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A Bibliometric Reconstruction of Research Trails for
Qualitative Investigations of Scientific Innovations

Jochen Gldser & Grit Laudel”

Abstract: »Die bibliometrische Rekonstruktion von Forschungslinien fiir quali-
tative Untersuchungen wissenschaftlicher Innovationen«. Abrupt changes in re-
search content are of interest to innovation research because many innovations
in general and scientific innovations in particular emerge from such changes.
However, investigations of innovations emerging from research processes face
the problem that the initial change of direction in research by one or few re-
searchers is an elusive phenomenon. The method presented in this article contrib-
utes to solving this problem by supporting the in-depth analysis of individual re-
search biographies and of the emergence of new directions of research in these.
The method employs bibliometric tools for a reconstruction of individual cogni-
tive careers, embeds these reconstructions in qualitative studies of research biog-
raphies, and provides opportunities to link cognitive careers to the dynamics of
scientific fields. As we will demonstrate, the method is generic in that it supports
not only the investigation of scientific innovations but also, more generally, the
identification of thematic change in individual cognitive careers. Two applications
in qualitative research projects illustrate the potential of the method.

Keywords: Methods, innovation, scientific innovations, cognitive careers, inter-
views, bibliometrics, bibliographic coupling.

1. The Need for Innovation Research to Analyse Abrupt
Change in Research Content

The method presented in this article supports the identification and analysis of
abrupt change in research content. Such change is of interest to innovation
research for two reasons. First, many innovations in society have their roots in
scientific, social scientific or humanities research. This holds regardless of the
model of innovation processes applied. Linear and co-evolutionary models of
innovation processes have in common that they assign research (and abrupt
changes therein) an important role in early stages of many innovations.
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Second, research in the sciences, social sciences and humanities is itself
driven by internal innovations that provide new research opportunities and open
up new directions of research without ever ‘leaving’ the research fields. These
specific innovations belong to the subject matter of innovation studies. Investigat-
ing them, however, poses specific problems because all research is ‘innovative’
in the sense that it creates new knowledge. For a concept of scientific innovation
to make any sense, it must be used to characterise specific processes of
knowledge production that can be distinguished from the incremental innovation
inherent to all production of new knowledge. A possible conceptual solution to
these problems, which we base this article on, is defining scientific innovations as
research findings that affect the practices of a large number of researchers in one
or more fields, i.e. their choices of problems, methods, or empirical objects (Lau-
del and Glaser 2014, 1207). Scientific and science-based innovations begin with
one or few researchers significantly deviating from previous research practices, a
deviation which subsequently diffuses in the community.

Investigations of science-based innovations and scientific innovations face
the common problem that the innovations’ early phase, the first change or direc-
tion in research by one or few researchers, is quite an elusive phenomenon. The
fluid and shifting knowledge landscapes in which research takes place and the
esoteric nature of research processes create two methodological problems. The
first is a ‘needle in a haystack’ problem — to identify specific kinds of change in a
system consisting of nothing but change. The second problem is one of empirical
access. Since an innovation can be clearly identified only after change occurred at
the community level, its early phase can only be investigated retrospectively.
Such an investigation usually depends on information that only the few research-
ers involved in the early phase can provide. Thus, changes in informants’ re-
search biographies during the early phase must be identified and conditions for
them must be retrospectively established. Cozzens’ (1989) study of the discovery
of the opiate receptor illustrates that individual and collective retrospective ra-
tionalisations are likely to constitute a major methodological problem for such an
investigation, especially if major scientific innovations are studied. No fewer
than four laboratories claimed to have discovered the opiate receptor and could
plausibly reconstruct their research in a way that supported their claim.

The aim of this paper is to present and discuss a method that contributes to
solving these problems by supporting the in-depth analysis of individual re-
search biographies and of the emergence of new directions of research in these
biographies.' The method employs bibliometric tools for a reconstruction of
individual cognitive careers in interviews, embeds these reconstructions in

' This method has evolved over several years, and a first description has been presented to
bibliometricians (Glaser and Laudel 2009). We gratefully acknowledge its application in several
projects and helpful comments by Enno Aljets, Julien Barrier, Jana Bielick, Elias Hakansson,
Robert Jungmann, Stefan Lange, Eric Lettkemann, Sarojini Martin and Richard Woolley.
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qualitative studies of individual research biographies, and provides opportunities
to link cognitive careers to the dynamics of scientific fields. As we will demon-
strate, the method is generic in that it supports not only the investigation of scien-
tific innovations but also, more generally, the identification of thematic change in
individual research biographies. We begin by identifying the diachronic struc-
tures in the course of a researcher’s work that constitute either the content of an
innovation or at least an important condition for its emergence (2). We then dis-
cuss opportunities to reconstruct these structures from a researcher’s oeuvre, and
describe our method for doing so (3). Two applications in qualitative research
projects illustrate the potential of the method (4). As a conclusion, we discuss
limitations of the method and opportunities for its improvement (5).

2. Diachronic Structures in Individual Research
Biographies

The abrupt changes in research content that mark the emergence of scientific
innovations can be identified against the continuity of diachronic knowledge
structures. By diachronic knowledge structures we mean networks of research
processes conducted at different times, which are connected through time by
output-input relationships, i.e. because they build on each other. Research in
the sciences, social sciences and humanities differs from much other organised
work because it is embedded in such diachronic structures, which it simultane-
ously extends.

The diachronic knowledge structure that is central to the emergence of sci-
entific innovations emerges and operates on the individual level. It evolves in
the course of an individual researcher’s cognitive career because each research
process uses and contributes to the researcher’s evolving scientific knowledge.”
Each project contributes to that knowledge, which in turn is used in current and
future research. A researcher’s problem solving processes are interlinked
through this use of previously produced knowledge in subsequent research.
They form ‘research trails,” i.e. sequences of thematically interconnected pro-
jects in which findings from earlier projects serve as input in later projects
(Chubin and Connolly 1982). These trails not always take the simple linear
form considered by Chubin and Connolly. Researchers may simultaneously

> We developed the concept ‘cognitive career’ as part of a model of academic careers. This model

builds on two suggestions by Barley, namely to revive ideas of the ‘Chicago School' for the re-
search on careers (Barley 1989) and to ‘bring work back in' the analysis of organisations (Barley
and Kunda 2001). Combining both suggestions, we conceptualise academic careers as consist-
ing of three analytically separable but closely interlinked careers, namely an organizational
career, a status career in the scientific community, and a cognitive career consisting of succes-
sive stages of knowledge production building on each other (Laudel and Glaser 2008, 2011).
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work on several different topics, i.e. have several parallel research trails (see
e.g. Zuckerman and Cole 1994, 398-9; Glaser and Laudel 2007, 143). A re-
search trail can branch out into several new trails, which are relatively inde-
pendent of each other and are followed by the researcher in parallel. Research
trails may also end if the researcher loses interest or does not find funding for
continuing them.

