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To analyze the topological properties of hazardous materials road transportation network (HMRTN), this paper proposed two
different ways to construct the cyberspace of HMRTN and constructed their complex network models, respectively. One was the
physical network model of HMRTN based on the primal approach and the other was the service network model of HMRTN
based on neighboring nodes. The two complex network models were built by using the case of Dalian HMRTN. The physical
network model contained 154 nodes and 238 edges, and the statistical analysis results showed that (1) the cumulative node degree
of physical network was subjected to exponential distribution, showing the network properties of random network and that (2) the
HMRTN had small characteristic path length and large network clustering coefficient, which was a typical small-world network.
The service network model contained 569 nodes and 1318 edges, and the statistical analysis results showed that (1) the cumulative
node degree of service network was subjected to power-law distribution, showing the network properties of scale-free network and
that (2) the relationship between nodes strength and their descending order ordinal and the relationship between nodes strength
and cumulative nodes strength were both subjected to power-law distribution, also showing the network properties of scale-free
network.

1. Introduction

Complexity science is the kind of science of the 21st century.
Complex network has developed rapidly in the past few years
as an important part of the complexity science [1]. Its main
idea is to convert the various elements within the research
system into nodes of the network, and the relationship
between the elements into the edges to form a network in
order to describe the relationship among the various elements
within the research system. Exploring the essential properties
of the real system through the studies of the topological
properties of the network structure is an effective method to
research complexity science.

Mathematical theory basis of complex network theory
is graph theory. Euler’s study on “seven-bridge problem”
of Gurney Myers in 1736 was the beginning of the studies
into complex network theory. Since then people abstracted

a number of complex systems into networks to describe and
research from the perspective of the network topology, such
as the Internet network [2], the food chain network [3], neural
networks [4], and the citation network [5]. Milgram first
proposed small-world phenomenon of network in 1967 in
the analysis of network structure [6]. Based on this, Watts
and Strogatz proposed WS small-world network in the study
of small-world phenomenon generation process mechanisms
and presented the network generation algorithm for the first
time in 1998 [7]. Barabási and Albert found the scale-free
properties of real-world networks in 1999, which called BA
model, and presented the network generation algorithm [8].
The research results of Watts and Barabási et al. subverted
people’s awareness of the traditional network, causing many
scholars in the field of physics, economics, and computer
communications to focus on complex network [9–11].
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The normal operation of traffic and transportation sys-
tem is an important prerequisite for the steady and rapid
development of the national economic, and the complex
network theory has attracted wide attention of scholars in
transportation field. In current studies, scholars research the
topological properties of the transportation network mainly
by means of graph theory and network topology theory and
so on. Transportation network has growth and irregularity;
therefore, these theories can describe networks of simple
structure well, but not competent for complex transportation
network. The research results of application of complex
network theory to the transportation network topological
properties are mainly concentrated on the railway network
[12–14], airport network [15–20], and urban traffic network
[10, 21].

In the studies on topological properties of railway net-
work, Sen et al. [12] studied the Indian railway network in
the P space, which showed that it had a shorter average
path length and large clustering coefficient, presenting small-
world network properties. Li and Cai [13] researched China
railway passenger transportation network, and the results
showed that the physical railway network had the tree struc-
ture and the traffic flow network was a typical small-world
network. Kurant and Thiran [14] made an empirical study
on the three kinds of space forms P, R, and L of European
and Swiss railway networks and analyzed the similarities and
differences among the railway network topological properties
of different space forms.

In the studies on topological properties of airport net-
work, Guimerà et al. [15, 16] researched global airport
networks, and results showed that the airline network was
a small-world network, with average shortest path length of
4.4 and the network average clustering coefficient of 0.62.
Chi et al. [17] constructed a directed and weighted airport
network of USA, with similar research results to Guimerà et
al, that is, American airport network also presenting small-
world properties, with average shortest path length of 2.4
and the network average clustering coefficient of 0.618. Other
scholars have conducted similar studies, such as Bagler [18]
on India airport network, Guida and Maria [19] on Italy
airport network, and Li and Cai [20] on Chinese airport
network. Their results showed that the airport network was
small-world network, and the network average clustering
coefficient was similar. The only difference was that the
average shortest path length of global airport network was
greater than that of each national airport networks.

