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Abstract

I study the incentives of Cournot duopolists to share their tech-
nologies with their competitor in markets where intellectual prop-
erty rights are absent and imitation is costless. The trade-off be-
tween a signaling effect and an expropriation effect determines the
technology-sharing incentives. In equilibrium, there tends to be at
most one firm that shares technologies. For similar technology dis-
tributions, there exists an equilibrium in which nobody shares. If
the technology distributions are skewed towards efficient technolo-
gies, then there may exist equilibria in which one firm shares all
technologies, only the best technologies, or only intermediate tech-
nologies. Further, I consider several extensions.
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1 Introduction

The paper studies the incentives of profit-maximizing firms to freely reveal their inno-
vations to competitors. Upon disclosure the innovation is not protected by intellectual
property rights, and the technology can be imitated at no cost. Such an analysis of
disclosure incentives could be relevant in the context of less developed countries or
transition economies, where institutions for the enforcement of intellectual property
rights may be weak or missing.! This paper analyzes how firms should manage their
intellectual property in such an environment.

An obvious strategy for a firm in an industry without intellectual property right
protection would be to adopt secrecy. By adopting secrecy, a firm avoids imitation by
its competitors, and maintains its potential technological lead. However, a secretive
firm foregoes a potential benefit from sharing its technology. By sharing its technology,
the firm persuades its competitors of the technology’s efficiency, which may improve
the firm’s competitive position. The trade-off between the strategic gain from tech-
nology sharing and the loss from expropriation of the shared technology determines
the incentive for technology sharing in my model.

The analysis could also provide insights in the strategic adoption of open source
technology. Literature on open source technology (e.g., see Harhoff et al., 2003,
Lerner and Tirole, 2002, Maurer and Scotchmer, 2006, Von Hippel, 2005) identifies a
number of important motives for the adoption of open source technologies by profit-
maximizing firms. For example, firms may generate revenues from activities that are
complementary to the open source technology, they may adopt an open source tech-
nology to improve their market position through network externalities, or they may
use an open source technology to signal their productivity. In this paper, I explore
some implications of the signaling motive for profit-maximizing firms. Also Blatter
and Niedermayer (2015), Leppémiki and Mustonen (2009), and Spiegel (2009) ana-
lyze signaling motives for the adoption of open source projects. These papers focus on
workers’ signals to the labor market, whereas I analyze firms’ signals to a competitor
in the product market. That is, I analyze a model where firms strategically man-
age their competitor’s expectations by freely revealing their technology or keeping it

secret.?

'Recent surveys in the US and EU suggest that, also in developed countries, patents are considerd
to be less effective as a mechanism for appropriating the value of process innovations in comparison
with secrecy (Levin et al., 1987, Cohen et al., 2000, and Arundel, 2001). My analysis can be seen as
a limiting case in which patents are completely ineffective for the appropriation of value.

’In a recent survey, Henkel and Tins (2004) identify some motives that play a role in the decision



Allen (1983) describes the case of technology sharing in the UK and US iron and
steel industry of the 19th century. Firms in this industry acquired process innovations,
through changes in the height and temperature of their blast furnaces, as a by-product
of installing new production capacity. These productivity improvements were not
patentable. In spite of the absence of intellectual property right protection, firms
freely revealed process innovations by publications in engineering journals or through
informal channels. Subsequently, the revealed innovations were adopted by competing
firms. Finally, firms appear to be capacity-constrained and engaged in advancing
size or output. The assumptions of my model (i.e., exogenous process innovations,
no intellectual property protection, imitation of revealed technologies, and Cournot
competition) seem to be consistent with the essential features of this case.® T find
conditions under which free revealing of technology can be an equilibrium strategy.

Currently, firms appear to publish in scientific journals too. For example, Arora
et al. (2021) find that 70% of the sampled innovative manufacturing firms in North
America have published at least one scientific article between 1980 and 2015. The
publishing firms have on average 19 publications per year. Baruffaldi et al. (in press)
identify some advantages and a possible disadvantage associated with publication in
scientific journals. Publication appears to be a relatively fast and cheap way of com-
municating new R&D information for firms. The peer review of an article tends to
certify the revealed information. A journal’s reputation may contribute to the publish-
ing firm’s research reputation. Although scientific publications may improve a firm’s
research reputation, firms tend to be concerned about revealing proprietary R&D
information. My paper considers the basic trade-off between these advantages and
disadvantage, and it characterizes publication strategies of profit-maximizing firms
resulting from the trade-off.

First, I find that the technology-sharing strategies are strategic substitutes. If one
firm adopts a strategy in which some of the firm’s technologies are shared, then the
competitor adopts full secrecy in equilibrium. In other words, at most one firm shares

some of its technology range. This result can be easily understood in the extreme

to freely reveal embedded Linux code by profit-maximizing firms. They report that 80% (respectively,
75%) of the embedded Linux hardware (software) companies, participating in the survey, find the
perception that “[cJompeting companies use the code or learn from it, so there is a loss of competitive
advantage” at least a somewhat important reason for not making their code public. This captures the
loss from imitation. Moreover, Henkel and Tins find that 45.4% (respectively, 60.3%) of the embedded
Linux hardware (software) companies, participating in the survey, agreed that their company reveals
code because “revealing good code improves [the] company’s technical reputation,” while 19.2%
(8.6%) disagreed. This is consistent with the signaling motive.
3The incremental nature of innovations could be captured by a narrow technology space.



situation in which a firm’s competitor shares all technologies. In this case, the firm
prefers to keep any technology secret, since the technology is either worse than the
competitor’s technology, or it would be expropriated with certainty if it were shared.
In the former case, the firm finds itself in a strategically disadvantageous position.
For technologies that are more efficient than the competitor’s technology, technology
sharing would yield imitation, and the loss from certain expropriation would outweigh

any potential gain from signaling.

Second, I find that the incentive to share a technology is strongest for intermediate
cost values, i.e., the marginal profit from disclosure is hump-shaped. An increase of
the efficiency level of a firm’s technology increases the signaling gain at a constant
rate, while the expropriation risk increases at an increasing rate. This gives an incen-
tive to conceal “dramatic” news (i.e., extremely low and high costs), while sharing
“anticipated” news. Recently, a few other papers analyze different economic problems
with non-monotonic disclosure incentives (e.g., Board, 2009, Sun, 2011, and Jansen,
2023). Board (2009) and Sun (2011) study the incentives of firms to disclose informa-
tion about their product characteristics to consumers. By contrast, I analyze a model
in which firms disclose information about their technology to each other, not to a
third party. Moreover, Board and Sun study symmetric distributions, whereas I also
have results for skewed distributions. In fact, the skewness of technology distributions
plays a big role in my analysis. Jansen (2023) analyzes a model in which contestants
try to influence the investment choices of a rival by disclosing information. Again,

this economic model differs substantially from the model at hand.

These observations yield the following technology-sharing strategies in equilibrium.
First, if the cost distributions are identical or similar, an equilibrium exists in which
both firms conceal their technologies. By contrast, if distributions are sufficiently
dissimilar, then such an equilibrium may not exist. Second, if the cost distribution
of a firm’s competitor is skewed towards efficient technologies, then the firm has an
incentive to unilaterally share some technologies. Skewness limits the expected loss
of expropriation, while the signaling gain remains. In this case, there always exists
an equilibrium in which the firm shares all its technologies. Moreover, there may
also exist an equilibrium in which one firm only shares its best technologies. Finally,
an equilibrium may exist where one firm only shares intermediate technologies, while

extreme technologies (and the rival’s technology) are kept secret.

Endogenously, market structures may emerge where profit-maximizing firms adopt

different technology-sharing strategies. For example, firms with proprietary and open



source technologies coexist in equilibrium despite the absence of intellectual property
protection. Such an asymmetric equilibrium can emerge in a symmetric model as
long as the technology distribution is not skewed towards inefficient technologies. In
practice, there are examples of high-technology markets where freely revealing firms
compete with concealing firms (see e.g. Moody, 2001). Llanes and De Elejalde (2013)
also obtain the coexistence of proprietary and open source standards in equilibrium for
profit-maximizing firms. Their focus on investment spillovers and complementarities
is complementary to mine.

The paper contributes to the literature on strategic disclosure of verifiable informa-
tion. Milgrom and Roberts (1986), and Okuno-Fujiwara et al. (1990) obtain an impor-
tant “unraveling result.”* In the present paper, disclosure is costly, since a competitor
may imitate the technology, and become a more aggressive competitor. Consequently,
the unraveling result may fail to hold. Also Anton and Yao (2003, 2004), Encaoua
and Lefouili (2005), Gill (2008), and Jansen (2006, 2011) study the strategic disclosure
incentives of competing, innovative firms in the presence of knowledge spillovers. An-
ton and Yao, and Jansen study problems of one-sided asymmetric information where
the identity of the disclosing firm is exogenously given. By contrast, Gill and the
present paper analyze problems of two-sided asymmetric information. Although Gill
analyzes a related model with two-sided asymmetric information, the identity of the
disclosing firm is exogenous (i.e., the leader). In the present paper, both firms choose
technology-sharing strategies simultaneously, and the identity of the disclosing firm is
thereby determined endogenously.” Further, with two-sided asymmetric information
there remains uncertainty about the size of the knowledge spillover, which affects the

technology-sharing incentives in an interesting way.% In particular, there does not ex-

41f it is known that the sender of information is informed, information is verifiable, and there are
no costs of disclosure, then the sender often cannot do better than disclose his information, given
skeptical equilibrium beliefs of the receiver.

’The present paper differs in other important ways from Gill (2008) too. Whereas Gill identifies
conditions under which entry may be deterred by strategic disclosure, I characterize conditions under
which accommodating firms disclose. Second, Gill’s model is tailored to competition in research and
development, while I adopt a standard IO model of Cournot competition (although my model can
also be interpreted as a static model of R&D investment). Finally, the types in Gill’'s model are
drawn from uniform distributions, while I do not impose such a restriction on the distributions of
types. In fact, I show that the skewness of the technology distributions has important implications
for a firm’s incentives to share its technology.

6The present analysis differs in a second respect from Anton and Yao. They assume that innova-
tions are infinitely divisible, and firms can choose to disclose only part of their technology. Encaoua
and Lefouili, Jansen, and the present paper study indivisible innovations (see Jansen, 2011, for an
extensive comparison). In contrast to Anton and Yao, I obtain equilibria that need not be fully
revealing to firms.



ist an equilibrium in which only technologies of intermediate productivity are shared
in a model with one-sided asymmetric information (Jansen, 2011), whereas such an
equilibrium may exist with two-sided asymmetric information.

The paper is organized as follows. Section 2 describes the model. Section 3 dis-
cusses the equilibrium output levels of firms for different technology-sharing choices.
Section 4 derives the equilibrium technology-sharing strategies of identical firms. Sec-
tion 5 extends the analysis by considering non-identical firms, intellectual property
right protection, the incentives to precommit to share technologies, and Bertrand com-
petition. Finally, Section 6 concludes the paper. The Appendix contains the proofs of
the main propositions. I relegate proofs for the extension with intellectual property

right protection to an online Supplementary Appendix.

2 The Model

Two risk-neutral firms produce substitutable goods. The firms have private informa-
tion about their costs of production, 6; for firm ¢, with « = 1,2. Firm ¢ obtains a
process innovation and has production cost ; € ©, which is a random draw from the
technology space © = [0, 0] for 0 < 0 < 0, with p.d.f. f; : © — R, (and corresponding
cdf. F;:© — [0,1]) for i« = 1,2. There is full support, i.e. f;(6) > 0 for all § € ©.
The two firms’ costs are independently distributed.

