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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, wasthe production of a comprehensive study designed to throw into
bold relief some of the more serious phases of policy which Govermnent
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 iudebted
to Representative Emilio Q. Daddario who, as chairman of our Subcom
mittee on Science, Research and Development, served as 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
gathering talented, objective assistance to its use.

GEORG:E P.Mn.LER',Chairman..
Committee on Science and Astronautics.
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INTRODUCTION'

The papers presented in this volumewere prepared iIlresjJonse toa
request addressed to. the National. Academy of Sciences by the Com
mittee on Science and Astronautics of the Ll.S. House of Representatives.
In its request, the House committee set out~o extremelybroad questions
of.fundamental importance to the Federal Government in connection
with its scientific research and development program: .

I. 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 rnilitary applications? . .

II. What judgment can be reached on the balanceof support no""
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 slIPport or under conditions of' increased or
decreased overall support? .

The task of preparing replies to these questions.wasnndertaken in
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 Support of Basic
Research in Institutions of Higher' Leaining,published in 1964-. .In
view of the complexity of even the comparatively limited area COvered
in that report, the committee was impressed hy thedifficulties presented
in responding. to the questions now before it. An additional difficulty
was createdby the comparatively short time available, since the mem
bersof the committee can give 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 engaged in scientific
research and is less competent to deal with problems of research outside
institutions of higher learning. These considerations led to the appoint
ment ofan ad hoc panel of 15 members for the present task, 8 ofwhom
are currently members of the committee. AILmembers of the ad hoc
panel are associated with representative institutions aIld!or professions
concerned with research in the sciences.

It has been traditional for groups of this kind to develop a consensus
as abasis for unanimity in the public statement oftheir findings addressed
to the executive branch of the' government. 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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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 views, 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 encouraged 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 fall 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
specifictactical questionsarising 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 primarily 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, medicine, the behavioral
sciences, and the earth sciences. These papers give the flavor of the
substance of science by showing the intellectual challenge, the material
requirements, 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 nar
rower topic was left to each writer. As a result, not all aspects of the
general questions, and certaiuly 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 .sincethe essays on specific fields
cover so small a part of science. On-the other hand, we have tried in
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SUMMARY 5

contribution to. the stock of basic knowledge * * * has been so great
that we cannot simply act as if the total were given independently of our
own actions." Though Johnson argues that scientific leadership in basic
research itself may confer a kind of international leadership that is
appreciated only by a small elite ofscientificsophisticates, Bode articulates
the views of several others 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 essential
points in the whole analysis, The question, as put, implies that basil;
research "as a whole" is a proper focus either for budgetary decision or
for political action. With this several essayists .sharply disagree. As
Weinberg 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
ever, the unpredictability of practical uses of basic research and therefore
do not stress as much as does Weinberg .the distinction between mission
oriented and nonoriented research. To them the distinction based upon
who does the research (university, Government laboratory, or.industry)
appears particularly relevant. . .

Nobody on the ad hoc panel challenges the proposition that the pur
poses of Government, as opposed to. the techniques 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
question: 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, contributes to culture; it
contributes to our social well-being, including national defense and
public health; to our economic weII-being; and it is all. essential element
of the education not only of scientists but also of the population as a
whole. In deciding how much science.the society needs, 0lle must
decide how the support of science bears on these other, politicaIIy
defined, goals of the society. . .

With these goals, and the relevance of science to them, the essayists,
except for Johnson who expressesSerious doubts, are in good agreement.
In particular, most of the essayists, especiaIIy WiIIard, stress the im
portance of basic scientific activity in maintaining our systemof scientific
education, although TeIIer and Kantrowitz, and Bode with less fervor,
insist that, though basic science is necessary, it has distorted the uni
versity's perspective toward applied science; Several essayists conclude



SUMMARY 7

Which brings us again to a central point on wbich 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
* * * should 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
is the primary relevant political decision."

II. The Government and the Market Place as Supporters of Research

From the conclusion that basic research, either 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 necessityof 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 market completely and must supplement it, especially since much of
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SUMMARY J

then the Government must do whatever is necessary in the judgment of
those responsihle 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
Government must see to it that 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 obviously 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 notso obviously relevant, about which there can be serious argu
ment as to its relevance to the goals of Government.

III. Mechanisms for Allocating Support

We considernow the mechanisms for determining 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 implication, 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. Basic 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 society; of its sources of support,
whether mission-oriented agency or science-oriented agency; of its per
formers, whether university, Government laboratory, or private industry;
or of its .character-whether "little science" or "big science," Anyone
of these classifications, if applied consistently, could cover all basic science,
but none is wholly satisfactory; hence, the different classification schemes
crisscrosseach 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 mal' 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 allocating 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 activities
of the society, the classification suggested by Brooks and Weinberg is
germane: the larger part of basic research is tied to specific, nonscien
tific missions of agencies; a muchsmaller part is not directly relevant to
missions. Let us consider first the larger part-s-the basic research done
by rnission-~riented agencies to accomplish their politically defined, non
scientific, missions.



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
tionof resources to this activity would be even more difficult than the
allocation to mission-related basic research.

And, indeed, Weinberg insists that just this decision-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 nonetheless 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 survey
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 university chemistrydepart
ments. And yet this is typical "little science." In fact, the same in
dividual "performers," that is, chief investigators, receive funds from
the NationalScience Foundation and from mission-oriented agencies
for research projects that are not different in kind and frequently overlap
closely. This is related to the unpredictability of basic research (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 practical
applications.

If this view is appropriate, the formal separation of "Academic Basic
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-
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agency because it judges the professor'sbasic research to be fairly relevant
to the needs of the agency. The totality of "academic science," or "little
science," is very much larger than the National, Science Foundation
research budget,

"Littlescience" 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 rejected applications for funds (see Willard), 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,"
including facilities 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, provided his activities are within the fiscal
range of "little science" (e.g., $20,000or 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 a 15 percent
annual increasewill meet national needs.

Brooks's argument, which is the most explicit, is based on a forecast
of the population of graduate students and faculty, and the 15 percent
annual increase is suggested as minimal rather than as a necessarily ade
quate level to take care of expanding educational needs. Finally, Mac
Lane, directing his attention to theoretical sciences, holds that every
potentially original scientist shouldbe provided with adequate support,
while by implication he holds that the growth of the research budget
should depend in somefashion on the growth in the number of outstand
ing scientists. Verhoogen's point of viewcallsfor larger growth because:
"in other fields (other than mathematics) we still very much need, to
assemblethe verifiablefacts on which new ideas may grow."

We now tum to "big science," some of:which is "academic science"
and some clearly mission-oriented (e.g., the scientific satellites). This
science centers around researcheqtiipment, some of Which is so costly
that it in itself represents a significant element in the total national budget.
As Kistiakowsky puts it: "'Big science' is fiscally open-ended because
the commitment of scientific personnel per project is rising compara
tively slowly and the costs are concentrated in the engineering effort.
* * *" Hence, the principle of supporting 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
stressedby Kaysen, Kistiakowsky, and Brooks,the decentralized methods
of allocation that characterize the panel system under which "little
science" is governed must for "big science" be replaced by much more
centralized planning and deliberation. Each "big science" project
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ing to its relevance to the missions of various agencies; other basic research
supported because scientists of proven excellence judge it worthy of
pursuit.

Brooks, in a sense, imposes a similarly stringent set of qualifications 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 supporting good people; rather, it is on the basis that
what the remaining "little scientists" do is necessary for our expanding
educational system, and that it is germane to applied mission of
Government.

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

V. We Must Improve the Connection between Basic and Applied
Science

Since what emerges from the essaysis 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 engineer
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 expenditures 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 uncongenial 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 universitiesdo playa notable role
in maintaining 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 vitality" (see also Kistia
kowsky). This indeed is one of the important ways in which the results
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in this debate, several committees 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 whatcan
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 usesof computers, on physics, chemistry, and the plant sciences,
are in various stages of completion and are expected to be available
before the end of 1965.

These reportswill still leave many major scientific areas unexamined,
and thus will not provide sufficientbasis for the formulation of a balanced
answer to the second question of the House committee. Asan 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-life 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 sciences 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 sciences, requires major investment of financial
resources,

Since these essays do not pretend to be full committee 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 recommendations 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 "littlescience,"
and to use different criteria of choice for them. Briefly, these panelists



Brooks urges its careful consideration when making decisions regarding
(1). "The decisions regarding allocations under (1) are the only de
cisionsregarding allocations between fieldsof 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 priorities of "big science" projects. Kistia
kowsky starts from Weinberg's criteria (published in Minerva, Winter
1963) but revises them for "big science." The following factors emerge
as most important in making the decisionsthat Brooks calls strategic: (a) I
commitment of qualified scientists to a project; (b) the relevance of the
pr.oject to adjacent and significant branches of science; (c) the potential i
impact of the project on practical applications; (d) its impact on national
prestige and international influence; (e) the broad cultural impact of
the proposed nndertaking.

All the panelists who deal explicitly with the subject emphasize 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.

II. The Criteria for Institutional Choices

But, Kistiakowsky insists, even in "little 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 agencycan 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 Brooksputs it) most conducive to distinguished achievement
in basic research. Thus, the Government gets its best money's worth
for a dollar spent on undirected 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 industriallaboratories--all created for
practical purposes--while rejecting the substitution of general research



mittee on Science and Public Policy recommended special Federal action
to assistselected 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 reo
sources, which might not have been slowed down under different systems
of support. Brooks recommends a gradual transition to a situation in
which about 25 percent of the costs of "little science" goes to supporting
people, 25 percent is institutional support, and about 50 percent is project
support.

The problem of geographic distributions 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
beyond what was given in the report, FederalSupport of BasicResearch
in Institutions of Higher Learning.

IV. The Age of Biology and the Crisis in Physical Sciences

Though the panelists could not fully address themselves to the ques
tion of scientific choice (inasmuch as the necessary data were not avall
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 understanding of an underlying 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, Weinberg sees the physical sciences confronted
with a deep financial crisis: "* * * the necessity 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 * * * obvious
* * *." Yet, since orderly expansion of these sciences is a necessary
element in the general growth of the sciences-in education if nowhere
eIse-"* * * 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 baskresearch as fast as our capacity to do basic
research (in the physical sciences) expands."



II. The Role of the National Science Foundation: Conclusions

Two really major conclusions emerge from these papers. The first
is that Govermnent should recognize 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 andimproving the present situation.
Though some illogicalitiesmay 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 simplest 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
Govermnent's scientific policies in the past have been generous and re
sponsible,and that U.S. sciencehas done verywellindeed.

The second essential point that runs through at least half the 'papers
is the belief, stated either explicitlyor implicitly, that the role of the Na
tional Science Foundation during the nextdecade should become much
greater than it has been in the past, especially in the physical sciences.
The crisis in the physical scienceshas 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 asrapidly as the biologicalsciences.

The reasonsfor such expansion are: (I) 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 agencies, 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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OPPORTUNITIES AND REQUIREMENTS
IN THE LIFE SCIENCES
by LAWRENCE R. BLINKS

Stanford University

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

Biologyisclosely related to astronomy.geology, physics.and chemistry,
for living organisms, which are its subject matter, are but extraordinarily
involved and jntricate assemblies of physical particles; and chemical
molecules. They were shaped by cosmic and geologicalhistory, and have
affected the earth, in turn,by laying down great limestone. deposits and
forming fossil fuelssuch 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 sisterplanets, 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, biology 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 curiosity as to how life
originates, develops, and functions.

Many principles turn out to be the same for men, for higher plants and
animals, one-celled protozoa, bacteria, and. algae. 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 mankind in the next generation and the next
century; and they must be solved largely by biological procedures. Thus,
it is essential that pmgress in the biological sciencesbe supported if Amer
ica, and the world, are to meetthese important challenges.

The present state of biology reflects some striking trends. The great
est of these is the breakdown of barriers that formerly isolated biology
from physics and chemistry,and divided it into several disciplines.such
as botany, zoology, and microbiology, This unifying trend is reflected in
the establishment of biology, biochemistry, and biophysics departrnents in
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scientifichistory that physicochemical principles often become applicahle
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. Nor is it likely that the organic and
biological chemist would have chosenthe fruitfly, the bread mould, or
the bacterium E. coli for the study of chemical genetics, without the
knowledge of the biology of these organisms which showed them uniquely
adapted to quick and significant experitnentation.

Physiologists, embryologists, endocrinologists, ecologists, marine biolo
gists,and other life scientistsare 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, theoretical science extending
to all manifestations of life-a biologicalunity.-

On the other hand, the students of biological diversity-the taxonomists
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, anitnals, 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 anitnals (or even microbes-to supply new antibiotics).

The exploration and classification of the world of existing organisms
also provides experitnental 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. Ouly
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 ultitnate discovery of valid unifying principles, and the definition of
many significant problems.

We may now turn to some of the particular subdisciplines of biology
to indicate some of their needs, and requirements for support.
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Genetics and Molecular Biology

'The study of heredity has become. a central.and unifying discipline
of biology. 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 idea 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 biology because of the obvious
fact that heredity determines the characteristic properties of every orga
nism. This includes its system of reactions to other organisms and to its
physical and .chemical environment, To understand fully how an orga
nismdevelops and functions and reacts, one must understand its heredi-
tary mechanism and how it operates. . .

It is well known that the hereditary mechanism resides chiefly in
genes, a strictly biological concept worked out long before their molecular
constitution was known. Genes are arranged end-to-end in linear series
in the chromosomes of the nucleus. The laws of heredity are the rules-«
the same fOJ: allorganisms-s-by which the genes are transmitted from
parents to offspring, including the rules by which sexual reproduction
leads to various" combinations of geI)eS. Evolution is the process by
which new genes (mutations) and new genic.combinationsarise and are
propagated by natural or artificial (i.e., man-directed) selection. De
velopment from the egg is fundamentally the process. that leads to the
different action of various genes of the set in different cells of the body,.
a processaffected 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 genic
activity.

No wonder that the gene and genic action. have become central
in modern biology! Progress along theselines 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-s-to simpler ones such as fungi, unicellular plants and animals,
bacteria, and viruses. The essential .genic material has been shown to
be nucleic acid, especially deoxyribonucleic acid (DNA). Its struc
ture-a linear, irregular 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 turns out to be a length of DNA:
hundreds toa thousand or tnore such units in a sequence peculiar to that
gene-s-each gene having a different sequence. A mutation turns out
to be a change from one of the four kinds of units to another, atany one



tion. These are now standard and indispensable tools for genetic and
molecular 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 biology
out in front (and it is indeed leading the world in the particular fields
discussed here) it will be absolutely essential to supply investigators
with these and ever more complicated instruments. Biology, While not
yet as expensive as nnclear physicsor astronomy, must be at least as well
provided with tools as is modern chemistry; indeed it uses many of the
same tools.

Given the tools-s-and well-trained brains-the"results will be not only
offascinating theoretical importance, but also often of practical value as
well. In the not-to-distant future, individuals who have inherited 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 seems far away despite some encouraging discoveries with micro
organisms. In any case, the strategically promising research for the
health-oriented and agricultural sciences is that which goes to theheart
of the problem: to the chromosomal genes-their nature, action, and
mutation; and to the mechanisms that control their differential activity.

It seems clear that study of the biological nucleus must yield as im
portant results as has the study of the nuclei of chemical elements. It
is desirable that such fundamental study should go forward at the maxi
mum possiblespeed.

Cytology and Cellular Physiology

Moving from nuclear to cellular biology, we again must. consider
structure and function. Both involve genetics and molecular biology,
for the study of chromosomes 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 barriers between biological disciplines
happily are vanishing.

But there is much more to these domains. Cell physiology embraces
the membrane 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; mnscle contraction and the transmission
of the nerve impulse; and the generation of heat, electricity, and light.



While this technique is only now coming into use,its promise for the
future isenormous. '

One difficulty is the paucity of personnel trained to interpret the com"
plex X-ray photographic patterns, by meaus of mathematics, chemistry,
physics, and the lore of computers. .Another is.the great expense .of the
tools-s-not only of the computers (up to $500,000) but also of the ~-ray

machioes.· .
Electron microscopes also cost up to $40,000 each. (as against $l,QOQ

for a good light microscope). The time is actually at .hand when one
of every four laboratory biologists could. well utilize. an electron micro
scope in his daily work. .... ~

Centrifuges and oscilloscopes were adequate a generation ago; now it
is XCray equipment, electron microscopes, electron spin resonance instru
merits, 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 biological iostrumentation if American biology is to retain its present
eminence.

Development

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

On the one hand, the development of adequate media and techniques
has made it possible to explant cells and tissues into cultures in glass,
where they may be maintained for long periods ·away from the parent
organisms. This permits the study of interactions between diverse kiods
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 separation.. 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 instruments, .the micromanipulator and. micro
forge, permit analytical operations notheretofore possible, .

We have referred above to the all-important nucleus, which transmits
the genetic code from generation to generation. What is its role during
the cbange from a relatively undifferentiated 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 haverevealed that nuclei un
dergo progressive and very persistent changes as they "age" duriog the
process of development.. Much more can be learned by such techniques



log computer has been helpful ill 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. Curiously enough, the geueration of electric impulses like
those of nerve in certain plant celIs has been of value in understanding
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). AIl 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 something 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,
which are echoed by objects in the environment. It is almost impossible
to "jam" this remarkable echo-sounding device. Porpoises employ a
somewhat similar sound-echosystemin the water; and electrical impulses
are broadcast by some fishes for the same purpose. Some marine ani
mals seem to be responsive to polarized light. All these navigational
devices are suggestive of further developments and application, even by
man himself.

Ecology

Change is inherent in the history of the earth, and during millions of
years, organisms have had to adapt to altered environments. This has
been a condition of the selection process, which has, with genetic mnta
tion, aided the evolution of present-day forms, with their astonishing
ability to fit ahnost every climatic niche, from swamp to plain to highest
mountain. Some forms of life exist in all earth's enviromnents. 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 significanceto man. It has for half a century
been more a matter of observation than of experimentation. But with
the development of facilities for controlling the environment (phytotrons,
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of malaria and other diseasesby 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, involving the ecological tracing of the
chain. More subtle proble~ remain, such as the. marked specificity of
the host__intermediate or final. Why are somespecies immune and
others susceptible? Why must an alteration ofinfection occur in so many
instances? What is the genetic and biochemical basis for susceptibility
or resistance? Biological techniques, such as genetic selection for disease
resistance in commercially important plants andliUimals, can be coupled
with quarantine measures and the.Wtrod;'ctlon of counter-parasites,
which can destroy the organisms ca;'sing 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
sensitivity of insects to extremely dilute .odorous molecules maybe uti-
lized as well. .

The importance of disease is not limited to medicine and agriculture;
it may cause the fall of wild populations in a few ye"rs:. 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 population. Not only bacteria and
viruses but also fungi and parasitic w0ImSare important causes of disease.
The whole problem ofparasitism and thechanges ofphysiology 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 thevirus
causing tobacco mosaic disease, are still advantageous for the study of
many of these problems.· Ecology is an especially important aspect of
disease study and control-s-especially in the tropics.

It is clear that disease is a strictly biological entity, not found in physics,
chemistry, or geology; its study, while involving all the tools that other
sciences can supply, relUains 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 evolving or arriving strains of bacteria,
fungi, and viruses,which constantly arise to plague organisms temporarily
protected by sprays, insecticides, or antibiotics. Eternal vigilance is the



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. Sonn.eborn
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
sibility of the author.

145"-101':-65-4



REFLECTIONS ON THE .RELATION
BETWEEN SCIENCE AND TECHNOLOGY
by HENDllclK W. BODE

Bell Telephone Laboratories

Summary

This paper gives a quasi-historical review of'the relation between
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 aphe
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 scientificresearch '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 relativelynew idea in human. affairs, and raisesmany
problems of its own. It appears likely that the benefit to the country
from basic scientificresearch will depend at least as much onthe skillwith
which we manage to solvethese problems as it does on the basic. research
effort itself.

Introduction

Undoubtedly most of the papers in this collection will begin by COIU

mentingon the great difficulty of preparing an adequate answer to the
questions posed by the House Committee on Science and Astronautics,
and the fact that anyone paper can provide only a partial response to
these questions. This paper is no exception. Certainly it has caused the
author great difficulty, and it is only in a fragmentary sense responsive to
the questions raised by the House committee. .

In other respects, the aims of the present paper are still more limited
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 committee, but instead concern myselfwith some preliminary
issues that seem important. Thus, this may be thought of as a sort of
essaythat should find its value, if any, as background for the other papers.
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treatment is intended to be merely suggestive, however; a definitive treat
ment would be beyond my capabilities.

The QuestiQll of Leadership, and Other Issues

Before attempting the historical resume. described above, it may be
worth while to interpolate one other introductory section. The questions
posed by the House committeeareabout the support of basic science,
and they are addressed toa group most of whose members are identified
primarily with scientific research. Thus, one might naturally expect a
"scientific" answer. In fact, however; the questions imply value judge
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 a
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 leadership in scientific research. To a pro
fessional scientist, research leadership is an end in itself, to be measured
by professional judgment, and requires no further justification. In this
paper, on the other hand.Ieadership 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 itwill remain hospitable to western ideas during the present time
of troubles.

Obviously, military strength, as mentioned in the House committee'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. It 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 ismotivated in any more direct way, it is no longer "basic." Thus
the basic researcher is almost necessarily driven to the comfortable, if
unexamined, dogma that basic research always pays its own way in the
long rull. To ask him to.examine the issue further is like asking a young



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 scienceand technologyflourished together, as the Greek world merged
into the Alexandrian. On the other hand, the science curve flattens out
rapidlyjust before the birth of Christ, as the Romans, an eminently 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-s-in particular, the urbanized world of the Roman Empire-s-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 knowledge and skills were
being generated.

The science curve does not rise significantly until the middle of the
16th century with the Copernican revolution, followedin 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; theeIements of mechanics; Newton
with gravitation, the calculus, light; Harvey with the circulation of the
blood; Levenhoek with the discovery of bacteria,using the first primitive
microscopes;and soforth.

The technology curve rises much earlier, 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 Industrial Revolu
tion meant much later in transforming the United States in the 19th
century from the colonial period to. a-modemIndustrial state. The
inventions. and the new skills were numeri;Jus, To cite only those .of
special military value, the crossbowand the longbow werebothdeveloped
in this time; gun powder and firearms, including primitive artillery, were
also invented, So-called "Greek fire" appeared at the siege of Con
stantinople in the mid-Ifith century. A more subtle but perhaps more
important advance was the developmentof 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 propeIIedby oars with o1VY auxiliary sail
power. The classicBattle of Lepanto, in which the Venetians destroyed
the power ofthe 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 hallway down the new
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scope and microscope depended on a flourishing industry 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 physicists got around to studying the
phenomenon. Watt's steam engine was invented without the benefit of
the Carnot cycle,or Joule's work, and soon. .

Thus, the work of the scientist was largely to refine and systematize
the knowledge that technology in some sense already had. Of course,
technology eventually profited thereby. The scientific understanding
gained in the Newtonian epoch led to many advances in navigation, rna"
rine and civil eIlgineering, and medicine. . However, science was not
yet in a position to contribute many actually new things to the world's
stock.

II. Science. and Technology in Historical Perspective

Science and technology begin to draw gradually closer together, and
science begins to take the lead in some areas, as we enter the second half
of the last century. Tables I. and 2 give listings of some of the principal
advances in science and technology over a 14- or IS-year period about a
century ago.

TABLE i.-Some outstanding contributions to science, 185~73

Darwin. . • . . . . . . • . . . . . . .. Theory of evolution , .
HeJmholtz. . . . . . . . . . . . . .. -- Basic theories of vision and hearing .
Kekule:. . . . . . . . . . . . . . . . .. Structural theory of chemical compounds .
Pasteur-Koch. . . . . . . . . . . . . Germ theory of disease .
Mendel.' ;......... Theory ofheredity .- .' ..
Mendeleev , . . . . . . . . . Periodic table .
Maxwell. . . . . . . .. . . . . .. .. Electromagnetic theory .
Kirchhoff-Bunsen'. . . . . . . .. Spectroscopic analysis .

1859
ca. 1860-62

1858-66
1866-68

1865
1871
1873
1859

TABLE 2.--.:-some, outstanding technological advances about 18fj()

[Nonmilitary)

Beglnning of synthetic drug and dye industry ..•.........................
Bessemer process ..• ".- , ; '...•..... ; ..' .
Industrial dynamo ' ',' .. ,.. , , ., ' , .,..
First transatlantic cable (Kelvin) .
First plastic : ,. ~ ,',' ,',' . ',' ,.' ~ .., .,' '. ',' ~ " "' .

[Military)

Improved explosives (smokeless powder, dynamite, etc.) .
Armored ships ' ..,' .. ~,.- '.'~' .. " .-. ,-' ...........• ' .
Machinegun (Gatling, Hotchkiss) ; '.; .
Self-propelled torpedo (Whitehead) .

1856
1856

1860-70
1865
1870

1855-65
1855-62
1861-72

1866
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valved at that time, however, was clearly the lQth century's technology
not its science.

As we, enter the 20th century, the connection between science and
techoology gradually becomes,closer. Tables 3 and 4 gi~ea comparison
of representative accomplishments in the two fields near the turn of the
century. Several of the items in table 4---notably those related to prime
movers-a-were, of course, quite remote from any contemporary, or near
contemporary, scientific activities, as measured by the other table. How
ever, such engineering 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 primarily on empiricism
orintuition,as it did in Watt's time. '

TABLE -3.~omeoutstandingcontributionS:to' science, 1897-1905

Thomson •.• ; . . . . . . . . •. Discovery of the electron.. > ; ; ;.. 1897
Ourle. .' .•... : _ ;. Discovery of radinm; ...•.............: ,_.;. ,1898
Hilbert'.. ',' -' ,',' Foundations of geometry.~ ~ ',' ",., .• : ','~ 1899
Planck.~ _,; .. Quantum theory of radiation : 1900
Einstein ',' . . . . . .. Specialtheory of relativity ••................. ; . 1905

QUantum theory of photoelectricity ; . 1905
Freud' . s , Psychoanalysis ..• u •• ;-•••••••••••••••••• '; ••• -.. 1904-
Pavlov.;. . Conditioned reflex ..•.... ; _ ~ .~. 1904

TABLE 4.~oml!l' '!Utstanding technological advanees about 1900

Marconi•......... _. . • .. Radio, practical experiments ..•••.•.. ~ .
Curtis ..•.............. ; Stew and gas turbines -- '.. - .
Rudclf Diesel.. -. . .. Diesel engine ;' ~ ~

Wright Brothers. . . . • . . . Powered airplane.•.... -' ....•.•.•••.•... ~ .
fleming , .. " ". .. Radio tube ...•" "". " : ..•

1895-1902
1896
1897
1903
1904

In other items of table 4, notably Marconi's work and the Fleming
valve, the advance was obviously an offshoot of a relatively recent scien
tificdiscovery. In still other areas, techoological applications of earlier
scientific discoverieswere imminent, but had to wait. a little longer for fur
ther scientific work. For example, Mendel's 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 industry-now so elaborately devel
oped-had made a slow and haltiog 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 Electric, and the
Bell System all established substantial central laboratories at this time.
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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 postulated as the substance in which
the wave traveled, could not possibly exist. Physicswas 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
mate yieldsin nuclear weapons. Einstein in that same year also gave the
quantum 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 atomic scale, light behaved like waves but also like
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 subjective, that is full of paradoxes and not necessarily
straightforward in any obviousway. 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-fillingcurve, can no longer believethat nature is made up of simple
straightforward elements obviously accessible to the intuition of an un
tutored mind. Instead, it is subtle, sophisticated, and even deceptive:
Freud's enunciation of the priuciples of psychoanalysis in 1904 is included
in table 3 because it represents the same sort of change iu 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 penetrating deeply into
a hidden regime with it perverselogicof 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
phenomena and new relationships not readily predictable from ordinary
experience. 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 less and less confined to improving on and systematiziug
known technology, as it had beeu in its early days. The change has, of
course, come about gradually, but it is one of the primary reasons for the
strong impact of sciencein the present day.

Science and Technology in the United States

We.can conveniently continue this sketch of the relation between sci
ence and technology by confining our attention to the United States, the
area of particular interest to us. It is also convenient to center particu-



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
in a triple tie with England and Germany for Nobel awards in science,
and since then we have been doing 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 experiment
stations, and the like. The growth of industrial laboratories is perhaps
particularly noteworthy. At the onset, of the depression there were ape
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 areas In science,

Finally, it is worth pointing out that straightforward technological
advances, whether brought about by science or by simple 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 organizational aspects of production. Mass-production techniques,
based on time and motion studies, materials-flow studiesyassembly.Iine
techniques, and so forth, were the dominant elements of the economy.
They tended to lead to production techniques that were fairly similar even
among industries producing quite different kinds of goods. We. all .re
member how quickly American industry shifted from peacetime to war
time production under the urgencies of the two world,wars.

TABLE. 6.-inventionrates in variinis coJ,ntries

A B

"-T~tai'on

Selected List
,1600-present

United States..... . • .. . :.' '.'. . . .. . .. .. 203
GreatBrltain:.; ;;.. ' -,. . v , •••'; '•• -; •• t , ;'.' .", ••••• S8
Germany ,..... . , ,.. 32

~;:~:::::::::, :::: ::: ::: :,: .::::: ::::::: ::: ":::,:: ~:
S\\"itzerIand.~", , '," .~_._ ~ ..•.••.••..•..
Sweden ,' 4

Average
Annual Rate

1930-39

38,300
9,050

14;600
9,550
3,900
3, 130
1,030

The years during and after World War II have seen 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 ofinternational leadership in these areas
that isquite clifferent from the one we had enjoyed earlier.
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war had not broken out. As we have already seeu, 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's, 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.S. position in scieuce 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 foreign-aid 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 technology.
American goods flood the world's markets and carry with them the na
tional image. The fact that they are geuerally 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 typical American export items.

It is also important, however, to include leadership in basic scieuce 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 influencing the world to follow our lead. Cultural leader
ships also helps us in other ways. The fact that foreign students come

45-101-,~



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 feel more confident in our basic understanding, similar
occasions in which one can conunit 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.

1\ second general fact of our present situation is that, as science grows
more mature, more and more areas lend themselves to successfulscientific
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 is 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
necessarily lag behind the simpler ones, and are added one byone to the
areas in which really active progress can be expected as time goes 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 physicsnear the end ofthe 17th century.

More complex areas have had to wait still longer. In certain aspects
of biology and the behavioral sciences, quantitative scientific progress
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observational tool, independent 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 elec
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. In many 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 fields.

A final example of the widespread application of new tools is furnished
by the modem 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 good 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 situa
tion thoroughly before one starts. In one or another of these ways the
computer appears capable of substantially accelerating 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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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 closelytied 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 problem, with different channels for applica
tion, subject to different constraints.

To simplify our discussion we may restrict ourselves to the single field
of manufacturing industry. With related areas in the service industries,
as noted above, this stillcovers the bulk of the Nation's economy, includ
ing almost all our activities in military and space fields. This restriction,
however, stiII leaves a: great variety of possibilities. Table 8 iIlustrates
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.

