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Hazardous material transportation is one of the main concerns due to the nature of hazardous materials and their incident impacts.
In general, transport risk is a main attribute to develop mathematical models for hazardous material routing problem as well as
network designing or improving road safety. This paper presents a chaotic-simulation based model to determine the high selected
links to improve road network quality for hazardous material transportation, in which risk is considered as a chaotic variable over
the network whereas a simulation technique has been applied to cover a wide range of selecting paths. A real road network, consists
of fifty-nine nodes and eighty two-way edges, is used for running the mathematical model and checking validation. Due to the
large amounts of hazardous material transported by trucks, the proposed methodology is focused on fuel transportation, and high
selected list of edges (links) has been obtained to improve road safety. Sensitivity analysis revealed that using different seeds for
generating transport risk has no significant effects on finding the most frequent paths and high selected edges.

1. Introduction

1.1. Hazmat Routing Problem. Hazardous materials (hazmat
for short) are classified into nine classes of explosives, gases,
flammable liquids, flammable solids, oxidizing substances,
toxic substances, radioactive materials, corrosive substances,
and miscellaneous dangerous goods [1]. Hazardous materials
transportation covers a significant part of the economic
activities in industrialized countries, so management of
hazardous material is an extremely complex issue involving
a multitude of environmental, engineering, economic, social,
and political concerns [2, 3].One of themost important issues
in this area is to find the best path for transporting hazardous
materials. Determining the route for hazardous materials,
hazmat routing problem, is usually known as a two-sided
consideration problem, in which the local authorities are
interested inminimizing public risk and transport companies
or carriers are concerned about minimizing transport cost
[4]. Therefore, a combination of risk and cost is observed
in mathematical models as a usual way to find the best
path which is not necessarily as the shortest path. Different
combinations of risk and cost priorities lead researchers to

use different methods for solving hazmat routing problem
[5, 6].

1.2. Computer Simulation. Computer simulation is a tech-
nique in which a real-life or hypothetical situation ismodeled
on a computer to see how the system works [7]. According
to studies observed in the literature, simulation is well-
accepted technique in engineering science, because it is
generally cheaper and safer than conducting experiments
with a prototype of the final product, is more realistic than
traditional experiments, is often to be conducted faster than
real time, and allows for integration of simulated systems
in the early analysis phase [8]. In the field of traffic and
transportation, using computers for simulating traffic volume
is found to be useful to study traffic situation and drivers
behavior in a prespecified network and traffic assignment [9].
It is also applied in the field of road safety particularly in road
safety assessment [10], studying the effects of incidents on
road safety [11] and estimating the performances of vehicles’
intelligent speed adaptation systems on pedestrian safety [12].
Using simulation modeling in the case of traffic incidents
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is another example which helps designers to determine the
best locations for installing fire extinguishers equipment [11].
Simulation approach is also utilized to analyze the perfor-
mance of road equipment designing on roads [13] and may
be a good tool for making tactical and strategic planning [14].
Combining simulation and optimization techniques in the
process of decision making and management [15], rural road
network management [16], and selection and construction
problem [17] is also found in the literature, which is the basis
of the conceptual framework of procedure followed in this
research work.

1.3. Chaos Theory. Edward Lorenz introduced the concept
of chaos theory in 1963. He found the chaotic attractions
in complex systems of weather forecasting when he entered
different values as starting points in computer program [18].
Some sudden and dramatic changes in nonlinear systems
may give rise to the complex behavior called chaos [19].
Chaos has been studied within the engineering scientific and
mathematical communities and found to be useful in many
disciplines such as high-performance circuits and devices,
collapse prevention of power systems, and also informa-
tion processing [20]. Since chaos theory is used to analyze
complex systems and transportation systems are complex
entities, it is useful for transportation applications. In trans-
portation systems, legal and social constraints may bind
behavior, allowing researchers to more accurately predict
human actions and system evolution [21, 22]. Regarding this
area, Mahmoudabadi and Seyedhosseini [23, 24] approved
that the behavior of road accidents over the road network
is chaotic and showed that the ratio of the fatal accidents
in a part of network to accidents all over the network has
chaotic behavior and can be defined as a chaos factor. They
used the normal form of logistic equation [19] to generate
dynamic risk factors over a year and applied the concept of
chaos theory to define dynamic risk factors in two research
works in which the Lyapunov characteristic exponent was
evaluated for checking the presence of chaos [25].

