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For many yecars 1l have becen closcly asscociated with
both the scientific and the mconcgerial cspects of research
and development programs, Withia ny Alr Force career
field, I have held fully qualificd speclalty codes as a
"Developmental Engineer for Acrocpace Syctemsh and as a
"Research and Developmeat Officer." I wias a meaber of the
Weapons System Phasing Group (WS-1l7L) waich orizianally
planned many of our present Air Fosce space programs.
Later, whilc assigned to the Cifice ¢f the Secretory of
the Alr Force, 1 scrved &5 & projoct oificer on varicus
space programs with the OSAF's Spccial Projects Ofiice and
subsequently with the Air Force Systems Coamandis Space
Systems Division. I was a payload cagincer, a booster
systems engineer, and the officoer in charge of the milee-
stone and 8choduims prograxn for our nation's topepriority
space satellite system. And, I was thic PERT Qfficer for
the first Alr Force space projoct cuploying this managee
ment and control tecanique and was the Configuration Mane
agement Officer for the space vciicic &0st wicdely used for
USAF and NASA space prograns.

While serving ia those capacitics, I bocame concarned
with the methods of evaluatirz the cffecctivencss of the
research and dovclopment efforts being concucted by and
for the Alr Force =« vhore thse cnly mcasurcrients of performe
ance in cuch non=profit oriontcd pioczranc andeared to b
the anount of varicnce from tusjeecd sghcdulcs ancé cosvts
and the degree o0f suceess ciliidited in achicving projcct
goals when the ¥bird* was finclly fictm. For tiese Tea-
sons, 1 began to review the litoraturc cgarding the
measurenment techniques capleyed withia industsy tTo evaluate
research and dovelcepment €lfosts e Shiniiling that in such @

rofit-motivatcd crnviroxnment, more concxctc cans of ance
gyuns offectivenoss might aave beon devaloped,

After coxplling these cvaluation =mcthods Jor & nunber
of years, I thouzht that othcss wight s20fitc focu Yy owin
research of the applicadle literatursy cid I, tharclore,
wrote & very brief report of ry finiingc, caticlicd ¥Rococaren
and Developaent: Appralsal and Zvaiiuaticun.M Suloccuontliy
published by tho Alxr Fores Inctituce ¢l Toolawonesy'les Scucol
of Systeas and lLogisties &n Noevezter 1970 and éisacminaves

the Dafensge Docimientatics Couter, Tho oopost quiekiy
geined widespread aceeptance o= With Soqucsts Jor its uue
being received frox many diffcront agencics, ineluding:
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(1) the U.S. Atomic Ernerzy Commicsion, as well ac the Sandia
Laboratories, sponzored by the Commission; (2) Departmeant
of Defense orzanizations such as the Institute of Dofencse
Analyses, in conjunction with studies for the DOD's Weapons
System Evaluation Group; the Alr Force Technical Applica-
tions Center of Headquarctoers, USAF; as well as the Air
Force's Office of Scicutific Rescarch, and the Air TForce
Systems Command's Aeronautical Systemes Divicion, Acrospace
Medical Division, and Asrospace Rescarch Laborateries;

(3) eivilian agencics such as the Ecll Telephone Laboratoe
ries, sponsored by the U.S.A., Safeguard Systems Command;
Lockheed«Georgia Company, sponsorcd by KHeadquartcrs, Acro-
nautical Systcms Division; and Aerojet General Corporation,
sponsored by the U,S, &rmy'!s San Francisco Procurcement
Agency; and (4) departments of management within ccademic
institutions such as Indiana University, Chio State Univere
sity, WrighteState University, and many other schools,

The very broad interest in the report was typified by
the statement of one requester, who said, “A document that
coherently summarizes appraical and evaluation techiniques
could be of significant value if used in a consclientioucsly
applied program of raseaxrch cvaluation and regular profes-
sional review." The aighly favorable comments received
after publication of the initicl report prompted me to pre-
pare & more detailed documentation of my findings rezarding
the methods and techniques of cvaliuating and measuring ree
search and development efiforts, Thus, this expanded report
is being published to meet the apparent needs of many organe
izations interestod in the mansgement of secientific and
technical activities. ’

This report, like the previous one, indicates that the
evaluation of scientific pexfermance in the induscrial ene
vironment is beset with many of the same problems that 1
had noted in the non-profit oricnted military climate,
Apgcmtly, no matter what thic R&D environment, the gencral
rule for appraising the potential of proposed research,
measuring the effectiveness of ineprogress activities, and
evaluating the results obtaincd from thicse efforts is simply
the following: "Use quantitative mcthods, wherever appro-
priate, to assist in making qualitative judgments,"

Although litorally hundreds of recference sources wers
reviewed in prceparing this report, 1 found several of
especial interest aad value, &s may bs moted in referring
to my footnote:z citing these sources., Particularly meaninge
ful inputs were obtained from the extensive material
authored by James B, Quinn, as well as by Raymond Villers
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and Walter McFarland, I clso found & wealth of metericl
included in the book on adminigtering reocarcn and devele =
ment compiled by Charlies Orth, Joscpihi Balley, and Franeis

Wolek, and in the handbook on manasiig *n»auuz;al reLsearch
edited by Carl Heyel., &nd, Juwcs Bright'“ tooks oa technoe-
logical innovation were very infommative as was Ddanlel
Roman's text on management of wcccarch and develonment,
Indeed, should any of my readers wish to cupand theis kucwe
ledge of the methodc and techniquec of evaluating rescareh
and development efforts, any of thete citved authors along
with many of those refecrenced in this report would be excele
lent sources of information relating to the management of

¢

0

scientific and technological ac»*?‘t-c,. /
ﬂ /)
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February 1971 James L. Qu_na Lt Col, USATF
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WrightePatterson AFB, Head, Department of Researchn
Ohio 45433 and Communicative Studics
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Abstracet

