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Abstract

With the introduction of an increasing number of evaluation indexes, researchers have
begun to pay attention to the limitations of such indexes in research evaluation, understand-
ing which to avoid misusing and making evaluation more scientific and reasonable. Ana-
lysing the principles of the h-index, g-index, AR-index, p-index, integrated impact indica-
tor (I3), and academic trace, this paper explores their limitations in measuring the research
performance of authors from the perspectives of consistency, the degree of discrimination,
and the statistical relationship between the values of indicators and the number of publica-
tions and citations. There are some interesting findings. These six indicators are highly
consistent, and they are all more susceptible to the number of publications than to the fre-
quency of citations. Among them, the h-index has the lowest degree of discrimination,
followed by the g-index, I3, AR-index, p-index, and academic trace. The g-index ignores
papers and citations other than the g-core. Moreover, compared to the h-index, the accu-
mulation of citations makes it easier for the g-index to be equal to the number of papers
published by an author, and once its value equals the number of papers, subsequent cita-
tions received by these papers will no longer contribute to the growth of the g-index unless
the author publishes a new paper. Additionally, the AR-index ignores the h-tail papers and
citations, which underestimates the impact of many researchers. Moreover, the p-index is
insensitive to highly cited papers. Furthermore, the 13 is very vulnerable to the influence
of the extremums in a data set. Finally, we propose considerations and suggestions for the
research performance evaluation of authors.

Keywords h-index - h-type indexes - Academic performance evaluation - Comparative
research - Limitations of indicators

Introduction

Research performance evaluation always plays an important role in scientific development,

providing benchmarks for recruitment, promotion, funding, and rewards. To make research
evaluation scientific and reasonable, various bibliometric indexes have been successively
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proposed. However, each indicator has inherent limitations in measuring authors’ research
performance (Agarwal et al. 2016). These limitations make it challenging to find the appro-
priate indicator in the practice of research evaluation and even lead to the abuse of biblio-
metric indicators, or they make the measurement results inconsistent with the actual situa-
tion. Therefore, it is necessary to explore the limitations of bibliometric indexes to improve
research performance evaluation; in particular, it is important to correctly understand how
to use such indexes and how to interpret the measurement results. Based on theoretical and
empirical analysis, this paper discusses the limitations of the h-index and h-type indexes
such as the g-index, AR-index, p-index, integrated impact indicator (I3), and academic
trace, each of which improves a defect of the h-index, which is described in detail in the
Literature Review and Methodology. Hirsch proposed the h-index (Hirsch 2005) based on
the hypothesis that the number of citations a scientist receives reflects the relevance of his/
her work more than the number of papers that he/she publishes. Egghe (2006) proposed the
g-index in an attempt to modify or avoid some limitations of the h-index. Jin et al. (2007)
put forward the AR-index to measure the h-core’s citation intensity and also takes the age
of publications into account. Subsequently, conducting an in-depth study of the h-index,
Prathap (2010) proposed the p-index, which reveals the arithmetic relationship between
the h-index and the number of papers and citations. The discussion on the standardization
of bibliometric reference counting led to the emergence of the I3 (Gingras and Lariviere
2011), which can remedy some of the shortcomings of previous indexes to an extent. Then,
the academic trace was proposed in 2017; this indicator combines the h-index and I3, tak-
ing into account the entire distribution of the citation curve (Ye and Leydesdorff 2014).
Although the follow-up indicators noted above were proposed to improve research evalua-
tion, each indicator has inherent limitations. Therefore, it is necessary to explore and iden-
tify their limitations. The research objectives of this paper are as follows:

e To analyse and discuss the inherent defects and deficiencies of the six indexes in meas-
uring the research performance of authors based on their design principles.

e To compare the differences among the six indicators in measuring the research perfor-
mance of a same author sample set and to reveal and summarize their limitations based
on theoretical analysis.

e To propose some suggestions with regard to using these six indexes to measure the
research performance of authors.

Literature review

The initial performance evaluation of authors was based on the number of published
papers, which essentially measured productivity (Agarwal et al. 2016). With the establish-
ment of Garfield’s scientific citation index (SCI) system, the frequency of citation was the
proxy index of academic influence. However, both measures can reflect only one aspect
of research performance evaluation. Later, Hirsch (2005) proposed the h-index, which has
attracted increasing attention from researchers because of its robustness and simplicity.
Ball (2005) also affirmed the validity of the h-index in Nature. Although there are different
opinions, research on the h-index and its use in practice are in full swing.

Although the h-index was initially proposed as a proxy for the number of citations, it
combined the number of papers and citations. It has also been widely used in the perfor-
mance evaluation of authors. Hirsch himself (2005) recommended the guidelines of > 12
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at a minimum for the promotion of a physicist at a leading university to associate profes-
sor and 4> 18 for promotion to full professor. Moreover, in the mandates imposed by the
recent reform of Italian higher education, the recruitment of associate and full professors
must take place through national competitions that are open only to those who exceed the
threshold of certain bibliometric indicators, including the h-index (Abramo et al. 2013a).
Although it is widely used, the h-index has some limitations, such as the incomparability
between disciplines, the fact that low-cited and zero-cited papers are ignored, and its insen-
sitivity to papers with a high number of citations (Costas and Bordons 2008; Bornmann
et al. 2008; Alonso et al. 2010). Therefore, many h-type indexes have been proposed to
overcome the shortcomings of the h-index.

