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Abstract: The merging area of the freeway is an area with a high incidence of traffic accidents.
With the development of connected and automated vehicles (CAVs) and V2X technology, the traffic
efficiency of freeway ramp areas has been significantly improved. However, current research mostly
focuses on merging a single mainline lane and ramp, and there are few cases of multiple lanes. In
this paper, we present a collaborative merging model with a rule-based lane-changing strategy in
a V2X environment. First, the vehicle selects the appropriate gap to change lanes safely without
affecting other vehicles. Meanwhile, we established a linear time discrete model to optimize the
trajectory of vehicles in real-time. Finally, the proposed model and strategy were implemented in
SUMO and Python. The simulation results showed that the merging model we proposed based on
the lane-changing strategy had good performance in terms of the number of stops, average delay,
and average speed.

Keywords: freeway; on-ramp; lane-changing; connected and automated vehicles; trajectory optimization

1. Introduction

The freeway on-ramp is a special section where mainstream traffic flow merges with
the incoming flow. At present, the study on the merging of mainline freeways with the
on-ramp lane has been pervasive, and numerous cooperative driving strategies, such as
rule-based [1,2] and optimization-based [3,4] strategies, have been proposed, but they
usually only considered single lane freeways with one on-ramp lane. The reality is that
mainline is usually multi-lanes, so this study aimed to deal with the case of multilane
mainline merging areas.

Due to unreasonable lane-changing and frequent acceleration or deceleration behavior,
the on-ramp is also a high incidence of traffic accidents and congestion. Recent work
has shown the application of connected and automated vehicles (CAVs) and wireless
communication in the on-ramp area [5,6]. CAVs can improve freeway traffic efficiency
and eliminate the potential hazard caused by human factors, such as fatigue and response
delay, while reducing vehicles’ distance and increasing traffic capacity [7]. Vehicle-to-
vehicle (V2V) communication enables the real-time exchange of information between
vehicles, including speed, acceleration, and position, so that vehicles can coordinate to
avoid rear-end and lateral collisions [8,9], thereby improving traffic efficiency. Compared
with single-lane lanes, additional considerations are required for lane-changing operations
in the case of multilane mainline merging areas. A suitable lane change method is necessary
to improve traffic efficiency.

In this study, we investigated several challenges in multilane mainline merging areas
according to [10] and our research work. Firstly, the model was complicated and challeng-
ing to solve when all vehicles’ trajectory optimizations were performed on a multilane
and ramp. Secondly, the unbalance of flow distribution between lanes could lead to the
reduction of merging efficiency. For example, traffic congestion may occur when traffic
flows in the outer lane are very dense in the downstream merged area. Thirdly, narrow
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lane-changing behavior affects the normal driving of other drivers and can cause severe
congestion before a merging point. We designed a rule-based lane-changing strategy and
car-following trajectories for connected and automated vehicles at freeway on-ramps to
address the problems mentioned above. Additionally, the problem was modeled as a time-
discrete linear system. The objective function was to maximize the input vehicle’s speed as
much as possible and minimize the acceleration change rate, and various constraints were
imposed to avoid collisions.

The remainder of this paper is structured as follows. Section 2 presents a brief literature
review, and Section 3 elaborates on the proposed methodology. In Section 4, we discuss
our simulation of three different cases under different demands and analyze the results,
and Section 5 presents the conclusions to this work.

2. Literature Review

In this section, we briefly review related works on merging area operations. Current
research on on-ramp merging mainly focuses on merging control algorithms or strategies
at a single-lane freeway merging area. There has been a lot of research on multilane
freeway cases.

