with various powers to entice co-work-
ers; frequent discussion of results in
progress; and cooperative modification
of the total research plan as new situa-
tions arise. Each such group would re-
quire not only a tactful chairman from
among the working participants but

also a full-time executive officer from
the Institute that would be responsible
for funding and monitoring the pro-
gram.

These are some ideas for supplement-
ing, not replacing (I stress not replac-
ing), the present procedures for sup-

Project Hindsight

A Defense Department study of the utility of research.

Chalmers W. Sherwin and Raymond S. Isenson

No matter how much science and
technology may add to the quality of
life, no matter how brilliant and meri-
torious are its practitioners, and no
matter how many individual results that
have been of social and economic sig-
nificance are pointed to with pride, the
fact remains that public support of the
overall enterprise on the present scale
eventually demands satisfactory eco-
nomic measures of benefit. The ques-
tion is not whether such measures
should be made, it is only how to
make them.

We wish to report here on an at-
tempt by the Department of Defense to
make such measures. This effort, known
as Project Hindsight, is a study of the
role that research played in the devel-
opment of weapon systems between
the end of World War II and about
1962 (I).

To..appreciate the need for Project
Hindsight one has merely to examine
the budget of the Defense Department.
In recent years, the Department has
been spending $300 to $400 million a
year for “research.” Of this sum, we
estimate that about 25 percent is com-
mitted to basic or undirected science,
although concentrated in areas generally

Dr. Sherwin, formerly Deputy Director of De-
fense Research and Engineering for Research and
Technology, is now Deputy Assistant Secretary of
Commerce for Science and Technology. Colonel
Isenson, U.S. Army, is in the Office of the Di-
rector of Defense Research and Engineering.
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relevant to the DOD missions, and
about 75 percent to applied science
more directly related to defined DOD
needs. The Department has been
spending an additional billion dollars
a year for “exploratory development,”
which includes the more sharply de-
fined applied research, small-component
development, and other activities of the
sort generally characterized as “tech-
nology” (2). (This $1.4-billion expendi-
ture does not include the system de-
velopment programs which are its main
reason for existence.) Questions were
constantly being asked, both in the
Executive Branch of Government and
in Congress: Was this large a sum
really needed? What has been the return
for the expenditure? Can the Defense
Department not depend for more of its
science and technology on the private
sector or on other Government agen-
cies? These are reasonable questions,
but there seemed to be no systematic,
quantitative answers. One of the objects
of Project Hindsight was to try to
provide such answers; that is, to try to
measure the payoff to Defense of its
own investments in science and tech-
nology. A second object was to see
whether there were some patterns of
management that led more frequently
than others to usable results and that
might therefore suggest ways in which
the management of research could be
improved. In particular, we wanted to

porting medical research in this country
through collaborative and coordinated
research programs for accelerating the
solution of those problems that are too
complex to be solved through the un-
coordinated efforts of individual investi-
gators.

determine the relative contributions of
the defense and non-defense sectors,
and, within the defense sector, . the
relative contributions of in-house lab-
oratories and those of contractors.

Assumptions and Methods

Given these objects, how does one
start? Since the challenge was essen-
tially an economic one, the answers
would have to be based upon economic
benefits. The economic return of a sci-
entific or technical innovation is
through its utilization in an end-item—
a piece of equipment, a process, or an
operational procedure. Therefore in
order to assess return one has to
measure the value of the end-item
made possible by the innovation. As a
practical matter, for military hardware
the easiest way of measuring economic
benefit is by comparing the value of an
end-item with that of some predecessor
end-item which it partly or wholly
replaces.