Many indexes have been proposed to eliminate the impact of author cooperation and
disciplinary differences. Batista et al. (2006) divided the h-index by the average number of
authors in h papers and designed the h; index. Sidiropoulos et al. used the h; index to obtain
the normalized h-index, which aimed to achieve a direct comparison between different sub-
jects (Sidiropoulos et al. 2007; Iglesias and Pecharroméan 2007). Given the shortcomings
of the h; index, Schreiber (2008b) proposed the h,, index, which eliminated the defect of
the h; index of excessively reducing the influence of large-scale cooperative papers and
increasing the influence of individually authored papers. Hirsch (2010) proposed the h
index, which considers the influence of collaborators in measuring the research perfor-
mance of authors. The ha index proposed by Hirsch (2019) was a useful complement to
the h-index of a scientist to quantify his/her scientific achievement, rectifying an inherent
drawback of the h-index, that is, the inability to distinguish between authors with different
co-authorship patterns.

Additionally, many scholars have made efforts to compensate for the lack of sensitiv-
ity of the h-index to highly cited papers. The g-index proposed by Egghe (2006) changed
the citations of a single paper in the h-index to the cumulative citations of papers, which
increased the sensitivity of the h-index to highly cited papers. Jin (2006), Jin et al. (2007)
proposed the A-index, R-index, and AR-index, focusing on the concept of the h-core,
and assessed the impact of high-level papers in a natural way. In particular, based on the
R-index, AR-index goes one step further and takes the age of publications into account.
This allows for an index that can actually increase and decrease over time. Zhang (2009b)
also proposed the w-index, which assigns different weights to the citations received by dif-
ferent articles, thus improving the sensitivity of the h-index to highly cited papers.

In addition, Prathap (2010) proposed the p-index and revealed the arithmetic relation-
ship between the h-index and the number of papers and citations. He thought that the
p-index could be interpreted as a factor of prestige or prominence to compensate for the
lack of sensitivity and discrimination of the h-index. Moreover, the discussion on biblio-
metric citation count standardization led to the emergence of the I3 (Gingras and Lariviere
2011), which uses percentiles to classify categories according to the citation frequencies of
papers (Wagner and Leydesdorff 2012). Bornmann (2013) showed how to conduct a mean-
ingful analysis of the percentiles in evaluation studies, suggesting that bibliometric evalua-
tion should pay attention not only to the percentage distribution of publications but also to
influential publications. Similar indicators have been applied in the science and engineer-
ing indicators of the US National Science Council (Bornmann et al. 2008). Subsequently,
Ye et al. proposed the academic trace (Ye and Leydesdorftf 2014; Ye et al. 2017), which
combines the I3 and h-index to overcome the defect of each.

Bornmann (2014) observed that research on the h-index yielded approximately 50
kinds of h-type indexes. Additionally, Bornmann et al. (2008) divided the h-index and nine
h-type indexes into two categories, the impact core and the output core, pointing out that
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peer evaluation could be predicted better using the former than using the latter. Bornmann
et al. (2011) also found that there was a high correlation between the h-index and 37 kinds
of h-type indexes, including the g-index, A-index, AR-index, and H; index. Barnes (2017)
reviewed the debate on the h-index in bibliometrics, pointing out that although the h-index
is prevalent in higher education as a decision-making tool, there are still some basic ques-
tions about its accuracy in measuring research performance.

Though the literature review, we think the basic questions of h-index are as follows. The
h-index is insensitive to highly cited papers; the h-index value only increases and does not
decrease over time; the degree of discrimination for the h-index is low; the h-index ignores
most citations and papers outside the h-core. Therefore, we choose a representative index
to improve the defects in each of the four aspects of the h-index. The g-index increases the
sensitivity of the h-index to highly cited papers; the AR-index takes the age of publications
into account, which allows for an index that can actually increase and decrease over time;
the p-index compensates for the lack of discrimination of the h-index; the I3 uses percen-
tiles to divide the papers into different categories, which consider the whole distribution of
publications and citations. Finally, the academic trace is a representative comprehensive
index; it is necessary to explore its rationality in measuring scholars’ research performance.
Therefore, we choose these five h-type indexes: the g-index, AR-index, p-index, 13, and
academic trace, as well as the h-index, to analyse their advantages, limitations, and condi-
tions of applicability to provide some suggestions for the research evaluation of authors.

