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Abstract

To qudify for a patent, an invention must be new, useful, and nonobvious. This paper presents
amodd of sequentid innovation in which industry structure is endogenous and a standard of
patentability determines the proportion of al inventions that quaify for protection. Thereisaunique
patentability standard, or inventive step, that maximizes the rate of innovation by maximizing the number
of firmsengaged in R&D. Surprisingly, this standard is more stringent for industries disposed to
innovate rgpidly. If asingle standard is gpplied to heterogeneous indudiries, it will encourage entry, and
therefore innovation, in some industries while discouraging it in others. The model suggests a number of

important implications for patent policy.



1. Introduction

Recently, economigts have investigated, in the context of cumulative innovation, the relationship between
the availability of patent protection and the rate of innovation (Bessen and Maskin 2002, Hunt 1999,
O’ Donoghue 1998, and Scotchmer 1996). The generd conclusion isthat an industry’ s rate of
innovation is maximized by protecting some inventions, but not others.

This paper presents amodd in which industry structure (the number of firms engaged in R&D)
dependsin part on the share of dl discoveriestha qudify for protection, that is, by the stringency of the
criteria used to examine gpplications for a patent. In the modd, the number of firms actively engaged in
R&D isthe primary determinant of an industry’ srate of progress. Thisin turn depends on the fixed cost
of establishing aresearch facility, the productivity of R& D, and the resulting profits generated in the
output market. Patentability criteria affect expected profits because they determine the likelihood that a
firm’sinvention will lead to a competitive advantage and the speed with which that advantage will be
eroded. When we spesk of a standard of patentability in this paper, we focus on patent law’s
requirement of nonobviousness, or what is called the inventive step in Europe. To qudify for a patent
it is not sufficient for an invention to be new; it must dso represent a sufficiently large advance from the
prior at. One can think intuitively of the nonobviousness requirement as specifying the minimd
advance—the ‘height’ of the inventive sep—necessary to qudify for protection (for the remainder of
the article, we will use the term inventive sep).

In the modd, industry Structure is characterized by asingle firm in the output market thet is

eventudly replaced by afirm that develops a patentable innovation. We show thet the arriva rate of



these innovations is a non-monotonic function of the inventive step required for an invention to be
patentable. There is a unique inventive step that maximizes the rate of innovation in agiven industry by
maximizing the number of firms that chooseto engagein R&D. This“optimd” inventive depisa
function of exogenous parameters that influence an industry’ s propendity to innovate. We show that the
optima inventive step is more stringent (taler) for an industry that is otherwise pre-disposed to innovate
rapidly and less stringent (shorter) for an industry that is predisposed to innovate more dowly.

Consder the following two-stage game. In thefirgt stage, asocid planner seeking to maximize
the rate of innovation (via patents) would set an optima inventive step for each industry.® In the second
gtage, firms make their entry decisions and engage in an unending sequence of patent races. The socid
planner would set a higher inventive step for industries where R& D is more productive, where the fixed
or variable costs of doing R&D are lower, or where the industry-specific discount rate is lower. We
would then observe that in the indudtries that innovate most rapidly, the share of inventions that qualify
for protection would be lower than the share of inventions protected in other industries.

In practice, patent law generdly applies one set of criteriato evauate inventions across dl
indugtries. Subject to this congtraint, adopting a higher inventive step will more likely encourage entry
into rapidly innovating industries than it will entry into indugtries that innovate more dowly. Thus, so long

asasgngle sandard is employed, the choice of patentability criteriais aso a choice about indugtrid

! Throughout this paper, we assume that the central policy problem is an under-provision of innovation by
private firms, which follows from the fact that each innovation leads to a permanent increase in social benefits while,
at best, firms are only able to appropriate the resulting total surplusfor an indeterminate, but strictly finite period of
time. Anexplicit welfare analysis can be found in section 3.4.
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policy. But, asthe model makes clear, the intuition about which indudtries are favored over othersisthe
opposite of what was assumed by policymakersin the U.S. nearly two decades ago.?

The results lead to two additiond implications. First, so long asintellectua property rights are
goplied in the same way to dl indudtries, the optimal patentability standard will vary across countries,
depending on their mix of industries and the rdative Szes of thoseindustries. That suggeststhat a policy
of harmonizing patentability criteria across countries with disparate economies, as has recently been
proposed, islikely to result in disparate effects across those economies.

Second, if the “optima” standard depends on industry characteritics that influence the rate of
innovation, it will change as conditions in the industry change. In other words, optima patentability
criteria seem more like acommon law balancing test rather than arigid standard set out in law. Such a
test can be characterized in the following way: Does granting exclusve rights to the margind invention
generate more rents than are destroyed by shortening the expected duration of rents earned on future
inventions?

The remainder of the paper is organized as follows. Section 2 introduces the model and
compares it to the exigting literature. Section 3 presents the equilibrium, describes its properties, and
compares it to the solution to the socid planner’s problem. Section 4 describes the relationship
between the inventive step and the rate of innovation and derives the optima standard as a function of
an indusgtry’ s propendty to innovate. Section 5 concludes. The Appendix contains the proofs of al the

propositions. Figures are found at the end of the paper.

®This point is explored in the conclusion.



2. The Model

2.1  AnlInfinite Sequence of Stochastic Patent Races

Timeis continuous and the horizon isinfinite. Let r > 0 denote the discount rate. Discoveries occur a
different pointsintime. It is convenient to divide timeinto the intervas between these discoveries and
cal them patent races. Because there is randomness in the process that generates discoveries, the
actua duration of patent races will vary.

At any paint in time there are n+1 firmsin the industry, where n 3 0 is determined according to
afree entry congraint that reflects the expected return to innovation and the fixed cost k > 0 of setting
up an R&D lab. Thiscost issunk on commencement of the firm'sfirgt patent race, and new fixed
investments are not required thereafter. Firms are indexed by the superscript i . At the beginning of a
race, firms smultaneoudly choose their R&D intensity, denoted h' T [0, h], whereh isavery large, but
finite, point of saturation. Firms maintain their research intengity until a discovery occurs and the current
race ends. The flow cost of conducting R&D, denoted C(h'), isdtrictly increasing and twice
continuoudy differentidble in R& D intengity.

All firms share the same R&D technology. A firm's discoveries arrive through time according to
a Poisson process, where the arrivd rate is determined by its R&D intengity. Thus the arriva rate of

ideasfor firm i in patent raceqis | hy, where ?isan industry-specific productivity parameter. The

probability that firmi discovers an invention before date't in the patent race g is 1- ¢ "*. The firm faces



aconstant rival hazard rate | a;, © | é jlihq". The probability thet firm i wins patent race q is

hy/[ hy+ &y, theratio of firm i ’s hazard rate to the hazard rate for the entire industry.

2.1.1 A Passvelncumbent. A firm that owns a patented invention will be caled an
incumbent. The other firmswill be cdled challengers. The mode contains an additiona assumption
about the nature of technological competition: A firm that makes a patentable discovery does not
compete in the subsequent patent race. This ad hoc restriction consderably smplifies the modd and
subsequent andysis, but it does not affect the quditative properties of amodel of patent races where the
only difference between the incumbent and other firmsistherentsit earns. In modds of thistype, being
successful in agiven patent race does not convey anaturd advantage over rivas in subsequent races. It
can be shown that the incumbent will race less aggressively than other firms, because it takes into
account the fact that its R& D may replace profits it dready earns (Reinganum 1985). In other models

(Grossman and Helpman 1991), incumbents do not rece at dl.?

2.2  TheNature of Inventionsand a System of Property Rights
A discovery is an improvement in product quaity. The extent of an improvement is denoted

U, i [O, U] ,Whereu <¥.* The magnitude of improvementsis random, unknown until the time of

invention, and common knowledge theresfter. For each invention, u is drawn from the continuous

% In that model firms borrow to finance their R& D investments, and the arrival rate of innovationsis linear in firms
investments. Inthat case, theincumbent is at such adisadvantage vis-a-visitsrivalsthat it cannot finance subsequent
innovations. It should be noted that in models that contain more asymmetry between firms, the assumption made here
would significantly affect the properties of the resulting equilibria.

