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Abstract 
The current traffic control signals primarily rely on vehicle detectors as the primary input source for the controller logic. 

Sensors are based on infrastructures and cannot determine the direction and speed of vehicles directly. The advancements in 
wireless communication technology are expected to significantly enhance vehicle-to-vehicle (V2V) and vehicle-to-infrastructure 
(V2I) communications. In real-time traffic signal planning, many researchers have applied different methods to improve traffic 
performance (e.g., minimize queue length). Many researchers have studied the optimization of traffic signals in an effort to improve 
traffic flow and reduce congestion. However, despite their efforts, the results of these studies have not been significant when 
applied to high-demand traffic scenarios. A real-time adaptive signal algorithm based on platooned CVs was developed to produce 
an optimized signal plan. The developed algorithm’s main performance measures are minimizing the average vehicle delay by 
utilizing the CVs data and decreasing the average number of stops by providing platoon advisory speed. The developed algorithm 
outperformed traditional signal plans and individual CV-based algorithms in performance measures for various travel demands.
Keywords: Connected vehicles; Platoon-based algorithm; Individual vehicle-based algorithm; Departure sequence; Trajectory 
speed advisory
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Introduction

The number of car owners in urban areas has increased rapidly 
in recent years. As a result, road congestion, gas emissions, fuel  
consumption, and vehicle miles travelled have increased [1]. 5 
to 10 % of all the traffic delay is estimated from the signal delay 
alone, and in other words, around 295 million of vehicle-hours 
delay on significant roadways are caused by traffic signals [2]. 
Furthermore, the current design and management of roads and 
other transportation infrastructure in urban areas are inadequate 
to handle the increasing volume of traffic [3]. According to the 
Network Operating Plans, traffic signal control systems are crucial 
in improving traffic flow. They are the primary way to implement 
smart road concepts within the road network [4]. Optimizing traffic 
signal control in correspondence with road demand is essential 
to increase efficiency and improve traffic conditions. Fixed-time, 
actuated, and adaptive are three stages of traditional signal control 
strategies that have been used. Fixed time signal determines 
the signal timing based on historical traffic data. However, as 
traffic conditions and demands vary over time, using fixed timing 
parameters for traffic control cannot effectively adapt to such 
changes [5]. For isolated intersections, actuated signal controllers 
are usually adapted. Loop detectors, video detectors, infrared 
sensors, or radar are sensors built into the infrastructure that can 
be utilized to collect information about traffic demand patterns. 
This data is then used to adjust the traffic signal cycle length, time 
allocated to each phase, and even phase order [6]. This kind of 
signal controller mainly utilizes predetermined static parameters, 
such as the minimum and maximum duration of the green time [7].

Furthermore, by utilizing data from upstream detectors to 
anticipate incoming traffic flow, the adaptive traffic signal control 
strategy is used for an arterial or road network to implement the 
optimal timing strategy. SCAT, OPAC, SCOOT, and RHODES are exam-
ples of adaptive traffic control systems currently used worldwide 
for traffic signals. These traditional traffic signals are designed on a 
macroscopic level of traffic and do not consider individual vehicle 
information. Therefore, these traditional signals cannot maintain 
dynamic real-traffic patterns [8]. Connected vehicles (CVs) and ad-
vanced mobile computing technology have the potential to provide 
more efficient traffic signal algorithms. Collecting and sharing de-
tailed traffic pattern data is possible with vehicle-to-vehicle com-
munications (V2V). In addition, CVs can impact the means of traf-
fic signals through their vehicle to infrastructure communications 
(V2I) [9].

Problem Statement

One of the traditional adaptive traffic signal control’s main 
objectives is to minimize average vehicle delays and decrease the 
number of stops at intersections [10]. However, according to [11], 
actuated and adaptive signal control strategies have two main lim-
itations. The first limitation is that these detectors provide informa-
tion only instantaneously to the vehicle when the vehicle crosses 
the sensor and cannot measure the status data of the vehicle, such 
as speed, position, acceleration, etc. The second limitation is in case 
of the complete lack of one or more loop detectors; adaptive signal 
control system performance may be considerably devalued. In ad-

dition, fixed sensors are considered to have high installation and 
maintenance costs.

In 2004, Miller and Huang put forth the idea of engaging wire-
less communication in the design of a smart intersection [12]. The 
main objective of that study is to create an example application of a 
simple and reliable protocol that has been presented for electronic 
traffic signals. Even though their system was not meant to be test-
ed at an intersection, the research provides the basis for exploring 
the wireless technology field for adaptive traffic control systems. 
Connected vehicles (CVs), which is a developing technology, use 
short-range communications (DSRC) to enable communication be-
tween vehicles and with infrastructure [13]. The field of connected 
vehicles requires the development and integration of various new 
technologies, such as; advanced wireless communication systems, 
powerful computer processing capabilities within the vehicle, so-
phisticated sensors, GPS navigation systems, and smart infrastruc-
ture to establish a connected network environment [1]. Unlike 
traditional sensors, real-time information, such as location, speed, 
acceleration, etc., can be collected with the help of CV technology. 
These data can be used to evaluate the traffic condition on road-
way networks to draw a complete picture of the intersection nearby 
vehicles’ status [14]. Therefore, an improved design of the signal 
plane can be developed to improve traffic flow. Various optimiza-
tion methods have been utilized in this promising field’s studies.

