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The co-evolution of innovation networks:

Collaboration between West and East Germany from 1972 to 2014

Bogang Jun, Seung-Kyu Yi, Tobias Buchmann, and Matthias Mueller

Abstract

This paper describes the co-evolution of East and West German innovation networks after the
German reunification in 1990 by analyzing publication data from 1972 to 2014. This study uses
the following four benchmark models to interpret and classify German innovation networks: the
random graph model, the small-world model, the Barabasi-Albert model, and the evolutionary
model. By comparing the network characteristics of empirical networks with the characteristics of
these four benchmark models, we can increase our understanding of the particularities of German
innovation networks, such as development over time as well as structural changes (i.e., new nodes
or increasing/decreasing network density). We first confirm that a structural change in East-West
networks occurred in the early 2000s in terms of the number of link between the two. Second, we
show that regions with few collaborators dominated the properties of German innovation
networks. Lastly, the change in network cliquishness, which reflects the tendency to build
cohesive subgroups, and path length, which is a strong indicator of the speed of knowledge
transfer in a network, compared with the four benchmark models show that East and West
German regions tended to connect to new regions located in their surroundings, instead of
entering distant regions. Our findings support the German federal government’s continuous

efforts to build networks between East and West German regions.
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1. Introduction

Since the German reunification in 1990, the economic integration process has aimed to equalize
standards of living between the former West and East Germany (Meske 1993; Giinther et al.
2010). Nevertheless, East Germany had only reached 70% of the GDP level of West Germany by
2011, despite 270 billion euros being spent on reunification costs, prompting the German federal
government to adopt various policies. Among these governmental efforts, boosting collaboration
between the two regions in order to encourage the exchange of knowledge has been a significant
policy considering that science, technology, and knowledge are key factors behind economic
development and growth in knowledge-based economies (OECD 1996; Lundvall and Johnson
1994).

Knowledge-based economies, which are “directly based on the production, distribution
and use of knowledge” (OECD 1996, p. 7) have emerged because of the development of ICT,
movement towards flexible production, and change in innovation processes in the late 20th
century. Since this shift towards knowledge-based economies is associated with an increase in
demand for “interactive learning” that creates and facilitates knowledge, the modern capitalistic
world can also be regarded as a learning economy “in the sense that economic life always forms a
basis for some processes of interactive learning, which results in the production and introduction
of new knowledge” (Lundvall and Johnson 1994, p. 26).

Thus, building the ability to learn, including the ability to network with others, is crucial
in knowledge-based economies (Lundvall and Johnson 1994). Given that innovation is considered
to be a crucial source of economic development and growth (Nelson and Winter 1982; Schilling
and Phelps 2007; Schumpeter 1911; Henderson and Clark 1990; Hargadon and Fanelli 2002),
building a knowledge network between East and West Germany to promote more frequent access
and interactive learning between these regions thus plays a crucial role in fostering the
convergence of these former separate economies. Indeed, since 1990, the German federal
government has implemented policies to boost the innovation networks between East and West
Germany, such as InnoRegio and Innovationsforen. However, the R&D activities of East
Germany still lag behind those of West Germany, especially in the private sector (Eickelpasch
2015).

Against this background, we seek to answer two research questions. First, did the
political reunification in 1990 also trigger a unification of East-West innovation networks?
Second, how have these two independently established networks co-evolved in the post-
reunification period? Our answers to these questions make three important contributions to the

body of knowledge on this topic. We first confirm that a structural change in East-West networks



occurred in the early 2000s in terms of the number of links between the two. Second, we show
that regions with few collaborators dominated the properties of German innovation networks.
Lastly, the change in network cliquishness, which reflects the tendency to build cohesive
subgroups, and path length, which is a strong indicator of the speed of knowledge transfer in a
network, compared with the four benchmark models show that East and West German regions
tended to connect to new regions located in their surroundings, instead of entering distant regions.
Our findings support the German federal government’s continuous efforts to build networks
between East and West German regions.

Overall, while the accumulated research on innovation networks in the post-German
reunification period has focused on specific regions or industries, our analysis of all regions and
sectors in Germany offers broader macro-level insights into its innovation networks. This setting
is particularly valuable from a research perspective in the sense that German innovation networks,
which share a similar cultural background and the same language, had been separate before the
country’s reunification and started to co-evolve thereafter and might lead to more theoretical
study of network co-evolution in the future.

The remainder of this paper proceeds as follows. Section 2 provides the theoretical
background and related literature. Section 3 presents the historical background, focusing on the
German reunification. Section 4 explains our dataset and Section 5 presents the empirical results.

Finally, Section 6 provides concluding remarks.

2. Literature review and theoretical background
2.1 Knowledge networks and co-authorship networks
Creating and diffusing knowledge through collaborations has increased over recent decades, and
this trend has been accompanied by a significant change in the innovation process (Policy and
Council 1999). R&D collaboration networks, for example, have increased since the 1970s
(Hagedoorn 2002), while various collaborative partnerships among organizations have become a
core factor in corporate strategies (Hagedoorn 1996; Noteboom 1999). Academia is now also
characterized by a growing number of links among universities, companies, and research
institutes (Powell and Owen-Smith 1999; Link 1996, 1999). According to Acedo et al. (2006) and
Hicks and Katz (1996), the increasing trend of co-authored scientific publications confirms the
importance of creating and managing collaborative knowledge networks. Indeed, a knowledge
network serves as a “locus of innovation” (Powell and Grodal 2006 p. 59).

From the perspective of sociology, a greater number of links is crucial to gain an

informational, status, and resource advantage for both individuals and organizations.



Interorganizational collaboration is essential for achieving and developing competencies by
raising resources, exchanging knowledge, and developing new ideas and skills (Simmel 1954;
Merton 1957; Granovetter 1973; Powel and Brantley 1992, Powell, Koput, and Smith-Doerr 1996;
Hagedoorn and Duysters 2002). Actors with broader networks can access more experience,
various competencies, and a greater number of opportunities (Beckman and Haunschild 2002).
Moreover, deepening these multiple ties leads to greater commitment and sincerer knowledge
sharing (Powell 1998).