In the case of a multilane mainline merging with a ramp, Liu et al. [11] studied the
impact of the Cooperative Adaptive Cruise Control (CACC) vehicle string operation on the
capacity of multilane freeway merge bottlenecks. To reduce the computational complexity,
X Wei et al. [12] converted a multilane merging problem into a decentralized optimal
control problem for each CAV. They then used the developed optimal control and barrier
function (OCBF) method to solve this optimal control problem. The simulation results
of the proposed framework showed significantly better performance. However, in their
research work, the optimization of lane changing was not involved. Zhang et al. [13]
considered lane-changing process risks in an urban freeway off-ramp area, constructed
a lane-change risk rank classification model based on the SVM of the partial binary tree
structure, and conducted a risk assessment of lane-changing behavior. Hongil An et al. [14]
proposed a collaborative lane-change architecture and protocol considering V2V communi-
cation delay for CAVs. Cheng et al. [15] took samples from the actual lane-change process
of a freeway and formulated a lane-change control strategy based on personalized driving.
The simulation results showed that the proposed personalized driving strategy not only
respects the personalized operating styles of different drivers but also effectively controls
driving risks. Hu et al. [10] presented an online system control algorithm for multilane
freeway merging areas based on optimizing vehicles’ lane-changing and car-following
trajectories. Specifically, the authors adopted a cooperative lane changing control (CLCC)
optimization model and a cooperative merging control (CMC) model, and they designed a
dynamic moving border point method to coordinate the CLCC and CMC'’s consecutive ex-
ecution models. The simulation results verified the effectiveness of the proposed algorithm.
Therefore, according to the characteristics of multilane freeways, this research focused on
lane-changing operations.

According to previous studies [16], the research methods of vehicles passing through
a merging area can be divided into centralized and decentralized approaches. This
study adopted a centralized control method to control merging vehicles to improve
traffic efficiency.

In centralized approaches, the traffic controller located in the merging area controls all
vehicles’ behavior and coordinates them to safely and orderly pass through the freeway
ramp area. There have been many works of literature using centralized methods to solve the
problem of freeway ramp merging. Ye et al. [17] and Ding et al. [1] described the collabora-
tive merging problem as a constrained optimization problem, where the objective function
involves the arrival time at the merging point. The constraints, which were different in each
work, were formulated to avoid collisions. In a follow-up work [18], the authors proposed
a hierarchical cooperative merging framework based on merging sequence-scheduling
strategies and motion-planning methods to study the optimal coordination of CAVs and



Future Internet 2021, 13, 123

30f16

non-CAVs under mixed traffic conditions. Pei et al. [19] proposed an optimal strategy based
on dynamic programming (DP) to obtain a globally optimal passing order, which reduced
computational complexity. In 2019, Jing et al. [20] presented a cooperative, multi-player,
game-based optimization framework and an algorithm to coordinate vehicles and achieve
minimum values for global pay-off conditions. After analyzing the merging control zone
characteristics, multi-player games were decomposed into multiple two-player games, and
the proposed model was validated through simulation. Haigen Min et al. [21] focused on
the scenario of on-ramp merging of CAVs and proposed a centralized approach based on
game theory to control the on-ramp merging process for all agents without any collisions,
and they optimized the overall fuel consumption and total travel time.

In decentralized control, each vehicle is an independent unit that determines its
trajectory based on the information received from other vehicles. Vicente Milanés et al. [22]
developed a control algorithm to decide when the merging vehicle has to enter the main
road and designed a fuzzy controller to manage its actuator. Ntousakis et al. [23] proposed
two decentralized algorithms for the cooperative merging of vehicles in freeways. The first
algorithm was based on a “First In, First Out (FIFO)” basis, while the second one tried
to determine the merging sequence to reduce unnecessary decelerations. The simulation
results showed that the two algorithms had very similar performances. Jin et al. [24]
regarded each vehicle as an agent, and vehicle agents could form platoons through V2V
communication with each other to exchange information. Additionally, they proposed a
reservation-based traffic plan that effectively improved traffic efficiency.

In summary, previous studies have shown many algorithms and strategies to improve
the efficiency of the freeway merging process. There have been relatively few studies on
trajectory optimization for multilane, on-ramp bottlenecks in a CAV environment. We first
developed a rule-based lane-changing strategy to transform the multilane freeway merging
problem into the single-lane merging problem, then we employed a centralized optimal
control algorithm to optimize the trajectory so that the vehicle could pass smoothly.

