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ABSTRACT The recent advancement in industrial technology has offered new opportunities to overcome
different problems of stochastic driving behavior of humans through effective implementation of autonomous
vehicles (AVs). Optimum utilization of driving behavior and advanced capabilities of the AVs has enabled
researchers to propose autonomous cooperative-based methods for signalized intersection control under an
AV traffic environment. In the future, AVs will share road networks with regular vehicles (RVs), representing
a dynamic mixed traffic environment of two groups of vehicles with different characteristics. Without
compromising the safety and level of service, traffic operation and control of such a complex environment is a
challenging task. The current study includes a comprehensive review focused on the signalized intersection
control methods under a mixed traffic environment. The different proposed methods in the literature are
based on certain assumptions, requirements, and constraints mainly associated with traffic composition,
connectivity, road infrastructures, intersection, and functional network design. Therefore, these methods
should be evaluated with appropriate consideration of the underlying assumptions and limitations. This study
concludes that the application of adaptive traffic signal control can effectively optimize traffic signal plans
for variations of AV traffic environments. However, artificial intelligence approaches primarily focusing on
reinforcement learning should be considered to better utilization of the improved AV characteristics.

INDEX TERMS Autonomous intersection control, autonomous vehicle (AV), hybrid methods, mixed traffic
environment, regular vehicle (RV), signalized intersection control, traffic signal optimization.

I. INTRODUCTION
Different researches have indicated that signalized intersec-
tions are more prone to traffic problems due to complex
traffic management. For example, around 22% of traffic
delays occur at signalized intersections [1]. The contribut-
ing factors of such problems may include: human driving
behavior, increased traffic demands [2], and inefficient traf-
fic control methods [3]–[5]. Many studies have shown that
human driving performance plays a critical role in different
traffic problems. Many psychological, environmental, and
vehicle design factors influence human driving, such as driver
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perception and reaction time, driver age, and design speed.
The interaction of these factors leads to significant variance
in driving behavior and response to traffic control methods.

Artificial Intelligence (AI) applications and communica-
tion technologies have created new opportunities to improve
the driving environment through the concept of autonomous
driving. The conventional concept of human operating vehi-
cles is revolutionized by introducing computers to take over
some or all of the driving tasks. With the full automation level
of autonomous vehicles (AVs), human behavior does not play
any role in making the decisions related to driving actions
or in response to traffic control systems. Compared to the
RVs, the implementation of AVs in the traffic networks can
potentially change our mobility quality leading to different
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positive impacts on the traffic system [6]. For example, it may
increase road capacity, increase the efficiency of traffic con-
trol methods and improve traffic stability and safety [7]–[9].
These impacts result primarily from AI’s efficient driving
and response behavior. Utilizing these capabilities helps AVs
to improve car following and lane changing behavior in
the traffic flow [10]–[13] and also can lead to faster reac-
tion times [10], [12]–[15]. Moreover, AVs are systemic and
behave accurately by assigned algorithms and rules, unlike
RVs that behave stochastically due to the nature of human
driving behavior [14], [16].

The implementation of AVs may affect the design and
operation of traffic control methods such as signalized inter-
section control methods [9]. Most of the significant positive
impacts of AVs occur in a full AV traffic environment. As a
result, different methods have been proposed to control the
AVs at intersections under full AV environment [17], [18].
Namazi et al. [2] included detailed literature on signalized
intersection control under full AV environment.

However, it is expected that the full AV will be
introduced gradually. The 90% penetration rate of con-
nected autonomous vehicles (CAV) would not occur before
2045 [19]. By the year 2040, 75% of total vehicles would
be AVs [20]. Therefore, in the coming transition period, AVs
will share the same road network with RVs under different
penetration rates representing a dynamic mixed traffic envi-
ronment. Compared to the full implementation of the AVs,
partial implementation will cause different impacts on the
traffic flow characteristics [6], [9], [21]–[23].

