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Abstract: To improve traffic performance when on-ramp
vehicles merge into the mainstream, a collaborative merging
control strategy is proposed to determine the merging sequence
and trajectory control of vehicles. Merging trajectory planning
takes the minimization of vehicle acceleration as the
optimization objective. Either the variational method or the
quadratic programming method is utilized to determine arrival
time, optimal time and control variables for each vehicle. As
a supplement, the adaptive cruise control ( ACC) model is
used to calculate each control variable in each time interval on
special occasions. Simulation results show that the cooperative
merging control strategy outperforms the optimal control
strategy. The root mean square (RMS) of acceleration and the
root mean square error ( RMSE) of time headway are
significantly decreased, with the reductions up to 90. 1% and
25.2%, respectively. Under the cooperative control strategy,
the difference between the average speed and desired speed
consistently approaches zero. In addition, few or no collisions
To conclude,
improvements in passenger comfort, traffic efficiency, traffic
stability and safety around highway on-ramps.
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occur. the proposed strategy favours the

s more vehicles are driven on the road, traffic con-

flicts and vehicle collisions take place much more
frequently than before. Especially around urban intersec-
tions and highway on-ramps, merging vehicles have to ad-
just their speeds based on the observed state of vehicles on
their target lane. The interactions between vehicles are
partly responsible for capacity drops and even traffic con-
gestion'"™™ . Comparatively, the situation is worse on high-
ways. Different vehicles generally have different driving
properties. It is difficult for merging drivers to judge
whether other drivers will yield during their merging ma-
neuvers. Apart from that, special topographical conditions
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such as circular ramps or upslopes tend to cause blind
zones. As a result, merging drivers are likely to make
wrong decisions. For example, they may operate merging
maneuvers without noticing approaching vehicles. In such
a case, it is possible that serious traffic accidents arise.
Several studies have focused on mitigating merging con-
flicts around certain bottlenecks. To reduce traffic jams
around on-ramps, ramp metering and variable speed limits
are developed and widespread”™ .
lized to adjust the traffic flow merging from on-ramps.
Common strategies of ramp metering include local ramp
metering and coordinated ramp metering” . Variable
speed limit is mainly used for traffic safety. It not only
warns drivers of downstream congestion and potential colli-
sions, but also provides a real-time speed limit to upstream
traffic flow in some urgent situations'”. Although both ramp
metering and variable speed limit can effectively decrease
traffic accidents and improve traffic efficiency, their deploy-
ment highly depends on fixed detectors. Traffic state infor-
mation received by traditional sensors only involves traffic
flow characteristics at certain points. Therefore, the methods

Ramp metering is uti-

of ramp metering and variable speed limit take little account
of individual vehicles’ dynamic properties.

With advanced sensing and communication technolo-
gies, a connected vehicle environment has been regarded
as the future trend of the transportation system. This new
technology is applied in various aspects to improve traffic
performance, including traffic safety’™, intersection signal
control”™”, performance assessment of traffic flow!'' ™
and dynamic control of intelligent vehicles'” . With re-
gard to interactions between mainline and on-ramp vehi-
cles, connected vehicle technology can enhance traffic
safety and significantly increase traffic efficiency. Accord-
ingly, the control framework and control programs are im-
plemented" . In the merging control method developed in
this paper, the state information of connected and automa-
ted vehicles is sent to the roadside control unit, and then
the control command is transmitted back to the individual

161 Tt is assumed that vehicles within the control

vehicle
range are completely subject to control instructions.

This paper proposes a cooperative merging control
strategy where merging trajectory planning is turned into
an optimal control problem. To achieve the minimization
of vehicle acceleration as the optimization objective, the

classical variational method and the quadratic program-
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ming method are sequentially discussed. Also, an ACC
model is introduced for avoiding omissions. Based on the
characteristics of control and state variables under various
control methods, the arrival time and possible optimal time
of a single vehicle are determined and used for control in-
structions. The arrival time here means the time vehicle
spends driving from the current position to the merging
point, while the optimal time represents the time covered
by either optimization method. In this way, merging or-
ders are formed accordingly, in which vehicles from both
the main road and on-ramp pass the merging point.

