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ABSTRACT Aiming at the blank of hypernetwork in the empirical research field of the composite
transportation network, taking Xi’an city as an example, this paper uses the ‘‘HyperEdge’’ to connect the bus
network with the metro network and constructs a large-scale complex hypernetwork, hereinafter referred to
as B-M hypernetwork. In this paper, the topological characteristics of a single hypernetwork are analogized
to a complex hypernetwork, and the interaction mechanism among bus networks, metro networks, and B-M
hypernetwork is studied. Amulti-source least transferred algorithm based on the incidencematrix is proposed
to solve any two nodes’ minimum transfer times in a large complex hypernetwork. The multi-source least
transferred algorithm and matrix transfer algorithm is applied to the B-M hypernetwork, and the random
attack and intentional attack analyze the robustness of the B-M hypernetwork. The results show that the
improved multi-source minimum transmission algorithm based on the incidence matrix is feasible and
effective and can obtain superior computing power for large and complex hypernetworks.

INDEX TERMS Hypernetwork, topological characteristics, robustness, incidence matrix, deep optimization
algorithm.

I. INTRODUCTION
Hypernetwork is an extraordinary complex network, which
was first proposed and applied to the transportation system
by Y. Sheffi in 1985 [1]. In 2002, A. Nagurney, an American
scientist, spread the concept of ‘‘hypernetwork’’ to the fields
of logistics and product trading and called the network higher
than and beyond the existing network as the hypernetwork,
which made the definition of hypernetwork clear [2]. Hyper-
network is widely used in transportation, supply chain, and
logistics.

A. RESEARCH ON SUPPLY CHAIN BASED
ON HYPERNETWORK
In the research of hypernetwork in the supply chain field,
some scholars consider the market demand for building the
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model of supply chain hypernetwork, using an algorithm to
solve it, and then verify the model. Xu and Gao (2008) [3]
studied the equivalent traffic network equilibrium model of
supply chain network equilibriummodel with elastic demand,
expressed it as a nonlinear complementarity problem, and
solved it by LevenbergMarquardt type method. Then, Xu and
Gao (2010) [4] studied the supply chain network equilibrium
model based on elastic demand and the equivalent transporta-
tion network equilibrium model based on hypernetwork, pro-
posed a new semi-smooth Levenberg Marquardt algorithm,
and proved that it is more effective than Newton method
and modified projection method; Feng et al. (2014) [5]
established a hypernetwork model of the closed-loop supply
chain in demand market, including suppliers, manufacturers,
retailers and consumers. The equilibrium conditions of the
closed-loop supply chain were solved by using evolutionary
variational inequality theory and dynamic prediction system,
and numerical examples verified the rationality of the model;
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Wang andWang (2016) [6] established a hypernetworkmodel
of reverse logistics supply chain with six decision makers,
described the seasonal influence of demand on simple peri-
odic function, and described the equilibrium state of the
network by using the theory of variational inequality.

Some scholars combine supply chain hypernetwork with
transportation network and construct the model considering
transportation cost. Yamada et al. (2011) [7] proposed a
hypernetwork equilibriummodel combining the supply chain
network with the transportation network. Considering freight
forwarders and transportation network users’ behavior, they
determine the transportation costs generated in the supply
chain network. Finally, they pointed out that improving the
transportation network can improve the efficiency of the sup-
ply chain network; Yamada and Febri (2015) [8] proposed a
discrete network from supply chain efficiency. The network
design problem is used to optimize the design of the freight
network. In the framework of mathematical programming
with equilibrium constraints, a model including the supply
chain and transportation network is established. The upper
level determines the best action set for improving the trans-
portation network, while the lower level is based on the
hypernetwork balance of supply chain and multimodal trans-
port. At the same time, new PSO variants are developed to
approximate the upper layer. Finally, numerical experiments
show that they have high performance and effective freight
correlation effect.

Some scholars set up the hypernetwork model of the sup-
ply chain and describe all levels’ behavior, such as sup-
pliers, manufacturers, retailers, consumers, etcetera, derive
the optimal conditions of decision-makers, and use the
algorithm to solve the model, and then verify the model.
Yang et al. (2006) [9] proposed modeling, analysis, and
solution framework of supply chain hypernetwork in the
e-commerce environment and established the control system
using variational inequality. This paper describes the win-win
situation of the supply chain hypernetwork model under
the optimal conditions of manufacturer, logistics depart-
ment alliance and demand market, and obtains the stationary
point in this case by modified projection method. Finally,
the model’s effectiveness is verified by an example; Zhip-
ing et al. (2009) [10] established a green supply chain return
hypernetwork optimization model. Considering the supply
chain equilibrium model at a lower level, considering the
impact and pollution of goods transportation, goods pack-
aging and goods processing on the supply chain at a higher
level, the optimal conditions for manufacturers, distributors
and consumers are established by using variational inequality
and solved by modified projection method. Finally, the sup-
ply chain hypernetwork model’s effectiveness is verified by
an example; Then, Wang et al. (2010) [11] put forward a
hypernetwork model of green reverse supply chain, which
is composed of I manufacturers, J distributors, m markets
and N recyclers. On this basis, the optimality conditions
of manufacturers, distributors, consumers and recyclers are
established by using variational inequality and solved by an

improved projection method. Finally, the effectiveness of the
model is verified by numerical examples.

After building the model based on the supply chain hyper-
network, researchers will use relevant algorithms to solve
it. The algorithms mentioned in the above literature include
the Levenberg Marquardt type method, modified projec-
tion method, dynamic projection system, genetic algorithm,
Benders Decomposition algorithm, etcetera. After solving,
the models and algorithms will be verified by numerical
examples or empirical cases.

B. RESEARCH ON LOGISTICS IN HYPERNETWORK
Some scholars have explored the relationship between the
logistics industry and other industries in logistics, some
scholars have studied the related problems of logistics enter-
prises, and some scholars have studied some particular logis-
tics directions. Suo and Wen (2009) [12] Combined with
e-commerce, proposed a reverse Stackelberg model of the
e-commerce logistics market based on hypernetwork theory.
Taking profit, risk and credit as the elements of the util-
ity function, they set up a sequence-dependent game pro-
cess in the hypernetwork composed of transaction volume
and credit, and proposed a reverse Stackelberg solution to
maintain the existence and robustness of logistics market
sequence; Zhu (2011) [13] transformed the coordination
problem between themanufacturing industry and the logistics
industry into a hypernetwork equilibrium problem com-
posed of two networks, revealing the inseparable relation-
ship between the two industries; Shang and Tan (2014) [14]
studied the emergency logistics. Based on the hypernetwork
theory, an emergency logistics hypernetwork model com-
posed of three sub-networks of organization, information, and
infrastructure is established. The hypernetwork capability of
emergency logistics is analyzed in timeliness, quality, oper-
ation, and hypernetwork structure. The entropy evaluation
model of hypernetwork capability of emergency logistics
is established based on entropy theory and order degree,
and time benefit, quality and operation are discussed A
numerical example is given to prove the practicability of the
model; Wang and Chen (2016) [15] considered the balance
between logistics enterprises, built a logistics hypernetwork
model of revenue and cost. Based on the hypernetwork,
a three-layer logistics Hypernetwork Model of suppliers, dis-
tributors and consumers is established. To maximize profits,
the objective function of revenue and cost is set. The mar-
ket behavior of decision-makers of the hypernetwork model
is expressed, and logistics network enterprises’ equilibrium
conditions are discussed. Finally, a case study of e-commerce
logistics in Xi’an Amazon operation center is carried
out.

