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ABSTRACT

This paper applies network analysis to a citation database that combines the key references in the fields
of Entrepreneurship (ENT), Innovation Studies (INN) and Science and Technology Studies (STS). We find
that citations between the three fields are relatively scarce, as compared to citations within the fields.
As a result of this tendency, a cluster analysis of the publications in the database yields a partition that
is largely the same as the a priori division into the three fields. We take this as evidence that the three
fields, although they share research topics and themes, have developed largely on their own and in relative
isolation from one another. We also apply a so-called ‘main path’ analysis aimed at outlining the main
research trajectories in the field. Here we find important differences between the fields. In STS, we find
a cumulative trajectory that develops in a more or less linear fashion over time. In INN, we find a major
shift of attention in the main trajectory, from macroeconomic issues to business-oriented research. ENT
develops relatively late, and shows a trajectory that is still in its infancy.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

With the growing importance attached to knowledge, innova-
tion and technological change in policy-making (e.g., Lundvall and
Borras, 2004), these topics have also become prominent in the
social science literature. Fagerberg and Verspagen (2009) discussed
these developments under the heading of “innovation studies”, but
their survey did not capture important parts of the social science
literature that are pre-occupied with knowledge. In particular, the
field of Science and Technology Studies (STS), which broadly deals
with the social role and context of scientific research, was strongly
underrepresented. In addition, the growing importance attached
to entrepreneurship in the (economic) exploitation of knowledge
(Braunerhjelm et al., 2010) did not appear very clearly in the Fager-
berg and Verspagen approach.

This was one reason for the EXPLORE project, of which this con-
tribution is part, to launch a detailed study of the three fields of
Science and Technology Studies (STS), Innovation Studies (INN) and
Entrepreneurship (ENT). These detailed studies were carried out
as part of a larger bibliometric study, based on a new approach
in which handbooks published for the three fields played a cen-
tral role. The result of each of the three studies, as described in
Martin et al. (2012), Fagerberg et al. (2012) and Landstrém et al.
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(2012) was the identification of a list of core contributions, consist-
ing of about 125-150 references. This list was then used to provide
a description of the way in which the literature emerged and an
analysis of the main topics. One aim of the current paper is to per-
form a quantitative citation network analysis of the three lists of
core contributions, and to compare the outcomes of this network
analysis with the picture emerging from the three separate field
studies.

An important part of the EXPLORE project was to investigate
the relationships between the three fields. As they are all concerned
with broadly related topics, namely the social (including economic)
context and usage of knowledge, there are linkages between them.
These linkages, for example, take the form of common origins (early
inspirations), cross-citation, and overlap (in terms of scholars par-
ticipating in more than a single field). One might even hypothesize
that instead of three separate literatures, there is really only one
(large) social science literature about knowledge and innovation,
although the prior casual impression held by many participants in
the EXPLORE project (based on their experience as practitioners
in one or more of the three fields) was that this would probably
not be the case. The second main aim of this paper is therefore
to investigate how the three fields are related to each other. How
important are their common roots? When did they start to diverge
from each other, if at all? And what is the nature of the interac-
tions between the fields once they started to be distinguishable
from each other? We will again use quantitative citation network
analysis to investigate these questions.
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As Fagerberg and Verspagen (2009) argue, the definition of a
scholarly discipline covers more than just the development of a
literature. It also includes the establishment of specialized jour-
nals and conferences, as well as professional associations and the
like. The notion of a scholarly discipline covers a web of “institu-
tions”, including shared norms and values, which are both formal
and informal in nature. Our bibliometric approach cannot capture
this broad base of the phenomena involved in defining disciplines,
which is why we consistently use the term “fields” rather than “dis-
ciplines”. Our research questions, which are elaborated in the next
section, are aimed at these three fields.

Besides elaborating our research questions, Section 2 also
provides a brief introduction to our methodology. In short, our
methodology relies on the use of citation data, which we collect
for the core contributions in the three field studies, and consists of
arange of network-based techniques, including network visualiza-
tion and clustering. Section 3 introduces our data, both in terms of
the nature of the data used, and in terms of some brief descriptive
statistics. Sections 4 and 5 elaborate on the main methodologies
used: Section 4 focuses on network visualization and clustering of
the network nodes (i.e., references on the lists of core literature),
while Section 5 identifies the so-called ‘main paths’ in the database.
Section 6 summarises the main conclusions of our work.

2. Research questions and introduction to the methodology

One basic aim of this paper is to explore the interactions
between the three literatures that have been investigated in the
EXPLORE project: science and technology studies (STS), innovation
studies (INN), and entrepreneurship (ENT). We want to find out
to what extent, and how, these literatures have influenced each
other. Have they developed largely in isolation of each other, or
has there been cross-fertilization? If interactions between the three
literatures are found, are they unidirectional (one field influencing
another but not vice versa), or is the interaction more “complete”,
with all potential linkages being present?

Although these questions could be explored by a variety of
methodologies, for example a detailed survey of the content of the
three fields, or an analysis of personal interactions of the main play-
ers in the field, we opted to work with one data source, which is
citations between the three fields. The reason for focusing on cita-
tions is that they are indications of intellectual influence (from the
cited paper to the citing paper), and therefore can be used as “paper
trails” of the flow of ideas between and within the three fields.
Although citation analysis is now accepted by many as a valid ana-
lytical tool, one must be careful about the limitations of the data.
Citations may depend not just on the actual flow of ideas but also on
specific habits and norms, which are potentially different between
fields. For example, in some fields, it may be customary to have very
long reference lists, while other fields have far fewer. In addition,
citation patterns may be influenced by “strategic” motivations; for
example, a particular paper or author may be cited (or not cited)
to enhance the probability of publication, or citations may be influ-
enced by personal friendships or dislikes. Despite all this, we will
still rely on these data to analyze our research questions. Partly,
this is because in our case some of the problems seem to be rela-
tively minor (e.g., our impression from collecting the data is that
the length of reference lists does not vary much between the three
fields that we investigate), and partly it is because our study is the
first (at least as far as we are aware) that addresses the interaction
between these three fields. Thus, even if a citation analysis cannot
shed full light on the topic, it should nevertheless provide a major
addition to what we know.

The citation data that we use come in the form of a matrix, with
citing and cited documents in the rows and columns. We employ

network analysis to analyze this matrix. Documents (i.e., books,
journal articles or book chapters) are the nodes of the network,
and the citations between them are the linkages. Several network
methods will be used. To the extent that our research questions
are related to a general, impressionistic view of the three fields
and their interactions, we will mainly rely on two closely related
network-based methodologies: clustering (or classification) and
graph visualization. The primary purpose of both these method-
ologies is to detect meaningful groups of documents, in which the
documents within a group are more similar to each other than
to those in other groups. Clustering achieves this by applying an
algorithm that attempts to maximize within-group similarity and
between-group dissimilarity, while visualization techniques map
the documents into a low-dimensional (usually two or three) coor-
dinate system in such a way such that more similar documents
show up closer to each other. The observer then interprets the clus-
tering tendencies of the documents by visual inspection. In other
words, while clustering techniques classify documents into com-
paratively ‘crisp sets’, visualization techniques display clusters (if
there are any) as rather fuzzy sets and leave decisions on the bound-
aries between the ‘emergent’ groups to the subjective judgment of
the observer (i.e. the clusters emerge in the eye of the beholder).

Neither the visualization nor the classification methodology is
bound by universally accepted unique criteria. All existing tech-
niques are essentially heuristics. This is why we prefer to use both
classification and visualization methods, so that we can then com-
pare the outcomes. Within each of the two methodologies, a wide
range of heuristics is available, leading to different methods. We
opt for a combination of visualization and clustering methods that
are rooted in the same technical principle, based on the spectrum
(eigenvalue decomposition) of the (transformed) network matrix.
These techniques are explained below. In addition, for the clus-
tering method employed, an important aspect of our method is
that we choose not to fix the number of clusters in advance. While
many clustering methods require the researcher to do so, this is not
a desirable solution from our point of view. The reason is that one
subpartof our broad research question asks whether the three fields
are indeed separate, or (as an extreme case) can also be considered
as a single, broad field. Obviously, the choice of a particular number
of clusters (e.g., three or one) would predetermine the answer to
this question. This is why we want to be able somehow to deter-
mine the number of clusters in an endogenous way, and to assess
the “goodness-of-fit” of a particular cluster solution.

