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a  b  s  t  r  a  c  t

This article  reports  a  comparative  study  of  five  measures  that  quantify  the degree  of research
collaboration,  including  the  collaborative  index,  the  degree  of  collaboration,  the collabora-
tive coefficient,  the  revised  collaborative  coefficient,  and  degree  centrality.  The  empirical
results showed  that  these  measures  all capture  the notion  of  research  collaboration,  which
is  consistent  with  prior  studies.  Moreover,  the  results  showed  that  degree  centrality,  the
revised  collaborative  coefficient,  and  the degree  of  collaboration  had  the  highest  coefficient
estimates  on  research  productivity,  the  average  JIF,  and the  average  number  of  citations,
respectively.  Overall,  this  article  suggests  that the  degree  of  collaboration  and  the  revised
collaborative  coefficient  are  superior  measures  that  can  be applied  to bibliometric  studies
for future  researchers.

© 2011 Elsevier Ltd. All rights reserved.

. Introduction

For the past decades, the notion of research collaboration has been widely discussed in bibliometric studies. A way to think
bout collaboration is in terms of the extent to which resources fit research needs (Lee & Bozeman, 2005). Hence, research
ollaboration could be defined as researchers working together to achieve the common goal of producing new scientific
nowledge (Katz & Martin, 1997). In general, research collaboration helps scholars to share their workloads (Hauptman,
005; Presser, 1980), past experience (Hauptman, 2005), specific expertise or particular skills (Bammer, 2008; Soderbaum,
001; Stillman, Wipfli, Lando, Leischow, & Samet, 2005), equipment or resources (Bammer, 2008; Stillman et al., 2005),
nd fresh ideas (Hauptman, 2005). Specifically for the research outcome, the influence of research collaboration has also
een proven to be positively associated with research productivity (Eaton, Ward, Kumar, & Reingen, 1999; Hudson, 1996;
onomariov & Boardman, 2010) and citation counts (Goldfinch, Dale, & DeRouen, 2003; Katz & Hicks, 1997; Sooryamoorthy,
009). Because of the importance of research collaboration, several studies have attempted to quantify the concept.

Rousseau (2011) has made a summary of collaborative measures based on mathematical computation. He compared three
ell known measures of degree of collaboration, including the collaborative index (CI), the degree of collaboration (DC),
nd the collaborative coefficient (CC). As shown in his study, each of three measures has its shortcoming(s) in mathematical
omputation. For example, CC fails to yield 1 for maximal collaboration. Egghe (1991, p. 186) presented a revised collaborative
oefficient (RCC), which he denotes as CC*, to overcome the shortcoming of the CC. In addition to four measures mentioned
y Rousseau (2011) and Egghe (1991),  the degree centrality has also been treated as the degree of research collaboration by
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prior studies (Freeman, 1979). Hence, this study regards degree centrality as one of collaborative measure as well. However,
beyond mathematics, other interesting questions remained for readers. First, as these measures were created or adapted by
different studies, it is unclear whether these measures capture the same notion (i.e. the degree of research collaboration)
or not. Therefore, the first research objective (RO1) of this article is to examine the correlation between these measures. In
addition, future researchers may  want to know how to choose an appropriate measure to examine the notion of research
collaboration in their bibliometric studies. Hence, the second research objective (RO2) is to determine which measure was
the best indicator in predicting the dependent variables that most researchers examine and that concern them, including
research productivity (Lee & Bozeman, 2005), the impact factor (Bouyssou & Marchant, 2011) and citation counts (López-
Illescas, de Moya-Anegón, & Moed, 2008; Sooryamoorthy, 2009). Because many prior studies treat the collaborative measure
as an important factor, these questions should be discussed further. The purpose of this article was  to address these questions
based on the discussion by Rousseau (2011).

