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ABSTRACT: The goal of this thesis is to investigate at the theoretical level the
relationship between R&D nctworks, from one side, and market structure and industry
evolution, from the other. Recent years have seen an upsurge in technological
collaborations among firms, which now constitute a structural feature of competition,
especially in high tech sectors. In this work, we developed a static and a dynamic model
to study the rolc of R&D partnerships in affecting market stracture, industry evolution

and firms® performance.

The thesis is constituted by three papers. In the first paper, “Interfirm technological
alliances and the evolution of industries: a survey of the empirical literature™, we survey
the several streams of the empirical literature on interfirm technological alliances, The
evidence is rich, coming from scveral disciplines whosc theoretical frameworks are
sometimes radically different.

First, this paper proposes a number of stylized facts concerning the relevance of the
phenomenon, its evolution over time, the differences across sectors and the most
common motivations that lead firms to coopcrate. Second, we produce some stylized
results concerning the formation of technological alliances, the structural properties of
the R&D networks and the effects of firms’ cooperative activity on performance and
technological capabilities.

The broad picture which emerges is one in which interfirm technological agreements are
structural elements of the evolution of high sectors. Cooperation is part of the
innovative strategies of large firms, the main actors in the network, which perform R&D
also on an individual basis and look for pariners with complementary capabilities to
introduce new products and processes. The neiwork, which becomes the “locus of
innovation”, is strongly driven by path dependence mechanisms, in which the central
actors tend to increase their prominence, and it significanily affects firms’ innovative

and economic performance.,



In the second paper, “R&D networks with heterogenecous firms”, we develop a static
model of R&D network formation. The paper models the formation of R&D networks
in an industry where firms are technologically heterogeneous, extending previous work
by Goyal and Moraga (2001). While remaining competitors in the market side, firms
share their R&D efforts on a pairwise base, to an extent that depends on their
technological capabilities. In the class of symmetric networks, the complete network is
the only stable network, although not necessarily profit or social welfare maximizing.
However, when we allow deviations by coalitions, the complete network is not stable
because firms have the incentive to alter market structure by coordinating the exclusion
of other firms from the network Then, we extend the analysis to asymmetric structures,
which turn out to have interesting properties in terms of stabilily, aggregate profits and
social welfare. When technological groups are asymmetric in size, firms in the smaller
technological group can exploit their special position in terms of performance, even if

this does not result in the role they play in the network.

In the third paper, “The evolution of R&D networks”, we model dynamically the
formation of R&D networks. In particular, the paper focuses on the coevolutionary
process involving firms’ technological capabilities, market structure and the network of
interfirm technological agreements.

The main result the R&D network can work as a strong selection mechanism in the
industry, creating ex post asymmetries among ex anie similar firms. This is due to a
self-reinforcing, path-dependent process, in which events in the early stages of the
industry affect firms® survival in the long run. In this framework, both market and
tlechnological externalities created by the formation of cooperative agreements play a
crucial role. Although the R&D network creates profound differences at the beginning,
which are reflected by an unequal distribution of links, it tends to eliminate them as it
becomes denser and denser. The nature of the technological environment affects the

speed of the transition and some of the characteristics of the industry in the Tong run.

Overall, the two theoretical papers coherently point at the role that R&D networks can

play in shaping the nature of competition in industries, creating asymmetric market



structures and significantly affecting firms’ performance. These results are consistent

with the empirical evidence summarized in the first paper.
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Interfirm technological alliances and
the evolution of industries: a survey of
the empirical literature'

1. Introduction

The aim of this paper is to review the empirical literature on interfirm technological
agreements. Together with the phenomenon it describes, this literature has increased
exponentially in the last years. Several suggestions on the rationale and effecls of
inferfirm technological agreements have been proposed, receiving various degrees of
confirmation by the empirical evidence. At the same time, the efforts have been
interdisciplinary, with contributions coming from different disciplines, like economics,
sociology and management (sce Caloghirou et al., 2003; Gulati ez al., 2000; Hagedoorn
et al. 2000; Powell and Grodal, 2004, for previous recent surveys).

After having discussed the empirical evidence, this paper suggests a perspective which
is relatively uncommon in the literature: interfirm technological agreements and R&D
networks are seen as structural elements in the evolution and dynamics of industries.
Our main point is that the exisling empirical literature can constitute the basis for an
appreciative theory of the role of R&D networks in industry evolution, which should be
particularly appealing for economists interested in improving their knowledge on the
fundamental link between technological progress and market structure. Furthermore,
such a theory can be conceived as a step towards further empirical analysis and formal

modelling.

The paper is structured as follows. Section 2 is introductory and preliminary: we define

interfirm technological agreements, discuss the sources of data, and provide some basic

' 1 thank Franco Malerba, Lorcnzo Cassi. Nicolcita Corrocher and Roberto Fontana for very uscful and detailed
commenls on a preliminary version of this paper. The usual disclaimers apply.



evidence on the relevance and the evolution of the phenomenon over time, and on the
broad motivations leading firms to collaborate. Section 3 and 4 constitute the core of the
paper. Seclion 3 reviews the studies that consider the formation of fechnological
agreements. First, we consider the characteristics at the firm, industry and dyadic level
that affect firms’ propensity to enter into cooperative agreements. Second, we discuss
the structural properties of the network resulting from the collaborations firms have in
place. Section 4 surveys the studies that treat technological agreements as explanatory
variables, considering the effects of agreements on firms' innovative and economic
performance and on firms’ technological profiles. This distinction is mainly adopted for
expository reasons, since the two aspects are clearly interrelated. On the basis of the
existing empirical evidence, section 5 proposes some themes for an appreciative theory

of R&D networks and industry evolution. Finally, section 6 concludes.

2 Definition, data and stylized facts

This section starts with the definition of interfirm technological agreements that we will
use in this paper. This will help us in delimiting the object of this survey. Then, we will
discuss the main sources of data that have been used in the literature. This is done
because the lack or limited availability of data has been a typical concern, weakening
the reliability of results. Finally, we will present a number of “stylized facts™ concerning

the evolution of the phenomencn over time and its motivations.

2.1 Definition

The definition of interfirm technological agreements is adapted from Hagedoom (2002):
Interfirm  technological agreements are defined as common interests bertween
independent industrial partners, which are not connecled through majority ownership,

and in which R&D is at least part of collaborative effort, through some arrangements

Jor transferring technology or joini research.



This definition immediately excludes from the analysis all the agreements that are only
concerned with production (like standard long term buyer-supplier contracts) or
marketing joint ventures. Agreements that have also production or marketing elements,
which are quite common in practice, are included. For instance, an agreement involving
the joint development and the production of a component to be used by the
collaborating firms fits our definition, At the same time, we do not consider informal
cooperation among firms, occurring for instance through information exchange among
engineers or scientists (Von Hippel, 1987), or cooperation among firms and universities
(Mowery and Sampat, 2004).>

The definition is broad enough to accomplish several ways in which firm can
collaborale. Cooperation can occur through various legal arrangements, implying
different degrees of resources commitment, different levels and directions of
technological flows, different coordination mechanisms, and different time horizons.
Examples of interfirm technological agreements arc R&D joint ventures, where two or
more firms constitute a new legal entity in order to perform R&D activities; joint R&D
agreements, where firms share resources to undertake joint R&D projects; licensing and
cross-licensing agreements; research contracts, where one partner, usually a small R&D

specialized firm, performs research activity for another firm,
2.2 Data sources

The datasets used in the empirical analyses can be grouped in three classes:

I. Literature-based datasets

Several datasets have been collected by consulting specialized journals, financial
newspapers and other publicly available sources of data. The MERIT-CATT dataset
(Hagedoorn, 2002), which we discuss more at length in the following sections, is
probably the most comprehensive in terms of coverage of industrial sectors and time

horizon. At the same time, industry specific datasets have been collected as well, like

2 : . . ' . .
Nevertheless. some of the studies we will survey eonsidar dawscis including both formal and infarmal gooperation,
and interfirm and frm-university lechnological agreements.



the ARPA database developed al Politecnico di Milano for ICT sectors (Colombo and
Garrone, 1996).

Although the collection of these datasets has greatly improved our knowledge of
interfirm technological alliances, these types of data suffer from several limitations:
agreements are known only if made public by the firms themselves; a gencral bias exists
in favor of large, wecll-known firms, more fashionable technologies, Anglo-Saxon
countries; information about the dissolution of agreements is less easily available than

data on their formation.

2. Surveys

Some works have used data collected through questionnaires, in which firms are asked
explicit questions about the extent of their collaborative activities, the motives behind
them, and types of collaborators (i.c., competitors, customers, suppliers or universities).

In particular, a number of papers (for instanee, Veugelers and Cassiman, 2002: Tether,
2002) used data from the Community Innovation Surveys (CIS), collected by the
statistical offices of the Member States according to a common European Standard, for
the analysis of innovative inputs and outputs by European firms.

The problems with these kinds of data are thosc that arc usually implied by survey
analyses: results may depend on questions formulation; a degree of discretion in
respondents’ answers cannot be avoided; a carcful analysis for non-respondent biases

must be performed.

3. Data from public-funded R&D programs and antitrust authorities

A third class of data concerns government-sponsored cooperafive agreements and
antitrust laws.

In Europe, a cornerstone of technological policy is constituted by the programs (in
particular, the Framework programs) promoted by the European Union to foster
coilaboration among firms (but also universities and research centers). Data on projects
resulting from these programs have been recently collected and analyzed (see for
instance Breschi and Cusmano, 2004),

For the US, data have been collected using information from the Federal Register at

U.S. Department of Justice (Vonortas, 1997). Under the National Cooperative Rescarch



Act, voluniary filings of R&D partnerships give firms benefits in case of anti-trust
interventions.

Finally, for Japan Branstetter and Sakakibara (2002) have analyzed R&D consortia with
a degree of government subsidization and intervention.

These types of datasets may suffer from selection bias given by the criteria according to

which firms ask and obtain funds, or decide to register the partnership.

2.3 Stylized facts: relevance and trends

In order lu give a flavor of the basic stylized facts concerning interfirm technological
agreements, we will refer to the MERIT-CATI database, whose data have been
collected through years by John Hagedoorn and colleagues. The references are given by
the papers containing a descriptive account of the database (Hagedoorn, 1993,
Hagedoomn, 2002). The dataset is constituted by more than 10000 agreements signed
among more than 4000 firms worldwide, between 1960 and 1998. Data involve several
sectors, al different level of R&D intensity. The datasel excludes from the analysis

publicly-funded agreements.

Some basic stylized facts, which find generally confirmation in the analysis of other

dalasets, can be summarized as foliows.

I. In lerms of the number of newly established agreements, worldwide and for all
sectors, we sec that, after a limited growth in the 1960s and 1970s, the number of
agreements has exhibited highly significant growth rates in the 1980s, and since then it
has been showing a cyclical behavior with a positive trend in the 1990s (see Figure 1).
We obscrved no more than ten partnerships established each year during the 1960s; 160

at the end of the 1970s; nearly 700 new parinerships in the peak in 1995,
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Figure I~ New established R&D partnership {1960-1998) Saurce: Hagedoom {2002)-MERIT-CATI database.
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2. Sectoral differences exist and are significant. Classifying sectors in high (tech,
medium tech and low tech, according to their R&D intensities, we can see that the
overall increase in the number of agrecements has been accompanied by a significant
increase of the high tech industries share. Figure 2 shows that, while in 1960 medium
tech sectors (instrumentation and medical equipment, automaltive, consumers electronics
and chemicals) accounted for about 70% of the total numbers of newly established
agreements, and the remaining share was composed by partnerships in the high tech
sectors (Computers, software, microelectronics, lelecommunicalions), in 1998 the
situation is reversed, with high tech sectors accounting for more than 80% of the newly
established agreements,

Al a more disaggregate level, we observe that, within the high tech sectors, the ICT
industry (Computers, software, microelectronics, telecommunications) plays a strikingly
important role, constituting 50% of the total number of agreements at the end of the
sample period. Pharmaceutical (which includes biotechnology) also contributes in a
significant way to the agreements in high tech sectors, with approximately 30% of all

newly established partnerships.
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Figure 2: new R&D parinerships, for low, medium, high tach indusiries {(percentages). Source; Hagedoomn (2002).
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3. Finally, it is possible to investigate the role of different modes of cooperation, in
different sectors over time, Hagedoorn (2002) divides the modes of cooperation in two
broad categories: joint ventures and contractual arrangements (as R&D pacts, customer-
supplier relations and licenses). Joint ventures are usually characterized by higher set up
costs and a long term orientations, as compared (o the flexibility and generally shorter
term orientation of contractual forms. Then he defines a relative contractual partnering

index for each sector RCIJ, =—CP'/'—]V‘, where CP, is the number of sectoral
TCP/TIV
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contractual partnerships, J¥, the number of sectoral joint ventures, and 7CP and T.JV
the total number contractual partnerships and joint ventures, respectively. The value of
the index across decades and sectors is reported in Table 1. The range for this index
is[0,0), where values larger than ldenote a relative imporiance of contractual forms in
that particular sector compared with the average value. We can notice that, especially
focusing on the last two decades, contraciual forms are prevalent exactly in those

industries where partnerships are numerous (ICT and pharmaceuticals).

Table 1. Relative contractuat parinering index of selecled scotors during 19601998 Source: Magedoom (2002)

Seclors 1960-1998 1970-1979 1980-1989 1990-1998
Pharmaceuticals 2.65 2.48 2.29 1.48
Information 1.06 0.91 1.27 1.64
Technology

Aereospace/Defence | 7.94 5.34 3.57 0.58
Automative 1.32 3.16 0.46 0.57
Chemicals 0.38 0.26 0.35 0.24
Instruments and 0.00 0.18 0.92 1.64
medical equipment

Consumer 0.00 0.99 0.28 1.18
clectronics

In a nutshell, the stylized facts reported in this section show that what has to be
explained is prominently a "recent" phenomenon, concerning flexible, short-term forms

of cooperation in high tech industries (ICT and pharmaceuticals).

2.4 Stylized facts: motivations

Several industry case studies have stressed the rationale for coaperation in specific
cases. For a broader view, it can be useful again to refer to the CATT database. On the

basis of the several and (partially) contrasting motives for cooperation mainly put forth

by business scholars in lerms of appreciative theoretical or empirically grounded
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considerations (sce Hagedoorn, 1993, for references to relevant theoretical literature),
each agreement of the database is assigned to one or more of the following motives:
|.Searching for complementarities, synergies, and cross-fertilization between
technological and scientific fields, in sectors characterized by increased technological
complexity, in which no firm can master all the relevant knowledge base required to
innovale.

2. Reducing costs and risks in R&D and exploiting economies of scale.

3. Performing basic or "pre-competitive" R&D.

4. Monitoring new technological opportunities, possibly followed by the development
of new products, and entry in new markets.

5. Facing the shortening of the product life cycle and the reduction of innovation time-
span (i.e. the period between discovery and introduction into the market), which lead
firms to cooperate to reduce the period of development.

6 Markel positioning, i.c. modifying markct structure in firm's favor against rivals in
domestic and international markets.

7. Mostly "hidden" motives, like capturing rival's tacit knowledge, technology transfer,

"technological leaprofrogging”.

Several alliances are assigned to more than one category, since some of these categories
operate at dilferent levels (i.e. "market" vs. "technology" level) and consequently they
are not mutually exclusive. Hagedoorn (1993) provides a ranking of imporiance among

the differenl molives across different sectors.
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Table 2: molives for cooperation, 1980-1989, Sclected scctors, Source: Magedoorn, 1993,

Technological | Basic Lack of | Reduction | Market | High Monitoring
complementarities | R&D financinl | innovation | access/ | costrisks | technotogy/market
resources | 1ime span | siracture catry

Pharmaceuticals 35% 10% 3%  [|31% 13% [% 15%
Compuiters 28% 2% 2% 22%  |51% 1% 10%
Software 38% 2% 4% 36% | 24% 1% 1%
Microelecironics 33% 5% 3% 33% |52% |3% 6%
Acrospace/efense | 3404, 0% 1% 26% 13% J6% 8%
Automative 27% 2% 2% 22%  [52%  |4% 4%
Chemicals 6% 1% 1% 13% [51% |7% 8%
Tnstuments nd ( 35% 2% 4% 40% |28% | 0% 10%
medical cquipment
Consumer clectronics | 19% 0% 4% 19% [|53% (2% 11%

Two comments are necessary: first, although sectoral differences exist and are
significant, nevertheless some motives exhibit a general prominence. Such motives are
searching for lechnological complementarities, shortening of the innovative time span
and influencing market structure.

Second, a general, broad view of the role of R&D partnerships is suggested by these
data, which is consistent with a detailed account of specific industries. In high tech
indusiries, innovation is more and more complex, building on several technological
fields. This is the case in pharmaceuticals, after the new discoveries in molecular
biology in the mid 1970s, and in microelectronics, where innovation hinges on
competences in fields as different as solid physics, construction of semiconductor
manufacturing and testing equipment, and programming logic. Firms cannot possess all
the relevant knowledge required 1o innovatc and therefore they look for partners having
complementary capabilitics to face an increased rate of introduction of new products
and processes, to monitor new opportunities and enter new markets, to suslain long-

lasting competitive advantage.



3. The formation of tcchnological agreements

After the broad introcduction to the general relevance and underlying motives of
technological alliances, in this section we go more in depth reviewing the empirical
studies that treal the formation of interfirm technological agreements. Using the
terminology by Geroski (1995), in this section and in section 4 we will provide a
number of “stylized empirical resulis”. Concerning the formation of technological

agreements, we distinguish three levels of analysis.

1. A first series of studies has focused on the firm level. Scholars have tried to identify
firms’ characteristics (for instance, size, age, technological capabilitics) and industries®
characleristics (for instance, concentration and appropriability of innovation) that affect
firms’ propensity to enter into collaborative agreements, the total number of agreements
and the total number of partners.

2, The second level of analysis is the dyad (i.e. the single pair of firms involved in an
agreement). In this case, the studies investigate the characteristics of the firms that
increase the probability of an agreement between them, and analyze how the choice of
mode for cooperation is affected by firms® attributes (including their history of
collaboration).

3. The third level is the nefwork of R&D alliances. Recent studies have investigated
the structural properties of these networks, their evolution over time, and the relation
between network measures at the firm level and the propensity o enter into new

alliances,

3.1 The formation of technological agreements: the firm’s and industry level

Several studies have estimated econometric models that link firms® and industries
characteristics to the propensity of setting up cooperative ventures (Logit or Probit
models) and to the intensity of collaborative activities, mcasured by the number of
technical agreements firms are involved in or by the number of partners they have

(Poisson and negative binomial regressions).
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3.1.1 The firm's level

Many empirical studies have recurrently found a positive impact of some variables at

the firm’s level on firm’s collaborative activities.

