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1.Introduction 
Traffic conflict at the intersection is considered one 

of the main problems of traffic management. Traffic 

signals are considered a cheap tool for solving this 

problem through time division multiplexing 

approach. The delay time at signalized intersections 

is considered the best performance measure that 

reflects the efficiency of traffic signal controller. 

Traffic signal controllers can be classified into 

conventional fixed-time and real-time adaptive 

controllers. The most widely used is the fixed-time 

controller. This type of controller has a fixed and 

preset cycle time based on prior information about 

the traffic, where cycle time is the green and 

clearance intervals for all phases of traffic signal. The 

fixed-time controller has the benefit of being simple, 

though it doesn't adapt to changes in traffic 

conditions and flow variability.   

 
*Author for correspondence 

An adaptive real-time controller changes cycle time 

and phase sequence based on the traffic flow and 

condition. Sensors are used to detect vehicles, 

embedded sensors in road pavement or camera [1].   

 

Another type of traffic signal controller is the fuzzy 

controller [2]. Both cycle time and phase sequence 

are changed dynamically according to traffic density 

and delays at the intersection, where traffic density is 

the average number of vehicles in one kilometer of 

road. A fuzzy rule-based system was used to specify 

the greenest time of the phase sequence. The 

simulation results shown that fuzzy controller has 

better performance than fixed-time controller in 

heavy traffic conditions [3].  

 

An improved discrete event simulation model of 

traffic light control at a single intersection was 

described and validated in [4]. The performance was 

indicated by the average waiting time, and the 
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number of vehicles at each stream. The adaptive time 

of red/green light was calculated using conflict 

directions matrix described in [5]. The simulation of 

fuzzy traffic controller was performed in [6] for 

multi-lane isolated signalized intersection. A model 

for an intersection of two lanes and different values 

for waiting time and queue length was performed for 

each road segment. The maximum values of waiting 

time and queue length represented the input of the 

fuzzy controller. 

 

The main goal of this work is to minimize the driver 

waiting time at intersections and avoid traffic jams. 

Indeed, an optimal traffic signal controller can 

achieve this goal. Traffic signal optimization is one 

of the most effective methods to reduce traffic 

congestion [7−13]. The problem can be modeled as 

an optimization problem, where the objective 

function is the average waiting time, and the 

optimization parameters are the green time for each 

phase. Thus, the goal is to find the best value for 

these parameters in order to minimize the objective 

function. However, this problem is hard and blind 

due to abnormal and random conditions [14,15]. 

Therefore, the objective of this paper is to find the 

optimal solution for this problem. 

 

Conventional simulation techniques are suitable for 

fixed-time approaches [16]. However, they are not 

sufficient for heterogeneous environments such as 

highly-dynamic topology real-time Vehicular Ad-

Hoc Network (VANET) with QoS guarantees [17]. 

To overcome the limitations of conventional 

simulation techniques, agent-based simulation 

techniques were used to model and analyze such 

dynamic environments, where the whole system is 

decomposed into a set of cooperative sub-agents with 

a well-defined communication protocol between 

them [17−19]. 

  

Most of the above-mentioned adaptive systems are 

based on the queue length and/or traffic flow on the 

intersection approaches. Although these systems 

consider the present situation of the traffic, the future 

state is neglected. The future status of the traffic 

situation is denoted by traffic density which 

represents the number of vehicles in one-kilometer 

length of the street. Traffic density can be calculated 

from the position and the speed of approaching 

vehicles which can be obtained by utilizing the inter-

vehicle communication. 

 

In this paper, a multi-agent system for dynamic real-

time traffic signal controller was modelled using 

Matlab/Simulink/SimEvents and compared to other 

controllers. The inputs of the controller are the 

position and the speed of vehicles at each road, based 

on the assumption that data communication is 

possible between traffic signal systems, vehicles, and 

roadside units. The output of the controlled is the 

green-time for each road, where the green time is 

calculated based on the traffic density and on the 

queue length. Since every vehicle sends its position 

and speed, the controller can predict the time of 

arrival for each vehicle. 