Our method of analysis was as fol-
lows: One begins by comparing a suc-
cessor item with a predecessor, identify-
ing all the contributions from science
and technology which were significant in
the improvement in performance or the
reduction in cost of the item. One then
estimates the portion of the increase in
the cost-benefit of the end-item which is
attributable to the scientific and technical
innovations utilized. (This portion is, of
course, very large for defense equip-
ment.) One then calculates what it
would cost to obtain enough predeces-
sor equipment to do the job that the
successor equipment is now doing, as-
suming that the same capital resources
and management skills were available
for the predecessor as for the successor.
The difference between this cost and
the actual cost of the successor is a
measure of the economic benefit as-
signable to the set of significant contri-
butions from science and technology
which were utilized in the successor
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and not in the predecessor. Although
this method makes it possible to attach
an economic value to the set of iden-
tified technical contributions, it has the
effect of focusing on recent contribu-
tions from science and technology, for,
as might be expected, the difference in
technological content between the suc-
cessor and predecessor is found to be
predominantly of recent origin. (The
time between predecessor and successor
in defense equipment is typically 10 to
20 years.) Since the common base ex-
tant at the time of the predecessor is
largely ignored, the method has built
into it a bias against the identification
and evaluation of longer-range research.
We were aware of this bias from the
beginning of the study, but since what
we were interested in was the utiliza-
tion of knowledge generated in the past
15 to 20 years, it seemed not to cast
doubt on the soundness of the method

3.

The Process of Analysis

The most critical step in the analysis
was the identification of the key con-
tributions, those which significantly
improved the performance or reduced
the cost of the successor. The insight
of a team of scientists and engineers,
working together, and experienced in
the system being analyzed, was essen-
tial. Each contribution then had to be
traced back (again, by scientists and
engineers) to a time and place of
origin or, as it often turned out, to two
or three (usually related) sources. Al-
though we were not sure when we
started that a key contribution could
be traced back to identifiable people
at a definite time, or to an “Event”
as it came to be called, we found that
almost invariably it could. We shall
give some examples shortly.

Research Events are distinguished on
the one hand from routine engineering
design, and on the other from the
broad base of knowledge generally
available, or “in the textbooks.” An
Event is defined as a period of creative
effort ending with new, significant
knowledge or with the demonstration
of the applicability of a new engineer-
ing concept. Bach Event was written
up in a standard format giving consid-
erable detail regarding its significance
to the system, its relation to contem-
porary science and technology, key
personnel, and so on.

Having selected the retrospective
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approach for the reasons described
above, we found that it had additional
advantages. First, tracing backwards in
time from utilization to the originating
Event is much easier than the reverse
process, for the user of technical in-
formation almost invariably knows his
sources, whereas the source frequently
does not know the ultimate user. A
second advantage is that, when one
starts with an end-item and tabulates
all the significant contributions that
have made its improved perform-
ance possible, one gets a good perspec-
tive on the relative numbers and the
importance of the contributions from
different sources. Typically, scientists
and engineers use the “example argu-
ment”; that is, they trace one idea at
a time from a source to an application,
begging the questions What other ideas
were important in making the end-item
practical? Where did they come from?
(For this reason, forward-tracing of
ideas does not lead easily to quantita-
tive, economic analysis unless one
makes a complete detailed technical
analysis of the end-item which brings us
right back to the Hindsight approach.)
Or even more frequently, enthusiasts
point to anticipated applications, which
are even harder to evaluate since many
of the supporting innovations have yet
to be created, and whose economic
value is almost completely a matter of
speculation.

The Systems Studied

The first study in the project, begun
in 1964, was an analysis, made by a
small group of scientists and engineers
working in the Defense Department, of
the “Bullpup” air-to-ground tactical
guided missile system. The effort was
augmented by a contract study per-
formed by Arthur D. Little, Inc. on
six additional systems (4). These early
studies developed the techniques and
demonstrated the feasibility of the
method of analysis. Then in the sum-
mer of 1965, with the support of Har-
old Brown, then Director of Defense
Research and Engineering, a much
larger effort was undertaken by teams
of Defense Department scientists and
engineers working closely with the
principal contractors. All told, 20 sys-
tems of diverse character were studied,
and we estimate that some 40 pro-
fessional man-years were expended.
Counting the initial study group and
the Arthur D. Little team, there have

been 13 different teams. independently
analyzing systems for key contributions
and tracing them back to their origins.
There are now 710 documented Events
in the data file. We think it is signifi-
cant that, in spite of the diversity of
end-items studied (for a list see Table
1), and in spite of the fact that 13 dif-
ferent teams made the analyses, the
conclusions are of a piece. Indeed, the
properties of our sample have not
changed substantially since the data
base included fewer than 100 Events.