A similar phenomenon occurs on the level of research groups or collabora-
tion networks. Depending on the stability of such groups or networks, they, too,
may construct specific bodies of knowledge to which all projects by group or
network members contribute, and which evolve in a group’s ‘cognitive career.’
The structure of a group’s cognitive career (the network of its interlinked re-
search trails) is mainly shaped by permanent and long-term group members.
Nevertheless, all members of a group or network including transient members
contribute to the group’s or network’s cognitive career.’

Through these diachronic structures, previous research influences the choice
of new research problems, as current research will — through modifying the
structures — influence future choices. The evolving bodies of knowledge consti-
tute important conditions of action for researchers.

We can now further specify what we mean by abrupt changes in the content
of research. The events marking the emergence of scientific innovations are
likely to trigger new research trails on individual and group levels. Identifying
these ‘birth events’ of new research trails means identifying situations in which
an innovation might have emerged, and therefore enables the in-depth investi-
gation of these situations.

3. Bibliometric Methods for the Analysis of Cognitive
Careers

The diachronic structures of interest are structures of research content, which
creates a major methodological challenge because the analyst rarely under-
stands this research content. All approaches to the analysis of cognitive careers
therefore depend on the analyst acquiring an understanding of the research at
the level of an advanced lay person or, in the words of Collins and Evans
(2002), the acquisition of “interactional expertise.” If this can be achieved, it is
possible to obtain information about the content of research from those who are

*  Although our empirical investigation of cognitive careers of research groups just began, we

would like to venture the hypothesis that group-level cognitive careers are more than the
sum of individual research trails because they reflect the collective nature of the research
undertaken by the group. Thus, we assume group-level cognitive careers to be emergent
phenomena. For example, they might address larger topics, which are only partially repre-
sented in each of the group members' cognitive careers.
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most knowledgeable about it — the researchers themselves — without having to
submit to the researcher’s own subjective theories about what happened and
why (Laudel and Glaser 2007, 2012, 8-11).

Among the methods that can be used for analysing cognitive careers, bibli-
ometric methods have the triple advantage of not requiring knowledge of re-
search content, being ‘objective’ in the sense that they do not depend on a
researcher’s interpretation of her cognitive career, and being based on a re-
searcher’s ‘real-time’ decisions, i.e. on decisions made at the time the research
took place. Bibliometric methods use properties of publications to identify the
structure and dynamics of the knowledge contained in these publications. They
thus exploit decisions made by researchers when they published their findings.
‘Objectivity’ means here that the analysis does not depend on ad-hoc interpre-
tations of past actions, which avoids distortions by an informant’s retrospective
rationalisations. This is why bibliometric methods are an excellent means for
the triangulation of interview-based or ethnographic methods. However, they
do not completely avoid the problem of analysing research content because the
outcomes of bibliometric methods need to be interpreted and contextualised.

Taking into account these methodological challenges, we use bibliometric
analyses of cognitive careers to support our qualitative, interview-based investi-
gations. The purpose of our application of bibliometric analyses is to identify
research trails in the interviewee’s cognitive career and to create a visual repre-
sentation of these trails that can be used to explore researchers’ cognitive careers
in interviews. This approach supports the interviewer’s acquisition of ‘interac-
tional expertise,” the discussion of research content in the interview, and the
subsequent data analysis.

3.1  Bibliometric Approaches to the Reconstruction of Research
Trails from a Researcher's Publications

Diachronic knowledge structures are partially represented by sets of thematically
connected publications. Although researchers and thus communities hold infor-
mal knowledge as well, the published (formal) knowledge consists of those
knowledge claims researchers want their community to know about and use. This
publicly available knowledge can be understood as the core of a community’s
knowledge, and can be unobtrusively studied by bibliometrics. The investigation
of knowledge structures by bibliometrics is based on the assumption that thematic
links between research projects are reflected in similarities between publications
resulting from these projects.

The identification of thematic structures in sets of publications has been one
of the central concerns of bibliometrics for a long time. The search for methods
has focused on the level of scientific communities (fields) and their topics (Small
and Griffith 1974; Van Raan 1997, 215; Van den Besselaar and Heimeriks 2006).
More recent bibliometric research was interested in the identification of ‘hot
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topics’ (Tseng et al. 2009) or ‘emerging topics’ (Glanzel and Thijs 2012), and in

discovering diachronic structures at the community level by tracking topics

over time (Small 2006; Mark, Roberts and Natali 2010).

Only few attempts have been made to investigate cognitive careers with bib-
liometric methods. The oeuvres of individual scientists have been analysed for
a variety of purposes including
- mere description (Kalyane and Munnolli 1995),

- the exploration of methodological issues (see e.g. White 2000, 2001; Horlings
and Gurney 2013),

- the creation of quantitative profiles of individual researchers (e.g. describing
the evolution of numbers of publications, citations and co-authors over time,
Zhang and Gléinzel 2012); and

- analyses of a researcher’s oeuvre aimed at the identification of field mobility
(Hellsten et al. 2007).

The study by Hellsten et al. is the only one that applies bibliometric methods in
an analysis of research content. They used an analysis of self-citations for identi-
fying topics in the research biography of one researcher. The other authors con-
ducted formal analyses of citation behaviour and citedness or attempted to ad-
vance methodologies. Horlings and Gurney interviewed some of the researchers
whose oeuvres they analysed in order to validate their method.

Thus, in spite of some recent attempts to advance the methods for studying
cognitive careers, the analysis of individual research biographies has not yet
enjoyed much attention, probably because the uses of such analyses lie outside
the field of bibliometrics.

