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Abstract

Licensing in a patent thicket allows firms to either avoidesaive hold-up. Firms’ R&D
incentives depend on whether they license ex ante or ex pstlevelop a model of a
patent portfolio race, which allows for endogenous R&D effpto study firms’ choice
between ex ante and ex post licensing. The model shows timet fielationships in prod-
uct markets and technology space jointly determine the @yfieensing contract chosen.
In particular, product market competitors are more likehavoid patent portfolio races,
since the threat of hold-up increases. On the other hande madnable technologies are
more likely to give rise to patent portfolio races. We alsscdss the welfare implications
of these results.
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1 Introduction

Rival firms, in complex product industries, are often owrsdrsomplementary assetsThere-
fore, firms in these industries are more frequently forceticense technologies from each
other than rival firms in other industries. Increasinghatifirms in complex product industries
protect these component technologies with patargl [(2004)]. It is, therefore, likely that
ownership of technologies underlying a complex productighlly dispersed and a “patent
thicket” emergesHleller and Eisenberg1998; Hall and Ziedonis(2001); Shapiro(2001)].
Firms caught in a patent thicket must cooperate by licensalgnologies, otherwise mutual
blocking of technological improvements is likely and conifpen degenerates into litigation.

Licenses in complex product industries can cover large reusbf component technolo-
gies. The terms of such licensing agreements depend onl#ieeequality of firms’ patent
portfolios. Consequently, licensing induces rivalry: frenter into patent portfolio races to
guarantee favourable bargaining outcomes in the fuZiezglonis(2004 shows that this is par-
ticularly true if ownership of patent rights for a complegh@ology is very dispersed. The ma-
jority of the literature on licensing in complex product ugdries [Grindley and Teec€1997);
Shapiro(200])] focuses on ex post licensing, which takes place once firave lacquired
patents. However licensing may also take place ex antee atént of a research program. This
type of licensing prevents a patent portfolio race for abedbgy. Siebert and von Graevenitz
(2009 find that the majority of licensing contracts, signed betwé&989-1999 in the semi-
conductor industry, were ex ante contracts. This raisds thet positive question paraphrased
in the title: when do firms enter into patent portfolio racesding to ex post licensing, and the
normative question: how are R&D efforts and welfare affddig licensing in patent thickets?

To address these questions we develop a model of R&D congpeitit a patent thicket.
Our model endogenizes the choice of licensing contract am$fiR&D efforts. Licensing
type is endogenized by modeling of the choice between exardeex post licensing. Eco-
nomic theory suggests that R&D efforts will depend on whigbetof licensing contract firms
adopt. We define ex ante licensing as an agreement to share fesearch results prior to
R&D investments. In contrast a patent portfolio race wildego ex post licensing if blocking
patents exist. Here ex post licensing resolves the threholofup based on these blocking
patents.

The existence of blocking patents is key to modeling the @hbetween ex ante and ex
post licensing. They are introduced into the model by altmafor firms’ stocks of previous
patents. We assume that firms anticipate the advent of a hmndkgy which is a comple-
ment to technologies protected by their patent stocks. Xtemeof complementarity between
a new technology and existing technologies determinebltieking strengtlof patent stocks.
Where blocking patents exist firms must license in orderatize the full surplus from a new
technology, since competitors could potentially blocktéehnology.

1Complex products, such as semiconductors, are based onantethnologies, which means that a single
product incorporates many component technologies.



To model a patent portfolio race we extend the patent raceefapdesented bigeath et al.
(1989 andLoury (1979. Both distinguish uncertainties about the eventual wirofethe
race, market uncertainty, and the length of the race, tdogreal uncertainty. Furthermore
they focus on races for indivdual patents. In contrast weehodmpetition for a dominant
patent portfolio covering a new technology. This implieattfirms anticipate bargaining over
the surplus created by the new technology after a patentoportace. The need for such
bargaining arises if there are blocking patents. An ex pasjdining stage is absent from
existing patent race models that focus on individual pataatblocking patents have no role in
such models. Additionally, the existence of blocking ptgaemplies that the expected value
of ex post bargaining may be so low as to make ex ante licemsorg attractive. Therefore
we also endogenize the choice between ex ante and ex positige

We find that a firms’ choice between an ex ante contract ang eritr a patent portfolio
race depends on the blocking strength of existing paterdstlam nature of competition in
the product market. In particular, a higher blocking sttangf rival firms’ patent portfolios
increases the probability of ex ante licensing, ceterigopar if firms are competitors in pro-
duction and the R&D cost function is not too steep. We alsovshigher blocking strength
of firms’ patent portfolios can reduce the likelihood of exeanooperation if firms are com-
plementors in production. When firms produce substitutenfdementary) products, higher
blocking strength of patent portfolios will lower (raisejpected payoffs to innovation. Fi-
nally we show ex post licensing becomes more attractivéivelto ex ante licensing when the
value of a new technology rises.

Our paper is related to current research on patent thicke&)sing and patent races.
Clark and Konrad2005 also model patent portfolio races, but assume blockingearfrom
contemporaneously granted patents in a patent portfatie. rétheir model excludes techno-
logical uncertainty and they assume blocking is either atbgefull. Furthermore they con-
centrate on ex post licensing. They find that the details gfast licensing agreement have
no effect on firms’ R&D efforts. This finding complements owrowork in which we do not
model the detail of the ex post licensing agreement. Thdtresggests that our comparison
of ex ante and ex post licensing will not depend on our maagltif ex post licensing. We
assume that the solution to the ex post bargaining problerfooms to the Shapley value.

Recent work byDoraszelski2003 andHorner (2004 extends the patent race literature
by incorporating knowledge accumulation effects and byvéthg for multiple prizes respec-
tively. Both papers may be viewed as movement away fromezamiodels which largely
focused on memoryless races for individual patents . Thieilihaof these early models to
represent R&D competition in the comparatively simple emopl setting of the pharmaceuti-
cals industry is carefully demonstrated Gpckburn and Hendersdt994. We maintain the
assumption of memorylessness and that of a single prizedar to extend patent race models
to races for patent portfolios in complex product industri&aintaining these assumptions
allows us to build on the work dflti (1997 to derive comparative statics results. Our main
innovation is to consider effects of blocking patents on $irR&D incentives in this setting.



