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Abstract

This thesis uses an international economic framework to analyze the strategic role that
R&D cooperation can play in international competitions. There are two firms located in
different countries and competing in output. Each firm can invest in cost-reducing R&D.
There are R&D spillovers, meaning that a portion of the research results of each firm
leaks out to the other firm. Two basic setups are considered. In the first setup, one of the
firms benefits from an R&D subsidy from its government. In the second setup, firms col-
laborate in R&D. Multi-stage game-theoretic models are adopted, and the equilibrium

concept used is subgame perfectness' [36].

The two setups are compared in terms of innovation, profits, and welfare. Moreover, the
impact of spillovers on firms’ and the government’s decisions are considered. It is found
that the subsidy declines with spillovers, because spillovers reduce the benefit of the in-
novation to the domestic firm. The subsidy boosts R&D investment by the domestic firm,
because it reduces the net cost of R&D. The subsidy results in lower production costs for
both the domestic and foreign firm. The profits of the domestic firm are always higher
with the subsidy, while the foreign firm benefits from the subsidy when spillovers are
high, because in this case it benefits substantially from the increase in R&D by the do-

mestic firm due to spillovers. The subsidy increases the output of the domestic firm, but

! Subgame perfectness is a requirement that decisions be rational at every stage of the game.



reduces the output of the foreign firm. The subsidy is always beneficial to consumers, and
always increases total welfare, defined as the sum of domestic profits and domestic con-

sumer surplus, minus the cost of the subsidy.

The thesis also considers the impact of uncertainty in R&D on the optimal R&D subsidy.
A new type of R&D subsidy is introduced, which is conditional on the success of the
R&D project. This subsidy is considered in conjunction with, as well as a substitute for,
the traditional unconditional R&D subsidy. It is found that the optimal conditional sub-
sidy declines with the probability of success, meaning that riskier R&D projects should
be subsidized at a higher rate. This is to compensate the firm undertaking a risky R&D
project for the lower probability of obtaining the subsidy. When both conditional and un-
conditional R&D subsidies are used jointly, different combinations of the two can lead to
the socially optimal level of innovation. Both endogenous and exogenous probabilities of
success of the R&D project are considered. Moreover, both conditional and unconditional

subsidies are found to decline with spillovers.

KEY WORDS: R&D, R&D cooperation, R&D subsidies
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Chapter 1: Introduction

1.1 Motivation

Technological cooperation is now a common practice among firms in industrialized
economies. Hagedoorn et al. (2000) find that, in the 1970s, around 30-40 technology
partnerships were taking place per year, and this increased to around 600 in the 1980s and
1990s. Firms cooperate on innovation to achieve a number of goals: sharing R&D costs,
sharing the risks associated with innovative outcomes, pooling technological know-how,

etc.

The optimal technology policy comprises an R&D subsidy to correct the R&D market
failure (too little investment in R&D) and R&D cooperation to internalize R&D spill-
overs. An R&D subsidy is granted to a domestic firm to make it more aggressive in the
world market. It is still an optimal policy for individual governments in the case of R&D
cooperation, and the subsidy is larger for higher degrees of cooperation. R&D coopera-
tion is welfare-improving for both countries. Suppose that there are effects of spillovers
on effective cost reduction, profits and welfare. When firms choose their R&D strategi-
cally, they have a tendency to over-invest in R&D as they attempt to gain an advantage

over their rivals.
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It is increasingly important for developing countries to attract foreign investment, and
some of these foreign investments involve R&D. Therefore, R&D globalization has be-
come a trend that is no longer restricted to developed countries, for the developing

economies are becoming increasingly involved in internationalization.

1.2 Thesis objective

To examine these issues, we set the analysis in an international economic framework to
analyze the strategic role that R&D cooperation can play in international competition. We
present a homogeneous good model of cost-reducing R&D. The world is composed of
two countries, one developed country and one developing country. There is one firm in
each country. The two countries are integrated, so that firms face a single market, whose

consumers are represented by citizens of both countries.

The purpose of this approach is to examine two different set-ups concerning technology
policy with respect to R&D. One is subsidized R&D with cooperation, while the other is
cooperative R&D only. With R&D subsidies, technology policy takes the form of subsi-
dizing cost-reducing R&D expenditures while allowing R&D cooperation to maximize
joint profits. In the first stage, the government sets the subsidy, then firms choose the
cost-reducing R&D simultaneously while at the same time receiving a subsidy, ¢, on
their R&D costs. They then compete in Cournot. In cooperative R&D, technology policy

takes the form of encouraging R&D by allowing firms to cooperate at the R&D stage and

12



compete in output in the second stage. In this model, R&D cooperation means that firms

set their R&D cooperatively to maximize joint profits.

It is shown that, in most cases, providing the R&D subsidy is more effective than merely
allowing for R&D cooperation. Moreover, considering the implementation of both R&D
technology policies simultaneously reveals that the preferred R&D policy is to optimally

subsidize R&D.

We also consider the case where the success of the R&D project is uncertain, and the
granting of the subsidy is made conditional on this success. There may be benefits to re-
lating the provision of an R&D subsidy or its level to the success of an R&D project or to
the level of risk associated with the project. Such a scheme, by rewarding success, may
induce firms to perform better research to increase the chances of success of the project
and/or the quality of the outcome. Moreover, with firms having different research capa-
bilities, R&D subsidies linked to success may select the best firms and eliminate those
performing the least successful research. With limited government funds available for
subsidies, it may make sense to allocate those budgets to the best R&D projects and to

the best performers.

Using the same model as above, we determine the optimal subsidy as a function of the
probability of the success of the project. In addition, we introduce a new type of R&D
subsidy, which is conditional on the success of the R&D project. The domestic firm gets

the subsidy if the R&D project succeeds and does not get it if the project fails. We call

13



this type of subsidy a conditional R&D subsidy. We consider the use of conditional and
unconditional subsidies separately, as well as the case where both are used jointly. More-
over, we allow the firm to choose the probability of success of the R&D project (instead

of the size of the project).

1.3 Thesis layout

Chapter 2 reviews the literature on R&D cooperation and R&D subsidies. The next chap-
ter presents the methodology of the model. The results are then analyzed from the point
of view of the impact of spillovers, R&D subsidization and R&D levels in Chapter 4. Af-
ter that, we introduce uncertainty into the model and allow the subsidy to be conditional
on the success of the R&D project. In Chapter 5, firms choose R&D investments, and the
government chooses two types of subsidies: an unconditional subsidy, which the domes-
tic firm obtains in all cases; and a conditional subsidy, which the domestic firm obtains
only if its R&D project succeeds. In Chapter 6, we change the choice variable of the
model: now the firm chooses the probability of success, but the size of the R&D project
is fixed exogenously. In this model, the government uses only a conditional subsidy. Fi-
nally, the probability of success is endogenous, but the government uses only uncondi-
tional subsidies; this allows us to compare the welfare effects of conditional versus un-

conditional subsidies. Chapter 7 concludes this thesis.

14



Chapter 2: Background

A large amount of literature dealing with R&D cooperation and technological partner-
ships has emerged. That literature has dealt with different facets of R&D cooperation,
including process vs. product R&D, the stability of research consortia, government policy
in terms of antitrust and R&D subsidization, and the appropriability of innovations, such
as spillovers. That literature has come up with a number of findings regarding the desir-
ability of cooperation, what the government of the developing country should do to en-
courage R&D, the identity of the cooperating partners, and the impact of spillovers and

spillovers on the incentives for innovation.

Petrakis and Poyago-Theotoky (2002) consider the impact of two different policies, R&D
subsidization and R&D cooperation, in a duopoly model with cost-reducing R&D and
spillovers. In the case of R&D subsidization, welfare in the case of R&D cooperation is

lower than welfare in the case of R&D subsidization.

2.1 International R&D cooperation with or without subsidies

The number of international R&D cooperation agreements has been increasing at an un-
paralleled rate. A survey article by Chesnais (1988) contains much information on vari-

ous forms of R&D cooperation in a wide range of industries. For instance, between 1982

15



and 1985, there were 1,061 inter-firm agreements in high technology industries where the
product markets are characterized by imperfect competition. Among those agreements, a
large portion was for R&D cooperation, and more than half were for international coop-
eration. Even rival firms competing in the same final product markets may cooperate in
R&D investment. Government support for both domestic and international R&D coop-
eration has also become more frequent. It was estimated that Airbus benefited from sub-

sidies totaling US$2.5 billion between 1968 and 1982 (Krugman, 1984).

