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Abstract

Automated waste sorting has become increasingly important in improving recycling efficiency, reducing human
exposure to hazardous materials, and supporting sustainable waste management practices. This study presents the
design and implementation of a machine vision-based conveyor sorting system capable of real-time multi-object
detection under variable lighting conditions. The proposed system integrates a conveyor mechanism, an RGB
imaging sensor, adjustable illumination units, an embedded processing platform, and electromechanical actuators to
enable automated detection, classification, and physical separation of selected waste materials.

A deep learning—based object detection framework is employed to identify multiple waste objects simultaneously as
they move along the conveyor belt. To evaluate robustness against lighting variability, system performance is tested
under uniform, low-intensity, and mixed lighting conditions. Key performance metrics include detection accuracy,
inference latency, frame processing rate, and overall sorting efficiency.

Experimental evaluation of the bench-scale prototype demonstrates reliable real-time performance using cost-
effective embedded hardware. Results indicate that while detection accuracy is highest under uniform illumination,
the system maintains acceptable performance under dim and uneven lighting conditions, with moderate degradation
primarily due to shadows and glare. The proposed approach provides a scalable and low-cost solution for intelligent
waste sorting applications and establishes a practical foundation for future research, including advanced lighting
compensation, depth sensing, and industrial-scale deployment.

Keywords: Waste Materials, Conveyor Sorting Systems, RGB Imaging Sensor, Adjustable Illumination Units, An
Embedded Processing Platform, Electromechanical Actuators.

L. INTRODUCTION

Automation has revolutionized manufacturing and processing industries by improving productivity, consistency, and
quality. Among the key applications of industrial automation are conveyor-based sorting systems, which are used for
classifying and separating products based on various physical attributes such as color, size, or shape.

In recent years, machine vision systems—which enable machines to “see” and make intelligent decisions—have become
essential in developing fully automated sorting mechanisms. A machine vision system typically involves a camera, image
acquisition hardware, and image-processing algorithms that can detect and classify objects in real-time.

However, one of the major challenges in applying vision systems in industrial environments is variable lighting conditions,
which can significantly affect image quality and detection accuracy. As noted by Feng et al. (2024), lighting inconsistency
can cause false detections, while Applied Sciences (2025) highlighted that most vision systems require controlled
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illumination to maintain performance. The need for a robust and adaptable machine vision-based sorting system that can
perform reliably under different lighting conditions motivates this project.

II. RELATED WORKS

Machine vision has become a critical component in modern industrial automation, enabling non-contact inspection,
classification, and sorting of materials. In conveyor-based sorting systems, machine vision allows objects to be detected
and classified while in motion, improving efficiency and reducing reliance on manual labor. According to Zhao et al.
(2019), advances in deep learning have significantly improved the accuracy and robustness of object detection systems,
making them suitable for real-time industrial applications.

Traditional vision-based sorting systems relied on thresholding, color segmentation, and handcrafted features. However,
these methods are highly sensitive to lighting variations and background noise, limiting their performance in dynamic
environments (Feng et al., 2024).

Deep learning has revolutionized object detection through convolutional neural networks (CNNs), which automatically
learn discriminative features from large datasets. One of the earliest real-time detection frameworks, You Only Look Once
(YOLO), introduced a unified approach to object detection by predicting bounding boxes and class probabilities in a single
forward pass (Redmon et al., 2016). This approach significantly reduced inference time compared to region-based methods.

Subsequent improvements led to the development of more efficient architectures such as SSD (Single Shot MultiBox
Detector), which further optimized detection speed while maintaining accuracy (Liu et al., 2016). Recent versions of
YOLO, including YOLOVS, have achieved state-of-the-art performance in real-time detection tasks, particularly on
embedded platforms (Ultralytics, 2023).

Several studies have demonstrated the effectiveness of deep learning in conveyor-based sorting applications. Kang et al.
(2023) developed a YOLO-based system for industrial conveyor inspection and reported high detection accuracy with real-
time performance. Similarly, Zhang et al. (2025) proposed an embedded vision-based recycling sorting system, showing
that low-cost hardware can support intelligent sorting when combined with optimized detection models.

These studies confirm that deep learning-based detection systems are suitable for conveyor environments where objects
appear at varying orientations, speeds, and positions.

Lighting plays a critical role in the performance of machine vision systems. Uneven illumination, shadows, and reflections
can significantly degrade detection accuracy. Feng et al. (2024) demonstrated that inconsistent lighting conditions lead to
reduced classification confidence in vision-based sorting systems. Their study emphasized the importance of controlled
illumination and image preprocessing techniques.

Agricultural and industrial vision studies have also shown that training datasets containing varied lighting conditions
improve model robustness (Zhang et al., 2025). These findings highlight the necessity of incorporating lighting variability
into both system design and model training.

