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Abstract

We consider a Cobb-Douglas production function with two firm-specific R&D resource inputs,
spillovers in R&D expenditures and cost-reducing R&D opportunities and specify the conditions
under which higher knowledge spillovers cause higher technological progress in the industry.
We then consider the exponential R&D production function and establish the sufficient
conditions for per-firm own R&D expenditures to be an increasing function of the extents of
knowledge spillovers and technological opportunities. We consider two identical firms that,
prior to competition in the product market, first decide whether to reveal their R&D efforts to
the other firm and second conduct cost-reducing R&D and examine the conditions under
which full revelation of R&D efforts to rivals yields higher profits than (and therefore is
preferred to) withholding technological information when firms adopt a type of “trigger
strategy” for the entire game. This model has new policy implications about the effects of
knowledge spillovers and complementarity in R&D on the incentives to innovate and welfare.
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1. Introduction

We consider a Cobb-Douglas production function with two firm-specific R&D resource inputs,
spillovers in R&D expenditures and cost-reducing R&D opportunities to address the question of
how changes in knowledge appropriability conditions affect technological progress in an
industry. The Cobb-Douglas functional form is the limiting case of a constant elasticity of
substitution (CES) R&D production function when complementary between R&D resources is
very high. The R&D output available to a firm (i.e., the level of technological improvement
achieved by the firm) in turn reduces the marginal cost of production for the firm according to
a general R&D production technology. Do higher rates of knowledge spillovers lead to higher
technological improvement? We specify the conditions under which higher knowledge
spillovers cause higher technological progress in the industry. We argue that if the general
R&D production function satisfies a concavity assumption made in Kamien et al. (1992) and
Anbarci et al. (2002), a positive relationship between rates of spillover and technological
progress can exist for the industry. This paper shows that dynamic efficiency can be an
increasing function of R&D spillovers.

We then consider the exponential R&D production function to deal with the questions of how
changes in knowledge appropriability and technological opportunity conditions influence R&D
expenditures per firm and therefore R&D spending at the industry level. We specify a cost
function with a constant marginal cost of production that is a decreasing exponential function
of the level of R&D output available to the firm. Does per-firm autonomous R&D spending
increase with the rate of spillovers? Does the extent of cost-reducing possibilities have a
positive effect upon R&D expenditures per firm? We establish the sufficient conditions for per-
firm own R&D expenditures to be an increasing function of the extents of knowledge spillovers
and technological opportunities. We assert that if a firm’s ability to fulfill technological
improvements isn’t too large, positive relationships between rates of spillovers and per-firm
autonomous R&D spending and between extents of technological opportunities and per-firm
own R&D expenditures can hold for all firms. This paper shows that the former result can hold
for virtually the entire range of the spillover rate.

Economists conventionally think that knowledge spillovers discourage industry R&D
expenditures. With perfect substitutability between internal and external R&D inputs, non-
cooperative behavior can lead to a major market failure when appropriability is low: firms try
to acquire the R&D efforts spilling in the atmosphere without performing an internal R&D
activity. The incentives are weak for firms to supply R&D when spillover rates are high, and the
amount of R&D output available declines and falls below the social welfare levels. The
presence of very high complementarity in R&D, however, may change the qualitative effect of
this traditionally considered determinant of R&D activity. That is to say, knowledge spillovers
may encourage R&D spending under some conditions. When internal R&D efforts as an
essential input is properly considered (as the Cobb-Douglas specification does), firms cannot
lay aside the internal R&D activities giving rise to new technological knowledge. The amount of
R&D output generated by firms, now, depends upon a multiplicative relationship between
internal and external R&D inputs. Furthermore, it is known in advance that either very
inexpensive or prohibitively expense cost reduction will lead to limited R&D investments
assuming perfect substitutability of R&D inputs (Spence, 1984). It is clear that this result and
the justification that comes with it can be extended to the case of very high complementarity
in R&D. The question remains, however, whether and when technological opportunity



conditions encourage R&D efforts in the intermediate cases, in which significant cost reduction
is neither prohibitively costly nor very cheap. To explore this possibility, we examine the
symmetric roles played by the technological opportunity parameter and the spillover rate in
the context of our specialized model.

We consider two identical firms that, prior to competition in the product market, first decide
whether to reveal their R&D efforts to the other firm and second conduct cost-reducing R&D,
to direct attention to the question of how the strategies firms will play non-cooperatively at
the R&D investment stage can drive other firms to completely reveal their R&D efforts to
competitors in the first place. How can firms undertaking R&D independently prevent rival
firms from withholding information non-cooperatively? We examine the conditions under
which full revelation of R&D efforts to rivals yields higher profits than (and therefore is
preferred to) withholding technological information when firms adopt a type of “trigger
strategy” for the entire game. Following this strategy, non-cooperative behavior at the
revelation stage triggers a retaliatory act of noncooperation at the investment stage. We
contend that if the technology of cost-reducing through R&D is not initially productive enough
to induce both firms to invest in R&D but becomes persistently productive afterwards, an
equilibrium in the whole game with full revelation and innovation can be obtained. This paper
shows that such contingent strategies which require firms to share their R&D inputs can
support the efficient sharing of R&D effort. A related assumption is made in Kamien et al.
(1992) and Anbarci et al. (2002), instead, to guarantee that the R&D incentives to invest in
R&D are initially large enough to prompt both firms to invest a strictly positive amount of R&D
resources. This assumption is needed to insure that the R&D investment stage has a unique
Nash equilibrium with both firms actively doing R&D.