After the establishment of the logistics hypernetwork
model, researchers will use related algorithms to solve the
problem. The algorithms mentioned above include the mod-
ified projection method, Euler algorithm, Floyd algorithm,
etcetera. After solving, they will verify the model and algo-
rithm according to numerical examples or empirical cases.
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C. RESEARCH OF HYPERNETWORK IN TRAFFIC
When it comes to traffic, five modes of transportation are
generally mentioned: highway, railway, waterway, aviation,
and pipeline. Corresponding to the network research, they
are highway network, railway network, waterway network,
aviation network, pipeline network. Among them, highway
networks, railway networks, aviation networks have been
studied by many scholars, such as model construction and
route optimization. In addition, as urban traffic congestion
has become more and more severe in recent years, major
cities have put forward the concept of giving priority to
the development of urban public transport and accelerated
the construction of bus (electric) vehicles (including trams)
and urban rail transit facilities, providing essential travel
services for the public, to solve the urban congestion prob-
lem effectively. In this context, many scholars also put the
research perspective in the field of urban public transport.
At present, the urban public transport network is mainly
composed of bus networks and metro networks. Some schol-
ars use the traditional complex network to study it, analyze
the crucial stations and critical routes in urban public trans-
port, and examine the robustness of urban public transport
networks.

The research of hypernetwork in the field of transporta-
tion can be divided into two categories: one is to construct
a hypernetwork model based on hypergraph theory, and to
conduct empirical research on the existing bus network,
rail network, aviation network, etcetera, and analyze their
topological properties and network robustness; the other is
to use the hypernetwork model to build a higher-level and
more complex system, and explore its connection, or expand
to weighted directional network, a more complex model is
established to consider travel cost and travel preference, and
is applied to solve other traffic problems.

In the field of transportation empirical research, most
scholars are based on a single network. In rail transit, empir-
ical analysis is usually carried out on the mature urban
rail network. According to the existing subway network,
the hypernetwork model is established, and the model is
described according to some topological characteristics to
verify the robustness of the subway network. Some com-
pare the model with the traditional spatial model. Wei and
Ning (2018) [16] established the hypernetwork model of the
Nanjing Metro network by using the hypernetwork method.
The new model was described by hyperedge degree, node
hyperdegree, and hyperedge hyperdegree and compared with
the traditional spatial L and spatial P models. After that,
Wei et al. (2019) [17] made statistics and classification on
the faults of Nanjing Metro in recent three years and used
relevant indicators to measure the hypernetwork of Nan-
jing Metro Robustness, explore the impact of intentional
attack and random attack on the robustness of Nanjing Metro
Network. In terms of the railway network, Mohmand and
Wang (2014) [18] studied the structural characteristics of
the Pakistan railway network and concluded that the net-
work has small-world network characteristics and diversity.

According to the connectivity, the most important cities are
determined to facilitate the identification of potential conges-
tion points in the network; Suo and Guo (2018) [19] proposed
an evolutionary model based on hypernetwork to describe
the evolution mechanism of high-speed railway system, and
deduced that the over degree distribution of railway station
nodes follows the shift power-law distribution, and tested
the influence of parameters on the model, and conducted an
empirical study on China’s Railway High-speed Railway.

Some scholars focus on solving the travel problems of
actual residents or some traffic problems but ignore the
attributes of the traffic network itself. Duan et al. (2009) [20]
proposed dividing road networks into control areas based on
a hypergraph model to solve the problems of when to coordi-
nate intersections and how to generate control areas. The her-
metic algorithm was used to divide the hypergraph into zones
corresponding to and coordinated control areas, and a numer-
ical example was carried out in combination with the actual
situation in Beijing; Bingfeng et al. (2011) [21] and others put
forward a description by cars, buses, bicycles and other differ-
ent modes of transportation of superimposed and composite
formation of city hypernetwork topology model of the multi-
modal transport system of complex traveler choice behavior,
including the mode choice and route choice carried on the
thorough analysis, based on the analysis of traffic demand,
considering the interference between different mode, differ-
ent mode of generalized cost function is established and the
link impedance function, put forward to describe classes of
multimodal transport system user equilibrium and variational
inequality model and use the diagonalization algorithm to
solve.

For two or more traffic networks, most scholars are based
on complex network empirical research.Mohmand andWang
(2013) [22] conducted a weighted complex network analysis
on Pakistan’s national highway network’s travel routes. The
network is responsible for handling 75% of road traffic, but it
is inadequate, inferior, and unreliable. The highway network
shows the characteristics of the small-world with various
properties; Du et al. (2016) [23] studied the synchronization
problem of the urban bus hypernetwork model using the
external synchronization theory of coupled complex network.
Zhang et al. (2018) [24] analyzed the network characteristics
of three kinds of man and studied the vulnerability of man
from two aspects of connectivity vulnerability and func-
tional vulnerability by using two malicious attack methods;
Ma et al. (2020) [25] based on complex network theory,
proposed a robust model of two-layer bus metro network
from two aspects of structure and function. Based on the
urban traffic data of the Xicheng District of Beijing, based
on the nonlinear load capacity model, this paper analyzes the
cascading failures of the bus metro double-layer network in
Xicheng District of Beijing.

It has to be mentioned that there are some limitations
in using complex networks to study traffic networks. The
related research of complex networks mainly describes the
relationship between stations and lines in the network.
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However, in real life, the interaction between lines is also
the existence of the whole traffic network that can not be
ignored. Hypernetwork happens to cover this aspect so that
it can be more comprehensive research and analysis of the
entire network.

Through the research and summary of the existing litera-
ture, we find that in the empirical research, the field of using
hypernetwork to study composite transportation network is
basically blank. With the considerable investment in rail tran-
sit construction inmajor cities, the urban bus system has grad-
ually developed into a comprehensive transportation system
dominated by ground bus and rail transit as the backbone.
Therefore, based on the complexity of urban traffic networks,
this study applies the hypernetwork theory to the study of
the composite traffic network and explores the relationship
between single and mixed networks. Taking Xi’an city as
an example, this paper combines the ground bus station and
metro network in Xi’an City, constructs the Xi’an bus metro
hypernetwork model, analyzes the topological characteristics
and vulnerability of the composite hypernetwork, and identi-
fies the key stations and lines in the road network.

II. THEORETICAL BASIS
A. THE CONCEPT OF HYPERNETWORK
The existing concept of hypernetwork is divided into
network-based hypernetwork and hypergraph-based hyper-
network. The former refers to mixing large-scale and com-
plex connected networks, which is also called ‘‘multi-layer
network’’ or ‘‘multi-level network’’; the latter refers to the
evolution of hypergraph edges into hyperedges, which can
contain multiple nodes. Hypernetworks mentioned in this
study refer to hypergraph-based hypernetworks.

B. HYPERGRAPH
Hypergraph is defined as a binary relation H = (V ,EH ),
where V = {v1, v2, vn} is a finite set and (1) Ei 6=

φ(1, 2, . . . ,m), (2) Um
i=1Ei = V ,Eh

= {E1,E2, . . . ,E|Eh|}.
Each element in the set V is called the node of the hypergraph,
and the element in Eh is called the hyperedge of the hyper-
graph. Each node can belong to more than one hyperedge,
and each hyperedge can contain multiple nodes. If two nodes
belong to one hyperedge simultaneously, the two nodes are
adjacent; if the intersection of two hyperedges is not empty,
then the two hyperedges are adjacent. Figure 1 is a simple
hypergraph.

C. TOPOLOGICAL PROPERTIES OF HYPERNETWORKS
1) NODE DEGREE
In a hypernetwork, nodes are connected through hyperedges.
The node degree Di of node i is defined as the number of
nodes directly adjacent to node i. Node degree describes
the degree of connection between a node and other nodes.
Node degree can be expressed by degree distribution, and
the proportion of nodes with Di in the hypernetwork to the
total number of nodes in the network is called node degree
distribution.

FIGURE 1. Schematic diagram of hypergraph.