Spencer and Brander (1983) demonstrated that, through subsidizing the domestic firm, a
government can achieve the same strategic outcomes otherwise obtained under direct ex-
port subsidies. Spencer and Brander and all subsequent studies address this issue and
have the following two results. First, a government should subsidize the domestic firm’s
R&D activity when the firm cooperates with its foreign partner. Second, if a subsidy is

optimal, then it is larger for cooperative R&D than for non-cooperative R&D.

Among those studies on R&D globalization, it comes into view that, although not yet
truly globalized, R&D cooperation is experiencing a process of globalization (Howells,
1992), and its progress differs across sectors and economies (Casson and Singh, 1993;

Dunning, 1994).

A rising trend has been revealed by Reddy (2000) in terms of the international R&D co-
operation in developing countries. Reddy highlighted those factors underlying this trend.

They include the rising R&D costs, the increasing demand for R&D personnel, and a

16



shortage of R&D personnel in industrialized countries, as well as the comparative advan-

tages of the less-advanced host countries.

Barba Navaretti (1996) analyzes the determinants of R&D cooperation between industrial
and developing countries — that is, between firms with asymmetric endowments of
knowledge. She develops a model in which two firms choose one option to cooperate in
R&D. Their model shows that the choice of cooperating in R&D increases both the prof-
itability and stability of the joint venture. The common starting point of the literature on
hierarchical transfers of technology (see, for instance, Ethier, 1986; Wright, 1993; Ethier
and Markusen, 1991) is R&D activities that create a firm specific asset, which can be a

new product, a reduction in production costs or the improvement of product quality.

A framework will be developed in the following section with which both R&D subsidy
and R&D cooperation can be analyzed. It is shown that, in most cases, providing R&D
subsidies is more effective than merely allowing for R&D cooperation. Moreover, con-
sidering the implementation of both R&D technology policies simultaneously reveals that

the preferred R&D policy is to optimally subsidize R&D.

2.2 Conditional R&D subsidies with uncertainty

The thesis also deals with conditional R&D subsidies, which are granted only when the
project succeeds. Empirically, there is evidence that some countries incorporate some

form of conditionality into their support for R&D. Tanayama et al. (2004) find that, in
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Finland, R&D subsidies are increasing in technical challenge; this can be interpreted as a
policy whereby the government grants higher R&D subsidies to more risky or difficult
projects.2 Folster (1991) analyzes the different types of R&D subsidies in use. One type
of R&D support is a loan that is repaid to the government only if the R&D project is suc-
cessful. This is equivalent to an R&D subsidy based on failure. Folster also identifies
royalty grants, which are paid to the government based on the sales from the invention;
hence, the higher the (commercial) success of the project, the lower the real subsidy rate.
Or the government, in exchange for the subsidy, receives a stock option, which can be
exercised if the stock value rises significantly, i.e., if the project is commercially success-
ful. Moreover, based on a sample of Swedish firms, Félster finds that Aselective@ subsi-
dies (such as royalty grants, conditional loans and stock options) induce more private
R&D than more traditional subsidies, such as tax incentives, project grants and project

loans.

Given that some form of conditionality in the support of R&D is being used by several
countries, there is a gap in the economic literature, which is the study of the properties
and consequences of such conditional subsidies. To fill this gap in our understanding of
the impact of R&D policies, this thesis proposes an R&D subsidy that is conditional upon

the success of the project: if the R&D project succeeds, the firm obtains the subsidy; if

? In Finland, during the evaluation of subsidy provision, R&D projects are classified based on several criteria.
One of these criteria is the risk associated with the R&D project; the projects are ranked from 0 to S, with 0 rep-
resenting the Ano riske projects, and 5 representing the most challenging projects. Rejected projects were, on
average, safer than all other applications (Tanayame et al., 2004).

18



the R&D project fails, the firm has to cover all the expenses itself. Moreover, the simul-

taneous use of conditional and unconditional R&D subsidies is considered.

There is a small amount of literature on R&D uncertainty. Poyago-Theotoky (1998)
analyses the role of a public firm in a mixed duopoly under uncertainty. Miyagiwa and
Ohno (2002) analyze cooperative R&D in an oligopoly with spillovers and uncertainty.
Lambertini (2004) studies the impact of demand uncertainty on R&D. However, the in-

teraction between uncertainty and R&D subsidization has not been analyzed.
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Chapter 3: Methodology

There are two firms, a domestic firm and a foreign firm, competing on the domestic mar-
ket in Cournot’ [36]. Each firm can invest in process innovation to reduce its production
costs and improve its competitive position. Such innovations are subject to technology

spillovers between the domestic firm and the foreign firm.

We consider two different games with perfect and complete information. Those two

models are based on d’Aspremont and Jacquemin (1988).

1) In the first game, R&D costs are subsidized by the government, which moves first
by setting the subsidy rate so as to maximize total welfare in the first stage, while
firms choose how much to spend in cost-reducing R&D in the second stage. In the

third stage, the firms compete in output.

2) In the second game, there are no R&D subsidies, but firms cooperate in setting
their cost-reducing R&D so as to maximize joint profits. Then in the second stage,

they compete in Cournot.

3 A Cournot model is a generalization of the Cournot game to describe industry structure. Each of N firms will
choose a quantity of output. Price is a commonly known decreasing function of total output. All firms know N
and take the output of the others as given. Each firm has a cost function ci(qi). Usually the cost functions are
treated as common knowledge. Often the cost functions are assumed to be the same for all firms.

20



The main equilibrium concept used in this paper is subgame perfectness, where the game
is solved backwards to ensure that the strategies of firms are rational at every node of the

game.

In the following text, the superscript letter s represents R&D cooperative equilibrium
with subsidy, while the superscript letter ¢ means cooperative only. The subscript letter

d represents the domestic firm, the subscript letter f°, the foreign firm.

Firms invest in R&D in two scenarios: R&D cooperation with subsidy and R&D coop-

eration only.

3.1 R&D cooperation with subsidy

Firms face the inverse linear demand

p=4-y;-y; (1)

where p®is the price of the product, 4 is the intercept of the inverse demand curve (it
represents the price at which the quantity demanded would be zero), and y;, and y; are

the domestic and foreign firms’ outputs respectively.

The unit cost of production of the domestic firm is

c;=a-x;—f x; 2)

21



where ¢ is the marginal cost of the domestic firm, « is the initial cost of the product,
B e[0,1] is spillovers between the domestic firm and the foreign firm and x; and Xp

represent the R&D investment of the domestic firm and that of the foreign firm respec-

tively.

The unit cost of production of the foreign firm ¢ is
c,=a-x;-f x, 3)
The dollar cost of x units of R&D for the domestic firm is ;/xf,2 , the dollar cost of x units

of R&D for the foreign firm is ;/xj,2 , where ¥ >0 is an R&D cost parameter.

Thus the firms’ profits are given by
pri =P =e)yi (-0 “
pr =0 =)y - )
where pr, is the profit of the domestic firm, pr; is the profit of the foreign firm, and ¢

is R&D subsidy given by the domestic government to the domestic firm.

The consumer surplus is defined as the area between the demand curve and the price
level. Given that the local government cares only about the consumers in its own country,
we define consumer surplus as half that area, hence considering the benefits of only half

of total consumers.
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CS* =(Ap* )y + ;)[4 (6)

where CS” is consumer surplus.

The social welfare of the domestic country, which is equal to the sum of the domestic

producer’s profits and consumer surplus minus the cost of the subsidy, is given by
We=CS* +pri—tm? 7)

where W° is social welfare.

We solve this game starting from the last stage, followed by stage 2 and stage 1.

In the third stage, each firm chooses its output to maximize its profits.

max Pri(Va,VyXa%z:1) (8)
7

max Pty (Va>VysXg,X;51t) )
vy

This yields solutions for output as a function of R&D.

