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Freeway on-ramp merging area is deemed to be typical bottlenecks section, which leads to low traffic efficiency, congestions, and
frequent accidents. Most existing studies on merging for the connected and automated vehicles focus on merging at a single fixed
merging point. However, the problem of coordination between merging vehicle and arterial traffic flow in the acceleration lane is
ignored in the existing studies. *is study proposes a merging model, which combined safety and coordination of CAVs with
featuring optimal merging positions. *e proposed model has two stages: one is analysis of merging velocity of the insertable gap
and the other one is determining constraint condition of cooperative merging. *e outputs of first stage are interval of merging
speed and the mergeable range. *e outputs of second stage are optional insertable gap and the corresponding driving scheme.
*en, a traffic simulation experiment is designed to evaluate the proposed model. *e simulation results show that the proposed
model can effectively guarantee driving safety and make the merging process smoother with 28.7% reduction in travel time for the
CAV merging. Furthermore, the proposed model does not sacrifice the interests of surrounding traffic to assist in CAV merging.
*e results indicate the promising potential of using the proposed methods can approximately get a fair use of road resources for
each CAV.

1. Introduction

*e merging area is a typical bottleneck section of the
freeway. Most of the problems occur when the on-ramp
vehicles merge into the mainline traffic, and in which the
low-speed on-ramp vehicles either merge directly or ac-
celerate through the acceleration lane first as well as find a
gap for insertion and then search for the opportunity to
merge. Because of the interference in space and the large
speed differences between on-ramp vehicles and the
mainline vehicles, a typical conflict point is formed in the
merging area. *e conflicts are usually manifested in various
traffic events such as on-ramp vehicles stopping to wait and
mainline vehicles braking urgently to avoid collisions, which

leads to capacity drop, travel delay, increase of fuel con-
sumption and traffic emission, risk of lateral collision, and
traffic oscillation [1–3]. *erefore, it is necessary to control
and optimize the traffic condition of the merging area.

In the early days, related research generally improved the
efficiency and safety of confluence areas from the following
two aspects: the first is optimal infrastructure design, by
changing the parameters of the infrastructure, such as en-
larging the length of the merging section to provide more
sufficient space for the on-ramp vehicles and adjusting the
merging patterns to reduce conflicts [4–6]. However, the
optimization value of infrastructure parameters obtained by
such methods is greatly affected by traffic demand, while has
a high implementation cost and reconstruction difficulty in
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practice, which result in a small scope of application.
*erefore, on the premise of the aforementioned method,
more study has focused on the second method, which is the
control of the balance between on-ramp vehicles merging
and mainline vehicles inflow [7–9]. Nonetheless, due to the
limitation of traffic flow information perception technology,
this kind of model could not respond to the changing traffic
flow situation in real time, and the degree of vehicle co-
ordination remains to be further improved.

With the continuous development of wireless commu-
nication technology, sensor technology, and automatic
driving technology, the emergence of connected and au-
tonomous vehicles (CAVs) and the intelligent roadside unit
(RSU) provides an opportunity to improve the merging
condition. CAVs are equipped with video detectors, laser
radar, and other sensors, which can detect vehicle infor-
mation within a certain range, such as distance, speed, ac-
celeration, and heading angle. Meanwhile, CAVs also have
vehicle-to-X (V2X) communication capability, by which
CAVs can share real-time information within the com-
munication range with RSU and other connected vehicles
equipped with the on-board unit (OBU) [10–13]. V2X
technology contributes to a better awareness of the vehicle
motion state and relatively long-range traffic environment,
as well as a better information distribution for CAVs.

*erefore, for the connected environment, most of the
existing studies rely on V2X technology to carry out merging
control for vehicles in the merging area. According to the
different control logic, relevant research can be roughly
divided into the following two categories: centralized and
decentralized [14, 15]. In centralized control, at least one
control center is used to globally decide the control strategy
of each vehicle. To improve traffic efficiency in merging area,
Pueboobpaphan et al. [16] simulated a channel communi-
cation algorithm for sending track information to trunk
vehicles by a roadside controller. Dan et al. [17] developed an
algorithm that combines V2V communication of mainline
vehicles with centralized V2I communication to direct ramp
vehicles to merge slots. To reduce fuel consumption, Rios
Torres et al. designed a centralized merging algorithm
through V2I communication to optimize fuel consumption
and it was shown to reduce fuel consumption by 49.8% [18].
Min et al. [19] focused on the scenario of CAVs on-ramp
merging and proposed a centralized control method to solve
the problems of merging sequence (MS) allocation and
motion planning. However, the computation and commu-
nication cost of the centralized approach becomes larger as
the number of vehicles to be controlled increases, leading to
the excessive delay of the control policy and the failure of
meeting the requirements of real-time dynamic planning.
Besides, the limited infrastructure such as the control center
may be a burden as the control area expands.

