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Abstract

The growth of vehicle ownership has necessitated the adoption of new approaches to cope
with the arising problems. In this regard, while technological advancement in connected
and automated vehicles (CAVs) leads to a new source of information upon which effective
intersection control mechanisms can be built, it also necessitates considering the issue of
mixed traffic, on the one hand, and enhancing current infrastructures, on the other. This
paper first proposes a framework, which enhances pre-timed signals to incorporate CAVs
and wireless communications. In this framework, Round-Robin has been selected as the
main algorithm treating vehicles’ platoons as the units. Dealing with mixed traffic condi-
tions and embedding an algorithm for prioritization of special vehicles are also discussed in
the context of this framework. The result is a proposal of the Platoon-based Round-Robin
algorithm with Priorities (the PRRP-framework). This framework is further integrated into a
speed advisory system to mutually augment each other’s functions to provide for as much
continuous movement of mixed traffic as possible. Performance indices obtained from the
corresponding simulations show that while the PRRP-framework is promising even with a
low proportion of the CAVs, it is possible to get out considerably more benefits in the case
of the proposed integration.

1 INTRODUCTION

The increasing number of vehicles in cities makes the mecha-
nism of intersection control subject to different complexities,
in many cases resulting in excessive queues, and consequently,
economic, social, and environmental problems. The widespread
occurrence of such consequences has led to a plethora of
research studies on possible methods to attain better intersec-
tions’ performance. Whereas the improvement of conventional
intersection control methods is still being discussed among
scholars, progress in wireless communications together with the
presence of sensing technologies, and the advent of connected
and automated vehicles (CAVs) have envisioned new opportu-
nities for the effective control of intersections.

Opportunities resulting from the capability of the CAVs in
sending and receiving information have led to the development
of innovative intersection control mechanisms (see [1, 2]). As
an example, in [3], the authors have used a reservation-based
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strategy to describe a new mechanism for managing intersec-
tions. In this mechanism, an intersection is divided into a grid
of tiles, which are supposed to be reserved by vehicles ahead
of the intersection. However, according to the experimental
results, this approach cannot make any tangible improvement
to that of traditional traffic lights when a proportion of vehi-
cles is still human-driven (even if that proportion is low). Con-
sidering this point, some frameworks have been proposed to
address the challenge of managing mixed traffic1 by using traf-
fic sensors [4]. However, deploying traffic sensors (e.g. detec-
tors) everywhere is practically neither cheap nor easy [5]. At the
same time, given the general characteristics of technology diffu-
sion [6], it is particularly not a promising approach (at least in
the near future) to look at the issue of managing intersections
from a fully connected environment standpoint. Accordingly, it
is essential to look for an admissible way to use the information
of CAVs for effectively managing intersections without resort-
ing to the assumption of a fully connected environment.

1 It is noteworthy to mention here that we assume, throughout the paper, CAVs communi-
cate with the intersection controller while human-driven vehicles cannot.
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To effectively manage intersections, we should address the
issue of demand fluctuations. It is unrealistic to assume that traf-
fic demand remains equal during any period [7]. Moreover, traf-
fic demands in the approaching links of an intersection might be
different. Therefore, an appropriate strategy should be adopted
to (1) consider the congestion state of each approaching link and
(2) determine the amount of service each link receives under its
congestion state in order to prevent excessive congestion and
backward propagation of traffic.

Furthermore, it would also be interesting to implement a pri-
ority scheme for emergency vehicles, on the one hand, and to
reduce stop-and-go events of heavy vehicles (buses, trucks etc.)
[8], on the other. In this regard, some studies have focused on
emergency vehicle pre-emption [9], transit signal priority [10],
or considering different priority treatments for different classes
of vehicles [11]. It is important to note, however, the more com-
prehensive the priority algorithm, the more complex the inter-
section control mechanism becomes. Therefore, there should
be a trade-off between comprehensiveness and complexity to
reach a practical solution suitable for real-world applications.

Concerning the issue of complexity, caution should be taken
to deal with the challenges resulting from the analysis of a high
volume of data. As a case in point, in [12], a modified solution-
tree-generation algorithm based on a permutation order has
been applied to obviate the invalid orders of driving and elim-
inate the unsafe patterns of sequencing. Subsequently, the vir-
tual vehicle mapping technique has also been used to guarantee
safety in the merging lanes. In another case, in [13], the authors
have looked into the issue of managing intersections from the
machine scheduling perspective and present an objective func-
tion to minimize the total delay at an intersection by considering
mixed traffic. In this regard, a new phase-time-traffic hyper net-
work model has been developed to incorporate the interaction
between the operation of traffic signals and heterogeneous traf-
fic streams. While using such an optimization-based approach
has led to remarkable results in terms of different measures of
efficiency, the obtained models cannot usually be used for real-
time intersection management due to the computation intensity.

Given the above explanations, while the problem of intersec-
tions’ control with considering complexities including the issues
of mixed traffic fleets, demand fluctuations, priorities, and com-
putational complexity seems to be a promising research topic
(due to the current traffic condition and also the future per-
spective), to the best of the authors’ knowledge, there is a lack
of studies looking at the full picture. Accordingly, the first con-
tribution of this paper is to develop a framework that results
from enhancing the current infrastructures (pre-timed signals,
in particular, due to their extent in worldwide traffic networks)
to efficiently manage mixed traffic at intersections while also
considering the other mentioned complexities.

