Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2015, Article ID 456485, 5 pages
http://dx.doi.org/10.1155/2015/456485

Hindawi

Research Article

Stochastic Simulation on System Reliability and Component
Probabilistic Importance of Road Network

Xiangyu Zhao,' Dongwei Wang,' Yadan Yan,' and Ziyuan Gu®

!School of Civil Engineering, Zhengzhou University, Zhengzhou 450001, China
2SEU-Monash Joint Graduate School, Southeast University, Suzhou 215123, China

Correspondence should be addressed to Yadan Yan; yadan.yan1986@gmail.com
Received 29 September 2014; Revised 4 January 2015; Accepted 11 January 2015
Academic Editor: Wai Yuen Szeto

Copyright © 2015 Xiangyu Zhao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Because of the combination explosion problem, it is difficult to use probability analytical method to calculate the system reliability
of large networks. The paper develops a stochastic simulation (Monte Carlo-based) method to study the system reliability and
component probabilistic importance of the road network. The proposed method considers the characteristics of the practical road
network as follows: both link (roadway segment) and node (intersection) components are emphasized in the road network; the
reliability for a link or node component may be at the in-between state; namely, its reliability value is between 0 and 1. The method
is then implemented using the object-oriented programming language C++ and integrated into a RARN-MGG (reliability analysis
of road network using Monte Carlo, GIS, and grid) system. Finally, two numerical examples based on a simple road network and a
large real road network, respectively, are carried out to characterize the feasibility and to demonstrate the strength of the stochastic

simulation method.

1. Introduction

Reliability evaluation of a road network has been extensively
studied in the literature. While the initial impetus appears to
have been derived from the study of major natural events—
such as earthquakes [1]—affecting the connectivity of a road
network, it has had wider impacts on the way of thinking in
which less severe but more frequency-occurring events may
affect the operation of a road network [2]. A reliable road
network should consider everyday disturbances, including
minor accidents, on-street parking violations, snow, flooding,
road maintenance, and traffic signal failures, all of which
would lead to the performance deterioration of certain
roadway segments or intersections in the network. Reliability
of the road network reflects the quality of service that it would
normally provide. Thus, the importance of a reliable road
network cannot be overemphasized.

Although there are some calculating methods [3-5] about
the system reliability of the road network, the component
probabilistic importance measure, which implies proba-
bilistic contribution of improving component reliability to
the system reliability [6], is neglected. Besides, most of

the existing studies deal with the connectivity, capacity, or
travel time reliability of the link, while node (intersection in
the road network) reliability is not taken into account.

Extending the definition of connectivity reliability, system
reliability of a road network in this study is defined as a
measure of network reliability, given the reliability values
of each roadway (link) and intersection (node) component.
Reliability describes the ability of a system or component
to function under stated conditions for a specified period
of time. A reliability value is theoretically defined as the
probability of an item to perform its required or intended
function under stated conditions for a specific period of
time. The reliability of the road network reflects the ability of
the road network in completing the traffic carrying function
in specific time and conditions. Generally, its probability is
used to measure the degree, known as road network system
reliability.

Objective of this paper is to develop a stochastic sim-
ulation (Monte Carlo-based) method to study the system
reliability and component probabilistic importance of the
road network. First of all, it introduces the concept of
system reliability and the Monte Carlo-based algorithm to



calculate the extended connectivity reliability for an O-D
pair and the system reliability for the road network. Then
the paper proposes the method to calculate the component
probabilistic importance. Finally, two numerical examples
(a small network and a large real network) are analyzed
to illustrate the accuracy and feasibility of the proposed
algorithms. The final section gives some concluding remarks
and discussion of future research.

2. System Reliability Measurement

Consider a road network with links and nodes. Each link or
node is regarded as a component of the road network. Let
p; GG =12,...,m 0 < p; < 1) be the reliability value of
a component, either a link or a node. n is the number of
components in the road network. The state or reliability value
of a component can be considered as the capacity under
conditions of degradation because of certain disturbances.

Letr = (r; : i = 1,2,...,n) denote a random vector
to group the random numbers. r; i = 1,2,...,n) is a
random variable with uniform distribution between 0 and 1.
To calculate the system reliability, we first use the Monte Carlo
simulation approach to generate L realizations of random
variable r, denoted by {r*, I = 1,2,...,L}. If r, > p,
component i fails; otherwise, component i is reliable. Since
r; i = 1,2,...,n) is uniformly distributed, the larger the
p; is, the smaller the probability that r; > p; is, which
indicates that there is a smaller probability that component
i fails. Hence, larger p; denotes a more reliable component.
This is the judgment criterion for further using Monte Carlo
simulation to calculate the system reliability. According to the
failure state of each component, a path search algorithm could
be used to judge whether the O-D pair w, (k= 1,2,...,K)is
still connected [7].

