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Models of science — scattered knowledge

After World War II, scientists were increasingly subject to systematic and large
scale measurements efforts. The growth and changing roles of science stimulated
the need for governmental and “policy support of science” as well as the need
for an empirical basis for “science policy”. Since then a wealth of monitoring and
evaluative indicators has been created. Sociology of science (Bernal 1939; Kuhn
1962; Merton 1973) as well as Scientometrics (Nalimov and Mulchenko 1969; Price
1963) were established as scientific fields. The Society for Social Studies of Science
(4S), the European Association for the Study of Science and Technology (EASST)
and the International Society for Scientometrics and Informetrics (ISSI), among
others, are active as professional organisations in this field. At their conferences
“models of science” occasionally appear, but are not presented in a systematic
way on a regular basis. Not only other knowledge domains, such as sociology,
philosophy, economics, but also physics apply their models to science (Lucio-Arias
and Scharnhorst 2011, Chap. 2), but so far there has been no common reference
point such as a conference series, edited books, or monographs devoted to modeling
science. The only exception to our knowledge, beyond review sections in journal
articles (e.g., Borner et al. 2004), a review in ARIST (Borner et al. 2003), and a
recent special issue on Science of Science (Borner and Scharnhorst 2009), is the
monograph of Yablonskii published 1986 in Russian with Nauka and not translated
into English (Matematicheskie Modeli v Issledovanii Nauki (in Russian) Nauka,
Moscow (Yablonskii 1986)). This edited volume aims to fill this gap by presenting
an overview about major current trends in modeling of science (Chaps. 3 (Vitanov
and Ausloos 2011), 4 (Payette 2011), 5 (Hanauske 2011), 6 (Mali et al. 2011), and 7
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(Radicchi et al. 2011)) and a general framework to relate these trends to each other
(Borner et al. 2011, Chap. 1).

New possibilities and challenges from information
science — mapping science

This book is also an expression of a growing interest in the field of modeling
science. One origin of this development can be found in recent achievements
in information and computer sciences. They have made it possible to visualize
research activities at an unprecedented scale and with a high level of sophistication
(Borner et al. 2003). Networks of publications and their citation patterns, word use,
collaborating researchers, or topics in e-mail threads have been measured, analysed
and visualized over time. With the emergence of network science (Chaps. 6 (Mali
et al. 2011) and 7 (Radicchi et al. 2011)) as a new cross-disciplinary approach
(Barabasi 2002; Barabasi et al. 2002) and in particular with the achievements of
visualizing knowledge domains in the information sciences (Shiffrin and Borner
2004), old dreams of mapping the sciences (Garfield et al. 1964; Small and Griffith
1974) can now be realized. A prominent example of this approach are the so-called
“maps of science” which show all scientific disciplines—as far as their activities
are covered by the ISI Thompson Reuters Web of Knowledge, Elsevier’s Scopus, or
other databases (Boyack et al. 2005). A prominent initiative for mapping science is
the NSF funded “Mapping Science” exhibit (http://scimaps.org) informing a wide
audience about a new “cartography of science” (Borner 2010). The new maps of
science inspire new models as explanatory tools for emergent structures of the
science system. Mathematical models of complex systems play a specific role in
this discourse.

Beyond mapping — towards explanations

Information gathering about science as a backbone of the knowledge society is
only one aspect of these new developments. These instruments are also meant as
tools to detect and maybe forecast conditions under which scientific discoveries
emerge and areas where these discoveries can be found. At the same time, basic
questions about the understanding of science are raised, such as who are the actors
driving the development of science: individuals, groups or institutions. Earlier large-
scale maps concentrated on scientific communications as manifested in papers and
their citation interlinkage (Scharnhorst and Garfield 2010). Partly, this was due to
the fact that unique author names are hard to determine because of same names,
name variants and misspellings. So, a large part of bibliometrics and scientometrics
analyses texts (titles, keywords, words, references). Some automated techniques
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have partly solved this problem, at least on a higher level of aggregation. In maps
of scientific communication, authors as well as institutions can now be made visible
with a higher reliability. To explain the networks in which researchers are linked (by
publishing or communicating), current research in social-psychology and sociology
of science becomes relevant. Resumé analysis, ethnographic observations, and
interviews were presented as ways to gain access to local motivations and behavior
the collective effect of which is reflected in the large scale global maps of science.
We call this the return of the actors in scientometrics research. If one thinks
in terms of modeling network of scholars, these models entail assumptions about
the behavior of the “nodes” (Mali et al. 2011, Chap. 6). This is the moment when
qualitative, quantitative, and mathematical models need to come together.

A second observation concerns the increasing need to explain changes in
scholarly activities. The design of mostly static maps of science, social science and
the humanities is therefore only a starting point. Ultimately, we need to see and
understand the dynamics of science (Borner et al. 2004; Leydesdorff and Schank
2008; Borner and Scharnhorst 2009). Visualizations that show the unfolding of
scholarly activities in a ‘fast forward” mode can help refute or confirm existing
theories and trigger questions for novel research into the basic mechanisms of
scientific growth. We call this the return of time and dynamics.