The existent economic literature on R&D incentives and knowledge spillovers traditionally
makes assumptions to guarantee the interiority and uniqueness of the equilibrium in R&D
decisions. When all R&D inputs are perfectly substitutable, the marginal profit of additional
R&D by one firm continually decreases with reductions in the other firm’s R&D investment as
long as the rivals’ R&D decisions are strategic complements, but never vanishes, while the
incentives to invest in R&D of one firm even increase with reductions in the other firm’s R&D
investment when R&D decisions are strategic substitutes. Instead, in the presence of very high
complementarity in R&D, multiple equilibria in R&D are possible depending on the
expectations held by each competing firm. When all R&D inputs are essential in the production
of new technological knowledge, as required by the Cobb-Douglas technology, firms can make
the incentives to do R&D of other firms vanish after setting their own R&D efforts equal to
zero. The marginal incentives for R&D of one firm simply disappears once the other firm sets
its own R&D efforts equal to zero because every additional reduction in R&D spending by the
latter firm now could reduce proportionally the marginal profit from any addition to the
amount of R&D efforts by the former firm.

Inter-firm collaboration through RJVs provide a means to overcome what might otherwise be
severe appropriability and free-rider problems. Grossman and Shapiro (1986) found that RJVs
have several benefits, allowing firms to solve the free-rider problem associated with basic
research and imperfect patent protection, and stimulating widespread diffusion of knowledge.
Of course, RJVs are also subject to free-rider problems. Although industrywide cooperation
may provide the benefits of R&D resource sharing, the process of accessing other participating
firms’ knowledge is not an automatic. In competitive product markets, firms are reluctant to
share their knowledge as they tightly protect their key technologies and knowledge. However,



when disclosure of information is voluntary and an outcome of non-cooperative behavior, R&D
policies, if designed properly and strategically, can drive firms to completely disclose
information about their R&D efforts. By embedding credible threats of zero-R&D effort into
the design of their R&D strategies and publicizing them in advance, firms carrying out their
R&D activities independently can make full knowledge sharing between competitors possible.
It is assumed in this paper that, not until the levels of R&D investment and spillovers reach
some strictly positive threshold levels can R&D incentives at the margin be high enough to
induce both firms to do R&D. At the beginning of the game, each firm threatens not to do any
R&D unless the other firm pre-commits itself to give access to all of its technological
knowledge to the rival firm, and expects that the other firm also conditions its own R&D
strategy on analogous terms. When both firms invest equal and positive amounts of R&D
resources well above the minimum R&D threshold and technological knowledge is fully
disclosed to competitors, R&D is a beneficial strategy for firms to employ: it is clear that the
symmetric equilibrium with innovation yields higher overall profits (i.e., operating profits
minus R&D expenditures) than the equilibrium without innovation.

The R&D production process with complementarity between R&D inputs of firms was modeled
as a CES production function by Anbarci et al. (2002). In the CES production function, the
parameter of degree of complementary between the R&D resources of the two firms, p, lies in
the interval [0, 1]. This R&D production technology is a generalization of the model of Kamien
et al. (1992) by taking into account complementarity. The extant literature on R&D
investments and knowledge spillovers, including Kamien et al. (1992), assumes that firm-
specific R&D inputs are perfect substitutes by setting p equal to 1. We analyze here the other
extreme case of very high complementary between R&D resources where p tends to 0. The
traditional ways of modelling knowledge externalities among studies incorporating imperfectly
appropriable R&D, all in the context of an oligopoly with cost-reducing R&D opportunities,
postulate additive spillovers in the R&D expenditures and the R&D output, whereas our study
assumes multiplicative spillovers in the R&D expenditures.

According to the localized technological knowledge approach, firms generate new knowledge
relying on both external and internal knowledge as complementary resource inputs (Antonelli
(2005)). Internal knowledge and external knowledge enter into a multiplicative production
function. External knowledge is an essential input into the generation of new technological
knowledge. Substitution between internal and external knowledge is possible, but only above
minimum thresholds. Technological knowledge is the result of four specific activities: internal
learning leading to tacit knowledge, socialization or access to the external tacit knowledge,
internal research and development enabling codified knowledge, and recombination of the
external codified knowledge. The fall in technological competence bellow thresholds of
efficiency in a few knowledge modules can have dramatic consequences throughout the
innovation system. External knowledge is strictly necessary to generate new knowledge, both
concerning the same module of knowledge and belonging to other knowledge modules: intra-
and inter-technological flows of knowledge are both needed, more or less according to the
character of knowledge creation.

