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This paper investigates the optimized merging sequence (MS) and on-ramp merging strategy in mixed traffic with vehicle-to-
vehicle (V2V) and vehicle-to-infrastructure (V2I). To this end, a cooperative merging sequence optimization method is first
proposed based on the reverse auction. In the method, a hybrid optimized computing structure is proposed to provide the
foundation for connected and human-driving vehicles (CHVs) and connected and automated vehicles (CAVs) to obtain the MS
more efficiently. And a cooperative merging strategy based on all cooperative merging vehicles under mixed traffic conditions is
proposed. In particular, the downstream vehicles in the strategy can change their original velocities to actively participate in the
cooperative merging process according to the merging requirements of on-ramp vehicles. And the vehicles in this strategy are all
subject to state constraints to avoid the adverse effects of cooperative merging behavior on the following traffic on the main road.
Results of numerical experiments illustrate that the merging sequence optimization method can reduce the time to obtain the
optimal MS, and the increased computational efficiency is affected by CAV penetration. In addition, in mixed traffic conditions,

the cooperative merging strategy can reduce fuel consumption and the time required for merging.

1. Introduction

As one of the classic bottleneck areas, traffic congestion often
occurs in the on-ramp area, leading to a significant reduction
in traffic efficiency [1]. Therefore, the merging of vehicles on
ramps in the on-ramp area has been a hot topic of research in
the traffic field [2]. Meanwhile, with the widespread appli-
cation of communication and automation technology in the
transportation field (eg., vehicle-to-vehicle (V2V) commu-
nications and vehicle-to-infrastructure (V2I) communica-
tions), CAVs have been receiving extensive attention
because they can improve safety, reduce fuel consumption
[3], relieve congestion [4], and increase passenger comfort
[5]. It is foreseeable that all vehicles on the road in future
intelligent transportation systems will be CAVs [6-8].
However, the full application of CAV in transportation
currently still requires appropriate policies [8] and social

trust [10]. At the same time, drivers of CHVs have access to
more extensive and accurate traffic information through ad-
vanced communications for more effective vehicle control [11].
Therefore, it is certain that in the future, the two types of vehicles
will coexist until CAVs completely replace CHVs. However,
during this transitional period, mixed vehicles make the traffic
situation in the on-ramp merging zone more complicated [12].

One of the purposes of this study is to enable CAVs and
CHVs in the on-ramp area to obtain the optimal MS in a
shorter computation time. From the perspective of global
optimal coordination, Jing et al. [13] took fuel consumption,
passenger comfort, and travel time as global pay-off con-
ditions and then proposed an optimization structure and an
algorithm to obtain the minimum value of the vehicle’s
global pay-off. Raravi et al. [14] represent the combined
problem as a nonlinear optimization problem and obtain a
locally optimal solution. To reduce the computational cost,
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Liand Wang [15] and Awal et al. [16] all proposed a pruning
algorithm to determine the merging sequence. Ding et al.
[17] proposed a rule-based adjustment algorithm to obtain a
near-optimal merge sequence and compared its results with
optimality-based methods. Wang et al. [18] proposed a
selection algorithm to determine the merging sequence
based on the initial states of the vehicles in the cooperative
area and obtained the optimal longitudinal trajectories of
facilitating vehicle and on-ramp vehicle by solving the
Hamiltonian function. Although the above studies have all
proposed effective methods for obtaining the optimal MS,
they consider scenarios where all vehicles are CAVs and do
not consider the scenarios of mixed traffic.

As far as we know, the vast majority of studies still
consider the scenarios of mixed traffic consisting of CAV's
and conventional human-driving vehicles. Karimi et al. [19]
outline a hierarchical control framework for on-ramp
merging areas and designed a set of optimal trajectory
control algorithms for CAV when mixed traffic is a mixture
of CAVs and traditional human-driving vehicles, but the
order of merging in this study is determined in advance.
Ding et al. [20] proposed an integrated combined sequence
scheduling strategy and motion planning method for the
hierarchical cooperative merging of CAVs in mixed traffic,
and their simulation experiment proved the performances
(eg., throughput, delay, fuel consumption, and emission) of
mixed traffic with the increase of CAV penetration were
improved. [19]. Larsson et al. [21] proposed a prosocial
control algorithm that considers driver comfort and traffic
efficiency in order to alleviate to mitigate jamming waves in
autonomous multilane traffic with a mixture of CAVs and
human-driven vehicles. Experimental results show that
prosocial control can provide higher efficiency and a more
comfortable driving experience compared to personal driving.
However, few of them consider the optimal MS in the mixed
condition of CAVs and CHVs. Different from traditional
human-driving vehicles, although CHVs still rely on driver
operation, they can actively participate in the cooperative
process by obtaining more effective traffic information and
inducing information through V2I/V2V. In the V2I/V2V
situation, while the on-ramp CHVSs are safer driving to merge
onto the main road, it also takes more time for drivers to
complete the lane change, making the merging process more
complicated [22]. Therefore, the merging of on-ramps for
mixed CHV and CAV traffic in a V2I/V2V environment is
very tricky. As the basis for the on-ramp vehicles to complete
the merging, it is an important and challenging problem to
make the coordinated CAV and CHYV in the on-ramp area
quickly obtain the optimal MS.