After each firm learns its cost, the firms make simultaneous technology-sharing
choices. For i = 1,2, firm ¢ with cost #; chooses whether to reveal its technology
truthfully, s;(6;) = 0;, or to keep its technology secret and send uninformative message
si(0;) = @. The technology-sharing strategy of firm i defines a partition {O;,S;} of
the technology space © (i.e., 0;,S; C ©, with O;NS; = () and O;US; = O) such that:

= { & fa <O e
In other words, the set O; contains technologies that firm i shares (i.e., technologies
with an “open standard”), and S; contains those technologies that firm i keeps secret.
Often, I focus on shared technologies from a single interval, i.e., O; = [l;, h;] with
<l <h;<ffori=1,2.

Intellectual property rights for a shared technology do not exist. A firm’s competi-
tor can adopt a shared technology at no cost. Consequently, the competitor adopts
the shared technology, if this technology enables the competitor to produce at a lower

cost than his own technology. Therefore, firm i has the following cost of production



after technology sharing and adoption (for ¢, j € {1,2} with i # j):

min{6;,0,}, ifs;, =06,
e 22

The inverse demand for the good of firm i is linear, i.e. P;(x;, x;) = o —x; — S,
where (z;, ;) is the bundle of outputs of firms ¢ and j, respectively, and 4, j € {1,2}
with ¢ # j. I assume that the intercept « is sufficiently high to obtain interior solutions
in the product market. Parameter 3 represents the degree of product differentiation,
with 0 < B8 < 1.7 After technologies are adopted, firms simultaneously choose their
output levels, z; > 0 for firm ¢ with ¢ = 1,2 (Cournot competition). The profit of
firm ¢ with cost ¢; is (for 4,7 € {1,2} with 7 # j5):®

i, xj;0) = (0 — ¢ — xy — Pz, (2.3)

Although I formulate the model for a process innovation, it can be reinterpreted
as a model of product innovations too. In the alternative interpretation, the ran-
dom variable #; would determine the demand intercept of good ¢’s inverse demand
Pz, x4;0;) = a—¢;i(0;, 85) — v; — P, and firm i’s cost would be normalized to zero.
Then, a high value of #; yields a low demand intercept, which corresponds to a small
product innovation.

I solve the game backwards in perfect Bayesian equilibria with pure strategies.

3 Product Market Competition

Three cases may emerge. First, I consider the situation where firms have complete
information about their marginal costs of production. This situation emerges when
both firms share their technologies: (s;,s;) = (6;,6;). If the firms share marginal costs

(0;,0;), imitation gives each firm the efficient technology min{6;,6;}. Consequently,

"That is, I analyze a market for substitutable goods. If the goods were complementary (i.e.,
B < 0), then the expropriation of a firm’s technology would have a positive effect on the firm’s profit.
Consequently, there would be stronger incentives to share technologies.

8The model can also be interpreted as a static model of winner-take-all R&D competition in which
firms choose whether to share their research designs (e.g., Anton and Yao, 2002, and Gill, 2008). The
investment level of firm 4, x; € [0, 1], determines the probability with which it makes an innovation.
Firm #’s cost of investment is k - (6;z; + 7). If both firms innovate, each receives prize T. If only
one firm innovates, the innovator receives prize W, with 0 < 27" < W < k. An unsuccessful firm
receives no prize. Hence, firm ¢’s expected profit is: m;(x;6;) = [W — k0; — kx; — (W — Tz ] z;.
Normalization, i.e. k =1, and defining W = o and W — T = 3, gives the profit function (2.3).



firm ¢ supplies the following output in equilibrium (for i, j € {1,2} and i # 5):°

x2°(0;,0;) = ﬁ (a — min{6;, Qj}) . (3.1)

Second, if firm ¢ shares #; and firm j conceals, and firm ¢ has beliefs consistent with
sharing strategy (2.1), then the first-order conditions of firms ¢ and j are as follows
(for 7,7 € {1,2} and i # j):

and
2xj(0j) = — min{@i, 0]} - 6Iz<61), (33)

where f;(-|0; € S;) and F}(:|0; € S;) are respectively the posterior p.d.f. and c.d.f. for
firm j after concealment by this firm. These first-order conditions give the following

equilibrium outputs (for i, j € {1,2} and i # j):

(05 S;) = 4—;52 ( (2—PB)a—20, + BE; (min{6;,6,}|0; € Sj)> , (3.4)
e0,055) = (€= B - 2min{o,0,) + 50
2

where

and

0do.

0;
0

Finally, in the remaining case, where both firms choose secrecy, (s;, s;) = (&, @),

profit maximization gives the following first-order condition for firm :

9In 2¥(.) the superscript k € {0, s} denotes whether firm i adopted an open standard (k = o) or
adopted secrecy (k = s). Similarly, superscript | denotes whether firm #’s competitor works under
openess (I = o) or secrecy (I = s).



where E{0;|0; € S;} is firm j’s expected cost conditional on concealment by firm j.

Solving for the equilibrium gives the following output level for firm i (i, 7 € {1,2} and
i # J):

2
(3.7)

In any situation the expected equilibrium product market profit is: 7¥(.) = 2% (-)?

with k,1 € {o,s} and i =1,2.

4 'Technology Sharing Strategies

In this section, I characterize the firms’ incentives to strategically share technologies.

4.1 Basic Properties of Equilibrium Strategies

A firm’s technology-sharing strategy follows from comparing the firm’s expected profit
from sharing with the expected profit from secrecy. Suppose firm ¢’s beliefs about its
competitor’s technology-sharing strategy are consistent with the partition {O;,S;}
for i,7 € {1,2} with i # j, and firm j’s technology-sharing strategy gives the par-
tition {O;, S;} of the set ©. Given these assumptions, firm i’s expected profit from

technology-sharing and secrecy are, respectively:

(0, 5;) = / _(0,0,)d505) + / (0:8)dF(0,)  (41)
€0

93'68]'

I (055 Si, S;) = / Wfo(Qiaej;Si)dﬂ(ej)Jr/ 72 (0i; Siy Sj)dF;(05). (4.2)
ejEOj

GjESj

Hence, the difference of the expected profit from technology sharing and secrecy is:

(05 Si, S5)

I17(05; Si) — 115 (0;; Si78j>
= / [25°(0:,0;)* — 27°(0:, 05 S:)*] dF;(6;)
9]'6(93'
+ Pr[Qj - S]] [l’?s(gi; Sj)2 — xfs(é’l, Si, Sj)2] . (43)
The comparison between z9°(6;,0;) and x{°(6;,6;;S;) gives the following trade-off.
On the one hand, sharing the technology 6; enables the firm’s competitor to imitate

the technology and become a more “aggressive” output-setter, whereas secrecy gives

no expropriation. That is, after technology sharing the competitor gets marginal

8



cost min{6;,6;} instead of #;. On the other hand, by sharing technology 6;, firm ¢
informs its competitor about firm ¢’s actual marginal cost (i.e., min{#;,6,}), which
enables the competitor to adjust his output levels accordingly. By contrast, secrecy
forces the competitor to set an output level as a best response against firm ¢ with an
average marginal cost (i.e., E; (min{6;,0,}|0; € S;)). This explains the last term of
x°(6;,0;;S;) in equation (3.5), which gives a signaling effect. Comparing x°(0;; S;)
with 27%(0;; S;, S;) gives a similar trade-off.

A firm with a sufficiently inefficient technology has a disincentive to share its
technology since the signaling and expropriation effects reinforce each other. A firm
that would share an inefficient technology risks expropriation by its competitor, and
signals to its competitor that it will be a “friendly” competitor in the product market.
Both effects make the competitor an “aggressive” output-setter (strategic substitutes),

which lowers the profit of the firm. This observation gives the following negative result.

Proposition 1 For any i = 1,2, and § < [ < 0, there exists no equilibrium in which

firm i chooses technology-sharing strategy s; with O; = [l,0].

A firm with an efficient technology faces a trade-off between two conflicting ef-
fects. On the one hand, the firm’s competitor may imitate the disclosed technology
and thereby become a more “aggressive” competitor in the product market. This ex-
propriation effect gives the firm a disincentive to share the technology. On the other
hand, the firm demonstrates it will be an “aggressive” competitor in the product mar-
ket which reduces the output supplied by its competitor (strategic substitutes). This
signaling effect gives the firm an incentive to share the technology.

The incentive to share a technology also depends on the competitor’s technology-
sharing strategy. The following proposition suggests that the technology-sharing

strategies are strategic substitutes.

Proposition 2 For i,j = 1,2 with i # j, if firm i chooses to share technologies
from the interval [I;, h;] with @ < l; < h; < 0 (i.e., O; = [l;, hi] in equation (2.1)) in

equilibrium, then firm j chooses to share no technology (i.e., O; =0) in equilibrium.

First, in those instances where firm i shares its technology (i.e., for 6, € O,),
firm j has a disincentive to share. If firm ¢ shares its technology, 6;, then firm ¢
knows that its competitor has a technology which is at least as good as #;. As a
consequence, the competitor (firm j) has no incentive to share a technology which

is less efficient than 6;, since firm j would thereby signal that it is less efficient than



expected (i.e., ; > E;(min{6;,6,}|0; € S;)). Furthermore, if the competitor would
share a technology which is more efficient than 6;, then the technology will be imitated
with certainty. In this case, the direct effect of expropriation with certainty outweighs
the indirect effect from signaling. This observation is consistent with previous results
in models with one-sided asymmetric information (e.g., Anton and Yao, 2003-4, and
Jansen, 2006, 2011), where the expropriation effect dominates the signaling effect in
the absence of intellectual property rights.

Second, in those instances where firm i does not share (i.e., for 6, € S; with
S; # 0), the argument is a little more subtle. The fact that firm ¢ has an incentive to
share some technologies implies that the competitor’s posterior distribution must be
relatively more skewed towards efficient technologies compared to firm i’s distribution.
Only in this case does firm ¢’s sharing of an efficient technology give a relatively low risk
of imitation (weak expropriation effect), and a drastic update of firm j’s beliefs after
sharing the technology (strong signaling effect). Whereas this situation gives firm i an
incentive to share some technologies, it gives a disincentive to firm i’s competitor. It
implies that the competitor is in a position where technology sharing yields a relatively
strong expropriation effect and weak signaling effect. Proposition 2 shows that the

competitor’s expropriation effect outweighs the signaling effect in this situation.

4.2 Unilateral Technology-Sharing Incentives

This section discusses a firm’s incentive to unilaterally share its technology, given full
concealment by the firm’s competitor (i.e., S; = ©). Proposition 2 shows that this
restriction is consistent with equilibrium behavior if the firm shares technologies from
a single interval.

Firm ¢ receives the profit of 29%(0;;©)? from sharing its technology ; when its
competitor conceals all technologies.'” The firm earns the profit z5%(6;; S;, ©)? if it
conceals its cost and its competitor conceals all costs.!’ Firm ¢ has an incentive to
share its technology 0; if x2%(0;;©) > 23°(0;; S;, ©), which reduces to ¥,(6;;S;) > 0,
where:

s
2

The two terms in function 1, reflect the trade-off between an expropriation effect and

V(055 8i) = —[1 = Fj(0:)](E{0;]0; > 0:} — 0;) + 5 [E{0:]0; € Si} — 0] . (4.4)

a signaling effect.

1OOutput ZCZQS is defined in (34) with E‘j (mln{¢9“¢97}|ﬁj S @) == Fj (91)E{9,|9J S 91}+[1—Fj (91)]91
"Here z5* is as in (3.7) with E(0;]0; € S;) = E(0;) and E(6;]0; € S;) is consistent with firm i’s
technology-sharing strategy.