To this end, this study employs the Round-Robin algorithm
(RR) as the main algorithm. This decision has been made by
reviewing the properties of Fair Queueing Schedulers previously
used in telecommunication networks (for detailed information,
see [14, 15] and the corresponding references) and is driven
by the comparative advantages of the RR algorithm over oth-
ers in simplicity and alignment with the operation of current

signals. These key attributes make this algorithm suitable for
managing mixed traffic. Within this algorithm, we also discuss
how best to deal with the issue of demand fluctuations, on the
one hand, and embed an algorithm for prioritization of spe-
cial vehicles, on the other. This altogether results in the pro-
posal of the Platoon-based Round-Robin algorithm with Pri-
orities (the PRRP-framework). We evaluate the efficiency of the
PRRP-framework (in terms of the average delay) by comparing it
to that of a pre-timed signal setting and an actuated mechanism
by means of simulations in VISSIM.

The second contribution of this study is to further integrate
the proposed PRRP-framework into a speed advisory system to
reach an integrated framework (by assuming bi-directional commu-
nication between the intersection controller and CAVs). Previ-
ous studies highlighted that improving any urban system entails
strong integration among its elements [16]. An urban road net-
work is no exception and, therefore, we have proposed a frame-
work consisting of the PRRP-framework and a speed advisory
system to (respectively) use the information of CAVs and the
information of the intersection controller to (mutually) aug-
ment each other’s function, resulting in continuous vehicular
traffic movement. Finding an agreeable solution for these mea-
sures based on the emergent opportunities associated with wire-
less communication initiatives has remained an open topic for
research projects [8], which is aimed at by this research.

The efficiency of the integrated framework is also evaluated
by using VISSIM as the simulation tool. While alternative simu-
lation tools like SUMO [17] are also available, VISSIM has been
selected here due to its comparative advantages in modelling
multiple types of vehicles in different road network configura-
tions managed by different methods [18].

The organization of the remainder of this paper is as follows.
Section 2 develops the PRRP-framework. Section 3 provides the
simulation results to show the operation and evaluate the effi-
ciency of the PRRP-framework. Section 4 explains how the inte-
gration of the PRRP-framework with a speed advisory system can
be undertaken to address the issues of average delay and emis-
sions. Finally, Section 5 provides some conclusions and future
research directions.

2 THE PRRP-FRAMEWORK

This study considers a general type of intersection shown in Fig-
ure 1(a) that often appears in traffic networks. This intersection
consists of four links, each of which has two approaching lanes
whose trajectories are specified. In each lane, there can be dif-
ferent types of vehicles including CAVs and conventional vehi-
cles, and different classes of vehicles including special vehicles
(emergency and heavy vehicles) and ordinary vehicles.

In this intersection, we classify compatible lanes (whose sig-
nals can be simultaneously green) consistent with the standard
NEMA (National Electrical Manufacturers Association) struc-
ture shown in Figure 1(b) [7]. Based on this structure, straight
and left-turning lanes (which are labelled by even and odd num-
bers, respectively) form two sets, each of which consists of two
rings. Using these sets and rings, groups of compatible lanes
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FIGURE 1 An illustration of the studied intersection

could be identified (e.g. lanes 1 and 6). We have defined groups
of compatible lanes as is marked in Figure 1(b).

Finally, as mentioned in Section 1, we apply RR to distribute
the right-of-way among identified groups of compatible lanes.
In a telecommunication context, this algorithm gives permis-
sion to the respective servers to transmit their corresponding
data packet (if any). The next data packet of each server is trans-
mitted in the next round. In the context of intersection control,
by considering the defined groups of compatible lanes as the
servers of RR, the operation of this algorithm translates into
the determination of green times for respective groups of com-
patible lanes to serve their corresponding vehicles. The ques-
tion then remains what corresponds with one packet mentioned in
the telecommunication context, but we come back to this later.
Note that RR (or its variants) has been previously applied in this
domain [19, 20], owing to the following qualities:

∙ This scheduling algorithm follows the sequencing pattern
similar to the current operation of signals. This analogy
makes this algorithm (1) easy to comply with by human
drivers in the case of mixed traffic and (2) executable by cur-
rent infrastructures.

∙ The implementation of this framework at an individual inter-
section is computationally undemanding. Note that due to
the need for analysing a high volume of data in the con-
text of transportation, algorithms with heavy computation
require high technological capacity that is lacking in many
cases.

∙ While RR is in general handling all processes without prior-
ity, this algorithm can be easily modified to result in different
treatments for different conditions.

Despite the above-mentioned properties of the RR algo-
rithm, the literature reports only a few proposals of RR in
the transportation domain, meaning that the benefit of this
algorithm is not fully investigated in this sector. To narrow
this gap, we first outline the PRRP-framework in Section 2.1,
given RR as the scheduling algorithm. Then, we employ the
potential of probability theory to derive the constitutive equa-
tions to implement an example of the PRRP-framework in
Section 2.2.

2.1 The outline of the PRRP-framework

As it is mentioned, RR distributes the right-of-way among
groups of compatible lanes to admit their corresponding vehi-
cles. In this regard, admitting vehicles individually is (1) not opti-
mal in terms of effectiveness even if safety margins are small,
(2) not easy for human drivers to comply with, especially when
compatible lanes are served in parallel, and (3) not advantageous
in required computations. Therefore, it is logical to choose a pla-

toon of vehicles as the unit of RR.
A platoon is generally defined as a group of vehicles that

move together with relatively short headways due to the pres-
ence of moving bottlenecks. The PRRP-framework treats pla-
toons of vehicles as the units with the following objectives:

1. Managing varying demands: the number of vehicles in each
platoon correlates with the traffic condition (there are more
vehicles in a platoon at busy times or in busy lanes).

