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In a dynamic patent race model we analyze the formation and breakup of joint
ventures in relation to: (a) the relative as well as absolute position of the firms in
the race; (b) the degree of competition in the ex post market. Fudenberg et al.
(1983) studied the main features of a patent race when firms compete in R&D,
showing that firms in the same position compete fiercely, dissipating the rent from
innovation. By contrast, we show that if firms can cooperate or compete in R&D,
and if they start in the same position, they cooperate at the outset but break their
agreement in the last stage if they will be serious competitors in the downstream
market, while, if they can collude in the ex post market, they cooperate from the
outset and they innovate jointly. When the firms are lagged by one step, coop-
eration does not take place, except in the case the value of the race is negative and
the cost saving due to cooperation is large. However, cooperation never occurs if
the leader is more than one step ahead. Finally, when the firms cooperate in R&D
they proceed to the discovery at low speed. We test these conclusions via ex-
periments on the incentive to cooperate during the course of a race. The results of
a sample of 86 races support our theoretical conclusions, although the experi-
mental findings are less clear-cut than the theoretical ones.

Keywords: patent race, research joint venture, product market collusion,
experimental economics.

JEL Classification: O30, D43, L13.

1 Introduction

The process that leads to an innovation often has the nature of a race: if
the innovation is protected by an efficient patent system, only the first
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firm to complete the development stage gets the patent; the loser gets
nothing. In the real world, however, firms have a set of options other than
just entering the race or not, ranging from fierce competition to full
cooperation, both in the R&D and in the product market.

Moreover, cooperation / competition takes place in a dynamic context,
in which cooperation and competition may alternate as conditions in the
discovery process change.

Vonortas (1997) and Hagedoorn et al. (2000) have found that the for-
mation and breakup of joint ventures was a major aspect of the evolution of
R&D cooperation in the United States in the period 1985–98, with a signi-
ficant increase in formation of research partnerships in 1985–95, followed
by decreases thereafter. Although there are no clear explanations, Brod and
Link (1996) pointed out that one reason is due to the changing attention of
theDepartment of Justice toward antitrust violations. In addition, Veugelers
and Kesteloot (1997) provided empirical evidence that R&D alliances can
be formed between firms (of the same or of different size).

These results call for a theoretical explanation of the circumstances in
which a stable cooperative agreement takes place in the discovery pro-
cess, and of the conditions that lead firms to break up the venture.

This paper studies the evolution of cooperation in a dynamic patent
race à la Fudenberg et al. (1983). While models of patent races are
numerous indeed, not many consider the dynamic interaction between
firms in the course of the race.

1
The framework of Fudenberg et al. (1983)

has several features making for a more realistic description than other
dynamic models of R&D.

First, they consider the learning process and knowledge accumulation
during the discovery process.

2
Second, they make the more realistic

assumption that firms may revise their decisions during the course of the
race, depending on how they stand, which enables one to study the patent
race both when firms are in symmetric and asymmetric positions.

3
Finally,

their model is more suitable to study the effects of the information
structure of the game on the incentive to innovate and cooperate.

1 Among them, there are Reinganum (1981), Fudenberg et al. (1983), Judd
(1985), Harris and Vickers (1985), Grossman and Shapiro (1987).
2 Also Harris and Vickers (1987), and Grossman and Shapiro (1987) own this

feature, though in a different context than our model (see below).
3 The bulk of patent race models deals with deals with only the symmetric case

and have memoryless features, in which decisions at time t are independent on
decisions at time t�1.

2 D. B. Silipo



However, dynamic models of R&D obtain similar qualitative results:
firms compete vigorously if they are close to one another, and the race
degenerates into a monopoly if they are too far apart.

Our main departure from dynamic models of patent races is the
assumption that firms can cooperate as well as compete. In this frame-
work, we study the main determinants and effects of research joint
ventures on the incentive to innovate and cooperate in patent races.

Specifically, we analyse the incentive for the formation of joint
ventures and for their break-up in the course of the race, in relation to: (a)
the relative as well as absolute position of the firms; (b) the degree of
competition in the ex post market.

The main results are the following. (a) If firms are in the same position
in the race in terms of acquired knowledge, they undertake a research
joint venture (RJV) at the beginning of the race and break it up as they
approach the finish line if competition is expected to prevail in the
downstream market; if they can collude in the product market, firms make
the innovation jointly. (b) An RJV is not formed when firms are in
different positions in the race, unless firms are lagged by one step
and cooperation makes an otherwise unprofitable project profitable.
However, (c) cooperation reduces the speed of innovation with respect to
a competitive R&D market.

The intuition behind these results is that firms in a similar position (in the
race) cooperate to reduce the costs of the innovation. As they approach the
finish line, however, the cost-reduction effect weakens and the incentive to
gain a monopoly increases. The incentive increases in the expected degree
of competition in the ex post market given joint discovery.

To test the theoretical results, we performed experiments on the
behaviour of the players during the race. The outcomes of 86 races
support the conclusions, although – unsurprisingly – the experimental
results were not as clear-cut as the theory.

By contrast, Hey and Reynolds (1992), and Zizzo (2002) used exper-
iments to test competitive models of R&D

4
and found only limited

support to the theory.
Our approach is one of the few examples combining theoretical

modelling and experimental evidence. Almost all the other papers in this
area of research are restricted to one of these aspects.

4 More precisely, Hey and Reynolds tested Fudenberg et al. (1983), and Zizzo
Harris and Vickers (1987) models.

The Evolution of Cooperation in Patent Races 3



Significantly, our results overturn the main conclusions of the dynamic
competitive models of R&D. By contrast to Fudenberg et al. (1983),
Harris and Vickers (1985; 1987), and Grishagin et al. (2001), we found
that if the option to cooperate is included, rent dissipation is unlikely to
occur, because firms frequently undertake a cooperative agreement for the
purpose of avoiding a disruptive patent race.

Cooperation in R&D reduces the cost of innovation but delays it. Recent
decades have witnessed a proliferation of RJVs entailing the formation of a
separate company. Surveys report that the number of new partnerships set
up rose from 30–40 a year in the early 1970s, to over 600 in the 1980s and
1990s. During the early 1970s, about 80 percent were equity joint ventures,
but in the mid-1990s more than 95 percent of technology partnerships did
not involve equity investments. Information technology has been the
prevalent area for partnership, followed by biotechnology and new
materials (see Caloghirou et al., 2003).

The main reasons for RJVs are (reported to be): R&D cost sharing,
reduction of R&D duplication, risk sharing, spillover internalisation,
access of complementary resources and skills, technological learning.
However, there is empirical evidence that firms may use RJVs to coor-
dinate their interests regarding both existing product markets and the
markets arising from the innovation (Scott, 1993, and Vonortas, 2000).
We consider also the last issue in the paper.

This paper is organized as follows. Section 2 presents the model.
Section 3 considers the R&D expenditure decision and Sect. 4 the
incentive to cooperate in a patent race. Section 5 presents the experi-
mental framework and Sect. 6 the experimental evidence. A final section
offers some concluding remarks.

2 The Model

We consider a situation in which two firms are active in the same field of
research to obtain a patent of value V, common to both firms.

5

Following Fudenberg et al. (1983), we assume the R&D process is
deterministic: there is a straight cause-and-effect relationship between

5 The two-firm case may be thought to be quite special, but it is not, consid-
ering that in the real world ‘‘the overwhelming majority of cooperative tech-
nology agreements have very few members – often as few as two’’ (Katz and
Ordover, 1990, p. 173).

4 D. B. Silipo



expenditure on the project and the amount of knowledge accumulated.
6

In addition, we assume the interest rate is zero. However, firms prefer an
earlier date of innovation, due to an arbitrarily small rate of time pref-
erence or preferences on money and time.