In the studies on topological properties of urban traffic
network, Latora and Marchiori [10] researched the complex
network properties of the Boston subway network by con-
structing an undirected and weighted subway network, and
results showed that the Boston subway network presented
small-world properties. Jiang and Claramunt [21] researched
urban road network, and results showed that it presented
small-world network properties.

In general, the studies on complex network are mainly
focused on the following areas: (1) to simulate the geometrical
statistics (such as the number of nodes, the number of
edges, the network average node degree) of real world by
using generation algorithm of random network, scale-free

network, and small-world network [7, 8]; (2) to research
dynamic problems of network topology structure [22]; (3) to
observe the change of its properties after the implementation
of different operation on the network, that is, to research
network survivability at different attack strategies [23]. Stud-
ies of applying complex network theory to researching the
transportation network can be divided roughly into two
categories: (1) to research the topological properties of the
transportation network, which mostly concentrated on the
railway network [12–14], airport network [15–20], urban rail
transit network [10], and urban road network [21]; (2) to study
how to improve the reliability and survivability of the network
under a deliberate or random attack, optimizing network
structure when the topological properties of the network are
known [24].

Compared with the common freight transportation, haz-
ardousmaterials transportation objects are flammable, explo-
sive, corrosive, and radioactive such as gasoline, explosive,
strong acid, and peroxide. So once an accident happens
during the transport process, it will cause serious damage to
the environment, the surrounding residents, and the normal
operation of economic activity. At present, China railway,
airport, and shipping are not perfect in hazardous materials
transportation infrastructure and management mechanism,
so road transportation is themainway of the hazardousmate-
rials transportation. According to statistics, road transports
cover about 80% of our hazardous materials [25]. In 2009,
China’s annual hazardousmaterials transport volume is more
than 4 million tons, and in the first half of 2013, the total
increase in main chemicals is about 6.3%, and more than
95% of the hazardousmaterials relate to offsite transportation
problem [25], so hazardous materials transportation in our
country presents properties of having a large volume, a high
growth rate, a single mode of transportation, a low safety
management level, and so on. Due to the increasing transport
volume of hazardous materials, both road mileage and den-
sity of road network of hazardous materials transportation
network increase significantly, and also the integration and
the complexity of the network are more obvious.

Compared to other transportation networks, hazardous
materials road transportation network (HMRTN) is a special
kind of transit network, whichmainly reflected on the follow-
ing points. (1) Different network planning concept: for com-
mon freight transport, the general intention of road network
planning is mainly reducing running costs or shortening the
distance between two places. Because of the particularity of
hazardous materials, transportation risk must be minimized.
So the basic principle of HMRTN planning is to minimize
risk, which also leads to differences between that and the
other road transportation network. (2) Different network
system composing elements: edges and nodes of HMRTN
should be far away from area of high network density,
such as population, schools, water, bridges, and government
agencies, which leads to its network structure different from
other transportation network. (3) Different network scale:
edges and nodes of HMRTN are composed of the city’s main
roads and intersections, which is a part of urban road network
but different from it. Considering the several factors above,
HMRTN must present different topological properties from
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the other transportation network.When hazardous materials
transportation vehicles encounter random attacks (such as
traffic accidents) or deliberate attacks (like terrorist attacks)
in the transport process, transportation network functionwill
be impaired. In particular, when the accident locates at the
network node or edge which is the most “fragile,” it may
paralyze the network. Therefore, applying complex network
theory to researching topological properties of HMRTN
helps to improve the understanding of the properties of
network and reduce the damage of the unknown risks to
network function.

Based on the above analysis, this paper researches the
topological properties of HMRTN. On the basis of con-
structing hazardous materials road transportation physical
network and service network structuremodels, and analyzing
the interaction between them, this paper constructs the phys-
ical networkmodel ofHMRTNbased on the primal approach
and the service network model of HMRTN based on the
neighboring nodes by applying complex network theory and
puts forward the research process of network topological
properties. The method is applied to the Dalian HMRTN.
This paper researches the complex network properties of
HMRTN through the statistical average shortest path length,
the network diameter, average network clustering coefficient,
node degree, strength, the strength parameters, and so on and
provides scientific basis for the planning and optimization of
HMRTN.

