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A systematic empirical comparison
of different approaches for normalizing

citation impact indicators
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{waltmanlr, ecknjpvan}@cwts.leidenuniv.nl

We address the question how citation-based bibliometricdtaite can best be normalized to ensure
fair comparisons between publications from different scienfields and different years. In a
systematic large-scale empirical analysis, we commamormalization approach based on a field
classification system with three source normalization @ggres. We pay special attention to the
selection of the publications included in the analysisbliPations in national scientific journals,
popular scientific magazines, and trade magazines are rotedc Unlike earlier studies, we use
algorithmically constructed classification systemstaluate the different normalization approaches.
Our analysis shows that a source normalization apprbaskd on the recently introduced idea of
fractional citation counting does not perform well. Two otlsaurce normalization approaches
generally outperform the classification-system-based riati@n approach that we study. Our
analysis therefore offers considerable support for the useun€e-normalized bibliometric indicators.

1. Introduction

Citation-based bibliometric indicators have becamaore and more popular tool
for research assessment purposes. In practice, tften turns out to be a need to use
these indicators not only for comparing researchessearch groups, departments, or
journals active in the same scientific field or Bellol but also for making comparisons
across fields (Schubert & Braun, 1996). Performetween-field comparisons is a
delicate issue. Each field has its own publicaticitgtion, and authorship practices,
making it difficult to ensure the fairness of beénmefield comparisons. In some fields,

researchers tend to publish a lot, often as paldrger collaborative teams. In other



fields, collaboration takes place only at relatyvemall scales, usually involving no
more than a few researchers, and the average atiblicoutput per researcher is
significantly lower. Also, in some fields, publicats tend to have long reference
lists, with many references to recent work. In offfiedds, reference lists may be much
shorter, or they may point mainly to older work.the latter fields, publications on
average will receive only a relatively small numioércitations, while in the former

fields, the average number of citations per pubbcewill be much larger.

In this paper, we address the question how citdigsed bibliometric indicators
can best be normalized to correct for differencescitation practices between
scientific fields. Hence, we aim to find out howation impact can be measured in a
way that allows for the fairest between-field comgans.

In recent years, a significant amount of attenhas been paid to the problem of
normalizing citation-based bibliometric indicatoBasically, two streams of research
can be distinguished in the literature. One stradmesearch is concerned with
normalization approaches that use a field clasdibo system to correct for
differences in citation practices between sciantfields. In these normalization
approaches, each publication is assigned to onaoce fields and the citation impact
of a publication is normalized by comparing it witie field average. Research into
classification-system-based normalization approsisit@rted in the late 1980s and the
early 1990s (e.g., Braun & Glanzel, 1990; Moed,Bdein, & Van Leeuwen, 1995).
Recent contributions to this line of research wexade by, among others, Crespo,
Herranz, Li, and Ruiz-Castillo (2012), Crespo, and Ruiz-Castillo (2012), Radicchi
and Castellano (2012c), Radicchi, Fortunato, anstellano (2008), and Van Eck,
Waltman, Van Raan, Klautz, and Peul (2012).

The second stream of research studies normalizappnoaches that correct for
differences in citation practices between fieldsdahon the referencing behavior of
citing publications or citing journals. These noliration approaches do not use a
field classification system. The second streameskarch was initiated by Zitt and
Small (2008); who introduced the audience factor, an interestieg indicator of the
citation impact of scientific journals. Other cobtitions to this stream of research

were made by Glanzel, Schubert, Thijs, and Deback2011), Leydesdorff and

! Some first suggestions in the direction of this seconarsiref research were already made by Zitt,

Ramanana-Rahary, and Bassecoulard (2005).



Bornmann (2011), Leydesdorff and Opthof (2010), desdorff, Zhou, and
Bornmann (2013), Moed (2010), Waltman and Van Hokpfess), Waltman, Van
Eck, Van Leeuwen, and Visser (2013), Zhou and Lsgddf (2011), and Zitt (2010,
2011). zitt and Small referred to their proposedmalization approach as ‘fractional
citation weighting’ or ‘citing-side normalizationAlternative labels introduced by
other authors include ‘source normalization’ (Mo@®10), ‘fractional counting of
citations’ (Leydesdorff & Opthof, 2010), and ‘a @i normalization’ (Glanzel et al.,
2011). Following our earlier work (Waltman & Van lEdn press; Waltman et al.,
2013), we will use the term ‘source normalizationthis paper.

Which normalization approach performs best is still open issue. Systematic
large-scale empirical comparisons of normalizadpproaches are scarce, and as we
will see, such comparisons involve significant noetblogical challenges. Studies in
which normalization approaches based on a fieldsdiaation system are compared
with source normalization approaches have beerrtegpdy Leydesdorff, Radicchi,
Bornmann, Castellano, and De Nooy (in press) artidehi and Castellano (2012a).
In these studies, classification-system-based riggat@n approaches were found to
be more accurate than source normalization appesadtiowever, as we will point
out later on, these studies have important metlggdl limitations. In an earlier
paper, we have compared a classification-systermebasrmalization approach with a
number of source normalization approaches (Walt&avian Eck, in press). The
comparison was performed in the context of assgdhim citation impact of scientific
journals, and the results seemed to be in favasoaie of the source normalization
approaches. However, because of the somewhat mbersytic character of the
comparison, the results must be considered oftatte@ nature.

Building on our earlier work (Waltman & Van Eck, press), we present in this
paper a systematic large-scale empirical compan$mormalization approaches. The
comparison involves one normalization approach dase a field classification
system and three source normalization approachehbelclassification-system-based
normalization approach, publications are classifigd fields based on the journal
subject categories in the Web of Science bibliogi@apdatabase. The source
normalization approaches that we consider are basdate audience factor approach
of Zitt and Small (2008), the fractional citatioounting approach of Leydesdorff and
Opthof (2010), and our own revised SNIP approachl{han et al., 2013).