The methodological suggestion that is closest to ours is that by Horlings and
Gurney (2013). The authors combined two measures for the similarity of publi-
cations, namely bibliographic coupling and lexical coupling. Bibliographic cou-
pling occurs if the same publication occurs in the reference list of two other pub-
lications. The shared reference is said to bibliographically couple the two
publications that cite it. The number of references shared by two publications can
be interpreted as an indicator of thematic similarity. Similarly, lexical coupling
occurs if two publications use the same words or terms. Horlings and Gurney
used shared words in titles of papers as a second measure of thematic similari-
ty. The authors applied the Louvain algorithm (Blondel et al. 2008) for identi-
fying topics in researchers’ biographies.

We followed our own prior work (Glaser and Laudel 2009) rather than the
suggestion by Horlings and Gurney (2013) because the latter’s proposal raises
some doubts. Although the authors obtained confirmation of the clusters they
produced from some researchers whose oeuvre they investigated, the method
they used is likely to produce artefacts for two reasons. First, the number of pa-
pers sharing both title words and references is relatively low (Van den Besselaar
and Heimeriks 2006), which may lead to small topics not being identified and
connections between papers belonging to the same topic not being found. Sec-
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ond, the Louvain algorithm used by the authors, which was developed by
Blondel et al. (2008) as a method for the fast identification of clusters in ex-
tremely large networks, maximises the modularity of the clustering solution. It is
not clear at all why a modularity-maximising algorithm should be applied to the
analysis of a scientist’s cognitive career because overlaps of trails in these careers
are both likely and theoretically interesting. Horlings and Gurney found an aver-
age number of research trails per physicist of more than ten and a range of four to
33, numbers that are highly unlikely and probably an artifact of the strong criteri-
on for thematic links and of modularity maximisation. Therefore, we are reluc-
tant to recommend this method until further tests of its validity and reliability
have been conducted.

3.2 Reconstructing and Visualizing Individual Research Trails

We use bibliographic coupling for establishing paper similarities. Bibliographic
coupling is today considered to be one of the best indicators of thematic simi-
larity (e.g. Ahlgren and Jarneving 2008, 274-5). Compared to self-citations,
which either link or do not link publications, bibliographic coupling provides
links whose strength varies depending on the number of shared references and
the length of the two reference lists.” The relative strength of thematic connec-
tions is determined using Salton’s Cosine, which is calculated as the ratio of
references shared by documents 7 and j, R;, normalized by square root of the
product of the numbers of references in documents i and j, R; and R;:

R
Salton’s Cosine varies between zero for publications that do not share refer-
ences and one for publications with identical reference lists.

The interviewee’s publications are obtained from the Web of Science data-
base and imported in an Excel Spreadsheet. They are then analysed with VBA
Macros.” The Macros produce lists of
- all bibliographic coupling links between publications,

- all self-citation links between the publications,

- the most frequent co-authors of the interviewee, and

- a list of publications that can be matched to the graphical representation of
research trails.

Other disadvantages of self-citations are the strong variation of this practice between fields
(Aksnes 2003, 241; Glinzel, Thijs and Schlemmer 2004) and the tendency of self-citations to
over-emphasize thematic links between publications because authors use their publications
for alerting readers to their other work, which in some cases is only weakly related, or for
establishing their authority in the field.

Visual Basic for Application, the programming language embedded in Microsoft Office.
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The macros also produce input files for the network analysis program Pajek,
namely a network file and a vector file. The network file contains a list of ver-
tices (representing publications) and their coordinates as well as a list of lines
between vertices (representing bibliographic coupling) and information about
their strength. X coordinates of vertices are derived from the publication year,
while y coordinates are varied in order to evenly distribute vertices on the y-
axis for the sake of better readability of the initial network graph. The vector
file contains information about the size of vertices, which is derived from the
number of citations a publication received.® Pajek is used to identify separate
clusters and to draw a graph showing these clusters. The graph is then exported
to a drawing programme for further refinement.

The information produced by this procedure is used to prepare an interview,
to create a graphical representation of the interviewee’s research trails for dis-
cussion in the interview and to support the analysis of the interview. The graph-
ical representation of research trails is based on a threshold for the strength of
bibliographical coupling. Only publications that are bibliographically coupled
with a strength above that threshold are considered to belong to the same re-
search trail, which means that only lines between these publications are includ-
ed in the input file for Pajek. The thresholds are not only specific to the investi-
gated field but also specific to the individual cognitive career. They depend on
the length of reference lists and on the extent to which researchers re-use refer-
ences in articles that belong to the same or different research trails. Although
these referencing practices are not completely arbitrary, they also depend on
personal styles, which makes finding a suitable threshold a matter of trial and
error. In most cases, experiments with thresholds lead to a graphical representa-
tion that has a recognisable structure, either in form of separate clusters of
publications or by highlighting parts of the network that are not well connected
to the network’s main component.

We illustrate this method by reconstructing the cognitive career of the biolo-
gist Erica Larschan, a researcher who was portrayed in the newsletter The Scien-
tist (Grens 2012). Reconstructing her cognitive career includes the following
steps:

1) We searched in the internet for a list of publications, which we found on her
website as part of her CV <https://vivo.brown.edu/display/elarscha>. The
list was not up to date but it gave us sufficient information for an accurate
search of her publications in the Web of Science. The CV provided us with
information about her institutional affiliations.

2) We searched the Web of Science for Larschan’s publications by using “Lar-
schan E*” as search term in the ‘author’ field. A comparison of the publica-

Since the number of citations might become a sensitive issue for researchers who are not

well cited, we scale the size of circles by always assigning a researcher's most highly cited
publication the maximum circle size.
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tions retrieved from the Web of Science to those in the publication list from
Larschan’s website showed that the Web of Science download included all
publications from the publication list and some additional recent publications.
We identified 17 publications (on August 13, 2014). The journal titles, publica-
tion titles and information on the author’s institutional affiliation in the address
field helped to make sure that the publications do indeed belong to this author.’

3) We downloaded the records from the Web of Science. The records included
the following fields: authors, their addresses, title of the publication, journal
title, volume, pages, keywords, document type (article, review, proceedings
paper, etc.), the cited references, and number of citations received.

4) We conducted the bibliographic coupling analysis by processing the down-
loaded information with our VBA macros.® The macros also produce a
publication table (see Table 1).

