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The automated system replaces the driver, which makes autonomous vehicle to improve safety and convenience, so the market of
autonomous vehicle is huge. However, the real-world application of autonomous vehicles faces many challenges due to the
immaturity of automated systems. As a consequence, simulation verification plays an irreplaceable role in the application of
autonomous vehicle (AV). Car-following is the most common driving scenario in mixed traffic flows, so it is essential to
develop an appropriate and effective simulation method for AV. Combined with the existing AV simulation methods and
digital twin (DT) technology, this paper proposes a DT-assisted method for AV simulation in a car-following scenario. The
method makes the physical vehicle interact with the DT vehicle, and the DT vehicle can dynamically regulate the physical
entities through real-time simulation data; the simulation verification can be displayed in the DT scenario to ensure the
security of the simulation. Meanwhile, a DT-assisted simulation framework of AV is proposed, the framework includes
physical entity components, DT components, and data processing and evaluation components. Besides, a DT-assisted
simulation platform is developed base on Unity engine. Finally, the DT-assisted simulation of AV in the car-following scenario
is implemented in field experiment. The experimental results show that the proposed method can be effectively conducted AV
simulation in car-following, and the average of communication latency is 52.3ms, which is smaller than the update frequency
15Hz (66.6ms) between DT-assisted platform and AV. The DT-assisted simulation method of AV proposed in this paper is
applied in the car-following scenario, which effectively solves the challenges of car-following scenario simulation through
virtual-real interaction.

1. Introduction

In recent years, AV has entered a stage of rapid development
both in theory and technology [1]. Establishing safety of AV
is a challenging endeavor due to the variety of conditions an
AV has to operate in and the complexity of their system
implementation, which is one of the important reasons
why AV has not been applied in a large scale [2]. Hence,
in the process of AV development, simulation verification
plays an irreplaceable role. In particular, car-following is
the most common driving scenario in mixed traffic flows,

and it is very crucial to select an appropriate and effective
simulation method for the car-following scenario. At pres-
ent, the main methods of autonomous vehicle simulation
include software-in-the-loop (SIL) [3], hardware-in-the-
loop (HIL) [4], and vehicle-in-the-loop (VIL) [5]. SIL
focuses on algorithm simulation verification, HIL focuses
on algorithm and partial subsystem simulation verification,
and VIL takes into account vehicle system and algorithm
simulation. However, the vehicle can only move within finite
degrees of freedom in the VIL, due to the physical vehicle on
the wheel-hub. In addition, the interaction between the
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vehicle and the environment (e.g., wheels and the road sur-
face) is all in the simulation platform. Closed road testing
of AV is risky and costly.

With the advent of industry 4.0 era, the emergence of DT
technology brings new applications in the field of AV simu-
lation [6]. At first, Dr. Michael Grieves introduced the con-
cept of DT equivalents of physical products in the product
life cycle management executive course at the University of
Michigan in 2003 [7], since DT can synchronize the running
state of physical entities and realize real-time simulation test
in the DT space. Otherwise, DT can dynamically regulate the
physical entities through real-time simulation data form a
closed-loop simulation test, so many researchers around
the world begin to pay attention to the DT technology.
Rasslkin et al. [8] constructed DT connecting physical enti-
ties and virtual models in the real world and assigned a spe-
cial unsupervised prediction and control platform for the
performance evaluation of the energy system for AV. Szalai
et al. [9] proposed a hybrid reality simulation environment
that integrates real vehicles into virtual environments and
uses the hybrid reality environment to create a diversified
test environment around real vehicles. Ge et al. [10] pro-
posed a method of using DT technology to carry out AV test
in extreme environment. In the simulation test environment
of autonomous driving, the test of real AV under the virtual
complex road scenarios can be realized by using the DTmap-
ping. da Sliva et al. [11] introduced a novel concept called
Cyber DT, which transfers the idea of the DT to automotive
software for the purpose of security analysis, and DT is used
to evaluate automotive security requirements through auto-
mated security requirement verification using policy enforce-
ment checks and detection of security vulnerabilities.

