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In mixed traffic with autonomous vehicles, the relationship between speed and lane-changing behavior is an important basis
for mixed traffic control. In this study, we use empirical, simulation, and data-driven methods to study the relationship between
speed and lane change rates in mixed traffic under different autonomous vehicle penetration rates. We use the empirical data to
establish the corresponding road simulation models. Based on the simulation model, the traffic flow simulation experiments under
the conditions of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% penetration rate of autonomous vehicles were carried out.
The analysis of the simulation results found that: (1) the penetration of autonomous vehicles into the road has a positive impact on
the lanes far away from the entrance and exit, while the impact on the lanes closer to the entrance and exit is not obvious. (2) Lane-
changing behavior has effectively decreased with the penetration of autonomous vehicles, but it is not obvious when the
penetration rate exceeds 10%, and there is no significant drop in the lane connecting the entrance and exit. (3) There is a linear
relationship between speed and lane-changing rate. Under different penetration rates, the data-driven analysis is used to perform
multiple linear regressions, and the regression formula fits are all above 0.7. Based on the above findings, the linear formula of the
fitting is proposed, and the value interval of the parameters in different states is given as well. Due to the small changes in the
parameter values under different permeability conditions, the model has a certain degree of stability. The speed-lane change rate
model proposed in this study can better describe the relationship between the speed of the ring-shaped urban expressway and the

lane-changing behavior in the mixed traffic environment with the larger traffic flow.

1. Introduction

In recent years, with the development of autonomous
driving technology, autonomous vehicles will appear on
urban roads in the future. Related researchers predict that by
2040, as many as 75% of vehicles may be self-driving (IEEE
Press Release, 2012). Mixed driving of autonomous vehicles
and manually driven vehicles will be the normal state of
traffic for a long time in the future. Due to the mixing of
autonomous vehicles, the traffic state is not the same as that
under manual driving. It is important to the management
and control of mixed traffic by understanding the operation
mechanism of mixed traffic in the future.

Speed, as one of the important parameters that describes
the characteristics of traffic flow, has great significance to the
description of the state of traffic flow. Lane-changing

behavior, as one of the basic behaviors of vehicles running
on the road, has a great disturbance to traffic flow and is also
one of the main reasons for traffic congestion. In the case of
small traffic flow, the behavior of changing lanes has little
interference with the speed, but in the case of large traffic
flow, this interference is more obvious.

A self-driving vehicle is a vehicle that can automatically
drive on the road in a controlled environment. This vehicle
will automatically choose to follow the car when the traffic
does not allow it to change lanes. But, under special cir-
cumstances (such as obstacles ahead, the target lane can only
be reached after changing lanes, and a more suitable lane
needs to be selected), the lane change behavior will be
performed. In mixed traffic, autonomous vehicles will affect
speed and will also effectively reduce the occurrence of lane-
changing behavior [1-5]. It is important to understand the
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impact of autonomous vehicles on the speed and lane-
changing behavior in a 4-lane closed road in mixed traffic.
The affection is very important to understand the operating
mechanism of traffic flow in mixed traffic. The current re-
search studies on the lane-changing behavior of autonomous
vehicles are mainly focused on the lane-changing behavior of
a single autonomous vehicle. Research methods mainly used
data-driven model [6-8] and simulation model. There are
few studies on the impact of lane-changing behavior on
traffic flow, especially in each lane. For traffic flow, lane-
changing behavior has a greater impact on each lane than on
a road section. Therefore, it has great significance to study
the relationship between speed and lane-changing behavior
in each lane. The relationship is important to understand the
operation mechanism of traffic flow in mixed traffic in the
urban road with closed loops, multiple lanes, and multiple
entrances and has practical significance for future traffic
control under mixed traffic conditions.

Through the current studies, we found that speed is a
very important parameter to describe the traffic flow state.
Most research studies on speed are based on basic graph
theory. Basic graph theory is the basis of traffic flow under
manual driving. For mixed traffic, some scholars had pro-
posed a basic graph. The basic graph of mixed traffic mainly
studied the capability, that is, the relationship between flow
and density within nonfull density [9-13]. The current
studies are mainly from two aspects. On the one hand, the
data of flow and density are obtained through simulation,
and the relationship graph of flow and density is fitted
[14, 15]. On the other hand, the relationship graph of flow,
density, and speed is obtained from the average head-to-
head distance of mixed traffic in a balanced state by theo-
retical analysis methods [16-21]. In the research studies of
the basic graph of mixed traffic, the main studies are focused
on the impact of car-following behavior on the three basic
parameters of traffic flow. The important perspective is focus
on car-following behavior. However, there are not only car-
following behavior and lane-changing behavior of autono-
mous vehicles in mixed traffic but also lane-changing be-
havior of human-driven vehicles. But the study of lane-
changing behavior is not involved in the basic graph of
mixed traffic. At the same time, the research studies on speed
are only from the three basic parameters of traffic flow and
the car-following model of auto-driving vehicles, while the
relationship between speed and lane-changing behavior in
mixed traffic has not been studied.

The main research studies on the impact of lane-changing
behavior on traffic flow under human driving are considered
from the traffic flow model. Based on the classic LWR model,
Laval and Daganzo [22] proposed a modified model [23, 24]
and further proposed a model that used four parameters of
speed, speed, capacity, and lane change rate [24]. In the
model, lane-changing vehicles are described as particles that
completely blocked the traffic flow in each lane. Jin [25]
clearly proposed that lane-changing behavior had an impact
on traffic capacity, but it still used the LWR model and in-
troduced lane-changing factor to modify the three parameters
of traffic flow, density, and speed. In HCM2010 [26], specific
calculation methods for interwoven and non-interwoven
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lanes are given for the interweaving area of expressways. The
lane-changing rate is introduced for interwoven lanes, but the
relationship between lane-changing behavior and speed is not
analyzed. The above studies are all within the basic graph of
manual driving vehicles, and none of them analyzes the re-
lationship between speed and lane-changing behavior. Park
and Rictchie [27] studied the relationship between lane-
changing behavior and speed. The study proposed a re-
gression model on the measured data of lane-changing be-
havior, vehicle types, the difference between upstream and
downstream traffic flow, and speed, respectively, to study the
influence of lane-changing behavior, vehicle types, and the
difference between upstream and downstream traffic flow on
speed in the detection area. The lane-changing behavior is
defined as the number of lane-changing behaviors performed
by a single vehicle in the detection interval, and the different
lane-changing times are counted to establish a multiple re-
gression model. The model shows that lane-changing be-
havior can affect speed changes more than factors such as
vehicle type and the differences between upstream and
downstream traffic flow. Park and Rictchie gave a multiple
linear regression model, as shown in [27]

v =06.169 — 4.410L0 + 5.154L2 + 11.090L3 + 44.150L4. (1)

In the equation, v is the average speed in the mea-
surement section; L0 is the total number of vehicles, in which
lane changes are 0 time in the measurement section per unit
time/the total number of vehicles in the measurement
section per unit time; L2 is the total number of vehicles, in
which lane changes are 2 times in the measurement section
per unit time/the total number of vehicles in the mea-
surement section per unit time; L3 is the total number of
vehicles, in which lane changes are 3 times in the mea-
surement section per unit time/the total number of vehicles
in the measurement section per unit time; and L4 is the total
number of vehicles, in which lane changes are greater than or
equal to 4 times in the measurement section per unit time/
the total number of vehicles in the measurement section per
unit time.

