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The inconsistency of the h-index

Ludo Waltman and Nees Jan van Eck

Centre for Science and Technology Studies, Leidenédssity, The Netherlands
{waltmanlr, ecknjpvan}@cwts.leidenuniv.nl

The h-index is a popular bibliometric indicator for assiag individual scientists. We criticize the
index from a theoretical point of view. We arguattfor the purpose of measuring the overall sdienti
impact of a scientist (or some other unit of analytheh-index behaves in a counterintuitive way. In
certain cases, the mechanism used byhtlmelex to aggregate publication and citation stiagsinto a
single number leads to inconsistencies in the wayhich scientists are ranked. Our conclusion @ th
the h-index cannot be considered an appropriate indicataa scientist’'s overall scientific impact.
Based on recent theoretical insights, we discusa kind of indicators can be used as an altern&tive
the h-index. We pay special attention to the highly dipablications indicator. This indicator has a lot
in common with thén-index, but unlike thé-index it does not produce inconsistent rankings.

1. Introduction

The introduction of thdr-index (or Hirsch index) in 2005 has had an enomsnou
influence on bibliometric and scientometric resbas can be seen in Figure 1, in
2010 and 2011 almost one out of four publicationSaentometrics and Journal of
Informetrics cited the paper in which physicist Jorge E. Hirgchposed his index
(Hirsch, 2005). A large part of the literature klinig on Hirsch’ work is concerned
with introducing variants, extensions, and geneasilons of then-index. In a recent
study (Bornmann, Mutz, Hug, & Daniel, 2011), nosléisan 37 variants of theindex
were listed.

Research into the development of nkwndex variants and, more generally, of
new bibliometric indicators often proceeds in a samat ad hoc fashion (see also
Marchant, 2009b). Researchers take an indicatentify a property of the indicator
which they argue is undesirable, and then proposeva indicator which does not
have this undesirable property. The weakness o #pproach to indicator
development is that in most cases it is unsystemakie choice of a new indicator is
often made in a somewhat arbitrary way, and thetally is no clear overall picture
of the properties of the new indicator and of treywn which the indicator compares
with existing indicators.

The literature on bibliometric indicators, and iarficular on theh-index and its
variants, is also strongly empirically orientedr Fastance, new indicators are often
justified mainly based on empirical grounds, byuamg that the results produced by
an indicator are in agreement with what appearsbdointuitively reasonable.
Similarly, comparisons between indicators are offmrformed empirically, for
instance by analyzing the strength of the cormhatbetween indicators (e.g.,
Bornmann et al., 2011). Instead of studying indicaempirically, indicators can also
be studied from a theoretical point of view. In dhetically oriented research,
indicators are compared with each other based @in ttathematical properties. If an
indicator has properties that are considered dadsirdhis provides support for the
indicator, and the other way around, if an indicdtas properties that are considered



undesirable, this may be a reason for rejectingitidécator. In the literature on
bibliometric indicators, theoretical approacheslass commonly used than empirical
ones. Nevertheless, in recent years, a considenaipider of theoretical studies have
appeared, both on theindex (e.g., Marchant, 2009a; Quesada, 2010; Wigeg;
2008) and on other types of indicators (e.qg., Albarf@rnyfio, & Ruiz-Castillo, 2011;
Bouyssou & Marchant, 2011a, 2011b; Marchant, 200®4acios-Huerta & Volij,
2004; Ravallion & Wagstaff, 2011; Waltman & Van E@&09a, 2010; Waltman, Van
Eck, Van Leeuwen, Visser, & Van Raan, 2011). In phesent paper, we build on
some of this earlier research.
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Figure 1. Percentage publicationsSmentometrics andJournal of Informetrics citing

Hirsch (2005). (Data retrieved from the Web of &cee database on August 6, 2011.

Data for 2011 are incomplete.)

The main objective of our paper is to criticize thandex and its variants from a
theoretical point of view. Because of the somewhat unsystematic and strongly
empirically oriented nature of moktindex research, we believe that a fundamental
problem of then-index has remained largely unnoticed. We argueftnahe purpose
of measuring the overall scientific impact of aestist (or some other unit of
analysis) then-index exhibits counterintuitive behavior. More sifieally, we assert
that the mechanism used by tihendex to aggregate publication and citation stiags
into a single number leads to an inconsistent Wwagrking scientists. The conclusion
that we draw from this is that theindex cannot be considered an appropriate
indicator of the overall scientific impact of aeatist.