5) Another VBA macro was used to create input files for the network analysis
software Pajek. We chose a threshold value of 0.05 for Salton’s Cosine, i.e.
all links between publications below this value were exluded.” The macro
transforms information about the publications (publication year, number of
citations received, and strength of bibliographical coupling) into information
about the position and size of vertices as well as the existence and strength
of lines between vertices, which is included in the two files described above.

6) We opened Pajek, loaded the input files, let the programme identify separate
clusters, and constructed a picture with two separate clusters of publications.

7) The picture with the publication clusters was then exported from Pajek and
imported in a graphics programme (we work with Microsoft Visio). The
graphics programme is used to add information including the name of the sci-
entist, a timeline of publication years, and a timeline of positions and organisa-
tions obtained from the CV. We named the clusters and included the titles of
some particularly highly cited publications (see Figure 1).

Had we included Erica Larschan in one of our empirical investigations, we would
have used the picture from Figure 1 and the publication list in our interview.
Without the interview and a discussion of research trails with the researcher, the
outcomes of the bibliometric analysis are of little use. They require interpretation,
which can only be achieved by interacting with the researcher.

” The problem of ambiguous author names (homonyms - different persons occurring in the

Web of Science database with identical author names - and synonyms - one person occur-
ring in the Web of Science database with more than one author name) is well-known in
bibliometrics. Attempts to resolve this problem have been made by bibliometricians (e.g.
Soler 2007; Tang and Walsh 2010) and recently also by the owner of the database, Thomson
Reuters.

All technical details are described in a manual. The manual as well as the VBA Macros are
available at <http://www.laudel.info>.

Since selecting a threshold is a matter of trial and error, steps 5 and 6 are usually repeated
several times with varying thresholds in order to assess the stability of clusters.
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3.3 Use of Bibliometric Analyses of Cognitive Careers in
Interviews

The use of graphical representations of cognitive careers contributes to the
informational yield of interviews on several levels. First, it demonstrates the
effort of the interviewer to understand the interviewee’s work. The figure demon-
strates “that you have done your homework, made an effort, and have not just
come to pick their brain. You have gone as far as you can go with the available
material and now you need some help” (Rubin and Rubin 1995, 198). We noticed
that this often helped to build the necessary trust from the very start of the inter-
view.

Second, the use of graphical representations contributes to creating a favoura-
ble atmosphere for the interview because the interviewee is confronted with a
perspective on her own work she has not encountered before, i.e. the interviewer
is not only asking for information but also providing some. Interviewees some-
times ask if they can keep the figures representing their work.

Third and most importantly, the representations of cognitive careers are used
for ‘graphic elicitation,” i.e. to prompt narratives about the content of research
and to trigger memories.' Interviews about events occurring several years ago
are quite difficult because interviewees are often unable to recall events. The
representation of a cognitive career, to which positions and grants held by the
interviewee can be added from public sources, helps interviewees to reconstruct
the evolution of their research.

The graphical representation of cognitive careers is introduced at the begin-
ning of the interview, in most cases immediately after the introductory (‘warming
up’) question. The interviewer briefly explains how the figure was constructed by
- referring to the Web of Science (a database scientists are familiar with) as

the source of publications,

- naming but not explaining in detail the procedure by which clusters were
produced (bibliographic coupling),

- explaining that the size of the circles indicates the numbers of citations a
paper received, and

' The use of other than verbal elicitation methods in interviews can be traced back at least to
Collier (1957). Apparently, it emerged in anthropology with the use of photographs, which al-
ready has been extensively discussed (Harper 2002). The use of diagrams for “graphic elicita-
tion" is a more recent trend (Crilly, Blackwell and Clarkson 2006; Umoquit et al. 2008, 2011).
Sheridan, Chamberlain and Dupuis (2011) use graphic elicitation for “timelining," i.e. to support
historical reconstructions by interviewees in a manner that is very similar to our approach (see
also Umoquit et al. 2011, 3). Dempsey (2010) describes this use of visual material as “stimulated
recall.”
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- linking the publications in the figure to a publication list by the numbers in
the circles."'

The discussion of the figure begins with specific but open questions, usually
about the cluster representing the PhD project. It is of course impossible to
discuss each publication in detail. The exploration of the figure therefore fo-
cuses on those clusters the interviewer is most interested in.

If separate clusters are visible in the figure, the interviewer asks whether
these clusters represent thematic changes (the beginning of new research trails),
and explores the reasons for these changes. In some cases, the figure will show
only one cluster. If this is the case, the interviewer asks whether there are dif-
ferent topics hidden in this cluster. If the interviewee states that she has always
worked on one topic, the reasons for continuity can be explored.

The figure might also show highly cited papers that are not connected to any
cluster. If the interviewee is the first or last author of one of these publications,
the interviewer asks about the topic of the publication and reasons why it might
be disconnected in the figure.'? Other disconnected publications are not usually
discussed in the interview because they may represent contributions by the
interviewee to the research of collaborators. These contributions are rarely of
interest for an exploration of the interviewee’s research trails.

In these discussions, interviewees occasionally correct the pictures by ex-
plaining that two trails that are separate in the figure are in fact thematically
connected, or that one larger cluster contains two or more separate research
trails. Such mismatches are inevitable for two reasons. First, the cluster analy-
sis based on bibliographic coupling is an imperfect method. As all other fea-
tures of publications that can be used for establishing thematic connections,
shared references represent thematic similarities only to a limited extent, and
arbitrary thresholds introduced to separate clusters can lead to misrepresenta-
tions. Second, the reconstruction of topics is necessarily ambiguous because it
depends on the scientific perspective applied. Interviewees are aware of this
ambiguity and sometimes mention it when explaining that treating two clusters
of publications as separate or as belonging to the same topic depends on the
scientific perspective applied to the picture. In any case, mismatches or ambi-
guities do not constitute a problem for the interview. The main function of
these figures is to prompt narratives, which they also do when they make the
interviewees correct the representation of their research trails (see on this topic
also Crilly, Blackwell, and Clarkson 2006, 350). Corrections are recorded and
used as additional information in the analysis of interviews.

" See Crilly, Blackwell and Clarkson (2006) on the introduction and explanation of diagrams in
interview situations.