7

The discovery is a learning process that takes place through time, and
we consider the making of decisions in the course of the discovery
process. In particular, we assume that, at the beginning of each period,
each firm knows the other’s position, defined by the amount of know-
ledge already accumulated, and decides, independently or jointly, its
R&D effort for the current period.

However, when firms compete in R&D, they decide how much
expenditure to devote to the production of knowledge for the current
period simultaneously and independently. This makes the game one of
imperfect information, with a one-period information lag.

8

In addition, we assume firms may revise their decisions during the race,
depending on how they stand relative to their rival.

We denote by

wiðtÞ firm’s i knowledge at time t; i ¼ A;B

and

eiðtÞ the effort of firm i in period t; i ¼ A;B:

6 As a matter of fact, discovery is a result of luck as well as of rational choices;
therefore a stochastic R&D process assumption would be more appropriate. But,
as one referee pointed out, modelling stochastic dynamic patent races is very
hard. By contrast, a deterministic R&D process, although less realistic, allows to
get clear-cut results. Moreover, it is reasonable to expect that other factors than
uncertainty in the R&D process (the ones we consider in the paper) are lively to
affect in a similar way the incentive to cooperate, whatever will be the nature of
the R&D process. However, in stochastic R&D processes, firms may have, in
addition to other reasons, an incentive to cooperate to avoid uncertainty due to the
nature of the discovery process.
7 As Fudenberg et al. (1983) pointed out, explicit introduction of a probabi-

listic discovery and a positive interest rate would have no purpose, and we
maintain their assumptions also to compare their results with ours.
8 This means that firms know their current position in the race but not their

current decisions. A similar assumption is made by Fudenberg et al. (1983).

The Evolution of Cooperation in Patent Races 5



To simplify the analysis, following Fudenberg et al. (1983), we assume
that possible effort levels are 0, 1, and 2, i.e., eiðtÞ 2 f0; 1; 2; g, i ¼ A;B;
with respective costs c0, c1 and c2, c2 > c1 > c0.

In addition, we denote by ki ¼ N�wi the units of additional knowl-
edge for firm i in period t necessary to achieve the discovery. To avoid
trivial results, we assume that firms cannot make the maximum possible
effort throughout the race and still get positive profits

9
. Let k be the

maximum amount of knowledge firms can accumulate by playing effort 2
with the race still having positive value, i.e., k < N : It follows that for
each firm it is profitable to make effort level 2 for a maximum of k=2
times to get V =2, i.e.,

V =2� ðk=2Þc2 > 0 > V =2� ðk=2þ 1Þc2: ðD:1Þ

In addition, we assume:

c2 > 2c1: ðA:1Þ

Assumption (A.1) posits decreasing returns to scale in the R&D activity.
Either firm can successfully develop the innovation. If firms develop

the innovation independently, we assume R&D activity is characterized
by a multistage patent race for the acquisition of the prize V. Competition
takes place in discrete time t ¼ 0; 1; . . . ; T and the discovery occurs
with certainty when a given number of ‘‘units of knowledge’’, N,
N 2 f1; 2; . . .g is accumulated. The patent is awarded to the first firm that
achieves knowledge level N. If the two firms achieve the discovery
simultaneously, the prize is awarded to the firm with the higher level of
knowledge. If they tie, they have equal probability of getting the prize.

As an alternative to competition, we assume that firms in each period
can cooperate in the discovery process (this is the main departure from
Fudenberg et al., 1983, and from Harris and Vickers, 1985; 1987).

Cooperation may take a variety of forms, ranging from simple
coordination of R&D activity to perfect collusion both in the R&D and
the product market. We assume it consists in an RJV, in which firms build

9 It is obvious that in a competitive R&D market both firms would always
make the greatest effort in the attempt to win the race. A few experiments we
performed with no constraint on the highest effort confirmed this intuition.

6 D. B. Silipo



a common research laboratory and share the costs of R&D equally.
10

With cooperation, firms pool their acquired knowledge, so that, regardless
of their previous positions, once they have joined the venture, the firms
have the same amount of knowledge.

11
In addition, the results of the joint

research are common knowledge to both firms.
12

This form of cooperation produces advantages and disadvantages for
firms. On the one hand, by eliminating duplication of effort, an RJV
allows them to proceed to the discovery more efficiently. On the other
hand, joint discovery reduces the possible gains of each firm, as
monopoly is ruled out.

Indeed, the institution of a common lab to which both firms assign
researchers is the condition that makes it easier to share knowledge,
because researchers in the common lab plan subsequent experiments by

10 Other forms of cooperation may be possible. However, notice that when
there is no uncertainty in R&D activity cooperation never will be of information-
sharing type only; because it is senseless to duplicate experiments. This may not
be the case assuming uncertainty in the R&D process. In addition, in the
sequential learning process we are considering, it is pointless to make experi-
ments without waiting for the previous experiments’ results. However, Tao and
Wu (1997) show that this form of cooperation prevails when firms expect to
compete in the downstream business. Analysis of the several forms of coopera-
tion in R&D and in the product market are provided, among many others, by
Kamien et al. (1992), and Silipo and Weiss (2005).
11 This implies the absence of moral hazard in making the venture. Notice that

in an RJV with a common research lab and a sequential deterministic learning
process, firms have no incentive to cheat on their acquired knowledge. This may
not be the case with independent research labs and a stochastic learning process.
For a recent analysis of the moral hazard problems arising in the formation of
research joint ventures, see Veugelers and Kesteloot (1994), Pérez-Castrillo and
Sandonı́s (1996), and Rosenkranz (1997).
12 We distinguish the incentive to cooperate from the incentive to reveal

information after cooperation takes place. It is intuitive that the incentive to
cooperate depends on each firm’s stock of knowledge. In particular, it is unlikely
that the leader of the race will cooperate if his advantage is not reflected in the
division of the prize. However, once the firms have decided to cooperate, in the
complete information and deterministic learning process we are considering,
there is no reason to not fully reveal their information. After undertaking the
venture, firms that would not fully share their knowledge should make no pro-
gress or they might duplicate experiments, because the venture should produce
knowledge already acquired by some firm. By contrast, in the case of asymmetric
information, Anton and Yao (1994; 2002) have shown that the greater the
knowledge stock of one firm, the larger the payments it must receive to induce
full disclosure of information.

The Evolution of Cooperation in Patent Races 7



comparing their acquired knowledge. However, if knowledge is
observable, it is unlikely that cooperation could take place without full
disclosure.

We assume that upon joint discovery, the firms share the prize equally.
Even though this assumption may be thought unrealistic, it is not if we
consider that the cooperative agreement is binding for only one period.
Assume firms are uneven. In this case, thanks to the joint venture, the firm
that is behind would equal the leader in knowledge and thus have an
incentive to renegotiate the cooperative agreement in the following
period, so as to incorporate the even position in the race.

13
Thus when

firms operate in the same market, any cooperative agreement with un-
equal sharing of the prize is not renegotiation-proof.