3. The Freeway Merging Framework

Multilane freeways are widely present in city transportation networks. In this study,
we took a two-lane freeway with an on-ramp lane as an example, as shown in Figure 1.
The mainstream traffic flow contains two lanes, and the incoming traffic flow is a single
lane. CAVs merge at the intersection of the main lane and the ramp.

—— V2v V21

communication link communication link

Figure 1. Schematic illustration of a typical two-lane freeway merging area.

To simplify the entire model and facilitate optimization, we made the following
assumptions for this scenario [25]:
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(1) All vehicles on the network are fully automated and equipped with V2V /V2I com-
munication capabilities.

(2) The lane-changing behavior is instantaneous. At the same time, we did not consider
lateral vehicle control.

(3) Communication delay and packet loss were not considered in this study.

(4) Overtaking is not allowed throughout the merging process.

As shown in Figure 2, the two lanes of the mainstream traffic flow are called the Outer
Lane and the Inner Lane, respectively, while the ramp lane is called the Ramp Lane. The
Outer Lane is the lane close to the ramp, and the Inner Lane is the lane away from the ramp.
The intersection of the mainstream traffic flow and the incoming traffic flow is defined as
the merging point, which corresponds to the one-dimensional coordinate system’s origin.
In this merging area, we set up a centralized control unit called traffic controller. CAVs
periodically send their information, including vehicle ID, lane ID, position, speed, and
acceleration, to the traffic controller. The traffic controller uses this information to control
all input vehicles’ speed, acceleration, and lane-change behavior.

Trajectory

/ ;
Optimization Zone // Adjustment Zone

. /
Lane Changing Zone , -
/ Pos1t1onim

Inner Lane

Outer Lane

Traffic Controller

Figure 2. Regional division of ramp area on a two-lane freeway.

In our framework, the entire scenario was divided into three zones: lane-changing
zone, trajectory optimization zone, and adjustment zone, where we mainly focused on
the lane-changing and trajectory optimization zones. Lane-changing operation was only
allowed in the lane-changing zone when the traffic controller ordered vehicles, while free
lane changes were not allowed in other areas. In the trajectory optimization zone, the
mainstream traffic vehicles and ramp vehicles adjusted their trajectories according to the
corresponding optimal control model. Note that there was no additional optimization
operation in the adjustment zone. The vehicle only needed to drive at the optimized
speed and acceleration in the trajectory optimization zone before finally passing the ramp
smoothly at a constant speed without collision.

3.1. Rule-Based Lane-Changing Strategy

The on-ramp of a freeway is an accident-prone traffic area. An on-ramp vehicle can
easily collide with a mainline vehicle due to drivers’ lack of sight distance and vehicles’
inability to slow down in time during the merging process of on-ramp vehicles. We
propose a rule-based lane-changing strategy to improve the merging efficiency and safety
of freeways. The mainline vehicles change from the Outer Lane to the Inner Lane before
the merge, providing sufficient space for the downstream merge.

The proposed lane-changing strategy is mainly carried out in two steps: (1) find the
appropriate lane-changing gap in the Inner Lane and (2) determine the lane-changing
vehicle in the Outer Lane.
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3.1.1. Determination of Target Gap for Lane Changing

The core problem of lane changing is finding a suitable entrance gap in the mainline’s
adjacent lanes. When a vehicle changes lanes, the lane-changing may cause a rear-end
or lateral collision with a vehicle in the target lane if the lane-changing vehicle’s speed is
too high/low or the target gap estimation is unreasonable. Therefore, the lane-changing
vehicle must meet a certain speed, and the target gap must meet the merging requirements
so that the vehicle can safely merge into the adjacent lane.

The method to determine the target gap for lane changing is as follows. First, we
look for adjacent front and rear vehicles in the Inner Lane and then calculate the above-
mentioned vehicles’ headway. The headway H of the two adjacent vehicles at time t is
calculated as Equation (1), where S 4(t) and Sp(f) are the position coordinates of the front
and rear vehicles, respectively, at time ¢; vp is the speed of the following vehicle; and L is
the length of the vehicle, as shown in Figure 3.