Methodology
Theoretical analysis of each index

An author has index h if the h of his/her Np papers has at least h citations each and the other
(Np-h) papers have <h citations each (Hirsch 2005). In other words, an author’s h-index
indicates that at most h papers are cited at least h times and that the h papers are the most
productive core of the author’s output, known as the Hirsch core or h-core (Rousseau 2006;
Burrell 2007). To rank papers from high to low according to their citation frequency, when
the citation frequency of a paper is greater than or equal to its ranking order, the value of
the h-index is the same as the maximum ordinal number. According to Hirsch’s model,
a researcher’s total citations increase over time in a linear fashion. He also assumed that
if the researchers did not publish any more papers, then the slope of h-index tends to be
stable with the growth of time, rather than showing a discontinuous change state. However,
Liang (2006) confirmed that only one of the physicists in Hirsch’s model demonstrated
the expected linear increase. Therefore, if Hirsch’s model does not, in fact, correspond
to reality, there is no reason to expect that a comparison between researchers in terms of
their h-index scores will lead to meaningful results (Barnes 2017). Moreover, an increas-
ing number of bibliometricians are now convinced that the construction of the h-index is
inherently arbitrary (Abramo et al. 2013b). Although it has simplicity and robustness, the
h-index also has some limitations. It pays attention to only h-core papers, ignores most
papers with a low citation frequency, and lacks sensitivity to highly cited papers (Zhang
2013). If a paper is already in the h-core, then the citations that it receives will no longer
contribute to the growth of the h-index. Additionally, if two or more authors have an
h-index with the same value, then we need additional indicators to distinguish and evaluate
them. It only increases but never decreases, which is unfair for the researchers who have
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just stepped into the academic field. The growth of h-index is a dynamic process. At the
beginning of a scientist’s research career, due to the limitation of the number of papers
and citations, the h-index shows a slow-growth state; after a period of time, the number of
papers and citations have a certain amount of accumulation, and the h-index shows a rapid
growth state; with the change of time, the number of papers and citations have been grow-
ing, then the h-index grows all the time; after it reaches the maturity stage, because the
number of papers is no longer growing, and the number of citations will continue to grow,
so the h-index shows a slow growth until it remains unchanged.

To compensate for the insensitivity of the h-index to highly cited papers, Egghe (2006)
proposed the g-index. Among the many h-type indexes, the g-index is mostly discussed
(Tol 2008; Schreiber 2008a; Woeginger 2009; Schreiber 2009). According to the defini-
tion of the g-index, a set of papers has g-index g if g is the highest rank, such that the top g
papers altogether have at least g” citations. The collection of papers in the g-index is called
the g-core, and theoretical and empirical studies have shown that the g-index value is close
to the average number of citations of the g-core papers (Schreiber 2010b). Similar to the
h-index, it is also necessary to sort papers by citation frequency from high to low; then, the
value of the g-index is the same as the maximum ordinal number when the total number
of citations is greater than or equal to the square of the ranking order. The g-index pays
attention to the cumulative citation frequency of papers, which improves its sensitivity to
highly cited papers, but it ignores papers and their citations if the papers are not included
in the g-core (Abramo et al. 2013a). Moreover, compared to the h-index, the accumulation
of citations makes it easier for the g-index to be equal to the number of papers published by
an author. Once the value is equal to the number of papers, the citations received by these
papers will no longer contribute to the growth of the g-index unless the author publishes
a new paper. In addition, the value of the g-index is an integer, which tends to cause mul-
tiple authors to have the same g-index, making it impossible to distinguish their research
performance.

The construction process of AR-index needs to start from A-index. In 2006, Jin pro-
posed A-index to measure the h-core’s citation intensity, which achieves the same goal as
the g-index, namely correcting for the fact that the original h-index does not take the exact
number of citations of articles included in the h-core into account. This index is simply
defined as the average number of citations received by the publications included in the
h-core. But it also brings a problem that the better scientist is “punished” for having a
higher h-index, as the A-index involves a division by h (Jin et al. 2007). Therefore, in 2007,
Jin et al. (2007) put forward R-index, which is defined as the square root of the sum of cita-
tions received in the h-core. Taking the square root has the advantage of leading to indica-
tor values which are not very high and of the same dimension as the A-index. In order to
overcome the problem that the h-index may never decrease and that scientists may, so to
speak, ‘rest on their laurels’, Jin et al. (2007) proposed AR-index based on the R-index. The
formula of AR-index is as follows:

D

In the formula (1), a; denotes the age of article j, citj denotes the number of cita-
tions article j received. If there are several publications with exactly h citations, then
we include the most recent ones in the h-core. It not only takes the actual number of
citations into account but also makes use of the age of the publications. In this way, the
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h-index is complemented by an index that can decrease actually. In addition, it covers
all citations received by the publications in h-core, so that the changes of citations in
h-core papers may also have an effect on the value of AR-index. But it also has a disad-
vantage that only considers the publications in h-core, ignoring the rest of publications
and citations even though it is considerable, which may underestimate the impact of
many researchers.

The p-index reveals the arithmetic relationship between the h-index and the number
of papers and citations. The formula of the p-index is as follows:

P = (C(C/N))'/? (2)

In formula (2), N represents the number of papers, and C is the frequency of citations
received by the papers. The calculation of the p-index is straightforward, involving only the
number of papers and the number of citations. Its value is usually a decimal, which largely
prevents different authors from having the same p-index value. However, the p-index
ignores the citation distribution. As long as the total number of papers and the total number
of citations are the same, the value of the p-index will be the same, which to some extent
weakens the role of highly cited papers in evaluating an author’s research performance.

