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Abstract. With the development of autonomous driving technology, autonomous
vehicle navigation in complex environments has become a key challenge. To
cope with the difficulties in complex environments, multi-sensor fusion
technology comes into being, which is of great significance for improving
transportation efficiency and ensuring safety. This paper analyzes the
development history and theoretical basis of multi-sensor fusion, as well as case
studies in different complex environments, to study in depth the application of
multi-sensor fusion technology in autonomous vehicle navigation. This paper
concludes that multi-sensor fusion technology has demonstrated some
effectiveness in practical applications, and many companies have realized the
initial development. However, the current technology is still affected by
problems such as dynamic environmental interference, which reduces reliability
under extremely complex conditions. In the face of complex environments,
multi-sensor fusion technology is developing in the direction of self-adaptation,
and initiatives such as dynamic fusion strategies and the fusion of sensor
networks and deep learning can improve system efficiency and responsiveness,
expanding the application of automated driving technology in intelligent
transportation and other aspects.
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1 Introduction

In today's era of rapid technological development, autonomous driving technology has
gradually become the core focus of the intelligent transportation field. With the
acceleration of urbanization, people's demand for intelligent transportation systems
continues to increase, which greatly promotes the in-depth research and development
and wide application of automated driving technology, and has become the core driving
force for change in the field of transportation. Continuous innovation in sensor
technology, artificial intelligence and machine learning has laid a solid foundation for
autonomous driving to move from assisted driving to fully autonomous driving. Many
research institutions around the world, such as Google (Waymo), Tesla (Autopilot), and
Baidu (Apollo), have plunged into the process, rapidly promoting the process of
autonomous driving technology, to reshape the future transportation patterns and
improve the overall transportation efficiency [1].
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Currently, automated driving technology has made significant progress in many
aspects, but the navigation problem in complex environments still needs to be solved.
Complex environments include the presence of pedestrians and non-motorized vehicles,
frequent interference from bad weather, ambiguous road signs, and frequent traffic
emergencies, which make vehicle perception and decision-making much more difficult.
In this context, multi-sensor fusion technology has gradually developed and become a
key path to solving this dilemma. By integrating the data from multiple sensors, such
as LiIDAR, millimeter wave radar, and cameras, the perception accuracy and robustness
of the automatic driving system in complex environments are effectively enhanced [2].

The purpose of this paper is to explore the application of multi-sensor fusion
technology in the autonomous navigation of vehicles in complex environments. The
aim of this paper is to thoroughly investigate the application mechanism of multi-sensor
fusion technology in self-driving navigation systems and its various challenges, and to
explore practical improvement strategies to significantly enhance the robustness and
accuracy of the system. This paper first describes the evolution of multi-sensor fusion
technology, from the early limitations of a single sensor to today's deep learning-
enabled multi-sensor fusion stage. Then it analyzes the theoretical foundation of multi-
sensor fusion technology, including the core points of hardware selection and software
design. Subsequently, we analyze in detail the application effect of multi-sensor fusion
technology in different complex environments through three practical cases, namely,
urban autonomous driving, bad weather navigation and complex road scenarios. Finally,
the challenges brought by the complex environment to autonomous vehicle navigation
are discussed in depth, and the future development trend of multi-sensor fusion
technology is outlooked, to provide strong support and new ideas for further
breakthroughs in autonomous driving technology.

2 History of Multi-Sensor Fusion Technology

In the early stages of sensor technology development, systems usually relied on a single
sensor for information sensing. However, single sensors have significant limitations in
data acquisition. For example, a single sensor may cause data distortion due to changes
in the physical environment (e.g., lighting conditions, weather, etc.) [3]. There are also
limitations in the measurement range and resolution of a single sensor, which cannot
fully satisfy the needs of multidimensional and multimodal information sensing in
complex environments.