2. Reducing the number of stop-and-go events: serving pla-
toons instead of individual vehicles results in the extension
of green time until there is a big enough gap in a fleet.

It has been proved that with platooning there will also be
potential for enhancing the overall throughput at intersections
[21], reducing vehicle emissions [22], and improving computa-
tional efficiency [23]. Furthermore, treating platoons in the RR
algorithm circumvents the limitations of the green extension,
cycle extension, and early green strategies (see [24]) in terms of
constant extension intervals by offering flexibility in both green
time and cycle durations. However, before getting treatment,
platoons should be identified while the intersection controller
neither controls nor knows the complete traffic condition at
the intersection nor the approaching platoons to the intersec-
tion. Accordingly, we use the information of CAVs to obtain
an estimate of the platoon length PLi in group i of compat-
ible lanes. Note that the estimate PLi will eventually allow us
to determine the required green time Gi for group i under the
PRRP-framework by

Gi = PLi∕Si , (1)

where Si is the service rate that can be defined based on the geo-
metric condition of the intended intersection. Now, to approxi-
mate PLi , we more specifically propose to use

PLi ≈ E [Ni |Ic ] + E [J (Vi ,Zi )]. (2)
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In Equation (2), the term E [Ni |Ic ] is the expected number of
queued-up vehicles (in group i of compatible lanes) at the end
of the associated red time given the information Ic of CAVs at
that moment. The second term E [J (Vi ,Zi )] in Equation (2) is
the estimated number of vehicles that join the queued-up vehi-
cles to cross the intersection within the same platoon. We have
concentrated on these two terms, and we do so for the following
reasons:

1. Queued-up vehicles (approximated by E [Ni |Ic ] in Equa-
tion 2) maintain short headways and, therefore, we have to
incorporate them in the same platoon. It is important to take
this issue into account, since overflow queues (i.e. vehicles
that cannot cross the intersection in the same cycle in which
they arrive) highly influence the issues of average delay and
emissions.

2. Newly arriving vehicles (with relatively large headways) can
still join the queued-up vehicles into one platoon due to
the plausible difference between the speed of queue dissipa-
tion and newly arriving vehicles. Considering this issue plays
an important role in reducing the number of stop-and-go
events. Accordingly, given Tt

2 s as the maximum headway
in a platoon, if we define Vi as the total number of arrivals
in group i during the time gi that is needed for the crossing
of the queued-up vehicles (E [Ni |Ic ]), we also need to take Zi

into account which is the number of vehicles (from Vi ) that
move with headways shorter than Tt and join the queued-up
vehicles until a headway exceeds Tt for the first time. We have
shown the expected number of vehicles that results from this
interaction by E [J (Vi ,Zi )] in Equation (2).

It should be noted here that in case of heavy traffic in a
group of compatible lanes, the associated platoon length (PLi )
will become very large and, therefore, other groups cannot get
enough services. For this reason, we assume a limitation of Xt

3

vehicles on the maximum platoon size to address fairness.
We shall further prepare the intersection controller for differ-

ent treatments needed for effectively managing different types
and classes of vehicles in each link by adding priorities for spe-
cial vehicles to the picture. We can do this by switching to
green time for a group of compatible lanes when such a vehi-
cle approaches until it crosses the intersection or by extending
green time for such a group of compatible lanes.

2.2 An example implementation of the
PRRP-framework

First note that for notational convenience, we eliminate the
index i to refer to group i of compatible lanes. Also remark that
throughout this example, the Negative Exponential distribution
is adopted as the distribution of headways. We start with the

2 Here, we define Tt as a constant threshold to separate platoons. However, it is clear that
in different traffic instances, the optimal value of Tt is different.
3 Similar to Tt , Xt can also be optimized in different traffic conditions. However, here we
introduced this threshold to highlight the issue of fairness.

first term of Equation (2). We use the location Lp of the last
CAV in the queues4 of compatible lanes, as the information of
CAVs (i.e. Ic ) received by the intersection controller. Now, to
estimate E [N |Lp = lp], we have applied the model provided in
[25], which estimates the number of queued-up vehicles in each
lane at the end of the associated red time given the location of
the last CAV in the queue. In this regard, by defining p as the
(known) proportion of CAVs, the mentioned model results in
the following expected value of the queue length:

E [N |Lp = lp] =
∞∑

n=lp

n ⋅
(1 − p)nP (N = n)∑∞

k=lp
(1 − p)kP (N = k)

. (3)

In Equation (3), P (N = n) refers to the probability that the
number of vehicles that have arrived during the corresponding
red time equals n, without considering any information on the
location of CAVs.5 Under the assumption of a Negative Expo-

nential distribution for the distribution of headways, P (N = n)
is Poisson distributed6 and equal to

P (N = n) =
e−(𝜆⋅r )(𝜆 ⋅ r )n

n!
. (4)

