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Introduction
This cumulative dissertation addresses the intersection between technology and

innovation management – in particular technology foresight – and bibliometrics. More
specifically, the four scientific contributions that make up the core of the dissertation focus the
development of a quantitative method for technology foresight purposes:
Paper 1

Combining the scenario technique with bibliometrics for technology foresight
Authors: Birgit Stelzer, Fabian Meyer-Brötz, Edgar Schiebel, and Leo Brecht
Status: Published in Vol. 98, Pages 137-156

Paper 2

Mapping technology and innovation management literature using hybrid
bibliometric networks
Authors: Fabian Meyer-Brötz, Birgit Stelzer, Edgar Schiebel, and Leo Brecht
Status: Forthcoming

Paper 3

Experimental evaluation of parameter settings in calculation of hybrid
similarities
Authors: Fabian Meyer-Brötz, Edgar Schiebel, and Leo Brecht
Status: Published in Vol. 111, Issue 3, Pages 1307-1325

Paper 4

Bibliometric timelines for the identification of emerging technologies
Authors: Fabian Meyer-Brötz
Status: Unpublished Paper

In this chapter a short motivation for the dissertation as a whole as well as the key research
goal are presented. Furthermore, highlighting the structure of the dissertation, the relation
between the papers is described and brief summaries of the individual papers are provided.

1

Motivation and overarching research goal
Bibliometrics can be traced at least as far back as the beginning of the 20th century where

the two historic and groundbreaking works by Lotka (1926) and Bradford (1934) were
published. The first found that the distribution of articles across authors is skewed and can be
represented by an exponential function. The latter came to a similar conclusion in regard to the
distribution of articles across journals. For bibliometrics to gain popularity in a wider audience,
first, the Science Citation Index had to be introduced by Garfield (1955). This citation data base,
by now replaced by the so called Science Citation Index Expanded, still represents the basis for
most bibliometric studies. However, the term bibliometrics was coined even later by Pritchard
(1969) to replace the then prevalent term of statistical bibliography and means the application
of mathematical and statistical methods on large bodies of scientific literature and patents
(Bellis 2009 and Hood and Wilson 2001). Another important foundation for today’s bibliometric
methods was laid by Price (1965), who promoted the use of mathematical graphs in
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bibliometrics (Radicchi et al. 2012 and Schiebel 2012). These graphs are also called bibliometric
networks and consist of nodes, representing authors, journals, or articles, and edges,
representing the nodes’ pairwise connections. Such a connection could signify for example
articles citing the same third article together or authors having published articles together.
Bibliometric methods today are applied for two distinct aims (Havemann 2009): The first is
the “[…] the construction and application of a series of indicators of the ‘impact’, ‘influence’ or
‘quality’ of scholarly work” (Moed 2005, p. ix) (e.g. authors, journals, institutions, or articles).
The second aim is the structuring of research fields, be it in regard to thematic clusters (e.g.,
Huang and Chang 2014 and Woon et al. 2011 ), concerning groups of authors and organizations
(e.g., Sakata et al. 2013 and Di Stefano et al. 2012), or regarding type of cooperation and funding
(e.g., Abramo et al. 2012 and Butcher and Jeffrey 2005). These possible applications are the
reason that bibliometrics is listed in many TIM handbooks as a fundamental quantitative
method (e.g., Cho and Daim 2013, Gausemeier et al. 2009, and Lichtenthaler 2002). In this
context, authors suggest bibliometrics to answer the following questions: How mature is a given
technology? Who are the experts and organizations with the respective technological
competence? What are the application fields of a given technology? Are there substitute or
emerging technologies?
Hence, as a quantitative method used for decision making bibliometrics can clearly be
classified as an analytics or business intelligence technique. While the definitions of these two
terms are still disputed in the scientific community – and also varying across different research
areas – (Mortenson et al. 2015, Agarwal and Dhar 2014, and Chen et al. 2012) Davenport and
Harris (2007), p.7 provided the arguably most cited definition:
“[Analytics is] the extensive use of data, statistical and quantitative analysis,
explanatory and predictive models, and fact-based management to drive decisions and
actions. The analytics may be input for human decisions or may drive fully automated
decisions. Analytics are a sub-set of [...] business intelligence.”
Analytics has since transitioned from academia to practice and is applied in many areas, for
example in supply chain management (e.g., Waller and Fawcett 2013), in health care (e.g., Wang
et al. 2016), and investment decisions (e.g., Teo, Thompson S. H. et al. 2016). Furthermore, the
implementation of very sophisticated analytical tools such as bots and virtual agents and even
a lack of trained data scientists is prophesized for the next year (IBM 2017).
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However, although there are several bibliometric software tools and data sources available
(Cobo et al. 2012 and Cobo et al. 2011b) the application of bibliometrics in the industrial
practice did not follow this trend. In TIM and foresight in particular scenario planning and
roadmapping are still the most widely used techniques and many foresight and scouting
activities solely rely on expert networks, as shown by several empirical studies (Stelzer 2016,
Sun and Schoelles 2013, Rohrbeck et al. 2009, and Mietzner and Reger 2009). In the context of
TIM, quantitative sources such as patent and literature databases are used by a minority of
companies, and then only for simple information retrieval. The current lack of analytics in the
TIM practice is highlighted by a Delphi study conducted by Keller and von der Gracht (2014) in
which the integration of ICT tools and quantitative data handling are key research issues of
foresight studies. Furthermore, a special section in the journal Technological Forecasting &
Social Change in 2015 focused on the ‘Future role of ICT for foresight’ and calls it an emerging
issue (von der Gracht et al. 2015).
The currently lacking uptake of analytical methods by TIM practitioners represents the key
research gap for the present dissertation. Especially as currently accelerating technology cycle
speeds, a race for new products, a growth of global research efforts, and the growing
importance of so called emerging technologies dominantly define business environments,
analytical methods for TIM are in high demand. Combined with the current state of
bibliometrics as a quantitative method long proposed for the application in TIM by academia
this leads to the overarching research goal of the four papers constituting the dissertation: To
improve on the state of the art of bibliometric methods to facilitate – or at least further nudge
them towards – their uptake in industrial practice. Given this, the four papers in this cumulative
dissertation represent the chronological successive improvements made, where each paper’s
specific research questions build upon results of the previous one. In the next section, I present
a brief summary of the papers’ motivations, detailed research questions, and findings.

2

Structure of the dissertation and summary of the individual papers
This dissertation targets three detailed research questions (RQ) to improve on the

shortcomings of past bibliometric studies:
RQ1:

How can bibliometrics be integrated with qualitative methods?

RQ2:

How can hybrid bibliometric timelines be constructed to answer key questions in TIM?

RQ3:

What effect do different parameter settings have on the application of hybrid

similarities?
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During the summary of the individual papers in the next three sections, the background of
these research questions are discussed in more detail. An overview over the structure of the
dissertation as a whole in form of the papers’ relations is depicted in Fig. 1. Therein, also the
respective research focus and research method can be seen. Paper 1, which solely focuses on
RQ1, gave rise to the next research questions. Paper 2 represents the first approach to answer
RQ2. However, during this work several methodological hurdles were identified in regard to
parameter usage. Given this, p10aper 3 solely focuses on RQ3 and paper 4 expands the therein
proposed methods across several periods to in the end answer RQ2.

Fig. 1 Structure of the dissertation and relations between the individual papers

2.1

Paper 1: Combining the scenario technique with bibliometrics for technology
foresight

2.1.1

Research gaps and aim

The combination of methods is a trending topic in the technology foresight community.
Especially, the importance of combining often qualitative expert knowledge with quantitative
information and methods is stressed by authors (Haegeman et al. 2013 and Lüdeke 2013). An
extensive literature review revealed that two qualitative methods of TIM are principally focused
for the combination with quantitative methods: scenario technique and roadmapping.
Furthermore, past method combinations aim to improve single steps in one of these
fundamental methods (e.g., applying system dynamics in the bundling of alternative projections
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in the scenario technique (Pishvaee et al. 2008 and Hirsch et al. 2013)). However, even seasoned
foresight experts struggle when a multitude of methods are combined (Prajogo and Ahmed
2007). Hence, there is a gap in regard to combinations which complement scenario technique
in each of its steps. Given this, the aim of this paper is to demonstrate that integrating results
from a bibliometric analysis is useful in each step of scenario technique and vice versa. For this,
based on prominent approaches from literature we propose an eight step scenario process
specifically tailored for technology foresight. The case study findings in this paper represent
guidelines for practitioners to replicate the demonstrated method combination.
2.1.2

Methodology

We conducted a case study in the field of personalized medicine (PM) consisting of
moderated interviews and workshops. For this study, the scenario team was made up of experts
from various companies with backgrounds in biotechnology, pharmacy, and medicine and this
paper’s authors as experts in regard to the applied methods. The goal of the case study was to
derive three comprehensive scenarios for the PM field, identify emerging technologies,
evaluate the impact of these technologies in each scenarios, and outline implications for
decision-making.
Concerning bibliometrics, networks of knowledge bases, research fronts, authors, and
organizations were calculated. Here, we employed standard bibliometric similarity measures in
form of bibliographic coupling and co-citation (Marshakova-Shaikevich 1973, Small 1973, and
Kessler 1963). The networks were visualized using the software tool BibTechMon™ which was
developed by the Austrian Institute of Technology. The data basis consisted of 953 publications
from 2008 until 2014 exported from the WOS in April 2014 after a topic search for “personalized
medicine” and “diagno*”.
2.1.3

Results

To derive our scenario approach, first, the 7 common steps of the following prominent
approaches from literature were identified: Schwartz (1991), Reibnitz (1992), Heinecke and
Schwager (1995), Godet (1987), Gausemeier et al. (1998), Gausemeier et al. (2009), Schoemaker
(1995), and Geschka (2006). Additionally, we included another crucial step specifically focused
on identification of emerging technologies in the context of foresight. In sum, the derived
approach consists of the following steps:
1. Define object of analysis
2. Identify key driving forces and descriptors

Introduction

6

3. Derive projections and decide on the number of scenarios to be built
4. Cluster projections into consistent bundles of alternatives
5. Describe scenarios
6. Identify disruptive events and their effects on the scenarios
7. Identify emerging technologies for each scenario
8. Explore the implications for technology strategy and derive plans for action.
Three scenarios were derived in the case study: “Regulatory Issue Scenario”, a “Technology
Scenario”, and a “Business Model Scenario”. We were able to validate how bibliometrics
supports the entire visioning process in the scenario technique. The included experts found
bibliometrics to be very useful in each of these steps, where the least benefit was seen in step
6. While bibliometrics helps to keep possible future events more accurate, this step remains
highly speculative. The integration of bibliometrics in the other steps allowed for a more
complete set of drivers, the avoidance of implausible assumptions, the narrowing of the
scenario funnel, the enrichment of the scenario writing, and for the identification of emerging
technologies. In regard to strategic decision making, based on the utility of the method
combination, the expert team was enabled to prioritize the various technology fields by
assessing their respective effects and robustness in each of the three scenarios. In summary,
the case study results show that the proposed method allows for the integration of quantitative
and qualitative information in a TIM context.
2.1.4

Conclusion

In this paper, an eight-step scenario approach was derived, a novel method combination
for the integration of quantitative and qualitative information introduced, and the proposed
combination was validated in a case study, while at the same time offering guidelines for its
application to practitioners. As in current TIM practice mostly qualitative methods enjoy
popularity, the integration of qualitative factors with bibliometrics is a key contribution to its
uptake by practitioners. Hence, paper 1 answered RQ1.
However, applying the standard bibliometric tools has revealed several shortcomings. The
interpretation of the derived clusters of articles, which solely based on citation information
formed the research fronts and knowledge bases, was often difficult and time-consuming.
Furthermore, the usage of the relatively small data basis and the calculation of only one period
complicated the assessment of the maturity – and hence the emerging nature – of a technology
field. Given this, the case study revealed the need for improved similarity measures to enable
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easier cluster interpretation and for the development of time series for better assessment of
maturity. In conclusion, paper 1 gave rise to RQ2.
2.2

Paper 2: Mapping technology and innovation management literature using hybrid
bibliometric networks

2.2.1

Research gaps and aim

Creating meaningful and coherent clusters of articles is a key aim of bibliometric studies.
Hence, the last decades have seen a lot of research in the bibliometric community regarding
the best measures, cluster algorithms, edge cutting methods, and visualization procedures for
the best cluster solutions. However, these sophisticated methods have not been consolidated
into one consistent approach and neither are they implemented in currently available software
tools. Hence, the goal of this paper was twofold: First, based on an extensive literature review,
create a state-of-the-art bibliometric method. Second, in a case study apply said method on a
large body of literature in order to identify research fronts and analyze their propagation over
time.
As an application field for this paper’s bibliometric analysis, we chose TIM itself. The
number of articles attributed to the TIM field has grown substantially in the last years (Shafique
2013), by some accounts even becoming its own scientific field (Fagerberg and Verspagen
2009). As this research field is interdisciplinary in nature and today investigates a broad range
of topics (Thongpapanl 2012), researchers and practitioners alike are challenged to find relevant
publications and varying practical guidelines. While in recent years quite a few bibliometric
studies were conducted in regard to TIM’s intellectual structure or its subtopics (e.g., Sakata et
al. 2013, Keupp et al. 2012, Raasch et al. 2013, and Shafique 2013), all of these apply the
outdated standard bibliometric methods of co-citation or bibliographic coupling. This highlights
the need for the continued bibliometric analysis and structuring of the predominant TIM
research issues.
2.2.2

Methodology

Based on an extensive literature review, we first aggregated a state of the art bibliometric
approach. Several studies have shown that so called hybrid measures outperform the
application of their singular components (e.g., Thijs et al. 2013, Liu et al. 2011, Boyack and
Klavans 2010, and Janssens et al. 2009). A hybrid measure usually consists of a citation based
measure – mostly bibliographic coupling – and a textual similarity measure, where two articles
are similar to each other if they use the same terms. Furthermore, to solve the problem of
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sparse matrices, the calculation of second-order similarities by first visualizing first-order
similarities and then clustering based on the x-y-coordinates of the bibliometric networks is
deemed superior to the application first-order similarities (e.g., Boyack and Klavans 2014 and
Colliander and Ahlgren 2012). Additionally, after calculating bibliometric networks for several
periods, bibliometrics studies in the past used expert assessments to analyze a research field’s
development over time (e.g., Shafique 2013 and Fagerberg et al. 2012). However, recently
bibliometric experts suggested the construction of bibliometric timelines by determining
similarities of clusters in adjacent periods (Boyack and Klavans 2014 and Cobo et al. 2011a). In
summary, also integrating the respective clustering algorithms, text preprocessing, and
visualization techniques for one as well as for several periods, the following steps were
conducted in our analysis of TIM literature.
1. Data extraction from the Web of Science and segmentation of the data into five periods;
2. Calculation of hybrid similarities using bibliographic coupling and term frequency;
3. Transformation into second-order similarities through visualization of the bibliometric
networks in each period with a force-directed algorithm;
4. Clustering of articles with an average linkage algorithm; and,
5. Calculation of hybrid similarities between clusters in different periods and visualization
of the time propagation in a flowchart.
As a data basis we used the 12,381 publications published from 2000 to 2014 that resulted
from a WOS search for innovation management OR technology management.
2.2.3

Results

We found a total of 28 research fronts, five in each of the first two periods and 6 in each of
the last periods. With a force directed layout we visualized these research fronts in each period.
Furthermore, we depicted TIM’s evolution over time in form of a bibliometric timeline, which
makes the connections of clusters across periods obvious. In total, five timelines representing
stable research topics were revealed: Transitions, Foresight, Innovative capabilities and
competencies, IT management, and Knowledge management. Furthermore, we found that
research on NPD processes and stage-gate approaches has faded into the background several
years ago. Newer research topics address, e.g., transitions and niche management (e.g., Boon,
Wouter P. C. et al. 2014 and Hermans et al. 2013) and non-technological innovation (e.g., Tax
et al. 2013 and Teklewold et al. 2013). Last, our results show that TIM specialty journals today
cover a wide range of topics. While innovative capabilities are still a very important issue, topics
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like leadership and knowledge management are of growing interest. Hence, also the overlap
with general management journals in regard to thematic content has increased.
2.2.4

Conclusion

Paper 2 presents the first bibliometric analysis that focuses the evolutionary view of TIM
literature. Some of the topics identified have also been present in similar studies. For example,
Fagerberg et al. (2012) hinted at the transition research line and Shafique (2013) and McMillan
(2008) already saw absorptive capacity and the resource based view as prominent research
topics in regard to innovative capabilities. However, with the help of the state of the art
bibliometric approach, several unique research fronts were identified, e.g., the leadership
clusters. Here, another study by Keupp et al. (2012) explicitly classified this topic as missing. The
same study also found service and administrative innovation to be of little interest in the TIM
community. However, using the proposed approach, both topics can easily be identified even
in older periods.
While these results of the analyses of TIM clearly underpin the value of the methodology
used in this paper compared to previous studies, once more, several shortcomings were also
identified. First, the clustering based on visualization of bibliometric networks and an average
linkage algorithm, as proposed by the bibliometric experts Boyack and Klavans (2014), in our
opinion yielded a bad cluster resolution. For the easier identification of emerging issues, a much
finer resolution, meaning more clusters of smaller sizes, was deemed necessary. Second, for
the choice of the adequate parameters in the used method (filtering of edges, number of terms
to be included, weighting for the combination of different similarity types) extensive testing
was necessary. While in regard to standard similarity measures like co-citation the appropriate
values of filtering have been studied (e.g., Klavans and Boyack 2006), the effects of parameter
settings on final cluster results in regard to hybrid similarities are largely unknown. In
conclusion, paper 2 is the origin of RQ3 and laid the foundation for the development of a hybrid
second-order similarity measure in paper 3.
2.3

Paper 3: Experimental evaluation of parameter settings in calculation of hybrid
similarities

2.3.1

Research gaps and aim

While the studies that investigated and compared different forms of similarity measures
are in part contradicting – as different quality measures and clustering procedures are
employed – one consistent conclusion remains (e.g., Klavans and Boyack 2015, Thijs et al. 2013,
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Colliander and Ahlgren 2012, and Janssens et al. 2009): Hybrid measures perform better
compared to the application their singular components. A popular method for the integration
of different similarity type is the linear combination of their angles (e.g., Zhang et al. 2015,
Glänzel and Thijs 2011, and Thijs et al. 2013):
𝜗 = 𝑐𝑜𝑠(𝜆 ∙ arccos(𝜂) + (1 − 𝜆) ∙ arccos(𝜉))

(1)

Here, 𝜗 is the hybrid similarity, 𝜂 the citation-based similarity, 𝜉 the textual similarity and
𝜆 a weighting factor. Given this, while hybrid measures at first glance are the answer to the best
similarity measure, it raises the question for an appropriate value for 𝜆. Furthermore, also the
adequate level of edge cutting, the impact of transformation to second-order similarities, the
appropriate cluster sizes, as well as the interaction of the aforementioned parameters has not
been studied. To close this research gap, in paper 3 we calculated over 100 similarity matrices
under different parameter settings and evaluated the respective cluster solutions with a
quantitative coherence value based on the Jensen Shannon Divergence (JSD).
2.3.2

Methodology

As a data basis, we exported 8,791 articles published between 2011 and 2015 in the top 10
journals in the field of manufacturing engineering. Then, for all terms in an article’s abstract,
title, and keywords and for all references of an article a term frequency / inverse document
frequency (TF-IDF) score was calculated to represent the weighting factor 𝑤𝑖𝑚 of term or
reference 𝑖 in document 𝑚. On this basis, we calculated weighted first-order similarities with
the well-known cosine measure (Salton and McGill 1983) where 𝑘 represents the number of
terms or references in an article:
𝑠𝑚𝑛 =

∑𝑘
𝑖=1 𝑤𝑖𝑚 ∙𝑤𝑖𝑛
𝑘
2
2
√∑𝑘
𝑖=1 𝑤𝑖𝑚 ∙√∑𝑖=1 𝑤𝑖𝑛

(2)

Subsequently, we applied (1) to calculate first-order hybrid similarity matrices for 11
different weighting factors 𝜆 in the range of 0 to 1. We then used the cosine measure once
more, to yield 11 second-order hybrid similarity matrices. To investigate the effect of edge
cutting, we retained only the k-nearest-neighbors’ (knn) edges of each document in each
matrix. Here, we chose knn values of 5, 10, 25, 50, 100, and 250. This yielded a total of 132
similarity matrices with different weighting factors, of first- and second-order, and under
varying degrees of edge cutting. Last, to group the articles into clusters, a modularity based
clustering approach was applied (Blondel et al. 2008 and Newman 2004). Combined with the
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method proposed by Arenas et al. (2008), this clustering procedure yielded predefined
resolution levels of between 100 and 1,000 clusters.
As a quality metric for the final cluster solutions, we employed the established coherence
value based on the JSD, which represents the distance between two probability distributions
(Lin 1991). The basis for this coherence value is the assumption that articles grouped correctly
in a cluster are characterized by coherent term frequency distributions. Given this, a large
coherence value represents a high quality cluster.
2.3.3

Results

The calculation of the coherence of over 1,300 cluster solutions yielded the following
results. First, second-order hybrid similarities led to better cluster solutions compared to firstorder similarities. This effect was highly dependent on how many edges were incorporated into
the calculation. Only if very few edges were filtered and even more so when a strong weighting
for the bibliographic coupling was applied, first-order similarities performed better than
second-order. Hence, as second-order yielded most coherent clusters over a wide range of
parameter values and also in absolute terms, it can be deemed superior.
Second, filtering more edges generally led to more coherent clusters. Here, in regard to
most resolution levels an edge cutting of knn 10 yielded the best results. While the coherence
of second-order based cluster solutions were greatly enhanced by edge cutting, first-order
based solutions only slightly improved. Unsurprisingly, cutting off too many edges actually had
a negative effect.
Third, the analysis in this paper underpins the claim that the application of singular
similarity measures does not perform as well as their combination into a hybrid measure. A
weighting factor of 1, representing pure bibliographic coupling, performed worse than a
weighting factor of 0 and a weighting factor of 0.6 performed best in most cases. This effect
was the same for first- and for second-order similarities.
Fourth, we showed the stability of cluster solutions under different parameter settings.
This means that a slight change of one of the parameters did not significantly change the cluster
solution. Furthermore, this also entails that the coarse structure of a research field in form of
the largest clusters stayed roughly the same regardless of the setting. However, especially
smaller coherent clusters, which often are associated with emerging issues, could only be
identified using optimal settings.
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Conclusion

This study is the first to investigate the effects of different parameter settings in regard to
hybrid similarities. Given this, a considerable research gap in the bibliometric community has
been closed. The results show that second-order hybrid similarities under severe knn
constraints yield best cluster results. The respective groups of articles are easy to interpret and
thematically coherent. This article provides practitioners in the bibliometric community with a
starting point for the right parameters choices regarding their specific data set. Additionally,
the proposed methodology can be used to let a machine calculate the optimal parameter
settings in a reasonable amount of time. Further research should focus on studying varying
parameter settings in regard to data sets of different sizes and from different fields, e.g.,
medicine or management.
2.4

Paper 4: Bibliometric timelines for the identification of emerging technologies

2.4.1

Research gaps and aim

Rotolo et al. (2015) bring forward the first concise definition of what an emerging
technology constitutes by comparing and aggregating different existing concepts. They
characterize emergence in five key attributes: radical novelty, relatively fast growth, coherence,
prominent impact, and uncertainty and ambiguity. Emerging technologies on the scale of ‘all of
science’ are listed in dozens of reports each year (e.g., Worl Economic Forum 2016 and MIT
Technology Review 2017). However, as the prominent example of Steve Ballmer highlights
(“There's no chance that the iPhone is going to get any significant market share”, Lieberman
2007), even absolute experts cannot adequately assess emergence. Recognizing this dilemma,
quantitative methods for detection of emerging technologies have been proposed by some
bibliometric experts (Small et al. 2014 and Shibata et al. 2011). However, while Small et al.
(2014) identified for example wireless sensor networks and graphene as emerging technologies,
most companies key interest lies on what emerging technologies are on the scale of their
specific industry, e.g., airless tires (Slack 2012) or engineered bamboo (Sharma et al. 2015).
Given this, in this paper I employ the hybrid second-order similarity measures discussed in
paper 3 and propose a novel method for the construction of bibliometric timelines and the
identification of emerging technologies. This new method aims at very fine cluster resolutions
to allow the assessment of emergence even in niche industries.
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Methodology

The proposed method is divided into four steps. First, data is exported from a patent or
literature database and split into periods. While one-year periods are an obvious choice, in
industries with slower technology cycle speeds, longer periods can be chosen. Second, in each
period clusters are derived applying the method and parameters discussed in paper 3. Third,
using the same method once more, similarities are calculated between each pair of clusters in
adjacent periods. Fourth, after filtering these similarities bibliometric timelines are visualized
depicting the clusters’ connections over time.
This approach was validated in two case studies carried out in 2015 – one with a machine
manufacturer and another with a market leader in regard to construction technology. In the
first, with choosing sensor networks as the topic the company focused on a so far unfamiliar
field (data basis of over 25,000 articles). In the latter, the respective core technology field of
construction and building technology was investigated (data basis of over 50,000 articles).
During several workshops the above four steps were applied in two iterations. First, building
upon very large data sets, large clusters were calculated to structure the respective research
field on a coarse level. Second, retaining only few bibliometric timelines of key interest as a data
basis, I derived detailed small clusters for the identification of emerging technologies.
Technology experts as well as members of the top management were involved in both case
studies. These experts’ knowledge was vital in interpreting the timelines and also for the final
evaluation of emerging technologies.
2.4.3

Results

The case study experts verified that bibliometric timelines facilitate a variety of possible
insights. Examples for identified timelines in the two case studies are building information
modeling (e.g., Jung et al. 2014) and fiber reinforced concrete (e.g., Yu et al. 2014) as well as
privacy (e.g., Gómez-Mármol and Martínez-Pérez 2010) and energy harvesting (e.g., Challa et
al. 2011). Given this, the first iteration revealed the coarse structure of a research field, which
was deemed especially useful when wanting a quick overview over a technology outside of the
company’s usual scope. Furthermore, topics of declining research interest became obvious
here. Additionally, for very familiar research fields it allowed to challenge the often unspoken
assumptions concerning a topic’s evolution over time. Last, both companies’ experts stated that
from a retrospective perspective the point in time when a hot research topic start to be of
decreasing interest in the scientific community hints at the transition from academia to
practice. However, during the first iteration, no emerging technologies were identified.
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Hence, enabled by the application of hybrid second-order similarities the second iteration
focused on the calculation of small coherent clusters and bibliometric timelines. On a detailed
level, on average three emerging issues were identified with the help of bibliometric timelines.
Examples are wireless body area networks (e.g., Movassaghi et al. 2014) and automated
construction control (e.g., Khosrowpour et al. 2014). Highlighting the validity of the method,
some of the emerging issues were not new to the experts. Further scrutinizing the bibliometric
timelines, the possible emerging technologies were researched by the experts with the help of
specifically aimed patent searches and consultation of university experts which were also
identified with the help of bibliometrics. As the key result of this paper, the majority of emerging
technologies were verified as such. Some of these were deemed as promising candidates for
research projects while other were in fact assessed as being in such an early stage of their
lifecycle as to not be able to meaningful evaluate their potential.
2.4.4

Conclusion

The two case studies highlight the validity and the added value of the proposed method.
The respective insights can be used for foresight, ideation, strategic partnerships, and
acquisitions. The results reveal a research field’s structure and core topics, issues, which are of
decreasing interest, and emerging technologies, which are relatively new and fast growing. In
contrast to previously proposed methods in literature (e.g., Small et al. 2014 and Shibata et al.
2011) the application of hybrid second-order similarities as well as the iterative approach
allowed for the identification of small research clusters on a detailed level. Furthermore, all
involved experts support the claim that the uptake of quantitative analytic methods in TIM can
be facilitated by this method due to the variety of possible results, the speed of computation,
and the detailed identification of emerging issues. Obviously, bibliometric timelines do not
make expert foresight networks obsolete – especially as not all innovation stems from science
and technology – but they might become an invaluable tool to increase foresight’s scope and
reduce the risk of not being aware of technological change. Avenues for further improvement
of the methods are the integration of so called altmetrics and – analog to paper 3 – the analysis
of different filtering procedure in regard to the connections of clusters in adjacent periods.

3

A novel bibliometric software tool
The methods constructed for the analysis in the four papers were to a large extent

implemented in ‘R for statistical computing’ (R Core Team, 2016). During the course of this
dissertation and to be able to time effectively conduct the case studies, a user interface was
successively created employing the shiny package (Chang et al. 2017), html and java. In the end,
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besides the scientific contribution presented in this document the software is another key result
of the present dissertation. The software is available for academic use at the Institute of
Technology and Process Management at the University of Ulm. The following paragraph and
Fig. 2 give a quick overview over the functionalities of the software.

Fig. 2 Overview over functionalities of the developed software tool

For easy interpretation of networks and timelines these can be interactively browsed.
Individual and groups of articles or clusters can be selected and the respective data (e.g., title,
abstract, authors, etc.) is displayed next to the respective graphic. Furthermore, the visual
characteristics of the illustrations can be modified, e.g., zoom, display of legends and edges,
size of nodes, and aspect ratio. The respective data basis can be imported as csv- or xlsx-files,
where the data formats from WOS, Scopus, and Orbit are supported. Further text preprocessing
and removal of duplicates or incomplete data is done automatically. All the parameters settings
discussed in the paper 3 and paper 4 can be individually adjusted for each data set. After
calculating networks and timelines a project can be saved for editing at a later time. In a
different tab, all data can be filtered and searched independently of the illustrations. However,
the search results will still be highlighted in the networks and flowcharts. Hence, full search
functionality is integrated in the software tool. Last, the tool runs in the browser and is
implemented on a cloud server. This is especially important for large datasets which need more
computational power than the usual office machine can provide. Furthermore, this allows for
easy cooperation across departments and locations.
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The developed tool is currently being used in various research projects at the University of
Ulm, where for example several dissertation theses employ the tool for high quality literature
reviews and master theses focus on analyzing several research fields, e.g., filtration technology.
Furthermore, also thanks to the efforts of the Institute of Databases and Information Systems,
the tool is used in collaboration with other universities, e.g., in collaboration with the University
of Regensburg in regard to interdisciplinary of tinnitus research.