TABLE S.-Research and development industry-1961

R&D SMILLIONS R&D
Sales as

$Billions Percent
Fed~ Com- Total 1 of
eral pany Sales

Aircraft and missiles ..... ; ...... . . ; 16.4 . ~, 5~7 385 3,957 24.2
Electrical equipment and communi- I·

cations . . . ; ....................... 23.1 1,533 861 2,404 10.4
Professional and scientific instru-
: mente.... ; ...................... 5.3 176 208 384 7.2
Chemicals ....... . . . . . . . . . . . . . . . . . 23.4 224 845 1,073 4.6
All manufacturing industry ... "..... 246.0 6,313 4,480 10,872 4.4
Machinery....................... . 20.0 292 600 896 4.4
Motor' vehicles and other transpor-

ration ........ ·, ... . . . . . . . . " ,., ... 28.0 802 609 192 2.9
Primary metals . . . . . .... . . . . . . . . . . . 20.0 16 143 160 .8
Food ................ , ............ 35.0 4 101 105 .3

1 Includes minor amounts from other sources.

Source: NSF 64-9.
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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 explain why one must expect such varied results in
different areas.

From the technological side, the principal 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 similar 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 ofconsiderable 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).

Otherproblems are economic in nature. For example, it is obviously
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
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or a new measuring instrument, or a new finish, for an old one, and does
not call for a long seriesof interrelated changes. ,

When these conditions are not met, we must expect that technological
advances may take place in rather large quantum steps,after the accum
ulation of technological possibilities have provided us with 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-c-merely that they are postponed. To carry through
such large changes in an orderly way, however, obviously calls for good
planning and the .assurance of' adequate financial and organizational
support.

A final point may be worth mentioning. The application 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 overwhelming
competitive pressures. These conditions may not be met in all circum
stances. Alternative solutions such as trade associations, 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.

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 modem science is becoming interdisciplinary, we may
expect its applications to be even more interdisciplinary. Thus intuany
technological situations we may need substantial teams of scientists and
engineers to encompass the required skills. As experimentalprecedures
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 characteristicsfrom the technological side,
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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
elaborate process control for a wide range of processes. The "clean
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, is perhaps a
thousand times as 'expensive as steel, and raises metallurgical and fabri
cation problems all its own, is not decisive when beryllium solvesa 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 ago. In some cases they are used
only in trace amounts, but the traces are important.

The discussion of science given in an earlier section made the point
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. As in
many areas of experimental science, advances frequently turn on the
discovery of clever techniques 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 lessand lessaccessibleto 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 thefraction 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 II, where half or three-quar
ters of military equipment was essentiallypeacetime 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



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 arepresentative figure for the larger laboratories) is
of special interest for the purposes of this paper. It evidently implies the
desirability of very closecoupling between basic science and technology in
the modern world. The days when the United States could subsist
on imported science and homegrown technology are well behind us.

Complexity and Small Numbers

There is one other important 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 ever-expanding
one in which the number of units of any sort increasedsteadily. 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,
suchas earth-moving machinery, seemsto 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 refinementof 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 primarily not to increased numbers of computers but to great
increases in the speed and working capability of the most advanced types.
(A very fast computer must be quite small in overall dimensions, 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 highly
refined, components.)

In the long-distance communications before the war, the maximum
traffic that could be supported by a pair of conductors was abouta' 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,
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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 areas. 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 desirablescale 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 higher level of activity than we might have been
willing to contemplate in the past.

A final point is the fact that the total development bill must be paid
before even one unit is available. There is no way of "easing into" the

J 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 instances the estimated rate of technical advance may
also enter the calculation. In other words, one may elect 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 interrelated techniques on which to draw. The depth and
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Weare likely to be working in new and relatively unexplored technical
areas, where one must make adequate judgments of probable perform
ance and reliability, and of the best ways of realizing them, 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 intrinsic desirability of the final result,
need to be considered.

Conclusion

This.discussion 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 issuesraised 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
scientificsuccessto the international prestige of the United States provide
an indirect measure, by inviting comparison with other expenditures 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 isnot 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 missiondefinition, 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 on it. 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.



Since the deliberate application of science to technology in most areal!
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.

It is the major conclusion of this paper that these difficulties and un
evennessesin the transition from science to technology represent the most
critical aspect of the issues 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
laboratory, Government laboratory, or whatnot-that may do the job.
The principles of operation that will make anyone 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 improvement relates to the people required. In my
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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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 determin
ing levelsof snpport for science.

I begin my paper discussing some of the problems involved in interpret
ing research and development statistics. Since current statistics must
provide the basis for any future planning for science it is important 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 academic
research.

In section III a conceptual scheme for considering 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
mainly with academic research.

The fourth section attempts to. describe the difference between aca
demic research and organized institutional research, and to explain the
different mechanisms of choice and criteria 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

(77)
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States exceed, by a factor of nearly 5, payments from the United States
to all other countries. As another example, 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 II and its aftermath.

Because of the absence of valid economic measures for the product or
benefits of research and development we are 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-expanding 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 research, 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
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just coming into operation, the expenses of merely making them availa
ble-without any science-are confronting fixed or even declining oper
ating budgets for basic research. The political embarrassment that
would attend not using a facility already built makes it inevitable that
the facilities 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. Thepoint
I am making is that simply to look at total budgets for basic research, or
even their annual increments, can be highly misleading unless one 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 classifyingstatistics on research expenditures
are not sufficientlyrefined to reveal problems of this sort, Orto 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 servicesof 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
issueis an important one because it is sometimes claimed that there is 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 maqe in tenus of total available funds, but only on
a project-by-project basis. Two Orthree 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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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 universities. 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 "ed~cation." 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 are usually 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 "re
search" actually provide stipends for graduate students and postdoctoral
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 arbitrary
and artificial.

Even the classification of research funds into Federal 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. Vet this money is classifiedin 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 correctly classified as private. On the other hand, the Government
does exercisesome surveillance over the expenditure of part of these funds.
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philosophical creations of the Greeks didl'v-J;,eirs,or the great cathedrals
did to medieval Europe. In a certain sepSt! it not only serves the pur
poses of our socie but is one of the purposes of our SOCIety. SCience
aud tec no ogy together constitute the distinctive aspect 0 American
Wlture that IS most admired and imitated in the rest Of tlre"world, and
1 believe this adrrllTationis c~ected-wiih-';-;'re than the economic and

. ··.mil~E'i~JJliii:\lIi.Ei]rQii)}echnology. ---.
The attitude of the general public 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 feelsin a somewhat vague way that it is connected with military power,
nevertheless there is a genulne.sease of ille!1Jifi.£ation with the adventure
~!..E"I'I~ration into the unknown.. To the scientists'itInaY seem'naIve

- that the public should identify the space program, especiallythe man-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
of the space program must be regarded as in some sense a vote of confi
dence in intellectual exploration as such and a recogcition of the de-

r----si~£.i!'-ty of puhIi~!,ll.P.p0rt.Iof~uc~~~tion~-This recognition is, by
itself, anew politicaJpnenomenon, and may represent only the first step
toward a wider and more informed public recognition of the desirability
of social support of intellectual exploration for its own sake.

AllyStatement of a culfuraimotivation]orThe-suppofC6f basic re
search raises, of course, much more serious issues of political philosophy
than the other motivations listed. Whybasic science 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? I
think the only definite answer that can be given to these questions lies
in the nature of science as a system of a':.g~!i!I~,_~d.Y.~~~!in~knowl

.Ji£!s:!;~ Sciellceespeciallyriafiii'arsClence-has a public character that
- is stilllacking in other forms of knowledge. The results of scientific re

search have to stand the scrutiny of a large and critical scientific com
munityand after a time those that stand the test tend to be accepted by
all literate mankind. Outside. 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 succe~ a~"e
ment a!. an ~~1l9)l1b_I!rgyide<;l a certain j!1t~~.c.tual validation for

,'.'llg!E.':':1.'~quite apart from its practical value. Part ofthe 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



FlARVEY BR~KS 87

circumstances of particular fields. Forexample, 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 justify the sup
port of other than the few most highly gifted .
. For the sake of its position of leadership it is~~at the JIf..ation

b\Lprepared to invest heavily m.eQ~ties.wiJi£hl'lace a
(ewof its most talented groups at the "c!!tting edges" oLmQd~tific
lIf!vanc!,~ No matter how talented the people, facilities that are second
best are likely to leave them in the position 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 vigor
of its scientists but also the excellence of its industrial base.

