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Abstract: In a complex network, some nodes are relatively concentrated in topological structure, thus
forming a relatively independent node group, which we call a community. Usually, there are multiple
communities on a network, and these communities are interconnected and exchange information
with each other. A node that plays an important role in the process of information exchange between
communities is called an inter-community bridge node. Traditional methods of defining and detecting
bridge nodes mostly quantify the bridging effect of nodes by collecting local structural information
of nodes and defining index operations. However, on the one hand, it is often difficult to capture the
deep topological information in complex networks based on a single indicator, resulting in inaccurate
evaluation results; on the other hand, for networks without community structure, such methods
may rely on community partitioning algorithms, which require significant computing power. In
this paper, considering the multi-dimensional attributes and structural characteristics of nodes, a
deep learning-based framework named BND is designed to quickly and accurately detect bridge
nodes. Considering that the bridging function of nodes between communities is abstract and complex,
and may be related to the multi-dimensional information of nodes, we construct an attribute graph
on the basis of the original graph according to the features of the five dimensions of the node to
meet our needs for extracting bridging-related attributes. In the deep learning model, we overlay
graph neural network layers to process the input attribute graph and add fully connected layers to
improve the final classification effect of the model. Graph neural network algorithms including GCN,
GAT, and GraphSAGE are compatible with our proposed framework. To the best of our knowledge,
our work is the first application of graph neural network techniques in the field of bridge node
detection. Experiments show that our designed framework can effectively capture network topology
information and accurately detect bridge nodes in the network. In the overall model effect evaluation
results based on indicators such as Accuracy and F1 score, our proposed graph neural network model
is generally better than baseline methods. In the best case, our model has an Accuracy of 0.9050 and
an F1 score of 0.8728.
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1. Introduction

At present, various complex network structures have been integrated into our life,
such as transportation networks, computer networks, citation networks, and so on. Thus,
emerging network science has become an important research field. In a complex network,
there is a type of node that plays a key role in the information dissemination between
local network structures, which is called a bridge or bridge node. In this paper, we use
bridge node to refer to such a node. Due to their special topological position in the network,
when these bridging nodes are activated, they can effectively promote the information flow
between local structures in the network; on the contrary, when immune to them, they can
effectively prevent the information flow between local structures. Accurately discovering
bridge nodes in the network is an important research topic in network science, and its results
have important application value in scenarios such as community immunization [1,2] and
drug analysis [3].
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So far, researchers have proposed many detection methods for bridge nodes, which are
mainly divided into two categories: methods based on community structure and methods
that do not consider community structure. The method based on community structure
focuses on the detection of bridge nodes as important information transmission media
between communities, which is more in line with the definition of “bridge”; the method of
bridge node detection that does not depend on community structure focuses on the bridging
role of nodes in the global network; this “bridging effect” is more similar to the definition
of node “influence”. On the other hand, the method based on community structure is
more suitable for some real-world application scenarios. Suppose a large computer cluster
network is infected by a virus, and it is necessary to immunize the computers in key
locations to prevent the further spread of the virus. If the location of the bridge nodes is
determined based on the network community structure, the original network topology
will be protected to the greatest extent from damage after the node computer is removed,
and most functions of the network will be maintained normally. Therefore, in recent years,
more and more bridge node-related work is based on the community structure.

As far as we know, the current community-based algorithms for detecting bridge
nodes are based on the local structure information of nodes and perform index calculations
to define the bridging role of nodes. The calculation of a single index means that such
methods cannot comprehensively consider the multi-dimensional information of nodes to
characterize the bridging effect of nodes, thus affecting the accuracy of evaluation results.
In addition, community-based structures may rely on community detection algorithms,
resulting in the consumption of additional computing resources.