* Alternatively, we can express innovations as some percent reduction in the cost of producing the final good. The
analysis would yield the same results so long as we assume cost reductions are perfectly compatible, so that a cost
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dengity f(u) with corresponding cumulative densty F(u). This digtribution is congant through time and
unaffected by the leve of afirm’s R&D spending.

Once adiscovery has been made, it can be reverse-engineered at zero cost by dl other firms.
If apatent is granted, the inventor receives an exclusve right to produce and sdll that invention. The

gautory life of the patent isinfinite. Not al inventions will be protected, however. Let si [0,T]
dencte the minimum extent of improvement for which the patent office iswilling to grant a patent. Inthe
modd, thisisthe inventive step or sandard of nonobviousness. An invention whose extent islessthan s
is not protected and becomes available to al firms® In other words, it is added to the public domain of
product improvements. Let q(s) =1- F(s) denote the ex-ante probability of obtaining patent
protection, given the patentability standard s. The expected quality improvement of a patentable

invention will be denoted i = &) udF (u)/[1- F (9],

2.2.1 ReverseEngineering. Patent clams are defined as the improvement itself, so each
improvement does not infringe a patent on another improvement. But when, and under what conditions,
will an inventor be able to use prior generations of improvementsin her product? For example, the firm
might be required to license dl prior improvements from their inventors. At the other extreme, an
inventor could use dl prior discoveries without obtaining alicense. In this paper, we adopt an
intermediate case: If an invention satisfies the sandard of patentability, the inventor may use al prior

discoveries without licensing them. However, if the sandard is not satisfied, the prior discoveries

reduction applied to different vintages of technology achieves the same percent reduction in cost.
® In the typology of O’ Donoghue, Scotchmer, and Thisse (1998), we assume that lagging breadth is equivalent to
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remain proprietary. One implication of this specification is that thereis dways, at most, one protected
invention. Thus while the statutory length of patent protection is infinite, the economic life of a patent is
the amount of time until the next patentable invention.®

Lach and Rob (1996) adopt an aternative approach, where firms embody new technology in
vintage-specific capitd goods. Inamode of Cournot competition, the introduction of new technologies
leads to amore gradud erosion of profits until the older firms exit dtogether. 1n the modd of
O’ Donoghue (1998), owners of patented inventions must cross license with each other if they areto
produce afind good using the best available technology. To reduce complexity, O’ Donoghue assumes
such licenses are achieved but at the expense of an exogenous transactions cost. In his modd, asocid
planner would respond to a higher transactions cost by raising the sandard of patentability. If cross

licensang were required in the mode presented here, the same intuition would apply.

2.3  TheOutput Market and Flow Profits

From the preceding section, it is clear that during patent race g, the current holder of a patent can offer
a product with the best available technology, i.e., one that embodies dl the quality improvements
invented prior to thisrace. The best any competing firm may offer is a product embodying al the

improvements except for this last patented invention. Let (j, denote the extent of the innovation

protected during race . Note thisis not necessarily the invention that ended the previous race.

the magnitude of any patentable invention, while there is no leading breadth.

® This definition is consistent with the “reverse engineering” defense Congress established for mask rights, a sui
generisform of intellectual property protecting the physical layout of computer chips (Hunt 1999a).
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All consumers are identical and aggregate demand is normdized to one. Consumers only care
about the quality of the good they are consuming. The reservation vaue of the find product to
consumers, then, issmply theleve of its qudity, multiplied by p, the price of thefind good rdative to
the R&D inputs (we Il suppress p until it becomes important in the comparative Satics).” Hrms
compete in prices and the cost of production is zero. Thus the equilibrium price of the fina good during

thegth raceis (j, and the incumbent earns flow profit (j,. All other firms earn zero flow profits.

Flow Profits Earned During Patent Raceq+1

Innovation g was
Thefirmis Peatentable Unpatentable
The leader from race (g-1) 0 Ug+1 = Uq
Thewinning challenger | Uger = U, 0
All other chalengers 0 0

We are interested in the flow profits earned by firmsin the next (q+1) race. Severa things
might happen during the current race. Suppose that chalenger i inventsfirg in the gth race, but the
invention istoo smdl to qualify for protection. Because dl firms can use that invention, the competitive
position of firmsin the output market is unchanged. In that case, the leader during race q continues to

earn flow profitsof (j, inthe next race while dl other firms earn nothing (see the last column of the

table). Alternatively, the magnitude of i’ sinvention is sufficiently large thet it qudifies for protection.

According to the property rights defined in section 2.2.1, firm i can aso use dl previoudy patented

" 1f we characterize innovations as cost reductions, we get the same behavior by assuming a constant elasticity
of demand function with an elasticity of one.
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inventions. In that case, during race g+1, firm i will earn flow profit (., = U,, while the previous leader

and dl other firms earn nothing (see the first column of the table).

24  TheExiging Literature

The theoreticdl literature on innovation and intdllectuad property design is voluminous. This section
reviews only the work most closdly related to the model presented here.

2.4.1 Patent Racesand Endogenous Growth. Themode builds on an extengve literature
on stochastic patent races (Loury 1979, Dasgupta and Stiglitz 1980, Lee and Wilde 1980, and
Reinganum 1985). The resulting equilibrium is smilar to ones analyzed in certain models of endogenous
growth (Aghion and Howitt 1992 and Grossman and Helpman 1991). One can interpret these models
as an extreme case of the model congtructed here, when dl innovations satisfy the standard of
patentability and every discovery eiminates the rents associated with the prior one.

2.4.2 Optimal Patent Design. The early literature on optima patent design focused on the
tradeoff between providing an incentive to innovate and the ditortions that result from monopoligtic
pricing. Theinitid work (Nordhaus 1969) focused exclusively on patent length. More recent work
consdersthe optima combination of patent length and breadth (Gilbert and Shapiro 1990 and
Klemperer 1990). Breadth is the degree to which a product or process must differ from a patented one
to avoid infringement of the patent.

Patent breadth and obviousness are distinct concepts. Patent breadth affects the likelihood that

anew invention will infringe the patent on aprior one. The inventive step or nonobviousness



requirement di stinguishes between proprietary and non-proprietary discoveries. An invention may be
obvious and yet may not infringe an exising patent. Conversdy, an invention may be not be obvious
and yet dill infringe the daims of a prior patent.

2.4.3 Patent Design with Cumulative Innovation. Another line of research (Green and
Scotchmer 1995, Scotchmer 1996, and Denicolo 2000) examines the role of patents in the context of
cumuletive innovetion, i.e., where inventions build on each other. These papers examine, in atwo-
period model, how patents should be designed to achieve an optimal alocation of rents between an
initid and subsequent innovators.

There are anumber of papersthat evauate the effects of intellectua property in dynamic models
of sequentia innovation in which firms compete over an unending sequence of races. For example,
Bessen and Maskin (2002) use asmple model to show that an environment without any patent
protection may generate more R& D investment and more innovation than an environment with patents.
The key to thisresult in their mode is that inventions are both complementary and essentid, so that firms
bendfit from their rivals R&D even if they must dso share rents with them.,

The finding that the rate of innovation is a non-monotonic function of the extent (or availability)
of patent protection isfound in this and a number of other papers?® For example, in O’ Donoghue
(1998), firms choose how much to invest in R& D and may choose adeterminitic invention size.

O Donoghue shows that by specifying a minimum invention Sze, asocid planner can induce more rgpid

innovation. The mechaniam is essentialy the same as the one described in this paper — lengthening the

8 See al'so the papers by Cadot and Lippman (1997) and Chou and Haller (1995). In these models, theincentive to
innovate is a non-monotonic function of rivals' exogenously specified capacity to imitate.
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duration of incumbency can increase the rents associated with an innovation and consequently simulate
R&D investments. O’ Donoghue dso showsthat if the socid planner is limited to choosing a standard of
nonobviousness, it will be larger than the firgt best.