1. Size. Firms that are active in interfirm technological agreements are typically large
firms. This is one of most robust findings of this literature. A positive relation between
size and propensity to form interfirm alliances or between size and the number of
technical agreements is found by Link and Bauer (1987), Kleinknecht and Reijen
(1992), Hagedoorn and Schakenraad (1994), Colombo (1993), Colombo and Garrone
(1996), Siebert (1996),Vonortas (1997), Ahuja (2000a), Fritch and Lukas (2001),
Bayona er al. (2001), Tether (2002),Veugelers and Cassiman (2002), Hernan e/ al.
(2003). Becker and Dietz (2004). This evidence is robust across lime, sectors and
countries®. Large firms are likely to engage in a wide range of economic aclivities,
increasing the opportunities for cooperation. A “cost spreading” argument (Cohen and
Klepper, 1996) may apply to technological agreements as to R&D in general: large
firms can spread the gain from innovation over a larger base of economic activity,
increasing their incentives towards cooperative agreements (as a form of R&D
investment). Some forms of cooperative agrecments (for instance R&D joint ventures)
entail high physical and legal set-up costs for which small firms [ack financial
resources. Finally, large firms can have significant bargaining power in contracting with

their partners.

2. R&D intensity and fechnological r:apabi}i!ies. Using data from the UK CIS 2 survey
on 1275 innovating firms, Tether (2002) shows that performing R&D on a continuous
basis and intensively has a significantly positive effect on firms’ propensity to
cooperate. Similar results are obtained by Fritch and Lukas (2001) from a survey on
German firms, and by Bayona e/ al. (2001) from a survey on Spanish firms. Link and

Bauer (1987) find a positive value for ubsolure R&D in explaining cooperation activity.

* For exceplions, see Shan (1990) (who found a ncgative sign) , Pisano (1989) and Arora and Gambardclla (1990)
(who found size as non significanl) and Burgers Hill and Kim (1993) (who found a non-monotonic relationships).
However, Shan focuses on small biotech firms, Pisano and Arora and Gambardella on large pharmaceutical firms,
Burgers Hill and Kim on the world largest car producer. All these studies facus on a relatively small number of size
classcs. This can explain the resulls,
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Ahuja (2000a), in his sample of 97 leading firms in the chemicals indusiry, shows the
stock of patents positively affecits the number of agreements. Sakakibara (2002)
introduces (he variable “R&D capabilities”, defined as the difference between firm and
industry R&D iniensity, and finds that this variable positively affects Japanese firms’
participation to government sponsored R&D consortia. Arora and Gambardella {1990)
find that increasing the stock of palents that large pharmaceuticals and chemicals firms
have in biotechnology increases the number of external linkages these firms have with
specialized biotech firms®. In a similar vein, Stuart (1998) shows [hat technologically
“prestigious” firms (i.e., firms whose patents are highly cited) are more likely to form
technological agreements, in a sample of semiconductor firms.

The possibility that R&D intensity and the number of technical agreements are not
strongly exogenous has been successfully tested by Colombo and Garrone (1996). Their
sample is composed by agreements by firms in the semiconductor, data processing and
telecommunication scctors. Colombo and Garrone (1998) estimaic a simulianeous two
equations structural model, to find a significantly positive effect of R&D intensity on
the number of technical agreecments, while the coefficient for the reverse relation is not
significant, A similar two equation models is estimated by Becker and Dietz (2004),
who find significantly positive effects in both directions.

These results suggest (hat internal and cooperative R&D should be seen as
complementary rather that substitute. The most common explanation for this result is
the role of absorptive capacity (Cohen and Levinthal, 1989). In order to evaluate and
fully absorb the outcomes from cooperative ventures, firms need to have pre-existing
capabilities in those scientific or technological fields. This implies that firms lacking
technological capabilities are not in the pesition to reap the benefits from cooperation.
This view is confirmed by Stuart (1998), which shows that firms in more crowded
technological arcas are more likely to form new agreements. This is explained by
claiming that such firms have many potential partners for which they possess the
relevant absorptive capacity.

3. Experience. Firms that have more experience in managing collaborative ties (usually
measured by the cumulated number of past alliances or by the number of partners in

previous years) are more likely to enter collaborative agreements, This is the result

* However, Pisano (1990) finds thal biotech experience decreases the propensity of pharmaceuticals firms to start
external projects with specialized biotech firms.
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obtained by Gulati (1995a), Powell et al. (1996), Ahuja (2000a), Sakakibara (2002),
Herman ef af (2003), Okamura and Vonortas (2004). In the business literature, this result
is usually explained by referring to the notion of “cooperative capability” {Gulati,
1998). With cxperience, firms learn how to manage their collaborative ties, to develop
interfirm knowledge sharing routines and funnel results inside the organization, o
govern contractual arrangements where there is room for moral hazard and
incompleteness, [o initiate necessary changes in the partnership as it evolves over time.
This experience increases their returng from technical agreements.

A second, complementary explanation points at the role of previous pariners as an
important information source about now opportunities for agreements and new potential
partners. We will come back 1o this point in sections 3.2 and 3.3, discussing the dyadic

aitd the network level.

The relevance of these variables (size, R&D iniensity, and experience in managing ties)
is already enlightening on the “strategic” naturc of cooperative agreements. Interfirm
technological alliances are an important, persistent part of the innovative strategies by
large and technologically leader firms, rather than a defensive tactic by small firms
lacking the ability of innovating alone®, This perspective is confirmed by the results of
surveys (Fritch and Lukas, 2001; Tether, 2002) which show that firms’ propensity to
cnter info collaborative agreements is higher when firms aim at introducing

“breakthrough innovation” (c.g., radically new products).

3.1.2 The industry level

Concerning industry level factors, section 2 already showed that the intensity of the
phenomenon of interfirm sirategic alliances varies across sectors and a positive
relationship exists between sectoral R&D intensity and the number of R&D alliances in
that sector: technological agreements are particularly common in high tech sectors
(Hagedoorn, 1993). More rigorously, Hernan er al. (2003) confirm this evidence,

finding a significantly positive coefficient for R&D intensity on firms’ participation to

5 Sce for instance the IBM’s webpage dedicated Lo pariners for a practical example (www.pe.ibm.com/ww/alliances).
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R&D joint ventures in the Eureka and Framework programs.® We focus in this section
on two other indusiry specific variables: concentration and appropriability. It is worth
noting, however, that the number of cross industries studies have been restricted by the
limited availability of large data sets. For this reason, this evidence seems less robust

than the onc presented in the previous paragraphs.

I.Concentration. Link and Bauer (1987), Sakakibara (2002), Hernan e/ al. (2003) find
that R&D cooperation is more likely (o occur in concentrated industries. It is argued that
in oligopolistic markets is easier o find the appropriate partners or finding the
consensus lowards cooperation. Furthcrmore, market power associated with such
siructures allows firms to appropriate the return from the cooperative investment. This
result also emerges in a pioneering study by Pfeiffer and Nowack (1976), who found a
positive relation between concentration and the number of joint ventures at the industry
level in US manufacturing firms’.

It is worth mentioning that the opposite result (a negative relation between
concentration and the rate of formation of strategic alliances) is found by Eisenhardt and
Shooven (1996). These authors consider a sample of 102 US new firms in the
semiconductor sector, and find that the number of competitors in the segment in which
the firm operate positively affects the rate of alliances formation. The authors relate this
to the gains of accessing external resources, when market conditions are difficult. This
result can be conciliated with the previous oncs if one considers that, while Eisenhardt
and Shooven focus on new (and typically small) firms, the papers we previously
discussed are concerned with large, established firms. This suggests that the cooperative
strategies of new and established firms may differ significantly, as they arc differently

affected by industry characferistics.

2. Appropriability. Different authors inspired by the economic theories of R&D
cooperation have tested the link between the degree of appropriability of R&D

investments and R&D cooperation. Indeed, models of R&D cooperation in the 10

# However, Becker and Diclz (2004) found that 1echnological intensity has a negative impact on the likelihood of
cooperation.

" Onthe conlrary, Becker and Dietz (2004) find that the coneentration is not significant as cxplanalory variable of
cooperalion.
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tradition (d’Aspremont and Jacquemin, 1988; Kamien, Mueller and Zang, 1992)
identify in he internalization of R&D spillovers® one of the main rationale for R&D
cooperation,

When sectoral measures of R&D appropriability are introduced as explanatory variables
for firms® propensity to cooperate, the sign of the corresponding coefficient turns out to
be negative, in accordance with the theory: higher spillovers lead to more cooperation
(Hernan e al., 2003; Sakakibara, 2002, Okamura and Vonortas, 2004)°.

3.2 The formation of technological agreements: the dyadic level

The studies considering the characteristics of the dyad and the probability of

cooperation have focused on two main dimensions,

I. The first dimension is technological. One concern of the literature has been to assess
the probability of two firms forming a collaborative link, as a function of their
technological distance, empirically measured on the basis of their patent portfolios.

A first argument claims that firms need to be close in the technological space for being
good partners. This is related, again, to an absorptive capacily argument. As long as
firms use technological alliances in order to learn, they need to have preexisting
knowledge in the partner’s field of expertise to better absorb its capabilities. At the
same time, cognitive proximity is required for effective communication to oceur,

This hypothesis is confirmed by the works by Stuart (1998) and Okanamura and
Vonortas (2004), Stuart (1998) defines firms® technological positions using patent
citations for a sample of semiconductor firms, and finds that proximity in such a space
increascs the likelihood of alliance formation. Okanamura and Vonortas (2004) find that
an increase in technological proximity (measured by the similarity of patent portfolios)

has a positive effect on link formation for US research joint ventures.

¥ R&D spillovers constituie a form of externality, whose relevance is inversely related lo the degree of
approprmb:lny

? This result partially contrasts with Veugelers and Cassiman {2002). These authors find that the relevance of
mugmng spillovers af the firm level negatively affects cooperation, These are related, but do nat coincide, wilh (he

inverse of the degree of apprapriability at the industry level, because they arc also affected by firms' stratcgic
considcrations.
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However, if firms are technologically too close, opportunities for learning decrease,
Firms need to be sufficiently dissimilar for technological complementarities to be
exploited through collaboration. Mowery ef al. (1998) find evidence of such an effect.
In a sample of 151 international joint ventures in several sectors, they find an inverted U
relationship between pariners’ (echnological overlap (measured by the cross citation rate
and common citation rate in patent porifolio) and the probability of alliance formation.
In other words, firms need to be “not loo distant nor too close” from a technological

point of view (Nooteboom, 1999).

2. The second dimension can be defined as “social” or “relational”. Technological
alliances are usually complex arrangements for which uncertainty and investment
appropriability are relevant issues. For the particular nature of the transaction involved,
there is significant room for opportunistic behavior, and, conversely, there is a role for
trust building among partners.

A quile robust result in this stream of literature is that firms tend to ally with previous
partners (Gulati, 1995a; Stuart, 1998; Gulati and Gargiulo, 1999, Okamura and
Vonortas, 2004). Firms, with familiarity, can build trust, lowering transaction costs and
limiting the risk of opportunistic behaviors; they can also choose organizational forms
that are more flexible (Gulati, 1995b). At the same time, they can develop routines and
codes in order to increase the effectiveness of communication with the partner and
control the flows of knowledge.

Indirect links among firms are important as well. Common previous partners have to
play two main roles: first, they constitute sources of information about potential partners
for new collaborative opportunities; second, they can reduce the asymmetric
information among the potential partners, providing an indirect reputation effect. Gulati
and Gargiulo (1999) find that the number of indirect links (common partners) has a

positive effect on the probability of link formation at the dyadic level.

3.3 The formation of technological agreements: the network level

Tn recent years, there has been a substantial shift of attention from the dyadic to the

network level, spurred by the massive contributions by sociologists in the field.
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The structure of the overall network of alliances resulting from firms’ (uncoordinated)
choices matters for two reasons. First, theoretical contributions siress that the network
structure has an impact on the level of cfficiency of the industry (Cowan and Jonard,
2003 and 2004). In other words, the structure of the network of alliances is a factor that
may explain cross-sectional variation in the rate of technological progress. Second,
firms’ position in the network can affect their propensity fo enter into new alliances, in

general and at the dyadic level, as well as their economic and innovative performance.

The first structural characteristic that has been extensively considered is the existence of
cliques, or more in general cohesive sub-groups of firms within the network'®.

There are two main reasons for which we should expect cliques to emerge in networks
of technologieal alliances. Both reasons are related to the contributions that cliques give
to the building of “social capital”, defined as the sum of resources that accrue to a firm
by virtue of possessing a durable network of relationships.

The first reason can be labeled as “cognitive”. Firms that share many common partners
can devclop a common language for cooperation, practices and routines, which favors
the creation of new knowledge and its transmission among the firms in the clique. The
second reason can be labeled as “reputational”, and in turn can be divided into two
motivations. Ex post (once the link is formed), the participation to a clique can favor
cooperation in a context of contractual incompleteness, because in presence of
opportunistic behavior, the information about a “deviation” by a firm can spread among
the partners, increasing its cost. Ex anfe (before the alliance is formed), common
partners can reduce the degree of information asymmetry about firms® competences and
trustworthiness, then favoring the formation of links.

The existence of cohesive sub-groups has been shown in a number of sectors. Nohria
and Garcia-Pont (1991) consider 35 leading firms in the automobile industry, and the
133 alliances they formed in the 1980s. They detect six “strategic™ blocks. It turns out
that strategic blocks are composed by firms with complementary capabilities, and are
such that firms in each block have access to a similar set of capabilities. The analysis of
Gomes-Casseres (1996) shows that competition in the personal digital assistants market

has been characterized, since its inception, by alliance groups of firms coming from

' See Wasscrman and Faust (1994), ch. 7, for a general discussion on the difTerent notions of cohesive sub-groups.
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different sectors (computer hardware and software, telecommunications and consumer

electronics).

This view of social capital as “closure™ (Coleman, 1988), which stresses the benefits of
clusiering in networks, is often set against the “structural holes™ argument (Burt, 1992).
Burt considers players (individual or organizations) in a competitive arena (for instance,
a market). Such a competitive arena is characlerized by a “social” context, defined as a
social network among the players.

The theory suggests that the players’ position in the network should help explaining
their performance in the competition. In particular, a player’s performance should be
positively correlated with the extent to which the player manages non redundant
contacts in its network. Contacts are defined as redundant if they are connected by a
strong relationship (cohesion criterion), or when they have, in turn, the same contacts
(redundancy by structural equivalence). Whenever [wo contacts are non redundant, a
structural hole is assumed to exisl between them.

Players that occupy structural holes can enjoy higher rates of return from their
investments. Non redundant contacts are more likely to give them timely access lo
diverse sources of information (being the players exposed to more rewarding
opportunities), as well (o give control over such information, in order to secure more
favorable terms in the opportunities they choose to pursue.

In the case of technological alliances, the network among firms is mostfy seen as a
conduit of information about technology (for inslance about more or less promising
lechnological directions). In this perspective, firms in a clique have by definition
redundant links, and according to this view, a non efficient structure of the ego-
network'",

Burt’s argument has clearly a normative flavor. Firms should fill structural holes,
because this allows them a higher rate of return. We will mention in the next section
studies that test this hypothesis.

A study by Walker e/ al. (1997) considers how the rate of alliance formation depends on

the structure of the networks in which firms are embedded, for a sample of biotech firms

11 . . T

Ego (-cenlered) networks (Wasserman and Faust, 1994) is defined as a network consisting of a focal aclor (ego), a
scl of altcrs who have ties to cgo, and measuremenis on the tics among these actors. Extensively, some anthors have
considered as ego network the focal actor, all the aclors at a finite distance from ¢go, and all the tics among them,
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in the period 1984-1988. They find that firms endowed with “social capital” (located in
dense arcas of the network) form more links that firms active in less dense areas (full of

structural holes). At the same time, new links tend to increase the level of social capital.

The social capital and structural holes views are not incompatible. If we assume the
existence of advantages (at the firm level) of being located in a clique and having
(some} non-redundant contacts, we could expect firms in a cliquish network to have
some “long-distance™ connections. Watts and Strogatz (1998) show that networks with
these characteristics exhibit a “small world” property (low average distance, even in a
cliquish, sparse network), because some “short-cuts” among otherwise disconnected
areas dramatically reduce the average distance among actors. Theoretical models
(Cowan and Jonard, 2003 and 2004) have shown that “small world networks” (networks
exhibiting both high cliquishness and low average distance) are the most efficient in the
process of knowledge creation and diffusion.

From the above considerations, it is natural o ask if firms’ innovative networks are
“small worlds™, The answer from existing studies is generally “yes”. Verspagen and
Duysters (2004) find a “small world” network for the alliances of the two sectors they
analalyze: chemicals and food (639 firms in their sample) and electronics and ICT (837
firms). Cowan and Jonard (2003) find a small world in the network of firms
participating in the BRITE/EURAM programme and the network of research institutes
from the TSER programme. Breschi and Cusmano (2004) find high clustering and low
average distance for the network of firms, universitics and research institute

participating to the 3™ and 4™ Framework programs.

A question that has not been addressed by the empirical literature on the technological
networks is the identity of firms thal activate “short cuts” between separated cliques.
From a methodological point of view, it is worthwhile to mention the work by Baum er
al. (2003) whose research question is concerned with the formation of “small world*
network, Their theory is that a small world structure emerges from a cliquish network,
through clique-spanning ties. Baum ef al. (2003) want to understand the identity of the
actors that activate such ties and propose three altcrnatives explanations: 1) chance:

while firms add new links, this increase the probability that some of them will be
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outside the cliques; 2): insurgent partnering, activated by peripheral firms in the
network that aim at improving their siatus; 3) control partnering, aclivaled by central
firms that attempt to preserve their privileged position. They consider the network of
Canadian investment banks, emerging from underwriting syndicates over the period is
1952-1990. They find support for all the three explanations, but especially for the
chance and insurgent partnering motives.

This kind of exercise would be worthy to be replicated on interfirm technological
alliances networks. It seems interesting to study if the characteristics of the information
that circulate in the network (information on technology vs. other kind of information)

may affect firms’ incentives towards clique-spanning ties.

Finally, the distribution of collaborative links across firms has been studied. Typically,
we observe a hierarchy within the firms in the network: a few firms have many links
and many firms have a few links. The distribution of links typically follows a power law
distribution (P(k)=%"", where k is the firms’ number of links, and typically y =~ 2):
these structures are defined as scale-free networks. Barabasi and Albert (1999) show
that this structure can emerge in a growing network if a preferential attachment
mechanism is at work: the probability of a new connection at lime /+/ positively
depends on the number of connections a firm has at time 7. We have seen in section 3
that this property is found at the firm level. Studies that find evidence of scale-free
networks are Krebs (2004) for the Internet Industry; Breschi and Cusmano (2004);
Riccaboni and Pammolli (2002) for networks in life sciences and ICT. Typically large

firms take the role of “hubs™ (highly connected firms).
4. Technological agreements and firms’ performance and technological capabilities

This section surveys the studics that treat several dimensions of firm R&D cooperative
activily as explanatory variables. Sub-section 4.1 considers the fundamental question of
the causal relation between technological agreements and economic and innovalive
performarice. Sub-section 4.2 considers the effects of technological alliances on firm’s

technological specialization.
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4.1 Technological agreements and economic and innovative performance

Firms enter technological agreements because they predict to increase in this way their
expected performance. However, two issues remain relevant: first, the distribution of
returns from cooperative ventures; second, a more precise quantitative assessment of
such effects in general, and the faclors that positively or negatively affect their
magnitude.

