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Abstract„A recent surge of research on social networks
and their characteristics has attracted an increasing amount of
interests from the community of biomedicine and biomedical
informatics. Social network analysis (SNA) methods have been
regarded as an effective tool to assess inter- and intra-institution
research collaborations in the Clinical Translational Science
Award (CTSA) community. In this paper, we present a case study
of SNA on the research collaboration networks (RCNs) at the
University of Arkansas for Medical Sciences (UAMS) - a CTSA
institution. We have applied graph theoretical analyses to the
RCNs prior to and after the CTSA award at UAMS. By virtue
of quantitative measures, we have obtained valuable insights
into the network dynamics and topological characteristics of the
research environment. Moreover, through observing the temporal
evolution of the RCNs at UAMS, we are able to demonstrate
the effectiveness of the CTSA program and its important role
in promoting trans-disciplinary collaborative research within an
institution.
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I. I NTRODUCTION

The importance of collaborative research activities across
different disciplines and even different geographical locations
[1], [2] has gained increasing attention. One of the key
objectives of the Clinical Translational Science Award (CTSA),
funded by the National Center for Advancing Translational
Sciences (NCATS, NIH) (formerly through the National Center
for Research Resources (NCRR, NIH)), is to promote cross-
disciplinary collaborations that can accelerate the translation
and application of biomedical research discoveries into clinical
settings. It is essential to quantitatively assess the quality and
ef“ciency of research collaborations, so that we can promptly
identify those potential collaborations that are more likely to
be productive and make signi“cant impacts.

In the CTSA evaluation community, social network analy-
sis (SNA) methods have been regarded as an effective tool to

study and understand inter- and intra-institution research col-
laborations [3]. Graph theoretical analyses of research collab-
oration networks (RCNs) would offer us valuable insights, and
allow us to understand the network dynamics of collaborative
relationships.

Many complex systems can be abstracted as networks (or
graphs) where thenodes(vertices) represent entities of interest
(e.g., persons, organizations, or objects) and theedges(links)
indicate certain relationships or interactions (e.g., friendships
in social networks, neurological connections in brain connec-
tivity networks) between nodes [4]. Studies on collaboration
networks based on co-authorship in scienti“c publications [5],
[6] have provided insights into the networks• topological char-
acteristics and dynamics [7], [8]. Although being important
and informative, the studies on publication co-authorship may
not be able to effectively reveal the underlying driving force
of collaborations due to their microscopic perspective.

In this paper, rather than based on publication co-
authorship, we study research collaborations formed in col-
laborative biomedical research grants at the University of
Arkansas for Medical Sciences (UAMS) … a CTSA institution.
One of the key goals of this study is to assess the effectiveness
of the CTSA award (i.e., after 2009) at UAMS and its impact
on the research collaboration environment within an institution.
To achieve this goal, it is necessary to observe the temporal
evolution of the RCNs through comparing various network
characteristics.

Nagarajanet al. presented a baseline study [9] on the
collaboration networks prior to the UAMS•s CTSA award (i.e.,
from 2006 to 2009) . Their study suggests that the RCNs at
UAMS have •unique characteristics different from those of the
established real-world networksŽ. For example, the networks
were disconnected with mutually exclusive groups and few
weakly connected clusters of staff within the same department.
Nevertheless, the baseline study models research collaboration
networks as binary (i.e., unweighted) graphs, where it only
considers the existence of a collaboration. However, in real-
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world examples, collaborative research relationships among
different investigators may vary. For example, one tends to
feel more comfortable to work with existing collaborators
rather than “nding new peers. Therefore, certain connections
in one•s collaboration network are considered to be •strongerŽ
than others. It is our tenet that such nature of collaboration
relationships should be respected if possible. In this study,
we model the RCN as a weighted network, where the weight
of an edge is the number of collaborations between the two
investigators.

We believe that our network model provides a more precise
abstraction of RCNs and helps us study the network dynamics
of research collaborations. The fundamental understanding of
RCNs will assist in shaping organizational policies, structures,
leaderships and resource allocation strategies to make a posi-
tive and signi“cant impact on research collaborations and their
outcomes.

The contributions of this paper are summarized as follows:

• Our network model assigns non-binary weights to
edges to re”ect degree of collaboration. Previous stud-
ies on scienti“c collaboration networks [5]…[7], [9]…
[11] focus on unweighted or binary networks, where
the edge weight is either one or the edge does not
exist. However, in real-world examples, collaborative
research relationships among different investigators
may vary.