The majority of the network methods used in the literature
have been developed for networks where the links that connect
nodes do not represent a direction. For example, relations such as
friendship, kinship, or co-occurrence are usually characterized by
a link that goes in both directions between the nodes. In contrast,
knowledge flows as indicated by citations have a strongly directed
nature. In addition, citations have a temporal structure, because the
cited paper must have appeared before the citing paper in order
to be cited. Hence, citation networks are not only directional but
acyclic (i.e., if one starts at Document A and follows the citation
links, one never arrives back at Document A).! The acyclic and
directed nature of the citation network represents valuable infor-
mation for network analysis, especially if the analysis aims at a
historical narrative. Hence we would prefer to use methods that
take these characteristics of the network into account.

To our knowledge, two main analysis methods have been pro-
posed that can be used to investigate the historical (acyclic) nature
of networks. For the clustering part of our analysis, we draw upon

1 The acyclic nature of a citation network can be disturbed when pre-prints are
available before the official publication date. This will be discussed in more detail
below.
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Shibata et al. (2008), where the inter-temporal dimension of the
network is captured by first analyzing a network as it existed in
period T, and then gradually extending the coverage to include
periods T+ 1, T+2, etc. In this way, clusters of network nodes (docu-
ments, in our case) emerge for each historical stage of the network,
and an historical impression emerges from this in a natural way.
This is how our cluster analysis will be carried out below.

The other “history-friendly” network analysis methods has its
origins in the work by Hummon and Doreian (1988), and was later
extended by Verspagen (2007). This method is not aimed at visu-
alization or clustering, and is therefore rather different from the
methods that have been discussed so far. The aim here is to detect
the so-called ‘main paths’ in the citation network. These main paths
are those paths that represent the largest part of the knowledge
flows within the network. Hence, this method relies, to a larger
extent than the clustering and visualization methods, on the indi-
rect linkages between documents (if document A cites document
B and B cites C, an indirect knowledge flow goes from C to A).
All citation links in the network represent knowledge flows, but
the Hummon and Doreian method aims to identify the ones that
(through upstream and downstream citation linkages) represent
particularly strong flows. By linking such “important” linkages, a
citation-linked chain of documents emerges that can be interpreted
as the main path or trajectory of the literature.

In our analysis, this method serves a number of important func-
tions. First, it enables us to assess which are the main trajectories
in the large citation network, and hence whether the documents
that are found on these trajectories correspond to the leading con-
tributions as identified in the individual field studies. In this way,
we hope to be able to validate both the individual studies and our
citation-based analysis. This is the first major aim of our study. Sec-
ond, we can investigate how the interactions between the fields
thatemerge from the network visualization and clustering methods
are related to individual contributions (documents).

3. Data description

The starting point of our data collection are the lists of core
contributions that emerged from the individual studies for the
three fields in the EXPLORE project (Martin et al., 2012; Fagerberg
et al., 2012; Landstrém et al., 2012).2 These lists were compiled
by analysing the reference lists in handbooks covering the respec-
tive fields, and are taken to represent the main contributions to the
literature in each field.

Each of the lists has less than 160 publications on it (see Fig. 1
below), and hence it is a relatively small sample from the literatures
that are each by themselves now fairly large (we do not have pre-
cise figures on the size, but we estimate each of the three fields to
be composed of over 10,000 publications). The handbook method-
ology used in the three case studies focuses on the publications
that are considered core by the expert authors that survey the lit-
erature in the handbooks. It may be the case that publications that
lie somewhat “in between” the three fields are considered as rather
“peripheral” by the handbook authors, and, if so, they would receive
relatively few citations in the handbooks. The result would be that
such “intermediate” publications between the three fields do not

2 The list from Fagerberg, Fosaas and Sapprasert that we use is an older version
of the list that they present in their paper in this special issue. They completed their
most recent list after we had already finished the citation data collection process.
The full list of references that we use can be found as an appendix in their early
working paper version at http://ideas.repec.org/p/tik/inowpp/20100616.html. The
list of references for ENT can be found in the working paper version of Landstrém,
Harirchi and Astrém at http://ideas.repec.org/p/tik/inowpp/20111005.html, and the
list for STS can be found in the working paper version of Martin, Nightingale and
Yegros-Yegros at http://ideas.repec.org/p/tik/inowpp/20111004.html.

160
140
120
100
80
60
40

20

1950 1960 1970 1980 1890 2000

| STS INN ——ENT |

Fig. 1. Cumulative number of publications in the database, by field.

show up in our database, and hence we would underestimate the
true level of interaction between the fields. This would be worth
investigating in future research, but it cannot be addressed in the
current paper.

For all publications on the three core lists, we collected cita-
tion information, i.e., we constructed a matrix in which the rows
and columns are the publications on the three core literature
lists, and a cell value is one if the row publication is cited by
the column publication. We clean this matrix to eliminate cycles?
and delete from the database all publications that are not cited
and do not cite, and after this we have 412 publications: 152
in science and technology studies (STS), 146 in innovation stud-
ies (INN), and 134 in entrepreneurship (ENT). The sum is larger
than 412 because some publications are found in more than one
list.

Fig. 1 shows the cumulative number of publications per field,
starting with 1950. Its fairly even distribution of the number of
publications between the fields is easily observed, as is the some-
what uneven development over time. INN and STS both have a small
take-offin the number of publications around 1960, while ENT stays
fairly flat until the early 1980s. STS takes a decisive lead in the num-
ber of publications around 1960, but levels off more strongly than
the two other fields at the end of the period (this may be due to
sampling issues — see Martin et al., 2012).

There are 3720 citations between the 412 publications, i.e., an
average of about 9 per cited or citing document. These citations
are heavily concentrated within the fields, rather than between the
fields, as Fig. 2 shows. The number of citations within STS and INN
are about equal, with each of these fields accounting for nearly one
third of total citations. Within-ENT citations are only just over half
those within the two other fields. The off-diagonal values (cita-
tions between the fields) account for about one third of all citations
in the database, and these are heavily dominated by the publica-
tions that are assigned to more than one field (excluding those
publications, the number of off-diagonal citations falls from 1327
to 367, which is a 72% drop, while the sum of the diagonal val-
ues would fall from 3356 to 2591, a 23% drop). In the off-diagonal
cells of Fig. 2, the INN field contributes relatively higher values,

3 An example of a cycle is where paper A cited paper B, paper B cites paper C, and
paper Ccites paper A, or, the simplest possible cycle, paper X cites paper Y, and paper
Y cites paper X. If papers had unequivocal publication dates (i.e. a single date before
which they could not be cited), such cycles would not be possible. (However, the
existence of pre-publication versions may mean that a paper can be cited before it
is formally cited.) We want to reduce the citation matrix to such an “ideal” state, so
that we will be able to apply network analysis methods for non-cyclical networks.
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i.e., this field exhibits the strongest interactions with the two other
fields.

4. Clustering the network

The evidence about inter- and intra-field citation suggests that
there is indeed a “clustering” in the set of all 412 documents, in the
sense that particular subsets of the complete sample of documents
interact more closely with each other (in terms of citation) that with
other subsets. But this preliminary conclusion arises from a pre-
determined grouping of the total sample into the three fields STS,
INN and ENT. We now proceed to cluster the nodes (documents)
in the citation network in a more open-ended way, so that we can
compare the results of that exercise with the pre-determined seg-
mentation into three fields. The degree to which the results from
the clustering exercise match the pre-determined segmentation
will tell us something about how “integrated” the three fields are:
a close (or weak) match will point to a crisp (or fuzzy) boundary
between the three fields.

