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Abstract

The purpose of this study is to examine the strategic interactions between two
innovating firms that aim at maximising their profits. Of the two firms, one is
endowed with a process invention and has to decide whether to file for a patent
or rely on secrecy, and the other is a competing firm that can enter the market
through technology transfer or imitation. The model considers that imitation is
uncertain, costly, and takes time to materialize, as well as that trade secrets can
accidentally leak to the public according to a Poisson process. The analysis sug-
gests that patenting might be more or less preferable than secrecy, depending on
the efficiency of the imitation technology and the strength of intellectual property
protection. We also show that if the technological efficiency to imitate a patented
invention and imitate a secret are sufficiently low, then a technology transfer would
always occur, regardless of the protection choice of the inventor. Conversely, highly
efficient imitation technologies lead to imitation instead of licensing. Acknowledging
that, a trade secret might accidentally leak to the public and thus lose its economic
value, thereby rendering secrecy less preferable to patenting. Additionally, the risk
of leakage might also lead to more imitation than licensing. Finally, considering
that the probability of leakage might increase with the number of firms practising
a secret, the study expects an increase in the attractiveness of the patent system.
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1 Introduction

This study aims to examine the licensing behaviour of an innovating firm that has
developed a technology and should decide the type of intellectual property protection
upon which it can rely. We focus on the most common means of protection, enforceable
in a court of law, namely patenting and secrecy. The economic literature suggests that, in
some technology areas, patents provide better protection than secrets, while, in the other
areas, firms favour secrecy over patents to protect their inventions. However, firms use a
combination of patent rights and trade secrets (Cohen et al., 2000; Arundel, 2001; Kultti
et al., 2007; Hall et al., 2014). Intellectual property or intangible assets, particularly,
patents and trade secrets, have become increasingly crucial to businesses and the market
economy over the last decade. Ocean Tomo, a firm providing an industry leading array
of financial products and services related to intangible assets, estimates that intangibles
have emerged as the leading asset class, growing from around 17 per cent of the entire
market value of the S&P 500 in 1975 to approximately 87 per cent in 2015.1 This increased
importance of intangible assets and the evolution of business environment during the past
decade have, in turn, led to the significant growth of licensing activities by firms, which are
aiming to gain a comparative advantage and maximise their profits (Baldi and Trigeorgis,
2014). Prior literature on intellectual property rights (IPRs) has enriched our knowledge
on optimal patent design and the choice of intellectual property protection, optimal level
of protection and investment in research and development (R&D), patent licensing, and
technology transfer; this literature has also explored the effects of IPRs on the incentive
to innovate and welfare (Kamien and Tauman, 1984, 1986; Katz and Shapiro, 1985, 1986,
1987; Kamien et al., 1988; Kamien, 1992; Kamien et al., 1992; Gallini and Scotchmer,
2002; Lemley and Shapiro, 2005, 2007, 2013). In this study, we focus on how imitation
and the type of intellectual property protection affect technology transfer. This is an
important question with a broad impact, also comprising the common appropriability
problem discussed widely in the economics of innovation literature.2

On the one hand, patenting a process invention enables the public to freely observe
and study the protected technology during the patent term without wasting time and
effort to rediscover it. Additionally, the patent act permits the public, and, particularly,
competitors, to freely use the protected technology after expiration. Furthermore, patent
rights are imperfect means of protection, in that others can invent around patented in-
novative efforts. Prior empirical literature focused on the imperfections of intellectual

1For more information regarding the growth of intangible assets, see www.oceantomo.com.
2The appropriability problem arises when firms investing in innovation have difficulty securing returns

on that investment due to imitation by competing firms.
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property protection for successful process inventions, has found that technological ad-
vances are typically imitated with a probability of 34 per cent within the first year after
its introduction (Levin et al., 1987) and with a probability of almost 60 per cent within
the fourth year (Mansfield et al., 1981). On the other hand, a trade secret derives its
economic value from not being publicly available. A trade secret is attractive and valu-
able because it prevents information disclosure and has an indefinite economic life in the
absence of an accidental disclosure and independent rediscovery. However, a trade secret
typically changes hands among various locations and employees, thereby giving rise to a
positive probability of the public disclosure of the secret (Epstein, 2003). This might lead
to a loss of the secret’s status and its commercial value. Other causes that might diminish
the value of a trade secret are weak enforcement of property rights and misappropriation
or theft.3 Cohen et al. (2000) surveyed research laboratories in the US manufacturing
sector and found that patenting is the least used protection type of intellectual property.
Moreover, Arundel (2001) studied innovative manufacturing firms in the US and showed
that secrecy is potentially a more effective means of appropriation than patents. Arora
and Ceccagnoli (2006) and Arora et al. (2008) found that licensing through trade secrets
occurs less often than licensing through patent rights. Hall et al. (2014) conducted a
survey of the economic literature on intellectual property protection and showed that
only ten per cent of a sample of innovating firms in the UK rate patent protection as
important, around fifteen per cent rate secrecy as important, and more than half of them
do not use intellectual property protection.

Previous literature related to licensing of IPRs has widely explored the positive effects
of licensing on technology transfer, investment in the subsequent innovation, prevention
of socially wasteful investment in R&D, and support for large-scale commercialization.
However, licensing of IPRs can also lead to collusion between competing firms, less market
competition, less investment in innovation, and hold-up problems on cumulative innova-
tion in certain markets such as telecommunications (Bogers et al., 2012). The aforemen-
tioned factors have led policy-makers, practitioners, and scholars to take a strong interest
in developing, monitoring, and studying the licensing conduct of innovating firms. Ev-
idently, licensing of IPRs is a very broad topic, and hence, in this study, we focus on
technology transfer through patent rights and trade secrets. This is achieved by compar-
ing the profit of a firm that has a new patented technology with that of the profits earned
when the same technology is protected by secrecy. The protection of IPRs is imperfect,

3One example of trade secret theft is the illegal transfer of Ford Motor Company’s documents, which
contained trade secrets about design specifications of engines and electric power supply systems, from an
ex-Ford project engineer to China, particularly to Ford’s rival Foxconn PCE Industry (Almeling, 2012).
Additionally, Almeling (2012) argued that countries such as China, Pakistan, and Russia have weak
enforcement of trade secrets.
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and thus imitation can occur, irrespective of the type of intellectual property protection.
Generally, the patent system can be seen as both complementary and a substitute to
secrecy (Denicolo and Franzoni, 2008). However, in this study, we consider patenting to
be a mutually exclusive alternative to secrecy.4 We assume that imitation does not lead
to potential infringement of patent rights or misappropriation of trade secrecy and that
property rights of the new technology cannot be invalidated in a court of law. Addition-
ally, imitation is uncertain, costly, and takes time to materialize. Moreover, the patent
term is set to be finite, whereas the length of secrecy protection is meant to be indefinite.
However, we assume that secrets can be leaked to the public, as revealed through a Pois-
son process. Finally, we consider that the ease and time to imitate are dependent on the
type of protection employed by the inventor. This framework allows a non-trivial analysis
of firms’ strategic interactions and their implications for the diffusion of technology.

Consider the following two-stage game. In the first stage, Firm 1 has developed a
technology and should decide whether to patent it or keep it a secret. In the second
stage, after the type of intellectual property protection has been chosen, Firm 1 and a
single potential entrant, Firm 2, should decide whether to enter a licensing agreement
regarding the use of the new technology. When the new technology is patented, we assume
that Firm 1 has full negotiation power regarding the transfer of the technology rights.
Conversely, when the new technology is protected by means of secrecy, we assume that
Firm 2 has the complete advantage in the bargaining process. Using Nash bargaining, we
also extend the baseline model to allow for all possible combinations of firms’ bargaining
shares. If technology transfer does not occur, Firm 2 can opt for imitation, regardless of
the type of proprietary protection adopted in the first stage of the game. The probability
of successful imitation is chosen by Firm 2, which like Firm 1 aims at maximising its
expected profit. Evidently, the profit of each firm does not depend only on its individual
decisions but also on the actions of the other firm, and thus the equilibrium of the game
is determined from the strategic interactions between the two competing firms.

The main findings of the paper are as follows. First, the analysis suggests that the
equilibrium protection choice depends on the efficiency of the imitation technology and
the strength of intellectual property protection. Furthermore, patent protection might
be more or less preferable to secrecy depending on whether certain conditions are satis-
fied. Second, a technology transfer always occurs if the efficiency to imitate a patented
technology and to imitate a secret are sufficiently low. Conversely, if both the imita-
tion technologies are highly efficient, then the imitation would dominate. Third, we

4In order for confidential information to be considered a trade secret, it must comply with certain
conditions and general standards, which are specified in the Agreement on Trade-Related Aspects of
Intellectual Property Rights (TRIPS Agreement).
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demonstrate that the risk of accidental leakage lessens the attractiveness of trade secret
protection, whereas it might encourage imitation. Fourth, the incentives to patent are
fostered based on considering a probability of leakage that depends on the number of
firms practising a trade secret.

Section 2 reviews the literature that focuses on the effects of patenting and secrecy
on the investment in R&D and the licensing behaviour of innovating firms. Sections 3
presents the model and focuses on technology transfer through patenting and secrecy,
whereas Section 4 determines the equilibrium outcomes of the game and discusses the
main economic implications of the analysis. Section 5 extends the analysis, relaxing some
limitations of the basic model. Section 6 presents reflections and conclusions.

2 Literature Review

This section reviews the literature on innovation and intellectual property that empha-
sised the imperfect protection and weak enforcement of IPRs, and thus partially addresses
the problem of imperfect appropriability. Particularly, the review focuses on the theoret-
ical research that concerns technology transfer and imitation of technological inventions.
Additionally, it discusses selected empirical literature that addresses the decision of firms
about the type of intellectual property protection upon which it can rely.