1.4. Vision. The specified road network is usually determined
by national and/or local authorities to minimize risk for
hazardous material transportation [4], and trade-off between
effective attributes plays significant roles in finding paths
for hazmat transportation. Therefore, using a wide range of
dynamic risk factors in hazmat routing problem could be a
practical concern on improving road safety measures over a
road network.This concern will becomemore serious when a
huge portion of goods, categorized as hazardous material, are
carried annually. On the other hand, the budget constraints
make decision makers apply more accurate methods for
improving road safety in particular on the road network
specified for hazmat transportation. The aim of this paper
is to achieve a high selected (ranked) list of edges used for
hazmat transportation in which road accidents associated
with the specified network are considered to be a chaotic
variable. A two-level iterative procedure is proposed in which
the first step is to consider the chaotic behavior of road
accidents as network risk and in the second step a simulation

technique is provided to cover a wide range of risk factor
variations.

In brief, since hazmat transport risk can be defined as
a chaos factor [23], a procedure has been proposed for
ranking selected network edges to improve their constructive
situation. It is considered that accident risk is a chaotic factor
in road safety planning and used the property of simulation
technique in the proposed procedure. An iterative approach
has also been developed to cover a wide range of risk and
cost priorities and number of iterations corresponding to
using chaos theory [24] and satisfying simulation property of
running the model in specified iterations.

This paper is articulated in seven sections. After intro-
duction, which consists of some brief descriptions on hazmat
routing problem, simulation, and chaos theory; more details
on the problem will be discussed at the next section. A
proper methodology including setting parameters and defin-
ing loops to consider the fundamental of simulation tech-
nique and chaos theory is developed, followed by developing
mathematical model to consider risk and cost priorities.
Numerical studies are discussed in the sixth section using
five different scenarios in terms of risk and cost priorities.
Eventually summary and conclusion are presented in the
seventh section.

2. Problem Definition

Fuel, the third type of hazardous materials recognized as
flammable liquids, is one of the most important substances
which are carried to the purposes of home warming, indus-
tries, private cars, and agricultural facilities. Carrying fuels
from main distribution centers through heavy trucks to
demand points is the usual mode of transportation. In the
case of predefined points of demands which are usually
defined according to the population and geographical char-
acteristics of inhabited points, road improvement programs
should be planned regarding the minimization of transport
risk and transport cost, simultaneously. Therefore, the main
concern of local or national authorities is to determine
suitable paths for carrying hazardous materials in terms of
risk and cost. The risk of hazmat transportation is mainly
associated with accidents occurring in road network and
population who inhabited near the roads. It also includes the
environmental concerns and represents the effects on natural
resources such as rivers, lakes, and trees and heavy damages
to vital infrastructures such as tunnels and bridges [24].

The main question, here, is that “Which edges, deter-
mined for hazardous material transportation in terms of the
risk and cost of hazmat transportation, should be prioritized
to improve hazmat transport safety?” In this case, a prior-
itized list of edges is required to improve network safety
regarding a wide variation of risk and cost priorities which
may be dictated by national and/or local authorities.

3. Defining Methodology

According to the problem definition and simulation process
as well as chaotic behavior of road accidents, the proposed
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Figure 1: An overall view of the proposed methodology.

methodology is an iterative based procedure. A two-level
iterative procedure is developed to consider simulation
technique, chaotic behavior of road accidents, and hazmat
incidents’ impacts.The external loop is to consider initial risk
factors associated with edges of the specified network, while
the internal loop is developed according to selecting themost
frequent paths for all O-D pairs of supplies and demands.

