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ABSTRACT

The failure of a free market system to attain socially optimal allocation of resources
to research and development (R&D) is a generally recognized problem. However, we are
just beginning to understand the types of R&D activities that receive relatively serious un-
derinvestment from specific types of industries and the types of governmental intervention
straiegies that are likely 1o be effective and efficient in the correction of that underinvest-
ment. Recently, Jogleckar and Hamburg [16] [17] sought answers to these types of questions
using models of the resource allocation behavior of firms considering investment in basic
research related to their industry. It was assumed that the firms’ benefits were exponential-
ly distributed. In the present article, such benefits are assumed to be normally distributed,
and an attempt is made to verify the earlier conclusions and policy implications of [16]
and {17]. The results are similar for these two substantially different types of distribution,
but the carlier conclusions and policy implications are clarified, qualified, and extended.

Subject Areas: Decision Analysis, Government, R&D, Resource Allocation.

INTRODUCTION

Economists long have contended that a free market system will fail to attain
socially optimal allocation of resources to research and development (R&D). Ar-
row {1] identified two reasons for such underinvestment: (1) the risk inherent in
any R&D activity and (2) the inability to appropriate the benefits of many R&D
activities.’

Not all R&D activities possess the above two characteristics to the same degree.
For example, basic research has a high degree of inability to appropriate benefits
in addition to some risk; applied R&D activities, on the other hand, are likely to
be largely appropriable (under U.S. patent laws) but highly risky.? In any case, the
presence of either one of these two characteristics is sufficient for underinvestment
in a particular R&D activity to take place in a free market system.

*This paper was presented at the 1984 TIMS/ORSA Joint National Meeting in San Francisco.

'For a detailed discussion of Arrow’s argument and some counterarguments, se¢ the text and notes
in [16, pp. 997-998].

ZStrictly speaking, it is not correct to label all basic research as inappropriable or all applied re-
search as appropriable. For a further discussion of this point and an understanding of the use of these
terms, see [16, footnote 1].
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Arrow’s {1] discussion failed to distinguish between underinvestiment because
of inzppropriability and underinvestment because of risk. Arrow also prescribed
no governmental policies to correct underinvestment in different tvpes of R&D ac-
tivities. Our research suggests that the effects of risk and inappropriability on the
degree of underinvestment are not necessarily additive—particulariy when inter-
firm cooperation is permitzed. It :s important to distinguish between basic (:nap-
propriable) research and applied (appropriable) R&D when analyzing the effec-
t:veness and efficiency of federal policy instruments aymed at stimulating industry
investrment in R&D. The appropriateness of certain federal policies for stimularing
applied R&D has been discussed elsewhere [15]. Here we focus on government
policies for stimulating basic research.

Recently, Joglekar and Hamburg [16) publ:shed 2 model of the rescurce alloca-
tion behavior of a group of firms considering investment in basic research. The
analysis showed that unaided industry allocation to basic (inappropriable) research
is suboptimal, provision of government seed morey generally is counterproductive,
and the provision of matching subsidies is not cost efficient in stimulating 12dustry
allocation to basic research [16].

In a follow-up article, Jeglekar and Hamburg [17] showed that the degree of
suboptimality of investment in basic research depends on several industry charac-
teristics. Industries with one or more of the following characteristics are likely to
have a higher degree of subopumality of investment in basic research:
Industries that involve a large rumber of firms,

Industries with intense interfirm competition,
Industries with less threat from other industries,
Industries with smaller amounts of investable resources, and

* Industries with smaller degrees of risk aversion.

it was argued that industries displaying these characteristics deserve more gov-
ernment assistance in their basic research programs [17°. Bott: [16] and {17] assumed
that a fizm's benefits from its investmenits (whether or not those benefits were derived
‘rom basic (1.e., inappropriable) research or some other appropriable investment
opportunity) were exponentialty distributed. In justifying the choice of the exponen-
tial distribution, Joglekar and Hamburg stated that

R&D managers would protabiy approve of the following properties of the sxpo-

nential distribution in representir.g anticipated benedits of R&D investments: (a) the

expenential distribution rules ou: the possibility of “negative benefits” (b) it
assumes that the likelithood of a particuiar value of benefits increases as the valuc
increases, with the most Ekely value {i.e., the made of the distribution) bein £ ZETO.

However, an expenentia: distribution also implies thai the standard deviation of

the distributior is the same as its mean. Most R&D managers may question that

implication, often suggesting that the “technical risk” is far smaller, However,

considering the commercial risk as well, it seems that henefits of a number o

real life R&D investments may be reasonably well represenied by an exponential

distribution (particularly in the context of our mode, since we have imposed only

the most reasonable restrictions on the values of the parameters of the distribu-

tion). [16, p. 1004)
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Clearly the choice of an exponential distribution was arbitrary. In fact tne exponen-
tial distribution was selected primarily because of its algebraic convenience.

In this paper, therefore, an attempt is made to verify the validity of the con-
¢lusions in [16] and [17] in the case where benefits are distributed normaity rather
than exponentially. The properties of a normal dis:ribution differ substantially from
those of an exponential distribution. A normal distribution does not rule out neg-
ative benefirs, [L assumes that benefits are distributed symmetr:cally around the
mean (and the mode) of the distribution, and it permits different values for the
mean and standard deviation. Given these diffarences, it is very encouraging that
most of :he conclusions using a normal distribution are parallel, if not identical,
to those using an exponential distribution, However, it may be noted that the models
and analysis presented here nelp to clanfy, qualify, and exiend the earlier
conclusions.

