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Abstract: Aiming at the interactive behavior of vehicles changing lanes in the intelligent network
traffic environment, the relative position of vehicle, speed, acceleration, and steering angle are in-
troduced to correct the molecular interaction potential, and the vehicle interaction potential model
is established. The spatial distribution map of the vehicle interaction potential field under different
motion states was drawn, and the changing law of the vehicle interaction potential field was de-
scribed. By analyzing the longitudinal critical distance of the lane changing safe critical time, the
expression of acceptable clearance for lane changing is defined, and the relationship between ac-
ceptable clearance and the speed and acceleration of the interactive vehicle is verified by simulation.
Combined with the acceptable clearance of lane changing, a lane changing behavior model based
on the vehicle interaction potential is established, and the situation of lane changing vehicles sub-
jected to the interaction potential and potential field forces generated by the surrounding vehicles
is analyzed, and the driving decision of lane changing vehicles under the action of different potential
field forces is given. Compared with the molecular dynamics lane changing model and L52015 lane
changing model, the results show that the vehicle action potential lane changing model can effec-
tively improve the running speed and stability of traffic flow. The research has theoretical signifi-
cance for the lane changing behavior decisions of networked autonomous vehicles in the future.

Keywords: networked autonomous vehicles; interaction potential; lane changing behavior;
acceptable gap

1. Introduction

Lane changing is one of the main behaviors in vehicle driving and one of the main
causes of road traffic accidents. Compared with following behavior, lane changing behav-
ior has a higher complexity. With the development of intelligent network technology, real-
time driving information can be obtained between vehicles and vehicles and between ve-
hicles and the road environment, which puts forward higher requirements for the re-
search of vehicle lane changing behavior. Vehicles can achieve the transmission and inte-
gration of traffic information through vehicle-to-vehicle communication and vehicle-to-
road communication, and conduct real-time driving behavior judgment and operation to
ensure driving efficiency and safety.

Vehicle lane changing behavior is a complex decision-making process. In the study
of lane changing behavior, Gipps [1] first constructed a vehicle lane changing model
framework, which laid a theoretical foundation for subsequent lane changing research.
According to the type of lane changing, Erik [2] divides the lane changing behavior into
three types: free lane changing, forced lane changing, and collaborative lane changing.
In the study of lane changing safety conditions, Ahmed et al. [3] used the gap acceptance
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model to describe the execution of lane changing behavior and established the lane chang-
ing model of forced lane changing and judged lane changing. Jia Hongfei et al. [4] intro-
duced the mutual cooperation mechanism into the lane changing process and established
a gap acceptance model considering the characteristics of drivers. Xu Lunhui et al. [5]
modeled and analyzed the acceptable clearance of lane changing vehicles and surround-
ing conflicting vehicles, and fully considered the following safety of lane changing vehi-
cles after lane changing. Wang Chonglun [6] proposed a new acceptable gap model based
on different speeds and different driver types. In view of the mutual interference between
vehicles in a multi-lane, Shang Lei et al. [7] established the influence model of neighboring
vehicles.

As for the research of the potential field, the trajectory planning method of mobile
robot based on the artificial potential field concept was first proposed by Khatib [8]. With
the development of intelligent transportation, many scholars have extended potential
field theory to the field of traffic flow. Based on the gravitational and repulsive fields es-
tablished by Khatib, Gao et al. [9] proposed a real-time autonomous vehicle controller
based on machine learning. Wolf et al. [10] established potential field models for different
objects based on artificial potential field theory. Li Linheng et al. [11] improved the exist-
ing safe potential field model by introducing acceleration parameters and established the
safe potential field lane changing model.

As for the data set used in the research, the data used can be roughly divided into
three types: a natural data set, video observation data, and simulation test data. For exam-
ple, Bham [12] used NGSIM data to investigate gap acceptance behavior during lane
changes on highways. Yang et al. [13] used five GM light vehicles equipped with the
SHRP2 NextGen data acquisition system to collect real-world driving data and use it for
empirical analysis. Due to the limitations of equipment conditions and other aspects, some
scholars use simulation experiment platforms, including Prescan 8.5 software [14], to
build models of traffic scenes and vehicle control systems.

It is not difficult to see that both the research on the safe distance and the research on
the safe potential field are related to the safety during lane changing. Therefore, in the
study of lane changing in the intelligent network environment, the influence of the motion
parameters of interactive vehicles in the surrounding environment on lane changing
safety should be fully considered, and the safety risks that vehicles may cause to lane
changing vehicles under different motion states should be analyzed, so as to find a lane
changing decision algorithm with simple models and strong applicability to avoid acci-
dents.