In Equation (4), r is the red time and 𝜆 is the total arrival rate of
vehicles (based on the arrival rate of CAVs and their proportion,
data of neighbouring intersections, or recent history). We use a
Kalman filter algorithm [26] to update the estimation of 𝜆 based
on the information of CAVs at pre-defined time-steps. The
authors of [27] have previously shown that such an algorithm
can effectively capture the dynamic variations of arrival rates.
Accordingly, we use

𝜆 = 𝜆̂ + ⋅

( 
p ⋅ 𝜏

− 𝜆̂

)
, (5)

which is a simple form of the Kalman Filter algorithm. This
equation updates the arrival rate at arbitrary time-steps by
considering (1) the arrival rate at the previous time-step 𝜆̂,
(2) the time interval between subsequent time-steps 𝜏, (3) the
total number of CAVs  that arrived at a group of compat-
ible lanes during 𝜏, and (4) a Kalman Filter gain  (which
is a value between 0 and 1). Note here that as  gets val-
ues closer to 1(0), the result of the Kalman filter algorithm
becomes more sensitive to the real-time observations of CAVs
(more robust with respect to the low penetration rate of
CAVs).

Regarding the second term in Equation (2), first, we formu-
late the probability that the number of vehicles that move with
headways shorter than Tt joining the queued-up vehicles equals
z (in other words, the probability that a headway exceeds Tt

4 Lp is counted as the number of vehicles from the stop line by dividing the location of the
last CAV by the average length of vehicles.
5 Notice that the case lp = 0 (no CAV) is included in Equation (3).
6 In practice, other distributions could be used as well (for instance based on existing data).
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between vehicle number z and z + 1 for the first time) by

P (Z = z ) = P (Th1
≤ Tt , Th1,2

≤ Tt , … ,

Thz−1,z
≤ Tt , Thz,z+1

> Tt ),
(6)

where Th1
denotes the headway between the first newly arriving

vehicle and the queued vehicles and Thi, j
is the headway between

vehicles i and j . Based on a Negative Exponential distribution, the
probability that a headway Thi, j

exceeds a defined threshold (Tt )
is

P (Thi, j
> Tt ) = e−Tt 𝜆. (7)

Accordingly, by using a Geometric distribution, the formulation
presented in Equation (6) can be calculated by

P (Z = z ) = e−Tt 𝜆 ⋅ (1 − e−Tt 𝜆 )z . (8)

Second, we use again a Poisson distribution as the probability
distribution of the total number of vehicle arrivals during the
crossing of the queued-up vehicles, as shown in Equation (9):

P (V = v) =
e−(𝜆⋅g)(𝜆 ⋅ g)v

v!
(9)

with g = E [N |Lp = lp]∕S . Taking Equations (8) and (9) into
account, we can use

E [J (V ,Z )] =
∞∑

z=0

z ⋅ [P (Z = z ) ⋅
∞∑

v=z

P (V = v|Z = z )] (10)

to calculate the second term in Equation (2). Equation (10) rep-
resents the expected value of the number of vehicles joining the
queued-up vehicles by considering the probability of two events:
(1) the probability that a headway exceeds Tt after vehicle num-
ber z and (2) the probability that total v (≥ z ) vehicles arrive at
the intersection during the crossing of the queued-up vehicles
given that z vehicles are there with short headways.

According to Equations (8) and (9), Z and V are dependent.
However, we use

P (V = v|Z = z ) ≈ P (V = v) (11)

as the approximation in this example for simplicity.
Now, by defining Xt , it becomes possible to estimate the

number of vehicles in the platoon (Equation 2) and, conse-
quently, determine the required green time by Equation (1).

Next, we have implemented the strategy illustrated in Figure 2
to deal with the prioritization of special vehicles in this exam-
ple. We assume here that all special vehicles have wireless com-
munication on-board. In this apparatus, since the arrival rate of
emergency vehicles is usually low (or even negligible) compared
to the total arrival rate of vehicles and, more importantly, due
to the nature of this class of vehicles, we give absolute priority
to the group of compatible lanes that has an emergency vehicle.

Contrary to emergency vehicles, the arrival rate of heavy vehi-
cles is usually considerably larger. Therefore, to decide whether
or not to give priority to these vehicles, we consider the follow-
ing possible scenarios:

1. Some heavy vehicles arrive at the intersection in conflict-
ing groups of compatible lanes at the time that green
time is extended for the crossing of a previously detected
heavy vehicle.

2. The overall congestion at the intersection is that high that the
adverse effect of queued-up vehicles is much more severe
than that of the stop-and-go events of the detected heavy
vehicle.

If either of these scenarios happens, the underlying reasons
(in terms of sustainability and economic considerations) for giv-
ing priority to a heavy vehicle will be violated. Therefore, by
considering the total arrival rate and also the arrival rate of heavy
vehicles, we decide on whether to give priority to heavy vehicles
or not (Function 4 in Figure 2).

3 OPERATION REPRESENTATION
AND EFFICIENCY EVALUATION OF THE
PRRP-FRAMEWORK

To represent the operation of the PRRP-framework, first, we
develop Python code7 to show the (effective) green time infer-
ences of this framework for a group of compatible lanes in
different conditions using our showcase equations. To do this,
threshold Tt and threshold Xt are assumed 4 s and 20 vehicles,
respectively. Moreover, we assume that the intersection con-
troller gives priority to heavy vehicles. Furthermore, the aver-
age service rate of vehicles and the total arrival rate of CAVs are
considered to be 2700 and 2400 (distributed evenly among all
lanes) both in terms of vehs/h. Finally, we consider 25%, 1%,
and 4%, as the proportion of CAVs, emergency vehicles, and
heavy vehicles (respectively, without considering the overlaps)
in the traffic composition.