In addition, most of the current studies are based on a
conventional merging strategy, which focuses on the co-
operation of the main-road upstream vehicles and the on-
ramp vehicles, while ignoring the role of vehicles in front of
the target merging location. From the perspective of smooth
traffic flow and avoiding stop-and-go driving, Rios-Torres
and Malikopoulos [23] proposed a framework that allows
online coordination of vehicles, which can significantly
reduce fuel consumption and travel time. Zhou et al. [24]
reduced the trajectory planning problem of the on-ramp
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merging car and the mainline roller to two related optimal
control problems and solved them by the Pontryagin
principle of maximum. Based on this research, to prevent
facilitating maneuvers from impacting traffic following
them, Zhou et al. [25] also considered the state constraints of
vehicles in the collaborative merging process and used the
Pontryagin maximum principle with state constraints to
strictly derive the analysis solution. Karbalaieali et al. [26]
proposed a dynamic adaptive algorithm that does not re-
quire frequent deceleration or waiting for merging gaps at
the end of the ramp and has minimal interference with
mainline traffic, which ensures that the on-ramp connected
automated vehicles can merge smoothly into the main-road
platoon and improves the merging efficiency. Li et al. [27]
proposed an intelligent connected vehicles active fine lane
management method for the traffic congestion problem in
the fusion zone. By controlling the intelligent connected
vehicles to complete the lane change before reaching the
weaving area, it ensures that the vehicles in the fusion zone
complete the lane change within the specified time and
reduces the traffic delay. Chai et al. [28] proposed a rein-
forcement learning-based optimal entrance ramp control
method that avoids the need to build an accurate traffic
model and the reliance on a priori knowledge by iterating the
value function with the actual behavior. To avoid vehicle
collisions in the process of merging, Jing et al. [29] proposed
a centralized collaborative vehicle trajectory planning
structure for SAE level 4 or 5 automation, and a side friction
collision prediction algorithm that takes into account the
geometric characteristics of the vehicle. However, the co-
operative merging methods in these studies have a potential
assumption; that is, the velocities of main-road vehicles
before the target merging location remain unchanged during
the cooperative merging process. Although this assumption
can simplify the research, it makes the vehicle before the
target merging location can not be fully involved in the
cooperative and does not match the actual traffic situation.
At the same time, this assumption prevents cooperative
vehicles from using downstream vehicles of the target
merging position to save time and fuel consumption.
Considering these issues, we have done work in the early
stage [30]. However, our previous work did not consider the
complex traffic environment of mixed CAV and CHV.
Compared with previous work where all vehicles are con-
sidered to be CAVs, how to enable heterogeneous vehicles to
accomplish merging collaboratively is one of the difficulties
addressed by the merging strategy in this paper. And, the
optimal sequence of cooperative merging in mixed traffic
situations is not considered either. Therefore, the cooper-
ative on-ramp merging strategy in mixed traffic is proposed,
which can make full use of the cooperation of the vehicles in
front of the target merging position to achieve a more ef-
ficient merge with less fuel consumption when CAVs and
CHVs coexist.

The literature review and analysis heretofore illustrate
that the challenges of cooperative merging in the on-ramp
area mainly come from vehicle types and simplified research
assumptions. Hence, this study seeks to design a novel MS
optimization method that can be applied to mixed traffic
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based on V2V and V2I, and a cooperative merging strategy
that can make full use of all coordinated vehicles. The main
contributions of this paper are threefold:

(1) In V2V and V2I environments, the idea of the re-
verse auction is introduced to design a novel MS
optimization method for mixed traffic consisting of
CHVs and CAVs. Different from the conventional
centralized calculation method, the method is a
hybrid calculation method for optimizing MS, in which
CAV wuses its onboard equipment and CHV uses
roadside infrastructure to complete the calculations
required to optimize MS. The proposed method can
reduce the computation time needed to optimize MS,
and the optimal MS obtained by this method can
reduce the merging time and fuel consumption.

(2) Unlike the existing conventional cooperative
merging strategies in which the downstream vehicle
of the target merging position either does not directly
participate in the cooperative merging process except
for sharing its vehicle state information, this study
makes the vehicles before the target merging location
actively participate in the cooperative merging by
adjusting their velocities so as to facilitate the merging.
Further, state constraints on cooperative vehicles are
applied in the strategy to reduce the negative impact
of the merging on the main-lane traffic. This strategy
can ensure collision-free merging while improving
merging efficiency and reducing fuel consumption.

(3) The influence of CAV penetration on the MS opti-
mization method proposed in this paper is investi-
gated. With the increase in CAV penetration, the
improved computation efficiency of this method is
more obvious compared with the conventional
centralized method.

The remainder of the paper is organized as follows.
Section 2 analyzes the freeway cooperative merging from the
cyberphysical system and then formulates the problem at the
on-ramp. Section 3 presents an MS optimization method based
on the reverse auction and the on-ramp merging strategy that
the state of all cooperative vehicles are variable while con-
sidering merging behavior and its impact on the main-road
traffic. Section 4 verifies the effectiveness and advantages of the
proposed method and strategy through numerical simulation
experiments and studies the influence of CAV penetration.
Finally, some conclusions are outlined in Section 5.

2. Problem Description

In the future intelligent transportation, transportation will
be a cyberphysical system [31]. In the system, this infor-
mation such as pavement information, vehicle status, and
location information is all collected by using perceptive
equipment such as radar, as shown in Figure 1. In cyber-
space, this information can be used to compute control
orders, as shown in the cyberspace of Figure 1. At the same
time, vehicles, drivers, and infrastructures can obtain infor-
mation and control orders from cyberspace with a connected

network. In this paper, a typical directional on-ramp which is
a single lane in each link is considered, as shown in the
physical space of Figure 1, [32]. The blue vehicle, yellow
vehicle, and black shaded area represent the CAV, CHV, and
merging zone, respectively. And in the paper, the lane change
behavior is not considered as presented in [25, 28, 29, 32].

