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ABSTRACT The signal control system for multi-intersection traffic management is an extensive complex
nonlinear and non-equilibrium system and usually leads to a weak control strategy. Existing studies of traffic
dynamics mainly focus on the applications to the single network, whereas how the structure of multiple
intersections affects the dynamical behaviors is unclear. Connected vehicles in recent studies have shown
the potential to eliminate traffic communication barriers and balance the traffic load. For this consideration,
we propose a new multi-intersection model based on Vehicle-to-Everything (V2X) network to capture the
features of traffic flow, which employs vehicular communication to obtain real-time traffic information and
share it among the adjacent intersections. Focus on smoothing traffic flow without stop-and-go driving
and improving the coordination of multiple traffic lights, we develop a multi-intersection coordination
algorithm based on V2X (MICA-V for short) to maximize the green waveband in the arterial road. Due
to the establishment of registration list yielding the average saturated headway time, our method is of high
efficiency—the distributed process of data makes the convergence to be very fast with nearly linear time.
Simulation results via MATLAB with Simulation of Urban Mobility (SUMO) showed the effectiveness of
the proposed MICA-V in improving traffic capacity, reducing the number of stop behaviors, and improve
the average speed of vehicles moving on the arterial road.

INDEX TERMS Multi-intersection, traffic signal control, coordination, vehicle-to-everything(V2X),
SUMO.

I. INTRODUCTION
With the boost population living in metropolitan areas due to
industrialization and immigration, an increase in the number
of vehicles hinders the urban traffic and causes severe issues
to the economy (e.g., waste of infrastructure costs due to
traffic congestion), to the living climate (increase in pollution
due to more fuel consumption), and to the human being (e.g.,
physiological stress due to more delay time wasted).

Specifically, one of the main problems related to urban-
ization is the traffic congestion in the Traffic Management
System (TMS), since this bottleneck results in disorganiza-
tion in traffic flow and wasted time. According to a study
released in 2013, the UK Centre for Economics and Business
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Research (CEBR) evaluated the direct and indirect cost of
congestion of British, French, German, and American sce-
narios. It showed that the cumulative cost between 2013 and
2030 reached the amount of US$4.4 trillion [1]. To solve
the congestion in urban areas, there are many completed and
ongoing studies on traffic signaling, which is the essential
sub-module of traffic management. In this context, traffic
signal optimization, a more feasible solution to balance the
traffic load and decrease the waiting time, will play an essen-
tial role in effective and dynamic management [2].

An important method to infer the correlations between
topology and function is the detection of network struc-
ture [3]. Since the traffic management should consider the
following tasks [4]: traffic monitoring, congestion detec-
tion, and routing suggestion, monitoring the real-time data
is a prerequisite for subsequent operations, especially under
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variable traffic loads scenarios. A traditional management
system using different sensing solutions (such as a sensor
network, induction loops, and cameras) to obtain real-time
traffic information hasmany drawbacks due to its intermittent
connectivity and coarse-grained data affected by environmen-
tal conditions. Meanwhile, many traffic signal systems take
improved fixed-time mechanisms whose control inputs, such
as green times and cycle times, are calculated according to the
beforehand traffic conditions. However, the rigid phase struc-
tures are nonvalid to react to the fluctuation of traffic flows.
Thus, the next generation TMS needs an improved approach
to collect traffic information and a dynamic structure that can
adapt to real-time and heavy traffic conditions [5].

The other problem of existing traffic management sys-
tems is inadequate to coordinate the multiple agents (e.g.,
connected vehicles and roadside units). Although the exist-
ing TMS becomes a complex network structure that con-
sists of many interconnected devices and different traffic
data, it seems that such road participants are insufficient on
network scalability, intersection management, multi-standard
data fusion, and efficient green waveband usage. Particu-
larly, for many real complex systems, such as social ties
that link different people and transportation networks, the
time-varying characteristics of agents will produce distor-
tion/interference [6]. In addition, an isolated intersection
(only one) management is far from meeting the requirements
of large-scale and high-efficiency traffic.

Motivated by these challenges, in this article, we develop
a new multi-intersection framework based on V2X, which
can gather and exchange fine-grain/real-time data instan-
taneously using wireless communication technology. Par-
ticularly, we focus on maximizing the green waveband
of arterial traffic lights between a series of intersections.
Generally, the contributions of the proposed method are
as follows:
• Motivated by the existing methods, we compare classi-
cal fixed-time control and state-of-the-art adaptive con-
trol. A new cooperative control system is then provided
to capture the features of vehicles and make use of
them in the signal time assignment. The establishment
of registration list is based on the real-time information
exchanged between vehicles and infrastructures.

• We focus on the problem of data cycle in traffic sig-
nal optimization. In detail, based on the dynamical
optimization of average headway using in the system,
the proposed coordination algorithm (MICA-V) realizes
the closed-loop control of signaling time and coordinates
multiple intersections into a whole system. Meanwhile,
due to the precomputed headway parameter, the pro-
posed algorithm is of great efficiency, especially for the
multi-intersection traffic network. The computational
complexity is nearly linear with the scale of intersec-
tions.

• We performed extensive experiments on various traf-
fic conditions showing that our approach substantially
smooths the traffic flowwithout stop-and-go driving and

improves the coordination of multiple traffic lights in
different load conditions.