2.1 Theoretical Literature

Most of the early theoretical literature in this area focuses on the factors that de-
termine the optimal licensing behaviour of innovating firms and, in turn, the effects of
licensing on the diffusion of technology, incentives to innovate, investment in imitation,
and social welfare.5 For example, Friedman et al. (1991) studied the loss of secrecy by
accidental leakage and rediscovery considering the lack of protection that characterises
the trade secret law. The authors suggest that relying on secrecy might reflect the fact
that patenting is unified instead of technology-specific, and thus secrecy might be more
beneficial in terms of economic reward and protection time. Likewise, we show that the
strength of intellectual property protection affects the strategic conduct of innovating
firms and the type of inventions licensed in equilibrium. Gallini (1992) also studied the
protection choices of firms by incorporating in the analysis optimal patent design and

5For prominent early research on patent races and patent licensing, refer to Gilbert and Newbery
(1982), Reinganum (1983), Rostoker (1983), Gallini (1984), and Scotchmer (1991); additionally, refer to
the references cited in these studies.
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costly endogenous imitation. The author found that short-term patents are socially opti-
mal when the patent length is the only available policy instrument, while broad patents
with an adjusted patent length become optimal with an option to choose the patent
breadth (scope). Gallini (1992)’s analysis contributes to a better understanding of op-
timal patent policy. Following Gallini (1992), we consider imitation to be endogenously
determined and perfect.6 Takalo (1998) extended Gallini (1992)’s model by accounting
for the spillover of R&D that arises due to a rational imitation by a competitor. His anal-
ysis confirms Gallini (1992)’s social optimality of short patents; however, Takalo (1998)’s
study found that broad patents are not always optimal when imitation is costly, especially
when associated with large spillovers. In an effort to study optimal licensing when an
inventor has protection choices, we assume that both innovation and imitation determine
the diffusion of new technology, similar to the consideration in Takalo (1998).

Maurer and Scotchmer (2002) suggested that licensing can serve as a managerial tool
to deter duplication (perfect imitation) even when independent invention serves as a
defence against infringement. The authors found that the threat of duplication by an
unlimited number of entrants induces the diffusion of new technology because it lowers
licensing fees and reduces entry to patent races, which, in turn, mitigates wasteful, du-
plicative effort. Additionally, they found that a new entry does not undermine investment
in innovation when rediscovery does not lead to infringement and is not less than half
the cost of invention. Ottoz and Cugno (2004) extended Maurer and Scotchmer (2002)’s
analysis to consider the case of a single potential entry in the face of legal restriction
on licensing contracts, that is, no negative fixed licensing fees. Building on the earlier
literature described above, Anton and Yao (2004) examined the problem of how much
knowledge should an innovating firm disclose, and how much it should conceal. The au-
thors assumed Cournot competition characterised by asymmetric information about the
extent of innovation and limited protection of property rights from imitation. Their anal-
ysis suggests that, in equilibrium, small inventions are patented free of imitation threat,
larger inventions are protected through both patents and secrets in the face of imitation,
and large inventions are protected by trade secrecy. The main reflection that comes from
these findings is that when property rights are weak, technological information about
smaller inventions is typically disclosed, whereas information about larger inventions is
mostly concealed. Although we do not consider innovation size and a specific industry
structure in our study, these assumptions can be suitable extensions of our basic model.

Denicolo and Franzoni (2003), while also studying imitation and market size of inno-
vation, explored the contract theory of patents assuming that patenting is a substitute

6Gallini (1992) extended the analysis to additionally consider imperfect imitation.
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to secrecy. Their analysis suggests that secrecy is typically the least socially prefer-
able choice. Additionally, they found that an inventor’s defence against infringement
strengthens incentives to innovate, but lessens patenting and social welfare. In a com-
panion paper, Denicolo and Franzoni (2004) studied how changes in the scope of patent
rights granted to the first and second inventors affect the first inventor’s propensity to
patent and incentives to innovate. The authors assumed a game of complete information
in which patent protection is perfect, but secrecy does not prevent imitation and leakage.
Additionally, they compared the main policy options about the first and second inven-
tors’ patent rights.7 Their economic analysis shows that the introduction of prior-user
rights stimulates investment in innovation, reduces first inventor’s propensity to patent,
and produces an uncertain effect on social welfare, which depends on whether or not
the patent term is set optimally.8 Our economic analysis follows Denicolo and Franzoni
(2003, 2004) in that we also compare patents versus secrets incorporating imperfect in-
tellectual property protection and assuming that the ease to imitate depends on the type
of protection adopted by the first inventor.

Kultti et al. (2006) compared the choice of an inventor between patenting and secrecy
when innovation is simultaneous, that is, a patent race. Their analysis suggests that the
first inventor typically patents to prevent others from patenting even when secrecy offers
better protection. Particularly, the first inventor’s propensity to patent increases with the
likelihood of the second inventor to successfully innovate. Their study also contributes
to the debate described above about whether introducing prior-user rights is socially
beneficial. In Kultti et al. (2007), the authors extended their previous work to a more
comprehensive model that included a continuum of inventors and inventions. They found
similar results, thereby suggesting that an effective patent system is more important for
disclosing information than for rewarding innovative effort. They show that firms engage
in costly patenting to prevent others from patenting the same invention; in this case, the
first inventor risks both infringement and return appropriation. Being the first inventor
is not always a defence against infringement. Unlike the study by Kultti et al. (2007),
which considered patents and trade secrets to be mutually exclusive protection choices,
Ottoz and Cugno (2011) developed a model where both patents and secrets can be used
to protect different aspects of the same invention (see, also, Garvey and Baluch, 2007).
Particularly, they assume that only the component of the technology that relies on secrecy
can be duplicated with a success probability; this probability depends on the duplication
effort and scope of the trade secret law, that is, the level of concealed information that

7In Europe, being the first inventor is a defence against infringement, whereas, in the United States,
second inventors can exclude first inventors from the invention.

8For a cost benefit analysis of prior-user rights, refer to Shapiro (2006).
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is spilled out. The authors determined conditions wherein secrecy can enable the society
to save on wasteful imitation expenditure, and thereby become socially beneficial; this
analysis was supported by prior empirical evidence, such as Cohen et al. (2000) and
Arundel (2001), but opposed by Denicolo and Franzoni (2004) and several other studies.
Yeh (2016) provided a more recent overview of the purpose, enforcement, limitation, and
misappropriation of the trade secret law.9

2.2 Empirical Literature

The available empirical evidence about the means of appropriating returns from in-
vestment in R&D shows that firms rely more on secrecy and lead time than on the patent
system (Levin et al., 1987; Cohen et al., 2000; Arundel, 2001; Anton and Yao, 2004; Hall
et al., 2014). Most of this evidence is based on surveys that focus on firms’ choice of intel-
lectual property protection in the face of imitation. These survey-based studies also show
that patent effectiveness varies significantly across industries and judicial systems. In
this study, we examine how the legal regime, ease to imitate, and strength of intellectual
property protection affect firms’ strategic behaviour and technology transfer.

Horstmann et al. (1985) developed a model of patenting behaviour in which the disclo-
sure of technical information might lead to imitation. The authors aimed to explain the
decision of firms to patent only a proportion of their intellectual property.10 They found
that patent disclosing makes imitation easier, which reduces firms’ propensity to patent
and, in turn, increases firms’ reliance on trade secrecy. In this study, we also consider the
signalling effect of the patent act by assuming that the efficiency of the imitation tech-
nology is dependent on the protection choice of the inventor. Levin et al. (1987) analysed
firms’ protection choices in different industries in an effort to study the effectiveness of
available protection mechanisms in appropriating returns from investment in R&D. The
authors found that, on an average, patent protection is not the most important protection
choice, except in a few industries such as pharmaceuticals and chemicals.

Cohen et al. (2000) conducted another influential and a relatively recent study in
this area. The authors used the Carnegie Mellon Survey (CMS) on Industrial R&D in
the US manufacturing sector in 1994 and found that firms typically employ a variety of
mechanisms to protect their inventions; additionally, they found that although patent
protection is among the main protection mechanisms in numerous industries, it is not the

9For other relatively recent theoretical contributions on IPRs, refer to Denicolo and Zanchettin (2002),
Denicolo (2007), Bessen and Maskin (2009), and Hall et al. (2014).

10For initial empirical studies on firms’ propensity to patent, refer to Scherer (1967, 1983) and Pakes
(1985, 1986).
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most important mechanism. Particularly, they suggest that firms benefit from patenting
in ways other than the protection of property rights. For instance, patent rights can be
used to prevent new entry, block competitors, mitigate infringement risk, and increase
bargaining power in technology transfer. One of the objectives of our study is to determine
the optimal licensing behaviour or the strategic use of IPRs by first inventors. Arundel
(2001), using data from the European Community Innovation Survey (CIS) on R&D-
performing firms in 1993, studied which protection choice between patent rights and
trade secrecy is more effective as an appropriation mechanism. His analysis suggests
that secrecy prevails as an effective appropriation method for both process and product
inventions, which confirms Cohen et al. (2000). Another interesting result of Arundel
(2001) is the relevance of firm size on the effectiveness of intellectual property protection
choice. The author found that the value of secrecy increases with firm size; however, the
relative value of secrecy, when compared to patents, declines with firm size. Although we
do not take into account firm size in our study, extending the analysis to the case with
small and big types of firms might lead to useful insights about current problems with
the patent act and trade secret law. Hussinger (2006) examined the influence of patents
and secrecy on a firm’s profits as indexed by sale figures. She pointed out that firms
tend to apply for both protection mechanisms; however, there are prominent industry
preferences for the use of one mode over the other. Moreover, other industry-related
features and employed innovation strategies have a limited impact on the propensity to
file for a patent or opt for secrecy. Conversely, firm size, but not R&D intensity, has a
strong positive impact on patent desirability.11

Layne-Farrar (2014) argued that, generally, patents that are a part of standards are
more valuable than patents that are not included in standards. In turn, Layne-Farrar
(2016) reviewed the literature on fair, reasonable, and non-discriminatory (FRAND) li-
censing and indirectly implied the strong impact of IPR protection on firms’ competitive
advantage. The trade-off among available intellectual property protection choices has
been a challenging area in theoretical and empirical economics. Particularly, economists
have sought to measure the value of patents and licences, and although much progress
has been achieved, a conclusive answer remains to be seen. There are various ways and
approaches proposed in the literature to examine product and process inventions that
involve a sizeable investment in R&D.12

11For additional information about patents, refer to Hall (2007); this study surveyed the theoretical
and empirical literature on the effectiveness of patent protection and its incentives to spur innovation.
However, for a thorough review of the theory of trade secrets, refer to Dreyfuss and Strandburg (2011)
and the literature cited therein.