The innovation process of firms is strongly shaped by the trend towards increased diversity
and interdependence as well as their specific knowledge base, depending on the industry
where they operate. Concerning the character of knowledge creation, Laestadius (1998) makes
the conceptual distinction between analytical knowledge (scientific base) and synthetic
knowledge (engineering base). In industrial settings in which the analytical knowledge base is
dominant, scientific knowledge and access to respective sources is key to bring forward
innovation. Hence, firms typically have their own R&D departments to undertake basic and



applied research as well as development of technologies, but they also rely on the research
results of universities and other research organizations. According to a co-evolutionary
processes approach, there might exist a critical mass necessary to generate an endogenous
dynamics in an industry (Dutrénit and Teubal (2011)). There are cases where the complex
system has to reach a combined threshold of diversity, organization and connectivity before
emergent behavior takes places. Emergence of higher-level, multi-agent structures such as
innovations systems is a key concept in complexity theories. The impact of innovation upon
economic growth will be strong only if it triggers the emergence of these multi-agent
structures.

The relationship between knowledge appropriability and incentives for R&D has received
significant attention in the literature on R&D and spillovers. The conventional wisdom in
models of oligopoly with cost-reducing opportunities is that knowledge spillovers have adverse
negative effects on the levels of R&D investment and marginal cost reduction that obtain at
the industry level. Spence (1984) incorporates imperfectly appropriable R&D in the context of
an oligopoly with cost-reducing R&D expenditures. The way of modelling knowledge
externalities taken up in Spence’s study is to regard leakages in technological knowledge as
additive in R&D efforts. The model predicts that per-firm autonomous R&D levels are
decreasing in the spillover rate. This is the weaker interpretation of the statement that
knowledge appropriability lowers the incentives for R&D and the levels of R&D. According to
Amir (2000), the stronger interpretation would be that the effective levels of R&D (i.e., the
sum of autonomous and spillover levels) decrease with the spillover rate. This is also true for
the Spence’s (1984) model, which implies that technological progress at the industry level is
slower with higher spillover rates.

This paper is also related with the literature on non-cooperative RJVs addressing the possibility
of sharing of knowledge and maximization of social welfare in a context of imperfect market
competition, and comparing the performance in the cost-reducing dimension and social
welfare of RJVs relative to independent R&D in the context of complementarity in R&D. When
firms set up non-cooperative joint ventures, each firm decides on its R&D investment
unilaterally in order to maximize its individual profit. The alternative term ‘competitive RJV’
can also be found in the literature, as it refers to the independent and competitive decisions of
participant firms on their contributions of R&D resources to a joint venture.

Bhattacharya et al. (1992) study the incentive of firms to share private knowledge with other
members of a RJV in a setting with many competing firms. Bhattacharya et al. focus on the
design of rules a RJV might adopt in order to induce the sharing of productive knowledge
among its partners, knowing that they will subsequently take part in a R&D contest to reduce
production costs and, ultimately, compete in the product market. The authors concentrate on
simple licensing schemes and ask when they can provide the ideal incentives for both the
sharing of knowledge and R&D effort levels, i.e., the first-best levels. There is a potential
conflict between providing rewards for the sharing of knowledge among members of the RJV
and inducing the first-best levels of R&D effort. These authors find that this basic tension can
be resolved with licensing arrangements, provided firms that initially receive knowledge can be
charged an entry fee for the right to subsequently take part in the R&D contest. When all
rewards for sharing knowledge must be delivered through licensing fees derived from the
profits generated in the final stage product-market competition, a first best outcome may no
longer be feasible.



In the context of complementarity in R&D, Anbarci et al. (2002) assume that the access to the
knowledge embedded in firm-specific factors is perfect in a non-cooperative RVJ. All the
partners have equal knowledge of and access to the specific R&D resources of other firms. This
means that competitive RJVs as a way of organizing R&D is equivalent to independent R&D
with perfect technological spillovers. The Anbarci et al. study compares duopoly outcomes
between independent R&D and non-cooperative RJVs when there are complementarities
between firm-specific R&D resources, and shows that RJVs lead to higher technological
improvement when complementarity is high. Firm profits and social welfare are also higher
under a competitive RJV than under independent R&D in such situations. As much as public
policies promote the formation of RJVs by reason of technological improvement, the authors
argue that the right decision would also be made from the point of view of social welfare. In
addition, in such cases of high complementarity in R&D, private incentives to set up RJVs will
be aligned with social objectives.

There are interesting policy implications of this model. We question the effectiveness of
recommended government interventions in literature such as the active promotion of RJVs
and the use of a R&D subsidy policy in restoring incentives to conduct R&D and increase
welfare.

Public policies whose goal is to decrease the marginal cost of conducting R&D in order to
encourage firms to innovate more when appropriabilty of R&D results is low are likely have
negligible results. A subsidy of s for R&D means that each dollar of R&D costs the firm (1 — s)
dollars. Firms will respond less strongly to a decrease in the cost of R&D in technological
environments in which the degree of complementarity between R&D inputs is pretty high,
providing weaker incentives to innovate and further decrease unit production costs. In fact,
firms may invest more as knowledge spillovers increase without a R&D subsidy. The industry’s
technological improvement will clearly decrease with appropriability and still no subsidy for
R&D. Thus, we argue that policies aiming at reducing the marginal cost of R&D may
unexpectedly induce firms in the industry to innovate only slightly more, defeating the
purpose of such interventions.

