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Abstract: Lane-changing behavior is one of the most common driving behaviors while driving. Due
to the complexity of its operation, vehicle collision accidents are prone to occur when changing lanes.
Under the environment of vehicle networking, drivers can obtain more accurate traffic information
in time, which can be of great help in terms of improving lane-changing safety. This paper analyzes
the core factors that affect the safety of vehicles changing lanes, establishes the weight model of
influencing factors of lane-changing behavior using the analytic hierarchy process (AHP), and obtains
the calculation method of lane-changing behavior factors (LCBFs). Based on the fuzzy reasoning
theory, the headway between the lane-changing vehicle and adjacent vehicles in the target lane was
examined, and fuzzy logic lane-changing models were established for both situations (i.e., change
to the left and change to the right lane). The fuzzy logic lane-changing models were tested via
simulation experiments, and the test results showed that the models have a better warning effect
on lane changing (LCBF = 1.5), with an accuracy of more than 90%. Thus, the established model in
this paper can provide theoretical support for safety warnings when changing lanes and theoretical
support for the sustainable development of transportation safety.

Keywords: traffic safety; lane-changing model; analytic hierarchy process; fuzzy control

1. Introduction

Lane changing is one of the most common operations while driving, and it is a
behavior that is caused by various factors linked to the traffic environment around the
vehicle. Owing to the complexity of lane-changing operations, if a driver misjudges a
situation or mishandles their vehicle, traffic accidents are likely to occur [1-3]. Numerous
studies have analyzed the factors affecting the safety of changing lanes to develop a pre-
warning model or system to effectively assist drivers in changing lanes safely [4,5]. For
example, Huang [6] analyzed driver and road environment factors comprehensively and
determined behavioral characteristics in the lane-changing process. Mao [7] established a
lane-changing model based on a given driver’s driving style using a fuzzy mathematical-
statistical method and achieved different styles of lane-change warning functions. However,
the data sample was very small, thereby generating some system errors. Wang [8] analyzed
different vehicle collisions that may have been caused by lane changes and created a
minimum safe lane-changing model based on various lane-changing situations, which
can provide a reference basis for the in-depth investigation of pre-warning safety when
changing lanes.

With the development and application of Internet of Vehicles technology, the sharing
and exchange of information can be realized through vehicle-to-vehicle and vehicle-to-
road communications. Therefore, a driver can accurately identify the traffic environment
and traffic conditions around a vehicle while driving [9-12]. Wu [9] presents a temporal
and spatial risk estimation (TSRE) to recognize lane-changing risk in real time. Depend-
ing on the driving environment, driving behavior will change substantially. Based on
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vehicle-to-vehicle traffic information exchange, Wang [13] optimized the safety and com-
fort of changing lanes during acceleration and then developed a vehicle lane-changing
decision model to improve the safety of lane changing. Zhang [14] proposed a dynamic
lane-changing path planning method and established a multisimulation platform based
on different tracking control algorithms. The simulation results show that under condi-
tions set by the Internet of Vehicles, drivers can improve the way they change lanes by
adjusting their driving strategies and driving paths based on changes in the surrounding
vehicles’ running states for the purpose of security. Tajeddin [15] designed a multilane
adaptive cruise controller which solves lane-specific optimization problems to compute
an instantaneous trip cost for each lane and selects the lane that represents the lowest
risk. Zhou [16] proposed a driver lane-changing intention recognition method based on
principal component analysis (PCA) and a Gaussian mixture model-hidden Markov model
(GMM-HMM) and then obtained an early warning model of vehicle lane-changing colli-
sion, which determined different collision risk levels to ensure the safety of lane changing.
PCA is a statistical procedure that uses an orthogonal transformation to convert a set of
observations of possibly correlated variables into a set of values of linearly uncorrelated
variables called principal components. GMM is a Gaussian mixture model in which each
component has its own weight, mean, and covariance matrix. HMM is a statistical model,
which is used to describe a Markov process with hidden unknown parameters. Yang [17]
analyzed the relationship between the target vehicle and the front and rear vehicles in the
target lane by considering influencing factors, such as longitudinal distance, transverse
distance, and speed of the front and rear vehicles in the target lane. Farooq [18] analyzed
the effect of significant traffic parameters that can influence traffic safety on lane-change
frequency using the studied calibrated values for driving in a logical, “conscious” manner
in VISSIM. Huang [19] studied numerical relationships between traffic flow state and
model parameters through field investigations in Beijing. Based on the results, it was found
that smart lane management can be implemented by optimizing lane-changing spacing
intervals and lane-changing behaviors to improve traffic capacity.