2) NODE HYPERDEGREE
Node hyperdegree refers to the number of hyperedges con-
taining the node, which is recorded as DHi. In a hypernetwork,
the greater the node’s degree, the greater its role and influence
in the whole network, and vice versa. The node hyperdegree
distribution can be expressed by probability distribution func-
tion P(dH), which refers to the proportion of nodes whose
degree is dH to the network’s total number of nodes.

3) HYPEREDGE DEGREE
Hyperedge degree is the number of other hyperedges
connected with the hyperedge, which is recorded as DEi.
Hyperedge degree reflects the degree of connection between
hyperedges.

4) HYPEREDGE HYPERDEGREE
Hyperedge hyperdegree refers to the number of nodes con-
tained in the hyperedge.

5) AVERAGE DISTANCE LENGTH
The average distance of hypernetwork describes the connec-
tivity between nodes.

For general hypernetworks, the average distance is

〈D〉 =

∑
i 6=j Dij

2
(
2N − 1

) (1)

where Dij is the distance between node i and node j, is the
minimum number of hyperedges that i and j need to pass
through; N is the number of all nodes in the hypernetwork.

For general hypernetworks, the formula’s denominator is
increased in the form of an exponential function, so the aver-
age distance calculated is relatively small. To better describe
the connectivity of nodes in hypernetworks, the network effi-
ciency E of general hypernetworks is defined as follows:

E = ln
1
〈D〉

. (2)

6) AGGLOMERATION COEFFICIENT
In a hypernetwork, the whole network’s aggregation coef-
ficient is defined as the ratio of the number of all
closed three-point groups (triangles) to the total number
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FIGURE 2. Geographical distribution of bus network in Xi’an.

of connected three-point groups (whether open or closed).
For hypernetworks, the clustering coefficient is determined
by the number of some hypertriangles and all paths with a
length of 2. It represents the aggregation degree of the net-
work and indicates whether the neighbor node i is adjacent.
It can be expressed as:

C2(H ) =
6× the number of hypertrian gles
number of paths with length 2

(3)

From the above formula, it can be obtained that:

C2 (H) =
CW3 − 6t

W2 − CW2 − 6t
(4)

The hyper triangle is a sequence of three different nodes
and three different hyperedges (vi, Ep,vj, Eq,vk, Er, vk). The
three nodes are connected with each other, and the path with
a length of 2 is like the sequence of vi, Ep, vj, Eq, vk. CW3
is the total number of closed chains with a length of 3 in the
hypernetwork; CW2 is the total number of closed chains with
a length of 2 in the hypernetwork;W2 is the number of vi−vj
chains of length; t is the number of false hypertriangles.

7) GLOBAL EFFICIENCY
The global efficiency of hypernetworks is a measure to define
the robustness of hypernetworks, which is measured by the
average shortest path distance<D> of hypernetworks.When
a station or a line is attacked, the greater the<D> is, the more
significant the impact of the corresponding station or line on
the network robustness. It can be seen that the station is an
essential station of the hypernetwork, and the line is an impor-
tant line of the hypernetwork. The formula for calculating the

global efficiency E of the hypernetwork is as follows:

E =
1

<D>
(5)

III. GENERAL SITUATION OF XI’AN TRAFFIC NETWORK
A. OVERVIEW OF XI’AN BUS NETWORK
As of September 23, 2019, 361 bus lines and 2836 bus stations
have been opened in Xi’an. We use E1–E361 and v1–v2836 to
represent 361 bus lines and 2836 bus stations, respectively.
Observing Xi’an’s bus data, we can see that the number of bus
stations is uneven. The longest line has 56 stations, and the
minimum is only 6 stations. The distance range of bus lines is
relatively large, ranging from 2.6 km to 46 km. The shorter the
average distance between stations, the denser the distribution
of stations. The longer the average distance between stations,
the sparser the distribution of stations passing through remote
suburbs. Figure 2 shows the geographical distribution of the
Xi’an bus network. The bus station is considered a node.
If there is a direct bus line between two stations, the two bus
stations are connected. The longer line is the trunk line, which
plays the role of connecting the main urban area of Xi’an,
while the shorter line is usually the extension line connecting
the main urban space and the outer suburbs.

Using MATLAB software combined with Xi’an bus data,
the adjacency matrix between bus stations is obtained. Com-
bined with the concept of the hypergraph, the Xi’an bus
hypernetwork model is constructed for subsequent analysis.

B. OVERVIEW OF XI’AN METRO NETWORK
TheXi’anmetro line data comes from the public data released
byXi’anMetro Co, Ltd. Table 1 shows themetro lines opened
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FIGURE 3. Planning map of Xi’an metro line.

TABLE 1. Opening sequence and performance of Xi’an metro.

in Xi’an and its related parameters. From 2011 to 2020,
Xi’an has opened four metro lines, namely No. 1, No. 2,
No. 3, and No. 4. There are 88 metro stations, of which
6 are transfer stations. We use E362–E365 and v2837–v2924 to
represent 4 metro lines and 88 metro stations, respectively.
It can be seen from Table 1 that the number of stations of
the Xi’an metro line is relatively uniform. The longest line
is line 4 with 28 stations, and the shortest line is line 2 with
21 stations. The distance of the Xi’an metro line is relatively
long, ranging from 26.30 km to 35.20 km.

Figure 3 is the planning map of Xi’an Metro. It can be seen
that the Xi’an metro network is composed of four metro lines,
and six transfer stations are connected to facilitate passengers
to go to passenger stations, airports, and major commercial
centers.

Similar to the bus hypernetwork, the metro station is used
as the node by using MATLAB software. If there is a direct
metro line between the two stations, the two stations are
included with an ellipse to draw the metro hypernetwork
model of Xi’an metro.

IV. CONSTRUCTION OF B-M HYPERNETWORK MODEL
The bus network and metro network are composed of dif-
ferent stations and lines. The principle of constructing the
B-M hypernetwork is to ignore the mode of transportation,
capacity and ticket price of bus and metro, and integrate
the bus and metro network into a whole bus network. Its
significance lies in the global network analysis, rather than
through a single bus network or metro network research.

In this study, the specific methods of constructing the B-M
hypernetwork are described as follows:

A. UNDIRECTED UNWEIGHTED HYPERNETWORKS
Taking each station as the node of the hypernetwork and
each line as the hyperedge of the hypernetwork, we set up
a hypernetwork model of Xi’an bus and metro. Travelers
can arrive at station j from station i, and they can also
arrive at station i from station j in the same way, due to
the neglect of transportation mode, capacity and ticket price
of bus and metro. Therefore, it can be considered that the
constructed network is an undirected and unweighted simple
hypernetwork.

B. TRANSFER STATION DESCRIPTION
Generally speaking, the metro runs faster than the bus. There-
fore, in real life, for the same distance or the same start-
ing point and ending point, passengers generally prefer the
metro with high speed and short time. After studying the
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FIGURE 4. Geographical distribution of buffer zone.

relevant literature, we found that the available selection range
of connecting the two networks through some stations is
200m, 500m, etcetera in the paper of large-scale composite
transportation network. Considering that ordinary people’s
walking speed is 1m/s, and generally speaking, the walking
time range of transfer between different public transport net-
works acceptable to pedestrians is 5-10minutes. According to
the calculation, the bus station and metro station’s acceptable
distance is [300m], [600m].

Besides, in the ArcGIS platform, the distance between the
two stations in Xi’an city’s base map is the spatial straight-
line distance. However, bus stations and metro stations are
often connected by overpass or underground passage in real
life so that the actual pedestrian transfer distance will be
slightly larger than the straight-line distance between stations
in the ArcGIS base map. Considering this, we take the linear
distance between Xi’an bus station and metro station as the
lower limit of [300m], [600m], that is, [300m].