The remaining content of this article is organized as described below. Relevant research on several measures of quantifying
the degree of research collaboration, including CI, DC, CC, RCC and degree centrality, is summarized. Then, an empirical study
to examine the correlation between these measures and to explore which measure is best predictor of research outcomes (i.e.
research productivity, impact factor, and citation counts) is presented. The research subjects were 55 Information Systems
(IS) scholars and 63 Library and Information Science (LIS) scholars selected from the Social Science Citation Index (SSCI)
database of the Information Sciences Institute (ISI). Finally, the implications of the results are discussed.

2. Measures of research collaboration

According to the discussion of collaborative measures by Rousseau (2011) and Egghe (1991), the equations of four
measures are as follows.

fj = the number of papers having j authors in the collection;
q = the maximal number of authors in a single paper;
N = the total number of papers; and
n = the total number of authors in the collection.

Collaborative index (CI) =
∑q

j=1jfj

N
(1)

Degree of collaboration (DC) = 1 − f1
N

(2)

Collaborative coefficient (CC) = 1 −
∑q

j=1(1/j)fj
N

(3)

Revised collaborative coefficient (RCC) = n

n − 1

{
1 −

∑q
j=1(1/j)fj

N

}
(4)

The CI is used to measure the average number of authors per paper (Lawani, 1980). Although it is easily computable, it is
not easily interpretable as a degree because it has no upper limit. Moreover, it gives a non-zero weight to single-authored
papers that involve no collaboration. The DC is a measure of the proportion of multiple-authored papers (Subramanyam,
1983). It is easy to calculate, easily interpretable as a degree (for it lies between zero). However, the DC does not differentiate
among levels of multiple authorships. The CC was designed to remove the shortcomings of the CI and DC (Ajiferuke, Burrell,
& Tague, 1988); it vanishes for a collection of single-authored papers and distinguishes between papers of different numbers
of authors. The CC lies between 0 and 1, with 0 corresponding to single-authored papers. However, the CC fails to yield 1
for maximal collaboration, except when the number of authors is infinite. The RCC not only keeps the benefits of the CC,
but it also yields 1 when the collaboration is maximal (Egghe, 1991). More detailed, Egghe (1991) formulated eight natural
principles that good collaborative measures should satisfy. The RCC satisfies most of natural principles.

In addition to the four measures mentioned by Rousseau (2011),  degree centrality has been treated as a key factor in the
degree of research collaboration (e.g. Freeman, 1979; Lu & Feng, 2009), and is defined as the number of connections that an
author (a node) has with other authors. In the collaboration network, being a central author means that the scientist has
collaborated with many colleagues (Otte & Rousseau, 2002); that is, an author’s degree equals the number of nodes linked
with it (Lu & Feng, 2009). In mathematical terms, the degree centrality, d(i), of node i is defined as follows:

d(i) =
∑

m , (5)
j

ij

where mij = 1 if there is a link between the i and j nodes and mij = 0 if there is no such link. In a co-author graph, the degree
centrality of a node is just the number of authors in the graph with whom he or she has co-authored at least one article. The



C.H. Liao, H.R. Yen / Journal of Informetrics 6 (2012) 27– 33 29

Table 1
Alphabetical list of scholars selected from premier IS journals (1999–2004).

