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PRIVATELY OPTIMAL PATENT BREADTH UNDER THE THREAT OF PATENT VALIDITY 

CHALLENGES 

 
Abstract –The paper determines the privately optimal patent breadth for process innovations when 
the innovator faces the probability of a direct patent validity challenge by a third party and potential 
entry in her market by competitors that provide technologically equivalent processes. The paper 
also examines the effect of patent breadth on a potential entrant’s incentive to generate a competing 
process (i.e., on the entrant’s R&D spending), his probability of success in the R&D process (i.e., 
the patentee’s ability to deter entry) and the timing that success can be realized (i.e., the pace of 
future innovations). Analytical results show that the optimal patent breadth depends on the effect of 
new entry on the patentee’s profits, the patentee’s legal costs incurred when the patent is challenged 
and on whether the patentee operates under a short term or a long term horizon. A key result of the 
paper is that, even when a patent breadth that deters entry exists, it might not be profit maximizing 
for the patentee to choose this patent breadth to deter entry. As well, claiming the maximum breadth 
of patent protection is never an optimal strategy for the incumbent patentee in this model. The 
analysis shows that the nature of the instantaneous probability of success is a critical factor in 
determining the optimal patent breadth as well as the effect of patent breadth on the rivals’ R&D 
spending, the probability of success by rivals and the timing that success occurs. 
 
Keywords: process innovation, patent breadth, third party patent validity challenges, patent  
       invalidation. 
 
 

1. Introduction 

Patents are important means of intellectual property protection that have played an essential role in 

the development and growth of highly innovative industries like biotechnology. The effort of 

innovating firms to safeguard their technological territory through patent protection does not always 

conclude with the granting of a patent. Patents can be and often are challenged after the patent grant 

and as a consequence of this challenge they can be revoked or their scope can be amended.1 Patent 

challenges can take the form of a direct patent validity attack in the Patent Office or in the courts 

                                                 

1 EPO statistics show that 6% of all patents are directly challenged within nine months after grant (EPO 2001) while 
Harhoff and Reitzig (2004) find that 8.6% of biotechnology and pharmaceutical patents granted by the EPO between 
1978 and 1996 were directly challenged at the EPO.  
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and/or an indirect patent validity challenge during an infringement trial.2 Barton (2000) finds that 

more than seventy five percent of the patents whose validity is directly challenged in the USPTO 

are either revoked or amended while Cyranoski (2004) states that about eighty percent of the patents 

challenged directly at the EPO end up being amended. Allison and Lemley (1998) point out that, 

since the creation of the Federal Circuit in 1982, courts litigating the validity of patents have found 

approximately forty-five percent of them to be invalid, while Miller and Davis (1990) state that 

almost half of the patents whose validity is indirectly challenged during an infringement trial are 

invalidated. 

 Interestingly, validity challenges can be launched not just by the innovating firm’s 

competitors but also by various interest groups, individuals and non profit organizations. There are 

numerous examples of validity challenges launched by non competitors, the most notable being that 

of the ‘OncoMouse’ patent, which has been described as ‘one of the most valuable pieces of 

intellectual property ever created’ (Jaffe 2004). The ‘OncoMouse’ patent application was filed with 

the EPO in June 1985, the patent was granted in October 1991 and it has since been challenged by 

sixteen different groups, organizations and political parties (e.g., animal rights groups, church 

organizations, the campaign against “patent on life” and sections of the German Green party) (EPO 

2001). As a result of this opposition in July 2004 the EPO restricted the scope of the patent from 

including all rodents to just mice.3  

 Given that the validity of a patent can be challenged after the patent grant and this challenge 

can be launched both by competitors and other parties, the question that arises is as to how 

innovators/patentees can better safeguard their innovations by obtaining patents that will enable 

them to maximize the rents that can be appropriated. One of the objectives of this paper is to shed 

                                                 

2 A standard defense practise of accused infringers is to counterclaim that the patent is invalid, thus not infringed, and it 
should be revoked (Cornish 1989).  
3 The corresponding USPTO patent was granted in 1988 and covers all transgenic non human mammals.  
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light to the above question. The innovating firm can, to a large extent, affect through its patenting 

behavior whether the patent will be challenged as well as the outcome of the challenge. Specifically, 

the innovating firm decides on the breadth of protection claimed in the patent application. Patent 

breadth, in turns, has been found to be an important determinant of patent litigation in studies that 

examine the factors that expose patents to litigation risk (Lerner 1994, Lanjouw and Schankerman 

2001, Harhoff and Reitzig 2004). The patent literature suggests that the relationship between patent 

breadth and the occurrence and the effect of patent validity challenges is such that, the broader is 

the scope of patent protection, the greater is the likelihood that the validity of the patent will be 

challenged and that the courts will invalidate the patent or narrow its scope (Lerner 1994, Merges 

and Nelson 1990, Waterson 1990).  

 Thus, when innovators determine the breadth of patent protection claimed that maximizes 

the rents that can be captured by the patent – the privately optimal patent breadth – they have to take 

into account the following trade off. On the one hand, a broad patent can make it harder for 

potential competitors to enter their market with non infringing innovations allowing them to 

maintain for a longer time the limited monopoly that the patent grants. On the other hand, a broad 

patent is more prone to patent validity challenges which may lead to patent revocation making it 

easier for competitors to enter.  

 The purpose of this paper is to theoretically examine the patenting behavior of an innovator 

who has generated a patentable process innovation and has decided to seek patent protection. In 

specific, the paper determines the privately optimal patent breadth for drastic process innovations 

when the innovator faces the probability of a direct patent validity challenge by a third party and 

potential entry in her market by a competitor that provides a technologically equivalent process. The 

paper also examines the effect of the innovator’s patent breadth decision on the competitor’s 

incentive to generate a competing process (i.e., on the competitors’ R&D spending), on the 
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competitors’ probability of success in the R&D process (i.e., the patentee’s ability to deter entry) 

and on the timing that success is realized by competitors (i.e., the patentee’s ability to delay entry).  

The focus of the paper is on drastic process innovations because drastic innovations are 

usually granted broader protection by the Patent Office (EPO 2000a, USPTO 1999).4 Given that 

broad patents are challenged and invalidated more often than narrow ones (Waterson 1990, 

Lanjouw and Schankerman 2001, Merges and Nelson 1990), the innovator of a drastic process 

should be more careful when she determines the breadth of patent protection claimed as she cannot 

depend on the Patent Office for help in structuring her claims. In addition, drastic innovations are 

associated with greater innovation rents, which increase the incentive of other parties to challenge 

the validity of the patent and to litigate (Lanjouw and Schankerman 2001). 

Existing studies on the innovator’s patenting behavior have mainly focused on the decision 

to patent the innovation or to keep it a secret (Horstmann et al. 1985, Waterson 1990). Yiannaka 

and Fulton (2003) is the only study, to the best of our knowledge, which theoretically examined the 

innovator’s patent breadth decision. The focus of their paper, however, is on product innovations 

that face the possibility of patent infringement and they model the R&D process as being 

deterministic. The contribution of our paper is that it explicitly models the innovator’s patent 

breadth decision for process innovations that face the possibility of direct validity attacks by non 

competitors while allowing for a stochastic R&D process. A stochastic R&D process allows us to 

study the effect of patent breadth on the rival’s probability of succeeding in entering the market 

with a non-infringing innovation as well as on the timing that success is realized.  

                                                 

4 The more drastic is the innovation, the harder it is for an examiner to disprove enablement, that is, to find support in 
the prior art to object to broad claims demonstrating that embodiments of the claimed invention would be impossible to 
make without undue experimentation (Merges and Nelson 1990). Merges and Nelson (1990) state that the narrowing of 
the claims of drastic innovations is left to the courts.   
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Analytical results show that the optimal patent breadth depends on the effect of new entry on 

the incumbent’s profits, the incumbent’s legal costs incurred when the patent is challenged and on 

whether the incumbent operates under a short term or a long term horizon. A key result of the paper 

is that, even when a patent breadth that deters entry exists, it might not be profit maximizing for the 

incumbent to choose this patent breadth to deter entry. As well, claiming the maximum breadth of 

patent protection is never an optimal strategy for the incumbent patentee in this model. The analysis 

shows that the nature of the instantaneous probability of success is a critical factor in determining 

the optimal patent breadth as well as the affect of patent breadth on the rivals’ R&D spending, the 

probability of success by rivals and the timing that success occurs.    

The rest of the paper is organized as follows. Section 2 presents the theoretical framework 

developed to examine the innovator’s strategic patenting behavior. The main assumptions of the 

model are stated in this section. Section 3 describes the analytical solution of the strategic patent 

breadth model. Finally, section 4 concludes the paper. 

2. Theoretical Development of the Strategic Patent Breadth Model 

The determination of the optimal patent breadth for a strategically behaving innovator who has 

invented a process innovation and seeks patent protection is modeled as a sequential game of 

complete information. The agents involved in the game are an incumbent/patentee who is a holder 

of a process patent and an entrant who considers entering into the incumbent’s market. It is assumed 

that the process innovation that is generated by the incumbent meets the patentability requirements 

and that the regulator (i.e., Patent Office) always grants the patent as claimed. The regulator is thus 

not explicitly modeled. The model considers the determination of the optimal patent breadth when 
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the innovator has no guidance from the Patent Office in structuring his claims; a realistic 

assumption for drastic innovations.  