4

Conclusion
The four papers of the present dissertation further the research in the intersection of

bibliometrics and TIM. Several new methodological approaches were proposed and validated.
First, the novel method combination of scenario technique and bibliometrics facilitates the
integration of quantitative and qualitative information in the TIM context (paper 1). Second,
the added value of state of the art bibliometrics and timelines were demonstrated in regard to
literature from TIM, sensor networks, and construction technology (paper 2 and paper 3). Third,
hybrid second-order similarities measures were empirically proven to yield best cluster
solutions, given the right parameter settings (paper 3). Fourth, a new method is proposed for
the quantitative identification of emerging technologies (paper 4). Given this, the three highlevel research questions stated in the first section of this introduction were answered. While
the case studies suggest that these methodological improvements might have given
bibliometrics the final nudge towards uptake in TIM’s practice, the achievement of this
overarching research aim of the dissertation remains to be evaluated in the coming years.
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Abstract: The purpose of this article is to present a novel method for combining bibliometrics
and scenario technique for the sake of conducting technology foresight. First, we derive
an eight-step scenario approach and add the identification of emerging technologies as
well as their respective effects on each scenario. Second, we illustrate this combined
method in the field of personalized medicine (PM). Existing literature on method
combination often focuses singular challenges and benefits associated with the scenario
technique. In this paper, however, we integrate the results of a bibliometric analysis at
each step of the scenario technique. Herein, we refer mainly to the co-citation analysis
and bibliographic coupling network. Third, we describe the findings of our case study for
every step of the application of the scenario technique. In doing so, we offer practical
guidelines for applying this novel combined method in other contexts. The overall benefit
of the method combination is the integration of scientifically based information that
exceeds the knowledge bases of the scenario team and other experts. Most notably, the
examination of vast amounts of technology-specific information facilitates the
identification of emerging technologies. Moreover, the combined method allows for a
more precise projection of future states when narrowing the scenario funnel. Using this
eight-step scenario approach, we build three scenarios for the field of PM, discuss
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disruptive events, and identify and integrate emerging technologies into each scenario.
Finally, we explore strategic decisions for various stakeholders in the PM field.
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Introduction
Technology foresight relates to the generation of accurate assumptions regarding the

emergence of various technologies to inform strategic management decisions (Rohrbeck, 2011;
Reger, 2001). Foresight experts within both academia and practice emphasize that available
methods and tools should be combined to integrate expert knowledge with other valuable
sources of information (Haegeman et al., 2013; Lüdeke, 2013; Popper, 2008; Malanowski and
Zweck, 2007). Similarly, authors stress the importance of combining qualitative and quantitative
methods (Haegeman et al., 2013; Lüdeke, 2013). However, the integration of quantitative,
technology-specific information represents a significant challenge, particularly with respect to
technology foresight. The most prominent qualitative technique that has been proposed for a
method combination is scenario technique – a prominent and versatile tool designed to assist
strategic management in coping with an unknown future (Ringland, 2010; Marcus, 2009). In the
literature and in practice, the construction of scenarios is a systematic method for depicting a
number of comprehensive pictures of possible futures (Ringland, 2010; Marcus, 2009;
Schoemaker, 1995). Scenarios do not represent definite future states, but visions generated in
a structured and creative process based on assumptions about what could happen (Schwartz,
1991; Wack, 1985). These assumptions are generated in a step-by-step procedure and are
incorporated into strategy development (Mietzner and Reger, 2005). The inherent benefit of
the scenario technique is its facility in coping with the range of possible futures, thereby
opening up the horizon of participants and stakeholders to these futures and reducing their risk
of making incorrect decisions (Schoemaker, 1995). Researchers have proposed a number of
quantitative methods to optimize the accuracy of the scenario technique, including fuzzy
clustering (Pishvaee et al., 2008), system dynamics (Piirainen et al., 2010), and diffusion models
like the Fisher-Pry model (Daim et al., 2006).
In this paper, we emphasize the added value associated with combining methods and
linking academia to practice. Specifically, we report a case study in the field of personalized
medicine (PM) where we have used a combination of scenario technique and bibliometric
methods to conduct technology foresight. In doing so, we contribute to existing scholarship on
the method combination in three principal ways. First, we derive a scenario approach that is
specifically focused on technology foresight; this approach is based on prominent approaches
that have been described in the literature. Second, we demonstrate that the output creation in
each step of the scenario technique can be complemented with bibliometric information. The
combination of the scenario technique and bibliometrics represents a novel method within the
field of technology foresight. The novelty of this approach fills a gap in a literature in which most
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scholars have focused on addressing single challenges in a single step of the scenario technique,
e.g., a consistent clustering process (Pishvaee et al., 2008; Hirsch et al., 2013). Third, the
description of our case study findings provides practitioners with guidelines for replicating our
methodological approach. The applied nature of this paper extends current research about
comprehensive methodologies, which has often remained conceptual in kind (Brose et al.,
2013).
We have chosen to combine bibliometrics with scenario technique for multiple reasons.
First, bibliometrics is a sophisticated and versatile technique that yields a variety of types of
information, each of which is useful for integration at different steps of the scenario technique.
Bibliometrics builds upon a large data basis of scientific articles. Applied to a specific field of
technology its results include the intellectual structure, current research topics and publishing
organizations, authors, and countries (Ma et al., 2014; Vogel and Güttel, 2013). Second,
bibliometrics has long been used for forecasting using term frequency analysis (Woon et al.,
2011) or bibliographic coupling (Huang and Chang, 2014; Kuusi and Meyer, 2007). Third,
bibliometrics is useful for the analysis of only relatively short timeframes (Lichtenthaler, 2002)
and scarcely captures the influence of socio-economic factors. However, when combined with
the scenario technique, bibliometric information narrows the so-called scenario funnel by
reducing the number of possible developments in the near future. As such, integrating
bibliometrics results in more accurate long-term scenarios because the regular foresight
timeframe of scenario technique is retained. The overall benefit of the combined method is the
integration of broad, current and scientifically based information that exceeds the respective
knowledge bases of both the scenario team and experts. Moreover, as will be demonstrated
over the course of this paper, this combined method offers a holistic tool for technology
foresight with a focus on identifying and evaluating emerging technologies.
The sections of this paper are organized as follows. In Section 2, we offer a short overview
of the literature on method combination, with a particular emphasis on the research gaps
identified above. In Section 3, we describe our eight-step scenario approach designed
specifically for technology foresight. In addition, we outline challenges associated with each
step in the technique, and emphasize the need to integrate quantitative information with it. In
Section 4, we describe the applicability of bibliometric analysis and the types of information it
can provide. In this section, we argue that the results borne from bibliometric analysis can
complement every step of the scenario technique. To address our primary research goals, in
Section 5, we describe how we integrated key results from bibliometric analysis into the
scenario technique in the context of PM. We discuss in detail how bibliometrics has enriched
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output creation. Finally, in Section 6, we present our key findings and avenues for future
research in this area.

2

Overview of literature on method combination

Table 1 Overview of articles that combined bibliometric analysis or the scenario technique with other methods.
Author

Title

Method combination

Explanation

Kostoff et al. (2004)

Disruptive technology
roadmaps

Bibliometrics with roadmaps

Identification of core
capabilities within an
industry section and the
description of their evolution

Drew (2006)

Building technology
foresight: Using scenarios to
embrace innovation

Scenario planning with
technology roadmapping,
expert analysis and creative
group processes

Scenario technique as an
integrative tool for analyzing
disruptive innovation

Daim et al. (2006)

Forecasting emerging
technologies: Use of
bibliometrics and patent
analysis

Bibliometrics with diffusion
model (Fisher-Pry model)

Bibliometrics as a tool for
identifying emerging
technologies and as data
input for the Fisher Pry
model

Pishvaee et al. (2008)

A fuzzy clustering-based
method for scenario analysis
in strategic planning: The
case of an Asian
pharmaceutical company

Scenario technique with
fuzzy clustering

Quantification of scenario
analysis; a method for
building, analyzing, and
ranking scenarios

Piirainen et al. (2010)

Translating scenarios for
management: Use of system
dynamics modelling to
quantify scenarios

Scenario technique with
system dynamics simulation

Quantification of scenario
analysis regarding the
clustering of projections and
the identification of
consistent bundles of
alternatives

Saritas and Aylen (2010)

Using scenarios for
roadmapping: The case of
clean production

Scenario technique with
technology roadmapping

Multiple futures thinking
from scenario technique as
an input for technology
roadmapping

Hirsch et al. (2013)

Scenario planning with
integrated quantification:
Managing uncertainty in
corporate strategy building

Scenario technique with
system dynamics simulation

Quantification of scenario
analysis regarding the
clustering of projections and
consistency analysis

Zhang et al. (2013)

A hybrid visualization model
for technology roadmapping:
Bibliometrics, qualitative
methodology and empirical
study

Bibliometrics with technology
roadmapping

Construction of a hybrid
model for composing
technology roadmaps using
visualization techniques and
qualitative methodologies

Geum et al. (2014)

Combining technology
roadmap and system
dynamics simulation to
support scenario-planning

Scenario technique with
technology roadmapping and
system dynamics simulation

Integrative approach to the
technology roadmap; system
dynamics for supporting
scenario planning

Proposed approach

Combining scenario
technique with bibliometrics
for technology foresight: The
case of personalized
medicine

Scenario technique with
bibliometrics

Integrative approach that
integrates key bibliometric
analyses as input for each
step of scenario technique
for technology foresight

Several researchers and practitioners have suggested that combining methods can be a
particularly effective foresight tool (Haegeman et al., 2013; Lüdeke, 2013; Popper, 2008;
Malanowski and Zweck, 2007). To provide a comprehensive synopsis of various method
combinations in the context of technology foresight, we used the Web of Science (WoS)
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database to perform a detailed literature review of relevant articles from the last ten years. This
overview reveals that research has principally focused the combination of quantitative methods
with either scenario technique or roadmapping (Table 1). The purpose was to improve single
steps within these two underlying foresight tools. For example, researchers have combined the
scenario technique with systems dynamics approaches to quantify the clustering process
(Pishvaee et al., 2008; Hirsch et al., 2013). Bibliometric analysis has been used in combination
with roadmapping or diffusion models to make qualitative assumptions more accurate by
providing quantified information (e.g., performance measures of research efforts, identification
of key experts in a research field). The inclusion of quantitative input into the whole scenario
process, however, has not been researched to date. This highlights that our proposed method
combination of bibliometrics and scenario technique is novel to the field of foresight. In the
subsequent sections, we discuss the scenario technique and bibliometrics independently before
describing the benefits associated with their combination in Section 5.

3
3.1

Scenario technique
The scenario technique as a key foresight tool
Within the field of strategic management, the scenario technique is considered a useful

tool for long-term business planning (Bradfield et al., 2005). It enables the analysis of the
current situation while systematically identifying areas of influence and accordingly deducing
driving forces with their relationships (van der Heijden, 2000). A critical benefit associated with
integrating scenario technique into strategic management is that it provides greater awareness
of the factors that influence future events. In this way, scenario planning is “educational” [31,
p.119], and has a substantial impact on strategic decision-making while opening the mindsets
of all those that take part in it (Schoemaker, 1995; Coates, 2000). In the context of technology
foresight, the scenario technique allows for the identification of emerging and disruptive
technologies and related trends, as well as the envisioning of different technological futures
(Saritas and Aylen, 2010). Recent examples in the literature demonstrate the myriad
possibilities for applying the scenario technique including biomedicine (Niewohner et al., 2005),
the water sector (Lienert et al., 2006), and wireless services (Ho and Chen, 2009; Pagani, 2009).
However, these examples have traditionally used different approaches when constructing
scenarios. Moreover, none of them are designed to integrate quantitative technology-specific
information, which is required for our case study. Therefore, in accordance with our first
research goal, the following section compares prominent approaches in order to derive a
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scenario approach for conducting technology foresight in combination with a quantitative
method.
3.2

Scenario approaches from literature
It is widely recognized that scenarios must be constructed and incorporated into strategy

using a systematic step-by-step approach. Past researchers have proposed multiple approaches
for conducting scenario technique (Mietzner and Reger, 2005). These approaches vary
according to the different contexts, targets, and number of steps that comprise them. Mietzner
(Mietzner and Reger, 2005) compared various scenario approaches, summarizing them in stepby-step concepts. The selected scenario experts and their main articles are Schwartz (Schwartz,
1991), von Reibnitz (Reibnitz, 1992), Heinecke (Heinecke and Schwager, 1995), Godet (Godet,
1987).
For the purposes of the current study, we refer to Mietzner’s review and add the
approaches of Gausemeier et al. (Gausemeier et al., 1998; Gausemeier et al., 2009),
Schoemaker (Schoemaker, 1995) and Geschka (Geschka, 2006) in order to deduce an eight-step
scenario approach specific to technology foresight. Table 2 summarizes the approaches that
have been discussed in the literature, as well as the proposed eight-step approach.
Through a review of the various scenario approaches in the literature, we derived seven
fundamental steps that are most common to these approaches (Table 2, excluding step 7).
Given the degree to which they are omnipresent in the literature, these steps represent an
aggregation of the common tasks used to create scenarios and transfer the results of scenario
analyses to strategy. Within these fundamental steps, these approaches differ primarily with
respect to the level of detail. For example, some authors emphasize the identification and
selection of driving forces. This emphasis yields an additional step in the process designed to
systematically reduce the list of driving forces. (Heinecke and Schwager, 1995; Gausemeier et
al., 2009). Other researchers focus on clustering projections, thereby adding a step for
conducting (quantitative-based) consistency analyses (Schoemaker, 1995; Niewohner et al.,
2005; Burt et al., 2006). Von Reibnitz (Reibnitz, 1992) and Geschka (Geschka, 2006) included an
analysis of unlikely (but potentially troublesome) future events to refine the scenarios in terms
of dramatic, disruptive factors. Still others have delineated the scenario transfer step into
several sub-steps when focusing the integration into strategic decision-making (Heinecke and
Schwager, 1995; Gausemeier et al., 1998; Gausemeier et al., 2009).

Cluster projections to
consistent bundles of
alternatives
Describe scenarios

Identify disruptive
events and their impact
on the scenarios

Identify emerging
technologies for each
scenario
Explore implications for
strategy and derive
plans for action

4.

6.

7.

8.

5.

Derive projections and
decide on the number
of scenarios to be built

3.

Elaborate explorative
scenarios

Formulate key questions
for the future

List the driving forces

Identify major issues

Select leading indicators
and signposts for strategy

Explore implication

Elaborate scenarios

Rank the key factors and
driving forces by
importance and
uncertainty
Select scenario logics

Identify key issues in the
local environment

Identify key variables

Identify key driving
forces and descriptors

2.

Identify local issues

Construct the basis

Schwartz (1991)

Define object of analysis

Godet (1987)

1.

Eight-step approach

Analyze consequences

Elaborate core
strategy/scenario transfer

Evolve toward decision
scenarios

Analyze disruptive factors/
wild cards

Interpret scenarios

Check bundles of
alternatives for consistency

Identify descriptors and
projections

Identify influence areas and
influence factors

Analyze initial problem

Heinecke and Schwager
(1995)

Develop quantitative
models

Identify research needs

Derive consequences
(opportunities, risks and
actions)
Analyze disruptive events/
wild cards

Transfer scenario into
strategy

Develop learning scenarios

Check for consistency and
plausibility

Construct initial scenario
themes

Identify key uncertainties

Identify basic trends

Identify the major
stakeholders

Define the scope

Schoemaker (1995)

Interpret scenario and
visualize it

Cluster alternatives and
check for consistency

Derive projections and
decide on the number of
scenarios to be built

Identify key influence areas
and factors

Analyze tasks regarding
goals and strategies

Reibnitz (1992)

Table 2 Comparison of scenario approaches and the proposed eight-step approach

Derive plans for action

Refine the scenarios for the
object of analysis and
explore implications

Analyze impact of
disruptive events

Elaborate and interpret
scenarios from the bundles
of assumptions

Build and select consistent
bundles of assumptions

Derive descriptors and
build projections and
assumptions

Identify and structure key
influence areas

Assess the decision field

Define and structure the
object of analysis

Derive implications for
strategy

Check for risks and
opportunities

Select one reference
scenario

Describe scenarios using
retrieved information

Build bundles of
alternatives and decide on
the number of scenarios to
be built
Check bundles of
alternatives for consistency

Reduce key factors using
system grid method

Derive key factors

Analyze scenario field

Gausemeier et al. (1998,
2009)

Geschka (2006)
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Scenario approach for conducting technology foresight
Based on the steps derived from common scenario approaches, we included a step in which

emerging technologies are identified and assessed in terms of their respective impacts on each
scenario (Table 2, Step 7). We consider this addition to be crucial if the scenario analysis is
meant for technology foresight purposes, especially when predicting the emergence of
technologies and their evolution in different possible future states. Given its utility, we
incorporate this step after the analysis of disruptive events and before the exploration of
implications for strategy. In our experience, this yields optimal results for three reasons. First,
the derived scenarios and disruptive events have already demonstrated the possibility of
different futures to the scenario team and opened up its mindsets. This facilitates the
identification of related future technologies. Second, the derived scenarios establish a clear
future-oriented framework for predicting how emerging technologies could evolve. Third, this
step must be integrated before implications for strategy are derived to support technologyrelated decision-making, e.g., technology-portfolio planning and make-or-buy decisions. Given
the above, we derived the following eight-step approach (Table 2). It emphasizes the
identification of emerging technologies (Step 7) as well as the transfer of findings into relevant
technology strategy (Step 8):
1. Define object of analysis
2. Identify key driving forces and descriptors
3. Derive projections and decide on the number of scenarios to be built
4. Cluster projections into consistent bundles of alternatives
5. Describe scenarios
6. Identify disruptive events and their effects on the scenarios
7. Identify emerging technologies for each scenario
8. Explore the implications for technology strategy and derive plans for action.
3.4

Challenges associated with the scenario technique
In this section, we describe the eight-step approach in detail. While most existing proposals

for combining methods highlight the use of quantitative methods to overcoming singular
challenges associated with single steps in the scenario technique, we identify challenges for
every step of the technique and discuss them in the context of technology foresight. This
addresses our second research goal: to demonstrate how the whole scenario process can
benefit from the integration of quantitative results. In the course of this paper, using a case
study in the field of PM, we describe how bibliometrics helps to overcome the listed challenges.
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Define the object of analysis

Coates outlined the importance of understanding the object of analysis (“universe of
concern” [31, p. 117]) as a fundamental step. Given this, referring to system thinking as a
fundamental assumption for building scenarios, the first step in the process is to obtain a
comprehensive picture of the object of analysis through some visualization method (e.g.,
illustrating the issue as an entity-relationship model (Gausemeier et al., 2009)). This
visualization can help to support decisions related to (1) the appropriate number of entities in
the entity-relationship-model and (2) the appropriate amount of detail regarding description of
those entities. To ensure comprehensiveness, the scenario team can apply the PESTEL model
(Political, Economic, Sociological, Technological, Ecological, and Legal driving forces) (Burt et al.,
2006; Walsh, 2005).
In the context of technology foresight, the scenario team must assure that the scope of the
analysis provides sufficient opportunity to identify new challenges. If the scope is too narrow,
the probability of identifying emerging technologies for each scenario drops significantly. If the
scope is too broad, the scenario team may be imprecise in their projections.
3.4.2

Identify key driving forces and descriptors

In the second step of the process, the scenario team identifies key driving forces and their
descriptors. In general, the greatest challenge associated with this step is creating a
comprehensive list of drivers that incorporates the judgments of all stakeholders. As with the
first step, this step can be supported with a complementary qualitative method for analyzing
the macro-environment (e.g., the PESTEL model (Burt et al., 2006; Walsh, 2005)). Key drivers
must be internally consistent, externally heterogeneous (Battistella and de Toni, 2011), and fit
the defined scope of the analysis. Moreover, well known trends must be transformed into
organization-specific descriptors (Battistella and de Toni, 2011). To optimize the results
associated with this step, all internal and external technology-specific information should be
leveraged to increase the scenario team’s expert knowledge (Coates, 2000).
3.4.3

Derive projections and decide on the number of scenarios to be built

Following the identification of the key driving forces, the scenario team projects possible
future scenarios. This reflects the true visioning component of the scenario technique. The core
activity associated with this step is the development of multiple futures for the key driving
forces. Gausemeier et al. (Gausemeier et al., 1998) suggest building up to three possible
developments for each driving force. In general, the appropriate number of projections is equal
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to the number of scenarios to be developed. Depending on the specific purpose of the scenario
project, this can range from two to five scenarios (Amer et al., 2013). Of all possible variations,
a three-scenario framework with two extreme scenarios and one trend scenario is the most
commonly used (Gausemeier et al., 1998; Amer et al., 2013). The most important challenge of
this step is the development of appropriate projections for each descriptor. Similar to the
previous step, a scenario team’s knowledge base can be enriched by integrating quantified
technology-specific data to underpin alternative assumptions and avoid fantastic projections.
3.4.4

Cluster projections into consistent bundles of alternatives

In this step, the scenario team groups projections into separate bundles to create the first
raw versions of the scenarios. Generally, the clusters of projections must be consistent, stable,
and heterogeneous (Reibnitz, 1992; Schwab and von Reibnitz, 2000). Researchers have argued
that in this step, more than others, quantitative methods can be applied, e.g., system-dynamicbased simulation (Piirainen et al., 2010; Hirsch et al., 2013), clustering algorithms for
multivariate data (Gausemeier et al., 2009). Even if supported by clustering algorithms, the
scenario team should perform a final check on the scenario bundles to ensure their validity and
consistency. When engaging in technology foresight, alternative projections often reflect the
rise and/or fall of emerging technologies. Evaluation of the consistency between these
projections is challenging, as the interdependence of future technological developments is
difficult to predict or assess.
3.4.5

Describe scenarios

In the most creative portion of the scenario technique, the scenario team fleshes out
scenarios such that they become portraits of the future. This step aims to open the minds of
the scenario team to prepare for scenario transfer (Schoemaker, 1995; Shell International BV,
2008) and to create a document for internal and/or external communication. There are no set
rules on how to construct good scenarios, but some authors have suggested guidelines. For
example, van der Heijden (van der Heijden, 1997), as summarized by Chermack (Chermack,
2005), asserted that well-written scenarios are (1) “internally consistent and plausible,” (2) “link
historical and present events with hypothetical events in the future,“ (3) “carry storylines that
can be expressed in simple diagrams,” and (4) “identify signposts or indicators that a given story
is occurring” [49, p. 61]. In the context of technology foresight, this step can pose a unique
challenge as the mindsets and imaginations of technology experts are often rich in detail but
selective in attention (Wack, 1985). As a result, these experts often adhere to technology-
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centric points of view by neglecting other perspectives, including those driven by market trends
or business models.
3.4.6

Identify disruptive events and their effects on the scenarios

Disruptive events – also known as “black swan” events [50, p. xviii] – are future events with
a low probability of occurrence but a high impact on other events and the environments in
which they occur (Reibnitz, 1992; Taleb, 2007). Famous examples include the financial crises
(Taleb, 2007) or the oil shocks in the 1970s (Wack, 1985; Shell International BV, 2008). In
addition to these large-scale disruptive events, Taleb (Taleb, 2007) argued that individual
companies must also contend with events that pose unique threats to their respective
strategies. In the context of technology foresight, companies must identify weak signals that
could grow to become highly disruptive events. It is important to note that although the
emergence of a new technology may be disruptive in nature, it should not be confused with a
“disruptive event”. Whereas the former involves deliberate development over time, the latter
occur abruptly and unexpectedly.
3.4.7

Identify emerging technologies for each scenario

In general, the scenario team transfers results from the scenario analysis to strategic
management (Steps 7-8) after describing the scenarios and identifying disruptive events.
Depending on the motivation for conducting technology foresight, researchers have suggested
a variety of methods, tools, and processes to glean strategy-related information from the
scenarios (Reibnitz, 1992; Gausemeier et al., 2009). For technology-intensive companies, the
purpose is the identification of emerging technologies, as they can alter the foundations of the
companies’ well-established business models. Therefore, in the context of technology foresight,
it is critical to include a separate step to identify emerging technologies (Fink et al., 2004).
Especially, analyzing these technologies on a concrete level is very challenging. This step is
critical for technology-based companies not only to identify signals of impending technologyrelated disruptive events, but also to promote their own technological innovations to cultivate
a diverse technology portfolio.
3.4.8

Explore the implications for technology strategy and derive plans for action

In the context of technology foresight, an important task for managers are make-or-buydecisions. As a result, they must also make decisions about the allocation of the R&D budget,
especially regarding new development strategies (e.g., new fabrication sites, new business
partners). These decisions are difficult in light of emerging technologies and few available
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experts inside the company to determine the impact of their emergence. Given the above, it is
imperative for companies to identify partners or experts in the respective research fields to
integrate them into future decision-making.
To summarize, the challenges associated with each step of scenario technique highlight the
need to integrate quantitative methods as a means of providing additional and critical
information. However, leveraging different quantitative methods for each step requires
methodical expertise of the entire scenario team. Even foresight experts can struggle when a
variety of methods are combined (Prajogo and Ahmed, 2007). Therefore, we propose the use
of a novel method combination: bibliometrics and scenario technique. Bibliometrics - a
powerful and sophisticated method - yields input during application of all steps in the scenario
technique, thereby addressing all challenges listed in this section. In the following section, we
provide a brief synopsis of bibliometrics, its core methodology, and key results. Following this,
we describe how bibliometrics can be combined with the scenario technique in Section 5.

4
4.1

Bibliometric analysis
Definition and scientific roots
Coined by Pritchard (Pritchard, 1969), the term “bibliometrics” was originally intended to

replace the term “statistical bibliography.” Generally speaking, bibliometrics involves the
application of mathematical and statistical methods on literature that is not necessarily
scientific in kind (de Bellis, 2009; Hood and Wilson, 2001; Pritchard, 1969). However, scientific
databases are most commonly analyzed. Even when focused specifically on technology
foresight, the results of a bibliometric analysis have several applications (Havemann, 2009;
Moed, 2005). Most important of these is the application of bibliometrics to (1) identify future
developments of specific scientific fields (Woon et al., 2011; Huang and Chang, 2014; Shibata
et al., 2011), (2) structure a research field in terms of key authors or countries (Sakata et al.,
2013; Di Stefano et al., 2012; Ponzi, 2002), or (3) detect contextual factors, like forms of
cooperation or funding types (Abramo et al., 2012; Matthiessen et al., 2010; Butcher and
Jeffrey, 2005).
By promoting the use of bibliometrics in conjunction with mathematical graphs to facilitate
more nuanced analyses, Price (Price, 1965) provided an important contribution to the success
of the former (Radicchi et al., 2012; Schiebel, 2012). These graphs are called networks in
bibliometrics and are comprised of nodes (e.g., authors, journal articles) and edges that depict
pairwise connections between the nodes. When nodes are defined as individual articles, the
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pairwise connections between them (i.e., the edges) represent bibliographic coupling or cocitation (Schiebel, 2012; Boyack and Klavans, 2010; Marshakova-Shaikevich, 1973; Small, 1973;
Kessler, 1963). If authors are the object of analysis, however, the edges represent co-authorship
(Havemann, 2009).
4.2

Bibliometric networks
Two articles are bibliographically coupled if they reference the same third article. Couplings

between nodes are stronger if they co-cite multiple articles. In contrast, two references are
connected by co-citation if they are both referenced in a third article. Both measures are based
on the assumption that cited and citing articles hint at similarity in terms of thematic content.
Because an article must be published before it can be cited, clusters of co-cited papers are called
knowledge bases, and papers coupled bibliographically represent research fronts of the latest
publications (Persson, 1994).
The emergence of different software tools has assisted the well-established field of
bibliometrics to gain prominence in a variety of scientific areas. The most notable advantage of
these software tools is the visualization of bibliometric networks to identify research fronts and
knowledge bases in a large amount of articles. Depending on the used bibliometric software,
the visualization techniques differ greatly (Cobo et al., 2011). For the purposes of this paper, we
derive the networks with BibTechMon™. BibTechMon™ was developed by the Austrian Institute
of Technology, and uses a visualization algorithm based on the Kopsca’s (Kopcsa and Schiebel,
1998) spring model. Moreover, the software provides a spatial density map for better cluster
identification (Schiebel, 2012). In the following paragraph, the underlying principles of the
spring model are explained, whereas a detailed description of the density map can be found in
Schiebel (Schiebel, 2012).
In the visualization procedure, each node (representing an author, publishing organization,
or article) is randomly distributed in a two-dimensional space. The nodes are simulated as
equally charged particles, which leads to a resulting repulsive force (Kopcsa and Schiebel, 1998).
If two nodes are connected by bibliographic coupling or co-citation, they are joined by a spring,
which represents an attracting force. The constant associated with the spring represents the
strength of the connection between the nodes that it joins (Chen, 1999). The resulting forces
are then iteratively calculated for every node and they are moved in the direction in which the
forces are driving them (Golbeck and Mutton, 2006). The algorithm continues until a preset
amount of iterations is executed or the resulting node movement lies below a given limit. The
final result consists of networks comprised of clusters of papers grouped according to their
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content and thematic proximity. The clusters (see Section 5 for examples) can then be analyzed
in detail in BibTechMon™. The articles in the clusters can be selected and the metadata related
to the articles can be displayed (i.e., title, abstract, publication year). In evaluating this
information, every cluster can be tagged in terms of the common theme.
4.3

Key results of bibliometric analysis
The evaluation of metadata available in scientific databases and the mapping of

bibliometric networks yield a number of valuable results. These results include:
•

Knowledge bases: Identified in the co-citation network, knowledge bases represent the
scientific roots of a research field.

•

Research fronts: Represented as clusters in the bibliographically coupled network, they
indicate the directions of current research within the scientific field under investigation.

•

Research portfolio: The portfolio illustrates the development and relative importance of the
clusters in the networks. Presented in the style of a BCG-Matrix, the research portfolio
depicts research fronts according to their relative share of total publications on the x-axis
and the growth rate on the y-axis.

•

Core articles: Using centrality measures based on citations, it is possible to identify
significant papers in each research front or knowledge base. They represent important
contributions to research, critical turning points, or review papers.

•

Term frequency analysis: This allows for easier identification of terms. The analysis can be
performed to focus on keywords, titles, abstracts, or (if available) full text.

•

Networks of authors or organizations: Based on co-authorship, these networks visualize the
proximity of authors or organizations, and thereby illustrate their cooperation.

•

Main authors, organizations, and countries: The number of times each author, organization,
or country is cited in the population of studies – or in a given cluster – can be counted.
It is advisable to counter-check and compare these results to produce additional

information, e.g., the convergence of research fields, the development of a research field over
time.
4.4

Limitations of bibliometric analysis
Although bibliometrics is a powerful approach and gaining in popularity among researchers

and analysts, it is subject to various limitations. Some of these limitations are related to
bibliometric analysis in general; others relate to its use in the context of technology foresight.
First, all bibliometric analyses are based on the assumption that the research field’s relevant
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knowledge is in print within academic sources (Ávila-Robinson and Miyazaki, 2013; Shibata et
al., 2008). However, the knowledge that can be found in academic journals represents only a
portion of that which can also be found in patents, expert opinions, or all other non-academic
sources. Some knowledge is altogether inaccessible, e.g., due to non-disclosure agreements.
Second, publications relevant to the theme under investigation must be properly identified
through an accurate choice and configuration of query terms (Woon et al., 2011; Sakata et al.,
2013). Third, a complex citing behavior (e.g., self-citation, or completeness of literaturereviews) can result in citations that are not content-specific (Bornmann and Daniel, 2008).
In the context of technology foresight, qualitative analysis is often needed to perform an
in-depth evaluation of contextual factors, e.g, public funding, or market needs (Hanisch and
Wald, 2012; Niu, 2014). To identify emerging technologies, this need is underpinned by the fact
that scientific success does not necessarily lead to market success or innovation breakthroughs.
Finally, bibliometrics are sensitive to time, both in terms of the rather short foresight
timeframes to which they may be applied (Lichtenthaler, 2002) and the time lag associated with
bibliometric measures. It takes up to two years for completed research to be published, and
perhaps another two years for that research to be cited (Shibata et al., 2008). Taken together,
these shortcomings indicate that for bibliometrics to be a valuable tool for technology foresight
it must be complemented with qualitative methods (such as the scenario technique).

5

Combining bibliometrics and scenario technique
In the previous sections, we explained the nature of the scenario technique and

bibliometrics, as well as the potential benefits of integrating quantitative and qualitative
methods. In this section, we illustrate a specific method involving the aforementioned
methodologies. Because they redress each other’s shortcomings, the combination of these two
methods results in a holistic tool useful for conducting technology foresight. The integration
with scenario technique allows for long term projections and consideration of socio-economic
factors, thereby overcoming the short timeframe associated with bibliometrics. Similarly,
bibliometric approaches are useful for the assessment of near-term technological
developments, thereby avoiding unrealistic assumptions and narrowing the scenario funnel
within the scenario technique. Hence, the combined method allows for the accurate analysis of
long term scenarios. In addition, key results from bibliometric analyses facilitate the
identification of emergent technologies. The overall benefit of the method combination is the
tool supported integration of broad, current information from scientific literature that exceeds
the scenario team’s knowledge base.
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Fig. 1 Input from bibliometric analysis for each step in the scenario technique.

The following sections depict a case study from the field of PM. This case illustration
demonstrates how bibliometric analyses complement the output produced by the scenario
technique at each step. In illustrating the use of this combined method, we address our second
and third research goal. We provide a guide with which practitioners can perform technology
foresight applying the proposed method combination.
For this study, the team consisted of the authors of this paper (as experts in methods) and
content-specific experts. The latter experts come from different institutions or companies and
possess substantial knowledge related to biotechnology, pharmacy, and medicine. The team
members’ goals were to (1) produce a comprehensive picture of future possible states of the
field of PM, (2) identify emerging technologies in this field, (3) assess the future roles of these
technologies in the different future states, and (4) describe their implications on strategic
decision-making. Through moderated interviews and workshops, the methods experts trained
the scenario team in the eight-step approach described in Section 3 (see Table 2). As data, we
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used the scenario team’s inherent expert knowledge and the information gleaned from
bibliometric analyses of scientific articles drawn from the WoS.
Fig. 1 provides a brief illustration of how the results of the bibliometric analysis were
incorporated into scenario technique.
5.1

Object of analysis
The purpose of the first step in the eight-step approach was to disaggregate the major

elements of the PM construct and identify the associations between them (Gausemeier et al.,
2009). The understanding of PM in scientific literature can be defined in either a narrow or
broader way. Articles from the researchers with a narrow perspective define PM as the sum of
technologies for diagnostics and the specific development of therapeutics based on the analysis
of genetics or molecular medicine (Offit, 2011). A broader definition includes the preventive
identification of the risks of diseases and the observation of the course of the disease to support
flexible, dynamic therapy adjustments (Abrahams, 2009). Here, we adhere to the broader
perspective. Given this, we focus on how PM research and practice in Europe will develop in
the next 15 to 20 years. To evaluate this, the scenario team constructed an entity-relationship
model related to PM with entities and their relationships. The entities represent key
stakeholders (e.g., patients, hospitals, research laboratories, pharmaceutical companies,
regulatory authorities, health insurance companies) and trends (e.g., individualization,
demographic development, genome-based technologies, information and communication
technology). The steps we took to construct the entity-relationship model using WoS data and
the co-citation network are summarized as follows.
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Fig. 2 Knowledge bases of personalized medicine represented by 6300 nodes and 292757 connections. Cited
references of the extracted WoS data set as dots. Dot size indicates citation frequency. Local coordinates x and y.
Local density of co-cited publications calculated with a cosine weighted moving average as background colors.

First, we created a data set from the WoS (Core Collection, 2008-2014) performing a topic
search using the terms “personalized medicine” and “diagno*”. We derived these search terms
iteratively to reduce the number of search hits to a manageable, but representative data set. In
April of 2014, this search strategy generated a corpus of 953 publications. Second, to obtain an
understanding of the topics intrinsic to these papers, we evaluated the WoS categories.
Moreover, to ensure the comprehensiveness of this analysis, we applied the PESTEL model (Burt
et al., 2006; Walsh, 2005). According to the WoS, most articles were from the field of natural
sciences. Additionally, a fair amount of articles came from the fields of economics and health
cares. Other articles belong to the fields of law, ecology and political science. It was evident
from this analysis that economic issues had to be included explicitly into the entity-relationship
model, e.g., cost effectiveness, and funding sources. Third, we analyzed the knowledge bases
as an indicator of the scientific knowledge used in the community of PM research. Fig. 2
illustrates the co-citation network graph, showing seven knowledge bases.
They include a variety of topics (see Table 3), e.g., technologies for DNA sequencing,
nanomedicine, and regulatory and legal issues. Hence, topics beyond the natural sciences
required integration into the entity-relationship model like privacy or reimbursement. This
example illustrates that evaluating the knowledge bases can help to overcome challenges
associated with defining the appropriate scope of the scenario analysis and identifying all
relevant areas of influence.
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Table 3 Knowledge bases
Knowledge base

Description

Molecular Diagnostics &
DNA Sequencing

Includes articles related to DNA sequencing technologies and molecular diagnostics as the key
enabler to personalized medicine. Represents the scientific roots of next-generation sequencing
technologies (e.g. MPSS or 2-base encoding).