Rapidly advancing technology and accelerating scie
entific progress have created a dynamic and constantly
changing industrial environment nececsitating ever
greater emphasis on the rescarch and development funce
tion within all organizations. The meacurement and
evaluation of the R& D function is difficult but none-
theless necessary, and many different methods and
techniques have been devised and used to predict and
determine the results achieved from scientific and
technological endeavor,

Ranging across the quantitative to the qualitative
spectrum of methodology, many various means are eme
ployed to appraise, measure, and evaluate research
efforts and developmental activities, Variables which
affect the selection of a particular method for analysis
include such considerations as the type of research
agency involved, the level of the research effort, and
the stage in the developmental life-cycle of the re-
search to be evaluated, A method which might be quite
appropriate under one sot of variables might be come
pletely inapplicable under another set of conditions,

This document reports many of these means of analye
sis actually employed in measuring and evaluating re-
search and development, and it classifies these methods
and techniques as to thelr applicability for pre-appralsal,
ineprocess mecasurement, and postecvaluation, The report
concludes that, although the quantitative and qualitative
methods are at the opposite ends of the measurgment
spectrum, & successful R& D manager will use quantitative
means, “henever appropriate, to assist him in making
qualitative judgments and decisions,

vii



RESEARCH AND DZVELOPMENT

A CATEGORIZATION OF
THE METHODS AND TECHNIQUES OF
MEASURING INDUSTRIAL R & D ACTIVITIES

I. Introduction

Ours has become a dynamic and changing society.
Rapid technological advances and new scientific dis-
coveries have changed the face of our economy. New
products, markets, and demands have altered the struc-
ture of our industrial complex. Within this dynamic
pattern, more and more companies and industries have
come to realize that:-their blace‘in this structure
depends upon their adequately meeting the changing
requirements. To improve, indeed even to maintain,
their relative position within the economy necessi-
tates an emphasis on the technological aspects of their
operations. Thus, increasingly greater attention is
being focused upon the research function of their
organizations and the results Wwhich may be obtained
from industrial research and development.



II. Evaluation of Research Activities

Industrial research activities have become of ever-
increasing importance to the vitality and growth of our
economy. One authority has stated, "Many companies and
many industries realize today that technology is an
important raw material in their operations. . . . The
effectiveness of industrial research can affect a com-
pany's competitive position, its future growth, its
employee relations, and almost everything else connected
with what the company does. "} Another has said, '"Today's
research determines tomorrow's growth. Industry position,
profits, and research are inseparable in long term plan-
ning for corporate growth. . . . This industrial growth
and development is based upon research."2

With these facts in mind, industry has given increas-
ingly greater support to research efforts. Almost all
major corporations and many industry associations have
established research facilities of unprecedented magni?
tude. Industry has funded much of the research conducted
by private research organizations and academic institu-
tions and has established special facilities to evaluate
the potential commercial applications of the '"spin-off"
from various research conducted and sponsored by the
government. '"'Research has become a mighty industry in its
own right -- perhaps the key industry of our econo.my."3

Huge sums are being spent annually on research
endeavor. Compared to the total research expenditures
of little more than $100 miliion in 1928 and only §$300
million per year immediately prior to the Second World War,

N



o gt o

g e e et

research expenditures in the decade of the 1960's exceceded
a rate of $12 billion annually -- approximately two per
cent of our gross national product4 -- and they should be
substantially greater in our present decade. Although
more than half these expenditures arec funded by the Federal
Government, funds contributed by industry amount to almost
two per cent of the net sales realized by companies per-
forming research and development.5 Estimates have been
made that technological advances resulting from research
endeavor account for 90 per cent of the impressive increase
in United States productivity or output per man-hour while
only 10 per cent is attributable to increases in capital
formation?

Raymond Ewell of the National Science Foundation has
estimated that the economy has earned a yield of from 100
to 200 per cent a year from its investment in research
over the past quarter of a century;7 James B. Quinn of
Dartmouth's Tuck School of Business Administration pointed
out that our annual, expenditures on research far exceed
the total amount sperit from the birth of the nation to
the Great Depression;8 and W. D. Seyfried, Manager of Re-
search for Humble Oil and Refining Company, stated that if

~the present trend should continue, spending over the next

five years could be greater than $100 billion.? The
latter prediction, made in 1963, has been borne out by the
evidence of our times.

Although some people discount the totals now being
expended as being overstated because of inflationary re-
search costs and broadening definitions of research classi-
fications, others contend that the expenditures are in fact
deflated because of the greatly increased scientific

Ca



productivity which has resulted from the usc of more
highly qualified research personnel and of greatly
improved test equipment and moderan computers.lo Regard-
less of which is true, the in¢rease in outlays for
research and development has been tremendous and the
rate of expenditures will continue to accelerate at an
even greater pace in the years to come.

Difficulty of Evaluating Performance

The vast amount of money being spent anrually on
research efforts emphasizes one of the most important
problems inherent to research organizations -- that of
determining some means of evaluating or measuring the
performance of the research function. Robert Tannebaum
of the University of California's Institute of Industrial
Relations described the problem as follows:11

Today, millions of dollars are being spent
on research and development work. Individuals,
isolated research teams, and large-scale labor-
atories are working toward the development of
new ideas and methods. When such large sums of
money and numbers of people are concerned, the
sound formulation of objectives and careful
evaluation of progress toward these objectives
become of increasing imnortance. However, the
formulation of objectives and the evaluation of
performance in the research and development
field have involved so many intangibles that the
evolution of useful guidelines has proven to be
most difficult.

This position is substantiated by Edward B. Roberts,
in his book, The Dynamics of Research and Development:12

These intangible, imprecise, and uncertain
factors prevent charting the accomplishment of
a significant research and development undertaking.
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Board, Nestor Terleckyj and Harriet Halper found that:

« + o« Attenpts to apply standard control and
evaluation techniques to the research program
have proved very disappointing. . . . The
problems involving measuring and responding to
progress in a research and development project
.« « . arise out of the inapplicability to
research and development of existing control
methods. . . . Project managers continously try
to state what progress has been made, but no
necessarily relevant measurements are available
to verify or deny such statements.