Types of Events and Some Examples

The identified Events are classified
according to the intention with which
the work that led to them was carried
out. Science Events are defined as
theoretical or experimental studies of
new or unexplored natural phenomena.
Science Events are divided into two
categories: Undirected Science, in
which the object of the work is the
advancement of knowledge, without
regard to possible application, and
Applied or Directed Science, in which
the object of the work is to produce
specific knowledge or an understanding
of phenomena which is needed for
some particular use or uses. Technol-
ogy Events include the conception or
demonstration of the possibility of
performing a specific elementary func-
tion with the use of new or untried
concepts, principles, techniques, or ma-
terials; the first demonstration of the
possibility of performing a specific ele-
mentary function with the use of estab-
lished concepts, principles, or materials;
the measurement of the behavior of
materials and equipment as required
for design; or the development of new
manufacturing techniques.

An example of a series of related
technology Events involved the devel-
opment, starting in 1949, of the titani-
um-aluminum-vanadium alloy used in
the compressor blades of the turbo-fan
engine in the C-141 transport aircraft.
The high and wuniform strength-to-
weight ratio, the corrosion and erosion
resistance, and the notch-toughness and
creep resistance of this material sub-
stantially increased the efficiency and
reliability and reduced the weight and
extended the life of the engine com-
pared to what they would have been
had one used the steel blades employed:
in the turbine engine that drives the
propellers on the C-130A aircraft (the
predecessor system). The early devel-
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Table 1. Systems studied in Project Hind-
sight.

Hound Dog, air-to-surface missile

Bullpup, air-to-surface missile

Polaris, submarine-launched ballistic missile
Minuteman I, intercontinental ballistic missile
Minuteman II, intercontinental ballistic missile
Sergeant, tactical ballistic missile

Lance, tactical ballistic missile

Mark 46 Mod 0, acoustical torpedo

Mark 46 Mod 1, acoustical torpedo

M-102, 105-mm howitzer

AN/SPS-48, frequency scan search radar
Mark 56, sea mine

Mark 57, sea mine

Starlight Scope, night vision instrument

C-141, transport aircraft

Navigation Satellite

M-61, nuclear warhead

M-63, nuclear warhead

XM-409, 152-mm artillery round

FADAC, digital computer for field operations

opment of this alloy was the result of
the efforts of individuals in two orga-
nizations. Some of the basic work was
done in 1949 and 1950 at the Armour
Research Foundation, supported by
the Army and the Air Force, for mili-
tary applications. At about the same
time, further work was performed at
the Battelle Memorial Institute funded
partly by the Air Force and partly by
industry (the Remcru Titanium Cor-
poration). Over the next 10 years,
Remcru and others carried the- alloy
developed for them at Battelle into
production, and thus it was available
for use in the Pratt and Whitney turbo-
fan engine used in the C-141, where
the team identified it. This material
is known to have many other military
and commercial applications as well.

Another example, also a series of re-
lated Events, is the development of the
anti-jam radio link that controlled the
Bullpup missile, designed (in 1954)
and built by the Martin Company. This
radio control link was critically de-
pendent upon the principle of correla-
tion detection which emerged in 1942
at the Massachusetts Institute of Tech-
nology from Norbert Wiener’s theory
of correlation, statistical filtering, and
prediction. (An applied science Event,
since at the time Wiener was working
on the problem of anti-aircraft fire con-
trol.) Then (1947-1950) Lee, Cheatham,
Singleton, and Wiesner of the Research
Laboratory for Electronics at M.LT.
applied Wiener’s general correlation
techniques to the specific case of radar
modulation and detection and demon-
strated that very large improvements in
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signal-to-noise ratios were possible. (An
applied science Event.) In 1952, J. Al-
pert of the Martin Corporation picked
up the M.LT results at a technical
meeting and, using them as a starting
point, developed a practical jam-re-
sistant radio link as a proposed alterna-
tive to the guidance system of the
Matador missile. (A technology Event).
The link was never used for the Mata-
dor system, but the concept was avail-
able for use in the engineering design
of Bullpup in 1954.