This paper systematically studies bridge nodes in complex networks and proposes a
deep learning-based method for detecting bridge nodes between communities. The paper
contains the following three main contributions:

* A deep learning-based framework named BND is proposed to detect bridge nodes,
through which we can avoid expensive community detection algorithms;

*  On this basis, we applied graph learning technology and constructed a GNN model,
BND-GCN, for bridge node detection on complex networks;

¢ We test our model on sex real social networks and compare it with other baseline
methods. Experiments show that BND-GCN performs well on bridge node detection
tasks, and is generally better than the baselines.

The rest of this paper is organized as follows. In Section 2, we systematically
introduce a series of related works on bridge node detection and graph representation
learning. Section 3 details our proposed bridge node detection framework, BND. In
Section 4, a method for constructing the training dataset is presented. In Section 5, extensive
experiments are designed and conducted to verify the effectiveness of the framework.
Finally, in Section 6, we summarize our research work.

2. Related Works
Our research is related to the following works.

2.1. Bridge Nodes Detection Methods

Regarding the definition of node bridging, there are many definitions given by re-
searchers due to differences in network types and research ideas. Before conducting
research on bridge nodes, it is necessary to establish a standard and universal definition. Ac-
cording to the research of Meghanathan [4], the existing approaches can be roughly divided
into two categories: community-unaware approaches and community-aware approaches.

2.1.1. Community-Unaware Approach

The community-unaware approach does not rely on the community partition algo-
rithm, but uses the local or global topology information of nodes to define the bridging of
nodes. The research ideas are not limited to the definition and calculation of indicators [3-6],
but also including random walk-based methods [7], heuristic algorithms [8], and so on.
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Since the general definition of bridging is more based on node neighborhood, network
local information is used more in the decision method of bridge nodes.

Hwang et al. [3] first proposed bridging centrality in 2008 to evaluate drug targets.
The definition of this indicator combines the calculation of random betweenness centrality
and the bridging coefficient.

Through this similar idea of combining global and local indicators, Liu et al. [5]
proposed a bridge node quantification indicator named BNC, which combines route-
betweenness and the bridgeness-coefficient. For each node, its route-betweenness is the
sum of routing weights through that node, and its bridgeness-coefficient is defined as the
reciprocal of the sum of distances from that node to all its neighbors and indirect neighbors.
Similarly, after the dispersion standardization of the above two indicators, the product is
used as the final BNC score for the node.

The community bridge finder algorithm (CBF) proposed by Salathe et al. [7] is a
random walk-based bridge node detection algorithm, which attempts to detect bridging
nodes between communities without relying on the community structure of the network.
The basic idea is that the first node that is not connected back to the current random
walk that has already been visited is more likely to belong to a different community. The
algorithm selects a random node at the beginning and then follows a random path until a
node is found not connected to multiple previously visited nodes during the random walk;
then, this node is identified as a potential community bridge. It then randomly selects two
of its neighbor nodes, and if neither of them is connected to a previously visited node, then
the community bridge is an effective bridge.

Meghanathan et al. [4] summarized the research results of bridge nodes in recent
years in detail, and designed a neighbor-based bridge node centrality triplet NBNC to more
comprehensively evaluate the bridging of nodes, which has the following form:

(NGF™P NGACR |NG;|) 1)

where N G?wmp is the number of components in the neighborhood graph NG; of node i,
ING;| is the number of nodes in NG;, and NG/“R is the ratio of the algebraic connectivity
of NG; and |NG;|. In this paper, the neighborhood graph of a node i is defined as a
graph composed of its neighbor nodes and all edges connecting the neighbor nodes, and a
component is defined as a subgraph composed of nodes and edges in the graph and is not
connected to the outside world. Obviously, by describing the state of the neighborhood
graph after removing nodes, N G?wmp intuitively defines the bridging role that nodes
play in their neighborhoods. NG/ACR improves algebraic connectivity [9] and describes the
bridging of nodes from another aspect. When using NBNC tuples to determine the bridging
rank of nodes, the priority of each element is decreasing; that is, when the previous element
cannot determine the bridging rank of two nodes, the next-level element index is used.
Although the community-unaware approach eliminates the limitation of the commu-
nity, it can also be directly applied to the network without community structure, but due to
the limitation of the available information, it can only mine the properties related to the
bridging effect from the local or global topology information of the nodes. Additionally, the
goal of this type of algorithm is to find influential nodes from the perspective of bridging,
and we think it is inappropriate to define bridge nodes in the community-unaware way.

