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DEPARTMENT OF THE NAVY
NAVAL RESEARCH ADVISCRY COMMITTEF
WASHINGTON 23, D.C. IN REPLY REFER TO:

ONR:103:jg
Ser N-152
24 Apr 1959

My dear Mr. Gates:

The report transmitted herewith for your consideration marks a beginning
of research on research in the Navy. We are fullv aware that without
development, production and operational training, there can be no effective
fighting force. However, the current thinking with respect to research,

and especially basic research as a Naval requirement, is much less clear
and the relationships in this area have not been fully developed. This
report begins to lay the basis for a clear expression of the requirement,
bearing in mind that the success of the Navy in accomplishing its mission

in competition with other world powers depends largely on a continuous flow
of new and better weapons and techniques. This in turn, requires the co -
tinuous development of new technologies which have their roots in the results
of basic research.

The report strongly supports the Navy's need for basic research. Only by
active participation in a program for which it assumes a direct responsi-
bility can the Navy insure a rapid flow of the products of new science from
the laboratories of the Nation into the uses of the Service.

The Naval Research Advisory Committee believes that this report makes
an appreciable contribution to a development of the understanding of the
relationship of basic research to the missions of the Navy. However, we
are acutely aware of many unsolved problems and we hope this report will
provide the basis for further study.

The Committee urges that the Navy implement the recommendations of the
Naval Research Advisory Committee, herewith presented.

Very truly yours,

C. G. ZI‘S, Chairman
. Naval Research Advisory Committee

Honorable Thomas S. Gates, Jr.
Secretary of the Navy
. Washington 25, D. C.



THE SECRETARY OF THE NAVY
WASHINGTON

24 JUN 1959

From: Secretary of the Navy
To: Chairman, Naval Research Advisory Committee
Subj: Riport on "Basic Research in the Navy"

1. Having reviewed the Naval Research Advisory Committee report
on basic research in the Navy, I would like to take this opportunity to
congratulate the members of the Committee for their thorough and
constructive analysis of the problem of basic research in the Navy,
This analysis will be an important management aid in the proper
administration of naval research programs,

2, The recommendations contained in the report will be very seriously
considered and will be invaluable in our budgetary deliberations. I am
sure, however, that the Committee is aware of the dangers which would
attend fixing any part of the budget at an arbitrary percentage, I
appreciate the opinions that basic research should be favored at this
stage in our national affairs., At the same time, we must realize

that our extensive national commitments require great care in main-
taining a balance between the various portions of the total budget,

3. May I express the appreciation of the Department of the Navy for
this pioneering cooperative effort, The special care and deliberation
that has gone into the conclusions and recommendations of the Com-
mijttee is apparent and recognized. The Naval Research Advisory
Committee has rendered most effective and valuable service by

producing this report,



Conclusions and

Recormmendations

of the
Naval Research Advisory Committee
concerning the report “Basic Research in the Navy”

This report sets forth the nature of basic research and its relationship
to military end items. It establishes, by historical example and otherwise,
the Navy’s need for an increasing flow of basic researcli.

Basic research has played a tremendous role in the past, transfiguring
the Navy by findings in such fields as radar, inertial guidance, missile
propulsion, and atomic propulsion, and the accelerated pace of scientific
progress in the last decade emphasizes its importance. The report
points out that while the Navy can support only a small part of the total
research of the world or the country, it must do enough in each area of
interest to provide effective coupling and judgment for its own needs.
It must also do that basic research essential to provide for its own direct
needs in those areas of peculiar interest to the Navy which are not being
adequately covered elsewhere.

In conducting basic research for either of these reasons, the investiga-
tors within the Navy Department must be constantly alert to recognize
the impact of any findings on the needs of the Navy Department. These
may not necessarily be related to the immediate objective of a given
project but may well bear on the potential over-all position of the Navy.
This is truly important. Time and time again, as brought out in the
report, unexpected or even incidental findings have resulted in a major
improvement in weaponry, communications, and the like. Said another
way, only those engaged in basic research in a given area who, at the
same time, have Navy interests at heart, are in a position to appreciate
scientific findings of others and the significance of such findings to
the Navy.

The report sets forth the judgment of those engaged in the direction
and application of basic research in industry with respect to the level of
basic research appropriate to the total Navy effort. Essentially this
judgment is to the effect that the basic research effort in the Navy be
approximately doubled in order to restore the former relationship of
basic research to the total research and development effort. This would



also bring the proportionate Navy basic research effort closer to that now
current in those progressive industries operating in the areas of science
and engineering.

The Committee concurs with the findings of the Arthur D. Little
Study Group. It believes that this study lays the basis for detailed consi-
deration of the basic research program required to fulfill the Navy’s needs.
However, it should be emphasized that this laying of the groundwork is
but the first step in the process of rehabilitating the Navy's basic re-
search program. In order to implement such rehabilitation a second step
should be pursued forthwith.

The next step comprises the detailing of the program proper. Study of
such detailing can be done well only by those who have a close working
relationship in the Navy and with the scientific community, namely, the
Office of Naval Rescarch. It is recommended that this group prenare
detailed programs in each of the fields of science related to the missions
of the Navy as sct forth on Page 49 of the report, plus such
others as may be pertinent. In considering these fields it is obvious that
certain items are the prime responsibility of the Navy; for example,
occanography. It is obvious that others are a major responsibility of the
Navy; for example, meteorology, navigational phases of astronomy and
astrophysics, marine Pphases of biology and biological sciences, the
claustrophobic phase of psychology, and the like. Other areas are sc
broad that they are found wherever basic research is being done; for
example, physics, material scicnces, mechanics, electronics, mathematics,
and the like. In these areas an cffort sufficiently large to provide good
coupling is needed. By sctting forth specific programs pertinent and
suitable to each of the areas in question and bearing in mind the fore-
going, an over-all program can be prepared.

The approach just outlined is by no means novel, having been at-
tempted more than once in the past. These attempts have not borne
fruit because they consistently showed a requirement for total funds
many times greater than contemplated at the time, and the principle of
selection by areas was abandoned in favor of priority projects. To prevent
this, after such a total program has been prepared by assembling
deiailed projects, a third step is in order. There must be another critical
review still following the area distribution to bring the total cost within
the augmented budget. If the budget augmentation is sufficient, ie.,
double that of fiscal 1959, as herein recommended, the over-all program
should approach the fulfillment of the needs herein set forth. Experience
with the augmented program will show the success of the proposed
approach and additional steps may be taken in future years, as necessary.

It is the Committee’s recommendation that ONR proceed immedi-
ately with the studies outlined above and that a program corresponding
to a doubled budget be prepared by the Office of Naval Research and be
endorsed by the Secretary of the Navy.

-
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Summary
and
Findings

During World War 11 it became strikingly evident that scientific
research is essential to the national security. The Scientific Research
Board Report to the President in 1947 forcefully emphasized this point,
stating:

“The security of the United States depends today, as
never before, upon the rapid extension of scientific knowl-
edge. So important, in fact, has this extension become to
our country that it may reasonably be said to be a major
factor in national survival.”

The Department of the Navy, fully cognizant of this trend, led the
Federal Government in implementing changes in its organization and
budget to reflect the requirements for expansion in scientific rescarch.
With the establishment in 1946 of the Office of Naval Research *‘to plan,
foster, and encourage scientific research in recognitiva of its paramount
importance as related to the maintanence of future naval power, and the
preservation of national security,” the Navy increased sharply the per-
cent of its budget devoted to research.

Research in science and engineering is generally considered o
consist of a continuous spectrum of activity having as its three major
segments basic research, applied research, and development. Only by
having a properly balanced and administered program at any given
time in all segments can the rapid evolution of new weapons systems and
techniques of warfare be reasonably assured. The most perplexing
problem in achieving a properly balanced research program for the Navy
is the establishment of an appropriate level of participation in basic
research. There are two major reasons for this. First, there has been some
lack of definitive understanding as to the nature of basic rescarch and
its role in the furtherance of the missions of the Navy. Second, sub-
stantial Government sponsorship of basic research is so recent a factor
that policies are still in the formative stage. Therefore, at the recom-
mendation of the Naval Research Advisory Committee, this study was
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undertaken to attempt to determine a basis for decision by the Depart-
ment of the Navy in establishing proper levels of participaticn in basic
research. Despite the obvious difficulty of this assignment, the potential
usefulness of any quantitative findings in promoting future Navy effective-
ness was thought to make the undertaking worthwhile.

For purposes of this study, the official Department of Defense defi-
nition of basic research was utilized. This definition, found to have broad
acceptance by industry, university, and Government personnel, is
as follows:

. “Basic reseatch is that type of research which is directed toward
increase of knowledge in science. It is research where the primary aim
of the investigator is a fuller knowledge or understanding of the subject
under study.”. (Ref. DOD 3210. 1 Nov. 12, 1957)

The key question at the outset of this project was whether a neces-
sarily broad definition of this type was interpreted in a sufficiently
rigorous manner to permit the nation-wide collection of comparable
and valid data on basic rescarch policies, hudgets, and expenditures
from Government, industry, and university sources. This is a problem
which has bothered the Congress and the Bureau of the Budget in the
past. Considerable effort was expended in studying this matter, and it
is gratifying to be able to report real progress toward clarification of
this issue.

The output of all meaningful basic research is almost invariably
represented by publication in the form of papers appearing in recognized
scientific journals. The infrequent cases of secrecy in basic research
cause a delay in, but do not prevent, publication. This being true, if
there is widespread consistency in the interpretation of what constitutes
basic research, a correlation should exist between the number of people
claimed to be performing basic research in Government, industry, and
university laboratories, and the number of papers originating from each
of these sources appearing in selected scientific journals. In the investi-
gation of this assuznption, data collected by the National Science Founda-
tion werc used to calculate the number of basic research workers claimed
by Government, industry, and university laboratories, and the number
of papers originating from each source was obtained by inspection of a
selected sample of thirteen recognized scientific journals. A sufficiently
strong correlation was obtained, between numbers of research workers
and numbers of papers, to permit the conclusion that policy with respect
to basic research definition and freedom to publish, is remarkably
consistent nation-wide. On the basis of this important knowledge, it then
became possible to collect with more confidence data from a number of
sources for comparison of basic . research policies, budgets, and ex-
penditures. Furthermore, it was possible to make simple, rough checks
as to reaznnable validity of the data.



In the course of this assignment to assist the Navy Department in
basic research policy formulation, three lines of attack were pursued:

a. Orientation

It became evident at the outset of the study that a
broader understanding of basic research is a necessary
step in evolving improved basic research policies. There-
fore, much effort was devoted to the development of a
concise and novel presentation, as given in this report,
of the dependence of the Navy on technology, the nature
of basic research, and the relation of basic research to
the missions of the Navy.

b. Judgment and Analysis
People skilled in the art of administration of research
were sought out in order that their experience and judg-
ment as it might apply to the assignment could be used
to advantage. This involved discussions with leaders in
industry, in Government, and in universities.

New and extensive data on research and research
personnel were collected and analyzed.

¢. Quantification
A unique approach was made toward the synthesis
of a mathematical model of the relationships between
segments of the research process, in an attempt to de-
velop a method for predicting proper levels of effort in
each segment of the process.

Principal Findings

Careful study has shown that participation by the Navy in basic
research in many fields of science is essential to the furtherance of its
missions. In this period of accelerating technological advance and
dynamic international competition, national survival is largely de-
pendent upon speed of acquisition and application of new knowledge.
The vital role of basic research in accelerating progress is clearly demon-
sirated by a study of actual case histories, presented herein in the form of
schematic models, and by an analysis of the research practices of leading
corporations similarly faced with the problem of survival in this age
of technology.

A dominant requirement of the Navy today is that of leadership in
the development of new weapons systems and techniques of warfare in
this period when rapid technological advance and international com-
petition combine to render obsolete many weapons even before the
production stage can be initiated. Such leadership can be maintained
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only by means of an aggressive, wisely conceived, properly balanced,
and skillfully managed research and development program involving
many fields of science. Essential to the success of such a program is
effective participation in basic research, the life blood of the entire
system of technclogical innovation. The basic research segment of the
program is responsible not only for developing new knowledge, but also
for communicating with the frontiers of science on a world-wide basis,
and transmitt.ng such knowledge or understanding to closely coupled
applied research and development segments in order to maximize its
utility. This vital function can be performed efliciently only by scientists
actually participating in basic research and familiar with the needs of
the Navy. With participation the basic research, scientists remain con-
stantly abreast of the expanding frontiers of world science, and maintain
the conceptual ability necessary to assist in evolving rapidly those appli-
cations vital to enhanced Navy eflectiveness. Without participation,
communication slows, the life blood is drained, and the over-all research
program quickly deteriorates.