2. Methodology of Researching Topological
Properties of HMRTN

In order to get the network topological properties, the
following questions need to be focused on for the research
method of hazardous materials road transportation network
properties. (1) What is HMRTN? (2) What factors could
be used to judge the topological properties of a network?
(3) How to judge the type of a complex network? (4) How
to construct a HMRTN based on complex network theory?
(5) What is the research process of network topological
properties? In view of the above questions, the mainmethods
of this paper are explained through the following aspects.

2.1.The StructureModel of HMRTN. HMRTN system is com-
posed of nodes of different nature, the road network of
connection among the nodes, and the OD pairs’ information
with distribution tasks.Therefore, HMRTN includes physical
network and service network, and it has the double attributes.
Based on this, this paper constructs its network models,
respectively.

(1) Physical Network Space. The network 𝐺 = (𝑉, 𝐸) in
urban road network represents hazardous materials road
transportation physical network.𝑉 is a node set of network𝐺
that represents the places of actualmeaning like intersections,
and so forth. If |𝑉| = 𝑚

𝑎
, say network 𝐺 has 𝑚
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nodes,

𝑉 = {V
1
, V
2
, V
3
, . . . , V

𝑚
𝑎

}; 𝐸 is the edge set of network 𝐺,
which represents the connection path between two nodes,
including expressway, national highway, and the urban road.
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Figure 1: The spatial view of physical network/service network of
HMRTN.
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network constructed in this paper is an undirected, weighted,
and connected network.

(2) Service Network Space. In hazardous materials road
transportation physical network 𝐺 = (𝑉, 𝐸), where 𝑠
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the minimum risk path between any two nodes V
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and V
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,

hazardous materials road transportation vehicles complete
the distribution task along the minimum risk path. In the
distribution process, transportation vehicles passing distribu-
tion center, demand center, and distribution route compose
another huge service network 𝐺 = (𝑉
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passing two neighboring nodes. Because the distribution is
divided into upstream and downstream, the edges in network
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Therefore, the service network in this paper is a directed,
weighted, and connected network.

HMRTN model and spatial interaction are shown in
Figure 1.

2.2. Methodology of Establishing the Complex Network Model
of HMRTN. Based on the above analysis, the physical
network and service network of hazardous materials road
transportation complex network models are constructed as
follows.

2.2.1.The Physical NetworkModel of HMRTNBased on Primal
Approach. To ensure abstract network reflecting the spatial
relationship between the network topological properties and
road intersection utmost well, in this paper, a hazardous
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materials road transportation physical network model based
on the primal approach is constructed. The primal approach
refers to the road path abstracted to network edges and
the intersections to network nodes [26]. And the following
basic definitions and assumptions are made to the network
topology.

(1) Do not consider the properties and ranking differ-
ences of HMRTN edges and nodes.

(2) Do not consider the direction of the road, where the
HMRTN is an undirected graph.

(3) Regard the intersections as network nodes and the
paths between neighboring nodes as network edges.

(4) Regard the distance between two nodes as the net-
work edge weight.

According to the above analysis, hazardous materials
road transportation complex network model based on the
primal approach has the following properties: (1) network
model comes from the real world, so the network structure
is subjected to real network. (2) Nodes in network model
have clear spatial location and coordinate. (3) The number
of edges that network nodes can connect is influenced by
road condition and the surrounding environment, which
influences the distribution of node degrees.

2.2.2. The Service Network Model of HMRTN Based on Neigh-
boring Nodes. Service network is a complex network con-
sisting of a large number of OD pairs intersecting with each
other, which reflects the relationships among different nodes
and properties of HMRTN well. In this paper, a hazardous
materials complex network model based on the neighboring
nodes is constructed, and the following basic definitions and
assumptions are made to the network topology.

(1) Regard the places of actual meaning like hazardous
materials distribution center, demand center, and
so forth as network nodes and distribution routes
between neighboring nodes as the network edges.

(2) Regard the number of transportation vehicles passing
the edge as network edge weight.

