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a  b  s  t  r  a  c  t

Bibliographically  coupled  patents  reveal  a temporal  pattern  associated  with  their  ages  (how
long  ago  they  have  been  issued)  and  spans  (their  distance  in  time).  The  coupling  strength  of
the  aged  or long-spanned  patent  pairs  may  be  inherently  limited,  especially  for fields  that
reveal  patent  and  reference  expansions.  This  study proposes  a simple  measure,  combined
relevance  (CR),  to counter  such  impact.  Unlike  traditional  measures,  CR provides  more  bal-
anced  treatment  to short-  and  long-spanned  but  favors  more  aged patents  pairs.  A fixed  CR
threshold  may  be  more  safely  applied  with  a reduced  possibility  of  erroneously  removing
patent pairs  that  are  truly related.  For  observing  long-term  knowledge  dissemination  or
tracing  overall  development  trajectory,  CR  may  be an  alternative.

©  2019  Elsevier  Ltd.  All  rights  reserved.

. Introduction

Patent bibliometric works often involve the detection and measurement of relatedness between patents. Based on their
elatedness, structures may  be derived from thousands of seemingly disorganized patents. Then, collections of related patents
ay be modeled and monitored as a unit; evolving trends may  be detected by observing these collections in their chronolog-

cal orders. The cooperation/competition relationship and knowledge exchange between firms, institutions, counties, and
elds may  be examined and inferred based on the relatedness between their patents.

Researchers have been using terms “relatedness,” “similarity,” and “proximity” along with terms “technology,” “patent,”
nd “knowledge” in different contexts to refer to similar concepts. It seems to us that, for specific features of patents,
similarity” is more often used, such as “keyword similarity” (cf. Giudice, Musarella, Sofo, & Ursino, 2019) and “classification
imilarity” (cf. Kuan, Chiu, Liu, Huang, & Chen, 2018); “proximity” is more often applied in knowledge spillover context and
sually at firm or higher aggregate level (cf. Chu, Tian, & Wang, 2018). This study chooses to use “relatedness” as it seems to
e a broader and more abstract concept. For example, Makri, Hitt, and Lane (2010) considered that technological relatedness

overs not only technological similarity but also technological complementarity.

There are three major categories of approaches in detecting and measuring patent relatedness. The text-based approaches
xtract textual information from patents’ specifications (cf. Arts, Cassiman, & Gomez, 2018; Moehrle & Gerken, 2012;
iemann, Moehrle, & Frischkorn, 2017; Ortiz-de-Urbina-Criado, Nájera-Sánchez, & Mora-Valentín, 2018; Yoon & Magee,
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Fig. 1. Frequency distribution of DC, BC, and CC pairs according to ages (x) and spans (y).

2018). The classification-based approaches evaluate the overlapping of classification symbols assigned to patents by exam-
iners (cf. Angue, Ayerbe, & Mitkova, 2014; Chang, 2012; Jaffe, 1986; Kuan, Chiu et al., 2018; Kuan, Huang, & Chen, 2018;
Petruzzelli, 2011; Wang, Hou, & Hung, 2018). The third category, citation-based approaches, generally involve three com-
mon  mechanisms: direct citation (DC) (Trajtenberg, 1990), bibliographic coupling (BC) (Kessler, 1963), and co-citation (CC)
(Small, 1973). These mechanisms may  be used individually or together. Kuusi and Meyer (2007) employed BC alone to cluster
related patents and identify an emerging technological paradigm. Lo (2007) also employed only BC to identify technologi-
cal connections between major research organizations. Von Wartburg, Teichert, and Rost (2005) combined DC and BC in a
multistage analysis to reveal technological change. Chen, Huang, Hsieh, and Lin (2011), Kuan, Huang et al. (2018), and Yeh,
Sung, Yang, Tsai, and Chen (2013) used both DC and BC to construct more comprehensive citation networks. Citation-based
approaches may  also be applied together with the other two approaches. Kuan, Chiu et al. (2018), Kuan, Huang et al. (2018)
and Leydesdorff, Kushnir, and Rafols (2014) integrated DC with patent classification codes, Nakamura, Suzuki, Sakata, and
Kajikawa (2015) combined DC and co-word analysis, and Park, Jeong, Yoon, and Mortara (2015) used BC and patent text
semantic analysis to locate potential R&D collaboration partners.

