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Abstract

[Purpose/Significance] Through optimization, we propose a simple, parameter-
free indicator that can accurately identify Sleeping Beauty papers. [Method/Process]
Drawing upon the basic framework of the Sleeping Beauty Index (B-index),
we propose the Bcp index by optimizing the target variable from “annual
citation count” to “cumulative percentage of annual citation count,” and
redefine awakening time, sleep depth, and awakening intensity. The index is
validated through identifying Sleeping Beauty papers in Science and Nature.
[Results/Conclusion] The Bep index inherits the B-index’ s advantage of
being highly sensitive to extremely significant Sleeping Beauty papers. The
awakening time calculated under the Bcp index framework better aligns
with actual circumstances, whereas the awakening time under the B-index
framework tends to be overestimated as occurring later. The Bcp index
considers the complete citation curve of a paper during the observation
period, circumventing the B-index’ s limitation of being unable to reflect the
citation curve after annual citations reach their maximum. The Bcp index’ s
constraining power on citation counts at the time of publication is significantly
higher than that of the B-index, better conforming to the characteristic of
Sleeping Beauty papers having zero or low citations in their early stage. The
Bcep index is more sensitive to Sleeping Beauty papers that are older and
have relatively lower total citation counts and annual citation counts, which
is beneficial for uncovering the underlying patterns of Sleeping Beauty papers
among non-highly-cited literature that are typically overlooked. The Bep index
avoids the shortcomings of subjective definition of artificial parameters and the
interference of citation scale differences across different disciplinary fields on
the unified definition of Sleeping Beauty papers.
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Abstract

[Purpose/Significance] This paper proposes a simplified parameter-free in-
dex for accurately identifying sleeping beauty papers. [Method/Process]
Building upon the basic framework of the Beauty Coefficient (B-index), we
introduce the Bep-index by optimizing the measurement from “annual cita-
tion counts” to “annual cumulative percentage of citations,” thereby redefining
awakening time, sleeping depth, and awakening intensity. The index is vali-
dated through identification of sleeping beauty papers published in Science and
Nature. [Results/Conclusions] The Bep-index inherits the B-index’ s advan-
tage of high sensitivity to extremely prominent sleeping beauties. However, the
awakening time calculated under the Bcep framework aligns better with actual
circumstances, whereas the B-index tends to produce delayed estimates. The
Bcep-index incorporates the complete citation curve throughout the observation
period, overcoming the B-index’ s limitation of failing to reflect the citation
trajectory after annual citations reach their maximum. The Bcep-index demon-
strates significantly stronger constraint on initial post-publication citations than
the B-index, better conforming to the characteristic of sleeping beauties having
zero or low citations in their early years. The Bcp-index is more sensitive to
older sleeping beauties with relatively low total citations and lower annual cita-
tion peaks, facilitating the discovery of patterns among non-highly-cited sleeping
beauties that are often overlooked. The Bcep-index avoids subjective parameter
definitions and mitigates interference from disciplinary differences in citation
scales on the unified definition of sleeping beauties.

Keywords: sleeping beauty; identification methods; parameter-free index;
yearly cumulative percentage of citations

1. Introduction

In 2004, Dutch scientometrician van Raan proposed the concept of “Sleeping
Beauties in Science” —papers that remain uncited or low-cited for a consider-
able period after publication, as if in slumber, before suddenly receiving high
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citations, as if awakened [?]. Sleeping beauties quantitatively describe, from
a scientometric perspective, the phenomenon of delayed recognition in the so-
ciology of science by dynamically reflecting the temporal characteristics and
historical trajectory of citations. Compared to papers with flash-in-the-pan or
normal citation patterns, sleeping beauties’ distinctive feature of “long-term ini-
tial neglect followed by sudden high citation” provides new avenues for analyzing
scientific research fronts and revealing patterns of scientific development.

Philosophically, we must distinguish between phenomenon and essence. De-
layed recognition and citation sleep are phenomena, while their essence lies in
pioneering or transformative research. Pioneering studies often exceed exist-
ing cognitive domains, causing the scientific community to be unaware of their
existence or potential value, leading to neglect. Transformative research, by
overturning existing paradigms, creates psychological distance within the scien-
tific community, causing underestimation of its value and resulting in resistance
[?, ?]. Delayed recognition caused by neglect and resistance is always associated
with major scientific discoveries, and sleeping beauties in their publication form
are not as rare as previously thought [?, ?]. Citation analysis and peer review
represent two mainstream methods for research evaluation and two approaches
for assessing the potential value of zero or low-cited papers. The former involves
retrospective analysis where zero-cited papers become highly cited after a sleep
period, allowing post-hoc analysis of their characteristics. The latter involves
expert evaluation of a paper’s knowledge value while it remains zero or low-cited,
assessing its potential to become a sleeping beauty. If early indicators of sleep-
ing beauties can be identified through these dual perspectives to prompt timely
scientific attention, it would be significant for encouraging scientists to pursue
innovative work and avoid delayed recognition. Practically, it would also help
funding agencies and science policymakers discover pioneering or transforma-
tive innovations and deploy relevant frontier research and planning in advance.
Achieving this goal requires systematically revealing the typical characteristics
that distinguish sleeping beauties and their “prince” papers from others, making
identification of sleeping beauties from massive literature corpora the founda-
tional first step.