Figure 3 presents the variations of the green time of a tagged
group of compatible lanes in a 1-h simulation run. In this figure,
the full green line represents the green time inferences resulting
from Equation (1), relating green time duration with the cur-
rent traffic condition. On the other hand, due to the presence
of special vehicles in this group (other groups of compatible
lanes), the PRRP-framework could increase (decrease) green time
durations, as shown by the dotted red line in Figure 3, based on
the apparatus presented in Figure 2.

To evaluate the effect of such green time inferences on the
performance indices of an intersection, we have further simu-
lated a general intersection (whose layout is shown in Figure 1a)
in VISSIM. To this end, the following steps have been under-
taken:

7 https://github.com/HossseinMoradi/Project1
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FIGURE 2 The algorithm for considering different priority treatments for different classes of vehicles

FIGURE 3 Green time inferences of the PRRP-framework for a tagged
group of compatible lanes

1. Simulation of CAVs: It should be stated here that, compared
to conventional vehicles, we suppose (1) CAVs’ driving pat-
tern is free of stochasticity, (2) they are attributed with differ-

ent (improved) parameters of car-following behaviour, and
(3) they are featured with communication capability. There-
fore,
∙ The issue of stochasticity in the driving pattern has been

accounted for by calibrating the spread of speed and
acceleration distributions, as is suggested by the literature
[28];

∙ The adaptation of CAVs into traffic fleets has been fur-
ther carried out by changing the parameters of Wiede-

mann 74 car-following model that is available in VISSIM
[29];

∙ To deal with the communication capability of CAVs, we
define and enable a Boolean attribute to discriminate
between CAVs and conventional vehicles in terms of the
ability to send and receive information.

2. Simulation of the PRRP-framework: We employ a signal con-
trol operating upon an internal script8 developed based on
the PRRP-framework.

Using defined CAVs together with conventional vehi-
cles already available in VISSIM, we apply the same traffic

8 https://github.com/HossseinMoradi/Project2
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FIGURE 4 Comparing the average delay of the
pre-timed setting, the actuated mechanism, and the
PRRP-framework in different arrival rates

composition and consider similar parameters (e.g. the thresh-
olds of the PRRP-framework and the average service rate)
introduced earlier to compare the efficiency of the PRRP-

framework and traditional approaches of managing intersections,
namely, pre-timed and actuated signals, in terms of average delay.
To carry out this comparison:

1. We define an actuated controller by considering 20-m exten-
sion loop detectors (to detect if there is a need for green
time extensions) located at a few meters from the sig-
nal head in each individual lane of the intersection (Fig-
ure 1a).9 Accordingly, we first assign the minimum guaran-
teed green time (that is assumed 7 s in this mechanism) to
a group of compatible lanes. During this minimum green
time, if no vehicle occupies this detector, the associated sig-
nal switches to red. On the other hand, if a vehicle goes
on this detector, an extension unit (assumed 2 s) is added
to the minimum guaranteed green time, so that the vehi-
cle can cross the intersection without stopping. This con-
tinues until a maximum of 25 s green time duration is
reached.

2. we use the Webster method (see [30]) to determine the opti-
mal cycle time for pre-timed signals. Note that we also dis-
tribute arrivals equally among approaching links, to help pre-
timed signals to have their best performance.

We use different arrival rates to compare the above-
mentioned mechanisms in different saturation degrees. In this
regard, 10 series of (1 h) simulations have been carried out
for each specific mechanism by considering total arrival rates,
respectively, equal to 800, 1600, and 2400 (vehs/h) to represent
under-saturated, moderate-saturated, and near-saturated con-
ditions. The average results of simulation tests are shown in
Figure 4.

As Figure 4 demonstrates, comparing with the optimal pre-
timed signal setting, the PRRP-framework can help improve the
performance of an intersection in terms of average delay. The

9 https://github.com/HossseinMoradi/Project3

main reason behind this improvement is that the stochasticity
of arrivals will be accounted for spontaneously by the PRRP-

framework. It seems that the improvement is greater for higher
arrival rates.

Indeed, at low arrival rates (arrival rate= 800 (vehs/h) in Fig-
ure 4), it is expected to have cycles without overflow queues.
However, when signals operate close to the state of full satu-
ration (arrival rate = 2400 (vehs/h) in Figure 4), the probabil-
ity that some cycles have overflow queues (with consequently
higher average delay) will also increase. Accordingly, the mech-
anism of the PRRP-framework in treating platoons of vehicles
becomes more influential in the case of near-saturated condi-
tions.

Compared to the defined actuated mechanism, we can see
that our proposed framework is competitive to the actuated
signals which require a considerable amount of detectors. Sec-
ondly, it must be stressed that the proposed algorithm for
considering different priority treatments renders the PRRP-

framework capable of prioritizing special vehicles over others
while both the pre-timed and actuated signals treat all vehi-
cles uniformly.

Regarding the priority setting, the green time duration in
the PRRP-framework is adjusted to minimize the stopping time
of special vehicles (in some cases) at the cost of the aver-
age delay of ordinary vehicles. To assess this further, we
have repeated the VISSIM simulation for alternative propor-
tions of special vehicles while considering a constant total
arrival rate equal to 2400 (vehs/h). The results are shown in
Figure 5.