Sa(t) —Sp(t) — L

H = e M

$,(0) Position/m

Figure 3. Schematic diagram of the position of target vehicle at time t.

After that, it is necessary to judge whether the headway meets the requirements. A
vehicle collision is likely to occur if adjacent vehicles’ headway in the Inner Lane is not
enough. Therefore, before the vehicle in the Outer Lane changes lanes, it is necessary to
determine whether the headway calculated in Equation (1) is less than the minimum safe
headway for lane changing. In this study, the minimum safe headway H; was calculated as

_ Hmvp + HmUmax + L
= o5 ,

H, ()

where Hy, is the minimum safe headway between the front and rear two adjacent vehicles
in the same lane and vmax is the maximum speed.

The vehicle in the Outer Lane can be selected to change lanes if the headway H of two
adjacent vehicles in the Inner Lane satisfies Equation (3).

H > H, 3)

3.1.2. Determination of Lane-Changing Vehicle

After determining the target gap for lane changing of the Inner Lane, we need to select
the appropriate vehicle in the Outer Lane to perform the lane-changing operation. The
following principles should be followed to reduce acceleration and deceleration behavior
and to ensure driving safety when choosing a lane-changing vehicle:

(1) Do not consider vehicles outside the Outer Lane corresponding to the target gap for
lane changing.
(2) Preferentially select vehicles in the Outer Lane closest to the Target Area to change lanes.

As shown in Figure 4, the target gap for lane changing is divided into three areas
to ensure driving safety. The Target Area is the target arrival area of the lane-changing
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vehicles in the Outer Lane. The two points Lower_pos and Upper_pos on the coordinate
axis represent the front and back boundaries of the Target Area, respectively, of the Target
Area and are used as reference points for vehicle lane changing. The following vehicle in
the Inner Lane needs to maintain a minimum safe headway from the Target Area to avoid
rear-end collisions with vehicles in the Target Area. Of course, vehicles in the Target Area
also need to maintain a minimum safe headway with the vehicle ahead in the Inner Lane.

Target gap for lane changing

A
A

Minimum safe
time headway

Minimum safe
time headway

(2]] ]

Position/m
® ® ® *—>»
Sy Lower_pos Upper_pos S,

Figure 4. Schematic diagram of the target gap for lane changing in the lane-changing zone.

Figure 5 shows the different situations of the Outer Lane within the target gap for lane
changing. As shown in Figure 5a, when there is only one vehicle within the target gap for
lane changing in the Outer Lane, this vehicle is selected as the lane-changing vehicle. It
accelerates to the Target Area range and then changes lanes. As shown in Figure 5b, we
preferred to select the vehicle closest to the Target Area as the lane-changing vehicle to
reduce acceleration and deceleration behavior and to ensure driving safety when there are
multiple vehicles within the target gap for lane changing in the Outer Lane.

Target
(il Aren

Target
(il Aten

(@)

(b)

Figure 5. Vehicle conditions in the Outer Lane within the target gap for lane changing: (a) only one vehicle exists; (b) there

are multiple vehicles.

The entire lane-changing process in the lane-changing zone is shown in Figure 6.

3.2. Trajectory Optimization

CAVs enter the trajectory optimization zone after completing the lane-changing oper-
ation. After that, vehicles are no longer allowed to change lanes, so we could convert the
problem of merging the main road and the ramp into the merging problem of the Outer
Lane of the mainline and the ramp, as shown in Figure 7.

In actual scenarios, vehicles on freeways and ramps enter continuously and in real-
time. It is challenging to optimize all vehicles’ trajectories from the global perspective, so
we decided to optimize the entering vehicles round by round in the trajectory optimization
zone. In detail, the traffic controller starts to optimize all vehicles in the trajectory optimiza-
tion zone when the first entering vehicle (which may be in the Outer Lane or the Ramp
Lane) is about to leave in the trajectory optimization zone. After the optimization, the traffic
controller starts to process the next round of incoming vehicles when the first vehicle of the
next round of vehicles is about to leave the trajectory optimization area. We decided that
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we needed to remove the vehicles that are in the other lane during optimization without
leaving the trajectory optimization zone in the last round of optimization.