Economic arguments used in policy making that non-cooperative RJVs achieve greater
technological improvement and industry performance in the production cost reduction
dimension relative to the case where firms carry out their R&D activities independently in the
context of complementarity of firm-specific R&D inputs continue to hold in a Cobb-Douglas
setting for very strong complementarities in R&D. However, the overall assessment of the
industry’s performance taking into account the transaction costs of setting up a non-
cooperative RJV implies a lower than standard social welfare effects as measured by the sum
of consumer surplus and producer surplus. This paper shows that it is possible that the two
modes of organizing R&D, namely independent R&D and non-cooperative RJVs, do not differ in
terms of the effective degree of knowledge spillovers in the Cobb-Douglas framework. Thus,
we argue that the mode of R&D consisting of independent R&D and voluntary exchanges of
technological knowledge possibly outperforms the duopoly outcome of a non-cooperative RJV,
as it can provide high spillovers to firms while at the same time saving on transaction costs
created by collaborative agreements.

The paper is organized as follows. Section 2 presents the model. It describes the R&D
revelation and investment game, and discusses the R&D production technology. Section 3
solves the model and examines the properties of the market equilibria. It establishes
relationships between knowledge spillovers and R&D output and between and technological
opportunities and the ability to realize own R&D efforts and spillovers from other firm’s R&D



resources. It also derives a relationship between knowledge spillovers and equilibrium R&D
investments, as well as a relationship between technological opportunities and equilibrium
R&D efforts. It first performs the equilibrium analysis with a general R&D production function,
and then it discusses the comparative statics exercises with the exponential case.
Furthermore, it shows that full disclosure of R&D efforts between rival firms can be supported
in equilibrium. Section 4 concludes and discusses public policy implications of this model. All
proofs are contained in Appendix.

2. The model

A simple duopoly model can be set up to highlight the role of complementary between firm-
specific R&D resource inputs in knowledge sharing and R&D investments. The market consists
of two firms 1 and 2, indexed by i and j, where i # j. Each firm runs a R&D department whose
main goal is to achieve a lower marginal cost of production for the firm. The firms participate
in a three-stage game. In stage 1, the two firms choose simultaneously their R&D revelation
approaches. In stage 2, the firms choose simultaneously their levels of R&D investment. In
stage 3, after the effective R&D inputs from the firms have become revealed following the
selected knowledge sharing approaches, the firms compete in the product market in
quantities. Unlike much of the extant literature on R&D investments and technological
spillovers, we model competition between the firms as a three-stage game.
We consider a Cournot duopoly where the inverse demand function faced by the firms is linear
and given by

P(Q =a-Q, (1)
where Q = q; + qj, the respective outputs of firms i and j,and 0 < @ < a.
Initially, each firm’s constant marginal production cost is c, satisfying 0 < ¢ < a. Firms can
improve their market profitability before competing in the product market by making R&D
investments directed to lowering the marginal production cost.
The unit cost of production for firm i = 1,2, is reduced by the output of the R&D process
available to firm i, k;, according to the expression:

ci =c—f(ky), (2)

where f(k;) is an increasing, twice differentiable and concave function, satisfying f(0) = 0
and 0 < f(k;) < cforallk; = 0.

Let x; = 0 be the actual expenditure by firm i on R&D. The R&D output (knowledge generated)
of firm i depends on the effective R&D resource inputs from firms i and j, i # j, entering the
production process, respectively, x; and f;x;, where f; € [0,1] is the degree of knowledge
spillovers from firm j’s R&D efforts. The extent to which the specific R&D resources of firm j
are voluntarily or involuntarily given to firm i is, therefore, f5;.

We focus on the full knowledge sharing strategy in this paper. Technological spillovers are
generally imperfect in the case of independent research, due to imperfect appropriability of
patent rights or limited ability of a recipient to realize spillovers from other firm’s R&D activity.
This means that the extent of involuntary knowledge spillovers from a firm to its rival is less
than 1. Each firm has to decide how to use it proprietary knowledge, specifically the remaining
portion of new technological knowledge which is actually protected and thus can be controlled
by its legal owner. Each firm may then decide to select some strategy of partial or full
knowledge sharing and take part in the voluntary process of exchanging with the other firm



the remaining fraction of new technology it controls. In particular, the adoption of full
knowledge sharing strategies at the outset by both firms implies that §; = g; = 1.

The R&D output is given by the following Cobb-Douglas functional form:
ki = xiﬂjxj. (3)

Effective external R&D resources are essential inputs, complementary to the internal R&D
resources of each firm used in the generation of new knowledge. External and internal R&D
investments are complementary if the marginal productivity of one firm’s R&D investment
increases in the other firm’s R&D investment. The CES function nests as a special case the
Cobb-Douglas functional form, where the elasticity of substitution between inputs is 1. The
proof that the CES production function with two inputs labor and capital approaches the Cobb-
Douglas form as the degree of substitutability of the inputs tends to 0 can be found in Barro
and Sala-i-Martin (1995).