 The game consists of two periods, period one, which takes place over the time interval TG-

−T0, and period two, which takes place over the time interval T0−∞. The expression TG denotes the 

time that the patent is granted and the expression T0 (T0=0) the time that the incumbent markets the 

new product and the entrant enters the market. During the first period of the game, the incumbent, 

having developed a process innovation and having decided to seek patent protection, determines the 

breadth, b, of patent protection claimed. During this period the validity of the patent may be directly 

challenged. The outcome of the challenge determines whether the validity of the patent is upheld or 

not. If the validity challenge is successful and the patent is revoked, the entrant enters the market at 

time T0 using the incumbent’s process and the entrant and the incumbent choose their respective 

output levels and compete in the market. If the patent validity is not challenged or if it is challenged 

and the challenge is unsuccessful (i.e., the patent is found to be valid), then the entrant, starting at 

time T0, determines the flow of R&D spending, x, that will enable her to generate a non-infringing 

process. The incumbent operates as a monopolist for as long as the entrant is not successful in 

generating the non-infringing process. Once the entrant succeeds in generating the non-infringing 

process, however, the incumbent and the entrant choose their respective output levels and compete 

in the market.   

 The single entrant assumption is made to simplify the analysis. The assumption implies that 

either there is a minimum efficient scale requirement in this industry or that large sunk costs not 

linked to the R&D process need to be incurred upon entry that prevent the market from becoming 

competitive even when the incumbent’s patent is revoked. Thus, the sunk costs that need to be 

incurred by the players upon entry are exogenous (the level of the sunk costs is not affected by the 
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players’ decisions, e.g., regulatory costs) and their level is such that 0)2( ≥Π =n  while 0)3( <Π =n  (n 

denotes the number of players). 

 The incumbent’s decision to invest in R&D and patent his product is not considered in this 

game. The above decisions are treated as exogenous. The only decision the incumbent makes is to 

determine the breadth of patent protection for his process. The length of patent protection is 

assumed to be fixed and for simplicity it is also assumed to be infinite. Thus, the patent will stay 

active unless it is invalidated during a patent validity challenge and is thus revoked. It is also 

assumed that the incumbent’s patent does not infringe on any previous product or process patent 

and there is only one Patent Office where the incumbent can apply for patent protection. Time is 

modeled as being continuous and complete and perfect information are assumed. The incumbent 

acts strategically taking into consideration the entrant’s response to different patent breadth choices 

when he determines the breadth of patent protection claimed.  

 A summary of the formal strategic patent breadth determination game is depicted 

diagrammatically in Figure 1. In period one the incumbent determines the breadth of patent 

protection claimed, b, and he is granted a process patent. The patent is then challenged by a third 

party with probability δ and during the challenge process the viability of the patent is determined. 

The patent is upheld with probability µ and it is revoked with probability 1-µ. The upholding or 

revoking of the patent marks the end of period one. In period two the product is marketed by the 

incumbent. If the validity of the patent is not challenged or if it is challenged and upheld, then at the 

beginning of period two the entrant chooses the optimal flow of R&D spending, x. The incumbent 

operates as a monopolist for as long as the entrant is not successful in generating her own non-

infringing process. Once the entrant succeeds, however, the incumbent and the entrant choose their 

respective output levels and they each earn duopoly profits. The payoffs for the incumbent and the 
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entrant when the patent is challenged and upheld are given by C
UIE )(Π  and C

UEE )(Π , respectively 

(see payoffs at A). If the patent is not challenged, the payoffs are given by NC
IE )(Π  and NC

EE )(Π , 

respectively (see payoffs at C). If the patent is revoked after it has been challenged, then starting at 

the beginning of period two the entrant produces the new non-patentable product using the 

incumbent’s process and the incumbent and the entrant receive payoffs C
RIE )(Π  and C

RE )(Π , 

respectively (see payoffs at B).   
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Figure 1 The Strategic Patent Breadth Game 

Period One: TG − T0 Incumbent: chooses patent     
breadth b 
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Patent validity 
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not challenged 
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Entrant: markets new 
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Entrant: chooses 
R&D spending x 
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Incumbent earns 
monopoly profits 

Entrant: discovers new 
process and uses it to 
market its product 
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 In this model the entrant knows (with certainty) the outcome of the patent challenge when 

she decides on the level of R&D expenses to be incurred or when she decides on whether to enter 

the market using the incumbent’s process. The incumbent on the other hand knows only the 

probability with which his patent will be challenged and the probability with which his patent will 

be upheld when challenged when he determines the breadth of patent protection claimed.   

 

 The Process Innovation Space, Patent Breadth and the R&D Process 

It is assumed that the patentable process is used for the production of a new non-patentable product 

(e.g., the t-PA drug in U.K.). The potential entrant is thus free to produce the new product by 

generating her own non-infringing process. This model assumes that if the entrant enters the market 

she will do so without infringing the incumbent’s process. In addition, if the entrant is successful in 

generating her own process, she does not have to patent it since further entry is not anticipated.  

 The model assumes that the patented process results in zero per unit production costs and 

that if the entrant succeeds in generating her own non-infringing process, her process will be 

equally efficient (i.e., the entrant’s process also results in per unit production costs of zero). Thus, 

the model is not a quality ladder model where one innovator supersedes the other in producing a 

better innovation. Both the incumbent/patentee and the potential entrant use their processes to 

produce the new non-patentable product, which is viewed by the consumers as a homogeneous 

product. In other words, consumers are indifferent as to whether the new product was made with the 

incumbent’s or the entrant’s process. 

 It is also assumed that there are no close substitutes for the new product. The above 

assumption implies that the incumbent will make monopoly profits for as long as the entrant fails to 

generate a non-infringing process. Once the entrant succeeds in generating her own non-infringing 

process, the incumbent and the entrant will share the market, each making duopoly profits. 
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 The process innovation space and the breadth of patent protection are depicted in Figure 2. 

The line of unit length represents the process innovation space. Each point within this space 

represents a process that is capable of producing the product in question at the same production 

cost. Thus, different points on the unit length line refer to the different processes that can be used to 

produce the non-patentable product at a per unit cost of zero. The closer are two points in the 

process innovation space, the more similar are the processes in terms of the way they work in 

generating the given product. 

 
Figure 2 The Process Innovation Space and the Breadth of Patent Protection  

 Point A in Figure 2 refers to the patented process generated by the incumbent.  Patent 

breadth refers to the area on the unit length line around point A which is protected by the patent. 

Patent breadth includes all the processes that, if they were developed by competitors, would infringe 

the patent. Patent breadth takes values in the interval b∈(0,1]. A patent breadth value close to zero 

(b→0) implies that the patent protects only against duplication of the patented process. On the other 

hand, a patent breadth value equal to one (b=1) implies that there is no other process that can be 

used to produce the non-patentable product without infringing the patent. It is assumed that patent 

breadth defines an exact border of protection (i.e., fencepost patent system).  

 To simplify the model it is assumed that it is a third party and not the potential entrant who 

directly challenges the validity of the patent.5 Thus, in this model, the entrant benefits from the 

                                                 

5 Third parties are allowed to challenge the validity of patents in the Patent Office without having to prove any special 
interest for doing so. Harhoff and Reitzig (2000) state that various interest groups are trying to influence the European 
patenting practice by filing opposition cases especially against biotechnology patents.  

0 1 

A

b 
• •

B
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validity challenge without incurring the opposition costs. The costs incurred by the incumbent 

during a validity challenge are denoted by CT and are assumed to be independent of the breadth of 

patent protection. In addition, it is assumed that the incumbent’s opposition costs do not affect the 

probability that the patent will be challenged and the probability that the validity of the patent will 

be upheld.  

 The probability that the validity of the patent will be directly challenged is denoted by δ and 

it is a function of patent breadth. Recent empirical studies have found a positive relationship 

between the breadth of the patent, measured by the number of claims made, and the probability of 

validity challenges (Lanjouw and Schankerman 2001). In addition, Lentz (1988) and Merges and 

Nelson (1990) observe that the greater is the breadth of patent protection, the greater is the 

probability that the validity of the patent will be challenged. Following the above studies, this model 

assumes a positive relationship between patent breadth and the probability that the validity of the 

patent will be challenged. For simplicity, it is further assumed that when the maximum patent 

breadth is claimed (bmax=1), the validity of the patent is always challenged. These assumptions are 

captured by assuming that the probability that the validity of the patent will be directly challenged, 

δ, is equal to b=δ . 