§ l S § S 5
ydzg(A+2xd~xf—a——xd,B +2x;: 8 ) (10)

S 1 5 s S S
yf=§(A+2xf——xd—a—xf,B +2x,8 ) (1D
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In the second stage, firms choose R&D expenditures to maximize their joint profits.

pry (Ve (xg,x7), 7 (%5,%7), %5, %5 ,1)
maX s K K s s s K K K (12)
x;,x} +prf(yd(xd,xf),yf(xd,xf),xd,xf,t)

This yields the following levels of R&D expenditures:

x)=(a-A+AB-af —ya+ AR’ —af’ - A+ fa+
A+ AP =1ap) / (=8fty +5Fy -2 +97* + ' (13)
~108%y —9ty* +16yB —10y + 5ty)

xp=(-pA+Pa+Ap* —apf’ —aff —yaf + A — APty
+A,B+a,8t7+oc—A+;/A+aty~At7—ya)/(l—8,Bty (14)

+58%y =287 +9y7 + B —=108%y - 9ty* +16yB —10y + 5ty)

In the first stage, the government chooses the subsidy rate, ¢, to maximize social welfare.
max W a0, y; (0, x50, x; (1),0) (15)
t

This yields the optimal subsidy rate.

Loptimal = 2(5185 _25ﬂ4 +26IB3 "'22,33}/+14ﬂ2 —66,527—277213
—31/3+907ﬂ+11—387+2772)/(13ﬁ5 —47B* -21B%

+46B° —9B%y +22B% ~598 +135yB 18y ° B
+25+90y° —99y)

(16)
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Now we can calculate the level of welfare.

W* =—y(186yda — 69a’ B’y —212a8° A +120aB° A~ 260" 4
+162a’ By — 694 By +1624° By —84a* B +106a* B°
—60a’f® +13a> B* —84A4* B +10647 B* —604°B° +134° p*
~93y4> + T2y% A% = 93ya® + 1297 a* —50Ac + 254% +25a° (17)

+138aﬂ2;fA—324aﬂ}/A—144y7‘Aa+168a,BA)/(13ﬂ6 -34p5°

~94 8%y — B* +224yB° + 685> +405y° B* —37p% - 348 8%y
~ 702y B +416yB -34 +513y* — 214y +25-324y°)

3.2 R&D cooperation without subsidy

Firms face the inverse linear demand

pi=A4A-y;-y; (18)

where p©is the price of the product, 4 is the intercept of the inverse demand curve and

ygand y7 are the outputs of the domestic firm and the foreign firm.

The unit cost of production of the domestic firm is
co=a-x; - xf, (19)
where c¢;is the marginal cost of the domestic firm, « is the initial cost of the product, B

is the spillovers between the domestic firm and the foreign firm and x; and x) represent
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the R&D investment of the domestic firm and R&D investment of the foreign firm re-

spectively.

The unit cost of production of the foreign firm is

c;=a-x;-p x; (20)

where ¢ is the marginal cost of the foreign firm.

The dollar cost of x units of R&D for domestic firm is 7x§2 , and the dollar cost of x

units of R&D for the foreign firm is ;/sz , where ¥ >0 is the R&D cost parameter.

Thus the firms’ profits are given by
c c c c 6'2

pri =(P" —¢)ya — 1y (21)
(4 c Cc c C2

pry =(p _cf)yf_}’xf (22)

where pr; is the profit of domestic firm, and pr;/ is the profit of foreign firm.

The consumer surplus CS° is defined as the following:

CS“=Ap)ys+y5)/4 (23)

The social welfare of the domestic country, # ¢, which is equal to the sum of the domes-

tic producer’s profits and consumer surplus minus the cost of the subsidy, is given by
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We=CS®+pr; (24)

We solve this game starting from the last stage.

In the second stage, each firm chooses its output to maximize its profits.

max Pri(Va-yyXa,xy) (25)
Vi

max 2ry(vay.xq,x;) (26)
Yy

This yields solutions for output as a function of R&D.

c 1 c c [ (4 [ C
ydzg(A+2xd—xf—a—xd,B +2xf,B ) (27)

4 1 c c [5 c 4 c
yfzg(A+2xf—xd—a—xf,B +2x;8°) (28)
In the first stage, firms choose R&D expenditures to maximize their joint profits.

Pri(Va(xg, x5 ) vy (x5, %5), %5, %)
max (29)

x;,x; +pr;(y;(x;’x;)sy;(x;’x;)>x;9x;)

This yields the following levels of R&D expenditures:
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g o _(A-a)1+ )
1428° + B -9y

= (A-a)(1+B°)
1428 + B ~9y

Now we can calculate the level of welfare.

We =—y(-18y4* +36yad -18ya’ + A> B - 20> A — 4apA

124 B+’ +2a’ B+a’ —2Aa+A2)/(,32 +28-9y +1)°
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Chapter 4: Analysis

In terms of modeling, numerical simulations are often used to prevent the analytical com-
plexity of the results. Moreover, it is easier to analyze static games; in most cases, not

much is obtained by adopting a dynamic model.

We then make comparisons to find out which one is a better policy in terms of social wel-
fare, consumer surplus, price of the product, cost of production, profits of the domestic
and foreign firms, R&D investment of the domestic and foreign firms and production
output of both firms: a policy of R&D subsidization or a policy of encouraging R&D co-

operation.

After solving those two models, we assume some numerical values for the parameters so

as to simplify analytical expressions: 4=1000, y =60, a =50.* [2]

* The results are not sensitive to the numerical values for the parameters above. Using different numerical
values would produce different levels of R&D investment, subsidies, and output, but the relationships be-
tween the variables would not change. The values in the thesis are the same as Atallah (2004).
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4.1 Subsidy
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Figure 4.1: Optimal Subsidy

From Figure 4.1, we can see that the optimal subsidy declines with spillovers. The

highest value, about 60% of R&D costs, is obtained when £ =0. This value declines

to almost zero for S =1. The reason why the subsidy declines with spillovers is that,
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as spillovers increase, a larger portion of domestic R&D leaks out to the foreign firm,

hence the domestic government chooses to subsidize x, at a lower rate.

4.2 R&D investment by domestic firm

R&D investment
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Figure 4.2: R&D Investment by Domestic Firm

In the absence of the subsidy, x, increases with spillovers. Because firms are cooper-
ating, the increase in spillovers increases the mutual benefits from R&D, thus increas-

ing x,. However, in the presence of the subsidy, x, declines with spillovers. Be-
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cause the optimal subsidy declines with spillovers, the net cost of R&D increases with
spillovers, inducing a decline in R&D, in spite of the presence of cooperation. This
result constitutes a major departure from the literature, where, because cooperative

R&D is generally not subsidized, it increases with spillovers.

Moreover, x, is always higher with the subsidy than without, because the subsidy re-

duces the net cost of R&D to the firm.

4.3 R&D investment by foreign firm
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Figure 4.3: R&D Investment by Foreign Firm
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x , always increases with spillovers, with or without the subsidy provided to the domestic

firm. As mentioned above, the increase in spillovers increases the mutual benefits from
cooperation, increasing R&D. Because the foreign firm does not benefit from the subsidy,

it is not directly affected by the fact that the subsidy declines with spillovers.

Moreover, x, is hardly affected by the subsidy. As Figure 4.3 shows, the level of x  is
almost the same with and without the subsidy, although x is slightly higher without the

subsidy.

4.4 Cost of domestic firm
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Figure 4.4: Cost of Domestic Firm

In the presence of the subsidy, the marginal cost of the domestic firm decreases with

spillovers. This is due to the fact that spillovers increase x,, and with higher spillovers,
the domestic firm benefits more from any given amount of x . This effect on ¢, domi-
nates the effect of the decline of x, with spillovers, which by itself would induce a posi-

tive relationship between 8 and x, .

Also, ¢, declines with spillovers in the absence of the subsidy. In addition to the effects
of f and x, mentioned above, x, increases with spillovers (in the absence of the sub-
sidy), further contributing to the decline inx, . Notice that the decline in x, is steeper in
the absence of the subsidy, because of the fact that x, increases with spillovers in the

absence of the subsidy, but decreases with spillovers with subsidy present.

We also note that the production cost is lower with the subsidy. This is because the sub-

sidy increasesx,, .
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4.5 Cost of foreign firm
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Figure 4.5: Cost of Foreign Firm

The cost of the foreign firm declines with spillovers. With and without subsidy, x , in-
creases with spillovers, contributing to the decline inc . As for the effect of x,, it is as
follows. In the absence of the subsidy, x, increases with spillovers, contributing to the
decline in ¢, both because of the higher £ and the higher x, . In the presence of the

subsidy, x, declines with spillovers, which reduces the benefits that the foreign firm gets
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from x, . But the increase in x, more than compensates for this, resulting in a negative

relationship between ¢, and .