This appears to be the crux of the problem. "By its
very nature, research is the business of getting disorgan-
ized."13 Because of this, the research function (and the
effects achieved therefrom) tends to defy measurement.

The imperspicuous and chimerical nature of measuring re-
search performance is cited in virtual unaniminity by all
authorities on the subject.

Herbert A. Shepard, in describing the dilemmas of
industrial research and the inapplicability of traditional
methods of measurment, stated:14

Probably no other branch of industrial

activity causes so much managerial unrest and

uncertainty as does research and development.

The concern is due largely to the enormous diffi-

culty of evaluating the laboratory's actual and
potential economic contributions to the firm.

In a study for the National Industrial Conference
15

Although some limited information exists
suggesting that the relationship between research
and development, on the one hand, and growth,
productivity, and profits of industries and com-
panies, on the other, is positive, no quantitative
measures of R&D payoff have as yet been developed.

In view of the diversity of R&D operations
and the lack of any identifiable product unit, it
should be clear that no general measure of output
of R&D can be devised at present.



In discussing the general uncertainty of the inci-
dence of exploitable research findings, Ralph E. Burgess,
a leading consultant, noted, '"This vagueness makes it
difficult to measure the gains from past research, to
determine the proper scope of current effort, to estab-
lish a cut-off point for projects that appear fruitless,
and to anticipate future gains."1 After a detailed
study of management controls in industrial research
organizations, Robert N. Anthony concluded, '"There
seems no way of measuring quantitatively the performance
of a research laboragpry. Competent persons are general-
ly reluctant to rate the performance of various labora-
tories on any basis."!? His findings were further sub-
stantiated by the results of a National Science Foundation
survey which found that less than a quarter of 200
companies interviewed reported any formal methods of esti-

mating research results.18

Typically, research results are difficult to predict,
projections of intended results are usually of insuiffi-
cient accuracy to serve as standards of performance, and
actual results are frequently quite different from those
planned. Often the only results obtained from many re-
search programs are an increased knowledge of the subject
area, the formulation of new ideas, and an improvement of
research techniques -- all admittedly of an intangible
nature. Further, the fruits of research may not be real-
ized until some distant future date. Because the parti-
cular application of some gifen research results may lie
dormant for decades, the full economic impact and return
on investment may not be realized until many years after



the rescarch program was periformed. Summing up tiacse
problems, James B. Quinn said, "Comparing iatangible
results with inaccurate forecasts caa only yield nebulous
conclusions.“19

Necessity for Measuring Effectivencss

Although there is almost uiiversal agreenent as to
the impossibility of measuring or cvaluati )
function, all authorities on the subject al t
the necessity of doing so -- simply Dbecausec of tie rapidly
growing expenditures for rescarchi and because ol tihe {ac
that, if companies are to continue to invest huge sums in
research and assume the risxs of supporting si:ccal

search programs, they must xnow waetier taciy Junds are
being used effectively and whether tiae reseavcn outpu
justifies the cost.ZO

50 agrce as

More specifically, the company manugement wants to
know whether the researca invesimcnts arc wortiawiile at
all, how the returas compare witi those which could be
realized from alternative investments, and wicticr tie
effort is maxinumly effective. The managcment cesires
to judge the past periormance or output o: rescarcii in
manner which will provide guidance f{or ifuture rescarca

and operating effort.z1

3]

Going even further, the rescarca director of one o7
the nation's largest companies coatends that rescarch it-
self is of little value if its results cannot be :ncasurcd:2

2
L 3

In the professional worx oi the =
scientist, mcasurement is an osscential
A theory of nature is not truly cescri
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it becomes quantitative, nor is a scientific ob-

servation fully meaningful until numbers can be

assigned with the phenomena under study. [Meas-

urement of the functional work of scientists]...

are of necessity if scientific research is to

grow in magnitude and contribution to American

industry.

The somewhat excessive number of quotations given
in the preceding paragraphs represents but a few of many
that could have been cited to illustrate the generally
broad consensus held by most authorities on the research
and development function: first, that the evaluation
and measurement of research activities is complex and
difficult; and second, that it is nevertheless necessary.
Granted these two points, the question arises as to how
the effectiveness of research performance can be measured.
This brings in a variety of other factors which must be
considered, such as the nature, the types, the levels,
and the stages of research to be evaluated, interwoven
with considerations of the most applicable methods of
evaluation and the effects of evaluation upon the research
personnel involved. Although the primary focus of this
paper is on the evaluation of industrial research and
development, these broader areas will first be addressed

before returning to the main topic of interest.

Nature of Research

Research is systematic investigation designed to
seek answers to questions or solutions to problems;
Although the word itself suggest a re-examination or a
repeated search, the following provides a better under-
standing of its meaning:
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What, then, is research? It is not mere

RE-search (although plenty of that has to be done);

it is more than hashing over the work of others.

It is re-SEARCH, fresh inquiry into and seeking

for something new and perhaps better, despite the

fact that '"better" is a value-word, and therefore

tabu in some academic mores. Here originality

comes in,

Research is purposeful, objective, and systematic
analysis, distinguishable from informal observation by its
conceptual methodology. The research method is purposive,
for it is the planned seeking of answers to specific
questions or problems. It is objective, for it minimizes
bias and prejudice in its processes. It is systematic,
for it is carried out step-by-step to follow a well-defined
plan., And it is analytical, for it reports conclusions
based upon the principles of logic rather than a summary of

unclassified facts.24

Levels of Research

The levels of research may be broadly categorized as
pure, basic, applied, and deﬁelopmental research. Pure
research is fundamental inquiry. It is largely un end in
itself, gathering facts for the simple reason that facts
are worth gathering, and unconcerned whether or not the
facts are of immediate use in solving an existing problem.
Pure research simply seeks to add to the accumulation of
knowledge and understanding by providing answers to general
inquiries. Basic research, on the other hand, investigates
broad questions, and seeks to provide answers that may be
applicable to many and varied practical problems. Although
its findings are generalized, they may be practically
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applied to various situations. Applied rescarch differs
from basic research only in its specificity of investiga-
tion. It is used to study a specific question or problem
area (which may be either simple or complex) in order to
provide solutions which have immediate and practical
applicability. Developmental research is the last stage
in the chain of incorporating more basic research findings
into operational practicality. Its purpose is the resolu-
tion of any final probelms standing in the way of actual
application of the research findings into a usable product.