In the final stage of the game, the firms simultaneously choose their output levels taking the
knowledge sharing approaches and R&D investments, and so the set of R&D output levels k;
and k,, as given. The total profit of firm i, equal to operating profits minus the expenditure on
R&D resources, once we set the unit cost of R&D resource input equal to 1, is given by

mp=(a—q1—q;— (c—f(k))q; — x;. (4)

In the second stage of the game, the firms simultaneously choose their R&D investment levels
given their knowledge sharing strategies and anticipating the subsequent equilibrium in output
actions. The resulting ‘reduced-form’ profit function of firm i = 1, 2, is given by

a—c+2f (k) —f (k)2
o= (LY

(5)

In this paper, we only consider the symmetric subgame-perfect equilibria of the game. We
analyze Nash equilibria in which the firms’ knowledge revelation and R&D policies are assumed
to be identical. Following the assumptions made in Kamien et al. (1992) and Anbarci et al.
(2002) with adaptations when appropriate, we impose the following restrictions on the R&D
production function f (k). The first condition is:

Ili_r)gof(k) <a-c. (6)

This assumption is needed to guarantee that all firms are active producers at the production

stage of the game. This condition together with the monotonicity and concavity of f (k) imply

that ’}im f'(k) =0. Notwithstanding this property, in order to guarantee existence of
—00

equilibria in which R&D decisions are bounded from above, we still need to assume that
lim f'(kVk =0. (7)
In addition, we assume that
! ! 9
(k') > a7 (8)

for an arbitrarily small value 8'x’ > 0, with k' = B’(x")2. If this condition does not hold, then
the reduced-form R&D investment game may only have one equilibrium, the zero R&D corner
solution. Finally, we assume that



(a —c+ f(k)f'(k)Vk is decreasing in k, for k > 0. 9)

This assumption calls for symmetry in knowledge revelation strategies and R&D investments,
so that the generated R&D output is identical for both firms. The assumption just stated is
satisfied when f (k) is sufficiently concave. Assumptions inherent in equations (6)-(9) are
needed to ensure that there exists a unique interior equilibrium in the (reduced-form) R&D
investment game, where both firms invest the same, positive amounts of R&D resources.

3. The results

We begin the equilibrium analysis and derive comparative-statics results by considering a
general R&D production function, (k). Then, we consider the exponential function. Backward
induction is a plausible method to compute subgame-perfect equilibria in sequential games. In
the output stage of this game, the conditions previously imposed on f(k) guarantee the
existence of a unique Cournot-Nash equilibrium in the product market given firms’ R&D output
levels or unit production costs.

Consider the R&D investment stage of the game with a given set of knowledge sharing
approaches, (3, ). Then this game’s stage may have an interior symmetric equilibrium and a
zero R&D corner equilibrium.

PROPOSITION 1: Under the assumptions on f (k) of equations (3) and (6) through (9), there
are two equilibria in every stage game that starts at the investment stage. That is, there is a
symmetric Nash equilibrium to the reduced form R&D input game in which firms set x* > 0;
and the other equilibrium R&D level for each firm is x* = 0.

This proposition tells us that there exists a zero corner equilibrium and a unique interior
equilibrium at stage 2 of the game only if symmetric R&D approach 8 > 0 is selected. If §; =
B> = 0, and so the assumption underlying equation (8) is not met, then x* = 0 is the only
symmetric equilibrium of the game’s stage. Access to external R&D resources, an essential
input in the production of technological knowledge, is a necessary condition for growth of
knowledge to take place. Because of the multiplicative relationship between internal and
external R&D investments assumed in equation (3), the fall in any such type of R&D
investment can have striking consequences on the generation of new knowledge.

Taking into consideration the importance of R&D spillovers and technology opportunities in
the economic analysis of R&D incentives, we examine how knowledge appropriability and
technological opportunity qualitatively determine R&D spending and technological
improvement in the context of our two-firm interior symmetric equilibrium.

The interior symmetric equilibrium outcomes at stage 2 have several interesting properties.
We begin with the determination of the change in the endogenous variable of our model, R&D
output k, that will result from a change in the exogenous parameter A as well as a change in
the common R&D revelation approach .

PROPOSITION 2: Under the assumptions of equations (3) and (6)-(9), there is a positive

relationship between rates of spillover and technological progress: dk/dﬁ > 0.

Under very high complementarity in R&D inputs, we expect from R&D competition that
increases in spillover rates encourage R&D output for almost all possible spillover rates, which



is contrary to what economists in general have long argued. The conclusion from our model is
that R&D spillovers increase the efficiency of the cost-reducing process at the industry level. In
models of R&D investments and additive spillovers in R&D efforts, such as in Spence (1984)
and Kamien et al. (1992), the standard result is that technological progress is slower with
higher spillover levels, for all spillover rates (see Amir (2000)).

Now, we specialize the following comparative statics results by employing the exponential
function f(k) = c(1 — e *), where the exogenous parameter 1 > 0 is intended to capture
cost-reducing possibilities. By equation (3), Ak is a symmetric function on “variables” 4 and (3,
as A and B play the same role in determining the value of the function. Thus, we can
immediately draw on the result in Proposition 2 to establish a monotonic relationship between
A and Ak in a mathematically similar way.