Since lane-changing safety is the result of the combined influence of people, vehicles,
roads, and the environment, the polymorphism of these factors cannot be ignored [20,21].
Most of the existing literature does not fully examine the influencing factors and rarely
considers the combined impact of these four factors [22-25]. Thus, lane-changing pre-
warning models are not adaptable and demonstrate poor accuracy. With the development
of the Internet of Vehicles, vehicle-to-vehicle and vehicle-to-road communications and the
sharing and exchange of traffic information can be realized to comprehensively consider
the multiple factors that can affect vehicle lane-changing safety. Therefore, in this study,
based on the exchange and sharing of traffic information among vehicles under the Internet
of Vehicles, the key factors affecting lane-changing safety are comprehensively analyzed.
Moreover, a vehicle lane-changing safety pre-warning model based on fuzzy reasoning
control is established using the fuzzy reasoning method, which effectively guides drivers
on how to change lanes safely to improve vehicle lane-changing safety and road traffic
safety under the Internet of Vehicles. This study can effectively promote the sustainable
operation of traffic flow and protection of the traffic environment by reducing the traffic
accident rate and promote the development of smart cities [26-28].

2. Methodology
2.1. Schematic Overview

Lane-changing behavior is a complex driving operation, and its safety is affected by
driving behavior characteristics, traffic environment, and vehicle characteristics. In the
environment of the Internet of Vehicles, drivers can obtain information in a timely manner
from both adjacent vehicles and the surrounding environment while in the process of lane
changing, which can improve lane-changing safety and traffic safety.

According to the nature of the problem and the general goal to be achieved, the
analytic hierarchy process (AHP) decomposes the problem into different components. The
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factors are aggregated and combined according to different levels to form a multilevel
analysis structure model. Thus, the problem is finally attributed to the determination of
or relative merits of the relatively important weights of the lowest level relative to the
highest level. AHP is more suitable for decision-making problems with hierarchical and
staggered evaluation indexes, and the objective value is difficult to describe quantitatively.
However, if the division of subobjectives is not accurate or the distribution of weight
value is not accurate, the final decision result will be affected. After a comprehensive
analysis of the factors that influence lane changing, we introduce the AHP method to
establish the weight model of influencing factors and obtain the calculation method of
lane-changing behavior factors (LCBFs), which can characterize the combined effect of
different influencing factors. Then, the fuzzy reasoning method is employed to fuzzify
subjective lane-changing behaviors and establish the lane-changing fuzzy logic models.
The flowchart for the proposed framework is shown in Figure 1.

Choose main infactors (e.g. Driver
characteristics, vehicle condition, et al.)

Analytic hierarchy
process (AHP)

Structural stratification and importance analysis
of influencing factors

oefficient 0
consistency test
CR<0.1

Influencing factors of drivers' lane-changing
behavior factors (4)

Figure 1. Influencing factors analysis framework.

2.2. Analysis of Factors Affecting Lane Changing

The drivers are susceptible to external environmental factors and their driving experi-
ence. Thus, they often judge driving conditions and choose a better driving environment.
However, if the driver misjudges the safety of a lane-changing situation, it may cause
collisions in changing lanes. From the perspective of people—car-road—environment, a
comprehensive analysis of the factors affecting lane changing can help effectively identify
adverse factors and improve lane-changing safety.

