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Abstract
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1 Introduction

Innovative activity has at least three basic properties. It is mostly done
in a competitive environment. Firms compete to get an innovation first.
Second, it is a dynamic activity. Research and Development (R&D) is a
process for which we can distinguish several stages, at least there is a research
stage, resulting in a raw prototype, and a development stage in which the
prototype is transformed into a final product. Finally R&D is an uncertain
activity. Not only is it uncertain when an innovation is going to occur, but
also firms could be uncertain about the complexity of the project that they
start working on. Only in the course of doing research firms learn whether
their project is worthwhile proceeding. For marginal product improvements
this learning effects can be ignored. But for more fundamental innovations
and more experimental research these effects cannot be ignored. The fact
that firms learn during the race, and the fact that they could learn from
each other, creates new and interesting incentives to invest in R&D. This
paper analyzes these incentives. Our analysis consists of three parts. First,
we investigate how the fact that firms learn affects their incentives to invest
in R&D. Second, we study how these incentives are affected under different
regimes of appropriability of the innovation. And, finally, we analyze under
what conditions firms will and will not learn from each other in equilibrium.

The simplest situation that captures the competitive, dynamic and infor-
mational aspects of innovative activity is the following. Two firms compete
over two stages to get an innovation. In the first stage firms obtain an inter-
mediate discovery, and learn about their R&D project. In the second stage
firms decide how much to invest in developing the intermediate innovation,
given the information acquired in stage 1. Firms compete to get the devel-
oped final product first. An early intermediate discovery in an R&D race can
have two opposite effects on competition. We distinguish a strategic and an
informational effect, and discuss them in the next two paragraphs.

In most literature on dynamic R&D competition the progress of one firm
in their project discourages his rivals to invest in the innovation. Taking
a lead in the race gives the leading firm a strategic advantage, e.g. see
Grossman and Shapiro (1987), and Harris and Vickers (1987). This is a
“strategic effect”. If firms could credibly signal that they made an early
intermediate discovery without revealing the contents of this discovery, they
would always do so. The problem is that this revelation cannot happen
credibly unless the contents of the discovery are revealed also. But revealing
the contents of the discovery enables rivals to catch up in the race, which
encourages further investments. Therefore a leading firm is only willing to
obtain and reveal information about his progress in the race if he is sufficiently



compensated for doing so. Compensation can happen by means of a licencing
arrangement or an intermediate patent (see, e.g., Chang (1995), Green and
Scotchmer (1995), Scotchmer and Green (1990) and Kabla (1997)) or grace
period (see Goyal and De Laat, 1998). Thus there is a trade-off between the
incentive to reveal information and leaving the informed firm an advantage
in the race. The literature mostly focuses on this trade-off in R&D races.

! we see an effect that is opposite to the
strategic effect. After an early intermediate success by one firm, rivals flock in
and invest to obtain the final innovation first. This effect could be explained
in the following setting, as in Choi (1991). Firms learn about the properties

of the project while they work on it. These properties are universal for

For fundamental innovations

the industry. Favorable information for one firm is favorable also for his
rivals. Then progressing in the race and disclosing this progress makes all
firms more optimistic, and more willing to invest. This is an “informational
effect”. But when favorable information for one firm also encourages rivals to
invest in the project, the firm might want to prevent its rivals from learning
this information. There might be an incentive not to reveal any good news
that firms learned.

The strategic effect gives firms an incentive to state that they made early
intermediate discoveries, while they would keep intermediate successes secret
under the informational effect. In practice these two effects interact, and
this interaction determines the firms’ incentives to invest in both stages of
the race. In this paper we separate the acquisition of information from the
acquisition of a leading position in the race. First, firms invest solely in
acquiring information, and then invest in winning the race. Furthermore, we
maximize the scope for firms to learn from their rival by assuming perfect
positive correlation between the firms’ projects. We thereby focus on the
informational effect of intermediate discoveries and its subsequent problems
of information revelation. This gives a sharper trade-off between incentives
to reveal and acquire information.

This paper contributes in two important ways to the study of the trade-
off between the informational and strategic effect. First, we study the effects
of appropriability of revenues on the firms’ incentives to invest in R&D.
Most literature on R&D races focuses on the winner-takes-all race. This
is, however, an extreme setting that needs not be realistic. We add more
realism to the economic analysis by studying settings in which the winner
does not take all. In particular, we assume that firms share a fixed portion of

LA classic example of this kind of innovation would be the 1986 breakthrough in cold
superconductivity. For a description of the breakthrough by IBM, and its resulting race
for even colder superconductivity, see Choi (1991).



their revenues. Revenue sharing introduces free-rider effects to the analysis.
These free-rider effects interact in an interesting way with the informational
and strategic effects.

The second main contribution of this paper is to endogenize firms’ infor-
mation. Information is endogenized in two directions. First, each firm invests
in costly information acquisition. The incentives to invest depend on the ap-
propriability of both the acquired information, and the innovation’s revenues.
When the acquired information is public, firms have a low incentive to invest
in information acquisition, because they prefer to free ride on their rival’s
information acquisition investments. And when only part of the revenues
from innovation are appropriated by a firm, both negative as well as positive
externalities on research incentives exist between firms. The negative effect
is due to the erosion of expected revenues from a firm’s own information ac-
quisition investments. This is a free-rider effect. The positive externality of
revenue sharing is active when the firms’ acquired information is public. The
externality is caused by the fact that the information generated by one firm
affects beliefs and consequently expected revenues of the firm’s rival. Since
part of these revenues spill over, firms have a bigger incentive to invest in
information acquisition.

The second reason why the firms’ information is endogenous is because
firms can choose what information they reveal. That is, the revelation of
information is not exogenous, but a strategic choice of the firms. When
information is non-verifiable, firms never completely reveal their information,
while there is an equilibrium in which they completely conceal information.
This result holds for any way in which firms share revenues. These results are
reversed for extreme revenue shares, however, when information is verifiable.
Firms cannot credibly conceal any verifiable information, and will therefore
fully disclose. For intermediate revenue shares there is no equilibrium in
which firms completely reveal their information.

These two main contributions of the paper are discussed in more detail
in the next sections.

Related literature: Papers by Hendricks and Kovenock (1989), Choi (1991),
Malueg and Tsutsui (1997), and Cyert and Kumar (1998) study models in
which firms learn about their project’s characteristics while they invest in it.
In their models the information obtained from research is publicly observable.
Firms learn from each other’s experience without cost. Information is incom-
plete, but symmetric. We show in this paper that firms have incentives to
misrepresent their intermediate research results to affect competition in the
development stage. Furthermore, we analyze how investments are affected
by revenue sharing, and how they compare to the industry’s efficient invest-
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ments. We show that firms’ expected profits can be increased by relaxing
the “winner-takes-all” assumption.

Dewatripont ef al. (1999) give sufficient conditions under which a man-
ager’s incentives for information acquisition investments are affected by an
additional signal about his project. We perform a similar exercise for signals
that are generated by a firm’s rival. We extend the analysis by introducing
competition both in information acquisition, as well as in the determination
of firms’ revenue.

Problems of strategic information revelation in R&D races are studied by
Bhattacharya et al. (1990, 1992) and d’Aspremont et al. (1996, 1998) but
in their models information is exogenous (and partly verifiable). Another
model of endogenous information spillovers between competing firms is an-
alyzed by Katsoulacos and Ulph (1998), and Ulph and Katsoulacos (1998).
Their problem deals with information about the contents of the interme-
diate innovation, and not information about the costs of proceeding with
the project. This puts more emphasis on the strategic effect of information
revelation.

The effects for incentives of racing firms after the relaxation of the “winner-
takes-all” patent scheme are studied in La Manna et al. (1989) and Denicold
(1996). In these papers the social optimality of full-scope patents is seriously
questioned. We perform a similar exercise, but in an environment in which
firms learn.

Problems in which information revelation occurs between competitors are
problems of information sharing in oligopoly.? Novshek and Sonnenschein
(1982), Fried (1984), and Creane (1995) study models in which firms acquire
and reveal information before they compete.® However, in these models
firms can commit ex ante whether to reveal information or not. This is a
strong assumption that need not always be realistic. In fact, Ziv (1993)
shows that the scope for information sharing is drastically reduced when
firms cannot commit exr ante and information is non-verifiable. We follow
the same modelling approach as in the paper by Ziv.

The paper is organized as follows. In the next section we describe the
basic model. In section 3 the efficient investments that maximize total in-
dustry’s profits are characterized. These investments serve as a benchmark.
Section 4 analyzes the effects of introducing competition in this setting, while

2For a survey of the main results of information sharing in oligopoly, see Gal-Or (1986)
and Raith (1996).