The effective operation and control of mixed traffic of AVs
and RVs are considered as a complex challenge [15]. One of
the critical challenges is designing and managing the traffic
at signalized intersections under a mixed environment during
the transition period [16]. A few researchers reviewed the
proposed methods that considered the signalized intersec-
tion control under a mixed traffic environment [24], [25].
Chen and Englund [17] discussed different cooperative-
based methods. However, most studies considered a fully
connected environment with more focus on controlling the
non-signalized intersections. Namazi et al. [2] discussed the
performance of different methods in terms of efficiency,
safety, ecology, and passenger comfort. They included seven
related studies, but two of these studies [26], [27] did not
consider the mixed environment conditions. Guo et al. [18],
part of their review on the CAV implementation, discussed the
signalized intersection control methods that were proposed to
optimize traffic signal plans. However, most of the included
studies in their review considered the complete connected
vehicle (CV) environment rather than AV environment. The
main contribution of this study is to conduct a critical review
of proposed methods for the signalized intersection control
under mixed AV traffic environment, mainly when AVs are
sharing the same intersections with RVs without the applica-
tion of dedicated AV lanes. In addition, based on the review
findings, different limitations of the proposed methods are
discussed.

FIGURE 1. General flow chart of the study.

A systematic review approach was adopted for conduct-
ing this study (Figure 1). At the beginning of this work,
the research questions, search keywords, and the inclusion
and exclusion criteria of the collected studies were deter-
mined. In this study, four main research questions were
identified. First, what are the proposed methods of signal-
ized intersection control under an AV traffic environment?
Second, whether these methods have considered the case
of mixed traffic environment of AVs and RVs? Third, what
are the limitations of the actual application of the pro-
posed methods? Fourth, what are the alternatives that may
overcome these limitations? The search keywords included
the following: autonomous (automated) vehicles, regular
(human-driven) vehicles, AV environment, mixed (heteroge-
neous) traffic, signalized intersection control, autonomous
(cooperative-intelligence-smart) intersection control, and sig-
nal optimization. However, this review excluded any study
which considered the application of dedicated lane(s) for
AVs. The contents of the collected studies were reviewed
to conduct thematic analysis and achieve the objectives of
this study. The remaining sections of this study are orga-
nized as follows. Section 2 begins with the classification of
signalized intersection control methods under AV environ-
ment and then includes a literature review of the proposed
methods under mixed AV traffic environment. In section 3,
the different obtained limitations of signalized intersection
control under mixed AV traffic environments are discussed
in detail. Section 4 is the policy implications pertinent to the
alternatives of signalized intersection control under a mixed
traffic environment. Finally, section 5 includes a summary of
the study along with main conclusions and recommendations.
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II. SIGNALIZED INTERSECTION CONTROL UNDER MIXED
AV TRAFFIC ENVIRONMENT
Signalized intersection control is essential to enhance the traf-
fic flow by optimizing intersections in different aspects [28].
It manages the order and right-of-way of vehicles to cross
intersections effectively. The main objectives of these meth-
ods are to utilize and optimize the space within an intersection
more efficiently to increase the flow, decrease delays and fuel
consumption, and improve safety [17], [29]. In the case of a
full RV environment, the literature has indicated that different
methods have been used for signalized intersection control.
These methods are divided into three main systems groups:
fixed, actuated, and adaptive systems [30].

Under the AV traffic environment, different methods have
been proposed to control the AVs for crossing the signal-
ized intersections. However, these methods differ in their
control architectures and logic, the distribution of compu-
tations, or they may vary in their required infrastructures
for the real applications and targeted objectives. The control
methods of the signalized intersections under AV environ-
ment may be classified into three main classes: autonomous
intersection control, signal optimization-based methods, and
hybrid-based methods. The following parts will include a
brief description of each class.

A. AUTONOMOUS INTERSECTION CONTROL
This class of methods includes those intelligent or
cooperative-based methods that eliminate the traffic signal.
It uses different algorithms to optimize the vehicle’s crossing
of the intersection. Some papers referred to these methods
as autonomous intersection management (AIM) [2], [31].
From its control architectures aspects, these methods can be
divided into two categories of centralized and distributed-
based methods [5].