Drivers’ characteristics can be analyzed from the aspect of age, gender, driving skills,
and personality, which can affect a drivers’ desire of changing lanes, the correctness of
lane-changing maneuver, the lane-changing safety of, etc. [29,30]. The vehicle types can be
divided by size: small vehicles, medium-sized vehicles, and large vehicles. In general, the
performance of small vehicles is the best and has superior flexibility in the lane changing
process [31]. If a small car drives behind a large vehicle, it usually changes lanes to improve
the driving situation. In terms of road conditions, the road line shape, the number of lanes,
etc. will have an impact on lane-changing safety. If a driver changes lanes incorrectly,
he/she can easily cause accidents. The driver typically changes lanes to the left frequently
to achieve better driving conditions. Regarding the traffic flow environment, because
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the distance between vehicles under the condition of low-density traffic flow is large, the
drivers can drive freely. However, as traffic flow density increases, the distance between
vehicles decreases, and the lane-changing difficulty increases, and thereby the driving
freedom will be reduced. In this situation, drivers may carefully decide to change lanes
based on the safe spacing on the lanes [32,33].

Combined with the above factors, the values of lane-changing influencing factors are
illustrated in Figure 2. The values of “Driving personality” are “Impulsive style, Ordinary
and Cautions type.” The values of “Driving skills” are “Less than half a year, 6 months
to 3 years, and More than three years.” The values of “Age” are “Elderly, Middle-aged,
and Youth.” The values of “Gender” are “Male and Female.” The values of “Weather” are
“Good and Poor.” The values of “Traffic conditions” are “Free flow, Emergency vehicles
following, and Emergency vehicles following.” The values of “Number of lanes” are “Two
lanes and More than three lanes.” The values of “Vehicle types” are “Big, Middle, and
Small.” The values of “Vehicle performance” are “Good and Poor.”

Lane-changing behavior factors

N\

Driving characteristics Road traffic environment Vehicle features
Drlvmg Drlylng Age Gender Weather Tra.flf'lc Number of Vehicle Vehicle
personality skills conditions lanes type performance

Figure 2. Lane-changing influencing factors.

Under the environment of the Internet of Vehicles, the sharing and exchange of
information can be realized through vehicle-to-vehicle and vehicle-to-road communications.
Therefore, a driver can accurately identify the traffic environment and traffic conditions
around the vehicle when driving. Compared with the traditional driving environment, the
drivers’ driving behavior will be substantially changed.

2.3. Analysis on the Importance of Lane-Changing Influencing Factors

From the above analysis, it can be determined that lane changing is affected mainly by
driver characteristics, vehicle characteristics, traffic conditions, etc. [34,35]. Since various
factors have different influence degrees on lane changing, this paper mainly studied the
value of factor k, which affects the lane-changing behavior. By querying the data and
conducting a questionnaire survey on 100 drivers, relevant driver characteristic data are
analyzed statistically. The factors affecting lane changing are analyzed at the hierarchical
level using the AHP [36]. Thus, the influencing factors of lane changing can be structured
according to the basic principles of the AHP. The first layer is set as the target layer A, the
second layer B is set as the constraint layer, and the third layer C is set as the sub constraint
layer. The first layer is “Influencing factors of lane changing.” The second layer B includes
three factors: Driving characteristics (B1), Road traffic environment (B2), and Vehicle
features (B3). The B1 layer includes Driving personality (C1), Driving skills (C2), Age (C3),
and Gender (C4). The B2 layer includes Weather (C5), Traffic conditions (C6), and Number
of lanes (C7). The B3 layer includes Vehicle types (C8) and Vehicle performance (C9).

Three layers are analyzed in this study. The hierarchy of the influencing factors
determines the structure of the matrix. A comparative analysis of the importance of each
influencer affecting lane-changing safety is conducted, with the degree of importance
defined as the greater the relative weight, the greater the importance of its impact. The
results of the judgments on important factors are standardized, as shown in Table 1 [37,38].
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Table 1. Standards of the degree of importance.