A simulation model was used to study the relationship
between speed and lane-changing behavior through each
vehicle trajectory in the measurement section from the
microscopic view. However, this study has not been con-
ducted on the affect of lane-changing behavior on each lane.
The behavior of changing lanes has a greater impact on each
lane, but the impact on the entire road is not as great as that
in each lane. Moreover, in low traffic flow, the lane-changing
behavior of a single vehicle has a minor impact on the road.
But in large traffic flow, the impact of lane-changing be-
havior is more prominent. Therefore, it is more important to
study the influence of lane-changing behavior in each lane
under large traffic flow, especially speed. The above studies
are all carried out in a human-driving environment.

In the autonomous driving environment, the study of
lane-changing behavior mainly focuses on behavior pre-
diction [28-30]and lane-changing behavior [31, 32]. Liu
etal. [33] used a dynamic control model to describe the lane-
changing motivation at high speed. The motive of changing
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lanes was considered from both horizontal and vertical
aspects, using speed as the motive for safety guarantee, and
predicting the behavior of lane changing. Zheng et al. [34]
also adopted lane-changing motivation models from hori-
zontal and vertical aspects in a dynamic driving environ-
ment. The model used speed, acceleration, and ending time
as inputs in the longitudinal direction and used trajectories
as inputs in the vertical direction to make decisions about
lane-changing behavior. Of course, it is not enough to make
lane-changing decision from the intention. Decision also
need to consider collisions [35], front and rear cars [36, 37],
current road condition [38, 39], and other aspects. In ad-
dition, Jongsang et al. [35] used a deep auto-encoding
network to establish a multivariate model for lane-changing
decisions. Most studies are based on human behavior, and
most models are similar to human behavior models.
Compared with human behavior models, autonomous ve-
hicle models used more and more accurate information
when making decisions. When an autonomous vehicle
enters mixed traffic, it will be naturally affected by human-
driving vehicles, and there are more factors to be considered
when changing lanes. However, the current research studies
are mostly based on the auto-driving vehicle, and the re-
search studies in the mixed traffic are mostly from the road
section and rarely considered from each lane. For multilane
road, the impact of lane-changing behavior on each lane is
greater than the impact on the entire road or the section. In
this study, the influence of lane-changing behavior of each
lane on speed is studied. At the same time, speed is an
important parameter to measure the traffic state. It is im-
portant to understand the relationship between speed and
lane-changing behavior in mixed traffic in each lane. The
relationship is important for understanding the operating
mechanism of mixed traffic flow.

In summary, the current research studies are less in-
volved in the impact of lane-changing behavior on traffic
flow in mixed traffic. The research studies on the relationship
between lane-changing behavior and speed are mainly from
the human-driving environment and mainly involved the
trajectory of lane-changing vehicles and from the road
section. The research on the relationship between lane-
changing behavior and speed from each lane is rarely in-
volved. The behavior of changing lanes has a great impact on
speed in each lane, especially in heavy traffic. Therefore, it is
necessary to study the relationship between speed and lane-
changing behavior in each lane on closed city roads with
circular multilane under heavy traffic flow in mixed traffic.
This study uses empirical, simulation, and data-driven re-
search methods to study the relationship between lane-
changing behavior and speed in each lane based on the
different penetration rates of autonomous vehicles. The
research conducted an empirical study on the third ring
expressway in Chengdu, China, which has the characteristics
of a typical ring-shaped urban expressway [40]. We collected
relevant data and established a corresponding simulation
model. The relationships between speed and lane-changing
behavior, under the autonomous vehicle penetration rates of
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90%, are
studied through simulation models. A data-driven modeling

method was used to establish a linear regression model. For
the first time, we proposed a single-lane speed and lane
change rate model for the closed-loop multilane urban road
under mixed traffic environment and have given the cor-
responding value interval of the parameters. The model can
better describe the relationship between the speed and the
lane-changing behavior of a circular urban expressway in
mixed traffic environment under the large traffic flow.

This study introduces the research background in the
first part. The second part introduces the method we used. In
this part, we introduce the verification of empirical research,
the verification of simulation models, the simulation ex-
periments, and the results obtained from the experiments.
The third part is the results and discussion. In this part, the
results of the analysis were obtained from the previous
experiments, and the speed and lane change models were
established. The last part is the conclusion.

2. Method

This study uses empirical, simulation, and data-driven
methods to study the relationship between speed and lane-
changing behavior. First, empirical methods were used to
obtain data for simulation modeling. Then, we verified the
accuracy and validity of the data. Finally, simulation and
data-driven methods were used to analyze the data char-
acteristics. The validity of the model is verified.

2.1. Empirical Verification. The data used in this study are
video data, which were taken in 2011, 2015, and 2018. The
videos came from on-site shooting and Chengdu Trans-
portation Administration. We used manual method and
self-made traffic flow recognition software to directly obtain
the data from the videos. Collection points are shown in
Figure 1.

In Figure 1, the points represent each selected collection
point. The size of the points represents the number of data,
which were collected in each collection point. The collection
point satisfies the conditions of the section, which has en-
trances or exits, pedestrian overpasses, commercial and
residential land usage on both sides of road, and the different
road types. According to the statistics, the eligible sections
on the third ring road can be classified into 4 types, namely,
entrances or exits connected to the straight section and
connected to overpasses, entrances or exits connected to
curved section and connected to overpasses, entrances or
exits connected to the straight section and not connected to
overpasses, and entrances or exits connected to bends and
not connected to overpasses, as shown in Figure 2.

There are four types, and at least one point of each type
should be selected as the collection point. The nine points are
used as the collection points in this study. The three pa-
rameters of the speed, the number of vehicles that changes
into lane, and the number of vehicles that changes out of
lane are collected from the videos. The collection time is the
time period in the morning and afternoon of the working
day with a large traffic flow. The collection situations are shown
in Table 1.
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TaBLE 1: Introduction of each collection location.

. . . Overpass Connecting road Date of data Time D§tect10n
Collection location Location mode . . acquisiion  (minutes) distance Dataset
Inner ring Outer ring q (meters)
Location 1 Zhaojue Ronedu 2011-1-11
(Sichuan—Shaanxi Northeast Compound temple south & 740 100 137
Avenue 2011-1-12
overpass) road
2010-5-27
. . Jiao Tong . 2015-7-21
];\?E:U:SISI) 2 (Jiaoda Northwest Compound  University K(vl :ri?e 2011-1-5 455 200 92
P road 2011-1-11
2011-1-12
Location 3 (Yangxi Shuhan 2011-1-11
overpass) Northwest Compound  Shuhan road West road 2011-1-12 600 100 106
. 2015-7-19
iogft;‘);s‘)‘l (Supo West  Compound % I;gazve“ Su I:Saye“ 2015-7-20 525 100 63
verp 2015-7-27
Location 5 (Caojin . Yongkang 2011-1-12
overpass) West Compound  Jinyang road rond 2011-1-13 420 100 81
Location 6 (Wuhou South Wuhou Wuhou 2011-1-12
overpass) west Interchange Avenue Avenue 2011-1-13 610 100 72
Location Twin 2011-1-13
7(Sichuan-Tibet Southwest Compound  Jialing road Avenue 2011-1-18 710 200 143
overpass)
. . . . 2015-7-19
232:;1552) 8 (Lantian Southwest Compound e;;g;g‘i’tay ex?ii?v?ay 2015-7-20 525 100 55
2015-7-27
. 2015-7-10
Location 9 (Fenghuang Northeast Compound = Shili shop road Chenghua 2018-7-11 1170 100 179
overpass) Avenue

2018-7-12
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In order to describe the road characteristics, the mini-
mum sample size of statistics is adopted. Equation (2) [41]

was used.
geK\?
2
nz( > ) (2)

In the equation, #n is the minimum sample size for
observation; o is the standard deviation of the sample of the
observed speed; K is the constant of confidence to meet
expectations; and E is the allowable error of speed. It de-
pends on the accuracy of the mean speed, generally
1.5~2km/h.