4.6 Profit of domestic firm
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Figure 4.6: Profit of Domestic Firm

In the absence of the subsidy, the profit of the domestic firm increases with spillovers,

because in this case, spillovers increase both x, and x,. However, with the subsidy pre-

sent, there is a non-monotonic relationship between pr, and f: pr, first declines, then
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increases with spillovers. Remember that, with the subsidy, x, declines with spillovers,
while x, increases with spillovers. Initially, the increase in spillovers reduces x, , which

hurts the domestic firm; moreover, because spillovers are low, the domestic firm benefits

little from the increase in x; this explains why pr, initially declines with spillovers.

However, as spillovers increase further, the domestic firm benefits substantially from the

increase in x,, which has a positive effect on its profits. This effect is sufficiently strong

to dominate the negative effect of the decline inx,, .

The profit of the domestic firm is higher in the presence of the subsidy.

37



4.7 Profit of foreign firm
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Figure 4.7: Profit of Foreign Firm

The profit of the foreign firm always increases with spillovers. The increase in spillovers
benefits the foreign firm through multiple channels. In the presence of the subsidy, the

increase in spillovers increases x , and reduces x, , which benefits the foreign firm. In the
absence of the subsidy, the increase in spillovers increases x ,, which benefits the foreign
firm; it also increases x,, which by itself may hurt the foreign firm; but because of the

increased diffusion rate and the increase in x Iz the net effect is to increase pry.
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Note that the increase in pr, is generally steeper in the presence of the subsidy, because
in this case, the increase in spillovers reduces x, , which is beneficial to the foreign firm.
Only when spillovers are very high does the increase in pr, slow down in the presence

of the subsidy; this is because the high spillovers provide the domestic firm with a sub-

stantial benefit from the increase in x I

Moreover, whether the foreign firm benefits or loses from the subsidization of the domes-
tic firm depends on spillovers. With low spillovers, the foreign firm makes higher profits
in the absence of the subsidy. This is because the subsidy is high with low spillovers, and

x, is always higher in the presence of the subsidy. Moreover, the low spillovers provide

little benefit for the foreign firm, while with high spillovers, the foreign firm actually pre-

fers that the R&D of the domestic firm be subsidized. This is because x, is higher with

the subsidy; the high spillovers provide sufficient benefits for the foreign firm.

From the analysis of pr, and pr,, we can say that the foreign firm benefits most from

the subsidy when spillovers are high, whereas the domestic firm benefits most when spill-

overs are low.
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4.8 Output of domestic firm
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Figure 4.8: Output of Domestic Firm

4.9 Output of foreign firm
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Figure 4.9: Output of Foreign Firm
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The relationship between output and spillovers (Figures 4.8 and 4.9) is identical to the
relationship between profits and spillovers. This is because higher output is due to a

lower cost, which means a higher market share and higher profits.

4.10 Price
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Figure 4.10: Price

The price always decreases with spillovers. This is because the production costs of both

firms decline with spillovers. Moreover, the price is always lower in the presence of the
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subsidy, because the production costs of both firms are lower in the presence of the sub-

sidy.

4.11 Consumer surplus
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Figure 4.11: Consumer Surplus
From Figure 4.11, we can see that consumer surplus always increases with spillovers, due
to the decline in the price with spillovers. Moreover, consumer surplus is always higher

with the subsidy than without, because of the lower price. Consumers benefit from the

higher R&D due to the subsidy.
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4.12 Social welfare

We then went on to compare welfare levels between R&D cooperation with subsidy and

R&D cooperation.
Difference between welfare levels (W' —W°)

—y(186yda — 690> B’y —212aB> A+1200B° A - 2605* A +162a’ By — 694° By
+1624° By —84a’ B+106a° B> —60a’ B’ +13a’ B* —844° B+1064° B> — 604> 5’
+1342 8% —93yA4% + 72y 4> = 93ya® + T2y a® —504a +254% +25a° +138ap°y4

—3240fyA - 144y Ao +168aﬂA)/(13,B6 —34B° 948"y — B* +224yB° + 685 (33)

+40572 8% —378% —3488%y =702y B+ 41693 - 348 + 51372 214y + 25 - 324y°)
+y(-18y4> +36yad - 18y’ + A* B> -2aB° A—4afA+2A4* f+a’ f* +2a°f

+a’ —2Aa+A2)/(ﬂ2 +2B8 -9y +1)?

where W' is the social welfare in R&D cooperation with subsidy scenario, while W ° the

social welfare in R&D cooperation.

The following figure illustrates the solution.
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Figure 4.12: Social Welfare

Welfare is always increasing with spillovers. Welfare has three components: consumer
surplus, domestic profits, and the cost of the subsidy. As explained above, consumer sur-
plus is always increasing with spillovers. Domestic profits increase with spillovers in the
absence of the subsidy, and first decrease then increase with spillovers in the presence of
the subsidy. As for the cost of the subsidy, it declines with spillovers, because both do-
mestic R&D and the subsidy rate decline with spillovers. In the absence of the subsidy,
both consumer surplus and domestic profits increase with spillovers, and there is no sub-
sidy, hence the total welfare increases with spillovers. With the subsidy present, con-

sumer surplus and the decline in the cost of the subsidy contribute to the increase in wel-
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fare; the change in domestic profits contributes positively to welfare when spillovers are
high and negatively to welfare when spillovers are low. In this last case, the effects of the
increase in consumer surplus and the decline in the cost of the subsidy dominate the
negative effect of domestic profits, hence the total welfare increases with spillovers in the

presence of the subsidy.

Welfare is always higher in the presence of the subsidy. The gap is largest when spill-

overs are low, and it declines with spillovers. This is because the optimal subsidy de-

clines with spillovers, hence the gap between the two models declines with spillovers.
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Chapter 5: R&D Uncertainty with Conditional or Uncon-
ditional Subsidies

In the previous chapters, the outcome of R&D was deterministic: the firm knew with cer-
tainty how much R&D output it would obtain from a given investment in R&D. In prac-
tice, however, firms face uncertainty with respect to R&D outcomes. R&D projects may
succeed or fail. In this chapter and the next ones, we analyze the optimal subsidy in the

presence of R&D uncertainty.

5.1 Background

There is literature on optimal R&D under uncertainty. Poyago-Theotoky (1998) analyses
the role of a public firm in a mixed duopoly under uncertainty. Miyagiwa and Ohno
(2002) analyze cooperative R&D in an oligopoly with spillovers and uncertainty. Lam-
bertini (2004) studies the impact of demand uncertainty on R&D. Matsumura (2003)
analyses R&D investments under uncertainty, considering cases where firms choose the
size of the R&D project and cases where firms choose the probability of success. He also

considers the subsidization of R&D.
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The modeling of innovation with uncertainty in this thesis is similar to Matsumura’s
modeling (2003). Matsumura studies cost-reducing R&D under uncertainty. Innovation
efforts can either reduce production costs or increase the probability of success. Matsu-
mura (2003) also finds that the optimal subsidy increases according to the riskiness of the
project.” However, in his model, all subsidies are unconditional. This section goes beyond
this literature in that it considers the subsidization of R&D. It also goes beyond Matsu-

mura (2003), since it considers a new type of R&D subsidy, to be explained shortly.

In the current chapter, we focus on uncertainty with respect to success or failure when the
probability of success is exogenous. In the following chapters, we endogenize the prob-

ability of success.

5.2 Model

This model is based on Matsumura (2003). The model is the same as in the previous
chapter (R&D cooperation with subsidy), except that now the R&D of the domestic firm
may succeed or fail. For simplicity, we assume that the foreign firm does not face any
uncertainty: its project always succeeds. This allows us to focus on the behavior of the

domestic firm and the government.

% He goes even further, suggesting that risky investments should be subsidized, while safer investments should be
taxed. This is because, in his model, when firms choose the probability of success, they invest too much in safe
projects.
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Let 0 < [0,1] ¢ be the probability that the R&D of the domestic firm succeeds, and 1-8 the
probability that it fails. If the project succeeds, the domestic firm gets a cost reduction,

x, (chosen in the second stage), and the foreign firm benefits from this R&D output

through spillovers, as before. If the R&D of the domestic firm fails, it only gets the spill-
over benefit from the foreign firm, and the foreign firm only obtains the cost reduction

from its own R&D.

