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One goal for large-scale deployment of connected and autonomous vehicles is to achieve the traffic safety benefit since connected
and autonomous vehicles (CAVs) could reduce the collision risk by enhancing the driver’s situation perception ability. Previous
studies have analyzed the safety impact of CAVs involved in traffic, but only few studies examined the safety benefits brought by
CAVs when approaching high-collision-risk road segments such as the freeway crash hotspots. +is study chooses one freeway
crash hotspot in Wuhan, China, as an instance and attempts to estimate the safety benefits for differential penetration rates (PRs)
of CAVs using the surrogate safety assessment model (SSAM). First, the freeway crash hotspot is identified with kernel density
estimation and simulated by VISSIM. +en, the intelligent driver model (IDM) and Wiedemann 99 (a car-following model) are
adopted and calibrated to control the driving behaviors of CAVs and human-driven vehicles (HVs) in this study, respectively.+e
impact that rather CAVs are constrained with or without managed lanes on traffic safety is also discussed, and the PR of CAVs is
set from 10% to 90%. +e results of this study show that when the PR of CAVs is lower than 50%, there is no significant
improvement on the safety measures such as conflicts, acceleration, and velocity difference, which are extracted from the vehicle
trajectory data using SSAM. When the penetration rate is over 70%, the experiment results demonstrate that the traffic flow
passing the freeway hotspot is with fewer conflicts, smaller acceleration, and smaller velocity difference in the scenario where
CAVs are constrained with managed lane compared with the scenario without managed lane control.+e safety benefit that CAVs
bring needs to be discussed. +e lane management of CAVs will also lead to distinct safety impact.

1. Introduction

As vehicle-to-everything (V2X), vehicle sensors, on-board
computers, and calculating efficiency develop, more con-
nected and autonomous vehicles (CAVs) will be involved in
traffic flow on road [1]. +e development and application of
technology need time; a mixed condition of CAVs and
human-driven vehicles (HVs) will exist for several years [2].

For the benefit of situation perception technology and
quick-response driving behavior, the involvement of CAVs
would help improve traffic safety levels [3]. But due to the
driving behavior difference and decision-making difference
between CAV and HVs, CAVs and HVs may disturb each

other in the mixed condition, which may lead to hidden
troubles on traffic safety [4]. +e impact of the involving of
CAVs on traffic remains unclear [5–7].

On the one hand, some research studies indicated that
the involvement of CAVs might be of benefit to traffic safety.
CAVs can improve string stability by preventing shockwaves
[8]. CAVs equipped with beyond-line-of-sight ability can
significantly improve safety by preventing the cascading of
braking events [9]. +e increase of penetration rate (PR) of
CAVs would greatly improve traffic safety in the mixed flow
in the way of keeping time to collision (TTC) an appropriate
range [10]. In the mixed condition of CAVs and HVs, as the
PR of CAVs increases, the potential conflicts decline both in
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intersections and highways [11]. A CAV control algorithm
improves road safety significantly by reducing conflicts even
at low PRs of CAVs [12]. Based on crash data of 6 countries
from 2012 to 2016, the reduction of the average number of
crashes by 47.48% was revealed if all vehicles were equipped
with connected vehicle (CV) or autonomous vehicle (AV)
technologies [13]. +ese research studies demonstrated the
advantages of CAVs in traffic safety. On the other hand,
some researchers demonstrated that the mixed condition
would cause interference between CAVs and HVs and
negatively affect traffic safety under certain conditions
[4, 14]. +e involvement of CAVs may lead to an increase in
potential collisions with low PRs of CAVs [11].

Considering the feature of CAVs, a road without lateral
interference would make full use of CAVs’ capability and
improve traffic efficiency and safety with the formation of
the fleet. To better investigate the influence of mixed con-
ditions of CAVs and HVs on traffic safety, considering the
characteristics of crash hotspots, urban freeway crash hot-
spots are chosen as the experiment conditions. Research on
CAV traffic safety mainly used microsimulation to experi-
ment and obtain data [10, 15–18]. To investigate the impact
of CAVs and lane management strategy on traffic safety,
microsimulation is used [19, 20].