2.1.2. Community-Aware Approach

The community-aware approach focuses on detecting nodes that play a bridging
role in the process of information exchange between communities, so it must be executed
under the premise of divided communities. Due to the different partitioning algorithms, the
community structure is further divided into overlapping communities and non-overlapping
communities, so there are correspondingly two different types of detection algorithms.



Appl. Sci. 2022,12,10337

4 of 14

Approach based on overlapping community

Overlapping communities means that there are some shared nodes between two
different communities on the same network. This kind of situation is common in the real
world (for example, a social network user participates in multiple groups at the same time),
and some existing community partitioning algorithms are also able to reveal the existence
of overlapping communities. Due to the special topological location of such shared nodes,
some researchers started to define the bridging of nodes by using overlapping nodes in
overlapping communities [1,2,10].

Nepusz et al. [10] proposed an extended overlapping community detection method
and, based on this, they proposed a way to define node bridging. However, in some special
cases, this indicator will identify nodes outside the community as bridge nodes. Therefore,
the author proposes a method of correcting bridgeness with indicators such as degree
centrality, which is called degree-corrected bridgeness.

For networks that have divided overlapping communities, Taghavian et al. [1] proposed
a random walk-based sorting algorithm for bridge nodes to enforce network immunity
strategies. First, extract overlapping nodes according to the community division results; then
perform random walk RWOS from random nodes in the network and set the overlapping
nodes visited in this process as immune targets until enough targets are collected.

On the basis of the above results, Kumar et al. [2] conducted another similar work and
proposed the overlapping neighborhood-based immune strategy, overlap neighborhood.
The basic idea of this strategy is that among the neighboring nodes of overlapping nodes,
there is a high probability of nodes with high degree, and immunizing these nodes can
effectively control the spread of epidemics. Based on this, the process of the algorithm is as
follows. First, use the overlapping community division algorithm to find overlapping nodes;
then, find the neighbor nodes of all overlapping node and arrange them in descending
order of node degree; then, the immune priority sequence of the network can be obtained.

In general, the method of defining bridge nodes based on overlapping community is
simpler and more intuitive, but it relies too much on overlapping community, so that such
algorithms can only focus on the overlapping parts of the communities in the network and
cannot measure the bridging effect of the vast majority of nodes, which cannot give enough
target objects in tasks such as network immunity.

Approach based on non-overlapping community

This type of method is based on non-overlapping community division, focusing on
two attributes of nodes, that is, the connection of nodes within the community and the
outside world.

Gupta et al. [11] first proposed the Commn centrality index, which considers the in-
degree and out-degree of a node in the community. In-degree and out-degree respectively
represent the number of edges directly connected to the node in the community and out
of the community. For the nodes in the community C, the calculation process of Commn
centrality is as follows:

kin
S A
max(k;'.”Vj €C)

out
ki
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max(k¥j € C) " ;oo

CC(i) = (1 + pc) *( #R) 4+ (1= pc) * (

where R is an arbitrary positive integer and its function is to make the obtained in-degree
and out-degree values within the same value range, i.e., [0, R]. The author proposes R
to take the largest in-degree in the community C, i.e., max(k;.”Vj € C). pcis the ratio of
outgoing connections to the total number of connections in the community C and can be
calculated as:
out
ZieC k;c,

Hc = W 3)




Appl. Sci. 2022,12,10337

5o0f 14

Another metric, gateway local rank (GLR) [12], is based on the idea that nodes that
have shortest path to core nodes of community can spread information more efficiently.
First, a local critical node and a gateway node are defined In each community. The GLR
value of node v is calculated as follows:

GLR(v) = [y Y_d(v,u) +az Y d(v,u)]”! 4)

uely relc

where I'y is the set of local cores, I'; is the set of gateway nodes, and d(v, 1) is the shortest
path between node v and u. Parameters a7 and a; are set to weight the different parts.