1 Related Work

Most earlier studies on merging control focused on the
automated highway system ( AHS)"”. Kachroo and Li'"®
discussed the characteristics ( acceptability, availability
and pursuability) of merging gaps. Given acceptable
gaps, three different control laws—Ilinear, optimal and
parabolic control laws were introduced. Antoniotti et
al. "' proposed a merging control algorithm to improve
the merging operation on highways with several junc-
tions. The control of on-ramp and mainline vehicles in-
volved merging and yielding maneuvers, respectively. In
1999, Ran et al. " put forward a control model. It was
made up of infrastructure support, vehicle to vehicle
(V2V) cooperation, and dynamic control of individual
vehicles. The V2V cooperation was expected to create ac-
ceptable gaps. Afterwards, a real-time merging algorithm
for AHS was proposed by Lu et al'®. Based on the speed
of main lane vehicles, it was intended to provide merging
trajectory planning for on-ramp vehicles.

Under the connected vehicle environment,
infrastructure ( V2I) communications enable real-time in-

vehicle to

formation exchange between vehicles and roadside control
units. Under such circumstances, automated control strat-
egies are implemented for cooperative merging opera-
tions'*™!
cle environment is generally divided into two parts. The
higher-level controller determines the merging sequence
and the lower focuses on merging trajectories.

Regarding the lower-level controller, merging control
of individual vehicles is usually considered to be an opti-
mization problem. Assuming that all the vehicles were
connected and automated, Xie et al. " proposed a mer-
ging control strategy. A nonlinear optimization problem
is formulated, taking second-by-second vehicle accelera-
tions as decision variables. Rios-Torres et al.'”' opti-
mized vehicle acceleration with a closed-form solution.
This method was verified by simulation, with fuel con-
sumption and travel time of connected vehicles considera-
bly reduced. Roncoli et al. " put forward a lane-chan-
ging control strategy for vehicles at motorway bottle-

. A merging control system in a connected vehi-

necks. It was an extended version of an optimal control
strategy and was intended for the maximization of traffic

throughput. In 2016, Ntousakis et al. "' proposed a mer-
ging control algorithm for longitudinal trajectory planning
of merging vehicles. The control problem minimized ve-
hicle acceleration, its first derivative and second deriva-
tive, respectively. Later, Ntousakis et al. 261 extended
the finite-horizon optimal control problem. A time-var-
ying linear quadratic regulator method was taken and
model predictive control (MPC) was applied.

It should be noted that most studies on the lower-level
controller make the assumption that the merging sequence
of vehicles has been determined by a higher-level control-
ler. However, there is actually very little research consid-
ering merging sequence. Athans'””’ discussed several exist-
ing merging sequences and chose the optimal one to per-
form the merging operation. On the basis of the selected
merging sequence, the linear time-invariant optimal regu-
lator was utilized to make control planning. Li et al. ™
proposed a solution tree generation algorithm to implement
cooperative driving at lane closures. With appropriate driv-
ing schedules provided by this algorithm, vehicles can pass
the closing point safely. Nevertheless, the determination
of the merging sequence in the above two studies takes
much time, which is unsuitable for real-time application.
Ntousakis et al. ™ discussed two merging sequence algo-
rithms to determine the vehicle order passing the merging
point. The first algorithm was based on the first-in-first-
out (FIFO) rule, which defines the vehicle order as the se-
quence of entering the control zone. The merging sequence
in the second algorithm is dependent on the time that vehi-
cles spent going to the merging point at a certain constant
speed. Both algorithms are easy to operate but barely cor-
respond to the real driving characteristics of the vehicles.

2 Method

2.1 Cooperative control area

As shown in Fig. 1, the cooperation section consists of
a highway segment, an on-ramp and an acceleration lane.
A roadside control unit is assumed to be located at the
junction of the main road and the on-ramp. The commu-
nication range of this control unit is regarded to be a con-
Here,
(DSRC) is the wireless communication technology applied

stant. the dedicated short-range communication
to the connected vehicle environment. For the sake of sim-
plicity, lane-changing behavior is not allowed within this
region. So, only the rightmost lane of the main road and
the one-lane on-ramp are considered. Besides, the position
of a certain on-ramp vehicle is approximated as its position
in the main lane (the shaded block in Fig. 1), where it is
mapped with the base point of the control unit.

