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a  b  s  t  r  a  c  t

Previous  research  shows  that  researchers’  social  network  metrics  obtained  from  a  collab-
orative output  network  (e.g.,  joint  publications  or co-authorship  network)  impact  their
performance  determined  by g-index.  We  use  a richer dataset  to show  that a scholar’s
performance  should  be considered  with  respect  to  position  in multiple  networks.  Pre-
vious research  using  only  the network  of researchers’  joint  publications  shows  that  a
researcher’s  distinct  connections  to  other  researchers,  a researcher’s  number  of  repeated
collaborative  outputs,  and  a  researchers’  redundant  connections  to  a group  of  researchers
who are  themselves  well-connected  has a positive  impact  on  the  researchers’  perfor-
mance,  while  a researcher’s  tendency  to connect  with  other  researchers  who  are  themselves
well-connected  (i.e.,  eigenvector  centrality)  had a negative  impact  on the researchers’  per-
formance.  Our  findings  are  similar  except  that we  find  that  eigenvector  centrality  has  a
positive  impact  on  the  performance  of  scholars.  Moreover,  our results  demonstrate  that  a
researcher’s  tendency  toward  dense  local  neighborhoods  and  the  researchers’  demographic
attributes  such  as gender  should  also  be  considered  when  investigating  the  impact  of  the
social  network  metrics  on  the  performance  of researchers.

©  2014  Elsevier  Ltd.  All  rights  reserved.

. Introduction

It is important to determine who are the most influential researchers and invest in those researchers to both maxi-
ize the research outputs and to allocate funding effectively (Abbasi, Altmann, & Hossain, 2011; Jiang, 2008). Influential

esearchers can be determined by using social network metrics such as centrality metrics after mapping their collaborative
utput networks (e.g., joint publications, grant proposals, and patents) in which a tie between any two authors indicates
ollaboration on the making of a collaborative output. Hou, Kretschmer, and Zeyuan (2008) found that there was  a positive
orrelation between being an influential researcher, (i.e., having a high degree centrality in the collaborative output network)
nd output of a researcher (i.e., number of publications). Defazio, Lockett, and Wright (2009) also found that there was  high
mpact of being an influential researcher in the collaborative output network on output of a researcher. However, the quality

f research outputs is as important as the quantity of the research outputs.

Hirsch (2005) proposed an index called the h-index in order to attempt to measure both the number of publications a
esearcher produced (i.e., quantity) and their impact on other publications (i.e., quality). Using the researchers’ publications
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Table 1
Advantages of scientific collaboration.

Access to expertise for complex problems, new resources and, funding Katz and Martin (1997), Melin (2000), Beaver (2001), Hara
et  al. (2003), Sonnenwald (2007), Bukvova (2010), National
Science Board report (2012) and Hale (2012)

Increase in the participants’ visibility and recognition Katz and Martin (1997) and Beaver (2001)
Rapid solutions for more encompassing problems by creating a synergetic

effect among participants
Melin and Persson (1996) and Beaver (2001)

Decrease in the risks and possible errors made, thereby increasing accuracy of
research and quality of results due to multiple viewpoints

Beaver (2001) and Bukvova (2010)

Growth in advancement of scientific disciplines and cross-fertilization across
scientific disciplines

Beaver (2001) and Cummings and Kiesler (2005)

Development of the science and technical human capital, e.g., participants’
formal education and training, and their social relations and network ties
with other scientists

Bozeman and Corley (2004)
Increase in the scientific productivity of individuals and their career growth Fox (1983), Katz and Martin (1997), Bozeman and Corley
(2004) and Lee and Bozeman (2005)

data in the information schools of five universities, Abbasi et al. (2011) investigated the impact of social network metrics
(including different centrality metrics, average tie strength, and efficiency coefficient proposed by Burt (1992)) obtained from
a researchers’ co-authorship network on the their g-index (another form of h-index), and found out that degree centrality,
average tie strength, and efficiency coefficient had a positive impact on the researchers’ performance, while eigenvector
centrality had a negative impact on the researchers’ performance. Their study can be extended by considering the network
metrics obtained from researchers’ multiple networks. Thus, the purpose of our study is to test the findings of Abbasi
et al. (2011) with the social network metrics obtained from researchers’ multiple collaborative networks defined by joint
publications, joint grant proposals, and joint patents as well as their communication network to understand the relationship
between these social network metrics and the performance of researchers. Collecting researchers’ ties for their informal
conversational exchange (or informal communication) and collaborative outputs with other researchers within a college
simultaneously makes this testing possible. We  use h-index instead of the g-index because the researchers within the same
field of study are compared (Bornmann & Daniel, 2009). In sum, this study seeks an answer to the following question: what
is the impact of social network metrics obtained from researchers’ communication and collaborative output networks on their
performance as measured by citations of their publications?

2. Literature review and hypotheses

2.1. Researchers’ communication and collaborative output networks

A science and technology (S&T) system comprises a wide range of activities such as fundamental science or scholarly
activity, and applied research and developmental activities mainly concentrating on creating new products and processes
(Moed, Glänzel, & Schmoch, 2004). It has become a driving force over the last 20 years for major economic growth and devel-
opment and it is, therefore, an inseparable part of several national and regional innovation systems (Freeman & Soete, 2009;
Moed et al., 2004). One of the important attributes contributing to the S&T system performance is scientific collaboration
(Hara, Solomon, Kim, & Sonnenwald, 2003; Moed et al., 2004). Sonnenwald (2007) defined scientific collaboration as the
interaction within a social context among two or more scientists in order to facilitate the completion of tasks with regard
to a commonly or mutually shared goal. Thus, participants in the collaboration event integrate valuable knowledge from
their respective domains to create new knowledge. Scientific collaboration provides several salient advantages as shown
in Table 1. One of the important factors leading to advantages of scientific collaboration is the social dimension of scien-
tific work such as informal conversational exchanges between colleagues (Bozeman & Corley, 2004; Katz & Martin, 1997),
co-authorship relations (Glänzel & Schubert, 2004; Katz & Martin, 1997), jointly submitted grant proposals (Katz & Martin,
1997; Rigby, 2009), and co-patent applications (Balconi, Breschi, & Lissoni, 2004, Breschi & Lissoni, 2004, 2009; Meyer &
Bhattacharya, 2004).

Co-authorship in scholarly publications is the most tangible and well-documented forms of scientific collaboration, and it
is also a good indicator of the S&T system performance. Therefore, it is used widely in scientific collaboration studies (Glänzel
& Schubert, 2004; Katz & Martin, 1997; Melin & Persson, 1996; Moed et al., 2004). For example, using social network analysis
(SNA), Newman (2001a, 2001b, 2001c) and Barabasi et al. (2002) analyzed the structural properties of scientific collaboration
patterns in large scale by depicting the network of researchers when two authors were considered linked if their names
appeared in the same scientific journal. They found that co-authorship networks were small world networks in which
most nodes (i.e., authors) could be reached from other nodes by a small number of steps. With a similar approach used in

co-authorship network studies, some studies also analyzed the structure of co-inventor maps in the case that two patent
applicants (i.e., co-authors) were linked if there was a patent application together by these two applicants; thus, a network
of co-invention was constructed. However, analyzing co-inventor maps was not used as widely as analyzing co-authorship
maps (Breschi & Lissoni, 2004). In addition, for the networks constructed from researchers’ jointly submitted grant proposals,
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here was not any study in the literature analyzing the properties of these networks, their relations with other concepts, and
elated implications.

