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ABSTRACT

Traffic congestion problems have dramatically esca-
lated with the increasing volume of vehicles, pedestrians,
and cyclists in the face of limited road capacity. This re-
search aims to reduce the time road users spend in the
system (school-zone area) and improve the efficiency of
the process of dropping off and collecting children from a
crowded school area. The study integrates discrete-event
simulation (DES) and multi-criterion decision-mak-
ing (MCDM) techniques to comprehensively evaluate
the proposed alternatives to select an optimal solution
based on many performance measures. A real-world case
study of the traffic and congestion problems experienced
by parents when they drop off and fetch their children
from school during peak hours is presented. A heuristic
algorithm was developed to simulate the random and un-
predictable behaviour of road users. A cost-benefit anal-
ysis considered the impact of waiting time, traffic den-
sity, number of accidents, additional fuel expenses, and
emission reduction. The technique for order of preference
by similarity to ideal solution (TOPSIS) and preference
selection index (PSI) methods were utilised to select the
most appropriate option for parents. The study found that
the integration of simulation techniques with MCDM
methods could efficiently solve traffic problems.

KEYWORDS

traffic simulation, discrete optimisation; MCDM,
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1. INTRODUCTION

Solving traffic-related problems is vital in re-
ducing the number of casualties, costs, wasted time,
and the social impact of traffic accidents. A number
of researchers have attempted to calculate and pre-
dict the current and future traffic flow congestion in
roads and networks [1-3]. However, many difficul-
ties have been encountered due to the complexity,
ever-changing traffic flow, network-limited capac-
ity, unprecedented increase in the number of vehi-

cles, population growth, poor traffic data, unpredict-
able driver behaviour, and the increasing volume of
cyclists and pedestrians. Traffic becomes even more
complex in school areas due to the random actions
of students, the limited drop-off and pick-up points,
and the behaviour of parents trying to get their chil-
dren to school on time.

In school zones, there are several factors that
greatly affect the performance, efficiency, and ef-
fectiveness of traffic control devices. These factors
include driver behaviour, environment, weather and
visibility, traffic rules and regulations, and roadway
geometry [4]. Students who walk to school often
have to contend with the traffic and other distrac-
tions. The development of infrastructure and facil-
ities strive to create a safer environment for school
children, but road users’ activities also need to be
considered [5]. Transportation officials, city gov-
ernments, and residents are all concerned with pe-
destrian safety near schools. Indeed, many counter-
measures — such as school-zone speed limits — are
commonplace around schools, providing safer areas
for school-aged children [6]. Moreover, during peak
commuting times, enhancements that would effec-
tively provide a protected zone for children are es-
pecially important to consider [7].

There is a great deal of concern and myriad safe-
ty measures for children traffic safety and a need
to quantify the degree of risk and develop safety
evaluation criteria for school zones [8]. Conversely,
main streets, side roads, and speed-restricted areas
have all been found to be more vulnerable to high
concentrations of pollution for children who are on
their way to school [9]. Improving enforcement and
community awareness have been critical for the
long-term decline in school-related traffic fatali-
ties [10]. Driving violations, jaywalking, and dis-
putes between pedestrians and cars, are among the
issues that have been raised in school zones [11].
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The installation of different traffic safety facilities
has been known to reduce accidents in school zones
[12].

Traffic accidents are affected by urban infra-
structure and other risk factors, and are more like-
ly to occur in areas with more hospitals, people,
or schools [13]. Owing to the higher presence of
school-aged pedestrians and cyclists, as well as
potential speeding problems, traffic accidents in
suburban school zones are a serious safety con-
cern [14]. The drivers’ behaviours — that is, their
response to the presence of pedestrians and their
speed — are factors that reduce accidents for driv-
ers (both familiar and unfamiliar) in school zones
[15]. Simulation is commonly used to evaluate
safety and determine the risks of segment and in-
tersection crashes [14, 16].

The problems faced by users in the school zone
under investigation include chaos, randomness,
and the extended time employees have to spend in
the area, causing them and parents to be late for
their respective jobs. In addition to traffic con-
gestion and the resulting pollution, accidents and
delays in the on-time arrival of school and univer-
sity students to their classes increases the system
complexity, with congestion also being reflected in
nearby city streets and university campuses.

The primary aim of this study is to reduce the
delays and improve the efficiency of the process of
dropping off and fetching children. The following
summarises the contributions and novelty of our
research. First, the area under study is unique and
complex, representing a school district within the
boundaries of a national university, namely Yar-
mouk University. Yarmouk University has more
than 45,000 students and staff members. Because
there are no school buses, more than 5,000 vehi-
cles enter and leave the main gates daily. The study
area is also unique because it has eight main gates
of less than 250 m in length and because delays
— especially during peak periods in the morning
and evening — are its primary concern, rather than
accidents and their consequences. Second, al-
though previous research used different tools and
techniques — including simulations, mathematical
models, analytical, and statistical analyses — to
examine traffic-related problems, valuable engi-
neering and managerial tools — such as multi-cri-
terion decision-making (MCDM) and lean tech-
niques — were not utilised. To support long-term
continuous improvement and develop consistent

efficiency and quality, such techniques could help
to identify and eliminate real problems, minimise
waste — that is, anything without added value, such
as unnecessary delays, traffic signs, circles, or in-
tersections — and maximise throughput. To the best
of our knowledge, this is the first study to use two
MCDM techniques — that is, the technique for order
of preference by similarity to ideal solution (TOP-
SIS), and the preference selection index (PSI) — to
support the decision-making process in solving road
traffic problems in urban and school districts. Third,
we used a hybridisation of simulation and MCDM
techniques to develop an ideal solution. Fourth, our
study is based on complex real-world problems such
as limited solutions, randomness in the behaviour of
pedestrians and drivers, and the lack of compliance
with traffic rules during peak hours.