10



The first term of 1), represents the expropriation effect. This effect captures the
effect of a firm’s technology-sharing decision on its rival’s marginal cost in the product
market. Technology sharing has only an effect on the competitor’s marginal cost if the
competitor chooses to imitate the technology. Imitation only occurs if the competitor
is less efficient, which happens with probability 1 — F;(#;). In that case, firm ¢’s
competitor produces at unit cost 6; after sharing by firm ¢. On the other hand, if
firm ¢ conceals its technology to a less efficient competitor, then the expected cost of
the competitor equals E{60,|6; > 6,}. Hence, the first term of equation (4.4) is the
difference between the expected cost of a competitor after technology sharing with
subsequent imitation, and concealment. Thereby, it captures the expected loss from
expropriation.

The second term of v, gives the signaling effect of technology sharing. It captures
the effect of firm ¢’s technology-sharing decision on its competitor’s output through
the competitor’s perception of firm i’s cost. After firm ¢ shares technology 6;, the
competitor knows that he competes with a firm with cost level 6; instead of the
average cost level E{6;|0; € S;}. The effect of this update of beliefs on firm j’s
output depends on the responsiveness of firm j’s best-response function towards firm
i’s outputs (i.e., 5/2).

The overall effect of a marginal increase of 6; is as follows:

U0 = 11— F(6)] 5. (1.5

That is, an increase of #; makes both effects weaker. The expropriation effect becomes
weaker since it becomes less likely that the competitor imitates the firm’s technology
(i.e., the first term of equation (4.4) is negative and increasing in 6;). The signaling
effect also becomes weaker after a cost increase since the firm becomes a less “aggres-
sive” output supplier in the product market, which enables it to steal a smaller share
of the market from its competitor (i.e., the second term in equation (4.4) is initially
positive but subsequently negative, and decreasing in firm i’s marginal cost).

The function 1), is strictly concave in cost 6;, i.e., ¥ (0;-) = —f;(0;) < 0 for
all #;. An increase of #; weakens the expropriation and signaling effects at different
rates. The rate at which the expropriation effect becomes weaker is proportional to
the probability of expropriation. This probability is decreasing in the cost level 6;.
The signaling effect becomes weaker at a constant rate. This rate is initially smaller
than the rate of change of expropriation, since the signaling effect is an indirect effect.

Therefore, the incentive to share a technology is growing for low ;. Eventually, the

11



signaling effect becomes aligned with the expropriation effect and grows in 6; at a
constant rate. The expropriation effect weakens at a diminishing rate. This gives a

growing disincentive to share technologies for high ;. This implies the following.

Proposition 3 In any equilibrium with concealment of all technologies by firm j,
there exist some bounds l;, h; € O, with l; < h;, such that firm © chooses technology-
sharing strategy s; in equation (2.1) with O; = [l;, h;], fori,j = 1,2 with i # j.

The sign of 1}(6;; ) in equation (4.5) depends on the size of the cost ;. In partic-
ular, ¢}(0;-) = —g > 0 and ¥}(0; ) = —% < 0. The function v, reaches a maximum

for the marginal cost:
n— -1
0; = F; (1 3/2). (4.6)

For example, if goods are homogeneous (i.e., § = 1), then 1, reaches a maximum
when 6; equals the median cost of firm j. Hence, firm ¢’s incentive to unilaterally
share its technology is strongest for an intermediate cost level, i.e., 6; = @
Propositions 2-3 imply that there exists an equilibrium where shared technolo-
gies have to form a single interval for one firm, whereas the other firm conceals all

technologies.

4.3 Equilibrium Strategies for (Ex Ante) Identical Firms

The observations in Propositions 1-3 have immediate consequences for equilibrium
technology-sharing strategies. They imply that there may exist four kinds of technology-
sharing strategies in equilibrium: both firms share nothing, one firm unilaterally shares
all technologies, one firm unilaterally shares only the best technologies, or one firm
shares only intermediate technologies while the other firm shares nothing.

In the remainder of this section, I characterize the conditions under which these
strategies may be used in an equilibrium of the symmetric model. That is, I restrict
attention to ex ante identical firms here (i.e., F} = F3). In Section 5, I relax this

assumption by allowing firms to have different technology distributions.

4.3.1 Share Nothing

First, I characterize the conditions under which firms conceal all technologies in equi-
librium. Suppose both firms conceal all their technologies (i.e., S; = So = ©), and the
firms have beliefs consistent with full concealment. Consequently, firm ¢’s competitor
expects cost E(6;) of firm i after concealment. Hence, firm 7 has no incentive to de-

viate unilaterally from full concealment by sharing the technology 6;, if ¥,(0;;©) < 0
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for all 6; € ©, with v, as in equation (4.4). A necessary and sufficient condition for
the emergence of full concealment in equilibrium is therefore: 1, (5“ ©) < 0 with 9; as
in equation (4.6) and ¢ = 1, 2. This condition reduces to the following (for i, j € {1,2}
and i # j):

E{0,10; > 0,} > E(6)). (Cs)

It is immediate that the condition is satisfied if the firms’ cost distributions have equal

means, i.e. F(6;) = E(f;).”* I summarize the analysis in the following proposition.

Proposition 4 If the firms’ technology distributions are identical, then there exists

an equilibrium where both firms conceal all technologies.

For the intuition for this result, I consider the incentive of firm ¢ with 6, = @ as
in equation (4.6) to unilaterally deviate from full secrecy by sharing its technology.
On the one hand, such a unilateral deviation allows the firm’s competitor to learn
that 0, = 51 instead of E{6;}. This signaling effect is discounted at the rate g as
equation (4.4) illustrates. On the other hand, unilateral sharing of 6; allows the firm’s
competitor to adopt technology /éz instead of working with the expected technology
E{6,|0; > @} Expropriation occurs with probability g, as follows from definition
(4.6). That is, expropriation has a bigger effect on the competitor’s expected cost than
signaling has on the expected value of the firm’s own cost (i.e., E{6;|0; > /H\Z} —0; >
E{0;} — 9, since E{0;16; > /H\Z} > E{0;} = E{0;}). Conveniently, the two effects
from deviation are discounted at the same rate (g) Hence, the expropriation effect

is stronger than the signaling effect for a deviating firm.

4.3.2 Share All Technologies

Now, I study firm ¢’s incentives to share all its cost information, i.e., O; = O, given
that firm j conceals all. Again, I use function 1), in (4.4) to analyze firm i’s technology-
sharing incentives in equilibrium. The beliefs of firm i’s competitor that are consistent
with full sharing by firm i are skeptical beliefs, i.e., E{6;|0; € S;} = 0 or S; = {0}.
Firm 7 has no incentive to conceal information, given skeptical beliefs, if

B(0,) < (1 - §) 0+58 (Co)

The following proposition states this result formally.

2In that case, the condition holds, since it reduces to E{6,|0; > 51} > E(9,).
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Proposition 5 There exists an equilibrium where firm i shares all technologies while
firm j conceals all technologies (i.e., S; = {0} and S; = ©) if and only if condition
(Co) holds.

Hence, firm 7 has an incentive to share all technologies if firm j’s average cost
is sufficiently low, and firm j conceals its technologies. In this case, firm ¢ with the
most efficient technology (i.e., 8; = 6) would create only a marginally more efficient
competitor by sharing its technology. However, technology sharing changes the com-
petitor’s beliefs dramatically: from the least efficient technology (after concealment)
to the most efficient (after sharing). This puts firm 7 in an advantageous strategic
position. Therefore, under condition (Cp) the signaling effect dominates for firm i.

Increasing the degree of product substitutability (3) increases the relative strength
of the signaling effect, and gives a stronger incentive to share technologies. There-
fore, condition (Cp) becomes weaker. For example, at the extreme where goods are
homogeneous (i.e., f = 1) an equilibrium with full sharing can already emerge for

technology distributions that are symmetric on the interval © (i.e., E(6;) = 1(0+0)).

4.3.3 Share Only The Best Technologies

So far, I presented equilibria in which firms choose strategies that do not depend on
their technology draw. In this subsection, I discuss the incentives to share selectively.
In particular, I give conditions for the existence of an equilibrium in which a firm
shares its best technologies while all other technologies are kept secret. It is necessary
and sufficient that there exist some h, with /éz < h < 0, such that:

Wi(h; [, 0]) = 0 and ¢;(6; [1, 8]) = 0. (4.7)

Figure 1 illustrates these equilibrium conditions. The following proposition shows

that no equilibrium exists in which a firm shares only its best technologies.

Proposition 6 If the firms’ technology distributions are identical, then there exists
no equilibrium with S; = (h*, 0] for any 0, <h* <.

Suppose that firm ¢ would share only technologies that are better than some tech-
nology h, and the firm’s competitor has beliefs consistent with S; = [k, ]. If this were
the case, then firm j would conceal all its technologies (Proposition 2). Then, for firm
¢ with technology #; = h, the signaling effect should exactly offset the expropriation
effect. From equation (4.4) it follows that sharing technology 0; = h has the following
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Figure 1: Sharing efficient technologies in equilibrium

effects. On the one hand, it gives a loss from expropriation of £{f;|0; > h} — h with
probability 1 — Fj(h). On the other hand, it gives a signaling gain of £{6;|0; > h} —h
discounted at g With identical technology distributions, the two effects offset each
other only if they have equal weighs, i.e., 1 — Fj(h) = g, which im;ilies that h = 0;.
In other words, firm ¢ is indifferent between sharing and concealing 6;. However, this
means that firm ¢ prefers to conceal all other technologies, since it has the strongest
incentive to share technology 6; = 0. Hence, it cannot be an equilibrium strategy for
firm ¢ to share only its best technologies.

The proposition shows that an equilibrium in which one of the firms shares the
best technologies can only emerge under special circumstances. It cannot emerge in a
symmetric model. By contrast, full concealment and full unilateral technology sharing

can emerge in equilibrium under symmetry (Propositions 4-5).

4.3.4 Share Only Intermediate Technologies

In this subsection, I characterize conditions under which a firm shares technologies of
intermediate efficiency, while it conceals very inefficient and very efficient technologies.
That is, I analyze the sharing strategy s; with O; = [, h] and S; = ©\[l, h] for firm
1, where 0 < [ < 5, < h < 6. By Proposition 2, firm j conceals all technologies (i.e.,
S;=0).

The equilibrium conditions for firm i to share only technologies with 6; € [I, h],

while firm j conceals all information, are as follows:

$i(y; O\[L A}) =0, for y € {I, hy, (4.8)

where equation (4.4) defines 1;, and the posterior expected cost of the selectively
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sharing firm equals:

£ |- B(h)
E+1-Em ST E T Aoy

E{0;10; ¢ [I,h]} = E{0;10; > h}.

Solving this system of equations (4.8) yields equilibrium values for [ and h. Figure 2

illustrates the equilibrium conditions.
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Figure 2: Sharing intermediate technologies in equilibrium

Below, I characterize a condition for the existence of such a selective sharing

equilibrium when firms have identical technology distributions.

Proposition 7 Suppose that condition (Cp) holds with strict inequality, and the
firms’ technology distributions are identical. Then there are critical values I* and
h*, with 0 < I* < @ < h* < 0, such that for some i,j = 1,2 with i # j there exists an
equilibrium with S; = O\[I*, h*] and S; = ©.

In other words, one of the firms has an incentive to share only intermediate tech-
nologies if the firms’ technology distribution is skewed towards efficient technologies.
In that case, the expropriation effect is relatively mild, and the signaling effect domi-
nates for intermediate technologies.

Under the conditions of Proposition 7 there also exist equilibria with full conceal-
ment (Proposition 4), and full sharing by one of the firms (Proposition 5). However,
Proposition 6 shows that in a symmetric model there exists no equilibrium in which
one of the firms shares only its best technologies.