" First authorship usually indicates that the author conducted most of the experiments and
drafted the article. Group leaders or heads of laboratories are usually last authors (see
Laudel (2001) on roles in collaborative research and positions of authorship).
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Thus, the graphical representation of an interviewee’s research biography is
used in interviews to identify changes in research trails and to discuss epistemic
and other reasons for such changes. It makes it possible for the interviewer to
discuss the content of research at a structural level, i.e. without having solely to
rely on the interviewee’s knowledge about research content. The research con-
tent can be explored at a depth both the interviewer and the interviewee are
comfortable with without the investigation exclusively depending on the inter-
viewee’s epistemic authority concerning the content of his or her research.

In the analysis of interviews the bibliometric data are used to support the in-
terpretation of interviews. In particular, the interviewee’s narrative about her
research biography can be linked to the research trails represented in publica-
tions. This enables a partial corroboration of statements about time lags be-
tween the intention to begin a new research line and the actual change of work,
collaborations with other groups, and experimental difficulties that led to de-
layed publication. More importantly, the reconstruction of the cognitive career
can be used to organise interview data for a ‘process tracing’ that supports the
search for causal mechanisms (Glaser and Laudel 2013).

4. Applications

4.1. Conditions for Scientific Innovations

The first example stems from an internationally comparative analysis of the im-
pact of changing authority relations on conditions for scientific innovations. We
asked how the changing structures and processes of governance, through altering
the relative authority of actors over the choice of research problems, modified the
opportunities for researchers to develop innovations in their field. The project
compared these conditions in four countries for one innovation each from the
physical sciences, life sciences, social sciences, and humanities.” The results of
the project are described in several chapters in Whitley and Gléser (2014).

Our example is taken from the analysis of an innovation in physics, namely
the experimental realisation of Bose-Einstein Condensation in cold atom gases.
Bose-Einstein Condensation (BEC) is a state of matter that occurs when gases

" For methodological reasons, our study did not concentrate on the actual innovation but
rather included the early diffusion of the innovation in different national science systems.
Innovations are likely to emerge in just one country, which is why an internationally com-
parative study of the emergence of innovations would have required finding similar innova-
tions emerging in the countries under investigation at approximately the same time. This is
close to impossible. Since the early development of an innovation poses similar problems as
the actual invention in terms of contradicting the community's majority opinion, access to
resources, and reputational risks, the early stages of diffusion were used and enabled com-
parisons of national science systems for the same innovation.
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of atoms or subatomic particles are cooled to near absolute zero. This state had
been theoretically predicted by Bose and Einstein in 1924. In 1995, two US
groups produced the first BECs. It took more than two years before other re-
search groups were able to replicate the experiments. When they succeeded, it
soon turned out that BEC can be used for a wide range of fundamental research
in several subfields of physics, and BEC research grew rapidly. Today more
than hundred experimental groups and a multitude of theoretical groups
worldwide work on BEC (for a detailed account of the case study see Laudel et
al. 2014). However, until the early 2000s, researchers who wanted to produce a
BEC faced significant technical and strategic uncertainties and needed consid-
erable resources for the experiment to succeed.

We identified research groups from publications using the keywords ‘BEC’
or ‘Bose-Einstein Condensation,” from internet searches of experimental phys-
ics groups at universities and from ‘snowballing,’ that is by asking interviewees
about their national community. Interviews with researchers consisted of two
main parts. In the first part, the interviewee’s research was discussed. Based on
the bibliometric analysis and visual representation of the interviewee’s cognitive
careers, we explored the development of the interviewee’s research since the PhD
project with an emphasis on thematic changes and the reasons for them. In this
part of the interview, developments in the interviewee’s national and international
communities were also discussed. The second part of the interview explored
conditions of research and the factors influencing them. Topics included the
knowledge, personnel, equipment required to produce BECs, source of material
support and opportunities as well as constraints provided by the interviewee’s
academic posts.

In the following, we discuss the impact of authority relations on opportuni-
ties to innovate by comparing two researchers who wanted to begin research on
BEC. One of them could immediately realise this intention, while the other’s
move to BEC research was considerably delayed.

The interviews began by presenting a printout of the picture representing the
interviewee’s cognitive career (Figure 2). For reasons of privacy protection we
disguised the names of topics and publication titles as well as positions and
locations."*

Q: Before we come to the Bose-Einstein condensation research, I would like

to know something about your previous research, how it started. And what I

tried to do is, I prepared a little picture where I put your — (“Oh, my good-

ness!”) — your Science Citation Index publications — (“Oh, how interesting!,
wow!””) — on a time line — (“You put a lot of work in it.”). This is the list of

' Interviews were conducted in English or German. German quotes were translated by us.
Omissions and changes that are necessary for privacy protection are marked by [brackets],
other cuts by "[...]".
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publications and the numbers you see here, 58 and so on, this is just the code
for the publications.

A: And all these circles are different publications?

Q: Yes, different publications. And they are connected by a certain method we
use where we look for joint references. In an area where we have no clue we
can find out a bit about different topics.

A: Yes. Oh, that is interesting. You did a lot of work!

Q: Now, before you did Bose-Einstein condensation, you did earlier your PhD
work, where you dealt with [a certain kind of] atoms.

A: [...] (points at cluster III) these are atoms [in a certain state]. And this is
already the basis of what is coming there. Because that already sets a little bit
the stage. As a physicist, how you develop what you do during your Ph.D. re-
search is influencing you a lot what you do afterwards. And here (pointing at
cluster I) you can already see that I was doing experiments on [B] atoms. [...]
it is a kind of spectroscopy that I did.

The interviewee continued the narrative about the development of his topics,
while constantly referring to the figure.
A: So after my PhD I had learned something about [a certain kind of] atoms
and [ wanted to do really more accurate spectroscopy. So I went to do a post-
doc [abroad]. Where are my publications [from this time]? There are two of
them, I hope.

Q: Let‘s see. (searching through publication list) [...] The 60, for example?

A: Yes. Here it is. That‘s what I did for my postdoc. There I learned more on
highly accurate spectroscopy based on what I did here (pointing at cluster I).

[...]

