broader sense in whlch research activity contnbutes toedu-
cation. Research itself is defined as “learning work”—the production
of new knowledge. While much of this knowledge is made explicit and
public by publication in the technical literature, the individuals engaged
in advancing knowledge acquire skills and perspectives that greatly tran-
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scend thc sum of the information appearing in their pubhcatxons The
contribution of a Fermi or 2 Von Neumann to our society is far greater
than that of the bound volumes of their coﬂecte_d works or even than
their influence on their students. A great scientist becomes a teacher
of ‘his whole culture. The people who devote most of their lives to re-
search become a national human resource, available in emergencies to
turn their attention to many problems outside their own immediate fields -
of interest. -The rapid application of microwave radar during the early
years of World War II was largely the work of nuclear physicists, even
though the basic invention had been conceived scveral years carlier by
engineers in Government laboratories. What was needed for the ex-
p101tat10n however, was not just the invention itself but 2 whole complex
of experience ‘with advanced electronic techniques and with the inte-
gration: of these techniques into an operable system. The nuclear physi-
cists who ‘had been workmg with accelerators possessed this kind of
experience, and were able in an emergency to turn it to military appli-
cations. Through the decade of the 1930%s,’ they had been unknow- -
ingly educating ‘themselves, in - a sense, for just this moment. It'is
doubtful whether any explicit or conscious form of education would have
been- as effective ag their own continuing involvement in basic science.
What apphed to radar was even more evident in the case of nuclear
weapons, since only those previously engaged in nuclear research, chemi-
cal kinetics, radiochemistry, and other fundamental ficlds had the accu-
mulated skills necessary to proceed with projects in this field. The
contribution of the enginecring, management skiils of American indus-
try—-—especnally of the chemical engineering mdustry—was also indis-
pensable, but without the intellectual leadership and vision of the basic
scientists the project would neither have been undertaken nor carried to
a successful conclusion. The development of the electronic computer
in the early postwar years owed much to the hlgh-sp ced eIectron1c—c1rcu1t
techniques in which nuclear physicists had trained thcmselves in order to
sharpen the tools of their own basic research.

. Notall individuals who receive advanccdirammgm bamg@gmrch Lre-
main in bag_gg,s,g;gg,ggs Some enter basic research in industry or Govern-
mut then move on to applied science or technology in the course of
their careers, often followmg a basic-research development or technique
through into its applications. Many techniques now common in industry,
such. as h1gh-vacuum technology, low temperatures, X-ray dlﬁractxon,
spectroscopy, nuclear-reactor physics and neutron instrumentation, radio-
isotopes, electron m1croscopy, had their origin as techniques of basic re-
search.. Hence, thereisa demand in industry for pcople trained as basic
scientists in. such fields who then find their careers in applications. . The
stafﬁng of major new technological or scientific programs such as nuclear
power and nuclea.r weapons, space r&e@’gw_a\rmg‘@hy, or. atmos-




pheric sciences has come from people with original training in. basic -
research in physics, chemistry, mathematics, or biology. This transfer
of people forms one of the major vehicles for the translation of basic sci-
ence into applied science and technology, as well as for the creation of new
disciplines "Thus, basic science tends to be a net exporter of people into
other more apphed fields of science or into technology. Too little is
known, actually, about the transfer of people between fields and the in-
fluence of people receiving basic research training in one field on the
devclopment and success of other fields. It seems clear, however, that
the trammg of people in the most advanced techniques and concepts of
basic science is not only beneficial to the development of basic research
itself and of graduate education, but also has an important, mﬁuence on
the development of technology and of new industry.

Other individuals trained in basic science may choose bas1c research
as a career but make unportant contributions on a part-time basis to
technology and applied science. Von Neumann, a pure mathematician,
formulated one of the key concepts of computer organization. Fermi, a
pure physmlst conceived the idea of the nuclear cha.m Teaction and
pIayed aleading role in its practical exploitation.

Many key ideas of military technology in the 1950’ bencfited from
1mp0rta.11t contributions from basic scientists actmg as amateur weapon-
eers.  These people brought fresh viewpoints, new combmatmns of skills
and techniques, and a broad vision of the potentialities of science to the
weapons business. This contribution was often traceable to their basic
research background. These contributions are an incidental benefit
denvmg from the vigorous support of basic research by the Federal Gov-
ernment, but they have played a significant role in the maintenance of
Umted States preeminence in military technology. '

Between the graduate student working as a research apprentlce and
the professor or laboratory scientist working at the frontiers of knowledge
there has grown up a new group of post~d0ctora1 research staff who also
participate in the educational process, both as students and teachers.
Such people have no formal part in the educational process; nominally,
they are just research workers. They do not earn degrees and they do
not teach classes. -But they both help in the detailed guidance of grad-
uate students and deepen their own knowledge in their chosen fields.
Many university departments now have as many post-doctoral fellows as
graduate students, largely supported out of federal research grants and
contracts. Most of them stay only a few years and then move on to more
permanent academic posts as full-fledged teachers. Because _Qf their
lack of formal academic status, we know very litfle about this group,
although their support constitutes a very significant fraction of the total
research money going into universities. In some other countries—aotably
Sweden, the United Kingdom, Japan, and the U.S.S.R.—there exists




more formal recognition of the status of the post-doctoral student in the
form of the D. Sc. degree, a sort of super-degree awarded on the basis
of a body of significant contributions to the scientific literature. _

' The advantage of discussing the educational purposes of basic research
is that this is the criterion for research support that is easiest to quantify.
To an increasing degree U.S. policy has been evolving toward a con-
sensus that, at least in science, soc1ety as a whole should be prepared to
undérwrite the opportunity for every individual to carry his education
as far as he is willing and able to go.

Thus, by extrapolating long-term cultural trends, we are able to esti-
mate fairly well how many people will be seeking graduate education
in science and engineering during the next decade. The people who will
do so are already in high school and college today, so there is not too
much guesswork involved. The estimates of annual growth in the num-
ber of graduate students vary between 5 and 10 percent. The number
has been about 8 percent for the last 2 years, but for the most part these
students have not yet entered the research phase of their graduate study,
so the full load on university research budgets has not yet been felt.

One can use the above figures to set a floor to the umversﬂy rescarch
support required in the next 10 years if one ma.kes certam plaus1b1e
assumptions, as follows:

(1} The percentage of college graduates seeklng graduate educa-
tion in science will remain relatively constant or grow shghtly (Ac-
tually the Gilliland Panel assumed a slight growth in engineering
and a slight decline in mathematics relative to the number of under-
graduate majors in these fields. ) '

(2) The student—professor ratlo w1ll remam a.bout the same as
at present, .

(3) The ratio of post-doctoral students to graduate students will
not grow beyond its present value, °

" (4) The percentage of the total budget going into the support
of large facilities, either construction or operation, or the sup-
port of research institutes relatively divorced from teaching but still
in “universities proper” will remain about as at present.

(5) Because of the increased sophistication of research———mclud—

.ing such items as more automatic data taking and data processing,
greater use of computers, and greater availability of sophisticated
instrumentation for purchase rather than local construction—the
cost of research per man-year of research effort will i increase at an
annual rate of 5 percent in constarit dollars. -

‘ (6) The contribution to research in universities from State, local, '
. and private sources will increase at the same rate as the Federal con-
- tribution, 50 that the Federal share will not change.
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With these assumptions one arrives at a university research require-
ment that rises at the rate of 13 to 15 percent annually. It is intevesting to
note that this figure agrees rather closely with projections of reqmrements
for the optimum scientific development of selected fields of science made
by certain committees of the National Academy of Smences, which wl]I
report later,

It is important to note that almost all the assumptlons in the above

projection are conservative. For example, during the past 10 years, with
 relatively little growth in the number of graduate students, the research
investment per Ph. D. granted 1 year later has increased by a factor of
2.5. This represents an increase of 10 percent a year on a per-man-year
cost basis, nearly twice what is assumed above for the next decade. We
are not sure of all the reasons for this growth. We suspect it is due mainly
to a change in the character of universities that has been going on for
the last 30 or 40 years, and that was probably accelerated by the avail-
ability of Federal research funds. - Research has become an increasingly
important part of the purpose of more and more American universities,
as it has been of European and British universities for many years. Al-
though university faculties have probably increased by less than 30 per- .
cent during this period, Ph. D. faculty has more than doubled.. Further-
more, the population of post-doctoral research associates and to some ex-
tent the growth of research institutes with permanent rescarch staff or
research professors have caused research costs on a per-Ph. D. basis to rise -
rather rapidly. However, it is to be noted that, because of the upward
trend of salaries in the last 10 years, the norrnal'annual increase in cost
per man-year of scientific effort has been more like 7 than 5 percent. The’
difference between 10 and 7 percent, or 3 percent, thus represents the
cost of the general change in the character of the research economy of
universities, and is not really dramatic. . In the above projection we are
assuming essentially that this long-range cultural trend will stabilize,
a somewhat doubtful assumption. . On the other hand, it is also true that
the last decade was a period of rapid inflation of academic salaries, which
had fallen seriously behind the cost of living during the postwar inflation.
Academic salaries, at least for scientists, have now reached approximately
their prewar position, and it is doubtful whether the inflation of the past
decade will continue. Easing off of defense development expenditures
may also take some of the inflationary supply-demand pressure off sci-
entific salaries generally, especially in view of the projected increase in
the supply of Ph. D.’s. The assumptions regarding the post-doctoral
population are also probably conservative. On the other hand, this is
the part of the academic research budget with the greatest flexibility; its
size tends to be adjustable to the total funds available. A disproportion-
ately large fraction of post-doctoral staff is probably of foreign origin,
although many of them ultimately remain in the United States and take.
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acadermc or industrial posts. With respect to the increased research
orientation of un1ver51ty and college faculties, the assumptions are almost
certainly conservative.  As older professors oriented primarily to class-
room teaching retire, they are likely to be replaced by younger men who
expect to combine teaching and research. To an increasing degree it is
expected that undergraduates may participate in research. * Mariy for-
- merly purcly undergraduate institutions are talking about expanding into
graduate work, if only to attract faculty of the requisite competence to
maintain the quality of their undergraduate programs. Several areas of
the country, especially in the South, are just at the beginning of recogniz-
ing the importance of research in the functions of a university. These
expectatlons are not really taken into account in the estimate of 15 percent
a year given a.bove They wﬂl not be satisfied unless one of several things

- happens: ~
(1 ReSearch funds for unwersmes are mcreased faster than 15

~ percent a year. :
©(2) There is a substantial cutback in support of new major re-
search facilities at universities, and support gomg to post-doctora.l
‘associates and career research staff.

(3) Other sources of financial support for research become avail-

“able, possibly as a result of tax incentives to induce greater con-

"‘tnbutmns to university research from industry, or special Federal

programs to encourage matching research funds from States.* -
(4) The declining post-education job market for scientists and
engineers induces college graduates to seek other careers outside of
the technical fields, so that present estimates of the demand for
'gradua.te education are grossly inflated. :

In my opinion (3) and (4) appear highly unl]kely Itis remarkable,
in fact, that the non-Federal contribution to academic science has been
-able to keep pace as well as it has in the recent past,  Most experts on
fiscal and tax policy doubt that tax incentives could be designed to result
in substantially increased allocation of resources to graduate education
and research. In fact, the present tax system already provides many
built-in mechanisms for transferring resources from the proﬁt to the non-
profit sectors of the private econoniy.

Cutbacks in defense spending may produce temporary eﬂ'ects along
the lines of (4). On the'other hand, historical experience does not sug-
gest that 5th'e demand for graduate “education is very sensitive to the
short-term job market. . In fact, it is entirely possible that lack of post- -
‘education opportunities may induce the opposnte effect. The decline in
the short-term financial advantage of going to work immediately after
the baccalaureate might induce more people to continue their training,
as tended to occur during the depression. - In the past the massive Fed-
eral investment in research and development has scarcely influenced the
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fraction of college students choosmg science; its effect has been mamly
on the quality of the training available. -

In my opinion it would be very unfortunate for U.S. science if any
drastic change. anng the lines of (2) took place. - The U.S. posmon of
world leadership in science is highly dependent on the ‘possession of re-
search tools with greater capability than any in the world, and on'the
existence of ‘a few outstandingly creative groups built up-over a long
period of time, which often set the pattern and stimulate the efforts of
smaller groups- throughout the country and train & disproportionate
fraction of the people who become leaders and innovators in basic re-
search in other institutions. The research-associate group in major cen-
ters often serves as the source of faculty for new centers. -

“Furthermore, an attempt to create new centers of excellence or achleve
a wider geographlcal distribution of research funds pnmanly at the
expense of existing centers of excellence would be of no service either to
science or to graduate education. -+ The inhibition of the best groups
could not be compensated in leadership terms by better support of nu-
merous other groups of a high but lesser level of competenice. Inevitably
it is the graduate schools of the leading institutions that set the standards
to which the newer graduate schools aspire and by which they.can be
measured, and which must provide many of the leaders required to estab-
lish new centers of excellence. 'The wider diffusion of research support
is an' important and desirable goal, but we should not attempt to achieve
it so fast that we destroy or degrade the excellence we ha.ve already
achieved. ‘
 Possibility (1) may be worth.ler of more serious eonmderatlon It
‘could be achieved without as rapid an overall increase in research funds
if support for nonuniversity basic research were held back, e.g., in re- -
search centers. On the other hand, even here the jeopardy to ourleader-
ship- posmon would have to be carefully considered. - The prm(upal
difficulty in this area is that it is:much harder to judge guality in the
research centers than in the individual university research’ projects.
Large research institutions tend to have a different social ecology than
smaller university. research groups. They are less individualistic, and
the whole tends to be greater than the sum of the parts. At their best
they provide an environment that may exploit the talents of people of
average ability much more effectively than if they were entirely on their
own on a university faculty. On the other hand, great laboratories tend
to be evaluated by the best work that they produce, and, when support
is given on an institutional basis, a few excellent groups or individuals can
often “front” for the whole organization, even though the total product
may not be too impressive in relation to the numbers of scientists involved
and the resources used. We have not yet learned how to apply the same
rigorous standards to large research organizations that we do to:indi-




vidual research projects in universities. On the other hand, many of
these organizations have a purpose other than mere excellence in basic
research. It may be necessary for them to do some basic research, even
if only of average quality, in order to keep a‘staff of the requisite level
of competence to fulfill their applied mission. - On thé other hand, with
a rising supply-demand ratio for technical people, it should no longer
be necessary for such organizations to offer complete freedom of re-
search to rather average people in order to attract them to-the organiza-
tion in the first place. A general tightening up in quality, standards of
the larger research enterprises both inside and outside universities seems
both feasible and desirable in the coming decade. . However, it is not
clear that the real savings that might be effected in this way would be
sufficient to cover. the expansion required for education without sub-
stantial annual inereases in the allocation of funds to-basic research. In
any event, very close scrutiny of major projects in space, geophysics, and
other areas seems called for, not only to evaluate their intrinsic scientific
merits but also to consider their impact on the rest of science. In the
past, such ventures have been enthusiastically supported by the scientific
community on the tacit assumption that there was no competltlon be-
tween these projects and the general support of “little science.” This
assumption is valid .to only a limited extent, and tends to become less

- valid as research and development becomes a larger fraction of the

national budget and of the budgets of individual agencies. This is be-
cause research budgets become more and more competitive with other
activities within predetermined agency ceilings. As mentioned pre-
viously, such projects also imply commitments for. operatmg funds merely
to keep the facilities available without supporting any science.

To summarize, on the basis of educational requirements alone, it
appears that a minimim annual rate of increase for university research
support of 13-15 percent will be required for the next decade if the
United States is to meet its announced goals for graduate education.
This implies that by 1970 the Federal money being channeled into *“uni-
versities proper’ should be of the order of at least $2.3 billion, of which
about $1.2 billion will be for basic research. It isto be emphasized that
this projection is based on very conservative assumptions regarding the
development of universities in the next decade. -If these assumptions do
not apply, the requirements are likely to be substantially larger, and can
be met only by increased research budgets or by reprograming sub-
stantial funds from the Federal support of non-education-related research.
Alternatively, it is possible that the educational goals are unrealistic and
should be revised downward, but this is so contrary to past cultural
trends that I find it difficult to accept. One would have to demonstrate
that there is some other intellectual activity that would be much more

“socially productive, and that would require a radically different kind of

educational preparation. It should also be noted that if these goals
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for research support are to be met, either the budget of the National
Science Foundation will have to be increased much faster than is cur-
rently envisioned (probably of the order of 30 percent a year or more)
or the responsibility of the mission-oriented agencies for graduate: re-
search training as such will have to be more exphc1tly recognlzed in na~
tional budgetmg

IIL Cnterza _for the Suppmt of Various erlds of Btma Reseawh in
: Universities

A great deal has been written fecently about_ criteria for support of
various fields of hasic science. I have already indicated that the small
percentage of scientists representing the most talented and creative peo-
ple should essentially be supported to do whatever they think best, with-
in the financial limits indicated previously, since their own self-directed -
efforts are likely to be more useful to society than anything anybody
of lesser talent could think of asking them to do. However, the people .
I am talking about probably represent only a small fraction (of the
order of 5 percent) of those capable of doing competent and significant
basi¢ and applied rescarch. The question of criteria, then, applies only
to the activities of these less-than-top people. Even in this area it is my
belief that the criteria arc considerably less important than who applies
them, that the fundamental problem of resource allocation within basic
research is who makes the important decisions and how they are made.

" For example, to what extent should the cutting up of the pie among fields
be left exclusively to the scientific community? At what level of detail
should the financial decisions be made by the people not actually doing
the work?  Should resources be allocated to institutions and then divided
within the institutions, or should they be allocated to broad fields and then
divided within the ficld with the aid of representative groups of experts
entirely from within the field regardless of institutional affiliation? To
what degree should the system of choice be mixed, that is, with all alloca-
tion partly by institution and partly by field? If mixed, what are the
proper proportions? What kind of guidelines should expert advisory
committees be given? What kind of criteria, if any, apart from intrinsic
scientific merit should be used? Should the definition of intrinsic scien-

tific merit be left implicit rather than explicit—as something that every
competent scientist knows intuitively but cannot express? To what
extent should judgments in special fields be left entirely to the specialists
in those fields, and to what extent should the Judgment of fellow smentlsts
from ne:ghbormg fields be brought to bear?

In trying to answer these questions, I should like to try to describe
an idealized resource-allocation system for basic research. In doing this
I am concerned primarily with university basic research, which for pur-
poses of this discussion, however, should include major installations out-




side of universities, such as Brookhaven, Green Bank, or Kitt Peak,
insofar as they exist primarly to serve the university community.

" For the purposes of this. discussion I feel that research funds should
beplaced in the following general classifications, which are qmte separate
conceptually if not organizationally :

(1) The capital costs of major eqﬁlpment, 1nclud1ng in general.

the cost of properly housing it. By major cquipment I mean the
~ kind of ‘équipment that would not ordinarily be provided on a re-
search grant. The amount of money involved might vary from field

 to field, but I am thinking of something at least of the order of sev-_

" ¢éral hundred thousand dollars. In general, I have in mind really
major facilities like occanographic ships, the Mohiole platform, space
tracking stations, or particle accelerators.  This category would in-
clude the costs of any major refurb1sh1ng or updating of such equip-
ment.

(2) That part of the operatmg costs of major fac111tles or equlp-
ment needed to make them available to' the scientific community,
exclusive of the cost of specific scientific work. This would include

‘such’items as sh.1p-opcrat1ng costs in oceanography, the costs. of
power, expendable supplies, maintenance personnel, and resident
operating staff for big accelerators, the costs of computers, the logis-
tic costs of scientific space vehicles including the cost of procurement,
launching, and tracking of a given vehicle, but exclusive of the
" cost of the instrument package and data analysis and interpretation.

(3) The strictly scientific costs, including small permanent and -

. expendable equipment, salaries of technical personnel computer

_charges where the computer is shared by many user:,, publication

_COSts, general administrative overhead, etc.

In my opinion the budgets for items (1) and (2) should be _ra.ther
carefully segregated from (3) Together, they constltﬁte what Professor
Kistiakowsky has referred to in his paper as “big science.” The decisions
regarding allocations under (1) are the only decisions regarding alloca-
tions between fields of science that should be made at the highest levels
of government e.g., by the Bureau of the Budget and the Congress or

by the -agency head. They should be made with the advice of the sci-

entific community, but it should be recognized that they are inevitably
quasi-political decisions. They are the basic investment decisions of
the Federal Government, and they are the decisions that determine the

scientific prlormes for many years ahead. They are also the decisions 1nj
which the price of error is highest.. In general, science-allocation deci-

sions are less crucial because there are many mvestlgators working inde-
pendently in the same general area, and so mistakes in the decisions of

one investigator tend to be, compensated. for by the successes of others;
and the proposal—evaluatxon system gradually eliminates the unsuccessful




ideas and investigators by a sort of free market of ideas. For the big
projects involving many investigatox_‘s, however, choices are much more
irretrievable, and there is often no way of telling whether an alterna-
tive choice would have been better until a substantial investroent has been
made. For example, if the recommendations of the various panels on
high-cnergy physics with respect to what machines should be built prove
wrong, the consequence could be the loss of U.S. leadership in this
field for a generation, Even if the Government were prepared to re-
trieve the mistake by writing off the original investment and bu11d1ng a
new machine at greatly increased expense, the time lost might be a serious
setback to U.S. leadership. With respect to science these are the same
sorts of crucial decisions as the choice of an intercontinental ballistic mis-
sile system is for the preservation of national security. They are the
fundamental strategic decisions of basic science, and for them criteria-
somethmg like those proposed by Weinberg seem appropriate. In this
regard I second the views expressed by Kistiakowsky in his paper. They
should be widely debated in the scientific commumty and elsewhere from
every angle; they should ultlmately be made in a hlghly vmble and
public way.

When the decisions in category (1) are made, thcn' consequences in
terms of category (2) should be clearly spelled out and understood, and
should form part of the basis of the decision as to whether to go ahead.
In projecting research budgets into the future, category (2) funds should
be separately identified as such. In many cases, it would be wisest if
they were not included in the ordinary individual research proposal, al-
though this is an administrative question that may have to be decided in
cach individual case, It is my feeling, however, that the inclusion of
fixed availability charges in individual rescarch proposals tends greatly to
confuse and complicate the proposal-evalua.tmn process. In many cases
it may be desirable to divide the availability charges between two budgets,
with only a nominal charge to the individual research proposal. _

Category (1) decisions also have implications for category (2) funds.
Tt would make little sense to build facilities if support were not available
for scientists to use them. ~On the other hand, I feel that scientific work
with large facilities should not receive a specious. priority just because of
the political embarrassment entailed by lack of full utilization of a fa-
cility. Actually, once the commitment for the capital cost of facilities
and their basic operating costs has been made, individual scientific experi-
ments done with such facilities should compete on an equal basis in terms
of scientific merit with other work that does not employ. Iargc facilities,
Conversely, once the commitment to build and operate a facility has been
made, I do not believe meritorious scientific work should be penalized
before evaluation pancls by havmg to bear the full category {(2) costs
related to the facility. , .




The. above discussion takes care of category (1) and category (2)
costs. The budgeting process should attempt to arrive at an overall
Government-wide level for category (3) costs in universities. This will,
of course, be a sum of agency budgets, and each agency will be expected
to project its category (3) costs as a budget line item. = In the National
Science Foundation budget, for example, this would be approximately
the basic research support category, although certain of the category (2)
costs of particle accelerators and oceanographic ships might be excluded
and budgeted under. another category, and, as detailed below, certain
other program costs might be included. The category (3) part of the
total Federal budgets—the part for university research, that is—should
then be evaluated against the 15-percent-a-year growth standard men-
tioned earlier. I am riot saying that we must have 15-percent growth
évery year, or that we should limit ourselves to 15-percent growth in
each year. Obviously, no part of the Federal budget can be sacred, and
the amount of each category can be determined only in the light of the
state of the economy, fiscal policy, tax revenues, and other global con-
siderations. I am saying only that the 15—percent growth of category
{3) Government-wide should provide a more adequate index than we
now have of how we are doing in research support. Because of the
confusion of “science” with category (1). and (2) expenses, which
merely build the storé and keep it open but don’t sell ; any goods, our
present system of budgetmg doesn’t tell us how much science we are
buying. '

At this point one must ‘decide how to allocate the money in category
(3) between disciplines and institutions, There appear to be several
bases for this. Since the level of support in category (3) is being com-
pared against a standard derived from the requirements of graduate and
post-doctoral education, it ought to include not only basic research sup-
port funds, but also fellowship funds, general research support funds,
and some proportion of science ‘development funds, institutional base
grants, and research training grants, - In other words, it ought to include

. the total funds being channeled into higher education by the Federal
Government that are related primarily to research and research train-
ing, as opposed to capital investment, and to graduate and post-doctoral
research training or undergraduate research activities as opposed to for— :
mal teaching activities or curriculum development

Taking the total of category (3} we now have the question of how it
should be divided among the following categories of support: =

(@) Project grants to mdmdual professors or small groups of
~ professors; :
(&) Programmatic or coherent area grants to Iarge groups or
whole departments;
(¢} Institutional grants, either on the basis of a formula. or on
the basis of specific selection criteria;



(d) Direct support of personnel, including graduate and post-
doctoral fellowships, faculty fellowships, or career research awards,
awarded on the basis of national competition; - '
~ (e) Direct support of personnel; but at the decision of the insti-
tution rather than on the basis of nat:lonal competition between in-
dividuals in ‘a discipline.

In this listing, the operative question is whether selection is on the basis
of national competition within a discipline, or is primarily cross-discipli-
nary with award to institutions on either a formula or a competitive basis.

(a), (b), and (d) are regarded as falling in the first category, (¢) and
() in the second, My own present belief is that the country has a bit
overdone the matter of project support, to the point where many insti-
tutions have abnegated their responsibility for and influence over their
own research activities and institutional development Therefore, I
would be inclined to recommend a gradual transition to a situation in
which about 25 percent of category (3) is direct support of personnel,
category (d); about 25 percent is institutional support, categories (e)
and (¢} ; and about 50 percent project support [including both (&) and
(&)]. Itseems to me the exact division between (a) and (&) is a matter
for individual agency decision and negotiation with grantee institutions.
It may well vary from agency to agency. As nearly as one can deter-
“mine, the fiscal year 1963 figures correspondmg to the recommendatmn
above are as follows:

: "~ Percent
D1rect research and development support (including pro;ect and coherent ared .
. or program grants and contracts) 68
Institutional program (NSF institutional base grants and NIH general re-
*- search support) - 10
Trainitig (including fellowships, trammg grants, -career awards, and post-
doctoral fellowshlps) ‘16
Construction._. . . : - - 6

“This still leaves open the question of aIlocatzon to d:sc1plmes This
presents no problem with regard to category (¢) above, since the alloca-
‘tion is largely up to the institution. With respect to categories (d) and
(e) I tend to be opposed, in principle, to too closely defined categorical
fellowships such as those offered by the National Aeronautics and Space
Administration and the Atomic Energy Commission. My observation is
that students are cannier in choosing the right fields than any government
adininistrator, and that, by and large, it is best to support the brightest
people and let them choose the most promising and exciting fields, relying
on the competitive salesmanship of different disciplines and the external
scientific labor market to determine the actual allocation mdu'ectly In
pract;cc, the flexibility with which the National Aeronautics and Space
Admmlstranon trameeshlps have been admmlstered has apparently so far
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avoided what mlght ultzmatcly prove to be a difficult and embarrassmg
problem, ,

If our pohcy is f:SSentlally to support the brightest people urespectrve
of field, then both government and the universities must give more atten-
tion to systematic presentatlon of the opportunities and promise of vari-
ous fields, not only in terms of intellectual excitement but also with
respect to occupational demand and social utility. I suggest that this

method is superior to,providing categerical fellowship support for rather’

narrowly defined fields. Obviously, the method of allocation on the basis
of merit without reference to field is an ideal that can only be. approachcd
because: of the Hmitations under which the mission-oriented agencies
work. .. It might well be that some government-wide pooling of fellow-
ship app]lcatlons would be worth considering in this connection.-

. With respect to categories (2) and (&) there will obviously _b_e varia-
tions from agency to agency. My feeling is that, to the degree it is con-
sistent. with the agency’s mission, each agency should allocate support in
accordance with its estimate of the requirements. of the academic com-
munity, as judged by proposal pressure and the mformal advice of its
program . officers and. consultants.  Intrinsic scientific merit should be
the most heavily wejghted but by no means the only criterion. of selec-
tion, with each agency supporting projects havmg a distribution of topics
centered about those most closely related to its mission, but by no means
confined to these. Application of this prmcrple may actua]ly force some
gradual reallocation of resources. Of all the Federal agencies, the
National Science Foundation is the one that has the clearest obligation
o respond prunarﬂy to the estimated needs of the academic community.
There is, of course, a good deal of pOSlthC feedback between known avail-
ability of funds and proposal pressure. i It is necessary to invent mecha-
‘nisms to discount such effects. - In this connection, widely representative

‘advisory panels extending over several different disciplines, such as the

divisional committees of the National Science Foundation or the institute
advisory councils. of the National Institutes of Health, must play a key
role. These groups should be made more aware of the total resource-
allocation problem, so that they become less inclined to promote only
their own fields. Committees of the National Academy of Sciences ap-
pomted to analyze the needs of broad scientific fields and coordinated
by an overall committee such as the Committee on Sc1ence and Publlc
Policy should also play a key role in this connection. Federal agencms
concerned pnma.rﬂy with civilian applied research should take more ini-
tiative in requestmg that approprla,te kinds.of research be. encouraged
by the National Science Foundation.

There is a general problem with respect to. research support and (O

Search prlorltles that deserves mention at this point. One aspect of it
is dxscussed in the paper by Dr. Teller. One of the unfortunate side-
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effects of the generous support of university research in the last 10 years
has been a tendency to denigrate the intellectual respectability of applied
research. Perhaps this has always been present in the basic research com-
munity, but the size and influence of this community has reached the point
where its viewpoints affect the self-image of applied scientists, engineers,
and doctors, and especially the attitudes of young people toward their
futlire careers. The generous support for academic basic research recom-
mended in this and other papers in this series is predicated on the assump-
tion that the healthy development of applied science and- technology
requires the continual infusion of people trained in basic research. Thus,
to an increasing degree, many people trained in universities will be ex-
" pected to move gradually into more applied areas as their careers mature.
If the effect of their university training is to inculcate attitudes that make
1 too difficult for students to move into.applied work, much.of the benefit
of their training will be lost to society:and the justification for public sup-
port of basic research in connection with graduate education may ulti-
mately be called into question. It is doubtful whether. the long-term
influence of university viewpoints on the attitudes and: careers of students
is as serious or-as permanent as is sometimes represented. Basic research
support outside of universities has been increasing rapidly at a time when
the supply of new Ph. D.’s was relatively constant from year to year. As
a result the opportunities for students trained in basic rescarch to stay in
basic research have been greater than ever before. This appears to be .
especially true in physics and biclogy. In chemistry, where the supply
of Ph. D.’s is much larger in relation to the demand, a career in applied
work is generally more acceptable.. Looking toward the next decade, it
appears that the situation in physics will tend to become much more like
that of chemistty. I believe that the changing job market will tend to
moderate the attitude of students. Still, I am in agreement with Professor
Teller that there is a serious need to improve the intellectual status of ap-
plied work. This is most likely to occur when first-rate people go into
applied work and 'provide the: heroes or models that inspire youngsters.

Experience shows that it is very difficult to make any 1ntellectual activity
respectable by definition; as' opposed to example.. - : :

With regard to selection criteria for basic research proposa]s, I should
like to suggest the following in approximate order of priority. - Obviously,
the relative importance of these criteria will vary between the Natlonal
Sciénce Foundation and the mission-oriented agencies: - :

(1) Quality of the people proposing the research evaluated on
' the basis of their past performance as judged by their professional
_peers and by people in adjacent disciplines. - In-this instance, .one
- must be careful to avoid development of a:“closed system;” since
- those who are supported will tend: to acquire a. reputatlon that will
facilitate acquisition: of more support. -For this reason it is particu-




larly important that the support system prowdc adequately for the
-support of new investigators.

- {2) N0ve1ty, prospects for new gcnerahzauons or unportant
changes in outlook, and degree of penetration into important and
previously unexplored territory. In this connection, emphasis must
be placed on the importance of new. tools. Almost every new re-
search tool has opened up unexpected richness of phenomena. No
matter how tight research budgets become, it would be dangerous to
forego the construction of really new rescarch tools. Emphasis in re-
search support should be on achieving new understanding or gen-
eralizations, and not merely the assembling of new data for their
own sake. Mf:asurements should be mformed by hypotheses or
expectations.’

{3} Relevance to recogmzed practlcal problems, assuming there

_ is a reasonable prospect of progress. This criterion must be applied

- with caution and good judgment. Applied too narrowly and un-,

imaginatively it can result in the support of rather trivial and pe-
destrian research.. There is always a tendency to support applied
research projects that are really basic research, but whose intrinsic
scientific merit does not make them competitive with other basic
research proposals. To the degree that relevance to practical prob-
lems is claimed as a basis of support, certain bard questions should be
asked. What is a solution to the problem worth? How critical is
a particular picce of information to the solution? What is the prob-
_ability of success? - What s the probablhty of unanticipated develop-
- ment or byproducts?  In answering these questions, the advice of
people with experience in the practical problems involved should be
sought, as well as the advice of people concerned only with the in-
trinsic scientific merit of the work,

(4) Educational value, in both the strict sense and in the broader
sense of extending the ca.pablhtzes of bright people or groups of peo-
ple. 'Will the research tend to stretch the limits of an existing tech-
nology that is likely to have other applications? Will it exploit a
new technology not previously available as:a basic research tool?
Will it help maintain a standby capability in terms of people whose
activities may become nationally critical in the future, as in the
nuclear weapons Iaboratories? 'Will it help train graduate studcnts
and enhance our resources for graduate education?

The preceding discussion has been concerned primarily with the cri-
teria that should be used in allocating resources to basic and applied
research in universities as well as to fellowships and other forms of sup-
port that indirectly subsidize research. 'The criteria suggested apply not
only to what Dr. Kistiakowsky discussed as “little science,” but also to
“big science” insofar as it is primarily connected to universities and grad-
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uate education. In the area of academm research the emphaszs is on
the autonomy of science and on primarily scientific criteria of choice,
although certainly other considerations such as potential relevance to
the mission of the supporting agency must be given significant weight. -

However, it must be recalled that less than 50 percent of all the basic

“research supported by the Federal Government is conducted in univer-

sities: proper.. We must now discuss the criteria for support of basm_
research that is not connected with gra,dua,te education. %

IV Imtztutzonal Research

The term mstltutlona.l research” is designed to cover a broad speetrum
of activities ranging from umvers1ty—based research institutes to indus-.
trial laboratories. Basically it is characterized by the fact that the great
ma]onty of the scientists are full-time career research workers not en-
gaged in classroom teaching. As pointed out above, the social ecology
of these institutions differs from that of universities proper, and judg-
ments concerning their support should be based on different criteria.
Institutes of this sort can be further subdivided into two types:

. (1) Those primarily concerned with basic research, having the
‘aim of advancing some generally defined broad area of scientific
knowledge, or perhaps a group of such areas, but usually connected
by some common theme or object of study. '

(2) Those pnmaraly concerned with an applied objective usually
related to the mission or missions of some Federal agency.

Sometimes a single laboratory may combine both functions in some
degree; for our purposes it should then be considered as two separate

- institutions. The great national and Government laboratories usually

fall in category (2), as do industrial laboratories. The only exceptions
are laboratones like Brookhaven, the Green Bank Radio Astronomy Ob-
servatory, or the Kitt Peak Observatory. These are really extensions
of university rescarch. = They have a service function in relation to uni-
versities, but their career research staffs are independent scientists in their
own rlght In a sense, however, they still serve an instructional func-
tion in that they help train graduate students and faculty members and
post—doctoral associates in the newest techniques of their science. 'I'hey
can also undertake rescarch problems demanding greater continuity and
cooperative effort than is possible in a university department with other
responsibilitics. The basic research laboratories in category (1) should
not be judged by the same criteria as those used in connection with uni-
versities. In the first place, as Dr. Kistiakowsky has suggested in his
paper, greater scientific productivity should be expected of such groups,
since they do not have other responsibilities. In the second place, they

_should truly serve their function of supplementing and assisting the uni-

versities; the resident staffs should not be so large as to preempt the




facilities for their own experiments. It seems to me that in periods of
limited research funds the expansion of such institutes should have lower
priority than the expansion.of university-based research, which is more
closely related to teaching.  The local management should be: given
great freedom and should be promised continuity of support but not
necessarily. continually expanding support. The creation and support
of such institutes ought to be based on general criteria for the support
of various fields.of “big” science along the lines suggested by Dr. Wein-
berg. In terms of quality, such institutions ought to be subjected to
standards similar to those applied to university groups. - Insofar as they
carry out independent basic research, such institutions ought to concen-
trate on types of research requiring special facilities, an unusually pro-
grammatic or long-term type of approach involving the closely coordi-
nated activities of many senior scientists, or other basic research activities
that are unsuitable for the individualistic style of university rescarch.
Conversely, unversities should concentrate on types of research tha,t lend
themselves to the individualistic approach.

‘Most of the' great national laboratories fall in category (2), ie., they
have an applied mission. It is entirely right and. proper that such lab-
oratories should do a substantial amount of basic research, since experi-
ence shows that participation in basic research enables them to attract
better people, to keep their staffs alert to new scientific developments of -
potential importance to their missions, and generally to perform better.
However, the total support for such establishments should be based on"
the national importance of their applied missions and on their long-
run success in performance. ‘The fraction of support that goes into basic
research should be largely a local management decision. On the other
hand, such a laboratory should not receive increased support for basic
. research purely on the basis of the excellence of its scientific work or the
number of papers published by its staff in reputable scientific journals,
Thesc may be indications of the general quality of the laboratory, but are
not enough by themselves to justify its support. If this policy is followed,
increased support for freewheehng research activities should be prov1ded
essentlally as a reward for suiccess in the performance of the applied mis-
sion; thus serving to give the whole staﬁ a stake in the applied goals of
the organization rather than setting up a status system in the laboratory
that isolates the basic research from the rest of the laboratory The so-
called “independent’ research” supported by several agencics as part of
the overhead on procurement contracts with profit organizations containg
such a built-in incentive for success in its applied objectives, and a some-
what similar incentive system might be encouraged with respect to non-
profit institutions doing apphed work,

A special problem has arisen in connection with support of basic re-
search by the Federal Government in Jindustrial laboratones Not only
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do many agencies support pro]cct contracts with industrial laboratones
on a somewhat similar basis as that applied to project grants to univer-

ity groups, but whole laboratories exist primarily by performing research
services for Federal agencies. Some of this project activity represents
excellent scientific work. On the other hand, there is a real question in
my mind whether the basic research project contract is the proper mech-
anism for supporting industrial groups. This is especially true when re-
sea.rch proposals from these groups are evaluated primarily on the basis
of intrinsic scientific interest or merit rather than on the basis of their
potential contribution to a specific applied ob]ective' It is hard to lay
down hard-and-fast rules in this matter, but, in general, it is my opinion
that msututlonal-type support is preferable for industrial groups. In this
type of support the basic research is supported by the local management
as part of a general program aimed at an applied objective. Govern-
ment laboratories and federally supported research centers also occasion-
ally attempt to supplement the support from théir parent agencies by
seeking basic research contracts with other Government agencies in com-
petition with academic research groups. In principle, this is undesir-
able; I would be strongly opposed, however, to blanket rules or regula-
tions concerning it, and it would be unwise to alter abruptly the system -
of support that has grown up over the years. Such a sudden change
would be unnecessarily disruptive. I feel, however, that this is a general
area that the Congress may wish to examine, and that agencies now sup-
porting industrial and Federal laboratories under small project grants
and contracts should be encouraged to devise new support mechanisms
more consonant with the institutional character of these organizations.
The extent of this type of project support is not known at present, but it
has an open-ended character that could make it a potential drain on tight
basic research budgets if it were not carefully watched.

QOccasionally, ‘it is advantageous for agencies to make contracts
with industrial organizations with 4 view to exploiting unique industrial
skills in getting rather specific jobs done, usually in relation to some
broader applied program or to provide needed tools or materials for
university basic research. Examples might be the growing of crystals for
experimental purposes or the development of new research equipment
for which the potential market may be insufficient to justify private fi-
nancing of the development costs. I have no criticism of contracts of this

t_ype.

V C’om'ludmg C’omments

The basic thesis of this paper adds up to the conclusion that the concept
of a total science budget, which is implied by the questions asked by the
House committee, is probably not a very meaningful or significant one.
" Only in the restricted area of academic basic research does the concept
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of a government-wide “‘science budget” make a certain amount of sense.
Even here it is essential to separate out the costs of major equipment—
* both the capital costs and the cost of keepmg it available for the use of
the scientific community. The rest of the “science budget” ought to be
considered in a different context, in which the value of research and
development is judged in competition with alternative means. of
achieving the same objectives. In these areas 1 think that the Congress
and the administration ought to consider pnmarﬂy the total resources that
it is worth while to devote to a general. objective, and then regard as tac-
tical rather than strategic the decision as to what fraction of these re-
sources should go into research and development. Inevitably, such
decisions are quasi-political and must be settled by debate among the var-
ious groups concerned; the voice of the scientists should be heard but
should not be concluswe in this part of the debate. Basic research outside
of universities—more than 50 percent of the total—should be ]udged in

terms of its potential contribution to the mussions of specific agencies. '

References

(1) Some scientists may derive their support through working in close association
with the outstanding 5 percent; thus it is not legitimate to extrapolate the
$100 million for the 5 percent to $2 billion for the total pool.
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_ Summary '

The biomedical sciences are concerned with man. Their objectives are
_elimination of abnormalities, prevention or cure of diseases, and pro-
longation of lives. Among the major biomedical problems are mental
illnesses, cardiovascular discases, cancers, v1ra1 diseases, envmonmental
pollution, and congenital abnormalities,
~ Mental diseases cause enormous amounts of disability and ill health,
‘Mental illness in some form develops in about 5 percent of the population.
Ma]or psychoses occur in 1 to 2 percent. Cardiovascular diseases lead to
‘a tremendous volume of disability and are the leading cause of death.
About 54 percent of all deaths were attributable to these diseases in 1963,
‘Cancers lead to a vast amount of disability and are second as causes of
death. About 16 percent of all deaths were attributable to cancers in
1963. Viral discases cause a large amount of ill health. About 60 per-
cent of all illnesses are attributable to viral infections. Environmental
pollution constitutes a large potential hazard and an increasing threat to
health. Congenital abnormalities are present in about 5 percent of alt
children. Approx1mately 250 000 children w1th such dcfects are born
each year.

These are not all the problems in the biomedical field. Others are
arthritis, blindness, neurological diseases, muscular diseases, rcsplratory
discases, and genitourinary diseases. The Federal Government is sup-
portmg biomedical research in an amount equal to about $5.50 per
person per year, a total of about $1.06 billion. "The cost of medical care
amounts to about $187 per person per vear, a total of about $36 billion.
Additional Federal support for biomedical re_search is recommended.

" More students of high intelligence and promise are needed in both

Ph. D. and M.D. educational programs. Additional Federal support for

doctoral education and post-doctoral training is recommended. The

facilities, mcludmg libraries, aVaﬂable for biomedical rescarch are not as
(111)



up-to-date or extensive as they should be. Federal support for the con-
struction or modernization of such facilities is small relative to the need.

In view of the problems, the advances already achieved, the certairity
that more information can be obtained, and the burden of disease, Fed-
eral support of research in the biomedical sciences should be increased.
The major advances made in the last 20 years have been dependent upon
high-level public support for science, and the need for such support will
grow until solutions are found for these critical problems of human
health.

Introduction

The biomedical sciences are largely and directly concerned with the
well-being of man and have as their ultimate objectives the elimination
of abnormalities in development and growth, the prevention or cure of
physma.l and mental diseases, and the prolongation of useful and satisfy-
ing lives. Although none of these objectives has been fully achieved, there
are reasons to believe that some of them are not as improbable of accom-
phshment as they seemed only a few decades ago. The advances that
have been made in the treatment and prevention of many 1nfect10us dis-
eases, 1nc1ud1ng bacterial, rickettsfal, viral, and protozoal the prevention
of various deﬁc1ency diseases due to. defects in nutrition; and the control’
of diabetes, pernicious anemia, and certain endocrine abnormahtles serve
as examples of what can be accomphshed when work in the field of the
biomedical sciences is vigorously pursued and generously supported

The biomedical scierices constitute only a part of the life sciences, which
also include other biclogical sciences, agriculture, psychology, and some
of the social sciences, Blologlcal sciences other than those in ‘the bio-
medical field are considered in the report of Dr. Lawrence Blinks, and

social sciences are discussed in the report of Dr. Carl Pfaffman,

_The objectives of many investigations in the biomedical sciences may
bé described as useful and practical, applicable ultimately to the solution
of human problerns that stem from ill health and disease. They may be
categorlzed therefore, as applied research, but, as has been empha51zed
in the reports of other members of this committee, their achievement often
depends heavily on “unanticipated advances made through basic rescarch.
The relevance of work in basic research to significant accomplishment in
applied research was récently underscored in the report of the National
Academy of Sciences, entitled Federal Support of Baszc Research m. In-
stitutions of H zgkerLeammg o ,

Until recently, the biomedical sciences that bear on the problems of
human beings extended in scope only from intact hv1ng organismos, i.e.,
man himself and other animals, to the smallest unit of life, i.e., the md1-
vidual living cell. Between the living cells of‘_the biological world and
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the molecules and energy of the world of the physical sciences was a gap
in know]cdge of about the same maghitude as that of the difference be-
tween the size of cells and the dimensions of molecules. Within the last
few years this gap, which for centuries had sharply separated the life
sciences from the physical sc1ences, has been' cffectively bridged. Large
. and’ unan_tlcrpated advances in basic research; especially significant in
genetics and virology, came from the combined éfforts of physical scien-
tists and biologists. Especially in thesc fields it has become evident that
certain chemical and biclogical’dimensions may be similar. These di-
mensions are much smaller than those of the living cell and can be deter-
‘mined with the aid of the ultracentrifuge or the electron microscope,
which can make visible cértain macromolecules as well as the extremely
small organclles that make up the fine structure of cells.

The ‘discovery that certain nucleic-acid molecules gu1de and control
biological heredity; that virusés contain infective molecules of this kind
which direct their own replication; that the genétic code s written in
structural chemical terms that appear to be:identical for all living
thmgs, demonstrates the advantages that'are gained when scientific
inquiry is pursued broadly without regard to the boundaries of formal
disciplines. ' Increasingly the recognition has grown that there should
not be any separation between the biological and the physical sciences,
and -the recent development of disciplines such as biochemistry, bio-
physics, chemical genetics, and molecular biology indicate the extent
to which unification of the physrcal and the bmloglcal sciences - has
progresscd ,

This development has already had 1mportant eﬁects on the b10med1031
sciences, and there appear to be good reasons to hope—even to expect—
that it will forward the pursuit of the stated objectives of investigations
in this field and bring nearer the time when they can be realized. * That
the sophisticated techniques and powerful tools of chemistry, mathe-
matics, and physics are being utilized increasingly for the solution of
biomedical problems is encouraging, and strengthens the ant1c1pat10n of
further mgmﬁca.nt advances n. the future -

Major Heélth P’fdblehié'

CA nurnber of unsolved practrcal problems confront bromechcal re-
search, and probably will require long and intensive efforts before useful
and effective means are developed for their managcment As examples,
some of the largest, most difficult, and most pressing problems that affect
the well-being of man are mental illnesses, cardiovascular diseases,
cancers, viral - dlseases, envrronrnenta.l polIut:lon and congemtal
abnormahtlcs -




Mental diseases, because of their common occurrence and protracted
duration, account for an enormous amount of human disability and_ ilt
health, which seriously affect the usefulness and satisfaction of the lives
of large numbers of people. Some form of mental illness is believed to
develop in as many as 5 or more percent of the people in the United
States. Major psychoses, which include schizophrenia, may occur in
from 1 to-2 percent of the population. It has been reported that a sim-
ilar incidence of major psychoses occurs in other countries, including

* those that are designated as underdeveloped. This would suggest that -

geography, standards of living, and ethnic origin may not be important
contributing factors to these conditions, and. raises doubt as to the pro-
posed connection between the stresses and strains of life in advanced
industrialized societies and the incidence of severe forms of mental illness.

Patients with mental illnesses presently require more institutional facili-

ties, both public and private, for their care than are required for the .

care of all other patients combined (American Hospital Association,
1963).. It has been reported that about 51 percent of the some 1,400,000
public and private hospital beds used in 1962 were occupied by patients
with mental illnesses.- Despite the comsiderable improvement in the
treatment of some of the less severe forms of mental illness that has re-
sulted from the recent discovery and wide use of a number of new drugs,
the nature of the underlying abnormalities associated with many forms
of mental illness has not been fully clarified. The organic factors that
may contribute to the development of the major psychoses remain to be
discovered, and it is widely acknowledged that treatment, other than

palliative, for these severe conditions is unsatisfactory. This huge field

is of great importance ‘and continues to challenge the efforts of many

workers in the biomedical field. Undoubtedly it will require intensive -

investigation, including studies at the level -of: basic research, beforc
effective control and management can be achieved.,
Cardiovascular diseases, which include a large number of different

conditions, account for a tremendous volume of human disability and

are, by long odds, the leading cause of death in the United States. About
54 percent of all deaths, or some 970,000, were attributable to these

diseases in 1963 {National Vital Statistics Division, T.8S. Department of

Health, Education, and Welfare). Although treatment with modern
drugs, new surgical procedures—including heart, brain, and blood vessel
surgcry—and anticoagulants represent important advances that aid in
the management and control of certain severe forms of cardiovascular

discase, the various factors that lead to the frequent occurrence of these -

serious conditions are not fully understood. Major advances in the

treatment of some of the most disabling conditions may be anticipated
on the basis of the dramatic résults that have already been obtained by
intracardiac surgery, correction of valvular abnormalities, introduction
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of artificial blood vessels, removal of blood clots, artificial external kid-
neys, and even transplantation of kidneys from other persons, though
much remains to be learned in this new field.

- Arteriosclerosis is thought to be a factor in the large majority of cardio-
vascular discases and may be associated with them in as many as 80
percent of patients. Although many factors have been implicated as
bearing on the development of arteriosclerosis, it seems evident that
much more work will be needed before the mechanisms responsible for
this abnormality of the blood vessels are satisfactorily clarified. Addi-
tional basic research, esPeczaIIy in biochemistry and enzymology, as well
as further applied research in the fields of nutrition, epidemiology, and
clinical investigation are much needed. Since both effective treatment
and useful prevention of disease arc frequently dependent upon precise
knowledge of causal factors and the mechanisms that lead to abnormali-
ties, the importance of learning more about them in these common con-
ditions can hardly be overemphasized.

Cancers, which include a wide variety of mahgnant neoplasms, lead
to a vast amount of suffering and disability, and are now second in the
list of causes of death in the United States. About 16 percent of all
deaths, or some 280,000, were attributable to carcer in 1963 (National
Vital Statistics Division, U.S. Department of Health, Education, and
Welfare), It.is estimated that only a few decades ago, treatment was
effective and'successful in no more than about 10 percent of patients with
cancer. At the present time, earlier diagnosis and modern treatments by
new and extensive surgical procedures, hlgh-mtens1ty radiations, and spe-
claI chemical compounds have resulted in considerable improvement
in therapy, and as many as about 30 percent of patients, on the average,
can be treated effectively and successfully. -Despite this considerable
improvement in therapy, a great deal more needs to be done before these
disastrous diseases can be brought under effective control and regularly
successful management. - ‘At the present time there is only a small num-
ber of institutions in the United States that have sufficient professional
personnel and facilities to carry on both comprehensive clinical studies
and extensive laboratory rescarch on the problems of cancer. In view of
the importance and the dimensions of these problems, additional large
centers capable of underta.kmg fulI—scaIe investigations might well be

established.
" Increased knowledge of the causal factors: and the mechamsrns that
lead to the development of cancers is clearly required if efforts to-prevent
the occurrence, of malignant tumors are to be successful.  Although there
is abundant evidence that environmental factors such as ionizing radia-
tion, chemical cancerigens, and a number of different viruses can act
as primary incitants of the canceérous change in cells and may induce
cancers in animals, the contributions of radiation and chemical com-
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pounds to the occurrence of cancer in man have not been suﬂicimtly clari-
fied and there is as yet no direct or unequivocal evidence that viruses are
contributing factors in human cancer. = In addition, the role of intrinsic
secondary factors such as genetic constitution, hormonal status, and im-
mune reactions of affected persons has not been fully established and will
need extensive further investigation.: The results of much research in
this field tend to support the concept that cancers-ate not to be attributed
to a single causal factor. Basic research in chemical genetics, molecular
biology, and biophysics; as well as applied research in cytology, immunol:
ogy; and virology may be expected to contribute to a fuller: understand-
ing of the nature of the cancerous change in: cclls and ultlmately perhaps
to its definition in chemical terms.

.- Diseases induced by viruses, because- of the1r varlety and frequency,
constltutc a large problem and cause a very.large amount of ill health
and disability. Ithas been estimated that about 60 percent of all episodes
of illness are attributable to viral infections. Acute respiratory infections
alone, most of -which are induced by viruses, are believed to account for
the loss of about 1 billion man-days of work each year in the United States.
Some 50 different viral diseases that affect man have been identified, and
several hundred d1fferent types of viruses that can mfect human bemgs
are known,

Although effective vaccines- have been devcloped for a few viral dlS-
eases, such as smallpox, yellow fever, influenza, poliomyelitis, and measles,

- useful preventive measures arc not yet available for the great majority.
Specu’ic and effective treatment for these infectious diseases:is almost non-
existent, although there are recent indications that certain new. chemical
compounds may be useful in the treatment of one or two of them. It is
well established that antibacterial drugs, including chemical agents and
antibiotics, are not useful in the treatment of viral diseases. ‘Basic research
has been particularly rewarding in relation to viruses and viral infections
and a great deal of important new information has been obtained in recent
years, but there remain large opportunities for additional applied research
in this field, particularly for more cffecuvc and w1dely uscful preventwc
and treatment procedures. - : :

- Environmental alteratxons such as air and water polIu’aon, smog, pcst1~

cides, and new chemical compounds constitute. potential hazards of as -
yet undetermined dimensions that are believed to represent steadily in-
creasing threats to health:and well-being. -Many of these ‘alterations in
the environment are alrecady obvious in largé cities and near extensive
industrial installations.. . ‘The available evidence suggests that deleterious
environmental alterations may serve:to inflict double jeopardy upon per-
sons whose resistance has been diminished by chronic cardiovascular .or
respiratory diseases. It has been reported that large.amounts of 'smog-

have been associated with a considerable excess over expected numbers
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of deaths in affected communities in several ¢ountries, and occasional
disasters have already occurred. There is much still to be learned about
the precise nature of the mechanisms that produce the harmfuI cffects,
particularly those relating to air pollution.

Some form of congenital abnormality is thought to be present in about
5 percent of the children born in the United States. It is estimated that

" some 250,000 children with such defects are born each year. In only.a

small fraction of cases are the underlying causes of the abnormalitics,

" which are of many kinds, fully understood. = Genetic abnormalities, in-

born errors of metabolism, defects in prenatal development, and even
certain viral infections are known to account for some cases, but the
causal basis for most cases remains to be learned. = In many instances,

treatment is not as effective as desired and, ina number of Instances, such.
abnormalities are associated with mental retardation, which greatly in-
creases the seriousness of the problem.

It should be emphasized that the problems summarized abhove were
selected as representing only some of the major practical problems in. the’
biomedical field. The list is not intended to be complete; it could well
have included arthritis, blindness, neurclogical diseases, mental retarda-

" tion; muscular dISGaSCS, ‘chronic respiratory diseases,’ gemtounnary dJs-

eases, and many more that are all too common.
The effectiveness of research in the biomedical sciences dur}ng the last
few decades prowdes good reasons for thinking that these major human
problems need not go unsolved indefinitely. In support of this thesis,
it may be pointed out that somé severe diseases of human beings that
were among the leading causes of death in the United States about 40
years ago are now uncommon causes of death. =Pneumonia plus influ-
enza and tuberculosis were more frequent causes of death than cancer
in 1920 (cf. table 1), but are much less frequent at the present time.
The striking change in their ranks between 1940 and 1961 can be attrib-
uted in large part to the discovery and wide use of antibacterial ¢om-
pounds, including modern drugs and materials of natural origin such
as antibiotics, for the treatment of these infectious diseases. As a result,
they no longer constitute the serious threat to human health and sur-
vival that they did in the past. As additional examples of significant
accomplishment, certain of the major threats to the health and survival of
children may be cited. = Measles, intestinal infections, and poliomyelitis,

some 20 years ago, were. responsﬂale for the death or paralysis of very

large numbers of children in this country. At the present time, as a
result of the discovery and development of effective viral vaccines, polio-
myelitis and measles can be prevented, and intestinal infections can be
largely controlled by antibiotics or other antibacterial drugs.
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Tante 1.—Leading causes of death—Continenial United States

) - 1920 1940 1961
Caﬁse of death _ ‘ -
Death| Per~ | Death| Per- | Death| Per- :
ratel |cent of| Order| rate ! |cent of| Order| rate! |cent of| Order
total | total total
All causes..... ... [1,298 | 100 |...... 1,074 § 100 |...... 930 | 100 f......
Cardiovascular : : :
‘diseases 2..,,...,.[ 314 26- 1 464 43 1 468 50| . .1
Pneumonia and i g : :
influenza........ 207 16 2 70 6 3 30 3 4
Tuberculosis. .....| 113} 9 3 46 5 5108 [ 00 .
‘Cancer........... 83 6 41 120 11 2149 16 .2

1 Gross death rate per 100,000 popuianon per year (not age-adjusted).
2 Including renal disease.
& Not listed as a leading cause of death.

Sources: National Office.of Vital Statistics, Vifal Stat:l.stlcs-——Spemal Report; U.S
Department of Health, Fducation, and Wclfarc—-—-NatlonaI Vital Statistics Division—
Advanced Reports. .

It should be noted that the death-rate data given in table 1 are gross
rates that are not age-adjusted. Age-specific rates for each of the causes
of death during the period covered appear not to be available, In a
population in which the span of life is increasing, as it has in the United
States during this century, gross rates tend to stress those causes of death -
that increase in frequency with advancing years. In the case of cancer,
for example, in contrast to the apparent increase in frequency suggcstcd
by the gross rates, the age-adjusted rates have changed little, if at all, in
recent decades, and have a value of about 125 per 100,000 populatlon
peryear. (Source: American Cancer Society.)

Largely because of the discovery and development of useful measures
for the maintenance of health and the prevention of death from disease

_at early ages, the span of life in the United States has been markedly
increased during this century, At the end of the 19th century, life
expectancy was only about 50 years; now it somewhat cxceeds 70 years.
"This prolongation of life and the improved health of the peoplc that has
led to it can be attributed in large measure to advances in knowledge
and their useful applications, many of which have becn achlcved as a
result of research in the b10mcd1ca1 sciences, ‘
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Federal Support ..