In general, assessing the success or the failure of a cooperative venture is not an casy
tagk. Often the true goal of cooperation is not known, to the public and to partners, and
also when it is the case, side effects can be important. When the termination date of an
agreement is not fixed ex ante, its dissolution is both consisient with a failure (i.c. the
objective of cooperation has not been reached and cannot be reasonably reached in the
future), and with a success (i.e. the goal has been reached) (Kogut, 1988).

However, it is less problematic to assess the relationship between the different
dimensions of a firm cooperative strategy and its overall economic performance
(measured in terms of rate of profits, sales growth, market shares, productivity or
survival). In some cases, the object of study has been the link between innovative output

and technological agreements (Sampson, 2003; Cusmano, 2003).

Several dimensions of cooperative strategy have been considered.

I. A positive relationship is usually found between firms’ participation in cooperative
ventures, number of agreements and number of partners, and firms’ performance.

A number of studies with a policy orientation have aimed at estimating the effects on
firms* performance of their participation to government sponsored agreement.
Benfretello and Sembenelli (2002), in their sample of firms from several sectors
participating to the Eureka and Third and Fourth Frameworks programs sponsored by
the European Union, find a significantly positive effect on the ex-poss firm performance
measured in terms of total factor productivity, [abor produetivity and pricc cost margin,
On a similar sample, Cusmano (2005) finds a positive effect from participation in
research joint ventures on innovative output in the medical and biotechnological sector,

but not in the information technology sector. Studying the performance of R&D
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Tapanese consortia, Branstetier and Sakakibara (2002) show that participation to the
consortia increases the productivity of firms in terms of innovative output. Similar
results have obfained for non-government sponsored parinerships: Sicbert (1996) shows
that the elasticity of profit margin to R&D is higher for firms parlicipating in Research
Joint ventures filled at the US Federal registered.

The intensity of cooperative activities (measured by the number of technical
agreements) has usually a positive effect on company’s performance. Hagedoorn and
Schakenraad (1994) find a positive effect of the intensity of strategic alliances with an
R&D orientation on firm’s profitability for a sample of large firms in different sectors
and countries. Mitchell and Singh (1996) show a positive effect of the number of
technical agreements on firm’s survival on a sample of US firms in the hospital
software systems industry. In a sample of 85 biotech firms, Shan e/ al, (1994) show that
commercial ties have positive effects on innovative oulput.

Some studies have considered the number of partners of a firm (in the social network
analysis terminology, the degree centrality of the firm in the innovative network), and
their characteristics, as explanatory variables of its performance. A positive relation
between sales growth and the degree centrality in the network is found by Powell ef af.
(1996) in a sample of 225 dedicated biotech firms. For plant biotechnology, Delackere
ef al. (1998) find a positive relation between the number of partners and innovative
output, measured by scientific publications. Stuart (2000), in a sample of semiconductor
firms, shows that partners® innovativeness has a greater impact on firm’s patenting rate
and sales growth than the simple count of technical agreements, and finds that partners’
sales matter for growth especially if firms are small or young (this is explained with
reference to the siatus enhancing effect of these alliances). Baum er al. (2000) consider
a sample of 142 start-ups in biotechnology, and show a positive effect on firms’
performance (measured by revenues, employment and pafents) of the number of
alliances with pharmaceutical firms, the variety in the type of partners (pharmaceutical
firms, university, biotech firms, etc) and the number of alliances with rivals with a
narrower product scope.  As indirect evidence for the same effect, Singh and Mitchell
(1996) show that a firm’s likelihood of survival in the hospital software system industry

decreases if a partner shuts down, and the firm does not form a new partnership.
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2. A small group of studies has tried to assess the impact of characteristics at the dyadic
level (or more, generally, at the project level) on firm’s innovative performance.
Consistent with the evidence on alliance formation, the results generally show that
technological proximity has a positive and significant effect, with c¢vidence of an
inverted U relationship. Bransietter and Sakakibara (2002), in their sample of R&D
Japanese Consorlia, find that technological proximity among consortium members has a
positive effect on ex-post firm’s patenting activity. Sampson (2003) finds an inverted U
relationship between technological distance and ex post innovation output (measured by
cifation weighted patent count) in sample of 463 alliances in the international

telecommunication equipment industry.

3. Finally, recent papers have studied how the structure of the ego-networks impacts on
firms® performance. The main question concerns the opposition between a notion of a
social capital & /a Coleman and the Burt’s structural holes argument.

Ahuja (2000b) considers a sample of 107 chemicals firms, and investigate the roles of
direct ties, indirect ties and structural holes in explaining innovation output measured by
palents. He finds that direct ties (more concerned with knowledge creation) have a
strong positive effect on innovation output; indirect ties (concerned with information
diffusion) have a positive effect but smaller than direct ties; filling structural holes has a
negative effect on innovative output; the coefficient for the direct tie-indirect fie
interaction is negative, indicating a substitution effect between the two. This result
supports the “social capital as closure” perspective.

Hagedoorn and Duysters (2002) consider 88 firms in the computer industry, and they
use patent intensity (compuler patents/size) as measure of technological performance.
They find that having non redundant contacls and bridge ties has no significant effect on
firm’s performance (which contrasts with Burt’s view), while multiple, repeated links
with the same partner have a positive effect on firms innovative output. They claim that
this result is consistent with a learning view of alliances, while it contrasts with Lhe

static, efficiency-based view by Burt.
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4.2 Technological agreements and firms' technological capabilities

Together with the effects of cooperation on firms® performance, some interest has been
raised by the effect of technological alliances on firms’ iechnological profiles. An
empirical assessment of this issue is relevant for two main reasons. First, such exercise
can be scen as empirical test for the hypothesis of technological alliances as sources of
iearning. Ex post technological convergence among partners would be consistent with
such hypothesis. Second, these results have implications for a dynamic theory of
partnership formation, as long as the (resulting) technological positions affect the

probability of firms to form links in the following periods (Section 3.2),

There is evidence that sirategic alliances are significant factors in explaining firms’
movement in the technological space. Stuart and Podolny (1996) consider a small
sample of 10 Japanese semiconductor firms, and they characterize (heir technological
positions using patent citations. They find that alliances are part of the strategies of
firms that want to move from a peripheral to a core position in the technological space.

However, there is evidence of an ambiguous effect of alliances on technological
positions. Mowery e/ al. (1996) consider a sample of 792 alliances in several sectors.
They measure firms’ technological overlap by cross citation rates in patent portfolio and
test the hypothesis of an increase in the technological overlap after collaboration. They
reject this hypothesis, but they find a significant and positive effect of collaboration in
the absolute value of variation in cross citation rate. This result leads the authors (o
distinguish between alliances through which firms acquire new capabilities, causing
technological convergence (191 alliances in their sample), and alliances in which firms
aim at accessing new capabililies, leading to divergent technological positions (60!
alliances in their sample). The authors do not investigate the factors (at the level of
industry, technology, or mode of organization of the alliance) that lead to one outcome
or the other, and we are not aware of studies that consider this issue. This seems an

interesting line of research to pursue.
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5 Interfirm teehnological agreements and industry cvolution

As the previous sections have shown, the evidence on interfirm technological
agreements is becoming very rich, although some aspects still wait for a satisfactory
analysis. In this section we will argue that the existing empirical literature can constitute
the basis for an “appreciative theory” (Nelson and Winter, 1982) that links the self-
organization of R&D networks to the rate and the direction of technological progress, to
the actors involved in the innovative process, and through these, to the evolution of
industries. The formation of R&D networks is a self-organizing process because such
networks are the resull of uncoordinated firms’ choices over time, as a function of
technological variables (for instance firms® technological positions) and economic
variables (for instance firms® size) (section 3). In turn, these variables change over time
as a function of the network (section 4), so that the dynamics of the system is
characterized by several feedbacks, mostly positive (self-reinforcing) in nature (like, for
instance, the “preferential attachment” mechanism). Such an appreciative theory, whose
elements have been at least partially already put forth by some authors (Gomes
Casseres, 1996), should be of obvious interest to economisis. Furthermore, it can be
conceived as a step towards further empirical analysis and formal modelling, which are

instead missing.

There are at least three, inlerrelated, themes that emerge as important in the relationship

between technological collaborations, R&D networks and industry evolution.

The first is the role of path dependency. At the firm level (section 3.1) we saw that
experience in managing ties is an important variable in explaining firms’ cooperative
activities. At the dyadic level (section 3.2), we gave account of several studies that show
how firms tend (o ally with previous partners. Furthermore, the history of alliances by a
firm explains the formation of its technological capabilities (section 4.2), which in tum
affect the selection of its partners (section 3.2). If firms that are active in the network in
the early stages are more likely fo be central actors in the subsequent periods, and this is
reflected in firms® performance, events at the beginning of an industry (or network) life

cycle can have long lasting effects on firms’ competitiveness. Such events can be due to
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initial, significant differences in capabilities or can consist of “historical accidents®, as
geographical location or preexisting social contacts among entrepreneurs. Theories of
industrial dynamics with an evolutionary flavor (such as the industry life cycle theory,
Klepper, 1997) frequently stress the importance of first mover advantages in explaining
both the prosperity of firms and some stylized facls of industry evolution, like the
shake-outs (i.e. the drastic reduction in the number of firms that often occurs in industry
in the early stages). R&D networks seem fo work in this direction, and their role of

providing first mover advantages deserves further empirical and theoretical analysis.

The second theme, which directly refers to the first one, is related to the role of
networks as both mechanism of technological knowledge diffusion for firms within the
network and exclusionary mechanism for firms outside the network. This has clear
implications for the evolution of industries.

If no firm possesses all the relevant technological capabilitics to innovate, it is the
network to act as the “locus of innovation” (Powell et al., 1996). This tends to favor
competition, since no firm can control the markel via distinctive technological
capabilitics. However, as we just mentioned, path dependency and self-reinforcing
mechanisms, both at the firm and at the dyadic level, tend to limit over time the number
of actors that actively participate in the network. An oligopolistic market structure
emerges, where a core of large firms (section 3.1) controls the rate and the direction of
technological progress, erecting barriers (o entry and to survival against firms outside
the netwark (“knowledge-based networked oligopoly™, in the terminology of Delapierre
and Mylelka, 1998). This view is consistent with the so-called Schumpeter Mark II
paradigm for the link between market structure and technological progress (Schumpeter,
1942): incumbent, “networked” firms are the main actors of innovation. In a policy
perspective (for antitrust authorities and governments’ that subsidize technological
cooperation) this logic suggests that anti-competitive effects may be more dynamic than
stalic, and these must be traded-off with the dynamic gains from an increased
technological progress. Finally, the network can be composed of different cohesive sub-
groups, so that competition occurs among groups, rather than at the firm level (section

3.3). In an industrial dynamics perspective, belonging to different groups can explain

32



interfirm differences in exit rates, growth, economic performance and innovativeness

(Gulati ef al., 2000).

A third theme is related (o the role of networks in affecting the “collective” direction of
technological change in industries. This is probably the theme for which most of the
wark is still fo be done. The extent to which collaborations lead to technological
convergence or technological divergence among firms in the nelwork (section 4.2) is
important for two main reasons.

Firsi, from the society point of view, a certain degrec of experimentation at the
technological level must be preserved. Using an evolutionary terminology, variety
generation mechanisms must be present. Firms need to explore different roufes in
environments characterized by substantive uncertainly, a distinctive feature of
Schumpeterian competition. If firms in a network explore collectively the same areas of
the technological space, risks of technological “lock-in* are possible. Indeed, some
authors have argued that advantages of the network form of organization compared to
more integrated forms lie in the capacity of prescrving varicty at the technological level
{(Kogut, 2000).

An important role in this respect can be played by the existence of different cliques.
Even if lock-in may exist at the level of the single sub-groups of firms, this can be
counterbalanced by different groups exploring different technological directions.
Similarly, as argued in section 3.3, variety and access to novel information can be
guaranteed by short-cuts or clique-spanning ties in a “smalt world” network.

Second, networks matter when firms face lechnological discontinuities. A traditional
distinction here is between competence-enhancing discontinuilies, favoring incumbent
firms versus new enirants, and competence-destroying discontinuities, favoring new
entrants versus incumbents (Tushman and Anderson, 1986). This distinction has been
adapled to networks by Madhavan e al (1998). These authors define structure
reinforcing events as those discontinuities which favors incumbent firms in the network,
leading 1o an increase in (heir cenfrality, and stmctire loosing events as those
discontinuities which favor more peripheral agents, reducing the degree of
centralization in the network. Similarly, Rosenkpof and ‘Tushman (1998) discuss the

link between network intensity and the stages of technological life cycles. They show

33



that in the flight simulation industry the rate of founding of technical agreements is high
at the discontinuitics, and cliques emerge in mature phases. In general there are
opportunities, both at the theoretical and empirical level, for studying the role of
network structures in mediating between technological discontinuities and their
consequences on industry evolution, When we can distinguish between different
cliques, their internal structure and the capabilities to which firms have access may

influence how they react to environmental shocks.

6. Conclusion

This paper has surveyed the several streams of the empirical literature on inierfirm
technological alliances. As we iried to show, the evidence is rich, coming from several
disciplines whose theoretical frameworks are sometimes radically different.

First, this paper has proposed a number of stylized facts concerning the relevance of the
phenomenon, its evolution over time, the differences across sectors and the most
common motivations that lead firms to cooperate. Second, we have produced some
stylized resulis concerning the formation of technological alliances, the structural
properties of the nelworks and the effects of firms® cooperative activity on performance
and technological capabilities.

The broad picture which emerges is onc in which interfirm technological agreements are
structural elements of the evolution of high seclors. Cooperation is part of Lhe
innovalive strategies of large firms, the main actors in the network, which perform R&D
also on an individual basis and look for partners with complementary capabilities to
introduce new products and processes. The network, which becomes the “locus of
innovation”, is strongly driven by path dependence mechanisms, in which the central
actors tend fo increase their prominence, and it significantly affects firms® innovative

and economic performance.

These results notwithstanding, there are still promising lines of research, both at the
empirical and theoretical level. First, we need theories and empirical studies that
identify more preciscly the general mechanisms that drive the formation and evolution

of alliances and networks. These studies would surely benefit from a more unified
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framework, where insights from transaction cost economics, game theory, evolutionary
economics, sociology and managerial sciences are considered. Second, clear sectoral
specificities exist, in the form of intensity of alliances, their content and their mode of
organization. This, presumably, may reflect in the structure of the network at the
sectoral level. All these characteristics depend on the technological regimes, which are
specific to industries (Malerba, 2004). In this respect, we need delailed case studies of
network evolution, taxonomies and theorics for specific mechanisms of collaboration in
specific contexts.

Given the relevance of the phenomenon, ifs complexity and multidimensionality, these

are surely exciling opporinnities for future research.
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R&D networks with heterogeneous

12
firms

1. Introduction

There is significant evidence that technological agreements among firms are becoming
increasingly popular (FHagedoorn, 2002). Especially in high tech industries (i.c., ICT
and biotechnology), firms more and more collaborate in the technological domain,
under different forms, ranging from joint R&D to the exchange of knowledge through

cross licensing agreements.

Several scholars in different disciplines have tackled the issue of explaining
theoretically the phenomenon. Tnitially put forth by sociologists, but promptly accepted
in the business literature, the nenwork perspective has recently gained a prominent role.
In a sociological perspective, the overall network emerging from the alliances in an
industry matters becausc typically the position of a firm in the network is associated
with variables like power, status and access to information. These variables, in tum,

affect firm’s performance (Powell ef al., 1996).

Recently, economists have shown interest in the formation of economic and social

networks, and have developed formal tools to address this issue (Jackson and Wolinski,

21 thank Franco Malerba, Picrpaolo Battigalli, Robin Cowan, Nicolclta Corrocher and the participants Lo n seminar
in Milan, Bocconl University, Junc 2004, lor useful comments on s previous version of Lhis paper. The usual
disclaimers apply,
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1996). R&D networks represent a natural application of such tools, and they have been

studied by Goyal and Moraga (2001), Goyal and Joshi (2003) and Goyatl er al. (2004).

This paper belongs to this last stream of literature. It extends previous work considering
the role of technological heterogeneity. The issue of technological complementariiy has
been often mentioned by the empirical literature as an important motive for firms to
enter into collaborative agreements. In high tech industries, innovation is more and
more complex and building on several fechnological fields. This is the case in
pharmaccuticals, after the new discoveries in molecular biology in the mid 1970s, and
in microelectronics, where innovation hinges on competences in fields as different as
solid physics, construction of semiconductlor manufacturing and lesting equipment, and
programming logic. Firms cannot possess all the relevant knowledge required to
innovate and therefore they look for partners having complementary capabilities to face
an increased rate in the introduction of new products and processes, to monitor new
opportunities and enter new markets, to sustain long-lasting competitive advantage.

Based on the MERIT-CATI database on world wide technological agreements
(Hagedoorn, 1993), among the alliances formed in the period 1980-1989 technological
complementarity is cited as a key motivation in 35% of alliances in biotechnology, 38%
in new malerials technology, 41% in the industrial automation sector and 38% in the
software industry. In the sample considered by Mariti and Smiley (1983), Lechnological

complementarity constitutes the motivation of 41% cooperative agreements,

In the economic literature, there is a consolidated tradition of models of R&D
cooperation (D'Aspremont and Jacquemin, 1988, Kamien ef al, 1992). These models
usually identify R&D spillovers as the factor that can make cooperation among firms
welfare improving, and in that respect they have a strong policy orientation. This
literature analyzes cooperation occurring at the industry-wide level (Suzumura, 1992),
or comparing exogenously given coalitions (Katz, 1986).

The literature on endogenous coalitions (i.c. partition of firms) in oligopolistic
industries (Bloch, 1995) can be considered an extension allowing for stralegic
consideration on the cooperative side. Tn this paper, we consider networks of R&D

collaborations, which is at the same time more restrictive (because we allow exclusively

46



coalitions of two firms) and less restrictive (because we do not require transitivity in the

collaborative relations).

The paper is structured as follows. Section 2 describes the model, focusing on the
extensions to the existing literature. Section 3 is concerned with symmetric networks.
We first characierize the effect of different degrees of cooperative activity on R&D
investments and production costs. Then, we consider the issue of stability of different
network structures in a four firms industry, and their properties in terms of aggregate
profits and social welfare. In section 4, we extend the analysis (o asymmetric networks
in a three firms industry. This leads us to consider a situation where the distribution of
technological capabilities in the industry is asymmetric. As in section 3, we study the
stability of the different nefwork structurcs, and their properties in terms of aggregate
profits and social welfare. In section 5, we introduce a refinement to the notion of
stability used in the previous sections, which provides some interesting cconomic

insights. Section 6 concludes.

