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Abstract: With the application of vehicles to everything (V2X) technologies, drivers can obtain
massive traffic information and adjust their car-following behavior according to the information.
The macro-characteristics of traffic flow are essentially the overall expression of the micro-behavior
of drivers. There are some shortcomings in the previous researches on traffic flow in the V2X
environment, which result in difficulties to employ the related models or methods in exploring the
characteristics of traffic flow affected by the information of generalized preceding vehicles (GPV).
Aiming at this, a simulation framework based on the car-following model and the cellular automata
(CA) is proposed in this work, then the traffic flow affected by the information of GPV is simulated
and analyzed utilizing this framework. The research results suggest that the traffic flow, which is
affected by the information of GPV in the V2X environment, would operate with a higher value of
velocity, volume as well as jamming density and can maintain the free flow state with a much higher
density of vehicles. The simulation framework constructed in this work can provide a reference
for further research on the characteristics of traffic flow affected by various information in the
V2X environment.

Keywords: traffic flow; V2X environment; cellular automata; car-following model; numerical simulation

1. Introduction

In the last few years, the informatization degree of traffic system has been substan-
tially increasing with the application of intelligent and connected technologies. The new
generation connected technology including the C-V2X as well as the ITS-G5 can transmit
information between vehicles, facilities and other elements in the transportation system in
a low-latency and high-reliability way [1-9], which makes it possible for drivers to obtain
massive information about elements in the system in real time. A larger number of efforts
were carried out to explore the impacts of the new connected technologies on the operation
of the transportation system [10-15]. Among these researches, a considerable part of the
important ones explore the impacts of the application of the new connected technologies
on car-following behavior or traffic flow from the perspective of traffic flow theory, which
is the theoretical basis for effectively organizing and managing the transportation sys-
tem. In the vehicles to everything (V2X) environment, drivers can obtain massive traffic
information with the technologies mentioned above and, according to the information,
adjust their car-following behavior, which will further influence the characteristics of traffic
flow [16-18].

The impacts of various information on drivers’ car-following behavior and the char-
acteristics of traffic flow in the V2X environment have become a hot topic in traffic flow
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theory. The impacts of individual motion state information of vehicles, including head-
way, velocity and acceleration, on car-following behavior and traffic flow were explored
in [19-27]. Compared with the arbitrary number of preceding vehicles in the current lane,
drivers would pay more attention to the vehicles within their view field. For the vehicles
out of their view, drivers tended to focus on the overall motion state of these vehicles
rather than the individual motion state. Based on these, the influence of overall motion
state information of the vehicle fleet, such as average headway and average velocity, was
discussed in [28-32]. Results of the above research suggest that individual as well as overall
motion state information of preceding vehicles in the current lane can assist drivers to
optimize their car-following behavior and, thus, stabilize the traffic flow to a different
extent. However, realistic roads are not all one-lane roads, and the motion of the vehicle
fleet in the different lanes of the multi-lane road is not independent. Drivers would also
pay attention to the motion of front vehicles in the adjacent lanes, especially the left/right
preceding vehicle in the adjacent lanes, when they are at the car-following state. With
the aforementioned connected technologies enabled by fifth generation mobile networks,
drivers can obtain motion state information of multiple preceding vehicles including the
left/right preceding vehicle. According to this, we proposed a generalized preceding vehi-
cles (GPV) model, which can describe drivers’ car-following behavior with consideration
of GPV information in a relatively accurate way, in the previous research [33]. The research
results confirmed the stabilizing effect of GPV information on traffic flow. However, there
is only qualitative analysis of the impacts of various information on the stability of traffic
flow in the V2X environment, and the quantitative analysis of operating characteristics of
traffic flow is still absent, which makes the above research fail to provide a sufficient and
appropriate theoretical basis and reference for the design, organization and management
of the transportation system in the V2X environment.

Motived by this, we propose a simulation framework based on the car-following
model and cellular automata (CA) in this work to quantitatively analyze the traffic flow
affected by GPV information in the V2X environment by employing velocity, volume and
density as indicators. In Section 2, the simulation framework is established. In Section 3,
the framework is employed to simulate the traffic flow. In Section 4, the simulation results
are discussed. The research results are concluded in Section 5.