Research on the characteristics and performance of networks has been actively
accumulated under the assumption that promoting networks guarantees innovative outcomes as
well as the development of companies, regions, and nations. Researchers have strived to classify
networks and develop tools for analysis. For instance, Grabher and Powell (2004) categorize
networks into informal networks, project networks, regional networks, and business networks
based on their temporal stability and forms of governance, mentioning that these four networks
overlap and are interwoven. Powell and Grodal (2006) also classify innovation networks into four
groups with respect to their extent of embeddedness and degree of purposiveness, emphasizing
that the topology of each network is temporal and likely to evolve over time rather than remaining
fixed in the initial relationship.

This study’s interest in the networks of knowledge creation and diffusion is focused on
the early stages of the innovation process. Informal ties play a significant role in this early stage
of innovation. According to Brown and Duguid (2001) and Wegner (1998), the clustering of
individuals that share a similar set of skills and expertise promotes the circulation of ideas.
Saxenian (1994) shows that informal knowledge sharing helps establish the innovative
environment in Silicon Valley. Cohen and Field (1999) add that the professional ties among
Silicon Valley companies help build complex collaborations between entrepreneurs, scientists,
companies, and associations, resulting in high-quality technical change.

Informal ties in the academic setting have also been studied. Crane (1972) suggests that
informal networks of researchers share a common problem or paradigm and that the knowledge
flow between them affects the creation and diffusion of knowledge. In particular, co-authorship
networks as a type of research collaboration have been investigated. Melin and Persson (1996)
state that co-authorship networks have become a prerequisite for modern science, with their
investigation a central issue in formulating science and technology policy. In addition, according
to Newman (2001b, 2001c), co-authorship networks provide good databases for examining the

true acquaintance networks of researchers, because researchers who write a paper together tend to



be familiar with one another compared with other networks, while constructing a large network is
straightforward compared with sourcing data from interviews or surveys.

Given that co-authorship data offer a promising source of real-world insights, research
using such datasets has been frequent (Barabasi et al. 2002; Moody 2004; Castro and Grossman
2009; Acedo et al. 2006; Zare-Farashbandi, Geraei, and Siamaki 2014). However, these studies
have typically focused on network science rather than deriving practical or policy implications. In
addition, although the field of information science has also been studied by using bibliometrics,
this stream of the literature tends to focus on organizational and institutional collaboration instead

of reconstructing entire collaboration networks (Newman 2001c).

2.2 Development of benchmark models

Inspired by the attempts to define a common measurement for small-world properties (Watts and
Strogatz 1998), this study uses the following four benchmark models to interpret and classify
German innovation networks: the random graph model of Erdos and Renyi (1959), the small-
world model of Watts and Strogatz (1998), the Barabasi and Albert model (1999), and the
evolutionary model introduced by Mueller et al. (2014). By comparing the network characteristics
of empirical networks with the characteristics of these four benchmark models, we can increase
our understanding of the particularities of German innovation networks, such as development
over time as well as structural changes (i.e., new nodes or increasing/decreasing network density).
Specifically, for each year of the empirical network, we compute the resulting networks from the
algorithms explained below, using the same number of nodes and links as in the empirical
network. Additionally, to reduce the random effects, we compute the average network
characteristics of each year and each algorithm over 500 repetitions.

Erdos and Renyi (1959) were among the first to explain how networks form by using
random graph theory. With a given fixed number of nodes, n, and a fixed probability of links
between them, p, the random network is constructed. Two of the model’s illuminating
characteristics are the degree distribution, which follows a Poisson distribution, and the
appearance of a unique giant cluster after a certain number of links. However, since this model
has some shortcomings as a network model such as no transitivity or clustering, no correlation
between the degrees of adjacent nodes, and no community structure and since it does not follow a
power law, the Erdos and Renyi model is typically only adopted as a baseline model for
comparison with other network topologies.

Although random graph theory cannot capture the property of high transitivity and has

the propensity for two neighbors of nodes also to be neighbors of one another, the regular or



simple circle model cannot capture the properties of real-world networks such as a short path
length. Given this limitation, Watts and Strogatz (1998) construct a network between a fully
random and a fully regular network by moving or rewiring links from random to regular positions,
thereby interpolating between two real-world properties, namely a short path length and high
transitivity. They firstly prepare the random network as per the Erdos and Renyi model, which
consists of n nodes with degree c. Then, with probability p, they erase certain nodes and
replace/rewire the links between two randomly selected nodes. The emerging network has both a
high clustering tendency as in a regular network and a short path length as in a random network.
In this small-world model, probability p determines the position between the random network and
regular network: if p is 0 (1), the network is a regular (random) network. In our case, we use 0.15
as the rewiring probability with the same number of nodes and links for each year’s data.

Barabasi and Albert's model (1999) is the preferred attachment model for network growth
under a power-law degree distribution. With an initial number of nodes, n, the addition of new
nodes continuously expands the network. In this expansion, new nodes prefer to be attached to
well-connected nodes, with the probability of connection correlated with the current degree. The
resulting large-scale network reveals that the degree distribution follows the power law, leading
to scale-free phenomena and the existence of hubs. In our study, we borrow the same number of
nodes and links as that in the real yearly data from 1972 to 2014.

Finally, the evolutionary model of Mueller et al. (2014) forms networks by considering
actors’ behavior, where an actor is regarded as a node. They assume that when an actor faces a
scarcity of knowledge, he or she strategically searches for a partner who can exchange knowledge
to compensate for this knowledge deficit. In their strategy, there exists a trade-off between
demand for reliable knowledge and the search cost with respect to the transitive closure
mechanism in which the higher the distance from the actor, the higher are the costs and the lower
is the reliability of the information. Therefore, cohesiveness is associated with knowledge sharing
among agents. Moreover, the principle of homophily is also applied as a final selection strategy,
which means that agents with a similar structural position become linked together. The
evolutionary model has a distinctive characteristic in that the links between nodes are determined
not by a stochastic process but by the strategies of actors along with small-world properties and

the power-law degree distribution.