2. The model

Informaily, the model can be described as follows. We consider » firms in an industry,
producing a homogenous goad. In the product market, firms compete & la Cournot, i.e.
choosing quantities. Before market competition, firms can engage in an R&D activity in
order to reduce their unit cost of production. Firms can share their efforts on a bilateral
basis, and this information sharing is what we define as collaboration. Firms are
assumed ta be heterogeneous from the technological point of view (for sake of
simplicity, firms are divided in two groups). Suppose for instance that heterogeneity
comes from differeni firms’ specializations in the range of technological or scientific
fields that are required for innovation. Technological heterogeneity has an impact on the
consequences of collaboration: information sharing is assumed to be more effective for
firms with different technological capabilities, due to the existence of technological

complementarities between them.
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Formally, we deal with a three-stage gameT", which coincides with the one presented in
Goyal and Moraga (2001). Tn the first stage, firms can form collaborative links, which
give raise to a well specified R&D network. Given the network structure, firms choose
non-cooperatively their R&D effort. Given the level of R&D efforts, the cost function

of each firm is determined. Finally, given costs, firms compete in the market.

Let N= {I,..,n} be the set of firms. Firms are identified by an index r =12, which

corresponds to the technological group a firm belongs to. N™ € N represents the set of
firms of group r. The R&D network resulting from the first stage is denoted by g. When

we writeij € g. this implies that there is a collaborative link between i and j, We define
N,(g)={jeN\{i}:U’eg} as the set of firms having a collaborative link with i,
Assume that firm ¢ belongs to the technological group r. We can write
N,(g)= N/ (g)U NI (g), that is we can partition the set of firms collaborating with i
in the sets of firm belonging {o the same technological group,
N (g)= {j e N"\{i}:ije g} and to the other technological group, N (g)=
{j& N':je g}. Also, we indicate with »,{g) =|N,(g)| the cardinality of the set of

partners for firm / in g, and similarly for »/(g)and n)™" (g).

If g is the network resulting from the first stage, we denote with T(g) the
corresponding subgame. In such a subgame, firms fix their level of R&D expenditures
correctly anticipating the Cournot outcome of the last stage. Firm f's action in this stage
is given by ¢, €[0,7], where ¢, is the effort put by firm 7 in the R&D activity. The cost
associated to e, is given by C(e,)=¢]. Consequently, e =(e,), , is the action profile

of T'(g).

With respect to Goyal and Moraga (2001), we modify the formulation of collaboration
effects. Their paper strictly follows the representation of R&D activity that is standard
in the literature on R&D collaboration and spillovers. Kamien et al. (1992) summarize

the approach as follows:
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“The R&D process (...) Is supposed to invalve trial and error. Pur another way, it is a multidimensional
henristic rather than a one-dimensional algorithmic process. The individual firm’s R&D activity does not
involve following o simple path. If this were the case, the only spillaver potential would be front the firm
that had somehow forged ahead in the execution of the algorithm 1o the laggards. However, in an R&D
process involving many possible paths and iricd and errvor, it is nnlikely that individual firms will pursue
identical activities. Indeed il is reasonable for each firm to pursue several avenues sinnilianeonsly, the
differences among the firms being in the greater emphasis each places on one over the others. The
spiltover effect in this vision of the R&D process takes the form of each firm learning something about the
other’s experience. This information, which may become available through deliberate disclosure or leak
oni involuniarily (e.g, ar scientific conferences), enables a firm io improve the efficiency of its R&D

process by concentrafing on the more promising approaches and avoiding the others "

This view of R&D as a trial and errors process implies that the dimension of the space
that firms can explore in their efforts is high, and firms are not “constrained” in their
exploration. This derives from the hypothesis that, when information sharing is
complete, duplication of cfforts are completely eliminated. This assumption is justified
because (he focus is on the effects of different degrees of R&D appropriability on the

desiderability of R&D collaboration.

In this paper we propose a different interpretation. We do not consider the question of
R&D appropriability and we do not consider the degree of information sharing as a
variable of choicc. We assume that the capacity of other firms® R&D to be a substitute
of a firm’s R&D depends on the technological specialization of firms. We assume that
the area of the technological space firms can explore thal is constrained by their
technological specialization. In a sense, firms are characterized by "competences",
which implies a process of search which is necessarily local (Nelson and Winter,1982).
Whenever firms belong to the same technological group, the probability that firms
pursue the same path increases. If firms are heterogeneous in their technological
capabilities, this creates possible opportunities for complementarities as the result of
information sharing. Since we consider cost reducing R&D, we formalize the argument

assuming that the fraction of R&D effort of finm j that is able to reduce firm’s i costs

when i and J cooperale is A if firms belong to different technological groups, and 2 if
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firms belong to the same technological group, withl> ﬁ > f1. The case discussed in

Goyal and Moraga implies 3 = A=l

Two remarks are needed. First, when both # and £ are high, information sharing is

effective, independently of technological groups. In other words, the likelihood of effort
duplication is low, or, in terms of our interpretation, firms have "naturally" several
possible paths to follow. As long as an economic inlerpretation is concerned, we can
relate this to a situation where the technological space that firms can explore is
particularly rich. For that reason, when discussing our resulis about stability, aggregate

profits and social welfare, we will refer to the notions of {echnological heterogeneity

(measured by B B) and technological opportunities (mecasured by the values of

Band B).

Second, the literature on the economics of innovation has argued theorctically and
showed enipirically the important role played by absorptive capacity (Cohen and
Levinthal, 1989): in order to evaluale and absorb fully the oulcomes from cooperative
ventures, firms need to have pre-existing capabilities in those scientific or technological
fields. Then, even if a firm may lack the knowledge possessed by another firm, it can

fail in absorhing it. For our madel, this implies that £ can be more properly seen as the

productl of two parameters: y, which captures the extent to which a firm possesses

knowledge that is not possessed by the other firm (withy > ¥ ); and e, which captures
the extent o which a firm can actually learn by the experience of the other firm, due fo
absorptive capacity (with & < @ ). According to this interpretation, we are assuming that

the first effect prevails, in the sense that ya > ya.

Given the R&D investments e, the unit cost of production for i e ¥ is determined by:'

*In line with Goyal and Moraga (2001}, we assume that there are no indirect effects from link formation.
This admitiedly strong agsumplions implies that a firm can exchude ather firms from the retumns of its
R&D invesiment if information sharing is nol explicitly agreed (say, because knowledge is embodied in
machineries or protected by patcnis).
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ci(g.e)=c-e,— % pe;—- X —Bej (M

JeNI ()T JeN"(g)
Finally, given the costs ¢,(g,¢), firms compete in the market choosing quantities.

g,(g,) [0, A] denotes the action taken by firm i at this stage. The inverse demand

function is linear: p = 4 —Zq,(g,e). In the Cournot-Nash equilibrium, quantities are

feN

given by:

A-—nc(g,e)+ ch(g,e)

(g.¢) = s 2
g.(g.¢) oy (2)

Net profits are given by:

I, (g.e) = (g,(g.2))" - C(e;) ()

In the next sections, we will analyze the social welfare property of the different

networks. In order to do that, we introduce the following social welfare function:"

W(g.e)=) 11,(g.) +$0(g.¢)’ (4)

eN

This is in the spirit of "second best" (Goyal and Moraga, 2001): we assume that for
given network structure efforts are still chosen non-cooperatively and quantities are

those resulting from the Cournof-Nash equilibrium.

" The second term represents consumer surplus, given the hypothesis of linear demand function with a 45° slope.
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3. Symmetric networks

This section focuses on symmetric networks. Networks are symmetric when all the
firms are equivalent in terms of connections (i.e. they have the same number of links
inside and outside their technological group). With technologically homogenous firms,
a symmelric network is characterized by a single value k identifying the number of tinks
that any firm has. Goyal and Moraga define & as the degrec of collaborative activity.
Given the assumption of heterogencous firms, however, our notion must change
accordingly. In our case, a symmetric network is identified by a pairk = k", k%),
corresponding to the number of links thal a rcpresentative firm has within and oufside
its technological group respectively, i.e. n'(g)=4" and nf"’(g) =k*" YieN. We
maintain the convention of calling this vector the degree of collaboralive activity, and

we indicate with g* the symmetric network with degree of collaborative
activity k = (K", k**). We can define a partial ordering over symmetric networks:

ky >k, if k] 2 k; and & = k™", where at least one inequality is strict.

For the notion of symmetric network to be meaningful, we must restrict our attention to
cases where N is given by two equal size groups of firms in even number. In this section
we choose to concentrate and completely characterize the results for the case with n=4.
Some results can be exiended to generic n, but the complete analysis is guite difficult to
obtain (also Goyal and Moraga, in their simpler framework, limit themselves to partial

results),'*

Given the network g and other firms® investments, the representative firm i maximizes
I1,(g.2) in ¢, subject to ¢, €[0,]. We need to consider five types of firms: a) firm i
b) £” firms linked to firm i and belonging to its lechnological group (subscript /r); c)

K" firms linked to 7 and belonging to a different technological group (subscript 13-r);

1% As cxplained by Goyal and Moraga (2004), it is difficult to generalize in the study of asymmetric nctworks. All the
sel of direct and fndirecs connections determines the maximization problem the firm has to solve. For each
asymimclric notwnrk, onc needs Lo solve a differenl system of first order conditions, in which the possibility of
invoking symmetry may be limitcd. As we will sec in section 3.1, the study of asymmeiric netwarks is required to
apply the definition of pairwisc stability.




" . ) .
d) ——%"—1 firms that are not linked to firm i and belong io i3 technological grou
3 g g group

. ¥ - . ,
(subscript mr); €) %—ks " firms that are not linked to i and belong to the other

technological group (subscript m3-r). This results in a specific cost structure for each

type of firm:

< (g =¢2- e - ﬁka—rem—r - ék’e,r (3a)

¢, (8")=C-e,— Y. BK e~ > pie, (5h)

JeNT(g") JeNL(g")

c”_,,(gk)=5—e”_r - Z'Ek;w e; = Z_ékrej (5¢)
JeNiT(g") JeNjy_ (%)

Culg*)=C=e,,— D Bk e~ Y Bk'e, (5d)

JeNTigh) JaN,(g")

Cnsr(8)=C=Cpy = D BET e~ N e, (5¢)

JeNN (2*) JLY N

Plugging (5a-5¢) into firm #*s profit function and deriving with respect to e, we obtain

the following first order condition:

oIl -
a—e'i29;(3:6)["—/6’2"4‘»'3"'15]-23. =0 (6)

i , . _ _ ok
Invoking symmeiry across all firms, we impose ¢, =¢, =¢, , =¢ =e,,,=e(g").

mr

Rearranging the first order condition, we obtain the equilibrium effort:

(A=C)n— pE" - BE>™)
(n+ 1) = (n~ k" — BE>Y(1 - Bk - BE*T)

e(g*) = (7
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Plugging (7) into (5a), one obtains the unit cost of production for the representative

firm:

(n— k" — Bk*"Y= A(n = Bk = Bk>TY(1 + Sk + BT

2 a13-r r d-r 77 (8)
(4 1) (1= B = B Y1+ k' B+ k)

c(g') =

It is interesting to study how effort levels and unilt costs in equilibrium vary in different
symmetric networks. In other words, varying the network g*, we study the equilibrium
values e(g*)and ¢(g") in the corresponding subgame. The next proposition

summarizes the results:

Proposition 1: there exisis a negative relation between the degree of collaborative
activity and the equilibrium effort. Furthermore, the effort is decreasing in f§ and f3.

There exists a non monotonic relation between the unit cost of production and the
degree of collahorative activity. In particular, the unit cost is initially declining in the

degree of collaborative activity and then possibly increasing. The compleie nenwork is

cost minimizing for sufficiently low 8 and 8.

The level of equilibrium effort is declining in the level of collaboration for two reasons.
The first one is a “duplication” effect; since firms take advantage of R&D by other
firms, they tend to reduce their efforis in order io save on the R&D costs. The second
effect is due to the existence of competition among firms. Forming new links, firms
share their effort with more firms, making them stronger competitors. This reduces the
firms’ incentives {o invest in R&D.

The negative effect on efforts when S is high is intuitive. In our inlerpretation, high 8
means a low "probability” that two firms will pursue the same path in the research
activity, For given R&D efforts, the cost-reduction (both for the firm and its

collaborators) is increasing in #. This makes both the duplication and the competition

effect stronger and results in a more significant reduction in e(g*).

The a-priori ambiguous relation between the degree of collaborative activity and costs

comes from two effects that go in opposite direction: the increase in collaborative
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activity reduces the effort, but a firm can benefit from the research activities of more
firms.

Computations show Lhat, for & and # sufficiently low (i.e., when the negative effect of

an increase of % on e(g*) is moderate), the positive effect prevails and costs are

minimized in a complete network.

3.1 Stability

In this paragraph, we focus on the stability of different symmelric network structures.
From now on, we consider the case n=4. This allows us to obtain a full characterization
of the results. We will verify the stability of six (symmetric) networks, since &” can
take value in the sct {0,1} and £*" in the set {0,1,2}.

Plugging n=4 and equilibrium efforts, costs and quantities in the profit function

yields:

(4= (25— (4~ BK* - '))

M(g,)= ®)

(25— (4= Bk = BR" Y1+ K™ + BI7)):

The notion of stability that is used is the notion of pairwise stability introduced by

Jackson and Wolinsky (1996). In the definition we denofe with g —ij the network

obtained by removing #f from g, and with g +ij the network obtained by adding ij to g.

Pairwisc stability: A network g is pairwise stable if and only if for all i, je N
M Ifijeg, then T1,(g) 211, (g ~ i) and T1,(g) 2 T1 (g —¥))

() I i & gand T1,(g+ij) > T1,(g), then T1,(g) <T1,(g +if)

The definition implies that both agents need to agree to form a link, while they can
unilaterally sever it. This notion of stability is the weakest one can think of, since it
allows a single link to be modified: firms cannot simultaneousty form and/or sever more

than one link. Consequently, the set of stable networks is the largest, compared with set



of stahle networks resulting from stricter notions of stability; nevertheless, such a set is
relatively small in all the cases we will consider (a singleton in the case of symmetric
networks in & four firms industry), so that pairwise stabilily conslituies a uscful solution
concept, In section 5, we will consider an alternative, stricter notion of stability, strong

stability.

The following proposition summarizes the results. The sketch of the proof is in

appendix:

Proposition 2. for every strictly positive 8 and 8, the complete network is the only

stable network.

Proposition 2 strictly follows the result by Goyal and Moraga (2001) They show that
for generic n, the empty network is not stable, while the complete network is always
stable, Tt can be shown that this result holds also in our model. They also show that for

n=4, the complete network is the only symmetric stable network, as it is the case here,

Then, no matter what are the degrees of technological opportunities and technological
helerogeneily, firms have always the incentive to “destabilize™ a symmetric network
different from the complete network, forming a new link. Starting from a sitvation in
which firms are symmetrie, firms which form a new link can create an asymmetric
market structure by sharing their R&D effort. In all the cases this leads (o some
reduction in costs, even if links occur between firms in the same technological group,
for which information sharing may be not effective. The complete network is stable
because in this case, by definition, it is not possible to form new links, and firms do not

find convenient to sever one of their links, weakening their competilive position.
3.2 Aggregale profiis
In this section, we consider the behavior of different symmelric networks in terms of

aggregate profits. We try {o assess the relation between the incentive for individual

firms to form collaborative links and what is desirable for them collectively. Since in
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symmetric networks all firms obtain the same level of profits, it is sufficient to compare
cquilibrium profits for the all possible network structures (denoted with TI{g*), where
the subscript is omitted for symmelry), in the range of all conceivable values of £

and # . Proposition 3 summarizes the results.

Proposition 3: define H (8, 8) =TI(g"?)-TI(g®?). For all B and B such
that H (f3, B) >0, the complete network maximizes aggregate profits. Otherwise, a
nenwork in which all the firms are linked with and only with the firms of the other
technological group (k™ = 0,k*" =2) maximizes aggregate profils. In economic terms,

the complete network is optimal for firms collectively when technological opportunities

are not "too high”.

Figure | summarizes graphically proposition 3. This figure represents the sct of possible
values of parameters, {(g, B)1(B.5) e01]x[0,]]A B 2 g}, and it indicate the areas the

parameter space for which a particular network of degree k=(k",k**)is profit

maximizing. The following figures must be read in a similar way.

Figure I: profit maximizing symmetric networks in four firms industry
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Firms’ private incentive towards link formation can be aligned or excessive with respect
to their collective incentive to form links. In facl, for a very significant area in the
parameter space, the complete network maximizes aggregate profits.

The increase in the degree of collaborative activity affects net profits in equilibrium
through two channels: gross profits and through R&D costs. The effect on gross profit is

ambiguous, reflecting the Dbehavior of unit cost (in a symmetric

2
network, TT(g*) = (-(A_Sﬂ] —e(g*)?); while R&D costs are decreasing in k. For a
large subset of the parameter space, the complete network maximizes aggregate profits:
the net effect of increasing network density is always positive. In case of (very) high
technological opporlunilies, the negative cffects of an incrcasc in the degree of
collaborative activity are more pronounced. The situation, then, resembles a prisoner
dilemma’s situation. While firms would collectively prefer a lower degree of
collaboration, individually they have the incentive to destabilize a symmeiric network in

order to alier markel structure in their favour. This results in a Parcto dominated

situation.
3.3 Welfare Analysis

While the previous section has considered the collective incentives for firms to form

collaborative links, this section takes into account social welfare, as defined by equation

(4)

Proposition 4: define

Hy(B.B) =W (g"")-w(g¥)

Hy(B.B) =W (gCD)-w(g"?)

It can be shown that H,(B,B)>0 implies Hy(B,8)>0, and H,(B, B) <0 implies
[-Il (E:é) <0.
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For all B and B such that H,(5, B)>0, the network where all firms have one link
inside and one link outside their technological group (k" =1,k" =1} is welfare
maximizing. For all B and B such that Hy( A, B)>0> H,( B. B), the network where

all firms have two links outside and zero link inside their technological group

(k" =0,k>" =2) is welfare maximizing. Finally, if H, (B, B) <0, the complete neiwork

is welfare maximizing.

Figure 2: Welfare maximizing symmelric networks
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When technological opportunities are low, the complete network is welfare maximizing,
and social interests and firms’ private incentives coincide. Social welfare depends on
the degree of collaborative activity through its effect on profits and through the total
quantity produced, which determines consumer surplus and it is inversely related to the
unit cost of production. When technological opportunities are low, the net effect of an
increase in the degree of collaborative activity is always positive, and maximal
information sharing is optimal. When technological opportunitics increase, a less dense

network becomes more desirable from a social point of view, because the negative
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effects from an increased degree of collaboration are higher than in the previous case.
Although k =(0,2)and k =1,y arc equally dense, the latter is socially preferred for
very high technological opportunities. This happens because this structure minimizes
the negative effects of an increase of & on equilibrium effort: as shown by Proposition 1,

such a negative effect is higher when A is higher, and so it can socially optimal to
“subslilule™ a link outside firms’ technological group with a link inside firms®

technological group.