Finally, the results in this subsection are notably different from the existing results.
For example, Jansen (2011) shows that in a model with one-sided asymmetric informa-
tion, and an exogenous probability of imitation, there is no equilibrium in which the

informed firm shares only intermediate technologies. This gives a contribution beyond
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endogenizing the identity of the firm that shares its technology. The introduction of

two-sided asymmetric information generates a new equilibrium strategy.

5 Extensions

In this section, I extend the basic analysis by allowing firms to have non-identical
technology distributions, by introducing weak protection of intellectual property, by
allowing firms to precommit to technology-sharing rules, and by considering compe-

tition in prices instead of quantities.

5.1 Asymmetry

The previous equilibrium analysis was based on a model with identical firms. Here, I

illustrate how the previous results rely on this assumption.

5.1.1 Non-existence of Equilibrium with Full Secrecy

First, an equilibrium without technology sharing may fail to exist if firms are suffi-

ciently dissimilar, as the following proposition shows.

Proposition 8 There exists an equilibrium where both firms conceal all technologies
(i.e., S = Sy = O) if and only if condition (Cs) holds fori,j € {1,2} and i # j,
with 6; as defined in equation (4.6).

Although condition (Cg) cannot be violated for more than one of the firms, it is
violated whenever the firms’ technology distributions are sufficiently dissimilar. For
example, this happens if the distribution of firm ¢’s technology parameters is skewed
towards inefficient technologies, while firm j’s distribution is non-skewed or skewed
towards efficient technologies. In such a situation firm ¢ with technology @ has an
incentive to unilaterally share its technology. Sharing the technology /H\Z has only a
limited expropriation effect, since the average efficiency of the competitor’s technology
does not differ much from 0;. However, technology sharing has a substantial signaling
effect. Technology 0; is far more efficient than firm ’s average technology if firm
1’s prior distribution is skewed towards inefficient technologies. Therefore, sharing
technology /9\Z yields a drastic update of firm j’s beliefs about firm ¢’s efficiency, and a
downward adjustment of firm j’s average output level.

An increase of the product substitutability, 3, strengthens the signaling effect,

which weakens a firm’s incentive to keep its technology secret. This is reflected by

17



the fact that condition (Cg) becomes more stringent after an increase of 3, since 0, is

decreasing in (3.

5.1.2 Existence of Equilibrium with Unilateral Full Sharing

Second, condition (Cp) does not require symmetry between firms, since it can hold
in an asymmetric model. The condition only requires that a competitor’s technology
distribution is not skewed towards inefficient technologies. Hence, Proposition 5 does

not rely on symmetry between the firms and holds for asymmetric firms too.

5.1.3 Existence of Equilibrium with Sharing of Intermediate Technologies

Third, T consider the situation where firms supply homogeneous goods (i.e., § = 1),
and 0; has a symmetric distribution on the interval ©, i.e., E(§;) = 0; = 10+90),
and fj(@» —¢g) = fj(/éi +¢) for any € € [0,2(F — 0)]. In this case the curve of ¢,
is symmetric around 6; = 51 Consequently, if an equilibrium exists in which firm i
shares selectively, then the interval of shared technologies is symmetric around gi, ie.,
O; = [0; — £, 0; + &) for some ¢ € [0, 1(6 — 0)]. This observation simplifies the analysis

of the technology-sharing incentives considerably.

Proposition 9 Suppose goods are homogeneous (8 = 1), the distribution of 0; is
symmetric on O, and condition (Cs) does not hold. Then there is a value *, with
0<e*< %(5 —0), such that there exists an equilibrium with S; = @\[/0\Z — 6*,@- + ¥
and S; = O fori,j =1,2 andi # j.

In other words, if firm ¢’s cost distribution is sufficiently skewed towards inefficient
technologies, while its rival’s distribution is non-skewed, then firm ¢ has an incentive
to share only intermediately efficient technologies in equilibrium. The intuition for
the technology sharing incentives of intermediate types is similar to the intuition for
the incentive to deviate from full secrecy (see subsection 5.1.1). Extreme types, e.g.,
0; € {0,0}, have an incentive to keep their technologies secret. First, firm i with
the least efficient technology, 0, has an incentive for secrecy, since technology sharing
would yield a strategic loss (while expropriation is irrelevant). Second, the firm with
the most efficient technology, ¢, also has no incentive to share this technology. As
shown in Proposition 5 with condition (Cp) binding, the signaling effect exactly offsets
the expropriation effect for firm ¢ if firm 5 would believe that a secretive firm ¢ has
the least efficient technology, . Such an extreme belief is, however, inconsistent with

selective technology sharing. Since the p.d.f. f; has full support on technology space ©,
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consistent beliefs would give a lower expected cost, i.e., E{6;|0; ¢ [@Z —8*,§i—|—8*]} < 0.
Consequently, the equilibrium beliefs are such that the expropriation effect outweighs
the signaling effect for firm ¢ with the most efficient technology.

Notice that under the assumptions of Proposition 9 there does not exist an equi-
librium with full concealment, since the condition (Cg) is violated (see Proposition
8). On the other hand, for a symmetric distribution of #; and homogeneous goods
(8 = 1), the condition (Cp) is satisfied and binding. Therefore, there also exists an

equilibrium with full sharing by firm ¢ (see Proposition 5).

5.1.4 Existence of Equilibrium with Sharing of Best Technologies

Finally, I characterize conditions for the existence of an equilibrium in which a firm
shares only its best technologies. Proposition 6 already shows that asymmetry is a
necessary condition for the existence of such an equilibrium. The following lemma

gives an additional necessary condition for existence.

Lemma 1 If there exists an equilibrium with S; = (h*,0] and S; = © for some
0; < h* < 8, then condition (Co) holds.

Hence, condition (Cp) is a necessary condition for the existence of such an equi-
librium. Under this condition the expropriation effect is weak enough, and it may
make the sharing of efficient technologies profitable. That is, whenever there is an
equilibrium in which firm ¢ shares only its best technology draws, there also exists an
equilibrium in which firm ¢ shares all technologies.

Finally, Proposition 10 gives specific, sufficient conditions for the existence of an

equilibrium with sharing of only the best technologies by firm 3.

Proposition 10 Suppose that condition (Cp) holds with strict inequality. Consider
the critical value 8, with 8; < 6 < 0, such that 0;(0;8:) = 1,(0; S;), and a distribution
F, such that ,(6;[0,0]) = 0. Then for any distribution G; with Eg {0;6; > 0} <
E;{0:10; > 0}, there is a critical value h*, with 6 < h* < 0, such that there exists an
equilibrium with S; = (h*,0] and S; = ©.

As before, condition (Cp) ensures that the expropriation effect is sufficiently weak.
The restriction on the technology distribution G; simplifies as follows for an exponen-
tially distributed technology. Suppose that firm ¢ draws its technology from © =
[0, 1] by the truncated exponential distribution F(6; \;) = (1 — %) / (1 — ™) for

A; > 0. The inverse hazard rate parameter, \;, measures the skewness of firm i’s
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distribution towards efficient technologies. Then the critical parameter value XZ ex-
ists, with 0 < N < 00, such that 1/11-(5; [5, 0]) = 0 for \; = N IE N > Xz-, then the
condition Ex {0;]0; > h} < F5 {0:[0; > h} is satisfied for all h."% In other words, for
exponential distributions that are sufficiently skewed towards efficient technologies,

the equilibrium condition on firm 4’s distribution is satisfied.

5.1.5 An Example

In this subsection, I illustrate the technology-sharing strategies for exponentially dis-
tributed cost parameters. I assume that the technology space is simply © = [0, 1], and
goods are homogeneous (i.e., # = 1). The truncated exponential distribution func-
tion is F'(6; \;) = (1 — e*)‘ie) / (1 — e’)‘i), and the corresponding density function is
F(O;0) = Ne P/ (1 —e) for A\; > 0,0 €[0,1], and i = 1,2. The parameter J\; is
a measure of the skewness of the distribution. For A\; — 0 this distribution converges
to the uniform distribution, while an increase of \; skews the distribution towards

efficient technologies.

Figure 3 sketches regions which satisfy the equilibrium conditions of Propositions
8-10 for truncated exponential distributions. For the entire parameter space (0, oo)2
there always exists an equilibrium in which one of the firms shares all technologies.
This follows from the fact that the strength of the expropriation effect is moderate,
since the exponential distribution is skewed towards efficient technologies. The area
N contains those parameter values for which both firms conceal all technologies in
equilibrium. In this area the parameters )\; and A; are of similar size. In area B, there
exists an equilibrium in which firm ¢ shares only its best technologies, for i = 1, 2.
Here, the technology distribution of firm ¢ has relatively greater skewness towards effi-
cient technologies. These parameter combinations correspond to asymmetric models,
as Proposition 10 shows. Finally, numerical examples suggest that for parameter val-
ues in the areas I; and N there exist equilibria in which firm ¢ shares only intermediate
technologies, for ¢ = 1,2. Proposition 7 shows that such an equilibrium exists along
the 45° line (i.e., for A\; = \; in area N). In addition, Proposition 9 shows that this
equilibrium exists along the axis with A\; = 0 (i.e., in area I;) for j # i. The example
illustrates that there are many other situations where the strategy may be chosen in

equilibrium.

13This follows from the fact that E{6;|0; > h} is decreasing in \; for any h, as can be easily shown.
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Figure 3: Strategic technology sharing (truncated exponential distributions)

5.2 Protection of Intellectual Property Rights

The analysis above assumes that there is no protection of intellectual property and
imitation is costless. This is an extreme assumption which can be relaxed. The same
qualitative results emerge in a model with sufficiently weak protection of intellec-
tual property rights. However, for sufficiently strong intellectual property rights, the

results are unlikely to hold.

Although there are many different ways to introduce imperfect protection of intel-
lectual property rights, I adopt a very simple extension of the model to illustrate these
claims. Firms interact in the following way. First, firms privately learn their technolo-
gies and simultaneously choose between sharing their technology or keeping it secret.
Subsequently, a random draw determines the level of intellectual property protection.
With probability v, there is perfect protection of shared technologies, whereas there
is no protection with probability 1 — v, where 0 < v < 1. Thereby, the probability
~ stands for the strength of intellectual property protection. For v = 0, there is no
protection, and the previous analysis applies. Conversely, for v = 1, there is perfect
protection of intellectual property, which means that a competitor does not imitate a
shared technology. Finally, firms simultaneously choose their output levels. To keep
the analysis simple, I restrict attention to equilibria with extreme technology-sharing

strategies. Either a firm shares all technologies or it shares nothing.

So far, I analyzed an extreme model in which intellectual property rights are absent

(i.e., v =0). Now, I illustrate how a relaxation of this assumption affects the results
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(i.e., 7 > 0). The protection of intellectual property rights weakens the expropriation
effect, but it leaves the signaling effect unchanged.
First, I show that the results from Propositions 4 and 5 (as well as Proposition 8)

extend to markets with weak protection of intellectual property rights.!*

Proposition 11 There exists a critical probability v, with 0 < v, < 1, such that
for all 0 < v < 7,: (@) there exists an equilibrium in which both firms conceal all
technologies, if condition (Cs) holds with strict inequality for i,j € {1,2} and i # j,
with 6; as defined in equation (4.6), and (b) there exists an equilibrium in which firm
i shares all technologies whereas firm j conceals all technologies, if condition (Cp)
holds.

Second, if protection is sufficiently strong, then the equilibria from Proposition 11
no longer exist. A secretive firm has the incentive to unilaterally deviate by sharing
some technologies. With strong protection, both firms share their technologies in

equilibrium, as I show below.

Proposition 12 There exists a critical probability v, with 0 < v, < 1, such that for

all vy < v <1 there exists an equilibrium in which both firms share all technologies.

If intellectual property rights give perfect protection against imitation (i.e., v =
1), then firms have an incentive to share all technologies (Okuno-Fujiwara et al.,
1990), since the expropriation effect disappears. Proposition 12 shows that the same
equilibrium may emerge if intellectual property protection is sufficiently strong, but

imperfect.

