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CrossMark

Community detection is a fundamental problem in the analysis of complex and social
networks. It aims to identify groups of nodes whose internal connections are denser
than their connections with other parts of the network. The primary challenges in this
field are the unknown number of communities and the large number of nodes in real-
world networks. This study proposes a novel multistage approach that combines the
Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm
with the Reptile Search Algorithm (RSA). In the first stage, the network is initially
clustered using DBSCAN and features extracted from the nodes, particularly their
neighbor lists. In the second stage, RSA identifies the final communities through three
phases: initialization, exploration, and exploitation. The objective function is defined
based on two criteria: modularity (Q) and conductance (Cond). The proposed method
was evaluated in MATLAB using eight real-world datasets: ca-GrQc, ca-HepPh, ca-
HepTh, ca-AstroPh, ca-CondMat, Zachary’s Karate Club network, the American
college football network, and the dolphin social network. The experimental results
demonstrate that the proposed method outperforms existing methods in most cases,
achieving higher values for normalized mutual information (NMI) and modularity (Q).
Keywords: community detection, complex networks, DBSCAN, Reptile Search
Algorithm (RSA), modularity, normalized mutual information
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Extended Abstract
Introduction

Complex networks provide a powerful analytical framework for representing and examining
systems in which numerous entities interact through heterogeneous and often nonlinear relationships.
Social networks, scientific collaboration networks, biological networks, communication infrastructures,
and organizational relationship networks can all be modeled as graphs in which nodes represent actors or
entities and edges represent interactions. One of the most important structural properties of such networks
is community structure, defined as the presence of groups of nodes with relatively dense internal
connections and comparatively sparse external connections. Accurate community detection can reveal
hidden patterns of collective behavior, information diffusion, influence, vulnerability, and coordination
within complex systems (Girvan & Newman, 2002; Plantié & Crampes, 2013).

Community detection has substantial theoretical and managerial relevance. ldentified communities
can support customer segmentation, recommender systems, targeted marketing, fraud detection, criminal-
network analysis, organizational communication assessment, and the identification of influential groups.
Nevertheless, real-world networks create several computational and methodological difficulties. The
number of communities is generally unknown in advance, network size may be extremely large, and
observed structures may contain noise, outliers, irregular boundaries, and communities of unequal density.
Global approaches can exploit the complete network topology and often produce accurate partitions, but
their computational and memory requirements restrict their scalability. Local approaches are faster
because they rely primarily on neighborhood information, yet they may overlook the overall organization
of the network (Aghaalizadeh et al., 2021; Li et al., 2024).

Several established methods address particular dimensions of this problem. Modularity
maximization evaluates whether within-community connections exceed those expected under an
appropriate null model and remains one of the most widely used criteria for assessing network partitions
(Newman, 2006). The Louvain method improves the computational efficiency of modularity optimization
through greedy multilevel aggregation, whereas Infomap detects communities by compressing the
description of random walks over a graph (Blondel et al., 2008; Rosvall & Bergstrom, 2008). Density-
based clustering is also relevant because DBSCAN can identify irregularly shaped clusters, distinguish
noise points, and determine the number of clusters without requiring it to be specified beforehand (Ester
et al., 1996). However, the quality of density-based partitions remains sensitive to neighborhood
definitions and parameter settings.

Metaheuristic optimization offers a complementary mechanism for refining preliminary
communities and escaping locally optimal partitions. The Reptile Search Algorithm models exploration
and exploitation behaviors to search complex solution spaces and has demonstrated potential as a general-
purpose nature-inspired optimizer (Abualigah et al., 2022). Recent research has therefore emphasized
hybrid and multistage strategies that combine local structural information, clustering, learning, and
optimization. These strategies can reduce the search space while retaining the capacity to optimize global
partition quality (Aliabadi & Ghaffari, 2025; Gmati et al., 2024; Zhang et al., 2023). Accordingly, the
present study developed a two-stage community-detection framework combining fuzzy DBSCAN-based
initial clustering with Reptile Search Algorithm optimization. The objective was to improve community
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identification in both labeled and unlabeled real-world networks by jointly considering modularity and
conductance.