Many scholars argue that co-authorship alone is insufficient as a measure of research collaboration. For example, Katz and
artin (1997) pointed out that many cases of collaboration did not result in co-authored publications; for example when

esearchers worked closely together, but decided to publish their results separately due to the fact that they came from
ifferent fields and desired to produce single-author papers in their own  discipline. Their study concluded that measuring co-
uthorship was  a partial indicator of research collaboration. Melin and Persson (1996) also asserted that co-authorship was
nly a rough indicator of collaboration, even though significant scientific collaboration leads to coauthored publications in
ost cases. The qualitative study of Laudel (2002) determined different types of collaborations that were classified according

o the content of contribution made by collaborators. Then, a collaborator was rewarded with a co-authorship depending
n the level of his/her contribution. The assumption that co-authorship and research collaboration are synonymous was
riticized by several other scholars for the following reasons: listing co-authors for purely social reasons (Bozeman & Corley,
004; Hagstrom, 1975; Katz & Martin, 1997), listing co-authors simply by the virtue of providing material or performing

 routine task (Bozeman & Corley, 2004; Katz & Martin, 1997; Stokes & Hartley, 1989), making the colleagues ‘honorary
o-authors’ (Bozeman & Corley, 2004; Katz & Martin, 1997; LaFollette, 1992), and listing co-authors who did not even
ommunicate with each other during research collaboration (e.g., many publications in physics and astrophysics include
undreds of authors) (Pepe, 2011).

Fox (1983) stated that communication and exchange of research findings and results were the most fundamental social
rocess of science, and the principal means of this communication was the publication process. Communication between
esearchers not only stimulates them to think regarding the unsolved problems in their fields and possible research projects,
hereby developing new ideas and solutions, but it also transmits ‘know-how’ or the procedural knowledge to efficiently solve
he problems to other researchers (Laudel, 2002). Collaborations mostly begin informally and arise from informal communi-
ation between researchers, i.e., through close personal contacts and professional networks (De Solla Price & Beaver, 1966;
agstrom, 1975; Edge, 1979; Katz & Martin, 1997; Bozeman & Corley, 2004; Tijssen, 2004). Kraut and Egido (1988) found out

hat researchers in a close physical proximity tended to collaborate more due to the changes in three properties of informal
ommunication: increasing the frequency of communication, increasing the quality of communication, and reducing the cost
f communication. Olson and Olson (2000) also reported that face-to-face communication facilitates the flow of situated
ognitive and social activities due to some of its key characteristics such as rapid feedback and multiple channels (e.g., voice,
acial expression, gesture, body posture). However, the use of information and communication technologies (ICT) such as
udio and video conferences, mobile phones, e-mail, social networking sites especially designed to support collaborative
nvironment, and the World Wide Web  facilitate informal communication between researchers and help them collaborate
ith other distant researchers in a timely manner (Borgman & Furner, 2002; Schleyer et al., 2008; Sonnenwald, 2007). Using

oth types of communication, face-to-face and ICT, have their own  advantages and disadvantages (Olson & Olson, 2000). In
um, communication is an important source and influential factor for scientific collaboration (Bukvova, 2010; Glänzel, 2002;
ara et al., 2003; Katz & Martin, 1997) and a fundamental component to sustain collaboration (Sonnenwald, 2007).

Many scholars make a clear distinction between researchers’ communication and collaboration. For example, Melin and
ersson (1996) reported that ‘collaboration was an intense form of interaction that allowed for effective communication’.
elin (2000) discussed that collaboration could be measured in a number of ways such as exchange of phone calls and

-mails, but a more concrete form to measure the collaboration was  through co-authorship information. Laudel (2002)
ccepted publications as a way of formal communication, and found out that a considerable proportion of collaborations
ere not rewarded as a co-authorship. Borgman and Furner (2002) discussed that collaboration was one of the commu-
ication behaviors exhibited by authors in their various capacities. Similarly, from a network viewpoint, Newman (2001c)
eported that there was an assumption that most people who  wrote a paper together might not be genuinely acquainted
ith one another. Consequently, even though there is a clear distinction between researchers’ communication and collabo-

ation, considering the researchers’ communication and collaborative output networks separate from each other is not fully
ddressed in the literature. Taking the assumption reported by Newman (2001c), one notable study made by Pepe (2011)
ompared the structure of researchers’ communication network with the structure of their collaborative output network
e.g., co-authorship network) by utilizing techniques used in SNA. The study found out the extent to which the structure of
esearchers’ communication network overlaps the structure of their collaborative output network. That is, the more these
etwork structures overlap the more likely collaborative output relations between researchers can be seen as a surrogate
r proxy for communication relations between researchers.

.2. A solution to collect researchers’ multiple collaborative output networks as well as their communication network

Considering the discussion in the literature that relying solely on co-authorship relations is not a sufficient indicator
f scientific collaboration, Bozeman and Corley (2004) and Lee and Bozeman (2005) employed participants’ self-report of

ollaboration information, which permitted the participants to indicate which relationships are worthy of being considered
s collaborations. Using a questionnaire, they asked participants to make a self-report of the number of people with whom
hey had engaged in research collaborations within the past 12 months. Even though Lee and Bozeman (2005) and Vasileiadou
2009) highlighted the disadvantages of the self-reported way  of collecting data such as accuracy of the collected data,
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there are many recent studies using the method of collecting collaboration information via self-report (Duque et al., 2005;
Sooryamoorthy & Shrum, 2007; Van Rijnsoever, Hessels, & Vandeberg, 2008; Ynalvez & Shrum, 2011).

Their method can be extended to collecting researchers’ communication and collaboration information in a social network
context by employing a questionnaire where researchers identify their contacts and provide the amount of communication
and collaboration with those contacts via self-reports. For example, while collecting the collaboration information, a par-
ticipant can be asked to report the names of the researchers with whom he/she has engaged in both communication and
research collaborations together with the frequency of that communication and the number of collaborative outputs (both
in-progress and completed) with those reported names via a name generator. By reporting both of their in-progress and
completed collaborative output ties (e.g., co-authorship ties), they can decide on which ties are important to them and
whether or not reported contact is actually involved in research. This helps overcome the challenge that many collabora-
tions do not result in tangible outcome such as co-authorship by capturing in-progress collaborative output ties as well as
other challenges, such as co-authors who are listed for only social reasons and co-authors that are not even communicated. It
will be more successful if this method can be executed within the college of a university or even within a university because
close proximity of the researchers will facilitate data collection in a way  that the relational data for mapping the researchers’
multiple networks (e.g., network of communications, network of joint publications, grant proposals, and patents) can be
simultaneously collected at either the individual college level or at the university as a whole. Moreover, the name generator
can contain prepopulated names of the researchers within the college of a university in order to help the participant for ease
of remembering the names.

In addition to abovementioned advantages, administering a self-reported questionnaire can overcome the major lim-
itation in gathering data with regard to a researcher’s communication as well as collaborative output information with
other researchers. The limitation is mainly due to these challenges: the unavailability of data for multiple networks, the
inability to access the multiple data repositories, and the difficulty of scanning multiple databases. For example, for the
same researchers, data might be available and easily accessible in order to construct the network of co-authorships or joint
publications, but either unavailable or difficult to access in order to construct the network of communications, joint grant
proposals, and patents. Moreover, scanning the different databases to collect the same researchers’ both communication
and collaborative output information might also be tedious job.