Conversely, in decentralized control, each individual
vehicle obtains information based on the V2X communi-
cation with adjacent OBU and RSU and develops its own
control strategy. Due to the loss of the control center limit,
compared with centralized control, decentralized control has
low implementation cost, relatively low delay, and good
scalability, which is widely used in multivehicle control

[20–22]. However, the cooperative merging model based on
the decentralized control also exists research challenges. (1)
First, as for the setting of the merging point, some of the
current models require on-ramp vehicles to merge at a single
fixed merging point [23, 24]. For example, Xiao et al. [25]
brought together control barrier functions (CBFs), control
Lyapunov functions (CLFs), and optimal control to provide
an efficient solution to the merging problem in traffic
networks. But this approach is developed in the scenario
where CAVs randomly arrive at the mainline and the ramp
respectively and then cross the fixed merging point in their
arrival order, obeying the principle of “first-in-first-out”.
Obviously, the stationary merging position fails to make full
advantage of the space resource of the merging section,
bringing the potential negative effects of congestion when
expanded to some other traffic rates. (2) Second, existing
studies usually concentrate on the complete connected
environment [26–29]. Scholte et al. proposed a control
strategy for the merging of a single vehicle into a cooperative
platoon [30]. Although it is more convenient to build co-
operative rules and merging models, quite some time is still
required to achieve above conditions. At present, to study
mixed traffic flow scenarios can be of more practical sig-
nificance and application value. (3) *ird, most of the co-
operative and decentralized methods focus on the
optimization of traffic flows in merging areas that are
composed of single-lane freeways. Tianyi [31] proposed a
rotation-based CAV distributed cooperative control strategy
for an on-ramp merging scenario where the mainline and
ramp line are single and straight. Sun et al. (2020) [32]
studied cooperative decision-making for mixed traffic by
assuming an idealistic ramp-merging section has a single
lane at the mainline and an on-ramp lane. Furthermore, the
synergistic mechanism between lane-changing behavior of
upstream vehicles onmainline and on-ramp vehicle merging
strategy should also be further studied.

To sum up, this study provides contributions to CAV
merging in the following directions: (i) the merging point is
dynamically determined based on the coordination with the
arterial traffic as shown in Section 2.3. Different from the fixed
merging point, through the dynamic analysis of the arterial
traffic flow, the optimal merging position is reasonably deter-
mined for each CAV under the current situation. *is method
can ensure the safety of merging and give the dynamic merging
position to make full use of the space resources of the accel-
eration lane. (ii) *e proposed model, which considers both
safety and efficiency, only requires infrastructure-vehicle
communication. Different from the existing researches, the
proposed model does not rely on vehicle-vehicle communi-
cation. According to vehicle-infrastructure communication and
the prediction mechanism considering communication delay,
the securemerging strategy of CAV can be effectively given.*e
proposedmodel is suitable formixed traffic flow because it does
not rely on vehicle-vehicle communication with full coverage.

*e input information of the proposed model includes
arterial traffic flow information collected by roadside sen-
sors, vehicle-infrastructure communication information,
etc. *e vehicle types covered include human-driven vehi-
cles (which can be mixed traffic) for the arterial and the
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merging CAV. *erefore, this study involves the coordi-
nated control of human-driven vehicles and CAVs as well as
the dynamic response of the communication between
roadside sensors and infrastructure-vehicle communication.
*e remainder of the study is organized as follows: in Section
2, we introduce the merging velocity analysis model and the
constraint condition of cooperative merging. In Section 3,
the detailed experimental design is given based on the traffic
simulation. Section 4 presents and discusses the results of the
experimental design from different analysis perspectives.
Finally, Section 5 concludes the study with future work
directions.

2. Method

2.1. Model Assumptions. To solve the problem of safe and
efficiency merging of vehicles in merging area, an analysis
model of merging velocity and cooperative merging is
proposed. To derive the merging strategy for a series of
vehicles arrived in succession, the following assumptions are
made:

(1) Inmerging area, the vehicles of arterial traffic will not
change lanes unless necessary.