Once the vehicle of the on-ramp arrives at the call for
cooperation line (CCL), the definition of the MS which
represents the sequence of driving into the merging zone is
necessary. The most widely used method is FIFO. In the
method, the MS of vehicles is determined based on the
distance or time-till-arrival to the merging zone [16]. How-
ever, before moving into the merging zone, vehicles still can
choose a different MS. In other words, which vehicle moves
into the merging zone first does not necessarily need to be
determined based on the distance or time-till-arrival to the
merging zone. In other words, the on-ramp merging vehicles
can be merged between any two vehicles on the main road.
Taking the situation in Figure 1 as an example, we can find
that there are three positions between main-road vehicles
where the on-ramp vehicle can merge in, as shown in
Figure 2. When the merging vehicle is ready to merge into
different gaps, it means that the main-lane and on-ramp
vehicles enter the merging zone in a different sequence. At
this time, which sequence is beneficial to traffic is un-
doubtedly an optimization problem. At present, many of the
research results on this issue are based on a centralized op-
timization structure, where all optimizations are calculated in
one center for optimal MS [12-18]. This approach is not
conducive to getting the optimal MS quickly. At the same time,
Figure 2 also shows that different vehicle synergies are likely to
result in different optimal MS. In many of the existing related
studies, the cooperative merging is generally the main-road
downstream vehicle to maintain the same velocities while the
upstream cooperative vehicles adjust their state. Once the effects
of cooperative merging on traffic are taken into account, the
time required to complete merging will increase significantly.
Therefore, the research focus of this paper is these two issues.

During the process, the dynamics of each vehicle can be
modeled, as shown in [30], by the following nonlinear input-
affine differential (1) which encompasses the engine dy-
namics, brake system, and aerodynamics drag.

a(t) = f(v(®),a(t)) + g(v(t))c(t), (1)

where c¢(¢) is the input to the engine of the vehicle and the
nonlinear functions f (v(t),a(t)), and g(v(t)) are

f(v(t),aa))=—3(a(t)+%v<t>+d—’")—%v(t)am,
T 2m m m

1
gv() -

(2)

where o denotes the specific mass of the air, ¢ is the cross-
sectional area, ¢, is the drag coeflicient, m denotes the mass
of the vehicle, d,, represents the mechanical drag, and
symbolizes the engine time constant (also called the inertial
time-lag). The term o¢c,;/2m is the model of air resistance.
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FIGURE 2: An example of the possible merging sequence.

To simplify the system model, we adopt the following
feedback linearizing control law excluding some charac-
teristic parameters of the vehicle from its dynamics.

c(t) =u(t)m+0.50¢c,v(t) +d,, + todcv(t)a(t), (3)
where u is the additional input signal to be designed.
Substituting (4) into (1), we can obtain the third-order
dynamics model of the vehicle as

p®)=v(),
v(t) =al(t), (4)
Ta (t) +a(t) = u(t).

Then, we can get
X (t) = Ax(t) + Bu(t), (5)

00-1/t 1/t
p(t) is the position of the vehicle, v(¢) is the velocity of the
vehicle, a (t) is the acceleration, u (¢) is the control input, and

01 0 0
where A= [oo 1 } B:[ 0 } x(t)=[p),v(t),a()]",

t is the time. t, represents the time when the on-ramp
merging vehicle arrives at the CCL, and x (#,) is the initial
state.

3. Methodology

In this section, we first propose a merging sequence opti-
mization method based on reverse auction theory and then
consider the negative effect of merging on main-road traffic
and taking full advantage of all vehicles. The framework
composed of the methods is shown in Figure 3.

The left side of the framework is the merging sequence
optimization method, and the right side is the on-ramp
merging strategy. The purpose of the merging sequence
optimization method is to find the optimal merging sequence
among many possible merging sequences to achieve some
specific goals, such as ensuring safety, improving effi-
ciency,and reducing fuel consumption. On-ramp cooperative
merging strategy is to avoid conflicts between vehicles and
obtain vehicles’ trajectory or state under a given merging
sequence. From this framework diagram, we can clearly know
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FIGURE 3: A framework constructed by the methods.

the connection between the merging sequence optimization
method and the on-ramp merging strategy. In the framework,
the merging sequence optimization method on the left part
passes a possible merging sequence to the on-ramp merging
strategy on the right part. After receiving the MS, the fully
cooperative merging strategy obtains trajectories or state of
vehicles under this MS through a series of calculations and
returns this information to the merging sequence optimi-
zation method. Finally, after obtaining the trajectories or state
of vehicles in all possible MS situations, the merging sequence
optimization method based on reverse auction theory de-
termines the optimal MS through specific calculation. Next,
we introduce the merging sequence optimization method and
merging strategy in detail.

3.1. A Merging Sequence Optimization Method Based on
Reverse Auction Theory. Auction is an ancient trading
method, which is widely used in all kinds of resource
optimization. From the creation of modern auction
theory by William Vickery in 1961 to the Nobel Prize in
Economics for Paul R. Milgrom and Robert B. Wilson in
2020, auction theory has made considerable progress in
basic research and application [33-35]. In an auction, all
participants need to be able to make independent bids or
purchases. At present, the types of auctions can be di-
vided into Dutch auction, British auction, sealed auction,
and reverse auction [36, 37]. In these forms, the reverse
auction refers to the situation of one buyer and multiple
sellers. In this form of auction, multiple sellers compete
with each other to serve the buyer at the lowest price. In
this paper, we look at each vehicle on the main road as a
seller and the vehicle on the ramp seeking the merging
position as a buyer. During the determine MS phase, each
main-road vehicle is required to provide a quote to the
on-ramp vehicle preparing to merge into the mainline
behind it. Under the mechanism of independent offers
from sellers in the reverse auction, the vehicle needs to
bear the calculations required to give the offer. This
distributed calculation will undoubtedly reduce the time
to obtain MS and increase the efficiency of obtaining MS.

ptHowever, CHV only has simple communica-
tion capabilities and cannot accurately process
traffic information without an onboard computer during
the cooperative merging process. Considering that the vehicle

needs to be able to bid or purchases independently and to
ensure that CHV can participate in the auction when acquiring
MS through the reverse auction method, we design a novel
hybrid calculation structure in the V2V/I environment of mixed
traffic, as shown in Figure 4(b). The proposed structure is a
mixture of centralized and distributed computing architecture.
In this hybrid computing architecture, we have tried to in-
troduce the idea and method of the reverse auction in order to
acquire MS efficiently.

