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SUMMARY

Congress nust vote funding for-- and sometines choose anobng--an extrenely
conpl ex assortment of highly technical proposals for supporting the defense
technol ogy base. Any type of systemmtic approach that could neke this task
nore tractable, rational, and transparent would be attractive. One approach
that seems, at first exam nation, to hold nmuch pronmise is some sort of
“deci si on-support systenf or, as it is sometimes called, "risk analysis" often
used by commercial research groups. Cl oser examnation reveals that such
approaches are too limted in scope to apply across the whole range of
projects that Congress nust consider, although the approach can still be
applied to specific cases.

One limtation of using a decision-support systemis that the nethod
requires a quantitative neasure of “benefit,” which is very difficult to
produce when dealing with questions of national security. This is not to say
that nmenbers of Congress do not have clear ideas of national security
objectives, just that these ideas typically are not readily quantifiable.

Mich of the reward of a quantitative decision-support system could be
had without the artificiality and inplied precision of quantitative measures
if the Congress could apply its judgnent to questions of mlitary research.
Congress, however, has judgnents about military missions but research noney is
al l ocated by technology area and there is no easy uniformway to connect the
two. What Congress requires is a clear statenment of defense policy, either
fromthe Departnent of Defense or formulated by Congress, and a ‘road nmap”
that allows Congress to trace how research proposals intend to support that
policy. Congress can require that the Departnent of Defense denonstrate how
the forces that it wants for the future will support the mlitary policy and,
finally, howits research programs will make those forces possible. Congress
should be able to review those goals that the DoD devel ops. It does little
good for Congress to make certain that research is supporting defense goals if
Congress does not support the defense goals thensel ves.

The criteria for evaluating and correcting research prograns include:

the length of lead tinme before the technology will produce results,
l'i kelihood of technical success

nunber and inportance of the technology' s mlitary applications,
the time required to devel op countering technol ogies or tactics,
nunber and difficulty of required ancillary technol ogi es,

the risk of being overtaken by parallel technical devel opnents,
the extent of civilian spin-off (or unintended civilian costs),
alternatives to U S. governnent support including industry and
[lies, and

9) the overall threat posed by potential adversaries.
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Congress also has a role in assuring a robust research program and in
assuring that research programs are well run. For exanple, it could designate
some fixed percentage of procurenent funds to research budgets or designate
sone floor for research to forestall raids on the research budget.

Cccasionally, Congress may want to specify funds for particular research

areas. An inportant objective of Congress’s oversight is to discover problens
as early as possible. Even if Congress is itself not well-suited to detect
problenms, it can require that procedures be followed which will help assure
earliest possible warning of any problens that do occur.



In short, setting mlitary research priorities will never be easy. The
task has three parts. One is setting strategic goals. The second is judging
whi ch particular research prograns will best help reach those goals. Once a
research programis approved, there is the separate task of monitoring it to
see that it is well run. Congress is best at the first and third tasks but
| ess capable of determining the structure of research prograns. Through
mechani sns such as hearing, reports, and oversight, Congress can satisfy
itself that DoD is selecting and nanagi ng research prograns on a rationa
basi s



Eval uating Defense Departnent Research

Setting priorities is seldom easy. Intelligently setting science and
technol ogy research priorities--where success is uncertain, where the return
on investnent is years in the future, and where even the objectives often are
vague- -can be very difficult indeed. This paper discusses briefly (1) the
pur poses of research directed toward support of the defense science and
t echnol ogy base and (2) criteria for judging government-supported, mlitary-
oriented research portfolios. It will not cover, except tangentially,
research into science and technology directed to civilian uses or the nore
advanced devel opnent phase of military weapons and systens.

Wiy Shoul d Congress Fund Research at Al ?

Justifications for government support of research vary. In some cases
of scientific "pure” research, we nay hope for sone |ong-term benefit but no
practical application is clearly foreseeable, except perhaps the training of
science graduates. For this type of research, support cannot be expected from
commercial concerns interested in future profits.  Some have suggested that
di sci plines such as cosnology that have no discernible benefit should be
supported by the governnent for aesthetic reasons, that is, for the same
reasons used to justify governnent support of the fine arts.” |n any case, if
pure research for which no one can see practical benefit is to receive any
support at all, support will have to come alnost entirely fromthe governnent.

Mre often, the general advantage of sone research project is clear, or
at |east accepted, but no one conpany may be able to collect the extra profits
generated by the research. In this case, an econonist would say that the
benefits of the research are not "appropriable.” Again, |acking expectation
of profits, commercial concerns will not support such research. However,
government funding of this type of research is easily justified if it creates

a public good

Justification for the support of research in defense science and
technology is different yet. Providing for the common security is a
constitutionally-mandated responsibility of the governnent. More inportantly
for this discussion, however, the governnent is the only direct custoner for
the products of mlitary research. The governnent deternines the ‘market” and
what ‘product” to buy and how many (or even whether to buy them). Moreover,
the government can, through fiat, |imt future profits derived fromthe
product of research performed by conpanies, but-it ‘cannot be relied upon to

1 C F. Carter, “The Distribution of Scientific Effort," Mnerva, Vol. 1
(Wnter 1963), pp. 172-190



guarantee return on investment. In this situation, sone conpanies will fund
and perform some research but the governnent can never depend on industry to
do all of the research required, especially long-term research.

The government nust sonetimes fund scientific research in areas having
mlitary application which, on their scientific merits alone, would not
nornmal |y be supported strongly. Sound propagation in the sea is a good
exanple. The intricacies of sound propagation may be of marginal scientific
interest but are vital to anti-subnmarine warfare.

