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1. Introduction

With the rapid development of automotive intelligent technolo-
gies, in-vehicle vision sensors have gained traction as essential
components of intelligent driving systems, providing critical road
condition data, assisting driving decisions, and enabling autono-
mous driving functions. Compared with other in-vehicle percep-
tion sensors, vision sensors deliver more detailed and
comprehensive environmental information, offering vital data to
support intelligent driving decision-making and control [1]. There-
fore, the accuracy and reliability of visual perception directly influ-
ence the safety and performance of intelligent driving systems,
making it a central factor in achieving truly intelligent and auton-
omous vehicles. Fig. 1 illustrates the vision sensing in intelligent
driving.

Compared with industrial and consumer cameras, automotive-
grade cameras are subject to more complex and stringent technical
requirements, necessitating targeted and innovative engineering
solutions [2]. First, in terms of function and application, automo-
tive-grade cameras must adapt to variable driving environments,
maintaining high performance in image processing, hardware
robustness, and system integration under varying lighting condi-
tions. Second, in design and manufacturing, these cameras require
specialized materials and advanced packaging technologies, and
must undergo rigorous testing for environmental adaptability
and resistance to vibration impact to ensure good imaging quality
even under adverse weather conditions. Additionally, automotive-
grade cameras encounter significant technical challenges in lenses,
complementary metal oxide semiconductor (CMOS) image sensors,
and image signal processors. These challenges include demands for
high dynamic range, adaptation to both strong and low light envi-
ronments, vibration-induced blur compensation, low latency, high
resolution, and reliable performance [3]. Meeting these technical
requirements is essential for achieving safe and precise environ-
mental perception and target recognition in intelligent driving
scenarios.
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2. Key techniques and challenges
2.1. Structure and key techniques

In-vehicle vision sensors primarily consist of a lens, CMOS
image sensor, image signal processor, and serializer [4]. The lens
refracts light reflected from objects and focuses it onto the CMOS
image sensor. The CMOS image sensor utilizes the photoelectric
conversion effect of photodetectors to convert the optical image
on the photosensitive surface into an electrical signal, maintaining
a proportional relationship with the incident light intensity. The
image signal processor subsequently preprocesses the raw image
data, performing functions such as image scaling, auto exposure
(AE), auto white balance (AWB), auto focus (AF), and image noise
reduction while also converting the data into an appropriate for-
mat. Finally, the serializer transmits the processed image data.
Fig. 2 illustrates the structure and working principle of vision
Sensors.

2.2. Main challenges

In-vehicle vision sensors are essential in real-time target detec-
tion and scene interpretation for intelligent driving systems, and
significant progress has been achieved in recent years. However,
owing to the complexity and variability of driving environments,
current vision sensing technology continue to encounter limita-
tions in balancing high resolution with high frame rate, capturing
high dynamic range images, resisting intense light, maintaining
sensitivity in low-light environments, providing quick response
and low latency, and ensuring safety and reliability [5]. Moreover,
vibrations and jolts during vehicle operation can significantly
impact the performance of vision sensors. These limitations result
in reduced environmental perception accuracy and delays in target
recognition under sudden lighting changes, extreme weather, and
special driving scenarios, thereby increasing driving safety risks
and reduce the rapid development of intelligent driving technology
[6]. This paper focuses on three core components of vision sen-
sors—optical lens, CMOS image sensor, and image signal proces-
sor—and discusses the primary technical challenges associated
with each of them.
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Fig. 1. Vision sensing for intelligent driving.

(1) Optical lens. The parameters of a lens, such as aperture size
and focal length range, are constrained by physical factors like
depth of field, aperture diffraction, and lens size, which influence
image quality under varying lighting conditions [7]. Owing to these
optical limitations, current lenses often fail to preserve critical
details in high-contrast scenes containing both strong and low
light, thereby hindering accurate recognition of road conditions
and traffic signs [8]. Although automotive wide-angle lenses
extend the field of view, they also introduce optical distortion,
resulting in substantial errors in object recognition and distance
estimation. For instance, intelligent vehicles typically construct
bird’s-eye view (BEV) images using 190° fisheye cameras; how-
ever, substantial distortion errors at the periphery causes localiza-
tion deviations of obstacles, particularly in narrow road scenarios.
Additionally, because traditional lens hydrophobic coatings lack
sufficient dirt resistance, residual water droplets blur images, pre-
venting BEV systems from detecting lane markings on reflective
road surfaces during rainy conditions.