(3) Vehicle distribution go-return routes affect the net-
work edge weight. For example, for a path from
the distribution center to the demand center passing
neighboring nodes V

𝑚
and V
𝑛
, there is an edge V

𝑚
→

V
𝑛
between them; in the same way, when returning

from the demand center to the distribution center,
there is another edge V

𝑛
→ V
𝑚
passing neighboring

nodes V
𝑚
and V
𝑛
.

(4) Do not consider the distribution volume of trans-
portation vehicles, that is, no great difference in
transport capacity of the transportation routes, and
neighboring nodes have the same network edge
weights.

(5) The tour-route distribution mode is used between
the distribution center and demand center, and
distribution center fully meets the demand of the
transportation needs of demand center.

The properties of hazardous materials complex network
model based on the neighboring nodes are as follows: (1)
network nodes are a part of the physical network; they
have accurate geographical location and spatial information;
(2) network structure is subjected to physical network; (3)
network node degree is the characterization of the service
network, and the change of distribution task will directly
affect the network degree distribution; (4) risk value, cost,
and time need to be considered when choosing network
distribution route, which has a direct influence on its complex
network properties.

2.3. Methodology. Basic information for the study of
HMRTN topological properties is network planning
map and land-use map, but it cannot be directly used in
calculation and analysis. Therefore, further calculation and
processing are needed, and the specific steps are as follows.

Step 1. Complete the data processing using Arc-GIS software
according to the city planningmap and land-usemap, and get
the structure model of HMRTN.

Step 2. Construct topological structure of distribution net-
work based on transportation network structure model
according to hazardous materials distribution route data.

Step 3. Find the network topological adjacency matrix
according to the distribution network topology data using
the construction method of hazardous materials complex
network model based on neighboring nodes.

Step 4. Calculate the network average node degree, average
clustering coefficient, and degree distribution using topolog-
ical adjacency matrix in the Matlab R2008a.

Step 5. Judge the complex network type and analyze the
network topological properties.

3. The Eigenvalues Calculation and
Topological Properties Analysis of
Complex Network of Hazardous Materials
Road Transportation

3.1. The Physical Network of HMRTN

3.1.1. The Basic Data of Physical Network of Dalian HMRTN.
The Dalian network planning data in December 2013 is
used in this paper, which contains 154 intersections and 238
paths. According to the construction method of hazardous
materials road transportation physical network model based
on the primal approach, Dalian hazardous materials road
transportation physical complex network model is finally
obtained by using Arc-GIS 10.0 to complete the process of
spatial data, which is shown in Figure 2.

3.1.2. The Eigenvalues Calculation. Combined with Dalian
hazardous materials road transportation physical complex
network model, based on obtaining the network topological
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Table 1: Parameters of Dalian HMRTN.

Network eigenvalues 𝑚
𝑎

𝑛
𝑎

⟨𝑘⟩ 𝐿 (km) 𝑇 (km) 𝐶 𝐿
𝑅
(km) 𝐶

𝑅

Calculation results 154 238 3.0909 64.4485 193.3871 0.1714 4.1871 0.0216
𝑚
𝑎
is the number of hazardous materials road transportation physical network’s node, 𝑛

𝑎
is the number of hazardous materials road transportation physical

network’s edge, ⟨𝑘⟩ is the average node degree of anetwork, 𝐿 is the network characteristic path length, 𝑇 is the network diameter, 𝐶 is the network average
clustering coefficient, 𝐿

𝑅
is the characteristic path length of random network, and 𝐶

𝑅
is network average clustering coefficient of random network.

Figure 2: Physical network model of Dalian HMRTN based on
primal approach.

adjacencymatrix and distance adjacencymatrix, the network
eigenvalues such as the number of nodes, the number of
edges, the network average node degree, characteristic path
length, and network average clustering coefficient values, as
well as the random network characteristic path length and
network average clustering coefficient of the same scale, are
calculated; the results are shown in Table 1.

The results in Table 1 show the following.

(1) There are 154 nodes and 238 edges inDalianHMRTN,
and the network average node degree is about 3.0909,
between 3∼4, which indicates that each intersection
in the physical network is connected directly with
an average of 3 paths. The average distance between
any two nodes is 64.4485 km, and the largest shortest
distance between two nodes is 193.3871 km.