Additionally we endogenize entry into the race by allowirmgis to choose between ex ante
and ex post licensing. This allows us to provide commentshenatelfare effects of patent
portfolio races extending the canonical results for pataces derived by oury (1979.

Though we model patent portfolio races, our results alstydpgontests and rent seeking.
Nti (1997 notes several similarities between the modelling frantea@mployed in these
literatures andHoppe and Bay€2003 provide a formal proof of the equivalence of the basic
models employed by both. Our model may be interpreted as testior a better bargaining
position between parties who have a strong interest in gatipa. In particular our model
captures situations in which the terms of a bargain are wrsgd from time to time and
where parties’ relative bargaining strength depends omgesbover bargaining chips.

The remainder of the paper is structured as follows: we nestidbe and solve the model.
This is followed by a discussion of the welfare implicatia@iur results. Section four con-
cludes.

2 The model

In this section we describe and solve our model of licensmgomplex product industries.
The model captures how the expected value of ex ante and é&Xigassing depend on the
value of a technology and the strength of blocking patenkd b rival firms. We employ
the model to determine conditions under which firms are yikelprefer ex ante to ex post
licensing contracts.

In our modelN firms compete in the product and technology markets. Theses finay
produce substitute or complementary products and may bertakihg R&D that is more or
less complementary to that of their rivals. As a result oijmes R&D activity all firms are
endowed with symmetrical stocks of patents.

Firms compete for ownership of a new, complex technologyctviwill be protected by
patents. The outcome of competition for the technology bglan asymmetric distribution of
patents covering the technology among rival firms. Therélela winner and one or more
losers. Due to complexity of the underlying technology ivesy likely that the losers own
blocking patents, allowing them to hold-up part or all of tieens from the new technology.
Therefore firms bargain over access to each others’ patetfolims and agree to license.
They may write a licensing contract before (ex ante licegisor after (ex post licensing) the
research into the new technology has begun.

In a departure from the patent race literature we assumefirtha race for a patent portfo-
lio covering a new technology. Thus firms set their R&D expemnd for the entire portfolio,
rather than individual patents. The patent portfolio racever when the technology is ready
for development. At this point, if blocking is not, and hag been, resolved through licensing
the technology will probably never come to market.

We analyse the following game to determine when firms prefange to ex post licensing:



Stagel Each firm simultaneously chooses whether or not to contracnée with
each one of their R&D competitors. A contract comes abouy d@nboth
sides agree to it.

Stage2 Firms enter a patent portfolio race for patents on a new t@olgy and each
chooses a hazard rate of winning this race. Thereafter the firm owning the
majority of patents on the new technology emerges the winner

Stage3 If firms have not previously contracted, they bargain oveplsis created by
the combination of new patents covering the new technologl existing
patent stocks of losers. We characterise the value of bangausing the
Shapley value.

Using subgame perfect equilibrium we solve the game by baassvinduction.

2.1 General assumptions

In this section we introduce assumptions that allow us tawaphe effects of blocking on
firms’ profits. We also discuss several other assumptionglyaupon in our analysis.

We model ex post asymmetry between patent stocks of the wamtklosers through the
guality of firms’ respective patent portfolios. The qualitiythe winner’s patent portfolio ex
post @) will be:

4(B,C) = q. (g + 1), (1)

whereC' € [0, 1] is the strength of théorward complementaritypetween new and existing
patents in each firm’s patent portfoli®. € [0, C] denotes the anticipatddocking strength of
rivals’ patent stocks this captures the extent to which the winner’s technolegylocked by
losers’ patents in the absence of a licengeandgq,, are the quality okxisting patent stocks
and of thenew patents respectively.

In absence of a licensing contract the winner will have amgateock quality ofg(B, C)
while the quality of losers’ patent stocksgs. Equation {) shows that the ex post quality
of the leader’s patent stock increases in the forward comehtarity and decreases in the
blocking strength of rival firms’ patent stocks. When firmsehse patents, removing the
threat of blocking, patent stocks of all firms will be of quyli(0, C').

This representation of the quality of firms’ patent stockgtaees the idea that blocking
patents reduce the value of new technologies to the holdeatehts covering that technology.
It also incorporates the complementarity between new patvering the technology and
existing patents that is necessary for blocking to arise.

To capture the effects of patent stock quality on a firm’s gefie employ a simple reduced
form representation of profits. We assume each firm’s prefiepend on the qualityy) of



its own patent portfolio and on the average quality of italsvpatent portfoliogQ):

7(q,Q) where M >0 ) (P)

9q
We assume own profits increase in the quality of a firm’s owemaportfolio. The direct
effect of the average quality of others’ portfolios on owrffs is nil where the firms are
only competitors in the market for technology. It is negatwvhere they are competitors in the
product market and positive where they are complementahgiproduct market. As we make
use of this general property of the profit function extengibelow we show in Appendi&.3
that it applies to linear demand.

Our assumption that firms can profitably share patents, regthente or ex post is in-
nocuous as long as firms are not competitors in the produdteanaif, however, they are
competitors, not licensing may be more profitable than komyn asKatsoulacos and Ulph
(1998 show. We rule these cases out by assumption allowing ugtsfon the determinants
of licensing type. This implies:

(N_2)Q+C.7(Bac)
(N —1)

21(q,q) > mw(q, q) + m(q, Q) where  Q(B,C) = (S)

When a group of firms raises the quality of patent stocks lygimte assume the direct
effect of such an improvement outweighs any negative ictieg#ects:

dﬂ'_a_ﬂ' om 0Q)
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Our model of R&D competition is taken from the patent raceréiture.? The date of
innovation,r;, by firm is randomly distributed with the exponential distribution

Prir<t)=1-e¢",

whereh represents the hazard rate with which firmnovates.
The level of each firm’s R&D investment is determined by an R&d3t functiony(h).
We impose the following conditions on the R&D cost function:

(i) 7(0) =~'(0) =0, 4"(0) >0 (i) VA >0, ~(h) >0, v'(h) >0, v"(h) >0
(iii) hlim Y (h) =00 (G)
This R&D cost function satisfies the following assumptiofisfirms always find it optimal

to do some R&D, (ii) the costs of R&D are strictly increasinge probability of successful
innovation, (iii) no firm can ever innovate with certaintythre following instant.

