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Abstract— Traditional teleoperation technologies based on
video streaming are facing several challenges in practical
applications, including limited bandwidth, constrained spatial
awareness, and sensitivity to illumination. Existing studies have
not adequately addressed these issues. This paper presents a
novel non-video based teleoperation framework for autonomous
vehicles operating in bandwidth-limited environments. To re-
duce the amount of data being transmitted, a persistent-
transient environment model is proposed for telepresence.
Initially, a digital twin of the environment is preconstructed,
containing only persistent environmental information. Subse-
quently, transient information captured by onboard sensors,
such as vehicle state and dynamic objects, necessitate real-
time transmission. Based on this model, a 3D virtual scene
is rendered in front of the teleoperator, offering any desired
virtual viewpoint to enhance spatial awareness. This telepres-
ence model only requires real-time transmission of minimal
data, i.e., vehicle state and detected objects, and remains
unaffected by illumination conditions, enabling teleoperation
even in applications with Kbps-level bandwidth constraints.
Experimental results showcase the substantial potential of the
proposed framework in bandwidth-limited settings.

I. INTRODUCTION

In recent years, tremendous efforts have been put into
developing autonomous vehicles. Yet, full autonomy still
remains a goal to be achieved, and additional time is expected
for testing and approval of regulation [1]. Existing au-
tonomous technologies cannot handle all situations in the real
world and are always challenged by various corner cases [2],
thus requiring human intervention. Nevertheless, deploying a
human operator on site or keeping a safety driver onboard is
not economically efficient. In this case, teleoperation could
be a more cost-efficient solution and could expand the op-
erational domain of autonomous vehicles [3]. Teleoperation
has already been deployed in a variety of applications, from
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Fig. 1: Telepresence using a 3D digital twin with Kbps-level
data transmission

commercial activities, such as car sharing, mining [4], and
remote timber terminal operations [5], to social services,
including remote earthwork [6], disaster rescue [7], and
nuclear disaster response [8]. Most of them [4], [9]-[17] rely
on video streaming for situational awareness at the remote
end. However, video-based teleoperation technologies face
certain challenges in practical applications. Firstly, online
video streaming occupies significant bandwidth. As pointed
out by [18], at least 3Mbps uplink is required for safe
teleoperation using video streaming. A 7.5Mbps uplink is
required for high-resolution (720P) video streaming [19].
This hinders the application of video-based teleoperation
technologies in bandwidth-limited environments, especially
those with multiple end users. Secondly, video-based teleop-
eration constrains the spatial awareness of the teleoperator.
The inherent nature of video feedback offers only a 2D
representation of the environment, potentially causing motion
sickness and confusion in depth perception [20], [21]. Be-
sides, the fixed positioning of the camera further obscures the
teleoperator’s sense of direction [22]. Thirdly, video-based
teleoperation is sensitive to illumination variations, especially
in shadows and non-daylight conditions [23], as well as low-
visibility scenarios such as foggy [24] and rainy [23] weather,
thereby limiting the operational scope of teleoperation.

To overcome the challenges outlined above, this paper
investigates the minimal environmental information feedback
required for teleoperation. In practice, the majority of envi-
ronmental elements remain unchanged over a long period of
time, which thus can be collected in specific digital forms,
such as point cloud, neural radiance fields (NeRF) [25],
3D Gaussian Splatting [26] and presented with the help of
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Fig. 2: The schematic diagram of the proposed teleoperation framework

specific graphic engines like Unreal Engine or Unity. As
a result, only the information of transient environmental
elements such as the vehicle state and dynamic object
information needs to be transmitted with merely Kbps-level
bandwidth consumption. Inspired by this finding, we propose
a new non-video based teleoperation framework for vehicle
teleoperation in low-bandwidth environments. The proposed
framework adopts a persistent-transient model, which divides
environmental elements into two categories: persistent and
transient. The persistent elements are reconstructed in the
form of digital twin and stored at the teleoperation platform,
while only the transient element information, including ve-
hicle state and perceived dynamic objects, are transmitted
in real-time, which only consumes Kbps-level bandwidth.
With both persistent and transient information, a 3D virtual
scene (see Fig. 1) can be generated by a game engine
(e.g. Unreal Engine 5), providing an arbitrary field-of-view
(FOV) of the environment. Vehicle motion is recovered by a
teleoperation platform at the same time. Experimental results
show that the proposed framework provides an immersive
telepresence experience for teleoperators with only Kbps-
level bandwidth consumption. The contribution of this paper
is the development of a new non-video based teleoperation
technology with successful implementations on a real vehicle
under various lighting conditions. The proposed teleoperation
framework has the following salient features:

o Kbps-level bandwidth consumption. With the proposed
persistent-transient environment model, only the infor-
mation of transient elements needs to be transmitted to
the teleoperation platform, which requires only Kbps-
level bandwidth.