There is no clear line of demarcation between the
various levels of research, for one may lead to or blend
in with another. What is defined as pure research may in
actuality be basic, and what is designated as basic may
really be applied research. Especially hazy is the bound-
ary between applied and developmental research, for these
two are often considered as synonomous. The problems of
classification of research levels are illustrated in the
following two statements: p

We define basic research as the searca for
new phenomena and relationships in nature and
applied research as the exploration for and crea-
tion of product possibilities out of science and
technology. We are excluding development and
engineering from our considerations because we
assume that when a project reaches the development
stage, the worth of the research has already been
established. We must remember, however, that
basic research, applied research, and development
and engineering form a continuum. Thecy are often
carried on simultaneously in such a manner gg to
prevent simple classification of a project.

The phase which occurs earliest in the devel-
opment cycle is pure or basic research. Its

25



result 1s creation of new xnowledge, wnich, in

the physical scicnces, is coacerned witih struc-
tural and dynamic properties of mutter. It is the
process of creating matncmatical cquaticns and/or
experimental procedures waich explain observabie
(man-made or nature-made) phenoieha.

Applied research, which follows, is the appli-
catiun of knowledge to the solution of previousiy
unsolved (usuaily generic) problems. T can
either be device-oriented . . . or it can be¢ tech-
nique-oriented. . .

The fact that the legree of uncertainty (of
the outcome of a proposed projcct) can vary over a
wide spectrum gives rise to a major difficulty in
defining clear-cut separation between applied ve-
search and activities which precede and foliow it.
At one extreme, it is not uncommoa to find applied
research proposals whose outcome is so uncestain
as to require, in fact, creation of new xiowledge
and which should, therefore, be recognized as basic
research. . . . Confusion as to the true nature o7
applied research occurs most Jregueatiy at tae
other end of the spectrum of uncertainty, where i
may be confused with a later stage in the procuct
devolggnent cycle, which is called product deveiop-
ment.

r
f'

These two statements -- the f{irst by G. X. Teal and
the second by I. H. Ansoff, both recognized autiioritics on
the subject of research -- clearly illustrate the probzcm
involved in tryiang to classif{y the levels of research
effort.

Categorizing the Levels

The degree of uncertainty of the results of research
appears to be the basic criterion for categoriziang the
level of research cffort. At one end of the spectrum of
uncertainty is fundamental research and at tie other oand
is developacntal research. Based oa this spectruam, James
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R. Bright has identified technical innovations as falling
into one of the four following categories:28

Routine Improvements . . . are minor engi-
neering changes in which the technical knowledge
for design, implementation, and application are
known and predictable. No research is required;
nor is exploratory development needed.

Major Advances . . . are substantial changes
in which the technological direction and needs are
within the ''state of the art,'" although not pre-
viously performed. . . . The necessary technology
is identifiable and seems to be achievable. The
technical program can be designed and planned with
some certainty. Little new scientific knowledge
is required, although engineering development will
be needed to resolve the design details.

Technological Breakthrough . . . involves a
radical change or improvement that requires new
scientific knowledge and consequent development
work. Applied and, possibly, basic research is
necessary. The technological answers seem to be
feasible, but are, for the moment, unconfirmed or
unknown.

"Blue-sky" Projects . . . are technological
proposals in which the means of accomplishment or
the end results are largely unknown. Substantial
new scientific knowledge and consequent engineering
knowledge is required. Basic research and applied
research is indicated. There is generally a com-
gounding of many technological uncertainties in

nowledge, equigment needs, and results. Therefore
predictability is very low.

Yet another author has segregated industrial research
activities into the following project categories:29

Pure research, i.e., direct research or ex-
perimentation on general problems having no parti-
cular connection with the various products currently
being manufactured by the plant.
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Projects directing experimental or develop-
mental effort toward the creation of new processes
or new products or groups of products currently
being manufactured by the plant. . .

Projects directing experimental or develop-
mental effort toward any improvemcnt to a specific
product already being manufactured by the plant or
an improvement of an existing process. . .

All further work beyond the developmental
stage necessary to get a new product, model, or
item of equipment ready for normal production and
sale.

Projects for the purpose of designing and
constructing new types of equipment or improvements
to existing equipment which shall be used in our
manufacturing processes and which will effect a
change in any existing process in the plant.

Interrelationships

Although the majority of present research expenditures
are made in the areas of applied and developmental re-
search, it is important to remember that all levels or
categories of research are needed, since €ach contributes
to the improvement of understandibg and practice. Though
more importance may be placed on one type of research over
another in a given time or place, advancement in technology
can easily be retarded if one type is emphasized to the
detriment of another. All are interrelated and support one
another: pure research often reveals new facets of under-
standing that have important implications to the solution
of practical problems, and applied research frequently
provides essential data which opens up new vistas for pure
research inquiries. Thus all levels of research are needed
and must be jointly conducted for progress to be achieved.30
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Implication for Lvaluation

Assuming that the spectrum of uncertainty ranges
from a great deal of uncertainty at the lower end of the
spectrum to a fairly high degree of certainty at the
upper end, then the principal implication for evaluation
of research performance lies in the fact that research
results may be measured with some degree of confidence
at the upper end of the spectrum (i.e., in the areas of
greater certainty) whereas at the lower end (i.e., in
the areas of greater uncertainty) the measurement of
research effectiveness becomes progressively more diffi-
cult.