Far nore often, however, governnent support will go to _technol ogica
research inportant to, and often unique to, nmilitary application. The
t echnol ogi es of nucl ear weapons, stealth, and electronic counterneasures are
all exanples. Gven these requirements for support of nmilitary science and
technol ogy, the government nust maintain and constantly revise nethods of
devising research goals, of evaluating on-going and proposed research
projects, and of setting research priorities

The government is also justified in investing in research to reduce the
cost of manufacturing weapons. Peculiarities of the weapon procurenment system
di scourage conpanies frominvesting in research to inprove efficiency of

manuf act ur e. For exanple, with cost-plus conpensation, a conpany’ s eventua
earnings are actually lowered if it invests in research that reduces
production costs. In addition, uncertain” and generally small production runs

government control over specifications and output, and veto power over foreign
sales, all conbine to reduce conpanies’ incentives to spend much research
nmoney to inprove the efficiency of manufacture.

What |s Technol ogqy?

Before describing means of evaluating mlitary science and technol ogy
research programs, it is useful to divert |ong enough to consider the
definitions of “science” and especially “technology.” Science is not a
coll ection of observations. Rather, it is the organization of those
observations into a systematic stricture. The structure is what allows us to
believe that we “understand” the observations that we see.” Technology is the
sum of know edge, tools, skills, even organizations, that allows mankind to
bend resources to its use. One way to put it, sinplifying very much, is to
say that science is concerned with "why” and technology with "how "

Scientific understanding does not automatically result in technica
progress. Nor does technical advance require a scientific understanding; the
first few thousands of years of progress in nmetallurgy and animal husbandry

2 Fromthe large literature on the theory of science, see Karl Popper, The
Logic of Scientific Discovery (London: Hutchinson, 1972) and Thomas Kuhn, The
Structure of Scientific Revolutions (Chicago: University of Chicago Press,
1970).




took place without a whit of understanding of either atomic chemstry or
nmol ecul ar genetics. However, without the science behind it, technol ogica
progress depends on a tedious and inefficient trial and error approach

The military enterprise is filled with exanples of both science and
t echnol ogy. Qur previous exanple was anti-submarine warfare. It requires for
its, success an understanding of sound propagation through the sea, that is,
how sound is affected by salinity, tenperature, currents, and ocean bottom
condi ti ons. These are scientific questions that are as inportant to the
tactics as to the technology of submarine hunting. The ability to make, hook
together, and use the hydrophores, anplifiers, conputers, and appropriate
software, constitute a technology of anti-subnarine warfare.

Technol ogy is concerned with the neans to ends. Technol ogy allows us to
achi eve desired ends reproducibly with predictabl e neans. In nmore specific,
practical terms, a level of technology is nmeasured by the ability to achieve
reproduci bly a desired performance, whether in a conputer chip or a jet
engine, for a certain cost. Cost is, therefore, an inportant (even if usually

inplicit) part of any definition of ‘technology.” Technology allow us to do
t hi ngs; better technology allows us to do the sanme things nore easily or to
do better with the sane effort. In terms of cost, an “advance” in technol ogy

can be defined as a new process that allows higher performance at any given
cost or any given perfornance at |ower cost.

O course, new technol ogy makes possible performance that just wasn't
possi bl e before no matter what the cost. In 1900, even unlimted resources
could not allow the nmillions of calculations per second or supersonic flight
made routine by today's conmputer chips and jet engines. Because the nilitary,
especially since the Second Wrld War, has al nost al ways used advances in
technol ogy to increase performance, high cost and "high” technol ogy are
closely linked in many mnds. However, it is the performance that is
expensive, not the technology. For example, a nodern fighter plane like the
F-14 is fabulously nore expensive than the first Wight flyer bought for the
Arny Signal Corps for $25,000, but advanced technology is not what makes an F-
14 expensive, it is the desired performance (nade possible by the technol ogy)

Keeping the effects of technol ogy and performance separate is always
difficult whenever we conpare the costs of two airplanes with very different
performance and built with very different technologies. The distinction
bet ween technol ogy and performance would be plainer if we instead conpared,
say, the cost per horsepower of engine (keeping weight constant) or the cost
per ton of payload delivered a given distance in a given tine. Then we woul d
see that advances in technol ogy make any given performance cheaper. This is
cl ear when we consider that nodern technol ogy--al um num carbon conposites
nylon, light-weight engines--puts within the financial reach of a weekend
hobbyi st a nmotorized hang-glider with nuch the same performance as the first
US mlitary aircraft.

Just as new scientific understanding does not automatically lead to new
technol ogy, new technol ogy does not autonatically lead to new products.
Research can create new technol ogy, which is the ability, or knowhow, to do
things but it is not the things. Usually, a devel opment programis needed to



apply the new ability to the construction of sonething. Sometimes, this

di vi sion between research and devel opnent is very clear cut. Mre often
however, the devel opnent process is mxed up with bits of research along the
way. We set off to build a new thing, say a tank, airplane, or computer,
believing that we know how to do it but in the event discover that sonething
does not work quite as expected. (After all, in a devel opment project, we are
bui | di ng something we have never built before.) This forces us tenporarily to
back up in the devel opment programto do additional research on new

appr oaches.

In summary, two distinctions should be maintained. The first is the
di stinction between technol ogy and performance. The second is the distinction
between research and devel opnent. Both distinctions are inmportant if we are
to think clearly about the problems of science and technol ogy research. The
first distinction is inmportant because what is clear in the civilian sector is
often forgotten in the mlitary sector: an advance in technol ogy makes any
given | evel of performance cheaper; however, greatly increased perfornmance
made possible by a new technology, will be nore expensive. In short,
performance is a neasure of the devel opnent of technol ogy, not the technol ogy
itself. The second distinction is inmportant because the research budget is
smal | and long-term conpared to the devel opment budget and is, therefore,
sonetimes negl ected bureaucratically or ‘raided” to cover nore inmediate
financial needs. (And exactly the same probl em appears one step further up
the ladder. Because the overall R&D budget is small and |ong term conpared to
the procurenent budget, it is often neglected conpared to procurenent or
raided to help pay for procurement.)