At an intuitive level, the problem of how to cluster the nodes in
our citation network has close similarities to the problem of how
to represent the network graphically in a low-dimensional space.
Nodes of the network (documents) that are in the same cluster
should appear close to each other in the graphical representation.
We therefore start by graphing the network, and from the method
that we employ to do this, we then proceed to cluster the network.

Because citation networks have a clear arrow of time, it makes
sense to use the publication year as one dimension in a graphi-
cal representation of the citation network. In order to keep the
graphical representation as simple as possible, we use only one
additional dimension, i.e., we will represent the citation network
in 2-dimensional space. For the additional dimension, the guiding
principle is that two papers that are connected by a citation should
be closer to each other than two papers that do not have a citation
link.

The problem of ‘graph embedding’ is to translate this guid-
ing principle into an actual method for calculating coordinates.
Imagine for a moment that the positions of all nodes* (along the 1-
dimensional space) except for a focal node j, are fixed. Then, a good
choice for the coordinate of node j would the average of the nodes
that it is connected to. However, when applied to all nodes, we will
in general be unable to find a configuration in which the “average-
condition” can be satisfied for all the nodes simultaneously.

4 We refer to the papers in the database as ‘nodes’ of the network from now on.

The technical problem that we are faced with is therefore to satisfy
the simultaneous condition “as well as possible.”

This is an old problem, dating back to Kirchhoff (1847), which
has been extensively studied since then. Hall (1970), and the lit-
erature that comes thereafter, formulated the graph embedding
problem as a minimization problem:

Minz = Zaij(yi -y

ij

where y; and y; are the coordinates to be assigned to node i and
node j, respectively, while a;; are the elements of the adjacency
matrix,” or some specific transformation of the matrix (which will
be discussed later). Thus, the quantity z, which is to be minimized, is
equal to the sum of squared distances between all nodes that have
a (direct) citation link. This minimization problem, which trans-
lates our general principle into a workable method, underlies our
methodology in this section and the next one. In what follows, we
briefly describe some of the intuitions behind this methodology,
but, because of limited space, we leave the reader to explore the
original references for details.
Following Hall (1970), we rewrite z in matrix notation, as

z=y"Ly

Here, L=D — A is the so-called Laplacian matrix, with A as the
adjacency matrix, and D a diagonal matrix that has the row sums
of A as elements (thus, the elements of D are the degree central-
ity of the nodes). We also realize that our minimization problem
has one trivial solution that is highly undesirable, and which is to
assign every node (or at least those that are connected into a sin-
gle component) the very same coordinate. In order to avoid this
trivial solution, the constraint y"y = 1 can be imposed, which makes
sure that the actual solution to the minimization problem shows
a positive variance of the coordinates. In this way, the minimiza-
tion problem becomes a constrained minimization problem, which
can be solved by the Lagrangian method to yield the characteristic
(eigenvalue) equation of the form: Ly=Ay. If this solution equa-
tion is pre-multiplied by the vector y’, we have y"Ly = Ay"y, which
implies z=A since z=y'Ly and y"y=1. Thus, the eigenvector asso-
ciated with the smallest non-zero eigenvalue® minimizes z and
provides the optimal coordinate vector.

In cases where the degree distribution is not close to uniform,
the coordinates obtained from the spectra of the Laplacian matrix
(as explained above) tend to lead to a collapse of the majority of
nodes into a very narrow area, with the rest of the map occupied
by a few sporadically distributed nodes. The well-accepted means
to overcome to this problem is to use the spectrum of the degree-
normalized Laplacian, which is Ly=D"'L (i.e., each element of the
Laplacian matrix is divided by the degree of the node). This is the
method that we use to map the citation network of the three fields.

The results of the visualization procedure are displayed in Fig. 3.
Along the horizontal dimension, we see a gradual increase in the
node-density of the graph, indicating the growing size of the three
fields. In the vertical dimension, we see a clear separation of col-
ors/shades. Because the colors/shades of the nodes indicate the field
to which they belong (publications belonging to more than one field
are diamond-shaped), this means that the publications belonging
to a single field appear close together on the vertical dimension,
which indicates closeness based on citations. This corresponds to

5 Which, in our case, is the symmetrized citation matrix, which is max(cj;,ji), with
¢jj equal to 1 if j cites i and O otherwise.

6 The smallest eigenvalue is 0, where the associated eigenvector corresponds to
the trivial solution in which all nodes are assigned exactly to the same coordinate.
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Fig. 3. Visualization of the citation network. The horizontal axis represents time
(early years on the left), the vertical dimension represents closeness based on
citation patterns; colors/shades of the nodes indicate field (yellow/light for STS,
green/intermediate for INN, black/dark for ENT); diamond-shaped (white) nodes are
documents that are assigned to more than a single field. The horizontal time-scale
is ordinal, i.e., newer nodes are placed further to the right, but horizontal distances
do not reflect precise differences in years. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

the expectation that may stem from the relative unimportance of
between-field citations (Fig. 2).

Moreover, we see that the INN field is positioned in the middle,
corresponding to its higher tendency to be involved in between-
field citations than the other two fields. INN and ENT are also
generally closer than INN and STS, and there is actually a fair
amount of overlap between INN and ENT on the vertical axis. The
overlap between INN and STS is much weaker, represented by only
a handful of documents, including some that are classified into
multiple fields (diamond shaped).

The impression that this gives is that the complete citation net-
work indeed consists of subfields, which largely correspond to the
three fields under study. In other words, it makes sense to talk about
three fields, rather than a single large field that is concerned with
knowledge and its societal and economic relevance. The pattern of
knowledge flows, as indicated by citations, suggests that this broad
area has been developing largely in the form of a separate entities,
although this is a more adequate description of the interactions
between STS and the two other fields, than between INN and ENT.
And even between STS and the rest of the dataset, some linkages
exist. We will now put this visual impression to the test in a more
rigorous clustering analysis.

Before the introduction of the ‘modularity’ concept by Newman
and Grivan (2004), clustering methods had traditionally required
the user to pre-determine the number of clusters generated by the
algorithm. Newman and Grivan (2004) then provided a meaning-
ful criterion to judge the “goodness of fit” of the clustering partition
reached. In their interpretation (which we follow), a good cluster
partition is one in which the elements of each cluster are better con-
nected to each other than to elements of other clusters. Newman
and Girvan benchmark the connectivity within the clusters against
that of a random network of equal size, requiring that a good clus-
tering result yields higher-than-random connectivity within the
clusters. Accordingly, the “modularity” can be defined as the num-
ber of links (citations) falling within clusters (of documents), minus
the expected number in an equivalent network with links placed

at random. For a partition with R clusters, the modularity index is
defined as

1 N K kik;
i
Q=g > (A"f - M) SirSir
ij r

where k; (k;) is the degree of node i (j), M is the number of links in
the network, N the number of nodes, Aj; is the associated element of
the adjacency matrix, and S;; (S;j-) a binary variable which (given the
partition)is 1 if node i (j) belongs to cluster r and O otherwise. Mod-
ularity Q can be either positive or negative, but only positive values
indicate the possible presence of a “community structure” (i.e., link-
ages are stronger within clusters than between them). Thus, the
aim of our cluster analysis will be to find a cluster partition that
maximizes Q. Finding this optimal partition is essentially an inte-
ger programming problem, but, unfortunately, finding the global
maximum for Q is impossible within a reasonable computing time.
Hence, following the literature, we will resort to a heuristic method
to locally maximize Q.

The chosen heuristic operates on the same spectrum (eigenvec-
tor) as the visualization method. This follows White and Smyth
(2005), who show that the eigenvectors corresponding to the
largest (non-trivial) eigenvalue of the row-normalized adjacency
matrix (i.e., following our earlier notation, Ay=D~1A) provides
a good basis for a modularity-maximizing clustering algorithm.
White and Smyth (2005) show that this algorithm can produce bet-
ter clustering (i.e., partitions with higher modularity scores) than
the one suggested by Newman (2004).