12The following literature serve as useful studies related to intellectual property protection. Schwartz
(2004) addressed the question of patent valuation by implementing a simulation approach based on real
options. Bulut and Moschini (2006) studied the strategic interaction between innovative firms that have
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3 The Model

Let Firm i for i = {1, 2} denote the firms in a single market of a standard good. Assume
that Firm 1, which invested in innovation in the past, has developed a technology for the
production of a certain product. Let the initial investment of Firm 1 in R&D be a sunk
cost, and thus be irrelevant for decision-making purposes. Additionally, consider that a
single potential rival, Firm 2, can enter the market through licensing or imitation.

In the first stage of the game, Firm 1 should choose the type of intellectual property
protection upon which it can rely. Particularly, Firm 1 should decide whether to patent
(Patent) the technology or rely on trade secrecy (Secret) to protect the technology. In
the second stage, the two competing firms should decide whether to enter into a licensing
agreement on the rights to use the technology. By licensing (License), Firm 1 transfers
the technology to Firm 2 in return for a fixed licence fee and the firms compete in
quantities, according to Cournot competition, which yields a symmetric duopoly payoff
πd for each firm (Cournot and Fisher, 1929). Let the fixed licensing fee of a patented
technology be FP , and that of a trade secret be FS.

Alternatively, Firm 2 can try to imitate the proprietary technology (Imitate). We
assume that patent rights and trade secrecy are imperfect means of protection; however,
the ease and time involved in imitating differ under each protection choice. This, in turn,
implies that the expected profits in equilibrium are dependent on the type of protection
that is adopted in the first stage of the game. If imitation is successful, then the firms
will engage again in a Cournot competition. Additionally, each firm would earn πd;
otherwise, Firm 1 will earn the monopoly rent πm where πm > πd, whereas Firm 2 will
earn no profit.13 Each firm aims at maximising its profit, and the game is one of perfect
information. Principally, each firm anticipates the sequence of actions and the optimal
actions of the other firm and includes this information in its decision-making to maximise
its profit. The game with payoffs is summarised in Figure 3.1.14 Let us first describe the
sequence of actions and firms’ payoffs when Firm 1 decides to patent, and subsequently

a protection choice and showed that the availability of multiple protection mechanisms might lead to the
selection of R&D projects that are closer to the socially desirable magnitude of correlation. Bessen and
Maskin (2009) introduced a sequential model of innovation and found that, in a static world, patents
help inventors to cover the R&D costs and encourage innovative activity, but, in a sequential setting, the
importance of patents is undermined. Baldi and Trigeorgis (2014) valued optimal intellectual property
licensing in the light of a real options lens, by focusing in a case study from biotechnology.

13In general, πm > 2πd > 0 (the efficiency effect) should hold to prevent anticompetitive conduct
(collusion) (Gilbert and Newbery, 1982; Aoki and Hu, 2003).

14Figure 3.1 summarises the payoffs of all possible outcomes of the game without discounting, that is,
assuming a discounting rate equal to zero. However, we relax this assumption later in the analysis by
discounting all payoffs at the time zero with a positive rate.
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consider trade secrecy.

(π d + FP  , π d − FP )

Firm	1	

License	 License	

Firm	2	

(π d  , π d )

(π m  , 0) No	Success	 No	Success	

A	

B	

(1-x)	

(π d + FS  , π d − FS )

(π m  , 0)

(π d  , π d )

(1-y)	
Firm	2	

C	

Figure 3.1: The decision tree with payoffs.

3.1 The Decision to Patent

Consider that Firm 1 relies on patent protection (Patent) in the first stage of the game
(decision node A in Figure 3.1). Patenting is accompanied by information disclosure; it
does not prevent imitation. Additionally, upon expiry, which is assumed to be in time
T , the invention becomes freely available to the public. When patent protection expires,
the profits of the technology holders are driven to zero. Once the decision about the
protection choice has been made, Firm 1 should decide whether to transfer the technology
in return for an upfront fixed payment FP , where FP > 0. In fact, technology transfer
is an agreement that must be accepted by both parties (decision node B in Figure 3.1);
technology transfer occurs if each firm is better off accepting the agreement than rejecting
it. Nevertheless, let us assume that Firm 1 has full negotiation power regarding the
transfer of the patent rights to Firm 2. When a licensing agreement occurs (License),
each firm begins production at time 0 and receives a symmetric duopoly payoff πd from
time 0 to time T . Additionally, Firm 2 pays a fixed fee FP to Firm 1 at time 0 in return
for the technology transfer. Let an ordered pair of entries denote the distribution of
payoffs for each outcome of the game, where the first entry corresponds to the payoff of
Firm 1 and the second entry to the payoff of Firm 2. Then, the payoff outcome of this
case, without discounting, is (πd + FP , π

d − FP ).

If technology transfer does not occur, then Firm 2 would opt for a costly imitation
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(Imitate). Let Firm 2 incur an imitation cost CP = 1
2
αPx

2 at time zero, where αP
measures the efficiency of the technology to imitate a patent, and x denotes the probability
of successful imitation. Additionally, let αP be a sufficiently large positive number to
ensure that x ≤ 1 (see, Takalo, 1998). Clearly, Firm 2 successfully imitates the patented
technology with a probability x (Success) and fails to imitate with a probability 1 − x
(No Success). Imitation is not instantaneous; thus, let TP be the length of time required
to imitate the patented technology. Given that the invention becomes freely available to
the public when the patent expires, it implies that imitation is valuable only if it occurs
earlier than the patent expiration, that is, TP < T . If imitation is successful, then each
firm would earn the duopoly payoff πd from the time TP that Firm 2 enters the market
until time T that the patent expires. In this case, the payoff outcome without discounting
will be (πd, πd). If imitation is unsuccessful, then Firm 1 would earn the monopoly rent
πm until time T , whereas Firm 1 will not enter the market, and thus receive nothing. As
a result, the payoff outcome of this event, without discounting, will be (πm, 0).

3.1.1 Patent Licensing in Equilibrium

Let us now consider the case described above, where Firm 1 relies on patent protection
in the first stage of the game, and characterise the equilibrium. All profits are discounted
at a continuously compounded common rate r (r > 0). Additionally, it is helpful to define
the discounted value of a unit flow earned from time t1 to time t2, where t1 < t2:

δt2t1 ≡
∫ t2

t1

e−rtdt =
e−rt1 − e−rt2

r
. (3.1)

The measure δt2t1 is convenient for computational purposes and can also be seen as
a discounted-adjusted intellectual property protection length (see, Aoki and Hu, 2003;
Denicolo and Franzoni, 2003, 2004).

First, consider that Firm 1 patents and offers a licence to transfer the technology.
Clearly, licensing occurs if each firm is better off with the agreement than without it. Let
πLi for i = {1, 2} be the profit of Firm i when the technology is patented, and a licensing
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agreement is established (License). Then, the profits of Firms 1 and 2 are:

πL1 =
∫ T

0
πde−rtdt+ FP ,

= πdδT0 + FP ,

πL2 =
∫ T

0
πde−rtdt− FP ,

= πdδT0 − FP .

(3.2)

Second, consider that technology transfer does not occur. In this case, Firm 2 opts
for imitation incurring a cost equal to CP = 1

2
αPx

2. Imitation occurs with probability
x, which is chosen by Firm 2 that aims at maximising its expected profit. Let πIi for
i = {1, 2} be the profit of Firm i when Firm 2 tries to imitate the patented technology
of Firm 1 (Imitate). Then, the expected profits of Firms 1 and 2 are:

πI1 =
∫ TP

0
πme−rtdt+

[
x
∫ T
TP
πde−rtdt+ (1− x)

∫ T
TP
πme−rtdt

]

= πmδT0 − x(πm − πd)δTTP ,

πI2 = x
∫ T
TP
πde−rtdt− CP

= xπdδTTP −
1

2
αPx

2.

(3.3)

Let us now consider the optimal imitation effort of Firm 2. The optimal probability of
imitation can be determined from the first-order condition of the following maximisation
problem:

max
x

xπdδTTP −
1

2
αPx

2, (3.4)

that gives a probability of imitation in equilibrium equal to 1
αP
πdδTTP .

15

Let the superscript ∗ denote the value of a variable in equilibrium, then the expected
15The optimal imitation effort is more accurately given by the following equation:

x =





1
αP
πdδTTP

for 1
αP
πdδTTP

≤ 1,

1 for 1
αP
πdδTTP

> 1.

However, we have already assumed that the parameter αP is large enough to ensure that x ≤ 1; in this
case, we need to consider only the first line of the above system of equations.
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profits in equilibrium of Firms 1 and 2 are:

πI1(x∗) = πmδT0 −
1

αP
πd(πm − πd)(δTTP )

2
,

πI2(x∗) =
1

2αP
(πdδTTP )

2
.

