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Abstract
Emergency vehicle preemption (EVP) aims to give right of way to emergency vehicles (EV) heading toward the incident
location through a network of signalized intersections by creating a green wave en-route. The design goals of EVP systems are
two folds: first, to avoid any hindrance to the passage of EV along the road and at the intersections and second, to reduce the
negative impact of preemption on general traffic. The negative impact of EVP on normal traffic can be minimized by selecting
appropriate preemption strategy. The EVP schemes proposed earlier aim to minimize the travel time of the EVwith no or little
consideration to the negative impact of EVP on the normal traffic. In this study, a joint strategy for optimal path selection and
EV preemption is developed. The proposed scheme selects the optimal path for the EV before it departs from its origin and
then activates the preemption on each intersection en-route at the right time to clear the intersection before the EV reaches. The
proposed EVP scheme also aims to minimize the impact of EVP over normal traffic at both stages (i.e., path selection phase
and preemption phase). A major advantage of the proposed method is that once the optimal path is selected, the emergency
information can be disseminated to other vehicles using vehicle-to-vehicle and vehicle-to-infrastructure communication in the
EV path to clear the entire route or the approaching lane. The strategy was tested using a microscopic simulation environment
for a real traffic network. The findings indicated a major reduction in the travel time of the EV while minimizing the impact of
preemption on the normal traffic. The proposed strategy and evaluation procedure can be helpful for corresponding agencies
and practitioners to assess the impact of implementing preemption on existing or proposed arterials.

Keywords Adaptive control · Traffic signal · Travel time · Vehicle detection

1 Introduction

Emergency vehicles (EVs) like fire trucks, ambulances, and
police vehicles have the highest priority on roads to respond
to an incident. To ensure free and uninterrupted travel to EVs
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along its route to the incident location, traffic signal con-
trollers deploy preemption strategies, benefiting those EVs.
Emergency vehicle preemption system (EVP) interrupts the
normal traffic signal timing operations in both isolated and
coordinated signalized intersections by providing a green
band to the EVs along its routes. EVP enables EVs to pass
without stopping or waiting at intersections which would
potentially reduce travel time and reduce conflicts with other
vehicles in the system [1]. Similar strategies are used for rail
preemption and transit signal priority [2]. However, it may
also produce a negative impact on the general traffic not only
at the same intersection where the EV is approaching but also
on other neighboring intersections, especially in the case of
coordinated signal control [3, 4].

Most of the signal preemption strategies are focused
on isolated intersections. This kind of signal preemption
strategy,which is basedon local detection and clears the inter-
section one by one, can start only after an EV is detected and
usually leads to inevitable intersection delay [5–7]. More-
over, when multiple signal preemptions are implemented
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during the peak period, the queue and delay of general traffic
in the network will be negatively affected [8]. Implement-
ing signal preemption from the perspective of an entire route
can reduce the response time of EV. Although substantial
progress has been made in signal preemption of an isolated
intersection, research of dynamic signal preemption based
on the entire route has dragged less attention. This study
describes a proposed strategy for efficient preemption along
a corridor and evaluates the impact of implementing the pre-
emption strategy on a major arterial on both EVs and general
traffic.

2 Literature Review

2.1 System Description

EV’s preemption is employed by most modern traffic signal
control systems such as SCATS [9], SCOOT [10], RHODES
[11], and ACS Lite [12]. The working mechanism may dif-
fer in different systems, but the ultimate goals are the same,
to decrease the EV travel time by avoiding stopping, reduc-
ing the negative impact of preemption on general traffic, and
ensuring the safety of the vehicles, including EVs. The EVP
system usually consists of the EV, a signal emitter, a sig-
nal detector, and a traffic signal controller. The process of
preemption is initiated when an EV switches on the emer-
gency button installed inside in the EV. The emitter installed
at EV transmits the emergency signal to the signal detector
located at all the traffic signals. The signal detector is actu-
ated, and it requests the signal controller to give priority to
the approaching EV at the given intersection. The signal con-
troller interrupts the normal phase cycle and switches to green
light to allow the traffic to flow at the particular approach of
the EV arrival to avoid stopping. Several preemption systems
exist including OPTICOM [13], BLISS [14], STROBECOM
[15], and MIRT [16].