The centralized-based methods include a central coordina-
tion unit that communicates with vehicles, receives real-time
information about vehicles, and gives instructions to guide the
vehicles to cross an intersection safely [5]. This central agent
makes the control decisions globally for all vehicles [25].
The second important aspect of the centralized methods is the
vehicle agent within each vehicle, which controls the crossing
of AVs [31]. So, it only requires communications between the
centralized units and the vehicles without the requirement of
vehicle-to-vehicle (V-V) communications. However, the dif-
ferent complex computations rely on the single intersection
control agent. Therefore, the high computational requirement
is considered a critical concern and needs great efforts to
ensure system reliability and robustness [17], [32]. Different
meta-heuristics andmathematical methods, such as linear and
dynamic programming, have been widely applied to many
autonomous intersection-based methods [5]. In contrast, the
distributed-based methods are based on the communications
between the vehicles to negotiate and agree on vehicle prior-
ities to safely and effectively cross the intersection [5]. Most
of these methods are applied in agents based manner where

different agents (such as an AV) interact and coordinate their
behaviors to achieve specific objectives. In other words, the
vehicles collect the required information and make the con-
trol decisions by themselves. Compared to the centralized-
based method, the advantage of distributed-based methods
is that it requires less infrastructure support since it needs
only V-V communications. In addition, it has fewer com-
putational problems since the crossing decisions are made
locally, and the computations are distributed among vehi-
cles [17]. However, it relies entirely on the performance of the
communication channel and the negotiation protocol between
the vehicles [5]. [17] and [29] classified the autonomous
intersection-based methods for fully AV environments into
two main classes, including: reservation-based and trajec-
tory planning-based methods. These classes are generally
described in the following parts.

1) TRAJECTORY PLANNING BASED METHODS
The intersection crossing with the application of these meth-
ods is considered as a passing sequence optimization prob-
lem aiming at maximizing certain utilities with constraints
to ensure intersection safety and vehicle maneuvering lim-
its [17]. It is based on different vehicle trajectories, such as
the location and speed of the vehicles. The main objective is
to find the optimal sequence, such as optimal departure at the
intersection, for each vehicle considering the connectivity and
programmability of AVs. With these methods, space tiles are
planned and allocated consecutively as travel routes. AVs are
controlled along the planned trajectories to safely cross the
intersection, with unimpeded movement, strategically guid-
ing AVs to adjust their approaching trajectories. These meth-
ods can be improved by exploiting the optimization of vehicle
control parameters. Most of the trajectory planning-based
methods are based on the application of centralized-based
methods. The role of the central unit is to optimize the feasible
motion plans for AVs based on different information, then,
it assigns specific crossing instructions to AVs.

2) RESERVATION BASED METHODS
It considers the intersection crossing as a discrete resource
allocation or scheduling problem. Some of the studies
referred to this class as suitable resource reservation-based
methods [17] or signal scheduling-based methods [29].
It aims mainly to reserve exclusive time slots and intersec-
tion space for each vehicle to cross the intersection safely.
It focuses on finding the optimal sequence of serving lanes by
sorting incoming requests from the vehicles and allocating the
right of way of the intersection based on a set of predefined
rules [29].

B. SIGNAL OPTIMIZATION-BASED METHODS
The signal optimization-based methods require traffic sig-
nals. These methods are applied to generate optimal traffic
signal timing plans using different methods such as clas-
sical optimization methods, heuristics optimization algo-
rithms, and machine learning-based optimization methods.
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TABLE 1. Proposed signalized intersection control methods for mixed
traffic environment.

Guo et al. [18] classified the CAV-based signalized inter-
section control methods into three main classes, including
adaptive traffic signals control, platoon-based control and
planning-based control. The adaptive-based methods, using

FIGURE 2. Distribution of methods of signalized intersection control
under mixed traffic environment.

CAVs data, can optimize the signal plan based on current
traffic states and do not apply prediction. The platoon-based
methods, using CAVs coordination, can optimize the signal
plan by grouping incoming vehicles into platoons thought
predicting their traffic flow status. The planning-based meth-
ods, also using CAVs coordination, treat each vehicle individ-
ually by considering its detailed trajectories and optimizing
the signal plan in a forward time horizon by adopting more
accurate and complex models.