Cancer Diagnostics &
Biomarkers

Includes articles that depict the shift from organ-based categorization systems to the unique
tumor concept. Contains the first steps towards more sophisticated cancer classifications with
the help of different biomarkers.

Proteomics

Includes studies related to proteoms, entire sets of proteins. Primarily refers to protein profiling
by mass spectroscopy, as proteoms can be used as biomarkers in personalized medicine.

Pharmacogenomics

Relates to studies concerning the interdependence of genetics and drug responses, as well as
appropriate therapies and drug delivery systems.

Metabolomics

Includes studies focused on chemical processes and small molecules to characterize cell
physiology and biochemical events.

Regulatory, Legal &
Economic Challenges

Contains articles referring to study designs during approval processes, protection of research
findings, cost-effectiveness, or reimbursement.

Nanomedicine

Includes studies concerning the first applications of nanotechnology in personalized medicine.
Relates to diagnostics with a focus on imaging and drug-delivery options.

5.2

Identify key driving forces and descriptors
After defining the object of analysis, the scenario team brainstormed (Schwartz, 1991) and

used the PESTEL model (Burt et al., 2006; Walsh, 2005) to identify a set of driving forces. Some
authors have suggested integrating information from bibliographic networks to refine
technology-related drivers (Kuusi and Meyer, 2007; Boyack and Klavans, 2010; Shibata et al.,
2009). In this section, we demonstrate on an exemplary level how bibliometrics complements
the detection of key forces by facilitating the identification of drivers from research fronts and
descriptive statistics of the underlying literature data set.
Fig. 3 provides a three-dimensional visualization of the various research fronts that
comprise the current state of the field of PM. This density map is an alternative visual
representation of a network where edges constitutes bibliographic coupling (Schiebel, 2012).
This is similar to the co-citation network depicted in Fig. 2 (Section 4). The depicted surface
represents the local density of articles in the network, which better visualizes cluster size (height
of the peaks) and cluster similarity (proximity of the mountains) than the more traditional
network illustration.

Paper 1: Combining the scenario technique with bibliometrics for technology foresight

43

Fig. 3 Research fronts of personalized medicine in three-dimensional space. Local coordinates x and y. Local density
ρ(x,y) of bibliographic coupled publications calculated with a cosine weighted moving average.

Fig. 3 demonstrates that the research fronts are dominated by technologies concerning
diagnostics and cancers. In addition, a large number of articles relate to challenges associated
with translating research into clinical practice. Finally, one upcoming research front concerns
mental disorders. Table 4 summarizes and describes the research fronts. Two of them are
similar to the knowledge bases (Metabolomics and Nanomedicine) and represent the
continuation of the respective research.
To identify key drivers, the scenario team looked deeper into every cluster. For example,
the “Genotyping & Cancer Classification” cluster highlights the importance of databases and
the availability of genomic data. Given this, we integrated “Big data” or “ICT” into our
construction of the scenarios. We derived another driver from the research front labeled
“Translation into Clinical Practice.” For this research front, the key topic (in addition to
regulatory issues) is the education of physicians, pathologists, and residents as a means to
accelerate the comprehensive diffusion of personalized medicine.
In addition to analyzing the research fronts, we also evaluated the number of organizations
and countries from which the articles originated. Unsurprisingly, most articles were produced
by authors at universities. Although non-university organizations may choose not to publish
their research to avoid disclosing sensitive data to the public, the marked lack of firms among
the authors of the research indicates that the PM field is currently at the increasing portion of
the prevalent technology s-curve (Tseng and Tsay, 2013). Because many research activities
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occur within the public domain, “Public Funding” and the “Adaptation of the Health Care
Systems” emerge as highly relevant drivers of the future of PM.
Table 4 Research fronts
Research front
Methods & Technologies in
Cancer Diagnostics
Genotyping & Cancer
Classification
Tissue Dissection &
Preservation
Translation into Clinical
Practice
Metabolomics

Description
Contains articles from the fields of genome-sequencing, mass spectroscopy, and accurate
biomarkers. Papers focus standardized study design, proper documentation of methods and
results for further usage, and possible technological advances.
Contains articles concerning the application of aforementioned methods and technologies on
the various cancer and disease types. Geared towards compiling a detailed categorization
system for appropriate therapies and drugs.
Comprised of studies on tissue dissection and preservation that is basic for most diagnostic
methods. Focuses primarily on the acquisition, dissection, isolation, and preservation of tissue,
cells, proteins, or molecules to be analyzed.
Includes studies concerning the translation of personalized medicine into practice. Studies
address cost-effectiveness, reimbursement policies, resident training, and implications for
health care systems.
Contains articles related to metabolomics in general. Focuses on the study of chemical
processes and small molecules to characterize cell physiology and biochemical events.

Mental Disorders

Contains research regarding mental disorders, their connection to different “omics”
technologies and the appropriate therapeutic strategy.

Nanomedicine

Contains research related to the application of nanotechnology to the field of personalized
medicine. Studies relate to diagnostics, with a focus on imaging and options for drug-delivery.

Furthermore, nearly all research is conducted in developed countries. This finding supports
the assumption that PM is primarily geared toward markets in developed countries because the
costs for the diagnostics procedures are still rather high even though they have decreased
dramatically in the last years (Moch et al., 2012; Faulkner et al., 2012; Gurwitz et al., 2009).
Table 5 Examples of key driving forces with descriptors of personalized medicine
Key driving force
Diffusion into Other Disease
Categories

Descriptors
•
•

Published Articles in Regard to Mental Disorders or Infectious Diseases
Public Funding of Research Activities in PM

Translation into Clinical
Practice

•
•

Number of Residents with Education in PM
Access to Genomic Data in Specific Databases

In sum, integrating the information from the bibliometric analysis into the scenario team’s
brainstorming allowed for the identification of a more complete set of drivers and their
associated descriptors (Table 5). This result illustrates that bibliometrics supports productivity
in the second step of the scenario technique. To further illustrate the combined method, we
selected a small excerpt of the compiled driver list (Table 5) to be used in the subsequent steps.

Paper 1: Combining the scenario technique with bibliometrics for technology foresight

5.3

45

Derive projections and decide on the number of scenarios
In this step of visioning, the scenario team produced alternative projections for the

descriptors of the key driving forces. To enrich this creative process, we relied primarily on the
density of bibliographically coupled publications (Fig. 3) and its translation into the research
portfolio (Fig. 4) that depicts the dynamic evolution of the research fronts outlined in the
previous step. This helps to determine the starting points of the projections and to provide
evidence for their development in the near future.

Fig. 4 Research portfolio of personalized medicine. Dot size indicates number of publications (2008-2013).

The research portfolio shows that although “Methods & Technologies in Cancer Diagnosis”
is still a prominent research front, “Translation into Clinical Practice” is also quite important,
thereby illustrating the efforts of some researchers to promote the realization of PM in practice.
The proximity of “Metabolomics” or “Nanomedicine” to these top research fronts suggests a
possible convergence of the fields in the near future. In addition, articles related to “Mental
Disorders” represent a fairly new front with a moderate growth rate. The relative novelty of the
“Mental Disorders” research front is also apparent in the bibliographically coupled network in
which the field of “Mental Disorders” has virtually no edges connecting it to other research
fronts. Owing to its novelty, this lack of connections indicates that it is unlikely for “Mental
Disorders” to converge with other research fronts in the near future.
To illustrate the process of developing projections, we refer to two key driving forces and
focus on one descriptor for each (Fig. 5).
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Fig. 5 Excerpt of the key drivers of personalized medicine with descriptors and assumed qualitative projections.

We made three alternative projections with respect to the descriptor called “Public
Funding of Research Activities in PM” that belongs to the driver “Diffusion into Other Disease
Categories”. These projections are (1) a steady growth starting in a few years, (2) an s-curve
development, and (3) a remaining constant level. Because the knowledge base associated with
regulatory issues has fully converged into the cancer treatment research front, policymakers
are likely to remain focused on cancers in the near future. Shifts towards other diseases will
take time. Given this, for projections (1) and (2) we assumed that there would be an increase in
public funding in the coming years. We further assume that the s-curve will emerge in response
to an increase in private investors entering the market. For this projection, the private investors
will ultimately serve as a substitute for public funding in the long run. Finally, we projected a
third possibility in which high regulatory barriers would preclude any public funding.
The research portfolio suggests that the “Number of Residents with Education in PM”
descriptor, measuring the “Translation into Clinical Practice” driver, initially begins at a low
level, but is characterized by high growth rates in the future. Given this, it would not be plausible
to predict a decrease. Nevertheless, following the “what might happen perspective”, that is
needed for the scenario technique, we assumed (1) continuing growth and (2) exponential
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growth and (3) a leveling off. As for both the shown examples as well as for most other
descriptors three alternative projections were derived, the scenario team decided for the
common number of three scenarios to be developed. These exemplary projections show that
the incorporation of bibliometrics is useful for the cultivation of possible scenarios in two
principal ways. First, it forces the consideration of technology-specific information and can
reveal the influence of emerging or converging fields of technology. Second, it helps to avoid
the consideration of implausible assumptions and to narrow the scenario funnel.
5.4

Cluster projections into consistent bundles of alternatives
To cluster projections, we used the common tool of the consistency matrix (Reibnitz, 1992;

Gausemeier, 2009). Specifically, to bundle compatible projections, we assessed their
consistency via pairwise comparisons. In this section, we demonstrate how the relative
proximity of research fronts (Fig. 3) and comparison of research fronts with knowledge bases
(Fig. 2) provides evidence related to consistent projections.
The “Mental Disorders” research front is located at a distance to the other research fronts.
This suggests that the projections of the former are characterized by a neutral consistency
related to all other technological projections. The “omics” technologies, including
pharmacogenomics, genomics, and proteomics, have converged from several knowledge bases
into a single research front. Therefore, we deemed all positive projections of the respective
descriptors to be consistent. We made this same assumption for the “Number of Residents with
Education in PM” descriptor.
“Nanomedicine” is still relatively far from other research fronts in terms of proximity.
However, several articles in this cluster possess strong bibliographic coupling with articles in the
central clusters, thereby indicating possible convergences with those clusters in the future.
Therefore, we assessed the respective projections when heading in the same direction as
consistent. The same was true for “Metabolomics.”
5.5

Describe scenarios
In this step, we integrated the consistent bundles of alternatives into three possible

scenarios for the future of personalized medicine in 15 to 20 years. In the following sections,
we illustrate the nature of these three scenarios, respectively titled as the “Regulatory Issues
Scenario,” the “Technology Scenario,” and the “Business Model Scenario.”
By integrating the results of the bibliometric analysis in this step, core articles from the
knowledge bases and especially from the research fronts informed our scenarios. The core
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articles represent frequently cited articles, review articles, or articles related to future
opportunities and risks. We identified these using each actor’s degree centrality (Dröge et al.,
2000) and through a systematic screening of all titles and abstracts. Ultimately, it was necessary
to carefully read the identified articles to glean detailed information. In the following scenario
descriptions, we integrated selected core articles to demonstrate how information from the
bibliometric analysis enriched the scenario team’s body of knowledge.
Table 6 Input from bibliometric analysis into Scenario 1
Main components of

Article

Research field

Information from article

(1) Scarce public
funding

Offit (2011)

Genomic testing

Lack of reimbursement: “Commercial genomic testing
labs, as well as genomics-based pharmaceutical
companies will require this evidentiary foundation to
obtain reimbursement for medical services” (p. 11).

(2) Poor education of
practitioners in
personalized
medicine

Katsanis and
Katsanis (2013)

Molecular genetic
testing

Personalized medicine is restricted to some areas of the
world (p. 417).

McCarthy et al.
(2013)

Genomic
medicine

Lack of adequate education of healthcare providers (p.
11).

Tonellato et al.
(2011)

Next-generation
sequencing
(NGS)/wholegenome analysis
(WGA)

Adequate reimbursement is needed: “Pathologists must
take the lead in proving that genome-based clinical
laboratory testing can be cost-effective by truly
optimizing evidence-based precision diagnostics and
thereby reducing the propensity for mistakes” (p. 1).

Moch et al. (2012)

NGS/WGA for
molecular tumor
profiling

“Only when well-designed clinical studies convincingly
demonstrate the predictive value of NGS- or WGA-based
tests, will the implementation of such molecular tumor
profiling become accepted and integrated in diagnosis
and treatment of cancer” (p. 5).

(4) Lack of studies on
risks and benefits

Chin et al. (2011)

Cancer genomics

Assessment of risk and opportunities requires
substantial evidence, which is why PM is palpable in
research, but not in clinical practice (p. 302).

(5) Lack of regulatory
framework dealing
with property
rights

Katsanis and
Katsanis (2013)

Molecular genetic
testing

Privacy discrimination: Genomic data can be used to
identify patients in life and health insurance (p. 422).
Genomic data can be hacked; cyber-security issues need
to be addressed.

McCarthy et al.
(2013)

Genomic
medicine

Privacy discrimination: Genomic data can be traced back
to a name (p. 10).

scenario

(3) Lack of studies on
cost-effectiveness

5.5.1

Scenario 1: The “Regulatory Issues Scenario”

In this scenario, high regulatory barriers in the European Union have restricted the speedy
implementation of PM methods into practice. As a result, PM has not achieved once-optimistic
expectations. Examples of regulatory barriers include (1) a scarce public funding, (2) poor
education of health professionals in the application of technologies and methods, (3) a lack of
studies analyzing cost-effectiveness, (4) a lack of studies on the proper assessment of risks and
benefits for patients, and (5) a regulatory framework deficient in terms of privacy rights.
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Table 6 provides an overview of the core articles we identified and the information we
incorporated into the assumptions outlined above.
Table 7 Input from bibliometric analysis into Scenario 2
Main components of

Article

Research field

Information from article

Aboud and Weiss
(2013)

Metabolomics

Powerful tool for detecting and analyzing targets (cancer
metabolome), especially in combination with other
“omics” (p. 139) and biomarkers (p. 140).

Regierer et al.
(2013)

All ‘”omics”
technologies

Comprehensively analyzing the entire biological system
by integrating all available biological data (proteins,
genes, metabolites) enables a pro-active approach,
thereby shifting to a preventive “system medicine” (p. 56, 15).

McCarthy et al.
(2013)

Genomic
medicine

Understanding the health implications of genetic
variation uncovered through genome sequencing has to
be improved (p. 11).

Cordero and
Ashley (2012)

Whole-genome
sequencing

Whole-genome sequencing to personalized diagnosis and
therapeutics need an exponential decline in sequencing
costs and constant improvement in related technologies
to allow for the use of a patient’s full genetic profile (p.
1001).

Amir-Aslani and
Mangematin
(2010)

Biomarkers

Biomarkers are a tool for drug discovery and systematic
development of personalized medication (p. 205)

Lammers et al.
(2010)

Nanotheranostics

Nanomedicine enables theranostic approaches (i.e.
systems and strategies in which disease diagnosis and
therapy are combined [p. 1899]).

Amir-Aslani and
Mangematin
(2010)

Disease
biomarkers

Theranostics as “highly specific tests that allow for the
diagnosis of the disease, but to administer the most
appropriate treatment regimen” (p. 203).

Miller and
O'Callaghan
(2013)

Disease
biomarkers

Personalization in drug choice can be achieved in major
depressive disorder (p. 34).

Regierer et al.
(2013)

System medicine

Increasing amount of diagnostic data: real-time data
collection, transfer, and processing is needed (p. 20).

Louca (2012)

Health care
system

ICT is the most important tool to translate PM into
clinical practice (p. 212). Laboratory-on-chip technology
and bio-nanotechnology enables a personalized
diagnostic and medication (p. 211).

McCarthy et al.
(2013)

Genome medicine

Diffusion of technology knowledge by using genome
databases for tracking available tests to guide
practitioners (p. 8). Plug-and-play bioinformatics support
tools (p. 9). Personal health records for self-management
of genetic data such as Microsoft Health Vault (p. 9).

scenario
(1) “Omics”
technologies

(2) DNA sequencing
technologies

(3) Nanomedicine

(4) Personalized
therapeutics

(5) ICT

5.5.2

Scenario 2: The “Technology Scenario”

This scenario describes personalized medicine as a field characterized by the convergence
of several technologies in the medical care industry. The convergence of different technologies
has led to a “systems medicine” representing a holistic diagnostic approach of preventive
medicine. All body-related data is used to recognize diseases before they emerge. Technologies,
like those pervasive in the “omics” technologies (i.e., metabolomics, genomics,
pharmacogenomics), DNA sequencing technologies, and nanomedicine technologies have
overcome technical, legal, and ethical barriers and are used in combination. Clinical research
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and diagnostics has also converged to allow for the development of personalized drugs, which
can then be used to personalize drug-based therapies. In addition, ICT technologies have
catalyzed the translation of research findings to clinical practice and the realization of holistic
data management has revolutionized the entire health care system.
Table 7 provides an overview of core articles and the information incorporated into related
assumptions.
Table 8 Input from bibliometric analysis into Scenario 3
Main components of

Article

Research field

Information from article

(1) Lack of systematic
public funding

McCarthy et al.
(2013)

Genome medicine

The financial burden of the development of personalized
diagnostics is huge. As a consequence, public and private
consortia have emerged to pool resources (p. 8)

(2) Prohibition of
personalized
medicine

Offit (2011)

Personalized
medicine and its
evolution

Large pharmaceutical companies have come to view
genetically targeted therapy as an economic challenge
with the need to modernize the business model
associated with profitable, blockbuster drugs (p. 8-9).

Mittra and Tait
(2012)

Medicine business
models

Blockbuster drugs are no longer the appropriate business
model in the medicine business. Drugs must be changed
into “niche-busters” (p. 709)

Frueh (2013)

Translation of PM
into practice

New partnerships in the test-design and analysis of
effectiveness are needed (p. 3-4).

Faulkner et al.
(2012)

Development and
reimbursement of
PM

Low-priced diagnostics have led to the drug-development
companies to fund diagnostic research. This indicates
that the strengthening of the partnership between
diagnostics and drug development is imminent (p. 8)

Mittra and Tait
(2012)

Medicine business
models

Co-development of therapy and diagnostics is needed (p.
709).

Lester (2009)

Health care
system

Each stakeholder in the health care system (drug
companies, diagnostics, providers, patients) must change
its business model and build networks (p. 3). The most
important issue for providers is creating a process for
facilitating the integration of new technologies (p. 6).

scenario

(3) Network building
and “solution
providers”

5.5.3

Scenario 3: The “Business Model Scenario”

In this scenario, the health care system has fundamentally changed due to the lack of
systematic public funding. The financial burden of diagnostics from PM remains substantial. In
addition, some large pharmaceutical companies have prevented more widespread diffusion of
personalized medicine approaches to protect income streams derived from the sale of
blockbuster drugs. As a consequence, a new business model has evolved in the health care
market in which personalized medicine is accessible to only a small fraction of the population.
Single companies operate as “solution providers” that support consumer-driven PM research.
These companies have built a network of research laboratories, clinics, private investors, ICT
organizations, and health insurance providers. Reimbursement policies may differ from
company-to-company and patient-to-patient. Research on personalized medicine, particularly
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its application, as well as the use of the collected patient data are exclusive to network
members.
Table 8 provides an overview of the core articles and information incorporated into
assumptions about this scenario.
5.6

Identify disruptive events and their effects on the scenarios
To discuss possible “black swans” and evaluate the robustness of the scenarios, we

identified possible disruptive events and determined the effects they might have on our
scenarios. Although identifying disruptive events can involve the consideration of multiple
sources of inspiration, it remains highly speculative. It is impossible to know for sure if emerging
issues will develop into full-blown disruptive events. Regardless, the integration of this step into
the scenario technique supported by bibliometric information helps to cope with the disruptive
events that might occur.
Using information gleaned from analyzing the research fronts, we detected a number of
crucial challenges regarding the future of PM in the health care system. First, the
pharmaceutical industry must seek to transition from a business model that focuses on a single,
cash-cow, blockbuster drug to a new, flexible business model geared towards developing
individual drug therapies (Offit, 2011). Cost-effective technologies that ease the production of
personalized therapeutics can help solve this dilemma. One possible disruptive event
interfering with this development would be the realization of a cost-efficient therapeutic
approach that facilitates an efficient “super pill” that is suitable for all kind of diseases.
Nanomedicine technologies have the potential to revolutionize individual diagnostic
approaches, and can therefore help bring these therapies out of science fiction and into reality.
As such, the cost-efficient production of personalized therapeutics would have a particularly
strong effect on Scenarios 1 and 2. In addition, personalized therapeutics would significantly
accelerate Scenario 3.
Finally, we imagined possible disruptive events in terms of regulatory control. In this
context, it seems that a recent debate regarding a free trade agreement between Europe and
the United States will affect all three scenarios. Specifically, this debate may change
fundamental conditions in the healthcare sector (e.g., health insurance, pharmaceutical
approval processes).
In this step, information from the bibliographic network offers a framework to make
assumptions about future events more accurate. Despite the utility of bibliometrics, however,
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the scenario team deemed creativity-intensive activities (e.g., brainwriting) most important for
predicting disruptive events.
5.7

Identify emerging technologies
By utilizing the scenario technique in the context of technology foresight, we primarily

sought to (1) identify emerging technologies, and (2) integrate them into the scenarios. This
task represents the most crucial step in the eight-step foresight approach outlined in Section 3.
To perform this task, we utilized common brainstorming methods and term frequency analysis
to complement the results of the bibliometric analysis. The brainstorming methods consisted
of (1) searching for analogies from past cross-industry innovations (e.g., imaging technologies
(Doi, 2006), 3D-printing technologies for tissue engineering (Richards et al., 2013; Liu et al.,
2013)), (2) searching beyond the usual context to detect the convergence of two research fields
(e.g., nanomedicine), and (3) considering unsolved problems in the field of PM and thinking of
possible solutions. The latter brought up emerging technologies that can overcome the side
effects of traditional therapies, such as t-cell-based vaccines for cancer patients (Tumor Vaccine
Group, n.a.; June, 2007). Some articles in the bibliographically coupled network produced
evidence for the appearance of immunology in the field of personalized medicine (Leong et al.,
2010; Andrade, 2009).
Results from the term frequency analysis confirmed that most academic attention is paid
to cancer diagnostics with a particular focus on breast and lung cancers. Additionally, we
detected multiple terms related to immunology (e.g., vaccines), thereby supporting the
assumption that cancer vaccines are an emergent technology.
In addition, we used information derived from the research fronts to detect emerging
technologies. Below, we offer a synopsis of the emerging technologies we identified using
bibliometrics. Generally speaking, the foresight timeframe defined in step one of the scenario
technique determines the degree of specificity with which these technologies can be described.
When looking 20 years into the future, even technology experts in a research field have trouble
to predict in detail fundamental characteristics of the research field under investigation. This
dilemma can be resolved through a shift of focus from single technologies to fields of
technology. Because we focus on the demonstration of a combined method, we offer a
relatively brief description of potential emerging technologies.
Through an integration of key information from the co-citation and bibliographically
coupled networks, we identified the following emerging technologies:
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Nanomedicine technology
By referring to the co-citation network comparing it to the respective research front,

nanomedicine has gained interest in the scientific community. Although it has yet to converge
with other research fields related to PM, the increasing number of papers on nanomedicine
leads to the conclusion that some convergence will occur in the near future.
•

Diagnostic methods for mental disorders and infectious diseases
In the bibliographically coupled network, the emergence of the mental disorders cluster

signifies a shift in focus away from cancer diagnostics (Miller and O'Callaghan, 2013). In addition
to mental disorders, the analysis of core articles suggests that the market of therapeutics for
infectious diseases will increase (McCarthy et al., 2013; Amir-Aslani and Mangematin, 2010).
•

Metabolomics
The knowledge bases of proteomics and pharmacogenomics have converged into one

research front called “Cancer Genotyping” (Aboud and Weiss, 2013). The imminent
convergence of metabolomics into the genome sequencing technologies cluster that can be
seen in the bibliographically coupled network may yield more comprehensive diagnostic
methods, as well as an increased study of interdependence between the different “omics”
technologies.
•

Sequencing technologies for clinical practice
The knowledge bases “Molecular Diagnostics & DNA Sequencing” and “Cancer Diagnostics

& Biomarkers” have developed over time to form the research front clusters “Methods &
Technologies in Cancer Diagnosis,” “Genotyping & Cancer Classification,” and “Translation into
Clinical Practice.” The increasing number of papers addressing the future translation of
sequencing technologies into clinical practice suggests improvement in the usability and costefficiency of such technologies. As such, the focus here is on making existing sequencing
technologies affordable and easy-to-use for residents and practitioners.
•

ICT
Core articles in the “Genotyping and Cancer Classification,” “Methods & Technologies in

Cancer Diagnosis,” and “Translation into Clinical Practice” research fronts are related to how
information and communication technology enables the translation of PM diagnostics and
therapeutics into clinical practice. Stakeholders of PM, especially related regulatory entities,
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must take into account big data management in their future business model (e.g., in regard to
privacy issues).
Clearly, research fronts serve to indicate what technologies may emerge in the future. In
combination with scenario technique, the characteristics of these technologies in different
future states as well as their effects on these states must be discussed. To understand the
implications of these technologies for strategic management, it is critical to identify
technologies that perform best in each scenario. Therefore, we assessed the respective effects
of each emerging technology on each scenario.
In the “Regulatory Issue Scenario” restrictive processes that hinder the approval of
pharmaceuticals can reduce the amount of research related to those pharmaceuticals. As a
result, translating even well-established technologies (e.g., sequencing technologies) into
clinical practice and making them cost-efficient could remain an unlikely possibility in the near
future. Because of a general lack of public funding, proper conditions do not exist and research
projects related to new approaches have thus far failed to achieve these goals. Therefore, this
scenario will not result in the fast development of recent emerging technologies (e.g.,
nanomedicine, diagnostics in mental disorders, immunology-focused cancer treatments).
It is clear that Scenario 2 provides a setting in which PM research efforts will be facilitated.
As such, in Scenario 2, the cost-effectiveness of genome- and molecular-based technology will
be achieved in the very near future. Moreover, the relatively novel approaches (e.g.,
immunology) will also undergo development and research efforts regarding rare diseases have
a chance to flourish in this scenario. In addition, ICT will positively affect the translation of PM
research into clinical practice in the near future.
This latter point is also true for Scenario 3 even if PM is exclusive for the participants of the
PM network. In this scenario, private funding represents the key financial driver for research
efforts. More specifically, customer-driven funding may incite greater interest in research
geared towards fighting rare diseases. As a result, technologies related to diagnostics and
therapies associated with rare cancer types may develop faster in Scenario 3 than in the other
scenarios.
In sum, in this crucial step of the scenario technique, the added value of the proposed
method combination becomes obvious. Bibliometrics offers evidence related to emerging
technologies and yields information regarding the near future. The information gained from the
bibliometric methods set clear boundaries for the scenario development and helped to avoid
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implausible speculation regarding technological developments in the long term. Owing to the
utility of the methods described here, the scenario team was able to prioritize fields of
technology based on their respective effects on and robustness in each of the scenarios.
5.8

Explore the implications for technology strategy and derive plans for action
At this point in the process, the scenario team adopted the perspective of a specific

stakeholder to explore the implications of the scenarios for strategic management. In the
context of PM, this stakeholder could be a diagnostics company, a research laboratory, a
pharmaceutical company, a hospital, or a health insurance company. By adopting the
perspective of one of these stakeholders, the team was able to explore the implications of the
scenarios, and the technologies that emerge therein, for future strategy development. More
specifically, companies must review their technology strategies by (1) integrating the scenarios
into their strategy planning, and (2) asking how emerging technologies would fit into their
technology portfolio. In addition, companies must make decisions related to the make-or-buy
of technologies, as well as the allocation of R&D resources.
Due to the number and variety of stakeholders, as well as the differential positions in the
value-added chain, we illustrate how bibliometric analyses can support strategic decision
making on an exemplary level.
The research portfolio (Fig. 4) indicates how different topics emerge and evolve. Most
obviously, the scientific community has intensely debated cancer diagnostics and barriers to
translating PM research into clinical practice. This may support the notion that pharmaceutical
companies must review their extant business models and search for partnerships with research
laboratories and small diagnostics companies. In doing so, the pharmaceutical companies can
shift their position in the value chain closer to PM-related innovative technologies. Still,
research topics that have declined in interest within the scientific community remain worthy of
further analysis; they may have reached maturity and are therefore ready to be migrated into
clinical practice.
In addition to the research portfolio, the co-authorship network helps to identify key expert
clusters in specific research fields that may be amenable to future collaboration. The network
also reveals the degree of scientific cooperation among researchers. In a co-authorship
network, two organizations are proximally close if authors from two organizations have
published articles together. In the case of PM, co-authorship among individuals in different
organizations is relatively rare. However, we identified some large clusters (e.g., Stanford
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University, Harvard Medical School). We found no obvious research clusters within Europe. This
supported the assumption that the research in the U.S. (and Canada) is more organized and
cooperative than research in Europe.
As with the previous steps in the scenario analysis, bibliometrics supported the
identification of emerging technologies, key experts, and potential research partners. However,
when deciding on resource allocation, the scenario team considered the specific company’s
situation and internal factors (e.g., its technological capabilities) to be the most important. It is
clear that due to its facilitating effect on the identification of emerging issues and alternative
development paths, bibliometrics plays a complementary role in this step.

6

Conclusion and suggestions for future research
In this paper, we have highlighted the application of a method that combines the scenario

technique with bibliometric analysis. In doing so, we have achieved three research objectives.
First, after identifying research gaps in the literature (Section 2), we described an eight-step
scenario approach based on crucial approaches from scientific literature and specialized it for
use in the context of technology foresight (Section 3). Second, we proposed a novel method
combination whereby bibliometric analysis (Section 4) is combined with the scenario technique.
We showed how information from the bibliometric analysis can be used in every step of
scenario technique. To illustrate its utility in practice, we reported the findings of a case study
regarding the research field of personalized medicine (PM) (Section 5). In doing so, we
addressed our third research objective: providing a series of guidelines for practitioners. In
addition, in the case study we validated how bibliometrics supports the entire visioning process.
The bibliometric results we integrated include knowledge bases, research fronts, the research
portfolio, core articles, a network of organizations, term frequencies, and basic results from
descriptive statistics. We developed three scenarios, a “Regulatory Issue Scenario”, a
“Technology Scenario”, and a “Business Model Scenario”. We also discussed potential
disruptive events that could affect these scenarios. More specifically, we identified emerging
technologies and postulated about their respective effects on the scenarios. Finally, we showed
on an exemplary level how bibliometrics can provide useful information to inform strategy
development.
Overall, the key benefit associated with the novel combined method is the integration of
scientific information that complements or exceeds the scenario team’s and experts’
knowledge bases. In particular, the evaluation of vast technology-specific information allows
for the identification of emerging technologies. Beyond that, the method combination is a
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powerful foresight tool rendering projections for future states more precise when narrowing
the scenario funnel.
The case study presented in this paper illustrates that bibliometric information requires
intensive discussion among all members of the scenario team. Given this, combining
methodological knowledge regarding bibliometric analysis and scenario technique with subject
matter knowledge optimizes the results. Although this paper provides several theoretical,
methodological, and practical contributions, the method combination suffers from two key
limitations. First, the performance of a bibliometric analysis can be a time-consuming endeavor.
To assure optimal results when combined with the scenario technique, bibliometric information
should be prepared beforehand by a scenario team member with experience in bibliometrics.
Second, it is clear that the combination of bibliometrics with the scenario technique is more
useful in some steps than others. For example, steps 6 (identification of disruptive events) and
8 (exploration of implications on technology-based strategy) do not benefit greatly from the
addition of bibliometric information. Still, bibliometric analyses can be beneficial for the
scenario technique as a whole.
Finally, there are several avenues for future work that can improve method combinations
for the purpose of conducting technology foresight and promote their translation into practice:
•

To allow for more complex combinations of methods (e.g., bibliometrics, scenario
technique and system dynamics), future research should focus on expanding and improving
ICT tools and foresight support systems.

•

Because practitioners appreciate case studies as illustrations of methodology applications,
researchers should perform more case study research in the field of technology foresight
to facilitate the transfer of methodologies from academia into practice.