3. Historical background
To understand the change in innovation networks in the post-unification period and interpret the

results of our analysis, it is necessary to explain the history of the German division and



reunification as well as the technological and science policy of the German federal government
over time. After World War I, the allies agreed to divide Germany into four military occupation
zones held by the United States, the Soviet Union, France, and Great Britain. Immediately after
the end of World War Il, Germany’s economy stagnated as the allies first aimed for industrial
disarmament and deindustrialization for reparations (Ardagh 1987). However, the United States
quickly realized that to push back communism required a strong Germany that could work as an
engine for European economic recovery (Gareau 1961).

In 1949, the Soviet occupation zone was transformed into the German Democratic
Republic (GDR), remaining under the political and military control of the Soviet Union, which
had by then introduced a centralized planned economic system. In 1961, East Germany built the
Berlin Wall to prevent GDR citizens looking for a better future in West Germany. After almost a
30-year separation, the socialist system collapsed in East Germany in 1989 because of severe
economic problems (Pence and Betts 2011).

West Germany followed a different development path. In 1949, the three western
occupation zones were transformed into the Federal Republic of Germany. With the introduction
of its social market economy, West Germany experienced a prosperous time and reached a much
higher economic level compared with the GDR. Of major importance for the long phase of
economic recovery was the Marshall Plan whose funds were predominantly invested in modern
industry equipment, which made the German economy competitive internationally. In 1989, a
peaceful revolution took place in the GDR, and on November 9, East Germany unexpectedly
opened its borders and allowed its citizens to enter West Berlin and West Germany. This led to
the German reunification in 1990 (Weber 2004).

In 1990, a treaty over the economic, currency, and social union was adopted, guiding the
process of the economic reunification and creating the basis for the introduction of the social
market economy in the former GDR. The economic integration of both regions, however, led to
strong pressure on the uncompetitive East German economy, resulting in the closure of many
firms and high rates of unemployment. Although the government implemented a support program
for East German regions called Gemeinschaftswerk Aufschwung Ost to foster the economic
recovery in 1991, this was insufficient to rebuild the East German economy.

A number of specific programs were implemented to support R&D activities and promote
innovation. Among these policies, the InnoRegio program from 1999 to 2006 was based on
competition among 23 networks of firms and research facilities. This prominent policy was based
on the fact that innovation is not driven by a single individual or single Schumpeterian

entrepreneur but rather by networks consisting of various participants, organizations, and



institutions. Its main objective was to improve the transfer of knowledge and technology among
East German regions by building networks with a special focus on SMEs, since the main actors in
East Germany has been SMEs rather than large companies as in West Germany. Moreover, the
Innovationsforen program also supported innovation networks in East Germany in their early
phase to strengthen the development of a thematic focus and collaborative relations.

During the past two decades, R&D activities in East Germany have attempted to catch up
with those in the west. However, this expansion has focused on public or publicly funded R&D
facilities, while firms have only moderately increased their R&D activities. In 2013, the R&D
activities of East Germany reached 86% of those of West Germany, but only 50% in the private
sector (Eickelpasch 2015). Indeed, R&D-intensive industries and large firms, which typically
have more formal R&D units, are less frequently located in East Germany and the share of new
products is smaller in East German firms. Further, the R&D intensity of the private sector in East
Germany is below the EU average, while the number of R&D personnel increased by 30% in
West Germany between 1995 and 2013 but only by 20% in East Germany. Likewise, in terms of
R&D output measured by patents, East Germany is lacking. In 2010, patent density in West
Germany was almost three times that in East Germany. However, the number of R&D support
programs specifically designed for enhancing firms® R&D activities and innovative
entrepreneurship in East Germany shrunk considerably at the end of the 1990s, with the new
focus placed on knowledge transfer and network formation (Eickelpasch 2015).

To foster the catching-up process of East Germany, the federal government started an
innovation initiative called Entrepreneurial Regions (Unternehmen Region) that aims to form
innovation-oriented regional alliances based on the respective strengths of each region. The main
building blocks of this strategy are lateral thinking, cooperation, strategic planning, and
entrepreneurial action. To implement this strategy, a series of programs have been developed
since 1999. One such program, Twenty20 — Partnership for Innovation (Zwanzig20 —
Partnerschaft fiir Innovation), promotes national, inter-, trans-, and multidisciplinary cooperation
between partners and encourages openness and transparency. Under this program, networks are
supposed to be formed across East Germany with one or more partners from West Germany and a

project leader from the east.

4. Dataset
In the presented co-authorship network analysis, the nodes are German regions (at the
NUTS-3 level; Eurostat 2003) and countries for authors outside Germany. Two nodes are linked

if the scientists located in these regions published a paper together. To obtain information on



East-West collaborations, we used a complete dataset of papers published by German authors
before and after the reunification. Our dataset was collected from ISI Web of Science, mainly
from the SCI web version DB, and includes all types of articles such as journal articles,
proceedings, reviews, letters, news items, and book reviews from 1972 to 2014. These databases
contain authors’ addresses and institutions, number of citations for each article, and fields of
study. The total number of published papers considered in this study was 2,897,322, or 1,371,639
after removing single author papers. Figure 1 illustrates the number of published papers over the

study period.
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Figure 1 Cumulative number of papers published over the study period (the dashed line
represents the total number of papers and the solid line represents papers with two or more

authors)

In the group of papers with two or more authors, the minimum number of nodes was 95
in 1972 and the maximum was 545 in 2014. Given that Germany has 429 districts at the NUTS-3
level (corresponding to the Kreis districts in the Federal Republic of Germany), the average value
of 379 was the relevant value of nodes. Regarding the edges of the dataset, the minimum number
of edges was 255 in 1972 and this reached 22,456 in 2014. Figure 2 depicts the number of nodes
and edges over the study period, as a proxy of network density. Figures 1 and 2 show the
increasing trend in the number of papers, nodes, and links over time. This rise is confirmed by the

increase in network density depicted in Figure 3.
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This trend also holds for West—East links. The nodes that belong to former GDR regions
are labeled as East Germany, while old Federal Republic of Germany regions are termed West
Germany to calculate the number of links between East and West Germany (see Figure 4). Figure
4 shows the increasing trend of East—West links as well as total links. Indeed, after 1990, the year

of the country’s reunification, the number of links between East and West Germany began to soar.
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Figure 4 Number of links over the study period (the solid line represents the total number of links

(y-axis on the left) and the dashed line represents the number of East-West links (y-axis on the
right))

5. Analysis and results

In this section, we compare the co-evolution of West and East German innovation networks
before and after the reunification. We first quantify whether the increase in links between East
and West Germany was driven by a structural change owing to the country’s reunification. Then,
this study focuses on the qualitative change in networks by analyzing network figures, degree
distribution, and major characteristics (i.e., path length and network cliquishness) and by

comparing the results with those of the benchmark models.

