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Abstract  Conventional betweenness centrality measures the importance of a node in a network
by counting the number of shortest paths that pass through it. While this approach is widely used
in various fields, it has limitations, especially in scenarios involving multi-node failures. In such
cases, traditional betweenness centrality may not accurately capture the true impact of a node on
the network's overall functionality.

This issue becomes particularly evident when multiple high-centrality nodes are located along

the same shortest paths, leading to redundant protective measures and inefficient resource alloca-
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tion. Essentially, relying solely on individual node contributions may result in suboptimal strate-
gies for mitigating the impact of failures in large, complex networks. To address this limitation,
game-theoretic betweenness centralities were introduced, which take into account the contribu-
tions of nodes within different groups. This approach allows for a more comprehensive under-
standing of the network, as it considers the collective influence of nodes in various groups, rather
than just the individual importance of each node. One well-known type of game-theoretic be-
tweenness centrality is the semi-value-based betweenness centrality. However, calculating this
centrality using centralized algorithms is computationally expensive, with a time complexity of
On") in unweighted graphs, where n is the number of nodes in the network. This complexity
poses significant challenges for applying traditional single-machine computation methods to large-
scale networks, as the time and memory requirements grow quickly with the network size. In
this paper, we present several contributions to overcome these challenges and improve the effi-
ciency of betweenness centrality computations. First, we build on the existing centralized Shapley
value-based betweenness centrality algorithm and propose a version of this algorithm tailored for
the CONGEST model, which we call the SPBC algorithm. The CONGEST model, which is com-
monly used in distributed computing, allows for more efficient communication between nodes in a
network. Building on the SPBC algorithm, we then design a distributed algorithm for semi-value-
based betweenness centrality, named MR-SMBC. The MR-SMBC algorithm reduces the round
complexity of the traditional approach, reducing it from quadratic to linear, with a round com-
plexity of O(n) . This reduction is achieved by addressing the issue of repeated node traversal
during the centrality computation process, which occurs due to the marginal contributions of
nodes in the centralized version. Second, we derive lower bounds on the round complexity for
solving Shapley value-based and semi-value-based betweenness centrality problems within the
CONGEST model. Through the reduction of the communication complexity problem, we estab-
lish that the round complexity lower bounds for these problems are Q(n/logn + D) , where D is
the network diameter. This theoretical result demonstrates that our MR-SMBC algorithm a-
chieves near-optimal distributed efficiency in the CONGEST model. Third, we conduct extensive
experiments to evaluate the performance of the MR-SMBC algorithm. We use a variety of real-
world and synthetic graph datasets to assess the algorithm’s performance. The experimental tests
include the scalability of the algorithm, the impact of source batch sizes, and the ratio of commu-
nication time to computation time. The experimental results indicate that the MR-SMBC algo-
rithm achieves linear-level time acceleration compared to the trivial semi-value-based betweenness
centrality algorithm.

Keywords graph algorithms; distributed algorithms; the CONGEST model; graph centrality;

network analysis.
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Background

In various fields—such as social sciences, biology,
transportation, and computer science—networks play a cru-
cial role. Among the many properties of networks, centrality
measures have been a key research focus, with betweenness
centrality being one of the most widely studied. Betweenness
centrality helps identify vertices that play a pivotal role in the
dissemination of information. A vertex with high between-
ness centrality is often a bottleneck or bridge within the net-
work, serving as a crucial link between different compo-
nents. For example, in social networks, users with high be-
tweenness centrality are typically key connectors between
distinct social groups and act as hubs for information flow.

However, in some scenarios, the standard betweenness
centrality measure may not accurately identify critical verti-
ces. For instance, in network defense against unpredictable
adversaries, protecting vertices with high betweenness cen-
trality may not always be the best strategy. To address such
challenges, the concept of game-theoretic betweenness cen-
trality has been proposed, combining game theory to better i-
dentify important vertices in specific situations. Despite its
potential, the computation of game-theoretic betweenness

centrality requires significant computational resources, which
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makes it difficult to implement on a single machine.
Therefore, designing efficient algorithms for game-theo-
retic betweenness centralities in distributed environments is
of paramount importance. Although there exist sequential al-
gorithms for game-theoretic betweenness centrality, their di-
rect application in distributed settings results in high round
complexities. In this paper, we first introduce a basic imple-
mentation of a game-theoretic betweenness centrality algo-
rithm based on Shapley values in the classic CONGEST mod-
el. Moreover, we also discuss the trivial high-complexity al-
gorithms for betweenness centrality based on semi-values un-
der the same model. To improve efficiency, we propose the
MR-SMBC algorithm, a low-round complexity algorithm for
semi-value-based betweenness centrality, which reduces the
need for multiple traversals and significantly decreases the
number of rounds required. Additionally, the lower bound of
the distributed semi-value-based betweenness centrality prob-
lem using the two-party communication complexity frame-
work, showing that the proposed algorithm is near-optimal.
Experimental results on large-scale real-world networks and
demonstrate that MR-SMBC

synthetic random graphs

achieves linear speedup compared to the trivial algorithms.