The remainder of this work consists of the following sections: 
First, related work of the traditional and the connected signal plans 
studies is summarized in the next section. The algorithm used in 
this research is extensively illustrated in the fourth section. The 
simulation model and scenarios are discussed in the fifth section. 
The results discussed and compared to other studies are presented 
in the sixth section. Finally, the last two sections propose a discus-
sion with some concluding remarks and future work.

Related Work

Many studies have illustrated the traditional traffic signal con-
trol algorithms in detail. [15] investigated the control philosophies 
used by numerous different traffic signal algorithms. These algo-
rithms were categorized according to the kind of data utilized as 
input for signal control (2015). In addition, [16] reviewed the CAV 
coordination research.

Furthermore, taking advantage of the connected environment, 
several studies have proposed algorithms to optimize signal tim-
ing and phasing planes using individual vehicle information, such 
as; speed, acceleration, location, etc. These studies have considered 
various objectives, for instance, vehicle or person delay [9,17], sum-
mation of travel time [18], total queue length [19], and or merging 
different objectives as in [20]. By considering previous objectives, 
various strategies have been developed within CV-based adaptive 
traffic control systems to optimize the duration of the signal cycle 
[9], green split [21], and signal phase allocation [19]. Most of these 
studies have arrived at the same conclusion: CV-based algorithms 
outperform traditional signal control algorithms.

Some other studies tried to optimize the vehicle departure se-
quence using the CV information. Different performance measures 
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were evaluated, such as; travel time [22], average vehicle delay 
within a segment [23], average queue lengths [24], and minimi-
zation of evacuation time [25]. It is important to note that recent 
studies have primarily assumed that all or most vehicles have a 
wireless connection. However, it is unlikely that this technology will 
be widely used by vehicles for another 30 years [26]. Only a few 
studies have considered the possibility of incomplete vehicle status 
information or vehicles without wireless connections. In contrast, 
only two studies have attempted to estimate the arrival information 
for these traditional vehicles and incorporated them into their de-
parture sequence algorithm [27,28].

With the advent of technology that allows a vehicle’s trajectory 
to be adjusted in real-time through changes in speed and accelera-
tion, research on connected vehicles has increased in recent years. A 
“reservation-based strategy” is a method of longitudinal trajectory 
design. It considers evaluating requests from drivers who want to 
reserve a specific time block at an intersection and deciding wheth-
er to approve or reject these requests in real-time. Many studies 
have adopted this methodology, where some researchers have fo-
cused on only CVs penetration [29], while others have looked at 
both CVs and non-CVs [30]. Despite the potential benefits of re-
ducing vehicle delays, this methodology is incompatible with exist-
ing traffic signal controllers and raises significant safety concerns 
[27,31,32]. Most studies assume that all vehicles are equipped with 
CV technology, but only a few consider lower penetration rates. The 
studies being referred to either lack proper safety considerations 
[29,33] or do not consider the acceleration and deceleration of ve-
hicles [27], making them insufficient and requiring additional com-
putational resources.

One of the latest studies published recently proposed a re-
al-time information optimization algorithm. This paper has sug-
gested using the information from CVs and AVs near the signalized 
intersection to minimize the Average vehicle delay by optimizing 
the individual vehicle departure sequence and offering longitudi-
nal speed guidance for CVs or AVs to decrease the number of stops 
per vehicle [26]. That study investigated its algorithm only for an 
isolated intersection with two single-lane approaches without left 
turn movements, which a simple signal of two phases should con-
trol it. It was impossible to create a more realistic intersection, such 
as one with multiple lanes and conflicting left turn movements, as 
well as more options for vehicles and phasing, due to the significant 
amount of time needed for computation. Additionally, the limited 
scope of considering only one mode of transportation limits its 
practical use in real-world situations.

Vehicle platooning is expected to be one of the travel modes in 
the near future [34]. In addition, vehicle platooning can improve 
traffic efficiency in multiple subjects [33]. Recently, many research-
ers have considered CVs platooning to develop adaptive traffic 
signal controls to improve traffic movements near intersections. 
However, most of the platoon-based adaptive traffic signal re-
viewed studies under CVs environments did not include different 
penetration rates of traditional vehicles [35]. It is not anticipated 
that all vehicles will transition to connected vehicles within a brief 
timeframe. In addition, some proposed algorithms propose driving 
models that assume a sudden change in CVs speed.