Knowi ng what technology is does not tell us what technology we shoul d
try to devel op nor how we ought to obtain it. Research is needed to devel op
new technology and it must be directed to get us where we want to go. The
next section discusses how we shoul d deci de what technol ogy we need and how to
set goals for research.

Strategic Planning for Mlitary Research

Any enterprise nust have clear goals before its priorities can be set
and its efforts organized.” To apply such a top-down approach to military
research, we must first define a strategic framework: \What is the relative
strategic threat froma single |arge European war versus a multitude of
possible smaller third-world conflicts? Do we need to be able to fight
tomorrow or can we allow a |ong nobilization? Such a framework allows us to
set priorities and to debate intelligently overall levels of R&D spending, how
it should be distributed between mlitary and civilian econom es, how the
mlitary budget should be divided anong research, devel opnent, product
i nprovenent, and so on, and finally the funding of specific research programns.

3 This was one of the principal points of the Gace Report; see Task Force
Report on Research and Development (Washington, D.C. : President’s Private
Sector Survey on Cost Controls, 8 Decenber 1983).




A pure top-down approach, although perhaps appealing in theory, is
infeasible in practice. Wiile policy nakers can decide what is desirable
they cannot decree what is possible. For instance, putting a man on the noon
by the end of the decade is an exanple of a clear objective for a research and
devel opment program  \ether it was a realistic goal when it was proposed
depended on what was possible at the tinmne. In 1960, it was a challenging but
pl ausi bl e goal . In 1950, it would have been overly anbitious if not outright
inpossible. And in 1940, it would have been hare-brained.

The scientists and engineers at the laboratory bench are best placed to
judge what is technically possible. W can be nost certain that we are
pursuing technically promsing paths by fallowing a bottomup approach. A
pure bottomup approach would be to collect all the proposals for research
projects fromworkers in the laboratory, and |et them decide which ones to
fund. (This is simlar to the ‘peer review systemused in allocating nost
U.S. governnent-funded civilian basic research.) This approach is guaranteed
to remai n somewhat unfocused and contentious, with contributions to specific
overal | goals being strictly fortuitous. However, if there are nore projects
than avail able nmoney can fund (and there always will be), then a set of
priorities based on some “cost-benefit” scale, is required. It is at this
poi nt that the top-down and bottom up approaches nmeet because the strategic
goal s define “benefit.”

The overall research effort is shaped, then, by iterative accomodation
of three considerations: Hardware needs expressed by the users of nilitary
technol ogy, new technical possibilities described by the scientific and
engi neering comunity, and the strategic criteria of benefit determ ned by
policy makers. Moreover, researchers will soon |earn what projects neet the
criteria and, since they want funding, will attenpt to acconmpdate the
established criteria. Thus, our overall direction is a conpronmise between
where we want to go and where we can go. And, the objectives of military
research can change over tine, either because the strategic mlitary
obj ectives change or the technical possibilities change.

This section described how we deci de what we want, but it does not tel

us how to get it. The next section describes some of the nechanisns we coul d
use to guide us in making concrete decisions about funding.

Al |l ocating Research Funds

Sone of the same ideas that have been devel oped to set research
priorities within individual conpanies can be applied to government support of
mlitary research. W nust keep in mind, however, that conmercial conpanies
can have quite narrow research goals while Congress nust evaluate mlitary
research proposals within an enornously broad context.



An approach, often called “decision support” or “risk analysis,”
attenpts to systematize and, in at |east some cases, quantify the allocation
of finite resources across an entire portfolio of research projects.’
Conputer prograns are available commercially that find solutions neeting the
conpl ex set of conditions. Even when this quantitative approach is
i nappropriate for direct use by Congress, an outline of the logic hel ps us
understand the allocation process.

To conpare research proposal s using such an approach, we nust first
determne the possible funding levels within any individual project and

estimate the benefit fromfunding of each level. Some projects will have
natural and obvi ous steps, or “break points,” in the level of support. W
can use, as an illustration, a research programto inprove jet engines for

aircraft. Jet engines contain three basic conponents, a conpressor, a
conmbustion chanber, and a turbine; we can picture the overall program as
bei ng made up of three projects, one for each conponent. | magi ne that we

wi shed to investigate the nature of sone new type of high-tenperature turbine
material that has two inportant characteristics. Masuring one characteristic
uses an inexpensive instrunent and measuring the other characteristic uses a
much nore expensive instrunent. Four possible support |evels are obvious: no
support, low level support to buy the first instrunent, high |evel support to
buy the second instrument, and a slightly higher level to buy both

instruments. Not all projects will have clearly defined break points but they
“can be created at arbitrary levels of support between no funding and high

f undi ng.

For each support level for each conponent project, the expected benefit
nmust be estinmated and a nunerical value assigned to it. In the case of jet
engi nes, “benefit” can be quantified in just a few sinple measures, for
exanpl e, weight, fuel consunption, and cost. Mreover, all of the conponents
can be conpared by these same neasures. Judgnents nmust be nade about the
relative inportance of each of these benefits; for example, we may decide
that a one percent inprovenment in fuel consunption is worth a two percent
i nprovenent in weight reduction. (These relative benefits will be determ ned,
in part, by the application;, for exanple, weight is nore inportant for a
fighter but fuel efficiency is nore inportant for a transport.) Now, by
exam ning the contribution to expected benefit from each project at various
| evel s of research support, we can allocate support, within a given overal
budget, among the three projects to maximze the overall inprovenent in jet
engi ne performance. In our exanple with only three projects, only a few
possi bl e funding |evels, and sinple benefit nmeasures, we might be able to find
the best allocation by inspection. As the nunber of projects increases, the
conplexity of finding the optinmal allocation grows very rapidly. In these
cases, We can use a conputer’ to evaluate all possible conbinations of
al location to find the best one.