2. Simulation Framework

Car-following behavior is the most basic driving behavior, which is prevalent in
the traffic system. As one of the cores of traffic flow theory, car-following models can
describe the interaction between the successive vehicles in a detailed way, which are the
theoretical basis of macro-characteristics of traffic flow and its simulation. Bando et al. [34]
believed that drivers would adjust their car-following behavior according to the distance
between their vehicle and the front vehicle, and constructed an optimal velocity (OV)
model. (All abbreviations, including the ones in the Abstract, and the corresponding
full names are as shown in Table Al in the Appendix A). Calibrating the OV model
with trajectory data, Helbing et al. [35] found that the model would compute unrealistic
acceleration/deceleration. To fix this default, Helbing et al. established a generalized force
(GF) model with consideration of the negative velocity effect. In the following research,
it was found [36] that the GF model could not describe the phenomenon that the object
vehicle would not decelerate when the distance between it and its front vehicle was shorter
than the safety distance and the front vehicle is much faster than the object vehicle. Based
on this, Jiang et al. [37] further considered the positive velocity effect and proposed a full
velocity difference (FVD) model. The equation of the FVD model is as follows:

dv, (t)
dt

= a[V(Axy) — vn(t)] + AAvy (1)

where a is the sensitivity parameter of the driver, V(Ax;) is the optimal velocity function,
Axy, = x,41(t) — x,(t) denotes the headway of two successive vehicles and
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Avy, = v,11(t) — va(t) represents their velocity difference. xj,41(t), xn(t), v,41(t) and
vy (t), respectively, are the position and velocity of the n th vehicle and its front vehicle
n + 1th where f represents time.

The above models are generally referred to as “optimal velocity models”, and the core
of these models is the optimal velocity function, which is as follows:

V(Axy) = ”“;X [tanh(Ax, — fc) + tanh(hc)] 2)

V(Axy) = Vi + Vatanh[Cy (Axy, — 1) — Gy ®)

where vmax is the maximum velocity, ki, and I are the length of the vehicle, V3, V;, C; and
C, are parameters to be calibrated.

The optimal velocity function has properties including monotonically increasing,
existing upper bound, existing inflection point at Ax, = h,, V(Ax,) — 0 when Ax, — 0
and V(Axy) — vmax when Ax, — oo, which enable the function to be able to describe
characteristics, such as avoiding collisions, following velocity depending on the distance,
driving faster when they can, of drivers’ car-following behavior from a mathematical
standpoint. In subsequent studies, the optimal velocity models, especially the FVD model,
showed a high performance in simulating car-following behavior in a vehicles fleet and
analyzing the stability of the traffic flow. Many extended models were proposed.

However, the optimal velocity models can only reflect the interaction between the
object vehicle and its front vehicle, and there are problems existing in directly employing
these models to describe drivers’ car-following behavior in the V2X environment. Although
there are multiple extended models mentioned in Section 1 with consideration of the
impacts exerted by the motion state information of an arbitrary number of preceding
vehicles in the current lane, there was no research considering the influence caused by
preceding vehicles in the adjacent lanes, of which information is available for the driver in
the V2X environment. Based on these, we considered the motion state information of GPV,
which consists of the preceding vehicle, the non-neighboring preceding vehicle and the
left/right preceding vehicle in the adjacent lanes, and proposed an extended model named
the GPV model [33]. The equation of this model is as follows:

dv, (1)
dt

= plalV(Axy) — ou(8)] + Avn(8)} + (1 = p)(Tn — vu(t)) @)

where a, A and p respectively represent the sensitivity of the driver about optimal velocity differ-
ence, velocity difference and the difference between the GPV’s average velocity and self-vehicle
velocity. 7, is the average velocity of GPV and 0, = (v,,41(f) + vy42(t) + v (t) +v,(£)) /4,
where v,,11(t), v,12(t), v;(t) and v, (t) are the velocity of front vehicle, non-neighboring
front vehicle, left and right front vehicles in adjacent lanes.

In the GPV model, the optimal velocity function in Equation (3) was employed and
the parameters in the function are as shown in Table 1.

Table 1. Parameters value in Equation (3) [35].