This study attempts to answer two research ques-
tions based on our objectives. First, can MCDM be
an effective tool for analysing traffic problems and
evaluating alternatives to arrive at the best solution?
Second, what solution is the best fit for such com-
plex traffic problems where solutions are limited
due to various constraints?

Based on an analysis of the data, the key causes
of congestion include a large volume of incoming
vehicles, road user behaviour caused by rush-hour
and related time pressures, and two-way streets. Be-
cause the problem only occurs for two hours a day
during peak hours — that is, a total of 500 hours per
year (6% of the total hours in a year), the solution
caters for worst-case scenarios. A solution is nec-
essary because everyone must arrive at their work-
place in time. This case supports the meaningful
and practical experimental results beyond simply
academic interest.

The remainder of this paper is organised as fol-
lows. Section 2 presents related literature. Section 3
describes the study’s research methodology. Section
4 discusses the system modelling, including the sys-
tem description, input data analysis, and simulation
system. Section 5 analyses the results, alternative
solutions, and evaluates the alternatives using DES-
PSI and DES-TOPSIS techniques. Finally, Section
6 concludes the paper and presents future research
suggestions.

2. LITERATURE REVIEW

Traffic flow congestion occurs when the traffic
density (TD) is greater than the capacity of a road
or a network, with congestion in urban areas usually
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expanding into neighbouring roads. Efficient use
of current road networks can only be achieved by
adopting innovative solutions and management sys-
tems for cities and areas where additional road con-
struction and expansion may be restricted. Traffic
flow at intersections is traditionally controlled and
regulated using traffic signs and/or traffic lights that
limit the maximum capacity at an intersection at the
expense of increasing discomfort due to numerous
idling intervals and delays [17].

Traffic congestion has been extensively dis-
cussed by researchers and several solutions have
been proposed. A short-term traffic congestion al-
gorithm to predict current and future traffic streams
was used to demonstrate the effectiveness of the
proposed solution on real traffic data. The travel
time between two locations may not be comparable
in terms of distance and variability, both dynami-
cally and stochastically over time [18]. A Markov
decision process for estimating the probability dis-
tribution of travel times was proposed. Experiments
were conducted using real data from a Singapore
logistics company, and the solution was based on
Monte Carlo simulations [19]. A solution based on
incentives to reduce congestion during peak hours
by shifting the traffic load to less congested times
and reducing the cost of congestion measured in
terms of time spent in the system [20]. An algorithm
that dynamically partitioned congested networks
into small segments and formulated the problem as
a mixed-integer program was developed, solving
for the minimum metric value and merging neigh-
bouring congested areas [21].

Traffic simulation is considered to be one of the
most complex systems because of the difficulty in
modelling driving behaviour, interaction, and dis-
organised traffic. Research studies utilising multi-
agent simulation of disorganised traffic to assess
traffic flow [22], proposed micro-simulation to anal-
yse numerous congested traffic situations on two-
way streets [23], and introduced a new traffic sim-
ulation environment using Traffic3D, a platform to
efficiently evaluate different traffic scenarios [24].
Moreover, an online microscopic traffic simulation
model was developed to imitate driving behaviour
and investigate traffic parameters in a dynamic en-
vironment [25]. Other studies used a combination
of simulation and extreme value theory to evaluate
traffic safety in urban intersections [26]. Simula-
tions have proven to be efficient for analysing traffic
problems and evaluating their solutions.

To increase school-zone operations in terms
of traffic efficiency and safety, school-zone traffic
management solutions should incorporate stan-
dardised procedures that target driver awareness
[27]. It is important to install equipment and a suf-
ficient degree of school zones protection, such as
protective fencing, skid proofing, and speed camer-
as. Protective fences have shown to be effective in
school zones [2].

Vehicle emissions are a major source of pollu-
tion [3, 28, 29], and so carbon dioxide emissions
should be part of any performance evaluation model
[30]. There are several technical considerations that
can reduce emissions and improve safety [31-33]—
for example, the COVID-19 lockdown improved air
quality [34]. Consequently, finding a solution and
an appropriate methodology for measuring environ-
mental issues is critical [31, 34, 35]. Furthermore,
the cost of congestion is very high when measured
in terms of wasted time and fuel by drivers and ve-
hicles, respectively, in addition to the effects of pol-
lution [36].

Traffic effectiveness measures in school zones
include average speed, relative speed difference,
and acceleration standard deviation [4, 60]. Mea-
sures should focus on preventing severe injuries and
fatalities due to vehicle accidents. Multiple stake-
holders should be involved in safety plans, empha-
sising a collaborative and integrative approach [37].
The impact of various countermeasures on school-
zone safety can be assessed using simulation mod-
elling [38]. A driving simulator is an effective tool
for evaluating traffic control devices deployed in
school zones [4, 39].

The TOPSIS method is used for decision-making
and as an evaluation tool to assess and rank alterna-
tives [40]. It is a multiple-criteria decision-making
technique for ranking preferences through similar-
ity to find the best solution among a limited set of
alternatives. TOPSIS is also used to provide a basis
for calculating the rank of lean policies [41]. More-
over, fuzzy TOPSIS has been used to choose the
best lean policy and generate rankings [42], eval-
uate the criteria and weights of alternatives to ob-
tain an optimal solution and rank alternatives [43],
select optimal solutions and to rank projects [44],
and prioritise and order solutions [45]. TOPSIS can
be used to improve traditional weight calculations,
ignoring the vagueness of the decision-making pro-
cesses.
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The PSI method was used to calculate the over-
all preference values of alternatives and is consid-
ered to be effective when there is conflict in deter-
mining the relative importance of attributes. After
calculating the PSI for each alternative, the one
with the greatest PSI value was selected to be the
primary alternative [46]. The PSI technique utilis-
es simple calculations and is appropriate for use in
MCDM problems [47]. The use of PSI in a deci-
sion-support system can result in an effective deci-
sion in which the weighted criteria are determined
by the data in a decision matrix [48]. The MCDM-
PSI method has shown to be an applicable and
accurate way to solve decision-making problems
through the design phase of a production system
life cycle [49]. The PSI method provided accu-
rate decisions while processing alternatives based
on specified criteria [50]. A consistent methodol-
ogy based on PSI and TOPSIS using the entropy
weights technique was proposed to evaluate and
rank automated guided means of transportation for
the given application, and the effectiveness of the
approach was demonstrated [51].