The OPTICOM priority control system is used worldwide
for selected vehicles, including EVs. Initially, the system
used an infrared emitter mounted on the EV that sends fre-
quency coded optical messages to the detector mounted on
the signal. The detector decodes the signal and sends the
information to the phase selector and the phase selector then
informs the signal controller to either extend the green cycle
or skip the red cycle accordingly. OPTICOM is currently
available with GPS and acoustic-based EV detection and
tracking. BLISS is a centralized system with a single PC
controlling up to 63 sets of traffic signals. Signal timing
plans are calculated using TRANSYT. The EV is assigned
with a vehicle identification (VID) tag. The controller, when
receiving a request from EV with the VID attached, extends
the green cycle according to the requirement. STROBECOM

and MIRT are more or less similar to OPTICOM and use the
optical emitter and detector.

The EVP function mainly depends on two phenomena: i)
vehicle detection technique to detect the EV at the appropri-
ate time and distancewith the provision of speed and position
information and traffic status on the EV route and ii) the pre-
emption strategy to effectively utilize the green cycle of all
intersections en-route.

2.2 Vehicle Detection

In the EVP system, vehicles are differentiated into gen-
eral vehicles and EVs where the position, speed, count, and
lane occupancy of vehicles are significant parameters. For
the optimum preemption strategy, the signal controller must
detect the EV in advance. The controller should detect the
EV before a minimum time (detection time) that is required
to clear the approaching lane before the arrival of the EV to
avoid stopping of EV. The detection time depends upon the
traffic conditions at the intersection. The controller should
also know the current location of the EV, the speed of the
EV, and, if possible, the approach lane of the EV at the inter-
section for more effective control of the preemption phase.
Different techniques are used for vehicle detection, includ-
ing inductive loops, magnetic sensors, microwave radars, IR
sensors, ultrasonic sensors, video cameras, radio, and GPS.

Inductive loops are usually installed in the road pave-
ment. They sense the presence of a vehicle by inducing an
electric current into the metal of the vehicle. Loop detec-
tors are the most common and reliable method of vehicle’s
detection, which is used in advanced traffic control sys-
tems like SCOOT and SCATS [17]. Magnetic sensors detect
the presence of a metallic object (i.e., a vehicle) through
the perturbation caused in the earth magnetic field when a
vehicle enters the magnetometer’s detection zone. Magnetic
detectors are installed below the road surface horizontally.
They can only detect the passage of a vehicle. Microwave
radar’s sensors transmit a continuous wave (CW) electro-
magnetic signals to detect vehicle passage (count), presence
and speed of a vehicle. Infrared sensors can be categorized
as passive or active and operate in either mode to detect vehi-
cles. Ultrasonic sensors transmit sound waves of frequency
above 25 kHz (above human’s audible range) and can pro-
vide vehicle count, presence, and occupancy. Video-based
systems use CCTV cameras and advanced video processing
features to detect the presence, speed, and lane occupancy
of the vehicles can be measured [18–25]. GPS-based system
can effectively determine the vehicle’s speed, position, and
direction of movement. More recently, the use of magneto-
resistive sensors for vehicle’s detection and classificationwas
introduced due to its easy installation, low cost, small size,
and strong anti-jamming capability [26, 27].
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2.3 Impact of preemption on the signal system

EVs experience heavy delays at intersections due to long
queues or stopping at the traffic signal. Previous research
investigated different signal preemption strategies to allevi-
ate this problem from the perspective of a single intersection.
A study investigated the signal priority problem of EV that
was coming from different directions and had to pass the
same intersection in the certain time period and presented
a signal priority control system for multiple EVs based on
multi-agent [28]. A study proposed a degree of priority-based
control strategy for EVs to decrease the impacts on general
traffic. The performance of the proposed strategy was tested
using a microscopic simulation model [29]. Another study
proposed two strategies for EV signal preemption, where the
first strategy was developed to enable the signal transition
from normal operation to EV signal preemption, and the sec-
ond control strategy was used for the transition from EV
signal preemption back to normal operation [8].