Assignment Description
1 i and j have the same degree of importance
3 i is slightly more important than j
5 i is obviously more important than j
7 i is much more important than j
9 i is substantially more important than j
2,4,6,8 Correspond to the intermediate situation of the above two adjacent judgments
reciprocal a;j is the comparison judgment between i and j, a;; = u%-’ a; =1

According to the hierarchy in Figure 3, the characteristics of lane changing are analyzed
using the AHP. The construction of the judgment matrix and calculation of the relative
weights areas are shown in Tables 2-7.

D,/m
D;/m <€ >
& 1/ > D3/m
> —

Figure 3. Vehicle position relationship when changing lanes.

Table 2. Relative weight of target layer A and constraint layer B.

A By B; B3 w; w (Aw);
Bq 1 3 2 1.82 0.52 1.61
By 1/3 1 1/4 0.44 0.12 0.39
Bs 1/2 4 1 1.26 0.36 1.11

The calculation results of the matrix and relative weights are assessed by using the
data in Table 2. The variable A stands for the contrast matrix. The variable w stands for
the relative weight. These values of w constitute the weight vector. A consistency test is
conducted, and the following is obtained:

(1) Determine the maximum characteristic root Apax of the matrix, the calculation is

as follows: ' (Aw)
1 Aw);
Amax = Elzzl w; =3.14 (1)
(2) Consistency check,
Cl= (Amax — 1)/ (n—1) ()

where CI stands for the consistency index. The ranking weights in this layer demonstrate
complete consistency when CI = 0. When CI increases, the ranking weights in this layer
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demonstrate poor consistency. To measure the value of CI, the random consistency index
Rl is introduced. The corresponding relationship is shown in Table 3 [35].

RI=(CL+ChL+---+Cl,)/n 3)

Table 3. Standard value of average random consistency index RI.

n 1 2 3 4 5 6 7 8 9 10
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

Owing to different standards, the value of RI will be biased. Thus, the consistency
check coefficient CR is defined with the ratio of CI and RI, as follows:

CR = CI/RI @)

According to the principle of consistency test, when CR < 0.10, the matrix exhibits
satisfactory consistency [35]. Otherwise, there is no satisfactory consistency, and the matrix
must be readjusted.

The values of CI and CR can be obtained by substituting the data: CI = 0.05, CR = 0.09
< 0.10. The results show that the judgment matrix is consistent with the consistency test.

Table 4. Relative weights of the constraint layer and subconstraint layer.

By G G C; Cy w; w; (Aw);
C 1 2 3 3 2.06 0.46 1.84
Cy 1/2 1 1 2 1.19 0.26 1.06
Cs 1/3 1/2 1 1 0.64 0.14 0.55
Cy 1/3 1/2 1 1 0.64 0.14 0.55

A consistency test is conducted, and the values of variables are obtained as follows:
Amax = 4.01, CI = 0.003, CR = 0.004 < 0.10. This indicates that the consistency is fit.

Table 5. Relative weights of the subconstraint and constraint layer.

B, Cs Ce Cy w; w; (Aw);
Cs 1 1/3 1/2 0.55 0.16 0.49
Ce 3 1 2 1.82 0.54 1.62
Cy 2 1/2 1 1.00 0.30 0.89

A consistency test is conducted, and the values of variables are obtained as follows:
Amax = 3.01, CI = 0.005, CR = 0.009 < 0.10. This indicates that the consistency is fit.

Table 6. Relative weights of the subconstraint and constraint layer.

B3 Cs Coy w; wj (Aw);
Csg 1 2 1.41 0.67 1.33
Co 1/2 1 0.71 0.33 0.67

Only two contrast factors meet the consistency requirements. The combined weight of
the subconstraint and target layers can be obtained by combining the results in the tables,
as shown in Table 7.
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Table 7. Combined weight of the subconstraint and target layer.