We used o=7km/h (according to the two-way eight-
lane road), K=1.96 (95%), and E =2 km/h. Then, we got the
minimum sample size as 48. That is to say, if the data groups
collected are greater than 48 groups, the data can be used to
describe the road section characteristics.

Comparing the videos, the unreasonable data were ex-
cluded, and the groups of available data were from 55 groups to
179 groups in each collection point. In this study, we studied
three parameters: speed, the number of vehicles that changes
into lanes, and the number of vehicles that changes out of lanes.

The speed v describes the distance the vehicle passes in a
unit of time. In traffic flow theory, speed is classified into 4
types: point speed, travel speed, design speed, and running
speed. The average speed of the collected section is used in this
study. At first, we used the travel speed to describe the speed
of a single vehicle. The travel speed is calculated by [41]

~ L'x3600

yV=— 3
t x 1000 (3)

In the equation, v is the travel speed in each lane (km/h);
L is the distance of the detection section (m); and ¢ is the
travel time (h).

Then, the average speed of the collected section in each
lane in the collection time interval is calculated by [41]

— 1
Vs = UnYry1v; )

In the equation, (V) is the average speed of the de-
tection lane in the detection section (km/h); n is the number
of vehicles passing through the detection lane; and v; is the
speed of the i-th vehicle passing through the detection lane
(km/h).

The speed unit is km/h. In this study, the collection time
interval was 5 minutes, and the data from each lane in the
selected section were collected. In our software, if over half
part of the vehicle is in the tested lane, then the data of this
vehicle are calculated in the tested lane.

Lane change in or lane change out behavior refers to the
behavior of vehicles entering the tested lane from other lanes
or entering other lanes from the tested lane while running on
the road, as shown in Figure 3.

In Figure 3, the blue vehicle is the vehicle to be changed
in lanes, and it is planned to change to the target lane from
the original driving lane. When the lane change happens,
there are two states of the vehicle to the target lane, such as
partial entry state and complete entry state. In this study, the
behavior of changing into lanes in the target lane is

FIGURe 3: Schematic diagram of vehicle changing lanes (picture
from the internet).

calculated in >50% of the part of the vehicle in the target
lane. The behavior of changing out of lanes is similar to the
behavior of changing into lanes, except that the calculation is
for vehicles leaving the tested lane.

The number of vehicles changing into the tested lane is
also called the rate of changing into lanes, which refers to
the number of vehicles entering the tested lane from other
lanes within a unit time and unit length. The number of
vehicles changing out of the tested lane is also called the
rate of changing out of lanes, which refers to the number of
vehicles entering other lanes from the tested lane in a unit
time and unit length. Here, the unit time is 1 h, and the unit
length is 1km. It is consistent with the definition of lane
change in and change out in HCM2010 [26]. However,
HCM2010 [26] did not study lane-changing behavior of
vehicles in the section between the entrance ramp and exit
ramp. On the highway, the distance between the entrance
ramp and exit ramp is generally long, and the impact area of
the vehicles, which came from the entrance ramp or exit
ramp, is relatively minor. On the urban expressway, the
distance between the on-ramp and off-ramp is relatively
short, and almost the entire road is in the weaving area, and
the impact of changing lanes in the road is greater. If we
only considered the impact of the lane-changing behavior
on the entrance ramp and exit ramp without the section
between the on-ramp and off-ramp, we cannot accurately
describe the impact of lane-changing behavior on the urban
expressway.

In the data collection, the collection time interval is
5min, and the distance of each section is 100 m or 200 m.
Before data analysis, the data were standardized and con-
verted, the final time interval was 1h, and the length was
1 km. The unit of the rate of changing into lanes and the rate
of changing out of lanes are times that are as same as the
number of lane changes in HCM2010 [26]. The data are
represented by LCi and LCo, respectively.

In the data arrangement, we found that some data were
missing. This situation happens because of the discontinuity
of the collection locations and time. We used the time
difference method to complement the data, as shown in
Equation (5). [41]. After completion, the data are 923
groups. The histograms of the data are shown in Figure 4.

(tu’xi)’ t] = tl’
At
Z(t,x,) = z(tj %)+ . tuz(ta,xi), t <<ty
Z(t], xl;l), t] = tp.
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FIGURE 4: Data distribution histogram. (a) The histogram of Lane 1 speed, the rate of changing into lanes, and the rate of changing out of
lanes. (b) The histogram of Lane 2 speed, the rate of changing into lanes, and the rate of changing out of lanes. (c) The histogram of Lane 3

speed, the rate of changing into lanes, and the rate of changing out of lanes. (d) The histogram of Lane 4 speed, the rate of changing into
lanes, and the rate of changing out of lanes.

In the formula, Z is the interpolation in time ¢ ;, location
x;; t, is the first valid data in x; location, ¢, is the initial
moment; ¢, is end time; and x; is the place where inter-
polation needs to be performed.

In Figure 4, the data distribution is relatively discrete.
We use histograms to describe the data characteristics.
The speed is concentrated within 100 km/h. This is mainly
due to the maximum speed limit (which is 100 km/h) on
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the third ring expressway in Chengdu. The data distri-
bution of lane change-in rate and lane change-out rate is
slightly different in each lane. From the shape of the plot,
the speed in each lane is similar, but the rate of changing
out of lanes and the rate of changing into lanes in each lane
are different. The shapes in Lane 2 and Lane 3 are similar,
while the shapes in Lane 1 and Lane 4 are different. For
speed, the speed limit is used in all lanes. For lane-
changing behavior, Lane 1 is the lane farthest from the
entrance ramp and exit ramp, Lane 4 is the lane con-
necting the entrance ramp and exit ramp, and Lane 2 and
Lane 3 are the connecting lanes of Lane 1 and Lane 4.
Therefore, the shapes of Lane 2 and Lane 3 are similar,
while the shapes of Lane 1 and Lane 4 are different. In
addition, Lane 1 is the lane less affected by the entrance
ramp and exit ramp, and Lane 4 is the lane affected by the
entrance ramp and exit ramp. These characteristics are
shown in Figure 4. The discrete of the lane-changing rate
in Lane 4 is more than that in Lane 1. The speed, the rate of
changing out of lanes, and the rate of changing into lanes
in each lane show partial normal distributions. This
distribution is very common on the road. The data dis-
tribution shows that the data collected from videos are
really effective. The collected data can be used for the
establishment of the simulation model.

2.2. Simulation Model. In order to study the relationship
between the lane-changing behavior and speed under
different penetration rates of autonomous vehicles on
urban expressways, we used the third ring road in
Chengdu, China, as a benchmark and established a
simulation model of the urban expressway. The simulation
model takes the ring-shaped urban expressway as the
object. In order to make the simulation model close to the
real road, we used 9 road sections according to the pre-
viously collected data. By simplifying the road network,
only the exits and entrances are retained. Finally, a
simulation model is established.

Using sumo as the platform, the road section is set as a
one-way 4 lane. In previous studies, we found that the lane-
changing behavior has an impact on the speed, but there are
a slight effect in the free flow and more effect in large traffic
flow. In order to increase enough flow, each section has 4
entrances and 1 exit. The road section setting is shown in
Figure 5.