C. HYBRID BASED METHODS
These methods combine autonomous intersection control-
based methods (Class 1) and signal optimization-based meth-
ods (Class 2). These methods jointly optimize AV trajectories
and signal timing at the same time. This combination can
significantly improve signalized intersection performance.
For example, optimizing the arrival time of the vehicles to
the intersection may result in better utilization of green dura-
tions [23]. Another example, when the signal plans are identi-
fied, the desired speed of the AVs can be optimized to ensure
that they can cross the intersection without stopping [33].

The literature included in this study indicated that most
of the proposed methods of signalized intersection con-
trol focused on the full AV traffic environment. However,
a limited number of studies have focused on solving the
problems of signalized intersection control under a mixed
traffic environment of AVs and RVs sharing the same net-
work. Namazi et al. [2], in their review, found that out
of 103 reviewed studies, 94% of these studies considered
full AV environment, while only around 6% considered
the mixed traffic environment. This finding regarding the
research limitations is also confirmed in this current review.
In addition to the reviewed studies by [2], we found 14 addi-
tional related studies until September 2021. Figure 2 shows
the distribution of different methods under a mixed traf-
fic environment. About 68% of the proposed methods are
autonomous intersection control-basedmethods, 11% are sig-
nal optimization-based methods, and 21% are hybrid-based
methods. Table 1 summarizes the collected studies, including
study variables: class of the proposedmethod, traffic environ-
ment, and method name.

III. LIMITATIONS OF SIGNALIZED INTERSECTION
CONTROL UNDER MIXED AV TRAFFIC ENVIRONMENT
In general, the conducted review indicated that the
autonomous intersection control-based methods are expected
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to improve the efficiency of the signalized intersections under
the AV environment [2], [25]. Unlike the trajectory planning-
based methods, the main drawback of Reservation based
methods in minimizing delay at a signalized intersection is
that they do not consider the added benefit of optimizing
AV trajectories [29]. The main problem of applying such
autonomous-based methods in a mixed traffic environment
is that each control policy requires a traffic signal model so
that the RVs understand the crossing instructions. Compared
to the autonomous-based methods, the hybrid-based methods
may lead to significantly different performance [2]. However,
some studies indicated that the effective combination of
both methods is complex and requires significant efforts to
develop methods that can balance computational complexity
and control performance. For example, it is not likely that
a centralized unit can handle all the required computations
to cooperate between the signal controller and approaching
vehicles [23].

The findings from this review indicated that the appli-
cations of both autonomous or hybrid-based methods are
built on some different assumptions, requirements, and con-
straints. Those are related to the network environment,
including the traffic composition, connectivity, road infras-
tructures, intersection and functional network design, in addi-
tion to the driving behavior. Those will lead to different
limitations of their possible practicability and reliability of
controlling signalized intersections under different conditions
of mixed traffic environment of AVs and RVs. In the follow-
ing parts, we will discuss some of these limitations supported
with examples.

A. TRAFFIC COMPOSITION
The traffic composition of a mixed environment may include
different penetrations rates of AVs and RVs. Some of the
proposed methods have assumed a specific traffic composi-
tion for the application of their methods. For example, some
methods were proposed to be applied only at under-saturated
traffic flow conditions [29]. The trajectories-based methods
may not be effective with scenarios of high traffic volume
since that the trajectories of all involved vehicles need to
be optimized for each signal cycle. Other methods have
shown improvement only at specific conditions of the traf-
fic composition. For example, different proposed reservation
based methods showed improved performance only at lower
penetration rates of RVs (less than 10%) [21], [34]. Other
methods showed improvement when the penetration rate of
CAVs is more than 10% [31]. Some trajectory planning based
methods showed improvement only when the penetration rate
of AVs is more than 50% [36]. In contrast, other methods
showed improvement only when the penetration rate of CAV
was less than 21% [37]. The above findings indicated that
most of the proposed methods would not be applicable at
any traffic composition or traffic flow conditions that may
occur in the transition period of the expected mixed traffic
environment.