B, B, B3

¢ 0.52 0.12 0.36 (Aw);
C1 0.46 / / 1.84
Cy 0.26 / / 1.06
Cs 0.14 / / 0.55
Cy 0.14 / / 0.55
Cs / 0.16 / 0.49
Ce / 0.54 / 1.62
Cy / 0.30 / 0.89
Cs / / 0.67 1.33
Co / / 0.33 0.67

A consistency test is conducted on the combined weight, and the value of CR is
0.005 (less than 0.10). The results show that the combined weight meets the consistency
requirements. The combined weight value in Table 7 can be very intuitive for determining
the influence degree of different driver characteristics on changing lanes.

The LCBF is used to characterize the combined effect of different influencing factors
(C1-C9). Based on the combined weight Aw of the above nine factors, the value k of the
lane-changing behavior factor (LCBF) can be calculated by the following Equation (5):

k=052) " (Aw)p;+0.12) " (Aw)p,+0.36)  (Aw)ps (5)

3. Establishment of Lane-Changing Models
3.1. Lane-Changing Rules

To establish an accurate lane change model under the environment of the Internet
of Vehicles, accurate classification of driving behaviors and processing data of driver’s
motion when changing lanes are necessary. The target vehicle can obtain the driving status
of other vehicles during lane changing, such as acceleration, speed, and space [39]. At the
same time, it can send its driving information and intentions to the surrounding vehicles.

Figure 3 presents the vehicle position relationship when changing lanes. Vehicle A
is the target vehicle that wants to change lanes, lane Il is the original lane, lanes I and III
are the target lanes, and vehicles C and D are the adjacent vehicles in front of and behind
vehicle A in the target lane (taking lane I as an example). In addition, D; is the head gap
between the target vehicle and the tailing vehicle on lane I, D5 is the head gap between the
target vehicle and the front vehicle on lane I, Ds is the head gap between the target vehicle
and the front vehicle on the original lane, and Dj is the head gap threshold for changing
lanes safely.

3.2. Fuzziness of Lane-Changing Behavior

Fuzzy control is a computer control method composed of fuzzy collection, fuzzy
language knowledge expression, and fuzzy logic reasoning [40-42]. Owing to the complex-
ity of changing lanes and the different driving characteristics of drivers, it is difficult for
reproducing the lane-changing process with precise mathematical models. Fuzzy control
theory can fuzzify subjective lane-changing behaviors and define the parameter varia-
tion with language logic, which can restore the change mechanism in driving behaviors.
Combined with the lane-changing rules, the flowchart in Figure 4 can be used to develop
lane-changing fuzzy reasoning according to the fuzzy logic principle.
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Figure 4. Lane-changing fuzzy reasoning flowchart.

Changing lanes largely depends on the subjective characteristics of drivers. To obtain
a comfortable driving condition, drivers will choose to change lanes to the left or right on a
nondirectional basis. The specific lane-changing conditions are described as follows: when
D3 < Dy, that is, the head gap between the target vehicle and front vehicle on the same lane
is less than the safe head gap threshold, and when the driver is dissatisfied with the driving
conditions in the current lane, he/she will choose to change lanes to achieve the desired
driving environment. Under the environment of the Internet of Vehicles, lane-changing
factors and conditions can be monitored in real time, and vehicle sensors can determine
the lane-changing safety S according to the head gap between the target vehicle and front
vehicle on the adjacent lane. When the lane-changing safety S; or Sy is greater than the
minimum safety Sk, the drivers can achieve a safe lane changing to the left or right.

3.3. Leftward Lane-Changing Model

Before the target vehicle A changes lanes to the left, vehicle-to-vehicle communication
was used to collect the data on the head gap of front vehicle B on the current lane D3,
the head gap of vehicles C and D on the left lanes Dq, D;, and feedback to vehicle A.
The onboard system determines the safety of lane-changing S;, judges whether the target
vehicle meets the requirements of changing lanes to the left, and sends a safety pre-warning
to the driver. The model is shown in Figure 5.

D,/m
D;/m D;/m
€ R Zm—
¢ OEC® D
- -
B e B A ) B

Figure 5. Fuzzy logical model for changing lane to the left.