(2) The physical network has a larger network average
clustering coefficient, but it is much smaller than that
of the urban road network [23].

(3) The characteristic path length 𝐿 and network aver-
age clustering coefficient 𝐶 of physical network are
greater than those of random network of the same
scale, which is consistent with the requirements 𝐿 ≥

𝐿
𝑅
and 𝐶 ≫ 𝐶

𝑅
[27]. Therefore, hazardous materi-

als road transportation physical network topological
structure presents small-world properties.

3.1.3. The Topological Properties Analysis

(1) The Nodes Degree Distribution. Analyzing the network
node degree distribution is helpful for understanding spatial
distribution of network nodes and the access rules of new

Table 2: The nodes degree statistics of physical network of Dalian
HMRTN.

Node degree 1 2 3 4 5
Node 16 2 90 44 2
Ratio/% 10.39 1.30 58.44 28.57 1.30

nodes. Through the statistics of Dalian hazardous materials
road transportation physical network model, the statistical
results of network node degree are shown in Table 2. By
calculating the network node degree and node degree cumu-
lative distribution probability, and usingMatlabCurve Fitting
toolbox for data fitting, the diagram is shown in Figure 3.

In Table 2, nodes with node degree value below 3
in Dalian road transportation physical complex network
account for 70.13% in the network, and nodes with node
degree value above 5 only account for 1.30% in the network,
which indicates that the network node degree distribution
is not uniform, and the majority node degrees are generally
small. The minimum value of node degree is 1, which is
induced by some nodes in the boundary of network. The
maximum value of node degree is 5, which shows that inter-
sections connect with up to 5 paths in hazardous materials
transportation network nodes.

In Figure 3, the network cumulative node degree distribu-
tion probability is subjected to exponential distribution, and
the imitative effect is good.Known from [27], the connections
among a newnode and existing nodes in physical network are
random, and network topological structure presents random
network properties. This shows that the physical network is
a tree network, and it is very easy to form isolated subgraphs
after attack. And the low percolation point of tree network
also means that the connectivity of physical network could
be easily destroyed after attack.

(2)TheNetwork Clustering Coefficient and Characteristic Path
Length. The network average clustering coefficient and the
characteristic path length are important indexes of network
topological properties. In this paper, network topological
structure properties of HMRTN are researched by observing
the relationship among network characteristic path length,
network average clustering coefficient, and network growth.
The statistical results are shown in Figures 4 and 5.

In Figure 4, the linear fitting between network character-
istic path lengths and the logarithm of nodes is good, and the
fitting curve presents positive relationship, which shows that
hazardous materials road transportation physical network
presents property of small path length in the growth process.

In Figure 5, the ratio increases with the network node
number increasing, and the fitting effect is very good.
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Figure 6: Service network model of Dalian HMRTN based on
neighboring nodes.

It shows that the larger the scale of hazardous materials road
transportation physical network is, the more obvious highly
clustering properties of network topology are.

From the above results, Dalian hazardous materials road
transportation physical network has small characteristic path
length and large clustering coefficient, and it is a typical small-
world network. Small characteristic path length shows that
the amount of information the physical network contains is
not complex although its scale may be large, which makes
it possible for people’s cognition of physical network space.
Large clustering coefficient shows that the physical network
has good connectivity.

3.2. The Service Network of HMRTN

3.2.1. The Basic Data of Service Network of Dalian HMRTN.
In all the impact factors of the planning for hazardous mate-
rials road transportation distribution route, safety is the most
important one, which is distribution route of minimum risk.
Therefore, hazardous materials road transportation service
network route is subjected to not only physical network but
also the network risk.

Matching with the operation data of Dalian hazardous
materials road transportation physical network, Dalian haz-
ardous materials distribution data in December 2013 is used
in this paper. The distribution network includes 1318 paths
and 569 network nodes. According to the construction
method of hazardous materials road transportation service
network model based on the neighboring nodes, Dalian
hazardous materials road transportation service complex
network model is finally obtained by using Arc-GIS 10.0,
which is shown in Figure 6.