 The patent may not always be found valid during the patent validity challenge. There is a 

probability, denoted by µ, that the validity of the patent will be upheld during the validity challenge, 

where µ is given by b−= 1µ . Thus, the greater is the breadth of patent protection, the smaller is 

the probability that the validity of the patent will be upheld. The above assumption is justified by 

the fact that the greater is patent breadth, the harder it is to show novelty, nonobviousness and 

enablement (Cornish 1989). In addition, empirical evidence suggests that courts tend to uphold 

narrow patents and revoke broad ones (Merges and Nelson 1990, Waterson 1990). Thus, when 

patent breadth takes its maximum value (bmax=1), the patent is always found to be invalid (µ=0). 
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 In statistical terms, the event that the patent will be challenged and the event that the validity 

of the patent will be upheld are treated as independent.6 This assumption is valid given that the 

patent validity challenger is not the one who rules on whether the patent is valid. There is no 

evidence in the literature to suggest that there is a relationship between the probability that the 

patent will be challenged and the way the courts and/or the Patent Office rule on patent validity 

issues.    

 When the validity of the patent is not challenged, or when it is challenged and upheld, the 

entrant must invest in R&D to generate her own non-infringing process to produce the non-

patentable product, if she wants to enter the market. To capture the uncertainty associated with the 

R&D process it is assumed that the innovation process is stochastic. Innovation in this model occurs 

according to the Poisson process. The research technology is ‘memoryless’; that is, the probability 

that the entrant will succeed in generating an innovation at any given point in time depends only on 

the current R&D expenditure, not on past R&D experience (Tirole 1988). This is a common 

assumption in the R&D literature and is made to simplify the analysis (Loury 1979, Lee and Wild 

1980). The instantaneous probability of success is denoted by λ and is constant. The parameter λ 

shows that if the entrant has not succeeded by time τ in generating a non-infringing process then the 

probability of succeeding at the next instant, that is at dt+τ , is dtλ . The elapsed time, τ, before an 

innovation arrives has a probability density function described by the exponential 

distribution λτλτ −= ef )(  for λ>0 and 0≤τ≤∞ and a cumulative probability function 

λττ −−= eF 1)( . The cumulative distribution gives the probability that success will occur by time τ 

(i.e., ][)( ττ ≤= tprobF ).  

                                                 

6 This assumption implies that the probability that the patent will be upheld given that is has been challenged is equal to 
the probability that the patent will be upheld, i.e., prob[µδ]=prob[µ].  



 15

 In this model it is assumed that the instantaneous probability of success λ is a function of the 

entrant’s R&D spending per unit of time, denoted by x, and the breadth of patent protection b, 

),( bxf=λ . The flow rate of R&D spending, x, is assumed to be constant and it is incurred by the 

entrant for as long as it takes to realize a success. Following standard economic theory assumptions, 

it is assumed that the R&D spending per unit of time increases the probability of success at a 

decreasing rate; λx>0, λxx<0 and also 0=
∞→ xx

imλ  and λx(0)→∞ (Loury 1979, Reinganum 1983).  

 The instantaneous probability of success λ is also a function of the breadth of patent 

protection since in this model success implies that the entrant will only be able to enter with a non-

infringing process. That is, the entrant must generate a process outside the technological territory − 

i.e., the patent breadth − claimed by the incumbent. Given that the entrant has not already 

succeeded, it is assumed that the greater is the patent breadth, the smaller is the probability that the 

entrant will succeed at the next instant, in generating a non-infringing process for producing the 

new non-patentable product. It is thus assumed that the breadth of patent protection decreases the 

probability of success at an increasing rate; λb<0, λbb>0. The justification for this assumption is that 

since the entrant will enter with a non-infringing process, the greater is patent breadth the more 

dissimilar will be the two processes − the further away from the patentee’s process the entrant’s 

process will be in the process innovation space in Figure 2. This, in turn, implies that the greater is 

patent breadth, the less useful is the information disclosed by the patent for the entrant and thus the 

more difficult it becomes for the entrant to generate her non-infringing process.  

 To completely describe the instantaneous probability of success, λ, the instantaneous 

probability of success is assumed to be either additively or multiplicatively separable in the flow of 

R&D spending and in patent breadth, i.e.,  )()( bx ψϕλ +=  or )()( bx ψϕλ ⋅= . The functions )(xϕ  

and )(bψ  satisfy all theoretical assumptions concerning the instantaneous probability of success, 
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that is, 0>xϕ , 0<xxϕ , 0<bψ  and 0>bbψ . With the additively separable formulation, the 

marginal effect of R&D spending on the probability of success is independent of the breadth of the 

patent, 0=xbλ . With the multiplicatively separable formulation the marginal effect of R&D 

spending on the probability of success is inversely related to the breadth of the patent, 0<xbλ  (see 

Proposition 2 for a formal proof).  

 Given the above, when )()( bx ψϕλ +=  the incumbent’s patent breadth choice affects the 

entrant’s probability of success, λ, only directly ( 0<bλ ). When )()( bx ψϕλ ⋅=  the incumbent’s 

patent breadth choice affects the entrant’s probability of success, λ, both directly ( 0<bλ ) and 

indirectly ( 0<xbλ ). In this case, as patent breadth increases, the harder it becomes to generate a 

non-infringing process (i.e., direct effect) and the less effective R&D spending becomes in 

increasing the probability of success (i.e., indirect effect). An additively separable function and a 

multiplicatively separable function that satisfy all theoretical assumptions regarding the 

instantaneous probability of success are given by 
b

xf 1:1 += θλ  and 
b
xf
θ

λ =:2  respectively, 

where θ ∈(0,1].    

   

3. The Analytical Solution of the Strategic Patent Breadth Game 

Given the assumption of complete and perfect information, the incumbent knows when he 

determines the breadth of patent protection claimed how patent breadth affects the probability that 

the patent will be challenged, δ, the probability that the validity of the patent will be upheld after 

challenge, µ, and the entrant’s probability of succeeding at any given instant in generating a non-

infringing process, λ. The incumbent chooses the breadth of patent protection that will induce the 
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desired behavior from the entrant and will allow him to maximize the rents that he can appropriate 

from his innovation.  

 The optimal breadth of patent protection for the innovator is determined using backwards 

induction. The duopoly profits that are realized at the second period of the game when both the 

incumbent and the entrant operate in the market are determined first. The entrant’s decision of the 

optimal R&D spending is determined next and the incumbent’s optimal patent breadth choice is 

determined last. 

 Determination of the Duopoly Profits 

During the second period of the game (T0−∞) both the incumbent and the entrant produce the 

product when either the entrant succeeds in generating the non-infringing process or when the 

patent is revoked after being challenged. Since production costs have been assumed to be zero, both 

players will produce the same output and will earn the same rate of instantaneous profits. These 

instant profits are given by 0>Π=Π=Π dEI .7 Although the entrant earns the same level of 

instantaneous profits the discounted profits will differ from those of the incumbent depending on 

the R&D expenditures and on the exogenous sunk costs she has to incur.  

 The Entrant’s Optimal R&D Spending Decision 

Two cases emerge regarding the entrant’s behavior depending on whether the patent is challenged 

and revoked or on whether the patent is not challenged or is challenged and upheld. The entrant’s 

optimal decision when the patent is challenged and revoked is examined first. 

                                                 

7 Given that the incumbent and the entrant compete in quantities and not in prices and that the unit production costs are 
zero the duopoly profits that they realize are positive.   
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 The Patent is Challenged and Revoked  

The entrant does not have to make an investment decision if the patent is revoked after being 

challenged. Since generating a new process is costly for the entrant (i.e., positive R&D costs are 

required), the entrant simply uses the incumbent’s process to produce the new product. When the 

entrant uses the incumbent’s process to produce the new product her discounted profits are given 

by: 

 F
r

Fdte d
d

rtR
E −

Π
=−Π=Π ∫

∞
−

0

)(       (1) 

where r is the discount rate and F are the exogenous sunk costs incurred by the entrant at time zero 

(T0). 

The entrant finds it optimal to enter the market when the patent is challenged and revoked if 

F
r

dR
E >

Π
⇒>Π 0)( .  

 The Patent is Not Challenged or is Challenged and Upheld  

When the patent is not challenged, or is challenged and upheld, the entrant must decide on the flow 

of R&D spending that will enable her to generate the non-infringing process that will be used for 

the production of the new product. The entrant chooses the flow of R&D spending, x, that 

maximizes the present value of her expected profits. Note that the entrant’s expected profits are the 

same irrespective of whether the patent is not challenged or challenged and upheld 

( C
UEE )(Π = NC

EE )(Π ) since it is not the entrant but a third party that challenges the validity of the 

patent. The entrant’s objective function is given by: 

 FdtxbxeeEE d
tbxrt

EEx

NCC
U −−Π=Π=Π −

∞
−∫ )),(()()(max ),(

0

λλ   (2) 
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Equation (2) shows that if the entrant has not succeeded before time t in generating the non-

infringing process, she then receives dΠ  if she succeeds at time t. This event has probability 

density tbxebx ),(),( λλ − . The entrant pays R&D costs of x so long as no success has occurred. This 

event has probability tbxe ),(λ− . Finally, the entrant pays costs F at time zero irrespective of whether 

she succeeds in generating the process.  

