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Nowadays, due to population increase and expansion of the transportation networks, the
monitoring of this network, control, and prevention of accidents and crimes are very
important. The main tasks of traffic patrols, like other emergency-security facilities, are the
monitoring and prevention of crime as well as handling and fining in the case of
committing crimes. Traffic patrols should be present in the scene and also in high traffic
congestion, to reduce accidents and crimes. This paper presents a bi-objective and
stochastic optimization model to design an emergency-security system. This network
includes traffic patrol vehicles and manpower in patrol vehicles. The objective of the
proposed model is to maximize the number of vehicles passing through patrols and
minimize the costs according to different scenarios. To solve the model, the epsilon-
constraint method is used which simultaneously determines the location of the patrols,
allocation of demand points to patrols, and determining the number of existing manpower
in patrols. To evaluate and analyze the proposed model, a numerical example is used.

Keywords: Location-allocation, Police, Traffic police patrols, Traffic fines, Suburban road
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1. Introduction

In recent years, due to the increased availability of vehicles and traffic volume, driving offences
and accidents have increased significantly. Tian Wang et al. [46] used algorithms and various
theories such as graph theory to show the loss and damage caused by traffic and real constraints in
practice are so significant. As a result, the need for direct presence of traffic police in road networks
is essential to maintain security, especially in the suburban road networks which have a lot of
accidents and crimes. However, it is difficult to measure the level of road and street safety [5].

Beenstock and Gafni [3] found that accidents range depends on a variety of factors, such as road
quality, police monitoring, and the number of retreated vehicles on the road. Yu Niu He et al. [25]
believed traffic congestion in different roads is related to the flow of traffic and how traffic police
patrol cars are allocated. For example, the law enforcement plan in Australia and New Zealand,
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which located the police forces in roads randomly, has resulted in a significant reduction in traffic
accidents and crimes [37].

In studies on accident prevention, the police force is considered as one of the most important
security factors in reducing crimes and accidents on the roads [9,13,19]. Observation and
monitoring of police cause drivers to commit crimes and to deal with accidents more rapidly, which
leads to prevention of heavy traffic due to accidents. The main objective of police forces is to
increase road safety, which is possible by controlling and dealing with drivers and preventing
crimes and faults resulting in accidents and injuries [20,11]. Organization for Economic Co-
operation and Development (OECD) [38] defined traffic police regulations as "field of activities
performed to control the drivers' behavior through prevention, rewarding, and punishment to obtain
security.

The field of work of traffic police is classified into two aspects: prevention and law enforcement.
Prevention of traffic crimes is carried out by increasing drivers' awareness of potential dangers in
driving regarding the different location and time [20,21]. Though the law enforcement aspect also
called the repression aspect, includes times and locations where most of the traffic crimes happen.
This aspect attempts to influence the drivers' minds for fear of getting caught and thus prevent to
commit crimes and be fined [49,32].

The above-mentioned aspects are possible using different facilities such as police patrols, control
cameras, etc. For example, Paolo et al. [12] presented a model to select the best location for
installing control and security cameras in urban traffic networks to minimize accidents and
maximize the control of roads.

Today, police patrols are considered as one of the most well-known activities to carry out the
law and preventive policies against crime [41]. These patrols offer emergency services to public
safety and potential accidents. A police patrol is a unit of police force established primarily to
monitor and implement traffic safety on roads and highways. There are many management
difficulties for the settings, deployment, and scheduling of police patrols to respond to potential
accidents. This is generally approved by all countries that the monitoring and law enforcement of
the police forces should be carried out based on accident analysis and the use of scientific methods
[23,40].

To this end, the police patrol problem has been modeled, analyzed, and investigated in various
studies according to the two-mentioned aspects. One of the important aspects of police forces
investigation is the investigation of dispatching time and arriving at the scene on time.

Zhao et al. [54] developed a model to minimize the maximum arriving time of patrols by
considering a specific traffic volume. kou et al. [30] presented a model to minimize the dispatching
time and reviewed the dispatching time between the two sites with and without concerning sensitive
points. Zhao et al. [55] developed a model to help the police arrive as early as possible, and solved
the model using particle swarm optimization algorithm. keskin et al. [29] presented a bi-objective
problem to design the schedule of sending police patrols. The objectives of the problem included: 1.
Minimizing the variable workload between patrols dispatching. 2. Minimizing response time to the
calls to demand services. He et al. [24], examined the problem of police force allocation and
minimize time to eliminate traffic congestion.