e Realistic spatial awareness. By providing an adjustable
3D virtual view of the scene, the teleoperator can
immersively perceive the remote environment and get
a comprehensive spatial understanding from arbitrary
views.

e Insensitive to illumination. In the proposed framework,
vehicle localizes itself with respect to the preconstructed
digital twin of the environment based on observations
of onboard LiDAR, which is not subject to illumination
variations.

The remainder of this paper is organized as follows.

Sec. II reviews existing studies on telepresence and efforts to
mitigate bandwidth burden. Sec. III introduces the persistent-
transient telepresence model. Sec. IV presents the proposed
framework. Experimental results are given in Sec. V, while
Sec. VI presents conclusions and future work recommenda-
tions.

II. LITERATURE REVIEW

This section reviews existing studies on two aspects:
telepresence and data transmission.

A. Telepresence

Telepresence is the technology providing the feeling for
the teleoperator of being present at a place other than the
true location. Many existing related studies concentrate on
interface design. For example, reference [17] evaluates the
performance of a few display devices and video canvases,
while reference [4] develops a panoramic display system
to improve situational awareness with path recognition and
sense of direction. Moreover, some research efforts [13],
[20], [27]-[29] use head-mounted displays (HMDs) to pro-
vide immersive feedback. Reference [13] reports an improve-
ment in the operator’s task performance by using a mixed
reality HMD. Reference [28] compares the performance of
monoscopic views and stereoscopic views with a virtual re-
ality (VR) HMD in teleoperation, showcasing the advantages
of VR-assisted stereoscopic views in obstacle avoidance.
Although significant progress has been made, these works
rely heavily on 2D video streaming, where the FOV is
constrained by camera specifications. Expanding the FOV
would increase the bandwidth burden significantly. More-
over, 2D video cannot represent 3D environments accurately,
thereby limiting the depth perception and overall situational
awareness.

Some other existing works try to enhance the operator’s
situational awareness by using 3D visual feedback with
multi-modal sensors. Reference [29] develops a modular im-
mersive teleoperation system that incorporates heterogeneous
sensor modalities, including 3D lidar, 2D lidar, fisheye cam-
era, audio, and haptic, providing a 3D visualization of the re-
mote scene. By fusing observations from an omnidirectional
camera and a 3D lidar, reference [30] generates 3D virtual
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scenes using colorized point clouds to improve the spatial
awareness of the operator. Another study [31] reconstructs
the remote environment using color point clouds, created
from depth images and color images of multiple RGB-D
cameras, and visualizes the virtual environment using Unity
and a VR headset. A VR-based system is designed in [32]
for immersive 3D telepresence by presenting the remote
scene using a 3D truncated signed distance fields (TSDFs)
map, reconstructed from RGB-D data in real-time. Although
more realistic scenes are provided, these works introduce an
additional bandwidth burden by incorporating information
from multiple sensor modalities. Increased bandwidth burden
limits their application domain in practice.