In Horowitz and Lai (1996), firms choose how fast to race and the extent of the innovation they
aretargeting. They find the market leader will innovate just before its existing patent expires and that the
extent of itsinnovation is an increasing function of the patent term. The overdl rate of innovetion isthe
product of the innovation rate and the extent of innovations. Horowitz and La show that thisis
maximized with a patent of finite duration but that socid wefare is maximized with an even shorter
patent term. In their model, patent length (measured in time) plays arole comparable to
nonobviousness in this model, where effective patent length is endogenous and stochadtic.

The primary differences between the modd presented here and the modelsin the literature are
that the magnitude of innovationsis stochagtic and industry structure is endogenous. It is then easy to
show that the availability and extent of patent protection influence industry structure. In this
environment, the rlevant policy parameter is not patent life, which is aso endogenous, but the minimum
invention size that quaifiesfor protection. The inventive step that maximizes the rate of innovation in an
industry is the one that maximizes the number of firms engaged in R&D.° Using the modd, it is easy to
show how the optima inventive step varies across industries, depending on the exogenous parameters

that affect their relative propengty to innovate.

° Bernheim (1984) shows that in industries subject to sequential entry, excessively vigorous antitrust
enforcement results in more concentration, not less. The underlying mechanismis similar to the one explored in this
paper —if government policies reduce the likelihood of earning significant rents, only afew firms are able to amortize
their cost of entry. | am grateful to an anonymous referee for pointing out this parallel.
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2.4.4 Innovation with a Fixed Industry Structure. The properties of this mode can be compared
to those of amode in which the number of firmsis assumed to be fixed (Hunt 19994). In that modd,
changes in exogenous parameters (productivity of R& D, relative prices of R&D inputs, or the discount
rate) affect the rate of innovation at the industry leve entirely through changesin R&D investments at the
firmlevd. Inthe modd presented here, only changesin the discount rate and the fixed cost of setting up
an R&D lab affect the amount of R&D at the firm level (see Proposition 3). All other effects operate
through changes in the number of firms actively engaged in R& D (see Proposition 2). The effect of
changes in the inventive step on innovation e the indudtry leve is quditatively the same, but it operates
through the entry decison in thismodd rather than through changesin firms R&D intengity asin Hunt

(1999a).*

3. Equilibrium

3.1 TheStage Games

In thismodd, the leading firm is a passve recipient of rents earned on its previous patentable discovery.
Eventudly an innovation will occur, ending the current race and possibly the incumbent'srents. During

the current race, chdlengers select the R& D intengty that maximizes expected current cash flow plusthe

expected present vaue of competing optimaly in future races. The exact magnitude of flow profits

associated with a patentable discovery is not known until the discovery has actudly occurred. Firms

take into account the expected invention magnitude of patentable discoveries (0) when choosing ther

1% One can posit an alternative, more complicated model that captures elements of both. In that model thereis
free entry, but firms must sink fixed R&D costsin each patent race. The comparative statics results of such amodel
lie somewhere between those reported here and in Hunt (1999a). The results for the optimal inventive step are
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R&D intengty. The chdlengers move smultaneoudy, taking the number of their rivals as given (the
participation condraint is addressed explicitly in the next section).

Let V'(h',a'") denote the value function for the challenger i. Let v and ' denote,
respectively, the continuation values associated with playing optimaly in dl future races when the firm
wins or loses the current one (the time subscripts have been suppressed in the text). Firmsincur R&D
expenses until the firgt discovery occurs. The vaue of competing actively in the current race, after
snking the cost of establishing an R&D &b, isthen

| hV" +1aV' - C(h)
| h +la +r

1] V(h,d)= §{| hV*+1aV' - C(H)pe' 2" "t =

Thefirgt-order condition of the firm problem identifies the level of R&D where the margina cost of

additiond effort is just equa to the margind benefit of winning, rather than losing, the current race, thet is

C&n)=I[v"-v'(h'a)l.

3.2  TheSationary Symmetric Equilibrium of the Game

A drategy of afirm inthe game is a specification of afeasible R& D intendty to be played in each race,
for each possible history of the game preceding that race. At the beginning of each race, each firm
knows the play of dl firmsin the prior races and the outcomes of those races. When thefirm isthe
incumbent, its only feasible R&D intengity is zero. Whenever the firm isachdlenger, the sat of feasible

R&D intengtiesisdwaysthe same subset of R . There are likely to be many equilibria of the game, but

gualitatively the same as those presented here.
13



we focus on gationary equilibriawhere firms choose identica strategies. In the Appendix, we prove the

fallowing:

Proposition 1 - Suppose the R& D cogt function satifies the following assumptions:

(i) C(h)>0,C&h)>0"h>0;

(i) C&h)>0"h>hl [0,¥);

(iii) Lim,,, C(h)/h=Lim,,, C&h) =0;
(iv) Lim,,, C&h)=¥;

(v) C(h)<¥,"h1 [0¥).

Then, there exigts a unique, Sationary, symmetric equilibrium of the game in which every

challenger choosesaflow R&D intensity s 1 (0, h].

Thefirgt two assumptionstell usthat R&D is codtly and is eventudly subject to diminishing returns.
Together with the third and fourth assumptions, this assures us there will be an interior equilibrium of the
dage games. To ensure the existence of aMarkov Perfect Equilibrium, we need only verify that per
period payoffs are bounded. Thisisassured by the fifth assumption and the fact that the largest
invention magnitude is finite.

The R&D technology, the ditribution of invention magnitudes, and the relationship between
patented technology and expected profits do not vary acrossraces.” The expected outcome of the
races, then, varies only if firms choose different R&D intengties over time. If dl challengers choose the

same R& D intengty in dl patent races, the probabilities of winning and losing, together with the

" The evolution of industries suggests that the distribution of invention magnitudes could vary over time. A
more general model would allow for exhaustion of technological opportunities or spillovers from advancesin other
fields. The resulting dynamicswould be both complicated and interesting.
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expected length of races, will be the samein each race. Smilarly, the continuation val ues associated

with being the incumbent or a challenger, denoted V' (h) and V© (h), are the same across patent races.

We examine an equilibrium where firms respond to the same conditions in the same way through

time. Inthiscase, usng [1], the expected values of being an incumbent or a chalenger, respectively, are

_O+Imsvis) 4 Vc(s):lsv““(s )+1(n-Jsv'(s)- C(s)
r+l r+lns

2 v'e)

For a chalenger, the continuation vaue associated with logng the current race is the expected
value of being a chalenger in the subsequent race, i.e, /' =V €(s ). For the winner of the current race,
the expected vaue of making the first discovery is aweighted average of the continuation vaues
associated with starting the next race as the incumbent or as a challenger. The weights depend on the
probability that the invention is patentable:

V¥=qv'(s )+ (1-gVveE).

Subtituting these expressionsinto the equationsin [2] and solving for \/' (s ) and v ©(s ), wefind

- | ey
V.(S):u+q|rsv(s) and Vc(s)qusv(s) Cs)
r+ql ns r+qgl s

Using these two expressions to solvefor /' (s ) and (s ), wefind
Vl(s):[r+qls]0-qlnsC(s) ad VC(S)qusU-[HqIns]C(s).
rir+al (n+1s] rir +ql (n+1s ]

Thus when firms choose the same R& D intengity in each patent race, the continuation values are

amply aweighted average of the expected flow profit enjoyed by incumbents and the R& D

15



expenditures of challengers, weighted by the shares of time firms expect to be in each sate of the world.