Our third example is a series of six
related Events. The performance of
the SPS-48 radar depends critically
upon a high-power hydrogen thyratron
not available for the predecessor sys-
tem, the SP radar of design date 1944,
The historical analysis made by the
team (mostly from the Naval Research
Laboratory) revealed the following se-
quence. In 1942, K. Germeshausen,
working alone, but starting with a
knowledge of the work on hydrogen-
filled triodes for electronic sweep cir-
cuits reported in 1936 by P. Drewell,
in Germany, developed the boxed
anode structure which made the high
voltage thyratron possible. (A technol-
ogy Event.) Drewell’s work was not in-
cluded as an Event, for it substantially
antedated the period of interest. In
1943, to prevent gas ‘“clean-up” due
to impurities in the electrodes, the In-
ternational Nickel Company, working
with Germeshausen, developed an
electrolytic refining process. (A tech-
nology Event.) In 1944 Marsh and
Rothstein, of the Army Signal Corps
Laboratories, by theoretical calculation
of the internal electric field identified
the source of the “long path break-
down problem,” pointing the direction
for the new electrode designs. (An ap-
plied science Event.) In 1945, Germes-
hausen at the M.LT. Radiation Lab-
oratory, in collaboration with Marsh
and Rothstein, conceived and demon-
strated the practicality of the titanium
hydride reservoir needed to compensate
for the residual hydrogen clean-up ac-
companying very-high-voltage opera-
tion. (A technology Event.) In 1951-
1955, Martin, Goldberg, and Riley, all
of Edgerton, Germeshausen & Grier
Company, as a result of a detailed
theoretical and experimental study of
the hydrogen gas discharge and its ef-
fect on tube life, were able to develop
a much smaller, more rugged, longer-
lived tube. (A technology Event.)
Finally, in 1957, the same group de-
veloped the high-temperature, metal

and ceramic long-life tubes (A tech-
nology Event) which were actually used
in the SPS-48 radar and which so sig-
nificantly contributed to its perform-
ance and reliability.

The six technology and three applied
science Events described above are
representative of the type of work
identified in the study as the basis of
improved system performance, except
that if anything these Events have
more science content and less practical
engineering content than the popula-
tion of Events as a whole. We hope we
can explain below why it is that such
practical, even “pedestrian” technical
efforts are credited with so big a role
in improving weapon systems,

Many Innovations Are Needed

When a weapon system is compared
with its predecessor of 10 to 20 years
earlier, its ratio of performance to cost
and its mean time to failure typically
are greater by factors of 2 to 10. More-
over, the operating manpower needed
to obtain the same calculated military
effectiveness usually drops by a factor
of 2 or more. That is, the increase in
effectiveness/cost is often 100 percent
or more. Yet when one examines the
equipment design in detail and tries
to determine why this large change has
occurred, no one item seems capable of
accounting for more than a small frac-
tion of the net change. Thus, for ex-
ample, if one were forced to use the
older steel compressor blades in the
C-141 turbo-fan engines, rather than
the titanium-aluminum-vanadium alloy
mentioned above, the performance of
the aircraft would be reduced only
slightly, perhaps a percent or so. Still,
the C-141 designed in 1964 has a ton-
mile cost of only 60 percent that of
the turboprop C-130 designed in 1954,
which did use steel compressor blades.
A careful examination of the C-141
design shows, however, that there are
a large number of identifiable signifi-
cant technical contributions which to-
gether explain the improved perform-
ance.

In the case of the C-141, the
team from Wright Air Development
Center, working with the help of en-
gineers from the Pratt and Whitney
Division of United Aircraft and from
Lockheed Corporation, analyzed over
80 Events that they judged to be the
most significant in accounting for the
improved performance of the C-141.
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Fig. 1. The time distribution of the Events identified in Project Hindsight with re-
spect to the development-contract dates of the systems in which the Events appear.

Some two or three times as many addi-
tional Events were tentatively identified
but were not subjected to a detailed his-
torical tracing because the study was
terminated when the analysis showed
that the Events tended to conform to a
uniform patiern with respect to mo-
tivation, time to utilization, and so
forth.

Our finding in the case of the C-141
was repeated in all the systems we
studied—that is, it is the interactions
of many mutually reinforcing innova-
tions that appear to account for most
of the increase in performance/cost of
weapon systems compared to their pre-
decessors.

In the larger systems, 50 to 100
Events were common. Even for small
pieces of equipment a number of
Events—18 in the case of the night-
vision device, for example—were read-
ily identified.