Besides the introduction of the first section, there are three sections in this paper. The
second section describes the molecular interaction potential model in detail, and then in-
troduces modified parameters to improve the vehicle interaction potential model. By
drawing the spatial distribution of the vehicle interaction potential field under different
states, it is shown that the modified model is more in line with the actual vehicle operation.
When the vehicle interaction potential model is applied to the study of following behav-
ior, it is necessary to calibrate the safe distance between two vehicles. In order to apply
the vehicle interaction potential model to lane changing behavior, the acceptable gap be-
tween lane changing vehicles and interacting vehicles is studied in the third section. The
acceptable gap of lane changing is applied to the vehicle interaction potential model, and
the vehicle interaction potential lane changing model is constructed. The fourth section
verifies the rationality of the formula of acceptable clearance of lane change , and then
verifies the validity of the model by comparing the average speed and average accelera-
tion of traffic flow with simulation tests of different lane change models. The purpose of
this paper is to seek a lane change model that is more in line with vehicle driving practice
through the study of a vehicle action potential lane change model, to provide new ideas
for the study of the lane change behavior of vehicles in an intelligent network environ-
ment, and to provide theoretical support for the lane change decisions of connected vehi-
cles.
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2. Research of Vehicle Interaction Potential Based on Lennard-Jones Potential
2.1. Vehicle Interaction Potential Based on Lennard-Jones Potential

The molecular force between molecules is the attraction and repulsion interaction be-
tween molecules, which is the main reason for the different physical properties of mole-
cules. The equilibrium distance is denoted as the zero distance of the resultant force of
molecular attraction and repulsion. When the distance between molecules is greater than
the equilibrium distance, the intermolecular force as a whole appears as gravity. When
the distance between molecules is less than the equilibrium distance, the intermolecular
force as a whole behaves as a repulsive force.

The motion of the traffic flow is reduced to the level of particles; just like the current
particle is pushed by the particles behind and pulled by the particles in front of the for-
ward movement, the vehicles are not easy to get close to and not easy to stay away from,
and from the dynamic point of view the movement is under the combined action of grav-
ity and repulsion. The interaction between vehicles on the road has similar characteristics
to the mechanical relationship between molecules. In this paper, microscopic vehicles in
traffic flow are compared to molecules, and a vehicle interaction potential model is estab-
lished on the basis of molecular dynamics.

The Lennard-Jones molecular action potential function is widely used in modeling
research based on molecular dynamics. Based on the intermolecular Lennard-Jones po-
tential, Li Juan [15] established a molecular interaction potential model between following

vehicles:
12 6
X X
U=deg||—| —|— (1)
L L

where: & isthe depth of the potential well; L is the distance between the front and rear
cars; and X, is the required safe distance for following.

However, 6-12 potential is only a special form of Lennard-Jones potential. Although
it conforms to the interaction between microscopic particles in fluids, it is directly applied
to the interaction behavior of real vehicles, ignoring the large differences in mass, velocity,
and acceleration of the objects studied in the two scenarios. The model results in a strong
sensitivity of the vehicle to each parameter. Therefore, Qu Dayi [16] sets the powers of
gravitational and repulsive forces in the original model as undetermined parameters, and
the vehicle interaction potential function is constructed.

ORG
v—u L L

where: V and U are powers of the gravitational and repulsive force terms, and V>U.

The research shows that when the actual distance between two vehicles is less than
the required safety distance, different degrees of short-range repulsion are displayed. The
closer the distance, the greater the repulsive force. The contour projection state of the po-
tential field, as shown in Figure 1, indicates that the risk of approaching the vehicle from
any direction is the same, but this is obviously unreasonable.
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Figure 1. Schematic diagram of initial stationary vehicle potential field.

Therefore, consider the following factors that may affect the vehicle potential distri-
bution to modify the model. (1) In the actual road driving environment, the action po-
tential of vehicles at the front and rear of the same lane on the target is significantly
higher than that of vehicles in adjacent lanes approaching from the side; (2) dynamic
vehicles should show a different acting potential to static vehicles.

The coordinate system is established with the position of the leftmost lane line of
the road as the Y axis, as shown in Figure 2.
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Figure 2. Road environment diagram.

Taking distance, velocity, and longitudinal acceleration into account in the correction
of the model, the vehicle action potential function is obtained as follows:

U=—1 u(X’j —V(X’j -exp(aCOS(p)-d

V—u L L d”

®)

d*

2 S() _ ’
= [So(x_xo)] +|:m(y yo)}

where: d is vehicle acceleration; d” is the corrected distance; @ is the clockwise angle

formed by vehicle acceleration @ and the connection between the two vehicles’ centroids;
S is the acceptable parking gap; 7 is undetermined coefficients; the center of mass co-

ordinate position of the current vehicle is (xo,yo), and the center of mass position of any

vehicle around is (x, y); and the meanings of other parameters are the same as those
above.
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The model is applicable in following behavior, but in the process of lane changing,
the vehicle has a certain steering angle, and the spatial distribution of the potential field
of the vehicle should also be theoretically deflected as a whole, which cannot be well rep-
resented by the above formula. Therefore, the steering angle is introduced to correct For-

mula (3).(x, y) is the original coordinate of any vehicle, and x*,y* is the corrected

x"| | cos@ sinf | x
¥ | -sin@ cosO y @

Combined with Formula (3) and (4), a vehicle interaction potential model suitable for
lane changing behavior is constructed:

¢ X\ (X d
U= v—u{u( 3 j v( 7 ) } exp(acosw) Pz
- )P —S 2
—J[%(x %)] +pr(er)(y yo)} (5)

x"| [ cos@® sing|x
" | =sin@ cos@ y
2.2. Vehicle Potential Field Distribution under Different States

When the distance between vehicles is less than the required safety distance, it is
represented as a short-range repulsive force. The potential field of vehicles under different
moving states is projected onto the plane to draw its potential field contour diagram, as
shown in Figure 3.

deflection angle coordinate:
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Figure 3. Distribution diagram of vehicle potential field under different motion states.