Scholar MISQ ISR JMIS I&M Scholar MISQ ISR JMIS I&M

Agarwal, R 5 2 0 0 Lederer, AL 0 0 1 3
Barki,  H 1 2 1 0 Lee, AS 3 1 0 1
Benbasat, I 6 4 3 0 Lee, H 0 0 0 4
Bhargava, HK 0 1 3 0 Lee, S 0 0 0 4
Bhattacherjee 2 1 2 0 Love, PED 0 0 1 3
Chau,  PYK 0 0 2 4 Lyytinen, K 2 1 1 0
Clemons, EK 0 0 6 0 Marakas, GM 1 2 0 1
De  Vreede, GJ 0 0 4 0 Markus, ML 3 1 1 0
Dehning, B 1 0 1 2 Mukhopadhyay, T 0 2 2 0
Dennis,  AR 2 2 2 0 Nunamaker, JF 0 0 6 0
Devaraj, S 0 1 3 0 Palvia, PC 0 0 0 4
Gallupe, RB 0 2 1 1 Purao, S 0 1 2 1
Gefen,  D 1 1 2 0 Rai, A 1 1 1 3
Goodhue, DL 1 0 0 3 Reich, BH 2 1 1 0
Grover,  V 1 1 3 3 Sabherwal, R 0 2 1 1
Gupta,  A 2 2 2 1 Sambamurthy, V 4 3 1 0
Hitt,  LM 0 2 2 0 Sethi, V 0 1 0 3
Huff,  SL 2 1 0 1 Straub, DW 4 2 0 1
Irani,  Z 0 0 1 4 Tam, KY 0 2 4 1
Jarvenpaa, SL 1 2 1 0 Tan, BCY 1 1 0 2
Jiang,  JJ 1 0 2 10 Thatcher, ME  0 1 3 0
Kauffman, RJ 1 2 8 0 Thong, JYL 0 1 3 0
Keil,  M 3 0 2 1 Torkzadeh, G 0 1 1 2
Klein,  G 1 0 2 10 Wei, KK 2 1 0 2
Kohli,  R 1 1 2 1 Whinston, AB 1 5 1 0
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Kraemer, KL 0 2 2 0 Wixom, BH 2 0 1 1
Kumar, A 0 3 2 0 Zmud, RW 6 1 1 0
Kumar,  RL 0 0 1 3

egree centrality in an N-node network can be standardized by dividing by N − 1 (Freeman, 1979; Otte & Rousseau, 2002)
s follows:

d(i) =
∑

jmij

N − 1
(6)

. Methodology

.1. Data collection

Following the approach of prior studies (e.g. Cronin, Shaw, & La Barre, 2004; Liu, Bollen, Nelson, & Van de Sompel, 2005; Oh,
hoi, & Kim, 2005), this article also used the co-authorship of an article to symbolize research collaboration. However, using
nly one article to represent a scholar’s research collaboration network is too arbitrary and could lead to bias. Thus, for this
rticle, scholars were chosen who had published at least four articles in premier journals. In total, 118 scholars were selected
rom two sub-disciplines in the category of Information Science & Library Science using the SSCI database, one comprising
5 prolific scholars (see Table 1) who had published four or more articles in premier journals of Information Systems from
999 to 2004, including MIS  Quarterly (MISQ), Information Systems Research (ISR), Journal of Management Information Systems
JMIS), and Information & Management (I&M). The other sub-discipline comprised 63 prolific scholars (see Table 2) who  had
ublished six or more articles in premier journals of Library and Information Science from 1995 to 2004, including Journal
f the American Society for Information Science and Technology (JASIST), Scientometrics (SCIM), Journal of Information Science
JIS), and Information Processing & Management (IP&M). Specifically, all the selected IS publications (MISQ, ISR,  JMIS, and I&M)
ave been regarded as top-ranked or prior journals according to the Association for Information Systems (Clark & Warren,
006), as well as the selected LIS publications, i.e. JASIST,  SCIM, JIS,  IP&M (Schloegl & Stock, 2004; White & McCain, 1998).
he publication type was limited to research articles; other document types, such as editorial materials, proceeding papers,
nd review papers, were not included.

.2. Measurement

The measures, including the CI, DC, CC, and RCC, were calculated following Eqs. (1)–(4),  respectively. Moreover, the

egree centrality was determined with the social network analysis software, UCINET (Borgatti, Everett, & Freeman, 1999),
nd it was implemented as follows. For example, 63 LIS scholars were selected from the SSCI database. The relation-
hips between the 63 key scholars and their 317 peripheral co-authors were examined based on their collaborative
elationships in journal articles. The relationships among the 380 scholars form a social network. Next, the relation
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Table 2
Alphabetical list of scholars selected from premier LIS journals (1995–2004).