DC, BC, and CC are all valid means, as evidenced by a large body of works where the aforementioned are only a few samples.
These mechanisms, however, may  conflict when one suggests relatedness whereas another indicates otherwise. In a previous
study investigating one such conflict involving patents that do not cite each other but are strongly bibliographically coupled,
we found that this phenomenon, referred to as missing link, are not coincidental (Kuan, Chiu et al., 2018; Kuan, Huang et al.,
2018). For DC to occur, the cited patent has to be published earlier so that it is visible and citable to the applicant or examiner
of the citing patent. Therefore, DC rarely occurs between patents whose application processes are highly overlapped, as their
applicants or examiners may  be blind to each other, even though the two patents are indeed related. BC is not handicapped
as such and may  effectively reveal the patents’ relatedness. We  then proposed and verified through empirical analysis that
BC is useful in revealing concurrent patents embodying cotemporaneous development that would be overlooked by using
DC alone.

During the previous study, in addition to discovering BC’s supplemental function to DC in developing a more compre-
hensive trajectory of patent evolvement, we also noticed that bibliographically coupled patents reveal a temporal pattern
involving their ages (how long ago they have been issued) and spans (their distance in time) and this pattern would place
an inherent bound on their coupling strength. This pattern and its implication are described and discussed in the following
section. Then, an improved measure to the coupling strength is proposed to counter the age and span effects. Finally, the
new measure is applied to real case data, and the result is compared to that by a conventional measure.

2. Temporal pattern and its cause

2.1. Phenomenon

To demonstrate this temporal pattern, a same dataset from the previous study (Kuan, Chiu et al., 2018; Kuan, Huang et al.,
2018) is borrowed here, so that observation made in this study may  be compared against the previous study. This dataset
includes 34,083 US utility patents issued between 1976/1/1 and 2017/3/31 in the field of carbon dioxide capture, storage,

recovery, delivery, and regeneration, which is one of the major solutions to global warming. These patents are retrieved if
they contain at least one specific keyword in at least one relevant field (i.e., Title, Abstract, Specification, or Claims) and at
least one specific Cooperative Patent Classification (CPC) symbol prefix.1 These keywords and CPC prefixes are compiled

1 The keyword search command is ‘(carbon or dioxide$ or co2) AND (storage$ or captur$ or recover$ or deliver$ or regenerat$),’ and the CPC symbol
prefixes include B63B 35$, C01B 3$, C01B31/20, C01B 21/22, C02F 1$, C07C 7/10, F01N 3/10, F25J 3/02, B01J 20$, B01D 53$, and B01D 11, where ‘$’ is the
wildcard character.



C.-H. Kuan et al. / Journal of Informetrics 13 (2019) 100978 3

Fig. 2. Average BCS and CCS according to ages (x) and spans (y).
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Fig. 3. Average BCS for pairs with BCS > 1 and BCS > � according to ages (x) and spans (y).

ased on the search strategies published in an official technology analysis report (World Intellectual Property Organization,
009) and in a prior study (Gray et al., 2009).

Among the 34,083 patents, there are 154,505 pairs of cited and citing patents, 1,609,549 pairs of bibliographically coupled
atents, and 644,376 pairs of co-cited patents, hereinafter respectively referred to as DC pairs, BC pairs, and CC pairs. Each
f the DC, BC, and CC pairs includes patents PE and PL respectively issued at an earlier date tE and a later date tL (tE ≤ tL).
hen, the span and age of a DC, BC, or CC pair are defined as tL − tE and tNOW − tL , where tNOW denotes the cut-off date of the
atent data collection (e.g., 2017/03/31 for this dataset).

Fig. 1 shows the frequency distributions of all DC, BC, and CC pairs according to their ages (horizontal axis) and spans
vertical axis) in years, where more reddish or bluish points reflect higher or lower counts. BC pairs are particularly concen-
rated in the lower left corner, meaning, more BC pairs have shorter spans and younger ages, or BC tends to occur between
atents issued close to each other and more recently. One may  speculate that this phenomenon is inevitable as there are
ore patents issued more recently (which is partially true, as will be discussed in the next section). However, once DC,

C, and CC pairs are observed alongside each other relative to their respective ages and spans, it is interesting to see that
C and CC pairs do not reveal such propensity, even though they are all from the same set of patents revealing the same
ore-patents-in-more-recent-years phenomenon.
Not only that, the bibliographic coupling strength (BCS) of the BC pairs also reveals a similar pattern. Fig. 2 shows the

verage BCS and average co-citation strength (CCS) for BC and CC pairs across ages and spans, where BCS and CCS here are
easured as the number of cited and citing patents in common. Again, BC pairs having higher BCS (i.e., more reddish points)

re particularly concentrated in the lower left corner, and CCS does not show any significant pattern.
Jarneving (2007a) and Swanson (1971) indicated that only BC pairs having BCS above a threshold are truly related. Indeed,
mong the 1,609,549 BC pairs, up to 1,167,794 (72.55%) of them have the smallest BCS of 1. To avoid that the pattern shown
n Fig. 2 is resulted from a large volume of noises, Fig. 3 shows the distributions of average BCS after those BC pairs having
CS not greater than 1 (left) and having BCS not greater than the overall average BCS (2,74 or �) (right) are filtered out. The
ame pattern still prevails.
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Fig. 4. A field’s expanding numbers of total patents (left) and cited references (right).