2.3. A performance measure of researchers: h-index

A researcher’s performance is assessed by two factors: the number of publications he/she produced and the impact of
those publications in the scientific community (Bornmann & Daniel, 2007, 2009). Hirsch (2005) proposed an index called
h-index that combined both of these quantity and impact factors. The h-index drew the attention of many researchers in
the scientific community, and many publications on this topic emerged (Costas & Bordons, 2007). Hirsch (2005) defined the
h-index as follows: “A scientist has index h if h of his/her Np papers have at least h citations each and the other (Np − h)
papers have fewer than h citations each, where Np is the number of papers published over n years” (Cronin & Meho, 2006).
Even though the h-index was better than straight citation counts (Cronin & Meho, 2006) and had more predictive power to
assess the future achievement of researchers (Hirsch, 2007), different modifications of the h-index have been proposed in the
literature to overcome its shortcomings (Bornmann, Mutz, & Daniel, 2008; Costas & Bordons, 2007). Some shortcomings are
the followings: favoring disciplines which do experimental research study in larger groups such as physics, assigning an equal
value to each author in multiple-author papers, not accounting for author sequence and the total number of authors, being
inflated via self-citations, not considering books and other alternative forms of publication, not considering the performance
changes throughout a researcher’s career and lag time between a paper being published and being discovered and cited
(McCarty, Jawitz, Hopkins, & Goldman, 2013). In this study, the h-index, the most widely used performance metric for
researchers, was used because the researchers within the same field of study are compared (Bornmann & Daniel, 2009).

2.4. Social network metrics

Sonnenwald (2007) defined scientific collaboration as the interaction within a social context among two or more sci-
entists in order to facilitate the completion of tasks with regard to a commonly shared goal. Thus, those collaborations are
perpetuated through social networks (Abbasi et al., 2011). SNA is the method used to reveal the structure of collaboration
between individuals (Hou et al., 2008; Kretschmer, 2004). Hence, many social network metrics in SNA are used to analyze
the structure of collaboration between researchers (Friedkin, 1978; Newman, 2001a, 2001b, 2001c). Using the data gath-
ered by the questionnaire, our goal in this study is to test the impact of following social network metrics extracted from
both researchers’ communication and collaborative output networks on the researchers’ citation-based performance index
(h-index).
• Degree centrality (i.e., the researchers’ distinct connections to many different researchers)
• Closeness centrality (i.e., the shortness of a researcher’s total distance to all other researchers)
• Betweenness centrality (i.e., the number of times the researchers holding the shortest path between two other researchers)
• Eigenvector centrality (i.e., the researcher’s tendency to connect with other researchers who are themselves well-connected)
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Average tie strength (i.e., the researcher’s averaged number of repeated collaborative outputs with other researchers)
Burt’s efficiency coefficient (i.e., the researchers’ redundant connections to a group of researchers who are themselves
well-connected)
Local clustering coefficient (i.e., an researcher’s tendency toward the dense local neighborhoods)

Degree centrality of a node ni, denoted by CD(ni), is the number of nodes that adjacent to node ni or the number of unique
dges, eij, that are connected to node ni (Wasserman & Faust, 1994). Normalized degree centrality, C ′

D(ni), is found by dividing
he degree centrality of node ni by the number of total nodes, n, excluding ni such as (n − 1). Then, the normalized degree
entrality can be used to compare the degree centrality of nodes across networks of different size. Thus, C ′

D(ni) which ranges
rom 0 to 1 is given by:

C ′
D(ni) = CD(ni)

n − 1
=

∑
jeij

n − 1
, (1)

here
∑

jeij =
∑

ieji for undirected networks.
Closeness centrality of a node ni, denoted by CC(ni), is the sum of geodesic distances to all other nodes in a network

Wasserman & Faust, 1994). Geodesic distance is a shortest path (i.e., lowest total number of edges) linking node, ni and
j, which is denoted by d(ni, nj). Then, the sum of geodesic distances is shown by

∑n
j d(ni, nj). A lower closeness centrality

core indicates a more central position for a node in a network (Hansen, Shneiderman, & Smith, 2011). Sabidussi’s (1966)
ndex of actor closeness offers the sum of reciprocal geodesic distances (Wasserman & Faust, 1994). Thus, the higher values
ndicate more central position. The normalized closeness centrality, C ′

C (ni) which ranges from 0 to 1, is found by multiplying
C(ni) by n − 1. Then, C ′

C (ni) is given by:

C ′
C (ni) = n − 1∑n

j d(ni, nj)
.  (2)

Betweenness centrality of a node ni, denoted by CB(ni), is the sum of the ratio of the number of geodesics, gjk(ni), linking the
odes nj and nk that contain node ni to the number of geodesics, gjk, linking the nodes nj and nk (Wasserman & Faust, 1994).

n other words, it counts “the number of geodesic paths (i.e., shortest paths) that pass through a node ni (Borgatti, 2005). The
ore a node is high in betweenness centrality the more a node is in the position to broker information and ideas (McCarty

t al., 2013). The normalized betweenness centrality, C ′
B(ni) which ranges from 0 to 1, is found by dividing the betweenness

entrality by (n − 1)(n − 2)/2, which indicates the number of pairs of nodes not including ni. Then, C ′
B(ni) is given by:

C ′
B(ni) = CB(ni)

(n − 1)(n − 2)/2
=

n∑

j<

n∑

k

gjk(ni)
gjk

. (3)

Eigenvector centrality of a node ni, denoted by CE(ni), is a variant of degree centrality in which a node is more central if it
s connected to nodes that are themselves well-connected (Abbasi et al., 2011; Bonacich, 1972). It is computed by solving:

A × c = � × c, (4)

here A is the adjacency matrix for a graph in which aij = 1 if vertex i is connected to vertex j, and aij = 0 otherwise, c is a
ector of the degree centralities for each vertex as indicated by c = (CD(n1), CD(n2), . . .,  CD(nn))′, and � is a scalar. The above
quation is the characteristic equation to find the eigensystem of a matrix A (Wasserman & Faust, 1994). Then, the elements
f eigenvector are the eigenvector centralities, CE(ni), for each vertex of the graph. By convention, eigenvector centrality
s given by the eigenvector with the largest eigenvalue � (Borgatti, Everett, & Freeman, 2002). The normalized eigenvector
entrality, C ′

E(ni) can be found by “the square root of one half, which is the maximum score attainable in any graph” (Abbasi
t al., 2011; Borgatti & Everett, 1997). Then, C ′

E(ni) is given by:

C ′
E(ni) = CE(ni)√

2
, (5)

Average tie strength of a node ni, denoted by ATS, is the proportion of the sum of unique weighted edges (the strength of a
ie or an edge as the weight of the edge) that are connected to node ni to the number of unique edges connected to node ni (i.e.,
egree centrality of the node, CD(ni)). Then, similar to the calculation in Abbasi et al. (2011), for the network of collaborative
utputs, ATS is calculated; by dividing a researcher’s total number of collaborative outputs, NCO, with other researchers by
he number of his/her reported collaborators. For the network of communication, it is calculated by dividing a researcher’s
otal conversational exchange frequencies with other researchers, TF,  by the number of his/her reported conversational
artners. Then, the average tie strength is given by:

∑n ∑n
ATS(ni) = kNCOik

CD(ni)
or kTFik

CD(ni)
. (6)