During the decade 1947 to 1957 leading corporations in high tech-
nological obsolescence rate industries have been far more aggressive in
their participation in basic research than has the Navy.

While the basic research requirements of the Navy cannot be exactly
compared with those of any other organization, the best available possi-
bilities for comparison are found in technically based industrics. Industry
represents the second largest source of basic research funds. Many
corporations have endcavored to evolve sound policies with respect to
the extent of their participation in basic research in order to achieve that
balance in their rescarch and development programs most likcly to
guarantee corporate growth in the face of stiff competition in a period of
accelerating technological advance. Information on research and devcl-
opment expenditures was, therefore, gathered from a number of leading
technically based corporations. Excluded from the figures were Govern-
ment contracts and those enginecring activities not normally included
in the research and development budget.

In 1947 the Navy allocated 10 percent of its research and dcvelop-
ment expenditures to basic research. This compared very favorably with
the policies of many leading industrial corporations. However, a distinct
divergence of policy occurred over the next ten years. Data from two of
the most successful corporations in each of five technically based industries
(chemical, petroleum, communications-electronic, pharmaceuticals,
materials) showed these ten corporations in 1957 devoted 10-20 percent
of their own research and development expenditures to basic research.
The average allocation of 16 percent is in marked contrast to the Navy
which currently aliocates only 6-8 percent of its research and develop-
ment budget to basic research.



Dollar figures add further confirmation. Information supplied by
fourteen top corporations in these same industries shuwed that between
1947 and 1957 they tripled their total research and development ex-
penditures and increased the basic research portion by a factor of 4.5.
In the same period the Navy doubled research and developiment ex-
penditures but increased the basi: research portion by a factor of only 1.5.
This increase in basic research expenditures was essentially offset by
reason of the fact that the total cost per scientist increased approximately
50 percent during this same period.

A group of industrial directors of research familiar with the problems
of the Navy were unanimous in their judgment that the Navy should
increase the percentage of its research and development budget devoted
to basic research.

To take advantage of the experience gained by industry in establish-
ing corporate research and development budgets, we sought the opinions
of leading industrial directors of research on Navy participation in basic
research. The thirty-three men approached for opinions administer
almost one half of industry’s basic research expenditures and are responsi-
ble for allocation of funds within their respective corporate research
and development budgcts. Sixteen of the thirty-three believed they had
sufficient knowledge of the Navy and its missions to be willing to express
a judgment. Given the task of constructing a research and development
budget for the Navy considering its missions, size, technical complexity,
strength of Soviet competition, and the severe consequences which would
be faced for being second best in national defense at this stage in history,
it was the judgment of the majority that the resulting budget should
show basic research in the range of 15-20 percent of the total research
-and development effort. An aggressive approach to participation in
basic research is demanded, since nowhere is success more important
today than in military technological advance.

In general, the greater the technolugical strength of the competition
and the less immediate the probability of conflict, the greater should
be the emphasis on basic research. Thus, under such conditions, the
nature of weapons which might be used against this nation, and the
countermeasures which might be employed, become less predictable,
forcing a broadening of the basic research effort. Conversely, basic
research plans can be more specifically drawn if conflict appears imminent.

Although there is legitimate widespread concern about a national
shortage of scientific manpower, the Navy should find this no immediate
obstacle should it decide to increase its basic research effort.

With any substantial increase in Navy participation in basic research,
the problem of availability of competent scientific manpower will arise.
At this moment it appears from a study of meritorious proposals turned
down, or discouraged prior to submission, that sufficient manpower
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exists t0 expand the Departmc * of Defense basic research effort in
outside contracts by approximately 70 percent (omitting certain large
capital equipment proposals). In addition, a rough approximation
indicates an increase of about 10 percent is currently possible in the
Navy in-house basic research effort. However. a serious manpower
shortage may well develop in the near future as national research and
development activities are currently expanding at the rate of 10 percent
per year, whereas the number of scientists and engineers is increasing
at the rate of 5 percent per year. At present approximately 25 percent
of scientists and engineers are engaged in rescarch and development
activities, but only about 2 percent are engaged in basic research.

An expansion of the Navy basic rescarch effort will place a4 premium
on improved program planning and communications. The former might
be achieved through greater use of scientists in a consulting capacity.
The latter will require continuing study and emphasis since more than
one half of the work performed will be outside of Navy laboratories and
widely distributed geographically.

Because of the length of time required to evolve results, Federal
budgeting for basic research presents special, and as yet not completely
resolved. problems.

Budgeting for basic research is complicated by the nccessity for
planning on a long-term basis, while budgeting and operating on an
annual basis. Planning basic resecarch must take into account the time
needed to torm the rescarch team, perform experiments and analyze and
publish the results. The over-all time required for this process, as meas-
ured by the current average life of Office of Naval Rescarch projects,
is about J years.

Considerable progress in budgeting has been made through the
avail, ility of no-ycar money (available until expended) and advance
financing of research projects. These tools are limited. however, by the
amount of funds made available cach year in the face of stift competition
offered by current fleet requirements particularly at times of expenditure
curtailment or limitation. In order for the Navy to establish a more ag-
gressive basic rescarch program, methods must be found for budgeting
and contracting on a basis which will tend to allow Jonger range planning
and climinate damaging annual variations. This 1s a problem of broad
national interest, involving many agencies in adaition to the Navy
Department. The solution rests in large measure on bringing about a
better understanding and appreciation of the role of basic research to
provide the basis for coordinated budget planning by the Executive
Branch and Congrest.

It may be possible to develop & mathematical model of the relation-
ship between scgments of the research process that would aid in deter-
mining a proper level of Navy participation in hasic rescarch.



A program to develop a mathematical model of the relationship
between the segments of the research process has shown enough promise
to warsant consideration for further development. Results obtained by
trying to fit a few actual case histories into the model as it now stands
have been encouraging. However, more time is needed to substantiate
the basic assumptions of the model, and the relation between what it
predicts with respect to a proper level of basic research and what is
observed in the real world.

Supplementary Observations

There exists within the Navy Department a general belief that the
Office of Naval Research is the sole Navy office authorized to finance
basic research. This misunderstanding stems largely from budget pro-
cedures, and has led to some confusion as to the extent of the Navy basic
research effort. In addition, it has handicapped the administration of
Navy laboratories in initiating basic rescarch programs. Corrective
steps and education are required.

Among Department of Defense laboratories, basic research con-
tributions by the Navy laboratories are outstanding. This is especially
truc of the Naval Research Laboratory, which writes approximately
30 percent of all scientific papers originating in Department of Defense
laboratories. The Naval Ordnance Laboratory, Naval Ordnance Test
Station, Naval Electronics Laboratory, and others also make significant
contributions. Knowledge generated in these basic rescarch programs
has contributed significantly to Navy effectiveness.

This study is. so far as could be determined, the first of its tvpe for
the Government. In performing research on rescarch, investigators are
immediately confronted with the handicap of woefully inadequate data.
With total research and development expenditures now amounting to
approximately 6 percent of the Federal budget, more study of research
is indicated. This is the path to improved national policies from which will
emerge more effective utilization of our scientific resources. Some of the
techniques developed or employed during the course of this study appear
worthy of refinement and application by the Navy to such areas as:

a. Research planning

It should be possible to plan more effectively ex-
penditures in basic research through detailed analysis of
such factors as the so-called barrier problems within
fields of interest to the Navy, and the relative world-
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wide research activity within such fields through liter-
ature investigations, coupled with study and evaluation
of scientific manpower. Machine techniques and mathe-
matical models may become useful in this regard.

. Intelligence

Analysis of world-wide basic research activities by
advanced techniques should offer excellent opportunities
for progress in the field of intelligence.
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Introcduction

Ever since World War II, research hLa b increasingly recognized
as a vital factor in the national defense. T1his has been emphasized in
numerous studies since that time. However, only by a properly balanced
and administered program of basic research, applied research, and
development can the rapid evolution of new weapons systems and
techniques of warfare be reasonably assured. A major unsolved problem
is the determination of what consiitutes a properly bhalanced research
program at any given time in history. This is a matter to which attention
must be directed if the United States is to carry out eflectively its policy
to deter war and to repel and decisively counter any possible attack.

The Department of the Navy has been aware of the essential role of
scientific rescarch in military preparedness. This is evidenced by the
formation of the Office of Naval Research in 1946 (Public Law 588)
and the vigorous programs of research and development carried out by
this Office and the Bureaus of the Navy Department and Marine Corps
since that date. A mechanism for continuing review of the Navy program
was also provided in Public Law 588 through the establishment of a
Naval Research Advisory Committee, to be composed of persons pre-
eminent in the fields of science and research. The purpose of this Com-
mittee is to consult with aid advise the Secretary of the Navy, the Chief
of Naval Operations, and the Chief of Naval Research on matters per-
taining to research and development.

In reviewing the research program of the Department of the Navy
in 1957, the Naval Research Advisory Committee addressed its attention
in particular to the problem of over-all balance. It was agreed that the
most perplexing problem in connection with achieving a balanced re-
search program for the Navy was the establishment of an appropriate
level of participation in basic research. In the furtherance of its missions,
it is evident that the Navy must undertake basic research, but the proper
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level of effort to be devoted to such work could not be clearly defined by
the Committee despite extended discussions. At the same time, the
importance of reaching sound decisions on this maiter was recognized
to be of great significance to the future capabilities and striking power of
the Navy and Marine Corps.

As a result, the Navy Research Advisory Committee recommended
that the Office of Naval Research ciiter into a contract with an outside
agency to study this problem in detail. Accordingly on February 1. 1958,
a contract was initiated with Arthur D. Little, Inc., baving the follow-
ing scope:

Perform a study to determinc a basis for decision as
to the proper level of support of basic rescarch by the
Department of the Navy. Such a study is to be con-
ducted through interviews, data collection, case histories,
and other appropriate means.

Prepare a report describing in detail the results of said
study, and also prepare a monugraph setting forth as
clearly as possible the principal conclusions and recom-
mendations resulting from the study.

Volume 1 of this report constitutes the monograph resulting from the
study. Volume 11, a detailed report with accompanying data and ap-
pendices, has been submitted separately to the Secretary of the Navy.

As far as could be determined, no forma! study of this type has pre-
viously been published. The difficulty and complexity of the problem were
apparent at the outset. Therefore, every attempt was made to take ad-
vantage of the suggertions, judgment, and experience of persons knowl-
edgeable in the general field of research and its administration within
Government, industry, university, and institute circles. The cooperation
and response were excellent as the subject is one of great and increas-
ing interest.



Navy Dependence
on Technology—

A Brief History

The First Congress authorized the Navy in 1789 10 experiment on
ships and guns. From the time of its formation in 1798 the Navy Depart-
ment, in recognition of its dependence on technology, has been a leader
among the armed services in conducting, financing, and encouraging
rescarch and developinent pertaining to its missions. This policy ba: had
a profound influence on the continued gain in effectiveness of the Navy
in all aspects of its operations.

While active rescarch was going on in universitics in Europe and the
United States to increase fundamental knowledge, there was almost no
organized rescarch in industry in the United States prior to 1900. Its
early activitics thus placed the Navy in a position of leadership, and the
technological advances of the Navy in its own mobility, fircpower.
communications, personnel operations, endurance. and supply had a
great cffect upon technical progress made in the civilian cconomy.
The importance attributed by the Navy to its dependence on tech-
nological innovations is clearly evident from a chronological study made
of its many contributions.® These range all the wayv from instigating the
establishment of the National Academy of Sciences to the measurement
of the velocity of light, the development of smokcless powder and the
development of the aircraft carrier. The chronology includes such
famous names as Fulton, Maury. Dahlgren, Davis, Michelson. Munro,
Durand, Hunsaker, Taylor, and Sperry.

A New EHra

Despite the great significance of early technological milestones in the
development of a Navy second to none, they were abruptly paled into
comparative insignificance by the advent of a new era. Simultancously
with the gathering of war clouds in Europe in 1939, there began a period

* See Volume I of this report for a Chronology of some 300 Navy historical technical milestones.
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which will be known in history as the era in which science became a
dominant factor in the detcrmination of the military posture of the
United States.