Finally, it is worth noting that the area of Lhe parameter space for which welfare is
maximized by a complele network is included in the area of the parameter space for
which aggregate profiis are maximized by a complete network. In other words, when
the complete network is social welfare maximizing, it is also profit maximizing, but the
converse 1s nof true. This is because, when considering social welfare, one needs to add
the possibly negative effect that an increase in & genecrates for consumer surplus,

through the reduction of total quantity produced due to higher production costs.
3.4 Discussion

The analysis of symmetric networks has shown that the results of Goyal and Moraga in
terms of stability are not significantly modified by introducing a role for technological
opportunity and technological heterogeneity the complete network is the only

symmetric stable network, independently from /4 and p. Firms have always the

incentive to alter a symmetric architecture (resulting in an asymmelric market structure)
by forming a new link, whenever this is possible.

With respect to networks that maximize aggregate profits and social welfare, we do not
find that individual incentives towards link formation are necessarily excessive, as in
Goyal and Moraga. Actually, the complete network maximizes aggregate profits for a
large set of parameters, while, if technological opportunities are sufficiently low, it is

optimal also both from the society point of view to have maximal information sharing.

A more specific role for technological heterogeneity is clearly seen comparing the

results about pairwise stability and social welfare. There is an arca of the parameter
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space, where both technological heterogeneily and technological opportunities are high,
in which it is socially optimal that information sharing oceurs only when it is more
effective, that is among firms in different technological groups. However, firms aiming
at capturing strategic positions in the network (and consequently a competitive
advantage in the industry) have the incentive the share their efforts with firms in their
same technological group, which is detrimental in terms of the “collective” incentives to

invest in R&D. This leads to a network which is denser that the social optimum.

4. Asymmetric networks

The analysis in section 3 has restricted the attention only to symmelric network. In this
section we extend the analysis to the properties of asymmetric networks. We will
develop the simplest case of n=3. This will lead us to consider a situation where
technological groups have different size. We shall assume that firm | belongs to group
1, while firms 2 and 3 belong to group 2.

Technological groups that arc asymmiclric in sizc represent an inferesting case because
we can study if and how the firm in the smaller group (which possesses technological
capabilities that are rare in the context of the industry) can exploit this situation and
obtain an acdvantageous position in the network and in the markel.

We need to compare six typologies of networks:

I. The empty network, denoted with &. In this case all the firms gain in
equilibrium the same profit, which we indicate withTIZ.

2. The partially connected network of type 1, where there is onc link between firm
I and one firm in the other technological group (say firm 2). This network is
denoted with p/, and we indicate with TI”',T17'and TT?' profits in equilibrium
for firm 1,2 and 3 respectively.

3. The partially connected network of type 2, where there is one link between the

two firms in the same technological group. This network is denoted with p2, and
equilibrium profits are TIP? and I1£* for firm | and firm 2 respectively (the

positions of firms 2 and 3 are symmetric).
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4, The star network of type 1, where firm 1 is the hub (i.e. it is connected both
with firm 2 and firm 3) and firm 2 and firm 3 are the spokes (they are connected
only to firm 1). This network is denoted with 57/, and equilibrium profits are

1% and T13* for firm 1 and firm 2 respectively (again, the positions of firms 2

and 3 are symmetric).
5. The star nctwork of type 2, where say firm 2 is the hub and the remaining firms

are the spokes. This network is denoled with s/2, and we indicate with

[T, T15% and 15 profits in equilibrium for firm 1, 2 and 3 respectively.

6. The compleie nelwork, denoted with ¢, We indicate with[I] and II;
equilibrium profits for firm 1 and 2 respectively (the positions of firms and 3 are

symmetric).

4.1 Stability

The next proposition summarizes the resulis about stability. Goyal and Moraga shows
that two kinds of structures are possibly stable, when spillovers outside collaboration

arc absent as in our model: the partially conneeted network and the complete network.

Proposition 5: the complete network is stable unless technological heterogeneity is very

high. There exists a function H(f3, Ay =TI - T1:2 such that, for any value of B and B

satisfying H, (B, B) 20, the complete nerwork is stable.
The partial network of type 1 is stable unless technological opportunities are “low" and

heterogeneily is limited. There exists a fimction H (B, B) =T12' —T1* such that for any

value of B and B satisfing H, (B, 8) > 0, the partial network of type 1 is stable.
The partial network of type 2 is stable if heterogeneity is limited. There exists a function
H, (B, B)=T13] 2 1132 such that for any value of B and B saiisfying H( B, B)=0, the

partial network of type 2 is stable.

Figure 3 summarizes the results about stability in the parameter space.
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Figure 3. stability in the three firms industry

0.8

(c.pl.p2
0.6

0.41 /"
/ (e.p!)
0.2 /
L e O
0 0.2 0.4 0.6 0.8 1
B

Introducing firms® heterogeneity does not impact on the types of networks that are

possibly stable, but the stability of different network structures does depend on f and

2.

Star networks are never stable. In particular firm 1 will not use its “special” position to
become the hub of a star. The star of type | is not stable because of two possible
deviations.

First, given the existence of a link between firm 1 and firm 2, firm 1 and firm 3 never
agree in maintaining a collaborative link, Firm 1 is willing to form a link for low f#
( B <0.35). In this case, given that the opportunity of avoiding duplication of efforts is
limited, firm 1 does not find the strategy of an exclusive alliance with firm 2 attractive,

and it would rather collaborate also with firm 3. At the same (ime, firm 3 is willing to
cooperate with 1 only when # is sufficiently high ( £ >0.48). Forming an alliance with
I, firm 3 obtains access to firm 1’s R&D effort, but it makes firm 1 even stronger. Tt

turns out that the first effect prevails for £ high.
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A second profitable deviation is given by firm 2 and firm 3 forming a link. In this case
they can make their position stronger in market competition vis-a-vis firm 1, by sharing

their R&D efforts.

In partially connected network of type I, the position of firm I is not “special®, in the
sense (hat it oblains the same level of profit as the firm it is connecied with. However,
whenever heterogeneity is above a minimum threshold (such that we are not in the
range in which the partially connected network of type | is stable) firm 1 can obtain the
maximum industry profit in any stable network.

Firms in the relatively “crowded” technological group, instead, show more variability in

the profits associated to stable networks.
4.2 Aggregaie profits

This section considers how aggregate profits vary as a function of the network. In this
case il is necessary to snm the profits of the three firms, since it is not possible to talk
aboul a representative firm in the industry (apart from the special case of the empty
network)

Define: TI(g) =T1,(g)+1,(g) + I1,(g), with g € {c, pl, p2,st1, 52,3},
Proposition 6: when the iechnological opportunities are sufficiently high, the partially

connected nefwork of lype 1 maximizes profits; otherwise the complete network does.

There exists a function H,(B, B)=TI(c) -TI(pY)such thai, for any value of B and B

satisfying H. (8, ) >0, the complete network maximizes aggregate profits.

Figure 4 summarizes the results.
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Figure 4: profit maximizing networks in three firms indusiry
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When technological opportunities are high (in particutar, when information sharing
between technologically heterogeneous firms is effective), allied firms have a strong
incentive to invest in R&D and waken the position of the remaining firm in market
competition. Then, their costs are low, and their profits high. Although unevenly
distributed, aggregate profits in the partially connected network turn out (o be higher

than in the complete network.
4.3 Social Welfare
Finally, we consider the social welfare properties of asymmetric networks:

Proposition 7: social welfare is maximized by a partially connected nerwork of type 1

whenever technological opportunities are sufficiently high. Otherwise the complete

nehwark maximizes social welfare. There exists a function Hy( 8. By =T1(c) -TI(pl)

such thai, for any values of f and B satisfying Hy (B, B> 0, the complete network

maximizes social welfare.
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Figure 5: welfare maximizing nehvorks in the three firms industry
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It is interesting to notice how firms and social interests substantially coincide (closer
inspection reveals that there is a small portion of the parameter space for which these do
not coincide). Firms that alter market structure in their favour invest more in R&D, and

this reflects in a cost reduction which is beneficial also to consumers.
4.4 Discussion

The properties of asymmetric networks in terms of stability are consistent with previous
results in the literature (Goyal and Moraga, 2001; Goyal and Joshi, 2003) and with the
cmphasis on asymmetric structurcs that one can find in the firms’ coalition literature
(Bloch, 1995).

Technological heterogeneity does not impact on the architectures that are possibly
stable, but that stability of different network structures does depend on J and B. Very

intuitively, the partially connected network of type 1 is the only stable network when
heterogeneity is very significant, while if technological opportunities are limited, the

partially connected networks (both of type 1 and 2) are not stable.
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Firm |, which is the unique firm belonging to its technological group, does not gain a
prominent role in any stable networks. Nevertheless, it obtains the highest profit in the
complete nctwork and it can be excluded in pairwise stable networks only in the limited
range of parameters where technological opportunities are high and technological
heterogeneity is [ow.

Comparing networks that are pairwise stable and networks maximizing aggregate
profits and social welfare, one can observe that in general at least one stable network (if
the sel of stable networks is not a singleton) is efficient, from firms* and social point of
view. The exception is the range in which the partially connected network of type 1 is
the only stable network, where profits and social welfare are maximized by a complete

network,
5 Strong stability in symmetric and asymmetric networks

In this section, we apply a stronger notion of stability to the two cases studied in the
sections 3 and 4. As we said, pairwise stabilily is a weak notion of stability, because it
considers as admissible only a small set of deviations. In particular, it does not allow for
coordinated actions of agents that form or sever more than one link. In contexis where
the number of agents is small, it seems plausible that agents can arrange more complex
deviations, to which a network must resist to be considered as stable.'®

The notions we will use is the notion of strongly stable networks, discussed in Jackson
and van den Nouweland (2003) and Dutta and Mutuswami (1997). In words, a network
is strongly stable if there are no coalitions of players that by forming or severing links
can strictly increase the payoff of the members of the coalition, where members of the
coalition can add links only among them, but they can sever links with all the agents in

the network.

'® In an allernative approach, onc could consider network formation as a non ecoperative game, in line with Myerson
(1991). Firms simultancously propose the subset of agenls they wani o be connccted with, and links are lormed only
when the proposals are reciprocated. However, Wash equillbrium is 100 weak as a solalion of concept, due to the
coordination problem that ariscs for the required double coincidence of wanls for the formation of a link. The
refincment of undominated Nash equilibrium, which is sometimes used in the literature (Goyal and Joshi, 2003), is
nol of particular-help here, because only Ihe cmpty sct as a sirategy is weakly dominated for all the parameters values.
In the four firms industry, all the symmeiric networks can be sustained as Nash equilibrium of the link formation
game, and all the symmetric networks bul the empty network can be sustained as undominaicd Nesh cquilibrium for
some range of the parameiers. Finally, it {s worth noting that the nolion of strangly stable networks we diseuss in the
texi coincides witl the notion of strong Mash equilibrium in the link formation game.
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Formally, strong stability is defined as follows:

Strong stability: define S ¢ N as a codlition in N. A network g' is obiainable from g
via S if:

(i) ifeg and ij ¢ gimplies {i.j}c S.

(i) ifeg and if & g'implies {i, 1 NS =&,

A network g is sirongly stable if there are no coalitions S and network g’ obtainable

Jrom g via S for which T1 (g > T1,(g), forall i€ S.

This definition of stability is stricl, and consequently the existence of strongly stable
networks is nol guaranteed, When existing, strongly stable networks have nice
properties. In parlicular, strongly stable networks are by definition Pareto efficient. The
definition of strong stability that we use here (which is taken from Dutta and
Mutuswami, 1997) does not imply pairwise stability as defined in section 3 (which is
the original definition by Jackson and Wolinski; 1996): in the former, establishing a
new link is an admissible deviation only if both firms are strictly better off; in the latter,
one agent can be weakly better off. However, the implication does not hold only for
parameters values that constitute the borders between areas of stability of different

network structures.'’
3.1 Strong stability in the four firms' industry

In the case of four firms, only one symmetric network turns out to be pairwise stable.
Then, we simply need here o verify if (and when) the complete network, which is
always pairwise stable, is also strongly stable,

The results are summarized in proposition 8. In proving Proposition 3, we will refer to a
particular asymmetric siructure, the friangle (denoted with #), where we have a fully
connected component of three firms (say |, 3 and 4, with 3 and 4 belonging to the same
technological group) and one firm (firm 2) is isolated. In equilibrium, profits are

IT, (1), T1,{r) and T1,(1r) (the positions of firm 3 and 4 are symmetric).

17 We will show in the next subsections why is preferable 1o adopl this version of strong stability, Another alicrnative
would be to modify the definition of pairwise stability, again with minor differences,
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Proposition 8: the complete network is almost never sirongly stable, except that for

very low technological opportunities or very high technological opporiunities. There

exists a function H, (7)’-, ) =T1,("y=TI(g"?) such ihat, for all ihe values of B and B

Jor which H, (8, B) > 0 the complete nehwork is not strongly stable.

Figure 6: strongly stable networks in the four firins industry
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Proposition 8§ is very close to a non-existence result: for a largely predominant subset
part of the parameter space, the complete network is nat strongly stable, so that there are
no symmetric petworks that are strongly stable. Nevertheless, the result has interesting
economic implications for the nature of the coalition and the deviation that turns out to
be profitable. Except that for a very limited small area in the parameter space, three
firms have the incentive to sever jointly their links towards the fourth firms, creating an
asymmelric market structure where three, “networked™ firms have a dominant position
in the product market. In particular, while firm 1 (which is the only firm in its
technological group to have connections) always prefers to be in the triangle network,

firm 2 and firm 3 do for the range of parameters shown in the figure. Furthermore, when

A and B are sufficiently high, the isolated firms is forced out of the market (g, = 0).

69



This result is interesting because it confirms the importance of asymmetric network
structures, as shown by the three firms’ analysis, and the role played by collaborative
ventures in creafing ex pos/ asymmetries in ex gnfe symmelric situations. A natural
question then is when the triangle network furns out to be pairwise stable. It can be
shown that for a significant range of paramelers (in particular, when technological
opportunities are high or technological heterogeneity is high) the triangle nctwork is not
pairwise stable because connected firms prefer to form the link with the isolated firm,'®
This leads towards the formation of a complete network, where profits for such firms
are generally lower. Although the madel is purely static, it suggests a dynamic story in
which firms have the private incentive to form very dense networks, but then they have
the “collective” incentive fo sever the links towards one firm, to exclude it from the
neiwork and create an asymmetric market structures. This has two consequences: it
suggests instability of eooperative ventures, and a cycle in alliances formation. Both

aspects are consistent with empirical evidence (Kogut, 1988; Hagedoorn, 2002).
3.2 Strong stability in the three firms’ indusiry

In the case of three firms, three structures turn out to be pairwise stable: the compleie
network, the partially connected network of type 1 and the partially connected network
of type 2.

Proposition 9 summarizes the results.

Proposition 9. the partially connected network of type 2 is never strongly stable. The
partially connected network of type 1 is always strongly stable, when is pairwise stable.

The complete network is strongly stable only when technological opportunities are low.

There exists a function H ,O(E, B =T1(p))—T1,(c) such thal the complete network is

strongly stable _for all values of B and B forwhich Hy, (B, B)<0.

" The graphical representation of pairwise stability for the triangle nctwork is reported in the appendix.
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Figure 7: strongly stable networks in the three firms industry
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In the three firms® case, the complete network, when it is pairwise stable, is very ofien
not robust to a deviation by two firms in different technological group (say firm 1 and
3). which form a coalition and sever jointly the link with firm 2. Apari a small area
where technological opportunities are low, profits of connected firms in p/ are higher
than the profits of firm 1 in a complete network. '

A partially connecied network of type 2 is never strongly stable because firms 2 and 3

have the incentive to substitute their current partner with firm 1,2

" The firm in the other {cchnalogical group always gains a higher profit in the partially connccted network of type 1.
% The same emphasis on the partially connected network is obtained if onc refers to a dynamic model of neiwork
formation (Walts, 2001; Jackson and Wat[s, 2002),

Consider the following algorithm for network formation, adapted from Watis (2001). Start from (he cmpty network al
t=(), and suppose 10 be in the range of parameters where Lhe partialty connecled network of type | is pairwise stable.
From then on, cach period a pair of firms is drawn. The 1wo firms can form a link between them, if not existing, or
scver the link, if already cxisting. The agrecment is requircd only 1o form a new link, Firms form and scver links on
the basis of comparison with profits associated with the existing network structure. Firms arc myopic: they do not
cansider the effect of their decision on subsequent choices. The process continues until a stable network is reached.
Then firms invest in R&D and market compcetition occurs,

It is siraightforward lo scc that, under this algorithm, the complcic network can emerge only for relatively small class
of historics. In particular. apart the consceutive revision of the same link, the complete neiwork emerges only if the
sequence is 23-13-12 or 23-12-13. Tnsicad, the partially connecled network of type 1 is immediately obtained
whenever the [irst two firms forming a link are firms [ and 2 or firms 2 and 3.
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The partially connected network of type 1 is always strongly stable, because there are
no deviations that can make any pair of agents strictly better off. Moreover, firm 2 has

no incentive fo move to a complete network either.”!

The refinement of strong stability clearly points out the partially connected of type | as
a natural solution for the process of network formation, This is interesting for several
reasons.

Firs, on the empirical side, the special role played by this asymmetric network is
consistent with the empirical analysis that underlies the motive of altering market
structure as an important rationale for interfirm technological agreements (Hagedoorn,
1993). Also the resutis from the analysis of the four firms’ case are in line with this
cvidence.

Second, the firm in group 2 that “succeeds™ in forming the link obtains an advantage in
terms of profits, a gain this is increasing in . This leads naturally to consider the strong
competition occurring between the two firms in the larger technological group. There
are two ways to tackle this issue. First, one can take the model as it is and solve the
problem of mulliple equilibria invoking a role for “historical accidents™ and path-
dependence, in a way that is similar to the one in Zirulia (2005). “Random” events (like
social contacts or geographical proximity) leads one firm in group 2 to form a link with
1, with long lasting effects on firms’ performance. It is interesting to observe that some
business scholars (for instance, Gulati e/ al., 2000) have underlined the importance for
firms to “rush” and form alliances with the “right™ partners in the early phases of
technological or industrial cycles. Qur simple model is consistent with this view. The
second solution is to explicitlly model such a competition, supposing for instance a role
for side payments that allows firm 1 to exploit its strong bargaining power. If side-
payments are allowed, we can expect that the firm excluded by the network would
"undercut” the other firm, transferring part of the surplus of being connected to firm 1.
In this view, firm 1 would exploit the “scarcity” of its technological resources in terms

of performance also under this architecture.

" If one uses a notion of strong stability where agents in a deviating coalition may be weakly betier off, the pantially
connecied network of type [ is never strongly stable, because the coalition of 1, which is indifferent between the [wo
partners, and the excluded partner from the network is winning,
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Third, in terms of policy, we can observe how the partially connected network is
welfare maximizing only when technological opportunities are high. There is a
significant area in the technological space (with high technological heterogeneily)
where welfare is maximized by the complele network. If technological opportunities are
not too high, a dense network is not detrimental to R&D efforts, and consequenitly it has
beneficial effecls on consumer surplus. However, firms have the incentive to alter
market structure in their favor, excluding one firm from the network. In this case, there

is possibly room for public intervention to favor industry-wide cooperation.

