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ABSTRACT Road network control is challenging but critical in enhancing urban traffic. This paper proposes
a management method for a road network with non-signalized intersections in the connected-vehicle
environment, which coordinates connected and automated vehicles’ movements to make the non-signalized
intersections conflict-free and efficient. Firstly, the proposed method projects vehicles in road networks into
virtual platoons and builds the road-network-wide conflict-free geometric topology considering the vehicles’
conflicting relationships, which describes the geometry car-following relationship in virtual platoons. Then,
a distributed linear controller is designed considering vehicle dynamics and communication topology to
organize vehicles’ movements with the desired geometric topology. Finally, simulations are conducted to
verify the proposed method with different traffic demands. Simulation results show the proposed method
can significantly improve traffic efficiency, as well as traffic safety.

INDEX TERMS Connected and automated vehicles, cooperative traffic control, road network,
non-signalized intersection, distributed control.

I. INTRODUCTION
Urban traffic is becoming more oppressive with the increase
in car ownership, which causes terrible traffic jams and low
transportation efficiency. Encouragingly, connected vehicles
have been emerging in urban areas in recent years because of
the development of advanced wireless communication, which
has shown its promising ability to enhance the automation
and informatization of traffic management. Researchers are
focusing on transportation control methods using connected
vehicles to achieve more security, higher throughput and
fewer emissions in urban areas. For example, connected-
vehicle platoons with a closer car-following distance and
smaller traffic-flow fluctuation are adopted to improve traffic
throughput in urban roads [1]–[3]. Traffic signal optimization
technologies with connected vehicles are utilized to enhance
traffic throughput at intersections [4]–[7]. Additionally, with
V2X communication, eco-driving systems can obtain suf-
ficient information, such as traffic signals information and

The associate editor coordinating the review of this manuscript and

approving it for publication was Jianyong Yao .

vehicles information, which helps decrease fuel consumption
and emission further [8]–[10]. Moreover, V2X communi-
cation developed for intelligent transportation systems also
performs satisfactorily in the safety issue considering it can
help avoid collisions at intersections and improve traffic flow
stability in road segments [11]–[14].

In urban areas, intersections play an essential role in safety,
traffic efficiency, and fuel economy, considering the conflict-
ing merging maneuvers. At an isolated signalized intersec-
tion, recent studies have shown that V2I communication can
help optimize traffic signals or smooth vehicle speed pro-
files, thus coordinating the movement of vehicles efficiently.
Most research on signalized intersection optimized signal
phasing and timing (SPaT) of traffic signals to organize the
passing of connected vehicles at intersections, which reduced
stops and decelerations [15]–[17]. Another research direction
is to plan vehicle speed profiles at signalized intersections
with fixed signal timing to avoid unnecessary stops and
idlings [18], [19].

Due to the start-up loss and the clearance loss of vehicles
in signalized intersections, the traffic signal is not a perfect
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choice to organize the traffic movement in terms of traffic
efficiency. Alternatively, with the automation and informa-
tion of connected and automated vehicles (CAVs), the con-
flicting traffic movements at intersections may be separated
by space, but not by time, i.e., different signal phases. In other
words, the conflicting CAVs can interlace through the inter-
section without collisions, which can help improve traffic
performance further. One notable solution is the so-called
non-signalized intersection management, wherein each CAV
passes the intersection orderly, forming a self-organized
traffic flow. When CAVs enter an intersection, they can
exchange information, make decisions, and adjust their posi-
tions according to other CAVs. The non-signalized coop-
eration method for CAVs includes the reservation-based
approach, the optimization-based approach, and the virtual
platoon based approach. For the reservation-based approach,
the vehicle agents submit a spatial-temporal request to the
intersection agent to pass the intersection when approach-
ing the intersection, and then the intersection agent agrees
or disagrees to this request according to the whole traffic
condition in the intersection area [20]–[22]. For the opti-
mization approach, Lee and Park [23] proposed a central
optimized control method based onminimum trajectory over-
lap in which the objective function is the time-displacement
trajectory overlap region of conflicting vehicles. However,
the central method has a heavy computation burden. To solve
this problem, Xu et al. [24] proposed a distributed control
framework, namely the virtual platoon method. The conflict-
free topology was built according to the relationship of traffic
order of each vehicle, enabling the vehicles to stagger through
the intersection.

Local control for an isolated intersection may not achieve
traffic-flow stability in the road network level and may
even deteriorate the efficiency of the overall road network.
Currently, the studies of traffic optimization in road net-
works mainly focused on signal optimization, which is just
a temporal control of traffic lights. A recent research pro-
posed a cooperative traffic signal control with traffic flow
prediction for a 4 × 4 intersection environment [25]. And
Ge et al. modeled a multi-intersection traffic network as a
multi-agent reinforcement learning system [26]. However,
these methods still cannot avoid start-up loss and clearance
loss. On the other hand, a few studies focused on the cases of
multiple non-signalized intersections. Based on the isolated
non-signalized intersection management, Zhang et al. [27]
developed a model for two adjacent intersections, which
provided the possibility of coordinating online a continu-
ous flow of CAVs crossing the intersections. Coinciden-
tally, in [28] a network of three adjacent intersections was
explored to estimate the traffic flow where the correlation
of the traffic volume between them was analyzed. These
studies mostly considered a set of contiguous intersections
with two or three intersections. Due to the fact that it was
limited to a series of several adjacent intersections, they just
simplified the problem with separate vehicles and intersec-
tions. It is necessary to further consider a more complicated

situation, a grid of intersections, namely a road network.
For instance, two case studies with only two intersections
and a three by three intersection grid were presented based
on mixed integer linear programming for multi-intersection
traffic management [29]. Despite of the breakthrough, due
to the complex conflict relationship between the vehicles,
even all the turns were ignored. Wang et al. [30] considered
a road network with 6 intersections containing turns lanes
where a vehicle needed to receive the trajectories of all other
vehicles within the communication range, which needed huge
computation resources without considering communication
structure. As far as our knowledge, with the increase in the
number of controlled intersections, the optimization problem
of road network control becomes computationally complex.
Moreover, research on how to organize CAVs through the
road network is still in its infancy. Existing research does
not consider the correlation between isolated intersections.
In fact, dynamic vehicle platooning will affect the efficiency
of intersection management.