It is not our aim to argue in favor of a singleeattative to théh-index. Instead,
based on recent theoretical insights (Marchant92pQ009b; Waltman & Van Eck,
2009a), we discuss a large family of bibliometndicators that do not suffer from the
same fundamental problem as théndex. This family of indicators offers a broad

! Another stream of theoretical research, whicheissIrelevant for our present work, studies the
properties of thd-index in a model-based framework. Examples of litésature include the work of
Burrell (2007), Egghe and Rousseau (2006), and28l§2006).

2 An earlier version of the argument that we arengoio present has been published in a short
contribution to théSS Newdletter (Waltman & Van Eck, 2009b).



range of theoretically well-founded alternativeghe h-index. There is one indicator
to which we pay special attention. This is the higlited publications indicator. This
indicator has a lot in common with theindex, but unlike thénr-index it does not

produce inconsistent rankings.

The organization of this paper is as follows. Wetfdiscuss thi-index and some
of its properties. We then argue that thiedex has an inconsistency problem, and we
discuss possible alternatives to thendex. We close the paper with some concluding
remarks. Because we want the paper to be accessiblbéroad audience, we present
our theoretical argument completely in intuitivents. We use almost no formal
mathematical notation.

2. Definition of the h-index

The h-index is defined as follows: A scientist has lmmdex of h if h of his
publications each have at ledstitations and his remaining publications each have
fewer thanh + 1 citations (Hirsch, 2005). The definition ofth-index can also be
applied to other units of analysis than scientiébs, instance to research groups
(Hirsch, 2005; Van Raan, 2006) and journals (Brdsilénzel, & Schubert, 2006). In
this paper, we mostly use scientists as our uréinalysis, but the argumentation that
we present applies equally well to other unitsralgsis.

Figure 2 provides a graphical illustration of thecalation of theh-index. The
figure shows the distribution of citations over tpheblications of a scientist. The
publications of the scientist are sorted in decrggsrder of their number of citations.
The figure also shows a 45 degree line througlotigen. Theh-index is obtained by
identifying the intersection point of the 45 degtee and the citation curve and by
taking the corresponding number of publicationstHa example in Figure 2, this
yields anh-index of six.
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Figure 2. Graphical illustration of the calculatiof the h-index. Theh-index is
obtained by identifying the intersection point bet45 degree line and the citation
curve and by taking the corresponding number ofigatiions. In this example, the
index equals six.



The h-index provides an alternative to simply countirg ttotal number of
citations of a scientist. According to Hirsch (2D0& disadvantage of the total number
of citations indicator is that it “may be inflatdy a small number of ‘big hits” (p.
16569). In other words, the total number of citasiondicator is too sensitive to one
or a few highly cited publications. Theindex does not have this disadvantage.
Hirsch’ argument in favor of thke-index over the total number of citations indicator
seems to be accepted by most autfiarsd it is sometimes added that timdex not
only has the advantage of being relatively inseresitto a few highly cited
publications but also of being insensitive to langenbers of lowly cited and uncited
publications (e.g., Bornmann & Daniel, 2007; Bratml., 2006).

The h-index can also be seen as an alternative to aauiite number of highly
cited publications of a scientist, where a pubiarats regarded as highly cited if its
number of citations exceeds a certain thresholdcoAting to Hirsch (2005), a
disadvantage of the highly cited publications iatlic is that the threshold for
determining what counts as highly cited “is arlgrand will randomly favor or
disfavor individuals” (p. 16569). In Hirsch’ viewhe h-index has the advantage that it
does not depend on a parameter with an arbitrdeva#\s discussed in an earlier
paper (Van Eck & Waltman, 2008), we do not agret wiis reasoning. Although the
h-index does not have any explicit parameters, igfindion does involve
arbitrariness. For instance, tlieindex could equally well have been defined as
follows: A scientist has ah-index ofh if h of his publications each have at least 2
citations and his remaining publications each hawveer than 2§ + 1) citations. Or
the following definition could have been proposAdscientist has ah-index ofh if h
of his publications each have at lelast 2 citations and his remaining publications
each have fewer tham ¢ 1) / 2 citations. A priori, we see no good reasdy the
original definition of theh-index would be better than these two alternatefndions
and other similar ones. Because of this, we corchhdt, just like the highly cited
publications indicator, thb-index is subject to arbitrariness. The arbitrasgef the
definition of theh-index is illustrated graphically in Figure 3. Inigd figure, like in
Figure 2, then-index is obtained by identifying the intersectmoint of the 45 degree
line and the citation curve. Our point is that thex no clear reason for the use of a 45
degree line. As illustrated in Figure 3, one coedpially well use, for instance, a 30
degree line or a 60 degree line. Clearly, differigmts may cause scientists to be
ranked differently. We note that the arbitrarine$she definition of theh-index is
also recognized by Lehmann, Jackson, and Lautr@@5(22008) and Ellison (2010).
Lehmann et al. (2008) correctly point out that hlhiedex is based on a comparison of
two quantities with different units (i.e., publicais and citations). Such a comparison
always involves arbitrarineddie will come back to the arbitrariness of the wiéfin
of theh-index later on in this paper.