B. Data Transmission

Balancing high-fidelity telepresence and bandwidth con-
sumption continues to be a challenge in teleoperation. To
provide a higher resolution and a wider FOV for telepresence
requires more data, resulting in increased bandwidth usage.
In the literature, several approaches have been proposed to
address the bandwidth issue, such as the streaming parameter
reconfiguration and bitrate allocation in multi-camera stream-
ing systems [9], [15], [16]. In [16], a region of interest (ROI)
mask is used to adjust the streaming parameter adaptively for
a multi-camera system, such that the bitrate can be reduced.
Similarly, reference [9] divides the video into critical and
non-critical parts, and allocates a lower bitrate to the latter.
Nevertheless, these methods primarily focus on optimizing
streaming parameters, which still require substantial band-
widths and degrades the performance of visual presence.
With the emergence of high-resolution digital twin, it is
now becoming a potential solution for telepresence. Our
previous work [33] defines a new teleoperation system,
which models and pre-stores the static environment using
digital twins and only updates safety-critical information (in-
cluding dynamic objects and vehicle pose), thereby reducing
bandwidth consumption. A similar hypothesis is proposed in
[34] that the bandwidth can be reduced by only transmitting
processed data, such as segmented images or object lists
instead of video stream. These elements are then overlaid
with background images from a digital twin to create video
stream for teleoperation. However, rather than achieving
a practical implementation of a real teleoperation system,
this research mainly focuses on verifying the hypothesis by
comparing the data rate of ground truth simulator data (e.g.
semantic segmented image) and video stream, which limits
the study’s applicability. To the best of our knowledge, there
are no digital twin based teleoperation research works in
the literature that have been demonstrated by real-vehicle
experiments.

III. PERSISTENT-TRANSIENT TELEPRESENCE MODEL

Current teleoperation technologies primarily rely on video
streaming for telepresence. However, transmitting a high-
resolution video with a large FOV consumes huge com-
munication bandwidth. To address the bandwidth challenge,
a new telepresence model is proposed, which categorizes

the environmental information into two parts: persistent
information PZ and transient information 7Z. PZ includes
static or relatively stable elements such as buildings and
roads, while 7Z comprises dynamic or temporal elements
such as pedestrians and vehicles. The overall environmental
information Z(t) is a combination of both parts:

I(t) = PI(t) UTL(t) (1)

In practice, persistent information dominates in the envi-
ronmental information for telepresence, i.e.,

PL(t) > TL(t) )

Therefore, communication burden can be substantially re-
leased through pre-storing PZ offline and updating 7Z
online.

A. Persistent Information

Persistent information is processed and pre-stored at a
prior moment ¢y, which characterizes the environment’s
persistent features and can be represented by specific forms:

D(to) = {Fm(O(Z(t0)))} 3)

where F,,, represents the pipeline to create the environment
statically and digitally (e.g., [35], [36]). O denotes the sensor
observation model used for mapping. After processing, per-
sistent information can be stored in the form of a 3D point
cloud map [37], NeRF [25], or 3D Gaussian Splatting [26],
and can be visualized with a rendering engine in real-time
during teleoperation.

B. Transient Information

Transient information, such as vehicle state and dynamic
objects, need to be presented to the teleoperator in real-
time. It is the only information that needs to be transmitted
and rendered for visualization to enhance the teleoperator’s
situational awareness. Main information includes

o Vehicle State X, (t) comprises the vehicle’s current pose
and motion states, represented as:

Xv(t) = {Pv(t)aKv(t)} “4)

where P, (t) = {T,(t),Q,(t)} represents the vehicle’s
pose using translation and orientation in quaternion, and
K, (t) denotes that the kinematics of the vehicle, such as
linear acceleration and angular velocity, obtained from
IMU.

e Dynamic Objects S,(t) consists of the perceived dy-
namic objects in the workspace:

Su(t) = {Faet(O(Z(1)))} ©)

where Fg4.: is the onboard perception function, and O
denotes the observation model of onboard sensors.
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C. Scene Reconstruction

Scene reconstruction comprises two key modules: scene
rendering R and motion synchronization M. Firstly, the
scene rendering module integrates the prebuilt digital twin
D(tg), current vehicle state X, (t), and perceived dynamic
objects S, (t) to provide a virtual scene for the teleoperator.
Secondly, the motion synchronization module simulates the
vehicle’s motion based on the vehicle’s attitude measure-
ments. With these two modules, a virtual scene S is presented
to the teleoperator immersively:

S = {R(D(tﬂ)vXv(t)78v(t))vM(Xv(t))} (6)

D. Data Transmission

By using the proposed persistent-transient telepresence
model, only the operator’s control commands C,(t) and
transient information 7Z(t) are transmitted in the com-
munication channel, which generally takes up Kbps-level
bandwidth. In detail,

Trans(t) = {X,(t), S0(6),Cu(D)} )

In this way, the communication burden has been released
significantly.

IV. FRAMEWORK

This section presents the framework of our proposed tele-
operation system, which comprises three key components:
human-machine interface, vehicle platform, and communi-
cation module.