The study is expected to fill the knowledge gap between
multiple non-signalized intersections and the impact of con-
nected vehicles. The paper aims to consider the global com-
plex conflict relationship of all approaching vehicles from
neighboring intersections in a road network. The focus of
this paper is to establish a microscopic traffic model with the
conflict-free geometry topology, the communication topol-
ogy, and the control algorithm as they are implemented at
individual vehicles. Therefore, it can achieve safety and effi-
ciency in controlling traffic flow by controlling independent
vehicles. We propose a distributed control method framework
of CAVs for non-signalized intersection network manage-
ment. The proposed approach is to construct conflict-free
geometric topology for the two-dimensional road network.
When considering vehicles from different lanes, the novel
method of vehicle group splitting and combination is pre-
sented to speed up vehicle convergence to steady state and
reduce the computation burden. To achieve distributed con-
trol of the topology, the distributed feedback controller is
designed. The advantages of the framework include: (1) low
complexity of geometric topology for two-dimensional road
network; (2) complete consideration of all conflicts from dif-
ferent intersections. Our main contribution of this study is to
propose a complete and effective traffic organization method
for CAVs in a road network. In order to consider all conflict
vehicle relationships and simplify them, we propose vehi-
cle group geometric topology with low complexity wherein
vehicle group splitting and combination are designed. The
distributed controller is proposed to control vehicles and the
stability analysis is verified.

The remainder of the paper is structured as follows.
In Section II, we introduce the modeling framework, which
includes left and right turns. In Section III, we present the
method for vehicle group geometric topology of vehicles
at different zones. In Section IV, the distributed controller
is designed based on the platoon geometric formation for
CAVs in the road network to cross intersections without
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FIGURE 1. Research scene of intelligent and connected vehicle coordination control method in a traffic network.

any movement conflict. In Section V, the system stability is
analyzed. Finally, we provide simulation results in Section VI
and conclude remarks in Section VII.

II. PROBLEM FORMULATION
The studied scenario is a road network consisting of multiple
non-signalized intersections and road segments which is
shown in Fig. 1. At each intersection, there is no traffic light.
We consider four-leg, one-lane non-signalized intersections,
including four entrances and four exits. Each entrance or exit
is assumed to contain only one lane. The letters N, W, S,
and E represent the four entrance directions heading north,
west, south, and east, respectively. The connected vehicles
running at the intersections are assumed to be automated vehi-
cles, which could turn left (labeled l), go straight (labeled s),
or turn right (labeled r). We assume that the distance between
a vehicle and the intersection which the vehicle is heading to
is d . When a vehicle passes a certain intersection, the target
intersection of the vehicle will change, and the distance to the
intersection will be reset to an initial value.

Additionally, each intersection in the road network has
two zones, i.e., approaching zone and cooperative zone. The
former one allows the vehicle at each entrance to implement
a car-following maneuver with its preceding vehicles, called
one-dimensional platoon control, whereas the latter one
implements two-dimensional vehicle groups coordination
control where vehicle adjusts its motion for self-organize and
coordinates with others for no-conflict passing intersections.

The range of the cooperative zone of the intersection is
determined by the communication distance limit. We con-
sider the vehicle being in the cooperative zone when the vehi-
cle is in the entrance lane of the intersection within the circle.
The circle is centered at the center of the intersection and the
communication distance is the radius. Otherwise, the vehicle
belongs to the approaching zone. On one hand, when the
vehicle passes the intersection, its position will switch from
the cooperative zone to the approaching zone. On the other
hand, when the vehicle enters the communication range at

the entrance of the intersection, its position will switch from
the approaching zone to the cooperative zone.

Such intersections can well show all the conflict scenes:
car-following situation, cross-conflict situation, and conflu-
ence situation, which also applies to multi-lane case. Note
that this study is not only suitable for this kind of regular
road network, but also for other irregular road networks,
such as intersections with other shapes and non-straight road
networks.

III. VEHICLE GROUP GEOMETRIC TOPOLOGY
Vehicles in the cooperative zone and approaching zone
of the intersection are different from car-following states.
We use vehicle geometric topology to describe car-following
behavior in the road segment and at the intersection,
respectively.