Some studies have employed different simulation methods such as Monte Carlo to better
investigate the existing models for the police force and to achieve the best result. Wu et al. [52]
focused on the development of patrol designs and presented a bi-objective optimization model to
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design these models, which minimizes vulnerability and cost. Moreover, they used Monte Carlo
simulation algorithm to provide a Pareto optimal solution.

According to Wu et al. [51], 8 appropriate patterns for police patrols are simulated using the
input data from Monte Carlo theory considering that the accidents are happening randomly. They
believe that the simulation technique is very effective for exploring the patrol patterns and finally
concluded that the moving patrols perform much better in response times, working hours, etc. than
police stations. In addition to dispatching time of police patrol and timely investigation of accidents
and crimes, it is important to investigate the location of police patrol in urban and suburban
networks.

Optimal location-allocation is important in two aspects of the private sector (locating factories,
warehouses, stores, and allocation of customers, etc.) and the public sector (locating schools, waste
collection centers, etc.).

Location-allocation problems are investigated in the private sector to maximize the cost-benefit,
but in the public sector the objective is to maximize social benefits. In location-allocation problems,
there has already been a serious focus on locating of the emergency-relief vehicles
[15,16,17,22,31,43,50].

To determine the best location to deploy traffic patrols, Meng et al. [36] presented the bi-
objective programming model using graph theory to determine the location of traffic patrols. As a
result, the patrols are regularly organized to get to the site faster. Liu et al. [34] used the genetic
algorithm to obtain the best place for police patrol stations and then with the combination of genetic
algorithm and graph theory, the model has been developed to allocate traffic patrols. Hussein Al-
Harthei et al. [1] presented a new approach based on the combination of advanced technologies such
as artificial intelligence and Geographical information system that can be used to develop,
implement, and testing of police patrols allocation in different locations. Li et al. [33] defined a
measure of how much the development of traffic patrols are appropriate. Moreover, the
optimization model has been formulated to choose the best location of traffic patrols between
candidate points using the Lagrangian relaxation method.

Yang et al. [53] and Camacho et al. [8] provided the best location of police patrols by
considering three scenarios related to patrols such as warning mission, traffic jams in main and
subsidiary roads according to various criteria such as environment, risk, congestion, etc. Azimi et
al. [2] presented a routing model with the probabilistic approach to improve the efficiency of traffic
police patrols using graph theory and mathematical algorithms. Moreover, they employed the ant
colony algorithm to solve the model. In this model, after identifying the patrol routes, a proper
number of patrols can be obtained. Cheung et al. [12] proposed a model for locating of police
facilities under budget constraints. The purpose of this model is to minimize the distance and
maximize the covering of accident-prone locations by the police patrol. The model reduced the
distance between the police stations and the crime centers by 19% and increased the coverage area
by 8%. Su et al. [45] presented a two-stage optimization model based on the need of modern
societies to police patrols. First, they discuss the issue of allocating patrols to the roads and then the
coverage issue for more prior locations.

The result of studies in the field of police patrol concerning different considerations including
speed control of drivers by camera or police force, use of tangible or intangible police force, and
according to the location of crime occurrence, etc. is different [21,7]. In many problems related to
the establishment of emergency-relief vehicles, demand “covering" is proposed by considering time
constraints [4,42]. Covering issues are divided into two categories: set-covering and maximum
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covering. The complete covering was first proposed by Toregas et al. [48] to measure the minimum
facilities to cover the entire demand point. Besides, the maximum covering model was proposed by
Church and Revelle [14] to establish several facilities to maximize the covered points.

According to the existing constraints in police resources as well as the lack of need to deploy
police patrols in some low-risk roads, the use of the maximum covering model is under more
attention. By reviewing previous studies, we concluded that there is not enough attention and
concentration on the coverage, especially the maximum coverage, in the field of location-allocation
of police patrol.

