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Centrality of regions in R&D networks: a new measurement
approach using the concept of bridging paths

Laurent R. Bergé?, Iris Wanzenbock® and Thomas Scherngell®

ABSTRACT

Centrality of regions in R&D networks: a new measurement approach using the concept of bridging paths. Regional
Studies. This paper introduces a novel measure of regional centrality in the context of research and development (R&D)
networks. It first demonstrates some substantial problems of social network analysis (SNA)-based centrality measures to
cope with regional R&D networks in a meaningful way. It then proposes a new measurement approach of regional
network centrality based on the concept of interregional bridging paths (indirect connections at the regional level). The
paper shows that the formal definition of the regional bridging centrality measure can be expressed in terms of three
simple components: the participation intensity of a region in interregional R&D collaborations; its relative outward
orientation in terms of all established links; and its diversification of R&D collaborations among partner regions. The
measure and its behaviour with respect to other conventional centrality measures are illustrated by its application to the
European co-patent network at the NUTS-2 level.

KEYWORDS
network centrality of regions; interregional R&D networks; interregional bridges; aggregated networks; co-patent networks
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RESUME

La centralité des régions dans les réseaux de R et D: une nouvelle méthode de mesure employant la notion de liens de
connexité. Regional Studies. Cet article présente une mesure originale de la centralité régionale dans le cadre des réseaux
de recherche et de développement (R et D). Il démontre, dans un premier temps, certains problémes importants
concernant des mesures de la centralité basées sur I'analyse des réseaux sociaux (Social Network Analysis; SNA) pour faire
face aux réseaux de R et D de facon significative. Il propose ensuite une nouvelle méthode de mesure de la centralité des
réseaux régionaux fondée sur la notion de liens de connexité interrégionaux (des liens indirects au niveau régional).
Larticle montre que la définition officielle de la mesure des liens de connexité régionale peut étre exprimée en termes de
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trois composants tres simples: le taux de participation d'une région aux collaborations en R et D; son orientation relative vers
I'extérieur en termes de toutes les connexions bien établies; et sa diversification des collaborations en R et D parmi les régions
partenaires. La mesure et son comportement par rapport a d'autres mesures de la centralité sont illustrés par I'application de
I'exemple du réseau européen en matiere de brevets conjoints au niveau NUTS 2.

MOTS-CLES
centralité interrégionale; réseaux de R et D interrégionaux; connexité interrégionale; réseaux agrégés; réseaux de brevets conjoints

ZUSAMMENFASSUNG

Zentralitat von Regionen in F&E Netzwerken: Ein neuer Messansatz unter Verwendung des ‘bridging paths’ Konzeptes.
Regional Studies. In dieser Arbeit wird ein neues MaB zur Erfassung der Zentralitdt von Regionen in F&E Netzwerken
vorgestellt. Ausgehend von konzeptionellen Problemen bei der Verwendung konventioneller MaBe der Sozialen
Netzwerkanalyse (SNA) bei der Anwendung auf diskrete réumliche Aggregate, wie zB Regionen, wird ein neuer
Messansatz vorgeschlagen. Basierend auf dem Konzept der ‘bridging paths’ (indirekte Verknipfungen zwischen
Regionen) wird gezeigt, dass die sogenannte ‘Bridging’-Zentralitdt einer Region formal eine Funktion von drei
Komponenten darstellt: die Beteiligungsintensitat einer Region im Netzwerk, deren relative AuBenorientierung und die
Diversifikation ihrer Verbindungen. Die Funktionsweise des neuen MaBes wird durch dessen Anwendung auf das
europaische Ko-Patentnetzwerk auf der Ebene von NUTS-2 Regionen illustriert.

SCHLUSSELWORTER
Netzwerkzentralitdt von Regionen; interregionale F&E-Netzwerke; interregionale Briicken; aggregierte Netzwerke; Kopatent-Netzwerke

RESUMEN

Centralidad de las regiones en redes de 14+D: un nuevo enfoque de medicién mediante el concepto de rutas vinculadas.
Regional Studies. En este articulo introducimos una nueva medida de centralidad regional en el contexto de las redes de
investigacion y desarrollo (I14+D). Primero mostramos algunos problemas sustanciales de las medidas de centralidad
basadas en el anélisis de las redes sociales a la hora de tratar con las redes regionales de [4+D mediante un método
l6gico. Luego proponemos un nuevo enfoque de medicidon de la centralidad de las redes regionales basado en el
concepto de rutas vinculadas interregionales (conexiones indirectas de ambito regional). Mostramos que la definicién
formal de la medida de la centralidad de vinculos regionales puede expresarse en términos de tres componentes
simples: la intensidad de la participacidon de una regién en las colaboraciones interregionales de 1+D, su relativa
orientacion externa en términos de todos los vinculos establecidos y su diversificacién de las colaboraciones de [+D
entre las regiones asociadas. La medida y su comportamiento con respecto a otras medidas de centralidad
convencionales se ilustran por su aplicacién en la red europea de patentes compartidas en el nivel NUTS-2.

PALABRAS CLAVES
centralidad de las redes de regiones; redes interregionales de |+D; vinculos interregionales; redes agregadas; redes de patentes
compartidas
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INTRODUCTION

Today it is widely recognized that external knowledge
sources accessible via networks and collaborations in
research and development (R&D) have become an essen-
tial component for innovating organizations (e.g., Powell
& Grodal, 2005; Wuchty, Jones, & Uzzi, 2007). Up to
now, most studies have emphasized the crucial role of the
ability to adopt external knowledge in the form of learning
capabilities, such as technical or methodological skills, in
order to apply the externally tapped knowledge in the
organizational innovation process. However, recently also
the importance of a particular relative network positioning
to access external knowledge has been highlighted and
attracted increasing attention (e.g., Ahuja, 2000; Gilsing,
Nooteboom, Vanhaverbeke, Duysters, & van den Oord,
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2008; Owen-Smith & Powell, 2004). It is assumed that
not only the ability to learn but also a favourable
position for a more efficient access to external knowledge
is crucial.