The sharpness of lenses is limited by the diffraction limit. Cur-
rent lens technology struggles to improve resolution while main-
taining miniaturization, which limits the ability to capture and
recognize details of distant or small objects such as distant traffic
signs or road hazards. The materials used in current lenses are sen-
sitive to temperature, causing focal length drift and inaccurate
color reproduction during extreme temperature changes, thereby
degrading imaging quality in extreme weather conditions. Addi-
tionally, lens performance deteriorates over prolonged use. Fur-
thermore, mechanical vibrations and jolts during vehicle
operation can result in defocusing, reducing image clarity and sta-
bility [9]. Automotive tests have indicated that when a vehicle tra-
verses a bump at speeds exceeding 60 km-h~!, the camera
vibration frequencies can reach 30 Hz, causing image blur. This
subsequently delays the activation of the automatic emergency
braking (AEB) system.

(2) CMOS image sensor. High spatial resolution increases the
number of pixels and the amount of image data collected. How-
ever, owing to the readout speed and analog-to-digital conversion
efficiency of CMOS image sensors, this lengthens data processing
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time and reduces temporal resolution (i.e., frame rate) [10]. As a
result, current technologies often compromise temporal resolution
to enhance spatial resolution, making it difficult for in-vehicle
vision sensors to simultaneously detect small distant targets and
track fast-moving objects in real time. The human eye has a
dynamic range of approximately 160 dB; however, current auto-
motive-grade CMOS sensors typically achieve only 120-140 dB.
Although this range is gradually improving, it remains challenging
to fully accommodate variations in lighting intensity across all sce-
narios encountered in intelligent driving [ 11]. Moreover, increasing
resolution reduces pixel size, decreases saturation charge capacity,
and further limits the dynamic range of CMOS image sensors. This
makes them prone to local overexposure or underexposure in com-
plex scenes containing both bright and dim lighting, such as tunnel
entrances or nighttime environments with strong light sources.
These limitations can result in the loss of critical detail and affect
the simultaneous recognition of high-reflectivity objects (e.g., traf-
fic signs) and shaded areas. For instance, backlit conditions during
sunrise or sunset significantly reduce license plate recognition
rates.

Limited by characteristics such as dynamic range, electronic
overflow, lens scattering, analog-to-digital converter bit depth,
and exposure control, current CMOS image sensors exhibit a lim-
ited ability to suppress strong light sources (e.g., direct sunlight
or vehicle headlights), resulting in glare effects that influence
imaging in areas around these sources [12]. This can create detec-
tion blind spots, such as temporary “blinding” from oncoming
high-beam headlights during nighttime driving. High-resolution
vision sensors decrease pixel size, which results in smaller pho-
todetectors. Owing to physical limitations, this reduces the photo-
electric conversion efficiency of individual pixels and increases
readout noise, thereby negatively impacting low-light perfor-
mance. In low-light conditions such as nighttime or dusk, image
quality deteriorates, reducing detection accuracy for distant or
small targets. Additionally, it increases the computational burden
for noise reduction, limiting the real-time performance of image
processing [13]. For instance, existing vision sensors experience a
significant decrease in pedestrian detection recall rates during
dusk. The primary reason is the sharp decline in the signal-to-noise
ratio (SNR) of CMOS sensors under low-light conditions.

Current CMOS image sensor technology primarily employs
Bayer filter arrays to differentiate color sources, resulting in color
resolution being only one-fourth of the original resolution [14].
Color noise becomes significant under high sensitivity, hindering
consistent appearance features of targets in varying lighting condi-
tions and influencing color-based target recognition, such as traffic
signs and signals. The dark current of CMOS image sensors also
increases with temperature, which negatively impacts image qual-
ity. Therefore, current technology requires recalibration of CMOS
image sensors at different temperatures; however, extreme tem-
perature conditions, such as intense heat or cold, can still degrade
sensor performance. Additionally, prolonged operation can cause a
temperature rise, which influences sensor stability.
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Fig. 2. Structure and working principle of vision sensors.
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(3) Image signal processor. The on-chip and parallel processing
capabilities of current image signal processors are limited, affect-
ing the speed of image processing, especially for high-resolution
and high-frame-rate image data [15]. This limitation directly
impacts the real-time response capability of intelligent vehicles.
Processing delays in high-speed driving or complex traffic environ-
ments can hinder timely identification and response to sudden sit-
uations, compromising the safety and reliability of intelligent
driving systems. In low-light conditions, sensor noise increases,
and the noise reduction and signal enhancement algorithms of cur-
rent image signal processors require improvement [16]. These
shortcomings can result in deteriorated image quality and a
reduced ability to recognize and track vehicles and pedestrians in
nighttime or tunnel environments.