Contribution of models — models as heuristic devices. Meeting
between information science and physics

Mathematical models represent a very specific instrumentarium to analyse ele-
mentary processes behind measurable phenomena on a more global scale. As
mentioned above, in particular during the 1970s and 1980s, the science system
has been conceptualized as a self-organizing system in sociology (Luhmann 1990)
as well as modeled using concepts and techniques from physics and cybernetics
(Scharnhorst 1988). Nowadays, network models are proposed for studying scientific
collaborations or the emergence of topics. These new approaches to the modeling of
science look into the growth of scholarly networks (Barabdsi et al. 2002; Committee
on Network Science for Future Army Applications 2005; Borner et al. 2004), the
structure of scientific communities (Newman et al. 2006), the epidemics of ideas
on collaboration networks (Bettencourt et al. 2006), scholarly information foraging
(Sandstrom 1994), the formation of effective teams (Amaral and Uzzi 2007), the
competition of groups about paradigms (Chen et al. 2009), the scientific productivity
of generations of scientists over time (Fronczak et al. 2007), and modeling the
dynamics of actor networks (Snijders et al. 2007). However, as mentioned above, the
many existing models of science have been developed in many different scientific
fields ranging from physics, sociology to history of science. They exist often
unrelated and independently from each other and are seldom linked to other studies
of science. Nevertheless, in the last couple of years we have witnessed several
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encounters between physics and information sciences (Fortunato 2010; Bollen et al.
2009; Barabasi 2002). This book aims to contribute to a consolidation of the
knowledge about models and their mutual dependencies.

Outline of the book

The book consists of four parts: Part I — Foundations, Part II — Exemplary Model
Types, Part III — Exemplary Model Applications and Part IV — Outlook.

Part I contains two chapters. In Chap. 1 “An introduction to modeling science:
Basic model types, key definitions, and a general framework for the comparison
of process models” (Katy Borner, Kevin W. Boyack, Stasa Milojevi¢ and Steven
Morris) Borner et al. (2011) develop a set of reference or frames along which models
can be ordered and compared. Departing from a general definition of the term
“model” the authors identify a set of dichotomies, such as descriptive versus process
models, which can be used to differentiate between essence, purpose and insights of
different models. Even if the reader might want to extend or alter the prosed criteria,
he or she has to accept that no comparison of models is possible without a clear
articulation of their main elements (units, interactions, targeted phenomena) and
their tentative ordering in a common reference framework. With a glossary at the
end of this chapter, the authors further deliver jigsaw pieces for a common ground
on which models can be related to each other.

One cannot understand the emergence and the essence of certain models without
looking into the history of modeling science. The emphasis of certain perspectives
of modeling science above others is obviously correlated with the overall Zeitgeist in
a certain time period. Accordingly, the second chapter (“Mathematical approaches
to modeling science from an algorithmic-historiography perspective ” by Diana
Lucio-Arias and Andrea Scharnhorst) (Lucio-Arias and Scharnhorst 2011) describes
the history of science models combining a participant story with a bibliometric
reconstruction. Histories are always told on the basis of a set of experiences on
the one side and a set of norms and values on the other. Consequently, a variety
of histories can be found. Only recently the different perception of members of a
scientific community could be made visible by a bibliometric analysis of the citation
network of this community (Havemann et al. 2010). Chapter 2 (Lucio-Arias and
Scharnhorst 2011) chooses the classical method of algorithmic historiography as
introduced by Eugene Garfield. One of the most interesting findings is that current
threads in mathematical modeling in scientometrics seem to ignore each other while
at the same time relying on the same classical papers.