Road safety could benefit from MCDM tech-
niques based on the Pareto evolutionary algorithm
that adapts by reducing accidents and removing
congestion delays [52]. Three MCDM methods
were proposed to solve the problem of selecting a
new airport hub [53]. They applied simple additive
weighting (SAW), TOPSIS, and AHP methods to
a selected set of alternative airports, and a hybrid
MCDM method based on analytic network process
(ANP) and fuzzy TOPSIS techniques was used to
address air traffic congestion [54]. MCDM using
SAW, AHP, and fuzzy TOPSIS methods were used
to rank European countries based on the evalua-
tion of road safety performance [55]. AHP and
rank correlation methods were used to determine
the impact on traffic safety of interactions between
components of the transport system [56].

Many factors influence the efficacy and ef-
ficiency of traffic solutions in school zones, in-
cluding user behaviour, road geometric features,
environmental elements, traffic policies, and con-
trol modes. When considering traffic solutions in
school zones, it is necessary to determine wheth-
er the solution of a traffic system is suitable, and
whether it effectively complements and enhances
the effectiveness of the traffic system.

Although previous studies have had mixed re-
sults and lack specific methodological guidance,
in this study a general methodology is developed
to analyse and evaluate the effectiveness of vari-
ous solutions that can be deployed in school zones
through DES-MCDM experiments. A DES-MCDM
using PSI and TOPSIS techniques was developed
to improve the applicability of the solution(s), and
a representative school zone was chosen to be the
testbed. Analyses were conducted to extract infor-
mation from the integrated DES-MCDM approach.
Multiple measures of effectiveness were utilised for
traffic solution performance quantification.

3. METHODOLOGY

In this research, a DES technique was used to
simulate the traffic situation occurring when parents
brought their children to school in the morning and
picked them up in the afternoon.

Two MCDM methods — that is, TOPSIS and
PSI — were utilised to evaluate and rank the solu-
tions before the best one was selected. The TOP-
SIS method differs from the PSI method in that
it uses weights, while the latter does not. The se-
lection criteria were based on multiple conflicting
criteria related to the study area and road traffic
parameters. The results were compared with the
simulation model outcomes to verify the validity
and effectiveness of the methods. Although the
MCDM could be used separately, without rely-
ing on the simulation outputs, the DES-MCDM
approach uses the simulation outputs as inputs to
the TOPSIS and PSI solutions — such as average
waiting time — to ensure the accuracy of the re-
sults in selecting the best solution. An integrat-
ed-traffic-management (ITM) technique was used
to mimic the randomness and irregular behaviour
of road users that were not expressed in the simu-
lation software. The ITM heuristic algorithm func-
tions as a subroutine inside the simulation, making
comprehensive calculations, and updating model
variables each time a decision needs to be made.

AnyLogic simulation software was used to
analyse, solve, and manage the problem. Data
were collected from the study area through direct
observations, questionnaires, and interviews with
key people (drivers, traffic experts, and school
management). The mean time vehicles or pedestri-
ans spent in the system were used as performance
measures. A comparison between alternative solu-
tions was performed based on the mean time spent
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Figure 1 — Research methodology

in the system, cost benefit analysis, cost reduction,
and cleanliness of solutions. Figure I summarises the
steps of the research methodology. The final system
parameters, alternative solutions, evaluation criteria,
and the weight of each criterion were determined by
a group of experts consisting of two traffic experts,
three professors, and four key persons. The experts’
inputs were also used to evaluate and validate the
ranks of the alternative solutions and in the selection
of the best option.

As shown in Figure 1, the research steps started
with literary reviews related to the subject of the
study. Then, the school district was studied, anal-

ysed, and the available infrastructure was described.
After that, three methods of data collection were
used, namely: observations, by observing the study
area, recording and determining the entry data (data
were collected directly by the researchers and vol-
unteer students for one week, such as the vehicle
arrival rate, the time between vehicle arrivals, dis-
tances, road dimensions, number of students in each
car, drop-off and pick-up times, entrance times, de-
parture times).

A questionnaire was distributed to 50 road users
and parents to establish the most important prob-
lems faced and the solutions suggested by them
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— a questionnaire was designed and distributed to
collect data such as vehicle speed, preferred speed
inside the school zone, parents waiting time, type
of vehicle, type of fuel, year of vehicle, number of
students in the vehicle, time they left home, area
leaving time, the main problems they faced, and
the proposed solutions — and personal interviews
were conducted for a number of drivers, road us-
ers, and school and university officials (an inter-
view to collect information, for example, the con-
trol signs used, the main difficulties and problems
they faced, the total number of school students, the
total number of university students, the total num-
ber of cars with university permits, and the total
number of accidents based on official documents
and data from police officials).