Methods and Materials

Social networks were represented as undirected graphs in which vertices denoted users or entities
and edges represented interactions. The proposed procedure consisted of two sequential stages. In the first
stage, a feature vector was constructed for each node from its structural neighborhood, with particular
emphasis on its neighbor list. A fuzzy DBSCAN-based process then generated an initial partition. The
neighborhood radius and minimum number of points were used to distinguish core nodes, border nodes,
and noise points. This stage estimated the initial number and composition of communities without
requiring prior knowledge of the true partition.

In the second stage, the Reptile Search Algorithm refined the preliminary partition. Each candidate
solution was encoded as a vector with a length equal to the number of network nodes, and each vector
element specified the community label assigned to the corresponding node. The initial population was
generated around the structure produced during the first stage rather than through an entirely uninformed
random search. The algorithm then proceeded through initialization, exploration, and exploitation. During
exploration, long-walk and belly-walk operators promoted coverage of new regions in the search space.
During exploitation, hunting-coordination and hunting-cooperation mechanisms concentrated the search
around the best candidate partitions.

Candidate solutions were evaluated through a composite fitness function based on modularity and
conductance. Modularity measured the strength of within-community connectivity relative to a null
expectation, whereas conductance represented the proportion of external connections relative to the
internal cohesion of a community. The optimization process therefore sought partitions characterized by
high modularity and low conductance. Normalized mutual information was additionally used for datasets
with known ground-truth community labels.

The method was implemented in MATLAB R2023b on a system equipped with an Intel Core i7
processor, 8 GB of RAM, and the Windows 8 operating system. Five unlabeled scientific collaboration
networks were used: ca-GrQc with 5,242 nodes and 14,496 edges, ca-HepTh with 9,887 nodes and 25,998
edges, ca-HepPh with 12,008 nodes and 118,521 edges, ca-AstroPh with 18,772 nodes and 198,080 edges,
and ca-CondMat with 23,133 nodes and 93,497 edges.

Five labeled networks were also examined: the Karate Club network with 34 nodes and 78 edges,
the Dolphins network with 62 nodes and 159 edges, the American college football network with 115 nodes
and 613 edges, the Polblogs network with 643 nodes and 2,300 edges, and the Yeast network with 1,500
nodes and 1,900 edges. The proposed framework was compared with three benchmark community-
detection methods developed by Gharehchopogh, Gmati and colleagues, and Aliabadi and Ghaffari. Each
experiment was independently repeated 30 times, and the resulting modularity and normalized mutual
information values were recorded.

Findings

For the five unlabeled networks, the proposed method achieved the highest modularity value in
every comparison. The modularity values were 0.8154 for ca-GrQc, 0.7710 for ca-HepTh, 0.8216 for ca-
HepPh, 0.8883 for ca-AstroPh, and 0.7316 for ca-CondMat. The average modularity across these datasets
was 0.8056.



The strongest result among the unlabeled networks was obtained for ca-AstroPh. The proposed
method produced a modularity value of 0.8883, compared with 0.7883 for the best-performing benchmark
method, representing an absolute improvement of 0.1000. For ca-HepPh, the proposed value of 0.8216
exceeded the best baseline value of 0.7621. Improvements were also observed for ca-GrQc, ca-HepTh,
and ca-CondMat, demonstrating that the method remained effective across networks with substantially
different numbers of nodes, edges, and average degrees.

The proposed method also produced the highest modularity values for all five labeled networks.
The obtained values were 0.9681 for Karate, 0.9016 for Polblogs, 0.7943 for Dolphins, 0.6534 for
Football, and 0.7851 for Yeast. Their mean was 0.8205. The largest absolute advantage was observed for
the Karate network, for which the proposed method improved modularity from the best baseline value of
0.7868 to 0.9681. A considerable improvement was also recorded for Yeast, where modularity increased
from 0.6812 to 0.7851.