The birth of this stage of history was the direct result of actions
taken by leading scientists. The two most important early steps involved
direct contact with the White Ilouse in order to obtain the backing of
the President. The first action was taken in the summer of 1939 by Albert
Finstein, Enrico Fermi, Leo Szilard, and Eugene P. Wigner when they
interested President Roosevelt, through Alexander Sachs, in the potential
military importance of uranium. The President proceeded to appoint
an Advisory Committee on Uranium under the chairmanship of Dr.
Lymian J. Briggs, Director of the National Bureau of Standards. The
Committee first met in October, 1939. At almost the same time Dr.
Vannevar Bush, Chairman of the National Advisory Committee for
Aeronautics, began to formulate plans for a National Defense Research
Committee to:

“courdinate, supervise and conduct scientific research on the problems
underlying the development, producticn, and use of mechanisms and
devices of warfare, except scientific research on flight”

Dr. Bush met with President Roosevelt early in June 1910, and an
Exec ative Order establishing the new agency was signed June 27, 1940.
Top scicntists of the nation immediately volunteered their services and
joined in organizing and directing the effort. The powers of Dr. Bush
were extended June 28, 1941, by another Executive Order which created
the Office of Scientific Rescarch and Development and also placed under
his direction research on military medicine. From a modest beginning in
keeping with Government research expenditures of prior years, the NDRC
grew in giant strides as the military contributions of science became
obvious. Similarly the Advisory Committee on Uranium underwent
major changes, the outgrowth of which was the rapidly expanding
atomic bomb project of the Manhattan Engineer Dis.rict.

The resounding impact on Federal resarch and development
expenditures resulting from the aforementioned White House visits of
1939 and 1940 is shown by Figure 1. The era of scientific and tech-
nological impact on the national defensc i clearly evident from the rapidly
rising sums invested in this field. The many successes in increasing military
effectiveness through such outstanding developments as radar, nuclear
explosives, proximity fuzcs, automnatic fire control, rockets, guided missiles,
jet aircraft, and numerous aspects of military medicine are well-known.
Unlike the past. technological advances have become so rapid that many
weapons systems are obsolescent by the time they reach the production
stage. In order to preserve the peace, we find ourselves in an accelerating
race of measures and counter measurcs, missiles and anti-missiles.

————

—— — —— &
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Rise of the Office
of Naval Research

Throughout this era the Navy has continued its tradition of aggressive
participation in research and development as shown by the growth in
its expenditures (Figure 1). During World War II this growth was slowed
by the absorption of technical manpower by the OSRD and the Man-
hattan Project. As the war neared its end, the Navy became alarmed at
the possibility of a general exodus of scicntists and engineers from research
and development on subjects of interest to the Navy. A strong urge was
quite naturally developing among them to drop everything of a military
nature with the cessation of hostilities and return to their former peace-
time pursuits. This possibility was disturbing, as the war years had taught
top Navy personnel how essential it is to maintiin close contact with the
scientific world. Withou* such centact in a paiod of rapid technological
change, they foresaw it would be imp sible for the Navy to make the
technical advances so necessary to the performance of its missions.

Thus the Navy Department began ecarly in 1944 (0 make new plans
for the future. Conferences were held with top personnel in the OSRD
and the armed <crvices. Plans were initiated to establish a central office
in the Navy Department which would {oster research. It was as an out-
growth of these that the Office of Naval Rescarch was formed in the
Ofhice of the Secretary of the Navy in 1946,

Great care was taken in establishing the policies of the Oflice of Naval
Rescarch with respect to the planning, negotiation. and administration of
rescarch contiacts. The Navy then moved to allocate a much higher
pereentage of its budget to research and development. In this move the
Navy took a substantial lead over the rest of the Federz! Government
(as shown i Figurc 2).

In the planning of its carly program, the Office of Naval Research had
the assistance of many of the top scientists of the nation, most of whom
were familiar with the long-range problems of the Navy hecause of their
wartime experience. In general they urged that the Ofhce of Naval
Rescarch place a large share of its budget in basic rescarch. They pointed
out that only a small percentage of the increasing expenditures shown
in Figures | and 2 were devoted to basic vesearch. They believed a change
in this policy was essential to the long range military strength of the Navy
as well as the nation. It was decided to rely on the judgment of these
leaders in science. The Ofhice of Naval Research placed as much as one
third of its total funds in basic rescarch and became a major national
factor in this ficld. Many scientists credit this substantial post-war
participation in basic research by the Navy, within its own laboratories
and through outside contracts, for the current high stature of science in
the United States. This pioneering effort made casier the entry of other
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agencies such as the Army, Air Force, Atomic Energy Commission,
National Science Foundation, and Department of Health, Education,
and Welfare into basic research. In fact, the Office of Naval Research
later transferred to these agencies contracts thought to be more closely
related to their respective missions.

——



Basic Research —

An Orientation

The research process is generally considered to be a continuous

spectrum of activity composed of three major segments known as basic -

research, applied research, and development. The important roles of
the applied research and development segments in evolving technological
innovations are widely known to the general public. There are two main
reasons for this. First, these are areas of research in which the Govern-
ment and industry have long participated, so that the public has had
time to learn of innumerable valuable contributions. And, second, when
research has proceeded into these later stages, things begin to take shape.
You can see and touch the new creations. They become newsworthy,
and the public is kept well informed through aggressive press coverage.

But the basic research segment is different. The Federal Government
did not begin to participate extensively either as a source of funds for, or
as a performer of, basic research, until about thirteen years ago. Policies
regarding administration and expenditures are still being formulated.
The public has hardly had sufficient time to become familiar with this
activity. In addition, many people believe they are incapable of under-
standing the implications of basic research, simply because it operates on
the very frontiers of human knowledge. It is certainly true that knowledge
of details in a particular field of science can be difficult, even for scientists
working in related fields. However, such knowledge of details should not
be confused with what is really significant for people to comprehend. It
is far more important for the general public and Government officials,
in this age of science, to acquire a broad understanding of the role of
basic research in bringing about the advancement of technology. Such
understanding is not difficult for the laymen to acquire, provided com-
munications are clear.

The method to be used in this report to explain the nature and role of
basic research is somewhat unique in that it will be partly diagrammatic.
In this way it is hoped the primary objective of brevity can be coupled

the Federal
Government
did not begin
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extensively in
basic research
until about
thirteen

years ago
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with clarity. In Chapters IIT and 1V six diagrams, which we will call
schematic models, will be presented to illustrate the following points:

The maaner in which, following the discovery of one
significant new fact, a whole new field of technology
evolves with time through basic research.

The dependence of technological innovations of impor-
tance to the Navy upon the acquisition of knowledge
through basic research in many fields.

The explosive expansion of a new field through the
influence and work of a basic research scientist and those
inspired by his guidance or leadership.

The importance to the attainmer* of eflective tech-
nological progress of establishing and maintaining close
coupling between basic research and applied research
and development.

What is Basico Research?e

It is logical to begin an explanation of basic research by trying to
define what is meant by this activity. In this study the following official
Department of Defense was utilized :

‘“Basic rescarch is that type of rescarch which is directed toward
increase of knowledge in scierice. It is research where the primary aim
of the investigator is a fuller knowledge or understanding of the subject
under study.”

As is so often the casc in trying to convey the meaning of a general
concept, this definition may leave something to be desired. Nevertheless,
it is rather widely accepted as a broad definition of basic research. It
stresses the significance of permitting the basic research scientist freedom
to consider any and all avenues as he seeks to create new knowledge or
understanding of the subject under investigation. Since he is exploring
the unknown, such freedom to probe and to change course is essential.
But effective basic research requires much more than the interrogation
of nature through theoretical and experimental study to discover new
facts. It also involves ordering these facts into a pattern and communi-
cating them unambiguorsly to others. This communication is achieved
largely through the medium of papers published in scientific journals.
Such papers represent the output of basic research. In general this is the
only thing you can scc or touch, the only tangible evidence emerging
from the basic research efforts of a man or a laboratory.

Since most of these papers are highly complex, difficult to read, and
their significance usually grasped only by a few other scientists, they



seldom receive the plaudits of the popular press. Yet these very same
papers represent the basic building blocks, the new scientific knowledge,
from which spring advances in the national welfare, economy. and
military strengih. These advances generally require some years to develop.
This is because opportunities presented by basic research must be
followed by the equally important applied research, development, and
production phases before full fruition is realized. By this time there is a
tendency to forget the contributions of basic rescarch which made the
entire advance pussible in the first place. Its significance, difficult 10
recognize when first recorded in scientific papers, is further dimmed by
the passage of time. Even the men who carried out the hasic research may
well be making their contributions in another field in a different location,
and be no longer interested in or connected with the advance.

Progress as basic research takes place in spurts or jumps, recently
popularly tabbed as breakthroughs. These spurts are by their very nature
unpredictable. While most of them spring from soil ahcady well prepared
by prior work, some are accidental. Following the spurt there is usually
a period of decreasing rate of progress until another one occurs. The
gross characteristic of a plot of some measure of efliciency as a function
of time will present a scries of steps, with each vertical rise larger than that
preceding, while the successive horizontal time intervals become shorter.,
By way of example, the development of projectile weapons from arm
power using rock. spear. or boomerang: through mechanical devices
such as bow and arrow, catapult, arbalest, or crosshow; then chemically
propelled projectiles from hand and shoulder weapons through long-range
artillery; then bomb-carrying aircraft; now missiles; and presumably
the manned-satellite show such a development for the plot of piogress
as a function of time.

Another way of thinking about each spurt or breakthrough is that it
opens up a new field of research. This field consists of a large number of
facts, connected hy some relationship to each other, and all unknown
before the field is open. This situation is represented schematically in
Figure 3 (a). While any one of the facts (represented by x's )in this field
could have been discovered, it is typical that until the spurt no one thuught
of looking for them or thought it worth the effort to look. But once the
field opens up, people realize in a vague way that facts are there and
basic research is performed to find them. Knowledge is pursucd for the
sake of knowledge or understanding, and thoughts of application are
usually latent. This is the phase in which Faraday was working in the new
field of electricity when, on being asked of what use his work was. he
replied, “What is the use of babies? They grow up!”

progress

in basic research
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After basic research has been carried on for a time, the situation
develops to that shown in Figure 3 (b). Some of the facts have now been
discovered (represented by circled x’s). These facts now known suggest
that certain specific applications might be possible, particularly if sus-
pected but undiscovered facts exist nearby. This is the origin of applied
research which is impossible without the basic research which precedes
it. Because it has a definite application in mind, applied research tends
to concentrate in limited areas, indicated by the small dotted circle. By
concentrating its effort in this way, it is apt to proceed more rapidly
within the chosen area. On the other hand, basic research, which tends
to explore the entire field, is more likely to find the fact which suggests
a new application, or to discover a theory which immediately orders all
the facts in the field into a pattern which then makes apparent numerous
applications. Over-all concepts of this natiire often involve understanding
and assembling facts from several other fields of science.

From this generalized concept of basic research it is evident that this
activity presents some publicity problems as far as exciting public interest
is concerned. How, then, can this rather bleak scene be injected with-a
bit of fire and life? How can the initial segment of the over-all research
process, so essential to our nation, be brought into proper focus to achieve
public understanding? This is best accomplished by spotlighting a few
examples taken out of the recent past.

The Shock Wave —
A Case History

Our first schematic model will deal with the shock wave*. Many
people are becoming familiar with it for the first time through the dis-
turbances caused as jet planes crack the sound barrier. It has been
selected as a model partly because it has received little other pubiicity
and certainly cannot be classified as a shop-worn exampic of the value
of research.

The soil was prepared for the discovery of the shock wave by earlier
basic research work on the theory of sound performed by scientists from
several nations such as Newton, d’Alembert, LaPlace, Lagrange, and
Poisson. This field became the subject of discussions between two English
physicists, Challis and Stokes, who were puzzled by certain problems in
the solution of a mathematical equation, developed in 1808 by Poisson,
describing flow in a gas. In seeking a unique solution, it was Stokes who
in 1848 proposed that “*a surface of discontinuity is formed, across which
*A shock wave is defined as & compression wave propagating relative to the fluid into which it
advances and having reached an equilibrium state in which the steepening effects of inertia and

the broadening effects of viscosity and heat conductivity are exactly counterbalanced, so that the
wave is of constant shape.
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there is an abrupt change in velocity and density.” In 1860 this subject
received further attention from two mathematicians, Earnshaw of Great
Britain and Riemann of Germany. Working independently, they con-
tributed significantly to the concept of the shock wave, Riemann develop-
ing new abstruse mathematical theories in order to do so. Then came
Rankine of Great Britain and Hugoniot of France, who placed the subject
of shock waves on a firm theoretical basis by correcting certain assump-
tions of their predecessors.

This brief story of the brilliant discovery of a new phenomenon
is typical. At the time it must have been termed unexciting, vague,
dreamy, and impractical. Certainly these six men could not predict the
ultimate utility of their work, nor can we. But by 1959 the extensive
and rapidly expanding basic research contributions, sparked by their
initial efforts, have brought about over the years the development of
things so diverse as to stagger the imagination. The multitude of present-
day applications, many of impcrtance to the Navy, are depicted in Fig-
ure 4. The ramifications of the work spread far and wide into such
seemingly diverse areas as acoustics, explosives, jet engines, wind tunnels,
rockets, satellites, underwater sound, solar physics, ballistic missiles,
supersonic aircraft, and even thermonuclear devices.