The car-following scenario is one of the most common
driving scenarios of AV. There are also many previous
achievements in the simulation of AV in the car-following
scenario. Wang et al. [12] proposed a new car-following
model by using vehicle-to-everything technology. In the
end, a case study was conducted in VISSIM to verify the pro-
posed model. Osorio and Punzo [13] developed a
simulation-based optimization methodology for the efficient
calibration of car-following models of large-scale stochastic
networks, and the methodology was verified by using AIM-
SUN simulator. These efforts focus on the validation of the
algorithm and ignore the influence of other parts, so the
results of these works may differ greatly from the actual sce-
nario. Ma et al. [14] proposed an optimized control
approach for cooperative vehicular platoon, and a HIL test
was performed with Carsim to simulate a high-fidelity vehi-
cle dynamic model. Zhou et al. [15] developed a hierarchical
control strategy for vehicle stability; the HIL simulation test
show that the effectiveness of proposed strategy. Ard et al.
[16] experimentally demonstrates the effectiveness of an
anticipative car-following algorithm by a VIL experiments.
In the HIL simulation, virtual vehicle kinematics and
dynamics models are used. In the VIL simulation, the phys-
ical vehicle is embedded into a virtual environment. How-
ever, this is quite different from vehicle-road interaction in
the physical world, so the validity of the simulation results
is questionable.

The DT technology and existing simulation method of
AV in car-following scenario are combined, and we propose
a DT-assisted simulation method for AV in car-following
scenario in this paper. The main insights and contributions
of this paper are as follows:

(1) A DT-assisted simulation method for AV in car-
following scenario is proposed. This method uses
physical vehicle to interact with the DT vehicle,
which dynamically regulates the physical entities
through real-time simulation data

(2) A DT-assisted simulation framework of AV is pro-
posed, which is composed of three parts: physical
entity components, DT simulation components,
and simulation evaluation components

(3) The DT-assisted simulation platform is imple-
mented based on Unity3D engine, including DT sce-
nario, DT vehicle, and network communication
module. Finally, a field experiment is implemented
and verified the effectiveness of DT-assisted simula-
tion method

The rest of this paper is organized as follows: Section 2
introduces the DT-assisted simulation framework. Section
3 details the DT-assisted simulation platform. Section 4
introduces the AV simulation in car-following by DT-
assisted method. Section 5 details the real DT-assisted field
implementation, and its results are analyzed in Section 6.
This paper is ended in Section 7 with the conclusion and
future work.

2. DT-Assisted Simulation Framework of AV

According to the characteristics of DT technology and the
experience of previous researches, and a DT-assisted simula-
tion framework for AV is proposed. As shown in Figure 1,
the DT-assisted simulation framework includes three parts:
physical entity components, DT simulation components,
and data processing and evaluation components. The AV
of physical entity components acquires real data by physical
sensors, and the DT simulation components is used for sim-
ulation verification by DT vehicle in DT scenario. The data
processing and evaluation components are used for data
storage in the DT-assisted simulation platform. Virtual per-
ception data is sent to physical entity components from DT
components. According to the acquired virtual information,
the AV implements decision-making and control. Each is
described in detail in the following sections.

2.1. Physical Entity Components. The physical data acquired
by the real sensor devices in the physical entity components
is used to implement the digitizing process from the physical
space to the DT space. As for the autonomous driving sim-
ulation test, the AV equipped with the autonomous driving
controller runs in the real test field and obtains real-time
data (position, attitude, fault, etc.) through on-board IMU,
GNSS, and other sensor devices. At the same time, the
real-time acquired data is transmitted to the DT simulation

2 Journal of Sensors



components through network communication module, so as
to realize the interconnection between the DT vehicle and
AV under test.

On the other hand, the real-time data acquired by the
physical entity components is also transmitted to the data
processing and evaluation components for data storage,
which is convenient for historical data reproduction and
simulation evaluation. The autonomous driving controller
will also receive virtual perception information. After receiv-
ing the virtual perception data, the AV make decision and
control through the real test field and the real vehicle actua-
tor, so as to gain more accurate simulation results.

2.2. DT Simulation Components. DT simulation components
are digital description of certain historical moment or cur-
rent real-time state in the physical entities’ components.
The DT vehicle receives the real-time positioning data from
real sensors in physical entity components and keeps the
motion state of the DT vehicle consistent with AV at the
appropriate frequency. The DT simulation components can
provide repeatable and extreme simulation test scenarios,

so the virtual sensors can sense the extreme scenarios infor-
mation, and transmit the real-time dynamic simulation data
to the data processing and evaluation components for data
storage and data mining. The virtual perception information
is fed back to the autonomous driving controller in physical
entity components. At the same time, the DT simulation
components is also used as visual module, which can observe
the motion state, positioning information, and fault infor-
mation of the physical vehicle through the DT vehicle.