Current image signal processors struggle to effectively handle
noise and glare in environments containing strong light, glare, rain,
snow, and road surface reflections. Under these extreme condi-
tions, image clarity and usability are reduced, leading to misjudg-
ments or failures in accurately identifying obstacles [17]. Many
image signal processors rely on hard-coded technology and lack
programming flexibility, making it difficult to adapt to new pro-
cessing algorithms or specific intelligent driving needs through
software updates. Additionally, they lack scene understanding
and contextual awareness, reducing optimization for specific driv-
ing scenarios, such as tunnels or nighttime environments, and lim-
iting the intelligence of the vision perception system. Current
image signal processors also face challenges in handling image blur
and distortion caused by vehicle vibrations and jolts, further reduc-
ing image quality and affecting the accuracy of target detection and
tracking, particularly during high-speed driving or on uneven
roads. Table 1 summarizes the technical challenges in automotive
vision sensors.

3. Innovative solutions

Based on the technical challenges faced by intelligent vehicle
vision sensors, this study proposes targeted ideas and recommen-
dations, emphasizing innovative solutions and interdisciplinary
integration.

3.1. New materials and technologies

To address the performance bottlenecks of conventional vision
sensors—particularly in resolution, sensitivity, and light-sensing
capabilities—studies must explore new high-efficiency photosensi-
tive materials, such as quantum dots and perovskites. Recent
research [18] has highlighted the potential of nanostructured
materials in revolutionizing image-sensing technologies by
enhancing photon absorption and improving sensor efficiency.
These advanced photoelectric materials can significantly enhance
key functions of intelligent driving systems, including environ-
mental perception, obstacle detection, and nighttime imaging. To
further improve light-capturing efficiency and overall image

Table 1
Summary of technical challenges in automotive vision sensors.
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quality, leveraging nanostructure design to optimize optical prop-
erties is an effective approach. For instance, the study presented in
Ref. [19] introduces an all-analog photoelectronic chip designed for
high-speed vision tasks, demonstrating how optimized material
properties can substantially enhance imaging performance, partic-
ularly in high-speed and low-light conditions. Specifically, enhanc-
ing photoelectric conversion efficiency via novel approaches based
on the photoelectric effect can significantly improve sensor perfor-
mance. Additionally, investigating nano-optical technologies, such
as surface plasmon resonance, offers a viable strategy for increas-
ing light absorption and boosting image clarity under challenging
lighting conditions. By integrating these advancements, vision sen-
sors can achieve higher imaging performance, ensuring more reli-
able perception for autonomous driving in complex real-world
environments.

3.2. Architectural evolutions

To address the challenge of balancing resolution and frame rate
in vision sensors, it is essential to explore neuromorphic vision per-
ception paradigms inspired by the human visual system. By
designing adaptive, bio-inspired vision sensors, perception capa-
bilities can be significantly enhanced in complex environments,
enabling more sensitive and reliable visual sensing for autonomous
vehicles. For instance, the vision chip described in Ref. [20] features
a complementary pathway structure that mimics the human visual
system, achieving both high dynamic range and rapid response
times, making it suitable for real-time perception in dynamic driv-
ing environments. To further improve high-speed imaging perfor-
mance, researchers have explored ultra-high-speed dynamic
imaging technology based on continuous burst photography prin-
ciples [21]. This approach enables high-resolution imaging of fast-
moving targets, enhancing crucial functions such as obstacle detec-
tion, dynamic scene perception, and motion trajectory tracking.
These high-speed imaging methods enable capturing transient
motion patterns with extreme precision, which is critical for
autonomous driving scenarios requiring rapid response and high
reliability. To optimize image processing efficiency and flexibility,
the development of specialized integrated circuits is crucial. For
instance, the study presented in Ref. [22] demonstrates an inte-
grated imaging sensor designed for aberration-corrected 3D pho-
tography, highlighting how advanced sensor architectures can
improve image processing efficiency while reducing distortions.
By designing reconfigurable image signal processor architectures
and optimizing data transmission performance, vision sensors
can achieve higher computational efficiency and adapt to varying
processing demands. Additionally, addressing the impact of vehicle
vibrations and sudden movements on image quality necessitates
the integration of advanced mechanical and electronic image stabi-
lization techniques. Specifically, combining hybrid optical image
stabilization and electronic image stabilization systems can
dynamically compensate for motion-induced distortions, ensuring
stable and high-quality imaging for autonomous driving
applications.