If the dimensions of variables are different, the scales of
variables affect on results, so variables should be uniformed to
reach to the reliable results [24]. Because of existing different
scales of variables [24] (1) is used to uniform variables into
closed interval [0.05 0.95], where 𝑋new is uniform amount
of variable 𝑋old and 𝑋max and 𝑋min are the maximum and
minimum values of variable𝑋, respectively. Consider

𝑋new =
(𝑋old − 𝑋min)

(𝑋max − 𝑋min)
× 0.9 + 0.05. (1)

When the most frequent path is determined for each O-D
pair, all supplies and demands are assigned to the network.
Eventually, the number of trucks assigned to all edges will be
determined and they are ranked according to their usages in
hazmat transportation. Figure 1 also shows the overall view of
proposed procedure which includes the steps below:

(1) define the specified network, nodes, and edges;
(2) set supply and demand nodes as well as their quanti-

ties to build the matrix of O-D pairs;
(3) set initial values for risk factors of all edges in the

network;
(4) calculate the uniform risk and cost values to reach

variables’ homogeneity;
(5) set risk and cost priorities dictated by national and/or

local authorities;
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(6) solve the proposed mathematical model to determine
risk-cost combination factors of the best path for O-D
pairs;

(7) if the number of interior iterations is not met, update
chaotic risk factors and go back to step 6;

(8) if all different risk and cost priorities are not checked,
go back to step 5;

(9) if the number of external iterations is not checked, go
back to step 5;

(10) obtain the most frequent paths for all O-D pairs;
(11) determine high selected list of edges in terms of their

usages in order to prioritize road safety measures.

4. Developing Mathematical Model

Finding path is the most important step in the proposed
procedure. Assume that road network is defined by graph
𝐺(𝑛, 𝑒) including predefined nodes and edges. Nodes are
categorized into three main sets including destination nodes,
origin nodes, and connecting nodes. Destination nodes may
be also origin nodes, so the cost between the same nodes
will be automatically set to zero. Following the strategy
defined in the previous section, mathematical model should
be developed to minimize the total combination of risk and
cost over the network.The best path will be obtained in terms
of combined risk and cost priorities followed by determining
the amount of hazmat which should be carried from each
origin to the correspondent destinations.

It is assumed that the amount of hazmat which should be
transported from all origins to destinations is specified. For
each origin-destination pair, the most frequent path will be
outlined, so the objective function is defined by (2) as follows:

CR
𝑜𝑑
= the most frequent path for O-D in which

Min𝑍 (it) = ∑
𝐺

[𝑃
𝑟
× 𝑅
𝑖𝑗
(it) + 𝑃

𝑐
× 𝐶
𝑖𝑗
] × 𝑋
𝑖𝑗

∀𝑜𝑑 ∈ (O-D)Pairs,

it = 2, 3, . . . , number of chaos iterations,

(2)

where CR
𝑜𝑑

is the best path determined by considering the
combination of risk and cost obtained by determining the
safest path between origin node “𝑜” and destination node “𝑑”
in which the total combination of risk and cost for selected
path is considered as criterion. While symbol (it) donates the
chaos iteration number,𝑃

𝑟
and𝑃
𝑐
are the priorities of risk and

cost, respectively. Since the model has been developed using
parametric variables of priorities, decision makers can use
different amount of priorities to consider different visions.
In this case, if decision makers want to generalize the model
for transporting the other goods, they just need to set risk
priority to zero (0). 𝑅

𝑖𝑗
is the uniformed transport risk for

edge (𝑖, 𝑗), 𝐶
𝑖𝑗
is uniformed transportation cost for edge

(𝑖, 𝑗), and both are derived by (1). Risk is updated using
the concept of chaos theory (logistic map equation) in each
chaotic iteration, while it is initialized by a random variable

in simulation process. Therefore, two internal and external
loops have been developed. The external loop in the model
has been constructed considering simulation process and the
internal loop has been constructed considering chaotic one.
𝑅
𝑖𝑗
is also updated using a well-known equation of generating

chaotic patterns [24] named logistic map equation applied by
(3) in which parameter𝐾 is set as 4 [20]. Consider