2.3. Simulation Evaluation Components. The simulation
evaluation components are the core part. In the process of
DT-assisted simulation, the simulation evaluation compo-
nents receive real-time data from the DT simulation compo-
nents and the physical entity components for storage and
mining. In addition, the data processing and evaluation
components can perform simulation evaluation base on the
real-time data fed back from the physical entity components
and the simulation data fed back from the DT components.
Besides, the simulation results are stored in simulation eval-
uation components, which can realize the rapid and
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Figure 1: DT-assisted simulation framework for AV, the green lines represent physical entities data flow, the blue lines represent DT flow,
and the yellow lines represent simulation evaluation data flow.
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convenient reproduction of dangerous accident scenarios
and key simulation test process.

3. DT-Assisted Simulation Platform

At present, the mainstream simulation platforms of AV sim-
ulation are developed based on game engine. For instance,
Carla was developed by Intel and Toyota based on Unreal4
[17], AirSim developed by Microsoft based on Unreal4
[18], SVL developed by LG based on Unity3D [19], and this
AV simulation software based on game engine have good
performance in the test process.

Unity3D has very efficient graphics rendering system,
which can render realistic DT scenarios in real time. Besides,
Unity3D can be developed on multiple platforms such as
Windows, Linux, and Mac by using scripts such as C#. In
addition, Unity3D can communicate with ROS through the
TCP/IP protocol [20]. According to the characteristics of
AV simulation test and DT-assisted simulation framework,
this paper chooses Unity3D engine as the development plat-
form. This part mainly introduces the implementation of
DT-assisted simulation platform, including DT scenarios,
DT vehicle, and network communication module.

3.1. DT Scenario. DT scenarios are particularly important for
DT-assisted simulation test. As shown in Figure 2, the
framework which is divided into two parts, the virtual envi-
ronment and car-following scenarios. A virtual environment
needs to reflect the characteristics of real environment from
various aspects, so the virtual environment has high require-
ments for accuracy. Traditional 3D models are usually mod-
eled by software such as 3DsMax, Blender, and Revit.
However, those methods have the characteristics of low effi-
ciency, long modeling cycle, and more manpower consump-
tion and cannot meet the high-precision requirements of
DT-assisted simulation test environment.

In this paper, ESRI City Engine, a three-dimensional
city modeling software based on computer generated
architecture rules, was used for integrated modeling. The
ESRI City Engine can quickly create 3D scenarios from
2D data. At the same time, ESRI City Engine provides
perfect support for ArcGIS, which enables the quick reali-
zation of high precision 3D modeling based on existing
GIS data without conversion, shortens the construction
cycle of DT environment, and ensures the high-precision
requirements of the DT environment. The construction
process of high-precision DT environment is presented:

(i) Step1: acquisition of L19 satellite image and eleva-
tion data. Then, import the downloaded elevation
data into ArcGIS and project it into 3857 coordinate
system, and import the satellite image into ArcGIS
to carry out the vectorization of buildings and roads

(ii) Step2: the vectorized shp data and real materials in
ArcGIS were imported into ERSI CityEngine, and
integrated modeling was carried out based on the
vectorized data. Then, the 3D model was fine-
tuned according to the road parameters

(iii) Step3: FBX models exported from ERSI CityEngine
are imported to Pixyz for automatic model optimi-
zation and lightweight

(iv) Step4: Unity3D generates a realistic and high-
precision DT environment through high-definition
render pipeline

For traffic scenarios, on account of that, the scenes of
Unity3D is editable and extensible, and there are abundant
resources in Asset Store; it is easy to simulate the traffic sce-
narios in the physical world. In addition, the traffic flow can
also be controlled by the script to realize the traffic flow sim-
ulation of the AV. In the DT-assisted simulation platform,
DT traffic scenarios can be designed according to simulation
test requirements.