14
However, it is also

true that equal sharing reduces the leader’s incentive to cooperate.
15

13 We have adopted this simplifying assumption in order to be able to compare
our results with Fudenberg et al. (1983) and to facilitate the experiment by
avoiding bargaining between players on the division of the prize.
14 Our assumptions are supported by Rosenkranz and Schmitz (2001), who

analyze dynamic R&D alliances and show that change of the ownership structure
over time may be an equilibrium phenomenon, because know-how, once released
to the other firm, cannot be taken back, and is hence also available to the other
firm in the second stage. Whether or not know-how has already been exchanged
in the first stage thus affects optimal ownership structure in the second stage.
Moreover, they show that some conclusions of static models do not extend to a
dynamic framework. On the other hand, most papers in the incomplete contract
literature, including D’Aspremont et al. (1998; 2000), Bhattacharya et al. (1992),
and Castrillo and Sandonis (1996) consider only a static setting and cannot study
the evolution of cooperation in the R&D race.
15 In other words, we assume the division of the prize is exogenously deter-

mined and firms are in a symmetric position in the ex post market. On the other
hand, Fertshman and Kamien (1992) have shown that in a Nash bargaining game
firms share the prize according to their acquired knowledge, i.e., if they tie, they
share the prize equally and if one firm is ahead, it gets a larger share. Veugelers
and Kesteloot (1997) found similar results on the incentive to cooperate in R&D
among asymmetric partners. In addition, in a context of imperfect information,
Pérez-Castrillo and Sandonı́s (1996) proved that this solution is also the one that
induces firms to disclose their know-how. Finally, we proved in an earlier version
of this paper, (Silipo, 2000) that allowing for asymmetric division of the prize
enlarges the set of the parameters that make feasible cooperation among asym-
metric firms.
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Accordingly, we assume the cooperative agreement is binding for only
one period, and firms revise their membership decision each period.
Cooperative agreements are cost-less enforced.

16

The description of the dynamic process may be characterised as fol-
lows.

In each period t; t ¼ 1; . . . ; T , there are two stages.
Stage 1 : The firms decide sequentially whether to cooperate in R&D or

to go it alone. Firm A moves first; it can choose one of the two options:
cooperate in R&D or proceed by itself to the finishing line. Firm B moves
second, and chooses whether or not to accept a cooperation proposal.

17

Stage 2 : The firms decide the level of R&D effort either jointly or
separately. If there is cooperation, firm A makes a proposal on the level of
effort and firm B decides whether to accept or make a counter-proposal.
Cooperation takes place only if the firms agree to cooperate and on the
level of effort. If they fail to reach agreement on both matters, they decide
simultaneously and independently the level of effort in current period.

Finally, firms must make a cooperation decision and a level of effort
decision in each period of the race.

Suppose at time t; t ¼ 1; 2; :::T�1; with T denoting the time of dis-
covery, the position of the firms in terms of acquired knowledge is wi for
firm i and wj for firm j; i; j ¼ A;B:

The following game tree describes the decision process:
wi is firm’s i position at time t in terms of accumulated knowledge, and C
(D) indicates the firms’ decision to cooperate (compete) in the same
period, i ¼ A;B. At time t , firm i may be in the same position as its rival
or in a different position. Without loss of generality, assume the same
position and let wA ¼ wB be the amount of knowledge accumulated in the
previous periods. The first decision firm i makes is whether to cooperate
or conduct R&D independently.

16 Notice that, in our case it is not relevant whether they make a binding
agreement all through the race or for just one period, because there are no fixed
costs related to the cooperative agreements. In this case, if the RJV is privately
optimal, it is also socially optimal. By contrast, Vilasuso and Frascatore (2000)
proved that if RJV’s formation is costly, it is not always true that when it is
profitable for firms to undertake a cooperative agreement it is also welfare
improving. In particular, if RJV cost formation is low, an RJV is not privately
optimal but it is socially optimal. If forming an RJV is very costly, social welfare
is maximised when firms compete in R&D.
17 However, notice that it is irrelevant what firm moves first or is going to

make first the membership.
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Cooperation is characterised by a binding agreement in which firms
exchange the knowledge acquired. So by cooperating, each firm acquires
the amount of knowledge that is the highest amount one of the firms had
accumulated previously.

18
If firms cooperate (branch C of Fig. 1), they

jointly decide the amount of R&D expenditure (e
c
) in the common

research lab for the current period.
19

Whatever the amount of R&D
performed in period t, it follows that, at the beginning of the next period,
firms that cooperate are in the same position (represented by the three
positions starting at the end of branch C in Fig. 1). Since the cooperative

Period t + 1
Position
Wa = Wb

Wa = Wb

Wa < Wb
I

Wa < Wb
II

Wa
I
 > Wb

Wa
I
 = Wb

I

Wa
I
 < Wb

II

Wa
II

 < Wb
Wa

II
 > Wb

I

Wa
II

 = Wb
II

Wa = Wb

Wa
I
 = Wb

I

Wa
II

 = Wb
II

Position

Period t

D

0

0

1

1

1

2

2
0
1
2
0
1
2

2

0
C

Fig. 1. The schedule of the game

18 This assumption reflects the deterministic nature of the R&D process, in
which firms proceed to the discovery by accumulating additional bits of
knowledge. Although many innovative processes are of this type, many others
assume different features, especially when the discovery process is stochastic. In
the latter case, the discovery may be also a by-product of R&D activity pursuing
different aims. Moreover, uncertainty in R&D activity may also affect the
incentive to cooperate (on this aspect see the discussion in Sect. 7).
19 With perfect information, an agreement, in which firms coordinate R&D

activity conducted by each in its own lab and share the cost, would have the same
features.
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agreement is binding for only one period, they may now either continue
to cooperate or break up the venture and pursue the aim independently.

If firm i; i ¼ A;B; does not cooperate – which corresponds to branch D
in Fig. 1 – the firms simultaneously and independently decide the amount
of R&D expenditure for the current period. When firm i chooses its action,
it does not know the rival’s choice (represented by placing the nodes
corresponding to firm j’s possible actions in the information set for firm i,
i.e., the loops around the three nodes in Fig. 1). However, depending on
the relative positions and the actions in period t, firm i may be even, ahead
or behind of firm j at the beginning of the next period, and the game
proceeds in this way until one or both firms achieve knowledge level N.

If firms compete in R&D, it follows that firm i’s expected profit at time t,
when it still has ki units of knowledge to acquire and firm j has kj steps to
go is

EPnc
i ðki; kjÞ ¼ anc

i ðki; kjÞV �
X1

‘¼n

cðenc
i;‘ðki;‘;kj;‘ÞÞ; ð1Þ

where i; j ¼ A;B, anc
i T is firm i’ s expected reward when it is ki units and

firm j is kj units of knowledge away from the discovery, which is un-
known until the game is over; anc

i 2 f0; 1=2; 1g depending on whether
firm i loses, ties, or wins the race; n is the number of periods necessary for
firm i to achieve the discovery when it plays enc

i;‘ðki;‘; kj;‘Þ; ‘ ¼ n; . . . ; 1 up

to the discovery, sustaining the cost
P1

‘¼n
cðenc

i;‘ðki;‘; kj;‘ÞÞ. We assume that

the cost functions of the firms are equal.

By contrast, if the firms cooperate, firm i’s expected profit at time t
when it has ki and firm j has kj steps to go and firms undertake an RJV is

20

EPc
i ðki; kjÞ ¼ ac

i ðki; kjÞcV �
X1

‘¼n

cðec
i;‘ðk̂‘Þ=2; ð2Þ

where ac
i now is the share of the reward firm i gets in the cooperative

agreement. By the previous assumption, we have ac
i ¼ 1

2 ; i ¼ A;B:

20 Here, the expectation term in the profit function (2) comes from the fact that
firms do not know whether the cooperative agreement will last until the game is
over.
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In addition, we assume the expected revenue in the case of joint
discovery depends on the degree of competition in the ex post product
market (c). The latter may assume a variety of potential situations,
ranging from collusion to perfect competition.

Left alone, cooperative firms would like to collude in the product
market (i.e., c ¼ 1Þ. However, if the antitrust authority bans collusion,
firms that make the discovery jointly will have to compete in the product
market, (i.e., c < 1)

21
, Moreover, there exists ~c, a value of c; such that

EPc
i ðki; kjÞ ¼ 0. k̂‘ ¼ minfki; kjg is the units of knowledge to discovery

when they cooperate and play ec
i;‘ðk̂‘Þ; ‘ ¼ n; . . . ; 1 up to the discovery,

sustaining the cost
P1

‘¼n
cðec

i;‘ðk̂‘ÞÞ=2. We assume that the member firms

share the cost of the R&D project equally.