Scholar JASIST SCIM JIS IP&M Scholar JASIST SCIM JIS IP&M

Aoe, J 0 0 0 9 Kumar, S 0 7 0 2
Bar-Ilan, J 2 5 1 0 Leta, J 0 6 0 0
Bhattacharya, S 0 7 0 0 Lewison, G 0 7 1 0
Braun,  T 0 10 1 0 Leydesdorff, L 3 9 0 0
Burrell, QL 2 4 0 1 McMurdo, G 0 0 14 0
Cawkell, T 0 0 6 0 Meyer, M 0 9 0 0
Chen,  CM 3 1 0 2 Moed, HF 0 7 1 0
Chen,  HC 4 0 1 1 Morita, K 0 0 0 6
Choi,  KS 0 0 0 8 Muir, A 0 0 6 0
Cole,  C 2 0 0 9 Nagpaul, PS 0 7 0 0
Cronin, B 6 2 2 1 Nicholas, D 0 0 8 1
Dore,  JC 1 6 0 0 Ojasoo, T 1 5 0 0
Egghe,  L 5 14 2 7 Oppenheim, C 0 2 34 0
Eto,  H 0 6 0 0 Padhi, P 0 6 0 0
Foo,  S 1 1 6 2 Persson, O 0 9 0 0
Ford,  N 7 0 4 0 Rousseau, R 5 16 2 5
Foster,  A 6 0 0 0 Savoy, J 1 0 0 6
Fuketa,  M 0 0 0 6 Schubert, A 0 10 0 0
Garfield, E 5 1 0 0 Spink, A 9 0 1 12
Garg,  KC 0 13 0 1 Thelwall, M 6 6 8 4
Glanzel, W 0 19 1 0 Tsay, MY 1 5 0 0
Gupta, BM 0 21 0 1 van Raan, AFJ 0 6 0 0
Harries, G 1 1 4 0 Vinkler, P 1 8 1 0
Hartley, J 0 0 9 0 White, HD 4 2 0 2
Huber,  JC 3 2 0 1 Wilkinson, D 2 1 3 1
Huntington, P 0 0 8 1 Williams, P 0 0 5 1
Ingwersen, P 2 6 0 1 Wilson, CS 3 5 0 0
Jarvelin, K 3 0 0 9 Wilson, TD 5 0 1 0
Jorgensen, C 4 0 0 2 Wolfram, D 4 1 1 3
Karisiddappa, CR 0 8 0 0 Zhang, J 2 0 3 3
Kim,  MJ  0 2 3 1 Zobel, J 4 0 0 2
Kostoff, RN 1 4 2 1
square (380 × 380) was computed as the input data in UCINET. Each cell of the relationship square represents the
number of collaborations between two given scholars. Finally, the centralities of the 63 key scholars were calculated
via a software function. Similarly, the article calculated the centralities of 55 IS scholars following the same proce-
dure.

Research productivity was treated as the number of articles that a scholar published during a particular period, such
as 1999–2004 or 1995–2004. The journal impact factor (JIF) was  accessed from the Journal Citation Reports. Each jour-
nal has different impact factors in different years, so this article compiled the JIF values for all of a scholar’s articles. For
instance, Table 1 shows that Sambamurthy published four articles in MISQ, three articles in ISR, and one article in JMIS
during 1999–2004; his aggregated value for the JIF was  calculated as 1.171(MISQ, 1999) + 2 × 2.872 (MISQ, 2002) + 2.811
(MISQ, 2003) + .667 (ISR, 1999) + 2 × 1.093 (ISR, 2000) + 1.043 (JMIS, 2002), which equals 13.622. Therefore, the average JIF
per article was 1.703.