And then I came back [...]. I got a position to start research. Then the whole
field of laser cooling, which is the basis for Bose Einstein condensation had
developed in the 80s. And my idea was to do laser cooling in [B] atoms be-
cause I knew [these atoms] from my PhD research. I can do spectroscopy in
[B] atoms. I learned that [abroad] as well, that is very interesting. [...] And I
had the idea, based on what I did [during my postdoc] and on my previous ex-
perience to set up [certain] experiments [...]. So I applied the laser cooling
technique to do that kind of spectroscopy here (pointing at cluster II). It de-
veloped from here (pointing at cluster I).

From these sequences, we learn that the interviewee (as many other BEC re-
searchers) had followed the international development and learned new tech-
niques of laser cooling, which are important for producing BECs. The diagram
not only triggered narratives about the start of new topics but also descriptions
and explanations why certain topics ended.
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A: That’s why it is finished here (pointing at cluster 1I). 1 saw no future in that
field. And similar things happened [elsewhere] there is not much continuing.
It is more or less a completed field.

Q: Is it just saturated?
A: Yes it is just saturated. And that’s what you have to do, you stop. [...] And
I started to do laser cooling. And you can see that slowly the laser cooling

field took over. And then I stopped this (pointing at cluster 1) and I continued
further on that (pointing at cluster III).

The interview continues with questions about international developments on
Bose-Einstein condensation and about the start of the interviewee’s own work
on BEC. Inspired by the promising results and the eventual first experimental
success of US groups, the researcher intended to move his research in this new
direction and did so.

Cluster III in the picture contains both the use of laser cooling methods that
was not yet directed at BEC and the subsequent work on BEC. Since the BEC
research is the major focus of the interview, the interviewee was invited to
‘zoom in’ on cluster III and to provide more detail on this work.

Q: I noticed that you succeeded with the condensate in [year x]. And the ex-
perimental work is the yellow one (cluster 111)?

A: Yes, it took [several] years.

Q: But you had continuously published on the topic. I wonder what these oth-
er publications are about, what could you publish?

A: Ah, yes. To make a Bose Einstein condensate you need to prove many
things before that. For instance, for a Bose Einstein condensate you need a lot
of atoms that are very dense. First you have to prove that you can have many
atoms, that’s the first publications. Not very cold, in a big magneto-optical
trap. Then you want to show that the gas is stable. That is very crucial. And
then you write some publications on that. And then you can do some studies
of these ultracold gases, so you study the collision properties which are very
important for Bose Einstein condensation. You can publish on that. ... All
these studies on evaporative cooling — we did a real study how evaporative
cooling works for [our kind of atom]. We published that. And spectroscopy.
All these things that are related to the longer-term goal.

sksksk

Q: Now, which one is actually the paper which reports the results about the
Bose Einstein condensate? Would be about [year], I think. (both search the
publication list)

A: Ah, this is it.
Q: Number 8. Ah, yes.

A: But then, this was important for this (points at publication number 5 in the
picture). [...] and it still is a very important result because it opens new re-
search directions.
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This last remark of the interviewee revealed that the clusters III and IV (publi-
cation 5 and 4) are thematically connected, one being the production of a BEC
(I1I), the other the use of a BEC in other research (IV).

The second part of the interview revealed important conditions that enabled
the immediate move to BEC research. At this particular time, the researcher
held positions on which he was formally dependent on his professor. The pro-
fessor tolerated the plan to begin BEC research and granted the interviewee the
use of infrastructure. The interviewee could mobilise the necessary additional
funding for specific equipment and personnel first by ‘bootlegging” money from
other projects and later through grants specifically awarded for BEC research.

The interview with the second BEC researcher began again with the presen-
tation of the diagram representing the cognitive career (Figure 3).

Q: Before I come to the [BEC] work which I’'m most interested in, I would

like to know something about your previous research. What I did is, I tried to

reconstruct your publications and put them here on a time-scale. (“Wow! I

have never seen this.”) It’s mainly the publications from the Web of Science.

[...] And they get a link if they are thematically connected. We use a special

method to find these connections via references. The size of the circles says

something about citations. [...] My question is what had you been working on
in your PhD?

A: My PhD work is this part of the figure here (pointing at cluster I). The title

that you have here [...] is actually the title of my thesis. [...] This was in the

field of atomic physics applying novel laser techniques to investigate new ef-
fects [...].

Q: There was nothing “cold” involved there?
A: No, this was room temperature or warmer.
The interviewee continues to describe his research trails.

A: And towards the end of my PhD I singled out a few groups where I would

want to do postdoctoral work. I wanted to go [abroad], to see something of the

world, but also scientifically to explore research at the highest levels on a

worldwide scale. And I managed to get several offers. And the one I took —

which has the orange blob here with all the citations (pointing at cluster 1) —

was [group X].

[...]

I started looking for postdocs [...]. To look ahead already a little bit, this ex-
plains this red area here (pointing at cluster III). This was work that I did in
[City A] on a postdoc position.

This was the time when he actually considered beginning research on BEC but

felt unable to compete with groups abroad, not least because he could not se-

cure the considerable resources he would have needed:
A: If I would have had the opportunity to start a fully independent research
group with the clear understanding that I would be completely on the same
scale with these groups, things might have been different. [...] The investment
necessary to do something close to identical to what was present at [the suc-
cessful BEC groups in the US] would have required more than €500,000, per-
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haps closer to €1 million, several junior people and several years of invest-
ment. This is not a scale where a junior person can start. I did not have the sci-
entific muscle to bring about such a major effort.

He continued his career with dependent positions in research groups whose
leaders had other interests than BEC research and whose infrastructure he
could not utilize for his interest in BEC. Only when he could secure an inde-
pendent position and obtained external research grants, he could begin the
long-planned BEC work.
A: At that time I was really at the point where this [...] idea could take shape,
start my own line of research, students that I guided from the start. So I started
with one university-funded PhD student. I applied for funding for a second
one. This was granted. Then one could really speak of a team and the setup
was built. And this is the effort that is depicted here in yellow (pointing at
cluster 1V).

Thus, this interviewee’s BEC research started with a delay of several years. It
then took him several years to produce a BEC, apply it to answer an interest-
ing question and to publish the results. This resulted in a publication gap.

Q: Yes, speaking about publications. I mean I am pretty much aware of the
fact that Bose Einstein condensation is a several year effort, has been in many
groups. And I always wondered: What do you do in the meantime with publi-
cations? Other groups, some of them could publish some more conceptual-
theoretical stuff in the meantime until they achieved BEC. How was it in your
case?