6. Conclusions and plan for future work

The goal of this paper was to extend the analysis of R&D network formation in a setting
when technological heterogeneity among firms is considered. First (Section 3 and 4),
the resulls were derived in terms of pairwise stability, aggregate profits and social
welfare associated with different network structures. We wanted to consider the
robustness of Goyal and Moraga’s results to a modification that seems empiricaily
relevant. We consider two classes of networks. First, we consider symmelric networks
in a four firms industry, The complete nctwork is always the only symmetric stable
network. Firm have always the incentive of altering the market structure adding a new
link, when network is not complele. Aggregate profits and social welfare are also
maximized by a complete network, if technological opportunities are not too high, so
that private and social incentives are aligned in these cases. Otherwise, less dense
networks are optimal from firms’ and society point of view. In the class of asymmetric
networks, for which the analysis has been performed in the case of three firms,
technological heterogeneily matters. Only the complete and the partially connected
networks are possibly stable, but which network is stable actually depends on the level
of heterogeneity and technological opportunities. Firms belonging to the smaller
technological group (having unique technological resources) obtain a special position in
the industry, since they can guarantee the maximum profits in the industry in every
stable network. The complete and partially connected networks are also the possible
welfare and aggregate profil maximizing networks, but social and private incentives do

not generally coincide. When technological opportunities are high, the partially
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connected network involving two firms of different technological groups is pairwise
stable and it maximizes aggregate profits and social welfare.

In section 5, we consider the refinement of strong stability, where all the possible
deviations by coalitions of agents are allowed. It turns out that, in the four firms’ case,
the complete network is very rarely strongly stable, because a coalition of three firms
has the incentive to isolate the fourth firm and create an asymmetric market structure. In
the three firms® case, the partially connected network where two firms in different
technological group are linked is for a large subset of parameter space the only strongly

siable network.

In this paper we made a number of restrictive assumptions. In particufar, we considered
the role of technological heterogeneity independently from the nature and intensity of
competition and we kept the assumptions of homogenous good and Cournot
competition. Furthermore, we consider a simple representation of technological
heterogeneity, allowing only for two types of firms. For the future, we plan to develop a
model where firms are located in a technological space that affects both the intensity of
competition and the effects of information sharing, and study the stability and efficiency

properiics of the networks as a function of firms® localization.
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Appendix

Proof of Proposition I;

The proposition immediately derives from the following expression. Symmelric expression holds for

e

e(g" ) —e(g ) =
(A-C)Bn—E" Bk BYn-k"B k" B+ )
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which is positive only for »n — 2/(3"’3—- 2B+ B +10
and finally,
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Proaf of Prapasition 2: Pairwise stability of symmelric nefworks in the four firms indusiry

We report here a sketeh of the proof of this proposition. All the computations and the relevant plots have
been performed with the help of the soflware Maple, and they arc available upon request (to:
lorenzo.zirulia@unibocconi.it).

We assume, without loss of generality, that firm | and firm 2 belong to the same technological group I,
and firm 3 and 4 belong 1o the lechnolagical group 2. Then, the procedure is as follows:

»  For each network (apart from isomorphic networks) one need to consider all the deviations that
are considered in Lthe notion of pairwise stability;

»  this yields vnit cost as a function of efforts for each firm, and consequentiy profit function;

s the first order conditions for representative firms (i.e. firms playing the same role in the network)
arc computed;

s the system of first order conditions is solved, invoking symmetry of effort for firms playing the
same role in the network;

s cquilibrium cfforts are computed, and plugged into the profit function of deviating firms;

s cquilibrium profits from the deviation and equilibrium profits in the symmetric network under
consideration are compared.

The complete nenvork is stable

In this case, the only deviation one needs to take into account is when two firms sever one link. 1t gan be
shown that independently from £, such a deviation is not profitable.

The empty network is nol stable

In this case, the possible deviations are those where two firms form a link. It ¢can be shown that for any

strictly positive value of , such a deviation is profitable. Furthermore, if 5 > 3/2 -1 12+5 , the solution
is a corner solution where, for one isolated firm, e=0 and g=0.

The network k™ = 1,k>" =1 is not stable

In this case, the deviation in which two firms belonging to different technological group, say firm | and 4,
form a link is profilable.

The network &' =0, k" =1 is not siable

In this case, the deviation in which two firms belonging to different technological group, say firm | and 4,
form a link is profilable.

The remwork k™ = 1,5~ =0 is not stable

In this case, the deviation in which two firms belonging 1o different lechnological group, say firm | and 4,
form a link is profitable.

The network k™ = 0, k> = 2 is not stable

In this case, it can be shown thar the deviation in which two firms belonging to the same technological
group, say firm land 2, form a link is profitable.
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Proaf af Propaosition 5@ Pairwise stahility in the tirree firms industry

In this case, we need to lake into account six types of structures, and studying the incentives of firms to
move from one structure (o other by forming or severing links.

Without loss of generality we assume that firm 1 belongs to technological group [, while firm 2 and 3
belong to technological group 2. Computations show that:

The empty nenvork is never stable

Any pair of firms has the incentive to form a link and moving to a partially connccted network of type |
or 2, for any strictly positive value of /.

A star network of type 1 is never siable

For any strictly positive value of [, firm 2 and firm 3 find convenient to form a link, and transform the

star I in a complele network.

/A star nenwork of 1ype 2 is never stable

Expecl that for high E and low £, firm | would prefer (o form a link with firm 3 (which is always
willing to form such a link) and make the star network of type 2 a complete nelwork. Furthermore, except
that for very low values both of £ and £, firm 2 (supposed to be the hub in the star) wants to sever

the link with firm 3 and make the network a partially connected network of type 1. It can be shown that
the arca in the parameter spaces for which the two deviations are not profitable do not intersect, so that
there is always a profitable deviation.

A complete nenwork is siable wunless 3 is very high and 3 is very low.

There is a range of values (as reported in the paper) for which firm 1 would prefer to severe Lhe link say
with 3 and make the network a star of type 2. Firm 3 is never willing to sever such a link, while it is never
profitable for firm 2 and firm 3 to sever their link.

A partially connected network of type 1 is stable unless technological opportunities are low and
technological heterogeneiiy is limited,

In this case firm 1 and firm 3 never agree on forming the link between them (there are no values of £ for
which the double coincidence of wanis hold). Firm 2 and firm 3 agree on forming a link between them
{making the network a star of type 2) for the range of values of £ and £ specified in the paper.

Indeed, firm 3 is always willing fo form such a link.

A partially connected network of type 2 Is siable if technological opporunities are high and technological
heterogeneity is limited,

Firm 2 and 3 are never willing to sever their cxisting link. While firm | always agrees on forming a link
with say firm 2, firm 2 gives its consent only for the range shown in the paper.
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FProposition 9: Pairwise stability af the triangle network

Figure 8: Pairwise stability of the triangle network.
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The evolution of R&D networks”

1. Introduction

Recently, interfirm technological agreements have played an important role in the
innovative aclivity of high-tech industries (Hagedoorn, 2002). More and more
innovation seems the result of joint R&D efforis and information sharing among firms,
in a way that has lead some authors 1o talk about “the network (of collaborating firms)
as the locus of innovation” (Powell ef al.,, 1996). The shortening of the product life
cycle, the increased competition and the complexity of the knowledge base required for
innovation force firms to cooperate even in one of the fundamental source of
compelitive advantage. Al the same time, from a policy point of view, technological
cooperation has been considered (and consequently promoted) as a factor which
positively affects industries’ and countries’ competitiveness in the US, Japan and

Europe.

An impressive number of empirical studies in the fields of sociology, economics and
business have thrown light on this phenomenon, although in a quite unsystematic way
(see Zirulia, 2005a, for a review), Similarly, from a theoretical point of view, a rich
literature in the game theoretic industrial organization tradition has discussed the effects
of R&D cooperation (Kalz, 1986; d’Aspremont and Jacquemin 1988; Kamien ef al.,
1992), while a small but growing number of works have studied the dynamics and the
effects of lechnological networks within an evolutionary framework (Gilbert ef al.,

2001; Ozman, 2003).

2 [hank Franco Malerba, Robin Cowan, Picrpaolo Battigalli, Nicolctta Corrocher, Nicola Lacetera, Bulat Sanditov,
Tommaso Ciarli, Muge Ozman and participants to seminars in Milan, Maastrichl, Eindhoven and 1o the DRUID
Winter Conltrence 2004 in Aalborg for useful commenis on previous versions of this paper. The usual diselaimers

apply.
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The present contribution falls within the theoretical literature, proposing a mode] that
focuses on the dynamics of R&D network formation. The model is inspired by the
recent papers by Goyal and Moraga (2001) and Goyal and Joshi (2003), which apply the
tools of network games (Tackson and Wolisnki, 1996) to study the formalion of R&D
networks in a static framework. Our model extends their analyses, considering explicitly
the dynamic feedbacks between market competition and firms’ incentives to engage in

collaboration.

The goal of the model is to derive propositions involving the joint dynamics of R&D
network and matket structure in the context of a model embodying as assumptions some
of the evidence on interfirm technological agreements. Both empirically and
theoretically, the study of this coevolution seems a promising direction to pursue,

basically missing in the current state of the literature.

The main result of the paper is that the R&D network can work as a strong selection
mechanism in the industry, creating ex post asymmelries in ex ante similar firms. This
is due to a self-reinforcing, path-dependent process, in which events in the early slages
industry affect firms’ survival in the long run. In this framework, both market and
technological externalities created by the formation of cooperative agreements play a
crucial role. Although it creates profound differences at the beginning, which are
reflected by an uncqual distribution of links across firms, the R&D network tends to
eliminate them as it becomes denser and denser. The nature of the technological
environment affects the speed of the transition and some of the characteristics of the

industry in the long run.

The rest of the paper is organized as follows. Section 2 describes the model, whose
analytical properties are the object of section 3. Section 4 presents results from

numerical simulations. Finally, section 5 concludes.
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2. The model
2.1 An informal description

Informally, the model can be summarized as follows. We consider the evolution of an
industry where firms can introduce process innovations only through collaborations in
an R&D activity, while remaining competitors in the market side”. Firms produce a
homogenous product, but they are generally different from the technological point of
view: they have different levels of efficiency, which result in different levels of
produclion costs, and different technological specializations, which allow

complementarities to be exploited when firms collaborate.

We consider a diserete sequence of periods /=0,1,2... Each period can be divided in two
sub-periods: the nefworking phase, where firms can modify the network structure
according to a procedure described below, and a market competition phase, where firms,
given the network structure, compete in the product market. Competition is & /a
Cournot, so that firms’ different production costs are reflected in firms® different
performances. Firms® efficiency level is the result of the history of R&D collaborations
for each firm, R&D collaborative projecls are modeled as pairwise relationships: for
each pair of firms involved in a collaborative agreement, the cost of the project is
assumed to be fixed, while its effect (a deterministic reduction in the production cost)

depends upon the technological profiles of the two firms.

In the networking phase of each period, two firms are randomly drawn to change the
current state of their pairwise relationship, leaving the state of the remaining R&D
network unaliered. Two firms that are not collaborating can start a collaboration; two
firms that are collaboraling can decide to interrupt it. Capturing the bounded rationality
of agents facing a complex evolution of network and technological capabilities, firms’
decisions are based on the short run consequences on their profits. The resulting

network for that given period determines firms” level of efficiency, firs® technological

2 We rulc ot the possibility of mergers (for instance, for antitrust rcasons).
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specializations and firms’ performance, which will constitute the new initial conditions

for the subsequent period.
2.2 Firms and market compelition

We consider a market where » firms produce a homogenous product. However, firms
are heferogeneous from the technological point of view. They are located in a bi-

dimensional technological space, and they are identified by the vector (y,,z,).
¥ €[7,.1) is a parameter measuring the productive efficiency of a firm. Tt determines

unift cost of production according to:

¢, =cl-7,) 0

a, €(0,1) characterizes the technological position of a firm, to be intended as its

fechnological specialization. We assume that ¢ does not affect directly the level of unit

cost of procduction, but it is crucial in determining the value of collaborations.

We will sometime term (y,, @, ) as firm i’s technological capabilities. Firms move over
time in the technological space, and this is the effect of the network structure.

Furthermore, we define y, €[y,.1)" as the n-dimensional vector of variable  at lime f

for all the firms; similarly, e, € (0,1)" is the vector of all technological positions at /.

Inverse demand is assumed to be linear:
p=A-0Q

where @ is the total quantity produced by firms.
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: - - : 24
Firms are characterized by zero fixed costs of production. Given ¢, , gross profits™ are
given by IT, =(p—¢,)q,. Competition is & la Cournot, and it is assumed that firms

play the (unique) Nash equilibrium in the one-stage game®. This means that the

quantity produced by each firm at time / is:

a-nc, + 3¢,
L)

3)

qu= ,
n, +1

where n, £nis the number of active firms (i.e. firms producing a strictly positive

quantity) at 7. We define N, as the subset of such firms.

For sake of simplicity, firms that are inactive al time / are supposed (o exi/ the market,
never to reappear. This in particular implies that at the beginning of period 1 all their
existing links with other firms are severed, and since period /+1 onward they are no
longer considered in the algorithm for network evolution. The discussion below on such

an algorithm will make this point clearer. In cquilibrium, gross profits are given by

H.n = (q'n)z .
2.3 The effect of the R&D network

At each moment £, following the networking phase, the industry is characterized by an
R&D nctwork g,. We define a binary variable g, e{0,[}: when g, =1, a

collaborative link exists between firm i and j at time t. The network g, € {0,112 is

then a collection of states for the pair-wise relationships among firms, We indicale with
g+ gy the network obtained by replacing g, =0 in a generic network g with g, =1,

and similarly with g-g, we denote the network obtained by replacing g, =1

il -
* Gross is referred to the cost of R&D, See below.
* The assumed functional forms of demand and cost function, together with A > ¢(l—y,) . assure the existence and

uniquencess of equilibrium in the Cournot game ( Wol (stetler, 2000).
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with g, =0. Furthermore we define N, (/) = {j eN\{i}:g, = ]}5 that is the set of firms

that have a collaboration with firm 7 at time 1.

Innovation is modeled as a deterministic reduction in the unit cost of production. A
nelwork structure corresponds to a list of collaborators for each firm. Suppose to take a

generic firm i for i, collaboration with firm j at time / has a specific valucv,,. The
economic interpretation is as follows: whenever g, =1, firms 7 and / start a new R&D

project together at time ¢, which allows them to reduce their unit cost of production to

an extent that is function ofv,, .

Therefore, such a value captures the opportunities for firm i to “learn” as a consequence
of collaboration with firm j. In this framework, we refer to the process of learning as a
process of knowledge “recombination”, an idea that dates back to Schumpeter and has
been recently rediscovered also in formal models (Weitzman, 1998; Olsson, 2000).
According to this interpretation, the creation of new knowledge relies on pre-existing
knowledge (of the pair) as major inputs. In the model, firm i’s knowledge (i.c. its
technological capabilities) is completely described by the vector(y,.,). Being
exposed to firm j's knowledge in the collaboration, firm 7 recombines its knowledge and
improves upon it to an extent that is increasing in firm j level of efficiency (which is
taken as a proxy for learning opportunities) decreasing in firm i ’s level of efficiency
(capturing decreasing returns in learning) and depending on firms’ relative
technological positions according to a well specified function. Firm’s technological

positions are modified after collaboration, too™.

This representation of the learning process has the big advantage of parsimony, since
the distribution of technological capabilities in the industry identifies both the outcome

of market competition and the effects of technological collaboration,

More specifically, the value from collaboration is given by vy, = 1(d, 00V I is

increasing iny,, since the higher is the level of efficiency of your collaborator (the

26 S . . . -
A quite similar represcniation of knowledge, in the context of knowledge ereation as knawledge recombination,
can be found in Cowan ef al. {2003).
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more it is “knowledgeable’™), the more you can learn from it. Tt is also increasing in the
value assumed by a function /, whose argument is given by the technological distance
between firms, as defined by d,(i. /) 9 &, =, |. Some authors have argued that
firms need to be technologically “not (oo distant, nor too near” for cffective
collaboration to take place (Nooteboom, 1999). This is because there are two opposing
forces: if firms are distant, their different technological specializations can create
opportunities for complementarities and synergies; but if they are too distant, they lack
the “absorptive capacity” (Cohen and Levinthal, 1989) to learn from their collaborator
and cognilive distance can harm effective communication. This conjecture has found
empirical support (Mowery et al., 1998; Sampson, 2003) and it is reflected in the
particular functional form chosen for f; which is assumed to be a concave parabola

(Cusmano, 2002):

2

S, 1) = @ =32+ ayd, G )= ad, . J)° (4)
a,

a,,ay,a, >0

fd, (. )Yz 074, ) el01]

. . . . . a
The vector (a,.a,.a,) identifies the technological characteristics of the industry. 2—2
a4,

is the optimal technological distance, as the result of the counterbalancing forces of
absorptive capacity and search for complementarities®. a, is a measure of

“technological opportunities”, being a, = max fd).
{

Given the total value of collaboration ¥V, (g,) = Zvu, . ¥, is determined by
JeN (1)

¥o= 1- e_'y‘" (5)
where

Lu = Lir—] + Vu (gr) E\.ﬂd ;{' > O

7 N » . . . .
7 Paramelers arc assumed 1o be chosen in a way thal the maxinum point lays in the appropriate interval.
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Equation (5) captures the decreasing returns in the innovative process.

Finally, we assume that through collaboralion firms modify their technological position.
Formaily:

¥ - . ,
a, =poy,+(1-p) T L, i NG #{@) (6)
JeN (D 1y

Oy =gy y otherwise

where T,y = 2 7,4, pe(O;]].
JeN.(1)

The final technological position of a firm at time f is a linear combination of its old
technological position and a weighted average of technological positions of
coliaborating firms. A firm is weighted more if it has a high efficiency level (that
implies more opportunities of learning). When p <1, firms become technologically
more “similar” to their collaborators. When p=1 (so that technological positions arc
time-invariant), firms maintain their “identity™ in the process of [earning (when they

recombine their knowledge).
2.4 The evolution of the network

Each period two firms among the ones still in the market are randomly chosen to
possibly change their network state. Firms that are not currently collaborating can
decide to form a collaborative link, firms that are already collaborating can severe the

existing link. Each link has the same probability to be revised.

We assume that maintaining a collaborative link costs each firm a fixed amount £>0 in
each period. E has to be interpreted as the firm’s contribution to the joint R&D project.

For a firm involved at time 7 in | N, (i) |collaborations, net profits are equal to

I,=I~®E.
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The proposed algorithm can be reformulated as follows: each period, two firms are
allowed to modify their portfolio of collaborations, starting a new collaboration between
each other if it does not exist, or interrupting it if exists. The state of the remaining
network is unaltered: all the other collaborations in which these firms are involved, and
the collaborations of all (he remaining irms are aulomatically confirmed. In other

words, network at time /-7 and time ¢ may differ only for the state of one link.