Parameters \%41 V, C1 Cy I
6.75 7.91 0.13 1.57 5

Performance of the GPV model in describing drivers’ car-following behavior with
consideration of the GPV motion state information in the V2X environment has been
confirmed, and the parameters of the model has been calibrated (the calibration results
are as shown in Table 2) with the NGSIM dataset in our previous research. And the
stability criterion was also obtained through the linear stability analysis, which confirmed
the stabilization effect of GPV information on traffic flow. This research as well as other
research mentioned above have explored the drivers’ car-following behavior and the
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stability of traffic flow affected by various information in the V2X environment. However,
the quantitative analysis of the traffic flow characteristics is absent in these efforts.

Table 2. Parameters value in Equation (4) [33].

Parameters Generalized Preceding Full Velocity Difference
Vehicles (GPV) Model (FVD) Model
o 0.767 0.852
A 0.301 0.389
p 0.769 -

The characteristics of traffic flow are essentially the overall expression of the mi-
croscopic car-following behavior of individual vehicles in the system. The macroscopic
traffic flow models [38-43], which are also known as continuous medium models, are the
commonly used approach to explore the impacts of V2X technology on traffic flow in the
previous work. In these continuous medium models, vehicles in the system are regarded
as a compressible medium, and fluid dynamics as well as other related theories are used
to study the traffic flow at the system level. However, these models show a relatively low
performance in expressing the differences in macro characteristics of traffic flow caused
by the differences in drivers’ micro behavior. Based on this, a simulation framework is
combined with the car-following model and the CA for the quantitative analysis of traffic
flow characteristics affected by the GPV information in the V2X environment.

As a mesh dynamic model, the CA model is suitable for simulating the space-time
evolution process of complex systems and has been widely used in the simulation of traffic
flow [44-59]. Ordinary CA models, as shown in Figure 1, employed in the simulation of
traffic flow define the discrete road sections as cellular. In these models, the cellular state
contains whether there is or is not a vehicle and other information, and updates according
to the pre-set evolution rules.

Figure 1. The discrete cellular automata (CA) model with defining road sections as cellular.

Research based on discrete CA models could make reappear the evolution of traffic
flow and some macroscopic phenomena during the simulation, but the output data are
discrete and stepped. Thus, there are some defaults for the discrete CA models in studying
traffic flow, especially in the exploration of continuous operation and evolution on the
timescale. Although the above problems can be solved to a certain extent by further
subdividing the road sections, this approach can obtain approximately continuous data at
the cost of consuming massive computing power, which makes the approach not suitable
for the simulation of the large-scale transportation system. To solve these problems, Yeldan
et al. [60-65] defined the vehicles as cellular instead of road sections and proposed the
continuous CA model (as shown in Figure 2) for simulating traffic flow.
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Figure 2. The continuous CA model with defining vehicles as cellular.

In the continuous CA model, the vehicles are defined as cellular, and their motion
is regarded as the evolution of cellular states, which enables the model to output data



Future Internet 2021, 13, 88

50f17

continuous on the time scale. However, the evolution rules in the continuous CA models,
which have been applied in simulating traffic flow, are relatively simple and, thus, cannot
represent the characteristics of drivers’ car-following behavior and directly be used in
simulation traffic flow in the V2X environment. Motived by these facts, we define the
vehicles as cellular and the velocity as well as position of the vehicles as the cellular state
and set the evolution rules based on the car-following model. Based on this, a traffic flow
simulation framework (TFSF) for the research on traffic flow characteristics is constructed.
The basic structure of the TFSF can be seen in Figure 3.

/ TFESF )
é Simulation Scenario A
Road Size of the Termination
\ Parameters Vehicles fleet Condition )
p ~
Initialization Rules of Cellular State
[ Velocity ]{ Position |[ verees J
N g,
¢ Evolution Rules of Cellular State
[ Velocity J[ Position ][ e J
N\ g,
s ™
Generation/annihilation Rules of Cellular
e ~
Virtual Data Detector
| Velocity l[ Volume J[ Density ][ ...... l

S )

Figure 3. The basic structure of the traffic flow simulation framework (TFSF).

In this work, the evolution rules of the cellular state are set based on the GPV model
to explore the operating characteristics of traffic flow affected by GPV information in the
V2X environment.