Thus, developmental research, falling within the
upper end of the spectrum of uncertainty, is closely con-
cerned with producing a product whose output may be
reasonably well compared to the inputs required to produce
the product. For this level of research, more quantita-
tive means of evaluation may be effectively employed. In
the absence of a profit-motive (s‘uch as the research per-
formed by or for governmental agencies), the item which
is produced may be evaluated against its design specifi-
cations to determine the effectiveness of the research
effort., When the developmental effort leads to a good
produced for sale, the resultant profits may be further
quantitatively measured against the development costs to
determine research effectiveness. On the other hand, the
fundamental levels of research, falling within the lower
end of the spectrum of uncertainty, remain more difficult
to measure, and qualitative or subjective yardsticks must
be used to evaluate how well the research effort has
succeeded,



Types of Research

Many various types of researvch effort arc conducted
by many different agencies and organizations, bDut most
research endeavors could be inciuded under the following
categories: research conducted dy or {or tihe jovernmeat
on defense neceds and on health, welfarve, cenvivonmental,
and relatcd programs; rescarca conducted by busincss
enterprises to maintain or advance thcir competitive posi-
tion or prestige within their given industry; and rescarcha
conducted by universities, non-profit iastitutions, and
private research organizations for any of these purposes
just cited or, simply, to increase and broaden basic xnow-
ledge.

Government

Approximately half of the totai rescarch cxpeaditures
within the nation are made by tiae government. A large
proportion of these government cxpenditures are primarily
for defense and space researci, bﬁt an increasingly
greater amount goes to other arcas ol researcii, such as
atomic energy, food and drug, agriculture

and jorestry,
natural resources, public health, and similar areas of

domestic concern. Although aucih of tae goveranent-financed
research is performed within goverameat laboratories, a
great deal is done by non-profit research institutioas and

by colleges and universities. Ia fact, one survey revea.ed
that almost three quarters of tie funding Jor rescarch o
academic institutions came from the Federal government. !

Although student protests within recent years against
the involvement of educational institutions in goverament-



sponsored research programs have resulted in the curtail-
ment of such research by some universities, it is still

expected that most of the institutional research efforts
will continue to be government-funded within the foresee-

able future.

Academic Institutions

One study has revealed that colleges and universities
are expending nearly $1 billion per year on research efforts
of various types. Most of the pure and basic research
within the United States is conducted by academic institu-
tions, with about half of their effort being devoted to the
pursuit of fundamental knowledge.32 Many institutions have
established bureaus of research that conduct applied and
operational research for individual firms within industry
and for trade associations. A portion of their income from
such projects is used tc finance pure and basic research
conducted by individual faculty members of various depart-
ments. In more recent years, extensive use has been made
of research organizations established separately from the
academic institutions, either as mere extensions of the
institutions themselves, or as quasi-independent bodies or,
even, as separate legal entities, receiving funds primarily
by selling their services to the government, business enter-
prises, and foundations.33

Private Organizations

Private research organizations, ranging from non-profit
research institutes to research coasultaat firms, expead
approximately $100 million per year on research efforts,
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54 [Although often included in

according to one estimate.
this category of research organizations are the various
‘business and industry associations that conduct some
research projects, they are more appropriately listed under

industry research efforts.]

These private organizations, whether they be non-profit
or commercial, depend upon clients for their business, and
they sell their services to governmental agencies, educa-
tional institutions, and business firms. Their orientation
may be toward fundamental scientific research; they may be
oriented toward applied and operational research; or their
concern may be with national and economic research. However,
most of the endeavor of the commercial laboratories is of
the applied and developmental research level, while that of
the non-profit institutes lies at the other end of the

research spectrum.35

Industry

)

Research expenditures by industry account for nearly
half of the total research expenditures within the nation.
Although something like 95 per cent of this funding goes to
applied research and development, the remaining amount
expended on basic and fundamental research nearly equals the
amount funded by academic institutions for the same purposc.
Although much of this basic research within industry is per-
formed in company research organizations, a significant
amount of the industry research funding goes to research
conducted by employer associations, private organizations,
and academic institutions.>®



Implications for Evaluation

The principal implication,concerning the evaluation
of research effectiveness, of the types of agencies which
conduct rescearch is essentially the same as that arising
from the spectrum of uncertainty. The more basic the
research performed by academic institutions, some govern-
ment laboratories, and a few business enterprises, the
more subjective or qualitative must be the means of meas-
urement of these research efforts. On the other hand,
the applied research and development efforts, falling
within the more certain end of the spectrum of uncertain-
ty, may be guaged by more quantitative methods of evalua-

tion.,

Stages of Research

The stages of research are what has often been calied
the developmental cycle -- running from initial consider-
ation of proposed research through in-process activities
to the completion or termination of tihe project. Many
tend to confuse the stages of research with the levels of
research, thinking that the proposed research stage is
akin to the fundamental research level, that the in-process
stage is comparable to the basic or applied research level,
and that the completion stage is similar to the develop-
mental level. While fundamental research often leads to
the development of products, this should not be confused
with the life-cycle or stages of progress of research
efforts in the developmental cycle. Any research projcct--
be it fundamental or developmental--usually goes throughn
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a cycle of activity stages, initially coamencing with
consideration of thc proposed rescarch and ultimately
concluding in some sort of research resuits.

To determine how effective is tae research effort
of organizations, some means of evaluation nust oe
employed to measure the research program at tae various
stages of their developmental life-cycles. As one
authority has stated, '"Evaluation of any activity _sca-
erally implies that there is a predetermincd sct oJ
values or philosophy that will serve as a critewrion in
making the evaluation. And evaluating a procduct rescarca
program is no exception.“37 Thus, technicues ior re-
search evaluation must relate to these predeterained
criteria.