From a network theoretical perspective, such a favour-
able positioning is referred to as centrality of network
vertices (Borgatti, 2005), where — in terms of R&D —
these vertices represent knowledge-producing actors inter-
linked via edges representing knowledge flows. Actors
showing a more central network position will more likely
benefit from network advantages. This argument has
been taken up at the regional level in recent regional science
literature, where regions — constituting the aggregate of its
knowledge producing organizations — are treated as rel-
evant units of observation. In this context, the notion of
interregional R&D collaboration networks has come into
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use (e.g., Autant-Bernard, Mairesse, & Massard, 2007)
where regions are the network nodes representing distinct
pools of knowledge, which are assumed to get into motion
via the R&D relations between these regions, constituting
the edges in the network.

Such a network representation has developed into an
analytical vehicle that has been applied to investigate the
geography of R&D networks (Scherngell, 2013), in par-
ticular how knowledge diffuses across regions (e.g.,
Maggioni, Nosvelli, & Uberti, 2007; Ponds, Oort, & Fren-
ken, 2010). Compared with studies focusing on the struc-
tural properties of network linkages established by actors
within a single region (e.g., Crespo, Suire, & Vicente,
2014; Fleming, King, & Juda, 2007a; Giuliani, 2007; Ter
Wal, 2014), these studies mainly investigate the structure
of linkages in a multi-regional system.

Given this recent focus on regional R&D networks,
network analytic techniques have been increasingly applied
at the regional level in order to characterize the interregio-
nal connectedness of a region (e.g., Maggioni et al., 2007;
Sebestyen & Varga, 2013; Wanzenbock, Scherngell, &
Brenner, 2014). To observe a region’s centrality, up to
now the most common analytical approaches from social
network analysis (SNA) have been utilized, such as degree
centrality or betweenness centrality (Wanzenbock et al.,
2014; Wanzenbock, Scherngell, & Lata, 2015). However,
these studies somehow neglect conceptual problems that
arise for networks defined at the aggregate level of regions.
In particular, such problems are related to the loss of infor-
mation regarding the structure of network relations and
with that information on the real channels through which
knowledge flows. In this context, the question of how to
reflect regions in weighted network structures such as
R&D networks become even more important.

As we argue in this paper, the specific characteristics of
regions — regarded as aggregate units — have to be taken
into account and reflected in some way when designing
analytical measurement approaches for regional centrality.
Relevant questions in this context are (1) how can we con-
ceive the centrality of regions in a network that is composed
of several research actors in its underlying structure?, and
(2) what are then the main building blocks that might
characterize the centrality of regions, in particular when
we consider R&D networks?

This paper is one of the first to deal explicitly with the
drawbacks and insufficiencies related to conventional
approaches to represent networks and measure centrality
at the level of regions. Against this background, the objec-
tive is to propose a new measurement approach of regional
centrality that is explicitly designed for aggregated net-
works at the regional level, based on the concept of interre-
gional bridging paths. Here a bridging path is defined as an
indirect connection between two regions via a third ‘brid-
ging region’. From a simple random matching process
that models the collaborations among the micro-level
actors based on the information provided at the aggregated
level, we derive a closed form of the expected number of
bridges between two regions stemming from a specific
bridging region. On this basis we are able to define a

new measure of regional centrality that depends not only
on the number of links one region has but also on the struc-
ture and intensity of its cross-regional collaborations.

In its fundamentals, our measure of regional bridging
centrality builds upon several network- and knowledge-
related arguments, referring to the relevance of bridging
path between network actors in light of diversified knowl-
edge-sourcing strategies and increasing need for techno-
logical recombinations (e.g., Fleming, 2001; Kogut &
Zander, 1992; Singh, 2005). Moreover, the role of bridges
between regions as mechanisms for network evolution and
interregional knowledge diffusion is addressed. We show
how such a measure defined for aggregated networks can
be meaningfully related to the regional dimension. Our
measure of bridging centrality of a region can be easily
interpreted as a function of (1) the participation intensity
of a region in interregional R&D collaborations, (2) the
relative outward orientation in terms of all established net-
work links, and (3) the diversification of network partner
regions and knowledge relations to them. Hence, it views
network centrality as a multidimensional problem, and
integrates different region-specific aspects of the regional
linking structure that might only together determine the
visibility and importance of regions in R&D networks.

To illustrate our regional centrality measure we use a
large-scale dataset on the European co-patent network in
2006-10 at the NUTS-2 level. The comparative analysis
with three common SNA-based measures (degree,
betweenness and eigenvector centrality) is based on basic
statistics on distribution and correlations between the
four centrality measures observed for the regional network.
Despite striking similarities in correlations and distribu-
tional aspects on a more general level, the in-depth analysis
of regional ranks reveals interesting differences which
emphasize the advantages of the regional bridging central-
ity measure, in particular in terms of its interpretative
power for region-level analyses.

The paper is structured as follows. The second section
discusses in some detail the conventional approaches to
measure the centrality of regions in R&D networks. The
third section introduces the concept of bridging paths, con-
stituting the main essence of the measurement approach
proposed in this study, before the fourth section formally
derives the bridging centrality measure for regions. The
fifth section shifts attention to the illustrative example,
applying our measure to the European co-patent network
and comparing the results with conventional measures,
before the sixth section concludes with a summary of the
main results and some ideas for future research.

THE CONVENTIONAL MEASUREMENT
APPROACH

The notion of the centrality of regions in R&D networks
has come into use recently. A rising body of literature
deals with the distinct knowledge transmission channels
than span across regions, so-called global pipelines, and
their role for the innovativeness and growth performance
of localities (e.g., Balland, Suire, & Vicente, 2013; Bathelt,
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Malmberg, & Maskell, 2004; Giuliani & Bell, 2005;
Morrison, Rabellotti, & Zirulia, 2013; Trippl, Todtling,
& Lengauer, 2009). It is argued that the knowledge creation
ability within a region depends not only on internal
resources and capabilities but also to a large extent on the
ability of the region-specific actors to efficiently access and
integrate region-external knowledge. Interregional R&D
collaboration networks are regarded as effective means in
this regard with network links representing direct channels
to a specific (region-external) source of knowledge that
actors otherwise would not have access to. Moreover, the
links in networks can also be seen as vehicles of information,
for example, information on who would be a suitable and
reliable partner to collaborate with, in particular across
regional borders (e.g., Cassi & Plunket, 2015; Gulati &
Gargiulo, 1999). Against this background, a need has
been expressed to derive analytical approaches to measure
aregion’s centrality in such networks, enabling the empirical
researcher to characterize whether a region has a favourable
position in the network, whether it takes a specific — for
instance, ‘brokering’ — role from a global network perspec-
tive, or how a region’s network positioning changes over
time.

