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Abstract.  This study focuses on multi-sensor fusion technology applied in environmental
perception for intelligent driving systems and explores its role in enhancing the accuracy and
robustness of environmental perception. Analysis shows that multi-sensor fusion can
overcome the limitations of single sensors through complementary advantages. Among
mainstream sensors, cameras provide 2D image details for target recognition and road
condition judgment; LiDAR generates 3D point clouds for high-precision modeling, suitable
for L3 and above levels; millimeter-wave radar has strong environmental adaptability but
limited detail recognition. Multi-sensor fusion operates at three levels: data-level (retaining
original information but requiring high computing power), feature-level (efficient but with
data loss), and decision-level (fusing based on independent detection results). Combining
multi-sensor fusion with deep learning (e.g., end-to-end fusion) can improve accuracy and
real-time performance. Currently, intelligent driving faces challenges of low cost, high real-
time performance, and high accuracy. Multi-sensor fusion is an important direction. In the
future, it is necessary to optimize sensor performance (such as 4D millimeter-wave radar)
and algorithms to meet the needs of complex environments.

Keywords: sensors, intelligent driving, environmental perception, multi-sensor fusion

1. Introduction

Nowadays, with the increasing complexity of motion scenarios, a single sensor gradually struggles
to meet the needs of high-precision environmental detection. In the context of intelligent driving,
sensors—serving as perceptual tools for vehicles and various mobile devices to perceive the
surrounding environment—constitute the fundamental basis for vehicles to execute safe decision-
making and achieve autonomous driving. Sensor technology is a core pillar of intelligent driving
systems, known as the "sensory center" of vehicles, playing a decisive role in key links such as
autonomous navigation, environmental perception, and precise decision-making execution. Each
advancement in sensor technology directly promotes the improvement of vehicle safety performance
and accelerates the commercialization of unmanned driving technology.

Early research on intelligent driving mainly relied on a single sensor, such as millimeter-wave
radar, LiDAR, or cameras for environmental perception. This approach significantly constrains the
unique advantages of various sensors and fails to fully leverage the performance potential of the
perception system. In practical scenarios, when using a single LiDAR for detection, it is susceptible
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to weather and light conditions and difficult to identify small objects—information that camera
sensors can capture. Cameras can also obtain more detailed information about objects, such as color
and shape. However, a single camera is inaccurate in judging distance and speed. Therefore, projects
on multi-sensor fusion have attracted attention. The fusion of sensors—including millimeter-wave
radar and cameras—enables the achievement of enhanced accuracy and robustness in target
detection through the mutual complementation of their respective advantages. As the "perceptual
organs" of vehicles, sensors can real-time acquire environmental information around the vehicle,
such as obstacles, pedestrians, and traffic signs. For example, object distance and driving speed are
crucial data in intelligent driving. Tesla's early Autopilot system relied excessively on pure vision,
which eventually led to multiple accidents because pure vision systems are prone to misjudging
targets under extreme light conditions. After introducing fusion solutions, the system's
environmental perception ability became stable. Multi-sensor fusion can effectively overcome these
limitations and improve the comprehensive perception ability of the system.

Researchers have begun to explore how to efficiently fuse data from different types of sensors to
build a comprehensive and accurate environmental perception system and perception methods.
These methods aim to integrate the advantages of radar and cameras. The choice of fusion level for
different sensors directly affects system performance. Directly superimposing data, while retaining
complete original information, results in excessively high data processing complexity, which may
cause calculation delays and affect the real-time performance of recognition. For example, Bird's
Eye View (BEV) fusion [1], which integrates radar point clouds and image information captured by
cameras to improve spatial perception ability, has a complex feature extraction network and easily
causes waste of computing resources. In contrast, feature-level fusion can reduce data processing
burden and improve system response speed while retaining key information. By optimizing fusion
algorithms, the advantages of various sensors can be combined more effectively to ensure the
stability and reliability of intelligent driving systems in different environments. For example, using
deep learning algorithms for joint training of multi-source data can not only improve the accuracy of
target recognition and reduce false alarm rates but also realize real-time adjustment of fusion
strategies.

In addition to sensors, methods related to target detection are also developing rapidly. In recent
years, with the development of deep learning, various convolutional neural network models have
been proposed. Using convolutional neural networks to extract deep features from image data
acquired by sensors has greatly improved the accuracy of target detection. There are mainly two
types of target detection methods using deep learning: two-stage detection, with representative
algorithms such as the R-CNN series, and single-stage algorithms, which are faster than two-stage
detection algorithms, with representative ones including SSD and YOLO algorithms [2]. Based on
these continuously developing algorithms, information collected by various sensors can play a more
effective role. This paper focuses on the application and evolution of multi-sensors in the field of
intelligent driving, uses the advantages of multi-sensors to make up for the limitations of single
sensors, analyzes the application scenarios and development trends of various sensors in intelligent
driving, aiming to support the innovation, iteration, and wide application of sensor technology.