B. CONNECTIVITY
The autonomous or hybrid-based methods assumed different
required levels of connectivity of the traffic environment. The
connectivity enables other communications to exchange the
required information, including crossing requests or cross-
ing instructions, between the vehicles or with intersection
control units. For example, the centralized-based methods
can be applied only under a fully connected environment
where the involved vehicles and the intersection units must
be connected. On the other hand, in terms of vehicles capa-
bilities, all of these methods assumed that the involved vehi-
cles have vehicle to vehicle (V-V), vehicle-to-infrastructure
(V-I), and infrastructure-to-vehicle (I-V) communications.
The proposed method by [41] assumed that the RVs are
connected to the central unit and can exchange the required
information. In their proposed method, [24] assumed that the
RVs have the same sensing capabilities as AVs. In the case
of a mixed traffic environment, unlike the CAVs, most of
the existing RVs do not include these required connectivity
capabilities. Therefore, RVs will not be able to exchange or
receive the required information on how to cross the inter-
sections with cooperative methods safely. The availability of
connectivity is not the only concern. Indeed, the performance
of the cooperative-based methods will be built on the quality
and performance of the different involved communications.
That brought up concerns about its accurate performance
and safety guarantee for real-world conditions under a mixed
traffic environment [5], [17]. For example, some studies
have shown different constraints related to communication
ranges.

C. ROAD INFRASTRUCTURES
Some of the proposedmethods of signalized intersection con-
trol under a mixed traffic environment have required different
modifications of the existing road infrastructures. To provide
the required V-V and V-I communications, the central-based
method’s main problem is that it requires establishing and
installing centralized units at each intersection [37]. Also,
to collect the required information, different supported road-
side units at each intersection must be installed. For example,
most proposed autonomous or hybrid-based methods require
various sensors to detect traffic information [23]. Other meth-
ods have used different prediction models, such as kinematic
wave theory and Newell’s car-following model, to predict the
information of the RVs, such as their arrival sequence and
trajectories. These road infrastructures must be provided at
each intersection of the existing network, which is considered
highly costly [5], [17]. As a result, themost proposedmethods
may face difficulties in their real application because of the
additional constraints regarding the required infrastructure.
To overcome that, some of the proposed methods assumed
that the information of the RVs can be provided by the AVs
or the CVs [33], [36]. However, the RV information level
and accuracy will depend on its penetration rate in the mixed
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traffic environment. With low penetration rates, the perfor-
mance of these methods may not be effective.

D. INTERSECTION AND FUNCTIONAL NETWORK DESIGN
The findings indicated that the autonomous-based methods’
performance could be sensitive to different turning options
at the intersection, considering different involved vehicle
types. To solve the related issues, some of the proposed
methods have assumed specific operational configurations.
Amethod is applied when left-turnmovements operate exclu-
sively [23]. Another method assumed only one-way traffic
without turning movements [15]. Some of these special con-
figurations, mainly in the case of a mixed environment, may
lead to increased delays for the AVs [35]. On the other hand,
other proposed methods have assumed specific intersection
designs. For example, some methods were applied only for
intersections with single-lane roads [24], [25], [38]. Some
studies have indicated that the hybrid control-based methods
may improve the performance of the signalized intersection;
however, it may lead to negative impacts on the intersec-
tion capacity. Barthauer and Friedrich [40] concluded that
the application of the pre-sorting and pre-signaling decrease
the capacity of the intersection by 50% compared to a
conventional method. Most of these modifications in terms
of operation and intersection designs were considered to
include collision-free features to ensure the safety of the
vehicles crossing. However, applying these modifications to
each existing intersection is complex due to different related
aspects. Alternative intersection designs, such as the tandem
intersection concept, require more space than a traditional
four-leg intersection [40]. In addition to that, these modifica-
tions may improve safety, however, they may cause negative
impacts on the intersection operational performance, such as
increased delays [40].

