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ABSTRACT

Purpose: The rise of New Public Management has created a need for indicators to eval-
uate scientific performance. This study introduces a novel metric that combines impact
factor and citation rate to measure individual scientific output.

Design/methodology/approach: The methodology used in this study is Bayesian shrink-
age estimation.

Findings: The proposed Bayesian citation indicator combines impact factor and citation
rate into a single metric, providing a weighted-average measure of scientific impact over
the remaining lifespan of a published article. It also considers the uncertainty associated
with future citation rates.

Conclusions: This study presents a new approach to assessing individual scientific out-
put. By incorporating multiple metrics, it addresses the limitations and assumptions in-
herent in using a single metric.
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INTRODUCTION

New Public Management (NPM) refers to the implementation of management ideas from
the business and private sector into public services (Haynes 2003).1 NPM reforms have
prompted public universities and research institutions to prioritize performance, compe-
tition, and efficiency in resource allocation. Various mechanisms have been developed to
put these new governance structures into practice, including goal agreements, perfor-
mance-oriented budgeting by indicators, and performance-oriented payment schemes
(Schubert 2009). These management control systems have been applied in teaching, re-
search, and outreach domains.

To assess research output within the context of NPM, bibliometric analyses can be con-
ducted at different levels: micro (individual author), meso (e.g., university department),
and macro level (e.g., institution or country). The citation impact factor (IF) is a widely
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used metric to evaluate scientific output, particularly at the micro and meso levels. The
IF represents the average number of citations per paper in a journal during the preceding
two years. A common practice in assessing researchers’ performance is to aggregate jour-
nal IFs across all their publications. This approach assumes that the impact of a journal
article remains constant regardless of the publication year, implying a linear increase in
the number of citations over time. Additionally, it assumes negligible uncertainty in meas-
uring journal IFs, implying that IFs do not vary from year to year.

In contrast to the IF, the Field-Weighted Citation Impact (Snowball Metrics Steering
Group 2017) is primarily designed as a bibliometric indicator to evaluate research impact
at a macro level, such as institutions. It calculates the ratio of actual citations received to
the expected number of citations based on citation patterns within a specific field. This
metric includes citations received up to three years after publication.

Since only a small percentage of total citations occurs in the first two years after publica-
tion (Van Nierop 2009), the cited half-life of a journal provides additional information
beyond what the IF captures. The cited half-life represents the median age of articles in a
journal that received citations in a given year. Kuo and Rupe (2007) propose combining
the IF and cited half-life into a “reliability-based citation impact” (R-impact) factor by
multiplying the cited half-life with the IF. This approach allows consideration of both the
short- and long-term impact of an article. However, when summing R-impact factors
across all publications to assess individual performance, it still assumes that the number
of citations per year does not change (i.e., citations increase linearly with time).

Another metric that was introduced in 2005 and now is well-established is the h-index
(Hirsch 2005). It strictly refers to an individual’s performance (as opposed to a journal’s
performance). The h-index is based on the distribution of citations received by a re-
searcher's publications. A scholar with an index of h has published h papers each of which
has been cited in other papers at least h times. The h-index has been critiqued because its
correlation with awards that indicate recognition by the scientific community has sub-
stantially declined (Koltun 2021).

An alternative approach to evaluate the scientific output of researchers is the use of ex-
pert-based journal lists. These lists evaluate scientific performance based on a subset of
journals that belongs to a specific field or discipline, typically selected subjectively.
Within a journal list, journals may also be ranked, taking into account factors such as
journal reputation, IF, quality of citations, or the perceived contribution of a journal to
the accumulated knowledge in the field (Bernick 2010). Expert-based journal rankings
are particularly popular in the field of business administration/economics. However, a
key challenge is that raters may assign higher scores to journals that align with their area
of expertise due to familiarity (Serenko 2018).

According to Adler et al. (2009) and Molléri et al. (2018), the most commonly used indi-
cators for assessing journals, papers, and individual scientists are the journal IF and the
h-index. When evaluating the performance of individual scientists, the journal IF is often
used as a proxy for the number of citations received by their papers.
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The purpose of this study is to present a novel measure of individual scientific impact that
combines IFs, citation rates, and expert opinion into a single metric. While numerous
other indicators for assessing scholarly impact exist (see Cai et al., 2019, for a recent
overview), this study focuses on the IF and the individual citation rate due to their popu-
larity. For the same reason, expert-based opinion is considered. The study employs a
Bayesian average calculation as the underlying methodology, resulting in a composite
metric dubbed the ‘Bayesian citation indicator’ (BCI). To maintain simplicity, the study
does not modify the underlying metrics’ simplifying assumptions. The goal is not to cre-
ate a “perfect” metric but to provide more information than a single metric alone. For
instance, if a scientist ranks highly based on one metric but low based on another, the BCI
allows for weighing and aggregating this information. By considering multiple metrics,
this approach also mitigates the limitations and assumptions associated with relying
solely on a single metric.