The discussion on the standardization of bibliometric reference counting has led to
the emergence of the I3 (Gingras and Lariviére 2011). Consider a set A, a reference set
S containing all elements in A, hence A CS, and a function g from S to the positive real
numbers, leading to the multiset g(S). Note that we consider g(S) as a multiset as we
consider the images g(s), s in S, as separate entities (even if their values are the same).
Our study situation is the case that A consists of a set of articles of an author, the set S
consists of all articles of all authors our study selected in which the set A is contained,
and a function g which maps an article to the number of citations it has received (and
there may be several articles with the same number of citations). Now a rule is given
which subdivides the set S into K disjoint classes, based on the values of the function g
(and this independent of A). If a document belongs to class k then it receives a score xy,
where x, does not depend on A. A standard situation is a case that there are 100 percen-
tile classes. In the case of percentiles articles belonging to the top 1% receive a score of
100, those belonging to the top 2% (and not to the top 1%) receive a score of 99, and so
on. The formula of the I3 is as follows (Leydesdorff and Bornmann 2011; Rousseau and
Ye 2012):

k

13(A) = ) x, * AK) 3)

k=1

If we take A=S, divide S (=A) into two classes, namely the h-core and the h-tail,
and give those articles in the h-core a score of 1 and those in the h-tail a score of 0
then I3(A) is exactly equal to the h-index of A. This shows that the h-index is, at least
formally, a special case of the I3 score. Although “the h-index can be written in such a
way that it formally looks like an I3 score, it is not an I3 score. The reason is that the
scores x, and the classes may not depend on the set A.” (Rousseau and Ye 2012). From
the definition, the I3 not only considers the whole citation distribution but also improves
the sensitivity to highly cited papers by giving them higher weights. Although the I3
is adaptable to different data sets, changes in the extreme values in a data set seriously
affect its measurement result. The size of extreme values is the basis for classification.
If the extreme values are too large, most papers will be divided into categories with low
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scores due to the insufficient citation frequency, resulting in a low I3 value for most
authors, which also reduces the degree of discrimination of the I3 to an extent. There-
fore, the I3 is not suitable for data sets with excessive citation frequency extremums.

The academic trace is an indicator that integrates the h-index and I3, and it not only
overcomes the shortcoming of the h-index with regard to ignoring papers outside the
h-core but also overcomes the defect of the I3 with regard to being easily affected by the
extreme values in a data set. The reasoning process of the academic trace is as follows. In
general, if we rank papers from high to low according to their citations, we can obtain a
Citation-Publication (C-P) rank distribution—the citation curve—as shown in Fig. 1 (Ye
and Leydesdorff 2014). There are three sections relevant to the h-index: the h-core, the
h-tail, and the un-cited (zero citations) papers (Pz). Furthermore, Zhang (2009a) called the
area above the h-core a representation of “excess citations”, that is, citations that are gath-
ered but do not further contribute to the h-value.

Combined with the idea of the I3, three vectors are used to mark the distribution of all
publications and citations: the publication parameters (X), the citation parameters (Y) and
the different parameters between high and zero citations (Z).

X = (X,.X,.X;) = (P*/P,P?/P,P? /P) 4)
Y =(Y),Y,,Y3) = (C2/C,C}/C,C2[C) (5)
Z=(Zl,ZZ,Z3)=(Y, —X,,YZ—XQ,Y3—X3) (6)

where P=P_+P +P,, C=C.+C+C.. P, P, P, represent the number of publications in
h-core, h-tail and the number of publications received zero citations, respectively. C,, C,, C,
represent the number of citations in h-core, h-tail, and h-excess, respectively. So, the vector
X and Y indicate the distributions of publications and citations in the h-core, h-tail and the
uncited as well as excess area, respectively. The terms of Z can be appreciated as the frac-
tion of citations minus the fractions of publications so that Z is a set of meaningful indica-
tors, where Z; is a complex indicator because one considers the excess citations as possible
compensation for the uncited publications. The fraction of uncited publications contributes
negatively to Z,, but this can be compensated for by the fraction of excess citations in a set.

Fig. 1 The C-P rank distribution C 1
curve

Ce excess
h
ce h-core
h-tail Ct
0 Pc Pt T pz D
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The academic trace is the trace of the matrix composed of these three vectors, and its
formulas are as follows:

T=u(V)=Y,+X,+2;=C/C+P}/P+(C2/C—P}/P) 7)
W+ (C,—h2? (P—h—P) —P*

T=tr(V)= - + 7 = ®)

The academic trace is a mathematical result that follows naturally from the core-tail
framework of the h-index when combined with the idea of relative frequencies used for 13.
There are five parameters in formula (8): P is the number of publications, P, is the num-
ber of zero-cited papers, C is the number of citations, C, is the number of citations in the
h-core, C,=C_+ C,, and h is the h-index value of a set of papers. When the T value is posi-
tive, the higher it is, the better the academic performance of the author. In contrast, if T the
value is negative, then an author’s academic performance will be reduced. The academic
trace considers the overall distribution of publications and their citations, providing more
comprehensive and abundant measurement information. However, like most indicators, the
academic trace, which is based on the citation frequency, h-index and number of papers,
depends heavily on the accumulation of time, which is suitable for scholars of a certain
academic age but not for young researchers. At this time, instant evaluation indicators such
as the Faculty of 1000 (F1000) can be an excellent complement. Additionally, the calcula-
tion of the academic trace is more complex, which may also affect its practical application
in practice.

Empirical research on the six indexes

In this paper, we selected 106 chemistry scholars from Harvard University as the research
object. First, in the Web of Science (WOS) database, the subjects were limited to chemis-
try, the institutions were limited to Harvard University, and time was limited to 2009-2018.
A total of 6, 979 articles were retrieved, and their bibliographic information was down-
loaded. Second, according to the information in the address field, we deleted the authors
and pieces of literature not belonging to Harvard University and retained 5874 works of
literature. We then selected 106 authors who have published more than 15 papers in the
past 10 years. The reason for setting 15 as the threshold is to ensure the activity of authors
in research and to prevent the six index values of authors publishing fewer than 15 papers
from being too small to be compared. Third, we downloaded the bibliographic informa-
tion and citation information of the 106 authors. Finally, the h-index, g-index, AR-index,
p-index, I3, and academic trace values of each author were calculated.