The United States has led the world in discoveries in optical astronomy
almost since the turu of the century, and this is largely attributable to the
foresight 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 areas such a;;t~on~;t~e and the intellectual
respect of the most influelilla1=gro iSln .rest.of the world. Thus the
purelJ:: cultural motivation suPEorts the power and influence of the
~~~e:woaa~an<Laads-tol1ieSelf-COiiIiOeiiceQUtsown
~evertheless, paradOXIca:ITy;slippariing science solelyfor 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 generally an area where virtue is its own reward.

Economic

There is now general acceptance among economists of the importance
of technological innovation in economic growth. To an increasing extent
such innovation depends upon the results of basic science, although the

ii5-101~ "
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even longer struggle to attain a significant budget for research, Even
today it accounts for only a little more than J0 percent of the support of
research in universities proper-nearer 20 percent of the truly basic re
search. It .also accounts for about 10 percent of allfederally supported
basic research. On the other hand, the Congress has been quite liberal
in permitting the mission-oriented agencies to support basic research
related to their missions,and the interpretation of mission-relatedness has
been reasonably broad. If it .had not been for this fact, U .S. science
would not have attained the reputation for world leadership that it
enjoys today.

In several fields Federal support for mission-related basic research
has been of decisive importancefor U.S. technological1eadership, even
in the field of civilian applications. Although the transistor was invented
in private enterprise, Federal support for university solid-state, research
played an important role in creating an environment in which the 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 themedi
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 responsible for the maintenance ofU;S. leader
ship in this field.

On the other hand, in,only three fields--agriculture, IJ)ineral resources,
and civilian nuclear power-has the Federal Government explicitlysup:
pOlled applied research aimed at developmentof the civilian economy.

Social

Iii many areas, including public health and national defense; there
is a recognized Federal responsibility. In these areas the Federal Gov
ernment has generally been quick to utilize research in support of its mis
sions, including a substantial amount of basic research. IIi 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
ability of social supportforresearch. ,More recently, beginning with the
National AdvisoryCommittee 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
sponsibiIity for exploiting certain advanced technologies in the national
interest. In these cases it was recognized that the technologies were suf
ficiently new and unappreciated so that they would not be adopted and



of an agency and on the magnitude of the total effort and its degree of
dependence on relatively new or recently discovered scientificknowledge.
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 effort. How
ever, it is difficult to mount a viable basic research effort when the ap
plied research is too fragmented intosmall 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
seems rather important that not all the research, either basic or applied,
be inhouse. Exclusively inhouse research often appears to be more
efficient in the short run, since the people involved can be more closely
channeled into research areas that meet the short-range requirements of
the mission, but in the long run a purely inhouse research effort tends
to cut the agency off from the scientific community. Not only is the
scientific and educational community unaware of its problems, but its
own people lose awarenessof 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

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 areas, applied 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 impede 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 applied science.

There is a broader sense in which research activity contributes 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-



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 applied 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
development and success of other fields. It seems clear, however, that
the training of people in the most advanced techniques and concepts of
basic science is not only beneficial to the development of basic research
itself and ofgraduate education, but also has an important influence on
the development of technology and of new industry.

Other individuals trained ,in basic science may choose basic research
as a career but make important 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 physicist, conceived the idea of the nuclear chain reaction and
played it leading role in its practical exploitation.

Many key ideas of military technology in the 1950's benefited from
important contributions from basic scientists acting as amateur Weapon"
eers. These people brought fresh viewpoints, new combinations, of skiI1s
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
deriving from the vigorous support of basic research by the Federal Gov
ernment, but they have played a significant role in the maintenance of
United States preeminence in military technology.

Between the graduate student working as a research apprentice and
the professor or laboratory scientist working at thefrontiers of knowledge
there has grown up a new group of post-doctoral research staff who also
participate in the educational process, both as students and teachers.
Such people haveno 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 knowledgein 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-fledgedteachers. Because, of their
lack of formal academic status, we know very little about this group,
although their support constitutes a very significant fraction of the total
research money going into universities. In some other countries-notably
Sweden, the United Kingdom, Japan, and the U.S.S.R.-there exists



HARVEV BROOKS 95

With these assumptions one arrives at a university research require
ment thatrises at the rate of 13 to 15 percent annually. It is interesting to
note that this figure agrees rather closely with projections of requirements
for the optimum scientific development of selected fieldsof science made
by certain committees of the National Academy of Sciences, which will
reportlater.

It is important to note that almost all the assumptions 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 thepurpose 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 associatesand to some ex
tent the growth of research institutes with permanent research staff or
research professorshave caused research costson 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 normal annual increase in cost
per man-year of scientificeffort 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 seriouslybehind 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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fraction of college stndents choosing science; its effect has been mainly
on the quality of the training available.
, In my opinion it would be very unfortunate for U.S, science if any
drasticchange along the lines of (2)' took place. The U,S. position 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 tithe, which often set the pattern and stimulate the efforts of
smaller groups throughout the country and train a disproportionate
fraction of the people who become leaders and innovators in basic re
search in other institutions. The research-associate group in majorcen
ters often serves as the source of faculty for new centers;

Furthermore, an attempt to create new centers of excellenceor achieve
a wider geographical distribution of research funds primarily at the
expense of existing tenters 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 lesserlevel of competence. Inevitably
it is the graduate schools of the leadinginstitutions 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 have already
achieved;

Possibility (1) may be worthier of more serious consideration. 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 our leader
ship position would have to be carefully considered. The principal
difficulty in this area is that it is much harder to judge quality in the
research centers than in the individual university research projects.
Large research institutions tend to have adifferent 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 scientistsinvolved
and the resources used. We have not yet learned how to apply thesame
rigorous standards to large research organizations that we do toindi-
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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 explicitly recognized in na
tional budgeting.

III. Criteria for the SUPPOI·t of Various Fields of Basic Research in
Universities

A great deal has been written recently about criteria for support of
various fields of basic 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
basic and applied research. 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 are 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 field with the aid of representative groups of experts
entirely from within the field regardless of institutional afliliation? 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 scientists
from neighboring fieldsbe 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"



ideas and investigators by a sort of free marketof ideas. For the big
projects involving many investigators, 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 investment has been
made. For example, if the recommendations of the various panels on
high-energy 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 building 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 dec~ions 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
something like those proposed by Weinberg seem appropriate. In this
regard Isecond the views expressed by Kistiakowsky in his paper. They
should be widely debated in the scientific community and elsewhere from
every angle; they should ultimately be made in a highly visible and
public way.

When the decisions in category (1) are made, their 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 wis"t.if
they ",ere not included in the ordinary individual research proposal, al
though this is an administrative question that may have to be decided in
each individual case. It is my feeling, however, that the inclusion of
fixed availability charges in individual research proposals tends greatly to
confuse and complicate the proposal-evaluation 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,
It 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 costshas been made, individual scientific experi
mentsdone with such facilities.should compete on anequal.basisin terms
of scientific. merit with other work that does not employ large 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 panels by having to bear the full category (2) costs
related to the facility.



This still leaves open the question of allocation to disciplines. This
presents no problem with regard to category (c) 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
administrator, 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 ofdifferent disciplines and the external
scientific labor market to determine the actual allocation indirectly. In
practice, the flexibility with which the National Aeronautics and Space
Administration traineeships have been administered has apparently so far
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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 sizeand influence of this community has reachedthe point
where its viewpoints affect the self-image of applied scientists, engineers,
and doctors, and especially the attitudes of young people toward their
future careers. The generous support for academic basic research recom
mended in this and other papers in this series is predicated onthe 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 oftheir university training is to inculcate attitudes that make
it 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 research to stay in
basic research have been greater than ever before. This appears to be
especially true in physics and biology. In chemistry, where the supply
of Ph. Do'sis 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 chemistry. 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 intellectualstatus 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 intellectual activity
respectable by definition; as opposed to example.

With regard to selection criteria for basic research proposals, .I should
like to suggestthe following in approximate order of priority.• Obviously,
the relative importance of these criteria will vary between the National
Science Foundation andthe 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 reputation that will
facilitate acquisition of more support. For this reason it isparticu-
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uate education. In the area of academic research the emphasis 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 basic
research that is not connected with graduate education.

IV. Institutional Research

The term."institutional research" is designed to cover a broad spectrum
of activities ranging from university-based research institutes to indus
trial laboratories. Basically it is characterized by the fact that the great
majority 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:

( I) 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 primarily 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 laboratories like Brookhaven, the Green Bank Radio Astronomy Ob
servatory, or the Kitt Peak Observatory. These are really extensions
of university research. They have a service function in relation to uni
versities, but their career research staffs are independent scientistsin their
own right. 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. They
can also undertake research problems demanding greater continuity and
cooperative effort than is possible in a university department with other
responsibilities. The basic research laboratories in category (I) 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
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do many agencies support project contracts with industrial laboratories
on a somewhat similar basis as that applied to project grants to univer
sity 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
search-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 objective. It is hard to lay
down hard-and-fast rules in this matter, but, in general, it is my opinion
that institutional-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. Covem
ment laboratories and federally,supported research centers also occasion
ally attempt to supplement the support from their 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.

Occasionally, it is advantageous for agencies to make contracts
with industrial organizations with a 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
type.

V. Concludi";g Comments

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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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 .diseases, cancers, viral diseases, environmental
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.
Major 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 diseases 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 all
children. Approximately 250,000 children with such defects are born
each year.

These are not all the problems in the biomedical field. Others are
arthritis, blindness, neurological diseases, muscular diseases, respiratory
diseases, and genitourinary diseases. The Federal Government is sup
porting 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 year, a.total of about$36 billion.
Additional Federal support for biomedical research 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, including libraries, available for biomedical research. are not as

(111)
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the molecules and energy of the world of the physical sciences was a gap
in knowledge of about the same magnitude 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 sciences, has been effectively bridged. Large
and' unanticipated advances in basic research, especially significant in
genetics and virology, came from the combined efforts of physical scien
tists and biologists. Especially in these fields it has become evident that
certain chemical and biological' dimensions may be similar. These die
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 certain macromolecules as well as the extremely
small organelles that make up the fine structure of cells.

The discovery that certain nucleic-acid molecules guide and control
biological heredity; that viruses contain infective molecules of this kind
which direct their own replication; that the genetic code is written in
structural chemical terms that appear to be" identical for all living
things, .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 physical and the biological sciences has
progressed.

This development has already had important effects on the biomedical
sciences, and thereappear 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 anticipation of
further significant advances in the future.

Major Health Problems

, A number of unsolved practical problems confront biomedical re
search,and probably will require long and intensive efforts before useful
and effective means ~e developeq for their management. As examples,
some of the largest, most difficult, and most pressing problems that affect
the well-being .of IJlan are mental illnesses, cardiovasculardiscases,
caIlce'l" viral' diseases, environmental pollution, andcongsIlital
abnormalities. .
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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 thisnew field.

Arteriosclerosis is thought to be a factor in the large majority of cardio
vascular diseases and may be associated with them in as many as 80
percent of patients. Although many factors have been implicated as
bearing on the developmeut 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, especially 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 are frequently dependent ripon precise
knowledgeof 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 malignant neoplasms, lead
to a vast amount of suffering and disability, aud are now second in the
list of causes of death in the United States. About 16 percent of all
deaths, orsome 280,000, were attributable to cancer 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
effectiveand'successfulin no more than about 10 percent of patients with
cancer. At the present time, earlier diagnosisand modern treatments by
new and extensivesurgical procedures, high-intensity radiations, and spe
cial 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 extensivelaboratory research on the problems of cancer. In view of
the importance and the dimensions of these problems, additional large
centers capable of undertaking full-scale investigations might well be
established.

Increased knowledge of the causal factors and the mechanisms 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 cancerous change in cells and may induce
cancers in animals, the contributions of radiation and chemical com-
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of deaths in affected communities in several countries, and occasional
disasters have already occurred. There is much still to be learned about
the precise nature of the mechanisms that produce the harmful effects,
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 abnormalities,
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, in a number of instances,such
abnormalities are associated with mental retardation, which greatly in
creases the seriousnessof the problem.

It should be emphasized that the problems summarized above 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, neurological diseases, mental. retarda
tion, muscular diseases, chronic respiratory diseases, genitourinary dis
eases,and many more that are all too common.

The effectivenessof research in the biomedical sciences during the last
few decades provides 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 some severe diseases of human beings that
were among the leading causes of death in the United States about 40
years ago are now unconunon causes of death. Pneumonia plus influ
enzaand tuberculosis were more frequent causes, of death than cancer
in 1920 (d. table 1), but are much less frequent at the present time.
The striking change in their ranks between 1940 and 1961can be attrib
uted in large part to the discovery and wide use of antibacterial com
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 responsible 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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Federal Support

According to reports prepared by the National Science Foundation
(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 anticipated 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 isnot 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 applicable to the biomedical sciences. The datil. given for the bio
logical sciences are appropriately applicable.to the report of Dr. Blinks.

TABLE 2.-.;...Fedtral mpport-Obligatiorufor ruearch

Estimates.r
Field of research

1962 1963 1964

Total research, all fields. . . . . .. . .......... ; ......... 3.2 4.2 5.8
Applied........................................ 2.1 2.9 4.1
Basic •••.•........ . '.' .. -..... , ................... 1.1 1.3 1.7

Biological, medical, and psychological sciences... . . -: ..... .84 1.01 1.11
Applied ..•..•.................................. . 51 .60 . .60
Basic........... ·...... . . . . . . . . .... . . . . . . .:......... .33 .41 .51

1:Billionsof dollars.

Basic research in the biological, medical, and psychological 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, $240 million
for medical sciences, and $30 million fOr psychological sciences in 1963.

Federal obligations for basic research are made largely to educational
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b~~11 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 assignedto these fieldsduring 1963 and 1964 could hardly
be considered astoo large relative to the importance of the human prob
lemsthat need solution. It is estimated that the entire field of health
involves total expenditures of about $36 billion peryear in the United
States, and employs approximately 4, million persons, or about ,5 percent
of the labor force. (Source : President's Commission on Heart Disease,
Cancer,and Stroke.)

The Federal Government is currently supporting all categoriesof
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 seems obvious that it may be useful to consider whether Federal
expenditures for the advancement of biological and medical knowledge,
improvement of medical care, and reduction in the incidence and im
pact of disease are commensurate with the needs, hopes, and expectations
of the public. . "

, Manpower,

The biomedical sciences include a considerable numberof'scientific
disciplines that Tequir~ and are best forwarded by persons who have
received extensive professional education and training. In the great
rnajcrity of instances, investigators who are concerned with the biomedi
cal sciences have earned doctoral degrees, either the Ph. D. or the M.D.,
and in addition have h~d extensive post-doctoral training with established
investigators before they are qualified and competent to undertake
research as independent investigators. ,

The formal education and professional training thatare needed for
the develOPment of competent and effective investigators in the several
disciplines,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 investigator requires 3 to 5 or more years of post-doc
toral research experience to develop the skill and competence to qualify
as a responsible scientist. In consequence, most contributors to knowl
edge in the biomedical sciences do not enter upon independent research'
activitiesuntil they are 29 to 33 years of age.

In most other major fields of scientific endeavor, the time, effort, and
cost of formal education and post-doctoral training are' less than for
skilled and competent investigators in the biomedical sciences. This is
due in large part to the, diversity and complexity of biology and medi
cine, the innumerable interrelations between the tissues and organs that
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stitute a considerable proportion of the investigators in the field of the
medical sciences. In general the most competent andeffective 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-doctoral 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 fpr 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 investigators. These developing programs should
be fostered and extended to increase the supply of competent physicians
qualified to undertake research in this field. 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 satisfactorily by the faculty who are responsible
for the special training programs in appropriate medical schools.

Facilities

There are problems as to the adequacy 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 anyone 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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of the participating institutions could readily solve by itself. It seems
doubtful that such a solution can be widely applied, especially in smaller
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 rnany human problems that result from ill
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, especially 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 ;'ental 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 should 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 seernsessential. 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

There is no necessary connection between leadership in basic science
and leadership 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 ofleadership" 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 stressesscientific activity as a form of social con
sumption of wealth and raises the question of whether other uses of the
resources employed would contribute niore to the greatness of the society.
The economic argument stressesbasic 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 the question is
whether this supplementation is deficient or excessive. Here difficult
problems arise, on which more economic researchis 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 recommending that it be. in.
creased. Allocation of Federal support of science should take account of
the possibility of stimulating the economic development of poor regions
of the.country by locating scientific research facilities in them.
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there is no reason to assume that leadership inbasic scientific research and
le"dership in technology and applications of science are necessarily con
.nectcd. A nation could achieve leadership in applications by drawing
on knowledge provided by the basic research conducted by the scientists
ofothercountries, confining its own participation in basic science to. the
minimum required to keep in touch with developments elsewhere and
"fillin the holes" where necessary. Conversely, a. position ofleadership
ill basic research might benefit a nation almost exclusively in terms of the
intangible prestige of scientific accomplishmcntyLhe concrete benefits
of the application of scientific findings being reaped mainly by.other
nations. In that case, the expenditure of public money on tile sUPPQrt
of basic scientific research would serve mainly to save other countries
the cost of basic research and enable them to concentrate on development
and, application; and the "leadership" so obtained might, be largely
leadership in the eyes of a relatively small gro,up 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
international sporting competitions.

To put the same point another way, leadership 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. It is a cooperative endeavor in which the exertions of each benefit
the rest, and in which leadership is measured by contribution to the
general advance. Thus the' nation that spends a comparatively large
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 po~i

tion of leadership in an activity the benefits of which accrueto an im
portant extent toothercoulltrib..

. The cooperative natureof scientific progress, together with the increas
ing international mobility 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
certainbranch.es of science, and alsothat U.8. support ofscientific re
search and training will have side-effects in strengthCl}ing other coun
tries' scientific progress: Further, U.S. "doption of the objective of main
taining scientific leadership through governmental support of basic
science is.bound to provoke-and has already provoked__emulation by
other countries desirous of establishing their own claims to world leader-
ship. . . ' ..

The preceding paragraphs have argned that there isno necessary con
nection between leadership in basic science and leadership in technology
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Nobel prizes won and memberships in foreign scientific societies .con
ferred-but 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 largest 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 generate the requisite number of top-level scientists.

To the extent that the position of leadership of the United States has
been a reflection of its wealth and economic dynamism, 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
uuless the Government assumed responsibility for such expenditures.
Such a reason is necessary, because a free-enterprise economy normally
trusts the processes of competition in the market to produce what is
socially beneficial; .

One alleged reason has already been mentioned-the contribution
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 consideration: one is cultural and social, the other economic.

The "Scientific Culture"

Much has been made in some quarters, especially among scientists, of
the proposition that contemporary society 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;
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And the weighing obviously' cannot be entrusted to scientists, or to any
other beneficiary group: it must be the responsibility of Congress.

Insofaras 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 supportof science. Moreover,
in a number of these areas-there-is no, reason to believe that effective
action requires a major preliminary program ofbasic scientific.researchx
money 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 example, a majorobstacle
to more effective policies is not lack ofknowledge of what causes poverty,
but the belief that poverty is the poor person's own fault and that giving
him moneywillsaphis initiative.

Basic Science alidEconomic Gro.rth

A great deal ofstress is laid, in current arguments for Federal support
of basic scientific research,on the importance ofscientific progress to the
improvement of productivity and the standard of living. Since the find
ings of economists on thisquestion, such as they arey are easilysubject to
misinterpretation, it seems useful to provide a brief outline of their nature
before turning to the economic argument for Government support of
basic science (5). '

Broadly speaking, economists concerned with economic groWth con
ceive of the total output of the economy as beingthe resultant of various
inputs of productive services into the production process, and seek to
~plaillthe measured growth of output by reference to changes in the
~uantitiesof inputs over time.. The term "measured growth of output"
embodies a lil1litation inlportant in the, present connection, since the
methods of measurement of output largely fail to catch improvements in
the quality of the goods and services produced, and such improvemellts '
are an important part of the contribution of progress in knowledge to
human welfare. The procedure involves specifying both the inputs "nd
the value of their contribution to .output ; any residual growth of output
not explained by changes in input quantities is a measure ofthe contri
bution of factors Ilot taken into account in the formulation of the rela
tionships assumed to determine output. In the early stagesof this type of
research there was,anunfortunate tendency to describe the resi~\lal as
the increase in productivity of the inp~ts, and toidentify it positively as
thecontribution of the advanceof ~nowledge ioir{aeases, ill output-

. ',' ..... " .. ' .' '," '." .... " . , .... '.' "
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dential 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 quality, 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 yielded 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 efficientlyas they could be.

Though the importance of the advance of knowledge to improvedliv
ing standards is difficult to quantify, and the magnitude of the contribu
tion of basic scientific research to the advance of productivity still mom
obscure, and though both may easily be exaggerated in carelesslyformu
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
scientificresearch, though scientistsfrequently 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
ernment 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 conceived
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-enterprise economy depends

iIlfi.....l0~6rS_l0
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To provide satisfactory 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-ealculations that have so
far not been attempted on any substantial scale (9). The difficulties
are suggested by some of the questionsthat need to be asked: What have
been the social rates of return on past investments in basic scientific re
search, for particular research 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
specific projects requires an estimate of the likelihood ofsuccess, as well
as <if the value of success and the prospective cost.) . How likely is it that
if a particular project is not undertaken in the United States it will be
undertaken somewhereelse, and what net loss, if any, would there be to
the United States fromrelying 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 (If
resources to basic scientific research, questions of a different nature arise.
One concerns the extent to which increased 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 rapidly
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 rese,arch increase the
quantity of research results produced, and how far does it merely bid up
the salaries and raise the 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 research diminish fairly sharply for both reasons; more concrete
evidence on these economic questions would be extremely useful. '

A final question, of considerable relevance to policy-making, concerns
the exterit to which Government support and private support of basic
scientific research are substitutes for one another, in the sensethat.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. It isquite conceivable that the interest
of the public (including business firms) in science, and its faith in the
ultimate usefulnessof 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 research in
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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
lrescarch comparable to what is earned on other forms of investment, or
else equal to the rate of interest at which the community is willing to
orego the alternative of consuming the requisite resources (11). But

since the information required to perform these exercises is absent, the
~rinc!ples can serve at best as a way of formulating decisions on the

~
estlOns.

In the absence of any firm knowledge about the relation between the
eveland 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
on basic research to grossnational product or to Government expenditure
m 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 period to have been
.e right level; and second, that there is no reason to,expect the-correct

~elationship to be a constant.
.1. An alternative is to ignore the question of benefits, and to approach

i.
e question from the scienceside: This is exemplifiedby the recommen

,ation that adequate support should be provided for,all qualified talent
i the category of "little science" research, while political decision on
,riorities should be taken in the light of prospective cost in the category

'If "big science" research. This recommendation essentially amounts
tOt taking the consumption view of scientific research: In little science,
s pport everyone who demonstrates talent according to the, scientific
sfa,ndards of his fellow, scientists, and, in big so,'ence, dec,ide,how muc,h
s cietycan afford to spend.

:As regards little science, the approach just outlined evidently trusts
tre scientific community and the process of educational selection to

~
roduce a total and an allocation of expenditure not wildly out ofIine
ith governmental capacity to pay and the rough requirements of ef
cient distribution of scientificeffort (efficient',that is, in scientificbut not
ecessarily economic terms), Ultimately, it relies on the self-equilibrat

irg processes of the intellectual market in ideas and the commercial mar
J"t in scientifically trained labor to prevent serious misallocations. It

should also be noted that the approach depends on a particular assump-
'on about the supply of scientific.talent: that there isa limited and

fIirIy readily identifiable group in the population that is capable of ac-
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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 social
effects of their expenditure.
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LEADERSHIP IN
APPLIED PHYSICAL SCIENCE

by ARTHUR KANTROWITZ

AVCO-Everett Research Laboratory

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 physicalscience. He is certainly cor
rect in pointing out that deficiencies in applied physical sciencesresult 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. AShe has pointed out, most of the superior Ph. Do's coming from
our universities have a primary interest in basic rather than applied
science. I would like to discuss this problem and to propose remedial
action.

Attracting superior students to applied science demands clear exhibi
tion of its opportunities for leadership. The opportunities for leadership
inherent in basic science are most dramatically illustrated by the pro
found consequencesof great discoveries. Similarly, great inventions ex
hibitmost clearly the opportunities for creative leadership in applied
science. Leadership in science and technology is shared by invention
and discovery, but the academic history of the two functions is very
different.

Even when an important invention is made on campus, the center of
interest quicIdy moves to industrial and/or Government laboratories
charged with its exploitation in depth. Thereafter, although the uni
versitymay continue to do (applied) research in the field, it cannot com
pete for leadership. On the other hand, the consequencesof a discovery
not having immediate practical implications 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 universitiesmaintain world leadership
in basic science, there is similarly little doubt that leadership in applied

(143)
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medicine and in other applied sciences, and involves cooperation be
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 plan. 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 expanded. "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
provideopportunity 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 legislation enabling these agencies to fund educational
efforts in applied science to be conducted outside the universities with
university cooperation.

It is essential, of course, that high standards of performance be set
for this "external" education. First, contracts or grants should be
awarded only to laboratories maintaining world leadership in areas of
applied science and student activities should be restricted to areas of
science in which that leadership prevails. Second, the thesis should be
under the immediate supervision of senior 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-



FEDERAL SUPPORT OF
BASIC RESEARCH

by CARL KAY-SEN

E!arvard University

In discharging its responsibilities for the security and welfare of the
Nation, how much should the Federal Government spend on the support
of basic 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 hoc group has been sought, can take various
forms, ranging from a discussion of first principles to a detailed and
critical review of present programs with specific recommendations for in
creases and decreases, deletions, and additions. What is presented here
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 begin 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 research
or even as part of a development effort. A rough correspondence 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 closelyidentified 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." (I) 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 paid for about 55 percent of this total in recent years, while
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stock of scientific knowledge that is held in common by the community
of th9se technically proficient in the relevant discipline. Thus a business
firm ;-Vhich paid for a particularpiece of basic research work could not,
in general, 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
;-vas relevant to the activities of the firm, would in general make expendi
t',lrein stlpport of this work an unattractive investment, .Finally, several
of the kinds of payoffs from basic ,research relate to outputs that are
alre\,dy the product of Government activity, rather than of business
operating through the market, mechanism,

We can distinguish at least four different kinds of benefits to the com
munity that flow from basic research. First, it is a major input to the
advance of applied science and technology, from which there flows
continuing growth in our military capability, our health, and our pr(j
ductive capacity. This point is obvious and needs little elaboration.
Butids worth reminding ourselves that the relation between input and
output is an elastic one. The relationship of the whole revolution in
military 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
practical 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 system
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, provision 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, industry, and health,
as well as to continue the stream of improvements 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 connection
with the condtlct of both basic and applied research. There is wide
agreernentaniong both the consumers and producers of specialized
scientific and technical training that an intimate relationship between
research and teaching ~ these areas ,is necessary, and that the; best cell~



support from the Government budget. Of the benefits listed above,
those relating to military capability fall directly within the sphere of
Federal responsibility, 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 scientific
reserve corps. Those relating to health are increasingly an area of social
concern, in which governmental responsibilities are recognized. The
same 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 public
policy appears to be currently taking.

Thus only two classes of benefits are potentially 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 engineers 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 difficultyof 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 scientificbasis of the teclmology 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 competitive 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 expenditure appears wiseis 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 years the level of foundation support
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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 research of the United
States makes the total figure for research and development higher in
relation to national income than for the other countries. Only the U.K.
figures show a breakdown that gives basic research separately; their pro
portion of basic research to total is somewhat higher than that of the
United States: I I percent versus 9 percent (5). These figures suggest,
but certainly do not show, that we are neither heavy borrowers not
heavy lenders in the international scientific balance.

The argument so far has been couched entirely in instrumental terms,
The value of basic research has been assessed in terms of other goods,
for which it is a necessary input: military strength, health, economic
growth. This is a 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
expenditure is necessary or desirable. Indeed the nature of the argu
ments themselves is such as to make it impossible for any precise
payoff 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 directly 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 conceive a flow of funds so generous that they would
obviously be wastefully. employed, the limits between the two are very
wide.

In the absence of more specific bases of calculation, 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



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 maiutenance 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 aud indicate how
they might be applied, rather than to formulate detailed programs, I
leave further discussion of these points, both of wltich are important,
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 wltich it is both harder and easier to try to identify
what field of scientific activity will produce results in what practical
field. It appears obvious in some sense that research in biology will pro
duce more results, ultimately, in the field of health than research 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 wltich 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 illuminate more "basic" sciences. While, as we shall say a
little later in the argument, there is reason for maintaining some kind of
connection between area of research and area of application in the allo-
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other way of making the division is to say that ."litde. science" expendi
tures come in packages of $100,000 or less, while "big science" expendi
tures come in packages of $1 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 mechanisms 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 observations directed to this question.

In attacking the "little science" problem, we return to our earlier
observation that it is the supply ofbrains, 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,
ar,e a function of the stock of scientists in the field, and the rate of
change of the stock:

P,=![N,IN, d(N,IN)dt]
P, is the proportion of total funds spent on basic research in the i-th
field, N, is the number of scientists in the i-th field, and N is the total
number ofscientists 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 available. The form of the function used was:

P,=b,N,aMl-a
where Pc is defined ~as above, N, is the proportion of scientists doing
basic research in the i-th field, and M, is the average proportion of new
Ph. D.'s in the i-th field. The results, which show neither that, what
ever its inner mechanism, the current system of allocation produced the
results of our proposed system, nor that it produces something radically
different, are given in the Appendix below.

The parameter be can be interpreted as the average cost of keeping
a scientist employed for a year in the i-th field of basic research, 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, a is
the same for all fields. This is not necessary. Separate parameters for



civilian economy am much less unified, and might conceivably benefit
by being more so with respect to this problem.

In this scheme, the National Science Foundation would playa bal
ancing role in two different and equally important senses. Its 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 isnot 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 a 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. It is certainly too small to permit the Foundation to act as an
effective balancer. Further, 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 a third might. well have favorable effects, and at worst would make
no difference.

Because expenditures in "big science" come in much larger 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 isthe 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 university that was hitherto weak in the whole area of
research (7 ) .
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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 ,cornrnittee rnight well be a structure of appropriately chosen
subcornrnittees screening.therequests frorn each field of science. Special
ad hoc arrangernents rnight be needed frorn time to tirne 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 rnake it appropriate for the
U.S. Commissioner of Education to, be represented on the final allo
cating cornrnittee and in the structure of subcornrnittees as well.

The third elernent in the mechanism would be a "tax" placed on the
"little 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 exarnple, 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 provided by the "tax" on the "little science"
budget of each relevant field 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 representatives 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 rnight 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 obviously 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. Scien
tistsin a part of a field that does not rely on large instruments, e.g.,
solid-state physics, may view reducing the funds available to thern 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
proposalappears to the writer to add something useful to the allocation
mechanism. The mechanism could work without it, however, relying
simply, on the ceiling on new commitments to "big science" asa
control.

It is equally true that determining the total budget for "big science"
on the basis of experience is arbitrary. But there appears to be no
other basis.vand the quota would obviously nee" revision in the light



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 principles of allocation sketched in the fore
going pages to a situation in which total expenditures in research and
development activities are either rising at a steady rate, or are constant,
is a straightforward 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 military goals has paced the past ex
pansion. The possibility of a decline in the level 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, cIiscrepancies between the current
flow of finance for basic research which our allocation formulae 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 applied 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
element in a process of adjustment to the decline. Further elemerits in
such an adjustment policy could include an increase in the- national
effort in space and a more organized 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 kind mentioned above
will probably be necessary.
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Corrected

The model was also tested in two additional formats, 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 variables, the following equa
tions were obtained:

log P,=log b,+2.34 log n;+ 1.09 log m,
(1.69) (0.48)

R'= 0.95
R'= 0.86
N~16

log Y,=log b,+3.04 log N,+1.81 log M,
(1.70) (0.43)

R'= 0.95
Corrected R'= 0.85

N=16.

When the absolute levels of the variables are used, the estimate of a2 is statistically
significant at the 99-percent level, while that of at is statistically.significant at the
gO-percent .level. When, on the other hand, the relative proportions are used, a2 re
mains significant but' at - the 95~percent level, while a1; although greater than its
standard error, is no longer statistically significant (10). 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 (11).

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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encl1 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--NationaI Research Coun
cil, Doctorate Production in United States Universities, 1920-1962. _From
these sources, data on eight scientific fields were obtained for 1960 and 1962.
The fields included agricultural science, astronomy, biology, chemistry,
geology, mathematics, phvslcs, and psychology.

(9) y, denotes the absolute level of Federal expenditures in the i·th field, while
N, and M, are, respectively, the number of scientists and the number of new
Ph. D.'s within the field.

(10) In these two equations, al and as are conceptually the same coefficient! and
these estimates would be the same in an exact relationship, But the b,'s are
conceptually quite different in the two cases. Since, however, the estimates
of lh and a: are not distributed independently of the estimates of theb,'s,
we obtain two sets of estimates of the same 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.
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whole of the paper which sharpened many of the arguments presented.
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ON FEDERAL SUPPORT OF
BASIC RESEARCH

b'y GiOROE B. KISTIAKOWSKY

Harvard University

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 loscience that will advance the welfare
and insure progress of the United States sufficient for maintenance of
leadership. This cannot be done with precision; all one can do is study
the recent past, and the present, and draw inferences for the future. As
to the recent past, we have overwhelming 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 continuing
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 communica
tions and transportation?

Despite the numerous well-known examples of technology built upon
scientific discoveries, resulting from seemingly unrelated research not
motivated originally by practical aims or planned for specific purposes,
the public tends to. forget this crucial feature of technological progress.

(169)
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1900's and extending through many basic 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 rwas 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 quite impossible
to demonstrate in advance that these investigations would lead 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 priociples on which each
particular practical mission will ultimately find itself bailed. 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, applied work tends to become more and more
confined to increasingly expensive refinements and elaborations of old
ideas. Perhaps one reason the United States didn't develop the turbo
jet engioe 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 design 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 researchand the welfare and
the position of .leadership of the American Nation. Past development
of genetics, which provided new hybrid and mutant varieties of plants
and animals, had an extraordinary 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 koown as molecular biology.
Thus far, no practical applications are in sight or being planned. But
those. familiar with the field are confident that revolutionary develop
ments will follow. For instance, some day it will be possible to create
new variants of living organisms by a controlled chemical procesa.dn-
stead of waiting, as now, for random mutations. .

In my next example the practical results are already largely in hand.
It is only some 40 years ago that basic scientific research began to attack
the problem of what are now called polymeric molecules. Some chemists