In terms of centrality based on community structure, there are some other related
works such as community hub-bridge centrality [13], modular centrality [14], etc. Another
feasible idea is the method proposed by Magelinski et al. [15], which is based on the
modularity of the network about the community, and measures the importance of the node
in maintaining the community structure by calculating the change of the corresponding
modularity after removing the node.

The algorithms based on non-overlapping community structure focus on the connec-
tion between communities, and most of them have the same idea, that is, to comprehen-
sively consider the connection status of nodes inside and outside the community and then
make an evaluation. Therefore, some related indicators, such as in-degree, out-degree,
community size, etc., are used in the intermediate process of calculating such indicators.
As a cost, such methods ignore the topology features of nodes in the global network, and
rely on computationally expensive community detection algorithms.

2.2. Graphical Representation Learning

In recent years, due to its powerful performance and wide application range, the
research on graph representation learning [16] has received more and more attention, and it
has been widely used in social network analysis such as community detection, node classifi-
cation, link prediction, and behavior analysis. There is significant related work in this field,
and researchers divide these into dimensionality reduction-based, random walk-based,
graph decomposition-based, and neural network-based methods according to different
graph embedding methods. The methods based on dimensionality reduction include
PCA [17], LDA [18], MDS [19], etc. Representative works based on random walk include
DeepWalk [20] and node2vec [21]. The method based on graph decomposition realizes
graph embedding by decomposing the adjacency matrix of the graph; representative works
include graph Laplacian eigenmaps [22], GraRep [23], and so on. Recently, inspired by
RNNs and CNNs, researchers have begun to generalize these to graphs, resulting in a new
class of neural network-based methods. This class of methods integrates semi-supervised
information into graph representation learning and has strong performance; representative
works include GCN [24], GraphSAGE [25], GAT [26], etc.

Before graph representation learning, there were also many studies applying tradi-
tional machine learning methods, such as logistic regression, SVM, etc., to social network
analysis. Due to the high degree of fit between the graph data structure of social networks
and graph neural networks, some researchers have begun to try to apply graph representa-
tion learning to social network influence recognition, such as with Deepinf [27], RCNN [28],
and InfGCN [29]. These research works realize the embedding process of the network by
extracting the relevant attributes of the node network topology structure; further, graph con-
volution is used to realize the aggregation of node features and generate a low-dimensional
representation of the node. The trained and tuned graph neural network model can finally
predict the influential nodes in the network. Experiments show that although transforming
the network influence prediction task into a classification problem [28] produces more
severe application scenarios, this method is better than some other methods in terms of
efficiency and accuracy.
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3. Main Framework

In this section, we formally propose the inter-community bridge node detection
framework BND to detect bridge nodes between complex network communities. Its basic
structure and process are shown in Figure 1. For a target social network that does not
define bridge nodes, the framework first uses the Louvain algorithm and three bridge node
detection algorithms to define bridge node labels (see Section 3.1 for details); then, it per-
forms feature extraction of nodes (see Section 3.2 for details) to generate the corresponding
attribute graph. The neural network model takes the attribute graph as input and outputs
the result after propagation through the multi-layer neural network (see Section 3.3 for
details); finally, the model output is compared with the ground truth value to calculate
the loss.
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Figure 1. The structure of bridge nodes detection framework.

3.1. Label Definition

In a framework based on graph deep learning, high-quality label data is an important
condition to ensure the effect of the model. For network datasets with real labels of bridge
nodes, our framework can directly receive these as input; for complex networks without
labels, we need to define the bridge nodes in the network ourselves.

In this paper, we combine three bridge-related algorithms—Commn, GLR, and
NBNC—to define the bridging role of nodes in complex networks. The three algorithms
are proven to be precise and efficient. Commn and GLR are based on community structures
and can be combined to detect bridge nodes efficiently. As a community-unaware approach,
NBNC is used to correct the contingency of the above two methods.