In the following sections of the study, at first, it is given the
necessary information about signaling studies in literature in
Section 2. Then amulti-intersectionmodel based onV2Xwas
introduced in Section 3. Section 4 will give detailed infor-
mation about the proposed MICA-V algorithm to formulate
traffic signal optimization. Simulation results and discussions
are provided in Section 5. Finally, conclusions are given in
Section 6.

II. RELATED WORK
Traffic lights, first used in 1928 [7], are still the most
extensive application of traffic management systems by
now [8]–[11]. One of the ways to manage traffic flow at urban
intersections is to provide traffic light signal optimization.
In [9], C Costa et al. proposes a bi-objective optimization of
fixed-time traffic signals using an improved genetic algorithm
to improve the performance of vehicle speed. Kohler and
Strehler [8], [10] have developed a model that optimizes
the fixed-time signal plan in a cyclically expanded network.
They considered the coordination of multiple traffic signals
and presented a corresponding mixed-integer linear program-
ming formulation for simultaneously optimizing both the
coordination of traffic signals and the traffic assignment.
Thunig et al. [11] extended the previous studies [8], [10] and
combined the Kohler’s analytical model with the coevolution-
ary transport simulation MATSim to evaluate the optimiza-
tion performance for practical applications. Although the
improved fixed-time control methods in these studies coordi-
nated the adjacent intersections using evolutionary algorithm
and graph theory, the signal control parameters such as cycle,
green ratio, and offset are determined by historical data.

Traditional fixed-time traffic control cannot dynamically
meet current traffic demand, whereas traffic-adaptive signals
usually result in less travel time for real-world applications
than fixed-time signal control. At present, the widely used
traffic signal control systems in the world include Aus-
tralia’s SCATS system and Britain’s SCOOT system, etc [12].
SCATS is the scheme-selective control system, whose timing
scheme of each intersection is selected by the global objec-
tive. SCOOT belongs to the scheme-generating real-time
adaptive control system but may be difficult to control large
areas by a centralized control structure. Moreover, induction
loops installed under the surface of roads can detect only the
presence or absence of vehicles.

The urban traffic network is composed of hundreds of
intersections, some of which are adjacent. The vehicle
clusters are highlighted, especially when going through
the multiplex traffic network. Hui-jia Li et al. devel-
oped a new dynamical network approach where a general
index is provided to capture the critical leader identifica-
tion problem [13]. Based on the optimization of quality
function using the dynamical system, nodes are assigned
to the clusters led by precomputed leaders. To solve
the multi-intersection issue dynamically, Hu et al. [14]
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proposed a novel multi-intersection model based on cellular
automata and a multi-intersection signal timing plan algo-
rithm. Xun Li et al. presented an improved cell transmission
model implemented with an improved genetic algorithm
(GA) [15]. Biao Yin, Mahjoub Dridi et al. proposed an
online learning method for adaptive traffic signal control
in a multi-intersection system [16]. But these works ignore
the information sharing between the intersection for traffic
coordination. EI-Tantasy et al. [17] put forward an integrated
control method of regional traffic signal based on multiagent
reinforcement learning. Ge et al. [18] proposed a cooper-
ative deep Q-network with Q-value transfer (QT-CDQN)
for adaptive multi-intersection signal control. To extract
the intersection state information effectively, an estimation
model based on a convolutional neural network is developed
to automatically extract the features from the original traffic
state. However, some problems are needed to be solved, such
as control parameters analysis, phase structure scheme fixed,
and traffic flow adjust mechanism.

Recently, the V2X has been employed for collecting
fine-grained information on the vehicle and designing the
adaptive signal about coordinated intersections. Li and Shi-
mamoto [19] proposed a branch-and-bound-based traffic con-
trol algorithm to enable vehicles to travel smoothly with
phase exchanges as few as possible. The proposed algorithm
attempts to schedule a passing order that requires the least
amount of time for vehicles and the fewest green duration
for waiting vehicles, and the fewest number of green light
exchanges between two road segments of an intersection.

Zhou et al. [20] designed an adaptive traffic light control
scheme to determine both the green light layouts and lengths
based on detected traffic information. However, only the local
traffic condition was considered in computing the weight,
and the neighboring intersection conditions were considered
only when the next signal phase was determined. In other
words, [20] merely used the traffic information on neighbor-
ing intersections to extend the green light duration for the
green-wave purpose. In contrast, our works considered both
local and adjacent traffic flow before the next signal phase
was assigned.

Cai et al. [21] presented an intersection signal control
mechanism assisted by far vehicle information. According
to the estimated waiting time of each traffic flow, a real-
time information scheme using a VANET to determine the
intersection traffic condition at a specific time was proposed.
The proposed scheme reduced the average waiting time of
vehicles and the ratio of the long-waiting vehicles. How-
ever, [21] could not coordinate the traffic signaling of mul-
tiple intersections to allow vehicles on arterial roads to move
as few stops as possible.