Add the base map of Xi’an bus network and metro network
to the ArcGIS platform, and takes each metro station as the
center, and draws a circle with a radius of 300m as the buffer
zone, as shown in Figure 4. If a bus station falls into the buffer
zone, it is regarded as the metro station’s transfer station. The
other bus stations that are not within the buffer zone, that is,
residents will not transfer between bus and metro through
these stations, but they are also indirectly connected to the
metro network through the virtual hyperedge. Ametro station

FIGURE 5. Schematic diagram of buffer zone.

may have several transfer bus stations at the same time,
or there may be no transfer bus station in this buffer zone,
as shown in Figure 5. In the hypernetwork, the connecting
edge between the metro station and its transfer bus station
is also regarded as the hyperedge, through which the bus
network and the metro network are connected.

Using ArcGIS, the bus stations within 300m of each
metro station are obtained, and the attribute table informa-
tion is derived. We got 102 transfer lines altogether and
named ‘‘transfer No.1’’, ‘‘transfer No.2’’, ‘‘transfer No.3’’,
. . ., ‘‘transfer No. 102’’, which is indicated by E366–E467.
These 102 transfer lines are also hyperedge. Table 2 lists some
bus stations’ names connected with six important transfer
stations in the metro network by virtual ‘‘hyperedge’’.
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TABLE 2. Bus stations within 300m buffer zone of transfer metro station.

FIGURE 6. Schematic diagram of Xi’an B-M hypernetwork.

Therefore, there are 467 hyperedges and 2924 nodes in the
Xi’an B-M hypernetwork. Figure 6 is the schematic diagram
of Xi’an B-M hypernetwork.

C. CONSTRUCTION OF INCIDENCE MATRIX
Incidence matrix is a matrix used to represent the relationship
between nodes and edges in a network., a hypernetwork based
on a simple hypergraph has a unique incidence matrix. In the
Xi’an B-M hypernetwork model, the incidence matrix repre-
sents the relationship between nodes and hyperedges. In this
model, it involves two networks: the bus network and the
metro network. Simultaneously, a virtual hyperedge is con-
structed by using ‘‘Hyperedge’’ to connect the two networks.
Therefore, the incidence matrix of Xi’an B-M hypernetwork
model consists of six parts: the incidence matrix composed of
bus stations and bus lines (2836∗361), the incidence matrix
composed of bus stations and metro lines (2836∗4), the inci-
dence matrix composed of bus stations and virtual hyperedge
(2836∗102), and the incidence matrix composed of metro sta-
tions and bus lines (88∗361), the incidence matrix consisting
of the metro station and metro line (88∗4), and the incidence
matrix composed of metro stations and virtual hyperedge
(88∗102), as shown in ‘‘(6)’’.
In the matrix, if the node m is on the hyperedge n, then

the value of (vm, En) in the matrix is 1; otherwise, it is 0.
Therefore, the Xi’an B-M hypernetwork model’s incidence

FIGURE 7. Degree distribution and cumulative probability distribution of
node degree.

matrix is a 0-1 matrix with 2924 rows and 467 columns.

M2924∗467 =

[
[ ]2836∗361 [ ]2836∗4 [ ]2836∗102
[ ]88∗361 [ ]88∗4 [ ]88∗102

]
(6)

V. ANALYSIS OF TOPOLOGICAL CHARACTERISTICS OF
HYPERNETWORKS
According to the Xi’an B-M hypernetwork model’s inci-
dence matrix, we can calculate the topological characteris-
tics of the Xi’an B-M hypernetwork. Besides, we compare
the three hypernetworks of Xi’an Bus hypernetwork, Xi’an
Metro hypernetwork, and Xi’an B-M hypernetwork, and
explore the influence of ‘‘Hyperedge’’ on the bus and metro
network.

A. NODE DEGREE
Node degree refers to the number of other stations adjacent to
a station, reflecting its passenger flow and transfer capacity.
According to the calculation of incidence matrix M, the aver-
age node degree value of Xi’an B-M hypernetwork is 71,
which indicates that each station can transfer to 71 different
stations on average. According to the node degree of hyper-
network, the key stations are shown in Table 3. The station
with the largest node degree is Nanshaomen, with a node
degree of 472. The degree distribution and cumulative proba-
bility distribution of node degree in Xi’an B-M hypernetwork
model are shown in Figure 7. The statistical results show
that the cumulative probability distribution of node degree
follows an exponential distribution, the exponential function
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TABLE 3. Top 5 stations with node degree in Xi’an B-M hypernetwork
model.

FIGURE 8. Schematic diagram of node degree comparison of three
hypernetworks.

fitted is as follows: y = 1.1495e−0.015x. According to the
exponential distribution nature, most of the nodes have the
same number of connections, and few nodes are much higher
or lower than the average, and the difference is not as evident
as power-law distribution. This shows that the load planning
of the B-M hypernetwork is relatively uniform and can meet
the passenger travel demand.

The node degrees of 2836 bus stations in the bus hyper-
network and 88 metro stations in the metro hypernetwork
are calculated respectively, and compared with the node
degrees of 2924 nodes in the B-M hypernetwork, as shown
in Figure 8. After the use of ‘‘Hyperedge’’ to connect the
bus hypernetwork and the metro hypernetwork, the node
degree of 2836 bus stations changed little, only 102 sta-
tions increased by 1, and the node degree value of other
stations did not change; however, the change ratio of node
degree of 88 metro stations was more extensive, and the
difference was in the interval [23], [72]. In the metro hyper-
network, the node degree of each station is related to the
metro line. The node degrees of the stations above the four
metro lines are 18, 20, 25, 27 respectively. Among them,
the node degrees of six transfer stations are relatively large,
which are 38, 43, 45, 45, 47, 52, respectively. In the B-M
hypernetwork, the node degree values of 88metro stations are
between [87], [92].

Whether it is the slight change of node degree of 2836 bus
stations or the significant change of node degree of 88 subway
stations, they are all caused by 102 ‘‘hyperedges’’ constructed
by us.

TABLE 4. Top 5 stations with node hyperdegree in Xi’an B-M
hypernetwork model.

FIGURE 9. Degree distribution and cumulative probability distribution of
node hyperdegree.

B. NODE HYPERDEGREE
Node hyperdegree refers to the number of lines passing
through a station. According to the calculation of incidence
matrix M, the average node hyperdegree value of Xi’an B-M
hypernetwork is 91, which means that 91 lines are passing
through each station on average. Corresponding to the node
degree, the station with the largest node hyperdegree is Nan-
shaomen, and its node hyperdegree is 838. According to the
hypernetwork node hyperdegree, the key stations are shown
in Table 4. The degree distribution and cumulative probability
distribution of node hyperdegree in Xi’an B-M hypernetwork
model are shown in Figure 9. The statistical results show that
the cumulative probability distribution of node hyperdegree
follows an exponential distribution, the exponential function
fitted is as follows: y = 1.1353e−0.241x.
From the cumulative probability distribution of node

hyperdegree, we can see that for the same node, if it is located
in a large number of lines, this kind of node is relatively small
in the hypernetwork, which also conforms to the ‘‘pareto prin-
ciple’’ in life. The stations that often carry a lot of passenger
flow are usually a small part, and most of the rest are mainly
responsible for the connection.

The relationship between node degree and node hyperde-
gree is shown in Figure 10. As shown in Figure 10, the node
hyperdegree of a station with a large node degree is also large.

Similar to the node degree, the node excesses of 2836 bus
stations and 88 metro stations in the three hypernetworks are
calculated and compared, as shown in Figure 11. Because
the node degree of the same station is directly proportional
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FIGURE 10. Relation graph of node degree and node hyperdegree.