This process is repeated L times. In each test, a set of
random numbers is generated and the connectivity for each
O-D pair wy, (k = 1,2,...,K) is judged. K is the number of
O-D pairs in the road network. Denoting the number of times
that the O-D pairw;, (m = 1,2,...,K) is connected by L', the
connectivity reliability can be calculated as follows:

Pk = - (1)

when the sample size L approaches infinity. Mak et al. gave
statistical analysis results on the relationship between quality
of the approximated solution and sample size [8]. These
results can guide us to take an appropriate sample size for a
given instance.

Then the system reliability of the road network could be
defined as

K
PS = Z(XkPk; (2)
k=1

where oy is the weighting value for O-D pair wy (k =
1,2,...,K) in the road network. The weighting value could
be determined according to the degree of importance of each

O-D pair and Zszl o = L.
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3. Component Probabilistic
Importance Analysis

In the road network system, contribution of each component
to the system reliability is different. Variation of the reliability
value of some components may significantly affect the system
reliability; while some others may just have small or even few
impacts. The component probabilistic importance could be
used to evaluate probabilistic contribution of improving com-
ponent reliability to the system reliability. This measure might
be helpful for better understanding the mechanism of system
reliability of road networks and thus gives more hints such as
the upgrading of a roadway and the strengthening of traffic
management to minimize the performance deterioration.

Denote the component probabilistic importance of com-
ponent i by L., ;- Ap; is the variation of the reliability value
of component i; AP, is the variation of the system reliability
due to the variation of the reliability value of component i.

Therefore, I,,.;,; can be calculated using the Monte Carlo
simulation. Assume the reliability value of component i is 1,
and the new road network under this condition is denoted by
S;. Then

APs _ Ps, = Ps _ Vo1 % Pri — Dieer WPk
L-p; 1-p;

_ Yt & (Pri — Pr)
1-p;
where P; is the connectivity of O-D pair w, when the
reliability value of component i is 1; p; is the connectivity of

O-D pair wy, in the original network S.
Apy is defined as follows:

Iprob,i - A_Pz

3)

1 N
Apr = pri = Px = KIZ (Ryig = Rip) (4)
i=1

where Ry;; = 1, if the O-D pair wy, is connected in the Ith test
in network S;; otherwise, Ry;; = 0. Similarly, R, ; = 1, if the
O-D pair wy, is connected in network S; otherwise, R;; = 0.
Both Ry;; and Ry are binary variables.

Besides, in the Ith test, component i in the network §; is
reliable, because the reliability value has been assumed to be 1.
Assume S’ is the sample network for S in the Ith test, and S, is
the sample network for S; in the Ith test. Then the difference
between networks S' and S, only depends on component i.
Hence, if, in the Ith test, component i in network S’ is reliable,
S" and S; will become identical:

Ry — Ry = 0. (5)

And if w is connected in the Ith test in network S, wy is
certainly connected in the Ith test in network S;:

Ry —Ryy=1-1=0; (6)

if wy is disconnected in the Ith test in network S’ and wy is
disconnected in the Ith test in network S;:

Ry =Ry =0-0=0; (7)
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FIGURE 1: Modules of the RARN-MGG system.

if wy is disconnected in the Ith test in network S’ while wy is
connected in the Ith test in network S;:

Rki,l - Rk,l = 1 - 0 = 1 (8)
According to (5)-(8), we can have
Ryjg = Ry

1 if in the Ith test, component i in network S’ fails,
. . . !
wy, is disconnected in S,
and wy, is connected in S;
0 otherwise.

9)
According to (4) and (9),
I B Yt % (Pri = Pr)
prob,i — 1— p.
pi
- Dt Ok [(1/N) P (R — Rk,l)] (10)
- 1-p;
_ ercnzl (kak,n
N(1-p)’

where N, , denotes the number of times when component i
in network ' fails, wy is connected in network S, and wy, is
disconnected in network S'.

Besides, under the condition that p; = 1, there has been
no possibility for reliability improvement of component i;
namely, I,.,; = 0. Moreover, p; is the reliability value of
a component (i.e., a link or an intersection) in the road
network. It is an indicator to measure ability of component
i to complete the traffic carrying function in specific time
and conditions, which is the result of many traffic supply and
demand factors. Hence, rounding the component reliability
p; to three or four decimals is always accurate enough in
practical research, which ensures that formulation (3) is valid.

4. Numerical Examples

Based on the proposed Monte Carlo-based algorithms for
calculating the system reliability and component probabilistic
importance, a simulation system called RARN-MGG (reli-
ability analysis of road network using Monte Carlo, GIS,

FIGURE 2: RARN-MGG system interface with a simple network.

and grid) is developed. The system uses the object-oriented
programming language C++ and includes three main mod-
ules: preprocessing module, calculation module, and post-
processing module (shown in Figure 1). It applies to any road
network for calculating the system reliability and component
probabilistic importance. The calculation module, which is
the core of the system, is based on the proposed Monte Carlo-
based algorithms and the grid computing technology.