Between the 1980s and the 2000s, research on multi-sensor fusion techniques began
to take shape, and the potential of multi-sensor fusion was gradually recognized by
academia and industry. Initial research focused on theoretical approaches based on
probabilistic statistics, such as Bayesian inference and least squares estimation [4].
However, the state of the art is mainly limited to simple fusion of data and feature layers,
such as optimization of redundant information through data comparison of multiple
source sensors.

In the 1990s, Kalman filtering (KF) and extended Kalman filtering (EKF) became
the core methods for multi-sensor fusion, which are widely used in navigation, tracking
and other fields. The research in this stage focuses on processing noisy and uncertain
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data through linear or nonlinear filtering techniques, so as to improve the accuracy of
fusion results. For example, in the fusion of inertial navigation system (INS) and GPS
data, Kalman filtering has successfully achieved a balance between real-time and high
accuracy [5].

After entering 2010, the rapid development of deep learning and artificial
intelligence technology has brought new opportunities for multi-sensor fusion. Deep
learning-based multi-sensor fusion methods are able to automatically extract high-
dimensional features and get rid of the limitations of traditional hand-designed features.
Technological breakthroughs in this phase include convolutional neural networks
(CNN), recurrent neural networks (RNN) and their application in end-to-end
multimodal fusion [6]. With the increase in arithmetic power, real-time large-scale
sensor data processing becomes possible, supporting fields such as autonomous driving,
drones and robotics.

The future multi-sensor fusion technology will be more intelligent and adaptive.
Research including dynamic adjustment of fusion strategies, autonomous detection and
repair of sensor faults will further advance the technology. The combination of
distributed sensor networks and edge computing will also make multi-sensor fusion
more efficient and flexible.

3 Theoretical Basis of Multi-Sensor Fusion Technology

Multi-sensor fusion refers to the extraction of consistent, accurate and reliable
information from observations from multiple sensors. Its core objective is to
compensate for the deficiencies of a single sensor by fusing data from multiple sources.
According to the data processing level, multi-sensor fusion can be divided into three
levels: data layer, feature layer and decision layer. The data layer, on the other hand,
directly fuses sensor data and is suitable for scenarios with good synchronization and
uniform data format; the main purpose of the feature layer fusion is to extract feature
data, which is suitable for dealing with heterogeneous sensors; and finally, all the data
are synthesized in the decision-making layer and decisions are made. The construction
of the system involves two main aspects of hardware and software, covering sensor
selection, data acquisition and processing, fusion algorithm design and other aspects.
In the process of multi-sensor system construction, the hardware system and software
program are the two most important components of sensor fusion. They cover important
aspects such as sensor selection, data acquisition and processing, and fusion algorithm
design.

Sensor selection is an extremely critical aspect in the construction of an autonomous
driving system, in which commonly used sensors are LiDAR, inertial measurement unit
(IMU), global positioning system (GPS), camera, and millimeter-wave radar. Each of
these sensors has unique advantages and limitations.

LiDAR can provide high-precision three-dimensional environmental information
and has an advantage in constructing fine environmental models, however, the
performance will be reduced in poor weather conditions such as rain and snow; IMUs
can be used to measure the acceleration and angular velocity of the vehicle, which can
provide high-precision positional information within a short time, however, cumulative
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errors will be generated over time, so they need to be calibrated with the data from other
sensors. Data to correct each other; GPS can provide worldwide position information,
but in special environments such as urban canyons or tunnels, it is prone to signal
blocking problems, which in turn affects the positioning accuracy; Cameras can capture
rich visual information, which is more suitable for target recognition and classification
tasks, but are more affected by lighting conditions; Millimeter-wave radar can penetrate
rain, fog and other inclement weather, and can provide distance and speed information
of the target, although its resolution is relatively low.

In practical application scenarios, a combination of multiple sensors is usually used
to realize complementary advantages and thus improve the reliability and accuracy of
environmental sensing. Table 1 is a comparison of the advantages and disadvantages of
different sensors in complex environments [7].

Table 1 Advantages and disadvantages of different sensors.