3.2. DT Vehicle (the Replica of AV). The DT vehicle is replica
of AV, playing an essential role in the simulation test of AV.
The model of DT vehicle can be divided into four levels:
physical model, connection model, data model, and virtual
model [21]. As shown in Figure 2, the process from the
physical model to the virtual model is the digital process.
The physical model of the DT vehicle is defined to describe
the motion characteristics of the AV to be tested. The con-
nection model of the DT vehicle is the key model to realize
the synchronization between the AV to be tested and the
DT vehicle. The connection model includes coordinate
transformation and data format transformation. The con-
nection model interconnects the five hierarchical models of
the DT vehicle. The data model drives the virtual model to
keep in sync with the behavior of the physical AV to be
tested, and the data model of the DT vehicle is also used to
define the normal working threshold of each device and real-
izes the function of fault diagnosis. The virtual model of the
DT vehicle is the visual model of the AV to be tested. In
addition, modularized data storage can be carried out
through the data model, which is convenient for subsequent
AV simulation evaluation.

3.3. Network Communication Module. The network commu-
nication module is the bridge between physical space and
DT space, and it is also the basis of DT-assisted simulation
test. DT components need real-time operation data in phys-
ical space to be driven, and physical entities also need feed-
back data from DT components to be dynamically
regulated. Unity3D supports common communication pro-
tocols. Considering the advantages and disadvantages of var-
ious communication protocols, the DT-assisted simulation
platform in this paper uses WebSocket communication pro-
tocol for data transmission. The DT-assisted simulation test
in this paper can be carried out by local area network (LAN)
or 5G communication. As shown in Figure 2, if LAN is
adopted, the data in the autonomous driving controller is
sent to the on-board wireless router through controller area
network (CAN), which realizes data transmission with the
AP of the test field and finally is sent to the DT-assisted sim-
ulation platform through the switch. If 5G is adopted, the
data in the autonomous driving controller is sent to 5G-
CPE through CAN, subsequently sent to the wireless router
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through the 5G base station, and finally transmitted to the
DT-assisted simulation platform. The DT-assisted simula-
tion platform uses the same communication link to feed
back the virtual perception information to the AV to be
tested. The two communication modes can be switched
automatically according to the strength of the signal to
ensure low latency of DT-assisted simulation test.

4. The AV Simulation in Car-Following
Scenario by DT-Assisted Method

In the process of car-following, it is defined as a car-
following scenario with potential risks when the leading
vehicle suddenly conduct emergency brake with large
braking deceleration in this paper. Under the circum-
stances, if the following vehicle does not have effective
emergency braking strategy, it will lead to serious acci-
dents. Therefore, in the face of potential risks in the car-
following scenario, the effective simulation verification of
collision avoidance strategy is an indispensable part in
the development process of AV. Collision avoidance strat-
egies in car-following scenarios can be divided into four
methods: time headway (THW), time to collision (TTC),
time to stop (TTS), and time to react (TTR) [22]. In the
car-following scenario, the most commonly used method
to evaluate the potential risk and rear-end collision is
TTC [23–25]. TTC represents the time it takes for the fol-
lowing vehicle to collide with the leading vehicle from the
current state of motion. In this paper, the TTC model

adopts to verify the effectiveness of the DT-assisted simu-
lation method.

4.1. The Statement of AV Car-Following. This paper only
considers the two-car following problem in single-lane. As
shown in Figure 3, the vehicle in front is called the leading
vehicle, which is represented by a MV that is an manned
vehicle in traffic flow. The rear vehicle is represented by
the DT vehicle for the following vehicle and is also the rep-
lica of AV in the physical world. The DT vehicle and AV
maintain real-time information exchange and status syn-
chronization. In the DT scenario of DT-assisted platform,
it is assumed that the following vehicle (DT vehicle) and
leading vehicle (MV) use the communication mode of
V2V to realize information interaction. The DT vehicle
sends the real-time virtual perception information obtained
from the MV, to the AV in the physical world. In order to
simulate the potential risks existing in the scenario of car-
following, MV have four random motion states, that is sta-
tionary, accelerated motion, uniform motion, and deceler-
ated motion. In order to simulate the potential risks in the
scenario of car-following, the MV with random possibility
of emergency braking is designed.