A. GEOMETRIC TOPOLOGY FOR VEHICLE
PLATOONS IN ROAD SEGMENTS
When the vehicle is in the approaching zone of the
road segment, it follows the geometric topology of a
one-dimensional vehicle platoon. There are three standard
policies of formation geometry for platoon control, as writ-
ten in [31], namely constant distance policy, constant time
headway policy as well as nonlinear distance policy. The
objective of these policies is to keep pace with the speed of
the preceding vehicle and to maintain the desired distance
with neighbor vehicles governed by the inter-vehicle spacing
policy:  lim

t→∞

∥∥vi (t)− vPi (t)∥∥ = 0

lim
t→∞

(
pPi (t)− pi (t)− Di

)
= 0,

(1)

where vi and pi are the velocity and displacement of vehicle i,
respectively; Pi is the preceding vehicle of the vehicle i in the
same lane; vPi and pPi are the velocity and displacement of the
vehicle Pi, respectively; Di is the desired distance. The dis-
placement of vehicle is appointed to the distance between the

VOLUME 8, 2020 122067



X. Chen et al.: Non-Signalized Intersection Network Management With CAVs

FIGURE 2. Geometric topology.

vehicle and the intersection. Among these following policies,
the desired following distance can be as

Di = Dl. (2)

Di = thvi + d0. (3)

Di = f (vi) . (4)

where Dl is a positive constant value denoting the constant
distance in the road segment, th is the time headway, d0 is
the minimum following distance and f (·) is the nonlinear
function of vehicle velocity denoting nonlinear car-following
relation.

Within the approaching zone of the road segment, the
vehicle is adjacent to the preceding car in its geometric posi-
tion. In the formation geometry, to simplify the car-following
relationship and achieve high traffic flow density, we decide
to use a constant distance policy.

B. GEOMETRIC TOPOLOGY FOR VEHICLE
GROUPS AT INTERSECTIONS
The concept of rotation projection was firstly applied in the
vehicle group at intersection proposed by Xu et al. [24].
Xu et al. [24] adopted the rotating projection and the
depth-first spanning tree to reconstruct the platoon geometric
topology and to obtain a new virtual platoon geometric
structure. In this paper, we also use the rotation projection and
depth-first spanning tree to construct the geometric topology
model of vehicle group at the intersection, as shown in Fig. 2.

In one intersection scenario, sometimes, there is no vehicle
in front of vehicle i and having conflict relationship with it.
In this case, the conflict vehicle set of it only includes the
virtual leading vehicle 0. But there is no virtual leading vehi-
cle in the virtual platoon and conflict-free geometry topology
in the road network, which differs from [24]. The leading
vehicle is one that has passed the intersection and is running
in another road segment. Among the relation of geometry
topology for vehicle group at the intersection, there exits
car-following relation between vehicle i and its parent
node Pi:  lim

t→∞

∥∥vi (t)− vPi (t)∥∥ = 0

lim
t→∞

(
pPi (t)− pi (t)− Di

)
= 0,

(5)

where Di is constant headway at the intersection, which has
different value with that for vehicle platoons in road segment.

C. GEOMETRIC TOPOLOGY FOR VEHICLE
GROUPS IN ROAD NETWORKS
Based on the geometric topology for road-segment vehicle
platoon and vehicle group at the intersection, we can con-
struct the geometric topology for a vehicle group under
two-dimensional road network, which is shown in Fig. 3.

On one hand, the leading vehicle of vehicle platoon in
the road segment is its preceding vehicle that is within the
cooperative zone of the same lane. For example, in Fig. 3,
the vehicle platoon in the approaching zone of entrance lane
1 follows the adjacent vehicle (labeled L1,1) ahead in the
cooperative zone of entrance lane 1. On the other hand, for the
virtual vehicle platoon at the intersection, its leading vehicle
is the nearest vehicle that has crossed the intersection.

For example, in Fig. 3, the first layer of the virtual platoon
at intersection No. 2 includes two vehicle nodes. The first
node is going to enter the entrance lane 1 of the intersection
No. 1, and the second node is in the direction of one entrance
lane of another intersection. In each of the two entrance lanes
and the intersection No. 2, there is one nearest neighbor
vehicle node (total of 2 vehicle nodes), and the leading vehicle
(labeled Lv,2) of the virtual platoon of the intersection No. 2 is
set to be closest to the intersection between the two vehicle
nodes.

Through the above geometric topology’s construction
method of two-dimensional road network vehicle group,
the leading vehicle of road-segment vehicle platoon and vir-
tual platoon at the intersection can be determined. Finally,
the geometric formation for the vehicle group in the
two-dimensional road network is formed. In the geometric
topology formation, the following distance Dl and Di of the
vehicles in the approaching zone and the cooperative zone are
different. Due to the convergence of traffic at the intersection,
the traffic volume in the cooperative zone is significantly
higher than that in the approaching zone. Therefore, in order
to ensure the traffic efficiency of the intersection, it is nec-
essary to set the distance Di of the cooperative zone to be
small to improve the traffic density of the virtual platoon at
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FIGURE 3. Geometric topology for vehicle group in the road network.

the intersection. In this paper, the vehicle set in the approach-
ing zone is defined asL, and the vehicle set in the cooperative
zone is defined as I.

In the same vehicle group, the expected distance of the
vehicle i from its arbitrary parent node vehicle j can be
determined by the vehicle group geometric topology forma-
tion. Since the geometric topology of the two-dimensional
road network group is a spanning tree, there exists a unique
directional path {ε1, ε2, · · · εn} from node j to node i, where
εk is an edge in a directed graph. Assuming that there are
nl directed edges belonging to the geometric topology of
the road segment and nI directed edges belonging to the
geometric topology of the intersection. Therefore, the desired
following distance between the vehicle i and j is

Di,j = nlDl + niDi. (6)

However, for any node i and j in the same vehicle group,
since the geometric topology of the two-dimensional road
network group is a spanning tree, it must have a common
ancestor node k . Therefore, the desired following distance
Di,j between node i and j can be calculated from its desired
distance from the ancestor node k:

Di,j = Di,k − Dj,k . (7)

D. VEHICLE GROUP SPLITTING AND COMBINATION
The geometric topology splitting and combination rules
mainly consider the car-following distance. When the car-
following distance is far in the geometric topology formation
of the two-dimensional vehicle group in the road network,
in order to prevent the car-following state from converging
to steady state for too long, the geometric topology needs
to be split. If the vehicle with a longer following distance is
located at the intersection cooperative zone, the vehicle and
all vehicles behind it in the virtual platoon constitute a new
vehicle group, and the new vehicle group topology formation
is reconstructed by the mentioned method. On the other hand,
if the vehicle with a long following distance is located at the
intersection approaching zone, we combine the vehicle and its
rear vehicles in the platoon into a new vehicle group, namely
reconstructing a new vehicle group topology formation.