3Other papers, e.g. see Li et al. (1987), Hwang (1993, 1995) and Hauk and Hurkens
(1998), study the incentives of competing firms to acquire information given that the
acquired information remains private.



signals remain public information. This gives the equilibrium investments of
competing firms that receive publicly observable signals about the project’s
complexity. In section 5 we analyze the equilibrium investments when firms
have only private signals. The sixth section discusses what information is
revealed, and what investments are chosen, when firms reveal information
strategically. Section 7 discusses the assumptions on observability of research
investments, and the last section concludes. All proofs are relegated to the
Appendix.

2 The Model

We consider an industry in which two firms compete over two stages to obtain
an innovation. Firms work on the same innovation but compete to get it
first. Since firms work on the same innovation, we assume that their costs of
investments are perfectly positively correlated. In the first stage firms acquire
information about the costs of development investments, that should lead to
the innovation. This is the research stage. In the second stage the firms
actually try to develop the innovation. We call this stage the development
stage. The firm that develops the innovation first, the winner, receives prize
W. When both firms develop the innovation, each firm receives prize T.
Naturally, we assume that 0 < T" < %W At one extreme firms share the
revenues from innovation equally, while at the other extreme, firms compete
fiercely in the product market which leaves no rents for either of them. A
firm that does not develop the innovation successfully receives no revenues.
Define A = W —T as the difference between the prizes of winning and tying,.
Note that our assumption on 1" implies that %W <ALSW.

At the beginning of the race firms do not know the complexity of the
project they work on. Complexity directly affects the cost of investments
in developing the innovation, and is summarized by the parameter 6. The
project can either be easy, § = 0, or difficult, § = 0, to complete, with
0 < @ < 0. When the project is easy (resp. difficult), it is easy (resp. difficult)
for both firms. An easy project has low marginal cost of development. A
difficult project is completed at high marginal cost. The probability of an
casy (resp. difficult) project is p (resp. 1 —p), with 0 < p < 1.

In the research stage firms find a prototype, and learn about the costs
of development investment. Firm 7 does research by making an investment
R; € [0,1]. Research investments are not observable. Firm i expects re-
search investment 7; from his rival firm j. Costs of research investments are
quadratic in investments, C'(R;) = gR?, with p high enough such that co-
ordinating firms both invest in research. Learning is, however, not perfect.



After firms invest in research they receive a signal about the project’s com-
plexity. The quality of the signal depends on the investments in research.
When the project is difficult, investments always lead to a bad signal, t; = t,
for i = 1,2. For an easy project firm i’s signal depends on his research in-
vestment, [7;. I'irm 7 receives a good signal, {; = t, with probability [?;, while
the probability of a bad signal, t; = t, is 1 — R;, with ¢ = 1,2. Signals are
independently distributed between firms given the project’s complexity. The
first-stage stochastic structure for firm i is depicted in Figure 1 below. The
dashed lines represent firm 4’s information sets.

juy
|
=,
[ ——_

Figure 1: Firm 7’s research stage

We make different assumptions about the nature of the firms’ signals. In the
following two sections we assume that signals are public information, while in
section  we assume that signals are private information to firms. Besides the
fact that these cases are interesting by itself, they also enable us to analyze
a richer model in which firms strategically choose how much information to
reveal to their rival. We introduce this model in section 6 of this paper.

Whenever a firm receives a good signal, t; = £, it learns that both firms
work on an easy project. Whenever both firms receive a bad signal, they
are in one of the following situations. Either the project is difficult, or firms
work on an easy project and were simply unlucky. The extent to which firms
were unlucky under an easy project depends on firms’ research investments,
R. The more firms invested in research, the more pessimistic they get about
the project’s complexity.

In the second stage firms invest in the development of the innovation by
spending D; € [0, 1]. Firm i’s probability of making a final innovation is then
D;. An easy project, 0 = @, has low marginal costs of development, while a
difficult project has higher development costs, §# = 6. In order to keep the
model manageable, we assume that firm 7’s development cost is quadratic in
development investment D;, i.e. ¢(D;;0) = %D?, for i = 1,2. Furthermore,
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we assume that § > 2A to obtain interior solutions for firms’ development
investments.

We assume that firms are risk neutral. For firms’ profits we define the fol-
lowing. Given development investments D = (Dy, Dy), firm i’s development
profits are:

0
m(D;0) = D;D;T+ D;(1— D;)W — §DZ-2
0

Then firm 7’s expected payoff is given by
(R, D) = Ey{m(D; 0)| B} - SR

We solve the game backwards, and focus on symmetric, pure-strategy Bayes
perfect equilibria.

3 Benchmark: Efficient Investments

In this section we analyze the efficient outcome for the industry. This means
that we calculate the research and development investments that maximize
expected total industry’s profits. We analyze this solution to understand
firms’ incentives when all relevant externalities are internalized.* We use the
efficient outcome as a benchmark to study the effects of competition and
private information on equilibrium strategies.

Given public signals, we calculate the efficient information acquisition and
development choices by solving the model backwards. In the first subsection
we find the efficient development investments, D. In the second subsection
we compute efficient information acquisition investments, R, given efficient
investments in the development stage.’

4Such a benchmark could be relevant for policy analysis when firms can fully appro-
priate the social value of their innovation.

®We assume that firms’ research investments are unobservable in the efficient outcome,
in the equilibrium with public signals, and in the equilibrium with private signals. Keeping
research investments unobservable throughout the whole analysis enables us to focus on
the effects of competition and private information on the firms’ signals. It enables us to
compare firms’ investment in the different benchmarks. In fact, efficient investments for
observable and unobservable research investments are identical, since all relevant exter-
nalities are internalized.



3.1 Efficient Development Investments

After the information acquisition stage there are two basic states of the
world. FEither there is at least one firm that received a good signal, t €
{(t,1), (L, 1), (t,1)}, or both firms received a bad signal, ¢ = (¢,%). In the first
case both firms learn that their project is easy, § = 8, while in the latter case
they cannot establish with certainty whether the project is easy or difficult.
For both these states of the world we calculate the efficient development in-
vestments D. In the industry’s efficient outcome firm i chooses development
investment D); that maximizes expected total development profits, given the
signals ¢, research investment [?;, and expected research investments 7:

max . Fo{m1(D;0) + mo(D;0)|t; R;}, fori =1, 2.

D;€[0,1)

Expectations are taken after observing the signals. Firm 7’s posterior belief
of working on an easy project is p; = p(t; R;,7;). The expected cost of
investment parameter is

pf + (1 — ;)0 = E(0]t; Ry, ;).

Total profit maximization leads to the first-order conditions for development
investments:

W —2D;A = E(0|t; R;,r;) Dy, fori,7 =1,2, and j # i.

When there is a firm that receives a good signal after the first stage, the
firms know that the project is easy, 1.e. p = 1. Firms’ first-order conditions
for these beliefs give their optimal development investments, and develop-
ment profits, for i =1, 2:

Dl = 35+7

and ; (ﬁ@),ﬁ) = %E(;)W

After both firms received a bad signal, ¢t = (¢,¢), firms update their be-
liefs about the project’s complexity by applying Bayes’ rule: p(t,t; R;,r;) =
p(1-Ri)(1-r;)
p(lfRi)(lffj)Jrjlfp

. Therefore expected costs after two bad signals is:

(1-p)(@—-0)
p(l—R)1—r))+1—p

If firms still receive bad signals even though they invested more in informa-
tion acquisition, firms become more pessimistic about the complexity of the
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project. Firm #’s expected development cost increases in firms’ information
acquisition investments. The optimal development investments and expected
profits are:

=y W 0+ ¢(r)
Di(t,t; R;) = 000 128 Bt ol and
fi@f; Ri) = Fy {7Ti @(fj; Rz‘); 9) f,f; Ri}

1— — _
= EDi<t7t;Ri)W

Since in the efficient outcome expectations will be realized, 7 = R, firms’
efficient investments will be symmetric along the optimizing path. Since
¢(R) > 0, expected marginal cost, 0 + ¢(R), strictly exceeds marginal cost
of investing in an easy project, §. Along the optimizing path it is there-
fore efficient to invest less after observing (Z,7) than after observing a good
signal, i.e. D;(t) > D;(t,T; R;) for i = 1,2. Greater information acquisi-
tion efforts that result still in two bad signals make firms more pessimistic
about the project’s complexity, and expected costs increase. Therefore effi-
cient investments should decrease. After partially differentiating the efficient
development investments toward I?;, we establish this:
ODy(t,1; R) —p(1 —7;)¢(Rs, r5) Di(t, T; Ry) <0
OR; [p(1 = R)(L —ry) + 1 = pl (@ + ¢(Ri,r5)) —
with 4,7 =1,2,1 # j.
We summarize our results in the following lemma.

Lemma 1 The efficient development investments are such that, fori=1,2:
(1) along the optimizing path, i.e. T; = R;, investments after a good signal
exceed those after two bad signals: D;(t) > Ds(T,; R;) for all Ry;

(i1) investments after two bad signals decrease in information acquisition
tnvestments: %ﬁéfﬁl <0 for all R;.