But how did all of this come about? What happened between
1860 and today? The answer is that basic research performed through-
out the intervening years has provided the additional facts required to
permit subsequent applied research, development and production of
numerous priceless technological innovations. As postulated in the
general description of the research process, once the field of shock waves
was opened up by Challis, Stokes, Earnshaw, Riemann, Rankine,
and Hugoniot, then many basic research scientists explored for the facts.
This involved scientists from many nations and many fields, principally
physicists, mathematicians, chemists, and aerodynamicists. The work
was performed in university, industry, and Government laboratories.
Some of the key work was financed by the Navy Department. As facts
cmerged, scientific papers were written suggesting ideas to others,
permitting cross-fertilization bctween sciences and the ordering of
seemingly unrelated facts into theories. The ficld thus grows, first slowly,
then at a rapidly accelerating rate. With all the interrelationships
involved it is a most complex thing to picture. A schematic model of the
history and development of shock wave theory is shown in Figure 5.
Were all the side contributions of other sciences also shown, it would look
even more like a large Chinese puzzle.

This complexity of growth is onc of the interesting aspects of basic
rescarch. A seemingly remote fact may be the missing piece of a large
picture puzzle, or its appearance in the scientific literature may trigger
an important discovery. Once a fact is discovered and recorded, it is
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always there to usc. Some arc seldom used, others are used over and over
again and the compound interest derived by man is almost beyond
measure,

The question is often asked whether there are not cases where progress
in a field such as this has been stalled because of lack of basic research.
The answer is certainly in the affirmative. Yet, characteristically, it is
difficult to foresee such void areas until after the fact. For ecxample, one
can state that progress in ballistic missile nose cones would have been
more rapid if we had performed at an earlier date more studies of heat
transfer phenomena in shock tubes. But the pioneering work in shock
tubes was carried out at a time when the practicality of long-range
ballistic missiles scemed quite remote. Thus one is equally free to condemn
our lack of foresiyht, or tc commend the Navy for its early participation
in shock tube research (see Figure 5, 1950) which ultimately provided,
albeit later than desired as we look back on it. the vitally important heat
transfer information. What this really means is that a forward spurt by
basic research in one ficld often exposes the need for basic research in the
same and other fields. If we can be suthciently foresighted to predict such
things, much time will be gained. Study of the planning of research by a
more systematic and thorough analysis of world-wide literature, scientific
manpower evaluation, and by sccking out the so-called barrier problems
in each field might well improve cur abilities in this vital area. A1 a
minimum,. participation in basic rescarch provides the Navy, as indicated
by this example, the means 1o move rapidly at the moment the impact of a
discovery in one ficld brings demand for knowledge from another field.

It s apuropriate at this time to consider briefly the people who
performed this work. They are anything but a collection of queer, long-
haired, whitc-coated recluses, as science fiction would have us believe.
Some arc crcative, some inductive, some cumulative and descriptive,
some meticulous, and others routinely industrious — all types being
essential to the growth of the field. Some remained in science all their
lives, many as outstanding university professors. G. G. Stokes was him-
self the Lucasian Professor of Mathematics at the University of Cambridge,
the chair oncc occupied by the illustrious Sir Isaac Newton. Some have
become household words, such as Mach whose name is dailv used in
describing the speed of flying aircraft. missiles, and space ships. Many
have remained essentially unknown. Others have become great public
figures like Nobel Prize winning Lord Rayleigh of England and Dr. John
von Neumann, the late member of the U. S. Atomic Energy Commission.
Some like T. Von Karmann, G. B. Kistiakowsky, E. B. Wilson, and
H. A. Bethe have devoted considerable time in recent years working at
policy-making levels to enhance the technological strength of the United
States. Others like G. 1. Taylor, a brilliant and prolific contributor to
science, found time to make contributions in completely different arcas,
such as the profitable invention of an anchor. Thus, the cross section of
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Figure 5

The Shock Wave — A Schematic Model of the Development
of a Field of Technology

The purpose of this schematic model is to show at a glance the typical manner in which,
following its initial discovery, a whole field of technology evolves with time through basic research.
Recorded on the chart are the major basic rescarch contributions in the field of rhock waves since
its discovery in 1848.

Several general impressions are to be gained. Foremost is that the process of growth of a field
of technology is complex. It has required the efforts over the years of numerous scientists from
different nations. As shown by the mixture of colors and symbols, cruss fertilization between fields
of science is a necessary part of the process. Work builds on the achievements of the past, and
accelerates with time as is evident from the growing density of work in recent years. Applications
of vital importance to our national and military posture develop along the way with increasing
frequency as already depicted in Figure 4.

The mode! is arbitrarily divided into five sections made up of research on shock tubes, explo-
sions and detonations, magnetohydrodynamics, supersonic aerodynamics, and a central column
devoted to continuing research in shack wave theory. There is considerable interaction between
the sections, but cross-connecting lines have been omitted for purposes of simplification of the figure.

As shown at the top of the model, it all began in 1848 with the brilliant observations of two
phynsicists, Stokes and Challis of England. Subsequent work by other physicists and mathematicians
such as Earnshaw, Riemann, Rankine, and Hugoniot placed shock wave theory on a firm hasis
about 1890. From that tine on, basic research in physics, chemistiy, mathematics, and asro-
dynamics expanded the field at an accelerating pace.

Starting at the left, note that shock tube research was originated by Vielle in 1899. It was a0t
until the work of Bleakney and co-workers in 1949 that the United States contributed significantly
to shock tube research. The Navy actively participated in backing the work of Hertzberg and
Kantrowitz at Cornell. This later led to studies of hypersonic flight at Mach 25, and is continuing
to make important contributions to the intercontinental ballistic missile and space flight programs.

The first work on d ions and explosions around 1900 by Chapman and Jouguet concerned
itself with combustion studies and propagation of flames. Much of the important work by people
like Friedrichs, Kistiakowsky, and Von Neumann was performed under OSRD, Army or Navy
contracts. Theories developed were utilized in the design of the first atomic bomb.

Magnetohydrodynamics is a relatively new field, having been opened up by Alfven of Sweden
in 1942. Work is now rapidly expanding through the eflorts of such men as Teller, Fowler, Spitzer,
and many co-workers because of the interest in connection with nuclear fusion, solar corona, and
various space age problems,

The development of supersonic aircraft is one of the most striking examples of the application
of shock wave theory. This is an area of work in which basic research contributions of note have
been made, beginning about 1900, by such men as Prandtl, Ackeret, Von Karmann, Taylor,
Lighthill, and Lin. Other consequences of this work have been the development of nozzles,
diffusers, and compressors for jet engines and rockets.

The central core research on better basic understanding of shock wave theory and structure
has continued ever since 1848, Of late it has reccived the attention of an illustrious group of
scientists such as Bethe, Courant, Chandrasckhar, Friedrichs, Taub, Weyl, and Von Neumann.
What will next evolve in the way of startling new applications from the intriguing ficld of shock
wave research is beyond our ability to predict. Meanwhile, active work in this field continues,
with Government participation coming largely under the auspices of the Department of Defense,
Atomic Energv Commission, and National Aeronautics and Space Admiristration.
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people contributing to a field of basic research is one of remarkably
diverse talents. But all have the common characteristic of insatiable
desire to know and understand the universe in which we live.

The people who perform basic research have at least one other
common characteristic — they are exceedingly rare in number. Almost
all of them have doctoratc 3 -grees. And of the 29 of college graduates
who obtain a doctor’s degree in science, only about one in five combines
the creative skill and the motivation in our present American society to
remain in basic research Finally, about onc half of these have outstand-
ing talents for this field as indicated by the fact that they produce some
809, of the resulting scientific papers. The United States tetiay has a
total of only about 27,000 basic research scientists, of whomn abott 15,200
are particularly active. Many wise people sincerely believe their con-
tributions to our welfare are all out of proportion 10 their number. It is
for this reason that there is concern over establishing policies to permit
fuller and more eflective utilization of those scientists now existing, and
concern over increasing the number now being trained.

Strength in Science

Indicated by INobel Prizes

As a last point in conneciiun with orientation of the reader with
respect to basic research, the matter of recognition is worthy of mention.
‘There zre few public honors accorded basic research scientists in the
United States. This is one reason the public lacks understanding of the
importance of basic research. The highest international honor in basic
research is the Nobel Prize, first awarded in 1901. While there are
numerous causes and cffects influencing the rise and fall of the strength
of a nation, it is most interesting to note the distribution of Nobel Prizes
in scicnce by natdon since 1901, as shown in Figure 6. Study of this
figure provides one more indication why participation in, and effective
utilization of, basic research is properly a question of grave interest to
the Government of the United Suates.
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an international measure of achievement in basic research

1901 1911 1921 1931 1941 1951

1910 1920 1930 1940 1950 1958
NATION P E R C E N T
@ UNITED STATES 4 6 9 24 37 7
@ UNITED KINGDOM 17 16 23 19 21 20
P GERMANY 33 40 32 24 16 7
% FRANCE 21 16 9 9 o o
@ RUSSIA 4 0 (] o 0 13

OTHER NATIONS 21 22 27 24 26 13
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The Relation of
Basic Research to the
Missions of the Navy

The purpose of this section is to inquire into various aspects of the
relation of basic rescarch to the furtherance of the missions of the Navy.
It is necessary to understand this subject before conclusions can be drawn
regarding Navy participation in basic rescarch. .\s will be seen. perhaps
the key consideration in this period of accelerating technological advance
is that of need for rapid and effective communication by the Navy with
the frontiers of science.

The National Scicnce Foundation, formed in 1950, has as two of
its major purposes the promotion of basic research and education in
the sciences. Nevertheless, continuing participation in basic research
by the Navy was contemplated. This is cvident in Executive Order 10521,
on the Administration of Scientific Research by Agencies of the Federal
Government, issued March 17, 1954, by President Eiscnhower. It
includes the following:

“Section 4. As now or hereafter authorized or permitted by law,
the National Science Foundation shall be increasingly responsible for
providing support by the Federal Government for general-purpose
basic research through contracts and grants. The conduct and support
by other Federal agencies of basic research in arcas which are closely
related to their missions is recognized as important and desirable,
especially in response to current national needs, and shall continue.”

Thus, in order to evolve a basis for decision as to the proper level of
participation in basic research by the Navy Department, it is essential
that the missions of the Navy be clearly understood.

The missions of the Navy as now officially decreed are as follows:

Seek out and destroy enemy naval forces and suppress
encmy sea commerce.

Gain and maintain general sea supremacy.
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Control vital sea areas and protect vital sea lines of
communication.

Protect shipping.

Establish and maintain locai superiority (including air)
in an area of naval operations.

Seize and defend advanced naval bases.

As pertaining to these missions, the Navy is charged with a number
of functions including:

**Conducting research and development, including the development
of specialized weapons and equipment.”

It has been shown in Chapter I that throughout its entire history,
Navy effectiveness has been heavily dependent upon the advance of tech-
nology. There is no argument over the fact that the Navy Department
must have the right to foster a vigorous program of research and develop-
ment if it is to carry out its assigned missions. The point in question
is the extent to which the Navy must participate in basic research in
order to maximize the cflectivencss of its research and development in
the furtherance of its missions. Opinions on this subject vary considerably.
The explanation lies, in part, upon a lack of understanding of the role
of basic research in bringing about technological innovations of importance
to thc Navy. As a first step, therefore, it is desirable to expand upon
this subject.

Perhaps the best method of determining the importance of basic
research to the development of equipment and components of great
value to the Navy is to study some actual examples. This can be done by
selecting technological innovations and then examining in some detail the
manner in which they came into being. For this report we have sclected
radar as an example of equipment and the transistor as an example of
a component. Both are of proven military value. Radar detection of
German aircraft has been widely credited with saving England in World
War 11, and it also revolutionized naval warfarc. The tiny transistor
is currently revolutionizing the miniaturization of various missile guidance
and computer devices.

Radar — A Case History

History usually reveals that most great technological advances were
the object of simultaneous investigations in a number of countries.
Radar is a typical example in that we now recognize important work was
proceeding in parallel in England, Germany, and the United States
prior to World War II. It is positive proof of the fact that in research
the only security is speed. Research in the United States leading ultimately
to the development of radar. which revolutionized the means of detection
of ships and aircraft, was begun at the Naval Research Laboratory in 1922.