The concept of centrality originates from SNA. It is
used to assign a value to each actor of a network, depending
on their position within the network (Wasserman & Faust,
1994). Most measures of network centrality have been
developed for their application on social networks, where
the nodes of the network are clearly identified in terms of
individuals. Accordingly, the original meaning borne by
the SNA centrality measures as well as respective interpret-
ations rely on the context of individuals and their social
behaviours. It is assumed that such individuals participate
in social systems connecting them to other individuals,
whose relations comprise important influences on one
another’s behaviours, affecting actors’ perceptions, beliefs
and actions through a variety of structural mechanisms
that are socially constructed by relations among them. In
the context of centrality, the main SNA assumptions are
that direct contacts and more intensive interactions enable
the actors to dispose of better information, a greater aware-
ness and a higher propensity for influencing or being influ-
enced by others. Indirect relations through intermediaries
may also bring exposure to new ideas and access to useful
resources that may be acquired through interactions with
others (Barber, Fischer, & Scherngell, 2011).

The traditional SNA centrality measures are directly
derived from these assumptions. If these measures focus
only on the importance of direct connections they are
referred to as local centrality measures (e.g., the degree cen-
trality just counts the number of direct links). In contrast,
global measures, such as betweenness centrality, also take
account of indirect links and structural properties of the net-
work (see Wasserman & Faust, 1994, for an overview and
definition of various centrality measures). Empirical works
focusing on regional centrality usually apply these conven-
tional measures — derived in an SNA context with the
specific assumptions discussed above — to regions. Hence,
the underlying system of interaction, i.e., the microstructure
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consisting of actors which actually ‘take the decisions’ on
how to behave in the network, is more or less neglected.

Thus, the conventional measurement approach of cal-
culating regional centrality based on a regional R&D net-
work raises important conceptual issues that should be
tackled. First, it implies that every actor within a region
would homogeneously benefit from the R&D connections
to other regions, irrespective of who establishes the
relations and the strength of these relations. Such an
approach is based on the assumption that region-internal
knowledge flows are ‘in the air’ (Breschi & Lissoni,
2001). However, this assumption appears heroic and can
hardly be made; it remains unclear how the actors located
in a central region benefit from the region’s centrality.
Second, a specific conceptual problem refers to global cen-
trality measures, for instance, in the case of regional
betweenness centrality. A region with a high betweenness,
i.e., being on many shortest paths, assumes that this trans-
lates into all its actors being on shortest paths, as if they
were only one entity. Also this assumption does not hold.

Some recent empirical works have recognized this pro-
blem and tried to overcome it by putting higher emphasis
on the underlying microstructure of regional R&D net-
works. For example, Wanzenbock et al. (2015) define the
centrality of a region as the sum of the centrality of its
actors. However, the approach of aggregating micro-level
network centralities may be also flawed, with considerable
problems stemming from the links occurring internally to
regions. Consider, for instance, a case where a region
shows a very dense structure of internal connections but
no link to any other region (see Figure C1 in the sup-
plemental data online). In this case, the region can have a
high value of centrality (due to the high centrality of the
actors in the region) despite being isolated from an interre-
gional perspective. This is fundamentally problematic since
a measure of regional centrality should not be able to assign
a high rank to a region that has no external links. The cen-
trality of a region should clearly relate to its position within
the interregional network. On the other hand, if one cuts all
internal linkages, regions appear to be equivalent despite
considerable differences in the region-internal structure
(see Figure C2 in the supplemental data online).

Given these considerations, there is a need to develop
alternative centrality measures applicable for regional
R&D networks and resting on more robust conceptual
grounds. In what follows, we provide a first attempt for
the development of novel measurement approaches that
explicitly address the conceptual problems discussed
above by taking into account the underlying microstructure
of regional R&D networks.

THE CONCEPT OF BRIDGING PATHS

There is a strong need to overcome the duality in analysing
R&D networks of regions concerning the micro-level
which encompasses the actors participating in R&D col-
laborations, and the aggregate, i.e., regional, level on
which the analysis focuses. As has been discussed in the
previous section, major problems arise in applying and
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interpreting conventional SNA-based centrality measures.
The purpose of this section is to provide a new concept
that is meaningful in the context of interregional R&D
networks. We introduce the notion of ‘bridging path’
denoting a form of indirect connection between regions,
i.e., regions are indirectly connected in the network thanks
to their micro-level actors. We first define this concept
before providing an approach to derive the expected num-
ber of bridging paths from aggregate flows of R&D inter-
actions. The expected number of bridging paths between
regions will be the major building block of the regional cen-
trality measure we introduce in the next section.

To introduce the bridging path concept, consider a net-
work where the nodes are the regions and the connections
between the regions represent the R&D interactions
between their actors. This represents a weighted network
where we define g;; as the number of R&D interactions
(i.e., micro-level links) between regions i and ;. Further,
each micro-level link between two regions is denoted by
Yj» where y% represents the a-th link between regions
i and j with a € {1, ..., g;}. A bridging path is then
regarded as a set of two links at the micro-level connecting
three actors from three different regions. Concerning social
network analytical terms, the micro-level actor in one region
acts as a ‘broker’ (Burt, 1992) for two other not directly con-
nected actors; he/she has a bridging role in the network of
regions linking indirectly the micro-level actors of two
other regions. This triangulation between actors located in
three different regions leads to the notion of an interregional
bridging path. Formally, a bridging path is defined as a set of
two links from two different regions, say 7 and 7, with a third
one, say 4, so that the actors from 7 and ; are both connected
to the same actor in 4 This means that a pair of links
(¥ ) forms a bridging path if, and only if, y% and y%,
are connected to the same actor in region 4.

This notion is depicted in Figure 1, which represents a
regional network of three regions. Here, the pair of links
(% y},@) is a bridging path between regions i and j stemming
from % because the actor from 4 maintains both links 32, and
y}}e. Although both regions 7 and % do have links with region
i, there is no bridging path between them because the actors
from i of the links y}, and y2, are connected neither to y}j, yi-
nor to y; Hence, region i not provide any bridging path
between regions j and £ in this set-up. We see that the
notion of a bridging path is about indirect connections.
Accordingly, the region with most bridging paths is region
J» as it provides two bridging paths between regions i and 4.