Vehicle trajectory data are often used for the analysis of
traffic flow characteristics [21]. Conflicts can be measured
with trajectory data through the surrogate safety assessment
model (SSAM) [22–26]. Combined with microscopic traffic
simulation, precise trajectory data can be obtained.

In summary, to investigate the impact of CAVs on traffic
safety on urban freeway, a simulation platform is necessary.
With a simulation platform, the adjustment of PRs of CAVs
is accessible, which could contribute to the further research
into the traffic safety impact.

+is study advances the understanding of the traffic
safety impacts of CAVs on urban freeway crash hotspots
with microscopic traffic simulation and explores the
proper lane management under different PRs of CAVs.
+is paper is organized as follows: Section 2 introduces
the experiment framework used in this research, which
includes the selection of experiment road section, simu-
lation scenarios design, the detail of the simulation and
vehicle control algorithms for CAVs and HVs, surrogate
safety assessment model for potential conflict detection,
and the methods for traffic safety assessment. Section 3
contains the results obtained from the microsimulation
and the analysis of the impact of CAVs on traffic safety
through the calculation of 3 parameters. Section 4 dis-
cusses the limitation of this study and proposes im-
provement for the future traffic safety research involving
CAVs. Section 5 includes the conclusion obtained from
the research results.

2. Methods

2.1. Experimental Road Segment: Crash Hotspot Site.
Crash data used for hotspots identification and analysis are
extracted from the Crash Report System developed by the
Ministry of Public Security. For each traffic crash case, its

detailed crash information was recorded, as shown in
Table 1. +e crashes that occurred from January 2016 to
November 2019 and along the 3rd Ring Road of Wuhan city
were used in this study. In summary, 11,498 crashes oc-
curred in this six-lane two-way separated freeway in the
period of 47 months.

A kernel density estimation method [27] is used to
determine the hotspots in this study, and four crash hotspots
are identified and indicated in Table 2 and Figure 1. +e
fourth hotspot is with the highest kernel density and chosen
as the test site, which is located in the section of Luoshi South
Road to Qingling Highway Interchange.

+en, a microscopic simulated road is built using
VISSIM based on the fourth accident hotspot.+is section of
the road is 4.6 kilometers long, and it goes east–west with 3
lanes on each direction. +e satellite imagery with accident
stamps is shown in Figure 2.

In addition to the crash data, the traffic flow data
recorded by microwave detectors could be used to represent
the traffic condition and as an input of the simulation, as
listed in Table 3.

2.2. Scenarios of CAVs Controlled by Lane Management.
Based on the real road condition of the section of Luoshi
South Road to QinglingHighway Interchange on theWuhan
3rd Ring Road, two scenarios are set. +e purpose of these
two different microscopic traffic simulation scenarios is to
test how lane change management would affect traffic safety
with different PRs of CAVs involved. With the setting of
various penetration rates, the impact of CAVs on traffic
safety could be reflected by conflicts [28, 29].

In scenario 1, no limits are set to the CAVs that CAVs
could change lanes as they want. In scenario 2, a managed
lane is set for CAVs where CAVs could only run on this
managed lane.

+e 4.6-kilometer road is divided into 2 parts: the first
500 meters of it is set to be the preparing part which helps
make the traffic flow stable, and the rest part is set as the test
part where the data are collected, presented in Figure 3.

For the decision-making mechanisms of CAVs and HVs
are different, the response of two different types of vehicles
under the same traffic condition would be different.

As time goes by, with the development of technology, the
PR of CAVs would keep rising. A proper traffic management
strategy of CAVs would be necessary to avoid the mutual
interference of driving behaviors that CAVs and HVs would
have on each other.

2.2.1. Scenario 1: CAVs Allowed to Change Lanes. As no
lane-changing limits are set for the CAVs in scenario 1, a
mixed condition of CAVs and HVs is shown as in Figure 4.

2.2.2. Scenario 2: CAVs Constrained to Managed Lanes.
CAVs are only allowed to operate on the managed lane,
while HVs could operate anywhere on the road at will.
Scenario 2 is shown in Figure 5.
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2.3. Microsimulation and Vehicle Control Algorithm. +e
simulation test is conducted using the microsimulation
software VISSIM. +e trajectory file is generated from the
simulation for surrogate safety measures. Control algo-
rithms for CAVs and HVs shall be calibrated before the
simulation.

