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Abstract—A Digital Twin is defined as a digital replica of a
real entity in the physical world. In this study, the Digital Twin
simulation is developed for connected and automated vehicles
(CAVs) by leveraging the Unity game engine. A Digital Twin
simulation architecture is proposed, which contains the physical
world and the digital world. Particularly, the digital world consists
of three layers, where the Unity game objects are built to simulate
the “hardware”, the Unity scripting API are used to simulate the
“software”, and external tools (e.g., SUMO, MATLAB, python,
and/or AWS) are leveraged to enhance the simulation functionali-
ties. A case study of personazlied adaptive cruise control (P-ACC)
is conducted to showcase the effectiveness of the proposed Digital
Twin simulation, where the ACC system can be designed to satisfy
each driver’s preference with the help of cloud computing.

I. INTRODUCTION

With rapid developments of sensing, computing, and com-
munication technologies, the term “connected and automated
vehicle” (CAV) has become a significant popular topic in the
research community during the past decade [1]. The level of
automation and connectivity of vehicles has greatly improved,
which enables these CAVs to not only drive under partial or
full automation with the help from their on-board sensors,
but also behave collaboratively through vehicle-to-everything
(V2X) communications.

As the availability of testing CAV applications in the real
world is always constrained by various factors (e.g., space, cost,
and regulation), how to build high-fidelity simulation models
of CAVs in digital environments becomes crucial. Along with
the developments of CAV technologies, several tools came
into play while conducting computer simulations of CAVs.
Microscopic traffic simulators, such as SUMO [2], VISSIM
[3] and Aimsun [4], allow users to model a relatively large
amount of vehicles in a traffic environment. However, users of
such simulators cannot implement high-fidelity CAV modules
(e.g., perception and localization), neither can they manually
control any of the simulated vehicles through external inputs.

Game engines are originally adopted by software develop-
ers to design video games, and they typically consist of a
rendering engine for 2-D or 3-D graphics, a physics engine
for collision detection and response, and a scene graph for
the management of multiple elements (e.g., models, sound,
scripting, threading, etc.). During the rapid development of
game engines over the years, their functionalities have been
brought to a wider scope: data visualization, training, medical,
and military use. Additionally, game engines gradually become
a popular option to simulate CAVs [5], which have been used by
various researchers from the human perspective [6], the vehicle
perspective [7]-[9], and the system perspective [10], [11].

Therefore, in this study, a Digital Twin simulation architec-
ture is built based on the Unity game engine [12]. A Digital
Twin is defined as a digital replica of a real entity in the
physical world [13]. Given the characteristics of the Digital
Twin and the powerful features of Unity, users are able to build
comprehensive CAV models with all necessary modules, as well
as realistic road environments with high-fidelity assets. The
Digital Twin simulation also allows users (i.e., game players)
to get fully immersed in the simulation environment through
advanced human-machine interfaces (HMI). Besides the built-
in functionalities of Unity, external tools can also be integrated
in the simulation to maximize the strengths of the Digital Twin
simulation.

The remainder of this paper is organized as follows: Section
IT introduces the general architecture of the Digital Twin
simulation, with specific information on the Unity game engine
and its interfaces with other simulation software. Section III
conducts the modeling and evaluation works of the Digital Twin
simulation with a CAV application case study. Finally, the paper
is concluded with some future directions in section IV.

II. DIGITAL TWIN SIMULATION ARCHITECTURE

As shown in Fig. 1, the Digital Twin simulation architecture
consists of two layers. The lower layer is the physical world,
which contains the real-world objects that are being simulated:
road networks, ego CAVs, and other vehicles. The upper layer
is the digital world, which has three sub-layers: Unity game
objects, Unity scripting application programmable interface
(API), and external tools.

A. Physical World

One of the key advantages of the Digital Twin simulation is
that, each real object in the physical world will be simulated
with its digital replica in the digital world. Therefore, in this
study where we use Digital Twin simulation for CAVs, we
consider real-world objects in the physical world that are most
related: road networks, ego CAVs, and other vehicles.

For road networks, we consider all basic elements in the
physical world, including road geometry, road grade, road type,
road barrier, road surface marking, road sign (e.g., stop, speed),
and road infrastructure (e.g., traffic signal, lamp). For certain
cases, we even consider the surrounding environment, such as
trees and buildings, to increase the fidelity of our Digital Twin
simulation.