Using Pearson correlation test on BC pairs having BCS > 1, BC’s frequency is significantly correlated with age and span
with respective correlation coefficients of −0.83 (p-value 7.098e-12) and -0.79 (p-value 5.557e-10). BCS is also significantly
correlated with age and span with respective correlation coefficients of −0.91 (p-value of 2.2e-16) and −0.76 (p-value of
6.27e-09).

2.2. Patent and reference expansion

Bibliographically coupled patents’ unique temporal pattern is related to the increasing number of total patents in a field,
referred to as the field’s patent expansion.  The left diagram of Fig. 4 depicts this growing trend using the case data, where
patents are distributed along the horizontal axe according to their ages (i.e., how long ago they are issued or the difference
between their issue dates and tNOW ) in 2-year intervals. Therefore, older patents issued earlier in the past are plotted farther
to the right, whereas younger patents issued recently are drawn closer to the left. Then, the bars show the numbers of patents
issued within each age interval against the left scale; the curve depicts the numbers of total patents accumulated up to each
age interval against the right scale. As illustrated in the left diagram, the total patent curve rises monotonically from right
to left as patents of the field are issued and accumulated over time.

Due to a field’s patent expansion, later patents of the field have more prior patents available to cite and, therefore,
may  have more references than earlier patents do. This growing numbers of references over time, referred to as the field’s
reference expansion,  is depicted in the right diagram of Fig. 4, where the curve shows the average numbers of references cited
by patents issued within each age interval, and the curve also rises continuously from right to left.

What is depicted in Fig. 4 conforms to the observations made by Hall, Jaffe, and Trajtenberg (2001) and Zhang, Huang,
and Chen (2018). Both works noticed that the number of references made per U.S. patent and the number of U.S. patents
issued both increase over time. However, we speculates that, while the patent expansion phenomenon should be common
to all fields and to all counties, reference expansion should be particularly applicable to U.S. patents. U.S. regulation obligates
applicants to disclose and cite all information (e.g., prior patents) known to be relevant to the applications’ patentability
(Bicknell, 2008). U.S. applicants, therefore, tend to cite more comprehensively when there are more prior patents to cite.

Facing the patent and reference expansions, Hall et al. (2001) and Zhang et al. (2018) were concerned about the “deval-
uation” of citations (i.e., a patent’s “later citations are less significant than earlier ones”). This study, however, is concerned
about their implication on BC and patent relatedness based on BC.

2.3. Implication for BC and BCS

Fig. 5, using the case data’s yearly issued patents as backdrop, provides four scenarios for a pair of patents PE and PL from
a same field. PE and PL are issued on tE and tL (tE ≤ tL) with references REFE and REFL respectively drawn from total patents
TPtE and TPtL accumulated up to tE and tL . In the figure, TPtE is represented by dark bars, and TPtL by both light and dark bars.
The light bars, therefore, reflect the size difference between TPtE and TPtL .

The four scenarios are designated respectively as young or old age, and short or long span, based on the age and span of
the patent pair in a relative manner. For scenarios (A) and (B), the patent pair is said to have young age as tL is more recent
(closer to the left) than that in scenarios (C) and (D). Similarly, the patent pair in scenarios (A) and (C) is of short span as tE

and tL are closer to each other than those of scenarios (B) and (D).
PE and PL then should satisfy the following Eqs. (1) and (2):

REFE ⊆ TPtE ,
∣∣REFE

∣∣ ≤
∣∣TPtE

∣∣ , and (1)∣∣ ∣∣ ∣∣ ∣∣
REFL ⊆ TPtL , REFL ≤ TPtL . (2)

Then, Eq. (3) may  be derived according to the patent expansion:

TPtE ⊆ TPtL ,
∣∣TPtE

∣∣ ≤
∣∣TPtL

∣∣ (3)
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Fig. 5. Four scenarios for a pair of patents PE and PL from a same field.

Table 1
Shares of BC pairs having

∣
REFE

∣ ≤ ∣REFL
∣
.