(3.5)

We can now consider the optimal fee to transfer the technology. It is evident that
a licensing agreement occurs if each firm is better off with a licence than without it.
Particularly, the technology is transferred if (πm − 2πd)δT0 ≤ 1

αP
πd(πm − πd)(δTTP )

2 −
1

2αP
(πdδTTP )

2. We have assumed above that Firm 1 has the full negotiation power when
the new technology is patented, which implies that Firm 1 charges the maximum price to
receive all the benefits from a potential licensing agreement. Essentially, Firm 1 transfers
the technology rights only at a price that makes Firm 2 indifferent between becoming
a licensee and opting for imitation. Precisely, the optimal licensing fee that induces a
technology transfer is:

F ∗P = πdδT0 −
1

2αP
(πdδTTP )

2
. (3.6)

As a result, the profits of Firms 1 and 2 in equilibrium are:

πL1 (F ∗P ) = 2πdδT0 −
1

2αP
(πdδTTP )

2
,

πL2 (F ∗P ) =
1

2αP
(πdδTTP )

2
.

(3.7)

We also establish the following corollary:

Corollary 1 The equilibrium licensing fee given by Equation 3.6 has the following prop-
erties: ∂F ∗P/∂π

d > 0, ∂F ∗P/∂αP > 0, ∂F ∗P/∂T ≥ 0, ∂F ∗P/∂TP > 0, and the sign of
∂F ∗P/∂r is ambiguous.

Proof See Appendix.

Corollary 1 suggests that—everything else being equal—the optimal, technology trans-
fer fee is increasing in the duopoly profit, the efficiency of the imitation technology, the
patent term, and the length of time required to achieve imitation. Additionally, a change
in the discount rate might have an ambiguous impact on the equilibrium licensing fee.

When Firm 2 is indifferent, let us assume that the firms prefer a technology transfer
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more than imitation.16 An extension of the basic model, which follows later, applies
Nash bargaining to determine the licensing fee in equilibrium. Nash bargaining is a
more suitable way to analyse licensing agreements when the negotiation shares of the
counterparties are unspecified.

Let us now consider the optimal licensing fee for different efficiency levels of the imita-
tion technology. Although we have assumed that the efficiency of the imitation technology
(αP ) is sufficiently high, theoretically, when αP tends to zero (αP → 0), imitation be-
comes costless (CP → 0), and thus the optimal imitation effort tends to unity (x∗ → 1),
and, in turn, the licensing fee in equilibrium falls to zero (F ∗P → 0). In other words,
when the efficiency of the imitation technology is sufficiently low, the cost of imitation is
also trivial, which implies that imitation occurs almost with certainty. Thus, both firms
begin production simultaneously. As a result, only a trivial licensing fee makes Firm
2 indifferent between technology transfer and imitation. Conversely, when αP tends to
infinity (αP →∞), the cost of imitation becomes sufficiently large (CP →∞), and thus
the occurrence of successful imitation becomes unlikely (x∗ → 0); consequently, this leads
Firm 1 to charge the maximum possible licensing fee that initiates a technology transfer
(F ∗P → πdδT0 ). Nevertheless, a technology transfer does not occur in this case because the
profit of Firm 1 as a monopolist is higher than its profit as a licensor, that is, πm > 2πd.
This result suggests that both technology transfer and imitation might not occur when
the efficiency of the imitation technology is sufficiently high.

Moving back, let us now consider the condition that provides a technology transfer.
We have already shown that technology transfer occurs if (πm − 2πd)δT0 ≤ 1

αP
πd(πm −

πd)(δTTP )
2 − 1

2αP
(πdδTTP )

2, which can be used to establish the following result:

Theorem 1 A transfer of a patented technology, between Firms 1 and 2, occurs if and
only if αP ≤ α̂P , where the threshold α̂P is defined to be:

α̂P ≡
[

(πm − 3
2
πd)δTTP

(πm − 2πd)δT0

]
πdδTTP . (3.8)

Theorem 1 suggests that the technology transfer depends primarily on the efficiency
of the imitation technology (αP ) and the time to imitate (TP ); it also depends on the
relative magnitudes of the monopoly and duopoly profits, the patent lifetime, and the
discount rate (r). Additionally, we establish the following corollary:

16In another context, there could be many plausible reasons that might lead firms to avoid imitation,
such as the probabilistic nature of imitation, the rapid progress of technology, or a lengthy imitation
time lag.
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Corollary 2 The patent licensing threshold given by Equation 3.8 has the following prop-
erties: ∂α̂P/∂πm < 0, ∂α̂P/∂πd > 0, ∂α̂P/∂T > 0, ∂α̂P/∂TP < 0, and the sign of ∂α̂P/∂r
is ambiguous.

Proof See Appendix.

Corollary 2 suggests that—everything else being equal—increasing the duopoly profit
(πd) or the patent lifetime (T ) encourages a technology transfer, whereas increasing the
monopoly profit (πm) or the time to imitate (TP ) discourages licensing. Finally, it shows
that the effect of a change in the discount rate on technology transfer cannot be, in fact,
determined.

3.2 The Decision to Rely on Secrecy

Consider that Firm 1 keeps the invention secret (Secret) in the first stage of the game
(decision node A in Figure 3.1). A trade secret presumes that reasonable measures have
been taken to maintain the secrecy of the scientifically and commercially valuable informa-
tion by its rightful holder. This information concealment might, in turn, render imitation
more difficult than when valuable information is publicly disclosed. However, it cannot
prevent independent rediscovery or accidental disclosure. Particularly, the protection of
a trade secret can last for an unlimited period of time unless the secret is independently
discovered, legally acquired by others, or unintentionally leaked to the public. When the
information becomes freely available to the public, a trade secret loses its commercial
value, and thus the profits of the technology holders are driven to zero. Nevertheless, let
us for now set the probability that the confidential information might accidentally leak
out equal to zero.

In the second stage of the game, Firm 1 should decide whether to transfer the rights of
the trade secret to Firm 2 in return for a fixed licensing fee FS, where FS > 0. Although we
have already mentioned that technology transfer is an agreement that has to be accepted
by both parties (decision node C in Figure 3.1), let us for now assume that Firm 2 has the
full bargaining power. Firm 1 decides to keep the technology secret because it, clearly,
regards secrecy as better protection choice than patenting. Secrecy is characterised from
the perspective of an indefinite term and the transmission of less valuable information to
Firm 2 when compared to a patent system, which might potentially lessen the incentives
of Firm 2 to imitate. Essentially, we assume that Firm 2 is more inclined to propose a
licensing agreement. If technology transfer occurs (License), then each firm will earn πd

from time 0 to perpetuity, unless the secret is rediscovered by Firm 2. Additionally, Firm
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2 transfers a one-time licensing fee FS to Firm 1 at time 0 to legally use the technology.
In this case, the payoff outcome, without discounting, is (πd + FS, π

d − FS).

However, if technology transfer does not occur, then Firm 2 will opt for imitation and
incur a cost CS = 1

2
αSy

2 at time zero, where αS reflects the efficiency of the technology
to imitate a trade secret, and y can be seen as the likelihood of a successful imitation.
Similar to the patent protection case, αS is assumed to be sufficiently large to ensure
that y ≤ 1. If imitation is successful, which occurs with a probability y (Success), then
each firm would receive πd from time TS to an unlimited period of time. In this case, the
payoff outcome without discounting is (πd, πd). If Firm 2 fails to imitate, which has a
probability 1− y to occur (No Success), then Firm 1 would get the monopoly profit πm

forever, whereas Firm 2 would not earn any profit. The payoff outcome is (πm, 0).

3.2.1 Trade Secret Licensing in Equilibrium

We can now solve the case described above and characterise the equilibrium when the
Firm 1 chooses secrecy as its protection mechanism. Let all profits be discounted at the
continuously compounded common rate r, and vLi be the profit of Firm i for i = {1, 2},
when Firm 1 keeps the technology secret and a licensing agreement occurs (License). In
this case, the profits of Firms 1 and 2 are:

vL1 =
∫∞

0
πde−rtdt+ FS,

= πdδ∞0 + FS,

vL2 =
∫∞

0
πde−rtdt− FS,

= πdδ∞0 − FS,

(3.9)

where δ∞0 is equal to 1
r
. However, in order to be consistent throughout the analysis,

we use the δt2t1 measure, which is defined in Equation 3.1 above.

Next, consider the case when technology transfer does not occur, and thus Firm 2
aims at independent rediscovery or imitation of the new technology. Similar to when the
technology is patent-protected, Firm 2 chooses the optimal imitation effort to maximise
its expected profit. Let vIi for i = {1, 2} be the profit of Firm i when Firm 2 tries to
legally rediscover the concealed invention (Imitate). Then, the expected profits of Firms
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1 and 2 are:

vI1 =
∫ TS

0
πme−rtdt+

[
y
∫∞
TS
πde−rtdt+ (1− y)

∫∞
TS
πme−rtdt

]
,

= πmδ∞0 − y(πm − πd)δ∞TS ,

vI2 = y
∫∞
TS
πde−rtdt− CS,

= yπdδ∞TS −
1

2
αSy

2.

(3.10)

Firm 2 solves the following problem to determine the optimal imitation effort:

max
y

yπdδ∞TS −
1

2
αSy

2, (3.11)

that gives an optimal effort y∗ = 1
αS
πdδ∞TS .

17 As a result, the expected profits in
equilibrium of Firms 1 and 2 are:

vI1(y∗) = πmδ∞0 −
1

αS
πd(πm − πd)(δ∞TS)2,

vI2(y∗) =
1

2αS
(πdδ∞TS)

2
.

