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Abstract
In a patent thicket licensing provides a mechanism to eidiveid or resolve hold up.
We study the choice between ex ante licensing to avoid holdnabex post licensing
to resolve it. Firms’ choice of licensing contract is stubia the context of a patent
portfolio race. We show that high expected blocking leadsxtante licensing while ex
post licensing arises if expected blocking is low but readiblocking is high. Also, ex
ante licensing reduces firms’ R&D incentives. A sample seleanodel of licensing is
derived from the theoretical model. In this framework tlegimal predictions on effects
of blocking are tested with data from the semiconductor stigu We show that licens-
ing helps firms to resolve blocking. However, licensing is acure all: it decreases as
fragmentation of property rights increases and arises lynbigtween large firms with
similar market shares. Using a treatment effects model s@ @nfirm the prediction

that ex ante licensing reduces the level of R&D investment.
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1 Introduction

In some high technology industries the process of reseatkd@elopment is comparable to
the continuous extension of a pyramid through the additfarew building blocks at the top
[Shapiro(2001)]. Here, the pyramid serves as a metaphor for the cumutassof scientific
research in complex product industries.

Firms increasingly protect their contributions to this qayid with patents. As a result
several high technology industries are now affected by tetgahicket” Heller and Eisenberg
(1998; Hall and Ziedonig2001); Shapiro(2001)]. In a patent thicket many rival firms hold
patents protecting components of a single technology. \&esra firm uses such a technol-
ogy itis vulnerable to hold up by firms holding blocking pagejrindley and Teecgl997),
Jaffe(2000, Shapiro(2001)]. The threat posed by blocking patents frequently inddices
to build up a large portfolio of patents. This creates a groargaining position for the firm
owning the portfolio in any disputes with rivals. In a paténtket all firms face the prospect
of hold up and have strong incentives to patent, which pagtes the patent thicket. Hold
up in a patent thicket may be resolved through licensing ofkihg patents. Therefore, an
understanding of how licensing works in industries affddig patent thickets is increasingly
important.

We study how licensing is employed to resolve hold up using @@ licensing con-
tracts between semiconductor firms. Licensing contragisesi before R&D investments
take place (ex ante contracts) are distinguished from thigeed after such investments turn
into granted patents (ex post contracts). Our data showding contracts are often forward
looking (ex ante contracts).Furthermore, changes which we observe in the level of total
licensing activity between 1988 and 1998 are almost egtatak to changes in the level of
ex ante licensing. Economic theory suggests that R&D ineestunder ex ante licensing
differ from those under ex post licensing. We study the ahbietween ex ante and ex post
licensing to examine the implications of patent thicketsfilons’ R&D incentives.

An ex post licensing contract will be preceded by a “patentfplio race” 2 in which
firms acquire as many patents as possible on the new techyndtagns’ R&D incentives

are high in this setting and licensing resolves blockingyamice both firms have sufficiently

L' A complex product is one which is based on many patdnesip et al.(1987]. RecentlyCohen et al.
(2000 show that firms in complex product industries primarily thtse patent system for the purpose of forcing
negotiations over access to others’ patents.

2 Examples of ex ante licenses may be found in Appe&dix

3 This phrase is coined biytall and Ziedonig2007).



large portfolios to contract. In contrast an ex ante licegsiontract allows firms to guarantee
each other “freedom to operateGf{indley and Teec€l1997)] before R&D investments are
made. The use of all patents included in the contract is edgor both parties: blocking
has no effect. This removes an important incentive to aeqo@tents on the technology.
In Siebert and von Graeveni{2006§ we develop a theoretical model of a patent portfolio
race and licensing in an industry affected by a patent thickée study how variation in
exogenous blocking affects licensing and R&D investmemticts. Below we adapt that
model, partly endogenizing the degree of blocking.

In our model the patent portfolio race between any two firma ssipermodular game.
Firms’ R&D expenditures are strategic complements. We sthaivexogenous increases in
the degree of blocking increase firms’ efforts to win the pafeortfolio race. This has the
perverse effect of reducing the expected amount of unbtbgledents which firms obtain,
further increasing the problem of blocking patents. To preéwery intense patent portfolio
races and associated high levels of blocking firms may enterex ante licensing contracts.

Theoretical work on licensing has concentrated on licemsesmpanying technology
transfer Bcotchme2004); Gallini and Scotchmef2004)]. In such models efficiency gains
arise when firms share technologies. In the context of thenpaiticketGrindley and Teece
(1997 emphasise an alternative explanation for licensing: su@s“freedom to operate”.
This also implies efficiency gains as the threat of hold upninithe patent thicket is removed.

The main contribution of this paper is empirical. We teseet§ of expected blocking
and realized blocking on firms’ licensing choices. We confihat effects of blocking and
licensing predicted by our model of patent portfolio races@esent in data from the semi-
conductor industry. These results provide further evideoc patent portfolio races in this
complex technology. We also find increased fragmentatiopatént ownership as defined
by Ziedonis(2004) reduces the likelihood of ex ante licensing: growing pathitkets un-
dermine at least one option firms have to reduce the probleholof up. Also, licensing
is mostly undertaken by firms with large market shares comniignthe findings oiGalasso
(20079. Finally, we find that ex ante licensing significantly lowéirms’ patenting levels.

We use a dataset of licensing contracts announced betw@&&nab@ 1999 in the semi-
conductor industry. A growing number of recent papers leavidence of an emerging
patent thicket in this industry@rindley and Teec&l997); Shapiro(2007); Hall and Ziedonis
(2002); Ziedonis(2004]. Anand and Khann&000, who undertake a large sample study of

licensing, also find that the semiconductor industry hasadiiiee highest levels of licensing

3



activity. This industry, therefore, provides a natural teom in which to study the effects of
licensing in a patent thicket. Furthermore, the effectsadrising on innovative activity in
the semiconductor industry are of interest in their own tiiglorgensor{2001) argues that
the semiconductor industry is one of the most important keghnology industries, since its
prices significantly affect many other downstream indestri

The licensing data we study are puzzling: they show thatadMérensing activity does
not increase proportionally to the number of granted sendaotor patents. If more granted
patents raise opportunities for hold up such a proportiorakase might be expected. Li-
censing activity increases strongly after 1989 and thda tplite sharply after 1994, even
though patent grants increase over the whole sample pefibé. data also show that ex
ante licensing is far more prevalent and volatile than ex posnsing. This last finding
IS somewhat surprising since previous literature on pataokets has focused on ex post
licensing or the formation of patent pools as a means of vesplthe threat of hold up
[Grindley and Teec€l1997); Shapiro(2007)]. Further investigation reveals that variation in
the blocking may explain a large part of these trends.

As we cannot directly observe firms’ R&D spending, a struatterst of our model is out
of reach. Instead, we develop a latent variable representat the choice between ex ante
licensing, ex post licensing and no licensing. In this mageblnte licensing is a function
of expected blocking. Firms will choose not to license anteemto a patent portfolio
race if expected blocking is low. If blocking turns out to bgher than expected, ex post
licensing provides firms with an solution to blocking. Thejgential nature of decisions
on ex ante and ex post licensing can be represented usingréal@/probit sample selection
model. Additionally, we show that the effects of ex anternisiag on the level of firms’ patent
applications can be modelled using a treatment effects mét#ge ex ante licensing is the
binary endogenous variable. We control for the endogeéiiye ex ante licensing decision
by adapting the selection equation of the sample selectmuhein

The remainder of the paper is organised as follows: in Se&iwe describe licensing
trends in the semiconductor industry. In Sectiome introduce our theoretical model. In the
following section we discuss its empirical implementatidhen in Sectiory we discuss our

results. Finally, Sectiofi concludes.
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2 Licensing in the semiconductor industry

In this section we describe observed licensing behavioercdvistructed a dataset comprised
of 921 licensing contracts betwe&$8 firms. It contains information about the date, the
partners and the purpose of the license as well as data on fevenues, market shares and
patents. A detailed description how the data were congtdustprovided in AppendiR.

In this section we describe the data and determine whetadrdicking strength of firms’
patent portfolios explains the choice of licensing corttbyca pair of firms. We focus on firm
pairs as the majority of contracts in our data are betweens pafirms. Where a contract is
formed by three or more parties we treat it as a collectionrotikaneous bilateral contracts
among a group of firms.

Figure 1a
Growth of revenues and firm numbers in the semiconductor industry
200 3

Figure 1b

Licensing and patenting activity in the semiconductor industry
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Figure la shows that total revenues of all semiconductoisfgnew substantially over
the period of our sample. Mirroring this there was also adargrease in the number of
active semiconductor firms. However the figure also dematestirthat aggregate revenue
almost stopped growing aftép96. This coincided with increased turbulence in the industry,
as a much larger proportion of semiconductor firms was afteby entry and exit than had
previously been the case.

The semiconductor industry also experienced a strong sarpgatenting activity after
1985 [Hall and Ziedonig2001); Ziedonis(2003 2004)]. Figure 1b provides information on
the level of granted patents and licensing contracts veldab 1989. The number of new
patents granted to semiconductor firms more than doubledtbeeperiod of our sample.
This development has been carefully investigatedHayl and Ziedonig(2001) who argue
that it is due to strategic patenting in the face of an emergiatent thicket. Surprisingly,

the increase in patenting by semiconductor firms does ndtttea proportionate increase of

5



Relative frequency of licensing [contracts/firms]
o
i

licensing amongst these firms. As Figure 1b shows the nunfbewe licensing contracts
amongst semiconductor firms in our sample shows no obvidasae to the increase in
granted patents. This is surprising because we might expert to be a greater need for

licensing as the number of patents graws.