Based on the theoretical analysis of these six indicators, we further discuss the limita-
tions of each indicator in measuring the authors’ research performance through empirical
analysis. This paper used a series of statistical methods, such as correlation analysis and
linear fitting, to explore the degree of discrimination of each index, the consistency of the
measurement results, the relationships among indexes and the number of papers and cita-
tions, and the limitations of each index.
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Table 1 The value of each index for the top 20 authors in descending order of the h-index

Authors Papers Citations h-index g-index AR-index p-index I3 Academic trace
Weissleder, Ralph 438 36,261 98 176 51.055 144.256 1079  9542.203
Weitz, David A. 425 26,166 85 146 44,944 117.227 863 6107.816
Khademhosseini, Ali 432 24,373 85 136 44.613 111.202 816 5114.529
Whitesides, George 399 32,369 82 172 50.061 137.963 983 11,617.772
M.
Capasso, Federico 357 21,394 67 141 47.280 108.636 737  8034.308
Lieber, Charles M. 148 20,662 65 143 42.027 107.309 571 11,920.058
Mooney, David J. 246 17,435 65 129 42971 142351 561  7000.023
Suo, Zhigang 211 14,002 64 114 37.026 97.581 446  4583.620
Farokhzad, Omid C. 99 23,385 63 99 49.946 176.772 587 15,382.624
Mahadevan, L. 273 11,949 61 103 30.830 107.613 460 3666.329
Ingber, Donald E. 177 14,852 61 121 39.055 80.569 452  6762.087
Toner, Mehmet 167 16,265 61 127 40.572 116.573 473  7750.417
Gray, Nathanael S. 159 15,521 58 124 40.295 114.854 446  7494.392
Hamblin, Michael R. 229 13,301 56 107 32.176 91.758 439 3721.023
Walsh, Christopher 207 11,554 53 102 28.609 86.397 385 3551.493
T.

Clardy, Jon 175 8583 51 88 27.247 74946 309 2700.666
Xie, X. Sunney 137 10,145 50 100 31.745 90.906 326 4890.756
Aizenberg, Joanna 175 8530 49 90 31.824 74.637 309 3145.254
Wagner, Gerhard 167 8356 49 88 25.771 74776 294  2832.014
Liu, David R. 127 11,286 47 106 28.833 100.098 336  5857.499

Table2 The min, max, mean (m), standard deviation (sd), and median (mdn) of the six indicators for the

106 authors

Indicators Min Max m SD mdn
h-index 7 98 30.66 19.369 25.5
g-index 12 176 57 37.582 48
AR-index 4763 51.055 20.087 11.463 17.752
p-index 10.308 176.772 54.466 33.131 47.987
13 16 1079 185.05 212.035 99
Academic trace 62.815 15,382.624 2150.224 2766.255 1158.604

Results

Descriptive statistics

Table 1 shows the number of papers and citations and the h-index, g-index, AR-index,
p-index, I3, and the academic trace values of the top 20 authors in descending order of
the h-index. Table 2 shows the min, max, mean (m), standard deviation (sd), and median
(mdn) of the six indicators for the 106 authors.
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As shown in Table 1, the h-index, g-index and AR-index values are no higher than
the number of papers published by the author, while the I3 values are the opposite, that
is, no lower than the number of papers published by the author. This result indicates that
the growth of the h-index, g-index and AR-index will be limited by the number of papers
published by authors. Table 2 shows that the span of the AR-index is 4.763-51.055,
which is the smallest among the six indexes, and the span of the academic trace is
62.815-15382.624, which is the largest, with the span of the other four indicators falling
in between.

The h-index, g-index, and I3 are ranked from large to small according to their value,
followed by the I3, g-index, and h-index. For each author, the p-index value is no lower
than that of the h-index, and for most authors, the p-index value is higher than that of the
g-index but less than that of the I3. AR-index is developed on the basis of R-index consid-
ering the publication time of article. Although the value of R-index is always greater than
or equal to the value of h-index, AR-index is not necessarily. In this study, the academic
trace value is significantly larger than the values of the other indicators, but this fact is not
always the case. For example, when an author publishes only one paper and is not cited, the
academic trace value is — 1, while the value of the other four indicators is non-negative.

Degree of discrimination for the six indicators

The degree of discrimination is an important criterion for evaluating the quality of indica-
tors. In this section, we rank the degree of discrimination of the six indicators by compar-
ing the number of authors with the same value in each index. The number of author groups
with the same value and the numerical range of authors in each group for each index are
shown in Table 3.

