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CitNetExplorer: A new software tool

for analyzing and visualizing citation networks
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{ecknjpvan, waltmanlr}@cwts.leidenuniv.nl

We present CitNetExplorer, a new software tool doalyzing and visualizing citation networks of
scientific publications. CitNetExplorer can for fasce be used to study the development of a rdsearc
field, to delineate the literature on a researgbictoand to support literature reviewing. We first
introduce the main concepts that need to be urmtetsivhen working with CitNetExplorer. We then
demonstrate CitNetExplorer by using the tool tolyethe scientometric literature and the literatur
on community detection in networks. Finally, weadiss some technical details on the construction,
visualization, and analysis of citation network<iitNetExplorer.

1. Introduction

A lot of work has been done on the analysis andalization of many different
types of bibliometric networks (Borner, 2010; VamkE& Waltman, in press).
Analyses for instance have focused on networks wmauthoring researchers or
networks of keywords co-occurring in publicatiomtowever, the most frequently
studied types of bibliometric networks are basedcdation relations. Examples
include networks of co-citation relations or bilgifaphic coupling relations between
journals, researchers, or individual publications.

The analysis and visualization of direct citaticgtworks has received relatively
limited attention in the scientometric literatuleterest has focused much more on co-
citation and bibliographic coupling networks tham direct citation networks. Many
techniques have been developed for analyzing amsdakzing co-citation and
bibliographic coupling networks. Also, various sedte tools are available to support
the study of these networks (Cobo, Lopez-Herremréfa-Viedma, & Herrera, 2011;



Van Eck & Waltman, in press), among which our ow®S¥Xiewer tool (see

www.vosviewer.comVan Eck & Waltman, 2010).

Important work on the analysis and visualizationdokct citation networks has
been done by Eugene Garfield and colleagues (Girff@idovkin, & Istomin, 2003;
see also Garfield, 2004, 2009). Garfield emphasibes value of direct citation
networks for studying the history and developmédnmesearch fields. He refers to this
as algorithmic historiography. Garfield has devebb@ software tool called HistCite
that can be used to construct and visualize dicgation networks based on data
downloaded from Thomson Reuters’ Web of Sciencalidate. Nowadays, HistCite is

made freely available for personal use by Thomseutéts (segww.histcite.con.

In this paper, we introduce CitNetExplorer, a nevftwgare tool that we have
developed for analyzing and visualizing direct toita networks. CitNetExplorer,
which is an abbreviation of ‘citation network exgd, builds on Garfield’s work on
algorithmic historiography. Compared with HistCit€jtNetExplorer can handle
much larger citation networks, possibly includindlions of publications and citation
relations. Moreover, CitNetExplorer offers sopluated functionality for drilling
down into a citation network, for instance allowingers to start at the level of a full
network consisting of several millions of publicats and to then gradually drill down
into this network until a small subnetwork has beesched including no more than,
say, 100 publications, all dealing with a speciiipic of interest. CitNetExplorer
borrows various ideas from our VOSviewer tool. Tapplies in particular to certain
features related to visualization (e.g., smart llabge and user interaction (e.g.,
zooming and panning). CitNetExplorer can be dowdoh from
www.citnetexplorer.nl The tool has been developed in Java and thersfmeld run

on any system that offers Java support.

For what types of purposes can CitNetExplorer bed@sBelow, we give some
examples. The first two examples can be seen aslaok macro-level applications of
CitNetExplorer, while the last two examples applgrenat the micro level.

Sudying the development of a research field over time. This is what is referred to
as algorithmic historiography by Garfield. The idsathat by showing the most
important publications in a field, ordered by treayin which they appeared, and the
citation relations between these publications, @ntains a picture of the development

of a field over time. Notice that more traditioralalyses based on co-citation and



bibliographic coupling networks yield a static pict of a research field and therefore
do not make clear how a field has evolved over time

Delineating research areas. Suppose one wants to identify all publicationsaon
certain research topic or in a certain researcl. ame may attempt to identify
publications using keywords or based on the joumathich they have appeared, but
this will usually yield an incomplete result. Pualiions that do not contain the right
keywords will be missed. The same applies to pabbas that have not appeared in
the right journal. Starting from a core set of valet publications, CitNetExplorer can
be used to identify publications based on citatielations. One may for instance
select all publications that have at least a aertainimum number of citation
relations with publications in the core set.

Sudying the publication oeuvre of a researcher. At a more micro level,
CitNetExplorer can be used to study the publicatmeuvre of an individual
researcher. By showing citation relations betwédengublications of a researcher, it
becomes clear how publications build on each adhdrpossibly how the oeuvre of a
researcher consists of multiple more or less indeget parts, each dealing with a
different research topic. In addition, based oatwh relations, CitNetExplorer can
show the earlier literature on which a researchdd$ in his work and, the other way
around, the more recent literature that in some kas/been influenced by the work
of a researcher.

Literature reviewing. Literature reviewing can be a highly time-consogntask,
especially when one attempts to be exhaustive @saoverview of the literature. To
make sure that no relevant publications are ovkddplarge numbers of publications
need to be checked, often by going through theregete lists of publications that
have already been identified as being relevantth@rother way around, relevant
publications need to be identified by checkingpalblications that cite one or more
publications already identified as being relev&mbliographic databases such as Web
of Science and Scopus can be used for the aboks, tast they offer only limited
functionality to support systematic literature sbar CitNetExplorer simplifies
systematic literature search in various ways, irti@dar by making it possible to
easily select all publications that cite, or atediby, a given set of publications.

The above examples of applications of CitNetExploaé focus on citation
networks of scientific publications. We note thatNetExplorer may also be used to

study other types of citation networks, in partgutitation networks of patents. For
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examples of analyses of patent citation networks Vidnich a tool such as
CitNetExplorer could be useful, we refer to Barb&dinas, Jiménez-Saez, and
Castell6-Molina (2011), Mina, Ramlogan, Tampuboland Metcalfe (2007), and
Verspagen (2007).