THE MODEL
A Firm, Its Industry Group, and Its Investment Opportanities

Consider a f:rm { beionging to a group G=11, 2, ..., i ..., g} cf g firms.
Let / have two investment opportunities X; and Y. Assume the benefits By, of an
investment in X, accrue only to firm 7 (i.e., X, represents a purely appropriable in-
vestment opportunity for firm ). Therefore, only ¢ is expecied o invest an amount
X; in X,. Let By, be distriouted normally as

(B_X"-' - M)(,')z

(N
20%;

fBy)=2m) " 03} exp -

where ux; and o, are respectively the mean and standard deviation of the distribu-
tion. Assume that both uy, and 7y, are linearly increasing functions® of x; as below:

;= i+ 8k (2}
and
Cx;=Yxi+ WxiX; (3)

where oy, represants the mean of the general competitive advantage (or disadvan-
tage) of firm / and vy, represents the standard deviation (or risk} of thai general

YKamien and Schwartz [18] provide some support “or assuring linearly related costs and benefits
and also raise some doubts about it (see [L6, footnote §]). Since the avatlable literature does not provide
any alternative relationship between research inpats and outputs, we have assumed a tinear relation-
ship between R&D expenditures and mean benefits only. We know of no empirical evidence concerning
the standard deviation of those benefits. Again, lincaricy is assumed becausc of 15 mathemarical simplicity.
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competitive advantage. 8; and 1y, are the amounts of increase in the mean and
standard deviation of the benefits-per-dollar increase in the investment x;, respec-
tively. Assume both of these values are positive, that is, 8y, >0 and ng,;>0. The
values thar ay; assumes depend on the circumstances of the firm and are uncon-
strained as to their sign. The measure of standard deviation at x;=0 (vy;) is
nonnegative.

Let Y represent those basic (i.e., inappropriable) research activities whose bene-
fits fall on the entire group & regardless of who invests in ¥. Let y; be firm /s in-
vestrmnent in Y. Let y5_; be the investment in ¥ by all firms other than /. That is,

Yo_i= L Y JEG. (3]
f#i

Hence y, the group’s total investment in ¥, will be

Ya=Yi+VYG-i (5)

Further, let y¢ be the investment in Y from sources external to the industry
(e.g., government). Then the total investment (v¢) in Y from all sources will be

Yr=yYg+yg=Yp+¥;+¥G.; )]

Because of the inability to appropriate the benefits of Y, firm /'s benefits (By,)
depend on this total investment (y4) in Y. Let By; be normally distributed as

a2
fBy)=(27) "o, exp - %‘2-;5&&)— Q)
2

where py; and oy, are respectively the mean and standard deviation of the distribu-
tion. Further assume that basic research is a “lumpy” good; thal is, in order for
an investment in basic research to yield any meaningful results and consequent eco-
nomic benfits, ¥, must be at least equal to a minimum threshold level I1. Beyond
this threshold level, mean benefits and the associated standard deviation both are
assumed to be linearly increasing functions of y;. These parameters are represented
as follows:

ryi= . (8)
ay;tByyr if yr=I1
and
0y = (9)

YyitnyidT if yr=II
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where ay,; represents thz mean of the a priori advantage ot firm i because of past
research in the industry, «y; represents the standard dev.ation of firm i's a prieri
advantage, and 8y, and ny; are the amounts of increase in the mean and standard
deviation of firm s benefits-per-dollar increase i the investmernt yr, respectively.

Assume 3y, >0 and 5y;>0 and that vy; is nonregative. The sign of cry; 15 un-
cens:irained since an industry that has negiectad its basic research for years in fac:
may suffer substantial losses in the absence of new basic research. It is implied
that the threshold level of investment (IT) is greater than or equal to 0,

As in [16] and [17], firm 75 utility function is assumed to be a linear transform
of the exponential function.* That is,

Udw;+B)=(1/r)(t—exp(-r{w;+ B)) (10)

wiere w; is the initial weaith of firm i and r; is the nisk aversion constant. Assame
r.>0.

Risk-Adjusted Benefils

Under the above assumptions, firm /s risk-adjusted value (RAV) of the benefits
(By;) is given by

RAV(By) = py;— arise (1)
That is,
RA V(BXI) =y + .BX"X‘- - lf';r‘-('}’X'- + T,?)(l.-xt')z , (12)
[t is expected that
ARAV(B,,.
%ﬂ.ﬁl}_ =0 (13)
xl

for the entire feasible range of x;,
O=sx;=<R, (14}

where R; denotes the total investable resources at the disposal of firm 1.
Conditions (13) and (14) imply that

BxiZ roxiyxi+ nxR)- (1%)

“For z raciorale underly:ng the exponentia. utility assumption, a discussion of the meaning of
r; (the risk-aversion constant), and a clear definition of thez concept of risk-adjusted value, see (16, pp.
1001-1002] and [7, pp. 249-252 .
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Similarly,
RAV(By) = iy — "ar 0% (16)
TFat is,
RAV(By)=ay; + Byyr— Arlvyi+ nyy o (17)
provided yy=IL and it is expected that

ORAVBy)
6_}" T

0 (18)

fer the entire feasible range of yp,
O=syr=R;+Yg {19)

where R ; represents the investable resources available to the group of firms G. To-
gether these conditions imply

By:zraylyy+nydRg+ el (20)

It can be verified thar the law of diminishing return holds, as it does in the
case of the exponential distribution. That is,

2
aRA@BMJ<

0 20
ax7
and
32RAV(By,
..,....R_LBY_-)_.(()_ 22)
By%»

Thus the new assumptions are reasonably realistic.
A Rational Firm's Behavior

Assume z firm's benefits from investments in X; and Y are independent of
each other.* A rationa! firm would want to maximize