III. COOPERATIVE SYSTEM MODEL
The intersections in this study are assumed to be regular
signal intersections, without considering the influence of
pedestrians and non-motor vehicles.We also assume that each
vehicle participating in the coordinated control is equipped

with OBUs (On Broad Units) to collect vehicular data and
wireless transmission facilities. In other words, the proposed
method is based on the V2X network. Our focus herein is
balancing the traffic load to reduce the average travel time,
so wireless channels are assumed to be error-free and with a
tiny delay.

RSU (Road-SideUnit) refers to a computing device located
on the roadside that provides connectivity support to passing
vehicles. Therefore, we assume that RSUs have been installed
at intersections to obtain vehicle information (such as identi-
fication index, vehicle speed, turning information, etc.) via
V2X.

Fig. 1 shows an intersection based on V2X and vehicle sta-
tuses (approaching, stopping, crossing, and unregistered) at
different locations near the intersection. Each intersection has
a network interface to communicate with vehicles and traffic
controllers and has a traffic microprocessor to control its traf-
fic light. Both the network interface and microprocessor are
integrated into a RSU. Each vehicle has a network interface,
a GPS receiver, and an OBU interface. The OBU interface
can obtain the absolute timestamp, speed, acceleration, and
turning intention of a vehicle. So we can track the dynamic
information of vehicles.

FIGURE 1. A schematic diagram of the intersection framework based on
V2X and the monitoring mechanism. The RSU consisted of a network
interface and a microprocessor, provides connectivity support to passing
vehicles. The goal of our framework is to collect traffic information and
establish a registration list that contains the cluster features.

Fig. 1 also shows a mechanism of traffic monitoring. The
distance between the initiating detection line and the stop line
is the radius of the Monitoring Area (MA). Firstly, when a
vehicle enters the monitoring area, its wireless transmission
facilities will broadcast the onboard traffic data (such as
acceleration, position, and turning intention) to the RSU,
using Vehicle-to-Infrastructure (V2I) communication. Then,
the vehicle is prohibited from changing lanes until it goes out
of the MA. Here, we classify traffic flow for registered and
unregistered vehicles to estimate the optimal green duration
accurately. When the first vehicle arrives and stops in front
of the stop line because of the red light, it registers itself as a
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FIGURE 2. Registration list in the intersection.

cluster head to RSU.When the following vehicles stop behind
the cluster head, theywill also register to RSU and be grouped
into the cluster. Namely, each lane has its cluster head. Note
that the moving vehicles merely share the traffic information
with RSU, whereas only the vehicles stopped in the lane can
be grouped into the cluster. Then, as shown in Fig 2, the RSU
establishes a registration list dynamically in terms of cluster
head and following vehicles. When the phase turns to green,
the registration list of current signal cycle will be expired
after the microprocessor calculates traffic parameters (such
as average headway time, green duration, and offset).

The main information needed for traffic signal control is
the vehicle status information: the timestamp and the vehicle
speed on each lane entering the intersection. In this study,
L donates the register list and CV (VehID) ∈ L donates
a vehicle traffic data set containing the status information.
As soon as a vehicle enters into MA, its OBU collects the
data set CV (VehID) = [dir, ta, td , vt ] and transmits data to
the nearest RSU in real time. The VehID refers to the vehicle
identification index, dir represents the turning intention, ta
represents the timestamp when the vehicle stops because of
red light, td represents the timestamp when the front bumper
of the vehicle departs from the stop line, and vt represents
the time-varying speed of the vehicle. Here, let Q̇n be the
total number of one cluster elements, where n is the lane
index. In Fig. 2, the value of Q̇3 for cluster 3h is 3, because
three vehicles stop in front of the stop line. After a vehicle
registers as a cluster head, the RSU will sort out each vehicle
according to different clusters. The cluster head denotes a
column index, and the subsequent element denotes a row
index, where 0 denotes no vehicle. Then the microprocessor
of RSU can establish a vehicle information list L for its
intersection. The dynamic list can record and update each data
set CV(VehID) in real-time.
For the convenience of describing the problem of

multi-intersection signal coordination, here we take a
two-intersection road network as an example. The traffic
network structure is given in Fig. 3, which gives a corridor
network with an upstream intersection I and downstream
intersection II. Each intersection consists of four road seg-
ments. Each road segment has different traffic flows consist
of right-turn, left-turn, and go-straight. The west-east seg-
ments, called arterial roads, are only for one-way traffic flow.
Moreover, the north-east segments, called branch roads, are
for two-way traffic flow.

FIGURE 3. The vehicle is crossing two continuous intersections, which
can share the traffic info via RSU. The downstream microprocessor (such
as II) takes incoming traffic flow from neighboring intersections into
considerations. The microprocessor aims to schedule traffic offsets over
the continuous intersections of an arterial road so that their traffic lights
can be coordinated to likely form a green waveband.

FIGURE 4. Turning intention diagram.

The intersection’s information and turning intentions are
shown in Fig. 4. Each RSU of the intersection merges the
received vehicle information and processes the data by a
specific algorithm. Then it sends the optimal timing plan
to the traffic microprocessor for the assignment of green
duration, which schedules the signal timing according to the
queue length of the straight-through vehicle cluster. Simul-
taneously, the RSU will record the speed and timestamp
when the straight-through vehicle departs from the stop line.
Vehicles heading from the north to south orientation also
send information to RSU through V2X to obtain a right of
the way.