Figure 2a Figure 2b
The frequency of licensing per firm in the semiconductor industry Total ex ante and ex post licensing contracts in the semiconductor industry
— Relative frequency of licensing 100+ — Exante licensing contracts

— - Ex post licensing contracts
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Figure 2a above shows the average number of licensing ctsprar firm in the semicon-
ductor industry. The figure displays a hump shape just aslibelate number of licensing
contracts does. This rules out an explanation of the numblkcemses based on the num-
ber of semiconductor firms. Between 1991 and 1994 there weresaas many licensing
contracts as firms in the industry. The decline in licensiciivdy after 1994 also remains
clearly visible®

Next we introduce the distinction between ex ante and exlpestsing. Figure 2b shows
that ex ante licensing is far more variable over the periodusfsample than ex post licens-
ing. As noted in the introduction this finding is surprisimglight of the previous literature
on patent thickets. This literature has not noted the ingmae of ex ante licensing as a
means of preventing hold ufindley and Teec€l997), Shapiro(2007)]. In sum, Figures
2a and 2b show clearly that, over the period of our sampleintrease in overall licensing

is predominantly a result of a strong increase in ex ant@sice.

4 Information on the duration of a subset of licensing cortwatour data suggests that these contracts last
for roughly 5 years. We used this estimate and similar onegnalate the stock of licensing contracts based
on our data. This shows that the reduction in licensing eatsrafter 1994 is so large that the stock of contracts
also diminishes after that date. Therefore, the changedseree in new licensing contracts are not the result
of a saturation of the demand for licensing contracts.

5 Vonortas(2003 investigates a much larger sample of licensing contraeten from the same database
(Thomson Financial) as ours. He shows that the declineg@n$img activity we observe between 1994 and 1996
occurs across a wide set of manufacturing industries. Tbarkénancial confirmed to us that the observed
patterns are not due to changes in data collection methods.
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Table 1: Licensing by the top semiconductor innovators 19899

Patents Cumulative| Average | Percent| Percent | Percent
Company revenues*| market of total | of ex ante| of ex post
shares (%) licensing| licensing | licensing
IBM 3,802 21,909 1.85 5.55 6.92 3.02
NEC 3,072 81,677 6.91 3.66 4.19 2.68
TOSHIBA 3,041 69,974 5.92 4.84 5.46 3.69
SONY 2,343 17,690 1.50 2.01 2.00 2.01
FUJITSU 1,894 40,520 3.43 3.42 3.28 3.69
TEXAS INST. 1,837 56,006 4.74 8.74 5.46 14.77
MICRON TECH. 1,746 15,836 1.34 1.06 0.73 1.68
MOTOROLA 1,739 66,700 5.65 5.31 6.56 3.02
SAMSUNG 1,645 46,344 3.92 2.95 2.55 3.69
MATSUSHITA 1,367 28,021 2.37 2.24 2.19 2.35
AMD 1,085 20,725 1.75 2.48 1.64 4.03
S.G.S. THOMSON 994 17,991 1.52 1.89 2.19 2.34
INTEL 938 135,069 11.43 5.67 4.74 7.38
UNITED MICRO. 776 3,108 0.26 0.24 0 0.67
NAT. SEMI. CORP. 639 22,571 1.91 3.90 3.46 4.70
HYUNDAI EL. 590 18,450 1.56 0.83 0.36 1.68
LG CABLE & MACH. 546 8,445 0.71 0.47 0.73 0
LSI LOGIC CORP. 453 11,335 0.96 2.60 1.82 4.03
AT&T 431 5,531 0.47 2.36 2,55 2,01
OKI ELECTRIC IND. 370 12,872 1.09 1.89 1.82 2.01
Total number (industry) | 96,590 1,181,420, 100% 847 549 298

*Revenues are stated in millions of 1989 dollars.

To gain a better understanding of what underlies the pattefrex ante and ex post

licensing illustrated in Figures 2a and 2b we present in&grom on the to20 innovating

firms in the semiconductor industry in TaldleThe table provides information on the number

of patents granted to each firm, their cumulative revenudstlagir average market shares




between 1989 and 1999. Furthermore, we report the pereaetfakicensing contracts of
both types, each firm was a party to. In each column the to thmas are highlighted in
boldface.

Table 1 shows that Texas Instruments and Intel account for over dihedfi all ex post
licensing agreemenfsPrevious studiesgrindley and Teec&997); Shapiro(2001, 20031]
tended to focus on these firms which may explain why they @elasis attention to ex ante
licensing. The number of ex ante licensing agreements isasprelatively evenly across
the represented firms. In spite of this difference betweeant& and ex post licensing it is
clear that nearly all of the represented firms engage in lypistof licensing to a significant
degree. Twenty nine perce(9%) of the contracts in our sample are signed by firms with

experience of both ex ante and ex post licensing.

Table 2: Sample statistics for firms by licensing contrapety

Ex post licensing Ex ante licensing
Variable Mean | Std. dev.| Min. | Max. | Mean | Std. dev.| Min. | Max.
Number of partiey] 2.47 0.98 2 6 2.39 1.16 2 10
Total contracts 6.35| 11.02 1 44 5.57| 7.25 1 38
Market shares’) 2.9 3.3 0 16.4 2.9 2.9 0 16.4
Patent grants 128| 198 0 873 137 | 192 0 873
Forward citations | 1,056 1,341 0 |6,282] 1,145| 1,413 0 |6,282

Table 1 suggests that there are differences in the semiconductos finat choose ex
ante and ex post licensing contracts. In order to furthegstigate this Tabl@ provides a
comparison of all firms that undertook ex ante and ex poshsicey. This comparison does
not reveal differences between firms engaged in ex ante apdsXicensing contracts. In
part this finding is due to the fact that some firms use bothsygdicensing contract. In
particular Table2 shows that the average number of firms involved in a contsaoeiween
two and three. The average firm engaged in approximately Gaia between 1989 and
1999. The average firm engaging in ex ante (ex post) licengasgranted 128 (137) patents
and its patent stock attracted a total of 1,056 (1,145)ioitatover the sample period. All of

these variables are highly skewed.

6 No agreements between the two firms are recorded in our data.



To pursue the comparison of ex ante and ex post licensingsedralestigate the number
of firms involved in each licensing contract. As the histogtia Figure 3 illustrates, the vast

majority of contracts in this sample are bilateral.

Figure 3
Distribution of participant numbers in ex ante and ex post licensing contracts
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Overall these comparisons of firms engaged in ex ante and sxlipensing suggest
that the observed trends are not the result of greater livgragtivity by a group of firms
specialising in ex ante licensing; rather, we must focushendhoice that all firms make
between ex ante and ex post licensing. Furthermore an aggregeasure of the strength of
the patent thicket, in form of patent counts, does not erpla¢ development of licensing
between semiconductor firms in aggregate. Neither is thiasome related to the choice
between ex ante and ex post licensing. In order to explaimiiserved differences in the
propensity to choose ex ante and ex post licensing contrngct®w turn to measures of the
patent thicket at the level of firm pairs engaged in licensingther words we move from a
focus on individual firms to a focus on firm pairs.

Figure 4a presents a measure of blocking between firms irragaiconstruct all possi-
ble firm pairs between firms with positive market shares insr@iconductor industry. For
these pairs we construct a measure of blocking by integ@@imeasure of technological
proximity with a measure of cross citations within the gaif.firms patent in similar tech-
nology classes with the same intensity and cite each otbquéntly this measure is high.
Figure 4a reveals that blocking initially increased andtlecreased again over the sample
period. The decrease is largely the result of the larger murmbsemiconductor firms which

causes the number of potential pairs to rise significantlan\of the pairs formed with

"For a precise definition of this measure refer to Secfi@below.
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Blocking

new entrants into the industry exhibit low levels of bloakias we would expect. Figure 4a
indicates that blocking may provide a large part of the axali@mn for the development of

licensing discussed previously.

Figure 4a Figure 4b
Blocking in firm pairs Fragmentation in pairs
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Figure 4b presents the development of fragmentation ohitaolgy ownership based on
the citations from the patents held by a firm p&iredonis(2004 shows that fragmentation
explains some of the large increase in patenting levelsarsémiconductor industry. She
argues that the fragmentation index represents a meast@ditip potential. If licensing
contracts resolve such potential we might expect licensgirtge correlated with fragmenta-
tion. Figure 4b does not reveal a very clear relationshipdvan

In the following section we provide a theoretical model thetks to clarify how blocking
of patents arises in patent portfolio races. We investigdiether such blocking leads firms
to license patents and how blocking is related to the cho#atevden ex ante and ex post

licensing. The model is then tested in the following secion

3 A model of licensing in the patent thicket

In this section we provide a model of patenting and licensi@lgaviour of firms using com-
plex technology. The model yields predictions about thea#f of anticipated blocking on
firms’ R&D investments and their licensing choices.