3.3.1. Model Parameters

In the fuzzy logic model, three input variables and one output variable are set, where
D4 (t) is input variable 1, D,(t) as input variable 2, D3(t) is input variable 3, and output
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variable is S;. The dimensions of input and output variables directly affect the real-
time performance of the fuzzy reasoning model. The original input variables need to be
corrected to input variable 1 (D, (t) — D3(t)) and input variable 2 (D;(t)) to enhance the
real-time performance of the models and the authenticity of the simulation results. Thus,
this processing can realistically and accurately reflect the characteristics of behavior for
changing lanes to the left.

3.3.2. Fuzzification

The input of the fuzzy controller must be fuzzified before it can be used to control
the solution of the output. The domains of the input variable and the output variable can
be converted into a standard fuzzy subset on the basis of the summary of the driver’s
experience. The domain relationships of the three controls are as follows:

(1) Input variable 1: D,(t) — D3(t) is divided into nine levels: {—-2, —1.5, —1, —0.5, 0,
0.5,1, 1. 5,2}, and the value of its fuzzy subset is NB (large negative), NS (small negative),
Z (zero), PS (small positive), and PB (large positive)}.

(2) Input variable 2: D;(t) is divided into seven levels: {0, 0.5, 1, 1.5, 2, 2.5, 3}, and the
value of its fuzzy subset is {NB (very small), NS1 > (small), Z (centered), PS (large), and PB
(larger)}.

(3) Output variable: Sy is divided into 11 levels: {0, 0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9,
1}, and the value of the fuzzy subset is {NB (very dangerous), NS (dangerous), Z (centered),
PS (safe), and PB (very safe)}.

With selecting the membership function of variables, the different shapes of mem-
bership function represent different control meanings. The sharp shape reflects that the
fuzzy collection has high resolution and control sensitivity. The wide shape is the opposite.
Combined with the actual control requirements of this study, the sharper the shape of the
membership function of the safe lane change, the higher the resolution of the system, and
the higher the control sensitivity. Thus, a triangular membership function was used to
convert the domain of the variable to the corresponding fuzzy subset, as shown in the
following Figure 6, Figure 7, Figure 8.

Membership function plots

1.0 4, NB NS Z PS PB

0.0 T T T T T 1 T
-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0

Input variable "(D> — D3)/m"

Figure 6. Head gap between the target vehicle and the front vehicle on lane I.
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Membership function plots

1.0 ANB NS Z PS PB
0.8 1
0.6 1
0.4

0.2 4

OoO T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Input variable "D{/m"

Figure 7. Head gap between the target vehicle and the rear vehicle on lane .

Membership function plots

1.0 \NB NS zZ PS PB
0.8 4
0.6
0.4

0.2 4

0.0 T T T
0.0 0.2 0.4 0.6 0.8 1.0

Output variable "5;"
Figure 8. The safety of vehicle lane changing.

3.3.3. Fuzzification Rules

In accordance with the rules for fuzzification designed by the expert’s operating
experience, the fuzzy control for changing lanes to the left is standardized as follows: the
smaller the distance difference of the head gap between vehicle D and vehicle B, and the
smaller the time interval between the head gap of the vehicle A and vehicle C, the more
dangerous for changing lanes. The language rules of fuzziness used are as follows: If
D;(t) — D3(t) is NB and D4 (t) is NB, then Sy is NB. Therefore, 25 rules for fuzzification
are listed, as shown in Table 8.

Table 8. Fuzzy rules for changing lanes to the left.

D, (t)
St
NB NS z PS PB
NB NB NB NS z PS
NS NB NS z PS PB
Ds(t) — D3(t) Z NS NS Z PS PB
PS NS NS PS PB PB

PB NS Z PS PB PB
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3.3.4. Antifuzzification Processing

In accordance with the fuzzy decision, the output of the controller is a fuzzy vector.
In accordance with the precise input, output variables, membership function, and the 25
fuzzy rules in Table 8, antifuzzy processing is performed on the fuzzy logic with changing
lanes to the left on MATLAB/fuzzy module. A clear value is obtained, that is, the safety Sy
of changing lane to the left. A fuzzy logic model for changing lanes to the left is obtained
through the simulation, as shown in Figure 9.