2 For a survey of this literature refer Reinganun(1989 or Beath et al(1994 The model we adopt here is
restrictive due to the memorylessness property which miakestable.



2.2 Stage3: Ex post bargaining

By assumption%) firms not already cooperating on R&D will find it profitable $mn an ex
post licensing contract. Since we model patent portfolaesabetween two or more firms we
rely on the Shapley value to determine the expected valuargiining to leaders and losers.
The Shapley value is a widely used method of allocating giora a coalition amongst its
members. In this section we describe bargaining betweerfitmg for which the Shapley
value corresponds to Nash bargaining. In AppemdiXwe also discuss cases with three and
four firms.

We denote the expected value of winning the patent portfalie as,, () and of being a
loser as); (i), wherei denotes the number of firms in the race. These are defined Shdipdey
values of the bargaining game between the winner and oneveradéosers of the technology
race. The Shapley value must be calculated independemtlyaich number of competitors
(N) in technology space. In this paper we investigate the cafseeo, three and four firm3.
The Shapley value of playeiis defined as follows:

o= 3 IR D ) — o) @

K<N

where K < N is a coalition of size' whose members license patents to one another and
v(K) is the payoff to each member of such a coalition. The Shapddyevof firm: is the
average marginal gain over each possible coalition o fifms from having firmi join that
coalition.

For convenience we refer to the ex post quality level in theeabe of blockingg(0, C'),
asq and where all rival firms share the same quality level we &l B, C') by that value,
e.g. withqg if all firms share the new technology.

The following table describes the characteristic functiontwo firms. It sets out the
payoffs for each coalition between these firms:

Coalition | Payoff
W | w(q(B,C),q)
)

L | 7(¢,q(B,C))
WL | 27(q, q)

For convenience we sometimes denote the value of a coalitidrasv(XY'). This makes
it easy to simplify the long expressions that arise in thesapipx where coalitions between up
to four firms are considered. Using this notation the Shagddyes of the winner.(,) and the

SEmpirical researchSiebert and von Graeveni(2006; Anand and Khanné&000) on licensing has shown
the vast majority of technology licensing contracts aretemi by two firms. Contracts between more than two
firms arise in11% of cases.



loser ;) are:

%@):%qu+%vovm_vuﬂ zmm:%mLy+%vmu»—vmm )
and it follows that:
v (2) + v (2) = v(WL) andv,,(2) — v(2) = v(W) — v(L) 4)

These composite values are used further befow.

2.3 Stage2: R&D investment

At this stage there is either a group@ffirms with ex ante contracts to share future patents or
there areV R&D competitors. We derive the expected value of both atteves.

The expected value of the patent portfolio race

Here all N firms are symmetrical, hence we solve their R&D investmenblgm using a
single value function:

%hp + %Hp + W(Qa Q) - W(hp)

‘/p(hlﬂ Hp) = h + H + r
P p

: (5)

N—-1
J=1#
rates of all remainingN — 1) R&D competitors. The first order condition determining the

optimal hazard raté, of each firm is:

whereh,, denotes the hazard rate chosen by each fifps= ) h; is the sum of hazard

v, 1 (vw — 1)
— i -
oh, gt H, 12| r T [ = (4, 9)

+7(hp) = 7' (hy) [hp + Hy + 7] | = 0. (6)

In equilibrium symmetry of allV firms impliesﬁp =h, = % Assumption G) on the R&D
cost function impliesh, is a local maximurh

Following Beath et al(1989 we identify two innovation incentives in the above expres-
sion: thecompetitive threatind theprofit incentive These determine R&D investments of
the N R&D complementors. The competitive threat is defined asithi of the first order
condition where the R&D investment of the competing firmsigite:

WV, (vy —v) -
lim —% = -~ —~'(h;) = 0. CT
hj—>OO ahz r ’Y( Z) ( )
4For exposition of cases involving more firms refer to Appenil.
2 2
5 Notice thatgh—::’; = — (6‘9}1_:2) m < 0.



It captures the marginal benefit of just pipping the othertestants in the tournament at
the post, given that they are almost entirely certain of wating in the following instant.
The competitive threat is the dominant R&D incentive whe&DRnvestments are high and
innovations occur more frequently.
The profit incentive is defined as the limit of the first ordendition where the R&D
investment of all rival firms is zero:
A
Ay ah]: B

[vw — 7(q, q)] +v(h;) — ' () [ +7] = 0 (P1)

Here(h;, b;) represent the limits of the interval from which a firm will abee its equilibrium
hazard rate

Below we derive comparative statics results from the firsieorcondition 6). As Niti
(1997 shows derivation of comparative statics results here mpdizated by the fact that
we are interested in comparative statics results with sjpeall contestants in the R&D
tournament. These are derived from the first order conditiowhich the symmetry of all
contestants is explicitly recogniséd

R,(B,C,h,) =
1 Av A . R .
— | — (N —=1)h w — 7(q, — Nh =0, (7
| O = Dot low = w0+ 1) = ) [V 1 ™
whereAv = v, — ;.
Similarly the expected value of ex post contracting becomes
Vy U A R
(N = D) hy + g, 0) = ()

Vo(hy) = : (8)

Nﬁp+r

The expected value of ex ante licensing

We assume that, irrespective of the type of ex ante conteagt RJV or licensing), the new
technology will be shared amongst contracting parties. Askow below this has the effect
of eliminating the competitive threat as an innovation iteee. This drives our main results
in the comparison of ex ante and ex post licensing.

Nonetheless the strength of the profit incentivié depend on the precise nature of the
ex ante contract. In the following analysis we adopt the sph@ase of independent R&D

5Given assumptiorR) aboveh; > h,.