(3.12)

We can now determine the optimal licensing fee that provides a technology transfer.
Particularly, a technology transfer occurs if (πm − 2πd)δ∞0 ≤ 1

αS
πd(πm − 2πd)(δ∞TS)2 −

1
2αS

(πdδ∞TS)
2. Firm 2 has the full negotiation power when the technology is protected

by secrecy, which implies that a technology transfer occurs only at a price that makes
Firm 1 indifferent between accepting and rejecting a licensing agreement. Essentially, the
equilibrium licensing fee that provides a technology transfer is:

F ∗S = (πm − πd)δ∞0 −
1

αS
πd(πm − πd)(δ∞TS)2. (3.13)

17The optimal imitation effort, similar to the effort when the technology is patented, can be more
accurately given by the following equation:

y =





1
αS
πdδ∞TS

for 1
αS
πdδ∞TS

≤ 1,

1 for 1
αS
πdδ∞TS

> 1.

However, given the assumption that αS is sufficiently large to ensure that y ≤ 1, we need to consider
only the first line of the above system of equations.
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Consequently, the profits of Firms 1 and 2 in equilibrium are:

vL1 (F ∗S) = πmδ∞0 −
1

αS
πd(πm − πd)(δ∞TS)2,

vL2 (F ∗S) =
1

αS
πd(πm − πd)(δ∞TS)2 − (πm − 2πd)δ∞0 .

(3.14)

At the equilibrium licensing fee, Firm 1 is indifferent between the two available actions;
in this case, we assume licensing to prevail. As already noted, later in the analysis,
we relax the negotiation assumption using Nash bargaining to determine the optimal
licensing fee. From Equation 3.13, we establish the following corollary:

Corollary 3 The equilibrium licensing fee given by Equation 3.12 has the following prop-
erties: ∂F ∗S/∂πm > 0, ∂F ∗S/∂π

d < 0, ∂F ∗S/∂αS > 0, ∂F ∗S/∂TS > 0, and the sign of ∂F ∗S/∂r
is ambiguous.

Proof See Appendix.

Corollary 3 suggests that—everything else being equal— the equilibrium licensing fee
is increasing in the monopoly profit, the efficiency of the imitation technology, and the
time to imitate. It also implies that the effect of a change in the discount rate on the
equilibrium licensing fee cannot be determined; importantly, it shows that the optimal
licensing fee is decreasing in the duopoly profit. One reason for the latter result is that a
higher duopoly profit increases the willingness of Firm 2 to imitate, and thus a technology
transfer occurs if the equilibrium fee that Firm 2 has to pay is sufficiently small.

Finally, consider how the optimal licensing fee changes for different efficiency levels
of the imitation technology. First, suppose that the efficiency is sufficiently low. Sub-
sequently, the cost of imitation becomes sufficiently small, and the success probability
of imitation tends to one. As a result, only a sufficiently small licensing fee triggers a
technology transfer. Second, let αS be sufficiently large. Subsequently, the imitation cost
becomes sufficiently large, and the success probability tends to zero. In this case, the
optimal licensing fee becomes larger than the maximum fee that Firm 2 is willing to pay
to acquire a licence. Consequently, a technology transfer does not occur, and Firm 1
becomes a monopoly.

We have shown above that a technology transfer occurs when (πm−2πd)δ∞0 ≤ 1
αS
πd(πm−

2πd)(δ∞TS)2 − 1
2αS

(πdδ∞TS)
2, which is equivalent to the following result:

Theorem 2 A transfer of a technology protected by secrecy, between Firms 1 and 2,
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occurs if and only if αS ≤ α̂S, where the threshold α̂S is defined to be:

α̂S ≡
[

(πm − 3
2
πd)δ∞TS

(πm − 2πd)δ∞0

]
πdδ∞TS . (3.15)

From Equation 3.15, we establish the following corollary:

Corollary 4 The trade secret licensing threshold given by Equation 3.15 has the following
properties: ∂α̂S/∂πm < 0, ∂α̂S/∂πd > 0, ∂α̂S/∂TS < 0, and ∂α̂S/∂r < 0.

Proof See Appendix.

Corollary 4 suggests that—everything else being equal— only increasing the duopoly
profit (πd) encourages licensing. Precisely, increasing the monopoly profit (πm), the time
required to achieve imitation (TS), and the discount rate (r) have an adverse impact on
technology transfer.

4 The Equilibrium

We have defined a licensing threshold for each of the available protection choices of
Firm 1, namely α̂P for patent protection and α̂S for secrecy protection. A technology
transfer occurs if the efficiency of the imitation technology does not exceed the cor-
responding licensing threshold. Therefore, the strategic interaction between the firms
depends on the efficiency of the imitation technology. Essentially, the protection choice
is, in turn, dependent on the probabilistic outcome of imitation. Now, we can compare
the two protection choices to determine the equilibrium outcomes of the game.

First, suppose that the efficiency of the technology to imitate a patented invention and
to imitate a trade secret are sufficiently low, that is, αP ≤ α̂P and αS ≤ α̂S. According to
Equations 3.8 and 3.15, a technology transfer occurs, regardless of the protection decision
of Firm 1 in the first stage of the game. Essentially, the profit of Firm 1 with a patented
technology is πL1 (F ∗P ) and that with a technology protected by secrecy is vL1 (F ∗S). The
invention is thus patented if πL1 (F ∗P ) ≥ vL1 (F ∗S), and this condition is equivalent to:

M ≡ y∗(πm − πd)δ∞TS − 1
2
x∗πdδTTP

πmδ∞0 − 2πdδT0

=
1
αS
πd(πm − πd)(δ∞TS)2 − 1

2αP
(πdδTTP )

2

πmδ∞0 − 2πdδT0
≥ 1.

(4.1)
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The condition clearly shows that patent protection is optimal for Firm 1 when the
patenting threshold M is equal to or higher than one. We further assume that patenting
prevails when Firm 1 is indifferent between the two available protection choices. Similar
to the case described above, when only the technological efficiency to imitate a patent
is sufficiently low, whereas that for a trade secret is sufficiently high, that is, αP ≤ α̂P

and αS > α̂S, patenting is optimal if M ≥ 1. In other words, if the condition given by
Equation 4.1 holds, then the profit of Firm 1 with a patent would be at least as large as
the profit of Firm 1 with a trade secret, that is, πL1 (F ∗P ) ≥ vI1(y∗). The patenting threshold
is the same in these first two cases because of the weak preferences that we have assumed
when determining the optimal licensing fee F ∗S . If the preferences of the firms are strict,
that is, πL1 (F ∗P ) > vI1(y∗), which is similar to assuming that a technology transfer occurs
only for a licensing fee that is ε-smaller than the optimal fee, then Firm 1 would benefit
more from licensing a trade secret than from licensing a patented technology. Let us now
consider some of the properties of the patenting threshold M .

Corollary 5 The patenting threshold given by Equation 4.1 has the following properties:
∂M/∂αP > 0, ∂M/∂αS < 0, ∂M/∂TP > 0, and ∂M/∂TS < 0. Also, the signs of ∂M/∂T ,
∂M/∂r, ∂M/∂πd, and ∂M/πm cannot be determined.

Proof See Appendix.

Corollary 5 suggests that—everything else being equal— the incentives to patent are
increasing in the efficiency of the technology and the time required to imitate a patented
technology (αP and TP ), unlike the efficiency and time to imitate a trade secret (αS
and TS). Additionally, the effect of a change in the patent term (T ) or in the discount
rate (r) on the incentives to patent is ambiguous. Finally, the partial derivatives of M
with respect to the monopoly and duopoly profits cannot be determined unless further
assumptions are made, particularly, regarding the relative magnitudes of αP and αS.18

Second, let both the efficiency of the imitation technology of a patent and that of a
secret be sufficiently high, that is, αP > α̂P and αS > α̂S. Then, Equations 3.8 and
3.15 clearly show that a technology transfer does not occur, regardless of whether Firm
1 chooses to patent the invention or keep it a secret. If Firm 1 chooses to patent the
technology, then it would receive πI1(x∗); however, if it chooses to conceal the technology,
then it would get vI1(y∗). Evidently, patenting occurs if πI1(x∗) ≥ vI1(y∗), which can also

18For example, it can be assumed that the difficulty to imitate a technology protected by secrecy is
not less than that the difficulty to imitate a patented technology. This might, in turn, imply that the
length of time required to achieve imitation of a concealed invention is not shorter than the length of
time required to imitate a patented invention; for instance, the information disclosed when patenting
might facilitate the process of imitation. Additionally, the measures taken by the inventor to protect a
trade secret might decelerate the process of reverse engineering.
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be written as:

N ≡ y∗(πm − πd)δ∞TS − x∗(πm − πd)δTTP
πmδ∞0 − πmδT0

=
πd(πm − πd)

[
1
αS

(δ∞TS)2 − 1
αP

(δTTP )
2]

πmδ∞T
≥ 1.

(4.2)

This means that patenting prevails in equilibrium when the patenting threshold N

is equal to or larger than one. Finally, let us consider the case when the efficiency
of the technology to imitate a patent and a trade secret are sufficiently high and low,
respectively, that is, αP > α̂P and αS ≤ α̂S. If Firm 1 relies on patent protection in
the first stage of the game, then it would earn πI1(x∗); however, if Firm 1 keeps the
technology a secret, then it would earn vL1 (F ∗S). A comparison of these profits yields
a patenting threshold that is equal to N . Firm 1 is indifferent between accepting and
rejecting an agreement to transfer a trade secret at the optimal licensing fee F ∗S , and
hence the threshold does not change. The properties of N are the same as those of M ,
that is, N increases with the technological efficiency and the time to imitate a patented
technology (αP and TP ), whereas it decreases with the technological efficiency and the
time required to imitate a trade secret (αS and TS). Ultimately, let us establish the
following result about the equilibrium outcomes of the game:

Theorem 3 The equilibrium outcomes of the game in Figure 3.1 are as follows:

A. Firm 1 relies on the patent system to protect a process invention if and only if
conditions (5) or (6) are satisfied.

(1.) A transfer of a patented technology occurs if and only if conditions (1) or (2)
are satisfied.