E. DRIVING BEHAVIOR
Another common assumption of the autonomous and hybrid-
based methods is related to the driving behavior of the
involved vehicles. There are sets of constraints in terms
of vehicle operational characteristics related to the design
or application of the method or related to the safety
requirements. Examples include safe headway, speed limits,
acceleration, deceleration limits, and lane-changing capabil-
ities [17]. Some autonomous-based methods assumed that
all of the involved vehicles are highly automated that have
similar operational settings [17]. Some reservation based
methods assumed that RVs could keep a safe distance from
their leading vehicles [42]. However, the RVs have stochastic
driving behavior that may vary based on different factors. The
main difference that should be realized is that the RVs have
complete freedom to change a control input at any time, while
the AVs can only adjust control input at periodic discrete
times [16]. With the application of such autonomous-based
methods, all of the involved vehicles are assumed to fol-
low exact assigned instructions of crossing the intersection,
given by the control system, without any unplanned maneu-

vers such as overtaking or lane-changing [17]. For exam-
ple, some proposed methods assumed that the RVs strictly
follow the path and will not perform undesired or illegal
maneuvers [35], [41]. However, in case of a mixed traffic
environment, the critical concern is that whether the RVs with
human control are able to respond to the crossing instructions
completely and cope with the AV driving behavior [35], [43].
Unlike the AVs, we have to realize that the driving actions
of the RVs cannot be identified by the control system [44].
So, it may be concluded that the reliability of the RV driving
behavior should be highly considered while designing or
evaluating the performance of different proposed methods.

IV. POLICY IMPLICATIONS
The existing traffic environment of road networks mainly
includes RVs and different types of semi-autonomous vehi-
cles. However, in the coming near future, it is expected that
full AV will gradually be introduced into the traffic networks
ofmany cities. Therefore, full AVwill share networks, includ-
ing intersections, with the RVs. The proposed autonomous
and hybrid-based methods of signalized intersectin control,
in the literature, can be applied in the case of a mixed traf-
fic environment. However, the effective implementation of
such methods will be based on specific requirements and
assumptions of the AV traffic environment. As discussed
in the previous section, these requirements and assumptions
will lead to different types of limitations which may affect
the generalization of applying such methods to control any
existing signalized intersection in amixed traffic environment
of urban networks in the actual practice. Examples of the
limitations may include required communication protocols,
computational power, and other required modifications in
addition to the different assumptions related to the traffic
composition and driving behavior of the RVs. Moreover, one
of the main drawbacks of most proposed autonomous and
hybrid-based methods is that it have focused on the vehicle’s
movements and ignored the other users such as pedestrians
and bicycles at the intersections [45]. However, in the case of
an urban signalized intersection, the movement of such users
should be considered. On the other hand, another important
aspect that should also be considered and evaluated carefully
is the duration of the execution time of such cooperative-
based control methods that may induce extra delay due to the
required computations and communications. As an example
of extra expected dealy, one of the reservation-based methods
limitations is that the frequent switches of right-of-way may
disrupt platoons resulting in increased traffic delays [29].

In a mixed traffic environment, the control methods should
be applicable at different conditions of traffic compositions.
The traffic signal may be applied effectively regardless of the
penetrations rates of AVs and RVs without any constraint or
assumption of traffic compositions or saturation traffic flow
conditions. In terms of connectivity, unlike the autonomous or
hybrid-based methods, traffic signals do not require any level
of V-V or V-I communications within the traffic environment.
Based on the collected data of the different detectors, the
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signal agents need to send the required phase information to
the AVs. So, the traffic signal-based methods can be applied
even when the involved vehicles, including RVs, are not
connected to each other or to the infrastructure. Moreover,
with an application of the traffic signals, the requirements
of the extra modifications of the existing road infrastructures
can be eliminated. It may only require simple traffic detectors
to detect specific information, such as traffic volume and
vehicle type, as the case of the existing adaptive traffic signals
in the RV traffic environment. The application of the traffic
signal-based methods is considered an effective solution to
the existing road network since it can be applied without the
need for extra costly modifications of the operational designs
and intersection layouts. It can be applied under different
features of the road, intersection and operational designs such
as highway class, number of lanes and signal phasing. The
driving and traffic signal response behavior of the involved
vehicles, mainly the RVs, in mixed traffic environment are
different and cannot be assumed to be fully controlled or
predicted. To overcome the human driving behavioral issues
of the control response, we need to apply control methods that
are quite familiar to them, such as traffic signals which can be
also easily formulated and controlled to be totally understood
and accurately followed by the AVs. In terms of road safety,
the traffic signals can provide safety measures inherent, as in
the case of the full RV traffic, where there will not be any
conflicting trajectories between the involved vehicles during
crossing intersections. The traffic signal-based methods are
suitable and reliable for both involved vehicle types consid-
ering their expected driving behavior and capabilities.