3.2 Efficient Research Investments

Given prior beliefs concerning the complexity of the R&D project and given
efficient development investments, D), firms choose research investments, R.
Firm i’s ex ante expected profit, given efficient development investments, is:

I;(R:, D) = (1—p)m (D(T,7R;);0) +p(1 — R:)(1 — R;)m; (D(L,R;); 0) +
+plL - (1 = R)(L - B)7(D(1):0) - SR
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Efficient information acquisition investments R are determined by maximiz-
ing IL;(R;, D) +11;(R;, D). When we calculate the first-order conditions, and

let expectations on research investments be realized, r = R, we obtain:

pR; = p(l—Ry) (Zm (E Zm t (t,t|R); ))

p(l — R)W?H(R)? N
T (0+20)(0 + ¢(R) + 20)2 fori,j=1,2. (1)

That is, marginal costs equal marginal revenues of information acquisition
investments. Marginal costs are the direct cost of research investment, pR;.
The marginal revenue of information gathering investment is the total profit
gained from obtaining a good signal and finding out that the project is easy
after investing a marginal amount more.

Observe that net marginal revenues in the right hand side of expression
(1) are positive for all R; < 1. Direct marginal costs are linear and increase
monotonically from 0. Therefore efficient information acquisition investments
are in the interior of the unit interval, i.e. 0 < R < 1.°

4 Race with Public Signals

In this section we calculate the equilibrium of the R&D race where signals
t are publicly observable. We derive equilibrium investment decisions of
noncooperative firms, and analyze how they relate to the efficient outcome.
Research and development investment choices are now made under competi-
tion, while firms’ information remains symmetric. Again, we solve the game
backwards in pure strategy equilibrium.

4.1 Public Signal Development Investments

The qualitative properties of equilibrium development investments do not
differ from those of efficient investments. Again development investments
are high after a good signal and are generically decreasing in research in-
vestment. Quantitatively equilibrium investments differ from the efficient

SUnfortunately, the net revenue function need not always be concave for all R. Espe-

cially for big p (p > ﬁgﬁ—e) net revenues are convex for small R. For big p and small costs

of information acquisition, p, there can exist two local optima. We avoid nonconcavities
by assuming that the costs of information acquisition investments p are big enough to
guarantee a unique optimum.
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ones. Competing firms do not internalize the negative effect of their invest-
ment on the expected revenue of their rival. Therefore firms overinvest in
development, which is shown in the remainder of this subsection.

After observing the signals, t, and given expected rival’s research invest-
ment, 7;, firm 7 updates his beliefs (u(t; R;,7;),1 — pu(t; Ry, r;)), and chooses
development investments that maximize his expected profit. This gives first-
order conditions

(W - ADJ) = E<6’t7Rz>D17 for Za] = 17 27 and j 7é Z.u
with B(0]t; Ri,r;) = p(t; Ri,ri)0+ (1 — p(t; Ri,ry))0.

When at least one of the firms observes a good signal, firms learn that
their project is easy. Firm i’s posterior belief is u(z,.) = 1, and his first-order
condition gives his reaction function for development investments. Firms’
reaction functions slope downward. When firm j invests more in develop-
ment, it becomes less likely that firm ¢ will be the winner of the race, which
depresses his expected prize, and his incentive to invest. Both firms’ reaction
functions together determine the symmetric equilibrium research investments
and profits:

~ W

Whenever both firms receive a bad signal, they remain uncertain about
the true state of the project. Depending on the information acquisition in-

~ 1 ~
and m; (D(i);Q) = EQDZ-@)Q, fori=1,2.

vestments, each firm updates his beliefs about the project’s complexity, and

forms beliefs p(t,t; R;,r;) = p(fi(g)}?i)f(ijf)ﬂfp. From both firms’ reaction

functions we derive equilibrium investments and expected profits:

S W 0+ ¢(r)
DALER) = T3+ 8 T oty ™

By L (DA.T; B):0) |03 R

= S0+ (R ) DR

Along the equlhbrlum _path expectations about rival’s research investments
are realized, l.e. 1; = R for i = 1,2, and we obtain that D (,t; R) < D (1)
for all ]SLZ

Suppose that firms’ research investments only result in bad signals. The
greater a firm’s information acquisition investments, R;, the higher his ex-
pected costs of development investments, and the more cautious the develop-
ment investments. Pessimistic firms invest less than optimistic ones. There-
fore equilibrium development investments decrease in research investments,

12



given bad signals:

OD(LER) _  —pl—r)pllr) DEER)
OR; (1= R)(L—r)) +1—p) (0 +P(Ri,ry)) —

These findings are qualitatively identical to those summarized in lemma 1
for efficient development investments.

Given a signal combination ¢, firms overinvest compared to the efficient
investments: ﬁi(t; R;) > ﬁi(t; R;). This is due to the fact that competing
firms do not internalize the negative effect of their own development invest-
ments on their rival’s expected revenues. Firm 4’s investment 1); marginally
decreases firm j’s revenue with D;A. Therefore firms invest more aggres-
sively than would be efficient for them. This is a common observation in
the literature on R&D races. Competition leads to overinvestments, which
is stated in the following proposition.

Lemma 2 For the game with public signals firms overinvest in equilibrium:
D;(t; R;) > D;(t; R;) for allt, R, andr, withi = 1,2. All qualitative proper-
ties of lemma 1 hold true for D;(.) too.

4.2 Public Signal Research Investments

Working backwards, we calculate the equilibrium information acquisition in-
vestments given the equilibrium development investments. Firm 7 chooses
R; that maximizes expected profit II;(R, D), given equilibrium development
investments, D. Profit maximization leads to the following research equilib-
rium condition:

phi = p(- &) {m (DW;0) - m (DEURY0) P+ (3)
aﬁi(f,f;Ri)
OR;

+lp(l = Bi)(1 = R;) + 1= p] :
Notice that marginal revenues contain two informational effects now. The
first effect captures the marginal increase in revenue after more research re-
sults in jumping from a bad to a good signal. However, when bad signals
persist despite increased research, then the increase in research leads to grow-
ing pessimism and lower expected revenues. The second effect captures this
loss in expected revenues due to firms’ growing pessimism after persistence
of bad news. Firms internalize the second effect in the efficient outcome.

13



In equilibrium firms’ expectations about research investments are realized,
Le. ;= R Therefore we can rewrite the equilibrium condition for R to:

pR; = p(1— Rj)%g {BZ-(;)Q — D;(1,7%; RZ-)Q} +
+Hp(1 = R)(1— RB;) + 1 —pl(@ + ¢(R) Di(T,T; Ry)
= max{O,]\ﬁ(H)},

with

p(L = R)W?(R) (L06(R) — (0.+ A)A) (1)
(01 220+ o(B) + D) |

Z\ﬁ(R) =

When we focus on symmetric equilibria (ﬁq = }3@), we can show that firms
underinvest in research. Since signals are public, and firms can learn from
each others’ signals, they have an incentive to free-ride on their rival’s infor-
mation acquisition investments.

Proposition 1 Symmetric equilibrium research investments in the race with
public signals do not exceed the efficient investments: R; > R; fori1 =1,2.
For interior equilibrium and cfficient research investments the inequality is
strict.

It is efficient to invest more than }SLZ-, because the efficient investments
internalize the positive externality of informational spillovers among firms.
If firm 7’s research leads to a good signal, this improves both his own and
his rival’s expected profit. On top of that each firm takes into account that
the decrease in his equilibrium development investments from higher research
investments after bad news improves his rival’s development profits. Inter-
nalizing these two effects results in higher research investments.

It would be an interesting exercise to characterize firms’ expected equilib-
rium development investments given their equilibrium research investments,
and characterize expected equilibrium profits. This would shed more light on
the interaction between research and development. Such an exercise awaits
future research.

In these two subsections we saw that firms would improve their profits if
they could find a way to both lower development investments D, and increase
research investments /2. In the next subsection we will show that revenue
sharing provides firms with a way to achieve this.
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4.3 Effects of Revenue Sharing

So far we assumed that in the race the winner takes all. This is, however, only
an extreme way of distributing revenues from the innovation among firms.
In general the loser of the race gets a share, o, of the revenues. In US sports
tournaments revenue sharing is used to decrease firms’ overinvestments in
talent. Cook and Frank (1995) observe the following:

“Revenue sharing — the practice whereby team owners pool and
share gate and television revenues with each other — s another
common device for limiting expenditures. Because fans strongly
prefer to watch winning teams, there is a strong link between
a team’s winning percentage and the amount of television and
gale revenues the team generates. Without revenue sharing, own-
ers thus face powerful incentives to bid for star players, coaches,
scouts, and other inputs that make winning more likely. Revenue
sharing weakens these incentives and thus helps to restrain player
salaries and other key costs.” [Frank and Cook (1995), pp 169]

In the race for a patent revenue sharing should have the same desirable
effect on development overinvestments. But in the race for a patent revenue
sharing has an effect on the firms’ incentives to invest in development but also
on incentives to invest in information acquisition. In what direction these
effects point, is studied here. We argue that revenue sharing introduces a
free-rider incentive in the development stage which depresses development
investments. For research revenue sharing introduces the following effect.
When research investments result in a good signal, then this increases the
expected revenue of a firm’s rival too. Since part of the revenues are shared,
this gives each firm a bigger incentive to invest in research. An effect in
the opposite direction results from the fact that in absolute terms firms’
development investments are lower than in the “winner-takes-all” race, which
would reduce the incentive to invest in research. However, initially both
investments change in the right direction. This is the main point made in
the remainder of this subsection.