Vehicle group splitting is presented in Fig. 4, where the
vehicle 6 in the cooperative zone is far away from the

vehicle 7 in the cooperative zone; the first vehicle and the sec-
ond vehicle in the entrance lane 1 in the approaching zone
is also far away from each other, so the vehicle group at
the intersection is divided into three sub-vehicle groups and
three topologies are formed. The three topologies cover the
cooperative zone, the approaching zone as well as the region
between them, respectively. When the two vehicle groups
are close in geometric position, in order to ensure the safety
of the two passing through the intersection, the geometric
topology needs to be merged. As shown in Fig. 4, if the
following distance between vehicle 6 and vehicle 7 decreases
into a threshold value, the geometric topology formation of
the vehicle group 1 and the vehicle group 2 merge to form a
new topological formation.

According to the comparison between the following
distance and the threshold value of it, different kinds of vehi-
cle groups are formed when vehicles are split and merged.
Jiang et al. [32] determined the following threshold according
to velocity and headway, finally obtained the optimal fol-
lowing distance threshold 2.5s through data analysis of the
vehicle platoon. In this paper, it is assumed that the highest
velocity of a vehicle passing the intersection is 20m/s, and the
headway threshold is 2.5s. Therefore, the distance threshold
is determined to be about 50m considering the case of CAVs.

In the sub-group after splitting, the head vehicle
automatically becomes the leading vehicle of the group,
which uniformly speeds up the target traffic speed of vT
at the junction and guides the remaining vehicles in the
sub-group to pass through the intersection in an orderly
manner, thus ensuring traffic efficiency and safety.

IV. DISTRIBUTED CONTROLLER
The information flow topology that characterizes the
information transfer between vehicles can be intuitively
abstracted into the structure of the graph, and then character-
ized by the correspondingmatrix and its properties. A platoon
includes one leading vehicle and N following vehicles as
shown in Fig. 4. We introduce a communication topology
graph ḠN+1 =

{
V̄N+1, ĒN+1

}
to describe the topological

relationship of information where V̄N+1 contains all vehi-
cle nodes and ĒN+1 is the information flow among nodes.
In this paper, bidirectional communication is considered,
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FIGURE 4. Vehicle group splitting.

i.e., if (i, j) ∈ ĒN+1, we have (j, i) ∈ ĒN+1. So the com-
munication topology is an undirected graph, and ĒN+1 is an
undirected edge.

We introduce the adjacency matrix A =
[
aij
]
∈ RN×N ,

and the pining matrix Q =
[
qij
]
∈ RN×N to describe the

information flow topology.
Adjacency matrix represents information transfer in

vehicles except for the leading vehicle:

aij =

{
1, if (i, j) ∈ ĒN+1

0, else.
(8)

Laplacian matrix L is an extension of adjacency matrixA,
which is defined as

lij =


N∑
k=1

aik , if i = j

−aij, else.

(9)

The tractionmatrixQ is a pair of diagonal arrays, indicating
the information transmission of the leading vehicle and the
rest of the vehicles, defined as:

qij =

{
1, if i = j and (0, i) ∈ ĒN+1

0, else.
(10)

Due to the consideration of bidirectional communication,
the adjacency matrix A, Laplacian matrix L, and the traction
matrix Q are all symmetric matrixes.
After feedback linearization, the vehicle nonlinear dynam-

ics model is transformed into a third-order linear dynamic
model with first-order inertial links [3]:

ṗ = −v, (11)

v̇ = a, (12)

ȧ = −
1
τ
a+

1
τ
u. (13)

where τ ∈ {τe, τb}, is the time constant of the first-order
inertia link for acceleration response, τe is time constant of
the first-order inertia link for engine torque response and τb

is time constant of the first-order inertia link for braking force
response.

Denote the status of the vehicle as x =
[
p v a

]T ,
the dynamics model of vehicle i can be written as:

ẋi (t) = Axi (t)+ Bui (t) ,

xi (t) =

 pivi
ai

 , A =

 0 −1 0
0 0 1

0 0 −
1
τ

 , B =
 0

0
1
τ

 .
(14)

where xi is the state of the vehicle i, pi, vi and ai are the
distance to the intersection center, speed and acceleration,
respectively, ui is the control variable of the vehicle i - the
desired acceleration, τ is the time constant of the acceleration
response to the first-order inertia link. Since the homoge-
neous vehicle virtual platoon is considered, all vehicles have
the same coefficient matrices A and B.

In this paper, a distributed control architecture of a virtual
vehicle platoon is constructed by using the feedback con-
troller based on the following distance error and speed error.