Findly, subgtituting these continuation vauesinto the firs-order condition yields

& U+C(s) 0
&r+gl (n+1s 4

[3] Cés)=ql [V'(s)- V(s )]=d

Challengers select the R& D intengty that equates margind cost and margind benefits—the differencein
the expected vaue of the cash flows associated with starting the next race as the incumbent rather than
asachdlenger. The denominator on the right-hand side of [3] is a measure of the economic life of
patents. As gl (n+1)s becomes larger, patentable discoveries occur more frequently. The incumbent
enjoys her rentsfor lesstime, on average, so the present value of the rentsissmaller.

3.2.1 TheParticipation Congraint. The fird-order condition specifiesachdlenger’sR&D
intengty as afunction of exogenous parameters and the number of rivals, which isendogenous. The
number of rivasis determined by a participation congtraint—firms enter a patent race so long as
VE(s,(n- 1s)- k3 0. After some simple algebraic manipulation, this congtraint can be expressed as
[4] alsV'(s)-V©E)I® Cls)+rk.

We will assume the participation congtraint binds, so the average cost of entering into R& D competition,
including fixed codts, isjust equd to the margina benefit associated with winning the current patent
race.” But thisaso impliesthat average cost and margind cost are the same:

[5] C&s)s =C(s) +rk.

12|t should be noted we are ignoring integer constraints.
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Using [3] and [4] the first-order condition can aso be expressed as

g |d- rk
[6] ots) =311,
r+ql ns
Thus there will be no active patent races unless the revenues generated in the output market can
amortize the fixed R&D codts. In the next section [3] and [5] will be used to explain some important

results.

3.3  Propertiesof the Equilibrium

In agationary equilibrium where there are no random shocks, firms that wish to compete will sink their

fixed R&D investments at the beginning of the firgt patent race. Theregfter, if we condder margina

changes in certain parameters, the number of firms engaged in R& D would not decline because the
expected vaue of actively competing in subsequent races is drictly postive (solong ask > 0). *

Consder two games involving industries with a different value for a Single exogenous parameter.

Theindudries are otherwise identical. We compare the resulting symmetric stationary equilibria. Firms

take into account the exogenous parameters when deciding whether to incur the fixed cost of an R&D

lab. In the Appendix we show the following:
Proposition 2- The R&D intengty of individud firms does not vary with differencesin
output prices (p) and the productivity of R&D (I ). But more firmswill engagein R&D

in the industry with ether the higher output price or more productive R&D.

Consequently, the industrywide rate of innovation will be higher.

3 More precisely, in this model, once firms decide to enter the industry in the first race, there are no shocksto
firms’ research productivity or costs that would imply any subsequent entry or exit.
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Proposition 3 - The R&D intengty of individud firms varies with differencesin the

discount rate(r) and the cost of setting up an R&D lab (k). Higher discount rates or

higher fixed R& D cogts are associated with more R& D at the levd of individud firms.
But fewer firmswill engage in R& D and the resulting industrywide rate of innovation will

be lower.

Propositions 2 and 3 tell us that the industrywide rate of innovation is higher when the output price or
the productivity of R&D is higher, but lower when the discount rate or the fixed cost of establishing an
R&D facility ishigher. In each of these cases, the determining factor is the number of firms engaged in
R&D.

3.3.1 Implicationsof Propositions 2 and 3. Assuming the same cost function in each
indugtry, there can be adifference in R&D intengity a the firm leve only if these indudtries have a
different discount rate or fixed cost.** Thisfollowsfrom equation [5]. But then [3] tellsusthat when r
and k are the same in both indugtries, the expected value of making a patentable discovery must dso be
the same. If there are differencesin the rdaive price (p) or productivity (A) of R&D between these
industries, there must be a corresponding difference in the number of firms such that the right-hand sde
of [3] isthe same for both industries. This explains the result in Proposition 2. If R&D is chesper, or
more productive, in an industry, there are dso more firms in that industry, which implies the industry
innovates more rgpidly. Thismore rapid innovation disspates any differentid in rents earned in the two

industries.

¥ We have also implicitly assumed the same distribution of invention magnitudes and the patentability standard
18



Now suppose that p and A are the same in both industries, but there is a difference in elther r or
k. From [5], we know that R&D intengity & the firm leve will be higher in the industry wherer or k is
higher. From [3], we dso know that the expected vadue of making a patentable discovery will be higher
in the industry with the higher R&D intensity.

Given that p and A are the same, this difference must result from a difference in the number of firms
doing R&D and the difference in R&D per firm across indudtries.

3.3.1 Market Structureand Innovation. The parameters described in propositions 2
and 3 are sufficient to describe awide variety of industry structures and innovation rates. These
propositions also demondrate that industry structure, in itsalf, cannot explain variations in the rate of
innovation across industries. Consider the following example.

In the environment most closaly analogous to perfect competition, fixed costs are close to zero;
S0 there are many firms, each engaged in alittle R&D. Whether we consder thisindusiry to be highly
innovetive will depend on the productivity of R&D and itsrelative cost. Gregter concentration, in the
sense of rdatively few firms competing to innovate, occurs when fixed cods are rdatively high.
Individua firmswill do more R&D than we would see in the previous case. But whether we would
consder thisindustry highly innovative again depends on the productivity of R&D and its relative cost.

Other things equd, we would expect the industry with lower fixed costs to be more innoveive
(propogition 3). But when other things are not equd,, it is possible that a more concentrated indusiry

would innovate more rapidly. This might occur, for example, when an industry has ardatively high fixed

for both industries.
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codt to establishing research facilities but rdatively low margind cogts of using them more intensively.
Thus the modd may explain why empirica research on the question of which market structures are most

conducive to innovation has largely been inconclusive (Cohen and Levin 1989, Scherer 1992).

34  Comparingthe Equilibrium to the Social Planner's Problem
It is useful to compare the private equilibrium R&D intensity and number of firms to the socid planner’s
solution.” Unlike firms, society enjoys a permanent benefit from every innovation, however smal. The

expected socid vaue of an innovation, before taking into account the cost of R&D, is smply

<l

o P Q udF (u). Expected socid wdfare a the beginning of the gameis

[7 W= Max‘lg(l hi - C(h) - rk)g.

1
h,n I

Thefirg derivatives are

7 w_ 1.
WT[I - C&h)], W__[Ih C(h) - rK].

Thus the socid planner would specify afirm level R&D intensity that equalizes margind cost and the
margina socid benefit of the next discovery. ThisR&D intensity will be greeter than the leve attained in

the private equilibrium whenever

lp o s dl [pd+C(s)] _al [pd- rk]
8] T Q udF (W) r+ql (n+1)s r+glns

Themiddletermin [8] isthe margind private benefit of an increasein R&D intengity, evauated at the

private equilibrium and taking into account the standard of patentability. The equdity with the last term

> 1n this model maximizing the rate of innovation, by adopting appropriate patentability standards will usually
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in[8] fallows from the binding entry condraint. To see why the inequdity in [8] is dways satisfied,

recal| that the expected vaue of patentable discoveriesissmply

L _QUFW 1o
u(s) 1 F F ) _q QudF(u).

Theinequality is grict whenever there are positive fixed cogts or more than one firm is engaged in R&D.

Asfor the optima number of firms, thereisarazor's edge result. Genericaly, the margina
socia benefit of innovation will be either grester or lessthan afirm’s average cod at the first best R&D
intengty. Consequently, the socid planner will desire either an infinite number of firms or no firmsto
edablish R&D facilities™® If we assume the average codt isless than the margina socid benefit to
innovetion, it is apparent the socid planner would wish to subsidize both entry and R&D effort.

To put it another way, the socid planner could implement the optima R& D intengity by adlowing
only onefirm to innovate and granting infinitely lived patents on al the resulting innovations (recal thet
deadweight losses have been assumed away). Buit if the socid planner would desire one such firm, she
would in fact desire an infinite number of them. That would disspate firms' profits so thet the optimal
R&D intensty would not be obtained. So if the socid planner islimited to using patents of the sort

described in thismodd, the best she can do is to maximize the rate of innovetion in the indudtry.

maximize welfare.