To ensure that the results were close to reali-
ty, a group of experts determined the parameters,
alternative solutions, evaluation criteria, and the
weight of each criterion. The evaluation process
began with a simulation model by determining in-
put data distributions, model validation and verifi-
cation, running the simulation using different sce-
narios, and finally evaluating different solutions.
Simulation outputs were utilised using MCDM,
where two methods — TOPSIS and PSI techniques
— were used to evaluate the proposed solutions.
Finally, a comparison between the solutions was
made, the results being analysed and ranked, the
best solution being selected. The research also in-
cluded conclusions and recommendations for fu-
ture research.

4. SYSTEM MODELING
4.1 System descriptions

The Yarmouk University Model School is locat-
ed inside the Yarmouk University near the south-
ern gate. Six roads lead to the school’s main gate,
which is currently the only gate used. Our case fo-
cus was on the school area, as shown in Figure 2.
The study was directed toward how parents and
students could reach the school and how long this
would take, from the time they entered one of the
university’s external gates until they left the study
area—that is, they either left the university or en-
tered one of the university’s internal gates. There
was no specific gate designated for school offi-
cials, students, or parents to enter the school area,
and they could use any of the university’s gates to
reach the main school gate inside the university.

Excessive time is spent when congestion oc-
curs in the morning as parents drop their children
at school and in the afternoon when parents return
to collect their children.

The system in this research is a real-world case
representing a school at Yarmouk University in the
Irbid District of the Hashemite Kingdom of Jor-
dan. Parents of students enter the school (universi-
ty) to drop off their children in the morning and to
collect them in the afternoon. During peak hours —
that is, 7:00-8:00 AM and 1:30-2:30 PM — school
areas, neighbouring streets, and intersections suf-
fer from congestion, traffic jams, and high traffic
density (TD).

Figure 2 shows the area of interest around the
school, consisting of a network of several roads,
intersections, entrances, and exits. Based on the
current situation, vehicles, cyclists, and pedestri-
ans can enter from any external entrance and leave
via any exit appropriate to their destination. The
only restriction is that cars and pedestrians who are
not university employees should leave via one of
the specified exits without entering the university’s
internal gates.

This study was intended to manage the traffic
on roads leading to the school and improve TD to
allow the smooth flow of vehicles. To this end, our
main focus is on rush hour when parents drop off
their children in the morning and return to collect
their children in the afternoon.

4.2 Input data analysis

Data collection began with the counting of vehi-
cles entering each road, the number of vehicles exit-
ing, the time between vehicle arrivals, and the time
between vehicles exiting. Data were collected daily
over a one-week period. A survey was distributed
to drivers using the roads in the study area, the col-
lected data including the number of pedestrians en-
tering and leaving the study area during rush hour.
Data collection included the behaviour of drivers,
parents, and pedestrians (school students and uni-
versity students). Accident statistics (the number of
accidents annually) were obtained from the records
of the Public Security Directorate. An interview
with the school management was also conducted to
determine the number of students and employees,
and the difficulties faced by the school due to traf-
fic-related problems. In addition, an interview with
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Figure 2 — The study area (to scale)

selected drivers and officials was conducted to re-
veal the problems facing them in the study area and
their suggested solutions.

Statistical analysis of the collected data was per-
formed to obtain and evaluate parameters such as
the mean, standard deviation, and mode, statistical
software being used to determine the data distribu-
tion and parameters. ProModel-Stat::Fit, which is
a software for curve fitting and statistical analysis,
was used to find the best distribution representing
the collected data. The bases for the input values
were built to represent current traffic practices.
Table 1 lists the input parameters, data, and associ-
ated distribution information used in the simulation

models of this study. The data included inter-arrival
times, inter-exit times, the number of vehicles and
pedestrians entering and exiting each road, exter-
nal, or internal gate, the number of students in each
vehicle, the stopping time to drop off or pick up
students, the time needed for parents to drop off,
and collect their children. The initial speed was
controlled by a traffic control sign (40 km/h), while
the preferred speed inside the school-zone area was
determined by questionnaire analysis. The average
acceleration and deceleration inside the school zone
were assumed by a team of experts based on the col-
lected data and information taken from the Jordan
Traffic Institute.
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Table 1 — Input data distributions and values

Name Distribution Value
Vehicle arrival from road A Poisson 414
Vehicle arrival from road B Poisson 133
Vehicle arrival from road C Poisson 145
Vehicle arrival from road D Poisson 471
Vehicle arrival from road E Poisson 124
Vehicle arrival from road F Poisson 114
Time between vehicle arrivals A Exponential U(1,16.43) Second
Time between vehicle arrivals B Exponential U(1, 53.22) Second
Time between vehicle arrivals C Exponential U(1, 48.66) Second
Time between vehicle arrivals D Exponential U(1, 14.34) Second
Time between vehicle arrivals E Exponential U(1, 57.14) Second
Time between vehicle arrivals F Exponential U(1, 62.58) Second
Distance between B and C Constant 105 m
Distance between C and E Constant 110 m
Distance between E and F Constant 250 m
Distance between D and C Constant 115 m
Roads width Constant 12 m with two lanes
Average emission Gamma 4.6 metric tons of carbon dioxide per
year/car
Number of school students in each car Triangular T(1,3,7)
Total number of school students Constant 2650
Total numbere zfpslc;l;(;(éls teachers and Constant 215
Total number of traffic accidents Poisson 37 per year
Entering speed (initial speed) 40 km/h
Vehicle speed Average accelrtion LS
Average deceleration 4.2 km/h?
Drop-oft/pick-up time Triangular Tria (11, 25, 120) Second
Parents waiting time (accompany or watch
their children to walk from the car to the Triangular Tria (23, 126, 321) Second
school gate and vice-versa)

4.3 Simulation and system modelling

Because of the specific and unique characteris-
tics of the study area, road users, stakeholders, and
random pedestrian behaviour that was not included
in the inherent characteristics of the software, an
integrated-traffic-management (ITM) method was
used to simulate the randomness and unexpected
behaviour of drivers and pedestrians. The AnyLogic
simulation software, a modelling tool that supports
agent-based, discrete events, and system dynamics
simulation methodologies, was used to simulate the
operation of the traffic system under investigation.
AnyLogic can be used to simulate a wide variety of

complex systems, including pedestrian dynamics,
transportation, and road traffic. The code required for
decisions is written into the subroutines. To deal with
the various decision points considered in the ITM,
there were five key subroutines: waiting, stopping a
side, turning around, moving forward, or taking the
first exit.