Efficiency coefficient proposed by Burt (1992) considers the redundancy of an individual’s contacts (Borgatti, 1997).
he theory of structural holes claims that the case that an individual (or ego) is connected to an individual who  is in a
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close-knit group is more advantageous than the case that an individual is connected to several individuals who are in the
same close-knit group (Borgatti, 1997; Burt, 1992). The main reason for this is that the connections to several individuals
in the close-knit group creates redundancy to the ego since information benefits provided by an individual in the close-
knit group are redundant with benefits provided by other individual in the close-knit group (Burt, 1992). Burt’s efficiency
coefficient for non-valued and undirected relations is given by:

Ef (ni) =
∑

jmij

[
1 −

∑
qpiqmjq

]
∑

jzij
, (7)

where piq is the proportion of node i’s network time and energy invested in the relationship with node q (node i’s contact)
and calculated by

piq = ziq∑
jzij

, i /= j, (8)

where ziq is the strength of the relationship between node i and q (in binary case, 1), and
∑

jzij is the total strength of the
relationship with j contacts (Borgatti, 1997; Burt, 1992). mjq is the marginal strength of contact j’s relation with contact q
and calculated by

mjq = zjq

max
k

zjk
, j /= k (9)

where max
k

zjk is the largest of j’s relations with anyone, and zjq is the strength of the relations from j to q (Borgatti, 1997;

Burt, 1992). Since max
k

zjk is 1 in non-valued and undirected graph, it becomes mjq = zjq (Borgatti, 1997; Burt, 1992).

Local clustering coefficient:  This study also considers the local clustering coefficient which is an individual’s tendency
toward the dense local neighborhoods. The local clustering coefficient is also defined as a measure of degree to which an
individual is embedded in a tightly knit groups, i.e., positioned in a dense-connected cluster (Girvan & Newman, 2002;
Hanneman & Riddle, 2005). It is necessary to consider the local clustering coefficient of a researcher because it is more likely
that working in a team (or being in dense-connected cluster) leads to higher number of citations (Aksnes, 2003; Wuchty,
Jones, & Uzzi, 2007). Therefore, we test the impact of the researchers’ tendency toward the dense local neighborhoods
on their citation performance (h-index). The Local clustering coefficient, LCCi, of vertex i from vertices n is computed by
dividing the number of edges among the neighbors of vertex i by maximum possible edges of the neighbors of vertex i
(Watts & Strogatz, 1998). In other words, the local clustering coefficient calculates the density of an ego’s neighbors, but by
leaving out the ego (Hanneman & Riddle, 2005). Clustering coefficient for whole network, CC, is found by averaging the local
clustering coefficients of all vertices n (Watts & Strogatz, 1998). That is, both of them calculated as:

CC = 1
n

∑n

i=1
LCCi, (10)

LCCi = Number of edges among neighbors of vertex i

Maximum possible edges of neighbors of vertex i
. (11)

The impact of social network metrics on the performance of individuals can be found in many studies using different types
of communication and collaborative networks, e.g., the positive impact of closeness centrality in the communication network
of M.B.A. students on their grade performances (Baldwin, Bedell, & Johnson, 1997), the positive impact of betweenness
centrality in both friendship network and workflow network of employees in a small high-technology company on their
workplace performance (Mehra, Kilduff, & Brass, 2001), the positive impact of degree centrality and network density in the
advice network of employees in 5 different organizations on individual job performance and group performance (Sparrowe,
Liden, Wayne, & Kraimer, 2001), and the positive impact of eigenvector centrality of group leaders in their friendship
networks in the sales division of a financial services firm on the performance of their groups (Mehra, Dixon, Brass, & Robertson,
2006). Then, based on the definition of social network metrics discussed so far, the following hypotheses about the impact
of a researcher’s position on his/her performance are tested for each network, namely the communication network, the
network of joint publications, grant proposals, and patents.

Hypothesis 1–7: The network metrics in terms of researchers’ degree centrality (1), closeness centrality (2), betweenness
centrality (3), eigenvector centrality (4), average tie strength (5), efficiency coefficient (6), and local clustering coefficient
(7) positively impact the citation performance (e.g., h-index)

3. Method

3.1. Sample and questionnaire
The University of South Florida’s College of Engineering has researchers who  hold both tenured and tenure-track faculty
positions, research associates, visiting professors, and graduate students to run the research. Our study surveyed the entire
population, which was comprised of 107 researchers who  hold both tenured and tenure-track faculty positions. Research
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Table  2
Number of researchers in each demographic attribute.

Gender Total

Male Female

Sample 86 14 100
Participants 68 8 76

Race Total

Asian Black Hispanic White

Sample 35 4 9 52 100
Participants 28 3 5 40 76

Department Total

CBE CEE CSE EE IMSE ME
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Sample 16 19 17 24 10 14 100
Participants 14 13 10 17 10 12 76

ssociates, visiting professors, and graduate students were not considered in this study. The dean of the College of Engi-
eering, 1 researcher who  was on leave of absence during the data collection period, and 5 researchers who  were recently
ired, totaling 7 researchers, were excluded. Therefore, the sample size was reduced to 100 researchers. Table 2 shows the
reakdown of the sample size in terms of demographic attributes. There are 6 departments in the College of Engineering:
hemical and Biomedical Engineering (CBE), Civil and Environmental Engineering (CEE), Computer Science and Engineering
CSE), Electrical Engineering (EE), Industrial and Management Systems Engineering (IMSE), and Mechanical Engineering
ME).

The questionnaire was in the paper-and-pencil format. It was  first designed in a web format (http://orisurvey.
ng.usf.edu/). However, several researchers during the pilot test or others later commented that filling out the questionnaire
n a paper-and-pencil format was easier and more comfortable. Before distributing the questionnaire to all researchers, a
esearcher from each department was randomly chosen and contacted to conduct a pilot test for the questionnaire. Based
n the comments and feedback from the researchers, the content and layout of the questionnaire were updated to facilitate
athering the responses.

The questionnaire was 2 pages long and contained a total of 4 questions (see Appendix). The first page included 2 questions
nd respondents were asked to make a self-report of the number of both in-progress and completed collaborative outputs
ith other researchers with whom they engaged in co-authored or joint publications (in-preparation, [re]submitted or

ejected, and published), joint grant proposals (in-preparation, declined, and funded), and joint patents (rejected, submitted,
nd issued) as well as researchers’ names. The names of the researchers from 6 different departments within the college
ere already populated in 6 different tables in order to facilitate the thought process of the respondents. Each table had a
ifferent number of rows due to the different number of researchers in each department and 5 columns. The first 2 columns
ontained the last name and first name information of the researchers populated for each department. The third, fourth
nd fifth columns were the columns into which the respondent put the number of total in-progress and completed joint
ublications, grant proposals, and patents with other researchers. Since it might be hard for the respondents to remember
he exact number of their total in-progress and completed collaborative outputs with other researchers, an ordinal scale was
sed to facilitate the thought process of the respondents. In the scale, the scores 1, 2, 3, and 4 were assigned to the number
f collaborative outputs of 1–2, 3–5, 6–9, and 10-above, respectively. For example, if a respondent has either 1 or 2 joint
ublications with another researcher the respondent scans the names in the tables and puts the score 1 into the related cell
ext to the researcher’s name under the publication column. If a respondent has 3, 4, or 5 joint grant proposals with another
esearcher the respondent finds the his/her collaborator’s name in the tables and put the score 2 into the related cell next
o the researcher’s name under the grant proposal column.