For the h-index, 33 author groups have the same value, and each group includes 2-7
authors. An author with a smaller h-index value has a higher probability of repeating.
Among the 106 authors, the h-index values of Liang, Steven H., McCarthy, Michael C.,
Saikin, Semion K., Zheng Shao-Liang, Chorev, Michael Lee, David, Y. W., and Reus, Wil-
liam F. are the same, 14. Therefore, it is difficult to distinguish their academic performance
based on the h-index. Additionally, there are significant differences in the number of papers
published and the number of citations received by these seven authors, and their g-index,
p-index, I3 and academic trace values are not the same. Therefore, the h-index has the low-
est degree of discrimination among the six indexes. The g-index is slightly better than the
h-index in terms of the degree of discrimination. There are 26 groups of authors having

Table 3 The number of author groups with the same value and the numerical range of authors in each
group with the same value for each index

h-index g-index AR-index 13 p-index Aca-
demic
trace
The number of author 33 26 0 20 0 0
groups with the
same value
The numerical range ~ 2-7 2-4 0 2-3 0 0
of authors in each
group
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the same g-index value, with each group including 2—4 authors. For example, Shum Ho
Cheung, Kim Shin-Hyun, Madix, Robert J., and Myers, Andrew G. have the same g-index,
33. Additionally, the degree of discrimination of the I3 is slightly better than that of the
g-index; 20 author groups have the same I3 value, with each group including 2-3 authors.
No two authors share the same AR-index value, p-index value or the same academic trace
value. Because their calculation results usually contain decimals, they largely avoid repeat-
ing the same value. In addition, Table 2 shows that the span of the academic trace is larger
than that of the p-index, and the span of the p-index is larger than that of the AR-index,
which helps prevent the repetition of the same value and improves their degree of discrimi-
nation. Therefore, if we rank these six indexes from high to low according to the degree
of discrimination, the order is the academic trace, p-index, AR-index, I3, g-index, and
h-index.

Consistency of the six indicators

Correlation analysis can measure the consistency between indicators. The higher the cor-
relation coefficient is, the stronger the consistency between the indicators, and vice versa.
SPSS 21.0 was used to analyse the correlations between these six indicators, and the cor-
relation coefficients are shown in Table 4. These six indicators are highly correlated with
each other, which indicates that the measurement results of the six indicators have high
consistency. The correlation between the academic trace and the other five indexes is the
lowest, indicating that the academic trace has a relatively independent value and signifi-
cance in measuring authors’ academic influence.

The relationship of each indicator with the number of publications and citations

The number of publications and the number of citations are the two fundamental dimen-
sions of academic quantitative measurement. Not only are they the source of other evalu-
ation indexes, but they are also the cornerstone of the establishment of citation analysis
(Garfield 1955). The six indexes discussed in this paper take into account the two dimen-
sions of the number of publications and citations. To explore the relationship between each
index and the number of publications and citations, we used SPSS 21.0 to conduct multi-
ple linear regression analysis. The goodness-of-fit R* value and the multiple linear fitting
regression coefficients are shown in Table 5.

Table 4 The Pearson correlation coefficients among the six indicators

h-index g-index AR-index P-index I3 Academic trace
h-index 1 0.976%* 0.942%* 0.910%* 0.955%* 0.829%*
g-index 0.976%* 1 0.953%* 0.903%** 0.945%* 0.861%*
AR-index 0.942%* 0.953%* 1 0.919%* 0.899%* 0.859%*
p-index 0.910%* 0.903%* 0.919%* 1 0.867%* 0.899**
I3 0.955%* 0.945%* 0.899%* 0.867%* 1 0.857%*
Academic trace 0.829%* 0.861%* 0.859%* 0.899%* 0.857%** 1

Note that “**” represents a significant correlation at the 0.01 level (2-tailed)
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Table 5 The goodness-of-fit R? value and multiple linear fitting regression coefficients

Indicators R? Regression coefficients for the Regression coefficients for
number of publications the number of citations
h-index 0917 0.073 0.002
g-index 0.884 0.123 0.004
AR-index 0.907 0.018 0.001
p-index 0.860 -0.127 0.006
13 0.991 0.724 0.021
academic trace 0.824 - 12.316 0.493

In Table 5, the second column represents the goodness-of-fit R? value between each
indicator and the number of publications and citations; the third column represents the
regression coefficient between each indicator and the number of publications; and the
fourth column represents the regression coefficient between each indicator and the number
of citations. As shown in Table 5, the goodness-of-fit R? value between each indicator and
the number of publications and citations is above 0.8, which indicates that the linear fitting
effect is good. The absolute value of the regression coefficient between each index and the
number of publications is higher than that between each index and the number of citations,
which shows that the six indexes are affected by the number of publications more than they
are affected by the number of citations. Moreover, the p-index and academic trace nega-
tively correlate with the number of publications, which is easy to understand. According to
the p-index formula, if the growth of N3 exceeds C**, then the value of the p-index will
decrease. The same is true for the academic trace, which covers the whole citation distri-
bution of an author, and if an author has too many zero-cited papers, then the value of the
academic trace will decrease. Therefore, if an author blindly pursues having a high number
of published papers but the number of citations does not increase, then the value of these
two indexes will decline.

Outlier value analysis of the citation distribution

In this section, we draw the scatter plots of the six indicators for the 106 authors. The
figure shows that some outliers (marked with red circles) seriously deviate from the trend
line. Combined with the citation distribution of the authors’ published papers, the limita-
tions of each index in measuring their research performance can be analysed.