We should, perhaps, note here that
an appreciation of the significance of
the finding which we have just de-
scribed is crucial to an understanding
of the whole study. All 13 teams ar-
rived at the same conclusion. They
simply could not find a dominant in-
vention or discovery which by itself
seemed to account for most of the per-
formance/cost increase. Even the in-
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vention of the transistor, brilliant
though it was, was followed by a long
series of other Events in both transis-
tors and components which were neccs-
sary before its full benefits could be
realized. Incidentally, we classified the
series of eight transistor Events occur-
ring at the Bell Telephone Laboratories
as applied science since they occurred
in a mission-oriented environment and
were clearly in support of the mission.
Together, the transistor-associated
Events did play a dominant role in the
FADAC computer and in certain parts
of other systems such as the on-board
electronics in the Minuteman, the tor-
pedo, and the satellite.

An Important Approximation

At this point we make a zero-order
approximation: we will treat all Events
as if they were of equal value. Even in
a given system, this cannot be true in
detail, and it certainly cannot be true
when one considers uses in more than
one system, such as the sequences of
transistor and  aluminum-weldment
Events, which contributed more fre-
quently and more importantly than
others of a much more specialized na-
ture. We are not satisfied with this

assumption but see no easy way to
avoid it, for much of the value of an
Event is derived from its association
with other Events and even some of
the most elegant contributions that we
have identified would have remained
unutilized in the absence of a comple-
mentary display of creativity in related
areas. Within this study, therefore, we
have been limited to the mere number
of identified Events, and this means
that any inferences based upon such
counts are reasonably dependable only
when they are based upon large nu-
merical ratios.

A Summary of the Data

Let us then look at the total data
base of 710 Events.

First, we find that 9 percent of the
Events are classified as science Events
and 91 percent as technology Events.
The science Events are distributed as
follows: 6.7 percent of all Events were
motivated by a DOD need and are
therefore classified as applied science;
2 percent were motivated by a commer-
cial or non-defense need and are also
applied science. Only 0.3 percent of all
Events were classified as undirected
science. Of all science Events 76 per-
cent were motivated by a DOD need.
If we look at the technology Events,
we find that, of all Events, 27 percent
were directed at what we call a “gener-
ic, DOD-oriented technology,” that is,
a broad class of defense needs not re-
lated to a particular system or system
concept—for  example, high-power
radar components, improved solid pro-
pellants, or titanium alloys. Forty-one
percent of all Events were motivated
by a system or system concept in the
early or “advanced development” stage,
and 20 percent by systems in the later,
or “engineering development,” stage.
Finally, 3 percent of all Events were
motivated by non-DOD end-item need.
Of the technology Events 97 percent
were motivated by a DOD need. Over-
all, nearly 95 percent of all Events
were directed toward filling a DOD
need.

We found that in the great majority
of cases the initial recognition of need
came from an external group associ-
ated with systems design, but that the
technical initiative for the solution
came primarily from the research-per-
forming group. That is, the need-recog-
nizers made the researchers aware of
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the nature of the problems but did not
dictate the nature of the solutions.

We find that 86 percent of the
Events were funded directly by the De-
partment of Defense and an additional
9 percent by defense-oriented industry.
Only 3 percent were funded by com-
mercially oriented industry, and only 1
percent by other government agencies.
One percent were funded by other
sources. It is interesting that, although
the non-defense sector had available
an estimated 40 percent of all science
and technology funds expended in the
U.S. during the period covered by the
study, only 5 percent of the Events
identified by Project Hindsight were
funded there. Per dollar of input effort,
the non-defense sector produced less
than one-tenth as many defense-utilized
innovations as did the defense sector.

We tabulated the time distribution
of the occurrence of Events for all sys-
tems with respect to the engineering
design date. The results are shown in
Fig. 1. Several significant features can
be seen from this figure. The average
time interval between predecessor and
successor is 13 years, and only 10 per-
cent of the Events utilized in the suc-
cessor had occurred by the time the
predecessor was designed. This dem-
onstrates that it is indeed recent tech-
nical activity that accounts for the
specific advances to which the improved
performance is ascribed. It is significant
that many innovations generated after
the engineering design date, or contract
date, were utilized, some during the
system-engineering processes and some
even later in the stage called “opera-
tional systems development.” Despite
the very applied nature of the work
leading to the innovations, 5 or 10
years often elapsed before an Event
was used (see Fig. 1). The median delay
for science Events was 9 years, and for
technology Events 5 years. One should
not, then, be surprised that in a study
covering as little as 20 years undirected
work should not be found to play a
significant role.