 

The main contribution of this work is as follows: 

 The design and simulation of an adaptive 

controller model for a dynamic real-time VANET 

in a single four-way intersection using 

Matlab/Simulink/SimEvents 

 The use of agent-based methodology for system 

design to eliminate the limitations of conventional 

simulation techniques. 

 Eliminating the need of Inter-vehicle 

communication through the process of virtual road 

segmentation and the deployment of road-side 

units (RSUs) for communication. 

 

The rest of this paper is organized as follows. Section 

2 presents the agent-based system model. In Section 

3, a discrete simulation model is described in details. 

Section 4 verifies the simulation model by 

comparison with fixed time models. The conclusion 

of this research and future research directions are 

provided in Section 5. 

 

2.Methodology and system model 
Using agent-based methodology, three main phases 

were defined: 1) Decomposition, where the system is 

decomposed into five sub-agents: vehicle, queue, 

server, controller, and roadside unit (RSU). 2) 

Modelling, where the functionality of each sub-agent 

is defined. 3) Protocol, where the interaction between 

sub-agents is defined. 

 

2.1Sub-agents design 
The decomposition of the agent-based system along 

with the communication links between agents is 

shown in Figure 1. The sub-agents of the proposed 

multi-agent model are defined as follows: 

1) Vehicle: This sub-agent has an ID that is the plate 

number, the MAC address in the communication 

protocol, as well as a specific speed.  An 

exponential distribution with mean (1/y) was used 

to generate the inter-arrival time for the vehicle, 

while a uniform distribution was used to model its 
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speed. Each vehicle has the ability to know its 

position (coordinates) via GPS signals. 

2) Queue: queuing and de-queuing processes are 

performed by this agent. The arrived vehicle will 

be queued based on its arrival-time, while the 

vehicle at the top of the queue is to be de-queued 

to be served by the server sub-agent. This agent is 

to be downloaded at the traffic light signal. 

3) Server: An exponential function with a mean (1/y) 

was used to model the service time of the vehicle, 

where (y) is the vehicle service rate that is affected 

by some metrics such as the size of the vehicle, its 

location in the lane, and the lane dimensions. This 

agent is to be downloaded at the traffic light 

signal. 

4) Controller: It is the coordinator of the whole 

process. It collects system information from other 

sub-agents and evaluates system parameters 

needed to govern the functionalities of all sub-

agents. Such sub-agent is to be downloaded at the 

traffic light signal. 

5) Roadside unit (RSU): Such sub-agent monitors the 

virtual road segment. It is the intermediate agent 

between the controller and the vehicles. Each sub-

agent has a specific ID (SID). 

 

 
Figure 1 An agent-based model. The system is 

decomposed into five sub-agents: vehicle, queue, 

server, controller, and roadside unit (RSU) 

 

2.2Assumptions and system parameters 

Figure 2 illustrates the various parts of the overall 

system. To model the proposed system, assumptions 

and network parameters should be well defined, i.e. 

the mobility model of the vehicles, RSUs and node 

parameters, and communication scheme. 

 

 
Figure 2 Overall model description at four-way single intersection 

 
2.2.1Assumptions 

In this work, the mobility model was defined in the 

previous work [5], where vehicles are moving in the 

same direction without changing their speed. The 

virtual road segment is monitored by the RSU, the 

transmission range of RSU reaches all vehicles in the 

road-segment. To ensure proper communication, we 

assumed that RSU has the ability to communicate 

with its adjacent RSUs and each node is in the center 

of its transmission circle. 
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2.2.2System parameters 

The parameters for both road segment and mobile 

node (vehicle) are defined as follows: 

1) Road segments: X number of road-segments 

with the following attributes: 

a. ID of the segment (SID). 

b. Segment dimensions (L,W): L and W are 

the length and width of the segment. 