5.1 Test for structural change
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This section applies the Chow test in the ARIMA model to test whether a structural change in the
network exists. The difference between the number of links at time ¢ and #+1is calculated by
removing the upward trend for all links (i.e., total links and East-West links). Then, we compute
a series of F statistics (i.e., the Chow test statistics) to assess any potential structural change
points from 1972 to 2014 and thus understand the structural breakpoint implied by the argmax of

the F statistics. The time series of links with breakpoints are depicted in Figure 5.
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Figure 5 Number of links with structural breakpoints over the study period (the black line
represents total links, the black dashed vertical line represents the structural breakpoint of total
links, the red line represents East-West links, and the red dashed vertical line represents the

structural breakpoint of East—West links)

Figure 5 illustrates that structural change across the innovation network in Germany
occurred in the early 1990s, while structural change in East-West links occurred in the early
2000s. These findings suggest that the development of ICT affected the structure of all innovation
networks in Germany in the early 1990s, such as the invention of the World Wide Web in 1990
and the Mosaic web browser in 1993. Indeed, previous studies have examined how ICT
development affected interactive learning and research collaboration at this time (Sahni, Van Den
Bergh, and Coninx 2008; McCormick 2004; Ahuja, Yang, and Shankar 2009).

It is noticeable that the structural change of East—-West collaboration occurred 10 years
after the reunification. This lag might have been caused by the time needed to build a
collaboration network between two formerly separate networks or the launch of policies on

knowledge transfer and network formation, which replaced the previous R&D support programs

12



specifically designed for East Germany in the late 1990s, as discussed in Section 3. Although
assessing the direct effect of these policies is outside the scope of this study, the policy regime

change also seemed to affect the structural breakpoint in the early 2000s.

5.2 Co-evolution of networks

Although we have checked the existence of structural breakpoints in the change in the number of
links using the Chow test, this only shows us the quantitative aspects of German innovation
networks. Hence, in this section we examine the evolution of German innovation networks by
adopting a network analysis to understand the qualitative aspects of their co-evolution in the post-
reunification period. Figures 6a and 6b show the entire network for five years (1974, 1984, 1994,
2004, 2014) In Figure 6, the green and red nodes represent the NUTS-3 regions in West and East
Germany, respectively, while the black nodes represent the other countries. To visualize the
structural differences, we apply a network visualization algorithm that uses the individual degree
centrality of the nodes to (re-)locate the nodes and links. This algorithm assumes that nodes have
repulsion against each other like charged particles and edges are subjected to an attraction force.
The balance between this attraction and repulsion determines the space for the nodes and edges.
The position of the nodes only depends on the relationship with the other nodes, which allows us
to understand the structural and visual proximities (i.e., nodes located close to each other tend to
be in the same communities). Additionally, we use the algorithm to locate the hubs outside the
center (Noack 2007; Jacomy et al. 2014).

13



Figure 6(a) Networks before reunification: 1974 on the left and 1984 on the right (the green and
red nodes represent the NUTS-3 regions in West and East Germany, respectively, while the black

nodes represent the other countries)

Figure 6(b) Networks after reunification: 1994 on the left, 2004 in the middle, and 2014 on the

right. The nodes are represented as in Figure 6(a)
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Overall, Figure 6 illustrates the consistent increase in the number of nodes and links as
well as the rise in network density over the study period. First, comparing the network figure of
1984 with those of 1994/2004 to analyze the structural change across the entire innovation
network shows that the positions of the black nodes have changed. Specifically, while the other
countries bridge the East and West regions of Germany in 1984, they do so no longer in
1994/2004. In addition, the East German regions are located on the periphery in 1984, while they
become more closely located in the center in 1994/2004. In general, the network is more
connected (i.e., both black and red nodes move from the periphery to the center), indicating closer
regional integration over time.

Second, comparing the figure of 1994 with that of 2004 to focus on the structural change
in East—West links shows the unification of German innovation networks. Indeed, there are no
clear distinctions between the territories of the green and red nodes in 2004, although the other
countries are still relatively separated from the German region. Among the five yearly networks,
that of 2004 shows the least distinction among the three groups over the study period, while the
other countries are more separated with well-blended East—West links in 2014. Therefore, we can
argue that the East and West regions were separated before the reunification and started to co-
evolve over time, becoming highly blended German regions around 2004 and finishing their

restructuring in 2014 with tight East-West ties repelling the bridge provided by other countries.
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1974 1979 1984 1989 1994 1999 2004 2009 2014
Munich Munich Munich East Berlin Berlin Berlin Berlin Berlin Berlin
Bonn Heidelberg | East Berlin Munich Munich Munich Munich Munich Munich
West Berlin Bonn Heidelberg | Heidelberg | Heidelberg | Heidelberg [ Heidelberg Bonn Heidelberg
Hamburg Hamburg Bonn Hamburg Bonn Bonn Bonn Heidelberg Bonn
Heidelberg | East Berlin Hamburg Bonn Hamburg Hamburg Hamburg Hamburg Hamburg
Breisgau- Breisgau- | Breisgau- . ) . )
Hochschwarz| Hannover Hannover [Hochschwarz|Hochschwarz Alb Do_nau Alb Do_nau Hannover Dresden
Kreis Kreis
wald wald wald
Breisgau- Breisgau-
East Berlin Frankfurt Gottingen Frankfurt Mainz Hochschwarz| Hannover Dresden [ Hochschwarzwal
wald d
Duisburg, " o
Ulm West Berlin | Frankfurt Kreisfreie Hannover Hannover Dresden AIbKI?:ir;au Hannover
Stadt
Duisburg,
Gottingen Mainz Kreisfreie Hannover Frankfurt Mainz Borken Leipzig |Alb-Donau-Kreis
Stadt
Breisgau- Breisgau-
Hannover [Hochschwarz|Hochschwarz| Géttingen Borken Borken Frankfurt Frankfurt Leipzig
wald wald