On June 20, 1922, Guglielmo Marconi, the celebrated father of
radio, in a speech in New York after accepting the Medal of Honor of
the Institute of Radio Engineers stated:

““As was first shown by Hertz, electric waves can be completely
reflected by conducting bodies. In some of my tests I have noticed the
effects of reflection and deflection of these waves by metallic objects
miles away.

“It seems to me that it should be possible to design apparatus by
means of which a ship could radiate or project a divergent beam of
these rays in any desircd direction, which rays, if coming acruss a
metallic object, such as another steamer or ship, would be reflected
back to a receiver screened from the local transmitter on the sending
ship, and therchby immediately reveal the presence and bearing of the
other ship in fog or thick weather.”

Shortly thereafter, while performing basic research on radio wave
propagation, A. H. Taylor and L. C. Young of the Naval Research
Laboratory obtained experimental confirmation of these speculations.
Detection was made of a ship moving down the Potomac River. On
September 27, 1922, a memorandum pointing out the possible Navy
utility of such a detection system was transmitted to the Bureau of
Engineering. The practicality of the idea could not be estimated at
that time, and approval of a request to continue the work was denied.
Interest in radio detection was renewed in 1930 at the Naval Research
Laboratory when L. A. Hyland, during the course of experiments in
radio direction finding, noted radio waves were reflected from aircraft
which accidentally came withir range. Again Taylor, Hyland, and Young
were unsuccessful in obtaining funds to carry out a program of research
in the field, as opinions of the practical importance of the work varied
among both scientists and naval officers.

A creative idea is born in the mind of one man. The idea which
finally sparked the initiation of the radar project oceurred to L. C. Young
of the Naval Research Laboratory sometime in 1930. At that time, while
studying transmitter key clicks, he made observations which led him to
suggest that the pulse method of echo ranging (used in underwater depth
finding) with radio frequency be applied to the dctection of aircraft.
After much preliminary thinking and calculating, a project was finally
initiated March 14, 1934, and the first system was put into operation in
December, 1934. While echoes from airplanes were observed, many prob-
lems remained. Applied research, having uncovered large areas of igno-
rance, had to await acquisition of new knowledge through basic research.
Basic research work the first half of 1935 at the Naval Research Labora-
tory made it possible to predict the performance of radar receivers and
transmitters. The results were applied to the design of a short time con-
stant, fast recovery, non-blocking radar receiver, and a self-quenched,
high-power radar transmitter. A team consisting of R. M. Page and
R. C. Guthrie, with help and suggestions from others, then succeeded on
April 28, 1936, in putting together equipment which gave satisfactory
echoes from airplanes at ranges up to twenty-five miles.
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But, as important as was this portion of the development of radar,
there was much vital basic rescarch work which had both to precede and
to follow before radar could become of military importance. A reasonably
complete diagrammatic model of the history of radar is shown in Figure 7.
It is a convincing presentation of basic research contributions to the
development of aircraft and ship detection systems vital to furthering the
missions of the Navy. Further, it is an example of the importance of Navy
participation in and coupling with world-wide basic research. Finally,
it illustrates successful national and international cooperation in research
and development. Numerous contributions were made by the British
under the leadership of Sir Robert Watson-Watt, by several National
Defense Research Committee laboratories, by Army laboratories, and
by several companies in this country such as the Radio Corporation of
America. Bell Telephone Laboratories, General Flectric, Sylvania,
Westinghouse, Ravtheon, Philco, and Western Electric. As is so often the
case, the knowledge and techniques coming out of the work on radar have
made significant contributions to other areas such as communications,
computer circuits, scientific instrumentation. television, metcorology.
navigation, air traffic and missile control, and radio astronomy.

The Transistor —
A Case History

The transistor, the second example chosen for study, is a recent im-
portant spurt or breakthrough in the aiready exciting field of electronics.
This field owcs its genesis to the development of the vacuum tube, which
permitted amplification of electrical signals. Since World War I1 it has
blossomed inte 4 $7.6 billion industry. Currently, it is being revolutionized
by the transistor. This pinhead size wafer of germanium or silicon and
its twin brother, the semiconducrtor diode, perform an ever-increasing
number of the functions of the electron tube. With the development of
subminiature associated components, they permit electronic systems to
be reduced to about one tenth tormer size. In addition, they require far
less power and in their maturity promise trouble-free operation for
decades. Recently transistors allowed transmission of the President’s
Christmas message from a satellite in outer space. Potential civilian and
military uses are legion.

While the transistor was invented at the Bell Telephone Laboratories
in 1949 by Bardeen and Brattain, working with Shockley, its origins go
back at least to 1874, when the phenomenon we now call semiconduction
was first observed. The next major step in the development of the tran-
sistor came as the result of basic research on electrical conductivity in
metals. The knowledge gained was extended by A. H. Wilscn into the
study of why scme materials like selenium, silicon, copper >xide, and
silicon carbide conduct electricity about a billion times better than many
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insulators and only one millionth as well as metals. This work led in 193]
to modern semiconductor theory, the foundation from which grew the
transistor and many other important discoveries.

However, the path was not direct, nor was it simple. Materials
99.59999999, pure had to be made — and a great deal of research went
into that. Crrystals of high chemical purity had to be produced. The role
of surface layers one molecule thick had to be understood. Experiments
led to revised theories, and better theories to more refined experiments.

The research effort, in retrospect, was world-wide. Workers from
England. France, Germany, Holland, Russia. Spain, and the United
States all contributed. In the Unijted States, military rescarch during
World War II and basic research, partly military sponsored, at M. I. T,
Stanford, Pennsylvania, and Purduc contributed siguificantly. Tech-
niques, tools, instruments, and isolated facts coing out of the vast atomic
encrgy program also aided the cause. Thus, (e transistor did not just
happen — the soil was well prepared for the superb, Nobel Prize winning
effort of the three Bell Telephone Laboratory scientists. This complex
triumph of the inquiring mind is shown in schematic model form in
Figure 8. Navy coupling to this ficld permittec more rapid application
of transistors to many pieces of cquipment of importance to the Navy.

Importance of
the Competent Man

In those fields of science of greatest potential relevance to the missions
of the Navv, the surest path to progress in basic research is to secure the
services of the most competent scientists within the field. Heavy reliance
must be placed upon their judgment. Often they are the only ones possess-
ing the vision or the curiosity to suggest initiation of research projects
necessary to the creation of certain new and uscful facts. Navy awareness
of the importance of seeking out top scientists for participation in its basic
research program has proven invaluablc.

The rate at which the competent man can contribute to science multi-
plies rapidly through his guidance and influence on his associates. That
this ratc can become amazing is shown in our next schematic model,
Figure 9. Here is traced the influence on a field of science by I. I. Rabi,
one of the many competent scientists selected for support by the Office
of Naval Research.

The early work of Rabi and his associates was in molecular beams.
At the time this probably scemed remote from any Navy interest. But the
inspiration of Rabi and the training he and his associates imparted in
basic research and certain cxperimental techniques were shortly to prove
invaluable. Upon the outbreak of World War 11 Rabi drew many of his
students and associates, such as Zacharias, Purcell, Nordsiek, Millman,
Schwinger, Kellogg. Kusch. and Ramsey into the M. I. T. and Columbia
Radiation Laboratories and proceeded to spearhead the spectacular
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Figure 7
Basic Research Foundation Necessary to the Development of Radar
A Schematic Model

Equipment vital to the operating effectiveness of the Navy does not spring forth full grown.
The development of radar (radio detection und ranging) is a case in point. While its widespread
use ow tends to make us regard it as a relatively simple device, its developinent was in actuality
a long and difficult task. It necessitated an extensive accumulation of knowledge, gained largely
since 1800 through the basic research »fforts of some of the world’s most eminent theoretical and
experimental physicists. That some of the important basic work in the embryonic stages of radar
was performed at the Naval Research Laboratory 1s a testimonial to the quality of basic research
in the Navy.

This model depicts the major basic research consributions leading to the initial development
of radar, the developments resulting from accelerated World War 11 research on radar and the
laboratories contributing, and, finally, some of the other fields of science now benefiting directly
from knowledge and techniques developed during the course of research on radar. As can be seen
at a glance, a vast complex of knowledge was essential for the birth of this equipment vo critical
to our national defense,

The model is divided into the four main streams of endeavor which led to radar. Beginning
at the top and reading down, these comprise research on microwaves, ultra-high frequency vacuum
tubes, amplifiers, and cathode ray oscilloscopes.

Although longer radio waves may be used in radar, microwave research received major
emphasis because of the promise it gave for sharper beams and greater accuracy for both range
and direction. Following the pioneering work in electricity and magnetisin of such great scientists
as Faraday, Oersted, Am pere, Henry, and Lord Kelvin, a biilliant breakthrough was made by
a young Scottish mathematical physicist. In 1873 James Clerk Maxwell presented a unified theory
to account for the known facts about light, electricity, and magnetism. His prediction of the
existence of electromagnetic waves was verified experimentally shortly after his death by the
German physicist H. Hertz. Marcom excited world-wide interest in short wave radio rescarch by
his success in trans-Atlantic communications. This sparked work in radio-wave propagation
stdies of the ionospher ¢ by Kennelly, Heaviside, and others. It was while performing propagation
swdies at the Naval Rescarch Laboratory in 1922 that Taylor and Young first noticed reflections
of short radio waves from a boat passing in the Potomac River. lonosphere studies were carried
on in 1925 at the Naval Research Laboratory by Breit and Tuve of Carnegie, with the help of
Young, using radio pulsers. This led to further work by Young out of which grew the concept for
radar using pulse techniques. But much work remained to be done on the generation and reception
of microwaves before success was to be had.

Amplifier development for the detection and amplification of short waves was initiated by
Armstreag whilt i tie Sigral Corps at the time of World War 1. While he had enirely different
ubjectives in mind, his ideas formed the basis for radar receivers.

The single most important component development in microwave radar was the contribution
of the resonant cavity magnetron, This was the outgrowth of basic research at Birmingham Uni-
versity in England by a group of physicists under Prof. M. L. Oliphant. Back of this work was a
long history of vacuum tube rescarch beginning with Thomas Edison in 1883 and involving such
distinguished men as J. J. Thompson, Lord Rayleigh, Richardson, de Forest, Langmuir, Hull,
and Okabe. A later development of great significance was the klystron of the Varian brothers
and Hansen,

Cathode ray tubes for display parposcs had their origin in the work of Braun, building upon
the earlier research of others. They were developed into reliable, compact devices through im-
portant research by a number of industrial research laboratories such as General Electric and RCA.

The stage for radar was now sct. The Naval Research Laboratory made another vital contri-
bution m the duplexer, which permitted the use of a single antenna for transmission and reception.
Young, Page, and Guthrie made rapid strides in the pulse technique and detection of aircraft.
With war imminent in Europe, the British, under Sir Robert Watson-Watt, the National Defense
Rescarch Cominittee laboratories at M. 1. T. and Columbia, and numerous others as listed joined
in a prodigicus research effort. By 1945 some $3 billion worth of radar was in active military
service! It had a significant effect on the outcome of World War I and the revolution of naval
warfare.

The post-war impact of radar has been no less significant. Knowledge gained has played an
important role in furthering numerous fields of basic science, spawning various new industnes,
and continuing to increase the eflectiveness of many weapons systems. And, even greater contribu-
tions will be forthcoming.
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growth of microwave radar. Following the War, with the influx of new
apparatus and techniques developed, and a group of new students and
associates, the work spread into many new areas Already the basic work
of these scientists is bearing fruit in such fields as improved DEW line
early warning, missile guidance, and radio astronomy systems. However,
the payoff to the Navy from investment in Rabi and associates goes far
beyond this. The contributions of the men who appear in one branch or
another of Figure 9 are so numerous as to defy estimate. People like
Alvarez, Bloch, Estermann, Kellogg, Purcell, Rabi, Ramsey, Townes,
Van Vleck, Zacharias, and many others have been instrumental, through
service to the President, the Department of Defense, and the Atomic
Energy Commission, in the formulation and execution of countless
research programs and policies for increasing the naval and military
strength of the nation.

The Reguirements for
Coupling Between Segments
of the Research Process

It is now evident that basic research plavs an important part in
evolving new weapons systems. But why shouid the Navy have to perform
basic research? Why not let the National Science Foundation, or some
Department of Defense office, especially established for the purpose, per-
form all the basic research for the Navy? These questions were often asked
during the course of this study. It was the unanimous opinion of leading
research directors that so long as there is a Navy with missions as now
assigned, it is essential that the Navy participate in basic research. Let us
examine the main reasons for this opinion.