2. Principles and characteristics of mainstream sensors in intelligent driving

2.1. Visual sensors (cameras): advantages and limitations

Visual sensors such as cameras are core devices that simulate human visual perception in driving.
They provide road conditions and target recognition by capturing 2D image information. Their main
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working principle is very similar to that of human eyes, both based on optical imaging, including
optical sensors and image processing algorithms, and can recognize lane lines, traffic signs,
pedestrians, etc. Currently, on-vehicle cameras in the market mostly use high-resolution CMOS
sensors, with wide-angle and night vision functions. Combined with various on-vehicle chips, they
can perform preprocessing such as noise reduction, compression, and enhancement on the extracted
image data, and then use computer vision algorithms such as deep learning models to extract
features from image data, such as edges, textures, and target contours, and finally realize target
detection and classification.

There are many types of on-vehicle cameras in intelligent driving systems, which are divided into
front-view, surround-view, rear-view, etc., each undertaking different tasks in the intelligent driving
process of vehicles [3]. For example, front-view cameras are responsible for observing the front of
the vehicle and can warn of potential collisions and lane departures. Because this function plays an
important role in intelligent driving, the quantity and quality of front-view cameras are constantly
improving. With the continuous development and update of intelligent driving systems, multi-
camera design has gradually become mainstream to enhance environmental perception capabilities.
This is particularly evident in Advanced Driver Assistance Systems (ADAS), where fused
information from multiple cameras enables functions such as reverse imaging and holographic
imaging. However, like human eyes, cameras are easily affected by harsh environments, and their
environmental adaptability needs to be enhanced [4].

2.2. LiDAR: principles, advantages, and limitations

LiDAR (Light Detection and Ranging) is a technology that emits laser beams and receives reflected
signals, calculates the laser propagation time or phase difference to determine the distance of the
target, and then generates 3D point cloud data of the surrounding environment to realize 3D
modeling and target detection of the environment. LiDAR is divided into single-line and multi-line
types. Single-line LiDAR only generates a single scanning line, forming 2D point cloud data; multi-
line LiDAR can emit and receive multiple laser pulses simultaneously, generating more detailed
2.5D or 3D point cloud models [5]. Here, 2.5D point cloud refers to data that contains height
information but lacks complete three-dimensional structural details, as it samples height in a discrete
manner rather than capturing the full contour of the target.

The invention of lasers has enabled the wide application of LiDAR technology, from aerospace
and surveying to intelligent driving systems of L3 and above levels [6]. The real-time performance,
high precision, and ultra-long-distance monitoring characteristics of LiDAR technology are the main
reasons for its becoming an important technology in intelligent driving. Its characteristic of being
unaffected by lighting conditions enables intelligent driving vehicles to accurately identify road
conditions, obstacles, and other important traffic signs in various environments. However, like
cameras, LiDAR is greatly affected by severe weather (such as rain, snow, and heavy fog). Laser
signals are easily blocked or scattered, resulting in reduced perception accuracy. At the same time,
traditional LiDAR has a high cost, which limits its large-scale application in some scenarios [7].

2.3. Millimeter-wave radar: principles, advantages, and limitations

Millimeter-wave radar emits millimeter waves (electromagnetic waves with a wavelength of 1-10
mm) and receives reflected signals, calculates the distance, speed, and azimuth of the target using
the Doppler effect and time difference, thereby realizing the detection of obstacles in the
surrounding environment. Compared with the previous two sensors, millimeter-wave radar has
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strong environmental adaptability, can directly obtain target speed information, and performs well in
long-distance obstacle detection, which can effectively make up for the shortcomings of visual
sensors in complex environments. However, millimeter-wave radar also has certain limitations.
Compared with LiDAR, its resolution is lower, its ability to recognize target details is limited, and it
is difficult to distinguish specific categories of targets (such as pedestrians and non-motor vehicles).
At the same time, it is susceptible to multipath effects, which may cause false detections in complex
scenarios (such as urban building groups).