Suppose that at period ¢, the link j (i.e. the polential or existing link involving firms i
and ;) is randomly chosen to be updated. Define IT1, (g;c,y) as the profit for / resulting
from market competition when the network is g and the initial technological capabilities
are given by (&, 7).

If L1 =1, the Tink is severed if TT,(g, =83 7) >0, (g e .7 )—E or
I1,(8-— 8,0, 7)) > 11 (g ia, 7)) — £, while in the opposite case it is
maintained. This simply means that a firm wants to sever an existing link if profits
withoul the link and the saving on the R&D cost are higher than the profits with the

link. If g, =0, the link is formed if T1,(g,, +&,;:¢, ., 7, )—E211,(8,:¢ 5. 7)
and 11 (g, + 8y V)~ E211,(8,.5€,.:7,) - If a link does not exist, it is

formed when for both players the gain stemming from forming the link is higher than

the R&D cost they have to sustain®®,

In terms of behavioral assumptions, the proposed rule implies that agents are myopic,
since they decide only on the basis of their current pay-off, but at the same time they
have rational expectations within & given period, since during the networking phase at
time / are able to predict correctly the marginal cost of their rivals at time / and the Nash

equilibrium that will be played in the market phase.

* In order to avoid that with probability [ no link is profitable at =0, we assume that £< E"', where
max 2 2
. |- mDell-y ')+(n—2)c(1—ru) a-e(ll-y ) o
E = - : and ¥, ™ =1
e+l R

- E—A(Iﬂ+a)
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This assumption of myopic behavior aims at the representing the bounded rationality of

agents who face a highly complex and uncertain future evolution of the R&D network

and of the lechnological capabilities of firms in the industry.
3. Analytical results

In this section we provide some analytical results. First, we consider the incentives to
form collaborative links at the level of the single pair of firms. We will also show two
numerical examples, for the set of parameters we will consider in the simulations. Then
we will turn to the long run properties of the system. Although the stochastic process
generated in the model is rather complex, a clear and intuitive result holds for the

network state in the tong run.

3.1 Firms’ cooperative stralegies

Let me introduce the following function:

A- HC(] —, )(e-—-l(hf(u'(f.,r))) + C(l _ ‘yj)e—)f(d(l,j)]r, + ch
kel j

Fla,.y, {a.y) )= —

1

A-ne(l=y)+e(l=y,)+ Y ¢,

ke, j

i+ 1

Suppose (o take a generic pair of firms 7 and j. Fix the technological capabilities of the
other (n-2) firms, and from y, .k e N/{i, j} derive the unit cost of such firms. Studying
F() We can answer to the following question: how does the gross gain (i.e. the

variation in profits excluding R&D costs) for 7 of forming a link with firm j vary, as a

function of /s and i's technological capabilities?*®

. T Lo . . . .
Noticc that implicitly we resiricl our attention 10 the cases where the formation of the fink does not lead to the exil
of any ffrms.
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In order to make computation casier, we write F as:

C(] - },J)(e")-f(d(ﬂf))h - !) _ F?C(l _ yl)(e"'-?,f(df’-ﬂ) _ ])

i+

Fla,r (a.r).,)=

(q,(+i1) + ¢,(~i}))

where g,(+ij)and g, (-if}represent the quantities produced by firm 7 with and without
the link with firm j respectively, The first factor represents a necessary condition for
collaboration: the net effect of counterbalancing forces on firm i's profits given by the
reduction in its costs and in firm j costs must be positive, i.c. firms must increase the
quantity they produce {(and consequently their profits). Consistent with the existence of
an interior solution, firms 7/ and j are assumed (o be close enough so that necessary

condition is always satisfied.

We can show that the following propositions hold (the proofs can be found in the

appendix):

Proposition 1 Ceteris paribus, gains from the collaboration increase when firms'
fechnological distance move towards the “optimal technological distance”, and
decrease otherwise.

Proposition 2 Ceferis paribus, the effect of an increase of y,on the gains from the
collaboration is ambiguous. Possibly, an inverse U relation holds between y, and
gaing from collaboration.

Proposition 3 Ceferis paribus, the effect of an increase of y, on the gains from the
collaboration is ambiguous. Possibly, an inverse U relation holds berween y, and gains

Jrom collaboration.
Proposition 4 Ceteris paribus, gains from the collaboration decrease when the

remaining firms’ average efficiency increases.
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The first proposition is obvious. Proposition 2 is instead more interesting. The rationale
for the possibly non-monotonic relationship is straightforward, however. High
efficiency of a collaborator is good since your opportunities of [earning increase and the
exient it can learn from you is limited, but al the same time it is bad since efficiency is
corrclated with size. If a firm i*s potential collaborator is highly efficient, then it is
“large”. This makes / a “small” firm, in relative terms. Since we deal with process
innovation, smaller firms have lower total gains per unit of cost reduction, and their
incentive to collaborate and innovate, ceteris paribus, is smaller. This is the so-called
“cosl spreading” argument, which has been claimed to be one of the advantages in
innovation by large firms, and it has found empirical support (Cohen and Klepper,
1996).

The nature of the opposing forces is symmetric in Proposition 3. If firm 7 is highly
efficient, il assures great opportunities of learning to ils potential collaborator, and the
reduction in its unit cost is smaller in absolute value. At the same time firm 7 is “large™:

so that reduction in unit cost of production can be spread over a larger quantity.

Finally, the average efficiency of other firms (Proposition 4) comes into play through
the usual channel: its effect on firm’s size. lis increase decreases the gains from

collaboration, since it makes the firm “smaller” in relative terms.

The results show the complex nature of the inferaction between the technological and
markets aspects concerning firms’ incentives to collaborate. Furthermore they stress the
feedbacks between firms® incentives and the evolution of the network. Network
evolution affects firms’ incentive through market competition and opportunities for
learning. In turn, the network changes according to firms® decision. Firms’ stratcgics
and the network coevolve, a point that has already been raised by business scholars

(Koza and Lewin, 1998).

Figure [ and Figure 2 show the behavior of F(-) under the parameterization of the

“standard” simulation discussed in the next session. In the first case (Figure I),

7, =035 and Z }/"2 =0.35. Firm i is sufficiently small so that the inverse U
k-:f_jn_
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relationship between gains from collaboration and y emerges. When y; is large
enough (approximately 0.5), the negative effect on size prevails on the positive effect of
technological opportunities. If instead y, = 0.5 (Figure 2), firm i’s size guarantees that

an increase of y, monotonically increases the gains from collaborations.

Figure 1: Gains from collaboration-1
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3.2 The long run properiies of the system

Although the stochastic process describing the evolution of the R&D occurs on a rather
complicated state space, it is easy to derive clear results about the limit bchavior of the
network structure.

The industry ar time / is completely characterized by the state {g,,¥,,,}. Then, it is
easy to verify that the underlying stochastic process satisfies the Markov propeity.
Theorem 1, whose proof can be found in the appendix, concerns the long run propertics

of such a process.

Theorem 1 As ( — oo, each link is absent with probability 1. The absorbing siaies of
the process are characterized by the emply network, and the set of these states is

reached almost surely in the long run.

The intuition behind this result is very simple and comes directly from the existence of
marginal decreasing relurns in the outcome of collaboration. Since innovative
opportunities become smaller and smaller as firms continuously invest in R&D, while
its cost is constant and strictly positive, it will come a time where forming or
maintaining collaborative links is not convenient, irrespectively of other firms’
technological positions. Loosely speaking, when (“almost™®) everything that could be
discovered has been discovered, investing in R&D becomes unprofitable, Nevertheless,
we are mainly interested in the transition phase of the system, per se and for the way it
affects the final equilibrium is reached. This will be the subject of next section, where

numerical simulations of the model are reported.

4, Simulation results

In this section we discuss the results emerging from a series of numerical experiments
performed on the model. Although several exercises are possible, the ones reported here

are illustrative of the basic mechanisms underlying the model.

Ay . . . . R ;
Obviously, as the simulation will make clear, the precise quantification of “almost™ is endogenous 1o the modet,
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In the “standard simulation”, we consider a situation where competition is rather tough
at the beginning. Market size is 4=65, 16 firms populate the industry at time 0, and their
initial unit cost is about 47.56 (¢=50, L,, =5Vie N ). The initial network is empty. The
“optimal” technological distance is 0.25, and technological parameters are chosen in a
way thal the expected value of f{d) is 0.5, (4, =0.56,a, =0.5, a, =1), under the
assumplion of technological positions that are uniformously distributed along the
interval (0,1). The R&D cost is rather “high”, £=0.0230, and corresponds to 0.975* E ",
where E is the largest R&D cost for which firms at optimal distance will form a link

given their initial costs. p =1, so that technological positions are time-invarianl. We

run the experiments for 1000 periods, by which a steady state is reached.

Figure 3 and 4 reports the results for the average of 40 replications.

Fipnre 3

Standard Stmulation: number of acliva firma

[—
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Fignre 4
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Figure 3 reporis the number of active firms over time®'. The first immediate result is
that the number of active firms has a sudden drop around period 45: a shakeout occurs.
In the steady state, less than 8 firms on average are in the market, then slightly less than
half of the initial number of firms. The shakeout (defined as a significant and rapid
reduction in the number of firms active in the market) is indeed a typical feature of the
evolution of industries in early stages, as represented by the theory of industry life
cycles (Klepper, 1997). In the model, it is the process of network formation that creates
the shakeoui among firms that are symmetric at the beginning. In other words, the
existence of a R&D network (i.e. the possibility for firms to form cost-reducing links)

operates as a strong seleciion mechanism.

Figure 4 further elaborates on this point, and shows an interesting dynamics involving

market structure and the network of collaborating firms.

] — I . . . .
Figure: 3 reports the average number of firms active in each period across simulations. For this reason, we abseree
fraction of firms.
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The figure reports the dynamics of three variables: total ocutput produced in the market,
normalized by market size (%); market concentralion, measured by the Herfindhal

index; and network density, which is the fraction of existing links over the total number
of possible links (considering only the firms still in the market). The scales of these
variables are different. For preserving readability and comparison of behavior over time,
total quantity and density are to be read along the left axis, while the right axis is for the
Herfindhal index.

The evolution of the indusiry can be described in the following terms. At the beginning
the density of the network is growing relatively slowly. Since R&D costs are relatively
high, market relatively small and the average level of efficiency in the industry low,
firms need to find pariners localed almost at the optimal technological distance, and this
process is assumed not be instantancous. This creates differences in the relative
competitiveness of firms, expressed by a sharp in increase in the concentration index. In
any case, given the low average level of efficiency in the market, the process of
“knowledge recombination® is reflected by a limited growth rate for total output, which,

given the assumptions, is only depending on the average cfficiency of firms.

When the shakeout occurs, the time series for the network density has a break: this is
due to the fact that the firms exiting the market have typically no links, and then they
were lowering the average number of links. However, the process of links formation
continues, until a complefe network (density 1) emerges for around 100 periods.
Concenlration continues to grow, but then it starts declining when the density reaches a
sufficiently high level: the network operates first as a mechanism creating different
efficiency levels and then as a mechanism favoring the “catching-up” of relatively less
efficient firms™.

For around 100 periods, therefore, we can observe a sorl of “steady state”, where almost

equal size firms operate in a complete network.

The behavior of total output, reflecting the behavior of average efficiency, follows an S-

shaped curve. The growth rate of total oulput is the highest during the formation of the

2 This resull is clearly associated 1o the asymptotic nature of the cost funciion: knowlcdge is always created, if a frm
is connceted, but al a desreasing rate.
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network afler the shakeout. In this period, the increasing density of the network,
together with an increase in the average level of efficiency (creafing more opportunities
for recombination) and the fact thal marginal decreasing returns are not limiting
innovative opportunities yet, generate a high level of growth. Tnterestingly, the
inflection point in the output series roughly corresponds to the time in which a complete
network is formed. Then, the “steady state” in market structure and network dynamics is
accompanicd by a low growth of the average efficiency.

Since we model innovation as a process in which knowledge is both an input and an
output, we can also interpret the resulls claiming that while in the early phases network
formation mainly drives the creation of knowledge, in the late stage it is existence of a
large pool of knowledge which preserves the incentive for firms to form new links (i.e.
the causc-cffect relation between network formation and knowledge creation is reversed

while time elapses).

The final period occurs when technological opportunities have substantially been
depleted. Total output and market shares stabilize, and simply some time is required for
firms to severe their link. The final long run equilibrium is then reached when the

empty network is finally obtained.

It is also interesting to look at the evolution of the network structure over time,
especially for the phase immediately preceding and following the shakeout.
Figure 5 reports the behavior of the group degree centralization index over the

simulation time.
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Figure 5

Standard SImulation: degree centralization

0.25

f.4 —_—

0.3

025 -

a2

015 +

0.1,

0.05 -

This index takes a firm’s degree (its number of links) as its centrality measure, and it
basically summarizes how the links are distributed across firms. Tt takes value 0 when
all the firms have the same number of links (as it happens in a regular network, like the
complete network), and value | in a star, where there is one firm connected to all the

others, and no other links exist (Wasserman and Faust, 1994),

The index shows a marked growth until the shakeout period: this implies, in substance,
that in this phase links are more and more unequally distributed across firms. Then, the
value of the index falls down in a similar way, to reach the value of zero when the
network becomes complete. Then it naturally grows again, when firms start removing

their links, and comes back to zero, when the network is emply,
4.1 Discussion
Two main results deserve further explanations. The first major point is that, even firms

are symmetric ex gnle, the opportunity of forming R&D links can generate profound

asymmetries ex post: in the long run, these are reflected in firms® survival.
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Table 1 reports the slatistics concerning the number of links for firms at period 40 (just
before the shake-out) and their survival in the long run. The variable /ink40 takes value
1 if the firm has at least one link at period 40; the variable surviving has value 1 if the

firm survives the shakeout.

Tabhlc |

Surviving
Link40 0 I Total
0 303 3 306
| 48 286 334
Total 331 289

The table clearly shows that firms exiting the markel are firms without links.
Furthermore, an inspection of the network structure in the initial phasc shows that the
network structure, at the shake-out, is typically given by a single component of
connected firms, while remaining firms are disconnected. A firsl strong selection occurs
between firms that are in network, and survive at the first shakeout, and firms that “are
not able” o join the network “rcasonably” soon®. The fact thal firms without links
eventually exit the market is not obviously surprising, since it is the natural
consequence of the assumption that costs are reduced only through collaborations. The
interesting point is the mechanism through which some firms are excluded by the R&D
network.

Second, we need to explain also the evolution of the network structure, in particular the
increase in centralization in the initial phase. The firms’ polarization in two groups of
connecied and disconnected firms is a candidate for a first basic explanation, but the

evolution wirhin the main component can also be an important determinant.

We will show that both the selection process and the evolution of the network structure
are driven by a self-reinforcing, path-dependent process, in which events in the early

stages of industry affect firms’ centrality in the initial network with long term

¥ However, as the follnwing example of a sin gle run will illustrate, belonging to the main component is a necessary
but not sufTicient condition to survive,
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consequences in terms of survival (Arthur, 1990). Forming links at the very beginning
(which in the model is due to random factors, and in the real world could correspond to
differenl managerial practices, social contacts or other small “historical accident™
affecting firms® networking propensity) propels a positive feedback mechanism that
favors the centrality of such firms, and entraps excluded firms in their status. However,
among the surviving firm, the negative feedbacks end up prevailing, and firms converge

in market shares and efficiency levels.

The first mover advantage of firms forming links at the very beginning comes from the
net cffeets of forces described in the previous section. Firms that are “lucky™ and form
links in the first periods become larger than the other firms. This increases their
incentive to form new links, considering also that in this early phase decreasing returns
are not substantial yet. At the same time, large firms are more efficient and competent
(indeed, they are larger because they arc more efficient) and they offer their
collaborators more opportunities to learn. A complementarity exists between “large®
and “small” firms: large firms are willing to cooperate because of the “cost spreading”
argument and possibly because of the scarch for technological complementarilies; small
firms are willing to collaborate because of the high level of competences they can find,
The final effect of this process is the tendency to reinforce the centrality of first movers
firms, which results in the sharp increase of the centralization index. This process comes
naturally to an end since the nomber of possible links to be formed is limited. This
corresponds to the phase of industry maturity, when the network becomes complete.

At the same time, firms that are not able to form links in the initial phase are excluded
by the subsequent process of the network Fformation: their incentive to start
collaborations decreases because such firms are getting smaller and smaller, and they
are a limited source of learning opportunities for their potential collaborators.

Overall, this suggests an industrial structure where one can identify three kinds of firms,
identified by their position in the network in the initial phase: 1) isolated firms, which
are never able to join the network, being trapped in a self-reinforcing mechanism of
exclusion, and which end up exiting the market; 2) central actors, whose position is
strongly path-dependent and that can gain a (temporary) leadership in the market; 3)

(temporarily) peripheral actors, that is firms that are active in the network in relatively
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laggard positions, but are destined to catch up with the leader, if able to survive the

shakeout,

For a quantitative assessment, we have run two OLS regression on the data generated by
the simulations. We considered the variation on the number of links between period 40
and period 10 as dependent variable (new/ink40), and we regressed it on the number of
times a firm has been called to change its network status from period 10 to period 40
(newcalled4() and on the number of links the firm have al period 10 (/inkl0). In a
sparse network, the first variable is clearly supposed to have a positive coefficient.
Table 2 shows that, at the beginning of the life cycle, also the sign of the coefficient for
the second variahle is positive, and significant. We have the confirmation that the
“Matthew effect™ is at work here: firms that are more central at the very beginning are
more likely to attract new collaborators in the following periods. This property is often

found in networks of alliances (see, for instance, Powell ef al, 1996).

Tahle 2
newlink40 Coeff. Std. Err t P>t
newcalled 0.2363637 0.0195672 12.08 0.000
linkl10 0.7089678 0.0574208 [2.35 0.000
constani 0.3405201 0.0848473 -4.01 0.000
Number  of | 640
obs
F(2,637) 149.58 ) T
R-squared 03196

¥ The term refers to the Gospel According to St Matihcw: “For unto every one that hath shall be give, and shall have
abundange: but from him thai hath not shall be laken away even that which he hath”.
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Concerning the selection process, the picture so far must be enriched including the role
played by the externalities arising in the process of network formation. When two firms
form a link, they always creale a negative externality upon the remaining firms
(“business stealing” effect). However, when two firms start to collaborate, this also
creates a positive “lechnological externality”, but only for firms connected with these
two firms. The new projects, indeed, increase the rate of growth of efficiency of the two
partners, with a positive effect on the technological opportunities for their collaborator.
The increasing nctwork density is strongly penalizing for firms outside the active
network at the beginning strongly penalized by the increase in the network density,

since they find increasingly difficult to join the network,

In commenting the results, there is an important final remark that has to be done. The
results of the model are not purely dependent on the randomness associated to link
revision. In particular, the shake-out is not simply driven by the fact that some firms are
not drawn to form links. Randomness plays a role because it perturbs an initially
symmetric situation, giving some firms an initial advantage. After that, an economic
self-reinforcing mechanism operates, which significantly reduces the role of
randomness. In other words, the model shows the instability of a symmetric market
structure, when firms can form pairwise links. For this reason, it scems reasonable to
start with an emply network in a symmetric set-up (in terms’ of efficiency levels). If the
network at time /=0 were a random network, this would simply guaraniee some firms
(the firms with more collaboration at the starting time) an exogenously given advaniage,
which would increase the probability of such firms to become central actors in the
evolution of the network. The same argument applies if one removes the assumption of
equally efficient firms at /=0, Furthermore, as section 4.3 will show, the results do not

depend on isolated firms being fixed in their level of efficiency.