1) Mobile nodes:  N number of mobile nodes 

(vehicles) is assumed in each road segment and 

each node has the following attributes: 

a) Node address (NID): Each vehicle node in 

the segment has a unique address that is the 

plate number (looks like the MAC address). 

b) Road segment where the node belongs (R). 

c) Node speed (NS): Nodes are moving in the 

same direction with a uniform distribution 

between 20 and 60 Km/h.  

d) Node position (Px,Py). 

e) Strength of signals received by the node 

from the RSUs. No more than two signals 

could be received (α1, α2). Such parameters 

are the key behind defining the segments’ 

boundaries. 
2.2.3Communication schemes 

The communication scheme between RSUs is 

defined according to the position of the RSU as 

follows: 

1) Intra-segment scheme: That is when the RSU 

and the traffic light are located in the same 

segment. In such case, the communication 

between the RSU and the controller is direct. 

2) Inter-segment communication: In such case, the 

RSU and the traffic light belong to different 

segments. Accordingly, a layer of cooperation 

between adjacent RSUs is exists.  

 

2.3Sub-agents interaction 

The process begins when the controller sub-agent 

initiates a system-begin-request, every time t=T, and 

sends it to the RSU that serves the segment where the 

traffic light exists. Such request will be broadcast to 

every RSU in the road. Upon receiving such request, 

each RSU broadcasts a control message in the virtual 

segment it serves requesting the vehicle nodes to 

send their system parameters, node position (Px,Py) 

and node speed (NS). Accordingly, each vehicle node 

responds by sending such parameters, destination 

address is RSU. 

 

One of the problems in such model is that when a 

vehicle receives requests from two different RSUs. 

i.e., the vehicle is an intermediate one. Such problem 

was solved by embedding a signal strength 

comparator in the vehicle. Accordingly, the vehicle 

responds to the strongest one. That is if (α1 > α2) then 

the vehicle belongs to RSU1. 

 

Upon receiving such vehicles parameters, each RSU 

sends them to the controller sub-agent. According to 

the location of the RSU, the communication scheme 

is following one of the two modes that have been 

previously mentioned in section 2.2.3. Once the 

controller receives the parameters, it interacts with 

the queue sub-agent requesting for its size (Q) that is 

the number of vehicles in the virtual segment where 

the traffic light exists. Upon receiving such 

information, the controller then calculates the traffic 

density (TDx) for approach x as: 

 

    
∑   
 
   

∑   
 
   

     (1) 

Where m is the number of virtual segments in the 

approach, Ni is the number of vehicles in each virtual 

segment i, Li is the length of segment i, Qx is the size 

of the queue in approach x. i.e. our system is a single 

intersection where 4 approaches are exist,   
{       }.  
 

Once a traffic density is obtained for approach x, the 

controller calculates the green interval indicator GII 

for this approach as: 

 

               (2) 

 

Accordingly, the controller calculates the green time 

(Gx) for approach x as: 

   
    

∑     
 
   

           (3) 

where Tc is the cycle time, and Ty is the yellow time.  

The controller then evaluates the service time (S) for 

each vehicle in the queue; given that the queue is 

applying a First-In-First-Out (FIFO) scheduling 

algorithm where the vehicle at the top of the queue is 

the nearest to the traffic light and should be served 

first. The calculation of the vehicle’s service time is 

as: 

                  (4) 

 

where   {        }  Si is the service time for 

vehicle number i in the queue, such that the first 

service time is S1. S0 is initialized to zero. 

 

Upon evaluating the service time of the vehicles, the 

controller interacts with queue and requests it to de-

queue the vehicle from the top of the queue and 

passes it to the server. The controller also passes the 

service time of the de-queued vehicle to the server 
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that serves the vehicle in turns.  Figure 3 illustrates 

the timing diagram and the overall interactions 

between sub-agents. 

 

The controller, through the previously mentioned 

communications paths, informs whether they will be 

served or not during the current green phase. This is 

possible as given in Equation 4 above and the green 

time for the designated approach. Immediate benefit 

from this is embedded speed control for vehicles not 

in the queue. When a driver knows that it is hard to 

catch the traffic signal green, he/she keep his speed 

normal and does not step on the gas. 