Implications for Evaluuticn

Techniques for pre-appraising proposed projects are
primarily concerned with establisning a set o vaiues
and criteria to assist in the evaluation and selection o
of alternative research proposals and against wiici suo-
sequent effort and results may DC mECASUTCC ORCC & 0, ¢Ct
is inaugurated. Techniques for evaluating in-process
activities normally attempt to measure tihe curreat status
or degree of completion of research efforts against
criteria initially planned for the various points in tic
developmental cycle. And, techniques for post-apprai
projects try to evaluate the effectiveaess of rescas
results viewed in the light of the pre-establisiced g
and criteria. These techniques of e¢valuation range
across the entire spectrum of methodology -- {rom tie
qualitative to the quantitative ends of the spectruam.

O €6 »
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Methods of Evaluation

Although there are many different methods of evalu-
ating research potential, performance, and effectiveness,
they may be grouped into three basic categories -- quanti-
tative, qualitative, and some combination of the two.

Quantitative Methods

The quantitative methods typically usc mathematical
equations or models coupled with dollar evaluation (when
available) to arrive at some figure which describes the
merit or effectiveness of research efforts; '"...they
range all the way from simple formulas -- which use com-
pany profits for a given period of time as the numerator
and research costs as the denominator -- to more sophis-
ticated approaches involving present worth and discounted
cash flow."38 They attempt to measure the contribution
of the research program by means of mathematical equations
relating to the profits from rescarch created, improved,

or cost reduced products, techrniques, processes, materials,

or, even, good-will, and to the savings engendercd from
costs avoided or income received from royalties.39 These
are compared with the costs of operating the research
function, and these comparisons, in turn, are often com-
pared to similar data on other research organizations.40

Proponents of the quantitative methods of analysis
claim that sound, objective formulas numerically present
the most accurate possible estimates of research costs aid
returns and that, in simplifying the details of research
programs into ~asily understood dollar figures and ratios,
they help gain the support of top management for research
efforts.



Opponents of quantitative measurement devices cite
many difficulties in their use: It is often impossible
to correlate costs with performance and one research
organization with another, because of differences in
accounting practices, size and functions performed,
terminology used, or, simply, the absence of valid data.
Quantitative methods can, at best, be used only to a
limited degree for appraising research projects; oiten
the data needed for the formulas are of such questionable
accuracy, or unavailable, that the results are of little
value. The time-consuming characteristics of some of the
more éophisticated techniques often outweigh any advan-
tages gained by their use, and the rigid application of
inflexible formulas frequently gives misleading results
which careful judgment would not have done. Since the
elements of the formulas themselves must be determined by
individual judgment initially, then it would scem that
judgment alone is adequate without resorting to the use
of complex and time-consuming quations.42

The opposing views toward the use of guantitative
methods of evaluation are not totally irreconciliabile.
Within each group of statements there may be found sonc
items of merit which, when considered in relation to tue
variable dimensions described by the levels of research
effort and the stages in the developmental cycle, might
be summarized as follows: The quaantitative metiiods arve

- best used in the applied research and deveiopmental ead

of the spectrum of uncertainty. Their use for evaluating

pure and basic research efforts is of questionable vaiue,

as is their use in measuring the perforimance of non-proiit



motivated research endeavor. And, they are normally of
greater value in the post-appraisal stages of research
evaluation than in the pre-appraisal stages where greater
uncertainty of data is prevalent.

Qualitative Methods

Because of the weaknesses cited in the use of quanti-
tative methods of evaluating research efforts, many
organizations heavily rely on qualitative measurements or
subjective judgment. Qualitative evaluation is usually
the result of a composite judgment of qualified and re-
sponsible management and research personnel arrived at
through logical but nonmathematical procedures and devices.
Such procedures normally consist of a tiered or pyramidal
layer of appraisals by all concerned with the research
function. Judgments, based on personal experieace and
"feeling for the situation," arrived at through day-to-day
technical management activities and periodic formal
reviews, are used to evaluate the ,research effort. Often,
certain semi-quantitative yardsticks, such as conmparisons
with the results obtained by competitors or by otners
within the organization or with the relationsaips of
achievements to stated objectives, are eaployed to sup-
port qualitative appraisals.

The advantage of qualitative methods is that they
rely on the judgment of experienced and responsible re-
search personnel and thereby avoid some of the pitfalls
of the more inflexible quantitative measures. However,
if qualitative analysts completely ignore the use of
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appropriate numerical data wiiich could be useiful in eval-
uating rescarch cffectiveness, ticy bypass imnortant

tools which could be used to sharpen thcir subjective
analyses, In fact, by merely formulating subjective
3 ors which

judgments, qualitativists weigh many of the Jact
. o . 45
are included in quantitative analysis.”
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In summary, the qualitative metnods arc bes
to evaluating the fundamental end of tie resca
trum. They can be used to advantage in measuring tie
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products of research such as publications, and tic non-
profit motivated type of research sucn as that concucted
by government laboratories. They may alsc be of greater
value than quantitative methods in the pre-appraisal
stages of the research developmental cycle.

Combination Methods

Obviously, the quantitative vérsus the qualitative
methods are at the opposite ends of the measurement
spectrum. Variations of onc or the otiaer, or combina-
tions of the two, ere normally caployed. The use of oxne
may be tempered by the use of the other. The somewihat
obvious advantages of the use of combination mcthods of
analysis will be further discussed later in this paper.
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III. Evaluation of Industrial Research Endcavor

In reviewing the literature relating to the evalua-
tion of industrial research efforts, it was noted that
statements were often made that, "our company uses the
XXXXX method for appraising its research programs,' or
"we've found the best technique to evaluate our R&D
is XXXXX.' Seldomly did these authors state where in
the developmental cycle was their particular method of
evaluation employed, nor for that matter at what level
of research effort was the means of measurement used.

In an attempt to crecate some degree of order in evalua-
ting the dificrent methods and techniques employed for
egiuating of industrial research efforts, these various
means have been classified as to their applicable use

at various points in the developmental life-cycle; i.e.,
the methods have been classified as to their applica-
bility for pre-appraisal, in-process measurement, and
post-evaluation.