Component Key challenges

Impact on performance
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CMOS image sensor

Image signal processor
and anti-shake capability

Diffraction limits, distortion, temperature sensitivity, and vibration-induced defocus
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increased noise in low light, and reduced color resolution
Limited processing speed, inadequate noise reduction, and lack of algorithmic flexibility ~Reduced real-time performance; misjudgment in
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Delayed target detection; degraded performance
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3.3. Intelligent image processing algorithms

To address the computational load and energy constraints of
conventional computing architectures in real-time image process-
ing, it is essential to explore new computational paradigms, such
as neuromorphic computing and quantum computing. These
emerging technologies present new avenues to develop light-
weight, low-power artificial intelligence algorithms that enable
efficient, real-time image processing for intelligent driving appli-
cations. For instance, the study in Ref. [23] presents a probabilis-
tic model for high-frequency periodic signal detection utilizing
event cameras. By leveraging the asynchronous nature of event
cameras, this approach efficiently distinguishes target signals
from random noise, overcoming the sampling rate limitations of
conventional frame-based cameras. To enhance visual perception
in complex and dynamic environments, adaptive exposure and
color correction algorithms must be explored to mitigate the
impact of variable lighting conditions. Furthermore, investigating
physics-based de-hazing and de-rain algorithms can improve
image quality under adverse weather conditions. Research in
Ref. [24] proposes a multi-scale frequency separation network
that significantly improves image deblurring efficiency. The net-
work can be extended by incorporating rain droplet refraction
models to improve lane detection. For enhanced perception in
nighttime and low-visibility scenarios, integrating thermal imag-
ing technology can provide complementary information beyond
the visible spectrum, thereby increasing the robustness of auton-
omous driving perception systems. Furthermore, deep learning
techniques can be leveraged to refine image processing and
improve recognition accuracy, particularly in object detection
and classification tasks under challenging conditions such as
high-speed motion and occlusions. To enhance image stability
and clarity, real-time image stabilization algorithms based on
artificial intelligence must be developed [25]. By analyzing
motion patterns between consecutive frames, these algorithms
can dynamically compensate for image distortion caused by vehi-
cle vibrations and jolts, ensuring high-quality visual perception in
autonomous driving systems.

4. Conclusion

In this paper, the key structures, core technologies, and techni-
cal challenges of in-vehicle vision sensors for intelligent driving
were systematically analyzed. The study revealed that current
automotive vision sensors face significant limitations in optical
lenses, CMOS image sensors, and image signal processors, such as
diffraction constraints, optical distortion, limited dynamic range,
glare sensitivity, reduced color resolution, and insufficient process-
ing speed. These limitations collectively hinder the accuracy, sta-
bility, and reliability of environmental perception in intelligent
driving systems, particularly under extreme lighting conditions,
adverse weather, and complex driving scenarios. To overcome
these challenges, this paper proposed several innovative solutions:
exploring new materials and high-efficiency photoelectric conver-
sion technologies to enhance sensing performance; adopting archi-
tectural evolutions inspired by the human visual system to achieve
higher dynamic range and ultra-high-speed imaging; and develop-
ing intelligent image processing algorithms based on neuromor-
phic and quantum computing paradigms to enable real-time,
energy-efficient, and robust perception in complex environments.
Through these advancements, in-vehicle vision sensing is expected
to continue evolving towards greater intelligence, reliability, and
integration, ultimately enabling safer, more efficient, and fully
autonomous intelligent driving in the future.
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