Accordmg to reports prepa.red by the National Scxence Foundatmn
(NSF-64-11), Federal support for all research in the biological, medi-
cal, and psychological sciences was estimated to amount to about $1.01
billion in 1963, and it was a.ntxc:lpated that this might be increased to
approximately $1 11 billion in 1964. (cf. table 2), These sums rep-
resent somewhat less than .8 percent of all Federal expenditures for re-

search and development, and somewhat more than 20 percent of antici-
- pated Federal expenditures for research in all fields of science during
these years. Relative to the Life sciences, it was estimated that the total
research obligations of Federal agencies would amount to about $200
million for biological sciences, $740 million for medical sciences, and
$70 million for psychological sciences in 1963. It is not feasible to draw
an_acceptable line between the biological sciences and the biomedical
sciences with the data that are available. In consequence, for the pur-
poses of this report it will be necessary to consider that the data presented
for the medical sciences represent a fair approximation of those that may
be apphcable to the biomedical sciences, The data given for the bio-
logical sciences are appropriately applicable to the report of Dr. Blinks.

: TABLE 2.—Federal mpport——Oblzganom Jor ressarch

_ Eaumatcs L
Field of research .
' 1962 | 1963 | 1964

Total research; all felds. ... iviuiririininirens 3.2 4.2 5.8

Applied.. i Vieeeiaees 2.1. 2.9 4.1

BaBIC . s vt e 1.1 1.3 1.7
onloglca,l, medical, and psycho]oglcal SCIENCes. ...l ... .84 1.01 1,11
‘ Applied.................... e 51| .60 0 .60
‘Bagic.......... PR P TR e .33 .41 L 51

It Bﬂhons of dollars,

Basic research in the bxologxcal medlcal -and psychologlcal sciences
was expected to receive Federal support in 1963 in a total amount of
about $410 million, and it was anticipated that this might be increased
to-approximately $510 million in:1964. These sums represent slightly
more than 30 percent of anticipated Federal expenditures for basic re-
search in all fields of science during these years. For the life sciences,
it was estimated that the basic research obligations of Federal agencies
would amount to about $140 million for biological sciences, $24O million
for medical sciences, and $30 million for psychological sciences in 1963.

Fedcral obligations for basic resea.rch are thade largely to educational

Y5101 —G5—9D
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institutions, and during 1963 and 1964 some 55 percent of Federal sup-
port for basic research in all fields of science is expected to go to such in-
stitutions. This serves to emphasize the prominent rolé that’ colleges,
universities, and othér institutions of higher learning play in the perform-
ance of basic research. However; it should ‘be emphasized that- only
about 34 percent,-or about $510 million, of these research obligations
were to-ediicational institutions' as such, and that about 21 percent, or
approximately $320 million, is expected to go to chcra.l contract research
centters administered by such institutions,

- Applied research in the biological, medical, and psychologlcal smences
was estimated to receive Federal support totaling about $600 million in
1963, and it was, anticipated that this might be continued at about the
same levelin 1964,  These sums represent a little more than 17 percent of
ant1c1pated Federal expend1tures for apphed research in all ‘fields of
science during these years. Relative to the life sciences, it was estimated:
that the applied research obligations of Federal agencies would amount
to ‘about $70 million for biclogical sciences, $500 million for medical
sciences, and $40 million for psychological sciences in 1963, v

A large proportmn of all research in the b1olog1cal medical, and psy- -

choIog1ca1 sciences is performed by colleges, universities, ‘and research
‘institutes, It is estimated that there are some:650. nonprofit and non-
govérnmcntal'institutions that are engaged in research in these fields.

The major agencies providing Federal support for these activities are the

Department of Health, Education, and Welfare and the N ational Science -
Foundation. .

Federal support for research in all fields of science, both basic and
applied, during the period from 1957 to 1964 increased in an approxi-
mately linear manner from a total of about $3.3.billion to an anticipated
$5.8 billion. This represents an average annual increase of about $310
million, or approxxrnately 7 percent per yéar. When considered in rela-
tion to the increase in the cost of performmg research during this perlod
partmularly that for equipment, scientific instruments, and salaries, this
average annual i increase has not been sufficient to permit much growth
in the total volume of the scientific research effort.-

During the same period, Federal support for both basic and applied
- research in the. biological, medical, and psychological sciences increased -
in similar manner from a total of only $130 million in 1957 to an esti-
mated $1.11 billion for 1964, This represents an average annual increase
of about $120 million, or approximately 30: percent per year, It should
be pointed out, however, that this rate of increase declined to abouit 18
percent from: 1962 to 1963, and is estimated to. decline further to approxl—
matcly 12 percent from.1963 to 1964, :

“In the light of the achievements of ‘both: basic and apphed rcsearch
in the biological and medical sciences; and the wide applications that have



ST T I T TN O JTTT

b Sand

been made of these advances, the proportion of Federal support. for
research in all fields of science, i.e., slightly more than 20 percent, that is
expected to be assigned to these ﬁelds during 1963 and 1964 could hardIy'
'be considered as too large relative to the importance of the human prob-
lems’that nced solution. It is estimated that the entire field of health
involves total expenchtures of about $36 billion per year in the United
States, and employs approximately 4 million persons, or about 5 percent
of the labor force. (Source:. Pr_es1dent 5 Comrnlssion on Heart Disease,
‘Cancer, and Stroke. ) : '
The Federal Government is currently supportlng all categor]cs of
research in the biological, medical, and psychological sciences in an
amount of about $1.06 billion, or about $5.50 per person per year.
When this figure is considered in relation to the average per capita cost
of the field of health including medical care, which now amounts. to
about $187 per person per year, for a total expenditure of about $36
billion, it scems obvious that it may be useful to consider whether Federal
expenditures for the advancement of blolog1ca1 and medlca.l knowledge, :
~ improvement of medical care, and reduction in the incidence and im-
pact of disease are commensurate with the needs, hopes and expectatlons :
_of the pubhc : :

Manpowcr

_ The blomedxcal sciences include a con31derab1e number- of sc1ent1ﬁc
disciplines that require and are best forwarded by persons who have
received extensive professmnal education and training. " In the great
‘maj ]onty of instances, investigators who are concerned with the biomedi-
cal sciences have earned doctoral degrees, cither the Ph. D. or the M.D,,
and in addition have had extensive post-doctoral training with estabhshed
investigators before they are qualified and competent to undertake
research as independent i investigators,

The formal education and professxonal training that are needed for
the development of competent and effective investigators in the several
drscxplmes of the biomedical sciences are so extensive and lengthy that
it is uncommon for them to be completed much before the age of 26 to
28. Usually an mvestlgator requires 3 to 5 or more years of post-doc-
toral research experience to develop the skill and competence to qualify
as a responsrble scientist. In consequence, most contributors'to knowl-
edge in the biomedical sciences do not enter upon mdependent research
activities until they are 29 to 33 years of age. :

In most other major fields of scientific endeavor, the time, eﬂ'ort and
cost of formal education and- post-doctoral training “are less than for
skilled and competent investigators in the biomedical sciences. This is
"due inlarge part to the diversity and complexity of bxology and medi-

cine, the innumerable 1nterrelatlons between the tissues and organs that
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make up intact living organisms, mcludmg man, and the many variables
that affect the results of studies with biological materials, including living -
cells. However, the amount of Federal support avaﬂable for the pre-
doctoral educatton of professional investigators in the medical disciplines
that are required in much biomedical research is not large, and the
amount that is provided for the development of smennsts is heavﬂy
weighted toward those in Ph. D. programs.

Among Federal agencies, the National Institutes of Health is the
largest single supporter of education and training for the biomedical
sciences; obligations for 1964 are estimated to amount to about $189
million. The National Science Foundation provided approxzmately $3
million for the support of fellowships in the biological sciences in 1963.
In addition, there are several loan funds, such as those provided under
the Health Professions Educational Assistance Act of 1963 that prov1dc
needed aid to students of medmme and others.

In most institutions that are extensively engaged in work in the bio-
medical sciences, the professional staff concerned tends to be made up
of about equal numbers of Ph. D.’s and M.D.’s. Such a ratio is com-

monly found in the departments of universities, mcdical schools, or re-

search institutions that are largely concerned with biomedical research.
This serves to emphasize the importance of efforts to correct the imbal-
ance that presently exists in the amount of support provided by the Fed-
eral Government for the education and training of those in M.D. pro-
grams who aspire to and are capable of undertaking careers in biomedical -
research., The competent and effective professional scientist, regard-
less of the discipline in which he was trained or the ficld of science in
which he works, represents a national resource of great value. Support
for his cducatmn and development should not be wholly or even la.rgely'
dependent on the uncertainties of personal or family resources. This is
now commonly the situation for those who choose the route of the M D.
program to a career in biomedical research.

Tn 1964 the 87 medical schools in the United States awa.rded M D.
degrees to some 7,700 students and also sponsored approximately 400
students who received graduate training in medical school, departments
and were awarded Ph. D. degrees. In addition, it is estimated that, on
the average, the med;ca.l schools prowdcd research opportunities and
spcc1a1 scientific training for only about 5 percent of medical students
in M.D. programs.  These two groups of students. in either Ph. D. or
M.D. programs represent only about 10 percent of the students asso-
ciated with medical schools, but constitute a large and important
fraction of the total number of investigators who ultimately carry on
‘biomedical research.

It should be emphamzed that chmcal investigation, the study of dlS-
ease as 1t occurs in man, requires spemally trained physicians who con-
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stitute a considerable proportion of the investigators in the field of the.

medical sciences. In general the most competent and effective clinical
investigators need extended experience in laboratory. research in addi-

tion to their clinical training. Such persons must devote much more.
time and effort, preferably on a full-time basis, to the development of

their professional competence than is required of other physicians. De-
spite their essential role in biomedical research, they are presently con-
fronted with the need to find for themselves most of the funds required

for the bulk of their years of medical education and post—doctora.l clinical
training,. With relatively few exceptions, Federal support is provided

only for training in research.

Numerous studies of the national needs for professionally trained scien-

tists have emphasized the importance of attracting more young people
of high intelligence and promise to both Ph. D. and M.D. educational

programs. One of the most effective means of increasing the number.

of adequately trained and effective investigators would be additional Fed-
eral support for doctoral education and post-doctoral training. If the
national effort in the biomedical sciences is to achieve its full potential,
not only are more full-cost predoctoral and post-doctoral fellowships
needed, especially for the M.D. and post-M.D. programs that lead di-
rectly to biomedical research, but also considerably more support is
required for teaching and teachers as well as for the facilities that are
essential for advanced education in the medical sciences.

A number of medical schools have already established special pro-
grams for selected medical students, which have as their objective the
training of biomedical mvcshgators ‘These developing programs should
be fostered and extended to increase the supply of competent physicians
qualified to undertake research in this fild. Clearly the problem of
selection of those students in medical schools who would merit fellow-
ship support from the Federal Government for this purpose will require
careful study. It seems probable, however, that, as in the case of pre-
doctoral fellowships for graduate students in Ph. D. programs, such
selections can be made sa.txsfactorﬂy by the faculty who are responsible
for the special training programs in appropriate medical schools.

' Faciities __

T’hcre. aré problems as to the adcquécy of facilities for biomedical re-

search and in the fiscal affairs of many. institutions that perform a large
proportion of the biomedical research in the United States. The prob-
lems of staff, space, and support are intimately interrelated, and insuf-
ficiency in any one of these three resources affects the other two.

- In general, the facilities that are available for biomedical research in
colleges, universities, and research institutes that are in part privately sup-
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ported are not ‘as up-to-date or extensxve as those that are available in

institutions'operated by the Federal Government or by industry.. Federal'
support for the construction of new facilities or for the modernization of:
existing facilities is.small relative to the need and in campanson ‘with

direct research support. In the case of most colleges and universities; such
sipport is difficult to obtain because of the common requ1rcment that
matchmg funds for construction be provided by the: institution. *This

situation is especially difficult in the university-operated medical schools X
which are seriously deficient in up-to-date reséarch facilities, This deﬁ-’_
ciency is widely recognized and accounts for the numerous “efforts pres-

ently being made to obtain large private support for construction of new: '

research facilities and improvement of existing ones. ‘Not a few such
mstltutlons have considerably less than half the amount of laboratory

space per person engaged in research that is generally accepted as optimal’
or efficient. - Moreover, the research facilities that are available in institu-
tions of comparablc quahty are frequcntly not comparable in quantity
_ or effectiveness, and this imbalance appears to depend to a° conmderabie" '

extent upon the amount of private support that can be obtaitied.

Among the more important research facilities are the spec1ahzcd L
braries in which the records of past and present mqulrlcs are, available’
to investigators. Libraries maintain the organization of scientific and
medical knowledge and insure ready access to that knowledge. < As a

raeans of effective research, the value of scwntlﬁc libraries is at least as
great as are laboratory fac1ht1es instruments, and equipment. Yet

. library costs are not considered as appropriate direct expenses of research.
under Federal support and usually can be defrayed only in small part
through ‘overhead” provisions. The Department of Health; Educa-
tion, ‘and Welfare obhgatlons for scientific and technical information’

_act1v1tles for 1964 are estlmated to amount to about $36 million, or
approxlmatcly 3.6 percent of its total cbligations. Howcvcr less tha.n'

$1 million is to go to the support of medical libraries.

It is estimated that there are some 990 specialized health-related 11—'
braries associated with universities, medical schools, and research 1nst1tu-__
tions in the United States. Because of inadequate funds, the majority of

these libraries are not in a position to satisfy the needs of investigators who
require their facilities, This reduces the effectiveness of the nation’s bio-
medical research program. Problems of adequate library support are
aggravated by the restrictions on “overhead” that presently apply: to

grants provided by Federal agencies. As an indication of the importance

that many mvestlgators assign to this common problem, the several medi-:

cal schools and major research: institutes in New York City have joined’
together and recently. established .a medical library center designed ‘to-
solve the mounting problem of library facilities, a' problem that none
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of the participating institutions could readily solve by itself. It seems
doubtful that such a solution can be widely applied, especially in sma.Iler
communities.

In view of the large needs of the public, the great advances that have
.already been accomplished, the certainty that still more valuable infor-
‘mation and understanding can be acquired, and the enormous burden of
- disease, it appears evident that Federal support of research in the bio-

medical sciences should be continued and increased in amount. There
are many .competent scientists who think that the recent revolution in
- biology, which was initiated through basic research in genetics and has
been advanced by research in the fields of virology and cell biology, has
opened a new era in the biomedical sciences. There are good reasons to
expect that this advancement in knowledge will have striking and prompt
effects on solutions to the many human problems that result from il
health and disease. . '

In conclusion, it appears obvious that there are now tremendous op-

portunities for- useful and widely applicable advances in the biomedical

sciences, cspecially since the traditional separation between the physical

and the life sciences is rapidly disappearing and science is coming to be

recognized as a unifying whole. The immediate and the ultimate

objectives of the biomedical sciences that are chiefly practical and hu-

manitarian seem clearly to be within nearer reach than at any time in
the past.  Although it would be both presumptuous and irresponsible to
attempt any predictions of things to come, it would not be in accord with
the evidence to hold any other than an optimistic view of the probable
future advances in this broad field. When or how effectively the major
health problems of human beings may be solved no one can say, but it
is certain that if a large effort is not made solutions will not appear. The
practical problems of mental illnesses, cardiovascular diseases, cancers,
viral diseases, congenital abnormalities, and numerous other ailments are
old enigmas which, despite their antiquity, already show signs of yielding
to penetrating scientific inquiry. To continue such inquiry shou!ld be con-
sidered an important obligation, both for those who are qualified and
competent to carry them forward and for those who provide support for
science. Already there are clear signs of a shortage of trained manpower
for work in the biomedical sciences, and substantial public support for the
education and training of a considerably increased number of investiga-
tors seems essential. The major advances that have been made in the last
20 years have been heavily dependent upon high-level public support for
science; the need for such support will continue and grow until solutions
are found for the remaining problems of human health. '






FEDERAL SUPPORT OF BASIC RESEARCH:
'SOME ECONOMIC iSSUES

by HARRY G. JOHNSON
University of Chicago

Summary

* Thére is no necessa.ry connection between leadershxp in bas1c science
and Jeadership in the applications of science, because scientific progress.
is a cooperative endeavor and not a competitive game; indeed, there may
be a conflict between basic research and applied science. The notion of
“a position of leadership” in science raises questions of what leadership
consists in and what its value is to the Nation. The two main arguments
for government support of science are cultural-social, and economic. ' The
cultural-social argument stresses scientific activity as a form of social con-
sumption of wealth and raises the question of whether other uses of the
resources cmploycd would contribute miore to the greatness of the society.
The economic argument stresses basic scientific research as a form of in- .
vestment for the future, and raises the questions of what the rate of
return on such investment is and whether and to what extent government
support is called for. Relevant economic research results bearing on this
problem are scarce. Economic theory suggests that competition in the
market will supply less than the optimal amount of basic research; but
our society substantially supplements the market through private con-
tributions to and government support. of science, and thc question is
whether this supplementation is deficient or excessive.  Here difficult
problems arise, on which more economic research is needed; one of these
concerns the relative merits of government and private support of science,
The rule-of-thumb procedures generally recommended for determining
the volume and allocation of Government support to basic scientific re-
search. generally ignore these problems, and amount to endorsing the
present level of Government support or rccommcndmg that it be in-
creased. ~ Allocation of Federal support of science should take account of
the possibility of stimulating the economic devclopment of poor regions
of the country by locating scientific research facxl:hcs in them..

. (127
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Introduction

"The questions put by the House' Committee on Science and Astro-
nautics to the ad hoc committee relate to the level of Federal support
of basic research necessary to maintain U.S. leadership, and the allocation
of that support among the various fields of scientific endeavor. These are
questions of the allocation of scarce human and material resources among
alternative uses, falling squarely within the scientific specialty of the econ-
omist, and it might be expected that an economist could provide definite
quantitative answers to them. Unfortunately, the issues involved are so
complex, and serious investigations of them by economists of such recent
origin, that an attempt to provide quantitative answers at this stage would -
represent no more than an exercjse of personal judgment. This paper
makes no such attempt. Instead; it ‘seeks to discuss certain questions of a -
kind that naturally occur to an economist confronted by the fundamental
probIems set by the. House comm1ttee. o

In discussing these questions, it is assumed. that a meamngful dis-
tinction—albeit an imprecise one-—can be drawn between “basic” and

“applied” research. Basic research i is conceived of here. as research de- -
voted to the acquisition of knowledge for its own sake, as distinct from
research devoted to the elaboration and apphcauon of knowledge in the
solution. of practical problems or for the attainment of tangible results.
Conccptually, basic research is-concerned with addmg to the stock of
knowledge, and apphed research with. turning the stock of knowledge
to pracuca.l use. The dlstmgulshmg charactenstles of basic research, and
the. main source of dlfﬁculty in formulatmg pubhc policy with respect to
it, is the extreme uncertamty of both the contribution to knowledge that
w1ll result from a. particular line of rescarch, and the ultimate practlca.l
usefulness of that contnbutxon. e

Is Leadcrsh1p in Basxc Research Essent:al to Leadershxp in. the
R Apphcatlons of Science?.. : :

It is a trujsm that the results of basm research must be available before
they can be applied, so. that basic research must come ‘temporally before
(and frequently has come ‘long before) the practical application of its
results, This does not, however, imply cither that national leadership
in apphcatlons of science requlres leadership in basic scientific research;
or. that national leadership in basic scientific research will necessanly
guarantee Ieaderslup in the advaneement of technology orin the various.
applications of science and technology.

Givén the mtematlonal ‘character of scxence, Whlcl’l ‘makes smenuﬁe
discoveries in one country available t6'scientists in all, and the fact that
the value of a scientific discovery may not be apparent for a long time and
is frequently contingent on other discoveries of an unpredictable nature,




there is no reason to assume that leadership in basic scientific research and
leadership in technology and applications of science are necessarily con-
.nected. A nation could achieve leadership in ~applications by drawing
* on knowledge provided by the basic research. conducted by the scientists
of other countries, confining its own participation in basic. science to the
minimum required to keep in touch with developments elsewhere and
;“ﬁil in the holes” where necessary. Converse]y, a position of leadershlp
in basic research might benefita nation almost exclusively in terms of the
mtanglble prestige of scientific accomphshment the concrete. beneﬁts
of the application of scientific findings being. reaped mainly by. other
_ nations. In that case, the expendrture of public money on the support
of. ba51c scientific research would serve mamly to save .other countries
the cost of basic research and énable them to concentrate on development
and, appircatron and. the “Ieadershrp S0, obtamed mlght be largely
_ Ieadershlp in the eyes.of a relauvely small -group of scientists in other
countries, plus those members of the general public who are interested in
scientific achievement in the same sort of way as others are interested in
' mtematlonal sporting competitions. . .
To put the same point another way, Ieadershlp in basic science is
' fundamentally different from other kinds of leadership. Scientific prog—=
ress is not a conflict (like a game or a war) that a nation can. win_or
lose. Itisa cooperatrva endeavor in which the exertions of each benefit
the rest, and in which lcadershlp is ‘'measured by contribution to the
general advance. Thus th¢ nation that spends a comparatively largc
_ amount of public funds (relative to other countries) on establishing scien-
tific leadership is spending its money to a significant extent for the bene-
fit of other countries. This raises the obvious question of how far it is
worthwhile to tax the citizens of one country in‘order to establish a p051-
tion of leadership in an actwrty the beneﬁts of whlch accrue’ to an im-
portant extent to other countiies. '
" The cooperative nature of scientific progress, together with the increas-
ing international moblhty of scientists, also imposes limits on the extent
to which a nation can establish leadership in basic science, and suggests
that it would be courting disappointment to define the objective of
scientific leadership in across-the-board terms, as some are inclined to do.
It is inevitable that scientists of other countries will assume leadership in
certain branches of science, and also that U.S. support of ‘scientific ree
search and training w111 have side-effects in strengthemng other coun-
triés’ scientific progress. Further, uUs. adoption of the objective of main-
tarnmg scientific leadership through govcrnmental support of basic
science is bound to provokc—and has already provoked——-emulatlon by
_other countries desuous of establrslung thelr own clauns to warld Ieader-
ship.”
. The prccedmg paragraphs have argued that therc isno neccssary con-
nection between Ieadersh.lp in basic science and leadershrp in technology‘



and the applications of science. It is even possible that there is some
conflict between them. This possibility is suggested by the broad his-
torical generalization that, at least until modern times, human societies
- have been distinguished by superior attainment either in pure science or
in technology, but not in both together (). Even now it is frequently
argued (for example, in recent discussions of British science policy} that
concentration on basic research detracts from technological progress and
the development of applications, by depriving applied science of the
prestige necessary to attract able and ambitious minds. Others have
argued the contrary, that concentration on applied research diverts man-
power from basic research to the detriment of the latter in the short run
and the former in the long run, This argument is forcefully developed
in Professor Fritz Machlup’s Production and Distribution of Knowledge
in the United States (2), though it is questionable how far Professor
Machlup’s identification of basic research with university teaching and
the pro’dur':tio'n of graduatc students'is a valid approximation. '

What Is Meant by “A Posmon of Leadershlp” in Science?

. In view of the looseness of the connection between leadership in basm
scientific research and leadership in technology. and apphcatmns of sci-
ence just discussed, it is necessary to define clearly what is meant by “a
position of leadership” before it becomes possible to dlscuss Federal sup-
port of basic research as a means of achieving it.

In the writer’s personal judgment, it would seem that in the past
American leadership has rested pruna.nly on two elements: the capacity
to put science and technology to work in the service of raising the stand-
ard of living of the. Iasscs, and the capacity to mobilize science and
technology on a massive scale in the development of superior armament.
Both entail the capacity to produce to demand, and both reflect the
wealth and efﬁcxcncy of the U.S. economy. It has been the capacity to

- pay for and organize scientific and technical progress, in other words,
that has established the leadership, rather than the scientific leader-
ship that has established the capacity to perform the projects. The
glory of the achievements reflects back on the scientists enlisted in them,
of course, and on science in general; and it is natural enough for scien-
tists to seek to claim the credit for the achievements, as a means of raising
their status in the society and the amount of support they can claim,
both from the Government and from private sources. The question, |
~however, is whether scientific leadcxshlp would count for much if it
were not allied with the econemic and political power of the United

“States in the world, and what the United States acquires by expenditure
on “scientific Jeadership” as such, It is-true. that the prestige of U.8.

.pure sc1cnce has been growing ra.pldly-—-as measurcd for example by
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Nobel prizes won and memberships in foreign scientific societies con-
ferred—Dbut one suspects that the prestige gained thereby is limited to.
a small and select audience—scientists themselves, and those members
of the public who make a hobby of following scientific developments—.
and that the Jargest part of the audience is resident in the United States,
so that most of the accomplishment of leadership is self-congratulation.
It is often. argued by scientists, nevertheless, that scientific leadership of
this kind is of great importance in fostering international good will and.
cooperation through the personal contacts of top-level scientists of. the
various nations. This argument, however, when used in recommenda-
tion of Government support of basic science, raises the question of the
value of this kind of good will in relation to the cost of the support of
science necessary to gencrate the requisite number of top-level scientists.
‘To the extent that the position of leadcrshrp of the United States has
been a reflection of its wealth and economic dynanusm, there would seem
to be no special argument for Government support of basic scientific re-.
search; rather there would be an argument for the pursuit of govern-
mental policies designed to foster the growth of the American economy,
the maintenance of a superior economic performance being sufficient, in:
this case, to maintain the U.S. position of leadership. . To provide. a
case for Governmental support of basic research, and some standard for
assessing how extensively such support should be provided, it is necessary
to adduce some cogent reason why expenditure on basic scientific re-
search produces a net benefit for the Nation that would not be enjoyed
unless the Government assumed responsibility for such expenditures.
Such a reason is necessary, because a frec-enterprise economy normally
trusts the processes of competition in the market to produce what is
socially beneficial: .
One alleged reason has alrcady been mcntloncd—thc contnbutlon,
of contacts between top-level scientists to international amity and under-
standing; in the writer’s opinion this is scarcely a cogent reason for
governmental support of basic scientific research on any substantial scale.
Two other reasons commonly advanced in current discussions are worth
more serious c_onsideraﬁon: one is cultural and social, the other economic. .

The “Sclentlﬁc Culture”

Much has been made in some quarters, %pecxally among scientists, of
the proposition that contemporary soc1ety is evolving a “scientific cul-
ture,” in which the United States is the pioneer and the model for others
to-emulate. According to this view, it is the obligation or the privilege
of the United States to support basic scientific research as a means of
exercising leadership in the progress to a higher form of civilization.



132 BASIC RESEARCH' AND NATIONAL GOALS

" The conccpt of ‘scientific culture” raises a number of questlons amongi
which'the most fundamental is the question whether basic scientific re-
search is—in the economist’s terms—to be regarded pnmanly asa con—--’
sumptlon or an investment activity. '

" Every socicty devotes a portion of its current output to activities that
increase its future capacity to produce (investment}; but the bulk of its
current output goes to supporting itself (consumptlon) Depending on
its capacity to produce a surplus above the minimum needs of subsmtence,f
it can devote more or less of the income not used for investment to activi--
ties that have no economic functmn—Sport and recreation, leisure, niedi-
tation and-scholarship, religious activities~—or to the support of institu-
tions'and individuals specialized in the’ performance of those’ activities—-
in Thorstein Veblen’s terrnmology, theleisure class (3). ’

'Much of the contemporary “scientific culture” argument for Govern-
ment support of basic ‘scientific research is suchas to put it—intention--
ally or not—in the class of economically functionless activity.” Theargu-
mient that individuals with a talént for sich research should be supported
by society, for example; differs little from arguments formerly advanced
in support of the rights of the owners of landed property to a leisured
existence, and is accompanied by a similar-assumption of superior social
worth of the privileged individuals over common men. Again, insistence’ |
on the obligation of society to support the pursuit of scientific knowledge
for its own sake differs little from the. historically earlier i 1n51stence on the
obligation of society to support the pursuit of religious truth, an obligation
recompensed by a similarly unspecified and problematical payoﬂ" in the
distant future (4). At the more popular level, the interest in scientific”
accomplishment represents .a leisure-time activity, more elevated tham
followmg professional sport and less culturally demanding than the ap-'
preciation of artistic endeavor and hence pecuharly appropnate in thc
affluent mass society. '

*These‘comments are dll"CCth at! clanfymg the nature of the ¢ selennﬁc ’
culture argurnent "They do not necessan]y 1rany that if basic sc1ent1ﬁc
by Government funds, or should be supported only to the extent that it
promises to be instrumental in the achievement of nonscientific objec- -
tives in such arcas as defense, .public: health, and so forth. Clearly, if
the public is convinced that a scientific culture is desirable, it is perfectly
appropriate for-the taxpayers’. money to be.used to support scientists and
scientific rescarch. - But to.the extent that scientific: activity-is of the:
character:of a consumption good (in the broad sense outliried above) its.
claims for public support need to be weighed against other: pressmg claims:
on the social surplus, such as the relief of poverty, the mitigation of social
* problems, the needs of the less-developed countries, or the claims of the
average taxpayer to enjoy the personal disposition of the income he earns.
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And 'the weighing obviously cannot be entrusted to scientists, or to any
other beneficiary group: it must be the responsibilit’y of Congress.. -
~“Insofar as cultural leadership -in the world is concerned, there are
several obvious areas—such as race relations, poverty, public health, and
social security—where the expenditure of public money might well do
more to establish America’s image as the emerging society of the future
‘than ‘would equal expenditures: on the support ‘of science. Moreover,
in'a'number of these. areas-there:is no-reason-to believe that effective
-action requires a major- preliminziry program of basic scientific research:
.moriey applied with' existing knowledge  would suffice, because it is the
nature of our political and social attitudes and institutions, not the back-
wardness of our social scientific knowledge, that:is. primarily responsible
for the problems.  With respect to poverty, for éxample, a major:obstacle
to more effective policies is not lack of. knowledge of what causes poverty,
but the belief that poverty is the poor. person ’s own. fault and that gwmg
hr.m money wﬂl sap lus 1n1t1at1ve GE e e s T o e

' ,Ba;sic 'Seiencé aﬁ’cl"iEoonomic Growth

A great deal of stress'is la:ld in current arguments for Federal support
of basic scientific research, on the importance of scientific progress to the
Improvement of productrvrty and the standard of hvmg Sirice the find-
ings of economists on this questlon, such as they are, are easily sub]ect to
misinterpretation, it seems useful to provide a brief outliie of their naturc
before tummg to the economic argument for Govermncnt support of
basic science (5). .

_ Broadly speaking, economists c0ncerncd with economic growth con-
ceive of the total output of the econiomy as being the resultant of various
inputs of productive services into the production process, and seek to
explam the measured growth of output by reference to changés in the
quantities of inputs over time.. The term “measured growth of output
embodies a limitation important in the present connection, since the
miethods of measurement of output largely fail to catch 1mprovements in
the quality of the goods and services produced and such improvements -
are an important part of the contribution of progress in knowledge to
human welfare. ‘The procedure involves specifying both the inputs and
the value of their contribution to output;, any residual growth of output
not explained by changes in input quant1t1es is a measure of the contri-
bution ‘of factors not taken into account in the formulation of the rela-
tionships assumed to determine output. In the early stages of this type of
rescarch there was an unfortunate tendeney to describe the residual as
the increase in productlvrty of the inputs, and to, 1dent1fy it pos1t1vely as
thc contnbutlon of thc advanco of knowledge to 1ncreases 1 ' .output——




particularly unfortunate as the early studies worked with very simple
models of the production process and an extremely crude measure of
labor input in terms of labor-hours without reference to skill, and for
this reason among others produced residuals that were extremely high
in relation to the total growth of input. Subsequently, the residual has
come to be regarded as simply “a measure of our ignorance” and to be
described as “the residual”. rather than as “increase in productivity.”
:Correspondingly, research on economic growth has aimed at improving
the model of production and the specification and measurement of the
inputs so as to increase the pr0port10n of mcasured growth: cxplamed and
reduce the residual.

The most comprchenswe study of thls kmd is Edward F. Demson ]
The Sources of Economic Growth in the United States and the Alterna-
tives Before Us (6), which attempts in particular to estimate the effects
of changes in the quality of labor inputs associated with increased educa-
tion and other changes, and to apportion the residual increase in output
per unit of input among various contiibuting factors. Since it is the
most comprehensive, it arrives at one, of the lowest figures for the residual

that economists have produced. Denison’s ﬁgures ascribe approximately '

20 percent of the growth of real national income from 1909 to 1929,
and apprommately 32 percent of the growth from 1929-57, to the in-
crease in output per unit of input. . For the latter period, somewhat over
half of the increase in output per unit of input (just under 30 percent of
measured growth ) is ascribed to Denison’s residual category labeled “Ad-
-vance of Knowledge.” This label is, of course, misleading, since the
category is a residual that incorporates both any errors in the estimates of
the influence on the growth of real income of changes in the factors ex-
plicity taken into account in Denison’s arialysis and the influence of all
. the factors not so taken into account. It is not a direct estimate of the
contribution of “advance of knowledgc, in any concrete sense of thc
phrase, to measured economic growth. Moreover, as prewously mcn-‘
tioned, the measured growth of output fails to catch improvements in '
the quality of output, to which advances in knowledge make an important
~ contribution. Nevertheless, i 1mprec1se in meaning and unreliable in mag-
nitude as it is, the residual figure is the most careful estimate available
of the portion of past growth that m1ght be a.tmbutable to the growth of
knowledge.

- The growth of knowledgc in question is the growth of all knowledgc
relevant to efficient production, managerial and orgamzatlonal as well as
technological and scientific. Denison further estimates that about one-
fifth of the contribution of “advance of knowledge” to growth in the
period 1929-57 can be attributed to organized research and develop-
ment; and he calculates that the social rate of return on organized re-
search and developmcnt is about the samc as on investment in nonresi-
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déntial capital. This in turn implies that the contribution of increased
expenditure on research and development to measured economic growth
would be small, and, more important, that there is no social benefit to be
obtained from governmental measures to increase research and develop-
ment activity. Denison’s calculations are, however, no more than edu-
cated guesses; they do not include improvements in product guality, to
which much of research and development is directed; the calculated rate
of return on research and development could be much higher if research
and development yleIded its contribution only with a substantial lag (7);
and there are reasons, elaborated: below, for believing that resources are
not allocated to research and development as efficiently as they could be.
Though the importance of the advance of knowledge to improved liv-
mg standards is difficult to quantify, and the magnitude of the contribu-
tion of basic scientific research to the advance of productmty still more -
~ -obscure, and though both may easily be exaggerated in carelessly formu-
lated ‘argument, there is no disputing that basic research has played a
significant part in the growth of the U.S, economy. This fact by itself,
however, does not constitute a case for Government support of basic
scientific research, though scientists frequently write as if it did; the argu-
-ment that it does is equivalent to arguing that, because part of the growth
.of output is attributable to population growth, the Government should
subsidize births and immigration. In order to establish a case for Gov-
emment support, it must be shown that basic research yields a social
‘return over its cost that exceeds the return on alternative types of invest-
-ment of resources. Alternatively, it must be shown that the amount of
basic research that would be carried on in the absence of Government
support would be less than what would be economically optimal. It is,
incidentally, important to recognize that even without Government sup-
port some basic research would be carried on, as in the past—and prob-
ably on a much larger scale than in the past, owing both to the growth
of interest in science and to the growth of wealth and the capacity to -
_support scientific research through the universities and through privately
‘supported research organizations. It is also important to recognize that
Government cannot create additional resources for the economy, with
which to support basic research; it can only take resources away from
private individuals, who might prefer to use them for some other purpose,
but would probably contribute some of them to the support of science if
science is deemed socially beneficial. Government support means the
difference between more and less, not between all or nothing at all. _
From the point of view of economic analysis, research is conccivcd
of as one form of investment of resources, the investment involving the
‘use of human and material resources to acquire knowledge and the return
resulting from the application of that knowledge to increase human wel-
.fare in one way or another. Normally a free-enterpnsc economy depends
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on the exercise of private decisions operating in the marketplace to decide
on-the total investment of all kinds and its allocation among alternative
forms-of investment. The market will arrive at a socially efficient allo-
cation of resources provided that the risks undertaken by and the prospec-
tive returns open to the private decision-taker coincide with the risks and
returns to society as a whole. These conditions are not fulfilled for pri-
wvate investment in research, and. particularly for private investment in

‘basic scientific tesearch. The risk to the private investor in the créeation

of scientific:and technological knowledge is greater than the risk to society,
because the knowledge' that results from the research may be useful to
someone else but not useful for him, and the return to the private investor
is likely to be less than:the return to society as a whole, becauise the bene-
fits to society cannot be fully appropriated by charging for the use of
the knowledge. 'These divergences of private and social risks and bene-
fits'are by definition greater for basic scientific research than for applied
scientific research; they are also:smaller for the large diversified research
organization or industrial corporation: than for the small: spec1allzcd re-
‘'search organization or company, . . o

-In consequence, there is good theoretmal reason for expecting that, left
to itself, the market. would not only tend to allocate too few.resources to
research in general, but would also tend to bias'the allocation against
basic scientific research as'contrasted with applied scientific research, and
‘toward research in scientific areas related to the technology of industries

dominated by large multiproduct corporations.. This expectation seems

‘to ‘be substantially confirmed by the facts, especially those on the indus-
trial distribution of research and development expenditure. . A further
relevant point is that, insofar as'private appropriation of the benefits of
suécessful research requires conceahng the new knowledge from other
potential users, the soc1al ga.m from research is reduced correspond-
ingly (8).

©" These defects of the market mechamsm w1th respect to thc allocatlon
“of ‘resources toward and among investments in' rescarch Imply that the
market needs to be supplemented, and perhaps with respect to basic
scientific research, entirely replaced by social provision and allocation of
resources for the support of: scientific research. - Our: society does not,
. however, in fact depend exclusively on the market mechanism for de-
cision on the amount and allocation of resources to be invested in.  In-
stead, large amounts of money are channeled into basic research through
the universitics, through local and:State governments, through private

“contributions, and through the Federal budget. The question then be-

comes, not whether the market system-necds supplementation;” but
whether the dcgree of supplcmentatmn provided through existing non-

market channels is adequate, too large, or too small, in relation to the

economically optimum, and whether the resulting allocation of resources
~among rival fields of scientific inquiry is reasonably efficient. . .
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- To provxde sat:sfactory answers to these questions, and therefore some’

firmer basis for' answering the House committee’s questions, would re-

quire calculations of an extremely difficult sort, probably impossible to’
effect with any reliable degree of accuracy—calculations that have so-

far not been attempted on any substantial scale (9). The difficulties
are suggested by some of the questions that need to be asked: What have
been the social rates of return on past investments in basic scientific re-

search, for particular rescarch projects, and on the average? How
likely are particular proposed lines of research to produce new contribu~*

tions to knowledge, and how valuable to society are these contributions

likely to be in relation to. their cost? (The assessment of the returns on-
spec1ﬁc projects requires an estimate of the likelihood of success, aswell'

as of the value of success and the prospectwe cost:) + How likely is it that

if-a particular project is not undertaken in the United States it will be

undertaken somewhere else, and what net loss, if any, would there be to
the United States from relying on scientists to carry it out? '

"These and similar questions relate primarily to the allocation of re-
sources among research fields. © With respect to the total allocation of

resources to basic scientific research, questions of a different nature arise..
One_concerns the extent to which mcreased allocations of scientific per--
sonnel and supporting resources to basic scientific research would reduce’

the quality of the average research product; in other words how rapldly‘
do returns to research diminish?

The second concerns the relative extent to which increased expendi--

tures on scientific research is reflected on the one hand in increased re-
search effort and on the other hand in higher money costs; in other words,

how far does increased expenditure on scientific rcsearch increase the
quantity of research results produced, and how far does it merely bid up
the salaries and raise thé operating expenses of research personnel?
Economists who have considered these questions (such as Machlup and

Denison) seem to believe that the returns from increased expenditure on
scientific rescarch diminish fairly sharply for both reasons; more concretc\

evidence on these economic questions would be extremely useful
A final question, of considerable relevance to policy-making, concerns

the extent to which Government support and private support of basic.

scientific research are substitutes for one another, in the sense that larger-
scale Government support for science tends to reduce the private support
forthcoming, and conversely a reduction in Government support would
elicit larger-scale private support. Itis quite conceivable that the interest
of the public (including business firms) in science, and its faith in the
ultimate usefulness of contributions to scientific knowledge, together with:
the competition for excellence among the universities, would furnish the:

‘resources required (or a large part of them) on the alternative basis of:

private donations and fees. (Raising the funds: for, basic. rescarch in




this way. would, of course, involve substantial mstltuuona.l changes. )
Moreover, prwate support of science might have certain advantages over
‘Governmental support, in that it might tend to produce a more flexible.
ad]ustment of support to the changing frontiers of scientific advance.
‘That is, in science as in the production of commodities, a decentralized.
decision-taking process might produce a closer adjustment of supply to
changing needs or opportunities. .- .
The foregoing questions illustrate the klnd of information that is neces- .
sary to judge the adequacy of Federal support of basic scientific research,.
from the economic point of view. In the absence of hard informatior_i
or reasonably reliable estimates, any such assessment has to be an exercise
in informed judgment and inference from scrappy evidence.  In this
connection, Richard Nelson has advanced an argument to the effect that
the United States is probably not spending as much as it proﬁtably could
on basic scientific research (10). Hereasons as follows: -

# % # if hasic research can be considered as a homogeneous commod1ty, hke.
potato chips, and hence the public can be assumed to be indifferent between the
research results produced in government or in industry laboratories; if the marginal
cost of research output is assumed to be no greater in nonprofit laboratories than in
profit-oriented laboratories, and if indusiry laboratories are assumed to operate where

marginal revenue equals marginal cost, then the fact that industry laboratories do

basic research at all is itzelf e.Vldence that we should increase our expenchture on
basic research, 4
" The key to the argument is the assumption discussed earlier, that the
sacial benefit from industry research exceeds the benefit to the firm con-’
ducting it; the assumptions stated imply that the social benefit exceeds
the cost in industry research, and that the same situation is true of non-
profit rescarch. Nelson admits that the factual assumptions are extremely
shaky, particularly with respect to the comparability of the research
output of nonprofit and proﬁt—onented laboratories; and some doubt is
cast on the argument by carrying it to its logical conclusmn, which is that
Government support of basic research should be extended to the point
where no profit-oriented la.boratones havc any incentive to conduct basic
research. : ~

How Much Federal Support Should Be Provided for Basic Scientific
Research, and How Should It Be Allocated among erlds of Sclen-
tific Endeavor? '

The dxscumon of thc preceding section has ﬂlustrated the d1ﬂicu1ty of.
providing any firm guidaiice on these questions by drawing on economic-
analysis. ~ In principle, the “scientific culture” type of argument for Fed-:
eral support of basic scientific: research requires that public opinion, as
expressed through Congress, must decide at what point to strike a.balance
between supporting the scientific culture and using its resources for other
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desirable forms of expenditure. The economic argument, on the other
hand, would require allocating resources among scientific fields so as to
equalize the prospective social rates of return from marginal expenditure
on each field, and fixing the total of resources allocated to basic research
at the level yielding a marginal rate of return on all investment in basic
research comparable to what is earned on other forms of investment, or
lelse equal to the rate of interest at which the community is willing to
'forego the alternative of consuming the requisite resources {17). But
since the information required to perform these exercises is absent, the
principles can serve at best as a way of fonnulatmg decisions on the
‘guestions.
In the absence of any firm knowledge about the relation between the
evel and allocation of Federal support for basic science research and the
agnitude of the social benefits obtained therefrom, there is a strong
emptation to attempt to evade the issue by resorting to rule-of-thumb
rocedures based on the situation of the present or recent past. One
uch is the attempt to establish normative percentages tying expenditure
ion basic research to gross national product or to Government expenditure
n major applied-science projects. ‘The difficulties with this procedure
e, first, that the percentages are usually derived from some base period,
d there is no reason to expect the level in the base pericd to have been

e right level; and second, that there is no reason to expect the:correct

An alternative is to 1gnore the question of bencﬁts and to approach
he question from the science side: This is exemplified by the recommen-
ation that adequate support should be provided for all qualified talent
in the category of “little science” research, while political decision on
riorities should be taken in the light of prospective cost in the category
3 “big science” research, This recommendation essentially amounts
o taking the consumption view of scientific research: In little science,
% pport everyone who demonstrates talent a.ccordmg to- the scientific
andards of: his fellow scientists, and, in blg smcnoe, demde how much
society can afford to spend
As regards little science, the approach Just outlmed evxdently trusts
the scientific community and the process of .educational selection to
roduce a total and an allocation of expenditure not wildly out of line
ith governmental capacity to pay and the rough requirements of ef-
cient distribution of scientific effort (efficient, that is, in scientific but not
necessarily economic terms).  Ultimately, it relies on the self-equilibrat-
ing processes of the intellectual market in ideas and the commercial mar-
et in scientifically trained labor to prevent.serious misallocations. It
should also be noted that the approach depends on'a part1cular assimp-
_tion about the supply of scientific talent: that there is a limited: and
fairly readily identifiable group in the population that is capable of ac-

Tlat:[omshjp to bf: a constant. -




ccPtabIe scientific pcrformance, and a sharp difference in ability between
this group and the rest, This assumption does not make economic sense
in any long-run perspective: One would expect the supply of potentxa,l
_ scientists, like the supply of any other kind of skilled labar, to vary in
response to. the income and career opportunities offered. (Even’ if
sclcutlﬁcally talented pcoplo were a fixed proportion of populanon it
would still-be possible to increase thé number available in the United
States . through immigration.) Consequently, any attempt to fix the
“total level of support on this basis implics.a ]udgment that the present
level of scientific activity (or something near it) is the correct one.  Al-
ternatlvely, if the principle is to offer support to everyone of competencc
who offers himself for a scientific career, the level of scientific activity will
‘be left to be determined by the attractiveness of alternative occupations.

- The Geographical Distribution of Support of Basic Science: =

- - In conclusion, it-seems desirable to draw attention to a facet of policy
-toward basic science that is important but tends to be overlooked by
‘scientists. - This is the implication of the geographical distribition of
.science support for the pattern of growth of the U.S. economy... The
location of scientific research activity in a particular city or region gen-
erally constitutes a focal point for the development of science-intensive
industries in the surrounding area, and this should be taken into account
in deciding on the location of such scientific activity. There is a natural
tendency for scientific activity to agglomerate around established centers
of scientific accomplishment; and this is probably the most efficient way
of conducting scientific research from the point of view of science itself.
From the economic and social point of view, however, and perhaps even
from the longer run scientific point of view, there is a strong case for
encouraging the development of scientific research centers in the more
depressed and lower income sections of the country, as a means of raising
the economic and social level of the population in those sections. - Much
of the poverty problem is associated with geographical concentration of
“high-income industries in certain areas and their absence from others,
‘which makes migration the only feasible route to economic improvement.
“A deliberate policy of locating scientific research in the backward. areas
-of the country to encourage their industrial development could in the .
Jong run provide a socially and economically more attractive attack on the
poverty problem than many of the pohcles now bcmg apphecl or
consxdcred
- This- pomt it should be emphasmcd, is mdcpendcnt of whethcr the
Nation is spending too little or too much.on the support of basic research,
-that is, of whether the beneficial effects described are worth their cost.
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So long as public funds are allocated to the support of basic research, the
-geographical allocation of the funds should take account of the soc1a1
effects of their expenditure.

)

9)

(10)
(11)
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For miore elaborate theoretical analyses of the economics of research, see Rich-
ard R. Nelson, “The Simple Economics of Base Scientific Research” Journal
of Political Economy, vol, LXVII, No. 3 (June 1959), pp. 297-309; Kenneth
J- Arrow, “Economic Welfare and the Allocation of Resources to Invention,”
pp. 609-26 in R. R. Nelson {ed.), op cit.; Dan Usher, “The Welfare Eco-
nomics of Invention,” Economz’ca, N.5. vol. XXXI, No. 123 (August 1964),
pp. 279-87.

An outstanding example.of the type of calculation required is Zvi Griliches’ esti-
mate of the realized social rate of refurn on public and private funds invested .
in hybrid- corn research. {Zvi Griliches, *Research Costs and Social Re-
turns: Hybrid Corn and Related Innovations,” Journal of Political Economy,
LXVI, No. 5 {October 1958}, pp. 419—43.) Griliches estimates “that at
least 700 percent per year was being earned, as of 1955, on the average dollar
invested in hybrid corn research” (p.419). He is, however, careful to point
out that this was a successful research venture, and that the finding does not
mean that any amount of expendxture on research is bound to be worthwhile.
"One of the limitations of economic research in this area is that it has tended
to focus on cases of successful scientific research,

Qp. ¢it., pp. 304-5.

These two standards differ substantlally, and there is an outstanding debate
among economists regarding which is the more appropriate to use in assessing
public investment,







, I.EADERSHIP IN -
_ APPI.IED PHYSICAL SCIENCE

: by ARTHUR Kantrowrirz i '
.AVCO-Everett Research Labomtary

Edward Teller (“The Role of Applied Science”) makes the point
that a prime problem in the maintenance of leadership in science and
technology is leadership in applied physical science. He is certainly cor-
rect in pointing out that deficiencies in applied physical sciences result in .
the wasteful expenditure of huge sums of money. Perhaps a more im-
portant result of the lack of sufficient creative talent in applied physical
science is to be seen in our difficulties in the formulation of imaginative -
defense and space programs. ‘There can be no question of the accuracy
of Dr. Teller’s association of these deficiencies with our educational sys-
tem. As'he has pointed out, most of the supenor Ph. D.’s coming from
‘our universities have a primary interest in basic rather than applied
science. I would hke to chscuss th1s problem and to propose remedial
action. -

Attracting superior students to apphed science demands clear thlbl-
tion of its opportunities for leadership. The opportunities for lea,derslnp
inherent in basic science are most dramatically illustrated by the pro-
found consequences of great discoveries. Similarly, great inventions ex-
hibit"mo'st clearly the opportunities for creative leadership in applied
science. Leadership in science and technology is shared by invention
and discovery, but the academic hlstory of the two functlons Is very
‘different.
~ Even when an nnportant invention is madc on campus, the center of
interest quickly moves to industrial and/or Government laboratories
charged with its exploitation in depth. Thereafter, although the uni-
versity may continue to do (applied ) research in the field, it cannot com-
pete for leadership. On the other hand, the consequences of a discovery
not having immediate practical 1mp11catlons will be elaborated on cam-
puses, where the motivation to achieve practical results is not important.
It is, thus, clear that there will be a vast difference between the stature of
basic science and the stature of applied science at universities, While
there can be little doubt that our universities maintain world leadership
in bamc Scmnce, thcrc is similarly little doubt that leadershlp in apphed
i : (143y -
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sciences is primarily to be found in nonacademic institutions. In such
an environment one cannot expect anything other than the prevalent
attitude that applied science may be all right for those who:cannot meet
the standards st for pure scientists. "This attitude presents an intolerable
obstacle to the achievement of excellent unlvcrsny educatmn in. apphed
science, : '
The centers of progress in apphcd science are not 1ntegrated into our
formal educational process. ‘Therefore, although Ph. D.-level education
in pure science centers around involvement in the great university ad- -
ventures in pure science, this is not possible in applied science. Only
by early experience in a chmate of thinking in which apphed science is
the central interest and not a pale imitation of pure science, can a young
person acquire the enthusiasm essential to great achievement.in applied
science. 'This climate can be found only in our great industrial and
Government laboratories. It is only here that the tradition of the great
inventors is maintained. In order to attract superior students to applied
science, it is essential that during all portions of their higher education
they have intimate contact with industrial and Government laboratories.
For undergraduate and beginning graduate students, this can be accom-
plished by their spending summers and/or other- periods of .time as
apprentices in outside research laboratories, . A critical problem arises
in' connection with thesis research, which.is, of .course, the: most -im~
portant part of Ph. D.-level education. Traditionally, universities have
depended upon Ph. D. students to provide the working force:for.
university research and, thus, there is considerable reluctance to allow
thesis research to be done off campus. However,. this portion .of the
educational process is most- important for people aspiring to applied
research. It is here that value systems are most frequently set and-it is-
in-this period that enthusmsm for the creative aspects of applied research
must be ignited. - ' -

Two p0551b111tlcs for prov1d1ng th1s mspirmg a.tmospherc for studcnts

beginning their research careers present themselves. Either the great

projects in applied science must be moved onto the university. campuses,

50 that students can become an intimate part of them and so that uni-

versity-applied sciénce can enjoy an academic prestige -more appro-
priate to its importance in the nonacademic world or, alternatively,
students must be brought into’ the applied physical science programs
conducted. in Government and industrial laboratories. Attempts at the
first alternative have resulted in friction with the university community,
as could be expected with the introduction of the competitive system of

- values accompanying a great project in applied science. . I believe,
. therefore, that the most likely opportunity available to:us is to set-up

educational adjuncts as part of all' our. great laboratories: of applied
physical science. This type of educational arrangement is common in
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medicine and ‘in other apphed sciences, and involves cooperation bc-
tween. universities and institutions in which the applied responsibility is
paramount (e.g., hospitals). The university continues to be responsible
for maintenance of educational standards and the awarding of degrees. .
Ample precedent has been set for the widespread implementation of
this'plari. - Several industrial and Government laboratories have accom-
modated a few doctoral students engaged in thesis research; to meet our .
" pressing needs, however, this program must be greatly cxpanded “Ex-
cellent industrial and Government laboratories must be authorized and
financed to perform this educational function, This financing for
educational purposes should be proportional to the number of students
in training. It should operate with the freedom of choice of research
area characteristic of grants to universities, maintaining the stipulation,
of course, that the work be restricted to those fields in which the
laboratory has already achieved excellence. This funding should be
arranged to ensure freedom from deep involvement in large-scale pro-
grams that could place. undesirable restrictions on thesis research.
Typically, the thesis topics I have in mind would involve side investiga-
tions perhaps inspired by large-scale programs, or exploratory investiga-
tions that must precede large-scale programs. These theses would:
provide opportunity for especially talented students to relate themselves.
significantly to applied research projects, and thus, could provide a
challenging and stimulating atmosphere for their thesis work. The
thesis work should be conducted in the applied laboratories and under
the supervision of senior people who engaged in major projects. '

The machinery for awarding this type of grant already exists in the
agencies of the Department of Defense that are engaged in supporting
research, and in the National Aeronautics and Space Administration,
the National Institutes of Health, and other Federal agencies, I would
recommend lcgislation enabling these agencies to fund educational
efforts in applied science to be conducted outside the universities with
umverSLty cooperation. :

It is essential, of course, that high standards. of performance be set
for this “external” educatzon First, contracts or grants should be
awarded only to laboratories maintaining world leadership in areas of
applled science and student activities should be restricted to areas of
science in which that leadershlp prevails. Second, the thesis should be
under the immediate supervision of senlor laboratory personnel who
have established reputations for achievement in applied science. ‘Third,

~ the awarding of degrees should remain under the control of the univer-
sity faculties. Thus, examinations to qualify students for thesis work
should be identical with those given to “internal” students, and the
lecture course work in preparation for these examinations preferably
should be presented on university campuses by either university or out-




side personnel. The final examination in defense of the thesis should
be conducted before a committee representing. both the umniversity and
the outside laboratory.

I believe that difficulties in the maintenance of supenor standards in
this “external” education will not be greater than in “internal” educa-
tion. Certainly opportumtles for the education of great numbers of
excellent students in applied science can be created in this way. 1 am
convinced that a plan of this sort is required for the maintenance of.
u.s. lcadershlp in a.pphed physmal sciences.



FEDERAL SUPPORT OF
BASIC RESEARCH

by Caxs Kavson
‘Harvard University

In’ chschargmg its respon31b111t1es for the security and welfa.re of the
Nation; how much should the Federal Government spend on the support
of basm scientific research? How should it divide these expenditures
among the various fields of science? Answers to these questions, on
which the advice of this ad hoe group has been sought, can take various
forms, ranging from a discussion of first principles to a detailed and
‘¢ritical review of present programs with specific recommendations for in-
creases and decreases, deletions, and additions. What is presented hére
is much nearer the first than the second of these extremes, but—I hope—
.with enough suggestions on how the principles could be applied to make
it useful to legislators and administrators charged with responsibilities for
practical decision in these matters.

To bcgm with, we define basic research as scientific effort directed
‘toward an increase of our knowledge and understanding of the world,
within the framework of science. This definition may be difficult to
apply in particular cases, and often goes more to the attitude and purpose
of the research worker than to objectively definable characteristics of the
‘work,” Experiments designed to measure the same characteristics might
in one context be viewed as basic research, in another, as-applied rescarch
or even as part of a development effort. A rough correspondcncc be-
tween purpose and institutional location is also useful as a'guide in this
respect, and basic research can for some purposes be largely, although
not entirely, identified with what is done in universities and certain types
of research centers, many of which are closely identified with universities.
- The National Science Foundation defines basic research as that
type of study “which is directed toward increase of knowledge in science.
It is research in which the primary aim of the investigation is a fuller
knowledge or understanding of the subject under study, rather than ¥ * ¥
with a practical application thereof.” (1) On this definition total
expenditures for basic research have risen from $432 million to $1,488
million in the short period between:1953-54 and 1961-62. . Federal
support has pa.1d for about 55 percent of this total in recent years whlle
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the rest has been financed by private industry (25 pcrcent), colleges
and universities (13 percent), and other nonprofit institutions (7
percent). Over the whole of this period, expenditures on basic rcscarch
have averaged about 9 percent of total expenditures on rescarch and
development as reported by the National Science Foundation, and the
Federal share of support of basic research has been substantially smaller
than the Federal share of support for the whole research and develop-
ment program. :

In terms of performance, the basic research effort has been divided .
among institutions of different types as follows:

TasLe 1.~Distribution of funds for performance of basic ﬂ.rcarch

.Avéfag;c Averagc ¢
proportion proport:on
-1953-56 195962

Prient |- Pereent .