Start

The traffic controller collects vehicle
information on the Inner and Outer lanes

y

Traverse adjacent vehicles in the Inner
Lane and calculate the headway H

y

Calculate the minimum safe headway #

\ 4

Count the number N of vehicles in the

whether H is greater than H, Outer Lane within the target gap range

Y- Is N equal to 0 N—p Determine the Target Area

Whether it has been all traversed

Is N greater than 1

End Change lanes to the Inner Lane N

A

Y
v

Choose the vehicle closest to the Target Area

Figure 6. Flow chart of vehicle lane changing in the lane-changing zone.

| Trajectory /
pptimization zoney

| Trajectory

Fptimizaﬁon zong

' R
}

\

\

y_ Outer Lane

Traffic
Controller

Traffic

Controller \

Figure 7. Simplified diagram of the trajectory optimization zone.

Specifically, the traffic controller firstly collects all vehicles” information in the tra-
jectory optimization zone, including position, speed, and acceleration, when the traffic
controller optimizes the trajectory of vehicles entering the Outer Lane and Ramp Lane.
The traffic controller then uses the following control model for optimization to obtain each
vehicle’s trajectory in the future TTO seconds. The traffic controller controls each vehicle’s
speed and acceleration according to the optimized results so that vehicles can pass the
merge point without collision along the optimized trajectory.
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Here, we borrowed the optimal control strategy in [26], where the trajectory opti-
mization model is linear time discrete and each time step’s speed is used as a decision
variable. The objective function of trajectory optimization is to maximize all vehicles’ speed
while minimizing the acceleration rate in the trajectory optimization zone, as shown in
Equation (4).

2 N, TTO 2 N, TTO
min( ‘Ulz Y E Ulnt+w22 Y Z|ulnt Uppi—1]) 4
=1n=1t= =1n=1t=
subject to
0<9t < Umax V,n,t 5)
Umin < Uppp < Umaxs Vi, n,t (6)
Sint—Sint—1 = Vi1 AEVLnt=2,3,..., TTO 7)
Oyt — Vlmt1 = Upp1 DLVt =2,3,..., TTO (8)
lslntfsln 1t|>TG X U1 p— 1t,Vltn—23 ., N 9)

TO ;
‘smﬂo — 8y 710| > { TCmin ?g%ﬂi ;}; ISZT’T sTZl:e ST i =1,2,...,Ni;j=1,2,...,No (10)

Constraints (5) and (6) are the limits of speed and acceleration, respectively. Con-
straints (7) and (8) are vehicle dynamics equations. Constraint (9) means that the distance
between two adjacent vehicles in the same lane must meet the minimum safety gap require-
ment. Constraint (10) is imposed onto the last optimization time step to ensure that the
outside lane and ramp vehicles maintain a safe distance after the optimization is completed.

Table 1 details the parameters and symbol descriptions involved in the trajectory
optimization model.

Table 1. Parameter and symbol description of the trajectory optimization model.

Parameter Unit Description
Ut m/s The speed of the n-th vehicle on lane / at time step ¢
Ut m/s? The acceleration of the n-th vehicle on lane / at time step ¢
Spnt m The position of the n-th vehicle on lane [ at time step ¢
Umax m/s Maximum speed allowed
Umin m/s? Minimum acceleration allowed
Umax m/s? Maximum acceleration allowed
w1,wn Weight coefficient
TG;?n s The minimum safety time gap
At s Time interval of trajectory optimization zone
t s Timestep
) Lane identifier (Outer Lane is 1 and Ramp Lane is 2)
n The index of each vehicle in the corresponding lane
N; Total number of vehicles in the lane [
TTO s Total simulation step for trajectory optimization
i Index of the vehicle in the Outer Lane
j Index of the vehicle in the Ramp Lane
T s Total simulation time

4. Simulation Results and Case Study
4.1. Simulation Results and Visualization

To verify the model’s validity, we first established the ramp merging scenario in SUMO
and simulated the proposed model. In our simulation, the total length of the mainline
was 1000 m, of which the length of the lane-changing zone was 350 m, the length of the
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trajectory optimization zone was 300 m, and the length of the adjustment zone was 250 m;
refer to [10,26].

