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Abstract

[Purpose/Significance] Research on community structures in complex networks
has gradually become a powerful tool for scientists to conduct studies on the
structure of science using bibliographic data, and the varying effectiveness of
community detection exerts a decisive influence on the interpretation of scien-
tific structures. This paper provides a systematic review of community detection
methods for heterogeneous networks, aiming to offer reference and guidance for
related research in this domain. [Method/Process] Through literature review,
we elucidate the concept and types of heterogeneous networks, summarize com-
munity detection research for various types of heterogeneous networks from the
perspectives of network construction and algorithmic innovation, and briefly
introduce classical algorithms that underpin community detection in heteroge-
neous networks. [Results/Conclusion] By systematically reviewing and summa-
rizing community detection work for different types of heterogeneous networks,
we provide research perspectives and methodological insights for subsequent net-
work analysis studies, while revealing the challenges faced and practical signifi-
cance in the study of scientific structures, and prospecting potential directions
for future research expansion.
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Abstract

[Purpose/Significance] Research on community structure in complex net-
works has gradually become a powerful tool for scientists to conduct scientific
structure analysis using literature data, and different community detection re-
sults have a significant impact on the interpretation of scientific structure. This
paper reviews community detection methods in hybrid networks to provide
reference and insights for related research in this field. [Method/Process]
Through literature research, this paper clarifies the concept and types of hy-
brid networks, summarizes community detection research on various types of
hybrid networks from the perspectives of network construction and algorithm
innovation, and briefly introduces classical algorithms supporting hybrid net-
work community detection. [Result/Conclusion] By systematically reviewing
community detection work on different types of hybrid networks, this study pro-
vides new perspectives and methods for subsequent network analysis research,
reveals the challenges and practical significance in scientific structure research,
and prospects for future research directions that may be further expanded.

Keywords: hybrid network; community detection; cluster analysis; collabora-
tion; citation

1. Introduction

The increasing complexity and interdisciplinary nature of scientific research have
blurred disciplinary boundaries, making scientific structure increasingly difficult
to comprehend. Scientific structure is an objective existence formed over the
long term, inherent and independent of human will, reflecting the internal logic
of science through its disciplinary framework, subject structure, and knowledge
architecture. Although the intrinsic essence of science remains objective and con-
stant, its external manifestation continuously evolves as human understanding
deepens. Effectively discovering scientific structure has become a focal issue in
knowledge discovery research, holding significant value for exploring disciplinary
evolution, identifying interdisciplinary infiltration, and uncovering frontier di-
rections.

Since the formal introduction of the community concept in 2002, numerous
studies on collaboration networks have emerged. For instance, Lambiotte and
Panzarasa (2009) investigated how scientific collaboration patterns facilitate
knowledge creation and diffusion through community detection in collaboration
networks. Moline et al. (2017) studied the evolution of scientist communities in
the talent management domain, enriching talent management dynamics. Zheng
et al. (2017) conducted evolutionary analysis of communities based on author
co-authorship networks in single journals, discovering more effective composite
indices and lifecycle strategies for analyzing collaborator community evolution,
providing new insights for dynamically observing academic community evolution
through collaboration networks.

Meanwhile, citation network analysis has continuously enriched its connotations
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and methods alongside the development of social network analysis methods, en-
abling more accurate revelation of scientific structure and development processes
through community analysis. For example, when Girvan and Newman first pro-
posed the community concept in 2002, they applied the GN algorithm to perform
community detection on the collaboration network of scientists at the Santa Fe
Institute during 1999-2000 (118 scientists) (see Figure 1 [Figure 1: see original
paper]), dividing these scientists into four communities (agent-based models for
economic and transportation issues, mathematical models in ecology, statisti-
cal physics, and RNA structures). Kajikawa et al. used the FN algorithm to
analyze temporal changes in citation network communities to identify emerging
research fields and expand disciplinary knowledge structures. Chen Yunwei pro-
posed a sample-weighted citation network community detection method based
on the Louvain algorithm, representing scientific papers using a vector space
model and calculating similarity between adjacent papers via cosine similarity
as weights for citation edges. Subsequently, by comprehensively considering
node structure and content similarity, the network was reconstructed, yielding
clear community detection results. A representative recent work is the CitNet-
Explorer software developed by Waltman and Eck at Leiden University in 2013,
which integrates the SLM community detection algorithm for citation network
community research.