According to Figure 5, if the proportion of defined special
vehicles in the traffic composition is low (or, for example, only
emergency vehicles get priority), we can see that the PRRP-

framework outperforms not only the pre-timed setting but also
the actuated mechanism. On the contrary, when the arrival
rate of special vehicles grows, the average delay of the PRRP-

framework becomes higher than that of the actuated mecha-
nism. This increase in the average delay has its origin in the
stochastic arrival of special vehicles which entails the varia-
tion of green (red) time irrespective of current demands. This
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FIGURE 5 Variations of average delay with
considering different proportions (in percent) of
special vehicles

FIGURE 6 Evaluating the effect of the
penetration rate of CAVs on the performance of the
PRRP-framework

result clearly highlights the importance of flexibility in deciding
whether or not to give priority to some special vehicles in dif-
ferent conditions (Function 4 in Figure 2), which is left for future
research.

We finally carry out a sensitivity analysis to assess the influ-
ence of the penetration rate of CAVs on the outcomes of the
PRRP-framework. To this end, by assuming 2400 ((vehs/h) as
the total arrival rate, we compare the obtained average delays,
as shown in Figure 6. From this figure, we make the following
observations:

∙ In the case of no CAVs, the operation of the PRRP-framework

is similar to that of the pre-timed signal. In this case, lp is
always equal to 0 and, therefore, Equation (3) results in the
same value for all groups of compatible lanes. Accordingly,

the PRRP-framework works as it is a controller with pre-timed
green time and signal durations.

∙ The average delay decreases considerably by considering a
low proportion of CAVs, as compared to the pre-timed sig-
nal. In this case, we see that if only 5% of the vehicles
(e.g. only special vehicles) send their information, the PRRP-

framework can, to some extent, incorporate the stochasticity
of traffic in the determination of green times, resulting in a
better performance.

∙ As the proportion of CAVs increases, the performance of
the PRRP-framework gradually becomes better, as compared
to both the pre-timed and actuated controllers. After 35% of
CAVs, the PRRP-framework outperforms the actuated signal
in terms of the average delay of all vehicles, while it also con-
siders priority for special vehicles.
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4 INTEGRATION OF THE
PRRP-FRAMEWORK INTO A SPEED
ADVISORY SYSTEM

Speed advisory systems have been developed based on emission
estimation models to determine the optimal speed-trajectory pro-
file for (connected) vehicles to minimize energy consumption,
and consequently, emissions [31]. In an individual intersection,
this can be interpreted by the guidance of CAVs to arrive at the
intersection (with the emission-optimal speed) when the asso-
ciated signal is green. In this section, we study the integration
effects of the proposed intersection control method and such a
CAV-control strategy.

Regarding the advisory system, we customize the model
employed in [32] with the following modifications:

1. The original model has been designed to determine the opti-
mal speed of the leading vehicle in each platoon. However,
delivering the optimal speed to a human driver (if the leading
vehicle is not a connected one) does not seem to be feasible.
At the same time, based on the results of previous studies, it
is expected that using speed advisory systems for CAVs not
only helps them reduce their own energy consumption, but
also assists in improving the fuel economy of human-driven
vehicles due to the car-following relationship [33]. Given this
explanation, we choose to apply this speed advisory system
for CAVs, whether or not they are platoon leaders.

2. The unknown condition of approaching conventional vehi-
cles is another factor that might change the optimal solu-
tion. In other words, the obtained speed-trajectory profiles
for CAVs are (probably) not the optimal ones if we process
the information of both CAVs and conventional vehicles.10

Since we assume that conventional vehicles cannot commu-
nicate (whether with the intersection controller or CAVs), we
allow CAVs to be driven with the desired speed (according to
the defined speed limit) when the corresponding signal turns
green. By doing so, CAVs will not be the traffic barriers for
conventional vehicles (driving behind them) that can cross
the intersection within the same cycle.

The following sections explain the applied speed advisory
system, which is coupled to the PRRP-framework to form the
integrated framework.

4.1 Energy consumption of CAVs

In this section, we calculate the energy consumption of CAVs
by considering the operational differences between gasoline and
electric vehicles. First, regarding gasoline vehicles, we use

F (v(t ), a(t )) =

max{(𝛼 + 𝛽1 ⋅ v(t ) ⋅ R(t ) + [𝛽2 ⋅ M ⋅ v(t ) ⋅ a2(t )]a(t )>0), 𝛼},
(12)

10 As a case in point, it may cause conventional vehicles driving behind CAVs to get stuck
behind a red light.

which is presented in [34] for estimating the gasoline consump-
tion. In Equation (12), M , 𝛼, 𝛽1, and 𝛽2 are the parameters that
stand for vehicle weight (kg), idling gasoline consumption rate
(mL/s), efficiency of engine (mL/kJ), and efficiency of engine
in terms of making accelerations (mL/(kJm/s2)), respectively.
Furthermore, a(t ) and v(t ) denote the acceleration (m/s2) and
speed (m/s) of the vehicle at time t . Finally, R(t ) is the required
tractive force (kN), which is given by

R(t ) = b1 + b2 ⋅ v2(t ) + M ⋅ a(t ) + M ⋅ g ⋅ 𝜃. (13)

In Equation (13), b1 and b2 are drag forces (kN) resulting from
the rolling and aerodynamic resistance (kg/m). Moreover, g is
the gravitational acceleration (m/s2) and 𝜃 is the road gradient.