Notice that EPnc
i ðk; kÞ > EPnc

i ðk þ j; kÞ; but EPnc
i ðk; kÞ � ð�Þ

EPc
i ðk; kÞ; i ¼ A;B; depending on whether the expected revenue

reduction is higher (lower) than the cost reduction when firms make a
joint venture. The main aim in this paper is to establish the circumstances
in which an RJV will be formed and those in which a cooperative
agreement collapses.

The solution concept is that of subgame perfect Nash equilibrium, with
respect to the type of game to play and the amount of R&D effort. As
usual, the equilibrium of the game is obtained by backward induction.

The model considers a duopoly patent race with no uncertainty in the
R&D process but with imperfect information. By conducting R&D
activity, firms accumulate knowledge and thus approach the discovery. In
every period, firms decide whether or not to cooperate. In the case of
cooperation, they are in the same position in the race. In the case of
competition each proceeds to the discovery on its own. Depending on
whether they cooperate or compete, firms either make the discovery
jointly (and in this case they can either collude or compete in the
downstream market) or finish the race one after the other (the winner gets
the monopoly profit, the loser gets nothing). In the following sections, we
first study the amount of R&D expenditure under the two regimes and
then we consider the evolution of cooperation in the discovery process.

21 Notice that the degree of appropriability of the prize also depends on other
factors, such as the degree of spillovers in the product market. So, an alternative
interpretation of the model may be how the incentive to cooperate in a patent race
is affected by the degree of spillovers in the ex post market.
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3 The R&D Expenditure Decision

We first consider the solution to the second stage game. Assume firms are
k steps from the discovery and they form an RJV. The optimal amount of
effort made by the venture is stated in the following:

Lemma 1: In a duopoly R&D market, the optimal level of effort for an
RJV is ec ¼ 1 whatever the distance of the firms from the finish line or the
positions of the firms in the race.

Proof: Notice that, whatever the previous positions of the firms, when
they cooperate they have the same amount of knowledge. Thus the
optimal level of effort is given by solving the following problem:

max
ec

i;‘

EPc
i ðki; kjÞ ¼ max

ec
i;‘

ac
i ðki; kjÞcV �

X1

‘¼n

cðec
i;‘ðk̂‘Þ=2

" #
ð3Þ

for i ¼ A;B, and n ¼ 1; . . . ;N :
The proof is obtained by backward induction. First, notice that when

firms cooperate they are in a symmetric position; i.e., ki ¼ kj ¼ k̂.
Assume they are in the last period of the game (i.e., n = 1) and there is
one step to go (i.e., k̂‘ ¼ 1 ). Since only one more step is needed, it
follows that playing 1 is sufficient to get the patent in the current period:
playing 2 is more than requested to get the patent in current period and
playing 0 delays the innovation. By the assumption of ‘‘impatience’’, the
firms prefer to get the innovation earlier,

22
so we conclude that the optimal

level of effort in the last period is 1, and each firm contributes by c1=2 to
the venture.

Now assume that in the last period firms are two steps away from the
discovery. By the previous argument, firms do not play 0. So we compare
the other two options. If they play 1 they get the patent in the subsequent
period; if they play 2 they get the patent in current period. But the cost of

22 This may not be the case if the firms lose current profits because of the
innovation. In this case, the firms operating in a duopoly product market can
undertake an RJV to delay the innovation. However, such strategic delay may be
more difficult if more than two firms are active in the same market and the RJV is
not worldwide.
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getting the patent one period earlier is c2–c1, and the benefit, by the
assumption made before, is equal to the arbitrarily small rate of time
preference. So we conclude that it is optimal for the firms to play 1 even
when there are two steps to go. Notice that the cost of making the dis-
covery earlier increases with the number of steps to go. Therefore, a
fortiori the result holds when we are more than two steps away (i.e.,
n � 2). h

This result follows from the fact that when firms cooperate and the
discount factor is arbitrarily small, the main factor affecting expenditure is
the R&D technology.

23
Since R&D costs are convex, it is more efficient to

proceed at low speed, regardless of distance from the finish line.
By contrast, in a competitive R&D market, the speed of innovation is

characterised as follows (see Fudenberg et al., 1983).
If both firms are less than k steps away from the discovery and are

even, they both play 2. If a firm is ahead by 1 step, the leader plays a
mixed strategy on [1,2] and the follower a mixed strategy on [0, 2].
Finally, if the leader is more than 1 step ahead, the race degenerates into a
monopoly. The leader plays 1 and the follower drops out.

24

If both firms are more than k steps away from the discovery and are
even: both play the mixed strategy on the pure strategies [0, 1, 2]. If one
firm leads by one or more steps, the race degenerates into a monopoly.
The firm that is ahead plays 1 and the follower plays 0.

Based on these results, Fudenberg et al. (1983) concluded that, if
firms start with equal experience, the race will be characterised by ‘‘a
burst of R&D followed by the eventual emergence of a monopolist. The
initial competition for the patent on average dissipates the monopoly
profit’’ (p. 15).

Comparing cooperation with competition, we can conclude that where
firms cooperate, rent is never dissipated. Cooperation reduces the cost of
innovation but increases the length of time necessary to achieve it. Thus
welfare comparison depends on the relative weight of time and costs in
the discovery process.

However, the crucial question is the definition of the circumstances in
which firms form an RJV or compete.

23 Recall that in the present paper we do not consider uncertainty and spill-
overs.
24 The last result holds also when the leader is less than k steps and the

follower is more than k steps from the discovery.
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4 The Membership Decision and the Evolution of Cooperation

Broadly speaking, Eq. (3) shows that the incentive to form an RJV
depends on the division of the prize (a), the degree of competition in the
ex post market (c), the form of the R&D cost function and the relative
position of the firms in the race.

By forming an RJV firms save on costs and can eliminate uncertainty
over the outcome of the patent race. The disadvantage is that they must
share the reward and may have to be competitors in the downstream
market.

We therefore consider the incentive to form and to break up an RJV in
relation to the degree of competition in the ex postmarket and the position
of the firms in the race.

25
First, we consider the case in which firms are tied.

4.1 The Case of Symmetry

We assume that the firms are even in the patent race and consider the
incentive to cooperate in R&D. Firms’ behaviour is then characterised by
the following proposition:

Proposition 1: If firms are in the same position in the race and they split
the reward equally, they will form an RJV at the start of the race. In
addition, there exists a critical level of the degree of competition in the
ex post market (c0) such that firms make the discovery jointly if c > c0 but
break up the venture sometime before the end of the race if c < c0.

Proof: See Appendix 1.
From Proposition 1 above, Corollary 1 follows.

Corollary 1: The less competition in the ex post market, the higher the
number of periods in which evenly placed firms cooperate during the
patent race.

Proof. This is straightforward from the proof of Proposition 1.
The main conclusion is that evenly placed firms cooperate throughout

the race if the degree of competition in the ex post market is low (c > c0).
Furthermore, for intermediate values of the degree of market competition

25 Very recently, Caloghirou et al. (2003) have reported that all the above
aspects are significant determinants of firms’ incentive to form RJVs.
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~c < c < c0 such firms will cooperate at the start and will break the coop-
erative agreement at some stage before the end of the race. Finally, if the
value of the race is positive and competition will prevail after joint
discovery, firms will never cooperate in R&D. However, if the value of
the race is negative, there may be cooperation, provided that it can
transform a project of negative value into one with positive expected
profit.