•

To further evaluate the proposed combined method, it is crucial to explore its application
in different settings and different research fields beyond PM.
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Introduction
Currently, changing and personalized customer demand, accelerating technology cycle

speeds, a fight for competitive advantage, and a race for new products dominantly define
business environments. Particularly in the context of strategic management, researchers and
practitioners alike view innovation as an important tool to manage this changing business
landscape (Schilling, 2010; Salomo, Talke and Strecker, 2008; Bessant, 2003). Hence, the body
of literature on innovation has grown and diversified substantially (Shafique, 2013, p. 62),
shedding light on many different facets of innovation and, supposedly, even creating its own
scientific field (Fagerberg and Verspagen, 2009).
Authors use different overlapping or adjacent terms to refer to this scientific field (Yanez,
Khalil and Walsh, 2010, p. 389; Pilkington and Teichert, 2006, p. 288), such as innovation
management, technology management, innovation studies, R&D management, engineering
technology management, and technology and innovation management. Research in the socalled innovation management field analyzes the innovation phenomenon from a market- or
customer-driven perspective, including research on new product development (Trott, 2012).
Research in R&D management, technology management, or engineering technology
management focuses on the technology-related part of innovation management (Cetindamar,
Phaal and Robert, 2009; Chiaromonte, 2002). In contrast, innovation studies focus on the macro
level when analyzing how societies benefit from innovation (Fagerberg, Martin and Andersen,
2013). In accordance with these different viewpoints, TIM researchers originate from various
scientific disciplines. However, regardless of their perspective, authors analyze the innovation
phenomenon, its impact on business performance, and its benefit for national economies. In
this paper, we follow the example of the Technology and Innovation Management Division at
the Academy of Management to capture a broad understanding and select the term technology
and innovation management (TIM). This research field, with its underlying interdisciplinary
nature, has grown and diversified very quickly in the last decade (Thongpapanl, 2012, p. 257).
Therefore, researchers are challenged with navigating overlapping perspectives and managers
are left to ravel in different practical guidelines. This situation reflects the necessity for
continued analysis of the dominant research views of TIM and their translation into practice.
In recent years, several bibliometric studies set out to investigate the underlying
intellectual structure of TIM or one of its subtopics (e.g., Sakata et al., 2013; Keupp, Palmié and
Gassmann, 2012; Di Guardo and Harrigan, 2012; Choi et al., 2012; McMillan, 2008; Pilkington
and Teichert, 2006). Some were published in the top-ranked journals of the field (Thongpapanl,
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2012), such as Research Policy (Raasch et al., 2013; Di Stefano, Gambardella and Verona, 2012;
Fagerberg, Fosaas and Sapprasert, 2012), Journal of Product Innovation Management (Durisin,
Calabretta and Parmeggiani, 2010), or the Strategic Management Journal (Shafique, 2013).
Authors have chosen bibliometrics as the appropriate method for investigating the TIM field
because it is a widely recognized tool for the quantitative analysis of structures in research
fields. Bibliometrics is the application of mathematical and statistical methods to analyze large
bodies of literature (Bellis, 2009, p. 3; Hood and Wilson, 2001, p. 292). As such, it has been
applied in many other scientific areas, such as nanotechnology (Kuusi and Meyer, 2007),
medicine (Shibata et al., 2011), and water treatment (Butcher and Jeffrey, 2005). As a versatile
tool, bibliometrics is also used for foresight purposes (e.g., Stelzer et al., 2015; Huang and
Chang, 2014) and to evaluate research efforts and their impacts (e.g., Moed, 2005).
The research in the bibliometric community on the measures, cluster algorithms, filtering
approaches, and visualization techniques for the best segmentation of a research field has led
to very sophisticated methods and is ongoing. However, past bibliometric studies have not
integrated recent methodological advancements that enable a deeper analysis of TIM, its
subtopics, and its evolution over time. The following comparison of methods applied to the TIM
field with the newest methodological advancements of bibliometrics highlights the need for a
renewed bibliometric analysis of TIM.
Authors have used different search strategies, such as keyword search (Shafique, 2013;
Keupp et al., 2012; Di Guardo and Harrigan, 2012; Di Stefano et al., 2012), analyzing a single key
journal in the field (Durisin et al., 2010; McMillan, 2008; Teixeira and Silva, 2013), or using
references of selected handbooks (e.g., Fagerberg et al., 2012). Regardless of the initial search
strategy used, after filtering the final data set, past bibliometric studies of TIM usually contain
between 100 and 600 publications. Recent bibliometric methods are designed to handle
thousands or even millions of documents. Regarding TIM, only Sakata et al. (2013), who focuses
on service innovation, and Choi et al. (2012), who analyzes different countries’ publication
behavior in the TIM field, use more than 50,000 and 5,000 publications, respectively.
Furthermore, past analyses of the field focus on only one available type of bibliometric
information, such as citations, titles, keywords, or abstracts. However, in the bibliometric
community, the application of hybrid measures that combine textual and citation information
is the standard (Thijs, Schiebel and Glänzel, 2013, p. 668). In addition, most bibliometric
analyses of TIM apply so-called co-citation clustering. Therefore, even very recently published
bibliometric studies of the TIM field only consider publications up to 2006 (Di Guardo and
Harrigan, 2012; Di Stefano et al., 2012), 2008 (Shafique, 2013), 2009 (Raasch et al., 2013), 2011
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(Cerne et al., 2016), or mid-2012 (Liu et al., 2015). Hence, in the bibliometric community,
bibliographic coupling and co-citation analysis – in contrast to co-citation clustering – is more
standard (Boyack and Klavans, 2010). Another aspect for improvement is the visualization of
TIM’s subtopics in the form of bibliometric networks, which was entirely lacking in some studies
(e.g., Keupp et al., 2012; Durisin et al., 2010). Even if included in the bibliometric study, it only
depicts a fraction or aggregation of the underlying data basis (e.g., Fagerberg et al., 2012;
McMillan, 2008) or employs multidimensional scaling (MDS) (Shafique, 2013). Lastly, prior
bibliometric analyses of TIM often focus on frequently cited publications, although only some
of these represent emerging issues (Small, Boyack and Klavans, 2014, p. 1462). Therefore,
because the methods used and the databases differed significantly in the past, the number of
subtopics found in existing bibliometric analysis of the TIM field ranges from three (Fagerberg
et al., 2012) to 25 (Keupp et al., 2012). To date, no consistent overview of TIM subtopics has
been consolidated.
Conclusively, to help researchers and practitioners navigate the diverse research field of
TIM, a renewed analysis is necessary that incorporates current findings from the bibliometric
community. In particular, the analysis has to integrate the most recent literature available
because these studies were neglected in the past. To close this research gap, the aims of this
article are threefold:
•

Identification of research fronts in a large body of literature in the TIM field by application
of a hybrid textual- and citation-based bibliometric method;

•

Analysis and visualization of the propagation of TIM’s research fronts through several
periods; and,

•

Discussion of the identified topics and comparison with past bibliometric studies.
Thereby, our main contribution is to provide a holistic, detailed, and evolutionary overview

of research topics in the TIM field. In contrast to similar studies, we build on a very large data
basis and incorporate the most recent articles. Beyond that, we apply a quantitative approach
to assess the evolution of the TIM field over time that goes far beyond statistical publication
and citation counts (e.g., Cancino et al., 2015; Choi et al., 2012). Our paper differs from past
bibliometric studies because we are able to quantitatively identify the connections between
research topics over time and present them with regard to content. Incorporating bibliographic
coupling and textual similarity our analysis focuses on the level of research fronts, which –
although they might have been discussed in niches in the past – are now at the scientific
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communities’ center of attention and represent current hot topics (Persson, 1994; Kessler,
1963).
Therefore, we offer researchers and practitioners a fresh and detailed way to navigate the
complex and diversified literature on TIM by clustering and visualizing the most current
research efforts and their evolution over time. Thereby, we facilitate the application of research
insights into management practices. Finally, we consolidate our findings with other bibliometric
analyses of TIM. In doing so, we countercheck our own findings to assure validity and provide a
final, holistic overview of the TIM field.
We add to the existing research in three ways. First, we offer researchers and practitioners
a way to navigate the complex and diversified literature on TIM by clustering and visualizing the
most current research efforts and their evolution over time. Thereby, we facilitate the
application of research insights into managerial practices. Second, we identify recent research
fronts in the TIM field and consolidate our findings with other bibliometric analyses of TIM.
Third, to enable our deep analysis of the TIM literature, we examine the latest findings of the
bibliometric community and merge them into an up-to-date bibliometric approach.
The remainder of this article is structured as follows. We begin by describing the
fundamentals of bibliometrics and the current state of the discussion on the appropriate
methods in the bibliometric community. On this basis, we explain the methodology used in this
article. Thereafter, we present our analysis of a dataset of more than 12,000 publications in the
timeframe between 2000 and 2014, divided into five periods. Subsequently, we visualize the
TIM literature and its propagation over time using a force-directed algorithm and a flowchart,
respectively. In the fourth section, we explain in detail the research fronts identified and their
evolution. Lastly, we discuss the research fronts in light of a qualitative view of the underlying
article contents and compare our findings with existing bibliometric analyses of the TIM field to
provide a consolidated overview of the entire field. Thereby, we also discuss the differences
between journals that take a more general management perspective and journals that
specialize in TIM.

2

Methodological aspects
Bibliometrics gained popularity when the Science Citation Index was introduced by Garfield

(1955) as a large underlying data basis. However, Pritchard (1969) coined the term bibliometrics
to replace the term statistical bibliography. The development of bibliometric software tools in
recent years facilitated the final breakthrough of bibliometrics and its dissemination to a broad
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range of other research fields. Although software tools follow different methodological
approaches, in general a bibliometric analysis consists of the same steps (Cobo et al., 2012, p.
1610; Cobo et al., 2011b, p. 1383). Framed by data acquisition in the beginning and a final
interpretation at the end, the most important steps from a methodological perspective cover
calculating similarities, clustering articles, and visualizing networks. Structured accordingly, the
following paragraphs briefly highlight the current state of the discussion in the bibliometric
community regarding the most appropriate methods for detecting research fronts. Building on
this overview, we present the method used in this paper. Although bibliometrics can be applied
to study authors, countries, or institutions, our overview focuses on single publications because
we aim for a thematic exploration of the TIM field.
2.1

Research Background
In this section, we explain the statistical background needed to develop bibliometric

networks: (1) the calculation of similarities between objects, (2) the clustering algorithm, and
(3) the visualization algorithm.
Firstly, to calculate similarities, the most used measures are co-citation (MarshakovaShaikevich, 1973; Small, 1973) and bibliographic coupling (Kessler, 1963). The former connects
two references by an edge in the bibliometric network if a third article cites both of them. In
contrast, bibliographic coupling connects two articles if both articles reference a third article.
The intensity of the coupling is determined by the number of articles that are cited together.
Co-citation clustering is not suitable for the analysis of recent publications because it takes
approximately two years for an article to receive a significant number of citations (Shibata et
al., 2008, p. 773). Therefore, documents grouped by co-citation clustering are called intellectual
bases, and bibliographically coupled papers are called research fronts (Persson, 1994, p. 31).
Although co-citation cannot connect recently published papers, for the co-citation analysis,
these papers can be grouped on the basis of their affiliation with a co-citation cluster. Boyack
and Klavans (2010) compare co-citation analysis with bibliographic coupling and conclude that
bibliographic coupling creates the most coherent clusters of articles. This result was confirmed
by a recent study on more than two million articles, in which only a combination of the two
measures resulted in slightly more coherent but less concentrated clusters (Boyack and Klavans,
2014, p. 674). In addition to these citation-based measures, the increase in available
computational power has popularized textual similarity. In this case, two nodes in a bibliometric
network are connected when they use the same vocabulary in the keywords, titles, and
abstracts, or even in the full text.
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Citation-based measures usually create sparse similarity matrices, whereas text-based
measures result in an overestimation of similarities (Glänzel, 2012, p. 195; Janssens et al., 2009,
pp. 690f). Therefore, authors have suggested the creation of hybrid measures. Several studies
have proven that these measures are superior to the application of their single components
regardless of the detailed approach of the hybridization, e.g., a linear combination of the angles
of the similarities (Thijs et al., 2013), building a similarity tensor (Liu, Glänzel and Moor, 2011),
treating terms as references in a bibliographic coupling approach (Boyack and Klavans, 2010),
or summing similarities (Janssens et al., 2009).
Second-order similarities are another possibility for improving similarity measures. Two
documents are similar in the second order if they are both similar to a third document in the
first order. Second-order similarities can be calculated in different ways, such as by applying the
cosine index on the first-order similarity matrix (Colliander and Ahlgren, 2012; Ahlgren and
Colliander, 2009) or by first visualizing the bibliometric network and using the resulting twodimensional coordinates as similarity measures (Boyack and Klavans, 2014; Thijs et al., 2013;
Klavans and Boyack, 2006). Colliander and Ahlgren (2012) and Klavans and Boyack (2006) found
that second-order similarities outperform first-order similarities. Furthermore, Thijs et al.
(2013, p. 676) described second-order measures as “a different angle of vision”.
Following the current findings in the bibliometric community, we combined bibliographic
coupling and textual measures into a single hybrid measure in the methodological approach
presented in the Methodology section. Furthermore, we converted the hybrid similarities into
second-order similarities because they outperform first-order similarities.
Second, with the goal of disintegrating a research field into its subfields, a key step in
bibliometric analysis is clustering articles on the basis of a filtered similarity matrix. Bibliometric
studies use graph-based or distance-based and hierarchical or centroid-oriented cluster
algorithms depending on the approach employed in calculating the similarities. For secondorder measures based on visualized bibliometric networks, some authors prefer hierarchical
methods (e.g., Boyack and Klavans, 2014, p. 682; Thijs et al., 2013, p. 670), whereas in other
cases the most popular used algorithms are modularity-based approaches that build on the
work of Newman (2004). Because we calculated hybrid second-order similarities, a hierarchical
cluster algorithm was integrated into the method presented in this study.
Data sets used in bibliometric analyses are often split into periods because the propagation
of research topics over time is of particular interest. After building clusters in each period, their
connections to adjacent periods can be analyzed. Prior bibliometric analyses of TIM employed
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content-specific experts to assess the development of a cluster in adjacent years (e.g., Shafique,
2013; Fagerberg et al., 2012). However, to derive relations over time, several authors in the
bibliometric community propose calculating similarities between clusters in different periods—
the same way as between articles (e.g., Boyack and Klavans, 2014; Cobo et al., 2011a; Rosvall,
Bergstrom and Rapallo, 2010; Shibata et al., 2008). Conclusively, propagation over time can be
represented in the form of flowcharts or alluvial diagrams. Therefore, instead of relying solely
on experts to assess a research field’s evolution over time, this study’s method statistically
determined the similarities of clusters of adjacent periods.
Third, the visualization of bibliometric networks is an essential step in the interpretation of
clusters and especially for the analysis of their inter-relations. Graphical layout routines can be
grouped into two categories: force-directed or dimensional reduction (Gibson, Faith and
Vickers, 2013). The latter projects high-dimensional data onto a lower-dimensional space,
whereas the Euclidian distance is supposed to match as closely as possible the graph-theoretic
distance. The most prominent example of such a visualization technique is MDS. Authors have
often criticized this visualization technique because it struggles with larger data sets and does
not effectively represent local structures (van Eck et al., 2010, p. 2414; Börner et al., 2003, p.
199; Kopcsa and Schiebel, 1998). Therefore, several authors have found that it is unsuited for
the visualization of bibliometric networks. The various existing force-directed techniques follow
different guiding principles, such as uniform distribution, visualization of community structure,
or minimization of line crossing. However, their common key advantages are their ability to
handle large data sets and good distinction of the underlying clusters in the final layout (HassanMontero, Guerrero-Botea and De-Moya-Anegon, 2014, p. 273; Gibson et al., 2013, p. 352;
Kopcsa and Schiebel, 1998). Hence, recent bibliometric studies used force-directed layout
routines, as we did in our methodological approach.
2.2

Methodology
We derived the method used in our bibliometric study of the TIM field on the basis of the

review of methodologies outlined in previous sections to incorporate the most recent findings
and employ state-of-the-art bibliometrics. Therefore, our procedure incorporates the following
five key steps, which are illustrated in Figure 1:
1. Data extraction from the Web of Science and segmentation of the data into five periods;
2. Calculation of hybrid similarities using bibliographic coupling and term frequency;
3. Transformation into second-order similarities through visualization of the bibliometric
networks in each period with a force-directed algorithm;
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4. Clustering of articles with an average linkage algorithm; and,
5. Calculation of hybrid similarities between clusters in different periods and visualization
of the time propagation in a flowchart.

Figure 1 Methodology for the creation of a flowchart representation of the evolution of TIM research fronts.

Most parameters used in bibliometric analyses to date cannot be derived based on theory.
Furthermore, there is no clear consensus among bibliometric experts regarding the used
parameters. For example, Boyack and Klavans (2014) filter references in their calculation of
bibliographic coupling, whereas Glänzel and Thijs (2011) do not filter at all. The main reason for
this difference is that citing behavior and terms used differ significantly depending on research
area, language, and publication type. Hence, frequent practice in bibliometric analyses is to
heuristically derive thresholds and parameters, such as the maximal frequency of citations to
be included or edge cutting percentages (e.g., Fujita et al., 2014, p. 144; Boyack and Klavans,
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2014, p. 684; Colliander and Ahlgren, 2012, p. 679; Cribbin, 2011, p. 1188). Therefore, through
extensive testing, we calculated networks and flowcharts for a variety of different parameters.
We then evaluated the results from a purely methodological perspective without examining the
cluster’s content. We decided to use the parameters that yielded the best visual cluster
distinction while retaining the majority of articles and edges. Doing so enhances the
identification of the most prominent research lines in TIM in accordance with our research
goals. However, our approach might obscure smaller topics and does not identify these until
they have accumulated a significant number of publications.
For the first step of our approach, we had to determine the appropriate search strategy in
the Web of Science Core Collection. Because similar studies differ significantly in their proposed
search strategies (e.g., Huang et al., 2015; Raasch et al., 2013; Leydesdorff and Rafols, 2011),
we conducted preliminary analyses of data sets consisting of the ten top-ranked journals of the
field (Thongpapanl, 2012), as well as of a combination of several search strings. The clustering
of the former data set results in only a few distinct but large clusters of articles, where one
regards TIM as a whole and others represent, for example, strategic management (Shafique,
2013) or mainstream economics (Teixeira and Silva, 2013). In our opinion, this result indicates
that TIM is not the sole focus of the top-ranked TIM journals. Regarding our goal of providing a
holistic overview and delineating the TIM field into detailed topics, we found the data set
consisting of the top-ranked journals to be of little value. In the preliminary analysis of the
subsequent data set, for which we used a combined query of multiple search strings (R&D
management OR innovation management OR technology management OR engineering
management OR innovation studies), we found in particular that the last two strings yielded by
far too broad a range of hits with tens of thousands of articles. However, using the same strings
in quotation marks resulted in only a few hundred articles. Furthermore, a very large proportion
of these articles were also contained in the search for innovation management, largely because
of the Web of Science KeyWords-Plus. Therefore, we refined our search strategy to the two
strings innovation management OR technology management. Using these strings, we found a
large proportion of the resulting articles to be focused on various examples of technological
innovations and their functional principles and not on the management thereof. Hence, we also
took into account a previous study with a similar focus that found TIM to be mainly represented
by “management and economics” (Shafique, 2013, p. 77) and restricted the results to the
business economics research area. To summarize, we searched the Web of Science Core
Collection – more specifically the Science Citation Index Expanded, the Social Sciences Citation
Index, the Conference Proceedings Citation Index Science, Conference Proceedings Citation
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Index Social Science & Humanities, the Book Citation Index Science, and the Book Citation Index
Social Sciences & Humanities – using the topic query innovation management OR technology
management, filtered for articles as publication type and business economics as a research
area, and subsequently downloaded the data of the resulting 12,381 publications published
from 2000 to 2014. Following the data export, we split the sample into five periods of three
years each. We chose this number of periods for two reasons. Firstly, in our experience, the
number between 1,000 and 3,500 is very well suited for the used visualization tool, which is
described subsequently in this section. Secondly, after a previous attempt using two-year
periods, the flowchart was very disjoint. In our opinion, as the qualitative analysis of the
research fronts in section 4 shows, this does not appropriately represent the evolution of the
TIM field.
Table 1 Number of articles in the data export by journal and period
Journal

Total

Share of
all publications

20002002

20032005

20062008

20092011

20122014

International Journal of
Technology Management

456

3.6%

92

89

109

101

65

Technovation

329

2.6%

47

84

75

67

56

Journal of Product Innovation
Management

272

2.1%

29

29

37

86

91

International Journal of Operations
& Production Management

228

1.8%

37

38

48

46

59

R&D Management

217

1.7%

34

51

40

56

36

IEEE Transactions on Engineering
Management

216

1.7%

38

38

36

61

43

Research Policy

214

1.7%

25

29

38

48

74

Technological Forecasting and
Social Change

205

1.6%

17

18

39

55

76

Industrial Marketing Management

194

1.5%

11

27

44

57

55

Information & Management

184

1.4%

32

49

39

22

42

1,105

1,496

2,273

3,859

3,648

Total

12,381

Notes. Articles were downloaded on the 06.01.2015

The total number of publications per period published in the ten most prominent journals
by share of total publications in the data sample is displayed in Table 1. Although the total data
sample contains articles published in almost one thousand different journals and edited
collections—many of which contribute only a single publication to the TIM field—these
dominating journals are responsible for more than one-fifth of the total publications. The
diversity of the listed journals underlines the interdisciplinary or multidisciplinary nature of the
TIM field.
To validate the choice of our data sample, we examined the references and journals that
were most cited by the data sample (see Table 2). These relate to theoretical concepts such as
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absorptive capacity (Cohen and Levinthal, 1990), or to basic methodical approaches such as
case study research (Eisenhardt, 1989). Prior bibliometric studies frequently focus on a subtopic
of TIM, such as open source innovation (Raasch et al., 2013) or strategic alliances (Di Guardo
and Harrigan, 2012). Therefore, the respective data samples are not comparable. However,
Shafique (2013) used a very broad search strategy in his study of innovation literature. Fortyeight of the top 100 most frequently cited publications in our data sample match the top 100
influential papers in Shafique (2013). Additionally, nine out of ten most referenced journals
match. The non-matching articles result mainly from the different timeframes in focus, which
seems to indicate that our data sample is a valid representation of the literature in the TIM field.
Table 2 Publications and journals most referenced by the data sample
Publication

Times
referenced

Journal

Times
referenced

1.

Cohen and Levinthal, 1990

1212

Strategic Management Journal

24504

2.

Barney, 1991

1125

Academy of Management Journal

16936

3.

Teece et al., 1997

1034

Academy of Management Review

15278

4.

Nonaka and Takeuchi, 1995

857

Organization Science

14595

5.

Eisenhardt, 1989

837

Administrative Science Quarterly

6.

Fornell and Larcker, 1981

730

Management Science

7.

Nelson and Winter, 1982

713

Research Policy

8.

March, 1991

666

Journal of Marketing

9858

9.

Kogut and Zander, 1992

655

Harvard Business Review

8583

605

MIS Quarterly

8331

10. Podsakoff et al., 2003

12587
121268
10813

Based on the review in the previous sections, in the second step we calculated hybrid
similarities hsij between all publications in a period. Hence, we combined bibliographic coupling
and textual similarity using the following formula (Thijs et al., 2013). In this formula, bcri
represents the weight (not cited=0 or cited=1) of reference r in article i, and tfti stands for the
weight (occurrences of the term in the article) of term t in article i.

ℎ𝑠𝑖𝑗 = 𝑐𝑜𝑠 0.7 ∗ arccos ∑
(

(

𝑟

𝑏𝑐𝑟𝑖 ∗ 𝑏𝑐𝑟𝑗
2
2
∗ √∑𝑟 𝑏𝑐𝑟𝑗
√∑𝑟 𝑏𝑐𝑟𝑖𝑗

+ 0.3 ∗ 𝑎𝑟𝑐𝑐𝑜𝑠 ∑
)

(

𝑡

𝑡𝑓𝑡𝑖 ∗ 𝑡𝑓𝑡𝑗
2
∗ √∑𝑡 𝑡𝑓𝑡𝑗2
√∑𝑡 𝑡𝑓𝑡𝑖𝑗

)

)

In both cases, we applied the cosine index for normalization. For bibliographic coupling, we
incorporated only references that occur in less than 20 articles to avoid over-aggregation.
Otherwise, similarities between almost every paper can be found because the majority of the
samples cite fundamental TIM articles. The final cluster solution is then centered on these
articles, not allowing for identification of the latest research fronts (see discussion section). In
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our sample, between 0.2 percent and 0.6 percent of references were filtered. To determine the
term frequency, we merged titles, keywords, and abstracts and, to avoid over-aggregation, only
included terms that occur less than 40 times. In this calculation, the similarity of two documents
is measured by the number of common terms they use. In addition, we weighted the terms by
the frequency at which they appear in the respective document. We did not combine this
weight with the inverse document frequency because we already filtered the most frequently
occurring terms. Furthermore, in our past experience, although the term frequency–inverse
document frequency avoids over-aggregation, it also tends to encourage cluster formation
around very rarely occurring terms. We calculated the final hybrid similarity using a linear
combination of the angles of the two similarity types (Thijs et al., 2013, p. 670, see previous
formula). Because the textual similarity typically has higher values, we used a weighting factor
of 0.7 for the bibliographic coupling and 0.3 for the textual similarity. We filtered the resulting
hybrid similarity matrix to reduce the computational power necessary when analyzing a large
number of publications. Given this, we set all entries in the similarity matrix to zero if they are
less than 0.075. Depending on the network size in the respective period, this resulted in
between 5,000 and 30,000 edges.
Following recent findings in the bibliometric community, we transformed the hybrid
similarity matrices in second-order similarities as a third step in the process (Boyack and
Klavans, 2014; Thijs et al., 2013; Klavans and Boyack, 2006). We visualized the bibliometric
networks using the BibTechMonTM software from the Austrian Institute of Technology, which
implements the force-directed layout technique described in Kopcsa and Schiebel (1998). This
software allowed us to iteratively adjust the elasticity threshold and the repulsive forces of the
layout algorithm in each period until an optimal visual cluster distinction was achieved. For easy
visual discrimination of clusters, the software highlights the network using a density map
according to Schiebel (2012) (see Figure 2).
In the fourth step, the Euclidean distance between articles based on the coordinates in a
network visualization represents second-order similarities. Therefore, we clustered the articles
in the network using a hierarchical average linkage clustering algorithm (Kaufman and
Rousseeuw, 1990). Here, we omitted articles in low-density areas because the force directed
algorithm only pushed articles with weak or no ties to areas of low density. Through careful
study of the respective abstracts, we found that publication clusters in a low-density area are
thematically diffuse and cannot be unambiguously assigned to any distinct research front.
Hence, this filtering improves the delineation of key research fronts, although we might thereby
disregard some small research topics. Regarding our sample, approximately 60 percent of the
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articles were retained in each period. Finally, we determined the right number of clusters using
the well-known elbow criterion, plotting the cluster number against the normalized squared
within cluster dissimilarities. This resulted in five clusters in the first two periods and six clusters
in the remaining time frames.
Lastly and according to the literature overview, we calculated the similarities between
clusters in different periods to determine the evolution of the TIM field over time. Here, we
followed the same procedure as in the previous steps for single articles and incorporated the
same parameter values. To allow for a cluster to be treated similarly to an article, we merged
all references and all titles and keywords in a cluster to form one large document. We then
calculated the similarities between adjacent periods and between periods separated by one
interval (period 1 and 3, 2 and 4, and 3 and 5) to yield more continuous research topics. This
resulted in a total of seven similarity matrices. Because we want to identify prevalent research
threads, only the strongest similarities between clusters are of interest. Therefore, we pruned
the similarity matrix to the top 5 percent strongest edges per row and per column. We found
that stronger filtering leads to hardly any propagation over time, whereas all clusters of
adjacent periods are connected with a smaller threshold. The remaining similarities represent
the connections of the clusters across the periods. In the end, we visualized the final evolution
of the TIM field in a flowchart (see Figure 4).

3

Bibliometric networks of TIM literature
In accordance with the deducted methodology, the key results of our analysis are the

bibliometric networks that visualize the similarities of articles and represent the foundation of
the subsequent clustering algorithm. With the goal in mind of finding the latest research fronts,
Figure 2 provides a detailed picture of the bibliometric network of the most recent and, hence,
most relevant period from 2012 to 2014. Figure 3 depicts the other periods in an aggregated
version.
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Figure 2 Research fronts of TIM between 2012 and 2014 represented by 3,648 nodes. The 3,000 strongest of 14,517
total edges are displayed. Dots represent articles in the data sample. x and y are local coordinates and the
background color illustrates the local density of publications calculated using a cosine weighted moving average.

The information illustrated in this section is integrated into an explanation of the
development of TIM research fronts in the following section, which also explains the choice of
the cluster’s titles. Note that a research front reflects a recent research theme that is built using
clustering and visualization algorithms. Many research themes never move to the center of
attention in their respective scientific community or are only discussed for a short period.
However, for a topic to form a research front, it has to have accumulated a significant number
of articles. Hence, although a topic has been previously discussed, forming a research front
signifies that it has recently been getting a lot of attention in the scientific community, has
grown to be at the heart of the respective research area, and therefore represents a current
hot topic. A detailed overview of all of the clusters in every period with their title, size, most
prominent articles, and largest number of publishing journals can be found in the Appendix.
The evolution of research fronts over time and their contents are described in section 4. Here,
the trends and, as such, the newness with respect to the contents of every cluster is explained.
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In addition, we consolidate our results with other bibliometric studies (see section 5.2) and find
that our results are largely consistent.
The increasing number of publications in the TIM field becomes obvious in Figures 2 and 3.
Furthermore, the networks illustrate disregarded articles in low-density areas (white dots), as
explained in the previous section. The networks and the proximity of the clusters displayed
therein yield very valuable input when evaluating the thematic connections of clusters in the
next section.

Figure 3 Research fronts of TIM in four different periods. Dots represent articles in the data sample. x and y are local
coordinates and the background color illustrates the local density of publications calculated using a cosine weighted
moving average. Top left: 3,859 nodes, 1,000 strongest of 2,389 total edges. Top right: 2,273 nodes, 2,000 strongest
of 7,216 total edges. Bottom left: 1,496 nodes, 1,500 strongest of 4,734 total edges. Bottom right: 1,105 nodes, 1,000
strongest of 2,389 total edges.

The main result of the methodological approach used is the visual representation of the
evolution of research fronts over time, which can be seen in Figure 4. As described in the
previous sections, we generated this image by calculating hybrid similarities of clusters in
adjacent periods and for periods separated by one interval. Circles represent the clusters and
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lines illustrate their similarities. The color gradient highlights the convergence or integration of
topics. In the flowchart, we arranged clusters that have connections across all periods and, as
such, represent lines of research in straight lines.
The network in Figure 2 and the flowchart in Figure 4 display the six latest research fronts
of TIM. Additionally, their emergence over time is evident. Some have connections across all
periods and, therefore, originate as part of a distinct line of research. In other cases, these
connections to previous research are too weak and are filtered in the applied method (see
previous section). Furthermore, the flowchart shows how topics with previously no affiliation
to a line of research can subsequently be integrated into one, such as “Technological
transitions” in the third period. However, sometimes a topic can be the origin for a new, fullfledged line of research (e.g., “Knowledge flows in social networks”). We describe in detail the
six identified most recent research fronts of TIM and their evolution in the next section. In
conclusion, we consider the quantitatively derived flowchart representation of the propagation
over time to be a very important tool to make developments obvious and to visualize the rise
and fall of important topics in the TIM field.

4

Development of TIM research fronts
The goal of this section is to draw a comprehensive picture of TIM research fronts and their

evolution during five periods from 2000 to 2014 (see previous section). The following analysis
refers to the information derived from the network graphs (Figures 2 and 3), the flowchart
(Figure 4), knowledge bases, and descriptive statistics that primarily consider information on
main authors and influential articles (see the Appendix). Based on this framework, we
conducted a text study of all of the abstracts – in some cases, of the full text – in every single
cluster. This allowed us to achieve a detailed understanding of the cluster contents and to pick
key representative articles. Regarding our large data sample, we concentrated on the most
prominent topics in terms of number of publications and citation count. In the next section, we
discuss the distribution of journals across the different identified research fronts.