4 Howard Raiffa, Applied Statistical Decision Theory (Canbridge: MT Press,
1968) and Howard Raiffa, Decision Analysis (Reading, Mass. :  Addi son-\ésl ey,
1968) .




In principle, exactly the same approach could be applied at the next
hi gher level. For exanple, the performance of an airplane depends on (anobng
ot her things) the performance of its engine and the weight and strength of its
structure. W can calculate the benefit to overall airplane performance from
various levels of funding for both structure and engi ne research projects and
then find the best mx to achieve the greatest inprovenent in overall aircraft
perfor mance.

At this level of analysis, the difficulties with this approach are
al ready becoming apparent. \Wereas engine perfornmance is objectively
quantifiable, aircraft performance is nore difficult. Not that quantifiable
measures are not available; they are, for exanple, top speed, turning rate,
rate of clinb, range, and so on. The difficulty arises when we try to relate
t hese perfornmance paraneters into a quantifiable neasure of benefit, such as
conmbat effectiveness. Estinmating conbat effectiveness from aircraft
performance requires various assunptions about the theater, tactics, the
adversary, and objectives. W could use conputerized nodels of air-to-air
conbat or the results of sinulations and exercises to determne quantitative
relati ons between the various performance paraneters but these nmethods are as
likely to obscure as to reveal underlying assunptions.

Ve could, again in theory, continue this process up the |adder to ever
| arger scales, assigning numerical values to the contribution to security from
aircraft and tanks to find the optinal allocation of research funds between
the two areas. This could be done, for exanple, by applying |arge theater-
| evel conputer nodels of conbat, through historical analysis, or through
results fromnmlitary exercises. W could then conpare |and and sea forces
and finally conpare research in conventional and strategic weapons. The
difficulties are form dable and apparent. As we nmove up to |larger scale
conparisons, the estimate of ‘benefit” becones nore diffuse, less easily
quantifiable, nore subject to assunptions and judgment, and hence |ess subject
to consensus.

If we wish to use a quantitative decision support systemto allocate
resources, two limtations are clear. First, application of the systemis
increasingly inappropriate as we get further fromthe |aboratory bench |evel
of technol ogy devel opnent. At higher |evels of conparison, evaluation is nore
judgnental and specul ati ve. (The nethod requires nunerical values of benefit.
But assigning numerical values does not turn fundanmental ly subjective
evaluations into quantitative ones.) Second, wherever such a quantitative
resource allocation nodel would work, it would best be applied by those
closest to the research nmanagenent, for exanple by Service or Nationa
| abor atori es.

Even where quantitative nobdels cannot provide clear-cut answers,
resources must still be allocated. And even allocation based on subjective
judgnent needs information to be sensible. The problemwth a quantitative
approach is that one end of the resource allocation problemis quantifiable
but the other end is largely judgnental; and now there is no way to connect
the two ends. If we try instead to use a judgnmental approach to mlitary
research funding decisions, the problem arises that Congress nakes judgnents
about mlitary missions but funding is distributed by technol ogy area.




For example, one may have an opinion about the relative inportance of
air defense and anti-subnmarine warfare, but that does not answer the question
of how those priorities should be translated into research dollars for the
devel opnent of new technologies. This requires, first, a conplete set of
technol ogy areas, second, a set of military mssions, and, finally, the best
attenpt at a clear and explicit set of connections between the two. Wth a
set of connections between research area and mlitary m ssion, we can see how
technol ogy funding is distributed by mission. The DoD is now preparing just
such a set of connections. This effort was inspired, in large part, by
Congress’s request for a list from DoD of the twenty nost inportant mlitary
t echnol ogi es. °

One way to represent the connections is a checkerboard matrix. Along
the rows would be listed technol ogy areas and along the colums woul d be
listed military mission areas. Each square in the natrix represents the
connection between the technology and mission; the nunerical value in the
square would be the degree of benefit to that mssion area deriving from
progress in that technology area. A matrix allows us to see at a glance how
resources should be distributed to technol ogy areas based on whatever
priorities we hold for mlitary m ssions.

However, many assunptions would still lie hidden in a matrix.
Specifically, the degree to which a technology contributes to a mssion
depends on how we decide to acconplish the mission. For exanple, if the
mssion is air defense, we may decide to make this primarily an Army mssion,
in which case the nost relevant technol ogies may be skewed toward those
supporting ground-based, direct-fire, surface-to-air weapons, or we nay decide
that this is primarily an Air Force mission, in which case the nost relevant
t echnol ogi es may be skewed toward those supporting aircraft and m ssiles.

This mssion assignment may have nore to do with service rivalries and
historical roles than with any objective technical evaluation and it may
remain a hidden assunption, but its effect would, neverthel ess, show up in the
degree of connection between a technol ogy and a m ssion

. :

Havi ng deci ded what technical areas to support, we nust still evaluate
specific proposals for research. By what criteria should we assess a
proposal ? W have included criteria in estinmates of expected benefit.
Cearly, the policy nakers’ security desires and strategic goals discussed
thus far define ‘benefit.” But caution also nust be exercised because a | ot
of judgment is hidden in the word ‘expected.” Any estimation must consider
lead time, technical feasibility, application and ancillary technol ogies,
mlitary mssion, countermeasures, civilian contributions and applications,
and, of course, cost.

5 The nost recent report is, Critical Technologies Plan (Washington, D.C.:
U.S. Departnment of Defense, 15 March 1990). Appendix B contains the
Congressional request for the critical technol ogies plan.




Lead Tine

The first critical consideration is lead time: when do we expect to see
the benefit of the research progran? Tine is inportant for, anong other
things, the sinplest accounting reasons. The anount of nmoney we are willing
to spend now in order to save noney |ater depends on future real interest
rates. Fi nancial fluctuations that have nothing to do with the technology in
question could at tinmes be nore inportant to our calculations of cost and
benefit than technical uncertainty. In nany cases, Wwe can trade time for
money. (That is, a ‘crash” program can acconplish the objective fast but with
| ess efficiency, hence greater total cost, than a |onger, nore nethodica
approach.) In general, as the cost of capital increases, so does the economc
incentive to delay research as long as possible.