The intuition implied by this result is that firms, that are evenly placed,
dissipate the gain from innovation if they engage in a disruptive race for
the full prize. Cooperation in R&D reduces the costs of the innovation
and eliminates uncertainty over victory (there is joint discovery).
However, if they expect intense competition in the ex post market, they
break up the venture as they approach the finish line and seek to
appropriate the full prize. Moreover, if competition in the ex post market
is expected to dissipate the entire rent from the innovation (c ¼ ~c), evenly
placed firms will never cooperate, preferring competition on R&D in
hopes of becoming a monopolist (recall that if firms finish the race at
almost the same time, the prize is allocated randomly).

However, if they can collude in the product market their interests do
not conflict and they proceed jointly to the discovery, because each firm
eliminates any uncertainty on the possibility to win the race.

26

4.2 The Case of Asymmetry

Let us now consider the incentive to cooperate for firms that do not start
out even in the race. We retain the assumption that firms share the prize
equally. The leader thus saves on costs by cooperating but loses his lead,
because he must share his knowledge with his rival, putting the two on an
equal footing. In this case, the leader must weigh the advantages of
cooperation (lower R&D cost) against the disadvantages (no monopoly in
the ex post market). By contrast, it is intuitive to expect that the follower
stands to gain more from the cooperative agreement than in the case of
symmetry and would be more willing to cooperate. The following
proposition states the incentive of the leader to cooperate.

26 This implies that firms operating in different industries have a greater
incentive to cooperate in a patent race than firms operating in the same industry.
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Proposition 2: Assume the leader is one step ahead and the firms share
the prize equally. An RJV is not formed if the value of the race is positive.
However, if c is sufficiently high, and the value of the race at the outset is
negative, and the R&D technology is sufficiently convex (i.e.,
�kðc2 � c1Þ > V � jc1), an RJV will be formed at the start and will last
throughout the race. However, an RJV is never formed if the leader is
more than one step ahead.

Proof: See Appendix 2.

Thus we conclude that a leader, who is two or more steps ahead, never
undertakes a cooperative agreement if the two firms split the prize
equally. This result still holds when firms are only one step apart if the
value of the race is positive. When the latter is negative, however, if the
saving from cooperation is large enough, an RJV will be formed even
when the leader is only one step ahead and the prize is split equally, as
long as the firms can collude in the ex post market.

The explanation lies in the fact that when the leader is one step ahead,
he loses his lead by cooperating. If the value of the race is positive,
there is an advantage in winning, so the leader has no incentive to
cooperate, although, in some stages, he must play the highest effort level
to maintain his leadership. If the value of the race is negative, and the
R&D technology is convex, cooperation may turn an otherwise
unprofitable R&D project into a profitable one, thanks to cost-cutting
through the RJV.

27
By contrast, if the leader is more than one step

ahead, the reduction in costs never outweighs the loss of expected
revenue, because the leader can secure the patent even with a low level
of effort throughout the race.

Finally, comparing the asymmetric and symmetric cases, we conclude
that under asymmetry an RJV can be formed only when the value of the
race is negative, whereas under symmetry it may also occur when the
value is positive.

27 Scott (1996) provided evidence that cooperation fosters new research that
would not have been initiated otherwise.
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From Propositions 1 and 2, we have the following corollary:

Corollary 2: The longer the race, the greater the incentive to cooperate.

Proof: The proof is straightforward from (6) and (11.1).

From Corollary 2, it follows that cooperation, when it is found, always
comes in the early stages. On the other hand, from Proposition 1 and 2, it
follows that, if the agreement is broken, it will never be reconsidered.

On this basis, we can characterise firms’ behaviour when they can
cooperate and when they compete. Optimal behaviour is characterised as
follows.

If both firms must accumulate ki > �k; i ¼ A;B; units of knowledge
to the discovery, and

(1) Firms are tied:
(i) they cooperate in R&D and play 1;
(i.1) if they can collude in the product market, cooperation will

continue to the end of the race;
(i.2) if competition will prevail in the product market, the cooperative

agreement will break down at some stage before the end of the
race.

(2) One firm is ahead by 1 step:
(i) if the value of the race at the outset is positive, the race degen-

erates into a monopoly.
(ii) If the value of the race is negative, the cost saving due to coop-

eration is high, and firms can collude in the product market, the
leader cooperates throughout the race.

(3) One firm is ahead by more than 1 step:
(i) the race degenerates into a monopoly. The leader plays 1 and the

follower drops out.

The same result also holds for k < �k.
Notice that in a duopoly patent race with cooperating firms, rent

dissipation never occurs. Rent dissipation is more likely when firms are
asymmetrically placed, as, in order to maintain his leadership, the leader
must play the highest effort.

We performed some experiments to test whether these theoretical
conclusions are supported by actual behavior.
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5. The Design of the Experiments

There is good reason for experimental investigation into cooperation in
patent races. First, there is very little empirical evidence on the evolution
of cooperation in R&D. Second and most important, the empirical
evidence is not suitable to test our theoretical hypotheses. But experi-
ments can be designed so as to reproduce conditions similar to the the-
oretical model in the ‘‘laboratory’’.

Like our theoretical model, in the experiment we assume that two
subjects are involved in a patent race for a prize. The winner is the first
firm to accumulate 30 ‘‘units of knowledge’’. In each period players may
accumulate 0, 1, or 2 units of knowledge, which cost respectively nil,
$ 0.44 cents and $ 1.11: that is, we assume increasing marginal costs of
knowledge acquisition.

However, to conform to our theoretical assumptions, in our experi-
mental game players cannot always make the highest effort.

28
Specifically,

no player can play 2 more than 10 times.
29

The winner, the first player to accumulate 30 units of knowledge, gets
the profit Pnc = V ) total costs and the loser gets nothing. If both players
independently accumulate 30 units of knowledge in the same period, the
computer chooses the winner randomly.

30

If the two players cooperate from the outset and make the discovery
jointly, each player gets the profit Pnc = (V – total costs )/2. So, total costs
as well as profits depend on the course of the race, and they are the sum of
the costs incurred individually and half of those incurred jointly.

We ran half the games with a value of the prize V = $ 18.97, the other
half of $ 37.94 dollars. These two settings represented an ex post market
characterised respectively by competition and collusion upon joint dis-
covery. Thus, players starting in the same position and playing the Nash
equilibrium throughout would get an expected profit of $ 3.00 if V =
$ 18.97 and $ 12.27 if V = $ 37.94. As in the theoretical model, in each
period each player must make a cooperation decision and a level of effort

28 Otherwise, players would probably always play the highest effort. Indeed,
the latter was the case in the five races I ran with no constraint on the number of
times players could play two.
29 Hence, the total amount of knowledge each player can accumulate by

playing 2 is �k ¼ 20:
30 If they reach the finish line at the same time but one player has accumulated

more knowledge, he is the winner.
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decision. One player moves first. Let player A move first. If player A
wants to cooperate, he makes a proposal to the other player, expressing
willingness to cooperate and suggesting a level of effort. Cooperation
takes place when the players agree on both these decisions: otherwise
competition prevails.

With cooperation, both players take the same position in the race,
namely the highest level of knowledge acquired so far by either of them.
Alternatively, if a player does not want to cooperate in the current period,
the players make their effort decisions simultaneously and independently.
So as in the theoretical model, the experiment is one of imperfect
information.

Once both players have made their decisions, the computer updates
their relative position in the race, and the current period ends. The
experiment proceeds in the same way for subsequent periods until the end
of the race.

At all times, players could check the main parameters on the screen,
i.e., the knowledge accumulated by both players, the costs sustained, the
number of times they could still play 2.

The main features of the experiments are summarised in Table 1 below.

The experiments were run in March 2000 and November 2003 at the
University of Calabria – Cosenza (Italy), and involved 172 subjects.