According to the vehicle geometric topology model,
the vehicle following distance error and speed error of vehicle
i and its neighborhood vehicle j are:

δ
(i,j)
p = −

(
pi (t)− pj (t)− D

(
li − lj

))
, ∀j ∈ Ni. (15)

δ
(i,j)
v = vi (t)− vj (t) , ∀j ∈ Ni. (16)

Here,Ni is the vehicle set in the information neighborhood
of vehicle i, which represents the vehicle set can exchange
information with vehicle i and is defined in [24], δ(i,j)p is the
car-following distance error between vehicle i and vehicle j,
and δ(i,j)v is the car-following speed error between vehicle i
and vehicle j, li and lj are the number of layers in the virtual
platoon depth-first spanning tree for vehicle i and vehicle j,
respectively.

Therefore, the linear feedback control law of the desired
acceleration is constructed by a linear combination of the
following behavior of the vehicle i and the information from
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neighborhood vehicles:

ui = −
∑
j∈Ni

kpiδ
(i,j)
p −

∑
j∈Ni

kviδ
(i,j)
v

= −kpi
∑
j

aij
(
pj (t)− pi (t)− D

(
lj − li

))
− kpiqii (p0 (t)− pi (t)− D (l0 − li))

− kvi
∑
j

aij
(
vi − vj

)
− kpiqii (vi − v0) . (17)

where kpi and kvi are the feedback gains of the distance error
and velocity error of the linear feedback controller of the
vehicle i, respectively, and ui is the controller input of the
vehicle, that is, the desired acceleration.

By introducing the car following model, taking the
following error of the vehicle i and the virtual leading vehicle
as a new state variable, i.e.,

x̄i =

 x̄i,1x̄i,2
x̄i,3

 =
 p0 − pi − D (l0 − li)vi − v0

ai

 ,
∀i ∈ {1, 2, · · · ,N } . (18)

The control variable ūi is the expected acceleration ui of
the vehicle i, i.e., ūi = ui.
Then the car following dynamics equation is

x̄i = Ax̄i + Būi, ∀i ∈ {1, 2, · · · ,N } . (19)

Thus, the linear feedback law is converted to

ūi = −kpi
∑
j

aij
(
x̄i,1 − x̄j,1

)
− kpiqiix̄i,1 − kvi

∑
j

aij
(
x̄i,2 − x̄j,2

)
− kpiqiix̄i,2

= −kpi
∑
j

(
lij + qij

)
x̄j,1 − kvi

∑
j

(
lij + qij

)
x̄j,2. (20)

Let ki = k =
[
kp, kv, 0

]T , so there is

ūi = −
∑
j

(
lij + qij

)
kT x̄j, ∀i ∈ {1, 2, · · · ,N } . (21)

V. INTERNAL STABILITY ANALYSIS
This section focuses on the stability analysis of a
homogeneous vehicle platoon based on the aggregated
dynamics model.

A. AGGREGATED DYNAMIC MODEL
In order to derive the overall closed-loop dynamics
model of the platoon, an aggregated systems state
X =

[
x̄T1 , x̄

T
2 , · · · , x̄

T
N

]T
and an aggregated input

U = [ū1, ū2, · · · , ūN ]T are defined. The system dynamics
can be expressed as,

Ẋ = ĀX + B̄U,

U = −C̄X . (22)

where (23)–(25), as shown at the bottom of the page, where
⊗ denotes Kronecker product.

Hence, the system dynamics equation with a given
information flow topology can be written in the following
compact form

Ẋ = IN ⊗ A · X−IN ⊗ B · (L+ Q)⊗ kT · X

=

(
IN ⊗ A− (IN ⊗ B) ·

(
(L+ Q)⊗ kT

))
X . (26)

According to the hybrid product properties of the
Kronecker product, we have

(IN ⊗ B) ·
(
(L+ Q)⊗ kT

)
= (IN (L+ Q))⊗

(
BkT

)
= (L+ Q)⊗

(
BkT

)
.

(26) can be rewritten as

Ẋ =
(
IN ⊗ A− (L+ Q)⊗

(
BkT

))
X . (27)

Here, A and B are the vehicle longitudinal dynamics, L
and Q express the information flow topologies, X indicates
the no-conflict geometry topology of the virtual platoon, and
kT displays the decentralized feedback control law.

B. SYSTEM STABILITY ANALYSIS
The closed-loop stability of the system will be analyzed
based on (27) through graph theory, Routh-Hurwitz stability
criterion, and matrix eigenvalue analysis. The system (27)
can be said to be internal stable by properly choosing the
feedback gains kT if and only if all real part of the eigenvalues
of IN ⊗ A− (L+ Q)⊗

(
BkT

)
are negative [33].

Lemma 1: Consider a matrix M =
(
mij
)
∈ RN×N and

a set J =
{
i ∈ {1, 2, . . . ,N } | |mii| >

∑n
i=1,j6=i

∣∣mij∣∣} 6=
∅. If for each i /∈ J , there exists a nonzero sequence{
mii1 ,mi1i2 , . . . ,mir j

}
ofMwith j ∈ J , thenM is nonsingular

[34].

Ā = IN ⊗ A ∈ R3N×3N , (23)

B̄ = IN ⊗ B ∈ R3N×N , (24)

C̄ =


(l11 + q11) kT (l12 + q12) kT · · · (l1N + q1N ) kT

(l21 + q21) kT (l22 + q22) kT · · · (l2N + q2N ) kT
...

(lN1 + qN1) kT

...

(lN2 + qN2) kT

. . .
...