Rules in the TFSF are set as follows:

Initialization Rules of Cellular State

In the TFSF, the vehicles are defined as cellular, and the state of each cellular state
contains the position and velocity of the corresponding vehicle, i.e., S, = [x,(t), vn(t)].
The initialization rules of the cellular state are as follows:

(1) Position. At the initial time, there are a total of N vehicles on the road with a length
of L. Assigning the same motion area ! for all vehicles, and the initial position of the n th
(n=1,2,---,N) vehicle x,(0), which is defined as the distance between the vehicle head
and the starting line of the road, this can be given as

20 (0) ~ N(ndl + (he —dy) /2, (d) — he)? /36) ®)

where d; = L/ N is the length of the motion area I, and k. is the length of the vehicle.
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According to the properties of normal distribution, it is necessary to set constraints to
avoid the “overlapping” phenomenon, which means the two successive vehicles overlap
in space. The constraints are as follows:

if x4, (0) > md, (6)

then x,,(0) = md, (7)

if xu(0) < (m—1)d; + he 8)
then x,,(0) = (m — 1)d; + he 9)

wherem =1,2,...,N.
(2) Velocity. According to the NGSIM data, the initial velocity of the vehicle is set as

Uy (0) = min{max [1’1 Umax, Z)min}f 94, } (10)

where rq is a random number and 71 € (0, 1], Umax and vmn are, respectively, the upper and
lower limit of velocity in the simulation, v, is the safety limit of velocity to avoid collision,
and its value is equal to the headway between the n th vehicle and its front vehicle, i.e.,
dn(t) = 241 () — x5 (t) — he.

Evolution Rules of Cellular State

For each simulation step, the state of each vehicle cell in the system is updated
simultaneously according to the following rules:

(1) Velocity. The velocity of the n th vehicle at the next time ¢ + 1 can be given as

O (t + 1) = min{vmax, v4,, max[0, v, (t) + an(t)] } (11)

where v, (t + 1) and v, () are, respectively, the velocity of the n th vehicle at the time ¢ and
the next time ¢ + 1, and a,,(f) is the acceleration of the n th vehicle at the time ¢, which can
be determined according to Equation (4).

(2). Position. The position of the n th vehicle at the next time ¢ + 1 is

Xn(t+1) = Xn(t) +'Un(t+1) (12)

where 1, is a random number and r, ~ N(0.5,0.0225), and v, is the maximum velocity
of all vehicles at the time .

It is very rare that two vehicles in the two adjacent lanes side by side are driving at
the same velocity. Due to this, a random noise is added to the state of the cell when the
generated left and right front vehicles have the same velocity and the same position. Then,
the velocity of the n th vehicle’s left front vehicle at the time ¢ is

0r(t) = Umin + 73(Ymax — Umin) (13)
if o,() = i (1) (1)
thenv,(t) = v, (t) + 14 (15)

where r3 and r4 are random numbers, 3 ~ N(0.5,0.0225) and r4 ~ N(0,1).
(2) Position. The position of the n th vehicle’s left front vehicle at the time ¢ is a random
number as
x;(t) = rand[xp, X,41] (16)

That of the right front vehicle of the # th vehicle at the time ¢ is
x1(t) = rand[xp, X,41] (17)

if x(t) = x(t) (18)
then x,(t) = x,(t) + 15 (19)
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where 5 is a random number and r5 ~ N(0,1).
To sum up, the evolution process of the cellular state can be seen in Figure 4.

[ The Current Time t }

(G

( Generating Vehicles in the

| Adjacent Lanes and Set the State |

¢

Updating the Velocity State of
yehicle Cellular in the Middle Lang

(

Updating the Position State of
\Vehicle Cellular in the Middle Lanej

(

Annihilating Vehicles
in the Adjacent Lanes

¢

[The Next Time t + 1 ]

Figure 4. The evolution process of cellular states.