Despite the potential benefits of platooned connected vehicles, 
many studies have shown that the impact of this technology on traf-
fic flow and signal timing is insignificant under high demand condi-
tions. For example, [36] a study by Wang et al. found that while pla-
tooning can reduce congestion and improve traffic flow, the results 
were insignificant under high demand conditions. Another study 
by Chen et al. focused on the communication between vehicles and 
the infrastructure and found that real-time communication is cru-
cial for the success of platooning systems. Still, the impact on traffic 
flow was insignificant under high demand conditions [37]. Several 
other studies [38-40] have investigated the optimal signal timing 
for platooned CVs. These studies have also shown that the impact 
of platooned CVs on traffic flow and signal timing is insignificant 
under high demand conditions.

To address the limitations of prior methods, the new algorithm 
is designed to focus on the movement of platoons instead of indi-
vidual vehicles, significantly simplifying the computational process 
while maintaining high-performance levels. The main benefit of 
using the platoon-based algorithm is that it reduces the complex-
ity of the computational demands and enables the algorithm to 
be applied to more realistic situations, which the individual vehi-
cle-based algorithm cannot handle. While vehicle-based algorithms 
give the trajectory speed guidance for each vehicle, the developed 
algorithm proposes an advisory speed trajectory for the lead vehi-
cle for each platoon, which further reduces the computational time. 
Additionally, the algorithm that has been created accounts for more 
accurate vehicle dynamics, such as acceleration and deceleration 
patterns, by utilizing a modified version of the Intelligent Driving 
Model (IDM). Furthermore, compared to existing approaches, the 
developed algorithm demonstrates a significant improvement in 
optimizing traffic signals under high traffic demands, providing a 
more efficient and reliable solution for managing urban traffic flow.

Developed Algorithm

In this section, a platoon-based signal control algorithm is illus-
trated. The goal of this algorithm is to provide both levels of signal 
optimization control, which include departure sequence and trajec-
tory speed guidance. The proposed algorithm was developed based 
on platoons’ departure using a simple two-approach signalized 
intersection (Figure 1). A platoon departure algorithm has sever-
al unique advantages over the individual vehicle algorithm. Firstly, 
the developed algorithm uses CV information to identify platoons 
of arriving or stopped vehicles and optimizes the signal timing plan 
based on the location, speed, and number of vehicles in each pla-
toon. Thereby reducing the computational demands required and 
allowing for application to more realistic intersections with higher 
and more complex vehicle flows. Secondly, an efficient trajectory 
speed guidance was developed to minimize the number of stops 
at the intersection while also accommodating the upstream traffic. 
Thirdly, the developed algorithm only gives an advisory speed to 
the lead CV in each platoon, which controls the whole platoon. Last-
ly, using a modified Intelligent Driving Model (IDM), the algorithm 
considers a more realistic model of vehicle dynamics near the inter-
section by accounting for gradual acceleration and deceleration in 
the advisory speed guidance.
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To understand the developed algorithm, a simple intersection with two single-lane approaches and with through movement only was 

taken into consideration and referred to as the west (W) and the 
south (S) approaches (Figure 1). The following Figure 2 illustrates 
the logic of the proposed platoon-based algorithm. The control al-
gorithm forms a discrete loop that repeats itself each time step. The 
input depends on the collected data, such as; speed, acceleration, 
location, etc., of CVs within the interest zone. The first step would 
be identifying platoons (stopped or moving) and estimating un-
equipped vehicles near the intersection. The next step would be to 
select the most suitable signal phase based on factors such as loca-

tion, speed, number of platoons, and number of vehicles within the 
interest zone, to minimize the average delay for vehicles. The third 
step’s main objective is to find the advisory speed of each departure 
sequence that would lead to the minimum number of stops using 
IDM. Steps two and three work in parallel, where advisory speed is 
generated to ensure the optimum signal phase allocation is met in 
every possible departure sequence.

The study focused on two vehicle types: traditional vehicles without communication abilities and direct control and connected vehi-Figure 2: The platoon-based algorithm flowchart.

Figure 1: Simple intersection with south and north approaches, showing platoon forming near the intersection.
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cles (CVs) that can transmit location and speed to a central control-
ler and receive direct control instructions. The two vehicle types 
were evaluated and compared. The input for the algorithm used is a 
set of estimated arrival times at the intersection stop line for all CVs 
within a designated area around the intersection (as shown in Fig-
ure 1). The list of vehicles and when they are expected to arrive is 
updated at every time step. Data from stopped connected vehicles 
(CVs) is used to recognize any traditional vehicles that are stopped 
downstream of a stopped CV. These traditional vehicles are found 
when the distance between a stopped CV and the intersection stop 
bar or the nearest downstream CV in the same lane is longer than 
the length of a vehicle, indicating the presence of a traditional ve-
hicle. Traditional vehicles recognized in this way are then added to 
the list of vehicles the algorithm considers. Equation (1) and equa-
tion (2) can estimate the number of traditional vehicles between 
two CVs, or a CV and the stop line, respectively, where results are 
rounded to the nearest integer.