In Figure 5, different types of vehicles are used in the
simulation model. In order to better simulate the real traffic,
the vehicle types are set to four types of large trucks, medium
trucks, cars, and autonomous vehicles. The autonomous
vehicle types are uniform in the model. We used the CACC
model to simulate the autonomous vehicle and the Krauss
model to simulate the human-driving vehicle. In the road
network, each section contains 4 entrances and one exit. The
distance between the ramps is 1 km, the simulation distance
of each section is 5km, and the simulation distance of the
whole road is 45 km, which is close to the length of the third
ring expressway of Chengdu (the length is 51km). The
simulation time is 86,400 s (that is 24 h). The simulation time

period is 4 hours in the morning and 4 hours in the af-
ternoon of the working day in large traffic flow. The sim-
ulation step is 0.1 s. The tranCl is used to add different traffic
flow to different intersections of the road. The collection
time interval is 5 minutes, and the collected data in each lane
include the speed, the rate of changing out lanes, and the rate
of changing into lanes. The groups of collected data are 2,591
groups.

In order to verify the applicability of the simulation
model, the first simulation involved three vehicle types: large
trucks, medium trucks, and cars. The distribution of sim-
ulation data is shown in Figure 6.

In Figure 6, the data distribution is relatively discrete and
similar to the empirical data. The rate of changing into lanes
and the rate of changing out of lanes are relatively similar. In
addition, the shapes of the simulation data and the empirical
data (Figure 4) have a slight difference. The main reason is
that the empirical data contain data in small traffic flow. In
the simulation model, we only simulated the large traffic
flow. There is a certain gap between the simulated data and
the empirical data. But the data distributions are partial
normal distributions.

In order to verify the similarity between the simulation
model and the real traffic state, we drew diagrams of the
relationship between the speed and the rate of changing out
of lanes, and the relationship between the speed and the rate
of changing into lanes of simulation data and empirical data,
as shown in Figure 7.

In Figure 7, the data of the plots in the left part are
collected from empirical research, and the data of the plots in
the right part are collected by the simulation model. From the
form of data, the shape and aggregation state of the empirical
data are similar to that of the simulation data, except for
group number, which is collected in simulations is more than
that in empirical research. That is, from the view of data
relationships, the data representation has a certain degree of
similarity in empirical and simulation methods. Combining
the histogram graphs and the plots of the relationships, we
believe that the established simulation model can be used to
study the relationship between lane-changing behavior and
speed under different autonomous vehicle penetration rates.

2.3. Experiment

2.3.1. Experimental Design. Through the established simu-
lation model, the experiment is designed to study the re-
lationship between lane-changing behavior and speed in a
circular traffic network under different autonomous vehicle
penetration rates. Due to the addition of autonomous ve-
hicles, the lane-changing behavior of vehicles is slightly
different from that of human-driving vehicles. We would
like to know whether different penetration rates of auton-
omous vehicles have an impact on the speed, the rate of
changing out of lanes, and the rate of changing into lanes in
the traffic. Through the data characteristics, we would like to
know the relationship between speed and lane-changing
behavior in mixed traffic. In the experiments, car-following
behavior is mostly adopted, unless there is an obstacle in
front of the lane-changing behavior must be performed.
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FIGURE 5: Schematic diagram of simulation modeling. (a) Road network model of 9 sections established by simulation. (b) Schematic
diagram of the road section including the detector. (c) A road running diagram with one exit, one entrance, and two detectors.
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F1GURE 6: Simulation data distribution histogram. (a) The histogram of Lane 1 speed, the rate of changing into lanes, and the rate of changing
out of lanes. (b) The histogram of Lane 2 speed, the rate of changing into lanes, and the rate of changing out of lanes. (c) The histogram of
Lane 3 speed, the rate of changing into lanes, and the rate of changing out of lanes. (d) The histogram of Lane 4 speed, the rate of changing
into lanes, and the rate of changing out of lanes.
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FIGURE 7: A scatter diagram of the relationship between the speed and the rate of changing out of lanes, and the relationship between the
speed and rate of changing into lanes in each lane in the empirical data and simulation data. (a) The scatter plot of Lane 1. (b) The scatter plot
of Lane 2. (c) The scatter plot of Lane 3. (d) The scatter plot of Lane 4.

Therefore, in the simulation process, CACC vehicles are
used to simulate autonomous vehicles. The human-driving
vehicles used the DK2008 model to change lanes. The
simulation environment setting is consistent with the first
simulation.

The experimental steps are as follows:

Stepl. Different proportions of CACC vehicles (10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, and 90%, respectively) are
added to the ring road for simulation experiments, using
86,400 s as the simulation time and step length of 0.1 s. The
collection time interval is 5min. The data of the speed, the
rate of changing out of lanes, and the rate of changing into
lanes are collected.

Step2. According to statistical data, the relationship between
the speed and the rate of changing out of lanes, and between
the speed and the rate of changing into lanes under different
penetration rates of autonomous vehicles are analyzed.

Step3. 'The final conclusion is drawn based on the previous
analysis.

2.3.2. Experimental Results. Through the design of the ex-
periment, we collected the data of speed, the rate of changing
into lanes, and the rate of changing out of lanes by the

smooth operation of the experiment. In order to better
analyze the relationship between speed and lane change
behavior, the characteristics of the collected data are ana-
lyzed to verify the accuracy and effectiveness of the data. The
data analysis can be shown in the statistical description data
in Tables 2~4.

In Table 2, the data representations of Lane 1 and Lane 2
are relatively close. The average speed slightly decreases with
the increase in the penetration rate of autonomous vehicles.
When the penetration rates are 10% and 30%, the average
speed drops by 0.1%, respectively. When the penetration rate
increases to 40%, the average speed is increased by 5%, which
is compared with the penetration rate of 30%. Compared
with no autonomous vehicle penetration, the average speed
of Lane 1 is increased by 2%, and of Lane 2 is increased by
4%. When the penetration rate increases to 90%, the average
speed increases by 4% compared to the penetration rate of
40%, by 6% in Lanel, and by 8% in Lane2 compared to no
autonomous vehicle penetration. However, when the pen-
etration rates increase, the median speed slightly increases,
and the speed mode does not change much. About 75% of
speed has decreased, and 25% of speed has increased. Those
representations show that with the continuous penetration
of autonomous vehicles, the speed tends to converge toward
the speed mode, and the median speed gradually moves
closer to the speed mode. But it is still different from the
average speed, and it is still non-normally distributed. Lane 1
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TaBLE 2: The statistical description table of the speed of each lane under different autonomous vehicle penetration rates.
p=0%  p=10%  p=20%  p=30% p=40%  p=50%  p=60% p=70%  p=80%  p=90%
Mean value 55.85 55.45 55.08 54.046 54.47 54.630 57.20 58.745 59.72 60.54
Standard error 0.182 0.190 0.191 0.203 0.193 0.185 0.130 0.104 0.083 0.075
Median 56.98 57.18 57.37 56.735 57.29 57.235 58.6 59.46 60.04 60.44
Lanel Mode 64.95 58.64 64.83 64.405 61.33 61.73 60.43 61.615 61.96 60.99
Variance 85.90 9.706 95.13 106.96 96.56 89.340 44.19 28.32 17.99 14.92
75% 70.26 94.20 68.89 68.645 68.09 67.605 67.91 68.5 68.59 69.56
25% 23.49 69.68 24.26 23.135 23.90 25.825 34.99 40.35 45.65 47.58
Mean value 50.85 23.69 50.52 49.80 50.30 50.44 52.98 54.27 55.14 55.90
Standard error 0.151 50.63 0.164 0.176 0.166 0.159 0.104 0.079 0.059 0.048
Median 51.94 0.164 52.64 52.36 52.595 52.6 54.03 54.93 55.62 56.25
Lane2 Mode 52.47 52.4 54.44 52.05 49.985 56.495 54.79 55.71 56.89 56.74
Variance 59.08 51.92 70.37 80.65 71.64 65.79 28.37 16.43 9.139 6.029
75% 60.00 8.194 59.86 59.805 59.705 59.73 59.75 59.845 59.77 59.93
25% 21.96 67.19 21.90 21.585 22.985 24.58 33.29 38.84 45.60 48.53
Mean value 45.59 59.94 39.96 36.84 35.66 35.22 35.69 38.31 40.25 42.80
Standard error 0.258 21.54 0.239 0.221 0.203 0.204 0.181 0.1726 0.154 0.123
Median 48.1 42.91 39.68 36.08 351 34.065 35.54 39.055 41.07 43.29
Lane3 Mode 54.55 0.256 30.47 29.855 36.135 38.845 36.315 42.57 42.80 4511
Variance 173.4 44.09 148.7 127.13 107.05 108.04 85.46 76.67 61.55 39.78
75% 65.43 2491 64.62 63.25 59.82 59.765 58.005 57.65 57.37 56.30
25% 19.26 13.03 19.10 18.39 18.5 18.52 18.825 20.145 21.65 25.77
Mean value 38.46 169.8 33.81 31.24 30.14 29.618 29.05 31.01 32.97 36.65
Standard error 0.228 65.65 0.211 0.198 0.186 0.189 0.184 0.191 0.186 0.164
Median 38.05 18.67 32.98 30.235 29.29 28.14 28.125 30.975 33.88 38.82
Lane4 Mode 59.60 36.30 44.85 22.36 20.56 31.455 35.215 18.945 40.19 42.60
Variance 135.0 0.226 116.2 101.62 90.056 92.974 88.243 94.86 89.75 70.30
75% 59.79 35.85 59.5 57.385 53.73 54.195 51.11 50.155 50.76 51.16
25% 17.16 31.83 16.35 15.215 15.2 14.545 13.41 12.995 13.22 16.26