𝑅
𝑖𝑗
(it) = 𝐾 × 𝑅

𝑖𝑗
(it − 1) × (1 − 𝑅

𝑖𝑗
(it − 1))

∀it = 2, 3, . . . , number of chaos iteratins.
(3)

𝑋
𝑖𝑗
is a binary variable which will be set to 1 if edge (𝑖, 𝑗) is

located in determined path, otherwise it will be assigned by
0. The uniformed amounts of risk and cost are used due to
existing different dimensions for risk and cost [23]. In order to
keep continuous path, (4) is considered in the mathematical
model [26]. Consider

∑

𝐺

𝑋
𝑖𝑗
(it) − ∑

𝐺

𝑋
𝑗𝑖
(it) =
{{

{{

{

−1 if 𝑗 = origin
1 if 𝑗 = destination
0 otherwise

∀it = 2, 3, . . . , number of chaos iterations.

(4)

In intercity transportation mode, two-way edges are usually
available, so (5) is inserted in mathematical model to provide
the above characteristics [26]. Formore details on developing
mathematical model in the case of hazmat routing problem,
please refer to [24, 26]. Consider

(𝑖, 𝑗) , (𝑗, 𝑖) ∈ 𝐺 in all chaos iterations. (5)

Mathematical model is being run until the number of
simulation iterations ismet; then themost frequent edges will
be ranked in terms of their usages. Chaotic iteration is set
to 365 while simulation iteration is set to 1000 and 500 for
sensitivity analysis, so the whole iteration numbers will be set
to 365000 for running the model and 182500 for sensitivity
analysis.

5. Case Study

Fars, the second largest province in the Asian country of Iran,
is selected as case study whose map is available on [27]. It
consists of fifty-nine nodes and eighty two-way edges. Some
of nodes are considered as border, which connect research
area to other provinces. For each link, risk is calculated based
on four components of accident, environment, population,
and infrastructure aspects. Cost is corresponding to the
length and travel time obtained by a research survey [24].

6. Running Model and Discussion

Running the model is one of the most important stages of
this research work. At the first step, a clear definition on
problem is defined in which more details on problem are
discussed. At the second step, five scenarios are defined using
different priorities for risk and cost in hazmat transportation.
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Table 1: List of origin and destination nodes (dimension = thousands M3 per year).

Origin Destination nodes
{2} {11} {13} {15} {17} {23} {32} {35} {40} {42} {45} {56} Sum

{13} 150 650 300 500 1600
{14} 150 500 550 400 1600
{26} 100 400 500 500 1500
{38} 300 350 400 450 1500
{55} 300 400 300 400 1400
Sum 400 700 650 500 850 400 700 650 900 450 500 900 7600

Table 2: Risk and cost priorities scenarios.

Scenario Priorities
Risk Cost

A1 0.0 (0%) 1.0 (100%)
A2 0.3 (30%) 0.7 (70%)
A3 0.5 (50%) 0.5 (50%)
A4 0.7 (70%) 0.3 (30%)
A5 1.0 (100%) 0.0 (0%)

The above scenarios are followed by numerical results which
reveal the finding of the research work. Sensitivity analysis
at the final stage is also applied for readers to make sure
that decision makers do not have to worry about using chaos
theory concept in the proposed procedure even there is a
noticeable consideration of having dependency upon initial
condition in chaos theory.

6.1. Details on Problem Definition. Sets of origins and
destinations have been determined to solve the proposed
procedure and developed model. According to case study,
five nodes are identified as origin nodes and twelve nodes
as destination nodes, shown in Table 1; those names are
explained in Table 5. The amount of hazmat planned to be
carried form origins to destinations is identified using the
scales of heavy trucks.