In the DT simulation components, the DT vehicle
receives the speed, acceleration, and position information
of MV through V2V and calculates the distance information
between the two vehicles according to the position of the DT
vehicle. The acceleration and speed information of the two
vehicles, as well as the distance between the two vehicles
and the safe distance, and the TTC are calculated by collision
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Figure 2: The implementation framework of DT-assisted simulation platform, the main components include AV, DT vehicle, and DT traffic
scenarios. The dotted lines indicate the communication data flow between the real world and the virtual world, and the solid lines indicate
the flow of communication data in the real or virtual world.
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avoidance strategy. Different motion states of MV corre-
spond to different TTC models. The same TTC model can
be used when MV is in a state of uniform motion or at sta-
tionary, i.e. aMV is equal to 0. When the MV is in the decel-
erating motion state, the potential risks need to be discussed
separately. First, the two vehicles collided before the MV
decelerated to stop. Second, the two vehicles collided after
the MV stopped. If the relative velocities of between MV

and DT vehicle are very small or zero, and the relative accel-
eration of both or the acceleration of DT vehicle is small,
considering it to be a safe working condition for following
vehicle, and TTC tends to infinity at this time. Since the
larger TTC value has no real reference value, so the TTC
value for this state is default to 30 s. If the TTC is less than
3 s, the output TTC is 3 s by default, indicating the risk of
collision in the car-following scenario. Meanwhile, the MV

MV DT Vehicle
V2V (LTE-V/DSRC)

AV

DT-assisted simulation platform

Real world

Twinning data Virtual information

Figure 3: DT-assisted simulation for autonomous vehicle in car-following scenario, the vehicle in front is the leading vehicle (MV), and the
vehicle in rear is the following vehicle (DT Vehicle), which interacts with AV in real-time.
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and DT vehicles in the DT-assisted platform are assumed to
be within the scope of V2V communication, and they inter-
act and share information in real-time. At the same time, DT
vehicle feedback the virtual perception information of MV
to the AV in the physical world through the LAN in real
time.

4.2. The Motion Control of AV in DT-Assisted Simulation.
Longitudinal motion control of AV is closely related to
the behavior of the car-following, and the longitudinal
motion control module of the AV controls the vehicle to
adjust its motion state (such as emergency braking) in
time, so as to ensure the timely elimination of potential
risks in the process of car-following. The control topology
of AV can be divided into two parts: autonomous driving
domain and vehicle chassis domain. As shown in Figure 4,
the autonomous driving domain mainly consists of four
parts: the autonomous driving controller, i-ECU, wireless

router, and wireless receiver. The autonomous driving
controller senses the surrounding environment and real-
izes the function of autonomous driving through V2X,
Radar, Camera, LIDAR, GNSS, and other sensors. The
chassis controller communicates with the (MCU) motor
control unit, SBW (steer-by-wire), the braking system con-
sisting of two parts, EPB (electronic parking braking sys-
tem) and EHB (electronic-hydraulic braking system), and
BMS (battery management system) through CAN.

Algorithm 1 is designed to conduct the collision avoid-
ance warning and generate the longitudinal motion control
command of the AV. According to the characteristics of
AV and in the case of potential risks to ensure safety,
the time threshold for collision avoidance warning is t1
and the time threshold for braking is t2. The values of t1
, t2, and TTC are taken as the input of Algorithm 1. If
the TTC is less than the set threshold t1, the collision
avoidance warning indicator (Flag1) changed from 0 to

Input: 1. TTC: collision time calculated by collision avoidance strategy; 2. t1: time threshold for collision avoidance warning; 3. t2:
time threshold for braking;
Output: 1. Flag1: the collision avoidance warning indicator; 2. Flag2: the braking indicator;
1: Initialization :
2: Flag1 ⟵0; Flag2 ⟵0;
3: if TTC>t1 then
4: Flag1 ⟵0;
5: Flag2 ⟵0;
6: end if
7: if t2< TTC ≤t1 then
8: Flag1 ⟵1;
9: Flag2 ⟵0;
10:end if
11:if 0 < TTC ≤t2 then
12: Flag1 ⟵1;
13: Flag2 ⟵1;
14:end if
15:return Flag1, Flag2

Algorithm 1: Motion control of AV in car-following scenario.