Observe that for 0 = 0, we are in the “winner-take-all” race, and for
o= % firms share the prize equally. Such a share in the revenue affects firms’
incentives to invest. In this subsection we characterize the revenue share that
brings firms’ equilibrium investments closer to the efficient investments. In
the following paragraphs we solve the game backwards for any revenue share
o €[0,1].
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B Given revenue share o and cost parameter 6 development profits are:

1
i (D;0|l0) = D;D;T+ Dy(1— D;)(1— o)W + (1 — D;)DjoW — 591)3

This changes first-order conditions into:

with E(0|t, R;) the expected costs, depending on first-stage signals and re-
search investment. Note that marginal expected revenues are reduced with
oW from introducing revenue sharing, while marginal costs remain the same.
Therefore, equilibrium development investments decrease in the revenue share
0. The marginal effect of firm i’s development investment on firm j’s ex-
pected profits is now oW — D;A. Hence the negative externality —D;A of
the “winner-takes-all” race is reduced by ¢W. Sharing revenues makes firms
less aggressive competitors, because their profits are more interdependent.
Development investments and profits are

BZ<O') = (1 — O')ﬁi, and
m:(D(0);0%0) = (1—0)%7:i(t; R;) + (1 — o) D;W.

for © = 1,2. Notice that equilibrium development investments range from
0, in the “loser-takes-all” race (0 = 1), to ﬁi, in the “winner-takes-all”
race (0 = 0). In the “equal-sharing” race, o = %, firms underinvest in
development. From the first-order conditions %W — ﬁj(%)A = QEﬁZ(%) and
%W—EjA = %QEEZ-, and the symmetry of equilibrium it follows immediately
that Dy(1) < D;.

These results are summarized in the following proposition.

Proposition 2 For the race with public signals and revenue share o the fol-
lowing holds.

(1) Equilibrium development investments decrease in the revenue share: %ﬂ <
0 for all o. (ii) Firms underinvest in the “equal-sharing” development equi-

librium: ﬁi(t,Ri]%) < Dy(t, Ry) for allt, Ry, 7.

B Now we calculate equilibrium research investments given equilibrium de-
velopment investments. To derive first-order conditions, it is useful to recall
how equilibrium development profits with revenue sharing relate to those
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without revenue sharing. This gives the following first-order conditions for
firm 7’s research.

pRy = (1= o0)p(1— R;) {mi (D(;0) — =i (DET Ri);0) | +
o7;(T, 1 R;)
OR;

+o(l—o)p(l— R;)W {ﬁj@) - D;(%; Tj)}

+(1 —0)?[p(1 — R)(1 — R;) + 1 —p) +

Both firms’ first-order conditions determine the research equilibrium invest-
ments. The first two terms of firm 4’s marginal revenues trade off similar
informational effects as in the previous subsection. They are his “winner-
takes-all” marginal revenues, as in expression (3), where we correct for the
fact that the firm can only keep (1 — o) of his generated revenue, and that
firms’ incentives to invest in development are reduced with factor (1 — o).
The last term is exactly the change in revenue that firm 7 expects to receive
from his rival after making him more optimistic by providing the industry
with a good signal. Remember that share o of firm j’s development revenues
spill over to firm i, while equilibrium development investments are reduced
with factor (1 — o).

In equilibrium expectations are realized. The equilibrium research invest-

~

ments R(0) are then the solution to:
pR; = max {o, (1-0) ((1 — o) MR(R) + 0MAQ<R))} , (5)

with ]\/47%(}%) as defined in (4), and

p(1 = R))W2¢(R)
@+ A) @+ o(R)+A)
(6)

Due to the model’s symmetry, firms’ research investments are symmetric.

]\/4@(3) =p(l— R;)W {f?j(i) - ﬁj(if; Tj)} -

In the remainder of this subsection we characterize the equilibrium research
investments, R(0), by deriving how investment depends on the industry’s
prize share o.

We show that research investments do not decrease after introducing a
sufficiently small revenue share ¢ > 0. Increasing the revenue share has two
conflicting effects. At the one hand it internalizes a fraction of the positive
informational externalities from research, which increases firms’ incentives to
invest in research. However, when the revenue share is increased this shrinks
the development investments, and consequently firms’ revenues of research.
The equilibrium research investment trades off internalizing informational
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externalities of research against free-rider effects in development. This is
summarized in the following proposition.

Proposition 3 For the race with public signals in which firms make pos-
itive research investments in the “winner-takes-all” race, R;(0) > 0, there
is a revenue share 7 € (0, %) such that equilibrium research investments are
increasing for all 0 < & and decreasing for all 0 > 0.

A direct consequence of this proposition is that total profits are increased
by introducing a (small) positive revenue share in the “winner-takes-all” race.
On the one hand, the introduction of development spillovers give firms a
smaller incentive to invest in development. On the other hand, these devel-
opment spillovers initially stimulate the creation of informative public signals,
l.e. they increase the incentive to invest in research. Since both overinvest-
ments in development and underinvestments in research are reduced, total
profits are increased.

5 Race with Private Signals

In the previous section we assumed that the firms’ signals are public. How-
ever such an assumption need not be realistic. In this section we make the
assumption that information is private to the firms and cannot be revealed to
rivals. We derive the equilibrium investment levels and compare them with
those of firms with public signals.

5.1 Private Signal Development Investments

When signals are private information to firms, firms can condition their de-
velopment investments on their own signal only. A good signal received by
one firm does not imply that both firms become optimistic about develop-
ment costs. It is possible that the other firm is unlucky and receives a bad
signal. Therefore the expected rival to a firm with a good private signal is
less aggressive than the rival to a firm with a good public signal. This makes
equilibrium development investments of a good private signal firm exceed
those of a good public signal firm. When both firms receive a bad private
signal, a firm faces the following trade-off. On the one hand a firm with
only one bad signal is more optimistic about development costs, because he
does not pool his information with his rival. However, on the other hand,
the firm expects a more aggressive rival compared to the race with public
signals. The first effect encourages, while the second effect discourages devel-
opment investments. We show that the informational effect dominates the
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strategic effect along the equilibrium path. This is done in the remainder of
this subsection.

Given private signals, and firm 7 expects his rival’s information acquisition
investments are r;, his reaction functions are the following:

0D (1) = (L—o)W = (rDi(t) + (1 —r)) D5 (@) A,

J

O+ () Di(t: 1) = (1= o)W — (P(R:)D;(t) + [1 = P(R)]D}(D)) A,

(1-p)(@-9)

p(1 — Ry)r;
p(1-R)+1—p p(l1-R)+1-p

The equilibrium development investments of a firm with a bad signal, D} (t; R;),
depends on his investments in information acquisition, R;. If the firm keeps
receiving a bad signal despite the fact that he invested more in information
acquisition, he becomes more pessimistic about the complexity of the project.

and P(R;) =

The firm’s growing pessimism has two effects. First, the firm expects higher
development costs. This decreases his development investments. Second, he
attaches a stronger belief to the contingency that his rival also receives a bad
signal, i.e. P(R;) decreases. A rival with a bad signal is a weaker competitor,
which encourages the firm’s development investments. These two effects are
captured in the following expression.

OD;(l; R;) —pp(R;) D (T; 1) p(1—p)r; (D;(t) — Di(& ;) A

OR; P —r)+1=p)@+p(R)  (p(l—r;)+1—p)" @+ ()

Along the equilibrium path, where expectations are realized and symmetric,
Le. r7 = R} = R for i = 1,2, the direct effect outweighs the indirect effect.
Development investments of a firm with bad news decreases in his research
investments. FExpected equilibrium development profits given ¢; = ¢ and
t; = t are respectively:

7)) = SEDHO” o (D) + (1~ ) D) W and
R R) = 5@+ e(R) DI +o (PRID;D) + (1~ P(R)D;E) W.