(2) Inmerging area, the vehicles of arterial traffic will not
change driving behavior. In other words, if the ve-
hicle has a constant speed before entering the
merging area, it will remain moving at this constant
speed after entering.

(3) When a vehicle travels in a straight line, it is ap-
proximately parallel to the longitudinal direction, so
the heading angle is 0.

(4) In this study, no specific lane change track analysis is
made, only the lane change safety is constrained, and
the lane change time is uniformly fixed.

(5) By default, all vehicles have the same level of motion
performance. *at is, the max acceleration and the
max deceleration are the same.

(6) In the acceleration lane area, in order to ensure the
safety of the rear vehicles, any deceleration behavior
of the CAV does not be considered when it is not
necessary.

2.2. Analysis of Merging Velocity of the Insertable Gap. In
merging area of freeway, the vehicles need to accelerate to a
reasonable speed through the acceleration lane area so that
they can safely and efficiently merge into the arterial traffic,
as shown in Figure 1.

*e acceleration lane starts at point C and ends at point
E.*e length of acceleration lane is Lal.*e speed limit in the
acceleration lane val

max is 100 km/h. According to the vehicle
position data from the detector of roadside infrastructure
(like lidar, camera) or on-board unit (OBU) of vehicle, we
can identify the position of the incoming vehicle C1 that is
about to enter the acceleration lane area (about to reach
point C). *e vehicle C1 is the object for which the proposed
model will provide the auxiliary merging strategy.

Due to the max speed limit of the acceleration lane, the
vehicle does not chase the far ahead insertable gap at excessive
acceleration. Moreover, the speed of on-ramp vehicles is gen-
erally lower than the target lane of the arterial.When the vehicle
C1 reaches point C, only vehicles in the range [xal,c

C1
, xal,c

C1
+

Lal/2] ahead are considered.*e vehiclemost in front of vehicle
C1 in this range is denoted as D1, and the vehicle behind the
arterial is denoted as Dn+1 in turn where n≥2 and n∈N.
According to the model assumption (6), vehicles do not slow
down when it is not necessary. *erefore, the running time of
vehicle C1 in the acceleration lane is less than Lal/val

min. val
min is

the min speed of the vehicle in the acceleration lane, generally
40km/h. Because it is a highway, there is a min speed limit vtl

min
in the target lane of the arterial. When vehicle C1 reaches point
C, it only needs to consider the insertable gap within the rear
range [xal,c

C1
− vtl

min · (Lal/val
min), xal,c

C1
]. To sum up, vehicle C1

only needs to consider the insertable gap within range [xal,c
C1

−

vtl
min · (Lal/val

min), xal,c
C1

+ (Lal/2)] of the target lane.
It is worth noting that the vehicle position information in

the target lane is mainly sensed through the roadside detector.
However, the roadside detector sends the arterial traffic in-
formation (vehicle position, speed, acceleration, gap, etc.) to the
incoming vehicle of the acceleration lane at t0. Considering the
inevitable communication delay τ exists in the I2V (infra-
structure to vehicle) communication process, the incoming
vehicle actually receives the information at t1, namely,
τ � t1 − t0. Since the vehicle speed on the arterial is faster and
the gap between two vehicles is smaller, the influence of
communication delay on the gap change of two vehicles needs
to be considered. Formerging safety, the length of the insertable
gap is the smallest possible value in the proposed model. In the
communication delay τ, the displacement of the preceding
vehicle in the target lane:

xn �
1
2
aDn

t0(  · τ2 +
1
3.6

vDn
t0(  · τ. (1)

*e displacement of the following vehicle is calculated as
follows:

xn+1 �
1
2
aDn+1

t0(  · τ2 +
1
3.6

vDn+1
t0(  · τ, (2)

where vDn
(t0) is the speed of vehicle Dn in the target lane at

time t0 and the unit is km/h. aDn
(t0) is the acceleration of

vehicle Dn and the unit is m/s2. xn is the position of vehicle
Dn at the longitudinal direction. *e displacement between
two vehicles during τ is calculated as follows:

Δx � xn+1 − xn. (3)

Due to the volatility of communication delay (delay is
generally τ, but may be 0 sometimes), the gap change under the
influence of delay is only considered as the minimum value to
avoid wrong estimation. If Δx< 0, the gap gapn is smaller than
that of t0.*emin possible value of the gap gapn