3.2.2. The Eigenvalues Calculation and Topological Properties
Analysis. Known from Section 2.2.2, the service network
constructed in this paper is a directed network, so the node
degree is divided into out degree and in degree. Due to
the fact that the round-trip routes of hazardous materials
transportation vehicles are generally the same, there are no
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Table 3: The node degree statistics of service network of Dalian HMRTN.

Node degree 1 2 3 4 5 6 7 8 9 10 11 12
Node 180 175 70 30 11 6 6 5 13 3 5 3
Ratio/% 31.63 30.76 12.30 5.27 1.93 1.05 1.05 0.88 2.28 0.53 0.88 0.53
Node degree 13 14 15 16 17 18 19 20 21 22 23 24
Node 2 4 5 3 8 3 5 6 4 2 3 3
Ratio/% 0.35 0.70 0.88 0.53 1.41 0.53 0.88 1.05 0.70 0.35 0.53 0.53
Node degree 25 26 27 28 34 35 38 40 44 45 46 47
Node 2 2 1 1 1 1 1 1 1 1 1 1
Ratio/% 0.35 0.35 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18

obvious differences between network node out degree and
in degree in the service network. Based on this, network out
degree will be regarded as the research object in this paper.

(1) The Node Degree and Node Degree Distribution. For
hazardous materials road transportation service network
based on the neighboring nodes, the node degree 𝐷(V

𝑖
)

of any node V
𝑖
represents the number of such nodes as

distribution center, demand center, and so forth that are
directly connected with V

𝑖
.Therefore, it does not include edge

weight. The bigger 𝐷(V
𝑖
) is, the stronger the connectivity of

this node is. And in practice, this nodemay be demand center
or secondary distributor in great demand of category and
quantity.Through the statistics of Dalian hazardousmaterials
road transportation service network model, the statistical
results of network node degree are shown in Table 3, and
by using Matlab Curve Fitting toolbox for data fitting, the
network node degree and degree distribution probability
diagram are shown in Figure 7.

From the statistical results in Table 3, the maximum node
degree of Dalian hazardous materials road transportation
service complex network is 47, and the average is about 4.63,
which shows that one node connects with an average of
5 nodes in the distribution process. The nodes with node
degrees below 3 account for 74.69% in the network, and the
nodes with node degrees above 30 account for only 1.41% in
the total number of nodes, presenting uniform distribution.

In Figure 7, the node degree distribution 𝑝(𝐷) decreases
with the change of node degree 𝐷 in power-law exponential
forms, 𝑝(𝐷) ∝ 𝐷

−𝛽, and 𝛽 ≈ 1.156. Known from [27],
hazardous materials road transportation service network
based on the neighboring nodes is subjected to power-
law distribution, representing the properties of scale-free
network.

For further study on complex network properties of
the network nodes, the node degree and its cumulative
distribution are dealt with by double logarithmic processing,
and the fitting results are shown in Figure 8.

Through double logarithmic processing of node degree
and its cumulative distribution probability and linear regres-
sion fitting of the results, the equation can be obtained as
log(𝑝(𝐷)) = −1.481 log(𝐷)+5.651, where the coefficient𝑅2 =
0.8639. The statistical results show that hazardous materials
road transportation service network is subjected to power-
law distribution.
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Figure 7: The relationship between nodes degree and node degree
distribution of service network of Dalian HMRTN.

According to the above analysis, in hazardous materials
road transportation service network based on the neigh-
boring nodes, the relationship between node degree and
degree distribution, and the double logarithmic relationship
between node degree and cumulative node degree distribu-
tion probability are both subjected to power-law distribution
and present scale-free network properties.

(2) The Node Strength. Analysis on network node strength
distribution can help to understand not only the connected
relationship among network nodes but also the network
traffic density and the connectivity among network nodes.
Service network is a network of weighted edges, and the
weight represents the efficiency of paths between neighboring
nodes. Referring to [28], hazardous materials road trans-
portation service network node strength can be defined as
follows in this paper:

𝐷


(V
𝑖
) = ∑

V
𝑗
∈𝑉


V
𝑖

𝑤V
𝑖
V
𝑗

, (1)

where 𝐷(V
𝑖
) is the node strength of node V

𝑖
, V
𝑗
∈ 𝑉


V
𝑖

is node
V
𝑗
directly connected with node V

𝑖
, and 𝑤V

𝑖
V
𝑗

= 0 or 1, where
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Table 4: The node strength statistics of service network of Dalian HMRTN.