Pre-Appraisal

Widespread use of both quantitative and qualitative
methods of evaluation are found for pre-appraising alter-
native research proposals.

Some of the more qualitative metiiods are concerned
with such fundamentals as linking proposed research to
company goals. For instance, the assistant vice-president
of research and engincering for one of the nation's most
progressive electronics firms has stated: 44



The heart of the problem of seiecting
worthwhile research projccts in an industrial
laboratory is matching rescarch to company
goals. Company goals should take advantage
of economic, social, and technological trends
and be based on considerations such as manage-
ment's aspirations and the company's maturity,
economic condition, and capabilities in all
aspects of creating, making, and sclling
products....

To be considered wortiawhile, a project
must have the following general characteristics:

l. It generates good industrial tech-

nology.

2. It produces new product ideas or ideas
for product improvement.

3. It enhances company prestige in the
scientific community.

4, It has a reasonable probability of

success.,
5. It challenges, extends, and trains

technical personnel project leaders.
6. It has the enthusiastic support of a
project manager.

Another company vice-president for research and
technology established the following criteria for consid-
{
eration in evaluating research proposals:45

Criteria: Will the results of the project,
assuming success in the research phases, pro-

duce--

l. A saving or increase in profits com-
mensurate with the anticipated cost of research
and development?

2. An improvement in quality essential to
the maintenance of the company's competitive
position? :

3. An increase in the volume of business
on currently produced items commensurate with
the cost of the research and development?

4. A substantial improvement in consumer,
customer, or government relations?

5. A new product?



If a new product: Will it be--

1. Onec that fits logically into the com-
pany's existing lines of business?

2., One for which there is an anticipated
market demand?

3. One for which raw materials are
available?

4., One which can be manufactured and sold
profitably over at least a normal payout
period?

5. One that can be produced with existing
plant facilities; or, where new facilities are
required, one where the capital investment and
resulting depreciation charges are not excessive
in relation to the wlume of business and sell-
ing price than can be anticipated?

6. One for which the company possesses
the manpower and facilities to develop, manu-
facture, and introduce?

7. One for which the development and in-
troduction costs can be amortized in at least
a normal payout period?

8. One upon which the return on investment
can be estimated with reasonable accuracy?

9. One which the company is financially in
a position to develop and introduce?

Along similar lines in regard to the consideration

of the development of a new product, another author lists

the following questions to be answered:46

1. What reasons are there for moving into
the new type of business?

2. What is the relative status of present
products?

3. Which new markets are most closely re-
lated to those now being reached?

4. What is their expected rate of growth?

5. What is the status of competition in
the new business?

6. Are there needs that are not being met
by available products?

7. What are the capital requirements for
getting established ?
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8. What arec the recuircments for success
in the new business?
9. Are we properiy stafied in kind and
number to manage a successiul new pusiness?
10. Should expansion taxe place through
acquisition or by developing our own products?

One resecearch consultant suggests tiic use of a Checx-
list approach by which each proposal should be subjected
to rigid tests to determine technical fcasibility {rom
an engineering and manufacturiag veiuyo nt, ts market-

i
ability based upon customer tastes and distributive
requirements, and its profit poteatial based on projected
sales volume, price, cost of production, and cost and
availability of capital. In his checklist he includes
many different factors and lists the probable source of
information on each of these factors. The major hcadings
in the list of factors include: researcii proper, pro-
duction, customer's specifications, poteatial denand,
scale of plant, location of plant, operations, competi-
tion, pricing to achieve objectives, capital require-
ments and profits, relation to long-term plan, e¢frect o1
change on.process research, measuring gains, financing
capital requirements, and risk. Tae major sources of
information for these factors include: research, engi-
neering, market research, economic research, manufac-
turing and sales, new product development, traffic, ac-
counting, budgeting, and treasurer.47

James R. Bright goes into considerable detail in
his relatively recent book on technological innovation in
discussing the appraisal of the poteatial significance
and possible risks in technological innovation. He
presents detailed listings of various considerations in



cach of these arcas. One listing, relating to conditioas
for acihieving ccoaomic value froam potential technological
advances, includes under areas of consideration the effects
on product performance, effect on tiae inputs required to
produce or support the innovation, effect on users, and
effect on economic society. Another listing relating to
risks in innovation includes checklists of risks in
technical areas, including scientific, engincering, and
production risks, risks in marketing areas, interference
risks, timing risxks, and obsolescence risks.

In general, then, the criteria for pre-appraisal of
contemplated research programs include a measure of eco-
nomic potential, taking into account sales and profit
potential, return on investment, and intensity of compe-
tition; along with a measure of marketability or customer
acceptance and a measure of technical feasibility, taking
into account technical obstacles, cost of rescarch, time
span required for research, and the possibility of obso-
lescence brought about by the introduction of a competitive
product.49 ‘

Despite the previously discussed limitations of the
use of quantitative methods in the pre-appraisal of re-
search projects, many companies use various formulas to
either determine or to assist in determining the poteatial
value of the proposed program. One of tie better known
equations is the '"index of Return Formula" devised by Fred
Olsen of Olin Industries. '

EVR X  ECS
ECR

IR =

N

(&3]



where:

IR = Index of Return; which determines
whether a project is worthwiaiic or
should be abandoned.

EVR = Estimated Value of Research, if it
succeceds; the summation of the full
value of savings {or one year for o
process improvemeat plus 2 per cent
of the sales value for two years of
a product improvement plus 3 per cent
of the sales value for five ycars for
a new product.

ECS = Estimated Chance (or probability) of
Success.

ECR = Estimated Cost of Resecarch.

Experience has shown that the index of return should
exceed the value of 3 before the project is coasid-
ered worthwhile and the project should be abandoned
should the index fall below 3. The percentages and
time periods for the EVR term are arbitrarily
assigned and have been changed in the years since tac
formula was irst applied.