® Thisisan artifact of the inexhaustibility of discoveriesin the model. Such aresult would not hold if we relaxed
the assumption that firms’ inventions arrive independently of the activities of their rivals, or if there were congestion
costs—i.e., R& D labs become more expensive when more firms wish to build them.
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4, Patentability Standards and the Rate of Innovation

41  General Results

Wetypicdly think of the U.S. patent system as gpplying a common set of criteriato inventionsin dl
technology fidds and indudtries. In this section, however, we congruct a hypothetica in which two
otherwise identica indudtries are subject to different sandards of patentability. Firmstake this sandard
into account when deciding whether to snk the fixed cost of an R&D lab. In thisway we dlow for the
possihility that patentability criteria affect the number of firms engaged in R&D.

In equilibrium, firms equate the margind cost of additiond R&D effort to the expected gain
asociated with inventing firs. Thisgain is affected by patentability criteriain two ways. Firg, thereis
the likelihood that any given invention by afirm quaifies for protection. Second, there isardationship
between that probability and the number of rivas afirm competes with. In the Appendix we show the

falowing:

Propostion 4 - Inthe gtationary symmetric equilibrium, differencesin the sandard of
patentability (the inventive step) do not affect the R& D intengity of individud firms, but
they do affect the number of firms actively engaged in R&D and, therefore, the

industrywide rate of innovation.
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The intuition behind propositions 2 and 4 is very smilar. Differencesin patentability criteriado not
affect the left-hand side of equations [3] and [6], SO margind and average cot in the two industries will
be the same” Thisimpliesthe margind benefit to innovating firs isdso the same. Thisequdity isthe
result of adifferencein the number of firmsin theseindudtries. But which industry has more firms and

therefore innovates faster? In the Appendix, we show

Proposition 5 - There exists a unique standard (inventive step), denoted s*, such thet in

theinterva [0,s) , industry-wide R& D activity increases as the standard is made more
drict. Intheinterva (s, T], industrywide R& D activity decreases as the $andard is

made more strict.

Proposition 5 tells us that differencesin the rate of innovation between two industries will depend on the
industry-specific patentability standards relative to each other and rdativeto s*. Congder two
otherwise identical industrieswith standards § and s,. Whens* £5 < s,, thefirgt industry will
innovate more rapidly than the second. Butwhen s < s, £ s*, theindustry with the more stringent
gandard innovates faster. Thus, without knowing s* and the actud patentability standard relative to it,
we cannot say a priori whether a change in the standard will increase or decrease the rate of innovation.
4.1.1 Derivingthe Optimal Patentability Standard. Inthe Appendix, we show that s* is

implicitly defined by the equetion Y (s) =0, where

! As noted in the discussion of Proposition 2, under different modeling assumptions the amount of R& D
performed by each firm would likely change, but the direction of change in R& D performed by an entire industry
would be the same.
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Asthe standard of patentability is made more drict (requiring alarger inventive step), firms encounter
the following tradeoff. On the one hand, a firm that makes amargind discovery would not obtain a
patent. The cogt of thisisthe forgone value of the margina patent plus the R& D expended in the
subsequent patent race. That is reflected in the second term of [9]. Thisisthe atic effect of an
increase in the patentability standard.

But raising the slandard aso has a dynamic effect because firms are able to earn flow profits for
alonger period of time. The expected gain is the average vaue of patentable inventions, plusthe R&D

that would otherwise be expended in the next patent race. Thesign of Y () depends crucidly on the
relative weight placed on these gains and losses (theratio in the first term of [9]). That ratio depends on
the arrival rate of patentable discoveries relative to the discount rate. |f patentable discoveries arrive
very often, thefirg termin [9] receives nearly the same weight asthe second and Y (s) 3 0. If the
arrivd rate of patentable discoveriesis very smal relative to the discount rate, it islikdly that Y (s) £ 0.
At firg, it may seem counter-intuitive that the benefit to preserving an incumbent’ s rentsis larger
when patentable inventions are more frequent. Given that the expected duration of those rentsis small
one might expect the present value of the rents preserved would aso be small. But when we consider
changes in the sandard of patentability, we are consgdering margina changesin thoserents. Inaragpidly

innovating industry, the rents that are affected are earned relaively soon and therefore are not
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discounted very much. In an industry that innovates less rapidly, increasing the sandard of patentability
contributes additiona rents, but they are earned far in the future and are discounted accordingly.

Now consider how Y (s) changes as we vary the patentability sandard from avery low to a
very high vaue. When the sandard is very week (s = 0), the static effect isirrdlevant because rents
earned on the margind invention cannat affect the participation decison (the Satic effect isimportant
only when ps 3 rk). Inthisrange, adopting a more grict sandard would increase the number of firms
actively engaged in R&D. But eventualy, as the sandard is made increasingly more grict, the dynamic
effect becomes smdler (gl ns eventudly declines as s increases) while the satic effect becomes larger.

When the patentability standard is very gtrict, the etic effect dominates. Thereis only one standard,
or height of the inventive step, where the two effects are exactly equd.

421 Implications. Clearly the optima standard (optimad in the sense that it maximizesthe
rate of innovation) implied by [9] depends on the characterigtics of the industry that determine its
underlying propensgity to innovate. If those parameters change, so would s*. I those parameters vary
across indugtries, there would be a unique, but different, sandard that maximizes the rate of innovation
in each of those industries. Industry structure, which is determined by r and k in thismodd, is rdevant
in the determination of s* only to the extent that it influences the industry’ s rate of innovetion. Inthe

Appendix, we prove

Proposition 6 - The critica standard, s*, isincreasing in the productivity of R&D and

decreasing in the discount rate and fixed and variable costs of doing R&D.
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This propostion has two very naturd interpretations:

Corallary 1 — Suppose there are two industries, a and b, and in each industry the
gtandard of nonobviousnessis sat to maximize the rate of innovation in that indugtry.
Without loss of generdity, suppose that industry a innovates more rapidly than industry
b. Then, asmdler share of innovations will qualify for protection in industry a thanin

indugtry b (s, > ;).

Corollary 2 — Suppose a single patentability standard is applied to industriesa and b
and that we congder rdaxing this sandard. It ismore likdly that doing so will raise the

rate of innovation in industry b, than it will inindudry a.

In order to maximize the rate of innovation in indudtries aready pre-digposed to innovate rgpidly, the
minimum inventive step required for patent protection should be set higher than for other industries. |If
indudries are dl drawing from the same didtribution of invention magnitudes, that means that asmaler
share of inventions will qudify for protection in indudtries that innovate the mogt rapidly.

Now suppose we arbitrarily choose a single patentability requirement sthat is applied to both

industries. By definition, it ismorelikely that s£ s, than s£ s,. It istherefore more likely that raising s

would increase therate of innovation in industry a thaninindustry b. Conversdly, as stated in Corollary
2, itismore likely that lowering s will increase the rate of innovation in industry b than inindudry a.

Thus, in the absence of changesin exogenous parameters of the modd, a policy of reaxing patentability
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criteriawould gppear to favor innovation in more traditiona industries at the expense of innovation in
high technology industries. We return to thisintuition in the discussion.

422  Examples. Theerealtsareillugtrated in Figures 1-4, which are generated under the
additiona assumptionsthat R& D cogts are quadratic and that invention magnitudes are drawn from a
norma digtribution. Each figure plots out the industrywide level of R& D, as afunction of the minimum
inventive step, for two indusdtries that differ from each other in only one parameter. Asdescribed in
Proposition 2, the industry with more productive R& D, a higher output price (e.g., alower relative price
of R&D), lower fixed R&D cogts, or alower discount rate engages in more R& D and consequently
innovates more rgpidly. We cdl that industry industry a.