The second page included 2 questions and respondents were first asked to report the names of researchers with whom
hey exchanged conversations or ideas as well as the frequency of the exchange. The frequency in communication relations
as assessed by a second question: ‘How frequently do you exchange conversations or ideas?’ and was  rated based on a 6-
oint Likert-type scale (see Appendix). The second question refers to the ‘frequency’ dimension of tie strength1 in the social
etwork literature. The second page was the same as the first page except that there was  one column kept for reporting

he frequency of communication next to the columns across which the researchers’ names were populated. Moreover, the
espondent follows the same procedure which was  followed to fill out the questionnaire on the first page. For example, a
esearcher scanned the names in the table, found his/her conversational partner’s name, and put a score for the frequency

1 Tie strength can be assessed by three indicators: the frequency of conversational exchange, the intensity of the conversational exchange, mutual
onfiding or level of intimacy between conversational partners (Granovetter, 1973; Marsden & Campbell, 1984).

http://orisurvey.eng.usf.edu/
http://orisurvey.eng.usf.edu/
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Table 3
Timeline of the steps performed during the data collection.

Timeline Steps

During the first week of October, 2012 A pilot test conducted for the questionnaire
In  the middle of October, 2012 A mass e-mail from the dean’s office was  sent out to inform the researchers
During the last two  weeks of October, 2012 Questionnaires began to be distributed either in the departmental meetings or

through in-person delivery and e-mail
During the first week of November, 2012 A follow-up e-mail was  sent to collect the completed questionnaires. The response

rate was very low. Therefore, questionnaires were delivered to the researchers in
person intensively. An extra 1 week was given to the participants for uncompleted
questionnaires

During the second week of November, 2012 Completed questionnaires continued to be collected, and also the questionnaires

continued to be delivered in person

During the last week of November and December, 2012 Due to the holiday season, there was minimum response received from the researchers
In  the first week of March, 2013 All responses from the participants were finalized

of communication into the cell next to the researcher’s name in a given scale. Information for the relations of both the
communication (i.e., conversational exchange) and collaborative outputs between researchers was  asked for the last 6 years
up to current study date (between 2006 and 2012). This length of time might be reasonable for reporting the relations of
the collaborative outputs, but not of communication because two  researchers, for example, talk to each other frequently
while they write a journal or proposal, but when they finish writing the journal or proposal they do not talk as frequently
as they talked in the past. However, the main point was to investigate to what extent the researchers were genuinely
acquainted with one another on average from the self-perception perspective. In addition, the time frame, 6 years, must be
the same to maintain a balanced comparison between networks constructed from the relations of both the communication
and collaborative outputs.

3.2. Data collection

The researchers were asked to complete a two-page questionnaire in three steps. First, a mass e-mail from the dean’s
office was sent out to the researchers in the sample, indicating that each of the researchers would be contacted through
either their affiliated department or Second, a graduate student from the college of engineering contacted the researchers
by either joining their departmental meetings or e-mailing each researcher. The student handed out the paper-and-pencil
questionnaire to each researcher in the meeting and made a short presentation about the details of the questionnaire.
Additionally, the questionnaire was e-mailed to the researchers who  were not present in the meetings as an attachment.
Last, the graduate student followed up with each researcher in the sample in 2–3 weeks for completed questionnaires via
Completed questionnaires collected from the participants by visiting them directly to protect the confidentiality of their
responses. If the questionnaire was not completed yet, an additional 1 week was given to the participants for completion
before collecting the questionnaires directly from the participants.

Response rates were very low at the end because the number of both fully and partially completed questionnaires received
was about 10. Therefore, to increase response rates, each researcher was also contacted personally both to make an in-person
delivery of the questionnaire and to explain the purpose of the study and the details. The researchers were requested to
fill out the questionnaire without using any forceful action which was against the protocol guidelines in the informed
consent. Dillman (2007) discussed the factors improving response rate which can be achieved by in-person delivery. We
observed two of those in this study. First, a deliberate effort was made to increase the salience of the experience of receiving
the questionnaire; thus, the interaction time required for presenting the questionnaire to the researcher was  lengthened.
Second, responsibility was assigned to a researcher rather than addressing the request in a general way.

Contacting the researchers personally was performed in two steps. First, the graduate student contacted the researchers
personally to deliver the questionnaire in person, explained the details of the paper-and-pencil questionnaire face-to-face,
and asked for whether they were willing to participate in the questionnaire or not. Later, the researchers who  were willing
to participate either filled out the questionnaire at the time they were contacted personally or made an appointment with
the graduate student to fill later or filled on their own. The presence of graduate student was helpful because the researchers
asked if they had any questions. The questionnaire was completed in 15–20 min  on average; however, a few researchers
took more time to complete the questionnaire. A total of 76 out of 100 tenured/tenure-track faculty members participated
in the questionnaire. Table 2 shows the breakdown of the participants in terms of demographic attributes. It took almost one
semester to reach out to our target faculty members and to finalize all responses from the participants. Table 3 shows the
timeline of the steps taken. One potential risk in this study was  the low participation rate while collecting the social network
data of researchers. If the participation rate is low, it is difficult to entirely depict connections between researchers, opening
up the possibility that the results found in the analyses of the networks will be misleading. However, even if a particular

faculty member did not fill out the questionnaire, the connections to non-participants are reported by the participants. Thus,
connections of non-participants can be obtained from the perspective of participants. At the end, collaboration information
for the full list of researchers is obtained. In this study, information about the connections of 24 non-participants was  obtained
by utilizing the best possible scenario explained in the next section.
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Table  4
Five possible cases of reciprocity.

Cases Upper triangle cells Lower triangle cells

1 Equal Equal
2a  High Low
2b  Low High
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3a  X 0
3b  0 X

.3. Constructing social network data matrixes

This study focuses on the population of research faculty within the University of South Florida’s College of Engineering.
ata was collected by employing a questionnaire by which researchers report their contacts, the number of collaborative
utputs, and the frequency of communication with them in a self-reported manner. The relational data obtained through the
uestionnaire was put into the form of a two-way matrix where rows and columns referred to researchers making up the
airs (Wasserman & Faust, 1994). Furthermore, each cell in the matrix indicated the collaborative output or communication
ies between the researchers. Thus, four 100 × 100 matrixes were constructed from the relational data provided by the
esearchers: a matrix of communication relations and a matrix of joint publications (or co-authorship), grant proposals, and
atents.

Five possible cases of reciprocity happened between two researchers when they rated each other regarding their con-
ections:

. Both researchers rated each other with an equal score for the frequency of communication and the number of collaborative
outputs. In other words, the case was that the values of the upper and lower triangle cells were equal to each other in the
100 × 100 matrixes.

. Both researchers rated each other with a different score for the frequency of communication and the number of collabo-
rative outputs. In this situation, two cases might happen.
a. One case was that the value of the upper triangle cells was higher than the value of the lower triangle cells in the

100 × 100 matrixes.
b. The other was that the value of the lower triangle cells was also higher than the value of the upper triangle cells in the

100 × 100 matrixes.
. Only one of the researchers rated the other. In this situation, two  cases might also happen.

a. One case was that the upper triangle cell contained a value, but lower triangle cell did not in the 100 × 100 matrixes.
b. The other was that the lower triangle cell contained a value, but the upper triangle cell did not in the 100 × 100 matrixes.