All the vehicles involved are assumed to be wirelessly
connected and automatically controlled. When a vehicle
enters the control zone, it sends state information to the
roadside control unit via V2I communication in real time.
The information includes the instantaneous speed, accel-
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eration and position. In view of the characteristics of the
merging trajectory, the control unit determines arrival
time as well as optimal time included. Corresponding
control instructions are then transmitted to the individual
vehicle. In Fig. 1, a merging point is fixed for all vehi-
cles to reduce complexity. Also, it is at the edge of the
control zone so that vehicles have enough time to adjust
their speeds before merging maneuvers. The following
subsections describe the optimal control methods in detail
and the cooperative merging control strategy.

Roadside control unit Merging point \

g /
Main lane/
I

Acceleration lane i

Control zone

Fig.1 Cooperation area of mainstream lane and on-ramp

2.2 Optimal control model

The control of each vehicle is regarded as a discrete
process which is composed of several time intervals. Ve-
hicle state ( position and velocity) at a certain time is
largely influenced by the state at the end of the last time
interval and the control variable (acceleration) during the
current time interval:

x(k+1) =x(k) +v(k)7+;u(k+1)#}
v(k+1) =v(k) +u(k+1)7

where k is the index of time interval; v(k) and x(k) are
the vehicle speed and position at the end of time interval
k, respectively; and u(k) is the vehicle acceleration dur-
ing this interval, which is assumed to be a constant. The
length of each interval is set to be 7.

As fuel consumption monotonically increases with vehi-
cle acceleration, minimizing vehicle acceleration can indi-
rectly minimize fuel consumption'”'. Furthermore, the
minimization of acceleration can improve passenger com-

fort to some extent'™'.

Therefore, the optimal control
problem for a single vehicle is expressed to minimize the
sum of squares of acceleration:

'3

min J = 2 w (k)

k=1
where ¢ is the total number of time intervals involved in
the vehicle’s control process.

The whole control process is divided into two parts,
Y=m+m
tervals in the optimal control process and the constant
speed process, respectively. In the first part, vehicle ac-
celerations are determined by an optimization method
which is either the variational method or the quadratic
programming method. Then, vehicle speed remains con-

where m and m_, are the number of time in-

cs?

stant. The above optimization function is accordingly

m

transformed into min J = Y u’(k).
k=1

In the optimal control process, the initial state (v(0)
and x(0)) and the final state (v(m) and x(m)) are
known. In addition, the optimal control problem needs to
satisfy the following constraints:

umin $Mx(k) sumax
v,(k) =0

xi(k) _x[+1(k) 2xsafe

Vke[(),l/l]

u_ are the minimum deceleration and the

min ? max

maximum acceleration; i,

where u

i +1 are the indices of two

contiguous vehicles in the same lane; and x_ is the safe

space for avoiding collisions.

2.2.1
The variational method has been widely used for ana-

Iytical solutions in optimal control problems. Considering

the necessary conditions in Ref. [30] and vehicle dynam-

safe

Classical variational method

ics mentioned above, variations of acceleration, speed
and position are expressed as
u(k) = %kClT + %clr T %clrz
v(k) =v(0) PRLIEp L S B W
- 4 1 4 1 2 2 4 1
3 2 2 2
x(k) =x(0) +krv(0) +MQT3 —k—c2r3 —k—clr“

24 4 8

where ¢, and ¢, are the constants. Given the optimal time
and the initial and final conditions, it is easy to judge
whether the results obtained by this method are under con-
straints or not.
2.2.2 Quadratic programming method

In theory, using the variational method to search for
completely constrained variables severely restricts the se-
lection of arrival time and optimal time. On some occa-
sions, no combination of these two parameters can be
found to make control results satisfy all the constraints.
Comparatively, the quadratic programming method is
more flexible as it always takes constraints into account
during the optimization. In this method, the constraints
are the same as those listed in the preceding section.
2.2.3 Adaptive cruise control model

It is likely that no feasible solution is obtained by either
of the above two methods. In such a case, the ACC con-
trol law is utilized as compensation. Unlike the variation-
al method or the quadratic programming, it covers the
whole control process. The ACC model applied is formu-

lated as™”’