 

 

 
Figure 3 Timing diagram for the multi-agent system and the interaction between sub-agents 

 

3.Discrete event model description 
Matlab/Simulink/SimEvents was used in this research 

to develop a discrete event model. SimEvents is a 

discrete-event simulation engine and component 

libraries. It is a tool for analyzing event-driven 

system models and optimizing performance 

characteristics. SimEvents enables model routing, 

processing delays, and prioritization for scheduling 

and communication. 

 

The block diagram of Simulink model is shown in 

Figure 4. The traffic signal is modelled as an input 

switch with inputs equals to the number of roads at 

the intersection, i.e. IN1 to IN4. The controller block 

represents the traffic signal controller. It controls the 

switching time based on the traffic densities for all 

four roads and the cycle time, which represents the 

total time of one cycle of the traffic signal. The cycle 

is assumed equal to the green times of the four phases 

plus four yellow times. The output of the controller is 

the port number of the input switch. The green time 

for each phase is calculated as a portion of the cycle 

time based on the traffic signal of that phase. The 

service time subsystem is used to model the delay 

time of the vehicle while crossing the traffic signal. 

The maximum and minimum service times are 

assumed four and two seconds respectively. The 

maximum service time is for the first vehicle in the 

queue. Then service time declines for the preceding 

vehicle until reach the minimum. The phase 

subsystems, i.e. Phase1 to Phase4, generates a 

number of vehicles and their speed randomly at each 

phase (road) as detailed in Figure 5. It consists of an 

entity generator where entities are generated upon a 

port connected to an event-based random number. 

Inter-arrival time is modelled as an exponentially 

distributed random variable. A set-attribute block is 

used to set speed attribute for each entity. Speed is 

assumed to be a random variable that uniformly 

distributed between 20 and 60 km/h. The delay time 

between the entity generator and the traffic signal 

depends on the speed of the entity. The delay time is 

modelled by an infinite server where the service time 

is the delay time. The delay time is calculated from 

the distance and the speed by dividing the distance by 

the speed. The traffic density which represents the 

number of vehicles in one-kilometer length of the 

Controller RSU Vehicle Queue Server

System
 Tim
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Begin request
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Send queue size (Q)
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street equals to the number of entities delayed in the 

infinite server block. 

 

 

 
Figure 4 Block diagram for top-level Simulink model of four-way intersection system. The traffic signal is 

modelled as an input switch with four roads input; Phase1 to Phase4 represent vehicles generated at each road; the 

switching time for each road is controlled by the controller; Service time represents the delay time of the vehicle 

while crossing the traffic signal 

 

 
Figure 5 Phase subsystem diagram 
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4.Simulation results and discussion 
4.1Simulation parameters 

The proposed algorithms were assessed using 

extensive simulation experiments. 50 runs using 

Independent and identically distributed (IID) random 

variables for 10000 simulation time units were 

conducted. The yellow time (Ty) is set to 4 seconds. 

The speed of the vehicles is random variable that 

uniformly distributed between 20 and 60 km/h. The 

length of the road segment is considered to be 1 Km. 

 

4.2Model verification 

Our proposed model was verified by intensive 

simulations using four main parameters: (1) green 

phase; (2) inter-arrival times; (3) service time; and 

(4) average waiting time (AWT). 
4.2.1Model verification using the green phase 

In this simulation, two cycles of 65 seconds length 

each were generated by the model with zero-vehicle 

generation as shown in Figure 6. 
 

 
Figure 6 Green phases for the four road approaches of the traffic signal during two cycles of 65 seconds. The green 

phases are equal for the invariant-traffic generation 
 

Figure 6 shows that the green phases are equal for 

the 4-road approaches used in our system. The green 

times are equal, as expected, since there is no 

variance in the vehicle density and arrival rate. Such 

equality verified the model, where the main cause is 

the invariant-traffic generated by our proposed 

model. 
4.2.2Model verification using the inter-arrival times 

In this simulation, we monitor the generated inter-

arrival times of the vehicle nodes for the four road 

approaches by running the proposed system for 250 

seconds. Figure 7 provides a verification of the 

proposed model, where it shows the variability of the 

inter-arrival times as the simulation time goes by. 