BCS> 0 2 4 6 8 10 12 14 16 18

# of BC pairs 1,609,549 214,324 94,090 59,260 43,381 34,989 29,357 25,882 23,283 21,284
%  of
∣
REF
∣ ≤ ∣REF

∣
65.46% 66.44% 67.70% 68.46% 69.54% 70.62% 71.70% 72.49% 73.16% 73.59%
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If the reference expansion is valid for the field, then we have Eqs. (4) and (5):

∣∣REFE

∣∣ ≤
∣∣REFL

∣∣ , and (4)

∣∣REFE ∩ REFL

∣∣ ≤ min
(∣∣REFE

∣∣ , ∣∣REFL

∣∣) =
∣∣REFE

∣∣ ≤
∣∣TPtE

∣∣ . (5)

f PE and PL are to form a BC pair, they need to have non-empty reference intersection or REFE ∩ REFL /= ∅. According to Eq.
5),
∣∣REFE ∩ REFL

∣∣ is bounded by
∣∣TPtE

∣∣, which is the number of patents commonly available for citation to both PE and PL (i.e.,
he dark grey bars in Fig. 5). Therefore, larger TPtE implies a greater chance for PE and PL to achieve non-empty intersection
nd thus forming a BC pair.

For the four scenarios, whether tL is more recent as in scenarios (A) and (B) or earlier in the past as in (C) and (D),
∣∣TPtE

∣∣ is
reater when PE and PL have a shorter span. On the other hand, whether PE and PL have a shorter span in scenarios (A) and
C) or a longer span as in (B) and (D),

∣∣TPtE

∣∣ is greater when tL is more recent. This is why  more BC pairs have shorter spans

nd younger ages as illustrated in Fig. 1. Similarly, for a BC pair involving PE and PL , its BCS,
∣∣REFE ∩ REFL

∣∣, is also bounded

y
∣∣TPtE

∣∣, and larger TPtE provides a greater chance in achieving higher BCS. This is why  BC pairs having shorter spans and
ounger ages tend to have greater BCS as illustrated in Figs. 2 and 3.

For BC pairs to deliver the unique temporal behavior, the reference expansion or Eq. (4) should hold. This is indeed true
or a major portion of the case’s BC pairs. Table 1 lists the shares of BC pairs satisfying Eq. (4),

∣∣REFE

∣∣ ≤
∣∣REFL

∣∣, among those
hose BCS is above ten different thresholds. For all BC pairs (BCS > 0), despite a large number of BC pairs that may  be noises,

here is still more than 65% of the BC pairs satisfying
∣∣REFE

∣∣ ≤
∣∣REFL

∣∣. At a higher threshold, there are even greater portions∣∣ ∣∣ ∣∣ ∣∣
atisfying REFE ≤ REFL .
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3. Adjustment for temporal pattern

3.1. Problem with conventional measure and threshold

Using a threshold to filter BC pairs, despite a common practice, may  not be appropriate for a field revealing the temporal
pattern. For example, if a threshold for BCS is set to the overall average (3) of the case’s BC pairs, pretty much all BC pairs
denoted by the greenish or bluish points in Fig. 2 are filtered out, even though some of these aged or long-spanned BC pairs
may reflect true relatedness.

This filtering-without-distinction problem is not only due to the fixed threshold use, but also due to the BCS measure’s
overlooking the age and span factors of BC pairs. The frequently used BCS measures may  be classified into two broad
categories: intersection-based and vector-based measures with Jaccard coefficient (Jaccard, 1901) and coupling angle (Glänzel
& Czerwon, 1996) as representatives. If Jaccard coefficient or coupling angle is applied to a field with the temporal pattern,
all BCS would be bounded by

∣∣REFE

∣∣, the earlier patents’ reference size, as derived in the following Eqs. (6) and (7):∣∣REFE ∩ REFL

∣∣∣∣REFE ∪ REFL

∣∣ ≤
∣∣REFE

∣∣∣∣REFE ∪ REFL

∣∣ , and (6)

�REFE · �REFL∣∣ �REFE

∣∣ ∣∣ �REFL

∣∣ =
∣∣REFE ∩ REFL

∣∣∣∣ �REFE

∣∣ ∣∣ �REFL

∣∣ ≤
∣∣REFE

∣∣∣∣ �REFE

∣∣ ∣∣ �REFL

∣∣ , (7)

where �REFE and �REFE are REFE and REFL expressed in binary vectors of equal dimension.
Bibliometric researchers had noticed the age and span problem. For example, Jarneving (2007b) indicated that “an increase

of the distance in time between bibliographically coupled articles leads to a diminishing pool of shared references as there
is a tendency to cite the more current articles” That is why  usually an observation window is set up so that bibliographically
coupled research articles published closer (i.e., about the same age) within the window (i.e., limited span) are collected and
compared together (cf. Glänzel & Czerwon, 1996; Jarneving, 2007b).