Figure 4 Flowchart of the evolution of the TIM field. Circles represent clusters in the different periods and circle size displays the number of articles in the cluster. Lines represent the
similarities of the clusters, which are scaled according to the strength of the similarity. Colors illustrate the merging and integration of topics.
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A detailed analysis of the literature regarding the six latest research fronts identified in the
previous section led to the following headings: “Socio-technical transitions”, “Top management
teams & competencies”, “Foresight”, “Leadership”, “IT & smart factory”, and “Knowledge flows
in project management”. For a holistic picture of TIM, we incorporated the lines of research
that represent the origin of these topics to highlight their evolution over time as depicted in the
flowchart. In subsequent sections, we describe the six lines of research that conclude in the
latest research fronts. Based on the analysis of the respective clusters, they are titled as follows
(see Figure 4): (1) Transitions, (2) Foresight, (3) Innovative capabilities and competencies, (4)
Leadership, (5) IT management, and (6) Knowledge management.
4.1

Transitions
The first line of research leading to the “Socio-technical transitions” research front

addresses transitions in different contexts that are often but not necessarily initiated by
technological change. In this line of research, the perspective evolves from an internal
company-specific view to entire socio-technical systems. As such, it starts off with the adoption
and implementation of IT-driven innovations in companies in 2000. Subsequently, the literature
addresses the transition of companies’ business models to e-businesses. In the third period,
research is further developed and concentrates on the successful adoption of e-business
models. Here, the focus is on customer-driven transitions and their impact on business
performance, such as customer relationship management (CRM). During the fourth period, the
perspective for the research area of transitions becomes more global when contextualizing
multinational companies (MNCs) and international R&D processes. The transitions primarily
represent changes in the strategic orientation of an international network of subsidiaries.
Currently, the major context for transition research has shifted to a broader framework – mainly
socio-technical systems – that addresses the question of how technological transitions are
initiated and sustainably developed. For their analysis, new frameworks and concepts are
created, such as multi-level approaches or innovation system functions. This line of research is
also visible in the bibliometric study by Liu et al. (2015).
During the first period, the “Transition of management practices” cluster is divided into
two parts: the implementation of new workplace practices and the adoption of information
technology. The former addresses IT-driven transitions in management practices and internal
work processes. In this context, the organizational framework for efficient information system
implementation is of key interest to researchers. Thereby, a frequently studied example is total
quality management (TQM) (e.g., Young, Charns and Shortell, 2001; Ravichandran, 2000). The
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second large research field mainly analyzes critical factors for the successful adoption of
enterprise resource planning (ERP) systems in different contexts, such as manufacturing (e.g.,
the highly cited Hong and Kim, 2002; Hitt, Wu and Zhou, 2002; Klein, Conn and Sorra, 2001) or
human resource (HR) management (e.g., Heijltjes, 2000). Furthermore, the authors have
examined the effects of IT adoption on operational processes, performance, and supply chain
structures. Publications on champions and entrepreneurial orientation complement both
subtopics because they represent drivers for change (e.g., Antončič and Hisrich, 2001; Ireland
et al., 2001).
In the second period, the megatrend of digitalization influences this line of research. This
trend has already emerged in the previous period in cluster 1, which contains research on the
user acceptance of information technology (e.g., the highly cited Chau and Hu, 2001). As such,
the perspective becomes more market driven. The main focus in this period represents the
transition from existing business models to e-businesses. The key issues are the technological
readiness of employees (e.g., Zahay and Handfield, 2004) or customers (e.g., Tsikriktsis, 2004)
regarding technological transitions. Beyond that, the perspective incorporates suppliers when
addressing the effects of technological transitions on supply chain integration (e.g.,
Swaminathan and Tayur, 2003; Cagliano, Caniato and Spina, 2003). Finally, the authors study
online banks that pioneered the adoption of e-commerce as role models for the successful
adoption of e-business models (e.g., DeYoung, 2005). Beyond that, the literature on TQM topics
is still existent (e.g., York and Miree, 2004).
The research on e-business matures during the third period and pushes forward the
transition to the respective business models. The focus shifts to an analysis of the successful
implementation of e-businesses. The literature deals with the topics of offshoring IT-services
(e.g., Leonardi and Bailey, 2008) and virtual teams (e.g., Shachaf, 2008). Because e-commerce
provides an additional channel to the customer, a large body of literature on adopting e-CRM
practices (e.g., Richard, Thirkell and Huff, 2007) is also a part of this research front. In addition
to the e-topics and in accordance with the first period, empirical studies frequently analyze the
effects of the successful implementation of TQM (e.g., Prajogo and Hong, 2008; Prajogo and
Sohal, 2006) and ERP systems (e.g., Hendricks, Singhal and Stratman, 2007).
The prominent research field of new product development (NPD) converges with this “eBusiness models” cluster. From 2000 to 2005, this field represented a prominent research area
based on the work of Griffin (1997) and Cooper and Kleinschmidt (1994) (also Cooper, 2001).
These studies address classical NPD topics, such as the stage-gate® process (Cooper, Edgett and

Paper 2: Mapping technology and innovation management literature using hybrid bibliometric networks

84

Kleinschmidt, 2002), the organization of (cross-functional) NPD teams (e.g., Montoya-Weiss,
Massey and Song, 2001; McDonough, Kahn and Barczak, 2001; McDonough, 2000; Tatikonda
and Rosenthal, 2000b; Leenders, van Engelen and Kratzer, 2003), NPD project management
topics (e.g., methods and tools in NPD projects, Tatikonda and Rosenthal, 2000a), or NPD
strategy (e.g., Calantone, Garcia and Droge, 2003). In addition, research on the organization of
knowledge flows in the NPD context primarily refers to software support (e.g., Hislop, 2002;
Nambisan and Wilemon, 2000; Zahay, Griffin and Fredericks, 2004). However, in 2006, the NPD
research field was no longer a standalone line of research and experienced steadily decreasing
interest in the scientific community. As such, NPD-specific topics were scattered to other
research areas, especially to transition topics and the “Innovative capabilities and
competencies” research line. The authors addressed NPD topics in the context of new business
models or the learning organization as a general framework.
During the fourth period, the perspective shifts to a network view in the context of MNCs
and international R&D (e.g., Williams and Nones, 2009). The focus is on transitions that mainly
represent changes in a headquarters’ strategic decision and its consequences for its
subsidiaries. As such, the literature addresses the challenges of an organization’s internal and
external knowledge flows to enable absorptive capacity and to boost innovation performance
(e.g., Hong, Snell and Easterby-Smith 2009; Simonin and Özsomer, 2009). Topics regarding the
efficient implementation of IT-initiated management practices can barely be found in this
period. Additionally, research on CRM is of decreasing interest and is migrating to the
“Knowledge management” research line.
In the recent period, the topic of transitions has developed to become the most prominent
research front in terms of cluster size (N=634). The research field of transitions in MNCs is
developing further (e.g., Wu and Haak, 2013; Fleury, Fleury and Borini, 2013; Miozzo and Yamin,
2012). In the majority of publications, the underlying context is enlarging again. The steady
development from companies’ internal perspective in the first period, to a market perspective,
and finally to an analysis of complex systems becomes evident. Recent literature analyzes
fundamental system changes in markets, industries, or societies (Safarzynska et al., 2012).
Research focuses on topics such as socio-technical systems that attempt to answer the question
of how technological transitions on a large scale can be initiated and developed to achieve an
environmentally sustainable economy (e.g., van Geenhuizen and Ye, 2014; Farla et al., 2012).
The “Technological transitions” research area has previously emerged as cluster 1 from the
prior period (e.g., Foxon, Hammond and Pearson, 2010; Vasileiadou and Safarzynska, 2010;
Holtz, Brugnach and Pahl-Wostl, 2008). Through theories of technological transitions, this
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cluster contains literature on the evolutionary perspective of strategic niche management to
analyze the network dynamics of collaborative innovation networks (e.g., Hermans et al., 2013).
In this case, the focus sometimes shifts from a macro-level perspective back to the company
perspective. Authors study the visioning and strategic behavior in niche management decisions
to profit from technological transitions (e.g., Boon, Moors and Meijer, 2014). In the context of
sustainability, this research front also contains literature on technological transitions in
agriculture (e.g., Cavallo et al., 2014; Teklewold, Kassie and Shiferaw, 2013). Finally, the
research front has a link to the “IT and supply chains” cluster of the previous period. The
connection results from a similar context as that when treating the transition of supply chain
management based on new information technologies—in this case, RFID.
4.2

Foresight
This research front emerges in the fourth period, in which it mainly concerns outsourcing

and offshoring issues. However, it also contains a body of literature regarding foresight, which
progresses to the main research focus in the fifth period and represents a rather young research
front. This can be seen by observing the knowledge bases from which the majority of the articles
has been published in the last 10 to 15 years. Both foresight and offshoring issues build on
research on network theory when analyzing social systems to generate competitive advantages,
or to best prepare for the (long term) future. The offshoring issues build on research on IToutsourcing processes. The knowledge base for the foresight issues contains mainly articles
addressing technology management in general and foresight methods in particular.
Compared with the other periods considered, research on outsourcing activities is most
prevalent in the fourth period. This period consists of literature on offshoring different business
processes. Examples include manufacturing (e.g., Fuchs and Kirchain, 2010), administration and
R&D (e.g., the highly cited Kenney, Massini and Murtha, 2009; Rilla and Squicciarini, 2011),
information systems projects (e.g., the highly cited Rai, Maruping and Venkatesh, 2009; Nakatsu
and Iacovou, 2009), or marketing (e.g., Sharma, Iyer and Raajpoot, 2009). The content is clearly
similar to cluster 1 (“Transitions in multinational companies”) of the first line of research, which
is also depicted by the local proximity of the two clusters (see network graph, Figure 3). The
research on foresight activities adds to this cluster and, therefore, represents a holistic
instrument for strategy development in different contexts. As such, it contains literature on
foresight processes in a company setting (e.g., Rohrbeck and Gemünden, 2011; Vecchiato and
Roveda, 2010; van der Duin and Hartigh, 2009) and on a regional or national level (e.g., Könnölä,
Salo and Brummer, 2011).
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During the fifth period, research on foresight is further developed and represents the most
prominent research area of this cluster. Here again, the literature on strategic foresight at a
business level (e.g., Rohrbeck and Schwarz, 2013; Heger and Rohrbeck, 2012) and at a national
level (e.g., Vecchiato and Roveda, 2014; Cagnin and Konnola, 2014) can be found. In addition, a
large body of research addresses foresight methods, primarily focusing on scenario technique
(e.g., Saritas and Nugroho, 2012; Chen, Wakeland and Yu, 2012) and technology roadmapping
(e.g., Choi et al., 2013; Cowan, 2013; Carvalho, Fleury and Lopes, 2013). The latter is linked to
research on the management of technology-related knowledge transfers (e.g., McDowall,
2012), with a special focus on university–industry transfers (e.g., Ho et al., 2014; Fuller and
Rothärmel, 2012). The same topic is emphasized in the literature on the organization of
knowledge flows and in research on the phenomenon of labor flexibility in the context of TIM
(e.g., Kleinknecht, van Schaik and Zhou, 2014). Furthermore, this cluster contains studies on
corporate social responsibility (e.g., Bocquet et al., 2013; Russo-Spena and Chiara, 2012).
Although not clearly connected to foresight, we observe a connection regarding the fact that
both concepts consider issues that are far outside companies’ usual operative contexts and
prevailing business models.
4.3

Innovative capabilities and competencies
The third line of research that leads to the “Top management teams and competencies”

cluster contains research on competence generation and innovative capabilities. The examined
effects gradually shift from the influence of R&D internationalization and collaboration during
the first periods to the impact of top management team characteristics and strategic
orientation on innovation performance in subsequent periods.
In the first two periods, this research topic contains mainly publications on the drivers and
effects of R&D internationalization. In the context of the resource-based view, the examined
purpose of R&D internationalization is the enhancement of innovative capabilities. Key
discussions concern different goals. First, market-driven patterns of R&D organization are
compared with resource-driven structures (e.g., Zedtwitz and Gassmann, 2002; Medcof, 2001).
A second research focus includes the determinants of internationalization biasing home
advantages versus foreign country strengths (e.g., Zedtwitz, 2004; Le Bas and Sierra, 2002; Luo,
2002; Calantone and Zhao, 2001). Third, authors have investigated structures of innovation
networks regarding the analysis of conflicts between headquarters and local autonomies (e.g.,
Asakawa, 2001). In most cases, MNCs again serve as the underlying context and authors have
investigated the question of how competence building is optimally organized (e.g., Venaik,
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Midgley and Devinney, 2005; Hansen and Løvås, 2004; Rugman and Verbeke, 2001). This relates
to the line of research on transitions with a focus on the management of communication
processes in an international context. Here, the research interest is more in foreign investments
or export activities and the need for global expansion to grow and increase innovation
performance (e.g., Knight and Cavusgil, 2004; Bell, Crick and Young, 2004). Finally, when
referring to resource-based theory, there is the basic article of Eisenhardt and Martin (2000)
and its application in empirical research (e.g., the highly cited Danneels, 2002 or Hitt et al.,
2001).
During the third period, the internationalization topic in this cluster evolves to a large
research area of collaboration in general (e.g., Zhang and Dodgson, 2007; Kandemir, Yaprak and
Cavusgil, 2006). If companies operate globally, the management of capabilities and
competencies becomes more important, reflecting the research interests in this research front.
Prominent topics are the management of international alliances, intellectual assets, the
integration of external knowledge and competencies, and the role of the top management team
in the context of internationalization. In greater detail, the flowchart depicts that cluster 3 from
the previous period adds to this research body containing literature on strategic alliances (e.g.,
Wong, Tjosvold and Zhang, 2005), also often in the context of intellectual property
management (e.g., Revilla, Sarkis and Modrego, 2003). In addition, authors have analyzed the
capabilities needed to successfully operate in alliances (e.g., Kale and Singh, 2007). When
expanding globally, the integration of external capabilities and competencies becomes evident.
As such, research on the absorptive capacity phenomenon is significantly increasing (e.g.,
Fosfuri and Tribó, 2008; Jones, 2006; Tu et al., 2006), in reference to the basic work of Cohen
and Levinthal (1990) and Zahra and George (2002). Finally, the literature on the constitution of
the top management team in globally operating companies emerges. For example, this
literature discusses the team’s diversity in terms of ethnical identity in an international
surrounding (e.g., Alas and Umans, 2008). The latter relates to cluster 2 from the previous
period that addresses team-specific issues in the context of new product development (e.g.,
Leenders et al., 2003).
The fourth period reveals a continuation of the research on collaboration, especially
regarding the management of alliance portfolios and often in alignment with intellectual assets
(e.g., McGill and Santoro, 2009). The literature from the transitions research front of the third
period adds to this body of work. The connection is built on the research on offshoring activities
of globally operating companies or innovation networks (e.g., Fifarek, Veloso and Davidson,
2008; Rottman and Lacity, 2006). However, the focus shifts from internationalization to
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research on top management team characteristics, thus developing a more significant part of
this research front. Viewed as a crucial capability of the firm, the impact of the top management
team on innovation performance and strategic orientation is analyzed (e.g., Buyl et al., 2011;
Harmancioglu, Grinstein and Goldman, 2010; Talke, Salomo and Rost, 2010). In this context,
research is becoming more detailed when analyzing the role of different CXOs (e.g., CegarraNavarro, Dewhurst and Eldridge, 2010; Peppard, 2009). In general, the results show that the
diversity and involvement of the top management team enhance innovation orientation and
new product success. The literature on technology management from the previous period
(cluster 4) adds to this research front. It addresses technology-management-specific topics,
primarily regarding team-related issues (e.g., Levin and Barnard, 2008) or methods and tools
and their benefit for decision makers in development projects (e.g., Thien and Daim, 2008;
Groenveld, 2007).
The latest period continues the research on the effects of top management team
constitution and competences in strategic orientation (e.g., Cai, Liu and Yu, 2013). Topics such
as transformational leadership (e.g., Nijstad, Berger-Selman and De Dreu, 2014), ambidextrous
governance (e.g., Blome, Schoenherr and Kaesser, 2013), and ambidextrous orientation to best
explore and exploit technological know-how (e.g., Lee, Wu and Liu, 2013) are of increasing
interest. In this context, significant focus is on the analysis of the entrepreneurial orientation of
decision makers (e.g., Sciascia, Mazzola and Chirico, 2013; Tang and Tang, 2012).
Entrepreneurial orientation is analyzed as a complex construct reflecting a crucial capability to
foster innovation performance. To summarize, this research front has developed from the
analysis of internationalization activities and the integration of foreign know-how over the
analysis of decision makers’ characteristics into a holistic view to generate competitive
competencies using entrepreneurship theory.
4.4

Leadership
In the most recent period, this research front appears to be detached from previous

research fronts. This research front consists of research in the large context of leadership and
focuses mainly on two major topics. The first topic is the constitution of the top management
team in TIM (e.g., Zona, Zattoni and Minichilli, 2013; Robeson, 2011), referring to the basic work
of Fama and Jensen (1983) and Kor (2006) and including research on board member issues in
relation to investment decisions (e.g., Chen, Ho and Hsu, 2013). The second topic is research on
entrepreneurship in the strategic management context (e.g., the already highly cited Siegel and
Renko, 2012) with a focus on an analysis of the characteristics of intrapreneurs and decision
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makers in companies (e.g., Camelo-Ordaz et al., 2012). The research front is similar to the
research focus on the “Top management teams and competencies” cluster, which is proven by
local proximity (see network graph, Figure 2).
4.5

IT management
The fifth line of research leading to the “IT and smart factory” research front represents

research on information and communication technologies and their application, especially for
supply chain management. This research starts with the design of information systems for the
business context that focuses on strategy alignment. This research continues in the second
period, where it is complemented by publications on IT outsourcing. Building on this foundation
during the third period, the focus shifts to issues that answer the question of how to profit from
IT management in different business contexts, especially to render supply chains efficient. In
the fourth and fifth periods, the supply chain issues remain prominent and concrete
applications of new information technologies, prevalently RFID, are investigated. The strategic
part of IT management is also pushed forward when addressing lean management topics.
Beyond that, there is research on the smart (and green) factory and service innovations using
the tourism sector as a framework and a representative of a low-technology industry.
In the first and second periods, the literature on the strategy alignment of IT projects
represents the largest part of this line of research (e.g., Croteau and Raymond, 2004;
Hirschheim and Sabherwal, 2001; Sabherwal and Chan, 2001). Again, resource-based theory
often provides the theoretical background (e.g., the highly cited article of Kearns and Lederer,
2003). In the context of IT projects, this cluster also contains literature on the selection and
implementation of ERP systems (e.g., Bendoly and Jacobs, 2004; Sheu, Chae and Yang, 2004;
Kumar, Maheshwari and Kumar, 2003). This has a strong link to the transitions research line and
will migrate there during the next period. Regarding the implementation of new information
and communication technology, the authors have discussed strategic decisions on outsourcing
practices in general (e.g., Aron, Clemons and Reddi, 2005), mainly with a focus on outsourcing
IT activities (e.g., the highly cited articles of Bahli and Rivard, 2005; Koh, Ang and Straub, 2004;
Lee, Miranda and Kim, 2004). Here again, as in the “Transitions” and “Innovative capabilities &
competencies” research lines, outsourcing topics are addressed. Although there is no
methodological proximity, there is a content-specific similarity because of the general
characteristics of outsourcing. Hence, outsourcing as a common topic in strategic management
appears in different lines of research.
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During the third period, the focus changes from the implementation of IT systems to their
contribution to operations performance (e.g., da Silveira and Cagliano, 2006) in different
business contexts. Here, the literature is very prominent on the integration of suppliers in the
form of e-procurement to render supply chains more efficient (e.g., Schoenherr, 2008; Pearcy
and Giunipero, 2008). Other contexts for IT applications are virtual marketplaces (e.g., Kim and
Ahn, 2007), e-commerce, especially auctioning (e.g., Finch, 2007; Chua, Wareham and Robey,
2007), and HR management that asks how information technology leads to modern e-HR
activities and strategies (e.g., Haines and Lafleur, 2008; Panayotopoulou, Vakola and Galanaki,
2007). Beyond that, the flowchart shows a link to the small intellectual property cluster of the
previous period that has already influenced the “Innovative capabilities & competencies”
research area. As such, the literature on the organization of global intellectual property
management (e.g., Lu, 2007), innovation management across globally dispersed subsidiaries
(e.g., Mudambi, Mudambi and Navarra, 2007), or knowledge transfer between MNCs’
headquarters and their subsidiaries (e.g., Lee et al., 2008) adds to this research front. Finally,
the network graph (Figure 3) shows the proximity to cluster 3 (“Strategic alliances”), addressing
the organization of knowledge flows in both globally and collaboratively operating companies.
From 2009 to 2011, the cluster grew to become the largest in the period and in relation to
all other clusters in this period (cluster 4, N=584). Building on the supply chain topic, the impact
of new information technology—mainly RFID—is frequently discussed (e.g., Wang, Wang and
Yang, 2010; Lin and Ho, 2009). Here, the research focus is on efficiency benefits and general
challenges regarding the integration of RFID technology in a prevalent supply chain (e.g.,
Whang, 2010). Connected to the notion of efficient logistics, the trend issue of green innovation
(e.g., Demirel and Kesidou, 2011) is also part of this cluster. Certain authors address the role of
IT (e.g., Jenkin, Webster and McShane, 2011) under the headline eco-innovation, where family
businesses are often the organizational context (e.g., Zachary et al., 2011; Huang, Ding and Kao,
2009; Miller et al., 2009). To summarize, the IT-driven trend of the smart factory (Zuehlke, 2010)
resulting in efficient and green businesses emerges as a foundation for the next period.
The fifth period continues the research on information technology in supply chains. The
RFID topic, implicitly or explicitly embedded in the context of a smart factory and its application
in TIM-related business processes, has developed into a prominent research field (e.g., Zhu,
Mukhopadhyay and Kurata, 2012). In addition, the strategy-related issue of lean management
in production and other processes (e.g., Schulze and Störmer, 2012; Moyano-Fuentes,
Sacristán-Díaz and Martínez-Jurado, 2012; Jaca et al., 2012) is gaining importance. Connected
to the issues of changing supply chains, research exists on the servitization of manufacturers
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(e.g., Turunen and Finne, 2014; Ryu et al., 2012) and the service orientation of companies in
low (e.g., Tax, McCutcheon and Wilkinson, 2013) or high service-intensive industries. Again,
low-technology industries and especially the tourism sector gain research interest similar to the
agriculture sector in the transitions research front. Here, IT applications in the tourism industry
(e.g., Inversini and Masiero, 2014; Martin-Rojas, Garcia-Morales and Mihi-Ramirez, 2014) and
topics on green tourism (e.g., Chou, 2014) are addressed.
4.6

Knowledge management
The sixth line of research leads to the “Organization of knowledge flows in project

management” research front that centers on knowledge management and results in a
diversified research front in the latest period. Starting from a small research area that addresses
the organization of knowledge flows in social networks in the third period, this research front
grows constantly. With existing knowledge management systems in place, the fourth period
looks at how to combine the extant knowledge in innovative ways by leaning on organizational
learning and transactive memory systems. In the current period, the focus is on the customer
side as an external source of knowledge. CRM topics based on the underlying project
management context are addressed. Therefore, the cluster also contains a large body of
research on project portfolio management and the fuzzy front end of NPD.
The cluster starts in 2006 in a fairly small manner (N=125) and addresses mainly the
modeling of social networks in companies and their knowledge flows in a general context (e.g.,
Kulkarni, Ravindran and Freeze, 2007) and in the context of creativity (e.g., Kijkuit and Van Den
Ende, 2007). Both result in developing a learning organization. Additionally, regarding modeling
and generating new knowledge, literature exists that revolves around technology forecasting.
These articles are on forecasting methods and tools (e.g., the most cited representative article
is Bengisu and Nekhili, 2006) and organizing forecasting processes at the business level (e.g.,
Wang and Lan, 2007).
In the fourth period, the research front has increased almost threefold regarding the
number of articles contained (N=350). In this period, the research builds on research on
knowledge flows, studies on organizational learning, and transactive memory systems theory.
As such, this cluster contains research on absorptive capacity (e.g., Lewin, Massini and Peeters,
2011) and learning processes to boost creativity (e.g., Gino et al., 2010). In the context of the
exploration of external knowledge, authors also discuss open innovation (e.g., Bianchi et al.,
2010; Lichtenthaler, 2010). Finally, topics concerning the ideal organizational climate and
managerial orientation are examined to best facilitate learning. This process is underlined in
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the literature on R&D management strategies (e.g., Kelley, Peters and O’Connor, 2009; PertusaOrtega, Molina-Azorin and Claver-Cortes, 2009) and by the work of Kaplan and Norton (1996),
which introduces the balanced scorecard as a key strategic instrument.
In the most recent period, the research front has grown again and almost doubled its
cluster size (N=613). The topic of CRM further develops the exploration of external knowledge.
It inserts CRM in the context of project management as a concept for the systematic integration
of customer knowledge to create a learning organization (e.g., Hsieh et al., 2012; Wang and
Feng, 2012; Sigala, 2012; Li and Mao, 2012). Before it became very prominent in this period,
this topic already emerged in the fourth period. In the general context of project management,
this cluster contains literature that addresses project portfolio management and focuses on the
knowledge management aspect and communication forms of project management (e.g.,
Beringer, Jonas and Kock, 2013; Beringer, Jonas and Gemünden, 2012). Additionally, research
exists on the organization of knowledge in the fuzzy front-end of NPD (e.g., Markham, 2013;
Brentani and Reid, 2012). This topic is also underlined by research on the roles of the top
management team in innovation projects from the previous period (cluster 3). Finally, in the
context of project management, the research field of performance measurement from the
previous period (cluster 6) relates to this research front. It contains literature on auditing issues
and, in particular, the role of the audit team in the context of strategic TIM (e.g., Walsh and
Linton, 2011; Dowling, 2009).

5
5.1

Discussion and conclusion
Discussion of the lines of research
The primary aims of this research were to identify recent research fronts in the field of TIM

and to analyze their evolution over time. We analyzed more than 12,000 articles published in
the 15 years between 2000 and 2014, divided into five periods. To enable our in-depth analysis,
we applied a state-of-the-art bibliometric approach using hybrid textual- and citation-based
similarity measures. We derived method parameters, such as edge cutting and citation
thresholds that were suitable for our data, through extensive testing of different cluster
solutions and compared their content with a focus on clearly differentiating larger TIM research
topics. A force-directed layout algorithm allowed the visualization of all clusters in twodimensional networks to support the interpretation regarding thematic proximity. Finally, we
mapped the evolution of recent research fronts in a flowchart representation. Five primary
research lines became obvious. We analyzed the relations of all research fronts within and
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between the lines of research to ascertain the origins of the main topics in TIM research and
their propagation over time.
As a result, we found six recent research fronts and the lines of research from which they
originate, including “Socio-technical transitions”, “Top management teams & competencies”,
“Foresight”, “Leadership”, “IT & smart factory”, and “Knowledge flows in project management”.
The overall story of the development of the research fronts during five three-year periods is
described in the previous sections. The following main results have become evident. First, the
six research fronts in the most recent period have evolved through connections of different
intensity to each other. These research fronts have been evident in previous periods and have
developed continuously in the form of lines of research that represent standalone research
areas. In particular, knowledge management has grown considerably during the past decade.
Most of the time, the topics between the lines of research are disjunctive in nature. Sometimes,
content-specific similarities of external clusters appear beyond the prevalent lines of research
when TIM studies have a common framework: MNCs as an organizational context, organization
of knowledge flows as a comprehensive challenge, and offshoring activities as a general topic
in strategic management research. Second, large areas of prior research have converged to one
or more of the prevalent lines of research, mainly NPD and intellectual property management.
Third, to draw a holistic picture of TIM research during the past 15 years, the research focus has
enlarged. This means that the systemic view has gained significant interest and has left far
behind topics on business process efficiency. Today, the core focus is finding the answer to the
question of how to innovate in complex networks and systems. Finally, TIM is no longer a
research area solely for high-technology industries. As our analysis shows, interest is increasing
in research on low-technology industries, such as tourism and agriculture, as well as services in
general.
In summary, the in-depth analysis of the clusters and lines of research in section 4 reveal a
globally coherent picture of the TIM field. However, we also find that it is sometimes biased in
its detail. This biased view originates from different methodological aspects and is evident in
several facets. First, topics exist before they appear in a research front. For example, in our
analysis, the large enough number of articles to be published on the topic of “Socio-technical
transitions” required to form a cluster was not met until the last period. However, a small
number of articles addressing this phenomenon existed long before 2012 (e.g., Geels, 2002;
Smith, Stirling and Berkhout, 2005; Geels and Schot, 2007). The same is true for the “Foresight”
cluster. Additionally, we omitted articles in low-density areas, which is another possible reason
for this effect. Hence, the methodological approach in this study better differentiates between
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larger research fronts at the cost of sometimes masking articles representing the birth of a
topic. Second, clusters converge although their similarity is not immediately obvious. Remaining
with the “Socio-technical transition” example, this was particularly true for the line of research
forming around the underlying abstract concept of “Transitions” in different contexts. This line
contains research on IT implementation or TQM with a focus on efficiency topics in the very
beginning, as well as innovation in MNCs with a focus on the analysis of headquarters’ strategies
and the organization of knowledge flows in subsequent periods. A smaller cluster resolution
likely does not yield a similarity between these topics. On the one side, this can be viewed as a
drawback of our approach. On the other side, the search for the common denominator—in this
case, transitions—that allows the algorithm to connect the topics challenges the existing
opinions of researchers and encourages them to adopt different perspectives. A third facet
representing the biased view of TIM is that clusters do not converge even if the topics are
similar. This is especially true for the “Leadership” cluster in the last period, which seems to
spring from nothing. A deeper analysis reveals that there is high content-specific similarity to
the cluster of “Top management teams & competencies”. In addition, the two clusters are next
to each other in figure 2. Therefore, we assume that the two clusters must represent a single
cluster, although our calculations with the chosen similarity threshold of 0.075 yield a different
result. Fourth, the clustering in this article resulted in rather large clusters. Therefore, an
extensive analysis of subtopics on the basis of abstracts and titles was necessary, which is
always prone to subjective bias.
Using the insights gained from a detailed analysis of all subtopics in each line of research,
we finally discuss how the research fronts reflect TIM specialty journals or journals from related
research areas. Regarding the entire data set, as one could expect, we found a high quota of
TIM-specific journals. In addition, the second highest amount is articles published in business
management-related journals (see Table 1). For a more detailed analysis of journal
distributions, we extracted the top 15 journals in each period of all lines of research and focused
on the top cited articles. In the next paragraphs, we provide a brief overview for each line of
research.
In the “Transition” line of research, the quota of TIM specialty journals (Technovation,
Journal of Product Innovation Management, Research Policy, International Journal of
Technology Management, R&D Management, or Technological Forecasting and Social Change)
is fairly high. Hence, across all periods, the top journal in this line of research is a TIM specialty
journal. However, in the first two periods, apart from the top journal, the predominant journals
are from business management research areas given that IT-driven transitions in management
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practices are dominating topics. In the following periods, classical TIM journals increase their
share probably because these transitions are often initiated by technological change. In the last
period, Technological Forecasting and Social Change and Research Policy dominate the journal
landscape, grouping the large research fields of innovations in socio-technical systems.
The “Foresight” line of research, as previously discussed, contains two main issues:
offshoring and foresight. Both become obvious again when analyzing the journal landscape.
Foresight topics are mainly published in Technological Foresight and Social Change, Futures,
Research Policy, and Technovation. The offshoring topics are mainly visible in the Strategic
Entrepreneurship Journal, Information Systems Research, or Journal of Knowledge
Management. The overall quota of TIM journals is even higher than in the “Transitions” line of
research.
The “IT management” line of research contains—in addition to TIM journals and business
management-related journals—journals that group subtopics, such as innovation in tourism
(e.g., Tourism Management) or agriculture (e.g., Agricultural Economics). Not surprisingly, a
large number of articles are published in IT management journals, such as Journal of
Information Technology, Journal of Management Information Systems, or Information &
Management.
The line of research “Innovative capabilities and competencies” contains the highest quota
of business management-related journals, such as the Academy of Management Journal,
Strategic Management Journal, Journal of Business Research, or Management Decision. This is
especially true for the first three periods, when the focus was on the constitution of top
management teams and the internationalization and globalization of MNCs. In the last two
periods, TIM journals dominate, especially the Journal of Product Innovation Management and
Technovation, which groups all subtopics addressing the crucial capabilities to foster
innovation.
The quota of TIM journals in the “Knowledge management” line of research is as high as in
the “Transitions” line of research. Not surprisingly, knowledge management journals such as
the Journal of Knowledge Management or Knowledge Management & Research Practice add to
the TIM journals. In this line of research, the quota of classical business management journals
is very low.
For the “Leadership” cluster—a standalone cluster in the last period—as previously
discussed, one could assume that the quota of business management-related journals is very
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high, which is not the case. The leadership topics have a strong link to leadership in the context
of TIM, such as NPD, investment decisions for innovation projects, characteristics of board
members in innovative companies, organizational learning, or the entrepreneurial behavior of
board members in fostering innovation.
In summary, our quantitative clustering procedure shows that TIM specialty journals
address a broad range of topics. Although foresight and innovative capabilities are, as an
example, obviously still the core theme, the last years have shown that topics such as leadership
and knowledge management are also increasingly incorporated in these journals. Hence, the
thematic overlap with general management journals has increased, and we postulate that it will
continue to do so.
5.2

Consolidation with past bibliometric studies
The goal of this section is to compare the underlying knowledge bases that were previously

researched by other authors with the most recent research fronts of TIM that are derived in
this paper. This goal facilitates a final holistic overview of the field, although it is complicated
by the diversity of used methods, data samples, and the timeframe in focus. Thereby, we
highlight the differences between the underlying intellectual structure and current research
topics. Additionally, we discuss the advantages of the methodological approach presented in
this study.
Previous bibliometric studies in the field by Pilkington and Teichert (2006) and Biemans,
Griffin and Moenaert (2007) stressed the importance of two topics in publications in the 1990s:
strategy and innovations’ role in strategy, and TIM processes with their success factors. The
remnants of the latter topic can be seen in the flowchart (Figure 4). From 2000 to 2005, two
clusters still focus on NPD processes before they converge with the “Transitions” and
“Innovative capabilities & competencies” lines of research. Additionally, topics such as
customer integration, the importance of teams and culture, and knowledge management and
the resource-based view were already present in previous decades but were of lesser
importance. Another bibliometric study of the journal R&D Management by McMillan (2008)
stated that the resource-based view and the concept of absorptive capacity moved to the
center of attention in the early 2000s. More recent studies still see the respective prominent
publications as the core literature in the field (Shafique, 2013; Fagerberg et al., 2012).
Therefore, theoretical concepts such as absorptive capacity (Cohen and Levinthal, 1990) and
dynamic capabilities (Teece, Pisano and Shuen, 1997; Barney, 1991) as further developments of
the resource-based view and the learning organization (Nonaka and Takeuchi, 1995; March,
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1991) have been identified as prominent and fundamental research areas in these studies. In
addition, authors identified innovation systems and collaborations, as well as the patterns of
change and diffusion as upcoming research topics.
Table 3 Summary of most referenced articles by research fronts in the latest period
Research Front
1. Socio-technical
transition