In addition to the acclaimed advantages of the White and Smyth
(2005) algorithm in terms of local modularity maximization, our
choice also draws on the close proximity of the spectral (eigenvec-
tor) basis of this algorithm to that of our visualization procedure.
It has been shown that the spectrum (i.e., eigenvalues and eigen-
vectors) of the row-normalized adjacency matrix is identical to
the spectrum of the Laplacian matrix as was used in the visual-
ization procedure in the previous section. However, whereas in
the previous section we wanted to minimize the quantity z, now
we are interested in maximizing Q. In other words, the problems
of clustering and visualization are dual to each other, and while
we previously wanted to look at the smallest non-zero eigenvalue,
we now want to look at the largest non-trivial eigenvectors of the
row-normalized adjacency matrix.’

Obviously, the more variables we use to cluster the nodes of
the network, the more information we have about their similar-
ity or dissimilarity. This is the main degree of freedom that we
have to (locally) maximize modularity. In our case, the variables
are eigenvectors of the row-normalized adjacency matrix, which
we rank from largest to smallest. Our heuristic is to use the first
F—1 non-trivial leading eigenvectors (we set F=50), and for each
f=1,2,...,F—1, and then to use a k-means clustering algorithm to
compute the partition that gives f+1 clusters on the basis of the
first f non-trivial eigenvectors. For each of the values of f, we have
a cluster partition, for which we calculate the modularity index Q.
We then pick the partition (i.e., f) where the modularity turns out
to be greatest.

So far, we have not paid any attention to any methodological
aspects that are related to the temporal structure of the citation
network. We draw on Shibata et al. (2008) to develop this further.
The basic novelty that they add is to look at subparts of the complete
network, corresponding to periods in time. Specifically, we start by
carrying out a clustering analysis for the network that consists of

7 1t can be shown (e.g., Hall, 1970) that the eigenvector corresponding to the
largest eigenvalue is trivial, since all elements in it are equal to each other, and
hence this eigenvector provides no information for the clustering procedure.
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Fig. 4. Cluster-time profile. The circles represent clusters of documents; the vertical dimension is loosely derived from Fig. 3, with the circle size indicating the number of
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figure legend, the reader is referred to the web version of the article.)

all documents that appear in 1970 or before. This represents the
citation network as it existed at the end of 1970. Then we proceed
to carry out the same analysis, but for the period up to and including
1975, i.e., five years of additional data. By comparing the two sets
of results, we are able to assess the development of the network
over these five years. We repeat this in steps of five years, i.e., for
1980, 1985, 1990, 1995 and 2002 (note that 2002 is the last year
in our database, and we prefer this seven-year step instead of also
including the intermediate year 2000).

This procedure yields a cluster partition (that maximizes modu-
larity) for each of the years 1970, 1975, etc. For each clusterj at time
t, we compute the number of nodes (documents) that are common
with each cluster i at time t — 1, and express this number as a share
of the number of documents in cluster j at time t.

Fig. 4 displays these results. On the left, the clustering partition
in 1970 is displayed. We find five clusters, two of which are rela-
tively small (with just two and three members). In terms of cluster
content, two of the three large ones broadly correspond to STS and
INN. The STS-cluster has 17 members, of which 15 are solely in
the STS field, one is jointly classified as STS/INN, and one is in INN.
The INN-cluster has nine members, of which seven are solely INN,
and the other two are joint INN/STS and INN/ENT. The other large
cluster (diamond shaped) contains a mixture of INN and ENT doc-
uments (of the 15 members, eight are classified as ENT, three as
INN, three as INN/ENT and one as INN/STS). This suggests that in
1970, the entrepreneurship field did not yet exist very distinctly
(this is broadly in line with the conclusions in Landstrom et al.,
2012), while the two other fields, INN and STS, were already rather
more established. In addition, the intellectual roots of ENT that did
exist at that time were more closely related to INN, indicating that
from the early stages it has been closely associated with INN.

For the next two time observations, in 1975 and 1980, this situ-
ation remains largely unchanged. We have two large and more or
less distinct INN and STS clusters, and one mixed INN-ENT cluster.
These clusters are continuations of the previously existing ones, as
indicated by the large fraction of documents that stem from the
corresponding cluster in the previous year.8 In this early phase,
some movement between clusters of different colors/shades does
take place, but this is limited to relatively small flows (at most 10%)
between the white, diamond-shaped nodes and the INN clusters.

In 1985, we see, for the first time, a distinct ENT cluster emerg-
ing. In terms of our analysis, this represents the birth of ENT as
a separate field. This cluster has 30 members, of which 25 are
classified as solely ENT, while just four are joint INN/ENT and one

8 Note that the sum of incoming links is smaller than unity because new docu-
ments are continuously added to the network.

is INN. The majority of documents in this cluster (60%) come from
the previously mixed INN/ENT cluster. From this point onwards,
the network remains separated into three large clusters, together
with a number of smaller ones, and each of those clusters is clearly
associated with one of the three fields. Thus, along with the birth
of ENT in 1985, the separation into three distinct fields is also now
more or less complete.

The final partitioning into three clusters mimics the original
classification into the three fields very closely. In this respect, the
19 documents that belong to more than a single field are a some-
what special case. All of these are classified into the “correct” field,
i.e., one of the two (or three) that they belong to. But in 17 out of
19 cases, this is the INN field. Thus, in the large majority of cases
where the “original” classification does not unequivocally point to
a single field, the clustering algorithm assigns the document to the
INN field.

Of the documents that belong only to a single list of core liter-
ature, 29 (corresponding to 7.4%) are classified in a different field
than the one they belong to (according to our database). Here again,
INN is the largest attractor of such “cross-classifications”: 28 of the
29 are assigned to INN, when they actually belong to a different field
(18 to ENT and 10 to STS). In a number of these cases, good argu-
ments can be made that the document in question actually (also)
belongs to INN, although it did not appear on the list of core INN
literature. Thus, overall, the clustering results seem to provide con-
vincing evidence that, according to the citation patterns, a division
of the large literature that our database covers into STS, INN and
ENT makes a lot of sense. The fields can truly be characterized as
essentially separate fields.

5. Development of the literatures and the role of individual
documents

5.1. Methodology

In this section, we turn our attention to the role of individual
documents (or nodes) in the citation network. Our aim is two-fold.
First, we want to obtain an impression of the main developments
of the literatures in the three fields, and to contrast this impression
with that from the individual field studies that were the source of
our core literature lists. Second, we want to investigate how the
main developments in the three separate fields interacted.

Our methodology is based on Hummon and Doreian (1988) and
Verspagen (2007).Itis aimed at finding a set of so-called main paths
in the citation network. A main path is a chain of citation-linked
documents representing a major stream of ideas and insights that
flows through the network. The intuitive interpretation of a main
path is that it summarizes the main ideas (or more precisely, the
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Diagram 1. Complete network (left) and main path (right) in a Hummon-Doreian calculation.

documents in which these ideas are expressed) in the literature
under analysis, as well as their historical relationships (i.e., how
these mainideas build upon each other). Note that our analysis does
not aim to identify a single main path (as Hummon and Doreian
did®), but instead takes every single “start point” (a document that
cites no other documents in the database, but is cited itself) as a
potential starting point of a main path.

By adopting such a “multiple” main path perspective, we hope
to make sure that the summary view that we provide is not too
crude (as might be the case with a single main path). We will
see that in many cases, the multiple main paths that we identify
converge on each other, while in other cases they do not. This pro-
vides valuable information of how the many developments that
take place within a literature at any given point in time, are related
to each other when this literature develops over time. Therefore,
the convergence-divergence dynamics of main paths will be a main
topic in the discussion of our results.