However, despite extensive community research on co-authorship networks, ci-
tation networks, and others in the library and information science field, most
studies have focused solely on single-type node networks (such as homogeneous
networks with only authors or papers as nodes), suffering from limitations in-
cluding single analysis objects, single relationships, and incomplete or imprecise
revelation of scientific structure. To address this, researchers have recently be-
gun investigating community detection in networks with multiple node types or
multiple relationships to enhance scientific structure analysis.

The type of network significantly influences community detection effectiveness
and the scientific structure to be revealed. Particularly, different types of objects
and their diverse interrelationships in hybrid networks offer richer functionality
in revealing the abundant semantics carried by networks and may yield various
mining results. Therefore, this review focuses on community detection research
in hybrid networks within the library and information science domain, aiming
to trace the development of using hybrid network methods to study scientific
structure and its evolution, as well as potential future trends. Additionally,
community detection algorithms for multi-type, multi-relation networks present
greater difficulty and challenges, concentrating many research efforts on algorith-
mic innovation, which will also be briefly summarized below. Finally, commonly
used community detection algorithms in current library and information science
research are concisely summarized for scholars interested in conducting related
studies.
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2. Concept and Types of Hybrid Networks

This paper defines “hybrid networks”as networks containing multiple node types
or multiple relationships, where the network simultaneously includes two or
more types of nodes such as authors and papers, or edges encompass two or more
relationships such as collaboration, citation, or topical similarity. According to
definitions by Han Jiawei and B. Taskar et al., hybrid networks essentially belong
to the category of heterogeneous networks—networks composed of multiple node
types and multiple relationship types are heterogeneous [12-13]. However, while
the concept of heterogeneous networks emphasizes structural complexity, the
networks analyzed in this paper—integrating multiple nodes and relationships
—focus on functional richness. Therefore, we propose the concept of “hybrid
networks” to enable library and information science researchers to concentrate
on functional enhancement rather than merely increasing complexity.

Through comparison with community detection research on single-type node
networks (such as citation networks and collaboration networks) in library and
information science, hybrid networks can be classified into three categories based
on node and edge types: The first category is single-type node multi-relation
networks, such as author-only networks containing both collaboration and cita-
tion relationships. The second category is multi-type node multi-relation net-
works, such as networks containing both authors and papers as nodes with
collaboration and citation relationships. The third category is multi-type node
single-relation networks, such as networks containing both authors and papers
but only citation relationships.

The following sections elaborate on and analyze community detection research
related to these three types of hybrid networks.

3. Community Detection in Single-Type Node Multi-
Relation Hybrid Networks

In single-type node multi-relation networks, multiple relationships between
nodes can enrich the semantics of network edges for subsequent clustering
or community detection. Current approaches to combining different relation-
ships follow two directions: The first is multi-relation combination (relation
combination), where different relationship types between nodes are directly
superimposed in the network based on research objectives. The second is
multi-relation fusion (relation fusion), where multiple relationships are inte-
grated into a new relationship before analyzing the relational characteristics of
research objects.

3.1 Multi-Relation Combination Methods

Applying multi-relation combination methods to scientific structure analysis in
disciplinary fields primarily includes: (1) Combination of citation and co-word
relationships. The most representative work is H. Small’ s 1998 study combining
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citation and co-word relationships to reveal both direct and indirect connections
between documents, serving as a framework involving hierarchical clustering,
cluster ranking, and common coordinate projection methods to support visu-
alization of science mapping [14]. Other works include: C. Calero-Medina et
al. (2008) used combined co-word and citation analysis to identify influential
articles in a field over time, analyzing knowledge creation and flow processes
in scientific publications by linking these articles to early influential traditional
research, providing inspiration for subsequent multi-method integration studies
[15]; Hou Yuefang et al. (2007) applied content word and co-citation clustering
analysis, revealing both the development status of gestational diabetes research
and validating clustering effectiveness, pioneering the application of combination
methods to topical studies [16]; Zhang Han et al. (2007) combined co-word anal-
ysis with citation counts to comprehensively explore the development process
of the peptic ulcer field using PubMed data [17], demonstrating that combining
topical co-word analysis with citation frequency more easily detects disciplinary
hotspots.

(2) Combination of collaboration and citation (including co-citation, biblio-
graphic coupling) relationships. For example, K. Larsen et al. (2008) com-
bined co-authorship and co-citation relationships to measure central points
in knowledge networks of solar cell research, highlighting the importance
of distinguishing between early and late stages of new research field de-
velopment and the need for systematic observation of learning processes
and knowledge dissemination in science and technology [18]; Chen Wei
et al. (2014) constructed co-authorship and citation networks with China’
s “985” universities as nodes, conducting joint analysis of basic struc-
tural characteristics, network correlation properties, community features,
and important nodes, revealing the complexity characteristics and devel-
opment trends of research collaboration networks among “985” universities
[19], opening new perspectives for studying inter-university collaboration
and citation.