Many of the developed preemption strategies operate on a
single intersection basis. These kinds of strategies depend on
local detection and clear intersection one by one, and signal
preemption procedure cannot start until an EV is detected;
inherent delays at intersections are unavoidable. This kind
of signal preemption strategy, which is based on local detec-
tion and clears the intersection one by one, can start only
after an EV is detected and usually leads to inevitable inter-
section delay. Mu et al. proposed a signal preemption control
method to reduce time delay of EVs at intersections. Accord-
ing to the time at which EV is detected and the current phase
of each intersection on the traveling route of EV, the calcu-
lation methods of the earliest start time and the latest start
time of green interval at each intersection were developed
[30]. Louati et al. suggested a method favoring the crossing
of emergency vehicles (EVs) through intersections in urban
cities. They rely on a preemption technique and multi-agent
systems. VISSIM traffic simulation software was used for
benchmarking and analysis. Several indicators were consid-
ered to assess the performance of the network including delay
time, travel time, vehicles queue occupancy, number of stops,
distance traversed, and speed [7].

Moreover, when multiple signal preemptions are imple-
mented during the peak period, the queue and delay of social
vehicles in a given network will be significantly affected [8].
Implementing signal preemption from the perspective of the
entire route can reduce the response time of EV. Although
substantial progress has been made in signal preemption of
isolated intersections, research of dynamic signal preemption
based on an entire route is rarely seen. This paper presents a
preemption strategy to provide a more efficient route for an
EV under a given network and traffic conditions.

Qin andKhan [8]modeled the cost of the path as a function
of the distance of the path and its congestion level during at

a particular instant of time. One of the main methods used
to calculate the shortest path based on the cost defined for
the EV to a given destination is the Dijkstra’s algorithm [31].
However, the algorithm does not provide any mechanism for
collecting real-time traffic data on all routes. Also, it does not
address the effect of route selection on signal coordination.
The challenge is to locate the incident location immediately
that is imperative in this technique. One approach is that the
EV operator or the control center operator determines and
sets the exact possible location as the destination of the EV
and then runs the Dijkstra’s algorithm to find the route.Wang
et al. [32] proposed an automatic incident location technique
is proposed.

Kwon et al. [33] presented an EVP system called Taicang
Jiangsu emergency vehicle signal preemption (TJ-EVSP)
based on cooperative vehicle-infrastructure system (CVIC).
The system used digital short-range communication (DSRC)
and 3G communication to connect the EV to the general vehi-
cles and with the infrastructure, i.e., traffic signal controllers,
field sensors, and control center facility. The EV is equipped
with technology to be aware of **360° of its environment
and is fully connected to the infrastructure using commu-
nication network and GPS. Field tests were carried out in
the city on less than a kilometer road section with a single
lane. The results of the TJ-EVSP were compared with the
non-preemption (NP) and static preemption scenarios. The
average travel time for NPwas 107.7 s, while for TJ-EVSP, it
was decreased to 65.1 s. One challengewith this system is the
high cost of the system, including the hardware installed in
EV and also the need for almost the same hardware for gen-
eral vehicles, whichmake the deployment impractical. Fogue
et al. [34] proposed control strategies for signal preemption
for EV.

The best path can be selected by multiple criteria, e.g., the
shortest path bydistance, shortest path by the number of inter-
sections and traffic signals, and path that has less traffic at the
particular time based on historical data or real-time satellite
data or a hybrid method to evaluate the optimal path based on
multiple criteria. Once the optimal path is selected, the emer-
gency information is disseminated to other vehicles in the
particular path to evacuate the entire route or the approach-
ing lane. The EV path information can be disseminated using
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I)
communication. Once the EV clears the intersection, the
original cycle and coordination settings (if applicable) are
restored. Studies on the route clearance strategy for the EV
operation can be found in [31, 32].

3 Methods

In this study, an effective signal preemption and path selec-
tion strategy is proposed. The signal preemption strategy
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aims to alter the control algorithm of the traffic signal con-
troller to clear traffic queue before EV arrives the intersection
and continue on its way without stopping in order to reduce
the travel time, whereas the path selection strategy aims to
select the best path from the origin of the EV to the destina-
tion (i.e., incident location). The best path is considered as
the path which is the shortest and has the least possible nega-
tive impact on the normal traffic. Furthermore, the proposed
algorithm also aims to minimize the impact of the preemp-
tion on general traffic (i.e., non-emergency traffic). Thus, it
is desired that the preemption strategy is initiated only when
required or needed and the controller shall recover immedi-
ately after the preemption plan is implemented.