N .. 2
"The corresponding second order conditionds= — 22 _—1__ <
Oh2 Nhy+r




investments to derive our results on ex ante contratting

o he+ H, +7r

9)

whereh, is the hazard rate chosen by firms under ex ante contractiohg @nq) are profits
of a member firm from its current products.
The symmetric first order condition in this cas& is

1

m (7(q,q) —7(q,q)) +v(ha) = 7' (ha)(Nhg +7)|=0.  (10)

Ra(Ca ha) -

Here our assumption on the R&D cost function implesmarks an interior optimuff. Note
the level of investment by partners under an ex ante consatdtermined only by the profit
incentive. Each firm’s expected value of the contract in ldguiim is:

HUOAD Ny, + 7(g,9) = Y(ha)

Valle) = Nhotr 4

2.4 Stagel: The decision to contract ex ante

In this section the choice between ex ante and ex post liegnsistudied. The model we
have thus far developed is too general for us to calculatenwie expected value of ex ante
licensing is greater than that of ex post licensing. Furtieee the value of such a result would
be limited as other factors, such as transactions costsnililence the choice between ex ante
and ex post licensing. In fact @iebert and von Graeveni2006 we find transactions costs
have large effects on the firms’ choice of licensing contract

Nonetheless our model allows us to derive comparativecstegsults on the expected value
of the difference between ex ante and ex post licensing:

(VP — V)
v ’

wherev represents any exogenous variable such as the blockimg#iref firms’ patent port-
folios, the forward complementarity between new patentsextisting patents and the quality
of the new patents. I®iebert and von Graevenif2006 we test the resulting comparative

8 In case of an RJV in which the firms jointly maximize profits arehtralise research in one facility the
value function would b&% (ha) = (ha + 1)~ [2ZELh, + 7(q,q) — 1(ha)|.

r

% In case of RJV formation the symmetric first order conditigin i

v, 1

aha (]Ala + 7”)2

N (m(q,q) — 7(q.9)) + 7(ha) = 7 (ha)(ha +7)|= 0.

Notice that there is no competitive threat in this exprassio

100%V, _ _ 9%y _1
Oh,.2 —  Oh,2 hp+r <0




statics results of this model on a sample of licensing cotgraetween semiconductor firms.

Next we briefly comment on the derivation of comparativeissatesults in this section.
Thereafter we derive propositions about the effects of gaann blocking strength, forward
complementarity and quality of new patents on the choiceden ex ante and ex post licens-
ing contracts.

General discussion As noted above we derive comparative statics effects oniffezehce
between the expected values of ex ante and ex post licerrgep these derivations simple
we adopt slightly different approaches when considerimgetffiects of the blocking strength
of patent portfolios B) and of the forward complementarit¢'].

Consider the expected value of ex post contracting first.akgua ) shows this depends
on the forward complementarity and the blocking strengtfirnfs’ patent portfolioglirectly
throughv,, + (N — 1)v;. As we demonstrate in Appendix 2 this sum is always the expected
value of the coalition in which all parties agree to sharetduhnology: N7 (g, ). By defi-
nition the value of this coalition is independent of the liog strength of patent portfolios
(B) butis increasing in the forward complementarity)( The expected value of ex post con-
tracting also depends on these parametatsectly through the endogenous hazard rate of
innovation (.,).

Turning to the value of ex ante contracting (equatidbf)) it clearly depends solely on the
expected profit from innovating jointlyr (g, g). It is not a function of the blocking strength
of patent portfolios. This implies that tierward complementarity affects both the expected
value of ex post and ex ante contracting, whilelthaeking strength of patent portfoli@dfects
only the value of ex post contracting.

Variation in blocking strength (B)

The blocking strength of firms’ patent portfolios allows esmeasure the proportion of ex-
pected profits from a new technology that a rival firm may be &bhold up, given that firm’s
patent stocks. Variation in the blocking strength will oaf§ect the expected value of ex post
licensing. Therefore it is an important determinant of theice between ex ante and ex post
licensing.

The effects of an increase in the blocking strength on thpgmsity to license ex ante may
be summarised as follows:

Proposition 1

Let (B) denote the blocking strength of a loser’s patent stock tdgzamew technology.
Then a greater blocking strength has the effect of makingiéxlacensing between two prod-
uct market competitors less (more) likely if the R&D costdtion is (not) steep.

We define a “steep” R&D cost function below. Where firms pradoomplementary products
or there are more than two firms there are no general resuttseceffects of increased block-

10



ing. For these cases we investigate a particular demandidanicelow and derive several
corollaries to Propositiofh.

To prove Propositiod we derive the effect of variation in the blocking strengit) on the
expected value of ex post licensing:

v, o (@Nﬁp + (g, q) - 7(%)) Ohy

9B~ oh, Ny +r OB
L (N (r(0.0) = (@ @) & N2(hy) — () Ny 4+ 1) | 2
= —— m(q,q) — 7(q, — —
(th—i-'f’)2 q,q q,q TY\p AU P OB
1 Av . oh.
= —— — _~(h N-_1)=—2 . 12
Vol v -ngg a2

where we make use of the first order condition in equatinq substitute out terms. By defi-
nition of the competitive thredtis positive and approaches zero in the limit as the competiti
threat becomes infinitely large. Therefore the sign of teiswétive depends only on the sign
of the effect of the blocking strengti®B} on the equilibrium hazard rate of innovati(fn,).

We derive the sign of this effect with the implicit functiametorem:

~ -1
Oh,, OR, [ OR,
P PP . 13

0B 0B <8hp ) (13)
First we derive the sign of the denominator. As the followexgression shows the sign of the
denominator depends on the convexity of the R&D cost functio

OR, 1

oh,  (Nhy +1)?

(14)

-] v’(ﬁ,»l A/ (hy) (Nhy 1)

v~

£>0

As discussed abowewill be positive. The convexity of the R&D cost functiofs) implies
that the second term in square brackets is increasing inghiéitgium hazard ratéLp. Thus
the difference of these two terms may be positive or negativtbe equilibrium hazard rate.
Therefore we may define two regimes: in the first the R&D costfion is not too convex such
thaté(N —1) > " (h,) (Nﬁp + r) while in the second the R&D cost function is sufficiently

convex such that(N — 1) < " (h,) <Nﬁp + r).

Given this distinction we now consider the numerator of tkigression in equatiori().
To sign the numerator we must consider the effect of gredtamking strength on the dif-
ference between the values of winning and losing the patemtotio race (\v) and on the
expected value of winning by itself(). As equation{) above shows these two terms deter-
mine the strength of the competitive threat and the profemtive, respectively.