PROPOSITION 3: Under the assumptions of equations (3) and (6)-(9) and the exponential
specification, there is a positive relationship between extents of technological opportunities

and the ability to fulfill technological improvements: d('lk)/dll > 0.

When the Cobb-Doublas functional form (3) and the exponential example are used to describe
the R&D process and cost-reducing investments, the product of A and g is all that matters to
determine the values of endogenous variables x and k in the model, so we shouldn’t be
discussing appropriability and technological opportunity conditions and their effects on R&D
separately.

Two comparative statics results are established with respect to the technology opportunity
parameter A as well as a change in the common R&D revelation approach S. In the second
stage of the game, the firms choose their R&D investment levels taking the extent of
knowledge sharing as given.

PROPOSITION 4: Under the assumptions of equations (3) and (6)-(9) and the exponential
specification, increases in knowledge spillovers and technological possibilities encourage R&D

spending if Ak < 1: dx/d,B > 0and dx/d/l > 0.

This proposition shows that higher spillovers rates 8 or technological opportunity parameter
values A lead to higher R&D spending as long as the extent to which firms realize own R&D
efforts and spillovers from other firm’s R&D resources, Ak, is not too large. Under very high
complementarity in R&D inputs, the results change qualitatively as compared to the standard
proposition in the literature on the effects of exogenous spillovers on R&D investments.
Following Proposition 4’s assumptions, this reversed result would happen for virtually the
entire set of spillover rates. Furthermore, changes in cost reduction possibilities may actually
have detrimental effects on the equilibrium R&D spending at the industry level only if the
extent to which firms realize own R&D efforts and spillovers from other firm’s R&D resources
is sufficiently large. This means by equation (3) that the R&D output k decreases in A too,
which in turn is consistent with increases in Ak following increases in A. This possibility is
illustrated in Proposition 3 using the exponential example. Thus, the intuition behind the result
that x increases in A if Ak < 1 but decreases in A only if Ak > 1 is made clear by showing the
role played by Ak. Starting off with very low levels of A or even the absence of ability to fulfill
technological improvements, the first increases in A will lead to increases in x and k, and so
increases in Ak; however, it will get to a point where increasing further the level of A will cause
decreases in x and k instead, when Ak has increased so much and turns out to be too large.



Finally, we analyze the adoption of knowledge sharing practices between competitors at the
first stage of the game by assuming a general R&D production function f(k) once again.
Following Proposition 2, markets would perform better when all participating firms adopt
certain behaviors such as sharing their technological information. So, how could we help firms
operating in competitive markets improve their dynamic performance by facilitating the
exchange of their information? Proposition 2 shows that market performance is significantly
better with high spillovers. How could we ensure the efficient sharing of R&D inputs at the
industry level?

Suppose that firms i = 1,2, employ conditional strategies in which the levels of R&D effort,
either zero or some positive amount, are determined by the choices of firms to reveal part or
all of their technological information to rival firms at the beginning of the game. There is an
infinite number of strategies for the game viewed as a whole based on the rivals’ information
sharing behavior. We can focus our attention on full revelation behaviors without loss of
generality. The only strategies for the game we consider, denoted by s;, i = 1, 2, are such that
both firms fully disclose their knowledge at the two-firm revelation stage, and then invest
strictly positive amounts of R&D resources at the R&D input stage; otherwise, if either firm
selects any R&D revelation approach f < 1 at stage 1, then both firms play x = 0 at stage 2.
At the investment stage, firms simultaneously choose best-responses to the R&D revelation
approaches selected at the outset.

The next proposition shows that a pair of such “trigger strategies” s; support cooperative
behavior and the efficient sharing of R&D efforts at the R&D revelation stage, as neither firm
has any incentive to deviate from the full revelation approach.

PROPOSITION 5: Under the assumptions of equations (3) and (6)-(9), the strategies s;, i = 1, 2,
support full knowledge sharing behavior between firms at the two-firm R&D revelation stage.

Playing cooperatively except if some opportunistic behavior previously occurred is part of an
equilibrium when firms adopt such strategies. Supposing that firm i plays according this
strategy, will firm j, i # j, be deterred from an opportunistic non-cooperative play at the
revelation stage, that is, from playing any §; < 1, taking advantage from i's cooperative play
Bi = 1? This implies that no firm will do R&D at stage 2 according to their contingent
strategies. The alternative is to play cooperatively at the revelation stage, which implies that
both firms obtain an identical surplus resulting from their innovative activities. A firm’s overall
profit arising from innovation is greater than the firm’s profit without innovation. Firm j will
find that non-cooperative behavior simply means lower profits. Hence, the threat of zero-R&D
effort in case the other firm selects B; < 1 is sufficient for firm i to deter the other firm from
choosing the non-cooperative behavior.

In this case, it is profitable for a firm to freely reveal all information it has to its rival when the
exogenously given spillover parameter is less than 1 — it is well recognized that technological
spillovers are typically imperfect under independent R&D. On paper, the outcomes of the R&D
production process consisting of positive levels of R&D investment and individual degrees of
knowledge spillovers equal to 1 can be either carried out independently or in a joint venture.
The levels of spillovers under independent research and in a competitive RJV are equal. It is
assumed in the literature that knowledge is fully exchanged in a non-cooperative RJV. In this
type of joint venture, firms first agree to completely share their technological information
between themselves, and so the degree of spillovers for each firm is assumed to be the same,



B =1, then they simultaneously decide on their R&D investments, and finally they
simultaneously choose their output in the product market.