Table 1 Change in regional ranking in terms of degree centrality (the blue and red shading
represents the West and East regions, respectively, while the green shading represents the unified

Berlin)

Table 1 shows the change in the top 10 most connected regions in terms of degree
centrality. Before the reunification, Munich was ranked top and West Berlin ranked higher than
East Berlin in 1974. However, the centrality of West Berlin decreased over time and disappeared
from the ranking list altogether before the reunification. In contrast to West Berlin, the centrality
of East Berlin grew over the study period, although it was still the only region listed among East
German regions. This finding suggests that the innovation system of East Germany was more
centralized than that of West Germany before the 2000s. Regarding West German regions, the
cities of Munich, Berlin, Bonn, Hamburg, and Heidelberg remained in the top five until the

reunification.
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After the reunification, the regions belonging to East Germany disappeared from the top
10 ranking in 1995, while unified Berlin ranked No. 1. Interestingly, all the top 10 regions in
1994 were western regions. Even dominant eastern cities such as Jena, Dresden, and Leipzig were
not listed in the top 10 (Jena was ranked 30, Leipzig 33, and Dresden 34). However, more than 10
years after the reunification, Dresden reappeared in the top 10 regions in 2004 and Leipzig joined
it in 2014. Hence, Table 1 implies that in the post-reunification period, the East German
innovation system, which had been more centralized, lost its centrality within the unified German
innovation system and took time to recover. Moreover, through the reunification, the Berlin

region gained a more dominant role in the reunified Germany.

5.3 Power-law degree distributions

The degree distribution, P(z), has been widely studied with various networks. Distributions that

result from the function P(z)=az™ " are called power-law degree distributions (Newman 2010)

and networks based on a power law have scale-free characteristics (Barabasi and Albert 1999).
Barabasi and Albert (1999) find that the scale-invariant state is observed in all complex systems,
including social networks describing individuals and organizations. According to Newman
(2001a), once a network depicts a similar topology to that of the World Wide Web, the degree

distribution approximately follows the power law with a power of 2.5. Newman (2001a) adds that
T equal to 2 in P(z)=az "is a dividing line located between two fundamentally different

networks in terms of their behavior. If T is less than 2, the few individuals with a large number
of collaborators play a dominant role in deciding the average network properties, whereas
network properties are dominated by individuals with a few collaborators when T is greater than
2.
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P(z)=az" 1974 1984 1994 2004 2014

a 792.889 1189 2472 5173 8554
Std. Error 4.6989*** 4.576*** 5.375*** 5.623*** 13.95%**
T -1.7255 -1.625 -1.598 -1.517 -1.425

Std. Error 0.01786*** 0.01021***  0.005561***  0.002494***  0.003284***

Table 2 Power-law equation over time, where a and 7 are in equation P(z)=az "

The power-law equation is introduced in Table 2. While the distribution shows some
curvature for 1974, it seems to fit the power law well throughout the study period, especially
considering the linear line between the logarithm of the number of papers and that of the number
of collaborators. The slope T of German innovation networks is never greater than 2 and
decreases over time. This finding suggests that a few regions with a large number of collaborators

never dominated the properties of German innovation networks during the study period.

5.4 Network analysis with benchmark models

The previous sections discussed the clear change in network characteristics (i.e., network growth
over time with an increasing number of nodes and links), leading to an overall increase in
network density. In this section, we discuss the change in network characteristics such as path
length and network cliquishness. First, the clustering coefficient (see Equation (1)) represents
network cliquishness, which reflects the tendency to build cohesive subgroups. Second, the
shortest average path length is defined as the average number of steps necessary to connect any
given pair of nodes; this is a strong indicator of the speed of knowledge transfer in the network
(see Equation (2)). Networks that have both a small path length and high network cliquishness
exhibit so-called small-world characteristics (Watts and Strogatz 1998), which have typically
been identified to foster fast and efficient knowledge diffusion (see Watts and Strogatz 1998,
Cowan and Jonard 2004):

_ Xizjd(ny,ny)

L= N(N —1) @)
C - 2 * e
- 1) @
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The problem of measuring path length and network cliquishness is that these variables
strongly depend on network size and density. Just consider a network of 100 nodes and 300
randomly connected links. If we now double the number of nodes in the network and reconnect
all links randomly, path length would increase, while network cliquishness would decrease.
However, can we say that the relative path length has really increased? While both cases have
randomly connected networks, the decreasing network density implies a structural change caused
by the decreasing density but not by the way in which the nodes are connected. This example
illustrates that such measures are case sensitive and must be evaluated in relation to the given
network density. As path length and network cliquishness are indicators of fast and efficient
knowledge diffusion throughout a network, they must be seen as relative measures. As such,
altering network size changes the basis of our evaluation and hence must be included in our
analysis. In other words, to analyze the path length and network cliquishness of our real-world
empirical network, we must use benchmark networks to draw a comparison about the resulting

network characteristics.

—— Real network
[e0) = = Random
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+ = Barabasi
— - Evolutionary
© _
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Figure 7 Network cliquishness over the study period

Figure 7 shows network cliquishness between 1973 and 2014 for all five studied
networks. We see that the development of the empirical co-authorship network follows a straight
line, starting at a level comparable with the evolutionary and Watts—Strogatz networks and ending

at a very high clustering coefficient of almost 0.8.
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Figure 8 Path length over the study period

Figure 8 shows the average path length of our five networks. In this case, the empirical
network starts at a relatively high level compared with the other network structures and
approaches a path length of 1.8 in 2014. The great value of this comparison becomes clear if we
look closer at the process of network growth between 1973 and 2014. From 1972, new links and
nodes were added to the network. As the clustering coefficient increases over time compared with
the benchmark networks, we can conclude that these new links and nodes have become attached
in close cliques. If network growth had a random nature, such network cliquishness would have
decreased, eventually approaching the level of random networks. If the new links had been
attached following the Barabasi—Albert logic, network cliquishness would also have followed the
development of the Barabasi—Albert-type networks. This allows us to conclude that new network

connections mainly closed existing gaps in subcliques (i.e., by connecting friends of friends).