Two scenarios are built for the simulation. +e traffic
vehicle composition settings, vehicle input, expected speed,
traffic flow, and vehicle proportions are all based on the
actual collected traffic flow data collected by microwave
detectors as input.

2.3.1. Microsimulation. As for the simulation, to ensure the
reliability of the simulation results of 2 scenarios, 5 different
random seeds are set for each group of simulations in each
scenario. For each scenario, simulations are set 5 times at
each PR of CAVs with different random seeds, and the PR of
CAVs is in the range of 10% to 90% at 10% interval. Overall,
for each scenario, the total number of simulations is 45.

A single complete simulation consists of two phases,
which are warm-up phase and data-recording phase. +e set
of warm-up phase is to make sure the traffic flow stabilizes
during the simulation. Only the data recorded during the
data-recording phase are used in data processing.+e length
of warm-up phase is 3600 s, the length of data-recording
phase is 7200 s, and the total time of a complete simulation is
10800 s. All the trajectory files are imported into SSAM to
analyze traffic conflicts.

2.3.2. Car-Following Behavior. In our study, with regard to
the HV, the Wiedemann 99 model [30] is used to simulate the
driving behavior of vehicles on the freeway. And the intelligent
driving model (IDM) is adopted for CAV simulation.

For Wiedemann 99 model, the driving behavior is based
on the following algorithm, as illustrated in equation (1).
And the parameters involved in Wiedemann 99 are listed in
Table 4.

dx safe � CC0 + CC1 · v, (1)

where dx safe denotes the safety distance between the
leading vehicle and the following vehicle, CC0 is the average
distance when the vehicle is stopped, CC1 denotes the
desired headway, and v is the velocity.

+e IDM was proposed by Treiber [31] in 2000 and has
been used in many pieces of research on the control algo-
rithm of CAVs [28, 32].

Table 2: +e location of 4 crash hotspots.

Crash hotspots Location (all four hotspots are on Wuhan 3rd Ring Road)
1 +e section south of Changfeng Bridge
2 +e section of Wangjiazui Highway Interchange
3 +e section of Yingwu Highway Interchange
4 +e section of Luoshi South Road to Qingling Highway Interchange

Table 1: Crash information recorded in the Crash Report System.

Parameter Notes Sample
Time +e time that crash occurred 2018/9/3 20:07:00
Description +e situation description of the crash Two buses side impact
Location +e road name where crash occurred Wuhan 3rd Ring Road
Mileage +e mileage where crash occurred K1 + 200 meter
Direction +e direction where crash occurred (downstream, upstream) Downstream

Figure 1: Visualization of the spatial distribution of accident
density by kernel density estimation.

Figure 2: +e location of accidents on the section of Wuhan 3rd

Ring Road from Luoshi South Road to Qingling Highway
Interchange.
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+e basis of this theoretical car-following model is that
assumes the IDM would fit well under both free flow and
congested flow. Vehicles controlled by IDM could adjust the
head spacing and their velocity to the vehicles ahead. With

better stability of vehicle control, the IDM is now wildly
used.

As parameters of IDM have clear physical meanings,
which could influence driving behaviors of controlled

Table 3: Example of the traffic flow data recorded by microwave detectors.

Vehicle type (1—car, 2—truck) Time Checkpoint Direction (south to north) Velocity (km/h) Lane
2 20190302230647300 1 South to north 37 3
2 20190303074851300 1 South to north 46 2
2 20190303095717700 1 South to north 50 3
2 20190304005344800 1 South to north 53 3
2 20190304181204800 1 South to north 53 2
2 20190306041031900 1 South to north 36 2
2 20190306132039000 1 South to north 38 2
2 20190306220631700 1 South to north 32 2
2 20190307010854000 1 South to north 62 3
2 20190307024558500 1 South to north 56 2
2 20190307050453600 1 South to north 67 2
2 20190307114304200 1 South to north 54 3

The direction vehicles travel

Preparing partTest part
(data-recording part)

Figure 3: Schematic diagram of the experiment road section.

Human-driven vehicle
- CAV

- Truck

- CAR

Figure 4: No lane-changing limits are set for CAVs.