Performing the indicated integrations the entrant’s objective function can be expressed as:  

F
bxr

xbx
EE d

EEx

NCC
U −

+
−Π

=Π=Π
),(

),(
)()(max

λ
λ

    (3)  

 The entrant chooses the flow of R&D spending that maximizes her objective function given 

in equation (3). Optimization of equation (3) yields the following first order conditions (F.O.C.) for 

a maximum: 

 ),,(0),(0
)()( *

dd
x

EE rbxxrbxrx
x

E
x

E NCC
U Π=⇒=Π+

+
−⇒=

∂

Π∂
=

∂
Π∂

λ
λ  (4) 

 The F.O.C. yield the optimal flow of R&D spending expressed in terms of known 

parameters; the breadth of patent protection, the duopoly profits and the discount rate. The F.O.C. 

implicitly define the entrant’s best response function, which shows how the entrant responds to 

different patent breadth choices.  

 To graphically characterize the optimal level of the flow of R&D spending let xxg =)(  and 

d
x

rbxrxh Π−
+

=
λ
λ ),()( . The F.O.C. can then be written as:  

 d
x

rbxrxxhxg Π−
+

=⇒=−
λ
λ ),(0)()(      (5) 

 The second order conditions (S.O.C.) imply that for a maximum the condition given in 

equation (6) must be satisfied.  



 20

 xxxx hghg <⇒<− 0         (6) 

Equation (6) shows that at the optimum the slope of )(xh  must be greater than the slope of )(xg ; 

)(xh  must cut )(xg  from below at the optimum. Given that 01 >=xg  equation (6) implies that 

)(xh  must be increasing in x and also that 1>xh .  It is easily verified that both the above 

conditions for the existence of an optimum are satisfied as 

1
)(

)(
1

)(
)(

)( 222 >
+

−=
+

−=
x

xx

x

xx

x

xx
x

rr
h

λ
λλ

λ
λλ

λ
λλ

, since 0<xxλ . The S.O.C. are satisfied for both the 

additive and the multiplicative formulations of the instantaneous probability of success, λ. Also, 

drh Π−=)0(  since λx(0)→∞ which holds due to the theoretical properties of the instantaneous 

probability of success.  

 The slope of )(xh  is decreasing in the flow of R&D spending, x, for both the additive and 

the multiplicative formulations of the instantaneous probability of success, λ, that is, 

0
)(

)()(2
)(
)(

3

2

2 ≤
+

+
++

−=
x

xx

x

xxxxxx
xx

rr
h

λ
λλ

λ
λλλλ

. A formal proof is presented in the Appendix. Note 

that the determination of the curvature of )(xh  is not important for the results, it is necessary only 

for the graphical representation of the optimum. Figure 3 depicts the graphical representation of the 

determination of the optimal flow of R&D spending. 
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Figure 3 Graphical Representation of the Determination of the Optimal Flow of R&D 

Spending (x*).  

 The entrant’s expected profits when the patent is not challenged or when it is challenged and 

upheld are obtained by substituting the optimal flow of R&D spending into the entrant’s expected 

profit function. The substitution yields the payoffs given by equation (7). 

 F
bxr

xbx
EE d

EE
NCC

U −
+

−Π
=Π=Π

),(
),(

)()( *

**

λ
λ

     (7) 

The entrant will enter the market only if she realizes positive profits, that is, if 

0)()( >Π=Π NCC
U EE EE . This condition can be expressed as: 

  
),(

)),((0
),(

),(
*

**

*

**

bx
FbxrxF

bxr
xbx

d
d

λ
λ

λ
λ ++

>Π⇒>−
+

−Π
   (8)  

 Note that the entry condition in equation (8) is determined by the level of duopoly profits, 

the discount rate, the exogenous sunk costs and the incumbent’s patent breadth decision. Equation 

(8) opens the possibility that a patent breadth value ]1,0(ˆ∈b  may exist such that the entry condition 

-rΠd 

x 
0 

)( xg

x* 

  )(xg , )(xh  

A 

)(xh
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is not satisfied. If b̂  exists and it is chosen by the incumbent, then the entrant will not enter the 

market. 

 When entry is not deterred the entrant’s optimal flow of R&D spending is given by equation 

(4). This equation can be used to determine the effect of a change in the breadth of patent 

protection, the level of duopoly profits and the discount rate, on the optimal flow of R&D spending.  

 The effect of a change in patent breadth on the optimal flow of R&D spending is determined 

by examining 
db
dx*

. The expression for the term 
db
dx*

 is derived by totally differentiating the 

optimality condition d
x

rrxxhxg Π−
+

=⇒=
λ
λ)()(  (i.e., equation (5)), with respect to the optimal 

flow of R&D spending, x*, and patent breadth, b. The result of this differentiation is: 

 

)(
)()(

)()()()(

*
*

*
*

*

**
*

*

*

xx

bb
bbxx hg

gh
db
dxdbghdxhg

db
b
xhdx

x
xhdb

b
xgdx

x
xg

−
−

=⇒−=−

⇒
∂

∂
+

∂
∂

=
∂

∂
+

∂
∂

   (9) 

It is known from equation (6) that 0<− xx hg . Also, 0=bg . Thus, the sign of the slope of the best 

response curve, 
db
dx*

, depends on the sign of the term bh , where 2)(
)(

x

xbxb
b

r
h

λ
λλλλ +−

= .  

 The nature of the instantaneous probability of success, λ, must be specified before the 

relationship between the optimal level of R&D spending, x*, and patent breadth, b, can be 

determined. This is so because the term bh  depends on the term xbλ , the sign of which depends on 

whether the instantaneous probability of success, λ, is additively or multiplicatively separable in the 

flow of R&D spending, x, and in patent breadth, b.  
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Proposition 1 When the instantaneous probability of success, λ, is additively separable in patent 

breadth, b, and in the flow of R&D spending, x, (i.e., )()( bx ψϕλ += ), the effect of a change in 

patent breadth on the optimal flow of R&D spending is positive, i.e.,  0
*

>
db
dx  .   

Proof:  

When )()( bx ψϕλ += , then 0==
∂
∂

xb
x

b
λ

λ
. Given that 0<bλ  and 0>xλ ,  

2)(
)(

x

xbxb
b

r
h

λ
λλλλ +−

= <0. The slope of the best response function, given by equation (9), is thus 

positive, i.e., 0
*

>
db
dx . □ 

 The above result suggests that as patent breadth increases so does the flow of R&D 

spending. The intuition behind this result is as follows. The entrant responds to an increase in patent 

breadth with an increase in her flow of R&D spending trying to counterbalance the negative effect 

that the increase in patent breadth has on the probability of success. 

Proposition 2 When the instantaneous probability of success, λ, is multiplicatively separable in the 

patent breadth, b, and in the flow of R&D spending, x, (i.e., )()( bx ψϕλ ⋅= ) the effect of a change 

in patent breadth on the optimal flow of R&D spending is negative, i.e., 0
*

<
db
dx .   

Proof:  

When )()( bx ψϕλ ⋅= , then 0<xbλ , since )(b
x xψϕλ
=

∂
∂ , bx

b
ψϕλ )(=

∂
∂  and 

0<==
∂
∂

=
∂
∂

bxxb
bx

xb
ψϕλ

λλ
. Thus, patent breadth affects the probability of success both directly 

( 0<bλ ) and indirectly ( 0<xbλ ). The sign of the term bh  is positive, 
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0
)(

)(
2 >−=
+−

=
bxx

xbxb
b

rr
h

ψϕλ
λλλλ

. Given that 
)( xx

b

hg
h

db
dx

−
=  (from equation 9) and 

0<− xx hg , the slope of the best response function is negative, i.e., 0
*

<
db
dx . □ 

The intuition behind the result presented in Proposition 2 is as follows. An increase in patent 

breadth has two effects on the entrant. First, she knows that a change in b means she will have to 

spend more to be able to succeed (to counterbalance the negative effect that an increase in the patent 

breadth has on the probability of success). Second, she also knows that the effect of the additional 

R&D spending on the probability of success will now be smaller (due to 0<xbλ ). Since an increase 

in patent breadth makes investment less efficient and more costly for the entrant, the entrant 

responds with a reduction in the optimal flow of R&D spending.  

Having determined how patent breadth affects the flow of R&D spending under different 

assumptions about the relationship between the flow of R&D spending and patent breadth (i.e., 

0=xbλ  and 0<xbλ ), the effect of a change in patent breadth on the total expected R&D costs that 

the entrant must incur before a success is realized can be determined. The total expected R&D costs 

to be incurred by the entrant are given by:  

 x
bx

xTEC eE ),(
1

λ
τ ==        (10) 

In equation (10), 
),(

1
bxe λ

τ =  denotes the average elapsed time before success is realized; 

this is the mean of the exponential distribution λτλτ −= ef )( . The average elapsed time before 

success occurs is decreasing in the flow of the R&D spending, 01
2 <−=

∂
∂

∂
∂

=
∂
∂

x
ee

xx
λ

λ
λ

λ
ττ

 and 

increasing in the breadth of patent protection, 01
2 >−=

∂
∂

∂
∂

=
∂
∂

b
ee

bb
λ

λ
λ

λ
ττ

. Thus, on the one hand, 
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the greater is the flow of R&D spending, the greater is the probability that success will be realized 

the next instant, and the shorter is the time that elapses before success occurs. On the other hand, the 

greater is patent breadth, the smaller is the probability that success will occur the next instant and 

thus the longer is the period that elapses before success occurs. The propositions that follow 

describe the relationship between patent breadth and the total expected R&D costs when the 

instantaneous probability of success is additively and multiplicatively separable in the flow of R&D 

spending and in patent breadth.  