2. Foresight

3. Top management
teams &
competencies

4. Leadership

5. IT & smart factory

6. Knowledge flows
in project
management

Size
634

270

202

374

461

613

Most referenced publications

Times
cited

Share of articles
citing

Cohen and Levinthal, 1990

79

12,5%

Barney, 1991

58

9,1%

Eisenhardt, 1989

54

8,5%

Teece et al., 1997

44

6,9%

Fornell and Larcker, 1981

43

6,8%

Eisenhardt, 1989

26

9,6%

Cohen and Levinthal, 1990

24

8,9%

Barney, 1991

19

7,0%

Yin, 2003

17

6,3%

Nonaka and Takeuchi, 1995

15

5,6%

Podsakoff et al., 2003

37

18,3%

Cohen and Levinthal, 1990

31

15,3%

March, 1991

30

14,9%

Teece et al., 1997

30

14,9%

He and Wong, 2004

24

11,9%

Podsakoff et al., 2003

42

11,2%

Cohen and Levinthal, 1990

38

10,2%

Barney, 1991

35

9,4%

Teece et al., 1997

33

8,8%

March, 1991

31

8,3%

Barney, 1991

47

10,2%

Podsakoff et al., 2003

41

8,9%

Fornell and Larcker, 1981

40

8,7%

Cohen and Levinthal, 1990

39

8,5%

Eisenhardt, 1989

36

7,8%

Fornell and Larcker, 1981

82

13,4%

Podsakoff et al., 2003

67

10,9%

Barney, 1991

66

10,8%

Cohen and Levinthal, 1990

61

10,0%

Eisenhardt, 1989

61

10,0%

Former studies of the TIM field used the top referenced publications as input in clustering
algorithms or factor analyses. In contrast, we used a far larger data set consisting of the latest
publications. Therefore, the results of our analysis, although not carried out much later than
previous studies, represent continued research in the TIM field up to 2014. As explained in the
Methodology section, the top referenced publications and, therefore, the knowledge bases in
our data sample show good agreement with similar previous studies, with the most significant
contrast being the differences in the timeframes analyzed. Hence, we found that absorptive
capacity, capabilities, and the resource-based view still form the underlying foundation of
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innovation literature. However, Table 3 shows that these top-cited publications do not
differentiate the research fronts found, which validates our choice of using bibliographic
coupling and omitting the most referenced publications in its calculation.
Three lines of research, detailed in the Development of TIM Research Fronts section, pick
up on important issues that have been identified in the past: “Transitions” builds on
organizational change, “Innovative capabilities & competencies” is strongly tied to research on
collaboration, and “Knowledge management” rises from an underlying concept to an
independent line of research in TIM. However, “IT management” and the focus on supply chain
innovation has not been identified as an important research issue in past bibliometric studies.
This is most likely the result of a smaller data sample and the focus on most referenced
publications. Other topics that previous studies did not identify as independent research
clusters are “Foresight” and “Leadership”, whereby the latter is highly related to “Top
management teams & competencies”. In fact, the opposite is true. Keupp et al., p. 379 (2012)
state that the research on leadership has been “neglected in strategic management literature”.
As is seen in cluster 4 in the latest period, their call for more research in this area was answered.
The cluster that revolves around foresight portrays the continued shift to ever-broader
perspectives and stresses the importance of companies looking past their usual contexts.
Further topics that Keupp et al. (2012) find to be of little interest in the literature are services
and administrative innovation. However, when using our methodological approach, both topics
are clearly visible, even in older periods. Administrative innovation in implementing new
workplace practices, especially TQM, was an important topic in transitions research in the first
and second period (see the Transitions section). Research on services is mainly part of the “IT
management” research line because many innovative services are IT enabled (see the IT
management section).
As another aspect, past studies find that research in TIM literature still primarily focuses on
technology as a driver (e.g., Di Stefano et al., 2012; Keupp et al., 2012). Our findings support
that claim; however, as previously mentioned, we also find research on topics such as tourism
or agriculture. These topics are not frequently published in distinct TIM journals but are clearly
part of the innovation literature because they address topics, such as the adoption of
sustainable business practices (e.g., Teklewold et al., 2013) or innovation performance (e.g.,
Orfila-Sintes and Mattsson, 2009). Therefore, TIM research can be viewed as spreading into the
realms of low-technology industries.
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Concluding remarks
In accordance with the research goals detailed in the introduction, we present what is likely

the first bibliometric study in the TIM field that provides an evolutionary view of TIM’s recent
research fronts. On the one hand, this study challenges and, on the other hand, reinforces
prevailing opinions on the evolution of the research field. As discussed in previous sections, the
results of this study are relatively consistent with past findings. Additionally, we were able to
identify upcoming issues and side issues in older periods that other authors deemed lacking.
This is most likely the result of the restrictions made on the underlying data basis. We found
that publications regarding, for example, innovation in agriculture and supply chain—although
clearly belonging to the TIM research field—were not published in its key journals. Given this,
their citations are also not strongly linked to the mainstream innovation literature. Therefore,
the majority of past bibliometric studies that focus on the top-rated journals and publications
could not identify these topics.
In this paper, we provide a detailed and evolutionary overview of the TIM research field
and offer researchers a way to integrate their own work into a contemporary setting. We
conclude that the ever-broader perspective of TIM research becomes evident in its evolution
over time, as displayed in Figure 4. TIM research once focused on a firm’s internal processes.
Subsequently, authors adopted an outside perspective that, in particular, integrates the
customer and the supplier sides. Recently, authors started to look past direct dependencies, a
development underlined by the research on socio-technical transitions. The focus of TIM
specialty journals has changed over the years, too. Besides topics such as, for example, foresight
and innovative capabilities, topics that are more related to general management, such as
leadership, have been incorporated. Additionally, we show future research directions. A
promising research field seems to be the diffusion of TIM practices to low-technology
industries. So far strongly focused on the service industry, this research field and the resulting
approaches of TIM might lead to future cross fertilization. Furthermore, our study helps
practitioners, especially in the strategic management of innovation, navigate the literature in
their search for ways to improve a company’s TIM performance. Thereby, TIM leads them to
the underlying basics in the form of past research and to the most recent findings.
Our study is subject to limitations. Every bibliometric analysis is restricted by reason of the
choice of the database and the algorithms used (Babl et al., 2014; Ramos-Rodríguez and RuízNavarro, 2004). We defined the database with respect to our research goal of providing a
holistic overview of topics in the TIM research field and their origins (Liu et al., 2015). Therefore,
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we choose a simple search strategy in the Web of Science Core Collection using the two strings,
innovation management OR technology management, filtered for articles as publication type
and for business economics as research area to focus on the management literature. In
addition, we choose a fairly long period of 15 years that we divided into equal three-year
periods. Because we wanted to identify connections among research topics during a crucial
period, for interpretation reasons 15 years in this research field seemed long enough to provide
solid results and remain comfortable to handle. In doing so, we were able to elaborate on the
holistic picture in little pieces and to connect them to each other regarding content.
Furthermore, we narrowed the analysis to scientific papers by virtue of the bibliographic
information needed for the analysis. Given this, our results refer to peer-reviewed journal
articles and publications from collected volumes listed in the WoS database. Scientific
knowledge beyond this database published in the grey literature or monographies is not
integrated into our analysis (Franceschini et al., 2016). In the end, we analyzed the content of
all clusters in every period that referred to our expertise in the research field. Still, the results
are subject to researchers’ personnel knowledge. To avoid a significant bias and to assure
validity, we compared the results with those of past bibliometric studies.
To conclude, this bibliometric study highlights the need for continued analysis of the fastevolving TIM field. The limitations mentioned provide opportunities for future research. First,
the future development of bibliometric methods, especially regarding appropriate clustering
algorithms and choice of parameters, is likely to facilitate an even better understanding of the
evolution of the TIM field. Second, the database could be enlarged by, for example, omitting
the restriction on journals categorized in the business economics discipline to open the door to
more technical topics.
Finally, our method serves as a starting point for further studies that incorporate literature
from adjacent research fields in business economics. The benefit lies in the visualization of
connected research topics over time in the form of a flowchart and identification of side issues
that former studies seemed unable to unveil.
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Abstract: The ongoing discussion in the bibliometric community about the best similarity
measures has led to diverse insights. Although these insights are sometimes contradicting,
there is one very consistent conclusion: Hybrid measures outperform the application of
their singular components. While this initially answers the question as to what is the best
similarity measure, it also raises issues which have been resolved in part for conventional
similarity measures. Given this, in this study we investigate the impact of the right
weighting factors, the appropriate level of edge cutting, the performance of first- in
contrast to second-order similarities, and the interaction of these three parameters in the
context of hybrid similarities. Building upon a dataset of over 8,000 articles from the
manufacturing engineering field and using different parameter settings we calculated
over 100 similarity matrices. For each matrix we determined several cluster solutions of
different resolution levels, ranging from 100 to 1,000 clusters, and evaluated them
quantitatively with the help of a textual coherence value based on the Jensen Shannon
Divergence. We found that second-order hybrid similarity measures calculated with a
weighting factor of 0.6 for the citation-based similarity and a reduction to only the
strongest values yield the best clustering results. Furthermore, we found the assessed
parameters to be highly interdependent, where for example hybrid first-order
outperforms second-order when no edge cutting is applied. Given this, our results can
serve the bibliometric community as a guideline for the appropriate application of hybrid
measures.
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Introduction
When conducting a bibliometric study, there are a lot of decisions to be made regarding

the methodological procedure to be applied. Which is the appropriate similarity measure? Is
clustering based on first-order similarities good enough or is the calculation of second-order
similarities worth the effort? What cluster algorithm performs best on my data? To enable good
decisions in regard to these questions, the bibliometric community has put a lot of effort into
determining how to best delineate research fields. Researchers tried out new clustering
procedures (e.g., Meng et al. 2015; Li et al. 2015; Liu et al. 2012), developed novel visualization
techniques (e.g., Schiebel 2012; Martin et al. 2011), and evaluated different similarity measures
(e.g., Klavans and Boyack 2015; Thijs et al. 2013; Colliander and Ahlgren 2012; Boyack and
Klavans 2010; Janssens et al. 2009). Especially the latter has been discussed intensively in the
bibliometric community and arguably influences the identification of community structures in
bibliometric networks the most. Hence, the present study aims to further advance the research
on the best similarity measures.
Previous studies on this issue have used a wide range of methods. Liu et al. (2012) grouped
several thousand journals and evaluated the resulting cluster solutions with silhouette and
modularity values. Colliander and Ahlgren (2012) applied a modularity-based clustering
procedure on first- and second-order bibliographic coupling matrices, which were filtered in
regard to the top 100 nearest neighbors, and used a coherence value based on the Jensen
Shannon Divergence (JSD) as a quality measure. Building upon a very large dataset of over 2
million documents Boyack and Klavans (2014) also employed the JSD as well as a standard
Herfindahl index to a cluster solution derived from x-y-coordinates of a visualized bibliometric
network in order to compare different citation-based approaches. Although the methods
employed by these and other studies differ and the insights resulting from the ongoing
discussion in the bibliometric community about the best similarity measures are sometimes
contradicting, there is one very consistent conclusion: Hybrid measures outperform the
application of their individual components. A hybrid measure can consist of any type of
similarity, e.g., bibliographic coupling and co-citation (Boyack and Klavans 2014), however, they
usually build upon a textual and a citation-based component.
The most direct way to achieve an integration of similarity measures is the linear
combination of the similarity matrices (Liu et al. 2012; Ahlgren and Colliander 2009; Janssens et
al. 2008). However, even when assigning weights to the two similarity types and not simply
averaging the normalized matrices, this approach does not consider the different distributional
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characteristics of citation links and textual similarity (Janssens et al. 2008), where e.g., the
means can differ by a factor of 10 (Liu et al. 2012). One method that is more suited for the
combination of citation and textual similarities is based on the Fisher’s inverse chi-square as
described in Janssens et al. (2008). In this method, as well as in methods inspired by it (e.g.,
Ahlgren and Colliander 2009), the formula for bibliographic coupling is modified, a noise
component added, and the original similarity values are randomized to derive two p-values.
These are then integrated into a hybrid p-value with Fisher’s formula with an additional
weighting factor 𝜆. As the identification of an appropriate randomization scheme that considers
the nature of the similarity data as well as the choice of a good value for 𝜆 can pose problems,
Glänzel and Thijs (2011) proposed the linear combination of the similarities’ angles as an
alternative method to compute the hybrid similarity 𝜗:
𝜗 = 𝑐𝑜𝑠(𝜆 ∙ arccos(𝜂) + (1 − 𝜆) ∙ arccos(𝜉))

(1)

Here, 𝜂 denotes the citation-based and 𝜉 the textual similarity. This approach is relatively
easy to compute, rather scalable, allows for the smooth variation of weightings, and has proven
its validity in several recent studies (e.g., Zhang et al. 2015; Thijs et al. 2013; Glänzel 2012).
However, the issue still remains what the appropriate value for the weighting factor 𝜆 is. When
authors applied the simple linear combination, they chose values of 0.5 (Liu et al. 2012;
Colliander and Ahlgren 2012). Only Meng et al. (2015) actually give evidence for this choice by
employing the Adjusted Rand Index (ARI) (Hubert and Arabie 1985) and the Normalized Mutual
Information (NMI) (Strehl and Ghosh 2003) to compare a journal categorization derived with
the help of hybrid measures to the classification scheme of Thomson Reuters’ Essential Science
Indicators. Studies using equation (1) for the calculation of hybrid similarities used weightings
of 0.875 (Zhang et al. 2015) and 0.833 (Thijs et al. 2013) without stating statistical evidence
supporting their choice. This shows that the usage of hybrid measures initially answers the
question as to what is the best similarity measure. However, it raises other issues which in part
have been resolved for conventional similarity measures. So far in the context of hybrid
similarities, not only the impact of the weighting factor but also the appropriate level of edge
cutting with regard to bibliometric networks, the performance of first- in contrast to secondorder similarities, and the interaction of these three parameters have not been sufficiently
investigated.
We calculated over 100 different similarity matrices in this study. The original dataset
consisted of over 8,000 articles from the field of manufacturing engineering. We used different
parameter settings in regard to the weighting factor, the filtering of similarity values and the
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order of the similarities. For each matrix we determined several cluster solutions of different
resolution levels, ranging from 100 to 1,000 clusters, and quantitatively evaluated them with
the help of a textual coherence value based on the JSD. Given this, our research contributes to
the research regarding the appropriate choice of weightings in regard to textual/citation-based
hybrid similarity values on the article level and consequently to the general debate about the
best similarity measures.
The remainder of this article is structured as follows. First, we give an overview of related
studies in regard to the evaluation of similarity measures. Second, we detail the data and
methodology used. Third, the results of our empirical analysis are presented. Fourth, we discuss
the numerical results under consideration of qualitative aspects. Finally, we summarize our
findings and state areas for further research.

2

Related work
The primary reason for the usage of hybrid clustering procedures in a bibliometric context

is to reduce the inherent sparseness of citation-based similarity matrices (Zhang et al. 2015).
The textual information supports cluster formation when citation links are missing, which
especially is a problem when analyzing social sciences (Thijs et al. 2013). Hence, it enhances the
identification of community structures in general. To support this claim several studies set out
to compare the hybrid approach to conventional similarity measures. In the following
paragraphs we present some of these studies as a foundation for the methodological approach
we employed in our study.
Janssens et al. (2008) analyzed close to one thousand articles from the area of information
science with four different measures – two different hybrid clustering methods, one with
textual information based clustering, and finally bibliographic coupled clusters. Both hybrid
methods integrate bibliographic coupling and TF-IDF weighted terms from the articles’ full text,
where Janssens et al. (2008) in one hybrid method applied simple linear combination and
utilized Fisher’s inverse chi-square in the other. The textual similarity values were filtered by
means of Latent Semantic Indexing so that only 150 factors remained. They evaluated final
cluster solutions with the help of silhouette values as well as from a qualitative content
perspective. In conclusion, the silhouette values and hence the ranking of the similarity
measures were highly dependent on the chosen number of clusters. Aiming at a very coarse
cluster solution, text-based and citation-based measures led to the highest silhouette values.
However, the Fisher’s inverse chi-square method outperformed the other measures for a broad
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range of cluster resolutions and hence was deemed the best method. A later study obtained
similar results in regard to journal subject classifications (Janssens et al. 2009).
Inspired by the above mentioned method based on the Fisher’s inverse chi-square, Ahlgren
and Colliander (2009) described a similar method to calculate hybrid similarities. They
compared their approach to the linear combination of similarities as well as different text-based
measures – an unfiltered TF-IDF matrix and a matrix filtered with the help of Singular Value
Decomposition – and the bibliographic coupling approach. Each measure was calculated under
first- as well as under second-order. For their evaluation, a domain expert constructed a
classification scheme for 43 articles published in the journal Information Retrieval. The
quantitatively derived cluster solutions were then compared against this classification scheme
using the ARI. Ahlgren and Colliander (2009) found that in regard to first-order similarities the
linearly combined hybrid measure consisting of the filtered textual similarity matrix and of the
bibliographic coupling matrix yielded the best results, whereas under second-order the
unfiltered TF-IDF-weighted textual similarity outperformed the other measures. Here, too, the
authors stated the difference in cluster numbers as a critical impact factor on the measured
quality of the cluster solutions. An additional result was that the transformation into secondorder similarities consistently increased the performance of all investigated measures. A more
recent study building upon close to 60,000 articles confirmed this result in regard to
bibliographic coupling (Colliander and Ahlgren 2012).
Another study dealing with the comparison of different similarity measures was conducted
by Boyack and Klavans (2010). They compared three citation-based measures – co-citation,
bibliographic coupling, and direct citation – as well as a hybrid approach. The hybrid measure
was calculated on the basis of bibliographic coupling with the coupling being based on terms
and citations alike, in essence treating a term the same as a reference. Similarities were filtered
in several steps in the employed clustering procedure, as they only retained frequently
occurring terms and references, omitted low values in the resulting similarity matrices, and cut
edges in a graph layout routine that is the basis for a final average linkage clustering algorithm.
Boyack and Klavans (2010) employed the JSD as well as a standard Herfindahl index based on
grant-to-articles linkages to determine the quality of a final cluster solution. They found that
the hybrid approach outperforms the solely citation-based measures. Again, the number of
clusters as well as the distribution of the cluster sizes had great impact on the overall clustering
result.
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Liu et al. (2012) analyzed different clustering procedures consisting of varying similarity
measures and cluster algorithms in regard to the categorization of over 8,000 journals. Again,
in the calculation of the similarities they omitted very frequently occurring terms as well as very
rarely occurring terms and only the top 100 values per journal were retained in the final
similarity matrices. They found that the modularity-based Louvain clustering algorithm
outperformed the Ward’s linkage method as well as spectral modularity optimization.
Furthermore, a hybrid graph coupling, in which a link between journals is formed based on
citations and the strength of the link represents the textual similarity, performed best. Given
this, the described results further strengthen the claim of hybrid similarities as the best
similarity measure.
Thijs et al. (2013) compared first- and second-order in regard to hybrid similarities,
assessing close to 15,000 articles with a silhouette measure as well as a detailed qualitative
analysis of the resulting clusters. They reached the conclusion that second-order in the case of
hybrid similarities did not increase the quality of the cluster solution, but offered a different
perspective on the cluster topics. In contrast to the above described studies, no filtering was
applied to the similarities. Especially in regard to the very dense second-order matrix this can
greatly impact cluster formation.
In regard to journal classifications, Meng et al. (2015) compared cross-citation clustering,
text-based clustering as well as the simple linear combination of both. Once more, very frequent
and very rare terms were filtered. In this study a clustering procedure called affinity propagation
(Frey and Dueck 2007) was used and compared to the Louvain method and the Ward’s linkage
method. Based on the evaluation with the help of the ARI and the NMI, Meng et al. (2015)
concluded the superior performance of the hybrid measure as well as of the affinity propagation
clustering procedure. Furthermore, they compiled the only study to date that addressed the
issues of choosing the appropriate weighting factor in regard to a simple linear combination of
similarity types. Compiling different cluster solutions under various weighting factors and
assessing the cluster quality with the ARI and NMI, Meng et al. (2015) concluded the best
performance of a weighting factor of 0.5 in the case of simple linear combination.
This short overview over studies aiming at the evaluation of different similarity measures
underpins the claim of hybrid similarities as the best measure. However, it also shows that the
issue of an appropriate weighting factor in the context of hybrid similarities has not been
studied sufficiently. Furthermore, some studies filter edges whereas other authors opt to only
filter some terms in the computation of textual similarities but not in the final matrices. As the
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effect of edge filtering in the context of hybrid similarities has not yet been analyzed, we include
this issue in the present study. Only the study by Thijs et al. (2013) addresses the combination
of second-order measures and hybrid similarities. However, as the impact of different edge
cutting and weighting factors is not addressed in their article, we evaluate the impact of the
order of the similarity matrix on cluster quality as a third parameter.

3

Data & methodology
As a data basis for our analysis, we exported all articles published between 2011 and 2015

in the top 10 journals in regard to the 5 year impact factor of the engineering manufacturing
category of the Thomson Reuters‘ Journal Citation Reports 2014. Subsequently, from these
8,791 articles we only retained records with references, an abstract, a title and author
keywords, which left us with 8,577 articles. To analyze this dataset and compare various
similarity measures we employed a methodology that was greatly inspired by the works of
Colliander and Ahlgren (2012) and Boyack and Klavans (2010), which we describe in detail in
the following paragraphs. We implemented our methodology in ‘R for statistical computing’ (R
Core Team 2016).
To enable the comparison with other studies, we opted to use bibliographic coupling as the
citation-based measure. Additionally, bibliographic coupling performs best of the conventional
citation-based measures in regard to textual coherence (Boyack and Klavans 2010), with only a
hybrid measure combining bibliographic coupling and co-citation analysis yielding better cluster
solutions (Boyack and Klavans 2014). As stated in the previous section, some studies chose to
filter terms and references before calculating similarities. Very rarely occurring terms and
references are omitted as they do not result in any or very low similarity values and their
omission drastically decreases the computational time needed. Hence, in this study we only
considered terms and references that occurred in at least two documents. Some studies also
filtered references and terms occurring very often in order to avoid over-aggregation. For
example articles dealing with a research method (e.g., Eisenhardt 1989 in regard to case study
research) are often highly cited, but methods can be applied in many contexts and hence the
resulting bibliographic coupling does not necessarily indicate a thematic proximity of two
articles. However, we find it very difficult to decide on how often a reference or term may occur
in a dataset in order to be retained. Given this, instead of filtering frequent terms we used the
well-known normalized term frequency / inverse document frequency (TF-IDF) to determine
the weight 𝑤𝑖𝑚 of term or reference 𝑖 in document 𝑚. Here, 𝑓𝑖𝑚 is the frequency of term or
reference 𝑖 in document 𝑚, with the latter only taking the values 0 or 1, 𝑁 is the total number
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of documents in the dataset, and 𝑛𝑖 is the number of documents containing term or reference
𝑖:
𝑁

𝑤𝑖𝑚 = 𝑓𝑖𝑚 ∙ log (𝑛 )
𝑖

(2)

Before calculating the term weightings, we removed copyright notices from the end of the
abstracts and combined the terms of a document’s title, abstract, and author keywords.
Furthermore, we filtered stopwords with the English stopword list provided in the R ‘tm’
package (Feinerer and Hornik 2015) and stemmed the remaining terms using the Lovins
stemming algorithm implemented in the ‘RWeka’ package (Hornik et al. 2009). Thereafter, the
unweighted frequencies of terms and references in each document were extracted using the R
‘quanteda’ package (Benoit and Nulty 2016). On this basis, we applied (2) to construct a
weighted document-term-matrix as well as a weighted document-reference-matrix.
Subsequently, we computed the entries of first-order similarity matrices with the cosine
measure (Salton and McGill 1983) with 𝑘 representing the number of terms or references
respectively:
𝑠𝑚𝑛 =

∑𝑘
𝑖=1 𝑤𝑖𝑚 ∙𝑤𝑖𝑛
𝑘
2
2
√∑𝑘
𝑖=1 𝑤𝑖𝑚 ∙√∑𝑖=1 𝑤𝑖𝑛

(3)

Hence, we obtained a first-order textual similarity matrix 𝜉 and in regard to references a
matrix 𝜂. With equation (1) and a variation of the weighting factor 𝜆 in the range of 0 to 1 in 0.1
increments, a total of 11 first-order hybrid similarity matrices 𝜗𝜆1 were calculated. Here, a
weighting factor of 0 represents the solely textual similarity matrix and a weighting factor of 1
represents the bibliographic coupling matrix. Given these, by applying the cosine measure once
more we calculated 11 second-order hybrid similarity matrices 𝜗𝜆2 , where the similarity
between documents 𝑚 and 𝑛 is defined as:
𝑠2,𝑚𝑛 =

∑𝑁
𝑗=1 𝑠𝑗𝑚 ∙𝑠𝑗𝑛
2
𝑁
2
√∑𝑁
𝑗=1 𝑠𝑗𝑚 ∙√∑𝑗=1 𝑠𝑗𝑛

(4)

The literature review in the previous section has shown that some studies opted to filter
the final similarity matrices and others did not. Especially when analyzing large datasets the
filtering is necessary to enable computation in a tolerable amount of time. However, to our
knowledge the effects of edge cutting at this stage of a bibliometric analysis in regard to the
quality of a cluster solution derived with the help of hybrid similarities have not been
investigated yet. To shed light onto this issue, we determined the k-nearest-neighbors (knn) of
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each document in all matrices 𝜗𝜆1 and 𝜗𝜆2 for six knn values – 5, 10, 25, 50, 100, and 250. In
conclusion, we derived a total of 132 similarity matrices with different distributions of similarity
values and various degrees of sparsity, as highlighted in Fig. 1. The transformation to secondorder similarities significantly shifted the whole distribution to the right and increased its
standard deviation. Under first- as well as under second-order the similarity distributions
favoured lower values when higher weighting factors for the bibliographic coupling were
chosen. The knn filtering lowered the overall frequency of similarity values without affecting
the general shape of the distributions as e.g., the omission of a distributions’ tails would have.

Fig. 1 Distributions of values in six similarity matrices calculated with different weighting factors, under first- and
second-order, and in regard to various knn constraints

To obtain the final cluster solutions of each hybrid similarity matrix, we decided to employ
the Louvain method as described in Blondel et al. (2008), which is based on the concept of
modularity (Newman 2004). We used the implementation of the Louvain method in the current
updated version of the igraph package, which was first introduced by Csardi and Nepusz (2006).
We chose this method for several reasons. First, previous studies have shown that this method
reveals high quality clusters while being very efficient in regard to computational time needed
(Meng et al. 2015; Liu et al. 2012). Second, the Louvain approach can result in different
resolution levels when applying the method proposed by Arenas et al. (2008). By adding a
constant value on the diagonal of a similarity matrix, loops are created that hamper cluster
formation and hence a higher number of clusters are formed. Through variation of the
diagonal’s value, we obtained predefined resolution levels between 100 and 1,000 clusters. As
the number of groups in a cluster solution has a great impact on its quality, comparing the
different similarity types at various resolution levels is important. Third, given different
similarity matrices calculated with different parameters, e.g., a different level of edge cutting,
we found that the resulting distributions of cluster sizes tended to be more similar when
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applying the Louvain method (see also Colliander and Ahlgren 2012). Of course, the
distributions still significantly differed, but not as much as when applying e.g., the Ward’s
algorithm. As a cluster solution’s quality is besides the resolution level largely impacted by the
cluster size distribution, this is another important property of the Louvain method.
As an accuracy metric for the final cluster solutions, we used the established method based
on the JSD as first described in Boyack and Klavans (2010). This metric builds upon the
assumption that clusters in an accurate cluster solution are characterized by coherent term
frequency distributions. Based upon the Kullback Leibler Divergence, the JSD represents the
distance between probability distributions (Lin 1991) and in the simplified case of two equal
weighted distributions can be written as (Sims et al. 2008):
1

2∙𝑝

1

2∙𝑞

𝐽𝑆𝐷(𝑝, 𝑞) = 2 ∑𝑘𝑖=1 𝑝𝑖 ∙ log ((𝑝 +𝑞𝑖 )) + 2 ∑𝑘𝑖=1 𝑞𝑖 ∙ log ((𝑝 +𝑞𝑖 ))
𝑖

𝑖

𝑖

𝑖

(5)

Applied to a corpus of articles, 𝑝𝑖 denotes to the probability of term 𝑖 in a document and
𝑞𝑖 is the likelihood of occurrence of term 𝑖 in the whole cluster a documents resides in. For a
given cluster, we first summed up the frequencies with which term 𝑖 occurs in each of the
cluster’s documents and then divided the resulting value by the sum of frequencies of all 𝑘
terms in all documents in the cluster to obtain a value for 𝑞𝑖 . Similarly, for a given document we
calculated 𝑝𝑖 by dividing the frequency of term 𝑖 in the document by the sum of frequencies of
all terms in the document. Hence, a JSD value was computed for each document in a cluster
and a cluster’s JSD value was determined as their average. In our case a low JSD signifies that
an article fits well into the cluster it was assigned to. Large clusters tend to have higher
divergence values as they contain more terms which only occur in one of the cluster’s
documents. Hence, to not favor a cluster solution with small cluster sizes a size adjusted
divergence measure was needed. This can be achieved by determining the expected JSD value
of documents grouped at random (Boyack and Klavans 2014; Colliander and Ahlgren 2012).
Therefore, for 15 different cluster sizes we randomly formed between 5,000 (cluster size 2) and
1,000 (cluster size 500) clusters and calculated their JSD values. By fitting a curve to these
values, we were then able to calculate the JSD value of a random cluster of any size. Subtracting
the actual JSD value of cluster 𝑙 from the random JSD value of a cluster of the same size and
computing a weighted average over all clusters finally yielded the coherence of a whole cluster
solution. Here, 𝑛𝑙 is the number of documents in cluster 𝑙 and 𝐿 is the total number of clusters:
𝐶𝑜ℎ =

∑𝐿𝑙=1 𝑛𝑙 ∙(𝐽𝑆𝐷𝑟𝑎𝑛𝑑,𝑙 −𝐽𝑆𝐷𝑙 )
∑𝐿𝑙=1 𝑛𝑙

(6)
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Given this, a large coherence value indicates that a cluster is far less divergent than a
randomly formed group of articles and hence the cluster has a higher quality. In the context of
bibliometric networks, resulting coherence values tend to be in the order of 10-1 depending on
the size of the data basis.

4

Results

Fig. 2 JSD-based coherence values of different cluster solutions calculated with different weighting factors, under
first- and second-order, and in regard to several resolution levels: a) similarity matrices filtered in regard to the 5
nearest neighbors per document b) similarity matrices filtered in regard to the 100 nearest neighbors per document

Based on the above described methodology, Fig. 2 depicts an excerpt of our experiments’
results outlining several effects, which will be in turn described in detail in this section. First,
second-order hybrid similarities outperformed first-order hybrid similarities, as the dashed lines
are generally above the solid lines. This effect though was highly dependent on the level of edge
cutting, as some of the dashed lines slip beneath the solid lines in Fig. 2b. Second, a more severe
constrain on the knn allowed led to a better cluster solution, as curves in Fig. 2a, where 5
nearest neighbors are considered, are above the curves in Fig. 2b, where 100 nearest neighbors
are considered. Third, the results supported the claim that hybrid similarities outperform the
application of their individual components. A weighting factor of approximately 0.5 performed
better than a weighting factor of 0, representing solely textual similarity, which in turn
performed better than a weighting factor of 1, which yields solely citation-based similarities.
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Last, the effect of the chosen resolution level became obvious. A larger number of clusters with
an average size of approximately 10 documents yielded the maximum JSD-based coherence
values. For most practical purposes, 700 clusters are far too many, as they can not be
interpreted in a reasonable amount of time. Hence, we find the JSD-based coherence value to
be a poor indicator for the appropriate number of clusters. For the purpose of comparing
different similarity measures, our results show that in the wide-range of cluster numbers the
resolution level did not significantly impact the rank order of the similarity measures. For
example, at 300 clusters as well as at 800 clusters second-order hybrid measures with a
weighting factor of 0.6 yielded the best results followed by second-order hybrid measures with
a weighting factor of 0.4. Given this, for easier visual comprehensibility we limit the reporting
of our results in the following paragraphs to a resolution level of 300 clusters.