31
We

told the participants that the computer at the beginning of the section
randomly assigned one of the other persons in the room as their opponent,

Table 1

Number of races 86
Number of participants 2 in each race
Value of the prize $ 18.97 or $ 37.94
Possible effort levels to be made 0, 1 or 2
Cost of effort c0 = $ 0 ; c1 = $ 0.44 ; c2 = $ 1.11
Units of knowledge to be accumulated
for the discovery

30

Maximum number of times each player
can play 2

10

31 The project under which the experiments were performed was funded by the
Italian Ministry for Universities and Scientific Research and coordinated by John
Hey. The programme for the experiments was written by using z-Three (Zurich
Toolbox for Readymade Experiments), and it is available from the author upon
request.
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but they were not told which. We also told them they were allowed to
play only one race. Out of the 86 races, half had a prize of $ 18.97 and
half a prize of $ 37.94.

For each value of the prize, we ran 19 races with both players starting
in the same position (0,0), another 19 races in which one player had an
initial advantage of one (0,1), plus 5 in which one player had an initial
advantage of two (0,2). The reason we performed only five experiments
with initial position (0,2) is that in this case the result should be obvious:
the leader would never be willing to cooperate or to lose the race. Players
learned their initial positions only once the game had started; they could
not choose which race to run.

The experiments were run in four sessions, the first three with 26
simultaneous races, involving all the possible values of the parameters,
and the fourth with only eight races. We recorded not only the race results
but each decision and outcome for all players at every stage of every race.
Thus, we have a large body of experimental evidence that allows us to
investigate whether actual behaviour is consistent with the optimal
strategies reported above.

6 The Experimental Evidence

We can now present the main results of the experiments against the
backdrop of the theoretical conclusions. Subsequently, we examine the
experimental evidence in detail for further insight into firms’ behaviour.

Before to do this, it may be worthwhile to present the main results of
the races.

Out of 19 races starting in the (0,0) position, only 5 ended with joint
discovery when the prize was low ($ 18.97); while with a large prize
($ 37.94) 12 out 19 did.

Thus, the evidence supports our theoretical conclusion that joint
discovery is more likely to occur when firms can collude in the product
market.

However, counter to the theory, Fig. 2 shows joint discovery even
when players started unequally. Out of 19 races with initial position
(0,1), 7 ended with joint discovery in the low-prize case and 5 in the high-
prize case. Note that here the incentive for joint discovery is lower, the
greater the prize.
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Finally, the experimental races broadly support our theoretical results
for the initial position (0,2). Joint discovery never happened for the small
prize, and only once for the large prize (see Fig. 2), although, in this case
again, a few players made unexpected decisions (see Fig. 6 below).

For the statistical investigation of players’ individual choices, we first
built up a panel covering all the races and all the decisions made by the
players in each race.

32
Then we tested our assumptions using a random

effects probit model, with which we can take account of both cross
section and the time-dimension of the variables.

However, in the regressions that compare only the outcomes of the
races for each subject (Eqs. (2), (3) and (4) in Table 3 below)

33
, we used

probit model estimation methods.
In some regressions, we have observations for each period, as what we

are interested in is the player’s behaviour in the course of the race; in
other regressions we are interested in the outcome of the race in relation
to players’ characteristics (leader, follower, etc.), defined by their initial
conditions and average positions.

To make clear whether the data analysis is systematic enough in
relation to the theoretical conclusions, Table 3 reports both the theoretical
assumptions and the experimental evidence.

We used the variables listed in Table 2 below to test the main
hypotheses.

The main conclusions of this analysis are reported in Table 3.
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Fig. 2. Number of races with joint winners

32 Our dataset on individual choices contains 3676 observations.
33 Notably, in these regressions the time-dimension of the variables is absent.
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Equation (1) in Table 3 tests the results on level of effort. Lemma 1
states that, if firms cooperate, the level of effort is 1. Fudenberg et al.
(1983) proved that where there is competition, effort is likely to be greater
than 1. The estimations show that when players cooperate there is lower
probability of making the greatest effort. Furthermore, leaders are more
likely than trailers to make a greater effort.

34
Finally, the closer the end of

the race, the greater the probability of greatest effort.
In short, the statistical investigation supports the model’s main

conclusion on level of effort under the two R&D conditions.
Next we performed some tests on the incentive to cooperate.
Proposition 1 states that firms starting in the same position win jointly

if the prize is large, individually if it is small.
Equation (2) in Table 3 shows that an even starting position has no

explanatory power concerning the probability of winning jointly
(although the coefficient of D2 has the expected sign). However, there

Table 2

EFF Player’s level of effort (0,1,2)
AEFF Player’s average effort in the race
D1 Dummy =1 if cooperation occurs; 0 otherwise
D2 Dummy =1 if the player starts even; 0 otherwise
D3 Dummy =1 if the prize high, 0 otherwise
D4 Dummy =1 if single winner of the race, 0 otherwise
D5 Dummy =1 if joint winner of the race; 0 otherwise
W Units of knowledge still to accumulate to get 30 units
INT1 Interaction term D3*D8
INT2 Interaction term D3*W
D6 Dummy=1 if the player is a leader, 0 otherwise
D7 Dummy=1 if the player is a follower, 0 otherwise
D8 Dummy=1 if the player is even, 0 otherwise
D9 Dummy=1 if the player makes a proposal to cooperate, 0 otherwise
D10 Dummy=1 if the race starts in the (0,2) initial position, 0 otherwise
D11 Dummy=1 if the race starts in the (0,1) initial position, 0 otherwise
AH Percentage of periods in which the player is ahead in the race
EV Percentage of periods in which the player is even in the race

34 The dummy variable D6, which captures whether the player is ahead or not,
has a positive impact on effort.
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results that the relevant variable is not the initial position (variable D2 in
Eq. (2) is not statistically significant) but the percentage of times during
the race at which players are even (EV).

35
The latter regressor does have a

positive impact on the probability of winning jointly.
In short, relative position during the race appears to be more important

than the initial conditions in determining the outcome.
Finally, and most important, when the initial position is even, then the

larger the prize, the higher the probability of joint victory. These results
thus also support the main conclusion of Proposition 1.

To inquire into why the initial position lacks explanatory power, we
took dummies D10 and D11 as regressors. Equation (3) shows that initial
position (0,1) has no effect compared with an even position.

36
However,

in line with the theoretical conclusions, initial position (0,2) does
significantly reduce the probability of joint victory. Thus, the lack of
significance of the even start depends on the fact that players starting in
the (0,0) and in the (0,1) initial positions have similar behavior.

Using Eq. (4), we investigated whether an initial advantage has a
positive impact on the probability of winning. The results (Table 3) show
that dummies D10 and D11, which capture an initial advantage, have no
significant impact on the probability of victory (neither regressor is
statistically significant). This result conflicts with our theoretical con-
clusions.

However, the probability of a single player’s winning is positively
affected by the percentage of periods in which that player is ahead and by
the average effort he makes during the race.

Finally, comparing Eqs. (2) and (4), notice that the value of the prize is
not statistically significant for individual victory but is significant for
winning jointly.

Next, we considered the incentive to cooperate in relation to the
players’ relative position. On a theoretical basis, we would expect that:
(1) if players are in the same position, they cooperate and, if they are in
different positions, they compete; (2) players, who cooperate, cease

35 Notice that Eq. (1) is based on estimation of individual choices all through
the races (the database includes 3676 observations); by contrast Eqs. (2) and (3)
have been estimated on a player base (each equation includes 172 observations).
36 Like D2, D11 is not statistically significant with respect to the probability of

winning jointly.
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cooperation as they approach the end of the race if the prize is low but
make the discovery jointly if it is high.

Equation 5 gives the results concerning the incentive to cooperate
during the race. Players, who are even, are more likely to cooperate
through the discovery process. So an even position increases not only the
probability of winning jointly, but also the incentive to cooperate.
Moreover, the probability of cooperating is also affected positively by the
value of the prize. Finally, the coefficient of W, except for the expected
sign, is not statistically significant.