4. Concluding remarks

This paper introduces a multiplicative relationship between internal and external R&D
resources inputs into a duopoly model of R&D investments and knowledge spillovers. Firms
conduct cost-reducing innovation prior to competition in quantities in the final product
market. The multiplicative relationship in this model is stemming from very high
complementarity between firm-specific R&D resource inputs.

In this theoretical setting, we establish the existence of multiple equilibria in the three-stage
game, and discuss the equilibrium outcomes in the revelation and investment stages of the
game. Trigger strategies which require non-cooperative firms to share their R&D inputs will be
sufficient to ensure the efficient sharing of R&D effort under certain circumstances. Full
revelation of information can therefore be part of an equilibrium strategy for the entire game.
There exist corner and interior equilibrium outcomes in the investment game. We also show
that the standard negative relationship between knowledge spillovers and equilibrium R&D
investments may not hold. In particular, the response of the R&D active firms can be opposite
to changes in appropriability of R&D results when firms’ ability to realize technological
improvements isn’t too large. In any case, the equilibrium level of technological improvement
is a strictly increasing function of the degree of spillovers. Next, we state the conditions under
which individual R&D investment is an increasing function of technological opportunities. A
change in cost reduction possibilities may have opposite effects on the equilibrium R&D
spending at the industry level, depending on the extent to which firms realize own R&D efforts
and spillovers from other firm’s R&D resources. At any rate, the ability to realize technological
improvements is an increasing function of the extent of technological opportunities.

Our analysis and results have interesting public policy implications, when considering policies
that actively encourage research alliances such as RJVs among firms competing in the same
product market, and that attempt to improve the dynamic performance of the market by
restoring firm incentives to carry out R&D through subsidies.

Given that the conventional wisdom, as stated in Spence (1984), is that lack of appropriability
impedes innovation, such subsidy policies aim at boosting the industry’s R&D level and
technological improvement. We show in a Cobb-Douglas setting that higher knowledge
spillovers achieved through knowledge sharing between rival firms can in effect create higher
incentives to conduct R&D. Firms whose R&D incentives are strengthened will invest more in
innovation. Hence, such policy interventions can only have minor consequences given the fact
that the disincentive effects of spillovers on the industry’s technological improvement and
even R&D investment are actually lower, rather than higher with high knowledge spillovers in
environments characterized by pretty high complementarities in R&D.

Policy recommendations for problems associated with industry performance in high-tech
industries and high spillover environments known in literature, such as permitting and
encouraging non-cooperative RJVs (Anbarci et al. (2002)) will improve dynamic performance
relative to the non-cooperative outcome with exogenously given spillovers in the limiting case
where the degree of complementarity between R&D inputs of firms is pretty strong. However,
the improved industry performance may not exceed the non-cooperative outcome with



endogenous spillovers and R&D active firms for the limiting case analyzed in our paper once
justified weight is assigned to the transaction costs of setting up research alliances and research
joint ventures in an overall assessment of the industry’s performance.

APPENDIX
Proofs of propositions
Proposition 1: Existence of a unique interior equilibrium and a zero R&D corner equilibrium.

Proof: We have 0k;/0x; = Bjx; and dk;/dx; = x;P;. The first-order condition (FOC) with
respect to x;, dm; /dx; = 0, can be written as

a—c+2f(k))—f(kj) 2f (k;)0k;/0x;—f (k;j)0k;/0x;
3 3

2

=1. (A.1)

It is clear from (A.1) that there is a zero R&D equilibrium at the investment stage. The best
response of firm i to x; = 0 of firm jis x; = 0.

We now restrict attention to interior symmetric equilibria. Let x denote the equilibrium level
of R&D spending given the common R&D revelation approach . We have f(k;) = f(kj) =
f(k) and 20k;/dx; — dk;/0x; = Px. The LHS of (A.1) evaluated at x; = x; = x, %(a —c+
f)f'(k)Bx, is greater than 1 for § = B as x approaches x’ from the right by assumption
(8), but it approaches 0 as x approaches 0. The LHS of (A.1) tends to 0 as k tends to infinity,
because f(k) < a — c and f'(k)Bx approaches 0 as k approaches infinity by assumptions (6)-
(7). If it undertakes R&D, firm i minimizes its profits at x" if the symmetric second-stage FOC
om;(x,x)/0x; = 0 is satisfied at x = x’, but the firm maximizes its profits at x* > x' if the
symmetric second-stage FOC is satisfied at x*. The sum of marginal gains dm;(x,x)/dx; > 0
between x’ and x* far exceeds the sum of marginal losses dm;(x,x)/dx; < 0 from 0 up to x’
by assuming that 8'x" is an arbitrarily small value. Hence, there is an interior equilibrium level
x*. Uniqueness of the symmetric equilibrium x* follows from assumption (9).

Proposition 2: dk/dﬁ > 0.