The simulation parameters are shown in Table 2. In the simulation, we limited the
maximum traffic flow of the main line to 2000 vehicles per hour, and the maximum
traffic flow of the ramp to 1000 vehicles per hour; refer to [10]. At the beginning of the
simulation, the vehicle enters the simulation scenario with random speed and acceleration
that meets the parameters shown in Table 2. When vehicles enter the lane-changing zone,
the traffic controller controls the vehicle to change lanes. Vehicles then enter the trajectory
optimization zone, and the traffic controller specifies the speed and acceleration for the
vehicle before it passes the merging point.

Table 2. Simulation parameters.

Parameter Unit Value
Umax m/s 25
Umin,Umax m/52 —5,5
w1,W07 - 1
Hm S 15
TO
TG S 1.0
TTO s 10
T S 100
L m 5

In the trajectory optimization zone, optimization was performed while the vehicle
filled the trajectory optimization zone. The first optimization results are shown in Figure 8,
where vehl-1 represents the first vehicle in the Outer Lane, veh2-1 represents the first
vehicle in the Ramp Lane, and so on.

Speed vs. Time Acceleration vs. Time

250{ o—» 7 — ~e— vehl-l

] veh2-1
/| 25 —a— veh2-2
/ —— veh2-3

/. < veh2-4
// 2.0
24.0 [/
/ 15 1

[ -o— vehl-1 05
/ veh2-1
2s] ¢ & veh2-2
[ —»— veh2-3 0.0 g S

[ <« veh2-4 —

speed(my/s)
~
S
Acceleration(m/s)

Time(s) Time(s)
(a) Speed vs. Time (b) Acceleration vs. Time

Distance vs. Time

-100

-200

-300

Distance(m/s)

-400

-500

Time(s)

(c) Distance vs. Time
Figure 8. The first optimization in the trajectory optimization zone.

The optimization results showed that the vehicles traveled at different speeds before
optimization. The vehicles maintained a safe distance from the front and rear vehicles



Future Internet 2021, 13, 123

10 of 16

through acceleration and deceleration during the optimization process. At the last opti-
mization time step, all vehicles drove at the maximum speed, and the distance-time curve
showed that a safe driving gap could be maintained between the same and different lanes
after optimization.

We took the first optimization results as an example to make a brief analysis. In 32 s,
the traffic controller started to optimize the vehicles in the trajectory optimization zone.
Veh1-1 was located on the main road, and veh2-1, veh2-2, veh2-3, and veh2-4 were located
on the ramp. In 32-33 s, veh2-2 and veh2-4 slowed down to maintain the distance with the
vehicle in front. At 34 s, all vehicles reached their maximum speed and passed the merging
point at a constant speed.

Additionally, all vehicles’ trajectories in the Outer Lane and Ramp Lane are visualized
in Figure 9. The gray lines in the figure represent vehicles in the Ramp Lane. The blue
lines represent vehicles in the Outer Lane, and the red lines mean that vehicles’ trajectory
optimization is over. Vehicles start to drive at a constant speed and finally pass through the
merge point. In Figure 9—left, all vehicles had not changed lanes before merging. As the
simulation time increased, the number of vehicles optimized in the trajectory optimization
zone increased, which increased the delay time and driving risk. In comparison, some
vehicles changed lanes from the Outer Lane to Inner Lane in the lane-changing zone before
merging in Figure 9—right, reducing the delay caused by deceleration and increasing the
travel speed.
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Figure 9. Schematic diagram of vehicle trajectory. The left side is the scenario without lane changing,

and the right side is the lane-changing scenario.