To seek insight into question (2) above, we considered the joint effect
of the prize value and the even position in the race (INT1) on the
incentive to cooperate; and the joint effect of the prize value and W
(INT2) on the incentive to cooperate. The results (Eq. (6) in Table 3)
show that for even players the probability of cooperation throughout the
race is higher when the prize is large (the coefficient of INT1 is positive).
But as players approach the end of the race, the probability is greater
when the prize is large (the coefficient of INT2 is negative). Both results
support conclusion (2) above.

Finally, we considered the main determinants of the proposal to make a
cooperative agreement during the race.

37
The results are reported in Eq.

(7) in Table 3. Players, who are even, are more likely to propose coop-
eration. One, who is definitely in the lead, is less likely to propose a pact.
Moreover, as in Eqs. (2) and (5), the incentive to cooperate is affected
positively by a larger prize value.

Finally, Eq. (7) shows that the further away they are from the finish
line, the more likely players are to propose an agreement (the sign of W is
positive).

In overall, not only the theoretical model but also the statistical
estimations indicate that cooperation is greater if players are evenly
matched and if the prize is large. When there is cooperation, players
reduce their levels of effort.

Thus, the experimental evidence supports the main theoretical indica-
tions of the model concerning the incentive to cooperate and the effort
levels, though many inconsistencies did emerge. This suggests that many
of the subjects had trouble grasping the relevant costs and benefits. We

37 Notice that the proposal to cooperate may differ from the cooperative
agreement, as proposals may not match or players may disagree on level of effort.

26 D. B. Silipo



might expect to find a better fit with the model in the case of more
experienced players.

To get more insight into players’ behaviour, we now consider the
evolution of cooperation during the course of the race.

Figure 3 shows the evolution of cooperation when players start in the
(0,0) position.

For firms starting even, the theoretical model predicts cooperation
throughout the race for the large prize and cooperation in the early stages
followed by competition when the prize is small. The experimental
evidence confirms this, albeit less clearly in the latter than in the former
case. Recall that, according to the model, evenly matched firms always
want to cooperate in the early stages, but this is not so in our experiments.
In 6 of the 38 races in the (0,0) initial position, the players never coop-
erated at all;

38
in 15 of them, they cooperated throughout the whole game.

Finally, when players started even, cooperation broke down in the later
stages in 11 out of the 14 races in which there was cooperation for a small
prize. When the prize was large, cooperation broke down in only 5 of 16
races.

The evolution of cooperation in the (0,0) initial position
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Fig. 3. The evolution of cooperation in the (0,0) initial position

38 This could be due to the fact that players may value the prize differently in
subjective terms; what is a large prize for one player may not be for the other.
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The experimental results are messier than the theoretical hypotheses,
but they do appear to support the thesis that evenly matched firms tend to
break off cooperation more often when the prize is small.

39

However, Fig. 3 shows that the incentive to cooperate during the race
is greater in the high- than in the low-prize case. The test reported in
Table 4 confirms the significant divergence in average behavior during
the race with respect to the incentive to cooperate.

40

Next, we considered the incentive to cooperate during the race when
the initial position is different. On a theoretical basis, we would expect no
cooperation at all in this case. But Figs. 4 and 5 show that cooperation
also occurred among uneven players.

However, as in the model, when the prize is large (Fig. 5), the incentive
to cooperate is greater when players start out even than when one has an
initial advantage. But this result is not general. Rather, the opposite holds
for small prizes when we compare the initial positions (0,0) and (0,1), see
Fig. 4.

 The evolution of cooperation in the low-value prize ($ 18.97)
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Fig. 4. The evolution of cooperation in the low-value prize ($ 18.97)

39 In the (0,1) initial position, players terminate cooperation 8 of 15 times for
the small prize and 10 of 13 for the large one.
40 See the result reported in the first row of Fig. 4.
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Furthermore, differences in behaviour during the race between even
and uneven initial positions are clearer-cut for the large than for the small
prize.

41

The evolution of cooperation in the high-value prize ($ 37.94)
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Fig. 5. The evolution of cooperation in the high-value prize ($ 37.94)

Table 4. Tests on differences between the average behaviour of the players
during the race

Small prize Large prize

(0,0) (0,1) (0,2) (0,0) (0,1) (0,2)

Small prize (0,0) )5,219
0,0000

(0,1) )3,947
0,0000

(0,2) 1,185 4,182
0,2420 0,0000

Large prize (0,0) )5,219
0,0000

(0,1) 5,940
0,0000

(0,2) 5,316 0,892
0,0000 0,3780

41 When the prize is large the difference between the average incentives to
cooperate is 0.28 when we compare races starting in the (0,0) and (0,1) initial
positions, and 0.34 when we compare races starting in the (0,0) and (0,2) initial
positions. By contrast, for the small-prize case the corresponding differences are
�0.21 and 0.08.

The Evolution of Cooperation in Patent Races 29



The tests on differences between the average incentives to cooperate
(Table 4) show that differences between even and uneven initial positions
are always significant in the large-prize case and only once in the
small-prize case.

42

In any event, all the figures show players changing behaviour more
often than our model would predict.

7 Conclusions

In a simplified model with only two firms involved in a patent race, we
studied the evolution of cooperation in the course of the race and the
speed of innovation under the cooperative and competitive R&D regimes.

The main theoretical conclusions are that the race is mostly charac-
terised by competition if the firms are in different starting positions and
by cooperation if they start out even. In the latter case, they make the
discovery jointly if they can collude in the downstream product market
and break up their joint venture in the last stages if they must compete.
Firms involved in a cooperative research agreement proceed at lower
speed.

Therefore, unlike Fudenberg et al. (1983), and Harris and Vickers
(1985), who found that the race is characterised by vigorous competition
if the firms are even, we find that, when firms are evenly matched, they
make cooperative research agreements and rent dissipation never occurs.
Dissipation is likely when firms are unevenly positioned.

Experimental evidence supports our theoretical conclusions, although,
as in other experiments testing competitive models of R&D (see Hey and
Reynolds, 1992, and Zizzo, 2002), in some races the subjects did rather
worse than predicted.

Overall, both the theoretical model and the statistical estimates indicate
more cooperation when players are evenly matched and when the prize is
large. When there is cooperation, players reduce their levels of effort.
Also, for firms starting even, the theoretical model predicts cooperation
throughout the race for the large prize and early cooperation giving way
to competition for the small prize. The experimental evidence confirms
this, although in a few races that started even the players never

42 However, unlike the other two cases in which the sample includes 19 races
in each initial position, in the (0,2) initial position there are only 5 races for each
value of the prize.
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cooperated, while there was some cooperation during the race among
uneven players. On a theoretical basis, we would expect no cooperation at
all in this case. The empirical evidence from our tests nevertheless does,
broadly speaking, confirm the theoretical indication that the incentive to
cooperate is greater when players start out even than when one of the two
has an initial advantage.

These conclusions were reached by making a number of simplifying
assumptions. First, we assumed that the discount factor is arbitrarily
small. If the firms had a high rate of time preference, we would expect
them to play 2 at some stages in the cooperative regime as well. Also, we
would expect less cooperation than in the case with no discount, because
cooperation delays the innovation. On the other hand, a high degree of
impatience may explain why some subjects in the experiment played the
highest level of effort even in a situation of cooperation and why equally
positioned players competed more than we predicted.

Second, we assumed there is no uncertainty in the R&D process,
though firms do face uncertainty about the possibility of winning the race,
due to imperfect information. We would expect this additional assumption
to lead firms to increase cooperation in order to reduce uncertainty about
success, though it should not change the results in qualitative terms.