Agee = K (v =) + K, (x; = x; = hyvy)

where a is the desired acceleration; v;, x; are the speed
and position of the following vehicle; v,, x, are the speed
and position of the leading vehicle; A, is the desired time
headway; and K,, K, are the constants which are set to
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be 1.19 and 1.72, respectively. a,, is limited to the
range of the minimum deceleration and the maximum ac-
celeration. This model aims at the same speed as the
leading vehicle with a constant headway. The calculation
of the desired acceleration is implemented repeatedly for
each control variable in each time interval.
2.3 Cooperative merging control strategy

The cooperative merging control strategy determines
the control variables of the whole control process when a
new vehicle reaches the control area. When the variation-
al method or the quadratic programming method works,
vehicle accelerations in the optimal control process are
produced. Vehicle acceleration after this process is expec-
ted to be zero. If neither of them is workable, the ACC
model is employed. The actual arrival time of the new
vehicle depends on the results of the ACC model. As
shown in Fig. 2, the priority of the variational method,
the quadratic programming method and the ACC model
are in descending order.

Apply classical
variational method

Utilize quadratic
programming method

Implement
ACC model

variables are unde
constraints?

Control variables
are obtained

End

Fig.2 Flowchart of cooperative merging control strategy

When a vehicle enters the cooperation zone, the varia-
tional method is tried first. The specific process is presen-
ted in Fig.3 and has the following steps:

Step 1  Collect information about the remaining arri-
val time of vehicles in the cooperation area and trajectory
of the actual leader. If this vehicle is an on-ramp vehicle,
go to Step 2.1, otherwise Step 2. 2.

Step 2.1
sired time headway on the maximum arrival time collect-
ed in Step 1.

Step 2.1.1 Increase the optimal time from zero to arri-
val time with a one-second increment each time. If control

Initialize the arrival time by adding a de-

and state variables under current arrival time and optimal
time satisfy constraints, select this combination and go to
Step 3. Otherwise, the next optimal time is tried similarly.
If no optimal time meets requirements, go to Step 2.1.2.

Step 2.1.2 If no combination of arrival time and op-
timal time meets requirements, drop the current method
and try the quadratic programming method. Otherwise,
increase the current arrival time with a one-second incre-
ment and repeat the process in Step 2. 1. 1.

On-ramp vehicle?

No Yes

Initialize the
arrival time—adding a
time headway on its
actual leader

~ _—1
Increase the
Yes |arrival time
with a one-
second
increment

Initialize the
arrival time—adding a
time headway on the
maximum arrival time of
other vehicles

Conflict?

Analyze all possible
optimal time ranging
from zero to arrival time

Analyze all possible
optimal time ranging
from zero to arrival time

Arrival time and optimal
time of this new vehicle
are determined

End

Fig.3  Application of variational method/quadratic program-
ming method

Step 2.2
time headway to the remaining arrival time of the actual
leader.

Step 2.2.1
any on-ramp vehicle’s (the gap between two arrival times
is less than h,), increase it with a one-second increment
until no conflict arises. After that, the selection of the op-
timal time is similar to that in Step 2. 1.1. If no one meets
the requirements, go to Step 2.2.2, otherwise go to Step 3.

Step 2.2.2 If all combinations have been tried but
none of them meets requirements, drop the current meth-
od and try the quadratic programming method. Other-
wise, increase the current arrival time with a one-second
increment and repeat the process in Step 2.2. 1.

Step 3  Generate vehicle merging trajectory with con-
trol variables derived from a given arrival time and optimal
time. All information is temporarily stored in the control
unit, which may be used for the next new vehicle.

When the variational method is not applicable, the
quadratic programming method is tried. The specific
process is very similar to the operation under the varia-
tional method. It is also divided into three steps, of
which descriptions are omitted due to limited space. The
key difference between the two methods lies in the judge-
ment basis for the selection of the arrival time and optimal
time. As shown in Fig. 3, a feasible solution can be ob-
tained by the quadratic programming method.