5.3 Precommitment to Share Technologies

So far, I assumed that a firm makes strategic technology-sharing decisions. This
assumption is appropriate when the technology-sharing decision is a short-term de-
cision (e.g., adopting a Berkeley open source license). However, there are cases in
which long-term technology-sharing decision is more realistic (e.g., in case of adopt-
ing a GPL open source license). Therefore, I consider here the game in which the
firms choose between technology sharing and secrecy before they learn the realization

of their technologies.'®

14 An online Supplementary Appendix contains the proofs of Propositions 11-12.

5For example, Gal-Or (1986), and Shapiro (1986) also study models where firms precommit to
disclose their technologies. These models can be interpreted as models with perfect protection of
intellectual property (i.e., no imitation upon disclosure), whereas I study a model with no protection.

22



The proof of Proposition 2 has the following immediate implication.

Corollary 1 There exists no equilibrium in which both firms commit to share their

technologies.

Proof. If firm j commits to share its technology, then ¥;(0;; S;, 0) = E;{x2°(0;,0,)*—
z5°(0;,0;; S;)*}, and equation (A.2) in the Appendix implies that firm ¢ prefers to com-
mit to secrecy for any i,j = 1,2 with ¢ # j. m

Given concealment by the competitor, firm i expects the profit E{I1?(0;;©)} from
committing to technology sharing, and E{II{(6;;©,0)} from committing to conceal-
ment, where II? and II{ are defined in equations (4.1) and (4.2), respectively. Hence,
firm ¢’s choice between committing to share or conceal its technologies depends on
the sign of E{V,(0;;0,0)}, with ¥, as in equation (4.3). This gives the following

immediate result.

Corollary 2 If condition (Cs) holds for all i,j7 = 1,2 with i # j, then both firms

commit to secrecy in the unique equilibrium.

Proof. By Proposition 2, if firm j commits to share its technology, then firm ¢ com-
mits to secrecy, because E{V,(0;;0,0)} < 0. If firm j commits to secrecy, then condi-
tion (Cg) implies that ¥;(6;; ©,0) < 0 for all §; € ©, which gives E{¥,(6;;0,0)} < 0.
Hence, under condition (Cg), commitment to secrecy is the dominant strategy for a

firm. m

In other words, condition (Cg) is a sufficient condition for the emergence of an
equilibrium in which all technologies are kept secret. However, unlike the result in
Proposition 8, the condition is not necessary for complete secrecy in equilibrium. A
precommitting firm should be on average better off under technology concealment,
whereas a strategic firm should prefer concealment for every possible technology re-
alization. Clearly, the former requirement is weaker than the latter, which gives a
greater incentives to precommit to technology concealment.

Figure 4 sketches the result of Corollary 2 for truncated exponential distributions
(e, F(O;N) = (1—e ) /(1—e™) with A; > 0 and § € [0,1] for i = 1,2), a
demand intercept of o = 4, and homogeneous goods (8 = 1). For parameter values in
area O, firm ¢ precommits to share its technologies while firm j precommits to conceal
in equilibrium for 4, j € {1,2} and i # j. For intermediate parameter values between

the two bold lines (i.e., areas N{-N-N$), both firms commit to keep their technologies

23



secret in equilibrium. As in Figure 3, only for parameter values between the thin lines
(area N), there exists an equilibrium in which strategic firms conceal all technologies.
Clearly, for the parameter values between the bold and thin lines (areas N§ and N§),
precommitting firms conceal in equilibrium, but there exists no equilibrium in which
two strategic firms conceal all technologies.
A2
25
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15 Ny
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Figure 4: Commitment to share technologies (truncated exponential distributions)

In Figure 4, a precommitting firm does not share its technology in all the cases
where a strategic firm would share. In the game with commitment, an equilibrium
with technology sharing only exists for parameter values in the areas O; and O;.
By contrast, with strategic sharing, an equilibrium with technology sharing exists
for all positive (\;, A;). However, it is unclear whether this holds in general. On
the one hand, precommitting firms could have weaker technology-sharing incentives,
since unraveling does not occur with non-strategic choices (i.e., skeptical beliefs are
inconsistent with precommitment strategies). On the other hand, precommitting firms
could have stronger incentives to share all technologies, since they only need to be

made better off on average, and not for all technology realizations.

5.4 Bertrand Competition

What role does the mode of product market competition play for the incentives to
share technologies?
With Cournot competition, a firm with an efficient technology trades off a positive

signaling effect against a negative expropriation effect. Although the signaling effect
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gives the firm an incentive to share its technology, the expropriation effect gives a
disincentive to share. An improvement of a Cournot competitor’s technology (i.e., a
draw of a lower ; for firm i) makes both effects stronger. My paper shows that this
may yield technology-sharing incentives which are non-monotonic in the technology’s
efficiency.

With Bertrand competition, firms base their technology-sharing choices on a trade-
off between expropriation and signaling effects too. Expropriation has a similar effect
on a Bertrand competitor as on a Cournot competitor. If a competitor imitates a
firm’s technology, this gives the competitor an incentive to choose a lower price and
thereby become a more “aggressive” price competitor. This reduces the firm’s profit.
Yet, the signaling effect for a price competitor differs from the signaling effect for
a quantity competitor. With Cournot competition, a firm would like to make its
competitor believe that it is a tough competitor in the product market. By doing
so, the competitor chooses a low output level, and this is profitable for the firm. By
contrast, with Bertrand competition, a firm is better off if its competitor believes the
firm is a friendly price competitor. In this way, the competitor sets a high price, which
is beneficial for the firm.

For costs which are lower than expected, the signaling effect reinforces the expro-
priation effect for a Bertrand competitor. Therefore, a Bertrand competitor has no
incentive to share a technology which is more efficient than expected. For less effi-
cient technologies, there is a conflict between the signaling and expropriation effects.
Expropriation makes it costly to share an inefficient technology, but signaling makes
technology sharing beneficial. A less efficient technology (i.e., a higher draw of 6;)
yields a weaker expropriation effect and a stronger signaling effect. This observa-
tion suggests that the incentive of a Bertrand competitor to share its technology is
monotonic in the technology’s efficiency. The higher is the cost 6;, the stronger is the
incentive of firm 7 to share this technology. This suggests that a Bertrand competi-
tor has an incentive to share inefficient technologies but keep efficient technologies
secret. Interestingly, firms do not choose such a strategy in equilibrium with Cournot

competition (Proposition 1).

6 Conclusion

In this paper, I characterized the conditions under which firms share their technolo-

gies in the absence of intellectual property rights. The paper finds conditions on
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the technology distributions for the emergence of competition between an open and
a proprietary technology standard. Coexistence between open and proprietary tech-
nologies may emerge endogenously in equilibrium of a symmetric model. Further,
there may exist equilibria in which one of the firms shares selectively by sharing only
intermediate technologies. These results cannot be obtained in models with one-sided

asymmetric information. Herein lies the paper’s contribution.

In particular, for firms with identical technology distributions, there exist three
kinds of equilibrium strategies. First, there always exists an equilibrium in which both
firms conceal their technologies. Second, if the distributions are sufficiently skewed
towards efficient technologies, there also exist equilibria in which one firm shares
all technologies. Finally, for such skewed distributions there exist also equilibria in
which one firm shares intermediate technologies while all other technologies are kept
secret. For firms with different technology distributions, an additional kind of strategy
may be chosen in equilibrium. In such an equilibrium, one firm shares only its best

technologies while all other technologies are concealed.

Firms in this paper choose their technology-sharing strategies simultaneously. In
alternative settings, a firm may respond to its competitor’s shared technology by
choosing its technology-sharing strategy conditional on the shared technology. It
could be interesting to compare the paper’s equilibria with the equilibria that emerge
in a model with sequential technology-sharing choices. The paper’s analysis has an
important implication for the equilibria of such a model. By applying the logic of
Propositions 2-3, it is likely that at most one firm shares its technology along any
equilibrium path. The best response of a follower to a shared technology of a leader
may be to adopt secrecy. A more detailed characterization of equilibrium strategies

awaits future research.

The paper considers perfectly substitutable technologies, as many other related
papers do (e.g., Anton and Yao, 2003-4, Gill, 2008, Jansen, 2006, 2011). The in-
troduction of slight imperfections in substitutability would not affect the qualitative
results. However, in the absence of substitutability, the results are different. In the
extreme, where technologies are perfect complements, firms can produce at the worst
available efficiency level (not the best). For example, a firm with technology 6; obtains
technology max{6;,0;} if its competitor shares technology 6, and it obtains 0 if the
competitor conceals its technology. Firms with perfectly complementary technologies
conceal all technologies in the unique equilibrium. First, if a firm’s competitor shares

its technology, then the firm faces a trade-off between expropriation and signaling.
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As in the model with perfectly substitutable technologies, the expropriation effect
dominates in this situation. Second, if the competitor keeps its technology secret,
then technology sharing has no signaling effect. Unilateral technology sharing enables
the competitor to improve its technology (from 6 to max{6;,6;}), while the sharing
firm remains with technology 6. By contrast, with perfectly substitutable technolo-
gies there is a trade-off between the two opposing effects in this case. It could be
interesting to study the technology-sharing strategies between the extremes of perfect
substitutability and perfect complementarity.

This analysis may have implications for the incentives of firms to invest in research
and development (R&D). The technology distribution has been assumed to be exoge-
nous. In practice, however, a firm may affect the technology distribution by investing
in R&D. Suppose that a firm can change the skewness of the technology distribution
through an investment in R&D. The more the firm invests, the more the distribution
becomes skewed towards the efficient technology. In this case, a unilateral increase
of the firm’s investment does not only have the direct effect of increasing the firm’s
expected efficiency. It also may change the technology-sharing incentives of the firm’s
rival in the product market. In particular, an investment increase may give a greater
incentive to the rival to share its technology. This indirect effect may interact in an
interesting way with the direct effect of R&D investments. Further analysis of this

interaction awaits future research.'®

16For this and other extensions, it may be useful to consider the model with a discrete technology
space (i.e., © = {00 60°}) and densities (i.e., p},p?,p} for firm 7). An online Supplementary
Appendix characterizes the necessary and sufficient equilibrium conditions in such a discrete model.
There, I discuss the conditions in detail for symmetric models (i.e., p* = p5* for all m), and for

models in which one firm has uniformly distributed technologies (i.e., p7* = % for all m).
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A Appendix

This Appendix provides proofs to the propositions.

Proof of Proposition 1

Suppose there does exist an equilibrium with S; = [f, 1] for some § < [ < §. Then firm

i prefers to hide technologies close to 0, since evaluating ¥, in (4.3) at 6; = 0 gives:
WELLS) = [ [ 0.0 —r@.0:10.07] dF0)
i€
+Pr[f; € Sj] [47°(0;S))* — 2°(6; [0, 1], S;)*] <0,

since each term is negative. In particular,

2
23°(0,0;) — z3°(0,0;;10,1]) = —%[93‘ — E(min{0;,0;}0; <1,0;)] <0

with a strict inequality for any 6; > 0 and 0 <[ < 0, and

) - 32— E 0;10; <1
:L,;JS(Q’S]> — l’zss(ea [Q> l]?'S]) = ﬁ r2(4 _{62’) }] <!

for any 0 <1 < 0, and S; € ©. This gives a contradiction. [J

Proof of Proposition 2

The proof takes two steps. First, I find a necessary condition under which firm
shares only the technologies 6; € [I, h] in equilibrium, with § <1 < h < 0.