Where xc is the distance of the CV labeled as c to the down-
stream of the intersection, and xc′ is the distance of the proceeding 
CV labeled as c′ to the downstream of the intersection. While lc is 
the average spacing. The platoon-based algorithm steps are illus-
trated in the following subsections:

Platoon identification

Vehicle platoons at an intersection are detected using data from 
individual CVs. The main methods for detecting platoons involve 
evaluating headway (distance between moving vehicles) and spac-
ing (the distance between two successive stopped vehicles with 
reference to the same point). Vehicles with a headway or spacing 
that falls below a predetermined threshold are considered part of 
a platoon. The spacing threshold is used to determine platoons of 
stopped vehicles at the intersection, while the headway threshold 
is used to determine moving platoons approaching the intersection. 
CVs and traditional vehicles are considered in the platooning pro-
cess, but traditional vehicles are only determined by their spacing. 
A platoon can consist of only one vehicle, such as when a vehicle 
is travelling alone or when a CV is the only vehicle in a group of 
traditional vehicles.

Signal phase optimization

The main objective of this step is to determine the optimum pla-
toon sequence departure, which results in the lowest average vehi-
cle delay. Contrary to individual vehicle-based algorithms, where 
the departure sequence is estimated based on all vehicles in the 
interest zone, the platoon-based algorithm considers all vehicles 
in each platoon identified in the first step to be departed together. 
The platoon may be broken if the maximum green time is reached 
before all vehicles cross the intersection. In this case, the upcoming 
platoons may join the platoon that is in the queue. Implementing 
platoons limits the number of vehicle departure sequences that can 

be considered, as vehicles within the same platoon must be giv-
en priority to move through the intersection before vehicles from 
other platoons can pass. This condition makes the algorithm more 
stringent than algorithms that only consider individual vehicles.

It is expected that when a CV enters the interest zone, it will 
continuously provide updates on its location and speed. Thus, the 
platoons’ arrival time and desired speed are obtained to determine 
the optimum departure sequence. Equation (3) is the primary ob-
jective function, where the departure sequence with the minimum 
average vehicle delay was chosen as the optimum departure se-
quence.

( ),        (3)s p s pmin AD D V= −∑
The predicted time of platoon p departure from the intersec-

tion’s downstream end in sequence s, known as the vehicle delay, is 
the same as the expected departure time for the last vehicle in the 
platoon Dcs and can be calculated using equation (4). vp represents 
the virtual departure of platoon p from the intersection’s down-
stream end, assuming no interference or delays in traffic. It can be 
calculated using the position of the platoon’s last vehicle and the 
free-flow traffic speed. This equation’s main objective is to find the 
minimum delay the controller imposes on traffic for all the possi-
ble platoon departure sequences. It is assumed each vehicle in the 
intersection has a set of unique data set c, which includes (o, s, a). 
Where o ∈ O is the order of car c in the platoon; s ∈ S is the sequence 
of departure of platoon s, and vehicle c is located at a approach. 
Equation (4) was used to calculate Dcs based on its location in the 
platoon.

The delay penalty of a PC refers to the amount of time it takes 
for a vehicle to accelerate and go through the intersection and can 
be calculated as in equation (5), while Sm is the saturation headway 
for approach m.

,
2        (5)c s

a lP
a
× ×

=

The previous equation was driven with the basic kinematic law, 
assuming the initial speed equals zero since the vehicles are stopped 
at the queue. a is the maximum acceleration, and l is the distance to 
the intersection’s downstream end. Equations (3 through 5) were 
applied to find a stopped platoon’s delay to generate equation (6). 
In contrast, for moving platoons, the platoon’s first vehicle delay 
was multiplied by the total number of vehicles within the platoon, 
since a platoon should have similar headway between its vehicles.

Where n represents the count of the last vehicle in the stopped 
platoon and can be estimated by knowing the location of the last 
CVs with zero speed. Moreover, it should be noted that the maxi-
mum green time is used as a constraint, where no phase allocation 

', ,

',

                        
D       (4)1                

c s c s

cs
c s

m

D P for the first vehicle in the stopped queue

D for the vehicle in the second position or greater
s

+
=  +
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should exceed the maximum green time.