(a) (b)

Figure 5: Field implementation: (a) DT-assisted simulation platform of car-following test and (b) the AV to be tested drives at the test field.
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1, and the AV will send collision avoidance warning mes-
sages. If the TTC is less than the set threshold t2, the
braking indicator (Flag2) changed from 0 to 1, and the
braking command will be generated and sent to the vehi-
cle chassis domain controller through the i-ECU module
and then sent to the EPB or EHB module through the
CAN, and the AV will actuate braking.

5. Real DT-Assisted Field Implementation

5.1. DT-Assisted Simulation Platform. According to the gen-
eral framework of DT-assisted simulation test for AV pro-
posed in this paper, the AV DT-assisted simulation
platform has been developed. In this simulation platform,
the high-precision model of the test field was established
and realized the communication between the simulation
platform and AV to be tested based on WebSocket proto-
col. In addition, the car-following scenario with potential
risks is designed in the DT scenario. The relevant data
and early warning information in the process of simula-
tion test can be displayed in real time on the UI interface.
As shown in Figure 5, the related data include leading
vehicle motion state, collision avoidance warning informa-
tion, AV operating state, and fault information and video.
In the field implementation of AV simulation in the car-
following scenario, the DT vehicle and MV play an impor-
tant role in DT-assisted simulation platform. The DT
vehicle model structure is consistent with the AV and it
can interact with the AV in the physical world in real-
time. Both of them have the same motion state and
motion parameters. In the car-following scenario, MV is
a virtual motor vehicle, which simulates the motor vehicle
in the traffic flow.

5.2. Hardware Setup of AV Simulation in Car-Following. A
4-wheel steering AV is adopted in field implementation, of
which length is 2.8m, and width is 1.5m. The AV has two
sets of drive system, two sets of steering system, and a set
of braking system, and it is also equipped with sensors such
as lidars, millimeter-wave radar, and cameras. All the hard-
ware equipment for field implementation included the fol-
lowing: DT-assisted simulation platform server, physical
sensors, autonomous driving controller, and network com-
munication devices.

5.2.1. DT-Assisted Simulation Platform Server. This module
runs a DT-assisted simulation platform. As shown in
Figure 6, the simulation platform server is equipped with
Intel Core i9-10900K/i9-10900KF hybrid 3.7GHz (10-core)
CPU, 64G RAM, 1TB SSD and 2TB HDD, and GeForce
RTX3090-24G.

5.2.2. Physical Sensors. This module is equipped on the AV
to be tested, and it is used to obtain real-time position, atti-
tude, and speed data of AV. The above data is transmitted to
the DT-assisted platform, and the DT vehicle can receive the
real data and synchronize the motion state of the AV to be
tested in real time. As shown in Figure 6, the Starneto New-
ton-M2 inertial measurement unit (IMU) integrated naviga-
tion system is adopted in the implementation field, and the

Table 1: Parameters setup of car-following field implementation by
DT-assisted simulation platform.

Parameters MV(virtual) AV

Initial speed 0 km/h 0 km/h

Maximum speed 20 ± 2 km/h 10 ± 2 km/h

Acceleration range -8 ~ 2m/s2 -6 ~ 6m/s2

Initial distance 30m

t1 threshold 10 s

t2 threshold 3 s

Maximum TTC 50 s

Interaction rate 15Hz

The length of test field 339m

LAN COM

AP1

AP2
AP3

AP4

AP5

WLAN

Optical fiber

LAN

COM: Serial communications LAN: Local area network
WLAN: Wireless local area network AP: Wireless access point

Simulation platform

Autonomous Controller

IMUWireless 
router

Figure 6: Hardware in field implementation, including DT-assisted
simulation platform server, Starneto Newton-M2 INS, on-board
wireless router, autonomous driving controller, and AP location
in the test field.
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maximum data update frequency is 100Hz. When the RTK
mode is used and GNSS signal is good, positioning accuracy
is 2 cm+1ppm.

5.2.3. Network Communication Devices. As shown in
Figures 6 and 5, APs are installed in the test field to ensure
the full coverage of the LAN. The AV to be tested is con-
nected with AP through on-board wireless router (as shown
in Figure 6), when the vehicle passes the AP node, and it can
automatically switch the AP node according to the signal
strength. APs are connected with a DT-assisted simulation
platform through a switch. The communication latency of
the LAN is within a certain range, which meets the require-
ments of our field implementation.