Lemma 2 If firm ¢ has beliefs consistent with s; for some S; C ©, and it chooses s;

with O; = [I, h] in equilibrium, with § <1 < h <0, then for all 0; € [I, h):

p

2
Proof. The expected profit gain for firm ¢ of sharing technology 0;, ¥;(6;; S;, S;)

for any sets S;,S; C 0, is defined in equation (4.3). The first term of equation (4.3)

is non-positive, since for any 6; and 6;:

E; (min{0},0,}10; € S;) — E{0;10; € S;} + = [E{0:]0; ¢ [l,h]} — 0] > 0. (A1)

ZL‘?O(QZ‘, 6)]) - ZL‘;O(&L’, Qj; Sz) = 4:7652 (9] — min{é’i, 9]}
—§ [Ei (mln{é’l, 6’]}]6’Z c Si) — mlﬂ{@z, 0]}]>
_ _1
g-@%ﬁﬁx@—mm%@ggo (A.2)
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Therefore, any expected gain from sharing a technology is created by the second term
of equation (4.3). A necessary condition for sharing technologies in [I, h] by firm i,
with beliefs consistent with secrecy of technologies in §; C O, is that the second
term of W,(6;; ©\[/, h], S;) in equation (4.3) is positive for ] € [I,h]. This necessary
condition reduces to z9%(0;; S;) > x$*(0;; ©\[l, h],S;), which is equivalent to equation
(Al). m

Notice that (A.1) reduces to Y;(6}) > 0 for ¢ € [I, h] with:

B0, ¢ 111}~ 0)

(A.3)

Second, I show that the necessary condition (A.l) implies that firm j has no

Ti(0;) = —[1 - F;(0;16; € S;)] (E{0]0; > 0;,0; € S;} — 6;) +

incentive to share any technology.

Lemma 3 If condition (A.1) holds for 0, € [I,h], and firm j has beliefs consistent
with s; for O; = [l, h], then firm j does not share any technology in equilibrium (i.e.,

S;=0).

Proof. The expected profit gain of firm j from sharing the technology 0; is
U,(0,;S;,0\[l,h]) as defined in equation (4.3). The firm can only have an incen-
tive to share a technology 6, if the second term of W;(6;;S;,©\[l,h]) is positive.
(The first term is negative due to (A.2) for firm j.) This second term is positive if
x9°(05; O\[1, h]) > x5°(0;; S, ©\[I, h]), which reduces to T;(0;) > 0, where:

T;(0;) =

™

[E{0,]0; € S;} — 0,] — E; (0; — min{0;, 0,3} 0; & [1, ) (A.4)
with

fe F l)+1 F(h d9+fh Fi( l)+1 F(h)d0 if0; <1

O 6140 g, if0; >1

E, (6, — min{0,,0,} |6: ¢ [1,]) =
fmax{@ ,h} Fy (l)+l F(h

The function T;(6;) is continuous in ¢;. Moreover, it is concave in 6, since:

— (1= i) ) ity <
OB (6, — min{0,,6,) |6, ¢ [1h]) = Fith ) 160
J

1—F;(max{0;,h}) .
o) 621

and therefore 25 E; (6; — min{6;,6;} |0; ¢ [I,h]) > 0 for all §;. The function reaches a

907
global maximum for 0; = 5, with 0 < 0 < 0, since it is concave with Ti(0) =1— s > >0
and Y (0) = —2 < 0. I distinguish two cases.
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(@ 1t 25
1-F;(0)

< (1-— —)[1 — Fi(h)], then Y%(h) > 0 and therefore 6 > h with
Fi()+1-F;(h) g

. In that case, for any 0 € [I, h] the following holds:

~ 9 (0 —0)£(9)
[E{Hj!t% € 5} —9] —/g F()+1 —Fi(h)de

[E{ajwj €S} —5} - /;(91__5—;%%0)

T;(0)

Il
NN N N
N

(E{e.wj € S;} — B{0,0; > 5})

( ' (min{0),0,}|0; € S;) + S[E{9i|ei¢ [z,h]}—eg} —E{9i|0i>5}>

( B{0,10; ¢ [, 1]} + (1-§> o — 10,0, >?§}> <0

A\

IN

|

The first inequality follows from (A.1). The observation E; (min{6;,60,}0; € S;) <0,
gives the second inequality. The last inequality follows from E{0;|0; ¢ [I,h]} =

mE{@ 16; <l}++”}}E{9 0; > h} < E{6,]0; > h} < E{6,]6; > 6}

and 0 < h < 0 < E{0,]0, > 0}.

(b) I §F,(1) > (1= §)[L = F(k)], then T, () < 0 and therefore =14
and 6 < [. Then for any 6, € [I, h] the following holds:

- B St (0—0)£(0) T (0-0)f(6)
T:0) = _[E{ejw?‘esj}_e} _ﬁ F-(l)+1—ﬂ(h)d9_/h Fz-(l)+1—ﬂ(h)d0
0£:(6) T a£0)
_ E{eye €S} — / +1_F<h)d9—/h I

- 5E{9j|9j €St + (1 —~ §> E{0,10; < 0} — E{0:10; ¢ [I, h]}

2
+ (1= 8) B{0:10: < 0} — E{0:16: ¢ [1,h]}

- g |E; (min{0;,6,}10; € S;) — 0] + <1 - §> [E{eiwi < 5} B 9;}

1R0)

< 5 (B (o016 € ) + S0 ¢ 111y - 0]

[E{6:10; ¢ [1 h]} — 0]
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= §Fj(9§|9j € S))[E{0;|0; < 6,0, € S;} — 6] + (1 - é) [E{ini <0},

2 2
-(3)
2

The first inequality follows from the necessary condition (A.1). The last inequality
follows from the facts that E{6,]0; < 0,6, € S;} < 6!, from E{6;|0; <0} <0 <1<
0., and from the observation that Y;(#}) > 0 in (A.3) implies E{0,|0; ¢ [I,h]} > 0,
since E{6;]0; > 0,,0; € S;} > 0, and F;(0;]0; € S;) < 1.

[E{0:[6: & [, h]} — 6]

< 0.

Cases (a) and (b) imply that there exists no technology which firm j wants to

share, since Y;(6;) < T;(#) < 0 for all #;, and any [/, h] and S;. Hence, the only

equilibrium strategy that exists for firm j is to conceal all technologies. m

Proof of Proposition 3

If firm j keeps any technology secret (i.e., S; = ©), then ¥;(6;; S;,©) = x2°(6;; S;)* —
z5%(0;; Si, S;)?. The sign of ¥;(6;; S;, ©) is equal to the sign of:

(03 S5) — 27°(0:; 51, 0) = 4#%2 (Ej (min{6;, 0;}) — E{0;} + g [E4010; € Si} — 9@])
B
= ——i(0:,S),
4-p
where equation (4.4) defines the function v,. As 1), is concave in 6; for any S;, there
exist bounds /; and h;, with 0 < [; < h; < 5, such that firm ¢ shares technologies in

[1;, h;] whereas it conceals technologies ©\[l;, h;] in equilibrium. [J

Proof of Proposition 4

The proof is omitted, since it follows immediately from the argument in the text.

Proof of Proposition 5

Suppose firm j has skeptical beliefs, i.e., E(6;|0; € S;) = 0 or S; = {0}. Firm i has no
incentive to conceal information, given skeptical beliefs, if v,(6;; {6}) > 0 for all 6,
where 1), is defined in equation (4.4). Concavity of 1, in 6; reduces the equilibrium
condition to min{4,(8; {0}),,(0; {6})} > 0. This inequality is satisfied if and only if
(Co) holds, since 1, (8; {0}) = —(E{0,;} — 0) + g (0 — ) and v,(0; {6}) = 0. Finally,

Proposition 2 shows that firm j conceals all §; in equilibrium. [
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Proof of Proposition 6

Take any h* in the interior of ©, and suppose that firms have identical distributions
(i.e., F;(§) = F() for all 7). If there would exist an equilibrium with S; = [h*, 0],
then Proposition 2 implies that firm j conceals all technologies (i.e., S; = O) in
equilibrium. Hence, the following conditions would be necessary for the existence of
the equilibrium. (i) ¥,(h*; [h*,0]) = 0, and (ii) v,(0; [h*,0]) > 0. Using symmetry,

condition (i) gives:

V(5[0 0)) = o [E{0:10; > B} — h'] — [1 = Fj(h"))(E{0;10; > h"} — )

p
2

Il
NN

- F(h*)]> (B{00 > h*} — 1] =0

This equality can only hold for h* = 6; (= F~1(1 — 5)). However, 0,(6;:[0;,8]) = 0
implies v, (6; [51,_]) < 0 for all 6 + 0,, since 1,(0;; ) reaches the global maximum at

6, which means that condition (ii) cannot be satisfied. [J

Proof of Proposition 7

Under the proposition’s conditions there should exist values [* and h*, with § < [* <

0; < h* < 6, such that (i) 1,(I*; O\[I*, h*]) = o, (h*; O\[I*, h*]) and (ii) 1, (h*; O\[I*, h*]) =
0. Now, if condition (Cp) holds strictly, then 1,(6;S;) > v,(0;S;) for any S;. The
properties of v; imply the existence of 6 € (6;, ) such that v, (8; ) = 1,(6; ).

First, condition (i) implicitly defines a decreasing, continuous function IE [@i,N] —

[0,0;] with (6;) = 6; and [(0) = 6.

~

Second, condition (ii) implicitly defines the continuous function [ [52,5] — [0, 0]

This follows from observing that (under symmetry) for any h € [6;, 6)]:

~

bi(h; ©\[0:, h]) < 0 < ¢;(h; O\[E, h)),
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where the first inequality follows from:

Ui O\B ) = 5 (B0 ¢ B b)) —h] — (1~ EWI(EG10, > h} —h)

_ 8. F(9) 0
2 FO)+1-F(h) <E{W) <9 h)
_ B/2 _ _
+[1 — F(h)] (F@ ey 1) (E{0]0 > h} — h)
_ B __ZFO) _ 7
2 F)+1-F(h) (h o < 9}>
C - A2 E D) g oy — oy <,

F(0)+1—F(h)
and the second inequality follows from:

¥i(h; O\[G, h]) = J [EA0:10; > hl} = h] — [1 = F5(h)](E{6;]60; > h} = h)

2
= [F(h) — (1 — g)] (E{0]0 > h]} — h) > 0.
Application of the intermediate value theorem gives the existence of A(h) € e, @]
such that ¥,(h; ©\[I(h), h]) = 0. In particular, the function { has the extreme values:
1(0;) = 0 and 0 < 1(0) < ;.
In summary, conditions (i) and (ii) define the continuous functions INE [@-,N] —
9, @], with 1(6;) > 1(6;) and 1(0) < A(bv) Hence, the intermediate value theorem
implies that there exists a h*, with 0, < h* < 5, such that T(h*) = z\(h*) After

defining I* = [(h*), it follows that: ,(I*; ©\[I*, h*]) = ¢,;(h*; O\[I*, h*]) = 0.
Finally, Proposition 2 shows that firm j keeps all 6; € © secret in equilibrium. [

Proof of Proposition 8

Assume that firm j conceals all technologies, i.e., S; = O, and firm j has beliefs
consistent with full concealment by firm i, i.e., §; = O, for 7,7 = 1,2 with ¢ # j.
Then, firm i keeps all technologies secret if and only if ¥,(6;; ©) < 0 for all §;, where
1, is defined in equation (4.4). As v, reaches a global maximum at 6; = 0; as defined
in equation (4.6), the equilibrium condition is met for all ; if and only if 1, (6;; ©) < 0.
By equations (4.4) and (4.6), this condition yields condition (Cg). OJ
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Proof of Proposition 9

Suppose that firms hold beliefs consistent with the technology-sharing strategy in the
proposition, i.e., S; = [Q,/H\i —e)uU (/9\Z +¢,0], and S; = © with E(0;) = ;. The
perfect substitutability of goods and symmetry of firm j’s technology distribution
imply symmetry of v, around 0; = /9\“ ie., @bz(/@\, -&8) = wl(/@\l + & S;) for all
e€[0,1(6—0)] and any S;.