Taking the center of mass of the research vehicle as the origin point, the contour lines

of the vehicle potential field under the five motion states of stationary, constant speed,
acceleration, deceleration, and steering are shown, respectively. The color represents the
difference in the size of the potential field, which is white near the center of mass, indicat-
ing that the potential field approaches infinity, which means that a vehicle is bound to
collide when it appears at this position. This is in line with practical significance. The fol-
lowing analyzes the spatial distribution of the vehicle potential field according to the
above five driving states.

)

)

©)

4)

Static state. Figure 3a shows the vehicle at rest, when the vehicle is equivalent to a
stationary obstacle. Because the risk of approaching the vehicle from the front and
rear is greater than that of approaching the vehicle from the side, the distance is cor-
rected in this paper, so the potential field as a whole is oval.

State of uniform velocity. Figure 3b,c show the scene when the vehicle is traveling at

a constant speed V=10m-s " and v=15m-s" along the axes Y. comparing Figure
3b,¢, it can be found that the potential field increases with the increase in speed in the
direction of the vehicle. This also well reflects that the vehicle at high speed has a
larger risk range for interactive vehicles than that at low speed. Therefore, the poten-
tial field as a whole presents an oval shape elongated along the direction of vehicle
motion.

Accelerated state. Figure 3d,e show a vehicle with a speed of V= 10m-s™ accelerat-

ing along the axes Y with a=1.5m-s7 anq a=2m-s” accelerations, respec-
tively. By comparison with Figure 3b, it can be found that the potential field of the
vehicle presents an obvious forward-leaning phenomenon under accelerated motion.
This means that the risk to the vehicle in front of the vehicle is significantly greater
than that of the vehicle behind, so the required safety distance in front of the vehicle
should be greater than that behind the vehicle. By comparing Figure 3d,e, it can be
found that with the increase in acceleration, the degree of forward tilt of the vehicle
potential field increases. It indicates that the greater the acceleration of the vehicle,
the greater the risk to the front.

Deceleration state. Figure 3ghshow the scenario of a vehicle with a speed of

-2
v=10m s~ decelerating along an axis with an acceleration of @ =~1.5m5" and

a=-2m::s”, respectively. By comparison with Figure 3b, it can be found that the
potential field of the vehicle shows an obvious backward tilt in the decelerating mo-
tion state. This means that the vehicle poses a significantly greater risk to the vehicle
behind than to the vehicle in front. So the required safety distance behind the vehicle
should be greater. By comparing Figure 3g,h, it can be seen that the potential field of
the vehicle increases with the increase in the deceleration value, that is, the risk de-
gree of the rear vehicle increases with the increase in the deceleration speed. There-
fore, in the network environment, when the rear vehicle obtains the deceleration in-
formation of the front vehicle, it can decelerate in advance to improve driving safety.
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(5) Turning state. Figure 3f,i show the vehicle turning to the left while accelerating and
decelerating, respectively. By comparing Figure 3¢ h, it can be found that the vehicle
potential field as a whole shifts with the steering angle when the vehicle is turning.
Therefore, when studying lane changing, it is necessary to consider the influence of
the steering angle on the vehicle potential field, which is also in line with the previous
revision of vehicle potential field.

3. Acceptable Clearance for Lane Changing

In following behavior, the vehicle only needs to consider the vehicle action potential
generated by the vehicles in the same lane, and the two vehicles can drive safely as long
as they ensure a certain safe distance from the following demand. However, when the
longitudinal repulsive force is not zero, it means that the leading vehicle in the current
lane exerts pressure on the target vehicle, and the target vehicle needs to slow down to
maintain a safe distance from the leading vehicle. If the vehicle is traveling below the de-
sired speed, a lane changing intention is generated.

When conducting lane changing research, it is necessary to analyze whether the tar-
get vehicle and the interacting vehicle meet the safety gap of lane changing. The research
shows that the vehicle action potential is the smallest when the acceptable gap of lane
changing is satisfied, and the attractive and repulsive forces are zero at this time, and the
equilibrium state of lane changing behavior is reached. That is to say, in the case of meet-
ing the acceptable clearance, it can ensure that the vehicle does not slow down and change
lanes. Therefore, the acceptable gap in lane changing behavior needs to be studied in the
following paragraphs.

3.1. Study the Setting of the Lane Changing Scene

Lane changing occurs when the driver is eager to achieve a higher speed or more
comfortable driving conditions in the adjacent lane, and to reach the destination through
diversion or confluence. In general, researchers have divided vehicle lane changing be-
havior into two categories, forced lane changing and active lane changing, the former of
which is performed when the driver must leave the current lane in order to reach the
planned destination; when the driver wants to achieve a faster driving speed or a shorter
queue, he or she makes an active lane change.