An organization which operates in a field dominated by technological
obsolescence must have a research and development program if it is to
survive, In such a situation the basic research segiment of the research
process cannot be looked upon as a luxury item which can be separated
or cut off at will. On the contrary, it is the life blood of the entire research
and development process. Through the circulation of the knuwledge and
understanding it develops or acquires, basic research is the major coupling
force of the process. This is shown diagrammatically in the schematic
model in Figure 10. Rapid and effective transmission of new knowledge
throughout the over-all program requires the presence of basic research
scientists. It is not only their function to develop the new knowledge upon
which technological advances are based, but also to acquire additional
new knowledge by communication with science on a world-wide basis.
It is only they who can understand the work of others who also explore
the boundaries of science. It is only they who can seek out through per-
sonal contact and through study of world literature the significant new
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Figure 8
Basic Research Necessary to the Development of the Transistor
A Schematic Model

The purpose of this schematie model is te iltustrate the vast amount of basic research required
before it became possible to develop the transiswor, a breakihrough of great importance to the Navy
in the miniaturization of countless reliable and rugged weapons systems components.

The chart is divided into five rows. The central black arrow represents the main stream of
transistor research. The other four rows represent contributing areas of research, all of which were
necessary 10 the continued progress of the main tramsistor stream. Note in particular the many
interactions between techniques, materials research, empirical development, experimental tools,
and theoretical work carried out by numerous sciendsts from many nations before the groundwork
was completed for the birth of the transistor.

The carliest semiconductor work dates from 1874 with publications on the electrical properties
of lead sulfide, silicon carbide, copper oxide, and selenium. By 1936 a flourishing business of semi-
conductor power rectifiers existed. However, these developments were largely empirical and
could not possibly, of thewselves, have led to the transistor. Theoretical guidance and dircction
from basic research was necessary.

The transistor requires single crystal materials of a chemical purity unattainable twenty years
ago — one copper atom in ten billion germanium atoms produces weasurable elecwrical effects.
The basic research which permits attainment today ot 99.9999399¢, purity crystals 0n a com-
mercial szale began with Volmer in 1922. Continued by many investigators, as shown, it led to
new concepts of crystal growth, latice defects, and dislocations, and to the very recein triumph
of Dash in the production of dislocation-free silicon sinele crystals. Simultancously. the develop-
ment of ultra-refined chemical analytical tools assisted in the attainment of the crystal pority
required.

The develapment of semiconductor physics began in 1928 with work on the quantum mechani-
cal theory of solids and metals. By 1931 A. H. Wilson brilliantly applied the methods ot band
theory of metals to formulate the first modern theory of semiconductors. Within a few years Mott
and others applied Wilton's results in the development of theories of electrical rectification. The
silicon diode was then developed at the Government-supported M. 1. T. Radiation Laboratory,
following the metallurgical and chemical rescarches on silicon crystals by Ohl at the Bell
Laboratories. .

Basic studies on the mechanisms of conduction in semiconductors at the Bell Laboratories
and at Purdue, under Navy contract, and basic research on the behavior of semiconductor surfaces
at Beil, were the milestones of 1944-48. Finally, in 1948 the first experimental point contact
ransistor was made by Nobel Prize winning Bardeen and Brauain of Bell. Four years later the
theury of the p-n junction was worked out by Shockley (a Nobel Prize winner), and shortly
thereafter, Teal and Sparks, also of Bell, made the first junction transistor,

The first devices were fragile, noisy and little more than laboratory curiosities. However, the
potentialities. of the development so captured the imaginations of scientists that further research
was stimulated to a degree seldom paralleled. Transistorized devices are being developed in stag-
gering numbers for hoth military and civilian use. And soon we will see growing out of the end of
this schematic model a whole new sries of developments influenced by the knowledge gained —
developments in such fields as direct conversion of thermal encrgy to electrical energy, electronic
refrigeration, clectroluminescence, parametric amnlifiers, solid state masers, and others not now
forcseen.
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facts appearing on the endless frontiers of science. And it is only they who
can transmit the vital information to applied research and development
personnel in such a manner as to maximize its utility. This function can-
not be performed by liaison men, who quickly luse touch in the rapid
march of science, but only by those who continue io participate actively
in basic research. The realization of these important facts during a period
of accelerating pace in science is the major reason for the growing empha-
sis on basic research in all the leading industrial research laboratories in
the United States (data will be presented in Figure 11).

It is clear that participation by the Navy Department in basic research
is essential. Such participation is not ‘‘wasteful duplication™ on the work
of others in industry, universities, or Government. Just the reverse —
participation in basic research by each Government department makes
more uscful the work of every other department. Rapid and effective
communication in basic rescarch has cut to a minimum unnecessary
duplication. Any duplication is usually undertaken deliberately to cor-
roborate or dispute the results of others. Even then. the method of attack
on the same problem by two basic rescarch workers is seldom identical.

Time becomes the ruling factor in any race. The present technological
race with the Soviet is no exception. To minimize the time cycle from
new concept to production of weapons is the primary requirement of
national defense today. To accomplish this requires a balanced research
program with proper emphasis on, and close coupling between, basic
research, applied research, and development. A Navy which failed to
participate in basic research in this age would first find itself unable to
communicate with the expanding forefront of science, and then find itself
unable to evolve the radically new systems which make possible survival.

Supprlementary Beneflts
of WNWavy Basic Research

The supplementary benefits accruing to the Navy from participation
in basic research are centered in research planning and in manpower.

Sternming from the careful initial sclection of competent scicntists 10
work on projects in fields related to its missions, the Navy has rcaped a
growing harvest. Many of these men have become interested in the
problems of the Navy to the extent that they might be considered a
scientific reserve. They participate extensively with Navy science adminis-
trators in the planning and evaluation of research programs; bring to the
attention of the Navy interesting projects, and useful results obtained by
colleagues; and help single out the bright young scientists who will con-
stitute the leaders of tomorrow. The cooperation developed has also
allowed Navy liaison men to perform more effectively their work of
seeking out promising projecis and scientific information the world over.
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Figure 9
The Scientist’s Contribution to the Growth of a Field
The Influence of I. I. Rabi

Most directors of research agree that the besi method of achieving progress in basic rescarch
in a field of science relevant to one’s missions is to select a scientist competent in the field, and
give him wide latitude as to choice of project and methods of attack within an agrecd upon budget.
This is because the competent scientist is likely to be the only one capable of visualizing the best
means of carrying out the basic research necessary to the discovery of important new facts. This
in turn means that during the course of the work there are liable to be individual projects which
seem quite remote from one’s missions. Thus, the research administrator is sometimes challenged
for justification ct expenditures of funds, especially if public funds, for certain projects. Here is
wliere sound judgment and patience must be exercised so that a proper decision may be reached.

Let us attempt to shed some light on the importance of selecting and backing the competent
man by means of a schematic model of an actual case history, The purpose of the model is to trace
the extensive contributions to, and influence on, the growth of a ficld of science over the years
by an outstanding basic research scientist working with wide latiwude, We have selecied I 1, Rabi
as the individual for study. He has worked on projacts which often secmed at the time to be remute
from the missions of the Navy. He has worked sometimes under Navy or Government contracts.
And, finally, he hay made contributions of great value to the Navy.

The schematic model depicts Rabi as the central figure in the growth of the fields of mclecular
beams and magnetic resonance, together with those who inspired him, his students, his students’
students, and his associates. Short descriptions of important basic rcsearch contiibutions are
accompanied by the names of conwibutors and dates. For the sake of brevity a number of omissions
have necessarily occurred, so that the model should be viewed as being illustrative rather than
exhaustive,

Rahj’s work and influence can be pictured as a rapidly growing and expanding tree. It has as
m ruuts the molecular beam work of Pro( Ouvo Stern of Hamburg University, who first inspired
RBabi while the latter was a studens there 0 (52777 S fV s snes moneise of the further work
of Stern and associates, and Rabi and assoclatcs in his laboratory at Columnbia in the Thirne«. The
branches represent the wremendous spread of developments to magnetic resonance and allied fields
following World War 11. (As already noted elsewhere, during World War 11 Rabi and many of
his associates made valuable contributions to microwave radar development at M. 1. T. and
Columbia.) Many of the branches were directly influenced by Rabi and collaborators and students
as indicated by the black and white symbols. Others, such as Bluch and Gorter, were independent
contributors as noted by the green color. Work participated in by the Navy is designated by the
violet color. A further interesting and important point is that six Nobel Prize winners appear in
the model — Stern, Rabi, Bloch, Purcell, Lamb, and Kusch. Rabi, as the central figure, has
brought to this field of science a mawurity which has left a permanent imprint on world-wide
science and technology.

The widespread and growing contributions of Rabi and associates 10 our knowledge of atomic
structure and to the development of new experimental techniques has resulted in many applica-
tions of importance to national defense and industry. The applications, at first unpredictable,
finally arisc as picces of scemingly remote knowledge begome picced together. Some of these
incfude microwave radar, atomic clocks for timing devices, masers for improved carly warmng
and radio-telescope devices, sensitive magnetometers, and new ¢ ications equipment
Further benefits to the Navy continue to accrue in the form of ideas, devices, and systems as a
resuit of association with the frontiers of this field of science. It is now clear why leading research
administrators agree that the path to progress in a field of basic research is to back the competent
scientist and let him explore for the facts which lead to understanding.
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An important corollary benefit of the Navy research program is the
training of basic research scientists. It supplements the primary effort of
the National Science Foundation in this field in areas of direct interest
to the Navy. An interesting example of this is the strengthening of our
capabilities in underwater sound. Through basic research contracts with
universities it was possible in five years to more than double the number
of trained men in this portion of physics so vital in anti-submarine war-
fare. Many who leave the field of basic research following their training
also become of key importance to the Navy. For example, a brief study
of the weapons systems program of the Navy indicated that applied
research and developrnent in most projects is so complex that the great
majority of those chosen to become project leaders are persons whose train-
ing was in basic research. They combine the rare ability to understand
the broad problems, to plan programs and to make key contributions.

Fields of Science
Related to the
Missions of the Navy

Because of the great diversity of Navy missions, its interests necessarily
extend into most of the major fields of science. The following is a list of
these fields approximately in order of current Navy basic research
expenditures:

Physics

Astronautics and Aeronautical Engineering
Material Sciences

Electronics

Mechanics

Medical Sciences

Biology and Biological Sciences
Oceanography

Chemistry

Geography

Psychology

Operations Research
Meteorology

Astronomy and Astrophysics
Mathematics

Combustion

Earth Physics

This cannot be viewed as a priority list as costs of performing basic
research vary with the field of science. Any detailed monitoring of the
basic research program of the Navy is a largc and continuing task,
obviously far beyond the scope of this assignment. Some general impres-
sions gained, however, are considered worth mentioning.

an imporiant
(‘/)rn[[(l.")‘ 1)8.'1(’/”
of the

Navy research
program is

the training of
basic research

scientists
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Figure 10
Coupling Between Segments of the Research Process
Basic Research Provides the Life Blood

This diagram presents a schematic model of the research process. Inspection shows immediately
that the collective use of human intelligence in research involves a system of interconnecting
circuits.

A characterisuc of cach of the three major segments, basic research, applied research, and
development. is an ability to feed upon itself as well as upon other seyments. Ideas wherever
originated within the system continually generated new ideas. This is shown by the several cyclic
lines. Perhaps the best proof of this phenomenon of regeneration or feedback is the tremendous
growth rate of science. This same feedback principle is easy o visualize in the case of the military
program in that cach new measure immediately sparks the necessity for development of a
countermeasure.

But the strongest characteristic of the research process is the requirement for coupling between
the three segments. The key to this coupling is the transmission and use of the knowledge and
understanding which springs from basic rescarch. This circulation of new knowledge gained
through basic rcsearch can be thought of as the life blood of the research process, as indicated by
the red line. Itis only by establishing such flow to permit easy and understandable communication
with the frontier< of scicnce on a world-wide basis that a healthy and progressive research program
can be maintained That this can be accomplished by the Navy only by actually participating in
basic research, not through dependence on a separate agency, is agreed upon by all leading
research administrators. Participation in basic research injects into a prograir basic scientists in
a manner which permits them to 1ap the important reservoir of world science and to catalyze the
progress of the entire effort. This is one hey to minimizing the time cycle from new research
discovery to production,

A few examples of the benefits already accruing to the Navy by the close coupling of its Lasic
research with applied research and development are shown in brief below the model.
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The listed fields of science are logically of interest to the Navy. In
them the areas of opportunity in assisting the furtherance of the missions
of the Navy are legion. Better understanding of such things as the ele-
mentary particles, nuclear forces, chemical bonds, mathematical tech-
niques and tools, atmospheric physics, dynamics of oceans, man-machine
complexes, solid state, plasma characteristics, and hydro-dynamics offers
a multitude of possibilities in new systems of warfare much beyond our
ability to predict.