Our methodology for comparing normalization apphesc has three important
features not present in earlier work by other awgthd-irst, rather than simply
including all publications available in a bibliogtdc database in a given time period,
we exclude as much as possible publications thaldadistort the analysis, such as
publications in national scientific journals, pogpulscientific magazines, and trade
magazines. Second, in the evaluation of the claatiin-system-based normalization
approach, we use field classification systems dnatdifferent from the classification
system used by the normalization approach itselfthis way, we ensure that our
results do not suffer from a bias that favors dfesdion-system-based normalization
approaches over source normalization approacheés]i, Me compare normalization
approaches at different levels of granularity, iftstance both at the level of broad
scientific disciplines and at the level of smakdeientific subfields. As we will see,
some normalization approaches perform well at ewellbut not so well at another
level.

To compare the different normalization approactems, methodology uses a
number of algorithmically constructed field clagsation systems. In these
classification systems, publications are assigoefietds based on citation patterns.
The classification systems are constructed usinghethodology that we have
introduced in an earlier paper (Waltman & Van E2812). Some other elements that
we use in our methodology for comparing normal@a@pproaches have been taken
from the work of Crespo, Herranz, et al. (2012) &nelspo, Li, et al. (2012).

The rest of this paper is organized as followsSéttion 2, we discuss the data
that we use in our analysis. In Section 3, we thice the normalization approaches
that we study. We present the results of our arslgsSection 4, and we summarize
our conclusions in Section 5. The paper has thpperadices. In Appendix A, we
discuss the approach that we take to select carats in the Web of Science
database. In Appendix B, we discuss our methodoldgy algorithmically
constructing field classification systems. Finallg, Appendix C, we report some

more detailed results of our analysis.

2. Data
Our analysis is based on data from the Web of SeigfwVoS) bibliographic

database. We use the Science Citation Index Exparlde Social Sciences Citation



Index, and the Arts & Humanities Citation Index. n@@ence and book citation
indices are not used. The data that we work wiflois the period 2003-2011.

The WoS database is continuously expanding (Micl&lsSchmoch, 2012).
Nowadays, the database contains a significant numbspecial types of sources,
such as scientific journals with a strong natiowal regional orientation, trade
magazines (e.gGenetic Engineering & Biotechnology News, Naval Architect, and
Professional Engineering), business magazines (e.drorbes and Fortune), and
popular scientific magazines (e.gunerican Scientist, New Scientist, and Scientific
American). As we have argued in an earlier paper (WaltmaNaé Eck, 2012), a
normalization for differences in citation practicestween scientific fields may be
distorted by the presence of these special typsswites in one’s database. For this
reason, we do not simply include all WoS-indexedligations in our analysis.
Instead, we include only publications from selecsedirces, which we refer to as
WoS core journals. In this way, we intend to restour analysis to the international
scientific literature covered by the WoS databddee details of our procedure for
selecting publications in WoS core journals arewuksed in Appendix A. Of the 9.79
million WoS-indexed publications of the documenpdgarticle andreview in the
period 2003—-2011, there are 8.20 million that aokuided in our analysis.

In the rest of this paper, the term ‘publicatiomvays refers to our selected
publications in WoS core journals. Also, when wee ubke term ‘citation’ or
‘reference’, both the citing and the cited publicatare assumed to belong to our set
of selected publications in WoS core journals. Hemgtations originating from non-
selected publications or references pointing to-selected publications play no role
in our analysis.

The analysis that we perform focuses on calculatimg citation impact of
publications from the period 2007-2010. There a8® 3nillion publications in this
period. For each publication, citations are couniatl the end of 2011. The total
number of citations equals 26.22 million.

We use four different field classification system®ur analysis. One is the well-
known system based on the WoS journal subject oatsy In this system, a
publication can belong to multiple research aréd®e other three classification
systems have been constructed algorithmically baseditation relations between
publications. These classification systems, refetoeas classification systems A, B,

and C, differ from each other in their level of guéarity. Classification system A is



the least detailed system and consists of onlye®&arch areas. Classification system
C, which includes 1,334 research areas, is the dwisiled system. In classification
systems A, B, and C, a publication can belong iy one research area. We refer to
Appendix B for a discussion of the methodology tvat have used for constructing
classification systems A, B, and C. The methodolmglargely based on an earlier
paper (Waltman & Van Eck, 2012).

Table 1 provides some summary statistics for eddupfour field classification
systems. These statistics relate to the period -2ZW0. As mentioned above, our
analysis focuses on publications from this periddtice that in the WoS subject
categories classification system the smallest rekearea (‘Architecture’) consists of
only 94 publications. This is a consequence ofexeusion of publications in non-
core journals. In fact, the total number of WoSjsabcategories in the period 2007—
2010 is 250, but there are 15 categories (all emarts and humanities) that do not
have any core journal. This explains why therecalg 235 research areas in the WoS
subject categories classification system. In theeothree classification systems, the
overall number of publications is 3.82 million. $hs about 1% less than the above-
mentioned 3.86 million publications in the period0Z—2010. The reason for this

small discrepancy is explained in Appendix B.

Table 1. Summary statistics for each of the foeldfclassification systems.

Number of publications per area (2007—2010)
No. of areas
Mean Median Minimum Maximum
WoS subject categories 235 27,524 16,448 94 191,790
Classification system A 21 182,133 137,548 49,577 635,209
Classification system B 161 23,757 19,085 4,800 69,816
Classification system C 1,334 2,867 2,421 820 12,037

3. Normalization approaches

As already mentioned, we study four normalizatippraaches in this paper, one
based on a field classification system and thresedaon the idea of source
normalization. In addition to correcting for diféarces in citation practices between
scientific fields, we also want our normalizatiggpeoaches to correct for the age of a
publication. Recall that our focus is on calculgtthe citation impact of publications
from the period 2007-2010 based on citations caountdil the end of 2011. This

means that an older publication, for instance f&8)@7, has a longer citation window



than a more recent publication, for instance frodd® To be able to make fair
comparisons between publications from different ryeave therefore need a
correction for the age of a publication.