If neither the variational method nor the quadratic pro-
gramming method is in operation, the ACC model is im-

Initialize the arrival time by adding a desired

If the value of arrival time conflicts with

plemented. The optimal process is no longer involved and
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vehicle trajectory during the whole process is totally de-
termined by the ACC model. Based on trajectory infor-
mation of the actual leader stored in the roadside control
unit, the model calculates accelerations of the new vehicle
step by step.

3 Results

3.1 Simulation set-up

To verify the proposed strategy, a highway on-ramp
merge area with the layout in Fig. 1 is simulated in Mat-
lab. The range of the control area is set to be 200 m,
which is within the communication range of DSRC. The
direction of the x-coordinate is consistent with the driving
direction. Then, the position of the control unit is 0, the
start position of the cooperation area is —200 m, and the
merge point position is 200 m. The minimum decelera-
tion and the maximum acceleration are -3 and 3 m/s’,
respectively. Vehicles involved are assumed to have the
same properties and their lengths are set to be 5 m. The
simulation time for each scenario is 30 min and time in-
terval 7 is set to be 0. 1 s. It is assumed that traffic inflow
from the on-ramp to the cooperation zone is controlled by
a fixed-time traffic signal. The green time ratio is 0. 5.

3.2 Traffic performance with variations of simula-
tion parameters

In simulation scenarios, green time, safe spacing and
desired time headway seem to be the most important pa-
rameters. Their impacts on traffic performance are evalua-
ted by three traffic demand levels—low, medium and high
levels. Some parameters in above cases are listed in Tab. 1.

Tab.1 Simulation parameters in various traffic demand scenarios

Traffic volume/( vehicle - h™") Desired speed/

Traffic demand

Main lane On-ramp (m-s")
Low 500 300 25
Medium 1 000 500 22
High 1 500 800 19

Due to limited space, only results in the medium scenar-
io are presented. Figs.4 to 7 illustrate the RMS of acceler-
ation, average speed, RMSE of time headway and colli-
sion rate under various simulation parameters. Note that
the collision rate is the ratio of the collision number of ad-
jacent vehicles to the combined number of adjacent vehi-
cles. It can be found that the desired time headway has
greater impact compared to green time and safe spacing.
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The RMS of acceleration in Fig.4(c) drops from 1.46
to 1. 28 m/s” when the desired time headway increases
from 1 to 2 s. After that, it has a sharp increase to
1.66 m/s*, where the desired time headway is 3 s. When
the desired time headway is smaller than 2 s, the follow-
ing vehicles constantly adjust their accelerations to be
close to the actual leaders and meet safety requirements at
the same time. The variation of vehicle acceleration is
frequent, which is responsible for a higher RMS of accel-
eration. Similarly, when a high desired time headway is
set, vehicles continually change their accelerations to fol-
low leading vehicles with enough spacing. In Fig.5(c),
the average speed shows a reduction trend as the desired
time headway increases. This may be due to the fact that
the following vehicles are induced to move at a relatively
low speed to create a higher time headway with their lead-
ers. The RMSE of time headway in Fig.6(c) is dramat-
ically decreased when the desired time headway is less
than 2.5 s. This value then slightly goes up with the in-
crease in the desired time headway. In such a traffic de-
mand case, it is more likely to form vehicle platoons with
a 2.5 s time headway than other setting values. The colli-
sion rate ( see Fig.7(c)) has a slow rise as the desired
time headway changes from 1 to 2 s and then it grows no-
ticeably. As the desired time headway increases,
cially more than 2 s, more extreme decelerations are pro-
duced and lead to a growing collision rate. In contrast,
more than four performance indicators maintain the same
level with the variation of green time or safe spacing. In

espe-

particular, the collision rate is approximately zero during
the variations of green time (see Fig. 7 (a)) and safe
spacing. In a low or high demand case, the impacts of
the three parameters on traffic performance are extremely
close to those in the above analysis. Accordingly, in the
following test scenarios, green time and safe spacing are
set to be constant (10 s and 6 m, respectively). The de-
sired time headways with low, medium and high demand
is2, 2 and 1.5 s, respectively.