Competition over patents covering a specific technologyadeiied as a patent portfolio

race between two firms. In this race blocking patents ariseas as both firms are patenting

8The model is developed as far as is necessary to derive thedietpons. A more extensive development
is beyond the scope of this paper and is left for future work.
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in the same technology. Blocked patents are potentialtafge hold up and will therefore
be less valuable to firms owning them. We assume that firmsfpatan exogenous rate once
they have mastered a technology. The time at which each fartsgtatenting is uncertain
and depends on that firm’s R&D investments. Furthermoreesdat which patenting starts
are independently distributed. The firm which wins the piapemtfolio race is the firm that
starts patenting first. This firm will obtain a larger set oblotked patents than the loser of
the patent portfolio race.

To resolve blocking firms license patents. We study two aéve ways to resolve the
problem of blocking: ex ante and ex post licensing. Ex am&nising contracts prevent hold
up for a specific period. They cover new patents that arrivtean period. Ex post contracts
resolve hold up given firms’ existing patents. The value oédising ex post decreases as
the expectation of blocking and the intensity of the patemtfplio race increase. Therefore,
higher expected blocking makes ex ante licensing more bbdualative to ex post licensing.

The following propositions are derived from the model:

Proposition 1

The probability of observing ex ante licensing increasesxgected blocking increases.

Proposition 2

The level of R&D investments and patenting is lowest if firneghse ex ante.

These propositions are testable. In sectdlone derive an empirical framework within
which to implement these tests. Here we continue by settingh®e model and deriving

Propositionsl and?2.

3.1 General assumptions

To capture the effect of blocking on R&D competition we make tsets of assumptions:
the first pertains to the timing of the model and clarifies wigcking arises; the second
describes the nature of rivalry between firms through thea fof their profit functions.

Consider timing first: two firms invest in a new technologyeyHegin to patent parts of
the technology after a lag due to research into this teclyyol®he date at which patenting
begins depends on firms’ research efforts. Firms invest ginh@atenting first and the lead
built up by the winner depends on its rival’'s research effort

Figurel illustrates the timing of our model. Assume that the timewlaith the winner

11



T1 T2
L L L
Start | Winner begins to patent Loser begins to patent

Stage 1 | Stage 2 Stage 3

Figure 1: Time line for the patent portfolio race

and loser of the patent portfolio race start patentifig {3), are randomly distributed with

the exponential distribution:
Pr(t S Tl) =1 — e_thl and PT(t S Tz) —1— e—th2 .

All variables pertaining to winner and loser are denotedhhie subscripts,; below. Here
h;, h,, denote their hazard rates which capture research effortse that7; and 7, are
independent. Then, duration of the periBd— 77 depends on the loser’'s R&D investments.

We assume the period in which firms build patent portfoliosacsh technology is short
enough that rivals’ R&D efforts remain unobserved. Themefave adopt a model of R&D
competition in which firms commit to R&D investments at tharsbf the game - firms have
open loop strategiesGrindley and Teec€1997) argue that semiconductor firms are often
ignorant of each others’ research efforts which supportsassumption. Additionally, it
must be borne in mind that at the USPTO patent applicatiome wet visible until granted
in the period we studyHall et al.(2005 show that in the early 1990’s patents took on average
of 1.76 years to grant. Therefore, even firms watching patgranted to rivals would have
learned about their research with substantial delay.

We embed the patent portfolio race into a three stage modid@s$ions about licensing:
Stage one: Both firms simultaneously choose whether to sigax @ante licensing contract.
Stage two: Both firms invest in research and obtain patents.

Stage three: Firms choose whether to bargain over an ex posact if they have not signed an ex

ante contract.

This model is solved by backward induction.

Now consider firms profits: firms are initially symmetricaldaearn profitsry. Profits
depend on the size of patent stocks to the extent that thesargee “freedom to operate”.
The winner’s portfolio of patents consists of unblockedepéd accumulated in the period

beforeT, and of patents accumulated aftgy. A proportion of these later patents are

12



blocked. In the absence of a licensing contract the expesites$ of winner’s @,,) and

loser’s (Q;) portfolios of unblocked patents afe:

A 21— p)

Ah(1 =
Qu(hi, B,)) = P M

hy+r

and Q;(hy, 3, \) = (1)

A denotes the exogenous rate of patenting )mmlthe interest rateh; denotes the loser’s
research efforts. High research effort allows the loserettuce the winner's advantage,
inducing greater ex post symmetry between firms’ patenfqas.

Expected profits depend on the number of unblocked pateradh firm’s own and in
its rival's patent portfolios:; (Q;, ;) wherei; j are subscripts denoting the firm itselj (
and its rival ). In particular, a firm’s profits are increasing in the sizetsfown patent
portfolio. Rivalry implies a negative effect of the size bktrivals’ patent stocks on own

profits. Finally, we assume both effects increase at deicigastes:

37Tz'(Qz‘,Qj) >0 37Tz‘(Qz‘7Qj) <0 32%’(@2‘7@]‘)

9Q; 9Q; 9Q;*

82W(Qi7 QJ)

< 0,
anQ

>0. (P)

We also assume that firms’ profit functions are supermodulpatent portfolios:

9°mi(Qi, Q))

90,00, >0 . (S)

This assumption implies that each firm’s marginal benefinfaxditional patents is increas-
ing in the size of their rival’s patent portfolio. In patertrffolio races the relative size of
firms’ patent portfolios determines bargaining strengtbr &sumption captures the fact that
additional patents are increasingly valuable as rivale@pigportfolios grow. A simple exam-
ple of a profit function which fulfils assumptionB)(and ©) is: 7; = log(Q;) —log(Q; +Q;).

We introduce standard restrictions on firms’ R&D cost fuoics:

(i) 7(0) =~'(0) = 0, v"(0) >0 (ii) VA >0, y(h) >0, v'(h) >0, 7"(h) >0

(i) lim +'(h) = o0 . (G)

This implies: (i) firms always do some R&D, (i) the costs of R&re strictly increasing in

R&D efforts, (iii) no firm begins to patent with certainty ihe following instant.

9These expressions are derived by noting that the winnepai#int at rate\ before and afte¥’. Then their
expected patent portfolio can be written gf§j0 e hise=rs 4 %(1 — B)hie~Mse=r3ds. The derivation ofY;
is analogous.
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We solve this model using backward induction.

3.2 Expostlicensing

An ex post licensing contract removes the threat of hold wppravides firms with “freedom

to operate”. Therm = 0 and patent portfolios under the ex post contract'ére:

) h\ A h
Qw()\):;:Qw(hl,O,/\) and Q;(h,\) = Thli

= Qi(h,0,)) . (2

(@ represents the upper bound of each firm’s possible pateck stbich is attained when
blocking is zero. We assume that the licensing contractesidsy the firms conforms to
the Nash bargaining assumptions. This implies the parthvhas a stronger bargaining
position receives some of the surplus generated by thesliegrcontract in the form of a
payment.Grindley and Teec€l997) confirm the existence of such payments as do our data.

Under Nash bargaining the winner’s and loser’s payoffs are:

v = 30T 5 1@ @)+ 1@ Q)] wi= AT+ S [w(Qu @)+ 7@ Q)]
@)

where the winner’'s expected profits arg,, );) and the loser'st(Q,, @,,) and we define
Am = (W(Qwan) - W(Ql, Qw)) . Then:vw + v = T‘-(Qwa Ql) + W(Qla Qw) ande — U =
71-(nga Ql) - 7T(Cgla Qw)

The value function describing the expected return from argatortfolio race is?

Uw(Hp h + Ul(hpﬁ)H +7T _7(h )

‘/;)(ﬁ77T07hp7Hp) h +H +7r
P p

: (4)

where, denotes ex post licensing,, is the hazard rate chosen by the investing firm &fd
the rival’s hazard rate. This value function differs frontgrd race models in the tradition

of Lee and Wildg(1980 as the expected values of winning and losing are also fonstf

0cContrast this with the case in which the firms exchange tdolgines. This would be the standard assump-
tion in most models of licensing in the literature to dateefiboth firms’ patent stocks would comprise all new
(2hz+7“)

patents:Q) = .
UThe derlvatlon of this value function is analogous to thavalfie functions in patent race models such as
Lee and Wildg1980.
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firms’ research efforts. In particular the expected valueioining the patent portfolio race

is declining in the loser’s hazard raté,. The expected value of losing is increasing in the

firm’s own hazard raté,,.

R&D investment

The optimal hazard rate under ex post licensing is choseheasdiution to the following

optimisation problem:

ma% ‘/;)(ﬁ7 700, hp7 Hp) . (5)

hp>

It can be shown that:
Proposition 3

The patent portfolio race defined b§) is a smooth supermodular game.

To see this consider the first order condition and the crassgb derivative with respect to

the rival firm’'s R&D investment:

av, 1 (vw — 1) Ou M,
= Hy, + vy —mo)] + m—— (hpy + H, + 1
8hp (hp + Hp + T)2 r P [ Profitinc(.]] ahp r ( ' g )

Comp. threat

Symmetry inc.

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

Three incentives determine each firm’s patenting efforist Ehe competitive threat, which
captures the value of winning rather than losing, next thaditpincentive, which captures
the benefit of winning sooner rather than later. Both of thesentives are positive here
as winning the patent portfolio race enlarges the paterttghms most and this increases
profits by assumptiorH). Finally, there is a symmetry incentive which capturedicecased
symmetry of winner and loser if the latter invests more. Wihile first two incentives are
known [Beath et al(1989)], the third is new to our model. We demonstrate below that th

symmetry incentive is positive.