Managed lane
for CAV

Human-driven vehicle
- CAV

- Truck

- CAR

Figure 5: A managed lane is set for CAVs.
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vehicles. Moreover, the model could simultaneously de-
scribe the car-following behavior of vehicles on a single
lane in the state of both free flow and congested flow. In
the state of congested flow, when the velocity difference of
two vehicles one after another is small, a slight change of
space ahead would not cause rapid deceleration of ve-
hicles. A relatively stable vehicle operating state helps
provide a comfortable driving experience and improve
traffic safety. +e function of IDM is expressed as equa-
tions (2) and (3):

a � a0 1 −
v

v0
􏼠 􏼡

δ

−
s∗(v,Δv)2

s
􏼠 􏼡

2
⎛⎝ ⎞⎠, (2)

s
∗
(v,Δv) � s0 + vT +

vΔv
2

���
a0b

􏽰 , (3)

where a is the acceleration of vehicle n, v is the velocity of
vehicle n, Δv is the velocity difference of the following
vehicle and the vehicle ahead, v0 is the expected velocity
of the vehicle in the free flow, a0 is the acceleration, b

is the deceleration, s0 is the minimum space headway of
the following vehicle when the vehicle stops, T is the
expected time headway, and δ is the parameter which is
normally 4.

For an accurate simulation of CAVs, an operation
strategy is made. In the free flow, CAVs are expected to pass
through the road section at a high speed. In a congested flow,
CAVs could keep a shorter space headway. According to
previous research [33], there is a reduction coefficient under
each traffic condition, as shown in Table 5.

Combining previous research results and traffic char-
acteristics of freeways in China, the parameters and value
ranges of the selected IDM are shown in Table 6.

2.3.3. Lane-Changing Behavior. In this research, the lateral
movement behaviors of all vehicles in the micro-
simulation are set to VISSIM default lane-changing
control strategy.

2.4. Surrogate Safety AssessmentModel. +e surrogate safety
assessment model is a model developed by the Federal
Highway Administration (FHWA), U.S. Department of

Transportation, to automatically identify, classify, and
evaluate potential vehicle-to-vehicle conflicts with trajectory
files. A trajectory file could be output after running the
microsimulation on VISSIM, which contains data about the
positions, velocities, and other data of vehicles. SSAM uses
several algorithms to identify potential conflicts based on
vehicle trajectory files. Software with SSAM built in is de-
veloped by the FHWA on Windows.

Several parameters can be adjusted to determine the
criterion of identifying conflicts. +e criterion of conflicts
detecting could be affected by the change of several
parameters.

TTC is the minimum time-to-collision value during
the conflict [34]. A TTC is the time step between the
identification moment to the collision moment. As TTC
is set larger, more potential conflicts will be detected.

To classify different types of conflicts, the conflict angle is
set. A conflict angle is the approximate angle of the con-
flicting vehicles in a potential collision.

According to the conflict angle, vehicle-to-vehicle
conflicts are divided into 3 types, presented in Figure 6. If θ is
smaller than θ1, the conflict is of rear-end conflict. If θ is
bigger than θ2, the conflict is of crossing conflict. If θ is
bigger than θ1 and smaller than θ1, the conflict is of lane-
change conflict.

2.5. Assessment of Traffic Safety. To assess the impact of
CAVs on traffic safety, three methods are used, which are the
number of conflicts, acceleration distribution, and velocity.
All these analyzing data are based on the data output from
simulation.

2.5.1. Number of Conflicts. Conflicts between vehicles
could result in crash; therefore, the number of conflicts
could represent the performance of traffic safety [35]. +e
greater the number of conflicts, the lower the level of
traffic safety.

2.5.2. Acceleration Distribution. Acceleration distribution of
vehicles could represent the stability of traffic flows of the
road section [36]. As crash occurs, the distance between
vehicles is zero. In the process vehicles getting close to each
other, a rapid acceleration or deceleration would occur. +e

Table 4: Wiedemann 99 parameters.