TaBLE 3: The statistical description table of the rate of changing out of lanes of each lane under different autonomous vehicle penetration

rates.
p=0%  p=10%  p=20%  p=30%  p=40%  p=50%  p=60%  p=70%  p=80%  p=90%
Mean value 11.76 8.07 8.151 8.31 8.176 8.08 6.852 5.92 55 4.81
Standard error 0.158 0.087 0.083 0.082 0.076 0.076 0.066 0.059 0.056 0.052
Median 10 8 8 8 8 8 6 6 5 4
Lanel Mode 8 6 6 6 6 6 5 5 4 4
Variance 65.10 4.445 17.88 17.52 15.04 15.03 11.60 9.02 8.242 7.08
75% 38 21 20 22 20 20 16 15 14 13
25% 0 1 1 2 1 2 1 1 1 0
Mean value 23.35 16.11 16.73 17.64 17.65 17.98 17.25 16.06 15.28 14.55
Standard error 0.280 0.160 0.162 0.181 0.166 0.174 0.166 0.157 0.143 0.132
Median 20 14 15 16 16 16 15 15 14 13
Lane2 Mode 18 14 13 12 14 13 12 11 11 12
Variance 203.5 8.169 68.341 84.92 71.40 78.79 71.99 63.98 53.22 45.29
75% 70 44 44 49 46 47 44 43 39 36
25% 4 4 4 5 5 4 4 4 3 3
Mean value 47.30 34.71 37.64 41.20 42.63 44.01 47.12 46.88 45.84 4411
Standard error 0.458 0.241 0.260 0.298 0.291 0.309 0.334 0.339 0.3165 0.280
Median 42 32 35 38 40 41 44 43 43 42
Lane3 Mode 36 30 33 32 32 37 42 36 41 40
Variance 543.7 12.27 175.27 230.9 218.80 247.8 290.7 297.9 259.27 203.44
75% 126 77 83 89 91 93 98 99 94 87
25% 14 16 17 18 19 19 20 20 20 19
Mean value 38.01 25.35 25.28 26.01 26.57 26.88 27.16 25.51 23.64 20.22
Standard error 0.342 0.148 0.148 0.152 0.163 0.164 0.173 0.180 0.173 0.156
Median 34 24 24 25 26 26 26 25 23 19
Lane4 Mode 24 22 22 22 22 24 25 20 19 18
Variance 304.2 7.575 56.978 59.91 69.539 70.16 78.22 83.96 77.67 63.738
75% 86 46 45 46 49 49 51 51 46 41
25% 12 11 11 11 11 11 11 9 8 6
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TaBLE 4: The statistical description table of the rate of changing into lanes of each lane under different autonomous vehicle penetration rates.

p=0% p=10% P=20% p=30% p=40% P=50% p=60% P=70% p=80% p=90%
Mean value 13.05 9.231 9.814 10.50 10.543 10.651 9.592 8.370 7.538 6.872
Standard error 0.212 0.127 0.125 0.130 0.123 0.121 0.104 0.091 0.076 0.065
Median 10 7 8 9 9 9 9 8 7 6
Lanel Mode 8 5 7 6 7 6 8 6 5 6
Variance 116.7 6.480 41.001 44.08 39.59 38.07 28.26 21.67 15.17 11.08
75% 52 31 31 32 31 30 26 24 20 16
25% 1 1 1 1 1 1 1 1 1 1
Mean value 29.15 20.61 21.63 23.15 23.64 24.01 23.55 22.05 20.72 19.00
Standard error 0.363 0.207 0.202 0.221 0.210 0.215 0.214 0.205 0.186 0.162
Median 24 18 20 21 21 22 21 20 19 18
Lane2 Mode 28 15 15 16 17 16 20 15 18 15
Variance 342.3 10.53 106.62 126.7 114.95 120.43 118.8 109.86 89.82 67.95
75% 94 55 54 60 56 57 56 55 49 43
25% 5 5 6 6 6 7 6 5 5 4
Mean value 48.31 32.23 32.21 33.18 33.68 34.22 34.82 33.20 31.38 27.90
Standard error 0.414 0.171 0.173 0.186 0.194 0.201 0.216 0.228 0.218 0.198
Median 44 31 31 32 32 33 34 32 30 27
Lane3 Mode 52 29 28 25 28 32 34 32 27 23
Variance 445.6 8.72 77.707 90.13 97.904 104.14 121.5 135.56 123.7 101.79
75% 108 55 55 59 62 62 65 66 62 55
25% 17 16 16 16 16 15 15 12 12 9
Mean value 29.90 22.185 24.15 26.33 27.17 28.080 30.42 30.762 30.62 29.928
Standard error 0.298 0.142 0.152 0.167 0.163 0.177 0.195 0.202 0.199 0.194
Median 26 21 23 25 26 26 29 29 29 28
Lane4 Mode 24 20 21 23 24 25 25 23 25 24
Variance 231.6 7.25 60.01 72.33 69.06 81.36 99.01 105.68 102.8 97.76
75% 72 46 51 53 53 56 61 62 61 61
25% 6 9 11 12 13 13 14 13 13 14