The analysis starts by assigning weights to each citation in the
network. In raw form, the citation matrix only consists of zeros
and ones. The Hummon and Doreian method assigns weights on
the basis of how many upstream and downstream documents are
connected by the citation link. Diagram 1 illustrates the calculation.

The citation weight is equal to the number of downstream nodes
multiplied by the number of upstream nodes.!? For example, in
the left part of Diagram 1, the dotted arrow has three downstream
links, and four upstream links, which yields a weight of 12. Note
that this way of calculating the weights tends to favor links that
lie in the middle of the network. For example, the rightmost link
in Diagram 1 has only one upstream node, and seven downstream
links, yielding a weight of 7. The two leftmost links have a weight
of 6. The method also penalizes direct links between nodes that
are far apart on the horizontal dimension (i.e. time, in our case).
Compare, for example, the weight of 12 of the dotted link with the
weight of the two links directly above it. The left one of those has a
weight equal to 15, and the right one has a weight of 16 (this is also
the maximum value found in the diagram). Despite the fact that
the dotted link serves a similar function in the network to the two
links directly above it, its weight is less than the average of these
two links on the “upper path”. Thus, the calculation method tends to
favor small, incremental links, rather than long steps that stretch far
into the past. In terms of the outcomes of the analysis, we can thus
expect to obtain a map of the direct, historical dependencies of the
documents in the network, rather than some ex post interpretation
of the linkages.

The next step in the main path method is to find paths in the net-
work that locally maximize the sum of the weights. This is done by
starting at a given “start point” of the network, and then following
the outward link with the highest weight. At the other side of this
link (the citing document), the process if repeated, and again the

9 Hummon and Doreian’s (1988) database is much smaller, and they identify, on
the basis of their detailed knowledge of the field, a single document as the starting
point of the main path. See Verspagen (2007) for a more detailed discussion of this
issue, as well as how a “top main path” could be identified among the multiple main
paths that we find.

10 Hummon and Doreian (1988) propose several ways of calculating the weights.
Here we use their SPNP measure.

path with the highest outward weight is chosen. This is repeated
until an “end point” is reached (an “end point” is a point with no
outward connections; in Diagram 1 we have two “end points”).

The right-hand part of Diagram 1 shows the main paths that are
found in the complete network.!! In this case, these main paths
cover a large part of the complete network (only two links and
one node are dropped), and hence it may appear as if the proposed
method does not actually reduce the complexity of the full network
by much. However, this is not generally the case in analysis on real
datasets, where the networks are much larger and more complex.
In those empirical cases (including ours, as will be seen below),
the set of main paths provides a very significant reduction of the
network.

5.2. Results

Following Verspagen (2007), we perform the main path anal-
ysis in a similar way to that in which the clustering exercise was
done, i.e., we start with a main path search for the period up to and
including 1970, and then repeat this for the period up 1980, 1990
and 2000. (We use 10-year periods here rather than 5-year periods
simply in order to save space.) The network of main paths for the
period up to 1970 is displayed in Fig. 5.12

We observe the presence of one large and two smaller weakly
connected components.!3 The main component is very heteroge-
neous, comprising publications from all three fields of STS, INN
and ENT, as well as hybrid ones classified into more than one field.
However, we may identify two main thematic groups in the main
component. One group, at the bottom of the figure, is a mixed
INN/ENT path, mainly composed by the three seminal books of
Schumpeter, drawing on Cantillon (1755) and Marshall (1890), and
continuing in turn to Rogers (1962) and Kotler (1976). This chain
of publications forms what might be labeled as a proto-INN group
(and perhaps also a proto-ENT group). The other element in the
main structure is clearly an STS-group. The connection between the
two groups is only due to Kuhn'’s (1962) “The structure of scientific
revolutions”, which is a key publication that influenced several aca-
demic fields (indeed Kuhn’s book has the highest ISI citation index
of our whole dataset, with an average of more than 400 citations
received each year).

The STS-group in the main component consists of several paths
that, as of 1970, all converge on Rose and Rose (1969). One clus-
ter of paths originates from the top of the figure with a group of
references cited by Barber (1952), namely Weber (1930), Merton
(1938), Bernal (1939) and Bush (1945). This is consistent with the

1 Note that in Diagram 1, the right hand side represents two main paths, one
emanating from each “start point”, although these main paths overlap after the
second node. Note also that, in line with the above discussion, the dotted link from
the left hand side is not on a main path, because it has a lower weight.

12 At first sight, it would seem paradoxical that the network of main paths in 1970
contains one reference with a publication date later than 1970 (Kotler, 1976), but
this is because there were several editions of this textbook, which have been unified
here under a single date.

13 The term “weakly connected component” refers to a group of nodes that appear
connected, but in which not all nodes are reachable from other nodes. For example,
in Fig. 5, Kotler (1976) is an “end point”, but it cannot be reached from, e.g., Merton
(1938), which is a “start point”, even if the two appear as indirectly connected. Of
course the direction of the links is responsible for the non-reachability.



1212

S. Bhupatiraju et al. / Research Policy 41 (2012) 1205-1218

@ Weber (1930)

1 Gilpin (1962)

»Bernal (1939)

\"{Barber (1952)
¢ ide Solla Price (1963)\ ™y~,Bush, Vv (1945)
(1Burns & Stalker (1961) (;Merten (1938) © Nelson (1968)
" de Solla Price (1965)
D)Marcuse (1964) / : Gilpin & Wright (1964)
~'Rose & Rose (1969) (3Vernon (1966)
()Ellul (1964) Y Skolnikoff (1967)  Solow (1957)
" Hagstrom (1965) () Posner (1961)
- Kornhatiser (1062) @ Mansfield (1963) T
{sArrow
(yNelsan (1958)
Schmockler (1966)
\Cﬁw (1960)
(D Carter & Williams (1957)

7 Schumpeter (1934)

Fig. 5. Network of main paths for the entire network up to and including 1970. Colors/shades indicate the field that a paper belongs to. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of the article.)

observation by Martin et al. (2012) that Merton (1938) and Bernal
(1939), together with Fleck (1935),14 helped to provide the foun-
dations for the emerging field of STS. In particular Bernal’s 1939
“The social function of science” pioneered the idea of looking at
the social function of (natural) science from a social science per-
spective, while Merton’s 1938 book looked at the historical and
sociological development of science and technology in England in
the 17th Century. Hence, as Martin et al. (2012) suggest, it would
seem that Barber (1952) did indeed begin “to lay the groundwork
for the integration of the sociology and history of science”.

A few years after Barber, Kuhn’s seminal book (1962), draw-
ing on Polanyi (1958), integrates the philosophy of science into
the discourse. This is another part of the STS component of the
main cluster, showing that the three previously rather separate
streams of research on the history, philosophy and sociology of sci-
ence were successfully brought together (Martin et al., 2012). The
Polanyi-Kuhn path then branches in two directions, both of which
later converge on Rose and Rose (1969). One of these corresponds to
the sociological perspective of Hagstrom (1965), which integrates
the philosophy of science of Polanyi and Kuhn with works by Nelson
(1959) and Kornhauser (1962), a branch that analyzes the inter-
play between science, economics and industry. The other involves
Skolnikoff (1967), a publication which brings together the Kuhn-
branch with the path that starts from the Barber-centered stream of
work. In our interpretation, this path, which goes via Gilpin (1962)
and Gilpin and Wright (1964), represents a distinct non-Mertonian
approach to STS, which focused on the relationships between sci-
ence and policy-making, strongly criticizing the linkages between
science (in particular physics) and defense-oriented (and funded)
projects (Martin et al., 2012). Finally, there is a path from Gilpin
(1962) to Rose and Rose (1969) going through two publications by
De Solla Price (1963,1965), reflecting the quantitative approach to
STS that the latter pioneered.