The cooperative traffic control problem is defined as fol-
lows. As themodel is based on the one-waymulti-intersection
scenario, we focus on calculating an effective signal timing
plan of WE5-WE0 to realize the green wave concept for
the arterial road. As shown in Fig. 3, the connected vehicles
need to pass through the intersection I to the adjacent II
continuously.Wemight as well assume that though no vehicle
on the south or north is approaching, a vehicle (veh1 in Fig. 3)
passed the intersection I will arrive at the stop line of II with
the red phase. This rigid timing structure will result in the
green light gap problem of branch road (green time for no
vehicle passing) and serious stop delay time in the arterial
road.

Our goal is to calculate themost appropriate signal parame-
ter from data list L yielding the highest pass rate considering
adjacent intersections and to decide respective green signal
duration by addressing the following issues:

• Green Duration Determination: How much time should
be assigned to the green phase in each intersection based
on the number of vehicles waiting for the red light and
the vehicles approaching from the upstream.

• Green Wave Coordination: How to schedule traffic off-
sets over the continuous intersections of an arterial road
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so that their traffic lights can be coordinated to likely
form a green waveband.

IV. MULTI-INTERSECTION COORDINATION ALGORITHM
BASED ON V2X (MICA-V)
In the proposed signal coordination algorithm, we take the
influence of traffic flows from upstream into consideration.
The controller requests the real-time traffic information of
adjacent controllers before its signal scheduling (i.e., decide
the next phase and green duration). Based on that information,
we develop an algorithm of green time estimation for each
intersection to adapt the current number of vehicles over a
road network instead of only considering a single intersec-
tion. Our coordination algorithm also provides demands for
branch roads and realizes the green wave concept for the
arterial road.

A. AVERAGE SATURATED HEADWAY ESTIMATION
The average saturated headway h̄a at signalized intersections
refers to the corresponding time interval when queuing vehi-
cles pass the stop line at stable time intervals continuously.
It is crucial for analyzing traffic flow states and providing
critical data for improving the signal timing strategy. The
proposed method is based on the technology of V2X, where
the data interacted between RSU and vehicles can apply to
the analysis of the intersection decision.

The headway time of each vehicle can be obtained by the
timestamp when the front bumper of the vehicle departs from
the stop line. In this method, we let the green phase in a signal
cycle as the logical control period.When the traffic light turns
to the green phase, we let t1d be the timestamp when the front
bumper of the first vehicle departs from the stop line and t1
represents the start-up time of the green light at intersection
I. Then, the headway of the first vehicle can be expressed as:
h1 = t1d − t1. Furthermore, the following vehicles headway
can be calculated as:

hi = t id − t
i−1
d (i ≥ 2) (1)

In practical research, there is no definite conclusion that
the number of vehicles in the queue is appropriate for the
starting element for calculating the saturated headway, due
to the number of vehicles from 4th to 7th are all used to
estimate the headway [22], [23]. In this study, we consider
that the initial 2∼4th vehicles in the queue have a start-up
delay, so we consider the 4th vehicle as the starting point
vehicle for saturated headway calculation, which is more in
line with the actual situation. The vehicle clusters capable of
extracting headway must satisfy that the number of vehicles
in the queue is not less than 7veh and the number of vehicles
in saturated flow is not less than 4veh. Let p denotes the total
element number of one cluster. Then, the average headway h̄c

of one cluster can be written as:

h̄c =
1

p− 3

∑p

i=4
hi (p ≥ 7) (2)

where i is the cluster element index, c is the cluster head
index. To obtain the overall average saturated headway h̄a, let

m be the number of clusters that satisfy the above conditions.
Thus, h̄a can be defined as:

h̄a =
1
m

∑m

j=1
h̄cj (3)

If all the clusters are not satisfied with the extraction rule,
it will fail to obtain an appropriate average saturated headway
time in a signal cycle. In this case, we set 2.5 s derived from
comprehensive experiments as the initial headway time for
the current signal cycle according to [24].

So far, the saturated headway of the current cycle has been
obtained. However, due to the influence of traffic conditions,
such as the sudden increase of large vehicles, the saturated
headway used in signal timing design will change sharply and
lead to a large deviation. To address this problem, we use
an exponential smoothing method to smooth the current
headway, let h̄m be the revised saturated headway, which is
described as:

h̄m = 0.25h̄a + 0.75H (4)

where h̄a is average headway in the current smoothing cycle,
whereasH is the historical average headway. Here we takeH
as the result of the last cycle.

The following Algorithm 1 gives the pseudocode for the
proposed approach.