′ is shown in the
following formula at time t1:

gapn
′ � gapn + Δx (4)

If Δx≥ 0, the gap gapn is bigger than that of t0. *e min
possible value of the gap gapn

′ is shown in the following
formula at time t1:
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gapn
′ � gapn (5)

In this study, the specific lane change trajectory is not
considered, but the lane change safety constraints are
considered for the merging process. During lane change, the
change of lateral velocity is independent of the change of
longitudinal velocity. As shown in Figure 2, during lane
change, the longitudinal distance Si,j(t) between the
merging vehicle Ci and the preceding vehicle Dj in the target
lane is expressed as follows:

Si,j(t) � xj(t) − xi(t) − Wi · sin(ha(t)), (6)

where xj(t) and xi(t) are, respectively, the positions of
the merging vehicle and the preceding vehicle in the
target lane at time t. Wi is the width of the vehicle.
Heading angle ha is defined as included angle between the
tangent direction of vehicle trajectory and the longitu-
dinal of the lane boundary and there is the following
formula:

tan(ha(t)) �
zyCi

(t)

zxCi
(t)

�
zyCi

(t)/zt

zxCi
(t)/zt

�
v
lat
Ci

(t)

v
Ci

(t)
.

(7)

If Si,j(t)> 0, t ∈ [t0, tend], it can ensure that there is no
collision between the merging vehicle and the preceding vehicle
in the target lane during the whole lane change period.
Combined with vehicle kinematics, the safety constraint ex-
pression can be transformed into the following formula. Such
detailed analysis can be seen in Hossein et al., Yang et al., and
Alexander et al. [32–35], and this study does not do theoretical
derivation (Figure 2):

Si,j(t) � Si,j t0(  − WCi
· sin(ha(t))

+ B
t�t0

aDj
− aCi

· cos(ha(t)) dt

+ vDj
t0(  − vCi

t0(   · t.

(8)

In the merging process, the heading angle ha is not too
big and the width of the vehicle is generally less than 1.6m.
Hence, the value of WCi

· sin(ha(t)) is negligible. *e
merging vehicle trajectories are not considered in this study.
To simplify the model, four equations are defined in this
study:

f
a
pv Dj, Ci, ha(t), t 

� B
t�t0

aDj
− aCi

· cos(ha(t)) dt,

f
v
pv Dj, Ci, t  � vDj

t0(  − vCi
t0(   · t,

f
a
fv Ci, Dj+1, ha(t), t 

� B
t�t0

aCi
· cos(ha(t)) − aDj+1

 dt,

f
v
fv Ci, Dj+1, t  � vCi

t0(  − vDj+1
t0(   · t.

(9)

As shown in Figure 3, the headway hC1 ,Dn
(t) between the

merging vehicle C1 and the preceding vehicle Dn in the
target lane should be satisfied:

V=40 km/h
C1

C E

D1D2D3D4

Roadside unit
RSU

LED display Edge computing
center

Laser radarxC1

gap1

consider the insertable gap within range

2
al,c – vmin .Laltl xC1

al,c + Lal

vmin
al

Figure 1: *e scene of CAVs in the merging area.

Ci

C i

Si,j (0)

Si,j (t)

x

y Dj Dj

ha

Figure 2: *e lane change safety constraint from the preceding
vehicle.
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hC1 ,Dn
(t) � hC1 ,Dn

t0(  − lDn
+ f

a
pv Dn, C1, ha(t), t( 

+ f
v
pv Dn, C1, t( ,

hC1 ,Dn
(t)> 0, t ∈ t0, tend .

(10)

Under the security constraint, if hC1 ,Dn
(t) is non-negative

at time t � t0, it can be guaranteed to be non-negative at
t ∈ [t0, tend]. Due to the model assumption (3),
cos(ha(t0)) � 1. *at is to say, the collision avoidance
condition is as follows:

hC1 ,Dn
t0(  − lDn

+ f
a
pv Dn, C1, ha t0( , t0( 

+ f
v
pv Dn, C1, t0( > 0.

(11)

In the same way, the collision avoidance condition be-
tween the merging vehicle C1 and the following vehicle Dn+1
in the target lane is as follows:

hC1 ,Dn+1
t0(  − lC1

+ f
a
fv C1, Dn+1, ha t0( , t0( 

+ f
v
fv C1, Dn+1, t0( > 0.