explored their structures and showed them to be giant 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 mechanics, explored the connection between the molecular con-



terns.. A careful study, endorsed by a Government agency, has demon
strated that cigarette smoking is dangerous to health, and. yet a large.
part of our population continues to smoke. A scientifically developed
elimination of this hazard, rather than prohibition of smoking, seems
called for. Technology resulting from science has. made possible mod
ern industry and the concentration of populationin 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. existing state
of knowledge.

It is quite certain that the solution of the major problems of humanity
by technological innovations alone is impossible. Educational and
other social progress is probably more important, 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 understanding 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 information-processing and
analysis, and so forth, is involved increasingly in such research, and the
research methods approximate more. and more closely theexperimental
methpcls of the natural sciences, The resultsof such research will
ellableus in turn to utilize and modify exi~ting technology (for in
stance, to improve education by audiovisual 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 society cannot benefit from
the Cessation of technological innovation; indeed, it must be based on
social ~ha,nge keeping pace with tecbnologkall'rogress; .

Some Comments on Research and Development Statistics

There is a greatdeal 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 figureis quite irrele
vant, however, to the discussion of pure science, since about 90 percent
of the total is being spent on efforts to achieve clearly specified prac-
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agencies as a partial basis for allocation of resources, but this experience
indicates that the earlier planning reports need 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 alIcases, one must be careful to regard these planning re
ports not as exact blueprints, but as carefully reasoned guessesregarding
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 planning 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 innovation and
creativity can flourish.

Criteria for Fiscal Support of Scientific Research in Four Categories

The first category, "little science," is in the main an integral part of
our universities, "educational institutions proper" in the language of Fed
eral statisticians. How have such revolutionary discoveries as radio
activity, X-rays, vitamins, antibiotics, masers, and the mechanism of
genetic inheritance been made in the past? What were the system and
organization 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 Basic
Research in Institutions of Higher Learning.

Today this research is largely (approximately 57 percent) supported
by research grants andcontracts from the Federal Government to uni
versities. The rest comes from State, local, and private sources. The



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 National Science Foundation that the
average cost to the Federal Government of a senior researcher, including
his part-time salary, technicians' help, scientific supplies, travel, arid
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 graduate students and Ph, D, research associ
ates under the leadership of a senior man,

Contiguous to "little science" is a very wide variety of research activi..
ties more or less intimately connected with the universities, Not really
distinguishable from "little science" are varia_us 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 serious 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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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 modem instrumentation. It is the solution of the easy problems
and the necessity for facing more difficultones 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 rnaterialprogress. 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 difficultieswith 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 discoveryof methods for the control of excessive population increase
acceptable to all religions has become a very urgent problem; the
problem of employing usefully the fraction of the population that seems
to be incapable of procuring employment in our highly automated
society is not yet solved; the psychological problems of delinquencyand
crime have 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 less than 5 percent of the total of all applications 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.)



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 changes 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 justifiable from the point of view of mission-oriented 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 overall 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. There 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
use of radioactivity, as in the caseof 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 incorporated into a planned program
of research?

How, practically, can we be sure that freedom of scientific enquiry
will always be carefully considered and protected in the allocation of
funds? As far as "little science" is concerned, this can be assured if
allocations are guided by the requests for funds from individual investi
gators. Does chemistry have a large number 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 constantlyon 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 possible. 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 intellectual opportunities.- .. .. .. .. -.
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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 technicalIy 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 normalIy fairly closely connected to univer
sities. As examples, I might mention the nuclear-particle accelerators,
large radio and optical telescopes, oceanographic research 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
directly by Federal agencies. The financial characteristic of these
operations is that the cost to the Federal Government per active scien
tist and per unit of scientificknowledge, 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 research 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 personnel
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.

RealisticalIy, 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

45-101-65--.-13
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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 susceptible 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 physics,
exploring the elementary particle structure of all matter.

To sum it up, when engineering feasibility and adequate commitment
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 priorities
on the national level is wholly feasible. Since these ordering judgments
are fallible, I would not advocate dropping a particular type of activity-e
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 andre
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
velopedabove. Because of inaccessibility tome 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 acknowledged decision of the Soviet Academy of Sci
ences,not to "compete" except in selected.areas of "big science" because
of limitations of their national resources.) On the other hand, "big
science" generates effects of international import and provides some
scientificknowledge that "little science': .cannot.



quality. In effect, the decision to apply fixed or decreasing budgets
would be equivalent to "mothballing" an establishrnent 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-motivated (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 research 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 accomplishrnent 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 research, 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 research 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
lishrnents without applied missions. The high costs of such research
(see testimony of Dr. D. F. Hornig before the Subcommittee on Science
and Research, May 21, 1964) militate against its expansion or even
continuation.

In conclusion, I want to comment on two subjects that have been
referred to in this paper only very briefly. While I believe that basic



LEADERSHIp· AND
QUALITY IN SCIENCE

by SAUNDERS MAqLANE

University of Chicago

Introduction

Thequestions put to us, in brief, are:
(I) What level of Federal support is needed to maintain U.S.

leadership in scienceand its applications?
(2) How shall one adjust the balance of Federal support given

tovarious fieldsof science?
These questions are tough and perhaps unanswerable. In this paper,

only a small 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 ifthis 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.
(Ia) The level of Federal support should always be adequate to

provide research opportunities for all those men who give promise
of true originality.

( I b) The level of support should never be so lush as to drown
these men of quality in a sea of mediocrity.

To (2): Balancing Federal support is an allocation problem; 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 inelastic. As a result, the limitations to scientific growth are
not merely fiscalones.

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 wil;i bear most directly

(189)
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]odrell 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 specificscientific leadership
matters-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 one 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 vitro 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 strengthened by the dis
covery or"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 germinal ideas in many
fieldsof 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 effectivelystimulate the ablest
young scientistsand permit them to attain intellectual independence
at the peak of their productive potential.

What Support Is Needed for Leadership?

Consider next the extent of Federal support appropriate to each of
the six listed types of scientificleadership.

(I) "Spectaculars" are usually costly, both in money and in
scientific manpower. At anyone time, each of several "spectac
ulars" may be technically feasible, although at most one or two are
fiscally attainable. The decision as to whether to launch a "spec-
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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 mathematics played
an important role. In Japan (where the motivations are different)
there have been many able young mathematicians with very little
government support.

The best conclusion may be that the active development of the best
youngscientistsrequires both monetary rewards and intellectual stimulus.

The Judgment of Quality

Originality and real scientific novelty are rare, individual, and often
unpredictable. Because originality is usually that of an individual man
or a couple of close colIaborators, the support of such originality means
primarily the support ofan individual scientist or of small groups of two
or three coworkers. UsualIy the support must be requested before the
original ideas are all at hand, so the support of originality involvessome
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
alI the profoundly original ones. Fortimately, 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 questionsas to the choiceof 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 case the elements of quality and originality are vital. We propose
no automatic or guaranteed test for the presence of these elements. At
best we cansuggest 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 .quality? If itrequiresmany scientists, will their abilities best be
used here? ' If it calls for "more research OIl 'X," is it just combinirig the
evident importance of X with the popular slogan, "more reseatch"-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 project. Research ispossibleonlyif it starts with an idea.

The' Mathematical Sciences

Among the .sciences, mathematics displays many special traits. It is
wholIy theoretical: no mathematical theorem is ever disproved by an
experiment. Mathematical research resembles artistic creation, and
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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 mathematicians
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
(moot important) opportunities for postdoctoral study at active centers
of mathematical research.

Mathematical research requires no laboratory; 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 M atkematik (German), and M athematical Reviews
(American; pubIisbed by the American Mathematical Society, with the
aid of a substantial annual subvention from the National Science Foun
dation and from other Federal sources) . M atkematical 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 inevitably gives a first
measure and emphasis on quality. Publication of M atkematical Re
views is now possible only through Federal subsidy. Its presence in the
country is a vital element in American leadership in this field of science;

Applied Science

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:

(I) Recent progress in applied mathematics has not been as
spectacular as that in pure mathematics (recall the famous prob
lems noted above). This situation inevitably influences the choice
of field made by young mathematicians.



226 to about 588. (Figures from annual lists of Ph. Do's published by.
the American Mathematical Society.) The number of undergraduate
majors in mathematics has increased much faster. The growth in mathe
matics has been worldwide. Mathematical Reviews, which covers the
world literature, had 982 pages in 1957 and 2,503 in 1963.

This rapid growth has brought about many strains and dislocations.
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 research
has led. to many overlapping 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. Perc
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 asinstruc
tors (or in postdoctoralstudies ) and then, at most, 3 years as assistant
professors,

It is. a fair conclusion that mathematics has been growing at about the
maximum manageable rate.

New continued leadership in a science clearly requires 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 necessary to true original
ity and fruitful scientificgrowth.

A striking example is the so-called Gilliland report of the President's
ScienceAdvisory Committee (Meeting Manpower Needs in Science and
Technology, The. White House, December 12, 1962). This report
argued for a vast increase in the number of Ph. Do'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. Do's. For example, in mathematics the report called
for an.increase of 300 percentin 10 years.

This recommendation for mathematics. is utter nonsense: Ph. Do's in
mathematics, currently of good average quality, are turned out rath~r
slowly and "by hand," in the sense that each Ph. D. thesis is different



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 oflearning; 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 particular departments or individuals in less-favored environ
ments, but in such cases stimulus from related fields, especially neigh-
boring sciences, is usually vital. .

There are marked differences in quality 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, inte11ectualleadership 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 culturalcentraliza
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 variety 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
example. In the 1930's, for graduate study and research in mathe-
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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 possible
development of newcenters of science. If this interest is to beeffectively
realized, it would seem appropriate to get a better start with a more
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 closeto 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 is 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 rapid 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 so we may be in particular danger of forgetting that the accumulation
of facts, however important, is, only a secondary business of science. It still represents



BEHAVIORAL SCIENCES

by CARL PFAFFMANN

Brown University

Summary

This paper provides background relevant to the question of balance
of support among the various fieldsof 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, sociology, anthropology, and
certain aspects of political scienceand 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 essentialand 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
laboratory and field study as in survey research is becoming increasingly
expensive.

There are great manpower needs, especiallyfor manpower trained in
rigorous quantitative methods. Accordingly, there is increasing need
for support of training as well as for research. It is probably the short
age of manpower to do research that setsthe present limits.

The psychological and socialsciencescurrently 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 potential benefit to man from
a mature behavioral scienceisgreat.

(203)



\.IrIUU.I r ~A~ l! JlI.L.tU"!.L'II 4VJ

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 science. 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.ipolitical science, and economics to its purview, is an attempt
to include such a broad coverage among the advisory functions of the
NationalAcademy 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. 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 maintain stability of sorts in interper
sonal relations.

We may note two trends in the current development of behavioral
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 variables handled
mathematically.

A second major trend is the increasing interdisciplinary 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 example 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 institutions.make and enforce their policies.
Thus, understanding of individually acquired beliefs and habits relating
to political life and learning theory, as developed by psychologists, is



The distinction between basic and applied research, difficult enough
to make in the natural sciences, is even harder to make in the behavioral
sciences. Yet, for two reasons, the distinction is probably more im
portant in the latter disciplines.

First, there is the danger that purely applied social research 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 designed 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 is 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 economically
profitable and socially 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 socioeconomic system, with its rewards 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 abortion, as well as a
variety of simple but reasonably effective contraceptive practices. 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



and genetic character and the interplay.between these and the vari
ous social factors and social institutions that condition human be
havior individually. and collectively.

(2) Man-madeproblems 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, eco
nomic, and political problems.

But practical problems often require action, whereas scientific study
requires some degree of isolation from the demands for immediate solu
tions. The scientistmust look at and analyze the situation with some
objective 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 appliedre
search aimed at implementing some specific plan of action. Often
practical problems are symptoms of deeper problems that require more
basic study and research.

Status of Behavioral Science Disciplines

Anthropology

Anthropology is concerned with 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: (I) archaeology,
or prehistory; (2) ethnology, or cultural anthropology; (3) linguistics,
or the study of language; and (4) physical anthropology.

Support ofrcscarcll and future dcvdopmcnt.-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 level of
support today is, in general, reasonably satisfactory. .One small foun
dation, the Wenner-Gren Foundation for Anthropological Research, de
votes its resources almost exclusively to the support of anthropology. A
variety of other private foundations promote research at particular
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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But it.is very expensive to gather empirical data specially designed to
test a specifichypothesisand 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
quences 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 RockefellerFoundation, the Catnegie Founda
tion, and a number of smaller foundations have helped meet this need.
The Federal Government has long contributed substantially to economic
research in a variety of ways, and the relationship has been reciprocal.
The statistical and fact-gathering activitiesof the Government have been
the foundation stone of economic research in this country. Not only do
agencies gather essential data in the course of norrrial 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
other agency that is charged with responsibility for economic affairs.
The continuation of this fruitful collaboration is of first importance both
to well-informed Government economic policy and to the further prog
ress of economic science.

Since World War II, the Federal Government has helped to defray
the cost of many studies through the National Science Foundation, the
Ollice 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 ofGovernment research funds are themselvessignificant topics
for economic research. This is a particularly important program that
the National Science Foundation is beginning to develop. Moreshould
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
sumption, the kindsand quantities of capital available, and soon. Many
6f 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 research 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.



UIUU... .l'J!'AMJ!'.MANN :00

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 determining 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
estsin the variety of public issuesthat arise from time to time. The point
is that there seems to be no one group that dominates all political decisions.

These studies are first steps in 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 deeper 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 called scientific, however, are, at best, tentative
and exploratory.

(3) There is less inclination than previously to develop doctrine
supporting 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 change in govern
mental organization and procedures has been in relatively low
repute since World War II.

Support of research and future development.-In spite of the sub
stantial advances in recent years, training for scientific 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 high 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 department) typically provide training of this sort for
the political scientists.

Without question, the more elaborate 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 Congress
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over other natural iucentives 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 conceptionof
the relation 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 involving
collaboration between biomedical and behavioral scientists.

Another important research area is that of conditioning and learning:
Such studieshave 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 mathematics or in other reasoning tasks, might 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 solving problems can
be compared with the methods used by human beings in solving these
problems. By this means, various hypotheses or assumed -steps in
reasoning must be made more explicit so that they can be converted into
"computer language." This very requirement improves the precision of
stated hypotheses, with the result that research on mental processes is
more penetrating.
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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
mentjust on the horizon is the extension of learning theory to deal with
complex situations of two kinds: (I) 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 possible applications of psychological 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 along 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 nation-building where we have such a na
tional commitment.

As in other fields, there is the never-ending need for research investi
gators and research facilities coupled with the increasing need for uni
versity and college teachers of psychology. With the increasing utiliza
tion of psychologists in many different capacities in basic research, din- .
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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
secondary analysisof survey data from allover the world.

Future promise 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 alinost half the number in 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 privateagencies,

There is no foreseeable end to the rising demand for sociologists.
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 teachers.

At the present time, the greatest need is for support of graduate tram
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 giv~ 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 graduatetraining 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 sociology departments. with facilities for
research training, This is especially important for graduate instruction.
Since competence in research cannot be acquired solely 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-



multiplication, and the pattern and causes of mortality decline are far
different.

A great portion of demographic 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 Statistics, and the De
partment of Agriculture. An increasing amount of research is being
done by State and local goverillllents and by university centers of popuIa
tion research.

Promise and needs.-In recent years, the supply of people trained in
demography has been critically small in relation to the Nation's require
ments; One graduate department where training is offered has reguIarly
had about 20 requests for every candidate it has turned out. One Govern
ment agency-the National Center for Health Statistics-a-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. In the 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. Economic 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 problems but to governmental
concern and the formuIation 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 population pro~

jectionsfor State and local as well as for national units.
On the supply side, however, the field suffers from the peculiar 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 is not big enough to constitute a major
division of a university and yet cuts across the traditional divisionsin such
a way that it cannot be assigned to anyone 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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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 l.

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;.*
million, of which $76.1 million was allocated to the direct operating
cost of research. (See table 2.)

TABLE t
[Millions of dollars]

.

Obligations
Basic Total basic research

Fields research research as percentage
obligations for

research
..

Life sciences ......................... $403 $1,021 39
Physical sciences ...................... 934 2,930 32
Psychological sciences 1 ••.••.••••.•.... 33 67 50
Social sciences 1 ••••.•.•••........•.•• 23 72 32
Others:

Operations research ... ; '............ 2 155 1
Field conflict techniques, etc ........ ..... .... ... .. ., ........ . .................

1,395 ' 4,245 33
.

, .

aThe National Science Foundation in its analysis of employment of social scientists
and psychologists in the Federal Government uses the following definitions:

"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 processes, clinical psychology, personality, educational psychology,
engineering psychology. personnel psychology, and social psychology including group
processes, interpersonal relations" opinion, and attitude change, and developmental
psychology.

"Social sciences are directed toward an understanding of the behavior of individuals
as members of a group. These include such sciences as cultural anthropology, economics,
history, political science, sociology, etc. In addition to work done in disciplines or
subjects traditionally considered as being social sciences, this should also include work
done'ih other disciplines or subjects where the work is undertaken primarily for the
purpose of understanding group behavior."



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 research
is generally "applied" social research, i.e., research whose results will
have some immediate bearing on policy formation. 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:

TABLE 3 1

Area Amount Percent

Mathematics, physical and engineering sciences ......... $59, 895, 475 56
Biological and medical science (includes some neuro-

physiology, experimental ..psychology under psycho-
biology) .......................................... ss, 394, 851 36

Social sciences, including social psychology and .person-
ality research ....... " .............................. 8,956,172 8

Total. ........................................ 107,246,498 100
.

1 NSF, 1963 Annual Report;
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Thus, behavioral sciences research support is a considerably smaller
percentage of the total than is available for other sciences.

Estimate of Manpower Situation

Professional Societies

Some estimate of the professional scientific pool in the behavioral
sciences might be given by the sizeof the national associations as follows:
American Psychological Association ~--~------------~-. 23,000
Americari Anthropological Association_______________________________ 1,200
American Political Science Association_____________________________ 7, 152
American Sociological Association., ..;._____________________ 7, 836
American EconomicAssociation ~------------- 11, 285

TotaL__. ~L ~ ~________________ 50, 473

Psychologists outnumber other behavioral scientists, bnt considerably
more than half are practitioners or in applied fields. Anthropology is
by f~r the smallest group. For comparative purposes, membership in
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______________ 7,893
American Institute of Biological Sciences ..;.__ :l 70, 000

:l Approximate.

The report, American Science Manpower of 1962, NSF 64-16, sur
veyed more than 200,000 scientists reporting to the National Register of
Scientificand Technical Personnel:

Physical sciences , .
Biological sciences .
Psychologists ',,' . . . . . . . . . .. . .
Sanitary engineering.. . . . . . . . . . . . . .
Other fields '.' .

Total ... .

122,148
37,943
16,791
4,923

33,135

214,940

Percent
57
18
8
2

15

100

The other fields included engineering, social sciences, humanities, and
other specialtiesthat werenot analyzed.
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Table 7 givessome idea of the relative growth to the various behavioral
sciencesfrom 1955, a year roughly during the plateau period. The index
for biological and physical sciences is included for comparison.

In the analysis of this period, the NAS-NRC report notes that the
physical sciences, which were on a plateau throughout the early and
middle 1950's, had a new growth spurt beginning in 1958, probably at
tributable in large part to the cumulative effects of the governmental
fellowship programs. Such a plateau was less extensive for the bin
sciences and still shorter for the social sciences. The growth curve for
social.science should be watched because since 1960 it does not seem to
have kept pace with that for the other science fields or for the arts and
professions,

Conclusions

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 specificexamples 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, civil-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 aspects 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 totheir 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 questions
to ask of experiment and observation. The questioris for behavioral sci
ences are often at the prequantitative first stage; in other cases, the
phenomena being studied may not be suited to quantification.
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sures 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." Vet 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 with a minor shift in materials,
subjects, or emphasis.

Some who are concerned with 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 need 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 operation.

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. How
ever, there is a paucity of scientific investigations of science itself. Some
of the questions that might be asked are economic; for example, can
one assess the returns in scientific achievement per million 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·
halance between basic and applied work or among the different fields
of science? Although work on some of these questions has begun and



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 field 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 engineering 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 lie
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 research 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 impact 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 othenr-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 ill the



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
ties 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 increase the likelihood that new ideas and fresh viewpoints
call arise.

If we take as a national objective the production of 600 Ph. D.'s per
year in theearth 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 Cov-:
ernment's preeminent interest, it would need to assume a very large
share of this total, which would be a minimum figure for Federal support
of basic researchin the earth sciences.

(237)
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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" sciencesdiffer in important ways from the labora
tory sciences.

The physicist and the applied 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 interacting processes and its
long and difficultly 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 believesthey give no new insights into the nature of matter,
but only descriptions of its arrangement.

The field sciences have something 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 experiments and theoretical work are less
essentialin astronomy and the earth sciences than in physics or chemistry.
In recent years remarkable discoveries have come from the use of power
fill new instruments to study rocks and meteorites in the laboratory, from
the application of physical theories of plasmas and the nature 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 understanding .is to continue to increase.

The study of the stars fillsman's deep need to understand his place 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 socialgrounds.

In general terms, the answer is obvious. Men are 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 generalizations cannot be used to appraise a desirable level of
effort in the earth sciences. We want something more specific.



Applications of.the Earth Sciences

Knowledge gained from the scientific study of the earth can be use
ful in many ways:

( I) 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) In reducing 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, testing, and using military weapons, and in
predicting weapons effects.

(6) In providing the knowledge to improve long-distance com
munications.

(7 ) In increasing the economy and efficiency of ocean and air
transportation.

(8) In developing optimum patterns of land use.
(9) In designing engineering works that modify the environ

ment; for example, artificial harbors, bars, breakwaters, and other.
coastal structures.

Natural 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 fossil 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. I.
Levorsen, working alone in the 1930's on maps of east Texas spread out
on his kitchen table, to recognize places where large oil accumulations
were trapped against impermeable materials.

Delicate and complex geophysical instruments have been invaluable
tools in finding oil. For example, measurements of variations in the
force of gravity in Louisiana and parts of Texas have proved to be the



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
needs. In the 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 speed 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 Ll.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 others 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
many fish there are in the sea and how fast they can reproduce themselves.

Long-Range Weather Forecasting

The present accuracy of long-range weather forecasting is low, but if
it could be improved, great economic benefits would follow in planting
and harvesting 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 IS-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 $59 billion,
and about 3 million people were eroployed.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 billion dollars would
be saved.



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 persistence of weather patterns over periods of weeks to
years may, result, in part, from this sluggishness of the ocean.

The hope of improved long-range weather forecasting depends largely
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 atmosphericcirculation re- '
suit 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
essesby 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 density distribution that cause this strengthening of the poleward
currents is still unknown.

To attain the practical objective of improved 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.

Reducing Damage From Catastrophes

Destructive earthquakes and volcanic eruptions result from the violent
release of energy deep within the earth. When earthquakes occur under
the sea floor they are often accompanied by tsunamis, waves several
hundred miles long in the deep sea and only a few feet 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,
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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 realities, rather than by
political boundaries, and even to delimit such regions will require much
more knowledge of air and water than we now possess.

Designing, Testing, and Using Military Weapons

The Department of Defense is.concerned with the earth sciences, both
to improve our military capability 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 weapons system. 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 variety of conditions 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 expenditures could be
reduced as a result of research in meteorology, oceanography,
seismology, and upper atmosphere studies; and the length of time
before these savings.could be made;

(2) The increase in effectiveness 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 earth needed to reach this level of effectiveness;

(4) The level of research capability required to meet unfore
seen military contingencies in which new knowledge of the earth
will be needed;

(5) 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 quickly
or lessexpensively; and

(6 ) The extent to which present and planned 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, orIevel of effort are needed in the Defense Department's re
search program in the earth sciences? .
~-101--65~17
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Ocean 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
imports of other essential raw materials and food products are steadily
rising.

The sea is the major highway for the international 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 leaving 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 mil1ion
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's, 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 their
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 costswould be charged against the time the ships are at sea,
and the other half against the "turnaround" time required for loading
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
inocean-shipping costs. Many aspects of knowledge about winds, waves,
and currents in the ocean areas have a direct bearing on the use of the



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, forwildlife refuges, or for cities and
their airports, roads, andreservoirs,

Engineering Works to Modify the Environment

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 within
the next two decades. Even normal processes of wind, waves, tides, and
currents can thwart man's attempts to improve 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 protection of beacbes
against erosional or depositional damage, the extension of coastlines, the
development of harbors, improved sport fishing through the building of
artificial reefs-c-all these are affected by the physical, chemical; biological,
and geological processesof 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 successfuldevelopment. 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 important areas of oceanographic
research.

A fourth of the entire area of the continents is under water. The sub
merged regions are called the continental shelves, and their area is about
equal to that of Africa, Some very recent work by Jacques Cousteau
and his colleagues in France, and by engineers and medical scientists
of our own navy, suggests that human beings 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 widespread. A great deal of
research and development in oceanographic engineering will be neces
sary to open up the continental shelves for many different human uses.



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 ArmyMap 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 oftbis 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 included under the rubric
of research.

Many agencies, including the National Science Foundation, 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, oceanography, 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 laboratories, conduct
considerable inhouse earth sciencesresearch.

Future Needs in Earth Science

The greatest need in the earth sciences is to maintain and develop
centers of excellence in our universities. There are two reasons for this:
(I) 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 increased. (2) To advance the economic and social
objectives of the earth sciences, as well as to satisfymen'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 teaching and basic research, where earth scientists
and students can work in close contact with each other and with 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 subjected to
both electromagnetic and mechanical processes. The earth's magnetic
field, originating in its liquid core, extends outward several earth diame
ters. There it interacts with charged particles produced in the high
atmosphere by photochemical and collision processes, and with particles
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
sciences 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
enterprise.



THE ROLE OF APPLIED SCIENCE

by EDWARD TELLER

University of California, Berkeley

Summary

The Committee on Science and Astronautics of the U.S. House of
Representatives has raised the question of how to maintain our position
of leadership in science. In my judgment we have actually lost this
leadership in applied science. Unfortunately such a lossmay have a deep
influence during the years ahead of us.

It is my belief that to regain this leadership 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 prominent 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 effectivelyby an educational effort.

We possess the means of establishing a good educational program by
means of cooperation between our applied science laboratories. (both
governmentaland private) and our universities. Such cooperation is in
need of appropriate 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 obtaining Ph. D. degrees.

Introduction

The questions concerning the proper 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 related 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
nological program more efficient. In the following I shall limit myself
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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 basisof 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 magnetism, 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 practical usesof his discoveries, could only say about electricity:
"Someday,sir,you maytax it."

Pure scienceis currently receivingmost generous support. As a result,
the United States enjoys an unquestionable lead in pure science. This
could result in practical applications that, in some cases, may be only 10
or 20 years away but,iO many other cases, may emerge in 100 years or
more.

Englneering Development

If pure science may be considered as the first phase in the structure of
science and tecImology, then engineering development may be placed in
the position of the last phase. In this phase, feasibility of a project is
assured. The only question remaining is that of effective, economical,
and safe executionof the project.

The United States has a long and firmly formed tradition in engineer
ing development. Our engineering 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 engineering education is
improving. A further increase in the number of engineers possessing
master's degreesand doctor's degreeswould appear to be of advantage in
view of the increasingly complex and numerous problems with which en
gineers are faced. Whilesuch an increasewill have beneficial effects,
it does not satisfy the specific need in applied science, which is to be dis
cussedin the next section.

The importance of engineering development has never been doubted.
Its financial support is very respectable, although, considering the great
needs of our time, it may not alwaysappear to be ample. It is my belief
that this field certainly should not be considered a weak link in our scien
tificand technologicaleffort.



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 time
required to correct this situation may be shortened.

I believe that the rnajor part of our scientific-technological effort could
be greatly improved if more applied scientists could be educated and
if some of our most talented and energetic young men could be at
tracted to this field of endeavor.

Examples of Applied Science

The field of applied science is so broad that a complete listing 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 chemistry, 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, aeronautics is one field in which
applied scientific work has flourished. It is certain that work invested
in applied science in this field has paid ample 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 of
radar. Electronics has been further strengthened by the most remark
able work done in the Ben Telephone Laboratories. Even these few
examples clearly illustrate that a strong position in applied science is
often obtained in connection with one or a few outstanding centers
of research.

One application of electronics has assumed gigantic proportions, and
it certainly deserves a few separate words. This is the development of
electronic computers. In the earlier stages of this development the
Massachusetts Institute of Technology and the excellent laboratories of
the International Business Machines Corp. have played outstanding roles.
While this particular areaof 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



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 development in applied nuclear science is paying
dividends in nonnuclear engineering and is also exerting a stimulating
influence on certain fields of pure science.

Space exploration occupies 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 more 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 omitted .

. Education in ApPlied Science

Education in applied science should proceed at the laboratories 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 applied
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 possibleby the latest advances in science.

. To give proper stature to these programs and to exercise the required
controls, it is suggested that these programs be worked out in conjunction
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 universities.
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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 I percent to a few percent) should be earmarked by
Congress for the support of such a cooperative effort. Enabling legis
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 satisfactory
performance.

A further measure that Congress 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



FEDERAL SUPPORT OF
BASIC RESEARCH

by JOHN VERHOOGEN

University of California, Berkeley

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, socially, and economically, very great indeed.

A guideline to a policyfor sciencemay perhaps be found in the proposi
tion that our rate of progress in sciencewiII 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, everyscientist 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 Aeronautics and Space Administration); the National
Science Foundation, in particular, needs considerable budgetary strength.
ening. A general increase in research funds of 10 to 15 percent 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 applications?"

A few preliminary remarks are in order:
(267)
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were to shut down our laboratories and burn our scientific libraries, our
society would not survive very long under. its present form, The
trend will continue; science, which has been felt so far mainly in tech
nology and medicine, is now spreading to all human affairs, The sec
ond characteristic is that as science progresses the cost of each new bit
of information increasesasit becomesmore 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 inquite a different 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 speed 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 ones. 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 science; but just how much is
enough? Only history may tell.

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 stiII most tenuous and obscure. Although the most
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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 pUI it simply: Human beings want bread, and they want freedom,
and some of them want to know.

At this point it is not inappropriate to consider the close 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 democratic 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 allof 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
offree inquiry, the desire to know, the search for new and better ideas,
and the curiosity that are basic ingredients of science. Even though
science has occasionally been misused, and scientists have supported
undemocratic philosophies, it remains true that allowing the scientific
mind free play is a means of strengthening the individual freedom ofmind
without which a democracy may find it hard to survive. .

It should be pointed out, in fairness to other aspects of culture, that
science is not unique in promoting democratic welfare: Philosophy 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 remind the reader that good science requires good education, in
the broadest acceptation of that term. .

Federal Role in SCience

Convinced as we are that the pursuit of science is an essential function
of our present society, we have nevertheless reached the conclusion that
the proper level of spending on basic research cannot be determined from
economie 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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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 research
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: Research
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 selectiveprogram of research grants to weaker insti
tutions that could be raised to a higher level of excellence. Suggestion
No.2 seems 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 rating being

.made independently of available funding.

"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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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 difficult point arises here as to how funds should be allocated
among the yarious 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 l of space-oriented research as compared to all other fields
supported by the National Science Foundation must raise some ques
tions, for we submit that no-single branch ofscience can in the long run
be more iInportant than any other, or than all others. Because it is in
herently iInpossible to predict where the most significant discoverieswill
be made, adequate support should be available at all times in all fields,
and. the allocations of research funds should be determined primarily
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 entirely a matter for scientific judgment. The large
items for mission-oriented research in the Federal science budget tend
to obscure the fact that funds for general-purpose research are stilI very
low. The need to strengthen general-purpose agencies, and particularly
the National 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 properly
staffed in a relatively short time; laboratories and universities cannot. It
takes years to train ascientist, and it may require many more years for
his work to mature and bear fruit; likewise, any disruption of scientific
activities can have lasting effects. Science in Germany, for instance,
stilI shows today the adverse effects of political events of the 1930's. A
policy for science must of necessitybe a long-range policy, as money spent
today may not show its beneficial effects for many years to come. Re-
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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-s-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
discoverieswill 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 their mis
sion, or part of it, has been accomplished.



SCIENTIFIC CHOICE, BASIC SCIENCE,
AND. APPLIED MISSIONS

by ALVIN M. WEINBERG

Oak Ridge National Laboratory

Introduction

My purpose in this essaywill 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 suggestions 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 Department 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 magnitude of support of science; and I sha1l inclicate
how this could influence our governmental organization for science (1).

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 missionslie 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 place, will therefore have to be charged to the Government agency
whose primary mission is the support of science-that is, the National

(279)
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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 economic
incentive for Indian women to have more children. Or we could spend
most 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-c-one involving science, the
other not involving science-s-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 expense of science as a
means to achieve a nonscientific end should logically be assessed against