and Lane 2 belong to the faster lanes. When autonomous
vehicles enter the road, there will have a certain impact on
the road speed. This is a slight downward trend. With the
increase in penetration of autonomous vehicles, the average
speed of the lanes will have a significant increase when the
penetration rate is over 40%, compared with no autonomous
vehicles on the road. Lane 3 and Lane 4 are close to the
ramps and have the influence of entrances and exits, so there
will have a certain impact on the speed after the autonomous
vehicle running on the road. In Table 2, the average speed of
Lane 3 drops by 12% under the 10% penetration rate of
autonomous vehicles. When the penetration rates of au-
tonomous vehicles continue to increase, the average speed
still shows a downward trend. When the penetration rate
reaches 40%, the average speed has rebounded. When the
penetration rate reaches 90%, the average speed has risen by
12.7% compared to 40% of the autonomous vehicle pene-
tration rate, but it is still 11% lower than the penetration rate
of 0%. The median speed slightly increased, the speed mode
did not change much, the 75% speed did not change much,
and the 25% speed increased. It shows that with the pen-
etration of autonomous vehicles in Lane3, the speed is
concentrated in the speed mode, and the median speed and
the speed mode have a similar trend with the increase in
penetration rates, but there is still a gap with the average
speed. So the speed is still non-normally distributed in Lane
3. However, compared with 0% of the penetration rate of
autonomous vehicles, the average speed of Lane 3 has

decreased. This is mainly because Lane 3 is responsible for a
large number of lane change behaviors of vehicles from Lane
1 and Lane 2 that need to exit the road. So the lane changing
behavior effect the average speed of Lane 3. Lane 4 is the lane
directly connected to the entrances and exits. The average
speed is most affected by the behavior of changing lanes.
With the increased penetration rates of autonomous vehi-
cles, the average speed decreases by 12% when the pene-
tration rate of autonomous vehicles is 10%. Then, the speed
of decline increases with the increase in autonomous vehicle
penetration rates. However, the average speed of Lane 4 will
not increase until the penetration rate of autonomous ve-
hicles is increased to 40%. Although the average speed has
increased when the penetration rate is increased to 90%, it is
still 14% lower than the penetration rate of 0%. The median
speed and speed mode slightly changed with the average
speed but did not change much. The median speed and speed
mode did not show a close trend due to the increase in the
penetration rates of autonomous vehicles. The 75% speed
and 25% speed slightly decrease with the increase in pen-
etration rates, but the speed still converges toward the speed
mode. Taking a comprehensive of the speeds in Table 2 from
Lane 1 to Lane 4, with the increase in penetration rates of
autonomous vehicles, the average speed shows a trend of
decline at the first and then rise up. The changes in the
median speed and speed mode are more obvious in Lane 1
and Lane 2 and are not obvious in Lane 3 and Lane 4. But the
median speed and speed mode have a trend of approaching
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as the penetration rates of autonomous vehicles increase,
except for data in Lane 4. The 75% speed has decreased, and
the 25% speed has increased except for the decrease in Lane
4. However, it shows that the speed is converging toward the
speed mode as the penetration rates of autonomous vehicles
increase.

The impact of autonomous vehicles on speed can be seen
in Table 2. Different lanes play different roles in traffic. The
lane-changing behavior is most affected in Lane 3 and Lane
4, especially Lane 4, which directly affects speed. It can be
clearly seen in Figure 8 that the addition of autonomous
vehicles has a greater impact on lane-changing behavior. It
can also be proved from the statistical data in Tables 3 and 4.

In Table 3, as the penetration rates of autonomous ve-
hicles continue to increase, the average rate of changing out
of lanes does not significantly change and has declined
compared with 0% penetration rate. Except for Lane 4, the
median and mode of the rate of changing out of lanes tend to
approach with the increase in penetration rates of auton-
omous vehicles, but there are still differences from the av-
erage rate of changing out of lanes, and the distribution is
still non-normal. The rate of changing out of lanes in the
75% has decreased with the increase in penetration rates of
autonomous vehicles, except for the significant decrease
under the penetration rate of 10%. But in the 25%, the
increases with the increase in penetration rates are not
significant changes. It can be seen from the data changes of
the rate of changing out of lanes that the increases in au-
tonomous vehicles have a significant impact on multilane
traffic, but as the penetration rates increase, the impact is not
significant. In Table 4, this situation still occurs at the rate of
changing into lanes. When the penetration rate of auton-
omous vehicles is 10%, the changes in the average rate of
changing into lanes are not obvious in Lane 4 and are
obvious in the other three lanes. The decline is above 10% in
the other three lanes. However, as the penetration rates of
autonomous vehicles increase, the trend of changes is not
obvious. Except for Lane 4, the median and mode of the rate
of changing into lanes tend to approach with the increase in
penetration rates of autonomous vehicles, but there are
differences from the average rate of changing into lanes. The
change in the median and mode of the rate of changing into
lanes in Lane 4 is not obvious. The 75% of the rate of
changing into lanes has no significant change with the in-
crease in the penetration rates of autonomous vehicles,
except for a significant drop in the penetration rate of 10%.
However, the changes in the 25% of the rate of changing into
lanes in all lanes are not obvious. On the whole, the rate of
changing into lanes and the rate of changing out of lanes
tend to increase in Lane 1~Lane 3, while the data in Lane 4
slightly decrease. Lane 3, as the busiest lane on the road, is
mainly responsible for vehicles, which enter or exit the road.
With the increase in the penetration rates of autonomous
vehicles, the rate of changing into lanes and the rate of
changing out of lanes have declined, but most lane change
behaviors still happened in Lane 3. At the same time, the lane
change-in rate and lane change-out rate of Lane 2, Lane 3,
and Lane 4 have a similar trend. The influence of lane-
changing behavior in Lane 1 is relatively small because of the
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lane far away from the entrance and exit. With the increase
in the penetration rates of autonomous vehicles, the rate of
changing into lanes and the rate of changing out of lanes in
Lane 1 decreased, but the decline is not very obvious.

Considering data in Tables 2-4, we found that on a
circular closed 4-lane road with a large traffic flow in mixed
traffic, the speed presents an obvious trend of first decline
and then rise up. In different lanes, the different penetration
rates of autonomous vehicles will have different effects on
speed. The speed of the lane far away from the entrance and
exit has increased when the penetration rate of autonomous
vehicles reaches 40%, compared with the penetration rate of
0%. The speed of the lane closer to the entrance and exit is
not significantly increased or even slightly decreased. At the
same time, the rate of changing out of lanes and the rate of
changing into lanes significantly decreased as the penetra-
tion rate of autonomous vehicles reached 10% and then did
not significantly decrease as the penetration rates increased.
Lane 3 is still the busiest lane among the four lanes, and the
lane-changing behavior of Lane 4 does not significantly
respond to the addition of autonomous vehicles. This
phenomenon is consistent with the speed changes. At the
same time, it shows that after the penetration rate of au-
tonomous vehicles reaches 10%, the penetration rate has
little effect on the lane-changing behavior of each lane. With
the increase in the penetration rates of autonomous vehicles,
the speed of the lane far away from the entrance and exit has
decreased before reaching 30% penetration rate and has
increased after the penetration rate exceeds 40%, compared
with 0% penetration rate. For the lane close to the entrance
and exit, lane-changing behavior is still the main factor that
affects the speed in each lane. A greater impact on the rate of
changing into lanes and the rate of changing out of lanes only
occurs when the penetration rate is 10%. This situation shows
that autonomous vehicles running on the road take a limited
impact on lane-changing behavior. With the increase in the
penetration rates of autonomous vehicles, the average speed
of the lanes has decreased compared with 0% penetration rate.
It shows that for the lane close to the entrance and exit, the
autonomous vehicles actually affect the average speed of the
lane. However, all data show that as the penetration rates of
autonomous vehicles increase, there is a certain degree of
convergence in the speed, the rate of changing into lanes, and
the rate of changing out of lanes in each lane.

Through the above analysis, we believe that the collected
data of the speed, the rate of changing out of lanes, and the
rate of changing into lanes have certain changes and sta-
bility. The simulation model is valid. So the data can be used
to study the relationship between speed and lane change
rate. But the relationship requires further research and
analysis.