The above discussion has focused on a few spesfiects of thé-index. The
literature on theh-index is extensive, and we cannot fully covereatéh For review
papers of théh-index literature, we refer to Bornmann and Darig907), Alonso,
Cabrerizo, Herrera-Viedma, and Herrera (2009), Eg¢P010), and Norris and

% However, Egghe (2006) considers the insensitivitythe h-index to highly cited publications a
disadvantage. This has motivated the developmetiteaf-index, which seems to be one of the most
popular variants of thi-index.

* Given the arbitrariness of the definition of théndex, there is room for generalizing the index an
for proposing simple variants of it. Generalizatioof theh-index are discussed by Van Eck and
Waltman (2008), Deineko and Woeginger (2009), &Hi§2010), and Egghe (2011). Simple variants of
theh-index are discussed by Kosmulski (2006) and Wd.Q20



Oppenheim (2010). A bibliometric study of theindex literature is reported by
Zhang, Thijs, and Glanzel (in press).
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Figure 3. Graphical illustration of the arbitrarsseof the definition of thé-index.

The solid line is a 45 degree line. The dashedslime a 30 degree line and a 60

degree line. In the calculation of thendex, the 45 degree line is used, but one could

equally well use, for instance, the 30 degreedinthe 60 degree line.

3. Inconsistency of the h-index

We now turn to what we consider to be the counteitive behavior of theh-
index. Our aim is to show that the way in which thmdex aggregates publication
and citation statistics into a single number |gadsconsistent results.

Before going into more detail, it is important tsalss the distinction between
size-dependent and size-independent indicatorsciehtsfic impact (for a similar
distinction, see Waltman & Van Eck, 2009a). Sizpatelent indicators never
decrease when a scientist obtains an additionalication. Examples of size-
dependent indicators are the number of publicatithrestotal number of citations, and
the number of highly cited publications of a saen{Theh-index is another example.
Size-independent indicators, on the other hand, remenalized for the size of
someone’s oeuvre. For instance, consider a sdiemtis has three publications, one
with a citations, one wittb citations, and one with citations, and consider another
scientist who has six publications, two wdéltitations, two withb citations, and two
with c citations. Because the oeuvres of the two scisntiigfer from each other only
in size and not in citation characteristics, a -@mEpendent indicator will have the
same value for both scientists. Examples of sidependent indicators are the
average number of citations per publication, theadiame number of citations per
publication, and the percentage highly cited puations.

Size-dependent and size-independent indicator® skfferent purposes. Given a
set of publications, a size-dependent indicatarsisally interpreted as a measure of
the overall scientific impact of the publicationghile a size-independent indicator is
interpreted as a measure of the average sciemifiact per publication. In some
cases the use of a size-dependent indicator is appepriate than the use of a size-



independent one, and in other cases it is the athgraround. For instance, in the
case of the oeuvre of a scientist, measuring theratlvimpact of the oeuvre is
probably more useful than measuring the averageadmper publication. This is
because measures of the average impact per putntid¢ail to take the productivity of
a scientist into account (Hirsch, 2005). In theecas journals, however, things are
different. When comparing the impact of journalagausually does not want size
differences to affect the comparison. This mearst tine needs to use a size-
independent indicator (e.g., the impact factor).