We consider now a single run as an illustrative example. In this history, the final
number of surviving firms is 6. The shakeout occurs at period 67, when 7 firms (the
ones without links) exit the market. However, the Jong run number of firms is reached

only at period 921.
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The following graphs show how neiwork structure at period 20, 40 and 70, respectively.
Table 2 summarizes the characteristics of firms at period 70, that is just after the
shakeout (“Experience” is the total number of project performed by firms; “Surviving”,

as before, is 1 if the firm is active in the market in steady state, 0 otherwise).

Single run: R&D netvork at =20
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Single run: R&D network ad =70
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Table 2: Singfc run, standard simalation, market and network stroclore al /=78

Perlod 70 Fim 1 Fim3  |Fimd Finn 5 Firm 11 |Fim 12 |Fime 13 [Firmi4  |Firm 15

NumberOiLinks 5 4 i 1 3 5 2 7 4
Profit 6.788736] 7.823927) 0.269002| 0.108898) 1.07813| 7.401257[ 0.8236864| 17,00422] 5.864725
Quaniity 2.627496( 2.813626] 0.531123| 0471081| 1.071042] 2741579 0.93255B] 4.143083{ 2.461041
Alfa 0.284422| 0.168737 0.259| 0.896858| 0.101304] 0.013809| 0.660202] 0,477916| 0,228852
Gamma 0.1084) 0112121 0.086473| 0.065272) 0.077271] 0.110682| 0.074502] 0.138712] 0.105071
Markat Share 0.147674| 0.15813| 0.020851] 0.026475| 0.060198] 0.154086] 0.052413} 0.232856| 0.13B318
Experience 146 160 34 33 72 181 G0 280 134
Sunsdving 1 1 Q a 1 i 0 i 1

At period 20 the network is very sparse. Only four links are activated, but already two
firms show prominence, firm 12 and firm 14, which are the center of the two star
componenis. Al period 40, the main component has a structure that resembles a star:
firm 14 is very central, while firm 12 has remained stuck with its two initial
collaborators. Finally, after the shakeout (period 70), the network is very dense, firm 14
has maintained its prominent position, with other firms catching up in the number of
links. Notice how not all firms belonging to the R&D network will survive: not

surprisingly, firms in a weak position (firm 4, 5 and 13) will finally exit the market.
4.2 Comparative dynamics
A natural question concerns possible exercises of comparative dynamics. In theory,

several different parameterizations can be discussed. Here, we consider briefly two of

them.
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First, we increase technological opportunities. a,,4,,4, are chosen in a way that the

expected value of f{d) becomes 0.75 (instead of 0.5). The opportunities for
“knowledge” recombination within collaborative projects increase, making
collaboration more attractive, ceferis paribus. Notice that high opportunity here does not
mean that there is “more” to learn in the long run (unit cost is bounded from below, and
it always (potentially) converges to 0), but simply that it is easier. The cffect on market
structure seems ambiguous, a priori. On one hand, more firms can engage in
collaboration, especiaily at the beginning. On the other hand, the average efficiency
growth rate is expected to be higher, and this is detrimental for the survival of firms that
do not join immediately the network. As figures show, both cffects are at work: with
“high opportunities”, the equilibrium number of firms is higher {the long run level of
concentration is lower), but the shakeoui occurs typically earlier. Technological
progress is faster, as expected. Nolice, finally, that the network does not reach density 1.
This is easily explained by the fact that the faster depletion of innovative opportunities

makes inconvenient the formation of links before a complete network is reached.
Figure 6
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** In particular, @, = 0.84375, a, = 0.75 a, =15

106



Finally, we have until now considered time invariant lechnological positions. Empirical
evidence suggests indeed that interfirm technological agrecements are important in
explaining the movement of firms over time, and they can lead firms to become

technologically more similar at the dyadic level (Mowery et al, 1998).

For a first study on the impact of variation of p on network evolution, we consider the

case where technological heterogencity matlers in the outcome of collaboration, fixing
the optimal distance at 0.5 (but keeping fixed the expected value of ).

For this case, we run two sets of simulation, one with p =1, the other with p<I
(p=0.99).

The results are reported in Figure 7 and 8.

Fignre 7

Rho 1 oplfmnl distnnes 0.5 : tatnl quantity, Mnftndhat Indox ond density of the natwork,
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The first remarks concern the comparison between the first case and the standard
simulation. Although the qualitative picture is rather similar, one can observe a slightly
higher level of concentration in the long run. This is due to the relationship between the

optimal distance and the initial distribution of technological positions. It is intuitive to

™ a, = 05517, a, = a, = 2.2069
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see that, once the assumption of uniformously distributed firms is maintained,
increasing the oplimal technological distance over a certain threshold makes less likely
to find a partner around the optimal level, especially for firms in the middle of the
technological interval. Since at the beginning this is what really matters, more frictions
are introduced in the search of a salisfying partner. Firms lucky enough to find right
partners get a stronger advantage. Progress is less rapid, concentration is higher and the
network less dense. This is clearly an example which shows that the hypothesis on the
initial distribution of firms matters, especially for certain technological environments,
because it affects the oppertunity for cooperation in the industry. This aspect deserves

further analysis in the future.

Figure 8
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The changes when p <l are indeed quite radical. At the beginning the evolution is

pretty much the same. This is nol surprising, since in any case the process of
technological convergence takes time. The real difference occurs after the shakeout, The
process of network formation quite soon comes to an end. The reason for that is simple:
the emergence of one single component inevitably lead to the overall convergence (o a
single technological position, which is detrimental for innovation. In the forty

replications, the final value of the average technological distance lies in the interval
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[0.002,0.02]. This implies that both technological progress and convergence in market

shares stop.

This result shows the important role that entry, a factor not considered in the model, can
actually play. In a “relatively” mature industry, in which the technological positions of
incumbents have converged, new entrants have an imporlant role to play. They can
bring in a precious resource: different capabilities. This also can help the new firms to
survive in the market, although less efficient, because of their role in the network.
Extending the model to the role of new entrants is an interesting exercise that we plan to

realize.
4.3 Fxtensions

In this section we check the robustness of the results with respect to two main
assumptions of the models. First, we implement two other algorithms driving the
formation of the R&D network; second, we introduce, although in a very simple way,
an alternative way for cost reduction. Overall, the model exhibils robustness with

respect to these changes.

Concerning the rules for links revision, it has been maintained the hypothesis of
revision of one link per period. Given this restriction, two different algorithms have
been considered. The first one can be defined as “socially oriented”, and it aims at
capturing the idea that meetings are more likely between firms that have collaborators in

common.
In practice, the algorithm works as follows:

a) One firm is picked up randomly. Each firm has the same the probability to be chosen.

" N A (] : . N
b) With probability I—Ll)l the firm revises the state of onc of ils existing links;
n—

othcrwise, the firms revise the state of one of its non-existing links.
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¢) In the case of revision of an existing link, a firm je N, (1) is chosen with uniform
probability.
d) In the case of revision of a non-existing link, a given firm j is chosen by 7 to revise

the state of the link with probability:

L+|N, () N, (1)
SN, (AN,

ka Ny (1)

i.e. the probability of "meeting” is proportional to the number of collaborators that the

two firms have in common.

The second algorithm will be labeled as “economically oriented”. It is meant to capture

the active, “rational” firm’s search for optimal partners.

a) One firm is picked up. Each firm has the same the probability to be chosen.
b) For eachk =i, net profits for i resulting from the meeting with & are computed. In
patticular, if the link ik does not exist, firm i correctly predicts the willingness of & {o

cooperate or not. We indicate with IT, (ik) such profits.

c) The firm j that is actually chosen is given by:

= arg max T, (ik
J S anin 2 (k)

In case of ties, the one with the highest index is chosen.

Figure 9 and 10 reports the Herfindhal index, the total output and network density for
the same parameterization of the “Standard” case, when the algorithms of network
formation are respectively the “socially” oriented algorithm and the “economically”

oriented-one.

110




Figure 8

"Soclally ofenicd™ algorithm; total quantily, Hefindhal index and density of e nativark

1.2 - - 0,08
1,08
y [
0,14
0.8 4 0,12
6,1
6 -
a.0s
0.2 e
40M
B2 - _———— 1
o Tolal Cutpun 0,02
—Densty ’
- —Hetfinghel |
o - - o
3 15 28 43 57 70 85 BY 113 127 141 155 163 783 507 291 225 210 253 287 251 205 300 323 337 251 365 370 313
Figure 10
"economically oriented™ algorithm: tofal quaniity, Herfindhal Indox and density of the network
12— — — r 0,18
Yoas
; - —
\\_/) Th
i - 1
08 el \ _ - - {02
<04
0'6 (Y A - —_—— _—— — = —
0.0
04 - — 0,08
— Total Dutpm
*—Densily
~——Harfnchat 1 0,04
0.2 4 — - .
002
] = 0

1 45 29 43 57 71 B5 99 113127 141 155 169 122 157 211 225 23D 253 267 251 285 300 323 337 358 355 279 303

111



The effects of the “socially” oriented algorithm are negligible. The results are easy to
interpret. What is crucial in the model are the first links formed, when the self-
reinforcing mechanism is at the work. Since at the beginning the network is sparse, the
probability of meeting is basically uniform, and the differences are nccessarily of minor
importance. When the network has reached a sufficiently high density (i.e. in the
periods just preceding the shake out), firms active in the network become significantly
more likely 1o meet. Bul these firms are also the more likely to be willing to start
cooperation, since they arc larger and more competent. The effect, then, is simply to
make the convergence towards the complele network slightly more rapid, and
consequently the shake-out slightly more rapid, without an impact on the gualitative
behavior of the series.

The “economically oriented” algorithm has instead a more significant effect. This is
similar fo an increase in technological opportunities: the shakeoul occurs earlier, but
involves fewer firms. This algorithm substantially reduces the frictions in the netwaork
formation, and then ii leads io a stronger role of the first mover advanlage. Larger firms
at the very beginning have more incentives to form new agreements, so they can look
around for complementarities among the "small firms"; small firms can look for the
largest firm. In this way, more links are formed: the shakeout is anticipated (because the
exclusion process starls in advance) but involves fewer firms. In any case, the selection

process is quite strong,

In terms of alternative way of cost reduction, a very simple formulation has been
considered. We relax the assumption that costs can be reduced only through
collaboration. Each period, each firm is assumed to start an "in-house” R&D project.
More generally, other factors (for instance, learning by doing) can lead to this reduction
in costs. The strongest assumption is that this process of cost reduction does not require
any investment by the firm, Introducing explicitly an R&D cost (say a fixed cost similar
to the costs required for cooperative R&D) in the framework of a simultaneous game
would create a problem of multiple equilibria, when firms are close enough in efficiency
level (i.e. size). Even if one assumed some rule to pick up one equilibrium, this would

be too complex o implement.
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In economic terms, this assumption can be justified by claiming that collaborative
projects are typically started for larger, more costly {(and with higher benefits) projects
than in-house R&D. The assumption of no cost approximates a sitvation where each
firm can always cover the costs of internal R&D, and the costs can be consequently not
modelled. Furthermore, in the present context, we introduce in-house R&D to check the
robustness of the results, and not to fully model the choice between in-house and
cooperative R&D. Here, one major point is to check the robustness of the selection
result due to the network formation. With positive costs (and indivisibility), very small
firms would not invest in R&D alone either (for the cost spreading argument). Then the
“no. cost” situation can be interpreted an upper bound for outcome of the selection

process: selection cannot be stronger than the case of “costless™ R&D.

Following the notation of the paper, we label v, the value of such an in-house project.

We consider two possible formulations:

vy = (0,
vy, = (0

In the first case, we deal with a cumulative process: more competent firms have more
valuable in-house projects; in the second case, instead, the value is independent from
firm's level of efficiency. This second case is clearly more favorable to 'laggard' firms,

and it is introduced mostly as a benchmark case.
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The effect of this modification (Figure 11 and 12) goes indeed in the predicted
direction: selection is less strong, In the "cumulative" version (Figure 11, with 8 = 0.4),
results are very similar to the “standard simulation™. Indeed, in this formulation, in
house R&D and cooperative R&D arc complementary, in the sense that starting

cooperative projects increases the value of in-house R&D, and the presence of in-house
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R&D increases the incentive of cooperative R&D through its effect on size. Then the

two effects, strengthening and weakening the selection process, substantially cancel out.

In the second case, the effect of decreased concentration is stronger. In this case (Figure
12), #=0.2and /=0.5, which means that in-house R&D is equivalent to a collaboration
with a firm having the same technological position and efficiency 0.1. However, the
main poinl here is that the results of the model respond “smoothly” to a limited ability
of firm to progress autonomously in cost reduction: the logic in the arguments put forth

in the previous sub-section is still valid.

5. Conclusion

In this paper we have presented a model of dynamic R&D network formation, in which
the focus is explicitly on the joint dynamics of markel structure, firms’ technological
capahilities and network evolution. First, through an analytical experiment, we have
spelled oul more clearly the effects of markel competition and technological
opportunities on the firms’ incentive to collaborate. Then, we have showed results from
numerical simulations. They clearly show the general importance of R&D networks as
powerful selection mechanism, leading firms that are not able to join the network or that
occupy weak positions to exit the market. At the same time, in the long run the network
levels out the differences among the surviving firms, through a process of
“densification” of the network that leads to the emergence of a complete or almost
complete network in the phase of industry maturity. Also, we have also shown how the
rate of technical progress, in the form of “high opportunity” or avaibility of partners,
can affect the industry structure in the long run; we have pointed out the detrimental
effect on innovation generated by a slow process of technological converge among
firms; we have shown that the model is robust to the proposed modifications of the

network formation algorithm and to a simple introduction of in-house R&D.

Two final remarks. From a theoretical point of view, il is interesting to compare our
results with the analyses by Goyal and Joshi (2003) and Goyal and Moraga (2001). In

particular, when they restrict their attention to symmetric networks, Goval and Moraga



show the stability of the complete network. However, in the simplified framework with
three firms, Goyal and Moraga show also the stability of some forms of asymmetric
networks, in which possibly one of the firms can be forced out of the market when
excluded by the network (Zirulia, 2005b, extends their results to heterogeneous firms).
In general, they maintain a role for asymmetric networks in having profound effects on
market structure, a claim thal is consistent with the empirical evidence on the firms’
motivation to engage in collaboration (Hagedoorn, 1993). In a sense, our model
reconciles these two results, assigning symmetric and asymmetric networks different
roles in different phases of the industry.

From the empirical point of view, systematic analyses of the role and effect of R&D
network on industry evolution are still missing. However, the model seems consistent
with the appreciative argument on the emergence of “knowledge-based networked
oligopolies” (Delapierre and Mytelka, 1998). In seclors like pharmaceuticals and ICT, a
denser and denser network is emerging, involving the big players at the global level®.
Furthermore, this web of alliances constitutes a significant barrier to entry (in the
model, a barrier to survival), when rapid technical progress and strong competition

make impossible a stand-alone sfrategy.
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Appendix

Proof of Proposition

Simplc derivalions show that:

oF A _},I)(e-l(nfm(r.ﬂ) -D=y,0-7)1 _ gVt
ad(’:j) ( 2 k] (IJ))C ]
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As long as firms are close enough, the sccond factor is positive™. The sign of the derivative is then
defermined by a, —a,d(i, j), which is positive i firms® distance is lower than the optimal one, and

negative otherwise,

Proof of Proposition 2

Deriving one obtains:

aF- nAr(d iy 1— E‘JJ’;J"("!UJD +1 _e—lhf(d{l.f)) y N
_ o G0 ) 9.+, -39

dy, n+l
o Aop ) -1y —n -y ™D 1) dg, (i) g, (=i7)
n+l d?’_, d}’j

The quantities in the first two square brackets are positive, so it is the first addend. The sign of the second
addend depends on

dg, (i) da,(=if) _ el (@G, (i = y eI 00D |
dy; dy, n+1

which is negative for A sufficiently small.
From the study of the second derivative, it can be shown that it is negative for A sufficiently small. Then
the point (if any)} where the clerivative becomes 0 must be a maximum point. If gains from the

collaboration are positive, there are consequently three possible cases: the increase in ¥ f 1) has always a

positive effect; 2) has always a negative effect; 3) has a positive effect initially, and then has a negative
effect,

Proof of Proposition 3

Deriving one obtains:

oF = 27(dl. D)1=y, de 60D g pgmni@on _
e
0y, n+1

e (] - .V_, )(e“iﬂdﬁ.ﬂh _ I) - n(] _ }’,I)(e—lr,’f{d(JJ» _ 1) dql (+1fi) . dq‘ (""‘if)
N+l dy, dy,

D o,y +q, 0]

The first addend is negative, while, if the necessary condition for positive gain holds, the sign of the
da, (+1)) . dg, (1)
dy, dy,

second addend depends on ’:

Notice however that the condition of positivity here is strieter than the necessary condition of positive gains from
collaboration.
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It can be shown that:

dg,(+ij) _ dg,(=ip)|_ | n+e Ny ==y YA @G, jpe D
+ =c
dy, dy, n+1

The first quantity in square brackets is larger than |, while the second is smaller than 1 for 47 (d(i, /)

small. Their difference is then positive,
2

The overall effect is ambiguous, Studying the second derivative, one gels 7 <0 for Asufficiently
!
small. Then the point (il any) where the derivative becomes 0 must be a maximum point. There are

consequently three possible cases: the increase in y, 1) has always a positive effect; 2) has always a
negative effect; 3) has a positive effect initially, and then a negative cffect.

Proof af Proposition 4

The proposition comes directly from:

aF 2 | (1- 7, )(e-?f(rf{r.,t)h —1)=n(l- 7, )(e—/ly,f(d(r,j)) 1)
03 ¢ Cn n+1

Proof of Theorem 1

We consider the situation where a stable oligopolistic structurc has emerged, in the sense that the number

of firms will remain constant in the future (the markel structure at time ¢ will be maintained in all the

. . A”"lcn ; . . 2
periods if T> 0 VieN,). We have to prove that limPr(g, =1)=0Vije N;. If
n —a

'

limPr(g,, =1)#0 we would have limy, =limy, =1. By continuity of 7(-} (which is the gain

) 4 P " J

function defined in section 4.1), this implies lim Fy{er,,»,) =1im F,(e,,»,) = 0. But then, since
] 1w

£>0, the link will asymptotically become unprofitable. Given that each link is updated with a positive

probability, it will be severed with probability 1 as £ — ¢, and then we have the initial claim.
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