B. MAXIMUM GREEN WAVE BAND ALGORITHM
The green wave traffic means that vehicles can get the green
light and another continuously to smoothly pass all inter-
sections when traffic flow moves along a long artery cor-
ridor that includes a series of intersections. As mentioned
earlier, the traditional intersection is incapable of meeting
the specific traffic demand in traffic corridor. The corridor

Algorithm 1 Extracting the Average Saturated Headway
Dynamically
Input: ta, td , L
Result: h̄a
Initialize network parameters and a list L
Initialize the simulation step and a historical headway forh̄a
as default
begin:

for i = 0 to i = step do
initialize the first intersection states t1 and T1
/∗control logic∗/
if the first intersection turns to green phase, then

the list L elements in this green phase cycle will get
no change
firstly, calculate the first vehicle headway
h1 = t1d − t1
update the average saturated headway h̄a by (3)
smooth current headway
end if

end for
return h̄a
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FIGURE 5. Phase plan for the intersections.

in the cooperative vehicle infrastructure system refers to the
specific highway or advanced road set up of the roadside
unit on the wayside. Based on the traffic data collected by
V2X, this article proposed an algorithm to adjust the timing
scheme of traffic lights in real-time to meet the random and
dynamic traffic flow demand. The upstream signal controller
cooperates with the downstream controllers to maximize the
green-wave band of arterial road WE5-0 in the one-way road
scenario. The following will describe the dynamic scheme of
signal timing.

The signal timing phases of intersection I and intersection
II are divided into 1 and 2. As shown in Fig. 5, the green
line represents the right of way, and the red line indicates the
impassable status of the way in the current phase. To high-
light the switching between the green light and red phase,
the yellow-light phase is omitted.

Phase 1 represents the green light for the N-S direction and
the red light for theW-E direction. And phase 2 represents the
red light for the N-S direction and the green light for the W-E
direction.

In our study, to maximize the green-wave band of an arte-
rial road in the adjacent intersections, priority will be given
to the arterial demand. So, the proposed algorithm focuses
on the phase 2 timing scheme. Both green light duration and
start-up time refer to the parameter of phase 2 in the following
description.

The upstream intersection I is the starting point of the
whole control logic. According to the upstream information,
we can optimize the green light duration and the start-up time
of the downstream intersection. One of the microprocessor
missions is to adjust the own timing scheme in terms of
the queue length of stopping vehicles. In our coordination
algorithm, we denote Ti as the green light duration of i th
intersection and ti as the green light start-up time of i th
intersection. Note that the green light duration Ti is a period,
whereas the ti is an absolute time representing the timestamp
with the origin of the time axis as reference. Then the first
intersection green light duration T1 based on real-time traffic
queue length be calculated as:

T1 =
(
Qupmax − 1

)
× h̄a + tloss (5)

where h̄a is the average saturated headway of clusters accord-
ing to Algorithm 1. tloss is the start loss time, which is defined

as:

tloss = ts − tc (6)

where ts is the time required for a saturated fleet to accel-
erate through the stop line after the green light started, and
tc is the time for the saturated fleet to pass the stop line
at a constant speed. The start loss time tloss is a historical
parameter obtained by the observation of real traffic flow. The
tloss setting can be determined according to the real traffic
flow and simulation environment.

In (5),Qupmax is the maximum vehicle number in all lanes of
the upstream intersection, it can be gained by:

Qupmax = max
n

(
Q̇n
)

(7)

where n is the number of lanes at this intersection.
The above is the programming of the green light duration

of the upstream intersection I . Furthermore, according to (5),
the green light duration of the downstream intersection will
be discussed in different situations. The assignment of down-
stream signal time is not only for the vehicles coming from
the upstream arterial road but also for the vehicles coming
from the upstream branch road.

To adapt different conditions and demands of downstream
intersections, we first denote two decision variables obtained
by RSU as qiupb and qidstop. q

i
upb refers to the number of

vehicles coming from the upstream branch road. qidstop refers
to the number of vehicles stopping in front of the stop line at
i th intersection. The decision variables can be transformed
into Boolean variables because we separate the condition
according to whether the decision variables are equal to zero.
Thus, four situations have been summarized in the following
section.
• Case of qiupb = 0 and qidstop = 0:
In this case, the RSU has no information about the

upstream branch road or the stopping area of the intersec-
tion. There are only vehicles passed the upstream moving to
the downstream. Therefore, the green phase duration of the
downstream intersection only needs to consider the number of
vehicles passing through the upstream intersection. The green
light duration of the downstream intersection is defined as:

Ti =
(
Qupmax − 1

)
× h (8)

• Case of qiupb > 0 and qidstop > 0:
In this case, the downstream RSU receives messages from

the branch road or the stopping area of the intersection.
It is necessary to consider the passing time of the upstream
through vehicles and the time of the left turning and right turn-
ing vehicles from the upstream branch road passing through
the intersection and the stopped vehicles in front of the stop
line.

However, it should be noted here that vehicles from
upstream branch roads should also be filtered. For global
throughput maximization, it is inappropriate to set a long
green duration for all vehicles from the upstream branches
due to an interval between the upstream and downstream
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intersections. So here we have to bound the green duration Ti
in a range [Tmin,Tmax] to avoid Ti being too long or too short.
Based on the above considerations, the green light duration is
calculated as:

Ti =
(
Qupmax + q

i
dstop + q

i
upb − 1

)
× h+ tloss

s.t. Tmin ≤ Ti ≤ Tmax (9)

• Case of qiupb = 0 and qidstop > 0:
In this case, only the downstream vehicles stopped in front

of the stop line need to be considered to obtain the green
duration, referring to (5).
• Case of qiupb > 0 and qidstop = 0:
In this case, only the vehicles approaching from the

upstream branch road need to be considered, so the green light
duration can be calculated as:

Ti =
(
Qupmax + q

i
upb − 1

)
× h+ tloss (10)

C. SOLUTION OF THE OFFSET TIME
To assign the start-up time of the adjacent intersections
dynamically and realize the maximum green-wave band of
the arterial road, the phase offset time between the intersec-
tions needs to be solved. Fig. 6 describes the relationship
between the time and distance of vehicles moving from inter-
section I to intersection II. The red bar represents the red
phase, the green bar represents the green light phase, and
the curve represents the relationship between vehicle time
and distance. In Fig. 6(a), we can find that when the vehicle
arrives at intersection II, the signal light is in the red-light
phase that results in unnecessary stop time. If the starting
time of the green phase of intersection II can be advanced,
as shown in Fig. 6(b), there is no stop behavior the driver has
to take. Therefore, the delay time can be roughly used as the
offset time of intersection II.