In this paper, active lane changing behavior is selected for analysis. Vehicle lane
changing must meet two conditions: First, the speed space advantage; the vehicle in the
lane cannot follow the expected speed, and at this time the adjacent lane driving condi-
tions are better. The second is the safety condition of lane changing, which means that the
vehicle that is changing lane needs to meet a certain safety distance to avoid traffic acci-
dents.

In the process of lane changing, the traffic safety of the lane changing vehicle M is
affected by the traffic flow condition of the surrounding environment, as shown in Figure
4. The research assumes that only four vehicles adjacent to the main vehicle M are consid-
ered, in which vehicle L is the vehicle in front of the current lane, F is the vehicle behind
the current lane, TL is the vehicle in front of the target lane, and TF is the vehicle behind
the target lane. Among the four adjacent vehicles, the rear vehicle F of the original lane
and the main vehicle M are in the following state, and the safety relationship between the
rear vehicle F of the original lane is mainly determined by the rear vehicle F, so the influ-
ence of the rear vehicle F of the original lane is not considered here. In the process of lane
changing, the main vehicle M needs to perceive and judge the motion state of the three
vehicles L in front of the lane and TL and TF in front of the target lane, and then make
decisions and perform operations in a very short time. In this study, the distance where
the interaction potential of interacting vehicles is zero during lane changing is called the
acceptable gap of lane changing. The following research focuses on the conditions for safe
lane changing between lane changing vehicles M and L, and TL and TF.
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Figure 4. Lane changing scene setting.

To simplify the model, the following assumptions are proposed:

(1) The overall running speed of the target lane is better than that of the current lane,
which meets the speed space advantage in lane changing conditions;

(2) The lane changing vehicle remains in the same state during the lane changing pro-
cess;

(3) The influence of steering angle on speed is ignored.

3.2. Research on Acceptable Clearance of Lane Changing
3.2.1. Acceptable Lane Changing Clearance between Vehicle M and Vehicle TL

There is a risk of collision between lane changing vehicle M and target lane leading
vehicle TL in the process of lane changing, so it is necessary to study their interaction state.
As shown in Figure 5, in order to avoid collision accidents between vehicle M and vehicle
TL, the two vehicles should meet the conditions shown in the following formula, that is

G >S, -8, +G,, +wsin@) (6)

where, G- : the acceptable lane changing gap between vehicle M and vehicle TL; §

: the distance of lane changing vehicle M after the end of lane changing; S, :the distance
traveled by the leading vehicle TL in the target lane after the lane changing; G, : the
longitudinal critical distance between the two vehicles at the end of the lane changing;

W : the width of the lane changing vehicle; and 6: the angle between the lane changing
vehicle M and the horizontal direction of the road.

- Su
(4 | i
)
Gmm

Figure 5. Lane changing process between vehicle M and vehicle TL.

If a vehicle wants to implement lane changing in a network environment, it is neces-
sary to calculate whether the acceptable gap of lane changing is satisfied on the premise
of obtaining the operating parameters of surrounding vehicles, and the determination of
G,. and AS is particularly critical. The following studies are conducted on G __ and

AS, respectively.
(1) Longitudinal critical distance

The longitudinal critical distance indicates that the vehicle can safely follow the ve-
hicle in front after completing the lane changing behavior under the premise of meeting
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this distance. Therefore, it can also be explained by the distance required for following.
Shi Baiying [17] believes that the required safety distance is related to the speed and reac-
tion time of the vehicle, and puts forward a formula:

Gmin =1y +W ? )
where: V represents the speed of the vehicle; 7; indicates the response time of the vehi-
cle; and 7 indicates the undetermined coefficients.

In the VTH following strategy [18], the required safety distance is related to the cur-

rent vehicle speed and the speed difference between the front and rear vehicles, and the
expression is as follows:

Gmin = (tO _CVAV)V ®)
where: V represents the speed of the vehicle; Av represents the speed of the front car

minus the speed of the rear car; and Iy and C, areundetermined coefficients.

In the intelligent network environment, the acquisition, processing, and transmission
of information have been improved qualitatively, the vehicle reaction time is basically
negligible, and the driving state parameters between vehicles can be obtained in real time.
Therefore, the setting of the longitudinal critical distance should also introduce the influ-
ence of the acceleration difference between the front and rear vehicles, and the expression
is:

G... =, —c,Av—c,Aa)v )

where: A is the acceleration difference between the front and rear vehicles, C, is the

undetermined coefficient, and other parameters are the same as above.
According to the above analysis, the longitudinal critical distance between vehicle M
and vehicle TL can be obtained as:

Gin= [to —c, (v, v P—c,(a, _aTL)]VM (10)