The length of time before we see the results of a research project also
determnes the degree of technical uncertainty in expected benefit. In
general, the earlier in the research phase a technology is, the longer it wll
take to get to an application, the nore potential unseen pitfalls can lie
ahead, and the nore likely that the research project is to result in nothing
at all. This uncertainty in success reduces the expected benefit. [f, on an
arbitrary scale, a research portfolio would have a benefit of 100, assum ng
everything went as hoped, but we estimate only half will succeed, then the
expected benefit of the portfolio would average to 50.

Li kel i hood of Technical Success.

Estinmating the likelihood of success is probably the nost difficult and
subj ective part of any assessnent of a technol ogy research proposal. Research
is, by definition, exploring new territory; no one can make accurate
predictions based on experience. Scientists and engineers can argue by
anal ogy, estimating the difficulty of some project by conparing it to whatever
past project seens nost simlar. For exanmple, by |ooking-back at the
devel opnent of silicon-based transistors and integrated circuits, they can
guess at sone of the problenms that will be encountered during the devel opnment
of simlar conponents using gallium arsenide. In the end, sone estimates of
feasibility will be little nore than guesses. Myreover, since a certain
anmount of confidence is required to propose a research project and a natura
human tendency is to discount pitfalls that cannot be seen, there may be a
bias toward underestimating potential difficulties.

In practice, we also argue by ‘analogy” with respect to people and
| aboratori es. Even w thout understanding the details of the research, we can
recogni ze success when we see it and we can see that certain people and
| aboratories devel op proven track records. W are naturally nore likely to
assune a higher probability of success for research projects under their
direction than for those under the direction of |ess successful researchers.
In short, we trust them Moreover, research projects can be difficult for
Congress to oversee and audit once funds are allocated. Thus, an inportant
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function of testimny and docunentation presented to Congress is not to
provide detailed reviews of research projects but to establish and justify the
trust in the people and institutions that are to do the research.

Mlitary Mssion

As we | ook further into the future, other uncertainties extraneous to
the research and technology itself increasingly conme into play. First, wll
the mlitary mission still be needed when the technology is ready? For
exanpl e, before the devel opnent of the intercontinental ballistic mssile
(ICBM, the Air Force devoted considerable resources to intercontinental-range
cruise mssiles and both the Army and Air Force devoted much effort to
continental air defense. Wth the denonstration of the |CBM however, both
m ssi ons suddenly were much reduced in inportance. At the tinme of the first
ICBM flight, it nust have appeared in retrospect that research resources
expended up to that point on intercontinental cruise mssiles and air defense
were, to some extent at |east, wasted

Miltiple potential applications are a hedge against the |oss of any
particular application. |f a technology is applicable to a single future
mssion, its utility stands or falls with that mission. Typically, however, a
technol ogy will have multiple applications. \Wen calculating benefit, the
total potential benefit fromall end uses nmust be included. \en estimating
the likelihood that a need for the technology will renain when the technol ogy
is finally ready for use, the overall likelihood of the collection of
potential uses nust be considered. |n general, the later in the devel opnent
process a project is, the nore specific the application will be. A materials
scientist investigating high temperature materials in general may be able to
see in rough outline application in many types of engines, although perhaps
years in the future. On the other hand, an engineer designing a specific new
part for a specific engine nust be able to achieve some predicted gain
i medi ately.

The future utility of a weapon depends on the possibility of
counterneasures. No weapon is useful forever; obsolescence is inevitable.
The question is one only of degree: how long before some new weapon overtakes
the one we have now. An inportant consideration regarding a new technology is
how long will counterneasures take to devel op. In some cases, countermnmeasures
could be fielded faster than the new technol ogy or a new technol ogy coul d be
countered by a quick change of tactics, suggesting that we should not even
bother to set off down that road.

Anci |l lary Technol ogi es.

Just as some technol ogi es have several applications, sone applications
require several new technol ogies and a bal anced approach to devel oping the
technol ogi es nust be maintained. The | CBM can once again serve as an exanple
Many new technol ogies were required to make | CBMs possi bl e; three inportant
ones were efficient rocket notors, accurate guidance systens, and high-
temperature reentry nose cone material s. |f any one failed, then all were
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useless (for application to our exanple of ICBMs, at least). Therefore, while
setting priorities for any particular research program the interaction of

ot her parallel technol ogi es nust be considered. Fundi ng one critica

t echnol ogy does no good if the others are not funded, too. Each nust be
funded at the level required to assure a reasonably high probability of
success to have any hope of getting themall. (If a mssion requires three
new technical capabilities, each of which is only fifty percent likely, then
the likelihood of getting all three is only one in eight.) Finally, we nust
consi der the cost of the whole package of required technologies. Funding for
rocket motor devel opnment al one may seem a reasonable price to pay to get an
ICBM Iikewi se for funding of devel opnent of either nose cones or guidance
systens, but the costs must be considered all together

Techni cal Obsol escence

Long-term research projects also run the risk of being overtaken by
other technical developments. W can inmagine a research project being started
in 1945 to develop very snall, |ow power vacuumtubes. Wth the invention of
the transistor in 1948, alnpst all of the work on such a hypothetical project
woul d have been in vain even though the overall application, electronic
devices, was very much in demand.

The risk of technol ogical |eapfrogging, as the transistor |eapfrogged
the vacuum tube, does not nmean that we shoul d never pursue two routes to the
sane goal. Miltiple routes often are the rational choice. For exanple, one
techni cal approach may be preferred but its success judged uncertain, while
anot her approach, although a less attractive technical solution, may be judged
very likely to succeed. The first may be funded because we want it and the
second funded as an insurance policy. However, we must keep in mnd the
reason we devel op a new technology. W spend noney for capability, not
technol ogy, per se. Therefore, when we pursue parallel technical solutions
we have to sum the cost of devel oping each approach to fully account for the
total resources being expended to achieve the new capability.