¥The assumnption of independent benefits from the two ypes of investrment is justified for our
models since the firm’s specific investment (X)) may or may not be in R&D (see [15, p. 1016]). LIt is
undikely that a firm's plant investment benefits this year would depend on iis :nvestment benefits in
basic research (¥) this vear. Basic research often is conducted with an eye ta improving beneiits from
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F;=RAWV(By;)+RAV(By) 23
subject to its bucdget constraint

Since F; cepends on the total investment (¥y) in Y rather than the investment
;) by firm : alone, it is imperative that a rational firm make certain assumpnons
about the resource allocation behavior of other firms. Following Cournot’s® work
on oligopolies, economists often assume that firm # believes the other firms’ be-
haviors are not influenced by its own (i.e, y;_, is independent of y,). However,
another school of thought assumes each firm believes the other firms will maich
its own investment in Y, positively or negatively. That s, they assume y_; is an
increasing (i° the match is positive) or decreasing (:f the match is negative) func-
tion of y,. In erder to buiid a general model that can account for eitker of these
1wo assumpticns, we will say that

Ye-i=Kg-i+Mg.¥; (25)

where ko _; is a nonnegative constant representing the minimal investment in Y
by all firms otter than / no matter what § does (i, xg_;=0) and TG —j is a con-
stant representing their marching rate per dollar of /’s investment in ¥. The con-
stant mg;_; can take on a positive, zero, or negative value depending on the size,
structure, and climate (cooperative or exploitative) in an industry. However, mg;_,
always mus: be greater than -1, otherwise a firm would have no incentive at ail
to mvest in Y, In industr:es consist:ng of large numbers of small firms (where the
Cournot assumption may bz particularly valid) the value of mg_; is expected to
be 0. Even in industries consisting of small numbers of firms, m is likely to be
close to 0 because of free-rider behavior. In any case, we expect m_;<g—1. When
mg,_; equals g—1, a firm is assuming that every other firm in the industry will
match its irvestment in basic (inappropriabie) research, dollar for dollar, This is
a very unrealistic assumption. As shown in equations (44) through {46), the assump-
tions kg;_;=0 and mg_; <g ~1 are mutually consisten: for an industry equilibrium.

fiture plaat investments. Such iniprovemen:s may be captured through proper valuasion of Jy; now
and of ary; and By later, Also, in evaluating a firm's basic research benefits, the industry's total invest-
ment :5 what maters, The firm’s own allocation is less important. Consequentiy. the interdependence
af benefits, .f any, is likely to be weak.

On the other hand, a basic research activity with re appropriable benefits is nighly unlkely. A
firm that invests in basic research Lndoubtediy benefits from 1ts scientists’ activities, even if their re-
search is largely in the public domain. Until empiricai studies confirm that benefits between the two
investments are independent, our assumpt.on must be one of corvenience. Joglekar [14) explored a
model that assumed interdependence of benefils. The results obtained were strikingly differen: but not
cortradictory to the resul:s in [16] |17} or those presented here.

*Eor a discussion of Cournot’s work and alternative schoois of thought about the perceived match-
ing rate, ses [20, pp. 25-28].
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Furthermore, if the government believes zhat the industry's investment in basic
research will be suboptimal, it may provide encouragement in the form of seed
money or matching subsidies or both. The government’s investment (v} in Y can
be represented as

where kg is the government’s seed money regardless of the industry’s investment
in basic research and my is the government’s matching subsidy per dotlar of in-
dustry investment. We expect kg =0 and mg=0. Given the foregoing assumptions,
the total investment (v} in ¥ can be written as
yT=kE+{1+mE)k(:_l+(] +mE)(1+mG_,)}". (27)
As in [16], if the firm expects that
yr<il (28)
its rational choice will be to invest all is resources in X;. But if we assume

yr=L, (29)

a noncorner solution (x7, y,’-") for firm / would satisfy

ax; 3y,
and
x{ -y =R, (31)
Since
aF.
=By Y Xt x ’:’l,zw"',-' (32)
ox,
and
aF, d
— =(5Yi—fi7ﬂ’?w—’fﬂ2}’fyr) 2 (33
aye ay‘.
where

}’r=k5+(1+mg)[kg_i+(1-mc_1)y,] (34)
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and

av

av;

-

=(I+mgll+mg_;),

it can be shown that

skl mp i+ mg PR, = Vit Vy,

xf=
) rinki w1+ mp0 +me
and
2
. rnxiRi—Vyi+V¥Vyi
v -
rinki+ 1¥A1+me* (1 +meg %
where
Vxi=Bxi=rivxmxi
and
Vyi=(1+me)(d+mg _NBy;—rivym y[—r;'?P‘;?i{kE"'(l +melkg_ill
Note that
aF:
Vyi= .
Bxi xf=0
and
aF. .
Vye= rinbdl +mg) (1 +mg_y*R;= ——
ayi' _V"=0-

{35

(36)

(37

(38)

(39

(40)

(41)

Hence, the condition for a positive value of x7 is that the marginal increase in firm
{'s risk-adjusted value-per-dollar investmen: increase in X, should exceed the mar-
ginal increase in its risk-adjusted value-per-dollar investment increase in ¥ when

the original investment in X is zero,

A similar condition for a positive value of ¥} also can be identified. As iz
the exponential case, the point is that meaningful interpretations are available in

the normal case for conditions with a noncorner solution.
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Industry Equilibrium Assuming Homogeneity

Our discussion of the case of the normal distribution so far has been parallel
to discussions that appeared in papers that used the exponential distribution. How-
ever, the algebra involved in the normal distribution case is substantially more com-
plex than that in the exponential case. We simplify the algebra in the following
discussion by considering cnly a homogeneous industry.