The rest of this paper is organized as followsSéetion 2, we introduce the main
concepts that one needs to be familiar with wherking with CitNetExplorer. In
Section 3, we provide a demonstration of CitNetGrgl. We show applications of
CitNetExplorer in which we analyze the scientoneeliterature and the literature on
community detection in networks. Some technicalaitieton the construction,
visualization, and analysis of citation networksGitNetExplorer are discussed in

Section 4. We conclude the paper in Section 5.

2. Main concepts

We start by discussing a number of important cotscegated to CitNetExplorer.

2.1. Citation network

CitNetExplorer focuses on citation networks of indual publications. Other
types of citation networks, for instance citatiogtworks of journals or researchers,
cannot be analyzed using CitNetExplorer. HenceCithNetExplorer, each node in a
citation network represents a publication. Eacheadan citation network represents a
citation relation between two publications. Edgesdirected. They start at the citing
publication and they end at the cited publicatiidges are unweighted. This is
because of the binary nature of citation relatignpublication either does or does not
cite a certain other publication.

In CitNetExplorer, citation networks must satisfyot constraints. The first
constraint is that citation relations are not akowto point forward in time. For
instance, a publication from 2013 is not allowedctite a publication from 2014. The
second constraint is that citation networks musaglic. This for instance means
that it is not allowed to have both a citation frpablication A to publication B and a
citation from publication B to publication A. Likase, it is not allowed to have a
citation from publication A to publication B, a aiion from publication B to
publication C, and a citation from publication C gablication A. In other words,
when moving through a citation network by followiegation relations from one
publication to another, we should never get backragt a publication that we have
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already visited. In practice, citation networks aog always perfectly acyclic. There
may for instance be publications in the same isduejournal that mutually cite each
other. CitNetExplorer solves this problem by chagkwhether a citation network is
acyclic and by removing citation relations that smuhe network to have cycles.
There are a number of reasons for requiring citati@tworks to be acyclic in

CitNetExplorer. First, it means that citation neti®can be visualized in such a way
that all citations flow in the same direction. Sedpit allows many of the algorithms
included in CitNetExplorer to be implemented in are efficient way. And third,

some concepts used in CitNetExplorer, for instatiee concept of the transitive
reduction of a citation network (see Subsectiorn),Zannot be used at all without

requiring citation networks to be acyclic.

2.2. Publication attributes

In CitNetExplorer, each publication has the follogiattributes:

* Publication year. The year in which a publication appeared. As vile see,
publication years play an important role in theuaiszation of a citation
network.

» Citation score. The number of citations of a publication. CitNepiorer
distinguishes between two types of citation scoreferred to as internal and
external citation scores. The internal citationrecof a publication is the
number of citations of the publication within thé&aton network being
analyzed. The external citation score of a puhbbecats the total number of
citations of the publication, including citationsn publications outside the
citation network being analyzed. Suppose for instarthat we use
CitNetExplorer to analyze the citation network dfpaublications in the field
of physics in the Web of Science database. Thenalecitation score of a
publication then equals the number of citationsiresd from other physics
publications in the Web of Science database, vihdeexternal citation score
equals the total number of citations received fralinpublications in the
database. By default, CitNetExplorer uses intecitation scores.

* Marked. A binary attribute that indicates whether a peddion is marked or
not. Marked publications play an important rolghe drill down functionality
of CitNetExplorer (see Subsection 2.4). In the &imation of a citation



network, marked publications are represented bguare while non-marked
publications are represented by a circle.

* Sdected. A binary attribute that indicates whether a peddion is selected or
not. Like marked publications, selected publicagigiay an important role in
the drill down functionality of CitNetExplorer. Ithe visualization of a
citation network, a red border is used to indi¢htg a publication is selected.

* Group. The group to which a publication is assignedCitiNetExplorer, each
publication can be assigned to a group (group dumr2, etc.). This can be
done either manually or algorithmically, for instanusing a clustering
technique (see Subsection 4.3). A publication cabeassigned to more than
one group. In the visualization of a citation netikyocolors are used to
indicate the group to which a publication belonigsblications that have not
been assigned to a group are colored grey.

 Complete record. A binary attribute that indicates whether a pedtdion
record is complete or not. For some publicatiomdy @n incomplete record
may be available. This is for instance the casepiiblication is not indexed in
the bibliographic database that is used and thdigatilon record has been
extracted from the references given to the pubdioan other publications. In
the case of a publication with an incomplete recards unknown which
publications are cited by this publication. Henae, CitNetExplorer, the
publication receives citations from other publioas but appears not to give
any citations to other publications. A typical exgenof publications with an
incomplete record are books. The coverage of bowksbibliographic
databases such as Web of Science and Scopustdjrand therefore the role
of books in the citation network of a researchdfieften can be observed only
based on the references that other publicationparticular publications in
journals, give to books.

In addition to the above attributes, CitNetExploedso offers some standard

bibliographic data (i.e., authors, title, and selrfor each publication.

2.3. Transtivereduction

When a citation network includes a large numbecittion relations, it is often
difficult to provide a clear visualization of theetwork. To deal with this problem,

CitNetExplorer offers the option of displaying ordyselection of the citation relations
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in a citation network. Using this option, only ¢itan relations included in the so-
called transitive reduction of the citation netwarle displayed.

To explain the concept of the transitive reductmia citation network, we
introduce the distinction between what we referat essential and non-essential
citation relations. A citation relation from pulditon A to publication B is considered
essential if, apart from this relation, there aceather paths in the citation network
from publication A to publication B. On the otheartd, a citation relation from
publication A to publication B is considered nomsestial if other paths from
publication A to publication B do exist. This wolflar instance be the case if there is
also a citation relation from publication A to pightion C and from publication C to
publication B. The transitive reduction of a citetinetwork is obtained by removing
all non-essential citation relations from the netwoRemoving all non-essential
citation relations has the effect of minimizing thember of citation relations while
ensuring that for any pair of publications betwedmch there is a path in the original
citation network there still is a path in the trsine reduction.

Figure 1 illustrates the concept of the transitigduction of a citation network.
The transitive reduction of the citation networloaim in Figure 1(a) is presented in
Figure 1(b).

V&

Figure 1. lllustration of the concept of the trawsi reduction of a citation network.

(a) Original citation network. (b) Transitive redion of the citation network.