Different strands in the literature dealing with the
geography of R&D networks and knowledge diffusion
deliver arguments about why interregional bridging paths
are important. These arguments may be related to both
the knowledge-creation performance of individual regions
and the diffusion of knowledge through network evolution
in an interregional context. For regions, a high number of
bridging paths implies a more open positioning in the
interregional network, similar to structural hole positioning
as brought forward in SNA theory (Burt, 2005). In contrast
to closed and dense network structures, such a bridging
position between other regions can be related to the access

@ Actor

Q Region

R&D interactions

Bridging Paths

Region % _ Region J

Figure 1. The notion of bridging path.

Note: Three bridging paths are depicted, formed by the fol-
lowing pairs of links: (v, y}), (v}, %) and (7, y3). So the
regional dyads (j, k), (i, k) and (1, j) have respectively zero,
two and one bridging paths stemming from regions /, j and k.

to a more diversified knowledge pool. It is assumed that the
sources from which the actors draw their knowledge will
have an impact on their ability to generate innovations,
and knowledge flowing through a bridging path is more
likely to be heterogeneous and non-redundant. Hence, an
interregional bridging path might be important for a region
as it provides greater opportunities so that, on the one
hand, new ideas and information from network partners
can flow faster into the region through a short path length
(Fleming et al., 2007a) and, on the other hand, the knowl-
edge already existing in the network can be recombined to
develop new ideas and applications (e.g., Cassiman & Veu-
gelers, 2006; Kogut & Zander, 1992). Studies have con-
firmed in this context that radical innovations are indeed
more often the result of different sources and a high diver-
sity in (local and non-local) knowledge linkages (e.g., Fitjar
& Huber, 2015; Fitjar & Rodriguez-Pose, 2011; Trippl
et al., 2009). However, the degree to how an entire region
might benefit from its portfolio of global pipelines, i.e., the
diversity of the knowledge pool, depends on the internal
capacities for exploiting the external knowledge brought
into the regional system and transferring it between the
regional actors (e.g., Giuliani, 2007; Morrison et al,,
2013; Wanzenbock & Piribauer, 2016).

Furthermore, there is an increasing body of literature on
R&D networks that places the duality of local and non-
local network linkages in light of the technological regime
and the different stages of the knowledge value chain. Bal-
land et al. (2013), for example, show that global linkages in
the global navigation satellite system (GNSS) industry are
more often market-oriented relations predominantly
devoted to knowledge exploitation and technological diffu-
sion at a higher stage of maturity of the field. Ter Wal
(2014) and Owen-Smith and Powell (2004) come to simi-
lar findings for the field of biotechnology. Their investi-
gations show that the spatial scale of R&D linkages
depends highly on the degree of codification and the nature
of the knowledge being exchanged (basic versus industrial
and mutually purposeful knowledge), and may be subject
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to change over the life cycle of a distinct field (Ter Wal,
2014). Hence, similarly important from the perspective of
regional development is the ability of regional actors to
identify technological transformations and new market
opportunities at an early stage. An open position in the net-
work is assumed to help a region to adapt oneself to such
transformations, dealing with uncertainty or preventing
regional lock-in (Eisingerich, Bell, & Tracey, 2010). To
this effect, interregional bridging paths are assumed to con-
tribute to a region’s enduring ability to produce new knowl-
edge and innovations.

From the perspective of interregional knowledge diffu-
sion and integration, bridging paths may also be of signifi-
cance when we consider network formation and network
evolution processes across regions. Indeed, several recent
studies have put at the forefront the consideration that the
structure of network links plays an important role in explain-
ing future states of the network (Barabisi et al., 2002;
Jackson & Rogers, 2007). The network structure is assumed
to influence the level of knowledge being exchanged
throughout the network, e.g., between the core and the per-
iphery (Cowan & Jonard, 2003, 2004; Crespo et al., 2014;
Fleming et al., 2007a), and with this, a region’s ability to
activate new network ties and participate in interregional
knowledge diffusion. For instance, hubs in the network
may hold short path lengths to many other nodes in the net-
work. If they form new collaboration linkages across regional
boundaries, i.e., pursue interregional bridging strategies, this
could accelerate knowledge diffusion across different net-
work components and different regions.

Moreover, recent research in the context of R&D net-
works has shown that two actors are more likely to collab-
orate if they share a common collaborator (that is, if they
are indirectly linked in the network; Fafchamps, van der
Leij, & Goyal, 2010). There are good reasons to assume
that bridging paths matter for the evolution of the
whole network. They create network proximity and
opportunity for (triadic) closure. Indeed, if bridging
paths represent indirect connections between actors from
different regions, then we can assume that those regions
which provide the bridging paths are in a position to
facilitate the connectivity between other regions in the
network. Such interregional closure structures may be of
particular importance for the development of distinct
technological networks, where knowledge integration
between different components is crucial and the need
for intensified and trust-based collaborations is high
(Ter Wal, 2014). Bridging paths can thus be seen as
important for regions not only in the context of accessing
a diversified knowledge pool, but also in a network for-
mation perspective. It helps to establish interregional
R&D connections and with that interregional integration
of (technological) knowledge.

A NEW MEASURE OF REGIONAL
CENTRALITY

By proposing the significance of the bridging path concept
for measuring regional centrality in regional R&D
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networks, the question about how this concept can be
incorporated into regional centrality measures arises at
this point. Usually, empirical researchers focusing on
regions as units of observations face the problem that the
underlying microstructure of the R&D network may be
either undefined or unobservable. Concerning the latter,
one may consider the example of co-patenting networks
(e.g., Lata, Scherngell, & Brenner, 2015) for which the rel-
evant actors are individual persons (inventors) who are
hardly identifiable as homogeneous nodes over time.
Thus, we introduce a random matching process that will
allow us to approximate the underlying microstructure by
deriving an expected number of bridging paths (ENB)
between two regions, that is, the expected number of indir-
ect connections established at the micro-level.?

To introduce and illustrate the random matching pro-
cess, take the case of three regions, A, B and C, whose
actors have R&D interactions. The term ‘link’ will denote
an R&D interaction between two actors and is seen as a
collaboration between these actors. The random matching
process uses only the aggregate flow of collaborations
between A and B and that between B and C. It hinges
on the assumption that any observed link with the bridging
region was randomly assigned to one actor from that
region. Therefore, if there are two actors in region B and
one link with region A, we consider that each actor of B
would have a 50% chance of being connected with an
actor from A. This assumption is very similar to that
used by Bloom, Schankerman, and Van Reenen (2013),
who provide a measure of technological similarity between
firms’ patenting activity introducing a model which con-
siders random encounters between pairs of scientists. The
random matching process reflects the ex-post probability
to be matched, i.e., the probability that two actors from
two particular regions have been matched conditional on
the structure of the interregional flows of collaborations.
It simply relates to the fact that the higher the number of
R&D interactions with a particular region, the higher the
likelihood that an actor has collaborated with that region.
The very intention is to give a baseline for a micro-network
that was likely to occur, with respect to what is observable at
the meso-level.”

