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Abstract: Image processing and computer vision are rapidly advancing technological fields that have
been widely applied in medical imaging, autonomous driving, intelligent manufacturing, and other
industries. With the rise of deep learning, traditional image processing methods have been gradually
replaced by deep learning algorithms, achieving remarkable results in tasks such as object detection,
image classification, and segmentation. This paper aims to explore the core algorithms and
applications of image processing and computer vision, reviewing classical techniques and algorithms
while analyzing advanced methods based on deep learning. By discussing applications across
various fields, this paper not only demonstrates the current state of the technology but also highlights
its challenges and developmental directions. Finally, it forecasts future research trends in image
processing and computer vision, particularly the potential developments under the influence of
artificial intelligence and big data.
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1. Introduction

As important branches of computer science and artificial intelligence, image processing and
computer vision have developed rapidly in recent years, finding applications across various
industries. From early methods of image enhancement and filtering to today's deep learning-based
automated visual recognition, the continuous innovation and progress in these technologies have
significantly advanced the development of an intelligent society [1]. Image processing focuses on
tasks such as image acquisition, enhancement, analysis, and representation, encompassing a range of
methods from noise removal and edge detection to image reconstruction. Computer vision, on the
other hand, involves enabling computers to understand and analyze visual information, mimicking
the human visual system to perform tasks such as object recognition, motion analysis, and 3D
reconstruction [2]. This process requires not only the handling and analysis of large-scale image data
but also the development of robust algorithms to address the complexities and uncertainties of real-
world scenarios [3]. In recent years, deep learning, particularly convolutional neural networks
(CNNSs), has brought breakthroughs to the field of image processing and computer vision,
significantly improving the accuracy and efficiency of visual tasks [4]. Technologies such as image
classification, object detection, and image segmentation, powered by deep learning, have been widely
applied in fields like autonomous driving, intelligent security, and medical image analysis, solving
problems that were challenging for traditional methods. However, challenges remain, including data
annotation difficulties, high computational complexity of algorithms, and stringent real-time
requirements. Designing more efficient and accurate algorithms while enhancing their robustness
and stability in practical applications continues to be a key focus of research.This paper aims to
discuss the latest research findings in image processing and computer vision, particularly under the
context of deep learning, by analyzing core algorithms and application scenarios. Through a review
of classical image processing methods and essential computer vision technologies, this paper
provides readers with a systematic perspective on the advancements, challenges, and future trends
in this field. Furthermore, it highlights the development and prospects of image processing and
computer vision in various real-world applications, offering insights and references for researchers
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and practitioners in the field. Wenqing et al. [5] combined Mamba and Transformer for weather
forecast.Tangtang et al. [6] analyzed ARIMA and LSTM for US electricity price forecast.Yimeng et al.
[7] classified breast cancer gene data via PCA and XGBoost.Min et al. [8] predicted loan repayment
with a DeepFM model.Haosen et al. [9] proposed RPF-ELD for breast cancer recognition in
ultrasound images.

2. Fundamentals of Image Processing

2.1. Mathematical Representation and Processing Methods of Images

The primary task of image processing is to transform images from the physical world into digital
forms and analyze them through mathematical methods. A digital image is typically represented as
a matrix of pixels, where each pixel contains brightness information (for grayscale images) or color
information (for color images). In grayscale images, each pixel value is an integer between 0 and 255,
representing different levels of brightness. For color images, each pixel generally contains three
components (e.g., red, green, and blue, or RGB), each within the same range of 0 to 255.Image
processing encompasses various methods, including image enhancement, filtering, and denoising
[10]. Image enhancement aims to improve image quality or emphasize certain features for better
analysis or observation. By adjusting parameters such as contrast, brightness, or color, the visual
effect of an image can be enhanced. For instance, histogram equalization is a commonly used
technique that adjusts the pixel distribution of an image, enhancing its contrast and improving the
visibility of details [11]. Image filtering involves modifying pixel values through convolution
operations to achieve effects such as smoothing or sharpening. Filtering typically relies on
convolution kernels, which are small matrices applied to each pixel and its neighboring pixels.
During filtering, noise can be removed or details can be enhanced by weighted averaging. For
example, mean filtering is used to eliminate fine noise, while high-pass filtering enhances edges and
finer details of the image. Denoising is another essential task in image processing, especially since
noise introduced during image acquisition can affect quality and subsequent processing [12]. The
goal of denoising is to remove unwanted noise while preserving the original structure and details of
the image. Common denoising methods include median filtering, Gaussian filtering, and wavelet-
based approaches. Median filtering is particularly effective for removing salt-and-pepper noise, as it
replaces the current pixel value with the median value of its neighborhood, reducing the impact of
extreme noise. Overall, the mathematical representation and processing methods of images form the
foundation of image processing technology, providing effective tools for handling and analyzing
image data. In practical applications, image processing techniques not only improve image quality
but also support subsequent computer vision tasks, such as object detection and image recognition,
by providing clearer data.