Second, regarding electric vehicles, the formulation presented
in [35] has been adopted for the estimation of the power con-
sumption, as shown in Equation (14):

P (v(t ), a(t )) =
r ⋅ 𝛾2

K 2
(M ⋅ a(t ) + k ⋅ v2(t ) + frl ⋅ M ⋅ g

+ M ⋅ g ⋅ 𝜃)2 + v(t ) ⋅ (k ⋅ v2(t ) + frl ⋅ M ⋅ g

+ M ⋅ g ⋅ 𝜃) + 𝜂 ⋅ M ⋅ a(t ) ⋅ v(t ).
(14)

In Equation (14), r represents the motor resistance (Ω), 𝛾 is

the radius of tires (m), and K is a defined factor (
√
Ω.m.s)

that is obtained by multiplying armature constant and mag-
netic flux. In addition, k and frl serve as the aerodynamic resis-
tance (kg/m) and the rolling resistance coefficient, respectively.
Finally, it should be considered that electric vehicles are capable
of regenerating electricity during decelerating. The efficiency of
this process is denoted by 𝜂.

Third, as a way to assimilate Equations (12) and (14), which
result in different units (mL/s and W, respectively), we used 10
as the coefficient factor to convert the energy of gasoline into
electricity.11 As a result, we can represent the total energy con-
sumption of CAVs by E (v(t ), a(t )), whose value is a function of
vehicle’s speed and acceleration.

4.2 The formulation and simulation of the
speed advisory system

As indicated earlier, the speed advisory system is applied to
advise each CAV upon coming into the area of the intersection
on a speed profile that is optimized with respect to energy con-
sumption. The corresponding optimization problem is formu-
lated below. Equation (15) is the objective function, which seeks
to minimize the total energy consumption ( ) for a given num-
ber of J CAVs (whose associated signals are red) by specifying
their optimal speed profile v∗1 (t ), … , v∗

J
(t ):

min  =

J∑
j=1

∫
t=t f j

t=0
E j (v j (t ), a j (t ))dt . (15)

11 Based on [36], the energy of one gallon of gasoline is approximately equal to 33.7 kWh
electricity. As a result, we consider 10 as the converting coefficient.
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TABLE 1 Parameters used in the simulation

Parameters Values

Light vehicle weight, M 1275

Heavy vehicle weight, M 15.431

Rolling resistance coefficient, frl 0.006

Aerodynamic resistance coefficient, k 1.30

Product of armature constant and magnetic flux, K 10.08

Resistance of motor, r 0.11

Radius of tire (light vehicles), 𝛾 0.34

Radius of tire (heavy vehicles), 𝛾 0.58

Transmission efficiency, 𝜂 95

Idling fuel rate, 𝛼 0.444

Efficiency of engine, 𝛽1 0.09

Efficiency of engine in terms of making acceleration, 𝛽2 0.04

Drag force due to rolling resistance, b1 0.333

Drag force due to aerodynamic resistance, b2 0.00108

In Equation (15), E j (v j (t ), a j (t )) denotes the energy consump-
tion of CAV j ( j = 1, … , J ), whether it is an electric or a gasoline
vehicle. The time t f j

denotes the time instant vehicle j crosses
the intersection. Given each CAV j , we have a decision vari-
able v j (t ), i.e. the speed profile of CAV j , with its correspond-
ing acceleration profile a j (t ). Furthermore, notice that by con-
sidering (1) the distance D j of CAV j from the signal head at
time t = 0, (2) different possible speed profiles, and (3) the start
and end moments of the associated green time, different times
t = t f j

at which this CAV is supposed to cross the intersection
could be calculated. All this taken into account, by also consid-
ering the total of J CAVs, we can conclude that this problem is
very complex which cannot be dealt with in real time. Accord-
ingly, to apply this system efficiently, we impose the following
constraints:

∙ For each j , we limit our search space to three options: the
current speed, the maximum speed, and the minimum speed.
Accordingly, the final optimal speed v∗j is in {v j , vmax, vmin}.

∙ The change of speed is only done by the maximum posi-
tive or negative acceleration. Accordingly, we assume a j ∈

{0, a+max, a
−
max} to define speed profile v j (t ).

∙ Possible t f j
are limited to those we can obtain with respect to

D j , the current speed, possible speed profiles, and the asso-
ciated signal plan.

∙ Besides considering these simplifications, we still had to break
the nested loop by selecting smaller sets of CAVs to solve
Equation (15). Note that the complexity of this equation
increases exponentially with respect to J .

By considering the same traffic composition introduced at
the beginning of Section 3 (i.e. the proportion of CAVs is 25%),
we further assign the values presented in [32] to the constant
parameters used in Equations (12)–(14) in order to see the oper-
ation of the explained speed advisory system. Table 1 summa-

rizes the applied parameters. Figure 7 depicts the effect of apply-
ing this system on the trajectory of vehicles at a pre-timed inter-
section in a time-space diagram. Comparing Figure 7(a) with
(b) confirms that the application of the speed advisory system
leads to relatively fewer number of vehicles stopping at the inter-
section at a red light. Note that not only CAVs but also con-
ventional vehicles in the same lane behind CAVs move at the
optimal speed towards the intersection. Accordingly, while only
25% of the vehicles are CAVs, there are relatively more vehicles
decreasing their speed as shown in Figure 7(b).