Advisory speed trajectory

This step aims to minimize the number of stops and the amount 
of time spent driving by enabling some vehicles to speed up and 
pass through the intersection before the traffic light turns red while 
allowing other vehicles to pass without stopping. The algorithm 
enhances the performance of vehicles passing through the inter-
section by adapting the IDM to meet the driver’s needs at the inter-
section. The algorithm continually searches for the best vehicle or-
der to depart based on equation (3) at each time step. An advisory 
speed is projected to each platoon’s lead CV based on three scenar-
ios. Suppose the optimum departure sequence is found where the 
lead CV and its platoon should pass through the intersection during 
the active green time. In that case, the maximum speed strategy is 
adopted to ensure that most vehicles can pass before the subse-
quent departure of the cycle. If the optimum departure sequence 
is found where the lead CV and its platoon should pass through the 
next green time without stopping within the allowable range of 
speed, between the minimum and the maximum speed limit, then a 
desired speed would be calculated and adopted. Suppose the opti-
mum departure sequence is found that the lead CV and its platoon 
cannot pass in scenario 1 or 2. In that case, the deceleration stop 
strategy is adopted, where the lead CV should drive at the minimum 
allowable speed.

A car-following model must be adopted to execute the strate-
gies mentioned above. According to [35], a car following model that 
mimics driver behavior should have the following requirements:

•	 As speed increases, acceleration decreases.

•	 As the distance to the vehicle in front increases, the accelera-
tion increases.

•	 As the speed of the vehicle in front increases, the acceleration 
also increases

•	 The distance between vehicles (bumper-to-bumper) is kept at 
a minimum distance S0 from the vehicle in front, and no back-
ward movements are allowed.

IDM Car following model (equations 7 through 10) is a common 
car-following model introduced by Treiber and others [41], and it 
meets the previous requirement. Furthermore, IDM can maintain 
a suitable distance from the vehicle in front, maintaining a specific 
speed and ensuring that acceleration is comfortable.

( ) ( ) ( )      (7)free ra t a t a t= +

Where;

( )( ) 1         (8)
( )free

e

V ta t A
v t

δ  
 = −  
    And

2
*( )( )       (9)
( )r

S ta t A
S t

 
= − ∗ 

 
 Where;

( ) ( )*( ) ( )      (10)
2o

v t v tS t S V t T
Ab
∆

= + +

Where a(t) is the acceleration of the vehicle; afree(t) is the free 
acceleration equation; ar(t) is the congestion deceleration equa-
tion; A is the maximum acceleration; v(t) is the vehicle speed at 
time t; ve is the desired speed; δ is the acceleration index; S*(t) is 
the expected distance of the driver at time t; s(t) is the distance 
between the vehicle and front vehicle at time t; So is the static safe 
distance; T is the safe time interval; Δv(t) is the speed difference 
between the proceeding vehicle and the leading vehicle at time t; b 
is the absolute value of comfortable deceleration.

Figure 3: Vehicle speed vs required acceleration for IDM and the proposed modified IDM.
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The acceleration control algorithm for different guidance strat-
egies at signalized intersections is built using IDM, considering the 
order of departures and the driving conditions of the vehicles. Nev-
ertheless, a limitation of this general model has been identified in 
reference [41]. When the actual speed is similar to the predicted 
speed, the value of afree(t) will become insignificant, yet the value 
of ar(t) will still be non-zero. Therefore, when the actual speed gets 
closer to the desired speed, the actual steady-state equilibrium dis-
tance becomes much more extensive than S*(t), as shown in Figure 
3.

For the above figure, the desired speed was assumed to be 
around 60 km/h. It can be noted that acceleration and decelera-
tion values using IDM near the desired speed or when the vehicle 
drives at a higher speed is unrealistic. The reason behind that falls 
at the steady-state equilibrium, where the actual speed and net dis-
tance are closer to the desired speed and the desired gap distance; 
accordingly, the acceleration becomes zero. Applying these to IDM 
will give an unrealistic equation. Therefore, there is a need to mod-
ify IDM to overcome these issues.

Equations 11 can substitute equation 8, and 12 and 13 can be 
used as a substitute to equation 9 as follow:

( )1      
( )

( )        (11)
( )1      
( )

e
e

Afree
b

e
e

V tA if v v
v t

a t
v tb if v v
V t

δ

δ

     − ≤ 
    =      − − >       

•	 When ev v≤ :

( )2

2

1                         1

( )          (12)
1 1        free

A
r a

free

A z if z

a t
a z otherwise

∗

− ∗ − ≥
  =  

  − −      

•	 When 𝒗 ev v> :

( )21          1
( )          (13)

                         
free

r
free

a A z if z
a t

a otherwise

 + − ≥= 


Where;

*( )z=         (14)
( )

S t
S t

For the driving model b, equation 11 ensures the maximum 

deceleration rate doesn’t exceed the maximum comfort decelera-
tion. While equations 12 and 13 are used to improve the behavior 
near the required speed ve(t). As shown in Figure 3, the modified 
IDM has a more uniform gradual acceleration that doesn’t exceed 
the maximum deceleration or acceleration. Therefore, the modified 
IDM was used in the developed algorithm. Using this modified IDM, 
the CV platoons can adapt to the three scenarios mentioned earlier, 
changing the value of the desired speed based on the required de-
parture sequence and location of the lead CV. Note that this adviso-
ry speed trajectory is sent to the lead CVs only, while follower CVs in 
the platoon will use different driving models that are not required 
for the controller to optimize. This step minimizes the controller’s 
computational effort to accommodate a larger intersection with 
higher movement volumes.