We refer to Clough, Gollings, Loach, and Evans ®O0for some further

discussion on the transitive reduction of citathatworks.

2.4. Drill down and expansion

An essential feature for analyzing large citatiogtworks is the functionality
offered by CitNetExplorer for drilling down into@tation network. Suppose that we
have available the citation network of all publioas in the field of scientometrics.
Suppose further that we are interested in a spe¢dpic within the field of
scientometrics, for instance the topic of thandex. CitNetExplorer provides
functionality for drilling down from the citationetwork of all publications in the
field of scientometrics into a subnetwork that uuds only a selection of
publications, such as all publications on thendex. The original network that we
start with is referred to as the full network. Titwork that is obtained after drilling
down is called the current network.

In addition to drill down functionality, CitNetExpler also offers expansion
functionality. Expansion is more or less opposgiteltill down. The idea of expansion
is to add publications to the current network thesed on citation relations, are
closely linked to publications already includedtire network. For instance, after
drilling down from the citation network of all scmetric publications into a
subnetwork of publications on theindex, we may be interested to expand the
subnetwork to also include scientometric publiaagithat are not directly about the
index but that are still closely related to thipito The expansion functionality of
CitNetExplorer can be used for this purpose. Amsillation of the idea of expansion
can be found in an earlier study, where we useetpansion idea to delineate the
information science literature (Waltman, Van EckN&yons, 2010).

It is important to mention that multiple consecatigrill downs and expansions
can be performed in CitNetExplorer. For instandarting from the full network, we
may perform a drill down. We then obtain a subnekywand in this subnetwork we
may perform a second drill down. This yields a seceubnetwork, smaller than the
first one, in which we may perform a third drill win. In the third even smaller
subnetwork, we may perform an expansion. We themimka fourth subnetwork,

larger than the third one, and in this subnetwoekmay perform a second expansion.



This results in a fifth subnetwork. It may eventbat this fifth subnetwork is in fact
the full network from which we started.

To explain the drill down and expansion functiotyabf CitNetExplorer in more
detail, we need to discuss the concepts of predergssuccessors, and intermediate
publications. We will first discuss these concepighe context of the expansion
functionality of CitNetExplorer, and we will thenisduss them in the drill down

context.

Expansion

Figure 2(a) shows a simple example of a citatiotwaek. Circles represent
publications, and arrows represent citation reteticArrows point in the direction of
the cited publication. Suppose that we have alrgaelyormed a drill down. The
publications included in the current network arwed blue.

A predecessor is defined as a publication outdidectirrent network that is cited
by one or more publications in the current netwokksuccessor is defined as a
publication outside the current network that citgse or more publications in the
current network. These definitions are illustratadFigure 2(b). Predecessors are
colored red in this figure, while successors aréored greert. The expansion
functionality of CitNetExplorer allows us to choostether we want to expand the
current network with predecessors, successorsotbr. if we for instance choose to
expand the current network with predecessors, édepublications will be added to
the current network.

It may be that we do not want to add all predeassso all successors to the
current network but only those predecessors oressces that have a sufficiently
strong connection to the publications in the curmeetwork. Rather than requiring
only a single citation relation with a publicationthe current network, we may for
instance require three citation relations. Thigatibn is illustrated in Figure 2(c). As
can be seen, by requiring three citation relatiossead of only one, the number of
predecessors or successors that will be added eoctinrent network decreases

substantially.

! Sometimes a publication is both a predecessonanttcessor. For simplicity, we do not consides thi

situation in Figure 2(b).



(c) (d)

Figure 2. lllustration of the expansion functiobhaliof CitNetExplorer. (a)

Publications in the current network are coloreceblip) Predecessors and successors
are colored red and green, respectively. (c) Ondylgcessors and successors with at
least three citation relations with publicationsthie current network are colored. (d)
Intermediate publications are colored yellow.

Suppose that we choose to expand the current netwitr all predecessors and
all successors that have at least three citatiatioas with publications in the current
network. Figure 2(d) shows the situation obtaindigrathe expansion has been
performed. The publications included in the curreetwork are colored blue. The
publications colored yellow are referred to as nmiediate publications. These
publications are not included in the current nekybiut they are located on a citation
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path between two publications that are includetthencurrent network. In some cases,
it may be undesirable that publications locatec aitation path between publications
included in the current network are not themseinetuded in the current network.
We may not want to have such ‘gaps’ in the curregtivork. For this reason, the
expansion functionality of CitNetExplorer offersetioption to expand the current
network not only with predecessors and successatsalso with intermediate
publications. Using this option, the current netkvarould include not only the blue
publications but also the yellow ones.

Drill down

We now consider the drill down functionality of R#&tExplorer. Drilling down
always proceeds in two steps. In the first stegelection of publications in the
current network is made. In the second step, thecunetwork is updated to include
only the selected publications. There are threecgmhes that can be taken to select
publications. One approach is to select all pubbos in a certain time period.
Another approach is to select all publications #ratassigned to a certain group. The
third approach is to mark one or more publicationghe current network and to use
these marked publications to obtain a selectioputiications. This third approach is
the default approach in CitNetExplorer. We will nalgcuss this approach in more
detail. As we will see, this approach has a lotcommon with the expansion
functionality of CitNetExplorer discussed above.

Suppose that we have marked four publications & dtarrent network. This
situation is illustrated in Figure 3(a), in whichetmarked publications are colored
blue. In the simplest case, the selected publieatiooincide with the marked
publications. In this case, the blue publicatian&igure 3(a) are not only the marked
publications but also the selected ones.

However, we may want to select not only the markedblications but also
intermediate publications. In the drill down cortteintermediate publications are
publications in the current network that have negrbmarked themselves but that are
located on a citation path between two marked pabbtns. In Figure 3(b),
intermediate publications are colored yellow. If wieoose to select not only the
marked publications but also the intermediate ooesselection consists of both the
blue and the yellow publications.

11
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(@) (b)

i

(©) (d)
Figure 3. lllustration of the drill down functiorntg of CitNetExplorer. (a) Marked
publications are colored blue. (b) Intermediate ligakions are colored yellow. (c)
Predecessors and successors are colored red am gespectively. (d) Successors
and intermediate publications are colored greenyatidw, respectively.