B. Firm 1 relies on secrecy to protect a process invention if and only if conditions (5)
or (6) are not satisfied.

(2.) A transfer of a technology protected by secrecy occurs if and only if conditions
(1) or (4) are satisfied.

Where conditions (1) to (6) are defined to be:

(1) α̂P ≤ αP and α̂S ≤ αS,

(2) α̂P ≤ αP and α̂S > αS,
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(3) α̂P > αP and α̂S > αS,

(4) α̂P > αP and α̂S ≤ αS,

(5) M ≥ 1,

(6) N ≥ 1,

and the patenting thresholds M and N are defined by Equations 4.1 and 4.2, re-
spectively.

Theorem 3 suggests that both patenting and secrecy can characterise the equilibrium if
certain conditions hold. Additionally, it suggests that a technology transfer always occurs
in equilibrium, regardless of the protection decision of Firm 1, if both the technological
efficiency to imitate a patent and that to imitate a secret are sufficiently low. However,
if both the imitation technologies are sufficiently efficient, then imitation would always
prevail in equilibrium.

5 Extensions of the Model

In this section, we introduce two extensions of the basic model—the undetermined
bargaining shares instead of the one-sided full bargaining power, and a positive probability
of the accidental disclosure of the trade secret to the public instead of the probability of
a leakage that equals zero. First, we show that the equilibrium outcomes obtained until
now correspond to specific situations of a Nash bargaining setup. Second, we find that
the risk of accidental leakage weakens trade secret protection, which, in turn, increases
the attractiveness of patenting and might also encourage imitation relatively more than
transferring a trade secret.

5.1 Nash Bargaining

Clearly, the game depicted in Figure 3.1 characterises a conflict of interest between
two innovating firms that can achieve a mutually beneficial outcome. This situation
represents a common bargaining problem. These problems lead to the question associated
with the distribution of profit from a potential agreement. In this section, we employ the
Nash bargaining to determine the optimal fixed fee at which a licensing contract can be
subscribed to transfer the technology. Let the bargaining power of Firm 1 be β, and that
of Firm 2 be 1− β, where 0 ≤ β ≤ 1.
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To begin with, suppose that Firm 1 relies on patent protection in the first stage of the
game. The bargaining problem is max

FP

(
πL1 − πI1(x∗)

)β(
πL2 − πI2(x∗)

)1−β; by substituting

the profit functions, the study shows that this is equivalent to:19

max
FP

(
πdδT0 +FP−πmδT0 +

1

αP
πd(πm−πd)(δTTP )

2
)β(

πdδT0 −FP−
1

2αP
(πdδTTP )

2
)1−β

. (5.1)

Let FNB
P be the optimal licensing fee determined using Nash bargaining at which a

transfer of the patented technology occurs. Then, the first-order condition of Equation
5.1 yields:

FNB
P =

[
(πm − πd)− β(πm − 2πd)

]
δT0 −

1

αP
πd
[
(πm − πd)− β(πm − 3

2
πd)
]
(δTTP )

2
. (5.2)

Differentiating the optimal licensing fee defined in Equation 5.2, we establish the
following result:

Corollary 6 The equilibrium licensing fee defined by Equation 5.2 has the following prop-
erties: ∂FNB

P /∂πm ≥ 0, ∂FNB
P /∂αP > 0, and ∂FNB

P /∂TP > 0. Additionally, the signs of
∂FNB

P /∂πd, ∂FNB
P /∂β, and ∂FNB

P /∂r cannot be determined.

Proof See Appendix.

Suppose now that Firm 1 has a maximum contractual advantage over Firm 2 (β = 1).
Subsequently, the substitution for β equal to one, in Equation 5.2, gives the equilibrium
licensing fee that corresponds to the case of a patented invention and is defined by Equa-
tion 3.6. This result implies that the case when Firm 1 has full bargaining power and
relies on patent protection is only a specific situation of the Nash Bargaining solution.
Next, suppose that Firm 2 has a maximum bargaining power (β = 0). In this case, a
direct substitution for β equal to zero in Equation 5.2 yields an equilibrium licensing fee
equal to (πm−πd)δT0 − 1

αP
πd(πm−πd)(δTTP )

2. This is similar to the licensing fee defined in
Equation 3.13, except that now the efficiency of the imitation technology and the length
of protection time correspond to a patented technology instead of a trade secret. Another
interesting case that can be considered is when both firms have equal bargaining shares
(β = 1

2
), which is, in fact, closer to the real-world conflict of interest situation. In this

19It must be noted that the maximisation problem is subject to certain conditions, such as πL1 ≥ πI1(x∗)
and πL2 ≥ πI2(x

∗). Although we have omitted these conditions from Equation 5.1, we consider them to
determine the optimal licensing fee defined by Equation 5.2.
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case, the optimal licensing fee is equal to 1
2
[πmδT0 − 1

αP
πd(πm− 1

2
πd)(δTTP )

2
], which is larger

than the equilibrium licensing fee when Firm 1 has a minimum bargaining power (β = 0),
but smaller than the equilibrium fee when Firm 1 has a maximum bargain power (β = 1).

The last case that has to be considered is when Firm 1 resorts to secrecy instead
of choosing patent protection. Similar to the patenting decision considered above, the
bargaining problem is max

FS

(
vL1 − vI1(x∗)

)β(
vL2 − vI2(x∗)

)1−β or equivalently:

max
FS

(
πdδ∞0 +FS−πmδ∞0 +

1

αS
πd(πm−πd)(δ∞TS)2

)β(
πdδ∞0 −FS−

1

2αS
(πdδ∞TS)

2
)1−β

. (5.3)

Let FNB
S denote the optimal licensing fee of a secret determined using Nash Bargaining.

Then, the first-order condition of Equation 5.3 gives:

FNB
S =

[
(πm − πd)− β(πm − 2πd)

]
δ∞0 −

1

αS
πd
[
(πm − πd)− β(πm − 3

2
πd)
]
(δ∞TS)2. (5.4)

Similar to the optimal licensing fee FNB
P defined by Equation 5.2, the optimal li-

censing fee of a secret is increasing in the monopoly profit, the efficiency of the imita-
tion technology, and the time required to achieve imitation. Additionally, the substi-
tution for β equal to zero, in Equation 5.4, gives an equilibrium licensing fee equal to
(πm − πd)δ∞0 − 1

αS
πd(πm − πd)(δ∞TS)2, which is exactly the result given by Equation 3.13.

Thus, the case, in which the technology is protected through secrecy and Firm 2 has max-
imum bargaining power, corresponds to another specific situation of the Nash bargaining
solution. If β equals one, then the optimal licensing fee will be πdδ∞0 − 1

2αS
(πdδ∞TS)

2,
which is similar to the optimal fee given by Equation 3.6, except that the efficiency of
the imitation technology and the protection lifetime correspond to a trade secret instead
of a patent. Following the same arguments, the equilibrium licensing fee when Firms 1
and 2 have equal bargaining powers is 1

2
[πmδ∞0 − 1

αS
πd(πm − 1

2
πd)(δ∞TS)2].

The licensing thresholds defined by Equations 3.8 and 3.15 continue to hold because
they are independent of β. The equilibrium actions maximise the joint profits of the
firms, while the parameter β only determines the distribution of these profits. By solving
for the equilibrium outcomes of the game, when {αP ≤ α̂P and αS ≤ α̂S} or {αP ≤ α̂P

111



and αS > α̂S}, the study gives the following patenting threshold:

MNB ≡
πd
[
πm − πd − β(πm − 3

2
πd)
][

1
αS

(δ∞TS)2 − 1
αP

(δTTP )
2
]

[πm − β(πm − 2πd)
]
(δ∞0 − δT0 )

≥ 1. (5.5)

When the parameter β is equal to one, it is immediate that the patenting threshold
MNB is equal to M , whereas when β is equal to zero, MNB clearly is equal to N .20 The
properties of the patenting threshold M given by Corollary 5 continue to hold for MNB,
and the sign of ∂MNB/∂β is ambiguous.

Ottoz and Cugno (2004) considered a similar Cournot duopoly with Nash bargain-
ing composed by a patent owner and a single potential rival that can enter the market
through licensing or imitation. The authors consider certain legal restrictions on licens-
ing contracts and independent invention defence to infringement. They show that the
independent invention defence encourages licensing because it typically reduces the equi-
librium price of the product and does not affect the incentives to innovate.21

5.2 Leakage of the Secret

The basic model assumes that the holder of a trade secret has taken protection mea-
sures and contractual restrictions such that significant spillovers of proprietary informa-
tion are prevented. Suppose that there is a positive probability of the public disclosure
of the secret and its loss of legal status and economic value. The accidental leakage of
concealed proprietary information to the public allows anyone to have access to the secret
and use it at will. To begin with, we incorporate a random probability of leakage that
is independent of whether only Firm 1 or both firms practice the technology protected
through secrecy. Subsequently, we extend the analysis to consider a probability of the
accidental leakage that depends on whether or not Firm 2 has also, through licensing or
imitation, obtained the secret.

5.2.1 A Constant Probability of Leakage

Let unintentional or accidental leakage occur according to a Poisson distribution with
a parameter λ, where λ > 0. Most of the analysis conducted until now is not affected

20It must be noted that the patenting threshold N corresponds to the case when {αP > α̂P and
αS > α̂S} or {αP > α̂P and αS ≤ α̂S}.