Simulation

The micro-simulation framework used in this study is dis-
cussed with its implementation details in this section. In simulation 
studies, it is critical to note that two basic conditions must be met 
in a connected vehicle environment [42]. First, the ability to simu-
late the road traffic condition and traffic demand. Secondly, estab-
lish V2V and V2I communications. Both needs can be met in VISSIM 
software through some packages. The following subsections illus-
trate the simulation steps and discuss simulation scenarios used to 
test the developed algorithm.

Simulation platform

Traffic researchers often rely on VISSIM to simulate traffic 
signals at intersections. It uses a strong Component Object Model 
(COM) and Application Programming Interface (API) that enables 
the creation of communication between vehicles and infrastruc-
ture in a connected vehicle setting [43]. “Drivermodel.dll API” and 
“virtual ASC controller” were utilized to achieve communication 
between vehicle to vehicle or infrastructure. A C programming 
language-based program was created using VISSIM-COM to obtain 
specific vehicle attributes. Furthermore, a Dynamic-Link Library 
(DLL) was utilized as an External Drive Module (EDM) to interact 
with the COM interface and act as a “platoons’ generator” to gener-
ate various penetration rates and scenarios.

This work intends to develop a traffic micro-simulation model 
that mimics the existing traffic characteristics. The base model of 
this study was developed using the procedure outlined in the FDOT 
Traffic Analysis Handbook [44] to comply with the most scientif-
ic approach. Table 7-6 of the FDOT Handbook is a guideline used 
in the verification process to implement the VISSIM model error 
checklist. The developed intersection used in VISSIM represents 
the developed algorithm functionality in dynamic traffic demand. 
Therefore, at every 15-minute interval during the simulation, vary-
ing arrival rates were generated, with the help of the COM interface, 
to examine the traffic demand fluctuation in real-world scenarios 
(Figure 4).
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Figure 4: The simulation flowchart; The interaction between VISSIM, COM interface and DLL.

Driving behaviors

Types of vehicles used in this study can be categorized into two 
main types:

•	 Traditional vehicles: VISSIM imposes human driving behavior 
on conditional vehicles. The simulation software package uses 
its internal car-following model (Wiedmann 74) for this type 
of vehicle. It was assigned to have a minimum speed of 35 km/
hr and a maximum speed of 50 km/hr with a uniform distri-
bution.

•	 CVs: the behavior of this type of vehicle is fully controlled with 
Dynamic Link Libraries files integrated with VISSIM. For the 
lead CV, the lateral movement is controlled by the modified 
Intelligent Driving Model (IDM). The advisory speed was tra-
jected to the lead vehicle and used as the desired speed in IDM. 
In addition, only in the developed algorithm do the proceeding 
CVs tend to form and keep the platoon in form using equations 
(15,16 and 17) [45].

( ),       (15)ref ref refa min a v a d− −=

Where;

( )int        (16)refa v k v v− = ⋅ −

( ) ( )      (17)ref a p v p a refa d k a k v v k r r− = ⋅ + ⋅ − + ⋅ −

Equation 15 calculates the acceleration needed for the follow-
ing CVs to catch up with the lead CV upstream, form a platoon and 
maintain a constant time headway. It takes the smallest value from 

Equations 16 and 17. In these equations, k = 1, vint represents the in-
tended velocity, and v represents the current velocity of the follow-
ing CV. ka = 1, while kv and kD values are 0.58 and 0.1, respectively. 
The variable vp is the velocity of the predecessor CV, and r is the net 
distance between the two CVs. rref is the maximum value between 
rmin and rsystem equal to (2) and(0.5 .v), respectively.

Simulation scenarios

Achieving comprehensive and more authentic findings is essen-
tial based on sensitive analysis of the study parameters. Therefore, 
this study focused on finding an optimization algorithm for all kinds 
of total demand. Unsaturated, where travel demand is less than ca-
pacity, and at saturation demands, where travel demand is equal 
to or greater than capacity, were tested in the simulation scenari-
os. Different ratios of travel demand to capacity were considered 
(varying between 0.7 and 1.1). Equation 18 is used to calculate the 
capacity [44]. Furthermore, four market penetrations of CVs were 
tested at different levels.

      (18)gCapacity S N
c

= × ×

Where s is the saturation flow rate, based on Highway Capacity 
Manual (HCM), it was assumed to be 1900 pc/hr/ln, g is the effec-
tive green time, C is the cycle time, and N represents the number of 
lanes on each lane group.