In Fig. 2a, the h-index of Farokhzad, Omid C., 63, is higher than that of Aspuru-Guzik,
Alan, 45, while the number of papers published by Aspuru-Guzik, Alan, 318, is higher than
that by Farokhzad, Omid C., 99. From their citation distribution, Farokhzad, Omid C. pub-
lished 99 papers, and most of them are highly cited, while Aspuru-Guzik, Alan published
318 papers, with 178 papers being cited no more than ten times and 114 paper receiving
zero citations. However, when calculating the h-index of Aspuru-Guzik, Alan, most papers
were ignored because each paper was cited no more than 45 times. Moreover, most of these
zero-cited or low-cited papers have been published in the past 1 or 2 years. The reason why
they did not receive many citations is probably their recent date of publication rather than
the poor quality of the papers. The h-index ignores the time factor, which is usually unfair
to young scholars. In Fig. 2b, there is an author, Whiteside, George M., whose h-index
value and number of citations are 82 and 32,369, respectively. The value of the h-index is
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Fig.2 The scatter plots of the six indicators and the number of publications and citations

less than that of other authors who have the same number of citations. One of his papers
received 4098 citations; however, only 82 citations were involved in the calculation of the
h-index, and the remaining 4016 citations did not affect the growth of the h-index. There-
fore, the h-index is insensitive to highly cited papers (Schreiber 2010a, b; Egghe 2010).

In Fig. 2¢, Lieber, Charles M. has a g-index of 143, with a number of papers of 148. His
g-index is higher than that of other authors who have published the same number of papers
because several of his papers have been cited thousands of times. In Fig. 2d, there is an
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author, Farokhzad, Omid C., whose g-index is 99, which is lower than that of other authors
who have the same number of citations because he published only 99 papers. Therefore, if
an author publishes a small number of papers but some of his/her papers are highly cited,
then the g-index value is often equal to the number of papers. The problem is that once the
g-index value equals the number of papers, it will increase not until the author publishes a
new paper, even if his/her previous papers receive further citations.
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In Fig. 2i, Farokhzad, Omid C., whose AR-index value is 49.946, ranks the third, but his
number of papers is only 99, which is far from 438 and 399 papers of the author who ranks
the first or second in AR-index value. Because there are 63 papers in the h-core of Farokhzad,
Omid C., the 63 papers obtained 22309 citations in total, and the average age of publication
is 8.5 years. In addition, there are 36 papers outside of h-core, obtained 876 citations in total.
Weissleder, Ralph, ranking the first in AR-index, has 98 papers in h-core, obtaining 25,319
citations in total, with an average publication age of 10 years, and the rest 340 papers have
obtained 10,942 citations in total. Therefore, AR-index is worthy of its function of measuring
the citation strength in h-core, and it also strengthens the weight of papers published in a short
time period. But like h-index, it ignores most of the papers and citations except h-core, which
underestimates the influence of many researchers. In Fig. 2j, one author Kats, Mikhail A.,
whose AR-index is 31.543, is higher than that of the author with the same citation. Although
there are only 28 papers in Kats, Mikhail A.’s h-core, 7136 citations have been obtained, with
an average publication time of 6.9 years. Another author, Wagner Gerhard, has 44 papers in
his h-core, obtaining a total of 4252 citations, with an average publication time of 9.1 years.
Therefore, the value of his AR-index is smaller than that of Kats, Mikhail A., which is 24.699.
This shows that unlike the h-index, the papers in h-excess still have an effect on the growth of
the AR-index, but it will also be affected by the length of publication.

In Fig. 2g, h, there are many outliers, the most typical of which is Farokhzad, Omid C., who
has 99 papers and 23,385 citations and whose p-index value is the largest. Hence, the higher
the number of citations and the lower the number of papers published, the higher the p-index
value an author will obtain. In addition, the p-index focuses only on the number of papers and
citations, ignoring the distribution of citations. Thus, as long as the evaluation object has the
same number of citations and papers, the p-index value will be the same. To illustrate, suppose
that there are author A and author B, who have published 20 papers and received 1000 cita-
tions. Author A has received 50 citations per paper; in contrast, author B has published two
papers that have been cited 450 times each, with the remaining 18 papers having been cited
a total of 100 times. The p-index will treat the two cases equally, failing to highlight the two
highly cited papers of author B. Therefore, the p-index is insensitive to highly cited papers.

In Fig. 2i, although Farokhzad, Omid C. published relatively few papers, his I3 score was
still large because most of his papers were highly cited. According to the definition of the 13,
these papers were divided into categories with high scores; in other words, the I3 is sensitive
to highly cited papers. Consequently, the size of the maximum citation in a paper set severely
affects the value of the I3. If the maximum citation is too large, then the threshold of clas-
sification will be too large. Most papers will be classified as having low scores, as a result of
which the I3 value of most authors will be small, thus reducing the degree of discrimination
of the I3.

In Fig. 2k, 1, Farokhzad, Omid C. has the highest academic trace value. The academic trace
considers the entire citation distribution of papers, including the excess of the h-core, h-core
and h-tails. Because Farokhzad, Omid C. has a large number of citations in the h-core and a
small number of zero-cited papers, he obtains the highest academic trace value in the data set.
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Discussion and conclusion
The limitations of the six indicators

With the introduction of an increasing number of scholarly evaluation indicators,
researchers are trying to determine their limitations to improve the quality of evaluation.
Based on theoretical and empirical analysis, this study compared the evaluation results
of the h-index, g-index, AR-index, p-index, I3, and academic trace from three aspects:
the degree of discrimination, the consistency of measurement results, the relationship
between each index and the number of papers and citations in order to determine their
limitations in evaluating authors’ research performance. Some of the conclusions of this
paper also confirmed previous research results. The h-index value only increases and
does not decrease over time, which allows scientists to rest on their laurels (Ye 2014).
It is insensitive to highly cited papers and changes in the number of citations (Schreiber
2010a; Egghe 2010), and it ignores papers outside of the h-core, making the measure-
ment result inadequate (Zhang 2013). Once an author’s paper is included in the h-core,
subsequent citations will not contribute to the growth of the author’s h-index. Moreover,
the g-index neglects citations of papers outside the g-core (Abramo et al. 2013a, b).