The figures dso depict the change in industrywide R& D as afunction of the minimum inventive
sep. Asdescribed in Propogtion 6, the rate of innovation is maximized with alarger inventive sep in
industry a than inindustry b. Thet is consstent with Corollary 1, which tells usthe R& D maximizing
inventive step is larger for the industry that is pre-disposed to innovate more rapidly than another one. It
isaso the case that the rate of innovation in indugtry a is more sengtive to the specification of the
minimum inventive gep than it isfor industry b. In other words, unless patentability standards were
initidly very drict, any increase in inventive activity in industry b would not offset a decline in such

activity inindudry a.

5. Discussion and Conclusions
This paper develops amodd of cumulative innovation where the profitability of inventionsis eroded by

the introduction of new, competing technologies through time. When firms can readily duplicate each
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other's discoveries, patentability criteria, in particular the requirement of nonobviousness (the inventive
gep), play an important role in determining the share of future discoveries that will affect the expected
profits earned on patented inventions discovered today.

In such an environment, there exists a unique inventive step that maximizes the rate of innovation
in an industry, by maximizing the number of firmsthat enter into R&D competition. The effect of
changes in the inventive step on the industrywide rate of innovation depends on whether theinitid
gtandard is more or less stringent than this optimal value. This optima standard will be more stringent
for industries pre-disposed to innovate rapidly than for industries pre-disposed to innovate dowly. In
other words, under the optima patentability sandard, asmaler share of inventions qudifiesfor
protection in rapidly innovating industries than in other industries.

When a common inventive step is applied to dl industries in an economy, the number of firms
engaged in R&D in each of those industries will depend on the stringency of the sandard. Generdly
spesking, when the standard is more stringent, there will be more firms in industries digposed to innovate
more rapidly, and fewer firmsin industries digposed to innovate less rapidly. In setting patentability
criteria, then, we are also setting industrid policy. A socid planner would teke these effectsinto

account when setting the optima standard.

5.1 International Implications
A socid planner in a country with a different industrid composition would likely adopt a different
inventive gep. Theinventive step would likely be higher in economies that enjoy a comparative

advantage in R&D. That might suggest that, under an optima standard, patents would be easier to
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obtain in less developed economies than in more developed ones. Adopting the same inventive gep in
al countries may increase the rate of innovation in some countries but might reduceit in others. Of
course, more generd statements about welfare implications require amode that alows for trade, foreign
direct investment, and licensing.*

Efforts toward patent harmonization have thus far concentrated on issues such as establishing
uniform priority, aminimum patent length, fewer subject matter exceptions, adequate remedies for
infringement (damages, injunctions), and adequate adminigtrative and judicid infragtructures. One
exception was the proposed Patent Harmonization Treety, abandoned in the mid 1990s, which included
a specification of patentability standards (Moy 1993). Recently, the U.S. Patent and Trademark Office
proposed to include, among other things, an American-style nonobviousness test in its agenda for future

internationa negatiations on patent harmonization (USPTO 2001).

5.2 A Common Law Standard of Patentability?

Given that the optimal standard is afunction of industry characterigtics that influence the industry’ srate
of innovation, this sandard will vary as those characteristics change. An economywide increase in the
productivity of R&D, for example, might suggest the inventive step should be increased in order to
obtain the maximum possible benefit of this new-found productivity. If the productivity increase

occurred in asingle industry, asocia planner would likely adopt a more stringent standard, but doing o

18 See the surveys by Maskus (2000) and Saggi (2001). A general conclusion isthat the adoption of stronger
patent rights around the world could lead to significant wealth transfers from users of patented technologiesin
developing economies to patent holders in the most developed economies. Thereis some evidence of dynamic gains
for devel oping economies, such as increased imports of high technology goods, greater foreign direct investment,
and increased opportunities to license advanced technologies. Whether the benefits of these changes exceed the
cost depends on the degree to which innovation isincreased in devel oped economies, devel oping economies, or
both.
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would reduce the rate of innovation in the other industries.

The optimd inventive step derived from the mode presented in this paper follows from an
explicit baancing of the gains and losses generated by margina changes in the patent sandard. A socid
planner would reduce the inventive step until the vaue of granting exclusive rights to the margina
invention isjust equd to the expected value of rentsthat are logt as the economic life of patentsis
reduced. Thishasthe flavor of acommon law baancing test rather than a standard specified by law.

One can argue that, for a very long time, that is how the requirement of nonobviousness
functioned in the U.S. patent system. The requirement existed in court precedents about a century
before it appeared in the 1952 Patent Act, which largely adopted the test used by the courts. The
classic articulation of the test appeared in the 1966 decison Graham v. John Deere: At thetime it was
made, would the invention have been obvious to a practitioner of ordinary skill in the rdlevant fidd? If
such adetermination isinfluenced by factors such as research productivity or codts, the judicia test and
the one described in this paper do not seem incompetible.

Recently, some legd scholars have argued that that patent standards should be influenced by a
balancing of costs and benefits (Barton 2001, Rai 2002). But most patent practitioners and scholars
support relaively stable patentability criteriaand an equa trestment of al patentable technologies. They
argue that the patent system is dready costly and additiona complexity would only increase these costs

while dso increasing uncertainty about future returns.
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5.3  The American Policy Experiment of the 1980s
But patent standards have been changed before. During the 1980s, the U.S. adopted a new form of
intellectual property (mask rights) to protect the physical layout of semiconductor chips, and a series of
court decisions reduced the inventive step for patents (Hunt 1999a, 1999b). At thetime, it was argued
that these changes would stimulate innovation in America s high technology indudtries. The results of
this paper suggest the opposite might well be true — weaker patentability sandards are more likely to
increase R&D in indudtries that innovate dowly and to reduce R& D in industries that would otherwise
innovate rapidly.

The fina assessment of the changes adopted in the 1980s remains an open empirica question.™
Thismode suggests at least one testable implication: Historica patterns of entry and exit from industries
may have changed in some systematic way — with relatively more net entry into indudtries that innovate
dowly and relatively less net entry into industries that innovate more rapidly. A topic of future research,

then, is to establish whether this conjecture is borne out in the data.

¥ Relatively few articles address this question. Bessen and Maskin (2002) argue that granting patents on
computer software may have been detrimental. Hunt (1996) presents evidence of changesin the value of R& D
investments in the semiconductor industry that are consistent with the theoretical model presented here. See also
Kortum and Lerner (1999) and the reviews by Jaffe (2000) and Hunt (1999b).
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APPENDI X

Propostion 1 - Supposethe R&D cost function satisfies the following assumptions:

(i) C(h)y>0,C&h)>0"h>0;

(i) CW%nh)>0"h>h [0,¥);

(iii) Lim,y, C(h)/h=Lim,,, C&h) =0;

(iv) Lim,,, C&h)=¥;

(v) C(h)<¥,"hT [0,¥).

Then, there exigts aunique, St onary, symmetric equilibrium of the game in which every challenger
choosesaflow R&D intendty s 1 (0, h].

Proof: The proof is congtructed through the lemmas that follow.

Lemmal- Suppose V¥, (0,%¥) and V¥, -V&.,>0. If rivalry and the fixed R&D codts are
aufficiently smdl, a least one chalenger will choose to enter a stage game.

Proof: Note that we are treating the continuation vaues as exogenous parameters. Later we show that,
in equilibrium, the continuation vaues stisfy the requirements set out in the lemmas.

Consder the case where there is no rivalry and fixed R&D costs are zero. We need to show that
vy(h',0)2 v§(0,0). Theinequdity is satisfied when there exists some positive level of R&D intensity
where | RV}, 3 C(h,), whichis satisfied if the minimum average cost of R&D isnot too high. The

q+l

third assumption ensures there is at least one R& D intensity hi (0, h] wherethe inequality is strict.

Now we condder adrictly postive fixed R&D cost K. Inthat case, achalenger chooses to enter so
longas | RV, 3 C(h) +[r +h]k. If I V.Y, >C(H,), thereisaso alevel of fixed R&D cost where
| V.Y, 3 C(hy) +[r +hi]k. Thusfor k sufficiently small, there are dways at least two firms, an
incumbent and at least one chalenger.