Part IT - Exemplary Model Types contains three chapters which all review models
belonging to a certain class of mathematics and partly also introduce new model
approaches. We are quite aware that these chapters do not cover all occurring threads
in the history and presence of science models. Missing are, for example, system
dynamics (Sterman 1985) which has been successfully applied in innovation studies
and urban development, or entropy and information measures. The threads reviewed
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in this part of the book have been selected based on the availability of authors. Of-
course this sequence could be extended. Although these chapters use an individual
language, what binds them together is a more generic perspective of science models.
All chapters depart from mathematical techniques available and interrogate to which
extent they can be used to obtain a better understanding of the science system.
Accordingly, the empirical validation of the models is discussed but not in the
foreground. These chapters introduce the reader to the details of the model building
process in terms of conceptualization, abstraction, operationalization and extension
towards increasingly more complex models. In Chap. 3 (Knowledge epidemics and
population dynamics models for describing idea diffusion) Nicolai Vitanov and
Marcel Ausloos (Vitanov and Ausloos 2011) present a rich inventory of dynamic
models based on the behavior of groups of scientists and suitable to describe the
emergence and spreading of new ideas in a competitive process. Groups of scientists
can be defined based on their actual acquaintance with a certain idea (epidemic
models) or their membership in a certain scientific community. That scientists can
change their membership in scientific communities creates an extra challenge for
modeling. The authors also discuss the role of fluctuations during the emergence
of innovation and when best to turn from deterministic models to more complex
stochastic models. This chapter also demonstrates that a further methodological
exploration is needed to fill the toolbox of science models. With this challenge
in mind the introduction of time-lag elements and the combination of time and
space are the most original contributions in this chapter. Nicolas Payette (2011)
introduces the reader in Chap. 4 “Agent-Based Models of Science” into the world of
agent-based modeling as practiced in computational sociology and computational
philosophy. Obviously, the type of rule based modeling as proposed by Epstein and
Axtell connects very well to known social theories about the behavior of social
beings. Payette digs out the longer history of agent-based modeling, which goes
back to John von Neumann. Actually, there are links to spin models (widely applied
in sociophysics) waiting for further exploration (Stauffer and Solomon 2007). The
chapter provides the reader with excellent and clear insights into the inner logic of
different ABM approaches to science. In difference to the dominant mathematical
language of the previous chapter, in an interesting contrast, Payette compares
models qualitatively by mapping their different conceptual frames. He highlights
possible links to other model threads such as network models. Matthias Hanauske
returns in Chap. 5 “Evolutionary Game Theory and Complex Networks of Scientific
Information” (Hanauske 2011) to the power of mathematics and scientific diagrams.
Triggered by a real-world phenomenon — the reorganization of the market of
scientific publishing — Hanauske questions the possibilities to model the interaction
of different players in this process (authors and scientific journals) with game theory.
Game theory is designed to explore the consequence of individual strategic behavior
in interactions between many individuals. In particular it allows statements for
multi-level networked systems — a suitable description for the complex interaction
of producers and disseminators of scientific products where the same individuals
often switch roles.
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Part III — Exemplary Model Applications describes models for two major
aspects of scientific communication: co-authoring and referencing. Not surprisingly
a network model approach is applied to both phenomena, relying on the different
epistemic traditions of sociology and physics. Co-authoring and referencing are
both part of scientific production. Consequently, in Chap. 6 “Dynamic Scientific Co-
Authorship Networks”, Mali et al. (2011) start with the whole universe of scientific
communication before zooming into their specific topic of co-authoring. They also
start with an excellent history of Social Network Analysis (SNA). Here the reader
is provided with detailed context to obtain a better understanding of the sources
of some still existing tensions between different network approaches. Among
the dynamic models, blockmodeling applied to evolving networks and stochastic
actor-oriented models form the cornerstones of this chapter. Empirical studies are
extensively reviewed; ordered alongside of dimensions of cross-disciplinary, cross-
sectoral and cross-national collaboration pattern; and linked to SNA model insights.
Among their own studies one of the interesting findings points to a tension between
strongly local (national) connectivity and the requirements of being interwoven into
the international (global) knowledge production. Chapter 7, “Citation Networks”
of Radicchi et al. (2011) complementary to Chap.6 (Mali et al. 2011) looks into
(citation) networks from a statistical physics perspective. Again we see a recurrent
pattern. Following the epistemic tradition of physics, Radicchi et al. (2011) insist on
the search for universality and general organizing principles in their network studies
where Mali et al. (2011), in the epistemic tradition of sociology, emphasize how
best to incorporate the multi-facet roles of individuals in networks and the different
context of their link structures. Nevertheless, there is an overlapping area. Against
expectations based on the knowledge of how different the citation behavior is in
different disciplines, on a statistical level there are still similarities or universalities.
It remains open if these ‘general laws’ are just mathematical artefacts or if the point
to a shared feature in citing across disciplines. Also in SNA the aim is to detect
a general pattern in social behavior (as for instance by blockmodeling). In both
cases the challenge is to give these patterns a meaningful interpretation. Similar to
(Mali et al. 2011, Chap. 6), the authors of Chap.7 (Radicchi et al. 2011) carefully
discuss empirical material. Time is a leading theme through both chapters. Time is
the ‘hidden constructor’ behind specific distributions of networks (such as degree
distributions). The authors of Chap.7 address time more explicitly in dynamic
models of the evolution of citation networks and diffusion processes across citation
networks. Concerning the latter they take a very elegant and original approach —
namely to model papers in terms of their received reward by citations. While citation
networks are cumulative in time and the position of a paper in such a network cannot
change, its perception can change with each new generation of citing papers; so,
reward and recognition of a paper can travel in network topologies and in this way,
the diffusion of ideas become visible.

The book concludes with Part IV — Outlook. Chapter 8 “Science policy and the
challenges for modeling science” partly also reflects on the process of the making
of the book, and the lessons learned from it (van den Besselaar et al. 2011). Despite
the character of the book as a collection of chapters, authors and editors have taken
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specific measures to enhance the consistency of it. This becomes visible in the
different appendices of the book. A glossary of relevant terms comes as appendix
with Borner et al. (2011) Chap 1. Another group of appendices lists the (historic)
knowledge base of the field — adding details to Lucio-Arias and Scharnhorst 2011,
Chap. 2. Also all model chapters in Parts II and III contain overviews and short
descriptions of the models they address. They also contain text boxes (Key points)
highlighting main insights for the general audience and/or science policy makers.
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