21Maurer and Scotchmer (2002) considered the same problem assuming, however, an unlimited number
of potential entrants.
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as we proceed with the extension. For instance, introducing λ does not have an impact
on the payoff outcomes of the case when Firm 1 relies on patent protection in the first
stage of the game. Therefore, the equilibrium outcomes that correspond to a patented
technology continue to hold. However, if Firm 1 keeps the invention secret, then the
discounted-adjusted protection length of the trade secret, which was defined by Equation
3.1 in the existing analysis, would become

δ̃t2t1 ≡
∫ t2

t1

e−rte−λtdt =
e−(r+λ)t1 − e−(r+λ)t2

r + λ
, (5.6)

because now we are considering the risk of leakage associated with secrecy. Acknowl-
edging that only the discounted-adjusted duration of the trade secret is now different from
the existing equilibrium analysis that corresponds to the case of an invention protected
through secrecy, we can determine the equilibrium outcomes of this case as follows.

Let ỹ∗ and F̃ ∗S be the optimal imitation effort and the equilibrium licensing fee, re-
spectively, when the trade secret is prone to accidental leakage. It is immediate that ỹ∗

is equal to 1
αS
πdδ̃∞TS and the equilibrium licensing fee is:

F̃ ∗S = (πm − πd)δ̃∞0 −
1

αS
πd(πm − πd)(δ̃∞TS)

2
. (5.7)

The probability of leakage λ does not affect the properties of the optimal licensing
fee, and thus the properties of F ∗S given by Corollary 3 also continue to hold for F̃ ∗S .
Furthermore, the effect of a change in λ on F̃ ∗S cannot be determined.

Define ṽLi to be the profit of Firm i for i = {1, 2}, when Firm 1 keeps the invention
secret, risking leakage, and a technology transfer occurs (License). Then, the equilibrium
profits of Firms 1 and 2 in this case are:

ṽL1 (F̃ ∗S) = πmδ̃∞0 −
1

αS
πd(πm − πd)(δ̃∞TS)

2
,

ṽL2 (F̃ ∗S) =
1

αS
πd(πm − πd)(δ̃∞TS)

2 − (πm − 2πd)δ̃∞0 .

(5.8)

Evidently, if a technology transfer does not occur in the second stage of the game,
then Firm 2 will opt for imitation. Let ṽIi be the profit of Firm i for i = {1, 2}, when
Firm 1 keeps the invention secret, risking leakage, and Firm 2 imitates (Imitate). In this
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case, the expected profits of Firms 1 and 2 in equilibrium are:

ṽI1(ỹ∗) = πmδ̃∞0 −
1

αS
πd(πm − πd)(δ̃∞TS)

2
,

ṽI2(ỹ∗) =
1

2αS
(πdδ̃∞TS)

2
.

(5.9)

As usual, a transfer of the secret occurs if αS ≤ α̃S, where the threshold α̃S is defined
to be:

α̃S ≡
[

(πm − 3
2
πd)δ̃∞TS

(πm − 2πd)δ̃∞0

]
πdδ̃∞TS . (5.10)

This licensing threshold has the same properties as the threshold defined by Equation
3.15, in addition to an important property. Particularly, ∂α̃S/∂λ < 0 implies that an
increase in the probability of the accidental leakage, such as due to misappropriation
or for a variety of other reasons, discourages transferring a trade secret. Additionally,
α̃S < α̂S suggests that acknowledging the risk of leakage increases the incentives to
imitate.

Finally, let us determine the equilibrium outcomes of the game by comparing the two
protection choices. To begin with, suppose that αP ≤ α̂P and αS ≤ α̃S; in this case,
a technology transfer always occurs. However, patenting occurs in equilibrium if the
following condition holds:

M̃ ≡
1
αS
πd(πm − πd)(δ̃∞TS)

2 − 1
2αP

(πdδTTP )
2

πmδ̃∞0 − 2πdδT0
≥ 1. (5.11)

This threshold also characterises the case when αP ≤ α̂P and αS > α̃S. Moreover, if
α̂S > αS > α̃S, then it will only be the risk of leakage that would cause imitation. The
properties of the patenting threshold M given by Corollary 5 continue to hold for M̃ if
λ < (πmδ∞0 − 2πdδT0 )/(2πdδ∞0 δ

T

0 ); otherwise, the properties of M̃ are exact opposite of
those given by Corollary 5. Additionally, the sign of ∂M̃/∂λ cannot be determined.

Next, suppose that αP > α̂P and αS > α̃S; in this case, a technology transfer is never
optimal, regardless of the protection choice of Firm 1 in the first stage of the game. In
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this case, patenting is preferable in equilibrium if the following condition is satisfied:

Ñ ≡
πd(πm − πd)

[
1
αS

(δ̃∞TS)
2 − 1

αP
(δTTP )

2]

πm(δ̃∞0 − δT0 )
≥ 1. (5.12)

This threshold characterises the final case that has to be considered, particularly when
αP > α̂P and αS ≥ α̃S. The properties of the patenting threshold N also continue to
hold for Ñ if δ̃∞0 > δT0 ; otherwise, they have the exact opposite signs. Finally, the sign
of ∂Ñ/∂λ is ambiguous. Leakage is a factor that determines the strength of secrecy;
for example, the easier the secret leaks to the public, the weaker is the protection under
secrecy, and in turn, the less preferable is secrecy over patenting. It is more interesting
and closer to the real-world to analyse the trade-off between certain and finite patent
protection and infinite, but uncertain, trade secret protection.

5.2.2 A Varying Probability of Leakage

In this section, we relax the assumption of a leakage probability that is independent
of the number of firms practising the invention and compare the equilibrium outcomes
with the existing results derived until now. Particularly, we assume a larger average rate
of accidental leakage when both firms have a trade secret as opposed to when only Firm
1 has the secret. Let λ denote the probability of accidental leakage when only Firm 1
practices the invention (that is, a low-risk of leakage possibility) and Λ, where Λ > λ,
be the probability of leakage when Firm 2 has also obtained the trade secret through a
technology transfer or imitation (that is, a high-risk of leakage possibility). Establishing
the model with a constant probability of leakage makes it evident that only the analysis
of secrecy protection runs into alternations. When only one firm holds the trade secret,
the discounted-adjusted protection length of the trade secret is given by Equation 5.5.
Conversely, when both firms rely on secrecy the discounted-adjusted protection length
becomes:

˜̃δt2t1 ≡
∫ t2

t1

e−rte−Λtdt =
e−(r+Λ)t1 − e−(r+Λ)t2

r + Λ
. (5.13)

The only difference between this case and the case assuming a constant probability of
leakage is that a duopoly profit in this is equivalent to both firms practicing the secret
mechanism, and thus it corresponds to a high-risk leakage possibility (that is, ˜̃δt2t1 ). This
case is opposed to a monopoly profit that corresponds to a low-risk leakage possibility
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(that is, δ̃t2t1 ). Let ˜̃vLi for i = {1, 2} be the profit of Firm i when a transfer of a secret that
is prone to leakage is subscribed (License), then the equilibrium profits are:

˜̃vL1 ( ˜̃F ∗S) = πmδ̃∞0 −
1

αS
πd ˜̃δ∞TS(πmδ̃∞TS − πd

˜̃δ∞TS),

˜̃vL2 ( ˜̃F ∗S) =
1

αS
πd ˜̃δ∞TS(πmδ̃∞TS − πd

˜̃δ∞TS)− (πmδ̃∞0 − 2πd ˜̃δ∞0 ).

(5.14)

Following the same reasoning, let ˜̃vIi for i = {1, 2}, be the profit of Firm i when Firm
2 imitates a trade secret that is prone to accidental leakage (Imitate). Then, the profits
that Firms 1 and 2 earn in equilibrium are:

˜̃vI1(˜̃y∗) = πmδ̃∞0 −
1

αS
πd ˜̃δ∞TS(πmδ̃∞TS − πd

˜̃δ∞TS),

˜̃vI2(˜̃y∗) =
1

2αS
(πd ˜̃δ∞TS)

2

.

(5.15)

The optimal imitation effort ˜̃y∗ is equal to 1
αS
πd ˜̃δ∞TS , whereas the optimal licensing fee

˜̃F ∗ is given from the following equation:

˜̃F ∗S = πmδ̃∞TS − πd
˜̃δ∞0 −

1

αS
πd ˜̃δ∞TS(πmδ̃∞TS − πd

˜̃δ∞TS). (5.16)

Clearly, the properties given by Corollary 3 hold for ˜̃F ∗S , while the effect of a change of
any probability of accidental leakage on the optimal licensing fee cannot be determined.
Similar to the existing analysis, licensing a trade secret is optimal if αS ≤ ˜̃αS, where ˜̃αS

is defined as follows:

˜̃αS ≡
[
πmδ̃∞TS − 3

2
πd ˜̃δ∞TS

πmδ̃∞0 − 2πd ˜̃δ∞0

]
πd ˜̃δ∞TS . (5.17)

The properties of Corollary 4 also continue to hold for ˜̃αS; however, changing λ or
Λ has an ambiguous effect on the licensing threshold. Finally, when {αP ≤ α̂P and
αS ≤ ˜̃αS} or {αP ≤ α̂P and αS > ˜̃αS}, the invention is patented in equilibrium if the
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following condition holds:

˜̃M ≡
1
αS
πd ˜̃δ∞TS(πmδ̃∞TS − πd

˜̃δ∞TS)− 1
2αP

(πdδTTP )
2

πmδ̃∞0 − 2πdδT0
≥ 1, (5.18)

whereas patenting is preferable if:

˜̃N ≡
1
αS
πd ˜̃δ∞TS(πmδ̃∞TS − πd

˜̃δ∞TS)− 1
αP
πd(πm − πd)(δTTP )

2

πm(δ̃∞0 − δT0 )
≥ 1. (5.19)

The properties of M̃ and Ñ continue to hold, and the sign of ∂ ˜̃M/∂Λ is ambiguous.
Additionally, both patenting thresholds are higher than the related thresholds that cor-
respond to the case when the probability of the accidental leakage is constant, that is,
˜̃M > M̃ and ˜̃N > Ñ . This result implies that patent attractiveness increases when the
probability of leakage depends on the number of firms sharing the secret. Acknowledging
that, the probability of accidental leakage might, in fact, increase with the number of
firms practising a secret, which in turn would weaken the trade secret protection and
encourage or discourage imitation; however, it strengthens the incentives to patent.