We start by introducing our classification-systeaséd normalization approach.
In this approach, we calculate for each publicatioormalized citation score (NCS).
The NCS value of a publication is given by

NCS==, (1)

wherec denotes the number of citations of the publicatinde denotes the average
number of citations of all publications in the saiffiedld and in the same year.
Interpretinge as a publication’s expected number of citatiohg, NCS value of a
publication is simply given by the ratio of the wait and the expected number of
citations of the publication. An NCS value abovel@w) one indicates that the
number of citations of a publication is above (lovhat would be expected based
on the field and the year in which the publicatimppeared. Averaging the NCS
values of a set of publications yields timean normalized citation score indicator
discussed in an earlier paper (Waltman, Van Eck Mgeuwen, Visser, & Van Raan,
2011; see also Lundberg, 2007).

To determine a publication’s expected number @iticihse in (1), we need a field
classification system. In practical applications tbe classification-system-based
normalization approach, the journal subject categon the WoS database are often
used for this purpose. We also use the WoS subgegories in this paper. Notice
that a publication may belong to multiple subjeatiegories. In that case, we calculate
the expected number of citations of the publicatienthe harmonic average of the
expected numbers of citations obtained for theedéffit subject categories. We refer
to Waltman et al. (2011) for a justification ofglapproach.

We now turn to the three source normalization apghes that we study. In these
approaches, aource normalized citation score (SNCS) is calculated for each
publication. Since we have three source normatimatipproaches, we distinguish
between the SNCY the SNC&), and the SNC8 value of a publication. The
general idea of the three source normalization agigires is to weight each citation

received by a publication based on the referenbgtwavior of the citing publication



or the citing journal. The three source normal@atapproaches differ from each
other in the exact way in which the weight of atdn is determined.

An important concept in the case of all three seurormalization approaches is
the notion of an active reference (Zitt & Small,08D. In our analysis, an active
reference is defined as a reference that fallsinvighcertain reference window and
that points to a publication in a WoS core jouriadr instance, in the case of a four-
year reference window, the number of active refeesnn a publication from 2008
equals the number of references in this publicati@t point to publications in WoS
core journals in the period 2005-2008. Refereneasstirces not covered by the WoS
database or to WoS-indexed publications in non-gmrenals do not count as active
references.

The SNC$ value of a publication is calculated as

C

SNCSY = Z;a% (2)

where a; denotes the average number of active referencesl ipublications that
appeared in the same journal and in the same yetlreapublication from which the
ith citation originates. The length of the referenemdow within which active
references are counted equals the length of théaritwindow of the publication for
which the SNC® value is calculated. The following example illages the
definition ofa. Suppose that we want to calculate the SMG&lue of a publication
from 2008, and suppose that thik citation received by this publication originates
from a citing publication from 2010. Since the poation for which the SNC8
value is calculated has a four-year citation windaw., 2008-2011)g; equals the
average number of active references in all pubtoatthat appeared in the citing
journal in 2010, where active references are calmtghin a four-year reference
window (i.e., 2007—2010). The SNE&Sapproach is based on the idea of the audience
factor of Zitt and Small (2008), although it appli¢his idea to an individual
publication rather than an entire journal. Unliltee taudience factor, the SNE&S
approach uses multiple citing years.

The SNC& approach is similar to the SN&Sapproach, but instead of the
average number of active references in a citingnalut looks at the number of active

references in a citing publication. In mathematieains,
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wherer; denotes the number of active references in théqation from which theth
citation originates. Analogous to the SN&%pproach, the length of the reference
window within which active references are countgdats the length of the citation
window of the publication for which the SN&Svalue is calculated. The SNES
approach is based on the idea of fractional citatounting of Leydesdorff and
Opthof (2010; see also Leydesdorff & Bornmann, 2Q¥ydesdorff et al., in press;
Leydesdorff et al., 2013; Zhou & Leydesdorff, 2011—)0wever, a difference with the
fractional citation counting idea of Leydesdorffda®pthof is that instead of all
references in a citing publication only active refeces are counted. This is a quite
important difference. Counting all references rathigan active references only
disadvantages fields in which a relatively largarshof the references point to older
literature, to sources not covered by the WoS deab or to WoS-indexed
publications in non-core journals.

The SNC$’ approach, the third source normalization apprahahwe consider,
combines ideas of the SNE&Sand SNC& approaches. The SNESvalue of a

publication equals

SNCS® = Zp—lr (4)

wherer; is defined in the same way as in the SKCspproach and wheg denotes
the proportion of publications with at least onetivac reference among all
publications that appeared in the same journaliartde same year as thi citing
publication. Comparing (3) and (4), it can be sd¢leat the SNC® approach is
identical to the SNC8 approach except that has been added to the calculation. By
including pi, the SNC& value of a publication depends not only on thenericing

behavior of citing publications (like the SN&Svalue) but also on the referencing

% In a somewhat different context, the fractional citatonnting idea was already suggested by Small
and Sweeney (1985).



behavior of citing journals (like the SN&Svalue). The rationale for including is
that some fields have more publications withouivacteferences than others, which
may distort the normalization implemented in theCSd approach. For a more
extensive discussion of this issue, we refer totkivah et al. (2013), who present a
revised version of the SNIP indicator originallytroduced by Moed (2010). The
SNCS® approach is based on similar ideas as this re\B&# indicator, although in
the SNC$’ approach these ideas are applied to individualigatibns while in the
revised SNIP indicator they are applied to enterials. Also, the SNCB approach

uses multiple citing years, while the revised Shiidicator uses a single citing year.

4. Results

We split the discussion of the results of our asiglyn two parts. In Subsection
4.1, we present results that were obtained by uki@yVoS journal subject categories
to evaluate the normalization approaches introdulceélde previous section. We then
argue that this way of evaluating the differentmalization approaches is likely to
produce biased results. In Subsection 4.2, we wsealgorithmically constructed
classification systems A, B, and C instead of theS/¢$ubject categories. We argue

that this yields a fairer comparison of the diffdfraormalization approaches.

4.1. Results based on the Web of Science journal subject categories

Before presenting our results, we need to discoss ublications belonging to
multiple WoS subject categories were handled. mapproach that we have taken,
each publication is fully assigned to each of thigiexct categories to which it belongs.
No fractionalization is applied. This means thameopublications occur multiple
times in the analysis, once for each of the suljateégories to which they belong.
Because of this, the total number of publicatiaonshie analysis is 6.47 million. The
average number of subject categories per publitadid.68.