Below, we discuss three examples of situationshiclvtheh-index is used as a
measure of the overall scientific impact of a dgbublications. In each example, the
h-index behaves in a way that we consider countétine. The examples are
intended to make clear that, at least for the psgpmd measuring the overall impact of
a set of publications, thHeindex provides inconsistent results.

3.1. Example 1
In this example, we show that thendex violates the following property:

If two scientists achieve the same relative performance improvement, their ranking
relative to each other should remain unchanged.

According to this property, if scientist X is ramkéigher than scientist Y and both
scientists achieve the same relative performancprovement, then after the
performance improvement scientist X should stilkéeked higher than scientist Y.

Suppose that scientists X and Y both work at tlmeesaniversity. This university
uses theh-index as a measure of the overall scientific imipaf its scientists.
Scientists X and Y have both been active as a re&seafor five years. In this five-
year period, scientist X has produced twelve palibnis, nine with twelve citations
each and three with four citations each. Scienfistas produced ten publications,
seven with fifteen citations each and three witre fcitations each. It follows that
scientists X and Y havk-indices of, respectively, nine and seven (seddfigpanel
of Figure 4). Therefore, based on thendex, the university concludes that scientist X
has a larger impact than scientist Y. Suppose tfeadt scientists X and Y keep
producing publications at the same rate as belaréerms of citations, their new
publications perform equally well as their old on€kis means that after another five-
year period scientist X has a total of twenty-fpuiblications, eighteen with twelve
citations each and six with four citations eachiefitst Y has a total of twenty
publications, fourteen with fifteen citations eahd six with five citations each. (For
simplicity, we assume that publications from thstffive-year period do not receive
additional citations.) Hence, theindex of scientist X has increased from nine to
twelve, and thér-index of scientist Y has increased from sevenotorteen (see the
right panel of Figure 4). As a consequence, thearsity concludes that scientist Y
has a larger impact than scientist X. In other wpmbmpared with five years earlier,
the ranking of the two scientists has reversed.

In our view, the above result is counterintuitig&zen though in relative terms
scientists X and Y have both achieved exactly #mes performance improvement
(i.e., they have both doubled their publicationd artations), their ranking relative to
each other has not stayed the same. We considevahy difficult to justify, and we
therefore conclude that theindex has ranked scientists X and Y in an incdesis
way.
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Figure 4. Graphical illustration of the calculatiohtheh-index for scientist X (solid
citation curve) and scientist Y (dashed citatiomve)i in example 1. The left panel
shows the situation after the first five-year pdridhe right panel shows the situation
after the second five-year period.

3.2. Example 2

We now turn to our second example. In this examible h-index is shown to
violate the following property:

If two scientists achieve the same absol ute perfor mance improvement, their ranking
relative to each other should remain unchanged.

This property is quite similar to the property cdesed in the previous example. The
only difference is that the property in the prew@axample is concerned with relative
performance improvements while this property is cawned with absolute
performance improvements.

Suppose that scientists X and Y each have sevdicatitns. Scientist X has five
publications with five citations each and two pahtions with two citations each.
Scientist Y has four publications with six citatsorach and three publications with
three citations each. Theindices of scientists X and Y then equal, respetyi five
and four (see the left panel of Figure 5). Intetipgetheh-index as a measure of the
overall scientific impact of a scientist, it foll@what scientist X is ranked higher than
scientist Y in terms of overall impact. Suppose tngmat the two scientists jointly
produce two new publications. These publicatiorshea@ceive eight citations. This
does not change thie-index of scientist X. However, thk-index of scientist Y
increases from four to six (see the right pandtiglire 5). Hence, after the production
of the two joint publications, scientist Y has gterh-index than scientist X. This
means that the ranking of the two scientists imgeof overall impact has reversed.

We believe the above result to be counterintuiteientists X and Y have both
achieved exactly the same performance improvemsent fwo publications with six
citations each), but despite of this their rankinag reversed. From the point of view
of measuring the overall impact of a scientist,d@enot see how this can be justified.
Like in the previous example, our conclusion therefis that theh-index has
provided inconsistent rankings of scientists X and
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Figure 5. Graphical illustration of the calculatiohtheh-index for scientist X (solid
citation curve) and scientist Y (dashed citatiomve)i in example 2. The left panel
shows the initial situation. The right panel shats situation after the production of
two joint publications.