In this structure, all CHVs adopt a centralized cal-
culation architecture, relying on infrastructure to per-
form the computation. All CAVs adopt a distributed
architecture and rely on their own onboard computers.
Unlike the structure used in many of the current studies
shown in Figure 4(a) [12, 16], the vehicles in the structure
we are talking about are involved in optimizing MS
calculations to disperse computational loads, not just
collecting and receiving information.

We consider the main-lane vehicles j € {1,2,...
the sellers s; € {s;,5, ...
ie{l',2,...,n'} when arriving at CCL as the buyer
b; € {by,by,...,b,}, and the potential target merging lo-
cation of vehicle i as the commodities g; = {gi1, gin> - - - > Gim}-
Each seller s; puts a price bid; = {bid}", bid?, ... bid{""} on
their corresponding goods.

We stipulate that the price bid? of seller s; is given
according to

,m} as
,Sm}> the on-ramp merging vehicle

- 19ij Jij Gij
bldi ' = wlftoialT + wave]hicle’ (6)

where w,; and w, are coefficients, fﬁ;{alT represents the time
required for vehicle i to merge into the mainline if it chooses
the target location g;;, fg'e’hide represents the price that all
vehicles need to pay in the process of merging. And

9ij _ 49 CCL
totalT — t = ti > (7)

where " represents the time when the vehicle i arrives at
the CCL,and t/” is the ending time of the merging process of
vehicle i which merges into the main road from g;;. And only
when the distance between the merging vehicle i and the
front and rear vehicles of the potential merging position g;;
meets (8), the vehicle i can merge into the main road.
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{ pj = pi =Apj,. ®)

Pi— Pj-1 = Apjj,.
where the p;; represents the desired distance between the
main-lane vehicle j and vehicle i at the on-ramp, and p; ;_;
is the desired distance between vehicle j — 1 and on-ramp

merging vehicle i. And then,
%

m+i of
Gij ! f
fve]hicle = Z JtCCL( ]Sca e(xk (t)> xkdes (t)) (9)
k=1""

R (v (0, a (1) )dt,

where ffffe(xk(t),xkdes(t)) and f,f(uel(vk(t),ak(t)) are the
safety and fuel consumption functions of the vehicle
k €{1,2,...,m+i} in the process of merging. And
T
F(x (0,3, () =(x (0 xp,_ () T (6) =, (8),
(10)

where the T’ is the weight matrix, and x;, is the desired
states. In this work, the fuel consumption model

i‘le] (v (), a, (t)) we use is the classical instantaneous fuel

consumption model proposed by R. Akcelik [38].

After all the sellers {s;, s, . . ., s,,} have given their prices
{bid?",bid2,...bid/"}, that sellers’ revenue can be
expressed as

RE[, = — (11)
7 bid]”

On the other hand, in order to successfully complete the
merging, we assume that the buyer’s revenue is 0, that is
REf’j = 0. Therefore, the total revenue is expressed as

RE;; = RE]; + RE;, (12)

where the RE;; € RE;. Then, the winner wy, the corre-
sponding control input set U% , and the corresponding
desired state set X“ of all vehicles can be obtained
through

(w;, U, X*") = max|RE;, RE;, ... RE;,...RE,,}, (13)

ij> -
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w? wi  w} w] w; w? w;
where U% = {u, Uy Ul uv = {u’,
wf w w * w  w! *
uz‘,...,um‘,...,um’+n,} and X% = {xl‘,xz’, X e

x:"m,}. After obtaining U%, the onboard controller on the
CAYV can change the state of the vehicle. However, the driver
in CHV can only intuitively understand information such as
position and velocity. Therefore, X%/ needs to be obtained
when optimizing MS. This also ensures that the method in
this article can be used in mixed traffic situations. At this
time, the optimal MS of the merging vehicle i is deter-
mined. For example, if w; =2, then the optimal MS of
vehicle i is 1 —2—i— 3— ... — m. Ulti-
mately, the process of obtaining optimal MS is shown in
Figure 5. Because the MS optimization method in this
article refers to the reverse auction, the biggest difference in
the structure of the method is the distribution of calcu-
lations of different merging sequences to the corresponding
main-lane vehicles.

3.2. Merging Strategy for Heterogeneous Vehicles. In contrast
to the previous work [30] in which all vehicles were CAVs, in
this subsection, we consider the on-ramp cooperative
merging when CAV and CHV are mixed. Considering the
differences between CAV and CHYV, we combine the virtual
vehicle theory to ensure the multivehicles collaborative

completion of merging by designing virtual vehicles that
heterogeneous vehicles follow during the collaborative
merging process.

Figure 6 shows an important assumption for realizing
the merging strategy and the conditions for the on-ramp
vehicle to realize the merging. In order to ensure the smooth
implementation of the merging, we set that the leading
vehicle 1 of the downstream vehicles participating in the
collaboration has sufficient space Apg for adjustment,
APsufﬁ > Aplend,lstart + APpre,ldes > Apj,ides + Appre,ldes' The dot-
ted rectangle in the figure represents the possible position of
the leading vehicle 1 at the time when the on-ramp vehicle
completes the merging. Ap; , is the relative distance
coordinated by vehicle 1 in the cooperative merging process.
Appre,,, is the expected distance when vehicle 1 follows its
preceding vehicle. Ap;; is the desired following distance of
on-ramp vehicle i following vehicle j after merging into the
main road. In the figure, Ap ; is the distance between the on-
ramp merging vehicle i and the downstream vehicle j at the
target merging position, Ap;; = p; - p;. And Ap, ; , is the
distance between the on-ramp merging vehicle i and the
upstream vehicle j—1 at the target merging position,
Ap;jy = p;j— pj1- When both Ap; and Ap; ;_; satisty (8),
the on-ramp merging vehicle i can enter the main road
without collision. This also means that the on-ramp
merging vehicle i has completed the merging process at this
time.
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FiGure 7: Change of vehicles’ status in the proposed strategy. (a) The change of distances between on-ramp vehicles. (b) The different
velocities of all vehicles. (c) The different acceleration rates of cooperative vehicles. (d) All vehicles’ positions.