A. Human-Machine Interface

To minimize the information required for transmission,
the human-machine interface is developed based on our
proposed persistent-transient telepresence model. Firstly, per-
sistent environmental information is constructed as a virtual
reality of the environment and stored in the teleoperation
platform. Secondly, transient environmental information is
obtained and transmitted in real-time. Persistent and transient
information is processed to present a virtual reality scene to
the teleoperator.

1) Persistent Information for Telepresence: Persistent in-
formation is used to build a virtual model of the environment
in two steps. Firstly, the geometric structure of the envi-
ronment is constructed in the form of the point cloud map.
Secondly, the photogrammetry mesh is applied to improve
visual appearance.

o Geometric Structure. Firstly, we use Point LIO [38] to
construct a point cloud map using Lidar and IMU mea-
surements. Considering that dynamic elements within
the point cloud map may degrade re-localization ac-
curacy, we project the point cloud of each scan onto
a semantic image segmented by [39] and filter out
points corresponding to pixel classes that are potentially
movable, such as vehicles and motorcycles. The filtered
point cloud map, which represents the geometric struc-
ture of the environment, is stored on the vehicle, and
used for re-localization afterward.

o Visual Appearance. In real implementations, the point
cloud map provides precise geometric information of
the environment but lacks consistent visual represen-
tation. Moreover, using point cloud maps with a high
resolution increases computational burden, resulting in
large time delays during rendering. Consequently, a
high-resolution 3D color mesh is employed as the visual
appearance model to provide consistent visualization.
To generate a 3D mesh model that closely matches
the real scene, we use photogrammetry technique to
reduce visual discrepancies. In detail, we collect high-
resolution images in the workspace. To match the visual
appearance model with the geometric structure, both
images and the prebuilt point cloud map are processed
by iTwin Capture. Aerotriangulation is conducted with
manually selected 3D and 2D point pairs as initial cor-
respondences between images and point clouds. Then, a
high-resolution mesh model can be generated by iTwin
Capture with the mesh model’s coordinate aligned with
the point cloud map. The mesh model is subsequently
refined using Blender by manual cleanup and editing.
Then, we import the mesh model into Unreal Engine
5. With the pose estimation information from the re-
localization module, we render the photogrammetry
mesh accordingly, ensuring a seamless integration of
the vehicle within its virtual representation.

2) Transient Information for Telepresence: To ensure safe
teleoperation, transient information, including vehicle state
and dynamic objects nearby, needs to be presented to the
teleoperator.

o Vehicle State. The vehicle ego pose with respect to
the prebuilt geometry map, i.e. the point cloud map, is
estimated by a Lidar-IMU based pose tracking approach
[40], which is implemented through an Unscented
Kalman Filter (UKF) [41]. In the prediction phase,
vehicle pose is predicted based on linear acceleration
and angular velocity measurements from IMU. This
serves as an initial estimate for the NDT scan matching
algorithm, which aligns the current LiDAR scan with
the prebuilt map. Subsequently, vehicle pose estimation
is corrected based on the matching results. Additionally,
the vehicle’s motion state, including linear acceleration
and angular velocity, is measured by the onboard IMU.

o Dynamic Objects. Dynamic objects, such as vehicles
and pedestrians, threaten vehicle safety during teleop-
eration, which thus needs to be perceived accurately
and presented to the teleoperator in real-time. In the
developed system, we have implemented a 3D object
detection and tracking module engaged with Autoware
Universe [42]. A lidar-based 3D object detection model,
CenterPoint [43], is trained on the nuScenes dataset
[44], which contains a variety of categories that are
prevalent in driving scenarios such as cars, trucks,
pedestrians, and so forth. This model has been trained
on nuScenes for 20 epochs and gained the mAP of
0.5725 in the test set. The module is integrated with a
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adjustable virtual viewpoints

360° horizontal Field of View (FOV) 32-line spinning
LiDAR, RoboSense Helios. To ensure real-time infer-
ence, we export this model from PyTorch to the ONNX
model and subsequently convert it to FP16-engine files
of TensorRT. The final inference time with TensorRT
is reduced to approximately 40 ms when deployed on
the mobile robot’s edge computing unit with a GeForce
RTX 2060 Mobile GPU. After detection, a multi-object
tracking module is adopted to correlate 3D objects
across both temporal and spatial dimensions, enabling
the measurement of speed and motion trajectories. This
module employs the min-cost flow algorithm, muSSP
[45], to associate the detected objects across frames, and
uses the Extended Kalman Filter (EKF) to track objects,
employing distinct motion models for different object
categories. The entire detection and tracking pipeline is
executed within 100ms, with a frame rate exceeding 10
frames per second, thereby achieving real-time detection
and tracking.