METHODS

The proposed individual research performance indicator combines past citations and the
IF of an article by calculating the weighted-average scientific impact over the remaining
life of the published article. This indicator is based on a parametric Gaussian-Gaussian
Bayesian shrinkage estimator that takes into account the level of uncertainty associated
with both past citations and the IF. The resulting composite measure provides a summary
of the citation impact of an article by utilizing information from both measures. It should
be noted that other metrics of scientific impact can also be included.

The parametric Gaussian-Gaussian Bayesian model is derived from Bayes theorem
(Lynch 2007, p. 62ff.). In this model, both the prior distribution 6 and the likelihood Y'|6
follow Gaussian (normal) distributions, which can be expressed as:

O~N(u,7%) 1)
(Y16)~N(u, a?). )

The posterior distribution is also Gaussian with a mean given by:
E(6|Y)~Bu+ (1 - B)Y, ?3)

where B = ¢2/(0o? + 72) (Carlin 2008). As B lies between 0 and 1, the posterior mean
represents a weighted average of the prior mean u and the direct estimate Y (Carlin 2008).
This Bayesian estimation process leads to a shrinkage effect, pulling the estimate towards
the prior mean when a2 is relatively large compared to 72 (i.e., prior knowledge is more
precise than the available data information) (Carlin 2008).

In our analysis u represents the IF, and Y represents the average number of citations per
year (the citation rate) for a specific article. As mentioned earlier, the IF serves as a proxy
for individual scientific output and assumes that the number of citations increases linearly
with time. Based on this assumption, an article published k years ago in a journal with a
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cited life of m years would have accumulated k /mth of its lifetime number of citations.
The uncertainty surrounding the annual number of citations (Y) can be determined using
the formula for the variance of the sample mean

2
(%, where n is the number of independent observations). Therefore, we express the
variance (var) in year k after publication as follows:

var(k) = Z. )

Over time, the citation rate Y (Eq. (3)) will receive increasing weight. The additional
weight obtained by Y is directly proportional to the reduction in uncertainty of the num-
ber of citations over time, represented by the decrease in var(k).

In contrast to the citation rate, the IF is assumed to have negligible uncertainty based on
its real-world usage as a metric. At time m, the variance of the citation rate is also infin-
itesimal small, which is equivalent to the variance of the IF. This relationship is utilized
in calculating the Bayesian average based on Eq. (3):

a

E(0]¢) = & IF+(1—£ )a (5)

a a
aty k

Here, a represents the level of variance of the citation rate and the IF at time m, while ¢
is the average number of past citations per year. To operationalize the model, a is set to
1. After the first year (k = 1) we have % = q, indicating that the IF and ¢ receive equal

weight, i.e., 2IF +ic
2 2

The weighted-average citation impact over the lifetime is calculated as follows:

k_IF + (1 - ?a) c-] + k¢, (6)
a+; a+-—

k

c=(m—k)[

where kc is the accumulated number of citations over k years. The first summand in the
equation represents the scientific impact beyond year k after publication.

Finally, evaluators have the option to introduce a factor £ that measures the quality of
citations, as well as a factor § that defines the belonging to a specific field or discipline:

o ﬁg(@n o[y (1- )]+ kc-> , 0

k

where c* is the quality-adjusted citation impact over the lifetime of a publication. The
quality factor g can be measured within the interval [0,1] where zero represents no quality
and one represents optimal quality. Similarly, the factor § can be measured within the
interval [0,1], or alternatively, it may be binary coded as zero or one.

To account for the quantity of research, the quality metric c*, which refers to a single
publication i, is aggregated over the number of publications n by an individual scholar:
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=16 (8)

This aggregate measure provides the impact-adjusted output of an individual scholar.
When using the h-index to assess performance across all articles, our formulas allow for
calculating two h-indices: one related to past citations (k¢) and the other related to the
predicted citation impact (¢ — kc). It is important to note that h-indices may not be addi-
tive. For instance, if a scholar has published k papers, each of which has been cited k
times, the h-index based on past citations already reaches the maximum value over their
lifetime.

ILLUSTRATIVE APPLICATION EXAMPLE

Let’s consider an individual who has published a total of four publications in a single
journal, zero, one, two, and three years ago, respectively (zero years refers to just pub-
lished). These publications have received zero, one, two, and three citations, respectively
(i.e., one citation per year). Assuming an IF of one and a cited life of ten years, we can
calculate the weighted-average citation impact over the remaining lifetime of each article
using the first summand in Eq. (6). The results are as follows: ten, nine, eight, and seven
citations for each of the four articles, respectively. Thus, the weighted-average citation
impact over the lifetime is ten citations for each article. The h-index related to past and
future citations is two and four, respectively.

DiscussiON

The rise of NPM has generated an increasing demand for indicators to measure scientific
performance at the micro, meso, and macro levels. This study presents a novel measure
of individual scientific performance at the micro-level (BCI) that combines the IF, cita-
tion rate, quality of citations, and expert opinion into a single metric. The underlying
methodology employed in this study is a Bayesian shrinkage estimator. It is worth noting
that in the Bayesian paradigm uncertainty is epistemological, reflecting degrees of belief
in states of nature (Gandjour 2003).