It may be noted that the analysis of a heterogeneous industry in [14] led to
one conclusion—that heterogeneity dozs not necessarily reduce the degree of sub-
optimality of investment in ¥. For trat conciusion to be valid, it is sufficient to
demonstrate the existence of onc case where heterogeneity increases the degree of
suboptimality. This already kas teen accomplished using the exponential distribu-
tion. Thus the fact that our discussion here is restricted to the case of a homogeneous
industry does not cetract from our objective of testing whether these congclusions
depend on the assumed distribution.

The assumption of a homogeneous industry means that

o=y =ay ay;=ay=ay \
Sxi=8x;=8x Bri=Byj=8y )
YXiTYX =YY YYi=TyiS Ty | o
o o y foralli, JEG. (42)
Txi =Mx = Mx Nyi=hyi=0y
{'!.=rj=r R,=Rj=R
kG—l=kG—_‘=k mG_!=mG_j=m

Consequently, the optimal solution for each firm will be such that
Me=yf=yt =Yg (43)

Since in the equilibrium each firm's expectations for the others behaviors are sup-
posed o0 bz borne cul,

YE =gyt =k+(1+mp™. (44)
Tha: is,
Xx=(g-m-1p". (45
Note that the condition k =0 now amounts :0 the ¢ondition
m=g-1. (46)

Substituting these values in {39) gives
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VYJ = VYJ-_—' VY= { | +mE)(.‘3Y_rJYY”?Y‘_rn-2}kE)
—(1 .+;HE)2(1+m}r',ﬂ%/(g—m—”,V*. “@7)
Alsp, define

id

Therefore,
Vy=(t+mp)1+m)(Wy—rik ) - (L ~mgl((1 +m)rpidg—m-1)y*.  (49)
Consequently, (37) can be simplified as

e raiR—Vy ~(1+me)() + )Wy~ ratk ) ' (50)

P+ A+ me)*(1+m)g

This expression provides the individually rational (or actual) mvestment in ¥ on
the part of each firm in a homogeneous industry. The total industry’s investment
will be obtained by the simple formula

ye=g". (51)

Of course, this solution will hold only if
Rg>gy*=IL (32)
Expression (50) is fairly general and accounts for the effects of government
intervention. In the absence of any intervention from the government (i.e., wten

kg=mg=0), the industry’s tota} allocation to ¥ will be given by

- =g rn}R—Vx*(l*m)er .

y A (53)
© nk ~ 731 +m)g)

Pareto Optimal Equilibrium

As discussed in [16], in the homogeneous case the condition for Pareto opti-
mality (that each firm should share the marginal investment in Y in proportion
to its marginal benefits)’ amounts to

m=g—1. (54)

"The concept of Pareto optimality is discussed more fully ir [16, 7. 1005] and [2G, pp- 27-311.
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Hence the Pareic optimal investment (y,';‘;‘) in the absence of government interven-
tion would be given by substituting (54) in (53). That is,

e rqiR—VX+gWy
Yo =F .

= (55)
ok +71%8%)
ANALYSIS
Suboptimality in the Absence of Government Intervention
Differentiating yg; in (53) with respect to m gives
W _ & Wynk+rigti-m) —migriR-Vy+(+mWy
am nk+7ye(l +m)>
LW+ nig(Vy—miR)
_ & nxWytnyeVy—m3R) (56)
r 17_%(+ n%;g(l +m)2
But from conditions (20) and {15), respectively, it follows that
Wy =0 (57)
and
Vy-rniR=0. (58)
Hence, under the stated assumptions
9% 4, (59)
am

That is, y; would attain its maximum value when m attains its maximum value,
By condition (46) the maximum value of m is g—1. But that is also thz value of
m for Pareto optimality, Thus it is clear that

Y& zyg (60)

Since, as discussed earlier, m is Lkely 10 be far short of g—1 in the absence of gov-
emment intervention, the individually rational group investment (v&) will be sub-
optimal compared to the Pareto optimal group investment (v5*).

Thus, as in [16], we have established that in a voluntary industry group the
individually rational group invesiment in basic research will be suboptimal in the
absence of government intervention. Our analysis contradicts the suggestions of
Chamberlin [3], Hardin {8], and Frohlich and Oppenheimer {5] that voluntarily
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cooperating industry groups may invest socially optimal amounts in inappropriable
activities such as basic research. Our analysis supports Olson's [20] position that
such velumary groups will fail to aliocate adequate resources 1o activities whose
benefits are inappropriable. It s:rengthens Arrow's [1] conclusion that a free enter-
prise system will inves: suboptimally in basic research, by indicating the truth of
that proposition even when 7irms in an industry are aliowed to cooperate with one
another on a voiuntary basis. Furthermore, the conclusion is true without qualifica-
tion if all firms in an industry use the Cournot assumption.

However, the moede we present here is not wedded 1o the Cournos assumption.
When cbserved industry behavior justifies it, m can differ from zerc. Clearly, when
perceived industry responses are such that m approaches g—1 little underinvest-
ment in basic research may be present.

Although the model presented here is not (and is not intended to be) iterative,
it zan be related to iterative models recently presented by hypergame and metagame
theorists [2] {4} [12][13]. The argument of these theorists can be restated as ‘‘over
repeated tr:als or in anticipation of repeated trials of the resource allocation game,
the vaiue of m {the perceived and actual marching rate) will go up even in a volun-
tary group of firms; conseguently, underinvesiment in inappropriate activities (e.g.,
basic research) will be wiped out.”

As in [16] and [17], the model presented here confirms that if m increases,
underinvestment will diminish. However, these models are not aimed at analyzing
whether m will or will not change over repeated trials. They simply assume that
in any specific short-run resource allocation trial the perceived value of m also is
its actual vaiue in the 1ndividually rational equilibrium. This assumption is equi-
valent to Harsanyi’s [9] principai of mutually expected rationality. While our ap-
proach clearly represents a simpl:fication, it is a justifiable simplification. Evans
and Harris found it necessary to qualify their conclusion abcut the long-run opti-
mality of investmert in inappropriable goods by stating that

Ln certain circumstances (e.g., epidemics and foreign invasions) any learming lag

at ali may well be unacceptable, Who among us wishes to allow the loss of life

and liberty in order to confirm that voluntary cooperation would be sufficient

the second time such irreversibie events take place? [4, p. 149]

We belizve there are many other circumstances in which society may not want to
wait for the second time around.