Table 2 reports for each year in the period 200782the average normalized
citation score of all publications from that yeahere normalized citation scores have
been calculated using each of the four normalimatipproaches introduced in the
previous section. The average citation score (dBjowt normalization is reported as
well. As expected, unnormalized citation scorepldis a decreasing trend over time.

This can be explained by the lack of a correctmmtiie age of publications. Table 2

10



also lists the number of publications per year.i¢¢othat each year the number of

publications is 3% to 5% larger than the year befor

Table 2. Average normalized citation score per ymdculated using four different
normalization approaches and the unnormalized @®oaph. The citation scores are

based on the 6.47 million publications includedhie WoS journal subject categories

classification system.

2007 2008 2009 2010
No. of publications 1.51M 159M 1.66M 1.71M
CS 10.78 8.16 5.50 2.70
NCS 1.01 1.01 1.02 1.02
sNcgY 1.10 1.07 1.07 1.05
SNCE? 1.03 0.97 0.89 0.68
SNCSY 1.10 1.07 1.07 1.05

Based on Table 2, we make the following observation

Each year, the average NCS value is slightly alomee This is a consequence
of the fact that publications belonging to multiptesbject categories are
counted multiple times. Average NCS values of dyamie would have been

obtained if there had been no publications thairgeto more than one subject
category.

The average SNC% value decreases considerably over time. The vimlue
2010 is more than 30% lower than the value in 200Ws shows that the

SNCS? approach fails to properly correct for the aga @ublication. Recent

publications have a significant disadvantage coeybarith older ones. This is
caused by the fact that in the SN€@pproach publications without active
references give no ‘credits’ to earlier publicatigisee also Waltman & Van
Eck, in press; Waltman et al., 2013). In this w#ye balance between
publications that provide credits and publicatiathsit receive credits is
distorted. This problem is most serious for reqantlications. In the case of
recent publications, the citation and referencedewns used in the calculation
of SNCS? values are relatively short, and the shorter thegth of the

reference window within which active references emented, the larger the

number of publications without active references.
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« The SNC$’ and SNCE& approaches yield the same average values per year.
These values are between 5% and 10% above onalée®Valtman & Van
Eck, in press), with a small decreasing trend diee. Average SNC8 and
SNCS? values very close to one would have been obtaifnigtre had been
no increase in the yearly number of publicationsr (lmore details, see
Waltman & Van Eck, 2010; Waltman et al., 2013). Hemsitivity of source
normalization approaches to the growth rate of dbientific literature was
already pointed out by Zitt and Small (2008).

Table 2 provides some insight into the degree trhvthe different normalization
approaches succeed in correcting for the age dfgatilons. However, the table does
not show to what extent each of the normalizatippreaches manages to correct for
differences in citation practices between scientifelds. This raises the question
when exactly we can say that differences in citafoactices between fields have
been corrected for. With respect to this questienfollow a number of recent papers
(Crespo, Herranz, et al., 2012; Crespo, Li, et28l12; Radicchi & Castellano, 2012a,
2012c; Radicchi et al., 2008). In line with thesspgrs, we say that the degree to
which differences in citation practices betweerdBehave been corrected for is
indicated by the degree to which the normalizedticih distributions of different
fields coincide with each other. Differences iratitn practices between fields have
been perfectly corrected for if, after normalizatieeach field is characterized by
exactly the same citation distribution. Notice thabrrecting for the age of
publications can be defined in an analogous way.théeefore say that publication
age has been corrected for if different publicayiears are characterized by the same
normalized citation distribution.

The next question is how the similarity of citatialstributions can best be
assessed. To address this question, we follow agroaph that was recently
introduced by Crespo, Herranz, et al. (2012) aresgw, Li, et al. (2012). For each of
the four normalization approaches that we studytake the following steps:

1. Calculate each publication’s normalized citatioarec

2. For each combination of a publication year and lbjexi category, assign

publications to quantile intervals based on themmmalized citation score. We
work with 100 quantile (or percentile) intervalsulfications are sorted in

ascending order of their normalized citation scamed the first 1% of the

12



publications are assigned to the first quantileervdl, the next 1% of the
publications are assigned to the second quantéevial, and so on.

. For each combination of a publication year, a stthgategory, and a quantile
interval, calculate the number of publications a@hd average normalized
citation score per publication. We uség, i, j) and u(q, i, j) to denote,
respectively, the number of publications and therage normalized citation
score for publication yeay subject category and quantile intervay.

. For each quantile interval, determine the degreettich publication age and
differences in citation practices between fieldgenbeen corrected for. To do
so, we calculate for each quantile intergahe inequality index(q) defined

as

2010 m

_ 1 K@) oo 4@ ) 5
'@ (q);m,zl @)= @ g[ 4(a) J ©

wherem denotes the number of subject categories and wiigrendu(q) are

given by, respectively,

2010 m

LOEDIPICEN) ©)
and
_i 2010 m o o
() n(q)%‘,m;n(q,l,J)ﬂ(q,l,J)- @)

Hence, n(q) denotes the number of publications in quantiléerial g

aggregated over all publication years and subjetetgories, ang(q) denotes
the average normalized citation score of theseigatibns. The inequality
index I(g) in (5) is known as the Theil index. We refer toe€po, Li, et al.
(2012) for a justification for the use of this idd&he lower the value of the
index, the better the correction for publicatiore aand field differences. A

perfect normalization approach would resultl{q) = 0 for each quantile

13



interval g. In the calculation of(q) in (5), we use natural logarithms and we
define 0 log(0) = 0. Notice thatqg) is not defined if«(q) = O.
We perform the above steps for each of our foumadization approaches. Moreover,
for the purpose of comparison, we perform the sateps also for citation scores
without normalization.

The results of the above calculations are presentdtdgure 1. For each of our
four normalization approaches, the figure showsvtilee ofl(q) for each of the 100
guantile intervals. For comparisoh(g) values calculated based on unnormalized
citation scores are displayed as well. Notice thatvertical axis in Figure 1 has a

logarithmic scale.
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Figure 1. Inequality index(q) calculated for 100 quantile intervadsand for four

different normalization approaches. Results catedlafor the unnormalized CS
approach are displayed as well. All results areetbasn the WoS journal subject

categories classification system.