Another possibility is that, in addition to the rked publications themselves, we
also want to select predecessors and/or succes$otle marked publications.
Predecessors are publications in the current nktit@at have not been marked but
that are cited by one or more marked publicatioGsnilarly, successors are
publications in the current network that have neérb marked but that cite one or
more marked publications. In Figure 3(c), predeaessare colored red and successors

are colored green. Notice that some publications Hmoth a red and a green color.
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These publications are both a predecessor andc@ssar. If we choose to include
both predecessors and successors in our selethi®rselection consists of all blue,
red, and green publications.

A final possibility is that we want our selection include predecessors and/or
successors of the marked publications and alsomeidiate publications. Suppose for
instance that we choose to include successors raadnediate publications in our
selection. The selection is then given by all bigisen, and yellow publications in
Figure 3(d).

3. Demonstration

We now provide a demonstration of CitNetExplorere Wst use CitNetExplorer
to analyze the scientometric literature, in patticthe literature on the topic of the
index (Hirsch, 2005) and on the topic of sciencepmag. We then demonstrate an
application of CitNetExplorer in which we focus thre topic of community detection
in networks (Fortunato, 2010), which is studiedtie field of physics. In this
application, we work with a very large citation wetk, including almost two million
publications and more than 15 million citation telas.

Our aim in this section is to give a general impi@s of the possibilities offered
by CitNetExplorer. We do not intend to provide dlethinstructions on the use of the
tool. A tutorial with step-by-step instructions the use of CitNetExplorer is available

online atwww.citnetexplorer.nl/gettingstarted/

3.1. User interface

Before showing applications of CitNetExplorer, wiestf introduce the user
interface of the tool. Figure 4 presents a scre@nshthe user interface. The user
interface is split up in a left and a right parhefe also is a menu bar, located in the
top part of the user interface.

Right part. The right part of the user interface allows tlseruto switch between
two tabs. One tab presents a visualization of tlmeeat network. The other tab
presents a list of the publications in the curreetwork along with some search
functionality. By default, the visualization tab selected. The interpretation of the

visualization is discussed in Subsection 3.2.
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Figure 4. Screenshot of the user interface of GEXglorer.

Left part. The left part of the user interface serves timaegoses. First, it reports
the number of publications and the number of @tatelations in the current network.
If there are selected publications in the currettvork, it also reports the number of
selected publications and the number of citatidatiens between these publications.
Second, the left part of the user interface alltivesuser to change the way in which
publications are selected. As already mentioneguinsection 2.4, publications can be
selected based on their publication year, basethein assignment to a group, or
based on their relationship with one or more mareahlications. Third, the left part
of the user interface is used to present bibliogiapata (i.e., authors, title, source,
and year) on publications. When in the right pdrthe user interface the mouse is
moved over a publication, bibliographic data ors fublication will appear in the left
part of the user interface.

Menu bar. The menu bar can be used to undertake a numherpoftant actions.
For instance, a citation network can be openeéweed; a drill down or expansion can
be performed (see Subsection 2.4), or the curretwark can be analyzed (see

Subsection 4.3). Furthermore, in a similar way &so&n navigate back and forth
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between web pages in a web browser, the menu haalsa be used to navigate back

and forth between different subnetworks of a @m@mmetwork.

3.2. Application to the scientometric literature

We now demonstrate the use of CitNetExplorer tolyaeathe scientometric

literature.

Data collection

Using the Web of Science web interface, bibliograptata on all 25,242
publications in the 13 journals listed in Table asadownloaded.To select these
journals, we started witlscientometrics and Journal of Informetrics, the two core
scientometric journals. We then used the Journ@tiGn Reports to identify closely
related journals. We took all journals listed amadhg five most closely related
journals to eitheiScientometrics or Journal of Informetrics, excluding journals that
seem to be mainly nationally oriented. For eaclectetl journal, we also added
possible predecessors to the selection. The 252Hcations in the 13 selected
journals relate to the period 1945-2013.

Table 1. Journals included in the data collection.

Journal No. of pub.
American Documentation 796
ASLIB Proceedings 2,697
Information Processing and Management 3,036
Information Scientist 254
Information Storage and Retrieval 372
Journal of Documentation 3,778
Journal of Information Science 1,855
Journal of Informetrics 399
Journal of the American Society for Information&Suie 2,995
Journal of the American Society for Information&aie and Technology 2,486
Research Evaluation 383
Research Policy 2,596
Scientometrics 3,595

Analysis: h-index

After loading the data downloaded from the Web aieBce database into
CitNetExplorer, we obtain a citation network cotisig of 28,482 publications and
158,292 citation relations. The citation networkludes 3,240 publications that are

not among the 25,242 publications included in treadcollection. These are

2 Data collection took place on November 7, 2013.
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publications that are cited by at least ten pubbos included in the data collection.
Examples are classical scientometric works fronfitise half of the 20th century, for
instance by Bradford and Lotka, but also books,iristance by Garfield, Kuhn, and
De Solla Price, and scientometric publications ltidisciplinary journals such as
Nature, PLoS ONE, PNAS, and<cience. We emphasize that for the 3,240 publications
not included in the data collection we have ontyited data available. For instance,
we know the first author of each publication, b do not know whether there are
any additional authors. We also do not know to Whmublications the 3,240
publications refer.

lotka

bradford

PR 8888Y AR EEEEEE]

194
195 zipf
108
195 garfield
195!
165 kessler de solla price Kuhn
L schmookler
19€ taylor salton merton
o . 4 : small . garfield | crane  merton
19 robertson ~ Saracevic price - narin
:C‘- van rijsbergen s garfield
belkin : i
198 : salton <, martin dosi nelson
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199 Kufithau salton egghe I<:ohen A";’fhe"
199 2 4 nelsoi affe
199 marchionini = wassernrllatn gibbons J
190 - baeza-yates white Gl T /

jansen cizkowitz

hirsch moed

4 CitNetExplorer

Figure 5. Citation network of the field of scienteimcs and closely related fields.