6. Discussion and conclusion

Innovation network building between East and West German regions played a critical role in
promoting economic integration between the two German regions after the reunification in 1990,
since knowledge creation and innovation are the driving forces behind economic development
and growth in knowledge-based economies. This study described the change in German
innovation networks, particularly their co-evolution, by analyzing publication data from 1972 to

2014 and drew the following main findings.
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First, regarding the number of East-West links, we confirmed that a structural change
occurred in the early 2000s. In particular, we observed a clear distinction between East and West
regions being bridged by other countries in the early 1990s, while well-blended networks among
East and West regions were separate from other countries in 2014. Second, in terms of degree
centrality, most top-ranked East German regions before the reunification disappeared from the
top 10 ranking list after the reunification, except unified Berlin. However, cities such as Dresden
and Leipzig reappeared after the 2000s thanks partly to policymaking initiatives such as
Unternehmen Region and the relatively strong foundation or tradition of certain industries in
these regions.

Finally, the change in network cliquishness and path length over the study period helped
explain why the German government has strived to build a network as well as why the reunified
Germany has not yet achieved full integration. The new links and nodes have become attached in
close cliques, which means that East and West German regions tended to connect to new regions
located in their surroundings, instead of entering distant regions. Considering these properties of
German innovation networks, we can conclude that innovation policy that boosts networking
between these two German regions is effective and indeed necessary to achieve real unification in

the country.
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19-2010 Frauke Lammers, CONTRACT DESIGN AND INSURANCE FRAUD: AN HCM
Jorg Schiller EXPERIMENTAL INVESTIGATION
20-2010  Martyna Marczak, REAL WAGES AND THE BUSINESS CYCLE IN GERMANY ECO
Thomas Beissinger
21-2010 Harald Degner, FOREIGN PATENTING IN GERMANY, 1877-1932 IK
Jochen Streb
22-2010 Heiko Sttiber, DOES DOWNWARD NOMINAL WAGE RIGIDITY ECO
Thomas Beissinger DAMPEN WAGE INCREASES?
23-2010  Mark Spoerer, GUNS AND BUTTER — BUT NO MARGARINE: THE IMPACT OF ECO

Jochen Streb

NAZI ECONOMIC POLICIES ON GERMAN FOOD
CONSUMPTION, 1933-38
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24-2011 Dhammika EARNINGS SHOCKS AND TAX-MOTIVATED INCOME-SHIFTING: ECO
Dharmapala, EVIDENCE FROM EUROPEAN MULTINATIONALS
Nadine Riedel
25-2011 Michael Schuele, QUALITATIVES, RAUMLICHES SCHLIEREN ZUR ICT
Stefan Kirn KOLLISIONSERKENNUNG UND KOLLISIONSVERMEIDUNG
AUTONOMER BDI-AGENTEN
26-2011 Marcus Miller, VERHALTENSMODELLE FUR SOFTWAREAGENTEN IM ICT
Guillaume Stern, PUBLIC GOODS GAME
Ansger Jacob and
Stefan Kirn
27-2011 Monnet Benoit, ENGEL CURVES, SPATIAL VARIATIQN IN PRICES AND ECO
Patrick Gbakoua and DEMAND FOR COMMODITIES IN COTE D’IVOIRE
Alfonso Sousa-Poza
28-2011 Nadine Riedel, ASYMMETRIC OBLIGATIONS ECO
Hannah Schildberg-
Horisch
29-2011 Nicole Waidlein CAUSES OF PERSISTENT PRODUCTIVITY DIFFERENCES IN IK
THE WEST GERMAN STATES IN THE PERIOD FROM 1950 TO
1990
30-2011 Dominik Hartmann, MEASURING SOCIAL CAPITAL AND INNOVATION IN POOR IK
Atilio Arata AGRICULTURAL COMMUNITIES. THE CASE OF CHAPARRA -
PERU
31-2011 Peter Spahn DIE WAHRUNGSKRISENUNION ECO
DIE EURO-VERSCHULDUNG DER NATIONALSTAATEN ALS
SCHWACHSTELLE DER EWU
32-2011 Fabian Wahl DIE ENTWICKLUNG DES LEBENSSTANDARDS IM DRITTEN ECO
REICH — EINE GLUCKSOKONOMISCHE PERSPEKTIVE
33-2011 Giorgio Triulzi, R&D AND KNOWLEDGE DYNAMICS IN UNIVERSITY-INDUSTRY IK
Ramon Scholz and RELATIONSHIPS IN BIOTECH AND PHARMACEUTICALS: AN
Andreas Pyka AGENT-BASED MODEL
34-2011 Claus D. Miller- ANWENDUNG DES OFFENTLICHEN VERGABERECHTS AUF ICT
Hengstenberg, MODERNE IT SOFTWAREENTWICKLUNGSVERFAHREN
Stefan Kirn
35-2011 Andreas Pyka AVOIDING EVOLUTIONARY INEFFICIENCIES IK
IN INNOVATION NETWORKS
36-2011 David Bell, Steffen WORK HOURS CONSTRAINTS AND HEALTH HCM
Otterbach and
Alfonso Sousa-Poza
37-2011 Lukas Scheffknecht, A BEHAVIORAL MACROECONOMIC MODEL WITH ECO
Felix Geiger ENDOGENOUS BOOM-BUST CYCLES AND LEVERAGE
DYNAMICS
38-2011 Yin Krogmann, INTER-FIRM R&D NETWORKS IN THE GLOBAL IK

Ulrich Schwalbe

PHARMACEUTICAL BIOTECHNOLOGY INDUSTRY DURING
1985-1998: A CONCEPTUAL AND EMPIRICAL ANALYSIS
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39-2011 Michael Ahlheim, RESPONDENT INCENTIVES IN CONTINGENT VALUATION: THE ECO
Tobias Boérger and ROLE OF RECIPROCITY
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40-2011 Tobias Borger A DIRECT TEST OF SOCIALLY DESIRABLE RESPONDING IN ECO
CONTINGENT VALUATION INTERVIEWS
41-2011 Ralf Rukwid, QUANTITATIVE CLUSTERIDENTIFIKATION AUF EBENE IK