(12)

To sum up, considering the impact of communication
delay τ, the determination conditions of insertable gap are as
follows:

hC1,Dn
t0(  − lDn

+ f
a
pv Dn, C1, ha t0( , t0(  + f

v
pv Dn, C1, t0( > 0,

hC1,Dn+1
t0(  − lC1

+ f
a
fv C1, Dn+1, ha t0( , t0(  + f

v
fv C1, Dn+1, t0( > 0,

hC1,Dn
t0(  + hC1 ,Dn+1

t0(  − lDn
≤ gapn
′.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(13)
By solving the previous formula, the corresponding

interval of merging speed of the insertable gap can be ob-
tained, represented by (vdown, vup). According to the relation
of headway, the relative position of vehicles in the gap when
merging is obtained, that is, the requirement of the merge
position (merdown,merup). It is important to note that
merdown and merup are relative positional representations of
gap, as shown in Figure 4(b). *e merge position can be
calculated based on hC1 ,Dn

(t), hC1 ,Dn+1
(t) and the location of

FV or PV of the target lane.

2.3. Constraint Condition of Cooperative Merging.
Considering the length limit of the acceleration lane and the
performance of the vehicle itself (mainly the maximum
acceleration), it may not be able to accelerate to the merging
speed vmer (vmer is the median value of the interval
(vdown, vup)) and drive to the corresponding merging po-
sition in the acceleration lane. *erefore, it is necessary to
judge that the vehicle can meet the merging speed and
position requirements of the target insertable gap by
combining the limiting conditions. *ere are two levels of
judgment: one level, the vehicle C1 to be merged in the
acceleration lane accelerates to the merging speed of the
target insertable gap at the max acceleration amax; the other
level, after the acceleration, the proposed model is discussed
in terms of the relationship between the position of vehicle
C1 and the insertable gap. *ere are three types of situations
after the vehicle C1 accelerates to vmer.

Situation 1. *emerging vehicle is behind the insertable gap.
When the merging vehicle C1 accelerates to vmer, it is

behind the insertable gap. In this situation, there are two
cases (the relation betweenmerging speed vmer and the speed
of the following vehicle vDn+1

in the target lane).

Case 1. If vmer ≤ vDn+1
, the vehicle C1 cannot be merged into

the insertable gap.*e driving strategy for themerging vehicle
C1 to accelerate to vmer with the max acceleration amax is the
fastest approach to the target gapn

′. If the vehicle C1 does not
catch up with the following vehicle Dn+1 after the completion
of acceleration, and the current speed of the vehicle C1 is
lower than the vehicle Dn+1, the distance between themerging
vehicle and the target insertable gap will continue to increase,
resulting in the failure to complete the merging.

Case 2. If vmer > vDn+1
, the vehicle C1 can be merged into the

insertable gap under certain constraints. Although the ve-
hicle C1 is located behind the gap after completing accel-
eration, since the speed of the vehicle C1 is higher than the
following vehicle Dn+1, the vehicle C1 may overtake the
vehicle Dn+1 after driving at constant speed vmer for a period
of time to reach the merge position and complete merging.
Considering the length limit of the acceleration lane, the
vehicle C1 must meet the following conditions:

%

 
t1

t0

a
al
C1

(t)dt + vmer · t − t1( ≤L
al

,

vDn+1
· t + merdown ≤x

al,c
C1

+  
t1

t0

a
al
C1

(t)dt + vmer · t − t1( ≤ vDn+1
· t + merup.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(14)

Here, aal
C1

(t) �
amax, t0 ≤ t< t1
0, t> t1

 .

Situation 2. *e merging vehicle is in the insertable gap.
In this situation, according to the relative position of the

vehicle C1 in the gapn
′ and the merged interval

(merdown,merup), it can be divided into two subsituations.

X

C1

Dn+1

gap'n lDn

hC1,Dn+1 (t0)

Dn
merdown merup

the merge position

hC1,Dn (t0)

xDn (t0)tlxc1 (t0)alxDn+1 (t0)tl

Figure 3: Relation of the gap and headway.
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Subsituation 1. *e vehicle C1 is behind the merged interval
(merdown,merup). *ere are two cases as shown in Figure 5.

Case 3. If vmer ≤ vDn+1
, the vehicle C1 cannot be merged into

the insertable gap. *is case is similar to situation 1-Case 3.

Case 4. If vmer > vDn+1
, the vehicle C1 can be merged into the

insertable gap under certain constraints. *is case is similar
to situation 1-Case 4. *e merging conditions are similar to
equation (14), except for the size of constant running time t.