Moreover, it is necessary to consider the effective factors on police man power and their number
as a limited resource [26,47]. So far, many researchers have attempted to employ traffic police
patrols in the best form under existing constraints in police resources. For example, Peng et al. [39]
reviewed the development of traffic police patrol problem considering whether or not the police
force has limited resources. The problem can be divided into two types: 1. assuming that the police
forces are infinite, then it should be tried to cover all demand points using minimum police patrol
force, 2. assuming that the police forces are finite and should be tried to cover maximum demand
points under. However, the two types of mentioned problems can be modeled using the classical
coverage method, including the complete coverage and the maximum cover [29].

Another issue in the field of traffic police patrols which was less considered in the previous
studies is the variation of demand or the number of vehicles passing on various roads at various
times. In this way, different traffic volumes can be considered for a road at different seasons. For
example, some seasons include the vacations of schools and universities or some of them include
vacations related to important occasions. As a result, we have different traffic volumes on suburban
roads to carry out the trip. For this purpose, a two-stage stochastic programming method can be
used to better analyze the data.

According to the study of this field, the research gap is the lack of attention to the maximum
covering for police patrols location, the number of human resources in patrols, their wage, lack of
consideration to the various patrol vehicle with various maintenance and fuel cost, the direct
relation between better monitoring and the number of police forces, and the uncertainties of traffic
volumes under time period, which has been investigated in next sections. As a result, the location-
allocation problem of the traffic patrol is derived from emergency-relief issues, road security, and
assurance of public order. Therefore, it is necessary to propose an optimization model for police
patrols in order to reduce traffic crimes, road accidents, and traffic congestion in high-risk and
heavy traffic roads to. In this study, it should be tried to find the best location for proper allocation
of roads to traffic patrols, and to provide better security and order. The main objective of this paper
is to determine the number of existing human resources in each patrol, distinguishing different types
of wvehicles, considering stochastic programming and different scenarios and considering
minimizing the cost in addition to the maximum covering. It is worth noting that most of the studies
carried out on the location of police patrols focused on the urban patrols [35,31,16,10].
Consequently, in this study, we focus on the suburban roads network.

This paper is organized as follows: in the second section, we discuss the problem and the
proposed model, in the third section we examine the method and the results of the solution, and in
the fourth section, we examine the Applicability of model with using numerical example.
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2. The statement of the problem

As mentioned earlier, finding the best location for traffic patrols and the proper allocation of
demand points to patrols, which include roads, can provide maximum order and security in the
roads network. The assumptions of the proposed model are as follows:

The proposed model identifies the best location for a limited number of traffic patrols as well as

allocation of demand points to patrol vehicles under different scenarios. Given that the number of
human resources is limited, the model determines the best number of human resources in any patrol
vehicle. with considering traffic or risk of demand points.
In this regard, different vehicles for police patrols including automobiles and motorcycles have been
considered in different types, each of which has a specific number of manpower and costs. As
mentioned, choosing between automobiles and motorcycles depends on the traffic volume of the
covered area and the number of accidents in that area.

Our model is regarded as a multi-period problem that there are a limited number of available
patrol vehicles and active human forces to dispatch to the mission, which the model tries to
minimize the use of them at the same time using the benefit of police presence. It is essential to note
that each of the demand areas may have different geographical conditions, traffic volumes, and
accident statistics, the patrol vehicle must be operated according to these conditions. As a result,
these different patrol vehicles have different repair, maintenance, and fuel costs. Notably, every
manpower receives the wage per hour.

In the proposed model, the decisions taken are as follows :

- Optimal locations for the deployment of police patrols

- Optimal allocation of demand points to police patrols

- The number of police patrol forces deployed in different locations

In fact, in this study, a bi-objective allocation model involves the maximum number of vehicles
assigned in a particular location, or the maximum covering problem, which is the maximum benefit
from the presence of the police and at the same time the minimum costs resulting from the patrols
and the wages of the manpower. The purpose of this model is to determine the decision points
mentioned by the scenario.

Decision variables are divided into two categories: Independent variables of scenario and
scenario-dependent variables. The decision is taken in two steps: The first step is to determine the
first stage variables. This step will determine the appropriate location for the patrols.
in the second step, the values of the second stage variables are determined according to each
scenario.