Of the research-performing organiza-
tions, we found that industry accounted
for 47 percent of the Events, DOD in-
house laboratories for 39 percent, uni-
versities (including contract research
centers) for 12 percent, non-DOD fed-
eral for 2 percent, and foreign for less
than 2 percent. This suggests that, con-
sidering their relative funding and size,
the in-house laboratories contribute
their share of Events.
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Implications of the Findings

These then are the principal findings
of the study thus far ‘obtained. What
inferences can be drawn with respect
to the R&D enterprise as a whole and
with respect to the science or research
components of this enterprise?

The most significant finding is that
in the weapon systems we studied, large
changes in performance/cost are the
synergistic effect of many innovations,
most of them quite modest. This find-
ing provides a rationale for most of
the other findings. Thus, for example,
if many innovations must be skillfully
fitted together to produce a large net
improvement, it is likely that they are
not the result of random efforts directed
toward diverse and unrelated goals, but
are due to a conscious plan. This at
once suggests that the great majority of
Events will be technology or applied
science Events. It suggests to us that
the isolated invention or the random
scientific fact is not likely to “fit in”
or, therefore, to be utilized. In other
words, it tells us once again that rec-
ognized need is the key to efficient
utilization. But to recognize need one
has to have very detailed knowledge of
either a class of systems or a specific
system so that the critical problems can
be addressed. Thus one predicts that
actual systems—particularly those in
the early stages of design—will be the
most frequent sources of the recog-
nized need. One also predicts that, be-
cause they are so intimately exposed to
system development problems, the in-
house laboratories and defense industry
will have a very favored position from
which to make useful contributions and
that non-defense industry will play a
small role. In some cases, of course,
such as the early transistor develop-
ments and aluminum weldment, when
its needs happened to coincide almost
exactly with defense needs, non-defense
industry has been the source of impor-
tant contributions. For example, the
properties needed in solid-state devices
for the commercial electronics and com-
munications were just those needed for
military electronics and communica-
tions, and reliable, tight aluminum
welds were as important for beer bar-
rels as they were for missile fuel tanks.
In general, however, because of the
high performance and reliability re-
quirements and higher allowable cost
of defense equipment, one would ex-
pect such cases to be rare.

The “many-innovations-are-needed”
concept even gives us insight into the

. time-distribution curve of Fig. 1. As

several of our examples illustrate, later
innovations may depend on. ones that
preceded them. Since one innovation
may engender several others, it is rea-
sonable to expect that the rate of ac-
cumulation of potentially useful in-
novations will increase over time (as-
suming that the level of effort is not
reduced).

Because these expectations are in
fact borne out by the detailed studies,
both individually and in sum, we be-
lieve that the picture we present is
consistent.

The Case for Directed Effort

We made a crude estimate of the
military effectiveness of the successor
system in a defined role, divided by its
total procurement and operating cost,
and made a similar estimate for the
predecessor system in the same role.
We obtained improvement factors of
1.6:1 for the transport aircraft, 10:1
for the sea mine, and, for the search
radar, 40:1 when we require current
performance from the old technology
and 5:1 when we require the old per-
formance with current technology. We
believe that an average improvement
factor of 2:1 would be a conservative
estimate for the systems we studied. If
this same improvement factor were to
apply to all the equipment in the total
inventory of some $80 billion, we can
see that the approximately $10 billion
of DOD funds expended in the support
of science and technology over the
period 1946 to 1962, when most of
our Events occurred and which, in fact,
financed most of these Events, has been
paid back many times over. We believe
our study shows, also, that, had the
Defense Department merely waited
passively for the non-defense sectors
of the economy or government to pro-
duce the science and technology it
needed, our military equipment would
be far inferior to what it is today. We
believe that the traditional DOD man-
agement policy of keeping applied sci-
ence and technology closely related to
the needs of systems and equipment in
development (a policy which, of course,
is also characteristic of industry) is
basically sound if one wants an eco-
nomic payoff on the 10-year (or
shorter) time scale.
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Table 2. Educational level of contributors to Project Hindsight

formers in general.