the budget for achievement of that end, not against some mysterious
budget labeled "Science as a Whole."

Some science that is relevant to population control may be rather
,basic-for example, the study of how 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
pursued 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 which really is pursued forits
, 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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mittee on Science and Public Policy have a fine opportunity to make
this inventory through the panels that are now reviewing different fields
of science and projecting 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 bring 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-s
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 would have been so
much concern about expenditures for science.

III. Relation between the National Science Foundation and Other
"National Science Foundations"

The tendency of mission-oriented agencies to do basic research 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 every 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 research 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
sidies, 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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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 National Science
Foundation was established:

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 closely related to
their missions is recognized as important and desirable especially in response to cur-
rent national needsc and shall continue. '

Thus, suppose the National Aeronautics and Space. Administration
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 astronomy for, its own sake, beyond the level needed to assure
success of the missions of the National Aeronautics and Space Admin
istration.

In some cases th National Science Foundation would decide not
to support a field eyond the level supported by a mission-oriented
agency. This is pe ectly proper. The Foundation would, in effect,
be making a choic between different fields of basic research,. all of
which have to be s 'pported within a total budget for "science for its
own sake," and the ursuit of each of which is an end in itself.

The. primary pol tical decision involving science for its own sake
would then amount to determining how much the National Science
Foundation, the, c stodian of science for its own sake, gets, from,
Congress. The crit ria of choice the Foundation would use in making
judgments between ifferent fieldscould be those in my article, "Criteria
for Scientific Choice "(2) or other similar criteria; they would include
both internal and e ernal criteria, as described there, but the criterion
of technological mer t would probably be given relatively little weight,
In, this respect the N tional Science Foundation would weigh its criteria
of choice differently an would the mission-oriented agencies, since the
latter would use rei vance to their missions as a primary criterion.

I realize that the position I espouse places the bulk of the motiva
tion for support of iasic research on some hope of eventually obtain
ing applied benefits. This is as opposed to sllPport of basic research
for its cultural valu the pleasure it gives people to read about and
understand new disc veries. I now think the expectation of eventual
technical benefits to ciety is the firmer basis for support and is entirely



scientist, such a way of arriving at our total expenditure for all basic
science has the disadvantage that the bulk of science for its own sake is
too visiblyidentified 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 biology (which is broadly
relevant to the mission of the National Institutes of Health) and about
basic sciencesin fields (like high-energy physics) which are not so clearly
necessary, 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 obvious 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 therefore 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 political question concerning science
more urgent than the question of expansion of the National Science
Foundation.
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MAINTAINING LEADERSHIP IN
BASIC RESEARCH

by JOHN 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. Contiuued leadership by the United
States in basic research pcses two requirements: (1) Additional effort to
motivate able students and train scientists, starting with the elementary
schools, and (2) full suppcrt of scientific activities of able investigators
whose training has been completed. It is with these requirements 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 improved
methods of military defense grow from these innovations. .

The. Lesson of History about Basic Research

The assumption that development of technologlcaljnnovations 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 synthesisof wonder drugs or the release of energyfrom 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," it is inconceivable that the programmatic research that
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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 applications, 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 useful to the public and of value to the
economy.

Capitalizing 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 quality 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 research 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 (I), 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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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 supervisestudent extracurricular activitiesin 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
Iemsmay 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 conscientiously-and then
have taken away all the time necessaryto do the job."

Alsoimportant 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 year ($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
tunities for other types of scientificemployment 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 schoolsin 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 appropriate training
to enter and remain in the teaching profession.

What more can Federal agenciesdo to improve the curricula 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 substantial upgrading of the level of science and mathematics courses.
Good teachers in the best high schools now give courses similar to good
collegecourses of 10 years ago. This influence needs to be spread more
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The increase in opportunities for scientists in industry and in Govern
ment and academic research 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 larger 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 adequate equipment and support
are also available.

Graduate Education and Basic Research

A recent survey (8) shows that of the current basic research 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 selected postdoctoral students.

Traditionally and logically, Federal support of the education of scien
tists has been most extensive at the graduate-school level. At this level
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 opportunities on a national rather than State basis.

~5~101~65~20
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TABLE 1.-Comparison of research proposals recdved and gr~tS made hy the National Science
Foundation 1

Actual. Estimate. Estimate,
fisc~ear fiscal year fiscal year

1 3 1964 1965
. .

A. BIOLOGICAL AND MEDICAL SCIENCES

Value of proposals received ..... . ; . $126, 104,000 $145,000,000 $165,000, 000
Value of proposals supported ....... 38.394.851 40,500,000 43,500,000

Value of proposals not supported ... 87,709,149 104, 500, 000 121,500,000

Percentage of proposal receipts
I·

granted support (based on dollar
value) ......................... 30.4 27.9 26.4

.
.

B. MATHEMATICAL, PHYSICAL, AND ENGINEERING
SCIENCES

Value of proposals received ........ $271,313,744 $366, 000, 000 $469,000,000
Value of proposals supported ....... 59,895,475 64, 000, 000 70,700,000

Value of proposals not supported . . . 211,418,269 302, 000, 000 398, 300, 000

Percentage of proposal receipts
granted support (based on dollar
value)........ ',' '............... 22. 1 17.5 15.1

C. SOCIAL ecrsxcae

Value of proposals received . . . . . . . . $30,212,000 $35, 000, 000 $40, 000, 000
Value of proposals supported ....... 8,956,172 9,700,000 10,800, 000

Value of proposals not supported ... 21,255,828 25,300, 000 29,200,000

Percentage of proposal receipts
granted support (based. on dollar
value) . . :.. '..................... 29.6 27.7 27.0

. . .

1 The data of the table are taken from the House of Representatives Appropriation
Committee hearings for fiscal year 196,5. .
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and universities proper was only about $0.5 million (11). 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 seems to he 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 lfl-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, buildings, equipment, 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 ot 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 interrelation, present sources of support, and pro
jected requirements. For example, the Committee for the Survey of
Chemistry is seeking 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 with critical evalu
ation in the committee's report.

"Little Science" and "Big Science"

One of the conclusions to which the survey of the Chemistry Com
mittee 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 geocheroistry 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 cheroistry graduate students undergoing
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-



the unknown, specific results cannot be predicted or contracted for in
advance. They have recognized that the best results are obtained by
backing able men to the'fullest possible extent, trusting their judgment,
and minimizing time-consuming administrative redtape and paperwork.
To assistin insuring that only good projects will be supported, the agen
cies have developed sound systems of review by referees and panels of
experts. Most university research workers, like Congressmen, work far
more than 40 hours a week and do not punch a timeclock while doing it.
Most university administrations are scrupulous custodians of public
funds. It is, 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
research 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.
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Appendix A

DIMENSIONS OF FEDERAL INVOLVEMENT IN
RESEARCH AND DEVELOPMENT

Nature of Research and Development Statistics

To obviate repetition of similar background material in each com
mittee member's paper, this section outlines the Federal Govermnent'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 comrnents are intended only to preview the prob
lems for the reader until he has had an opportunity to go over these
fuller expositions developed by Dr. Harvey Brooks and other committee
members 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 interpretation of these data,and
appropriate uses of the available research and development data.

All economic statistics suffer from some limitations that do not inhibit
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 will 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 appreciated. In the United States there are
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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't-s
which is far from universal among the respondents-identification 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 estimates 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 supplied by the National Aeronautics
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 $41.9million; the NationalAeronautics
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
development 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 .



Chart 1

TOTAL R&D EXPENDITURES BY PERF'ORMER
AND TYPE OF WORK, 1961·62

Total R&D Expenditures: $14.7 Billion
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14 percent of this amount was spent by Federal agencies on doing re
search and development work themselves. Seventy-four percent for the
performanee of research and development by industry. Six percent was
used by colleges and universities proper; 3 percent by Federal contract
r"l'earch 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. (See chart 2.)



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 $950million 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 1961-62, 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 intramura1ly 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. (See
chart 3.)

Of the $583 million devoted to basic research by colleges 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 research 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 research around 10 percent of the total each year for
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which detailed breakdowns are available. (See chart 4.) The distribu
tion of funds among the different categories of performers has varied
more, but even they have maintained the same rauk order. during the
past decade or so. From 1953-54 to 1961--{)2, 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 research 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
margin, the principal performer of research and development throughout
this period. .While the Federal Government has remained! the second
largest performer, its rate of growth has been the slowest, And the

, . . .d_,

Chart 4
TRENDS IN TOTAL EXPENDITURES FOR

RESEARCH AND DEVELOPMENT, 1953-54-1961-62 ~
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Chart 6

R&D EXPENDITURES AS A PERCENT OF THE
GROSS NATIONAL PRODUCT, 1953-54 -1961-62

(Percent)
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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 Govermnent have
grown apace with those of nongovernment institutions. From fiscalyear .
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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Chart 7

FEDERAL ADMINISTRATIVE BUDGET EXPENDITURES
FOR R&D, FISCAL YEARS 1954·65

Billions of Dollars
20

Source .. National Science Fou.ndation.

Ail you might be expected then, a very few agencies dispense most of
the research and development funds. Four of them-e-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 (exclud
ing $778 million obligated for research and development facilities) in
fiscalyear 1962. Four others-s-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
remaining 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 fiscalyear 1962, at one extreme was the Department of De
fense with nearly 85 percent for development, 12 percent for applied
research, and slightly lessthan 3 percent for basic research. At the other
was the National ScienceFoundation with lessthan 1 percentfor develop
ment and over 99 percent for basic research. Ahnost squarely in the
middle was the National Aeronautics and Space Administration with 50
percent for development and 50 percent for research, and the research
ahnost evenly divided between the two kinds (28 percent for applied 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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Chart 8
FEDERAL OBLIGATIONS FOR R&D, BY SELECTED AGENCY AND

TYPE OF WORK, FISCAL YEARS 1962, 1963 AND 1964"
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Chart 10
FEDERAL OBLIGATIONS FOR R&D BY PERFORMER,

FISCAL YEARS 1955·1964
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RESEARCH AND DEVELOPMENT
IN OTHER COUNTRIES

What is impressive about research and development in other countries
of the western world-c-especially the more industrialized-s-is less the
absolute level of effort by comparison with the United States than the
determination to catch up and to organize government to deal effectively
with science and technology.

Thatdireet comparisons are not too significant is not surprising when
one considers (1) that Europe lost much of its scientific and technical
personnel to the United States during and after the war, (2) that her
academic and political traditions have been, and often stilI 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 surprises the contemporary observer, therefore-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 (I) 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 iscurrentiy 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-a-vis the countries of
the European Economic Community, 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 been much more rapid than that of the gross

(325)



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 cautions should be observed in embarking on
international comparisons of research and development effort. The
ratio of research and development expenditures to gross national product
("research 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 chartf4.) 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 grossnational products because
agriculture, forestry, mining, and fisheries-all of which have compara
tively low research inputs-e-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 countries, which is not included in the domestic
statistics.

On the other hand, the research ratio of some industrialized countries
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- I

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.
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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 usemuch more refined techniques."

The quotation is from, Science, Economic Growth, and Government
Policy, areport of the Organization for Economic Cooperation and De
velopment published in 1963 (l). 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 regis 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 serieson 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 certainly have risen more than general price levels.

Yet the rapidly rising trend of research 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 research 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. (See 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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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-agencies that are vaguely analogous to the
United States National Science Foundation. In all the European coun
tries, moreover, often more than 90 percent of basic research in the uni
versities is more or less directly Government-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 disbursed
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 three 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
p~oportion of grossnational product.
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TABLE 4.-Canada. Total Federal Government funds for research and development, 1959-60

[Thousands of Canadian dollars]

.

Percentage Percentage
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
C. Defense ... . .. . . . . . . . . . . . . . . . . . . . . . . .

.

67,420 31. 7 70.0
D. Health and welfare.................. 4,310 2.0 38.4
E. National research council. ........... 32,824 15.5 76.8
F. Northern affairs and natural resources.. 6,928 3.3 84.4
F. Minesand)echnical surveys.......... 27,684 13.0 100.0
G. Nuclear science ..................... 32,780 15.4 92.0
K. Other .................. ... . . . . . . . . . 2,537

.
1.2 55.4

All agencies .................... '....... 212,316 100.0 83.2

Source: Science, Economic Gr.owth and Government Policy, OECD~ Paris, 1963.

TABLE 5.-Frame. Total Governmentfundsfor research and devewpmtnt, 1961

[Millions of French francs]

Percentage Percentage
Field of competence of ministry or agency Total of total of funds

expenditure funds spent intra-
fo(R.j& D. murally

A. Agriculture ........................ 51 1.9 ·...........
B. Civil Aviation ......................

.
88 3.3 .......... '..

'·C. Defense............................ 1,477 55.4 ............
D. Health ............... .'............ 13 .5 ............
E. Higher education and CNRS ........ '. 512 19.3 ............
F. Telecommunications .............. .-. 40 1.5 .............
G; 'Nuclear Energy ...........•......... 381 14.3 ............
H. Overseas research...... '.' ........... 39 1.5 · ...........
K. Other ............................. · 60 2.2 · ...........

All agencies .............. '.' ......... '... 2,676 100.0 55.4

Source: Science, Economic Growth and Government Policy, OECD, Paris, 1963.
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Science Policy Mechanisms

::J::J;.J

More significant even than what comes throngh 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
progressin scienceand 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 formulate 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 expected, the specifics of the science-policy organs in'
Belgium, France, the United Kingdom, 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 organizationand systematic in some procedures; e.g., in segregating the
scientificcomponents of agency budgets into a separate science "package"
for special consideration. However, 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 variety of governmental and scientific advisory
groups. And despite the apparently more theoretical approach followed
by some, all represent essentiallypragmatic adaptations to a successionof
practical 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 systemsof government, legislatures vote
on the national budget as a whole, with allocations to and within science



336 BASIC RESEARCH AND NATIONAL GOALS

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 onthe details of
sciencepolicymaking.

A more detailed descriptionat 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
peculiarly dynamic because sensitiveto the constantly changing character
of science and technology. A good case in point is the major reorganiza
tion currently underway in British civil science in response to recommen
dations of the recent Robinson and Trend reports. Most iroportantly,
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 investigation of the develop
ment of science-policymachinery and activities in the 21 member coun
tries of that organization.

Virtually all Western countries are now asking explicit questions about
science with increasing insistence. These questions reveal an awareness
of the great and growing iropact of science and technology on all the poli
ciesof modern nations 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 exploiting their research and
development resourcesto the full.

References

(1) The Organization for Economic Cooperation and Development (OEOD), which
came into being on September 30, 1961, i~ the successor organization to the
Organization for European Economic Cooperation (OEEO). The legal per
sonality possessed by the DEEO continues in the OEOD, but the membership
his been broadened to include all the major industrialized countries of the
world except Russia. The present members are: Austria, Belgium.. Canada,
Denmark, France, the Federal Republic of Germany, Greece, Iceland, Ireland,
Italy, Japan, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, the United Kingdom, and the United States. < Yugoslavia
is an associate member.

(2) See DEeD, Proposed Standard Practice for Surveys of Research and Develop-
ment, Report DAS/PD/62.4,7 (3d Revision), Paris, 1964. .
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TABLE 6.-;-United Kingdom. Total Government funds jar research and development, 1981-62

[Millions of pounds]

Field of competence of ministry or agency
Total

expenditure

Percentage
of total

Government
funds for
R.&D.

Percentage
of funds

spent intra
murally

A. Agriculture, forestry, fisheries, and food. 12.7 3.3 ............
B. Civil Aviation ...................... 19.9 5.2 ............
C. Defense............................ 245.7 63.8 35.0
D. Health and medical •................ 6.3 1.6 ......... '"

E. Higher education ....•.............. 23.3 6.1 0
F. Industry and Communications. _....... 19.2 5.0 ............
G. Nuclear science ..................... 54.1 14.0 .............
H. Overseas research ................... 1.5 .4 ••••••••• '0,

K. Other ............................. 1.8 .5 ............

All agencies ........................... 384.5 100.0 42.4

Source: Science, Economic Growth and Government Policy, DECD, Paris, 1963.

TABLE 7.-United States. Federal Governmentjundsjor research and development, 1961-62

[Millions.of dollars]

Field of competence of ministry or agency
Total

expenditure

Percentage
of total

Government
funds for
R.&D.

Percentage
of funds

spent Intra
murally

A.· Agriculture '............•.
B. Civil aviation .••................. "
C. Defense ; .
D. Health and welfare .
E. Education and NSF ' .
F. Commerce and resources .
G~ Nuclear energy••...................
J. Space .
K. Other .

All agencies .

148 1.6 71
53 .6 35

6,618 71. 4 21
451 4.8 18

........... . ............ ........... '..
111 1.2 82

1,111 12.0 2
742 8.0 19
46 .5 72

9,278 I 100.0 20

Source: Science, Economic Growth and Government Policy, DECD, Paris, 1963.
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TABLE 3.-Expenditure onresearch Qy some government agenC£es in various countries (current pr,:w)

United States, including capital , 1962--63
expenditure (dollars in millions) . 1947-481956-571959--Q0 1960-61 1961-62 estl-

mates

---------
All agencies .................... 900 3,446 5,803 7,738 9,278 10,195
Department of Defense .......... 551 1,639 4,183 5,654 6,618 6,504
National Aeronautics and Space ....

Administration 1 .•••••••••.••• 35 71 146 401 742 1,287
Atomic Energy Commission ..... . 38 474 877 986 1,111 1,315
Department of Health, Education,

and Welfare '.................. 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, ........ ....... ...... . 28 41 53 57
Department of Commerce ........ 5 20 30 33 36 72
All other agencies ............... ' 20 77 39 44 46 63

------------------
U.K., includin~ capital expend- 1947-481956-57 1959-60196O--Ql 1961--Q2 1962-63

iture (poun s in millions)
Estimates

------
Atomic Energy Authority (civil) ... ....... ....... .. ... ~ . ....... 49.0 50.0
National Institute for Research in

Nuclear Science ............... ....... ....... . ... ... 5.2 5.1 6. 7
Department of Scientific and In-

dustrial Research....... ; ... '.' 3.1 ....... 13.6 16.0 18.1 22. 1
Medical Research Council ....... .8 ...... . 3.1 4.5 5.5 5.8
University Grants Committee. '.'" ., ..... ....... 18.0 19.2 21.2 ·23. .7
Ministry of Agrlculture-e-Scottish

Department of Agriculture .. -... " ..... ....... 3.3 3. 7 '4.8 • 4. 6
Agricultural Research -Council .... .9 ....... 4.6 5.6 6.1 6.5
Ministry of Aviation (civil) ....... ....... .... ... .... ... 16.8 19.9 25.5

. ------ ---------
France (new francs in millions)

.

1947-481956-571959-601960--Ql 1961-621962-63
---------------

CNRS ........................ ....... 57.5 105.6 142.3 176.6 .- ..... " .
University laboratories .......... . 7.7 16.4 29.5 44.4 .......
National Institute for Public

Health ...................... ....... 2.8 5.2 9.4 11.8 . .......
National Institute for Agricultural

Research ........... '•..'...•... ....... 9.0 ' 22.3 29.0 37.6 .......
. .

1 National Advisory Committee for Aeronautics before 1958.
. 2 Including Manhattan District Project (Atomic Energy).
a Including Agricultural Advisory Service.

Source: Science, Economic Growth and Government Policy, OEeD, Paris, 1963.
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TABLE 2.-Funds for research and development by source and by performer in various countries

[In percentages of total]

o
o
o
o
o
o
o
o

o
o
o
o
o
o
o
o

Business enter- Nonprofit
General prise sector sector

Country Year Govern- (manufacturing including Tota
men, industry shown higher
sector in parentheses) education

A. Performers of R. & D.:
.Japan ................ 1959 14 63 (56) 22 1C
United States ......... 1961 15 75' (73) 10 1C
Netherlands....... ; ... 1959 '20 64 (62) 15 10
United Kingdom ...... 1961 28 63 (59) 9 1C
France............... 1961 , 32 57· (51) 11 1C
Canada... ; .......... 1959 48 39 (35) 13 1C
Philippines ............ 1959 65 35 (27) nil 1C
Australia............ . 1960 68 20 (.. ) 12 1C

B. Sourcesof finance for R.
&D.:

France.............. . 1961 78 22 8 nil lC
United States ......... 1961 66 32 2 lC
Finland............. . 1956 62 38 8 nil lC
United Kingdom... . . . 1961 61 37 2 lC
Canada; ............ . 1959 61 31 8 1C
Norway .............. . 1960 • 51 42 7 lC
Japan ................ 1959 36 64 3 nil lC
Netherlands........... 1959 30 63 7 I. 1C

.

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.N.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 included in that of manufacturing.

Source: Science, Economic Growth and Government Policy, OECD~Paris~ 1963.

NOTE.-The sector definitions are based on standard national income definitions,
that is, publicly owned enterprises or industries are included in the business enterprise
sector.
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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 tota1lack of meaningful statistics,
what evidence there is, and the testimony of all observers, shows that the
Russian economy and societyare very heavily based on science and tech.
nology in all their dimensions. And since the Soviet Union is a Com
munist structure, it is clear that all scienceand technology in that country
are directly financed, controlled, .and managed by the government. The
only exception to the sharp upward trend of research and development
activity is Canada, where the normal trend was temporarily interrupted
by abrupt cancellation of military development work.
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largest portion of that being for the engineering sciences, and the next
largest for earth (including space) sciences; and the remainder has been
mostly for the life sciences, principally medical. (See chart I I.)

When basic research is considered alone, substantially the same situa
tion obtains with respect to major fields of science. Of the $I. I 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 psychologicalsciences, 2 percent for social sciences, and less
than half of I percent for other sciences. However, there are differences
in the distribution of support among disciplineswithin 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 sciences, and 3 percent to mathematical
sciences. (See chart 12.)

References

(1) Kathryn S. Arnow, "National Accounts on Research and Development-The
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-e-Includlng some
presented by Government officials at congressional committee 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.



320 BASIO RESEAROHAND NATIONAL GOALS

Chart 9
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Welfare and the Department of Agriculture allotted over 95 percent
to research, 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 lessthan 1 percent for Health, Educa
tion, and Welfare.) (See chart 8.) However, when the total amount
obligated for research and development by the Federal Govermnent that
year is analyzed, a familiar pattern emerges. Approximately 70 percent
went for development, 19 percent for applied research, and 11 percent for
basic research. (See chart 9. )

The distribution among performers is essentiallythe 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 organization~ 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 research centers operated by other nonprofit insti-
tutions, 3 percent. '

How Federal research and development funds are apportioned 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 engineering sciences, and 4 percent for the mathemati
cal sciences. Of the $821 million obligated for the life 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
distribution 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
ligations for research each year has been for the physical sciences, the
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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 theNational Aeronautics 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 fuuds
has been for defense and space programs, with the portion devoted to
space activitiesgrowing the more rapidly of the two from fiscalyear 1960
on. (See chart 7.j

TABLE i.-Federal eXpenditures,total andfor R. & D. and R. & D. facilities, fiscalyears194().;..(j5

[Millions of dollarsJ

(1) (2) (3)

Total TotalR.&D. Col. 2 as
Federal andR.&D. a percent

expenditures 1 facilities2 of Col. 1

9,055 74 0.8
13,255 198 1.5
34,037 280 .8
79,368 602 .8
94,986 1,377 1.4
98;303 1,591 1.6
60,326 918 1.5
38,923 900 2.3
32,955 855 2.6
39,474 1,082 2. 7
39,544 1,083 2. 7
43,970 1,301 3.0
65,303 1,816 2.8
74,120 3,101 4.2
67,537 3, 148 4. 7
64,389 3,308 5.1
66,224 3,446 5.2
68,966 _4,462 6.5
71,369 4,990 7.0
80,342 5,803 7.2
76,539 7,738 10.1
81,515 9,278 11.4
87,787 10,373 11.8
92,642 11,983 12.9
98,405 14,883 15,1
97,900 15,287 15.6

Fiscal year

1940 ..
1941 , .
1942.......... . .
1943 .
1944 , .
1945 ; ..
1946 ..
1947 .
1945 .
1949 .
1950 .
1951 " .. ,.
1952 .
1953 .
1954 .
1955 .
1956 .
1957 .
1958 .
1959 .
1960 , .
1961. .
1962 .
1963.. ','
1964 , .
1965 .

1 Based-on table 15, p. 454, the Budget of the U.S. Government, fiscal year ending
June 30, 1965.

2 Amounts for fiscal years 1940 through 1953 based; on table XXXI, NSF. 64-11;
p. 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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research and development expenditnres by the smallest performer
other nonprofit institutions-have experienced the most rapid relative
increase. During this same 10 years, the annual total 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

TOTAL R&D EXPENDITURES BY PERFORMERS
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!!JDdtainclude state and local government funds.

NOTE : Data are based on reports by performers.
A1'1Wunts for' federal contract. research, centers
'l)Zcluded inet;tck categol1/; .

Source: -National Science Foundation,196S.

Another perspective 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 to 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. Moreover, 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 constitnted
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 grossnational product.



Chart 3
TOTAL EXPENDlTURES FOR BASIC RESEARCH BY PERFORMER AND SOURCE, 1961-62
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Chart 2

TOTALR& D EXPENDITURES BY PERFORMER AND BY SOURCE, 1961-62

Research and Development Performers (Millions of Dollars)
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subjective judgments. Research and development accounting and other
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 achieve complete comparability or consistency of data in
statistical time series. At most, the hope is to make the guesses more
"educated." An ineradicable element of imprecision will remain in
research and development statistics, but this should not nullify their
usefulnessfor policymaking purposes.

Research and development statistics do help illuminate the major
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 nongovernmental support 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 tor Re
search, Development, and Other Scientific Activities, vol, XII (NSF
64--11) .

The National Scene

Two striking impressions emerge from examination of total research
and development expenditures 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 supplies most of the money while private industry does most
of the work.

Of the roughly $14.7 billion spent for research and development in
the Nation during the year 1961-62, about 68 percent went for de
velopment, 22 percent for applied research, and only 10 percent for
basic research. (See chart 1.) Approximately 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
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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 research moneys. The organizations involved are diverse, for
they include public governmental agencies, private business firms, edu
cational institutions and other nonprofit organizations, and hybrids 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 yearfrom which the data are taken) in connection with figures on
total national expenditures for research and development.

Some Federal time series are maintained in terms of obligations, 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 during 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 either 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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Science Course Improvement Projects: 1. Courses, Written Materials, Films,
Studies, NSF 62-38, October 1962; 2. Science Teaching Equipment, NSF
63-15, May 1963.

Doctoral production U.S. Universities 1920~1962. National Academy of Sci
ences, National Research Council, Bulletin 1142, Washington (1963).

'Committee for the Survey of Chemistry of the National Academy of Sci
ences-National Research Council, F. H.Westheimer, chairman, private
communication.

National Academy of Sciences-National Research Council, Publication 1185,
1964.

U.S. Atomic Energy Commission Program of Off-Site Research in Chemistry,
an Ad Hoc Panel Report, U.S. Atomic Energy Commission Division of
Research, TID-21327, Nov. 19, 1964.

Issues Relating 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
Councilfor Science and Technology, August 1964.

W. V. Consolaaio, The Educational Record, Am. Council on Education, p.
210, Spring 1964 issue. "Sustaining American Science, 1965-75-A Re
sources Planning Study."
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gory. This is reflected in an excerpt from a summary of preliminary
findings of the Chemistry Survey Committee:

The total present investment of $55 million for major chemical apparatus 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-resolution 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 industry depends heavily on. university research -and training * * * the total
investment in equipment for chemistry is still relatively modest. It follows that
scientific advances through chemistry can beniade 'with added investments which
aresmallwhen compared with the potential gains.

The term "little science" is sometimes used to distinguish the work
of individual investigators and theit 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 o£the individual. Thus
"little science" is responsible 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 slighted because of preoccupation with the dramatic needs of
"big science."

The current critical financial needs of "little science" in university
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 research 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 militaryand "big science" hard
ware.

Getting the Most Return for the Federal Research Dollar

The Congress of the United States has shown great wisdom in de
velopment of support of basic research in the universities through a
variety of agencies, including the National Science Foundation, National
Institutes of Health, Atomic Energy Commission, Department 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
expended, They have recognized that since basic research is exploring
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As with the National Science Foundation, other agencies are also find

ing that they must turn down good basic research 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 (lO) :

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
Commission 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 in 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
sirable to be able to accept 40 to 50 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
promisiog 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 Ona feeliog for the number of good proposals now undersupported,
and for growth of the population of scientists in trainiog in the next
decade, would iodicate 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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At the graduate level, support for the education of scientists is usually
also support for the conduct of research, since the graduate student is
a research apprentice. Training of graduate students in some im
portant areas is 'now threatened by lack of fellowships and research
assistantships and by lack of space and equipment in our educational
institutions. '

Federal Support for Basic Research

The Committee .on Science and Public Policy of the National
Academy of Sciences, 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. Illustra
tive is the fact that the number of qualified applications received by the
National Science Foundation during thelast year from scientists request
ing support has' been much greater than the number that could be
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 mi1lion.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 supported 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 Committee, "1 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 givetopnotch 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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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 facilities and staff for training in scientific fields,provided they have
the potential and desireto 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 career
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 collegesare evolving accelerated programs that
challenge students to use their abilities more fully. For example, calc
culus is now given in many bigh 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, from
the elementary 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 fivemajor fields. One
hundred and thirty-two graduates earned Ph. Do'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 necessaryto develop their abilities.
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far short of the 188,000 required to replace those leaving and to serve
the predicted increased :enrollment (1). Still more (estimated at
60,000) (l) are needed to relieve overcrowding, to eliminate half-day
sessions, to replace unprepared teachers, 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 specialized
chemistry, physics, and biology coursesin high school. Many high 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 continning 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 attempt to increase sub
stantially either the quantity or quality of physics instruction in the high
schoolsmust recognize 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 coIlegegradu
ates certified to teach physicsispitifully 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 schoolboards
whose formulas for salary raises discourage teachers from taking courses
that would increase their subject matter competence. Such formlllas
specifythat courses taken must be graduate coursesleading 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 important influence in improving
the subject matter competence of high school science teachers by provid
ing school boards with tables of recommended undergraduate science
courses appropriate for teachers with various levels of previous training.
The SChool boards would then have a formal basis for giving promotion
and salary advancement to teachers for taking the cours~ most vital to
improvement of their teaching.
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might have been initiated could have produced the discovery of X-rays.
This discoveryoccurred 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 experiments to determine whether X-rays accompany the
fluorescence of uranium, which led him to the discovery of radioactivity.
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
energy stored in the nucleus; known to be vast in terms of the Einstein
formula, -E=mc', seemed completely impossible. But to the basic
research 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 been used only as a tint for ceramics for the two
centuries since its discovery, became an element of prime economic and
military importance, with far-reaching implications in international

-politics.
In a quite different 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 country 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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suitable, provided one does not expect the benefits to be too direct too
soon.

IV. The Coming Crlsis in Support for Basic Physical Research

The line of thinking I have described (for which I certainly 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 direcdy 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
litde concern for basic research. But I 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 piece 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 research 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
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astronomy. Nevertheless, I believe stellar astronomy is sufficiently re
lated to solar astronomy, and progress in stellar astronomy has enough
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 ScienceFoundation for basic
stellar astronomy; and, moreover, I can seethat the NationalAeronautics
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, at a level which beats
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 accomplish 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 missionderivesfrom past

. basic research-for example, the Atomic Energy Commission, the Na
tional Aeronautics 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 Congress. 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 to payoff in a rather tangible
but unpredictable way. .

In many cases, the fraction of its applied budget that an agency is
willing 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 fune-
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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 reasons that are intrinsic to science
itself, would. then be properly included in a budget which I call the
"Intrinsic Basic Science Budget." .

This activity of our society, intrinsic basic science, should properly
be balanced against other activities of the society-e-for example, educa
tion and foreign aid. As I see it, the choice 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 putting together our expendi
tures on an science has obscured the real issue. Though I am 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 applied science.

I believe that by realistically identifying science that is done to accom
.plish a nonscientific-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 agencies, and to tabulate how much of its
scientific work really is mission-oriented and how much is basic. I 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 itself-even 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 connection 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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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 perhaps our country's central political
problem related to the support of science.

I. Political and Administrative Choices'

As a prelude to addressing.the problem of scientific choice, I digress
into political philosophy to distinguish between what I call political
choicesand administrative choices. Political choicesdefine 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 Saturn-boosted
launch was the way to achieve thisgoal.

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 Congresshas 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 choicesshould choose between different ends or between different
means to achieve the same end.

Allocation of some of our science budget involves administrative
choices; allocation of other parts involves political choices. Therefore
choosing among alternatives from "all of science" confuses political
choiceswith administrative choices.,

II. Basic Science and Applied Science

This digression into political philosophy is relevant to the issue of
allocation of scientific effort, the root problem the Miller committee
wishesus to consider. For, insofar as applied science is merely a means
to a nonscientific end, the allocation of our applied research and devel
opment budget involves administrative decisions, whereas allocationof
our budget for pure science-s-science which is done for its own sake and
is therefore an end in itself-involves political decisions.
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sponsibility for carrying out a policy for science should rest primarily in
permanent agencies set up for that purpose.

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 simply 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 he 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 year 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 thenext 10 years; an
additional factor of 1.5 was 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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equipment that can be made or bought for, say, less than $100,000.
There are, of course, scientists whose work centers around large "ma
chines" and to whom "little science" grants are not very useful, as the
main cost of their research 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 ayear.

General Support of Graduate Schools

Grants to university investigators are unlikely to be productive if the
investigator himself has no laboratory to work in; he also needs a
library, shops, and free time. AIl 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 National 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 highest 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 prediction, 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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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 industriallahoratories,
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 doso in
the future. How can we then, in such changing and largely unpredict
able conditions define the Federal responsibility?

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
power. 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 also 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
rate of progress in science will depend mostly on the quantity and quality
of available brainpower. As the judgment of quality can be made only
by judging achievements, the first requirement in a policy for science
should be to provide opportunities for scientists and potential scientists
to develop, demonstrate, and exercise their creative powers.

- Research in Universities

Opportunities to develop and exercise creative power exist, of course,
in universities; 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 enough. One
does not become a good scientist just by listening to lectures, or even by
performing 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 inqnisitiveness,
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prosperous countries are also those where inquiry flourishes best, it has
been pointed out that the two industrialized nations that devote 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 extraordinary recovery of Germany after World War II was not
based on science, at least not on German science. The discrepancy
may be accounted for in a number of ways. 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 Waft invented the steam engine
longbefore the laws of thermodynamics On which it operates had been
formulated; our knowledge of aerodynamics was still very meager when
the first airplanes appeared in the sky. Secondly, some industries ap
parently grow very well without having to spend milch money on
research. Finally, the "Ieadtime" 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 effort put into development; 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 engineer. The industrial uti1iza
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 history can be read as an incessant query, the search for
answers to unceasing questions: What is the stuff of the universe, and
why; what is life, and how did it start? It is properly mankind's heritage
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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 achievements 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 helpful. What is needed is not just to maintain our
position, butto 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 be, 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 unimaginable 50 years ago. And it is also a fact that if we
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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 iri 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 stipends will have
to be made available.

The United States possesses the fundamental skills from which a
vigorous 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 special problem to make sure that
we maintain, and in some areas regain, a position of leadership in
pioneering the developments of future technology.

References

(1) There is,· of course; a very massive educational effort in engineering, most of
which, howeverv. is on the undergraduate level. The deficiency. that I am
discussing in the present paper lies specifically in graduate education. The
relation of engineering to the topic of this paper is discussed separately.
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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, am! 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 emphasize specialization. While this trend helps
in many branches of pure science and also is useful in engineering devel
opments, it has a decidedly harmful effect in applied science.

The needed 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 expected that many of the most talented
students. will turn toward applied science after having 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 general in
formation at the graduate level.

Subjects that should be required in all cases include mathematical
techniques like the handling 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 matter. 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 successof 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
important 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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by reliable and effective mechanized equipment. In my opinion it seems
probable that automation will continue to be one of the most rapidly
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 lie on the
borderline between pure science and applied science. During the war
meteorology w~ emphasized, but this effort ended in 1945. There have
been recent attempts to step up our progress in meteorology by establish
ing a national center of atmospheric research at Boulder, Colo. It is too
early 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 observations 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 possible benefits from the study of meteorology
appear very great in comparison with the limited efforts that have been
made in this field by U.S. scieritists. It should be stated that past and
present methods by weather modification have been criticized as ama
teurish. This criticism is probably well founded.

Oceanography is in a position similar to that of meteorology. Woods
Hole and the Scripps Institution are examples of excellent but small
oceanographic 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 between the physical and biological
sciences. .

During World War II,very great strides were made in nuclear en
gineering:. After that period, progres;;has been spotty and, in 80111e
areas, insufficient. Some ~lUclear react?':S 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 widespread and altogether effective manner. Nuclear ex
plosives have been developed with some successfor 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 erroneous conviction, originally shared by mili
tary and civilian authorities, that the proper application of explosives

,- . . I

lies in the military field. .
The exploration of controlled thermonuclear reactions has been

strongly supported for the past dozen years. Success is not yet in sight.
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Applied Science