On this basis, it is now possible to derive the expected
number of bridging paths stemming from a given region by
using directly the aggregate flows of collaborations occur-
ring between regions. First, denote by #; the number of
actors active in R&D collaboration in region i. We propose
needing only the aggregate number of collaborations to
build the measure. Then the expected number of bridging
paths, ENB;/%, between the two regions ;j and 4 stemming
from the bridging region 7 along the random matching pro-
cess is:

ENB/, = $58%. (1)

n;

The expression related by equation (1) simply states
that the more connections two regions, ; and 4, have
with a third common region, 7, the more likely they will
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have indirect connections at the micro-level (bridging
paths) thanks to the actors located in 7.

Based on this, we are able to construct a new measure of
the centrality of regions in R&D networks, denoted as
regional bridging centrality (BC). BC is defined as the
number of bridging paths stemming from a region between
all dyads of the network. Formally, this means that the BC
of region 7 is equal to:

BC; =) > ENB, ©)

G kA iy

where ENB;% is defined by equation (1).

The interesting point of our measure is that its defi-
nition can be pretty much simplified and interpreted mean-
ingfully in a regional context. Assume that the number of
actors (n;) is proportional to the number of R&D inter-
actions (g,»);5 then equation (2) decomposes to a notion of
centrality of a region that entails a combination of three
different components, reflecting (1) a region’s participation
intensity, (2) a region’s relative outward orientation and (3)
aregion’s diversification of network links (see Appendix A2
in the supplemental data online for a formal proof). It is
defined as:

BC; = g,5i(1 — h), 3)

where g, is the number of outer collaborations (i.e., outer
degree, that is g, = g; — gi;, which is the total number of
collaborations of 7, noted g;, excluding the internal ones,
noted g;;). It refers to a region’s participation intensity in
interregional R&D collaborations, which affects positively
the centrality of the region. It is a general measure of how
well a region is embedded in the particular R&D network.
Note that a region’s size will amplify the probability of
yielding more bridges between other regions. The partici-
pation intensity could therefore be interpreted as a broad
measure of the relational capacity of the regional network
nodes, which should be taken into account.

The term s; is the share of outer collaborations with
5; = g, /gi- It can be related to the relative outward orien-
tation of all established network linkages, i.e., the relative
degree of external R&D interactions. It refers to the open-
ness of a region with respect to knowledge-sourcing strat-
egies. Given the fact that the BC focuses on the capacity of
one region to link other regions, a high number of region-
internal collaborations would have a negative influence as it
potentially reduces the number of actors connecting differ-
ent regions.

The term 4; refers to the Herfindahl-Hischman
index (HHI) of the distribution of 7’s outer collaborations
defined as:

bi = Zj#i @U/gz)z

The term 1 — 4; varies between 0 and 1 according to the
degree of diversification of network links to other regions,
and indicates how a region’s R&D collaborations are dis-
tributed along its neighbouring regions in the network.
In this case, the more the collaborations are concentrated,
the less the region is central. Concentration reduces the

actors’ possibility to build bridges among different regions.
This also relates to the fact that the more the outer collab-
oration pool is diversified over different regions, the more
the region can draw its knowledge from different sources.

One especially promising property of the measure is
that it takes account of the peculiar characteristics of
regional networks. Indeed, regional networks are character-
ized by the structure of region-internal and -external links
and this feature cannot be dealt with adequately by using a
single (a-spatial) SNA centrality measure. A region’s ability
to benefit from new ties in the R&D network or exploit
external knowledge sources via the links may be determined
by all three components together. Outward orientation and
higher diversification in particular may help a region to
develop and renew the regional knowledge base faster, or
prevent lock-in situations in certain technologies (e.g.,
Breschi & Lenzi, 2015).

Finally, it is worth noting that the concept of a bridging
path is flexible and can easily be adapted to fit other forms
of network centrality, depending on the context that is to
be highlighted, as shown in Appendix B in the supplemen-
tal data online. In the analysis of R&D networks, for
instance, it may be important to account for different cat-
egories of network linkages, such as intra- versus inter-
national links when the R&D network under
consideration crosses countries. However, in the illustrative
example that follows, we stick to the regional level demon-
strating an application of the original measure introduced
in this section.

AN ILLUSTRATIVE EXAMPLE: AN
APPLICATION TO THE EUROPEAN
CO-PATENT NETWORK

Given the promising features of the regional bridging cen-
trality (BC) measure as defined in the previous section, an
application to empirical regional R&D networks is required
in order to illustrate the behaviour of the measure as com-
pared with the conventional ones. To this end, we will
employ co-patent data, comparing the regional BC with
three other commonly used centrality measures, that is,
the degree, the eigenvector and the betweenness centrality.®
We use the European co-patent network, a network of
inter- and intra-regional collaborations in patent pro-
duction observed at the regional level. A co-patent, that
is, a collaboration issuing a patent grant, is a visible trail
of a successful R&D collaboration and is defined as an
invention implying at least two inventors. These data are
extracted from the REGPAT database (Maraut, Dernis,
Webb, Spiezia, & Guellec, 2008) and consist of all patents
applied for at the European Patent Office (EPO) in
between 2006 and 2010.” We make use of the information
contained in each patent record to build the co-patent net-
work. Particularly, we use the address contained in each
inventor’s byline to map every patent to a set of NUTS-2
regions. That is, the NUTS-2 regions represent the place
of residence of the inventors when the patent was applied
for.® The number of interregional collaborations between
two regions results from co-patents having at least one
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Table 1. Descriptive statistics of the components of the BC and of the centrality measures applied on co-patenting data.

(a) Descriptive statistics of the three components of the bridging centrality measure.

Minimum Q1 Median Q3

90% Maximum Mean SD Skewness Kurtosis

Participation 1 129.5 368.0 1096.7
intensity

Relative outward 0.15 062 0.73 0.83
orientation

Diversification 0 0.86 0.9084 0.9351

2218.2 9550.0 968.2 1570.1 3.16 11.30

0.88 1.00 0.71 0.15 -0.60 -0.05

0.9505 0.97 0.88 0.09 -452 31.38

(b) Summary statistics.