J

Along the equilibrium path, where firms invest equal amounts in in-
formation acquisition and expectations concerning investments are fulfilled,
r; = R; = R, development investments are the following:

(1—-0) @+ »(R) + (B - P(R)A)W
@+ BA) @+ ¢(R) + (1 - P(R)A) = (1 = R)P(R)A*
(1-0)@+(R-PE)YMW
@+ BA) (@ +¢(R) + (1 = P(R)A) = (1 - R)P(R)A>

D (t; R) =

D}t R) =
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It is immediate that D} (¢; R) > D} (t; R). A firm with a bad signal is more
reluctant to invest in the development of the intermediate innovation than a
firm with a good signal.

Since a rival with a bad signal invests less than one with a good sig-
nal, a {-firm expects his rival to invest less aggressively than with public
signals. This means that a firm with a good private signal invests more in
development than a firm with a good public signal, provided that informa-
tion acquisition investments are symmetric (R; = Ry) and expectations are
realized: Dj}(t; R) > ﬁz(i) for all R.

Now consider the situation in which nature chose two bad signals, (7,7).
For each firm there are two effects when we turn from a public to a private
bad signal. First, the firm becomes more optimistic about his costs. Since
he conditions his beliefs only on his own bad signal, expected cost is lower.
This drives the firm’s investments up. Second, he expects higher investments
from his rival. This decreases the firm’s investment incentives. The direct
cost effect outweighs the indirect effect of rival’s expected investments, when
information acquisition investments are symmetric and expectations are real-
ized. Therefore a firm with a private bad signal invests more in development
than a firm with bad public signal: D} (Z; R) > D;(¢,t; R) for all R.

In the situation in which there is one firm who receives a good signal while
the other receives a bad signal, equilibrium investments for firms with private
signals are lower than investments with publicly observable signals. That is,
Dr(t) + Dr(t) — 2D;(t,t) < 0. Again, this holds provided that Ry = Ry, and
that expectations are fulfilled.

We summarize the findings of this subsection in the following proposition.

Proposition 4 In the race with private signals where expected research in-
vestments are symmetric and realized, with v} = R} = R < 1, equilibrium
development investments are such that, fori=1,2:

. *(1. *(F. aD* (LR
(i) Di(t: R) > Di(ER). and 255080 <0,
(i) Df(t; R) > D;(t) and D} (t; R) > Dy(t,; R).

5.2 Private Signal Research Investments

In the first stage of the race firms invest in information acquisition. The in-
formation that each firm acquires remains private information for that firm.
The free-rider incentive in research that exists in the race with public signals
is no longer present. Firms will therefore invest more in research when the
winner takes all. When firms share revenues, it is not clear in which direc-
tion equilibrium research investments change. We have seen that for public
signals there are two free-rider effects. First there is the direct effect, that a
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firm’s own revenues are negatively affected because also the firm’s rival learns
from his research. But, second, the rival’s learning has a positive indirect
effect through revenue sharing. We substantiate these observations in the
remainder of this subsection.

First-order conditions for equilibrium research investments R* are the
following:

pR; = p

7

20 (D107 = D (E Re)) +
HplL— R) +1- 5] 0+ () i (; By 22 L)
~ p|goorer - (o4 o) D@ ry?| +
p(1 — p)R; D} (D) (D} (1) — D3 (G Ry)) A
(p(1 = R;) +1—p) '

If we focus on symmetric equilibria, we get the following:

R = sPlo(R)*(1 — 0)*W? )
(8 + RA) (0 + @(R) + (1 = P(R)A) — (1 - R)P(R)A2)"

A marginal increase in firm 7’s research investments that gives firm i a
good signal does not directly affect firm j’s investments, because the firm’s
signal is private information. Therefore the revenue that firm i receives from
his rival, through revenue share o, is no longer affected by his research in-
vestments. The incentive to invest in research for firm ¢ now only depends
on the appropriability of his research investments, which is the share of his
own revenue that the firm keeps, i.e. 1 — ¢. The more revenue spills over to
the rival, the less valuable his own research becomes for the firm. Therefore
we observe that each firm’s equilibrium research investment decreases in the
revenue share o.

Lemma 3 In the race with private signals, for all revenue shares o € [0, 1]

. . OR (o
firms’ research investments decrease in the revenue share: % < 0 for
1=1,2.

In the “winner-takes-all” race equilibrium research investments in acquir-
ing private signals exceed those of the equilibrium with public signals. Since
firms can no longer free ride on their rival’s investments and signals, they
have an incentive to invest more in information acquisition. This is stated in
the following proposition.
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Proposition 5 In the “winner-takes-all 7 race (¢ = 0) firms invest in equi-
librium more in acquiring private than public signals: R}(0) > }3%(0) This
holds with strict inequality whenever firms choose interior equilibrium re-
search investments.

More insight in the interaction between research and development could
be gained from the characterization of firms’ expected equilibrium develop-
ment investments given equilibrium research investments, and their equilib-
rium profits. An overall comparison between equilibrium development in-
vestments and equilibrium profits for public and private signals would close
the analysis. This exercise awaits future research.

6 Strategic Revelation

In this section we extend the game by adding an information revelation stage.
After firms invested in research and received their private signal, firms choose
what message to send to their rival. After firms received each other’s message,
they invest in development. Firms have an incentive to manipulate their
information in order to alter their rival’s beliefs, and consequently change
competition in the development stage in their favor. Firms in a “winner-
takes-all” race have an incentive to make their rival as pessimistic as possible
to discourage rival’s development investments. For high revenue shares firms
have an incentive to make their rival as optimistic as possible. An optimistic
rival invests relatively much, and the revealing firm can take a free ride
on the revenue generated by those investments. The extent to which firms
can actually manipulate rival’s beliefs and investments and the direction in
which this happens is the main topic of this section. Typically we are also
interested in learning in what direction firms want to shift rival’s investments
for intermediate revenue shares.

We make two distinct informational assumptions. First we analyze what
information is revealed when firms’ information is non-verifiable. We do
this in the next subsection. How firms’ incentives and possibilities to reveal
information are affected when information is costlessly verifiable is studied
in the second subsection.

6.1 Non-verifiable Information

In this subsection we assume that firms cannot verify the truthfulness of their
rival’s messages. This makes it costless for firms to lie about their signal.
Since lying is for free and there is always a firm with incentives to lie, firms
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never fully reveal their signals. We establish this in this subsection. Our
contribution is here to show that even for intermediate revenue shares firms’
incentives are not aligned. Naturally, a firm’s rival is aware of the strategic
nature of the firm’s messages, and will be less willing to rely on the firm’s
information. In fact we can show that there always is an equilibrium in which
no information is revealed. That is, investments for the race in private signals
are equilibrium investments in this situation.

Since information is non-verifiable, firms can make any statement about
their information they like. Formally, after each firm received his private
signal, firms simultaneously choose their revelation rules (7;(¢, R;), 75(t, R;)),
with 7;(¢;, R;) € {¢,1}, and reveal information 7; € {7;(t;, R;)|t; = t,¢ and
0 < R; < 1} accordingly. Information is not verifiable for firms. For example,
revelation rule (7;(¢, R;), 7:(f, R;)) = (L,1) gives full revelation, while rules
(1:(t, R:), 7:(t, R;)) = (¢,1) and (¢, 1) do not reveal any information to the rival
firm. After messages are sent, firms simultaneously invest in development.

A natural first step of analysis is to see whether firms voluntarily reveal
all their information in equilibrium. This would give us investments of the
race with public signals. First consider the “winner-takes-all” race. In this
race each firm has an incentive to make his rival invest as little as possible.
If it is expected that a firm fully reveals his information, then this firm has
an incentive to always send bad news. That is, he always states t = ¢. The
rival believes this is truthfully revealed information, and becomes pessimistic.
The pessimistic rival invests little in development of the prototype, which
increases the expected profit of the sender of bad news. Second, consider
the “equal-sharing” race where firms believe that their rival fully reveals
information. In an “equal-sharing” race each firm has an incentive to make
his rival’s investments as big as possible in order to take a free ride on those
investments. Then a firm has an incentive to always send good news. The
firm’s rival believes that ¢ was observed, and becomes optimistic about the
costs of investment. The rival’s investments increase, and the sender of good
news takes a free ride on these high investments. Similar incentives to under-
or overstate information exist for other revenue shares. And full disclosure
does never happen in equilibrium, as is stated in the following proposition.

Proposition 6 For all revenue shares o € [0,1], there does not exist an
equilibrium of the game with strategic revelation of non-verifiable information
in which signals are completely revealed.

The polar case of complete revelation is no revelation of any informa-
tion. No revelation of information can always be sustained as an equilibrium.
Given that the statements of firms contain no information whatsoever, firms
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ignore them. Since statements are ignored, neither truthful nor false state-
ments affect rival’s investments. Therefore firms are indifferent between all
statements, and it is optimal to choose the non-revealing rule that is consis-
tent with equilibrium beliefs. This is stated in the following lemma.

Lemma 4 There is an equilibrium of the game with strategic revelation of
non-verifiable information in which no information is revealed for any rev-
enue share o € [0, 1].