A variation of Olin's Index is tae Milicr Variation sug-

gested by Theodore Miller, which uses as a numerator the
product of the following:SI.

(Percentage chance of techaicai success) X
(Percentage chance of commercial success) X
(Estimated unit sales per year) X
(Profit per unit) X
(The square root of the life of tihe product
stated in ycars)
The formula yields a "product number" which is uscd
as a basis for comparing various rescarcih proposa.s.
A formula described by Ralph Manley of General Mills
is used as a guide to the amcunt of nciey tiaat a company
can afford to spend on researcii leading to a new deveciop-
ment:sz

R = 2 (0.01 YNS - P - W)
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where:

R = rescarch and development costs before
taxes,

P = plant investment,

W = working capital required,

Y = rccoupment period (period in which
costs nust be recovered),

S = annual sales volume of new product, and

N = ainimum acceptable net profit on sales.

Using representative rigures provided by General
Mills, a $§1 million plant (P) produces $1 miilion
worth of goods per year (S); to run such a plant,
$0.5 million working capital (W) is required; the
payout period (Y) is 5 years; the minimum return

on sales (N) is 6 per cent; 50 per cent of research
and development costs are tax-deductible (the factor
2 in the equation). The computed amount that can be
spent on research (R) is $§600,000.

G. K. Teal, Assistant Vice-President of Research and
Engineering for Texas Instruments, described an Index of
Research Effectiveness used to quantitatively evaluate
research projects. The index is the product of four
other indices:

Index of Return on R & D s N/ 25 S
where:

N = Net profit during the life of tiic re-
sulting product.

S = R &D costs.

25 - Takern from statistics on return oa R&D
collected by the National Scieace
Foundation.

Index of Return on Assets = N / 13.5% A
where:

N = Net profit during the life of the.re-
su.ting product.

A = Asscts which were reguired.

13.5% - Based upon a judgment that a worthwhile

product should make possible a favor-
able return of 13.5¢%.



Index of Dollar Volume = b/ (8/25)
where:

b = Billings made possible by the
product.

B = Total billings during tae product's
lifetime.

25 - Bascd upon a judjuent U
wiiile product siould mase
a 4% increcase ia total annuul b:l
lings.

.C

Index of Market Capture = o / (M/Z)
where:
b = Billings made possible by the produc
M = Total availabic marset,
2 - Based upon the judgment that a worti-
while product should capture /2 of
the total market.

to tain an
or ¢f one or
reu a worti-

o]

I1f, when multiplying these four indice
index of research effectiveness, a {a
more is obtained, the project is consi
while investment.
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The Calculated Risk Basis Formula is uscd to compute
a project's rate of return to be measured against a
standard which states an acceptable return:s4

1
D[P (1]

i=20
R =
b5 (oi)
i=0
where:

I; = Net estimated income {rom tic project's
results ia any i3ia yveur,
n - The last yceadr 1a 'b\ol¢tu LRCO0mMeS LT
expected,
Probability of receiving the ity income,

v
.

w i,



Oi =. The net incremental investment out-
lay in any ith year,

i = The'year hence in which the income
or outlay will occur, and

R = The project's rate of return on total

funds invested.

The Unadjusted Return Technique makes broad calcu-
lations of a project's potential return versus its costs.
Projects are more desirable as R increases, the minimum
R required to accept any project being 30 per cent before

55
taxes:
n
Z i
(I;)
i=20
R =
n
z 0.
(0;)
1=
where:
R = The rate of return on investments in
the project,
Ii = 'The income the prbject will yield in
each ith year,
Oi = The incremental outlay required in
each ith year,
i = The number of years hence each income
or outlay is realized, and
n = The number of years hence the last in-

come or outlay is realized.

The Hoskold Transformation computes the present worth

1

of the incomes the project will yield for comparison with

's actual and projectecd

50

the present value of the project's
costs to determine if it is financially acceptable:

D

1

A

(1 + R'D
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where:

P = The prescnt worth ol tie incomes tic
project will yicld if successiul,

D = The average annual incremental incone
yiclded if the project is successful,

R' = The average net rcturn on capitas ia-
vested in the entersrise,

R = The current rate oi interest on invest-
ments, and

n = The number of years within which re-
search costs must be recovered.

Present Value Techniques are oiten used siace the
(1« R)'1 factor, shown belqw. is readily availablic ia
standard financial tables and projects can be ranxed in
order of ascending P to determine their relative desira-

bility.>’
n
P e z [C;A+RT]
i=0
where:
P = The project's present value,

C; = The net cash inflow in each ith year
(net cash outflow in a year would

make Cj negative),

The number of years hence tie casd
flow occurs,

n = The nuaber of years ience tihe last
significant casi flow occurs, and

A discount rate which measures the
rate at which tihe company woulc in-
vest its money to obtain casii flows
of equal risx in the same year.
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A frameworx for evaluation of applied research has
been proposcc by I. H. Ansolf, which establishes two
formulas based on criteria related to potential carnings
and criteria related to investment. 3y assigning avd.-

trary scales to the individuai criteria, doth {figuves o:

Il



profit merit and of risk may be computed for each project
and then the competing projects may be compared.s

(ut . Mb) x E x Ps X P

M, - P_ x s
Cd X J
C
N, = F;"
“p
where:

Criteria Related to Potential Earnings

I. Profit potential
Estimate of total sales (earnings)
over lifetime (E)
Technological merit (ﬁt)
Business merit (.)
I1. Probability of succeds of project (P_)
I1I. Prob?biligy)of successful murket penstra-
tion
IV. Strategic pfit of proposed project with
other projects, products, and markets
of the company (S)

Criteria Related to Investment

I, Direct investzeat (Car + Cpr - de . Cpc

+ WC + F = Cd)
C.. = Total cost of applied research

ar cffort
C e Total cost of product research
P efiort (exclusive of applie