First, we use the classic Louvain algorithm to divide the community structure of the
network. Then, the Commn value of all nodes can be calculated based on community
information, as can GLR value and NBNC tuple. Finally, we can obtain three node bridging
ranks according to the result, and nodes that obtain high rank in all of the three ranked lists
are defined as bridge nodes.

3.2. Feature Extraction

We extract node features from two dimensions, namely local features and global
features. The purpose is to ensure that the extracted features can more comprehensively
describe the topology information of each dimension of the node. At the same time,
considering the need to avoid over-reliance on feature engineering as much as possible,
we only selected five types of node topology-related indicators as node features, and most
of these indicators are simple and easy to calculate. Among them, local features include
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degree centrality, LocalRank [30], and clustering coefficient, and global features include
PageRank and betweenness centrality. They are detailed in Table 1.

Table 1. Descriptions of the selected features.

Type Feature Description
Degree Measure the number of the neighbors of a node.
Local  LocalRank Aggregate the information contained in the fourth-order neighbors of each node.
Clustering coefficient Describe the degree of interconnection between the neighbors of a node.
Global PageRank Measure the importance of a particular webpage relative to other webpages.
Betweenness Measure the degree of interaction between the node and other nodes based on the shortest path.

In order to improve the generalization ability and convergence speed of the model,
we normalize the selected features. For each feature X:

X

- max(X) ©®)

XHO?’m

3.3. Graph Neural Network

In order to detect bridge nodes in the network more accurately, the model we build
must have the ability to extract the deep topological information from the complex network.
Therefore, based on the principle of graph representation learning, we propose a deep
neural network model BND-GCN (bridge node detection-GCN) for detecting bridge nodes.

As shown in Figure 2, we first superimpose two GCN layers as the main part of the
model; with the graph structures and feature vectors they can learn representation vectors
of nodes. Each GCN layer has propagation rules defined as follows:

H* = ¢(AH'W' + b)) (6)

where H' is the representations of nodes at the ith GCN layer and W' and b’ are its trainable
parameters. A is the symmetric normalized Laplacian of the network and ¢ denotes the
nonlinear activation function.

After propagation through the multi-layer graph neural network, we can obtain a
low-dimensional node representation that aggregates the topological information of the
complex network. At the end of the neural network, we add three fully connected layers
to process the node representation and give the final output as a classifier. The activation
function between fully connected layers is LeakyReLu, and the activation function of the
output layer is Sigmoid. Finally, we choose the cross-entropy function as the loss function
of the model. According to the classifier output and the known ground-truth labels of the
nodes, the loss function can calculate the loss of the model and then adjust the relevant
parameters of the neural network layer through backpropagation. In addition, we adopt the
dropedge [31] strategy on GCN layers and apply the dropout technique on fully connected
layers to prevent the model from overfitting. The skip connection technique is also used in
our model.

On the other hand, we also try to replace GCN layers in the model with GraphSAGE
and GAT layers. Accordingly, we modified some model parameters to adapt to differ-
ent network layer structures. Experiments show that the variants of BND-GCN, which
we named BND-GraphSAGE and BND-GAT, also have good results on the bridge node
detection task.
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Figure 2. BND-GCN model architecture.

4. Experiment

In this section, we will elaborate on our experimental framework process and the
reasons for designing the experiments in this way. In addition, we also give a detailed
description of the parameter settings in the experiment in this section.

4.1. Dataset Construction

We selected six real networks as our dataset sources: (1) collaboration network of
Arxiv General Relativity category CA-GrQc [32], (2) collaboration network of Arxiv High
Energy Physics Theory category CA-HepTh [32], and (3) a series of snapshots of the
peer-to-peer file sharing network of Gnutella, among which three networks, p2p-Gnutella04,
p2p-Gnutella08, and p2p-Gnutella25, were selected [32]. Related information about these
networks is shown in Table 2.