The simulation model was developed to emulate
the study area so that the proposed ITM could be
evaluated under real-world conditions. When a deci-
sion had to be made, the ITM was named as a subrou-
tine from within the simulation model, the simulation
model being used to represent the complex traffic
study conditions and behaviour. The ITM heuristic
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algorithm was used any time a driver or pedestrian
had to make or alter a decision within the [ITM. It re-
ceived data about current traffic conditions from the
simulation model, evaluated potential behaviour, and
then selected the best decision.

A signal was sent to one of the five subroutines
whenever the ITM model had to respond to an un-
planned event: wait, stop on the side, turn around,
move forward, or take the first exit. A number of
these five subroutines involve both unexpected
events and a determination of the next movement
priority. The response of the ITM model was ex-
pressed in terms of changes in waiting times, the
number of vehicles in a given area (TD), and the
real traffic flow. An iteration of the ITM heuristic
in the ITM simulation model system ended only
when the initiating traffic flow was smooth. Wait-
ing times, pick-up or collection times, and mov-
ing times all triggered time delays in every traffic
system. After each execution of the I'TM heuristic
subroutine, the I'TM heuristic updated related mod-
el variables, such as waiting time and traffic flow.
After any transaction, the ITM heuristic performed
extensive calculations.

Performance metrics denote the main objectives
subject to improvement. The overall waiting time,
traffic flow, TD, number of injuries, and number of
vehicles stuck per period were the key performance
indicators (traffic jams). Tuble 1 lists the input data
for the ITM simulation used in this research, as well
as the associated distribution.

By comparing the activities with manual mea-
surements, the model was first validated for a traf-
fic system with a limited number of vehicles and
pedestrians entering the system, after which the
number of entries was gradually increased. The
comparison showed that the test results, when com-
bined with animation-based validation efforts and
various manual calculations, proved the ITM simu-
lation model to be valid and functional. The validi-
ty of the ITM heuristic algorithm was verified after
it was implemented. The model's key checks were
carried out by inserting one decision point at a time
and comparing the results to those obtained using
Excel spreadsheet calculations. The results showed
that 31 out of 35 decisions were of the same form
as the algorithm solution, indicating that the system
was valid.

The experiments had to be designed to test the
simulation system under long-run steady-state con-
ditions because it was a non-terminating system.

The model's initial waiting time, TD, and other ini-
tial conditions that could induce bias were all set
to zero. Additionally, neither vehicle movement nor
pedestrians from previous times were considered.
A graph of the AnyLogic output vs. the warm-up
duration for one year and five replications was used
to determine the warm-up-period — that is, a value
of 100 h was found to mitigate the effects of ini-
tialisation bias. A one-year run duration was consid-
ered acceptable because the steady state had already
been reached after 100 h. For average overall traffic
system waiting-time measurements, a sample size
of 50 replications was found to be sufficient to guar-
antee a 98% confidence interval width of less than
0.002, based on a 0.004 bound value.

Time was measured in hours, and the system ran
for 2 hours a day, 250 days a year, with a 1-hour
decision period. The model input randomness oc-
currences for vehicle arrivals and exits, accidents,
alerts and events, traffic changes, system delay
times, waiting times, and processing times at each
intersection in the study area.

5. RESULTS AND DISCUSSION

The analysis compares the basic case with the
suggested solutions and their alternatives. As dis-
cussed previously, the basic system (base case
(BCO)) represents the current system. All current and
suggested alternatives have the same inputs, logic,
and system configurations, and for each suggested
solution, the study area is modified based on the
configuration of the alternative solution.

The comparison between the current system and
the suggested solution is based on the output from
the simulation model. The system here refers to the
study area, with Cross J being the most crowded
intersection with the most congestion during peak
hours. Ten criteria were selected by the team of ex-
perts to evaluate alternative solutions. 7able 3 shows
a comparison between the base case and the five
alternative solutions in terms of the average mean
waiting time (MWT) in seconds, average minimum
waiting time (MiWT) in seconds, average maxi-
mum waiting time (MaWT) in seconds, average
flow rate (FR) in cars/minute, average TD in cars/
system, average maximum traffic density (MTD) in
cars/system, average time savings (TS) in hours for
vehicles only, average reduction in the number of
accidents (AR), fuel-consumption reduction (FCR),
and the average emission reduction (ER) — that is,
the reduction in metric tons of carbon dioxide per
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Table 2 — Alternative solutions required implementation costs and time

. . Cost Required time . . .
Alternative solution (IDs) (months) Main modifications
Base case -—- -- --

Alt T 25,000 1 Repositioning of entrances, exits and one-way roads
Using steel fences, establishing parking spots, applying strict traffic

Alt1I 10,000 1.5 . . .
procedures, and temporarily closing and opening roads

AltTIT 50,000 ) Opening a path through the school area to the outside, opening gates,
and applying one-way use

Alt IV 70,000 8 Adding new roads and applying one-way use

AltV 40,000 5 eBxuiltldmg pedestrian bridges and applying one-way use and forced

year. The cost is the total cost required to implement
the alternative solutions and is measured in Jordan
Dinars (JDs) (1 $=0.71 JD). Total time includes the
time for moving distances, the time to drop off or
collect students, parents’ waiting time, and the delay
due to congestion.