Applied science occupies an intermediate position between pure sci
ence and engineering development. In applied science we have a
definite, practical 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 practical 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 ariy existing need. Instead it generates a novel need and
answers a question that never has been asked before. Atomic energy,
space exploration, 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 bnt its
direction that distinguishesit from pure science.

Many of the metIiods employed in applied science are the same as
those practiced in pure science, but there are differences. A project
in applied science very often 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 projects 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 applied
science.

In our educational institutions applied 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 departments included mathematics, physics, chem
istry, and many branches of engineering. 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 ratio, one should consider that the Massachusetts
Institute of Technology is snpposed to have a particularly close con
nection with technology.

Onr deficiency in applied science might be illustrated by referring
to our space program. This program, on which we are spending more
than $5 billion a year, has connections with engineering development,
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
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to research; development, and education in the physical sciences, for the
simple reason that my competence lies in this field.

It is my opinion that the U.S. effort is not sufficiently 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 engineering 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 (1). As a result, the most massive expenditures of our Gov
ernment suffer from inadequate techniealleadership.

The following statement proposes to describe this situation more fully
and to discuss some methods of possible improvement. For purposes of
clarification I shall start by defining "pure science," "applied science,"
and "engineering development."

Pure Science

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 might 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 judgments. '

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 intellectual value. TJ1is
value is readily recognized by the expert. Often it is difficult to explain
this intellectual value to the layman. It is, in my opinion, highly impor
tant to try to do so.
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fundamental disciplines of physics, chemistry, mathematics, and biology,
and where the interplay 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. Do'sin the earth sciences.
Federal expenditures were about $330,000 per Ph.D. worker. Com
pared to most other fields, this isa high ratio, made necessary at least
in part by the high cost of the vehicles and instruments 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. Do's were raised to at least 4,000
double the present number.

If this were to be accomplished in, 10 years, and if we also take into
account the need for replacement of personnel, the entire present output
of our universities, about 300 doctorates a year, would be required. An
increase in the number of Ph. Do's per year can be attained only by in
creasing, in a carefully planned way, the support of basic earth sciences
research in the universities.

If we take asa national objective the production of 600 Ph. Do'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
students-s-about double the present numbers-s-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 a minimum figure for Federal
support of basic research in the earth sciences.

Although support for research is an essential ingredient in building 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 earth 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 inorganicmaterials became combined
into more and more complicated organic molecules, which first learned
to transform energy and ultimately 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 be understood by studying the earth together with genetic
mechanisms.

Some properties of matter under extreme conditions can best be inves
tigated through the earth sciences. The inner mantle and core of the
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Federal Support of the Earth Scieuces

To gain the understanding we need, we must study the earth 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 earth phenomena. Turbulent motion in the molten core
of the earth disturbs the magnetic field 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 earth by solar
flares. Tbesefloods 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 around the Pacific, and in the broken mountain 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 Year, the greatest scientific
enterprise ever undertaken.

Many of the economic benefits from research 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 horizons of individual corporations 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 Government.
Another 17 percent were employed by educational mid nonprofit institu
tions;their research support came largely from Federal funds. Total
Federal expenditures in the earth sciences were around $540 million in
fiscal 1963 and $600 million in fiscal 1964.
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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 collision losses could be lowered through improvements
in navigation, basedon 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 transportation are obvious 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 navigation 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 reflectivity of the upper air
are.as yet unknown.

Optimizing Land Use

The physical properties of soils-permeability and water-holding ca
pacity, friability and cohesiveness, acidity or alkalinity, salt content, thick
ness and variability-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 between
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 destructionin
flood plains; catastrophic washing out of dams due to failure of the sur
rounding rock walls; proposals to build nuclear powerplants near major
active earthquake faults; lossesof beach property due to shoreline erosion;
all are examples ofimproper land use because of failure to understand

.or to apply scientificknowledge of the earth.
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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 bythe Soviet Union, the United King
dom, and the United States to limit by international agreement their
testing of nuclear weapons illustrates the potentially grave consequences
of neglecting 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 energies 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-Distance Communication

Sunlight, 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 activity
cause ionized layers in the atmosphere to vary in reflectivity and to rise
or fall in altitude, so that radio communicators must shift wavelengths
and relay points. Monitoring of these solar-terrestrial processes is es
sential to maintaining the effectiveness of present radio communications.
Research on the electromagnetic behavior of the upper atmosphere, on
terrestrial and solar radio noise, and on atmospheric phenomena that
may be used 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 tranSInitted by radio waves.



246 BASIC RESEARCH AND NATIONAL GOALS

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 tropical storms, called hurricanes in the
Atlantic and typhoons in the western 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 killed 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 already 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 I926, many lives were lost and numerous
structures were demolished when a hurricane passed over the Miami
Fort Lauderdale area of Florida. Hurricane Cleo, in August 1964,
violently struck the same area without taking a single American life
or destroying any buildings.

Pollution

The enormous growth of cities during the past few decades, both in
population and area, is producing unprecedented problems of pollution
of water, air, and soil. These problems are aggravated by the use of
chemical 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 important
aspect is the rate of dispersal of pollutants, determined by their 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 become more impor-
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Fuels and electric power cost U.S. consumers around $40 billion a year.
About one-fourth of this represents the costsof 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
portation by pipelines, rail, and ships; and storage. Even a 5-percent
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 processing 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-percent 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 com, oats, and
hay have serious economic 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 reliable 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 analysis, but rather on a feeling that savings of 5 percent would
be "reasonable." A thoroughgoing analysis, if it could be made, might
show considerably 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 satisfactorily.

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
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best means of locating buried salt domes. Exploitable oil accumulations
commonly occur on the edgesof these domes.

In the mineral industry, many of the older deposits were discovered as
surface outcrops by prospectors and exploited by engineers without much
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 geologicknowledge 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 and 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 bas improved, and
lower and lower grade ores are being used. Mineral technology is be
coming more and more a problem of large-scale earthmoving and sophisti
cated metal1urgical chemistry.

We can anticipate a time to come when relatively ordinary igneous
rocks will be the source for such metals as aluminum, iron, and copper.
Small differences in the metal content of these rocks will 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 will still be sought, and scientific methods of exploration will be
more and more essential.
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Nature of the Earth

The earth contains only about one five-hundredth of the initial mass
of matter from which it was formed. Nearly aU 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 I 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 elements (3.5 percent).
The entire mass of water and dissolvedsubstances is about 0.025 percent
of the earth's mass.

The solid and liquid parts of the earth are bathed in a thick layer of
gas that becomes rapidly attcntuated with height above the surface. In
its lower layers this gas consistslargely 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 interior, 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 4 X 10'" 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 earth is the irregularity or 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.
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Introduction

The study of the earth, from its fiery core to the invisible.veils of the
VanAllen 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 inunutable laws of physics and chemistry. A principal
objective of the earth 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 history. Past events are re
corded in its present state. Hence the earth sciences rest upon a .clear
descriptioIl of the earth's composition and structure, and a good under
standing of the processesoccurring 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
processesthat 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 already added to our knowledge of the distribution
of matter in the earth'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 1)1e 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
toolsfor studying the solar system.

According to modem 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 them, if the heavy elements they
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support of science, yet the returns will be great, for "the proper study
of mankind is man."
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there have been pioneer studies of the psychology and sociology of
science, a much more systematic 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 policies 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 National 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 congressional com
mittee to consider asking the Division of Behavioral Sciences of the
National Academy of Sciences-s-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 numbers 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. In some 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 needs, 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-
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TABLE Tr-r-Numbers of doctoral degrees awarded per-year in behavioral sciences (not ,'ru:luding
history). "Miscellaneous behavioral sciences" includes geography, area studies, and other and
genera[1

4

o

o

8

Political MisceI-
Psychology Anthro- Sociology science and Economics Ianeous be-

pology public ad- havioral

Year ministration - sciences

---
Num- Per- Num• Per- Num- Per- Num- Per- Num- 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...... 627 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 97 230 108 338 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 86 156 195 104 266 124 407 109 111 217

.'

All behavioral sciences Physical~nd biological
SCIences

,
Year

.'
Number Percent Number Percent

1955..................... 1615 100 4239 1C
1%6 ..................•.. 1505 93 3926 ~

1957..................... 1483 92 4169 ~

1958..................... 1671 103 4143 !
1959..................... 1712 106 4473 1C
1960...... ,............... 1723 106 4820 1]
1961. .................... 1908 108 5169 1,
1962..................... 1936 120 5941 l'

1 NAS Pub. 1142, pp. 10-13;

The practical 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 ofsuccesscan 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-
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Ph. D. Production

The studies of U.S. doctorate production by the National Academy of
Sciences--National Research Council (Publication Il42) is the source
of the followingstatistics.

The trend of overall production 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 falling 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 doesnot 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 recent 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 in 1958.

TABLE 6.-Numbers of doctoral degrees awarded in behavioral sciences (not including history)
and physical plus biological sciences. Percentage ,of doctoral degrees in behavioral sciences of
all science doctoral degrees

.

Physical . Percentage
Year Behavioral and Total of

sciences biological behavioral
.. sciences sciences

1955 ..................... 1,615 4,239 5,854 28
1956..................... 1,505 3,926 5,431 28
1957 ..................... 1,483 4,169 5,652 26
1958..................... 1,671 4, 143 5,814 29
1959 ..................... 1,712 4,473 6,185 28
1960..................... 1,723 4,820 6,543 26
1961. .................... 1,908 5,169 7,077 27
1962..................... 1,936 5,941, 7,877 25

13,553 36,880 50,433 27
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The survey NSF 64-11, Federal Funds for Research, Development,
and other Scientific Activities, page 28, gives the following breakdown
for the support of research.

TABLE 41

Estimates
Field of Science Actual

1962
1963 1964

Total, all fields (millions of dollars) . ............ $2,977 $4,245 $5,785

Percent distribution

Physical sciences ... . . . . ;: .. . . . , ........... .. 63 69 74
Life sciences ...'. . ,..... i ..... '.' ....... ,' ......... 28 24 21
Psychological sciences ............... . . ... , .... 2 2 2
Social sciences . . . . . . . . . . . .... . . . . . . . . . . . . . . . : 2 2 2
Other sciences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 4 2

1 NSF Table X.

No'ra-e-Roundlng of figures might throw off some of the totals.

For the support of basic research, table from page 38, NSF 64~11, is
reproduced.

TABLE 51

Estimates
Field of Science Actual,

1962
1963 1964

Total, all fields (millions of dollars) ............. $1,085 $1,395 $1,782

Percent distribution

Physical sciences ............... '•. ; ... '.... ', ...... 66 67 68
Life sciences ..... " ; ... , .................... : . I 29 29 27
Psychological sciences .. , .................. , .... 3 2 3
Social sciences'. '.............................. 2 2 2
Other sciences ........... . '................... (s) (') ('J

1 NSF table XIX.
:I Less than ,0.5 percents
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TABLE 2 1

[Millions of dollars1

o
4

Field 'Basic Applied Total
. research research

.

.

Life sciences: ..... .'................... '.' ... $21.7 $13.5 $35.
Phy&cal sciences ....................... 6.0 1.0 7.
Psychological sciences .......... . ',' ...... 1.9 1.5 3.
Social sciences ............ . . . -.......... 9.5 14.3 23.
Education, others ......... ..'. ............ 2.8 4.0 6.

41.9 34.3 76.3
. . . . .

1 Based on NSF 6~14

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 sciences 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 techniques.

The growing costliness of behavioral scienceresearch can be illustrated
by one example from survey research. A properly conducted national,
regional, or metropolitan survey based on 2,500 approximately l-hour
interviews can cost anywhere between $50,000 and $125,000 (1).
The staff, skill, and facilitiesneeded 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 a 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 scientific and
technical purity.
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from vital parts of its own interest. There is no department of demogra
phy in any American university (a 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. Do's in demography are not offered at any American
university. The subject is taught variously, if it is taught at all, at
the graduate level, in departments of sociology, economics, statistics,
and biology. As a result, virtually 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 cpuntry. We believe, furthermore, that
the situation can be rapidly remedied with governmental support in
collaboration with professionaldemographers 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. degreesin demography.. Grants to universitieswilling
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 it rate that can be
met only by extraordinary measures.

Summary of Present Financial SUPPOTt [or Research. in the Behaolorai
Sciences

According to the National Science Foundation Survey' of Science
Series, Federal Funds [or Research, Development, and Other Scientific
Activities, NSF 64-11, the estimated Federal research support, both
basic and applied, for all behavioralsciences (psychology plus social sci
ence) amounted to $139 million for 1963 and $203 million for 1964.
These totals are consistentwith 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 related to operational programs such as the Cen
sus Bureau, DepartllJ.ent of Agriculture (Agricultural Marketing Serv
ice, Agricultural Economics), Bureau of Labor Statistics, and others,
both intramural and extramural.
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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
tones 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 below what it properly should and could

.be.
An example of the use of sociology is to be found in the work of the

research 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.

Demography

Demography is the science dealing with population, including not
only the methods of enumerating people, but also the causes 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 ofthe population 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, censuses 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 empirical approach is taken
for granted.

Of particular interest in the 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 is 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
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ical practice, counseling, 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 NationalInstitutes of Health,
in addition to certain aspects of the Department of Defense, National
Aeronautics and Space Administration, and National Defense Education
Act programs, have provided important support of graduate training
for research in psychology.. These should be continued or strengthened.

Sociology

In its broadestsense, the field deals with the structure and behavior of
human societies. It is concerned with the institutions and groups that
compose a social 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 society that are not specifically dealt with by political
scienceand economics.

Although there is still some confusion in the public mind 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
techniques for the investigation of social problems, but generally leaves
action programs to social workers, administrators, and other practi
tioners.

To obtain objective information 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
application of quantitative methods to the study of attitudes, interper
sonal behavior, residential segregation, labor-force participation, social
mobility.

Among noteworthy recent tendencies is a push for more rigorous
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 dcpartments-i-e.g.,
in schools of business, schools of public health, medical schools, and
industrial-relations bureaus. Such a diffusion of sociologicalwork is due
to the gradual recognition that most human problems have a sociological
aspect and require sociologicaltechniques for their investigation.
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Although psychological tests are the backbone of applied psychology,
many fundamental problems on individual differencesin 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
logical 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
icismof 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 diagnostic tests
administered individually, face to face.

Social psychology, dealing as it does with human society, brings the
psychologist 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 moving
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
homogeneous white, U.S., middle-class groups as subjects, and thus
fail to take sufficientaccount of variations in cultural and socioeconomic
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 psychological factors under
lying international misunderstanding.

Support of research and some future developments.~Until the Na
tional Science Foundation's Division of Social Scienceswas 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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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 sociology during the past few years (and assuming
support from foundations in keeping with past experience), it is probable
that political scientists will have available as much financial supportas
they can fruitfully absorb in the decade ahead.

Two closely related sets of questions illustrate the Nation's need for
fuller understanding and identify challenges that, hopefully, may respond
to typ~ 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 government
will be understood in large part, no doubt, when we understand the.
spread and intensity of loyalties.

These questions can be fully illuminated only by the collaborative
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 training.

PS')Ichology

Psychology is concerned with the scientific study elflearned and. innate
behavior of man and lower organisms as determined by biological en
dowment and the influence of the physical and social environment. It
deals with performance and skill, perception, learning, thinking, motiva
tion, emotion, personality and social interactions, including deviations or
abnormalities therein.

The following paragraphs will illustrate 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 inserted in cer
tain areas of the brain will rapidly learn to press a key or other device to
turn on brief, mild, electric shocks to particular brain areas associated
with pleasure sensations. They may work for many hours, sometimes to
exhaustion, for this reward, and brain self-stimulation is often preferred.
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'Technological and economic leadership requires that we understand
them.

Political 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 seek to contribute to a corpus of
scientific knowledge about man in his social relationships. Thus,
learning theory developed by psychologists is being applied by politi
cal scientists in 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
institutions.

(2) Descriptive accounts and evaluative studies are now planned
and executed with more rigorous 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 illustrations of this trend.

Studies of voting behavior, of what occurs in campaigns and elections,
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. Asa 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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have become more sophisticated. The advent of the electronic computer
is causing a revolution in the methods of economic research, which is
still in its beginning stages. , , .

The continued development of economics depends, to an important
extent on the continued development of four new research tools: (1)
improved compilations of data through systematic national incomeac
counting, (2) more extensive and skillful use of sampling methods, (3)
more powerful methods for the statistical analysis-of-time series, (4)
simulation methods, which are a partial offset to the nonavailability of
laboratory experiments.

One stimulus for the recent increase in interest in quantitative, empiric
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 'theory, 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 expanding 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
there are unsolved problems in all these areas.

Support of researchand future development.-As in many fields, there
is a shortage of personnel. Economics is widely taught and the country
is fortunate in having at least a dozen first-class centers of economic 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 encouraged by a variety of fellowship
programs, butmore are needed.

Many practicing economists in midcareer have not had an opportunity
to keep up with progress in this rapidly evolving field. This isparticularly
true of, economists on the staffs of Government agencies and business
firms. Fellowship programs that would enable such economists to mod
ernize their skillswould be especiallyproductive 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 pore .over a volume of census reports.
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portant research is supported by the Office of Naval Research, 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 linguistics (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 ongoing research, such as are currently made available
to deans or chairmen in most leading schools of medicine and public
health.

One major enterprise for data collection and retrieval, which serves
geography, human biology, psychology, and sociology as well as an
thropology, is especiallydeserving 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 other
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 sue
cessfulprosecution of present and future military operations in such re
gions assoutheast 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 Laos and South Vietnam, has had the gravest of consequences.
Corrective steps can be taken only on the basis of obtaining fuller be
havioral science knowledge and utilizing it effectively.

The potentialities in this direction are illustrated by the highly
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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VicosProject in P~ni.: Cornell University, with funds fromthe Carnegie
Corporation of New York, hasfor about 10 years been conducting a
highly successful experiment in a Peruvian Indian community' under
thedirection of Professor Allan Holmberg of theDepartment of Anthro
pology at Cornell. A large hacienda was bought from an, absentee
landlord. It had been run inefficiently by a hired resident manager.
The Indian inhabitants were little more 'than peons or seHs-ignorant,
exploited, and wholly lacking in' incentives.

The Cornell anthropologists proceeded to initiate. major economic im
provements-fertilization 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
marketing cooperative was established, resulting in much-improved prices
for the local' commodities. In' I0 years the per capita income was multi
plied many times, A good school and a clinic with three nurses were
established-all 'outofthe decreased income. The depressed and dis
Spirited population became politically aware and now, for the first-time,
'dealt directly with the agencies of thePeruvian 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 projects in the vicinity of Lake
'Titicaca. The conscious and intelligent application of behavioral science
knowledge is perhaps the only way to mike benevolence and good will
genuinely effective in many aspects of international relations.

The second reason for distinguishing between basic and applied work
is that the normal aversion to basic research is greater in regard to the
social scieIices than it is in regard to natural science. One can seethe
relevance of basic principles in physics and chemistry to achievements in
making, weapons.vtelevision -sets, and-medicines; but-one cannot -see so
dearly 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-sense 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
daily 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 potential 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 behavior stemming from the
nature of "human nature," dependent in part on man's biological
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being applied by political scientists in studies of the acquisition of
such beliefs and habits.

Looked at in another way, the term "behavioral sciences" emphasizes
the development of a methodology that begins to come closer to that
familiar to us in the biological and physical sciences. Research in this
area should lead to the discovery of the principles at work; theproba
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 skepticsof 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 overall scientific enterprise and the national welfare.

'Social Problems and Research in the Belravioral Sciences

When thinking of critical 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
centrate 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 a triumph of medicine. It was, in fact,
mainly a matter of economic development and crude environmental
sanitation up to about 1875. After that,the sciencesunderlying medical
practice and public health played an increasingrole, but it was precisely
at this time that a lack of social science and its application began to
tum the achievement of better health into the nightmare of overpopu
lation. 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 forimproving 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 because the social side of the
matter is ignored.
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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 Committee on
Scienceand Astronautics, as follows:

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.
menta 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 society and membership, specialized
journals, and departmental organizations in universities and c~lleges.

Finally, some overall comparisons of the disciplines and their training
and research needs will be discussed.

What Are Behavioral Sciences?

The new term-behavioral sciences-was invented to emphasize the
empirical 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, especially social anthropology. It
also includes certain aspects of political science andeconontics, and
may even touch upon· history and law where those disciplines are
concerned with human behavior. 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-s-a trerid 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. Ethology, 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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at. best the "in-grade" phase in ·the evolution of our insights about the-world. The
real' greatness of scientific scholarship inheres in the thin; 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 scientific stature
must be measured. In publicly' misreading the principal business of science, in
imagining its basic task to .be primarily the. accumulating of facts about the natural
and the social worlds rather than the winning of significant new insights into th~ir

essence, there is a real danger that we could misunderstand its deepest requirements
arid so compromise its greatness, and its long-term vitality, at exactly the times and
places where a superficial view might suggest that we were most actively promoting
it. * .*. *
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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 betrained. (Sample s?tistic:
21 of the 47 members of the section of mathematics of the National
Academy of Sciences received their doctoral training at just three uni-
versities-Princeton, Harvard, and Gottingen. ) .. .

Why are there no more centers? Because a first-rate center usually
requires some tradition and certainly requires a; sufficient concentration
(a "critical mass") of first-rate scientists. One c~not have more centers
than the population of scientists allows; there is some reason to believe
that the "critical mass" necessary for a first-rate center has increased
(because ?f the increasing complexity of science). In mathematics, a
dozen years from now, there might weIl be as many as IS 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 ones, is likely to be buried
and lost. Explicit examples show that one or two first-classstudents,
grouped with large numbers of mediocre students, miss an essential
stimulation. Quality depends on concentration.'

In the ligbt of this background, one can see some of the grave diffi
culties attending the current National Science Foundation program to
support new "centers of excellence."

The first difficulty is one of terminology.. What the Foundation pro
gram in fact appears to intend is to bring a 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. Pretense at excellence is a fatal
flaw. .;

Second, the program is vague, because it has no objective criteria for
choice (at least, none revealed in congressional hearings). Many insti
tutions would like to become better; the National Science Foundation
provides no weIl-defined or scientific way of choosing which ones to
support.

Third, the program does not appear tomakerealistic estimates of the
possibilities. How many very good centers can actually be achieved
in each science in the next 5 years? In fields with extreme shortages of
scientists, how is the National Science Foundation money to be usedto
build up new centers? Perhaps to let these 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
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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. Do's granted. This increase has already
taken up most of the "slack" in the system, as one may see from the
following more extensive figures on the annual numbers of Ph. Do's in
mathematics:

Year 1951 1952 1955 1957 1959 1961 1963
.

Total Ph. D.'s . . . . ... . . . . . . . . . . . . 217 237 261 226 299 370 588

.

Any serious attempt to accomplish the 300-percent increase recom
mended by the Gilliland report could have 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 establish 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 research; 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. Do's in mathe
matics is likely to fall short of its goal and is certain to depress the quality
of the Ph. Do's produced. .

This is but a sample of the difficulty with manpower studies. They
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 balancing 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 cutoff
point for "competence''P) 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.
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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 heavily applied, as in
computers.

(3) Applied mathematics is not one field but many, ranging
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
sometimes fascinatingly difficult, such as the unsolved qualitative
problems of dynamics (as in the three-body problem). These
questions are not only very difficult; they require background
knowledge that is rate in this country.

(6) The training of good young applied mathematicians 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, inter alia, many applied
mathematicians. It involves a decision between current expendi
ture and investment.

This is but a partial list of the complexities involved-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
knowledgeof mathematics.

Problems ofGrowth

Sciences may suffer from substantial growing pains. 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. Do's granted in mathematics and related fieldsfrom about
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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
maries (computers excepted) is highly individualistic; ability at team
work is no virtue; there are often two or three (coequal!) research
partners, but there are no research 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 from 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 scientificpolicy.

At the same time, mathematics provides one of the best examples of
some current problems of scientific policy. For instance, it illustrates
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 aeronautics, 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, quality
reallymatters.

In these regards, mathematics in the United States 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 Poincare
conjecture for higher dimensions, and the resolution of singularities oL
an algebraic variety. Still another big problem, the "index theorem"
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tacular," and if so, which 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 in part as a moral equivalent to the com
petition of war.

(2) . Practical applications of known scientific techniques lie on
the development end of the research-and-development spectrum.
Here again the choice of applications and the decision as to the
speed with which they are to be pressed involves both political and
scientific considerations, as well as careful cost comparisons be
tween alternative applications.

(3) Outstanding centers for individual branches of science can
not stay outstanding, under current conditions of rapid scientific
growth, uriless 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 granting agen
cies-is well adapted to the purpose.

(4) While our country has the sort of leadership 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 scientificeffort may give us a better gamble on the unforeseen
profits of future scientificbreakthroughs.

(5) Origination of new ideas is, we hold, the.vital element neces
sary to keep alive the other components of scientific leadership; To
this end, we need ample support at all likelysources 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 acount!)' of especially stimulating
teachers? 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 1945-55, France was outstanding in
producing the very best young IDathematicians: (There were stim
ulating and revolutionary teachers in France, and there was little
competition from the neighboring field of physics.) III the decade
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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 exceptional
accuracy in mathematics. Again, 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: decisionssuch 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 leadership 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 scientificleadership and
not with the problems of the mass education of scientific technicians,
though the latter problems also bear on the economic benefitsof science.

The Components of Leadership

Scientific leadership in a nation can mean a number 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 devicesfor rockets.

Many other types of scientific leadership appear as leadership in a
particular scientific specialty, say, in one of the followingforms:

(3) Outstanding centers: The University of X is one of the two
or three best places in the world to study such and such. Thus it is
Brookhaven or CERN for big accelerators, and it is Australia or
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research should be supported over the whole spectrum of sciences be
cause of the difficulties in predicting 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 applied research prior to engineering.
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 latter types of
research involve different considerations, however, and I have not dis
cussed the former because I consider it to be somewhat outside the specific
problem posed to us by the House committee.

Finally,! want to reaffirm my deep conviction that better education of
our youth, based on equal opportunity for all who want to avail. them
selvesofit, is indispensable to a good future for our Nation. Education
and research training of young scientists is but a part of this large task.

References

(1) Needless to, say,-the use of competent "outside" scientists in assessing thescien..
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categories 1 and 2.
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Wilson, Jr., and the vigorous criticisms by the entire ad hoc group, which
helped to clarify my thinking.
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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
lished to achieve practical goals within the broad mission of the Govern-

_ment agencies financing the establishments. They are numbered in the
hundreds. Careful studies of the optimum conditions for effectiveness
of such establishments have led 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 (l). 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 accomplishment of the establishment in the
performance of its practical mission.

While thus endorsing firmly the need and value of mission-oriented
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 missionsof 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
costs and inability to educate new scientific personnel, as well as scientific
productivity. 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
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half of the $1.6 billion classified as total Federal basic research in fiscal
1964.

It is my belief that in order to maintain our world leadership we
should continue to support "big science," and support it on abroad
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," I 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 emphasize another factor.
Before weighing seriously the comparative value of a new projectih
"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 scientificsuccessof the project.

One factor considered by Dr. Weinberg is the impact 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 physics 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 adjacent
scientific fields and hence can sense the impact on their sciences ofthe
special programs and projects considered.

A second factor, useful because many of these projects .are of some
what programmatic nature (and hence of somewhat predictable out
come), is the impact 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 physics research seems also to be a matter of some national pres
tige. Oceanographic research, by showing the flag, as, for instance, in
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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 flowering 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
research 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 problemr. In appreciating these prob
lems one 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 annual cost, per researcher, of generallabo
ratory facilities, which are usable, of course, for many years. The
bo1.indary of "little science" could be drawn by defining "little science"
as limited to annual costs of this order of magnitude. Where special
research equipment or facilities 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 bya 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 scientific 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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because of the increasing complexity of science, and for rising costs of
research 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
questions posed to us. 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 categories 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
fraction of the $330 million obligated by the Federal 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 refer to basic research. The totals go-
ing to educational institutions proper are at least twice as large, the differ
ence being defined as applied research and related expenditures.Much·
of this applied research (e.g., in biomedical sciences) 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 believe that separate budgetary planning
for basic and applied research has some advantages in view of the differ-
ences noted above. .

The practical budgetary problems of maintaining a steadygrowth 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.



178 BASIC RESEARCH AND NATIONAL GOALS

these establishments should be included in "little 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, i.e., acting as a single scientific task
force, included in the category of "big science."

On what basis can one decide 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 rnajor 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 scientificwork, 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 expensivein 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 money 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 have referred
to previously.

The costs of scientific research are steadily increasing 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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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 system, 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 subjects 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 community is responsible 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 technical 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 laboratories in which they translate basic .
research results into technological innovations; still others staff govern
ment laboratories and management organizations that are responsible for
the many technical and military programs of the Government. On the
basis of extensive personal experience and observations, I believe that
education and research in basic science form the best base from which
young scientists can develop their skills in applied work. I might also
note that many of the senior 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 evolution of military technology
during World War II.

As noted earlier, the Federal support funds are largely in the form of
researchproject 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 investigators working in "little science" do re
search under group contracts and grants in which several tasks are
specified, each being the responsibility of one senior 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
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tical objectives, so many of which are related entirely 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 investment 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 here,but refer the reader to his paper.

The House Committee on Science arid 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 organizational
forms of research and organizational environments in which it is done.
I shall thus divide basic research into four categories. The first category
has been called by others "little science," 'somewhat inappropriately,
because it is not small either in total investment or in the results achieved.
It is, however, characterized by the sma1l size of the autonomous re
search units thatcomprise it. In contrast, "big science," the second cate
gory, involves large coordinated effort and usually involves very costly
research facilities. Both of these categories are mainly identified with
academic institutions. The third category is basic research in mission
oriented Government establishments, and the fourth is basic research
in industrial laboratories.

The reason for choosing this approach is that the available informa
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
rnents 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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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 living 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 when once they were accessible only to a wealthy
fe~. i

It may well be asked whether the rate of increase in scientific activities
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 only 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
enjoy the fruits of our efforts. We live in a dynamic situation of grow
ing population and depleting natural resources in which problems are
attacked and solved by scientific and technological means, and inevitably
the changes that are thereby brought about introduce new problems
that must be attacked and solved in tum. 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
very 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-being of the rest of theworld.
As long as nearly everyone on earth was poor, people regarded poverty
as inevitable; but when many have abolished poverty, the others will no
longer wait for indefinitely delayed alleviation of their distress. Mil
lionsof 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 modem communications and transportation. Thus
it is the technology of advanced nations that has.created in other,nations
the "revolution of rising expectations," and this in turn places more and
more demands upon technology.

The same is true for questions of health. On the one hand, spectac
ular improvements in public health ever wide areas of the earth have
so reduced mortality that we are experiencing a world population ex
plosion; thus means must be found for control of population growth.
On the other hand, having seen. the conquest of many diseases, the
.peopleare dissatisfied with delays in the solution of other health prob-
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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 exaroine 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
playa 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 discoveryof 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 permitted individual investigators to follow up interesting
ideas or interesting 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 competent 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
experimenting on metal-carbon compounds (carbides) and, in studying
reactions of acetylene with various metals, discovered hydrogenation
catalysis. To take a very different example, Hopkins believed that life
could be maintained in higher organisms on a diet consisting exclusively
of proteins, carbohydrates, and fats. His experiments, designed to prove
this thesis, convinced him that he was wrong, and out of thisseemingly
disappointing result grew the realization of the indispensable health
function of vitamins.

Such examples abound in the .past; moreover, we do not have to go
very far into the past to find them. A very recent one is the discovery
of the laser and maser. Many milIions of dollars are now being ex
pended annually on their development and use. The maser (as a part
of a complex system) is making 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 oftotally impractical scientific investigations beginning
with Einstein's work on the quantum theory of radiation in the early
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(6) The total cost of this accelerator, which is presently under construction, is
estimated at $115.6 million. U.S. Atomic Energy Commission, Annual
Report to Congress, 1963, p. 672.

(7) Some data on past outlays for "big science" appear in the following table.

Con$truc~ion Costs 0/ Facilities Associated with High-Energy Accelerators-..
as of December 1960

[MilliollJl of dollars]

1. Cosmotron, Brookhaven National Laboratories, 1952:
Basicmachine__________________________________________ $9.3
Target area ~__~_______________________________ 3. 5

Total 12.8

2. Bevatron, Lawrence Radiation Laboratory, 1953:
Basic machine ,;., ..;,;_______________________________ 9. 7
Major improvements-__"- ,;._______________________ 9. 6
Miscellaneous additions .:.._____________ 4. 2
Physics building______________________________________ 2. 0-1rotd-- 25.4

3. Alternating Gradient Synchrotron, Brookhaven National Laboratories,
1961:

Basicmachine ..._ ... · __..;.______ 31.0
Miscellaneous additlona; ;..;-"-"...;__~..... ...;_ 2.4
Bubble chamber house ~ ~__________________ 1. 7

1rotaLc. ~_____________________ 35. 1

4. Zero Gradient Synchrotron, Argonne National Laboratories, 1963:basicDlachine ~ 42.0

5. Cambridge Electron Accelerator, 1962:
Basic machine_________________________________________ 10. 2
Major additions ,______ 1. 4

TotaL____________________________________________ 11. 6
6. Princeton-Pennsylvania Accelerator, 1962:

Basic machine..:...:..:.._;..; ;..._~...; :.,;. ..._.....:. 11. 2
Major additions "_______________________ 10. 8
~iscenaneousadditions ...; ;... ~ ..;.__~_... .7

1rotal- -------------_------------ 22.7

The dates shown indicate the initial fiscal year of operation. Miscellaneous
additions are listed through fiscal year 1961.

Source: .U.S. Congress, Background Information on th6·High' Energy Phy,s.
ios Program and the· Proposed Stanford Linear Electron Accelerator Project,
report to the Joint Committee on Atomlc-Bnergy, 87th Cong., Ist sess., 1961,
!,p. 8!Hl9.

(8) The data used to determine P, were obtained from National Science Founda
tlon tables of Federal Obligations for Basic Research divided by field of
science for fiscal years 1960 through 1963. The .average ~lue of fiscal year
1960 and 1961 was coosidered 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 Sci·
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Appendix

A version of the model discussed above was fitted to the relative proportions for
expenditures, 'number of scientists, and number of Ph. D.'s for the years 19f>O and
1962. The model was:

Pi=:biTl.ia1m,at

where P, represents the proportion of Federal support' for basic researchwithin the
i-th field of science; n, is the proportion of persons with Ph. D.'s doing 'basic
research in the field; and nu is the proportion of Ph. D. degrees 'granted in the field
by American universities. The h,'s, on the other hand, are designed to represent
the relative capital intensities of research within the particular fields, while al and at
denote the relative importance of the two explanatory variables.

The equation was fitted' to the logs of the variables under the constraint that
a1+a2= 1. This constraint" was added because our original model implied_ that
allocations should be proportional to some weighted average of the 'number of scien.;.
tists and new PI:;J.;D.'s, and strict proportionality requited the additio'nof this con
straint. The following results were obtained (8):