Proposition 3 The total expected R&D costs are increasing in patent breadth, 0>
db

dTECE , when 

the instantaneous probability of success, λ, is additively separable in patent breadth, b, and in the 

flow of R&D spending, x.   

Proof:  

When )()( bx ψϕλ += , 02 >
−

=+
∂
∂

=
∂

∂
λ
λλ

τ
τ xx

xx
bb

TEC bb
be

eE  since 0>bx  as shown in 

Proposition 1 and 0<bλ . □ 

 The intuition behind the result presented in Proposition 3 is as follows. When the 

instantaneous probability of success is additively separable in the flow of R&D spending and in 

patent breadth, patent breadth affects the expected total R&D costs in two ways. First, a higher 

patent breadth increases the elapsed time before success is realized ( 0>
∂
∂

b
eτ ), and second, greater 

patent breadth increases the flow of R&D spending ( 0>bx ). Both outcomes imply that the 

expected total R&D costs to be incurred by the entrant are rising in b. 
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Proposition 4 The effect of an increase in patent breadth on the total expected R&D costs when the 

instantaneous probability of success, λ, is multiplicatively separable in patent breadth, b, and in the 

flow of R&D spending, x, depends on whether an increase in patent breadth increases the elapsed 

time before success is realized more than it decreases the flow of R&D spending. 

Proof:  

The effect of a change in patent breadth on the total expected R&D costs is given by 

2λ
λλ

τ
τ xx

xx
bb

TEC bb
be

eE −
=+

∂
∂

=
∂

∂ . When )()( bx ψϕλ ⋅=  then 0<bx  as shown in Proposition 2 

and 0<bλ . Given the above, the sign of 
db

dTECE  depends on the relative magnitudes of the terms 

x
b

e

∂
∂τ

 and be xτ , which are positive and negative respectively (or equivalently the terms λbx  and 

xbλ , which are both negative). When be xτ > x
b

e

∂
∂τ

 then 0<
db

dTECE  while when be xτ < x
b

e

∂
∂τ

 then 

0>
db

dTECE . □ 

 When the instantaneous probability of success is multiplicatively separable in the flow of 

R&D spending and in patent breadth, patent breadth affects the expected total R&D costs in two 

countervailing ways. On the one hand, an increase in patent breadth increases the elapsed time 

before success is realized; on the other hand, an increase in patent breadth decreases the flow of 

R&D spending. When 0>
db

dTECE  then even though the amount spend on R&D per unit of time 

decreases as patent breadth increases this amount is now spread over a longer period making the 

total effect of the increase in patent breadth positive. When 0<
db

dTECE  then even though the 

period over which the flow R&D costs are incurred increases as patent breadth increases, the 
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decrease in the flow of R&D spending (caused by the patent breadth increase) is greater in absolute 

terms making the total effect of an increase in patent breadth on the total expected R&D costs 

negative.  

The effect of a change in the anticipated level of duopoly profits on the flow of the R&D 

spending is determined by totally differentiating the optimality condition, 

d
x

rrxxhxg Π−
+

=⇒=
λ
λ)()( , with respect to the optimal flow of R&D spending, x* and the 

anticipated duopoly profits, dΠ . The expression for 
dd

dx
Π

*

 is given by: 
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   (11) 

Proposition 5 The optimal level of the flow of R&D spending is increasing in the duopoly profits 

that the entrant anticipates to make if she succeeds in generating a non-infringing process, 

0
*

>
Π dd

dx , for both the additive and the multiplicative formulations of the instantaneous probability 

of success, λ.    

Proof:  

 From the S.O.C., 0<− xx hg . Also, 0=Πd
g  and 0<−=Π rh

d
, which implies that 0

*

>
Π dd

dx . 

Thus, as it would be expected, the entrant reacts to an increase in the anticipated duopoly profits by 

increasing the optimal flow of R&D spending. □ 
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Proposition 6 The total expected R&D costs that are incurred by the entrant before a success 

occurs are increasing in the duopoly profits that the entrant anticipates to make if she succeeds in 

generating a non-infringing process, 0>
Π d

E

d
dTEC .    

Proof: 

The change in the total expected R&D costs that follows a change in the anticipated duopoly profits 

is given by ))(()(
)(

2λ
λλ

τλ
λ
τ x

hg
rxxx

x
TCE x

xx
e

dd

e

d

E −
−
−

=
Π∂
∂

+
Π∂
∂

∂
∂

∂
∂

=
Π∂

∂ . In this expression the term 

dxx d
dx

hg
r

Π
=

−
− *

)(  is positive as shown in Proposition 5. The term 2λ
λλ xx−

 is also positive since 

xx
λλ

> . To prove the last inequality the additively and multiplicatively separable functions 

b
xf 1:1 += θλ  and 

b
xf
θ

λ =:2 , respectively, are used. When λ is described by f1 then 

θθλλ θθ >+⇒>+⇒> −−

bx
x

bx
x

x x
111 11  which holds ∀b∈(0,1], x≥0 since θ∈(0,1). When λ is 

described by f2 then θθλλ θθ

>⇒>⇒>
−−

1
11

b
x

b
x

x x  which holds true ∀b∈(0,1], x≥0 since θ∈(0,1). 

□ 

 The intuition behind the result presented in Proposition 6 is as follows. The increase in the 

anticipated duopoly profits causes the entrant to increase her flow of spending in R&D (see 

Proposition 5). The increase in the flow of R&D spending affects the expected total R&D costs in 

two countervailing ways. A greater flow of R&D spending directly obviously increases the 

expected total costs. It also indirectly decreases the expected total R&D costs by decreasing the 

average elapsed time before success is realized ( 0<
∂
∂

x
eτ ). However, the positive direct effect is 
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stronger than the negative indirect effect. The result is that an increase in the anticipated duopoly 

profits on the expected total R&D costs is positive.  

 The effect of a change in the discount rate on the optimal level of R&D spending is derived 

by totally differentiating the optimality condition d
x

rrxxhxg Π−
+

=⇒=
λ
λ)()( , with respect to 

the optimal flow of R&D spending, x*, and the discount rate, r. The expression for 
dr
dx*

 is given in 

equation (12). 
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    (12) 

From the S.O.C. it is known that 0<− xx hg . Also, 0=rg . The sign of the term d
x

rh Π−=
λ
1  

cannot be determined, however, without knowledge of the magnitude of the parameters in the 

expression. For instance, note that the impact of the discount rate on the optimal level of R&D 

spending depends on the magnitude of the anticipated duopoly profits, dΠ . When d
x

Π>
λ
1  then an 

increase in the discount rate decreases the optimal level of the flow of R&D spending 0<
dr
dx  while 

when d
x

Π<
λ
1  an increase in the discount rate results in an increase in the optimal level of the flow 

of R&D spending 0>
dr
dx . Finally, when d

x

Π=
λ
1  a change in the discount rate causes no change 

in the optimal level of R&D spending. Given that the effect of a change in the discount rate on the 

optimal level of the flow of R&D spending is inconclusive, the effect of a change in the discount 

rate on the expected total R&D costs is also inconclusive.  
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 The Incumbent’s Optimal Patent Breadth Decision 

Given the assumption of complete information, the incumbent knows how patent breadth affects the 

entrant’s optimal R&D spending decision. The incumbent can then choose the breadth of patent 

protection that induces the desired behavior from the entrant. This is the breadth of patent protection 

that maximizes the incumbent’s discounted expected returns.  

 The incumbent’s expected returns are a function of his expected returns when the patent is 

not challenged, NC
IE )(Π , and the expected returns when the patent is challenged, C

IE )(Π . Since 

the incumbent’s patent is challenged with probability δ and it is not challenged with probability 1-δ, 

the incumbent’s discounted expected profits are given by equation (13).  

 NCC
III EEE )()1()()( Π−+Π=Π δδ       (13) 

 The incumbent’s expected returns when the patent is challenged are a function of the 

incumbent’s expected returns when the patent is challenged and upheld, C
UIE )(Π , and the expected 

returns when the patent is challenged and revoked, C
RIE )(Π . Given that the patent is challenged and 

upheld with probability µ and it is challenged and revoked with probability 1-µ, the incumbent’s 

expected returns when the patent is challenged are given by equation (14). In equation (14) TC  

denotes the legal costs incurred by the incumbent during the patent challenge process. 