Minimum Q1 Median Q3

90% Maximum Mean SD Skewness Kurtosis

Bridging centrality 0.000 0.010  0.031 0.093

0.217 1.000 0.089 0.151 3.355 13.255

Degree 0.000 0.014  0.041 0.130 0.236 1.000 0.106  0.171 3.168 11.218
Eigenvector 0.000 0.001 0.004 0.020 0.099 1.000 0.045 0.131 4.777 25.019
Betweenness 0.000 0.002  0.007 0.037 0.096 1.000 0.041 0.107 6.053 44.715
(c) Correlations.

Bridging centrality Degree Eigenvector Betweenness
Bridging centrality 1.000 0.917 0.938 0.612
Degree 0.917 1.000 0.830 0.818
Eigenvector 0.938 0.830 1.000 0.450
Betweenness 0.612 0.818 0.499 1.000

Note: Participation intensity is the outer degree. Relative outward orientation is the share of outside collaborations over all collaborations; it varies between 0
and 1. Diversification is 1T — h;, where h; is the Herfindahl-Hischman index (HHI) of the distributions of region /s collaborations over all other regions; it varies
between 0 and 1; the more the collaborations are concentrated, the lower is the measure.

inventor from each of these two regions. Collaborations
occurring strictly within the regions are counted as intra-
regional patents.

The network consists of collaboration flows between
250 NUTS-2 regions. This cross-regional co-patenting
network is based on a total of 171,451 patents, producing
121,036 interregional collaborations linking the 250
NUTS-2 regions. As a starting point, the three com-
ponents of the BC are described in Table 1(a). The partici-
pation intensity is on average 968, which means that the
regions show on average 968 co-patent links to other
regions in the network. This is much higher than the
median of 368, confirming the right-skewed distribution
of the number of co-patent links the individual regions
hold to other regions.

More interestingly is the relative outward orientation.
Here, the median is 73%, meaning that for half the regions
more than 73% of their patents are of interregional nature,
being invented with at least one partner outside the regions.
Also diversification is relatively high, with an average at
0.88 (as indicated by 1 — HHI), meaning that the co-
patents are rather distributed along several regions.
Hence, the regions resort — on average — to a rich portfolio
of partner regions leading to a diversified structure of inter-
regional knowledge exchanges in patenting. In contrast to
the participation intensity, the other two components, the
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relative outward orientation and the structure, are slightly
left skewed, and can be seen as moderators of the scale of
a region. Indeed, being a large region with a high network
participation intensity does not necessarily lead to a high
centrality value if either the share of intra-regional collab-
orations is very large or interregional links are concentrated
among only a few regions.

Table 1 reports some statistics on the BC measure as
compared with the conventional measures, and the corre-
lations among them. Note that for the sake of comparison,
all measures are normalized so that the highest value is 1
and the lowest is 0.” While there is no large difference in
the summary statistics provided by Table 1(b), it can still
be noted that the eigenvector and the betweenness central-
ity are highly skewed, in contrast to the BC and degree cen-
trality. Table 1(c) further shows that the correlation
between the bridging centrality and the other measures
ranges from 61% to 93%. Those high levels are reassuring
as they show that the BC does not completely reorder the
regional positioning. The difference in the distribution of
the four centrality measures is also illustrated by Figure 2,
which reports the cumulative distribution of each measure.
The graph of the cumulative distributions depicts two
groups. On the one hand, the betweenness and the eigen-
vector centrality are close and at the top of the other distri-
butions. On the other hand, both the degree centrality and



Downloaded by [University Library Utrecht] at 00:25 17 October 2017

Centrality of regions in R&D networks: a new measurement approach using bridging paths 1173

1.00
1

0.50
1

0.20
1

0.10
1

Pr(x < centrality)

0.05
1

0.01
1

— Eigenvector

-- BC
. Degree

= Betweenness

T T T T T

107 107 1072 107 1

Centrality Score

Figure 2. Cumulative distributions of the centrality measures
in log—-log.

the BC are at the bottom, with the distribution of the BC
being above the distribution of the degree. Overall, the
differences are higher at the beginning of the distribution
(below 0.50) than at the end, where the distribution of all
the centrality measures become much closer. However,
the differences with existing measurements are real and it
is worthwhile pointing out the changes occurring to some
particular regions. Moreover, it becomes obvious from
these basic statistics that the bridging centrality is a combi-
nation of three components. It depends not only the scale
of a region, like it might be the case for the degree central-
ity, or the quality of partners, i.e., whether they are located
at the very core of the network, as for the eigenvector cen-
trality. Therefore, it might be of particular interest how dif-
ferently the three components are distributed across the
individual regions.

Table 2 represents the top 30 centralities ordered by the
bridging centrality. We focus on commenting the most

Table 2. Centralities of the top 30 regions for the co-patent network, ranked by bridging centrality.

Bridging Degree Eigenvector Betweenness
centrality centrality centrality centrality
NUTS-2  value (rank) value (rank) value (rank) value (rank)