FIGURE 11. Schematic diagram of node hyperdegree comparison of three
hypernetworks.

to the node overrun, the change of each station’s overrun
value is very similar to that of the node degree value. After
using the ‘‘Hyperedge’’ to connect the bus hypernetwork and
the metro hypernetwork, only 102 of the 2836 bus stations
have increased the node degree value by 1, while the node
degree value of other stations has not changed; while the
change difference of node overrun value of 88 metro stations
is different in the interval [0, 4]. In the metro hypernetwork,
there are only two values of node hyperdegree: 1 and 2. The
node hyperdegree of the six transfer stations is 2, and the
others are 1. In the B-M hypernetwork, the node hyperdegree
of 88 metro stations is in the interval [1, 6].

C. HYPEREDGE DEGREE
Hyperedge degree refers to the number of other lines passing
through the same station as a certain line. According to
the calculation of incidence matrix M, the average value of
hyperedge degree is 56, which means that all stations of each
line can transfer to 56 other lines on average. The crucial lines
obtained from the hyperedge degree are shown in Table 5.
The degree distribution and cumulative probability distribu-
tion of hyperedge degree in Xi’an B-M hypernetwork model
are shown in Figure 12. The results show that the cumula-
tive probability distribution of hyperedge degree obeys the
linear distribution, and the fitting function is as follows:
y = −0.0062x + 0.826. The hyperedge degree reflects the
overall transfer capacity of a certain line.

FIGURE 12. Degree distribution and cumulative probability distribution of
hyperegde degree.

TABLE 5. Top 5 lines with hyperedge degree in Xi’an B-M hypernetwork
model.

FIGURE 13. Schematic diagram of hyperedge degree comparison of three
hypernetworks.

The hyperedge degrees of 361 bus lines in the bus
hypernetwork and 4 metro lines in the metro hypernet-
work are calculated respectively, and the hyperedge degrees
of 361 bus lines and 4metro lines corresponding to 467 hyper-
edges in the B-M hypernetwork are compared, as shown in
Figure 13. After the use of ‘‘Hyperedge’’ to connect the bus
hypernetwork and the metro hypernetwork, the hyperedge
degree of 361 bus lines changes very little, and the change
range is only between [0, 14], while the hyperedge degree
of four metro lines changes relatively large. In the Metro
hypernetwork, the out of edge values of 4 metro lines are all
3; in the B-M hypernetwork, the out of edge values of 4 metro
lines become 33, 32, 29, 29 respectively.

For 361 bus lines and 4 metro lines, the increase of
outliers is similar to the rise of node degree and node
overrun of each station, which is caused by the virtual
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TABLE 6. Top 5 lines with hyperedge hyperdegree in Xi’an B-M
hypernetwork model.

FIGURE 14. Degree distribution and cumulative probability distribution of
hyperegde hyperdegree.

‘‘Hyperedge’’ constructed. For the added part, it can be
divided into two categories. For bus lines, one is the metro
line, the other is the constructed virtual ‘‘ hyperedge’’; for
the metro line, one is the bus line, and the other is the created
virtual ‘‘hyperedge’’.

D. HYPEREDGE HYPEREDGE
Hyperedge hyperdegree refers to the number of stations
contained in a certain line. According to the calculation of
incidence matrix M, the average hyperedge hyperdegree is
151, that is, each line comprises 151 stations on average.
The crucial lines obtained from the hyperedge hyperdegree
are shown in Table 6. The line with the largest hyperedge
hyperdegree is bus line 711, with a hyperedge hyperde-
gree of 472. The degree distribution and cumulative prob-
ability distribution of hyperedge hyperdegree in Xi’an B-M
hypernetwork model are shown in Figure 14. The statistical
results show that the cumulative probability distribution of
hyperedge hyperdegree accords with the linear distribution,
as shown in Figure 14, and the fitting function is as follows:
y = −0.02x+0.8987,R2

= 0.9501. HyperEdge hyperdegree
can reveal the area and population size served by a certain
line.

Similar to the hyperedge degree, the hyperedge hyperde-
gree of 361 bus lines and 4 metro lines in the three hyper-
networks is calculated and compared, as shown in Figure 15.
Compared with the data, it is found that no matter 361 bus
lines or 4 metro lines, their overrun values have no change.
It is mainly because the concept of hyperedge hyperdegree
refers to the number of stations on a certain line. In the three

FIGURE 15. Schematic diagram of hyperedge hyperdegree comparison of
three hypernetworks.

hypernetworks, the relative positions of bus stations and bus
routes have not changed, and the relative positions of metro
stations and metro lines have not changed. Also, considering
the existing traffic network, its change is almost impossible.
Therefore, the change of hyperedge hyperdegree of 361 bus
lines and 4 metro lines is zero.

E. AVERAGE DISTANCE
The average distance describes the average degree of separa-
tion between nodes in a hypernetwork. According to the aver-
age distance calculation formula in the general hypernetwork,
the average length of the Xi’an B-M hypernetwork is 1.9199.
That is, any two nodes can be reached through 1.9199 lines
on average.

Similarly, the bus network’s average shortest distance is
4.2939, and that of the metro is 1.7168. Compared with
the B-M hypernetwork, it can be seen that after the two
hypernetworks are connected, the average shortest distance
relative to the bus hypernetwork decreases from 4.2939 to
1.9199, while the average shortest distance relative to the
metro hypernetwork increases from 1.7168 to 1.9199.

From the perspective of urban traffic development, the con-
struction of metro stations and the opening of metro lines
greatly improve residents’ travel convenience. And the exis-
tence of buses seems to increase residents’ travel and transfer.
Due to the long investment period and high investment cost,
the return on investment in remote urban areas is far lower
than that in urban centers. The existence of busesmakes up for
residents’ difficulties to get to the surrounding city by metro.

F. CLUSTERING COEFFICIENT
The clustering coefficient of hypernetwork indicates the
closeness of the connection between stations and lines. Gen-
erally speaking, the nodes in the hypernetwork are compact,
and the clustering of the network is between [0, 1]. Through
calculation, we got the clustering coefficient of Xi’an B-M
hypernetwork is 0.7077, which is relatively large compared
with the median value of 0.5. This shows that the Xi’an B-M
hypernetwork’s overall density is good, and the possibility
of distance connection between nodes through hyperedge
connection is relatively large. Compared with the network of
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the same scale, the clustering property of the hypernetwork is
very high.

We also calculate the clustering coefficient of bus hyper-
network and metro hypernetwork and get 0.7031 and 0.9659,
respectively.

It is worth mentioning that the clustering coefficient of
metro networks in the relevant literature is relatively small
because most of them use the traditional complex network to
construct the network model and subsequent analysis, such as
spatial L models, spatial P models, etcetera. In the complex
network, mainly describes the relationship between points or
lines but largely ignores the relationship between stations and
lines. But hypernetworks make up for that.

It is easier to understand the difference by mapping it into
the unique adjacency matrix corresponding to the network.
In traditional complex networks, only two nodes are directly
connected, and there is no other node in the middle. The ele-
ment in the corresponding adjacency matrix is 1; otherwise,
it is 0. However, in a hypernetwork, if some nodes are on
the same line, the corresponding adjacency matrix elements
formed by any two of these nodes are 1. Mapping to this
paper, if two stations belong to the same line, then from one
station to another station is not required to transfer, can be
directly arrived.

According to the adjacent matrix of Xi’an Metro hypernet-
work and the calculation formula of the clustering coefficient,
we use MATLAB software to program and finally get the
clustering coefficient of Xi’anMetro hypernetwork is 0.9659,
which is in line with the characteristics of a small-world
network. Considering that there are only 88 metro stations
and 4 metro lines in Xi’an metro network, such a conclusion
is not questionable.

Compared with bus hypernetwork and B-M hypernet-
work, Metro hypernetwork itself is a small world network
with super high concentration. Compared with the clustering
coefficient of the B-M hypernetwork of 0.7077, after the
two hypernetworks are connected, the clustering coefficient
is slightly increased compared with the bus hypernetwork,
while compared with the Metro hypernetwork, the clustering
coefficient is significantly reduced. This is mainly due to the
rapid increase in the number of stations and lines after the
network connection.