A visualization of our citation network is presemtan Figure 5. For obvious
reasons, it is not possible to display all 28,48Bligations and all 158,292 citation
relations in the visualization. In the visualizatioof a citation network,
CitNetExplorer usually includes only a selectiorafifpublications in the network. By
default, the 40 most frequently cited publicati@ns included. In the visualization in
Figure 5 and also in all other visualizations pnése in this subsection, we have

chosen to include the 70 most frequently cited jgabbns. In addition, we have also
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chosen to display only citation relations includadthe transitive reduction of the
citation network (see Subsection 2.3).

In the visualization of a citation network, CitNe&fiforer uses circles to indicate
publications (except for marked publications, whente indicated using a square).
Curved lines are used to indicate citation relagiorhe vertical axis in a visualization
represents time. The location of a publicationentical direction is determined by the
year in which the publication appeared, with maeent publications being located
below older publications. In addition, publicatioar® positioned in vertical direction
in such a way that citations always flow upward. é&oiting publication is always
located somewhere below the corresponding citediqasion, even if the two
publications appeared in the same year. The latatad publications in horizontal
direction are determined by the closeness of patitins in the citation network. In
general, the closer two publications are to eatteroin the citation network, the
closer to each other they are positioned in hotedadirection.
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Figure 6. Citation network of the field of scientetrics and closely related fields

(zooming in on the central area in the visualizgtio
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By default, in the visualization of a citation netk, CitNetExplorer labels
publications by the last name of the first authAs can be seen in Figure 5,
sometimes the label of a publication is not dispthyThis is done in order to avoid
labels from overlapping each other. CitNetExploodfers zooming and panning
(scrolling) functionality that can be used to expla visualization in more detail. By
zooming in, labels that initially were not displayevill become visible. This is
illustrated in Figure 6, where we have zoomed in tba central area in the
visualization in Figure 5.

It is clear that our citation network does not onhclude scientometric
publications. In the left area in the visualizatiom Figure 5, publications on
information science and information retrieval cam found. In the right area, we
observe publications on technology and innovatimiliss. Only the publications in

the central area truly represent scientometricarebe as can also be seen in Figure 6.
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Figure 7. Citation network of the paper by Hirsah2005 and its direct and indirect

SUCCessOrs.

Since we are interested in studying the literatumethe h-index, we drill down

into the subnetwork consisting of the publicatignHtirsch in 2005 in which thé-
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index was introduced and all direct and indirectcgssors of this publication.
Indirect successors are publications that do neintelves cite the publication by
Hirsch in 2005 but that are for instance successossiCCesSors or even successors of
successors of successors of this publication. Sadirect successor is a publication
from which there is a path in the citation netwadokthe publication by Hirsch in
2005, where the path is of length at least twoufggr shows a visualization of the
subnetwork. The subnetwork includes 1,371 pubbicesti of which the 70 most

frequently cited ones are included in the visuaiira
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Figure 8. Citation network of the paper by Hirsah2005 and the core of its direct

and indirect successors.

Many publications that (directly or indirectly) eithe publication by Hirsch in
2005 may be only weakly related to the topic of thmdex. Among the 1,371
publications in our subnetwork, we therefore maksekection of core publications
(see also Subsection 4.3). We define a core ptigitas a publication that has
citation relations with at least ten other corelmalbions. Based on this criterion, 230
core publications are identified. We drill downarthe subnetwork consisting of these

230 publications. After drilling down, we clustéretpublications (see also Subsection
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4.3). Two clusters are identified, each consistrigoublications that are strongly
connected to each other in terms of citation retesti Figure 8 shows the visualization
that we obtain after clustering the publication@as& on our knowledge of the
scientometric literature, it is immediately clehat the blue cluster, located in the left
area in the visualization, consists of publicationstheh-index and its variants. This

cluster includes 174 publications. The remainingofblications can be found in the
green cluster, located in the right area in thealization. These publications are not
directly about thén-index but instead deal with the closely relatgaidaf advanced

citation-based indicators.
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Figure 9. Citation network of the literature on thindex and its variants.

Drilling down into the blue cluster yields the vadization presented in Figure 9.
The visualization displays the citation network tfe most frequently cited
publications on theh-index, starting with the publication by Hirsch #0005 and
ending with the publication by Waltman on the insistency of thér-index in 2012.
Based on Figure 9, we clearly see thatlthedex literature constitutes a very dense
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citation network. Because of the denseness of itladion network, CitNetExplorer
turns out to be unable to identify a more detasfedcture in thé-index literature’
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Figure 10. Citation network of the literature orvadced citation-based indicators.

As already mentioned in Subsection 3.1, CitNetErgl@llows us to navigate
back and forth between different subnetworks ofitation network. After moving
back to our subnetwork consisting of 230 publiaadiowe drill down into the green
cluster. Figure 10 shows the visualization that atain. Since the green cluster
includes only 56 publications, all publications displayed in the visualization. The
visualization gives an overview of the developmehtthe literature on advanced
citation-based indicators after the introductiontlé h-index, starting with well-
known publications by Bollen, Lundberg, and Zitdanding with recent work by for
instance Glanzel, Leydesdorff, and Waltman. Thealigation displays the structure
of the literature in a quite detailed way. In tight area in the visualization, we find

publications dealing with indicators based on thenqgiple of -cited-side

¥ We refer to Zhang, Thijs, and Glanzel (2011) foradternative approach to analyzing tinéndex
literature. This approach seems to give a somewi@e detailed picture of the structure of the

literature.
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normalization. In the left area, on the other hamd,see publications on indicators
based on the citing-side normalization principlel aso publications on recursive

variants of these indicators (inspired by the Pagd®algorithm).
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Figure 11. Citation network of the literature omesce mapping.

Analysis. Science mapping

We now look at the scientometric literature on tibygic of science mapping. We
first move back to the full network, and we theuastér the 28,482 publications in this
network. Because we want to obtain a clusterirgyralatively high level of detail, we
use a value of 5.00 for the resolution parametstead of the default value of 1.00.
The resolution parameter is the most importantrpatar of the clustering technique
used by CitNetExplorer. As we explain more exteglsivin Subsection 4.3, the
resolution parameter determines the level of dethivhich clusters are identified.
The higher the value of the parameter, the largernumber of clusters that will be
obtained. Using a value of 5.00 for the resolutipgrameter, it turns out that
publications by Small, Wasserman, and White aregasd to the same cluster,
suggesting that this cluster covers the topic ¢rs mapping. We drill down into

the subnetwork consisting of the 1,105 publication®ur science mapping cluster.
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We then create another clustering, but this clugjeinvolves only the 1,105
publications in our subnetwork. This time we use tiefault value of 1.00 for the
resolution parameter. Figure 11 shows the visuaizahat is obtained.