Table 2. Information of the five selected networks

Network Nodes Edges
CA-GrQc 5242 14,496
CA-HepTh 9877 25,998
p2p-Gnutella04 10,876 39,994
p2p-Gnutella08 6301 20,777
p2p-Gnutella25 22,687 54,705

For the convenience of experiments, we ignored other properties of these networks,
treated them as undirected and unweighted networks, and removed self-loops in the net-
work. After obtaining the processed network, we divided each network into a community
structure according to the Louvain algorithm, and obtained defined labels as described
above. It should be noted that we may encounter two special types of nodes when dealing
with the network: isolated nodes with degree 0 and small community nodes (the number of
community nodes is less than 3). We directly defined these as non-bridging nodes, because
such nodes have little bridging effect.

After ranking nodes with three bridging algorithms, we counted the top 30% of ranked
nodes for each rank and took their intersection as the bridge nodes of the network. In
contrast, other nodes in the network are non-bridge nodes. We used labels “1” and “0”
to identify bridge and non-bridge nodes in the network, respectively. In the machine
learning-based classification task, when the proportion of labels of a certain category is
too large, it will easily lead to a long tail problem, resulting in poor model performance.
Therefore, in order to avoid this problem, we randomly selected some non-bridge nodes
and all of the bridge nodes to form the dataset, so that the ratio of the number of bridge
nodes and non-bridge nodes was 1:2.
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During experiments, we randomly divided the training set and testing set according
to the ratio of 7:3 and, at the same time, ensured that the ratio of positive and negative
labels in training and testing remained the original 1:2. We built the model to train and test
on five network datasets and the obtained test results can measure the effect of the model
on bridge node detection. In the experiments, we selected Accuracy, Precision, Recall, and
F1 score as the evaluation metrics for our proposed deep learning model.

4.2. Parameter Settings

We used two hyperparameters when building the dataset, Bridge-Percentage—the
proportion of nodes we select from the three ranks, and Label-Ratio—the ratio of negative
labels to positive labels. In the experiment, we set Bridge-Percentage to 30% and Label-
Ratio to 2 by default. Additionally, we conducted experiments to explore the settings of
these two hyperparameters; the results are presented in detail in Section 5.

Our BND-GCN model consists of two GCN layers and three fully connected layers,
which contain 16, 16, 16, 8, and 2 neurons, respectively. The learning rate in the model is
uniformly set to 0.01 and the dropout probability is set to 0.2. The dropedge rate is the
percentage of the dropped edges to the total during each round of the training, which we
set to 0.1. When it came to BND-GraphSAGE and BND-GAT, we maintained most model
parameters including the number of layers and neurons. The number of hidden layer
neurons of GAT is set to 8. We use the GCN aggregator [25] in the BND-GraphSAGE model
with the following:

bt «— o(W- MEAN({h* "1} U {h5~1,vu € N(v)})) )

where h%~! is the node’s previous layer representation and h}f\,(v) is the aggregated neigh-
borhood vector.

In order to ensure that the model can converge well on networks of different sizes, we
set the number of model training rounds to 200.

4.3. Baseline Methods

In this part of the work, we have performed many comparative experiments to verify
the advantages of our model. The following baselines are compared to our work.

Logistic regression (LR)

Logistic regression (LR) is a classic machine learning model. We trained an LR model
with the features mentioned earlier to predict bridge nodes.

Support vector machine (SVM)

Support vector machine (SVM) is a generalized linear classifier based on supervised
learning. We also used support vector machine (SVM) with a linear kernel as the classifica-
tion model. The model uses the same features as the logistic regression model.

Multilayer perceptron (MLP)

An MLP consists of multiple fully connected layers. We built a five-layer multilayer
perceptron as a representative to test its performance.

Inf-GCN

Inf-GCN [29] is a GCN-based method proposed to find influential nodes in complex
networks, which performs very well in its area. The author claims that they can reach an F1
score of 90.7 in the best case. We used a Inf-GCN model on the bridge node detection task
to compare it with our work.