With respect to the vehicles in the physical world, we
generally consider four different vehicle types: legacy vehi-
cle (without connectivity or automation), connected vehicle
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Fig. 1. Digital Twin simulation architecture with the physical world and the digital world

(without automation), automated vehicle (without connectivity),
and CAVs. Although connectivity and automation will play
increasing roles in our daily-driven vehicles, we will not have
100% market penetration rate of CAVs any time soon, and our
road networks will be filled with all these four vehicle types in
the foreseeable future.

B. Digital World

1) Unity Game Objects: In our Digital Twin simulation, the
Unity game engine is used as the major platform for simulation
given its following strengths:

o Graphics and visualization: Unity is originally for develop-
ing 3D video games, so it has a strong capability of graph-
ics rendering and visualization. Unity also streamlines the
prototyping and demonstration of CAV technologies with
its easy-to-use user interface.

o Integration with external platforms: Unity enables easy
integration with external hardware such as driving wheel
& pedals, which makes human factor-related studies avail-
able. The well-designed scripting API of Unity also allows
integration with external software, which enriches the
functionalities of the simulation platform.

« Extensive assets: The official asset store of Unity allows
developers and users to share their Unity assets, so any

project can be built on top of others’ projects instead being
built from scratch.

The game objects in our Digital Twin simulation are built
with high-fidelity Unity assets. For the simulation environment,
an extensive range of assets can be found from the Unity
asset store, including terrains, road segments, buildings, plants,
weathers, and etc. Realistic simulation environments can be
built with these assets in different game scenes, enabling high-
fidelity testings of CAV applications in various settings (e.g.,
urban vs rural, arterial vs highway, sunny vs snowy).

Vehicles are the most important elements in this Digital Twin
simulation, where existing vehicle assets can be leveraged to
enable high-fidelity simulation to the largest extent. Instead
of building by the users themselves, photorealistic 3D vehicle
models are made available by designers through the Unity asset
store and third-party websites (such as TurboSquid [14]). On
top of the models themselves, which are more like hardware of
the vehicles, software assets can also be built. There are exten-
sive selections of vehicle powertrain/dynamics assets, vehicle
sound assets, and even automated driving assets that make our
Digital Twin simulation of CAVs easier.

2) Unity Scripting API: Unity provides users with a script-
ing API that is written in C#. Hierarchically, the Unity scripting
API has four different elements: 1) Namespaces that provide
access to classes written by the Unity developers; 2) Classes



in each namespace that include various members; 3) Members
of each class that provide specific functionalities; 4) Global
classes and types that do not belong to namespaces.

In our Digital Twin simulation, we realize all of our desired
functionalities through this API. As shown in Fig. 1, there
are five major functionalities among others: scene generation,
vehicle rendering, sensor simulation, driver interaction, and
external interface (optional).

« Scene generation: Based on associated game objects, sim-
ulation scenes need to be generated with specific setups,
such as initialization (i.e., which game objects should be
enabled in the scene) and termination (i.e., when a certain
condition is triggered).

« Vehicle rendering: Vehicles in the simulation are rendered
in desired dynamics, which can be realized by associated
scripts (e.g., motion planning and control).

o Sensor simulation: User-defined scripts can be imple-
mented to vehicle game objects to simulation sensing
technologies (e.g., perception, localization, and commu-
nication), thus transforming vehicles into CAVs.

o Driver interaction: For simulated vehicles with no au-
tomation, namely legacy vehicles and connected vehicles,
players of the Unity simulation can act as the human
drivers of such vehicles through external inputs (i.e.,
keyboards, mouses, or joysticks). For automated vehicles
or CAVs, players can also interact with such vehicles
through customized HMI.

« External interface (optional): User-defined scripts can
enable communication among Unity and external tools,
where data can be transmitted over TCP/IP or UDP sockets
on local machines, or over MQTT/HTTP with cloud.

3) External Tools (Optional): This is an extension of the
Unity scripting API, where users can take advantages of ex-
ternal tools to enhance the functionalities of the Digital Twin
simulation. Specifically, with our customized external interface
designed in the Unity scripting API, we can connect Unity with
SUMO for traffic generation [15], with MATLAB to use add-on
toolboxes [6], with python for machine learning resources [8],
and with Amazon Web Services (AWS) for cloud computing.
The former three implementations can be referred to associated
references, while the AWS case is presented in the next section.

III. CASE STUDY WITH CONNECTED AND AUTOMATED
VEHICLE APPLICATIONS

In this section, we conduct a case study of CAV applications
using the Digital Twin simulation. Specifically, we design an
Advanced Driver-Assistance System (ADAS) called “Person-
alized Adaptive Cruise Control” (P-ACC), which models the
ACC system in a personalized manner to satisfy each individual
driver in terms of safety and comfort.