3.3. Example 3

The focus of our third example is on consistenciwben rankings at different
levels of aggregation. More specifically, we coesithe following property:

If scientist X; isranked higher than scientist Y; and scientist X, is ranked higher than
scientist Y, then a research group consisting of scientists X; and X, should be ranked
higher than a research group consisting of scientists Y; and Y-.

We show that th-index does not satisfy this property.

In this example, we use tlheindex as a measure of the overall scientific inbjodc
both individual scientists and research groupsp8se we have two research groups,
research group X and research group Y, each comgpist two scientists. Research
group X consists of scientists; dnd X, and research group Y consists of scientists
Y1 and Y,. Scientists X and X% both have seven publications. Each of their
publications has been cited nine times. Scientiéisand Y, both have six
publications, and each of their publications has t#&ations. Theh-indices of
scientists X and X% then equal seven, while theindices of scientists Yand Y,
equal six (see the left panel of Figure 6). Hermmeording to thdr-index, scientists
X1 and X% have a larger impact than scientists and Y.. It now seems natural to
expect that research group X also has a larger dmpfean research group Y.
However, the curious thing is that according tolthedex this is not the case. The
indices of research groups X and Y equal, respegtivnine and ten (see the right
panel of Figure 6), which indicates that reseandug X has a smaller impact than
research group Y. This is exactly opposite to wiratwould expect based on way in
which the individual scientists are ranked. We ¢ff@e conclude that in our example
the h-index fails to provide consistent rankings of indual scientists and research
groups.
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Figure 6. Graphical illustration of the calculatiohtheh-index in example 3. The left

panel shows the calculation of thendex for scientists Xand X% (solid citation

curve) and scientists;Yand Y, (dashed citation curve). The right panel shows the

calculation of theh-index for research group X (solid citation cuna)d research

group Y (dashed citation curve).

3.4. Discussion of the examples

In our view, the above three examples show thaimfrthe perspective of
measuring the overall impact of a set of publig&iothe h-index behaves in a
counterintuitive way. The mechanism used by tHadex to aggregate publication
and citation statistics into a single number letm#consistent results. Because of
this, our conclusion is that theindex cannot be considered an appropriate indicato
of the overall scientific impact of a set of publions.

Given the extensive literature on thendex, it is remarkable that the inconsistent
nature of the index has remained largely unnotidedthe best of our knowledge,
apart from our own contributions (Waltman & Van E2R09a, 2009b), the only work
in which the inconsistency problem of theindex is discussed are papers by
Marchant (2009a) and Bouyssou and Marchant (201Mgchant (2009a) points out
that theh-index violates the property that we have discussesur second example
above. He concludes that “the ranking based oindhéeex is in many circumstances
probably not reasonable” (p. 335). Building on own earlier work (Waltman & Van
Eck, 2009a), Bouyssou and Marchant provide a madkieat analysis of the close
relationship between the properties discussedirsecond and third example above.

It is important to note that the inconsistency peab discussed above affects not
only theh-index but also all kinds of variants, extensicasg generalizations of this
index. For instance, variants of thendex such as thg-index (Egghe, 2006), the
h(2)-index (Kosmulski, 2006), and the-index (Wu, 2010) suffer from similar
counterintuitive behavior as theindex itself. The same holds for generalizatiohs o
the h-index like those proposed by Van Eck and Waltn2008) and Deineko and
Woeginger (2009). Some indicators that are notedlao theh-index also have an
inconsistency problem. Examples include the totehiber of citations of a scientist’s
n most highly cited publications and the total numbkecitations of a scientist’s%

®> Rousseau (2008) provides a short discussion op#per by Marchant (2009a). The inconsistency
problem of théh-index is also mentioned very briefly in a bookiesw by Van Raan (2010).



most highly cited publications. For all these iradars, it is possible to construct
examples similar to the above ones that show cantiéive behavior.