Federal Government. ............. PR FRREUIN SN S & 0 FERPRER £t
INAUSIY. o ey e e ey e e 35 30
Colleges and universities. ......... . ............ I .. 47 47
Ofther nonprofit institutions.............. e U A B

Total...outvnonene . e, IR SO 100 |0 100

Source: National Science Foundation, Reviews: of Da:a on Rmarch an.d Dweln_pment
No. 41, Septembcr 1963,p 5. . . PR R 4

The fundamcntal Justlﬁcatmn for cxpendmg large sums from thc Fed-
eral budget to support basic research is that. these _expend_lturcs.gg_r,e
capital investments in the stock of knowledge which pay off in increased
~outputs of goods and services that our society strongly desires.- However,
the nature of the payoff is such that we can appropriately view these
investments as social capital, to be provided in substantial part through .
the Goveérnment budget, rather than private capital to be provided
through the miechanism of the market and business: institutions,
Broadly, the payoff -of basic research in the aggregate to the whole of
society is clear, as we shall argue in some detail below. Howevcr, the
fruits of any partlcular piece of research are so uncertain in their char-
acter, magnitude, and timing s to make reliance on the market mech-
anism to provide an adequate flow inappropriate. - The market mecha-
nism operates on- the principle that he who pays the costs.:gets the
bencefits, and vice versa, and relies: on an anticipation -of beriefits
‘that. is certain enough to. justify the outlays required to realize them.
‘The benefits of the kind of knowledge that basic research secks are usu-
ally difficult or: 1mpos51ble to keep for a particular firm or individual.
Indeed, the knowledge is often useful as it can be added to the general
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stock of scientific knowledge that is held in common by the community
of those technically proficient in the relevant discipline. Thus a business
firm which paid for 2 parucular piece of basic research work could not,
in géneral, prevent its result from being used by others, Further, the
uncertainty as to just what would result, and when, and as to whether
the useful purpose to which it could be ‘applied would in fact be one that
was relevant to the activities of the firm, would in general make expendi-
ture in support of this work an unattractive investment. Finally, several
of the kinds of payoffs from: basic research relate to outputs that are
already the product of - Government activity, rather than of busmess
;opera.tmg through the market mechanism,

‘We can distinguish at Jeast four different kinds of benefits to the com=
munity that flow from basic research. First, it is a major input to the
advance of apphed science and technology, from which there flows
continuing growth in our Iml.ltaty capability, our health, and our pro-
ductive capacity. This point is obvious and needs little elaboration.
But it is worth reminding ourselves that the relation between input and
output is an elastic one. The rela'uonsh1p of the whole revolution in
m111tary technology, which began in World War II and is still contin-
uing, to advances in basic science of the preceding generation has been
discussed .at length and frequently. In medicine, we can mention the -
practu:al therapeutic fruits of research on vitamins and "hormones
carried on by physicians, biochemists and physiologists. In industry,
We can compare the history of transistors, on the one hand, with that
of neon and fluorescent lighting on the other, In the first case, the
passage from basic research to wide industrial application was unusually
rapid; in the second, more than 50 years passed between the first systcm-
atic scientific examination of the phenomena of electric discharge
tubes and fluorescence, and their practical applications in lighting. An
even longer gap, and a much less predictable set of applications, is
exemplified by the period that lay between Cayley’s development of
matrix algebra, and its use in such diverse fields as aerodynamics and
the analysis of communication networks. :

* Second, there is the intimate relation between the conduct of research
and the prov:smn of higher education in science and technology
Trained scientists, engineers, and doctors are needed in increasing num-
bers to operate the apparatus of society in defense, mdustry, and health,
as well as to continue the stream of unprovements in that apparatus
that we have experienced in the past and expect in the future.. The
training of these specialists is increasingly ‘carried on in close cornection
with the conduct of both basic and applied research. . There is wide
agreement among both the consumers and producers of spe01ahzed
scientific and technical training that an intimate relationship between
. research and teachlng in these areas 1s necessary, and that the bcst cens
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ters for training are those that provxde this connection. This is a re-
quirement for the support of research that would exist even in the
absence of a useful apphcatmn of the knowlcdge that the’ research
produced (2).

Third, experience shows that an applied research and developmmt '
effort, undertaken with the purpose of solving specific pracucal prob-
lems, benefits from a close relation-with basic rescarch. This is true
both in general and in the individual research laboratory. "The whole
body of scientists and engineers in applied research establishments—
whether in defense or industry or medicine, private business or govern-
ment—-do their job of problem-solving more effectively when they are
in contact with scientists undertaking basic research in areas that under-
lie their particular problems, Many industrial laboratories have found
this to be true by experience, and either incorporate basic research
groups or try to achieve the same effect by visiting and consulting ar-
rangements with university scientists. In overall terms, there appear to
be no exceptions to the proposition that nations with strong capabilities
in applied science and technology have strong capability in basic re-
search; though the association does not necessarlly hold in the reverse
direction.

Finally, the corps of scientists working on basic r&sea;rch rcpr&sent an
important reserve of capability in applied research and devclopment that
can be drawn upon when national needs dictate. Our experience in
World War II showed the tremendous reliance placed on so-called
scientists in military research and development. This was true not only
in nuclear weapons, but also in radar, sonar, proximity fuses, and other
critical fields of military research. The talent of the superior scientist
lies to a large extent in his ability to make conceptual inventions and
in nuclear weapons, but also in radar, sonar, proximity fuses, and other
functioning devices. These are prcc1scly the talents required to make
large forward strides in tcchnology in a short time. Indeed, but for the
stimulus to American science created directly and indirectly by the
inflow of refugees from Europe in the 1930’s, it would not have been
possible for us to do all that we did do during the war. If we allowed
basic research to sink to the level represented by what might be paid
for by business and educational institutions out of their own funds, we
would be deprived of much of this reserve. In the future, we could
envision circumstances in which we might wish to draw-on this reserve
* capability for other purposes than military needs; indeed, in the space
field, and to some extent in connection with problems of civilian tech-
nology and assistance to dcvclopmg countries, we can see some examplcs
of this kind already. '

The foregoing classification of the kinds of 'beneﬁts that basic rmea.rch :

can be cxpected to provide makw clearer why this activity qualifies for



support from the Government budget. Of the benefits listed above,
those reIatmg to military capability fall directly within the sphere of
Federal responsibility, and only the Federal Governtnent can and will
pay for them. This applies both to military requirements for applied
research and development, and to the insurance value of the scientific
reserve corps. Those relating to health are increasingly an area of social
concern, in which governmental responsibilities are recognized. = The

- sarne can be said of those relating to higher education. . It can be argued
that beneficiaries of services should pay their full costs in both higher
education and health. However, this is not the direction that pubhc
policy appears to be currently taking. '

Thus only two classes of benefits are potcnnally the basis for support

through the market system: The value of research outputs as inputs
for technical developments of direct value to business firms, and.the
value of basic scientists as stimuli to the better functioning of scientists
and eng'ineers working directly on applied research and development
projects in the same laboratory. (So far as the latter are involved in
defense and related enterprises, this too is a matter of Government
finance.) On the second count, we may say that, by and large, the
market system will work so as to provide for the support of a level of
basic research activity appropriate to that purpose taken in isolation.
On the first, as we have seen already (p. 2 above), there are good
reasons for expecting that business: firms, acting individually, will sys-
tematically underinvest in basic research to a substantial degree. These
reasons—the difficulty of appropriating the benefits of basic research to
any single firm, and the uncertainty in the character, magnitude, and
timing of the payoff in new technology of the fruits of any particular
piece of basic research—are not absolutes; they are rather a matter of
degree. 'The longer the time horizon over which a particular business
can look ahead, the broader the scientific basis of the technology under-
lying its processes and products, the more its activities cover the whole .
range of that technology, the less its position in the markets-in which it
operates is subject to competitive inroads, the more likely it is to invest
in basic research. Thus the relatively few firms that make large invest-
ments in basic science—outside thosefinanced through defense contracts
in any event—are those like Bell Telephone, General Electric, Du Pont,
Standard Oil of New Jersey, and the like. Indeed, to a significant
extent, the competmve positions and prospects of these firms are such
that the question of whether it pays to make these expenditures is not
one which they need face too sharply. But for the generality of ﬁrms,

- the extent to which such cxpend1turc appears wise is limited.

It might be possible that private support for basic research could be

. given through tax-exempt foundations and the like, rather than in busi-

ness motives. However, in recent yeaxs the level of foundatxon support
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for basic research has been small: less than $50 million per year, with
medicine and biology getting almost half the total, and the social sciences
another quarter (3)- Even with a large cut in Federal taxes, it seems
unlikely that the scale of such spending could rise to levels at which 1t_
could displace substantial Federal spending. -Cuts in tax rates would in
general reduce the incentives of wealthy taxpayers to make large gifts to
foundations, - Further, foundation spending is unlikely to have the con-.
tinuity and flexibility required to support programs. that involve both
large expenditures for facilities and large continued operating costs—for
example, the giant installations for high-energy physics. To the extent,
of course, that these anticipations proved incorrect, there would bc an .
argument for a lower level of Federal spending.

Of course, these separate categories of benefits are not independent
products of separate rescarch activities designed to serve each particular
end. - Rather they are joint products of the level and distribution of
activity in basic research as a whole. Thus, while the categories are
analytically helpful in. thinking about the why of the support of basic
research, they do not provide a set of individual measures of necessary
levels of research effort of various types to be added together to amve
at a total.

It is sometimes’ argucd that the point made above on the dxﬂ’lculty of
appropriating the knowledge that basic science produces, and indeed the
great ‘dependence ‘of the usefulness of the knowledge on its being in-

corporated into the common pool of “science,” is applicable as between.

nations just as it is as between business firms. Therefore any individual
hation may not gain by trying to put “‘too much” into the pool, since'it
can draw on the whole pool, not only its own output.” The international
character of the pool is clear. A small nation, with limited resources
both in wealth and trained personnel, might weIl be mindful of this in
planmng its own science policy. For the United States, however, which
is rclatwcly large in terms of both economic and scientific activity, this
possibility is not a very fruitful one.. Our own contribution to the stock
of basic knowledge, especially in the period since World War II, has been
so great that we cannot simply-act as if the total were given independently
of our own actions (¢). Further; this argument. is relevant only to.the
value of basic science.as an input.to applied science and development.
As far as-the other values discussed above go, the extent to which they
can be realized is more or less proportional to the extent to which we our-
selves are carrying on the research activities from which they.flow. Fur-
ther, even though the individual scientist in basic rescarch works in a
relatively small group, the broader intellectual community within which
he lives affects the quality of his own work. - A large country with a great
effort in applied science and technology that tried to rely on borrowing
‘in respect to basic science would find that the quality of its own work
“deteriorated. ' Such facts as are available suggest that the U.S, research
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and development investment in nonmilitary fields is about the same
~ proportion to national income as that of the other major industrial coun- .
tries.. The much larger expenditure on defense rescarch of the United
States makes the total figure for rescarch and development higher in
relation to national income than for the other countries, Only the U.K.
figures show a breakdown that glves basic research separately; their pro-
portion of basic research to total is somewhat higher than that of the
United States: 11 percent versus S percent (5). These figures suggest,
but certainly do not show, that we are neither heavy borrowcrs not
.heavy lenders in the international scientific balance,

The argument so far has been couched ent1re]y in instrumental terms,
The value of basic research has bheen assessed in terms of other goods,
for which it is a necessary input: military strength, health, economic
growth, This is a2 narrow view: scientific research can be viewed-as
itself a desired end-product in at least two different ways., First, it
may be a significant separate component of national power in our -
nationalistic, competitive, less-than-orderly world of many nations. Sec-
ond, it is an esthetically and morally desirable form of human activity,
and the increase in this activity is itself a proper measure of social and
national health. I myself—as might be expected of an academic—
share the second view. I am skeptical of the first, since I believe that

- the politically significant element of prestige which rests on excellence
in science is related to the military and economic significance imputed
to scientific leadership. Nonetheless, I think it is unnecessary to debate
the merits of either of these views, since the investment or instrumental
aspects of basic research are in my judgment of sufficient importance to
provide a basis for policy judgment independently, '

None of the arguments above that justify Federal support for ‘basic
scientific research provide in themselves a measure of what level of
expendituire is necessary or desirable. Indeed the nature of the argu-
‘ments themselves is such as to make it impossible for any precise
.payoﬁ' calculation to be made. In sum, they say expenditure on basic
science is investment in a special kind of social overhead—knowledge
and understanding—that contributes dlrcctly and indirectly to a wide
variety of vital social purposes. It is in the very nature of an over
head that. a nice calculation of the “right” amount to expend on it is
difficult. While we could conceive a level of research activity so
small that education and applied research began visibly to suffer, and
equally, we can conccive a flow of funds so generous that they would
obviously be wastefully employed, the limits bctwcen the two are very
wide.

In the absence of more specific bases of calculahon the usual method
of budgeting for an overhead item is to allocate to.it some share of the
total to which it seems most relevant. -In this case,: we might assign to
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basic research some fraction of the total expenditure on applied research

and development, on the ground that this is the major item to which

basic rescarch is an overhead. In fact, the past growth of basic research

figures as reported by'the National Science Foundation has been closely
parallel to the growth in total cxpenditures for research and develop-
ment. The share of basic research in the total has fluctuated between
8 and 10 percent. Thus orie method for solving the problem is simply-
to continue to allocate about 9 percent of the total expenditure of
research and development to basic research, and continue to provide
the same proportion, or about 55 percent of thxs amount, from chcral -
- sources.

An alternate method is to look to the fact that it is ultlmatcly brains,
and not money, that is the limiting factor on the size of the useful
national research effort. The budget for basic research could then be
set in terms of the level réquired to support the research activity of all
those with proper training and an appropnate level of ability, with the
‘share provided out of Federal resources again to be'determined on
customary grounds Let us put aside for the moment the thomy
question of what is the appropriate level of abzhty, and the equally
thorny one of who determines its presence or-absence in particular cases.

It is worth noting that the intimate tie between research and advanced

training means that the results to which this method would lead would
not be unrelated to those arising from the previous one. Any given rate
of growth in the total applied research effort reqmres a corresponding
rate of increase in the pool of scientists and engineers who perform it.
If these arc trained “at the institutions that do a major part of all
basic research, as they are now, and in such 2 way that ‘training
and research are complementary, then the size of the basic research
effort requlred to finance the activity of the teacher-researchers is
related to the rate of flow of the scientists and engineers they are called
upon to train.  But, as a practical matter, this approach does not pro-
vide an casier way to calculate the proper level of Federal support
for basic research than the “overhead” method suggested above. The
problems of defining the levels of competence and training that
qualify a man for support are great Teaching and research are not
strictly complementary, and there is no fixed ideal ratio between them
that can be applied to every institution and every branch of science.
Finally, future demand for graduates with scientific training is
neccssanly uncertain, and basing present basic research budgets on
projections -of these demands may tend to mtroduce an element of
inflation in the estimating process.

For these reasons the ovérhead approach appears more useful.
In applying it, two kinds of probleis must be borne in mind, which will
‘make it necessary to réview the appropriatenéss of the parucular over-




head percentage from time to time. First is the fact that at any moment,
the composition of total expenditures on basic research in terms of in-
vestment in large new facilities, their operating and maintenance ex-
penditures, and expenditures on personnel and current support may be
such as not to permit maintenance in the future of both the particular
total and the particular composition. - The creation of large new facilities
may build in a requirement for operating and maintaining them of such
magnitude as to require either more expenditures or a cutback in actual
research effort. Second, the overhead ratio appropriate to a rapidly
rising level of total expenditures may not be the one appropriate to a
more slowly growing one. This caution is especially relevant to the
situation we may face in the middle future, as the rate of growth of
expenditures in applied research and development slackens off., At that
time, a part of the adjustment process to such a change may well be a.
temporary increase in the overhead ratio for the support of basic re-
search. Since it is my aim to sketch general principles and indicate how.
they might be applied, rather than to formulate detailed programs, 1
" leave further discussion of these points, both' of which are mmporta.nt,
and potentially complex in detail.
From the considerations and procedures that should govern total ex~
* penditures on basic research, we turn now to those that should guide its
allocation among the various fields of science. Here again, one is
tempted—and no one more than an economist—to think in terms of
payoffs. . Surely the relative amounts to be spent on mathematics and
biology should bear some relation to the relative values of the results to
be expected from these different kinds of work in terms of the goods we
have already identified: military power, health, economic welfare. But
_the same problems arise that we have come up against in attempting to
associate basic research in aggregate with payoffs in aggregate. Indeed,
there is a sense in which it is both harder and easier to try to identify
what field of scientific activity will produce results in what practical
field. It appears obviousin some sense that research. in biology will pro-
duce more results, ultimately, in the field of health than rescarch in, say,
mathematics or physics. Yet it can just be the case—and sometimes is—
that a new statistical concept, through its application to.genetics, or a
newly observed and explained physical phenomenon, through its transla-
tion into a new kind of observational instrument, may advance our un-
derstanding of the mechanism of a particular disease more than current.
biological efforts which appear more directly related to it. Nor is the
connection just a one-way relation between more and less “basic’ sci-
ences; problems in a less “basic” science may give rise to ideas or methods
that in turn Jluminate more “basic” sciences. While, as we shall say a
little Jater in the argument, there is reason for maintaining some kind of
connection between area of research and area of application in the allo-



cation process, a direct approach through an attempt to use estimates of
relative payoffs as the basic allocative criterion is unpromlsmg It .':t];;-E
. pears wiser to proceed by indirection,

In our consideration of the allocation of rcsearch cHort among dlﬁ'er-‘
ent fields of endeavor, it is clear that there is an important question of
the degree of detail in which we examine this question. ‘At one extreme,
it is perfectly clear that the most sensible decision on how a particular
scientist divides his own effort among. various pieces of research will in
general be the one that he makes himself. It is also clear that if we
wish to decide 2 little broader question, say the relative importance of
two kinds of experiments in hlgh-energy physics, we. will do it best by
seeking to get a consensus of opinion-among the competent workers in.:
the field. At the other end of the scale, it is probably unlikely that we
can determine how much effort should be given to the study of physio- -
logical mechanisms of drug action, on the one hand, relative to, say,
the distribution of X-ray—emlttmg loci in the galaxy, on the other, by
getting - a .consensus among - pharmacologists and  physiologists and’
-astronomers, - Conceptually, there is some “natural” dividing line be-
tween the allocations of effort within a field, which ought to be settled
by some mechanism drawing chiefly on.the judgment of competent
workers in that field, and allocations among fields, which clearly require
a different process, and cannot simply be left to the judgments of scien=
tists, which in this case will hardly be scientific judgments. A field can
be defined by the ability of the scientists within it to: communicate in
terms of a common language, assisted by their having undergone similar.
educational experience, etc. The present organization of the National
Science Foundation is now based on one division of basic science into
fields, and, pragmatically, this appears the appropriate division with
which to begin for our purposes. This is the level of detail for whzch
we wish to formulate allocational principles.

We have one other point to consider before we can formulate these
pr1nc1ples, and that is the dlstmctlon between: what have been called
“big science” and “little science,”  “Little science” can be defined as -
the current support of ongoing work of individual scientists and small
teams of scientists, working within existing institutions, and involving

expenditures on the salaries of people, laboratory supplies, laboratory

equipment of a “small” sort, travel, etc. “Big science” involves the con-

struction of large new pieces of scientific equipment and the auxiliary
facilities that go with them, such as accelerators and radlo-telescopes,
or the creation of new institutions for research, sometimes in connection
with such facilities, sometimes for other reasons. “Big Science” expend-
itures also include the annual maintenance and operating costs of the -
specialized' facilities, which in some cases—oceanographic vessels, for
- example—are of the same order of magnitude as the capital cost.. An-
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other way of making the division is to say that “little science” expendi-
tures come in packages of $100,000 or less, while “big science” expendi-
tures come in packages of $l million or more, and may run into the tens
or hundreds of millions, as is the case with the Mohole and the Stanford
linear accelerator (6). -Two different allocation mechamsms are offered
below, one for “little science” and one for “big science.” There is also
the problem of the proportional division of the basic research total be-
tween the two, and some cbservations directed to this question.

.In attacking the “little science” problem, we return to our earlier
observation that it is the supply of brains, not money, which is the true
constraint on the amount of useful work that can be done in any field.
Accordingly we propose that total funds for “little science” be allocated
among fields in proportion to a set of numbers which, for each field,
are a function of the stock of scientists in the field, and the rate of
change of the stock: _

e=f[Ns'[Nr d(N:‘IN)dt]

Py is the proportion of total funds spent on basic research in the i-th
field, Ni is the number of scientists in the i-th field, and N is the total
number of scientists doing basic research.

+ It is worth asking how different this new scheme would be from what
.we have been doing without any explicit formula. To answer this
question, an attempt was made to fit a function of this type to data for
1960 and 1962, the only years for which both funds for basic research
divided by field, and estimates of the stock and flow of scientists by field,
were avaﬂable The form of the function used was:

P;= bN“M"'“

where Pi is defined as above, Ni is the proportlon of scientists domg
basic research in the i-th field, and M is the average proportion of new
Ph. D.’s in the i-th field. Thc results, which show neither that, what-
ever its inner mechanism, the current system of allocation produced the
results of our proposcd system, nor that it produces something radically
different, are given in the Appendix below.

. The parameter b: can be mtcrpreted as the average cost of keeping
a scientist employed for a year in the i-th field of basic rescarch, exclu-
. sive of capital expenditures. The parameter.a can be viewed as a policy
variable, chosen to reflect the relative weight to be attached to the size of
the current intellectual resources in a field on the one hand, and the
attractiveness of the field to new men on the other. The latter is a
useful measure of the intellectual liveliness of a field, and, by giving
the parameter a lower value, more emphasis can be placed on current
vitality than on past history. As the function has been defined, ¢ is
the same for all fields. 'This is not necessary. Separate parameters for
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“each field could be treated as policy variables, and 1 more emphasis g1ven
to research in part1cular fields, to reflect broad judgments about payoffs.
- However, the opposite tack, of holding the parameter constant as be-
tween fields, has the virtue of greater objectivity, and relies simply
on evidence of intellectual vitality given by the volume of production.
of new Ph. D.’s as the determinant of proportlonate emphasis among
fields: '

Application of a formula of this type requires definitions of eligibility
for inclusion in the count of the total stock of researchers and the flow
of new Ph. D.’s. These are problems with which we already deal, and
for which the existing machinery of scientific advice is snitable.

It is worth emphasizing that the formula device is proposed solely as
a means of guiding the gross allocation of expenditures among fields.
Within that total, something much like the present mechanism for de-
termining the support of individual research projects and programs can
operate. The National Science Foundation, the National Institutes of
Health, the Department of Defense and the constituent military serv-
ices, the Atomic Energy Commission, and the other agencies of Govern-
ment supporting basic research would continue to rely on the advisory-
committee mechanism to review and support individual projects. It
would, of course, require that there be some coordinating mechanisms .
~ that kept the actions of the individual agencies consistent with the total
allocation. The present machinery of the Office of Science and Tech-
nology, the President’s Science Advisory Committee, and the Bureau of
the Budget appears to be capable of performing this task. - -

There is a positive justification for keeping the fundmg of basic re-
search divided among a number of mission-oriented agencies, in addition
to the National Science Foundation, in addition to the wisdom of recog-
nizing the inertia of existing arrangements. While the whole burden
of our argument has been to urge the impossibility of allocating resources
to basic research on the basis of calculations of payoff, the funding of
projects and programs by agencies responsible for particular practical
activities does inject an element of project selection from the point of
view of the interested agencies. While the Office of Naval Research
- has supported a variety of research projects in mathematics and physics,
it is likely that its selection of particular projects for support might differ
from that of the National Aeronautics and Space Administration or the
Atomic Energy Commission in ways that reflect the ideas of scientists
and administrators conscious of the Navys problems about what re-
search might be fruitful. This is not to say, bowever, that the present set
of Government agencies with the power to make independent decisions
to support basic research is just the correct one. While military support
for research is sub]cct to some centralized review, and is divided among
four or five major sources, the agencies representing the concerns of the




civilian economy are much less unified, and might conceivably benefit
by being more so with respect to this problem. :

- In this scheme, the National Science Foundation would play a bal-
ancmg role in two different and equally important senses. Hs support
of particular fields might be the most flexible, to compensate for the
narrower view that each particular operating agency supporting basic
science might be inclined to take about what kind of basic science it
should support. It will also be providing balance in a more. funda-
mental sense, since it is not selecting activities to support in: terms of the
perspective of any particular operating mission, but solely in terms of the
perspective of science itself: Whether the Foundation and the mission-
oriented operating agencies are now providing the right proportions of
total Federal support for basic research is 2 question worth asking, but
difficult to answer. To the extent that the Foundation can be said to
support the investigation of problems that arise from the side of science,
while the other agencies are supporting investigations of problems that
originate from the side of application, an argument might be made that
the present Foundation share of the total—about 10" percent—is too

small. 1t is certainly too small to permit the Foundation to act as an_

effective balancer. Furthér, no matter how arbitrary the distinction
is at the margin, there is an element of real importance in it. Thus
‘an increase in the National Science Foundation proportion to as much

as 2 third rmght well have favorable effects, and at worst would make
no difference.

Because. expenditures in “blg science” come in much largcr lumps,
and fluctuate in their concentration in particular fields at various times,
the kind of formulation adopted for “little science” would not be ap-
plicable to the problem of dividing these expenditures among fields.
Such expenditures can be divided into two quite different kinds, as we
indicated above. The first is the purchase of large new research instru-
ments and the costs of ‘maintaining and operating them, whether the
first of their kind or not, which are necessary to the performance of
particular kinds of research. The instrument may be an accelerator,
an oceanographic vessel, a radio telescope, or a large-scale computer.
The second kind of expenditure relates to the creation of a new center

for research, which involves the construction and equipment of labora-
tories, . Here again, maintenance and operating expenditures must be

included. In some cases, the new center is closely related to the new
instrument; in others, it might contain no particularly large instruments.
"An example of the second kind might be the finance of a laboratory
for molecular biology in a medical school that hitherto had none, or
even the finance of a series of laboratories, to constitute a research
‘center at a umvemxty that was hlthCl‘tO weak in' the whole area of
research (7). - '




- 'We propose an administrative mechanism rather than an.allocation
formula for dealing with the allocational problem in “big science.”  ‘The
mechanism has three elements. . First is:ithe proportion.of total basic re-
search expenditures to be available for “big-science” in all fields. : >

In principle the chosen proportion should be an upper limit, which
should-not be exceeded, although it need not be:spent in every year. - It
may, however, be desirable to permit “borrowings™ against the future in
particular years, so-that a year in which the limit was exceeded would
be followed by a year or several years in which it was not reached.. Such |
a ceiling would control the tendency to build more large facilities than
there are people to use them effectlvely, a tendency likely to develop. in
the absence of a direct economic. check on thc producthty” of thc
facility, which we do not have..

Good figures on what this proportmn has becn in thc past are not
availablé. Some guesses by knowledgeable scientists suggest that, prop-
erly measured, it has been in the nelghborhood of one-half. o

The second element of the mechanism is a committee of representa— '
tives of the various sciences and the funding agencies, meeting cach year
to scrutinize the whole list of proposed expenditures and evaluate their
competitive merits, in relation to available funds. - The evaluation . proc-
ess in practice could be expected to involve a fusion of two elements.
The first is an element of professional judgment as to the “ripeness™. of
,partlcular projects, in: terms. of their ability at-that time.to. make a sub-
stantial contribution to the forward progress of the particular science.in
which they were to be used. The second is an element of political com-
promise, so that neither any single science nor any single group of closely
related problcms is the recipient of the lion’s share of the funds over any
period of years., This political element is necessary.. In the absence of
an objective. standard for judging whether, say, partmle physics ought
to be developed faster than radio astronomy, and in the presence of .2
budgetary constraint, the allocational decision must inevitably represent
somebody’s preferences or prejudices. The present proposal i incorporates
an explicit mechanism for registering the preferences and prejudices of
those who are both aﬂected .and knowledgeable. The mechanism is
_broadly a representative one, though informally rather- than. formaIIy

- such, and similar in charactcr to consultaﬂvc organizations in other. areas,
on which the Government relies. for advice with respect to decisions
affecting the interests of parmcular small ' groups in the society. "The re-
sult of this process would be an approved list of projects, whlch typlca]ly
would involve funding commitments over a number of years, and which
in total would fall. within the limits of the formula, with the exceptions
set forth above.

The user representatwes on the allocatmg committee might mcludc
people drawn from the President’s Science Advisory Committee, the -
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National . Science Board, and the outside scientific advisory. groups to
the various operating agencies; while the funding agencies might. be
represented through the Office of Science and Technology. Behind
this top .committee . might well be a structure of appmpriately chosen
subcommittees screening the requests from each field of science. Special
ad hoc arrangements might be needed from time to time. to deal with
proposals cutting across: traditional fields. Here again, there is -expe-
rience to build on.  Consideration of the support of new research centers,
as opposed to new instruments, might also make it appropriate for the
1J.S. Commissioner of Education to be represented on the final allo-
cating committee and in the structure of subcomrmttces as well

.. 'The third element in the mechanism would be a ° placed on the
*ittle science” expenditures in each field to support part of the costs of
any facility or center built in the field. If the “tax’ were set at 20 per-
cent, for example, the overall “big science’ > budget would be set at a level
expected to cover 80 percent of the approved expenditures. The other
20 percent - would then be prowdcd by the “tax” on the “Little science”
budget of each relevant ficld in respect to 20 percent of the cost: of
each-approved facility. = This cost-sharing arrangement would appear
as another useful administrative control device, directed toward making
those representativcs of any field not themselves too directly concerned
with using large facilities sensitive to their costs in terms of their.own
interests.  Without some such device a solid-state physicist, for example,
might feel that, although he himself is not concerned with a particular
accelerator, the money might as well be spent on it rather than on, say,
a large facility for -biological research. The figure of 20 percent sug-
gested- here is obvzously arbitrary, and either further analysis of past
action or experience might suggest a different figure.

‘There are arguments.to be made against the “tax” device.. Sc1cn- '

tists in a part of a field that does not rely on large instruments, e.g.,
solid-state physics, may view. reducing the funds available to them in
order to benefit the high-energy physicists as unjust. Further, the inter-
ests of the one group may be so distant from those of the other that
the “tax” may not be an effective constraint on the decisions it is
intended. to influence. - On the other side might be set the corporate
sense of responsibility that continuing advisory committees- tend to

develop, even though their membership changes. On balance, the

.proposal appears to the writer to add something useful to the allocation

mechanism. - The mechanism could work without it, however, relying :

simply.-on. the - cellmg on - riew. commltments to “b1g science™ as a
control.

It is equally true that determmmg the total budget for “big science”
_on the basis of experience is arbitrary. But there appears to be no
other basis, and the quota would obviously need revision in the light
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of both experience and changing techniques in science. It is clear,
however, that the question of how fast we should try to make progress -
in particle physics—assuming for the moment that this is the same
as the question of the pace at which we should construct new and
larger particle accelerators—is hot susceptible: of ‘any single answer.
On the other hand, the question of how useful it is to try to make
progress in this field-in comparison with some other can at least receive
a reasoned discussion. The ‘proposed procedure focuses attcntlon omn -
questions of the second type rather than the first,

So far, we have been concerned with the allocation of Fedcrai
funds, and have assumed that non-Federal funds will continue to flow in
the samé proportion as at present. The major outside source of support
is business, which currently finances about 25 percent of all basic
rescarch. -In the near future, two opposite trends may be expected to
affect the size of business activities, More firms will find that their
rescarch and development activities are growing to the size where some
support of basic research appears desirable or possible; and thus, for
this reason, some growth of basic research in relation to total research
and development activities financed by business: can be anticipated.
On the other hand, any decline in military procurement will induce
a decline in basic research’ financed by defense contractors out of their
general revenues, as ‘well as in that research directly financed under con-
tracts with Federal agencies. It is difficult, of course, to say whether |
those two cffects will balance each other. As far as the other two
sources of fundmg—-umvermnes and colleges, and private foundations—
are concerned, it appears a safer guess that these are Iikely to decline .
in the future, in relative terms, than that they are likely to grow, and
that, if they do grow, their growth will not be large. - Further, the whole
of our initial argument on the reascns for Federal support buttresses
this conclusion further: Private business will not find it worthwhile to
increase their own basic research activities substantially, while nonbusi-
ness private sources in general will not have the funds to do so.”

Ta be sure, it is possible to envision alternate futuire patterns which,
though they now appear unlikely, cannot be ruled out. In particular, -
‘changes'in tax laws designed to stimulate gifts to tax-exempt institutions,
or designed to encourage universities to charge much higher tuitions,
‘combined with such programs of loans; scholarships, and the like as would.
be needed to make acceptable the total effects of all these changes on
the distribution of income, might allow universities to support a much
higher proportlon ‘of their research activities out of their own resources.
Modifications in tax laws and anti-trust policies, designed to encourage
the creation and expansion of industrial research institutes financed on
an industry-wide basis to do the kinds of research individual firms do not
find profitable to support, conceivably could lead to a significant increase

S



in industrial support of basic research of many kinds. But neither of
these developments appear likely, and both would raise large questions
on other grounds Thus we can conclude that the level and allocation of

Federal funds is likely to continue to be a critical problem in the support .

of basic research.

. The application of the prmc:lpleﬂ of allocation sketched in the fore-

' gomg pages to a situation in which total expenditures in research and
developmcnt activities are either rising at a steady rate, or are constant,
is a stra:ghtforward process. - However, the next few years may show
a situation in which the growth rate of total research and development
expenditures slackens, and perhaps the total level of expenditures begins
to fall. * The great growth in research and development activities di-
rectly or indirectly connected with mﬂlta.ry goals has paced the past ex-
pansion. 'The possibility of a decline in the Ievel of the total military
budget, and especially that part of it spent on the procurement of com-
plex weapons, is strong. This in turn could lead to a decline in expendi-
tures on military research and development, and it is not likely that in-
dustrial research and development expenditures would expand at a rate
great enough to maintain the growth of the aggregate in the absence of a

* deliberate policy to bring this about, as, for example, a step-up in the
space program. In such a situation, discrepancies between the current
flow of finance for basic research which our allocation formuldé would
produce and the requirements created by the past buildup of new facili-
ties might make it necessary to make special provision for transitional

‘situations. Thus, in a period of slackening growth or even decline of
expenditures on apphed research and development, the share allocated
to basic research in total might be increased above its “normal® level for
a period, and then gradually returned to that level, so as to make easier
and smoother the adjustment of current research activities, flows of new
students, and creation of new research facilities.

- The same argument about the relation between research and develop-

ment in general, and production, might be made. In a period in which
expenditures on military hardware are expected to decline, a deliberate
effort to increase temporarily the effort in applied military research, and
even development of components of various kinds, might form a useful
" clement in a process of adjustment to the decline, Further elements in
such an adjustment policy could include an increase in the- national
effort in space and a more orga.mzed Federal program of applied
research and-development in civilian technology.. These would cushion
the effect of the decrease in military hardware purchases on the aggre-
gate level of research and development, but it is doubtful that either of
these programs should or could be expanded sufficiently to eliminate the
effect entirely. Thus some adjustments of the kmd menuoned above
will probably be necessary.
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Appendix

A version of the model dlSCllssed above was fitted to the relative proport:ons for
expenditures, number of sc:ennsts, and number of Ph D s for the years 1960 and
1962 The model was: - T ‘ R

P ==bonaima

: where P represerit.-. the propdrtion of Federal suppmt‘ for basic research within the
i-th field of science; ny 15 the proportmn of persons with: Ph. D.’s domg ‘basic
research in the field; and mq is the proportion of Ph. D, degrees granted in the field
by American umvcrsmes The &¢'s, on the other hand, are designed to represent
the relative capital intensities of research within the part:cular fields, while as and @
denote the'relative importance of the two explanatory variables.

The equation was fitted’ to the logs of the variables under the constraint that
a@itas=1. This constraint was added because our original model implied that
allocations should be propoftlona.l to sorne weighted average of the number of scien-
tists and new Ph; D5 and strict proportionality required the addmon of this‘cons
straint.  The following results were obtained (8):

log Py=log b;+0.111 log n;+0.889 log m¢

(0.483) - (0.483)
R*= 095
“Corrected Ri= 0.89
N =16|

"The figures in parentheses are the standard errors of the estimated coefficients, and it
may be observed that although a, is not significantly different from zero, aa is statis-
tically significant at the 90—percent level. Given the nature of the constraint, the
former result implies that a is not significantly different from 1. In addition, all but
one of the estimated by’s are statistically mgmﬁcant at the 90-percent level, and the
logarithms of the coefficients are presented in the following table. We can also note
that, despite the very small number of obsefvations, the fit is sufficiently good that the
multiple correlation coefficient (R*) is significant at the 99-percent level,

TaABLE 2

log ¥; . Standard .

- error

Agricultural science. ........... 0., PPN veeia] o =072} . 7 0,44
ASLrONOmy .. .o ov iy, e e - 2,36 =~ .51
Biology. .o orcvvaenniiin- NN e S —.69 -
Chemistry. .. ovvon... P s =T . 30
Geology . .. .......: e e s 1. 64 .35
Mathematics. . ... T e cor =46 |0 . 438
Physics.,uurn.. O .87 .28
Psychology........ S L1121 463
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The model was also tested in ‘two additional formais, and both of these relaxed

the constraint resulting from the assumption of proportionality. In the first, the
same variables were utilized, while in the second; data were used that measured
the absolute levels of Federal expenditures, number of scientists, and number of new

Ph.D’s (9). When fitted to the logs of the relevant vanables the followmg equa-
" tions were obtained: .

log P;=log b.-+2.34 Tog ik 1.08 log m

(1.69) " (0.48)
... R3= 095
Corrected Ri= (.86
: N=16" ,
log Yi=log b;4-3.04 log Ni+1.81 log My
( o ©43)
. R3= 0'.95
Corrected .- R*= 0.85
N.=16."

When the absolute levels of the variables are used, the estimate of a: is statistically
slgmﬁcant at the 99-percent level, while that of m is stat1st:ca11y significant at the
90- -percént level.  When, on the other hand, the relative proportions are used, @. re-
mains significant but at the 95-percent Ievel, while @, although greater than its
-standard error, is no longer statistically significant (J0). In both cases, however, the
equations are homogeneous of degree greater than 1. From this result, it would
appear that the Government has acted in such a manner as to allocate funds to the

larger sciences more than in proportion to the number of scientists and the number

‘of new Ph. D.’s in the field (II)

While we have not proved” that our model explains the division of
Federal support among the various sciences, still it does appear that it is not
inconsistent with past behavior, and that the criteria proposed above would not be
likely to lead to a sharp break with present procedures :
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: (7) Some data on past outlays for “big science” appear in the following table.

Construction Costs of Facilities Associated with High-Energy Accelerators—
as of December 1960

EMiltions of doHars]

1. Cosmotron, Brookhaven National Laboratones, 1652:

Basic machine $9.3
Target area, . " 3.5
Total : . ' ‘ 12.8
2. Bevatron, Lawrence Radiation Laboratory, 1953
Basic machine 9.7
Major improvements A 9.6
Miscellaneous additions. 4,2
Physics building. 2.0
" Total — e 25.4
- 3 Altematmg Gradient Synchrotron, Brookha.ven National Laboratones,
. 1961 ‘ _ — _
Basic machine. R . : 31,0
- Miscellaneous additions i s : 9.4
'Bubble chamber house ' 1.7
. Tofa'l ) ) _ . ’ 35. 1 )
4. Zero ‘Gradient Synchrotmn, Argonne National Laboratories, 1963: = '
basic machine 42,0
5. Cambridge Electron Accelerator, 1962+ :
Baste machine 10. 2
Major additions ; 1.4
. Total —e 116
6. Princeton---Pennsylvania Accelerator, 1962: ) :
Basic machine .. - _ 11,2
Major additions. 10.8
Miscellaneous additions L7
Total Lol : : 22.7

The dates shown mdmate the initial fiscal year of operation. M.lscellaneous
additions are listed through fiscal year 1961. .

Source: U.8. Congress, Background Information on the High Energy Phys-
ics Prograi and the Proposed Stanford Linear Electron Accelerator Project,
report to the Joint Committee on Atonuc Energy, 87th Cong., Ist sess.,, 1961,
pp. 85-89, .

(8) The data used to determine P; were obtained from National Science Founda-
tion tables of Federal Obligations for Basic Rescarch divided by field of
science for fiscal years 1960 through 1963. The average value of fiscal year

1960 and 1961 was considered an appropriate value for 1960, while the

average of fiscal year 1961 and 1962 was considered appropriate for 1962,

For the variable n: data were gathered from NSF reports of American Sei-
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ence Manpower, 1960 and 1962. These figures covered the number of
scientists listed in the National Registers of Scientific and Technical Per-
sonnel with Ph. D.s whose primary activity was considered to be basic
research, Adjustments ‘were required in a few cases because of the limited
coverage of the National Register. The data for ms for 1960 and 1962 .
were obtained from National Academy of Sciences—National Research Coun-
cil, Doctorate Production in United States Universities, 1920-1962. From
these sources, data on eight scientific ficlds were obtained for 1960 and 1962,
The fields included agricultural science, astronomy, biology, chemistry,
geology, mathematics, physics, and psychology.

(9) Y. denotes the absolute Ievel of Federal expendxturcs in the i-th field, while
Ny and M, are, respectively, the numbcr of scientists and the number o‘f new
Ph. D.’s within the field.. -

(10) In these two equations, @1 and as are conceptually the same coefficients and
these estimates would be the same in an exact relationship, But the b4’s are
conceptually quite different in the two cases, Since, however, the estimates
of @ and @ are not distributed independently of the estimates of the 5’8,
we obtain two sets of cstimates of the sarmie underlying coefficients, We
might note, moreover, that the different estimates of the standard errors
are quite similar, and also that the estimates of the coefficients differ in
both cases by less than the value of two standard errors.

(11) A dummy variable used to denote differences between 1960 and 1962 was
also introduced into the models, but the estimated coefficient was not sta-
tistically significant,

In preparing this paper, the author bas benefited greatly from the assistance of
Dr, William Comanor, He did the statistical analysis of past expenditures in the
appendix, but his contribution went beyond that to a general discussion of the

. whole of the paper which sharpened many of the arguments presented.
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ON FEDERAI. SUPPORT OF
BASIC RESEARCH B

by GEorck B. KISTIAKOWSKY o
' Harvard Umvemty '

‘General Considerations

The questions posed by the House Committee on Science and Astro-
nautics require us to look into the future and recommend certain con-
gressional actions with respect to science that will advance the welfare
and insure progress of the United States sufficient for mamtenance of
leadersh:p This cannot be done with precision; ail one can do is study'

the recent past, and the present, and draw inferences for the future. As

to the recent past, we have overwhelrmng evidence that scientific re-
search, translated into technological innovations through the media of
organized applied research and engineering’ development, has had a
dominant and beneficial effect on the welfare of advanced nations, thus
adding health, military, and economic values to its intrinsic cultural
worth. Our entire civilization is based on technology, and one may with
some confidence predict that further progress will be as dependent upon
technological innovations as upon educational and other social factors.
Indeed, social adaptation to technological change requires contmumg
technological innovation. The impact of such innovation on the lives of
individuals and on the fate of whole nations is far too broad.to be
measured by economic indexes alone, important as these are. What is
the economic measure of a radical change in the balance of international
power resulting from the utilization of scientific discovery of nuclear
fission? Or what is the economic value of research to nearly a million
people in the United States who have been saved from cancer and now
lead useful lives? Or to people who, though living far from our cultural
centers, are enabled to share in their activities by advances in commumca-
tions and transportation?

Despite the numerous well-known examples of technology built upon
scientific discoveries, resulting from seemingly unrelated research not
mativated orxgmally by practical aims or planned for specific purposes,
the pubhc tends to forget this crucial feature of technologlcal progress.

- (169) -
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To illustrate, there is a great deal of public pressure, quite correctly, to
direct large sums of money toward the solution of the problem of cancer.
Great strides have indeed been made in preventing and curing cancer
in its early stages, and it is interesting to examine the history of the suc-
cessful methods that are now available. Surgery and chemotherapy
(themselves results of research) are very important, of course. In addi-
tion, as is well known, X-rays and rays from radioactive substances
play a major role. If, at a time before these two phenomena were
known, a large-scale planned effort had been made to discover a cure
for cancer, it is perfectly obvious that no money whatsoever could have
been directed specifically toward the discovery of X-rays or radioactivity,
since no one had the slightest inkling or suspicion of their existence.
They were discovered because there were social mechanisms for sup-
porting basic research over the whole domain of scientific subjects, in a
manner that pemuttcd individual investigators to follow up interesting
ideas or mtcrestmg observations on their own initiative.

A serious danger of the present situation is the increasing spread,
among those not fully familiar with the way in which basic science must -
operate, of the idea that basic science can be planned in detail and
that money need be allocated only to specific topics to provide the
necessary scientific knowledge for the advance of technology. Unfor-
tunately, it just does not work this way. For instance, no committee of
skilled administrators, or of highly compctent scientists, could have made
a plan for the discovery of catalysis, which by now has found hundreds
of key industrial applications, including high-octane gasoline, synthetic
rubber, many plastics, and a great variety of other essential chemicals,
Discovery of catalysis was essentially accidental. Thus Sabatier was
expernnentmg on metal-carbon compounds (carbides) and, in studying
reactions of acetylene with various metals, discovered hydrogenauon
catalysis, To take a very different example, Hopkins believed that life
could be maintained in higher organisms on a diet consisting exclusxvely
of proteins, carbohydrates, and fats. His experiments, designed to prove
this thesis, convinced him that he was wrong, and out of this seemingly
disappointing result grew the realization of the indispensable hcalth
function of vitamins.

Such examples abound in the past; moreover, we do not havc to go
very far into the past to find them. A very recent one is the discovery
of the laser and maser. Many millions of dollars are now. being ex-
pended annually on their development and use. The maser (as a part
of a complex system) is makmg possible trans-Atlantic satellite com-
munications, for which a stock issue of $200 million has been eagerly
bought by the public. And yet, the maser and the laser are descended

- from’a long line of totally impractical scientific investigations beginning

with Einstein’s work on the quantum theory of radiation in the early
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1900s and extendmg through many ] basm investigations on the response
of solids and gases to optical and microwave radiations. All these

investigations provided the background that made the maser invention-

possible. Its immediate occasion was a study of the microwave
spectroscopy of the ammonia molecule: The study was a small part
of a broad program of basic research supported by several science agen-
cies in the Department of Defense. It would have been guite impossible
to demonstrate in advance that these investigations would Iead to satellite
communication systems, and yet they have,

~ The point that requires repeated emphasis is that closely defined
mission-oriented research has value but, by itself, is insufficient and in-
capable of developing really new ideas and new principles on which each
particular practical mission will ultimately find itself based. If the
social climate and the support mechanisms are not such as to encourage

the free exploration of new ideas rapidly and effectively, our technology
will die on the vine because, in the absence of the results of new, un-

directed basic research, apphed work tends to become more and more
confined to mcreasmgly expensive refinements and elaborations of old
ideas. Pcrhaps one reason the United States didn’t develop the turbo-
jet engine prior to World War II, although it was spending a great
deal of public money on aircraft powerplants, is that the powerplant
work in the National Advisory Committee for Aeronautics was orga-
nized in accordance with the desxgn criteria of piston engines. ~Admin-
istratively, there was no provision for work on really new ideas.
Being a chemist I would like to mention two more examples illustrat-
ing specifically the connection of chemical research ‘and the welfare and
the position of leadership of the American Nation. Past’ development
of genetics, which provided new hybrid and mutant varicties of plants
and animals, had an extracrdinary impact on the broad field of agricul-
ture. In recent years, however, this classical field has taken on new
vigor by merging with chemistry in what is known as molecular biology.
Thus far, no practical applications are in sight or being planned. . But

those famlliar with the field are confident that revolutionary develop- -

ments will follow. For instance, some day it will be p0531ble to create
new variants of Iwmg organisms by a controlled chcrmcal process, in-
stead of waiting, as now, for random mutations.

In my next example thc practical results are already largely in hand. .

It is only some 40 years ago that basic scientific rescarch began to attack
the problem of what are now called polymenc molecules. Some chemists
explored their structures and showed them to be giatit chainlike mole-
cules, "Others investigated the kinetic mechanisms that lead small
‘molecules to join into these almost infinite chains, and in what orienta-
tion. Still others, including pure theoreticians using methods of statis-
tical mechamcs, explorcd the connection bctwecn the molecular con-
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figuration, the length and bridging of the molecular chains, and the
physical properties of the resulting substances. . Out of these researches,
partly quite recent, grew the present tremendous industry of plastics,
artificial fibers, and synthetic elastomers. (rubber). The impact. of
the availability of these comparatively inexpensive materials upon the
standard . of I1v1ng of society has been immeasurable. . The impact is so
great because, in addition to creating new devices and materials for our
civilization, we are also reducing the cost, in terms of human labor, of
a great many already-existing things, thus making them available to
multitudes of people whcn once thcy were accessible only to a wcalthy
few. |
It may weH be asked whcthcr the rate of increase in sczcnuﬁc actmtm
and hence in their financial support must continue at a faster pace than,
for instance, the growth of our gross national product. It cannot con-
tinue at such a pace indefinitely, of course. On the other hand, how-
ever, it is in the nature of technology not on!y to solve human problems
but also to generate new ones. Thus it is hardly likely that sometime
all our problems will be solved and we can sit back in a static world- and
cnjoy the fruits of our efforts. Welive in a dynamlc sjtuation of graw-
ing population and depleting natural resources in which problems are
attacked and solved by scientific and technological means, and mewtably
the changes that are thereby brought about introduce new problems
that must be attacked and solved in turn. Furthermore, the solutions
of many human problems generate the need for faster solution of
others. - These problems are in part social and in part technological.
For example, the fact that the Western democracies have achieved a
wvery high standard of living for most of their citizens creates much
stronger pressures for the solution of the problems of internal poverty
and for the uplifting of the economic well-beirig of the rest of the world.
As long as nearly everyone on earth was poor, people regarded poverty
as inevitable; but when many have abolished paverty, the others will no
longer wait for indefinitely delayed alleviation of their distress. Mil-
lions of underprivileged who once lived in isolation and accepted poverty
because they knew of nothing better now learn of the true possibilities
of life by means of modern communications and transportation. Thus
it is the technology of advanced natlons that has created in-other nations
the “revolution of rising expectations,” and this in turn places more and
more demnands upon technology. . B L
The samie is true for questions of hcalth On the one hand, spectac-
ular improvements in. public health over wide areas of the carth have
;80 reduced mortality that we are experzcncmg a world population ex-
plosion; thus means must be found for control of population growth.
‘On the other hand, having seen the conqitest of many diseases, the
people are dissatisfied with delays in the solution of other health prob-



lems. . A careful study, endorsed by a Government agency, has demon-
strated that cigarette smokmg is dangerous to health, and yet a largeA
part of our population continues to smoke. A sclenuﬁcally developed
elimination of this hazard, rather than proh1b1t1on of smoking, scems
called for. Technology: resultlng from science has made possible mod-
ern industry and the concentration of populatlon in great urban com-
plexes, but these in turn: have.created problems of environmental
pollution: and - deterioration for which science and technology must’
furnish. solutions. - These are only a few of a’ vast number of ex-
amples: of the modern world’s need for more and more science and
technology, even as its older problems are solved. In many cases, the
solutions will turn out to be the result not of patient, planned investiga-
tions along well-charted lines, but of new ideas that arise from. the efforts
of scientists to understand Nature better and to solve abstract. scientific
problems that suddenly appear soluble in the light of the exmtmg state
of knowledge. L

. Itis quite certain that thc solution of the major problems of humamty
by. technological innovations alone is impossible.. Educational and
other social progress is probably more unportant but I am not qualified
‘to judge what specifically needs to be done in these areas. However,
observing how. widely different are the opinions on what should be done
in these areas, I conclude that we need better understa'nding of relevant
social and behavioral .problems.  This. will require more.. and better |
research in social. and behavioral - sciences. Modern technology, by
means of computers, new techniques of mformatlon-processmg and
analysis, and so forth, is mvolved increasingly in such research, and the
research methods approx1mate more and more closely the, expenmcnta.l
methods of the natural sciences. The results of such research will
'.enable us in- turn to utilize and mod1fy ex1st1ng technology (for in- ~
stance, to improve educatlon by aud10v1sua1 aids) to achieve further
social progress. The main point is very clear: we must not commit
the error of those in England in the early 19th century who resisted -the
Industrial Revolution. . Progress of human soc1cty cannot benefit from
the .cessation of . technoIoglcal innovation; indeed, it must be: based on
soc1al change keeping pace with technologxcal progress ;_ o N

. Some. Gomments on Research and Development Statxstlcs

There is a great deal of discussion about the rate of growth of research
and development in the United States: The total is now estimated at
nearly $20 billion, including both federally financed activities and those
financed by State, local, and private sources. This ﬁgure is quite irrele-
vant, however, to the discussion of pure science, since about 90 percent
. _of the total is bemg spent o eﬁ’orts to. ach1eve clearly spec1ﬁed pra.c—
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 tical objectives, so many of which are related entircly to the military
‘and space programs. Basic research, even after counting in many
‘activities that are hardly relevant from the point of view of pure science,
accounts for only a few tenths of 1 percent of our gross national product.
The number of scientists engaged in basic research (calculated on a
full-time basis) is less than 100,000, compared to the total technical
community of some 2 million engineers and scientists. ' '

~In appendixes A and B of this volume, and in the paper of Dr. Harvey
Brooks, are discussed in some detail the significance and the inadequacies
of research and development statistics, It is also noted there that, rela-
tive to their gross national products, all advanced nations invest about
the same fraction on research and development and that in all such
nations the investirient of private resources in these activities, especially
in'basic research, is being complemented by investment of public funds,
because returns on such investment are too long-range and too diffuse
to attract sufficient private capital. Dr. Brooks’ paper also contains a
thoughtful discussion of the cultural, economic;, social, and educational
impacts -of basic research. I subscribe to his analysis and conclusions
and will not repeat them hiere, but refer the reader to his paper.

The House Committee on Science and Astronautics has posed two
distinct questions; one dealing with the requirements for overall support
of basic research, the other with proper balance of support among the
several sciences. In the following I shall attempt to give a partial
answer to both questions, but shall use a modified approach, breaking
down basic research not into several sciences, but into orgamzatmnal
formis of research and organizational environments in which it is dore.
I shall thus divide basic research into four catcgones The first category
has been called by others “little scieénce,” “Somewhat inappropriately,
because it is niot small either in total investment or in the results achieved,
Tt is, however, characterized by the small size of the autonomous re-
search units that comprise it. In contrast, “big science,” the second cate-
gory, involves large coordinated effort and usually mvolves very ‘costly
research facilities. Both of these ca.tegones are mainly identified with
academic institutions., The third category is basic research in mission-
oriented Government establishments, and the fourth is basic research
inindustrial laboratories. =

~The reason for choosing this approax:h is that the available mforma—
tion on the current investment in several sciences, and on the scientific
opportunities and material requirements of these sciences, is so inade-
quate as to make projections for a breakdown by separate sciences well-
nigh impossible. A start toward analyzing opportunities and require-
ments of particular scientific areas has been made by groups of experts
in planning reports on oceanography, high-energy physics, atmospheric
sciences, and space sciences. These reports have been used by Federal
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agencies as a partial basis for allocation of resources, but this cxpencncc
indicates that the earlier planning reports neced extensive revision.
Hopefully, the expert groups now working on such reports (ground-
based astronomy, computer sciences, physics, chemistry, and others),

which are financed mainly by the National Science Foundation and -

supported by the Committee on Science and Public Policy of the Na-
tional Academy of Sciences, will benefit from past experience, and that
their reports, when available, will make further valuable contributions
to decisions affecting broad allocation of national resources to various'
" sciences, In all cases, one must be careful to regard these planning re-
ports not as exact blueprints, but as carefully reasoned guesses regarding
future scientific trends and requirements. Their value is unquestion-
able, as indications of what science may bring and what it requires; yet
one must always bear in mind that scientific progress is intrinsically un-
predictable and that too detailed centralized planmng can be harmful
to that progress. The purpose of planning in science is not to “master-
mind” its detailed development, but rather to chart in advance the evo-
lution of a scientific environment and climate in which mnovatmn and
creatmty can ﬂounsh

Czite:_*ia for Fiscal Support of Scientific Rcsearch in Four Gategdries

The first category, “little science,” is in the mam an integral part of
our universities, “educational institutions proper” in the language of Fed-
eral statisticians. ¥ow have such revolutionary discoveries as radio-
act1v1ty, X-rays, vitamins, antibiotics, masers, and the mechanism of
genetic inheritance been made in the past? What were the system and
orga.mzatlon of science that were favorable to such discoveries? Over-
whelmingly it was the pattern of the university professor doing the teach-
ing and working with his graduate students and postdoctorate assist-
ants in fields chosen by him exclusively for their scientific interest and
because they presented problems that were capable of solution. In the
past, these men were supported by their universities, or sometimes by
private foundations; they were free agents able to shift their attack from
one day to the next as the state of knowledge developed and it became
apparent that a given problem could be hopefully attacked, or as ideas
suddenly came to individuals working in a given field. This category
of scientific research has been considered at length in a recent report of
the National Academy of Sciences, entitled Federal Support of Baszc
Research in Institutions of Higher Learning.

Today this rescarch is largely (approximately 57 percent) supported
by research grants and contracts from the Federal Government to uni-
versities.  The rest comes from State, local, and private sources. . The
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total amount of Federal money being expended on “little science” an-
nually is comparable with the capital being put into the single enterprise
of constructing a world-wide satellite communication syster, an enter-
prise that would have been impossible without the discoveries of “little
science” in the past. Reckoned on a full-time basis, there are substantially
fewer than 100,000 people involved in this kind of work. I believe that
it is a very important component of our scientific effort; it is responsible
for great contributions to scientific knowledge and so to our scientific
world leadership. -Characteristically, these contributions cover the en-
"tire spectrum of scientific fields because individuals are free to.choose
the sub]ects on which they want to work, and hence select the most
promising and most exciting fields. Frequently in the course of their
lifetimes they move from one field to another as new.opportunities and
" new challenges offer themselves.-

This segment of the scientific commumty is responsuble also for the
training of most of the new scientists—the some 7,000 science Ph. D.’s
now being. produced annually, a number that is growing.at the rate of
6 or 7 percent per annum. The new Ph. D.’s constitute a group that is
completely indispensable for the future techmcal progress of the United
States; the responsibility of “little science” for the training of most of
them sets it apart from other categories of science, as being especially
vital to the Nation. - Only a fraction of these research-trained Ph. D.’s
stays in the universities to teach our youth and to engage in basic re-
search. Others staff industrial Jaboratories in which they translate basic -
rescarch results into technological innovations; still others staff govern-
ment laboratories and managetnent organizations that are responsible for
the many technical and military programs of the Government. On the
basis of extensive personal expenence and observations, I believe that
education and research in basic science form the best base from which
young scientists can dcvelop their skills in applied work. I might also
note that many of the sénior people have themselves established active
contacts with industry and/or government and have thus added to the
insight, inspiration, and guidance in activities that are applied in
character. Perhaps the most striking example of this contribution was
the impact of American scientists on the’ evoluuon of military technology
during World War I1.

As noted earlier, the Federal support funds are largely in the form of
research project grants and lump-sum contracts, which are discussed in
the National Academy of Sciences report referred to earlier. A not in-
significant fraction of the 1nvest1gators worklng in “lLittle science” do re-
search under group contracts and grants in' which several tasks are
specified, each being the responmblhty of one senjor ‘scientist. Whether
or not a given project is given support by a Federal agency is frequently
influenced by referees chosen from among the active scientists to evaluate



the scientific merit of a proposal. In other words, the scientist is judged
by a jury of his peers. This system is not only democratic but also scien-
tifically sound; even though it demands a good deal of the time of sci-

entists, it is hard to think of a better one, although some’ reﬁnements

would be desirable.