Define the continuous function ) : [0,3(0 — 8)] — R as follows:
() = 1,(0; + £ O\[0; — &, 6; + €]).

Notice that an equilibrium condition for selective technology sharing by firm i is:
P(er) = 0 for 0 < & < 1(0 — 6). The violation of condition (Cg) implies that

~

1 (0) > 0. Application of the De L’Hospital rule gives:

Bi—e 7
_ . TEL(0)0d0 + [ f:(0)6d6
hI_Il E{szz §é [Qz — 8,01‘ +€]} = hI_Il fg = ( ) f92+ — ( )
e13(0-9) el30-0) Fi(0; —e)+1—F(0; +¢)
_ e 0= 90— ) — S0 + (0 + )
13 (0-0) _fz(éz —€)— fz(az +¢)

MOy, 50 5 g
fi@) + fi(0)~  fi(8) + f:(6)
Hence, limET%(@Q) 171(5) < 0. The intermediate value theorem implies that there exists
an €%, with 0 < e* < £( — 8), such that ¢(*) = 0.

Finally, Proposition 2 shows that firm j keeps all 6; € © secret in equilibrium. [J

Proof of Lemma 1

For any h*, with @ < h* < 0, anecessary condition for the existence of an equilibrium
with S; = [h*,0] and S; = O is that ¢,(6; [h*,0]) > 0 > ,(0; [h*,0]), where 1, is
defined in equation (4.4). If (Cp) is violated, then v;(0;S;) < ©,(0;S;) for any S;,

and the equilibrium condition cannot be satisfied. []

Proof of Proposition 10

For some h*, with 0, < h* < 0, there exists an equilibrium with S; = [h*,0] and S; =
O, if (4.7) holds for h = h*. The conditions in (4.7) can be written as 1(h*; F}) = 0
and ¢ (h*; F;) > 0 for the following continuous functions:

B

O(w; ) = (s [2,0]) = 5 [EA0il0; > 2} — 2] = [1 = Fj(2)[(E16,10; > o} — @)
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W(ai F) = 0 0) = 50010, > 0} + (1- 7)) - B0y}
Notice that if (Co) holds strictly, then ,(6;S;) > 1,(0;S;) for any S;. Hence, there
exists a 6, with 6; < 6 < @, such that 0,(0;8) = 1,(6;S;) for any S;. Take a
distribution F; such that 1Z)i( : [ ,0]) = 0.7 Clearly, for distributions F; and F; there
exists an equilibrium with S; = [0,9] and S; = ©, since y(g, E) = (6, F) = 0.

Now take any distribution function G;, with Eg, {6;6; > 0} < Er:{0:10; > 0}.
For this distribution y(g, G;) < 0 < (6; G;), where the first inequality follows from
g(fé’v, G;) < Q(E, F;) = 0 and the second inequality follows from (Cp). Hence, there
exists some 6,, with 0 <0, < 9, such that P(0,;Gi) = 0 and (0;G;) > 0 for all
6 > 0,. Further,

P03 G) = (03 G)+ B0} (1= 5 )8 50— 1= EONEI0 >0} 0,
= B0} - (1-5) 0 50— (1~ HONEC0 >0} -0,
< B0~ (1-5)0- 50~ 1~ BOIEG, >7) -7)
= w@F)+ B0 - (1-5) 0= 57~ 1= BONEG, > ) -0)

= Y(0;F) =0

where the inequality follows from the observation that the function H(z) = gx +[1—
F;(x)](E{0;]0; > x}—) is increasing in z for all = > 6; (since H'(z) = Fj(v)—(1-2)),
and the fact that 6, > 0.

Also notice that ¢ (8; G;) = 0, and limgyz d)(0; G;)/dz < 0, since the first derivative
of this function equals:

WOC) B (L pion >0 1) - (1= B@IE ) -0)
_ g(%w{e 9, >x}—x]—1> +1— F(x)

and its limit for = approaching 6 equals:

d@?}(x; G) B E{00; > o} —x 1> _ —B

o dr 2 (g"(‘g)li%] 1- Gi(x) 4

That is, F; is such that: £ Ez {0;]0; > 0} = 50 + [1 — F;(0)|(E{6;0; > 0} — 0).
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since (by applying De L’Hospital rule)

_ E{66: > 2} —x RGO~ e S BN o7 /1 N G
lim = lim = ——— —lim
40 1—Gi(x) =10 —gi(z) g:(0) w5 1—Gi(z)

Hence, 171(&-; G;) > 0 for technologies 6; close to 6.

In summary, 9(0,;G;) < 0 < (0 — &; G;) for small £ > 0 and P(0;Gs) > 0 for
all # > 0,. The intermediate value theorem implies that there exists an h*, with
6, < h* < 0, such that J(h*, G;) = 0. Hence, h* satisfies the equilibrium conditions.
Finally, Proposition 2 shows that firm j keeps all 6; € © secret in equilibrium. [
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Supplementary Appendix: not for publication

B Extension with random protection of IP

Here, I derive equilibrium output levels and technology-sharing choices in a market
where there is full protection of intellectual property rights with probability 1 —
and no protection with probability v. The equilibrium output levels in the market
without protection are equations (3.1), (3.4), (3.5), and (3.7).

With full protection, each firm produces with its own technology (i.e., #; for firm ¢
with i = 1,2), regardless of the technology-sharing choices. Then, technology sharing
only results in sharing information about the technology’s efficiency. The firms choose
the following output levels. If both firms share their technologies, then the firms have
complete information. In equilibrium, firm ¢ with technology 6; chooses the following

output level if its competitor has technology 6; (for i, j = 1,2 with i # j):'®

(2 — B)a — 20, + 30;
4 — B ’

If firm ¢ shares its technology, 6;, but firm j keeps its technology 6, secret (fori, j = 1,2

with i # j), then they choose the following output levels in equilibrium:

(2—6)@—29]+5QZ 5_2 ' 9]' —E{9j|¢9j GS]’}
4 — 32 2 4 — B ’

Finally, firm ¢ chooses the equilibrium output level z7°(6;; S;,S;) in equation (3.7) if
both firms keep their technologies secret. These output levels determine the expected

equilibrium profits in a market with perfect protection of intellectual property.

18Quperscript p indicates technology sharing with a perfectly protected technology. As before,
superscript s indicates a technology which is kept secret.

1



Proof of Proposition 11

(a) Assume that both firms have prior beliefs about their competitor’s technology if
this technology is kept secret, i.e., S = S; = ©. Given secrecy by competitor j, firm
i’s expected equilibrium profit from keeping technology 6; secret is (for ¢, j = 1,2 with
i #7): [155(0;;0,0) = 2:5(0;; ©,0)2. The unilateral deviation from full secrecy by the
firm yields the expected profit: TI2%(0;; ©,0) = y22*(60;;0,0)? + (1 —v)x%(0;; ©, ©)2%.
The firms adopt full secrecy in equilibrium if II$5(6;; ©,0) > 117°(0;; ©, ©) holds for

all §; and 7+ = 1,2. The equilibrium condition can be written as follows:
~ [xfs(ﬁi; 0,0)? — 2%(6;; O, @)2] +(1—7) [xfs(ﬁz-; 0,0)? — 12%(6;; O, @)2} >0

v [73%(05;0,0) — 27°(0;; ©,0)] [1;°(0:; 0, 0) + 27°(0;; 0, 0)]
+ (1 —7)[x*(0:;0,0) —x7°(0;;0,0)] [27°(0;;0,0) + 29°(0;;0,0)] >0

where
ss s 62 01 _ E{Hl}
25(0::0,0) — 2%°(6:;0,0) — 4—_562%(9% o).

The equilibrium condition is linear in protection probability v for any technology ;.
In particular, if v = 1, then the condition does not hold, because z$°(6;;0,0) <
22°(0;;0,0) for all §; < E{0;}. Conversely, if v = 0 and condition (Cg) holds with
strict inequality, then I13°(0;; ©, ©) > I1°(0;; ©, ©) for all 0;, because then 1);(0;,0) <
0 for all 6;. Due to continuity (linearity) in -, there exists a critical probability ~§
with 0 < 7§ < 1 such that II{*(0;; ©,0) > I1I7°(0;; ©, ©) holds for all §;, if 0 <y < ~¢.

(b) Take some i,j = 1,2 with i # j. Assume that firm i has prior beliefs about firm
j’s technology, i.e., S; = ©, whereas firm j has skeptical beliefs, i.e., S; = {0}.

First, I consider the incentives of firm ¢ to unilaterally share its technology. Given
secrecy by competitor j, sharing technology #; yields the expected equilibrium profit
117 (05 {0}, ©) = 2P (0:; {0}, ©)% + (1 — )x%*(0;; {0}, ©)? for firm 4. If firm i deviates
unilaterally by keeping technology 6; secret, it earns the expected profit: I155(6;; {6}, ©)
25%(0;; {0}, ©)%. The firm has no deviation incentive if [1°(6;; {0}, ©) > 115%(6;; {0}, ©)

holds for all §;,. The condition can be written as follows:
v (27 (05{0},0)% — 27 (05;{0},©)*] + (1 — ) [27°(0:; {0}, ©)® — 27°(6:;{6},0)*] >0

2



& o [0 {7).0) + a0 7). 0)
(0= ) [0 (7),0) + 0705 8). 0)] 2 0

The condition holds if 1;(6;,{0}) > 0 for all §;, which is the case if condition (Co)
holds.

Second, I consider the incentives of firm j to keep its technology secret, given
firm i shares all technologies. The firm expects to earn the profit II}"(0;;0) =
YE{xF (05,05 0)*} + (1 —v)Ei{23°(6;,0;;©)%} from keeping the technology 6; secret,
whereas it earns IT?(0;) = yE {27 (0;,0:)*} 4+ (1 — ) E{x5°(0;,0;)*} from sharing its
technology. Firm j adopts full secrecy if IT3"(6;; ©) > I8 (6;) for all 0;, which yields:

VE{x (05,05 0)% — 27(0;,0,)°} + (1 — ) E{x3°(0;, 035 ©)* — x5°(6;,0;)*} > 0
= ’}/EZ { [Zl‘jp 9]‘, QZ, @) — pp(é’j, 8):| [ZL’S-p(ej, 6“ @) + l’?p(gj, 91)} }
+ (1= ) B {[22°00,,050) — 220, 0)] [22°(6;, 015 ©) + 22°(0,,0)] } > 0.

The left hand side of the inequality is continuous (linear) in 7. If v = 1, then the
inequality does not hold for any 0; < E{6,}, because:

62
2(4 - %)
If v = 0, then the inequality holds for all 6}, because x3°(0;,0;;0) > 13°(0;,0;) by
equation (A.2). If 0 < v < 1, then the inequality holds for all §; > E{f;}. Conversely,
for all 0; < E{0;}, E;{[x"(0;,0:;;0) —2%7(0;,0;)] [27(0;,0:;0) + 217(0;,0;)] } < 0
and it is finite, whereas F; {[ (6;,60;;0) — QO(Qj,Hz)] [ SO(GJ,HZ,@) + 29 9J,9 ]} >
0 and it is finite. Hence, there exists a critical probability ~§, with 0 < 4§ < 1, such
that TI;"(0;; ©) > TI%(0;) for all 0; if 0 < v < AL

z7(05,0:;©) — 277(0;,0;) = [0; — E{0;}].