Citation data were collected from the SSCI database. Because citations provide a dynamic index, the index may  be under-
estimated during early periods when articles were published; therefore, this article did not include data on articles published
in recent years but, instead, included articles published prior to 2004. In addition, the number of citations an article may
receive after it is published greatly depends on its citation window in years. For instance, the citation period of the article
published in 2000 is four years longer than that of the article published in 2004, which enjoys a longer period of citation
counts. That is, if the majority of articles a scholar published were in early period, he or she will enjoy a longer period of
citation counts. Moreover, Van Raan (2006) also restricted the citation period to a three-year window (i.e. the same citation
period) instead of ‘life time counts’ in order to focus on the impact of recent work and thus on current research performance.
Accordingly, this article used a uniform citation window rather than entire citation counts. In addition, for the citation
window, it would be preferable to take into account longer publication periods and a longer citation period (Peters & van
Raan, 1994; Vinkler, 1988). Vinkler (1988) recommended five years instead of one or two years. Following his argument, we
decided to use more than five years citation period. That is, this article calculated the citation counts of all articles with a
uniform citation window of seven years (i.e. longer citation period), including the publication year. For instance, if an article
published in 2003, its citation counts would be calculated from 2003 to 2009, keeping a window of seven years. The citations
in 2010 will be excluded.
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Table 3
Correlation matrix.

CI DC CC RCC Degree centrality

CI 1
DC .695*** 1
CC .886*** .943*** 1
RCC  .865*** .952*** .996*** 1

*** *** *** ***
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Degree centrality .554 .431 .517 .466 1

*** p < .001.

. Results and discussion

Table 3 illustrates the correlation matrix of the five measures and shows that each measure was  significantly related to
he other measures, indicating that the measures captured similar concepts. Although some of these measures were adapted
r created over time by prior studies, the results indicate that they all represented the notion of research collaboration.

To examine which measure was the best predictor of research outcomes, several tests were conducted with ordinary
east squares regression analysis (see Table 4). Because these measures were highly correlated, it was assumed that only
ne measure needed to be put into a regression model. More specifically, putting two  or more highly correlated variables
nto a regression model will result in coefficient estimates that change erratically, which is called multicollinearity (Hair,
nderson, Tatham, & Black, 1998). A simple way to check multicollinearity is using the variance inflation factor (VIF) with

 threshold of 5. For example, if the DC and CC were used as indicators in the regression model to examine the coefficients
n research productivity, the VIF of these indicators would increase from 1 to 9, indicating the bias of multicollinearity.
herefore, in order to avoid multicollinearity, this study only puts an indicator into the regression model in each test.

As shown in Table 4, degree centrality was the best predictor, exhibiting the highest explanation (coefficient) on research
roductivity. The other measures (i.e. CI, DC, CC, and RCC) were not highly associated with research productivity, and even
heir associations were negative. A plausible explanation is that the equations of CI, DC, CC, and RCC were all divided by the
otal number of articles, which was treated as research productivity in this article. Therefore, based on the mathematical
elationships, these causal associations were negative. In fact, according to the equations and definitions, these measures
ere not suitable for predicting research productivity, which is a major conclusion of this article.

Next, the RCC was the best predictor of the average JIF. However, in addition to RCC, the DC and CC also have significant and
pproximate coefficient with the average JIF. Accordingly, this article indicated that the DC, CC, RCC are all proper measures
or predicting the average JIF. Moreover, the results showed that the DC and RCC were both significantly associated with
verage citations. Finally, it was found that the unit of analysis of degree centrality was different from the other measures.
n fact, degree centrality has specific nature in measuring research collaboration, that is, it is concerned with collaborations

ithin particular sets of authors. It refers to a scholar’s formal power or prominence in the network relative to others
Burkhardt & Brass, 1990). Degree centrality (i.e. a scholar’s number of direct ties to others) implies that scholars are well
onnected and have access to many alternative sources of knowledge and other resources (Walter, Lechner, & Kellermanns,
007). Based on the definition of degree centrality, the unit of analysis is the scholar (‘individual’) in the network. However,
he unit of analysis of the average JIF/citations is the ‘article’,  just as the average JIF represents the mean JIF per article.

herefore, to promote consistency between the units of analysis, this article included the coefficient of degree centrality on
he JIF and citations aggregated from all of the articles by a given author, whose unit of analysis was aggregated JIF/citations

able 4
esults of regression analysis.