These studies all combined two or more relationships, approaching from both the
relationship and cognition dimensions to combine networks with lower similarity
for richer information revelation.

3.2 Multi-Relation Fusion Methods

Unlike multi-relation combination methods, multi-relation fusion methods inte-
grate multiple relationships, originating from webpage clustering and classifica-
tion research. Based on different fusion stages, two types can be distinguished:
One is cluster merging, where different data sources are clustered separately
and then merged into new clusters through specific algorithms. The other is
kernel fusion, where similarity or distance matrices from multiple sources are in-
tegrated into a new unified matrix for clustering or other multivariate statistical
analysis.
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In cluster merging research for single-type node multi-relation hybrid networks,
X.X. Yin et al. (2015) proposed a simple semi-supervised method called CROSS-
CLUS, which performs multiple clustering evaluations on multi-relational ob-
jects based on user-selected features relevant to clustering objectives [21]. L. Wei
et al. (2015) used correlation analysis methods for multi-relational data, calculat-
ing distances between different clusters as distances between cluster centroids
with assigned weights, ensuring both clustering efficiency and precision [22].
Ding Zhijun et al. (2017) proposed a partial multi-relation clustering method,
a typical study of clustering ensemble relation fusion. This method clusters
entities based on different relationships, weights the importance of different re-
lationships according to clustering results, and finally integrates them into a
single-relationship network for re-clustering. Experiments on multiple public
datasets demonstrated its effectiveness in improving clustering precision [23].
These clustering methods have enhanced both efficiency and accuracy, provid-
ing more reliable and accurate approaches for scientific structure visualization
through clustering.

In kernel fusion research for single-type node multi-relation hybrid networks,
representative recent work involves hybrid clustering methods that comprehen-
sively consider both textual and link attributes of academic papers, such as the
series of studies around W. Glanzel’ s “citation-text” hybrid clustering algorithm
integrating citation coupling and textual similarity [24-25]. These studies proved
that hybrid clustering methods achieve higher accuracy than single-method com-
munity detection. First, Glanzel et al., drawing from webpage content and link
analysis, combined word-based relationships with citation coupling relationships
between documents, demonstrating this approach’ s effectiveness in revealing re-
search field structures [26]. Second, Zhang Lin et al. used journal cross-citation-
based clustering algorithms to validate and improve journal-based disciplinary
classification schemes [27]. Furthermore, Glanzel’ s team integrated journal
cross-citation with text mining to validate and enhance existing topical classi-
fication schemes [28]. Additionally, Wang Xiaomei’ s recently published series
of “Science Structure Maps” also adopted Glanzel’ s team’ s hybrid clustering
method.

In relation fusion research, Glanzel’ s team focused primarily on mining the
complementary information of citation relationships and text, without explor-
ing other pairwise independent relationships. For instance, how hybrid cluster-
ing performs between citation networks (based on citation relationships) and
collaboration networks (based on social cognition) requires further investigation
and exploration.

4. Community Detection in Multi-Type Node Multi-
Relation Hybrid Networks

Multi-type node multi-relation networks are defined in contrast to traditional
networks—mnetworks containing multiple entity types and associations can be re-
garded as heterogeneous information networks. In library and information sci-
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ence, literature information networks are heterogeneous information networks
with multiple entity types and relationships, primarily involving four entity
types: articles, journals, authors, and keywords. Articles have relationships with
journals, authors, and keywords. Since information flows differently among het-
erogeneous nodes and relationships compared to homogeneous networks, many
homogeneous network-based analysis methods are unsuitable for heterogeneous
information networks. Consequently, clustering or community detection re-
search on such networks focuses primarily on algorithmic innovation and im-
provement. Currently, three main approaches exist for community detection
in multi-type node multi-relation networks: ranking-based methods, meta-path-
based methods, and heterogeneous-to-homogeneous conversion methods.

4.1 Ranking-Based Methods

Applying ranking methods to community detection or clustering allows ranking
and clustering to complement each other. The first ranking-clustering algorithm
for heterogeneous information networks was RankClus [29], which iteratively
clusters and ranks different nodes in the network until clustering objectives be-
come clear. Subsequently, many similar ranking-clustering algorithms emerged,
such as NetClus [30], ENetClus [31], and ComClus [32]. NetClus primarily tar-
gets star-structured networks and can efficiently generate both clustering and
ranking results. Zhao Huan improved the NetClus algorithm and proposed the
MAO-Netclus algorithm for heterogeneous networks, performing clustering anal-
ysis on multi-type node multi-relation networks composed of three object types
in Web service systems to improve Web service recommendations [33]. Tong
Hao et al. proposed the RankCoClus algorithm for heterogeneous information
networks based on ranking and co-clustering, with experimental results demon-
strating superior clustering performance [34].