Parameter (unit) Short description
CC0 (m) Standstill gap
CC1 (m) Headway time
CC2 (m) “Following” variation
CC3 (s) +reshold for entering “following”
CC4 (m/s) Negative “following” threshold
CC5 (m/s) Positive “following” threshold
CC6 (10−4 rad/s) Speed dependency of oscillation
CC7 (m/s2) Oscillation acceleration
CC8 (m/s2) Standstill acceleration
CC9 (m/s2) Acceleration at 80 km/h
VDES Desired speed of vehicles

Table 5: Reduction coefficient of IDM under different traffic
conditions.

Reduction coefficient ηT ηv0
ηa0

ηb

Smooth traffic flow 1.0 1.0 1.0 1.0
Congestion 0.5 0.9 1.0 1.0

Table 6: +e range of parameters of IDM.

Parameter v0 a0 b T s0

Upper bound 80 0.1 0.1 0.1 0.1
Lower bound 100 5 5 5 10
Value 86 1.2628 2.6907 1.5295 7.8893

Journal of Advanced Transportation 5



occurrence of a crash must be accompanied by intense
acceleration or deceleration. Acceleration can indicate road
safety [10]. As the acceleration closes to zero, the state of
vehicles in traffic flow tends to keep stable, which represents
a high level of traffic safety.

2.5.3. Velocity Difference. +e distribution of velocity dif-
ference can represent the fluctuation of traffic flow. +e
velocity difference is the difference value between the ve-
locity of front vehicle and the velocity of rear vehicle. As the
absolute value of velocity difference gets higher, the distance
between vehicles gets further or closer, which declares an
unstable state of traffic flow.

+e velocity difference is expressed as follows:

vdiff � vfront − vrear, (4)

where vdiff is the velocity difference, vfront is the velocity of
front vehicle, and vrear is the velocity of rear vehicle.

3. Results

+e results obtained from the microsimulation are divided
into 3 parts. Two different scenarios were tested in the
microsimulation, and these results are measured as the mean
value of the simulation output of all 5 random seeds. +ese
results are the parts after the simulation has been started at
3600 s when the vehicle flows tended to remain relatively
stable. +e conflicts are exported from trajectory files ana-
lyzed through SSAM. With the existence of medial divider,
considering only traffic flows in the same direction, no
crossing conflict would exist, conflicts between vehicles are
in the type of rear end and lane change regarding the conflict
angle of two cars. All the parameters are set to default in
SSAM.

3.1.Conflicts onUrbanFreeway. Two scenarios are set for the
microscopic simulation experiment.

In the simulation, the only parameter that has been
changed is the PR of CAVs. +e conclusion obtained in the
simulation test is that while all the vehicles on road are
CAVs, there would not be potential conflicts.

In scenario 1, no managed lane is set for CAVs; all the
vehicles could change lanes or overtake other vehicles. +e
trend of changes in the number of potential conflicts is
shown in Figure 7. +e number of potential conflicts with
various PRs of CAVs is listed in Table 7. As the PR of CAVs
increases from 10% to 50%, the number of potential conflicts
increases from 179 to 724, an increase of 304.47% on the
number of conflicts at a PR of 10%. +is indicates that the
involvement of CAVs interferes with the running status of
traffic flow and lowers the traffic safety level. From 50% to
80% of PR of CAVs, the number of potential conflicts barely
changes. +e mixed condition of CAVs and HVs tends to be
stable. When the PR of CAV changes from 80% to 90%, the
number of potential conflicts decreases from 726 to 584, a
decrease of 19.56% on the number of conflicts at a PR of
80%. As CAVs take a large proportion of traffic flow, the
advantage of CAVs starts to reveal.

In scenario 2, managed lanes are set to constrain lane-
change behaviors of CAVs. Figure 8 provides a visual
representation of the trend of the number of potential
conflicts with the increase of PRs of CAVs. As the PR of
CAVs increases from 10% to 90%, the number of potential
conflicts decreases from 63 to 0, a decrease of 100% on the
number of conflicts at a PR of 10%. +e results indicate
that setting managed lanes and constraining lane-change
behaviors help CAVs avoid lateral interference and form
fleet. CAV fleet could operate fast and smoothly. In the
CAV fleet, CAVs could keep a short head spacing between
each other.