In the literature, various shortcomings of thndex have been discussed. For
instance, some authors argue thathiiedex does not give sufficient credit to highly
cited publications (e.g., Egghe, 2006), other agthmaim that the index tends to
undervalue scientists with a selective publicatitrategy (e.g., Costas & Bordons,
2007), and still other authors point out limitasoof the index in the way in which co-
authorship is dealt with (e.g., Egghe, 2008; Hir®il0; Schreiber, 2008). One may
wonder whether the above-discussed inconsisten@blgm is just another
shortcoming of then-index or whether in some sense this problem is aghore
fundamental nature. In our view, the inconsistegmi@blem is more fundamental. The
other problems can all be addressed, at leastéstain degree, by making a suitable
modification to theh-index, but without leaving tha-index framework altogether.
The inconsistency problem is more fundamental beeauaffects not only thé-
index itself but also all its variants. As will ldescussed later on in this paper, solving
the inconsistency problem requires a differentctasndicators.

3.5. Size-independent indicators

What needs to be emphasized is that the abovesdiscuonly pertains to size-
dependent indicators, that is, indicators aimednatsuring the overall scientific
impact of a set of publications. Size-independediciators, which aim to measure the
average scientific impact of the publications igieen set, serve a different purpose
and therefore have different requirements.

Consider for instance the average number of citatijper publication indicator.
Suppose we have two journals, journal X and joundalJournal X has five
publications, each with six citations. Journal ¥ haenty publications, each with five
citations. Hence, according to the average numbecitations per publication
indicator, journal X is ranked higher than jourYalSuppose next that both journals
obtain five new publications. These new publicatiado not have any citations.
Journal X’s average number of citations per pulibcathen decreases from six to
three, while journal Y’s average number of citaiqgrer publication decreases from
five to four. So the ranking of the two journalyeeses. Does this mean that the
average number of citations per publication indicairovides inconsistent results?
The answer to this question is no. Because theageenumber of citations per
publication indicator aims to measure the averagpact of the publications of a
journal (rather than the overall impact), the reatiof the ranking of journals X and
Y is completely legitimate. Journal Y initially hddur times as many publications as
journal X. Therefore, journal Y’s average impact gmiblication should be less
sensitive to adding new publications than journa &erage impact per publication.
In this case, the newly added publications weratedcwhich caused both journals’
average impact per publication to decrease. Howdamrause of the size difference
between the journals, the decrease was more sevéne case of journal X than in
the case of journal Y. This caused the rankindnefjburnals to reverse.

The above example illustrates the difference in thquirements for size-
dependent and size-independent indicators. The rianothing to keep in mind is
that the validity of a size-independent indicatoowd not be judged based on criteria
developed for size-dependent indicators (and theratiay around). In the discussion
in the next section, we only consider size-depehuhelicators. We refer to Bouyssou
and Marchant (2011a) and Waltman et al. (2011) thmoretical work on size-
independent indicators.
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4. Alternatives to the h-index

Given the inconsistency problem of thendex and many other indicators, one
may wonder what kind of alternative indicators b&nused that do not have a similar
problem. In particular, the question arises whettere are indicators that have
similar properties as thHeindex but that do not suffer from inconsistencglgems.

To address these questions, we need to discuss@ortant recent theoretical
paper by Marchant (2009b; see also Waltman & Vdq E@09a). Marchant considers
a special class of indicators which he refers tecasing rule$. To calculate a scoring
rule for a set of publications, one first calcutata score for each individual
publication in the set. The score of a publicatisrdetermined by the number of
citations of the publication. This is done in sictvay that an increase in the number
of citations of a publication will never lead to decrease in the score of the
publication. After calculating a score for eachiundual publication, the scoring rule
is obtained by calculating the sum of the individpablication scores (or, more
generally, by calculating an increasing function tbfs sum). Somewhat more
formally, given a set oh publications withc,, ¢, ..., C, citations, a scoring rule is
equal to (or, more generally, is an increasing tiomcof)

f(cy) +f(c) + ... +f(cn),

wheref is an increasing function that determines theesodra publication based on
the number of times the publication has been cited.

A number of well-known indicators are scoring rulesparticular, the number of
publications indicator is a scoring rule in whidhpublications have the same score,
irrespective of their number of citations, and tbi&l number of citations indicator is
a scoring rule in which the score of a publicatisrproportional to the number of
citations of the publication. The highly cited pigbtions indicator is a scoring rule as
well. In this scoring rule, publications whose neniof citations exceeds a certain
threshold all have the same positive score andthéir publications have a score of
zero.

