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Urban waste management is one of the major environmental and economic
challenges in modern cities. A considerable part of municipal solid waste
consists of recyclable materials such as cardboard, glass, metal, paper, and
plastic. Accurate detection and separation of these materials can improve
recycling quality and reduce the environmental burden of urban waste. This
study proposes a deep learning-based computer vision framework for intelligent
detection and separation of recyclable urban waste. Unlike single-label image
classification methods, the proposed framework performs multi-instance object
detection and generates a bounding box, class label, and confidence score for
each detected item. The architecture includes preprocessing and augmentation,
lightweight feature extraction, a combined attention module, multi-level feature
fusion, and a final detection stage. The dataset contains 4250 images and 6815
annotated waste instances. The proposed method achieved Precision, Recall, F1-
score, mMAP@0.5, and mAP@0.5:0.95 values of 0.934, 0.919, 0.926, 0.947, and
0.742, respectively. The results indicate that the proposed framework can
support automated waste sorting systems, smart bins, robotic separators, and
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recycling facilities.
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Introduction

The growth of urban population, consumption, and disposable packaging has increased the amount of
municipal waste. In many cities, recyclable waste separation is still performed manually or semi-
automatically, which can be slow, costly, and prone to human error. Since recyclable materials may
appear together in real waste sorting environments, simple image classification is not sufficient for
practical separation. Object detection is more suitable because it can determine both the class and
location of each waste item. This study focuses on five recyclable categories: cardboard, glass, metal,
paper, and plastic, and aims to provide an intelligent framework for detecting multiple waste objects in
a single image.

Methodology

This research is applied-developmental in purpose and quantitative-experimental in approach. The
study uses the public EE297 Project dataset published in Roboflow Universe under the CC BY 4.0
license. The dataset includes 4250 images and 6815 bounding-box annotations from five recyclable
waste classes. The data were divided into training, validation, and test sets with ratios of 70%, 15%,
and 15%, respectively. Data augmentation was applied only to the training set to improve


https://www.judpm.ir/?lang=en
https://judpm.ir/
https://www.judpm.ir/?lang=en
https://doi.org/10.22034/judpm.2026.582800.1106
https://doi.org/10.22034/judpm.2026.582800.1106
https://doi.org/10.22034/judpm.2026.582800.1106
https://doi.org/10.22034/judpm.2026.582800.1106
https://orcid.org/0009-0005-6369-6265
https://orcid.org/0009-0005-6369-6265
https://orcid.org/0009-0005-6369-6265

412 Urban Development Policy Making, Volume 3, Issue 3, 2026

generalization and prevent data leakage. After augmentation, the effective number of training images
increased from 2975 to 14875, and the effective number of training instances increased from 4773 to
23865.

The proposed architecture consists of preprocessing, lightweight feature extraction, a combined
attention module, multi-level feature fusion, and a detection head. In the feature extraction stage,
depthwise and pointwise convolutions are used to reduce computational complexity. The combined
attention module emphasizes informative feature channels and important spatial regions. Multi-level
feature fusion combines local and semantic features from different layers, allowing the model to detect
objects with different sizes and appearances. The final detection stage produces a bounding box, class
label, and confidence score for each detected waste object.

The model was trained using 640 x 640 input images, a batch size of 16, 120 epochs, and the
AdamW optimizer with an initial learning rate of 0.0001. Performance was evaluated using Precision,
Recall, F1-score, mMAP@0.5, and mAP@0.5:0.95. To assess reliability, each model was evaluated in
five independent runs with different random seeds, and paired t-tests were used to examine the
statistical significance of performance differences.

Results

The proposed method achieved a Precision of 0.934, Recall of 0.919, F1-score of 0.926, mAP@0.5 of
0.947, and mAP@0.5:0.95 of 0.742 on the test set. These results show that the model performs well in
both waste recognition and localization. Class-wise evaluation showed stable performance across all
five classes, with stronger results for plastic and metal and relatively lower performance for paper. The
difference between mAP@0.5 and mAP@0.5:0.95 indicates that part of the challenge is related to
precise localization of bounding boxes.

The proposed method was compared with Faster R-CNN, SSD, RetinaNet, YOLOv8n, MRS-
YOLO, and a lightweight recyclable domestic waste detection method. The proposed model achieved
higher overall performance across the main metrics. Statistical analysis showed that the improvements
were significant at the 0.05 level. The model was also evaluated under difficult imaging conditions,
including brightness changes, contrast reduction, noise, blur, cluttered background, and partial
occlusion. In all tested conditions, mMAP@0.5 remained above 0.91, although blur and cluttered
backgrounds caused the largest performance drops. Qualitative results also showed that the proposed
method can detect multiple waste objects in a single image and produce accurate bounding boxes in
complex scenes.

Conclusion

This study presented a deep learning-based computer vision framework for intelligent detection and
separation of recyclable urban waste. The proposed method can identify multiple waste objects in a
single image and generate object-level outputs suitable for practical sorting systems. The results show
that lightweight feature extraction, combined attention, and multi-level feature fusion improve
recyclable waste detection, especially in multi-object scenes and difficult imaging conditions.
Although the results are promising, future research should use more diverse real-world data, optimize
the model for edge devices, and integrate the detection framework with robotic sorting mechanisms.
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