Even if the metagame theorists are right and the problem of underinvestment
in basic research can be resolved through voluntary action in the Jong run, in the
short run there nevertheless may be legitimate desires for government inzervention
to promote investment in basic research. The questions are what kinds of industries
would need relatively greater governmental support and what kinds of support would
be effective and efficient.

We analyze these questions in the remainder of this paper. For that analysis
S (the degree of suboptimality of an industry’s investment in its basic (inappro-
priable) research) is defined as
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*‘.-... x
Szu (61)
¥t
1yl oy el
_ (g—m-1)n3Wy+gn i {Vy—raxR) (62)
(rn¥R =~V =gWy)ink +ne(l~m)
where
and
W'Y=;By—r‘}’]/ny. (64)

Insensitivity to the Mean of a Firm’s or Industry's General Competitive Advantage

In the exponential distr:bution case [17] we concluded that, other things be-
ing equal, the greater the mean competitive advantage of an average firm in an
industry (ay) the smaiier the suboptimality of group investment in ¥ and hence
the smaller the need for government intervention to promote that industry's basic
research. We also concluded that the greater the general compet:tive advantage of
an indus:ry over other industries (ay), the greater the degree of suboptimality of
investment in ¥ and hence the greater the reed for government intervention.

Based on the normal disiribution of benefits assumed in the present paper,
the validity of the conclusions reached in [17] cannot ve tested, Instead, it may
be noted that since neither oy nor ay is involved in equation (62), the degree of
suboptimality of investme:t in basic research and, consequently, the need for govern-
ment intervention are not sensitive to the mean competitive advantage of either
the firm or the indusiry as a whole.

Sensitivity to the Standard Deviation of the General Competitive Advantage
On the other hand, since ¥y and Wy do involve vy and v y, it seems the uncer-

tainties associated with general competitive advantages do play a role. It zan be
shown that

35S g-m-1) _rzk+e’npdivy
dvy  mhrmyglirm)  (myR—Vy+gWy)

(65)

which is negative under our assumpitions. Hence, other things being equa., the
greater the unceriainty associated with the general competitive advantage of a firm,
the less the subaptimality of investment in Y.

This suggests that the finding in [17] should be reinterpreted, In the exponen-
tiai case, oy is @ measure cf both the mean and standaré dev:ation of the general
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competitive advantage of a firm. Hence, it may be said that tt.ere, 100, the greater
the uncertainty associated with the general comperitive advantage of an individual
firm, the less the suboptimality of investment in Y.

Simiiarly, siuce

35 _  (e-m-1)  mylnkr gl Vy—rakR) (66)
Byy  ni~u3ell+m) (rryR—Vy+gW )

is positive under our assumptions, other things being egual, the greater the uncer-
rainty associated with the gegnera! ﬁnmnartrma advanitaee of the Jndu('rrv asa whnlp

plhirkr ¥ WoaSTULsbiild Pradld Ll guisoroi YE LE VLRSI EE U (e h] oy i

the greater the degree of suboptimality of investment in Y.

In short, our investigation of the case of normally distributed benefits herz
does not invalicate earlier results but suggests a clearer interpretation of those results.
What matters is the uncertainty associated with the general competitive advantage
of a firm or industry rather than the expected value of the competirive advantage,

Sensitivity to Expected Benefits per Dollar of Investment in X and ¥
Under our assumptions

3S _ (g-m-1) @k +epWy

= (67)
33y  [n%+rigi+m)]  (mIR-Vy+gWy)l

is positive. Hence, as in the exponential case, tie larger the expected benefits per
dollar of investmenc in X, the greater the degree of suboptimality of investmert
in Y. Also, since

a5 _ (g—m-—1} . rf/zg+g2q§f(VX—m}R)
3By [nk+nie+ml  (miR—Vy+gWy)?

(68)

is negative, the findirg in the exponential case—that the larger the expected benefits
per dollar of investment in ¥, the smaller the degree of suooptimality of inves:-
ment in Y—is conf.rmed.

Sensitivity to Increases in the Standard Deviaton of Benefits
per Doliar of Investment in X and ¥

The algebra involved in establishing the signs of 5/dyy and 35/07y is rather
cumberscme. For the sake of brevity, the following condition for a noncorner solu-

tion for yf is used:

(1+m)Wy < Vy+rphRe(1 +m). (69)
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With that condition, it can be shown ihat 85/dny is negative but 35/9yy is positive.
Thar s, other things being equal, an increase in the standard deviarion associated
with X reduces the suboptimality of investment in ¥, and an increase in the stan-
dard deviation associated with ¥ increases the suboptimality of investment in Y.
This result would be expected :ntuitively.

In a sense, in the exponential case we did not have a result for comparison.
This is pecause in the exponential case 85 and 3y represented increases in both
tre mean and standard deviation of benefits-per-doilar of investment in X and ¥,
respectively. In the normal distribution case, 8y and 8y give the increases in the
mean oenefits-per-doliar of investment while 7y and ny give the 11creases in the
standard dev:ations of benefits per dollar cf investment.