Julian P. Christ

DER DEUTSCHEN STADT- UND LANDKREISE (1999-2008)
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42-2012  Benjamin Schon, A TAXONOMY OF INNOVATION NETWORKS IK
Andreas Pyka
43-2012  Dirk Foremny, BUSINESS TAXES AND THE ELECTORAL CYCLE ECO
Nadine Riedel
44-2012  Gisela Di Meglio, VARIETIES OF SERVICE ECONOMIES IN EUROPE IK
Andreas Pyka and
Luis Rubalcaba
45-2012  Ralf Rukwid, INNOVATIONSPOTENTIALE IN BADEN-WURTTEMBERG: IK
Julian P. Christ PRODUKTIONSCLUSTER IM BEREICH ,METALL, ELEKTRO, IKT*
UND REGIONALE VERFUGBARKEIT AKADEMISCHER
FACHKRAFTE IN DEN MINT-FACHERN
46-2012  Julian P. Christ, INNOVATIONSPOTENTIALE IN BADEN-WURTTEMBERG: IK
Ralf Rukwid BRANCHENSPEZIFISCHE FORSCHUNGS- UND
ENTWICKLUNGSAKTIVITAT, REGIONALES
PATENTAUFKOMMEN UND BESCHAFTIGUNGSSTRUKTUR
47-2012  Oliver Sauter ASSESSING UNCERTAINTY IN EUROPE AND THE ECO
US - IS THERE A COMMON FACTOR?
48-2012  Dominik Hartmann SEN MEETS SCHUMPETER. INTRODUCING STRUCTURAL AND IK
DYNAMIC ELEMENTS INTO THE HUMAN CAPABILITY
APPROACH
49-2012  Harold Paredes- DISTAL EMBEDDING AS A TECHNOLOGY INNOVATION IK
Frigolett, NETWORK FORMATION STRATEGY
Andreas Pyka
50-2012  Martyna Marczak, CYCLICALITY OF REAL WAGES IN THE USA AND GERMANY: ECO
Victor Gémez NEW INSIGHTS FROM WAVELET ANALYSIS
51-2012  André P. Slowak DIE DURCHSETZUNG VON SCHNITTSTELLEN IK
IN DER STANDARDSETZUNG:
FALLBEISPIEL LADESYSTEM ELEKTROMOBILITAT
52-2012  Fabian Wahl WHY IT MATTERS WHAT PEOPLE THINK - BELIEFS, LEGAL ECO
ORIGINS AND THE DEEP ROOTS OF TRUST
53-2012  Dominik Hartmann, STATISTISCHER UBERBLICK DER TURKISCHEN MIGRATION IN IK
Micha Kaiser BADEN-WURTTEMBERG UND DEUTSCHLAND
54-2012  Dominik Hartmann, IDENTIFIZIERUNG UND ANALYSE DEUTSCH-TURKISCHER IK
Andreas Pyka, Seda INNOVATIONSNETZWERKE. ERSTE ERGEBNISSE DES TGIN-
Aydin, Lena KlauR, PROJEKTES
Fabian Stahl, Ali
Santircioglu, Silvia
Oberegelsbacher,
Sheida Rashidi, Gaye
Onan and Suna
Erginkog
55-2012  Michael Ahlheim, THE ECOLOGICAL PRICE OF GETTING RICH IN A GREEN ECO

Tobias Boérger and
Oliver Fror

DESERT: A CONTINGENT VALUATION STUDY IN RURAL
SOUTHWEST CHINA
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56-2012  Matthias Strifler FAIRNESS CONSIDERATIONS IN LABOR UNION WAGE ECO
Thomas Beissinger SETTING — A THEORETICAL ANALYSIS
57-2012  Peter Spahn INTEGRATION DURCH WAHRUNGSUNION? ECO
DER FALL DER EURO-ZONE
58-2012  Sibylle H. Lehmann TAKING FIRMS TO THE STOCK MARKET: ECO
IPOS AND THE IMPORTANCE OF LARGE BANKS IN IMPERIAL
GERMANY 1896-1913
59-2012  Sibylle H. Lehmann, POLITICAL RIGHTS, TAXATION, AND FIRM VALUATION - ECO
Philipp Hauber and EVIDENCE FROM SAXONY AROUND 1900
Alexander Opitz
60-2012  Martyna Marczak, SPECTRAN, A SET OF MATLAB PROGRAMS FOR SPECTRAL ECO
Victor Gémez ANALYSIS
61-2012  Theresa Lohse, THE IMPACT OF TRANSFER PRICING REGULATIONS ON ECO

Nadine Riedel

PROFIT SHIFTING WITHIN EUROPEAN MULTINATIONALS
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62-2013 Heiko Stiber REAL WAGE CYCLICALITY OF NEWLY HIRED WORKERS ECO

63-2013  David E. Bloom, AGEING AND PRODUCTIVITY HCM
Alfonso Sousa-Poza

64-2013  Martyna Marczak, MONTHLY US BUSINESS CYCLE INDICATORS: ECO
Victor Gémez A NEW MULTIVARIATE APPROACH BASED ON A BAND-PASS

FILTER

65-2013  Dominik Hartmann, INNOVATION, ECONOMIC DIVERSIFICATION AND HUMAN IK
Andreas Pyka DEVELOPMENT

66-2013  Christof Ernst, CORPORATE TAXATION AND THE QUALITY OF RESEARCH ECO
Katharina Richter and AND DEVELOPMENT
Nadine Riedel

67-2013  Michael Ahlheim, NONUSE VALUES OF CLIMATE POLICY - AN EMPIRICAL STUDY ECO
Oliver Fror, Jiang IN XINJIANG AND BEIJING
Tong, Luo Jing and
Sonna Pelz

68-2013  Michael Ahlheim, CONSIDERING HOUSEHOLD SIZE IN CONTINGENT VALUATION ECO
Friedrich Schneider STUDIES

69-2013 Fabio Bertoni, WHICH FORM OF VENTURE CAPITAL IS MOST SUPPORTIVE CFRM
Tereza Tykvova OF INNOVATION?