This result is similar to that of Ziv (1993), and is standard for models
with non-verifiable signals. The paper by Ziv focuses on the incentives of
Cournot duopolists to understate costs of producing homogeneous products,
In our analysis we consider a situation in which revenue sharing affects firms’
incentives. And we show that irrespective of how firms share the revenue
from innovation, they never reveal their information. Depending on how
much of the revenue is shared between firms, firms have an incentive to give
less (low ), more (high o), or both less and more (intermediate o) favorable
information to the rivals.

It would be interesting to see whether there are revenue shares for which
revelation of some information will be chosen in equilibrium. This question
awaits future research.

6.2 Verifiable Information

In the previous subsection we assumed that firms can costlessly misrepresent
their private signal. Therefore credible revelation of information is not pos-
sible in equilibrium. A natural question to ask is how the results are affected
when information is costlessly verifiable. The only choice that a firm with
verifiable information has, is to either disclose his information or conceal
it. For low (resp. high) revenue shares firms have an incentive to disclose
only bad (resp. good) news. A firm’s rival anticipates this and knows that a
concealing firm’s cost signal is low (resp. high). This evaporates a firm’s pos-
sibilities to effectively conceal information. However for intermediate revenue
shares complete disclosure is not an equilibrium strategy. For intermediate
shares both the high- and low-cost type of firms have an incentive to conceal,
and can therefore credibly do so. This is shown in the remainder of this
subsection.

The seminal paper by Okuno-Fujiwara et al. (1990) gives sufficient con-
ditions on firms’ strategic interaction and information under which an equi-
librium with full disclosure of private information with sceptical inferences
exists. For our R&D race neither sufficient condition 4c¢ nor 4d from Okuno-
Fujiwara et al. (1990) are met. Assumption 4c (resp. 4d) states that as a
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firm’s signal increases, his reaction curve shifts out (resp. in) while his rival’s
reaction function shifts in (resp. out) or stays the same.

In our model firms’ signals, and expected profits, are correlated. There-
fore firm 7’s marginal expected development profit is non-increasing both in
its own and its rival’s signal. The negative relationship between a firm’s
disclosure and his own marginal profit is a strategic effect. After disclos-
ing verifiable good news, a firm discloses to be an aggressive development
investor. The negative relationship between a firm’s signal and his rival’s
marginal profit is caused by the informational effect of disclosure. Disclosure
of good news by one firm makes the other firm more optimistic which shifts
out his development reaction function.

The violation of the sufficient conditions for complete revelation raises the
question whether the “unraveling” result still goes through. Okuno-Fujiwara
et al. discuss a common value example in which neither condition 4¢ nor
4d is satisfied, but full disclosure is still established. The result is obtained
here because the strategic effect dominates the informational effect. In our
model the informational effect dominates the strategic effect, and we obtain
a similar result for extreme revenue shares.

Proposition 7 When firms’ signals are costlessly verifiable after revelation,
then there are revenue shares o and o, with 0 < 0 < g < 1, such that:

(1) for 0 <G firms fully disclose in equilibrium with skeptical inferences,
(i1) for @ < o < g no inferences support full disclosure in equilibrium,

(iit) for o > g firms fully disclose in equilibrium with skeptical inferences.

Note that skeptical inferences of (i) and (iii) are not identical. For revenue
shares ¢ < @ firms have an incentive to conceal good news, while they have
an incentive to disclose bad news. Therefore firms infer that a concealing
firm received signal ¢ under (i). These beliefs make strategic concealment
of information unprofitable. For revenue shares that exceed g firms have an
incentive to conceal only bad news. Hence for (iii) firms rationally infer that
a concealing rival has signal ¢, which establishes full revelation.

For extreme revenue shares the verifiability of firms’ information enables
a firm to unravel his rival’s private information, as in Grossman (1981) and
Milgrom (1982). Such a result is the opposite of our results on revelation in
the previous subsection. For non-verifiable signals firms cannot credibly re-
veal any information, while for verifiable signals firms cannot credibly conceal
information from their rival.

Under (ii) both firms have an incentive to misrepresent their information,
and full disclosure is not chosen in equilibrium. For intermediate revenue
shares different effects dominate for different firm types. A firm who re-
ceived a bad signal has an incentive to conceal since it makes his rival more
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optimistic about the costs of investment. The rival will invest more in de-
velopment, and the high-signal firm can take a free ride on his rival’s higher
expected revenue. A firm with a good signal has an incentive to conceal in-
formation, and discourage his rival in the development stage. For the good-
signal firm the informational effect outweighs the free-rider effect. A similar
result is found in a different setting by Hendricks and Kovenock (1989).

The results of this section indicate that the assumption of publicly ob-
servable signals, as in Choi (1991) and Malueg and Tsutsui (1997), need not
always hold. When the assumption is relaxed and signals can be costlessly
misrepresented, complete revelation no longer happens in equilibrium. For
costlessly verifiable signals public signals appear to be a proper assumption.
The amount of information that can and will be shared among firms crucially
depends on the verifiability of this information.

7 Observable Research Investments

In this section we discuss how results depend on the non-observability of
research investments. We illustrate the effect of publicly observable research
investments by looking at the case in which signals are public.

Changes in one firm’s publicly observable research investments affect both
firms’ beliefs. When firms keep receiving bad news after a firm increases his
research investments, this has two conflicting effects. First the usual ef-
fect is that the investing firm decreases his development investment, because
he becomes more pessimistic. However, also the firm’s rival becomes more
pessimistic, and contracts his development investments. This spillover effect
gives the firm a bigger incentive to invest in development. Therefore increases
in observable research investments make development investments after bad
signals decrease less steeply than unobservable research investments. This
has two consequences for equilibrium research investments. First the spillover
effect makes a firm’s own expected revenues of observable research invest-
ments bigger than those of unobservable investments. Therefore equilibrium
observable research investments exceed equilibrium unobservable investments
in the “winner-takes-all” race. The second observation is that the spillover
effect decreases rivals’ expected revenue. Therefore the marginal benefit of
revenue sharing is reduced, which makes observable equilibrium research in-
vestments smaller than unobservable investments in the “equal-sharing” race.
A more detailed discussion of these effects is given in the remainder of this
section.

With observable research investments equilibrium development invest-
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ments D? depend on the research investments of both firms, R:

. B (1—o)W
Di(t) = T A
ol B (1—o0)W
Dz‘(tuth) - Q+¢<R>—|—A7
and
oD;(t,t; R) —p(1 — Ry)p(R) D7 (1,15 R) <0
R, [p(1-R)1—-R)+1-pl(0+s(R)+A) =7

for i = 1,2.When we compare this expression with that in equation (2) where
expectations concerning research are realized, r; = IR; for j = 1,2, we note
the following:

DT, T R) 8D, T; R)
< <
OR; oR;

When research investments are observable, firm 7’s equilibrium development
investments are less sensitive to unilateral investment changes. This is caused
by the following spillover effect. When firm i’s research investment is observ-
able, and firm 7 increases research investments while the signals remain (Z,7),
not only firm 4, but also firm j becomes more pessimistic. Firm j there-
fore decreases his development investments. Since development investments
are strategic substitutes, this countervails firm i’s direct decrease in devel-
opment investments. This spillover effect reduces the direct effect of firm i’s
own growing pessimism.

The equilibrium profits, given cost of investment 6 and equilibrium de-
velopment investments D?, is:

m(D%(0);6) = (1 — o) <(1 — 0)%9(1??)2 + JWD;?> :

The equilibrium condition for research investments, R°, becomes:

pRi=(1-0)((1—0)MR°(R) + cMQ°(R)),
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with
MR(R) = p(1— Ry)50 (D) — DI RY?) +
aD¢(t,t; R)

(2

+p(1 = Ri)(1 = B;) + 1= pl(@ + ¢(B)) D7 (L, 1; R)

(1= BGEW @0R) + @+ A)(8 — 22)
200+ A)?2[0 4 ¢(R) + AP ’
MQUR) = (- B)W (D3(0) — DT ) +
Hp(1 R~ Ry + 1~ )
(L~ BYW ()]
G+ B0+ o(t0) + A7

When we compare these expressions with expressions (4) and (6) we ob-
serve the following. Along the equilibrium path, when expectations are re-
alized, ﬁl = D?. Since observable changes in research investment affect
own equilibrium development investments less than unobservable changes,
we have MR(R) < MR°(R), for all R. It is therefore immediate that for the
“winner-takes-all” race (¢ = 0) observable equilibrium research investments
are greater than unobservable equilibrium research investments for any cost
of research investment p: R2(0) > ]SLZ(O) But since observable changes in
research investment do affect rival’s equilibrium development investments,

%;?R) < 0, we have ]\/422(}%) > MQ°(R), for all R. Tt is easily verified that
in the “winner-takes-all” race firms with observable research investments still
underinvest in research: R?(0) < R;, fori=1,2.