It has been estimated by the Natlonal Science Foundatmn that the

average cost to the Federal Government of a senior researcher, including
_his part-time salary, technicians’ help, scientific supplies, travel, and
other pertinent expense items, is $20,000 per annum; that of a post-
Ph. D. research associate is $15,000, and that of a graduate research
student $3,500. Allowing for indirect costs, purchase of special equip-
ment, and depreciation of general laboratory facilities, I estimate that the
total annual cost of research averaged over all these people is under

$20,000 per annum per man. Of course, the annual value of some proj-

ect grants and contracts is much larger, because each is supporting the
work of a whole group of graduatc students and Ph. D. research associ-
ates inder the leadership of a senior man.-

Contiguous to “little science” is a very wide. varicty of research activi-

" ties more or less intimately connected with the universities. Not really’

distinguishable from “little scienice” are various research laboratories and
institutes, which bear such names largely because, for local reasons, the
old accepted form of departmental organization was unsuitable. - Many
of these establishments perform essentially the same functions as those
performed by the traditional departments. One must recognize, how-
ever, that some of the best scientists are not interested in, and some not
capable of, effective teaching and training of young scientific personnel.
Such scientists tend to segregate themselves in research institutes, which
sometimes are unrelated to universities. To deny them research support
(and I am thinking here still in terms of support on the scale indicated

above and applicable to “little science”) because they are not engaged

in the production of scientific manpower would be exceedingly unwise.
But (although this cannot be put in precise quantitative terms) more

.should be expected from them in scientific output if they are not con-

tributing to the training of new manpower.

In some cases, financing of the work of institutes takes the form of -

single large contracts or block grants covering the whole establishment.

In‘ some respects this form of government financing is extraordinarily

‘attractive, since it reduces bookkeeping chores and other administrative
problems for individual investigators and makes money more readily
available for exciting and unforeseen research than do project grant
funds. ~ On the other hand, these large contracts and grants, because of
the way they are awarded, have the scrious weakness that distinctly

second-rate and poor research can be more easily hidden and protected -

by the good work of a few leaders. * For budgetary purposes some of
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these establishments should be included in “Lttle science.” Some
others, even though they lack a unique costly research facility char-
acteristic of “big science,” which I shall consider next, should be in-
cluded in that category. The dividing line is far from sharp and could

not be drawn solely on the basis of the magnitude of the supporting
- grant or contract. The nature of the activities involved is more im-
portant and should be considered in each case—those being similar to
“little science” being included in that category, and those involving
highly coordinated group effort, ie., actmg as a single smenttﬁc task
force, included in the category of “b1g science.”

On what basis can one dec;de what the total amount of money
expended on- the “little science” category of basic science should be?
'There appear to be several bases for this decision. In the first place,
it has been recognized on the basis of past experience that rapid fluctu-
ations in support cause long-lasting damage to scientific progress.
Hence continuity is important and what was effectively expended in the
past year should be a major factor in deciding what should be expended
in the next year. This historical base can be improved by determining
the growth rate from recent history and extending it into the immediate
future. The second very vital consideration is assurance that students
of tomorrow who have scientific aptitudes will be given the opportunity
to learn productive scientific research. Scientific talent is scarce now,
 and to do less than educate all those who want to and are capable of
being trained for creative scientific work, regardless of geographic origin
or economic status, would be most unwise. The third consideration is
the level of support in the rest of the world, since I believe that our
country should strive to maintain its status as scientifically the most
" advanced. When calculating the expenditures of other countries, some -

adjustment factors must be introduced because many undertakings
are more expensive in this country than in others. Nevertheless, relation-
ship to national income or gross national product is probably as good a-
criterion as we have, and certainly the United States, with the highest
per capita income in the world, is justified in spending a larger fraction
of its income on research than do other industrial nations. The amount
of moncy that can be spent efficiently in a given area of science
should  provide another reasonable limit; estimation of this should
be greatly improved with the availability of the planning reports on
opportunities and requirements of several sciences, which I ha.ve referred
to previously.

- The costs of scientific research are steadlly mcreasmg because of or-
dinary inflation, rising scientific salaries, and most important, because
the problems of science become more difficult every year, so that the
time and equipment required to solve them becomes more expensive.
' With the efficient instruments we now have, problems that appeared
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very formidable many years ago can be solved in a matter of days in-
-stead of years, and thus much more cheaply. Thus, a century ago
Adams spent approximately 5 years of work on making orbital cal-
culations which led to the discovery of planet Neptune. Recently, this
calculation, including programing, was redone in a matter of weeks on
a computer at the Smithsonian Astrophysical Laboratory. - Moreover,
we are not concerned today with problems of the same nature as those
that concerned us many years ago, but with much more difficult prob-
lems. These require the full efforts of our investigators aided by the
most modern instrumentation. It is the solution of the easy problems
and the necessity for facing more difficult ones that makes research more
expensive each year, Science planning reports will provide the rele-
vant data on this aspect of research for budgetary considerations.

The ideal way to decide on the proper size of the budget for pure
science would be in terms of material requirements of the Nation, but

this is extraordinarily difficult without factual knowledge of the relation -

between scientific research and material progress. We do know that
we are not making sufficient advances in many scientific areas as a po-
tential basis for technological application. For example, we are not
solving the problems of cancer and heart disease sufficiently rapidly;
the control of insects has gotten us into very serious difficulties’ with no

clear way out; the economical extraction of pure water from salt or

brackish water, though making good progress, is still in-the future;
the discovery of methods for the control of excessive population increase
acceptable to all religions has become a very urgent problem; the
"problem of employing uscfully the fraction of the population that seems
to be mcapable of procuring employment in our highly automated
‘society is not yet solved; the psychological problems of delinquency and
crime. bave no obvious solutions. . It is highly likely that the ultimate
solution of each of these problems, even the social ones, will stem, in
part, from some scientific advance in a totally unexpected area.

It is clear, therefore, that we need more basic research across the

whole range of scientific fields, including the behavioral sciences. I
doubt very much that the availability of qualified scientific personnel
is the limiting factor in the present rate of progress. An indication
of this can be seen in the numbers of contract and grant proposals that
various Federal agencies have been unable to support. Substantial
‘percentages of these have been rated as worthy of support and yet the
funds are not available. There is some duplication in proposals, and
this must be allowed for, but studies indicate that this probably pertains
to Jess than 5 percent of the total of all apphcauons and hence does not
alter the main conclusion.

Making allowances for the growing number of graduate students, for

the need to give them more extended training (often beyond the Ph, D. )
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because of the increasing complexity of science, and for rising costs of
‘rescarch due to more sophisticated instrumentation, I arrive at a very
tentative figure of 15 percent for the overall annual growth of “little
science” for the next 5 to 10 years to meet the objectives spelled out in the
unStIOIlS posed tous. The National Science Foundation calculates that
in 1963 the Federal support of basic research at educational institutions
proper amounted to approximately $450 million. A large percentage of
this and comparatively little from other catcgories of Federal support
should be classed as basic “little science.”” To arrive at the total, one
must also add a rather small, but currently not known, relevant fraction
of the $160 million in Federal obligations for the research and develop-
ment plant at educational institutions proper. Also, the value of fellow- .
ships to students, pre- and post-doctoral, in “little science”; that is, a
Afraction of the $330 million obligated by the Féderal Government for
fellowships, traineeships, summer schools for high school teachers, and
similar training allocations. The total for “little science,” I estimate,
was not far from $600 million in 1963 and, at 15 percent per annum, it
would double in 5 years.

The dollar figures given above refcr to basic research The totals £o-
ing to educational institutions proper are at least twice as large, the differ-
ence being defined as applied research and related cxpcnditurcs Much-
of this applied research (e.g., in biomedical sc1cnces) is not substantially
different from basic research in “little science,” and should perhaps be
included in it for budgetary purposes. On the other hand, the objec-
tives in supporting applied research—while certainly as valid as those
relating to basic research—are different. Moreover, applied research is
mainly concentrated in professional schools—medical, engineering, pub-
lic health, for example—while basic research is typical of faculties of arts
and sciences. On the whole I belicve that separate budgetary planning
for basic and applied research has some advantages in view of the differ-
ences noted above. :

The practlcal budgetary problems of maintaining a steady growth of
“little science” are far from being simple. - For instance, as is pointed
out in Dr. Brooks® paper, the long-range commitments of several Federal
~agencies to “big science” projects have currently led to an actual con-
traction of “little science” budgets in several scientific areas, because the
. total scientific budgets did not increase as fast as expected by agency
planners when the commitments were made.  Another difficult problem
‘arises because much of “little science” is supported by agencies with
practical missions {e.g., the Department of Defense, the Atomic Energy
- Commission, and the National Institutes of Health) and is therefore, in
principle, “mission-oriented” research. The breadth of definition of what
basic research is relevant to the practical mission varies greatly from one
agency to another, and also changes with time, and this creates difficulties,



For instance, the Department of Agriculture does not support broad-
based research in plant sciences in the way that the National Institutes of
Health supports research in high-energy physics, but the National Aero-
nautics and Space Administration appears to be relatively indifferent to
astronomy beyond the solar system; and so on. - These, difficulties are
made more serious by changcs in policies defining what is mission-
oriented, reflected, for instance, in a recent decrease of support of “little
science” in universities by some research offices of the Department of
Defense. .. To cope with these situations and trends, which may be
wholly Justlﬁable from the point of view of rmssmn-oncntcd agencies but
which can be very harmful from the national point of view, I see but one

procedure. . It is to set the research budgets of the National Science
~ Foundation so as to allow for budgetary trends in other agencies and thus
to ensure the gverall growth of “little science” that has been decided
upon. At the same time, the mission-oriented agencies should. be dis-
couraged from abandoning basic research, since otherwise the federal
system will become too centralized.

So ‘much for the problem of gross allocation. _Th_ere remains the
problem of detailed allocation to individual problems. Here, I strongly
believe that every effort should be made to avoid overly detailed central-
ized planning and control. No man was wise enough in. 1900 to foresee
that the Curies would make a major contribution to the cure of cancer.
Similarly, no man today is wise enough to know from what field will
come a.critical discovery that, directly or indirectly, will solve the prob- .
lem of the control of insects. .. Will it-be new chemical discoveries, the
usc of radioactivity, as in the case of the screwworm fly, or sex attractants,
or-some idea that does not now exist in any man’s mind and therefore
.cannot even be guessed, much less. mcorporatecl into a planncd program

of research? .. '

~ How, practxcally, can we be sure that frcedom of scn:ntlﬁc enquuy
~will always be carefully con51dcred and protected in the allocation of
funds? . As far as “little science”. is concemed this can be assured if

allocations are guided by the requests for funds from individual investi-

gators.  Does chemistry have a large nuinber of worthy grant or contract

- proposals?  Are the funds for chemistry sufficient to cover these? . Nat-
urally any such device can be distorted, by padding proposals and other

obvious means. - Federal agencies are and must be constantly. on the

watch for distortions, The reports on opportunities and requirements

- of particular sciences should be of major help in determining broadly
what is important and p0531blc But in specific cases it is only the
investigator working closely in his field who knows what is possible, and
he is constantly on the alert for problems that are both important and
. soluble. Similarly, research students, free to study what they wish, tend
to move into scientific fields with the greatest mtcllectual opportunities,
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The detailed allocation of support should therefore be based, democrati-
cally, on the multitude of the individual choices. made by individual
investigators. This is the basis of the ﬂowermg of science, and hence
technology, in the 20th century.

‘Prior to World War II, basic science seldom made use of costly re-
search equipment, almost the only exception being astronomy. Since
~ World War II, because of Federal support, the use of costly research fa-
cilities has been growing very rapidly and has led to the establishment of
a new category of basic science, which I will call, following others, “big
science.” The organized teamwork that is usual with the use of these
costly research facilities has opened completely new fields to scientific
résearch and greatly advanced our knowledge of the world we live in.
This “big science” is as indispensable to world leadership and the con-
tinuing progress of the United States as is “little science,” but from a fiscal
point of view it presents different problems. - In appreciating these prob-
lems cne needs to bear in mind that the transition from “little science”
to “big science” is continuous and far from sharp. However, a some-
what arbitrary boundary might be defined in fiscal terms. I have esti-
mated above that 1 man-year of research in “little science™ costs under
$20,000.  This included the anniual cost, per researcher, of general Iabo-
ratory facilities, which are usable, of course, for many years. The
boundary of “little science” could be drawn by defining “little science”
as limited to annual costs of this order of magnitude. Where spec1a1
research equipment or facilitics are costing much more or a major re-
search establishment involves a centralized task-force effort, one might
speak of “big science.” For instance, a research facility initially costing
$12 million, whose annual operating cost is $3 million and which be-
comes obsolete or requires major reconstruction after 6 years, would
cost about $170,000 per scientist-year if 30 scientists, including post-
Ph, D. fellows and graduate students, were using it. The:costs of indi-
vidual projects in this category have been rising very rapidly since World
War II (perhaps by a factor of 100 in 18 years), and there is no natural
upper limit to such costs. “Big science” is fiscally open-ended because
the commitment of sciéntific personnel per project is rising comparatively
slowly and the costs are concentrated in the engineering effort of con-
structing the special facilities and their maintenance, operation, and im-
‘provement. 'To illustrate, it has been reported in the newspapers that
Project Ranger has already cost $200 million. It has yielded very sig-
nificant detailed pictures of the moon surface which are being studied by
astronomers and ‘will advance our understanding of the moon. The
overwhelming fraction of the money has gone, however, into the engineer-
ing of the space probes, the manufacture of the rocket boosters, the con-
struction and operation of the launch facilities, and similar items. Our
engineering resources are so great that it has become technically feasible
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to engage in individual projects costing in the range of hundreds of mil-
lions of dollars (e.g., the proposed nuclear-particle accelerators) or even
many billions of dollars if Project Apollo is regarded as scientific. The
essential point is that technically such projects are not limited by the sup-
ply of scientific talent in the way “little science” is, but only by the
(much greater) supply of skilled engineering manpower.

Currently this “big science” is composed mainly of a rather large
group of establishments for basic research that are built around expen-
sive special facilities and are normally fairly closely connected to univer-
sities. As examples, I might mention the nuclear-particle accelerators,
large radio and optical telescopes, oceanographic rescarch vessels, the
National Primate Center, and special ventures like the Mohole, Project
Ranger, and scientific satellites. Some of these activities are not man-
aged by individual universities, but by groups of universities, as the
Brookhaven National Laboratory, the Kitt Peak Astronomical Observ-
atory, and the National Center for Atmospheric Research. Still
others, like Projects Ranger and Apollo and the Mohole, are managed
dlrectly by Federal agencies. The financial charactens_tlc of these
operations is that the cost to the Federal Government per active scien~
tist and per unit of scientific knowledge, as measured by scientific papers,
is very much higher than that in “little science.” Where a scientific
paper may have cost the Federal Government $20,000 in the domain
of “little science,” a similar scientific paper based on rescarch with a
large nuclear-particle accelerator may cost half a million dollars, because
of underlying engineering and logistic costs. About the same ratio of
costs probably applies to the training of new scientific personnel in these
establishments, .and it is questionable whether individual training costs
of such large magnitude can be used to justify the operation of these
establishments. In fact, they usually depend for most of their personncl
on people who were scientifically trained in “little science.” The
student training they do should be seen as a secondary aspect of their
activities, and their support should be justified mainly on the ground
that they provide scientific results that cannot be obtained by any other .
means and are important enough in at least one of the ways defined.
below to justify the cost.

Realistically, we must think in terms of a limited total national
scientific budget, and then, because of the absence of natural limitations
to the costs of individual “big science” projects, the question of financing
them acquires a special perspective. Although an accurate figure is
difficult to arrive at, I estimate that in the United States today consider-
ably more money is going into these establishments and projects than
into “little science.” Thus the space sciences budget of the National
Aeronautics and Space Administration, of which a large fraction is in-
the category of “big science” as defined above, alone amounts to nearly

45-101—85—13
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half of the $1.6 b11110n classified as total cheral basxc rescarch n ﬁsca.l
1964.

It is my belief that in orde‘r to mamtam our world leadersIup we
should continue to support “big science,” and -support it on a broad
front, but the determination of the proper growth rate requires different
considerations than those advanced earlier for “little science.” In seek-
ing to determine what factors should be considered in determining the
financing of the projects and establishments of “big science,” T found
the considerations developed by Dr. Weinberg in his article in the maga—
' zine Minerva (winter 1963) very helpful.

Before discussing them, however, I wish to empha.sme another factor
Before weighing seriously the comparative value of a new project in.
“big science,” it is essential to ascertain two factors: (a) it must be
feasible technically in the judgment of engineering experts; (b) it must
be backed by a qualified group of scientists who consider it important
" enough to make firm 'personal commitments to it if undertaken. The
latter point is essential to insure scientific success of the project.. -

One factor considered by Dr. Weinberg is the unpact of a given type
of research on related and significant branches of science... With respect
to this factor, he has given a low rating to high-energy physms research
‘on elementary particles. ‘The contribution of this factor can be deter-
mined in detail by consultations with: people who are not themselves
. involved in the research in question, but who are active in adjaccnt'_
scientific ficlds and hence can sense the impact on their sciences of the
' special programs and projects considered. - : :

A second factor, useful because many of these pro]ects are of some-
what prograrnmaﬂc nature (and hence of somewhat . predictable out-
come}, is the 1mpact of the results of scientific work on practical
applications. ‘This is related to Dr. Weinberg’s social-value criterion.
For instance, the drilling of the Mohole will undoubtedly advance
oceanic drilling to shallow depths, which may be of importance for oil
and other natural resources. Much oceanographic research has clear,
practical implications of a number of types, including military. Atmos-
pheric research has obvious practical importance for weather prediction,
and possibly ultimately for weather modification. These considerations
must be developed for each establishment or project, and weighed.

The third factor is one of national prestige and international influence,
the significance of which, of course, is strongly dependent on the general
. world political situation. There is no doubt that space explorations by
means of satellites and deep space probes have a substantial international
impact, improving the apparent stature of a nation, even though their
scientific results are of interest only to a very limited audience, High-
energy physms research seems also to be a matter of some national pres-
tige. Occanographm research, by showing the flag, as, for instance, in
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the case of the current expedition to-study the Indian Ocean, certainly
has a major international impact.

The last factor,” which is probably least . suscepuble to quantitative
evaluation, is the broad cultural impact of scientific research, satisfying
the age-old: urge of humans to understand the world and themselves.
Three scientific areas impress me as now probably having the greatest
human appeal and grandeur in this respect.. They are galactic.
astronomy, probing the structure and the origin of the entire universe;
molecular genetics (now part of “little science™), advancing the under-
standing of the origin and evolution of life; and. high-energy physms,
_ exploring the elementary partlcle structure of all matter.

To sum it up, when engineering feas1b1hty and adequate comnutment
of scientific talent are assured, there remain four main considerations that
have to be carefully weighed and put together, and on that basis it should
be possible to arrange the existing and the newly proposed projects in an
order of preference. If one restricts consideration to projects whose ini-
tial costs are in the millions and operating costs (including scientific
activities) are correspondingly high, the total number (excluding estab-
lishments whose main function is applied but including the previously
mentioned “‘single-task™ research institutes not attached to a unique
facility) would be only in the hundreds, so that an ordering of pricrities
on the national level is wholly feasible. Since these ordering judgments -
are fallible, T would not advocate dropping a particular type of activity—
for instance, deep earth drilling—as totally worthless. The judgment is
not between “black” and “white,” but in terms of various degrees of -
value. Here also some “planning reports” on the opportunities and re-
quirements of particular sciences will be valuable, because their authors,
who are experts in the field, identify the most promising new research -
facilities in their scientific fields and assign relative priorities to them,
After a decision on a total Federal budget for all “big science” ventures
in the light of available fiscal resources and needs of the Government, it
should be possible to allocate the total available funds among the differ-
ent enterprises—existing ‘and proposed—according to the judgments de-
veloped above. Because of inaccessibility to me of all relevant informa-
tion, I am unable to conclude whether the total budget for “big science”
should grow more or less rapidly than that of “little science,” but it cer-
tainly should not grow at the expense of “little science,” for the reasons
already developed. -A poor nation that would still profit greatly by
nurturing “little science’” may not be able to afford “big science.”  (Note
the recent openly acknowlcdged decision of the Soviet Academy of Sci~
ences not to “compete” except in selected areas of “big science” because
of hmztatlons of their national resources.) On the other hand, “big’
science” generates effects of - mternatmnal import and provides some
sc1cnt1ﬁc knowlcdgc that “little sc1cnce * cannot.
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The third category of basic scientific research to which I turn my
attention is some of the work done in Government laboratories, other
Government technical establishments, and contractor-operated Federal
research centers. Included in this category are all those that were estab-
[ished to achieve practical goals within the broad mission of the Govern-

_ment agencies financing the establishments. They are numbered in the
hundreds. QCareful studies of the optimum conditions for effectiveness
of such establishments have Jed to a consistent conclusion (see, for in-
stance: Strengthening American Science, Washington, 1958, a report of
the President’s Science Advisory Committee) that they should incorpo-
rate in their activities basic research related to their practical missions,
i.e., mission-oriented research. Such in-house activity provides a bridge
between the contemporary science and the applied effort and assures a

- continuing forward-looking posture of the establishment. This general
requirement, I believe, is absolutely essential to insure the viability and
worth of such establishments, but its details—that is, the definition of
the scientific scope of mission-oriented basic research and the division
of funds between such basic research and the applied work—should be
very largely the administrative function of the sponsoring agency and
the management of the establishment, subject, of course, to the approval
of Congress (1). The primary concern of Congress should be to deter-
mine the total funds to be allocated to the establishment on the basis
of the importance and promise of the practical mission, and on the basis
of the past record of the accomphshment of the establishment in the
performance of its practical mission. '

* While thus endorsing firmly the need and value of nrussmn-onented
research, I have reservations about the introduction of general basic
research, not related to their missions, into such establishments. This
creates distinct classes of personnel and is not conducive to an effective
prosecution of the main objectives of the establishment. In this con-
nection I must also note that the original practical missions of some—but
certainly not the majority—of such establishments have been accom-
plished or lost, and no new one of equal validity has been established.
The substitution of basic research for the practical mission as a justifi-
cation for the growth of an establishment appears to me to be not very
sound. Valid questions must be raised concerning such factors as lack
of firm scientific tradition in management, comparative isolation, high
¢osts and inability to educate new scientific personnel, as well as scientific
productlwty If the answers are unfavorable, clearly the establishments

" should receive low priority in the allocation of funds for scientific re-

search. While abrupt discontinuance of support of these establishments
~ would be harmful and disturbing, if their scientific productivity were
recognized as satisfactory, essentially fixed budgets seem to be the most
that can be recommended, except where research is of outstanding



quality. In effect, the decision to apply fixed or decreasing budgets
would be equivalent to “mothballing” an establishment in order to have
it available for an unanticipated new practical need.

"The fourth category is basic research financed by the Federal Gov-
ernment in the research laboratories of proﬁt-motlvated {and some
rather similar “nonprofit”) private corporations as distinguished from
wholly Government-financed Federal contract research centers included
in category 3. This fourth category includes basic rescarch done under
contracts aimed at practical objectives, some of the so-called independent
research financed partly from. the overhead of procurement funds
{ASPR 15, amounting to about $1 billion in 1964) and separate con-
tracts and grants for basic research. : '

The principles developed above for category 3—the Government lab-
oratories—are, I believe, applicable to category 4 also. When the
profit-motivated organization is engaged in an applied practical task
under contract to the Government, the Government agency and the
contractor must determine whether related basic research by the con-
tractor will expedite the accomplishment of the mission. If so, they
must also determine what constitutes mission-oriented basic research.
It should also be mainly an administrative function of the agency, in
consultation with the contractor, to decide on the division of funds be-
tween the various activities of the contractor. The Congress, on the-
basis of the importance of practical missions and records of progress
achieved, should, of course, decide on the total funds to be allocated,

Most of the funds under ASPR 15 are given in support of applied re--
search. Where these funds are used to support basic reséarch, the prin-
ciple now in force, I believe, is that the work is to increase the contrac-
tor’s value to the Government, and is therefore to be related to the
contractor’s existing practical capabilities. This principle appears sound
to me and requires no modification, but perhaps a more consistent appli-
cation is called for.

The contracts and grants for basic rescarch by profit-motivated cor-
porations that is unrelated to their development and production activi-
ties for the Government appear to me to have little justification. Of
course, there are exceptions where an outstanding scientific capability
exists and where continuing creative activity is in the national interest.
Where there is no solid basis for assuming such capability, the same
arguments should apply, as stated earlier regarding Government estab-
lishments without applied missions. The high costs of such research
(sec testimony of Dr. D. F. Hornig before the Subcommittee on Science
and Research, May 21, 1964) militate against its cxpa.nmon or even
continuation.

In conclusion, I want to comment on two subjects that have bcen
referred to in this paper only very briefly. While I believe that basic
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research should be support‘ed over the whole spectrum of sciences be-
cause of the difficulties in predlctmg its practical value in individual
cases, I am convinced that the main justification for Federal support on
the present scale lies in its practical applications of benefit to the Nation.
Hence the process of translating basic scientific findings into practice is
highly important, and this involves applie‘d rescarch prior to enginecring
The strengthening of such research in Government laboratories and in
profit-motivated corporations is as vital to the Nation as that of basic
research, mainly in universities. The former and the lattér types of
research involve different considerations, however, and I have not dis-
cussed the former because I consider it to be somewhat outside the spccn'ic
problem posed to us by the House committee,

- Finally, I want to reaffirm my deep conviction that better education of
our youth, based on equal opportunity for all who want to avail them-
selves of it, is indispensable to a good future for our Nation. Education
and research training of young scientists is but a- part of this large task.
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‘LEADERSHIP AND
QUALITY IN SCIENCE

bj} : SAUNbERs MAQLASIE
University of Chicago:

.. Introduction

" The: questions put to us, in brief, are:
{1} What level of Federal support is nceded to mamtam U.S.
- leadership in science and its applications? -
(2) How shall one adjust the balance of Federal support g1ven

" towvarious fields of science? .

These questions are tough and perhaps unanswera.ble In this paper,
‘only asmall part of an answer is attempted

To (1): A vital component in scientific leadership is the presence of
top-quality scientists. They are rare. They may not appear where
we think we want them; they crop up in fields of their own choice, and
. not in those planned by Federal panels. They may not appear when
we want them; the number of top-quality scientists may not increase to
match the current explosive growth of science,  But the top-quality
scientists are vital if this growth of science is to be truly fruitful; hence
‘they must be supported whenever and wherever they appear. In sum,
 to the questions at issue.

(1a) The level of Federal support should always be adequate to
provide research opportunities for all those men who give promlse
of true originality.

(1) The level of support should never be so lush as to drown
these men of quality in a sea of med;ocnty

To (2): Balancing Federal support is an allocation prob]em, it in-

volves the usual difficulties typical of other economic adjustments of
- supply to demand, plus special difficulties arising from the fact that the
supply of scientists-—notably the supply of scientists of top quality—is
limited and inclastic. As a result, the limit'ations to scientific growth are
not merely fiscal ones. ‘

Most of the examples quoted in this paper will be drawn from the
field of ‘mathematics, pure and applied.- Now mathematics (computers
aside) is all “little” science and no “big” science; all theoretical, with
no experimental aspects. Hence our examples. w:Il bear most directly

(189)
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on the problems typical of scientific work that is theoretical and “little.”
On the other hand, mathematics provides especially clear examples of
some important points of general science policy: Quality is important in
all the sciences, and quality work can be recognized with e}i:ccptidnal :
accuracy in mathematics. Aga:ln, mathematics is currently growing
more explosively than any other science, so that it illustrates most clearly
some of the allocation problems consequent upon scientific growth,

Why Leadership in Science?

A position of international leadership in science is possible today for
the United States—in considerable part because of past decisions by
Congress that have strengthened science: decisions such as the develop-
ment of the National Institutes of Health, the establishment of the
National - Science Foundation, and the sharp increase of the level of
Federal support of science made in 1957 with the appearance of
Sputnik, Our scientific Ieadership in the past has led to improvements
in our economic well-being and in our military security, and has also
given us other but less tangible cultural and intellectual benefits; This
paper starts from the assumption that continued leadership in science is
worth substantial investment (Federal, State, and private) because it
is highly probable that such leadership will continue to yield such
advantages.

“This paper is concerned with the problems of scientific Ieaderslup and
not with the problems of the mass education of scientific technicians,
though the latter problems also bear on the economic benefits of science.

The Components of Leadcrshlp

Sc1ent1ﬁc leadership in a nation can mean a numbcr of different
* things: '

(1) Spectacular accomplishments: Examples: big rockets, sen-

sational new drugs, big accelerators, ‘deep Moholes, supertele-
.- scopes, and large-scale military achievements.

(2) Rapid practical applications of scientific discoveries: Ex-.
ample: The transistor, soon after its discovery, was applied to
give pocket radios, better components for computers, and minia-

- -.ture electronic devices for rockets. \

Many other types of scientific leadership appear as Icadcrshlp ina
‘particular scientific specialty, say, in one of the following forms:

- (3) ‘Outstanding centers: The University of X is one of the two

. -or three best places in the world to study such and such, Thusit is

Brookhaven or CERN for big accelerators, and it is Australia or
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Jodrell Bank for radio astronomy. . Within mathematics, it is Paris
or Cambridge (Mass.) for algebraic geometry, Princeton or
Berkeley or Oxford for topology, and Chicago or Tubingen or
Moscow for group theory. This type of specific scientific lea.dcrshlp
maiters—and can be measured, -

" (4) Predominance: Sometimes the experts in one country will
dominate a given field of science. Thus, much of the current
exciting development in molecular biology is sparked by activity
in the United States. Again, it is acknowledged that we have a
predominant position in optical astronomy; we have the biggest

' telescopes with the best equipment on top of the tallest mountains
with the clearest weather, and many of the most important con-
- ceptual advances in astronomy started in the United States,

(5) Origination of new. ideas: Leadership in this sense comes
not with massive investigation, but from ene crucial experiment or’
from one idea. At the time of discovery, the scope of this idea
may not even be recognized. Thus radio astronomy started from
the backyard observations of an engineer (and it took the Aus-
tralians to really develop this idea).. Current work on the break-
ing of the genetic code has been vitally influenced by Marshall
Nirenberg’s pioneering in vifro experiments, . The development
of high-speed computers owes much to Von Neumann’s contri-
bution of the stored-program idea.  Mathematical work on-partial
differential equations has been decisively strcngthened by the dis-
covery of “distributions” by Laurent Schwartz in Paris. Current
exciting progress in the foundations of mathematics derives directly
from 25-year-old work by Godel on the consistency of the con-
tinuum hypothesis, And so it goes with germmal ideas in many
fields of science.

(6) The best young men: In certain of the sciences, notably in
physics and mathematics, the most vital new accomplishments are
those of young scientists. In this regard, leadership lies with the
countries where circumstances most effectively stimulate the ablest
young scientists and permit them to attain intellectual mdependencc

o at the peak of their producuvc potential,

What Support Is Nceded for Lcadershlp"'

Conszder next the cxtcnt of cheral support approprlate to cach of
the six listed types of scientific leadership.
(1) “Spectaculars” are usually costly, both in money and in
 scientific manpower. At any one time, cach of several “spectac-
~ ulars” may be tcchmcally feasible, although at most one or two are
fiscally attainable. The decision as to whether to launch a “spec-
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- ‘tacular,” and if so, whxch one, involves political considerations and

questions of the allocation of scientific talent. The political -con-
siderations may- be: overriding in some cases. For example, the

- decision to land-a man on the moon may be justified in part as a

spur to the economy or 1n part asa moral equwalent to the com-
pct1t10n of war. :
(2) Practlcal apphcatlons of known scientific tcchmques lie on

Ithe development' end of the research-and-development spectrum.

c Here again the choice of applications and the decision as to the
" . speed with which they are to be pressed involves both pohtmal and
1 scientific considerations, as well ‘as careful cost compa,nsons be-

tween alternative applications.
(3} Outstanding centers for individual branchcs of science can-

'not stay- outstanchng, under current conditions. of rapid sc1ent1ﬁc

growth, unless they have liberal support. - Experience indicates the
merits of a pattern-of. combined private (or State) and Federal

‘support. For the latter type of support the “project system” of

- grants and contracts—with a variety of Government grantmg agen-

- cles—is well adapted to the purpose. -

(4) While our country has the sort of -Ieadershlp represented by

- -essential predominance of some fields of science, it is probably
-:- neither desirable nor possible that this exclusive leadership be con-

tinued indefinitely; some other country may soon be able and will-

* ing to match our best. To reap the economic benefits of scientific
- leadership ‘we do not need the sort of position represented by .con~
- tinued dominance (even though the specialists in the field might

sometimes wish it so). In military respects, domination (if pos-

~sible) has evident advantages but even here a greater dispersion
- of our scientific effort may give us a better garnble on the unforesecn

profits of future scientific breakthroughs
(5) . Origination of new ideas is, we hold the wtal element heces-

'+ sary to keep alive the other components of sc1ent1ﬁc leadership.. To
~ this end, we nieed ample support at all likely sources of originality.

(6) What brings the best young men now into this field, now
into that? The excitement of a field of science where there are
current great discoveries? The award of Nobel Prizes to scientists
in that field? The presence in a country of especially stimulating
teachiers? The promise of high monetary rewards? Or is it simply
the fashion of the moment or the lack of other alternatives? The

interaction of these forces is not well understood. Sample cases in

mathematics: In the decade 194—5—~55 ‘Fraiice was outstanding in

producing the very best young mathematicians. - (There were stim-

" ulating and revolutionary teachers in France, and there was little

competition from the ne:ghbormg field of physxcs ) In the decade
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1955-64, the United States (and’ perhaps Russia) leads in this
regard. Here it is highly likely that extensive Federal support of
‘the (previously relatively neglected ) science of mathematlcs played
an important role. In Japan (where the-motivations are different)
there have been many able young mathemat1c1ans w1th very Little

' government support. '
Thc best conclusion may be that the active development of the best
young £cientists requires both m_onetary rewards a.nd _mtellectu_al stimulus.

The ]udgment of Quahty

Ongmahty a.nd rcaI sc1ent1ﬁc novelty are rare, mdmdual and often
unpredictable. Because originality is usually that of an individual man
or-a couple of close collaborators, the support of such originality means
primarily the support of an individual scientist or of small groups of two
or three coworkers.. Usually the support must be requested before the
original ideas are all at hand, so the support of originality involves some
guesswork. This guesswork can be educated, though one needs to sup-
_port many really able scientists in order to be sure that one has included
all the profoundly original ones. Fortunately, there is a dependable -
method for judging the able scientists: a judgment of the scientist and his
project by means of a panel of experts in his field. Care must be exer-
cised that the offbeat but original scientist is not refused because he
arouses conservative doubts. With this precaution, the panel system is
probably better in locating possible originality than alternative systems
based on institutional grants or on regional development projects.

Such questions as to the choice of individual projects by no means cover
all significant decisions of governmental science policy. There are many
other plans, and other types of projects. This paper holds that in every
such casc the elements of quality and originality are vital. We propose
no automatic or guaranteed test for the presence of these elements. At
best we can suggest that one ask of each project: Does it pay attention
to quality and to originality? "If it is big, will the administration be of
high: quahty? If it requires many scientists, will their abilities best be
used here? " If it calls for “more research on X ” is it just combinirig the
evident importance of X with the popular slogan, “more reséarch”—or
does the proposal really present actual ideas as to research to be done?

Quality in science is upheld only when hard questions are asked of
each pro _]CCt Research is posmblc only 1f 1t starts w1th an 1dea

' The Mathematlcal Scscnces

Among the sciences, mathemaucs displays ma.ny sPecxal traits. Tt is
wholly theoretical: no mathematical theorem is ever disproved by an
experiment. Mathematical research resembles artistic creation, and
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some may hold that mathematics is an art; yet it displays other charac-
teristics of a science: There is absolute agreement upon conclusions, and
the results of one mathematician can be used by many others. Mathe-
matics (computers excepted) is highly individualistic; ability at team-
work is no virtue; there are often two. or three (coequall) research
partners, but there are no rescarch teams. Mathematics is recondite:
even the most fundamental problems of the science are hard to explain
to nonspecialists, Mathematics is an independent and self-sustaining
science; were mathematics cut off front all contact with other sciences, its
internal- problems would keep it vigorously alive for at least 200 years.
But there is not and should not be such isolation; mathematics does re-
ceive many stimuli from other sciences, and many of these sciences make
extensive use of mathematics. However, until recently there has been
little contact in this country between mathematicians and other scientists;
even today practically none of the leaders in mathematical research have
any role whatever in the formulation of national scientific policy.

At the same time, mathematics provides one of the best examples of
some ‘current problems of scientific policy. For instance, it lustrates
forcibly the problems consequent upon rapid scientific growth. There is
a shortage of talent in many academic disciplines; the shortage is at
present most severe in mathematics. Before 1945 there was only a
handful of industrial mathematicians; today they are nearly as numerous
as the academic ones. . Elsewhere, the lines between different fields of
science blur and mixed fields arise; here, separate disciplines (statistics,
computer science) appear to split off from mathematics. - Mathematics
is highly theoretical, but the very rapid development of science generally
is likely to make other sciences more theoretical, and perhaps in this
respect more like mathematics.  This has already begun to happen in
-fields as diverse as acronautics, automatic control, and psychology.

Finally, mathematics best exhibits the effects of quality upon scien-
tific progress, because here quality is highly visible. Mathematics
abounds in famous unsolved problems; the man who finally solves one
usually does so not by dint of new apparatus, but by harder or more effec-
tive and courageous thought: At the other end of the scale, routine
mathematical research is likely to be essentially worthless. No piling
up of low-grade effort solves a hard problem. In this science, quahty
really matters, -
" In these regards, mathematxcs in the United Statcs has recently been
strikingly successful. In the last half-dozen years, young mathemati-
cians in this country have solved at least five famous problems: the
“Hauptvermuting” of combinatorial topology, the continuum hypoth-
esis, the Burnside conjecture on finite simple groups, the Poincaré
conjecture for higher dimensions, and the resolution of singularities of
an algebraic variety. Still another big problem, the “index theorem”



DAVNULKS MAULANE - 1399

for partial differential equations, has yielded to an Anglo-American
attack. Many other important though perhaps less spectacular ad-
vances have been made, and many promising young mathematlmans
have developed. .

Mathematics thus represents a clear case in which scientific leader-
ship did develop in'this country; it would be good to know exactly
what steps brought this development about. It is reasonably clear
that extensive financial support (Federal and private) for individual
research projects in mathematics played a vital role, both in encouraging
able young men to take up mathematical careers and in giving them
(most important) opportunities for postdoctoral study at actwc centers
of mathematical research. .

Mathematical research requires no Iaboratory, it does require exten-
sive discussion and rapid publication. This is another point at which
governmental financial support is vital, even though the costs are not
particularly high. This is especially the case with review journals. In
many sciences, summary of the current literature can be accomplished
by an abstracting service or by a more or less mechanical indexing
arrangement. In mathematics, more is necessary: a review service.
Currently, the world mathematical literature is organized by three paral-

lel review journals: Referativnyi Zurnal Matematika (Russian), Zen- .

tralblatt fur Mathematik (German), and Mathematical Reviews
(American; published by the American Mathematical Society, with the

aid of a substantial annual subvention from the National Science Foun-_ -
dation and from other Federal sources). Mathematical Reviews covers
all the current research articles in mathematics, publishing for each.
one a review by a (usually!) competent specialist. - This provides for
all the Western countries a reasonably careful and current critical
check on all mathematical research activity; it incvitably gives a first
measure and emphasis on quality. Publication of Mathematical Re-
views is now possible only through Federal subsidy. Its presence in the
country is a vital elcment in Amerzcan leadersl'up in thls ﬁeld of science:

_ Apphed Scienice

There are cogent reasons, bearing upon national policy, for develop-
ing more and better applied scientists. This certainly is the case in
mathematics, where there is assuredly an especial shortage in this
country of applied mathematicians. Relieving this shortage is a com-
plex problem; we list some of the complexities: :

(1) Recent progress in applied mathematics has. not bccn as
spectacular as that in pure mathematics (recall the famous prob-
lems noted above).  This situation inevitably mﬂuenccs the cho1cc
of field made by young mathematicians. o
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{(2) There is no sharp line between “pure” and “applied”
mathematics. For example, 25 years ago symbolic logic was the
“purest” branch of mathematics; today it is heavzly apphed “as in
computers
(3) Apphed mathematics is not .one field but many, ranglng
from classical physics through continuous mechanics and partial
differential equations to game theory and mathematical models in
the social sciences. Needed are both applied mathematicians and
mathematically trained experts in the substantive field. :
(4) Some of the problems of applied science are of derivative
interest; worth doing because of the application and not because
of the science itself. . For instance, World War II problems of air-
" borne fire control required mathematics—in the sense that they
- required intelligent use of nothing more than elementary calculus.
- (5) Other problems of - applied science are fascinating,: and
sometlmes fascinatingly difficult, such as the unsolved qualitative
‘problems of dynamics (as in the three-body problem) These
. questions are not onIy very difficult; they requn'e background
o knowledge that is rare in this country. - :

{6} The trammg of good young apphcd mathematzcmns in uni-

- versities requires good older experts in these fields. These are the

. same older experts who are in short supply; they are needed for
- Government and industrial laboratories, This is a problem of allo-
~ cation in the face of shortage; to have enough applied mathema-
- ticians for industry in the future;, one must: somehow use a larger
proportion of the men now available as teachers. This is a typical
allocation problem of the sort that should be faced in planning

- additional big projects that will require, inier alia, many applied
© mathematicians. It involves a decision betwcen current expendx-

ture and investment.’

ThlS is but a partial list of the complexities 1nvolved--here and per~
haps in other applied sciences.. There is no simple solution. Reasonable
partial suggestions might be to return more experienced applied scientists
from the laboratories to the graduate schools and to encourage more
budding scientists in related fields to get more extensive background

 knowledge of mathematics,

- Problems of Growth

Scxences rnay suﬂ'cr from substantla.l growmg pams This is the case
for mathematics, which has exhibited especially rapid growth during the
6-year period 1957-63. In this period the number of members of the
American Mathematical Society increased from 5,736 to 9,515, and the
number of Ph, D.’s granted in mathematics and related fields from about



226 to about 588. - (Figures from annual lists of Ph. D.’s published by .
the American Mathematical Society.) - The number of undcrgradua.tc '
majors in mathematics has increased much faster. The growth in mathe- -
‘matics has been worldwide. Mathematical Reviews, Wthh covers the
world literature; had 982 pages in 1957 and 2,503 in 1963. :

This rapid growth has brought about many strains and d1slocat10ns
Departments of mathematics in many universities have doubled in size,
with a consequent increase in committee work and administrative work
(and no corresponding increase in the number of older men normally
responsible for such work). Individual professors have a heavier load of
guiding Ph. D. theses. . The increased volume of mathematical rescarch
has led to many ovcrIappmg results, where there was little duplication
before. (Sample: At a conference in 1963, essentially the same result
was reported by three different workers in “differential topology.) In
part, the means of communication haven’t been developed to match
the growth in numbers. . Mathematicians move easily from job to job;
_in these 6 years, top salaries have increased by at least 60 percent. .. Per-
haps the most important decision determining the quality of a faculty
is the promotion to permanent tenure {usually at the associate professor
level)., In the period 1948-55, the ablest young men normally spent
3 years as instructors (or in postdoctoral studies) and then 5 or 6.years
as assistant professors before being promoted to permanent tenure. Cur-
‘rently, most able young men expect to spend, at most, 2 years as instruc-
tors (or in postdoctoral stud1es) and. then, at most, 3 ycars as as&sta.nt'
‘professors, -

It is a fair conclusion tha.t mathematlcs has becn growmg at about the
" maximum manageable rate.

New continued leadership in a science clcarly requxres steady but
manageable rates of growth. Going beyond this, enthusiasts for the
‘utility of science occasionally argue for big expansions in the number of
. young scientists being trained. - This approach runs the danger that a
mere emphasis on quantity can stifle the quality nccessary to true original-
ity and fruitful scientific growth.

A striking example is the so-called GlIhland report of the Presxdcnt ]
Science Advisory Committee (Meeting Manpower Needs in Science and -
Technology, The White House, December 12, 1962). ‘This report
argued for a vast incx_'f_:ase in the number of Ph. D.’s granted annually
in the physical sciences and engineering, and pressed for the increase
without taking any account of the difficult problems of maintaining the
quality of the-Ph. D.’s.. For cxamplc in mathema.tlcs the repoﬂ: called
for an increase of 300 percent in 10 years. .

This recoramendation for mathematics is utter nonsense: Ph D in
mathematics, currently of good average quality, are turned out rather
slowly and “by hand,” in the sense that each Ph. D. thesis is different
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" in style and requires individual direction. .The number of professors
of mathematics able to direct such theses is limited, and the work of
directing too many theses can become a distraction. These distractions
- and related problems have already appeared in the recent 1957-63
increase in mathematical Ph. D.’s granted. This increase has already
takén up most of the “slack” in the system, as one may see .from the
following more extensive figures on the annual numbers of Ph. D s in
mathemaues

Year 1951 { 1952 | 1955 | 1957 ‘fi‘§59 1961 ‘ 1963

299 | 370

Total Ph. D78 ..ecnnnriennnent| 217 | 237 | 261 | 226

588

Any ‘serious- attempt o accomplish the 300-percent increase recom-
‘mended by ‘the Gilliland report could havé a number of serious side
effects. - The mature research projects of faculty personnel would be
slowed down or stopped; the increased number of advanced students
would often receive inadequate supervision. ~Moreover, such a recom-
mendation encourages universities without adequate mathematics
faculty to éstablish Ph. D. programs in mathematics. (Regrettably, this
_already happens too frequently.) The young students attracted to
such schools would receive inadequate training, often in obsolete fields
of réscarch; it is a ‘well-established observation that able students so
trained are nearly always ruined for further serious scientific work.
For these and related reasons, any substantial attempt to realize the
recommended extrarapid increase in the number of Ph. D.’s in' mathe-
matics is likely to fall short of its goal and is certain to depress the qua.hty
of the Ph. D.’s produced. :

This is but a sample of the difficulty w1th_ manpower studies. Thcy
are-likely to deal with the wrong questions, such as superficial esti-
mates of overall percentage increases and not with the more vital (and
less quantitative) problems of quality or selective increases, say, in
applied mathematics. ‘What is required is a better balanicing of supply
‘against demand. Not all the industries claiming to need Ph. D.’s and
not all the colleges wanting Ph. D. faculty can really make effective
use of scientists at this high level of training. The occasional proposal
that Government should support graduate training for all competent
students through the Ph. D. degree is too vague. {Where is the écutoff
‘point for “competence”?)  Sound decisions as to the size of Govern-
ment-sponsored graduate fellowship programs should balance the num-
ber of students at hand against the facilities for graduate training
realistically available.



An Allocation Problem: “Centers of Excellence”

 Scientific research finds its most natural home in universities. A uni-
versity is not just a center of science, it is a center of learning; along with
natural sciences and behavioral science, it must include literature and
history, linguistics and philosophy—whether or not they are labeled
“science.” The great universities such as Cambridge, Oxford, Paris,
and Harvard usually have a long tradition of excellence in-many fields
of learning. Science flourishes in such intellectually rich environments.
The more reflective sciences, such as mathematics and theoretical
physics, are particularly at home there. One may find scientific excel-
lence in partlcular departments or individuals in less-favored environ-
ments, but in such cases stimulus from related fields, especially neigh-
boring sciences, is usnally vital.

There are marked diffcrences in quahty among the universities of the
United States, ranging from very best, through very good and good, to
‘ordinary and mediocre. This spread has met the variety of our edu-
cational needs. Though there is no precise way of classifying universi-
ties, there is a real gradation in quality, and there is a sharp difference
between an ordinarily good university and a really great one (or, as
we shall call it here, a first-rate one). In a first-rate university the
intellectual activity is at a higher pitch and quality than elsewhere.
Moreover, intellectual leadership is a lonely business: the first-rate uni-_
versities are few in number. In France there is traditionally one, in
Paris; all others tend to be provincial. 'This sort of cultural centraliza-
tion is strongest in France. In England for generations there have been -
perhaps three first-rate. universities (in Cambridge, Oxford, and Lon-
don) ; there are now vigorous efforts to get more, In Russia there have
been perhaps two; with considerable effort one more (in Novosibirsk) is
now being promoted. In the United States 30 years ago there were by
general consensus only three truly first-rate universities; in alphabetical
order, they were California (Berkeley), Chicago, and Harvard,  Today
there may be a few more, but not as many as university presidents would
have us believe. There is often complaint that too big a proportion of
Federal support. of science goes to a few centers, but this situation is
not due primarily to any geographical favoritism, but to the hard facts
that there are not too many first-rate men to go around and that a
first-rate center usually develops slowly.

There is a similar situation in each individual science: a va,rlety of
departments, headed by a few really first-rate ones. The most original
scientists are usually (not always) in.a first-rate department, and it is
these departments that provide the leadership in the science. The exact
situation varies from science to science. Consider mathematics as an
.examp_lc In the 1930, for graduate study and resca.rch in mathc-

wE-101—65——14
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matics, there were exactly two first-rate centers in the United States:
Harvard and Princeton. Twenty years later there was one more: the
University of Chicago. The number has increased steadily; today there
are seven or eight first-rate centers.” The first-rate centers are the ones
where most of the leading scientists will be trained. (Sample statlstlc'
21 of the 47 members of the section of mathematics of the National
Academy of Sciences received their doctoral tralmng at just three uni-
versities—Princeton, Harvard, and Gottingen.)

Why are there no more ceriters? Because a first-rate center usually
Tequires some tradition and certa.mly requires a sufficient concentratlon
(a “critical mass™) of first-rate scientists, One cannot have more centers
than the population of sc1ent15ts allows; there is some reason to believe
that the “critical mass” necessary for a first-rate center has increased
(because of the increasing complexity of science), In mathematics, a
dozen years from now, there might well be as many as 15 first-rate
centers. In each field of science there will be a similar limit, varying
from field to field. Any attempt to get more centers than this limit
will simply disperse the leaders of science so much that their vital inter-
actions and their stimulus on groups of students are lost. A single first-
class scientist, mixed with many second-rate onﬁ, is likely to be buried
and lost. Explicit examples show that one or two first-class students,
grouped with large numbers of mediocre students miss an essential
stimulation. Quality depends on concentration..

" In the light of this background, one can see some of the grave diffi-
culties a.ttenchng the current National Science Foundatlon program to
support new “centers of excellence.”

The first difficulty is one of termmology ~What the Foundat:on pro-
gram in fact appears to intend is to bring 2 number of newer centers
_ up to the good or very good level.  The label “excellent” is a misnomer.
In any reasonable use of language, “excellence” in universities must refer
to the best, the ﬁrst rate, or the great Pretens_e at excellence is a fatal
flaw.

Second, the program is vague because it has no ob]ectlve criteria for
choice (at least, none revealed in congressional hearlngs) Many insti-
tutions would like to be¢ome better; the National Science Foundation
provides no well-defined or sc1ent1ﬁc way of choosmg whlch ones to
support.

Third, the program does not appear to ‘make reahstlc estimates of the
poss1b111t1es How many very good centers can actually be achieved

-in cach science in the next 5 years? In fields with extreme shortages of
scientists, how is the National Science Foundation money to be used to
‘build up new centers? Perhaps to let thése centers offer larger salaries
to leading scientists at old centers? A large part of the real effect of
the program might be increases in the salaries of the limited supply of



high-quality scientists, whether or not they move to new centers. This
Is clearly useful to the scientists concerned, but may not be the effect
really intended.

‘Members of Congress have shown an active interest in the posmble

'development of new centers of science. If this interest is to be effectively

realized, it would seem appropriate to get a better start with a moré
serious study of some of the tough problems involved: How large must
a science department in a university be if it is to be a viable center? In

what ways does science benefit from the interaction of several university

departments close to each other? How does this compare with the effects
of dispersion? Does the promising young scientist need the stimulus of
a first-rate center? If so, how soon can and should he “go out on his
own”? Under current conditions, how many good and how many ex-
cellent centers are possible in this and that science? How many good
departments does it take to make a viable center? How does one choose
between the various competing would-be centers in one underprivileged
region? Is it more effective to set up such a center or to pay traveling
expenses to an established center? How can the merits of the project
system be protected from regionalism? Finally (and hardest), what
mysterious process turns a very good university into an excellent one? -

‘ Quality and the Future

- This paper holds that Federal support of the highest quality work in
science js vital to the maintenance of U.S. leadership in the advance-
ment of science and technology. In this context, supporting the highest
quality work means selective support and means some defense of such
work from the pressures of mass projects and “big science.” In conse-
quence then, this paper holds that the rate of growth of science should
be positive but moderate. Arguments for rapid growth can be based on
~ impressive population statistics; such figures inevitably miss the crucial
‘point of quality and the fact that too rapld growth must increase the
proportion of mediocre work.

And what of the future? Difficult decisions on questions of national
scientific policy—these questions or others—will become more pressing.
There will be a need for more scientific statesmen and administrators.
Experience indicates that the best men of this type are found among
scientists who have themselves done work of quality. In this regard, as
in others, support of the best builds for the future, and support of the
best means asking hard and critical questions.

In closing, I quote from the annual report (1962-63) of Caryl Has-
kins, president of the Carnegie Institution of Washington:

* % * And 20 we may be In particular danger of forgetting that the accumulation
of facts, however important, is only a secondary business of science. It atill represents
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at best the “in-grade” phase in the evolution of our insights about the world. The
real-greatness of scientific scholarship inheres in the thir, tenuous, ephemeral thread
of reason and vision and insight and crucial experiment, in the acts of true under-
standing that from time to time and from place to place over the scientific front lead
from one conceptual level to another. In the last analysis; it is by the consistency
and the effectiveness of this second, germinal process, through the years and over the
whole broad span of the effort, that our scientific progress and our sclentific stature
muist be measured. In publicly misreading the principal business of science, in
imagining its basi¢ task to:be primarily the accumulating of facts about the natural
and the social worlds rather than the winning of significant new insights into their
- egsence, there is a real danger that we could misunderstand its deepest requirements
and o compromise its greatness, and its long-term vitality, at exactly the times and

places where a superﬁmal v1ew might suggest that we were most act.we!y promotmg
.I.t * * it-



BEHAVIORAL SCIENCES

- by CARL PFAFFMANN
Brown University

This paper provides background relevant to the question of balance
of support among the various fields of science. Behavioral science refers
to those disciplines that study’ the many aspects of man’s behavior as an
individual and as a social being. The term behavioral sciences is of
relatively recent origin and emphasizes those parts of social science that
attempt to solve their problems by empirical and scientific methods. It
includes most of contemporary psychology, sociclogy, anthropology, and
certain aspects of political science and economics.

The primary motivation for basic research is the desire to know; at
the same time there are many social problems calling for practical solu-
tion. - These are often symptomatic of deeper questions that may extend
beyond the immediate aim of specific programs of applied research or
programs of action, Basic research with its deeper and broader study
is essential and some examples are given from anthropology, psychology,
economics, political science, and sociology. As in other areas of science,
increasing sophistication of methods and instrumentation, both in the
Iaboratory and field study as in survey research is bccommg increasingly
expensive.

There are great manpower needs, espemally for manpower trained in-
rigorous quantitative methods.: Accordingly, there i increasing need
for support of training as well as for research. It is probably the short-
age of manpower to do research that sets the present limits. e

The psychological and social sciences currently receive about 5 percent
of the Federal funds in support of research. A modulated increase in
support is recommended for the already established behavioral science
programs of the National Institutes of Health and the National Science
Foundation. Mission-oriented agencies are urged to include adequate
budgets for basic research that is relevant to their applied research and
operations. The continued support of behavioral science is urged in
order to ensure its balanced growth The potcntlal benefit to man from
amature behavxoral science is great.

: : (203)
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Introduction

This paper will attempt to provide background relevant to the second
of two questions posed by the House of Representatives Comnuttee on
Science and Astronautics, as follows: Lo

What judgment can be reached on the balance of support now being given
by the Federal Government to various fields of scientific endeavor, and on adjust-
ments that should be considered either within existing levels of overall support or
under conditions of increased or decreased overall support? :
" In particular, this paper will discuss the behavioral sciences. Fol-
lowing several introductory general sections, there will be five sections in
which each of the major behavioral science disciplines will be dis-
cussed individually. They are treated separately for, although there
is much interdisciplinary overlay among the fields, each can be iden-
tified by its own professional socmty and membership, specialized
journals, and departmental orgamzatmns in universities and colleges.
Finally, some overall comparisons of the disciplines and thelr trammg
and research needs will be discussed.

What Are Behavmral Sca.ences?

Thc new term-——behaworal sciences—was invented to cmphas:ze thc
empxncal_aspects of the social sciences, those parts that attempt to get -
data on and to analyze actual behavior of human beings. Thus the
core of the behavioral sciences includes most of contemporary psychol-
ogy, sociology, and: anthropology,'espccially social anthropolc‘:gy' It
also includes certain aspects of political science-and ‘economics, and
may even touch upon- history and law where those dlSCllenCS are
concerned with human bebavior.,” The term behavioral sciences is
sometimes used as if it were brand new and revolutionary but, in
fact, it merely refers to a growing and increasing trend in social
science—a trend toward a greater degree of empiricism. Actually, the
term is preferred by some because it is more explicit as.to the data and
even the methods of observation,  Thus, it is possible to include among
the ‘behavioral sciences those parts of psychology and anthropology
where the concern is with the biological foundations of behavior and
the object of study may be the individual ‘organism ‘in situations that
are not immediately social. These two disciplines provide a bridge
with the zoological sciences and the substantial segment thereof that is
concerned with behavior. Ethalogy, a field of zoology, has uncovered
findings in the evolution of behavior of great importance for psycholog-
ical understanding and theory. The International Brain Research Or-
ganization associated with UNESCO has a section on behavioral
sciences, where the emphasis is on the relation between the brain and
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behavior. . It is yet too early to tell whether this vast global sweep
from the physiological to the social determinants of behavior can be

encompassed in a unitary section of sciencé, The recent action of the
- National Research Council in changing its former Division of Anthro-
pology and Psychology to a Division of Behavioral Science, and adding
sociology, political science, and economics to its purview, is an attempt
to include such a broad coverage among the advisory funcnons of the
National Academy of Sciences.