3) Scene Reconstruction from Hybrid Representation:
With both persistent and transient information, vehicle-side
scenes can be recreated at the teleoperation platform. Scene
reconstruction comprises two key parts: scene rendering and
motion synchronization.

o Scene Rendering. The rendering system is developed
based on Unreal Engine 5 to provide a 3D virtual
reality of the remote environment, providing the func-
tionality of arbitrary viewpoint selection. The operator
can switch between different viewpoints, as shown
in Fig. 3. Functionalities including zoom in, zoom
out, and shift are supported as well. Moreover, the
rendering system also incorporates pose, speed, and
scale information of detected objects into the synthesis
process. A pre-set vehicle model will be rendered for
objects detected as vehicles with a safety boundary
below and a speed display on top. The scale of the
safety boundary represents the real scale of the vehicle,
and the color of the boundary indicates whether the
vehicle is moving or not, as shown in Fig. 5c. For
pedestrians, body animations such as running, walking,
and standing are added to the pedestrian model based
on the speed of the pedestrians. If an object cannot be

classified, a red-white box of its real scale will be put
into place to signify unknown obstacles. In this way, the
operator gains a better spatial awareness, understanding
of the surroundings, and insight into the intentions of
objects through an adjustable immersive 3D view of the
surrounding scenes and objects.

e Motion Synchronization. The remote scene is finally
presented to the teleoperator on a specialized platform,
as illustrated in Fig. 4b. This setup offers an immersive
experience by providing both 3D visual and motion
feedback. The operator has the flexibility to configure
the 3D scene with an optimal viewpoint. Moreover, they
can feel vehicle’s acceleration and vibrations through
the platform’s pitch and roll movements. These motions
are synthesized by transforming the IMU measurements
from the remote vehicle. To improve the quality of feed-
back, a low-pass frequency filter is applied in the motion
platform to attenuate high-frequency noise inherent in
the IMU data.

B. Vehicle Platform

The developed system is general for a variety of vehicle
platforms. In this paper, we have used the developed tele-
operation system to control an Agilex Hunter 2.0 UGV, an
Ackermann steering robot as shown in Fig. 2. A perception
and localization sensor suite has been developed for the
teleoperation system, as shown in Fig. 4a. This sensor suite
is equipped with an Intel NUC with a mobile GPU for
data processing, an Ubiquiti Wireless AP for communication,
and a 512Wh power station for power supply. In addition,
the sensor suite comprises a few sensors with multiple
modalities, including a RoboSense Helios Lidar, a RealSense
D455 camera, and a VN100 IMU. Extrinsic calibration has
been conducted between the Helios Lidar and the D455
camera using the method proposed in [46], while calibration
between the Helios Lidar and the VN100 IMU has been
conducted using the method provided in [47].

C. Communication Module

The communication between the vehicle and the teleop-
eration platform, as shown in Fig. 2, involves transmitting
control commands from the platform to the vehicle and
updating the platform with real-time information on the vehi-
cle’s state and detected dynamic objects. Our system adopts
a hybrid ROS structure due to certain modules running in
ROS 1, such as sensor drivers, while others operate in ROS
2, e.g., the Rendering module. On the vehicle side, sensor
drivers use ROS 1 to publish data. Specifically, IMU data is
sent to the platform using a TCP sender. A ROS 1-ROS 2
bridge (ros1_bridge) is utilized to facilitate the conversion of
sensor data from ROS 1 message to ROS 2 message, which
are then fed into our localization and perception modules
(ROS 2 nodes). Subsequently, both positional data and 3D
object detection results, encapsulated in ROS 2 messages,
are then transmitted through a TCP sender. On the platform
side, the TCP receiver dedicated to IMU data publishes this
data via ROS 1 upon reception. The motion platform then
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processes the IMU ROS messages and simulates vehicle mo-
tion. Simultaneously, another TCP receiver receives vehicle
position and detection data and publishes it via ROS2, which
is further processed by Unreal Engine 5 through rclUE (a
middleware that acts as a bridge between Unreal Engine
5 and ROS 2). Unreal Engine 5 utilizes this information
to render the vehicle’s surroundings and generate 3D mesh
models of detected objects. Besides, control signals from the
operator are relayed back to the vehicle via TCP as ROS
Twist messages to facilitate vehicle control.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