We observe four clusters in the visualization igufe 11. The blue cluster can be
considered to cover the core of the science mappergture, in particular the work
on co-citation and bibliographic coupling analystse orange cluster mainly covers
the topic of co-word analysis, and the purple @ustovers the topic of (social)
network analysis. The green cluster is more diffita label. On the one hand it
seems to cover the topic of interdisciplinarityt ba the other hand it also includes a
large number of publications from the same aut@drthe 248 publications in the
green cluster, 57 are authored by Leydesdorff. $hggests that to some degree the

cluster may represent the oeuvre of an authorrétlae a scientific topic.
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Figure 12. Citation network of the literature oratation and bibliographic coupling

analysis.

We now drill down into the blue cluster. This yiglthe visualization presented in
Figure 12. Many well-known publications relatedstdence mapping can be found in

the visualization, for instance classical publicat by Kessler (bibliographic
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coupling analysis), Kruskal (multidimensional sog), and Small (co-citation
analysis), more recent publications by, among sti&drner, Boyack, Chen, Klavans,
and Van Eck, and also, in the right area in thealigation, a substantial number of
publications on author co-citation analysis.

CitNetExplorer can also be used to study citatiathg through the scientific
literature. This is somewhat similar to the ideddafcument pathways’ suggested by
Small (1999). To illustrate the analysis of citatipaths, we mark the publication by
Kessler in 1963, in which the concept of bibliodrapcoupling was introduced, and
the publication by Van Eck in 2010, in which the $@ewer software was presented.
We then identify the longest path in the citaticgtwork between the two marked
publications. There turn out to be multiple longesths, all of length 21. These paths
are shown in Figure 13. Most publications on thzsts deal with the topic of author
co-citation analysis. We may also be interestetihénshortest rather than the longest
path between two publications. In the case of warrharked publications, this results

in a large number of paths (not shown) that arefdéngth three.
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Figure 13. Longest citation paths between the pabbn by Kessler in 1963 and the
publication by Van Eck in 2010.
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3.3. Application to theliterature on community detection in networks

We proceed by considering an application of CithéetBrer in which we study
the literature on the topic of community detectiometworks. This topic has received
a lot of attention during the past 10 to 15 yed®st research has appeared in
journals in the field of physics. We refer to Fowdto (2010) for a review of the
community detection literature. Compared with thmee-discussed application of
CitNetExplorer to the scientometric literature, m@wv start with a much larger set of

publications. We also use a different strategyetirsh for relevant publications.

Data collection

Bibliographic data on all publications in physicaijnals in the Web of Science
database in the period 1998-2012 was collectechdbtition to physics journals,
multidisciplinary journals such dsature and Science were also included in the data
collection. Downloading data on such a very largenber of publications using the
Web of Science web interface is extremely inconenilnstead, we obtained the
data from the in-house version of the Web of S@etiatabase of our institute. Data
was collected on about 1.8 million publications ardabout 15.1 million citation

relations between these publications.

Analysis

Our aim is to get an overview of the developmenthef literature on community
detection in networks. As we will see, only a verall share of the 1.8 million
publications included in our citation network deaith the topic of community
detection. To identify these publications, we fitse the search functionality of
CitNetExplorer, followed by the expansion functibtya This is different from the
analysis of the scientometric literature preseme8ubsection 3.2, where for instance
the clustering functionality of CitNetExplorer pgyn important role. The idea of
first searching for publications and then expandigsearch results based on citation
relations has been employed in earlier studies,esomthem with an information
retrieval focus (e.g., Cawkell, 1974; Larsen, 2088) others with a scientometric
focus (e.g., Zitt & Bassecoulard, 2006). Using @itfkplorer, identifying
publications in this way can be done without muftbore Also, the effect of different
search criteria or different expansion parametanshe easily tested.

Figure 14 shows a visualization of our citationwwk. In this visualization and

also in the other visualizations presented in thitsection, only the 40 most
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frequently cited publications are included. Furthere, only citation relations
included in the transitive reduction of the citatinetwork (see Subsection 2.3) are
displayed. In the top-left area in the visualizatiowe observe publications on various
topics in solid-state physics. In the bottom-letiaa we find publications on graphene.
Publications on complex networks can be found ie tentral area in the
visualization. Finally, publications on particleysits and string theory are located in

the right area.
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Figure 14. Citation network of the field of physics

Among the 1.8 million publications in our citatiometwork, we search for
publications whose title matches “*communit* detéar ‘“*detect* communit*.
There turn out to be 113 publications with a matghtitle. We drill down into the
subnetwork consisting of these 113 publicationan&mf the 113 publications are
false positives and do not deal with community dida. An example is a publication
with the title ‘Detection of large numbers of novedequences in the
metatranscriptomes of complex marine microbial camitres’. We assume that false
positives have no citation relations with publioas that have been correctly

identified as being relevant to the topic of comiudetection. We therefore identify
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the largest connected component in our subnetwadkr@move from the subnetwork
the seven publications not included in this compbn&/e now have a subnetwork
that includes 106 publications. A visualization tbfs subnetwork is presented in

Figure 15.
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Figure 15. Preliminary citation network of the tag&ure on community detection.

Based on our knowledge of the community detectitanature, we observe that
some important early publications on community diéd@ are not included in our
subnetwork. We therefore expand the subnetwork @®tpredecessors that are each
cited by at least ten publications already includethe subnetwork. In the resulting
subnetwork of 139 publications, some of the eadbligations turn out to deal with
networks but not specifically with community detent An example is a well-known
review article with the title ‘Statistical mechasicof complex networks’. We
manually identify six publications not dealing sifieally with community detection,
and we order CitNetExplorer to remove these putiioa from the subnetwork.