The derivation of the Shapley values in Appendi2 demonstrates that the definition of

11



the competitive threat’{v) and of the profit incentivév,,) depend on the size of the group of
firms in the patent portfolio race. As we show next it is sudfitito focus on the cases of two
and three firms to prove Propositidn

N=2 - Here we can show that:
+ — —
OB, 1 |omoq_ omQ 15
0B |IN=2 27’(2in + 7“) acj 0B 6@ 0B

This shows that when two firms are producers of substitutdumis % < 0), the derivative
ORyp

55 IS negative. If firms produce complementary produgg £ 0) we cannot sigr%%”.

N=3 - With three firms we can show that:

or, 1
OB |N=3  3r(3h,+ )

On(q(B).q)  92n(q(B), Q(B)) _ 0m(¢,d(B)) _ 92n(q, Q(B))
0B 0B 0B 0B

(16)

If three firms are producers of substitute products thentdm® is negative whenever the
second term in brackets is negative. In general, howevsmil not be the case:

o2r(a(B). Q(B)) _ 9x(a(B).Q(B)) 9 _ on(a(B). Q(B)) Q an
OB oq OB Q OB

If firms produce substitute products the second componehiiierivative is positive; there-
fore the sign of the entire term is ambiguous.

This demonstrates that generalwe can only sign the effect of the blocking strength on
the expected value of ex post licensing when there are twayatanarket rivals. In all other
cases the sign % is indeterminate. This fact is useful in empirical applicas.

Specialising to linear demand Propositionl shows general comparative statics results for
the effect of stronger blocking are unavailable where firm&lpce complementary products
or there are more than two competitors in the patent pootfaice.

Here we briefly investigate both of these cases using tharidemand example developed
in AppendixA.3. In this example holding a higher quality patent stock redufams’ marginal
costsg—;i < 0. Expected profits ofV firms with access to a new technology are derived in the
appendix. We assume the— N firms without the new technology have costs Inverse
demand is assumed to take the form:

D :a—qi—Uqu whereae]— 1} : (18)

J#

n—1’
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Here o captures the degree of substitution between firms’ produdts employ the profit
functions derived from this example to derive the sigr%%’f.

The case of two firms: % may be rewritten as:

1 l o or } 0q(B)
2r(2h, +r) [04(B)  0Q| OB
1 (1+20)[(a—8)(2—0)+ (c— ) 9¢0q(B)

r(2h, + 1) 2+0(n—-1)22-0) 07 9B

(19)

This expression is negative (as shown above) where0. It will be positive if 1 4+ 20 < 0,
i.e. wheno < —1. Thus two firms facing linear demand and producing very cemgintary

products would gravitate towards ex post licensing if thecking strength of their patent
portfolios rises.

OR,

The case of three firms: 72 may be rewritten as:

1 {%(Q(B),q) L 92n(a(B),Q(B)) _ Or(¢,a(B)) _ 82w(q,Q(B)>}

3r(3h, + 1) OB oB dB dB

_ 2 {(1+30) [3(&—6)(2—0)—i—(é—f:)(?)—o*)]} 9 0q(B)
3r(3hy, + 1) 2+0(n—1))2(2-0) dq OB

(20)

This expression is positive when > 0, i.e. if firms produce substitute products. The term
IS negative forr < —%. Thus three firms facing linear demand and producing fabipgle-

mentary products are driven towards ex post licensing ablteking strength of their patent
portfolios rises.

OR,

The case of four firms: 72 may be rewritten as:

1
4r(4h, + 1)

On(q(B).q) , 02n(a(B). Q(B))  93m(a(B) Q(2B))
0B 0B 0B

~ On(q,q(B))  92n(q, Q(2B))  927(q, Q(B))
0B 0B 0B

1 {(1—1—40) 6(a—)(2—0)+ (¢— &) (6—40—)]] 92 0q(B)
2r(4h, + 1) (2+0(n—1))2(2-o0) 07 0B

(21)

This expression is positive if > 0, i.e. if firms produce substitute products. The term is neg-

ative foro < —i. Thus four firms facing linear demand and producing fairlpnptementary

products tend towards ex post licensing if the blockingrgjtie of their patent portfolios rises.
We summarise our findings from these examples in the follgworollary:
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Corollary 1

If demand is linear then an increase in the blocking strengtiims’ patent portfolios makes
ex ante licensing more (less) likely if firms are product neaitompetitors (complementors )
and the R&D cost function is not too steep. These predictavaseversed if the R&D cost
function is steep.

Convexity of R&D costs Above we demonstrated that the sign of the effect of blocking
the propensity to engage in ex ante licensing depends ordpe sf the R&D cost function
at the equilibrium hazard rate. Here, to provide some iimtajtwe further investigate this
condition.

We begin by using the first order condition in equatightp re-express equatiofi):

EUN = 1) = ()N = 1) > 7(hy) (N, 4 1)

o/ gy + ) = 4(hy) > 7" (hy) (N +7) + (v = ) (22)

If we parameterise the R&D cost function as= e — ah, where0 < a < 1, then we
find that this inequality is fulfilled when:

e ahy(1 —aN) +ar(l — a)] > (v — )+ 7. (23)

Clearly this condition can be fulfilled if the profit incenéiyv,, — ) is small, the competitive
threat is large and < N~ L.

Variation in the forward complementarity (C')

The forward complementarity’ measures the strength of complementarity between existing
patent stocks of a firm and new patents which that firm is comgdor. A stronger for-
ward complementarity, indicates the combination of these patents with the firm’s existing
patents is more valuable. Using our model we derive theviag proposition:

Proposition 2
If there are two product market competitors an increaseérfahward complementarity will
make ex post licensing less (more) likely if the R&D cost ftime is (not) steep.

To prove this result the difference between the expectedegabf ex post and ex ante
licensing is first derived:

@(OIOD N 4 (q,q) — () TIDID NG 4 (g, g) — A(ha)

VP -V = - — s <
Nh, +r Nhy + 71

(- @D _qufi) +(hy)

, (24)
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using the first order conditiori () for ex ante licensing to substitute out terms. We are now in
a position to do comparative statics:

o (VP — V)
ac )
won Ohg  0m(q,q) 1 oh,, 1 Av L on
— () e _ A — . = (b)) (N -1
AR e i ey s | ek A O] (b
1 |8R,/ ,» Oh, On(q,q) 1 oR, 1 Av
- T2 (1 () =2 — . . = () |(N =1
a@% oh (7 ( >8C oC thJr,,,) oC (th+r)[ r 7 p)]( )

The last line of this expression shows how the implicit fumcttheorem and the method
developed byNti (1997 may be employed in order to clarify the expression. Using th
technique, we are able to derive a sign for it in some cases.