Revol utionary breakthroughs like the invention of the transistor or the
devel opnent of the ICBM are unlikely in any particular year, but the further
into the future we nmust go before we reap the benefit of today’ s research
dollar, the less certain we can be that our planning will account for all of
the future changes that will occur, and the less certain we can be that there
wll be any benefit at all. This does not nmean that we should |et uncertainty
stop all long-termresearch; indeed, research and certainty are to a large
extent mutually exclusive. Rather, we have to be able to expect greater
potential return, or “leverage,” on investment the farther into the future we
pl an. It may be worth spending a dollar this year to save a dollar and ten
cents next year, but if our return occurs in decades, we need to be able at
least to hope for ten dollars in savings to make up for all those cases where
our research doesn’t pan out at all
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Spi n-of f.

The governnent nust consider civilian spin-off (and indirect civilian
costs) when conparing the costs and benefits of military research. “Spi n-of f”
is any technol ogi cal bonus that the civilian econony can collect frommlitary
research. There is little agreement on the extent or net benefit of spin-off
frommilitary research to the civilian econony.®Sone argue that nilitary
research drains limted resources, both in nmoney but especially in skilled
manpower, fromcivilian tasks. If this is the domnant effect, then mlitary
research actually retards civilian technical devel opnent and we mght speak of
“negative” spin-off.

Qthers argue that nmoney spent on military research should be seen as a
pure addition to civilian research, not as conpetition for civilian research
funds; that if the resources were not justified by mlitary needs, they would
not go to any kind of research at all. If this is true, then civilian
research is getting a no-cost bonus.

Most studies of spin-off come to an internediate position, concluding
that the civilian technol ogy base benefits sonmewhat frommlitary research but
not as much as if the resources were applied directly to civilian ends.
Another way to express this intermediate position is to say that every dollar
of mlitary research benefits civilian technology by sone fraction of a
dollar. What that fraction is varies fromone technol ogy to another. [t may
be high for jet engines and near zero for nuclear weapons technol ogy.

However, nmost agree that the relevant data are difficult to obtain
conclusions are not firm and often the support for a position is” anecdotal

Experience with spin-off fromthe recent past may not be a reliable

guide to the near future. If we look over the |ast few hundred years, we see
that sonetinmes military technology has led civilian technol ogy and sonetinmes
civilian led mlitary. Imredi ately after the Second World War, the superpower

conpetition was new, the US. nilitary industrial base was prined while the
civilian industrial base had been starved, and nmany new technol ogi es were ripe
for incorporation into civilian hardware. Many of the oft-cited cases of
mlitary to civilian spin-off nmay be artifacts of those peculiar circunstances
and we shoul d not necessarily expect conparable spin-off frommnilitary
research projects started today.

Al ternate Sources of Support.
Support of military research does not have to be provided entirely by

the governnent. In nost cases, nost research funding will come directly or
indirectly fromthe government, because mlitary security is a public good and

6 A great deal has been witten on the economc effect of mlitary spending
A recent report containing a review of the inportant existing literature is
David Gold, The Impact of Defense Spending on Investnment, Productivity and
Gow h (Washington: The Defense Budget Project, 1990).
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the governnent is the sole customer for the results of mlitary research. In
some cases, however, industry nmay cal culate that support of research is
justified. This will occur whenever industry sees predictable mlitary need
or sonme non-mlitary application. \atever the reason, when estimating the

| evel of necessary government support one nust judge the total |evel of
support required and the anount that m ght conme from non-governnent sources.

Simlarly, government support need not nean only United, States
government support. We will wish to develop strictly independently a few
techni cal areas. However, in nost cases we share commobn security interests,
hence common military technology interests, with allies. \Wen judging the
level of U S. government support for those research activities that nust be
supported by governnment, we should keep in mind the potential contribution
from allied governments.’

The Threat.

The military enterprise is inherently conpetitive and what we choose to
do is inextricably bound up in what other nations choose to do. In a
hypot hetical, isolated econony, decisions about research funding would depend

primarily on choices between consunption now and nore consunption later. That
is, we could reduce our present consunption to invest in research which would
increase future efficiency and hence allow increased future consunption. In
contrast, decisions about mlitary research funding depend critically on
external factors: our estimates of the future threats. W nust judge the

l'i kel'i hood that potential enemies will develop sone surprise threat or sone
counterneasure to an inmportant technical capability. This likelihood will be
roughly proportional to what they are spending on research. W nust also
judge the inportance of maintaining a relative technological |ead. Not al
technologies will be equally inportant; in sone areas we can accept a lag if
we have conpensating strengths. In any case, we cannot judge research
spending in absolute terns of adequacy but nust conpare it to the |evels of
funding for research spent by potential adversaries.

Sumary.

In summary, the criteria for evaluating research prograns should include
at |east:
1) the length of lead tinme before the technology will produce result,
2) likelihood of technical success
3) nunber and inportance of the technology' s mlitary applications,
4) the tinme required to devel op countering technol ogies or tactics,
5) nunber and difficulty of required ancillary technol ogies,
6) the risk of being overtaken by parallel technical devel opnments,

AN AN AN AN SN

7 U S Congress, Ofice of Technology Assessnent. Arming Qur Allies:
Cooperation and Competition in Defense Technol ogy OTA-ISC-449 (Washington,

D.C: US. CGovernment Printing Ofice, May 1990).
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(7) the extent of civilian spin-off (or unintended civilian costs),
(8) alternatives to U S. governnent support including industry and allies, and
(9) the overall threat posed by potential adversaries.