Sensors Advantages Disadvantages Adaptability
GPS High-precision global Signal loss in occluded Suitable for open
positioning environments environments

Accumulated errors

IMU High-speed dynamic over long periods of Suitable fqr motion
response - tracking
time
LiDAR Highly acgurate 3D Highly affected by Outdoor navigation
ranging weather
Highly affected by
Camera Rich image information changes in Scene Recognition
illumination
Radar Penetrates rain, fog and . Suitable for bad
Lower resolution
(loanword) dust weather

In a multi-sensor fusion system, the data acquisition and processing module plays a
crucial role. The raw data collected by the sensors must be preprocessed to meet the
requirements of the fusion algorithm, and data synchronization and calibration are
especially critical. Due to the differences in sampling frequency and timestamps of
different sensors, data synchronization ensures that the fusion is carried out under a
uniform time base through timestamp alignment or interpolation methods, avoiding
errors caused by time deviations. Spatial calibration criteria address differences in
installation locations and angles and transform multi-sensor data to the same coordinate
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system to ensure spatial consistency. Data filtering removes noise and outliers
contained in sensor data to improve data quality. Data format conversion solves the
problem of different sensor data formats to meet the input requirements of the fusion
algorithm. Effective data preprocessing is the cornerstone of realizing multi-sensor
fusion and has a decisive impact on the performance of the whole multi-sensor fusion
system.

Fusion algorithms are the core of multi-sensor fusion systems, which have a direct
and significant impact on system performance, such as KF and EKF for state estimation
of linear and nonlinear systems, particle filtering (PF) for state estimation of nonlinear
non-Gaussian systems and approximation of probability distributions by a large number
of particles, Bayesian fusion (BF), and deep learning methods that utilize neural
networks for feature extraction and fusion of multi-sensor data and have excellent
performance in processing high-dimensional data in complex environments are all
commonly used fusion algorithms. Bayesian fusion and deep learning methods that
utilize neural networks for feature extraction and fusion of multi-sensor data and excel
in high-dimensional data processing in complex environments are commonly used
fusion algorithms [8]. In practical applications, the fusion algorithm should be
optimized based on specific application scenarios and sensor characteristics to meet the
real-time and accuracy requirements of the system, and to ensure that the entire multi-
sensor fusion system operates stably and efficiently.

4 Practical Application Case Studies

Multi-sensor fusion technology is increasingly widely used in the field of autonomous
driving, and its performance in different scenarios is analyzed through specific cases
below.

In urban autonomous driving navigation, multi-sensor fusion technology overcomes
the limitations of a single sensor by integrating the advantages of multiple sensors to
achieve more accurate environment sensing and navigation. Lidar provides high-
precision 3D point cloud data to build a detailed model of the surrounding environment,
cameras capture visual information such as road signs, signals, and pedestrians,
millimeter-wave radar can still excellently detect the distance and speed of vehicles and
obstacles in bad weather, and GPS and IMU provide vehicle position and motion status
to assist in precise positioning and path planning. After data acquisition, the system
performs pre-processing such as time synchronization, spatial calibration and noise
filtering, and then fuses the data using multi-sensor fusion algorithms such as Kalman
filtering or deep learning models to generate a unified understanding of the environment.
Multi-sensor fusion technology greatly improves the system's perception and decision-
making efficiency, such as Waymo's self-driving vehicles can accurately detect and
avoid pedestrians and vehicles in urban environments after fusing LiDAR, camera, and
radar data, and its millions of miles of testing require only 0.09 manual interventions
per 1,000 miles, which highlights the effectiveness of the technology. However, tall
buildings in cities tend to obscure GPS signals, and changes in lighting can also affect
camera performance [9]. Therefore, the system must be robust to guarantee reliable
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navigation in case of sensor data deficiencies.

