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Abstract: The rapid increase in municipal solid waste has created significant environmental and public health
challenges, making efficient waste segregation essential for recycling and sustainable waste management. Traditional
manual classification methods are often labor-intensive, time-consuming, and prone to errors. This review examines
recent advancements in image-based waste classification using deep learning techniques, particularly Convolutional
Neural Network (CNN) architectures such as VGG16, VGG19, MobileNetV2, DenseNet121, EfficientNetB0, and Deep
Convolutional Neural Networks (DCNNs). The reviewed studies demonstrate that deep learning models can accurately
classify waste and improve segregation efficiency. Special focus is given to an improved multi-layered DCNN model
that achieved 93.28% accuracy on a dataset of 25,077 waste images, outperforming several transfer learning models.
The review also highlights commonly used datasets, evaluation metrics, current challenges, and future research
directions, concluding that deep learning-based waste classification systems offer a promising solution for intelligent
and sustainable waste management.
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I.  INTRODUCTION

Municipal solid waste management has become an important global challenge due to increasing urbanization,
industrialization, and changing consumption patterns. Efficient waste segregation plays a crucial role in minimizing
environmental impacts, improving recycling processes, and promoting sustainable resource utilization. However,
conventional waste sorting methods often face limitations in terms of efficiency, consistency, and scalability.

Recent developments in Artificial Intelligence (AI) and Deep Learning (DL) have provided new opportunities for
automating waste classification systems. In particular, Convolutional Neural Networks (CNNs) have shown strong
capabilities in image recognition and feature extraction, making them suitable for identifying different categories of
waste materials. These technologies have attracted significant research interest for developing intelligent waste
management solutions.

This review paper examines recent advances in image-based garbage classification using deep learning techniques. It
discusses various CNN-based approaches, available datasets, evaluation methods, and emerging trends in automated
waste segregation. The paper also highlights existing challenges and future research opportunities aimed at enhancing
the performance and practical implementation of smart waste management systems.

II. BACKGROUND OF WASTE MANAGEMENT

Waste management refers to the systematic handling of waste materials from their generation to their final disposal or
reuse. It includes activities such as collection, transportation, treatment, recycling, and disposal of waste in a manner
that minimizes environmental impact. Municipal solid waste comprises a wide range of materials, including food
waste, plastics, paper, glass, metals, textiles, and other discarded products generated from residential, commercial, and
institutional sources. Effective waste management is essential for maintaining public health, conserving natural
resources, and protecting ecosystems.
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The increasing quantity and complexity of waste have created significant challenges for waste management systems
worldwide. Improper disposal practices can result in environmental pollution, greenhouse gas emissions, and the loss of
valuable recyclable materials. Waste segregation at the source is considered one of the most effective strategies for
improving recycling efficiency and reducing landfill dependency. However, traditional sorting methods often rely on
manual labor, which can be inefficient and difficult to scale. These challenges have encouraged the exploration of
advanced technologies to improve waste handling and resource recovery processes.
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Fig. 1 Traditional Waste Management System
III. DEEP LEARNING FOR WASTE CLASSIFICATION

Deep learning is an advanced branch of machine learning that uses multi-layered artificial neural networks to learn
complex patterns directly from data. Unlike traditional machine learning methods that rely on manually selected
features, deep learning automatically extracts meaningful features from images, making it highly effective for image
classification tasks. This capability has led to its widespread adoption in computer vision applications, including
automated waste classification.

Among deep learning techniques, Convolutional Neural Networks (CNNs) are the most commonly used models for
image-based waste recognition. CNNs automatically learn visual features such as shapes, textures, and object
characteristics through multiple processing layers. In a typical waste classification system, images are collected, pre-
processed, and used to train CNN models, which are then evaluated using performance metrics such as accuracy,
precision, recall, and Fl-score. Various architectures, including VGG16, VGG19, MobileNetV2, DenseNetl21,
EfficientNetBO0, and customized DCNNSs, have been successfully applied to classify different categories of waste.

Transfer learning has further improved waste classification by enabling pre-trained models to be adapted for specific
waste datasets, reducing training time and enhancing performance. Although deep learning models have achieved
promising results in automated waste segregation, challenges such as varying lighting conditions, background
complexity, and limited datasets still affect classification performance. Continued research is focused on developing
more robust models and real-time intelligent systems to support efficient recycling and sustainable waste management.

Iv. LITERATURE REVIEW

Several researchers have explored the application of image processing, machine learning, and deep learning techniques
for automated waste classification and segregation. The following studies highlight recent developments in this field.

Megha Chhabra et al. (2024) [1] proposed an intelligent waste classification framework based on an improved multi-
layered Deep Convolutional Neural Network (DCNN) for automated waste segregation. The primary objective of the
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study was to accurately classify waste into organic and recyclable categories, thereby improving recycling efficiency
and reducing manual intervention in waste management processes. The authors utilized a dataset containing 25,077
waste images, which was divided into training and testing sets for model development and evaluation. The performance
of the proposed model was assessed using metrics such as classification accuracy, missed detection rate (MDR), and
false detection rate (FDR). Experimental results showed that the DCNN achieved an accuracy of 93.28%,
outperforming several widely used transfers learning models, including VGG16, VGG19, MobileNetV2, DenseNet121,
and EfficientNetB0. The study concluded that customized deep learning architectures can provide highly effective and
reliable solutions for intelligent waste classification and automated waste management systems.