Managi ng Def ense Resear ch

Explicit research goals allow evaluation of research proposals and
explicit, perhaps even quantitative, ordering of research priorities.
However, even if Congress knows what it wants to do, how can Congress see that
it gets done? The problems are formdable. Research is funded at a very high
|l evel of aggregation. Alnost all of the details of distribution are left up
to the research managers in the services and in the defense |aboratories. Any
nmore specific allocation increases the burden on Congress, which is ill-
prepared to consider the details of research projects, and is bound to be
resisted by the research institutions. Institutional resistance to
redirection of effort is difficult to overcone (or even detect!) in the case
of research because the categorization of research is so flexible.

If Congress wishes to use a quantitative resource allocation nodel (or
deci sion support system as they are sometines called), then one approach
woul d be to provide the research directors with the judgments necessary to
create a quantitative ‘benefit scale” that the researchers could use to rank
research projects. In commercial firns such a benefit scale can be profits.
For exanple, a researcher may devel op a new process and the process engineers,
consi dering the overall production process, would determ ne how nuch the
process woul d reduce production costs. Alternately, a researcher may devel op
an inmproved product and the marketing department woul d determ ne the -increase
in sales for each degree of inprovenent (or determine the nore conplex case of
increase in sales for each degree of inprovenent relative to the

conpetition) .°

Wiat are the analogies for Congress? The benefit of nilitary research
is security which, like a production process, is a conposite of many things.
In anal ogy with the process engineer, Congress nust specify how nuch a
reduction in short-termthreat is worth relative to a long-termthreat, or a

nucl ear threat conpared to a conventional threat, and so on. |n analogy with
the marketing department, Congress nust specify how some new capability woul d
increase this thing we call ‘security.” Any particular individual would have

sone difficulty devising such a set of values. Anyone can quickly see that
reachi ng agreement among a group on such an explicit statement of values could
be inpossible. (For exanple, there is nmuch debate about whether a bilatera
depl oynent of partial ballistic mssile defenses would enhance or detract from
deterrence and whether tactical nuclear weapons increase or decrease the

8 Many conpani es use sone version of this nmethod. One case described in the
literature is Philip V. Rzasa, Terrence W. Faul kner, and Nancy L. Sousa,
"Analysing R&D Portfolios at Eastnan Kodak: A met hodol ogy based on deci sion
and risk analysis can inprove R& productivity,” Research and Technology
Managenent, Vol. 33, No. 1 (January-February 1990), pp. 27-32.
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l'i kel'i hood of strategic nuclear war.) In any case, this essay argues that
this quantitative approach is nmore applicable the closer we get to the lab
bench, where Congress is least suited to provide direction. And where
Congress is best suited to provide guidance, the approach is |east applicable.

In principle, such an explicit evaluation process also allows
determ nation of the appropriate level of total funding. In a comercia
firm an analysis of this type produces a specific, quantitative value for
expected return on investment. Any firmwith discretionary spending avail able
could fund research projects in the order of their expected return until the
expected return is not greater than what the firmcould receive from say, the
commercial bond market. Perhaps the analogy for Congress is the decision it
nmust make between spending on research to nmeet sone hypothetical future threat
and spending on procurenent to neet a present threat. In practice, commercia
firms are nore likely to decide on sone general level of funding for research
and find the best allocation within that level. This nmight be an absolute
|l evel of funding, so nany dollars a year, or calculated as a type of “tax” on
profits; that is, say, 10 percent of profits will be plowed back into the
research budget. Congress could adopt a simlar approach to help assure
adequate research funds. Congress coul d designate sonme fixed percentage of
procurenent funds to research budgets or designate some floor for research to
forestall raids on the research budget. O course, such formulas will
inevitably be somewhat arbitrary. They al so cannot be permanent; they need to
be adjusted for changes in the threat.

The quantitative, sonewhat nechanical, approach decision support systens
will not work for Congress but that does not nean that Congress nust just
rubber-stanp whatever the Department of Defense suggests. There are
i nternedi ate courses available, between specific direction of particular
research projects and accepting the entire research proposal as presented.
Congress can require that the Departnent of Defense fornulate clear defense

policy or, failing that, Congress can devel op defense policy itself.

At the very least, Congress should be able to review those goals that
the DoD devel ops. It does little good for Congress to make certain that
research is supporting defense goals if Congress does not support the defense
goals thenselves. For exanple, the first of the “major long-termgoals of the
i nvestnment strategy” expressed in the nmost recent DoD Critical Technol ogi es
Plan, listed under the heading “Deterrence,” is the devel opnent of ‘weapon
systens that can locate, identify, track, and target. strategically relocatable
targets.”’ The consensus of four decades of scholarship on strategic
deterrence is that untargetable systens--for exanple, ballistic missile
subnarines- -enhance crisis stability, so presumably systens that make them
targetable detract fromcrisis stability. This particular goal inplies, then,
a relatively greater weight for deterrence through capability for war-fighting
and relatively less weight for deterrence through threat of retaliation.

There are strong argunents on either side of this debate, but whether this
weighting is appropriate or not is a question with which Congress may very
well wish to involve itself.

9 See Critical Technologies Plan, p. 3.
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Wth a statement of policy in hand, Congress can require that the
Departnent of Defense denonstrate how the forces that it wants for the future
will support the mlitary policy and, finally, how its. research prograns will
make those forces possible. That last step is the subject of this essay:
determ ning how research priorities ought to be set to assure that future
mlitary needs are met. In principle, Congress could direct resources to
particul ar research projects. In practice, it is nore effective to relieve
Congress of the burden of having to | ook over the shoul der of” the scientist at
the | aboratory bench and allow those scientists--who are nost famliar with
their work- -to make their own research decisions, but within a context of
priorities approved by Congress.