In addition, we found that the six indexes are affected more by the number of publi-
cations than by the number of citations. Among the six indexes discussed in this paper,
the h-index had the lowest degree of discrimination, followed by the g-index, 13, AR-
index, p-index, and academic trace. Compared to the h-index, the accumulation of cita-
tion frequency makes it easier for the g-index value to be equal to the number of papers
published by an author, and once this equality is reached, subsequent citations received
by these papers will no longer contribute to the growth of the g-index unless the author
publishes a new paper. The AR-index takes into account the publication age of the paper
so that the value of a researcher’s AR-index will not only rise blindly, but it does not
take into account h-tail’s papers and citations, which underestimates the impact of many
researchers. The p-index considers only the number of publications and citations, ignor-
ing the citation distribution, which makes the index insensitive to highly cited papers.
The measurement result of the I3 is easily affected by changes in the extreme values in a
data set, the size of which is the basis for classification. If extreme values are too large,
then most papers will be divided into categories with low scores due to an insufficient
citation frequency, resulting in a low I3 value for most authors, which also reduces the
degree of discrimination of the I3 to an extent. Therefore, the I3 is not suitable for data
sets with excessive citation frequency extremums. Additionally, the calculation of the
academic trace is relatively complex, which may also affect its application in practice.
Table 6 shows the limitations of each indicator in the evaluation.

Of course, these six indicators suffer from the same problems as all simple indicators
that use citations. For example, they are field-dependent, may be influenced by self-
citations; there is a problem finding reference standards; it is rather difficult to collect
all data necessary for the determination of the h-index. Often a scientist’s complete pub-
lication list is necessary in order to discriminate between scientists with the same name
and initial.
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Table 6 The limitations of each indicator in evaluation

Indicators Limitations

h-index The h-index value only increases and does not decrease over time, which allows scientists
to rest on their laurels
The h-index ignores most citations and papers outside the h-core, as a result of which the
measurement results are not wholly accurate
The h-index is insensitive to highly cited papers and changes in the number of their cita-
tions
The degree of discrimination for the h-index is the lowest among the six indicators

g-index The g-index value only increases and never declines over time
The g-index also ignores citations and papers outside the g-core
Compared to the h-index, the accumulation of citation frequency makes it easier for the
g-index value to be equal to the number of papers published by an author, and once this
equality is reached, subsequent citations received by these papers will no longer contrib-
ute to the growth of the g-index unless the author publishes a new paper
The degree of discrimination of the g-index is also not good

AR-index The AR index only considers the impact of h-core and h-excess papers, but it does not
consider h-tail papers and citations, which underestimates the impact of many research-
ers

p-index The p-index focuses only on the number of citations and papers, ignoring the distribution
of citations

The p-index is also insensitive to highly cited papers

13 The I3 is vulnerable to the extremes in a data set, whose measurement result will change
with the variation in the maximum citation; thus, it is not suitable for data sets with
excessive citation frequency extremums

Academic trace The calculation of the academic trace is relatively complex, which may also affect its
application in practice

Considerations and suggestions regarding the six bibliometric indicators

When evaluating academic performance with these six indicators, the following aspects
should be considered. First, there are no perfect indicators, and evaluators should pay
attention to their limitations and conditions of applicability when measuring authors’
academic performance. Second, it is essential to understand that the measurement
results are based on a particular data set; thus, the results may be incomparable to
results based on other data sets. Third, to be fair to young scholars, we should pay atten-
tion to the cumulative factor of citation frequency over time (Kozak and Bornmann
2012). Fourth, it is not enough to evaluate authors’ research performance using only
bibliometric indicators. The measurement results should be combined with peer review
and even social impact, and a comprehensive academic evaluation should consist of a
multi-index, multi-perspective meta-analysis. Finally, the author’s influence comes from
the diffusion of knowledge in his articles, and the degree of knowledge diffusion should
be measured by how many different people, fields, institutions, and regions it is quoted
by, and the emphasis is the word “different”. However, the existing measures of influ-
ence based on citations cannot achieve this goal. Of course, some scholars have also
made some attempts in this area, such as Ajiferuke et al. (Ajiferuke and Wolfram 2010;
Ajiferuke et al. 2010) created the ch-index based on the citer analysis, and applied it to
measure the influence of the author. An article is cited five times by five different author
and five times by the same author, the impact is different. Moreover, regardless of how
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the methods and indicators of academic evaluation are improved and developed, the pur-
pose of research evaluation is to promote academic progress and scientific development.

Limitations of the study

This study also has some limitations. One hundred and six authors in the field of chemis-
try from Harvard University were selected as the objects of our empirical analysis; they
may constitute a convenient sample, but such a sample may also limit the universality of
our research results. However, the size of data samples is not the most important factor in
revealing the limitations of the six indicators. Nonetheless, in the future, we will choose
different source data to validate our findings.
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