4.2. Case Study

To further verify the model proposed above, we considered three different cases and
tested four different demand levels of 800, 1200, 1600, and 2000 veh/h; three different
demand splits of 50-50, 65-35, and 80-20; and three different safety time gaps of 1.0, 1.2, and
1.5 s according to [25]. The simulation time for each scenario was 3600 s. Additionally, we
evaluated the model’s effectiveness through three indicators: number of stops (if the speed
was less than 1 m/s, it was regarded as stopping), average delay time, and average speed.

Three different control cases are as follows:

e Case 0: do nothing. The vehicles travelled freely without any optimization control.
This case adopted SUMO’s default driving model.
e Case 1: only trajectory optimization. Only the trajectory optimization and adjust-
ment zones were set, and the vehicles were optimized after entering the trajectory

optimization zone.

e Case 2: lane-changing strategy and trajectory optimization. With the addition of
lane-changing strategy, the vehicle can change lanes in the lane-changing zone, and

then enter the trajectory optimization zone for trajectory optimization.

The simulation results under different demands are shown in Tables 3-5. Overall, for
the three different demand splits, Case 1 was better than Case 0 on the whole, and Case 2

outperformed Case 1.
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Table 3. Simulation results under the 50-50 demand.

Number of Stops Average Delay (s) Average Speed (km/h)
Demand (veh/h) Demand (veh/h) Demand (veh/h)
800 1200 1600 2000 800 1200 1600 2000 800 1200 1600 2000
Case 0 0 5 6 26 493 21.56 2492 3490 81.2 52.4 47.3 41.2
1.0 Case 1 0 0 0 2 3.03 4.35 5.59 6.79 87.9 86.8 85.5 84.3
Case 2 0 0 0 0 2.12 2.96 3.02 3.74 89.0 88.6 87.9 87.1
Case 0 0 4 10 30 473 20.67 2540  43.30 79.6 52.5 46.6 32.2
1.2 Case 1 0 0 1 4 3.02 4.35 5.59 7.66 87.4 84.9 82.6 79.4
Case 2 0 0 0 2 2.13 2.97 3.05 4.10 88.8 88.3 87.5 86.2
Case 0 0 7 53 99 7.42 2206 2723 4412 74.0 51.7 43.5 33.1
15 Case 1 0 3 4 27 3.03 4.36 5.69 21.86 85.6 80.8 79.3 49.7
Case 2 0 0 0 2 2.39 3.45 493 5.94 87.0 83.0 80.4 78.9
Table 4. Simulation results under the 65-35 demand.
Number of Stops Average Delay (s) Average Speed (km/h)
Demand (veh/h) Demand (veh/h) Demand (veh/h)

800 1200 1600 2000 800 1200 1600 2000 800 1200 1600 2000
Case 0 0 0 1 24 3.02 4.72 7.32 32.09 84.6 81.9 723 40.6
1.0 Case 1 0 0 0 0 3.07 3.55 4.46 5.24 88.8 88.4 87.9 87.2
Case 2 0 0 0 0 2.61 2.82 3.18 3.37 89.3 89.0 88.5 88.0
Case 0 0 0 9 16 2.51 5.28 2526  45.72 84.3 77.4 47.0 325
1.2 Case 1 0 0 0 2 3.07 3.55 431 7.24 88.6 88.1 87.4 86.4
Case 2 0 0 0 0 2.61 2.83 3.19 3.39 89.2 88.7 88.2 87.5
Case 0 1 3 9 31 2.71 5.23 27.48  43.62 83.9 74.1 44.3 33.1
1.5 Case 1 0 0 0 8 3.08 3.55 5.47 10.17 88.2 87.1 85.3 76.2
Case 2 0 0 0 0 2.61 2.84 3.28 3.50 89.1 88.2 86.1 83.3
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Table 5. Simulation results under the 80-20 demand.