Normalized mutual information results similarly favored the proposed method across all labeled
datasets. The NMI values were 0.8486 for Karate, 0.7362 for Polblogs, 0.9247 for Dolphins, 0.9025 for
Football, and 0.7614 for Yeast, producing an overall mean of 0.8347. The highest NMI was obtained for
Dolphins, indicating close correspondence between the detected and actual community structures. The
lowest NMI was observed for Polblogs, although the proposed value of 0.7362 remained higher than the
best baseline result of 0.7165.

For Dolphins, NMI increased from the best benchmark value of 0.8538 to 0.9247. For Karate, it
increased from 0.7805 to 0.8486, and for Yeast, it rose from 0.6923 to 0.7614. The Football result reached
0.9025, compared with the best baseline value of 0.8833. These consistent numerical improvements
indicate that the proposed framework not only generated partitions with stronger internal network structure
but also more accurately recovered known community memberships.

Discussion and Conclusion

The findings demonstrate that combining density-based preliminary clustering with metaheuristic
optimization can provide an effective solution to community detection in complex social networks. The
initial DBSCAN-based stage reduced uncertainty regarding the number and approximate composition of
communities. It also supplied the optimization stage with structurally meaningful prior information,
thereby avoiding the inefficiency associated with beginning the search from completely random partitions.

The Reptile Search Algorithm subsequently improved community boundaries through a balance
between global exploration and local exploitation. Exploration mechanisms enabled the algorithm to
examine alternative community assignments, whereas exploitation mechanisms refined promising
solutions around the best partitions. This balance appears to have reduced premature convergence and
improved the algorithm’s ability to avoid poor local optima.

The simultaneous use of modularity and conductance was another important feature of the
framework. Optimizing modularity alone may produce partitions with dense internal connections but does
not always sufficiently penalize excessive external connectivity. Incorporating conductance provided a
complementary assessment of community separation. The resulting objective function encouraged
communities that were internally cohesive and externally distinguishable.

The method performed consistently across small benchmark networks and much larger scientific
collaboration networks. This consistency suggests that the framework is not limited to a particular network
scale or density pattern. Its performance on labeled datasets further indicates that increases in modularity
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were accompanied by improved agreement with ground-truth structures rather than merely by the
production of numerically favorable but substantively inaccurate partitions.

From a managerial perspective, more accurate community detection can improve decision-making
in customer analytics, digital marketing, organizational network analysis, recommendation services, risk
monitoring, and security management. Identifying cohesive groups enables decision-makers to design
differentiated interventions, allocate communication resources more efficiently, detect influential
subgroups, and recognize abnormal or potentially threatening interaction patterns.

In conclusion, the proposed fuzzy DBSCAN-RSA framework constitutes an effective multistage
approach to community detection. It outperformed the selected benchmark methods across all examined
datasets in terms of modularity and normalized mutual information. Future developments should examine
alternative structural and behavioral node features, automatic adjustment of DBSCAN parameters,
overlapping and dynamic communities, parallel implementation for very large networks, and integration
with newer metaheuristic algorithms.
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1: Initialization phase
2: Initialize RSA parameters «a, 5, etc
3:Initialize the solutions position randomly. X:i =1, ..., N.
4:while (t <T)do
5: Calculate the fitness function for the candidate solutions (X).
6: Find the Best solution so far.
7: Update the ES
8: The beginning of the RSA
9: for(i=1toN)do
10: for(i = 1ton) do
11: Update the n, R, P and values

T
12: if (t < Z) then
13: x(;j(t + 1) = Best;j(t) X — 1 j) (t) X B — R(; j)(t) X rand, > {High walking}

T T
14: else if (t < ZZ and t > Z) then

15: x( ;) (t + 1) = Best;j(t) X x(y, j) X ES(t) X rand, > {Belly walking}
T T
16: else if (t < BZ and t > ZZ) then

17: x( ;) (t + 1) = Best;(t) X P(; j(t) X rand, = {Hunting coordination}
18: else
19: x( jy(t + 1) = Best;(t) — 1 jy (t) X € — R(; j)(t) X rand, > {Hunting cooperation}
20: end if
21: end for

L Fitness
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