4.3 Simulation and efficiency evaluation of
the integrated framework

In this section, we incorporate the speed advisory system in the
PRRP-framework explained in Section 2 to obtain the integrated
framework.12

To evaluate the performance of the integrated framework, we
utilize a general four-link intersection (with the same layout as
we used before) and consider the total arrival rate to be equal to
2400 (vehs/h)13 to add the performance indices of:

∙ using a pre-timed signal setting as the signal control method
along with applying the speed advisory system,

∙ and using both the PRRP-framework and the explained speed
advisory system (the integrated framework).

to the picture. In this comparison, we also use the same traffic
composition as in Section 3. Figure 8 compares the obtained
average delays.

According to Figure 8, while applying only the speed advisory
system can help improve the performance of an intersection in
dealing with the issue of average delay by reducing shock wave
propagation in the intersection (see Figure 7), the integration of
the speed advisory system into the PRRP-framework (labelled as
the integrated framework) outperforms all the mechanisms by
resulting in a lower average delay. As a case in point, compared
to the developed pre-timed signal setting (in its best scenario),
using the integrated framework leads to a 19.5% reduction in the
average delay, which is more than, respectively, 13%, 12%, and
10% reductions obtained from the actuated signal, the PRRP-

framework, and the speed advisory system.
The most important reason for the observed improvement

in the integrated framework is the complementary strengths
brought by the PRRP-framework and by the speed advisory sys-
tem. On the one hand, as shown in Section 3, the proposed
PRRP-framework determines the proportional green time by
aligning green time duration to the corresponding demands. On
the other hand, the speed advisory system helps traffic fleets, in
general, and CAVs, in particular, to better use that time. In this
case, when the signal is red, CAVs drive with the optimal speed
which helps them to arrive at the intersection during green time

12 https://github.com/HossseinMoradi/Project4
13 Since this type of signals are meant to operate as closely as possible to the state of full
saturation, the results of this arrival rate (in our showcase) are of the utmost importance.
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FIGURE 7 The result of the application of the speed advisory system on a time-space diagram

durations without the lost time needed for re-acceleration from
a stop condition.

Finally, given the importance of the consideration of sustain-
ability in any new proposal of traffic management systems [37],
a series of simulations has also been carried out to compare
the efficiency of the mentioned mechanisms in terms of emis-
sions reduction. To this end, we also use VISSIM. Since, how-
ever, some research studies have raised concerns on the accu-
racy of VISSIM in evaluating emissions (see [38] as an exam-
ple), this micro-simulator is employed here not for measuring
emissions quantitatively, but for relatively comparing the frame-
work in a general intersection with the standard control mech-
anism. Accordingly, Figure 9 presents the obtained results for
the total CO emissions (g) at the intersection with considering a
total arrival rate equal to 2400 (vehs/h).

According to Figure 9, the results show that by considering
the optimal pre-timed setting as the benchmark:

∙ The actuated mechanism results in a 3.77% reduction in CO

emissions mainly due to its ability in extending green time
with respect to the current traffic condition;

∙ The PRRP-framework leads to a 4.77% reduction in CO emis-
sions. In this case, we can see that while the average delay of
the PRRP-framework is (slightly) higher than that of the actu-
ated mechanism, it works better in terms of emissions reduc-
tion due to its capability for considering priority treatments
for heavy vehicles;

∙ The speed advisory system reduces emissions by 5.16%
through determining the optimal speed of approaching
CAVs;

∙ The integrated framework brings a 9.9% reduction in CO

emissions that results from (1) reducing the number of
stop-and-go events, (2) reducing the average delay, (3) mov-
ing CAVs with the optimal speed, and (4) giving priority
to heavy vehicles. In each specific condition, one of the
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FIGURE 8 Comparing the average delay of the pre-timed setting, the
actuated mechanism, the PRRP-framework, the speed advisory system, and the
integrated framework in a near saturated condition

FIGURE 9 Comparing CO emissions resulting from the use of the
pre-timed setting, the actuated mechanism, the PRRP-framework, the speed
advisory system, and the integrated framework in a near-saturated condition

above-mentioned reasons becomes dominant and helps the
integrated framework to have superior performance.

5 CONCLUSION AND FUTURE
RESEARCH DIRECTIONS

This paper has first proposed the PRRP-framework to address the
need for a rule-based model capable of managing mixed traffic
(with considering the concomitant complexities) and has sec-
ondly presented an integrated framework (built upon the PRRP-

framework and a speed advisory system) with even better perfor-
mance.

Regarding the PRRP-framework, our simulations first showed
how this framework infers green time durations on the grounds

of the current demand and the presence of special vehicles.
Then the relative efficiency of the PRRP-framework has been
confirmed, compared to the traditional signals.

Regarding the integrated framework, the simulations showed
that the proposed framework makes contributions with regard
to the reduction of emissions whose amount is higher than that
for (1) the optimal pre-timed signal, (2) the actuated mechanism,
(3) the speed advisory system, and (4) the PRRP-framework. It
was also shown that the integrated framework works better than
the enumerated ones in terms of the average delay.

It should be noted that the implementation of the integrated
framework is an illustration of a key rationale behind this work:
integration among solutions is a pre-requisite to reach sustain-
able results. With this momentum, future research studies can
be developed to integrate other solutions into this framework.
As a case in point, a rigorous analysis of the effects of embed-
ding signal synchronization systems into this framework is an
interesting topic left for future work.
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