Lane
change

Rear
end

Crossing

180°

0°
θ = conflict angle
θ1 = rear-end threshold angle
θ2 = crossing threshold angle

θ

θ < θ1

θ > θ2

θ1 ≤ θ ≤ θ2θ1

θ2

Figure 6: Diagrammatic sketch of conflict angle (source: [34]).
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3.2. Acceleration Distribution on Urban Freeway. Figure 9
presents acceleration distributions of two scenarios with the
PR of CAVs increases from 10% to 90%. Figure 10 provides a
visual representation of the change in standard deviation
(SD) of acceleration as the PR of CAVs changes. +e SD of
acceleration and PR are listed in Table 8.

As Figure 9 shows, under both scenarios, a gradual
increase in the ratio of the acceleration at 0m/s2 can be easily
found, which indicates that the involvement of CAVs would
boost the portion of smooth driving in the mixed traffic flow.
With the increase in the PR of CAVs, the ratio of high
deceleration rate is also decreased, which indicates that a
smoother traffic flow can be attained.

3.3. Velocity Difference on Urban Freeway. According to the
data of the microwave detector, traffic conditions on road
can be analyzed. Comparing data recorded by themicrowave
detector and data exported through the simulation, the
impact that CAVs made can be detected. Figure 11 dem-
onstrates the velocity difference of vehicles in real situations
and human-driven vehicles (PR of CAVs� 0) in simulation.
+e distribution of velocity difference is close to a normal
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Figure 7: Number of potential conflicts in scenario 1 in 10% increments of CAV penetration rate.

Table 7: Tabular representation of the number of potential conflicts in two scenarios.

CAV penetration rate (%)
Scenario 1 Scenario 2

Rear end Lane change Total conflicts Rear end Lane change Total conflicts
10 15 164 179 8 55 63
20 33 257 290 12 45 57
30 44 344 388 21 24 45
40 67 480 547 6 7 13
50 75 649 724 3 4 7
60 48 679 727 0 4 4
70 56 682 738 0 2 2
80 71 655 726 0 0 0
90 64 520 584 0 0 0
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Figure 8: Number of potential conflicts in scenario 2 in 10%
increments of CAV penetration rate.
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distribution. +e SD of velocity difference on road is 10.504,
and the SD of velocity difference in simulation is 8.653.
Despite little difference, the close SD indicates the accuracy
of simulation is high.

Previous studies showed that CAVs can affect traffic
safety by affecting the speed of the front and rear cars [10]. In

this research, vehicle velocity differences have been calcu-
lated under various PRs of CAVs from 10% to 90%.
Figure 12 presents the distribution of velocity differences of
vehicles on the road of 2 scenarios. As shown in Figure 12,
the velocity difference distribution is like normal distribu-
tion. In the mixed traffic flow, as the PR of CAVs increases,

–6 –4 –2 0 2 4 6
0.0

0.2

0.4

0.6

0.8

1.0

Ra
tio

0.0

0.2

0.4

0.6

0.8

1.0

Ra
tio

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

Ra
tio

Ra
tio

Ra
tio

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

Ra
tio

Ra
tio

0.0

0.2

0.4

0.6

0.8

1.0

Ra
tio

0.0

0.2

0.4

0.6

0.8

1.0

Ra
tio

Acceleration (m/s2)
–6 –4 –2 0 2 4 6

Acceleration (m/s2)
–6 –4 –2 0 2 4 6

Acceleration (m/s2)

–6 –4 –2 0 2 4 6
Acceleration (m/s2)

–6 –4 –2 0 2 4 6
Acceleration (m/s2)

–6 –4 –2 0 2 4 6
Acceleration (m/s2)

–6 –4 –2 0 2 4 6
Acceleration (m/s2)

–6 –4 –2 0 2 4 6
Acceleration (m/s2)

–6 –4 –2 0 2 4 6
Acceleration (m/s2)

(i) PR = 10% (ii) PR = 20% (iii) PR = 30%

(iv) PR = 40% (v) PR = 50% (vi) PR = 60%

(vii) PR = 70% (ix) PR = 80% (x) PR = 90%

(a)

–7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7
0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

Ra
tio

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

Ra
tio

Ra
tio

Ra
tio

Ra
tio

Ra
tio

Ra
tio

Ra
tio

Ra
tio

Acceleration (m/s2)
–7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7

Acceleration (m/s2)
–7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7

Acceleration (m/s2)