3.3 Traffic performance with various traffic demand
levels

With above simulation parameters, the proposed strate-
gy is tested and compared with the optimal control-based
strategy in Ref. [25]. In the reference strategy, vehicle
accelerations solved by the optimal control method and
The
most restrictive one is selected. Whenever a new vehicle
the second algorithm in Ref.
[29] is employed to provide the merging sequence. With
an Intel Core i5-3230M CPU (2.60 GHz) and 4. 00 GB
RAM, the average processing time for the proposed strat-
egy is about 0. 08 s.
in this paper.

Simulation results at low, medium and high demand
levels are shown in Tab. 2. It is clear that the cooperative
merging control strategy consistently outperforms the opti-
mal control-based strategy in all demand scenarios. These
results are graphically shown in Fig. 8.

the ACC model are compared in each time interval.

enters the control zone,

It is short enough and is negligible

Tab.2 Traffic performance with various traffic demand levels

Low

Medium High

Traffic indicator

Optimal control ~ Cooperative control

Optimal control

Cooperative control ~ Optimal control Cooperative control

RMS of acceleration/

_2) 6.99 1.35 13.64 1.35 9.73 1.27
S
Average speed/(m - s~ ') 32.47 24.87 35.69 22.88 30.72 19.27
RMSE of time headway/s 73.88 57.58 44.09 32.98 27.02 20.72
Collision rate/ % 0.31 0 4.67 0 11.56 3.16
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Fig.8 Traffic performance under various traffic demand levels.

way; (d) Collision rate
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(a) RMS of acceleration; (b) Average speed; (c) RMSE of time head-
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In Fig. 8 (a),the RMS of acceleration in the optimal
control strategy shows significant changes in the variation
of traffic demand. The largest value (13.64 m/ $7) is
medium demand, which indicates low passenger comfort.
It remains stable (around 1.3 m/s>) in the cooperative
control strategy and is considerably lower than the refer-
ence strategy at each demand level. With regard to traffic
efficiency (see Fig. 8 (b)), despite the higher average
speeds in the optimal strategy than in the proposed strate-
gy, they remain far from the desired values. Especially in
the medium demand case, the relative error between the
average speed and desired speed reaches up to 62.23% ,
which is much higher than that in the proposed strategy.
The RMSE of time headway in Fig. 8 (c) decreases with
the increase in traffic demand, both in the optimal control
strategy and the cooperative control strategy. At the same
time, the gap between these two strategies drops from
16.3 s in a low demand level to 7.7 s in a high demand
case. Therefore, when the traffic volume increases, the
improvement of the new control scheme in traffic flow
stability decreases. Moreover, the proposed strategy im-
proves traffic safety, as shown in Fig.8(d). In medium
and high demand conditions, collision rates (0 and
3.16% ) are much lower compared with the optimal con-
trol strategy (4.67% and 11.56% , respectively).

The results of the simulation tests in Matlab show that
the most important simulation parameter in the new con-
trol scheme is the desired time headway. Before this strat-
egy is implemented, an appropriate value of the desired
time headway needs to be set. In comparison, traffic per-
formance indicators are little influenced by green time and
safe spacing. In strategy implementation, the values of
the above two parameters can be selected from common
values without particular consideration. In addition, it is
demonstrated that the proposed cooperative merging con-
trol strategy can provide safe and efficient control instruc-
tions for vehicles around a highway on-ramp. Compared
with the optimal control-based strategy, the cooperative
merging control strategy performs better in various traffic
demand conditions, in terms of RMS of acceleration, av-
erage speed, RMSE of time headway and collision rate.

4 Conclusions

1) The collaborative merging control strategy provides
control instructions for merging trajectory planning of in-
dividual vehicles. To solve the optimal control problem
of vehicle acceleration, the classical variational method or
the quadratic programming method is used. An ACC con-
trol law is additionally presented for compensation.

2) Simulation tests in Matlab illustrate that the desired
time headway has significant impacts on traffic perform-
ance while green time and preset safe spacing have little
impact. Additionally, the effectiveness of the proposed
strategy is verified in terms of passenger comfort, traffic

efficiency, traffic stability and safety.

3) The cooperative merging strategy compares three dif-
ferent control methods without consideration of the time
delay caused by computational delay and communication
latency. This issue needs to be dealt with in the following
study of real-time applications.
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