A: Yes. It was a conscious decision to focus on the experiment. I made this
decision more or less consciously, also encouraged by my environment. The
university did not ask me to publish papers.

[...]

Yes, it was an all or nothing effort. I guess in my mind was the example that |
had seen in the highly successful groups, back in ‘95, ‘96. Those groups also
went through a clear publication dip of two or three years.

For this researcher, the conditions for moving to BEC research were unfavour-
able at first. He had not sufficient authority his own research goals or over the
necessary infrastructure for pursuing them. He gained this authority only after
obtaining an independent position. The university supported the move towards
BEC by tolerating the lack of publication output for several years.

Taken together, interviews with BEC researchers enabled the identification of
authoritative agencies with veto powers concerning the necessary conditions for
moves to BEC research. Researchers who wanted to develop the innovation BEC
needed to simultaneously control the infrastructure of a laboratory at the universi-
ty, acquire external grants, have access to PhD students and work in an environ-
ment that tolerated publication delays of several years. Only if all these condi-
tions were met the work with the scientific innovation was likely to be successful.
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The representations of research trails supported the identification of thematic
changes and triggered narratives about the conditions under which they took
place. At the same time, they also demonstrated another important point. Not all
changes of research trails represent scientific innovations and not all are inten-
tional. New research trails may also begin when dependent researchers move
between research groups or in response to opportunities including funding oppor-
tunities, requests from collaborators, or access to methods and equipment.

4.2 The Emergence of Individual Research Programs in the Early
Career Phase

Our second example uses data from an ongoing project that investigates the im-
pact of early career researchers’ conditions of work on the emergence of individ-
ual research programmes. Scientific communities expect researchers to become
independent during the early career phase. In this phase, many early career re-
searchers develop long-term interests that guide their selection of projects. These
interests often take the form of individual research programmes. An individual
research programme can be defined as a script for future research actions that
contribute to the realisation of a larger research interest, i.e. to a goal that cannot
be reached by a single project. Research programmes can lead to scientific inno-
vations if their outcomes affect the scientific community by changing the practic-
es of many of its members. However, most of them only lead to new research
trails for the researcher who designs the programme without having any far-
reaching community effects.

So far, the emergence of individual research programmes is poorly under-
stood, which is why the project aims at ascertaining the conditions that shape the
emergence of early career researchers’ first research programmes. The project
mainly draws on semi-structured interviews with German early career researchers
in experimental physics, plant biology and history. Secondary data from previous
projects on early career researchers which employed the same methodology are
included (Laudel 2011, 2012).

The project’s focus on thematic changes in a specific phase of the academic
career suggests the use of bibliographic reconstructions of cognitive careers in
interviews. In order to better support the aim of the project, the original technique
was extended by introducing ‘combined research trails.” With this extension, we
responded to the observation that at least in the sciences, an early career research-
er’s independent research and first research programme are always prepared and
triggered in a specific research environment that is not controlled by the research-
er. As our preliminary results suggest, first individual research programmes usual-
ly emerge during the postdoctoral phase after the PhD, i.e. while early career
researchers are members of a research group rather than already leading their own
group. Consequently, the new research programmes emerge in a group that is
currently following a different research programme, to which the author of the
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new programme is also expected to contribute. This is why it is important to com-
pare the research trails of early career researchers to those of their group leaders.
Our case example is Paul, a biologist who learned and used a specific meth-
od for his PhD project. After his PhD he took up a postdoctoral position
abroad. In his new group he continued to use this method but applied it to dif-
ferent proteins and studied a different biological process.
A: At that point it was changing focus from looking at proteins involved in
RNA processing to looking at proteins that are involved in another process,
namely intracellular trafficking. But the techniques [...] were all things that I
knew very well. So it was not so much a shift in methodology but a shift in the
biological focus.

Paul’s research trails show both the thematic continuity and the change he
described in the interview (Figure 4). Cluster I represents his PhD work (which
is confirmed by title and keywords and the co-authorship of the PhD supervi-
sor). Clusters I and II are loosely connected (there is just one bibliographic
link). Increasing the threshold for the bibliographic coupling to 0.13 separates
the PhD work from cluster II. The postdoctoral project (cluster II) was defined
by the group leader who had applied for the grant that funded Paul’s postdoc-
toral position.
A: So [my group leader] wants to look at these protein machineries that drive
the formation of these [cellular structures]. And the first question was what
were the molecular structures of these machineries and what are the atomic
details of how they interact with [regulatory complexes]. That is how I ended
up in the field of protein trafficking and that is where I’m still working now. I
have been continuing in that field since I started my postdoctoral work.

Paul explained in the interview that the general topic of his research evolved
during his stay as a postdoc in the laboratory abroad, i.e. it was established by his
group leader. This relationship changed during the postdoc phase when Paul’s
authority over defining research goals increased:

Q: Okay, yes. So, the project was really set for you?

A: Yes, it was. You got your diagram here. The initial work that I was in-
volved in was looking at this [complex A] [...]. This probably happens in all
the postdoctoral type situations — initially I started the project with a fairly de-
fined goal, looking at this complex.

[...]

And from there the project evolved to look at different types of proteins that
were involved in the formation of these particular [cellular structures]. These
are these [G proteins]. And as this project evolved I was probably given a lot
more leeway as to what I was most interested in. At the start we had a pretty
specific goal, to look at [A] complex. That worked well. Then he said, these
[G proteins] look quite interesting, why don’t you have a look at those. So I
did. But at that point I was given almost free range of deciding exactly what
questions about these [G proteins] I found most interesting and how I go about
doing that. That is actually an interesting graph here. So, and then as the post-
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doctoral work leaped along, towards the end of my postdoc, after a few years I
was almost given free range of deciding what particular questions I found
most interesting, as long as they fell in this general field of trafficking, and in
particular how it did fit with the other cell biologists in the department and
what they were working on. And that’s why I became interested in these par-
ticular proteins which is components of this [complex B]. (points at the pic-
ture where cluster 111 starts)

[...]

And that is now actually where the main projects are going on in my lab here.
[...]

The [complex B], I started working on it as a collaboration, as I said, with an-
other group [at the university]. [...]. And what he found was that it seems to
control a very interesting trafficking process in the cell. [...] We want to un-
derstand this fundamental process as to how this particular complex control
the trafficking of these [proteins].