–7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7
Acceleration (m/s2)

–7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7
Acceleration (m/s2)

–7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7
Acceleration (m/s2)

–7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7
Acceleration (m/s2)

–7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7
Acceleration (m/s2)

–7 –6 –5 –4 –3 –2 –1 0 1 2 3 4 5 6 7
Acceleration (m/s2)

(i) PR = 10% (ii) PR = 20% (iii) PR = 30%

(iv) PR = 40% (v) PR = 50% (vi) PR = 60%

(vii) PR = 70% (ix) PR = 80% (x) PR = 90%

(b)

Figure 9: Acceleration of vehicles on the road of 2 scenarios at different PRs. (a) Scenario 1. (b) Scenario 2.
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velocity differences tend to close to 0, which represents that
vehicles on road keep a relatively stable flow. +ese results
show that CAVs can promote the stability of traffic flow. In
scenario 2, the velocity differences converge to 0 faster than
those in scenario 1, indicating that CAVs could help improve
traffic safety on freeway crash hotspots.

As shown in Table 9, as the PR of CAVs increases, the SD
of velocity difference in scenario 1 rises and then decreases.
+e trend of SD of velocity difference in scenario 2 falls,
follows with rise, and then falls. But the range of SD of
velocity difference is smaller in scenario 2 than in scenario 1.

Standard deviation is a good indicator to describe the
degree of dispersion in a normal distribution. As shown in
Figure 13, on the whole, the SD of velocity difference de-
creases as the PR of CAVs increases.

+e velocity difference between the vehicles and the
following vehicles can reflect the traffic safety level at the
microscope level. Vehicles driving smoothly not only make
drivers and passengers feel comfortable but also help in-
crease the volume of traffic flow. In general, CAVs can
promote the tendency of the velocity difference between the
vehicles and the following vehicles to converge toward 0. As
the PR of CAVs increases, the trend of aggregation of ve-
locity difference is getting more obvious, which could

represent that CAVs could help the traffic flow operate
smoothly. Constraining CAVs on the managed lane could
help improve traffic safety with high PR of CAVs at the
freeway crash hotspots. In the condition that CAVs can
change lanes freely, velocity difference with different PRs of
CAVs is not the same, but on the whole view, there is an
aggregate trend that velocity difference gets close to 0. +e
reason why there is a trend is that, compared with HVs,
CAVs can better perceive traffic conditions ahead and adjust
their operation in time to keep a relative safe distance to the
vehicle ahead in time. With a more sensitive response in the
car-following flow, vehicles (include CAVs) can travel more
smoothly and avoid nonsense deceleration and congestion.
In this way, setting lane-change constrain to CAVs could
better use the strengths of CAVs without the interference of
HVs. +e biggest feature of driver behaviors is random and
unpredictable. With random deceleration, lane changing,
and over-passing behaviors, the balance of traffic flow on
road can be easily broken. +at is one of the reasons why
traffic jams would occasionally happen on road. In sum-
mary, as the PR of CAVs getting higher, the stability of the
overall traffic flow tends to get better, where setting con-
straints to CAVs’ lane-change behavior helps improve traffic
safety.
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Figure 10: Standard deviation distribution of acceleration of vehicles in simulation.

Table 8: Tabular representation of the standard deviation of acceleration in two scenarios.

PR of CAVs (%)
SD of acceleration

Scenario 1 Scenario 2
10 0.39832 0.34323
20 0.42410 0.33488
30 0.46552 0.29471
40 0.49242 0.23735
50 0.51403 0.17574
60 0.56258 0.13405
70 0.62391 0.09934
80 0.61760 0.07070
90 0.50907 0.04140
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Figure 12: Continued.
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Figure 11: Velocity difference of vehicles from 7:00 to 9:00 on the selected road section. (a) Velocity difference of vehicles on the road.
(b) Velocity difference of HVs in simulation.
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Figure 12: Velocity difference of vehicles on the road of 2 scenarios. (a) Scenario 1. (b) Scenario 2.
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Figure 13: +e standard deviation of velocity difference of vehicles in simulation.

Table 9: Tabular representation of the standard deviation of velocity difference in two scenarios.