The above is a brief description of the concept of signal
offset time. To obtain the specific offset time accurately for
the downstream intersection, it needs to be calculated accord-
ing to the vehicles’ information from upstream and branch
roads. Based on the above conditions, the offset time Oif can
be obtained as follows:

Oif =
Li
Vi

(11)

where Oif represents the offset time of intersection i, Li is
the distance between the two intersections of upstream and
downstream; Vi is the average speed of the clusters from
upstream toward downstream.

However, some vehicles might miss the current green light
phase because of the vehicles at the cluster’s tail. Moreover,
there might be vehicles waiting in front of the stop line at the
downstream intersection, so (11) is adjusted to obtain optimal
offset Oiof as follows:

Oiof =
Li
Vi
−

((
Qimax − 1

)
× h+ t iloss

)
(12)

FIGURE 6. Schematic of offset time: (a) without coordination control;
(b) coordination control effect after adjustment. For example, Of = t2-t1
is offset time, eliminating the stop delay when vehicles arrive at the
second intersection.

where the Qimaxis the maximum vehicle number in all lanes
of the downstream intersection i, and t iloss is the start loss time
of the intersection i.

We first initialize the start time of the green light of the
intersection I as t1, and then we denote the start time of the
green light of the intersection i as ti. Based on these works,
we can control and program the intersection signal controller
to assign the green light start time as the following formula:

ti = t1 +
i∑

j=2

Ojof (i = 2, 3, · · ·) (13)

To perform the intersections coordination practically,
we design the algorithm, and the detailed description of the
algorithm is shown in Algorithm 2, which gives the pseu-
docode for the proposed approach.

In the proposed algorithm, calculation of Ti, tiOiof occurs
at the end of the red phase takes O (mn), where m represents
the number of the clusters, and n represents the number of
intersections in the networks. Due to the establishment of
dynamic registration list L, the microprocessor can obtain the
precomputed headway ha before signal timing calculation.
Thus the number of the clusters n and timing parameters can
be processed in the distributed period. Practically, the compu-
tational complexity of Algorithm 2 can be regarded as linear
in m, i.e., O (m). It is one of the advantages of the proposed
algorithm.

V. EXPERIMENTAL STUDIES
In this section, the experiments are conducted to evaluate
the performance of the MICA-V. Firstly, we presented the
simulation setup and parameters. Then we had completed
the simulation on TraCI4MATLAB and validated the perfor-
mance of the MICA-V in terms of improving traffic capacity.
The specifications of system used for simulation are: Proces-
sor - Intel R©CoreTM i5-9300HF CPU @ 2.40 GHz, 16GB
RAM, Hard Disk - 1 TB (951GB free), and OS - Windows
10 Home 64-bit. SUMO is an open-source framework for
running traffic network simulations.
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Algorithm 2 Multi-Intersection Coordination Control Algo-
rithm (MICA-V) Based on V2X
Input: ta, td , L, t1,T1
Result: Ti, ti, Oif
Initialize network parameters and a list L
Initialize simulation step and the average default speed for Vi
begin

for i = 0 to i = step do
initialize the first intersection states t1 and T1
if the first intersection is the red phase, then

reset the headway time h̄a <- Algorithm 1
trigger the CVC control state and establish the list
then the list members get no change until the end of
the red phase
if the current time is the last second of red phase, then

calculate the offsetOiof of downstream intersection
allocate the green light start time of downstream
intersection ti
calculate Ti of downstream intersection
respectively, according to the values qiupb, q

i
dstop

end if
end if and return Ti, ti, Oiof
end for

end

A. EXPERIMENTAL SETTINGS
This simulation was implemented by the open-source sim-
ulator SUMO (version 1.3.1 in this article) and MATLAB
(version 2017a) for joint simulation. The software integra-
tion had been realized by taking MATLAB as the main
control program, and SUMO served as the server, which
directly called the SUMO program through the TraCI inter-
face. Thus, it is also called TraCI4MATLAB [25]. The simu-
lation process had been shown in Fig. 7. In the co-simulation
process, the SUMO objects were defined and produced by
DUAROUTER tool. Then, SUMO traffic state information
was obtained after running the SUMO and MATLAB pro-
gram. The traffic information was transmitted to MATLAB
for processing the data. MATLAB provided an optimized
control scheme by a specific algorithm to support the signal
control of SUMO. Finally, an integrated simulation platform
was built, which could process the simulation cycle with
setting parameters.