Table 4 summarizes the five possible cases of reciprocity seen in the 100 × 100 matrixes when at least one researcher
n a pair gives a non-zero rating to the other. ‘X’ and ‘0’ indicate the ratings happening on only one side and non-ratings,
espectively. Table 5 illustrates the number of occurrences of these cases in each network. The inter-rater agreement (IRA)
ercentage in a network was calculated by dividing the total number of occurrences in ‘Equal–Equal’ cases by the total
umber of occurrences of all cases (e.g., 120 was divided by 1234 which is the sum of 120, 141, 144, 377, and 452 for the
etwork of communication). In IRA percentage calculation, we neglected the cases where both sides did not report a tie

o the other, i.e., the cases where both sides score 0. For the purpose of this study, directionality of the networks is not of
undamental importance (Pepe, 2011). This is because the collaborative output networks such as co-authorship networks
re analyzed as undirected in the literature. Therefore, reported reciprocity in the number of collaborative outputs was

able 5
he number of occurrences of five possible cases in each network and inter-rater agreement percentage.

Cases Network of
communication

Network of joint
publications

Network of joint
grant proposals

Network of joint
patents

1 120 38 81 9
2a  141 14 20 2
2b  144 16 21 2
3a  377 68 113 11
3b  452 60 132 11
Inter-rater agreement percentage 9.72% 19.39% 22.07% 25.71%

 – The value of the upper and the lower triangle cells were equal.
a  – The value of the upper triangle cells was  higher than the value of the lower triangle cells.
b  – The value of the lower triangle cells was  higher than the value of the upper triangle cells.
a  – The upper triangle cells contained a value, but lower triangle cells did not.
b  – The lower triangle cells contained a value, but the upper triangle cells did not.
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Table 6
The most idealistic scenario of the conversion to undirected edges.

Cases Upper triangle cells Lower triangle cells

1 Equal Equal
2a* High High
2b* High High

3a* X X
3b* X X

converted to undirected edges. In order to make an equivalent comparison between the networks, the reported reciprocity in
the frequency of communication was also converted to undirected edges. We  symmetrized the researchers’ social network
data matrixes by converting the reported reciprocities to the undirected edges according to the most idealistic scenario
shown in Table 6. In social network analysis, this symmetrization principle is known as the “maximum” method (Borgatti
et al., 2002). All networks constructed from corresponding data matrixes were depicted in Fig. 1.

3.4. Constructing datasets for statistical models

Four datasets from four social network data matrixes corresponding to researchers’ each network (e.g., communication,
joint publications, joint grant proposals, and joint patents) were constructed. Each of four datasets included 11 variables
for 100 researchers. In other words, four data matrixes in 100 × 11 dimensions were compiled. The variables included in
the datasets are the researchers’ citation-based performance index (h-index), 7 social network metrics obtained from each
network (i.e., degree centrality, closeness centrality, betweenness centrality, eigenvector centrality, average tie strength,
Burt’s efficiency coefficient, and local clustering coefficient), and 3 demographic attributes (i.e., gender, race, and department
affiliation). The researchers’ citation-based performance index (h-index) can be easily obtained through the Thomson ISI
Web of Science database without the need for further calculation (Bornmann & Daniel, 2007). The database was  accessed via
the library of the University of South Florida. Each researcher’s h-index was obtained by plugging the researcher’s name, an
organization name (e.g., the University of South Florida), and the years between 2006 and 2012 into the search boxes. The
social network metrics for each network were computed using UCINET 6.308 (Borgatti et al., 2002) While centrality metrics,

Burt’s efficiency coefficient, and local clustering coefficient were computed using dichotomized data matrixes, average tie
strength were computed using valued data matrixes.

Fig. 1. Visualization of researchers’ communication and collaborative output networks.
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Table  7
Spearman’s rank correlations.

h-Index CD CC CB CE ATS Ef LCC

Communication
h-Index 1.000 0.175 0.182 0.127 0.023* −0.055 0.033 −0.042
CD 1.000 0.994** 0.968** 0.975** 0.033 0.855** −0.884**

CC 1.000 0.956** 0.985** 0.036 0.840** −0.870**

CB 1.000 0.912** −0.019 0.925** −0.945**

CE 1.000 0.057 0.776** −0.809**

ATS 1.000 −0.075 0.065
Ef  1.000 −0.997**

CC 1.000

Joint  publications
h-Index 1.000 0.422** 0.428** 0.241* 0.490** 0.456** −0.141 0.504**

CD 1.000 0.912** 0.835** 0.866** 0.393** −0.124 0.616**

CC 1.000 0.806** 0.937** 0.402** −0.092 0.584**

CB 1.000 0.648** 0.275** 0.110 0.281**

CE 1.000 0.422** −0.185 0.685**

ATS 1.000 0.096 0.363**

Ef 1.000 −0.663**

CC 1.000

Joint  grant proposals
h-Index 1.000 0.309** 0.316** 0.216* 0.336** 0.281** −0.281** 0.309**

CD 1.000 0.968** 0.847** 0.875** 0.266** −0.249* 0.323**

CC 1.000 0.822** 0.933** 0.267** −0.237* 0.319**

CB 1.000 0.664** 0.185 0.086 −0.021
CE 1.000 0.244* −0.334** 0.431**

ATS 1.000 −0.173 0.317
Ef  1.000 −0.840**

CC 1.000

Joint  patents
h-Index 1.000 0.288** 0.281** 0.077 −0.033 0.302** 0.304** 0.159
CD 1.000 0.994** 0.641** 0.622** 0.973** 0.932** 0.532**

CC 1.000 0.635** 0.658** 0.965** 0.930** 0.523**

CB 1.000 0.586** 0.483** 0.474** 0.335**

CE 1.000 0.541** 0.462** 0.511**

ATS 1.000 0.941** 0.517**

Ef 1.000 0.230*

CC 1.000

* <0.05.
** <0.01.
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D – degree centrality, CC – closeness centrality, CB – betweenness centrality, CE – eigenvector centrality, ATS – average tie strength, Ef – Burt’s efficiency
oefficient, LCC – local clustering coefficient.

.5. Statistical models

Poisson regression is one of the standard (or base) count response regression models (Hilbe, 2011). The Poisson regression
odels were run in this study because h-index is count data, and the mean and variance of the variable h-index was

easonably close to each other (mean = 3.47 and variance = 2.78). The multicollinearity problem occurs when there is a high
orrelation among two or more of the independent variables in a multiple regression, meaning that one independent variable
r predictor can be predicted from others (Tabachnick and Fidell, 2007). This problem can be even more explicit when social
etwork metrics are used as predictors. The Spearman’s rank correlations in Table 7 indicate that many of social network
etrics, especially centrality metrics, are extremely correlated. Running a multiple regression with these highly correlated

ocial network metrics as predictors gives unreliable estimates about an individual predictor. To overcome the challenge
f potential multicollinearity between predictors, we have run a separate Poisson regression bivariate model for each of 7
ocial network metrics obtained from each network. The models that were run for different social network metrics in each
etwork can be shown by:

log(h-index) = ˇ0 + ˇ1(a SNA metric)  + ˇ2 gender + ˇ3 race + ˇ4 department (12)

Analysis for the models was performed using IBM SPSS Statistics for Windows, Version 21.0. (Armonk, NY: IBM Corpo-

ation). In the abovementioned model, one unit increase in independent variable multiplies the mean by a factor of exp(ˇj)
Rodríguez, 2007). The main reason for log transformation is to keep the left hand side of the equation that indicates an
xpected count non-negative (Cameron & Trivedi, 1998).
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4. Results

Table 8 illustrates the bivariate model results for each network. Maximum likelihood estimation was  used to estimate
the regression coefficients of predictors (or parameters) in the model. Likelihood ratio chi-square test (also called omnibus
test or test against the intercept-only model) evaluates whether or not all of the estimated coefficients are equal to zero; in
other words, it is the test of the model as whole (UCLA, 2007). From the p-values, all models were statistically significant at
the significance level of 0.05.