3.1 Preemption Strategy

In older preemption systems, the preemption period usually
starts when a push button in a fire station or in a remote
emergency service control center is activated [8]. Thus, a
green wave is created for the EV to pass the fixed corridor.
The green wave remains active until the EV passes the inter-
section by switching off the emergency button. Such kind
of manual EVP control cannot be effective in all cases and
can cause unnecessary delays for normal traffic. The pro-
posed preemption strategy in this section aims to start the
preemption phase at the right time such that neither the EV
faces hindrance in the way but the impact of the preemption
on the normal traffic is also minimized. To start preemption
at the proper time, the proposed logic calculates the min-
imum detection distance (more accurately, the preemption
distance) of EV from the notification period t and the EV
operating speed using the following relationship:

t >� tswitchover + tmin + STI (1)

where tswitchover=switchover time of the signal head; tmin�
discharge time of the signal, and STI= safety time interval.

The switchover time is the interval of switching the signal
state. The discharge time tmin is calculated from the aver-
age queue length and the queue discharge speed of the EV
approach using historical data. The STI is kept at a constant
value of 2 s.

The given values of t and the speed ofEVare used to calcu-
late the detection distance.When the EV reaches the position
when the EV is at a distance equal to detection distance (also
called as preemption distance), the controller activates the
preemption phase by interrupting the normal control phase.

An important parameter is the required green time of the
signal head on the EV approach, which can be calculated as:

tg � t − (tswitchover + tmin + STI) (2)

Fig. 1 Flow chart with EV signal preemption

Alternatively, the green time for the preemption phase can
be terminated automatically, once the EV is detected to have
departed the intersection. The proposed preemption strategy
is illustrated in Fig. 1. The controller assumes normal oper-
ation by assigning a green interval to the previously active
signal head before the preemption phase.

In the case of coordinated route intersections, it is assumed
that if the distance between two successive intersections is
shorter than theminimumEVdetection distance, then the EV
detection point for the first intersection will be affected. In
this case, the notification period will also account for the
discharge time of both intersections. In other words, two
intersections will be treated as a single intersection. If the
distance between the two consecutive intersections is larger
than the detection distance, the detection distance for the sec-
ond intersection is recalculated similar to the aforementioned
approach for a single intersection.

In the next section, the selection of the best path to the
incident location is explained.

3.2 Best-Path Selection

In EV preemption, the aim is to reduce the response time;
thus, the shortest path selection is always critical. It is also
expected that the shortest path is heavily congested, but the
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congestion can be cleared by choosing larger detection dis-
tance in the preemption stage. Given the location of the EV
and incident location, the shortest path from the EV’s origin
to the incident location is calculated using Dijkstra’s algo-
rithm. The road network is modeled so that the roads are
represented as links, and the intersections are represented
as nodes. The travel cost T(i,k) of the link i during the time
interval k is calculated from the length of the link Li and the
congestion level C(i,k) during the time k:

T(i,k) � Li
(
1 + C(i,k)

)
(3)

Ci,k �
∑ β j

(
P( j,k). V( j,k)

)

(
1 + V( j,k)

) (4)

whereV( j,k)� number of vehicles passed detector j on link i
during k; Bj=weight for the detector j in link i.

∑
Bj � 1

Li � [0 − 1]

P( j,k) �
{
1 : f detector j is occupied by a vehicle at the end of k
0 : otherwise

There are some fundamental requirements in calculating
the link cost. First, when the cost of each route is being cal-
culated to find the shortest route, the EV has not yet started
its journey. Once the shortest path on the basis of these travel
costs is calculated with the Dijkstra’s algorithm and the EVs
started to follow the shortest path, it is obvious that the link
cost will vary each second since more vehicles are passing
the detectors. Hence, the proposed scheme takes into account
the previous values over the time duration and use regression
to predict the vehicle’s count. Second, the link cost is not only
a function of length and congestion but also of link capac-
ity and other factors such as the number of roundabouts and
unsignalized intersections. For simplicity, this study consid-
ers signalized intersections only and equal link capacity in
the proposed strategy.