3. Results and Conclusions

3.1. Analysis of the Relationship between Speed and Lane
Change Rate in Mixed Traffic. After the previous analysis, we
found that we can study the relationship between speed and
the rate of changing out of lanes, and the relationship be-
tween speed and the rate of changing into lanes to research
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FIGURE 8: Scatter plot of the relationship between speed and the rate of changing out of lanes. (a) A scatter plot of Lane 1. (b) A scatter plot of

Lane 2. (c) A scatter plot of Lane 3. (d) A scatter plot of Lane 4.

the relationship between speed and lane change rate. Since
autonomous vehicles have different effects on the speed in
each lane, the relationships between the speed and the lane
change rate under different autonomous vehicles penetra-
tion rates need further analysis.

To verify there is a linear correlation between the speed
and the lane change rate, the correlation analysis between
the speed and the lane change rate in each lane under the
different penetration rates of autonomous vehicles is shown
in Table 5.

In Table 5, with the increase in the penetration rates of
autonomous vehicles, the correlation in the speed and the
rate of changing out of lanes, and the correlation in the
speed and the rate of changing into lanes in Lane 1 and Lane
2 decrease, and the correlations in Lane 3 and Lane 4
enhanced. The relationship between speed and the rate of
changing into lanes, and the relationship between speed
and the rate of changing out of lanes can be observed from
the scatter plot of the relationships, as shown in Figures 8
and 9.

In Figures 8 and9, with the increase in the penetration
rates of autonomous vehicles, the relationship between
speed and the rate of changing out of lanes, and the rela-
tionship between speed and the rate of changing into lanes

are closer in the same lane, but the relationships in different
lanes are shown slightly different in the shape. Combined
with Table 5, the relationships in Lane 1 and Lane 2 show a
higher level of linearity when the penetration rate of au-
tonomous vehicles is 10%, and the relationships in Lane 3
and Lane 4 show a higher level of linearity when the pen-
etration rate of autonomous vehicles is 80%. For Lane 3 and
Lane 4, with the increase in the penetration rates of au-
tonomous vehicles, the speed eventually decreases.
According to the analysis of data distribution in Part 2 of this
study, the speed, the rate of changing out of lanes, and the
rate of changing into lanes present a partial normal dis-
tribution. Considering the analysis of the relationship be-
tween the speed and the rate of changing out of lanes, and
the relationship between the speed and the rate of changing
into lanes in Part 3 of this study, there are certain linear
correlations between the speed and lane change rate. So
regression analysis can be used to analyze the relationship
between speed and lane change behavior.

3.2. Speed-Lane Change Rate Regression Model. In Figures 8,
9, and Table 5, there is a certain linear relationship between
the speed V and the lane change rate. Regression analysis can
be used to describe the relationship.
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TaBLE 5: The linear correlation table between V, LCi, and LCo.
Lanel Lane2 Lane3 Lane4
LCo LCi LCo LCi LCo LCi LCo LCi
—10% Pearson’s Correlation ~ —0.508**  -0.767**  -0.761**  -0.788**  -0.512**  -0.135** —0.093** -0.042*
p=I0% Sig. (2-tailed) 0 0 0 0 0 0 0 0.033
—20% Pearson’s Correlation ~ —0.505**  —0.735**  —0.759**  -0.762"*  -0.590**  —-0.295"* —-0.266"* -0.309*"
p=20% Sig. (2-tailed) 0 0 0 0 0 0 0 0
—30% Pearson’s Correlation  -0.562**  -0.760**  -0.789**  -0.769**  -0.637**  —-0.431"* -0.397** —-0.478"*
p=20% Sig. (2-tailed) 0 0 0 0 0 0 0 0
—40% Pearson’s Correlation  —0.528**  -0.750**  -0.776**  —0.759**  —-0.665**  —0.470** —-0.467"* —-0.518"*
p=a0% Sig. (2-tailed) 0 0 0 0 0 0 9.16E—141 3.80E—178
—50% Pearson’s Correlation  -0.549**  -0.736**  -0.770**  -0.732**  -0.692**  -0.576"* -0.542** -0.576**
p=>0% Sig. (2-tailed) 0 0 0 0 0 0 0 0
—60% Pearson’s Correlation ~ —0.500**  -0.617**  —-0.640**  -0.593** -0.757** —0.665"" —0.632"" —-0.707"*
p=60% Sig. (2-tailed) 0 0 0 0 0 0 2.72E-28 0
—70% Pearson’s Correlation — -0.423**  -0.531"*  -0.502**  -0.482**  -.788*" —-.694"* -0.673** -0.762**
p=70% Sig. (2-tailed) 0 0 0 0 0 0 0 0
—80% Pearson’s Correlation ~ —0.328"*  -0.401""  -0.324"*  —-0.341**  -0.792**  -0.682"* —0.655"* -0.776"*
p=50% Sig. (2-tailed) 0 0 0 0 0 0 0 0
—90% Pearson’s Correlation ~ -0.277**  -0.319**  -0.169"*  -0.194"*  -0.712**  -0.540"* —0.540"* -0.719*"
p=20% Sig. (2-tailed) 0 0 0 0 0 0 0 0
Note: (a)*when 0.05, significant correlation. (b)**When 0.01, significant correlation.
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FIGURE 9: Scatter plot of the relationship between speed and the rate of changing into lanes. (a) A scatter plot of Lane 1. (b) A scatter plot of
Lane 2. (c) A scatter plot of Lane 3. (d) A scatter plot of Lane 4.

TaBLE 6: The degree of the fit table of the relationship between the speed and the lane change rate under different penetration rates of

autonomous vehicles in each lane.

p=10%  p=20%  p=30%  p=40%  p=50%  p=60%  p=70%  p=80%  p=90%

Multiple R 0.777 0.837 0.832 0.852 0.849 0.865 0.535 0.889 0.343

Lanel R square 0.604 0.702 0.693 0.726 0.721 0.749 0.286 0.791 0118
Adjusted R square  0.604 0.701 0.692 0.725 0.720 0.749 0.286 0.791 0117

Standard error 6.10 30.54 30.49 28.96 29.29 28.81 4.49 27.33 3.62

Multiple R 0.796 0.837 0.798 0.846 0.774 0.878 0.511 0.904 0.202

Lane2 R square 0.633 0.702 0.636 0.716 0.599 0.771 0.261 0.817 0.041
Adjusted R square  0.633 0.701 0.636 0.715 0.599 0.779 0.260 0.817 0.040

Standard error 4.96 27.96 5.41 27.18 513 25.46 3.48 23.58 2.40

Multiple R 0.512 0.899 0.645 0.884 0.712 0.872 0.800 0.885 0.716

Lanes R square 0.262 0.809 0.416 0.782 0.508 0.761 0.640 0.783 0513
Adjusted R square  0.261 0.809 0.415 0.782 0.507 0.761 0.640 0.783 0.512

Standard error 11.19 18.22 8.61 17.31 7.29 17.98 5.25 19.07 4.40

Multiple R 0.097 0.899 0.538 0.878 0.663 0.850 0.805 0.851 0.753

Laned R square 0.009 0.809 0.290 0.772 0.439 0.723 0.648 0.725 0.568
Adjusted R square  0.008 0.809 0.289 0.772 0.439 0.723 0.648 0.724 0.568

Standard error 11.47 15.47 8.49 15.06 7.21 16.04 5.77 17.97 5.51
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TaBLE 7: The parameter value interval table of the regression equation under different penetration rates of autonomous vehicles.