0*V, 1 w — 0
» (v uy) N U]

_ 0vy, 1
Oh,0H, — (h, + H, +1)? r Oh,

OH,r

1
, (hp+2Hp+r) + (Hp+r) - VI(hp)

(7)
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Inserting the first order condition6f we find the cross-partial is positive:

0%V, 1 v 0y Ovy, 1
= S gl Ko 1 0
Oh,0H, ~ Uyt H, 72 |17~ 7 T an, T ) g ) >

(8)

We insertV, as defined in equatiort). Consider the term in brackets: the difference of the
first two terms must be positive otherwise R&D investment ldaot pay off. We show next
that the sum of the remaining terms is also positive. Givendgfinitions ofv,, andv; (3)

it is easily shown that their sum is increasing in firms’ R&Doefs (~,). Therefore, if the

symmetry incentive is positive, so i8)( The symmetry incentive is:

aﬂ-(Qla Qw) aﬂ-(Qwa Ql)

61)1 _ A 87T(Ql7@w) O (Qw, 1) -
oh, Q(hp+r)2[ 00, P " ag, UTOF 5o 10
o aﬂ-(Qval) aﬂ-(@lu Qw) 871—(@107@0
0 Pt et T o0, ] >0 . (9

This expression is positive. To see this note that in theratgsef blocking); = 7(Q;, Q) /7.
Greater R&D effort f,,) increases the size of the loser’s patent portfgli@nd their expected
profits. Therefore,q) is positive when there is no blocking. Supermodularityhe profit
function and assumptiorP) imply that greater blocking increases the marginal valtie o
R&D investment to the loser. We show this below in equatibf).(R&D investment brings
forward the date at which the loser begins to patent and emisatheir bargaining position.
Therefore, the expression is positive for all values3df We have now shown that the
symmetry incentive is positive. Therefore, the crossiphderivative is positive and the
game is smooth supermoduldfijgrom and Robert$1990)].

Next we turn to the effects of an increase in blocking on theeeted value of ex post

licensing. We derive an intermediate result first:

Proposition 4

The value of ex post licensing decreases as firms’ equibbR&D efforts increase.

12As an example consider the supermodular profit functiens: log(Q;) —log(Q; + Q,). Then it is easily

ﬁW(leéw) 67"(@&'7@1) — Qw_Ql
shown that=557= + =585 = g6 ran > O
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Defineﬁp as the symmetric equilibrium solution to firms’ optimisatiproblem ). Then,
the expected value of ex post licensing in equilibriuis:
vw:rvl }Alp + o — V(ilp)

V,(hy) = i . (10)
P

Differentiating this expression with respect to blocking find the effect of blocking on the

value of ex post licensing has two components:

oVy(hy) OV, 0h, 1
ap oh, 0 2h, + 7

r

r

P

Uy + (avl aﬂ-(@fa Qw) + aﬂ-(QiMQl)) }Alp] ailp

oh,  Oh, oh, 8
(11)

The first component is the effect of greater R&D efforts on eékpected value of ex post
licensing. The second is the effect of blocking on firms’ R&l2entives.

The expected value of ex post licensing is decreasing iner@ bf equilibrium R&D
efforts. To see this consider once more the case in whicle ikevo blocking. Then it may
be shown that the sum of derivative terms in equatibl) (s —7(Q.,, Q;)/0h, > 0. We
show below that increased blocking raises the marginatnstio R&D efforts for the loser,
so that the sum of derivative terms in this equation is peesior all values of blocking.

Turn now to the second component: to sign the effect of blagkin firms’ R&D invest-
ments we derive the cross-partial effect of blocking andaesh effortsMilgrom and Roberts
(1990 show the sign of cross-partial effects determines the signcomparative statics ef-
fect in supermodular games.

Given assumptionsSj and @) we can show that:

Proposition 5

Increases in blocking raise firms’ equilibrium R&D effori’s)(

To see this consider the cross-partial derivative witheesto blocking:

0*V, 1 OAT (h+r) n v, hy

T i By 12
0hd8  (2h+r)| 08 (2h+r)  OhdB T (12)
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02y
Ohpd3

If firms’ profit functions are supermodular, then we can Shb&l% > 0 and > 0:

oA A }ALP [8W<Qw7Ql) + aﬂ-(QwaQo aﬂ-(QlaQw) aﬂ-(QlaQw)}

0B 2yl 0Q 0Q, i) 0Q.

(13)
v, A [aﬂ@,@w) +a7r<Ql,Qw)_aw@w,@l)_aw(@w,@)]
0h,08  2(hy + )21 9Q 0Q., 0Q., 0Q,

(14)
N P(@QnQu) . Pr(QnQu) 0*7(Qu, Q) 0*7(Qu, Q)

i L R T T
. 62W(Qla Qw) _ 827(@% Ql) B
00,00, " aq,00, )

/.

-~

¢

Supermodularity of the profit function implies that the thelement ofv is larger than the

first and the second is larger than the fourth. If fircompete, i.e. %qq’) < Othenr <0
J

ONT
op

equilibrium requires that the cross partial effecfs dre smaller in absolute value than the

and > 0. Assumption P) also implies thatv is negative. Finally, local stability of
second derivatives that are componentsuofTherefore, even if one or the other of these
cross partial effects is positive we have shown that ov%’é’% > 0: greater blocking
induces firms to invest more effort in R&D as blocking incress

Propositiong! and5 together lead to Propositidh To see this note that these proposi-
tions imply that more blocking lowers the expected valuexopest licensing (). As we
have shown greater blocking induces greater R&D effortsthede reduce the value of ex
post licensing. Without further analysis of ex ante licegsive can infer that increases in
blocking reduce the value of ex post licensing relative t@ete licensing. To see this note
that ex ante licensing by definition consists of a contraat ginevents blocking. Therefore,
variation in blocking has no effects on the value of ex amersing. In the following section

we derive additional results about ex ante licensing.
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3.3 Exante licensing

Under an ex ante licensing contract firms agree not to holdheprival, i.e. there is no
blocking. Therefore, the expected size of the firms’ patentfplios areQ,, andQ);.
Then, the analysis of firms’ R&D incentives under ex antergeg is analogous to that

of ex post licensing. The value function firms maximise is:

vllleO)p 4 wltaO pr gy — y(hy)

T

he +H,+1r

%(077T07ha7Ha> - (15)

By analogy the first order condition determining the equilim hazard raté, is:

aVa 1 (Uw — Ul) 671’(@1, Qw) Ha
. Hy + [ — o] + 2b &w) Ha gy
aha (ha + Ha + 7")2 r * [UPI’Ofitir?(;.O] * aha r ( * " r)
Comp. threat Symmetry inc.

+7(ha) =7 (ha) [ha + Ho +7] =0 . (16)

Finally, it is clear that the R&D investment game firms playdenan ex ante contract is
also smooth supermodular. Equatidm), shows that ex ante licensing is just a form of ex
post licensing in which there is no threat of blocking. ThBngposition2 follows from
Propositiornb as blocking is lowest under ex ante licensing.

This result does not arise from underinvestment which isills@associated with R&D
cooperation. Note that we do not consider technology teartsére. Rather, as Proposition
5 shows, increases in blocking have the effect of strengtigginims’ R&D incentives under
ex post licensing. By implication R&D incentives under exeaalicensing are weaker than
those under ex post licensing which leads to lower levelsatémqting.

This model shows how the expectation of blocking affectsdidieensing behaviour. In

the following section we derive an empirical model to testg@sitionsl and?2.

4 The empirical model: derivation and implementation

In this section we develop an empirical model with which &t teur predictions about effects
of blocking on the choice of licensing contract and patengntivity. We discuss variables
used to estimate the model and provide descriptive staiskinally, we derive the econo-

metric specification of our model and consider issues thse an estimation.
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4.1 A sample selection model of ex ante and ex post licensing

Our theoretical model contains three decisions: the detis license ex ante, the decision
about R&D investments and the decision to license ex pose mibdel shows that the ex-
pected degree of blocking determines how firms decide whé&the&ense ex ante and how
heavily they invest in R&D. If firms do not choose ex ante lisig the realization of block-
ing may force them to license ex post. When the realizatidsadtking is very low costs of
licensing do not outweigh its benefits and firms do not licaatsal. Figure2 below sets out

the sequence of decisions taken about licensing.
No licensing

EX post
licensing
decision

Ex ante
licensing
decision

Ex post licensing

Ex ante licensing

Start T, Time

Figure 2: Structure of our empirical model

Figure 2 depicts the selection process in which firms may self selgot the ex post
licensing decision. It consists of the ex ante licensingsies and the ex post licensing
decision. In the ex ante licensing decision firms’ expectetiof blocking by another firm
determine whether a license with that firm is signed. If nat shhbsequent realization of
blocking may force firms to sign an ex post license.

We use a sample selection model to capture this sequentigiae process. The selec-
tion equation explains when firms select ex ante licensings éstimated jointly with an

outcome equation modelling the choice between ex postdingrand no licensing.

The ex ante licensing decision

Firms will license ex ante if this is expected to be more valedghan not licensing ex ante.