Finally, define v, = min{~2,~5}. This completes the proof. [J

Proof of Proposition 12

Assume that both firms have skeptical beliefs about their competitor’s technology if
it is kept secret, i.e., S; = {f} for i = 1,2. For i,j = 1,2 with i # j, if firm j shares

all technologies, firm i’s expected profit from sharing technology 6, is as follows:
IL7(0:;) = vEi{xf(0:,0;)%} + (1 — ) Ep{27°(6:,0;)*}

3



The expected profit from unilateral deviation by keeping the technology secret is as

follows:
I (0::{0}) = vE{« (05,05 {01)*} + (1 — N Ej{w{(0:, 055 {0})*}.
In equilibrium, both firms share all technologies if ITI”(6;) — I1;7(6;; {6}) > 0 for all 6,
and 7 = 1, 2. The inequality can be written as follows:
VEA(0:,05)* — (03,055 {01)%} + (1 — ) Ei{af*(6:,0,)° — 23°(6:, 055 {6})*} > 0
YEA[#7(0:,0;) — 277(0:,05:{0})] [277(0:,0,) + 277 (0:,05:{03)] }
+ (1= y)E{[x°(6;,0;) — x°(6;,0,; {0})] [2°(6:,0;) + 3°(0;, 055 {0})] } > 0,

where for all 0;,0; € ©, the equilibrium output differences are

w7(0:,05) = 27(0,05:40)) = S 5'2 >0, and (B.4)
- 0; — min{6;, 0
(00~ 005 ) = —pUpnst <o @

These inequalities imply that the expected equilibrium profit difference ITI¥*(6;) —
I17(05;{0}) is increasing in v for all 6;. If v = 1, then TI??(0;) — II}?(0;; {0}) > 0
for all §; € ©. Although the term E;{z2°(6;,0;)* — x5°(6;,0;;{0})?} is increasing
in 0;, the term E;{2%7(6;,0;)% — x3%(0;,0,;{0})?} is decreasing in 6;. As the partial
derivative of E;{x%°(0;,0;)% — x5°(0;,0;; {0})?} with respect to 6; is finite, there exists
a critical value 0 < v, < 1 such that II??(6;) — II}?(0;; {0}) is decreasing in 6; for all
v, <~ < 1. Finally, II??(9) — II*(9; {0} ) = 0 for all probabilities ~, because equations
(B.4) and (B.5) yield #1*(0,0;)—x7(0,0,; {0}) = 22°(0,0;)—x:°(0,0;; {0}) = 0. Hence,
I177(0) — T (0; {0}) > 0 for all v; <y < 1. This completes the proof. [J

C Model with Discrete Types

Consider the model with three discrete types, i.e., 6; € {6', 6% 6°} with #* > 0 and
0F —0" ' = A >0 for k = 2,3 and i = 1,2. I define the probability pi* = Pr[f; = 0™],
where pI™ > 0 and p}! + p? +p? =1 for m € {1,2,3} and 7 = 1,2. This is the simplest
setting in which all the equilibria of the model with a continuum of types can emerge.

In this model the expected effect from expropriation of technology #; = 0™ equals:

E (0; — min{0™,6,}) = ) _ Pr(0; = 6"] (6" — ™)



for m € {1,2,3} and j = 1, 2. Consequently, the function v,(0; x), as defined in (4.4),

for 0 = 0™ can be written as follows:

§ (BE{0;]6; € S} —0™) = > pi (k—m) A, (C.1)

k=m

VO™ S) =

with m € {1,2,3} and i,j = 1,2 (with ¢ # j). Notice that firm i with the worst
technology does never strictly prefer to share its technology, i.e., zbf(@g;Si) < 0 for
any S;. Therefore, I restrict attention to the more efficient technologies #' and 6>
when I derive conditions for the existence of equilibria.

In particular, I illustrate the equilibrium conditions by looking into two specific
cases. First, I consider the symmetric model with ez ante identical firms (i.e., p/* = p™
for all ¢ and m). Second, I characterize the equilibria in the case where one of the

firms has a uniform technology distribution (e.g., py* = 3 for all m).

Share nothing: For S; = {#*,6% 6°}, the expected cost of firm i can be written as
E(0;) = plo* + (1 — p} — p2)0* + p36°® = 0> + (p? — p})A. Firms have no incentive to
share their technologies, iff ¢§(8™; {6*,6%,6°}) < 0 for m = 1,2 and all i, which gives:

s =~
5[2—m+p§’—pﬂA < kzg p; (k—m)A form =1,2
& é(l— i+ pf) <min{1l-— A (C.2)
9 P TDi) > Pj»2 p; .

for 7,7 = 1,2 and i # j. As before, if the firms’ technology distributions do not differ
dramatically, then there is an equilibrium in which both firms keep their technologies
secret.

First, in the case where firms are identical (i.e., p/* = p™ for all ¢ and all m), an
equilibrium in which both firms share nothing always exists, since condition (C.2) is
always satisfied in this case. Figure 5(a) illustrates the set of feasible parameter values
for identical firms. For the entire set of parameters (i.e., pt,p? > 0 and p! + p* < 1)
there exists an equilibrium in which both firms conceal all technologies.

Second, I consider the case in which firm j’s technology distribution is uniform
(ie., pI' = % for all m), and firms produce a homogeneous good (8 = 1). In this
case, a firm can have an incentive to deviate unilaterally from full concealment if firm
i’s technology distribution is sufficiently skewed. In particular, if firm ¢’s technology
distribution is sufficiently skewed towards the worst technology, then firm ¢ has an

incentive to share the intermediate technology, #; = 6%, given beliefs consistent with

5
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Figure 5: Technology sharing with discrete distribution

full concealment. By sharing the intermediate technology, firm ¢ signals that it will
be much tougher than expected, and create only a small reduction of the competitor’s
expected cost. Overall, technology sharing makes the expected competitor less “ag-
gressive”, which makes it profitable. Area (a) in Figure 5(b) contains all parameter
values for which firm ¢ has an incentive to deviate (i.e., p¥ > 2 +p}). Alternatively, if
firm ¢’s distribution is skewed towards the most efficient technology, then firm j has
an incentive to unilaterally share the most efficient technology 0; = 6*, given prior
beliefs. Here expropriation by firm ¢ is only a minor concern, whereas signaling has
a substantial effect on the beliefs of firm 7. For p! > % + p2, which is illustrated as
area (f) in Figure 5(b), firm j has an incentive to deviate unilaterally. In other words,
in the areas (b)-(e) of Figure 5(b) both firms conceal all technologies in equilibrium,

when firm j has a uniform technology distribution.

Share all technologies: For S; = {#*}, firm 7 has an incentive to share all its
technologies, iff ¥¢(6™; {6*}) > 0 for m = 1,2, which reduces to:

3
g(?)—m)A > Zp?(k—m)Aformzl,Q
k=m
& pjl.Zl—ﬁ—l—p;’ (C.3)

This is the discrete version of condition (Cp). As before, firm ¢ shares all technologies
in equilibrium only if the technology distribution of firm j is skewed towards efficient
technologies. The expropriation effect is sufficiently weak if the average technology of

your competitor is efficient.



First, if firms are identical and goods are homogenous, then Figure 5(a) illustrates
the parameter values of condition (C.3) by area A (i.e., p! > p?). In area A there exist
two equilibria with full technology sharing: one in which firm 1 shares all while firm
2 conceals all, and another in which the reverse holds. Second, if firm j’s technology
distribution is uniform and goods are homogeneous, then condition (C.3) is binding,.
Hence, for all parameter values in Figure 5(b) there exists an equilibrium in which
firm 4 shares all technologies. Furthermore, for p! > p?, i.e., in the areas (d)-(f) of
Figure 5(b), there exists an equilibrium in which firm j shares all technologies, while

firm ¢ keeps all technologies secret.

Share only the best technology: For S; = {6* 6}, firm i’s expected cost is
E{0;6; # 0'} = %92 + %93 = 0 + 1fi1A. Firm 4 has an incentive to

share technology 0; = #' and conceal technology 0; = 62, iff ¥{(0'; {6% 6°}) > 0
and ¥¢(6%; {6%,0°}) < 0, which can written as:

5 1+ i A > ipk?(k—l)Aandé- i A < p3A
2 1 —p; ! 1—=p

B g
R (1—5_; L D

The inequalities imply that pjl- >1- g must hold, i.e., the distribution of firm j
should be skewed towards efficient technologies. The necessary condition p} >1-— g
in combination with feasibility condition p? < 1 — p} gives (C.3) as Proposition 1 (a)
shows for a continuous type space.

First, in the symmetric model the condition (C.4) is binding. That is, p' =1 — g,
which is illustrated in area B of Figure 5(a) for homogeneous goods. If p' would be
greater than 1 — g, then a firm would have an incentive to deviate by sharing the
intermediate technology, since the expropriation effect would become weaker. For p!
smaller than 1 — g, there would be no incentive to share the best technology, since
expropriation becomes more likely. This knife-edge case only emerges in the discrete
model, as Proposition 1 (b) shows.

Second, if firm j has a uniform technology distribution, then there is no equilibrium
in which firm ¢ shares only the best technology, since (C.4) cannot hold for pjl. = p? =

L However, there may exist an equilibrium in which firm j shares only the best

3
technology. In particular, for p; > 1 — %6 +p3>1- g

For § = 1, this inequality corresponds to area (e) in Figure 5(b). For the best

, such an equilibrium exists.

technology of firm j, the signaling effect is substantial, while expropriation is limited,

7



since it is likely that firm ¢ has the best technology already. A change from the best
technology to the intermediate technology, weakens the signaling effect at a faster rate

than the expropriation effect, since p? is low.

Share only intermediate technology: For S; = {#', 6%}, firm 4’s expected cost is

27 P} 1 p? 3 _ p2 P?*p} A : . : .
E{0;10; # 0°} = —=0" + +—=0° = 0 + 5—=%A. Firm 7 has an incentive to share
D; +Dp; p; +Dp; p; +Dp;

only technology 0; = 62, iff 1/%(0"; {6*,6°}) < 0 and ¥%(6%;{#*,6°}) > 0, which gives:

1

3 _pl 3 —p;
é(l—kpl pl)A < (1—pj1-—|—p§?)Aand6 bi p’AZp?A

2 pl+ p} = 2 pl+p?
3 1
3 B b; —D; B 1 3

Notice that this inequality can only hold if p} <1- g Hence, if firms are not in
the knife-edge case p; = 1 — g, the comparison of (C.5) and (C.4) gives the following,.
Whenever there exists an equilibrium in which firm ¢ shares only the intermediate
technology, there cannot exist equilibria in which firm ¢ shares only the best technol-
ogy.

First, if the firms are identical and they produce a homogeneous good, then the
following situation emerges. A firm has no incentive to share the best technology, 6.
An individual firm has an incentive to share only the intermediate technology, 6%, for
parameters in area I of Figure 5(a), i.e., p' < p* < 3 < p?. For these parameter values,
the signaling effect from sharing technology 6; = 6 is strong (since E{0;|0; # 0*} ~
93), while the expropriation effect is weak, since it is very likely that the competitor
already has the intermediate technology (p* > 1).

Second, if firm j’s technology is uniformly distributed and goods are homogeneous,
then firm 7 has an incentive to only share the intermediate technology in equilibrium
for technology distributions that are skewed towards the worst technology (i.e., p! <
5p3). In Figure 5(b) these parameter values correspond to areas (a)-(b). As before,
there is no incentive to share the best technology. For the intermediate technology,
the skewness of firm ¢’s distribution gives a strong signaling effect and the symmetry

of firm j’s distribution gives a relatively weak expropriation effect.

The analysis above characterizes the necessary and sufficient conditions for the ex-
istence of equilibria in pure-strategies in the model with a simple, discrete technology
space. In this example, there may also exist equilibria in mixed strategies. However,
it goes beyond the scope of the paper to characterize the conditions under which they

could exist.
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