Congress can do much to clarify discussion of research by specifying
formats for questions and presentations about research programs. The |ist of
questions presented earlier is an exanple of a type of ‘checklist” that could
provide a format for evaluating research prograns. If testinony before
Congress always used a simlar format, then conparisons anong them woul d be
easi er

Al'so, format can influence thinking. The recent Congressional request
from DoD for descriptions of the nmost critical technologies forced DoD to be
explicit about what technologies it considers critical and why. So even
before Congress read the report, DoD had |earned sonething that Congress
wanted it to learn.”

Probably the greatest requirenment for intelligent oversight is
under standi ng the connection between mlitary technology and mlitary
m ssi ons. Such understanding allows Congress, which can render judgnents
about the inportance of missions, to rationally allocate resources to
technol ogy research areas. The “linkages” described in the second annual DoD
Critical Technologies Plan" is a good start on this problemthat should be
mai nt ai ned, encouraged, and expanded.

An explicit statement from Congress of its objectives allows the
research community to try better to reach those objectives. The community can
hardly be faulted for not responding to the strategic goals of Congress if it
does not know what they are. |f Congress could reach consensus on overal
strategic goals, then the Departnent of Defense would find itself under severe
pressure to respond directly by showing how it planned to nmeet those goals.

Cccasionally, Congress may want to specify funds for particular research
areas. The direct approach is to identify particular research projects in
budget line items. Alternately, research funds could be specified for
particular mssions. Such mssion-specific direction often can be

10 A description of the general approach is contained in Les Aspin, “The
Power of Procedure,™ in Alan Platt and Lawence D. Weiler, eds., Congress and
Arms Control (Boulder: Westview Press, 1978).

11 See Critical Technologies Plan, p. 4.
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circunvented in research because the area boundaries are poorly delineated.
Anot her approach is to direct funds to particular organizations or

| abor at ori es. For this approach to be nost efficient, the mssions of the
organi zations or |aboratories nmust match up with the way that Congress wants
to be able to enphasize research priorities. For exanple, if laboratories are
organized by mlitary service, as they are now, it is sinple to shift research
priority from Navy research to Air Force research by shifting funds from Navy
| aboratories to Air Force | aboratories. However, shifting funds from one
technol ogy area to another will be very difficult if the shift conflicts with
the priorities of the Service running the laboratory. It would be easier to
shift funds from one technology area to another if the Department of Defense
had | aboratories organi zed by technol ogy area. The rel ative advantages and
drawbacks of various laboratory organi zati ons has been di scussed in other
recent OTA reports.” Sinplifying allocation of research funds is unlikely to
be the determning factor in organization decisions but it should at |east be
included for consideration.

An inportant objective of Congress’s oversight is to discover problens
as early as possible. To illustrate the challenge of oversight of the
research and devel opment process, we can use a pipeline as a sinple nodel.

In this netaphor, research gets shoved into one end of the pipeline and
mlitary capability comes out the other end. There are many internediate
steps including devel opment, testing, and production. The danger is that, if
we suddenly stop shoving the research in, do the wong research, or do it the
wrong way, then new products will still cone out of the pipeline for years
because of the research we had done years ago. Wen the flow out of the
pipeline finally stops, we mght look in only to see the pipeline enpty for
years to cone. Just as it took years to enpty the pipeline, if we begin
corrective action immediately, it could take years to get the pipeline ful
and produci ng again.

Even if Congress is itself not well-suited to detect problems, it can
require that procedures be followed which will help assure earliest possible
warning of any problens that do occur. Many mechanisns could help alert the
Congress to potential trouble. (The research community is aware of the
danger, so these types of mechanisms are already in place in one formor

another.)  For exanple, Congress could

(1) Require outsider reviewto avoid parochialism This nmeans people from
ot her research groups, outside |aboratories, other military services,
civilians, and other scientific disciplines.!® These outside groups can also
try to find innovative counterneasures to new technol ogi es.

12 U S. Congress, Office of Technol ogy Assessment, Holding the Edge:
Maintaining the Defense Technolgy Base, OTA-ISC-420 (Washington: US. GP.Q,
April 1989).

13 Alvin M Winberg, “Criteria for Scientific Choice,” Mnerva, Vol. 1
(Wnter 1963), pp. 159-171.
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(2) Require clearly defined milestones and consider the research project in
its entirety. Reviews should include conparison to previous long-term

projections of progress. In other words, in addition to review ng progress
over the last year, conpare initial plans with progress over the entire
research project. This will illunminate research areas that are not on track,
expose the project that is ‘just one year fromconpletion” year after year

and encourage nore realistic appraisal. Al so, when research projects fail, a
careful case study could help avoid simlar problens in simlar fields. (But
be careful defining ‘failure.” A research project may seek “to answer the
question, “lIs X possible.” The answer may turn out to be “No,” but that does

not constitute failure.)

(3) Act as the guarantor of research and keep research visible at a high
level. Some research problems will not fit neatly into the mssion of any
particular |aboratory or service. Someone at a high |evel nust nake certain
that these problenms do not fall between the cracks. Another problem of
managi ng research is that its inportance is long-termand greater than its
proportion of budget suggests. Bureaucratic attention, in contrast, tends to
be proportional to inmediacy and dollars at stake. Also the mlitary, which
will tend to worry nore about present threats than potential future threats
will tend to favor procurement over research. Therefore, when forced to nmake
the choice, often wholesale cuts in research will be proposed by the nmilitary
to avoid noderate cuts in procurement. Congress could hel p maintain
continuity in mlitary research and could help to keep research high-profile

Concl usi ons

Setting mlitary research priorities will never be easy. The task has
two parts. One is setting strategic goals. The other is judging which
particular research progranms will best help reach those goals. (Once a
research program is approved, there is the separate task of nonitoring it to
see that it is well run.) Research by its very nature deals with unexplored
terrain so we will never have the pleasure of being absolutely certain of
where we are going or how we will get there. On the other hand, we can reduce
anbi guity whenever we can set explicit goals and agree on explicit criteria.
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