0.84--"°

0.6+ -

St

044"

0 o =) D2

Figure 9. Fuzzy logic model for changing lanes to the left.

As shown in the simulation model 3D diagram, when the vehicle changes lanes to the
left, the safe range of headway between vehicle A and vehicle C is (2, 3), the safe range of
headway difference between vehicle A and D and between vehicle A and B is (1, 2). In
general, the greater the head gap is, the higher the lane-changing safety, and vice versa.
Thus, the gap range between vehicles A and C should be greater than the length of the
two vehicles. The headway of vehicles A and D should be the length of one vehicle greater
than the headway of vehicles A and C. The simulation results show that the early warning
model can provide real-time security for changing lanes, which assists vehicles to change
lanes safely.

3.4. Rightward Lane-Changing Model

The model for changing lanes to the right and the model for changing lanes to the left
are symmetrical. The safety relationship between the target vehicle and adjacent vehicles
is similar, and the treatment process of influencing factors is similar. Thus, the modeling
process is not repeated, and only the final simulation results are given in this section. The
fuzzy logic model for lane changing to the right through MATLAB fuzzy control simulation
is shown in the following Figures 10-13.

As shown in the simulation model 3D diagram, when the vehicle changes lanes to
the right, the safe range of headway between vehicles A and C is (2, 3), the safe range of
headway difference between vehicles A and D and between vehicles A and B is (0.5, 2).
In theory, the greater the head gap, the higher the safety of the vehicle for lane changing,
and vice versa. Thus, the gap range between the target vehicles A and C should be greater
than the length of the two vehicles. The headway of vehicles A and D should be half of a
vehicle’s length greater than the headway of vehicles A and C.
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Membership function plots

1.0 4\NB NS Z PS PB
0.8 1
0.6 1
0.4 4

0.2 1

0.0 T T T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Input variable "(D, — D3)/m"

Figure 10. Head gap between the target vehicle and the front vehicle on lane III.

Membership function plots

1.0 4 NB NS z PS P
0.8 1
0.6 1
0.4

0.2 1

0.0 T T Y T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Input variable "D/m"

Figure 11. Head gap between the target vehicle and the rear vehicle on lane III

Membership function plots

1.0 ANB NS z PS PB
0.8
0.6
0.4 1

0.2 1

0.0 T T T
0.0 0.2 0.4 0.6 0.8 1.0

Output variable "S;."

Figure 12. The safety of vehicle lane changing.
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Figure 13. Fuzzy logic model for changing lanes to the right.

4. Experimental Text and Discussion

Through a large number of literature searches, it is found that the test environment,
test methods (such as simulation test, or test in actual driving environment, etc.) of different
vehicle lane-changing warning models, and the test parameter settings are different, which
may cause some differences in test results. Therefore, this study does not directly compare
with other existing models but uses a simulation experiment to verify the effectiveness of
the models. This is also one of the methods used to verify the effectiveness of the models
in many research studies in the literature.

Through the establishment of the simulation platform, 150 lane-changing behaviors of
vehicles are simulated and collected separately under three different values of the LCBF
(i.e., 0.5,1.0, 1.5), including 100 leftward lane-changing behaviors and 50 rightward lane-
changing behaviors. For the LCBE its value can reflect the lane changing state of vehicles.
It is the comprehensive evaluation value of nine influencing factors. The smaller the LCBF
is, the poorer the comprehensive lane-changing condition is. The models will give different
safety degrees for different LCBFs. After the above calculation and analysis, the range
of LCBF value is (0.5, 1.5). Thus, the new expression of a lane-changing safety degree is
defined as follows:

Sy = (k—0.5)S. 6)

Thus, we set up three lane-changing scenarios, in which the value (k) corresponding to
the LBCF is 0.5, 1.0, and 1.5, respectively. The models will give different the safety degree
of lane changing.