CI DC CC RCC Degree centrality

Research productivity
Beta coefficient −.139 −.129 −.150 −.205* .541***

F value 2.291 1.974 2.672 5.095* 48.12***

R square .019 .017 .023 .042 .293
Average JIF (JIF)

Beta coefficient .214* .252** .248** .273** .063 (.502***)
F  value 5.591* 7.897** 7.63** 9.196** .468 (39.06***)
R  square .046 .064 .062 .073 .004 (.252)

Average citations (citations)
Beta coefficient .064 .219* .165 .188* .114 (.153)
F  value .482 5.827* 3.255 4.257* 1.518 (2.769)
R  square .004 .048 .027 .035 .013 (.021)

old value represents the highest value among these five measures.
* p < .05.

** p < .01.
*** p < .001.
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Table 5
Results of comparative study.

CI DC CC RCC Degree centrality

Calculation Easy Very easy Middle Middle Difficult
Unit  of analysis Article Article Article Article Individual
Representative of research collaboration Yes Yes Yes Yes Yes

Predictability of research productivity Low High
Predictability of average JIF Low Middle Middle Middle
Predictability of average citations Low Low

per scholar. Table 4 shows that the degree centrality had a positive and significant coefficient on the JIF (B = .502; P < .001)
but an insignificant effect on the citations (B = .153; P = .099).

5. Conclusions

The purpose of this article was to conduct a comparative study of five collaborative measures that have been proposed
by prior studies; the findings are summarized in Table 5. First, the calculation of degree centrality was  relatively difficult
because the collaborative relationships between the author and his or her co-authors needed to be collected, which required
the use of SNA software. Second, as mentioned above, the unit of analysis of degree centrality was the individual, which
was quite different from the other measures. However, it does not mean that degree centrality is inappropriate to use for
future researchers. It is different in purpose. Degree centrality is a structural property measure and represents the number
of co-authors linked with a scholar (Lu & Feng, 2009; Otte & Rousseau, 2002). High degree centrality means a person who
directly linked with others, so he or she is likely to a sense of being in the mainstream of information flow in the network
(Freeman, 1979). If researchers attempt to examine the collaboration pattern particular in authors’ collaborative behavior,
degree centrality is a most suitable measure rather than other measures.

Third, the empirical results showed that these five measures all captured a similar notion; that is, the degree of research
collaboration. The results confirmed that all five of the measures are suitable for quantifying the degree of research collab-
oration, which corresponds to the assertions in prior studies.

It was determined that degree centrality was the best predictor of research productivity and that other measures were
inappropriate due to the negative causal relationship after the calculation were made. However, the degree centrality had
no effects on the average JIF or average citations. A plausible explanation for this is the unit of analysis: according to its unit
of analysis, degree centrality is more suitable for the prediction of individual variables, such as research productivity and JIF.

Finally, the RCC and DC had the highest coefficient estimates for the average JIF and average citations, respectively.
Overall, this article indicates that the RCC and DC are superior measures because they are not difficult to calculate by the
researcher and have significant coefficients on both the average JIF and average citations. Except for research productivity,
the RCC and DC possess many advantages over the other measures. In particular, for researchers who  do not want to spend
much time on calculations, the DC would be a good choice.

However, the five collaborative measures this study purposed are not exhaustive indicators which can be used to quantity
the degree of research collaboration. For instance, Egghe (1991) presented a measure ‘�*’ which satisfies all the natural
principles. Future research could expand the findings of this study by incorporating other measures. Additionally, the criteria
applied to determine our research subjects (scholars) are using convenience sampling. For instance, we  chose time periods
at first and then determined research subjects. The prolific 118 scholars were determined by a given particular period, i.e.
1999–2004 or 1995–2004. However, there are many alternatives or time periods can be considered. Determining different
time periods will have different research subjects. This convenience sampling approach may result in potential bias. Future
research could improve this flaw by incorporating a more comprehensive approach.
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