To better understand the proposed strategy, we have
defined and explained some concepts and preconditions:

(1) The space AP before the 1% mainline down-
stream vehicles is sufficient as shown in Figure 6. In
the strategy, the mainline downstream vehicles are
required to accelerate to adjust a cooperative space
for the on-ramp vehicle to merge. In order to ensure
the realization of the strategy, we assume that there is
sufficient and safe space AP g before the 1%
mainline downstream vehicle.

(2) Mainline cooperative vehicles are all subject to coor-
dinated control. In the strategy, mainline downstream
vehicles are required to perform operations such as
acceleration. Unlike the forced deceleration of mainline
upstream vehicles, mainline downstream vehicles are
likely to be unwilling to accelerate. We assume that all
vehicles are subject to the control of the proposed
strategy. This ensures that the strategy of this article can
be realized. In actual traffic, we can encourage mainline
downstream vehicles to obey coordinated control
through incentives such as economic incentives.

3.2.1. The Control of Heterogeneous Vehicles. There are two
types of vehicles, CAV and CHV, in our research. There are
obvious differences between the two vehicles in terms of a
car following methods. In many existing studies, CAV
implements a car following under the control of a designed
tracking controller. Although CHYV realizes the vehicle
networking function, it is still controlled by the driver.

(1) The Control of CAV. When designing the CAV controller,
we considered the safety and fuel consumption of the vehicle
in the process of merging. Therefore, the objective function
and constraints of CAV are

fuel
cav?

(17)-(18), if CAVisadownstreamvehicle,

_ gsafe
cav — J cav

minJ
s.t.4 (19)-(20), if CAVisanon—rampmergingvehicle,
(21)—(22), if CAVisanupstreamcooperativevehicle.
(14)

safe

Detpending on the CAVs' velocity, acceleration, etc., f,,
and f C‘;‘e} can be obtained. To solve it, we use the particle
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F1curk 8: Change of vehicles’ status in conventional strategy with constraints of velocities. (a) The change of distances between on-ramp
vehicles. (b) The different velocities of all vehicles. (c) The different acceleration rates of all vehicles. (d) All vehicles’ positions.

swarm algorithm (PSO). Moreover, the penalty function is
used to deal with vehicle constraints.

(2) The Control of CHV. In the work, we choose the intelligent
driver model (IDM) to characterize the car following the
behavior of CHV. The acceleration of the vehicle is given as

dVChv (t)
dt

=a 1 _(vchv (t))4 _ Ap:hv(vchv (t)’Avchv,w’r (t)) ’
e Vmax Apchv,vir (t) )

where ApY, (v, (t), Avy,, ;. (1)) is the desired gap of the driver,
and Av, ;. (t) and Apy, ;. (t) are the difference velocity and
distance between the vehicle and its virtual vehicle. And

Ap:hv(vchv (t)’ Avchv,vir (t))

(15)

Veny (t)Avchv,vir (t)> ( 16)
—b >

amax

=po+ max<0, Tvg, (t) +

where b is the deceleration of the vehicle.

3.2.2. The Virtual Vehicles Corresponding to Cooperative
Vehicles. In this article, the main-lane cooperative vehicles
and on-ramp merging vehicles in the cooperative merging
complete the merging by tracking virtual vehicles. And other
vehicles move forward by following their preceding vehicles.
Under this strategy, the acquisition of virtual vehicles is an
important part. Because the proposed strategy requires the
downstream vehicles to adjust their velocities, we need to
design the virtual vehicles of these vehicles.

(1) For Downstream Vehicles. First, let us get the virtual
vehicle of the downstream vehicle. According to the above
description, we can get

pj, (&) =p; +v; -t+wAp; +Ap,
Apji.=len+ Apo + vy, - T,

Apyirj =lyen + Apy+v; - T, (17)
Vi () = Vi,

ajvir (t) = ajinit’
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Figure 9: Change of vehicles’ status in conventional strategy without velocity constraints. (a) The change of distances between on-ramp
vehicles. (b) The velocities of all vehicles. (c) The acceleration rates of all vehicles. (d) All vehicles’ positions.

TaBLE 1: Experimental results of the cooperative merging of vehicles in different strategies.

Strategy
Items Flél(l)}; ps;igge Conventional strategy with Conventional strategy without
pers constraints constraints
merging
The main-road LOS A A B
The total time for merging (s) 130 174 88.5
The total fuel consumption required by all vehicles 342,63 42779 267.49

during the merging process (mL)

where p; is the initial position of the downstream vehicle j,
vj,. is the initial velocity, Ap; ~is the desired distance
between the on-ramp merging vehicle i and downstream
vehicle j, w3Ap;; is the distance for downstream vehicles of
the target merging position to achieve cooperative merging
through acceleration, w; = 0.5 is the coefficient, Ap,,, ; is the
desired distance between the downstream vehicle j and its
corresponding virtual vehicle, [, is vehicles’ length, Ap, is
the distance when the vehicle is static, v; is the desired
velocity of on-ramp merging vehicle 7, T is the time headway,
v;, . is the initial velocity of vehicle j, and a; is the initial
acceleration.

Considering the physical characteristics of vehicles and
the impact of merging behavior, the vehicle j is subject to
a;. <a; (t)<a; ,
Jmin = % uir Jimax (18)

Vjimr = Vjvir (t) < Ymax>

where a,,,, is the maximum acceleration, a,;, is the min-
imum acceleration, and v, is the main-road maximum
velocity limit.

(2) For On-Ramp Merging Vehicle. Since vehicle i will follow
the main-road vehicle j after it merges into the main road,
we can get the virtual vehicle of the on-ramp vehicle i as
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FIGURE 10: Change of vehicles’ status in FPCMS with optimization of FIFO-MS. (a) The change of distances between on-ramp vehicles. (b)
The velocities of all vehicles. (c) The acceleration rates of all vehicles. (d) All vehicles’ positions.