4.2 Meta-Path-Based Methods

Meta-path-based methods target link relationships, as different links in networks
convey different information that influences clustering effectiveness. Different
link paths in heterogeneous networks constitute different meta-paths. A repre-
sentative method is PathSim, proposed by Y. Sun et al. in 2011 [35], which is a
meta-path-based similarity measurement method. Since this method only calcu-
lates similarity for same-type nodes, subsequent methods emerged for measuring
similarity between different node types, continuously improving algorithmic per-
formance. Meta-path-based clustering methods have also proliferated, includ-
ing PathSelClus [36], which studied the impact of different meta-paths on node
clustering but requires strong assumptions in meta-path selection. The Gen-
Clus algorithm [37] is a clustering method considering link relationship strength,
which determines node attributes and link relationships through user guidance
and automatically learns to construct different link strengths to improve clus-
tering effectiveness. Li Li proposed a heuristic search and pruning strategy
based on meta-path methods to effectively select paths consistent with user
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guidance while avoiding information loss from breadth-first traversal searches.
Building on this, Li Li extended homogeneous network community detection
algorithms by proposing a community detection framework combining relation
extraction with meta-path weighting, validating its effectiveness and accuracy
on real datasets [38]. Wang Rui also proposed a weighted meta-path commu-
nity detection algorithm HCD, which effectively identifies communities across
multiple meta-paths and can detect overlapping communities [39].

4.3 Heterogeneous-to-Homogeneous Conversion Methods

Since community detection algorithms for homogeneous networks are relatively
mature, dimensionality reduction and reconstruction of heterogeneous networks
into homogeneous networks represent a feasible approach. Current dimensional-
ity reduction methods for heterogeneous networks primarily include Linear Dis-
criminant Analysis (LDA), Principal Component Analysis (PCA), Non-negative
Matrix Factorization (NMF), and topic models. Reconstruction methods mainly
involve transforming heterogeneous networks into bipartite graphs. Based on
these methods, Wang Ting (2016) proposed an efficient and fast heterogeneous
network community detection algorithm [40], which first reduces dimensions of
heterogeneous social network data, then reconstructs the heterogeneous network
as a bipartite graph. To prevent information loss during community detection,
the method employs label propagation for community partitioning [37]. This
approach is generalizable and can be extended to many practical scenarios.

Typical heterogeneous information network clustering algorithms include meta-
path-based methods and ranking-based methods. The former eliminates cum-
bersome ranking iteration processes but requires user prior experience guidance,
while the latter demands less prior knowledge but involves more complex it-
eration. Heterogeneous-to-homogeneous conversion methods are intuitive but
involve complex processes. To observe scientific structures in complex heteroge-
neous networks, applying ranking-based methods, meta-path-based methods, or
heterogeneous-to-homogeneous conversion methods during preliminary network
processing is necessary.

5. Community Detection in Multi-Type Node Single-
Relation Hybrid Networks

Multi-type node single-relation networks are characterized by diverse node types.
Research on community detection for such networks is scarce but can provide
preliminary references for community detection from a network construction
perspective. Conducting community detection or clustering on such networks
requires understanding the meaning of node types. Community detection or
clustering in these networks better facilitates clear judgment of inheritance and
subordination relationships in scientific structure formation, representing a po-
tential future research focus.
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5.1 Nodes with Multiple Attributes

In some networks, multi-type nodes essentially reflect multiple attributes of
entities. For instance, in collaboration networks, nodes are typically authors
or researchers without distinguishing their social attributes. However, strictly
speaking, researchers have multiple attributes, including article attributes (key-
words, topics, etc.), characteristic attributes (age, title, etc.), and social at-
tributes (student, faculty). Wang Yan et al. explored theories and methods for
expert academic networks using different attributes of scholars, constructing
monograph expert collaboration networks, expert topic networks, and patent
expert collaboration networks based on multi-source data to more accurately
characterize explicit and implicit collaboration networks among experts [41].
Lei Xue et al. distinguished first authors from other authors based on contribu-
tion degree, constructing directed collaboration networks with two node types
and comparing them with traditional undirected collaboration networks to ex-
plore more effective research analysis methods [42]. Tan Zongying et al., when
studying international collaboration, differentiated between leading and other
countries, constructing a China-led directed international collaboration network
and conducting topical content analysis [43].