To do this we must determine the sign of the effect of the foda@mplementarity on
firms’ equilibrium hazard rate%%. As before we must separately examine this sign for each
number of competing firms.

N=2 - We demonstrate in Appendik.1 that for two firms the derivative in equatio5)
may be re-expressed as follows:

o(Ve -V 1
oC N=2 O
Oy

( A ¢ . ( )@+ 1) ))
¢ (2hy +7)2 \ V' (ha) + 7" (ha)(2ha + 1) Y (ha) + 7" (ha)(2ha + 1)
1S or 0qg  Om 0Q

oo, o 9700 aqac | @9

95 0C  9Q aC

Note that% is always positive by assumptioD). Therefore the entire expression has a

positive sign if2 > 0 and [g—gg—g - g—g%] > 0. We discuss these two conditions in turn:
Vg

- In the previous section we fou%}? > 0 if the R&D cost function faced by firms is not
P
too steep.

- The expressior{g—gg—g — g—gg—g] is the effect of the forward complementarity dxw

with two firms. This term is positive if the firms compete in gw@duct market, since

this implies 2~

56 < 0, and all other derivatives in the term are positive.

Therefore Propositio holds in the case of two firms.
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N=3 - As shown in AppendipA.1 whenN = 3 we may express equatiofs) as:

avr—vey 1
aC =3 %
or(q.q) " (hy) 2¢ e 7" (ha) (3ha + 1)
OC  (3hy + )2\ 29 (ha) + 7" (ha) (3R + 1) V' (ha) + 7" (ha) (3ha + 1)
2 on(@(C),q) , 92n(q(C),Q(C)) _ On(g,q(C)) _ 927(q, Q(C))
3r(3h, +1)? oC oC oC oC

(27)

The only difference between this and the previous casesandée last term in square brack-
ets. This term represents the effects of an increase in tweafd complementarity on the
competitive threatd\v). This term cannot be unambiguously signed in the case eéttnms,
as shown below.

If the three firms are product market competitors the lasttesms in this expression have
negative signs, since an increase in the forward complargntaises the quality of rivals’
patent portfolios. The first term in the above expressiorivigys positive since an increase
in the forward complementarity that only increases theitaf a firm’s own patent portfolio
always has a positive effect. Therefore the entire expsasgill be positive if the second term
can be signed. However the sign of the second term is ambsgaageneral when firms are
competitors in the product market:

Or(a(C), QC)) _, m(@(C).Q(C)) 2a(C) . ox(a(C), QC)) IQ(C)
a0 =0 ac Y ege) oo @8

A general comparative statics result for the cas&/'cf 3 is not available for the same reason
as above when considering the effects of blocking on theatgpesalue of ex post licensing.

Specialising to linear demand We proceed as before, to provide some results that go be-
yond Propositior? by specialising demand to the linear case. We derive refarlthe two,

three and four firm cases. Our aim is to sign the second conmpohexpressionZ5).

The case of two firms The second term in equatioBd) may be rewritten as:

& jor _Omidq
2r(2h, +1)2 |07 9Q|9C
B £ (1420)[(a—¢)(2—0)+ (c—2)] @@ (29)
2r(2h,, + 1)? 2+0(n—1)202-0) dgocC
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which is positive foro > 0 and negative for < —%. Thus for two firms producing strongly
complementary products the second component of expre€&ipwill be negative; hence the
entire expression is positive%‘%” < 0.

P

The case of three firms The second term in equatioB®) may be rewritten as:

2¢ om(q(C).q)  92m(q(C),Q(C)) _ In(q,a(C)) _ 927(g,Q(C))
3r(3h, + )2 aC aC aC aC
B 2 (1430)Bla—e)2—0)+ (c— (B —0)]| 0¢ 07 (30)
3r(3h,, +1)2 (2+0(n—1))2(2-0) dgoc

which is positive foro > 0 and negative for < —%. Thus for three firms producing strongly
complementary products the second component of expre&&ipwill be negative; hence the
entire expression is posﬂwe%‘% < 0.

The case of four firms We derive the last term in equatio®5):

e [on@C)a)  2e(a0).QC) | 93(a(C).Q0C)
2r(4h, + 1) oc ocC oC
Con(a(C)  92(0.QQ0)  92n(0.Q(C)
oC oC aC

1 [(1 +40)[6(a—¢c)(2—0)+ (¢—¢) (6 — 40)]] 0¢9q(C) (31)

2r(4hy + 1) (2+0(n—1)2(2—-0) oq 0C

This expression is positivedf > 0 and negative for < —i. Thus four firms producing fairly
complementary products the second component of expre€&ipwill be negative; hence the
entire expression is positive%\% < 0.

Our results from the previous examples are summarized ifotlosving corollary:

Corollary 2

If demand is linear and firms produce substitute products éimencrease in the forward com-
plementarity has the effect of making ex post licensing

less (more) likely if the R&D cost function is (not) sufficiénsteep;

as demonstrated the prediction of Proposittomay be extended to more than two firms
if demand is linear. Hwoever, we cannot sign the effect ofrmndase in the forward comple-
mentarity when firms produce complementary products. Ehitdar if we note that the first
component of equation2®) and @7) is always positive and that the second component may
be negative if firms’ products are sufficiently complementar

Propositionsl and2 imply that, given the slope of the R&D cost function at edurilim,
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we can make quite general statements about firms’ choicesleatex ante and ex post licens-
ing when there are two firms producing substitute products.

3 Welfare

Here we consider whether firms’ privately optimal choicegareling the form of R&D coop-
eration are also optimal for society. We adopt a second bebare standard in which the
social planner takes bargaining by the firms and the numbe&&f competitors as given but
may seek to influence the choice between ex post and ex aatesiing.

At the second stage of the model set out above the socialinaplevel of R&D invest-
ment is derived from the following objective function:

thg + (N7(q,q) + CS(q)) — Nvy(hs)

h pu—
VS( S) Nhg+7“ ’

(32)

whereC'S(q) is the level of consumer surplus as a function of the averagéty of all firms’
patent stocks. We assume all firms undertake their resezdepéndently.