3.2. Combined relevance

To observe the knowledge flow or to develop a representative trajectory among patents across an extended period of
time, where all relevant BC pairs have to be considered, a BCS measure as much immune to the age and span effects as
possible would be desirable.

This study, therefore, proposes a simple BCS measure, referred to as combined relevance (CR), in Eq. (8):(∣∣REFE ∩ REFL

∣∣∣∣REFE

∣∣
)(∣∣REFE ∩ REFL

∣∣∣∣REFL

∣∣
)

=
∣∣REFE ∩ REFL

∣∣2∣∣REFE

∣∣ ∣∣REFL

∣∣ . (8)

The idea behind Eq. (8) is straightforward. Imaging that REFE and REFL respectively represent the information respectively
combined within patents PE and PL , and that REFE ∩ REFL is the piece of information shared between them, the two factors
in Eq. (8) measure how much this shared information accounts for PE and PL ’s combined information, or this shared infor-
mation’s individual relevance to PE and PL . Then, PE and PL are highly related if their shared information is significant to both
PE and PL , or they have high CR.

Fig. 6 shows the distributions of the two factors’ averages for BC pairs whose BCS is greater than 1 in two separate
diagrams. The BC pairs are limited to those having BCS > 1 so that the observation is not impaired by a large volume of noises.
As illustrated in the left diagram, PE ’s factor tends to be greater for BC pairs that are distributed closer to the diagonal and
somewhat more concentrated towards the lower right corner (there are a few red dots on the lower right section of the
diagonal). In other words, these BC pairs have higher (age + span) values, and age seems to play a more dominant role. When
a pair’s age is great, its span is inherently limited and, when its span is great, the pair should have young age. When either
age or span is great, the pair’s should have an early tE in the past and, therefore, have a small REFE . The left factor of Eq. (8),
i.e., the individual relevance to PE , as such would be close to 1 by having |REFE | as denominator. As to the BC pairs denoted
by the red dots, they are aged pairs with limited spans. Their PE and PL , as suggested in scenario (C) in Fig. 5, face a similar
set of candidates for reference and, therefore, there is a greater chance that whatever cited by PE is also cited by PL , meaning
REFE ∩ REFL = REFE and |REFE∩REFL|

|REFE| = 1.

On the other hand, as illustrated in the right diagram, PL ’s factor tends to have higher value for those aged but shorter-
spanned BC pairs located closer to the lower right corner. A similar reasoning as applied above would explain why. When
a pair’s age is great, the pair’s should have both early tE and tL in the past and, therefore, have limited REFE and REFL . The

right factor of Eq. (8), i.e., the individual relevance to PL , as such would be close to 1 by having |REFL| as denominator.

Fig. 7 shows the distribution of the average CR for BC pairs whose BCS is greater than 1. By comparing Fig. 7 with Fig. 3,
one may  see that CR is more uniformly distributed than BCS both in terms of ages and spans. CR achieves diminished span
effect as the left and right factors of Eq. (8) cancel out each other’s favor and disfavor to the long-spanned pairs, as discussed



C.-H. Kuan et al. / Journal of Informetrics 13 (2019) 100978 7

Fig. 6. Distributions of average individual relevance to PE (left) and PL (right) of pairs with BCS > 1 according to ages (x) and spans (y). (For interpretation
of  the references to colour in the text, the reader is referred to the web  version of this article.)

Fig. 7. Distributions of average CR for pairs with BCS > 1 according to ages (x) and spans (y).

a
t

s
r
o

Fig. 8. Frequency distributions of BC pairs having above average BCS (left) and CR (right) according to ages (x) and spans (y).

bove. The age effect, however, remains as both left and right factors of Eq. (8) prefer aged pairs. Nonetheless, CR’s bias
owards aged pairs is not as severe as BCS’s overly preference over young or short-spanned pairs.

Due to CR’s more uniform distribution, CR retains more long-spanned pairs. Fig. 8 provides two  diagrams, the left one

howing the frequency distributions of 49,873 BC pairs having above average BCS (7.32 for all BC pairs with BCS > 1) and the
ight one showing 55,954 BC pairs having above average CR (0.043 for all BC pairs with BCS > 1). As illustrated, BCS filters
ut most pairs having spans above 30, whereas a number of them are still retained by CR.
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Fig. 9. Fictitious citation networks with arc weights assigned and main paths revealed.

CR is aimed to reduce the age and span impact on assessing BC pairs’ relatedness. It is not ideal as the span effect is
more satisfactorily resolved whereas the age effect is only improved to a lesser degree. CR, however, is as simple as the
conventional measures, both conceptually and computationally. A fixed threshold then may  be more safely applied with a
reduced possibility of erroneously removing BC pairs having true relatedness.