Node strength 1 2 3 4 5 ⋅ ⋅ ⋅ 16 17 18 19 20
Node 50 18 16 11 9 ⋅ ⋅ ⋅ 6 4 3 2 6
Ratio/% 12.92 4.65 4.13 2.84 2.33 ⋅ ⋅ ⋅ 1.55 1.03 0.78 0.52 1.55
Node strength 68 69 70 71 72 ⋅ ⋅ ⋅ 155 194 195 223 289
Node 6 4 1 2 2 ⋅ ⋅ ⋅ 1 1 1 1 1
Ratio/% 1.55 1.03 0.26 0.52 0.52 ⋅ ⋅ ⋅ 0.26 0.26 0.26 0.26 0.26
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Figure 8: The relationship between nodes degree and cumulative
node degree.

an edge exists between nodes V
𝑖
→ V

𝑗
, 𝑤V

𝑖
V
𝑗

= 1, and
otherwise 𝑤V

𝑖
V
𝑗

= 0.
According to (1), the network node strength distribution

can be defined as follows:

∏(𝐷


(V
𝑖
)) =

𝐷


(V
𝑖
)

𝑁
, (2)

where ∏(V
𝑖
) is the distribution probability of node strength

equal to𝐷(V
𝑖
) and𝑁 is the sum of network node strengths.

Through the statistics of Dalian hazardous materials road
transportation service network, the statistical results of the
network node strengths are shown in Table 4.

Through the analysis of the data in Table 4, the average
node strength ⟨𝐷⟩ of the service network is 29.53, and the
maximum node strength is 289. This shows that about 30
distribution routes go through each node. With an average of
1 node connectedwith 5 nodes; therefore, the average strength
of two neighboring nodes is 6, which shows that an average
of 6 distribution routes go through two neighboring nodes.

In Table 4, the top 20% nodes contribute 52.20% of
accumulative node strength and the top 10% of cumulative
node strength has reached 38.50% in the 569 nodes of Dalian
hazardous materials road transportation service network.
This shows that the normal operation of the whole service
network is maintained by only a few nodes. Otherwise, the
cumulative node strength of nodes with node strength below
5 is up to 26.87%, which indicates that most of the nodes
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Figure 9: The relationship between nodes strength and nodes
strength distribution of service network of Dalian HMRTN.

in the service network are normal nodes. The distribution
task through these nodes is relatively small, but their presence
increases the coverage and density of the service network.

(3) The Node Strength Distribution. In order to research
the complex network properties of the of network node
strength, the statistics of Dalian hazardous materials road
transportation service network node strengths are carried
out in this paper, and the nodes strength and their strength
distribution probability are shown in Figure 9.

In Figure 9, the node strength distribution 𝑝(𝐷


)

decreases with the change of node strength 𝐷 in power-law
exponential forms, 𝑝(𝐷) ∝ 𝐷


−𝛽, and 𝛽 ≈ 0.7751. Known

from [27], hazardous materials road transportation service
network is generally subjected to power-law distributions
and represents the properties of scale-free network.

For further study on internal dynamics properties of the
network nodes, the relationship between service network
node strength with intensity sequence number and cumu-
lative node strength will be examined. Figure 10 shows the
nodes strength changing with its descending order ordinal,
and Figure 11 shows the node strength changing with the
cumulative node strength increasing.

In Figure 10, the node strength and its descending
order ordinal are dealt with by double logarithmic
processing. Using Matlab Curve Fitting toolbox for
linear regression fitting, the equation can be obtained as
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Figure 10:The relationship between nodes strength and its descend-
ing order ordinal of service network of Dalian HMRTN.
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Figure 11: The relationship between nodes strength and cumulative
nodes strength of service network of Dalian HMRTN.

log(𝐷) = −0.9026 log(𝑄) + 6.9 and the coefficient as
𝑅
2

= 0.6506. The above statistical results show that the node
strength and its descending order ordinal are subjected to
power-law distribution on the whole.