(2) Safe critical time for lane changing

The safe critical time for lane changing represents the time it takes for lane changing
vehicles and interacting vehicles to reach the same speed during lane changing. When the
two cars reach the same speed, if there is no collision risk, there will be no collision later.
In the actual lane changing process, the running state of the leading vehicle in the target
lane is very little affected by the lane changing vehicle and can be ignored, so the state of
vehicle TL generally does not change during the lane changing process. The initial lane
changing speed and acceleration of vehicle M are settobe v,, and a,,, respectively, and
the initial speed and acceleration of vehicle TL are set to be v, and 4, , respectively.
Based on the above assumptions, the safe critical time of vehicle M and vehicle TL under
different moving states is plotted when v, < v, , as shown in Figure 6. By analyzing the
diagram, it can be found that if vehicle M completes the lane change under the condition
of meeting the safe critical time of lane changing, the distance difference between the two
vehicles with the same speed will no longer change. Therefore, the shaded part of the
figure can be used to represent the distance difference between the two cars, which is

AS = (VM Vi )T
2

, and the safe critical time for lane changing satisfies the formula

— 2
7 =YY  whichis zg__ (n=v) .

Ay —dg z(aM _aTL)
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Figure 6. Safe critical time of lane changing under different motion states.

Therefore, by synthesizing formulas (6) and (10), the expression of acceptable lane
changing clearance between vehicle M and vehicle TL can be obtained as:

2
GHTL > _(VTL_—VM) +G,. +wsin(6)
2a,, - aTL)
(11)

Gmin = [to —C, (VTL —VYu )_ ¢, (aTL —ay )}VM

3.2.2. Acceptable Lane Changing Clearance between Vehicle M and Vehicle TF

There is a risk of collision between lane changing vehicle M and target lane following
vehicle TF in the process of lane changing, so it is necessary to study their interaction state.
As shown in Figure 7, in order to avoid collision accidents between vehicle M and vehicle
TF, the two vehicles should meet the conditions shown in the following,

G >8-S, +G,, +wsin@) (12)

where, G- represents the acceptable lane changing gap between vehicle M and vehi-
cle TF; S,, indicates the distance traveled by lane changing vehicle M after the end of lane
changing;and §,, indicates the distance traveled by the target lane following car TF after
the end of the lane changing.

Sy

M-TF
Ga

Figure 7. Lane changing process between vehicle M and vehicle TF.
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Based on the above lane changing scenario assumption, the speed of vehicle TF is
larger than that of vehicle M. In the early stage of lane changing, when the distance be-
tween the two vehicles is large enough, the vehicle TF can perform uniform or even accel-
erated motion. When the distance between the two vehicles is reduced, vehicle TF, as the
following vehicle after the lane changing of vehicle M, belongs to the forced vehicle, and
the vehicle will slow down under the influence of the repulsion force. It is assumed that
the initial lane changing speed and acceleration of vehicle M are v,, and gq,,, respec-
tively, and the initial speed and acceleration of vehicle TF are v, and a, , respec-
tively. Similarly, it is assumed that the lane changing is completed when the speed of the
two vehicles is equal, and the distance difference does not change after that; setting
v, < Vv, can obtain the safe critical time of vehicle M and vehicle TF under different

moving states as 7 = Y= ~Yv and the distance difference between the two vehicles as
Ay — gy
(e = vy )
AS = TF M .
2(ay —ay)
In summary, the expression of acceptable lane changing clearance between vehicle
M and vehicle TF can be obtained as

G;W—TF > (VTF _VM)2 G

> i T wsin(0)
2 Ay — aTF)

(13)

Gmin = [to —C, (VM ~—Vir )_ ¢, (aM —dp )]VTF

3.2.3. Acceptable Lane Changing Clearance between Vehicle M and Vehicle L

There is a collision risk between lane changing vehicle M and leading vehicle L in the
lane changing process, so it is necessary to study their interaction state. As shown in Fig-
ure 8, in order to avoid angle collision between vehicle M and vehicle L, the two vehicles
should meet the conditions as follows,

Gt >8-S, +G . +wsin@) (14)

where: G ¥ -t represents the acceptable lane changing gap between vehicle M and vehi-
cleTF; S,, indicates the distance traveled by lane changing vehicle M after the end of lane
changing; and §, indicates the distance traveled by the leading vehicle L in the current
lane during the lane changing.

o o &

S, ==

Figure 8. Lane changing process of vehicle M and vehicle L.

Since the motion state of the leading vehicle L in the current lane is basically not af-
fected by the lane changing vehicle M, the leading vehicle L may perform uniform motion,
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accelerating motion, or decelerating motion. The initial lane changing speed and acceler-
ation of vehicle M are set to be v,, and q,,, respectively, and the initial lane changing
speed and acceleration of vehicle TF are settobe v, and q,, respectively. According to
the generation mechanism of lane changing intention, it can be seen that vehicle M is sub-
ject to the repulsive force of the leading vehicle before it generates the lane changing in-
tention, so this paper assumes that the initial lane changing speed relationis v, >v,.