The above discussion also reveals that BCS and CR seem to complement each in a certain manner. The left and right
diagrams of Fig. 8 have 27,369 BC pairs in common, accounting for 55% of the pairs in the left diagram (BCS), and 49% in the
right diagram (CR). In other words, for about half of the BC pairs considered to reflect relatedness or un-relatedness by BCS,
they are indicated otherwise by CR and vice versa.

Therefore, it should be noted that there are advantages and disadvantages to both BCS and CR. CR may  overlook patent
pairs of young ages. BCS, on the other hand, prefers more young and short-spanned pairs. Their difference is more clearly
revealed in the following section.

4. Comparison using main path analysis

To see how CR differs from conventional BCS within an application setting, this study applies main path analysis (MPA)
on patent networks (PNs) supplemented with the so-called missing links (ML) (Kuan, Chiu et al., 2018; Kuan, Huang et al.,
2018), which are BC pairs without DC but strongly bibliographically coupled.

This study obtains two sets of MLs, one according to a BCS threshold (MLBCS) and one according to a CR threshold (MLCR).
The study then constructs three PNs, the traditional patent citation network PNDC, PNBCS which is PNDC supplemented with
MLBCS, and PNCR which is PNDC supplemented with MLCR. Each ML  within PNBCS and PNCR is simulated as a fictitious DC
whose arc is incident from the earlier, lower-number patent into the later, higher-number patent. This study then derives
three representative trajectories, or main paths, denoted as MPDC, MPBCS, and MPCR, through MPA.

The rationale behind the empirical analysis is that, on one hand, the three networks are epitomized by their MPs  so that
BCS and CR’s effects may  be compared efficiently by examining their MPs. On the other hand, MPDC functions as a reference
frame against which MPBCS and MPCR are positioned so as to see how MPDC is altered by the supplement of MLBCS and MLCR.

4.1. Main path analysis

Main path analysis (MPA) is a network-based analytic method first used to determine a representative development
trajectory for a scientific field using a citation network constructed from the field’s research articles (Hummon & Doreian,
1989). This method is well-received and adopted in a wide range of bibliometric and technological management applications.
For some examples, MPA  has been employed to detect technological changes and knowledge transformation (cf. Martinelli,
2012), to review a field’s literature (cf. Calero-Medina & Noyons, 2008; Lu, Hsieh, & Liu, 2016), and to map  technological
development (cf. Park & Magee, 2017). The popular social network analysis software Pajek (De Nooy, Mrvar, & Batagelj,
2011) has built-in MPA  functions.

It should be noted that PNBCS and PNCR are no longer citation networks as their supplemented MLBCS and MLCR are
“fake” citations and, therefore, MPBCS and MPCR shouldn’t be interpreted from the traditional perspective of knowledge
flow. This analysis here is mainly for comparison’s sake. However, it is not without merit. Our previous work (Kuan, Chiu
et al., 2018; Kuan, Huang et al., 2018) found that MLBCS is able to detect concurrent patents embodying cotemporaneous
technological development. From the previous discussion, we  now understand that MLBCS, following the conventional BCS
measure, inevitably includes those short-spanned and more recent pairs, thereby leading to the detection of concurrent
patents.

MPA  involves two major steps. Each arc of the network is first assigned a weight related to its traversal count within the

network. Then, a series of connected arcs is determined as the main path. There are different weight assignment and path
determination algorithms. This study chooses to use the search path count (SPC) algorithm (Batagelj, 2003) and the global
search method (Liu & Lu, 2012). Fig. 9 provides two  fictitious citation networks (A) and (B) whose arc weights assigned using
SPC are shown along the arrows, and main paths determined by the global search method include the dark arcs.
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Table  2
Summary statistics for Comparisons I and II.

Comparison I (>�) Comparison II (>� + 2�)

PNDC PNBCS PNCR PNBCS PNCR

|DC| / |MPDC| |MLBCS| / |MPBCS| |MLCR| / |MPCR| |MLBCS| / |MPBCS| |MLCR| / |MPCR|

154,505 / 27 49,873 / 130 55,954 / 127 7750 / 53 17,889 / 61
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ig. 10. Combined MPDC, MPCR, and MPBCS from Comparison I. (For interpretation of the references to colour in the text, the reader is referred to the web
ersion of this article.)