Pim(t) =pj (1),
aim(t) =4a; (1),
Viw-r(t) =v; (t).

(19)

Moreover, the velocity and acceleration of the on-ramp
merging vehicle are also subject to

V.

i < Vi,,,-r (t) < Vmax>

min "~ (20)
L <a; (1) < a;

‘mi ax

a;

where v; is the minimum speed of the on-ramp vehicle i.
(3) For Upstream Cooperative Vehicle. After determining the
virtual vehicles of the downstream vehicle and the on-ramp

merging vehicle, we can obtain the state virtual vehicle of the
upstream cooperative vehicle as

Pin,, () =p;(t) = Apji,
aj,, (1) =a;(),

Vi1, (8) = v; (),

(21)

Similarly, the constraints of vehicle j — 1 are

aj71m1n < a];lviy (t) < ajflmax’

(22)
v

max*

-l < Vi1, (D SV

4. Simulation and Analysis

In this section, the effectiveness and advancement of our
proposed method are verified. We use MATLAB 2019a to
perform simulation experiments on a personal computer.
The computer used in this paper is configured with Intel(R)
Core(TM) i5-8500 CPU, 8G memory, and Winl0 profes-
sional operating system.

In the work, the state of traffic is described by using the
level of service (LOS) in the Highway Capacity Manual
(HCM) [39]. In the classification of LOS, when the velocity
range of free flow is 75km/h to 90km/h, as long as the
average velocity is greater than 72 km/h, the service level is
A. Therefore, we assume that the main-lane vehicles’ initial
velocity is 80 km/h. We set the upstream vehicles’ minimum
speed as 73 km/h. And the on-ramp vehicles’ initial velocity
is 40 km/h, vehicles’ length is I, = 6m, 7=0.1s, and the

veh —
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FiGgure 11: Change of vehicles’ status in FPCMS for the computation time of optimization FIFO-MS. (a) The change of distances between
on-ramp vehicles. (b) The different velocities of all vehicles. (c) The acceleration rates of all vehicles. (d) All vehicles’ positions.

initial acceleration of all vehicles is 0 m/s?. According to the
value range given in [40], the values of the parameters in
IDM in this paper are as follows: the maximum acceleration
is 3m/s?, the minimum acceleration is —4 m/s?, the static
distance between the vehicle [, = 5m, headway T = 25, the
weights w; = 2w, = 2and w, = 1, and I' is an identity matrix.

4.1. Effectiveness and Comparison of Cooperative Merging
Strategy in Mixed Traffic. In this section, we verify the
feasibility of the proposed strategy in mixed traffic to ensure
cooperative merging through a simulation experiment
firstly. Then, the experimental results of this strategy are
compared with the simulation results of the conventional
strategy under the same experimental settings. There are
eight main-road vehicles and four on-ramp vehicles. These
on-ramp vehicles start their merging behavior at 5%, 8t
13, and 17" seconds, respectively. The experimental results
of using the proposed strategy and the conventional strategy
in mixed traffic are shown in Figures 7-9, respectively.
Figure 7(a) shows the distance between the merging
vehicle and the downstream vehicle of the target merging
position and the distance between the merging vehicle and

the upstream vehicle of the target merging position. From
the figure, we find that the front distance and rear distance of
the merging vehicle reach the desired distance at the 130
second. This means that the merging vehicle merges into the
main road at this time. Figure 7(b) shows the velocity
changes of all vehicles during the merging process. We can
find that the velocity changes of the vehicles in the merging
process strictly comply with the velocity constraints we
designed. This ensures that the merging process will not
worsen the traffic on the main road. Through statistics, the
vehicles’ average velocity is 21.82m/s = 78.55km/h. This
shows that during the merging process, the main-lane LOS
remains at level A. From Figure 7(c), we can find that the
acceleration of all vehicles is within the constraint range.
Under the strategy of this article, all vehicles are successfully
merged finally.

In the conventional strategy, the downstream vehicles’
velocities always remain unchanged, and only the velocity
of the upstream vehicles changes. These conventional
cooperative merging strategies fall into two main cate-
gories: main-road upstream vehicles considering velocity
constraints and main-road upstream vehicles that have no
speed constraints.
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FIGURE 12: Penetration of CAV is 0.1. (a) The change of distances between on-ramp vehicles. (b) The velocities of all vehicles. (c) The

acceleration of vehicles. (d) All vehicles’ positions.

Figure 8 shows the experimental results of considering
the velocity constraints for main-road upstream cooperative
merging vehicles. It can be known from Figure 8(a) that, with
the cooperation of upstream vehicles, the distance between
vehicles will eventually meet the conditions of merging.
Figure 8(b) shows the velocity changes of all vehicles in the
process of merging. From the figure, we can see that the
downstream vehicles” velocities remain unchanged from be-
ginning to end. In the process of merging, the acceleration of all
vehicles still obeys the constraints, and the result is shown in
Figure 8(c). In the end, under the conventional strategy, all
merging processes ended at 174™ second. All merging vehicles
successfully merged into the main road as shown in Figure 8(d).

Figure 9 shows the experimental results of the cooper-
ative merging of main-road upstream vehicles without speed
constraints. It can be seen from Figure 9(a) that the vehicles
on the main road can successfully adjust the distance between
vehicles that satisfy the merging of on-ramp vehicles when the
velocity constraints are not considered for main-road upstream
vehicles. However, the upstream traffic status of the main road
is very much affected by the merging behavior during the
merging process of on-ramp vehicles. As shown in Figures 9(b)
and 9(c), during the merging process of on-ramp vehicles,

main-road upstream vehicles even appear to stop, and the
acceleration of all vehicles is within the constraint range. Fi-
nally, all the on-ramp vehicles are successfully merged into the
main road, as shown in Figure 9(d).