The value of not licensing ex ante is a function of the exgemtaof blocking and also
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depends on the expected transactions costs of licensingstxThe expectation of blocking
identifies the selection equation as the realization oflbtgrdetermines the decision about
ex post licensing. Additionally, we can derive identificatifrom a count variable which
measures firms’ previous experience of ex ante licensings V@driable is a proxy for firms’
costs of ex ante licensing which do not affect the decisioptivr to license ex post or not.

The selection equation of our model may be derived as fotlows

prob(Il, = 1) =probV, =V, + T, — T, + €, — ¢, > 0) (17)
=probV, -V, + T, — T, > €, — €,)

=0(Vo = Vo +Tu = Tp),

whereT,, T, are transactions costs associated with ex ante and ex p@ssiing.e,, ¢, cap-
ture random variation in adoption of ex ante and ex post fitepand are assumed to be
normally distributed.

This specification for the selection equation of our modelptes a testable restriction

if we assume that transactions costs are decreasing irsinggaxperience:

Hypothesis 1
The probability of observing ex ante licensing increasdt@experience a firm has with ex

ante licensing and decreases in the experience a firm hagxvibst licensing.

The difference between the expected value of ex arifpgnd ex post licensing/,) is
a function of the expected degree of blocking in our modelexibected blocking is zero
thenV, — V,, = 0 and firms will not license ex ante as the costs of licensing beagvoided
with very high probability. When the expectation of bloaiimcreases the expected value
of ex post licensing decreases (Propositioh&nd5) and firms are increasingly inclined
to license ex ante. The relationship between the expectiee wd ex post licensing and
expected blocking is nonlinear (cf. equatioh0)), therefore we cannot derive a structural
expression for(, — V). Additionally, it is clear that the expected values of exeaand ex
post licensing may depend on the levels of firms’ ex ante profif), the size of their patent
portfolios and the number of product markets firms operateHar all of these variables
the theoretical model does not yield testable sign resirist Nonetheless, they are likely

determinants of firms’ licensing choices and we include thermur model. The resulting
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specification for the selection equation of our model is:

=V, =V, + T, — T, +en

=0; + B, "EB + B, PM + B,°PS + ;" La + 6;"Lp + e, (18)

where E'B is our measure of expected blocking in a firm p&tM is a vector of measures
capturing firms’ product market siz&€,S is a vector of measures capturing the size of firms’
patent stocks and 4, L count the number of previous ex ante and ex post contracks bot
firms were involved in. Since we do not observe the transastomsts associated with ex
ante and ex post licensing directly we proxy these with firmxgerience with both types of
licensing as measured by, andLp. ex = €, — ¢, iS assumed to have a variance of unity
and is normally distributed.

The main restriction derived from the theoretical modeloiwk from Propositior.:
Hypothesis 2

BEB > 0.

We expect the coefficient on expected blocking to be positiicating that greater expected

blocking raises the probability of observing ex ante licegs

The ex post licensing decision

After T5 the loser also starts to patent and the size of the leaderangaje over the loser
is clear. Then the choice whether or not to license ex postrtigoon whether the value of
unblocking blocked patents outweighs the costs of licapsinpost.

The model outlined in Sectiod shows that conditional on firms’ R&D expenditure the
value of ex post licensing to both firmsig + v;. Define the value of not licensing, =

T(Qu, Q1) + m(Q, Q). Then the probability of observing ex post licensing is:

prob(Il, = 1) = pro(v,, + v, — v, — T, + 1, — 1, > 0) (29)
= prob(v, + v, — v, — T, > 1, — 1)

= D(vy + v — v, — 1)),

wheren,,, n, are distributed normally. These terms capture random coes of the ex-

pected value of not licensing and licensing ex post. Thigi§ipation yields an additional
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testable restriction:

Hypothesis 3

The probability of observing ex post licensing is incregsmfirms’ experience with ex post
licensing.

By definition the difference,, + v, — v,, is zero if there is no blocking and it is increasing
in the realization of blocking. Additionally, we expect thhe size of firms’ patent portfolios
and product market variables will determine how importanpest licensing is. Our model
of firms’ profit functions is too general to provide clear regtons on the parameters of these

variables. The resulting specification of our model is:

I = vy, + v — vy — Ty +na = B+ BB + B PM + B°PS + B Lp 4+ na
(20)

where B measures the realization of blocking and all other varmble defined as above.
na = N, — 1, IS assumed to have a variance of unity and is normally digiih
In case that realized blocking is sufficiently high we exgeots will prefer to enter into

an ex post licensing contract to resolve blocking:

Hypothesis 4
3P > 0.

4.2 Definition of variables and descriptive statistics

In this section we describe variables employed in our mode& data used to construct these
variables are described in Appendix All variables characterise pairs of licensing firms.
Variables are computed as the average or differences ohttedual firms’ characteristics
where appropriate. Descriptive information for all vategbis provided in Tabl&. Here we
also discuss variables which do not appear in the sampletsgienodel but are used in an

additional test of our model below.

The dependent variables 11,,I1,,, A

[T, measures whether a firm pair entered into an ex ante licegsimgact(I1, = 1) or not:
If not, I1,, measures whether the firms entered into an ex post cofifiget 1). A measures

the number of patent applications by a firm pair.
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Blocking - B, EB

A measure of blocking should capture the strength of teagicél rivalry between firms
and the potential for hold up. To capture these two dimerssairblocking we construct
a measure of technological similarityY between firms and a measure of citation intensity
(C*). We define blocking as the interaction of these measures.

Technological similarity is measured as the uncenterecetadion coefficient of the two
firm’s patent applications in a given year across nine patasses?, to which all semicon-

ductor patents may be assigned. The definition of this measur

o 22:1 Aic Aic
NS

: (21)

where A’ is the number of patent applications by fidme {4, j} in patent class. The
measure is widely used to capture technological proxinmitshe literature on patentddffe
(1986).

Citation intensity is measured as the share of citationderpatents of firm that point

to patents belonging to firmgiven a total ofK’ firms cited by:i:

c?

CY = :
2 et

(22)
wherek € K andc’* is the number of citations of firrh by firm ;. Blocking is defined as:
B=(C7+C")5S. (23)

This measure is greater if two more technologically similans cite each others’ patents
more often. In this case we expect that blocking of one firrotssdies by the other is more
likely. Table3 shows that this measure of blocking is highest on averageenfirens chose
ex post licensing and lowest where they did not license at all

Firms’ expectations of blocking determine whether thegrige ex ante. We do not ob-
serve firms’ expectations of blocking. Therefore, we measupectations of blocking with
the realization of blocking in the previous period if firmsmiat license ex ante. Where firms

chose to license ex ante we measure expected blocking usimgneporaneous blocking. In

13 These patent classes are identifiecdHall et al. (2001 as the classe®57, 326, 438, 505 (semiconduc-
tors),360, 365, 369, 711 (memory) and’'14 (microcomponents).
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doing so we assume that firms’ best predictions of blockiegasst observations of blocking
and that the lag between ex ante and ex post decisions is .agde3 shows on average
this measure of expected blocking is higher under ex argasiog than under no licensing.

However, it is even higher on average under ex post licensing

Product market competition - PM

As noted we control for the effects of product market commetion firms’ licensing choices.

We use three measures to do this:

Average market share We use the average market share of each firm pair in semictorduc
product markets to control for the importance of the firm paithin the semiconductor
industry. Larger firms are more likely to have productioniliaes and are therefore more
susceptible to hold up than firms that do not have such fedlHall and Ziedonig20017)].
Also Stuart(1998 shows that firms with more prestige within the semicondutdustry
are more likely to form alliance¥. His measure of prestige is highly correlated with firm
size. Table3 shows that firm pairs that license have larger market shares/erage than

firms pairs that do not.

Difference of market shares This variable measures asymmetries in the size of firms in
each pair. Differences in firm size may reduce the propews$ityms to enter into licensing
contracts if size proxies the prestige of each firm in a f@iurt(1998]. The descriptive
statistics show the average difference in market sharessimakar for licensing and non-

licensing pairs.

Multimarket participation ~ We control for the number of different product markets withi
the semiconductor industry which firms have positive masketre in. We distinguish be-
tween microcomponents, memory chips and other devicemsFactive in several product
markets are exposed to more different competitors in tdolggyospace. The descriptive
statistics indicate firms in licensing pairs are somewhatentliversified than firms in non

licensing pairs.

14His definition of alliances subsumes licensing agreemesgedl as other forms of cooperation.
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Patent stocks -P.S

We also control for firms’ relative strength in technologyrkeds and the degree of fragmen-

tation of these markets. To do this we use three differerrpatock measures:

Average patent stock This is a measure of the size of firms’ joint patent stocks.ldab

reveals licensing firms tend to have larger patent stockstba licensing firms.

Difference in patent stocks This measure controls for differences in the size of firms’

patent stocks. On average the difference in patent stod&gyisst for licensing firms.