To validate the proposed teleoperation framework, a series
of experiments have been conducted at Nanyang Technolog-
ical University, Singapore. A Hunter robot equipped with
our designed sensor suite was used in the experiments, as
detailed in Sec. IV-B. A specialized teleoperation platform
is equipped with a steering wheel, a braking system, a
widescreen monitor, two electric motors for motion synchro-
nization, a desktop computer with an Intel Core 19 13900K
processor, an NVIDIA GeForce RTX 4090 GPU, and 64GB
of RAM. The communication system comprises 3 Ubiquiti
Wireless Access Points (APs), with a mobile AP mounted on
the vehicle, a base station AP at the teleoperation platform,
and an intermediary AP as a relay to bridge the communica-
tion link between the vehicle and the teleoperation platform.

Experiments were conducted at two different locations,
respectively. One is an open carpark surrounded by campus
buildings, and the other is a descending urban roadway
with two distinct crosswalks. The traditional video streaming
based teleoperation technology was used as the baseline
method for bandwidth comparison. The streaming function
is developed based on GStreamer, with a RealSense D455
Camera mounted on the vehicle, providing 1280 x 800
resolution images with FOV of 90° x 65°. The streaming
pipeline encodes videos using x264 codec.

B. Discussions

Experimental results of our proposed telepresence frame-
work are shown in Fig. 5. The left images in each subfigure
show the snapshots of the onboard camera, while the right
images are the corresponding virtual scene presented to the
teleoperator. It can be observed that our proposed frame-
work can provide a larger FOV with adjustable viewpoints
(see Fig. 3), which enhances the spatial awareness of the
teleoperator. Figs. 5a and 5b showcase the teleoperation
results of the vehicle during nighttime at a carpark and on
a public road, respectively. Obvious visibility degradation of
the camera can be observed, which was caused by motion
blur and overexposure. In contrast, our proposed telepresence
framework is insensitive to lighting conditions. A realistic
virtual scene with daytime lighting conditions can be gen-
erated even at night, thereby enhancing the teleoperator’s
situation awareness.

C. Quantitative Analysis

The bandwidth consumption of our proposed teleoperation
framework has been quantitatively evaluated in the public
road scenario under day and night lighting conditions, re-
spectively. Our proposed framework and the video streaming
framework have been tested respectively with the vehicle
moving along the same route and the same network setup.
The bandwidth data was collected from the Ubiquiti Wireless
AP’s control panel. As detailed in Tab. I, nighttime tests
reveal that our proposed method has achieved an aver-
age bandwidth consumption of 598.389Kbps, in contrast to
2.251Mbps for the conventional single front camera based
video streaming based method. Daytime evaluations show
similar results, with the 453.269Kbps bandwidth consump-
tion of our method versus the 2.224Mbps bandwidth con-
sumption of the video streaming based method. The results
show a significant bandwidth reduction in our system when
compared to the video streaming based method.

VI. CONCLUSIONS

This paper has introduced a new non-video based tele-
operation framework for bandwidth-limited applications. A
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TABLE I:

The comparative results of bandwidth consumption

Nighttime

Telepresence System Average Bandwidth

Ours
Single Camera Streaming

598.389 Kbps
2251.016 Kbps

Daytime
Std. Deviation | Average Bandwidth | Std. Deviation
208.895 453.269 Kbps 162.323
186.183 2224.745 Kbps 141.900

persistent-transient environment model has been proposed for
scene reconstruction at the remote end. Within this frame-
work, a digital twin of the environment is constructed and
stored at the teleoperation platform, using persistent informa-
tion gathered in advance, while only transient information,
such as vehicle state and dynamic objects, necessitates real-
time transmission. The proposed framework enables the pro-
vision of a realistic 3D virtual representation of the remote
environment to the teleoperator, consuming only Kbps-level
bandwidth. Furthermore, the framework demonstrates re-
silience to illumination variations. Real vehicle experiments
have been conducted to validate the proposed framework. Fu-
ture research will explore its potential applications, including
environmental service, port operation, and smart mining.
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