The data statistics of all experiments are shown in
Table 1.

Considering the constraints, in the conventional on-
ramp merging strategy, the average velocity of vehicles is
21.21 m/s = 76.36 km/h, and the corresponding LOS level is
A. Although the LOS in the two strategies is A level, the
average vehicle velocity in this proposed strategy is signif-
icantly higher. When the conventional cooperative merging
strategy does not consider the velocity constraints of main-
road upstream vehicles, the average velocity of the main-
road vehicles is 19.78 m/s = 71.21km/h, and the corre-
sponding LOS level is B. Compared with the proposed
strategy, when the velocity constraints of main-road up-
stream vehicles are not considered, the conventional co-
operative merging strategy has a very serious adverse impact
on the main-road traffic from the merging behavior.
Comparing the time required for multivehicle merging
under these strategies, we can find that the merging effi-
ciency of the strategy proposed in this paper has increased by
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FIGURE 13: Penetration of CAV is 0.3. (a) The change of distances between on-ramp vehicles. (b) The velocities of all vehicles. (c) The

acceleration rates of vehicles. (d) All vehicles’ positions.

25.29%. Then, we compared the total fuel consumption of all
vehicles in the merging process under different strategies.
We find that the proposed strategy in this paper reduces the
total fuel consumption by 19.91% compared to the con-
ventional cooperative merging strategy considering the
velocity constraints. By comparison, we found that although
the acceleration of the vehicles in the proposed strategy
fluctuates more frequently, the cooperation of the proposed
strategy takes less time than the conventional strategy con-
sidering the constraints of velocity, which makes the fuel
consumption of the proposed strategy in the whole cooperative
merging process less than the conventional strategy consid-
ering the constraints of velocity. Although the conventional
cooperative merging strategy does not consider the velocity
constraints of main-road upstream vehicles that can make the
on-ramp vehicles take less time to complete the merging
process and the fuel consumption is reduced, it can amplify the
bad impact of the merging behavior on the main-road traffic.
When the conventional cooperative merging strategy does not
consider the velocity constraints of main-road upstream ve-
hicles, the main-road upstream vehicles will be affected by the
merging of on-ramp vehicles, and the LOS level of the main

road will be reduced to B. In serious cases, traffic congestion
may even occur on the upstream main road.

Finally, in terms of the span of the merging area, these
strategies all require the merging area spans more than one
kilometer, as shown in Figures 7(d), 8(d), and 9(d). Although
the length of the ramp can also be utilized in the cooperative
merging process [25], the long span of the merging zone is
likely to make it difficult to determine the merging point and
increase the uncertainty of the cooperative merging behavior
of vehicles. Therefore, it is necessary to optimize the span of
the merging area required in future research work. However,
the proposed strategy is significantly effective in mitigating
the impact of merging behavior on main-road traffic.

4.2. The Effectiveness of Optimal FIFO-MS Method. In this
section, we verify the effectiveness of the MS optimization
method proposed in this paper. After adopting the merging
sequence optimization method proposed in this paper, the
experimental results of multivehicle merging are shown in
Figure 10. It can be seen from Figure 10(d) that the opti-
mized sequence of multivehicle merging in this simulation
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1—2—51—53—52 —
From Figure
7(d), we can know that the original merging sequence is
1—1 —2—52 —

experiment is
4—3 —5—4—56—57—>38.

3—4—53 —5—
6 — 4' — 7 — 8. The optimized merging sequence is
different from the original merging sequence.

After optimizing the merging sequence, the vehicles’
average velocity during the process is
21.85m/s = 78.66 km/h. This average velocity still corre-
sponds to the A-level LOS. It shows that the merging se-
quence obtained by the merging sequence optimization
method in this paper can still ensure that the merging
process will not cause traffic congestion on the main road. At
the same time, after optimizing the merging sequence, it can
be known from Table 2 that the entire merging process is
completed at 118.8" seconds. Compared with the original
merging sequence, the optimized merging sequence saves
8.62% of time. In terms of fuel consumption of all vehicles
during the merging process, the optimized merging se-
quence saves 11.67% compared to the original merging
sequence.

4.3. Comparison between the Novel and the Conventional MS
Optimization Method

4.3.1. Computation Time Required to Calculate the Optimal
Sequence. In this section, we first count the time required to
obtain the best merging sequence based on the negotiation
and reward in the method of this paper. Then, we compare
this time with the time it takes to obtain the optimal merging
sequence based on the conventional merging sequence
optimization framework.

In this experiment, the number of main-lane vehicles is
13, and the number of on-ramp vehicles is 7. These on-
ramp vehicles start their merging behavior at 5, gth, 12,
151, 19t 22t "and 26" seconds, respectively. The exper-
imental results of multivehicle merging are shown in
Figure 11. From the results, we can find that the optimal
FIFO-MS is 1—1 —2—2 —3-—4—3
—5—>54—6—5—>7—8—056—59
— 7 — 10 — 1L

By counting the computation time required for the
optimal merging sequence, we obtain the following: the
average computation time required to negotiate and reward
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FIGURE 15: Penetration of CAV is 0.7. (a) The change of distances between on-ramp vehicles. (b) The velocities of all vehicles. (c) The

acceleration rates of vehicles. (d) All vehicles’ positions.

the merging sequence method proposed in this paper is
34.71ms, and the average computation time of the con-
ventional centralized optimization framework is 39.62 ms.

Through comparison, in this simulation experiment, the
average computation time of the merging sequence opti-
mization method in this paper is 0.06s less than the com-
putation time required for the conventional centralized
optimization merging sequence, and the efficiency is in-
creased by 12.39%.

It can be seen that the proposed method based on ne-
gotiation and reward in the reverse auction can obtain the
optimal MS more quickly to ensure the realization of the
cooperative merging of mixed traffic.