3. In-depth application of multi-sensor fusion and algorithm integration

3.1. Applications of multi-sensor fusion

Intelligent driving, especially Level L4 and above, has extremely high requirements for the accuracy
of environmental perception. However, single sensors have significant limitations: visual sensors are
easily affected by illumination and weather, LiDAR is costly, and millimeter-wave radar has limited
height measurement capabilities. Therefore, multi-sensor fusion technology can integrate the
advantages of various sensors to improve the system's ability to identify obstacles, as well as solve
problems such as route planning and trajectory prediction. In intelligent driving, sensors usually
used for fusion include optical sensors and non-optical sensors, and the collaboration logic between
different types of sensors is different, such as visual sensors and millimeter-wave sensors. Visual
sensors are good at recognizing traffic signs, lane lines, and describing pedestrians, but are affected
by light, while millimeter-wave radar has strong environmental adaptability and can accurately
measure speed. Fusing the two can improve the stability of vehicle detection functions such as FCW
and AEB [8]. For example, in pedestrian detection, vision can provide various color and detail
features, millimeter-wave radar can ensure detection capability in harsh weather, and infrared
sensors can be combined when necessary to enhance detection capability at night. In addition, visual
sensors and LiDAR: visual sensors provide rich color and texture information, and LiDAR generates
high-precision 3D point cloud models. Their fusion can enhance environmental modeling
capabilities in complex scenarios. For example, Xpeng's Xpilot system takes vision as the core,
integrates LiDAR to achieve safety redundancy, and converts multi-camera data into Bird's Eye
View (BEV) through XNet technology, reducing dependence on high-precision maps.

3.2. Methods of multi-sensor fusion

The essence of multi-sensor fusion is to fuse information collected by multiple different types of
sensors. Since the information comes from multiple sources (i.e., multiple sensors), such
information is often more reliable. In multi-sensor information fusion, it can be divided into three
categories: data-level fusion, feature-level fusion, and decision-level fusion [8].

Data-level fusion refers to the direct fusion of raw data collected by different sensors. It is a low-
level fusion method. After completing the raw data fusion, various algorithms need to be used for
feature extraction. The advantage of this is that it reduces the loss of raw data, ensures the accuracy
of target detection to a certain extent, and provides more comprehensive information. However, its
disadvantage is obvious: excessive raw data often consumes huge computing power, increasing
computing costs and reducing computing speed, which is contrary to the goal of real-time
performance required by intelligent driving.

Feature-level fusion is a higher level than data-level fusion, belonging to the intermediate level.
Its main function is to process raw data before use, that is, to extract features from raw data, fuse
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them into feature vectors, and then identify target results through target recognition algorithms.
Unlike data-level fusion, which directly uses raw data, feature-level fusion extracts features from
raw data before fusion, which greatly reduces the amount of data to be processed, thereby improving
computing efficiency. However, it also loses part of the raw data and lacks data integrity.

Decision-level fusion is a high-level fusion method. Different from the previous two fusion
methods, decision-level fusion requires each sensor to collect data, extract features, and have an
independent target recognition mechanism. After completing their respective detection tasks, these
sensors output results separately, which are finally processed by the decision layer to form and
output the final conclusion.

There are many applications of these fusion methods. For example, data matching fusion
algorithms, a type of data-level fusion, use GPS/INS modules to obtain the latitude, longitude, and
elevation coordinate data of intelligent vehicles, retrieve matching spatial data in OSM data, extract
the number of lanes and lane width of the current road, and provide basic road information for
subsequent positioning and navigation.

Since deep learning has been widely applied in the field of images [9], people have begun to
apply deep neural networks to intelligent driving systems for various driving decisions, target
positioning, and route planning. The adoption of end-to-end fusion approaches based on neural
networks—such as target detection networks that integrate radar point clouds and camera images—
can significantly enhance the accuracy and real-time responsiveness of environmental perception
systems [10]. Additionally, the integration of deep learning algorithms with diverse sensor fusion
methodologies constitutes one of the primary trends in the future development of intelligent driving
perception technologies.

4. Conclusion

Currently, the various driving environments faced by human society are becoming increasingly
complex. Although LiDAR is accurate and precise, its high cost hinders large-scale application;
cameras can directly receive a large amount of information but are easily affected by the
environment and light, making them difficult to function in night environments. How to achieve low
cost and high real-time performance while ensuring the accuracy of target detection is a major
challenge for intelligent driving systems. Therefore, the fusion of multi-sensors is a promising
direction. At the same time, developing more optimized algorithms and advanced sensors remains a
key direction for future research. For instance, high-resolution 4D millimeter-wave radar—when
compared with conventional millimeter-wave radar—exhibits higher-dimensional measurement
capabilities and enhanced resolution for target objects. On the other hand, continuous optimization
of signal processing algorithms, coupled with the adoption of advanced machine learning algorithms
to analyze and process raw signals, enables the extraction of more effective information from
complex echo signals.

After specifically analyzing the application scenarios and limitations of various single sensors,
this paper introduces the advantages and application methods of multi-sensors. By utilizing the
respective advantages of each sensor to make up for each other's disadvantages, the real-time
performance and accuracy of intelligent driving are improved. At the same time, it is proposed to
combine current deep learning and large models and other technologies, not only to improve the
quality of sensors but also to develop corresponding target detection algorithms to match the use of
sensors, so as to meet the detection needs of increasingly complex environments.
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