• We have studied a number of network characteristic
measures such as clustering coef“cient, characteristic
path length, and number of disjointed components,
pertaining to research collaboration networks. More-
over, through observing the temporal evolution of
these measures prior to and after the CTSA program at
UAMS, we are able to demonstrate the effectiveness of
the CTSA program and its important role in promoting
collaborative research within an institution.1

• We have applied rank aggregation techniques to con-
solidate four types of network centrality measures (i.e.,
degree centrality, betweenness, closeness, and eigen-
vector centrality) [4] to identify important •leaderŽ
nodes in RCNs. Network centrality measures express
the relative importance of a vertex within the graph.
However, different types of centrality measures favor
different properties of the vertex. Therefore, they
sometimes can make contrary rankings and ambigu-
ous conclusions. Through rank aggregation, we can
provide a more concise and representative ranking.

The rest of the paper is organized as follows. We “rst
describe the background of the source data retrieved from
an in-house developed research grant management system,
ARIA, and how the RCNs are constructed from this dataset
in Section II. In Section III, we introduce our weighted
network model of research collaboration networks, set forth
the concept of network characteristics and introduce some of
the basic measures pertain to this study. Subsequently, we
discuss our methods of using centrality measures and rank

1Note that this is an retrospective study such that the administration of the
CTSA grant is not aware of these network metrics before this study; thereofre,
there is no bias that affects our observations.

aggregation to identify centrality leaders. In Section IV, we
present the analysis results, our interpretations and a few
important observations on the trend of collaborative research in
a CTSA institution similar to UAMS. In summary, we believe
the CTSA award has a positive impact on the RCNs at UAMS
through our experiments and observations.

II. M ATERIALS

In this study, the data for building research collaboration
networks is obtained from two sources: ARIA and TRI. The
Automated Research Information Administrator (ARIA) is an
integrated platform developed internally at the UAMS (par-
tially supported by the National Center for Research Resources
(NCRR, NIH)). The ARIA system is used by the Of“ce for
Research and Sponsored Programs (ORSP), the Institutional
Review Board (IRB), and the Research Support Center (RSC)
for managing both research grants and clinical trails. Since
2002, investigators at UAMS have been required to “rst
submit their grant applications to the ARIA system for review
before submitting them to the funding agencies. The ORSP at
UAMS uses ARIA to keep track of the detailed information
regarding research grants such as the requested budget, the
budget start/end date, the funding agencies, as well as all the
investigators and their roles on the grants.

Besides the ORSP and ARIA, the Translational Research
Institute (TRI, UAMS) supports all the CTSA activities at
UAMS. With a team of dedicated professionals and many
new resources, the TRI helps basic and clinician scientists at
both UAMS and external institutions to translate their “ndings
more quickly to clinical practice and into the community. The
TRI at UAMS uses the CTSA to provide pilot awards for
supporting promising translational studies, and is partnering
with multiple research communities across Arkansas to help
guide development of meaningful research projects and imple-
mentation of research “ndings. As the TRI tracks all CTSA
related activities such as publications, pilot awards and so on,
we use the TRI•s CTSA reports to obtain the information of
whether an investigator on a grant is supported by the CTSA
or using TRI services.

Table I shows the statistics of the research grant data we
have obtained from both ARIA and TRI. We use the meta-data
of those grants to construct an RCN for each budget year from
2006 to 2012. The CTSA at UAMS started on July 14th, 2009.
Therefore, in this analysis, the •# of CTSA InvestigatorsŽ
(i.e., investigators who are listed on the original CTSA grant)
and •# of CTSA supported investigatorsŽ (i.e., investigators
who received support from the CTSA) columns in Table I
are not applicable for budget years from 2006 to 2009, We
only consider the •Principle InvestigatorŽ, •Co-InvestigatorŽ,
and •Sub-InvestigatorŽ roles on the grants, and exclude other
personnel such as •Support StaffŽ and •Laboratory StaffŽ. In
addition, we only take into account the grants that have been
•AwardedŽ by the funding agencies for two main reasons: 1)
the awarded collaborative research grants indicate successful
executions of team science; and 2) a grant might have to
go through a few review and revision cycles to get funded.
Moreover, resubmitted grant applications normally have the
same collaborators. By considering only the “nal awarded
version, we can effectively eliminate some of the noises in
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Budget Year Awarded Grants # of Investigators # of CTSA
Investigators # of CTSA Supported Investigators

2006 477 356 N/A N/A
2007 479 418 N/A N/A
2008 601 472 N/A N/A
2009 518 414 N/A N/A
2010 602 431 34 114
2011 538 463 26 115
2012 548 450 23 322

TABLE I: Statistics of the research grants dataset at UAMS.