Now suppose there is some small pogitive levd of rivadry. A chdlenger will enter the sage game if the
following inequdity holds

[A1] (vt el @0 Vil o @ +1 alHC(R) @ +1 h +1 afirk.

Applying the preceding argument to this inequdlity, for k and a; aufficiently smdl, thereisan R&D
intensity in theinterva (0, h ] where thisinequdity is strict. So long &V >0 and Vi, -V, >0, the
meagnitude of the continuation vaues will dways define a set of pars (a;, KT R" wherethe
participation condraint is satisfied. We can aso define aleve of fixed R&D cog, IZ(a;) where the
participation congraint just binds.
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APPENDI X (continued)

Lemma2-If v¥%,1 (0,¥), V¥%,-Vv5,>0, andk < k(0) , there exists an interior equilibrium of the
dage game.

Proof: The proof of exigence is amodification of the existence proof in Reinganum (1985). We
continue to treat the continuation values as exogenous parameters, but take into account the effect of a
firm’'s choice of R&D intengty on the likelihood of winning and the expected length of the patent race.

Firmstake ther riva’ s research intensty as given. Fixed R&D costs must be sufficiently low so that a
leest one firmiswilling to engage in R&D.

The derivative of the firm's objective function, Tv/y/fhy , is

'8 Vi~ CEhf+! acll Ve - Vil - CRhg+! €C(h) - C&hyhig
£ i i\ 2 '
g+ (hatadl

[A.2]

The sign of [A1] isthe Sign of the numerator, which wewill cal f '(hy,a}). Notethat f'(hl,a}) is
drictly decreasing in R&D intengty:

o8 - cqiyegr+1 i+ al) <O
i,

If the saturation point of R&D (h) is sufficiently large, there will be afinite level of R&D effort where

f '(hy.ay) =0. Vihi.al) ismaximized by thislevel of R&D effort. Let hi(al) denote the firm's best
response to the level of rivalry it encounters. The strict monotonicity of f'(I,,a;) impliesthat this best
response isunique. Firms never choose R& D intengties greater than R ik , SO We can regtrict the strategy
gpace to a convex, compact, nonempty subset of R", denoted X ° p L, [0, ﬁ;]. The vector

[he(ag), hi(as),---hi(ag)] maps X into itself continuoudy. Existence of an equilibrium then follows from
Brouwer's fixed point theorem. ©

Lemma3- If | [V§\1- Vgl -[C&h,) + h{C&h,)] <0, there exists aunique, symmetric equilibrium of
the age game.

Proof: Exigence of asymmetric equilibrium follows from the firm's objective function and first order
condition, which varies only by the level of rivary encountered. In the symmetric equilibrium, f '(hy,,al)

becomes f ' (hq, (n-1)h,). The corresponding first order condition is

r8 Vaa- Chngfi+! (N-Dhaf [Vii- Voul - Ch)fi+1 €C(ha) - CEhhafi=0.

The firgt and third terms are gtrictly decreasing in R& D effort. If the second term isaso drictly
decreasing, then only one leve of R&D intengty satisfies the equdity. Hence we require that
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APPENDI X (continued)

| 8/~ Viull- €C¢h,) + hC&hy)g<0."
The symmetric equilibrium R&D intengity of the stage game with continuation values V., and V., IS
denoted hq(V g:1,V g+1)-

Lemma 4 - The gameis continuous a infinity.

Proof: It issufficient to show that total firm payoffs are a discounted sum of per period payoffs and that
these per period payoffs are uniformly bounded [see Fudenberg and Tirole (1991), p. 110]. The per
period payoff to firmsis the present value of flow profits for the incumbent and the present vaue of

R& D expenditures for challengers. The maximum per period return for an incumbent is u/r. Per period
returns for challengers are contained in the interval [-C(h)/(r + h), 0].C

Lemma5 - Lemmas 1 - 4 imply the existence of a gationary symmetric equilibrium of the game.

Proof: We return to the first order condition of the stage game, but assume that the continuation values
associated with winning and losing the current race do not vary across races. Rearranging terms, we
have:

[A.3] C&hy) & +1 nhg=1 gVv" +1 (n-DhV" - V'] +C(hy) g

If firms take the continuation values as given, and these vaues are constant across races, it is a best
response for each firm to choose the same R& D intensity in each race. Lemma 3 establishes the
exigence of such abest reponse for a given specification of the continuation values. The continuation
vaues themsdves take a Smple recursve form:
_a+Inhg@ve(h) +@- q)v'(hg _ d+gl nhv(h) and

r+1 nh r+g nh '
Ihev' () +@- g)ve () +(n- DvE(h)g-AN) _ql hv'(h)-C(h)

r+1 nh r+qgl h

Solving for V' (h) and V° (h) , we have,

v'(h)

ve(h) =

[r +ql h]G- gl nhC(h) ve(h) _al ha- [r+ql nh|C(h)

Vi = r[r+ql (n+1h] rir +al (n+1h]

If we subdgtitute for V' (h) and V© (h) in equation [A.3], the first-order condition reduces to

& G+C(h) o

A4] Cth =d & +q (n+Dh,
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APPENDI X (continued)

We use sto denote the equilibrium R& D intensity that satisfies equation [A.4]. It can be verified, usng

equation [A.4], that the condition required in lemma 3 for the uniqueness of the symmetric equilibrium of
the stage gamesis stisfied.

If we subgtitutefor V' (s) and V(s ) inequation [A.1], the participation congtraint is smply

V©(s)? k. Thisintumimplies C(s ) +rk £ql s @' (s) - V°(s )§=Cs )s . When the participation
condraint binds, we can expressit Smply as

xe0-rk ¢
[A.5] C&s) =d 8m3
During each race, for every chdlenger, the R&D intengity sisthe unique best response to the
continuation values /' (s ) andv ©(s ). The strategy of playing sin every race cannot be improved
upon by chooding a different R& D intengity in one race and playing sin dl the others. If playing sin
every race cannot be improved upon by a deviation in one stage, and the game is continuous & infinity,
choosing the R& D intendity sin each race is a subgame perfect equilibrium of the game [see Fudenberg
and Tirole (1991), p.110].

Lemma 6 - The symmetric Sationary equilibrium is unique.
Proof: It is sufficient to show that there is only one possible intersection of the curves described by
[A4]. Ath=0, C&h)=0whilegl [v'(h)-v°(h] =dl d/r. Thusa thefirg intersection, the margind
cost curve mugt be rising faster than gl [v' (h) -\v©(h)]. If we can rule out an intersection where
gl [v'(h)-v<(h)] isrising faster than marginad cot is, we are done. Define
M*=C&h)[r +ql (n+Dh]-gl [G+C(h)] =0 and note that:
m™m*_
[A.6] ﬂ—h—CG(h)[r +gl (n+1)h] +C&h)gl n>0.

This rules out an intersection where the margina cost curve crosses gl [v/' (h) - ©(h)] from above.

Proposition 2- The R&D intengty of individud firms does not vary with differencesin output prices (p)
and the productivity of R&D (I ). But morefirmswill engagein R&D in the industry with ather the higher
output price or more productive R& D. Consequently, the industrywide rate of innovation will be higher.

Propostion 3 - The R&D intengty of individud firms varies with differences in the discount rate(r)

and the cost of setting up an R&D lab (k). Higher discount rates or higher fixed R&D costs are
associated with more R&D a the leve of individua firms. But fewer firmswill engagein R&D and the
resulting industrywide rate of innovation will be lower.

Proof: We reintroduce the relative price of outputsin terms of inputs (p) and rewrite [A.4] and [A.5] in
following form:
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APPENDI X (continued)

M*=Cgs)[r +ql (n+Ds]-ql [pa+C(s)]=0
M?=Cqs )[r +gl ns]- gl [pt- rk] =0

(0]

WEIl need the following derivatives:
M?! =Cls )[r +qgl s ] +[C&s)s +C&s)]dl n M2 =ClUs )r +[C&s)s +C&s )|d n

M2 =Cgs )l s M2 =CG¢s )l s
M1 =-qgl G M2 =-qgl G
M,lz-lLCG(s) M,lz-lLCG(s)
M! =C¢s) M?=Cq¢s)+ql k
M, =0 MZ =rql

The Jacobian M| =M M- M M, =Cls )C¢s )[gl s ]* >0.