The demand function is the same as above.

p=4-y,-y, (34)

The expected cost functions become
c; =a—bk, - px; (35

¢, =a—x,—pbk, (36)

Because of the presence of R&D uncertainty, the government may wish to make part of
the R&D subsidy conditional on the success of the project. To consider that option, we let

the government choose two subsidies. The first one is #,, which is given to the firm in all
cases, whether the project succeeds or fails. The second one is ¢, which is conditional on

the success of the project: the firm gets it if the project succeeds and does not get it if the
project fails. In general, such a subsidy may give the firm incentives to increase the

chances of success (see next chapter). Moreover, such a conditional subsidy allows the

® The thesis considers two cases of innovations outcomes: the size of the innovation and the probability of
success. For the probability of success, this takes into account that many R&D projects may succeed or fail.
A project succeeds with a certain probability. The firm can try to improve the chances of success by putting
in more resources and more people into a project.
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government to reward success and select the best firms and the best projects over time.

The total subsidy cannot exceed the cost of the project, hence ¢, +¢, <1.

Expected profits become

pra=(p —c)y,—(-t, -6 )} (37)

pr=(p —c;)y, —m; (38)

and expected welfare becomes
W =CS+pr, -, +0.)m; (39)

Using this framework, we solve the model starting from the last stage. In the third stage,
firms choose output. At that stage, uncertainty is resolved, and firms know whether the

project has succeeded or failed. In the case of success (£=1), the optimal output is

1

Yag =§(A—a+2xd—,3xd—xf+2ﬁxf) (40)
1

Yig =§(A—a+xd—2,8xd+2xf—,8xf) 40

In the case of failure ( #=0), the optimal output is

1
Ya, =§(A—a—xf+2ﬂxf) (42)
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1
Yy, =§(A—a+2xf—ﬂxf) (43)

where g denotes a “good” outcome, and b denotes a “bad” outcome.

Because there is still uncertainty in the second and first stages, the firm and the govern-

ment will base their choices in those stages on expected output, which is given by

Ya = @’dg +(1-0)y,,
1 1 (44)
=§6’(A—a+2xd - P, —x; +2ﬂxf)+§(l—0)(A—a—xf +20x ;)

Yy :QVfg +(1“9)yfb
1 1 (45)
=§0(A—a+xd -2fx, +2x, —ﬂxf)+§(1—6)(A—a+2xf - pPx;)

We now turn to the second stage. In this stage, firms maximize expected profits, because
they do not know yet whether the project will succeed or not, and hence whether the do-

mestic firm will obtain the subsidy or not. The optimal investments in R&D are given by

¥ =1+ f)A-aX1 =20+ 52 ~7)0 //
(~1+8°) 60> -9y  (—1+t, +t,0)+(5-8B+58 )y (-1+t, +t.0 —6))
(46)

¥ ==+ PYA= )+ B 0" +y (141, +1.0)) /
(<1+ B> 0* =99 (—1+1t, +1,0)+(5-8B+58 )y (=1 +t, +t,0 - 0%))

(47)
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In the first stage, the government chooses ¢, and ¢,. Note that, even though 7, is paid

only after the project takes place (in the case of success), the government can commit ini-

tially to both ¢, and ¢,. Maximizing welfare with respect to 7, and ¢, yields the follow-

ing condition:

t,+6, =(191825-196309% + B*(5-550")+ B> (-7 +176°) +
2,83(877+46902)—2,32(1715+223102)+ﬂ(—189187+552502))/ (48)
(318085-567598 -5188% —15743° —478* +1353°)

It turns out that the solution to this problem is not unique. This is why we obtain one
equation with two unknowns, ¢, and ¢,. This means that there are several combinations
of ¢, and ¢, which can allow the government to maximize welfare. The left-hand side of

the last equation represents the expected subsidy rate to the firm. This expected subsidy
rate must be equal to a certain function, which depends on the parameters of the model, in

particular S and . In what follows, we analyze how the optimal subsidies depend on

these two parameters.
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5.2 Analysis

Obtaining analytical results for the effects of £ and 6 turns out to be difficult. For that,

we rely on numerical simulations. Table 5.1 presents the optimal subsidies for different

combinations of spillovers and probability of success. For any given values of § and 4,
there is an infinity of combinations of 7, and ¢, allowing the government to achieve the

optimum. To focus on our ideas, we calculate three levels of optimal subsidies. The first

one is such that ¢, is set as low as possible, and ¢, is set as high as possible. This scheme

would be useful to a government that wants to rely as much as possible on conditional

subsidies. The second scheme is such that £,=¢_ . This is useful when the government
wants the unconditional and conditional subsidies to be equal. The last one is such that ¢,

is set as high as possible, and ¢, as low as possible. This is relevant when a government

wants to minimize the use of conditional subsidies.

The table shows that, for any combination used, the optimal subsidy (z,, ¢,, or both) de-

clines with spillovers. This is reminiscent of the results obtained in Chapter 4. As spill-
overs increase, the benefits to the foreign firm increase, and the optimal subsidy declines.
Therefore, the presence of uncertainty and the use of conditional subsidies do not alter

the basic relationship between the optimal subsidy to a domestic firm and spillovers.
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The table also shows that the optimal subsidy declines with €, meaning that, as the R&D
project becomes less risky, the optimal subsidy declines. This means that R&D projects
with a higher risk should get a larger subsidy. The reason for that counter-intuitive result
is that firms invest too little in risky R&D projects. The higher the risk, the lower the
R&D investment. The government needs to compensate for the higher risk by providing a

higher subsidy rate.

The goal of the government is to induce the optimal level of R&D. The optimal level is
induced by an optimal level of the expected subsidy. As @ increases, the probability of
obtaining the subsidy increases; to restore the optimal subsidy to its optimal level, the
government reduces the subsidy. Conversely, when 6 decreases, the probability of ob-
taining the subsidy declines; to restore the expected subsidy to its optimal level, the gov-

ernment increases the subsidy.

Matsumura (2003) also finds that risky investments should be subsidized, while safe in-
vestments should be taxed. This is because firms invest too little in risky investments, and

too much in safe investments.

We now turn to the choice between the different combinations. When the first combina-

tion is used, where ¢, is set as high as possible, 7, is positive when & is low, but nil

when @ is intermediate or high. When @ is low, the project is very risky, and a condi-

tional subsidy alone cannot give the firm sufficient incentives to perform the appropriate
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level of R&D. Therefore, the government needs to set a strictly positive level of 7,. As 6

increases, it becomes possible to rely only on ¢, , and to set ¢, =0.

The advantage of the second combination, where 7,=¢_, is its simplicity. It may be sim-

pler for the government and for firms when there is a unique subsidy rate, which is ob-

tained in all cases and which is obtained again in cases of success.

The last combination is such that 7, is as low as possible. In this case, it is always possi-

ble to set £, =0 and use only ¢, . This is equivalent to the model presented in the previous

section.

Note that, for any given level of # and @, the expected subsidy is the same, irrespective

of the scheme used. This means that, irrespective of the combination used, the level of all
variables (R&D, output, etc.) is the same. This is not surprising. Given that the firm is
risk-neutral, it only cares about the expected subsidy, irrespective of its distribution be-

tween ¢, and ¢_. This is true because & is exogenous. When 6 is endogenous, however,

as in the next section, this is no longer the case.

The table also shows how domestic R&D, domestic profits, and welfare are affected by

spillovers and by the presence of uncertainty. Domestic R&D declines with spillovers,

because the subsidy declines with spillovers.
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When the probability of success is low, domestic profits increase with spillovers; in spite
of the decline in the subsidy, the firm gets a larger benefit from the R&D of the foreign
firm, which increases its profits. And because the probability of success is not too high,
the domestic firm does not lose too much (in expectation) from the increase in spillovers,
because there is a significant probability that the foreign firm does not receive any infor-
mation. When the probability of success is high, however, domestic profits first decrease,
then increase with spillovers. They first decrease with spillovers because there is a sig-
nificant chance that the foreign firm obtains the information. However, as spillovers in-
crease further, the benefit the domestic firm receives from the foreign firm is more im-

portant than the loss from the leakage of its own technology (remember that x, declines
with spillovers, but x, increases with spillovers), hence pr, increases with spillovers

when the probability of success is sufficiently high.