5.2.4. Autonomous Driving Controller. As shown in Figure 6,
this module is the control center for the AV, and the colli-
sion avoidance strategy and autonomous driving algorithm
runs in the autonomous driving controller. In addition, it
has the ability of multisensor fusion, path planning, decision,
and control. It is equipped with GTX2060s, 256GB SSD, and
16GB RAM. The autonomous driving controller is con-
nected to the vehicle chassis domain via the i-ECU unit, real-
izing the motion control of the AV.

5.3. Field Implementation Plan of DT-Assisted Simulation.
The test field is located in East Campus of Sun Yat-sen Uni-
versity, Guangzhou, China, and the total length of the test
field is 339m. As GNSS+RTK positioning data obtained
from the INS receiver is the latitude and longitude informa-

tion of the WGS-84 protocol, it is not conducive to realize
the position synchronization between the DT vehicle in the
DT-assisted platform and AV. So, this paper takes the longi-
tude and latitude of the starting point as the origin and con-
vert the longitude, latitude, and height data into Cartesian
coordinate data. In each time step, the position, attitude,
speed, and acceleration information of the AV to be tested
is provided by the INS system and communicate with the
DT vehicle in real-time through the LAN. In the DT-
assisted simulation platform, a certain distance is main-
tained between the DT vehicle and MV at the initial
moment, and DT vehicle sends the received MV virtual per-
ception information (including localization, speed, accelera-
tion, and yaw) to the autonomous driving controller through
the wireless router on the AV. The autonomous driving con-
troller will input the virtual information received in real-
time into the autonomous driving controller to calculate
the TTC, then input the TTC into the longitudinal motion
control instruction generation algorithm.

In order to simulate more special and dangerous colli-
sion avoidance scenarios, MV may break in an emergency
during the movement. The effectiveness of the collision
avoidance strategy can be judged by the braking time and
braking effect of autonomous vehicle. In addition, it can also
be judged by the collision between the DT vehicle and MV in
the DT scenario. Field implementation is shown in Figure 5.
In order to simplify the test, both the DT vehicle and MV
were kept in the right lane, and only longitudinal collision
avoidance was considered, without lateral collision avoid-
ance. As shown in Table 1, the initial velocity of MV and
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Figure 7: Speed and TTC changes in the car-following scenario of AV and MV, the blue line shows the real-time TTC curve, the black line
shows the velocity change curve of MV, and the red line shows the velocity change curve of AV.
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AV is 0, and due to the short lane distance, the maximum
speed of AV is limited to 10 ± 2 km/h, and the maximum
speed of MV is limited to 20 ± 2 km/h. The forward collision
warning time is 10 s, and the communication frequency of
the MV and DT vehicle in the DT-assisted simulation plat-
form is 15Hz.

6. Result Evaluation

In this paper, the DT-assisted platform is verified by AV
simulation in the car-following scenario. The field imple-
mentation by DT-assisted was carried out at 08:00 on June
27, 2021. The DT-assisted platform updates the status of
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Figure 8: Test result of communication latency between AV and DT-assisted simulation platform: (a) communication latency in continuous
300 s and (b) histogram of communication latency distribution.

10 Journal of Sensors



the MV and the AV on 15Hz. The effectiveness of the colli-
sion avoidance strategy can be evaluated according to the
real-time velocity and TTC. The DT vehicle can reflect the
state of AV in real time. On the other hand, in the process
of DT-assisted simulation, DT vehicle needs to synchronize
motion state of AV in real time and needs to feed back the
virtual perceptual information to AV. In this work, if the
communication latency is too large, which will lead to inac-
curate simulation results, so the communication latency is
particularly important in the simulation. The communica-
tion latency was also tested between AV and DT-assisted
simulation platform.

6.1. Car-Following Simulation Result Evaluation. As is
shown in Figure 7, for the first 12 seconds, MV stays station-
ary, and then, the leading vehicle speeds up. When there is
no danger of collision between MV and AV, AV starts to
speed up and keeps following the MV at 12.8 s. At 14.4 s,
MV suddenly decelerates with a large acceleration. Accord-
ing to the collision avoidance strategy, there is a collision
risk, and TTC reaches 3 s at 16.6 s. Therefore, AV adopts
emergency braking to avoid collision with MV. At 19 s,
MV accelerates with a large acceleration, and when the two
vehicles enter the safe driving state, AV immediately acceler-
ates and keeps car-following. At 21 ~ 30 s, MV changes
dynamically in three motion states of deceleration, accelera-
tion, and constant speed. Due to the high speed of MV,
when MV decelerates at 21.4 s, TTC is maintained at a large
value. At 23 s, the TTC value is equal to 3 s according to cal-
culate by collision avoidance strategy, and AV begins to stop
in an emergency. In the last period, AV calculates TTC in
real-time according to the motion state of MV and estimates
the emergency degree of potential collision danger in the
car-following scenario according to the TTC value, so as to
adopt appropriate collision avoidance strategies to maintain
the following state.