This paper attempts to propose a new and simple identification method by
building upon existing methods while avoiding their shortcomings.

2. Overview of Sleeping Beauty Identification Methods

Current identification methods can be summarized into three categories. First,
curve fitting uses mathematical expressions or appropriate curve types to fit
the annual citation distribution of individual papers [?, ?]. However, for large
samples, manual observation and classification are required, resulting in low
efficiency. Second, manual parameter setting includes “mean standards”
and “quartile standards.” Similar to van Raan’s definition criteria, most scholars
define the “initial publication period” as 3-5 years, “initial low citations” as 1-2
citations per year, and use an average or cumulative number to define the degree
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of “sudden high citation” [?, ?, ?, ?]. The quartile standard defines delayed
recognition papers as those that only receive 50% of their total citations after
75% of papers in the same field have already received over 50% of theirs [?]. Since
such papers constitute a very small proportion, they do not significantly impact
individual or team academic performance [?, ?]. Some studies combine mean
standards, quartile standards, and boost factors to better identify exponentially
growing sleeping beauties [?], or use indicators incorporating paper age and
citation curve shape parameters [?], but such combined indicators lack simplicity
and transparency. Overall, manual parameter definitions are subjective and
strict, without considering disciplinary differences. The number of identified
sleeping beauties largely depends on the set thresholds—the higher the threshold,
the fewer sleeping beauties identified.

Third, parameter-free objective indices recognize that citation counts repre-
sent a cumulative process from zero within the observation window. “Citation
Speed” examines average annual citations to reflect the accumulation rate of
total citations [?], with smaller values indicating slower overall accumulation
and higher later-year citations relative to earlier years, enabling preliminary
screening of sleeping beauties [?]. The “Beauty Coefficient” (B-index) calcu-
lates the difference between the citation curve and a reference line determined
by publication year citations and maximum annual citations [?]. Longer sleep
duration, deeper sleep, and greater post-awakening citations yield higher B-
values. This method identifies far more sleeping beauties than threshold-based
approaches, suggesting they are not isolated incidents [?]. Empirical studies
show that while Citation Speed identifies papers with long citation lifespans
and sustained high-frequency citations (e.g., linear growth curves), it cannot
precisely screen sleeping beauties [?]. The B-index enables rapid identification
but fails to reflect citation patterns after the annual citation peak, though it
remains the best current parameter-free indicator. In summary, existing meth-
ods each have advantages and disadvantages, necessitating continued research
on rapid, precise, parameter-free quantitative methods.

3. The B-Index and Its Improvements

3.1 The B-Index Ke et al. (2015) proposed the Beauty Coefficient (B-index),
determined by several parameters: c, represents citations in year ¢ after publi-
cation, where ¢ denotes paper age. Citations in the publication year are c,, the
year when annual citations reach maximum is ¢,,, with citations ¢, . A refer-
ence line (denoted as ¢) is drawn from point (0,¢,) to (¢,,,¢, )- The B-value
is obtained by comparing the citation curve with this reference line. The slope
of the reference line is (¢, —c¢g)/t,,. For any t <t,,, the ratio of /-t + ¢, to
max{1,c,} is calculated. Summing these ratios from ¢ = 0 to t = ¢t,,, yields the
B-value.

According to this definition, B equals 0 when citations peak in the publication
year or when the annual citation curve is linear. B is non-positive when the
citation curve is a concave function of paper age. The B-index has several
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characteristics: (1) It can be calculated for any non-zero cited paper, over-
coming subjective definitions based on sleep duration and awakening intensity,
enabling study of sleeping beauties as a universal phenomenon rather than ex-
treme cases; (2) Longer sleep duration and greater awakening intensity produce
larger B-values; (3) B only considers the citation history from publication to
peak annual citations, not the complete trajectory; (4) The denominator uses
max{1,c,}, substituting 1 when annual citations are zero and the actual value
otherwise. Therefore, with equivalent total citations, B-values are larger when
more citations accumulate in later periods.