I. Increasing the output price:

s _M2ZM;-MIM? Cés)gls gl da-qgl d] o

T M| C&s )C¢s)[dl s |
Ezmlpmg-Mf)Mi I
p M| C&s)s

. Increasing the productivity of R&D:
fs _MEM;- MiM; _ Cs s [rCds)- rCés)] _
T M| | Cl§s )C¢s)[gl s ]? ’
fn _MIME-MEML _ r o
L M| gsl 2

. Increasing the fixed cost of setting up an R&D lab:
s _MZM:-MIM? 1

Tk M| "~ Cls)s >0

I _MiMZ - MiM: :-rgcal(s)[r+q| (n+ Ds |+ C&s )l ng<0
1k M| Cls YC&h)gl s 2 '

The change in industrywide R&D istherefore:
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APPENDI X (continued)

nﬂi+sE:_r[r +ql (n+1s ] §
Tk 9k Cqhyl s

V. Increasing the discount rate:
2pnn1 1 2
s _MIM,- MMZ_ kg
fIr M| Clis)s

fn _MIM2- M2M! _ & )ECEs)s +[r +ql (n+1)s]kE|+C((s Xl sko <0
1K M| ¢ Clts )l s ° =

The change in industrywide R& D istherefore:

I M &4s )s +[r+ql (n+1)s]kt}<

K Tk & CEs)Cyls’

Welfare - The socid plamer takes into account the permanent effect of an innovation, regardless of its
patentability. Given that the productivity and cost of R& D do not change over time, nor doesthe
digtribution of invention magnitudes, the planner has no incentive to choose a different R& D intengity or
number of firmsin different patent races. The welfare function isthen

W= Maxll nhw- nC(h) nkg’ where (/= pa(o) , I nhw- nC(h).

hn ] r +1 nh r r+1nh

Theterm W is acontinuation vaue that reflects the expected socid welfare generated in dl future
rounds of R&D. If we recursvely subgtitute for W in the preceding expression, we find that

¥ Lt-1
W = MaxTéae | nh & pii(0) éae [ nh 2 nC(h) nky, or
h.n Ttlgr"'lnhﬂ r C&r+Inhg r+lnh %

nee  pu(0) e,
W = I\ﬂax:r?h - C(h) rk%.

Proposition 4 -  In the Sationary symmetric equilibrium, differencesin the standard of patentability (the
inventive step) do not affect the R& D intengity of individud firms, but they do affect the number of firms
actively engaged in R& D and, therefore, the indusirywide rate of innovation.

Proof: We begin by cdculaing the derivatives.



APPENDIX (continued)
1 1lq T(qd)
MI=M?2=| {—|Cl&s )ns +rk]- — py.
s=M; %'”S[ %) ] G5 P
Recdl that q =1- F(s) and qli= (‘;udF(u), whichimpliesthat Mt =M2 =-1 f(s)Y(s), where

[A.7] Y (s) ={[C&s )ns +rk]- ps}.

The expresson used in the text is obtained by subgtituting the first order and free entry conditions for

C&s ) and rk respectively.

The comparative static cdculations are thus:

s M| Cls )ys

s _MML- MM2 _ f(9[Y(9)- Y(9)] o

fin _ MM? - MEM, _ £(9)Y(9)
Ts M| C&h)as

The expression for Y (s) used in the text is obtained by substituting for C&s )s usang [A.5]."

Proposition 5 - There exists a unique standard (inventive step), denoted s*, such thet in the interva
[0,s), industrywide R& D activity increases as the standard is made more strict. Intheinterva (s, T],
industrywide R& D activity decreases as the standard is made more gtrict.

Proof: Firg, usng [A.7] we check the dopeof Y (s) :
f(9Y (s
_fOYO
q
Thusif thereisavaue s*1 [O,G], where ? (s*) = 0, we know that Y (s)/‘ﬂs|s* =-p. Thustherecan
be a most one extremum of ? (9).

ﬂY(s)/ﬂs:ﬂ—S[C‘le )ns +C%s )s | +C&s )s In. p
S s

Next we check thevaluesof ? (s) as s® U and s® 0. These are evduated most easly if we recall
thet in egilibrium C'(s ) =ql [ pdi- rk]/[r +ql ns . Substituting for C¢s ) in[A.7], we evaluate
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APPENDI X (continued)

Y () zgeql—nsg pa(s)- rk] - [ps- rk].

r+ql ns

_& 0 n(U)s (0) Y ot - rk] - [ - rk] <O,

LMY () = o 0 (@ (@) &

If we assume for the moment that the participation condraint is satisfied when s=0 (i.e. pd(0)- rk 3 0),
the second limit is

a | n(0)s (0) 9[p0(0)_ rk]+ rk> 0.

&r+1n0)s (0) 5

Limg,Y () =

But it is possble that, depending on the distribution of invention magnitudes and the output price, under
avery wesk patentability standard, the participation congtraint [A.5] might be violated

(i.e. pu(0) - rk<0). Inthat case ? () does not exist at s=0. Instead, define S st. pu(8)- rk=0.
Then Y () existsfor " sl (8,0]. Wedso know that Y (s) isinitidly postive for values of sjust
greater than S, because - [ p$ - rk] > Oimpliesthat

& [1- FEOInEs(d o . )
&r+[1- F(3)] n(§)s(§)g[pu(s)' rk] - [ p§- rk]>o.

Exigence of the extremum then follows from continuity of ? (s) over (8,u].*

Proposition 6 - The criticd standard, s*, isincreasing in the equilibrium rate of innovation. This
impliesthat in rapidly innovating indusiries, asmaller proportion of inventions can be protected without
causing the rate of innovation to decline.

Proof: The critical tandard is defined by the equation ? (s) = 0. To examine how s* varieswith the
industrywide rate of innovation, we compute comparetive satic derivatives with respect to the
exogenous parameters explored in propositions 2 and 3:
fs* _-IY (9, V() _TY(9 1

1z 1z Ts Tz p

whereziseither p, |, r, or k. Note aso that

[A.8]
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%f) =[C&s)s +C&s )]n‘ljﬂiZ +CGs )s

Higher output prices:
fis' _ Ces )su(s)

Tn_ f[ps- rk]
1z 9z

s =0(s)-s >0.

ip Cls )s

More productive R&D:
ﬂi:Cd(s)sr_ 0= rCgs) 0.
) gsl ? ql ?

A higher discount rate:
s _[C¥s)s +Cds)|nk Cs )gCls )s +[r +ql (n+Ds Jkg+Cés )l nk+k

Ir C&s)s Cls )l s

E:k_ Cl#s)gChs)s +[r+dl S]kﬂ:_%:((S)s ko _

r Cls )l s & qgs 5
Higher fixed R&D cods.

9s _[CH&s)s +C&s)]nr ] r{C&s)[r+ql (n+ s |+ C&s )l n} o
Tk Cks)s Cls )l s

rC#s)[r+qls] _ -r?
=r- =

- <0.
Cls )l s gs
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Illustrations of Comparative Statics*
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*: The figures were generated in Mathematica. Costs are assumed to be quadratic and inventions are drawn from a normal distribution with mean
100 and standard deviation of 25. Except where noted in the figures, the base parameterization is the following: p =1, A =1, r=0.2, and k£ = 50.
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Illustrations of Comparative Statics*®
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*: The figures were generated in Mathematica. Costs are assumed to be quadratic and inventions are drawn from a normal distribution with mean
100 and standard deviation of 25. Except where noted in the figures, the base parameterization is the following: p=1,A=1,r=0.2, and £ = 50.