4.3.2. Influence of CAV Penetration on Computation Time.
In this section, we conduct several experiments with dif-
ferent CAV penetration rates in mixed traffic. With the data
from these experiments, we mainly analyze the effect of
different CAV permeability in mixed traffic on the time
required for the negotiation and reward process in the
method of this paper.

In this experiment of the subsection, the number of
vehicles participating in the cooperative merging and the
start-merging time of the on-ramp vehicles is the same as
those in Section 4.3.1. The only difference is that the pro-
portion of CAV in the experiment in this section is changing.
In order to explore the influence of CAVSs’ penetration in
mixed traffic on the computation of optimal FIFO-MS, we
simulated experiments with the occupancy rates of CAV of
0.1, 0.3, 0.5, 0.7, and 0.9, respectively. The results of the
simulation experiments are shown in Figures 12-16.

First of all, the results of Figures 12(a), 13(a), 14(a), 15(a),
and 16(a) show that the optimization FIFO-MS method and
the proposed strategy can still obtain the optimal FIFO-MS
and realize the on-ramp vehicles’ merging when the CAV
penetration changes. At the same time, by comparing
Figures 12(d), 13(d), 14(d), 15(d), and 16(d), we can find that
the optimal MS for vehicle cooperation is different
under different penetrations of CAV. This demonstrates
that the penetration of CAV has some influence on the
process of cooperative merging. Then, we make statistics on
the data of each experiment as shown in Table 3 and
compare them.
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FIGURE 16: Penetration of CAV is 0.9. (a) The change of distances between on-ramp vehicles. (b) The different velocities of vehicles. (c) The

different acceleration rates of vehicles. (d) All vehicles’ positions.

TaBLE 2: Comparison between optimal FIFO-MS and original FIFO-MS.

Merging sequence

Items .

Optimal FIFO FIFO
The main-road LOS A A
The total time for the merging process (s) 118.8 130
The total fuel consumption required by all vehicles during the merging process (mL) 302.66 342.63

When the penetration of CAV is 0.1, the merging se-
quence optimization method based on the reverse auction
proposed in this paper needs 28.44 ms to obtain the optimal
merging sequence. The conventional centralized optimiza-
tion method requires 30.61 ms. In this case, the merging
sequence optimization method proposed in this paper im-
proves the efficiency of obtaining the optimal MS by 7.09%.
When the penetration of CAV is 0.3, the merging sequence
optimization method in this paper takes 89.68ms, and the
conventional method takes 113.47ms. At this time, the
efficiency of the method in this paper to obtain the optimal
MS increased by 20.97%. When the penetration of CAV is
0.5,0.7, and, 0.9, the negotiation and reward time required to
obtain the optimal MS by the merging sequence

optimization method in this paper is 95.26 ms, 122.22 ms,
and 226.2ms, respectively. The conventional centralized
optimization MS method requires 177.39 ms, 235.32 ms, and
506.58 ms, respectively. In these three cases, the method
proposed in this paper reduces the time to obtain the optimal
MS by 46.3%, 48.06%, and 55.35%.

Through comparison, it can be found that as the pen-
etration of CAV increases, the average computation time to
obtain the optimal MS gradually increases. This is because
the CAV in this article adopts PSO optimization control in
the process of merging. As the number of CAVs in the
process of merging increases, it will take longer for vehicles
participating in the optimization of MS to obtain the optimal
MS. However, we can find that under the condition of higher
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TaBLE 3: Comparison of results of different optimization methods.

. Average computation . . .
Penetration Optimal FIFO-MS system framework time Comp}ltatlon Total time for merging process
of CAV efficiency (s)

(ms)
Reverse auction-based optimization 28.44 7 09% 268.5
0.1 system
Centralized optimization system 30.61
Reverse auction-based optimization 8968 20.97% 2437
0.3 system
Centralized optimization system 113.47
Reverse auction-based optimization 95.96 46.3% 178
0.5 system
Centralized optimization system 177.39
Reverse auction-based optimization 12222 48.06% 162
0.7 system
Centralized optimization system 235.32
Reverse auction-based optimization 226.2 55.35% 1373
0.9 system
Centralized optimization system 506.58

penetration of CAV, the merging sequence optimization
method proposed in this paper can save more time required
for computation.

Finally, through experiments, we found that when the
penetration of CAV is 0.1, 0.3, 0.5, 0.7, and 0.9, the total time
required for the entire cooperative merging process is
268.5s, 243.7 s, 1785, 162 s, and 137.3 s. This shows that the
penetration of CAV has a great influence on the duration of
the cooperative merging process. With the increase of
penetration of CAV, the total time for on-ramp vehicles to
merge into the main road gradually decreases.

5. Conclusions

This paper focuses on the optimal MS and on-ramp merging
strategy of mixed traffic. Considering the importance of
computation time to obtain the optimal MS, the method of
optimizing the optimal MS is designed based on the reverse
auction. To improve the efficiency of cooperative merging
and reduce fuel consumption, an on-ramp merging strategy
in mixed traffic is proposed based on the velocity change of
vehicles. In addition, velocity constraints for vehicles are also
taken into account in this strategy to avoid the negative
effects of the merging behavior on main-lane traffic. Fur-
thermore, the influence of CAVs’ penetration in mixed
traffic on the computation time of the merging sequence
optimization method is analyzed. The results of numerical
experiments demonstrate the effectiveness of the proposed
optimization MS method to improve the optimization
computation efficiency and the cooperative merging strategy
to improve the merging efficiency and reduce fuel
consumption.

This study emphasizes the design of the merging se-
quence optimization method and the proposal of a coop-
erative merging strategy to obtain the optimal MS faster and
achieves more efficient and energy-saving merging. Also, the
findings provide insights on the influence of penetration of
CAV on the increase in computational efficiency of

optimizing MS where the CAVs’ penetration can increase
the computation efficiency. In future work, the constraint of
the merging area span will be considered. And then we
design the corresponding cooperative merging control
strategy and merging sequence optimization method to
achieve fast and energy-saving merging of on-ramp vehicles.
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