Lanel Lane2 Lane3 Lane4
Lower 95%  Upper 95%  Lower 95%  Upper 95%  Lower 95%  Upper 95%  Lower 95%  Upper 95%
c 0 0 0 0 0 0 0 0
p=10% a [0.334 0.4987] [-0.31 —0.20] [-0.57 —-0.50] [-0.19 —-0.07]
b [-1.42 -1.312] [-0.47 —0.38] [-0.09 0.009] [-0.107 0.015]
c 0 0 0 0 0 0 0 0
p=20% a [6.08 6.83] [0.32 0.92] [-0.08 0.02] [0.67 0.79]
b [-1.44 -0.85] [1.08 1.55] [1.09 1.22] [0.46 0.59]
c 0 0 0 0 0 0 0 0
p=30% a [5.991 6.759] [-0.55 —0.44] [-0.45 -0.39] [-0.38 —-0.29]
b [-1.45 -0.88] [-0.28 -0.19] [-0.18 -0.09] [-0.50] [-0.41]
c 0 0 0 0 0 0 0 0
p=40% a [6.10 6.84] [-0.05 0.51] [-0.05 0.05] [0.46 0.59]
b [-1.27 -0.72] [1.28 1.71 [0.87 1.00] [0.42 0.54]
c 0 0 [63.14 64.10] [57.95 59.97] [52.457 54.61]
p=50% a [5.812 6.622] [-0.60 -0.49] [-0.38 -0.33] [-0.454 —0.38]
b [-1.04 -0.45] [-0.17 -0.09] [-0.26 —-0.19] [-0.48 —0.41]
c 0 0 0 0 0 0 0 0
p=60% a [4.81 5.69] [0.04 0.55] [-0.09 0.03] [0.48 0.62]
b [0.62 1.23] [1.40 1.77] [0.84 1.00] [0.48 0.62]
c [63.79 64.590] [58.32 58.95] [57.90 59.17] [55.538 57.04]
p=70% a [-0.25 -0.091] [-0.20 -0.13] [-0.33 -0.29] [-0.38 -0.31]
b [-0.58 -0.47] [-0.09 -0.04] [-0.19 -0.13] [-0.55 —0.50]
c 0 0 0 0 0 0 0 0
p=80% a [3.95 4.86] [0.89 1.34] [0.22 0.35] [0.38 0.56]
b [2.84 3.51] [1.21 1.54] [0.58 0.77] [0.47 0.62]
c 0 0 0 0 0 0 0 0
p=90% a [-0.27 -0.15] [-0.04 0] [-0.29 -0.26] [-0.24 -0.27]
b [-0.32 -0.22] [-0.06 -0.03] [-0.09 -0.04] [-0.48] [-0.32]

Assuming that there is a relationship between the speed
V, the rate of changing out of lanes LCo, and the rate of
changing into lanes LCi, it can be expressed by the following
formula:

V = f(LCo, LCi) (6)

It is assumed that the relationship between the speed V,
the rate of changing out of lanes LCo, and the rate of
changing into lanes LCi is expressed as a multivariate linear
relationship, as shown in

V =aLCo + bLCi +c. (7)

In the formula, a, b, and ¢ all represent constants.

Regression analysis is performed on the relationship
between speed and lane change rate under different pene-
tration rates of autonomous vehicles, and the degree of fit is
shown in Table 6.

In Table 6, the degree of fit R is above 0.7 for each pene-
tration rate in each lane, indicating that the relationship between
speed and lane change rate is a linear relationship in mixed
traffic. It means that the relationship between speed and lane
change rate can be described by a linear relationship in mixed
traffic, when the penetration rates of autonomous vehicles are
greater than 10%. The parameter value interval of Equation (7)
under different penetration rates is shown in Table 7.

In Table 7, parameter ¢ obtained in all lanes with dif-
ferent penetration rates is all 0. Parameter a shows an

upward trend in Lane 1, and it also shows rise and fall trends
in the other lanes. Parameter b shows a downward trend in
Lane 1, and it has the same trend in the other lanes, which is
like parameter a. However, there is a slight change in trends
of the parameters. All of those mean that formula (7) shows
certain stability on the road in mixed traffic.

4. Conclusions

In this study, empirical and simulation methods are used to
study the 4-lane urban expressway with typical ring road
characteristics. When autonomous vehicles running on the
road in a certain proportion, the speed of each lane on the
road section is related to the lane-changing behavior in large
traffic flow. In the empirical stage, video data, which are
collected from 9 road sections on the third ring road in
Chengdu, China, were used as the basis for establishing the
simulation model. In the simulation model, the third ring
road in Chengdu, China, was used as the benchmark object,
and a simulation model of a 45 kilometer ring road with 9
exits and 36 entrances was established. In the model, the
speed limit is also set according to the maximum speed limit
of the third ring expressway of Chengdu. In order to further
study the relationship between speed and lane change rate,
only the large traffic flow was simulated. We simulated the
situations under the penetration rates of autonomous ve-
hicles of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and
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90%, respectively. We analyzed the data of the speed, the rate
of changing out of lanes, and the rate of changing into lanes
in each lane. Then, we found that

(1) Speed in each lane is affected by autonomous ve-
hicles running on the road to a certain extent. The
speed of the two lanes, which are far away from the
entrance and exit, shows a downward trend when the
penetration rates of autonomous vehicles are 10%
and 30%. But with the increase in the penetration
rates of autonomous vehicles, the speed is effectively
increased. The speed of the two lanes, which are close
to the entrance and exit, shows a downward trend
with the increase in autonomous vehicle penetration
rates, especially the lane that is directly connected
with the entrance or exit.

(2) The rate of changing out of lanes and the rate of
changing into lanes are closer to the changes in each
lane with different penetration rates of autonomous
vehicles. When the penetration rate of autonomous
vehicles is 10%, the rate of changing into lanes and
the rate of changing out of lanes have relatively
obvious downward trends from Lane 1 to Lane3 and
have no obvious trend in Lane 4. Then, with the
increase in the penetration rates of autonomous
vehicles, the rate of changing into lanes and the rate
of changing out of lanes did not significantly
change.

(3) With the penetration of autonomous vehicles, the
speed, the rate of changing out of lanes, and the rate
of changing into lanes in all lanes show tendencies to
converge toward the mode position. Compared with
0% penetration rate of autonomous vehicles, the
autonomous vehicles take the behavior of changing
lanes more balanced in the whole time.

(4) With the penetration of autonomous vehicles, there
is a linear relationship between speed, the rate of
changing out of lanes, and the rate of changing into
lanes. Although the data representations of the three
factors are still non-normally distributed, the fit
degree obtained after regression analysis remains
above 0.7 under different penetration rates of au-
tonomous vehicles in different lanes. Those mean
that a linear relationship between speed and lane
change rate exists in the mixed traffic.

In conclusion, we believe that in the 4-lane urban ex-
pressway with large traffic flow, autonomous vehicles have a
certain effect on improving traffic flow. With the penetration
of autonomous vehicles, the speed is significantly increased
in the lane far away from the entrance and exit, but it is not
obvious or even shows a slight downward trend for the lane
closer to the entrance and exit. However, the lane-changing
behavior only is decreased to a certain extent when the
penetration rate is 10%. As the penetration rate increases, the
decreasing trend is not obvious. The speed and lane change
rate show a linear relationship. Under different penetration
rates, its parameters do not change much, and the formula
has a certain stability.

Journal of Advanced Transportation

In addition, this study also has some shortcomings. The
speed-lane change rate model proposed in this study has not
been tested for its applicability in mixed traffic on other
roads. These are the directions for further research studies in
the future.
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