Initialization and Annihilation Rules of Cellular States

The periodic boundary condition is used in this work, which means the cellular state
annihilates when the corresponding vehicle drives out of the road and a cellular state
generates in the beginning of the road with the same state at the same time. Among all
object vehicles in the middle lane, the vehicle group, which form the GPV, of the N th and
the N — 1th vehicle, respectively, lacks the preceding vehicle and the non-neighboring
preceding vehicle. According to the properties of the periodic boundary condition, the
first vehicle can be regarded as the preceding vehicle of the N th vehicle and the non-
neighboring preceding vehicle of the N — 1th vehicle, and the second vehicle can be
regarded as the non-neighboring preceding vehicle of the N — 1 th vehicle.

3. Simulation

The TFSF used in this section is based on the GPV model that has been verified. Thus,
it is unnecessary to carry out the verification on the performance of the TFSF in describing
drivers’ car-following behavior affected by the GPV information in the V2X environment.

All simulation conducted in this section was accomplished with the MATLAB software
(Version 9.6).

3.1. Setting of the Simulation Scenario

According to the data measured in the field and the previous research [33,66], the
length of the road and the vehicle are respectively set as L = 1500 m and h. = 5 m. The
velocity limits are set as Umax = 30 m/s and v, = 8 m/s. The acceleration limits are
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set as Amax = 3 m/s? and d,;, = —4 m/s?. The total time of the simulation is T = 3000 s.
Letting N represent the total number of the vehicles on the road, one can obtain
vf = 9
k=L/N (20)
q=vsk

where vy is the operating velocity of traffic flow, and 7 is the average velocity of all object
vehicles. k is the density of vehicles on the road. g is the volume of traffic flow.

3.2. The Simulation of Traffic Flow

To explore the impacts of GPV information on traffic flow under different levels of
drivers’ attention to the information, the sensitivity parameter p is respectively set as 0.9,
0.8,0.7 and 0.6. The FVD model is employed to represent the unconnected environment for
comparison. The calibrated values of the corresponding parameters can be seen in Tables 1
and 2. With the simulation of the traffic flow affected by the GPV information in the V2X
environment, a volume—density surface can be obtained as shown in Figure 5.

3500
3000 1 2500
=
S 2000 1 2000
=
(o]
1000 4 1500
0 1000
p=0.6
p=0.7 200 500
p=0.8 150
p=0.9 100
FVD 50 0

different sensitivity parameters 0 density fveh-km™!

Figure 5. The volume-density surface.

As shown in Figure 5, the GPV information in the V2X environment has a significant
positive influence on the operation of traffic flow. In the V2X environment, the maximum
volumes of the traffic flow affected by the GPV information with a different sensitivity
parameter p are as shown in Table 3.

Table 3. Maximum volumes of the traffic flow affected by the GPV information.

Parameter p Maximum Volume Rate A of the Increase  Rate B of the Increase
0.9 3110.40 veh-h ™! 52.40% 0%
0.8 3477.60 veh-h~! 70.39% 11.80%
0.7 3715.21 veh-h ™! 82.03% 6.83%
0.6 3852.00 veh-h~! 88.73% 3.68%

! The rate A is the increasing rate of the corresponding maximum volume compared with the one in the
unconnected environment. 2 The rate B is the increasing rate of the corresponding maximum volume compared
with the previous one.
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From Table 3, one can obtain that the maximal volume of traffic flow affected by the
GPV information in the V2X environment is significantly increased, and the rate of the
increase can reach up to 88.73% compared with the unconnected environment, in which
the maximum volume of the traffic flow is 2040.96 veh-h~! under the same condition. To
further explore the positive effect of the GPV information on the traffic flow in the V2X
environment, extra simulation is carried out, and the fundamental diagram represented by
the volume—-density relationship is obtained, which can be seen in Figure 6.

4000 T T T
p=0.9
B p=0.8| |
3500 0=0.7
p=0.6
3000 + FvD |
- 2500 B
=
=
£ 2000 E
=
i=}
*= 1500 - b
1000 |
500 - .
0 1 1 1
0 50 100 150 200

density veh-km’™
Figure 6. The fundamental diagram represented by the volume-density relationship.

From Figure 6, one can obtain that compared with the unconnected environment, the
traffic flow in the V2X environment can maintain the free-flow state under the condition
of a higher density of vehicles. The traffic flow in the V2X environment can operate with
a higher value of volume and velocity, which is expressed by the derivative value at the
corresponding points, under the same density of vehicles after breaking away from the
free-flow state. Besides, the jamming density in the V2X environment is much higher than
that in the unconnected environment.