Subsituation 2. *e vehicle C1 is in front of the merged
interval (merdown,merup). *ere are two cases as shown in
Figure 6.

Case 5. If vmer ≤ vDn+1
, the vehicle C1 can be merged into the

insertable gap under certain constraints. *e vehicle C1 is
located in the gap after completing acceleration, but it has
exceeded the merging position during acceleration. As the
speed of the vehicle C1 is less than the vehicle Dn+1, it is
possible for the vehicle C1 to reach the merging position and
complete the merging after running at constant speed vmer
for a period of time. *e merging conditions are similar to
equation (14).

Case 6. If vmer > vDn+1
, the vehicle C1 must be merged into

the insertable gap under certain constraints.*e vehicleC1 is
located in the gap after completing acceleration, but it has
exceeded the merging position during acceleration. As the

speed of the vehicle C1 is bigger than the vehicle Dn+1,
running at constant speed vmer cannot meet the merging.
*erefore, if the acceleration is uniformly accelerated with
an acceleration lower than amax in the acceleration process,
the acceleration to vmer will be appropriately slowed down
and the timing of merging will be delayed. *e merging
conditions are as follows:

 
t

t0

a
al
C1

(t)dt + v
al
C1

· t≤ L
al

,

vDn+1
· t + merdown ≤x

al,c
C1

+  
t

t0

a
al
C1

(t)dt + v
al
C1

· t≤ vDn+1
· t + merup.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(15)

Situation 3. *e merging vehicle is in front of the insertable
gap.

In this situation, there are two cases as shown in Figure 7.

Case 7. If vmer ≤ vDn+1
, the vehicle C1 can be merged into the

insertable gap under certain constraints. *is case is similar
to situation 2-subsituation 2-Case 7.*emerging conditions
are similar to equation (14).

Case 8. If vmer > vDn+1
, the vehicle C1 must be merged into

the insertable gap under certain constraints. *is case is
similar to situation 2-subsituation 2-Case 8. *e merging
conditions are similar to equation (15).

t0

t1

X

.

.

.

.

.

.

Time

tn

xDn (t1)tl

xDn (tn)tl

xc1 (t1)al

xc1 (tn)al

xDn+1 (t1)tl

xDn (t0)tlxc1 (t0)al xDn+1 (t0)tl

xDn+1 (tn)tl

C1

C1

C1

Dn+1

Dn+1

Dn+1

Dn

Dn

Dn

vmer ≤ vDn+1

(a)

t0

t1

tn

X

Time

.

.

.

.

.

.

Mergeable Range

Mergeable Range

xDn (t1)tl

xDn (tn)tl

xc1 (t1)al

xc1 (tn)tl

xDn (t0)tlxc1 (t0)al xDn+1 (t0)tl

xDn+1 (t1)tl

xDn+1 (tn)tl

C1

C1

C1

Dn+1

Dn+1

Dn+1

Dn

Dn

Dn

merdown merup

vmer > vDn+1

(b)

Figure 4: *e merging vehicle is behind the insertable gap.
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To sum up, based on the insertable gap obtained by
Section 2.2 and the requirements of merging speed and
position, Section 2.3 completes the judgment of whether the
vehicle can merge into the target insertable gap. *e
implementation algorithm of the proposed model is listed in
Table 1. *e finally obtained insertable gap may not be
unique. Since the proposed model focuses on the safety of
merging vehicles, a feasible solution can be selected in the
end. *erefore, the first insertable gap satisfying the con-
ditions is selected as the final insertable gap.

3. Experimental Design

To evaluate the proposed algorithm, a case study was
conducted. *e case study utilized traffic simulation data.
*e simulation environment was built with MATLAB, as
shown in Figure 8. In the case study, we set the arterial into
three lanes and take the center line of the second lane as the
X-axis, with the forward direction as the traffic direction.

Due north is the positive Y direction. *e angle between
the on-ramp and the arterial is θ and tan(θ) � 1/6. *e
acceleration lane starts at 925m and ends at 1125m, with a
total length of 200m.

In the arterial, the total traffic flow of three lanes is 3000
veh/h, and human driven vehicles are randomly generated in
each lane according to Poisson distribution. *e length of
the vehicles is 4.3m and the width is 1.8m. In the on-ramp
lane, we generated 6 CAVs at fixed interval 6 s between 70 s

and 106 s. *e total simulation time is 200 s. Based on the
model assumption (1), only the following model needs to be
considered and human driven vehicles using IDM (intelli-
gent driver model) model and CAVs using the ACC
(adaptive cruise control) model. Specific parameters are
described as follows.