Wenbo Liu et al. (2024) [2] proposed an intelligent garbage classification and recycling system based on deep
learning to enhance the efficiency of waste management processes. The system combined image recognition
technology with automated recycling mechanisms for accurate identification and sorting of waste materials in real time.
Deep learning models were employed to extract features from waste images and classify them into appropriate
categories, reducing the need for manual intervention. The study demonstrated that integrating artificial intelligence
with recycling infrastructure can improve sorting accuracy, increase operational efficiency, and support sustainable
waste management practices. The authors concluded that intelligent classification systems have significant potential for

developing smart and automated recycling solutions.

R. Radhakrishnan Nair et al. (2024) [3] proposed an automated waste segregation system utilizing deep learning
algorithms and image-based classification techniques for efficient waste management. The system employed computer
vision and Convolutional Neural Network (CNN)-based models to identify and classify different categories of waste
materials from captured images. The primary objective of the study was to minimize human intervention in waste
sorting processes, enhance classification accuracy, and improve the overall efficiency of waste segregation operations.
The proposed framework integrated image acquisition, preprocessing, feature extraction, and automated classification
to enable reliable waste recognition. Experimental results demonstrated that deep learning-based approaches
significantly improved segregation performance compared with conventional manual sorting methods. The study
highlighted the potential of intelligent waste classification systems in reducing operational costs, increasing recycling
efficiency, and supporting the development of smart and sustainable waste management solutions.

Sri Kruthika et al. (2024) [4] presented a comprehensive review of deep learning-based garbage classification
systems. The authors analyzed various datasets, CNN architectures, and classification techniques used in waste
management. The review concluded that deep learning approaches provide higher classification accuracy and
automation capabilities than conventional methods while identifying challenges related to dataset diversity and real-
world implementation.

H.K.N. et al. (2023) [5] developed an automatic waste segregation system using image processing techniques. The
study explored image analysis methods for identifying different waste materials and improving recycling efficiency.
Although the approach demonstrated the feasibility of automated waste sorting, its performance was affected by
variations in lighting conditions and object appearance, indicating the need for more robust deep learning-based
solutions.

T. Yuvaraju et al. (2022) [6] proposed a waste segregation system based on image processing techniques for the
identification and classification of different waste materials. The study utilized image acquisition and processing
methods to distinguish waste categories and support automated segregation. The proposed approach demonstrated the
potential of image processing in reducing manual sorting efforts and improving waste handling efficiency. However,
the system's performance was influenced by variations in image quality, object orientation, and environmental
conditions. The authors suggested that incorporating machine learning and deep learning techniques could further
enhance classification accuracy and system reliability.

V. FINDINGS OF THE REVIEW

The reviewed literature demonstrates that deep learning has become a highly effective approach for automated waste
classification, significantly outperforming conventional image-processing and machine-learning techniques.
Convolutional Neural Network (CNN)-based models have shown strong capability in extracting discriminative features
from waste images and achieving high classification accuracy across multiple waste categories. Studies consistently
indicate that the use of deep architectures and transfer learning techniques improves model robustness and classification
performance, particularly when dealing with large and diverse datasets.
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The review further reveals that lightweight and customized CNN models can provide satisfactory classification
performance with reduced computational complexity, making them suitable for resource-constrained applications.
However, several studies suggest that deeper architectures are generally more effective in learning complex visual
patterns and handling variations in illumination, background, object orientation, and occlusion. Such capabilities are
particularly important when distinguishing visually similar waste categories that often lead to misclassification.

Another important observation is that transfer learning-based approaches have gained considerable attention due to
their ability to accelerate model training and improve generalization by leveraging knowledge learned from large-scale
image datasets. The literature also highlights a trade-off between classification performance and computational
requirements, where more advanced deep learning architectures often achieve superior accuracy at the cost of increased
training and inference complexity.

Overall, the reviewed studies indicate that future waste classification systems should focus on improving feature
extraction capability, enhancing class discrimination, achieving better generalization under real-world conditions, and
maintaining an appropriate balance between classification accuracy and computational efficiency. These findings
provide a strong foundation for exploring and comparing different deep learning architectures for intelligent waste
classification applications.

VL. CONCLUSION

This review demonstrates that deep learning has emerged as a highly effective approach for automated waste
classification and intelligent waste management. The surveyed studies reveal that CNN-based models and transfer
learning techniques have significantly enhanced waste recognition performance, enabling more accurate and reliable
segregation compared with traditional methods. Recent advancements indicate that deeper architectures with pre-
trained feature extraction capabilities can better capture complex visual patterns, improve generalization, and
distinguish between visually similar waste categories encountered in real-world environments. At the same time,
customized CNN models remain attractive due to their lower computational complexity and ease of deployment in
resource-constrained systems. The literature suggests that future research should focus on achieving an optimal balance
between classification accuracy, computational efficiency, and real-time applicability. Furthermore, the integration of
advanced transfer learning strategies, robust feature extraction mechanisms, and diverse datasets is expected to improve
convergence speed and classification performance while addressing challenges related to complex backgrounds and
inter-class similarity. Overall, intelligent deep learning-based waste classification systems have substantial potential to
support efficient recycling, sustainable resource utilization, and the development of next-generation smart waste
management solutions.
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