EVIDENCE FROM EUROPEAN BIOTECHNOLOGY COMPANIES

70-2013  Tobias Buchmann, THE EVOLUTION OF INNOVATION NETWORKS: IK
Andreas Pyka THE CASE OF A GERMAN AUTOMOTIVE NETWORK

71-2013  B. Vermeulen, A. CAPABILITY-BASED GOVERNANCE PATTERNS OVER THE IK
Pyka, J. A. La Poutré¢ PRODUCT LIFE-CYCLE
and A. G. de Kok

72-2013  Beatriz Fabiola Lépez HOW DOES SUBJECTIVE WELL-BEING EVOLVE WITH AGE? HCM
Ulloa, Valerie Mgller A LITERATURE REVIEW
and Alfonso Sousa-
Poza

73-2013  Wencke Gwozdz, MATERNAL EMPLOYMENT AND CHILDHOOD OBESITY — HCM

Alfonso Sousa-Poza,
Lucia A. Reisch,
Wolfgang Ahrens,
Stefaan De Henauw,
Gabiriele Eiben, Juan
M. Fernandez-Alvira,
Charalampos
Hadjigeorgiou, Eva
Kovacs, Fabio Lauria,
Toomas Veidebaum,
Garrath Williams,
Karin Bammann

A EUROPEAN PERSPECTIVE
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74-2013  Andreas Haas, RISIKEN AUS CLOUD-COMPUTING-SERVICES: HCM
Annette Hofmann FRAGEN DES RISIKOMANAGEMENTS UND ASPEKTE DER
VERSICHERBARKEIT
75-2013  Yin Krogmann, INTER-FIRM R&D NETWORKS IN PHARMACEUTICAL ECO, IK
Nadine Riedel and BIOTECHNOLOGY: WHAT DETERMINES FIRM’S
Ulrich Schwalbe CENTRALITY-BASED PARTNERING CAPABILITY?
76-2013 Peter Spahn MACROECONOMIC STABILISATION AND BANK LENDING: ECO
A SIMPLE WORKHORSE MODEL
77-2013  Sheida Rashidi, MIGRATION AND INNOVATION — A SURVEY IK
Andreas Pyka
78-2013  Benjamin Schon, THE SUCCESS FACTORS OF TECHNOLOGY-SOURCING IK
Andreas Pyka THROUGH MERGERS & ACQUISITIONS — AN INTUITIVE META-
ANALYSIS
79-2013 Irene Prostolupow, TURKISH-GERMAN INNOVATION NETWORKS IN THE IK
Andreas Pyka and EUROPEAN RESEARCH LANDSCAPE
Barbara Heller-Schuh
80-2013  Eva Schlenker, CAPITAL INCOME SHARES AND INCOME ECO
Kai D. Schmid INEQUALITY IN THE EUROPEAN UNION
81-2013  Michael Ahlheim, THE INFLUENCE OF ETHNICITY AND CULTURE ON THE ECO
Tobias Bérger and VALUATION OF ENVIRONMENTAL IMPROVEMENTS
Oliver Fror — RESULTS FROM A CVM STUDY IN SOUTHWEST CHINA —
82-2013 Fabian Wahl DOES MEDIEVAL TRADE STILL MATTER? HISTORICAL TRADE ECO
CENTERS, AGGLOMERATION AND CONTEMPORARY
ECONOMIC DEVELOPMENT
83-2013  Peter Spahn SUBPRIME AND EURO CRISIS: SHOULD WE BLAME THE ECO
ECONOMISTS?
84-2013  Daniel Guffarth, THE EUROPEAN AEROSPACE R&D COLLABORATION IK
Michael J. Barber NETWORK
85-2013  Athanasios Saitis KARTELLBEKAMPFUNG UND INTERNE KARTELLSTRUKTUREN: IK

EIN NETZWERKTHEORETISCHER ANSATZ
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86-2014  Stefan Kirn, Claus D.  INTELLIGENTE (SOFTWARE-)AGENTEN: EINE NEUE ICT
Muller-Hengstenberg HERAUSFORDERUNG FUR DIE GESELLSCHAFT UND UNSER
RECHTSSYSTEM?
87-2014  Peng Nie, Alfonso MATERNAL EMPLOYMENT AND CHILDHOOD OBESITY IN HCM
Sousa-Poza CHINA: EVIDENCE FROM THE CHINA HEALTH AND NUTRITION
SURVEY
88-2014  Steffen Otterbach, JOB INSECURITY, EMPLOYABILITY, AND HEALTH: HCM
Alfonso Sousa-Poza ~ AN ANALYSIS FOR GERMANY ACROSS GENERATIONS
89-2014  Carsten Burhop, THE GEOGRAPHY OF STOCK EXCHANGES IN IMPERIAL ECO
Sibylle H. Lehmann- GERMANY
Hasemeyer
90-2014  Martyna Marczak, OUTLIER DETECTION IN STRUCTURAL TIME SERIES ECO
Tommaso Proietti MODELS: THE INDICATOR SATURATION APPROACH
91-2014  Sophie Urmetzer, VARIETIES OF KNOWLEDGE-BASED BIOECONOMIES IK
Andreas Pyka
92-2014  Bogang Jun, THE TRADEOFF BETWEEN FERTILITY AND EDUCATION: IK
Joongho Lee EVIDENCE FROM THE KOREAN DEVELOPMENT PATH
93-2014  Bogang Jun, NON-FINANCIAL HURDLES FOR HUMAN CAPITAL IK
Tai-Yoo Kim ACCUMULATION: LANDOWNERSHIP IN KOREA UNDER
JAPANESE RULE
94-2014  Michael Ahlheim, CHINESE URBANITES AND THE PRESERVATION OF RARE ECO
Oliver Fror, SPECIES IN REMOTE PARTS OF THE COUNTRY — THE
Gerhard EXAMPLE OF EAGLEWOOD
Langenberger and
Sonna Pelz
95-2014  Harold Paredes- RANKING THE PERFORMANCE OF NATIONAL INNOVATION IK
Frigolett, SYSTEMS IN THE IBERIAN PENINSULA AND LATIN AMERICA
Andreas Pyka, FROM A NEO-SCHUMPETERIAN ECONOMICS PERSPECTIVE
Javier Pereira and
Luiz Flavio Autran
Monteiro Gomes
96-2014  Daniel Guffarth, NETWORK EVOLUTION, SUCCESS, AND REGIONAL IK

Michael J. Barber

DEVELOPMENT IN THE EUROPEAN AEROSPACE INDUSTRY
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