In addition to the aforementioned two strategies for sig-
nal preemption and path selection in our proposed logic, the
accurate estimation of the travel time of the EV along the path
can further be integrated within the path planning process.
The accurate estimation of the travel time [35, 36] depends
on several parameters such as link capacity, traffic volume,
traffic density, vehicle’s composition, link speed limit, aver-
age speed of vehicles on the link, cycle length, duration of
the effective green cycle, and even the driving behaviors. The
parameters related to the traffic signal (e.g., cycle length and
green time duration) are only significant for signalized cor-
ridors while they become irrelevant for freeways. All other
parameters that are mentioned can be used to compute the
travel time of vehicles on freeways (i.e., free-flow roads).

The travel time can be used to predict the detection distance
in longer road segments.

3.3 Simulation Environment Test bed

Due to the critical nature of the EVP problem, it is desired
that the proposed scheme should be tested and validated
in realistic environments. The proposed scheme is tested in
microsimulation software VISSIM, which is widely used for
diverse traffic problems [37–39]. VISSIM allows simulating
complex vehicle interactions realistically on a microscopic
level. The software is built upon the popular car-following
model that considers the physical and psychological aspects
of the drivers. This simulation package allows the simulation
environment to be integrated with external control logic, via
the VISSIM-COM interface. The user can develop the con-
troller algorithms or logic flow externally in different formats
such as VBA or MATLAB. Then, the simulation environ-
ment communicates and transfers data to/from the external
controller, in order to interfere with the simulation process
and execute the results (which are the preemption actions and
signal timing parameters in this case). Consequently, differ-
ent controller algorithms can be tested and evaluated within
the simulation environment without being restricted to the
default options or values that are built in within the software
[39]. Furthermore, this traffic simulation software is com-
monly used to investigate problems such as EVP and transit
signal priority [40, 41].

3.4 Site Selection and Preparation

A major arterial with four signalized intersections in the
city of Doha, Qatar, was selected for the study (see Fig. 2).
The traffic volumes for the three peak hours (morning, mid-
day, and evening) were extracted from the Qatar Strategic
Transport Model 2016 (QSTM) (see Fig. 3). Turning move-
ment counts and signal timings were inserted in VISSIM (see
Fig. 4). The model was calibrated in order to assure reliable
outcomes. The control strategy of the traffic signal controller
was implemented as a VAP code in VISSIM.

4 Results

4.1 Emergency Vehicle Preemption Integration
within Simulation Environment

The first transition in preemption starts when an EV is
detected at the beginning of the corridor. The VISSIM con-
troller was configured with four signal groups, SG1, SG2,
SG3, and SG4 for each intersection. Four stages are defined
as Stage_1, Stage_2, Stage_3, and Stage_4. Each stage is
assigned to a single group in ascending order, (e.g., SG1
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Fig. 2 Aerial image for the
major arterial
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Fig. 4 Traffic network in VISSIM simulation environment
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is assigned to Stage_1 and so forth). For the purpose of
EV detection, detectors were positioned along the arterial.
The algorithm of the proposed signal group-based controller
implemented in VISSIM is shown in Fig. 1. Two strategies
were used in the traffic signal controller algorithm, early
green and green extension. In the case of early green, the
red time is truncated and switched to green by the antici-
pated arrival time of the EVs. In the case of green extension
strategy, an extension was given to the regular green time if
the EV is predicted to reach the intersection within a short
duration beyond the actual green time and before the next
green interval. As soon as the EV is detected to pass the
intersection, the preferential treatment of extended green is
terminated.

The corridor was first simulated with traffic control with-
out the preemption strategy. Next, the corridor was simulated
with preemption control logic to see the impact of preemp-
tion. In this case, a special vehicle EV was added to the
scenario using VISSIM-COM interface for a controller logic
that was created in MATLAB environment. The EV entered
the network through the eastbound link entering, with a max-
imum speed of 80 km per hour. When the EV is detected at
the designated check-in detectors installed in the pavement, a
signal is transmitted to the signal controller. The signal con-
troller then initiates the preemption stage immediately. Once
the EV exits the intersection and gets detected on one of the
three sets of check-out detectors, a second signal is trans-
mitted to the signal controller that terminates the preemption
stage, and a transition to normal control stage is started.