Finally, we expand our subnetwork of 133 publicasiavith 439 successors that
each cite at least four publications already inethdn the subnetwork. Figure 16

shows a visualization of the subnetwork that isamigd after the expansion. The
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visualization offers a clear picture of the devehgmt of the community detection
literature. Based on our knowledge of the literatwre interpret the visualization as
follows. The problem of community detection in netis was raised in a publication
by Girvan in 2002. In 2004, a number of importamniblgations on community
detection appeared, especially the work by Newrmmamodularity-based community
detection. In the next years, researchers propaggatithms for modularity-based
community detection (Blondel, Duch, and Newmangytistudied issues related to
resolution parameters (Reichardt) and resolutianitdi (Fortunato), and they
introduced alternative approaches to community diiete (Rosvall), some of which
allow for communities that are overlapping (Lananghti and Palla) or hierarchically
organized (Arenas, Clauset, Lancichinetti, and SRigrdo). Researchers also started
to pay attention to the issue of comparing differe@mmunity detection approaches
(Danon and Lancichinetti). In 2010, the communitgtedtion literature was

summarized in a review article by Fortunato.
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Figure 16. Final citation network of the literatune community detection.

Although we believe that the visualization in Figut6 provides an accurate

overview of the development of the community detectiterature, we also need to
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mention two limitations of the visualization. Onimitation is that the most recent
years are underrepresented. This is a consequérttlce fact that recent publications
tend to have fewer citations than older publicatidRecent publications are therefore
less likely to be among the 40 most frequentlydcppeblications that are included in
the visualization. The second limitation is that thsualization includes a number of
a review articles that are not primarily about caunity detection. These publications
have been added in the final expansion step destabove. Review articles tend to
have many citation relations (both incoming andgoirtg) with other publications,
and they therefore have a high likelihood of beadgled to a subnetwork when
CitNetExplorer's expansion functionality is usechi§ may lead to the inclusion of

review articles that are only weakly related tolitexature being analyzed.

4. Technical details

In this section, technical details on the constamgtvisualization, and analysis of

citation networks in CitNetExplorer are discussed.

4.1. Construction of citation networks

CitNetExplorer requires data based on which a ioitatnetwork can be
constructed. There are two approaches that caakle®.t One approach is to provide
CitNetExplorer both with data on publications andhwdata on citation relations
between publications. This approach is taken irs8cion 3.3. When this approach is
used, the construction of a citation network iaigtitforward, since all required data
is provided directly to CitNetExplorer. The othg@paoach, taken in Subsection 3.2, is
to provide CitNetExplorer with data downloaded gsitne Web of Science web
interface. In this approach, CitNetExplorer is pded with data on publications, but
it does not directly receive data on citation rielas between publications. Instead,
based on the cited reference data of publicati@m®yetExplorer needs to find out
which publication cites which other publication. @o so, CitNetExplorer attempts to
match each cited reference with a publication. Thiswown as citation matching.

Citation matching can be performed in different say CitNetExplorer, citation
matching is performed as follows. CitNetExploresffitries to match based on DOI.
However, DOI data often is not available. In thage, matching is done based on first
author name (last name and first initial only), lediion year, volume number, and
page number. A perfect match is required for eddhease data elements. Data on the
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title of the cited journal usually is available a®ll, but this data is not used by
CitNetExplorer. This is because in many casesitleedf a journal is not written in a
consistent way, making it difficult to perform acate matching based on journal
title.

As discussed in Subsection 2.1, a citation netwoukst satisfy two constraints in
CitNetExplorer. One constraint is that citationateins are not allowed to point
forward in time. The other constraint is that ain network must be acyclic. The
final step in the construction of a citation netiwes to remove citation relations that

cause these constraints to be violated.

4.2. Visualization of citation networks

To create a visualization of a citation networkfNetExplorer needs to assign
each publication in the network to a location ia torizontal and vertical dimensions
of the visualization. This is known as a hierarehigraph drawing problem.
Following the literature on hierarchical graph diagv(Healy & Nikolov, 2013),
CitNetExplorer first assigns each publication teation in the vertical dimension.
As discussed in Section 3, the vertical dimensibthe visualization of a citation
network represents time. The location of a publicatn this dimension depends on
the year in which the publication appeared. Afterdach publication a location in the
vertical dimension has been determined, publicateme assigned to a location in the
horizontal dimension. Below, we first discuss thesiponing of publications in the

vertical dimension. We then consider the horizoptaitioning of publications.

Positioning publications in the vertical dimension

The vertical dimension of the visualization of tation network consists of layers.
Each year is represented by one or more layergicBtibns are assigned to layers on
a year-by-year basis. If the publications fromaegiyear do not cite each other, they
are all assigned to the same layer, unless the euwibpublications exceeds the
maximum number of publications per layer. By defathe maximum number of
publications per layer is 10. If the publicatiomerh a given year do cite each other,
they are assigned to multiple layers in such a tat/the layer of a citing publication
is always located below the layer of the correspumdited publication. This ensures
that citations always flow upward. Assigning pubtions to multiple layers is
accomplished using a simple heuristic algorithm #ias to minimize the number of

layers that are needed.
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Positioning publicationsin the horizontal dimension

We now consider the positioning of publicationstte horizontal dimension of
the visualization of a citation network. In the izontal dimension, publications are
positioned based on their closeness to each athtbeicitation network. Publications
that are close to each other in the citation nétviend to be positioned close to each
other in the horizontal dimension.