· · · (lNN + qNN ) kT


= − (L+ Q)⊗ kT ∈ RN×3N , (25)
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Theorem 1: The communication matrix L+Q is a real and
positive matrix.
Proof: From the definitions of L and Q in (8), (9) and

(10), we can know that both the L and Q are real symmetric
matrices, soL+Q is also a real symmetric matrix. Therefore,
the characteristic roots of L+ Q are real numbers.
According to Gersgorin Disk Criterion [35], all the

eigenvalues of the L+Qmatrix are located in the union of N
disks ⋃N

i=1
{λ ∈ Cλ− lii − qii| ≤

∑N

j=1,j6=i
|lij|}. (28)

In addition, since
∑N

j=1,j6=i

∣∣lij∣∣ = ∑N
j=1,j6=i

∣∣aij∣∣ = lii ≤
lii + qii (> 0), we can have |λ− (lii + qii)| ≤ lii + qii.
Therefore, for L+Q, all the eigenvalues lie within the union

{λ ∈ C|Re(λ) > 0 ∪ {0}}. (29)

Besides, according to the condition of the directed
spanning tree, there is at least one following node that
can obtain the information of the leading node. Think
of L + Q as M defined in Lemma 1, then J ={
i ∈ {1, 2, . . . ,N } | |lii + qii| >

∑N
i=1,j6=i

∣∣lij + qij∣∣}. Since

|lii + qii| =
∑N

i=1,j6=i aij + qii and
∑N

i=1,j6=i

∣∣lij + qij∣∣ =∑N
i=1,j6=i

∣∣lij∣∣ = ∑N
i=1,j6=i aij, we can have J = {i ∈

{1, 2, . . . ,N }|qii > 0}. Therefore, i /∈ J ⇔ i ∈
{i|qii = 0}, which means i cannot communicate with the
leader. But there must be at least one directed path from
node j ∈ J to node i, and there exists a nonzero sequence{
lii1 + qii1 , li1i2 + qi1i2 , . . . , lir j + qir j

}
in L + Q. Thus,

according to Lemma 1, L+ Q is nonsingular, which implies
all the eigenvalues of L+ Q are real and positive.
Theorem 2: the stability of (27) is equivalent to that

A− λiBkT , ∀i ∈ N are Hurwitz matrices.
Proof: There is a non-singular matrix P, we have

P−1 (L+ Q)P = J .

where J is Jordan normal form of L+ Q.
Since both P and IN can be reversed, it can be known

that P ⊗ IN is reversible according to the Kronecker prod-
uct property. A similar transformation is performed on
Ac = IN ⊗ A− (L+ Q)⊗ BkT :

(P ⊗ IN )−1 Ac (P ⊗ IN ) = IN ⊗ A− J ⊗
(
BkT

)
.

Thus, IN ⊗ A− J ⊗
(
BkT

)
is a block upper triangular

matrix. Ac and IN ⊗A− J⊗
(
BkT

)
are similar matrices and

have the same eigenvalues.
Therefore, the eigenvalues of Ac are the roots of (30).∣∣∣λI3N −

(
A− J ⊗

(
BkT

))∣∣∣
=

r∏
i=1

∣∣∣λI3 − A+ λiBkT ∣∣∣ni = 0. (30)

And the characteristic polynomial of the matrix is∣∣∣λI3 −A+λiBk
T
∣∣∣ = λ3 + λ2

τ
+
kvλiλ
τ
+
kpλi
τ
.

FIGURE 5. Test scenario.

We use the Routh-Hurwitz criterion to test its stability and the
characteristic roots λi of L+Q are all positive real numbers,
therefore

kv > 0, kp > 0, kv > τkp. (31)

VI. SIMULATION AND ANALYSIS
In this section, numerical simulations of the proposed
distributed cooperative control method for CAVs at the
non-signalized intersection network are conducted in the
Simulation of Urban Mobility (SUMO) [36] to test
the performance with different traffic demands.

A. BENCHMARK ALGORITHM
We adopt the reservation-based intersection cooperative
control method with a First-Come-First-Serve (FCFS) pol-
icy [21], [37] as the benchmark algorithm. The algorithm
can present the FCFS principle and spatiotemporal resource
allocation well and is easily expanded to a road network.

In the reservation-based method, vehicles use the FCFS
policy to schedule the time to pass the intersection under
the management of the traffic controller. The approaching
vehicles apply the time-duration reservation from the traffic
controller to pass the intersection. If the applied time duration
has been occupied, the traffic controller rejects the vehicle
reservation request, and the vehicle decelerates and re-reserve
the time duration to pass the intersection. In the reservation-
based method, the vehicle reservation distance and the vehi-
cle safety distance are important parameters therein. In the
simulation, the vehicle reservation distance and the vehicle
safety distance are set to be consistent with the coordination
distance and the desired following distance of the proposed
method in this paper, respectively.

B. TESTING SCENARIOS
We use a typical small traffic network of 5× 6 as the
simulation scenario, as shown in Fig. 5. In the test scenario,
there are 26 intersections (the intersections at the corners
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TABLE 1. Simulation scenarios.

can be considered as road segments) and 90 road segments,
including 12 crossroads and 14 T-junctions. Set the distance
between adjacent intersections in the traffic network to be di,
that is, the length of the link connecting the intersections
is di. For each intersection, the communication distance is dc,
which is equal to the coordination distance. When vehicles
enter the intersection communication distance, the virtual pla-
toon is constructed by the intersection geometry. Otherwise,
when vehicles are outside the intersection communication
distance, the actual vehicle topology is constructed. In the
simulation, di is set to be 1km and dc is set to be 500m.
In the constructed traffic network, several vehicles are

randomly generated on each road segment with a certain
average density kf , and the initial velocities of vehicles are
randomly distributed according to the normal distribution
of N

(
15, 1.52

)
. The initial headway distances of vehicles

are randomly generated according to the normal distribution
N
(
µ, σ 2

)
, where the expectation and variance of the head

distances are related to the density of the traffic flow in the
road network, respectively:

µ =
1
kf
, σ = 0.15µ.