The research programme that Paul was pursuing at the time of the interview
had emerged as a new research trail during his work as a postdoc. He continued
this research trail and soon broadened it by studying the role of other proteins
in the same biological process (cluster IV) after returning to his home country
and becoming a group leader himself.

Paul claims that during his postdoctoral phase his group leader let him de-
velop his independent research trail.

Q: Aha, ok. And this was already something that you developed independently
from [your group leader].

A: Yes.

Q: This was one of my questions. I mean, [your group leader] did this traffick-
ing work and he will continue to do it, but somehow you also have to make
sure that you are not [...]

A: I was just very fortunate that [my group leader] was very supportive of do-
ing that, developing my own career ... As you can see it, at the end I started to
split my focus on the things that I was most interested in plus helping with
other projects in the lab. And they allowed me then to develop a project which
could be carried on as an independent researcher. And [my group leader]| was
very supportive of that and still is and still collaborates closely.
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The interviewer wanted to independently test the reported scientific connec-
tions between Paul’s work and his group leader’s research. Therefore she addi-
tionally downloaded the group leader’s publications from the Web of Science,
beginning with publications from two years prior to Paul joining his lab. By
choosing this time frame she could check whether Paul joined a research trail
that already existed in the lab. Indeed, as Figure 5 shows, cluster II existed
already before Paul came. The group leader continued to work on this topic
after Paul left (lower area of the group leader’s cluster). Paul had started to
work on the group leader’s topic. However, this topic largely faded out of his
research. Only two recent publications (20, 12) are still strongly connected to
the group leader’s work.

The new topic Paul described in the interview (cluster III) has no biblio-
graphic links to the group leader’s work. The same holds for the second topic
(cluster IV). Another indicator that these are indeed Paul’s topics is that Paul
has been occurring as last author or second-last author with increasing frequen-
cy. With cluster III, he started as first author (indicating that he did most of the
experimental work), moving to the position of last author (indicating that he
designed the research project) after he became a research group leader himself.
The combined presentation of research trails showed that this early career
researcher started a research programme that is indeed independent from his
group leader’s work.

We constructed such combined presentations of research trails for other re-
searchers, too. In some cases, the separation of research trails could not be visual-
ized although interviews and reviews of grant proposals confirmed the independ-
ence of former early career researcher and former group leader. This is due to the
highly collaborative nature of research in this field. Collaborations that were
started during a researcher’s postdoctoral phase may be continued for a long time
after the postdoc has left the lab and became a group leader himself. In all these
cases, however, comparing the two representations to each other provides addi-
tional information for the analysis of the emergence of individual research
programmes.
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5. Discussion and Conclusions

The method we presented here supports qualitative research on the emergence
of subjectively or objectively new research topics in individual research biog-
raphies, a class of events we argued to include the ‘birth events’ of many scien-
tific and science-based innovations. Although the method has some limitations
that cannot be overcome, it supports interviews and observations through trigger-
ing narratives by ‘graphic elicitation’ or ‘stimulated recall’ and provides some
opportunities to triangulate qualitative methods.

An important inherent limitation of the method that cannot be overcome is
its equivocality. How topics are defined and delineated depends on the scien-
tific perspective that is applied to the research. There is also the problem of
bibliometric analyses working with properties of containers of knowledge
rather than with the knowledge itself. The bibliometric reconstruction of topics
depends on several arbitrary decisions, each of which may lead to different
representations.

Equivocality means that one of several possible representations is used,
which could constitute a problem in interviews because it is akin to asking
leading questions. Fortunately, the interviewees we use this method with are
trained in spotting errors, and arguing about wrong data is constitutive of their
habitus. Researchers will object to rather than follow leads they consider to be
wrong, which favours the application of our method because ‘incorrect’ repre-
sentations are as good as ‘correct’ ones for triggering narratives.

Other limitations are more problematic. Since the method is based on the
Web of Science database, its applicability depends on the coverage of publica-
tions of the field under investigation by this particular database. This means
that the method as described in the paper is applicable only in most natural
science and life science fields. It cannot be used for researchers from some
fields in the sciences or from any field in the social sciences or humanities. For
these fields, we currently use a workaround based on keywords obtained from
titles. We are also currently experimenting with word-based network-analytic
methods. However, this has proven more difficult than the use of bibliographic
coupling and requires future work."”

Future work will also enable an extension of the method towards embedding
individual researchers’ cognitive careers in research trails of their community.
Since communities are much more fluid and perception-based social aggregates

'® We are grateful to Philip Roth for pointing out a possible technical problem of our method.
Since more recent publications contain references that older publications cannot cite (be-
cause they were not yet published at that time), bibliographic coupling is likely to produce
distortions by being biased against links spanning larger periods. Although our use of the
method so far has not revealed distortions, systematic experiments are necessary to esti-
mate the impact of time spans on bibliographic coupling.
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than research groups, a different method of constructing their research trails is
required. One possibility is the use of one researcher’s research trails as ‘seeds’ for
a ‘greedy’ algorithm, i.e. an algorithm that lets communities grow from seeds by
stepwise adding the publications that are most similar to those already included.

These goals can best be reached by a collaboration between qualitative sci-
ence studies and bibliometrics. Quantitative and qualitative methods and research
designs were well integrated in the early days of science studies when, for exam-
ple, the potential of the then-new Science Citation Index was explored (Cole and
Cole 1967, 1968; Cole 1983; Hicks 1987; Pickering and Nadel 1987). In the
1980s, the two methodological approaches began to separate for several reasons,
which were partly beyond the control of scholars in the field. Separate subfields
emerged and developed a specific focus and accompanying methodologies. Sci-
ence policy studies often rely on quantitative methods (both surveys and biblio-
metrics) because only these methods provide overviews of field-level or system-
level dynamics. Not surprisingly, bibliometrics is focused on quantitative ap-
proaches, too. The sociology of science prefers qualitative methods because
these methods can provide in-depth explanations of the mechanisms that pro-
duce changes in knowledge production and are thus ultimately responsible for
field-level processes.

While it is difficult to integrate methods that differ in their underlying
logics, conceptualisations, and empirical operationalisations of concepts, not
doing so deprives research of important evidence and theoretical insights,
thereby limiting its explanatory power.
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