Variants of BND-GCN

We implemented two variants of BND-GCN, denoted by BND-GAT and BND-GraphSAGE.
Related parameters of these models have been introduced in the previous section.
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5. Experimental Results and Analyses
5.1. Bridge Node Prediction Experiment

First, we conducted bridge node detection experiments on five real networks. In this
part of the experiment, we used selected features to generate the feature vector of the
node, and trained and tested the models on this basis. The experiments included our three
proposed models—BND-GCN, BND-GraphSAGE, BND-GAT—and four baselines. Table 3

shows the test results of these models on various networks.

Table 3. Bridge node detection experimental results

Model Score CA-GrQc CA-HepTh p2p-Gnutella04 p2p-Gnutella08 p2p-Gnutella25
LR Accuracy Precision 0.6667 0.5000 0.6860 0.7857 0.7731 0.9043  0.5971 1.0000  0.8007 0.8591
Recall Flscore 0.0141 0.0274 0.0866 0.1560 0.3574 0.5123  0.0276 0.0537  0.5903 0.6998
SYM Accuracy Precision 0.6230 0.3333 0.6887 0.6667 0.8293 0.8777  0.6728 0.8000  0.8832 0.8013
Recall Flscore 0.0141 0.0270 0.1417 0.2338 0.5670 0.6889  0.0276 0.0533  0.8641 0.8315
MLP Accuracy Precision  0.7789 0.7647 0.5955 0.4661 0.7292 0.5925 0.7604 0.8361  0.7676 0.6105
Recall Flscore 0.5493 0.6393 09213 0.6190 0.8694 0.7047  0.3517 0.4951 0.9777 0.7516
Inf-GCN Accuracy Precision 0.7418 0.5889 0.8285 0.6802 0.8832 0.7723  0.7742 0.7238  0.8683 0.7199
Recall Flscore 0.7465 05684 0.9213 0.7826 0.9210 0.8401  0.5241 0.6080  0.9907 0.8339
BND-GraphSAGE Accuracy Precision 0.7559 0.6044 0.8047 0.6448 0.8305 0.7527 0.7604 0.5945 0.7789 0.6189
Recall Flscore 0.7746 0.6790 09291 0.7613 0.7320 0.7422  0.8897 0.7127  0.8771 0.7257
BND-GAT Accuracy Precision 0.7277 0.6585 0.7784 0.6443 0.8706 0.7947  0.8041 0.8409  0.9050 0.7883
Recall Flscore 0.3803 0.4821 0.7559 0.6957 0.8247 0.8094 0.5103 0.6352  0.9777 0.8728
BND-GCN Accuracy Precision 0.7934 0.6364 0.7995 0.6269 0.8877 0.7629  0.8779 0.7347  0.8925 0.7563
Recall  F1 score 0.8873 0.7412 0.9921 0.7683 0.9622 0.8511 0.9931 0.8446 1.0000 0.8613

For each metric, we bolded the highest score obtained in each network. Experimental
results on five networks of different sizes show that our proposed BND-GCN model exhibits
outstanding advantages compared with baseline models on the task of identifying bridge
nodes between communities with known communities. In addition, the two variants of
BND-GCN, BND-GraphSAGE and BND-GAT, also perform well. Compared to traditional
methods, GNN-based methods show that the attribute graph constructed by selecting node
features can describe the network structure well, so as to achieve a good embedding effect.
On the other hand, the BND-GCN model is more robust compared to the baseline method
Inf-GCN according to the results. This may be due to improvements we made to the model.

5.2. Hyperparameter Analysis
5.2.1. Label-Ratio

The ratio of negative to positive labels in the dataset, Label-Ratio, will have a certain
impact on the effect of the model, because a change of Label-Ratio may lead to too little
label data or long tail problems. In order to verify the influence of Label-Ratio on the effect
of our proposed model and to help us set the appropriate Label-Ratio parameter value in
the experiment, we designed multiple sets of experiments based on the BND-GCN model;
the experimental results are shown in Figure 3.
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Figure 3. Effects of different Label-Ratio on five social networks.