At one time, social sciences and theories of social science were often
formulated in the abstract, as if social systems had their own laws inde-
pendent of other aspects of behavior,r The emphasis on behavioral
science brings in ‘the basic concept that economic institutions, social
customs, or other organized systems of government are all devices de-
veloped through the long range of history by man to control and guide
his behavior, satisfy his needs, and mamtaln stability of sorts in mterper-
sonal relations. :

We may note two - trends in the current development of behaworal
- science. Along with the empirical character of the study of behavior
"and social institutions is the trend toward quantification, the applica-

tion of mathematical techniques in the analysis of data and the con-~
struction of theoretical models.. The attempt at mathematical formu-
lation demands greater precision with regard to the concepts, the defini-
tion of variables, and the formulation of theorems and hypotheses. . The
development of computer science has aided this move toward quantifica-
tion, for it provides the: means by which exceedingly complex clusters of-
data ;may be analyzed and systems ‘with many vanables handled
‘mathematically, . e
A second major trend is the increasing mterdxsmphnary nature of
behavioral science. - :Thus,- whereas economists had a long-standing
interest in decision processes in relation to pricing mechanisms in the
marketplace, traditionally economic. units were treated. as if they were
single, rational organisms operating in fully known and simple environ-
ments. Behavior-oriented critics of such models have stressed the
~ limited rationality of human decisionmaking, the uncertainties and un-
knowns in the real marketplace, and the fact that business firms could
not be. properly. treated exclusively as individuals. Thus there has
developed a large amount of psychological-economic research on deci-
sion processes in general and within the business firm in particular.

Another cxample might be drawn from the relations between psychol-
ogy and political science.. Political science is concerned with the insti-
_tutions by, which societies are brought under legal order or regulation

by law and the way these institutioris make and enforce their policies,
Thus, understanding of individually acquired beliefs and habits relatxng
_to political life and learning theory, as developed by psychologists, is
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being apphed by political scientists in studies of the acqulsmon of
_ such beliefs and habits.

Looked at in another way, the term “behawora.l sciences’ emphamzes
the development of a methodology that begins to come closer to that
familiar to us in the biclogical and physical sciences. Research in this
area should lead to the discovery of the principles at work; the proba-
bilities involved in any situation, and a clearer perception of the factors
determining behavior. This field should make contributions to human
welfare and the solution of problems of both national and international
scope. There are both skeptics of and enthusiasts for behavioral science,
and there is concern that there may be overacceptance by the latter of
what behavioral sciences can achieve, especially in the immediate solu-
tion of practical problems. - Nevertheless, the decision of the National
Research Council and some Government agencies to include all aspects
of behavioral science in their research and advisory functions attests to
the growing appreciation of the contribution that this body of knowledge
may make to the ovcrall scientiﬁc enterprise and_ the national welfare,

Somal Pro‘blems and Research in the Behavmral Sciences

When thinking .of cr1t1cal social problems, we tend to think first of
juvenile delinquency, illegitimacy, alcoholism, drug addiction, homo-
sexuality, or other extremes of behavior deviation ‘and social disorgani-
zation: ~ But virtually all human problems involve social and psychologi-
cal aspects, and their solution may be facilitated by behavioral science
knowledge. In some cases it may seem as if the problem is solely one
for the natural sciences; but this may be only because we tend to: con-
cenfrate our attention on those aspects we know how to solve or have
solved before. Thus, the decline in death rates since 1750 in Western
countries has been hailed as 2 triumph of ‘medicine. ~ It was, in fact,
mainly a matter of economic development and crude environmental
sanitation up to about 1875, After that, the sciences underlying medical
practice and public health played an increasing role, but it was precisely
at this time that a lack of social science and its application began to
turn the achievement of better health into the nightmare of overpopu-
Iation. In other words, the adoption of a purely technological or natural
science solution to a human problem often results in the creation of
additional problems. = The automobile, for instance, is an excellent
vehicle for improving transportation;-its mass use in cities, however, is
tending to prove self-defeating, The advances in biochemistry and
genetics that enable people with grave genetic defects to reproduce may
well pose problems for future generations bccause the somal sade of the
ma.tter is 1g’nored



The dlstmcuon between basic and applied research, difficult enough
to make in the natural sciences, ig even harder to make in the bchavxoral'
sciences.: Yef, for two reasons, the distinction is probably more im-
portant in the latter disciplines.

First, there is the danger that purely apphed social rcsearch to support
some action program will be so hedged in by popular prejudices and
assumptions that it fails to get to the root of the problem and, hence,
becomes trivial. For instance, there is considerable research at present '
in underdeveloped countries demgned to get villagers to accept innova-
tions in agricultural practices. A tacit assumption behind much of this
research is that the obstacle to acceptance of innovations iz simply the
‘wrong attitude, and that the problem is to find the proper educational
and propaganda techniques to alter the traditional way of looking at
agriculture. The question of whether the innovation is cconomlcally
proﬁtablc and soc1ally rewarding to the villager in economic and social
terms is assumed to be answered affirmatively, but that is precisely the
question that takes a great deal of systematic research to answer. If
the answer is affirmative, very little propaganda, if any, may be required
to gain acceptance of the innovation. To assume that the problem is
Solely a matter of the wrong attitude is an easy way out, because then
the knotty problems of the sociceconomic system, with 1ts rcwards and
costs for the villager, can be ignored.

The solution to the world’s population problem is commonly thought
to involve the invention of a foolproof and utterly convenient contracep-
tive device and the “diffusion” of it to people in backward countries.
Millions of dollars are currently being spent in this effort. Yet there is
no population that has reduced its birth rate solely in this way, nor is any
population likely to do so in the future. As long as the social and eco-
nomic system is one that rewards people for reproduction and punishes
them for nonreproduction, they will continue to bear sizable numbers
of children. As yet, no social system has emerged that, in the long run,
discourages reproduction to the point of simply replacing the popula-
tion. Reductions of the birth rate occurring in industrial societies have
been brought about, not by contraception alone, but by social changes
leading to marital postponement, celibacy, and abertion, as well as a
variety of simple but reasonably effective contraceptive practiées. Even
so, the reductions have not been adequate. The continued debate over
the morality of “birth control” confounds the solution to the population
problem. In the meantime, the applied research designed to induce peo-
ple to accept contraception is not only trivial but also harmful, insofar
as it turns attention and money from deeper research that would have a
likelihood of greater effectiveness.

One example of research carried out with due regard for basic under-
lying processes and not constrained by a specific point of view is the-
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Vicos Project in Peru.” Cornell University, with funds from the Camegle
Corporation of New York, has for about 10 years been conducting a
‘highly successful experiment in a Peruvian Indian community under
the direction of Professor Allan Holmberg of the Department of Anthro-
‘pology at Cornell, © A large ‘hacienda was bought from anabsentee
landlord. It had been run 1neﬂic1€:ntly by a hired resident manager.
'The Indian inhabitants were little more than peons or scrfs—lgnorant
eproxted and wholly lacking in' incentives, -

‘The Cornell anthropologists proceeded to initiate major economic im-
provements———fertlhzanon and crop rotation—as well as new and im-
‘proved -crops. ~ Capitalizing always on individual incentive, they im-
proved living and housing ‘conditions, education, and public health. = A
marketirig cooperative was established, resulting in much-lmproved prices
for the local commodities. In 10 years the per capita income was multi-
plied many times, ~ A’ good school and- a elinic with-three nurses were
‘established—all ‘out ‘of ‘the decreased income. - The depressed and. dis-
_ ‘spirited population became. politically aware and now, for the first-time,
+ idealt directly with the agencies of the Peruvian state rather than through
‘their ' absentee landlord.”:Noting the great improvement in economic,
-educational, medical, and sociopolitical respects, neighboring communi-
ties have begun to imitate the people of Vicos, and the Peruvian Govern-
ment has begun to organize comparable projécts in the vicinity of Lake
Titicaca. The consciousand intelligent application of behavioral science

knowledge is perhaps the only way to make benevolence and good will
genuincly effective in- many aspects of international relations. .

“The second reason for distinguishing between basic and applied work
is that the normal aversion to-basi¢ research is greater in regard to the
-social scienices than it is in regard to natural science. One can see the

relevance of basic principles in physics-and chemistry-to achievements in
~making- weapons, -television sets, arid medicines; but-one cannot see so
" clearly the relevance of special “abstractions” and “jargon” concerning

things we know about already; such as taxes, schools, race relations, and -
the family. - The skepticism is increased by the fact that the layman has
his own common-senise views about social matters. He objects when

these are placed in:-question by empirical evidence supporting contrary

and usually less sweeping generalizations. ~'This is particularly true if the

matter is one to which people attach strong positive or negative values,

Behavioral science often deals with human behavior in the context of
dauly affairs and everday life, both with regard to individual behavior
and the institutions in which it is embedded. It is, thus, tied to many
practical situations and has future potcntia,l application for human and
‘national welfare. Problems requiring behavioral study and solution
may be considered to be of two types:~ - ;

(1) General questions of human behavmr stemmmg from the
nature of “human nature,” dependent in part on man’s biclogical



and genetic character and the interplay between these and the vari-
ous social factors .and social institutions that condition human be-
havior individually and coliectively.

(2).. Man-made problems stemming from the impact of society
upon man. One can cite modern technology—in terms of auto-
‘mation and its effect on unemployment, redistribution of jobs and
effort, and the individual’s leisure time—for example. Advances
in medicine and public health have had great impact on the growth

of world populations: which, in turn, give rise to many social, CCO',

.nomic, and political problems
But practical problems often require action, whereas scientific study
reqmrm some degree of isolation from the demands for immediate solu-
tions. . The scientist must look at and -analyze the situation with some
Ob_]CCtIVC detachment in the attempt to develop generalizations applica-
ble beyond the immediate ad hoc situation, : -Basic research directed
toward increasing our understanding of a. phenomenon in depth may

lead to greater practical effects.in the long run than more applied re-

search. aimed at implementing some specific. plan of action. = Often

practical problems are symptoms of deeper problems that requlre more-

ba.sm study and research.
Status 'of Behavioral Science Disciplines

Amhropalogy

Anthropology is concemed w1th every aspect of the study of man—
biological, technological, economic, social, and cultural. It maintains
especially close relationships with other specialized disciplines that deal
with man, notably biology, economics, geography, medicine, psychology,
sociology, and political science. It unites four major subdisciplines that
are often pursued independently in other countries: (1). archaeology,
or prehistory; (2) ethnology, or. cultural anthropology; (3) linguistics,
or the study of language; and (4) physical anthropology.

Support. of research and future development.—Research in anthro-
pology was very inadequately supported prior to World War II. . Since
then the situation has changed markedly for the better, and the Ievel of
support today is, in general, reasonably satisfactory.- . One small foun-
dation, the Wenner-Gren Foundation for Anthropologmal Research, de-

votes its respurces almost exclusively to the support of anthropology. - A
 variety- of other private foundations promote research atparticular
institutions; The Social Science Research Council fellowships for

foreign-area research are invaluable, though there are not enough of
them. - The National Science Foundation and the National Institutes
of Health offer very generous support to anthropology, and much im-
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portant research is supported by the Office of Naval Rescarch, the
Special Operations Research Office, and other Federal agencies.

Several important fields of research are still seriously lacking in
support. Among them are human genetics, primate behavior, and
comparative 11ngulst1cs (the latter perhaps because of the mistaken as-
" sumption that it is a humanity rather than a science). Departments
of anthropology are handicapped by a paucity of funds for *‘small
grants”—from a few hundred to a thousand dollars or so—to meet
emergencies in ongomg research, such as arc currently made available
to deans or chairmen in most lcadmg schools of medicine and public
health.

One major enterprise: for data collectioni and retrieval, wluch serves
geography, human biology, psychology, and sociology as well as an-
thropology, is especially deserving of stable support. This is the Human
Relations Area Files (HRAF), a collaborative operation of the Smith-
sonian Institution and 20 American universities. The support of HRAF
by Federal agencies, though generous, has fluctuated rather violently in
the past as a result of technicalities and shifting interests. Its: support
urgently needs to be placed on a stable basis.

By far the most serious need of anthropology—and of several othcr
behavioral sciences as well—is for a greatly expanded . program of field
research in foreign areas, notably Oceania, southern and southeastern
Asia, Africa, and South America. Here the scientific objectives of an-
thropology coincide remarkably closely with the objectives of the United
States in international relations. Detailed knowledge of the economy,
technology, population characteristics, social and political organiza-
tion, and cultural values of other peoples is crucial to the successful
administration of foreign aid in underdeveloped countries, to the suc-
cessful prosecution of present and future military operations in such re-
- gions as southeast Asia, and to the successful countering of disruptive
forces in ‘friendly nations. The ignorance or ignoring of social
and cultural realities in many of the programs of the Agency for Inter-
national Development and the Organization of American States, and
in the relations of the American military with the local populations
in ‘Lacs and South Vietnam, has had the gravest of consequences.
Corrective steps can be taken only on the basis of obtalmng fuller be-
havioral science knowledge and utilizing it effectively.

The -potentialities in this direction are illustrated by the h.1gh1y
successful cooperation between anthropologists and the U.S, Navy in the
‘Trust Territory of the Pacific (the former Japanese mandated territory)
after World War II. When the Navy assumed responsibility for the
administration of the trust territory, it established a training program
for naval officers at Stanford University under the direction of Prof.
Felix Keesing, then chairman of the Department of Anthropology there.
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In 1946, the administrative personnel were provided with additional
information by a survey of the area made by a group of anthropologists,
economists, and geographers, and in 1947 the Office of Naval Research
granted $100,000. for a coordinated Investigation of Micronesian An-
thropology (CIMA) conducted by the Pacific Science Board of the
National Research Council. More than 40 anthropologists from some
20 institutions were sent into the area for intensive ethnographic research
over periods ranging from 5 months to a year. These studies provided
the Navy with detailed information on most of the island peoples, on
the basis of which it was enabled to adapt its administration highly
effectively to the varying local cultures and conditions. In addition,
the scientists, who lived with the natives and learned their languages,
were able quickly to detect sources of friction at the local level and
to advise on means of correcting them.

After the completion of the CIMA program, in 1948 the naval ad-
ministration of the trust territory appointed an advisory anthropologist
at the central headquarters and also at those of each of the regional
administrative districts. In consequence, the Navy achieved what is
probably the cutstanding example of an enlightened and humane colonial
administration in modern times. Many, though not all, of its adminis-
trative practices were adopted by the subsequent administration under
the Department of the Interior. The success of this effort has lessons for
the application of behavioral science knowledge in other parts of thc
world : :

Economics

Economics is eminently a practical and applied science rather than a
pure one, though in recent decades the attempt to gain a basic under-
standing of its subject matter has led to more and more abstract investi-
- gations, The focus of interest has shifted from time to time, in response

to the pressing practical problems of the day. For example, in the early
part of the century monetary and tariff problems were the liveliest areas
of economics. During the great depression of the 1930’s the problems of
the level of employment and the determination of the national income
came to the fore. Since World War IT economists have become increas-
ingly concerned with the problems of economic growth, both in this
country and in the less-developed countries of the world. _

These concerns are pursued in many ways, including day-to-day ad-
vice to governments and business firms, polemical writings on contro-
versial issues, and scholarly studies of the fundamental mechanisms be-
lieved to have a bearing on practical economic affairs. - '

The methods used by economists have been changing rapidly over the

last 20 years or so. Whereas much empirical work had been done prior

to World War II, there is now more tendency to tie empirical research
and theory together.. Theorizing and mathematical-statistical methods
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have become more sophisticated The advent of the electronic computer
is causing a revolution in the methods of econoxmc research whu:h is
still in its beginning stages.

- The continued development of economics depends to an nnportant
extent on the continued development of four new research tools: (1)
improved compilations of data through systematic national income ac-
counting, (2) more extensive and skillful use of sampling met’.hods, (3)
more powerful ‘methods for the statistical analysis-of-time series; (4)
simulation methods, which are a partial offset to thc nonavallablhty of
laboratory experiments. :

" One stimulus for the recent increase in interest in quanntatwc, ermnpiri-
cal economics is its affinity with a field variously called managerial eco-
nomics, management science, and operations ‘research. - This field
attempts to apply in practical affairs of business and Government some
of the doctrines of economics that previously had been regarded as being
doubtless true but too profound and abstract to be of practical interest.
When' the possibilities of applying these doctrines appeared, interest in
- elaborating them—that is, basic research into the theory ‘of economiz-
ing—flared up.  Inventory thecry, mathematical programing (priority
contested by the Russians, with considerable justification), game theory,
and input-output analysis are some of the Important elements of this
movement. ' These have been unexpectedly fruitful in expandmg the
theoretical basis of economics. They have also enjoyed widespread prac-
tical application, and have been useful in strengthening the empirical
basis of economics as well. It is an understatement, however, to say that
~ therc are unsolved problems in all these areas.. _

Support of research and future development.—As in many fields, there
is a shortage of personnel. Economics is widely taught and the cguntry

is fortunate in having at least a dozen first-class centers of economie-train-
" ing and research. Yet the supply and output of economists is far from
adequate to meet the needs of college and university departments, Gov-
ernment and international agencies, business and consulting firms. En-
trance into the field is now cncouraged by a variety. of feIlowshlp
programs, but more are needed. :

Many practicing economists in mldcareer have not had an opportumty
-to keep up with progress in this rapidly evolving field.  This is particularly
true of economists on the staffs of Government agencies and business
firms. Fellowship programs that would enable such economists to mod-
ernize their skills would be especially productive in the short-run in over-
coming the deficiency of economists with modern statistical and analytic
techniques at their ‘disposal. The long-run need, however can be met
only by increasing the intake of fresh blood. ' :

- Economic research is becoming increasingly expensive. It is not ex-
pensive for a scholar to think or to pare over a volume of census reports.



But it is very expensive to gather empirical data specially designed. to
test a specific hypothesis and to carry out the elaborate computations such.
a test may require. = And it is expensive to use electronic computers in
simulation studies, which are frequently necessary to deduce the, conse-
guences of hypotheses about such complicated structures as an economy
or a business firm operating under the influence of an uncontrollable and
unpredictable environment, Projects requiring extensive field research
or heavy computations frequently demand budgets of $250,000 or more.
The Ford Foundation, the Rockefeller Foundation, the Carnegie Founda-
tion, and a number of smaller foundations have helped meet this need.
The Federal Government has long contributed substantially to economic
rescarch in a variety of ways, and the relationship has been reciprocal:
The statistical and fact-gathermg activities of the Government have been
the foundation stone of economic research in this country.  Not only do
- agencies gather essential data in the course of normal administrative
and reporting activities—the monthly Current Population Survey is an
‘important example—but significant analyses of these data are made by
the Bureau of the Census, the Bureau of Labor Statistics, and almost every
othier agency that i charged with respons1b111ty for economic affairs.
The continuation of this fruitful collaboration is of first importance both
to well-informed Government economic pohcy and to thc furthcr prog-
réss of economic science.

Since World War II, the Federal Government ha.s helped to defray
the cost of many studies through the National Science Foundatxon, the
Office of Naval Research, and a number of other-agencies. Financial
support of this sort is indispensable to the continuation of empirical and
quantitative research in economics. Nevertheless, many worthwhile
undertakings have been impeded or abandoned for lack of funds.  Else-
where in this report we remark that the principles and practices for the
allocation of Government research funds are themselves significant topics
for economic research. ‘This is a particularly important program that
the National Science Foundation is beginning to develop. More should
be undertaken in this area. - Special mention should be made of ‘the im-
portant problems of economic development and growth.. Some of these
are factual: We need more hard knowledge about actual conditions in
the less-developed countries, the existing technologies, the levels of con-
suniption; the kinds and quantities of capital ava:llable, and soon. Many
of the problems, however, are theoretical,

Since World War II, systematic attempts to deal with these prob-
lems have been begun, including study of such topics as the economics
of Tesearch and education, the diffusion of improvements in productive
technique, and the laws of growth of economies under the impact of
population increase and technical advance. These are very difficult
problems, but of great significance in the technological world of today.
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‘chhnologlca.l and econonnc lcaderslnp requlres that we undcrstand
them.
Palitical ‘Science ;

An examination of what political scientists actually do—-what they
write about and what they deal with in their academic courses—shows
that their main concern is Government, politics, and public affairs. ' Since.
World War II, the view has been increasingly held that the political
‘scientist’s primary concern is with the manifestation of power and influ-
ence wherever found and therefore that religious structures, the business
firm, the labor union are as properly objects of his attention as are govern-
ments, which make and enforce law. At the same time, there has been
a marked increase in emphasis on scientific method in political science
study. This is most apparent among American political scientists, but
the trend is notable in all Western countries. - This trend has had three
main consequences for political science in the United States so far:

(1) Political scientists now seck to contribute to a corpus of
scientific knowledge about man in his social relationships. Thus, -
learning theory developed by psychologists is bemg applied by politi-
cal scientists int studies of how the individual acquires his beliefs and
habits relating to political life. The theory and empirical findings
of psychologists and sociologists that relate to “role” are being aug-

“mented by political scientists who examine the behavior of man in
political parties, legislative assemblies, and other governmental
' mstltutmns

(2} Descriptive accounts and evaluative studics are now planned
and executed with more ngorous attention to the canons of scien-
tific method. There is increased concern to rest findings on empiri-

_cal data, increased care in. the collection of empirical data, and
increased caution in drawing inferences from empirical data.. The
studies of recruitment of political leaders, electoral behavior, and
legislator-constituency relationships, in which political scientists as-
sociated with the University of Michigan Survey Research Center
~_are prominent, are iflustrations of this trend. '
 Studies of voting behavior, of what occurs in campaigns and cIectmns,
for example, have benefited from increased understanding of the validity
of sampling, increased competence in conducting interviews that induce
responses in accord with actual beliefs and actions, and increased skill
in mathematical treatment of data obtained from interviews and other
sources. As a result there is new knowledge about the relationship of vari-
ous socioeconomic characteristics of populations to, for example, such
~ political behavior as willingness to vote and in other ways to participate
in the political process. -
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Studies of the metropolis, large city, town, and rural community
attempt to determine how authority to decide and ability to influence
those who make decisions is distributed in a community. A successful
study differentiates the roles of the public official, leader of a political
party, spokesman for an interest group, man behind the scenes, etc.;
what people in each category actually do, how they express themselves
and mobilize support for their recommendations; and the measure of
influence they exert in making public policies and detenmmng the course
of public events. For example, studies show that, in urban communities,
the concern for public affairs is widely dispersed rather than being con-
centrated in a single power structure. This does not mean, necessarily,
that there is wide-spread participation in all matters because different

groups are concerned with one aspect or another according to their inter=
~ ests in the variety of public issues that arise from time to time. The point
is that there secms to be no one group that dominates all political decisions.

These studies are first steps ini the development of a scientific literature
of politics. But, beyond the collection of empirical data, an increasing

number of inquiries are aimed at discovering a decper theoretical frame-

- work for the description of political behavior. Thus, game theory is be-

ing applied to decisionmaking of such deliberative bodies as city councils

and legislative committees. Efforts to proceed directly to tested propo-

sitions worthy of being callcd scmnﬁﬁc however, are, at best, tentative

and exploratory

'(3) There is less inclination than previously to develop doctrme

supportmg political reform. Political scientists actively participate

in party organizations and political campaigns, serve as consultants

to governmental organizations, and move in and out of administra-

tive posts. But writing designed to induce chahge in govern-

mental organization and procedures has been in relatwely Iow
repute since World War II.

~ Support of research and future development.—In splte of the sub-

stantial advances in recent years, training for sclentific inquiry. is not

well developed in most American universities that give the doctorate in

political science. Graduate courses that examine comprehensively the

various theoretical approaches and data-collection methods appear to be

available in most graduate political science departments. . Integrated

'study programs that develop lngh proficiency in particular styles of in-

quiry are rare, however. And it is unlikely that more than a half-dozen .

political science departments offer a battery of courses in statistical
methods and quantitative analysis; other social science departments (or
the mathematics dcpartment) typically provide tralmng of this sort for
the political scientists.

Without questlon, the more claborate descriptive studies are the efforts
to go forward in the. scientific study of politics will benefit from in-

creased financial resources. Whether special attention by Congrcss
' HE~101—65——15
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should be recommended depends on the consequences of the recent recog-
nition of political science by the National Science Foundation. If po-
litical science receives support from the Foundation comparable to that
for economics and somoiogy durmg the past few years (and assuming
sapport from foundations in keeping with past experience), it is probable
“that political scientists will have available as much financial support as
they can fruitfully absorb in the decade ahead.

Two closely related sets of questions illustrate thc Nation’ 8 need for
fuller understanding and identify challenges that, hopefully, may respond
to types of inquiry that political scientists are now prepared to pursue.
These questions relate to loyalties-and disaffections in the American
population; and to readiness and reluctance to respond to authority. For
instance, we know almost nothing about the distribution and political
effects of an individual’s attachment to his many associations, private and
public; about the appeals each makes for his support or how he decides

- where to place his support when the appeals are in conflict. .. Response
to authority—the authority of parents, of a moral code, of governhment—
will be understood in large part, no doubt; when we understand the .
spread and intensity of loyalties,

. These questions can be fully ﬂlummated only by the collaboratwe
efforts of all the social sciences. . But they are questions in which political
scientists have a special interest and for the study-of which they have
special preparation because of their longstanding attention to organization
of political authority, and to law, which is one expression of political

-authority. The dispatch and sureness with which political scientists
penetrate these and other areas of critical social significance, whether

* as leaders in study or as collaborators only, will depend on: the number
of workers and their quality of trammg -

Psychology

" Psychology is concerned w1th ‘the scientific study of Ieamed and irinate
béhavior of man and lower organisms as determined by biological en-
dowment and the influence of the phys1ca1 and social environment. It
* deals with performance and skill, perception, learning, thinking, motiva-
_ tion, emotion, personality and social 1nteract10ns, mclud:ng dev1at1ons or

_ abnormahtles therein.

The following paragraphs will lustrate the wide range of topics in-
vestigated by psychologists. One of the most fascinating is the recent
discovery by a physiological psychologist of the so-called “pleasure cen-
ters” of the brain. Animals with electrodes permanently insérted in cer-
tain areas of the brain will rapidly learn to press a key or other dévice to
~ turn on brief, mild, electric shocks to particular brain areas associated
with pleasure sensations. They may work for many hours, sometimes to
exbaustion, for this reward, and brain self-stimulation is oftén preferred
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over other natural incentives like food, water, or sex. " Further study of
the same effect by neurosurgeons in human psychotic or terminal cancer
patients indicates that brain stimulation may activate pleasurable or other
emotional effects strong enough to alleviate pain and distress or lead to a
change of mood. From such studies is emerging a clearer conception.of
the relationi of brain processes to emotion and motivation. The study
of how drugs, especially psychoactive drugs, affect these systems and,
thus, behavior is now a particularly active field that promises to be of
value when its principles are applied to the treatment of mental illness,

- Research of this character is obviously interdisciplinary, often mvolvmg
collaboration between biomedical and behavioral scientists,

Another important research area is that of conditioning and Ieammg
Such studies have demonstrated, for example, the importance of reward,
success, or “reinforcement” in the learning process, and of the timing of
reinforcement. Laboratory studies of animal and human learning were
basic to the development of teaching machines and programed instruc-
tion. This is an example of how basic research can lead to application.
We are just at the beginning of the applications of this technology to
education. = Programed instruction with teaching machines is clearly
important as a mechanical aid that could help alleviate teacher shortages;
moreover, the attention. to preparation and planning of material for
machine use forces better organization of material to be taught generally.
It is conceivable that combining teaching machines with computers
would make both devices even more adaptable to instructional uses.
Practice in problem solving, i.e., “playing against the machine” in solving -
problems of logic and mathemat;cs or in other reasoning tasks, rmght add
another dimension to teaching beyond rote memory. There is already
some evidence that quite young children given an “intelligent typewriter”
can learn language skills at a remarkably early age. It is quite likely
that we have not stretched the intellectual capacities of our young people -
and that, under appropriate stimulation, genius might be less of a rarity.
The converse, namely that failure to provide stimulating environments’
can lead to a “deprivation syndrome” with attendant emotional as well -
as intellectual deficits has been well documented. Indeed, recent studies
seem to indicate that a stimulating and novel environment leads to in-
creases in brain tissue as compared with-the effects of a monotonous one.

Computer science has other significances for psychology. Thinking
and problem-solving processes have been simulated on computers.
Specific computer programs for alternate ways of solvmg problems can
be compared with the methods used by human beings in solving these
problems. By this means, various hypotheses or assumed ‘steps in
rcasonmg must be made more explicit so that they can be converted into.

“computer language.” This very requirement improves the precision of
stated hypotheses, with th¢ result that research on mental processes is
more pcnetra.tmg
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Although psychological tests are the backbone of applied psychology,
many fundamental problems on individual differences in intelligence, the
interrelation of abilities, and the “structure of the mind” still remain to
be answered by basic research. The further theoretical study of psycho-
Jlogical tests is probably the best hope for improving their efficacy as
© practical devices for selection and placement in education, industry, the
military, and other situations where special skills are required.

~ In the measurement of personality traits and characateristics, psy-
chology attempts to deal with more complex aspects of human be-
havior. Such traits as extroversion-introversion or dominance-submis-
sion were early subjected to analysis, but other personality factors are
now being given further study and assessment. Personality tests should
be used with due caution and qualifications, but some of the recent crit-
icism. ‘of personality tests in business and industry has been overdone.
Clinical psychologists use many testing procedures for personality
assessment., Here, primary reliance is often placed upon d1agnost1c tests
administered 1nd1v1dually, face to face. - :

Social psychology, dealing as it does with human soacty, brings the
psycholog;.st close to other behavioral sciences, sociology, anthropology,
political science, and economics. Once heavily identified with the
study of attitudes and opinion polling, social psychology is now mioving
in the direction of more precise experimental methods, as'in small group
research. For example, miniature bargaining or conflict-resolution sit-
uations can be studied with groups that use different methods to gain
their ends. But many of these experimental situations utilize relatively
homogencous white, U.S., middle-class groups as subjects, and thus
fail to take sufficient account of variations in cultural and sociceconomic
background. One contemporary research trend is to correct this limita-
tion. Of particular note is current worldwide investigation on the
semantics of words and phrases in different languages and cultures, as
perceived and reacted to by members of those societies and cultures.
Such work should help clarify some of the psychologlcal factors under-

‘lying international misunderstanding.

Support of research and some future developments —--Untﬂ the Na-
tional Science Foundation’s Division of Social Sciences was established in
1961, it could be said that the balance of support for psychology did
not give equal weight to all aspects. Experimental and physiological
areas were early included in the biological sciences program in the Na-
tional Science Foundation under psychobiology, in the Office of Naval
Research under psychophysiology, and in various military services on
projects in support of human-factor research and engineering psychol-
ogy. Clinical psychology also had been well supported, first under the
program of the Veterans’ Administration and then under the National
Institutes of Health in connection with training for applied work in:
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mental health and rehabilitation. Basic psychological research in the
clinical field, as well as clinical evaluation and development of methodol-
ogy for mental health care, is an intrinsic component in the program of
the National Institute of Mental Health, Other relevant studies find
support in other National Institutes, as, for example, the new Institute
of Child Health and Human Development, with its broad charter for
all aspects of normal growth and development. Basic research aimed at
fundamental understanding of human behavior generally is an essential
foundation for progress in attacking the psychological aspects of mental
retardation, psychosomatic disorders and other behavior deviations. .
Even where diseases seem to be largely organic in origin, psychological
processes may aggravate or influence the condition. Indeed, one of the
currently most active fields of research in physiological psychology is on
the neural and chemical determinants of normal as well as deviant be-
havior, Psychologists and other behavioral scientists work with bio-
medical scientists on many of these problems, and great advances here
can be expected in the years immediately ahead.

I have already pointed to the potentialities of applying some of our
basic knowledge of learning and the concept of reinforcement in advanc-
ing and extending our. educational goals. Another major develop-

ment just on the horizon is the extension of learning theory to deal with
complex situations of two kinds: (1) behavior change in clinic, therapy,
and retraining settings, and (2) developmental psychology. Advances
at this level would contribute to the furtherance of knowledge and skills
in dealing with the psychological aspects of mental health and behavior -
disorders. '

Other posmble apphcatmns of psychologlcal science can be indicated
by new trends in social psychology in its relation to other behavioral
sciences. Thus, some economic theorists have called attention to the
" importance of national attitudes and social values that seem necessary
for modernization and economic growth. But often these are assump-

tions about human nature, and the relation of such concepts to economic
success requires further study. One psychologist has indeed begun to
_obtain evidence in the United States and from cross-cultural studies on
the “achievement motive.” Advancing knowledge alorig this line should
provide a better understanding of the psychological climate underlying

success in modernization and economic development, and thus will not . -

only advance our own national interest but facilitate our efforts in the
increasingly crucial task of natlon-bmldmg where we have such a na-
tional commitment.

As in other fields, there is the ncver—endmg need for research investi-
gators and research facilities coupled with the i mcrcasmg need for uni-
versity and college teachers of psychology. With the increasing utiliza-
tion of psychologists in many different capacities in basic research, clin-
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“ical practlce counsehng, applied research and development, and other
fields, it is essential that an adequate supply of ‘manpower be ensured
through the support of training. Research and graduate education are
interdependent in the behavioral sciences, as they are in all science.
The National Science Foundation and the National Institutes of Health,
in -addition to certain aspects of the Department of Defense, National
Acronautics and Space Administration, and National Defense Education
Act programs, have provided important support of graduate training
for research in "p‘sychology. ~These should be continued or strengthened.

Soczology

" In its broadest sense, the field deals with the structure and behavmr of
human societies. It i concerned with the institutions and groups that
compose a socia] system, and how these interact, not excluding an inter-
est in how the individual develops in society. It embraces the study of
principles of social behavior and the development of systematic meth-
ods for such study. As one of several social sciences, it tends to specialize
on those aspects of somety that are not spemﬁcaﬂy dealt with by pohtlcal
- ,sc1ence ‘and economics.

Although there is still some confusion in the pubhc mmd between
sociology and social work, the development of the field has been in the
direction of ‘a basic social science. It supplies principles and research

__tcchniqms for the investigation of social problems, but generally leaves
action programs  to soc1a1 workers, administrators, and other pracn-
tioners.

T'o obtain objective mformatxon about aspects of society that are often
emotionally charged, sociologists rely heavily upon statistical methods
and a habit of methodological criticism. They have pioneered in the
apphcatmn of quantitative methods to the study of attitudes, interper-
sonal bhéhavior, residential segregation, labor-forcc participation, social .
mobility. .
' Among noteworthy recent tendencies is a push for more ngorous '
training in mathematical and statistical skills.. In addition, there is a
clear trend toward greater specialization among sociologists._ New
fields, such as political sociology (the application of sociological tech-
niques and theories to the study of political behavior), are emerging.
A third trend is the widening employment of sociologists in full-time
research positions and the tendency, within universities, for an ever-
greater number to be employed outside of sociology departments—e.g.,
in schools of business, schools of public health, medical schools, and
industrial-relations bureaus. Such a diffusion of socwloglcal work is due
to the gradual recogmtmn that most human problems have a sociological
aspect and require socmloglcal techniques for their mvesngatlon
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Sociologists have played a major role in founding and administering -
survey research centers throughout the country—for example, the Bu-
reau of Applied Social Research at Columbia, the Survey Research
Center at the University of California, the Institute for Social Research
at the University of North Carolina, -the Social Relations Laboratory
at Harvard University, and the Detroit Area Survey at Michigan. Their
interest is increasingly extending to foreign countries, where American
sociologists are conducting numerous field studies and where, regardless
of initial sponsorship, data from all studies are being analyzed and com-
pared in American centers. At the University of California, for ex-
ample, there is an International Data Center for the collection and
sccondary analysis of survey data from all over the world.

“Future promzse and needs—As a subject of graduate instruction,
sociology has more-than doubled its output of Ph. D.’s since 1957. In .
1962, the number of doctorates in sociology was about equal to the
number in botany and almost half the number i mathematics. . Yet the
demand for trained sociologists currently far exceeds the supply. The
reason for this is primarily the expansion of sociological research and the
rising use of sociologists in professional schools and in governmental
and prlvate agencies.

There is no foreseeable end to the rising demand for soc1ologxsts
More funds are constantly being made available by Government and
by foundations for research on the pressing problems of our own and
other societies;- also;, undergraduate enrollment in sociology courses is
expanding, at least as fast as general college enrollment, and probably
faster, thus requiring more qualified tcachers. '

At the present time, the greatest need is for support of graduate train-
ing. ‘This lack is seen partly in regard to fellowships and scholarships
for graduate students, but it is much more crucial with respect to the
number of professors available to give graduate instructions and the
facilities for apprentice -(laboratory) training in social research.. The
shortage of professional positions is due to the somewhat late and rapid
emergence of the field in American universities (Princeton, for example,
did not begin sociological instruction until 1944, and the University of
California at Berkeley did not do so until after that). Funds are there-
fore needed to help more universities qualify for graduate training in
sociology and to help those that do qualify employ more professors in--
ratio to the number of graduate students. In addition, a sizable effort
needs to be made to provide sociclogy departments: with facilities for
research training. This is especially important for graduate instruction,
Since competence in research cannot be acquired soIer in the classroom
but must be learned by practice under detailed supervision, each depart-
ment needs funds for a research facility in which the student participates
in ‘organized investigations, utilizes the appropriate techniques of inter-
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‘viewing people and handling data, has access to calculating and com-
puting equipment, is surrounded by sources of basic data and handbooks
of methods, and above all, has personal contact with one or more in-
structors engaged in research of the same character and whose duties
~ include supervision of student research activity. The need for labora-
tories was fought out in university organization decades ago with respect
to the natural sciences; it is being fought out now with respect to the
social sciences, and although the battle is being won, the level of sup-
port for laboratory work is far bclow what it properly should and could
be.

An example of the use of socmlogy is to be found in the work of the
rescarch branch of the Army during World War II. Under the direc-
tion of Samuel Stouffer, a sociologist on leave from Harvard, a research
team composed of social scientists systematically made approximately
‘300 surveys among our soldiers for purposes of solving problems of
morale, group friction, combat performance, and training.

Demagmphy

' Demography is the science dealing with populatlon mcludmg not

“only the methods of enumerating people, but also the causés and con-
sequences of changes in the number of people. It is concerned with rates
of mortality, reproduction, marriage, and migration, and with closely re-
lated characteristics of the popula‘tion such as the age-sex composition,
marital status and family organization, geographical (e.g., rural-urban)
distribution, and occupational structure.

As such, it is one of the oldest sciences of man, although accurate in-
formation began to be available only around 1800, when census-taking
was started and registration’ data’ were utilized in a few countries.
‘Gradually, censiises and vital statistics were improved and their coverage
was extended to more and more nations. By now virtually all the world’s
countries have had a modern-type census, in most cases including a census
within the last 20 years. ‘The scientific character of demography has
seldom been questioned. It is a field in which mathematical and statisti-
cal methods form the core, and in WhICh an empmcal approa.ch is taken
for granted.

Of particular interest in thc present is the observation that countries
that have become industrialized have gone through a “logistic™ pattern
of population growth. The demographic cause of this is known to be
the decline of mortality with economic improvement, followed after a lag
by eventual fall in the birth rate. The important question is whether
currently underdeveloped countries are going through the same transition.
The answer i8 clearly that they are not doing so, at least not in a com-
parable manner, for their rates of population growth far exceed those
experienced by the older industrial countries in their heyday of human



multiplication, and the pattern and causes of mortality decline are far
different.

A great portion of demographlc research in the United States is carried
out by Government agencies such as the Census Bureau, the National
Center for Health Statistics, the Bureau of Labor Statlstlcs, and the De-
partment of Agriculture. An increasing amount of research is being
done by State and Iocal governments and by umvemlty centers of popula-
tion research.

Promise and needs.~—1In recent years, the supply of pcople trained in
demography has been critically small in relation to the Nation’s require-
ments. One graduate department where training is offered has regularly
had about 20 requests for every candidate it has turned out. One Govern-
ment agency—the National Center for Health Statistics—has developed
a costly and admittedly improvised in-service training program because
of the lack of candidates for numerous unfilled jobs. A similar situation
prevails abroad. Inthe absence of suitable training facilities, the United
Nations has set up two training centers {one in Santiago, Chile, the other
in India) and is contemplating two more, one in Southeast Asia and
another in Central America. :

The critical shortage of trained demographers arises from both the
supply and the demand side. On the demand side, there has been an
enormous rise in the need for demographers in the governments of the
world and in international agencies, FEconomic planning inevitably
means that systematic account must be taken of future population
changes, whether at the national or the local level. In addition, the un-
precedented rise in the rate of population growth in the world as a whole
and in the underdeveloped countries in particular has given rise not only
to great popular concern over population preblems but to governmental
concern and the formulation of population policies. About 15 under-
developed countries now have population policies designed to lower the
rate of population growth. Demographers are in demand to conduct
population research bearing on economic development, population poli-
cies, and city planning; to teach in universities in a growing number of
courses dealing with population problems; and to make populatmn pro-
jectionsfor State and local as well as for national units.
 On the supply side, however, the field suffers from the pecuhar fact
that it straddles a chasm in the organization of universities, . It is in part
a biological science and in part a social science. Furthermore, it is heav-
ily statistical and mathematical but also has close connections with medi-
cine, economics, and sociology, It isnot big enough to constitute a major
division of a university and yet cuts across the traditional divisions in such
a way that it cannot be assigned to any one of them without serious loss.
As a consequence, the subject usually gets placed in some department
where it is subordinate to the other interests of a wider field and cut off
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~ from vital parts of its own interest. . There is no department of demogra-
phy in any American university (2 center for population studies has just
been formed at the Harvard School of Public Health, but an oceanog-
rapher has been asked to head it, making this an exception that proves
the rule}, ‘Ph. D.)s in demography are not offered at any American
university.. The sub]ect is tanght variously, if it is taught at-all; at
the graduate level, in departments of sociclogy, economics, statistics,
~ and biology. As a result, wrtually no students are adequately trained in
- demography and only a few are given even a passable training.

_The shortage of trained demographers is a serious situation in- the
scientific development of the country. - We believe, furthermore, that
the situation can be rapidly remedied with governmental support in
collaboration with professional demographers and the major universities.
One university, with aid from the National Institutes of Health, is cur-
rently working on an interdisciplinary curriculum for the granting of
M.A. and Ph. D. degrees in demography. .-Grants to universities willing
to follow suit (as many of them probably will.-be) would measurably
speed up an evolution that is doubtless likely to occur eventually any-
way. It is our opinion that the current number of people getting
adequate graduate training in the field (approximately 20 per year)
could and should be quickly increased by about five times within the
next 5 years, rising speedily after that. When it is realized that the
highly industrial nations have numerous population problems of their
 own, and that the population problems peculiar to underdeveloped
countries will probably get worse, it seems highly likely that the demand
for professional demographers will continue to rise at a rate that can be
met only by extraordinary measures.

Summary of J Present F mtmaal Support for Research in the Behamoral
Smnces . . :

~According to the National Science Foundatlon Survey of Scmnce
Series, Federal Funds for Research, Development, and Other Scientific
Activities, NSF 64-11, the estimated Federal research support, both
basic and applied, for all behavioral sciences (psychology plus social sci-
ence) amounted to $139 million for 1963 and $203 million for 1964.
These totals are consistent with the study of overall Federal research sup-
port in the behavioral sciences reported by the American Behavioral Sci-
entist in vol. VII, 1964, No. 9. 'This magazine included in its survey
much applied research reldated to operational programs such as the Cen-
sus Bureau, Department of Agriculture {Agricultural Marketing ‘Scrv-
ice, Agricultural Economics), Bureau -of Labor Stat1st1cs, a.nd others,
both mu'amural and extramural. :



NSF 64-11 gives the breakdown of obligations for basic research and
total research by all fields as estimated for fiscal year 1963. This is
reproduced.in part in table 1.

Another National Science Foundation Report, NSF 64:-14 shows that
in 1960, 272 private foundations dispersed $437.4 million for a variety
of purposes, but those supporting research numbered 177. Research
support including endowments and capital expenditures totaled $89.4
million, of which $76.1 million was allocated to the dlrect operating
cost of research (Sce tablc 2.) B :

TasLe 1
[Millions of dollars]

Obllgatlons '

Basic Total basic research
Fields research research as percentage

: T o obligations for

research -
Life sciences. ...........cva $403 $1,021 : ' 39
Physical sciences..,.....0nvn. .. PR ol 934 2, 930 e 32
Psychological sciences I,............... ' 33 67 50 -

Social sciences . ... ... i 231 72 32
Others: : s b i : o S
Operations reséarch. . ............, 2. 155 - 1
Field conflict techniques, etc........|.....ooounis. T T e ..
1,395 " 4,245 33

1 The National Science Foundation in its analysis of employm_epf of social scientists
and psychologists in the Federal Government uges the following definitiona:

" ¢ Psychological sciences are those dealing with behavior, mental processes, and individual
and group characteristics and abilities. This category includes research on animal
behavior, ‘sensory, perceptual and physiological psychology, learning, motivation,
higher mental pracesses, clinical psychology, personality, educational psychology,
engineering psychology, personnel psychology, and social psychology including group
processes, interpersonal relations, opmmn and attitude change, and developmental
psychology.

““Social seiences are du‘ected toward an undcrstandmg of the bchavwr of individuals
as members of a group. These include such sciences as cultural anthropology, economics,
history, political science, sociology, ete. In addition to work done in disciplines or
sub_]ccts traditionally considered as being social sciences, this should also include work
done in other disciplines or subjects where the work is undertaken pnma.ra.ly for the

purpose of understanc!mg group behavior,”
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Taste 21

[Millions of dollars]

Field = : ‘Basic Applied Total

- research rescarch o
Life SCences. . vvevevrrnrnnn.. b B2L7 $13.5 $35.2
Physical sciences.....o..veiineeiananen, 6.0 1.0 - 7.0
Psychological sciences............ PR L9 15 © 3.4
Social sCienCes. v« cuveviiraaan e 9.5 14.3 '23.8
Education, others.......... P 2.8 4.0 6.8
41,9 34.3 76.3

© ' 1Based on NSF 64-14

In the same period (1960), the total Federal funds for basic research
were $747 million (National Science Foundation 11th Annual Report,
1961) as compared with $42 million from foundations. Behavioral
sciences, especially social sciences research, have fared better percentage-
wise in support from private foundations; about 30 percent of founda-
tion research support going to behavioral sciences. In fact, the pat-
tern of support by private foundations seems to be the converse of
that by the Government. Even within the behavioral sciences field,
psychology, which is better supported than other behavioral sciences,
receives less foundation support than the social sciences. Although the
pattern of foundation support may rectify in part an imbalance in Fed-
eral behavioral sciénces support, it may be questioned whether this will
‘be adequate in the future to insure adequate growth and development
of a mature behavorial science that increasingly utilizes more sophisti-
cated and more complex research technlques

The growing costliness of behavioral science research can be llustrated
by one example from survey research. A properly conducted national,
regional, or metropolitan survey based on 2,500 approximately 1-hour
interviews can cost anywhere between $50 000 and $125,000 (1).
The staff, skill, and facilities needed include (1) adequate sampling for
purposes of the study, (2) questionnaire construction, (3) interviewing,
(4) data processing, and (5) statistical analysis. These requirements
would overtax the normal resources of the university, and .we have wit-
nessed the establishment of 2 number of semi-autonomous survey and
‘opinion research centers or frankly independent commercial firms,
Government agencies, however, seem to prefer university centers to
commercial firms because of the former’s emphasis on scu:ntlﬁc and
techmcal purlty'



The increasing cost of surveys reflect only in part the general rise in
general level of costs. Surveys have become increasingly expensive as
their technology becomes more complex and as greater precision from
the data is demanded by researchers. For example, a study by the
National Opinion Research Center of the prestige of occupation in
1947 cost Little more than $9,000. An improved restudy of the same
topic currently underway will cost more than $150,000. Because few
of the Government or even private sources that support social science
research give grants of $100,000 to $200,000 without being convinced
of the practical importance of the research, large-scale survey rescarch
is generally “applied” social research, ie., research whose results will
- have some immediate bearing on policy formatlon Not all the work of
large-scale survey centers is applied, but purely basic projects with no
particular applied interest are infrequent or usually supported on a lesser
scale. In recent years the establishment of the Social Science Division
of the National Science Foundation and behavioral research study sec-
tions within the National Institute of Mental Health has considerably
increased the funds available for basic research. It is important that
such a trend be continued and expanded. '

In terms of total funds allocated for research by the Federal Govern-
ment, the whole behavioral sciences field, including psychology, is below
the life sciences and physical sciences. This is due in part to the less
well-developed character of the field and the less costly nature of the
installations it requires, and in part to the more recent establishment of
support in the social sciences by Federal agencies. In the National
Science Foundation itself, support for basic research was divided as
follows '

Tasple 31

Area ) Amcunt Percent

Mathematics, physical and engineering sciences,.,...... $59, 895, 475 56
Biological and medical science (includes some neuro- '
physioclogy, cxpenmental psychology under psycho- ’ _
biology). ..o oiiii i 38, 394, 851 36

Social sciences, 1ncludmg social psychology and person- B s
ality TESEArCh, L v v i 8,956,172 | - 8
B - 107, 246, 498 100

N SF 1963 Annual Report.
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The survey NSF 64-11, Federal Funds for Research, Development,
and other Scientific Activities, page 28, gives the fo]lowmg breakdown

NOTE —Roundmg of figures mght throw off some of the totals.

for the support of rcsearch
TasLe 41 o /
o ’ Estimat:_cs '
Field of Science -Actual i S
‘ 1962 S
1963 ‘ 1964
Total, all fields (millions of dollars). . .. ... SO 1 $2,977| 84,245 | 5,785
Percent distribution
Physical sciences...... A TR . 63 69 74
- Life sciences. . ..... e e : 28 24 21
Psychological selences., . ....oovnv e n s _ 2 2 2
" Sacial seiences. .. ........ ..o i . 2 2 2
Other sCiences. . ..o tiir it civieirennes B 5 4 2
: NSF Tablc X.

'For the support of basic research table from page 38, NSF 64—11 1s

reproduccd
“Tarre 51
Estimates -
Field of Science . Actual
1962
1963 1964
Total, all ficlds (millions of dolars}............. $1., 035. $1? 395 $1,782
~ Percent distribution
Pi:ysical sciences., ... ... e . . ........ : . 66 67 | 68
C Lifesciences. ..iviivueivniiainaiiiinniaaalnf 29 29 27
Psychological sciences.................... e 3 T2 3
Social selenced. . vii i i e .2 2 2
Other sciences, . .......... e et (2) (2) (%)

1 NSF table XIX,
% L.ess than 0.5 percent;
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~ Thus, behavioral sciences research support is a considerably smaller
percentage of the total than is avaﬂablc for other sciences.

Estunate of Manpower Sltuauon

Pro femonal S acwttes

Some estimate of the professional scientific pool in the behaworal
sciences might be given by the size of the national associations as follows:

American Psychological Association : 23,000
Americari Anthropelogical Association i 1, 200
American Political Sciencé Association . 7,152
American Sociological Association 7,836
American Economic Association - 11, 285

Total___. ' : _ ' 50,473

Psychologists outnumber other behavioral scientists, but considerably
more than half are practitioners or in app]ied fields. Anthropology is
by far the smallest group. For comparanvc purposes, membcrshlp m

 other selected associations are given as follows:

American Medical Association . -—- 191,239

American Chemical Society.. . : : 99, 475

American Institute of Physics : 35,165

American Mathematical Society. : 9,515

Federation of American Societies for Experimental Biology o mmeccueen 7,893

American Institute of Bmloglca.l Sciences-.. ' ‘70 000 -
) 1Approxu:nate

The report American Science Manpower of 1962, NSF 64—16 sur-
veyed more than 200,000 scientists reporting to the National Register of -
Scientific and Technical Personnel : ‘

o e : i : Percent
Physical sciences................ 0L i R 122, 148 57
Biological selences. ... ......... 0000l e rait e et 37,943 18
Psychologists. ... ... P N e 16,791 8
Sanitary engmeermg .......... AU e e ' 4,923 2
Other fields. .. ... el e PR - 33,135 15

Total...... e J T 214,940 100

The other fields included engineering, social scien-ces,rhumar_ﬁtim, é;l_d
other specialties that were not analyzed. -
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Ph. D. Production

The studies of U.S. doctorate productlon by the National Academy of
Sciences—National Research Council (Publication 1142) is the source
of the following statistics. :

The trend of overall productlon of Ph. D.s in all fields shows a 7
percent annual increase. At the present moment, the current rate of
growth is 10 percent, but because of an earlier falhng off, the production
is somewhat below the long-term 7 percent figure. This growth rate
exceeds that of the population, which is 2 to 2.5 percent per annum.
Ultimately, the two curves will meet, but in the next two to three decades
this does not put a limit on potential growth.

There is as yet no indication that we have reached a ceiling in ability
or aptitude for graduate training in science, Many factors other than
ability, of course, influence choice of advanced academic training. Fur-
ther, it is not implied that all who are capable should become candidates
for the Ph. D. or even the Ph. D. in science. But it is assumed that each
individual who has the ability and the interest should have no impedi-
ments or constraints placed in his way if he desires to go on to advanced
work in the sciences.

In recént years doctorates in the behavioral sciences have averaged
about 18 percent of all doctorates and 27 percent of all science doctorates.
In 1962, behavioral science doctorates fell off to 25 percent of science
doctorates from a high of 29 percent in1958. '

TaBLE 6.—Numbers of dactaml degrees awarded in bekavioral scienges (not including ﬁzstory)
and physical plus biological sciences. Percmtage of doctoral degrees in behavioral sciences of
all science doctoral degrees

Physical - ‘ Percentage -
Year Behavioral and Total S of
sciences biqlogical - behavioral

: sciences sciences -

1955........ T, 1, 615 4, 239 5, 854 28

1956, 0 civiiicannsinans . 1,505 3,926 5, 431 - 28

1957 . i 1,483 4,169 5, 652 - 26

1958....... DU deeeee 1,671 4,143 5, 814 29

1959........ Freraraaeaanas 1,712 4,473 6,185 | - 28

1960. . civiiirinnnnniianns 1,723 { - 4,820 6, 543 26
1961, . vuusivnanncnniinnns - 1,908 5,169 | 7,077 | 27

1962, . ciiiiiiinnriniinne 1,936 © 5,941 | - 7,877 25

13, 553 36, 880 50, 433 27
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Table 7 gives some idea of the relative growth to the various behavioral
sciences from 1955, a year roughly during the plateau period. The index
for biclogical and. physn:al sciences is included for comparison.

In the analyms of this pericd, the NAS-NRC report notes that thc
physical sciences, which were on a platean throughout the early and
middle 1950, had a new growth spurt beginning in 1958, probably at-
tributable in large part to the cumulative effects of the govemmental
fellowship programs. Such a plateau was less extensive for the bio-
sciences and still shorter for the social sciences. The growth curve for
social science should be watched because since 1960 it does not scem to
have kept pace w1th that for the other science fields or for the arts and
profﬁslons - :

- Coonclusions -

The preceding account has attempted to show how basic research is
fundamental to the growth and vitality of the behavioral sciences as
science. It also cites certain examples of how the behavioral sciences
have relevance for the national welfare and international leadership of
the United States. This report could have been considerably lengthened
by adding specific examples of direct military and defense applications of
behavioral science in personnel selection and training, human factors
applications to engineering practice, design of weapons systems, man-
power allocation and management, oversea operations and nation build-
ing, persuasions and motivation, strategic planning, eivil-military rela-
tions, analysis of alliances, and international relations generally. These
are over and above the important problems already mentioned: over-
population, economic development, race and social conflict, and psy-
chological aspécts of mental ill health.

Simply to enumerate these as problems of human behavior is not suf-
ficient justification for labeling the disciplines that study them as scien-
tific. Rather, we have tried to show how the behavioral sciences are

increasingly applying scientific method to’their solution. Frequent ref- /

erence throughout the preceding paper has been made to the increasing
use of precise and quantitative methods. Although this can be taken as
a sign of increasing maturity, it should be remembered that the ability
to quantify and to make precise measurements is less important than
discovering the right thing to quantify—finding the significant questlons
to ask of experiment and observation. The questlons for behavioral sci-
ences are often at the prequantitative first stage; in other cases, the
phenomena being studied may not be suited to quantification.

45-201—68——16
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Tasre 7.—MNumbers of doctoral degrees awarded per- year in bekavioral seientes {not. including
history). “Misceliansous behavioral sciences” includes geography, area studies, and other and
general'l . o

) . : Political | Miscél-
Psychology! Anthro- | Sociology |science and | Economics | lanedus be-

p "~ pology public ad- | . havioral

Year ministration - ‘sciences
Num-| Per- {Num-~! Per- |Num-|[ Per- |Num-} Per- iNum-| Per- [Num-| Per=
ber | cent | ber | cent| ber | cent | ber | cent; ber { cent] ber | cent
1955...... 733 ] 100 | 55 | 100 | 188 | 100 | 214 [:100 [ 374 | 100 | 51 100
1956......1627 | 86| 57| 104 | 170 | 90 | 248 | 116 | 314 | 84 |. 89 174
1957...... 723 | 99| 65| 118 | 117 | 62 | 202 | 94 | 304 | 81 74 | 145
1958...... 780 106 | 73] 133 | 174 | 93 226 | 106 [ 322 | 86} 96 188
1959...... 809 { 110} 67 [ 122 [ 183 | 97 | 230} 108 1338 | 90 85 167
1960...... 762 | 104 | 75| 137 | 156 | 83 | 251 | 117 | 375 | 100 | 104 |. 204
1961..... .| 870 | 119 | 59 [ 107 | 183 [ 97 | 264 | 123 | 434 | 116 | 98 192
1962...... 871 | 119 | 86 | 156 | 195 | 104 | 266 | 124 | 407 | 109 | 1117} 217

All behavioral sciences " Physical and bmlogmal

! sc1enccs
Year

Nurnber Percent Number .{ Pércent
1955, . ... e . 1615 100 . 4239 - 100
1056 o i 1505 | 23 3926} - 93
1957 . et 1483 ] 4169 | - o8
1958, ... .. .. e 1671 103 4143 © o8
1959, .. ... ... [T 1712 106 4473 | - ' 105
1960...... i 1723 - 106 4820, | - 114
1961, ........ e 1908 . 108 - 5169 Ce122
1962...... e . 1936 120 - 5941 o140

1 NAS Pub. 1142, pp. 10-13; ' L

The practma.l solution of social problems will require action programs
~ that are the province of legislators and administrators. However,
* the steps to be taken or the alternatives to be chosen can be guided,
and their likelihood of success can be assessed with the help of behavioral
science and behavioral scientists. The boundary line between applied
and basic research in this domain is at best difficult to draw. Pure or
basic research is usually directed toward increasing our understanding of
human behavior without any immediate concern for social action. Here
- is the paradox, for many of the phenomena the behavioral scientist
* studies demand that he be close to the scene of action. But the pres-



surcs for answers and applications are often too great in the “applied
places” (i.e., the scientists spend too much time giving briefings and
" too little in thought and experimentation). A lack of relevance may be
the danger in the “pure places,” Yet much that is already being done .
just because we want to find out more about human behavior is directly
relevant to crucial issues of our time w1th a minor shift in matenals
. subjects, or emphasis,

Some who are concerned w1th the role of behavioral science in the
national scene have urged that greater use be made of behavioral |
scientists in action programs, not simply as advisors but in “on-the-spot”
assignments. Not only would they use their special skills here, but also
they could “feed back to the discipline” problems that nced investiga-
tion. Here, there is a double responsibility; to the governmental-
body or administrative officer, to employ behavioral scientists in appro-
priate spots, and secondly, to the profession to provide the needed man-
power. This latter may be much the most difficult, for the academic
orientation is still a tradition and the manpower is scarce. Such ar-
rangements as the Congressional Fellowship Program should bring -
the young behavioral scientist closer to an understanding of public policy
formulation and encourage utilization of behavioral science knowledge
and techniques in appropriate areas of governmental operatlon

.‘The relation between Government and science—indeed, the very
questions that initiated this series of reports—is a topic with behavioral
~ science ramifications, - It seems taken for granted that science, especially -

natural science, is a major stimulus to economic development. Science
and technology are, by definition, devoted to improving the means for
doing whatever human beings want to do;-and it is science that fur-
nishes the fudamentals on which technological progress is built. - THow-
ever, there is a paucity of scientific investigations'of science itself. Some
of the questions that n‘ught be -asked are economic; for example, can
one assess the returns in scientific achievement per mllllon dollars ex=
pended? If so, how can such returns be maximized? Other questions
are psychological and demographic: What are the limits to the pool
of human resources and. intelligence for scientific work? How does
training effect scientific creativity and productivity? Some are socio-
logical: What conditions in the family or school contribute to the moti-
vation to go.into science? Others are organizational: How do the con-
. ditions of work, pay, or social prestige influence productivity? How do
large-scale organized laboratories compare with “more individualized
~small operations with regard to scientific creativity? Is there a critical
size for the productivity of a laboratory group? What is the proper -
balance between basic and applied work or among the different fields
of science? - Although work on some of these questions has begun and



234_ BASIC RESEARCH AND NATIONAL GOA'LS

there have been pioneer studies of the psychology and soc1ology of
science, a ‘much more systematlc analysis of science itself utilizing the
methods of behavioral science is called for. -

The economic, sociological, legal, and political aspects of science are

- of major significance in the further development of science and in the
wise expenditure of funds and development of policics aimed at that
goal. They are also of great importance in assessing the effects of sci-
ence, not only on the economy but also on the society in which it comes
to play such an essential role, as it does in our society. The support of
studies in this area by the Natlonal Science Foundation, as outlined
in Current Projects in Economic and Social Implications of Science and
Technology, 1963, is aimed at correcting this gap in our knowledge.
These studies include highly applied agricultural economics, econometric
studies of research and development, the sociology of science and scien-
tists, the administration, organization, and management of science and
international and foreign studies, e.g., of technology change and bal~
ance of power.