The effectiveness of collision avoidance strategy based on
TTC in the car-following scenario with potential risks is
demonstrated by the DT vehicle in the DT-assisted simula-
tion platform. If the DT vehicle collides with the MV, this
indicates that the strategy running in the AV is defective.
If the DT vehicle follows the MV at safe distance, there is
no collision between the DT vehicle and MV in the DT-
assisted simulation platform, which indicates that the strat-
egy in the AV is valid. In this process, the DT-assisted
method using the real kinematics and dynamics model of
AV, which greatly improved the reliability of the simulation
results and also improved the efficiency of the simulation
under the premise of ensuring safety. In particular, the
DT-assisted method reduces the risk of simulation.

6.2. Communication Result Evaluation. To verify the com-
munication latency in the DT-assisted simulation method is
within an acceptable range, the communication latency exper-

iment is performed. In this experiment, the communication
latency is defined as the difference between the time when
the AV sends a message and the time when the AV receives
the feedback message from the DT-assisted simulation plat-
form. First, AV sends real data to the DT-assisted simulation
platform and records the time t1. After receiving the messages,
the DT-assisted simulation platform will immediately send a
message back to AV.When AV receives the feedbackmessage,
it records the time t2 and the communication latency is t2 − t1.
Figure 8 shows that communication latency in continuous
300 s and the histogram of communication latency distribu-
tion. As shown in Table 2, the maximum communication
latency is 63.8ms, the minimum communication latency is
32.3ms, and the average communication latency is 52.3ms.
As shown in Figure 8(b), the results reveal that 85% of the
communication latency is less than 56.5ms, and 99% of the
communication latency is less than 61ms. In the field imple-
mentation, the communication frequency between the DT
vehicle and AV is 15Hz (66.6ms), that is, the communication
latency must be less than 66.6ms to meet the requirements of
DT-assisted simulation. According to the above communica-
tion latency test results, the maximum value is 63.8ms less
than 66.6ms, which meets the requirement that DT vehicle
can synchronize the motion state of AV smoothly to realize
simulation in the car-following scenario.

7. Conclusion

The DT-assisted simulation method of AV is proposed in
this paper, and the simulation platform is developed based
on Unity3D. The AV simulation in the car-following sce-
nario is implemented on the test field. The experiment
results show that the DT-assisted method is effective within
an acceptable communication latency. In the process of AV
simulation, the real vehicle actuators and the vehicle directly
interacts with the surface. Meanwhile, there is no need to
consider vehicle kinematics and dynamics simulation, which
can greatly improve the reliability of AV simulation. In par-
ticular, the DT-assisted simulation method can safely and
efficiently implement simulation test that are difficult to
complete in the physical world. There are many challenges
in this paper. Firstly, since the physical world needs to be
synchronized with the virtual world in real time, the accu-
racy of the DT scenario in the virtual world is critical. If
the DT scenario is not accurate enough, the perception
information outputted by the DT vehicle may be inaccurate.
Secondly, if the DT-assisted simulation platform uses more
sensors, huge amounts of data need to be transmitted
between the virtual world and the real world, and it is diffi-
cult for general communication methods to meet the
requirements. As a consequence, how to realize lightweight
data transmission is an urgent problem to be solved.

Further, we need to continue to optimize the DT-assisted
simulation platform and develop a method of lightweight
data transmission for DT-assisted simulation. More virtual
sensors need to be developed so as to realize AV simulation
in various scenarios. On the other hand, the DT-assisted
simulation method to reduce the communication latency
as much as possible.

Table 2: The special value of the communication latency results.

Maximum Minimum Average 85th percentile 100th percentile

63.8ms 32.3ms 52.3ms 56.5ms 63.8ms
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