Through the experimental results, we can see that with the increase of Label-Ratio,
the overall effect of the model generally tends to decline. This is due to the increase in the
number of negative labels, and the long-tail problem becomes more and more significant,
resulting in a poorer model classification effect. A relatively balanced Label-Ratio can
improve model performance; this may have good guiding significance for us when choosing
data to build a training set.

5.2.2. Bridge-Percentage

According to the work in [29], the proportion of bridge nodes in the network also
affects the model test results. Therefore, we set different Bridge-Percentage for repeated
experiments to change the proportion indirectly. For example, if Bridge-Percentage is
set to 10%, the top 10% of nodes by Commn are marked, and we do the same for nodes
ranked with NBNC and GLR. Then, the intersections of the three parts are defined as bridge
nodes. It is clear that Bridge-Percentage directly determines the proportion of bridge nodes.
Therefore, we set different value of Bridge-Percentage to verify the effect of the parameter
on the effect of the BND-GCN model. The results are shown in Figure 4.

The experimental results in this part show that as the Bridge-Percentage increases,
the number of nodes defined as bridge nodes in the network increases, and the overall
effect of the model decreases. Based on the experimental results, we speculate that when
the Bridge-Percentage value is smaller, the bridging value of the selected node is more
concentrated, and the characteristics of bridge nodes that are different from other nodes
are more prominent and easier to capture. This may mean that our model will be more
applicable in networks where there are few bridge nodes. When Bridge-Percentage is too
small, it will lead to the problem of insufficient labels and data waste. This is another aspect
that we should take into account when setting parameters.
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Figure 4. Effects of different Bridge-Percentage on five social networks.

5.3. Pre-Training Experiments

The idea of transfer learning [33] has been widely used in various fields. Using
transfer learning, the transfer and application of knowledge between different fields can
be realized, helping people solve problems such as insufficient label data. In our scenario,
due to the inconsistency of the node embedding vector space between different networks,
the node features of another network cannot be directly used in the training process of
this network. However, this barrier can be broken down by transfer learning; a similar
graph neural network pre-training process has been applied in [29] with remarkable results.
Therefore, we conducted similar pre-training experiments to verify whether the bridge
node features learned in the network can help the training process in other networks. We
trained the BND-GCN model on network CA-HepTh and fine-tuned the model on the other
four networks. With the fine-tuned model, we can successfully implement bridge node
detection tasks on different networks. Figure 5 shows the changes in Loss, Accuracy, and
F1 score of the model during training when using the pre-trained model and the directly
trained model.

By comparing the loss curve of the model before and after pre-training, it is obvious
that our pre-training process accelerates the convergence rate in the early stage of model
training and plays a good role in initializing the model. Through transfer-learning technol-
ogy, we can transfer the bridge node feature information learned on another network to
this network for use. This is very meaningful where there are few label resources available.
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Figure 5. Cont.
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Figure 5. Comparison of the performance between the pretrained model and unpretrained model.

6. Conclusions

In this paper, we first propose a new inter-community bridge node detection frame-
work, BND, which transforms the bridge node detection task into a classification problem
and uses deep learning techniques to detect bridge nodes in the network, thus overcoming
the traditional method’s dependence on the community division algorithm. At the same
time, BND makes judgments on bridge nodes after synthesizing network topology infor-
mation and node characteristics, so it has high accuracy. On this basis, we propose a graph
neural network model BND-GCN and two variants, BND-GAT and BND-GraphSAGE,
for bridge node detection. Our extensive experiments on five real social networks show
that they outperform other deep learning models and some traditional machine learning
models in bridge node detection. As far as we know, this is also the first application of
graph neural network technology in the field of bridge node detection, and there is no
similar application work in this field.

In future work, we will continue to study how to mine community structure infor-
mation in the graph embedding or node feature stage, improve the accuracy of inter-
community bridge node detection, and further improve our framework.
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