14 Fleck (1935) shows up in the 1990 main paths.

All the various paths within the ‘emergent STS cluster’ eventu-
ally converge on Rose and Rose (1969). This is the last publication in
the figure of the main paths as of 1970, a book that synthesized the
principal contributions and intellectual movements which charac-
terized STS in its early years. In this, the authors summarize the
criticisms to the traditional view of science as a process of unveil-
ing the deterministic laws of the natural world, so it is perhaps little
surprise that, as we shall see in the 1980 figure, later trajectories of
STS were to draw heavily on this influential publication.

Apart from the above mentioned publications, all of which were
integrated into the main component of the network, we find two
smaller, disconnected components, both exclusively made up of
publications from INN. Both these components represent the early
emergence of the economics of technological change in the U.S.,,
which would later become a part of the larger INN field. The
larger component, which converges on Mansfield (1968), deals
with issues of economic growth, technology and productivity. The
other component, converging on Nelson (1968), deals with issues
of international trade and innovation across countries.

From the 1970 figure, we can conclude that at this time, INN
and ENT were far from being developed fields of analysis. INN was
developing in an embryonic form as the economics of technolog-
ical change, but ENT only existed in terms of various publications
that would later come to provide the foundations of the field.
These findings are in accordance with the detailed descriptions
of INN by Fagerberg et al. (2012), and of ENT by Landstrém et al.
(2012). STS was clearly somewhat more developed, in that we
see an interdisciplinary STS ‘proto-paradigm’ emerging, which,
according to Martin et al. (2012), and in line with the main paths
in Fig. 5, had a “distinctive emphasis on unmasking the external
(i.e. extra-scientific) social factors behind the processes of science
but also the content of science”. In addition, at this stage, STS
seems to have provided the ‘glue’ to keep the citation network
together.

The network of main paths in 1980, in Fig. 6, shows a further
development of the STS field, while neither INN nor ENT yet show
up very prominently. We find two paths that appear to form the



S. Bhupatiraju et al. / Research Policy 41 (2012) 1205-1218 1213

(xPosner (1961)

2Vemon (1966)

\Foucault (1973)

()IIT Research Institute (1968)

{ »Mansfield et al (1971)

Freeman (1974)

\Studer & Chubin (1980)

"}Spiegel-ﬂasing & de Solla Price (1977)

[\ Nelkin (1979) S
Weber (1930) AR
n " Latour & Woolgar (1979)
(\Bamal (1939) (Marcuse (1964) g - Griffth et al (1974)
: ~yCale & Cale (1973
" \Barber (1952) - He157% ()\Elkana et al (1978)
) "\ Gilpin (1962) {_Bloor (1576) o) Small & Griffith (1974)
(CMerton (1938) ~1de Solla Price (1963)
) . i \Ravetz (1971) Crane (1972) )Garfield (1979)
) Bush, V (1945) de Solla Price (1965) Meﬂnn (1973 ¢ small (1973)
yRose B Rose (1969) Rogers (1962)

“{Hagstrom (1965)

() Nelson (1959) -
‘ ‘Kornhauser (1962)

T)Burns & Stalker (1961)

Kuhn (1962)

() Carter & Williams (1957)

»Pelanyi (1958)

) Ellul (1964)

Ben David [1971)

Schumpeter (1942)

Schmookler (1966)
ySchumpeter (1939)
)Am:w (1962)
Marsha!ll (1890)
{ Solnw (1957) Schumpeler (1934)

.Cnnhllon (1755)

Fig. 6. Network of main paths for the entire network up to and including 1980. Colors/shades indicate the field that a paper belongs to. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of the article.)

main ‘backbone’ of the network, and which are almost exclusively
STS in nature. There are some INN and ENT nodes that feed into
this backbone, but in terms of main paths, INN and ENT are still
dominated by STS, which has by far the most connected nodes.
The left part of the figure reproduces almost identically the main
component of the network of main paths in 1970, which was dis-
cussed in connection with Fig. 5. Rose and Rose (1969) is still a
main attractor in this part of the figure, and this particular path
continues with the publications of Ravetz (1971), Merton (1973),
Bloor (1976), Latour and Woolgar (1979), and Studer and Chubin
(1980). Following the historical description of the evolution of STS
by Martin et al. (2012), we interpret this as a stream of litera-
ture that builds upon Bernal (1939), Barber (1952), Kuhn (1962)
and Gilpin (1962) and their development of a non-‘traditional’ (i.e.
opposing the traditional view of science that was dominant up to
the 1960s) approach to STS, and which in this period is begin-
ning to evolve into the idea of the “social construction of science”.
It is not surprising that nearly all of these publications have the
term ‘sociology’, ‘sociological’ or ‘society’ along with ‘science’ or
‘scientific’ in their title. Ravetz (1971) analyzes social problems of
scientific knowledge, while Merton’s book (1973) is a theoretical
and empirical study of the sociology of science, and Bloor’s book
(1976) is one of the most influential works from the Edinburgh
school. Latour and Woolgar (1979) investigate the social construc-
tion of scientific facts. Finally, Studer and Chubin (1980), studying
the social contexts of biomedical research, ask themselves if “ideas
are independent or dependent variables for the sociology of science”
(p. 6).

There are several short branches that feed into this part of the
main path. Besides the pre-1970s literature already discussed, three
new STS publications make a contribution: Nelkin (1979), Cole and
Cole (1973)and Ben-David (1971). The last of these, which analyzes
the role of scientists in society, is interesting in that it links up with
the INN-based works belonging to the previously separate ‘eco-
nomics of growth and technology’ path apparent in 1970, i.e., the
sequence from Solow (1957) to Arrow (1962) and then Schmookler
(1966).

Another, parallel part of the backbone of the network in Fig. 6
starts with the INN and ENT path that was already apparent in
the 1970 figure (Cantillon, Marshall, Schumpeter and Rogers), and
continues through Crane (1972) to Small and Griffith (1974) and
Griffith et al. (1974). This path, together with the additional feed-in
node of Small (1973) and the spin-off node of Elkana et al. (1978)
and Garfield (1979), forms a thematic cluster focusing on the use of
science indicators such as citations and co-citations, among other
things for the identification of scientific communities. This group
of studies can therefore be labeled the ‘Scientometric cluster’. As
argued by Martin etal.(2012), science indicators were an important
part of the STS community up to the late 1970s, and this is consis-
tent with the prominent position of this component of the main
path in the figure for 1980. Afterwards scientometric researchers
started to drift apart from STS, ultimately becoming more of a sep-
arate community. However, in 1980, the scientometric cluster is
still well connected to the main STS paradigm, and indeed flows
into Spiegel-Rosing and de Solla Price (1977), which is where all
the main paths converge in the 1980 figure.

The identification of Spiegel-Rosing and de Solla Price (1977) as
the main point of convergence in Fig. 6 is a significant finding, since
this publication is the first STS handbook!® to be published. The fact
that this draws on all the paths emerging from the 1980 picture of
the evolution of the three fields indicates how wide-ranging STS
was up until that time. The fact that Freeman, a central figure in the
development of innovation studies, has a chapter in this handbook
further illustrates the point.16

Fig. 7 continues the analysis up to 1990. Here we see a major
break with the previous figure in that we now see an INN group
emerging that contains a significant number of nodes as well as
forming a more or less coherent set of main paths. One part of
this newly emerging INN field is a component that is disconnected
from the rest of the network, and which mainly consists of a set

15 The second STS handbook was published in 1995.
16 We thank one of the referees for reminding us about this.
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of European-based authors in the neo-Schumpeterian tradition -
namely Freeman et al. (1982), Dosi (1984), Perez (1985), Freeman
(1987), Fagerberg (1987) and Dosi et al. (1988). This corresponds
to the SPRU-based tradition described in Fagerberg et al. (2012),
although the component also includes three U.S.-based authors in
the form of Abernathy and Utterback (1978) and Griliches (1979,
1984). This INN component covers a variety of topics. Abernathy
and Utterback (1978) analyze the patterns of industrial innova-
tion, while Freeman (1987) is the first publication to introduce
the concept of a “system of innovation”, drawing both from the
macro aspects dealt with in the above mentioned papers, as well as
from Griliches (1979, 1984) and Fagerberg (1987). Dosi et al. (1988)
played a role in furthering the development of evolutionary eco-
nomics, as can be seen from the trajectory. This publication can, to
a certain extent, be viewed as an early handbook, which took stock
of the field at that time (Fagerberg et al., 2012). It is interesting to
note that this newly emerging INN component later converges on
Acs and Audretsch (1990), which, as we shall see, would later form
part of the ENT field. Apart from this, ENT is only visible through
early publications such as Schumpeter (1939, 1942) which would
eventually form part of its foundations.