As expected, Figure 1 shows that all four normébraapproaches yield better
results than the approach based on unnormalizatioritscores. For all or almost all
qguantile intervals, the latter approach, referrecas the CS approach in Figure 1,
yields the highest(q) values. It can further be seen that the NCS augbro

significantly outperforms all three SNCS approachidence, in line with recent

14



studies by Leydesdorff et al. (in press) and Radieaad Castellano (2012a), Figure 1
suggests that classification-system-based norntisiizégs more accurate than source
normalization. Comparing the different SNCS apphesc we see that the SN&S
approach is outperformed by the SN€8nd SNC& approaches. Notice further that
for all normalization approachel§q) values are highest for the lowest quantile
intervals. These quantile intervals include manycitead and very lowly cited
publications. From the point of view of the nornzalion of citation scores, these
guantile intervals may be considered of less isterand it may be best to focus
mainly on the higher quantile intervals.

The above results may seem to provide clear evalefar preferring
classification-system-based normalization over a@urormalization. However, there
may be a bias in the results that causes the Ng®agh to have an unfair advantage
over the three SNCS approaches. The problem ighkatVoS subject categories are
used not only in the evaluation of the differentmalization approaches but also in
the implementation of one of these approaches, lyathe NCS approach. The
standard used to evaluate the normalization appesacshould be completely
independent of the normalization approaches themsgbut for the NCS approach
this is not the case. Because of this, the abostlteemay be biased in favor of the
NCS approach. In the next subsection, we therefase our algorithmically
constructed classification systems A, B, and Cvawate the different normalization
approaches in a fairer way.

Before proceeding to the next subsection, we nb&t the above-mentioned
studies by Leydesdorff et al. (in press) and Rddiend Castellano (2012a) suffer
from the same problem as our above results. Ireteaglies, the same classification
system is used both in the implementation and éenevaluation of a classification-
system-based normalization approach. This is lik@iptroduce a bias in favor of this
normalization approach. This problem was first pmihout by Sirtes (2012) in a
comment on Radicchi and Castellano’s (2012a) sttatythe rejoinder, see Radicchi
& Castellano, 2012b).

4.2. Results based on classification systems A, B, and C

We now present the results obtained by using tlerithmically constructed
classification systems A, B, and C to evaluatefthe normalization approaches that

we study. As we have argued above, this yieldsirarfaomparison of the different
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normalization approaches than an evaluation udwegWoS subject categories. In
classification systems A, B, and C, each publicati@longs to only one research
area. As explained in Section 2, the total numidfepublications included in the
classification systems is 3.82 million.

Table 3 reports the average normalized citatiomesper year calculated using
each of our four normalization approaches. Thdioitascores are very similar to the
ones presented in Table 2. Like in Table 2, avefdG& values are slightly above
one. In the case of Table 3, this is due to thetfaat of the 3.86 million publications
in the period 2007-2010 a small proportion (abot) Tould not be included in

classification systems A, B, and C (see Section 2).

Table 3. Average normalized citation score per \ezdculated using four different
normalization approaches and the unnormalized @8oaph. The citation scores are

based on the 3.82 million publications includedlassification systems A, B, and C.

2007 2008 2009 2010
No. of publications 0.90M 0.94M 0.98M 1.01M
CS 11.09 8.45 5.67 2.75
NCS 1.01 1.01 1.01 1.01
sSNcgY 1.11 1.09 1.07 1.05
SNCS? 1.04 0.99 0.90 0.68
SNCE? 1.11 1.09 1.07 1.05

We now examine the degree to which, after applyomge of our four
normalization approaches, different fields and etdght publication years are
characterized by the same citation distribution. aBsess the similarity of citation
distributions, we take the same steps as desciib&idibsection 4.1, but with fields
defined by research areas in our classificationesys A, B, and C rather than by
WoS subject categories. The results are showngar€s 2, 3, and 4. Like in Figure 1,

notice that we use a logarithmic scale for theivakrbxes.
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Figure 2. Inequality index(q) calculated for 100 quantile intervadsand for four
different normalization approaches. Results catedlafor the unnormalized CS

approach are displayed as well. All results arethas classification system A.
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Figure 3. Inequality index(q) calculated for 100 quantile intervadsand for four
different normalization approaches. Results catedlafor the unnormalized CS

approach are displayed as well. All results arethas classification system B.
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Figure 4. Inequality index(q) calculated for 100 quantile intervadsand for four

different normalization approaches. Results catedlafor the unnormalized CS

approach are displayed as well. All results arethas classification system C.

The following observations can be made based omé&sy2, 3, and 4:

Like in Figure 1, the CS approach, which does neblve any normalization,

is outperformed by all four normalization approazhe

The results presented in Figure 1 are indeed biasefdvor of the NCS
approach. Compared with Figure 1, the performarideeoNCS approach in
Figures 2, 3, and 4 is disappointing. In the cds#assification systems B and
C, the NCS approach is significantly outperformgdbioth the SNC% and
the SNC® approach. In the case of classification systemth®e NCS
approach performs better, although it is still @prmed by the SNC8
approach.

Like in Figure 1, the SNC3 approach is consistently outperformed by the
SNCS? approach. In the case of classification systenané B, the SNC8
approach is also outperformed by the SNC&pproach. It is clear that the
disappointing performance of the SN&@&pproach must at least partly be due
to the failure of this approach to properly corrémt publication age, as we

have already seen in Tables 2 and 3.
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« The SNC$’ approach has a mixed performance. It performs ety in the
case of classification system A, but not so welthie case of classification
system C. The SNG% approach, on the other hand, has a very good
performance in the case of classification systenasi® C, but this approach is
outperformed by the SN&Sapproach in the case of classification system A.

The overall conclusion based on Figures 2, 3, arglthat in order to obtain the

most accurate normalized citation scores one shadderally use a source
normalization approach rather than a normalizatmproach based on the WoS
subject categories classification system. Howewensistent with our earlier work
(Waltman & Van Eck, in press), it can be conclutieat the SNC® approach should
not be used. Furthermore, the SNC&pproach appears to be preferable over the
SNCSY approach. The excellent performance of the SRi@Bproach in the case of
classification system C (see Figure 4) suggeststhis approach is especially well
suited for fine-grained analyses aimed for instaatecomparing researchers or
research groups active in different subfields witthie same field.