On the otner hand, comparing the resuits here wich those in the exponential
case, we can say that the degree of suboptimality is more sensitive to the per-dollar
increase in the mean expected benefits than to the per-dollar increase 11 the stan-
dard deviation of those benefits, This is an important finding and provides us with
a clearer interpretation of the earlier results in [17,

Sensitivity to Investable Resources
I+ can be shown tha:

as {g-m-1) . rn,zy(n,zwgznzylwy

I 3 3 (70)
aR 1y +aygi+mY  (ryR-Vy+gWy)

is negative. Hence, other things being equal, the larger the investable resources avail-
able to an average firm 10 the indusiry, the smaller the degree of subop:imality
and the less the need for government intervention to promote bas:c research in that
industry. This is the same result as in the exponential case.

Sensitivity {0 a Cooperative or Exploitative Climate
D:fferentiating S with respect 10 m gives

85 [k WyrendVy—rikR)]  [ng+nietl+m)+(g—m-1)r%
am (ryR—Vy+gWy) [7%+ nie(l~m))?

[ Wy+endVy—rdR)] (i +nie)

< 3 (71
(rakR—Vy+gWy) [0}~ n3e(1+m))?

which is negative under our assumption. Thus, other things being equal, the grearer
the value of the perceived matching rate, the less the suboptimality of investment
in Y. Again, this is the same resuit as in the exponential case [17].

Since a iarger value of m indicates a higher degree of perceived cooperation
in an industry, our result says thar the greater the perceived cooperation, the less
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:he degree of suboptimality of investment in basic research and, consequentiy, the
less the need for government intervention 1o stimulate basic research in that indus-
rry. If, as the metagame theorists believe {4] {12] [13], the value of m increases
over repeated tria's of the resource allocation game then, according to the result
in (71) above, an industry’s investment in its basic research should approach Pareto
optimality as years pass. In any case, changes in the value of m over time is a topic
that should be studied empiricatly rather rhan theoretically.

Sensitivity to Risk Aversion

l: can be shown that

a5 N (g—m—1 J(Ti'_z?('" gln%f)“/ Y7 ﬂex— (nJZXR + AfXTf'X}S v o
" 2 . 3 - —= . 3
ar n!t"""i-}’g(*“'m)(ran—LX+gwy)

The sign of (72) depencs on the sign of

yynyBx — AR+ ¥ xu B y- (73)
Hence 38/r>, =, <0 as
Yyiy Tr’?:;"’ﬂ}R
A 4 A L 7. . S (74}
3y Sy

Note that Xy, is the ratio of the increase in the variation to the ncrease in (he

Y . . . e+ R
mean of the beneits from ¥ when tne initial expenditure in ¥ is zero. p2. (7. Skl

is a similar ratio for che benefits from X when all resources are spenc on AT Clearly

% . , . . . .
then, dviy is the smallest risk associaied with an investmert in Y, while
3y
2
+n3 R ; . . .
XX TOXT is the largest risk assoc:ated with an investment in X
3x

As in the exponerit:al case, the result states that if the smallest risk associated
with ¥ is greater than the largest rivk associated with X, then as risk aversion in-
creases the degree of suboptimality of investment in Y will increase. However, when
the smailest risk associated with Y is smaller than the largest risk associated with
X (which (s the more likely case), as the risk aversion increases the degree of sub-
optimality investment in Y will decrease. Thus, the greater the degree of risk aver-
sion displayed by member firms in an industry, the less the suboptimality of that
industry’s investment in basic research.

This finding seems (0 contradict what we might itfer from Arrow’s {1] work,
Arrow did not analvze the relative effects of differem lavels of risk aversion. How-
ever, based on his discussion, we could hypothesize that industries which display
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greater risk aversion would invest more suboptimally 1n their bas.c research than
those that display relatively smaller risk aversion. This hypothesis seems to be widely
held by many people who study government policy toward R&D. The analysis pre-
sented here indicates that this popularly held hypothesis is inzorrzct. Instead, our
analysis finds that greater risk aversion leads 10 a smaller degree of sunoptimality
of investment in basic research.

Of course, Arrow’s [1] major focus was to identity the variery o7 factors tha:
could lead to suboptimal investment in R&D on tre part of a private enterprise
system, The risk associated with R&D activities was one of these factors. lmplic:t
in Arrow's discussion (which considered only the allocation to R&D and not the
allocation of resources among R&D and other 1nvestment cpportunities) was the
assumption that investment opportunities other than R&D had relatively low risks
associated with them. The model presented here clearly differs. 1t assumes that
both the basic research activ:ty and the alternative investment opportunities have
specific risks associated with them. It finds that, in the most likely case, less risx
aversion leads to greater suboptimality of investment in basic research.

Note that Arrow’s statement—*We expect a free enterprise economy Lo under-
invest in invention and research (as compared with an ideal) because it is risky,
vbecause the product can ke appropriated only to a Limited extent and because of
increasing returns i1 use” [1, p. 619]—leaves the impress:on that these factors are
additive as far as their effect on the suboptimality of investment in R&D is
congerned.

As in {17], the present analysis takes into account the joint effects of inappro-
priability of R&D activity and risk aversion on the part of individual firms. Qur
analys’s suggests that if an industry is concerned wita basic research investment
apportunities, risk aversion on the part of member firms in fact may help the in-
dustry to reduce the degree of its suboptimal investment in basic research.

This is an important finding. Based on these findings we suggest that, con-
trary to popular belief, a risk-averse industry calls for less government interven-
tion in order to encourage its basic research than an industry with less risk aversion.