- It might be worthwhile for the appropriate congressmnal com- -
mittee to consider asking the Division of Behavioral Sciences of the
National Academy of Sciences—National Research Council to establish
an advisory panel, project, or study group specifically focused on ques-
tions of the economic and social implications of science and technology
oriented towards congressional concerns in this area. :

Finally, we come to the question of overall distribution of support in

" the national budget for behavioral science. It is clear from the tables
showing relative support of the different sciences that the behavioral sci-
ences (listed therein as “Psychology plus Social Sciences™) receive con-
siderably less support than do the physical and life sciences. Even
allowing for the fact that some of the behavioral fields may have been
classified under the “Biological” heading, the support is still relatively
small. The nuimbers of people involved are considerably fewer than in
natural sciences; thus, the imbalance in’ research support is in some
measure a reflection of the smaller numbers of professionals engaged in
research. Then, too, behavioral science is largely “little science,” al-

“though in some of the preceding sections, the cost of adequately large-
scale surveys, or documentary centers of wide scope, and so forth, were
cited. Insome fields, support was rated as good. In certain other fields

- it was lacking, and in sociology, demography, and political science, spe-
cial mention was made of training nceds although this could be said
for all of them.

The consensus seems to be that support for basic research in the be—
havioral sciences could-be improved, but that any increase substantial
enough to match the physical sciences is not called for at this stage.
Sufficient funds should be provided to. ensure that all worthwhile re-



search projects are supported. Evidence on this could be forthcoming
from the staffs of the National Science Foundation and the National .
Institutes of Health with regard to the number of worthwhile projects
in this ficld that could not be supported because of lack of funds. An-
other paper in this series, by Dr. John Willard, cites data on the per-
centage (based on dollar value) of proposal receipts that were supported
by the National Science Foundation of those submitted in 1963, 1964,
1965 (est.). In the social sciences, the percentage of support ranged
from 27 to 30 percent; in the biological and medical sciences, from 26
to 30 percent, and in mathematics, physical, and engmecrmg sciences,
from: 15 to 22 percent. Although dollar value is not a criterion of
scientific merit, it was noted that many of the projects that could not
be supported, or could only be partially supported, were of outstanding
merit. Other agencies are encountering a similar situation. It would
seem wise to let the demand set the stage, provided always that the
criterion of excellence is adhered to. At the same time, there should be
an increasing trend of support to ensure the proper growth and encour-
agement of these disciplines. Support of the biomedically related and
the more social science aspects. of these fields through such existing
agencies as the National Institutes of Health and the National Science
Foundation has been administered in an effective and highly satisfac-
tory manner. The programs of these agencies in support of behavioral '
science should be strengthened, but no new agency or mechanism for
support seems indicated at this time. _

Certain aspects of these fields, as in the past, will and should be sup-
ported by operational agencies, since the work is pertinent to their mis-
sions, Indeed, mission-oriented agencies should be encouraged and
urged to include adequate budgets for basic research that is relevant to
their applied rescarch and operations. In this way, basic and applied
research can be brought closer together, to the advantage of each.

The continued vitality and growth of the behavioral sciences will de-
pend heavily on the scope and quality of training. - The success of the
Veterans’ Administration in affecting clinical psychology, first by its
extensive training program and then by opening up employment oppor-
tunities, provides an illustration of how great an 1mpact well-conceived
Government support can have.

It is probably the shortage of manpower, competent and eager to do
the research, more than the shortage of money that sets present limits.
The training needs are great—greater in some fields than others—as
noted in the preceding sections. Increasing financial support for both
_ training and research in these disciplines should be the strategy in the
next decade to insure a balance in the overall scientific enterprise of the
nation, This will represent only a small part of the total cost in the
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support of science, yet the returns will be great for “the proper study
of mankmd is man.”
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THE EARTH SCIENCES AND
THE FEDERAL. GOVERNMENT

by ROGER ReVELLE -
- Harvard University

Summary

Many of the economic benefits from research in the earth sciences—
improvements in weather forecasting, protection from catastrophes, bet-
ter ocean and air transportation, conservation and economic use of water
supplies, better weapons for national defense, and reliable communica-
tions—affect many kinds of enterprises and very large numbers of in-
dividuals; only the Federal Government has broad-enough responsibili-
tics to encompass these diverse interests. In other areas, for example,
the conservation of natural resources, the Government needs to be in-
volved because the anticipated benefits lie in the future beyond the time
horizons of individual corporations or local governments.

The greatest need in the earth sciences is to maintain and develop
centers of excellence in our universities. - This can best be accomplished
through university centers of teaching and basic research, where earth
scientists' and students can work in close contact with each other and
with the fundamental disciplines of physics, chemistry, mathematics,
and biology, and where the interplay of teaching and research can stimu-
late both. By underwriting the vigor and dynamism of many such cen-
ters, we will i increase the hkehhood that new 1deas and fresh viewpoints
can arise.

- If we take as a national ob]ectwe the production of 600 Ph D.s per
year in the earth sciences by 1970, between 1,000 and 2,000 university
faculty members and a full-time enrollment of about 6, 000 graduate stu-
dents—-about double the present numbers will be required. The total
annual cost would be around $70 million.  Because of the Federal Gov-'
ernment’s - preeminent interest, it would need to assume a very large
share of this total, which would be a minimum figure for F cderal support
of basic research in the earth sciences.

@
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Introducﬁon

The study of the earth, from its fiery core to the mws1ble vells of the
Van Allen belts, is a unity. We deal with a single object in space and
time, extraordinarily complex and unimaginably old, the seat of a form
of matter so highly organized and so complex that it can understand the
nature of matter itself. That form of matter is, of course, ourselves.

Like all the objects in our observable universe, the earth is not static
but continually changing. The changes are controlled by unchanging
relationships, the immutable laws of physics and chemistry. A principal
objective of the carth sciences is to study these changes, to discover the
sequences of events in past times, and to find ways of estimating what
may happen in times to come,

The earth contains an archive of its own lustory Past events are re-
corded in its present state, Hence the earth sciences rest upon a clear
description of the earth’s composition and structure, and a good under-
standing of the processes occurring today on the earth and within it.

Our planet can be thought of as a sphere unsupported in space, iso-
lated and complete in itself. But in trying to understand her, we cannot
leave out of account her parent sun or her sister planets. Radiation from
the sun drives the winds of the air and the currents of the sea. It pro-
vides all the energy used by living things, and it determines many of the
processes that have shaped the earth’s surface.

The earth and her sister planets were made from the same store of
materials; they share a common history, yet there are profound differ-
ences between them, An understanding of the reasons for these differ-
ences would give great insights into the nature and early history of the
earth itself. At the same time, a deeper knowledge of the earth is essen-
tial to understanding the other members of the solar system.

The space sciences and the earth sciences cannot be separated intellec-
tually. They can be separated only partially on the basis of the instru-
ments used, Orbiting space vehicles are a powerful means of studying
the earth. They have a.Iready added to our knowledge of the distribution
of matter in the carth’s interior, the composition and physical processes
* of the outer atmosphere, and the patterns of world weather. Photographs
of planetary spectra through groundbased optical telescopes; physical
and chemical studies of meteorites compared with terrestrial rocks;
. laboratory models of the behavior of highly rarefied, highly charged ions

and molecules; measurements of cosmic rays; and observations of signals
from the planets by radio telescopes on earth are still the most powerful
tools for studying the solar system.,

- According to modern ideas of stellar history, our sun is a second-
generation star among the billions of stars in the Milky Way. The earth
-and the sun could not exist as we know themn, if the heavy elements they
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contain had not been formed in a star that died before the sun was born,
and in dying spewed its newly formed elements into interstellar space.
The solar system is probably about a third as old as the galaxy. Thus
there are no real boundaries between the sciences of the stars and the
sciences of the earth. ' Both deal with particular objects in space and
time, rather than with universals. Both are concerned with the ways in
which continuous change has occurred under the action of unchanging
laws. But these “field” sciences differ in important ways from the labora-
tory sciences. : :
- The physicist and thc apphed mathematician can make their own
worlds in the laboratory. The astronomer with his telescope, the geologist
with his hand lens, and the oceanographer on his ship must face the world
as it actually exists, with its tangled knot of 1ntcract1ng processes and its
long and dxﬁicultly decipherable history.

Because the astronomical and earth sciences do not deal with univer-
sals, but only with physical laws acting in particular situations, the
physicist tends to think of them as applied rather than fundamental
sciences. He believes they give no new insights into the nature of matter,
but only descrlptlons of its arrangement. -

- The field sciences have sometlung else in common; the tools required
to pursue them are expensive in terms of the scientific results achieved. -
A large optical telescope, an orbiting satellite, or an oceanographic ship
cost a good deal more per man-hour of creative scientific efforts than
much of the “little science” conducted in university laboratories. This is
not to say that laboratory cxpcnments and theoretical work are less
essential in astronomy and the earth sciences than in physics or chemistry.
In recent years remarkable discoveries have come from the use of power-
ful new instruments to study rocks and meteorites in the laboratory, from
the application of physical theories of plasmas and the mature of the
solid state, and from the use of mathematical tools such as large com-
puters and new methods of statistical analysis. But theory and laboratory
experiment must go hand in hand with field observations and measure-
ments if our undcrstandmg is to continue to increase.

The study of the stars fills man’s deep need to understand his placc in -

the universe; the space sciences ride the wings of high adventure.
Neither deep emotion nor brave deeds can be easily invoked to justify the
study of the earth. It is appropriate to ask how far this study can be -
justified on economic and social grounds :
In general terms, the answer is obvious. Men arc children of the
earth. Their heredity was forged on the anvil of its surface, and they
depend for their lives on its resources. To insure their welfare and
their survival, men need to know a great deal about their planetary home.
But such gcncralmatlons cannot be used to appraise a desirable level of
effort in the earth sciences. We want somethmg more specific.
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Nature of the Farth

The earth contains only about one five-hundredth of the initial mass
. of matter from which it was formed. Nearly all the hydrogen and
helium and other inert gases, and most of the carbon, nitrogen, oxygen,
- and other volatile substances have been lost.

Some time after its initial formation; the components of the earth
began separating into a central core and surrounding shells. The core
itself is in two parts: an outer liquid core, probably consisting largely of
molten iron and nickel with some silicon, surrounding an inner solid
core of the same matter. The diameter of the core is about half the
. diameter of the earth and it contains nearly a third of the total mass.

Surrounding the core is a solid mass called the mantle, nearly 3,000
kilometers thick, which is believed to consist principally of iron and
magnesium silicates. Over this is a thin crust containing a higher
percentage of silicon and oxygen than the mantle, together with rela-
tively high concentrations of aluminum, sodium, potassium, calcium,
and other nonvolatile elements. The mantle contains slightly more
than two-thirds of the earth’s total mass, and the crust, with an average
thickness of 35 kilometers under the continents and 7 kilometers under.
the oceans, about four-tenths of 1 percent. The oceans, covering 71
percent of the crust, consist of oxygen (85 percent) hydrogen (11 per-
cent), and a very thin broth of all the other clements (3.5 percent).
The entire mass of water and dissolved substances is about 0.025 percent
of the earth’s mass.

The solid and liquid parts-of the carth are bathed in . tthk Iayer of
gas that becomes rapidly attentuated with height above the surface. In
its lower layers this gas consists largely of molecules of nitrogen, oxygen,
and carbon dioxide, and of argon atoms. At greater heights, it is a
plasma . of ionized and highly energetic particles, extending out for
several earth diameters. The entire gaseous mass is only about a
millionth of the mass of the earth.

Like the stars, the earth is “alive” in its 1nter10r in the sense that heat
is continually being generated, but at a very much lower metabolic rate.
Whereas the sun emits 2 ergs per gram per second, the heat flowing out
from the interior of the earth is only 4310 ergs per gram per second.
For both the stars and the earth, nuclear processes are the source of
energy. \

One of the remarkable facts about the carth i is the megulanty of its
solid surface. Because of this irregularity, the ocean waters do not con-
stitute a continuous film over the globe, but are gathered together in
deep basins surrounding the great islands called continents. - :



Applications OE. the Farth Sciences -

Knowledge gained from the sc1ent1ﬁc study of the earth can be use-
ful in many ways:_ :
(1) In locating, appraising, and conserving ‘natural resources.
(2) In making forecasts of weather and climate, perhaps even-
tually in learning how to make weather and to change climate.
(3) Inreducing damage from violent convulsions of the earth—
_hurricanes, tsunamis, earthquakes, and volcanic explosions—that
are murderously destructive to human beings and their structures.
- (4) In preventing or overcoming pollution of the environment
caused by man’s activities.,
_ . (5) In designing, testmg, and using military weapons, and in
-predicting weapons effects.
(6) In providing the knowledge to improve long—d1stance com-
munications.
(7) In increasing the cconomy and efficiency of ocean and air
transportation. :
(8) In developing optzmum patterns of land use.
(9) In designing engineering works that modify the environ-
- .ment; for example, artificial harbors, bars, breakwaters, and other
: ,_".coastal structures. :

N_atur_dl Resources

Natural resources include many things, but among them are minerals
and fossil fuels buried in the earth or under the sea; water on the sur-
face and underground; and the useful fishes, invertebrates, and plants
of oceans, lakes, and streams. In the past, the earth sciences have con-
tributed most to finding underground deposits of oil and natural gas,
and in evaluating the reserves of these fossit fuels. Almost everything
that has been learned about the formation of sedimentary rocks, their
distribution over the earth, and the structural deformations they have
undergone, has been useful in finding oil; as oil and gas deposits become
harder to find, we will need to know more and more about sedimentary
rocks.

Clearheaded geological thinking, based on knowledge of how the .
permeability of sedimentary strata can vary horizontally, led young A. L.
Levorsen, working alone in the 1930’s on maps of east Texas spread out
on his kitchen table, to recognize places where large oil accumulatlons
were trapped against impermeable materials.

Delicate and complex geophysical instruments have been mvaluable
tools in finding oil. For example, measurements of variations in the
force of gravity in Louxszana and parts of Texas have proved to be the
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best means of locating buried salt domes.. * Exploitable oil accumulations
commeonly occur on the edges of these domes. ‘
* In the mineral industry, many of the older deposits were discovered as
surface outcrops by prospectors and exploited by engineers without fuch
benefit of science, but geology and geophysics have come into their own
in recent years. The discovery during World War II of enormous de-
posits of bauxite (aluminum ore) in Jamaica and Haiti is a spectacular
example of the use of geologic knowledge in finding materials. In 1942,
our supplies of South American bauxite were threatened by German
submarines, which were sinking large numbers of ships laden with ore.
To supply the aluminum for our vastly enlarged airplane production, it
was necessary to find a source of bauxite closer to the United States. .
One small deposit was known in Jamaica. This had been discovered
accidentally when a farmer sent a sample of his soil to London for
analysis; it had been mined for a while by a Dutch company, and then
abandoned because the ore was thought to contain too much iron. Ex-
~amination of this deposit showed that the bauxite had formed from the
weathering of limestone, and that it had accumulated in one of the large
- sinkholes, or karsts, that are characteristic:of limestone country. The
bauxite produced a light permeable soil on which grass grew sparsely,
and mangoes atid sweetpotato vines flourished, while bamboo and sugar-
cane could not be grown. Aerial reconnaissance, combined with geo-
logic mapping, revealed many areas covered with grass or with mangoes
and sweetpotatoes, indicating the presence of bauxite, and a good many
of these were thick accumulations in sinkholes in the limestone. The
total reserves of bauxite thus far found in Jamaica amount to about a bil-
lion tons, worth several billions of dollars and many times larger than any
deposits previously discovered. Exploration for buried mineral deposits
now involves the use of many geophysical tools, such as airborne mag-
netometers, gravity meters, and seismic and geochemical techniques. At
the same time, the technology of mineral extraction has improved, and
lower. and lower grade ores are being used. Mineral technology is be-
coming more and more a problem of large-scale carthmovmg and SOphlel-
cated metallurgical chenustry
We can anticipate a time to come when re}anvely ordlna.ry 1gneous
rocks will be the source for such metals as aluminum, iron, and copper.
Small differences in the metal content of these rocks w111 be economically
critical; recognition of these differences and estimates of their areal extent
will demand understanding of the processes deep within the earth by
which the rocks were formed. For other minerals, including tin,
uranium, diamonds, and manganese, the buried concentrates called ore
bodies wﬂl still be sought, and scientific methods of exploration will be
more and more essential. .



Water is the most abundant substance on the part of the earth accessible
to man, and he uses more of it than any other material, but the natural
distribution of water in space and time accords poorly with human
ne¢eds. Inthe semiarid lands that are otherwise highly suitable for human
life, water is the limiting factor.

- For the surface waters of rivers, streams, and lakes, we need scientific
knowledge about their variability with time and how this can be regu-
lated by such human actions as the building of dams for storage and
aqueducts for transport. For underground waters we need to know the
location, extent, and availability of the resource, the rates of replenish-
ment, and the spced and direction of movement in aquifers. We want
to estimate the potentialities for storage of surface waters underground,
and the problems that will be encountered in accomplishing this because
of the water-transporting characteristics of the overlying soils.

_ Increasing the ocean fish catch would be of the greatest benefit to the
two-thirds of mankind that suffers from a deficiency of animal proteins,
but it could also raise the annual production of the U.S. fisheries industry,
which is increasingly operating on.a worldwide basis, by nearly a billion
dollars within the next 15 years. To maintain present fish catches and

. to increase the ocean harvest, we need to know why certain regions of
the sea are fertile pastures while_othcrs are sterile deserts. What are the
relationships between changes in ocean currents and the migration, be-
havior, and. population size of different species? We need to know how
man}r fish there are in the sea and how fast they can rcproducc themselves.

Long-Range Weather Forecastmg

The present accuracy of 10ng-range weather forecasting is low, but if
it could be improved, great economic benefits would follow in planting
and harvcstmg crops, in planning seasonal fuel transportation and stor-
age, in the timing of building and road construction, and in flood and
drought protection.

Over the 15-year period from 1946 through 1960, the estimated dam-
age from floods in the United States was $4.2 billion, or an average of
$280 million a year. Better long-range weather forecasting might reduce
this by 25 to 50 percent, or $70 to $140 million a year. Such forecasts,
for example, would give the engineers a better basis for judging when to
release water from reservoirs before times of heavy runoff.

Annual expenditures on new construction in 1962 were $39 billion,
and about 3 million people were employed. Labor costs amounted to
roughly one-third of the total costs. If the efficiency of utilization of labor
and equipment could be improved by 5 percent through better schedul-
ing based on reliable long-range weather forecasts, a b1]lxon dolIars would
be saved
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Fuelsand electnc power cost U.S, consumers around $40 billion a year.
About one-fourth of this represents the costs of space heating and air con-
ditioning. Reliable forecasts of temperatures and humidities during the
coming winter or summer would allow savings through better scheduling
of coal, oil, and natural-gas production; oil-refining operations; trans-
portatlon by pipelines, rail, and ships; and storage. Evcn_ a 5~pércent
saving would be worth $500 million.

The total value to the farmers of commercial vegetable production in
1962 was $1.2 billion. The value of potato production was roughly
$500 million, and of fruits, including grapes, perhaps $2 billion. The
added value from prOCcssmg and marketing was about twice these figures.
Forecasts of growing conditions and optimum planting and harvest times
in different parts of the country would help farmers to avoid market gluts
. and shortages, and would enable processors to plan and schedule their
operations more effectively. A 5-pcrcent gain would represent around
$500 million: :

The farm value of cattle and hog production in 1962 was $9 billion, |
Weather—produced variations in the size of the crops of corn, oats, and
hay have serious ecocnomic effects for livestock producers, as to change
from year to year in the productivity of permanent pastures and range
- lands, caused by variations in seasonal rainfall. Significant savings would
be obtained if the farmers could plan how to feed and dispose of their
stock on the basis of réeliable long-range weather forecasts A 5-percent
saving would amount to $450 million.

It must be admitted that these estimates are not based on a careful
' economic analysm but rather on a feeling that savings of 5 percent would
be “reasonable.” A thoroughgoing ana]ys1s if it could be madc, might
show con31dcrably larger potential savings. Adding the various figures,
we arrive at a minimum of around $2.5-billion that could be saved by
farmers, fuel producers, public utilities, builders, and water managers
if they were equipped with better forecasts. This figure does not take
into account possible economic benefits in the various industries asso-
ciated with tourism and recreation, or the intangible savings to individual
families, from being able to plan their travel and household activities
more satlsfactonly

“The ocean of air in which we live and the ocean of water beneath us
are ‘interlocked components of a great heat engine. The engine works
to transport heat energy from low latitudes to high latitudes, where it is
radiated into space. Much of the energy of the air—about one-third—
enters it through the condensation of water vapor evaporated from the
sea surface. A large part of the remainder is transferred as sensible heat
or as infrared radiation from the warm sea to cooler air. Evaporation,
heating, and back radiation do not take place uniformly over the ocean,
nor are they uniform at any given latitude. They are high where the



cloud cover is small and in regions where the difference in temperature
between the surface ocean waters and the air are greatest.

The maximum temperature differences between the sea and the air
shift in location and vary in intensity. Similarly, the regions where
storms are born and the paths of storm travel appear to change with
variations in water temperature near the sea surface. But because of its
high heat capacity and massive inertia, the ocean can change only slowly
with time. The persistcncc of weather patterns over periods of weeks to
years may. result, in part, from this sluggishness of the ocean.

The hope of 1mprovcd long-range weather forecasting depends Iargcly
on our learning how to predict changes in persistent weather patterns.
Insofar as these patterns depend on patterns in the sea, it is clear that
in order to gain greater understanding of the mechanisms of change we
need to understand the large-scale interactions between the sea and the
air,.and the large-scale movements of ocean water masses. :

: Recent work has shown that anomalies in atmospheric circulation re-"
sult in anomalies of ocean-surface temperature. For example, with
increasing winds of cold origin there is an increased transfer of sensible
and latent heat from the ocean to the atmosphere and an increased
stirring of the upper layers of the stratified sea. Both these processes
result in a lowering of the sea-surface temperatures. The restoring proc-
esses by which the sea temperatures return to their “average” value
come from a slow strengthening of the poleward-moving ocean currents
near the sea surface,  The character and rate of the changes in the
ocean den51ty distribution that cause this strengthenmg of the poIcward
currents is still unknown.

To attain the pracucal Ob_] ective of 1mprovcd long-range weather fore-
casts will require cooperative study of large-scale interactions between
the sea and the air by oceanographers and meteorologists. Time series
of measurements at many points in the upper water layers need to be
combined with continuous maps of cloud cover, winds, and atmos-
pheric temperature distributions over the oceans. Many of these atmos-

_pheric measurements will come from weather satellites, but the meas-
urement of the ocean waters will probably require establishment of a
network of anchored buoys. '

Reducmg Damage From C’atastrophes

Destructive earthquakes and volcanic eruptions rcsuIt from the violent
release of energy deep within the earth., = When earthquakes occur under
the sea floor they are often accompamed by tsunamis, waves several
hundred. miles long in the deep sea and only a few fcet high, which
travel across the ocean at speeds of about 700 miles an hour until they
reach shallow water. Here they pile up in high, steep waves that can
do enormous damage. S SR : '
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-Because of our inadequate understanding of how earthquakes and
volcanic explosions occur, they cannot be predicted at the present
time. But there is a reasonable hope that this will be possible in the
future as a result of advances in seismology and the other sciences of
the solid earth, If so, many thousands of human lives could be saved in
each decade. Because it takes several hours of a tsunami to travel from
its point of origin to some of the places where it may do extensive dam-
age, radio and telegraphic warning systems are being established. These
are already saving lives and- property, but they would be much more
effective if more were known about the modes of origin of these giant
waves. '

Murderously destructive tr0p1ca1 storms, called hurncanes in the
Atlantic and typhoons in the westérn Pacific, are born and have their
embryonic growth over the ocean. Over the period from 1940 to 1957,
the average damage caused by hurricanes in the eastern and southern
parts of the United- States was -$140 million a year. Nearly 1,000
people were kifled ‘during these 17 years. It is not impossible that these
storms could be aborted in their early stages if a means could be found
to prevent anomalously large transfers of heat energy and water vapor
from the sea to the air in the regions of hurricane formation.

- The possibility that we may be able to eliminate hurricanes is very un-
certain. But we shall certainly not be able to do so unless we can learn
more about them. The meteorologists have aiready learned a good
deal, chiefly since World War II, and this has led to marked improve-
ment in forecasting travel paths and intensities, and to development of
protective measures. In 1926, many lives were lost and numerous
structures were demolished when a hurricane passed over the Miami-

. Fort Tauderdale area of Florida. Hurricane Cleo, in August ‘1964,
violently struck the:same area without takmg a smglc American hfe
or destroying any bulldmgs

" Pollution -

The enormous growth of cities during the past few decades, both in
population and area, is producmg unprecedented problems of pollution
of water, air, and soil. ' These problems are aggravated by the use of
chemmal pesticides, nondegradable detergents, and automobile fuels

laced with lead tetraethyl. In the future, low-level radioactive contami-
nation from nuclear powerplants will also have to be reckoned with.
There are many aspects to the pollution problem, including regulation
of . the production of the contaminating substances, but one impcrtant
aspect is the rate of dispersal of pollutants, determined by theéir rates of
diffusion and mixing with different air and water masses in the environ-
ment. Knowledge of large-scale diffusion and mixing processes in the
air, and in rivers, estuaries, and the open sea will becoime more impor-
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tant with the growth of megalopolises, such as the continuous city from
Boston to Richmond that is rapidly accreting on the eastern seaboard.
Pollution-control measures will have to be carried out over regions
determined by meteorological and hydrological reahtles, rather than by

political boundaries, and even to delimit such regions will require much
" more knowledge of air and water than we now possess.

Deﬁéning, T‘esﬁng, and Using Military Weapons

The Department of Defense is concerned with the earth sciences, both
to improve our zmhtary capabﬂlty and to reduce its cost. It can use the
results of these sciences in many ways, ranging from the provision of in-
formation for training exercises to considerations affecting the choice of
a major weaponssystem. In testing a new antisubmarine sonar gear, for
example, it is essential to know the depth of the uppermost wind-stirred
ocean layer and the sound-reflecting behavior of the sea surface and
the sea floor. Otherwise, we cannot use the test to estimate the per-
- formance of the gear under the varicty of condltlons that will be en-
countered in actual operations,

In trying to assess the value ‘of the earth sciences to the national
defense, we face the problem that it is extremely difficult to assign a
dollar value to military effectiveness. Ideally, an answer to this question
would involve quantitative estimates of—

(1) The amount by which other defense expendltures could be
reduced as a result of research in meteorology, -oceanography, .
seismology, and upper atmosphere studies; and the length of ume

- before these savings. could be made;

(2) - The increase in effectweness of present and future weapons
systems that could result from likely increases in knowledge- about
the earth at different futuretimes; :

(3) The level of effectiveness of weapons systems required to
defend the United States from .a foreseeable enemy, and the knowl-

edge about the carth needed to reach this level of effectiveness;

(4) The level of research capability required to meet unfore-
seen military contmgencme in which new knowledge of the carth

- will be needed;
. (8) Alternative uses of funds and people that might be substi-
tuted for present or future earth sciences expenditures, to provide
the required level of effectiveness of weapons systems more qulckly
or less expensively; and .

(6) The extent to which present and pIanned defense expendi-
tures are meeting military needs for knowledge of the environment.
Finally, if these needs are not being met, what changes in direction,
scope, or level of effort are-needed in the Defense Department S re-
search program in the: earth sciences? -

A-101—65 e dT
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Unfortunately, neither our knowledge of the earth nor our ability to
forecast the potentialities. of future weapons systems is adequate for
quantitative answers to these questions. - More fundamentally, national
defense is not a relative but an absolute necessity. We must spend
whatever is needed to assure our national survival. We cannot take
the chance that an enemy will gain knowledge we do not possess that
will enable him to destroy or mortally weaken the weapons systems on
which our survival depends. For example, we must make every effort to
be first in learning about any possible mechanisms of energy propaga-
tion in the ocean that could be utilized to detect our own Polaris
submarines.

The history of the attempts by the Soviet Umon, thc “United ng~
dom, and the United States to limit by international agreement their
testing of nuclear weapons illustrates the potentially grave consequences
- of neglectmg an apparently impractical field of science. In this case,
the science was seismology, one of the branches of the earth sciences.
An agreement might have been reached several years earlier if there
had been more certain knowledge of the énergies of natural earthquakes
compared with the energy levels of the seismic waves from explosions,
and of other differences between seismic waves produced by explosives
and those produced by earthquakes.

'Long-Dzstance Communwatwn

_ Sunhght the visible radiation from the sun that we can see and feel,
is remarkably constant. But the sun radiates many other kinds of
energy, including X-rays and a broad spectrum of radio waves, and it
occasionally shoots out clouds of hydrogen nuclei at speeds of hundreds
of miles a second. These particles and rays are highly variable; they
interact in complex ways with the earth’s magnetic field and with the
tenuous plasma of the earth’s outer atmosphere.

- When a fast-moving cloud of solar particles envelopes the earth, long-
distance radio communications are blacked out; the vital radio links
between transport aircraft and the group may be broken; transoceanic
telephone cables may cease to function, and even electric power stations
can be forced to shut down. At other times variations in solar act1v1ty

“ cause ionized layers in the atmosphere to vary in reflectivity and to rise
oor fall in altitude, so-that radio communicators must shift wavelengths
and relay poinis. - Monitoring of these solar-terrestrial processes is es-
sential to maintaining the effectiveness of present radio communications.
Research on the elcctromagnetm behavior of the upper atmosphere, on
terrestrial .and solar radio noise, and on atmospheric phenomena that
may beused to channel radio signals—for example, the trails of shooting
stars—is important in developing means for carrying the ever-increasing
quantity of information that must be transmitted by radio waves.
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QOcean and Air Transportation

Among major raw materials, the United States is now self-sufficient
only in coal, molybdenum, phosphate, and magnesium. Wood and
petroleum have shifted from net exports to net imports, and we depend
largely on oversea supplies for asbestos, tin, manganese, iron ore, bauxite,
cobalt, nickel, chromite, quartz crystal, and industrial diamonds. Our
1mports of other essential raw matenals and food products are steadily
rising.

The sea is the major highway for the 1ntcrna.t10nal transportation of
heavy or bulky materials; it will undoubtedly remain so for many gen-
erations to come.. To carry the estimated 400 million tons of ocean
cargo entering or leavmg U.S. ports in 1970 will require full-time use of
between 20 and 30 million deadweight tons of cargo ships, partly under
the U.S. flag and partly under foreign flags. Assuming a 20-year life
for these vessels, the world rate of ship construction for replacement of
existing tonnage carrying our trade will be between 1.0 and 1.5 million
deadweight tons annually. By 1970, the amount of cargo to and from
" the United States should be increasing at a rate of about 15 million tons
‘a year, and the rate of construction of new ships for this increased trade
will be between 0.75 and 1.1 million tons a year. Thus the total world
ship construction required for U.S. ocean trade in 1970 will be between

1.75 and 2.6 million tons a year. Perhaps as much as half of this new -
tonnage will be in bulk carriers, with a construction cost of around $150
per deadweight ton, and the other half in decked cargo ships costing
around $250 per deadweight ton. Assuming that our ocean trade will |
continue to increase during the 1970%, the annual cost of new construc-
tion will be close to $500 million by the middle of the decade,  All this
cost will be a burden on American importers and exporters, and on thelr
oversea customers and suppliers.

Freight costs for ocean cargoes vary widely with the type of cargo and
the distance it is carried. With present technology, the total freight
cost for U.S. ocean trade could be $5 billion per year by 1975.  About
half of these costs would be charged against the time the ships are at sea, |
and the other half against the “turnaround” time requlred for loadmg
and unloading and other operations in port.

A reduction in the cost of ocean shipping would serve the interests.of
the United States and of the countries with which we trade. In particu-
lar, lower shipping costs would help the less-developed countries, because
they are so largely dependent for their economic development on the
oversea sale of raw materials and agricultural products, and on the im-
portation of heavy machinery for industrialization. Meteorological and
oceanographic research can make significant contributions to a reduction
in ocean-shipping costs. Many aspects of knowledge about winds, waves,
and currents in the ocean areas have a direct bearing on the use of the
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oceans as the major intercontinental highway. For example, better
statistics on sea-surface waves should make it possible to improve the
design and lower the cost of new ships. Through improvements in the
* forecasting of waves, winds, and currents, ships could be better routed
along minimum time paths; both fuel consumption and time at sea would
thereby be reduced. Improved routing should also lower storm losses.
Stranding and ecllision losses could be lowered through improvements
in navigation, based on more detailed knowledge of sea-bottom topogra-
phy. Greater knowledge of near-shore wave and current conditions and
sea-floor characteristics is needed for improvement of existing harbors
and construction of new ones, and for the development of new methods
of loading and unloading. Increased knowledge of the life histories, be-
havior, and physiology of fouling and boring organisms could help to
lower the losses caused by these pests.

The effects of weather on air transportatlon are 0bv1ous to any traveler
who has experienced fog in an airport or turbulence aloft, or whose
~ arrival has been delayed by adverse winds. Atmospheric conditions have
" additional consequences that are less evident to passengers, but of great
concern to pilots. For example, magnetic storms and other disturbances
to radio transmission seriously affect aerial nav1gat10n and ground-to-air
‘communications.

 High-flying jet aircraft may themselves perturb the atmosphere Their
* vapor trails may cause a chain reaction of ice-crystal formation over
large areas, and thereby alter the ratio of reflected to transmitted sun-
- light. The results of these changes in the reﬂecuvzty of the upper air
are as yet unknown.

, 'Optzmzzmg Land Use

The physical properties of soﬂs-mpenncablhty and water—holdlng ca-
pacity, friability and cohesiveness, acidity or alkalinity, salt content, thick-
ness and varjability—determine the kinds of crops for which they are
best suited, or, indeed, whether they should be used for agriculture at

“all. These properties in turn are determined by interactions betweén
‘land, water, and climate, by the geologic history, and by man’s actions.
The agricultural revolution of the past quarter century depended in large
part on greatly increased understanding of these relationships. The
future improvements of agricultural productivity that are needed for
~expanding population will demand even further understanding:

The dust bowls of the 1930°s; widespread river flood destruction in

- flood plains; catastrophic washmg out of dams due to failure of the sur-

rounding rock walls; proposals to build nuclear powerplants near ma,jor
active earthquake faults; losses of beach property due to shoreline erosion;
-all are examples'of improper land use because of failure to undcrstand
‘or to apply scientific knowledge of the earth.:



The United States has had so much area compared to the number of
its people that we have been able to squander our heritage of land. But
with our population rising above the half-billion mark within the next
75 years, one of our basic national goals must be the best use of the land.
We have very little time left to decide which areas are best suited for
farming, for forestry, for recreation, for wﬂdhfe refuges, or for cities and
their aurports roads and resewous '

Engmeenng Works to Modzfy the Enmronment

Attempts to control fresh-water runoff from the land may ‘have pro-
found effects on the seashore. For example on the beaches of southern
California, the sand supplied by rivers is transported along the beach by -
wave-generated currents, and is lost to the deep sea at submarine
canyons. Runoff control has cut the supply of sand to nearly zero, and
without some intervention, the beaches may seriously deteriorate w1th1n
the next two decades. Even normal processes of wind, waves, tides, and..
currents can thwart man’s attempts to unprove a coastal area for his
benefit, unless the influence of these processes is understood and allowed
for in the design of the improvement works.

The development of new beach areas, the protectlon of beaches
against erosional or depositional damage, the cxtension of coastlines, the
development of harbors, improved sport fishing through the building of .
artificial reefs—all these are affected by the physical, chemical, biological, -
and geological processes of the sea.  Improved oceanographic knowledge
of these processes can materially influence the. effectiveness with which
plans for such developments are brought to fruition, and hence can
materially reduce the costs of successful development The efficiency and.
safety of management and use of marine recreational facilities can be.
improved through adequate forecasts of wind, wave, and surf conditions,
and of storm tides.. These are also. unportant arcas of oceanographic
research :

‘A fourth of the entire area of the contments is under water. The sub~ ‘
merged regions are called the continental shelves, and their aréa is about
equal to that of Africa. Some very recent work by Jacques Cousteau
- and his colIeagues in France and by engineers and medical scientists
of our own navy, suggests that human bemgs may soon be able to live
and travel at will on the shelf floor, and, in general, to treat it as a part
of the continent accessible to man. A large fraction of our remaining oil.
reserves, estimated. by some experts to be as high as 40 percent, must.
live under the shelves. The recent large-scale mining of diamonds
from the continental shelf off southwest Africa emphasizes that placer
deposits of valuable minerals may be w1despread A great deal of
research and development in oceanographic engineering will be neces-.
sary to open up the contlnental shelves for many different human uvses.
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- Federal Support of the Earth Sciences

To gain the understanding we need, we must study the carth as a
whole. This is most evident in meteorology and oceanography. A
storm over New England may have originated off Japan, and an inten-
sification of the trade winds of the tropical Atlantic can result in a
quickening of the Gulf Stream off the Grand Banks. ~But it is equally
true for other carth phenomena. Turbulent motion in the molten core
of the earth disturbs the magnetic ficld on the surface and bends the
magnetic lines of .force that extend out to distances of thousands of
miles, The strength and position'of these magnetic lines in turn deter-
mine the paths of protons and electrons projected to the carth by solar
flares. These floods of particles produce radio blackouts and other
headaches to radio engineers. Slow, giant-scale convection in the
mantle apparently results in folded mountains, island arcs, and great
deeps arourid the Pacific, and in the broken mountam ranges that
characterize the two sides of the Atlantic,

Detailed studies of small geological structures, such as the shapes of
oilfields and the distribution of ore bodies, can safely be left to the oil
and mining companies. ‘But the fundamental phenomena that deter-
mine these details must be investigated on a very large scale. The
- -global nature of the earth sciences requires that they be supported on a
national basis and carried out with a full measure of cooperation be-
tween nations. The effectiveness of such cooperation was well illus-
trated during the International Geophysical Ycar the greatest scientific
enterprise ever undertaken.

Many of the economic benefits from tesearch on the earth—improve-
* ments in weather forecasting, protection from catastrophes, better ocean
and air transportation, conservation and economic use of water supplies,
better weapons for national defense, and reliable communications—
affect many kinds of enterprises and very large numbers of individuals;
only the Federal Government has broad enough responsibilities to en-
compass these diverse interests. ' In other areas, for example, the conser-
vation of natural resources, the anticipated benefits lie in the future, -
beyond the time horlzons of individual corporauons ‘or local govern-
ments,

Some of these reasons for Federal support of the earth sciences have
long been recognized by the United States Government.” In 1962, one-
third of the earth scientists were employed by some governmental
agency, and all but a few percent of these by the Federal Governmént.
Another 17 percent were employed by educational and nonprofit institu-
tions; their research support came largely from Federal funds. Fotal
Federal expenditures in the earth sciences were around $54O m11110n in’
fiscal 1963 and $600 million in fiscal 1964



Large sums of money are spent on obtaining and disseminating infor-
mation on the environment in such agencies as the Weather Bureau, the
Coast and Geodetic Survey, the Geological Survey, the Navy’s Oceano-
graphic Office, the Air Weather Service of the Air Force, the Army
Signal Corps, the Naval Aerological Service, and the Army. Map Service.
This information is published in maps, charts, weather forecasts, statis-
tical tables, and similar documents. Although much of it is useful for
research, the collection, compilation, and publication of this information
is carried out on a systematic or routine basis, and is not, in itself, re-
search as scientists would define the term, nor is it classified as such in
Federal research and development statistics. At the same time, these
agencies also conduct studies and investigations that add to our under-
standing of earth processes, history, and structure, lead to the develop-
ment of new instruments and methods for obtaining information, or are
sufficiently exploratory in character to be mcluded under the rubnc
of research. - ‘

Many agencies, including the National Science Foundatlon the Office
of Naval Research, the Advanced Research Projects Agency, other mili-
tary research organizations, the Weather Bureau, the Bureau of Com-
mercial Fisheries, and the Public Health Service, support- research in
aeronomy, meteorology, eceanography, marine biology, geology, water
resources, * terrestrial ecology, seismology, terrestrial magnetism, and
tectono-physics, in universities, other nonprofit institutions, and industry.
Some of the National Aeronautics and Space Administration’s expendi-
tures can also be counted here. Other agencies, such as the National
Bureau of Standards (particularly its Central Radio Propagation
Laboratory), the Geological Survey, the research divisions of the De-
partment of Agriculture, and some of the navy laboratones conduct
conmderable mhouse earth sciences research. :

"Future Needs in Earth Science.

The greatest need in the earth sciences is to maintain and develop
centers of cxcellencc in our universities, There are two reasons for this:
(1) In order to upgrade the scientific effectiveness of the Federal Govern-
ment’s expenditures in these fields, the number of hydrologists, meteor-
ologists, oceanographers, geologists, and geophysicists with doctor’s
degrees, that is, with advanced training and demonstrated competence in
research, should be 1ncreased {2} To advance the economic and social
objectzves of the earth sciences, as well as to satisfy men’s desires to under-
stand the world in which they live, new levels of understanding of earth
processes must be attained. This can best be accomplished through
university centers of teachmg and basic research, where earth scientists
and studcnts can work in close contact w1th each other and with the
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fundamental disciplines of physics, chemistry, mathematics, and biology,
and where the mterplay of teaching and research can stimulate both. By
underwriting the vigor and dynamism of many such centers, we will in-
crease the likelihood that new ideas and fresh viewpoints can arise:
In 1964, about 2,000 of the earth scientists whose research -was sup-
ported by the Federal Government had doctor’s degrees This number
was approximately half of all United States Ph. D.’s in the earth sciences.
~ Federal expenditures were about $330,000 per Ph. D. worker. Com-
pared to most other fields, this is a high ratio, made necessary at least
in part by the high cost of the vehicles and instrumerits used in these
“sciences. But it can be convincingly argued that the Federal Govern-
ment’s earth sciences program would be strengthened substantially if the
number of federally supported Ph. D.’s were raised to at least 4, 000—
double the present number.

-If this were to be accomplished in- 10 years; and 1f we aIso take 1nt0
account the need for replacement of personnel, the entire presént output
of our universities, about 300 doctorates a year, would be required. An
increase in the number of Ph. D.’s per year can be attained only b'y‘in-
creasing, in a carefully planned way, the support of bas1c earth sciences
research in the universities.

- If we take as a national objective the production of 600 Ph.D.s per
year in the carth sciences by 1970, between 1 ,000 and 2,000 university

faculty members and a full-time enrollment of about 6,000 graduate
" students—about double the present numbers—would be required. - The
total annual cost would be around $7 million. Because of the Federal
" Government’s preeminent interest, it would need to assume a very large
share of this total, and this would be 2 minimum ﬁgure for Federal
support of basic research in the earth sciences. 3

Although support for research is an essential mgredmnt in buﬂdmg up
and strengthening centers of excellence in our universities, it is by no
means sufficient. What is basic to attract and hold first-rate minds is the
intellectual excitement of interesting, scientifically important, and solv-
able problems, particularly problems relevant to other fields of science.
The carth contains many such problems. One of the most dramatic is
the origin of life. “What were the conditions and the sequence of events
on the primitive earth by which i inorganic ‘materials became combined
‘into more and more complicated organic molecules, which first learned
to transform energy and ultxmately to reproduce themselves?
~ As remarkable as the origin of life is its evolution into organisms of
ever greater complexity and diversity. The nature and rates of evolution
can bhe understood by studying the -earth together with genetic
‘mechanisms,

' Some properties of matter under extreme conditions can bcst be inves-
't1gated through the ‘earth sciences. The inner mantle and core of the
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earth are the only (more or less) observable large masses of matter at
relatively low temperatures that are subjected to pressures higher than
a hundred million pounds per square inch for more than a few micro-
seconds. Only within the mantle can the deformation of solid material
be observed at extremely low rates of strain. - -

The earth is an ideal laboratory for the study of fluids sub]ected to
both electromagnetic and mechanical processes. The earth’s magnetic
field, originating in its liquid core, extends outward several earth diame-
ters. 'Lhere it interacts with charged particles produced in the high
atmosphcre by photochemical and collision processes, and with partlcles
arriving from the sun and from outer space. '

Whether the magnitude of the fundamental physical constants has -
changed with time is one of the most profound and difficult questions of
physics. Because the earth contains records of past events over several
billion years, it may be possible to find evidence for the constancy, or
alternatively the variability, of such quantities as the acceleration of
gravity and the rates of radioactive decay.

Finally, it is important to emphasize the dependence of the earth

sclences on tools and concepts derived from physics, chemistry, mathe-
matics, and biology. Continuing growth in the vigor and effectiveness
of scientific studies of the earth must depend, therefore, not only on
imaginative and generous Federal support of the earth sciences them-
selves, but also on the continuing advance of the whole scientific
enterpnse






THE ROLE OF APPLIED SCIENCE

by Epwarp TELLER
University of Calzforma, Berkeley

Summary

The Committee on Science and Astronautics of the U.S. House of
Representatives has raised the question of how to maintain our poesition
of leadership in science. In my judgment we have actually lost this
leadership in applied science. Unfortunately such a loss may have a deep
influence during the years ahead of us.

It is my belief that to regain. this Ieadcrs]:up we should put the greatest
possible emphasis on higher education in applied science. = Direct sup-
port of programs in applied science is apt to be spent ineffectually be-
cause of the insufficient number of prominernt applied scientists who
could effectively direct our efforts. It is, therefore, most important that
we remedy our deficiency in first-class applied scientists, and this can be
done most effectively by an educational effort.

We possess the means of establishing a good educatlonal program by
means of cooperation between our applied science laboratories. (both
governmental and private} and our universities. Such cooperation is in
need of appropnate encouragement by the Government. A further
means of improving applied science is establishment of fellowships for
the special purpose of encouraging applied scientists to complete their
education by obtaumng Ph. D. degrces : g

Introducﬁon' '

 The questions concerning the propei' level of Federal support and. the

balance of support given to various fields are of great and obvious im-

portance. 'There are, however, other closely refated and specific ques-

tions. These are concerned with weaknesses in our present effort and

with the general problem of how to make the overall scientific and tech-

nologmal program more efficient. In the followmg 1 shall lumt myself
(257)
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to research, development, and education in the physical sciences, for the
sunple reason that my competence lies in this field.

It is my opinion that the U.S, effort is not sufﬁmently strong in the
broad field of applied science. In particular, we are not placing suf-
ficent emphasis on the education of applied scientists. - I believe that a

- reasonably planned effort in the graduate education of applied scientists
would have most beneficial consequences for our whole program.

I do not feel that I can criticize the high level of Federal support
directed toward the advancement of science and technology. When the
amounts spent on the various fields are compared, everyone will have a
different view concerning comparative merits and concerning desirable
shifts in the program. I feel, however, that a particularly strong point
can be made about the lack of applied scientists. Most of our Federal
expenditure is used to support applied science and the engirieering devel-

- opments based upon applied science. = At the same time, most of our
educational effort on the relevant graduate level goes into the support of
pure science (7). As a result, the most massive expenditures of our Gov-
ernment suffer from inadequate technical leadership.

The following statément proposes to describe this situation more fully

“and to discuss some methods of poss;ble improvement. For purposes of
clarification T shall start by deﬁnmg pure science,” “applied science,”
and ¢ engmeermg development P

Pure Sc:enee

* Pure science is concerned with the discovery of new facts and with the
understanding of nature. This endeavor is not affected by any expecta-
tion of practical applications, It is guided by value judgments concern-
ing the interest in various fields. In general, these value judgments are
rendered by the scientific community as a whole. One mlght expect
that from time to time strong differences of opinion would arise concern-
ing these value judgments. The fact is, however, that as a general rule
a remarkable agreement exists within the scientiﬁc community concern-
ing these Judgmcnts

.-For instance, it is generally believed today that high-energy physics
.is.of great interest. There are differences of opinion as to the amount of

" _support that high-energy. physics should receive, but these are differences

‘of degree. ‘That reasonably strong support should be given to high-energy
-physics is denied by no one. - At the same time, one must remember that
‘no practical applications of high-energy physics happen to be in sight.
The value of pure science may be explained in two different ways.
On the one hand, pure science has an intrinsic intellectnal value. This
* value is readily recognized by the expert. Often it is difficult to expla.m
this intellectual value to the layman. It is, in my opinion, highly impor-
tant totry to doso. - ‘ S
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The other way to appreciate pure science is to point out the fact that
most important practical applications have resulted from scientific dis-
coveries that were originally “pure,” i.e., were not motivated by any
foreseeable application. Thus, Lord Rutherford was deeply convinced
that nuclear energy would never be applied. Nevertheless he and his
like-minded collaborators created the basis of a technology that has deeply
- affected the power balance between nations and is gaining more influence.
on our peacetime economy. When Faraday explored the laws of elec-’
tricity and magrietism, his main motivation was the conviction that these
laws had a basic importance in explaining the structure of matter. This
intuitive expectation proved to be correct. However, most important-
practical applications emerged even before electromagnetism was applied
to atomic structure. Faraday himself, when questioned by Gladstone
about the practlcal uses of his discoveries, could’ only say about elcctn(:ity -
“Some day, sir, you may tax it.” '

Pure science is currcntly receiving most. gencrous support As a result,-
the United States enjoys an unquestlonable lead in pure science. ‘This
could result in practlcal applications that, in some cases, may be only 10
or 20 years away but in many othcr cases, may emerge in 160 years or

'Engi'neering DeveloPment

If pure science may be considered as the first phase in the structure of
“science and technology, then engineering development may be placcd in
the position of the Jast phase, In this phasc, feasibility of a project is
assured. The only question remaining is that of cffectwe, economlcal

and safe execution of the project.

The United States has 2 long and firmly formed tradmon in engineer-.
ing development. Our enginecring schools turn out a reasonable
number of young people with bachelor’s degrees who can participate in
this effort. There have been some complaints recently that the number
of our engineering graduates is declining.  The effect of this is offset, at
least in part, by the fact that the quality of engmeermg education is
improving. A further increase in the number of engineers possessmg
master’s degrees and doctor’s degrees would appear to be of advantage in
view of the increasingly complex and numerous problems with which en-
gineers are faced. While such an increase will have beneficial effects,
it does not satisfy the specific need in apphed science, which is to be dis-
cussed in the next section.

The importance of engineering development has never been doubtcd
Its financial support is very respectable, although, considering the great
needs of our time, it may not always appear to be ample. It is my belief
that this field certainly should not be considered a weak link in our scien~
tific a.nd technologlcal effort.
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Apphed Scmnce

Apphed science occup1es an mtermedmte position between pure sci-
ence and engmeermg development In applied science we have a
definite, practlcal aim in mind. We are, however, uncertain whether
or not this aim can be accomplished. - Even if feasibility should be
proved, it is by no means clear whether or not the proposed effort will
lead to rewarding results in an economic and pra.ctlcal sense.

- To find the new fruitful applications of pure science is in itself a cre-
ative process. In a very great number of cases the application does
not fill any existing need. Instead it generates a novel need and
answers a question that never has been asked before. Atomic energy,
space exploratlon and electronic computers are good illustrations.
Applied science often postulates a completely new situation and.
then attempts to realize it. For this reason applied science is-an
eminently creative field. It is not the amount of creativity but its
direction that distinguishes it from pure science.

Many of the methods employed in applied science are the same as
those practiced in pure science, but there are differences. A project
in applied science very ofter requires the cooperation of experts from
many different fields, This imposes a different style of work. It is also
quite frequently true that applied science pfojects are tied more closely
to a time scale than are undertakings in pure science. However, imagi-
nation and invention play similar roles in the fields of pure and apphed
science.

“In our educatlonal institutions apphed science may ‘almost be de—
scribed as “no man’s land.” Recently I interviewed 24 most promising
students from the various departments of the Massachusetts Institute of
Technology. These depa.rtments included mathematics, physics, chem-
istry, and many branches of enginecring. The purpose of the interview
was to select students for fellowships in applied science. The interviews
revealed that 22 out of the 24 showed a marked preference for pure
science. In noting this ratlo, one should consider that the Massachusetts
Institute of Technology is supposed to have a partlcularly close con-
nection with technology

Our deficiency in applied science mlght be illustrated by referring
to our space program. This program, on which we are spending more
than $5 billion a year, has connections with engincering devélopment,
applied science, and pure science. Most of the money is spent in en-
gineering development but applied science is an important component,
and this component determines to a great extent how effectively the
money is spent. Pure science is hardly needed for the planning of our
space program but will probably gain from the results obtained.

Problems like improved space propulsion or developing the right in-
strumentation for our space vehicles are typical problems of applied



science. It is difficult to estimate how many fully educated “applied
scientists” are to be found in our space program. My suspicion. is
that this number may not be sufficiently great. In a new field this may
be unavoidable but the result is that the money of the National Aero-
nautics and Space Administration is not being spent in an optimal man-
ner.- With more emphasis on education in applied science, the txme
required to correct this situation may be shortened.

I believe that the major part of our sc1ent1ﬁc—technolog1cal effort could
be greatly improved if more applied scientists could be educated and
if some of our most talented and energetlc young men could: be at-
tracted to this field of endeavor.

:Examples of Apphed Scwnce

The field of apphed science is so broad that a ‘complete I1st1ng of
its various branches seems hardly. feasible. In the following I shall
attempt to give a number of examples in order to obtain a more vivid
picture of the requirements that face us.

In chemxstry, a close and healthy contact has been maintained
between pure science and applied science. This has resulted in a healthy
and vigorous development of our chemical industries.

In the first decades of this century aeronautics was a very popular
branch of applied science. This was due to the great and understand-
able excitement caused by the development of the art of flying. The
rising importance of aviation in wartime applications was a contributing
cause. At the California Institute of Technology there exists a most out-.
standing school of aeronautics. Thus, acronautics is one field in which
applied scientific work has flourished. ' It is certain that work invested
in applied science in this field has paid amplc dividends.

Another success story of applied science is that of electronics. Here
the Massachusetts Institute of Technology has played a leading role,
stimulated to a considerable extent by the wartime development o_f
radar. Electronics has been further strengthened by the most remark-
able work done in the Bell Telephone Laboratories. Even these few
examples cIcarly illustrate that a”strong position in applied science is
often obtained in connection with one or a few outstandlng centers
of research.

One application of electromcs has assumed g.lgantic proportions, and
it certainly deserves a few separate words. This is the development of
clectronic computers, In the earlier stages of this development the
Massachusetts Institute of Technology and the excellent laboratories of
the International Business Machines Gorp have played outstanding roles.
While this particular area of applied science is based on electronics, it has
in turn stimulated applied mathematics, the introduction of precise
methods into new fields, and the increasing replacement of human labor
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. by reliable and effective mechanized equipment. In my opinion it seems
.probable that automation will continue to be one of the most rap1dly
growing branches of applied science.

In contrast to the examples cited above, there are several ﬁelds of
applied science in which efforts in the United States have been insuffi-
- cient. One of these is meteorology, which some consider to lié. on the
borderline between pure science and applied science. During the war
meteorology was ¢mphasized, but this effort ended in 1945. There have
been recent attempts to step up our progress in meteorology by establish-
ing anational center of atmospheric research at Boulder, Colo.. It istoo

carly to evaluate this particular effort, but it seems to me that it consti-
tutes the very beginning of an important development. Parts of this
development are connected with weather obsérvations from satellites and
with numerical weather predictions with the help of electronic computers.
It is probable that this will lead to improved forecasting. It is also prob-
able that eventually weather modifications will become possible, al-
though the extent to which we can influence weather is as yet quite
unclear. At any rate, the p0551ble benefits from the study of meteorology

"appca.r very great in comparison with the limited efforts that have been
made in this field by U.S. scienitists. It should be stated that past and
present methods by weather modification have been criticized as ama-
teutish. This criticism is probably well founded,

Oceanography is in a position similar to that of meteorology Woaods
Hole and the Scripps Institution are examples of excellent but small
.oceanographm laboratories. In recent years a greater effort has been
‘made. One incentive relates to the fact that the oceans constitute our
greatest reservoir of organic material and therefore of food. - Thus,
oceanography requires cooperation betwcen the physical and blologu:al
sciences.

Dunng World War II, very great strides were made in nuclear en-
gineering.  After that perlod progress has been spotty and, in some
areas, insufficient. Some fiuclear reactors have successfully entered the
phase of engineering development. More advanced nuclear reactors do
~ not always receive sufficient attention. The use of isotopes has been

pursued in a Wldespread and altogether effective manner. Nuclear ex-
plosives have been developed with some success for military applications,
but the challenging and hopeful field of peaceful application of nuclear
explosives was neglected up to the year 1957. Since that time some
progress has been made, but we are not moving at a sufficient speed
"This has been due to the erroncous conviction, originally shared by mili-
tary and civilian authorities, that the proper application of exploswesl
. liesin the mlhtary field.