For the “equal-sharing” race (0 = %) the effect of observable research in-
vestments on a firm’s own as well as his rival’s development investments are
present. These effects point in opposing directions. Since the effect of observ-
able research on own development investments is an indirect effect, while the
effect on the rival’s development investments is direct, the latter dominates
the former in the “equal-sharing” race. This is reflected in the fact that for
all R MR(R) + MQ(R) > MR°(R) + MQ°(R)." Therefore unobservable
research investments exceed observable ones in equilibrium: ]3%(%) > Rf(%),
fori=1,2.

These results are summarized in the following proposition:

Tt is easily verified that:

1— R)W2$(R)(0 + ¢(R))

e P o o = p(
[ME(R) + MQ(R)] - [MBE*(R) + MQ*(R)] = @+ o(R) +A)?

> 0.
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Proposition 8 Consider the race with public signals, and take r; = R; for
1=1,2. With observable research investments equilibrium is such that:
(i.a) development investments do not differ: D;(t; R) = D{(t; R), for allt, R,
(1.b) development investments fall more steeply in unobservable research in-
aD;(IER) D2 (4, R)

om, < —om =0,

vestments than in observable ones:
(i1) observable equilibrium research investments exceed unobservable ones in
the ‘“winner-takes-all” race, R?(0) > ]3%-(0), while the reverse holds in the
“equal-sharing” race, RY(3) < }3%(%) Where strict inequalities hold for inte-
rior equilibrium research investments.

We conclude that observable research investments create an effect on the
way both firms respond to changes in research investments. The direction
in which this effect points depends on the direction in which spillovers be-
tween firms point. In a setting where Cournot competitors acquire private
information on their demand intercept, Hauk and Hurkens (1998) show that
observable research investments exceed unobservable investments in equilib-
rium. The analysis of this subsection suggests that this conclusion is sensitive
to their assumption on the kind of information that is acquired. Our analysis
could be interpreted as one of Cournot competitors who acquire public infor-
mation about the “slope of demand”, and give different equilibrium results.®

& Conclusion

In this paper we studied investment incentives of firms who learn about the
R&D project they work on, while they invest in it. We showed that revenue
sharing could be a way to correct incentive distortions among competing
firms. Firms that share revenues are no longer competing in a “winner-take-
all” race. In an R&D race with public signals both research underinvestment
and the development overinvestments are initially reduced by revenue shar-
ing. This suggests that firms would be better off if they would share revenues
from innovation.

Not only the extent to which firms share revenues, but also the observ-
ability of intermediate research results affects investment incentives substan-
tially. We have shown that the verifiability of intermediate research results
is crucial in determining what kind of investments are actually made in equi-
librium. No information is credibly revealed for any share of revenues when

8Malueg and Tsutsui (1996) show that incentives to commit to sharing exogenous in-
formation change too when they move from information about unknown demand intercept
to information about unknown slope. (Firms have a bigger incentive to share information
about unknown slope.)
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information is non-verifiable. In that case revealing no information is an
equilibrium strategy. Therefore the research and development investments of
the race with private signals are equilibrium investments for a race in which
non-verifiable intermediate information is created. When firms’ private in-
formation is verifiable, the “unraveling result” ensures for extreme revenue
shares full disclosure of research results, and gives the public signal equilib-
rium investments. For intermediate revenue shares verifiable information will
not be disclosed. Naturally both research and development investments are
affected by the amount of information that can be shared among the firms.

Although we made a substantial first step in the analysis of learning ef-
fects in R&D races, there remain some open questions. It would be interesting
to study the overall effect of the interaction between research and develop-
ment investments by characterizing the expected equilibrium development
investments given equilibrium research investments. One of the goals of this
research project would be to make an overall comparison between expected
profit levels under public and private signals. It would improve the paper if
we could prove statements on partial information revelation in equilibrium.
Also comparative statics would improve our understanding of the results.
These, and other extensions of the analysis await future research.

9 Appendix

In this Appendix we prove the main propositions of this paper. The first
subsection proves the main propositions on equilibrium investments for public
signals. Subsection 2 proves the main proposition for a race with private
signals. In subsection 3 we prove the lemmas and propositions concerning
strategic information revelation.

9.1 Proofs for Public Signal Race

In this subsection we prove propositions 1 and 3.

9.1.1 Proof of Proposition 1 (R > R)

First we show that marginal revenues of research investments in the optimum
are strictly larger than those in the public signal race:

p(L— RYW2G(R)> _ p(1— R)WO(R) (306(R) — A0 + A))
(0 +28)@+ §(R) + 28 @+AP@+® +A7
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which certainly holds whenever

1 1g

2_

@+ 28) (@ + o(R) + 287 ~ (0 + AP(@+ ¢(R) + A)?

=

0+ AP(@+G(R) + A) > 5000 +28) (0 + 6(R) +24)
H(R)2(2A% + 20A + 07) + 26(R)(2A% + 20A% + 20°A + %)+
+(2A% +2A0° + 0*) > 0,

which obviously holds. Since marginal costs are identical, this gives under-
investments in research by competing firms.

9.1.2 Proof of Proposition 3 (9R/d0)

For positive “winner-takes-all” research investments, i.e. ]\/47%(}%) > 0, we
apply the implicit function theorem to first-order condition (5) to derive
that

dRi(0)  (1—20) (MAQ<R) - Aﬁ(R)) — MR(R)

7 =o)L= )N B) + o NQ (R)) ~p| .

Note that for an interior solution R;(0), the second-order condition gives a
non-negative denominator. The numerator is linear in prize share o. For
o = 0 we obtain

OR(0) _ MQR) — 2MR(R)
do MR (R) - p

> 0,
R=R

since @(R) > 2]\/4?%(}%) for all R, and therefore also for R. For o = 3 we
get

ORi(3) _ ~MR(R) ~ 0
7 L(MQR)+MQ(R)) - p

R=R(3)

because ]\/47%(}%) > 0. From the linearity of the numerator we deduce that
there always is a 0 € (0, %) such that 8&8;?) = 0.
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9.2 Proofs for Private Signal Race

In this subsection of the Appendix we prove proposition 5 and 4.

9.2.1 Proof of Proposition 4 (D}(.))

In part (i) the first inequality is obvious, while the second, for 7, = R; = R
and 7 = 1, 2, reduces to:

OD; (1 R) _ —p(1 — pR)p(R:) D} (1; R) + p(1 — p)RA (D;(t) — Di (t; R))
OR; (1= pR)* (0 + o(1:))

I

where the numerator is proportional to

—(1 = pR)p(R)0 + o(R) + (R — P(R)A] + (1 — p) Rp(R)A
= —(1 = pR)p(R)[0 + o(R)],

which is negative for R < 1.
For part (ii) it suflices to observe that:

(1 — o)1 = R)Ap(R)W
[(@+ RA)@+ ¢(B)+ (1 = P(R)A) = (1= R)P(R)A?](@+ A)’

D; (& R) — Dy(t) =

and

D;(5; R) — Di(L,T; R) =
(1— 0)0[$(R) — p(R)]W
[(0+ RA)(@ + @(R) + (1 — P(R))A) — (1 — R)P(R)A?](0 + ¢(R) + A)’

which obviously exceeds zero for R < 1. This completes the proof.

9.2.2 Proof of Proposition 5 (R*(0) > R;(0))

In this proof we compare marginal research revenues for public signals with
those for private signals. Naturally, from (4) we obtain:

1p0p(R)?W?
(04 A)2(0+ ¢(R)+ A)?
3p0(1 — p)’(0 — )"

I e RV IR

1\77%(}%) <
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For 0 = 0 (7) marginal research revenues for private signals reduce to:

3P0 (R)°W”
(@ + RA) (@ + @(R) + (1 = P(R)A) — (1 - R)P(R)A?)’

sp0(1 —p)*(0 — 0)*W> )
(L= pR)?((0+ RA) (€ +¢(R) + (L= P(R)A) = (1 = R)P(R)A?)’

MR*(R)

When we compare denominators of (8) and (9), we obtain:

[p(1 = R)?>+1—pl(@+ A) 0+ ¢(R) +A) +
—(1=pR) (@ + RA) (€ + ¢(R) + (1 — P(R))A) — (1 = R)P(R)A?)
= (BE(0) + A)20 + (1 + R)A] — pR(3 — R)(0 + A)2.

Since this expression is linear and decreasing in p it suffices to evaluate it for
p=1. For p =1 the expression reduces to:

(1—R)O+ A0+ (1—R)O+A)>0.

This implies that ]\/47%(}%) < MR*(R) for all R < 1, which completes the

proof.

9.3 Proofs for Strategic Revelation

In this subsection we prove lemma 6, propositions 4 and 7.