A field that has utilized rankings based on IFs, citation rates, and expert-based journal
rankings is business administration/economics. One prominent expert-based list in the
field is the “FT-50 list, consisting of 50 journals, which is utilized for the Financial
Times business school rankings. Other rankings have also incorporated expert opinion
alongside IFs, such as the former Handelsblatt ranking in German speaking countries and
the Academic Journal Guide from the Chartered Association of Business Schools. Addi-
tionally, researchers in the field have been ranked based on their citation rates and h-
index, as demonstrated by the German economist ranking by the Frankfurter Allgemeine
Zeitung and Dilger and Miller (2012). Our metric allows for the aggregation of infor-
mation provided by these various rankings.
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There have been numerous criticisms regarding IFs, citation rates, and expert-based jour-
nal lists. For example, expert-based lists like the FT-50 faced criticism for excluding do-
mains within business administration, such as business and management communication
(Rogers 2007). Additionally, journal editors face challenges in distinguishing the top 5%
or 10% of submissions from the next 5% or 10% (Conley 2012), and even top-ranked
journals may publish works that receive no citations in the Web of Science (cf. Serenko
2011). Furthermore, pure citation-based rankings lack adjustments for the number of co-
authors and do not exclude papers written on unrelated topics. For example, the German
economist ranking by the Frankfurter Allgemeine Zeitung does not exclude papers on
non-economic topics. While our metric was not specifically designed to address these
concerns, it reduces their significance by incorporating a limited amount of information
from each metric. This approach may be more acceptable than directly modifying one of
the existing metrics.

As stated, our metric does not introduce new assumptions. However, our combined meas-
ure may be criticized for requiring information that is not readily available. One challeng-
ing piece of information to obtain is the cited lifetime m of an article. When such infor-
mation is lacking, one may use the cited half time as an alternative. In fact, this is the
approach adopted by Kuo and Rupe (2007) to calculate the so-called R-impact factor.
With a shorter time horizon resulting from the use of the cited half time, individual cita-
tions are given less weight compared to the IF.

Another limitation of our metric is that it only applies to publications in journals with an
IF or a similar indicator of the average number of citations over a specific time period,
such as the SCImago Journal Rank (SJR indicator). Journals without an IF (or a similar
indicator), as well as working papers, book chapters, and other types of publications are
not considered.

It is important to note that the BCI does not aim to predict the future citation count of an
article (this question has been addressed, e.g., by Acunaetal. (2012) and Yu et al. (2014)).
Predicting future citations would require the inclusion of explanatory variables that have
been shown to influence citation counts, such as the number and reputation of co-authors.
However, from an assessor’s perspective, it may not be desirable to assign weight to these
additional variables. The question of construct validation and re-test reliability of the pro-
posed Bayesian citation indicator should be approached in a similar manner. Only if the
goal were to forecast the future citation count of a paper would the prediction made by
the BCI need to be validated against empirical data on the actual number of citations in
the long run.

As mentioned previously, expert-based journal lists or rankings often implicitly consider
factors such as the IF, quality of citations, and relevance to a specific field or discipline.
However, these factors can become intertwined in expert-based appraisals, making it
challenging to disentangle their individual relevance. Some suggestions have been made
on how to quantify the quality of citations. For instance, in 1976, it was proposed to assign
higher weight to citations from highly cited journals compared to those from less-cited
ones (Pinski 1976). Recent analyses have built upon this idea (Kodrzycki 2006). In fact,
the SJR indicator captures the importance or prestige of the journals from which citations
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originate, in addition to considering the citation rate (both indicators are reported sepa-
rately). Therefore, to avoid double counting, incorporating the SJR indicator implies ex-
cluding expert-based opinion from the performance evaluation.

The BCI can also be applied to evaluate scientific impact at the meso-level, particularly
as bibliometric metrics tend to be more robust when applied to administrative units (meso
level) rather than individuals (micro level) (Gauthier 1998). While the BCI already incor-
porates the most commonly used academic metrics of scientific impact, future research
could enhance the BCI by integrating additional elements. These elements might include
journal-specific functions that consider changes in citations over time or even non-aca-
demic impact, such as social media posts, press releases, news articles, and political de-
bates sparked by academic work (Ravenscroft 2017).

CONCLUSIONS

In conclusion, this study introduces the Bayesian Citation Indicator (BCI) as a novel and
comprehensive metric for assessing scientific performance at the micro-level. By com-
bining factors like the Impact Factor, citation rate, citation quality, and expert opinion
through Bayesian shrinkage estimation, the BCI offers a holistic approach to evaluating
individual contributions to academia. It addresses limitations associated with existing
metrics, providing a unified solution for assessing the impact of research. While the BCI's
applicability is primarily limited to publications in journals with citation metrics, it offers
a valuable tool for understanding the value and influence of scientific work. Additionally,
the BCI can be extended to the meso-level, offering assessment capabilities for adminis-
trative units.

NOTES
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