Fixed and actuated plans are two widely used signal planes 
that were compared with the developed platoon-based algorithm. 
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In addition, the individual-based algorithms were included in the 
comparison as well. The fixed and actuated signal scenarios as-
sumed that CVs could not receive or send vehicle data to the traf-
fic signal controller. On the other hand, CVs in the individual and 
platoon-based algorithms are capable of vehicle-to-infrastructure 
communications. However, CVs in individual-based algorithm 
tends to act as free agents and receive advisory speed guidance 
based on each CV location and current speed. In contrast, CVs in 
platoon-based algorithm tends to form platoons utilizing previous 
equations (15,16 and 17), especially when a platoon joins another 
platoon with a slow advisory speed.

With four different CVs compositions, four different signal 
plans, and saturated and under-saturated travel demand compo-
sitions, 32 scenarios were tested using VISSIM. In each scenario, 
a varying 15-min arrival rate was used. Furthermore, the Florida 
Department of Transportation (FDOT) has recommended using the 
following equation (19) to determine the minimum number of sim-
ulations runs for any simulation’s scenarios [9]:

2

      (19)S tn α

µ
 × 

=  ×∈ 

The minimum number of simulations runs n is determined by 
using the standard deviation S of previous runs, the critical value tα 
of the two-sided T-test with a 95% confidence level, the mean μ of 
previous runs, and an estimated tolerance error ϵ of 10%. To ensure 
an adequate amount of simulation runs were conducted, equation 
19 was used for all performed runs. For instance, when the average 
vehicle delay was measured at 0.85 vehicle to capacity ratio, it was 
found that the number of simulations required was 7.11 2.09 9.2

49 0.1
×  = × 

. Therefore, the number of runs should be ten or more. The max-
imum required number of runs was found to be twelve among all 
scenarios, and to be conservative, all the simulations conducted in-
cluded 20 seed runs.

Results

Average vehicle delay and the total number of stops are the 
two main performance measures applied to evaluate the devel-
oped algorithm. Vehicle delay is a common performance measure 
under a connected vehicle environment [27]. VISSIM calculates the 
travel time by subtracting the theoretical travel time without ob-
stacles, such as other vehicles or signal controls, from the actual 
travel time. On the other hand, the average number of stops is for 
all vehicles in the network or that have already arrived. Based on 
[47], a non-dimensional Performance Index (PI) was applied using 
a transformation strategy to include the abovementioned perfor-
mance measures. The following equation (20) was applied for each 
performance measure on all of the 32 conducted scenarios using 
VISSIM.

1
max

1     (20)
i

n i
i

xPerformance measure ratio
n X=

= ∑

       (21)PI Averagevehicle delay ratio Average number of stops ratio= +

Where n is the number of simulation replications, and xi is the 
average performance measure at replication i, divided by the high-
est performance measure maxi

X  at that replication. Therefore, two 
measure performance ratios were estimated and summed up for 
each scenario to calculate its PI as in equation (21). The results of 
the average PI values for each scenario are illustrated in the subse-
quent two Figures 5&6.

Figure 5: Comparing different signal plans using PI values of the under-saturated demand.
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Figure 6: Comparing different signal plans using PI values of the over-saturated demand.

As shown from the two figures above, the PI values of pla-
toon-based and vehicle-based algorithms decrease relative to the 
traditional signal plans as the percentage of CVs increases. On the 
one hand, the traditional signal plans keep similar PI values along 
different percentages of CVs penetration. While on the other hand, 
the developed algorithm and vehicle-based algorithm have decreas-
ing values as CVs penetration increases. This reduction takes action 
for both performance measures. Two assumptions were thought to 
have a significant effect on those reductions. The first assumption 
is that the advisory speed trajectory has significantly reduced the 
average number of stops.

A full factorial experiment was conducted to confirm the initial 
assumption using the percentage of CVs in simulation, the percent-
age of CVs in platoons, and saturation demand as variables. The av-
erage number of stops was used as the outcome of the experiment. 
The results, shown in Figures 7A & 7B, indicate that increasing the 
percentage of CVs in platoons leads to a decrease in the number of 
stops. This reduction in the average number of stops occurs under 
both low and high saturation demands. It is since platooning reduc-
es the variation in time between vehicles, allowing more vehicles to 
pass through traffic signals without stopping [45].

Figure 7: Contour plot of average number of stops in respond to saturation demand with A- Percentage of CV in platoons and B- percentage of 
CVs in simulation scenarios.