6.2. Scenarios. According to problem definition and pro-
posed procedure, risk and cost priorities have significant
influences on solving the problem to determine paths and
consequent results. In order to satisfy decision makers who
are dealing with planning on hazmat transportation and
cover a wide range of risk and cost priorities, the most
probable sets are of risk and cost priorities defined by five
scenarios and shown in Table 2. Risk and cost priorities are
defined as 𝑃

𝑟
and 𝑃

𝑐
in mathematical model, respectively.

6.3. Numerical Results. Due to lack of constructive andmain-
tenance budget for improving the road safety network, using
a high selected list of links, in the above network, would be a
good approach for planning safety programs.Therefore, links

which have been frequently selected in simulation process
should be nominated for improving road construction. On
the other hand, decision makers’ points of view are different
in terms of the amount of risk and cost priorities. The
proposed methodology and developed mathematical model
have been performed using five scenarios, defined in the
previous section, and high frequent links have been obtained
from the execution process. Results which show the most
frequent links selected for hazardousmaterials transportation
have been tabulated in Table 3. For each scenario, a ranked
order of edges which are most frequently used for hazmat
transportation is proposed. Ranking is provided according to
the number of usages in path finding regarding the number
of iterations. For example, if decisionmakers set risk and cost
priorities to 0.3 and 0.7, respectively, links (14, 15), (15, 16), and
(13, 14) will be selected as high ranked priority for improving
road construction. But if the priority of risk goes up, link (13,
14) will be substituted by (37, 38) which means that using
the different priorities for risk and cost changes the order of
selected links.

Results also revealed that the orders of high frequent links
using different scenarios are different, due to the existing
differences between risk and cost priorities. In order to make
a whole consideration on using a wide range of cost and
risk priorities, the most repeated links are also outlined in
the last column of Table 3. The last column helps decision
makers to get a final solution, even if they cannot reach to
the final decision on how much the cost and risk priorities
may be set. Therefore, according to author’s experiences, it
is recommended that decision makers use the last column of
Table 3 to improve road safetymeasures, because awide range
of risk and cost priorities have been considered for running
the proposed methodology.

6.4. Sensitivity Analysis. Chaos theory is commonly applied
for short-term prediction due to the existence of property
of “sensitive dependence upon initial condition.” Initial con-
dition may dramatically change the results of finding safest
path after some iteration, and it may be questioned whether
process is suitable for long-term decision-making or not [19].
In fact, initial seeds change the results in different iterations
[24], so sensitivity analysis, here, is to check results using
different initial seeds [24]. In order to check the reliability
of the proposed method, five initial seeds have been used
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Table 3: List of ten top ranked edges for different scenarios.

Ranking Scenarios Most repeated
A1 A2 A3 A4 A5

1 (14, 15) (14, 15) (14, 15) (14, 15) (14, 15) (14, 15)
2 (15, 16) (15, 16) (15, 16) (15, 16) (15, 16) (15, 16)
3 (26, 27) (13, 14) (13, 14) (37, 38) (37, 38) (37, 38)
4 (16, 17) (37, 38) (37, 38) (26, 27) (26, 27) (26, 27)
5 (13, 14) (26, 27) (26, 27) (13, 14) (54, 55) (26, 27)
6 (37, 38) (38, 42) (54, 55) (54, 55) (27, 28) (54, 55)
7 (38, 42) (16, 17) (27, 28) (27, 28) (28, 30) (27, 28)
8 (3, 55) (54, 55) (28, 30) (28, 30) (38, 42) (28, 30)
9 (35, 59) (27, 28) (16, 17) (38, 42) (13, 46) (16, 17)
10 (36, 59) (28, 30) (38, 42) (16, 17) (13, 14) (38, 42)
The number of iterations for each scenario = 365000.

Table 4: List of ten top ranked edges for scenario (A3).