To reflect the impacts of the GPV information on the operating velocity of traffic flow,
the velocity—density surface and the corresponding velocity—density curves are obtained
and can be seen in Figures 7 and 8.

As shown in Figures 7 and 8, the traffic flow can only maintain the free-flow state
within the density of 18.91 veh/km in the unconnected environment, and the traffic flow
affected by the GPV information can maintain the free-flow state within the density up to
35.67 veh/km in the V2X environment. The breaking values of density, which mean the
traffic flow cannot maintain a free-flow state when the density is higher than this value
under the corresponding condition, affected by the GPV information with different values
of sensitivity parameter p in the V2X environment, are as shown in Table 4.
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Figure 7. The velocity—density surface.
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Figure 8. The velocity—-density curves.

200

Table 4. Breaking values of density affected by the GPV information.

Parameter p Breaking Value Rate A of the Increase ~ Rate B of the Increase
0.9 28.8 veh/km 52.30% 0%
0.8 32.20 veh/km 70.28% 34.37%
0.7 34.40 veh/km 81.91% 16.55%
0.6 35.67 veh/km 88.63% 8.20%

! The rate A is the increasing rate of the corresponding breaking value compared with the one in the uncon-
nected environment. 2 The rate B is the increasing rate of the corresponding breaking value compared with the

previous one.
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After breaking away from the free-flow state, the traffic flow affected by the GPV
information in the V2X environment would operate with higher values of velocity and
volume than those in the unconnected environment. The jamming density of traffic flow
in the unconnected environment is 170.00 veh-km~!. By contrast, the jamming density
of traffic flow affected by the GPV information in the V2X environment can reach up to
197.79 veh-km~1, which means the increase is up to 16.35%, under the same condition.
These results are consistent with the fundamental diagram in the above contents. It is worth
noting that there is a phenomenon of a “steep drop” of operating velocity after the traffic
flow breaks away from the free-flow state in the unconnected environment represented by
the FVD model. This phenomenon may be caused by the increase of density, which usually
means an increase of headway and decrease of the velocity when the traffic flow breaks
away from the free-flow state. These changes in density and velocity can be regarded
as a disturbance, to a certain extent. When the changes happen, it can be regarded as a
disturbance that emerges in the traffic flow and then propagates in the vehicle fleet, which
eventually causes the “steep drop” of the operating velocity of the traffic flow.

3.3. Simulation on the Impacts of Disturbance on Traffic Flow

In the previous section, the traffic flow affected by the GPV information in the V2X
environment was simulated, and the operating characteristics of the traffic flow were
explored. With the simulation, one can obtain that the traffic flow affected by the GPV
information could maintain the free-flow state with higher density and operate with higher
velocity when it breaks away from the free-flow state. To reveal the operating characteristics
of traffic flow affected by the GPV information in the V2X environment, the disturbance
was not considered in the previous simulation. However, the disturbance is not rare in the
realistic traffic system. For instance, when a vehicle in the system changes its velocity, the
headway between the vehicle and its preceding as well as its rear vehicle, a disturbance
emerges in the system and will affect the operating of traffic flow. Based on this, the impacts
of disturbance on the traffic flow affected by the GPV information in the V2X environment
are simulated and explored in this section. Parameters of the simulation scenario are set as:
p =0.769, L = 1000 m and N = 50. When ¢ = 1000 s, a disturbance with the scale of 4 m/s
is exerted in the traffic flow, and the simulation continues. The FVD model is employed to
represent the unconnected environment for comparison. The propagation of disturbance
has been discussed in our previous work [33], and the attention is attached to the impacts
of the disturbance on traffic flow in this research. The simulation results are as shown in
Figures 9 and 10.

37,000
36,500
36,000
35,500
35,000

34,500

position /m

34,000

33,500

33,000

32,500

24,500
820 840

L L 32000 . L L L
880 800 920 940 1120 1140 1160 1180 1200 1220 1240

time /s time /s

(a) (b)

Figure 9. The operation of traffic flow affected by the generalized preceding vehicles (GPV) information in the vehicles to

everything (V2X) environment: (a) Before exerting the disturbance; (b) After exerting the disturbance.
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Figure 10. The operation of traffic flow in the unconnected environment: (a) Before exerting the disturbance; (b) After

exerting the disturbance.