Karlsruhe DE12 1.00 (1) 0.87 (5) 1.00 (1) 0.22 (10)
Darmstadt DE71 0.93 (2) 0.88 (4) 0.82 (3) 0.45 (4)
Dusseldorf DEA1 0.84 (3) 0.82 (6) 0.68 (4) 0.22 (9)
Koln DEA2 0.76 (4) 0.73 (7) 0.63 (6) 0.33 ()
Rheinhessen-Pfalz DEB3 0.73 (5) 0.64 (8) 0.85 (2) 0.13 (16)
Oberbayern DE21 0.63 (6) 0.96 (2) 0.42 (7) 1.00 (1)
Stuttgart DE11 0.59 (7) 0.95 (3) 0.64 (5) 0.37 (5)
Freiburg DE13 0.49 (8) 0.52 (10) 0.34 (9) 0.19(11)
Northwestern Switzerland CHO3 0.43 (9) 0.41 (14) 0.16 (17) 0.10 (24)
Arnsberg DEA5 0.42 (10) 0.39 (16) 0.33 (10) 0.06 (45)
Tubingen DE14 0.40 (11) 0.44 (12) 0.38 (8) 0.07 (36)
Berlin DE30 0.39(12) 0.40 (15) 0.22 (14) 0.19 (12)
Munster DEA3 0.39 (13) 0.31 (20) 0.27 (11) 0.05 (49)
Mittelfranken DE25 0.37 (14) 0.43 (13) 0.20 (15) 0.11 (20)
Zurich CHO4 0.35 (15) 0.34 (18) 0.12 (21) 0.08 (32)
Tle-de-France FR10 0.34 (16) 1.00 (1) 0.08 (35) 0.93 (2)
Schwaben DE27 0.33(17) 0.31(21) 0.25 (12) 0.03 (71)
Brandenburg DE40 0.28 (18) 0.22 (30) 0.15(18) 0.05 (54)
Hamburg DE60 0.27 (19) 0.23 (29) 0.09 (28) 0.05 (48)
Unterfranken DE26 0.27 (20) 0.27 (23) 0.25 (13) 0.10 (23)
Alsace FR42 0.26 (21) 0.23 (27) 0.13 (19) 0.09 (31)
Espace Mittelland CHO2 0.26 (22) 0.27 (22) 0.08 (30) 0.05 (50)
Prov. Vlaams-Brabant BE24 0.25 (23) 0.20 (34) 0.04 (46) 0.10 (25)
Hannover DE92 0.24 (24) 0.25 (24) 0.12 (22) 0.05 (53)
Rhone-Alpes FR71 0.24 (25) 0.57 (9) 0.08 (34) 0.33(7)
Koblenz DEB1 0.21 (26) 0.17 (46) 0.18 (16) 0.01 (96)
Lineburg DE93 0.21 (27) 0.17 (42) 0.07 (37) 0.02 (79)
Eastern Switzerland CHO5 0.21 (28) 0.19 (36) 0.07 (38) 0.01 (97)
Prov. Antwerpen BE21 0.20 (29) 0.18 (38) 0.05 (44) 0.09 (28)
Région de Bruxelles-Capitale/ BE10 0.20 (30) 0.14 (59) 0.03 (55) 0.08 (34)

Brussels Hoofdstede
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salient differences. The ranking is clearly dominated by
German regions which rank highest for most measures.™
Interestingly, we find 13 German regions among the 15
best ranked regions for bridging centrality.!" This results
from the fact that they show both a high participation
intensity as well as a high openness from an interregional
perspective; they show a high absolute as well as a relative
number of interregional co-patents. However, the
concentration tendency and high clustering of co-patenting
activities at the national level in Germany may point to the
fact that economic linkages at the national level prevail.
Likely explanations are low language/cultural barriers as
well as lower transaction costs. These factors seem to pro-
mote the high regional bridging centrality in German
regions.12

Another interesting case is the region of Ile-de-France
(FR10), which ranks at 16th position for bridging central-
ity, while being ranked first with respect to its degree cen-
trality. We see that the measure of degree centrality may
overstate its position in the interregional co-patent

network. Although the structure of the collaborations of
FR10 with its partnering regions is highly distributed (it
has a low HHI of 0.04), this region is characterized by a
high number of internal collaborations (the outer share of
collaborations is only 44%), and thus they do not provide
many bridging paths to the interregional R&D network.
By contrast, the eigenvector centrality may understate the
importance of FR10; it ranks only 35th as it is linked to
a lesser extent to the core regions. For the same reason as
for FR10, some regions that are ranked high in the degree
centrality end up being much lower in the BC, ie., they
show high embeddedness in the interregional R&D net-
work but are less open and diversified in the structure of
their interregional collaboration, thus receiving lower
values of bridging centrality.

Following the criteria of openness and diversification,
interesting is also the case of Brussels (BE10), which
ranks after 55th place for the degree and eigenvector cen-
tralities. With the BC, BE10 ranks 30th, gaining at least
25 places compared with these measures. However, these

Figure 3. The European co-patent network.

Note: Node size corresponds to the relative outward orientation of a region; line width corresponds to the number of co-patents

between two region.
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SNA-based centrality measures may underestimate its
positioning in the interregional co-patent network: due to
its very high outward orientation (its outer share is 94%)
and a highly distributed structure of collaborations (it has
a low HHI of 0.07) this region is likely to provide many
bridging paths to the network and may therefore be an
important bridge for the whole network and for interregio-
nal knowledge diffusion.

Figure 3 illustrates the European co-patent network for
the European NUTS-2 regions, with node size corre-
sponding to the relative outward orientation of a region.
It confirms the very dense network structure between
core regions clustered in Germany, which hold intensive
connections with each other. From a regional perspective,
the bridging centrality is high for these regions, i.e., they
yield high values for all three components, despite the
fact that most of the links are confined at the national
level. Furthermore, we observe a high relative outward
orientation of some South and Eastern European regions.
In terms of established co-patent links they seem to be
highly open, which could be explained by their reliance
on external collaborations and knowledge sources, as well
as the lack of internal collaboration structures. Neverthe-
less, interregional linkages are generally weak for these
regions.

CONCLUSIONS

The notion of centrality is ubiquitous in debates on the role
of regions in R&D networks. Quantitative approaches to
measure regional centrality, however, are often based on
micro-level centrality measures as introduced in SNA.
The empirical analysis of regional networks requires
accounting for the network structure originally defined at
the micro-level or by the linkages between different actors,
which often limits the usefulness and conclusive identifi-
cation of regions in the network. A further unavoidable
problem relates to the considerable loss of information
regarding network structure and meaning when regions
are regarded only as aggregate units. In this study we
address this micro/meso-level duality in how we view
regional networks and define a region’s structural network
positioning, questioning the conventional measurement
approaches for region-level analysis.

By introducing the notion of regional bridging central-
ity we suggest a new approach for assessing the centrality of
regions in R&D networks, one that is able to cope with the
regional dimension in measuring the centrality. Based on
the concept of bridging paths, i.e., a set of two links con-
necting three actors in three different regions, we develop
a measure of centrality that satisfies the requirements of
both R&D networks and region-level applications: a brid-
ging path between regions characterizes a situation where
regional actors represent bridges or brokers in the network
of regions as they connect indirectly the actors located in
two other regions. Such a triangulation in regional net-
works, as we argue, is a key issue for knowledge recombina-
tions, the extension of a region’s knowledge base as well as
interregional knowledge diffusion.