As for welfare, it always increases with spillovers. Spillovers result in increased con-
sumer surplus (because of the lower price) and may increase or decrease domestic profits
(see above). But the positive effect on consumer surplus always dominates, resulting in

an increase in total welfare.
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Figure 5.1: Effect of Spillovers on the Optimal Subsidy (& = 0.75)
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Figure 5.2: Effect of Probability of Success on the Optimal Subsidy (5 = 0.5)
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Chapter 6: Endogenous Probability of Success

6.1 Endogenous probability of success with conditional subsidies

In this section we allow for R&D uncertainty but let the firm choose the probability of
success, @. This allows us to analyze the interaction between the conditional subsidy and
the efforts made by the firm. This endogenization comes at the cost of some simplifica-
tions, however. First, while it would be useful to allow the firm to choose both x and &,
this turns out to be difficult analytically. Therefore, x is now exogenous, and the firm
chooses only €. Second, as in the previous chapter, there is no uncertainty for the foreign
firm, which hence does not make any decisions in the second stage (but there is still R&D
cooperation). Finally, it is tedious to solve for the optimal subsidies when the government

can choose both 7, and ¢, . For that reason, we assume that the government only chooses

t,, and hence that there is no unconditional subsidy.

The demand function is the same as above. We call x the exogenous R&D output. The

cost functions become

c,=a—pPx—btk (49)

¢, =a—x- bk (50)
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The cost of inducing a probability of success @ is 18°. The subsidy now goes to cover-

ing part of this cost.

The profit functions become
pry=(p—c,)y, — (-6 )A6* (5

pry =(p_cf)yf (52)

And the welfare function becomes
w=cs+ pr, -0t 16" (53)

Firms choose output in the last stage. This yields (we only write expected output)

yd=%(A—a—x+2,Bx+2x9—,Bx0) (54)

yf=%(A—a—x(—2+,B+9—2,39) (55)

In the second stage, the domestic firm chooses € to maximize joint profits. This yields

-

5414

(~108¢, (24x + 24 Bx — 200 — 2 Boce — 8x7 + 20 B> ~8ﬁ2x2)/1)
+(10x> =16 8¢ + 102> — 184 +181,4)?)

(-10x> +168¢* —108°x> +184 —18¢, A —

(56)
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B 0 t w pry

0 0.101932 1 200237 99383.2
0.1 0.115637 1 200512 99595.2
0.2 0.130201 1 200785 99803.7
03 0.145826 1 201055 100008
0.4 0.162807 1 201321 100208
05 0.181603 1 201583 100404
0.6 0.194178 0.937067 201839 100591
0.7 0.189908 0.734352 202094 100776
0.8 0.185624 0.512132 202349 100961
0.9 0.181327 0.268191 202604 101148
1 0 0 202672 101336

Table 6.1: Optimal & with 7, only

In the first stage, the government chooses ¢,. We fix all the parameters of the model to be
able to obtain the optimal subsidy (4 =1000,a = 50,4 =3000,x = 5). We then calculate

the optimal subsidy for any given level of . Substituting this optimal subsidy into the
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R&D and output solutions, Table 6.1 illustrates the optimal subsidy, the choice of 8 by

the domestic firm, and total welfare as a function of spillovers.

The optimal conditional subsidy declines (slightly) with spillovers. It is equal to 100% for
S <0.5 and declines for higher values of g, to reach 0 when £ =1. The reason for this

negative relationship is the same as above: higher spillovers increase the benefits to the

foreign firm at the expense of the domestic firm.

As for @, it first increases then decreases with spillovers. It first increases with spillovers
because firms are cooperating in R&D, and higher spillovers increase the joint benefits
from success. It then declines with spillovers because the decline of the subsidy becomes

so strong as to increase the net cost of @ significantly.

Domestic profits always increase with spillovers, in spite of the decline in the subsidy
and the probability of success for high values of spillovers. This is compensated by the
benefit the domestic firm obtains from the R&D of the foreign firm, a benefit which in-

creases with spillovers. Finally, total welfare increases with spillovers.
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6.2 Endogenous probability of success with unconditional subsidies

In this section, we will compare conditional subsidies with unconditional subsidies. As-
sume that the model is as in the last section, except that now the government can use only

unconditional subsidies. The model becomes

p=A4A-y,-y;
c,=a—Px—btx
c,=a~x— Btk
pry=(p=c)y,~(1-1,)A0° (37)

pry =(p—cf)yf
CS=(A-p)y,+y,)/4

W =cs+pr,—t 10"

The game is solved using the same method as in the previous sections.

The expected outputs
ydzé(A—a—x+2ﬂx+2x9—,Bx0) (58)
y/=%(A—a+2x—,Bx—x6'+2ﬁx9) (59)
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Then the domestic firm chooses @ to maximize joint profits. This yields

0= x(—A(1+ )+ 1+ Pa+2Q2-58+2)x)
(5-8B+58)x* +9(=1+t)A

(60)

The government chooses ¢, to maximize expected welfare.

t =—((~1+B)1375+6258° 2758 —1258>(15 + &) +
A(275-5008 +1258% —182) —1351) +18al +

58(~225+ 100 + 274))) / BQRA-5+ B)+358% —2B(55+a) +5(7 + 2a))A)

(61)
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B 0 t, w pr,

0 0.44 06 200610 99921
0.1 0.43 0.55 200851 100050
0.2 0.42 05 201092 100181
0.3 0.415 0.45 201335 100315
0.4 0.406 0.392 201578 100452
05 0.398 0.334 201821 100592
0.6 0.389 0.273 202065 100735
0.7 0.38 0.209 202310 100881
08 0.372 0.143 202556 101030
0.9 0.363 0.073 202802 101181

1 0.354 0 203048 101336

Table 6.2: Optimal & with ¢, only

Table 6.2 illustrates the choice of @ by the firm and the choice of 7, by the government,
as well as domestic profits and total welfare. Again, it is found that ¢, declines with

spillovers. The explanation is the same as above. Moreover, € declines with spillovers,

because of the decline of ¢, , and in spite of the fact that spillovers should contribute to
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increasing @, because of the presence of R&D cooperation. Finally, domestic profits and

total welfare increase with spillovers.

It is useful to compare the optimal subsidy and the choice of & between this model and

the previous one. As tables 6.1 and 6.2 illustrate, ¢, is always lower than ¢, . This is be-
cause the firm gets 7, with certainty; the conditionality of the provision of #, forces the

government to set it at a higher level.

Paradoxically, € is higher when only ¢, is offered than when only ¢, is offered. Even
though 7, is higher, and even though it is conditional on success, the presence of uncer-

tainty with respect to the provision of the subsidy reduces the incentives for innovation
efforts. Because the maximum total subsidy is 100%, there are limits to what a condi-
tional subsidy alone can do. In this setting, it would be necessary to set the conditional
subsidy at a rate much greater than 100% of the cost of innovation to induce a larger

probability of success than under ¢, only, which is unrealistic.

Because @ is higher under 7, only, domestic profits and total welfare are also higher un-

der that scenario.

67



Chapter 7: Conclusions and Discussions

In this thesis, five different models dealing with the subsidization of cooperative R&D
have been considered. Some of the models have been compared in terms of subsidies,

R&D, welfare, and choice of innovation levels and probabilities.

A common finding is that the optimal subsidy declines with spillovers. This is true
whether there is R&D uncertainty or not, whether the firm chooses the level of innova-
tion or the probability of innovation, and whether the subsidy is conditional, uncondi-
tional or both. As explained above, this is due to the fact that the increase in spillovers
increases the benefits to the foreign firm at the expense of the domestic firm, which is
undesirable from the point of view of the domestic government. Hence the domestic gov-

ernment chooses to subsidize domestic R&D at a lower rate.

Domestic R&D increases with spillovers in the absence of the subsidy, because there is
R&D cooperation. With the subsidy present, however, domestic R&D declines with
spillovers, because the subsidy declines with spillovers. The subsidy always increases

domestic R&D.

Foreign R&D increases with spillovers, because there is R&D cooperation, and because

domestic R&D declines with spillovers.
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In the presence of the subsidy, domestic profits first decrease, then increase with spill-
overs. This is due to the decline in the subsidy and in domestic R&D as spillovers in-
crease. However, as spillovers increase further, the domestic firm benefits from the in-
crease in the R&D of the foreign firm, which induces a positive relationship between

domestic profits and spillovers. Moreover, the subsidy always increases domestic profits.

As explained in this papef, the foreign firm may benefit or lose from the subsidy, depend-

ing on spillovers: it loses with low spillovers, but gains with high spillovers.