The general workflow of simulating this application is as
follows:

1) At trip n, a driver manually controls the ego vehicle to
follow the preceding vehicle. All related data is sampled
in the simulation environment, where some preliminary
data filtering processes are conducted in Unity.

Fig. 2. A three-lane highway simulation environment in Unity, where the blue
vehicle is the ego vehicle.

2) During this trip n, the processed car-following data (such
as time gap with respect to the preceding vehicle) is sent
to AWS via the external interface.

3) Personalization algorithms are implemented on AWS to
train the (newly received and historically stored) data by
leveraging the powerful cloud computing capability.

4) At the beginning of trip n+ 1, the personalized guidance
is sent from AWS to Unity and applied towards the P-
ACC of the ego vehicle, such as setting the desired time
gap of the ACC algorithm.

As can be seen from Fig. 2, a three-lane highway simulation
environment is built in Unity, where the dark blue coupe in
the middle is the ego vehicle that seats the driver. Non-player
character (NPC) vehicles are also generated on all three lanes of
the simulated highway segment, making the traffic environment
realistic. Specifically, the leading NPC vehicles on each lane
loads predefined speed trajectories that were generated by
previous real-vehicle testings, while the following NPC vehicles
are implemented with radar sensors and the PID-based ACC
algorithm that enable them to follow preceding vehicles with
desired time gaps.

It is without a doubt that multiple factors can affect drivers’
car-following preferences, which vary from person to person.
Those factors may include vehicle types, as a sporty coupe
definitely has different vehicle dynamics than a SUV. Weather
conditions can also play a huge difference, since visibility and
road slipperiness affect drivers’ car-following behaviors to a
large extent. Therefore, we implement different vehicle types
(as shown in Fig. 1) with unique settings such as drivetrain,
motor force, brake force, center of mass, aerodynamics, and etc.
Additionally, we also implement various weather conditions in
the Digital Twin simulation, where some of them are illustrated
in Fig. 3.

The aforementioned simulation step 1) and 2) can be seen
from Fig. 4, which shows the Unity environment, driver-vehicle
interaction (through an external Logitech G29 Driving Force
racing wheel), the uplink message sent from Unity to AWS, and
the downlink message sent from AWS to Unity. In this naturalist
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Fig. 3. Various weather conditions in the simulation environment that affect
drivers’ preferences of car following.
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Fig. 4. A snap shot of the human-in-the-loop simulation with a driver
controlling the ego vehicle through Logitech G29 Driving Force racing wheel,
and both uplink and downlink data transmissions are happening between Unity
and AWS.

driving trip, the driver manually controls the ego vehicle to
follow the preceding vehicle, where the speeds of both the ego
vehicle and the preceding vehicle, together with the distance
gap measured by the radar sensor, are sent from Unity to AWS
in real time.

On the other hand, once the uplink data is received on AWS,
it firstly goes through a driver-vehicle association function
which allows the data to be stored in the particular driver
database and vehicle database. Then, we implement a per-
sonalized driving algorithm to calculate this driver’s preferred
time gap value considering the data from the current trip and
all historical trips in the driver database. After the result is
calculated (e.g., preferred time gap value is 1.7 second), it is
sent to the ego vehicle in Unity, which can be applied to the
P-ACC algorithm (through the Unity scripting API) when the
driver turns on the automated control during a later trip.

IV. CONCLUSION AND FUTURE WORK

In this study, the Digital Twin simulation has been developed
for CAVs by leveraging the Unity game engine. A Digital Twin
simulation architecture has been proposed, which contains the
physical world and the digital world. Particularly, the digital
world consists of three layers, where the Unity game objects
are built to simulate the “hardware”, the Unity scripting API
are used to simulate the “software”, and external tools (e.g.,
SUMO, MATLAB, python, and/or AWS) are leveraged to
enhance the simulation functionalities. A case study of P-

ACC has been carried out to showcase the effectiveness of the
proposed Digital Twin simulation, where the ACC system can
be designed to satisfy each driver’s preference with the help of
cloud computing.

One of the crucial next steps of this Digital Twin simulation
is to integrate Robot Operating System (ROS) through the
external interface in Unity, as ROS (or ROS 2) serves as the
platform for many CAV systems on the market, which can
further improve the fidelity of our Digital Twin simulation.
Additionally, realistic wireless communication models, such as
dedicated short-range communication (DSRC) or cellular-V2X
(C-V2X), can be implemented to enable more research on the
communication aspect of CAV applications.
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