4.2 Simulation Results

The proposed preemption strategy was evaluated using VIS-
SIM for three different peak periods. The results were
summarized to show the impact of the preemption strategy
on the EVs and general traffic. As shown in Fig. 5, the results
clearly showed a considerable decrease in the travel time for
EVs. These results are expected since the preemption logic
is designed to benefit EVs in the form of a reduction in delay,
number of stops, and travel time. EVs observed a decrease in
the travel time that varied between 15.8 and 48.8%, for dif-
ferent traffic conditions. The results also indicated that the
EVs benefited the most in the case of lower traffic volumes,
which is expected. The simulation results exhibit the advan-
tage of preempting strategy. The average travel time for the
EV was reduced by 24.3% using preemption strategy.

Furthermore, the average delay per vehicle was calculated
at each intersection and indicated a general delay reduction in
most cases as shown in Fig. 6. These results can be explained
by the fact that the general traffic in the direction of the EV
benefited the most from the preemption because the vehicles
in this direction receive additional green time during preemp-
tion. Other approaches are expected to have different levels
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Fig. 5 Travel time of eastbound and westbound directions under differ-
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of negative impact. In general, the main directions of the
arterial experience lower delays and better progression when
compared to the crossing streets. Some scenarios showed a
delay reduction that surpassed 35%. However, in most cases,
traffic delay was reduced. Nonetheless, there are cases where
some intersections showed marginally higher delay. This is
attributed to the reduction in green time and losing progres-
sion. Similar results were obtained for the average number
of stops per vehicle (Fig. 7). In some cases, the number of
stops was reduced by over 50%.
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5 Conclusion

This study presented and evaluated the potential benefits of
implementing a proposed preemption strategy along a major
corridor. The results indicated a significant benefit for the
EVs after implementation of preemption. For general traffic,
the results varied. Inmost cases, the general traffic, especially
along the mainstream, benefited from the implementation of
preemption due to receiving more green times and improved
progression. In other cases, the results showed a marginally
negative impact. The negative impact of preemption on gen-
eral traffic can be significantly reduced by the fast transition
of the signal phases after the EV exits the intersection and
the fair distribution of green time immediately after preemp-
tion phase can minimize the negative impact of preemption.
While the study shows that the proposed strategy could ben-
efit both EVs and general traffic, the results should not be
considered as a general rule for evaluating the preemption
effect. Several factors can affect the results such as the traffic
volumes, signal timings, the spacing between intersections,
and type of facility. The outcome of this research provides a
strategy that can give an indication of the impact of preemp-
tion and can provide a process useful for the evaluation of
preemption along traffic networks.

6 Discussion

The older schemes for EV preemption were based onmanual
activation of preemption phase using an emergency button
turned on at the EV origin or a control center. These man-
ual schemes although provide a green wave to the EV along
the route to reach the incident location: however, it adversely
impacts the normal traffic along the corridor. To avoid the
impact of EVP over normal traffic, the proposed scheme
aims to activate the preemption phase at the right time. The
proposed scheme calculates the minimum detection distance
based on the actual traffic conditions along the EV route and
triggers the traffic controller to activate the preemption phase
when theEVreaches this location.Additionally, the proposed
scheme incorporates a path selection strategy. The shortest
path is selected using Dijkstra’s algorithm before the EV is
departed from the origin. Once the optimal path is selected,
the emergency information can be disseminated to other vehi-
cles in the particular path to evacuate the entire route or the
approaching lane, which is a major advantage compared to
othermethods. The EVpath information can be disseminated
using vehicle-to-vehicle (V2V) and vehicle-to-infrastructure
(V2I) communication in the particular path to evacuate the
entire route or the approaching lane. Once the EV clears the
intersection, the original cycle and coordination settings (if
applicable) are restored.

As future research, the proposed preemption strategy
should be implemented and evaluated using real-time traffic
data.Moreover, the impact ofmultiple simultaneous preemp-
tions should be investigated. A common case is when one EV
is followed by another with a distance between them, and the
first EV exits the intersection before the notification from the
second EV is received. The recovery phase will be disturbed
with the second preemption, and the fair distribution of the
green time becomes more difficult. Another case which is
even worse is the two simultaneous preemptions on two dif-
ferent and conflicting approaches of the same intersection.
This kind of situation can arise in extreme emergency cases.
Finally, the design of robust traffic signal controllers and
reliable detection systems for both vehicles and incidents are
the upcoming challenges in this field, while neural networks,
advanced genetic algorithms, and machine learning are the
candidate technologies to cope with these challenges.
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