An attractive feature of scoring rules is that tlieynot suffer from inconsistency
problems. Moreover, as shown by Marchant (2009b)ost all indicators that are not
a scoring rule do suffer from inconsistency prol#émWhen looking for an
alternative to theh-index, this essentially means that we can restigselves to
scoring rules. In general, indicators that are aascoring rule will have similar
shortcomings as thieindex and therefore do not solve the fundamentablpm we
have with this index.

There are many different scoring rules, and itaseur aim to designate a single
scoring rule as the best one. However, we do wadiscuss some scoring rules that
may serve as suitable alternatives to hedex. As we have discussed, the main
advantage of the-index is often claimed to be its relative insamgit to publications
with a very large number of citations, and somesimaéso its insensitivity to large
numbers of publications with no or almost no oitati. A scoring rule that in this
respect behaves similarly to thendex is the highly cited publications indicattat

® In fact, Marchant (2009b) uses the term ‘scorinig’rnot to refer to the indicators themselves tout
the rankings implied by the indicators. For simipyicwe do not make this distinction.

"It is possible to construct indicators that do swifer from inconsistency problems even thougly the
are not scoring rules. This leads to fairly congiérl indicators that violate the Archimedeanness
axiom defined by Marchant (2009b). We do not thimit these indicators are of much use for practical
purposes.
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is, the indicator that counts the number of pulilices with at least a certain number
of citations® This indicator only cares about whether a pulblitatounts as highly
cited or not. The indicator is insensitive to th@& number of citations of a highly
cited publication. Also, like thé&-index, the highly cited publications indicator is
insensitive to large numbers of lowly cited anditett publications. Another point of
similarity between the highly cited publicationglicator and thén-index is that both
indicators have a simple and easy-to-explain catmr. So in many respects the two
indicators are similar. However, compared with théndex, the highly cited
publications indicator has the advantage that #sdoot suffer from inconsistency
problems. Because of this important advantage, egard the highly cited
publications indicator as a more appropriate indicaf scientific impact than thie-
index.

The highly cited publications indicator is sometgmargued to have the
disadvantage that it depends on an essentiallyrampiparameter for determining
which publications count as highly cited and whdh not. This is for instance the
objection of Hirsch (2005) against the highly citaablications indicator. However,
as we have pointed out earlier in this paper htivedex is subject to the same kind of
arbitrariness as the highly cited publications ¢atlor. The only difference is that the
h-index does not have any explicit parameters, whtdkes it somewhat more
difficult to recognize the arbitrary elements ia definition. Because the highly cited
publications indicator and thie-index are both subject to arbitrariness, we do not
consider arbitrariness a good argument for rejgctine indicator in favor of the
other.

Apart from the highly cited publications indicatdhere are all kinds of other
scoring rules that may be used as an alternatitieetb-index. For instance, one may
use a scoring rule in which the score of a pulibcats given by a (strictly) concave
function (such as the square root or the natugdrithm) of the number of citations
of the publication (e.g., Lundberg, 2007). Like theéndex, such a scoring rule will
typically be relatively insensitive to publicationsith a very large number of
citations. Compared with the highly cited publioas indicator, a scoring rule that
uses a concave function to determine the scoregpablcation has the advantage that
the score of a publication increases in a gradagl & the number of citations of the
publication increases. In the case of the highgccpublications indicator, there is an
abrupt increase when the number of citations passehighly cited threshold. This
may be considered somewhat unsatisfactory. Cleadigtermining the most
appropriate score function for a scoring rule idifficult problem. We refer to the
recent work of Ravallion and Wagstaff (2011) fothaoretical framework in which
this problem can be explored further.

5. Discussion and conclusion

In this paper, we have criticized tleindex and its variants from a theoretical
point of view. We have argued that for the purpolsseasuring the overall scientific
impact of a scientist (or some other unit of analyshe h-index behaves in a
counterintuitive way. In certain cases, the medmaniused by theh-index to
aggregate publication and citation statistics irdo single number leads to
inconsistencies in the way in which scientistsrar&ked. Our conclusion is that the

8 For studies on highly cited publications indicatowe refer to Plomp (1990, 1994) and Tijssen,
Visser, and Van Leeuwen (2002).
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index cannot be considered an appropriate indic#ttre overall scientific impact of
a scientist.