TRIII CEEE CC
U

C −Π−+Π=Π )()1()()( µµ      (14) 

 The incumbent’s expected returns when his patent is not challenged or when it is challenged 

and upheld are the same ( NC
IE )(Π = C

UIE )(Π ) because in both cases the incumbent operates as a 

monopolist until the entrant succeeds in generating a non-infringing process. Once the entrant 

succeeds, the incumbent shares the market with the entrant, each making duopoly profits. The 

incumbent’s discounted expected profits when his patent is not challenged or when it is challenged 

and upheld are given by equation (15). 
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 Equation (15) shows that the incumbent receives monopoly profits mΠ  at t if by time t the 

entrant has not yet succeeded in generating a non-infringing process. This event has probability 

tbxe ),( *λ− . The incumbent receives duopoly profits dΠ  at time t if, at t, the entrant succeeds in 

generating a non-infringing process. This event has a probability density function tbxebx ),(* *
),( λλ − . 

When the patent is challenged and revoked, the entrant enters using the incumbent’s process 

and the incumbent shares the market with the entrant making duopoly profits. The incumbent’s 

discounted profits when his patent is challenged and revoked are given by equation (16). 

Rd
d

rt
I r

dteC
R Π=

Π
=Π=Π ∫

∞
−

0

)(       (16) 

 It is assumed that the profits that the incumbent makes when his patent is not challenged or 

is challenged and upheld ( uΠ ) are greater than the profits that he makes when his patent is 

challenged and revoked ( RΠ ), that is, Ru Π>Π . This assumption guarantees that the incumbent is 

not indifferent between receiving and not receiving patent protection for his process; the incumbent 

is better off when he receives patent protection.   

 Substitution of equations (15) and (16) into equation (14) yields the expression for the 

incumbent’s discounted expected profits when the patent is challenged: 

 T
Ru

I CE C −Π−+Π=Π )1()( µµ       (17) 

Substitution of equations (15) and (17) into equation (13) yields the expression for the incumbent’s 

discounted profits when entry is not deterred. Recall that the probability of the patent being 

challenged is b=δ  and the probability of the patent being found valid is b−= 1µ . 
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 The analysis so far has proceeded assuming that the entrant will always find it optimal to 

enter the market. It has been shown that the incumbent cannot deter entry when the patent is 

challenged and revoked since in this case the entrant’s profits upon entry do not depend on the 

incumbent’s patent breadth (see equation 1). Recall that the exogenous sunk costs (F) were assumed 

to be such as to allow a duopolistic market structure. It has also been shown that when the patent is 

not challenged, or is challenged and upheld, there may exist a patent breadth value ]1,0(ˆ∈b  such 

that the entry condition is not satisfied, that is, 
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dd
d
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. If b̂  

exists and it is chosen by the incumbent, the entrant will not enter when the patent is not challenged 

or is challenged and upheld and the incumbent will make monopoly profits. The incumbent’s profits 

when the patent is not challenged or is challenged and upheld and the incumbent chooses patent 

breadth b̂  are given by equation (19). 
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The incumbent’s discounted expected profits when patent breadth b̂  that deters entry is chosen are 

given by substituting equations (14), (19) and (16) into equation (13). The incumbent’s discounted 

expected profits when entry is deterred are given by equation (20).  
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 It should be noted that if a b̂  that deters entry exists it will be chosen by the incumbent if 

and only if the incumbent’s expected discounted profits when b̂  is chosen are greater than or equal 
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to his profits when entry is not deterred, NDD
II EE )()( Π≥Π . Thus, it may not always be optimal 

for the incumbent to deter entry in this model. To keep the model simple, the analysis proceeds 

assuming that either there is no patent breadth b̂  that can deter entry or that if a patent breadth b̂  

exists, it is not optimal for the incumbent to deter entry because b̂  does not satisfy the condition 

NDD
II EE )()( Π≥Π .  

 Given the assumption that entry will not be deterred the incumbent chooses the patent 

breadth that maximizes the expected discounted profits given by equation (18). His objective 

function is given by:  

 T
Ru

Ib
bCbbE ND −Π+Π−=Π 22 )1()(max      (21) 

Optimization of equation (21) yields the F.O.C. for a maximum. The F.O.C. are given by equation 

(22).  

 
),,,(

02)1()2(0)(

*

2

rCbb

Cb
b

bb
b

E

Tdm

T
R

u
uI

ND

ΠΠ=

⇒=−Π+
∂
Π∂

−+Π−⇒=
∂
Π∂

  (22) 

The F.O.C. for the incumbent’s optimization problem yield the optimal choice of patent breadth as a 

function of known parameters; the monopoly profits, the duopoly profits, the legal costs of the 

challenge process and the discount rate.  

 The interpretation of the F.O.C. given in equation (22) requires the determination of the sign 

of the term 
b

u

∂
Π∂ . The term 

b

u

∂
Π∂  shows how the expected profits made by the incumbent when his 

patent is not challenged or when it is challenged and upheld are affected by the breadth of patent 

protection. The affect of patent breadth on uΠ  does not depend on the nature of the instantaneous 

probability of success, as shown in the next proposition.  
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Proposition 7 The expected profits made by the incumbent when his patent is not challenged or 

when it is challenged and upheld are increasing in patent breadth ( 0>
∂
Π∂
b

u

) for both the additive 

and the multiplicative formulations of the instantaneous probability of success, λ.     

Proof: 

It is straight forward to prove that 0>
∂
Π∂
b

u

 when the instantaneous probability of success is 

multiplicatively separable in the flow of R&D spending and in the patent breadth. In this case, an 

increase in patent breadth leads to a decrease in the flow of R&D spending, 0<bx  (see Proposition 

2). The term 
b

u

∂
Π∂  is equal to 2)(

))((
λ

λλ
+

Π−Π+
=

∂
Π∂

r
rx

b
mdbxb

u

, where the term ( mdr Π−Π ) is 

negative as duopoly profits are always smaller than monopoly profits and where 0<bλ  and 0>xλ  

from the theoretical assumptions made about the instantaneous probability of success. The above 

conditions imply that 0>
∂
Π∂
b

u

. When the instantaneous probability of success is additively 

separable in the flow of R&D spending and in the patent breadth, an increase in patent breadth leads 

to an increase in the flow of R&D spending, 0>bx  (see Proposition 1). In this case, given that 

0<Π−Π mdr , 0<bλ  and 0>xλ , the sign of the term 
b

u

∂
Π∂  depends on the sign of the expression 

)( bxb xλλ + . To determine the sign of the term 
b

u

∂
Π∂ , the additively separable function 

b
xf 1:1 += θλ  is used. Using 1f  the expression for 

b

u

∂
Π∂  is given by 2))(1( θxrb

r
b

dm
u

++
Π−Π

=
∂
Π∂  

which is greater than zero ∀θ∈(0,1), b∈(0,1], x≥0 and r∈[0,1]. □ 
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 The intuition behind the result presented in Proposition 7 is as follows. When the 

instantaneous probability of success is multiplicatively separable in the flow of R&D spending and 

in the patent breadth, an increase in patent breadth affects the instantaneous probability of success 

both directly ( 0<bλ ) and indirectly ( 0<xbλ ). Since the entrant responds to an increase in patent 

breadth with a decrease in the flow of R&D spending ( 0<bx ), it becomes more difficult for the 

entrant to succeed in generating the non-infringing process. The more difficult it is for the entrant to 

succeed, the longer the incumbent can operate as a monopolist and the greater are his expected 

profits ( uΠ ). When the instantaneous probability of success is additively separable in the flow of 

R&D spending and in the patent breadth, an increase in patent breadth affects the instantaneous 

probability of success only directly ( 0<bλ  and 0=xbλ ). In addition, the entrant responds to an 

increase in patent breadth with an increase in the flow of R&D spending ( 0>bx ). The increase in 

the flow of the R&D spending, in turn, has a positive affect on the instantaneous probability of 

success ( 0>xλ ). The total effect of an increase in patent breadth on the incumbent’s expected 

profits ( uΠ ) is positive because the decrease in the probability of success caused by an increase in 

patent breadth is greater than the increase in the probability of success caused by the increase in the 

flow of R&D spending (i.e., xb λλ > ).  

 Having determined how patent breadth affects the incumbent’s expected profits when his 

patent is not challenged or when it is challenged and upheld (
b

u

∂
Π∂ ), the F.O.C. can be interpreted. 

The F.O.C. demonstrate the trade off that the incumbent faces when he determines the optimal 

breadth of patent protection. An increase in patent breadth leads to an increase in the incumbent’s 

expected returns by R
u

b
b

b Π+
∂
Π∂

− 2)1( 2 ; this increase represents the marginal benefit to the 

incumbent from an increase in patent breadth. At the same time, an increase in patent breadth leads 
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to a decrease in the incumbent’s expected returns by T
u Cb +Π2 ; this decrease represents the 

marginal cost to the incumbent from an increase in patent breadth. Given that as patent breadth 

increases so does the probability that the patent will be challenged and revoked, by increasing 

patent breadth the incumbent increases the likelihood that he will realize profits RΠ  (i.e., profits 

earned when the patent is revoked) rather than uΠ  (i.e., profits earned when the patent is not 

challenged or is challenged and upheld). In addition, by increasing patent breadth the incumbent 

increases the profits made when the patent is not challenged or is challenged and upheld (since 

0>
∂
Π∂
b

u

) but, at the same time, he increases the probability that the patent will be challenged and 

that he will have to incur the legal costs CT. At the optimal patent breadth the marginal benefits will 

be equal to the marginal costs.  