Fragmentation Ziedonis(2004) shows firms exposed to technology competition with more
rival firms increase their patenting efforts. She shows ithgarticularly true for semicon-
ductor firms with large production facilities. To controkfitne number of competitors who
might hold up a firm she controls for the fragmentation of a ‘Brpatent citation stock. We
include the measure as firms’ propensity to enter into licgnsontracts could decrease if
the number of firms that might hold them up increases. We ajy@\correction suggested
in the appendix oHall et al. (200)) to control for bias resulting from low counts. Talfle

shows on average fragmentation is greater for firm pairsathgage in licensingy

Transaction costs

As noted above firms’ previous experience with licensing veitiuce costs of each subse-
quent contract. We control for experience of ex ante and sklmensing separately as these
types of contracts are usually structured differently. @arage firms engaged in licensing

have slightly higher previous experience of licensing thians not engaged in licensing.

4.3 Model specification and estimation

Using these variables we estimate a sample selection moded &reatment effects model.
Here we comment on the specification of the sample selectmhetrand discuss how we

constructed the sample of firm pairs to which the model isiedpl

15The mean of the fragmentation index in our data lies in betviiee values reported Biedonis(2004 for
the two samples she uses.
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Table 3: Sample statistics for firm-pairs by outcome and talto

Exante  Ex post No Full sample

licensing licensing licensing|
Variable Mean Mean Mean Mean Std. dev. Min. Max.
Ex ante licensing I1, 1 0 0 0.007 - 0 1
Ex post licensing 11, 0 1 0 0.008 - 0 1
Patent applications A 128.452 126.002 97.66p 98.105 91.824 0 790
Expected blocking EB 0.007 0.009 0.004 0.004 0.009 0 0.369
Blocking B 0.007 0.011 0.00§ 0.005 0.010 0 0.216
Average patent stock PS 530.876 474.633 371.256373.198  424.330 0 4968
Difference in patent stocks PS 632.016 542.755 483.11p484.627  570.965 0 5630
Fragmentation PS 0.818 0.874 0.673 0.675 0.844 0 1.992
Average market shares PM 0.030 0.030 0.024 0.024 0.019 0 0.108
Difference in market sharesP M 0.030 0.027 0.03¢ 0.030 0.026 0 0.164
Multimarket participation PM 1.640 1.599 1509 1.511 0.512 1 3
Previous ex post contracts L 4 6.702 7.925 6.09( 6.110 6.896 0 51
Previous ex ante contracts Lp 9.538 7.350 6.944 6.970 5.825 0 37
1990 0.080 0.136 0.081 0.081 - 0 1
1991 0.184 0.139 0.17¢ 0.176 - 0 1
1992 0.188 0.286 0.267 0.266 - 0 1
1993 0.116 0.041 0.12¢ 0.126 - 0 1
1994 0.128 0.136 0.154 0.153 - 0 1
1995 0.072 0.085 0.073 0.073 - 0 1
1996 0.096 0.024 0.01§ 0.018 - 0 1
1997 0.068 0.037 0.03¢ 0.036 - 0 1
1998 0.028 0.024 0.023 0.023 - 0 1
Observations 250 294 35,731| 36,225

The sample selection model The model takes the following form:

T =, + BEPEB 4+ BEMPM + B2 PS + 5L + B*FLp + en

I = oy, + B7B+ B PM + B°PS + 327 Lp + na

1 if
I, =
0 if

II; >0

I <0
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We estimate the selection and outcome equations of this Ifmdty by FIML.

The sample To estimate the model we construct a sample of all firm paithénsemi-
conductor industry. We use all firms that had positive masketres in the semiconductor
industry between 1989 and 1999 in this sample. This leadsctoss section witl36, 225
observations. Out of these we obsePde ex post licensing andb0 ex ante licensing con-
tracts. The number of ex ante and ex post contracts in thiplgasa subset of the licensing
contracts we describe in secti@anThis happens because we restrict our sample to firms with

positive market shares in the semiconductor industry.

5 Results

In this section we present results from the sample selectiodel presented in sectigh
We test exclusion restrictions derived from theory andriggins suggested by our results.
Then, we derive a treatment effects model and present sdsulit. This model provides an

additional test of the patent portfolio race model. Finadiypirical results are discussed.

5.1 Effects of blocking on licensing

Which factors determine whether a firm pair license ex antd®emto firms that avoided
ex ante licensing contract ex post? We predict higher egpdalocking and experience of
ex ante licensing raise the probability of observing ex dioensing. Also, higher realized
blocking raises the probability of observing ex post ligegs To test these predictions a
sample selection model is estimated); Table4 provides results of two specifications for
the sample selection model. Talllsets out marginal effects for our preferred specification.

The results reported in Tableshow the theoretical predictions are borne out: expected
blocking increases the probability of ex ante licensinghsigantly and experience of ex
ante (ex post) licensing raise (lower) the probability ofagne licensing. Similarly higher
realizations of blocking raise the probability of obseryax post licensing. Coefficients and
marginal effects for these variables are highly significant

Table4 provides two alternative specifications of the sample seleenodel. In columns
(2) and (3) we report a model that includes the expectatiohl@tking as an additional
control variable in the outcome equation of the sample selemodel. Columns (4) and (5)

report the same model without expected blocking in the ontcequation.
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Table 4: Coefficients for sample selection models of licegsi

Bivariate probit Bivariate probit
Pr(Ex post) Pr(Ex ante) | Pr(Ex post) Pr(Ex ante)
Independent Variable (2) 3) (4) (5)
Blocking 9.802*** 11.812***
(2.483) (1.661)
Expected blocking 3.549 6.612** 5.581*
(3.174) (3047) (2.909)
Average patent stock -0.000** -0.000**
(0.000) (0.000)
Differences in patent stockg 0.000* 0.000 0.000** 0.000
(0.000) (Q000) (0.000) (Q000)
Fragmentation -0.061* -0.097** -0.051* -0.088**
(0.032) (Q044) (0.031) (0043)
Average market shares 7.956%** 4.665** 8.068*** 4.737***
(1.335) (1844) (1.330) (1841)
Differences in market shargs-5.594***  -3.456*** -5.647* 3 ATTF*
(0.940) (1179) (0.940) (1180)
Multimarket participation -0.017* 0.042 -0.018 0.041
(0.049) (0063) (0.049) (0063)
Previous ex post contracts -0.017*** -0.018***
(0.004) (0.004)
Previous ex ante contracts 0.052*** 0.052***
(0.009) (0.009)
Year dummies YES YES YES YES
Constant -2.336%**  -2.862*** -2.324%%* -2 8H4x**
(0.115) (0Q159) (0.115) (0159)
P -0.9755*** -0.9750***
(0.0175) (0.02)
—InL 2613.175 -2613.799

Standard errors in parentheses: % 0.01, ** p < 0.05,* p < 0.10

Based on our theoretical model we predict that expecteckbigacts as an exclusion
restriction providing identification for the sample seiestmodel. The presence of additional
exclusion restrictions in the model allow us to test thedigiof this prediction. Column (2)
of Table4 shows expected blocking is not significant in the outcometqgu of the sample

selection model. A likelihood ratio test comparing the tweabate probit models reveals
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that expected blocking is a valid exclusion restrictigi(() = 1.25). Therefore, we prefer
the model presented in columns (4) and (5). Evidence of sasgiection is strong in both
models as the correlation coefficignis significant and negative.

We test our preferred model against several further spatidits: (i) we include previous
ex post licensing in the outcome equatigi((l) = 0.57) and we also include both previous
ex post and ex ante licensing in the outcome equatidflf = —5.73). In both cases we
can clearly reject these alternative specifications. ThezgHypothesis is not confirmed
in our dataset: costs of licensing ex post are insignificanhé ex post licensing decision.
In contrast, Hypothesit states that experience with ex ante (ex post) licensingnatease
(reduce) the probability of ex ante licensing. This hypsthés confirmed: coefficients and
marginal effects on these variables are highly significamhe selection equation (5).

More importantly Hypothesi& is confirmed. Tablé shows that the marginal effect of
expected blocking is significant at thé&; level. Also Hypothesigl is confirmed: realized
blocking raises the probability of ex post licensing vemgngiicantly. These findings show
that blocking patents determine licensing as we predidifensupport to our theoretical
model of patent portfolio races.

Results reported in Tabkeshow variables which control for firms’ importance in semi-
conductor product markets are highly significant in detarmng both ex ante and ex post
licensing. Larger and more symmetrical firm pairs are mdtelyito license ex ante. In
contrast, pairs with larger average patent portfolios @ss likely to license ex ante.

How important are these factors in determining licensindf® Tonditional probability
of observing ex ante licensing based on our preferred madgquite low: 0.0053. The
conditional probability of ex post licensing (80065. These low probabilities result from
the large number of firm pairs in the semiconductor industiyctv do not license. A one
standard deviation increase in the expectation of blockarses the probability of observing
ex ante licensing by.0009 at the mean. This is an increaselGf% in the probability of ex
ante licensing. A one standard deviation increase in mafkates of a firm pair raises the
probability of observing ex ante licensing by011, an increase af1%. Table5 shows that
a one standard deviation increase in symmetry of firms inah@as a comparable effect on
the probability of observing ex ante licensing: it increalsg0.001 (19%). An increase in the
size of the joint patent stock of a firm pair by one standardaten reduces the probability
of observing ex ante licensing ly0012 (21%). All of these effects are substantial. Turning

to the fragmentation of firms patent citations we observettha variable increased by over
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0.4 over the sample period. This corresponds to a decreasedlplibpof observing ex ante
licensing of10%. Finally, additional experience of one previous ex antetramh increases
the probability of observing ex ante licensing by while previous experience of ex post

licensing reduces it b§%.