Number of Stops Average Delay (s) Average Speed (km/h)
Demand (veh/h) Demand (veh/h) Demand (veh/h)

800 1200 1600 2000 800 1200 1600 2000 800 1200 1600 2000
Case 0 0 0 0 0 2.14 2.81 4.36 6.22 85.1 83.8 81.3 77.1
1.0 Case 1 0 0 0 0 2.62 3.00 3.38 4.92 88.7 88.2 88.1 87.9
Case 2 0 0 0 0 2.67 2.75 2.76 3.03 89.3 88.9 88.4 88.0
Case 0 0 0 0 8 4.19 3.08 4.89 8.50 84.9 84.0 80.2 70.6
1.2 Case 1 0 0 0 0 2.62 492 6.00 6.38 88.5 88.0 87.9 87.6
Case 2 0 0 0 0 2.68 2.75 2.76 3.07 89.2 88.9 88.2 87.7
Case 0 0 0 0 26 432 3.15 6.96 21.07 84.6 824 77.7 49.8
15 Case 1 0 0 0 1 2.62 6.01 6.39 4.92 88.3 87.5 86.8 85.1
Case 2 0 0 0 0 3.08 2.76 2.76 2.69 89.2 88.9 88.0 87.1

Let us take the 50-50 demand split as an example; see Figure 10. As shown in
Figure 10a, vehicles may have stopped because they adjust their speed to ensure a safe gap
between vehicles. Unlike Case 0 and Case 1, the cars of Case 2 would basically not stop
when the safety time gap was 1.0 s during the simulation. This advantage of Case 2 became
more evident as the safety time gap and traffic volume increased. At 800 veh/h, there
was no apparent difference between the three cases in terms of average delay and average
speed. With the increase of freeway and ramp traffic flow, the difference in performance
indicators was gradually significant. Significantly, at 2000 veh/h, the average delay of
Case 1 was reduced by about 70.3%, and the average speed was approximately doubled
compared to Case 0. The average delay of Case 2 was reduced by about 38.3%, and the
average speed was increased by about 18.2% compared with Case 1.

Additionally, the average speed and average delay of Case 0 were not stable. With
the change of mainline traffic flow and ramp traffic flow, the average speed and average
delay significantly changed, and the average speed and delay changes of Case 1 and
2 were relatively stable due to the vehicle’s trajectory optimization. Furthermore, due
to the addition of the lane-changing strategy, the average delay of Case 2 was lower,
and traffic flow and safety time gaps had little impact on the average speed. Therefore,
compared with Case 1 and Case 0, the merging model based on the lane-changing strategy
improved efficiency.

As with the 50-50 demand, the number of stops, average delay, and average speed,
split of Case 2 always outperformed those of Case 1 and Case 0, as shown in Tables 4 and 5.
As the demand increased, the performance difference became greater and more obvious.
In addition, in the 80-20 demand split, the performance of the three cases was greatly
improved when compared to the 50-50 and 65-35 splits. The ramp traffic decreased and
vehicles experienced less merging interactions, resulting in lower travel delays and smaller
numbers of stops when compared to the more even demand splits.
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Figure 10. Comparison of different cases under different demands and safety time gaps: (a) The number of stops, (b) average
delay, and (c) average speed.

5. Conclusions

In this paper, we proposed a lane-changing strategy with collaborative merging for
CAVs in a multilane freeway on-ramp area under the V2X network. In this environment,
vehicles and the traffic controller can exchange information with each other in time, and
we divided the freeway into three zones. In the lane-changing zone, we proposed a
rule-based lane-changing strategy that enabled vehicles to safely change lanes without
affecting other vehicles. Meanwhile, we established a linear time discrete model that could
optimize vehicles’ trajectories in real-time. All these proposed models and strategies were
implemented in SUMO and Python. We compared three different cases under different
demands, safety time gaps, and demand splits. The simulation results showed that the
merging model we proposed based on the lane-changing strategy had a good performance
in terms of the number of stops, average delay, and average speed.

In future work, we will consider the lane-changing and merging operations of vehicles
in an on-ramp area under a 5G cellular network environment and consider the commu-
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nication delay between the traffic controller and vehicles, which is necessary for vehicles
traveling on a freeway.
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