In this part, we mainly calculate the static index of
Xi’an B-M hypernetwork topology characteristics and get
the crucial stations and critical lines in the whole network.
In the next part of the robustness analysis, we can deter-
mine the sequence of intentional attacks according to this
order.

VI. ROBUSTNESS ANALYSIS OF XI’AN B-M
HYPERNETWORK
The robustness of hypernetworks is one of the essential
dynamic properties of hypernetworks. Robustness refers to
the anti-interference, firmness, and stability of the hypernet-
work. If a system maintains its function when disturbed, the
system is robust.

A. DESIGN OF ATTACK STRATEGY
In the traditional complex network-related research, attack
methods are often divided into random attack and deliberate
attack. Random attack refers to the situation of unexpected
accidents and bad weather in the regular operation of the
system. Deliberate attack relates to road construction, attack
and damage to the station or line according to certain require-
ments. Based on the unique incidence matrix of Xi’an B-M
hypernetwork, four attack strategies can be designed: random
station attack, random line attack, deliberate station attack,
and deliberate line attack. Under these four attack strate-
gies, the global efficiency E of the whole hypernetwork is
calculated.

The four attack strategies are mapped into the incidence
matrix. The attacked stations/lines in random station attack
and random line attack are determined by generating ran-
dom numbers. The order of attacked stations in deliberate
station attack is determined by combining node degree and
node hyperdegree. The attack line order in deliberate line
attack is determined by combining hyperedge degree and
hyperedge hyperdegree. The corresponding node/hyperedge
is deleted from the incidence matrix M to form a new hyper-
network incidence matrix M1, and the global efficiency E1
of the hypernetwork is calculated again; the above steps are
repeated until all the stations/lines in the hypernetwork are
deleted, and the influence of each station/line fault on the
global efficiency of the hypernetwork is observed.

The attack strategy flow chart is shown in Figure 16:

FIGURE 16. Flow chart of attack strategy.

B. ALGORITHM DESIGN
To calculate the global efficiency of the hypernetwork,
we first need to get the minimum transfer times between
any two stations, which is equivalent to seeking the shortest
path from multiple sources. Floyd algorithm is used to solve
it. The traditional Floyd algorithm is based on the graph
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adjacency matrix to calculate the shortest path between the
vertices, and the time complexity of the Floyd algorithm
is O (N3), so it is not suitable to operate a large number
of data. There are 2924 nodes and 467 hyperedges in the
Xi’an B-Mhypernetwork. If the traditional Floyd algorithm is
used, its time complexity will reach O(29243) and O (4673).
Therefore, we improve the Floyd algorithm based on a similar
traffic composite hypernetwork. In this paper, we need to
consider the minimum number of the transfer. In addition to
the connection between stations, we should also consider the
relationship between stations and lines as well as the relation-
ship between lines. Any station belongs to one or more lines,
and there is an intersection or separation relationship between
lines. The incidence matrix of hypernetwork can be used to
summarize these relations.

We use the Floyd algorithm’s core idea to calculate the
minimum number of multi-source transfers in the hypernet-
work incidence matrix. When seeking the minimum transfer
times from node va to node vb, we first judge whether node
va and node vb belong to the same hyperedge. If node va
and node vb belong to the same hyperedge, the number of
transfer can be directly recorded as 0; if node va and node
vb does not belong to the same hyperedge, it is necessary to
cross the hyperedge to find the hyperedge where node va is
and the hyperedge where node vb is located. It needs several
public nodes to intersect them. The number of shared nodes
found through the scheme with the least common nodes is the
minimum transfer times from node va to node vb.

After getting the minimum transfer times of any two nodes,
we can get the average minimum transfer times of the whole
hypernetwork and then get the global efficiency of the hyper-
network. When designing an attack, whether it is a random
attack or a deliberate attack, it is only necessary to delete
the row of data in the original incidence matrix of the hyper-
network when attacking the station, while only the data of
the line in the original incidence matrix of the hypernetwork
can be deleted when attacking the line. Then we calculate the
global efficiency of the new supernetwork according to the
multi-source minimum transmission algorithm.

C. ROBUSTNESS ANALYSIS
According to equation (5), we calculate the global efficiency
of the whole hypernetwork is 0.5209. According to the attack
strategy flow chart in Figure 16, random attack and delib-
erate attack are carried out on Xi’an B-M hypernetwork,
respectively.

In the hypernetwork, both the bus network and the metro
network exist in reality. Due to a large amount of capital
investment in the establishment process and the dependence
of passengers in the operation process, all metro stations of
the same metro line cannot be destroyed or stationped at the
same time; similarly, in the bus network, because there are
2836 bus stations and 361 bus lines, each bus station does
not only belong to one bus line. If a bus line is completely
removed from the road network, the impact on the whole
network is vast. Besides, many bus lines have the same

FIGURE 17. Change of global efficiency of hypernetwork after randomly
deleting nodes.

FIGURE 18. Change of global efficiency of hypernetwork after
deliberately deleting nodes.

route in real life and pass through several stations with the
same order and number. When such bus lines are stationped,
the impact on the whole network is minimal. The virtual
lines connected by the ‘‘Hyperedge’’ of the hypernetwork
are all within 300 meters of each metro station. In the site
selection and design of metro stations, it is often the grid with
large passenger flow that will be considered to build metro
stations. The bus stations within the corresponding scope
are also bus stations with large passenger flow in the bus
network, so passengers will not abandon such virtual lines.
To sum up, it is not significant to attack the line in Xi’an
B-M hypernetwork. Therefore, in this paper, we only shoot
the stations, random attack and intentional attack.

1) RANDOM ATTACK
After random attack on the station, the global efficiency
change of the hypernetwork after randomly deleting nodes
is shown in Figure 17. As can be seen from Figure 17,
the hypernetwork efficiency at the triangle broken line fluc-
tuates wildly. For example, V1 (xinjiamiao bus dispatching
station), v588 (people’s paradise), v1596 (Yuxiang gate), v1640
(Science and technology intersection of Gaoxin Road), v1694
(Nanshaomen), v1761 (North Street) and other stations are
at the three corners broken line. If the node at the trian-
gle broken line breaks down, the global efficiency of the
hypernetwork will fluctuate significantly, which will add
many unexpected states to the traffic network of Xi’an city.
Therefore, we should pay attention to these stations, do an
excellent job of emergency prevention and protection in case
of sudden failure, prevent these stations from loss, and avoid
large disturbance in the hypernetwork.

2) DELIBERATE ATTACK
When attacking the station intentionally, the single node
with a larger node degree and node hyperdegree is first
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FIGURE 19. The impact of attacking important stations on the average minimum transfer times and global efficiency between stations and lines.

attacked. For example, when attacking v1640 (Gaoxin road
science and technology intersection), the hypernetwork effi-
ciency decreases from 0.5209 to 0.5204; when attacking v1694
(Nanshaomen), the hypernetwork efficiency decreases from
0.5209 to 0.5205. Obviously, compared with the failure of
v1694, the failure of v1640 has a more significant impact on
the efficiency of the whole hypernetwork. The changes of
hypernetwork efficiency after deliberately attacking nodes
with high node degree and node hyperdegree are shown
in Figure 18: v1 (xinjiamiao bus dispatching station), v588
(Minyuan Park), v1761 (North Street), v1640 (Gaoxin Road
intersection), v1596 (Yuxiang gate), v1694 (Nanshaomen), v826
(Dacha City), v1649 (Beiguan), v2133 (Guangji Street) and
v1557 (outside the South Gate).
The failure of these ten stations has the most significant

impact on the efficiency decline of hypernetwork. These
ten stations are undoubtedly the most essential and critical
stations in Xi’an B-M hypernetwork. The failure or damage
of these stations will make the efficiency of Xi’an B-M hyper-
network decline the most. In operation management, disaster
prevention and control should be carried out in advance for
these stations to avoid damage and minimize loss.