This objective function captures the fact that the sociahper will not be concerned with
the identity of the winner, nor with the distribution of slup which the innovation generates
amongst the competing firms. Also, the innovation will beecwailable to all firms whether
they cooperate ex ante or ex post. The social planner is amlgezned with the intensity of
effort which the firms expend on innovating.

The second-best level of R&D investméng corresponding to this objective function is
implicitly defined by the following first order condition:

1

A1) = sty

N (7(q,q) — 7(q,9)) + (CS(q) — CS(q)) + Ny(hs) — 7' (hs)(Nhs + 1) | = 0. (33)

J

P
Profit Incentive

This first order condition shows several sources of welfass from private decisions on
R&D:

i The increase irtonsumer surpluarising from innovation contributes to the “profit in-
centive” of the social planner but is absent from firms’ R&[Rentives under ex ante
and ex post licensing. This indicates a tendency for firmsteunvest.

il The increase in totgbroducers’ surplusrising from innovation also contributes to the
“profit incentive” of the social planner. In contrast eacimfionly values the gains in
its own profits provided by R&D investment. This effect wik Imuch stronger if firms
produce complements than if they produce substitutes. 8lirens produce comple-
ments under-investment by complementors directly degrimotm own profits. In con-
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trast when firms are competitors in the product market undestment by rivals will
have some positive effects on own profits. This also sugdiests will under-invest in
R&D, particularly when rivals in technology space produoeyplementary products.

iii The absence of aompetitive threain the social planner’s first order condition suggests
that cooperating on R&D ex post leads to overinvest in R&DoAparison of first order
conditions of the social planner above (equatéd@ and firms under ex post licensing
(6) shows that there may be overinvestment in R&D.

Therefore firms which license ex ante are likely to undestvelative to the second-best
welfare criterion we adopt above. Propositidnand2 show ex ante licensing is more likely
when (a) firms produce substitute products and (b) the stnesfgblocking patents is high if
(c) the R&D cost function is not too steep. In this case thatebe underinvestment in both
consumer and producer surplus as describécadii above.

Corollary1 indicates that where (a) firms produce complementary ptsdud (b) block-
ing patents are strong the propensity for firms to choose s«kljpensing rises if (c) the R&D
cost function is not too steep. In these cases the undetinees effects described above will
also be at work. In particular underinvestment in produceplsis will be high, since firms
are producing complementary products. Here the tendenayderinvest in these equilibria is
counteracted by the effects of the competitive threat. Aschabove this may encourage over-
investment. In summary we observe particularly weak R&estinent incentives relative to
the social optimum on the side of the profit incentive areqmhwith the excessive investment
incentives of the competitive threat as a natural resultrofdiprivate decisions on licensing.

Our theoretical results also suggest all of these impbcatireverse, if the R&D cost
function firm’s face is steep enough in the sense defined ab@ua empirical results in
Siebert and von Graeveni(2006 are commensurate with a flat R&D function for the semi-
conductor industry.

It is unlikely that firms face socially correct R&D incentiv@ complex product industries
if patent portfolio races arise. While it is unclear whetfiens over- or underinvest our model
suggests that underinvestment is more likely to be couctienlaby overinvestment exactly
where underinvestment is greatest.

4 Conclusion

In this paper we model patent portfolio races in complex pobéhdustries. To model com-
petition in complex product industries we study patentfpdd races between firms endowed
with patent portfolios. In this context a patent portfolaxe is a contest to extend each firm’s
patent stock to a new technology. The winning firm holds tingdst proportion of these new
patents. However the complementarity of technologies ionaatex product industry implies
the losers of a patent portfolio race will be able to hold-yp@portion of the gains accruing
to the winner.
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Therefore firms anticipate the winner and the losers of therpaortfolio race must li-
cense technologies ex post. We assume firms anticipate thet @t ex post blocking. This
determines the expected value of ex post licensing. Thertway $iow variation in the value
of the new technology and in the blocking strength of firmgepaportfolios affects the rela-
tive expected values of ex ante and ex post licensing. Weealannumber of predictions about
the comparative statics of the premium to ex ante licensiingse predictions are tested and
confirmed inSiebert and von Graevenif2006.

We find the predictions of our model depend on whether firmgpersduct market rivals
and on the extent of technological opportunity. We show fiares driven towards ex ante
licensing by an increase in the blocking strength of patentfglios if technological opportu-
nity is high and firms are product market rivals. This resudtyrbe reversed if firms produce
complementary products. Finally we show increasing theevaf a new technology raises the
likelihood that firms choose ex post licensing as long asreldgical opportunity is high and
firms are product market rivals.

We argue these results can provide us with an indication efatblfare implications of
licensing in complex product industries. We do not, howgeeensider the possibility of col-
lusion which is frequently cited as a concern in the literat(hapiro(2003). Rather we
focus on R&D incentive effects of ex ante and ex post licemsille show ex post licensing is
most likely when underinvestment would be particularlyesewunder ex ante licensing. This
suggests that firms have private incentives which can coacttanderinvestment in the pres-
ence of licensing. Furthermore our model suggests thatr@eyvention to mitigate under-
or overinvestment is unlikely to work very well in the preserof licensing, due to the com-
plexity of the factors that determine choice of licensingtcact. From this we conclude that
any regulation of licensing in complex product industribedd seek to avoid distorting the
choice firms make between ex ante and ex post licensing.
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APPENDIX A

Proofs

Here we derive the comparative statics results that undewoi propositions above. We focus
purely on those results for which the signs of individuairiework in the same direction.

A.1 Proposition 2

Here we derive the comparative statics of the premium to ex fensing(V? — V) with
respect to the competitive threat. We demonstrate in equ#2b) that in order to sign this
expression we must derive the signs%@f and %. The implicit function theorem implies
that:

Oha  OR, (OR,\" oh,  OR, (0B, A
oC — 9C \ ok, oC — 9C \ oh,

We have already derivegi above. Itis easily shown that:

OR, 0m(q.q) 1

= < A2
9C 00 (Niw 1) (A2
oR, 1 - .