As shown in Figures 9a and 10a, the traffic flow in the two kinds of environment are
all at a free-flow and equilibrium state before exerting the disturbance. Compared with the
unconnected environment, the traffic flow affected by the GPV information is operating
with the velocity 30.73 km-h~1! in the V2X environment. By contrast, the traffic flow is
operating with the velocity 28.47 km-h~! in the unconnected environment.

From Figures 9b and 10b, one can obtain that the time for the traffic flow in the
unconnected environment returns to an equilibrium and stable state is 540 s, and that
for the traffic flow affected by the GPV information in the V2X environment it is 300 s.
The improvement in the time for traffic flow to return to an equilibrium and stable state
is up to 44.44%. Besides, the deviation of operation of the traffic flow affected by the
GPV information from the state before the exerting of disturbance is slighter than that of
the traffic flow in the unconnected environment. The deviation in the V2X environment
is 6.38%, which is represented by the velocity deviation, and the improvement on the
deviation is up to 25.27%.

4. Discussion

The macroscopic characteristics of traffic flow are essentially the overall expression
of the microscopic behavior of individual vehicles in the system. The application of the
V2X technology to the traffic system significantly enhanced the information perception
ability of drivers and, thus, affects their car-following behavior, which will cause differ-
ences in the characteristics of traffic flow. The impacts of various connected information
on drivers’ car-following behavior and traffic flow have been explored in the previous
research [19-32], and the car-following behavior as well as the stability characteristics
of traffic flow affected by various connected information have been studied. However,
quantitative analysis of the operating characteristics of traffic flow affected by the GPV
information in the V2X environment is still absent. The influence of connected technology
on the traffic system has attracted more and more attention, and many achievements have
been reported [38-43,67-74]. The impacts of V2X and other connected technologies on the
traffic system have been discussed based on various theories and methods in the previous
research. However, there are some limitations for these efforts to answer the question of the
impacts of GPV information on traffic flow in a quantitative way, including the continuous
medium models [38—43] as well as its limitations mentioned in the previous section. In
addition to the continuous medium models, the research [70-74] based on the Intelligent
Driver Model as well as other related methods is another research hotpot in the field. These
efforts focus on the impacts of the cooperative adaptive cruise control (CACC) system
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equipped on the traffic flow, and the impacts of various connected information, especially
the GPV information, on the traffic flow are not explored in those efforts. Moreover, there
are many difficulties in employing the models as well as the methods used in these efforts
to explore the impacts of various information on the traffic flow. On the one hand, the
CACC system is a longitudinal driving assistance system that assists the driver to manipu-
late the vehicle to follow the preceding vehicle (fleet) in the current lane. The preceding
vehicles in the adjacent lanes are not considered in the system, with the result that the
corresponding efforts cannot be used in the exploration on the impacts of GPV information
on traffic flow. On the other hand, as a driving assistance system, the CACC system can
automatically respond to the motion of the preceding vehicles in the current lane, with the
result that the corresponding efforts cannot be used in the exploration of the impacts of
difference attention degree of the connected information on traffic flow. In summary, the
previous achievements are not suitable for answering the question of the impacts of GPV
information on traffic flow in the V2X environment.