In this lane changing scenario, the collision that very easily happens is angle collision,

and the time for the two vehicles to present the illustrated state is defined as t jr which

is usually taken as 1.8~3 s according to experience. If there is no angle collision between

the two vehicles at this time, there will be no further collision risk. In this case, we get a
ayt)

2

In summary, the expression of acceptable lane changing clearance between vehicle

M and vehicle L can be obtained as

distance difference of A§ = (VM -, )tf +

2

G;”’L > (VM -V, )tj + Dl

+G,,;, +wsin(0)
(15)
Goin = [to -C, (VL —Vy )_ Ca (aL Ay )]VM

3.3. Veehicle Interaction Potential Lane Change Model Considering Acceptable Lane Changing
Clearance

The vehicle potential field force is a short-range repulsive force, which is used to pre-
vent other vehicles from approaching to ensure safe driving. In general, the greater the
vehicle potential, the stronger the potential field force. In the process of lane changing,
vehicles are affected by multiple vehicle potentials, so it is necessary to determine the po-
tential field force generated by each vehicle on the lane changing vehicle, and then judge
whether the vehicle meets the conditions of safe lane changing. The lane changing dia-
gram of vehicles as shown in Figure 9 is drawn, and the action potential of vehicle TL,
vehicle TF, and vehicle L on lane changing vehicle M is analyzed respectively.

Figure 9. Force analysis of lane changing vehicle M.

The resulting action potential of vehicle TL on vehicle M:

M-1L " M-TL \* *
g __¢ u(Ga J_V[Ga ] -exp(aMCOS(Q—,B))'d (16)

*
v—u Ly n Ly p d

5

To simplify the formula, let 4 = exp(a ” cos(@ - ﬂ)) d , and the potential field force

‘ *

generated by vehicle TL on vehicle M:
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e (@) (G
- u Lu+1 -V LV+1 (17)
v—u M-TL M-TL
_ Auve
With V—U  we get
G Gy
M-TL )
F; =7 u(L"u+l )M_V(lfm ) sin (18)
M-TL M-TL
GMTL Gy
M-TL a a
F 7" =n u(L”“ )u—v(Lv+1 ) cosf (19)
L M-TL M-TL

M-TL
where: F; represents the potential field force generated by vehicle TL on vehicle M

in the direction of X; F},MfTL represents the potential field force generated by vehicle TL

on vehicle M in direction } ; and S represents the angle between the centroid connec-
tion of vehicle TL and vehicle M and axis ) .

Vehicle TF exerts force on vehicle M:

M-TF Y M-TF V¥
FMTE _ 1l u ((ZIL];'ITF)l —y (GLaVA;lTF) (20)
M-TF M- )]
F' =g M(le_rp)u —v(L"VA;I_TF) sina (1)
F M-TF _ 1l u (GéuiTF)u —v (G(]zwiTF )V ] cosa (22)
Y L' e Ly

where: FXM_TF represents the potential field force generated by vehicle TF on vehicle M

o M-TF
in directionX; F;

hicle M in direction ) ;and & represents the angle between vehicle TF and vehicle M’s

represents the potential field force generated by vehicle TF on ve-

centroid connection and axis ) .
In the same way, it can be analyzed that vehicle L exerts force on vehicle M:

L) ey ert)
FY" " =nlu T -y I (23)
M-L M-L Y
FXM7L =n|u (GL“;;I L)" -y (CZ”VAII L) siné (24)
FyM_L =1nlu (G;VI—L)" - (G‘iw_L )V cosé (25)

Lu+1 4 Lv+1
M-L M-L
M-L
where: F;C represents the potential field force generated by vehicle L on vehicle M in

direction X; F_‘VM_L represents the potential field force generated by vehicle L on vehicle
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M in direction ) ; and & represents the angle between vehicle L and vehicle M’s cen-
troid connection and axis .

According to the vehicle interaction potential theory, when the workshop distance is
less than the acceptable gap, the force generated by the interaction potential is a repulsive
force. When the workshop distance is greater than the acceptable gap, the result is gravi-
tational force. However, combined with the actual driving of the vehicle, even if the lon-
gitudinal gravity of the rear vehicle TF on the lane changing vehicle M is generated, it
cannot be characterized as attracting the rear acceleration of the vehicle M.

Therefore, on the basis of the coordinate system established in Figure 9, the vehicle
interaction potential combined with the actual analysis of lane changing can be obtained:

(1) When ELM_L >0, vehicle M continues to follow.

(2) When F;MﬁL <0, the vehicle is subjected to repulsive force resulting in lane changing

M-TL M-TF
<0 or F, >0 indicates that vehicle M is being re-

intention. When F,
pulsed longitudinally by vehicle TL or vehicle TF, lane changing is not recommended.
When FnyTL >0 and F;MﬁTF <0, it means that vehicle TL and vehicle TF exert
gravity on vehicle M and can change lanes. At this time, vehicle M is subjected to

lateral gravity and is ‘ FXM’TF‘ + ‘ FXMfTL , which causes vehicle M to accelerate cross-

wise and change lanes. As vehicle M turns to drive, vehicle L exerts a lateral repulsive
force on vehicle M, forcing vehicle M to accelerate laterally away from the original
lane, so the sum of lateral forces received by the wvehicle is

F F M-L +‘FYM—TF +‘FXM—TL

X X

. According to the relationship between force and

X

acceleration, the following can be obtained: ‘ax‘ =121 that is, vehicle M will accel-

erate to the target lane with an acceleration of |,

4. Model Verification
4.1. Numerical Simulation Analysis
Based on the above analysis of acceptable lane changing clearance, Python3.0 soft-

ware was used for numerical simulation to analyze the change in acceptable lane changing
clearance under different vehicle speeds and accelerations.