Some more detailed results are presented in Appénhdin this appendix, we use

a decomposition of citation inequality proposeddrgspo, Herranz, et al. (2012) and
Crespo, Li, et al. (2012) to summarize in a simgleber the degree to which each of
our normalization approaches has managed to cofeectlifferences in citation

practices between fields and differences in theadgiblications.

5. Conclusions

In this paper, we have addressed the question h@atioo-based bibliometric
indicators can best be normalized to ensure famparisons between publications
from different scientific fields and different ysarin a systematic large-scale
empirical analysis, we have compared a normalimatipproach based on a field
classification system with three source normalarati approaches. In the
classification-system-based normalization approaah,have used the WoS journal
subject categories to classify publications intd$. The three source normalization
approaches are inspired by the audience factoitoh#d Small (2008), the idea of
fractional citation counting of Leydesdorff and @gt (2010), and our own revised
SNIP indicator (Waltman et al., 2013).

Compared with earlier studies, our analysis offélsee methodological

innovations. Most importantly, we have distinguidhieetween the use of a field
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classification system in the implementation andhi@ evaluation of a normalization
approach. Following Sirtes (2012), we have arghed the classification system used
in the evaluation of a normalization approach stidnd different from the one used in
the implementation of the normalization approacle. Ndve demonstrated empirically
that the use of the same classification systemoim bhe implementation and the
evaluation of a normalization approach leads taiBaantly biased results. Building
on our earlier work (Waltman & Van Eck, in pressihother methodological
innovation is the exclusion of special types of lmations, for instance publications
in national scientific journals, popular scientifitagazines, and trade magazines. A
third methodological innovation is the evaluatioh rmrmalization approaches at
different levels of granularity. As we have shovwgome normalization approaches
perform better at one level than at another.

Based on our empirical results and in line with earlier work (Waltman & Van
Eck, in press), we advise against using source alazration approaches that follow
the fractional citation counting idea of Leydesdlarid Opthof (2010). The fractional
citation counting idea does not offer a complesaljisfactory normalization (see also
Waltman et al., 2013). In particular, we have showat it fails to properly correct for
the age of a publication. The other two source digation approaches that we have
studied generally perform better than the classifim-system-based normalization
approach based on the WoS subject categories, iakbpeat higher levels of
granularity. It may be that other classificatiorstggn-based normalization
approaches, for instance based on algorithmicaistucted classification systems,
have a better performance than subject-categorgyebasermalization. However, any
classification system can be expected to introdigréain biases in a normalization,
simply because any organization of the scientiferature into a number of perfectly
separated fields of science is artificial. So csigsit with our previous study
(Waltman & Van Eck, in press), we recommend the afsa source normalization
approach. Except at very low levels of granulaféyy., comparisons between broad
disciplines), the approach based on our revisedP3hdicator (Waltman et al., 2013)
turns out to be more accurate than the approaatdbas the audience factor of Zitt
and Small (2008). Of course, when using a sourcmalization approach, it should
always be kept in mind that there are certain factsuch as the growth rate of the

scientific literature, for which no correction isage.
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Some limitations of our analysis need to be mesmtibas well. In particular,
following a number of recent papers (Crespo, Harrahal., 2012; Crespo, Li, et al.,
2012; Radicchi & Castellano, 2012a, 2012c; Radietlal., 2008), our analysis relies
on a quite specific idea of what it means to cdrfecdifferences in citation practices
between scientific fields. This is the idea thatterma normalization, the citation
distributions of different fields should completetpincide with each other. There
may well be alternative ways in which one can thafkcorrecting for the field-
dependent characteristics of citations. Furthermtre algorithmically constructed
classification systems that we have used to ewaltla¢ different normalization
approaches are subject to similar limitations agotlassification systems of science.
For instance, our classification systems artiflgildlssume each publication to be
related to exactly one research area. There is awnrfor multidisciplinary
publications that belong to multiple research ar@éso, the choice of the three levels
of granularity implemented in our classifications®ms clearly involves some
arbitrariness.

Despite the limitations of our analysis, the cosus that we have reached are in
good agreement with three of our earlier papersnia paper (Waltman et al., 2013),
we have pointed out mathematically why a sourcenadization approach based on
our revised SNIP indicator can be expected to beensxcurate than a source
normalization approach based on the fractionatioitacounting idea of Leydesdorff
and Opthof (2010). In another paper (Waltman & M&gk, in press), we have
presented empirical results that support many effitidings of our present analysis.
The analysis in our previous paper is less systerttzn our present analysis, but it
has the advantage that it offers various pract@amples of the strengths and
weaknesses of different normalization approaches third paper (Van Eck et al.,
2012), we have shown, using a newly developed lrimtgon methodology, that the
use of the WoS subject categories for normalizagiorposes has serious problems.
Many subject categories turn out not to be suffitiehomogeneous to serve as a
solid base for normalization. Altogether, we hopattour series of papers will
contribute to a fairer usage of bibliometric indma in the case of between-field

comparisons.
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Appendix A: Selection of Web of Science core journals

In this appendix, we discuss the procedure thahawe used for selecting core
journals in the WoS database in the period 2003+20he procedure consists of
three steps.

In step 1, we identify all publications in the Wd&tabase that satisfy each of the
following four criteria:

* The publication is of the document tyaicle or review.

* The publication has at least one author (or graupa).

e The publication is in English (Van Leeuwen, Moedis3en, Visser, & Van

Raan, 2001; Van Raan, Van Leeuwen, & Visser, 202041b).

* The publication appeared in the period 1999-20THe (reason for including
publications not only from the period 2003-2011 higo from the period
1999-2002 will become clear in step 3 discusseoviogl

In the rest of this appendix, the term ‘publicatioefers only to publications that
satisfy the above four criteria.