43

Third, although there are no spillovers in the model, the possibility of
the loser’s appropriating part of the benefits would increase competition
in the ex post market. In the light of our previous results, we can infer that
spillovers would reduce the incentive for joint discovery.

Finally, we assumed cost-reduction R&D. Quality improvement R&D
would produce a greater incentive to innovate, because the conflict in the
ex post market would not be as sharp, as firms could make a cooperative
agreement to diversify their product quality choices.

Although the welfare evaluation of cooperation and competition in
patent races is beyond the scope of this paper, the dynamic framework of
the model captures some welfare effects of cooperation in R&D due to the
timing of innovation. Cooperation in R&D is detrimental to consumers
because it delays innovation but is beneficial to firms because it increases

43 This may occur when there is a high degree of uncertainty and the race is in
the early stages, so that the trailer can leapfrog. On the other hand, if the race is
near the end and the distance between the firms is great enough, uncertainty in the
discovery process may not change the outcome, because firms are unlikely to
make ‘‘big jumps’’.
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profit. Therefore, welfare evaluation of R&D cooperation and competition
in patent races must take account of the net effect on the consumers’ and
producers’ surplus.

We would expect that if the value of the innovation is greater for
consumers than firms, the best regime would be competition both in R&D
and in the product market: the gains to consumers due to earlier inno-
vation would outweigh the losses of firms from duplication of effort. On
the other hand, if the value of the innovation were greater to firms than to
consumers, collusion both in R&D and in the product market would be
preferable.

Appendix 1

Proof of Proposition 1

Assume the players are in the same position and they split equally the
prize (i.e., ki ¼ kj ¼ 1 and ac

i ¼ ac
j ¼ 1=2). In addition, let consider first

the case k � �k.
The proof is by backward induction. So, assume firms are in the last

period and there is one step to go.
First, notice that if firms break down the venture in the last period they

will choose the highest level of effort: any other effort level by one firm
would make the rival to win the race with certainty.

Therefore, in the last period firm i; i ¼ A;B; undertakes an RJV iff
EPc

i ð1; 1Þ > EPnc
i ð1; 1Þ, that is

cV =2� c1=2 > V =2� c2: ð4Þ

Condition (4) above holds if

c > c0 ¼ V � c2 � ðc2 � c1Þ
V

; ð4:1Þ

otherwise inequality (4) is reversed.
Next assume there are two steps to go. In this case the condition for

cooperation are:

cV =2� c1 > V =2� c2: ð5Þ
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Condition (5) holds if

c > c00 ¼ V � 2ðc2 � c1Þ
V

; ð5:1Þ

Comparing (4.1) and (5.1), it is straightforward to conclude that c0 > c00.
If k > 2 the condition for cooperation becomes

c > c000 ¼ V � kðc2 � c1Þ
V

; ð6Þ

and (6) is weaker than conditions (5.1) and (6.1) above.
Finally, assume both firms are k � k steps from the finishing line,

44
and

consider the incentive to cooperate when the value of the race is positive
at the outset (i.e., V � kc2 � jc1 > 0; j � 1).

The conditions for firm i; i ¼ A;B; to cooperate at the outset are:

c > ĉ ¼ V � �kðc2 � c1Þ � jc1
V

; ð7Þ

and comparison of (6) and (7) shows that the condition for cooperation at
the outset by even firms is weaker than in the subsequent periods of the
race.

Notice that ĉ may be greater, lower or equal to ~c. Hence, the following
situations may result at the outset:

(a) ĉ > ~c and the value of the race is positive (i.e.,
V � kc2 � jc1 > 0; j � 1). In this case, firms undertake an RJV at
the outset.

(b) ĉ � ~c and the value of the race is positive. In this case, firms never
cooperate in the patent race.

(c) ĉ > ~c and the value of the race is negative (i.e.,
V � kc2 � jc1 > 0; j � 1). In this case, an RJV not only is more
feasible than in the case the value of the race is positive, but it may

44 Recall that for k > k firms cannot make all the periods the highest effort and
get positive expected profits.
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have the beneficial effect to induce the firms to undertake an
otherwise excluded project.

45

Proof of Proposition 2

Without loss of generality, assume firm A is the leader of the race, and
consider the incentive to cooperate when firms are in the position (1, 2),
and ac

A ¼ 1=2. So firm A cooperates in the last period iff
46

EPc
Að1; 2Þ ¼ cV =2� c1=2 > EPnc

A ð1; 2Þ ¼ V � c2: ð8Þ

Notice that if (8) does not hold when c ¼ 1, a fortiori it does not hold for
c < 1. So, substituting c ¼ 1 into (8), after algebraic manipulation, the
previous condition becomes:

V � c1 > V � c1 þ V � c2 � ðc2 � c1Þ ð8aÞ

which never holds, since V � ð2c2 � c1Þ > 0 by Assumption D1. So, we
conclude that if ac

A ¼ 1=2, the leader of the race does not cooperate in the
last period when he is one step from the discovery and lags the follower
by one step. Next, consider the incentive of the leader to cooperate in the
previous periods.

When firms are in the position ðk; k þ 1Þ; 2 < k � k, the condition for
firm A to cooperate becomes:

V =2� kc1=2 > V � ðk=2Þc2 ð9Þ

and it is easy to show that also the last inequality does not hold. Assume
k > k, and consider the incentive to cooperate when firms are in the
position (k þ 1; k þ 2). At this stage the leader cooperates iff

45 More precisely, in this case an RJV is undertaken if the saving on costs due
to cooperation transforms a project with negative net value into one with positive
net value.
46 Fudenberg et al. (1983) proved in the competitive case that the leader plays

the mixed strategy [1,2]. It follows that by playing 2 with some positive prob-
ability it gets V � c2, which is also the expected revenue that it would get by
playing 1. The follower plays the mixed strategy [0,2], and get zero expected
profit.
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V =2� ðk þ 1Þc1=2 > V � ðk=2Þc2 � c1 ð10Þ

which never holds if the value of the race is positive. Finally, at the outset
the last condition becomes

V =2� ðk þ jÞc1=2 > V � ðk=2Þc2 � jc1 ð11Þ

that is

V � kðc2 � c1Þ � jc1< 0 ð11aÞ

that never holds, provided that the value of the race at the outset is
positive.

However, inequality (11a) shows that an RJV at the outset occurs
among firms lagged by one step if the value of the race is negative and the
R&D technology is sufficiently convex such that kðc2 � c1Þ > V � jc1.
In this case, cooperation in R&D and the consequent cost reduction
transforms an unprofitable project into one with positive expected profit.

Finally, notice that if the condition for cooperation holds at k þ j, both
firms are in the same position in the next stages, and a fortiori they
cooperate thereafter.

So far we considered the case c ¼ 1. For c < 1, condition (11)
becomes:

cV =2� ðk þ jÞc1=2 > V � ðk=2Þc2 � jc1 ð11bÞ

and by comparison of (11) and (11b), it is straightforward to conclude that
it is less likely that the leader will cooperate in the case where firms
cannot collude in the ex post market.

However, if the above conditions for cooperation hold, it follows that
c > �c, where �c is the degree of competition in the ex post market which
makes the leader indifferent between cooperating and competing in the
race. In addition, by comparing (11b) and (7), it is straightforward to
conclude that �c > ĉ, and from Proposition 1 we conclude that cooperation
between uneven firms will last all through the race.

Finally, consider the case in which the leader is two steps ahead and
there are k; k ¼ 1; . . . ; k þ j steps to go. Assume they collude in the
product market. The condition for the leader to cooperate at
k; k ¼ 1; . . . ; k þ j, becomes
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V =2� kc1=2 > V � kc1 ð12Þ

which never holds, whatever the distance of the firms from the finishing
line. A fortiori the leader does not cooperate when they compete in the
ex post market.
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