In the proposed Monte Carlo-based simulation method,
the problem about how to judge whether an O-D pair is
connected or disconnected is very important. Hence, bidi-
rectional search is designed in the RARN-MGG system. Path
search is from the Origin node and Destination node simul-
taneously. When the O-D pair is connected, bidirectional
search could significantly reduce the search time. When the
O-D pair is disconnected, bidirectional search could obtain
a set of nodes connected to the Origin node and a set of
nodes connected to the Destination node. Hence, when a
new component (either a link or a node) is added into the
road network, the problem will just become judging whether
the new component will make the O-D pair connected.
This search algorithm will greatly reduce the complexity and
improve the efficiency.

We applied the method to a simple road network given in
Figure 2. The network consists of six nodes, nine links, and
one O-D pair. Reliability values for links 1, 2, 3, 4, 5, 6, 7, 8,
and 9 are 0.95, 0.95, 0.80, 0.90, 0.90, 0.90, 0.80, 0.90, and 0.95,
respectively. Reliability values for nodes 1, 2, 3, 4, 5, and 6 are
0.99, 0.95, 0.90, 0.90, 0.85, and 0.95, respectively.

Table 1 shows the comparison between results of the
developed RARN-MGG simulation system and results cal-
culated using the probability analytical method [5]. R, is
the system reliability; ;) (i = 1,2,...,6) is the component
probabilistic importance of node 7; and Ij;; (j = 1,2,...,9)
is the component probabilistic importance of link j. From
Table 1, we can find that results based on Monte Carlo
simulation proposed by this paper and results based on
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FIGURE 3: Real road network and land use of Zhengzhou City.
TaBLE 1: Comparison between calculation results of two methods.
Index R, Lo Io) I L Is) L) Iy
Analytical method 0.8690 0.8777 0.2786 0.0850 0.1533 0.2681 0.9147 0.1516
Monte Carlo 0.8692 0.8786 0.2785 0.0850 0.1533 0.2682 0.9147 0.1515
Index Iy I Iy Is) Lig Iy L) Ig)
Analytical method 0.0707 0.0081 0.1256 0.0290 0.0533 0.0056 0.1433 0.1650
Monte Carlo 0.0707 0.0081 0.1256 0.0290 0.0532 0.0056 0.1433 0.1648

the probability analytical method match very well, which fur-
thermore testifies the feasibility applicability of the simulation
method.

Moreover, the method is applied to a large road network
of Zhengzhou City, China (shown in Figure 3). The network
consists of 475 links, 280 nodes, and 78120 O-D pairs. Assume
that the reliability value for each link in the road network is
0.5 and the reliability value for each node in the road network
is 0.9. The weighting value for each O-D pair is identical. Each
link and node is encoded with a number.

The number of simulations or tests is set to be 200000.
Using the RARN-MGG method, system reliability value of
this road network is 0.05681. Figures 4 and 5 suggest the loca-
tion of the top 60 links and nodes with the highest component

probabilistic importance in the road network, respectively.
The redder the color is, the greater the importance is.
According to Figure 4, with the increase of the number of
links connected to a node, component probabilistic impor-
tance of this node increases, such as node 121 and node 110.
The main political, economic, and cultural activities are con-
centrated in the northeast and southwest parts of Zhengzhou
City. However, due to the separation effects of the railway
lines (i.e., wide lines in black and white in Figure 3), there
are only six roads (links 261, 227, 322, and 379) connecting
these two parts. From Figure 5, we can find that links 227
and 322 are among the set of top 30 links with the highest
component probabilistic importance. Besides, most of the top
30 links and nodes with the highest component probabilistic
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FIGURE 4: Location of nodes with the highest 60-component prob-
abilistic importance.

FIGURE 5: Location of links with the highest 60-component proba-
bilistic importance.

importance distribute around the railway station, highway
terminal, and hospital regions, which are usually crowded
in everyday life. To a large extent, calculation results could
reflect the actual road traffic conditions.

5. Conclusions

This paper investigated the system reliability and component
probabilistic importance of a road network. Characteristics of
the practical road network are taken into account. With these

considerations, the stochastic simulation methods based on
Monte Carlo are proposed. A RARN-MGG system, which
incorporates this proposed method, is then developed. The
system can be employed as a useful and practical quantitative
analysis tool to assist the decision-making for the road
management departments, such as evaluating the system reli-
ability of different road network planning schemes, finding
the key components that need to be upgraded or improved, or
predicting the increased system reliability of a road network
when it adds a new link.
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