Ranking Seed
50 100 250 500 1000 Most frequent

1 (14, 15) (14, 15) (14, 15) (14, 15) (14, 15) (14, 15)
2 (15, 16) (15, 16) (15, 16) (15, 16) (15, 16) (15, 16)
3 (13, 14) (13, 14) (13, 14) (13, 14) (13, 14) (13, 14)
4 (37, 38) (37, 38) (37, 38) (37, 38) (37, 38) (37, 38)
5 (26, 27) (26, 27) (26, 27) (26, 27) (26, 27) (26, 27)
6 (54, 55) (54, 55) (54, 55) (54, 55) (54, 55) (54, 55)
7 (27, 28) (16, 17) (16, 17) (27, 28) (27, 28) (27, 28)
8 (28, 30) (27, 28) (27, 28) (28, 30) (28, 30) (28, 30)
9 (16, 17) (28, 30) (28, 30) (38, 42) (16, 17) (16, 17)
10 (38, 42) (38, 42) (38, 42) (16, 17) (38, 42) (38, 42)
The number of iterations for each scenario using each seed = 182500.

for generating random risk factors. Although there is no
difference between the defied scenarios, scenario 3, in which
the risk and cost priorities are the same (50%, 50%), has been
checked as just a sample in which a ranked order of edges
has been outlined and shown in Table 4. Since it is possible
to check the other scenarios, the above scenario has been
selected due to the common decision of policy makers which
usually set the equal rates for risk and cost priorities. Results
show that there is no significant difference between ranked
links using different seeds. Therefore, it is fair to say that the
proposed methodology is capable of being used for ranking
the edges which have been frequently used to improve road
safety quality for hazmat transportation.

7. Summary and Conclusion

One of the most popular approaches for determining routes
for hazmat transportation is to set a predefined road network.
The safest path for hazardous material transportation is

generally determined by minimizing risk and cost for spec-
ified origins and destinations. In this situation, improving
the edges which are frequently used for carrying hazardous
material might be a good concept for decreasing total risk
over the network. On the other hand, risk is a chaotic variable
used for hazmat routing problem and is changed during a
time period.

In order to make a high selected list of network edges,
which are frequently used for hazmat transportation, a
chaotic-simulated model has been developed. Risk factors
over the network are generated using the simulation tech-
nique and updated during the iteration using the well-known
equation of logistic map. An experimental road network
consists of fifty-nine nodes and eighty edges which have been
used for analytical process and sensitivity analysis is also
checked to ensure that using the proposed methodology is
appropriate. While numerical results show that the ranking
of edges may be different using risk and cost priorities, sen-
sitivity analysis shows that there is no significant difference
between outlined ranking orders using different seeds.
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Table 5: List of nodes and their names in road network located in
the Iranian province of Fars.

Code Name
1 Izadkhast
2 Abadeh
3 Sormagh
4 Safashahr
5 Bavanat
6 Sarvestan
7 Saadat Shahr
8 Arsanjan
9 Naqsh-e Rostam
10 Jamalabad
11 Marvdasht
12 Soltanabad
13 Shiraz
14 Polefasa
15 Estahban
16 Dorahi Estahban and Fasa
17 Fasa
18 Shahrood
19 Fadshokoieh
20 Chaliyan
21 Dindarlo
22 Ghaleh ab barik
23 Neyriz
24 Sirjan
25 Ich
26 Darab
27 Dowlatabad
28 Khosravi
29 Hajiabad
30 Dorahi Lar Jahrom
31 Mansoorabad
32 Lar
33 Bandar Abbas
34 Evaz
35 Lamerd
36 Chah Eyni
37 Khonj
38 Qirokarzin
39 Simakan
40 Jahrom
41 Qotbabad
42 Firuzabad
43 Esmaeil Abad
44 Fathabad
45 Kazerun
46 Dashteharzhan
47 Bazargan
48 Konartakhteh
49 Qaemiyeh

Table 5: Continued.

Code Name
50 Noor Abad
51 Serahi Noor Abad, Sepidan, and Shiraz
52 Masiri
53 Koshk
54 Asias
55 Eqlid
56 Sepidan
57 Yasooj
58 Forg
59 Dehno
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