We further show that centrality in terms of bridging
centrality can be viewed as a function of (1) the partici-
pation intensity in interregional R&D collaborations, (2)
its openness to other regions (i.e., the relative outward
orientation of network links), and (3) the diversification
of network links to other regions. With these three com-
ponents — which are both intuitive and computationally
simple — we argue that regional network centrality has to
be viewed from a multidimensional perspective. Only
with such an integrative approach we can achieve a better
understanding of the role of certain regions in interregional
R&D networks.

The comparative analysis with three standard SNA-
centrality measures confirms the performance and useful-
ness of our measure of regional bridging centrality. We
chose the interregional co-patent network for European
NUTS-2 regions as an illustrative example. Despite
observing similar patterns in basic statistics like correlations
of the centralities or the skewness, we were able to show
striking and interesting differences in the structure of the
interregional co-patent linkages across regions. The results
reveal that thinking only of the degree of participation is
not enough. Rather, the most central regions show simul-
taneously high embeddedness, high relative outward orien-
tation and high diversification of their network links (e.g.,
Karlsruhe). In contrast, regions that may be strongly
embedded (i.e., high participation intensity) may show
low openness or diversification of links, thus yielding
lower centrality values (e.g., Tle-de-France). Hence, a
region’s outward orientation and the diversification of its
network links moderates the influence of regional scale
on network centrality. This is a major strength of the
measure proposed in this study, and it paves the way for
future studies to examine the role of certain regions in
R&D networks. Viewing network positioning of regions
in terms of regional bridging centrality might further elev-
ate our understanding of which regions are the most cen-
tral, show high visibility and at the same time are most
important for the network and the interregional diffusion
of knowledge.

There is room for further improvements to the concept
of bridging path. Indeed, a crucial point for future research
is to devote higher emphasis on the specific characteristics
of R&D network links and our concept could be used to
integrate these aspects. For example, as shown in Appendix
B in the supplemental data online, extensions of the brid-
ging centrality can include a focus on the bridging actors
that indirectly connect national actors with international
ones. Focusing on technology-related issues, one could
consider bridging actors who indirectly connect actors
from one specific technology to others from another tech-
nology. Therefore, depending on the R&D links’ charac-
teristics one wants to focus on, there are different ways to
extend the notion of regional network centrality by using
the concept of bridging paths.

Furthermore, the bridging centrality measure may con-
tribute to the development of a multidimensional typology
of regions, based on structural network criteria according to
their levels of embeddedness, openness and diversification
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of links in interregional networks. Such a typology might
enhance our understanding of how different the roles of
regions in networks might be, and how they contribute
to the arrangement and evolution of the interregional struc-
ture. Moreover, it seems natural that an application of the
bridging centrality measure on other types of knowledge
networks according to different technological fields might
reveal interesting patterns of the most central network
nodes. Hence, the measure of bridging centrality is not lim-
ited to the context of R&D collaborations but may prove to
be useful also for the application in other types of network
structures, such as interregional trade flows or interregional
economic value chains, also regarding their evolution over
time.
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NOTES

1. The effectiveness of interregional network linkages is
further driven by other dimensions working at the micro-
level and assignable to the characteristics of organizations
within a region, such as the distinct institutional back-
ground and capabilities (Singh, 2005; Ponds, van Oort,
& Frenken, 2007) as well as the degree of cognitive proxi-
mity of partners (Nooteboom, Van Haverbeke, Duysters,
Gilsing, & van den Oord, 2007). The individual knowl-
edge base, absorptive capacity and internal resources of
actors to manage a wider range of (explorative and exploi-
tative) network ties might further play a decisive role in
how R&D linkages are established and in which way
regional organizations can benefit from them (Giuliani,
2007).

2. This model is an adaptation of the one in Bergé (2016).
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3. Assuming that the matching mechanism is based on
preferential attachment instead of being purely random
would not lead to any significant changes to the closed
form of the expected number of bridging paths. Indeed,
the ENB under preferential attachment would merely be
an inflation of the ENB under the random matching (the
theoretical details are provided in Bergé, 2016, appx B).
4. The proofis given in Appendix A1 in the supplemental
data online.

5. The assumption of proportionality between the num-
ber of actors and the number of R&D interactions is not
limiting. Indeed, to assess empirically whether this were
the case, we used data on patents, detailed in the fifth sec-
tion. Here we identify the R&D interactions as co-patents
and the actors of the network as the inventors. Further, we
used a simple algorithm to identify the inventors (two
inventors from the same region are considered identical if
they have the same first and last names). The results
show a 98% correlation between the number of inventors
in a given region and the number of patents produced by
this region.

6. Degree is calculated here as the number of unique
R&D interactions in which the actors of a region are
involved. The eigenvector and betweenness centrality are
computed using the package igraph available in the statisti-
cal software R. Both measures are based on the weighted
regional co-patent network where the nodes are regions,
and the linkages between any two regions are the number
of patents co-invented by actors from these two regions.
Due to the nature of the network, we used the weighted
version of both the betweenness and the eigenvector
centrality.

7. The use of different time frames to build the dataset,
such as 2004-06 or 2008-10, implies no important differ-
ences on the results.

8. We use the location of inventors to map the interregio-
nal collaboration network. This choice is made in order to
ensure that a patent’s location matches the place where it
has been produced. Indeed, an alternative way to locate
the patents would have been to use the applicants’
addresses. However, an applicant’s address often refers to
the firm’s headquarters, whose location is likely to be diftfer-
ent to that of the place of production. Therefore, using
applicants’ addresses to locate the patents would have
yielded another network that could have been interesting
to analyse. Nevertheless, we stick here to interregional col-
laborations between ‘places of production’, in line with the
literature (e.g., Fleming, King, & Juda, 2007b).

9. Formally, the transformation applied to each centrality
measure is: (X — ¥min)/(*max — ¥min)-

10. The spatial distribution of all four centrality measures
over the EU is shown by Figure C3 in the supplemental
data online.

11. The performance of German regions is not merely
driven by the fact that German NUTS-2 regions are usually
smaller geographical aggregates than NUTS-2 regions in
other EU countries, which could drive up their number
of interregional collaborations at the national level. Indeed,
when we redo the analysis taking German regions at the
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NUTS-1 level while keeping other regions at the NUTS-2
level, German regions still trust the top of the rankings.
12. The national versus international nature of collabor-
ations and its effects on regional network centrality might
deserve further attention and constitute an interesting
route for the further development of the regional bridging
centrality measure. We thank an anonymous reviewer for
raising this issue.
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