Table 5: Marginal effects for the bivariate
sample selection model of licensing

Bivariate probit
Independent Pr(Ex post) Pr(Ex ante)
Variable Q) (2)
Blocking 0.240***
(0.037)
Expected blocking 0.102**
(0.048)
Average patent stock -0.000
(0.000)
Differences in patent stock | 0.000** 0.000
(0.000) (Q000)
Fragmentation -0.000 -0.001**
(0.001) (Q001)
Average market shares 0.162*** 0.060**
(0.032) (0029)
Differences in market shargs-0.128***  -0.040**
(0.021) (Q019)
Multimarket participation | -0.001 0.001
(0.001) (Q001)
Previous ex post contracts | 0.000** -0.000***
(0.000) (Q000)
Previous ex ante contracts | -0.000** 0.001***
(0.000) (Q000)

Standard errors in parentheses: % 0.01, ** p < 0.05, * p < 0.10

These results demonstrate that expected blocking has iam@ffects on firms’ propen-
sity to license ex ante. Additionally, we find that ex anteiising matters especially for large
firm pairs in which partners are symmetrical. If firms havgéapatent portfolios they are
less inclined to engage in ex ante licensing. More impolgapérhaps, we find that the trend

towards greater fragmentation of patent citations undeesex ante licensing significantly.
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This shows that as the potential for hold up grows due to grdedagmentation of patent
ownership, ex ante licensing is less useful in preventird bp.

The probability of observing ex post licensing risey024 (36%) if blocking increases
by one standard deviation at the mean. An increase in manke¢s by one standard devi-
ation raises the probability of ex post licensing®@9030 (47%). Increasing symmetry of
market shares by one standard deviation raises this pidfddyi 0.0033 (51%).

These effects are larger than those reported for the ex imetesing decision. Ex post
licensing is an important mechanism for firm pairs that hasdioensed ex ante but find that
they block each others patents to a significant degree. Edlgdarger and more symmetrical
firm pairs resolve this problem by licensing ex post. Inciregagragmentation of patent
citations has no significant marginal effects on the ex pgoshking decision, although the
sign of the coefficient indicates that ex post licensingss lékely as fragmentation increases.

Our results underline that licensing in the patent thickegtrimarily important for large,
symmetric firm pairs and is used to resolve potential hold@perall the empirical results
confirm semiconductor firms behave as if they are competimgatent portfolio races. We
turn now to consider the effects of ex ante licensing for ével of patent applications made

by a firm pair. This provides an additional test of the patemtfplio race model.

5.2 Effects of licensing on patenting

Proposition2 indicates that firms’ R&D investments will be higher underpmst licensing
than under ex ante licensing. In this section we derive artreat effects model to test this

propositiont®

Derivation of a treatment effects model

The treatment effects model allows us to treat the decisibiognse ex ante as an endogenous
binary variable in an ordinary least squares regressiolagnpg the level of patenting by a
firm pair. Just like the sample selection model the treatreéfiatts model consists of two
stages. We use the selection equatib®) of the sample selection model to explain ex ante
licensing. This equation is jointly estimated with an out@oequation explaining the level

of patenting in the firm pair.

16This model is also referred to as a switching regression inwille endogenous switching byladdala
(1983.
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Firms decide on the level of patent applications indepettigle®@ur empirical specifi-
cation for the treatment model preserves the logic of madgethe behaviour of firm pairs
to make it comparable to the sample selection model. Therdigme variable in the out-
come equation of the treatment effects model is the sum ehpaipplications in each firm
pair. The sum of applications is lower if firms in a pair formedex ante licensing contract.

Accordingly, the firms’ joint level of patent applicationsis determined as follows:
A= B+ Bylla + BB+ By PM + B3,°PS + 5, Lp +v (25)

wherell, is the endogenous dummy variable capturing whether firme hesnsed ex ante
or not. All other variables are defined as previously. Ideriion of the treatment effects
model results from the same exclusion restrictions as iséneple selection model &F, is

determined as set out in the sample selection ma&dg! The treatment effects model is:

I} = 85+ BEPEB + BLY PM + B PS + B La+ 3L  Lp + €n (26)
A=+ BEN, + 5B + BLMPM + BL°PS + B Lp +v

1 if I >0
I, = .
0 if II*<0

This model is estimated by FIML.

Results from the treatment effects model

Table6 below sets out coefficients for the treatment effects motightent applications. The
table also contains marginal effects for the selection eguaf the model. This equation is
the same as in the sample selection model presented in Padtetb and is estimated using
the same sample of semiconductor firm pairs.

A comparison of results in these tables shows that the seeetjuations deliver similar
results. We cannot reject the hypothesis that the coefteifm corresponding variables
in the two models are statistically identical. This furtleemfirms the robustness of our
modelling approach.

The outcome equation ( Column (1) in Taléleof the treatment effects model describes
the joint level of patenting in a firm pair. We find that ex antehsing has a significant

negative effect on the patenting levels adopted by firms lwisimntract ex ante. Such a
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contract reduces the size of the joint patent portfoliolBys patents, al3% reduction in

the level of patenting. This result confirms the predictibfPmposition2 and lends further

support to the theoretical model of patent portfolio racessved above.

Table 6: Coefficients and marginal effects for the treatnedietcts
model of patent applications

Coefficients Marginal effects
Independent Patent applications Pr(Ex ante) Pr(Ex ante)
Variable (1) (2) 3)
Ex ante licensing dummy -12.551**
(4.323)
Blocking -435.949%**
(24.596)
Expected blocking 6.696* 0.101*
(3.104) (0.047)
Average patent stocks 0.194*** -0.000* -0.000
(0.001) (Q000) (0.000)
Differences in patent stocks 0.008*** 0.000 0.000
(0.001) (Q000) (0.000)
Fragmentation 16.137*** -0.100* -0.002*
(0.328) (0045) (0.001)
Average market shares 3.391* 0.051*
(1.869) (0.028)
Differences in market shargs -3.294*** -0.050**
(1.222) (0.018)
Multimarket participation 6.491*** 0.048 0.001
(0.403) (0065) (0.001)
Previous ex post contracts -0.014** -0.000**
(0.005) (0.000)
Previous ex ante contracts 0.062*** 0.0071***
(0.010) (0.000)
Year dummies YES YES
Constant -84.392*** -3.055***
(1.303) (0194)
p 0.126
o 31.98
—InL 152115.53

Standard errors in parentheses: % 0.01, ** p < 0.05,* p < 0.10
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Additionally, we find a one standard deviation increase atking reduces firms’ patent-
ing by 4.36 patents. An increase in the patent stocks of firm pairs by tarelard deviation
raises patent application levels BY patents o84%. Furthermore, confirming the findings
in Ziedonis(2004 we show that greater fragmentation of patent citationsemses patent
applications. An increase in fragmentation @y raises patent applications I6y5 patents
(6,5%). Finally, market shares in the semiconductor industrnyehaw effects on the level of
patent applications but it does matter whether a firm is pteiseseveral product markets.
Presence in an additional market raises joint patent agdmits by6.5 patents.

These results show that the reduction in patenting due tx amte licensing contract is
important. Such contracts allow large firms facing simig&gk rivals in technology space to
insure themselves against hold up by these larger firmsintagesting to note that firm pairs
for whom mutual blocking is high also reduce their level ofgrding somewhat. However,
this effect is much weaker than that of ex ante licensing.

Our findings provide an interesting contrast between effettsize in technology and
product space. Firms with large shares of semiconductaluystamarkets are highly likely
to engage in licensing. This confirms the importance of kogg for competition in product
markets: firms with important production facilities rely icensing to guarantee freedom to
operate Grindley and Teec€1997)]. In contrast, the size of firms’ patent portfolios affects
their propensity to patent significantly while having Bttbr no direct effect on licensing.

Only differences in firms’ patent stocks affects the proligtonf ex post licensing.

6 Conclusion

In this paper we investigate the choice between ex ante apdsXicensing in an industry
affected by a patent thicket. We use a dataset containingivation on semiconductor firms
and their licensing and patenting behaviour which we cocsttombining data from several
sources. The aim of the study is to determine whether liogns driven by the need to
guarantee “freedom to operate” as suggesteGhigdley and Teec€1997) and whether it
allows firms to reduce to competitive pressure resultingifpatent portfolio races.

Our results indicate that licensing in the semiconductdusgtry is undertaken primarily
by larger and more symmetric pairs of firms. We show that Baggnchoices made by such
firms is consistent with a model of patent portfolio races mah licensing guarantees free-

dom to operate. This contrasts with existing models of koeg which focus on technology
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exchange and or attempts to affect the intensity of produckaet competition$cotchmer
(2004, Shapiro(20033]. We also show that licensing ex ante, before R&D investisiane
made allows firms to reduce the levels of patenting. This figdiurther supports the patent
portfolio race model of patenting in the semiconductor stdy

Before developing our model we undertake a thorough desaignalysis of licensing in
the semiconductor industry. This reveals that there is nvoois relation between patenting
and licensing trends in the semiconductor industry: a fipdirat is surprising given that
Grindley and Teec€1997) argue licensing is used mainly to avoid hold up resultiragfr
blocking patents. To better understand what the effecteepttent thicket on firms’ R&D
incentives and their choices of licensing contracts arejistnguish between ex ante and ex
post licensing. We find that ex ante licensing was very paman@ngst semiconductor firms
before 1996, thereafter its popularity rapidly declined.