 To graphically characterize the determination of the optimal patent breadth let TCbk =)(  

and R
u

u b
b

bbbf Π+
∂
Π∂

−+Π−= 2)1()2()( 2 .8 The F.O.C. for a maximum can then be written as 

follows: 

 T
R

u
u Cb

b
bbbkbf =Π+

∂
Π∂

−+Π−⇒=− 2)1()2(0)()( 2    (23) 

The S.O.C. for a maximum imply that the following inequality must be satisfied

 bbbb kfkf <⇒<− 0        (24) 

Given that the 0=bk , the S.O.C. imply that 0<bf  which means that bf  must cut bk  from above 

at the optimum. It is easily verified that bf  is decreasing in b as 0)0( >
∂
Π∂

≈→
b

bf
u

 while 

                                                 

8 Note that the functions )(bk  and )(bf  are not defined in terms of marginal benefits and marginal costs because the 
slope and the curvature of the marginal benefit curve cannot be determined without knowledge of the values of the 
parameters that affect it. The chosen formulation simplifies the analysis.  
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022)1( <Π+Π−== Rubf . To guarantee the existence of an optimum the increase in the 

incumbent’s expected profits when the patent is not challenged or challenged and upheld, 
b

u

∂
Π∂ , 

should be greater than the legal costs incurred by the incumbent when the patent is challenged, TC . 

The requirement that 
b

u

∂
Π∂ > TC  guarantees that bf  cuts bk  from above.  

Proposition 8 Claiming the maximum breadth of patent protection (i.e., b*=1) is never an optimal 

strategy for the incumbent in this model.     

Proof:  

At b=1 0)1( ≥== TCbk  and 0)(2)1( <Π+Π−== Rubf . The above imply that the curves )(bk  

and )(bf  will never cross at b=1. The same result is of course derived when the marginal benefits 

and the marginal costs are compared for b=1. When b=1 the marginal costs are always greater than 

the marginal benefits, i.e., T
u C+Π2 > RΠ2 . Thus, b=1 is not a profit maximizing patent breadth 

choice for the incumbent in this model. □ 

 The graphical representation of the determination of the optimal patent breadth is depicted in 

Figure 4. In Figure 4 the slope of the curve )(bf  has been assumed to be decreasing in patent 

breadth, 0<bbf .9  

                                                 

9 The curvature of f(b) cannot be determined without knowledge of the magnitude of the parameters that affect it. Note 
that the determination of the curvature of f(b) in not important for the results, it is necessary only for the graphical 
representation of the optimum.  
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Figure 4  Graphical Representation of the Determination of the Optimal Patent Breadth 

 As shown in equation (22) the optimal patent breadth is a function of the following 

parameters, ),,,(* rCb Tdm ΠΠ= . The effect of a change in the parameters of interest on the 

optimal patent breadth choice is determined by the signs of the following terms,
md

db
Π

*

,
dd

db
Π

*

 
TdC

db*

 

and 
dr
db*

.  

 The effect of a change in the monopoly profits on the optimal breadth is determined first. 

The expression for 
md

db
Π

*

 is derived by totally differentiating the optimality condition 

02)1()2(0)()( 2 =−Π+
∂
Π∂

−+Π−⇒=− T
R

u
u Cb

b
bbbkbf  with respect to the optimal patent 

breadth, b*, and the monopoly profits, mΠ :  

k(b), f(b) 

 
b

u

∂
Π∂

  

b 
0 

k(b)

f(b) 

b=1 b*

TC

 )(2 Ru Π+Π−  
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From the S.O.C., 0<− bb kf . Since 0=Π m
k  and 2

2

)(
))(1(

)(
2

λ
λλ

λ +
+−

−
+

−=Π r
xb

r
bf bxb

m
, the sign of 

the term 
md

db
Π

*

 depends on the sign of the term 
m

fΠ . 

Proposition 9 An increase in the monopoly profits leads to an increase in the optimal patent 

breadth ( 0
*

>
Πmd

db ), when ),0(* bb ∈  and to a decrease in the optimal patent breadth ( 0
*

<
Πmd

db ), 

when ]1,(* bb ∈ . The patent breadth ]1,0(∈b  is the breadth of patent protection that makes the 

effect of a change in monopoly profits on the optimal patent breadth equal to zero, 0)( *

=
Π
=

md
bbd . 

The patent breadth b  exists for both the additive and multiplicative formulations of the 

instantaneous probability of success.   

Proof: 

The additively and multiplicatively separable functions
b

xf 1:1 += θλ  and 
b
xf
θ

λ =:2  are used, 

respectively, to prove Proposition 9. The detailed proof is presented in the Appendix. It is found that 

there exists a patent breadth ]1,0(∈b  such that 0)( =Π bf
m

 for both 1f  and 2f . It is also found that 

m
fΠ  is decreasing in patent breadth ∀θ∈(0,1), x≥0 and r∈[0,1]. The above imply that if patent 
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breadth b* is such that ),0(* bb ∈  then 0>Πm
f  which implies that 0

*

>
Πmd

db  while if patent 

breadth b* is such that ]1,(* bb ∈  then 0<Πm
f  which implies that 0

*

<
Πmd

db  (see equation (25)). □ 

 The intuition behind the results of Proposition 9 is as follows. There are two countervailing 

effects that take place as patent breadth increases. On the one hand, a larger patent breadth makes it 

harder for the entrant to succeed in generating a non-infringing process, thus allowing the 

incumbent to make monopoly profits for a longer period. On the other hand, the probability that the 

patent will be challenged and the probability that it will be revoked increase, making it less likely 

for the incumbent to realize monopoly profits. There is a critical patent breadth value b  which 

makes the two effects equal. When the breadth of patent protection is smaller than b , the danger of 

having the patent challenged and revoked is relatively small and the incumbent tries to capture the 

(increased) monopoly profits by making it harder for the entrant to succeed. Thus, when b*<b , an 

increase in the anticipated monopoly profits results in an increase in the optimal breadth of patent 

protection. However, when initially the patent breadth is greater than b , the risk of having the 

patent revoked (due to the large patent breadth) is now relatively large and the incumbent reduces 

the breadth of protection in order to reduce the probability that the patent will be revoked and that 

he will not have a chance to operate as a monopolist. Thus, when initially patent breadth is greater 

than b , the incumbent responds to an increase in the anticipated monopoly profits with a decrease 

in the optimal patent breadth level.  

 The effect of a change in the duopoly profits on the optimal breadth of patent protection 

claimed, 
dd

db
Π

*

, is determined by totally differentiating the optimality condition 
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02)1()2(0)()( 2 =−Π+
∂
Π∂

−+Π−⇒=− T
R

u
u Cb

b
bbbkbf  with respect to the optimal patent 

breadth, b*, and the duopoly profits, dΠ . The expression for 
dd

db
Π

*

 is given by equation (26). 
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   (26) 

From the S.O.C. the term 0<− bb kf . In addition, 0=Πd
k  and 

r
b

r
xbr

r
bf bxb

d

2
)(

))(1(
)(

2
2

2

+
+

+−
+

+
−=Π λ

λλ
λ
λ  which implies that the sign of the term 

dd
db
Π

*

 depends 

on the sign of the term 
d

fΠ . Given the above, if 0>Πd
f  then 0

*

>
Π dd

db  while if 0≤Πd
f  then 

0
*

<
Π dd

db .  

Proposition 10 An increase in the duopoly profits leads to a decrease in the optimal patent breadth 

( 0
*

<
Π dd

db ), when ),0(* bb ∈  and to an increase in the optimal patent breadth ( 0
*

>
Π dd

db ), when 

]1,(* bb ∈ . The patent breadth ]1,0(∈b  is the breadth of patent protection that makes the effect of 

a change in duopoly profits on the optimal patent breadth equal to zero, 0)( *

=
Π
=

dd
bbd . The patent 

breadth b  exists for both the additive and multiplicative formulations of the instantaneous 

probability of success.   

Proof: 
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The additively and multiplicatively separable functions
b

xf 1:1 += θλ  and 
b
xf
θ

λ =:2   are used, 

respectively, to prove the above proposition. The detailed proof is presented in the Appendix. It is 

found that there exists a patent breadth ]1,0(∈b   such that 0)( * ==Π bbf
d

 for both 1f  and 2f . It 

is also found that the term 
d

fΠ  is increasing in patent breadth, 0>
∂

∂ Π

b
f

d , ∀θ∈(0,1), x≥0 and 

r∈[0,1]. The above imply that if patent breadth b* is such that ),0(* bb ∈  then 0<Πd
f  which 

implies that 0
*

<
Π dd

db  and if patent breadth b* is such that ]1,(* bb ∈  then 0>Πd
f  which implies 

that 0
*

>
Π dd

db  (see equation (26)). □ 

 The intuition behind the results of Proposition 10 is as follows. As discussed above two 

countervailing effects take place as patent breadth increases. On the one hand, it becomes harder for 

the entrant to succeed and on the other hand the probability that the patent will be challenged and 

the probability that it will be revoked increase. If the patent breadth is such that ),0( bb∈ , then the 

incumbent responds to an increase in duopoly profits by decreasing patent breadth to make it easier 

for the entrant to succeed and so that he can realize the duopoly profits. If the patent breadth is such 

that ]1,(bb∈ , then the incumbent increases patent breadth to make it easier for his patent to be 

challenged and revoked, thus again increasing the probability of realizing the increased duopoly 

profits.  