A detailed study on the two-period probabilistic program, its advantages, and its applications
were conducted by Birge and Louveaux in 2011 [6].

3. The proposed mathematical model

3.1. Model sets and indexes

| Set of roads on network iel , jel
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Set of roads (demand points)

Set of potential roads (points) for traffic police patrol
Set of shifts

Set of scenarios

Set of traffic police patrol vehicle type

3.2.  Model parameters

Shortest Distance from i to j zones

maximum acceptable service distance for road i

number of vehicles per hour passing a traffic police patrol on point j under scenario s
time handling events on node i in a shift (in hours)

The duration of shift f

travel times between i and j and back (in hours)

set of road j within acceptable distance of road i (N; = {j /dij <§ })

The Number of human recourses available traffic police per shift

Maximum Number of police patrol should available on patrol type k in shift f
Set-up Cost of traffic police patrol type k on zone j

The wage of human resource in shift f

Probability of scenario s

Maximum Number of human resource in patrol vehicle k

3.3. Model variables

X

ik

AN

ijf

Qsjfk

1 if traffic police patrol type k is located at potential point (road) j in shift f ,otherwise 0

1 if zone(road) i is covered by traffic police patrol on point (road) j under scenario s in
shift f , otherwise 0

Number of human resource in patrol vehicle k at point (road) j under scenario s in shift

3.4. The proposed mathematical model
Objective function

Max ¥ ps.(%z % (He USj . Xj - 3 (tjtei) U5 . Z%;¢) + %Z; Q% U®j.Hy)
s i i i

)
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Min gps.(%; [Vie X+ C.(He Q) |) )

In the first part of the maximization objective function (Eq. 1), the objective is to maximize the
number of passing vehicles facing patrol k located at the location j, considering that when the patrol
leaves the location j, it does not detect a fraction of the vehicles passing through j till it returns to
this location. This fraction consists of dispatching time, accident management, and return to
location j.

The second part of the first objective function tries to maximize the number of active human force
in the patrol k in the location j proportional to the importance and the amount of vehicle flow
through that location.

The second objective function minimizes the cost due to the activation of patrol k proportional to
location j as well as manpower wage.

3.5. Constraints

zxjfk_mfk vf,k ®)
ZZ,Jf=1 Viel,feF,s (4)
”f_ZX Viel,jeld,feF,s (5)
;%Xjfk <1 Vjeld (6)
ZQJfk = Vf EF , S (7)
Jfk_A< X it Vield,f ef k,s (8)
ijkzx Vield, fef,k,s 9)
2 X <1 vield,f,s (10)
K
X €{0.1},
zg {01}, Vjed feF . ielkeKses (11)
Qi =0

In Eq. (3) it is emphasized that at each shift, the maximum m of patrol k needs to be deployed. In
constraint (4), it is noted that each existing road should be covered exactly by a patrol. In constraint
(5), it is supposed that if there is no active patrol in location j, it is not possible to cover the road.
The constraint (6) is a strong constraint that emphasizes The constraint (6) is a strong constraint
that emphasizes if a patrol is in the location j for a shift, it can no longer be placed in that location
in another shift. In constraint (7), the number of manpower invested in every shift in all of the active
locations j must be less than the total number of available manpower per shift. In constraint (8) and
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(9), we have discussed that in each patrol vehicle, at least one force and the maximum number of
force (according to the corresponding parameters) can be present. In constraint (10), it is guaranteed
that in each shift only one type of patrol vehicle can be activated in place j. Finally, in constraint
(11), positive and binary variables are determined.

4. Solution procedure

In multi-objective problems with conflicting functions, it is impossible to find the solution to
optimize all of the functions simultaneously. In such problems, the focus is on pareto solutions. In
other words, the solutions that improve none of the functions without having at least one of the
functions become worse. There are different methods for solving multi-objective optimization
models such as weighting method, goal programming method, etc. but for different reasons these
methods are not efficient like lack of access to the weight that is determined by the decision-makers
[27, 28].