VII. CONCLUSION
With the concept of giving priority to the development of
urban public transport has been widely implemented in major
cities, and the comprehensive transportation system with the
ground bus as the main body and rail transit as the backbone
has achieved good results in some large cities, major cities
have also begun to vigorously develop rail transit, with huge
investment in rail transit construction.

This paper takes Xi’an bus network and metro network as
the research object, based on the hypernetwork theory, taking
bus station and metro station as nodes, bus line and metro
line as hyperedge, and constructs bus hypernetwork model
and metro hypernetwork model. According to the definition
of ‘‘Hyperedge’’ in the hypernetwork, that is, the existing
or virtual edges of the nodes are hyperedges in the hyper-
network, the virtual ‘‘Hyperedge’’ is constructed to con-
nect the public transport network and the railway network
effectively, and then the Xi’an B-M hypernetwork model is
built.

By the start date of the study, 361 bus lines and 4 metro
lines have been opened in Xi’an, 2836 bus stations and
88metro stations have been built. Among them,Metro Line 1,
line 2, line 3, and line 4 are the main lines, supplemented by
bus lines, forming a topological structure radiating from the
central urban area to the surrounding suburbs, which plays a
vital role in the whole of Xi’an city.

For B-M hypernetwork, it does not merely overlap bus
hypernetwork and Metro hypernetwork but connects the
two networks through virtual ‘‘walking’’ lines through some
public or adjacent stations. This kind of ‘‘walking’’ dotted
line is often manifested as pedestrian overpass or underpass
in the city. After constructing three hypernetwork models,
we analyze the interaction mechanism between urban public
transport and metro by comparing six static topological char-
acteristics of node degree, node overrun, hyperedge degree,
average shortest distance and aggregation coefficient, and
obtain the critical stations and key lines in B-M hypernet-
work in a certain sense. It is found that the reasonable and
efficient connection and complementary advantages of metro
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and public transport can improve the overall efficiency of
the public transport system and significantly improve the
quality of travel and life of residents. The metro can complete
a larger scale of passenger transport, breakthrough certain
physical space restrictions, and make the connection between
any two places in the city more direct; the ground bus is more
flexible, which can cover the areas that the metro can not
reach.

After that, we analyze the dynamic topological characteris-
tics of the B-M hypernetwork and test its overall stability. The
average minimum transmission time and global efficiency
are used to evaluate the robustness of the B-M hypernetwork
under random attack and deliberate attack. The crucial sites’
attack order is determined according to the importance of the
sites obtained in the last part. In fact, the transfer between sta-
tions in the network can be simplified as the transfer between
lines. On this basis, we improve the traditional node attack
and hyperedge attack. This paper mainly attacks the nodes
in the hypernetwork, combined with the unique incidence
matrix of the hypernetwork, carries on the matrix transforma-
tion, obtains the influence of the route corresponding to the
site on the whole hypernetwork when being attacked, so as to
better study the relationship between stations and lines in the
network.

In order to reduce the computational complexity, we pro-
pose a multi-source minimum transmission algorithm based
on the incidence matrix. Using this algorithm, we get the
initial minimum number of inter-node transmission is 1.9199,
and the initial minimum number of transfers between lines is
2.2740. Then, according to the random attack and deliberate
attack on the station, the average minimum transmission time
and global efficiency between stations are calculated, and
the transmission relationship between lines is also calculated.
The influence of random attack on the network is more sig-
nificant than that of random attack.

Figure 19 shows the changes in average minimum trans-
mission time and global efficiency of Xi’an B-M hyper-
network when 10 important sites are deliberately attacked.
From the point of view of station line relationship, it can
be divided into the following four categories: the change
of average minimum transfer times between stations after
the attack, the change of average minimum transfer times
between lines after attack, the change of global efficiency
between stations after attack and the change of global effi-
ciency between lines after attack. It can be found that when
high importance sites are deliberately attacked, the influence
between lines in the hypernetwork is different. We can infer
that when evaluating the importance of a node in a network,
we should not only consider the importance of the station in
all stations, but also consider the importance of its line in all
lines.

According to the research results, the key stations and
important lines in the whole B-M hypernetwork can be
determined. In the daily operation and management of these
vital bus stations and metro stations, disaster prevention
and control should be carried out in advance to avoid

and reduce losses, which also provides certain management
enlightenment for supporting urban traffic planning. It can
be extended to other cities and even the whole country to
study the interaction mechanism of various traffic modes
in a city and analyze its overall robustness. The verifica-
tion of Xi’an B-M hypernetwork shows that the algorithm
has the same applicability for similar large-scale complex
hypernetworks.

This study is only the first step for us to study transporta-
tion hypernetwork. After that, we will add the factors such
as passenger volume, ticket price and travel time to weight
the hypernetwork so that our research is closer to reality and
has more practical significance. In the future, more metro
and bus lines will be opened in Xi’an. How to make the bus
and metro better cooperation, further shorten the diameter of
the hypernetwork, reduce the number of passengers transfer
in the composite network, improve the transport efficiency
of the urban public transport network, and better play the
advantages of public transport and metro, is also our future
research direction.

REFERENCES

[1] M. S. Daskin, ‘‘Urban transportation networks: Equilibrium analysis
with mathematical programming methods,’’ Transp. Sci., vol. 19,
no. 4, pp. 463–466, 1985. [Online]. Available: http://www.jstor.
org/stable/25768196

[2] A. Nagurney and L. Zhao, ‘‘A network equilibrium formulation of market
disequilibrium and variational inequalities,’’ Networks, vol. 21, no. 1,
pp. 109–132, Jan. 1991, doi: 10.1002/net.3230210108.

[3] M. Xu and Z. Y. Gao, ‘‘Supply chain network equilibrium model
and its equivalent supernetwork based model: Complementarity
formulations and comparisons,’’ in Proc. IEEE Int. Conf. Service
Oper. Logistics, Inform., Oct. 2008, vol. 1, and 2, pp. 2002–2007,
doi: 10.1109/SOLI.2008.4682861.

[4] M. Xu and Z. Gao, ‘‘An efficient algorithm for solving supply chain
network equilibria and equivalent supernetwork based traffic network
equilibria,’’ Sci. China Technol. Sci., vol. 53, no. 12, pp. 3264–3274, 2010,
doi: 10.1007/s11431-010-4168-0.

[5] Z. Feng, Z. Wang, and Y. Chen, ‘‘The equilibrium of closed-
loop supply chain supernetwork with time-dependent parameters,’’
Transp. Res. E: Logistics Transp. Rev., vol. 64, pp. 1–11, Apr. 2014,
doi: 10.1016/j.tre.2014.01.009.

[6] S. S. Wang and Z. P. Wang, ‘‘A reverse logistic supply chain supernetwork
equilibrium model in dynamic environment,’’ in Proc. Mater. Eng. Mech.
Eng. (MEME), 2016, pp. 1292–1301.

[7] T. Yamada, K. Imai, T. Nakamura, and E. Taniguchi, ‘‘A supply
chain-transport supernetwork equilibrium model with the behaviour of
freight carriers,’’ Transp. Res. E: Logistics Transp. Rev., vol. 47, no. 6,
pp. 887–907, 2011, doi: 10.1016/j.tre.2011.05.009.

[8] T. Yamada and Z. Febri, ‘‘Freight transport network design using particle
swarm optimisation in supply chain–transport supernetwork equilibrium,’’
Transp. Res. E: Logistics Transp. Rev., vol. 75, pp. 164–187, Mar. 2015,
doi: 10.1016/j.tre.2015.01.001.