2.2. Feature Extraction and Representation of Images

Feature extraction and representation are critical tasks in image processing and computer vision,
aiming to derive representative information from images for further analysis and recognition. By
extracting features from images, the dimensionality of data can be effectively reduced, and the most
distinguishable aspects of images can be highlighted [13]. Different types of feature extraction
methods are suited to various applications, such as object recognition, image retrieval, and scene
understanding. Image features can be classified into low-level and high-level features. Low-level
features are directly extracted from pixel data, such as color, texture, and edges, which reflect basic
image information. High-level features, on the other hand, are derived by combining low-level
features or leveraging models, such as the shape and semantic information of objects. These features
provide richer contextual information, making them particularly important for complex image
analysis tasks. Common image features include color, texture, and shape. Color features are often
represented by histograms, capturing the distribution of colors in an image, and are widely used in
image retrieval and classification tasks [14]. Texture features reflect the spatial arrangement and
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relationships of pixels in an image, with common extraction methods including Gray Level Co-
occurrence Matrix (GLCM) and Local Binary Pattern (LBP). Shape features describe the geometric
structure of objects in images, with popular methods including contour analysis, Hu moments, and
Zernike moments.In practical applications, feature extraction often combines local and global
features. Local feature extraction methods focus on key regions of an image, offering better invariance
and robustness. For example, Scale-Invariant Feature Transform (SIFT) and Speeded-Up Robust
Features (SURF) are commonly used local feature extraction methods, detecting key points in an
image and extracting descriptors from their surroundings to enable image matching and object
recognition. These local features remain highly accurate under conditions such as rotation, scale
changes, and partial occlusion. In contrast, global features analyze the entire image statistically,
capturing its overall structure and content [15]. With the development of deep learning, traditional
handcrafted feature extraction methods have been gradually replaced by automated feature
extraction based on Convolutional Neural Networks (CNNs). CNNs automatically learn hierarchical
feature representations from raw images, ranging from low-level edge and texture features to high-
level semantic features. By leveraging multi-layer convolutional operations, CNNs capture various
levels of information in images, significantly improving the effectiveness and accuracy of feature
extraction. This approach has excelled in tasks such as image classification, object detection, and
semantic segmentation, becoming the mainstream technique in computer vision today [16]. In
conclusion, methods for extracting and representing image features are crucial for analyzing and
understanding images. With continuous technological advancements, especially the rise of deep
learning, the precision and efficiency of feature extraction have been greatly enhanced, driving the
widespread adoption of computer vision technologies in practical applications.

3. Core Algorithms in Computer Vision

3.1. Image Segmentation and Edge Detection

Image segmentation divides an image into multiple meaningful regions, often based on pixel
color, intensity, or texture information. Edge detection is a critical step in image segmentation,
identifying object boundaries by detecting changes in pixel intensity [17]. Classical edge detection
algorithms include the Sobel operator and Canny edge detection. Canny edge detection employs a
multi-stage process to extract edges. It starts by applying Gaussian filtering to smooth the image,
calculates gradients and their directions, and finally uses a dual-threshold technique to identify
edges. The Canny edge detection formula is as shown in Formula 1:

Edge(x,y) ={1 Y 1 Gayn > Ty and | Gy I< T

. )
0 otherwise
where G,y represents the gradient at position (x,;y), and T; and T, are the low and high

thresholds, respectively. Pixels with gradient values above T,are identified as edges, those below T;
are non-edges, and those in between are classified based on connectivity rules.