In terms of optimizing the navigation system under inclement weather, bad weather
such as heavy rain, fog and snow has a significant impact on sensor performance.
Cameras in low visibility, image capture ability is limited, and target recognition
detection accuracy is significantly reduced. Lidar in the rain and snow laser beam
scattering point cloud data quality drops sharply, interfering with environmental
perception. Millimeter-wave radar can penetrate rain and fog in rain and snow under its
long wavelength, and its data accuracy and stability are better than that of camera and
LiDAR, such as fog in the camera detection accuracy drops more than 50%, and
millimeter-wave radar only about 10%, indicating that it is difficult for a single sensor
to meet the demand, and multi-sensor fusion is the key [10]. In order to improve
adaptability, a variety of measures can be taken, such as sensor redundancy design,
Tesla autopilot vehicles are equipped with high-definition cameras, high-resolution
lidar and millimeter-wave radar, when the camera is blocked in the rainstorm test, the
latter two supplement the information to avoid collision and improve the robustness of
the system; in terms of adaptive fusion algorithms, in the case of Tesla in the rainy
weather, for example, the monitoring and analysis of the millimeter-wave radar to
increase the weighting, reduce the In terms of adaptive fusion algorithm, for example,
Tesla increases the weight of millimeter wave radar and reduces the influence of camera
after monitoring and analyzing in rainy and snowy weather, and improves the
navigation safety by 30% after many tests; in terms of optimization of environment
perception model, the deep learning model is trained with a large number of bad
weather samples, and the accuracy of the road sign recognition rate of the vehicle in
fog is increased by 40%, and the combination of these methods significantly improves
the reliability and safety of the autopilot navigation system under the bad weather, and
provides a strong guarantee for the application of the autopilot technology in complex
environment.

In complex road scenarios, unmanned vehicles often encounter unexpected events
such as pedestrians suddenly crossing the road, the vehicle in front of the emergency
braking and so on, and multi-sensor fusion technology plays a key role here, which
allows the system to real-time perception of the dynamic changes in the surrounding
environment and quickly respond. For example, Baidu Apollo's automatic driving
system by fusing LiDAR and camera data, in the case of the sudden appearance of
pedestrians, can quickly decide to brake or avoid, according to test data shows that its
reaction time in the simulation of emergencies in an average of only 0.5 seconds, this
performance is significantly better than the average reaction time of human drivers [11].
Meanwhile, in complex road scenarios, navigation strategies need to be dynamically
adjusted based on real-time environmental information, and the precise environmental
awareness provided by multi-sensor fusion allows the system to optimize the path
planning and decision-making process. For example, NVIDIA's autonomous driving
platform has successfully realized autonomous navigation on complex urban roads by
fusing multi-sensor data, and can dynamically adjust driving routes according to real-
time traffic conditions, effectively avoiding congestion and improving driving
efficiency [12]. However, there are still many challenges to achieving autonomous
navigation in complex environments, including the diversity of the environment, the
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completeness and accuracy of the data in the navigation process, and the limitations of
existing technologies.

5 Challenges of Autonomous Vehicle Navigation in Complex
Environments

Complex environments can be categorized into three main types: urban environments,
suburban and rural environments, and extreme environments. In urban environments,
the population and vehicles are highly dense, the traffic conditions are complicated and
variable, high-rise buildings are prone to trigger the multipath effect of GNSS signals,
resulting in a decrease in positioning accuracy, and dynamic obstacles such as
pedestrians, non-motorized vehicles, and complex traffic rules greatly increase the
difficulty of navigation; in suburban and rural environments, the roads are often lack of
clear lane markings and traffic signs, and the road conditions are complicated and
diverse, including unpaved roads such as dirt roads and gravel roads, while GNSS
signals are easily blocked by trees or terrain to affect positioning, and wildlife and
wildlife can be easily blocked. In suburban and rural environments, roads often lack
clear lane markings and traffic signs, and road conditions are complex and varied,
including unpaved roads such as dirt and gravel roads, while GNSS signals are easily
blocked by trees or terrain to affect positioning, and the sudden appearance of wild
animals or agricultural vehicles also makes the environment full of uncertainty; and
extreme environments include severe weather conditions such as heavy rain, heavy
snow, dense fog, and complex terrain such as mountainous areas and deserts, in which
the performance of sensors can be seriously affected, such as the camera's effect
deteriorates when the low visibility, and LIDAR's effect deteriorates in rain, snow, and
fog. Deteriorates and LiDAR data noise increases in rain and snow [13].