Vehicles always travel within the road network during
the simulation time, ensuring that the average density of the
vehicles in the traffic network remains constant during the
simulation time. When vehicles travel to the intersections,
the probability of traveling to each exit lane of the intersec-
tion is equal, and the travel trajectory is determined in the
simulation initialization procedure. The red lines show the
typical travel trajectory of three randomly generated vehicles
in Fig. 5.

In the simulation, 13 simulation scenarios with different
traffic flow densities are set in TABLE 1. The expectations
of the head distances are: 30 m/veh, 40 m/veh, 50 m/veh,
60 m/veh, 70 m/veh, 80 m/veh, 90 m/veh, 100 m/veh,
110 m/veh, 120 m/veh, 130 m/veh, 140 m/veh, and
150 m/veh, respectively. The corresponding traffic densities
are shown in TABLE 1 which represents the low, medium
and high traffic volume conditions, respectively. In the traffic
simulation scenario, the proposed method and the benchmark
algorithm are used as the comparison algorithms to simulate,
record, and output the vehicle motion information, and we
use the same vehicle model to calculate the fuel consumption
and average speed, etc., as performance indicators. In all
simulations, the inertial lag of vehicle τ is 0.5 s. And the
feedback gains of the distance error kp and velocity error kv
of the linear feedback controller are 0.15 and 0.7, respec-
tively. We count the total computation time of the geometry
topology construction of the virtual platoon and the control
input calculation of a single vehicle, of which the results show

FIGURE 6. Road network traffic flow density with cooperative control
method under medium flow condition.

that the average and maximum time costs on computation are
almost 0.004 s and 0.008 s, respectively, which proves the low
computation complexity of the proposed method.

C. CASE STUDY
We first show the results of one case study with the medium
flow condition (12.5 veh/km, the expectation of the head dis-
tance is 80 m/veh) as an example to show the average traffic
flow density thermogram and the average vehicle velocity
profile. Wherein, the average traffic flow density value of
a point in the road network is the total number of vehicles
occupying over a unit distance of the point divided by the
total simulation time. The average speed of a point in the
road network is the average of the speeds of all vehicles at
that point over a unit distance.

Fig. 6 and Fig. 8 are the heat flow diagrams of traffic
flow density distribution in the road network for the proposed
method and the benchmark algorithm under medium flow
condition. It can be seen from the figures that the density
of vehicles in the proposed method is evenly distributed
in the road network. Even the density near the boundary
between the coordinated area and the non-coordinating area
is small, and no serious congestion occurs. In the benchmark
algorithm, the vehicle density is unevenly distributed in the
road network, and the road segment area in the road network
is sparse. However, in the road network, the intersection
area is dense. As the density increases sharply near the
intersection, the traffic congestion problem is more serious.
Fig. 7 and Fig. 9 are the spatial distribution of traffic flow
velocity in the road network for the proposed method and
the benchmark algorithm under the medium flow condition.
It can be seen from the figures that the speed of the vehicles
is more consistent in the traffic network in the proposed
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FIGURE 7. Road network traffic flow velocity with cooperative control
method under medium flow condition.

FIGURE 8. Road network traffic flow density with benchmark algorithm
under medium flow condition.

method due to considering the information of neighboring
vehicles. The speed is reduced near the boundary between
the coordinated area and the non-coordinating area, but the
size of the area where the speed is reduced is smaller and
the reduction is smaller. So we can see that the vehicle
ensures the high speed of entering the cooperative zone by
finely adjusting the speed when crossing the approaching
zone to the cooperative zone, which proves our method has
the ability to coordinate the vehicle to converge faster in the
transition area. In the benchmark algorithm, the vehicle speed
is poorly distributed in the road network, because vehicles
have to constantly adjust their speed to get reservations.
The flow rate in the road segment of the road network is
large, the flow velocity in the intersection area is significantly
reduced, and the flow reduction area is significantly expanded
comparedwith the coordinated control method, and the traffic
congestion problem is more serious.

Trajectories of vehicles in lane 16 (see Fig. 5) for
80 m/veh traffic demand in the cooperative control
method and the benchmark algorithm are shown in
Fig. 10 and Fig. 11, respectively, where the x-axis shows the

FIGURE 9. Road network traffic flow velocity with benchmark algorithm
under medium flow condition.

FIGURE 10. Trajectories of vehicles in lane 16 for 80 m/veh traffic
demand in the cooperative control method.

FIGURE 11. Trajectories of vehicles in lane 16 for 80 m/veh traffic
demand in the benchmark algorithm.

intersection location. Vehicles travel at their desired speed
and maintain a safe distance with potentially colliding vehi-
cles according to different methods. It can be found in
Fig. 10 that the cooperative control method requires almost
no waiting. The speed adjustment occurs at the junction of
the cooperative zone and approaching area, but still passes
at a higher speed, and the distribution of the entire vehicle
is relatively uniform. Moreover, it is because of the slight
adjustment of the speed of the vehicle that the vitality of the
entire system is maintained. But the trajectories of vehicles
shown in Fig. 11 have large fluctuations. It is apparent
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FIGURE 12. Average fuel consumption under different traffic density.

that some vehicles stop in the approaching zone near the
intersection. And in higher traffic flows, the situation is more
serious.

Therefore, under the medium traffic flow condition, the
cooperative control method can effectively reduce the fluc-
tuation of traffic flow speed and the uniformity of traffic
density, and significantly improve the traffic efficiency of the
road network.