SPC and other algorithms available from Pajek all decide an arc’s weight based on its structural connectivity within the
etwork (Hummon & Doreian, 1989), i.e., how many source and/or preceding nodes reaching the arc and how many sink
nd/or succeeding nodes reached through the arc. For example, an arc’s SPC weight is the traversal count of the arc from
ll source nodes to all sink nodes. Therefore, the arc 3→4 of network (A) has a weight 4, as it is traversed four times from
he two source nodes (1, 2) to the two sink nodes (8, 9). Similarly, the arc 3→4 of network (B) is traversed from two source
odes (1, 2) twice to reach sink node 11, four times to reach the sink node 8, and twice to the sink node 9, and therefore has

 weight 8.
The global search method selects one or more paths from source to sink nodes having the highest total weight. Therefore,

here are four main paths in the network (B), all through the internal nodes (3, 4, 7) and all with the combined weight 32
=8 + 8+8 + 8). The global search method favors longer paths because they tend to have higher combined weights, as can be
een from network (A). A shorter path must have some significantly weighted links so that it may  outweigh the longer path.
or example, by having an additional sink node 11 to reach through the arc 3→4 and an additional source node 10 to reach
he arc 4→7, the shorter segment 3→4→7 outweighs the longer segment 3→5→6→7, and becomes part of the main paths.

.2. Main path comparison

Using the same case data, this study conducts two comparisons. For all BC pairs without DC and having BCS > 1, Comparison
 respectively obtains MLBCS and MLCR from these BC pairs further having BCS and CR greater than their respective averages
7.32 for BCS and 0.043 for CR). The resulted MLBCS and MLCR are those whose distributions are shown in Fig. 8. Comparison
I adopts much stricter thresholds by respectively requiring BCS and CR to be greater than their averages plus two  times of
heir standard deviations (29.40 for BCS and 0.14 for CR). By doing so, this study reduces the possible impact from the large
olume of noises, and is able to see how MPBCS and MPCR differ from each other when different amount of MLBCS and MLCR are
upplemented. Some relevant statistics are summarized in Table 2. Please note that MPA  may  actually derive multiple main
aths from a patent network. It so happens that a single main path (i.e., MPDC, MPBCS, and MPCR) is respectively produced
rom the patent networks PNDC, PNBCS, and PNCR. Therefore, there is no need to determine an optimal one from multiple

ain paths.
As illustrated, in Comparisons I and II, by adding respectively MLBCS and MLCR that are only fractional in size to DCs, the

esulted MPBCS and MPCR have significantly greater lengths (∼130 patents in Comparison I and ∼60 patents in Comparison
I) than that of MPDC (27 patents). Please note that, in Comparison II, even though MLCR is more numerous than MLBCS
17,889 vs 7750), the resulted MPCR and MPBCS are of comparable lengths (61 vs. 53). This is because that, once the MLs  are
upplemented to the DCs, the obtained networks PNCR and PNBCS are not so different in terms of their number of edges,

hich are 172,394(=154,505 + 17,889) and 162,255(=154,505 + 7750). However, as will be revealed later, MPBCS and MPCR,
espite their comparable lengths, are actually rather different due to the different characteristics of BCS and CR.

The MPDC, MPBCS, and MPCR from Comparisons I and II are respectively combined in Figs. 10 and 11 to facilitate comparison.
ach node denotes a set of patents whose size is marked besides the node. Some nodes where the MPs  intersect are further
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Fig. 11. Combined MPDC, MPCR, and MPBCS from Comparison II. (For interpretation of the references to colour in the text, the reader is referred to the web
version of this article.)

Table 3
DC and ML  pairs along MPCR of Comparison II.
marked with the largest patent number in the set and, as U.S. patents are serially numbered, they serve as a time frame.
The nodes and arcs are color-coded as follows. MPDC, MPCR, and MPBCS are in the three primary colors, red, green, and blue,
respectively. But, for nodes and arcs where MPCR and MPBCS coincide, they are in cyan; those where MPDC and MPCR coincide
are in yellow; and those where MPDC and MPBCS coincide are in magenta. Black nodes are where all three MPs  intersect.
Therefore, in Figs. 10 and 11, MPDC is the series of red arcs, MPCR green and cyan arcs, and MPBCS blue and cyan arcs.

Let’s look at Fig. 10 first. The nodes (patents) in Fig. 10 may  be separated into three groups: those before 6,319,306, those
from 6,319,306 to 8,057,575, and those after 8,057,575.

The first group of patents, arranged along the top of Fig. 10, includes those issued within the earliest part of the cases
time frame. There are fewer DC pairs within this stage and, therefore, the supplemented MLBCS and MLCR lead to completely
different MPBCS and MPCR.

CR is particularly strong within this early stage for aged and short-spanned BC pairs, as revealed in Fig. 7. Therefore, not
only MPCR in this stage is lengthier than MPBCS, but patents of MPCR (green nodes) actually “fill the gaps” between successive
patents of MPBCS (cyan nodes).