3.2. Object Detection and Recognition

Object detection is another core task in computer vision, aiming to identify and localize specific
objects in images or videos. Traditional methods, such as Haar feature classifiers and Histograms of
Oriented Gradients (HOG) combined with Support Vector Machines (SVM), were widely used.
However, deep learning, particularly Convolutional Neural Networks (CNNs), has become the
dominant approach in object detection [18]. Notable frameworks include R-CNN (Region-based
CNN), YOLO (You Only Look Once), and SSD (Single Shot MultiBox Detector). YOLO transforms
the object detection problem into a regression problem, allowing a single neural network model to
simultaneously predict multiple bounding boxes and class probabilities. The key idea of YOLO is to
divide the image into grids, with each grid predicting bounding boxes and corresponding class
probabilities, enabling efficient real-time detection. In YOLO, the image is divided into SxSS \times
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S grids, and each grid predicts a fixed number of bounding boxes along with their class probabilities
and positional coordinates. The output includes predictions for each grid cell’s bounding boxes and
classification scores.

3.3. Feature Matching and Tracking

Feature matching involves comparing feature points from two images or video frames to
establish correspondences. Feature points are often corners, edges, or other prominent regions within
an image. Feature matching is widely applied in tasks such as image stitching, 3D reconstruction,
and visual SLAM.SIFT (Scale-Invariant Feature Transform) and SURF (Speeded-Up Robust Features)
are commonly used feature matching algorithms [19]. These methods extract local invariant features,
enabling robust matching under image rotation, scaling, and partial occlusion. SIFT, in particular,
provides features that are invariant to scale and rotation, making it effective for handling various
image transformations. In dynamic scenarios, object tracking algorithms are used to follow the
position of objects across consecutive video frames [20]. Common tracking algorithms include
Kalman filters, the Mean-Shift algorithm, and deep learning-based tracking methods. Kalman filters
use mathematical modeling to predict object positions based on the relationship between system
states and observations, making them suitable for handling noise and uncertainty. The success of
computer vision algorithms relies on the effective extraction, representation, and matching of image
information [21]. With continuous advancements in deep learning, computer vision algorithms have
demonstrated outstanding performance in real-world applications, particularly in object detection,
image segmentation, and object tracking, achieving near-human visual system performance.

4. Applications of Image Processing and Computer Vision

Image processing and computer vision technologies have found extensive applications across
diverse fields, enhancing efficiency in traditional industries and enabling advancements in emerging
areas. In medical imaging analysis, image processing techniques optimize image quality through
denoising and contrast enhancement, while computer vision accurately identifies pathological
regions, assisting doctors in diagnosis [22]. For instance, CNN-based algorithms have shown
exceptional performance in detecting lung nodules and breast cancer, enabling precise segmentation
of lesion boundaries and supporting personalized treatment plans. Additionally, Generative
Adversarial Networks (GANs) are employed for data augmentation in medical imaging, addressing
data scarcity and improving model robustness and generalization. These combined technologies
drive precision medicine, making early disease detection and diagnosis more efficient and accurate
[23]. In autonomous driving and intelligent transportation, image processing and computer vision
serve as core technologies for environmental perception. Autonomous vehicles use cameras and
sensors to capture real-time image data, which computer vision processes to identify and classify
targets such as pedestrians, vehicles, lane lines, and traffic signs [24]. Deep learning-based object
detection algorithms like YOLO and SSD provide real-time localization of targets, ensuring safety in
vehicle decision-making. Image segmentation techniques precisely identify lane lines and road
regions, ensuring accurate navigation in complex road conditions [25]. Furthermore, multi-sensor
fusion integrates visual data with radar and ultrasonic information, constructing a more stable
driving system. The integration of these technologies ensures reliable development in intelligent
transportation, accelerating the adoption of autonomous driving technology. Industrial automation
and quality control represent another vital application domain. Image processing techniques are
widely used for defect detection and dimensional measurement in industrial production. High-
resolution imaging and edge detection algorithms quickly identify surface cracks or flaws in products
[26]. Deep learning-based classification algorithms further enhance automation in defect detection,
enabling efficient categorization and handling of defective products. Moreover, in industrial robotics,
computer vision guides robots by recognizing object positions and shapes, facilitating precise
assembly tasks. Coupled with the Industrial Internet of Things (IoT), vision technology promotes
flexible manufacturing and adaptive production lines, boosting the intelligence of industrial
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operations. In security and surveillance, image processing and computer vision are extensively
applied, particularly in intelligent monitoring and facial recognition [27]. Facial recognition
technology detects, aligns, and extracts features from faces, enabling efficient identity verification in
access control, airport security, and online payments. Deep learning-based algorithms like FaceNet
and ArcFace maintain high accuracy even in complex environments, providing robust support for
intelligent security systems. Additionally, computer vision is used for behavior analysis, enabling
real-time detection of abnormal activities such as crowd gatherings, falls, or unattended objects
through surveillance videos. These technologies significantly improve monitoring efficiency and
response speed, ensuring public safety. Overall, image processing and computer vision technologies
have demonstrated tremendous potential across various fields, from medical imaging analysis to
autonomous driving, industrial production, and public security. As deep learning and multimodal
fusion technologies advance, these innovations will extend their reach to broader scenarios,
contributing to building a smarter society. In the future, the applications of image processing and
computer vision will further integrate into all aspects of human life, delivering more intelligent
solutions and services to society [28].