3.2 The SBc-Index Peruzzo (2015) argued that B is sensitive to extremely
prominent sleeping beauties with high post-awakening citations but less dis-
criminative for papers with lower total citations (e.g., <50). He modified the
vertical axis from annual citations to cumulative citations, proposing the SBc-
index [?]. The reference line ¢ changes to connect (0,c) and (¢,,,c; ), where
¢, represents total citations at first reaching maximum (i.e., total citations in
the observation period). The slope remains (¢, —¢g)/t,,. For any t <t,,, the
difference between ¢ and cumulative citations is calculated and summed from
t =0tot =t,, yielding SBc—the difference between green and red areas in
Figure 2 [Figure 2: see original paper]. Peruzzo (2015) did not empirically val-
idate SBc. We hypothesize that since the reference line connects the origin to
total citations, SBc depends heavily on total citation counts—higher totals yield
larger SBc values. We will test this hypothesis empirically.

3.3 Improving the B-Index and SBc-Index The B-index has several draw-
backs: (1) It only considers citations from publication to peak annual citations,
not the complete curve; (2) According to Li & Ye (2016), the denominator
max{1,c,} fails to effectively constrain initial citations [?], and Peruzzo sug-
gested it merely ensures non-zero denominators [?]. Using annual citations as
denominator loses original information, especially when ¢, > 1—for example,
ratios with numerator and denominator both equal to 2 versus both equal to
50 yield identical values, though the differences from the reference line ¢ differ
significantly (2 vs. 50); (3) Both B-index and SBc-index depend heavily on total
citations, particularly SBc.

We therefore propose improvements. To avoid dependence on citation scale, we
modify the vertical axis from “annual cumulative citation counts” to “annual
cumulative percentage of citations” based on the SBc framework, defining this
as the Bcep-index. The Bcep-index enables comparison of delayed recognition
degrees across papers with different citation counts.

For any non-zero cited paper, the annual cumulative percentage curve is mono-
tonically increasing with all vertical coordinates >0, eliminating the need for
the B-index denominator. The reference line slope remains (¢, —¢g)/t,,. For
any t < t,,, the difference between ¢ and the cumulative percentage is calculated
and summed from ¢ = 0 to t = t,,, yielding the Bep-index (Figure 3 [Figure 3:
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see original paper]).

Adapting B-index’ s awakening time definition, we draw perpendiculars from
points on the cumulative percentage curve to ¢, obtaining distances d(t). The
time At when d(t) is maximized defines the awakening time, denoted as t,,,
(Figure 3 [Figure 3: see original paper]).

Under the Bep framework, a paper is awakened in its 32nd year, rising from 4
citations in year 32 to 12 in year 33 (Figure 3 [Figure 3: see original paper]).
Under the B-index framework, awakening occurs in year 36, rising from 3 ci-
tations in year 36 to 13 in year 37 (Figure 4 [Figure 4: see original paper]).
However, the annual citation curve suggests year 32 is more appropriate. Un-
der the B-index, awakening years often correspond to later points with lowest
citations because these points have maximum distance from the reference line,
demonstrating that B-index awakening times tend to be delayed estimates.

Li & Ye (2016) proposed four principles for identifying sleeping beauties: (1)
early citations should be constrained, (2) the complete citation curve should
be considered, (3) awakening time should be fixed and not change over time (a
B-index limitation), and (4) subjective parameter definitions should be avoided
[?]. Their example (Figure 5 [Figure 5: see original paper]) shows Papers P1
and P2 with identical publication years and total citations. While P1 shows
higher delayed recognition visually, its B-value is lower than P2 s (164.75 <
177.95). Under our Bep framework, P1° s Bep-value is significantly higher than
P2 s (5.075 > 1.075) (Figure 6 [Figure 6: see original paper]).

These theoretical analyses and HE A suggest Bep-index superiority. We now
proceed to empirical validation and systematic comparison of B-index, SBc-
index, and Bep-index.

4. Empirical Validation

Using research articles published in Science and Nature since 1970 as the dataset,
with citation counts observed on March 16, 2016, and data compiled through
December 2015. To ensure at least a 10-year citation window, we included
78,403 papers published from 1970-2005. Since sleeping beauties are first and
foremost highly cited papers, we selected the 20,000 papers with 200 total
citations by 2015 (averaging at least 20 citations per year). We calculated B-
index, SBc-index, and Bcep-index values, along with awakening times under the
Bep framework, comparing their fundamental characteristics.