The optimization of existing traffic networks by the effec-
tive application of the current artificial intelligent-based
methods is becoming an increasingly important aspect for
solving different traffic problems. The application of the
signal optimization-based methods can easily handle single
or multiple objectives and complex traffic conditions [2].
Under the RV traffic environment, the literature indicated that
different optimization methods had been applied to optimize
the performance of signalized intersection systems. These
methods range basically from mathematically based meth-
ods to artificial intelligence-based methods [4], [46]–[51].
For example, several heuristics algorithms, such as genetic
algorithms (GA) and differential evolution (DE), have been
applied to optimize signal plans in order to minimize the
delays, number of stops, and queue length [49]. To improve
the learning ability of the adaptive control systems, advanced
machine learning methods were applied and showed superior
performance compared to other shallow learning methods
such as the artificial intelligent networks (ANNs) [52].

Most of the related studies of traffic signal optimization,
under the RV environment, have considered and assumed
stochastic behavior of human driving and have focused on
the solution quality for the traffic volumes. With the imple-
mentation of AVs, to improve the performance of the traffic
signals, we have to consider the expected positive impacts
of the AVs without compromising the reliability of control

systems for the RVs in a mixed traffic environment. The
deterministic driving behavior [14] and improved operational
and connectivity characteristics of the AVs, in addition to its
expected impacts on the traffic flow characteristics, should be
significantly utilized for better improvement of the traffic sig-
nal optimization [15]. For example, in terms of its advanced
capabilities, the shorter perception and reaction time of the
AVs may help to minimize the yellow interval or to optimize
the duration of green times. Also, the shorter start-up times
may decrease the total lost times. In terms of its operational
characteristics, the shorter headways may help to minimize
the maximum green durations as a result to the improved
saturation flow rates. All of that may effectively assist the
signal to optimize its main control parameters, such as signal
timing parameters, which will result in decreased delays and,
therefore, better utilization of the intersection capacities [9].

Basic optimization methods, such as mathematical or
dynamic programming, are based on analytical relationships.
These cannot be applied for the mixed AV traffic environment
due to absence of real existing data or the high computational
complexity of the optimization. For example, it is not possible
to establish the exact, reliable mathematical models that can
represent the traffic conditions or select the optimum control
policy in the case of a mixed traffic environment [3]. We need
defined functions or equations to relate the inputs and the
outputs of this unique environment. This step requires the
reformulation of some essential traffic flow functions as a
result of the adjusted AVs characteristics and its impacts on
the traffic flow characteristics. However, with the application
of the machine learning (ML) optimization-based methods,
we need only big data for the learning process of the different
hidden relationships of the mixed traffic environment. These
methods may be used to overcome the different issues of
the basic optimization methods and also may improve the
optimization performance due to its intelligent learning.

The findings of the current review have indicated that few
efforts have considered the traffic signal optimization for the
AV traffic environment. Our review found only two studies
that aimed to optimize the traffic signal under a mixed AV
environment [5], [14]. Moreover, the literature indicated that
the application of the ML-based methods is still limited and
needs more efforts of investigations under a mixed AV traffic
environment. Namazi et al. [2] found that out of 103 pub-
lished studies in the area of signalized intersection control of
AV environment, only about 4% of the studies have applied
machine learning-based methods.