Events and of research. per-

Highest Hiquight All All All _AJI
degree held contributors® S&T+ R&Dt S&T§ engineers ||

& (%) (%) (%) (%) (%)
Ph.D. 10.5 3.1 1.2 3.8
M.S. 22.5 8.6 12 } 63
B.S. 57.0 34.6 47.0

Some college 6.8 39.5 } 17

No college 32 14.2 44.6

* Base number, 1725.

8. Warkov and J. Marsh, “The Education and Training of America’s

Scientists and Engineers: 1962,” National Opinion Research Center, University of Chicago, Chicago,

1., 1965, p. 17.

i A. Shapero, R. P. Howell, J. R. Tombaugh, “An Exploratory Study of the

Structure and Dynamics of the R&D Industry,” Stanford Research Institute, Stanford, Calif., June

1964, p. 31.
Foundation, Washington, D.C., 1963, p. 17ff.

§ “Profiles of Manpower in Science and Technology,” NSF 63-23, Nationa! Science
|| “How Many Engineers?” Engr. Manpower Bull.

No. 5, Engineers’ Joint Council, New York, July 1966.

What the Hindsight study has done,
therefore, on a scale previously not
attempted, is to develop a strong, fac-
tual demonstration that recent, mission-
oriented science and technology are a
good investment in the short term—
the 10- to 20-year period. What we have
not been able to do is to demonstrate
value for recent undirected science. Our
observations on why we failed to make
this case are discussed in the next
section.

The Case for Recent Undirected Science

It is clear that, on the 50-year or
more time scale, undirected science has
been of immense value. Without basic
physical science we could scarcely
have had nuclear energy or the electri-
cal industry or modern communications
or the modern chemical industry. None
of our science Events could have oc-
curred without the use of one or more
of the great systematic theories—
classical mechanics, thermodynamics,
electricity and magnetism, relativity
and quantum mechanics. These theories
also played an important role in many
of the technology Events. If, for exam-
ple, we were to count the number of
times that Newton’s laws, Maxwell’s
equations, or Ohm’s law were used in
the systems we studied the frequencies
of occurrence would be so high that
they would completely overshadow any
of the recent Events we identified. But,
however important science may be, we
suspect its primary impact may be
brought to bear not so much through
the recent, random scraps of new knowl-
edge, as it is through the organized,
“packed-down,” thoroughly understood
and carefully taught old science (5).
Similar conclusions have been reached
by others who have considered the
question (6). Thus when one debates
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the utility of science the real issue is
not the value, but rather the time to
utilization. We believe that the Hind-
sight study has merely reemphasized
an old mystery: What is the process by
which science moves into technology
and utilization? It is clearly not the
simple, direct sequence taught by the
folklore of science.

We feel, however, that entirely aside
from the research results themselves—
which, of course, go primarily into the
“eternal archive,” from which they may
ultimately contribute to the next great
consolidation of science—a laboratory
carrying on undirected research, co-
located with and skillfully related to
an applied research and development
organization, more than pays its way.

A mission-oriented  organization
needs highly trained scientists and en-
gineers to help supply what Marquis
and Allen (7) call “gap-filling science”
—the additional knowledge needed to
make older, organized knowledge usa-
ble—and a very large part of the es-
timated $100 million a year spent in
support of fundamental scientific in-
vestigations by Defense goes into re-
search that supports graduate educa-
tion. Table 2 shows the percentages of
individuals with advanced degrees who
were identified as contributors to the
Events in the Hindsight study, as well
as several sets of comparable figures for
larger research communities. Advanced
degrees are several times more fre-
quent among the Hindsight contribu-
tors than among the less select groups.
About one-third of the contributions
to Project Hindsight Events appear to
have depended upon graduate edu-
cation.

There is, moreover, an important
practical need, related to the sociology
of science, to carry on some undirected,
although generally relevant, research in
the mission-oriented research and de-

velopment organizations themselves.
Undirected research serves as a form
of postdoctoral training; it provides
initial jobs for new Ph.D.s who are
inclined toward basic research but who
want a closer look at mission-oriented
research before making a career com-
mitment; it provides intellectual stim-
ulation and a link between the research
frontier and the applied activities; and
it provides a body of in-house expert
consultants to help on unusually diffi-
cult applied technical problems (8).