As shown in Fig. 3, each intersection is composed of four
roads. The incoming artery road has six lanes, where the
right-most lane(W0) is for right-turn traffic flow, four middle
lanes (W4-1) allow vehicles to go straight only, and the left
lane (W5) allows vehicles to turn left. The route of each car
is generated by the path generator randomly.

The method by which vehicles are generated and departed
into the network significantly impacts any traffic simulation
quality [26]. The most popular vehicle production method
is to randomly sample from probability distribution numbers
that respect to the time interval between vehicles. However,
we struggled to implement a more stochastic version that

FIGURE 7. The process of the co-simulation with MATLAB and SUMO.

TABLE 1. Traffic information on the one-way road model

batters attached to realistic scenarios. We construct vehicle
routes based on various turning probability of the main road
WE5-0 (shown in Table.1) by using the JTRROUTER tool.
Besides, previous research had demonstrated that different
vehicle rates are suitably approximated by different probabil-
ity distributions [27]. In this experiment, the vehicle produc-
tion rate followed the Bernoulli process (which approximates
a Poisson distribution for small probabilities). Our goal is
to address the efficiency of arterial lanes in this circum-
stance, so we focused on maximizing the green waveband
for straight-forward lanes WE4-1 and omitted the branch’s
production effect. The traffic volume of the branch road was
set as 100 pcu/h per lane.

In vehicular longitudinal dynamics modeling, namely
the car-following control model, the common ones
are Krauss [28], IDM [29], PWagner, BKerner, etc.
Jufu et al. [30] proposed that the Krauss model possesses the
best performance under the SUMO platform. Based on the
consideration that the realization of the proposed algorithm is
needed to make use of SUMO (a traffic simulation platform),
so we adopted the Krauss model to conduct vehicles in this
simulation.

To simulate the intersection traffic flow, it is significant to
set appropriate traffic environment parameters. In this work,
the distribution of the four intersections is shown as Fig. 8.
Each monitoring area radius was 75 m. In the SUMO sim-
ulation environment, the vehicle parameter setting is shown
in Table 2, and each simulation time was set as 1000 s.
Note that the phase time is a time-varying parameter which
will be changed with iteration. After the initial experiment,
the four intersections’ initial phase 1 was set as 12 s, and
phase 2 was 24 s. The probabilities of turning were shown
in Table 1. To ensure the simulation randomness, we carried
out ten simulation experiments with setting the randomSEED
from 1 to 10. To avoid long green duration waiting for all
vehicles from the upstream branches, we set Tmin = 15 s
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FIGURE 8. The distribution of four intersections in simulation.

FIGURE 9. The stop time of the vehicles in four artery lanes. The number of peaks represents the red phase frequency, and the peak values are the
vehicle stop times in a specific phase.

FIGURE 10. The occupation percentage of four arterial lanes: (a) performance of lane WE4; (b) performance of lane WE3; (c) performance of lane WE2;
(d) performance of lane WE1; The solid lines show the curve obtained by discrete data fitting, the areas surrounded by two dotted lines show the
confidence interval with α = 0.05 and the thicken curves show the mean.

TABLE 2. Vehicle parameter in SUMO simulation

and Tmax = 35 s. With the initial experiments on traffic flow,
we found the tloss was different due to the different vehicle
types and set tloss as 2.0s for the simulation.

B. EXPERIMENTAL RESULTS AND ANALYSIS
To assess the performance of the proposedMICA-V, wemade
comparisons with the fixed-time control based on the genetic

algorithm (FTC-GA) [9] and a cooperative deep Q-network
(QT-CDQN) for multi-intersections signal control [18].

According to simulation circumstances, we adopted
the following metrics to evaluate the performance of
the mechanism. Simulation results have been summarized
in Fig. 9–13.
• Stop time refers to the time of the vehicles waiting in
front of the stop line. The average value characterized
the whole performance of the stopping phenomenon.

• Lane occupancy refers to the density of vehicles in the
last simulation step.

• The waiting count refers to the account of vehicles
whose velocity was under 0.1m/s due to the red phase.

• Average speed refers to the mean speed of the whole
traffic flow.

Focusing on the efficiency of the artery lanes, we omit-
ted the results of the brand road. Instead, we presented the
performance of the lanes WE4-1, which allowed the vehicles
straight forward only. The intersection was the starting point
of coordinated control and was not considered in analyzing
simulation results [31].
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FIGURE 11. The average speed of vehicles driving on arterial lanes: (a) performance of lane WE4; (b) performance of lane WE3; (c) performance of lane
WE2; (d) performance of lane WE1.

FIGURE 12. Statistical analysis chart of the four lanes: (a) average stop time; (b) average lane occupation; (c) average speed.

Fig. 9 shows the stopping behaviors of the vehicles in the
macroscope. The vehicles are only stopped due to the red traf-
fic phase. Thus, the number of peaks in Fig. 9 are represented
as the red phase frequency, and the peak values are the vehicle
stop times in a specific phase. Fig. 10, 11 show the occupation
percentage of four arterial lanes and the average speed of
vehicles driving on arterial lanes. The solid lines show the
curve obtained by discrete data fitting, and the two dotted-line
areas show the confidence interval with α = 0.05 and
the thicken curves show the mean. Furthermore, to facilitate
quantitative analysis, we provided the boxplot-bar chart for
simulation data, as shown in Fig. 12.