5. Research Challenges and Development Trends

Despite significant advancements in image processing and computer vision technologies in
recent years, their development still faces numerous challenges, particularly in terms of robustness,
efficiency, and ethical considerations in real-world applications [29]. First, data quality and
annotation costs remain major bottlenecks in current research. High-quality data is critical for
training models, but acquiring large-scale, high-quality, and well-annotated image datasets is often
expensive, especially in fields such as healthcare and industry. Even with sufficient annotated data,
the diversity of data sources may lead to significant performance variations across different scenarios,
making it difficult to ensure model generalization [30]. Moreover, privacy concerns are increasingly
important in many application scenarios, especially when dealing with sensitive information, such
as medical images or facial recognition data [31]. Striking a balance between data privacy and model
performance remains a pressing issue. Another prominent challenge is the trade-off between
computational complexity and real-time requirements. Many computer vision algorithms, especially
deep learning-based models, demand substantial computational resources for training and inference
[32]. This high computational cost limits their deployment in edge devices or resource-constrained
environments, such as autonomous vehicles or smart home devices. Optimizing algorithms or
leveraging hardware acceleration to enhance model efficiency while maintaining accuracy is a key
research direction. Furthermore, robustness in complex scenarios poses an additional challenge. In
practical applications, images may be affected by lighting changes, occlusions, noise, and varying
perspectives. Existing models often struggle to perform consistently under such conditions [33].
Enhancing model robustness, particularly in handling performance degradation under non-ideal
conditions, is a critical focus for both academia and industry. Alongside these challenges, the field of
image processing and computer vision also exhibits several exciting development trends [34].
Multimodal fusion is one of the current research hotspots, combining visual information with other
sensory data (e.g., speech, text, or sensor readings) to provide richer semantic information and
decision-making support. For instance, in the medical domain, integrating imaging data with
electronic health records can offer more comprehensive diagnostic insights. In autonomous driving,
fusing data from cameras, radar, and LiDAR significantly enhances system perception and safety. As
multimodal learning methods continue to mature, this approach is expected to further drive the
application of visual technologies in complex scenarios [35]. The development of lightweight models
and edge computing also opens new possibilities for the widespread deployment of image processing
and computer vision technologies. Lightweight models, achieved through techniques such as
network pruning, quantization, and knowledge distillation, greatly reduce computational
complexity and storage requirements, enabling deployment on resource-constrained devices [36].
Edge computing shifts part of the computation from the cloud to local devices, reducing data
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transmission latency while enhancing privacy protection. The combination of these technologies
brings breakthroughs to high real-time demand scenarios, such as drone vision and mobile image
processing. Finally, with the ongoing research into cutting-edge technologies like Generative
Adversarial Networks (GANSs), self-supervised learning, and reinforcement learning, the future of
image processing and computer vision is full of potential [37-39]. For example, GANs have
significantly improved model performance in data-scarce scenarios through applications in data
generation and image enhancement. Self-supervised learning reduces dependence on large-scale
annotated data, offering new approaches for building general-purpose vision models. Reinforcement
learning demonstrates great potential in dynamic visual decision-making scenarios, particularly in
robotics navigation and autonomous driving. In summary, while image processing and computer
vision face challenges related to data, computational complexity, and robustness, their development
trends highlight immense potential [40]. Through multimodal fusion, lightweight models with edge
computing, and the integration of advanced learning techniques, this field will continue to drive
technological innovation, expanding its depth and breadth in practical applications and providing
robust support for the advancement of intelligent society.

6. Conclusion

As a critical branch of artificial intelligence, image processing and computer vision technologies
have achieved remarkable results across various fields, from medical imaging analysis to
autonomous driving, industrial production, and public security, demonstrating immense value.
However, the field still faces challenges such as data quality, computational complexity, and model
robustness, requiring continuous optimization and innovation. In the future, advancements in
multimodal fusion, lightweight models, edge computing, and self-supervised learning will further
deepen the applications of image processing and computer vision, providing strong support for
societal intelligence and technological progress.
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