Motivated by this, we proposed a simulation framework (the TFSF) based on the
car-following model and the CA, then employed the TFSF in the quantitative analysis of
traffic flow affected by the GPV information in the V2X environment. The research results
suggest that there is a significant positive influence of the GPV information on the traffic
flow in the V2X environment. As shown in Figures 5-8, the traffic flow affected by the
GPV information could maintain the free-flow state under the condition of a much higher
density of vehicles, and the maximal volume of the traffic flow at the free-flow state is
much higher than that in the unconnected environment. The value of the operating velocity
as well as the jamming density is higher than that in the unconnected environment when
the traffic flow breaks away from the free-flow state. These positive effects of the GPV
information are enhanced with more drivers’ attention attached to the GPV information. It
is noteworthy that the enhancement rate of these positive effects, as shown in Tables 3 and
4, is getting lower as drivers pay more attention to the GPV information. This is consistent
with the characteristics that the driver pays attention to the GPV information rather than
focusing on the information when he/she is in the car-following state. The impacts of
disturbance on the traffic flow affected by the GPV information in the V2X environment
were explored with simulation based on the TFSFE. The results reveal that the traffic flow
operates with higher velocity than that in the unconnected environment before exerting
the disturbance, which is consist with the above results. After exerting the disturbance,
the time for the traffic flow affected by the GPV information to return to an equilibrium
and stable state is shorter than that in the unconnected environment, and the traffic flow
affected by the GPV information could operate with higher velocity when returned to an
equilibrium and stable state. The deviation of the operation state of the traffic flow affected
by the GPV information in the V2X environment is smaller than that in the unconnected
environment. These results confirm the positive effects of the GPV information on the
traffic flow in the V2X environment.

The TESF proposed in this work is essentially an extended one-dimension three-lane
CA model with good expansibility, which ensures the TFSF is suitable for simulating the
traffic flow affected by various information in the V2X environment with some adjustment
of the parameters or rules in it. As shown in Figure 3, the expansibility of TFSF means that
the TFSF can be used in simulating the operation characteristics of traffic flow affected by
various information in the V2X environment by setting the parameters about the scenario
as well as the vehicle fleet, the initialization and evolution rules of cellular states and
the generation as well as annihilation rules of cellular states according to the research
needs. Adjusting the parameters about the scenario and the vehicle fleet can make the TFSF
suitable for simulating the traffic flow in various systems with different scales. Changing
the initialization and evolution rules of the cellular state can give TFSF the ability to
simulate the traffic flow affected by the various connected information. For instance,
setting Equation (11) of the evolution rules of the cellular state according to the calculation
formula given in [28] can give TFSF the ability to simulate the traffic flow affected by the
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average velocity information of the arbitrary number of preceding vehicles in the current
lane. The TFSF proposed in this work can be utilized in simulating the traffic flow under the
open boundary condition by altering the generation and annihilation rules of cellular states.

This work focuses on the impacts of connected technologies on the transportation
system. By means of numerical simulation, the positive effects of the GPV information
on the operation characteristics of traffic flow in the V2X environment and the impacts
of different degrees of drivers’ attention to the connected information on these positive
effects were quantitatively analyzed, which can provide a reference for the design and
management of the transportation system with new connected technologies. An approach
to link the macro-characteristics of traffic flow to the micro-characteristics of driving
behavior was proposed, and it can be employed in exploring the operating characteristics
of traffic flow in different development stages of the V2X technology.

The TFSF proposed in this work as well as the research results can provide the
theoretical basis and method reference for further research on the characteristics of traffic
flow in the V2X environment. However, there are some shortcomings in this research. For
instance, the TFSF employed to simulate the traffic flow affected by the GPV information is
essentially an extended one-dimension three-lane CA model to ensure the integrity of the
vehicle group that constitutes the GPV. However, the generation as well as annihilation
rules of cellular states and the initialization as well as the evolution rules of cellular states
are relatively simple and cannot perfectly represent the moving characteristics of the
left/right preceding vehicle in the realistic transportation system, which we look forward
to improving in our future work.

5. Conclusions

A simulation framework based on the car-following model and CA was proposed in
this work and then employed to simulate the traffic flow affected by the GPV information in
the V2X environment. With the simulation, operation characteristics of the traffic flow were
explored quantitatively. The research results suggest that the operation of the traffic flow
has been effectively improved with the GPV information, and the improvement degree is
up to 88.73%, which is calculated by the maximal volume of traffic flow. It is confirmed
that the application of the V2X and other connected technologies has positive impacts on
traffic flow and can effectively improve transportation efficiency.
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Appendix A

All abbreviations used in this article and the corresponding full names are as shown
in Table A1.

Table A1. All abbreviations and the corresponding full names.

Abbreviations Full Name

Vv2X vehicles to everything

GPV generalized preceding vehicles
CA cellular automata
ov optimal velocity
GF generalized force

FVD full velocity difference

TEFSE traffic flow simulation framework

CACC cooperative adaptive cruise control
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