5.2 Nodes Representing Multiple Entities

In some networks, multi-type nodes essentially represent different entities.
Wang Peng et al., when studying university-industry collaboration networks,
constructed relationship networks between researchers and nano-related
patents, revealing the topological structure of the Tsinghua University-centered
nano-technology collaboration network [44]. Ma Yanyan et al. further expanded
research objects, depicting university-enterprise patent application collabora-
tion networks using Chinese university and enterprise patent application data,
and analyzing network characteristics to find substantial room for improvement
in China’ s university-industry collaboration [45].

It is evident that research on multi-type node single-relation networks has pri-
marily focused on collaboration networks. Currently, research on constructing
and conducting community detection in multi-type node single-relation net-
works remains relatively scarce. However, community detection or clustering
in such networks better facilitates clear judgment of inheritance and subordi-
nation relationships in scientific structure formation, representing a potential
future research focus.

6. Brief Introduction to Algorithms Supporting Hybrid
Network Community Detection

Community detection methods are crucial for studying complex network struc-
tures. In 2002, M. Girvan and M.E.J. Newman proposed a divisive algorithm—
the GN algorithm [3]—sparking a surge in community research. The GN algo-
rithm achieves community detection by continuously removing edges with the

chinarxiv.org/items/chinaxiv-202307.00582 Machine Translation


https://chinarxiv.org/items/chinaxiv-202307.00582

ChinaRxiv [$X]

highest betweenness. From another perspective, M.E.J. Newman proposed an
agglomerative greedy algorithm [46], where each node initially forms an inde-
pendent cluster that progressively merges during the detection process. Subse-
quently, to evaluate community detection quality, Newman and Girvan intro-
duced the modularity function @Q in 2004 [47], where higher ) values generally
indicate better community partitions. To address inefficiency in large network
community discovery, Blondel et al. [48] proposed the Louvain community de-
tection algorithm in 2008, which Rotta and Noack optimized in 2011 with multi-
level refinement [49]. Building on this, Waltman and Eck improved and proposed
the SLM algorithm in 2013, characterized by allowing already-partitioned nodes
to be re-assigned to communities [11].

For detailed introductions and comparative studies of these community detec-
tion algorithms, readers may refer to works by Shi Jingjing [50] and Chen Yunwei
and Zhang Ruihong [51].

7. Discussion and Future Directions

This paper has reviewed the latest research progress on hybrid network commu-
nity detection methods for scientific structure analysis in library and information
science. For single-type node multi-relation hybrid networks, two approaches
exist for handling multiple relationships: multi-relation combination and multi-
relation fusion. Multi-relation combination is relatively simple, achieved by se-
lecting two or more analytical methods. However, selection should be evidence-
based, requiring scientific evaluation of different combination effects, preferably
choosing methods from different dimensions. Multi-relation fusion methods con-
centrate on innovating hybrid network construction or community detection
algorithms. However, relationship fusion is complex work, requiring further
research on which relationships to fuse and how to evaluate fusion effectiveness.

For more complex multi-type node multi-relation networks, current research
remains relatively limited due to diverse node attributes and complex relation-
ships. Key research challenges include exploring principles and methods for min-
ing multi-type node multi-relation networks, accurately constructing real-world
models, and discriminating the importance of multiple nodes or relationships.
The research frontier extends beyond network construction and community de-
tection/clustering exploration to information diffusion, semantic search, and
intelligent query. Due to the difficulty of mining heterogeneous information net-
works, such research is more challenging and practically valuable, representing
an important future direction for information network research.

In revealing scientific structure, single-network community detection research is
relatively mature, while hybrid network community detection research is still de-
veloping. For hybrid networks that break traditional single-network limitations,
subsequent network analysis research is provided with new perspectives and
methods, capable of mining rich information hidden among different links be-
tween entities, representing a completely new theoretical and practical advance-
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ment. Meanwhile, hybrid network community detection still has many issues
worth exploring in analyzing scientific structure, describing knowledge develop-
ment, and analyzing disciplinary intersections. Scientific research is a complex
system, and the data discussed in this paper are all literature-based, representing
only part of research output. Scientific research also involves substantial infor-
mation related to science and technology strategies, planning, projects, funding,
etc., all closely related to scientific structure. Future research can expand the
data foundation, utilizing richer data types and relationship types from more
comprehensive perspectives to fully understand and reveal scientific structure.
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