To explain the variation in firms’ choices between ex ante exngost licensing we de-
velop a theoretical model of licensing in the context of pagortfolio races. In this model
licensing does not consist of technology exchange, ratlaioivs firms to reduce the threat
of hold up in patent thickets. We show the choice between ¢éx and ex post licensing
depends on firms’ expectations of blocking. Additionallg show that firms’ R&D efforts
and patenting levels depend on expected blocking and theechblicensing contract.

To test our model of technology competition and licensinthensemiconductor industry
we estimate two models: a bivariate probit sample selectiodel explaining selection into
ex post licensing and a treatment effects model explairieddvel of patent applications.
Using both models we are able to test separate predictionsirofheoretical model. We
are unable to reject the main predictions of the model. Thkps@ed and realized blocking
strongly affect firms’ propensity to engage in licensingfirins license ex ante this reduces
the level of patenting significantly.

Additionally, we find that especially firms with large producarket shares in the semi-
conductor product markets engage in licensing. These fihonese both ex ante and ex post
licensing to a significantly higher degree than firms with imarket shares. Asymmetry of
market shares reduces the likelihood that firms engageendiag. This also indicates that
the "freedom to operate” explanation of licensing is cdrivainderstand licensing in patent
thickets. Interestingly the size of firms’ patent portfalidoes not affect their propensity to
license. However it does affect firms’ patenting levels.afip we find that the fragmentation

of patent rights reduces firms’ propensity to license ex anteex post. Thus a deepening of
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patent thickets resulting from more complex blocking rielaghips seems to undermine the
usefulness of licensing to resolve blocking.

These results imply that licensing has important pro coitipebenefits in the semicon-
ductor industry. Ex ante licensing reduces competitivesguee and the intensity of patent
portfolio races if firms expect blocking to be high. As thedtetical model indicates, these
are precisely the settings in which the pressure to patgmeetest. Ex post licensing allows
firms at least to exchange blocking patents in settings ickvpatent portfolio races are less
intense. Worryingly our results also indicate that licegdbecomes less important as patent
ownership becomes more fragmented.

As patent thickets are likely to persist, further researohthe effects of licensing in
complex technology industries seems warranted. In fuesearch we intend to focus on the

impact licensing has on product market competition.
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A Data sources

This section provides details about the origin of our datdi@ensing, patents and market

shares in the semiconductor industry.

A.1 Licensing

The basis of our data on licensing contracts was providedioympson Financial. We com-
plemented this with information derived from sources in phiblic domain such as busi-
ness reports, filings published in the National Cooperd&iesearch Act, and announcements
made in the public press.

The dataset covers licensing contracts in which at leasparty has a principal line of
business in the semiconductor industry between 1989-1&188uch firms for which annual
semiconductor market shares were available during thegé89-1999 were included in
the sample. This sampling criterion was imposed becauses’fprduct market positions
are an important variable in our theoretical as well assttasil model. We identified name
changes and subsidiaries and mergers from a variety of a@umcluding Thomson Finan-
cial, Dataquest, and Moody’s. We collect a total of 372 |giag contracts with an annual
average of 34 contracts. Our data on licensing containnmédion on each individual con-
tract. Details encompass the time the licensing contrastsigned, the firms involved and
a synopsis indicating the purpose, technology and the typeemsing, e.g. whether firms
signed ex ante or ex post licensing contracts. We went threugry synopsis and classified
the licensing contracts into ex ante and ex post contraciscénsistency with our theoreti-
cal model our empirical analysis of licensing is restridi@tiorizontal technology licensing.
Hence, we have excluded vertical partnerships, such as thetsveen semiconductor firms
and computer, microelectronic or multimedia firms. In linghathe previous literature we
classified a licensing contract as horizontal if more tha®% 5@ the firms had sales in the
semiconductor industry. We also excluded contracts the¢ wased exclusively on produc-
tion and marketing licensing. Finally, we dropped anoti#&li@&nsing contracts which were
related to litigation. This left us with 579 contracts ovee twhole time span.

The number of licensing contracts we observe is in line vii#t teported bjRowley et al.
(2000 for an overlapping sample period. Their data derives fraiferént data sources than

ours!’” The correspondence in the number of contracts observedmsntfnat our dataset

7 Rowley et al.(2000 study strategic alliances whereas we study licensingraotst Our definition of a

40



contains a comprehensive record of information on licamawailable in the public domain.
As Anand and Khanng000 note there is no requirement for firms to publish informatio
on licensing contracts. Therefore, it is conceivable tloane bias due to sample selection
remains. However we are unaware of reasons for which firmsldtszlectively favour ex

ante or ex post licensing contracts when announcing liognsantracts to the public.

A.2 Patents

In order to capture firms’ positions in technology space we i$ormation on granted
patents® We use U.S. domestic patents in our study because the UI® garld’s largest
technology marketplace and it has become routine for n@-blased firms to patent in the
U.S. [Albert et al.(1991]. Our data on granted patents are taken from the NBER patent
dataset established by Hall, Jaffe, and Trajtenberg (26501he database comprises detailed
information on 3 million U.S. patents granted between 19681099, and all citations made
between 1975 and 1999 (more than 16 million).

A major challenge in any study that examines the patentitigites of firms over time
is to identify which patents are assigned to individual firma given year. Firms may patent
under a variety of different firm names over time. To retripagent portfolios of the firms
we follow the same procedure Hsill and Ziedonig2001). This procedure was also used for
our licensing data.

Using the patent database we extract detailed patent iatoymfor every semiconductor
firm for our sample period 1989-1999. We use the number of @granted patents, patent
stocks (accumulated patents) dating back to 1963, as wphkiast citations dating back to
1975. Moreover, in order to establish firms’ position in teclogy space at a disaggregated
level, we make use of information about the technology dratthe filed invention belongs
to. The USPTO has developed a highly elaborate classifitatistem for the technologies
to which the patented inventions belong consisting of ad00tmain 3-digit patent classes.
Each patent is assigned to an original classification. WeeBmut of the 400 patent classes

that are connected to memory chips, microcomponents armd séimiconductor devices.

licensing contract is any contract that also includes aremgent to license technology. Therefore, both studies
focus on a similar set of agreements between firms.

18 By filing a patent an inventor discloses to the public a nousgful, and non obvious invention. If the
patent gets granted, the inventor receives the right taueecbthers from using that patented invention for a
certain time period, which is 20 years in the U.S.

19 Further information about the database can be fouidat/www.nber.org/patents/
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As the patent database lasts only until 1999 we need to takedtion of the data into
account. Therefore, our patent based variables are basethoal patent shares. Throughout
we divide the number of firms’ patents and citations by thaltoumber of patents and

citations of all semiconductor firms in a given year.

A.3 Market data

Annual semiconductor market data at the firm-level were idexy by Gartner Group. All
merchant firms were tracked whose annual sales exceed $llédhnailyear. Thus, we cover
approximately the whole population of semiconductor firmg do not need to rely on busi-
ness sheet information to infer market shares. On averages aire 155 companies present
in the market every year. Approximated9% of the firms had their headquarters in the U.S.,
whereas the rest were located in Japan, Europe, and othaar émiintries. Again, we correct
for mergers and acquisitions that were announced in theeatm@ntioned sources.

We are able to separate the semiconductor market sharéhnet® different market seg-
ments: memory chips, microcomponents, and other devicasedon this classification we
are able to distinguish whether firms produce substituteorgdementary products. If two
firms have positive market shares in the same segment ableeet we consider them to be

producing substitute products, and complementary precitberwise.

B Examples for ex ante and ex post licensing

This section contains examples of licensing contractstéian our dataset.

EX ANTE LICENSING

e Texas Instruments and NEC Corp entered into a ten-year-toessing agreement to
patent semiconductors. Under the terms of the agreementyith companies were
to have use of each others patents involved in manufactgengconductors. Date:
06/12/1997.

e Sony Corp and Oki Electric Industry Corp entered into an egyent to jointly de-
velop a 0.25 micron semiconductor manufacturing processdetthe terms of the
agreement, Oki was to use the technology for 256 Mbit “DyrmaR@ndom Access
Memory”, while Sony was to produce logic integrated cirsytC’s) for home elec-

tronics and AV equipment. Financial terms were not disclo&ate:20/11/1995.
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EX POST LICENSING

e Ramtron International Corp, a unit of Ramtron Holdings ldadd International Busi-
ness Machines Corp(IBM) signed a manufacturing and licenagreement in which
Ramtron was to grant IBM the rights to manufacture and maheRamtron EDRAM
dynamic random access memory chip. Under the terms of tle=agnt, IBM was to
supply Ramtron with EDRAM chips. The EDRAM chips were to benuiactured
at IBM'’s facility in Essex Junction, VT. No financial detaigere disclosed. Date:
05/08,/1995.

e Compaq Computer Corp and Cyrix Corp entered into an agretawigoh stated that
Cyrix Corp granted Compaq Computer a license to manufa@urex Corp’s M1 mi-
croprocessor chips. The agreement stated that produdtithre dVi1 microprocessor
chips in the first quarter of 1995. Financial terms of the agrent were not disclosed.

Date:05,/10,/1994.
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