All the 150 lane-changing behaviors collected are safely completed lane-changing
behaviors. The test results of the model are shown in Tables 9 and 10. From the data of
Table 9, when LCBF = 1.5, the fuzzy logic model gives 2 times within the value of safety
degree is (0, 0.6), 7 times within the value of safety degree is (0.6, 1.0), and 91 times when
the value of safety degree is 1.0.

As all the 100 leftward lane-changing behaviors collected are the safely completed
lane-changing behaviors, and thus, the fuzzy logic model should give more times with
the safety degree of 1. From the data of the rightmost column in Table 9 (the value of the
safety degree is 1.0), it can be inferred that the fuzzy logic models have the best test results
when LCBF = 1.5, and the worst test results when LCBF = 0.5. It shows that the models
have a better warning effect on lane changing (LCBF = 1.5), and a worse warning effect
(LCBF = 0.5). Under three different values of the LCBF, the number of times the model
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gives a safety degree value of 1.0 is 91, 83, and 72; thus, the percentage is 91%, 83%, and
72%, respectively.

Table 9. Test results of the leftward lane-changing model.

LCBF(k) Safety Degree/(0, 0.6) Safety Degree/(0.6-1.0) Safety Degree/1.0
15 2 7 91
1.0 5 12 83
0.5 12 16 72

Table 10. Test results of the rightward lane-changing model.

LCBF(k) Safety Degree/(0, 0.6) Safety Degree/(0.6-1.0) Safety Degree/1.0
15 1 3 46
1.0 2 6 42
0.5 5 9 36

From the data of the rightmost column in Table 10 (the safety degree is 1.0), it can be
inferred that the fuzzy logic models also have the best test results when LCBF = 1.5, and
the worst test results when LCBF = 0.5. It still shows that the models have a better warning
effect on lane changing (LCBF = 1.5). Under three different values of the LCBE, the number
of times the model gives a safety degree value of 1.0 is 46, 42, and 36; thus, the percentage
is 92%, 84%, and 72%, respectively.

5. Conclusions

The environment of the Internet of Vehicles creates a good communication environ-
ment and driving environment for changing lanes, which improves the safety of lane
changing. In this study, the lane-changing behavior and the factors affecting lane-changing
safety were analyzed systematically in the environment of Internet of vehicles. The im-
portance of the factors was explored by using AHP method. Then, the headway between
the lane-changing vehicle and adjacent vehicles is reasoned based on fuzzy reasoning,
and then the safety pre-warning models for changing lanes are established. Finally, some
conclusions are obtained as follows via simulation experiments:

(1) The lane-changing behavior is caused by the combined effects of many influencing
factors. After the importance analysis of safety influencing factors by using the AHP
method, it is obtained that the important factors are driver characteristics, vehicle
types, and road conditions when changing lanes, and then the combined weights are
weighted to obtain the calculation method of lane-changing behavior factors.

(2) Since it is difficult to analyze lane-changing behavior with accurate mathematical
models, it can better restore lane-changing driving behavior by using fuzzy control
theory to fuzzify the subjective lane-changing behavior. Thus, the headway between
the lane-changing vehicle and adjacent vehicles is reasoned based on fuzzy reasoning,
and the fuzzy logic models for changing lanes are obtained. The models can give a
certain safety degree for changing lanes, which can provide safety instructions for
drivers to change lanes safely.

(3) The simulation results show that the fuzzy logic model has a better warning effect on
lane changing (LCBF = 1.5). Under three different values of the LCBF, for the leftward
lane-changing model, the percentage of the safety degree is 1.0 is 91%, 83%, and 72%,
respectively. For the rightward lane-changing model, the percentage of the safety
degree is 1.0 is 92%, 84%, and 72%, respectively.

This study can provide safety guidance for the safe lane changing of vehicles in

the environment of the Internet of vehicles, which reduces the occurrence of road traffic
accidents and ensures the sustainability and safety of traffic operation effectively.
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