Nowadays, due to the recent explosion in the develop-
ment and availability of different information and com-
munications technologies, in addition to the advancement
in computing capabilities, there are significant improve-
ments in ML approaches that should be considered in
solving the mentioned challenges of signalized intersec-
tion control under mixed AV traffic environment. Examples
of advanced ML-based methods may include deep learn-
ing (DL) and reinforcement learning (RL). Using different
concepts, these methods can learn and extract the inherent
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complex relationships of the system’s behavior of the mixed
traffic environment without any predefined models or under-
lying processes. The deep architecture can improve the learn-
ing process and produce better results compared to the most
of the common shallow networks that usually have only one
hidden layer. For example, some studies applied reinforce-
ment learning to improve the performance of adaptive traffic
signals under RV traffic environment [3], [53]–[60]. Most of
these studies indicated that the reinforcement learning-based
method is much superior compared to the common traffic
signal control methods.

V. CONCLUSION AND RECOMMENDATIONS
The industrial revolution creates new opportunities to
improve traffic control systems through autonomous driv-
ing. The intelligent incorporation of the AV implementation
can increase the efficiency of signalized intersection control.
Most of the expected positive impacts of the AV implemen-
tation that may be utilized to propose autonomous-based
methods may assume to happen in case of full traffic of the
AVs. This paper included a comprehensive literature review
about the different proposed signalized intersection control
methods under mixed AV traffic environments.

With the existence of AVs, many methods with differ-
ent control architectures and logic were proposed to con-
trol AVs at signalized intersections. According to previous
studies, the aforementioned methods can be categorized into
three categories, namely: autonomous intersection control,
signal optimization-based methods, and hybrid-based meth-
ods. Although these methods are expected to improve traffic
operation and efficiency at the signalized intersections with
AV environments, the effective application of such methods
is complex due to the significant efforts, which are needed to
balance computational complexity and control performance.

Different limitations of the proposed methods in the liter-
ature were discussed to provide a policy implications discus-
sion. The review findings conclude that the real application of
most proposed methods will be based on different assump-
tions, requirements, and constraints related to the network
environment, including the traffic composition, connectivity,
road infrastructures, intersection, and functional design, and
the driving behavior of the vehicles. Most of the proposed
methods can be applied effectively only for a fully connected
traffic environment, mainlywhere the required connectivity is
achievable along with full behavioral control of the involved
vehicles. That may occur when we reach a 100% penetration
rate of the CAVs in our traffic network, which is not feasible
in the near future. Therefore, the proposed methods should be
evaluated considering the underlying assumptions and limi-
tations for appropriate generalization and implementation of
controlling existing signalized intersections in a mixed traffic
environment of urban networks. The control methods should
be applicable for both AVs and RVs, considering their dif-
ferent penetration rates and capabilities, under different sce-
narios in the future. Any proposedmethod should be designed

and operated with minor modifications or requirements of the
existing infrastructure.

Based on the significant improvements in ML approaches,
this study proposed an alternative reliable solution that can
help to contorl the signalized intersection control undermixed
AV traffic environment. It is proposed to develop a novel
machine learning-based optimization method for the design
of intelligent adaptive traffic signal controller under mixed
traffic environment of AVs and RVs. The proposed system
can respond effectively to mixed traffic’s dynamic and com-
plex environment using its intelligent continuing learning and
adaptation. It can optimize signal plans by smarter utiliz-
ing the AV characteristics and their potential impacts. Such
systems are recommended to control signalized intersections
in the transition period to the full AV environment. The
expected resulted improvement of the proposed alternative
will increase gradually with an increase in the AV penetra-
tion rate till our traffic network reaches full AV environ-
ment where the autonomous or hybrid-based methods may
be easily and effectually applied. The development of such
intelligent optimization-based methods of adaptive traffic
signals control is still limited and needs more investigation
under mixed traffic environments of AVs and RVs. Finally,
the different obtained outcomes of this review are valuable
for future control of the signalized intersection under an AV
traffic environment.
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