— = —————(7(ha)(N = 1) +~"(Nhq + 1 A3
= T (W = D+ (VR £ 1) (A3)
OR 1 1.1\ |orag oro0| orq)
or, 1L {(Ly 1\ |97r9d¢ OmoQ (. q
OC |n=2  (Nh, +1)? (/L”* 2) dg0C ~ 0Q oC aC (A4)

This implies that the hazard rate of ex ante innovation iseasing in the forward comple-
mentarity:

aila — aﬂ-(é? Q> 1 > 0 (A5)

aC oC (y(ﬁa)(N — 1) +7"(Nhq + r))
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Reinserting this result into equatio®s) we find that the derivative has two components:

a (VP — Ve
acC’
or(q,q) 7" (ha) 1

- 8% 1 [Av
C |4/ (hy)(N = 1) + 4" (ha)(Nhg +1) Nhy +r

G, Tl V.

-~

3

(A6)

In spite of the apparent complexity of this expression westaw that its sign is positive if
firms are competitors in the product market and the R&D casttion is not very convex. To
do this we employ the method used Mt (1997). Thus we may rewrite the above expression

as.

a(vr—vey
ac
1 |0R, O7(q,q) 7" (ha) _OR,0n(g.q) 1
%o |0, 0C y(ha)(N = 1) +7"(he)(Nhut7)  Ohy O Niy+r

(A7)

oR, 1 Av L2
el sl IO

-~

3

Now we simplify the above expression by inserting % andg% in two cases. In order to
P

insert for% we assume thaV = 2 here:
o(Vve—-VvV®) B
oC IN=2
L |9R, 97(,q) 7" (ha) - LAy (2, 4 1) Or(7,q)
e | Ohy 00 5(ha) +"(ha) Rha 1) (2t 1)’ SN e
£ 1. 1\ [Oor 0@  Om 0Q on(q,q)
— = | hy4 =) | == - =2 A
T4 | 7" 2) |agac T agac] T e (A8)
Cancelling excess terms we have:
a(Vve—-V®) B
oC IN=2
1 10n(q.q) [ OR, ”V”(}ALOJ n ”Y/,(ilp) i § %@_a_ﬂ'@ .
g% 9C  \ 0h, 7' (ha) + 7" (ha)(2he + 1)  (2hy +7)2 )] 2r(2h, +1)2 | 9G0C  0Q C

(A9)

Here we investigate the case in whith= 3:
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ovr—ve 1 |9R,0n(q.q) Y (ha)
oC  w=s G |0k, 90 29/(ha) +7"(ha)(3ha + 1)
"1 7 aﬁ((jv q)
G 2% — (k) <3hp+r) L
2¢ 1. 1\ 10n(q(C),q)  927(q(C),Q(C))
RTINS ((th+§) e+ ac
Om(q,q(C)) 02m(q, Q(C))1 | O7(q,q)
- a0 1t ac ) - (A1D)
Cancelling excess terms we have:
o (VP —Ve)
oC B )
1 [on(2.q) (0R, 7 (he) L7
P |00\ 0y 27/ (o) + 7" (h)Bha 4 1) (Bhy 1)
N 2¢ On(q(C).q) | 92m(3(C),Q(C)) _ On(¢,a(C)) _ 927(g, QA(C))
3r(3h, + 1) oC oC oC oC
(A11)
A.2 Shapley value calculations
N =3
Coalition | Payoff
W | 7(q(B,C).q)
L | m(q,q(B,0))
WL | 27(g(B,C),Q(B,(C))
LL | 27(q, Q(B,C))
WLL | 37(q, q)
The Shapley values of the winner,(3)) and the loser((3)) here are:
0ul3) = 20W) + 2 [oWL) —o(L)] + 1 [oWLL) — o(LL)] (A12)
w(3) = %v %[ - U(W)} + % [U(LL) . U(L)] + % [U(WLL) - v(WL)]
(A13)
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from this it follows that:

0u(3) + 20(3) = o(WELL)  anduy(3) — u(3) = %U(W) + % W) — ()] - %U(LL)

(A14)
N =4
Coalition | Payoff
W | 7(q(B,C),q)
L | 7(q,q(B,C))
WL | 27 (g(B,C),Q(B,(C))
LL | 27(¢q, Q(2B,C))
WLL | 37(g(B,C), Q(2B,C))
LLL | 37(q, Q(B,C))
WLLL | 47(q, )

vu(4) =2p(W) + [U(WL) - U(L)} + i [U(WLL) - U(LL)] + i [U(WLLL) - v(LLL)]

(A15)
iv(L) + é o(LL) (1) + 1—‘; o(WL) = o(W)] + % [W(WLL) = o(WL)]
+ % [o(LLL) = o(LL)| + i [0(WLLL) = o(WLL)] (A16)

=

—~
W

S~—
Il

from this it follows that:

Vw(4) + 30,(4) = v(WLLL) and (A17)

Vo (4) — 0r(4) = %U(W) + % [U(WL) - U(L)] + % [U(WLL) —w(LL)] - %U(LLL)

A.3 Product market examples

Linear demand

Assume that the inverse demand function is linear:

- 2
pi:a—qi—Uqu whereae}—n_l,l} (A18)
J#

There arel < N < n efficient firms with costg(B) andn — N inefficient firms with
costsc in the market. We denote all variables related to the effidiems with ™ and all those
related to the inefficient firms with Assuming that the firms compete in quantities the first
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order conditions for profit maximization imply that:
(P—0)=4q and  (p—¢)=¢ (A19)
Combining the first order conditions with the inverse demfamition we can show that:

p=a-(p-¢(l+o(N-1)-(p-c)o(n-N) (A20)
p=a-(p-¢oN—-(p-c(l+on-N-1) (A21)

T e S e e ) I B
Por= Gy P T ah o) O P v eo 1)
(A22)

where we definel = a — ¢. Then firms’ profits in equilibrium are:

_ - oN 2 B 14+o0(n—N)
7r:<A_(C_C)(2_U)> 7~T:<A+(C C)(+20 >> (A23)

2+o0(n—1) (2+0(n—1))

Below we will often need to take the derivative of the diffiece of these profits:

6(7?—7?): (1+o0n)
oc (24+0(n—1))%(2—0)?

(2A(2 o)+ (-1 +an— zN))) (A24)
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