D. STATISTICAL RESULTS OF DIFFERENT
TRAFFIC DENSITIES
Fig. 12 - Fig. 15 show the curves of the average fuel
consumption, average speed, average acceleration, and aver-
age waiting time for per vehicle in 1000 seconds under dif-
ferent traffic demands. Since the number of vehicles involved
in a collision is over 100 when the traffic density is greater
than 50 m/veh, we mark them with hollow circles. From the
results, we can see that the distributed control method can
keep traffic running without collisions in all kinds of traffic
demand, which proves that the proposed can improve traffic
safety.

As can be seen from Fig. 12, the distributed control method
can improve the fuel economy of vehicles at high traffic
densities compared to the benchmark algorithm. The vehicle
fuel consumption of the distributed control method increases
slowly linearly with the increase in traffic density when the
traffic density is less than 110 m/veh. The vehicle fuel con-
sumption of the benchmark algorithm has the same trend and
these values are almost the same. When the traffic density is
greater than 100 m/veh, the traffic congestion increases, and
the fuel consumption of the benchmark algorithm increases
with the increase in traffic flow and exceeds the value of the
distributed control method. Although the overall difference is
not a bit at first, the benchmark algorithm deteriorates faster
than the proposed algorithmwhen the traffic density is greater
than 70 m/veh.

As can be seen from Fig. 13, the distributed control
method can improve the average vehicle speed, that is, traffic
efficiency, at different traffic densities than the benchmark
algorithm. Similar to the fuel consumption of the vehicle,
the average vehicle speed of the distributed control method
decreases slowly linearly with the increase of traffic flow
when the traffic density is less than 100 m/veh, and when
the traffic density is greater than 100 m/veh, the traffic con-
gestion is aggravated. The distributed control method shows
the possibility of maintaining a speed of around 10 m/s at

FIGURE 13. Average vehicle speed under different traffic density.

FIGURE 14. Average vehicle acceleration under different traffic density.

FIGURE 15. Average waiting time under different traffic density.

high traffic density. The average speed shows an approximate
exponential decline with increasing traffic flow. The average
speed of the vehicle in the benchmark algorithm shows an
approximate exponential decline after the traffic density is
greater than 100 m/veh. When the traffic density is higher,
the average speed continues to drop.

As can be seen from Fig. 14, the average acceleration of
vehicles in distributed control increases with the increase
of density when the traffic density is less than 60 m/veh.
The average speed of the vehicle decreases when the traf-
fic density is greater than 60 m/veh, and the conges-
tion increases, therefore, the average acceleration is instead
reduced. The turning point of the benchmark algorithm is
roughly 70m/veh. Themore the number of vehicles, the more
crowded, the less likely the vehicle is to get the reservation by
adjusting the speed. Thus, the average acceleration is getting
higher than that in the distributed control.

In Fig. 15, the average waiting time is the accumulated
time within the previous time interval of length 1000s
divided by the number of vehicles in the traffic network.
As can be seen from the figure, the average waiting time
in distributed control is almost zero. The cooperative dis-
tributed control method adjusts vehicles speed and makes
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vehicles keep a safe distance with each other, which can help
vehicle travel through the intersection without stop. In the
benchmark algorithm, since the vehicle enters the coopera-
tive zone, it tries to decelerate continuously for getting reser-
vation, casing a mismatched time window and resulting in
the vehicle not being reserved. The average waiting time is
increasing drastically when the traffic density is greater than
70 m/veh.

Therefore, compared with the benchmark algorithm,
the distributed control method can not only reduce vehicle
fuel consumption and improve traffic efficiency under dif-
ferent traffic flow densities, but also increase the critical
density of congestion, which significantly alleviates traffic
congestion. From the results, although we cannot explic-
itly see the impact of the communication structure, we can
see that the communication among a limited number of
vehicles can ensure the platoon stability and follow-up
safety.

VII. CONCLUSION
This paper constructed a distributed cooperative control
method for non-signalized intersection networks. We
extended the geometric configuration of the original
single-point virtual platoon to the case of road networks. Then
the geometric configuration for vehicle groups in the road
network was constructed, which included geometric topolo-
gies for vehicle platoons in road segments and vehicle groups
at intersections. In order to ensure that vehicles converged
to a steady state quickly, based on the vehicle following
behavior characteristics in the vehicle groups, we proposed
a method of geometric topology splitting and combination
of the vehicle groups. The maneuver for each CAVs was
designed by the cooperative framework under communica-
tion. In other words, CAVs traveled at the desired speed com-
puted by a distributed controller. The distributed controller
considers the collision-free geometric topology of the virtual
platoon, communication topology, vehicle dynamics, and
distributed feedback law, constructing aggregate dynamics
model of virtual vehicle platoons, which helped vehicles to
avoid collisions with each other and improve vehicles speed.
We also provided an example implementation of the scheme
and compared its performance with the FCFS benchmark
algorithm through microscopic traffic simulations under var-
ious demand levels. Test results showed that the distributed
cooperative control method can significantly improve vehicle
fuel economy and traffic efficiency at different traffic flow
densities. In addition, since the speeds of vehicles near the
intersection were adjusted, the number of stops was reduced
to zero.

As the next important step, it will be interesting in the
future to expand the methodology to include different CAVs
penetration rates. Therefore, mixed traffic of autonomous and
human-driven vehicles is worth studying. As a suggestion,
the platoon modeling can be reconstructed that the formation
of human-driven vehicles is with a leader of an autonomous
vehicle.
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