9.3.1 Proof of Proposition 6 (No Complete Revelation)

Suppose complete revelation does happen in equilibrium. Then equilibrium

beliefs are such that any statement is believed. Firm j’s equilibrium invest-

ot would bo Dy(0) = BB qnd D (11) = gl T el
2 LA v 1y

tively. Suppose that firm j completely reveals his information, and that he
received signal ¢; = ¢ from nature. Then if firm 7 received signal ¢ and reveals

it, firms invest ﬁ(i), and firm 4 has expected profit:

(1—0)30+0(@+A)
@+ A)

(L) = (1 - o) W?

If firm 7 states ¢ instead, this makes firm j invest ﬁj (t,7). Firm i’s optimal
response to D;(t,1) is D; = %. Firm 4’s profit from overstating
his signal is
(1= )50 +(r)* + 000 + ¢(r) + A)

00+ ¢(r) + A)? '

(L) = (1 — o)W?
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The difference in profit between overstating and truth-telling is
(1—0)W? ((
0(0 + A)2(0 + o(r) + A)?

mi(tlt) — mi(LlL) =

1= o)a+ o(~b)),
with
(@4 o) @+ A — [0(@ + o(r) + A)?)

b= 00+ A0+ d(r) + A)(r).

Hence, there is a g € (0,1) such that m;(¢|t) > m;(t]t) iff 0 < g. Similar for
a t-firm 4, stating t (resp. t) makes {-firm j choose D;(t) (resp. D,(%,7)).

Firm #’s optimal response to this investment is D; = @r A()l(;ig(vé ) (resp.
2z WA [

a =

(NN e

ﬁi(t_, t)). Firm i’s profit for understating his signal is
(1—0)50" +0(8 + A) (@ + $(Ri, 1))

() =1 - )W O+ A0+ ¢(Ri,ry)) ’

while truth-telling gives him
(1—0)30+ ¢(r)* + o0 + ¢(r) + A)(@ + $(Rs,75))

m({)7) = (1 — o)W? @+ o(r) + A2+ o(Biry)

The difference in profit between understating and truth-telling is
_ (1—o)W?
(L|t) — m(tt) =
w0 = G AP T o+ AP@ T o)

(1 =0)(=4)+0B),

with

A = a,and

B = 0+ ¢(Ri,r)) 0+ A)E+ &(r) + A)o(r).
Hence, there is a & € (0,1) such that 7;(£]t) > m;(¢|f) whenever o > 7. It is
straightforward that b < B. This implies that & < ¢, and, thus, is deviating

from complete revelation profitable for all o € [0,1]. This completes the
proof.

9.3.2 Proof of Lemma 4 (No Revelation)

Observe that when firms never update their beliefs, each firm is indifferent be-
tween all revelation rules, i.e. m;(7,(t;), 7;) = m(7L(t;), 75) = Eg{m;(D*; 0)|t;; R;}
for all 7;, 7, and 7;. No revelation, e.g. 7;(t;) =t for i = 1,2, is therefore
weakly preferred by firms, which is consistent with beliefs. By stating high
costs, no type of firm 7 can obtain higher profits, since beliefs are not updated.
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9.3.3 Proof of Proposition 7 (Verifiable Information)

Since information is verifiable, a firm can only choose to either disclose or
conceal his signal, 7;(¢;) € {t;, @}. If only one type of firm chooses to conceal
his signal, his rival can infer his information perfectly. We therefore only
need to distinguish between strategies of full disclosure and full concealment.
We take 7, g, and 7;(.].) as in the proof to proposition 6, and characterize
part (i), (ii) and (iii), respectively.

(i) Take 0 < @. Suppose that firm j discloses his information: 7,(¢;) = t; for
t; € {t,1}. In that case firm 7’s disclosure rule can only affect the equilibrium
outcome when firm j discloses {. Firm i’s expected profit from disclosing pri-
vate signals ¢ and ¢ is then m;(¢[t) and m;(¢[t), respectively. Suppose that
firm 7 deviates from complete revelation and conceals his signal. After con-
cealment firm j updates his beliefs skeptically, and believes that ¢; = ¢ with
probability 1, Le. m;(@|t;) = m;(t|t;). Consequently he invests D;(t) in de-
velopment. This leaves firm ¢ indifferent between disclosing and concealing
when t; = t. When firm 7 has private signal ¢, he prefers to disclose his signal,
since ﬂi(f]f) > ﬂi(iﬁ) iff ¢ < @. Hence sceptical beliefs are consistent with
firm’s incentives, and firms’ disclosure strategies are optimal given beliefs.
(ii) Take & < 0 < g, and suppose that firm j discloses his information.
Firm j’s development investments can only be affected by firm 7’s disclosure
decision when firm j receives a bad signal, t; = {. We consider this case.
After firm i’s concealment, 7, = &, firm j assigns probability p to the con-
tingency that firm 7 received a good signal, ¢; = £, with 0 < p < 1. Firm
J’s expected costs of development after concealment are 0 + (1 — p) (1, R;).
The first-order condition for firm j’s investments is the following:

@+ (1= pwo(rs, Ry))D; (25 R;) = (1 — o)W — (uDi(t) + (1 — p)Ds(7)) A.

Firm ¢’s first-order conditions remain unchanged. Given firm j’s belief, we
obtain the following equilibrium investments:

Doy — (L= IW IO+ 60) — (@ 4 ()
T B @ S+ (1 meln) — @+ () AT

ey — LW )@+ (L= o) — &)

YT RO SN (1 m)eln) — @+ () A?
DGR — (—oWOO+(-mo) =8)  _(@+6()
ST R )@+ (= () — @+ pd()AT @+ o R )
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Firm i’s expected equilibrium profits are:
1
(o) = EQDQ‘(L)Q + oW DY (@;75)
- 1 _
(o)) = 5(Q + ¢( Ry, ) DT By)? + UWDé-‘(Q; ;)

Note that for belief g = 0 firm 7 strictly prefers to conceal t, since 79(2|t) =
mi(t|t) > m(tlt) for ¢ < 0. We can therefore rule out belief p = 0 as
supporting a full disclosure equilibrium. Belief ¢ = 1 can be ruled out too,
because firm i prefers to conceal a bad signal given this belief, i.e. 7} (2]|t) =
mi(t[t) > m;(t|]t) for o > 7. For beliefs strictly between 0 and 1 there is a
critical value g# (resp. o*) such that disclosing ¢ (resp. t) is profitable for
firm ¢ whenever ¢ > ¢* (resp. ¢ < @#). The critical values are defined as
follows:
30 (0~ di0?)
gt = and

30 (d 07 - dit)?) — (&(2iry) = ds(0))

~3 0+ o(Rs, 1) (d(E i) - dilTs Ro)?)
3O+ @(Rs,y)) (A R)? = dilTs Bi)2) + (d(@37y) = di ()
where dy(.) = Dy(.)/(1 — )W, with £ = i, j. For prize share o {ull disclosure

is an equilibrium strategy given belief 11, whenever belief p is such that ¢# <
o < 7", First we verify that both ¢* and "are monotonically decreasing in
belief p for 0 < p < 1:

ot =

I

~

oo O[T (a0 - dw?) - 2L (d(@im) — di(0)) ]

8 —~ ~ 2
8 30 (a0 = di(e?) — (di(@iry) = d;(0) |
—(1-p)*30%¢(r)> A% (@+¢(r)) (@ +(r) - A)*(@-A)
(O+2)2[0(0+$(r) (O-+(1—p)(r))— (+ps(r) A

— & == = — 5 < 0, and
[%Q (d?(L)Q - dz‘(i)Q) - (d’-‘(@ rj) = dj(i))}
124 (d"(t R — AT ) +
@+ o(Ri,ry)) QM od" Ry [ e
oG B —d; (t; RZ) o (dj <®3 Tj) —d; (t; Tj))
8 = ~ _ ~ 2
0 10 (25 Ri)? — difls o) — (2(257) — (5 R))|
— 12 30(r)PA% (0 +(r) (@ +¢(r) - A)(@-A)? _(046(r))?
@+ 6(r) T A2+ H(r) @+ (- é(r)— @ +ue(r)A%] @t e(Biry)

_ 5 < 0.
30 (0 Rt — A6 1) - (2(oer) - GG 1))
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Furthermore, it is easily verified that

limg* = a > a = limo*
ptt 0+ 2A 7 0+ o(r) +2A o

In combination with monotonicity this implies that ¢* > " forall 0 < p < 1.

Therefore there is no belief 1 such that full disclosure is chosen in equilibrium.
(iii) For ¢ > g we have a similar argument as in (i). Sceptical beliefs after
concealment are to believe that your rival has a “bad” signal, i.e. m;(S|t;) =
m;(t]t;). This leaves firm i with a bad signal indifferent between disclosing
and concealing. Firm 7 with a good signal is worse off by concealing his
signal, since m;(t|t) < m;(t|t) iff ¢ > g. This completes the proof.
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