For IDM model, the desired acceleration and deceler-
ation are 5 m/s2 and −5 m/s2, respectively. *e safe headway
is 1.8 s. *e desired speed is 30m/s. *e minimum distance
at a standstill is 5m.

For ACC model, the minimum distance at a standstill is
5m.*e comfortable acceleration is 3m/s2.*emax speed is
120/3.6m/s. *e max acceleration and deceleration are
5m/s2 and −8m/s2, respectively. *e response time is 0.1 s.
*e control parameters are k1 � 0.45 and k2 � 0.25.

In the initial network, after the arterial traffic flow is
generated according to Poisson distribution, the time of
traffic flow generation and random initial speed are recorded
to form the arterial data set Uart. *e experiment is divided
into two stages.

Stage 1. At the beginning of the experimental simulation,
the data set Uart was loaded to simulate the operation of the
traffic flow in the merging area in normal mode (merging
traffic flow was not guided), and the speed, acceleration, and
position data of all vehicles (arterial traffic flow and merging
traffic flow) at the whole time in the merging area were
recorded as “normal merging.”
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Figure 7: *e merging vehicle is in front of the insertable gap.
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Stage 2. Clear the simulation environment and reload data
set Uart. *e proposed model is applied to merging traffic
flow. In the same way, the speed, acceleration, and position
data of all vehicles at the whole time in themerging area were
recorded as the “proposed model.” Compare the difference
between “normal merging” and “proposed model” to ana-
lyze the superiority of the proposed model.

4. Result Analysis

Due to the experimental design of Section 3, we eliminated
the interference (random loading of traffic flow results in the
inconsistent traffic flow of each simulation) of arterial traffic
flow, on-ramp traffic flow, and so on. As shown in Figure 9,
the curve of the speed, acceleration, and position is drawn,
where the solid blue line is the merging CAV vehicle, the
yellow dotted line is the following vehicle of the target lane

and the pink dotted line is the preceding vehicle of the target
lane. Each row in Figure 9 represents the data of a merging
CAV.

By observing the velocity curve (column 1) and the
position curve (column 3), it can be found that there are
phases where the velocity is zero (like on-ramp 12 CAV and
on-ramp 21 CAV) and phases where the position is constant
(like on-ramp 12 CAV and on-ramp 21 CAV). It indicates
that CAV3 and CAV6 stopped in the acceleration lane. It
should be noted that “12” in the legend represents the vehicle
number in the target lane after CAV3 merges the target lane.
IDM 13-FV and IDM 11-PV are the following vehicle and
the preceding vehicle of the target lane, respectively.

From the position curve, CAV2, CAV4, and CAV5 seem to
have stopped, but by observing the velocity curve, there is no
case that the velocity is 0 in a period of time. *is is because at
low speed, the travel distance in a short time is smaller, and the

Table 1: *e implementation algorithm of the proposed model.

Algorithm
1. Initializing the Network
① IDM parameters setting
S � 5m, Tsaf � 1.8s, amax � 5m/s2, bmax � −5m/s2
② ACC parameters setting
S � 5m, Tsaf � 1.1s, amax � 5m/s2, bmax � −8m/s2, k1 � 0.45, k2 � 0.25
③ Vehicles generating
Volume ← 3000 veh/h
Statistical characteristics of traffic flow ← Poisson distribution
On-ramp area ← 900m − 1150m
④ Simulation time setting
t � 2000s, step size ← dt � 0.1s
Starting simulation: t � 0s, go to step 2.
2. Calculate the range of the insertable gap:
[xal,c

C1
− vtl

min · (Lal/val
min), xal,c

C1
+ (Lal/2)], go to step 3.

3. ① Calculate the min possible value of the gap gapn′
② Put all gapn′ in the set G � gapn′ , go to step 4.
4. ① Set n� 1
② Take gapn′ from G and get vDn

, vDn+1
, go to step 5.

5. ① Calculate the merging speed (vdo wn, vup) and get the median value vmer
② Calculate the merging position (merdo wn,merup)

③ Compare xC1
and the position of gapn′ ⟶ Choose ‘Situation’

④ Compare xC1
and (merdo wn,merup)⟶ Choose ‘Sub-situation’

⑤ Compare vmer and vDn+1
⟶ Choose ‘Case’, go to step 6.