[9] G. F. Yang, Z. P. Wang, and Y. J. Wang, ‘‘The Win-win optimization
for the supply chain supernetwork with electronic commerce based on
the variational inequalities,’’ in Proc. IEEE Asia–Pacific Conf. Services
Comput. (APSCC), 2006, pp. 174–181.

[10] W. Zhiping, W. Haichao, Z. Yutang, and W. Jiangning, ‘‘Research of green
supply chain supernetwork model based on variational inequalities,’’ in
Proc. Int. Conf. Manage. Service Sci., Sep. 2009, pp. 1–4.

[11] Z. P. Wang, Y. T. Zou, H. C. Wang, and Z. F. Feng, ‘‘The optimization
of reverse supply chain hypernetwork,’’ in Proc. Int. Conf. Logistics Syst.
Intell. Manage., vols. 1–3, 2010, p. 659.

227062 VOLUME 8, 2020

http://dx.doi.org/10.1002/net.3230210108
http://dx.doi.org/10.1109/SOLI.2008.4682861
http://dx.doi.org/10.1007/s11431-010-4168-0
http://dx.doi.org/10.1016/j.tre.2014.01.009
http://dx.doi.org/10.1016/j.tre.2011.05.009
http://dx.doi.org/10.1016/j.tre.2015.01.001


J. Wang et al.: Research on Bus and Metro Transfer From Perspective of Hypernetwork

[12] D. Suo and F. Wen, ‘‘A reversed stackelberg approach to electronic com-
merce logistics based on supernetwork theory,’’ presented at the 2nd Int.
Symp. Inf. Sci. Eng., Dec. 2009.

[13] Z. H. U. Li, ‘‘AHypernetwork-basedOptimizationModel for Coordinating
Manufacturing and Logistics,’’ Syst. Eng., vol. 29, no. 6, pp. 100–105,
2011.

[14] L. Y. Shang and Q. M. Tan, ‘‘Supernetwork and entropy theory in quanti-
tative decision-making of emergency logistics,’’ Proc. IEEE 5th Int. Conf.
Softw. Eng. Service Sci., Jun. 2014, pp. 897–903.

[15] C. Mi, Y. Wang, and Y. Chen, ‘‘Modeling and property analysis of
E-commerce logistics supernetwork,’’ in Intelligent Decision Technolo-
gies (Smart Innovation, Systems and Technologies). Berlin, Germany:
Springer, 2016, ch. 12, pp. 141–149.

[16] Y. Wei and S. Ning, ‘‘Establishment and analysis of the supernetwork
model for nanjing metro transportation system,’’ Complexity, vol. 2018,
Dec. 2018, Art. no. 4860531, doi: 10.1155/2018/4860531.

[17] W. Yu, T. Wang, Y. Zheng, and J. Chen, ‘‘Parameter selection
and evaluation of robustness of Nanjing metro network based
on supernetwork,’’ IEEE Access, vol. 7, pp. 70876–70890, 2019,
doi: 10.1109/access.2019.2917678.

[18] Y. T. Mohmand and A.Wang, ‘‘Complex network analysis of Pakistan rail-
ways,’’ Discrete Dyn. Nature Soc., vol. 2014, Mar. 2014, Art. no. 126261,
doi: 10.1155/2014/126261.

[19] Q. Suo and J. Guo, ‘‘The evolutionary mechanism of high-speed rail-
way system based on hypernetwork theory,’’ Int. J. Modern Phys. B,
vol. 32, no. 15, Jun. 2018, Art. no. 1850182, doi: 10.1142/s0217979218
501825.

[20] H. Duan, Z. Li, and Y. Zhang, ‘‘Generation of coordinated control regions
for road network using hypergraph models,’’ IFAC Proc. Volumes, vol. 42,
no. 15, pp. 576–581, 2009, doi: 10.3182/20090902-3-us-2007.0071.

[21] S. Bingfeng, Y. Xiaobao, and G. Ziyou, ‘‘Multimodal traffic equilibrium
model based on traveler’s combined choice within super-network,’’ in
Proc. Int. Conf. Bus. Manage. Electron. Inf., May 2011, pp. 74–80.

[22] Y. T. Mohmand and A. Wang, ‘‘Weighted complex network analysis of
Pakistan highways,’’ Discrete Dyn. Nature Soc., vol. 2013, pp. 1–5, 2013,
doi: 10.1155/2013/862612.

[23] W.-J. Du, J.-G. Zhang, X.-L. An, S. Qin, and J.-N. Yu, ‘‘Outer synchroniza-
tion between two coupled complex networks and its application in public
traffic supernetwork,’’ Discrete Dyn. Nature Soc., vol. 2016, Apr. 2016,
Art. no. 8920764, doi: 10.1155/2016/8920764.

[24] J. Zhang, S. Wang, and X. Wang, ‘‘Comparison analysis on vulnera-
bility of metro networks based on complex network,’’ Phys. A, Stat.
Mech. Appl., vol. 496, pp. 72–78, Apr. 2018, doi: 10.1016/j.physa.2017.
12.094.

[25] F. Ma, W. Shi, K. F. Yuen, Q. Sun, X. Xu, and Y. Wang, ‘‘Exploring
the robustness of public transportation for sustainable cities: A double-
layered network perspective,’’ J. Cleaner Prod., vol. 265, Aug. 2020,
Art. no. 121747, doi: 10.1016/j.jclepro.2020.121747.

JIANWEI WANG was born in Heilongjiang,
China, in 1965. He received the M.S. and Ph.D.
degrees from the School of Economics and Man-
agement, Chang’an University, China, in 2000 and
2004, respectively. He has published more than
70 papers, two books, and three translated works.
His research fields include regional economy and
transportation development, economic regulation
and transportation industry organization policy,
transportation planning, low-carbon transportation

development planning and policy, among others. He is currently a Profes-
sor with the School of Transportation Engineering, Chang’an University,
Shaanxi, China, and the Director of the Institute of Regional and Urban
Transportation Economics, Chang’anUniversity, and theDirector of the BIM
Research Center, Chang’an University. He has presided over and participated
in more than 30 national, provincial, and ministerial level scientific research
projects and has won 11 provincial and ministerial level scientific research
achievement awards. At present, his research interests include transportation
strategy and planning, transportation and logistics big data analysis and
mining, transportation infrastructure BIM key technology and application,
integrated transportation, and intelligent logistics management.

JIALING REN was born in Shanxi, China, in 1997.
She received the bachelor’s degree in management
from the Inner Mongolia University of Technol-
ogy, Hohhot, China, in 2014. She is currently
pursuing the master’s degree with the School
of Economics and Management, Chang’an Uni-
versity, Shaanxi, China. Her research interests
include urban comprehensive transportation plan-
ning and management, logistics system optimiza-
tion, hypernetwork modeling, and so on.

XIN FU was born in Shandong, China, in 1982.
He received the M.S. and Ph.D. degrees from the
School of Economics and Management, Chang’an
University, China, in 2007 and 2011, respec-
tively. He is currently an Associate Professor
with the School of Transportation Engineer-
ing, Chang’an University. His research interests
include e-commerce logistics, regional transporta-
tion planning, transportation system data analysis,
and regional space technology analysis.

VOLUME 8, 2020 227063

http://dx.doi.org/10.1155/2018/4860531
http://dx.doi.org/10.1109/access.2019.2917678
http://dx.doi.org/10.1155/2014/126261
http://dx.doi.org/10.1142/s0217979218501825
http://dx.doi.org/10.1142/s0217979218501825
http://dx.doi.org/10.3182/20090902-3-us-2007.0071
http://dx.doi.org/10.1155/2013/862612
http://dx.doi.org/10.1155/2016/8920764
http://dx.doi.org/10.1016/j.physa.2017.12.094
http://dx.doi.org/10.1016/j.physa.2017.12.094
http://dx.doi.org/10.1016/j.jclepro.2020.121747