*The number of CTSA supported investigators is significantly higher in 2012 than previous years. We think it is because more investigators
become aware of and start utilizing the CTSA services as we advertised more to the campus.

the constructed networks. As each revision is tracked individ-
ually as a separate grant application in ARIA, for a research
grant spanning multiple years, the grant is considered as an
individual one for each “scal year. For example, a two-year
grant whose budget year starts on July 1st, 2009 is counted as
an awarded grant for both 2010 and 2011 “scal years.

III. G RAPH THEORETICAL ANALYSIS OF RESEARCH
COLLABORATION NETWORKS

A. Network model of research collaborations

An RCN can be modeled as an undirected graph,G =
(V, E), where each vertex (vi ) represents an investigator and
each edge (eij ) indicates that the two investigators (vi and
vj ) have collaborated in an awarded research grant during the
time period of interest. If three investigators (vi , vj , and vk )
have worked together on the same research grant, we draw an
edge between every two of them (eij , eik , andejk ). Previous
studies on research collaboration networks [5]…[7], [9]…[11]
only model a collaboration network as a binary (unweighted)
graph, where the edge is either existent or not existent. How-
ever, intuitively, collaborative research relationships between
different investigators may vary. For example, an investigator
often has many collaborations with the same group of people
but much less collaborations with peers outside of that group.
Hence, it is crucial to take into account the strength of the
collaborative research relationships among investigators.

In this study, we represent each RCN as anundirected
weighted graph, where the weight (wij ) of an edge (eij ) is
the number of research grants the two investigators (vi and
vj ) have collaborated on during the time period of interest.
Figure 1 depicts two RCNs, where graph (a) is the RCN at
UAMS prior to the CTSA award from 2006 to 2009, and
graph (b) is the RCN after the CTSA award from 2010 to
2012. For visualization purpose, we only pick the largest
strongly connected components of the two RCNs. Both the
original RCNs contain isolated small clusters (i.e., groups that
have strong collaborations internally but no connections to
other parts of the RCN) and isolated individual nodes (i.e.,
investigators carried out the research independently). Note that
most of these non-collaborative grants are training grants.

B. Research collaboration network characteristics

In network analysis, the topological features of a network
can be quantitatively measured as network characteristics (also
called network metrics, network measures, or network indices,
which are used interchangeably in this paper). Researchers are

constantly seeking metrics to characterize complex networks in
a compact and convenient way. In turn, these structural metrics
are often used to benchmark or infer functional aspects of
a network. For example, the mean path length (characteristic
path length)L of a network is often employed to measure the
ef“ciency of information ”ow on a network.

In analyzing research collaboration networks, we are
mostly interested in a network•sclustering coefficient (C)
and its characteristic path length (L) as they can often be
used to categorize a network, e.g., whether the network of
interest is a small-world network or a random graph. Network
categorization is important since many real-world networks
exhibit the small-world property (A small-world network ex-
hibits the low degree of separation among nodes in a sparse yet
highly clustered network [12]) and a small-world network has
often been hypothesized as more robust to perturbations than
other networks [12], [13]. Note that our RCNs areweighted
undirected graph; therefore, we shall respect the edge weights
if possible.

The characteristic path length (L) refers to the average
shortest path length in a network [12], i.e.,L = 1

n

∑
i∈V (G) Li ,

where n is the total number vertexes in the graph andLi
is the average distance between vertex (vi ) and all other
vertices in the network. The characteristic path length on
weighted graphs are computed similarly, provided that path
lengths are calculated with respect to the weights of the edges
along the paths. Recall that we de“ne the edge weightwij
as the number of collaborations between investigatori and j.
However, algorithms of computing shortest paths often treat
the weight of an edge as a cost and prefer edges with smaller
weights. Therefore, when calculating shortest path lengths in
RCNs, the weight of an edge should be seen as aresistance
factor of the collaboration. The more number of grants two
investigators have worked together, the •resistanceŽ for future
collaborations should be lower, and the cost of reaching one
node from the other should also be smaller. Thus, we de“ne the
resistant factor between two investigators (rij ) as the reciprocal
of the number of collaborations between the two, and userij
as the new edge weights (wr

ij = 1/rij = 1/wo
ij ). We use the

resistant factor as the weighting schema for all shortest path
related measures.

Theclustering coef“cient is a measure of how likely nodes
in a graph tend to cluster together. The (local) clustering coef-
“cient of a vertex is de“ned as the fraction of triangles around
the vertex [12], [14], where the (global) clustering coef“cient
of the network is de“ned as the average clustering coef“cient
of all vertices in the graph. The clustering coef“cient on a
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