From Fig. 9-11, we observed that the FTC-GA has the
worst adaptability to recurring congestion. Compared with
the other two algorithms, the proposed MICA-V has the best
adaptability to form a green waveband in the arterial road and
produces more stable results for the three metrics. Note that
SUMO is based on right-side driving rules at the intersection,
which resulted in uneven distribution of the performance of
the four lanes. In the illustrated figures, the three metrics
had been greatly improved. According to Fig. 12, compared
with FTC-GA, MICA-V reduced the average stop time by
45.63% and the lane occupation by 22.42% and improved
the average speed by 17.27% totally in four lanes. Similarly,
compared with QT-CDQN, MICA-V reduced the average
stop time by 24.97% and the lane occupation by 10.20% and
increased average speed by 12.21%. Since the travel time is
the sum of delay and moving time, the less stop time leads
to less travel time, and it had been provided in the following
discussion.

FIGURE 13. Statistical analysis chart of the four lanes: (a) average stop
time; (b) average lane occupation; (c)average speed.

Furthermore, to evaluate the simulation performance from
a microscope, we made a statistic for 164 vehicles traveling
in the artery, and the results had been illustrated in Fig. 13.
It was feasible to obtain the traffic information of all indi-
vidual vehicles, respectively, by utilizing the SUMO vehicles
statistics file (∗ tripinfo.xml). From the following bar chart,
we observed that the MICA-V reduced the average stop time
to 2.75 s, improved average speed by 23.33% compared with
FTC-GA, shortened the travel time by 21.01%, and reduced
the waiting counts by 61.34%. Similarly, compared with QT-
CDQN, MICA-V had improved the average speed by 6.99%
and reduced thewaiting count by 34.18%.Although the travel
time and average speed did not get dramatic improvement,
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FIGURE 14. Comparison performances in different traffic volumes: (a)
average parking delay time; (b) average speed of the traveled vehicles.

the fewer stops demonstrated this coordinated method had
given drivers a better experience. As for the other unsatis-
factory improvement, there are two possible reasons for this
performance. The first reason is that the maximum speed as a
calculation parameter; its value contributes to impacting the
calculation results. The second one is that the network was
simulated in a particular traffic volume, which results in no
access to universality.

To validate the expansibility and stability of proposed
MICA-V, we made a comparison with our control method
and FTC-GA. In the realistic traffic, the control strategy
needs to meet traffic fluctuation demands on the whole day,
such as daily peaks causing a thorny traffic problem. If a
system is rigid and cannot adapt to the real-time fluctuation
of traffic flow, it might lead to an inefficient and unsat-
isfactory reality. So, following the same parameters set as
Table 2, but we changed the traffic volume of the arterial
lanes WE5-0. Correspondingly, the traffic volume was 300,
400, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600,
2000, 2400 and 2800 pcu/h respectively. We calculated aver-
age values from these experiments, which were illustrated
in Fig. 14.

We found that the proposedMICA-Vwas also available for
the high traffic volume and dramatically maintained an out-
standing performance. According to Fig. 14(a)-(b), there was
no significant gap between the two signal control methods
under a sparse traffic volume. With increasing in the traffic
flow, the FTC-GA shows its limitations, and the average
speedwas reduced to half of themaximum speed, whereas the
V2X coordinated control could adaptively adjust the signal
timing and offset based on real-time flow. On the one hand,
with the traffic flow increasing in Fig 14(a), the average stop
time decreased under two control strategies, butMICA-V out-
performed FTC-GA. On the other hand, the MICA-V could
adapt to traffic flow fluctuation and maintain the average
speed in 300∼2000 pcu/h.

VI. CONCLUSION
In this study, a multi-intersection coordination algorithm
based on V2X (MICA-V) was proposed. The proposed traffic
model was composed of upstream and downstream intersec-
tions. In our traffic signal control, the upstream RSU obtains
the state information of the vehicle group via V2X, which
integrates and processes real-time data with a specific algo-
rithm. Moreover, the upstream RSU shares traffic informa-
tion with the downstream ones. The upstream information
conducts the downstream controller to allocate the green
light duration through the upstream and downstream traffic
flow. Due to the dynamic optimization of the average head-
way parameter used in the system, the MICA-V algorithm
realizes the closed-loop control of signaling time. Besides,
the controller adjusts the signal starting time according to the
arrival time of the upstream traffic flow. Finally, a one-way
multi-intersection scenario was employed to evaluate the
performance of our method. The simulation results showed
that the vehicles along the green waveband could smoothly
pass by the arterial road, and MICA-V reduces the stop time
in each intersection. Also, further experiments showed the
robustness of our coordination algorithm, even under a high
traffic volume condition.

However, some limitations were observed in the present
work. We assumed that the error-free V2X communication
had been deployed in this scenario, but the communication
delay, load, and packet loss cannot be ignored in realistic
traffic conditions. Thus, we need to perform comprehensive
experiments under the Veins framework, which combines
the network simulator and SUMO, to validate the proposed
method. Meanwhile, we will conduct comparative experi-
ments based on real data sets to validate the algorithm effi-
ciency with some classical methods in the future.
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