 

 

 

 

 

4.2.3Model verification using the service time  

In this simulation, two cycles of 65-second length 

each were generated by the model with zero-vehicle 

generation as shown in Figure 8. 

Figure 8 provides a verification of the proposed 

system through monitoring the service time for each 

approach, where it depicts the randomness in such 

system parameter. It shows that in each green phase 

the generated service times are random and uniformly 

distributed between [0.5, 2] seconds. 

4.2.4Model verification using the average waiting time 

(AWT):  

In this simulation, the model is verified using AWT 

metric. AWT is calculated for distinct inter-arrival 

time (IAT) averages. The simulation results are 

shown in Table 1.  

 



Ahmad Aljaafreh et al. 

8 

 

 
Figure 7 Inter-arrival times for the four road approaches vs. simulation time 

 

 

 
Figure 8 Service times during the first two cycles in each green phase 

 

Table 1The average waiting times (AWT) of vehicles generated at distinct inter-arrival time (IAT) means for 65- 

and 80-seconds cycles 

IAT mean (S) AWT (TD+Q) 

Cycle 65 S 

AWT (TD+Q) 

Cycle 80 S 

35 24 26 

30 24 26 

25 26 26 

20 29 30 

15 43 40 

The first column, in the Table, is the mean of the 

exponentially distributed inter-arrival time for 

vehicles generation, the mean is the same for the four 

road approaches. The average waiting time is 

calculated for two different cycles of 65 and 80 

seconds. It is apparent that the average waiting time 

increases as the mean of inter-arrival time of vehicle 

generation decreases, and thus the generated model is 

verified. 

 

4.3Impact of the average waiting time: 

In this simulation, the performance of the proposed 

adaptive controller (TD+Q) was measured in 

comparison with a fixed time controller that uses a 

preset green time based on a prior knowledge of the 

traffic flow. The performance metric was the average 

waiting time for all approaches at a traffic signal. The 

simulation was performed by measuring such metric 

for different variances of the vehicles, inter-arrival 

times in the range [0, 130]. The simulation results 
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shown in Figure 9  illustrated that the adaptive 

controller outperforms the fixed-time controller when 

there is a significant variance (i.e. variance > 10) in 

the means of inter-arrival times for vehicles 

approaching the traffic signal, whereas the fixed-time 

outperforms the adaptive controller when the 

variance of the means of the inter-arrival times is less 

than 10. 

 

In order to find the optimal cycle time for the 

proposed system, the simulations were performed by 

measuring the average waiting time for several inter-

arrival time variances and the cycle time. The 

simulation results indicated that the optimal cycle 

time is around 50 seconds regardless of the inter-

arrival time variance, as shown in Figure 10. 

 

 
Figure 9 The average waiting times vs. the inter-arrival times variance for an adaptive and fixed-time controller 

 

 
Figure 10 The average waiting time for several inter-arrival time variances vs. cycle time 
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5.Conclusions and future work 
In this study, a model for an adaptive traffic density 

controller (TD + Q) was developed and verified for 

different traffic density parameters. The average 

waiting time (AWT) of the proposed model was then 

compared to a fixed-time baseline controller. The 

simulation results revealed that the proposed 

controller outperformed the baseline controller for 

variant inter-arrival times due to its adaptability to 

the variations in input parameters. The variance 

impact of the inter-arrival times was investigated for 

both controllers. It has been shown that the proposed 

controller outperformed the baseline one as the 

variance of inter-arrival times increased. 

 

The advantage of the fixed-time controller compared 

to the adaptive one is the simplicity of the controller. 

However, it does not adapt to variable traffic 

situations which degrades the performance. The only 

limitation of applying the proposed model is the 

assumption of inter-vehicles communication for 

reporting the position and the speed of the vehicles. 

This limitation can be overridden through the process 

of virtual road segmentation and the deployment of 

road-side units (RSUs) for communication. 

 

As a future work, the cycle length and the sequence 

of phases will be considered as adapted parameters. 

Another future direction is to consider more than one 

intersection as a distributed control system. 
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