In step 2, we aim to distinguish between intermatigournals and journals with a

strong focus on one or a few countries (see alselaBQasal, Perakakis, Taylor, &

25



Checa, 2006; Waltman & Van Eck, in press; Zitt &sBecoulard, 1998; Zitt,
Ramanana-Rahary, & Bassecoulard, 2003). We firsrohgne for each publication
the countries to which it belongs. This is doneedasn the addresses listed in a
publication (including the reprint address). If @bpcation has multiple addresses in
the same country, the country is counted only oRoe.instance, a publication with
two Dutch addresses and one Belgian address isdeoed to belong half to the
Netherlands and half to Belgium.

Based on the publication-country links, we deteenifor each journal a
distribution over countries. We start by determgnan distribution over countries for
each individual publication in a journal. This ism by looking not only at the
countries to which a publication itself belongs blsp at the countries to which citing
publications (if any) belong. Suppose for instaticat we have a mixed Dutch-
Belgian-French publication and that this publicatie cited by a Dutch publication
and by a mixed Dutch-Belgian-German publication.e Tfublication then has a
distribution that gives a weight of 5/9 to the Nethnds, a weight of 2/9 to Belgium,
and a weight of 1/9 to France and Germany eachdi@ebution over countries for a
journal as a whole is obtained simply by averadimgdistributions of the individual
publications in the journal. Each publication hapia weight, regardless of the
number of times it has been cited. Publicationsaforch no country data is available
(e.g., because they do not list any addressesecalibe they have not been cited) are
ignored.

To distinguish between international journals amarpals with a strong focus on
one or a few countries, we compare each journ@tsiloution over countries with the
overall distribution over countries based on ablmations identified in step 1. Like
in an earlier paper (Waltman & Van Eck, in pressg use the Kullback-Leibler
divergence for comparing the two distributidhBor a given journai, the Kullback-

Leibler divergence equals

% An attractive property of the Kullback-Leibler divergenis that under certain assumptions it is
insensitive to splits and mergers of countries. Suppasadtance that instead of treating the countries
of the European Union (EU) as separate entities the E@adted as one big entity. If it is assumed that
journals have their EU activity distributed proportiopallver the EU countries (i.e., proportionally to

each country’s overall weight), then journals’ Kullbackhler values will remain unchanged.
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P;
d = z p; Inq—', (A1)
j j

wherep; denotes the weight of countryn journali’s distribution over countries and
g; denotes the weight of countryn the overall distribution over countries. Theler
the value ofd;, the stronger the focus of journain one or a few countries.

Figure Al shows the distribution of journat’'values. The horizontal line, drawn
at ad; value of 1.3260, indicates the threshold that \weehchosen to distinguish
between international and non-international jowsndburnals with & value below
this threshold are considered to be internatioffdle remaining journals are
considered not to be sufficiently internationallyeated. These journals are excluded
as core journals. Choosing a thresholddonecessarily involves some arbitrariness.
In this case, we have chosen a threshold of 1.3#&thuse this is the highest
threshold for which all journals that are fully tmad on a single country only are
excluded (see also Waltman & Van Eck, in presgjrdasing the threshold would
cause journals that are completely US oriented @leaddresses of all publications in

the journal itself and of all citing publicationseain the US) to be considered

international.
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Figure Al. Distribution of journalsd; values. The horizontal line indicates the

threshold of 1.3260.
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This brings us to step 3 of our procedure for s&lgocore journals. The aim of
this final step is to exclude journals that in terai their referencing behavior are not
sufficiently connected to the recent WoS-indexe@rddic literature. This could be
journals that simply do not cite very often, sushnaany trade magazines, business
magazines, and popular scientific magazines, bist ¢buld also be journals, for
instance in the arts and humanities and in somiefsocial sciences, that do cite
quite a lot but mainly to sources not covered le/\toS database. The approach that
we take to implement step 3 is similar to the jalirselection approach taken in our
revised SNIP indicator (Waltman et al., 2013).

In step 3, we look at the publications in a journathe period 2003-2011, and for
each publication we determine whether it containgeast one citation to a recent
publication in a WoS core journal. A cited publioatis considered to be recent if it
appeared no more than four years before the gitifdication. (This is why in step 1
discussed above we included publications not ordynfthe period 2003-2011 but
also from the period 1999-2002.) It is required dtdeast 50% of the publications in
a journal cite at least one recent publication WaS core journal. Journals that do
not meet this requirement are excluded as coren@sir Notice that excluding a
journal as a core journal may cause another jouhalinitially was just above the
50% threshold to fall below this threshold. In tlease, the latter journal is excluded
as well. In this way, the set of core journaldesdtively reduced until we are left with
a stable set of journals that all meet the 50%irement.

Some results of our three-step procedure for seteciore journals in the WoS
database are summarized in Table Al. The tables lise initial number of
publications érticle andreview document types only) and journals and the remginin

number of publications and journals after eacthefthree steps.

Table Al. Results of the proposed three-step proeetbr selecting core journals in
the WoS database. The time period is 2003-2011.

No. of publications No. of journals
Initially 9.79M 13,263
After step 1 9.31M 13,040
After step 2 8.47M 9,980
After step 3 8.20M 8,761
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Appendix B: Algorithmic construction of field classification

systems

In this appendix, we discuss the methodology tha tave used for
algorithmically constructing three classificatiorsems of WoS publications. Most of
the methodology has been taken from an earlierrp@galtman & Van Eck, 2012).
We therefore refer to this paper for a more dedaiiscussion of the methodology.

Our aim was to construct three different classifora systems of the 8,199,827
publications in WoS core journals in the period 208011. A classification system
assigns each publication to a research area. Rtibhs can belong to one research
area only. Unlike in our earlier work (Waltman & W&ck, 2012), no hierarchy of
research areas was created. The three classificatgiems differ from each other in
their level of granularity. Classification systemcAnsists of the smallest number of
research areas and therefore offers the lowesk ¢é\aetail. Classification system C
includes the largest number of research areashamdfore provides the highest level
of detail. Classification system B is in betweea tither two systems.