Total welfare increases with spillovers, because consumer surplus increases with spill-

overs, and because domestic profits increase with spillovers when spillovers are high.

Moreover, total welfare increases with spillovers. Even when R&D declines with spill-
overs, the benefits of diffusion more than compensate, prices and costs are lower and

consumer surplus and profits are higher.

From a policy point of view, we conclude that there is a role for R&D subsidization of a
domestic firm when it competes with a foreign firm on the domestic and foreign markets,
and firms cooperate technologically in the presence of R&D spillovers. The subsidy can
help the domestic firm increase its R&D, which benefits consumers and increases domes-
tic profits. The subsidy benefits the domestic industry most when spillovers are low.

Moreover, the optimal subsidy should be set at higher levels when spillovers are low, and
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at low levels when spillovers are high. This is because, with high spillovers, domestic
R&D benefits the foreign firm significantly, and this may hurt the market share of the
domestic firm on both domestic and foreign markets. However, the fact that the foreign
firm may benefit from the subsidy (especially when spillovers are high) should not be
perceived as negative. In fact, it is in these circumstances that the foreign government

will have the fewest reasons to complain about the subsidy to the domestic firm.

The paper also considered R&D subsidies that are conditional on the success of the pro-
ject, in the presence of R&D uncertainty. It was shown how the government can use dif-
ferent combinations of conditional and unconditional R&D subsidies to reach the same
outcome. The government can rely on conditional subsidies alone if it wishes; however,
for low values of the probability of success, it cannot; it must use also unconditional
R&D subsidies to induce the socially optimal level of innovation. In general, the‘model
warns against the use of conditional R&D subsidies alone. For a wide range of degrees of
riskiness, conditional subsidies alone may yield suboptimal levels of innovation. This
problem can be avoided by combining conditional and unconditional R&D subsidies to
achieve the optimal expected subsidy. It was also shown that, even in the presence of un-

certainty, the optimal subsidy declines with spillovers.

Surprisingly, it was found that the optimal subsidy declines with the probability of suc-
cess, meaning that the government should give larger subsidies to riskier R&D projects

and lower subsidies to safer R&D projects. The explanation of that result is that, as the
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risk of the project increases, the firm invests less in R&D; to counter that effect, the gov-
ernment has to increase the R&D subsidy. This result sheds light on the debate of when
R&D subsidies contribute to increasing R&D and when they finance research activities
the firm would undertake anyway. The argument that the subsidy should be positively
correlated with the social profitability from innovation (size of innovation, market size,
probability of success, etc.) overlooks the fact that many of the factors that increase the
social value of the innovation also increase its private value to the innovator, increasing
the privately optimal investment. Hence, the innovator already accounts for a large num-
ber of these factors, and it may be redundant for the government to subsidize R&D pro-
jects because they are promising or socially beneficial; the innovator’s actions already
partly reflect those benefits. Rather, it is when the private value of the innovation is small
(due to a small market size, a low probability of success, etc.) that government interven-

tion is most needed.

We also considered the case where the domestic firm can devote resources to increase the
probability of success of the R&D project. It was shown that the probability of success
first increases, then decreases with spillovers. It first increases with spillovers because
firms are cooperating in R&D, and higher spillovers increase the joint benefits from suc-
cess. It then declines with spillovers because the decline of the subsidy becomes so strong

as to increase the net cost of the probability of success significantly.

Moreover, we derived the optimal unconditional subsidy from when the firm chooses the

probability of success. It was shown that the optimal unconditional subsidy is higher than

71



the optimal conditional subsidy. This is because the firm gets the conditional subsidy
only with a certain probability; to compensate for that risk, the government has to set the

conditional subsidy at a higher level.

It was also shown that, comparing these two schemes, the unconditional subsidy induces
a higher level of innovation, a higher level of domestic profits, and a higher level of total
welfare than the conditional subsidy alone. This is because the conditional subsidy puts
too much risk on the domestic firm; in addition, part of the benefits of innovation goes to
the foreign firm. Therefore, the domestic firm has to bear all the risks of innovation and
of getting the subsidy or not; and then it must share the benefits with the foreign firm;

this reduces its incentives for innovation under the conditional subsidy alone.

Therefore, the government may prefer to use only unconditional subsidies or a combina-
tion of conditional and unconditional subsidies, in the presence of international techno-
logical cooperation. A conditional subsidy alone may not be optimal and may be a risky

policy.

In all five models, there is a major asymmetry between the objectives of the government
and the objectives of the firm. The government cares only about domestic welfare; hence,
whenever the subsidy penalizes the domestic firm and benefits the foreign firm, the gov-
ernment reduces the subsidy, whereas the domestic firm, because it is cooperating in
R&D with the foreign firm, may respond positively to a change that benefits the foreign

firm, as long as it increases total profits.
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The limitations of the current work on conditional R&D subsidies should be seen as ave-
nues for future research. The success or failure of an R&D project is not always easy to
establish, even ex post; the project may be multidimensional and may succeed on some
dimensions but fail on other dimensions; even in unidimensional cases, success may be a
continuous rather than a discrete variable. Moreover, some projects may succeed techno-
logically, but fail commercially. Firms may have private information about the true qual-

ity, and hence the probability of success, of their R&D projects.
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Appendix 1

In the following pars, we assume that a, b and r are equal to o, 3 and y , which appear in the

previous equations in terms of simplification.

Solutions to the cooperative case with R&D subsidy
t=
2¥(5*b"5-25*b N 426*b3+22* ¥ b A3+ 14*b2-66* b 2* r+90*r*b-27*1r"2*b-31¥b+11-
38*r+27*1"2)/(13*bN5-47*b 4+46*b3-27*r* b 3-9%b 2 *r+22*b"2-

18*r"2*b+135*r*b-59*b+25-99*r+90*1"2)

xd s=
(13*b75-47*b"+46*b 3-27*r*b"3-9* b 2 *r+22*b"2-18*r"2*b+13 5*r*b-59*b+25-
99*r+90*1°2)* (a-A)/(13*b"6-34*b"5-94*1*b"4-b"4+68*b"3+224*r*b"3-348*b 2 *-

37*bA2+405% 1/ 2%b"2+416%1r*b-702* 1" 2*b-34*b+513*1"2+25-324*13-214*1)

xf s=

(-13*¥bA5*A+13*bN5*a-4TFb M *a+4T*b N 4* A-17¥b 3 *a*r+46* b 3 *a+1 THr* A*b"3-
46*DN3* A-22% A*bA2+22%a*¥b N2 +39* ¥ A*b2-39*a* b 2*r-59*a*b+36* 1" 2*a*b-

117*r* A*b-36*1"2* A*b+117*r*a*b+59* A*b-25* A+77*1r* A+25*a-
TT*r*a+36*a*r 2-36* A*1°2)/(13*b"6-34*b"5-94*r*b"4-b"4+68*b"3+224*1*b"3-
348*bM2*r-37*b 2+405% 1" 2*¥b"2+416*r*b-702*1r"2*¥b-34¥b+513*1r"2+25-324*1"3-

214*r)
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yd s=

r*(-106*a*b-105*a*b 2*r+156*a*b"2+204*r*a*b-123*r*a+1 08*a*r"2+29*b"4*a-
110*b73*a+106*A*b-156*A*b 2+110*b"3*A-204*r* A*b+105*r* A*b"2-
20%bA4* A+123%r* A-31¥A+31*a-108* A*r"2)/(13*b"6-34*b"5-94*r*b"4-
bAA+68*DN3+224* 1% bA3-348* b2 #1-37¥ b 2+405* 1/ 2 ¥ b 2 +416*r*¥b-702*1"2*b-

34*b+513%1"2+25-324*1"3-214%*r)

yf s=

r*(-146*a*b-159%a*b 2 *r+144*a*b 2+312*r*a*b-177*r*a+108*a*r"2+1 9*b"4*a-
70%b 3 *a+146* A*b-144* A¥b 2+70%b 3* A-312*r* A*b+159*r* A*b"2-

19%bM* A+177%1r* A-53* A+53*a-108* A*1"2)/(13*b"6-34*b"5-94*r*b"4-
bAA+68*DN3+224*1¥bA3-348* b2 *1-3 7D 2+405* 1" 2* b 2+4 16 r*b-702*1"2*b-