Despite the fact that a number of INN nodes are now discon-
nected from the rest of the network, beginning to “start” their own
core field, there are also still some INN nodes that are connected
to the main part of the network (i.e., to the STS literature). In par-
ticular, the Mansfield-Posner-Vernon-Freeman cluster that was
visible in the previous figure is now extended with Nelson and
Winter (1977) and Dosi (1982). This branch is still connected to
the STS field rather than to the new and now somewhat separate
INN network (i.e., it still has its strongest citation impact through
STS). This is an interesting result, which supports our decision to
focus on multiple main paths (rather than a single one). It suggests
that, in the early stages, the SPRU tradition (as reflected in its cita-
tion impact) was as much one of the “feeders” into STS (through

Dosi, 1982) as it was a part of the emergence of the new INN
field.

In the major component of the network in Fig. 6, which is still
STS-dominated, we note that Spiegel-Rosing and de Solla Price
(1977), which was the publication that the 1980 network con-
verged into, now appears as something of a side stream. This is
somewhat surprising in the light of what we concluded from our
analysis of the 1980 figure. One possible explanation is that the
previously important scientometrics cluster had by now begun to
fall out of favor among many STS researchers. This component is
now much less prominent than in Fig. 6, which is not to imply that
its development stopped, merely that it occurred increasingly out-
side the main STS and INN communities. Only the ‘non-traditional’
component of the pre-1980 STS main path is carried on directly
into the following decade with publications such as those from the
Edinburgh school (Shapin and Schaffer, 1985), and by other soci-
ologists such as Collins (1985), Latour (1983 and 1987) and Pinch
(1986) among the elements of the STS main path up to 1990. Finally,
another reason of the lack of direct linkages between the more
recent STS developments and Spiegel-Rosing and de Solla Price’s
handbook (1977) is that the INN path which flowed into it in 1980
had since moved away, now reconnecting directly to the newer
developments of STS.

Two other interesting publications on the 1990 STS main path
are the works by Pinch and Bijker (1984) and Fleck (1935). The for-
mer, as testified by its citation to Dosi (1982), opened the way for
the integration of technology and its economic analysis into the STS
discourse, which was no longer focused so exclusively on science.
The linkage from Dosi (1982) to Pinch and Bijker (1984) now fed
the “old” sequence of Posner (1961) - Vernon (1966) - Freeman
(1974), as well as Nelson and Winter (1977) into the STS network.
One may also note that this particular link in the main path network
may reflect a certain amount of “disagreement” between Dosi’s
essentially “positivistic” notion of technology and innovation,
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on the one hand, and Pinch and Bijker’s social constructivist view,
on the other. It may appear somewhat strange that the main path
links together two publications that represent opposing sides of
a debate that later became quite heated. The citation analysis, of
course, does not recognize the exact nature of the citation and
whether it points to agreement or disagreement. But in any case,
even disagreement indicates a certain influence, and in that sense
the citation link is undoubtedly important. Possibly, this particular
linkage may also be the result of Bijker’s local interaction in Maas-
tricht with the newly established MERIT institute, which under the
guidance of its director, Luc Soete, who was a member of SPRU staff
at the time of his PhD work and shortly after that, continued the
SPRU INN tradition on mainland Europe. Fleck (1935), on the right
hand side of the figure, is a ‘new entrant’ into the network of main
paths. According to Martin et al. (2012), Fleck (1935) was one of
the works from the first half of the 20th century that was to prove
crucial in the development of a distinct non-Mertonian approach
to STS. However, it is only with the later work by Hacking (1983)
and Pinch and Bijker (1984) that Fleck became recognized in this
way.

Fig. 8 shows the network of main paths for the complete citation
network up to 2002. This is the first time that, in addition to an STS
and an INN component, we can now identify a distinct ENT com-
ponent, although it is still small compared to the other two fields.
For STS, we see a continuation of the main path as identified before.
Latour (1987)is the reference from which the main STS path contin-
ues, with the publications by Fujimura (1987, 1988) and Star (1989)
no longer in the main path. From Latour (1987), there is a simple
(non-branching) continuation of the main path through Traweek
(1988), Haraway (1989, 1991), Law (1991), Pickering (1995) and
Knorr (1999), forming the backbone of the STS component. That
these newer STS additions to the network follow in a single path
from earlier developments of the fields, building on a backbone that
was already fairly well-defined in the previous decade, might sug-
gest that a relatively mature STS paradigm has perhaps begun to
emerge.

There appears to be rather more turbulence with regard to the
INN component of Fig. 8. One important change compared to Fig. 7
is that the branch that includes Nelson and Winter (1977) and Dosi
(1982) now links up not with the STS component as previously,
but with the INN component that emerged for the first time in the
previous figure. This switch suggests a growth in the maturity of
the INN field at this time, with this group of publications now hav-
ing their largest citation impact not through STS but through the
emerging INN field. While in previous decades, the majority of the
connections of these documents were to the STS literature, now
they have amassed a larger number of downstream connections in
INN. Interestingly, this is not the case, however, for the very early
U.S.-based publications on the economics of technological change,
such as Solow (1957), Arrow (1962) and Nelson (1959), which still
appear as early inputs to the main STS component.

The second major development in the INN component is a
switch from the macroeconomic and industrial economics topics of
the SPRU-tradition, to a more business- and management-oriented
direction. This starts with Porter (1990), who exemplifies the
switchover, being a scholar rooted in the management literature!”
but dealing with policy-related issues surrounding the competitive
advantage of nations. The following node, Bygrave and Timmons
(1992) is (somewhat surprisingly, perhaps) from ENT, while later
publications such as Leonard-Barton (1995) and Teece et al. (1997)
are in the tradition of strategic management. This is in line with

17 As one referee pointed out, Porter also worked in industrial economics before
moving into management. However, all of Porter’s publications in our database are
clearly management-oriented.

the conclusion of Fagerberg et al. (2012) that the INN field has
seemingly undergone a major change in direction since the early
1990s.

In ENT, by contrast, we find a relatively simple linear main path
that starts with Birch (1979), who is considered one of the “insiders”
in the field, and ends with Klepper (2001). Two of the intermediate
nodes, namely Kent et al. (1982) and Sexton and Smilor (1986),
are both handbooks from a series. Gartner (1988) and Aldrich
(1990) deal with the creation of organizations. Gartner in partic-
ular is regarded as a “domain-defining” work, which moved the
field away from the earlier “behavioral approach” to entrepreneur-
ship (Landstrém et al., 2012). The last part of the main ENT path, i.e.,
Shane (2000), Shane and Venkataraman (2000) and Klepper (2001),
focuses on the creation of new firms and markets.

What emerges clearly from the network of main paths in 2002
is the almost complete separation of the three fields, based around
the emergence of three largely separate bodies of literature. Inter-
actions among STS, INN and ENT are now rather rare and most often
the legacy of earlier years. The lack of recent interactions between
the three fields is somehow at odds with the common roots that
they shared in the past. This would tend to support the interpre-
tation of Martin et al. (2012) that, although STS and INN shared
certain commonalities in the past, STS has since diverged from
what Martin labels ‘Science Policy and Innovation Studies’ (SPIS),
the publications of which are largely covered in our dataset for the
INN field.