Based on recent theoretical insights (Marchant920@009b; Waltman & Van
Eck, 2009a), we have discussed a large family lolidietric indicators that, unlike
the h-index, do not suffer from inconsistency probleie indicators in this family
are referred to as scoring rules. It has not begraon to argue in favor of a single
alternative to thér-index. However, as we have pointed out, therenis particular
scoring rule that has a lot in common with thndex. This is the highly cited
publications indicator. Like thé&-index, the highly cited publications indicator is
robust both to publications with a very large numbfecitations and to publications
with no or almost no citations. Yet, compared witie h-index, the highly cited
publications indicator has the important advantdgat it does not suffer from
inconsistency problems. Because of this, we belibaethe highly cited publications
indicator provides an attractive alternative to thimdex, at least in situations in
which the above-mentioned robustness is regardadiasirable feature.

It may of course be that tleindex has certain good properties which for instan
the highly cited publications indicator does notvdna We now discuss some
suggestions in this direction. Hirsch (2007) argubat compared with other
bibliometric indicators the mechanism of thréndex is well suited to deal with high
impact publications co-authored by scientists wdtfierent levels of seniority (or
different levels of ability). According to Hirschhis is because, in a certain sense,
senior authors receive more credit from such higpact publications than junior
authors (for the full argument, see Hirsch, 2007,9197). Although we consider this
an interesting argument, it depends crucially anadbksumption that in the case of a
high impact publication co-authored by junior aedisr scientists most credit should
go to the senior authors. Moreover, even if on@piscthis assumption, we think it is
doubtful whether the somewhat better way of deality co-authored publications is
worth sacrificing the consistency of one’'s measweist A somewhat related
argument in favor of thbe-index is that “the focus of the index shifts imatural way
when comparing researchers at different levels. Mdoenparing young researchers it
emphasizes whether they have written a few papatshiave had some impact, and
when comparing distinguished senior researchergyribres minor papers and
considers only papers that have a substantial nuofbetations” (Ellison, 2010, p.
2). We agree that this can be seen as an advanitéigeh-index over for instance the
highly cited publications indicator. On the othanld, however, we believe that in the
case of young scientists publication and citatitatigtics are only of limited value,
and we therefore do not consider this a very sicamt advantage of theindex. We
also note that the above arguments in favor ofttiredex pertain specifically to
situations in which thé-index is used at the level of individual sciergtisSkhis means
that the arguments cannot serve as a justificdtorthe use of thé-index at other
levels of aggregation, such as at the level ofaretegroups or journals.

As already mentioned in the beginning of this papesst of the literature on the
h-index is empirically oriented. Perhaps the moshvaacing empirical work in
support of theh-index is Hirsch’ follow-up study on his origindd-index paper
(Hirsch, 2007). In his follow-up study, Hirsch pamins a comparison of four
bibliometric indicators, namely the number of pahtions, the total number of
citations, the average number of citations per ipabbn, and theh-index. Hirsch
uses two (relatively small) samples of physicistal dooks at publications and
citations in two time periods. The focus of Hirsatudy is on the degree to which
indicators calculated based on the first time pkryeld accurate predictions of
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indicators calculated based on the second timegehterestingly, thé-index not
only turns out to be the indicator that is beseablpredict its own future value, but it
also turns out to be the indicator that is best &dblpredict the future value of the total
number of citations indicator. In our view, Hirs@tudy provides a reasonable degree
of empirical support to the-index, at least for applications in the field dfygics.
Unfortunately, apart from theindex, Hirsch’ study does not include any othdyust
indicators, such as the highly cited publicationdi¢ator. In future empirical work,
we consider it essential that other robust indisatre taken into account as well,
especially indicators belonging to the family ofosng rules. This will make it
possible to identify indicators that behave in isactory way both from a theoretical
and from an empirical point of view.

There is one final remark that we want to make. itlea of theh-index is to have
a single number that provides a rough approximatibthe scientific impact of a
scientist. Because of our focus on tindex, we have also adopted this single-
indicator viewpoint in this paper. We emphasizeyéweer, that for practical purposes
it is usually desirable to have a set of biblioneetndicators, each emphasizing a
different aspect of the scientific impact of a stigt. When scientists are being
evaluated and compared, it may sometimes be eviter ie look directly at their
citation distributions (e.g., using plots similarthe ones shown in this paper) rather
than to focus on indicators derived from theserithistions. This always yields the
most comprehensive picture of the impact of somsomerk as measured by
publication and citation data.
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