Fig. 3 Difference between coherence values of cluster solutions calculated under second-order and under first-order
at a resolution level of 300 clusters under varying edge cutting levels and different weighting factors

The dependence of hybrid second-order similarities outperformance on the edge cutting
level is depicted in Fig. 3. Independent of the used weighting factor the difference between
second-order hybrid similarities and first-order hybrid similarities decreased the more
similarities we incorporated into the computation. In fact, if light edge cutting was applied the
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coherence difference became negative. Hence, in this case first-order similarities yielded the
better cluster solutions. This was especially true for hybrid similarities with strong weightings
for the bibliographic coupling (weighting factor ≥ 0.6). As over a wide range of knn constraints
second-order performed better as well as yielded the most coherent cluster in terms of
absolute values (see Fig. 2), second-order hybrid similarities can be deemed superior to firstorder measures.
Fig. 4 shows the effect of edge cutting on the textual coherence of various cluster solution.
In regard to our dataset a knn threshold of 5 resulted in approximately 0.1% and a threshold of
250 in 4% of the original edges. Especially in order to exploit the full potential of second-order
measures the filtering of many similarity values seems necessary where a knn threshold of 10
yielded the best results. First-order measures did not profit as much from severe knn
constraints, where the best performing measure was based on a restriction to the 25 nearest
neighbors and a threshold of 5 nearest neighbors ranked among the least performing measure.
Unsurprisingly, omitting to many similarity values and thus disregarding a lot of links between
documents actually hampers cluster formation. Once more, the diagram shows that only in the
case of severe edge cutting did second-order hybrid similarities outperform the first-order
measures. For example, in the case of 250 nearest neighbors allowed (see the grey diamond
curve in Fig. 4) first-order yielded more coherent clusters than second-order for weighting
factors between 0.3 and 1.
Furthermore, Fig. 4 indicates the impact of edge cutting on the most appropriate choice for
the weightings factor in the calculation of hybrid similarities. Especially under first-order and
with many similarities values incorporated a large weighting factor in the range of 0.8 led to the
most coherent cluster solutions, as e.g., the peek in the grey diamond curve shows. In contrast,
a more severe knn constraint on first-order measures indicated a lower weighting factor of
approximately 0.5 as the best choice. In the case of second-order similarities a weighting factor
of 0.6 generally yielded the best cluster solutions (see also Table 1). Last, Fig. 4 highlights that
changing the weighting factor from 1 to 0.7 drastically impacted the coherence of the resulting
cluster solutions. Further decreasing the weighting factor however had limited impact of the
coherence of second-order hybrid measures (see the top three curves in Fig. 4). As two cluster
solutions could also be distinctly different and still attain similar coherence values, this raises
the question how a change of the weighting factor from e.g., 0.7 to 0.3 impacts the underlying
cluster structure. If the various weighting factors actually lead to significantly different cluster
solutions, these might offer different perspectives on a research field of equal value. This will
be discussed in detail in the next section.
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Fig. 4 JSD-based coherence values of different cluster solutions at a resolution level of 300 clusters calculated with
different weighting factors, and under first- and second-order

We created the previous discussed figures in regard to a fixed resolution level of 300
clusters. Depending on the purpose, size, and scope of a bibliometric study, differing numbers
of clusters are striven for. Given this, Table 1 completes the reporting of our experimental
results and displays the best parameter choices for the calculation of hybrid similarity measures
for various resolution levels. It shows that in regard to all resolution levels considered in this
study, second-order hybrid similarities outperformed first-order similarities so far as an
appropriate edge cutting scheme was applied. Furthermore, a weighting factor of 0.6 led to
highest quality clusters in most cases, with 0.5 a viable option in regard to first-order similarities.
As a key result of our study, this table serves as a starting point for the appropriate parameters
when conducting bibliometric studies, where of course e.g., varying scientific disciplines or
differing sizes of the underlying dataset should also be taken into account (see the last section
of this paper).
Table 1 Parameters leading to the most coherent cluster solutions by resolution level under first-order and under
second-order
First-order

Second-order

Resolution level

k-nearestneighbors

Weighting
factor

Coherence

k-nearestneighbors

Weighting
factor

Coherence

100
200
300

50
50
25

0.6
0.7
0.5

0.1159
0.1285
0.1344

25
10
10

0.5
0.6
0.6

0.1244
0.1379
0.1445
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400
500
600
700
800
900
1,000

5

25
10
10
25
10
10
10

0.6
0.5
0.5
0.6
0.5
0.5
0.5

0.1388
0.1410
0.1422
0.1433
0.1437
0.1436
0.1438

10
5
5
5
5
10
10

0.6
0.6
0.6
0.6
0.6
0.6
0.6
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0.1479
0.1497
0.1505
0.1507
0.1507
0.1499
0.1495

Discussion
In this article we compared hybrid similarity measures computed under different

parameter settings and resolution levels in regard to a dataset of over 8,000 documents
published in the area of manufacturing engineering. A JSD-based coherence value was used to
evaluate the application of second-order measures in comparison to their first-order
counterparts, a wide range of edge cutting levels, various weighting factors in the combination
of textual and citation-based similarities, and the interaction of these three parameters. Our
results show that the most coherent cluster solution was achieved when retaining only the
strongest similarities, employing second-order similarities, and combining text and citation
information into hybrid measures with a weighting factor of approximately 0.6.
Additionally our results show that the effect of second-order similarities is highly
dependent on the chosen level of edge cutting. Hybrid measures as well as the transformation
to second-order similarities aim to solve the sparseness problem associated with first-order
citation links. Hence, the combination of both approaches can lead to a lot of noise in the
similarity distribution and actually decrease the quality of the final cluster solution (see Fig. 3).
Given this, only when a sever constraint on the allowed edges was applied did the
transformation to second-order similarities yield higher quality cluster solutions. In the case of
our dataset the integration of between 0.1% and 0.5% of the edges, depending on the intended
number of clusters and the used weighting factor, yielded the highest quality cluster solutions
under second-order. This key result of our study sheds light on differing results in the
publications by Colliander and Ahlgren (2012) and by Thijs et al. (2013). The former stated that
second-order similarities outperform their first-order counterpart when only the strongest
nearest neighbors are integrated into the cluster formation. The latter, who did not cut any
edges in their methodology, found no distinct added value in the application of second-order
similarities. Although the level of edge cutting was only very shortly described in these two
studies, our results suggest that it is the key reason for the differing conclusions.
In accordance with the findings of Janssens et al. (2008), Boyack and Klavans (2010), Liu et
al. (2012), and Meng et al. (2015) we found that hybrid similarities consistently outperformed

Paper 3: Experimental evaluation of parameter settings in calculation of hybrid similarities

138

the application of their individual components. As we used a text-based coherence measure to
evaluate the various cluster solutions the solely text-based similarities (weighting factor 0)
resulted in higher coherence values than the solely citation-based similarities (weighting factor
1). Given this, it is somewhat surprising that decreasing the textual weighting to create a hybrid
measure yielded even more coherent clusters and the respective best weighting factors were
0.5 or 0.6 (see Table 1). Furthermore, our results in part contradict the parameters used in
Zhang et al. (2015) and Thijs et al. (2013). They respectively applied a weighting factor of 0.875
and 0.833, which we find is an appropriate choice when not cutting any edges. Our results
suggest however, that the mentioned studies could be significantly improved, when focusing
on only the strong similarities and consequently using lower values for the weighting factor.
This is due to the fact that the exact value for the weighing factor in the linear combination of
the angles of citation and text-based similarities (see equation (1)) again is highly dependent on
the level of edge cutting and on the order of the similarities used. For example when 250
nearest neighbors were included into the computation of 300 clusters under first-order a
weighting factor of 0.8 yielded the most coherent clusters. In contrast if a knn constraint of 25
was applied to form 100 clusters under second-order a weighting factor of 0.5 led to the best
cluster solution.
To shed further light on the effects of differing parameter choices, in the following
paragraphs we compare several cluster solutions in detail. For simplicity once more we chose
to focus on a resolution level of 300 clusters. Using the overall best parameter set of secondorder similarities calculated with a weighting factor of 0.6 and a knn threshold of 10 as a starting
point, we in turn describe the effects of decreasing the weighting factor, switching to first-order,
and increasing the number of incorporated similarity values. In the following, we respectively
refer to the resulting cluster solutions as solution 1, solution 2, solution 3, and solution 4. Fig. 5
shows the overlap of the four cluster solutions in an aggregated form. Here, we first calculated
the similarity of every cluster in one solution to every cluster in the other solutions with the
help of the cosine measure, yielding a total of 12 unsymmetrical similarity matrices. A high
cosine value indicates that e.g., most articles in a cluster in solution 1 overlap with the
documents in a cluster in solution 2. Hence, the maximum cosine value in a row in one of the
matrices points to the respective counterpart that a cluster in one solution has in another.
However, if this maximum value is very low the cluster arguably does not have a counterpart.
Given this, two whole cluster solutions are similar, if many clusters have a high maximum cosine
value. Therefore, in order to assess the concordance of two whole cluster solutions, for every
similarity matrix we determined the maximum value per row and calculated the median of
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these maximum values. Fig. 5 shows these median values for the comparison of the different
cluster solutions where a value of 1 represents a perfect match.

Fig. 5 Median of maximal cosine similarities per cluster in four different cluster solutions at a resolution level of 300

This graphic highlights that the higher the JSD difference of two cluster solutions the higher
was the discrepancy of the underlying cluster structures. Hence, to answer the question raised
in the previous section in regard to the effect of decreasing the weighting factor, we found that
solutions with a similar coherence value were indeed rather similar to each other. Hence,
lowering the weighting factor from 0.6 to 0.2 did not change the underlying cluster structure as
much as filtering similarities or a transformation to second-order. When keeping the order of
the similarity matrix and the edge cutting level constant, the most coherent clusters had a
counterpart in the respective other cluster solution. In case of our dataset these revolved
around topics like e.g., polymer matrix composites, welding, drilling, extrusion, or contour error
control. If at all, at most 5% of the articles were removed from these clusters when changing
the weighting factor, which in average contain 50 documents each. The reduction of the
weighting factor from solution 1 to solution 2 mainly increased the number of small, very
uncoherent clusters, as for example a cluster was formed that contains among others an article
on FMEA, an article on the power consumption encryption standards, and a study assessing
migrants’ performance in academic settings. In contrast, a small cluster focusing on production
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of shape memory polymers was entirely disintegrated when choosing a weighting factor of 0.2.
The respective articles shifted to different clusters that addressed shape memory alloys. Given
this, a weighting factor of 0.6 led to slightly more fine-grained delineation of topics. However,
as these two clusters in regard to shape memory are obviously rather similar this example
illustrates, that varying the weighting factors in the range of 0.7 to 0.1 did not significantly
change overall cluster structure and quality.
When comparing solution 1 and solution 3, the number of small incoherent clusters
increased even more than when reducing the weighting factor. While the large coherent
clusters addressing polymer matrix composites, welding, and drilling remained stable, in
contrast to the effects of the weighting factors, several larger clusters were also affected by the
transformation to first-order. For example, 98 documents residing in a coherent second-order
cluster in regard to non-linear and adaptive control were distributed among 31 clusters under
first-order. Here, the largest remaining chunk of this cluster consisted of 26 documents. This led
to an underrepresentation of the topic of adaptive control under first-order. However, we have
also seen the case where a rather uncoherent second-order cluster was disintegrated. For
example, a rather diffuse second-order cluster of size 61, which could be named manufacturing
technology transition and adoption was split into over 30 clusters under first-order. Here, the
respective adopted technologies were assigned to clusters addressing their application field or
the technologies they substitute. However, the disintegration of an uncoherent second-order
cluster only happened very rarely in regard to our dataset.
Finally, when comparing two cluster solutions both computed under second-order and with
a weighting factor of 0.6 where on one a knn constraint of 10 and on the other a constraint of
100 was applied, the largest differences became apparent. The main reason for this is that the
integration of additional similarities into the computations significantly changed the resulting
cluster size distributions. While the distributions of solutions 1 to 3 were rather similar with
median values of approximately 24 and a maximum cluster size of slightly over 100, the
distribution in solution 4 had a median value of 8 and a maximum cluster size of 248. Clusters
of sizes between 50 and 100 were hardly affected at all by the integration of additional
similarities. However, the number of small uncoherent clusters increased drastically.
Furthermore, the largest cluster consisting of 248 documents, which contains articles that in
any way relate to welding, was separated into several smaller clusters in the other solutions,
addressing topics like the different types of welding or the simulation of welding processes.
Table 2 Articles grouped in an emerging cluster in solution 1 and their respective grouping in the three other cluster
solutions. Cursive numbers represent the total sizes of the clusters the articles are assigned to in these solutions.
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Grouping in Solution
Authors

Year

Title

Costa et al.

2015

Local improvement of structural steels high-friction properties by friction
stir texturing

Santos et al.

2015

Surface reinforcement of AA5083-H111 by friction stir processing
assisted by electrical current

Ahuja et al.

2015

Friction stir forming to fabricate copper-tungsten composite

Cioffi et al.

2013

Friction stir welding of thick plates of aluminum alloy matrix composite
with a high volume fraction of ceramic reinforcement

Albakri et al.

2013

Thermo-mechanical and metallurgical aspects in friction stir processing
of AZ31 Mg alloy-A numerical and experimental investigation

El-Rayes et al.

2012

The influence of multi-pass friction stir processing on the microstructural
and mechanical properties of Aluminum Alloy 6082

Gandra et al.

2011

Functionally graded materials produced by friction stir processing

Zinati et al.

2014

Numerical and experimental investigation of FSP of PA 6/MWCNT
composite

Sharma et al.

2015

Surface composites by friction stir processing

Barmouz et
al.

2011

Fabrication of in situ Cu/SiC composites using multi-pass friction stir
processing

Mazaheri et
al.

2011

A novel technique for development of A356/Al2O3 surface
nanocomposite by friction stir processing

Izadi et al.

2013

Friction stir processing of Al/SiC composites fabricated by powder
metallurgy

Miranda et al.

2013

Reinforcement strategies for producing functionally graded materials by
friction stir processing in aluminium alloys

Kurt et al.

2011

Surface modification of aluminium by friction stir processing

Ammouri et
al.

2015

Relating grain size to the Zener-Hollomon parameter for twin-roll-cast
AZ31B alloy refined by friction stir processing

Sun et al.

2015

Refinement of primary Si in Al-20%Si alloy by MRB through
phosphorus additions

Bolzoni et
al.

2015

Refinement of the grain size of the LM25 alloy (A356) by 96Al2Nb-2B master alloy

1

2

3

4
27

25

69

21

162
17

66

65

19
24

52

In summary, neither the change of the order of the similarity, nor the reduction of the
weighting factor, nor the variation of the applied knn constraint significantly affected the coarse
structure of the cluster solutions. In regard to our dataset in the manufacturing engineering
field topics like polymer matrix composites, welding, and drilling were made apparent without
regard to the detailed parameter settings. Hence, for many purposes e.g., the derivation of a
general classification scheme or to get an overview of a certain topic, the detailed parameter
choice can be neglected. However, smaller clusters and the fine-grained delineation of topics
were greatly changed when varying the used parameters. Given this, the detailed choices of the
similarities’ order, the weighting factor, and the edge cutting scheme used especially enhances
the identification of weak signals and emerging topics, an issue of rising interest in the
bibliometric community.
Table 2 highlights this effect. It shows 17 articles grouped together in a cluster in solution
1. This cluster clearly addresses the topic of friction stir processing, which is an emerging
technology for creation of surface composites (Sharma et al. 2015), while no other cluster in
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solution 1 focuses on this issue. Table 2 shows that this cluster is gradually more disintegrated
when moving from solution 1 to 4. The articles in regard to friction stir processing are thereby
grouped in clusters addressing friction stir welding as the precursor technology or in clusters
that consist of articles addressing the creation of different composites in general. Hence, the
clusters in solution 1 to 4 are also coherent but they mask the emerging issue of friction stir
processing.

6

Conclusion
Our study is the first to show the effects of various parameters in the context of hybrid

similarities on the document level. Hence, this article further advances the research on the best
similarity measures. It provides insights to the negative effects of combining the two best
practices of hybrid similarities and second-order measures and to the interaction of edge
cutting and weighting factor. Given this, the present article serves other members of the
bibliometric community as a guideline for the appropriate usage of hybrid measures. While our
results represent a good starting point for the appropriate choice of parameters in a wide range
of applications, the effect of varying citation behavior and language usage in differing scientific
disciplines has not been investigated yet. Hence, the exact values for the best parameter
choices indicated by our results with regard to edge cutting and weighting factor might not hold
true when applied to a dataset, e.g., from a medical research area. While we hypothesize that
the optimal weighting factor is relatively constant across different datasets, we expect future
research to show a strong correlation between edge cutting and dataset size. Given this, we
highly encourage researchers conducting bibliometric studies, to employ the methodology used
in this article to determine the appropriate parameter setting for their dataset at hand. We find
that additional effort in the beginning of the analysis process is highly beneficial for the final
outcomes, especially as the methodology can automatically compare hundreds of cluster
solutions in a reasonable amount of time.
Our study is based on the JSD, which as a textual-coherence measure is prone to the
weaknesses these entail. Especially the occurrence of synonyms can lead to an unjustified high
coherence value in clusters. Furthermore, a textual coherence measure obviously always favors
textual similarity measures. This is also indicated by the steep increase in coherence when
decreasing the weighting factor from 1 to 0.8 (see Fig. 4). As the JSD-based coherence measure
never points to a weighting factor of 0 as the best choice, which represents pure textual
similarity, it still seems at least partially unbiased. Nevertheless, the result that a weighting
factor of 0.6 yields optimal cluster solutions might be too low. However, other measures as for
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example the ARI as used in Meng et al. (2015) and Ahlgren and Colliander (2009) and also a
standard Herfindhal index as employed by (Klavans and Boyack 2015) are dependent on the
availability of an established categorization, which can be used as a ground truth. In regard to
journals this can be the Thomson Reuters’ Essential Science Indicators and in regard to
documents one can use for example the acknowledged grants as indexed in the MEDLINE
database (Boyack and Klavans 2010), which however are only sufficiently listed for the field of
biomedicine. For most research fields, such ground truths are not available. In the course of the
research leading to this study we have tried to employ special issues to find predefined groups
of articles. However, we found that for our purpose of assessing cluster solutions many special
issues are either to broad or to narrow in their context. Given this, while a quality measure that
is independent of text and citations would be highly appreciated, the JSD-based coherence
measure has proven its validity in other studies and in our opinion is currently the best measure
available.
Future research could supplement the present study by applying the proposed
methodology on a dataset in regard to e.g., business economics or medicine, and also on
datasets of different sizes. Furthermore, here we only applied one edge cutting scheme, namely
the knn constraint. It would be interesting to see, if other filtering techniques, e.g., a pathfinder
algorithm or the global cutting of weak edges under a given threshold, yield differing results.
Also, the effects of novel clustering algorithms on the appropriate parameter choice is a
suggestions for future research.
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Abstract: For many researchers, companies, and policy makers alike, the notion of emerging
technologies has recently sparked a lot of interest. They are seen as having the potential
to create new business fields, revolutionize existing ones, or make whole industries
obsolete. Given this, in recent years bibliometric researchers set out to develop
quantitative methods for the identification of emerging technologies on the basis of
scientific publications. To further progress this research, this study proposes a new
method to calculate bibliometric timelines that incorporate second-order hybrid
similarities and visualize a research area’s evolution over time. The method comprises
four steps – splitting data into periods, group articles based on hybrid second-order
similarities, calculate hybrid second-order similarities between clusters in adjacent
periods, and visualization of research evolution in timelines. Here, the results of the
method’s application in two case studies conducted in cooperation with companies
located in southern Germany are reported. Over 50,000 articles from the construction
building technology research area and over 25,000 articles concerning sensor networks
were analyzed. Bibliometric timelines offer various insights into a research field ranging
from identification of core research topics to issues of declining research interest to
emerging topics. In the case studies especially the reliable and purely quantitative
identification of emerging issues proved invaluable for foresight purposes, ideation, and
identification of possible strategic partners. In contrast to similar approaches focusing on
the emergence of whole research areas, the new method reveals emerging technologies
on a much more detailed level.
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Introduction
For decades, researchers, companies, and policy makers alike have devoted a lot of time

and effort into observing scientific progress and identifying technologies with potential high
future impact. Of the different terms that have been assigned to such technologies – disruptive,
breakthrough, radical etc. – recently the term emerging has become established and is the most
widely used.1 Emerging technologies especially spark interest in decision makers as they can
create new business fields, revolutionize existing ones, or make whole industries obsolete (Day
and Schoemaker 2004) and hence contribute to the competitive advantages of firms and
national economies. Rotolo et al. (2015), who integrated different existing concepts of what an
emerging technology constitutes, define it through five key characteristics: radical novelty,
relatively fast growth, coherence, prominent impact, and uncertainty and ambiguity. As such,
an emerging technology does not necessarily represent an invention. In fact, several decades
may pass before the societal conditions foster a spark in interest in a technology, e.g. in case of
the LED (Zheludev 2007).
Prominent examples, which were considered emerging in the past and now have great
impact on almost all industries, are additive manufacturing and graphene (World Economic
Forum 2016, World Economic Forum 2015, MIT Technology Review 2013, and MIT Technology
Review 2008). Current examples for such broadly based research areas, while still having to
prove their viability and impact, are recyclable thermoset polymers (García et al. 2014) and
quantum dots (Khan et al. 2015, Shirasaki et al. 2013, and Biju et al. 2010). For many companies
however, a technology which’s impact is limited to the respective industry, for example airless
tires (Slack 2012) or engineered bamboo (Sharma et al. 2015) are deemed as the key emerging
technologies. Given these examples, emerging technologies differ significantly from the
incremental evolution of established technologies and, as the more recent examples of Ken
Olsen (Schein 2003, p. 53)2 and Steve Ballmer (Lieberman 2007)3 highlight, even experts
struggle to identify emerging technologies. Additionally, the growth in number of scientific
results published as well as increased technology cycle speeds further complicate technology
foresight efforts for the identification of emerging technologies. Hence, building upon the
increased availability of data and computational power, in recent years members of the

1

A topic search in the Web of Science Core Collection for "emerg* techno*" yields over 11,000 results while a search
for "disrup* techno*" only yields 843 publications.
2
Ken Olsen, founder of DEC, in 1977 allegedly said that "There is no reason anyone would want a computer in their
home”. He however later claimed that the statement was quoted out of context.
3 Steve Balmer, longtime CEO of Microsoft, in an interview at the USA TODAY CEO Forum 2007 said that “There's no
chance that the iPhone is going to get any significant market share”.
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bibliometric community set out to develop quantitative methods for the identification of
emerging technologies.
The respective works can generally be grouped into two categories (Small et al. 2014 and
Cozzens et al. 2010). Most bibliometric studies belong to the first category, in which they
generally start out with a given topic which was already identified as emerging and analyze its
characteristics. For example, Goeldner et al. (2015) collected patent as well as journal
publication data to investigate the key countries, corporations and research networks in the
emerging field of care robotics and to assess their possible future developments. Similarly,
Kwon et al. (2016) compared the evolution of two nano-technologies – nano-enabled drug
delivery and graphene – in regard to the level of interdisciplinarity in the respective underlying
knowledge bases as well as in regard to the range of diverse applications of the two
technologies. Given this, the mentioned studies – as well as several others (e.g., Furukawa et
al. 2015, Mund and Neuhäusler 2015, Munari and Toschi 2014, Iwami et al. 2014, Érdi et al.
2012, and Leydesdorff and Rafols 2011) – analyzed characteristics of emerging technologies,
e.g., interdisciplinarity or citation patterns. However, they do not describe a method or a
threshold with which to discriminate an emerging technology in a large collection of
technologies.
In contrast, the small number of publications in the second category apply data mining,
text-mining, and citation networks in order to first structure a given technology field with the
help of cluster algorithms and subsequently assess the level of emergence in the found clusters
(e.g., Small et al. 2014, Cobo et al. 2011, and Shibata et al. 2011). However, while hybrid
measures – the combination of text- and citation-based similarities – are the state-of-the-art in
bibliometric analysis (Meng et al. 2015, Thijs et al. 2013, Liu et al. 2012, and Janssens et al.
2008), these have not been applied in the context of emerging technologies. Given this, in this
article I propose a novel bibliometric method for the identification of emerging technologies.
This method is based upon research by Meyer-Brötz et al. (2016a) and Meyer-Brötz et al.
(2016b), which was in part concurrently conducted to the work presented here. In this method,
through application of hybrid measures on successive periods, so-called hybrid bibliometric
timelines are constructed. These bibliometric timelines are a visual representation of a
technology field’s evolution over time. In contrast to past studies in regard to emerging
technologies, this new method allows for a much finer cluster resolution. While Shibata et al.
(2011) formed clusters that contain several hundred publications and Small et al. (2014)
deemed topics like wireless sensor networks and graphene as emerging, the new method can
be applied in a company setting in regard to very detailed technologies.
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This article is structured as follows. First, I present related publications in regard to
quantitative technology foresight methods. Second, the proposed new method for the
construction of hybrid bibliometric timelines is described in detail. Third, I explain the results of
the method in the context of two case studies. One case study was carried out in cooperation
with a market leader in regard to building technology. The other was conducted with a large
machine manufacturer. In both case studies, dozens of timelines were calculated. However, the
aim of this article is not the detailed discussion of specific research fields. Hence, in this article
for each case study only a few selected timelines are described in order to clarify the novel
method proposed. Fourth, I compare the results of the new methods discuss limitations. Last,
the findings are summarized and possible future research directions revealed.

2

Related work
Most studies that focus on the identification of emerging technologies use scientific articles

instead of patents as the underlying data-basis. This is mostly due to the inherent time lag
between the filing of a patent, its appearance in the patent databases, and its accumulation of
citations (Érdi et al. 2012). Hence, patents rather reflect the application fields of a technology
than the birth of a technology in the international research community (Kwon et al. 2016). The
methods described in the following sections could in principle also be applied to patents, too.
Jarić et al. (2014) proposed two indices based on the age of the references – the average
age of the references and the proportion of references published in the two previous years. As
a ground truth, they used four studies that all belong to the field of ecology and have previously
analyzed emerging technologies in this research area. Their main result was that emerging
issues consistently cite younger references. However, Mund and Neuhäusler (2015), who used
emerging topics in 22 research fields identified by Saka et al. (2010) as the ground truth, found
the age of the references to be prone to large variations depending on the respective research
field. For example, in the engineering area emerging issues tend to cite younger publications
while in medicine the opposite is true. In the same study, several other indicators – the number
of authors, the interdisciplinarity of the journal, the journal size, the journal age, etc. – also
showed large variation depending on the research area under consideration. Hence, these
indicators are very likely to obscure emerging issues which form due to technology
convergence, one of the most prominent sources of upcoming technologies. However, these
indicators are rather easy to calculate once the publications of a research field are grouped into
clusters and therefore should be taken into account when quantitatively searching for emerging
technologies.
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The most prominent method for the identification of emerging technologies in the
bibliometric community is the calculation of what I call bibliometric timelines, which have been
given several names in the pats (Meyer-Brötz et al. (2016a): research lines; Small et al. 2014:
cluster strings or threads; Shibata et al. 2008: time line visualization; Chen 2006: time-zone
view). These are generally calculated in three steps. First, data is split into, possibly overlapping,
periods. Second, in each period similarities are calculated between documents and
subsequently clusters are formed. Third, connections between clusters in different – usually
adjacent – time periods are determined, e.g. using citation-based similarities or cluster overlap.
Chen et al. (2010) analyzed 12 journals from the information science field, collecting over
10,000 publications between 1996 and 2008. For every year a co-citation network was formed
(Marshakova-Shaikevich 1973 and Small 1973), where only the top 100 most frequently cited
documents per year were retained. Subsequently, the single-year networks were merged to
form a network consisting of 644 nodes. Finally, from this network a given number of 50 clusters
was derived. In order to assess a research field’s evolution over time, Chen et al. (2010) employ
what they call a time-zone view. When layouting the co-citation network two restrictions are
applied. Nodes are vertically arranged in respect to their publication year and horizontally in
respect to the found clusters. Hence, clusters are arranged along a time-axis, which allows for
the assessment of the age and the growth of a topic. However, applying co-citation, which has
often been criticized due to its inherent time-lag as well as focusing on only the top 100 most
frequently cited documents, makes the detection of emerging issues very unlikely (Shibata et
al. 2008). Furthermore, when not filtering the top cited documents and hence analyzing a much
larger data set, the calculation of a merged network becomes increasingly difficult and the timezone view is hard to interpret as it tends to become very crowded.
Taking this criticism into account, based upon a dataset from the field of regenerative
medicine containing over 17,000 publications from 1960 to 2008, Shibata et al. (2011) applied
direct citation in the calculation of their networks. Once more, data was first split into one-year
periods. The resulting direct citation networks were then clustered using the modularity based
clustering algorithm proposed by Newman (2004) that does not need a preset cluster number
as an input. In order to create their time line visualization, the overlap between clusters of
adjacent periods was calculated. As many clusters have some kind of overlap, Shibata et al.
(2011) only viewed clusters as linked over time if they have an overlap of more than 30%. For
the final visualization the clusters with the biggest overlap were arranged in a horizontal line in
respect to their base year. While in principle very similar to the visualization by Chen et al.
(2010), the aggregation of documents in clusters allows for the graphical representation and
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hence also interpretation of a much larger data basis. Furthermore, as the connections over
time are based on direct citation, emerging issues could be detected much earlier. However,
other citation measures, e.g., bibliographic coupling, yield better cluster solution compared to
direct citation and can also be applied on most recent literature without a time lag (Boyack and
Klavans 2010). Additionally, the overlap of clusters is only an appropriate representation of their
evolution over time if clusters are rather large. However, especially emerging issues are
obviously represented by a rather small number of publications.
Another method for the identification of emerging technologies was published by Small et
al. (2014). They set out to analyze ‘all of science’ and hence use 17 million articles from the
Scopus database published between 1996 and 2010 as their data basis. They first calculate
similarities of documents in one-year periods by applying a hybrid citation measure consisting
of bibliographic coupling and co-citation. Here, clusters were calculated with an adapted Ward’s
algorithm. The clusters are then connected over time by calculating the overlap of the clusters’
references to form what Small et al. (2014) call threads. Here again, this would result in a vast
number of connections over time. Given this, Small et al. (2014) choose that the rather arbitrary
number of 48% of clusters have a connection to the respective next period. In addition to the
cluster threads, direct citation networks across the whole time period considered were
calculated. The direct citation networks were clustered by applying the modularity based
algorithm proposed by Waltman and van Eck (2012). Small et al. (2014) then calculated a socalled emergence potential by comparing the direct citation clusters with the cluster threads.
Essentially, the clusters ranked as the most emergent are new in the direct citation network
and are not connected over time in the cluster threads. In this method proposed by Small et al.
(2014), especially in order to enable the processing of so many articles, a lot of filtering was
incorporated. For example, only references cited frequently were incorporated into the
bibliographic coupling and for the clustering less than the top 15 most related references were
retained. In regard to the targeted scope of ‘all of science’ emerging technologies such as
wireless sensor networks or treatment of diabetes-2 were detected. In summary, the method
described by Small et al. (2014) and the algorithms used therein are tailored for fast
computation in order to handle large data sets and not for the delineation of technologies on a
detailed level. Furthermore, the applied filter mechanisms, which often disregard relevant
information, are likely to obscure emerging issues in regard to the technologies relevant for a
single company.
There is one crucial point of criticism in the methods described in the previous paragraphs.
They rely solely on citation-based measures for the calculation of the cluster solutions. Small et
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al. (2014) also use citations to calculate the evolution over time while (Chen et al. 2010) and
(Shibata et al. 2011) rely on the overlaps of clusters. In the past decade, the bibliometric
community has put a lot of research effort into determining the best way of calculating
document clusters (e.g., Klavans and Boyack 2015, Thijs et al. 2013, Colliander and Ahlgren
2012, Boyack and Klavans 2010, and Janssens et al. 2009). Hybrid similarities, combining textual
und citation information, consistently yielded the best performance in these studies.
This was taken into account in a study by Meyer-Brötz et al. (2016a), which employed
bibliometrics to determine the evolution of a research area. They analyzed 12,381 articles from
the technology and innovation management research area. Clusters were calculated by first
applying a combination of citation based and textual similarities, then visualizing the
bibliometric network with a force-directed layouting algorithm, and finally using the resulting
x-y-coordinates as input into a Ward’s algorithm. In three year periods in the timeframe
between 2000 and 2014 five to six clusters were generated. The connections of clusters in
adjacent periods were also determined on the basis of hybrid similarities. The resulting so-called
research lines representing the clusters’ evolution over time were also visualized in this study.
However, with an average cluster size of several hundred articles Meyer-Brötz et al. (2016a) did
not actually aim for the identification of emerging issues. The large cluster sizes were largely
due to the transformation of similarity data into the 2-dimensional network visualization and
the employment of the Ward’s algorithm. Given this, the topics identified as new in the
technology and innovation management area represent issues, which have recently become a
hot topic and have risen to the center of attention in the respective scientific community.
Hence, as discussed in the previous section, these topics do not represent emerging issues.
In summary, all of the studies described in this section cannot be applied in a company
setting, as they aim for the identification of large clusters in scientific literature. Given this, they
are tailored to identify emerging technologies, which represent whole research areas. Most
technology oriented firms, however, are very specialized and only operate in a single research
field. Hence, they aim to find emerging technologies on a much more detailed level. Given this,
Meyer-Brötz et al. (2016b) provided an overview over research in regard to hybrid similarities
and conducted further analysis in regard to the best method when aiming for detailed cluster
solutions. They concluded that – largely depending on the level of edge cutting – in the context
of a small resolution level the most coherent clusters can be achieved by applying second-order
hybrid similarities (see section 3). In the following section I propose a novel method expanding
the work of Meyer-Brötz et al. (2016b) across several periods, which enable the identification
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of emerging technologies on a detailed level and incorporates hybrid similarity measures, which
have so far not been applied in regard to bibliometric timelines.

3

Methodology
An overview of the proposed method for the construction of bibliometric timelines is

displayed in Figure 1. During the explanation of the method in the following paragraphs, several
parameters are mentioned. As in my experience the appropriate choices for their values are
highly dependent on the data set and technology field under consideration, the chosen values
will be discussed in the context of the two case studies’ description in the next section.
First, after collecting data from a scientific database (e.g., Web of Science or Scopus), the
data is split into periods. Most often, one-year periods are used. However, one can also choose
longer periods, depending on the technology cycle speed of the industry under considerations.
For meaningful bibliometric timelines I recommend at least five periods.