log P,=log b,+0.111 log n;+0.8891og m,
(0.483) (0.483)

R'== 0.95
Corrected R'= 0.89

N=16.

The figures in parentheses are the standard errors of the estimated coefficients,and it
may be observed that although' ac is not significantly different from zero.iea ie staris
tically significant at the 90-percent level. Given the nature of the constraint, the
former result implies that a2 is not significantly different from 1. In addition, all but
one of the estimated bl's are statistically significant 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 observations, the fit is sufficiently good that the:
multiple correlation coefficient (R 2

) is significant at the 99-percent level.

TABLE 2

Agricultural science _' ~ ~ ' ' . .- ;''.
Astronomy. .- , : ' ....................•.
Biology. ~ ......•.........; " , .
Chemistry , , ','" ., , .
Geology ;'.. '.' .- .. , , -.. ; ,'..
Mathematics . '. ' :.. , .';,.-, . .-.- .. , .. , , .-
Physics ,; .•..... ' -' ', , '~ :...•.
Psychology " .., .. ~ , ' ; , , .

log hi

-0.72
2.36

-.69
-.77
1. 64

-.46
.87

-1. 21

Standard
error

0.44
.51
.28
.30
.35
; 35
.28
,,63
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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 not 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 attention on
questions of the second type rather than the first.

So far, we have been concerned with the allocation of Federal
funds, and have assumed that non-Federal funds will continue to flow in
the same proportion as at present. The major outside source of support
is business, which currently finances about 25 percent of alI basic
research. In the near future, two opposite trends may be expected to
affect the size of business activities. More firms will find that their
research 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 effects will balance each other. As far as the other two
sources of funding-universities and colleges, and private foundations-
are concerned, it appears a safer guess that these are likely 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 reasons 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.

Tobe sure, it is possible to envision alternate future patterns which;
though they now appear unlikely, cannot be ruled out. In particular,
changesin taxlaws designed tostimulate 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 alI these changes on
the distribution of income, might allow universities to support a much
higher proportion 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 firmsdo not
find profitable to support, conceivably could lead to a significant mQfI;:M(;



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 the 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.ihowever, 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 riot reached. Such
a ceiling would control the tendency to build more large facilities, than
there are people to use them effectively, a tendency likely to developin
the absence of a direct economic check on the "productivity" of the
facility, which we do not have.,

Good figures on what this proportion has been in the past are not
available. Some guesses by knowledgeable scientistssuggest that, ,prop
erly measured, it has been in the neighborhood of one-half.

The second element of the mechanism is a committee of representa
tives of the various sciences and the funding agencies, meeting each year
to scrutinize the, whole list of proposed expenditures and evaluate their
competitive merits.Jn 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'tof
particular 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 politipal com
promise, so that neither any single science nor any single group of closely
related problems is the recipientof the lion's share of the funds oyer any
period of years. This political element is necessary. In the absenceof
an objective standard for judging whether, say, particle physics ought
to be developed faster than radioastronomy, and in the presence of .a
budgetary constraint, the allocational decision must inevitably represent
somebody's preferences or prejudices, The present proposal incorporates
an explicit mechanism for, registering the preferences and prejudices of
those who are both affectedandknowledgeable, The mechanism is
broadly a representative one, though informally rather than. formally
such, and similar in character to consultativeorganizations in other.areas,
on which the Government relies, for adviee, with respect to. decisions
affecting the interests of particular small groups in the society. .The re
sult of this process would be an approved list of projects, which typically
would involve funding commitments over a number of years, and which
in total would fill within the limits of the formula, with the exceptions
set forth above.

The user representatives on the allocating committee might include
people drawn from the President's' Science Advisory Committee, the '
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. each field could be treated as policy variables, and more emphasis given
to research in particular 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. Do's as the determinant of proportionate 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. Do's. These are problems with which we already deal, and
for which the existing machinery of scientific advice is suitable.

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 funding of basicre
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 Navy's problems about what re
search might be fruitful. This is not to say, however, 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 subject to some centralized review, and is divided among
four or five major sources, the agencies representing the concerns of the



cation process, a direct approach through an attempt to use estimates of
relative payoffs as the basic allocative criterion is unpromising. It ap
pearswiser to proceed by indirection.

In our consideration of the allocation of research effort among differ
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 a little broader question, say the relative importance of
two kinds of experiments in high-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 .effcrt 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-emitting 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
lists, 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 which
we wish to formulate allocational principles.

We have one other point to consider before we can formulate these
principles, and that is the distinction 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 radio-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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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 research is an overhead. In fact, the past growth of basic research
figures as reported bythe National Science Foundation has been closely
parallel to the growth in total expenditures for research and develop
ment. The share of basic research in the total has fluctuated between
8 and 10 percent. Thus one 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 this amount, from Federal
sources.

An alternate method is to look to the fact that it is ultimately 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 required to support the research activity of all
those with proper training and an appropriate 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 thorny
question of what is the appropriate level of ability, 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 requires a corresponding
rate of increase in the pool of scientists and engineers who perform it.
If these are trained at the institutions that do a major part of all
basic research, as they are now, and in such a way that training
and research are complementary, then the size of the basic research
effort required 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; thisapproach does not pro
vide an easier 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
necessarily uncertain, and basing present basic research budgets on
projections of these demands may tend to introduce an element of
inflation in the estimating process.

For these reasons the overhead approach appears more useful.
In applyirig it, twokinds of problems must be borne in mind,which will
-make it necessary to review the appropriateness of the particular over-



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 it
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 be an
argument for a lower level of Federal spending.

Of course, these separate categories of benefits are not independent
products of separate research 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 arrive
at a total.

It is sometimes argued that the point made above on the difficulty 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
nation 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 thepool.is clear. A small nation, with limited resources
both in wealth and trained personnel, might well be mindful of this in
planning its own science policy. For the United States, however, which
is relatively large in terms of both economic and scientific activity, this
possibility.isnot 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 (4). 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 berealizedis more orless proportional to the extentto which we our
selves are carrying on the research activities from which they.flow: Fur
ther, even though the individual scientist in basic research works in a
relatively small group, the broader intellectual community within which
he livesaffects 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 ihat the U.S, research
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tel'S for training are those that provide this connection. This is are
quirement for the support of research that would exist even in the
absence of a useful application of the knowledge that the research
produced (2).

Third, experience shows that an applied research and development
effort, undertaken with the purpose of solving specific practical prob
lems,benefits from a close relation-with basic research. 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 scientistsundertaking 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 necessarily hold in the reverse
direction.

Finally, the corps of scientists working on basic research represent an
important reserve of capability in applied research and development that
can be drawn upon when national needs dictate. Our experience in
WorId 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, scnar, 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 alsc in radar, sonar, proximity fuses, and other
functioning devices, These are precisely the talents required to make
large forward strides in technology 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 developing countries, we can see SOme examples
of this kind already.

The foregoing classificationof the kinds of benefits that basic research
can be expected to provide makes clearer why this activity qualifies for



the rest has been financed by private industry (25 percent), colleges
and universities (13 percent), and other nonprofit institutions (7
percent). Over the whole of this period, 'expenditures on basic research
have averaged about 9 percent of total expenditures on research 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:

TABLB t.-Distribu.tion of funds for performance of basic research

Average Average.'
proportion proportion
1953~56 1959-62

Percent Percent"
Federal Government ...... , . . . . . . . . . . . . . . . . _. . . . . . . . 11 15
Industry .... '.' "~"."" '.~"'" .-.........<... ~ .. '.' - ,.- ....... 35 30
Colleges and universities . .' ... . ,. " .~ ... ~_ ...... ."," . , .. 47 47
Other nonprofit institutions ............ . .. ,. .... . . . . . . . 7 8

Total....... 0.00 •• 00000. 0 o. 0 •• 00.00. 0 ol' 0.000. 100 100

Source: National Science Foundation, Reviews 'oj Data on Research' awl De-,iJelopine~t,

No. 41, September 1963, p. 5. '

The fundamental justification for expending large sums from the Fed
eral budget to support basic research is that these expenditures "ire
capital investments in the stock of knowledge which pay off in increased'
outputs of goods and servicesthat pur 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 Government budget, rather than private capital to. be provided
through the mechanism 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. However, the
fruits of any particular piece of research are so uncertain in their char
acter, magnitude, and timing as 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
benefits, and vice versa, and relies. on an anticipation of benefits
that is certain enough to justify the outlays required to realize them.
The benefits of the kind of knowledge that basic research seeks are usu
ally difficult or impossible to keep for a particular firm or individual.
Indeed, the knowledge is often useful as it can be added to the general



side personnel. The final examination in defense of the thesis should
be conducted before a committee representing. both the university and
the outside laboratory.

I believe that difficulties in the maintenance of superior standards in
this "external" education will not be greater than in "internal" educa
tion. Certainly opportunities. for the education of great numbers of
excellent students in applied science can be created in this way. I am
convinced that a plan of this sort is required for the maintenance of
U.S. leadership in applied physical sciences.
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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 set for pure scientists. This attitude presents an intolerable
obstacle to the achievement of excellent university education in. applied
science.

The centers of progress in applied science are not integrated 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 climate of thinkingin which applied 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 beaccom
plishedby their spending summers and/or other periods offime 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. De-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 .ofthe
educational process is most important for people aspiring to applied
research. It is here that value systems are most frequently set and it is
inthis period that enthusiasm for the creative aspects of applied research
must be ignited.

Two possibilities for providing this inspiring atmosphere for students
beginning their research careers present themselves. Either the great
projects in applied science must be moved onto the.universitycampuses,
so that students can become an intimate part of them and so that uni
versity-applied science 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. ,1 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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ceptable 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. (Even if
scientifically talented people were a fixed proportion of populatioIl,it
would still be possible to increasethe number available in the Uni~ed

States through immigration.) .Consequently, any attempt to fix the
total level of support on thisbasis implies a judgment that. the present
level ofscientific activity (or something near it) is the correctone. Al
ternatively, if the principle is to offer support to everyone of competence
who offers himself for a scientific career, the level of scientific activity will
be left to be determined hy the attractiveness of alternative occupations.

The Geographical Distribution of Support of Basic Science

In conclusion, itseems desirable to draw attention to a facet of policy
toward hasic science that is important but tends to be overlooked. by
scientists. This is the implication of the geographical distribution of
sciencesupport for the pattern of growth of theLl.S. economy. The
location of scientific research activity in a particular city or regiongen
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 scientificpoint of view, there is a stro!'g 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
long run provide a socially and economically more attractive attack on the
poverty problem than many of the policies now being applied or
considered.

This point, it should he emphasized, is independent of whether the
Nation is spending too little or too much on the support of basic research,
thatis, of whether the beneficial effects described are worth their cost.



this way would, of course, involve substantial institutional changes.)
Moreover, private support of science might have certain advantages over
Governmental support, in that it might tend to produce a more flexible
adjustment of support to the changing frontiers of scientific advance.
That is, in science asin 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 kind.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 information
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). He reasons as follows:

* * * if basic research .can' be considered as a homogeneous commodity, .llke
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 industry laboratories are assumed to operate where
marginal revenue equals marginal cost, then the fact that Industry laboratories do
basic. research at all is itself. evidence that we should increase our .expenditure on
basicresearch.

The key to the argument is the assumption discussed earlier, that the
social 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 research. Nelson admits that the factual assumptions are extremely
shaky, particularly with respect to the comparability of the research
output of nonprofit and profit-oriented laboratories; and some doubt is
cast on the argument by carrying it to its logical conclusion, which is that
Government support. of basic research should be extended to the point
where 110 profit-oriented laboratories have any incentive to conduct basic
research. .

How Much Federal Support Should Be Provided for Basic Scientific
Research, and How Should It Be Allocated among Fields of Scien
tific Endeavor?

The discussion of the preceding section has illustrated the difficulty of
providing any firm guidance 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



on the exerciseofprivate decisions operating in the marketplace to decide
on the total investment of all kinds and its aIlocation among alternative
forms of investment. The market will arrive at a socially efficient allo
cation of resources provided that the risksundertaken by and the prospec
tive returns open to the.private decision-taker coincide with the risks and
returns to society ",s a whole. These conditions are notfulfiIledforpri
vate investment in research, and. particularly for private investment in
basic scientific research. The risk to the private investor in the creation
of scientific and technological knowledge is greaierthan 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 tobe less than the return to society as a whole, because the bene
fits to society cannot be fuIly appropriated by charging for the use of
the knowledge. These divergences of private and social risks and bene
fits are by definition greater for bask scientific research than for applied
scientific research; they are also smaIler for the large diversified research
organization or industrial corporation, than for the small specialized re-

·search organization or company.
In consequence, there is goodtheoreticalreason 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 aIlocation 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 substantiaIly confirmed by the facts, especiaIly 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
successful research requires c,oncealing the new knowledge from other
potential users, the social gain from research is reduced correspond
ingly(8).

These defects of the market mechanism with respect to the allocation
of resources toward and among investments inresearch imply that the
market needs to be supplemented, and perhaps, with respect to basic
scientific research, entirely replaced by social provision and allocationof
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 aIlocation of resources to be invested in. In~

stead, large amounts of money are channeled into basic research through
the universities, through local and State governments, through private
·contributions, and through the Federal budget. The question then be
comes, not whether the market system- needs supplementation, but
.whether the degree of supplementation provided through existing,non
market channels is adequate, too large, or too smaIl, ill relation to the
economically optimum, and Whether the resulting aIlocation of resources
among rival fields of scientific inquiry is reasonably efficient,



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 proportion of measured growth explained and
reduce the residual;

The most comprehensive study of this kind is Edward F. Denison's
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 contributing factors. Since it is the
most comprehensive, it arrivesat oneof the lowest fignres for the residual
that economists have produced. Denison's figuresascribe approximately
20 percent of thegrowth?freal national income from 1909 to 1929,
and approximately 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 under30 percent of
measured growth) is ascribed t? 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 analysis and the influence of all
the factors notso taken into account." It is not a direct estimate of the
contribution of "advance of knowledge," in any concrete sense of the
phrase, to measured economic growth. Moreover, as previously men-,
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, imprecise in meaning and unreliable in mag
nitude as it is, theresidual figure is the most careful estimate available
of the portion of past growth that might be attributable to the growth of
knowledge.

The growth of knowledge in question is the growth of all knowledge
relevant to efficient production, managerial and organizational 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; aIld he ,calculates that the social rate of return on organized re
search and development is about the same as on investment in nonresi-
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The concept of ~'i:scfentificcultur~" raises a". number of questions, among
which the most fundamental is the question whether basic scientific re
scarchis-s-in the economist's terms-to be regarded primarily as a coni
sumption'or an investment activity.

Every society devotes a portion of its current outputto activities that
increase its future capacity to produce (investment); but the bulk of its
current output goes to supporting itself (consumption). Depending oIl
its capacity to produce a surplus above the minimum needs of subsis~ence,
it can devote more or less of the income not used for investment to activi
ties that have no economic function-c-sport and recreation, leisure, medi
tation and-scholarship, religious activities--:-or to the support of institu
tions' and individuals specialized in tbeperformance of those activities
in Thbrstein Veblen's terminology, the leisure class (3).

Much of the contemporary ','scientific culture" argument for Govern
ment support of basic 'scientific research is such as to putit-intention
ally or not-e-in the class of economically functionless activity. Theargu
ment that individuals with a talent for sllchresearch 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 leisllred
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 insistence on the
obligation of society to support the pursuit ofreligio~s truth, an obligation'
recompensed by a similarly unspecified and problematical payoff in the
distantfuture (4), Atthe more popular level, the interest in scientific
accomplishment representsa leisure-time activity, more elevated than'
following professional sport and less culturally demanding thanthe ap
preciation of artistic endeavor, and hence peculiarly appropriate in the
affluent mass society;' ". '.. , '

These comments are directed at' Clarifying the nature of the "scientific
culture" argument. They do not necessarily imply that if basic scientific
research is of the character of a leisure activity; it:should not be supported
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 areas as defense.rpublic. 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 research. But to .the extent that scientific activity is of the
character-of a consumption good (in the broad sense outlined' above) its
claims for public support need to be weighed against otherpressing claims
on the social surplus, such as the relief ofpoverty, the mitigation of social
problems, the needs oftheless-developed countries, or the claims of the
average taxpayer to enjoy the personal disposition of the income he earns.



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 beendistinguished by superior attainment either in pure science or
in technology, but not in both together (l). Evennow 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 production of graduate students is a valid approximation.

What Is Meant by "A Position of Leadership" in Science?

In view. of the looseness of the connection between leadership in basic
scientific research and leadership in technology and applications of sci
.ence just discussed, it is necessary to define clearly what is meant by "a
position of leadership" before it becomes possible to discuss 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 primarily on two elements: the capacity
to put science and technology to work in the service of raising the stand
ard of living of the masses, and the capacity to mobilize science and
technology on a massive scale in the developIIlent of superior armament.
Both entail the capacity to produce to demand, and both reflect the
wealth and efficiency.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 leadership would count for much if it
were not allied with the economic and political power of the U nited
States ill the world, and what the United States acquires by expenditure
on"scientifjc leadership" as such, . It is true thatthe prestige of U.S.
purescience has been growingrapidly"as measured for example by
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Introduction

The questions put hy 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 exercise ofpersonal judgment. This paper
makes no such attempt. Instead; it seeks to discuss certain questions of a
kind that naturally occur t<:> an economist confronted. by the fundamental
problems set by the.House FOf9mittee.·· . .

In discussing these questions, it is assumed.fhat-a rneaningful dis
tinction-e-albeit an imprecise on~can be, drawn between "'bCiSic" and
"applied" research. Basic research is conceived of here as research de
votedto the acquisition-of knowledgefor its own sake, as distinct from
re~earchdevotedto.theelaboration and application of knowledge in the
solutionof practical problems or for the attainment of tangible results,
Conceptually, basic research is concerned with adding to the stock of
knowledge, and applied research with turning the stock of knowledge
to practical use. The distinguishing characteristics of basic research, and
the main source.of difficulty i~ formulating public polity with respectto
it, is theextremeuncertainty of both the-contribution to knowledge that
will result froma, particular line of researchyand the ultimate practical
usefulness of that contribution. .

Is Leadershipin.BasicResearch Esse!,tial. to Leadership in the
Applications of Science?

It isa truism thatth~ results of basic resea;ch must be available before
they can be applied, ~othat basic research must come temporally before
(and frequently has, come long before) the practical application.of i~
results. This does not, however, imply either that national leadership
in applications of science requires leadership in basic scientific research;
or.lhat national leadership in basic scientific research will necessarily
guarantee leadershiF'i~the advancement of technology or in the various
applications of science and technology.. '.' .'

Given the international character of science, which makes scientific
discoveries in One country available toscientists in all, and the factthat
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,
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ported are not as up-to-date or extensive 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 modernizatioIl of
existing facilities is .small relative to the need and in comparison 'with
direct research support. lnthe case of most collegesand universities; such
support is difficult to obtain because of the 'common requirement that
matching funds for construction be provided by the institution.. This
situation is especially difficult in the university-operated medical schools,

, which are seriously deficient in up-to-date research facilities. This defi
ciency is widely recognized and accounts for the numerous efforts pres
ently being made to obtain large private support for construction ofnew
research facilities and improvementof existing ones. Not a few such
institutions 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 facilitiesthat are available in institu-'
tions of comparable quality are. frequently not comparable in quantity
or effectiveness, and this imbalance app~ars to depend to a~onsiderable

extent upon the amount of private support that can be obtained.
Among the more important research facilities are the specializedIi

braries in which the records of past and present inquiries are available'
to investigators.. Libraries maintain the organization, of scientific and
medical knowledge and insure ready access to .that knowledge. As a
means of effective research, the value of scientific libraries is at least as
great as. are laboratory facilities, 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 obligationsfor scientific and. technical information'

, activities for 1964. are estimated to amount to about $36 million, or
approximately 3.6 percent of its total obligations. However, less than
$1 million is to go to the support of medicallibraries.

It is estimated that there are some 990 specialized health-related li
braries associated with universities, medical schools, and research"instittl-:,
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 therestrictionson "overhead" that presently apply-to
grants provided by Federal agencies. As an indication of the importance
that many investigators assign to this common problem, the several medi
cal schools and major research institutes inNew York City have joined
together and recently-established-a medical' library centerdesigned to
solve the mounting problem of library facilities, a problem that none
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make up intact living organisms, including man, and the many variables
that affect the results of studies with biologicalmaterials, including living
ceIls. However, the amount of Federal support available for the pre
doctoral education ofprofessional 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 scientists is heavily
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 approximately $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 AssistanceAct of 1963, that provide
needed aid to students of medicine 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
mouly found in the departments of universities, medical 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 existsin 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
lessof the discipline in which he was trained or the field of science in
which he works, represents a national resource of great value. Support
for his education and development should not be wholly or even largely
dependent on the uncertainties of personal or family resources. This is
now commonly the situation for those who choosethe route of the M.D.
program to a career in biomedical research.

In 1964 the 87 medical schools in the United States awarded 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 medical schools provided research opportunities and
special 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 carryon
biomedical research.

It should be emphasized that clinical investigation, the study of dis
ease as it occurs in man' .requires specially trained, physicians who con-
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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 role that colleges,
universities, and other institutions of higher learning play in the perform
ance of basic research. However, it should be' emphasized that OIUy
aboutSe percent, or about $510 million, of these research obligations
were to educational institutions as such, and that about 21 percent, or
approximately $320 million, is expected to go to Federal contract research
centers administered by such institutions, . ,

Applied research in the biological, medical, and psychclogical sciences
was estimated to receive Federal support totalirlg about $600 million in
1963, and it was anticipated that this might be continued at about the
same level in 1964. These sums represent a little more than 17p~rce~t of
anticipated Federal expenditures for applied 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 biological sciences, $500 million for medical
sciences, and $40 million for psychological sciences in 1963.

A large proportiori~f all research in the biological, medical, arid psy
chological sciences is performed by colleges, universities, and research
institutes. It is estimated that there are some 650. nonprofit and non
governmental 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 National 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.ior approximately 7 percent per year. When considered in rela
tion to the increase in the cost of performing research during this period,

'particularly that for equipment, scientific instruments, and salaries, this
average annual 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 psychologicalsciences increased
in similar mannerfroma.total of only $130 million in 1957 to an esti
mated $1.l lbillion for 1964. This represents an average annual increase
of about $120 million, or approximately 30 percent.per year. Itshould
be pointed out, however, thatthis rate of increase declinedto about. 18
percentfrom1962 to 1963, and isestimated to decline further to approxi
mately 12 percent from 1963 to.1964.

In the light of the achievements of both basicand.applied research
in thebiological andmedical sciences, and the wide applications that-have
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TABLE t.-Leading Causes of death-Continental United States

1920 1940 1961
.

Cause of death .. J

Death Per- Death Per- Death Per-
rate 1 cent of Order rate 1 cent of Order rate 1 cent of Order

total total total

-----------------------
.

All causes ....... . . 1,298 100 ..... .1,074 100 . ..... 930 100 . ......
Cardiovascular

diseases 2. , . . . • . . 314 26 1 464 43 1 468 50 1
Pneumonia and

influenza........ 207 16 2 70 6 3 30 3 4
Tuberculosis . . . '... n3 . 9 3 46 5 5 J . (.) .,. '" ......
Cancer ........... 83 6 4 120 n 2 149 16 2

.. . .

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

Sources: National Office-of Vital Statistics, Vital Statistics-e-Special Report; U.S
Department of Health, Education, and Welfare-National. Vital Statistics Division
Advanced Reports.

It should be noted that the deatb-rate data given in table I 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. Inthe case of cancer,
for example, in contrast to the apparent increase in frequency suggested
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 population
per year. (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 exceeds 70 years.
This prolongation of life and the improved health of the people that has
led to it can be attributed in large measure to advances in knowledge
and their useful applications, many of which have been achieved as a
result of research in the biomedical sciences.
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pounds to the occurrence of cancer in man have not been sufficiently clari
fied .andthere 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 investlgation.. The results of much research in
this field tend to support the concept that cancers are 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, andyirology may be expected to contribute to a fuller understand
ingof the nature of the. cancerous change in cells and ultimately perhaps
to its definition in chemical terms.

Diseases induced by viruses, because of their variety and frequency,
constitute a large problem and cause a very large amount of ill health
and disability. It has been estimated that about 60 percent of all episodes
of illness are attributable to viral infections. Acute respiratory infections
alone, most ofwhich are induced by virtises, are believed to account for
the lossof 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 different types of viruses that can infect human beings
are known.

Although effective vaccines have been developed for a few viral dis'
eases, such as smallpox.yellow fever, influenza, poliomyelitis, and measles,
useful preventive measures are not yet available for the great majority.
Specific and effective treatment for these infectious diseasesis almost none
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 usefulin the treatmentof viral diseases. •Basic research
has been particularly rewarding in relation to viruses and viral infections
and a great deal of importantnew information has been obtained in recent
years,butthere remain large opportunities for additional applied research
in this field, particularly for more effective and widely useful preventive
and treatment procedures.

Environmental alterations such as air and water pollution, smog, pesti
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 already obvious in large cities and near extensive
industrial installations. The available evidence suggests that deleterious
environmental alterations may servetoinflict double jeopardy upon per
sons whose resistance has been diminished bychronic cardiovascular or
respiratory diseases; It has. been reported that large amounts of 'smog
have been associated with a considerable excess over-expected numbers



Mental diseases, because of their common occurrence and protracted
duration, account for an enormous amount of human disability and ill
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 societiesand 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 considerable 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, before
effectivecontrol 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, U.S. Department of
Health, Education, and Welfare). Although treatment with modern
drugs, new surgical procedures-s-including heart, brain, and blood vessel
surgery-and anticoagulants represent important advances that aid in
the management and control of certain severe forms of cardiovascular
disease, 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 Inay be anticipated .
on the basis of the dramatic results that have already been obtained by
intracardiac surgery, correction of valvular abnormalities, introductioIl



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

In view of the problems, the advances already achieved, the certainty
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 20years 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.

Introdnction

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 .
physical and mental diseases, and the prolongation of useful and satisfy
ing lives. Althoughnone of these objectives has been fully achieved, there
are reasons to believe that some of them-are not as improbable of accom
plishment as they seemed only a few decades ago. 'The advances that
have been made in the treatment and prevention of many infectious dis
eases, including bacterial, rickettsial~viral, and protozoal; the prevention
of various deficiency diseasesdue to defects in nutrition; and the control
of diabetes, pernicious anemia, and certain endocrine abnormalities serve
as examples of what can be accomplished when work in the field of the
biomedical sciences is vigorouslypursued and generously supported.

The biomedical sciences constitute only a partof the life sciences, which
also include other biological sciences, agriculture, psychology, and s0'lle
of the social sciences. Biological 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
be described as useful and practical, applicable ultimately to the solution
of human prohlems that stem from ill health and disease. They may be
categorized, therefore, as applied research, but, as has been emphasized
in the reports of other members of this committee, their achievement often
depends heavily on unanticipated advances made through basic research.
The relevance of work in basic research to.significant accomplishment in
applied research was recently underscore<i in the report of the National
Academy ofSciences, entitled Federal Support of Basic Research i" In
stitutions of Higher Learning, . .. .

Until recently, the biomedical sfiences that bear em the problems of
human beings extended in scope only from intact living organisms, i.e.,
man himself and other animals, to the smallest unit of Iife.Le., the indi
vidual living .cell. Between the living .cells of th~biplogicalworld and



of a government-wide "science budget" make a certain amount of sense.
Even here it.is essential to separate out the costs ofmajor equipment
both the capital costs and the cost of keeping 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 I think that the Congress
and the administration ought to consider primarily 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 conclusive in this part of the debate. Basic research outside
of universities--inore than 50 percent of the total-should be judged in
terms of its potential contribution to the missions of specific agencies.

References

(I) Some scientists may derive their support through working in dose association
with the outstanding 5 percent; thus. it is not legitimate tel extrapolate the
$100 million-for the 5 percent to $2 billion for the total.pool.



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 research.
Conversely, unversities should concentrate oil types of research that lend
themselves to the individualistic approach.

Most of the great national laboratories fall in category (2), Le.,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 impon;ance 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 successin 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.
These 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 freewheeling research activities should be provided
essentially as a reward for success in the performance of the applied mis
sion, thus serving to give the whole staff 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 byseveral agencies as part of
the overhead on procurement contracts with profit organizations contains
such a built-in incentive for success in its applied objectives, and a some
whatsimilar incentive system might be encouraged with respect to non
profit institutions doing applied work.

A special problemhas arisen in connection with support of basic re
search by the Federal Government in industrial laboratories. Not only



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

(2) Novelty, prospects for new generalizations or important
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 research 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. Measurements should be informed by hypotheses or
expectations. .

(3) Relevance to recognized practical 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 hard questions should be
asked. What is a solution to the problem worth? How critical is
a particular piece of information. to the solution? What is the prob
ability of success? What is the probability 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 scientificmerit of the work.

(4) Educational value, in both the strict sense and in the broader
sense of extending the capabilities 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 laboratories? Will it help train graduate students,
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-



avoided what might ultimately prove to be a difficult and embarrassing
problem. . . .
. If our policy is essentially to support the brightest people irrespective

offield, then both.government and the universities must give more atten
tion to systematic presentation of the opportunities and promise of vari
ous fields, not only in terms of intellectual-excitement but also with
respect tooccupational demand and social utility.. I suggest that this
method is superior to providing categorical fellowship support for rj'ther"
narrowly defined fields. Obviously, the method of allocation on the basis
of merit withoutreference to field. is an ideal that can only be.approached
because. of the limitations under which the mission-oriented agencies
work.. .Itmight well.be that some government-wide pooling of fellow,
ship applications would be worth considering in this connection.

With respect to categories (a) and (b) there.will obviously be 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 juqgedby proposal pressure and, the informal advice of its
pr,?gpun officers and consultants. Intrinsic scientific merit should be
themost heavily weighted but by no means the only criterion .of selec
tion, with each agency supporting projects having a distribution of topics
centered about those most closely related to its mission, but by no means
confined to these. Application of this principle may actually force some
gradual reallocation of resources. Of all the Federal agencies, the
National Science Foundation is the one thj't has the clearest obligation
tb respond primarily to the estimated needs of the academic community.
There is, of course, a good deal of positive feedback between known avail
ability of funds and proposal pressure. It is necessary to invent mecha
nisms to discount such effects. In this connection, widely representative
-advisory panels extending over several differentdisciplines, such as the
divisional committees of the National Science Foundation or the institute
advisory councils of the National Institutes of Health, must play" 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
pointed to analyze the needs of broad scientific fields and coordinated
by an overall committee such as theCommittee onScience and Public
Policy should also playa key role in this connection. Federal agencies
concerned primarilY with civilian applied research should take more ini
tiative in requestingtilat approprij'te kinds of research be encouraged
by the National Science Foundation.

There is a geneialP~?blem with respect to research support and re
search priorities that deserves mention at this point. One aspect of it
is discussed in the paper by Dr. Teller. One of the unfortunate side,



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 basicresearch 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 not saying that we must have 15-percent growth
every 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 store and keep it open but don't sell any goods, our
present system of budgeting 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: .

(a) Project grants to individual professors or small groups of
professors;

(b) Programmatic Or coherent area grants to large groups or
whole departments;

(c) Institutional grants, either on the basis of a formula or on
the basis of specificselection criteria;



side of universities, such as Brookhaven, GreenBank, or Kitt Peak,
insofar as they exist prirnarly to serve the university community.

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

(l) The capital costs of major equipment, including in general
the cost of properly housing it. By major equipment I mean the
kind of equipment 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
eral hundred thousand dollars. In general, I have in mind really
major facilities like oceanographic ships, the Mohole platform, space
tracking stations, orparticle accelerators. This category would in
clude thecosts of any major refurbishingor updating of such equip
ment.

(2) That part of the operating costs of major facilities or equip
ment needed to make them available to the scientific community,
exclusive of the cost of specific scientific work. This would include
such iternsas ship-operating costs in oceanography, the costs. of
power,expendable supplies, maintenance. personnel, and resident
operating staff for big acceleratorathe costs of computers, the logis
tic costsof 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 users, publication
costs,general administrative overhead, etc.

In my opinion the budgets for items (I) and (2) should be rather
carefully segregated from (3). Together, they constitute what Professor
Kistiakowsky has referred to in his paper as "big science." The decisions
regarding allocations under (I) are the only decisions regarding alloca
ti0Ils 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 th~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,andtheyare the decisions that determinethe
scientific priorities for lllany years ahead. They are also the decisionsin
which the price of error is highest. In. general, science-allocation deci
sions are less crucial because there are many investigators working inde
pendently in the same gener..1 area, and So mistakes in the decisions of
one investigatortend to be compensated for by the successes of others,
and the proposal-evaluation systelll gradually eliminates' the unsuccessful



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 the 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 increases in the allocation of funds to basic research. In
any event, very closescrutiny 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 competition be
tween these projects and the general support of "litde 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 operating funds merely
to keep the facilities available without supporting any science.

To summarize, on the basis of educational requirements alone, it
appears that a minimum 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 is to 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 difficnlt 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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academic or industrial posts. With respect to the increased research
orientation ofuniversity 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. Many for
merly purely undergraduate institutions are talking about expanding into
graduate work, ifonly to attract faculty of the requisite competence to
maintain thequality 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
expectations are not really taken into account in the estimate of 15 percent
a year given above. Theywill not be satisfied unless one of several things
happens:

(1) Research funds for universities are increased faster than 15
percent a year.

(2) There is a substantial cutback in support of new major re
search facilities at universities, and support going to post-doctoral
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
tributions 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
graduate education are grosslyinflated.

In my opinion (3) and (4) appear highly unlikely. His 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 transferringresources from the profit to the non
profit sectors of the private economy.

Cutbacks in defense spending may produce temporary effects along
the lines of (4). On the' other hand, historical experience does not sug
gest that the 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 opposite 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



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 scientificliterature.

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, society as a whole should be prepared to
underwrite 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 university research
support required in the next 10 years if one makes certain plausible
assumptions, as follows:

( I) The percentage of college graduates seeking graduate educa
tion in science will remain relatively constant or grow slightly. (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 ratio will remain about 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" willremain about as at present.

(5) Because of the increased sophistication of research-includ
ing such items as more automatic data taking and data processing,
greater use of computers, and greater availahility of sophisticated
instrumentation for purchase rather than local construction-the
cost of research per man-year of research effort will increase atan
annual rate of 5 percent in constant dollars.

(6) The contribution to research in universities from State, local,
and privatesources will increase at the same rate as the Federal con
tribution, so that the Federal share will not change.



scend the sum of the information appearing in their publications. The
contribution of a Fermi or a Von Neumann to our society is far greater
than that of the bound volumes of their collected 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 reo,
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 several years earlier by
engineers in Government laboratories. What was needed for the ex
ploitation, however, was not just the invention itself but a whole complex
of experience with advanced electronic techniques and with the inte
grationof these techniques into an operable system. The nuclear physi
cists who had been working 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 as their own continuing involvement in basic science.
What applied 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 otherfundamental fields had the accu
mulated skills necessary to proceed with projects in thisfield. The
contribution of the engineering management skills of American indus
try-s-cspecially of the chemical engineering industry-was alsoindis
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 postwaryears owed much to the high-speed electronic-circuit
techniques in which nuclear physicists had trained themselves in order to
sharpen the tools of their 0)"11 basic research.

Not all individuals.who rec\jy'e.ildvil!!£.ed.J:raining;,in.b'Wic;~.l:a!:s<!:t..re

main inba~. Some enter basic research in industry or Gove~'
""rnentl5ilt""then move Off toapplied science or technology in the course of

their YNeers, often following a basic-research development or technique
through into its applications. Many techniques now common ill industry,
such as high-vacuum technology, low temperatures, X-ray diffraction,
spectroscopy, nuclear-reactor physics and neutron instrumentation, radio
isotopes, electron microscopy, had.their origin a,s techniques of basic re
search. Hence, there is a demand in industry forpeople trained as basic .
scientists insuch fieldswho then find their careers in applications.. The
staffing of majornew technological or scientific programs such as nuclear
p0'Wer and nuclear weapons., space rese~ch,ocean~",,:!:,hy, or atmos-



vV

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 Aeronautics in the National Aeronau
tics and Space Administration would ever have been justified without a
quasi-military incentive. However, once there, their additional roles in
economic growth gradually came to be appreciated.

It is clear that with increased urbanization and industrialization,
our country is developing a number or problems that can only be faced
on a national basis-for example, education, air poUution,..water re
~:"es,we~!ig:Jorecasting an~_.sgiilipl, lle,stij;iaes,..radio.a.~~wastes,
public re~§m>-!llltllJ:aLresciill:ce~,...i!k_!!:flflic control, highway safety,
"n:criifban transportation. The degree of Federal responsd5ilify in these
areas 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 orregulation 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 research 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 foUowed in national defense and health.

The difficulty with this motivation for Federal basic research is that
criteria for theamount 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 research 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
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degree to which this is true is difficult to quantify. To an increasing
degree also there is a disposition to regard organized research and devel
"opm:ent.as..an inv~m-newKi:lBwlecrge-eqiiiVa1erltiil-~iiiesense to