5.1 Alternative solutions

The main objective was to reduce the time spent
on the system, there being several types of solu-
tions. The first type required major changes, more
time, and a large sum of money. One such solu-
tion was to add another road with a bridge (road
A), making it a one-way road (exit-only). A second
solution would have been to change the location of
the school, and a third solution would have been to
separate the school area from the university area.
The second type of solution required only minor
changes, smaller sums of money, less effort, and
would have been quick to implement. Because all
roads are used during the day outside of peak hours,
none can be closed or made into one-way roads, so
we were looking for solutions that utilised the exist-
ing situation. Expert opinions were the main input
factors used to determine alternative solutions. Af-
ter reviewing all the solutions, they were reduced
to five main solutions in addition to the base case
(current system). Tuble 2 shows alternative solutions
and their associated costs, expected implementation
time, and required amendments.

Alternative solutions descriptions:

Base case (BC): The base case or the current situa-
tion — a do-nothing solution.

Alternative I: Open Road I and let cars enter from
D and exit at I or A. Cars enter from B, and C can
exit from D and A. Cars from F and E can exit from
E and F.

Alternative II: Use several temporary parking areas

and steel barriers or protective fences.

a) Add an additional four parking lots to drop off
and collect school students instead of the current
one (roads C, D, G, E, and F) and add four pe-
destrian-crossing areas at Cross J.

b) Install protective fences beside the roads to pre-
vent student drop offs as permitted in the current
situation, forcing students and parents to cross
each road at specified locations only.

¢) Temporarily close the road headed to the school
(road H), limiting it to pedestrian use only during
peak hours.

d) Allow no vehicle U-turns at Cross J.

e) Vehicles arriving from roads E and F can use the
square and exit from roads E and F only.

f) A parking area beside road F should be allocated
to school staff (teachers and employees) who can
then only park there.

Alternative III: Open the main school gate road K

and let cars that are not allowed to enter the univer-

sity leave via this exit, opening the road gate in the

middle of the school area. This will resolve 26.86%

of the congestion, as parents will arrive from the

southern gate, drop off their children at the school,
and then immediately leave the school area.

a) Vehicles can enter from any street.

b) Cars exit from roads F and K

Alternative IV: Add a new road for cars that use the

main street outside the university (road L). Open the

road as shown in the figure to allow vehicles to enter
the school area and leave via the outside main street
without entering the university. Vehicles can enter

only from roads A, B, D, C, and E. Roads H and F

are one-way only.
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Alternative V: Build pedestrian bridges and force
the use of one-way roads and exits at specific points.
All entrances are open for entry, and only four exits
are used, vehicles being able to exit from gates B,
C, E, and F only.

Other solutions may include adding a traffic
light at Cross J, but this may lead to an increase in
congestion as the roads (D, G, H, and C) are very
short with limited capacity. The use of school bus-
es instead of parents' cars is not an option for the
university for the time being as the students are dis-
tributed over more than 300 villages and suburbs.
In addition, most students' parents are faculty mem-
bers or employees at the university. Administrative
action should be taken to prevent garbage trucks
and tractors or other university utility vehicles from
entering the area during peak hours, regardless of
the solution selected.

5.2 Simulation study

The simulation system outputs do not define the
priorities of the solutions, but rather indicate per-
formance measures. However, it is clear that Alt
IT was the best solution as the average time spent
by vehicles in the system was less than the other
alternatives by at least 10%, and 88% better than
the current system. Alternative IV was better than
Alt I, followed by Alt V, with Alt III being the fifth
best. The current situation was the worst in terms
of the total time spent in the system. The results for
TD, maximum TD, and traffic flow on all roads in-
dicated that Alt II was the best in terms of TD and
average flow rate because it had the lowest TD and
maximum traffic flow rate. This was followed by
Alts I, 1V, V, and III. The current system had the
worst performance.

The maximum total time a vehicle spent in the
current system was approximately 18.8 min, while

serious traffic problems; owing to randomness and
pedestrian and driver behaviour, the current system
is not effective and requires improvement as the
congestion increases enormously in the area under
study and nearby streets. The ER of Alt II was 35
metric tonnes of carbon dioxide per year more than
the current system and was 3% better than the next
best alternative. Moreover, the average annual re-
duction in the number of accidents for Alt II was
73%.

The results show that Alt II was the best alterna-
tive in all performance measures, whereas Alt [ was
better than Alt IV in some measures and worse in
others. The ranks of Alts V and III remain the same
in all measures. Decision-making tools could then
be used to compare the alternatives to find the best
solution.

5.3 TOPSIS and PSI techniques

The proposed alternatives were simulated, and
their performance measures were obtained. TOP-
SIS and PSI techniques were applied to select the
best alternative based on the resulting performance
measures. The outputs from the simulation model
(Table 3) were used as inputs to the MCDM process.
The following subsections describe the application
of TOPSIS and PSI in the selection process.

TOPSIS Method

TOPSIS is a MCDM used to select the best al-
ternative in terms of multiple, usually conflicting
criteria, from among a finite set of decision alter-
natives. The group of experts determines the weight
of each criterion. Solving an MCDM problem using
the TOPSIS method consists of the following seven
steps:
Step 1. Calculate a normalised matrix:
_ X;

the maximum total time a vehicle spent using Alt A /i X @
II was less than 4 min. However, this implied no =1
Table 3 — Comparison between the base case and different alternatives
Alt/Measure Cost MWT MiWT MaWT FR TD MTD TS ER AR
Base case -- 420.5 120.9 1128.4 16 102 206 - -- --
Alt1 25,000 121.3 63.6 553.2 23 71 143 60881 32 0.61
Alt 11 10,000 94 49.8 201.3 25 66 124 66631 35 0.73
Alt 11T 50,000 175.9 96.5 655.7 18 89 162 49216 26 0.43
Alt1V 70,000 105.5 54.4 218.2 21 69 135 65012 34 0.34
AltV 40,000 143 83.1 611.2 19 78 151 56198 29 0.55
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Step 2. Calculate a weighted normalised matrix:
Vi=Xi W, (2)

Step 3. Calculate the ideal best and ideal worst val-

ue:

V" — Minimum value for the attributes: cost,
waiting time, TD, and the maximum value for
the attributes: reduction in emission and
reduction in fuel consumption.