The exploration of controlled thermonuclear reactions has been
strongly supported for the past dozen years. Success is not yet in sight.



But, as is often the case in applied science, important results have been
produced in directions a little different from those originally contem-
plated. Thus, the study of plasmas is leading to new applications in
electrical engineering. On the other hand, a better understanding :of
plasma physics has become more helpful in astrophysical discussions.
What started as a devclopment in app]ied nuclear science is paying
dividends in nonnuclear engmeermg and is also exertmg a stimulating
influence on certain fields of pure science.

Spate exploration OCCLIPIES a unique position in our discussion. This
is.due to the fact that since Sputnik our deficiency in this field has often
been discussed. Furthermore, this field receives by far the most massive
support. . Finally, astronautics enjoys an unparalleled popular apprecia-
tion. It is possibly true that funds not expended on space exploration
could not be readily transferred to support of other scientific or tech-
nological endeavors. As a result, our program in space exploration has
outpaced considerably our ability to perform in a really effective manner.
Apart from a muore rational distribution of funds, the solution, in. my
opinion, must lie in an increased effort in education. While such im-
proved education will certainly benefit our space effort, it-will also have
important beneficial consequences in all other fields of applied science,
both those listed above and those that I have onutted :

" Education in Applzed Science

" Education in applied science should proceed at the labora.tones and
centers at which applied science has actually been developed, where
the pioneers in applied science work, and where the best equipment is
available, Here the students who should obtain Ph. D. degrees in a,pplxed
science can acquire the best tradition while working in surroundings in
which the primary motivation is to mold our future technology along
_the lines made possible by the latest advances in science.

To give proper stature to these programs and to exercise the requ1red
controls, it is suggested that these programs be worked out in con]unctlon
with universities, The degrees should be given by the universities and
the men who are charged with the duties of teaching and supervising the
Ph.-D. theses should become professors or part-time professors at the
universities.  The geographical separation as well as the novelty of the
program will undoubtedly cause difficulties. Faculties of universities
may not easily accept applied work as similar in value to the old
academic disciplines. But one should realize that in the program pro-
posed here, there will be a requirement for the greatest possible amount
of new initiative and imagination. For this particular reason such a
program, once it is accepted, should fit- excellently into the framework
of our un1vers1t1€s '

45-1'01—&5—._13
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It would be natural to limit the programs herein described to graduate
studies. The undergraduate work could-be properly completed at our
universities. It would seem appropriate that students from engineering,
physics, chemistry, and mathematics be acceptable in this graduate pro-
gram. In fact, an applied scientist must possess a general background
in all physical sciences and in engineering.

The modern applied science effort requires the cooperation of many
people with diverse skills, If the general education indicated in the
‘above paragraph is not available, smooth operation in our applied
science laboratories will not be possible. Our university departinents
tend increasingly to emphasme specialization. While this trend helps
in many branches of pure science and also is useful in engmeermg devel—
‘opments, it has a decidedly harmful efféct in applied science. '

The nceded general background may be made available in under-
-graduate studies at the university. Alternatively, it should be possible
to impart the needed knowledge in the first year or in the first 2 years of
graduate work. It may be’ cxpected that many of the most talented
students will turn toward applied science after havmg completed their
undergraduate work at a university in engineering, mathematics, or
‘one of the physical sciences. It should be made possible for these
students to enter the curriculum and to pick up the needed gener'al in-
formation at the graduate level.

Subjects that should be required in all cases include mathematlcal

techniques like the bandling of complex variables, matrices, partial
~ differential equations and boundary value problems. Students should
be given a thorough familiarity with the handling of modern computing
equipment. In the sciences, an applied scientist must certainly have
thorough familiarity with physical chemistry, thermodynamics and
statistical mechanics, electromagnetic phenomena, and most particularly
with the broad field of the structure of matier, The latter must in-
clude a basic understanding of atomic structure and also the general
properties of materials in all their states of aggregation. . The more this
broad knowledge can be imparted in close relation with engineering
applications, the better it will be for the success of the program. -

- In addition to this background a second skill must be acquired by an
applied scientist.” He should become an expert in at least one specialty
by completing an original piece of work as his Ph, D. thesis. This is
‘impertant not only in itself but also because of the psychological fact
that in many ways one specialist can better understand another specialist
as long as both can fall back on a common language.

‘ Recommendations

To stimulate the needed cooperation on education between appropri-
ate Government laboratories and universities, several steps may be
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suggested. The simplest measure would be to permit the use of Gov-
ernment laboratories for educational purposes. In some cases there are-
regulations that limit such use. Any such limitations should be care-
fully reviewed and, wherever possible, removed. The Government
laboratories, such as the laboratories of the National Aeronautics and
Space Administration, the Department of Defense, and the Atomic.
Energy Commission, should be instructed to investigate from case to case
whether cooperation with a university would be feasible and in what way
the best mechanism for such cooperation could be provided. To finance:
such collaboration a small fraction of the budget of: each laboratory.
(from a fraction of 1 percent to a few percent) should be earmarked by
Congress for the support of such a cooperative effort. Enabling Iegls-
lation might be required for this.

Further support for such a cooperative enterprise might come from
the National Science Foundation, This could take the form of grants-
to round out the educational programs of laboratories with activities
that lie outside their usual programmatic goals.  Such programs might be
established by laboratories where existing facilities make the pursuit of
an important technical development particularly appropriate. At the
same time, the National Science Foundation might negotiate contracts
with universities for the purpose of facilitating collaboration with .
laboratories.

- The cooperative effort need not be limited to Government labora-
tories. Collaboration with laboratories of private industries might be
considered. ‘This could be done, for instance, by offering matching
funds to any university, whether a private university or a State univer-
sity, for the purpose of establishing a joint educational venture with an
applied laboratory.

It may be argued that in this way certain industrial laboratories would
be favored. On the other hand, it should be emphasized that work
of such industrial laboratories is in the national interest and is at present
encouraged by Government contracts directed toward research. One
might therefore consider making Federal aid dependent essentially
on only one criterion: the quality of the educational work that can be
expected. Continuation of these funds should depend on satlsfactory
performance.

A further measure that Gongrcss might consider is establishment of
tax benefits designed to stimulate capital expenditures for educational
facilities. Within limits the tax benefits might be extended to the opera-
tional costs as far as they could be charged to identifiable educational
activities.

‘The last but not least important measure should be the financial sup-
port of graduate students in applied science. Fellowships are already
available for such students and, in principle, no new measures are-
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necessary. It would be important, however, to keep track of the fraction-
of graduate fellowships that support applied science, and to seek con-
tinually the best ways to recruit and support talented students in applied
science.

It must be pointed out that young scientists inclined toward applica-
tions are frequently eager to join practical projects before they have
-completed their education. Since good men in this field are in short
supply, they usually can earn relatively high salaries. In the long run,
the resulting incomplete education is not desirable. To enable these
young people to complete their education, generous stlpends will have -
to be made available. _

The United States possesses the fundamental skills from wh1ch a
v1gorous development of applied science can proceed. -These skills,
however, are separated from our educational process and they are not
so organized as to satisfy the growing demands for young applied
scientists. We have to tackle this specia.l problem to make sure that
we mamtaln, and' in some areas regain, a position of leadersh1p n
' ploneenng the developments of future technology
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Summary

There is no simple formula to relate the level of Federal support of
basic research to economic or military needs; because basic research. is,
by definition, concerned with the unknown, its returns per dollar spent
cannot be predicted on grounds other than the observation that, so far,
they have been, culturally, somally, and economically, very great indeed.

A guideline to a policy for science may perhaps be found in the proposi-
tion that our rate of progress in science will depend mostly on the quality
and quantity of available brainpower. The first step must then be to
insure that scientists and potential scientists are provided with adequate
opportunities to develop, demonstrate, and exercise their creative powers.
Ideally, every scientist who is capable of raising a valid scientific question,
and of contribution significantly to its answer, should be given the means
to do so. Research in universities supported in large part by Federal
grants should remain the backbone of Federal policy. The largest share -
of funds for basic research should go to general-purpose agencies (e.g.,
the National Science Foundation). rather than to mission-oriented ones
(e.g., National Acronautics and Space Administration); the National
Science Foundation, in partlcular needs considerable budgetary strength-

_ening. A general increase in research funds of 10 to 15 pcrcent per year
for the next 10 years may be appropriate.

Introduction

We ask an answer to the question: “What level of Federal support is
needed to maintain for the United States a position of leadership through
basic research in the advancement of science and technology and their
economic, cultural, and military apphcatlons?”

Afew pz_'ehnfunary remarks are in order:

(267) | ‘



268 BASIC RESEARCH AND NATIONAL GOALS

The question, as formulated, assumes that the United States now has
a position of leadership in the economic, cultural, and military applica-
tions of science. The assumption is important, because it might seem to
follow. that the level of support of basic research that has established such -
leadership should also be sufficient to maintain it, at least for the next
few years. We note, however, that our military supremacy, or whatever
part of it science is responsible for, is still, and we hope will remain,
untested. The United States has without doubt mastered the technology
of many fields; but brilliant engineering achicvements are not to be seen
exclusively in the United States, and our technological supremacy does
not extend to all fields. Where we do lead, the margin is not invariably
very wide, and it is conceivable that at the present rate of development
other countries might surpass us in many respects in a decade or less.
‘Nor is it clear that we lead in social or cultural aspects of science. Our
" rate of progress in the social aspects of medicine is notoriously slow; the
philosophical and cultural implications of science seem to receive more
attention abroad. The number of Nobel laureates compared to total
population is not highest in the United States. Complacency and self-
admiration are never belpful. What is needed is not just to mamtam our
position, but to improve it.
A second remark pertains to the word “basic,” as applied to science,
Basic research, as we understand it in this report, is that part of scientific
‘inquiry that is in essence nonprogramatic. It is motivated primarily
and simply by curiosity, by the desire to know and understand without
regard to any practical applications that may arise from it. But the
dividing line between basic and applied science is at best an elusive one,
if it exists at all. Whatever the differences in motivation may he, their
‘requirements and procedures are often identical, and although basic
science is usually thought to precede applied science, the feedback from
“the latter to the former is by no means negligible. The two are inher-
ently difficult to dissociate. For the purpose of the present report, it
may be convenient to draw the dividing line where the ratio of cost to
direct applicability becomes large; therefore we do not consider research
.of the type that can be supported by the industry that will derive immedi-
ate returns from it, but will include much of what some might consider
to be “applied” research. :

Two Features of Modern Science,

There are two characteristics of modern science that must be kept in
mind. The first is its all-pervasiveness. There is no need to repeat here
what has been said many times about the scientific revolution we
are now living. It is a fact that science now molds our daily lives to
a degree ummagmable 50 years ago. And it is also a fact that if we



JOHN VERHOOGEN 269

were to shut down our laboratories and burn our scientific libraries, our
socicty. would not survive very long under . its present form. The
trend will continue; science, which has been feit so far mainly in tech-
nology and medicine, is now spreadmg to all human affairs. The sec-
ond characteristic is that as science progresses the cost of each new bit
of information increases as it becomes more difficult to obtain.. Explor-
ing the surface of the earth, for example, is relatively cheap compared
to the exploration of its interior. These two trends explain why gov-
ernments are increasingly called upon to support science: both its
scope and cost now vastly exceed the resources of a private institution
or group. The 18th century was the age of the single investigator
working in his own private laboratory. The 19th century saw the de-
velopment of universities well capable of serving with their own re-
sources the scientific needs of the time. The 20th century must look at
the matter in quite a dJﬂ‘erent way. :

Science and the Military

We now turn to our central theme, which is to assess the proper level
of Federal spending in basic research, and consider first the effect of
~ science on national security. World War II and the years thereafter
offer a stunning picture of the spced with which scientific discoveries
move from the realm of “pure” science to become instruments of
survival. From this picture two lessons must be learned. The first is

that this Nation must not find itself, as it did in 1941, in a position
where, for lack of previous adequate support of basic science at home,
its fate depended to a large extent on knowledge obtained abroad. The
second lesson is that as no one knows what the next weapon will be,
basic research must be carried out simultaneously on many fronts, in-
cluding many seemingly implausible oncs. Few people_ would have
thought, 10 years ago, that national security could in any way depend
on, or be related to, for instance; fundamental research in seismology.

Thus, although military considerations unequivocally demand basic
research on a broad front, the long-range unpredictability of military -
needs precludes any precise evaluation of what would be an adequate
level of expenditure. Clearly, we need smence, but ]ust how much is
cnough"’ Only history may ! tcll

Science and Economic Growth

Very much the same situation exists with respect to the level of
support of basic research needed for economic growth. The relation
between the two is stﬂl most tenuous and cbscure. Although thc most
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prosperous countries are also those where inquiry flourishes best, it has
been pointed out that the two industrialized nations that dcvote the
highest proportion of their gross national product to research and de-
velopment—the United States and Great Britain—are not the nations
that have had in late years the fastest rate of economic expansion;
the extraordmary recovery of Germany after World War 11 was not
based on science, at least not on German science. The discrépancy
may bé accounted for in a number of way's It may perhaps suffice
to point out in the first place that basic science does not necessarily
and invariably precede technology; historically the Industrial Revolution
preceded the scientific one, and James Watt invented the steam engine
long before the laws of thermodynamics on which it operates had been
formulated; our knowledge of acrodynamics was still very meager when
the first airplanes appeared in the sky. Secondly, some industries ap-
- parently grow very well without having to spend much money on
research. Finally, the “leadtime” between scientific discovery and its
technological application is still large, on the order perhaps of 20 years -
or more in some instances. If it is true, as stated recently by Lord
"Todd, that the “seeds of any large technological developments to be
made in the next 20 years are already with us,” it follows that money
spent today on basic research. may not bear its economic fruits much.
before 1980. This timelag could in all probability be reduced if needed,
“ for it seems to depend much on the cffort put into dcvelopme,nt yet
on the whole it might increase rather than decrease, for as science be-
comes more sophisticated, more esoteric, more abstract and as its ideas
become increasingly remote from “common sense,” it will presumably
take them longer to reach the design englneer The industrial utiliza-
tion of gravitational energy that keeps “quasars” going will certainly
require much more time than that of nuclear power. :

‘What all this adds up to is, again, that although science does in a gen-
eral way lead to economic growth, the proper level of support of basic
research cannot be determined by a simple formula from economic con-
siderations only; there is as yet no practical way of estimating possible
economic returns of money spent on general basic research.

Science and Culture
‘Even in our pragmatic culture, usefulness is not the sole criterion of

merit. Basic research has a much broader justification in that the quest
for knowledge is one of man’s most characteristic and vital urges; the

desire to know is perhaps what most sharply separates him from beast. ™ |

Most of human hlstory can be read as an incessant query, the search for
answers to unceasing questlons What is the stuff of the universe, and
why; what is life, and how did it start? Tt is properly mankind’s heritage
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that knowledge is an essential aspiration—to give insight into the cir-
cumstances of our existence, and to give us freedom from fear of natural
forces. :

To put it sxmply Human beings want bread, and they want freedom,
and some of themn want toknow.

At this point it is not inappropriate to cons1der the cIose relationship
of science to a free society. - Is it accidental that the 18th century pro-
duced at the same time the first great burst of basic science and the first
great step toward free demaocratic societies? Is it mere coincidence that
the American Constitution and the French Declaration of Human Rights
are contemporaneous with the great mathematicians, physicists, chem-
ists, geologists, on whose work all of our modern science still rests? Many
have considered the relationship between a free society and the scientific
spirit to be fundamental. A democratic society, it is said, is one that is
uniquely favorable to the scientific spirit; conversely, a society is more -
likely to prosper and remain free if it fosters in all its citizens the spirit
of free inquiry, the desire to know, the search for new and better ideas,
and the curiosity that are basic ingredients of science. FEven though
science has occasionally been misused, and scientists have supported -
undemocratic philosophies, it remains true that allowing the scientific
mind free play is 2 means of strengthening the individual freedom of mind -
without which a democracy may find it hard to survive.

It should be pomted out, in fairness to other aspects of culture, that
science is not unique in promoting democratic welfare: Phllosophy and
the arts are just as indispensable as science. The study of history is surely
a better ‘guide to political wisdom than is quantum mechanics. It has
been said again and again that science cannot flourish when divorced
from the humanities, and to that view we subscribe. Support of science
must entail support of the liberal arts. A full discussion of this matter
‘should properly find its place in a report on governmental support of
-education, which is not the subject of this paper; let it suffice at the mo-
ment to remmd the reader that good science reqmres good educatlon, in
the broadest acceptatmn of that term. :

Federal Role in Séience

Convingced as we are that the pursuit of science is an essential function
of our present socicty, we have nevertheless reached the conclusion that
the proper level of spending on basic research cannot be determined from
economic or military considerations only. - The point is that basic re-
search being, by definition, concerned with exploration of the unknown,
we simply cannot predict what the returns per dollar spent will be.

We have, of course, no historical precedents to guide us. We do not
know of any society that collapsed from overspending on basic research,
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nor is it clear which societies, if any, have collapsed from underspending.
The idea of governmental support of research is, forgetting the alchemists,
not much more than 30 years old. - Prior to that, peace-time research
was conducted almost exclusively in universities, in industrial laboratories,
themselves not much more than 60 years old, and in a few governmental
specialized agencies (e.g., U.S. Geological Survey). Governmental sup-
port of research on a broad scale began to appear in Europe in the
1920’s; large peacetime expenditures on research in this country really
date from World War II. The form of ‘governmental support has
changed rapidly in the past, and presumably will continue to do so'in
the future. How can we then, in such changing and largely unpredlct-
ablc cond1t1ons define the cheral responslbﬂlty?

A Tentative Guide Line

A tentative guide to a policy for science may perhaps be found in the
observation that the most important ingredient of scientific progress is,
of course, the scientist himself; the size and quality of our scientific enter-
prise will be determined by the quality and quantity of the available brain-
ppower.  Science consists of much hard work and a few brilliant ideas;
we need many well-trained, intellectually alert, and thoroughly competent
scientists to assemble the facts, and we alko need the extraordinarily
gifted—and therefore very rare—individuals who, starting from the facts,
create significant ideas. The ratio of the two varies much from field to
field; in mathematics, for instance, only the very few most creative brains
really matter, whereas in other fields we still need very much to assemble
the verifiable facts on which new ideas may grow. It follows that our
Trate of progress in science will depend mostly on the quantity and quality
of available brainpower. As the ]udgment of quahty can be made only
by judgmg achievements, the first requirement in a policy for science
should be to provide opportunities for scientists and potential scientists
‘to develop, demonstrate, and exercise the;r creative powers.

" Research in Universities

Opportunities to develop and exercise creative power exist, of course,
in univessities; it is, in fact, the prime responsibility of the universities to
provide them. Such opportunities consist, first, of exposure to excellent
teaching. But teaching; however good it may be, is not encugh. One
does not become a good scientist just by listening to lectures, or even by
perforrmng a routine piece of experimental research. What counts most

is the intellectual atmosphere, the stimulation and excitement of seeing
research done and results achieved, the development of inquisitiveness,
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the spirit of adventure, the willingness to follow one’s own mind wher- |
ever it may lead. All this thrives best where research itself is thriving;
good research in the universities is a prerequisite to good rescarch
anywhere,

The matter of Federal support of basic research in institutions of
higher learning has been considered in detail in a recent Academy re-.
port. We need only repeat briefly some of its conclusions: Resea.rch_
project grants should remain. the backbone of Federal policy; what is
most needed is a liberal system of individual grants (“little science™)
of the type now administered, for instance, by the National Science
Foundation; we also need (1) institutional and general research grants;
(2) small and largely “uncommitted” grants to young scientists on the
basis of a very general outline of their interests and the endorsement of
their seniors; (3) a selective program of research grants to weaker insti-
tutions that could be raised to a higher level of excellence. Suggestion
No. 2 scems particularly pertinent, for it is probably from the group of
young scientists who have not yet made a name for themselves that the
most vigorous and original ideas will come. '

“Little Science”

The essence of this proposal is that, ideally, every scientist who is-
capable of raising a valid scientific question and of contributing signifi-
cantly to its solution, and who is not already supported by industry or
by private or state funds, should be given an opportunity to do so by
means of a research grant. A competent scientist probably profitably
spends about $20,000 per year on the average. The number of com-
petent scientists with good ideas is hard to estimate; it is certainly less
than 100,000 and possibly in the neighborhood of 50,000. The total
expenditure nationally would amount to perhaps $1 billion per year.

The main problem that obviously faces us here is the judgment of
quality: What is a good proposal'*’ That judgment could perhaps best
be made by panels of experts, as is currently done, for instance, in the
evaluation of National Science Foundation proposals. In fact, the
method of evaluation could lead to a practical method of determining
the proper annual appropriation for “little science;” it should be com-
mensurate with the total sum requested during the previous year for
proposals rated “good” by scientific advisory panels, the ratmg bemg
-made 1ndependently of avaﬂable fundmg ' :

“Big Science”

“Little science” grants, by definition, would go mostly to single sci-
entists or small groups of scientists, working in small laboratories with
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equipment that can be made or bought for, say, less than $100,000.
There are, of course, scientists whose work centers arournd large “ma-
- chines” and to whom “little science” grants are not very useful, as the
main cost of their rescarch lies in the capital investment of big tools:
Telescopes, oceanographic vessels, high-energy accelerators, for example.
Clearly also, a greater number of scientists will find themselves in need
of large computers which, like telescopes, cannot be bought on ordinary
research grants. The “_little science” program must therefore be supple-
mented by a “big science” program of capital investment. = A number of
‘planning reports outlining the needs of the various branches of science
are now being prepared, so that it is' premature to guess what the total
will be—perhaps of the order of $500 or $1,000 a year.

_ General Support of Graduate Schools

Grants to umversny mvest:lgators are unllkely to be productive if the
~ investigator himself has no laboratory to work in; he also needs a
library, shops, and free time. All this is presently beyond the means of
many smaller universities, so that the Federal Government must be
prepared to provide increasing support to graduate schools, and may
well have to provide most of it to institutions of emerging excellence.

National Science Foundation appropriations in this field are still very
modest and should increase rapidly. In addition, and because the
advancement of science is inseparable from progress in the arts and
humanities, as noted above, a form of support broader than can pres-
ently be provided by the Nat.ronal Science Foundation may have to be
devised to secure well-rounded growth of the undergraduate colleges
that feed the new graduate schools. '

Science in Federal Agencies

Not all basic research is done in universities or private institutions:”
Federal agencies such as the Weather Bureau, the Bureau of Standards,

" the Geological Survey—to mention just a few—are ‘concerned with
research as basic as that pursued anywhere. It is of the h.tghest im-
portance that such programs be strengthened, and that the agencies be
maintained at a high level of efficiency and productivity. In the first
place, their research, e.g., meteorology and weather pred1ct10n is com-

~ monly of a kind and scope. that cannot be carried out in universities.
Second, competition in science is good, and Government agencies may
set standards of excellence in research that private institutions should
“equal or surpass. Finally, it is difficult in a free society such as ours to
insure that science will move forward with the necessary vigor on all
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 fronts; at times there are likely to be.“fashionable” research topics
that attract general attention while other equally important. fields lie
neglected and fallow. By a judicious choice of its own research pro-
gram, the Federal Government can to some extent correct the imbalance.

‘Allocation of Funds

- The dlﬂicult point arises here as to how funds should be allocated
among the various branches of science. Of a total of approximately
$1.4 billion obligated for basic research in fiscal year 1963, about 32
percent went to the National Aeronautics and Space Administration and
only 11 percent to the National Science Foundation. Admittedly, re-
search is more expensive in some fields than in others; nevertheless, a
ratio of 3 to 1 of space-oriented rescarch as compared to all other fields
supported by the National Science Foundation must raise some ques-
tions, for we submit that no-single branch of science can in the long run
be more important than any other, or than all others. Because it is in-
herently impossible to predict-where the most significant discoveries will
be made, adequate support should be available at all times in all fields,
and the allocat;ons of rescarch funds should be determined pnmanly
by the scientific merits of the proposed investigations. Research in
mission-oriented agencies comes under a different category, for the de-

cision to carry out such missions (e.g., man on the moon) is not primarily

motivated by its scientific: importance; whether such expenditures are
justified or not is not ent:lrely a matter for scientific ]udgment The large
items for mission-oriented research in the Federal science budget tend
to obscure the fact that funds for general-purpose rescarch are still very
low. The need to strengthen general-purpose agencies, and particularly
the Natlonal Science Foundation, cannot be overemphasized.

The Need for Continuity
A further argument for gradually shifting the support of basic research

from mission-oriented to general-purpose agencies is that the support of
science must be continuous. Unlike public works, science cannot be

turned on and off again. Industrial plants can be set up and propetly -

staffed in a rclatively short time; laboratories and universities cannot. It
takes years to train a scientist, and it may require many more years for
his work to mature and bear fI'UIt likewise, any disruption of scientific
activities can have lasting effects. Science in Germany, for instance,
still shows today the adverse effects of political events of the 1930°s, - A
policy for science must of necessity be a long-range policy, as money spent

today may not show its beneficial cffects for many years to come. Re-
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sponsibility for carrymg out a pohcy for science should rest pnmanly in
permanent agencies set up for that purposc

Conclusions

"The general theme of this paper may be summarized as follows:
Science and technology have become so closely woven into the fabric of
our society that we s1mp1y cannot do without them. Yet the relation of
basic research to economic growth remains elusive; because basic re-
search is, by definition, concerned with the exploration of the unknown,
there is no way of calculating in any serious way the probable economic

“returns to the Nation of investments in science, and there is no formula
for relating the level of support of basic research to short-range military or
‘economic needs. But even though it may be difficult, if not impossible,
to disentangle the respective contributions of science and technology. to
economic developments and material progress, it seems evident that
enormous returns have indeed accrued from the very small sums spent
on basic research up to and including the first half of this century.- There
is no reason to suspect that things might be different in the future.

For want of a better criterion, I suggest that our scientific policy be
based on the premise that the best chances for scientific progress lie in
giving competent scientists who have valid scientific questions to ask an
opportunity to work out the answers. - Research-project grants should
remain the backbone of Federal policy, as discussed in a recent National

~ Academy of Sciences report (Federal Support of Basic Research in Insti-
tutions of Higher Learning, National Academy of Sciences, 1964).

In practical terms, this recommendation means that the level of spend-
ing on basic research should be such as to allow funding of all meritorious
research proposals, the judgment of merit being made on purely scientific
grounds by appropriate panels drawn from the scientific community.

The total rate of spending implied by this policy is very hard to esti-
mate: Perhaps about $4 to $5 billion per vear 10 years hence. "This
figure is, admittedly, a very rough guess. It was arrived at by the simple

- expedient of multiplying the Federal obligations for basic research in
1963 by a factor of 3. The factor 3 was chosen because the level of
.spending on science depends roughly on the number of scientists, and
that number is not likely to more than double in the next 10 years; an
additional factor of 1.5 wag included to allow for increasing costs (per
scientist} of work performed in some fields. Large as this figure may be,
it should be remembered that an increase by a factor of 3 in 10 years
means a rate increase of only 11 percent per year. Expenditure of $4
billion for science as a whole 10 years hence does not seem excessive if
. the exploration of space alone is now worth $5 billion per year,
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What the Federal budget for science should ultimately be is, of course,
not a proper matter for scientists to decide; all I wish to do is point out
what I think scientists could usefully spend in the near future. But what-
ever the figure will be, it is important that the largest share of the money
for basic research should go to general-purpose agencies rather than to
mission-oriented ones—e.g., the National Science Foundation rather
than the National Aeronautics and Space Administration. The reasons
for this are, first, that as no one knows in what field the most significant
discoveries will be made, research must be pursued on a broad front; and
second, support of science must have more continuity than can be pro-
vided by agencies that could conceivably be terminated when thelr mis--
 sion, or part of it, hasbeen a.ccompllshed '






SCIENTIFIC CHOICE, BASIC SCIENCE
AND APPLIED MISSIONS

by ALWN M. WEINBERG_ :
Oak Ridge National Laboratory

Introduction

My purpose in this essay will not be to answer directly the two questions
concerning scientific choice put by the House Committee on Science and
Astronautics.. Rather, I shall try to outline a way of looking at the
question of scientific choice which I believe both . clarifies the issue and
diminishes the magnitude of the problem. What I hope to contribute
is a point of view that will help our Government allocate resources to
science .more rationally, rather than any specific suggeshons as to what
such allocations should be. '

The questions posed by the House committee assume implicitly that
“Support of Science as a Whole” is.a useful subclassification within our
Federal budget and that we must be prepared to make allocations within
an overall science budget for all scientific and engineering activities, I,
along with many others, believe that lumping all science and technology
together is misleading. The same considerations that militate against a
single Dcpartment of Science militate equally against putting support
of all science in one compartment of the budget. I shall therefore pro-
pose a different and, I believe, more rational way of dealing with ques-
tions of choice and magmtude of support of science; and I shall indicate
how this could influence our governmental organization for science ().

One overriding practical problem emerges from my analysis. This
has to do with the predicament of our expanding basic research enter-
prise in the physical sciences. Until now U.S. basic research in the
physical sciences has been supported largely as an assessment or “over-
head” charged against mission-oriented agencies, such as the Atomic -
Energy Commission and the Department of Defense. These agencies,
whose primary missions lic outside science, have fairly stationary budgets;
they can hardly be expected to underwrite the expansion in basic research
that most of our physical scientists consider desirable. This expansion, if
it takes pIace, will therefore have to be charged to the Government agency
whose primary rn1ss1on is the support of science—that is, the National
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- Science Foundation. Whether or not basic physical science continues
to flourish will therefore depend largely on whether or not. Congress en-
courages the growth and vigor of the Foundation. Expansion of the
National Science Foundation is pcrha,ps olr country’s central pohtlcal
problem related to the support of science. :

- I. Political and Administrative Chowes

As a prelude to addressing the problem of scientific choice, T digress
into political philosophy to distinguish between what I call political
“choices and administrative choices. Political choices define the national
interest; administrative choices implement political choices. Congress,
with the strong concurrence of the President, determined in 1941 that it
was in the national interest to declare war; this was a political choice.
“The President and the Armed Forces, with the concurrence of Con-
gress, decided how to fight the war; this was an administrative choice.
Congress decided in 1961 that it was in the national interest to send a
man to the moon; the National Aeronautics and Space Administration
determined that the lunar orbital rendezvous with a Satum—boosted
Iaunch was the way to achieve this goal.

In practice, political and administrative choices are not so sharply
separated. Congress greatly affects administrative choices through its
control of the purse strings. The Executive obviously influences political
decisions, although Congress has the last word in drafting legislation.

The problem of choice is not so much who makes political choices
"and who-makes administrative choices: It is rather that choices should
“be made among political alternatives or among administrative alterna-
“tives, not among political and administrative alternatives.. We should

not choose between an end and a means to achieve an end: Whoever
makes choices should choose between different ends or between dxff erent
means to achieve the same end.

Allocation of somé of our science budget mvolves adrrumstratwe
choices; allocation of other parts involves political choices. Therefore
choosing among alternatives from “all of science” confuses political
choices with administrative choices. . :

II Basic Science and Applied Science

This digression into ‘political philosophy is relevant to thc issue of
allocation of scientific effort, the root problcm the Miller committee
 wishes us to consider. For, insofar as applied science is merely 2 means
to a nonscientific end, the allocation of our applied research and devel-
‘opment budget involves administrative decisions, whereas allocation of
our budget for pure science—science which is done for its own sake and
 is thercfore an end in itself—involves political decisions. '
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An example will clarify the matter. Suppose we decide, as a matter
of national policy, to spend several million dollars to help India control
its population explosion. This is a political decision. In carrying out
such a decision many alternatives are available. We could spend all
the money to get up an old-age insurance system to reduce the.cconomic
incentive for Indian women to have more children.. Or we could spend
miost of the money on scientific research, some of it fairly basic, to en-
large our knowledge of the physiology of reproduction in the hope that
such knowledge would eventually help India control its population.
Here we must choose between two strategies—one involving science, the
other not involving science—for achieving the same end. The choice
of the better way to achieve the end—whether science or “operations”—
is an administrative decision, not a political decision. It must-therefore
be made primarily by the agency responsible for helping India control
its population. Moreover, money spent on biological research which,
in the judgment of the responsible agency, is needed to cope with India’s
population problems should not be part of our science budget: Such
funds should be part of our foreign aid budget. We do not argue
about how much the Government spends for transportation as a whole,
or accounting as a whole, or legal advice as a whole. 'These activities '
in every instance are carried out not for their own sake, but to: further
some other politically defined objective. The expensc,o,f science -as a.
means to achieve a nonscientific end should Iogically be assessed against
the budget for achievement of that end, not agamst gome myatenous
budget labeled “Science as a Whole.”

Some. science ‘that is relevant to population contrcl may be rathcr
‘basic—for example, the study of Low progesterone affects DNA syn-
thesis.  Nevertheless, if the science is motivated by a desire to achieve a
certain end outside of science, then it should be judged against other,
nonscientific, ways to achieve that end: It should not be judged against
other science, such as ecology or group theory, that is done either to
achieve a different nonscientific end or merely for its own sake,

Insofar as we can identify elements of the science budget that are -
pursied for some purpose outside of science, we have succeeded in re-
ducing the size of the problem of choice with which Congress is con-
cerned. The choice then is left to the agency responsible for achieving
the political end: if the agency decides that more science rather. than
more transportation is a better way to achieve its mission, the decision
may still be questioned by Congress, but not on the basis that one should
spend more for a different kind of science having nothing to do with
the mission of the agency.

There remains a residuum of science wlnch really is. pursued for-its
- own sake. More accurately, there is a gradation of science from the
‘heavily applied (which is so recognized by those conducting the
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 research) to the very pure (again as viewed by its practitioners), I shall
assume for the moment that we can decide what is applied and what is
basic, though in some cases such a decision is the essence of the problem,
Support for applied science would be assessed as an expense against the
end we seek to achieve, as I have suggested above. The remaining
basic sciences, pursued primarily for reasoris that are intrinsic to science
itself, would then be properly included in a budget which I caﬂ the
“Intrinsic Basic Science Budget -

This activity of our society, intrinsic basic science, should properly
be halanced against other activities of the society—for example, educa-
tion and foreign aid. As I see it, the chojce between intrinsic basic
science as a whole and other, nonscientific, activities is the primary rele-
vant political decision. However, since the basic science budget is rela-
tively small—perhaps $1.5 billion—the problem before the country is
considerably smaller than one might expect.

What I say suggests that our habit of puttmg together our expendl-
tures on all science has obscured the real issue. Though I ami not

" advising that we never look at our science budget as a whole, I sug-
gest that this not be done with an idea of making adjustments between
money for basic science and money for a,pphed science.

T believe that by realistically identifying science that is done to accom-

‘plish a nomscientific—i.e., politically defined—mission, and separating
it from science that is done just for its own sake, we can simplify many
of the problems of scientific choice that the Congress is worried about.
The real business at hand is to decide realistically and honestly what
science is done to achieve a nonscientific mission, and what science is
.done largely because it seems intrinsically interesting and significant to its
practitioners. It would be most illuminating to examine the scientific
program of each of the agencics, and to tabulate how much of its
scientific work really is mission-oriented and how much is basic. T sus-
pect that the scientific work of at least some of the agencies tends to
become relatively less mission-oriented as the years go by, This is cer-
tainly true of the Atomic Energy Commission. When the Commission
took over from the Manhattan District, most of what it did scientifically
was directly related to the development of nuclear energy. As the years
have gone by, the fraction of research less directly relevant to the mis-
sion of the Atomic Energy Commission has expanded—or, perhaps
" better, the mission of the Commission has been reinterpreted to include
support of basic research itsef—cven basic research that is fairly remote
from nuclear energy and its byproducts. ,
The task of making such an inventory will be difficult, especially since
many researchers, if pressed, can find a connéction between what they
do and the mission of whatever agency is paving their way. Neverthe-
less, I believe that the National Academy of Sciences and its Com-
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mittee on Science and Public Policy have a fine opportunity to make
this mventory through the panels that are now reviewing different fields
of science and pro;ectmg their future needs and growth. Each panel
reporting on basic science ought to identify, for each major proposed
expenditure in basic science, the applied science or development that this
basic research supports, and the fraction of the budget for the relevant
agency mission represented by this field of basic research. :
In judging how much basic science “overhead” an agency can afford,
many complicated but rather obvious issues are raised—like degree of
relevance to the agency’s mission, promise of progress, and so on. The
main point is that wherever a tie-in with an applied science can be
made, one has a clue, derived from the original political decision
defining the importance of the applied science, as to the importance of
the related basic science, and the level at which the public ought to
* support it. :
The view I express—that to brmg order to our thinking about public
support of research it is first necessary to separate research done to
achieve a nonscientific end from research done to further science—
is a very old one. I am only urging that we really do make this sep-
aration rather than just talk about it.  Had Congress originally realized
that the money devoted each year to science for its own sake was about
$1 billion, and not $16 billion, I doubt that there wou]d have been so
much concern about expenditures for science.

III. Relation between the National Science Foundation and Other :
“N atzonal Science Foundations”

The tendency of mission-oriented agencms to do basic rescarch that
is relevant, though only remotely, to their missions has in a way defeated
the original design for the National Science Foundation. For now we
have eight or nine “National Science Foundations”—the National
Institutes of Health, the Atomic Energy Commission, the Armed Serv-
ices, and others. Almost €VEry agency now supports extramural re-
search that is only remotely relevant to its mission.

"This mode of support can be justified on the grounds that basic re-
search in a field is necessary for doing related applied research. The cost
of the basic rescarch is properly to be added to the cost of achieving the
nonscientific end that justified the applied research in the first place.
For example, our country in 1961 decided to send a man to the moon.
How much our country can afford to spend on this venture is a political
decision: it must compete with foreign aid, veterans’ benefits, farm sub-
sidics, and other major governmental activities, To send a man to the
moon requires a vast scientific and technological effort; obviously most
of the science is heavily applied. At least some of the scientific work falls
in the field of astronomy—but mostly solar astronomy, not stellar
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_ astronomy. Nevertheless, I believe stellar astronomy is sufficiently re-
lated to solar astronomy, and progress in stellar astronomy has endugh
- fallout in solar astronomy (both directly and indirectly, through students,
techniques, etc.) that it can be considered a proper assessment against
the cost of solar astronomy and therefore against the cost of the moon
shot. Thus I can see a justification for making the National Aeronautics
~ and Space Administration a little National Science Foundation for basic
stellar astronomy; and, moreover, I can see that the National Aeronautics
and Space Administration ought to support considerable stellar astron-
omy as a fraction of its budget for solar astronomy.
_In the same way, I would argue that each mission-oriented agency
should “assume the responsibility for supporting basic science in fields
generally relevant to the agency’s applied science, af ¢ level which bears
some relation to the size of its applied science budget. 'Thus, basic
- botany might be supported by the Department of Agriculture, acting as
a sort of National Science Foundation for botany, and its support for
~basic botany would depend on the money available for applied agricul-
tural research; basic physiology would be supported by the National
Institutes of Health in the same spirit, and so on. The point is that the
level at which mission-oriented agencies support relevant basic research
- should be related to the level of the applied research that they feel they
must do to accomplish their missions. This basic research is a tax, as-
sessed against every agency using science as a means to aecomphsh its
mission.

How big the basic research assessment should be will vary from agency
to agency. The amount of such support probably should be geared to an
estimate of just how much the agency’s applied mission derives from past

. basic research—for example, the Atomic Energy Commission, the Na-
tional Acronautics and Space Administration, and the Department of
Health, Education, and Welfare should spend a large fraction, like 10

- percent, of their budget on basic research, and other agencies perhaps
proportionately less. In practice, this judgment, though made primarily
by the agency, would undoubtedly, and properly, be reviewed by the
President’s Science Advisory Committee and the Office of Science and

- Technology, as well as by Gongress This support for basic research
would be regarded as repaying a debt—a replenishing of the well—so
that other similar endeavors will have something to draw on; it should
also be regarded, in part, as work expected topayoffina rather tanglble
but unpredictable way.

In many cases, the fraction of its apphed budget that an agency is
wﬂlmg to devote to relevant basic research will be less than the scien-
tists in the fields involved think they require to keep their fields healthy
(as evidenced, for example, by proposals that cannot be funded). Here
is where the National Science Foundation must find its primary func-
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tion: The Foundation should be the agency that supports basic research,
even in the fields that are supported by the mission-oriented agencies,
at levels over and beyond what the mission-oriented agencies think is
proper for the accomplishment of their missions. This function of
the National Science Foundation was recognized in Executive Order
10521 dated March 17, 1954—~——some 4 years after the Natlonal Scwnce
F oundation was cstabllshed ,

As now or hereafter authorized or permitted by law, the Foundation shall be.

increasingly responsible for providing support by the Federal Government for gen-
eral-purpose basic research through contracts and grants, The conduct and support
by other Federal agencies of basic research In areas which are clogely related to-
their missions is recognized as important and desirable espemally in response to cur-
rent national needs, and shall continge,
Thus, suppose the National Aeronautics and Space. Adnnmstratlon
agreed to support stellar astronomy, but at a level only one-third as
great as the astronomers believed to be scientifically justified. This is
understandable, since the National Aeronautics and Space Administra-
tion’s interest in stellar astronomy is somewhat peripheral. The Na-
tional Science Foundation could then step in with the money needed to
support astronorn} for its own sake, beyond the level nceded to assure
success of. the missions of the National Acronautics and Space Admm-
1strat1on

In some cases thi National Sc1ence Foundauon would demde not

to support a field beyond the level supported by a mission-oriented
agency. This is perfectly proper. The Foundation would, in’ effect,
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suitable, provided one does not expect the bcneﬁts to be too direct too
soon. .

1V. The Commg Crisis in Support for Basw Physical Resem'ch

The line of thinking I have described (for which I ccrtamly claim
no originality) provides a key to how we deal with part of the second
question put by the Miller Committee: How do we allocate support
within an overall increasing or decreasing science budget? My scheme
does not directly answer this question; instead, it proposes a pattern
of organization (in Congress as well as in the executive branch) for
dealing with the question.

According to these views, the basic science budget that supports mis-
sion-related activities (either in the sense of “pay-off” or “repayment of
debt”) is part of the budget for accomplishing the mission. ‘To some
extent it goes up or down as Congress decides that the mission of the
agency deserves more or less support; or as the management of an
agency and its advisers decide that the science is more or less germane
or otherwise worthy of its support. It can be argued that this places
basic research at the mercy of mission-oriented people who may have
little concern for basic research. But T do not see this as all bad.  For
this basic research is supported in the first place because of its relevance
to the agency’s mission, and it is inevitable that if the agency’s mission
is downgraded so will be the basic research performed to support that
mission. Each activity aimed at accomplishing an agency’s mission
should have as much a priori chance to argue for its piecé of the total
agency “pie” as every other. Nevertheless, I see two justifications for
basic research receiving better treatment from its supporting mission-
oriented agency than, say, development, in a time of falling budgets.
In the first place, basic research is usually a more specialized scientific
activity than is development; basic researchers cannot move as easily
from one task to another as can development engineers. For this reason
basic rescarch suffers relatively more from stop-and-go funding than

does development. It is easier to remobilize quickly around a specific
- applied project than around a highly specialized basic research project.
In the second place, -basic research done by an agency is like “money in
the bank”: it can always be drawn upon to support expensive develop-
ments, but only if it has been deposited in advance. Thus, even when
an agency can support fewer big developments, it ought to continue
a vigorous basic research effort in anticipation of the time when findings
from basic research will assure the success of some future development.

 Still, a part of the basic research budget will follow the budget for the
mission-oriented agencies.  The remainder, which I have identified with
the National Science Foundation, would then go up or down as the
Foundation’s budget goes up or down. From the point of view of the



scientist, such a way of arriving at our total expénditure for all basic
science has the disadvantage that the bulk of science for its own sake is
too visibly identified with a single agency—the National Science Founda-
tion. But I think scientists will have to learn to live with some such
situation. When we talk about large increases in science over the next
10 or so years, we are talking mainly about biclogy (which is broadly
relevant to the mission of the National Institutes of Health) and about
basic sciences in fields (like high-energy physics) which are not so clearly
hecessary, as is biology for the National Institutes of Health, to help the
agencies succeed in their missions. The National Institutes of Health
seems to me to be the Government agency, the achievement of whose
mission is most directly and obviously dependent on a great push in our
understanding of an underlying basic science, and whose mission will
continue to enjoy greatly expanding public support. Hence I see no
reason for concern about the future of the basic biological sciences:
they will surely prosper as the fortunes of the National Institutes of
Health prosper.

On the other hand, the necessity of expanding basic physical science
research in order to further the missions of the other major agencies
using science—mainly the Atomic Energy Commission, the Department
of Defense, and the National Aeronautics and Space Administration—
is not so cbvious to me; nor can I visualize the budgets of these other
agencies expanding as fast as that of the National Institutes of Health.
Even with the best intentions on the part of these agencies to maintain
support of their basic research, basic research in the physical sciences is

“faced with a crisis,. Most of its support has come from the mission-
oriented agencies, but these agencies will probably not expand their sup-
port of basic research as fast as our capacity to do basic research expands.
We shall thercfore be faced with two alternatives: either halt our ex-
pansion of basic physical research or find a source of support for it out-
side the mission-oriented agencies. I favor a continued, orderly expan-
sion in the basic physical sciences; I therefore also favor the action that,
above all, will make this expansion possible: namely, an accelerated ex-
pansion of the National Science Foundation. I would expect that the
Foundation will have to become a billion-dollar-a-year agency by, say,
1970 if our country’s preeminent position in the physical sciences is to
be maintained. I can think of no politica.l question concerning science
more urgent than the questlon of expansion of the National Science
Foundatmn :
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MAINTAINING LEADERSHIP IN.
BASIC RESEARCH |

by Jorn E. WILLARD
University of Wisconsin

. Summary

- The frontiers of research far exceed the capacity of currently avail-
able investigators to explore them. The type of trained mind required
for 'the job is in short supply. Continued leadership by the United
States in basic research poses two requirements: ( 1) Additional effort to
motivate able students and train scientists, starting with the elementary
scheols, and (2) full support of scientific activities of able investigators
whose training has been completed. It is with these reqmrements that
this paper will deal. :

* Leadership in basic research is of importance to the well-being of our
country because it yields an increased understanding of the principles
that govern the operation of our physical, biological, and sociological
worlds. This understanding increases our ability to design innova-
tions that improve our health, comfort, and- safety. Stimulus to the
“economy, cultural advantages for more of the population, and 1mproved

methods of mﬂltary defense grow from these mnovatlons ‘

. The Lesson of History about Basic ReSearch

The assumptlon that development of technologlcal mnovatlons is
dependent on basic research is fundamental to this discussion. History
has proven it to be valid, as illustrated by a few brief examples which
we shall give here. 'Thus, when Dalton did experiments leading to the
atomic theory he did not dream that these were essential stepping stones
to the synthesis of wonder drugs or the release of energy from uranium.
Volta, with his primitive battery that made frogs’ legs twitch, and
Faraday, in his experiments with electric currents, were motivated by
scientific curiosity and could not have imagined the role electricity -
would play in present-day civilization. If in 1890 a government has
said, “Let’s support research to find a better method of treating frac:
tured bones,” 1t 1s mconcewable that the pmgrammatxc research that

(289)
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might have been initiated could have produced the discovery of X-rays.
This discovery occurred as a byproduct of basic research on the behavior
of electrical discharges in evacuated tubes in Roentgen’s laboratory in
1895. In addition to contributing an invaluable aid in the treatment
of fractures, it triggered a chain of basic discoveries, starting with
Becquerel’s experlments to determine whether X-rays accompany the
fluorescence of uranium, which led him to the discovery of radicactivity.
This in turn led to intensive investigations of atomic structure culminat-
ing in the concept of the nuclear atom. Then came the first artificial
transmutation of one element into another, the development of the
cyclotron, the discovery of the neutron, and the discovery of artificial
radioactivity. Up to this point in the chain there were few “practical”
byproducts. In the late 1930’s, Rutherford still said that tapping the
‘énergy stored in the nucleus; known to be vast in terms of the Einstein
formula, E=mc?,: scemed completely impossible. But to the basic
reséarch man the goal was an understanding of nature, and dramatic
discoveries continued. They led to the recognition of the fissioning of
uranium by Hahn and Strassman and the subsequent demonstrations
that this could produce a self-perpetuating nuclear-energy release.. And
so uranium, which had beén used only as a tint for ceramics for the two
centuries since its discovery, became an element of prime economic and
military 1mportance, with far-reaching 1mp11cat10ns in international
“politics.
"~ In a quite dlﬂerent area, the importance of basic research in paving
the way for practical applications is illustrated by three discoveries made
within a period of two decades in one university biochemistry depart-
ment. Each of these was made in the course of fundamental investiga-
tions and depended in turn on the prior contributions of many scientists
to a basic understanding of organic chemistry, and of blood chem-
istry or nutritional chemistry. The first, the discovery that nicotinic-
acid deficiency is a contributory cause of pellagra, provided the means
of minimizing this disease, which had caused great suffering among
poorer groups of the population existing primarily on cereal diets. The
second, the discovery that ultraviolet irradiation of ergosterol produces
vitamin D, has made it possible for dairies throughout the courtry to
fortify their milk with vitamin D concentrate, with the result that
rickets is now only a medical curiosity in the United States. The third,
the synthesis of a dicoumarol derivative that prevents blood clotting has
saved hundreds of millions of dollars through use of the product as an
effective rat poison, and has prolonged lives through its use in the
treatment of coronary thrombosis.

Many examples of the fruits of basic. research in agriculture could
be cited. A recent example of the enhancement of the value of agricul-
tural products by research is the commercial process, using interfacial
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polymerization, for making nonshrinkable wool textiles by giving each
fiber a coating of nylon a millionth of an inch thick.

These examples are illustrative of how practical apphcatlons, unpre-
dictable in advance, grow from basic research.

It is of interest to note that, following their discovery in basic research
laboratories, the methods of production of vitamin D and of the anti-
coagulant for blood were developed commercially to a point of national
usefulness under patent protection. It is important that Government
patent policies with respect to basic research conducted with Federal
funds be such as to encourage commercial development of discoveries
so that they will become uscfuI to the pubhc and of value to the
economy.

'Capitaii_zing on Manpower Resources through Education

Our country’s most important natural resource is the ability of its
citizens. As with other natural resources, the “mindpower” of each
generation can. be used efficiently or it can be wasted. The efficiency
with which we use this resource determines the extent to which we can
reap the benefits to be had from basic research, as it also determines
our stature in other areas. More funds are needed to make use of the
full capacity of our present scientists, but even with these we will fall
short of our potential because of those people who have not been trained
or motivated to the full extent of their abilities. Success in conserving
our mindpower resources depends on the quahty of our educational
system. Continued Federal involvement in improving this quality is
needed. In the paragraphs immediately below some features of this
system will be considered briefly.

The pipeline that feeds our manpower pool of able resea.rch scientists,
as well as able citizens in all other areas, starts in the elementary school.
In good elementary schools, students have their natural curiosity culti-
vated and channeled .productively. They are given a taste of the re-
wards of disciplined mental activity that leads them to want more.
They are encouraged to ask “why” and “how,” and to seek ways of
testing the answers objectively. The development of each child to his
full potentiality requires highly skilled and motivated teachers. Such
teachers increase the quantity and quality of the flow in the manpower
pipeline. Poor teachers lead to loss of able students,

At present, nearly a fifth of the elementary schoolteachers of the
country have had less than 4 years of college training (7), and many
of those with the bachelor’s degree do not have adequate training in the
specific subject matter of their teaching. The supply of newly trained
elementary schoolteachers for the fall of 1964 is estimated to be 130,000,
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far short of the 188,000 required to repIa.ce those leaving and to serve
the predmtecl increased enrollment (f). ~Still more (estimated at
60,000) (1) are needed to relieve overcrowding, to eliminate half-day .
sessions, to replace unprepared teachérs, and to provide important types
of instruction not now provided. Great improvements have been made
in the last 15 years in the average level of formal training of elementary
teachers, but the figures show that we are far from having an adequate
number of qualified teachers at this level. Added incentives in terms
of job opportunity, prestige, and salary are needed to attract more able
people to elementary teaching,

Potential scientists usually have their first contact with spcc:ahzed
chemistry, physics, and biology courses in high school. Many hlgh school
science teachers have had far too little specialized training to give courses
that will challenge the abilities of today’s able students and instill interest
in continuing in science. A survey by the National Science Foundation
(2) shows that 66 percent of the high school physics classes in the coun-
try are taught by teachers with less than the 18 semester-hours of college
Physics considered to be the minimum necessary preparation, and 25
percent are taught by teachers with less than 9 semester-hours of course
work in their subjects. A recent analysis of the problem (3), entitled
“Education and Manpower in Physics,” based on a statistical survey by
- the American Institute of Physics, states: “Any attemipt to incréase sub-
stantially either the quantity or quality of physics instruction in the high
schools must recogmze that: many high school physics teachers have had
little formal training in physics; most of them spend only a minor part of
their time teaching physics; and the annual production of coIIege gradu-
ates certified to teach physics is pitifully small.”

" At fault are those schools of education that require too high a ratio of
courses in pedagogy to courses in subject matter fields, and school boards
whose formulas for salary raises discourage teachers from taking courses
that would increase their subject matter competence. Such formulas
specify that courses taken must be graduate courses leading to the master’s
- degree. - Most teachers of high school science do not have the pre-
requisites' to take graduate courses in science, and so must take additional
courses in education to meet the requirements of the salary formula. The
appropriate Federal agency could exert Jmportant influence in improving
the subjéct matter competence of high school science teachers by pr0v1d-
ing ‘school boards with tables of recommended undergra,duate science
courses appropriate for teachers with various levels of prewous tra.mmg
The school boards would then have a formal basis for giving promotion
and salary advancement to teachers for takmg the covirses most vital to
1mprovemcnt of the;r teachmg '
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-The difficulties resulting from lack ‘of specialized training of high
school teachers are often compounded by the schedules required of them.
Typical schedules allow little or no time for study-and lesson prepara--
tion or the development of special projects for outstanding students..
Most of the periods.in the day are filled with assigned classes, often in
two or three different subjects, following which the teacher is expected:
to supervise student extracurricular activities in his “free time”’ and grade:
papers at night. A teacher with these burdens can rarely demonstrate

-to his students the challenge and excitement of a scientific career or any
other kind of career. The prospect of such burdensome schedules dis-
courages able people from entering the teaching profession.  These prob~
lems may be summarized by a quotation from a high school mathematics.
teacher (4). “The one crying need that seems to become more ap-
parent in teaching year by year is time. * * ¥ It seems to me that the
powers-that-be (probably through no fault of their own) have given us
teachers a job to do—a difficult job if done consc1ent10usly—and thén
have taken away all the time necessary to do the job.” '

Also important among the reasons why more qualified people are not _
attracted to high school science teaching, and why many who are do not
remain, is that there are much better salary opportunities for scientifically
trained people in areas other than teaching. Average starting salaries
for technically trained new bachelor’s degree graduates going into indus-
try in 1963-64 were $7,368 per ycar ($614 per month) (5) while those
for teachers were about $5,000 per academic year ($530 per month}.

The nationwide expansion of research programs has multiplied the oppor-
tunitics for other types of scientific employment for those who are quali-
fied for secondary school science teaching. The availability of more
money to hire research workers in both industry and academic institu-
tions weakens the competitive situation of schools in hiring science teach-
ers. The solution to this problem is to improve both teaching schedules
and salaries in the schools, so that the competition will be better balanced.
Further, methods should be worked out for use of Federal support to
provide greatly increased incentives for those with appmpnate training
to enter and remain in the teach.mg professxon

What more can Federal agencies do to improve the curncula and the
caliber of teaching in elementary and secondary schools? Much is al-
ready being done. 'The National Science Foundation is at the forefront
of this effort in its support (6) of the development of new curricula and
texts by groups of concerned scientists. . This effort has already resulted
in substarnitial upgrading of the level of science and mathematics courses.
. Good teachers in the best ‘high schools now give courses similar to good
' collcge courses of 10 years ago This influence needs to be spread more
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broadly and, in particular, further efforts are needed to ensure the avail-
ability of teachers qualified to teach the new subject matter. Of major
‘importance to-the continued development of national leadership in all
areas are the institutions that teach teachers. Added support should
be given to the many 4-year institutions of this type that now have inade-
quate facilitics and staff for training in scientific fields, provided they have
the potential and desire to improve their subject matter offerings. Con-
tinued support of the National Science Foundation’s summer and aca-
demic-year institutes for high school teachers should be assured.

Our discussion thus far has dealt with factors affecting the motivation
of students prior to the age at which most of them have made firm carecer
decisions. These decisions are usually made during the college years,
and it is here that intensive training of future scientists really begins.
The present-day rapid increase in scientific information demands re-
organization .of methods of presentation in order to bring the potential
scientist to the research frontiers without unduly prolonging his training
period. This is difficult because established patterns are hard to alter,
but some progress has been made. New textbooks and new curricula
have correlated subject matter formerly presented only in graduate
schools so that it can be presented in undergraduate courses. The best
- high schools and the best colleges are evolving accelerated programs that
challenge students to use their abilities more fully. For example, cal-
culus is now given in many high schools. The changes in educational
programs necessary to achieve increased efficiency of learning require a
great deal of thought and effort from individual scientists and groups of
~ scientists.. Federal support has encouraged (7) and must continue to
encourage such improvements, and the integration of improvements, fromi
the elcrnentary school to the graduate school.

‘It is estimated that less than 7 percent of American college and uni-
versity students come from families in the lowest third of the economic
scale. Lack of both finances and motivation account for this low per-
centage. It represents a loss from the manpower pipeline. This is
illustrated by statistics for one institution (Berea College, Berea, Ky.)
where all 1,350 students come from this segment of the population. The
college gives preference to young people from the Southern Appalachian
area; the median family income is $3,200 per year. Yet the record shows
that 26 percent of all the alumni since 1922 have gone on after the
baccalaureate degree to earn advanced degrees. Berea has been listed
as one of the leading institutions with respect to the percentage of its
graduates that later obtains the doctor’s degree in five major fields. One
hundred and thirty-two graduates earned Ph. D.’s in the period 1950-61.
Such a record bespeaks the need for more effective means of assuring
that able students of poor economic background are given the encourage-
ment and opportunity necessary to develop their abilities.
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The increase in opportunities for scientists in industry and in Govern-
ment and academic rescarch has made it difficult for small colleges to
staff their science departments adequately. To minimize this problem,
granting agencies should maintain a special category of grants to assist
qualified college staff personnel in carrying on research in conjunction
with their undergraduate teaching and during summers. The special
category is needed to avoid shutting out the able small college inves-
tigator by competition with investigators at Iargcr institutions, where a
smaller fraction of each faculty member’s time is devoted to under-
graduate teaching. A considerable number of qualified scientists are
attracted by the closer personal relationship of teacher and student that
prevails in the small college, when adcquate eqmpment and support
are also available. :

Graduate Education and Basic Research

A recent survey (8) shows that of the current basic rescarch papers
published in the field of chemistry, approximately 59 percent come from
universities, 29 percent from industrial laboratories, 9 percent from Gov-
ernment laboratories, and 3 percent from research institutes. . In several
other fields the percentage of basic research done in the universities
would be even higher. The universities are the major centers of basic
research because they provide the type of intellectual atmosphere most
favorable for individual creative effort in pure science, It Is an atmos-
phere of objective, critical appraisal of all knowledge, and of searching
for new knowledge through the best efforts of the human mind, with
the aid of the most sophisticated instruments.. It includes continual re-
view of fundamental concepts as they are taught to students and con-
tinual testing of ideas in informal debate. It is here that a student fresh
from undergraduate school chooses a research problem and, working on
it in collaboration with his major professor, grows to the maturity of an
independent investigator and contributes to the world’s knowledge while
so doing. And it is here that still more advanced research experience in-
specialized fields is given to sclected postdoctoral students.