34*b+513%1"2+25-324*1"3-214%r)

p_s=
-(-1 3P A* A+8FDA3* A+48*a*bA2¥ 33 % r* A*b 2 +30* A*¥D N2 +30*r* A*b-16* A*b-
84*p¥a¥b-108* A*r 2+84*r*a+105*r*A-25%A-216%a*r"2)/(13*b"4-8*b"3-30*b"2-

81*¥b 2*r+54*r*b+16*b+25+324*1"2-189*r)

prd_s=

S3Fr*(1172*r*A* a-12096*r"3*a*b* A-602*a 2*b" 6 *1+2205%a"2*¥b 4 *1"2-

2102*%a"2*¥b 2 *1+6642%a 2¥b 2 *172+4104*a"2*b 3 *1+160*a*b"2* A-
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5436*a"2*b*r \2+2524*a 2*¥bN5*1-5940%a 2 ¥b N3 *r 2 +112*a*b"6* A+80*a*b 3 * A-
196*a*b 4* A+1148*a 2*¥b*r-4486*a"2*¥b 4*1-2102* AN2*b"2*1+4104* A*2*b"3 *1-
5436* AN2*b*1"2-

5940% AN2*¥DA3*rA2+2524% AN2¥bA5*r+1148* A2 *b*r+6642% AN2*b N2 * 1 2-

4486* AN2*DM*r+2205% AN2*b N *12-602* AN2* b6 ¥1-26* A*b 8 *a-

64* A*bN5*a+16%*a2*b-80*a"2*b"2-56%a"2*b"6-8% a2 * b7 -

40*a 2*b 3+98*a 2 *¥b N +16* AN2*b-80* AN2*¥ b 2-56* AN2*b"6-8* A2 * DT -

40% AN2¥DA3+H98* AN2* DN +13 ¥ AN2¥DN8+32*¥ AN ¥b N5 +13*¥a2*¥ b8 +32* a2 b 5-
586*r* A2-6048*1r"3* AN2+3105*r"2* A2-586%r*a2-
6048*r"3*a™2+3105*r"2*a"2-

50%A*a+25* AN2+25%aN2+16%*a*b N T* A+4204* a* b 2*r* A-
8208*a*b 3*r* A+10872*a*b* A*r"2+11880*a*b 3 *1"2*A-5048*a*b"5*r* A-
2296*a*b*r* A-13284*a*b"2*1"2* A+8972*a*b 4*r* A+12096*r"3*A*a-

3456* " 3* AN2*¥b"2-6210*1"2* A*a-3456*1"3*a"2*b"2-

32*%a*b* A+6912*r"\3* A*a*b"2+1204*A*b" 6*r*a-

4410* A¥b ¥ 2*a+6048*1"3* A2*b-

7776*a*1"4* A+3888%a2*1"4+6048*r 3 *a"2*b+3888* A*2*1"4)/(13*b"4-8*b"3-
30%b2-81*b"2*r+54*r*b+16*b+25+324*1°2-189*1)/(13*b"6-34*b"5-94*1r*b"4-
brA+68*b"3+224%r+bN3-348* b2 *r-37*b N 2+405* 1/ 2% b 2+416*1*b-702*1"2*b-

34*b+513%1"2+25-324*1"3-214%r)

prf s=
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-r*(12068*1r* A*a-82944*1"3*a*b* A-634*a"2*b"6*r+6633*a"2*b 4 *1"2-
15846*a2*b2*r+44334*a2*b"2* 1" 2+5464* a2 ¥ b 3*r-1112*a*b 2* A-
47664*a 2*¥b*r"2+1092*a"2*b 5%r-20880*a"2*¥ b 3*1"2-2936*a*b"6* A-
5032*a*b 3*A+5636*a*b 4* A+16644*a"2*b*r-942*a 2 *b 4 *1-

15846*% AMN2*¥b 2 *1+5464* AN2*¥b 3 *r-47664* A" 2*b*r2-

20880* AN2*bA3*1A2+1092* AN2*¥bN5*1r+16644* AN2¥b*r+44334* AN2*¥b 2 *12-
942% AN2*¥ D *r+6633*% AN2*¥bA*112-634* AN2*b 6 *r-338* A*b"8*a-136* A*b"5*a-
1700*a"2¥b+556*a2*b"2+1468*a2*b"6-884*a 2 *b"7+2516*a"2*b"3-
2818*a"2*b"4-1700* AN2*¥b+556* AN2*¥b"2+1468* A" 2*b"6-
884*AN2*bNT+2516* AN2*bM3-
2818*AM*¥bN+169* AN2*b"8+68* AN2*bN5+169*a2*b"8+68*a 2*b"5-
6034*r* AN2-27864%1"3* A*2+20457*r"2* A"2-6034*1*a"2-

27864*r"3*a 2+20457*1r"2*a"2-

1250* A*a+625* A™N2+625*%a"2+1768*a*b 7*A+31692*a* b/ 2*r*A-

10928*a*b 3*r* A+95328*a*b* A*1r"2+41760*a*b 3 *1r"2* A-2184*a*b"5*r*A-
33288*a*b*r*A-88668*a*b 2*r"2* A+1884*a*b N *r* A+55728* 1" 3* A*a-
23976*r"\3* AN2*b"2-40914*1"2* A*a-

23976*r3*a"2*¥b 2+3400*a*b* A+47952*r"3* A*a*b"2+1268* A*b 6 *r*a-
13266* A*b M* " 2*a+41472*%1"3* AN2*D-

23328*a*1"* A+11664*a"2* 1M 4+41472*1"3%a " 2*¥b+11664* A*2*1"4)/(13*b"4-
8*%b"3-30%b"2-81*b 2 *r+54*r*b+16*b+25+324*1"2-189%r)/(13*b"6-34*b"5-
94*r* b 4-bN+68* b 3+224*r*bN3-348* b 2 *1-37*b"2+405* 1" 2*b"2+416*1r*b-

702*1 2%b-34*b+513*%1"2+25-324*1"3-214%r)
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cs s=
36+ 2% (4*a*b 2-4* A*b 2+T* A¥b-T*a*b+7*a+18*r* A-18%r*a-7* A)"2/(13*b"4-

8*b"3-30*b"2-81*¥b 2*r+54*r*b+16*b+25+324%12-189*r)"2

W_s=

-r*(186*r* A*a-69*a"2*¥b 2*r-212*a*b " 2* A+120*a*b"3*A-

26*a*b ¥ A+162*a"2¥b*1-69* AA2¥b 2 *r+162* A2 *¥b*r-84*a"2*b+106*a”2* b 2-
60*a™2*b"3+13%a2*¥b"4-84* AN2*¥b+106* A 2*b"2-60* AN2*b 3 +13* AN2*bN4-
93*r* AN2+T72* 1 2* AN2-93*r*an2+T72% 12 * a2~
50*A*a+25*AN24+25%a"2+138*a*b M2 *r* A-324%a*b*r* A-

144*"2* A*a+168*a*b* A)/(13*b"6-34*b"5-94*b" 4 *r-
bAH224% ¥ A3+68* b 3+405* 1 2%b"2-37¥b2-348*b 2 *r-702* 1 2*b+416*r*b-

34*b+513%r"2-214*r+25-324*1"3)
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Appendix 2

In the following part, we assume that a, b and r are equal to & , B and y , which appear in the

previous equations in terms of simplification.

Solutions to the cooperative case without R&D subsidy

xd_c= (-A*bta*b+a-A)/(b"2+2*b-9%r+1)

xf ¢ = (-A*bra*bta-A)/(b 2+2%b-9*r+1)

yd ¢ = 3*r*(-A+a)/(b"2+2¥b-9*r+1)

yf ¢ = 3*r*(-A+a)/(b"2+2*b-9*r+1)

p_c= -(-A¥b"2-2*A*b+3*r* A-A+6¥r*a)/(b"2+2%b-9*1+1)

prd_c = -r*(A"2-2*A*a+a"2)/(b"2+2*b-9*r+1)

prf ¢ = -r*(A"2-2* A*a+a"2)/(b"2+2*b-9*r+1)

cs ¢ = 9FM2%(-Ata) 2/(b"2+2%b-9*r+1)2
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W e=
r*(-18*r*AN2+36*1r* A*a-18*r*a"2+A"N2*b 2-2*a* b2 * A-

4*a*b* A+2* AN ¥b+at2¥bN2+2*a N2 *b+at2-2* A*a+AN2)/ (b2 +2%b-9Fr+1)M2
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