6. ① Calculate and analyze driving scheme⟶ Based on (14) and (15)
② If there’s a solution, end; otherwise, set n�n+1, go to step 4-②.

500 750 1000 1250

on-ramp areas (900m – 1150m)

Figure 8: Traffic simulation data collection network.
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Figure 9: Data curve in “normal merging” without control.
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Figure 10: Data curve in the “proposed model” with control.

Journal of Advanced Transportation 11



particles in the coordinate of the position curve are larger, so it is
difficult to reflect small changes. Moreover, observing the ac-
celeration curve (column 2), the acceleration changes frequently
during the CAVs merging. *is indicates that it is difficult for
vehicles to cope with complex traffic dynamics on the arterial
when merging, and frequent acceleration adjustment behaviors
may lead to driving risks.

Conversely, it can be found that the amplitude and
frequency of the acceleration curve are obviously reduced in
Figure 10. It shows that the proposed model can effectively
guarantee driving safety and make the merging process
smoother. Surprisingly, unlike “normal merging”, the
parking wait time for CAV3 and CAV6 almost disappeared
by observing the velocity curve (column 1) and the position
curve (column 3). *is means that the proposed model can
coordinate with the dynamics of the arterial traffic flow,
effectively plan the traveling control strategy, and improve
the traveling efficiency of CAV merging. In addition, the
acceleration curves of CAV4 and CAV6 show that when
driving in the acceleration lane, the acceleration is adjusted,
and a good merging effect is achieved, which explains the
rationality of the design of situation 2-subsituation 2-Case 6
and situation 3-Case 8.

In order to visually show the efficiency improvement of the
proposed model, we compared the travel time of 6 on-ramp
CAVs from the beginning of the on-ramp to the completion of
merging and exiting the merging area in “normal merging” and
“proposed model,” as shown in Figure 11. *e CAV3 has the
longest travel time of 50.7 s, but it changed to 22.7 s under
control conditions, reducing travel time by 55%. In terms of the
average travel time of the 6 CAVs, the “proposed model” is
significantly lower than “normal merging.” Based on the av-
erage value, the application of the proposed model resulted in a
28.7% reduction in CAV travel time. Moreover, the travel time
of each CAV fluctuates within a very small range, approaching
23.4 s. *is indicates that after featuring optimal merging

positions, when the arterial traffic flows are randomly dis-
tributed, the time difference for merging is not much. *at is,
each CAV can approximately get a fair use of road resources.

As shown in Figure 12, a comparison of travel time of
arterial traffic in the merging area is an aim to analyze the
influence of the proposed model on surrounding traffic
while assisting CAV merging. For the surrounding traffic,
the travel time of all vehicles in the target lane (including the
CAVs after merging) passing through the merging area was
counted, and each vehicle was counted in a group of 4 until
the last CAV left the merging area. *e observation shows
that the total travel time of each group in the “proposed
model” is lower than that in “normal merging,” which in-
dicates that the proposed model does not sacrifice the in-
terests of surrounding traffic to assist CAV merging. *e
group (car 10–13) with the greatest difference saw a 26%
reduction in travel time after applying the proposed model.

5. Conclusion and Future Work

*is work combines safety and coordination and assists
CAVs merging with featuring optimal merging positions.
Based on the traffic simulation experiment and discussion,
the following conclusions can be drawn:

(1) *e proposed model can effectively guarantee
driving safety and make the merging process
smoother by comparing the differences of data
curves before and after the application of the pro-
posed model

(2) *e application of the proposed model resulted in a
28.7% reduction in travel time for the CAV merging

(3) *e proposed model does not sacrifice the interests
of surrounding traffic to assist CAV merging based
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on the comparison of travel time of arterial traffic in
the merging area

However, this work still has some limitations and several
future research directions can be considered:

(1) We only study one vehicle type in arterial traffic,
namely, human-driven vehicle. *e arterial traffic
can be set to mixed traffic flow (human-driven ve-
hicle and CAVs) [36, 37]. *en, how to adapt the
proposed model to the new environment must be
considered.

(2) All merged CAVs are independent individuals.
Subsequent studies can consider how to determine
the optimal merging positions and driving strategy
for the CAV platoon [38, 39].

(3) When the CAV merges, there is no obstacle in the
acceleration lane. Future research can consider how
to dynamically determine the optimal merging po-
sition when there are obstacle vehicles in the ac-
celeration lane.
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