Navigation in complex environments faces many challenges. Due to the many
external interference factors, sensors often lose data or generate noise. In urban canyons,
GNSS signals are easily interfered with by reflections from surrounding buildings,
resulting in large errors in positioning, which seriously affects the accuracy of
navigation; while the camera is overexposed in the face of strong direct light, making
it difficult to distinguish the details of the object, and in low-light environments, due to
the lack of light, the image is dim and fuzzy, making it impossible to obtain clear visual
information. At the same time, the dynamics of complex environments also bring great
challenges to the navigation system. Pedestrians may rush out from the roadside
without warning, vehicles frequently change lanes and their speed and direction are
unpredictable, and even animals may suddenly cross the road, which all require the
navigation system to have extremely sharp real-time sensing ability and rapid response-
ability to make timely and correct decisions. In addition, static or dynamic obstacles on
the road, such as stationary parked vehicles, areas under construction, or accidentally
falling objects, will seriously interfere with the preset navigation path, which forces the
system to have efficient obstacle detection and accurate avoidance capabilities.
Moreover, each sensor has its own unavoidable defects, such as the camera's field of
view being relatively narrow, it is difficult to comprehensively cover the surrounding
environment, LIDAR in some specific angles there will be a detection of blind spots,
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once the sensor malfunctions lead to failure or performance degradation, the reliability
of the navigation system will be greatly reduced, and even can not work properly.

In addition, autonomous vehicle navigation systems also face difficulties such as the
reliance on a single sensor, the synergy problem of multi-sensor fusion, and the trade-
off between real-time and accuracy. First, navigation systems relying on a single sensor
are easily limited in complex environments, for example, relying only on GNSS
localization has a large error when the signal is blocked, and relying only on cameras
to sense the environment is ineffective under light changes or bad weather [14]. Second,
although multi-sensor fusion technology can combine the advantages of different
sensors, it faces challenges such as data synchronization, calibration, and the
effectiveness of information fusion, and the significant differences in the data formats
and update frequencies of different sensors increase the complexity of efficient fusion.
In addition, in complex environments, navigation systems need to balance real-time
and accuracy, and high-precision algorithms usually have high computational
complexity, which may affect real-time responsiveness. To cope with these problems,
researchers have proposed a variety of improvement methods, such as utilizing other
sensor data to maintain system operation when a single sensor fails through multi-
sensor fusion techniques, as well as employing advanced algorithms, such as deep and
reinforcement learning, to enhance the system's adaptability and decision-making
ability in complex environments. Despite significant progress, autonomous vehicle
navigation in complex environments still requires continuous research and
technological innovation.

6 Conclusion

This paper centers on the application of multi-sensor fusion technology in the
autonomous navigation of vehicles in complex environments. Multi-sensor fusion
technology has made remarkable progress. From the early single sensor reliance
gradually developed to the fusion of a variety of advanced methods, through the
statistical, Kalman filtering and deep learning and other stages, to enhance the ability
of the autonomous driving system. However, it is still plagued by data loss, dynamic
changes, and sensor degradation in complex environments. Different sensors have their
own advantages and disadvantages, and reasonable selection and effective fusion are
the key. In the future, the development of autonomous vehicle navigation should focus
on intelligent and adaptive strategies, such as dynamic fusion, fault detection and
recovery, and the integration of distributed and edge computing, and the end-to-end
model of deep learning may become mainstream, which will not only accelerate the
process of autonomous driving applications but also expand to the field of intelligent
transportation and urban planning, which will vigorously promote the global
development of intelligent systems and cities and the subsequent research can be
deepened in this direction to deepen the innovation and expansion.
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