Sensitivity to Group Size

As in [17], we considered several changes in group size,

Case I r, R, V), Wy, and m are independent of g. Thal is, a ¢ynamic group
is faced with a joint investment oppartunity characierized by inapproprianle benefits
and norrivainess.®

®Economists classify public goods (i.e, goods characterized by inappropriability) into 1we im-
portant categocies: those characterized by rivainess and those characterized by nonrivalness. When the
total benefits of a public gooc to an indusiry are fixed, the benefits that one firr: obtains must reduce
the benefi:s other firms can oblain—and the good is said 10 be characterized by rivafness. When the
benefits of a public good to one firm are nos Lmited by bensfits derived by otker firms (and the larger
the number of firms in the industey, the greater the total benefits of the industry), the good is said
to be characterized by nonrivainess. See {20, pp. 36-43, 76-85],
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In :his case. when benefits were assumed to be exponentially dis:ributed 45/dg
ziways was positive. The algebra is more complex when benefits are a2ssumed 12
b= distributed normally. In spite of considerable effort, we were unable to duplicate
tha: result. What we can prove is that any one cf the foilowing 1wo conditions is
sufficiert for 4578 to be positive:

2m+l)>g (7%)
or
g >niet. (76)

On the other hand, these conditions are not necessary for 35/3g to be positive.
In fact, all the numerical examples using normatly distributed benefits that we con-
structed showed that as group size 1acreases, the suboptimality of investment in
Y also increases (whether the above conditions are satisfied or not).

Also, f=om equanions {71} and (69) and the:r related aiscussions, both 35/3m
and 35/dn y are negative, Thus wnen either of the above conditions is violated (be-
cause m or vy is smaller), the degree of suboptimality ought zo be greater than
when the ccnditions are satisfied,

Therefore, here it seems most plausible that, as in the exponential case, 35/ dg
always will be positive. However the proo? of this result mus: be left for furure
research.

Case 2; A dynamic group is faced with a basic research investment opporru-
nity characterized by inappropriable benefits and rivalness. In this case, by defin-
tion the greup’s benefits (By,;) are fixed, regardless of group size. Consequently,
here By; is an inverse function of g. It follows that «y and 8y are related inversely
to g while vy and yy are related inversely to Jg.

Again, the algebra involved is rather cumbersome. We omit it but report that
the expression for 35/g in this case involves (in the numerator) a few positive terms
in addition to terms in the expression for 35/3g in Case 1 above, Thus, if 35/dg
is positive in Case 1, it must be positive hers also.

Case 3: r, Vy, Wy, and m are independent of g but R=Rs/g is an irverse
function of g. In this case, the argument is the same as for Case 2 above. It can
be shown tha: if 35/dg is positive for Case 1, it must be positive for Case 3 ailso.

Case 4. In {17] it was reported that if m is an increasing function of g, we
cannot arrive at a definitive resuit for the sign cf 55/3g. Therefore, we did not at-
tempt to verify that result here.

In short, as regards sensitivity to group size, a conclusive verification of our
results calls for additional work on Case 1| above, However, ar present it can be
said that the earlier results have not been ccntradicted.
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Evaluation of Federal Poticy Enstruments

Let us now turn our attention to the evaluation of two fiscal instruments for
stimulating basic research: the provision of a matching subsidy {mg} and the pro-
vision of seed money (kg). Assume the government’s concern is to bridge the gap
between an industry’s actual investment in basic research (V& as given by (53)) and
its group rational invesiment (y&*, as given by (55)) in the absence of any govern-
ment intervention,

With government intervention, the toral investment in ¥ is given by (34). Let
us represent that condition by »% ¢, to emphasize the presence of government in-
tervention. Thus, government wants y7. - as close to y5* of (55) as possible. One
way of accomplishing this is for the governmert to spend the desired amount itself.
Howevet, we assume the goverment's real objective is to increase industry’s invest-
ment as much as possible without ¢reating an unwarranted burden in terms of tax
dollars, Equation (77) gives the industry’s investment in Y under governmeni inter-
vention, which we represent by y% ¢ to emphasize the presence of intervention:

r4R—V x +(L+ me) (1 + )Wy — ik o)
m§+m%{1+m5)2(1+m)g

J’E;|E=(3} (m

The ret effect of government intervention on the indus:ry's investment is given by
V6 E™ y}";=NGI £ An instrur_nen.t is considered effecti‘vc only if Ng g is ;:i.os.iti\'e.

With two or more effective instruments, concern is focused on the efficiency
{e) of the tax dollar under each. The cost of a measure to the government is
Cg=»T - The ratio e=Ng,g/Cg will measure the efficiency of an instrument.

Effectiveness of Seed Money
Under the assumption that the benefit function, risk aversion, and perceived
cooperation in an industry are not affected by the presence of governme=t inter-

vention, differentiating y§ g with respect 10 kg gives

WE £ g3l +mg)(1 +m)
dk r;‘zx+n§-(1+m5)2(1+m)g

(78}

JUnder cur assumptions, this is negative. Thus, as in the exponential case, hers
also industry’s investment in Y will be a decreasing function of the seed money
provided by the government. Since N , in this case is negative, this implies that
the provision of seed money is not an effective mezsure of government intervention.
In fact, the provision of seed money must be considered counterproductive since
it reduces the industry’s investment. Intuitively, this occurs because as the govern-
ment increases its investment in basic research, firms feel freer 10 allocate their own
funds to those activities with more appropriable benefits.
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Effectiveness/Efficiency of Matching Subsidies

The algebra invoived in the derivative cf yg g with respect 10 m is rather
cumbersome and is not presentec here, Nevertheless, © can be reported that for
3y g/8mpg tc be positive, a sufficient condition is

y6sY1Rg. 79

Condition {79) states that if, in the absence of government intervention, an

indus:ry is expected to invest less than half its total available resources in basic

research {a condition that would be valid 12 almost all real-life situations), thex

@ matcking subsidy is an effective instrument of government policy to stimulate
thar investment.