The locations of publications in the horizontal dimsion are determined by

minimizing

n n

Qvisualizaton (Xl""’xn) = ZZ(deuz —Otdif), (1)

i=1 j=1

where n denotes the number of publications included in tisialization of the
citation network,s; denotes the closeness of publicationand | in the citation
network,a denotes the weight of the repulsive forGejenotes the exponent of the
repulsive forceyx denotes the location of publicationn the horizontal dimension,
andd; denotes the distance between publicatioasdj in the horizontal dimension,
that is,

d; :‘xi—xj‘. (2)

The closeness of publicationandj in the citation network is calculated based on the
idea of making a random walk in the citation netwdrhe details of the calculation
are somewhat complex, but essentially the closewfgggblications andj equals the
probability that a random walk starting from puhbtioni will end at publication. In

this random walk idea, the citation network is teglbas undirected. The values of the
parametersx and g in (1) can be chosen by the user. The defaultegahf these
parameters are 0.1 and 0.5, respectively. The pdessncan be used to fine-tune the
horizontal positioning of publications. A more iegth discussion of (1) is beyond
the scope of this paper. However, (1) is closellateel to the VOS mapping
technique. We refer to Van Eck, Waltman, Dekkerd &an den Berg (2010) for

more details on this technique.
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Minimizing (1) is done using a simple heuristic @ighm. This algorithm treats
the location of a publication in the horizontal éinsion as a discrete variable. For

each publicatiom, we have

X D{ 0 1 . m—l}’ 3)

m-1'm-1"m-1

wherem denotes the number of grid points. The defaulueaf the parameten is
100. There is an additional parameter that detegsnthe minimum distance between
publications that have been assigned to the sayee ia the vertical dimension. By
default, the distance between publications in tmes layer must be at least 5 grid
points. Eq. (1) is minimized subject to this coastt.

4.3. Analysis of citation networks

CitNetExplorer offers a number of options for amzahg citation networks. The
following options are available:

» Extracting connected components.

» Clustering publications.

» Identifying core publications.

* Finding the shortest or the longest path from amaipation to another.
All four options are demonstrated in Section 3. Tinst three options ignore the
direction of citations. They treat a citation netlwas if it is undirected. The fourth
option does take into account the direction oftwtes. Below, we provide some more

details on the second and the third option.

Clustering publications

Clustering publications means that each publicaiiona citation network is
assigned to a cluster in such a way that publinatiwhich are close to each other in
the citation network tend to be in the same clus8o each cluster consists of
publications that are strongly connected to eableran terms of citation relations. A
cluster can usually be interpreted to represeapiz in the scientific literature.

The clustering technique used by CitNetExploredécumented in an earlier
paper (Waltman & Van Eck, 2012). The technique wsesriant of the modularity
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function of Newman and Girvan (2004) and NewmanO@O0 More specifically,

publications are assigned to clusters by maximizing

Qolustering(ul’ te un) = iié(q ,U]- )(au - %j ’ (4)

i=1 j=1

wheren denotes the number of publications in the citanetwork, a; denotes the
relatedness of publicationsandj, y denotes a so-called resolution parameter,and
denotes the cluster to which publicatiois assigned. The functiaifu;, u;) equals 1 if

ui = u; and O otherwise. The relatedness of publicatiarsl]j is given by

c,
q; = n] , (%)

k:]_Cik

where ¢;j equals 1 if publicationi cites publicationj and O otherwise. Hence, if
publication i cites publicationj, the relatedness of the publications is inversely
proportional to the total number of publicationstle citation network that are cited
by publicationi. If publicationi does not cite publicatiofn the relatedness of the
publications equals 0. The value of the resoluparameter in (4) is chosen by the
user. The higher the value of this parameter,dhgelr the number of clusters that will
be obtained. The default value of the resolutiorapeeter is 1. We refer to Waltman
and Van Eck (2012) for a more extensive discussiathe clustering technique used
by CitNetExplorer.

In order to maximize (4), CitNetExplorer uses tineasgt local moving algorithm
that we introduced in a recent paper (Waltman & ¥ak, 2013). This algorithm can
be seen as a more sophisticated alternative tavéileknown Louvain algorithm for
modularity optimization (Blondel, Guillaume, Lamb®, & Lefebvre, 2008).

CitNetExplorer's clustering technique usually idées a relatively limited
number of larger clusters and a more substantiahb@u of smaller clusters.
Sometimes clusters are very small and for instamodude only one or two
publications. Because in many cases small clustmes of limited interest,
CitNetExplorer allows the user to specify a minimefuster size. Clusters that are

too small can be either discarded or merged witlerotlusters.
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Identifying core publications

Identifying core publications is about identifyingublications that can be
considered to constitute the core of a citationvoet. This option can be used to get
rid of unimportant publications in the periphery af citation network. The
identification of core publications is based on twacept ofk-cores introduced by
Seidman (1983). A core publication is defined agualication that has at least a
certain minimum number of citation relations witther core publications. These can
be either incoming or outgoing citation relatiodfie minimum number of citation
relations is chosen by the user. The higher theevaf this parameter, the smaller the

number of core publications. Figure 17 illustrates concept of core publications.

Figure 17. lllustration of the concept of core padfions. In this illustration, a core
publication is defined as a publication that hageast three citation relations with

other core publications. Core publications are dlue.

5. Conclusion

We have introduced CitNetExplorer, a new softwavel tfor analyzing and
visualizing citation networks. The most importanhcepts that need to be understood
when working with CitNetExplorer have been preséntlso, CitNetExplorer has
been demonstrated by showing two applications, ionghich the scientometric
literature is studied and another one focusinghenliterature on community detection
in networks. Finally, we have discussed some tecimdetails on the construction,
visualization, and analysis of citation networkgitNetExplorer.

The scientometric community has focused more orattadysis of co-citation and

bibliographic coupling networks than on the anaysi direct citation networks. The
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community is therefore still relatively inexperieacin the types of analyses made
possible by a tool such as CitNetExplorer. By gainimore experience, it will
become clear for what types of applications CitglBrer is most useful. We also
expect to learn more about the strengths and weakseof different ways in which
citation networks can be analyzed. For instanceyder to delineate the literature on
a research topic, one may take either a clusteqopgoach (like we do in our analysis
of the science mapping literature in Subsection) &2 an approach involving a
combination of keyword search and citation-basedaagion (like we do in our
analysis of the community detection literature ubSection 3.3). CitNetExplorer can
be used to test both approaches and to comparediaits.

Based on our own experience with CitNetExplorer dinel feedback that we
receive from others, we plan to continue the dgwalent of the tool. Among other
things, we will consider the possibility of includy additional options for analyzing
citation networks, for instance related to the idéanain path analysis (Hummon &
Doreian, 1989). We especially hope that CitNetEsgalawill contribute to a better
understanding of the way in which research fieldgetbp over time. We very much

welcome suggestions for improvements and extensib@stNetExplorer.
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