In Figure 11, the nodes strength and cumulative nodes
strength are dealt with by double logarithmic processing.
Using Matlab Curve Fitting toolbox for linear regression
fitting, the equation can be obtained as 𝐿(log(𝐷)) =

−1.061 log(𝐷) + 6.694 and the coefficient as 𝑅2 = 0.7536.
The above statistical results show that the nodes strength and
cumulative nodes strength are also subjected to power-law
distribution on the whole.

According to the above analysis, in the hazardous materi-
als road transportation service network based onneighboring
nodes, node strength and its distribution probability, node

strength and its descending order ordinal, and node strength
and cumulative node strength distribution probability are all
subjected to power-law distribution and represent properties
of scale-free network. It presents that the production, circu-
lation, and distribution of hazardous materials are completed
by only a few nodes in the service network, which reflects
the internal dynamic properties and essence of the service
network.

4. Conclusions

To research the topological properties of HMRTN, this paper
proposes two different ways to construct the cyberspace of
HMRTN and constructs its complex networkmodels, respec-
tively. The Dalian HMRTN is regarded as a researching case.
Using the complex network theory and statistical analysis, the
main conclusions are as follows.

(1) By analyzing hazardousmaterials road transportation
physical network, its node degree distribution in
Dalian is very uneven.The cumulative node degree of
physical network is subjected to exponential distribu-
tion, showing the network properties of random net-
work; network characteristic path length and cluster-
ing coefficient change with the network scale, show-
ing small-world network properties. These results
reflect the complexity and the internal dynamic
properties of hazardousmaterials road transportation
physical network.

(2) The random network properties of physical network
show that each node of physical connection in Dalian
is random connection. It could be considered that,
in HMRTN planning, urban long and wide main
roads are typically preferred, and they should be away
from populated areas with high road network density,
which also leads to low connectivity between physical
network nodes. Therefore, we must strengthen the
construction of hazardous materials road transporta-
tion infrastructure and improve the network average
node degree to ensure the connection and reliability
of hazardous materials road transportation.

(3) The network average clustering coefficient represents
the structure properties of the physical network to
some extent; the greater its numerical value is, the
better the connectivity of the network would be.
Although the physical network presents small-world
properties, the network average clustering coefficient
is much smaller compared to other transportation
networks.When the network paralysis occurs in some
key nodes and edges, it would be very easy to make
the nodes isolated. Therefore, improving the network
average clustering coefficient of a physical network is
an effectiveway to optimize the topological properties
of hazardous materials road transportation physical
network.
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(4) By analyzing hazardousmaterials road transportation
service network, its node degree and node strength
distribution in Dalian are very uneven. The rela-
tionship between node degree and cumulative node
degree of service network is subjected to power-law
distribution, showing the network properties of scale-
free network.The relationship among nodes strength,
its descending order ordinal, and cumulative nodes
strength are all subjected to power-law distribution,
showing the network properties of scale-free network.
These results reflect the complexity and the inter-
nal dynamic properties of hazardous materials road
transportation service network. The results can also
be used as an example of scale-free network growth
model.

(5) The scale-free network properties presented by ser-
vice network node strength show that hazardous
materials in the whole process from production to
consumption are always completed by only a few
companies. And those companies’ transport once
blocked will cause the paralysis to the whole ser-
vice network transportation efficiency. Therefore, we
should try our best to reduce the pressure of the key
companies, which can enhance the survivability of the
whole network under the unexpected events.

(6) Service network node degree mainly emphasizes the
connectivity between network nodes, while node
strength presents distribution load. Therefore, there
is difference between service network node degree
and node strength ranking, and this difference reflects
the contradiction between the planned network and
distribution pressure. So service network node degree
and node strength can be used as reference to the
optimization of distribution.

This paper is only a preliminary study on hazardous
materials road transportation complex network topological
properties. HMRTN is a typical open complex network with
road system and distribution system, which are mutually
influenced and interdependent, and it is a super network
including physical network and service network. Therefore,
the coupling relationship between physical network and
service network of hazardous material road transportation
and network planning optimization will be the work of next
step.
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