Proof: Define G(k) = (a — ¢ + f(k))f'(k). At the interior symmetric equilibrium level x(B),
we get k = Bx? by (3), and so we can use differentiation to determine

dk dx
=x (x+28 @). (A.2)
By using the implicit function theorem to implicitly differentiate the symmetric equilibrium

level x(f) in (A.1), we get

o om

E _ 0B 0x;

ag ~ i(% ! (A-3)
9x 0x;

which is given by



dx <G ( )Zakx-ak] o +G(k )Oﬁ(zakai;-akj))
T il : - (A.4)
ap <G (k)zakx,ak]% G(k) (zak;x'ak]))

We have ok/9pB = x?, 0%(2k; — k;j)/0x,0B = x, ok/dx = 2fx, and
0% (2k; — k;j)/0x;0x = B. By simplifying (A.4) yields the derivative dk/df8

G (k) 2fx?
G'(k) 2B2x2+G(k)B *

(A.5)

The denominator of (A.5) is strictly negative, as the stability condition A > 0 of the equilibrium
point of the duopoly R&D game requires that 62ni/6x? + 62ni/6xi6xj < 0 given that
azni/ax? — 0%m;/0x;0x; = —2q;f'(k)B < 0, whereas G (k) 2x? in the numerator of (A.5)
is strictly positive,asa —c > 0, f(k) = 0 forall k = 0, and f (k) is increasing in k. Hence, the
result in this proposition, dk/df > 0.

Proposition 3: d()lk)/d)l > 0.

Proof: At the interior symmetric equilibrium x(1), we get Ak = Afx? using (3), and then by
applying differentiation rules, we obtain

d(lk)

= px(x +225). (A.6)

By implicit differentiation, we find

a 6711)

d EXAY

= (A7)
ax(axl)

In the exponential example where f(k) = c(1 — e *¥), we have f'(k) = ce *¥1. As 1 and f8
enter symmetrically in Ak, the functions f (k) and f'(k)(2dk;/0x; — dk;/0x;) in the LHS of
(A.1) are expressible by the product of “variables” Af. The equilibrium level x is therefore a
function of AS. Hence, by replacing § with A in (A.3) and the expression within parenthesis in
equation (A.2) yield, respectively, dx/dA and the result in the proposition, d(1k)/dA > 0.

Proposition 4: dx/dﬂ > 0and dx/d)l > 0if Ak < 1.

Proof: At the interior symmetric equilibrium x, the sign of dx/df in (A.4) is the same as the
sign of the numerator of this derivative, gx(G’(k)ﬁx2 + G(k)), or after simples substitution

of G(k)=(a—c+fk)f' (k) and G'(k) = (f'(k)*+ (a—c+ f(k))f"(k) into this

numerator,

2x (((F' ()% + (a = ¢ + FUOIF())Bx? + (a— ¢ + FUF (K)), (A8)

as d(0m;/0x;)/0x in the denominator of (A.4) must be negative in order to satisfy the local
stability condition A > 0.

We have f"' (k) = —Af'(k). Simplifying (A.8) yieldsg(f’(k))2 + q;(f""(k)Bx? + f'(k)) or



2 (f'(k))? + qi(=Ax2 + 1) (k). (A.9)

A sufficient condition for this expression (A.9) to be strictly positive is that 1fx% <1, as
f'(k) > 0and g; > 0. This proves the first part of our claim.

Let us deal now with the second part of our claim. We know that (f,4) is a symmetric
“variable” pair in the sense that it can be exchanged without affecting the value of function x.
Hence, because of symmetry in 8 and A, the proof of dx/dA > 0 is the same as in the spillover
case, dx/df > 0, and hence it is omitted.

Proposition 5: The strategies s;, i = 1, 2, will induce full disclosure of knowledge at the R&D
revelation stage.

Proof: Suppose that each firm i = 1,2, employs a strategy s; for the game. The way to
determine a subgame perfect equilibrium and arrive at a solution to the game is to start at the
end and work backwards. To find the solution we start from the output subgame. There is a
unique Cournot equilibrium at the last stage under the assumptions made on f(k), given
firms’ R&D output levels or unit production costs. After finding the solution to the last stage,
we then pass to the second stage. There are four possible histories up to stage 2, meaning that
either one firm has set § < 1 or both firms have set § = 1 in stage 1. In the first case, both
firms choose the best response x* = 0 in stage 2, whereas in the second case, both firms set
equilibrium level x* > 0. After looking at the equilibrium at the second stage, we move
backwards up the game tree to solve the game at the first stage. Here, one can infer what
firms’ payoffs will be if they choose simultaneously (B;, B;). This permits prediction of what
choice will be made by firms at stage 1. We have identified two cases, one in which both firms
set f# = 1 and then choose x* > 0, and another in which either firm sets § < 1 and then both
firms decide not to do R&D, x* = 0. So there are two possible symmetric first-stage profits,
profits with innovation and profits without innovation. Symmetric first-stage profits with
innovation are more desirable from the firms’ perspective than symmetric profits without
innovation. On this, see above the proof of existence of an interior symmetric equilibrium.
Hence, both firms first adopt full disclosure approaches and then undertake equal and positive
amounts of R&D effort in equilibrium.
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