However, the Navy obviously cannot and should not cover all aspects
of these fields of science. In its planning the Navy must take what amounts
to two cuts i cstablishing a program. The first cut involves a genceral
allocation of effort between fields, depending on Navy interest, and the
extent to which others are already providing support. The second cut gets
down to the type of detail wherein the science administrators, working
with the advice of competent scientists, must have authority to place their
bets on the basis of the competence of the investigator and the relevance
of the project. Within each tield of science listed there will be three types
of project choices. One type will be of direct Navy interest. A second tvpe
will be of interest, but less obviously so. A third type will be of only specu-
lative interest, but nevertheless one with which the Navy should be in
communication lest a breakthrough of vital importance occur. A classic
example of the latter was early Navy work in nuclcar physics which
ultimately permitted more rapid utilization of nuclear power for ship
propulsion. It is not possible to define firm boundaries as to Navy interest
because of the unpredictability of basic research results and the complex
inter-relationships between fields of science. Thus, trying to look into the
future intelligently is the thing which causes every rescarch administrator
to lose sleep. This is when wisdom to make the proper choice, patience
to await results, and strength to justify expenditures become so important.

While existing Navy nrogram planning, selection of contractors, co-
ordination with other agencies, and communication are generally good,
there is aiways room for improvement. In the planning of rescarch it
should be possible to make use of additional scientists and research
administrators from universities and industry. In this way more informa-
tion can be obtained on programs under way in marv fields of science,
on new basic research policies of others to permit comparison with those
of the Navy, and on new techniques of planning and budgeting. This
should strengthen the basic research program and project selection, and
tend to eliminate anv unnecessary overlap with expanding industrial
basic research. Improvement in communications should also be possible.
In this area the Navy faces a difficult problem, since more than one half
of its basic research is, quite properly, performed by contract. This means
that a special effort must be made to closely couple this work with the
applied research and development programs in Navy contractor and sub-
contracior laboratories. Improved communications require continued
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the appropriate
Navy
laboratories

are well aware

of the importance
of

basic research

emphasis on personal contact through meetings arranged by science
administrators and liaison personnel, and improved means of recording
and distributing information in readily accessible form. Adequate travel
funds will be a necessity.

The appropriate Navy laboratories are well aware of the importance
of basic research in maximizing their contributions to furthering the
missions of the Navy. In this regard they are outstanding among the
Department of Defense Laboratories. The Naval Research Laboratory,
which compares favorably with many top industrial laboratories in
devoting 20-25 percent of its funds to basic research, is responsible for
about 30 percent of all papers published by the 49 Department of Defense
establishments publishing in 16 selected scientific journals. Other highly
rated Navy laboratories such as the Naval Ordnance Laboratory, Naval
Ordnance Test Station, and Navy Electronics Laboratory were also
found to be publishing significantly. The knowledge generated in the
basic research work of these and other Navy laboratories, and knowledge
gained through their contacts with basic research performed elsewhere,
have contributed significantly to improved Navy effectiveness.

However, in discussions of the Navy program with the top scientists
in many of thc Navy laboratorics, it was evident that thev believed the
Navy budgetary and administrative policies with respect to basic research
were too limiting. Among these men so well aware of the serious problems
in national defense today there was general agreement that the Navy
should place much greater emphasis on participation in, and communica-
tion with, that segment of science responsible for the initiation of our
major technological innovations. As will be seen in the next section, there
is mnch justification for their considered position.



An Approach to
HEstablishing

A Proper L.evel

of Navy Participation
in Basic Research

Two methods of approach were selected in attacking the problem of
establishing a proper level of Navy participation in basic rescarch.

The first involved seeking out the judgment of many people competent
in research and its administration, and responsible for setting the basic
research budgets within their own organizations. The policies ard prac-
tices of large segments of industry and government were investigated.
New data on research +nd research personnel were collected and analyzed.

The second involved a mathematical analysis of the research process
in an attempt to develop a method of predictiug fur a given project the
optimum division of effort to be devoted to basic research, applied
research, and development. If this can be done, it should then be possible
10 project the analysis to cover the Navy broadly.

At the beginning of the study it became painfully evident from the
diversity of opinions cncountered that the definition of basic research
was a matter which had to receive detailed attention. For purposes of this
project the official Department of Defense definition, as previously re-
corded, was adopted. While this definition, as that of any genera' concept,
is necessarily broad. it was found to have rather wide acceptance. The
problem, however, lies in the interpretation of the definition. Argument
over the meaning of basic research definitions has gone on for some time,
as is evident both in reports of Congressional hearings and reports of
meetings of research administrators. Unless the definitior is interpreted
similarly, it would be impossible to obtain comparative data on basic
research budgets and policies irom Government, industry, and university
sources.

It was decided to attack this problem by ignoring the debate over the
meaning of definitions, and proceced directly to a study of the output of
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basic research. The concept that the output of all meaningful basic
research is almost invariably repiesented by scientific papers published
in recognized scientific journals was found to have almost universal
acceptance by research personnel and administrators.*

Clases of secrecy in basic research are infrequent and merely delay,
rather than prevent, publication. Therefore, it was reasoned that if there
is widespread consistency in the interpretation of the definition of basic
research, there should be a correlation between the number of people
claimed to be performing hasic research in Government, industry, and
university laboratories, and the number of papers originating from each
of these sources appearing in selected scientific journals.

In the exploration of this thought, data previously collected by the
National Science Foundation were used to calculate the number of basic
research workers claimed in 1953-34 by Government, industry, and
university laboratories. The number of papers originating from each
source was then obtained from inspection of a selected sample of thirteen
recognized scientific journals covering various major fields of science.
The publication count was for the year 1957, permitting a reasonable
elapse of time for research and publication. The results obtained are
recorded in Table I.

'The strong correlation shown in Table I permits the conclusion to be
drawn that policy with respect to the interpretation of what constitutes
basic research, and freedom to publish, is remarkably consistent nation-
wide. With the growing tendency for more liberal publication policies
on the part of industry, there is indication that the correlation will become
even stronger.

This gratifying and significant finding had two important results.
First, it mcant that comparable data on basic research policies and
budgets could be obtdined from various sources. Second, it permitted a
rough check to be made so that the validity of data from a given source
might be detcrmined, when desired, merely from a simple literature
count. Such checks applied to a number of Government and industrial
laboratories further confirmed the conclusions drawn from Table 1.

Comparison of
Navy and Industry

Basic Research Allocations

Industry represents the second largest source of basic research funds
in the United States. Since many corporations each year face budget
problems of a complexity, if not magnitude, comparable with the Navy,
it was decided to compare the practices of the two with respect to basic

* Assistance on this subject from Dr. John C. Fisher of the General Electric Co. is gratefully
acknowledged.
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research. Inquiries were directed to a large segment of our more tech-
nically based industry. Cooperation was excellent. Through discussion
and correspondence information was obtained from thirty-three leading
corporations representing the source of almost one fifth of the nation’s
and one half of industry’s total basic research funds. Information on the
Navy was obtained through the Office of Naval Research.

TABLE 1

Relation Between Number of Basic Research Workers
Claimed and Output of Basic Research as Measured
by Scientific Papers Published

Distribution of Basic Distribution of Papers
Research Workers, Published in 13 Selected
Type of Organization 1953-1954 Scientific Journals, 1957
Government 7% 97,
Industry 27% 199
University and Non-Profit
Institutio s 669, 729%

For a comparison of the practices of the Navy with those of industry,
it was decided to study the trends over the decade 1947 to 1957. The
earlier date marked the beginning of major Navy basic research expendi-
tures, and 1957 represented the last full year for which data were available
from industry at the time of this undertaking. Data were collected in
terms of dollars, or, where such data were confidential, in terms of alloca-
tion of funds. By this is meant the percent of the research and development
budget devoted to basic research.

The industry information was obtained from those executives responsi-
ble for allocation of funds within the over-all research and development
budget as dpproved by the Board of Directors. The funds considered were
solely corporate funds, exclusive of any Government research contracts.
Engineering cxpenditures of a type not normally included in the research
and development budget were excluded from the data obtained.

The data obtained are extremely interesting. A graph presenting the
percent of the total research and development budget devoted to basic
research in 1947 and 19537 by the Navy Department and by nineteen
leading corporations is shown in Figure 11. From this it is readily apparent
that, while the Navy compared very favorably with industry in 1947,
when it devoted 10 percent of its rescarch and development budget to
basic research, industry has since outstripped the Navy in emphasis on
basic research. This has come about largely as a result of the growing
realization by industrial management of the importance of participating
in, and communicating with, that portion of science which creates the
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knowledge and understanding from which burst fo: ch our major techno-
logical advances. Put in another way, applied research and development
tend to proceed more rapidly, and at lower cost, when adequately backed
by basic research.

That the Navy operates today in a fiercely competitive field having
a high technological obsolescence rate, is generally agreed upon. Some
80-100 percent of ships, aircraft and missiles scheduled for purchase in
1959 were of types not in existence in 1955. Thus, for more meaningful
basic research guidelines, the Navy should be compared with corporations
in high technological obsolescence rate industries. Two of the most
successful corporations in five such industries (chemical, petroleum,
communications-electronic, pharmaceutical and materials) were selected
for study. These ten corporations had a minimum of 10 percent and a
maximum of 20 percent of their research and development budget allo-
cated to basic research. The average was about 16 percent, or more than
double the present Navy figures of 6-8 percent.

Other figures confirm the faster pace of industry. Fourteen top corpo-
rations in these same industries released to us dollar figures in order to
permit comparisons with the Navy. Between 1947 and 1957 these corpo-
rations tripled their research and development expenditures and increased
basic research expenditures by a factor of 4.5. In the same period the
Navy doubled its research and development expenditures, but increased
basic research expenditures by a factor of only 1.5. This smaller increase
in basic research expenditures by the Navy was essentially offset by
reason of the fact that toi I cost per scientist increased about 50 percent
during this same period. 1nis figure of a 50 percent increase has been the
experience of a number of laboratories, and is more meaningful than the
lesser increase in Consumer Price Index, which has been used in some
comparisons.

But the Navy cannot be directly compared with any one corporation
or group of corporations. Missions, competitive situation, size, and com-
plexity are all different. Nowhere is success more important today than
in military technological advance. The consequences of being second best
in national defense today represents a risk far greater than faced by any
corporation. Recognizing this, we requested a number of leading research
directors to project their experience dnd judgment into consideration of
the problem of Navy participation in basic rescarch. Thirtv-three were
approached, all representing corporations considered to be outstanding
in their particular fields. Of these, sixteen believed they had sufficient
knowledge of the Navy to be willing to express an opinion. They were
unanimous in their beliet that the Navy should increase its participation
in basic research. The majority thought that the complex nature of the
mission of the Navy was such as to command an allocation of so.me 15-20
pereent of the rescarch and development budget to basic research. This
represents a substantial increase over the current Navy allocation of 6-8
percent.
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Although numerical ratios are often cited as measures of desirable
levels of research and development effort, it must be understood that
thesc are to be taken as general guidelines and not as “magic numbers”
or rigid criteria. While ratios of 1-5 percent of the sales dollar devoted to
technical work are generally quoted, no company, we believe, establishes
an over-all figure for its research and development budget on such a basis.
Actually the practice is to evaluate the need for technical effort on recom-
mended projects or arcas according to the desired rate of progress, and
then to total project requircments as a preliminary over-all budget. This
is reviewed with top management, and any readjustments made by
changing emphasis on individual projects. Admittedly there is usually a
historical trend in the budget which might make it appear that somewhat
fixed ratios are used. The hazard of the fixed ratio is that it might cause
fluctuations inimical to sound research planning. Research cannot he
turned on and off without producing disruptive effects on program and
organization.

If one considers specifically the information obtained from industry
regarding the percentage of total research and development budget
devoted to basic research, it should be noted that these percentages were
not set arbitrarily at fixed levels, but have been reached over the years
on the basis of judgmeni as to optimum balance between the need for new
knowledge and the effort required to apply the accumulation of knowledge
to the company’s business.

The level of basic research effort suggested as appropriate to the
needs of the Navy is, therefore, to be taken as a general guideline. Tt is
implicit that the budget be erected on the basis of careful evaluation of
the need for new knowledge, area by area, and that as increased effort
appears to be justified, the total of the sub-budgets would be gradually
increased in this step-wise fashion.