4.1.1. Simulation Analysis of Acceptable Clearance of Lane Changing between Vehicle M
and Vehicle TL

The simulation of the acceptable clearance of vehicle M and vehicle TL for lane chang-
ing is carried out by establishing a space coordinate system with the speed of the two
vehicles as the x and y axes and the acceptable clearance for lane changing as the z axis,
and then output the relation surface between the speed of the two vehicles and the ac-
ceptable clearance for lane changing. The acceleration of the lane changing vehicle ¢4, is
set to the variation scale of 0.2m-s™> within the range of 2m-s ~3m-s . In reference
[19], the parameters were calibrated as ¢, =1.5,¢, = 0.05,¢, = 0.3, the length of w=35,
and lane changing angle @ =3°, and the following parameter values are the same. Based
on the assumption v,, <v, above, the change in acceptable clearance between vehicle M
and vehicle TL for lane changing in the case of acceleration of 4, =-1m-s7,
a, =0m-s, a, =1m-s~*, and in the target lane is plotted, respectively, as shown in
Figure 10.
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Figure 10. Acceptable lane changing clearance between vehicle M and vehicle TL.

It can be seen from the results that the acceptable lane changing clearance is deter-
mined by the speed and acceleration of vehicle M and vehicle TL. As the speed difference
between vehicle TL and vehicle M increases, the acceptable lane changing clearance de-
creases. With the increase in vehicle M acceleration, the acceptable clearance of lane
changing increases. With the increase in TL acceleration of the leading vehicle in the target
lane, the acceptable lane changing clearance decreases. In the process of lane changing in
the network environment, in order to meet the speed expectation of the lane changing
vehicle, the vehicle TL is accelerated without slowing down to ensure the safety of lane
changing.

4.1.2. Simulation Analysis of Acceptable Clearance of Lane Changing between Vehicle M
and Vehicle TF

The simulation of the acceptable clearance of lane changing between vehicle M and
vehicle TF is carried out, and the parameter settings are the same as above. Based on the
above assumption v, <v,,, the change in acceptable lane clearance between vehicle M
and vehicle TF when the target lane follows vehicle TF at the acceleration of
Ay =—1m-s2, a, =0m-s,and q,. =1m-s*, respectively, is drawn, as shown in Fig-
ure 11.
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Figure 11. Acceptable lane changing clearance between vehicle M and vehicle TF.

It can be seen from the results that the acceptable clearance of lane changing is deter-
mined by the speed and acceleration of vehicle M and vehicle TF. As the speed difference
between vehicle TF and vehicle M increases, the acceptable clearance of lane changing
increases. With the increase in vehicle M acceleration, the acceptable clearance of lane
changing decreases. With the increase in vehicle TF speed in the target lane, the acceptable
clearance of lane changing increases. In the process of lane changing in a networked en-
vironment, in order to meet the expectations of lane changing vehicles, vehicle TF is
slowed down to ensure lane changing safety when vehicle M is at a constant speed or
accelerating.
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unacceptable

4.1.3. Simulation Analysis of Acceptable Clearance of Lane Changing between Vehicle M
and Vehicle L

Simulation of acceptable clearance of lane changing of vehicle M and vehicle L are
carried out, and the parameter settings are the same as above. Based on the above assump-
tion v, >v,, the change in acceptable lane clearance between vehicle M and vehicle L

when the acceleration of leading vehicle L is ¢, =-1m-s? , a,=0m-s* , and
a, =1m -s7*, respectively, is plotted, as shown in Figure 12.
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Figure 12. Acceptable lane changing clearance between vehicle M and vehicle L.

It can be seen from the results that the acceptable clearance of lane changing is deter-
mined by the speed and acceleration of vehicle M and vehicle L. As the speed difference
between vehicle M and vehicle L increases, the acceptable clearance of lane changing in-
creases. As the speed of lane changing vehicle M increases, the acceptable clearance of
lane changing increases. As the speed of the leading vehicle L increases, the acceptable
clearance of lane changing decreases. In the process of lane changing in the network en-
vironment, in order to meet the speed expectation of the lane changing vehicle, vehicle M
can ensure the safety of lane changing by accelerating with vehicle L under the condition
of uniform speed.

To sum up, the acceptable clearance of vehicle lane changing is affected by different
motion states of interacting vehicles, and the above simulation analysis shows that the
acceptable clearance model established in this study is consistent with the actual lane
changing state.

4.2. Model Evaluation

In order to verify that the vehicle interaction potential lane change model can effec-
tively improve the speed of traffic flow and reduce the speed fluctuation of traffic flow,
SUMO software was used to conduct simulation experiments. The experiment scene was
set as a 2 km long one-way, three-lane road with a speed limit of 60 km/h. This was the
simulation interface of the lane changing experiment, as shown in the Figure 13. After the
vehicle generates the intention of lane changing, it will turn on the left turn signal to sig-
nal, which well reflects the environmental state of the lane changing vehicle in the model.