V- — Maximum value for the attributes: cost,
waiting time, and TD, and the minimum
value for the attributes: reduction in emission
and reduction in fuel consumption.

Step 4. Calculate the Euclidean distance from the

best:

5i= /[ > (V,-,--V})z] 3)
=1
Step 5. Calculate the performance score:
_ S
=S “)

Step 6. Rank the performance scores in a descend-
ing manner (the highest performance score has rank
1 and the lowest performance score has rank 5).
Step 7. The best solution is the alternative with the
lowest score; in this case, Alt 1.

Six factors were used to compare alternatives:
cost, average mean waiting time (MWT), TD, ER,
accident reduction (AR), and fuel-consumption re-
duction (FCR). The average reduction in fuel con-
sumption was 1/6 gallons per hour, that is, 0.167
gallons per hour [57, 58]. For example, the average
time saving for Il was 66631, and the average reduc-
tion in fuel consumption was 66631x0.167=11127
gallons per year for the whole system. Based on the
simulation outputs, the average time saving was
calculated to be the reduction in mean waiting time

for the base case — average mean time for the alter-
native solution). The average reduction in emission
was calculated based on the total annual reduction in
vehicles time spent in the system (4.6 metric tonnes
per year x total annual vehicles time savings).

Table 4 shows the performance-score calculations
using the DES-TOPSIS methodology. The ranking
of the alternative solutions shows that Alt Il was the
best and Alt IV was the worst. The rank order of the
alternatives was Alt II, Alt I, BC, Alt V, Alt III, and
Alt IV. Three of the alternatives (Alts I, V, and III)
had the same ranks as the simulation models. While
these results comply with the simulation model re-
sults for the best solution, Alt II, the rank order of
the base case and two other solutions (BC, II, IV)
were different because weights not considered in
the simulation model were applied to the factors
and attributes. Moreover, the DES-TOPSIS method
considers multi-criteria with confounded interrela-
tionships.

Preference selection index (PSI) method
The PSI method was developed to solve MCDM
problems. This method is suitable when there is a
conflict in determining the relative rank among at-
tributes. The following steps summarise the calcu-
lation steps of the PSI method [18]:
Step 1. Define the problem.
Step 2. Formulate the decision matrix.
Step 3. Normalise the data: If the attribute is benefi-
cial, then larger values are desired, and they can be
normalised as:
AX/i'
-5 (5)
If the attribute is non-beneficial, then smaller
values are desired, and they can be normalised as:

Nij

in the system/school-zone area (average mean time N, = X)%u 6)
Table 4 — TOPSIS calculations
Acttrrlltte’;‘lt: Cost MWT ER FCR D AR Si+ Si- Pi | Rank
Weight 0.30 0.25 0.2 0.05 0.05 0.15

BC 0 0.205 0 0 0.026 0 0.207 0.451 0.685 3
Altl 0.076 0.059 0.091 0.023 0.018 0.075 0.155 0.372 0.706 2
Alt2 0.03 0.046 0.1 0.025 0.017 0.089 0.148 0.389 0.724 1
Alt3 0.152 0.086 0.074 0.018 0.023 0.053 0.199 0.355 0.641 5
Alt4 0.213 0.051 0.097 0.024 0.018 0.042 0.245 0.36 0.595 6
Alt5 0.122 0.07 0.083 0.021 0.02 0.067 0.179 0.358 0.667 4
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where Xl.j is the attribute measure (=1, 2, ..., N and

J=1,2,..., M).
Step 4. Compute the mean value of the normalised
data:

o

i (7

Step 5. Compute the preference variation value:

®;= 2 [(Ny-N)F ®)
i=1

Step 6. Determine the deviation in preference val-
ue:

N;=

Q;=[1-9/] (€))
Step 7. Compute the overall preference value:
w;= 2;

’ f: Q, (10)

j=1

S =1 (11)
j=1
Step 8. Compute the preference selection index:
0;=2 Xjw; (12)

Jj=1
Step 9. Select an appropriate alternative for a given
application [18].

The same six factors (cost, MWT, TD, ER, FCR,
AR) used previously were used again to compare al-
ternatives using the DES-PSI methodology. Again,
the inputs for PSI used the outcomes from the sim-
ulation model (7able 3). Figure 3 shows the calculated
PSI values for the different alternatives and the BC.
The ranking of the alternative solutions shows that
Alt II was the best, and the BC was the worst. The
rank order of the alternatives was Alt 11, Alt IV, Alt
I, 111, Alt V, and BC.

PSI
e e
S = N W B~ W

BC Alt 1 Alt2 Alt3 Alt4 Alt5

Alternative solutions

Figure 3 — The calculated PSI —values

Comparison between different solutions

Table 5 shows a comparison between different
methods, including the simulation, the DES-TOP-
SIS, and DES-PSI methods. It is clear that the DES-
PSI results complied with the simulation output re-
sults in terms of the best solution and rank order of
most of the alternative solutions, including the BC,
the worst in both cases. While the PSI ranking orders
were different from the TOPSIS performance-score
ranks, the results showed the simulation results to
be very close to the PSI ranking, although there was
a difference with the DES-TOPSIS ranks because
TOPSIS uses weights not considered in the simula-
tion model and PSI technique but applied to TOP-
SIS factors and attributes.