One of the concepts most often encountered when research policy
was discussed with industry was that one should never do less basic
research than his strongest competitoc. With this in mind, it is desirable
to assess briefly the Soviet situation, since the Navy must play its part in
meeting this challenge. The best estimates which could be made within
the scope of this report indicate the following:

Soviet political leaders are credited by a number of in-
vestigators with a greater knowledge of science than
ours, and a greater appreciation of its role in furthering
the progress of a nation. This disparity is not confined to
Government circles; indeed, the percentage of minis-
terial-rank persons having a scientific or technical
education is higher than that found at the management
level of most top corporations in the United States. In
fact, the USSR appears to be the first nation to fully
appreciate the importance of scicnce. This is evident in
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many areas such as the vast effort in technical education,
the high percentage of gross national product expended
on research and development, the important stature
accorded scicntists in the Soviet society, and the large
program to collect, wanslate, and disseminate scientific
publications.

The current policy of the Soviet Government appears
to be to direct the development of its science and tech-
nology toward achieving military, political. and eco-
nomic supremacy over the United States. Back of the
recent technological successes by the Soviet is a program
of basic research staffcd by approximately the same
number of scientists as that of the United States. When-
ever such a situation occurs the nation which places
" more emphasis on a particular field of science will tend
to lead in that field. While over-all comparisons have
many shortcomings, it appcars that currently the United
States leads the USSR in most areas of physics, mathe-
matics, medicine, and chemistry; is on a par in aviation
and space medicine, metallurgy, combustion, theo-
retical physics. meteorology. and occanography: and is
behind in physical chemistry and many arcas of geo-
physics.
The important problem, however, is the future. Cur-
rently the Soviet is training persons capable of perform-
ing basic research in science at a rate approximately 30
percent greater than the United States, while essentially
keeping abreast of the United States in granting doctor-
ate degrees in other ficlds. Thus, the Sovict potential is
increasing relative to ours at an alarming rate.

This brief account of the competition presents a real challenge to the
nation. The outlook is not entirely black. But to meet the challenge will
require increased wisdom both in the planning and administration of
research and development to make most cffective use of our resources,
and in the training of additional men of higher quality.

Some of the Problems
of Increasing
Navy Basic Research

Should the Navy decide to increase its participation in basic research,
at lcast two problems will arise. One will be availability of scicntific
manpower, and the second will be improved methids of budgeting.
Therefore, consideration was given to these matters.
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At present it appears possible to increase the basic research partici-

“pation of the Navy. This opinion is based on the outcome of a study by

the Coordinating Committee on Science of the Department of Defense.
It showed that for 1957, if funds had permitted acceptance of all meritori-
ous proposals, the Department of Defense basic research effort in outside
contracts could have been increased 70 per cent. This figure is probably
reasonably accurate, because' the increase in proposal submissions which
would occur with increased availability of funds would essentially offset
the tendency for certain research organizations to suddenly become
understaffed through acceptance of all outstanding proposals. The factor
of large capital equipment items, which could have a substantial effect
on budget and personnel, has been omitted from this particular listing
of meritorious proposals. (It is understood that this is the subject of a
separate study.) In addition, a rough approximation indicates that an
increase in basic research effort of about 10 percent could be made now
in Navy laboratories. The situation of having additional personnel cur-
rently available will not persist long, because rescarch and development
activities are expanding about 10 percent per year, whereas the number
of scientists is increasing at a rate of only 5 percent per year.

An interesting approach was made to the study of basic research
manpower, involving once again the counting of papers appearing in
selected scientific journals. This technique permits two important findings
not well covered in previous manpower studies. First, it shows who is
performing basic research. One rather disturbing discovery is that only
20-30 percent of all physicists and chemists who obtain doctor’s degrees
publish basic research papers following thesis submission. It is not known
as yet whether this is caused by attraction to other positions having more
appeal or reward, or by a lack of ability or interest in basic research.
Second, paper counting, although obviously not the whole story, provides
a rough means of evaluating basic rescarch scientists. For example,
physicists are rated by physicists and other scientists by election to the
National Academy of Sciences, as a Fellow of the Physical Society, or as
a member of the Physical Society. Study of the records of all physicists
earning doctors degrees in 1936, 1941, 1946, and 1951 indicated that
Fellows of the Physical Socicty publish at a rate about ten times that of
non-Fellows, and mumbers of the National Academy of Sciences at about
twice the rate of Fellows of the Physical Society. )

It is obvious that if the Navy, other parts of Government, industry,
and universities are to increase basic research in any substantial way in
the future, more men will have to be trained, and perhaps more motivated
to remain in basic research. The latter is not a simple decision, as it has
previously been shown that basic research trained men are extremely
useful in other occupations. Another method of extending the work of
basic research scientists is to provide them with better equipment and
more technical assistants. Experience gained in the past six years makes
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this appear to be a promising avenue. Whether to try to motivate more
persons interested in post graduate work to shift into the sciences is a point
of debate. There has been no change in the ratio of science doctorates to
other doctorates granted since 1932. Many people believe no effort should
be made to upset this relationship, which stands today at roughly 30
percent physical sciences, 20 percent life sciences, and 50 percent doctor-
ates in other fields.

A final problem on manpower has to do with hiring and retaining top
flight personnel for Navy laboratories. Since basic research requires
excellent personnel, Navy laboratories, to be effective, must be permitted
to operate with more competitive salary and administrative policies.

The matter of budgeting for basic research is complicated by the
necessity for planning on a long-term basis, while budgeting and oper-
ating on an annual basis. Planning basic res.arch involves cstimating the
time necded to form the research team, perform experiments, and analyze
and publish the results. The over-all time required for this process, as
measured by the current average life of Office of Naval Research projects,

is 5.1 years. This figure varies with the size of the project, those of less than -

$10,000 averaging 3.5 years, thosc of $10,000-830,000 per year averaging
4.8 years, and those greater than $30,000 per year averaging 6.5 years.
The Office of Naval Research has been able to obtain the budgetary
mechanisms for long-term financing of basic research. Its funds are made
available by means of a no-year (available until expended) appropriation,
which helps solve most if not all of the legal and contracting problems
involved in long-term financing. In addition, it has Congressional ap-
proval of the policy of long term advance financing of research projects.
Under this policy projects are financed for an average of two years with
individual contracts funded as far in advance as five years. The use of
these budgetary tools is, however, strictly limited by the amount of funds
made available each year and by the uncertainty of subsequent years’
appropriated amounts. Stiff competition for funds is offered by current
fleet readiness, hardware, and personnel requirements.

The budget problem is one of broad national interest, involving many
agencies in addition to the Navy Department. The solution can be-ob-
tained by providing better understanding of the role of basic research to
serve as a basis for coordinated budget planning by the Executive Branch
and Congress. Since the Office of Naval Research has had so much
experience with this problem, it could serve as an excellent testing ground
for improved procedures.

A Proposed
Mathematical Model
of the Research Process

The invention of a new device or process is essentially a synthesis, a
putting together of principles, relationships, and facts. These building
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blocks of invention themselves all had to bg discovered. Many of them
were discovered so long ago that they are now taken for granied, such
things as the wheel and the screw, such materials as iron and glass. Others
are more recent, but new enough so that we realize that they have not
always been available, for example the electric motor. Still others are so
new that the public is not generally aware of them.

No matter how many or how few these principles, relationships, and
facts may be, one thing is certain: the invention could not have been
made until all were discovered. There is therefore an earliest date at
which any invention could have been made. No matter how great his
genius, Leongrdo da Vinci could not have invented television. This is not
to say that inventions cannot be conceived before their time. Jules Verne
conceived a missile fired around the moon, but in his day the actual
construction and firing of such a missile was quite impossible.

In every invention there exists a key fact, the last to be discovered of
all the facts, relationships, and principles which were necessary before
the invention could be made. The date of the discovery of this key fact
is the earliest date at which the invention could have been made. Some
inventions have been made very quickly after the discovery of the key
fact, others have been made long after, but no invention was ever made
before the discovery of its key fact.

Research is the process by which these principles, relationships, and
facts are discovered. Without research, invention must come to a stop,
for there is a finite number of ways in which a given body of knowledge
can be applied. This is not to say that the stoppage would be instanta-
neous, for it takes time for inventions to be made, but without research
the. rate of invention would grow slower and slower until it fell to zero.

This decay in the invention rate may be thought of in the following
way. At any instant of time there exists a body of knowledge, a set of facts,
etc., which have been discovered. Some of these may be useless, and will
never play any part in any invention. Some may be applied once, others
many times. Among these a few are key facts, the discovery of which
makes an invention possible.

The number of facts required for an invention is ordinarily very large,
but only one is the key fact. While a certain fact may be used in a large
number of inventions, it is most probable that it is not the key fact in any
of these. There is some chance that it may be the key fact in one inven-
tion, but, as a matter of experience, very unlikely indeed that it is the
key fact in more than one.

Coming back to our body of knowledge, this body contains a certain
number of key facts, corresponding to an essentially equal number of
possible inventions. If no new knowledge is added by research, these
represent all the inventions which can be made.



We can symbolize this process by comparing it to a two stage chemical

reaction
A—» B— C*

Where A represents the key facts not yet discovered, B represents the key
facts which have been discovered, but not yet applied, and C represents
the final applications. The first step is the research process of finding the
key facts. The second step is the process of invention.

The chemical analogy suggests, and the theory of search developed
during World War 1I reinforces, the idea that the rate of the first step is
proportional to the effort put into the process and to the number of
undiscovered facts. Similarly, the rate of the second step should be pro-
portional to the effort put iuto it, and to the number of discovered, but
unapplied, facts. Thus the first rate should be of the for

kE\A
and the second of the form
k.E:B

where E, and E, are the respective efforts, and &, and 4, are the two
constants of proportionality.

The constants k, and k, are measures of the relative ease with whick
the two processes can be carried out. If &, and #, are equal, the two
processes are equally easy. If Xy = 10 k,, it is 10 times as easy to find a
fact as to apply it, and so on.

To find the proper balance of effort between the two steps, it is clearly
necessary to find a way of determining these “‘ease factors.” One approach
to this is by the analysis of past experience. Let us suppose that during the
development of a field the effort put into each of these two processes is
held at a constant ratio. It can then be shown that the number of facts
in the three categories 4, B, and C should change with time in the way
shown in Figure 12.

If it were possible to obseive all three of these curves the analysis
would be relatively simple. Unfortunately data of this kind are hard to
obtain. The only data we have been able to find are a few cases, which
give only the C curve. These few cases, however, are in excellent agree-
ment with the prediction of this theory. Furthermore, they indicate a
ratio of £,/k; in the neighborhood of 2. That is to say, it is twice as easy
to discover a fact as to apply it.

It would be risky in the extreme to draw the conclusion that this ratio
is universal. It may very well be that this ratio varies widely from one
field of research to another. Nevertheless the data do suggest that the

*Detailed devel P of the math ical model i+ given in Volume II.
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general lines of the theory may be correct, and that the “‘ease factors” are
at least of the same order of magnitude.

if this theory of the rescarch process can be accepted, it now becomes
possible to study the problem of the correct distribution of effort between
the two steps. It is clear that both kinds of effort are necessary; the
questior is: how should a given total effort be divided?

If too much effort is put into the first step, and too little into the
second, the result will be the discavery of a large fraction of the key facts,
but the application of only a small fraction of those discovered. If too
much effort is put into the second step,  and too little into the first, only
a small fraction of the key facts will be found. While a large fraction of
the discovered facts will be applied, the number of applications will be
small because the number of discovered facts is small.

‘The general situatinn is shown in Figure 13. The three curves in this
figure represent three levels for the total amount of research effort put
into the development of a field. Each curve shows how the total result of
the effort (measured as the number of inventions) changes as the distribu-
tion of the effort between basic rescarch (step 1) and applied research
and development (step 2) is varied. If the total effort is small, the best
result is obtained when the two efforts are equal. As the total effort is
increased, the position of the maximum shifts. How this shift takes place
depends on the “case factors,” ky and k,. The curves in Figure 13 are
drawn for a case in which &, is larger than £,. In this case the shift is
toward less basic research and more applied research. If £, were greater
than £, the shift would be in the opposite direction.

Figure 14 shows these shifts in greater detail. The curves show the
way in which the optimum distribution of effort changes as the total
effort is increased. The curves are plotted for the three cascs &, = 9 44,
ki = ky, and k; = 9 k.. Taking the curve £, = 9k, «s an example, the
curve shows again that for small efforts, the effort should be eaually
divided between basic and applied research. As the total effort is in-
creased, the fraction which should be devoted to basic research decreases.
It should be noted that the horizontal scale in this figure is the fraction
of the possible inventions which are made. The right hand side of the
figure theretore represcats an infinitely large effort.

If the present inclications are to be believed, the actual ratio of £, to £,
is about 2. If this is the case, the optimum fraction of basic research in a
large program to develop a field should be in the neighborhood of 309%,.
This suggests that a larger effort should be placed in basic research than
is now thc case. We hope that in the future additional data will become
available so that this indication can be tested further.
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