Assume the government is considering using only a matching subsidy (i,
kg=0, mg>0). The net increase in an industry’s investment with a givea mg will be

Ng £=YG £=Y6 (80
while the cost of the instrument o the government will be
Ce=mg¥Gig- @1

Hence the efficiency of a matching subsidy will be

N, ! :
e= —GIE (-2, (82)
Ce Mg YGiE
Thus,
e g rRR-Vyr(r Wy rd(l 4 migQ cmg) )
mg 7%+ 731 +m)g rnyR—~Vy+{t+m)W(1+mpg)

As in the exponential distribution case, numerical calculations (with reasonable
values for the parameters involved) indicate that the cost efficiency of a marching
subsidy often is quite jow. In particular, when tte government chooses a matching
rate that would eliminate suboptimatity of investment completely (i.e., such that
¥4 p=yE"), cost efficiency is a small fraction. In otzer words, at that level the gov-
ernment would spend more than the increase it would induce in the industry’s in-
vestment in Y. The most important reason for this low efficiency value is that our
model assumes a matcting subsidy for the entire investment of the indus:ry, in-
cluding p¢ (the investment that indusiry would have made even without the sub-
sidy). This is how a matching subsidy traditicnally has been used. The 1981 Reagan
tax plan provides a special tax write-off (a form of matching subsidy) for R&D
investment that exceeds a firm’s average R&D investment during the previous three
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years. The analysis presented in this paper supports this type of marching subsidy
beyond a minimal level (¥%). Thus the analysis confirms the finding in t7e exponen-
tial case that a matching subsidy (as traditionaily understood) is an effective but
not very cost-efficient method of stimulating industry allocation to basic research.
It follows, using the logic in [16], that we also can construct an optimal instrament
of government intervention when benefi's are normally distributed.

Of course, tne development and implementation of such an optimal insire-
ment requires that the government have complete informaiion on each of the pa-
rameters in the model for every firm in an industry. This is where any discrepan-
c.es between a firm'’s true preferences and is revealed preferences would have to
be dealt with, The recent literature on incentive comparibility [6] [10] [29] [21] [22]
should be useful in designing such an optima} ins-rument. Ir any case, many other
measurement problems aiso must be solved before the optimal instrument ¢an be
developed and implemented. For the moment, it can be asserted that this model,
along with: {16] and [17], vields important insights into the types of industries that
require greater {(or less) government intervention and the effectiveness/efficiency
of certain prevalent methods of intervention (sucn as the provision cf seed money
or matching subsidies). Together these models indicate that empirical work on the
measurement of varicus model parameters would be worth pursuing 1 several
industries.

CONCLUSIONS

Several recent works [2] (4] [12) [13) have suggested that, in the long run, the
problem of undetinvestment in an inappropriable good (e.g., basic research) may
disappear because of repeated trials {or the anticipation of repeated trials) of the
resource allocation game in an industry. Hirshleifer [11] even argued that, because
of “pecuniary” benefits associated with new technical information, a free economy
may overinvest in R&D.* I view of these works, a blanker conclusion about the
suboptimality of investment in basic research is not warranted. At the same time,
the possibility in some situations of long-term optimality or short-term overinvesi-
ment does not negate observed instances of underinvestment in other situations.
Earlier models [16] [17] have aimed a1 generating policy implications for s:tuations
of underinvestment. In this paper, an attempt was made 10 verify several of the
findings in [§6] and [17], assuming that a firm's benefits from investments in alter-
native opportunities are distributed normally rather than exponenially, It is en-
couraging that most of the earlier findings are confirmed.

*Hirshleifer defined *pecuniary” effects as those wealla shifis due to price reevaluations that rake
place on release and/or utilization of information. These effects are purely redistributive; that is, thay
may not ad¢ much social vaiue. However, for private firms they may be atiractive insofar as they lead
to ihe appreciation of assets or siocks for one firm at the expense of other firms. Hisshleifer [t pe
§7.] argued that if Eli Whitney (who invented the cotton gir} had speculated on the implications of
ais inventicn for the price of cotton and cotton-bearing land, ke might have realized benefits far ex-
czed.ng the value of his patent cn tne gin. For a few counterarguments, see [16. ‘ootnote 2],
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Some of the results obtained here suggest more accurate interpretations for
the pertinent results in {17]. Because the algebra involved in the case of normally
distributed benefits is rather complex, definitive verification of some of our results
also must wait for further investigation. Overall, this model has not contradicted
the primary findings from earlier work concerning the effectiveness/efficiency of
the provision of seed money or matching subsidies. Together these models suggest
that the federal government should avoid the use of seed money as a means of
stimulating basic research in industry; such expenditures in fact reduce the industry’s
own investment. The models further suggest that matching subsidies be made avail-
able only beyond a minimum investment on the part of the industry and that where
possible an optimal intervention instrument, involving a flat tax returned through
a matching subsidy, be used [16] [17].

The model presented here confirms the following important recommendations
made in [16] and {17] for government policy toward the stimulation of basic research
in industry. Where feasible, the government should

1. attempt to increase an industry’s cooperative spirit and predisposition
toward R&D investment (i.e., increase intraindustry matching rates).

2. increase intervention in industries that involve large numbers of firms.
Alternatively, it should reduce the number of firms in an industry (at least
by not subsidizing smaller, marginal firms).

3. tax the benefits from private investments (X;) more heavily and those from
joint investments less heavily.

4. be aware that although industries involving smaller numbers of firms,
greater investable resources, greater interindustry competition, less inter-
firm competition, and greater risk aversion have relatively less need for
government intervention, in most industries the degree of suboptimality
of investment in inappropriate joint opportunities is fairly high.

It would seem useful to employ the models and methods of analysis developed
in these papers ({15], {16], (171, and the present paper} to determine degrees of
suboptimality of investment and appropriate government intervention methods,
Empirical work toward measuring the various parameters of these models would
be worth pursuing in several industries. [Received: June 15, 1984. Accepted: January
22, 1986.]
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