6 Conclusion

In this study, we examine the strategic behaviour of innovating firms by comparing the
effects of patenting and secrecy on the incentives to license and imitate. We determine
the equilibrium actions and outcomes of a two-stage game. In the first stage of the game,
an inventor endowed with new technology, along with filing for a patent protection, also
has the option of keeping the invention a secret. In the second stage, a single potential
entrant can enter the market through technology transfer or imitation.

The analysis suggests that both patent protection and secrecy might prevail in equi-
librium depending on the efficiency of the imitation technology and the strength of intel-
lectual property protection. Particularly, the ease and time required to achieve imitation,
and the type of intellectual property protection employed by the inventor are the main
factors that determine the equilibrium outcomes of the game. We show that, if the tech-
nological efficiency to imitate a patented invention and to imitate a secret are sufficiently
low, then, in equilibrium, a technology transfer would always be better than imitation,
regardless of the protection type employed by the inventor. Conversely, highly efficient
imitation technologies result in imitation. We also find that trade secret protection weak-
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ens in the presence of a positive probability of accidental leakage, thereby increasing the
attractiveness of the patent protection. Although imitation might be more or less attrac-
tive than licensing under secrecy, often the risk of leakage tends to make it preferable.

It is evident that the results described above come from a simple model, which needs to
be refined along several lines. For example, the model can be extended to analysing how
the enforcement efficiency of intellectual property rights and the size of the firms affect the
incentives to license, imitate, and litigate. Next, observing that licensing and imitation
are more frequent in specific industries and geographical locations, it is essential to enrich
the model to ensure that it can be used to analyse industry-specific effects of patenting
and secrecy on technology diffusion and imitation. Finally, the analysis of the relevance
of the propositions established in this study and their testable welfare considerations is
left for future research.
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Appendix

Proof of Corollary 1. It must be noted that 1
αP
πdδTTP ≤ 1 to ensure that x ≤ 1.

Hence, the partial derivatives of Corollary 1 can be derived in a straightforward manner
as follows:

∂F ∗P
∂πd

= δT0 −
(

1

αP
πdδTTP

)
δTTP > 0,

∂F ∗P
∂αP

=
1

2(αP )2 (πdδTTP )
2
> 0,

∂F ∗P
∂T

= πde−rT −
(

1

αP
πdδTTP

)
πde−rT ≥ 0,

∂F ∗P
∂r

=
πde−rT

r
− πdδT0

r
+

(
1

αP
πdδTTP

)
πd
(
e−rTPTP − e−rTT

)

r
+

(
1

αP
πdδTTP

)
πdδTTP ≷ 0.

(A.1)

Proof of Corollary 2. The partial derivatives of Corollary 2 are derived as follows:

∂α̂P
∂πm

= −
1
2

(
πdδTTP

)2

(πm − 2πd)2δT0
< 0,

∂α̂P
∂πd

=

[
3(πd)

2 − 3πdπm + (πm)2](δTTP )
2

(πm − 2πd)2δT0
> 0,

∂α̂P
∂T

=
2
(
πm − 3

2
πd
)
δTTPπ

de−rT

(πm − 2πd)δT0
−
(
πm − 3

2
πd
)
(δTTP )

2
πde−rT

(πm − 2πd)(δT0 )
2 > 0,

∂α̂P
∂TP

= −2(πm − 3
2
πd)δTTPπ

de−rTP

(πm − 2πd)δT0
< 0,

∂α̂P
∂r

=
(πm − 3

2
πd)δTTPπ

d
[
2(e−rTPTP − e−rTT )− δTTP

]

(πm − 2πd)δT0 r
− (πm − 3

2
πd)(δTTP )

2
πdTe−rT

(πm − 2πd)(δT0 )
2
r

≷ 0.

(A.2)
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Proof of Corollary 3. Similar to the proof of Corollary 1, 1
αS
πdδ∞TS ≤ 1 so that

y ≤ 1, and thus the proof of Corollary 3 is straightforward:

∂F ∗S
∂πm

= δ∞0 −
(

1

αS
πdδ∞TS

)
δ∞TS > 0,

∂F ∗S
∂πd

= −δ∞0 − 1
αS

(πm − 2πd)δ∞TS < 0,

∂F ∗S
∂αS

=
πd(πm − πd)(δ∞TS)2

(αS)2 > 0,

∂F ∗S
∂TS

=
2πd(πm − πd)δ∞TSe−rTS

αS
> 0,

∂F ∗S
∂r

= −(πm − πd)δ∞0 +
1

αS
2πd(πm − πd)(δ∞TS)2

(
TS +

1

r

)
≷ 0.

(A.3)

Proof of Corollary 4. Similar to Corollary 2, the partial derivatives of α̂S are:

∂α̂S
∂πm

= −
1
2

(
πdδ∞TS

)2

(πm − 2πd)2δ∞0
< 0,

∂α̂S
∂πd

=

[
3(πd)

2 − 3πdπm + (πm)2](δ∞TS)2

(πm − 2πd)2δ∞0
> 0,

∂α̂S
∂TS

= −2
(
πm − 3

2
πd
)
δ∞TSπ

de−rTS

(πm − 2πd)δ∞0
< 0,

∂α̂S
∂r

= −1

2

(2πm − 3πd)(δ∞TS)2πd(2TSr + 1)

(πm − 2πd)
< 0.

(A.4)
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Proof of Corollary 5. As usual, the derivation of the partial derivatives is straight-
forward:

∂M

∂αP
=

1

2(αP )2

[
(πd)

2
(δTTP )

2

πmδ∞0 − 2πdδT0

]
> 0,

∂M

∂αS
= − πd(πm − πd)(δ∞TS)2

(αS)2(πmδ∞0 − 2πdδT0 )
< 0,

∂M

∂TP
=

(πd)
2
δTTP e

−rT

αP (πmδ∞0 − 2πdδT0 )
> 0,

∂M

∂TS
= −2πd(πm − πd)δ∞TSe−rTS

αS(πmδ∞0 − 2πdδT0 )
< 0,

∂M

∂T
= − (πd)

2
δTTP e

−rT

αP (πmδ∞0 − 2πdδT0 )
+

2

[
1
αS
πd(πm − πd)(δ∞TS)2 − 1

2αP

(
πdδTTP )

2
]
πde−rT

(
πmδ∞0 − 2πdδT0

)2 ≷ 0,

∂M

∂r
= −

1
αS

2πd(πm − πd)(δ∞TS)2TS + 2πd(πm − πd)(δ∞TS)2δ∞0
πmδ∞0 − 2πdδT0

+

1
αP

(πd)
2
δTTP (e−rTPTP − e−rTT )δ∞0 + (πdδTTP )

2
δ∞0

πmδ∞0 − 2πdδT0
+

[
1
αS
πd(πm − πd)(δTTS)

2 − 1
2αP

(πdδTTP )
2

][
πm(δ∞0 )2 + 2πdδ∞0 e

−rTT − 2πdδT0 δ
∞
0

]

(
πmδ∞0 − 2πdδT0

)2 ≷ 0,

∂M

∂πd
=

1
αS

(πm − 2πd)(δ∞TS)2 − 1
αP
πd(δTTP )

2

πmδ∞0 − 2πdδT0
+

[
2
αS
πd(πm − πd)(δ∞TS)2 − 1

αP
(πdδTTP )

2

]
δT0

(πmδ∞0 − 2πdδT0 )
2 ≷ 0,

∂M

∂πm
=

1
αS
πd(δ∞TS)2

πmδ∞0 − 2πdδT0
−

[
1
αS
πd(πm − πd)(δ∞TS)2 − 1

2αP
(πdδTTP )

2

]
δT0

(πmδ∞0 − 2πdδT0 )
2 ≷ 0.

(A.5)
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Proof of Corollary 6. Similar to the proof of Corollary 3 above, the proof of
Corollary 6 is straightforward:

∂FNB
P

∂πm
= (1− β)δT0 − (1− β)

(
1

αP
πdδTTP

)
δTTP ≥ 0,

∂FNB
P

∂αP
=

πd
[
πm − πd − β(πm − 3

2
πd)
]
(δTTP )

2

(αP )2 > 0,

∂FNB
P

∂TP
=

2πd
[
πm − πd − β(πm − 3

2
D)
]
δTTP e

−rTP

αP
> 0,

∂FNB
P

∂πd
= (2β − 1)δT0 −

[
πm − πd − β(πm − 3

2
πd)
]
(δTTP )

2

(αP )2 − πd(3
2
β − 1)(δTTP )

2

αP
≷ 0,

∂FNB
P

∂β
=

(
1

αP
πdδTTP

)
(πm − 3

2
πd)δTTP − (πm − 2πd)δT0 ≷ 0,

∂FNB
P

∂r
=

1

r

[
πm − πd − β(πm − 2πd)

]
(e−rTT − δT0 )+

2

r

(
1

αP
πdδTTP

)[
πm − πd − β(πm − 3

2
πd)
]
(e−rTPTP − e−rTT ) ≷ 0.

(A.6)
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