For the second group of patents in the middle of Fig. 10, there are more DC pairs due to the patent and reference expansions.
Then, patents of MPBCS and MPCR (cyan and blue nodes) fill the gaps between successive patents of MPDC (black nodes). CR’s
more uniform treatment to short- and long-spanned pairs make MPCR more selective and, contrary to the first group, it is
the patents from the MPBCS (blue nodes) fill the gaps between successive patents of MPCR (black and cyan nodes).

Patents in the third group are the latest ones in the time frame. Patents from MPCR (green nodes) continue their gap filling
role to patents of MPDC (black and yellow nodes). BCS, however, is particular strong for young and short-spanned pairs in
this late stage. MPBCS, therefore, develops totally differently from MPDC and MPCR.

Comparing CR and BCS in Fig. 10, CR’s favor towards aged patents makes MLCR play a gap-filling role towards MLBCS in the
early part of the time frame whereas, in the later part, due to CR’s less biased treatment towards short- and long-spanned
BC pairs, it is the MLBCS that functions as the gap-filler to MLCR.

In Comparison II, due to the stricter threshold used, MLBCS is significantly reduced, as shown in Table 2. Therefore, in
Fig. 11, MLBCS fails to develop differently in the early part of the time frame, but maintains its gap-filling role to MPDC. Then,
in the latest part of the time frame where BCS is particularly strong, MPBCS also develops a different path, a phenomenon
similar to what is shown in Fig. 10.

The most surprising result from Comparison II and Fig. 11 is that MPCR is totally different from not just MPDC but even
MPBCS. However, according to the arcs connecting the 61 MPCR nodes listed in Table 3, 15 of them in grey background are
DCs and 19 in dark background are also from MLBCS (i.e., identified by BCS). Only those in white background are exclusively
from MLCR (i.e., identified by CR).

Fig. 11 and Table 3 jointly reveal the following: (1) even though a smaller MLCR is supplemented, the structural connectivity

of PNCR becomes so different from that of the PNDC and PNBCS that the resulted MPCR actually identifies a set of patents entirely
distinct from those on MPDC and MPBCS; (2) CR’s favor towards aged BC pairs leads to the inclusion in the MPCR of quite
a few earlier and smaller numbered patents linked by MLCR (those in white background); and (3) the younger BC pairs in
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ark background, even though also included in MLBCS but overlooked by MPBCS, are now elevated into MPCR by the more
alanced consideration of CR towards both short- and long-spanned BC pairs.

. Conclusion

This study notices a temporal pattern between bibliographically coupled patents, indicating that ages and spans of BC pairs
ay strongly affect their coupling strength measurement. Then, this study reasons that this temporal pattern is inevitable for

elds revealing both patent and reference expansions. This study, therefore, proposes a new measure, combined relevance
CR), to reduce such impact.

CR is not ideal as observed in the previous section, and this study does not claim that CR is superior or that conventional
CS measures should be replaced by CR. When BC pairs are collected from patents issued within a time window, as their
ges and spans are confined simultaneously in the same period of time, conventional measures are still viable means. But, to
bserve long-term knowledge dissemination or to trace comprehensive development trajectory, CR may  be an alternative.

This study points out that patent and reference expansions are the two  factors contributing to the temporal pattern. The
atent expansion phenomenon should be applicable to non-U.S. patents as well. However, there is a lack of evidence that
on-U.S. patents would also have expanding references. Nonetheless, CR’s division of relatedness into factors respectively
eflecting the relevance of shared references to the patents seems to be a reasonable design, and should still be applicable
o non-U.S. patents as well.

This study may  be improved in a number of ways. Firstly, CR itself has room for improvement. For one example, the
oncept of present value may  be borrowed and the denominator

∣∣REFL

∣∣ in |REFE∩REFL|
|REFL| may  be discounted to the date tE to

ompensate the reference expansion. Secondly, we  only observe the difference between the MPs  of Figs. 10 and 11 so as
o compare the effects of conventional BCS and CR but, for brevity’s sake, we do not delve into the details of verifying that

PCR is indeed a more accurate trajectory for a field. This may  be conducted in the future.
The study considers that its contribution to the bibliometric community is to point out that conventional BCS measures

ay  be biased against both aged and long-spanned BC pairs, and an improved measure as simple as CR may  achieve significant
mprovement and utterly different analytic result. CR offers a hint that an ideal measure to resolve both age and span issues
f BC pairs is possible and probably does not require a sophisticated algorithm.

Even though patents are the main subject of this work, the findings may  be applicable to research publications of a field as
ell, if they reveal similar document and reference expansions. Investigating the effect of CR on BC pairs of research articles
ould be another interesting endeavor in the future.
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