Figure 1 Method for the calculation of bibliometric timelines

In the second step, based on the study by Meyer-Brötz et al. (2016b), for each period a
cluster solution based on second-order similarities is calculated. With the help of the Cosine
measure (Salton and McGill 1983) a similarity matrix 𝜂 based on bibliographic coupling as well
as a lexical similarity matrix 𝜉 based on the combined terms of a of a document’s title, abstract,
and author keywords are calculated. Thereby I stem the respective terms and remove
stopwords. Furthermore, I apply a term frequency / inverse document frequency (TF-IDF) index
as a weight to all references and terms in order to avoid over-aggregation. By linearly combining
the similarities’ angles using the weighting factor 𝜆 a first-order hybrid similarity matrix is
calculated for each period (Glänzel and Thijs 2011):
𝜗 = 𝑐𝑜𝑠(𝜆 ∙ arccos(𝜂) + (1 − 𝜆) ∙ arccos(𝜉))
Following this, applying the Cosine measure once more the first-order is transformed into
a second-order hybrid similarity matrix. This matrix is usually extremely dense. Hence, the
filtering of this matrix significantly improves the final cluster solutions (Meyer-Brötz et al.
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2016b). Given this, I apply a k-nearest-neighbors (knn) filtering to obtain the final second-order
hybrid similarity matrix. A value is only retained, if it is either in the top k of the respective row
or the top k of the respective column. Otherwise it is set to zero. The filtered matrix then is used
as input into the modularity-based Louvain clustering algorithm (Blondel et al. 2008). Through
a slight adjustment of this method as proposed by Arenas et al. (2008), as the final results of
the second step different cluster solutions with varying average cluster sizes are derived.
In the third step, the previously described way of calculating hybrid second-order
similarities is expanded across several periods in order to form the bibliometric timelines. For
this, all documents that reside together in a cluster are merged to form a single large clusterdocument containing all references as well as all terms of the single documents. After that, I
calculate the second-order hybrid similarities between the cluster-documents of adjacent
periods in the same way as described above.
As the cluster-documents obviously contain many references and terms, this results in
similarities between almost every cluster in two adjacent periods. Given this, in the fourth step,
also the similarity matrices between all periods have to be filtered and subsequently sorted in
order to yield the final interpretable bibliometric timelines (see Figure 2). However, to choose
a similarity threshold that indicates if two clusters are linked over time or not is very difficult
(Boyack and Klavans 2014). Such a threshold, amongst other factors, is governed by the size of
the data set, the scope of the search terms used, the average cluster size, and the citation
patterns of the research field under consideration. In the course of developing this method, I
tested various ways of filtering links over time – direct citation, shortest paths, knn filtering,
focus on only the strongest edges, and a combination of these – and a wide range of respective
thresholds. If too many links are cut, many clusters are not part of any timeline and if too few
are cut only few very strongly interconnected timelines are formed. After much
experimentation, for the case studies presented in the next section I settled on a combination
of a cluster specific filtering and a holistic filtering. The former represents a knn filtering where
only the top K links per cluster are retained. For the latter, from all the remaining links only the
strongest n% are retained.
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Figure 2 Filtering and sorting of bibliometric timelines

Following the filtering, for easy visual interpretation the bibliometric timelines need to be
sorted. Here, I implement a sorting algorithm that – starting with the timeline with the in sum
largest similarities across all periods – arranges strong similarities across the periods in
horizontal lines. Timelines with links between them are positioned near to each other to avoid
overlapping connections. Hence, clusters that only have connections across very few periods
are placed at the bottom of the chart. As the final result of the proposed method, the filtered
and sorted bibliometric timelines are a visual representation of a technology field’s evolution
over time. In accordance to the previous section, I additionally calculated further emergence
indicators – the average reference age in a cluster, the coherence of a cluster measured with
its silhouette, and the similarity of a cluster to the other clusters in the period. The
interpretation of the bibliometric timelines is demonstrated in the next sections in the context
of two case studies.

4

Case study settings
The proposed method for the identification of emerging technologies with the help of

bibliometric timelines was tested in two case studies. The setting for the first case study was a
market leader in regard to construction technology situated in southern Germany and was
carried out between July 2015 and September 2015. The second case study was conducted with
a large German machine manufacturer between August 2015 and January 2016. While several
technology fields were analyzed in this case study, here I only report the analysis of the field of
sensor networks. Both companies have approximately 8,000 employees and generated revenue
of close to 1.5 Billion Euros in 2015. In both case studies, the key goal of the application of
bibliometrics was to generate input for the ideation process of the innovation management.
Hence, the current state of established technologies as starting point for potential incremental
innovation was to be assessed and emerging technologies as enabler for possible radical
innovation were to be identified. Given this, in both case studies the head of development,
managers responsible for the innovation management and new business development, and
experienced technology specialists were involved.
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I structured the case studies in three phases (see Figure 3), while for each phase one to two
workshops were carried out. First, the respective search strategy was iteratively derived.
Starting from an initial set of search terms, I calculated bibliometric networks containing only
the most frequently cited documents. Together with the companies’ experts these networks
were assessed in regard to the right scope. Given this, the chosen search terms were iteratively
adjusted in order to include a broad spectrum of technologies. If the search is too narrow, one
cannot see the bigger picture while a search too broad might obscure emerging technologies
on the detailed level. In the second phase, using the previously described methodology, the
data set was delineated into coarse clusters to further filter out topics deemed as irrelevant by
the technology experts. Coming from a broad search strategy, this phase is critical for the
identification of emerging technologies in order to get rid of as much noise as possible. Third, I
calculated the final bibliometric timelines. Only the in phase two selected clusters were used as
the underlying data set to once again calculate bibliometric timelines with the procedure
described in the previous section. However, this time a much smaller cluster resolution was
aimed for.

Figure 3 Structure of conducted case studies

As described in the previous section, so far there is no heuristic in order to determine the
appropriate parameter choices in the calculation of bibliometric timelines. Given this, in the
second as well as in the third phase, especially the thresholds for filtering links over time had to
be determined iteratively while incorporating the knowledge of the companies’ experts. Also,
the interpretation of the timelines and final identification of relevant technological change was
also done in workshop settings. The bibliometric results of the two case studies are described
separately in the next two sections.
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Case study ‘construction building technology’

Figure 4 Network of the 2,332 articles published in 2008 in regard to the second phase of the case study ‘construction
building technology’. 1,369 of 27,188 edges are shown. Symbol colors represent calculated clusters. Background
color represents density map calculated by a weighted moving average.

We started the case study in the first phase with the compilation of the appropriate search
strategy. Most hits generated with a search for terms like construction technology did in fact
not relate to the construction industry but e.g., addressed the construction of electrical circuits.
However, collecting all 56,783 articles contained in the construction building technology
research area of the Web of Science Core Collection and published between 2000 and 2014 was
deemed as the appropriate search strategy by the company’s technology experts. After filtering
data entries that did not contain references, an abstract, or author keywords 53,165 articles
were retained. Here, in contrast to the case study with regard to sensor networks, a much
longer time frame was chosen as the technology cycle speed in the construction industry is very
slow. Cañas-Guerrero et al. (2014) published a bibliometric study using a similar data base of
the construction building technology research area. However, they focus solely on descriptive
statistics and do not contain any bibliometric networks or emerging issues.
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According to the previously described case study setting, in the second phase the data was
structured on a coarse level using the steps proposed in the methodology section. Here, after
several iterations regarding the right parameter choices, in the end I chose to go for an average
cluster size of 200, to apply a knn filtering of 15 and to use a weighting factor 𝜆 of 0.65. For the
calculation of the timelines I first filtered the top 3 strongest links over time per cluster and then
retained only the top 80% of all remaining links. All the respective bibliometric timelines are
depicted in Appendix A. Each thread of interconnected timelines was interactively browsed and
named in a workshop with the company’s experts. Besides the timelines, also the bibliometric
networks of each period were visualized and interactively analyzed. Here, the algorithm
proposed by Fruchterman and Reingold (1991) as implemented in the current version of the
igraph package (Csardi and Nepusz 2006) was used to calculate a network as shown in Figure 4
for 2008. The easy assessment of thematic proximity of different clusters as well as their density
and coherence was very helpful in the investigation of the topic of each cluster or group of
clusters. For this article’s purpose of demonstrating the proposed methodology the reporting
of the results of this second phase is limited to an overview of three exemplary timelines shown
in Figure 5, which the company’s experts deemed the most important. Other timelines
addressed topics like e.g. steel corrosion, seismic behavior of high-rise buildings, asphalt
mixtures, and tunnel and bridge construction.

Figure 5 Selected coarse bibliometric timelines in the second phase of the case study ‘construction building
technology’. Coloring gradient highlights diffusion of topics, circle size represents the number of articles in the
cluster, and line width represents the hybrid similarity of two adjacent clusters.

The topmost timeline is very strongly connected over time and the technological
development has been rather linear. The topic in this timeline is the effect of different
admixtures on the properties of concrete, e.g. on compressive strength, tensile strength, or
pore structure. Hence, in the first periods, articles explain the models of concrete hydration
(e.g., Richardson 2000 and Jennings 2000), analyze the effects of mineral admixtures (e.g.,
Ferraris et al. 2001), and report on the effects of hydration temperature on these admixtures
(e.g., Escalante-Garcı ́a and Sharp 2001). Then, in the following periods, the research progresses
to new types of admixtures, e.g. nano-silica (e.g., Jo et al. 2007) or carbon-nanotubes (e.g., Li et
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al. 2007). In the most current periods, the timeline focuses on the usage of recycled materials,
especially finely ground demolition waste, as admixtures (e.g., Arulrajah et al. 2014 and Silva et
al. 2014). Additionally, research regarding admixtures like fly ash (e.g., Vance et al. 2013) and
nanomaterials (e.g., Kawashima et al. 2013) is still prevalent.
The second timeline depicted in Figure 5 is also very strongly connected over time.
However, it consists of two distinctly different topics, which converge in 2010 to form a novel
research front. Across all periods the black timeline is focused on the topic of building
information modeling (BIM; e.g., Jung et al. 2014, Schlueter and Thesseling 2009, and Koo and
Fischer 2000), which means the collection and combination of all building relevant data into a
virtual model. In contrast, the dark grey timeline continuously contains articles in regard to
energy consumption of buildings (e.g., Pérez-Lombard et al. 2008 and Scheuer et al. 2003),
indoor climate for the best thermal comfort (e.g., Mishra and Ramgopal 2013, Freire et al. 2008,
and Nikolopoulou and Steemers 2003), and health effects of ventilation systems and the
bacteria contained therein (e.g., Meadow et al. 2014 and Fisk et al. 2009). These two distinct
lines of research converge for two reasons. First, integrative BIM allows for the enhanced
simulation and analysis of air flows and energy consumption in buildings (e.g., Heo et al. 2012
and Gustavsson and Joelsson 2010). Second, the highest value for BIM is increasingly seen in
the operation and not the construction of buildings. Hence, the smart control of power usage,
heating, and ventilation with the help of BIM (e.g., Missaoui et al. 2014 and Hu and Karava 2014)
is a focus topic in the newly formed research front.
In the third timeline at the bottom of Figure 5 fiber reinforced concrete is the subject of
interest. While this topic is thematically related to the first timeline it has recently received a
lot of research attention in regard to ultra-high performance concrete (e.g., Yu et al. 2014,
Vincent and Ozbakkaloglu 2013, and Kang et al. 2011). Hence, the increasing number of
respective articles, showing the highest growth rate of all timelines between 2013 and 2014,
has led to the formation of a separate timeline. On the level of the coarse analysis in this second
phase of the case study, the topic of fiber reinforced concrete shows an emerging character.
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Figure 6 Selected detailed bibliometric timelines in the third phase of the case study ‘construction building
technology’ in regard to BIM. Coloring gradient highlights diffusion of topics, circle size represents the number of
articles in the cluster, and line width represents the hybrid similarity of two adjacent clusters.

For the third and final phase of the case study in regard to construction technology, several
timelines were disregarded, e.g., the one in regard to indoor climate, as they were not deemed
relevant to the company’s key markets. Then, each of the remaining timelines represented the
underlying data set for the calculation of detailed timelines with small average cluster sizes, as
described in the previous section. In this article, I focus on the timeline in regard to BIM (colored
black in Figure 5), as the company’s experts assessed it as the most relevant. This timeline
consists of a total of 4,142 articles and, once more after several iterations, an average cluster
size of 30, a knn filtering of 10, and a weighting factor 𝜆 of 0.6 was applied. For the calculation
of the timelines I first filtered the top 2 strongest links over time per cluster and then retained
only the top 83% of all remaining links. Figure 6 depicts three exemplary detailed timelines from
the research areas of BIM, which will be explained in the next paragraphs. An overview of all
bibliometric timelines in regard to BIM in this third phase can be found in Appendix B.
The topmost timeline contains articles on the application of digital tools in construction
project management, specifically in the scheduling of tasks (e.g., Ghoddousi et al. 2013 and Liu
and Wang 2012), estimation of costs (e.g., Feng et al. 2010), and in the tracking of construction
progress (e.g., Grau et al. 2009 and Zhang et al. 2009). Furthermore, it also contains clusters in
regard to the application of BIM in the architectural design stage of a construction project (e.g.,
Arayici et al. 2011). While this timeline with over 1,100 articles represents the bulk of BIM
research, the number of respective published articles peaked in 2010 and has been slowly
decreasing since. Hence, the timeline indicates that this topic has reached a level of maturity
that allowed for the transfer from academia to practice. The company’s experts supported this
claim and referred to the fast uptake of BIM practices by construction companies as well as to
respective regulations for public construction projects in western countries.
The second timeline, colored black in Figure 6, is an example of a disappearing research
topic. It addresses the application of BIM in road construction (e.g., Dzeng et al. 2005 and ElRayes and Kandil 2005). However, the most value of BIM is seen in larger more complex projects
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as well as in the operation of buildings. Hence, this topic has not received enough research
attention in recent years to form its own timeline. However, a few publications regarding BIM
and road construction are scattered in other timelines (e.g., Kang et al. 2010).
The third timeline depicted in Figure 6 is an example of an emerging technology. It is very
new in that it has clusters in the last two periods only. Furthermore, it exhibits a very strong
growth rate of 357%, increasing from just 7 articles in 2013 to 25 in 2014. The articles in this
timeline are in regard to connecting the physical world with the virtual BIM world through
advanced image processing techniques and augmented reality. The former relates to the
application of cameras (e.g., Khosrowpour et al. 2014 and Tajeen and Zhu 2014) or RFID (e.g.,
Su et al. 2014) to automatically recognize and locate workers and construction equipment. The
latter then relates to the transfer of the captured image data into a digital model and
representation of the data in a virtual environment (e.g., Koch et al. 2014 and Kwon et al. 2014).
The vision behind this research is the automated monitoring and remote control of construction
projects as well as the collection and provision of data to improve efficiency on construction
sites. Today, similar technology is already in use in the context of the smart factory. However,
additional research is necessary for the application on dirty, cluttered, and fast changing
construction sites.

6

Case study ‘sensor networks’
The first search strategy aiming for a very broad perspective contained terms like cyber

physical systems, embedded systems, and the internet of things. However, the preliminary
analysis of the most cited publications in this case showed that most publications did not relate
to sensors at all. Given this, as an alternative approach the ten most prominent journals of the
sensor technology research field, e.g., Sensors and Actuators A and IEEE Sensors Journal, were
screened. However, the respective preliminary networks were deemed to be too centered on
fundamental research. Hence, a third and more focused search with the terms sensor network*
in the Web of Science’s Core Collection was conducted. As the data additionally yielded many
publications from other research areas this search strategy was deemed fitting to capture a
broad enough perspective. Hence, the data of 26,345 articles published between 2007 and 2014
was extracted from the Web of Science Core Collection. After filtering only data entries which
contain references, keywords, and abstracts, I retained 25,777 publications for further analysis.
Once more, in the second phase the data was first structured on a coarse level. After
calculation of several test networks and timelines under different parameter conditions, the
final analysis was conducted with regard to an average cluster size of 200, a knn filtering of 10,
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and a weighting factor 𝜆 of 0.7. For the visualization of the research fronts over time, I first
filtered the top 3 strongest links per cluster and kept the top 83% from all the remaining
connections over time for further analysis. An overview of all resulting bibliometric timelines
can be found in Appendix C. Again, the visualized networks and timelines were interactively
browsed and tagged. Given the purpose of this article of explaining the methodological
approach, the description of the results is limited to the timelines shown in Figure 7. Other
topics addressed in the sensor networks timelines are e.g., nanowire enabled sensors,
localization, fiber-bragg sensors, sensor clustering, time synchronization, and vehicle ad-hoc
networks.

Figure 7 Selected coarse bibliometric timelines in the second phase of the case study ‘sensor networks’. Coloring
gradient highlights diffusion of topics, circle size represents the number of articles in the cluster, and line width
represents the hybrid similarity of two adjacent clusters.

The first timeline represents a topic, which has been of great importance in the last decade
and as such is strongly connected over time – privacy and security. In the beginning, the articles
contained in this timeline focus mainly on the security of military deployed sensor networks in
hostile environments (e.g., Wang et al. 2008, Xiao et al. 2007, and Du et al. 2007). More
specifically, the first periods address issues like jamming attacks (e.g., Mpitziopoulos et al. 2009
and Cagalj et al. 2007), user authentication (e.g., Yang and Chang 2009 and Chen et al. 2008),
and trust and reputation models (e.g, Gómez-Mármol and Martínez-Pérez 2010 and Sun et al.
2008). In the more recent periods, research in regard to security in sensor networks has
progressed towards defense mechanisms in civil applications such as mobile healthcare (e.g.,
Lu et al. 2013 and He et al. 2012) and smart factories and logistics (e.g., Liao and Hsiao 2014
and Cheminod et al. 2013). However, there are still a lot of articles highlighting the susceptibility
of sensor networks, especially wireless ones, to attacks (e.g., Wang and Wang 2014 and
Abduvaliyev et al. 2013). Given this, security will most likely continue to be a hot topic over the
course of the next several years.
After detailed inspection, it became obvious that the middle timeline depicted in Figure 7
actually represents two distinct timelines. Only in 2009 are both timelines conglomerated in
one cluster. This is because two very closely related layers of the IEEE OSI-model, which is a
reference model for network communication functions, are addressed. The respective top part
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of this middle timeline contains research with regard to media access control (MAC) protocols
and the bottom part focuses on routing protocols. In both cases, although from different
perspectives, the topic of energy efficiency to prolong wireless sensor network lifetime is part
of the described research across all periods. In the former timeline, this generally concerns
scheduling issues (e.g., Cheng et al. 2013, Anastasi et al. 2009, and Chen et al. 2007), while in
the latter it is centered on the compromise between energy, delay, and data quality (e.g., Zhang
et al. 2014 and Ben-Othman and Yahya 2010). Besides energy efficiency, articles in the MAC
timeline in the first few periods focus on the usage of the IEEE 802.15.4 standard in industrial
or infrastructure applications with high demands on quality of services (e.g., Anastasi et al. 2011
and Bertocco et al. 2008). Building upon this research, the most current periods contain
research in regard to the IEEE 802.15.6 standard, which implements wireless body area
networks (WBAN) (e.g., Movassaghi et al. 2014 and Chavez-Santiago et al. 2013). In regard to
both IEEE standards, the issue of multichannel communications and resulting interference is
addressed (e.g., Hayajneh et al. 2014 and Angrisani et al. 2008). In contrast, the routing timeline,
apart from the issue of lifetime maximization, in the first periods discusses mobile networks
(e.g., Akkaya et al. 2010 and Spyropoulos et al. 2008) or networks with mobile sinks (e.g., Yun
and Xia 2010 and Basagni et al. 2008). Given this, the research in later periods of this timeline
focuses on self-organizing routing protocols, e.g., using swarm intelligence (e.g., Zhang et al.
2014 and Zeng et al. 2013).
The third timeline depicted in Figure 7 represents an example of disconnected research
fronts. The respective clusters all address the topic of energy harvesting. However, in 2012 the
articles in regard to energy harvesting are dispersed across several clusters, which explains the
gap in the timeline. Energy harvesting represents an important enabler for the implementation
of wireless sensor networks as it, depending on the energy efficiency and the data rates,
enables endless operation or at least significantly prolongs network lifetime. In earlier periods,
studies especially focus on the harvesting of motion and vibration energy through utilization of
the piezoelectric effect (e.g., Challa et al. 2011 and Renaud et al. 2009). In recent periods, the
research progressed towards the harvesting of radio frequency waves (e.g., Kim et al. 2014 and
Lee et al. 2013).
In the sensor network case study especially inspirations from cross industry innovation was
important to the company’s experts. Given this, especially the top part of the second timeline,
which focuses on WBANs, was deemed relevant for detailed analysis in the third phase. A total
of 1,608 articles make up this timeline and after several preliminary analyses, I calculated
detailed research fronts for every period with an average cluster size of 20, a knn filtering of 7,
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and a weighting factor 𝜆 of 0.6. For the calculation of connections over time I first filtered the
top 2 strongest links over time per cluster and then retained only the top 84% of all remaining
links. The timelines explained in the next paragraphs are shown in Figure 8, which represent an
excerpt of all the respective timelines depicted in Appendix D.

Figure 8 Selected detailed bibliometric timelines in the second phase of the case study ‘sensor networks’ in regard
to MAC protocols and WBANs. Coloring gradient highlights diffusion of topics, circle size represents the number of
articles in the cluster, and line width represents the hybrid similarity of two adjacent clusters.

In concordance with the underlying coarse timeline, the first timeline in Figure 8 consists
of the linearly progressing topic of the IEEE 802.15.4 standard, as described previously.
However, the detailed timeline offers additional insights. It highlights that the different data
transfer architectures, either un-slotted or slotted, in combination with different CSMA/CA
algorithms are at the center of research attention (e.g., Khanafer et al. 2014, Dinh and Kim 2012,
and Yoo et al. 2010). The articles currently still focus on models, frameworks, and simulations
and do not report empirical results or real live deployments. However, the number of articles
in this timeline is decreasing in the last period, which might be an indication of increased
industry uptake.
The bottom timeline in Figure 8 represents the research on WBANs. The high growth of the
number of respective articles and the relative newness of the timeline indicates an emerging
issue. At first, the company’s experts disputed this fact, as the so-called wearables and
especially fitness trackers are already seen as a growing market. However, the research in this
area focuses on a future vision: The coexistence of WBANs on every person at every time, where
each individual WBAN consists not of one but of multiple sensors (e.g., Fortino et al. 2014 and
Wang et al. 2013). Especially the problem of interference of different WBANs needs to be solved
for this vision to come true (e.g., Park et al. 2014, Hayajneh et al. 2014, and Deylami and Jovanov
2014). In conclusion, this emerging timeline indicates the future of wearable technology and
opens up possibilities for new application fields, e.g. disaster aid (e.g., Liu et al. 2013).

7

Discussion
The exemplary results described in the previous sections represent a variety of possible

insights into research areas enabled by bibliometric timelines. After investing several iterations
into choosing the correct search strategy in the first phase, which is especially important when
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searching for emerging issues (Huang et al. 2015), the grouping into coarse clusters in the
second phase of the case studies makes the hot topics in a research area obvious. They are
represented by the densely connected timelines that contain clusters in most periods. In both
case studies the majority of articles are assigned to one of these timelines. For decision makers
unfamiliar with the respective research area this allows for a very easy overview over a topic.
For technology experts the clear connection of articles over time allows the analysis of how a
research topic progressed over time. However, in both case studies there are dense timelines
which actually consist of two distinct research streams, which are connected in one cluster only.
This on the one hand reveals relevant connections between research streams, e.g., in the case
of the BIM timeline in the second case study phase. On the other hand, the connections can be
confusing when tagging the timelines, e.g., in the case of the MAC and routing protocols
timeline. At first glance these core timelines seem to be rather obvious and offer little additional
value. However, during the case studies both companies found that the point in time at which
a previous hot topic starts to get less attention in the scientific community signifies the transfer
from academia into practice. Hence, for a company not interested in conducting their own
research but acquiring knowledge or finished products, this information in regard to the stateof-the-art is highly relevant. Especially in the sensor networks case study this was the case,
where the machine manufacturer did not want to develop its own sensors but integrate existing
ones into their products.
While highlighting current hot topics and declining research areas, the second phase of the
case studies does not reveal emerging technologies. Topics that appear as emerging in the
coarse timelines, e.g., the ultra-high performance concrete timeline, were not deemed
emerging by the companies’ experts. I find this to be in line with other studies, which stay on
this coarse level and hence identify topics whichs’ emerging nature is questionable, e.g.,
wireless sensor networks in the study by Small et al. (2014). This highlights the need for the
calculation of detailed timelines with small average cluster sizes in a third phase when aiming
at identifying emerging technologies. The forming of small coherent clusters is enabled by the
application of, in contrast to purely citation based measures, very dense hybrid similarities.
During previous research I found a detailed analysis only yields interpretable timelines when it
builds upon very coherent data that contains little noise. This is achieved by using the timelines
identified on a coarse level as an underlying data basis, which emphasizes the importance of
the second phase.
As mentioned in the previous sections, in the third phase of the respective case studies,
apart from the BIM timeline and the MAC protocol timeline described in this article, several
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others were examined. The deeper analysis of the second phase timelines hinted at the most
at four and several times even at no emerging timelines on the detailed level. Supporting the
validity of the proposed method, the companies’ experts were aware of some of them before
the conduction of the case study, for example new ways of manufacturing engineered bamboo.
To further scrutinize the proposed methodology, once candidates for emerging issues were
identified, the company’s experts investigated the previously unknown topics manually. Based
on the relevant terms in the emerging issue, this was done by conducting a clearly aimed patent
and literature search as well as a search for start-ups. Furthermore, in some cases university
experts identified in the bibliometric networks were questioned for further insight. As a key
result, the emerging nature of topics identified as such in the third phase of the case studies
was in general confirmed by the companies’ experts. While several of them were straight away
taken into consideration for research projects or university partnerships, others were assessed
as not relevant for the companies’ business areas or economically unattractive. Finally, a few
emerging technologies were even deemed as too early in their development stage to
meaningful evaluate them and hence these were put on a watch list.
Timelines highlight the newness of a research line and without them the determination of
the growth of a research topic would not be possible. In addition to these two most important
characteristics of emerging technologies (Rotolo et al. 2015), also other emergence indicators
were used in order to identify emerging research fronts. These were, based upon the research
described in section two, the average age of a reference and the coherence of a cluster. Here,
coherence is represented by a clusters silhouette. Similar to previous research (e.g., Mund and
Neuhäusler 2015 and Jarić et al. 2014), I found the coherence indicator to show inconsistent
behavior in the two different case studies. The top ranked clusters in regard to coherence were
found to be part of core topics, emergent topics as well as declining topics. A young average
reference age seems to agree more with emerging topics – e.g., in Appendix B the two clusters
in 2014 citing the most recently published articles are part of timelines which only go back to
2013. However, the insights described in this paragraph must be perceived with caution. In
order to yield statistically significant results in regard to the correlation of citation age,
coherence, and emerging timelines, a far larger amount of timelines in different research areas
needs to be analyzed in future research efforts.
An example of an emerging timeline, which was not categorized as such by the companies’
experts in regard to the BIM timeline, was the enterprise risk management timeline. I found
that especially the problem of disconnect timelines, which are generally easy to identify, as was
discussed in the context of energy harvesting in the sensor networks case study, leads to these
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seemingly emerging topics. In the construction building technology case study the company’s
experts also found one emerging issue missing – the topic of automation of the construction
process. While the topic is addressed by several firms, even after specifically searching for this
topic, only a very small number of respective scientific publications could be found. This
highlights that not all emerging technologies originate from academic research.
Here, once more it needs to be highlighted that an emerging issue does not represent an
invention. In fact, most of the time, once the issue is known, one can find respective articles
published years previous or even first commercial products. An emerging technology represents
an issue which very recently sparked wider interest in industry and scientific community.
Furthermore, when it originates from the scientific community it has at least somewhat proven
its validity by having accumulated a significant amount of respective articles.
Besides mature core research fields, topics of declining interest, and emerging issues, every
timeline visualization contains a number of clusters that has never sparked a lot of interest in
the scientific community. These become obvious in the overview over all timelines in the
different case studies depicted in the Appendices, where at the bottom of each figure cluster
are depicted, which are not part any timeline. In accordance with other studies that construct
their timelines using different approaches (e.g., Small et al. 2014 and Shibata et al. 2011), many
clusters are not part of any timeline. These clusters for example represent research approaches
that did not yield the desired results, research that came to an impasse, or small side issues.
All the results obtained during the case studies were based on the proposed purely
quantitative methodology. Still, I need to emphasize that the method is far from providing
insights on the press of a button. As highlighted in the previous sections, several iterations were
necessary in each phase of the process. Especially choosing the correct parameter values, which
are characterized by strong interactions, is dependent on the experience and skill of the analyst.
In the past the average cluster size of 200 in the second phase and 20 to 40 in the third phase
have proven to yield good results. However, to choose the appropriate knn value always needs
several iterations, especially as it influences the effect of second-order similarities (Meyer-Brötz
et al. 2016b). In both case studies, parameters were chosen, which in the last periods yielded
visually appealing networks (see Figure 4), preliminary reading suggested coherent clusters, and
especially large clusters were easy and unambiguously tagged. If different parameters were
applied in every period, overall better cluster segregation would have been achieved. However,
as in the case study setting with the companies’ experts this was deemed as too time consuming
only the last periods were focused.
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Even more effort than for determining the correct parameter values in regard to the single
period clustering is needed to choose the appropriate edge cutting in the timeline calculation.
Here, in the end parameters were used, which yield separated core timelines and still reveal
several emerging issues. If a too low level of edge cutting is applied several core timelines are
conglomerated into one strongly interconnected one. If a too high level is applied the majority
of clusters are not part of any timelines and emerging issues are quickly and clearly identified
as core topics by technology experts. The difficulty of determining correct parameters reported
in this study is in accordance to research by e.g., Small et al. (2014), Liu et al. (2012), and
Janssens et al. (2009).

8

Conclusion
In this study, I propose a novel method to calculate so-called bibliometric timelines. The

method is based on and in part was concurrently developed to research reported in MeyerBrötz et al. (2016a) and Meyer-Brötz et al. (2016b). The method comprises four steps (see Figure
1) – splitting data into periods, group articles based on hybrid second-order similarities in each
period, calculate hybrid second-order similarities between clusters in adjacent periods, and
visualization of research evolution in timelines. Two case studies were conducted to validate
the method, where over 50,000 and 25,000 articles respectively exported from the Web of
Science were analyzed. Various insights, which proved valuable for foresight purposes, ideation,
and strategic partnerships, were gained using the proposed methods. These vary from
identification of core research topics, which are at the center of the respective scientific
community’s attention, to issues of declining research interest, which are about to be
transferred from academia into practice, to emerging topics, which are characterized by relative
newness, high growth rates, and the potential to significantly impact its respective industry.
All of these results are only possible by calculation of similarities between clusters in
adjacent years. In contrast to similar methods, of which there are few (e.g., Small et al. 2014
and Shibata et al. 2011), the new method described in this article enables identification of
emerging issues on a much more detailed level. This is enabled by using hybrid second-order
similarities as well as an iterative approach – first calculating coarse timelines and then using
the identified research lines as basis for a detailed analysis. Given this, to my knowledge there
currently is no other method available that allows a more reliable identification of emerging
issues. Additionally, both case studies support the claim that only results on such a detailed
level actually propagate uptake of quantitative analytics in regard to technology and innovation
management. In the past, similar results were only possible through manual analysis of – at the
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most several hundred – patents and publications, attendance at many conferences or fairs, as
well as integration of external consultants. While bibliometric timelines will not make the
utilization of early warning technology foresight networks obsolete, they can be an invaluable
supplement, drastically reduce required resources, and decrease the risk of not identifying
important technological developments.
Several parameters are integrated in the calculation of bibliometric timelines as described
in the methodology section. A time consuming iterative procedure is currently necessary to
determine the appropriate choice of these parameters. Future research is needed to investigate
data sets in several research areas and different sizes to determine respective default
parameters. Furthermore, for the filtering of similarities between clusters in adjacent periods,
approaches differing from the one used in the case studies should be investigated, e.g.,
adaptations of pathfinder algorithms. Also, in contrast to the one year periods used here, the
application of overlapping two to three year periods could be analyzed in future studies as I
expect overlapping periods to yield much smoother timelines. However, the needed
computational power would increase accordingly. These avenues for future research can help
to simplify the application of the method as well as increase the quality of achieved results.
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Appendix A

Figure 1 Coarse bibliometric timelines in the second phase of the case study ‘construction building technology’. Tags
comprise the top 4 TF-IDF terms in the timeliness’ respective latest period. Coloring gradient highlights diffusion of
topics, circle size represents the number of articles in the cluster, and line width represents the hybrid similarity of
two adjacent clusters.
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Appendix B

Figure 2 Detailed bibliometric timelines in the third phase of the case study ‘construction building technology’ in
regard to BIM. Tags comprise the top 4 TF-IDF terms in the timeliness’ respective latest period. Coloring gradient
highlights diffusion of topics, circle size represents the number of articles in the cluster, and line width represents
the hybrid similarity of two adjacent clusters.
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Appendix C

Figure 3 Detailed bibliometric timelines in the second phase of the case study ‘sensor networks’. Tags comprise the
top 4 TF-IDF terms in the timeliness’ respective latest period. Coloring gradient highlights diffusion of topics, circle
size represents the number of articles in the cluster, and line width represents the hybrid similarity of two adjacent
clusters.
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Appendix D

Figure 4 Detailed bibliometric timelines in the third phase of the case study ‘sensor networks’ in regard to MAC
protocols and WBANs. Tags comprise the top 4 TF-IDF terms in the timeliness’ respective latest period. Coloring
gradient highlights diffusion of topics, circle size represents the number of articles in the cluster, and line width
represents the hybrid similarity of two adjacent clusters.
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