A final point should be noted about the nature of the documents
on the main path of the network, as described by Figs. 5-8. While
these figures include many of the publications that were identified
as crucially important in the three field studies, they also exclude
certain publications that a casual observer might identify as par-
ticularly crucial ones. Table 1 lists the top-10 publications in our
database on the basis of citations received and citations made.
These papers are ranked on “throughput”, which is defined as the
number of (direct) citations that a paper makes (to other papers in
the database) multiplied by the number of citations that the paper
receives (by other papers in the database). The throughput measure
is somewhat similar to the weights that the Hummon and Dor-
eian procedure assigns, the main difference being that only direct
citations are taken into account.

In Table 1, we see that three of the top-10 publications never
appear in any of the main paths. The most striking omission is
Nelson and Winter (1982), which appears in all three core lists
of literature (indeed, it is the only publication that does so). It is
also the publication with the highest throughput. Yet it does not
appear in any of the main paths. Part of the reason may be that a
predecessor publication, namely Nelson and Winter (1977), does
appear. The 1982 book receives many citations (both from within
our database, and from outside, i.e., from the general literature),
providing a number of ‘shortcuts’ in the citation network. Nelson
and Winter (1982) is undoubtedly a crucial reference in the liter-
ature, but with regard to our main paths, it is not “path-defining”,
while Nelson and Winter (1977) evidently is.

The second reference that appears in Table 1 but not in any of the
main paths is Bijker et al. (1987). This is certainly a very important
publication in STS, as it sets the scene for the appearance of the idea
of social construction of technology (SCOT). Interestingly, here we
again have a precursor publication in the form of Pinch and Bijker
(1984), which does appear as an important node on the main path
in STS. Thus, the situation is perhaps somewhat similar to Nelson
and Winter, with the earlier publication obtaining priority in the
main path of the literature.

Rosenberg (1982) is the last case that appears in Table 1 but not
in any of the main paths. Here we do not have any precursor that is
in the main paths, although this Rosenberg volume again contains
many chapters that had been previously published. On their own,
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Table 1
Top-10 documents in terms of “throughput” (entire database).

Document Field In main path network of #Citations received #Citations made Throughput (cit. made x cit. received)
Nelson and Winter (1982) INN/ENT/STS Never 50 28 1400
Latour and Woolgar (1979) STS 1980, 1990, 2002 55 15 825
Dosi et al. (1988) INN 1990, 2002 12 59 708
Bijker et al. (1987) STS Never 19 37 703
Dosi (1988) INN 1990 13 41 533
Rosenberg (1982) INN Never 28 19 532
Collins (1985) STS 1990, 2002 24 22 528
Porter (1990) INN/ENT 2002 26 20 520
Latour (1987) STS 1990, 2002 30 17 510
Freeman (1974) INN/STS 1980, 1990, 2002 39 13 507

these chapters did not make it to the database, and despite the fact
that the overall volume has a high throughput value, it does not
figure on any of the main paths.

6. Conclusions

The overall main conclusion from our analysis is that the social
science literature on knowledge, technological change and inno-
vation has developed in a progressively more compartmentalized
manner. In terms of their citation profiles, the three fields of sci-
ence and technology studies (STS), innovation studies (INN) and
entrepreneurship (ENT) now appear as largely distinct, not as part
of a strongly connected field. This can be seen from the relatively
low importance of between-field citations between the core publi-
cations of the three fields. Our citation-based cluster analysis of all
references in the entire database of core publications for the three
fields yields a breakdown that is very similar to the actual division
between the fields. INN assumes a somewhat special role in this
respect, as it seems to be positioned between the other two fields.
This is evident both from the between-field citation pattern, and
from the classification exercise, where the few “mis-classifications”

are all cases of publications being “wrongly” assigned to innovation
studies.

This is most apparent at the end of the period that we consider
(the early 21st Century). Further back in time, it has not always been
the case that STS, INN and ENT appear as clearly separated fields.
The three fields share a large number of common roots in terms of
their early sources of inspiration. In the 1960s and 1970s, INN and
STS still overlapped to a considerable degree, while ENT did not yet
exist as a separate body of literature. This is evident from our cita-
tion network analysis, which shows that, in the 1960s and 1970s,
the “main paths” in the networks (i.e., the citation chains that cor-
respond to the strongest knowledge flows) consisted of documents
coming from both STS and INN. The interpretation of this finding is
that STS and INN used to cite each other quite frequently, and that a
logical and consistent back and forth flow of ideas can be seen from
a chain of documents that contains both STS and INN publications.

The period before 1970, which can be characterized as the early
beginnings of the social science of knowledge, is particularly fluid
in this respect. Around 1970, we observe a situation in which many
of the contributions that would later become characteristic for one
of the three fields, would still interact (in terms of forward and
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backward citations) not just with each other but also with a broad
range of publications from the other two fields. This is a stage in
which the state of the social science knowledge in this field was
still fluid, and the main trajectories had not yet been completely
established.

From the early 1970s onwards, STS developed into a field in
which a more cumulative path of knowledge developed around
the sociological perspective on societal influences and the social
embedding of science and knowledge in general. This main tra-
jectory of the literature can be characterized as one that is critical
about the “ideal picture” of science as a value-free and “pure” quest
for knowledge. Instead, STS looks at science as a social process in
itself, in which differing values and norms may lead the scientific
process in different directions.

Somewhat later, INN also established a main trajectory. Here
the development appears to be less continuous, with our analy-
sis suggesting a major shift of focus in the early 1990s. Before this
breakpoint, macroeconomics and industrial dynamics, two topics
strongly influenced by heterodox economics, had dominated, but
by the start of the 1990s, business and management studies were
beginning to assume a position of prominence in the field of inno-
vation studies, while economics as a discipline disappeared from
the main trajectory in the field.

Entrepreneurship emerges as the youngest of the three fields.
Although the roots of this field go back in time at least as far as
those for the other two fields, its development seems much more
in its infancy. A clear trajectory appears to have developed only
around the turn of the millennium.

These descriptions of the main trajectories of knowledge devel-
opment seem broadly consistent with the conclusions from the
case studies carried out for each of the fields, and from which we
draw our lists of core contributions. Thus, the quantitative analy-
sis reported in this paper appears to work relatively well in terms
of sharpening the conclusions from the case studies in the larger
project, as well as identifying the specific interactions between the
three emerging fields.

In terms of broader conclusions, our analysis provides a num-
ber of lessons about the development of social science. First, it
shows how an initially “fluid” group of scholars studying a broadly
related subject may over time evolve into different fields with only
limited interaction. Partly, this is a process that is driven by spe-
cialization, focusing, for example, on the economic and later the
management aspects of knowledge as opposed to the sociologi-
cal aspects. However, we would also suggest that the process of
diminishing interaction may be caused in part by a set of evolv-
ing values and norms that are specific to particular subgroups of
scholars identified in our larger network. This is a conclusion that
is very much in line with what STS scholars would contend about
science in general. Our impression from the case studies of STS,
INN and ENT is that such a process may also be at work here. Social
scientists studying the societal and economic impact of knowledge
gradually cluster into distinct subgroups that are driven by specific
norms, beliefs and values that evolve in each subgroup. The results
of our quantitative analysis are consistent with such a view, but
only more specific qualitative research can provide further support
for such a hypothesis.

Second, our results show that groups of social science scholars
who study a set of closely related topics can develop in rather dif-
ferent ways. The STS field, as one example, has grown over time
to become one with a large degree of internal consistency that
results from a strongly cumulative development of the main build-
ing blocks of knowledge in the field. INN, on the other hand, has
developed in a less cumulative, and more disruptive way. In the
INN field, a major shift of focus is observed that corresponds to a
change in focus (from macroeconomics and industrial dynamics to
management and business related topics). How the ENT field will

develop in this respect still remains to be seen. More generally,
it would seem that the social science of knowledge and innova-
tion is an interesting field that merits further study of its internal
dynamics.
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