Traditionally and logically, Federal support of the education of scien-
tists has been most extensive at the graduate-school level. At this Ievel
potential scientists have committed themselves to careers in science, are
devoting their full efforts to science, and are clearly a national resource.
The responsibility for their training is peculiarly a national rather than a
local or State responsibility, since the research that they do usually has
no specialized importance to the State where they do it, and since they
seek permanent job opportunitics on a national rather than State basis.

#5-101~BHua—20
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At the graduate level, support for the education of scientists is usnally
also support for the conduct of research, since the graduate student is
a reséarch apprentice. Training of graduate students in some im-
portant areas is now threatened by lack of fellowships and. research
assmtantshlps and by lack of space and equ:pment in our cducatlonal
msntuuons '

- Federal Support for Basm Research

The Conumttee on Scmnce and - Pubhc Pohcy of the Natlonal.
Academy of Scn:nces, in its recent report entitled Federal Support of
Basic Research in Institutions of Higher Learning (9), has examined
. the history and present organization of Federal support of basic re-
search and analyzed current levels of support. The conclusion is clear
that such support has led to American preeminence in science and its
‘applications. ‘Continuation of this support, not only in dollars but
also in administration of the support in'a manner conducive to the most
creative scientific productivity, is essential. As we write there is clear
evidence that the dollar level of support should be increased. Hlustra-
tive is the fact that the number of qualified applications received by the
National Science Foundation during the last year from scientists request-
ing support has been much greater than the number that could bc
approved with the funds available.

‘This is shown in table 1. For fiscal year 1965 support for basic
research by the National Science Foundation has fallen short of the
total proposals. from ‘scientists by nearly $550 million. Less than 20
percent of the dollar value of the proposals could be funded. Many of
the projects that could not be supported or were suppotted only partially
were of outstanding merit. Failure to activate them has lessened our
potential research stature. To quote testimony of Dr. Robertson, As-
sociate Director of the National Science Foundation, before the House
Appropriations Committce, “I would like to make it perfectly plain that
we are not only giving no support to many proposals that we feel should
be supported, but we are cutting back heavily on the projects we do
support. We go well beyond squeezing out any water that may be in
these proposals. We give topnotch people less support for their research
than they should have in order to do the kind of job that we think they
should do * * *  'We must use all of our creative talent in science
just as effectively as we can. 'We are pretty far from that goal.”
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TA!BI.E 1.—Comparison of research proposals received and gmm made by the National Science

1964

Foundation
Actual, Estimate, - Estimate,
fiscal year fiscal year fiscal year
1963 ‘1985

Value of proposals received. .......
Value of proposals supported. ...

Value of proposals not supported.. . .

Pcrcexi_tagc of proposal receipts
granted support (based on dollar

Value of proposals received. .......
Value of proposals supported. ......

Value of proposals not supported. . .

Pcrceritagc of proposal receipis
granted support (based on dollar

Value of proposals received. .......
Value of proposals supported. ... ...

Value of proposals not supiaortcd .

Percentage of proposal receipts
granted support (based on dollar

A. BIOLOGICAL AND MEDICAL SCIENCES

$145, 000, 000

$165, 000, D00

$126, 104, 000
38, 394, 851 40, 500, 000 43, 500, 000
87,709,149 | 104, 500, 000 121, 500, 000

30, 4 S a9 26. 4

B. MATH'.EMATIGAL, PHYSICAL, AND ENGE\IEERB‘TG

SGIENGES
$271, 313, 744 | $366,000,000 | $469, 000, 000
59, 895, 475 44, 000, 000 70, 700, 000
211, 418,269 | 302,000,000 | 398, 300, 000
22,1 17.5 15.1
(1% sOlGIAL SGIENGﬁS

$30, 212,000 | $35,000,000 |  $40, 000, 000
8, 956,172 9, 700, 000 10, 800, 000
. 21, 255, 828 25, 300, 000 29, 200, 000

29.6 27.7

27.0

'1The data of the table are taken from the House of Reprcsentatwes Appropnatmn
Comrmttee hearings for ﬁscal year 1965.
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As with the Nat10na1 Science Foundation, other agencics are also find-
ing that they must turn down good basic rescarch proposals because of
lack of funds. An ad hoc panel established in 1964 to obtain an expert

“and independent scientific review and evaluation of the off-site research
supported by contracts with the Office of Chemistry Programs of the
Atomic Energy Commission has made the following statement (10):

It is the opinion of the Panel that every effort must be made to counteract the
erosion of the Off-Site Chemistry Research Program. The rejection rate for sound
and worthwhile new research proposals related to the Atomic Energy Commission
program is alarmingly high; increased funds to make use of this large reservoir of
chemical talent would be very much in the long-range interests of the Atomic Energy
Coommission and of the country. In the fiscal year 1964, 20 proposals from new in-
vestigators had to be rejected for every one that was accepted. A check of the
referee reports indicated that approximately half of the rejected proposals were not

only appropriate for AEC support, but had sufficient scientific merit to deserve it if
funds had been available.

At another point m its report, the panel states:

' The number of young scientists who can be supported is far too small to insure the
continuing development of the field of atomic energy. Furthermore, the total
number of researches that can be supported with a fixed amount of money decreases
with time because of the increasing costs of doing research. It would be highly de-
§irable to be able to accept 40 to 30 percent of meritorious new proposals made to the
AEC, rather than the much smaller fraction which is now the case.

The Air Force reports (8) that it has been able to support only 15
percent of those proposals submitted to it that were considered as excellent
and that most of those that were not supported did not get support
elsewhere.

. These facts indicate that the talents of many able scientists are used
only inefficiently because of lack of proper instrumentation, lack of space,
and lack of technical assistance. It means that the exploration of many
* promising research ideas must be postponed or abandoned. It means
that the research training of many graduate students is slowed down.

How much should Federal expenditures for basic research be in-

creased? If we accept the fact that basic research is the goose that lays
 the golden eggs from which technological innovations grow, if we take
cognizance of the currently unsupported research potential (e.g., see
table 1), if we note that total Federal expenditures for basic research are
only about. 0.3 percent of the gross national product, it is clear that
greater support is in the national interest. An off-the-cuff evaluation
based on a feeling for the number of good proposals now undersupported,
and for growth of the population of scientists in training in the next
decade, would indicate that at least a doubling of support is needed
within the next 5 years and at least a tripling within 10 years. Such in-
‘crements seem modest when one notes that the estimated budget for
1964 for the National Aeronautics and Space Administration alone, for
aspects of the space program other than research, was over $4.4 billion,
while that for all federally supported basic research in all fields in colleges
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and universities proper was only about $0.5 million (/7). The 9-percent
increase for basic research called for in the 1965 budget will not do the
job that needs to be done. An annual increase of the order of 17 percent
per year for the next 5 to 10 years scerns to be more nearly the rate
needed. One analysis (12) of the scientific manpower available during
the period 1965-75 and the dollar support needed to train and utilize
this manpower estimates a cost of $65 billion for the 10-year period,
exclusive of costs due to the increasing sophistication of research, to “big
science,” and to inflation. . Considering the fraction of support that may
be expected from State and private sources, it is concluded that the Fed-
eral expenditures needed for education, buxldmgs equlpmcnt, and per-
sonnel for college and university science and engineering in the 10-year
period will be about $30 billion, or an average of $3 billion per year.

- To provide a further factual basis for judgment as to the magnitude
and type of need for basic research support in different sciences at this
time, the Committee on Science and Public Policy of the National Acad-
emy of Sciences has asked a number of ad hoc committees to review
several major scientific fields, The reports of these committees will pro-
vide detailed analyses of the most important areas of research, including
information on their interrclation, present sources of support, and pro-
jected requirements. For example, the Cominittee for the Survey of
Chemistry is secking detailed information on research potential, areas of
critical need, and sources of funding in chemistry. When the facts are
assembled from university chemistry departments, from industry, and
from Government laboratories, they will be presented w1th critical’ eva.lu- :
atlon in the committee’s report ‘

“Little Science”‘ and “Big Science”

" One of the conclusions to wluch the survey of the Chemistry Com-
m1ttce has already led is that new techniques and new types. of instru-
mentation herald exciting new breakthroughs in chemistry, in the bio-
logical and health-related sciences to which chemistry is basic, and in
the interrelated sciences such as geochemistry and chemical physics.
These new tools—molecular-beam equipment, pulsed linear accelerators,
electron-spin-resonance spectrometers, nuclear-magnetic-resonance spec-
trometers, ultraviolet and infrared spectrophotometers, mass spectrom-
eters, and vapor-phase-chromatography equipment—are often costly
($1,000-$100,000) relative to other laboratory equipment. However,
even the sum total of such instruments required for the work of all the
basic research chemists and chemistry graduate students undergomg
research training in all the colleges and universities of the country is no
greater than the cost of certain single projects in the “big science” cate-
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. gory. This is reflected in an excerpt from a summary of prclmnna.ry
findings of the Chemistry Survey Committee: :
- The total present investment of $55 million for major chemical appaj_ratds for all
the universities of the United States may be compared with $64 million estimated
by the Federal Government for oceanographic ships in 1963 and 1964, or with
the $40 million estimated cost of a single high-resclution radio telescope, or with
the $114 million estimated for the construction of the Stanford linear accelerator.
. Although' chemistry is one of the major sciences, although chemists constitute
by far the largest group of physical scientists, although the great American chem-
ical mdustry depends heavily on university research and training ¥ * * the total
investment in equipment for chemistry is still relatively modest. It follows that
s¢ientific advances through chemistry can be made with added mvestments whxch
are small when compared with the potential gains,

The term “little science” is sometimes used to d15t1ngulsh the work
of individual investigators and their groups of graduate students from
the “big science™ (i.e., big dollar) projects such as high-energy accelera-
tors, radiotelescopes, and space ventures. The former are responsible
for the major portion of the country’s basic research, while the latter are
necessary to extend investigations in certain special fields New ideas
in research are the products of individual minds, often catalyzed by
contacts with other minds, but still the product of the individual. Thus
“little science™ is respon,s1ble for the basic science necessary to con-
struct the machines of “big science.” It is also often responsible for
generating the ideas necessary for putting these machines to their best
use. It is essential in the national interest that support of “little science™
not be shghtecl because of preoccupauon with the dramatic needs of
“b1g science.” :

The current critical ﬁnanaal needs of “httie science” ‘in umvers1ty
centers of basic research are of three types: (1) space for research and
the teaching of graduate students, (2) stipends for research assistants,

(3) the purchase of specialized rescarch instruments. Only by meeting
these needs can the national potential in basic research be realized. The
cost of meeting them, though substantial, is small compared to the costs
of even single pieces of many types of military and “bxg science” hard-
ware.

Getfing the Most Return for the Federal .l.{'&se.érch bolfah* “

The Congress of the United States has shown great wisdom in dc-
velopment of support of basic research in the universities through a
variety of agencies, including the Natjonal Science Foundation, National
Institutes of Health, Atomic Energy Commission, Depa.rtrnent of De-
fense and others, The Federal agencies that administer funds for basic
research in the universities are, in general, to be commended for the
wisdom of their policies in terms of getting the most return per dollar
cxpended. ‘They have recognized that since basic research is exploring



the unknown, specific results cannot be predicted or contracted for in
‘advance. They have recognized that the best results arc obtained by
backmg able men to the fullest possible extent, trusting their judgment,
and mlmmlzmg tlme-consum.mg administrative redtape and paperwork.
To assist in insuring that only good pro_]ects will-be supported, the agen-
cies have developed sound systems of review by referees and panels of
experts. Most university rescarch workers, like Congressmen, work. far
more than 40 hours a week and do not punch a timeclock while doing it.
Most umvermty administrations are scrupulous custodians of pubhc
funds It lS, therefore, recognized by most of the agencies that it is

“pennywise, pound foolish” to apply time-consuming, irritating time-
clock-type regulations on all because of the very few not worthy of trust.
The latter may be handled more effectively by discontinuation of funds.
Creative thinking is not a timeclock-type operation, Those who can
do it can’t escape from it; it goes on around the clock.

Conclusion

Continued leadership in basic research depends upon the capacity of
our educational system to motivate and train youth who have potential
scientific ability, and on adequate support for the research programs of
_ well-qualified investigators. Success in the educational process requires
very able teachers with- depth of training in subject matter. Increased
incentives are needed to attract able teachers to the teaching profession
and retain them. Graduate education and basic research are comple-
mentary functions in university graduate schools, where the major por--
tion of the basic research of the Nation is done. Laboratory space,
research assistant stipends, and instruments are the major current needs
requiring financial support. Indications of the extent of underused
rescarch capability is given by the number of high-quality research pro-
posals for which national agencies do not have funds. Current evalua-
tions of basic research potential being made by committees of the Na- -
tional Academy of Sciences will help further in evaluating dollar needs.
The methods of administering basic research support must be designed
to stimulate rather than inhibit creative thinking.

References

(1) National Teacher Supply and Demand, National Education Association, Re-
) search Report, 1964-R~9 (April 1964).

(2) Secondary School Science and Mathematms Teachers, Characteristics and

Service Loads, NSF 63-10. .

{83) F. Boercker, Physzcs Today, 17, 42 (1964).

{4) National Educational Association, Research Monograph 1963-M2,

(5) A Study of 1963-64 Beginning Offers, Final Report June 1964, The College

. . Placement Council, Bethlehem, Pa,



302 BASIC RESEARCH AND NATIONAL GOALS

(6) Science Course Improvement Projects: 1. Courses, Written Materials, Films,
_ Studies, NSF 62—-38, October 1962; 2, Science Teaching Equipment, NSF

_ 63-15, May 1963.

(7} Doctoral production U.S. Universities 1920-1962, National Academy of Sci-

' " ences, National Research Council, Bulletin 1142, Washington {1963).

-(8) Committee for the Survey of Chemistry of the National Academy of Sei-
ences-National Research - Council, F. H. Westheimer, chairman, private
communication.

(9) National Academy of Sc1cnces-Nationa.I Research Council, Publication 1185,

: 1964,

(14) U.8. Atomic Energy Commission Program of Off-Site Reseamh in Ghemlstry,

: an Ad Hoc Panel Report, U.5. Atomic Energy Cormmssmn Division of
Research, TID-21327, Nov. 19, 1964.

(11)- Issues Relatmg to Federal Support of Academic Research and Graduate Stu-
dents and to Priorities for Special Fields of Science, a paper prepared by

' Dr. Henry David of the National Science Foundation, for the Federal
Clouncil for Science and Technology, August 1964,
(12) W. V. Consolazio, The Educational Record, Am. Council on Education, p.

210, Spring 1964 issue. “Sustalmng Amerxcan Smence, 1965--75—A Re-
sources Planning Study.”



- APPENDIXES






Appendix A

DIMENSIONS OF FEDERAL INVOLVEMENT IN
. RESEARCH AND DEVELOPMENT .

~ Nature of Research and Development Statistics

To obviaté repetltlon of s1m11ar background material in ea.ch com-
mittee member’s paper, this section outlines the Federal Government’s
role in the total research and development effort of the United States.
This account is based mainly on information drawn from publications
of the National Science Foundation. While the data are familiar to-
many, their nature and the limitations affecting their use are less well
known. For that reason a brief delineation of problems involved in the
collection and utilization of research and development statistics prefaces
~ the summary description of research and development activities in the
United States. - These comments are intended only to preview the prob-
lems for the reader until he has had an opportunity to go over these
fuller exposmons developed by Dr. Harvey Brooks and other committee
mermbers in their individual papers. The aim is to provide the reader
with a guide to understanding why material has been presented in cer-
tain ways, cautions to be observed in intérpretation of these data, and
appropriate uses of the available research and devclopment data.

All economic statistics suffer from some limitations that do not inhihit
their use. - Foreign trade, industrial production, national income, and
every other form of economic measurement involve successive approxima-
tions and constant refinement of concepts and methods. Important
conceptual and practical problems in the collection of research and de-
velopment statistics remain to be resolved.  Some statistical estimates are
known to be subject to significant margins of error. However, the quality
of research and development data has improved substantially during the
last few years, and there is every reason to hope that it w111 be further
enhanced. :

The relative newness of this statistical field should be taken into account.
Five.years ago, a specialist on the subject wrote: “Today, data on re-
search and development funds and personnel are perhaps at the stage
of growth in which national income data could be found in the late
1920°s (1). Moreover, the great complexity of the task of securing
relevant data should be appremated In the United States there are

: (805)



306 _ BASIC RESEARCH AND NATIONAL GOALS

intricate patterns of relationships among the organizations that finance
" and perform research and development. Some organizations simply
provide research funds to others; some do research and development
work financed almost entirely by outside sources; others combine both
functions to differing degrees; and some serve primarily to collect and
redistribute rescarch moneys.  The organizations involved are diverse, for
they include public governmental agencies, private business firms, edu-
. cational institutions and other nonprofit organizations, and hybnds like
the Federal contract research centers. _
One problem is generated by the fact that the various organizations
use different accounting periods. Many nongovernmental organizations
keep their records by calendar year or on some other basis than the fiscal
year uniformly observed by Federal agencies. This poses difficulties in
reconciling data received from them and is responsible for the use—here
also adopted—of hyphenated years (e.g., 1961-62, with the first re-
ferring to the calendar year and the second to the overlapping Federal
fiscal year from which the data are taken) in connection with figures on
total national expendlturcs for research and devclopment
Some Federal time series are maintained in terms of obligatiens, but
the others are in terms of expenditures because certain kinds of informa-
tion are more abundant on the one basis than on the other. “Obliga-
" tions” represent the amounts for orders placed, contracts awarded, serv-
ices received, and similar transactions during a given period, regardless
‘of when the funds were appropriated and when future payment will be
required. - “Expenditures” represent the amounts for checks issued and
cash payments made dunng a given period, regardless of when the funds
were appropriated. The time that elapses between obligation and ex-
penditure ranges from a few minutes for an over-the-counter purchase to
~ several years for an item with a long leadtime. Hence, obligation and
expenditure totals differ for any given year, but they are closely enough
related that cither can be used for the examination of broad trends in
Federal financing of research and development. Particular caution is
required in distinguishing between obligations and expenditures in pro-
grams that have been rapidly growing, such as the National Aeronautics
and Space Administration program in the past 3 years. In such cases
obligations may lead expenditures in a given year by as much as 20 or
30 percent.

For several reasons it is desirable to gather statistics on research and
development  activities from both the performers and the supporting
- agencies. Data reported by the performers of research and development
. frequently differ from those provided. by the suppliers of funds. A per-
former may spend part of the funds in a different reporting period than
the one in which they were provided. Performers and funding agencies
may classify aspects of research and development projects differently.
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For example, performers often classify activities as basic research which
the supporting agency may consider to be applied. :

The gravest problem, however, arises from the application of variable
survey definitions by the large number of heterogeneous organizations
being covered. Even where there is acceptance of recommended defini-
tions of “basic research,” “applied research,” and “development”—
which is far from universal among the respondents—ldentlﬁcanon of
funds for basic research is often very difficult, especially for agencies with
complex programs. And in defense work, where a great telescoping of
development and production often occurs, demarcating the scope even of
developmental activities is not always easy. Moreover, some large re-
porting units have accounting systems with only’ very general budget
entries for research and development. Even companies and agencies
that maintain detailed records often base them on research and develop-
men concepts that differ from those used in the surveys: In such cases,
respondents must employ estimating procedures to produce survey data,
with a wide range in the accuracy of their figures. Thus, all research
and development statistics are frequently éstimates of varying accuracy.

Particular difficulty results when an agency reclassifies certain re-
search or development activities. A striking but uncommon example of
this appears in the revised figures supphed by the National Aecronautics
and Space Administration in successive annual reports to the National
Science Foundation. For intramural basic. research obligations the

change for fiscal year 1962 was from $68.3 to $26.1 million and, for
~ fiscal year 1963, from $105.0 to $41.9 million ; the National Aeronaut1cs
and Space Administration also made changes of comparable magnitude .
in its classification of total research and basic research by fields of science.
Such reinterpretations may lead to erroneous impressions of the extent to
which research and development activities are actually changing in
character. '

Similarly, unless adjustments are made for fluctuations in the value
of the dollar over the years, a time series of economic data may be mis-
leading. 'The postwar period during which research and development
expenditures grew so rapidly has experienced a sharp decline in the pur-
chasing power of the dollar. Moreover, because of the rapid rise in
salaries and increasingly expensive equipment involved, research and
deveclopment costs have been subject to their own special kind of in-
flation. On the other hand, rising costs, particularly of equipment, are
often more than offset by the greater research “productivity” per man-
year effort. Reliable price “deflators” have yet to be devised.

Undoubtedly, many of these problems will be reduced in importance
with time. However, the application of concepts as amorphous as basic
and applied research to activities involving mixtures of all categories of
research and development will always necessitate substantial reliance on
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subjective judgments. - Research and development accounting and othér -
control records maintained by respondents will continue to be shaped
~ more by the requirements of tax codes, cost accounting, and organiza-
tional practices than by requests for survey data. And in any event, the
dynamic nature of the research and development process would frustrate
attempts to achicve complete comparability or consistency of data in
statistical time series. At most, the hope is to make the guesses more
" “educated.” An ineradicable €lement of imprecision will remain in
research and development statistics, but this should not nulhfy their
usefulness for policymaking purposes. -

Research and development statistics. do help illuminate the ma._]or
patterns of. relationships among the many performers and sponsors of
research and development in the United States. Also, changes in these
statistical relationships over a period of time can confirm, modify, or
challenge impressions of trends derived from. qualitative historical data.
Thus, they can serve as useful tools for analysis and policy formulation.

-The following paragraphs use research and development statistics to
sketch in broad outline the dimensions of Federal involvement in the
research and development activities of the whole country. Fiscal year
1962.is employed because that is the latest period for which completely
unprocessed data on nongovemr'nerital suppeort of research and develop-
ment are available. Unless there is an indication to the contrary, the
figures cited are contemporaneous with those in the most recent issue of
the National Science Foundation publication, Federal Funds for Re-
search, Develofrment, and Other S cwntzﬁc Actzvztzes, vol. XII (NSF
641 1)

 The National Seene

Two strlkmg impressions emerge from examination of total research
and development expendltures for the country as a whole. One is that
the bulk of them is for development. The second is that a pattern of
public finance and private performance has evolved in which the Federal
Government supphes most of the money while prwate mdustry does most
.of the work.

“Of the roughly $14 7 billion spent for research and development in
the Nation during the year 196162, about 68 percent went for de-
velopment, 22 percent for applied research and only 10" percent for

- basic research. (See chart 1.) Approxmlately 65 percent of these
funds came from the Federal Government; 32 percent from industry;
and the remaining 3 percent from colleges and universities, which include
State and local governments and other nonprofit institutions. Yet only



Chart 1

TOTAL R & D EXPENDITURES BY PERFORMER
AND TYPE OF WORK, 1961-62
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14 pcrceﬁt of this amount was spent by Federal agencies on déing Te-

search and development work themselves, Seventy-four percent for the
performance of research and development by industry. Six percent was.
used by colleges and universities proper; 3 percent by Federal contract

research centers operated by them, such as the Lincoln Laborafory at
‘the Massachusetts Institute of Technology. And the remaining 3 per-

cent was spent for research and development work done by other non-

‘proﬁt institutions.  (Seechart2.) -



Chart 2

Reseurch and Development Performers  (Millions of Dollars)

Colleges & Universities

TOTAL R & D EXPENDITURES BY PERFORMER AND BY SOURCE, 1961-62
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Breaking these figures down further by source of funds for each cate-
gory of performer reveals that the Federal Government provided about
58 percent of the $10.9 billion used by industry, and industry supplied
the rest. Of the $950 million spent by colleges and universities proper,
63 percent was from the Federal Government (or 75 percent of the $1.4
billion total when affiliated Federal contract research centers are in-
cluded), 24 percent from colleges and universities themselves, 6 percent
from industry, and 7 percent from other sources And the Federal Gov-
ernment financed about 53 percent of the $380 million expended by
other nonprofit institutions, with the remainder coming in equal parts
from industry and from other sources.

When' basic research alone is considered, the picture is somewhat
altered. Though the Federal Government remains the primary source
of funds, colleges and universities displace industry as the principal
performer. Of the approximately $1.5 billion devoted to basic research
in the year 196162, the Federal Government contributed about 57 per-
cent; industry, 24 percent; colleges and universities, 12 percent; and
other nonprofit institutions, 7 percent. Again, the Federal Govern-
ment doing basic research intramurally used only 16 percent of this
total. Colleges and universities proper spent 39 percent; Federal con-
tract research centers operated by them spent 8 percent; industry spent
27 percent; and. other nonproﬁt institutions spent 10 percent. (Sce
chart 3.) - .

Of the $583 million devoted to basic research by co]leges and uni-
versities proper, about 57 percent came from the Federal Govern-
ment (or 65 percent of the $695 million total when affiliated Federal
contract research centers are included), 31 percent from the colleges
and universities themselves, 8 percent.from other nonprofit institutions,
and .4 percent from.industry. The Federal Government contributed
22 percent of the $403 million that.industry used for basic research;
and industry the remaining 78 percent. Other nonprofit institutions
received about 53 percent of their funds for basic rescarch from the
Federal Government, 8 percent from industry, and the rest from other
sources.

The above figures on total expenditures for research and development
reflect trends that extend back many years. Although the growth curves .
of the three types of research and development have not proceeded ex-
actly in parallel, the apportionment of funds among them has been
remarkably stable, with development consistently getting about two-
thirds and basic rescarch around 10 percent of the total each year for

A5-101—65——21
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which detailed breakdowns are available., (See chart4.) The distribu~
~ tion of funds among the different categories of performers has varied
more; but even they have maintained the same rank order: during the
past decade or so. From 1953-54 to 196162, the funds used: ‘annually
for research and development work by each class of performer increased
as follows: for industry from $3.6 billion to $10.9 billion, for the Federal
Government from $970 million to $2.1 billion, for colleges and universi-
ties (including the Federal contract rescarch centers operated by them)
from $450 million to $1.4 billion, and for other nonprofit institutions
from $100 million to $380 million. Thus, industry has been, by a wide
meargin, the principal performer of research and development throughout
this period. While the Federal Government has remained ‘the second
largest performer, its ;jate of growth has been the slowesti And the

Chart 4
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research and development expenditures by the smallest performer—
other nonprofit institutions—have experienced the most rapid relative
increase. During this same 10 years, the annual fotal of expenditures for
research, and development was approximately tripled, rising from $5.2
billion to $14.7 billion, and thus was approximately doubled in terms of
constant value dollars. (See chart 5.) :

Chart 5
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Another perspectwe for viewing this growth is obtained by expressing
the sums as percentages of the gross national product. The fraction of
the gross national product devoted to research and development has been
increasing at a slower rate than the absolute expenditures. From 1953—
54 1o 1961-62, the amount the country as a whole was spending on
research and development rose from approximately 1.4-percent to ap-
proximately 2.8 percent of the gross national product. The growth in
this percentage has recently been leveling off. Morcover, in 1961-62,
when an estimate of defense-oriented expenditures (defined as those of
the Department of Defense and those of the Atomic Energy Commission
- for weapons and other military development) is subtracted, the total
spent on all other research and development activities drops to around
1.5 percent of the gross national product. (See chart 6.) And the
approximately $1.5 billion devoted to basic research that year constituted
less than three-tenths of 1 percent of the gross national product, with the
portion financed by the Federal Government less than two-tenths of 1
percent of the gross national product.



Chart 6 S : :
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The Federal Focus

~ To develop the picture in greater detail requires concentrating on the
Federal share of the national research and development bill. Expendi-
tures for research and development by the Federal Government have
grown apace with those of nongovernment institutions. . From fiscal year
1953 to fiscal year 1962, the amounts the Federal Government spent
yearly for research and development {including facilities, figures for
which were not obtainable from private sources) rose from $3.1 to $10.4
billion, thus being somewhat more than tripled. Expressed as fractions
of the Federal administrative budgets, this represents an increase from
4.2 to 11.8 percent of annual total expenditures by the Federal Govern-
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ment. According to estimates currently available, this percentage rises
rapidly in fiscal year 1964 to 15.1 percent (largely due to the growing
budget of the National Acronautics and Space Administration} and levels
off considerably in fiscal year 1965 at 14.6 percent of all the Federal
expenditures then, or, in absolute terms, approximately $15.3 billion in
fiscal 1965. (See table 1.) During this period, the bulk of these funds
has been for defense and space programs, with the portion devoted to
space activities growing the more rapidly of the two from fiscal yea,r 1960
on. (Seechart?.}

Tasie 1 —Federal expenditures, fotal and for R.&D, and R, &J’D Jacilities, _ﬁsml years 7940-65

= ORARNOSOAHNES, NGO NI

[Millions of dollars]
A1) (2) (3)

R Total " Total R.&D, Col. 2 as

*Piscal year Federal and R.&D, a percent

L . expenditures ! facilities 2 of Col. 1
1940, i i e 9,085 74 0.
1940 e 13, 255 198 1.
1942, 0ttt 34,037 | - - 280 - .
1943, e e e 79, 368 eooe02 | .
1944, .. e 94, 986 1,377 1,
1945, 498,303 1,591 1
1946, .. e e 60, 326 : 918 1.
1947, e © 38,923 [ 200 2.
1948, .. e e 32,955 | . 855 2.
1949, v e 39,474 1,082 2,
1950, . i e 39, 544 1,083 2,
1951 . 43, 970" - 1,301 3.
1952, .. ot 65,303 " 1,816 2,
1953, T 74,120 3,101 | 4,
1954, 67,537 3,148 4,
1955, e 64, 389 3,308 | .. - 5.
1956, v i e 66, 224 3,446 | 5.
L 7 68, 966 4,462 6.
1958, . i 71, 369 4,990 7.
1959..... e e -80, 342 5, 803 7.
1960, ..ttt 76,539 7,738 10.
g b 81, 515 9,278 1 . 11
1962, e ettt e et eenae e 87,787 10, 373 1L
1963, ... el 92, 642 11,983 12.
1964, ... il il 98,405 14,883 =15
1965, .. i e . .97, 900 15, 287 18,

1 Based ‘on table 15, p 454 the Budget of thc U. S Gove.rnment fiscal year endmg
June 30, 1965,
8 Amounts for fiscal years 1940 through 1953 based; on tabie XXXI NSF 64—-11
. 52, Amounts for, ﬁscal years 1954 through 1956 based on table H-1, p. 408, the
Budget_ of the U.8. Government, fiscal year ending June 30, 1965
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' As you might be expected then, a very few agencies dlspense most of
the research and development funds Four of them—the Department
of Defense, the National Aeronautics and Space Administration, the
Atomic Energy Commission, and the Department of Health, Education, -
and Welfare—accounted for 95 percent of the $10.3 billion obligated by
the whole Federal Government for research and development (excludé
ing $778 million cbligated for research and development facilities) in
fiscal year 1962, - Four others—the Department of Agriculture, the Na-
tional Science Foundation, the Department of the Interior, and the
Federal Aviation Agency—accounted for another 4 percent. And the
remammg 1 percent was scattered among the other 21 agencies report-
ing obligations for research and development in fiscal year 1962.

The proportions in which these funds are obligated among the three
types of research and development work vary widely from agency to
agency. In fiscal year 1962, at one extreme was the Department of De-
fense with nearly 85 percent for development 12 percent for applied
research, and slightly less than 3 percent for basic research. At the other
was the National Science Foundation with less than 1 percent for develop-
ment and over 99 percent for basic research. Almost squarely in the
middle was the National Aeronautics and Space Administration with 50
percent for development and 50 percent for research, and the research
almost evenly divided between the two kinds (28 percent for apphcd and
22 percent for basic). - The Atomic Energy Commission obligated 76
percent for development, 5 percent for applied research, and 19 percent
for basic research. Both the Department of Health, Education, and
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Welfare and the Department of Agnculture allotted over 93 percent
to rescarch, of which roughly two-thirds was applied and' one-third
basic, and only the very small residue was allotted to development (less
than 5 percent for Agriculture and less than 1 percent for Health, Educa-
tion, and Welfare.) = (See chart 8.) However, when the tota.l amount
obliga.ted for research and development by the Federal Government that

“year is analyzed, a familiar pattern emerges. Approximately 70 percent
went for development, 19 percent for applied research, and 11 percent for
basicreseaich. * (See chart9.)

The distribution among performers is essentially the same for the Fed-
eral portion as for all the research and development funds spent in the
Nation. Of the $10.3 billion they obligated for research and develop-
ment in fiscal year 1962, Federal agencies received 22 percent intra-

" murally, Profit organizationd proper received 57 percent; Federal
contract research centers administered by them, 4 percent; educational
institutions proper, 8 percent; Federal contract research centers managed
by them, 5 percent; all other performers (foreign as well as domestic)
proper, 2.3 percent; and Federal contract research centers operated by
" other nonprofit institutions, 1.5 percent. (See chart 10.) For the $1.1
billion of these obligations devoted to basic research alone, Federal
agencies used 18 percent intramurally; educational institutions proper,
35 percent; Federal contract research centers administered by them, 20
percent, organizations proper, 13 percent; Federal contract research cen-
ters managed by them, 3 percent; all other performers proper, 8 percent;

and Federal contract rcscarch centers operated by other nonproﬁt insti-
tutions, 3 percent.

How Federal research and development funds are apportxoned among
different major fields of science can be indicated only for research, be-
cause such data are not available for development. Of the $3 billion
obligated by Federal agencies for applied and basic research in fiscal
year 1962, about 63 percent went for the physical sciences (engineering,
mathematical, and physical sciences proper), 28 percent for life sciences
‘(biological, medical, and agricultural), 2 percent for psychological
sciences, 2 percent for social sciences, and 5 percent for other sciences
(2). The $1.9 billion allotted to the physical sciences was divided
into 52 percent for the physical sciences proper, including earth sciences,
44 percent for the engirieering sciences, and 4 percent for the mathemati-
cal sciences. Of the $821 million obhga,tccl for the Lfe sciences, 73
percent ‘'went to the medical sciences, 18.5 percent to the biological
sciences, and 8.6 percent to the agricultural sciences. This pattern of
dlstribu‘aon reflects trends that extend back several years and which avail-
able estimates indicate will continue in the immediate future, = Since
fiscal year 1959, approximately three-fifths or more of the Federal ob-
lxgatlons for research each year has been for the physical sciences, the



Chart 8
FEDERAL OBLIGATIONS FOR R & D, BY SELECTED AGENCY AND
TYPE OF WORK, FISCAL YEARS 1962, 1963 AND 1964 %

Bxlhons of Dollars

Applied
@ RESEARCH

MILITARY PAY
/// and ALLOWANCES

F pEVELOPMENT —

0 FY '62'63°64 62 '63 64 ) ‘62 63 "64 62 63764 62 ‘631’684 - 62 '63 ‘64 82 '63 64
Defense Nar'l Aero. Atomic Health,  Agriculture Nat'l, Other
' &: Space Admin. Erergy Educ. & Science Agencies
Commission Welfare . Found.

IFigures for fiscal years 1963 and 1964 taken from unpubliched date for Federal Funds for Research
Development, and other Scientific Activities, Vol. XIJ1.

Source: National Science Foundation.



320 °  BASIC RESEARCH . AND :NATIONAL GOALS

'jChart g :
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Chart 10
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largest portion of that being for the enginecring sciences, and the next
largest for earth (including space) sciences; and the remainder has been
mostly for the life sciences, principally medical. (See chart 11.)

When basic research is considered alone, substantially the same situa-~
tion obtains with respect to major fields of science. Of the $1.1 billion
obligated by Federal agencies for basic research in fiscal year 1962, about
66 percent went for the physical sciences, 29 percent for the life sciences,
3 percent for psychological sciences, 2 percent for social sciences, and less
than half of 1 percent for other sciences. However, there are differences
in the distribution of support among disciplines within major fields, For
instance, of the $721 million allocated to the physical sciences that year,
86 percent went to physical sciences proper, including earth and space,
only 11 percent to engineering sc1ences, and 3 percent to mathematical
sciences. (Seechart 12.)

Refcrences

(1) Kathryn S. Arnow, “Natmnal Accounts on Research and Development—Thc
National Science Foundation Experience,” Methodology of Statistics on Re-
search and Development (NSF 59-36), p. 61.

{2) These are the categories of major fields used by the NSF in Federal Funds for
Research, Development, and Other Scientific Activities, vol. XII. “Physical
Sciences Proper” comprehends astronomy, chemistry, earth sciences, physics,
and other physical sciences proper. Discussion of this subject is greatly com-

 plicated by the fact that other analyses of these same data—including some
presented by Goveérnment officials at congressional comrnittee hearing—list
several of these disciplines and all the constituent sciences in the “Physical
Sciences’” and “Life Sciences” categories as separate major fields. Obviously,
how disciplines are aggregated Into major fields affects generalizations about
which is receiving the most Federal funds. . ‘
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Appendix B

RESEARCH AND 4DEVELOPMENT
IN OTHER COUNTRIES

What is lmpresswe about research and dcvelopmcnt in other countrics
of the western world—especially the more industrialized—is- less the
absolute level of effort by comparison with the United States than the
determination to catch up and to organize govemment to deal effcct;vely
with science and technology. -

That direct comparisons are not too s1gn1ﬁcant is not surprising when-
one considers (1) that Europe lost much of its scientific-and technical:
personne] to the United States during and after the war, (2) that her
academic and political traditions have been, and often still are, essentially
out of tune with modern needs for massive applications of science and
technology, and (3) that Europe and Japan spent the first decade after
the war in immediate tasks of economic recovery, while the United States
was able to concentrate effort and resources on such things as nuclear
weapons, rocket vehicles, and development of a brand new electronics
' industry..

What rather surpnses the contemporary observer, thereforc-—and
should interest responsible public quarters in the United States—is the
deliberate, concerted effort to overcome these obstacles to rapid scientific
and technological progress, in Europe generally and also, especially, in
Japan, which has had the advantage of freedom from institutionalized
tradition. Evidence of this effort is found (1) in the level of research
and development in Britain, which approaches that of the United States,
(2) in the determination of France to achieve nuclear independence, (3)
in recent moves by the advanced European countries to pool activities:
in both space and industrial research and development, and (4) even in

such a less-developed country as Greece, which is currently on the verge
of creating a new technical institution—a sort of small Massachusetts
Institute of Technology—as a means of modernizing its educational sys-
tem and of improving its competitive position vis-3-vis the countries of
the European Economic Commumty, with which it has recently become
associated.

Scope of Efforts

The relevant numbers, too, testify to the vigor of research and develop-
ment activities in all countries. It is apparent that there has been a rapid -
increase in research and development expenditures worldwide since 1950.
For all countries for which' official or unofficial estimates have been

.obtained, this rise has becn much more rapid than that of the gross
(325) S
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national product over the same period. (See chart 13.) Although we
have deliberately” refrained from dealing specifically with the Soviet
Union in this report because of the total lack of meaningful statistics,
what evidence there is, and the testimony of all observers, shows that the
Russian economy and society are very heavily based on science and tech-

"nology in all their dimensions. And since the Soviet Union is 2 Com-
munist structure, it is clear that all science and technology in that country
are directly financed, controlled, and managed by the government.. - 'The
only exception to the sharp upward trend of rescarch and development
activity is Canada, where the normal trend was temporarily interrupted
by abrupt cancellation of military development work. .

Chart 13 C S
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This is the clear evidence of the available statistics, although it should
be emphatically noted that research and development statistics, however
‘inadequate they may still be deemed to be for the United States, are far
more unreliable still for other countries- { possibly with the exception of
the United Kingdom), and virtually nonexistent for most of the less-
industrialized ones. Moreover, even where foreign statistics do exist,
they differ significantly in definition, scope, and methods of collection
and analysis from American statistics, so that comparisons are hazardous.
Some further general cantions should be observed in embarking on
international comparisons of research and development effort. The
ratio of research and development expenditures to gross national product
(“rescarch ratio”), for example, appears related to per capita gross na-
tional product. ~ Countries with high per capita gross national products
tend to have substantially higher research ratios than countries with low
per capita gross national products. Advanced industrial countries typi-
cally spend more than 1 percent of their gross national products on re-
search. and development, while less-developed countries may spend less

than 0.25 percent. (See chart-14.) But the research ratio is influenced -

further by the economic structure and military needs of a country.
Australia, Canada, Norway, Finland, and Iceland have research ratios
that are low in relation to their per capita gross national products because
agriculture, forestry, mining, and fisherics—all of which have compara-
tively low research inputs—still make relatively large contributions to
gross national product. In Canada and Australia, moreover, much of
industry is foreign-owned, and relies heavily on research “imported”
from parent firms in other countrles, wh1ch is not included in the domestlc
statistics.

On the other hand, the research ratio of some mdustnahzed countrm '

is very high in relation to per capita gross national product. Japan,
whose economy is growing at a remarkable pace, is making a great effort
to develop the most modern possible science-based industries. The once
great importance of “imported”™ research and development to the coun-
try’s postwar industrial growth is declining, and Japan is now planning

to.increase its per capita gross national product by over 50 percent be- |

tween 1960 and 1970, and its research ratio from just over 1 to 2 percent.
In the United States and the United Kingdom, high research ratios
clearly stem to a large degree from high levels of military research and

development expenditure. Based on civilian research and development -

alone, these two countries do not have exceptionally high research ratios.

(See chart 14 for rough estimates of their civilian as well as their total
research ratios.) This observation must, however, be tempered by re-
calling that the research ratios of such countries as Canada and Sweden
also include significant expenditures for military research and develop.

45-101—65-—22
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ment, and that the figure for France has not been adjusted for the part
of military research and development that seems to be included in it.

The reader should be reminded, finally, that research ratio is not an’
entirely reliable yardstick for international comparisons, because of dif-
ference in internal research costs among countries. “A systematic and
detailed comparison of research activity in different countries would have
to use much more refined techniques.”

The quotation is from, Science, Economic Growth, and Government
Policy, a report of the Organization for Economic Cooperation and De-
velopment published in 1963 (7). On the initiative of the OECD, its
members have recently adopted a manual containing standard defini-
tions and conventions of measurement as a basis for national surveys of
research and development activities, and a projected Statistical Year on
Research and Development, under the =gis of the same organization,
should help further to increase both the quality and comparability of
international research and development statistics (2). Full fruition of
such efforts will of course take several years, and even then additional
refinements will be necessary to secure reliable time series on research and
development expenditures. Techniques will have to be devised, for
example, to deal with national differences in research costs and the pro-
portions 'in which they are combined. As in all economic statistics—
foreign trade, industrial production, national income—the process of
improvement in collection and analysis is never-ending. Yet the very
prevalence of these efforts at improvement is additional evidence of wide-
spread determination of all the countries of the Western world to put their
research and development houses in order. '

In the meantime, the reader should be warned that unofficial estimates
have occasionally been used in this discussion, as noted in the accom-
panying charts and tables. Also, although a rough adjustment has been
made for such major items as capital expenditures where necessary, it
has not been possible to take full account of different definitions and sur-
vey practices. The statistics, finally, are in terms of current prices, be-
cause no reliable “deflators” have yet been devised for research costs,
which almost certamly have risen more than general price levels,

Yet the rapidly rising trend of rescarch and development activities, in
all countries noted above, shows clearly even through the inadequate sta- -
tistics. In all these countries, moreover, Government provides a large
part of the funds for research and development. The share of the total
national rescarch and development effort financed by Government in
1961 ranged from over three-quarters in France to slightly under a third
in the Netherlands, the average being close to three-fifths. (Sce table
2.) 'The relatively large sums provided by the Governments of France,
the United Kingdom, and the United States are necessitated mainly by
their military, space, and nuclear research programs. The almost
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TasLE 2.—Funds for research and dévelqpment by source and By performer in various couniries

[In percentages of total]

Business enter- | Nonprofit
General prise sector sector
Country ) Year | Govern- | (manufacturing | including | Total
: ) ment industry shown higher
sector in parenthescs) education
“A. Performers of R, & D.: .
Japan............ vea.l 1959 14 63 (56) S22 100
United States. ........ 1961 15 755 (73) © 10| 100
Netherlands. .......... 1959 120 64 (62)] - 15 {- 100
United Kingdom...... 1961 28 63 -(59) 9 100
France............... 1961 232 57 - (51) i1 100
Canada...... veeve...| 1959 48 -39 (35) 13 | 100
Philippines............ 1959 65 35 (27) " .nil | 100
Australia............. 1960 68 | . 20 (.. 12| 100
B. Sources of finance for R ‘ o '

& D.: . . ’
France............... 1961 78 22 8 il 100
United States. ........ 1961 66 32 2| 100
Finland.............. 1956 | 62| - 38 8 il 100
United Kingdom...... 1961 | - 61 . 37 - 2| 100
Canada.............. 1959 - 61 31 8 100

. Norway,............. 1960 451 42 7 100
Japan................ 1959 36 64 3 nil 100
Netherlands. .......... 1959 30 63 74, 100

1. Assuming that “other research institutes” are 70 percent in the Government sector
and 30 percent in the nonprofit sector.

2. Assuming that 40 percent of C.IN.R.S. grants are to higher education.

3. Excluding small contributions from the nonprofit sector. -

- 4. This includes 41 percent direct Government grants, and 10 percent collected
through the Norwegian system of using part of the profits from football pools to finance
research,

5. A part of communications research is mcludcd in that of manufacturmg.

Source: Science, Economic Growth dnd Government Policy, GECD, Paris, 1963.

Note.—The sector deﬁmt:ons are based on standard national income definitions,
that is, publicly owned enterprises or industries are included in the busmess enterprise
sector. .
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equally heavy contributions, proportionally, by the Governments of Fin-
land and Canada can be attributed to the fact that these two countries
have less manufacturing industry than the first three, and to their need
to develop mining and other natural resources. In Japan and the
Netherlands, where there are no large-scale defense, nuclear, or space
research programs, and where manufacturing industry is well developed,
the Govenment still contributes about one-third of total national - re-
search and development expenditures.

In France and the United Kingdom, as in the United States, the bulk
of governmental research and development funds are distributed by a
very few agencies, mainly those concerned with defense, nuclear, and
space research, although significantly also by such organizations as the
Department of Scientific and Industrial Research {(D.S.I.R.) in the
United Kingdom and the Centre National de la Recherche Scientifique
(C.N.R.S.) in France——agencics that are vaguely analogous to the
United States National Science Foundation. In all the European coun-
{ries, moreover, often more than 90 percent of basic research in the uni- .
versities is more or less directly Govcrnment-ﬁnanced

Although defense and nuclear programs account for almost half of
the Federal research and development expenditures in Canada, a rela-
tively large share is handled by the ministries responsible for agriculture,
fisheries, mining, and other natural resources. (See tables 3-7.) In the
Netherlands and in many of the smaller European countries, well over
half of the governmental research and development funds are dishursed
by ministries responsible for education and university research.

The proportion of research and development funds spent intramurally
by Government agencies, i.e., within Government research establish-
ments, varies widely from country to country. (See tables 2-7.) In
France and the United Kingdom, as in the United States, the Govern-
ment contracts out much research and development work to private
industry. ‘Government contracts—mostly for defense, nuclear, and space
research—account for between 45 and 60 percent of the total funds used
for research and development by industry in these threc countries. The -
Governments of Canada, the Netherlands, and Japan contribute much
less to industry in the form of research and development contracts. And
in Canada, the Government spends nearly half of the total research and
development funds (public and private) intramurally.

As already indicated, the proportion of funds for basic research sup-
plied by the Government is much higher in most European countries
than in the United States, although overall national investment in basic
research in most industrially advanced countries represents a comparable
proportion of gross na.t:lonal product
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"TABLE 3.— Expendilure on research by some government agencies tn various countries (current prices)

United States, including capital . : 1962-63
~ expenditure (do]lars in millions) .11947—48(1956-57{1959-60(1960—611961-62| esti-
mates
All agendies. ... vvuunneinnrens.. 900 | 3,446 | 5,803 | 7,738 | 9,278 | 10, 195
Department of Defense. ... ...... 551 1 1,639 [ 4,183 | 5,654 | 6,618 6, 504
National Aeronautics and Space . e
- Administration 1., ........ ..., 35 7t 146 401 742 4 1,287
Atomic Energy Commission...... 38 474 877 986 | 1,111 | 1,315
Department of Health, Education, _ . '
and Welfare. ......oovvniivnens 10 86 | 253 324| 374 558
National Science Foundation.....]....... 15 51 58 77 116
Department of Agriculture....... 39 88 125 131 148 160
Department of Interior.......... 20 36 72| . 65 75 88
Federal Aviation Agency:........fovveeovnnen. 28 41 53 - 57
Department of Cornmerce. ....... 5 20 30 33 36 72
All other agencies....... veensias 3220 77 39 44 46 63
U.K,, including capital expgnd— 1947-48(1956-57|1959-60{1960-6111961-62[1962-63
iture (pounds in millions) -
Estimates
Atomic Energy Authority (civil). ..|..oove i ]eneensboeiiiid]eenas] 49.0 50.0
National Institute for Rescarch in
Nuclear Seience.......oovvenoeie oot 5.2 5.1 6.7
Department of Scientific and In- : :
dustrial Regearch, . DO R M N R, 13.6 | 16,0 18.1 22.1
Medical Research Gouncxl. Cevens I 2 PN 3.1 4.5 5.5 5.8
University Grants Committee.....J.......[.. veald 18,00 19.2 21.2] -23.7
Ministry of Agriculture—Scottish _
Department of Agriculture.....J. . ooveleen.on. 3.31 3.7 34,8 34,6
Agricultural Research Couneil. ... I PO 4.6 5.6. 6.1 6.5
Ministry of Aviation {civil) .. ..... .. ..o ]eeen et 16.8 | 19.9 25.5
- France (new francs in millionsg) {1947-4811956-57|1959-60{1960-61{1961-62[1962-63
CNRS.......00v00s waaas NS (R vl 57.51105.6 | 142.3] 176.6 ...
University laboratories. . . . vo.vqidivesnes) 7.7 16,4 | 29.5) - 44.4 |.....0. .
National Inst1tute for Pubhc .
Health. ..... Ceerdianaeiiaana ceeiead o 28 5.2 9.4 1 11,8 [.......
National Institute for Agncultural o '
Research...........c.000i TR P 9.0]°22.3| 20.0 37.61.......

1 National Advisory Committee for Aeronautics before 1958, -
% Including Manhattan District Project (Atomic Energy).
3 Including Agricultural Advisory Service.

Source Science, Economic Growth end Government Policy, OECD, Pam, 1963.
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TasLe 4.—Canada. - Total Federal Government funds for research and development, 1959-60

[Thousands of Canadian dollars] :

Percentage | Percentage .
: L . . .Total of total of funds
Field of competence of department or agency| expenditure | Government | spent intra-
. . funds for murally
R.&D.
A. Agriculture and fisheries........... ‘- 37,833 17.9 99.9
G, Defense. .. u.oviivninna, NPT 6_;7, 420 31.7 70.0
D, Health and welfare........ R o 4,310 2.0 38.4
E. National research council, ... o...'0ns 52, 824 15.5 | 76. 8
F. Northern affairs and natural resources. . 6, 928 3.3 234.4 -
F. Mines and technical surveys.......... 27, 684 13.0 100.0
G, Nuclear science. . ..ouveeennrrneren-. 32,780 15. 4 o920
K. Other......... Ch e 2, 537 1.2 55.4.
All agencies. . oo oevvviuiiernsnaaenns 212, 316 100.0 83.2

Source: Saignce, Economic Growth and Government Policy, OECD, Paris, 1963. .

TaBLE B.—France. Total Government funds for researck and development, 1967

[Millions of French francs]
- Percentage | Percentage
. Field of competence of ministry or agency Total of total of funds

expenditure funds { spentintra-

o forR.E& ). murally
A, Agricalture. ... ... 00 iiiiii i 51 I I
B, Civil Aviation.........c0ivuves o 88 K 0 T A
'C. Defense........ et 1,477 55.4 | ieiins ceies
D. Health,.........cvvinilt PETTRT . 13 - T P veenns .
E. Higher education and CNRS........ i 512 193 cieieinnns
F. Telecommunications, . ....oenseans . 40 1.5 foinnrannnan
G. 'Nuclear Energy................ Vel 381 14.31..... vrreana
H, Overseasresearch.........0ivee-sis- ) 39 - I
K. Other......... e raeieiaeereeiaaans 60 -
All agencies, ... ...oviiinniriin | 2,676 100.0 '55. 4

 Source: Science, Economic Growth and Gover;zniént Policy, OECD, Paris, 1963,
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TabLe 6.—United Eingdom. Total Governmeng funds. for research and developmint, 10571-62
[Millions of pounds]

Percentage | Percentage
. ) Total of tota of funds
Field of comipetence of ministry or agency | expenditure | Government | spent intra-
) funds for murally
R. & D.
A, Agriculture, forestry, fisheries, and food. 12.7 G T T IR
B. Civil Aviation,,................... . 19.9 B2 e,
G, Defenise. coovviiinrniiireeiiinneees 245.7 63.8 35.0
D. Health and medical................. 6.3 L6 iniiiiannn,
E. Higher education. .. ....ovvevivnenns 23.3 6.1 0.
F. Industry and Communications. ....... 19.2 L2
G, Nuclear science. ......ovvviviivnenes 54.1 | 1400000
H. Overseasresearch. .. ...oovniiiaans 1.5 B
K. Other. .. ooiieiiiiirir s iinnnnnnaas 1.8 B T
All agencies......... et 42,4

- 384.5

100.0

Source: Science, Economic Growth and Government Policy, OQECD, Paris, 1963,

TaBLE 7.—United States. Federal Government Junds for research and development, 796762

9,278

{Millions of dollars]
Percentage. | Percentage
- . Total of total - of funds
Field of competence of ministry or agency | expenditure | Government | spent intra-
. ' funds for murally
R. & D. :
Al Agriculture. ... 148 1.6 71
B, Civil aviation, . .......cvvnnenennns » 53 .6 35
G Defense. .o oviiiiiiniie i . 6,618 71. 4 21
‘D. Healih and welfare........., fareaas 451 4.8 18
E. Education and NSF, . .ooooviiin i vifennrianneenineaiinnanni]as fenasees
¥, Commerce and resources. . co.oovvoon. 111 1.2 82
G, Nuclear energy.,,......... R 1,111 12,0 2
Jo SPACE. . vearerrinaiiinen. e 742 8.0 19
K. Other. . oouneeniviaienasanenanss 46 .5 .72
All agencies, .......... B 20

S&urce: Science, Economic Growth and Government Policy, OECD, Paris, 1963.
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Science Policy Mechanisms

More significant even than what comes through essentially. primitive
statistics is the recent rapidly increasing concern in Europe and Japan
with “science policy”—i.e., with problems of Government organization
and procedures aimed at (1) insuring the health and growth of science
and technology, and (2} securing for Government activities and policies
in every field the advantages inherent in the knowledge and power that
progress in science and technology imply.

Until a very few years ago, Government financing of research and
development was part and parcel of the ordinary budgetary process. Of
late, special institutional arrangements are taking shape in many coun-
tries to formulatc national science policies and to provide guidelines for
the allocation of scientific resources in both money and trained man-
power. Potentially an even more important objective of such mecha-
nisms is to insure that adequate attention is given to the contributions
science can make to foreign policy, and to dealing with national problems
in the military, economic, social, and other spheres of Government con-
cern. = This development has resulted from realization (1) that there
will henceforth be a continuing need for a high level of public support
for science, (2) that the extent to which certain programs can be car-
ried out will depend as much or more on availability of trained man-
power -as on adequate funds, and (3) that science affects, directly or
. indirectly, every area of national policymaking. Dramatically under-

scoring this last point in particular, Sputnik I gave added impetus to
efforts along these lines, not only in the United States, but in the Western
world generally.

As might be cxpected the specifics of the science-policy organs in’
Belgium, France, the United K.mgdom and the United States differ
rather widely with differences in institutional and cultural environment,
particular needs, scientific traditions, policy objectives, and resources in
each country. The Belgian and French structures are more centralized
in organization and systematic in some procedures; ¢.g., in segregatmg the
scientific components of agency budgets into a separate science “package”
for special consideration. Flowever, all approaches reveal essentially
the same elements in one form or another: an official responsible for
science policy high in the administrative structure supported by a small
full-time staff and by a varicty of governmental and scientific advisory
groups. And despite the apparently more theoretical approach foIIowed_
by some, all represent essentially pragma.tlc adaptations to a succession of
practlcal situations.

One major difference should be noted between the United States and

-many other governments in dealing with matters relating to research and
development. In parliamentary systems of government, legislatures vote
on the national budget as a whole, with allocations to and within science
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and technology decided entirely by the executive departments. In the
United States, of course, the Congress makes a line-by-line examination
of the budget which gives it a much more direct say-on the details of
science policymaking. : _

A more detailed descnptlon at this point of the formal structures and )
procedures in different countries would not contribute much to mean-
ingful comparisons between the United States and other countries. Con-
siderable explanation of the total institutional setting in which each
functions would be required to appreciate the significance of their dif-
ferences. Moreover, description is static, and these arrangements are
pecuharly dynamic because sensitive to the constantly changmg character
of science and technology. A good case in po1nt is the major reorganiza-

" tion currently underway in British civil science in response to recommen-
dations of the recent Robinson and Trend reports. Most importantly,
there is generally a gap between intentions and achievements, so that
information about how these institutions actually work must be continu-
ing. An interim committee of high-level science-policy officials set up
as an aftermath of the OECD’s October 1963 ministerial meeting has
accordingly been charged with a continuing 1nvest1gat10n of the develop-~
ment of science-policy machinery and actwmes in the 21 member coun-
trics of that organization.

Virtually all Western countries are now asking exphc1t questlons about
science with increasing insistence. These questions reveal an awareness
of the great and growing impact of science and technology on all the poli-
cies of modern natjons that must surprise the observer who has heretofore
believed that the United States has been alone in pushing science for the
national welfare. Given such fertile ground it is unlikely that other na-
tions will long lag behind this country in exploﬂmg their research and
developmcnt resources to the full. o :
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