 The effect of a change in the legal costs incurred by the incumbent on the optimal level of 

patent breadth is determined by totally differentiating the optimality condition 
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b
bbbkbf  with respect to the optimal patent 

breadth, b*, and the legal costs TC . The expression for 
TdC

db*

 is given by: 
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   (27) 

Proposition 11 The effect of a change in the legal costs incurred by the incumbent on the optimal 

patent breadth is negative, 0
*

<
TdC

db , for both the additive and the multiplicative formulations of the 

instantaneous probability of success, λ.   

Proof: 

From the S.O.C. the term 0<− bb kf . In addition, 1=
TCk  while 0=

TCf  which imply that 

0
*

<
TdC

db . □ 

 The results of Proposition 11 are as expected. The more expensive it becomes for the 

incumbent to defend the patent during a patent validity challenge, the less willing is the incumbent 

to risk having the patent challenged. The incumbent decreases the probability of having the patent 

challenged by decreasing the breadth of patent protection.  

 Finally, the effect of a change in the discount rate on the optimal patent breadth is 

determined by totally differentiating the optimality condition 
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From the S.O.C. the term 0<− bb kf . In addition, 0=rk  while  
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r

.  

The sign of the term rf  cannot be determined without knowledge of the magnitude of the 

parameters that affect it and thus the sign of the term 
dr
db*

 is inconclusive.  

 To summarize, the incumbent’s optimal patent breadth choice depends on the level of 

monopoly profits that the incumbent realizes for as long as the entrant does not succeed in 

generating a non-infringing process, the level of duopoly profits realized by the incumbent once the 

entrant succeeds, the legal costs incurred during the patent challenge process and the discount rate. 

Claiming the maximum breadth of patent protection (bmax=1) is not a profit maximizing strategy for 

the entrant in this model. The effect of a change in the level of monopoly and duopoly profits on the 

optimal patent breadth depends on the initial optimal patent breadth value. The effect of a change in 

the legal costs incurred by the incumbent during the patent challenge process on the optimal patent 

breadth choice is always negative while the effect of a change in the discount rate on the optimal 

patent breadth choice is inconclusive.   
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4. Concluding Remarks 

The paper uses a simple game theoretic model to model and to examine the determination of the 

optimal patent breadth for the innovator of a drastic process innovation. The optimal patent breadth 

for the innovator is the breadth of patent protection that maximizes the innovator’s ability to 

appropriate innovation rents. The game consists of two players, an incumbent innovator who having 

generated a drastic process innovation and having decided to patent it determines the breadth of 

patent protection and an entrant who decides how much to spend on R&D to generate her own 

process.   

The innovator in this model acts strategically and with foresight. That is, the innovator takes 

into consideration the entrant’s response to his choice of patent breadth and the possibility that he 

may have to defend the validity of his patent when he determines the optimal breadth of patent 

protection claimed. The model allows for the probability that the patent will be challenged by a 

third party as soon as the patent is granted. The probability that the patent will be challenged and the 

probability that the validity of the patent will be upheld depend on the breadth of patent protection. 

The possibility of patent infringement is not considered in this model. It is thus assumed that if the 

entrant enters, she will do so without infringing the patent.  

In this model, the R&D process is stochastic and the instantaneous probability of success is 

either additively or multiplicatively separable in the entrant’s flow of R&D spending and in the 

incumbent’s patent breadth choice. It is assumed that when success is realized by the entrant, her 

process is as efficient as the incumbent’s process in producing the non-patentable product. Both 

players use their processes for the production of a new non-patentable product which is viewed as a 

homogenous product by consumers.  

The results show that when the patent is revoked the entrant enters the market using the 

incumbent’s process. When the patent is not challenged or is challenged and upheld, the entrant’s 
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optimal flow of R&D spending depends on the breadth of patent protection, the duopoly profits that 

the entrant will realize upon success and the discount rate. The effect of patent breadth on the 

entrant’s optimal flow of R&D spending is positive or negative depending on whether the 

instantaneous probability of success is additively or multiplicatively separable, respectively, on the 

flow of R&D spending and on patent breadth. The duopoly profits have a positive effect on the 

optimal flow of R&D spending while the effect of the discount rate on the optimal flow of R&D 

spending is inconclusive.  

The optimal breadth of patent protection depends on the level of monopoly profits realized 

by the incumbent during the period that the entrant undertakes R&D, the level of duopoly profits 

realized once the entrant succeeds, the legal costs incurred by the incumbent during the patent 

challenge process and the discount rate. The effect of the monopoly and the duopoly profits on the 

optimal patent breadth choice depends on the initial patent breadth value. The incumbent’s legal 

costs have a negative effect on the optimal patent breadth while the effect of the discount rate on the 

optimal patent breadth is inconclusive. 

The results show that there may exist a patent breadth that deters entry, but it may not be 

optimal for the incumbent to choose this patent breadth and deter entry. The results also show that 

claiming the maximum breadth of patent protection (bmax=1) is never an optimal strategy for the 

incumbent in this model. The results hold under the assumption of no patent infringement which 

implies that patent breadth affects the entrant’s probability of success. If infringement was an option 

for the entrant then if the entrant found it optimal to infringe the patent, patent breadth would not 

have a binding effect on the entrant’s probability of generating an infringing process. The results 

also depend on the assumption that the patent validity is challenged only by a third party. If the 

model allowed for a validity challenge by the entrant, as well as by a third party, then the optimal 

patent breadth might have been narrower. In addition, it has been assumed that there is only one 
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entrant, that the patent life is infinite and that entry deterrence is either not possible or is not an 

optimal choice for the incumbent. Relaxing the above assumptions is the focus of future research.  

 



 48

References 

Barton, J. H. “Intellectual Property Rights: Reforming the Patent System.” Science 287(5460, 

March 2000): 1933-1939.  

Cornish, W.R. Intellectual Property: Patents, Copyright, Trademarks and Allied Rights. New York: 

Matthew Bender & Company, 1989.   

European Patent Office (EPO). “Guidelines for Examination in the European Patent Office.” Part 

C–Guidelines for Substantive Examination. Available on line at, http://www.european-

patent-office.org/legal/gui_lines/pdf/gui_e_full.pdf, (2000a). 

Harhoff, D. and M. Reitzig. “Determinants of Opposition Against EPO Patent Grants – The Case of 

Biotechnology and Pharmaceuticals.” Working Paper. Institute for Innovation Research and 

Technology Management, University of Munich. March 2000. 

Horstmann, I., G. M. MacDonald and A. Slivinski. “Patents as Information Transfer Mechanisms: 

To Patent or (Maybe) Not to Patent.” Journal of Political Economy 93(5, October 1985): 

837-858. 

Lanjouw, J.O. and M. Schankerman. “Characteristics of Patent Litigation: A Window on 

Competition.” Rand Journal of Economics 32(1, Spring 2001): 129-151. 

Lee, T. and L. Wilde. “Market Structure and Innovation: A Reformulation.” Quarterly Journal of 

Economics, 94(2, March 1980): 429-436. 

Lentz, E.T. “Adequacy of Disclosures of Biotechnology Inventions.” AIPLA Quarterly Journal 

16(1988): 314-338. 

Loury, G. “Market Structure and Innovation.” Quarterly Journal of Economics, 93(3, August 1979): 

395-410. 

Merges, R.P. and R. R. Nelson. “On the Complex Economics of Patent Scope.” Columbia Law 

Review 90(4, May 1990): 839-916. 



 49

Reinganum, J.F. “Uncertain Innovation and the Persistence of Monopoly.” The American Economic 

Review 73(4, September 1983): 741-748. 

Tirole, J. The Theory of Industrial Organization. The MIT Press, Cambridge Massachusetts, 1988.  

U.S. Patent and Trademark Office (USPTO). General Information Concerning Patents. Available 

on line at http://www.uspto.gov/web/offices/pac/doc/general/index.html, (August 1999). 

Waterson, M. “The Economics of Product Patents.” The American Economic Review 80(4, 

September 1990): 860-869. 

Yiannaka, A. and M. Fulton. “Strategic Patent Breadth and Entry Deterrence with Drastic Product 

Innovations.” Paper presented at the First Biennial Conference of the Food System Research 

Group, Madison-Wisconsin, June 2003.  

 

 



 50

APPENDIX 
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of the instantaneous probability of success, λ.  
Proof: 

To prove the above statement the additively separable function 
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:1 += θλ  and the multiplicatively 

separable function 
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x
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θ
λ =:2  are used. Both functions satisfy all the theoretical assumptions concerning 

the instantaneous probability of success λ. 
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