4.1 SBc-Index Shows Highest Correlation with Total Citations
Parameter-free indices lack strict thresholds; we adopt the top 1% as the
criterion, selecting 200 papers for each index from the 20,000-paper pool.
Correlation tests with total citations reveal that SBc-index is significantly
positively correlated with total citations (coefficient = 0.6). B-index and Bcp-
index show no significant positive correlation with total citations (Spearman
test). However, Bep-index’ s correlation coefficient is lower than B-index’ s,
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though not statistically significant (Table 1 ). The top 10 SBc-index papers
show high consistency with total citation rankings (Table 2 ), confirming our
hypothesis of SB¢’ s high dependence on total citations. Therefore, SBe-index
is unsuitable for identifying sleeping beauties. Bcp-index depends less on total
citations than B-index. We next compare B-index and Bep-index directly.

4.2 Comparing B-Index and Bcep-Index (1) Top 1% Papers (200 pa-
pers each)

Among the top 1% papers for each index, 133 overlap, with 67 unique to each
ranking. We conducted t-tests on the 134 non-overlapping papers to analyze
differences.

Following van Raan (2004), we define: (1) Sleep duration: years between
publication and awakening; (2) Sleep depth: cumulative citation percentage
during sleep period (citations before awakening divided by total citations); (3)
Awakening intensity: cumulative citation percentage within 5 years post-
awakening (or until 2015 if insufficient); (4) Citation boost rate: awakening
intensity minus sleep depth.

Table 3 shows Bep-index identifies sleeping beauties with shorter sleep dura-
tion than B-index. Sleep depth (cumulative percentage during sleep) is sig-
nificantly smaller under Bcep-index, demonstrating its stronger constraint on
pre-awakening citations. Awakening intensity (5-year cumulative percentage) is
significantly higher under B-index because its sleep depth is higher. Boost rates
show no significant difference between indices.

While paper age, total citations, and maximum annual citations show no sig-
nificant differences, Bep-index is more sensitive to older sleeping beauties and
better identifies those with lower total and annual citations, confirming its lower
dependence on total citations.

(2) Top 0.1% Papers (20 papers each)

Comparing top 0.1% papers (20 each), 8 overlap in the top 10, showing Bcp-
index similarly identifies extreme sleeping beauties like B-index. However, the
10th-ranked B-index paper shows insignificant sleeping beauty characteristics.
Among the top 20, 12 overlap. Comparing the 8 unique papers from each list
(Table 4 italics, Figures 7 [Figure 7: see original paper| and 8 [Figure 8: see
original paper]) reveals B-index inadequately constrains early citations—5 of its
unique papers have high early citations, with 2 showing significant later declines.
Bcep-index’ s unique top-20 papers clearly exhibit sleeping beauty characteristics,
with overall significantly increasing annual citation trends due to incorporating
the complete citation curve. Thus, Bep-index is more precise than B-index.

5. Conclusion

Building upon the Beauty Coefficient (B-index), this paper proposes a new sim-
ple parameter-free index—the Bcp-index—by optimizing the measurement from
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“annual citation counts” to “annual cumulative percentage of citations,” and
redefines awakening time within this framework. Theoretical analysis and em-
pirical findings demonstrate that Peruzzo’ s (2015) SBc-index, based on annual
cumulative citations, is unsuitable for identifying sleeping beauties due to its
high dependence on total citations. Compared to the B-index, Bep-index offers
several advantages:

1. Inherits B-index sensitivity to extremely prominent sleeping beauties:
80% of top-10 papers overlap between indices.

2. More realistic awakening times: Bcp-framework awakening times
align better with reality, while B-index times tend to be delayed.

3. Incorporates complete citation curves: Bcp-index overcomes
B-index’ s limitation of only considering citations up to the annual
maximum.

4. Stronger constraint on early citations: Bcp-index better matches
sleeping beauties’ characteristic zero/low initial citations.

5. Lower dependence on citation magnitudes: B-index and SBc-index’
s high dependence on total citations focuses attention on highest-cited
papers, potentially overlooking meaningful sleeping beauties among
moderately-cited literature. Bcp-index is more sensitive to older papers
and those with lower total and annual citations.

6. Parameter-free metrics: Using cumulative percentages allows redefin-
ing sleep depth (cumulative percentage before awakening) and awakening
intensity (cumulative percentage within 5 years post-awakening), calcu-
lating their difference to reflect relative citation boosts. These metrics
avoid subjective thresholds (e.g., 1-2 citations/year during sleep, 5 cita-
tions/year during awakening) and disciplinary citation pattern differences.

In summary, Bep-index measures citation impact delay more precisely than B-
index. Future research will analyze the disciplinary distribution, research types,
and bibliometric characteristics (authors, institutions, countries, journals, ref-
erences) of sleeping beauties identified from Science and Nature, classifying
them by discovery type and delayed recognition causes. Comparative studies
with control papers (highly-cited papers from same journal/period, same-topic
highly-cited papers from other journals) will reveal typical sleeping beauty char-
acteristics.
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