The estimated regression coefficients for each network parameter indicated the following results. Degree centrality (CD)
was statistically significant and had a positive impact in all networks except the communication network. Unlike the results
of Abbasi et al. (2011), closeness centrality (CC) and eigenvector centrality (CE) were statistically significant, and had a
positive impact on the citation performance for all networks. Betweenness centrality (CB) had a positive significant impact
for only the network of joint publications. Average tie strength (AVT) was  statistically significant, and had a positive impact
for only the network of joint publications and patents. Efficiency coefficient (Ef) had a positive significant impact for only
the network of patents. The local clustering coefficient (LCC) was statistically significant and had a positive impact for only
the network of joint publications and grant proposals.

The Poisson regression coefficients are interpreted as follows: “for a one unit change in the predictor variable, the differ-
ence in the logs of expected counts is expected to change by the respective regression coefficient, given the other predictor
variables in the model are held constant.” (UCLA, 2007). For example, if a researcher in the College of Engineering increases
his/her eigenvector centrality score (i.e., increase his her/her connections with the researchers who are well connected) by
one point in the network of communication, joint publications, joint grant proposals, and joint patents, the difference in the
logs of expected h-index is expected to increase by a factor of 3.345, 3.212, 2.956, and 1.306, respectively, while the other
variables are held constant in the model. The coefficients can also be exponentiated to assess the relationship between the
response and predictors as incidence rate ratios (IRR) (Hilbe, 2011). For one unit increase in eigenvector centrality scores in
the network of communication, joint publications, joint grant proposals, and joint patents, the expected h-index increases
by a factor of 27.37, 23.83, 18.21, and 2.69, respectively (calculated as e(3.345) − 1, e(3.212) − 1, e(2.956) − 1, and e(1.306) − 1),
with the remaining predictor values held constant. That is, it would be expected that a researcher with higher eigenvector
centrality score in all networks has a higher h-index score than the other researchers in the College of Engineering. This
result was different from the results of Abbasi et al. (2011) which found out that eigenvector centrality had a negative impact
on the researcher’s citation performance. One reason for this was that the researcher was connected to other researchers
who were directly connected to many individual students who already had low collaboration records. However, our results
showed that a researcher can be more impactful when the researcher communicates and collaborates with other researchers
who are themselves well connected. Abbasi et al. (2011) reported that including demographic information could be use-
ful as moderating variables in the model. Since the log of expected value is modeled as dependent variable in the Poisson
regression, coefficients represent the difference in the log of expected value on one level compared with another level for
binary or categorical predictors (e.g., demographic attributes) (Hilbe, 2011). In almost all models, the difference in the log
of the expected h-index were 0.35–0.59 units lower for females than for males, with the rest of the predictor values held
constant. That is, females are expected to have 29.6–55.4% lower h-index than males are in engineering field (calculated as
1 − e(−0.35) and 1 − e(−0.59)). For other demographic variables such as race and department, we  did not observe any overall
significant effects on the researchers’ citation performance.

Based on the results we have found, hypothesis 1 is only valid when the social network metrics are obtained from the
researchers’ collaborative output networks, meaning that the citation performance of a researcher improves to the extent
to which the researchers have more distinct connections to other researchers in collaborative output networks than in
their communication network. Hypotheses 2 and 4 can be accepted for all networks. Then, it can be stated that an increase
in occupying a central position in both communication and collaborative output networks in terms of the shortness of
a researcher’s total distance to all other researchers and a researcher’s tendency to connect with other researchers who
are themselves well-connected will be more advantageous to improve a researcher’s citation performance. Hypothesis 3
only holds for the network of joint publications. This indicates that the citation performance of a researcher improves
when the researcher is in the position to broker information and ideas in joint publication relations. Hypothesis 5 can only
be accepted for the networks of joint publications and patents. This means that the citation performance of a researcher
improves if there is an increase in the researcher’s average number of repeated publications and patents in collaboration
with other researchers. Hypothesis 6 only holds for the network of joint patents. This means that an increasing redundancy
of a researcher’s joint patent connections to a group of researchers (i.e., inventors in this case) who  already generate joint
patents together will improve the citation performance of the researcher. Hypothesis 7 is only valid for the network of joint
publications and grant proposals, indicating that a researcher’s increasing tendency toward the tight-knit collaborating
teams when making publications and submitting grant proposals will improve the researcher’s citation performance.

5. Discussion
This study is an extension of the study of Abbasi et al. (2011), and it is performed using a richer dataset. Unlike the previous
study, this study considers researchers’ social network metrics obtained from researchers’ multiple collaborative output
networks constructed by self-reported data as well as social network metrics obtained from researchers’ communication
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Table 8
Poisson regression results (the h-index as dependent variable) for bivariate models.

Parameter Communication Joint publications
Coefficient  Coefficient

Intercept 1.051* −0.051 1.316* 0.864* 1.632* 0.884* 1.769* 0.885* 0.063 1.210* 0.930* 0.734* 1.154* 1.204*

CD 1.077 10.232*

CC 2.215* 4.554*

CB 1.391 5.765*

CE 3.345* 3.212*

ATS −0.097 0.336*

Ef 0.881 0.218
LCC  −0.838 1.200*

Gender [0] −0.441* −0.444* −0.440* −0.431* −0.430* −0.465* −0.462* −0.330 −0.293 −0.385* −0.329 −0.352* −0.416* −0.590*

Gender [1] 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a

Race [1] 0.187 0.180 0.206 0.170 0.197 0.177 0.171 −0.071 −0.036 0.021 −0.104 0.108 0.194 0.167
Race  [2] −0.531 −0.550 −0.509 −0.559 −0.539 −0.592 −0.604 −0.619 −0.471 −0.539 −0.776* −0.335 −0.457 −0.390
Race  [3] −0.285 −0.301 −0.256 −0.332 −0.281 −0.301 −0.311 −0.425* −0.411* −0.433 −0.383* −0.138 −0.254 −0.168
Race  [4] 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a

Department [1] 0.001 −0.004 0.051 −0.031 0.048 0.071 0.067 0.115 0.092 0.157 0.027 0.175 0.100 0.039
Department  [2] −0.126 −0.107 −0.181 −0.049 −0.238 −0.144 −0.139 0.026 −0.077 −0.044 0.184 −0.110 −0.190 −0.300
Department  [3] −0.039 −0.030 −0.080 0.018 −0.081 −0.078 −0.072 0.048 −0.078 −0.042 0.229 −0.022 −0.090 −0.176
Department  [4] 0.020 0.022 0.011 0.037 −0.001 0.046 0.047 0.027 −0.098 0.055 0.033 −0.003 0.007 −0.212
Department  [5] −0.624 −0.626 −0.613 −0.620* −0.588 −0.602 −0.602 −0.446 −0.643 −0.644 −0.242 −0.495 −0.651 −0.511
Department  [6] 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a