Our methodology for constructing a classificatigistem starts by identifying all
direct citation relations between the 8.20 millipublications of interest. A total of
80.56 million direct citation relations were iddi@d. The direction of a citation is
ignored in our methodology, so citing and cited lmaions are treated
symmetrically. Co-citation and bibliographic couyglirelations play no role in our
methodology. Initially, only publications belongingp the largest connected
component of the direct citation network are inelddn a classification system. The
largest connected component turned out to conkisB8 million publications.

To assign publications to research areas, firstoamalization procedure is
applied, as discussed in our earlier work (Waltm&nVan Eck, 2012). This
normalization procedure aims to ensure that rebaaeas in different disciplines will
be of about the same size, despite large diffesemeecitation practices between
disciplines. After the normalization procedure hasn applied, a clustering technique
is used to perform the assignment of publicatiansesearch areas. The clustering
technique that we use (Waltman & Van Eck, 20123 igariant of the well-known
technique of modularity-based clustering (Newmag4£ Newman & Girvan, 2004)

and is also closely related to the technique thathave introduced as part of our
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unified approach to mapping and clustering of biletric networks (Waltman, Van
Eck, & Noyons, 2010).

In the assignment of publications to research arthase are two parameters for
which a suitable value needs to be chosen. Orteeisd-called resolution parameter,
which determines the number of research areasclassification system. In general,
the higher the value of this parameter, the latgernumber of research areas and,
consequently, the higher the level of detail offeby the classification system. The
other parameter is the minimum number of publicegtiper research area. For each of
our three classification systems, Table B1 lises\thlues that we have chosen for the
two parameters. Using these parameter values,uimer of research areas that we

obtained for classification systems A, B, and Gaspectively, 21, 161, and 1,334.

Table B1. Resolution parameter and minimum numidgsublications per research

area for each of the three classification systems.

Resolution Min. no. of pub. per area
Classification system A 1x107 100,000
Classification system B 5x10" 10,000
Classification system C 5x10° 2,000

As mentioned above, initially only the 7.88 milligublications belonging to the
largest connected component of the direct citatietwork were included in the
classification systems. In the final step of outmeéology, an attempt is made to also
include the remaining publications. This is donesduh on bibliographic coupling
relations. Each publication is added to the researea with which it is most strongly
bibliographically coupled. In this way, each of aassification systems in the end
included 8,117,743 publications. This means thathef 8,199,827 publications in
WoS core journals in the period 2003-2011, theeeB2;084 publications (1.0%) that
could not be included in our classification systefifsese publications have no direct
citation relations and no bibliographic couplindateons with publications that are

included in the classification systems.

Appendix C: Decomposition of citation inequality

One may wish to have a single number that sumnstize degree to which a

normalization approach has managed to correct ifeerences in citation practices
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between scientific fields and differences in the agpublications. For this purpose, a
decomposition of citation inequality was proposgddvespo, Herranz, et al. (2012)
and Crespo, Li, et al. (2012). In this appendix,first briefly summarize the idea of
this decomposition and we then present the resbitained based on classification
systems A, B, and C.

Suppose we have publications belonging to a number of differerglds and
publication years. Let; denote the normalized or unnormalized citationresoaof

publicationi. The overall citation inequalityis defined as

| = %Zn: ¢ Iog(&], (C1)

H==Yc. (C2)

Crespo, Herranz, et al. (2012) and Crespo, Li).ef2812) point out that the overall

citation inequalityl can be written as
| =W+ S+IDCP, (C3)

where W captures the citation inequality within each quaninterval for each
combination of a field and a publication year &chptures the inequality in th&€q)
values given by (7)IDCP captures thdnequality due to differences in citation
practices, that is, it captures the inequality in thé, i, j) values for each quantile

intervalg. In fact,IDCP equals

100

IDCP == 3" n(a)u(a)! (q) (C4)
nu

g=1

wherel(q), n(g), andu(qg) are given by, respectively, (5), (6), and (7)other words,
IDCP equals a weighted average of the inequality irdi@g of the different quantile
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intervals, where for each quantile interval thequmity indexl(q) is weighted by
n(q)«(q), which is the total citation score of the publioas belonging to the quantile
interval. The lower the value dDCP, the better differences in citation practices
between fields and differences in the age of pabbos have been corrected for.
Results obtained based on classification system®,Aand C are reported in
Tables C1, C2, and C3. For each classificationesystwvalues of, W, S, andIDCP
have been calculated using each of the four nopai#dn approaches that we study
and also using the unnormalized CS approach.|Di@P values reported in Tables
C1, C2, and C3 confirm the observations made basdeigures 2, 3, and 4. Notice,
however, that the differences between HDEP values of the different normalization
approaches are relatively small. This is causedhbyfact that the highest quantile
intervals have a lot of weight in tH®CP calculation in (C4). As can be seen in
Figures 2, 3, and 4, in the highest quantile irgkxvthe differences between the

normalization approaches are not so large.

Table C1. Values of, W, S, andIDCP calculated using four different normalization

approaches and the unnormalized CS approach. Thesvare based on classification

system A.
w S IDCP [
cS 0.0292 0.7066 0.1818 0.9176
NCS 0.0221 0.6619 0.0237 0.7076
SNCSY | 0.0291 0.6723 0.0235 0.7249
SNCS? | 0.0370 0.6328 0.0379  0.7077
SNCS® | 0.0337 0.6611 0.0266 0.7215

Table C2. Values of, W, S, andIDCP calculated using four different normalization
approaches and the unnormalized CS approach. Thesvare based on classification

system B.
w S IDCP [
CS 0.0247 0.6787 0.2142 0.9176
NCS 0.0194 0.6508 0.0374 0.7076
SNCSY | 0.0253 0.6640 0.0355  0.7249
SNCS? | 0.0326 0.6272 0.0479  0.7077
SNCS® | 0.0300 0.6565 0.034p 0.7215
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Table C3. Values of, W, S, andIDCP calculated using four different normalization

approaches and the unnormalized CS approach. Thesvare based on classification

system C.
W S IDCP [
CS 0.0164 0.6295 0.2717 0.9176
NCS 0.0135 0.6185 0.0796 0.7076
SNCSY | 0.0169 0.6389 0.069D  0.7249
SNCS? | 0.0217 0.6138 0.072R 0.7077
SNCS? | 0.0202 0.6449 0.0568 0.7215
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