In this paper, the epsilon-constraint method is used to solve the model. The epsilon-constraint
method is employed to solve multi-objective problems. In this method, all objective functions
except one are converted to the constraint and by changing the epsilon values of the corresponding
constraints to the objective functions, a set of Pareto optimal solutions are obtained (Steuer et
al.[44]). In this paper, the first objective function is considered as a priority.

5. Solution result

To verify the proposed model in the Section 2, we try to implement a numerical example on it
and then examine the results to ensure the precision of the model.

In this numerical example, five candidate points for traffic patrols locations, two 12-hours shift,
and two types of vehicles (motorcycle and automobile) is considered. To close the model to reality,
we investigate the model under four scenarios so that the traffic volume and the number of vehicles
passing on different seasons are considered different due to the occasions, holidays, and suburban
trips. summer has the heaviest traffic while this volume is decreasing in spring, autumn, and winter
respectively.

Then, the proposed model is solved using the epsilon-constraint method using GAMS software.
All experiments were carried out using a laptop with Intel Core i7 CPU, 2.5 GHz, and 4 GB of
RAM. The solution results are as follows:

Table 1. Established traffic police patrol
Second shift First shift

25 1,3 zones(j)

Table 2. The number of man powers is available in patrol
The number of Traffic police officer

Second shift First shift scenario
3 3 Scenario 1 : spring
4 5 Scenario 2 : summer
2 2 Scenario 3 : autumn
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2 1 Scenario 4 : winter

According to the results, in the seasons with the high traffic volume such as summer, the number
of deployed forces in active sites, is more than the others.

5.1.  The conflict to the objective functions

Figure 1 presents objectives conflict for different scenarios. In the previous section, we noted
that, in the numerical example, the amount of traffic volume in different seasons is considered to be
different in a way that summer has the heaviest traffic while this volume is decreasing in spring,
autumn, and winter respectively.

As the Figure 1 suggests, the level of covering of passing vehicles by a police patrol during the
summer season, which has the highest traffic volume for a certain cost, is minimal due to the
increasing number of traffic accidents and crimes. As a result, the number of patrols that can stay at
its location and keep more traffic under control decreases. By examining the other values, we
realize that we have the lowest covering level in the summer with the highest traffic volume and the
highest covering level in the winter with the lowest traffic volume and the number of traffic
accidents.

Another result is that by increasing the number of traffic patrols established in the candidate
locations, the total cost and the covering level of vehicle passing traffic police patrol increased. This
highlights the conflict between objectives.

Another point is the linear process between the amounts of coverage in different scenarios for
each cost value. This linear process can help decision makers organizations to predict similar
behavior in the future.
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m Spring ®mSummer mAutumn  Winter m All seasons
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traffic police patrol
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Covering level of vehicle passing
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Total cost

Figure 1. The diagram of contradiction between objective functions

5.2. Sensitivity analysis on the shift hours

Besides, to study the behavior and sensitivity of the model to the shift hours, by changing the
shift hours, Figure 2 is obtained. As shown in the Figure 2, the Covering level of vehicle passing
traffic police patrol is increased by increasing the shift hours. It is evident that if the shift hours
increase, the number of vehicles passing the patrol increases.
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Figure 2. The sensitivity analysis on the shift hours
6. Conclusion and future research

In this paper, the location-allocation model of traffic patrols in suburban road networks was
proposed. The objective of this study is to maximize the demand cover and the amount of traffic
and vehicles crossing the roads and at the same time to minimize the total cost. We introduced
different scenarios for vehicle traffic using a two-stage stochastic programming model.

In this paper, a bi-objective stochastic model was proposed for location-allocation of traffic
police patrol in the suburban road network. In the proposed model, locating of traffic patrols was
considered the first stage decision. while The number of man power available in patrols and
allocation of demand points to patrols were the second stage decisions. Moreover, the number of
manpower to participate in the patrol is the decision of the second stage. To get closer to reality,
capacity constraints, working hours per shift, etc. were considered. To validate the proposed model,
a numerical example was considered and the sensitivity analysis was performed and we concluded
that there is a conflict between maximum covering and total cost.

The suggestions for future studies are:
e determine the fuel station for police patrol
e determine the location for installing control cameras
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