--tIiemvestrnent in fixed caJlitaJ. Indeed, most capital investments incor-
-pate somemeasureo{"tecl;ri;;logical 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 managerial and marketing innovations. There
is also general agreement that in a market economy the allocation of
resources to the advance and spread of knowledge will tend to be less
than the optimum required for maximum efficient long-term growth of
·the economic system as a whole. Moreover, the further removed research
is from ultimate practical application the less likely it is to be supported
in a market economy without either direct public 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 especiallybasic research.

In comparing the United States with other advanced industrial coun
tries one finds that, if one sets aside military research and development
expenditures, our investment in research is about the same in terms of
percentage of national income as that of other countries, including Japan,
the Netherlands, the United Kingdom, Sweden, West Germany, and
France; It 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 about 57
percent .over the last 10 years, despite the very large absolute increase.
The fact thatthe Federal share of total research support in nniversities has
increased is thus attributable solely to th.e 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 universities is in any way excep
tionally large.

Since World War II there has been increasing recognition 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 into existence, and an



that can always be exchang.'.~,rb: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 andculture, 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 science is a cult].lJal-acfud1Y_lS!:.nerally believed to transcend pri
vare-value systems that it becom~s elig!!;>le.!QLgQY.ernment support where
~r .fOrins orcultu~~L~v.tti~~,are not. The system of indirect public
suppOfnTiI'Ou-gn'tax exemption 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 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. The amount of basic research 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 science is exceedingly rare. I
believe there is a most creative minority, possibly 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 (l) a year to this type of completely freewheeling research.
expenditure.

It must be remembered, however, 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 hard work will vary from time to time with the
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Furthermore, the extent anfscope of the activity is strongly conditioned
by decisionsin the public sector;:

In considering research in' the university 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. This is
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 universitiesmake 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 thetotality 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
namic and complex that it is difficultto capture in a statistical snapshot
at anyone 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 categories 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.

II. Why Should the Federal Government Support Basic Research?

The House committee has 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 necessaryto 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 distioct functions of basic research, some of
which also pertain to certain types of applied research, They are: cul
tural, economic, social, and educational.

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



<l~ lJAJ:::jlU .1{J!;::;~J\KUttAl"lU J."lI\.LJ.VJ.'1n.J.. .....Vn..... ,;:;1

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 a 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.
For 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, suchclearcut 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 measurecl 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



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 professional civilian employees of the Federal Government
are scientists, engineers, or health professionals, and the three highest
grades of the civil service are even more heavily populated with people
with technical backgrounds.

Similar problems arise when one talks about specificclasses of activity,
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
volvesthe design, construction, and operation of very large and complex
equipment. The motivation for acquiring this equipment may be purely
scientific, but much of the activity accompanying its design 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 scientificspacevehicles,
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 accelerator 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 facility available, with no considera
tion of the additional costsof 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 impres
sion conveyed by statisticsthat include such supporting costscan 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 implicit assumption of continuing expansion of research
budgets. Now, in fiscal years 1964 and 1965, when these facilities are
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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 defiesmeasurement. 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
it is published. In many casesan 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 research 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
effort, 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
a way of measuring the relative importance, economically 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 time than any other form of
investment, except possiblyeducation.

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



fields, when seen from a distance, seem to be growing together in every
day oudook. Aswe noted a few pages back, the objective of scientific re
search can be broadly described as understanding nature in an intellec
tually efficientmanner. 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 sufficiendy thorough and funda
mental understanding 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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Listed are the numbers of patents issued by countries to their own nationals. In
European countries, especially, the gross rate of patenting is frequently much
greater because of the large number of patents issued to "foreigners" (frequently
Americans) who wish to secure patent coverage in countries other than their
own. Source: Publication No. 17 of. the Subcommittee on Patents, Trade
marks and Copyrights, U.S. Senate Committee on the Judiciary, December
1958. The U.S.S.R. is not included in table 6 for lack of comparable data.

This is not intended to minimize the ultimate importance of pure research, since
the _effectiveness of the applied research effort may itself depend on the store
house of information on which-it can draw; It says, however, that in evaluating
basic research we should lay stress on broad increases in understanding rather
than on specific advances.

"New Realities and Old Concepts" by Dr. Peter F. Drucker, The General Electric
Defense Quarterly, vol. 2, No.1, January-March,,1959.

The number of planes that actually entered commercial service is no doubt very
much smaller, but exact figures are not readily at hand. The number given
does not include several thousand additional planes produced in other countries.
Also omitted from the general discussion, for the sake of simplicity, are designs
like the DC-4, which was the actual immediate successor,of the Dd--3, as well
as designs by other makers, 'which, should be included in any comprehensive
account.

In fact, of course. fhe two categories are not entirely separate, since many pure
scientists eventually migrate into applied fields, thus automatically establishing
a bridge between pure science and technology~, This, however, does not affect
the total number of people needed, although it may imply the desirability of
,giving'more emphasis to breadth of training than is customarily given in
modern.scientific education. '
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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 generality 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 foresee, at least
dimly, what its resultsmay 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 promising 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 gradual1y, 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
turallaboratories or experimental stations, in which the applications of
science were pursued in a systematic and determined 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 applicable to technology, and looks to such applications as a main
spring for progress.



adequacy of the supporting technology are what count. In this respect,
the communications satellite, or the. supersonic transport, are at least
broadly akin to the atomic bomb and the transistor, which we discussed
earlier. .

On the other hand, even when such a storehouse 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 situationy.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 lessbold steps. It seems impossible to overdo
either the quality or the amount of the effort that ought, in principle, to
be assigned to it.

This discussion has been at such length because the questions of tech
nical planning and management it raises apply broadly to a whole class
of ambitious technical projects. These are, moreover, projects that are
especially likely to require 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 ata 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:



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 elaborate, 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-29'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. However, each plane could carry several times as many passen
gers as the De-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 subsonic 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 consequences. With so small a num
ber of articles to be built, the approach to the production problem obvi
ouslymust 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 important for the purposes of the present
inqniry. Obviously, many more engineering hours must be put into the
design of these very complex items than were required for their simpler
predecessors. As the number of produced items dwindles, however, this
greater engineering investment must be supported by smaller and smaller
numbers of finished products. Thus, ,the cost relation between produc-
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the science-based industries. A good example isfurnished 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
I 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 trausistor discovery was
made, it was 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 desigus and auxiliary devices to permit their
particular properties to be used successfully in circuits, and so on. As in
the Manhattan Project, the work on supporting technologywas not over
when the first trausistorwas operated, or the first bomb exploded. A con
tinuing effort on a wide range of supporting technology has been neces
sary to carry both fieldsforward.

A somewhat similar situation exists in the aerospace field. A ballistic
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 in others the problems have been so
difficult and have required such frequent return to first principles that
they are best characterized as "applied research." Military cousidera
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 seusitive 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
aspect ofthe design.

An industrial laboratory, or similar'organization, is the natural meaus
to carry forward the sort of technological effort described in this section.
Such a laboratory, if it is of adequate size, can maintain the necessary
array of skillsto 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



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 deposits--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 traditional 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 existsfor 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 atmosphere--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 entirely on the technical and man
agement skillsof its people.

Another contrast with the traditional view becomes apparent when
we turn 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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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 with the value of the
scrapped equipment.

A related question has to do with the possible incompatibility between
a proposed technological advance and the general usages and organiza
tion of an industry. This may cover a broad field, including such 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 efficiencyof the system as the basic technology
itself. If a technological change is really to be an advance, we must find
some way of introducing it without too much disruption of the going
system.

The overall competitive structure of an industry is evidently 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 high competitive
pressure, can afford.

All these considerations point in the same general direction; that is,
that industry cannot always take advantage of isolated scientific advances
as they occur. Exploitation of an advance must be reconciled with all
the facts of life concerning capital obsolescence, existingproduction 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 easiest when the advance
has a limited and specific impact, like the substitution of a new drug,



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 aerospace industry and the food industry is about
80 to I. 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, cine 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 obviously 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 radios have tended to replace cotton
goods as exports of the Japanese.

The science-based industries are also of special importance because 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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utilization of large-scale equipment capable of exploiting poorer ores or of
reaching rich deposits well below the surface. In science, 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 instrumentation
called for by modern science may be relatively simple, as in recording
equipment, or very elaborate, 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 Relation between Science
and Modern Technology

I hav~ just given a brief account of some of the characteristics 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.

Unfortunately, the actual application of science to technology is con
siderably more difficult than this. It is likely, even under the best circum
stances, to call for more iuitiative and active effort in technology than
the simple picture would suggest. The subject is a very complicated one,
however, because of the great variety 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 mustbe 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 Canbe made.
The most obvious reason for the complexity of the subject is the fact

that the various sciences find their ways to eventual impact on the life
of the society tlrrough 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,



perhaps dates from Karl Pearson, who is also one of the pioneers ""'0
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 the
outstanding features of our scientifictime.

Another major trend is in the growth of interdisciplinary 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 goesback, 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 pressure,
density, and other factors, has been almost equally important.

Spectrum analysiswas included in the list of achievements in the golden
age between 1859 and 1873 because of its unique value as a tool. In ad
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 material 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 telescopeswith sufficient exactness. Radio telescopesgive
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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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 andtechnology, 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
other 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 problemsfor 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 distinguished
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 moretechnical resources on which it
can draw so that there are more avenues of useful exploration open to
research at anyone time. (Of course, there are also more research
workers to exploit them. )

These changes seem 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
atively more and more interrelations, 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 maturing
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. I, 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



The shift in the position of the United States in pure science is exem
plified by table 7, which gives, in.comparisonwith table 5, a tabulation
of Nobel Prize winners for the second 30 years of the Nobel Prize awards.

TABLE 7.-Nobel.Prizes in seienceJ1931~60

United States .;. '-_-
England -------------
Gennany ----
Swiuerland _

33
18
14
5

Austria ..;.________________ 4
Sweden.L . ;..____ 2
ltaly ----.---_------- 2
U.S.S.R. .___________ 2

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 political troubles of the 1930's. Asin the case 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 ar~as

in which we lead tend to be those requiring relatively expensive experi
mental equipment rather than those that can be dominated 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 application of relatively new
science to military technology was obviously a vital element in many of
ourundertakings, 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 sufficient de
termination and budgetary support.

The success of the Manhattan Project was particularly critical. Dur
ing World War I, most Americans would have conceded leadership in
science and the applications of science to Germany. But the success
with the atomic weapon, added to superior performance in radar ami
other fields,gave the country a.quite different view of itseIfand itspoten
tialities. At the same time, the fact that such alarge and complexunder
taking could be organized and carried through to completion on a short.
time scale has lent encouragement to the planning of ambitious projects
ever since. "Forced' development" has become an established concept,
particularly for military purposes. The fact that the Manhattan Project
depended on a quite recent discovery in pure physics emphasized the
importance of a close coupling between technology and pure science, to
permit the rapid exploitation of scientificadvances.

On the other hand, a somewhat more gradual evolution toward a
science-based technologyshould probably have been expected even if the



Iarlyon the years extending roughly from 1930 to 1940-thelast decade
before World War II. 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 additional
interest because it exemplifies so well the rather casual and distant rela
tion between science and technology during most of their history." We
have, of course; long beenconspicuous 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 fewin comparison with the number in older countries. ..

Table 5 illustrates this. It gives a count of Nobel Prize winners in the
sciences (Nobel Prizes are given in physics, chemistry, physiology, .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 competition, and we actually led Switzerland, but we were hardly
anywhere in the. major league competitionrepresented by GCITI1any,
England, and france. .

TAI!LE 5.~NoberPn·Q$in science, 1901-30

q~nnany _~__~_~ ~~__~ _

England-c----------_- c-c
France _
Sweden ~ ~ _

United 'States.c, __..:... .;.._.:.. ....;
Holland ~------------c----~~

27
15
11
6
6
6

DeDInark- .;.._.;..__.;.. ~ _
Austria .;.. -" _
Swi~erl~d .:.. _
IIMy __~~~_------------ _
U.S.S.R. ~ _

4
3
3
2
2

In contrast, our contributions. to technology have been important for
many yea,."•. A rough documentation of this, usinginvention rates as an
index of contributions, is attempted in table 6. Column A is a listing
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 grollnds 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 gives
the average annual patenting rate for the years 193Oc39 in the countries
concerned (1) . Although. the margin is somewhat more 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 Swissinvention 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



The irldividual inventor or engineer of the 19th century was likely to be a
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 attacking 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 either established originally or reestab
lished with broadened charters at this time. They performed a similar
function in bridging the gap between pure science and its applications in
their particular fields. .

Tl:iemajor scientific advances near the turn of the century, as listed in
table 3, are, however,interesting notso 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. Weare 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 discovery that the great
achievements of preceding eras could not be taken quite lit 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 thermodyoamicsso labo
riously established in the middle of the 19th century. To reestablish the
law, one had to postulate II special atomic world, which led finally to
modern atomic lind 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 proponent and formula
tor of the modern abstract school of mathematics. One of Hilbert's
tenets is that mathematics exists whether or not it is in correspondence
with the real physical world. Mathematicians were led to this position
by the discovery of II number of so-called "pathological" cases such as
Peano'sspace-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 lind cannot
be continuous.

The period near 1900 was also II time of reappraisal of the theory of
light, based on the negative results of the famous Michelson-Morley ex
periment some years earlier. This experiment, in II sense, left Maxwell's



.Itis sometimes said that the present age of science-is an unprecedented
one-s-that, man has never before advanced so rapidly.. It takes only a
brief glance at.table I, however, to show that the 14 or 15 years between
1859 and 1873 were at least equally rich. For example; the year 1859 is
the year of. publication of Darwin's Origin ofSpecies, followed 5 or 6
years later by the Descent of Man«. These are the equivalentin biology
oftheCopernican revolution in astronomy, as far lis man's understand
ingofhis place in nature is concerned, The year 1873 is the time of pub
lication of M;axwell'sE:lectricity and Magnetism. This includes, as an
incidental, the whole. of the electromagnetic theory of light. Almost
more important for our modem age is the fact that it involves the basic
theory of radio propagation. The fact that there could be such things
as electromagnetic wavcs-s-radio waves-t-was verified with great diffi
culty 15 years later by Heitz. Without Maxwell's prediction, the field
might have been undiscovered for many years.

Between the books of Darwin and Maxwell were a number of other
ouly slightly less important advances. .In chemistry,forexampi~,Men
deleevenunciated the periodic law.and Kekule 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?f the m?st serious disease-causing or
gauisms--Kirchhoff initiated systematic spectroscopy, essential to many
fields, .and so on. In spite of the richness Of present-day science, it
would be hard to contend that it has made a better record in any
recent14 years. .

Table 2 gives some sample activities in..the technological field that
were going on at the same time. Here we begin to see some interconnec
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 ofPasteur and Koch was, of course,
almost immediately applicable in medicine and public health,. On-the
whole, however, this was an age in which the 'relationbetween science
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 inmilitary technology during the same period,
approximately contemporary with our Civil War. Theideaofapply
ing science and technology in warfare, which has been such a conspicuous
feature of recent years, is, of course, not entirely new. .It has been given
sporadic attention on many occasions in the past, and was the subject
of relatively lively interest at the time of the Civil War. What was in-



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 processesfound, 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 epoch, 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 ofall time, followed by Cauchy,
Weierstrass, 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, which depends so largely on mechanical and electrical
power.

Even as abbreviated a sketch as this one is sufficient to establish the
fact that, until about the middle of the last century, the connection be
tween science and technology was very loose. In general, the timesin
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 exception
is furnished by England near the beginning of the 19th century, and even
here it is probable that practitioners in the two fields had little contact
with one another. . .

Another important fact emerges when we review this history in more
detail. This is that, in a certain sense, science was far more indebted to
technology than technology to science throughout this period. There
were, of course, exceptions, but on balance the scientist was in. the posi
tion of relying on technology, or, more broadly,on the world of practical
experience generally, for his tools and much of his information, Tech
nology "was there first." For example, the invention ofboth the tele-



lover .to givesorne sensible reasOils. why the adored perspn is really so
charming. . ..'

To stay within the logical confinesof basic science, one cannot readily
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 questions in a logical sense, but it might well furnish
an adequate answerfor practical working purposes. For example, one
might turn up the result that research possibilities in many areas are so
promising that the country cannot afford not to pursue them with all
qualified workers. In addition, one might find that the number of people
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 he a big
item in the Nation's budget. This would make the support of basic re
search at most a matter of choice of areas to emphasize, rather than one
of overal1level.

It may help in theunderstanding of this 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 prestige, as discussed earlier.

If the support for basic research is to be essentially open-ended, scien
tists must see to it thatquality standards are kept high, The research
blanket must not be allowed to cover large areas of plodding, uninspired
work, only marginally "publishable" and in the long run merely a corn
plication for the information-retrieval problem. The maintenance of
appropriate standards, however, is a job the scientificcommunity should
do for itself. Theyare not readily imposed from without. Subject to
these limitations, there seem to be no pressing reasons for trying to re
strict budgetary support for basic research. Thus, the fundamental ob
ject of this paper is not to suggest limits for pure research but to urge
that adjoining areas getadequate attention.

L Science and Technology in Historical Perspective
.. .

Asomewhat impressionistic version of the history ofscience and tech
nology might be imagined as a graph containing two curves representing;
respectively, 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 he 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,
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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 technology gen
erally, and the beneficial end-effects that stimulation of science and
technology, through basic research, will have on the country's cultural,
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
cultnral 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 critically dependent on both
factors. Similarly, all these elements may enter in various ways into the
country's overallposition of leadership.

In posing the issue of basic research against this 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 the other, appears
to be particularly uncertain and complicated.

Thus, my fundamental position is simply that a satisfactory answer to .
question I cannot be obtained through consideration of basic research
alone. The end-results in which the Honse 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 research by
itself wonld 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
lie in fields of applied science and technology, rather than in basic
research.

My treatment is largely historical. Basic research has been with us
at least since the time of the Greeks, and technologyfor several millennia
more, so that there isplenty 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 striking 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
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price of safety, here as in warfare. And the expense, perhaps our greatest
biological one (except medicine), must continue to be met.

Space 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
saywhether 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 biologists. The techniques of discovery may have to be subtle
and indirect, for it is unlikelythat 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 lifeis there. The
task is tremendous, taxing all the ingenuity of some of America's best
biologists; 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 multiply so rapidly that all chance of discover
ing native fauna and flora will vanish-and with it one of the greatest
opportunities that biology will ever have had.

Summary

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 exobiologyinvolve expensive activities, but both national prestige and
well-being demand that efforts in these fieldsbe continued and increased.
Disease must becontrolled in forest, field, and farm. Advances in under
standing the immensely complex biological system can help solve the
problems of food, population, and medical care for the Nation and the
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biotrons, climatrons, marinostats), these are becoming matters for experi
mentationas well. And much has already been learned about the effects
of such important variables as length of day and night temperatures upon
such various phenomena as flowering of plants, migration of birds, and
hatching, of insect pupae. A few minutes difference in day length, or
exposure to a brief flash of light in the middle of the night, can trigger
astonishing biological results. (The color of the light is also of extreme
importance, infrared oft<:Ji being able to oppose the effect of red light,
and vice versa.) ,

It is obvious that such control of the environment requires equipment
whosebuilding and maintenance isbothelaborate and expensive. Highly
important resultscan be expected from such facilities. '

Other environinental factors (besides these physical ones) are bio
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 give
it quick dominance. Here isinvolvedheredity and the diversityof species,
and also behavior, the study of which is coming more and more into
biological reahns 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
givessomeplants a territorial protection, especially in the desert.

The preservation of forest Or desert, seashore or mountains, for the
use and enjoyment of present and future human generations is highly'
dependent upon a knowledge of ecology. Sma:II environmental
changes--draining, flooding, air and water pollution, sometimes gJ."azing
and trampling-may become disastrous to a beautiful or useful plant
cover, or may drive away interesting or valuable animals. Conservation
of natural lesources is frequently dependent upon understanding of the
factors necessary to maintain an adequate environment for survival.
It is highly important that our few remaining natural areas be main
tained for such study, as well as for the rise and enjoyment of people.
Most of the remaining wildlands are in Federal control, and should be
adequately protected for scientific as well as recreational and watershed
purposes.

Pathology and Disease Control

Like humans, plants and anirnaIsare attacked by a great variety 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. WellckIlown examples are the transmission



about the alteration of the genetic messagewith 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.

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 diseases like
German measles in pregnant women. It is clear that animals must be
used in the study of such questions.

Physiology of Organs and Organisms

This disciplinedealswith the highly diversified functioning of the adult
organism, whether plant, animal, orhuman. It is an old and well-estab
lished discipline which has had molecular aspects much longer than has
the rest of biology. The explanation ofthe manifold activitiesof 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 sophisticated apparatus, and with 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 specificgenes in certain cells of the body; excel
lent evidence for this has been shown in an insect. Many investigators;
indeed whole institutes, have recently begunto search for the mechanism
of learning and memory in the production of specific nucleic acids or
proteins. The physiology of the brain, nerves, and sensory organs, and
of behavior mechanisms in general, has entered a new phase with the
application of biophysics and of speciallydesigned computers. The ana-



These are examples-of the' complex and highly patterned multienzyme
cyclesby which the living machinery operates.

Enormous strides have been made recently bythe use of radioactive
tracers to 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;
spindlefibres, 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 already 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 enzymes from the con
stituent. particles, but until recently it was not possible to "see" at molec
ular levels.,

Cytology was limited for years by the lenses of the light 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 under.ideal conditions it can revealparticles 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
microscope, which in turn are about 500, times smaller than objects
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 va1uaple 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, mitochondria, and
plastids; and haveshown.the remarkably organized structures of bacteria
and viruses, mostly below the resolving power of the ordinary micro"
scope. Thin membranes orlaminations a few molecules thick can be
discerned, and the ordered aggregation of macromolecules into fibers or
fl,agellae clearly seen. '" '

Another powerful tool for molecular analysis has ~o recently been
exploited in biology, though applied for a longer time in physics and
crystallography. This is the X-ray, used for discoyering 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
crystallographers have gone far, toward elucidating the exact conforma
tion of all the subunitsin some proteins, such as myoglobin from muscle.
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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 the formation
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 there
are protein units in the protein molecule controlled by the gene. This
and other evidence led 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 exquisitely 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 arethey major buildings blocks of the cell,malting 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 process may stop. (This biological 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-
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Taxonomy and Systematics

The task of identifying, describing, classifying, and relating in their
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 rich tropical jungles, polar regions, high moun
tains, deserts, and the depths of the ocean, are still in need of further ex
ploration. Organization of the necessary expeditions is often very ex
pensive. Moreover, modem 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
(geneticsy, development (embryology), and even physiology and bio
chemistry (e.g., for immunological reactions); The biochemistry of
microorganismsis often their most certain identification.

Among the needs in the immediate future.are larger numbers of sys
tematicbiologistswith a flair for intuitively grasping the relationships of

.species, well trained not only in careful observation and description, but
also in statistics, genetics, population behavior, embryology, and chem
istry.. This is a largeorder indeed, and would make the ideal systematist
perhaps the most well-rounded of all biologists. Unfortunately he isoften
just the opposite. But rnodernt'biosystematicsv.Is an interesting and
exciting discipline, which should increasingly attract able young workers.
They must be subsidized.

Furthermore, not only must type specimens of all known organisms,
with duplicates for study, be deposited and catalogued in central muse
ums and herbaria; hut also they should be kept alive in zoos, botanical
gardens, or controlled-climate facilities. Thus they will, be available,
alive, for reference and future study, instead of becoming pickled or
dried "vouchers." -, Accomplishment of this is expensive. Organisms
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 storehousesof genetic
material constitute a majorsource 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, expensivethough their preservation ~"y be.

Unforeseeable..but ali:nost certainly. valuable, additions to knowledge
and practical utilization will require well-staffed and well-equipped col
lecting expeditions, especially to little-explored regions of the earth and
the seas. Desert laboratories and oceangoinglaboratories willbe needed,
along with arctic and tropical stations, as expedition headquarters.
These are as essential to biological exploration as observatories are to
astronomical exploration-and are becoming as costly.



many American universities. It is 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 isolated cells of higher or
ganisms (including man) •

The "molecularization" of biology is rapidly bringing the 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). Knowledge is being created and tools
forged for immensely powerful biological applications, which may lead
to a revolution comparable in importance to or even greater than that
of the nuclear agein 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 biology is supra- .
cellular. At each level of supracellular organization, there are impor
tant problems that can be investigated ouly at that level. Cells in isola.
tion do not usually show either 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. Organs combine to form or
gan systems-for circulation, communication, digestion in animals; for
food production, transport, and storage in plants. The next level 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 not only
with their physical milieu-s-air, water, soil, light, temperature, etc.-but
with each other, and, above all, with man himself.

Each of these levels of biological integration has its own principles
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



deem relevant to their missions than is sometimes the case now; or even
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 make
the National Science Foundation a much larger agency than it now ·is
so large that it can eventually become the "balance wheel," or even the
main "umbrella," for the support of basic research especially in the
physical sciences-that is too remote to merit support from the mission
oriented agencies. Such a specific policy with respect to the future
growth of the National Science Foundation involvea.a major political
decision by Congress and bythe executive brancb, as formidable and far
reaching as its decision has been with respect to'expansion of the National
Institutes of Health. .



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 are additional staff studies and
statistical analyses; in the other are broad and, in some instances, crucial
decisions that affect our ,\.hole governmental organization for science.
These latter actions in a sense constitute a sort of operational answer to
the questions put by the House committee.

I. 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 activities of their scientists and engineers.
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 applied ; what is academic, what is nonacademic; what is re
search, 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: essayssuch as Brook's point out the
complexities and may help Govermnent administrators bring their data
together in more useful ways.

One aspect of research statistics is particularly troublesome: this has
todo with estimating the cost/effectiveness ratios of research. Here it
is not so much a matter of statistics. Rather, as Johnson implies, there
are exceedingly 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 questions. Pfaffrnann 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 Govermnent 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. Kistiakowsky notes how uneven this assessment now is.



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 prediction) is commonly
of a kind and scope that cannot be carried out in universities. That is,it
is "big science," a point on which no panelist disagrees. 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 * * *. Bya judicious choice of its own
research program, the Federal Government can to some extent correct
the imbalance."

The seeming divergence between Kistiakowsky'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.tand 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 governed by the importance of its practical
mission and its long-term succ~s in accomplishing it.

III. Geographic Distribution 01 Research

The matter of institutional choice inevitably leads to consideration 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 population 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 areas 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 expenditure."

That this issue is not discussed in the other general essays probably
results from the fact that the Committee .00, Science and Public Policy
had. already taken a stand on the matter.. In its 1964 report, Federal
Support of Basic Research in Institutions of HigherLearning, the Com-
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recommended that allocations within "little 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 leadership, every really good man, especiallyif he helps the edu
cational process, should be supported. Noone knows as well as he does
what is a fruitful or useful direction for his basic research; his work is
continuously scrutinized and monitored by his scientific colleagues; 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
eqnilibrating system of allocation is ahnost the only one that can ensure
continued long-term viability for our preciously individualistic "little
science."

Kaysen sharpens this strategy: He also accepts the play of the scientific
marketplace within. fields of basic science-s-e.g., in physics 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 a200-Gev accelerator is built or is not built is a matter
that will 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 competitive 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 tile 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 costsof such facilities needed to make them available to the
scientific community; (3) the strictly scientific costs,of research involving
the facilities. This last item he treats as part of "little science" and segre
gates itfrom (1) and (2). Item (2) has occasionally been insufficiently
allowed for in the past, with serious effects for progress of science, and
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of basic science are converted into applied payoffs. And neither Teller
nor Kantrowitz nor Bode wishes to disturb our position ofleadership 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 ofapplied 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
sponsibility 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 Govermnent regulations concerning the propriety of
using Government facilities for educational purposes. Explicit sanc
tioning of such arrangements by the Government is urged by both Teller
and Kantrowitz.

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 science-into mis
sion-oriented and non-mission-oriented; into "big" .and "little"; into
"basic" and "applied"; into science at universities and science outside
of universities-and we have discussed how the panelists have used
various subdivisions, as they found appropriate, to discussthe 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.

I. 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



obviously demands special judgment and action and, since the size
of each such expenditore is so great, tlie decisions will have to be
made at the highest levels of Government with the strongest interplay
between the political and scientificcommunities; 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 present generally satisfactory situation as a basis
for reasonable expansion, no a priori 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-Equilibration of Scientific Growth

Support of "little science" at a levelthat assureseveryqualified 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 assumption * * *: that there is a
limited and fairly readily identifiable group in the population that is
capable of acceptable scientific performance, and a sharp difference in
ability between this group and the rest. This assumption does not make
economicsensein 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 responseto 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 "little
science" is performed-c-all of these keep basic science honest, keep it
demanding, and will alwayskeep it relativelysmall.

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 notbe so explosive as to 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-



tion grow into the role of the "balance wheel," assuring steady progress
of such research.' .

Whichever breakdown turns out to be. most useful, are there criteria
for judging how much should go for this kind of science; i.e., how much,
eventually, should go to the National Science Foundation or to any
other agencies carrying responsibility for "Academic Basic Research"?
The panelists generally take for granted that the present situation, which
has led to our position of leadership, should be used as a baseline, Sev
eral 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 material or
personal well-being, our appetite for more improvements grows. Since
the advanced technologies on which these improvements depend make
ever greater demands on basic science, this trend will be reflected in an
increasingly scientific culture and therefore an increasing effort in basic
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 in
extricably related to the education of scientists, 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 tying support of science to education is that educationally
justified science is the easiest to quantify: One may look mainly at the
projections of population and guess how many more science students will
be entering the universitiessome years hence, and make adequate prepa-
rations for this. .

But a strict separation intomission-oriented basic research and intrillsic
. basic science hardly provides unequivocal dues 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
cies, whereas intrinsic basicresearch 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 clues as to how
milch basic science we ought to support, as opposed to who should sup
port it,.we therefore return to tbedassification schemes used by Kistia- .
kowsky, Brooks, and Kaysen, which divide science into ''little science"
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 ~issmallgroup ofstudents, the typical
performers of "little science," ar~ often supported bya mission-oriented



As we have already said, such basic research is supported by the agency
because the agency believesthat basic research is a better place to allocate
itsresources than issome 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 insecure 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
missionsdepend on scientificknowledge heavily, perhaps lessfor 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 panelists,
and especially Brooks and Verhoogen, this method of supporting basic
research as an overhead on applied missions, logical though it may be,
also causes 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 opinionswithin 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
enlighten agency managements about basic research.

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
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science is a byproduct of higher education, which is certainly of im
mediate public concern. .Hence the Federal funds become involved
but the question remains whether the present commitment is too little 0'"

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 done 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 explicitly or implicitly reject the
view that the private marketplace should be utilized more and Gov
ernment sources less for seeking support for basic research. 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 little 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 leadership in technology without main
taining an indigenons 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, indigenous, educational
and research system, will he available only if we have vigorous basic
research of our own.

Kaysen responds to "But why the government?" by pointing 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 underinvestsin 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
as a whole. Hence the Government cannot rely either on the marketplace
or on institutions with regional or specialized 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
to "military capability, fall directly within the sphere of Federal respon
sibility, 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 scientific reserve corps."
This general view isshared by Brooks.

And, finally, Weinberg argues that much of the basic research sup
ported by the Government is justified by its direct relevance to specific,
politically defined goals of Government. For example, once the political
decision is made by the Government, say, to desalt the sea economically,
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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 fonn 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 Brooksnotes, 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 cultore, 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 sciencetoo strictly to applied missions is summarized by many
of the panelists: Basic research is unpredictable. Thus no man was
bright enough to know that Roentgen's experiments with cathode rays
would lead to the discoveryof 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 societysingleout 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
differs little from the historically earlier insistence on the obligation of
society to support the pursuit of religious truth, an obligation recom
pensed by a similarlyunspecified and problematical payoff in the distant
future." Johnson recognizes, however, as he states later in his paper,
that "* * * if the public is convinced that a scientific cultore 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 a 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 cultore is conceded by most of the panelists to
be less persuasive 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 transportation, Or health and longevity, though still
difficult to quantify, is at least related to goals of society whose
importance has been subjected to prior political judgment.
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this summary to present a somewhat more balanced analysis of the
broader questions of strategyand tactics of Government support of basic
research than emerges from any of the individual papers. Some of the
issues,like the relation between educationand research, are touched upon
in almost all the papers, whereas the matter of geographic distribution
appears explicitly in only one. In the summary the imbalance in the
discussions of these questions is to some extent redressed.

Both questions put by the House committee involve the issue of allo
cation of resources. The first question was interpreted by most of the
panelists as raising the issue: How should we allocate resources between
science and the other activities of our society? The second question
asks: How should we allocate our resources within science? In our
summarywe consider each question in turn.

Part One: The. Allocation of Resources between
Science and Other Activities .

I. Basic Science "as a Whole" Is Not the Issue

We first restate Question I: 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. eco
nomic, cultural, and military applications?

The first question as stated makes certain implicit assumptions with
which not all the authors agree. Verhoogen questions whether the U.S.
"position of leadership" in applications of basic science is as firm as the
question implies: "TheUnited 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 technological
supremacy does not extend toall fields." And the concern over our
ability to convert basic research into application effectively is the main
topic of Teller's and Kantrowitz's contributions and a major theme in
Bode's essay. Nevertheless,the reservations concerning 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
higWyfavorable balance of trade both in payments for technical know
how and in exports of products based on sophisticated technology.
Moreover, the authors, almost.without exception, concede that in most
of basicresearch per se, the United States today stands preeminent. . 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



might not be very useful. Therefore, the membership of the ad hoc
panel was deliberately selected to secure diversity of viewpoint, and,
followingthe 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 responsiblei neither the other
members of the ad hoc panel, nor the committee, nor the Academy
assumesresponsibilityfor 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 drafts of the papers, we believe that
this has been an extremely 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 positionshas 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 all
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 BetweenScience and Technology," be read 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
resumes 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 members of the House committee, or be taken up in
future studies.
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OFFICE: OF THE PRESIDENT
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MARCH 19, 1965.
Hon, GEORGE P. MILLER,
Chairman, Committee on Science and Astronautics, House of. Representa

tives, Washington, D.C.
DEAR. MR. MILLER: In March of last year, as chairman 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 distinguished individuals
whom we especiallyselectedfor this task, eight of them members of the Com
mittee on Science and Public Policy. A summary of their principal findings
and opinions, prepared by the Committee, precedes the 15 essays of the
individual panel members.

As you well know, the effort to determine the desirable level of Federal
support for basic research, and its wisestallocation among fieldsor 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 diligence 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.

Sincerelyyours,
FREDERICK SElTZ,

President.
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