(Scale) 1b 1b 1b 1b

Likelihood ratio chi-square 33.803 35.203 28.510 39.965 29.491 32.503 33.404 68.194 75.043 44.367 75.879 54.493 29.621 60.344
df  10 10 10 10 10 10  10 10 10 10  10 10  10 10
Sig.  0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.001 0.000

Parameter  Joint grant proposals Joint patents
Coefficient  Coefficient

Intercept 1.038* 0.160 1.283* 1.020* 0.847* 1.814* 1.159* 1.167* 1.181* 1.305* 1.230* 1.215* 1.076* 1.315*

CD 3.613* 15.583*

CC 2.759* 6.273*

CB 3.077 15.993
CE 2.956* 1.306*

ATS 0.339 0.223*

Ef −0.652 0.565*

LCC 0.591* 0.368
Gender  [0] −0.500* −0.446* −0.445* −0.627* −0.351 −0.480* −0.397* −0.367 −0.367 −0.442* −0.371 −0.351* −0.330 −0.416
Gender  [1] 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a

Race [1] 0.141 0.123 0.184 0.124 0.191 0.251 0.217 0.215 0.186 0.199 0.195 0.276 0.243 0.215
Race  [2] −0.600 −0.633 −0.503 −0.747 −0.576 −0.590 −0.689 −0.645 −0.700 −0.579 −0.533 −0.522 −0.662 −0.505
Race  [3] −.0234 −0.311 −0.247 −0.235 −0.282 −0.175 −0.205 −0.224 −0.229 −0.268 −0.213 −0.333 −0.238 −0.240
Race  [4] 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a

Department [1] −0.030 0.079 0.032 −0.197 0.067 −0.063 −0.008 0.022 −0.067 0.055 0.057 −0.106 −0.012 −0.021
Department  [2] −0.103 −0.081 −0.163 −0.0156 −0.204 −0.197 −0.200 −0.066 −0.057 −0.156 −0.098 −0.153 −0.071 −0.182
Department  [3] 0.019 0.075 −0.074 0.179 −0.052 −0.133 −0.114 0.015 0.054 −0.054 0.018 −0.187 −0.085 −0.076
Department  [4] 0.040 0.045 0.005 0.079 0.001 −0.002 −0.029 −0.104 −0.158 −0.024 −0.109 −0.037 −0.008 −0.017
Department  [5] −0.511 −0.484 −0.622 −0.378 −0.639 −0.526 −0.506 −0.485 −0.535* −0.579 −0.546 −0.565 −0.483 −0.610
Department  [6] 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a 0a

(Scale) 1b 1b 1b 1b

Likelihood ratio chi-square 42.813 46.668 30.224 55.364 35.763 33.979 35.747 47.404 45.676 30.267 42.088 41.195 50.803 30.738
df
Sig.  0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000  0.000 0.001 0.000 0.000 0.000 0.001

Note: 0 = ‘female’, 1 = ‘male’ for Gender; 1 = ‘Asian’, 2 = ‘Black’, 3 = ‘Hispanic’, 4 = ‘White’ for race; 1 = ‘CBE’, 2 = ‘CEE’, 3 = ‘CSE’, 4 = ‘EE’, 5 = ‘IMSE’, 6 = ‘ME’ for department.
a Set to zero because this parameter is the base value.
b Fixed at the displayed value.
* <0.05.
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network in a small-scale such as within a college. Additionally, collecting researchers’ collaborative output data in a self-
reported way provides some indication of whether or not a tie is important in terms of their collaborative research efforts.
In other words, the self-reported way of collecting the relations in collaborative outputs permits the researchers to assess
both which connection or tie is important to them according to their own  perceptions and whether or not reported contact
is actually involved in research. Then, the dataset used to construct researchers’ collaborative output networks contains
richer data since it consists of both in-progress and completed collaborative efforts. This study also considers the local
clustering coefficient, i.e., an individual’s tendency toward the dense local neighborhoods. It is necessary to consider the
local clustering coefficient of a researcher because it is more likely that working in a team, i.e., being in dense-connected
cluster leads to higher number of citations (Aksnes, 2003; Wuchty et al., 2007). In addition, this study uses h-index instead of
g-index because h-index is better to use when researchers within the same field of study are compared (Bornmann & Daniel,
2009). The Poisson regression model was used because h-index is the count data, and the mean and variance of the variable
h-index was reasonably close to each other. However, as remarked by an anonymous referee, the h-index is not a pure count
variable, but instead a composite index calculated from the rank-frequency distribution. Therefore, there are considerations
about how to statistical analyze the h-index, which should be taken into account (Baccini, Barabesi, Marcheselli, & Pratelli,
2012). The result of Poisson regression bivariate models indicated that unlike the study of the study of Abbasi et al. (2011),
eigenvector centrality (i.e., being connected to well-connected researchers) positively impacted the citation performance
of the researchers. One reason for this might be that the researchers’ connections with students and district connections
to other researchers from different colleges are excluded. Furthermore, the previous study found out that closeness and
betweenness centralities in the network of joint publications did not significantly impact the citation performance of the
researchers, whereas we detected that their impact was statistically significant and positive. This study has the potential to
be generalized and applied other colleges and disciplines, and even the university as a whole. However, when we apply this
study to other colleges and disciplines, some of these four networks disappear. For example, writing joint grant proposals
in a college of business is not as common as in a college of engineering. Moreover, some colleges and disciplines such as
college of education and business have a decreased tendency to issue patents, and in some disciplines such as humanities
and history, single-authored papers are more valuable than co-authored papers. This study can be run for other colleges of
engineering in different universities (e.g., small-sized or large-sized, research-oriented) to understand whether the impact
of social network metrics on researchers’ citation performance is more or less specific for the chosen sample. In the case of
extending this study to the university as a whole, this study can be run for large sample sizes including interdisciplinary
collaborative output ties between researchers.

Since this study aims at evaluating the extent to which social network metrics obtained from the researchers’ multiple
collaborative output networks as well as their communication networks predict the performance of researchers, the infor-
mation obtained from this study can be used to formulate policies that improve both the collaborative and communication
relationships that impact the performance of researchers. For example, when the level of prediction of eigenvector centrality
on the performance of researchers is low, meaning that the researchers tend to both collaborate and communicate with other
researchers that are not well connected (i.e., other researchers that are not well-performing in their collaborative activities
and communications), policies could be generated, which primarily attempt to encourage the researchers to interact with
other researchers who are active in their both collaborative and communication relationships.
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Appendices.

First page

Question 1: With whom do you collaborate for your research matters? and
Question 2: How many in-progress and completed collaborative work do you have with other researchers including:
• In-preparation, (re)submitted or rejected, and published joint publications (column 3)?
• In-preparation, declined, and funded grant proposals (column 4)?
• Rejected, submitted, and issued patent applications (column 5)?
Scale: please put (1) for 1–2, (2) for 3–5, (3) for 6–9, (4) for 10-above

Second page
Question 1: With whom do you exchange conversations or ideas via below mentioned ways?
Face-to-face conversations:  (1) formal or informal group meetings and events in department, college, and even campus

level, (2) hallway conversations in department and college level, (3) serving in a student’s doctoral committee, (4) telephone
conversations, etc.
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Conversations in virtual environment: (1) e-mail exchange, (2) exchanging ideas in online social network sites
(academia.edu), etc.
Question 2: How frequently do you exchange conversations or ideas?

Scale: once a day (6), once a week (5), once every two week (4), once a month (3), once every 2 months (2), once every 3
months (1).
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