1. METHODOLOGY

3.1 System Overview

The proposed methodology involves the design and implementation of a machine vision-based conveyor sorting system
capable of real-time multi-object detection under varying lighting conditions. The system consists of four main
subsystems: the conveyor mechanism, vision acquisition unit, processing and detection unit, and sorting actuation unit.
3.2 Hardware Design

A bench-scale conveyor belt driven by a DC motor is used to transport waste items through the inspection zone. A rotary
encoder is attached to the conveyor to provide position feedback, ensuring accurate timing between object detection and
actuation. An overhead RGB camera is mounted above the conveyor to capture continuous image frames of objects in
motion.

Adjustable LED lighting units are installed around the inspection area to create controlled illumination scenarios,
including uniform, low-intensity, and mixed lighting conditions. An embedded processing platform (Raspberry Pi 4 or
NVIDIA Jetson Nano) is used to perform real-time image processing and object detection. Sorting is achieved using
servo motors or solenoid actuators that divert objects into designated bins.

3.3 Dataset Preparation and Annotation

A dataset consisting of selected waste categories (e.g., plastic bottles, aluminum cans, paper/cardboard, and plastic films)
is collected using the conveyor setup. Images are captured under different lighting conditions and object orientations. The
collected images are manually annotated using bounding boxes and class labels following the YOLO annotation format.
To improve robustness, data augmentation techniques such as brightness adjustment, contrast variation, rotation, and
scaling are applied during training, as recommended by Ultralytics (2023).

3.4 Object Detection Model Training
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A YOLO-based object detection model is trained using the annotated dataset. Training is conducted on a GPU-enabled
system to accelerate convergence. The trained model is then deployed on the embedded processing platform for real-time
inference. Model performance is evaluated using standard metrics such as precision, recall, and mean Average Precision
(mAP), following practices outlined by Zhao et al. (2019).

3.5 Real-Time Detection and Sorting Process

During operation, the camera continuously captures image frames, which are processed by the detection model to identify
and classify objects in real time. Detected object coordinates are mapped to physical positions on the conveyor using
encoder feedback. Based on the predicted class, control signals are sent to the actuators to sort objects into their respective
bins.

3.6 Experimental Evaluation

The system is tested under three lighting conditions: uniform illumination, dim lighting, and mixed lighting. For each
condition, detection accuracy, inference latency, frame processing rate, and sorting efficiency are recorded. The results are
analyzed to determine the impact of lighting variation on system performance and to compare findings with existing studies
such as Feng et al. (2024) and Zhang et al. (2025).

3.7 Ethical and Safety Considerations

The system is designed to handle non-hazardous waste materials only. Safety measures are implemented to prevent operator
contact with moving parts. No human subjects are involved in the study.

IV. EXPECTED RESULTS

Based on existing studies on machine vision—based sorting systems, the proposed project is expected to demonstrate
effective real-time detection and classification of multiple waste objects on a moving conveyor belt. High detection
accuracy is anticipated under uniform lighting, with only a slight and acceptable reduction under dim and mixed lighting
conditions. The system is expected to achieve real-time processing on low-cost embedded hardware, with acceptable
inference latency enabling timely actuation and accurate sorting. Sorting efficiency is expected to closely follow detection
performance, with minor errors due to object overlap, occlusion, or reflections. Controlled illumination and data
augmentation are expected to improve robustness. Overall, the research is expected to deliver a functional bench-scale
prototype, confirming the feasibility of intelligent, cost-effective automated waste sorting and identifying areas for future
improvement.

V. CONCLUSION

This proposed research aims to design and implement a machine vision-based conveyor sorting system capable of real-
time multi-object detection under variable lighting conditions, with a specific focus on waste sorting applications. The
study intends to demonstrate how deep learning—based object detection algorithms can be integrated with conveyor
mechanisms and embedded systems to achieve intelligent and automated material separation.

The proposed system will combine an RGB camera, controlled illumination, an embedded processing unit, and
electromechanical sorting mechanisms to detect and classify multiple waste objects simultaneously. By evaluating system
performance under different lighting scenarios, the project will provide insight into the effects of illumination variability
on detection accuracy and real-time responsiveness.

The expected outcome of this research is a functional prototype that demonstrates reliable waste classification and sorting
at a bench scale, while highlighting practical design considerations such as lighting control, dataset diversity, and
synchronization between vision and actuation systems. The findings of this work are anticipated to contribute to the
development of low-cost, intelligent automation solutions suitable for recycling facilities and smart waste management
systems.

Overall, this research is expected to serve as a solid foundation for further research and industrial-scale development in
machine vision-based sorting and sustainable automation technologies.
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