The second assumption states; the equations that control the 
driving behavior of CVs in platoons are partially responsible for av-
erage vehicle delay reduction. As aforementioned, equations (15, 
16, and 17) are enforced through DLL to control the driving behav-
ior of CVs in the platoon-based algorithm, while IDM, also through 

DLL, controls the driving behavior of the vehicle-based algorithm. 
Therefore, the developed algorithm gives up to 20% lower PI value 
than the vehicle-based algorithm, especially with high percentages 
of CVs. This finding is because generated platoons formed minor 
time headway compared to free agents’ CVs, which increased the 
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roadway’s capacity [46]. To examine the previous assumption, the 
platoon-based and vehicle-based algorithms were tested at un-
der-saturated and over-saturated demands with 50%, 75%, and 
100% of CVs penetration, where IDM controls the driving behavior 
of all CVs of both algorithms. The outcome shows an insignificant 
difference between the PI values of all scenarios.

Furthermore, since this study is meant to be expanded to a 
bigger scale intersection, it was critical to investigate the compu-
tational time of the developed algorithm. Two python codes were 
designed, where both calculate the average vehicle delay to give 
optimum signal plans and advisory speeds trajectory. However, the 
first is a vehicle-based algorithm, while the other is a platoon-based 
one. Both algorithms have a function to measure the computational 
to run the code and give the optimum signal plan. Both codes were 
run using the same software package (PyCharm Community Edi-
tion, 2.1) and by the same computer, while no other software was 

active, to not affect the computational time.

Figure 8 illustrates the findings; as can be seen, in the vehi-
cle-based algorithm, the computational time exponentially increas-
es as the number of vehicles within the interest zone increases. The 
reason behind that is in the vehicle-based algorithm, the number of 
possible departure sequences increases significantly as the number 
of vehicles expands in both directions. For instance, if there are ten 
CVs on the west approach, and another ten on the south approach, 
there would be more than 180,000 possible departure sequences. 
While if we increase the number to eleven vehicles on each ap-
proach, the number will jump significantly to more than 700,000 
possible departure sequences. On the other hand, for the developed 
algorithm, twenty CVs on an approach would be considered, in 
computational time, as one CV where equation (6) will be utilized 
to measure the average vehicle delay of that stopped platoon.

Figure 8: The difference between computational times of vehicle-based and platoon-based algorithms.

Discussion

Most of the literature on adaptive traffic signal plans under 
CVs environments outperformed traditional signal plans under 
saturated demands. However, at over-saturated demands, many re-
searchers have indicated an insignificant difference in performance 
[49]. The developed platoon-based algorithm has improved by 
more than 30% compared to traditional signals at under-saturated 
and over-saturated demands, especially at a high CVs penetration 
rate. This outcome is because the developed algorithm utilizes the 
driving behavior of CVs to form platoons with relatively short time 
headway. It has been proposed that the freeway’s capacity could be 
significantly enhanced, possibly even doubled or tripled, if all the 
cars on it were organized into platoons [46]. In addition, the mod-
ified IDM has significantly reduced the number of stops. The CVs 
platoons would attempt to adopt the advisory speed to discharge 
through the intersection without stopping.

Additionally, the field of adaptive traffic signals for platoons 
under connected vehicles is still developing, and there is room for 
further exploration. Some possible areas of expansion include, but 
are not limited to:

•	 The algorithm that has been developed could be further im-
proved by incorporating a more accurate simulation of a four-
way intersection with multiple lanes on each approach and 
allowing for all types of vehicle movements.

•	 The critical headway and spacing thresholds for defining the 
platoon need to be investigated and understand their effect on 
the algorithm outcome.

•	 Despite the potential benefits to mobility suggested by several 
studies on the use of adaptive traffic control in CVs environ-
ment, there has been limited research on measuring the safety 
of intersections in these situations
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•	 Investigating the environmental impact is a critical topic in 
modern studies. It is expected that introducing such an adap-
tive traffic signal under the CVs’ environment will minimize 
the emission of CO2 [50].

Conclusion

This study uses the VISSIM simulation platform to test the de-
veloped platoon-based algorithm. The algorithm that has been de-
veloped can detect groups of vehicles, including both CVs and tradi-
tional vehicles, by utilizing data that is only obtained from the CVs. 
The signal phasing allocation is then established to optimize the 
sequences of CVs platoons’ departure to get the lowest average ve-
hicle delay possible. Furthermore, the algorithm also gives advisory 
speed suggestions to lead vehicles to decrease the average number 
of times they must stop at the intersection. It was observed that the 
platoon-based algorithm outperformed the traditional signal plans 
and vehicle-based algorithm in average vehicle delay. In addition, 
it provides a significantly shorter computational time compared to 
the vehicle-based algorithm.

Furthermore, unlike other studies, this study has shown im-
provement in the performance measures at under-saturated and 
over-saturated demands. This outcome is due to the short time 
headway created between the CVs within platoons. Finally, it can 
be concluded that using the platooning-based algorithm can be fa-
voured by the vehicles-based algorithm. However, there is still an 
open area to apply and study the platoon-based algorithm in many 
traffic subjects.
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