Figure 13. Simulation interface of lane changing experiment.

In reference to the calibration results of the vehicle action potential model parame-
ters, the values #=0.713, v=1.648, »=0.032,and s, =2.11 aretaken, and combined

with the parameters determined in 4.1, so that the model is determined.
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The traffic flow operating parameters output by the experiment were graphically an-
alyzed, as shown in Figure 14, reflecting the changes of the average speed and average
acceleration of the traffic flow. In the intelligent network environment, the vehicle can
obtain the operating parameters of the surrounding vehicles in real time, and then judge
the environment in which it is driving to achieve uninterrupted speed adjustment. Figure
14a reflects the change in the average speed of the traffic flow. It can be seen from the
figure that the traffic flow on the whole is traveling at a relatively ideal speed, and the
average speed fluctuates at 0.6m-s~', which is relatively gentle. Figure 14b reflects the
average acceleration of traffic flow. It can be seen from the figure that the overall average
acceleration is distributed within the range of —0.7m s ~0.7m -5, and the accelera-
tion state is obviously more than the deceleration state, which is also the reason why the
average speed of traffic flow is relatively ideal.

15.2

é 15.1

T 15
[

2 14.9
[0

éﬂ 14.8

2 14.7
<

14.6

0 50 100 150 200
time(s)
(a) Average speed of traffic flow

0.7

a 0.5

£ 03

.g 0.1

s 0.1
2

g 0.3

§ 0.5

-0.7

0 50 100 150 200
time(s)

(b) Average acceleration of traffic flow

Figure 14. Experimental data of vehicle action potential lane changing model.

In order to better verify the effectiveness of the vehicle action potential lane changing
model, a set of comparison experiments between the vehicle action potential lane chang-
ing model, molecular dynamics lane changing model, and SL2015 lane changing model
are designed. Among them, SL2015 is a built-in model in SUMO software, which can well
simulate the lane changing behavior of vehicles. The molecular dynamics lane changing
model is based on the Lennard-Jones 6-12 potential function. The vehicle action potential
proposed in this study is modified on the basis of the Lennard-Jones molecular interaction
potential, and the comparison of the three parameters has a certain significance.

Figure 15 shows the average output speed of the three models when the traffic flow
is roughly stable. It can be seen that compared with the molecular dynamics lane changing
model and SL2015 lane changing model, the average traffic flow speed of the vehicle ac-
tion potential lane changing model is greatly improved, the average speed fluctuation is
relatively gentle, and the driving comfort of the vehicle is higher.
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Figure 15. Comparison of average speeds of different models.

5. Conclusions

)

®)

(4)

The establishment of vehicle interaction potential based on Lennard-Jones potential
introduced the correction of vehicle shape, speed, acceleration, and steering angle,
which made up for the previous research on the molecular lane changing model di-
rectly based on the Lennard-Jones 6-12 potential function that ignored the huge dif-
ferences between particles and vehicles in parameters such as mass and velocity. By
drawing the spatial distribution map of the vehicle action potential field under dif-
ferent motion states, the changes in the vehicle action potential field with vehicle
speed, acceleration, and steering angle can be directly analyzed, which makes the
study of vehicle microscopic behavior based on molecular dynamics more realistic.
In the previous study of the molecular dynamics lane changing model, the setting of
longitudinal critical distance after lane changing only considered the speed and ac-
celeration of the current vehicle, ignoring the influence of the running state of the
leading vehicle on the critical safety distance after lane changing. In this paper, the
acceleration of the front vehicle is introduced into the longitudinal critical distance,
and the relationship between the acceptable clearance of lane changing and the speed
difference and acceleration difference of the interacting vehicle is clarified through
the analysis of the safe critical time of lane changing. The acceptable gap expressions
between lane changing vehicle M and leading vehicle L and target lane leading vehi-
cle TL and target lane following vehicle TF were constructed, respectively. Through
simulation analysis of different motion states of interactive vehicles, reasonable sug-
gestions were put forward for lane changing behavior in the networked environment.
A lane changing model based on vehicle interaction potential is established, the ac-
tion potential and potential field force generated by the surrounding interacting ve-
hicles of the lane changing vehicle are analyzed, and the driving decision of vehicle
M under different potential field forces is given. Compared with the molecular dy-
namicsbased lane changing model and LS2015 model, the effectiveness of the pro-
posed method is verified. It has theoretical guiding significance for vehicle lane
changing behavior decisions in future intelligent network environments.

The following problems should be considered in the following research: First, the
paper compares the vehicle as a molecule. In order to simplify the model, the center
of mass of the vehicle is taken as the coordinate point, and the influence of the vehicle
shape on the distance is ignored. Second, the end of the paper uses simulation tests
to verify the analysis, not using the data of natural experiments to verify, and there
may be more uncertain factors in the actual driving environment; in following re-
search, still needed is the use of data of natural experiments to verify the effectiveness.
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