SD of velocity difference 0% 10% 20% 30% 40% 50% 60% 70% 80% 90%
Scenario 1 8.653 8.752 8.914 8.918 8.688 8.335 7.269 7.226 6.449 5.287
Scenario 2 8.653 8.497 8.156 8.337 8.711 8.857 8.522 8.542 7.956 7.112
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4. Conclusions

In this research, the impact of CAVs on traffic safety with
various PRs of CAVs is investigated by simulation, and two
experiment scenarios are set to study the traffic safety im-
provement of two traffic management strategies.

+e authors built a mixed traffic scene with CAVs and
HVs using microscopic simulation software. During the
experiment, the PR of CAVs has been changed from 10% to
90%, two traffic management strategies were designed by
settingmanaged lanes for CAVs or not. Evaluation data were
generated from the simulation, and potential conflict de-
tection was completed through the surrogate safety as-
sessment model using vehicle trajectory files.

+ough that the situation perception advantages seem to
provide CAVs with significant improvement in traffic safety,
the results indicate that the involvement of CAVs in the
mixed traffic flow on urban freeway would cause an increase
of more than 300% in the number of conflicts and a decline
in traffic safety levels as the PR of CAVs increases from 10%
to 50%. +e results indicate that the arrangement of man-
aged lanes for CAVs rises in traffic safety as the PR of CAVs
is in the range of 10% to 50% compared with allowing CAVs
lane-changing. As the PR of CAVs rises above 70%, the
safety level rises up again without lane management of
CAVs. +e reason for the traffic safety level decline may be
the driving behavior difference between HVs and CAVs, and
the difference may cause interference in vehicle operating
and lead to conflicts. +e results also indicate that setting
managed lanes for CAVs could help improve traffic safety at
the freeway crash hotspot. With a better perception of the
surrounding conditions and information sharing, CAVs
running at the same lane could keep a short head spacing
and form a fleet.

Because only one set of traffic flow data was used in this
study, the impact of CAVs on traffic safety may not be
completely revealed. In the further study, more road situ-
ations with different traffic flow shall be considered, and the
function of more detailed lane management shall be
discussed.

5. Discussion

+e impact of CAVs on traffic safety would change along
with the change of PR of CAVs [11].+e number of potential
conflicts increases with the increase of PR of CAVs, with the
PR under 50%. +e SD of acceleration also increases, which
indicates the decline of traffic safety levels. When the PR of
CAVs is between 50% and 80%, the number of potential
conflicts, acceleration distribution, and velocity difference
distribution barely change with PRs increasing. CAVs and
HVs form a stable traffic flow state. As the PR of CAVs is
beyond 80%, the number of potential conflicts and standard
deviation of acceleration decrease with an increase in the PR
of CAVs. +is indicates the improvement of traffic level
compared with the situation when the penetration is 50%.
But the number of potential conflicts is still higher with the
PR of CAVs at 90% compared with 10%.

After constraining CAVs not to change lanes, the
number of potential conflicts and SD of acceleration de-
crease with an increase in the PR of CAVs, which indicates
the improvement of traffic safety level.

+ough simulation is relatively cheap and easy to con-
duct, the reliability and precision of simulation cannot fully
reveal the actual rule of CAV field-driving behavior. For
further investigation of the influence of CAVs on traffic
safety, a real-road CAV test is essential. Two traffic man-
agement strategies were proposed in this research, which
were no managed lane and managed lane for CAVs. A more
specific and customized management strategy could im-
prove traffic safety levels better. +e PR mentioned in this
research is the proportion rate of CAVs in the process of
vehicle input before the simulation. +e input proportion
rate cannot reflect the PR in the traffic operating process
accurately. For a more accurate investigation of the impact
of the mixed condition of CAVs and HVs on traffic safety,
controlling the PR during the simulation is essential.

For further research, calibrating the CAV control al-
gorithms is necessary, which could help improve the ac-
curacy of microsimulation and improve the reliability of the
research. Experiments with real CAVs could reflect the
driving behaviors directly, and traffic safety levels could be
evaluated by analyzing the data collected in the experiment.
More experiment scenarios could be designed, and a more
concrete traffic management strategy should help the traffic
flow operating more smoothly.
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