In the strongest and most productive
mission-oriented  laboratories  undi-
rected research generally amounts to
about 15 percent of the total research
effort (9). If 15 percent of the 30,000
scientists and engineers, military and
civilian, who are directly involved in
the Defense Department’s R&D enter-
prise were active in undirected but
generally relevant science, the cost
would be about $150 million a year.
This is not a large figure considering
the size of the science and technology
budget alone of about $1.4 billion a
year, and a development, test, and
evaluation budget some four times
greater still.

What Needs To Be Done Next?

In the original design of Project
Hindsight, we recognized that the
physical scientists and engineers tracing
the historical record might not be sen-
sitive to psychological and other be-
havioral factors affecting the genera-
tion and utilization of scientific and
technical knowledge. In order to assure
that proper attention would be given to
these aspects, Task II of the project was
established concurrently with the task
that led to the results we have been
describing. The second task is directed
at understanding the actual processes
going on today in the organizations
(and in many cases with the same peo-
ple) involved in the Events identified in
Task 1.

Within 6 months after the onset of
Task I, ten organizations had been
identified as being prolific contributors
of the science and technology upon
which the examined weapon systems
were based. Among these organizations
were represented industry, the DOD in-
house laboratories, and the Atomic
Energy Commission. Management sci-
entists from each of the organizations
were formed into a team to conduct
field studies, each within his own or-
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ganization, looking into information
sources, idea flow, skill development,
project selection, relations between re-
search groups, and other such aspects
of the R&D process. The field studies
were designed by management scien-
tists of Northwestern University and
the Sloan School of the Massachusetts
Institute of Technology. Participating
organizations include Raytheon, Ling-
Temco, North American Aviation,
Lockheed, United Aircraft, the Army’s
Picatinny and Redstone arsenals, the
Air Force’s Wright Air Development
Center, the Naval Ordnance Laboratory
at White Oak, and the Naval Ordnance
Test Station at China Lake. Data are
now being collected, and analysis will
be initiated in the near future. The
findings will be reported by the univer-
sity groups conducting the research.

It is possible that if systematic retro-
spective analyses were to be applied to
scientific, rather than to engineering
accomplishments a great deal more
could be learned about the scientific
process. Have the randomly directed
research efforts so characteristic of
much of science in the past played as
big a role as they are often thought to
do? Or, is it sharply focused effort di-
rected at well-defined, limited goals,
which are more frequently the key
events in the scientific advance?

Finally, if Project Hindsight tells us
anything about science, it is that it is
unusual for random, disconnected frag-
ments of scientific knowledge to find
application rapidly. It is, rather, the
evaluated, compressed, organized, inter-
preted, and simplified scientific knowl-
edge that we find to be the most ef-
fective connection between the un-
directed research laboratory and the
world of practical affairs. If scientists
would see their efforts in undirected
science used on a more substantial scale
in a time period shorter than 20 years,
they must put a bigger fraction of their
collective, creative efforts into orga-
nizing scientific knowledge expressly
for use by society.

Summary

Recently developed weapon systems
were compared with systems of similar
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function in use 10 to 20 years earlier.
The most significant finding was that
the improvement in performance or
reduction in cost is largely the synergis-
tic effect of a large number of scientific
and technological innovations, of which
only about 10 percent had been made
at the time the earlier system was de-
signed. The common scientific and
technological base of the systems was
not analyzed. Of the innovations, or
Events, 9 percent were classified as
science and 91 percent as technology.
Ninety-five percent of all Events were
funded by the defense sector. Nearly
95 percent were motivated by a recog-
nized defense need. Only 0.3 percent
came from undirected science. The re-
sults of the study do not call in question
the value of undirected science on the
50-year-or-more time scale. In light of
our finding that 5 to 10 years are often
required before even a piece of highly
applied research is “fitted in” as an ef-
fective contributing member of a large
assembly of other Events, it is not sur-
prising that “fragments” of undirected
science are infrequently utilized on
even a 20-year time scale. The most ob-
vious way in which undirected science
appears to enter into technology and
utilization on a substantial scale seems
to be in the compressed, highly orga-
nized form of a well-established, clearly
expressed general theory, or in the
evaluated, ordered knowledge of hand-
books, textbooks, and university
courses.
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