Table 5 — Comparison between solutions ranks of different
methods

Method Simulation | DES-TOPSIS | DES-PSI
BC 6 3 6
AltT 3 2 3
Alt1I 1 1 1
Alt 11T 5 5 4
Alt TV 2 6 2
AltV 4 4 5

Experts indicated that the results provided by the
DES-TOPSIS method could be considered reason-
able solutions as they used simulation model out-
puts and considered multiple conflicting criteria and
the weights of the decision criteria. Simulation out-
comes were used to compare alternatives based on a
single criterion at a time. The DES-PSI method did
not consider weights for the decision criteria. How-
ever, the DES-TOPSIS consideration of weights
provides more realistic solutions and complies with
real-world problems. Furthermore, DES-TOPSIS
considers multiple criteria with complex interrela-
tionships.

Cost-benefit analysis reflects significant savings
if alternative solutions are implemented. For exam-
ple, when comparing Alt II to the current situation,
the results indicate the cost of implementing the
solution to be 10,000 JDs, with an annual fuel sav-
ing 0f 42,120 JDs. The average cost of time savings
per person was $8.4/h (6 JDs/h) [59]. Because the
average total annual value of travel time savings
for Alt IT was 399,786 JDs for vehicle drivers only,
the implementation of this option was justified by
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fuel-consumption savings alone, without even con-
sidering ER, drivers, pedestrians, the reduction in
accidents, and parents' time savings.

The best solution would require creating perma-
nent parking lots for school employees near road F,
adding temporary parking lots near roads C, D, G,
and E, adding steel barriers to force pedestrians to
cross roads at specific locations, temporarily clos-
ing road H (during peak hours only), preventing
U-turns, and adding four pedestrian-crossing areas
at Cross J. Because the cost of implementing the
best solution would be about 10,000 JDs and the an-
nual savings would be more than 440,000 JDs, the
implementation of the solution would be justified
by the annual savings, and the ER and time saved
by students, pedestrians, and parents.

For sustainable long-term solutions, parents
must be educated about the various modes of trans-
portation available to their children. Using school
bus services helps to alleviate traffic congestion at
school entrances and nearby roads. For students
who live nearby, carpooling is an alternative. It
would be necessary to limit the number of entry and
exit points in schools. Separate entrances and ex-
its could be built for students walking or cycling to
school. A designated drop-off zone away from the
parking area would aid in improving the traffic flow.
Students in primary, middle, and high schools could
have staggered start and finish times. Signboards
could be used to build temporary parking spaces
for pick-up and drop-off during peak hours. There
is no single approach to traffic management, as it
depends on the size and location of the school and
traffic concerns, although these general guidelines
may be followed to prevent traffic congestion at
university campuses and school zones.

6. CONCLUSIONS

Traffic control at busy intersections is a hot issue
because of the dynamic traffic flow, limited capacity,
ever-changing TD, and an increased number of ve-
hicles, cyclists, and pedestrians, which complicate
transportation infrastructure and cause substantial
delays. High congestion requires improved infra-
structure efficiency, and intelligent traffic systems
to increase coordination and smooth traffic flow on
existing road networks as traffic lights, stop signs,
and squares do not mitigate the root cause of the
problem. This study presents a hybrid DES-MCDM
technique as a low-cost solution that can be quickly

implemented to address current traffic congestion
problem using available infrastructure and limited
area capacity.

The findings indicate that the simulation results
were very close to the PSI rankings, although there
was a difference in the TOPSIS rankings because
the method used factor and attribute weights that
were not considered in the simulation model and PSI
technique. The results also indicated that integrated
DES-MCDM techniques could be an efficient tool
for helping decision makers solve traffic problems
and prioritise alternative solutions. The DES-TOP-
SIS utilisation of simulation outcomes and its con-
sideration of weights provided more accurate and
realistic solutions.

Analysis of the results revealed that the proposed
method provides a generic framework for assessing
solutions in school zones and in selecting and rank-
ing traffic solutions for specific areas. It could help
planners and decision makers understand the effect
of these solutions prior to implementing them in the
field and support the decision-making process to
find the best solution for a traffic problem. Conse-
quently, the implementation of this solution should
be reinforced with educational programs for drivers
and road users.

Implementing the best solution could smoothen
the traffic flow with lower TD, decrease waiting
time and delays, and reduce traffic congestion, fuel
consumption, and emissions. The risk of accidents
could be considerably reduced, and pedestrians,
especially school students, would be safer. The
cost-benefit analysis justifies the cost of implement-
ing the best alternative solution; it would save more
than ten times the implementation cost in one year.

Due to the complexities of the zone traffic con-
gestion and unique situation, there are still some
study limitations. The research did not incorporate
the variations of driver behaviour based on their age
or gender, emissions during different seasons, and
emissions based on the type of fuel (diesel and gas-
oline). Due to limitations in the available data, this
work did not consider all types of emissions, such as
NO,, PM, CH,, etc., and noise pollution. Further in-
vestigation is required to analyse the impact of each
solution and design alternatives for nearby roads
and suburbs. A more thorough study could be con-
ducted to classify MCDM techniques and determine
which approach can be deployed for different types
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of traffic zones. Further research may help planners
and policymakers utilise emerging technologies to
provide smart solutions.

Future research may consider additional criteri-
on impact and include utilising lean techniques to
study traffic problems and compare alternatives. A
heuristic algorithm could be developed to serve as
a decision-support system in response to unplanned
events and pedestrian behaviour. More street space
may also be allocated for traffic flow with less pri-
ority for parking and loading actions, and the lowest
priority for pedestrians by forcing them to use pe-
destrian bridge crossings.
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