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Abstract: This study presents a deep learning-based system for the online detection of ore particle
size distribution (PSD) to enhance efficiency and enable real-time monitoring in mining operations.
Traditional methods, such as sieving and manual sampling, are time-consuming, labor-intensive,
and unsuitable for real-time applications. To address these limitations, a system was developed that
integrates advanced computer vision techniques, robust hardware components, and intelligent soft-
ware design. The system captures high-quality images of ore particles using industrial cameras and
lighting systems, applies image preprocessing, and employs a deep learning model for real-time
detection and classification. Evaluation in a simulated mining environment demonstrated high per-
formance in terms of accuracy, latency, and robustness. The results indicate that the system effec-
tively detects and classifies ore particles, providing real-time feedback on particle size distribution.
This solution offers a scalable and efficient alternative to traditional methods, supporting more ef-
fective mining operations and improved resource utilization. The research contributes to smart min-
ing technologies by delivering a practical and reliable tool for real-time ore particle size monitoring.

Keywords: ore particle size distribution; deep Learning; real-time detection; computer vision; min-
ing technology; image processing; smart mining

1. Introduction
1.1. Research Background

The mining industry plays a critical role in global economic development, providing
essential raw materials for industries such as manufacturing, construction, and energy.
One of the key parameters in mining operations is the particle size distribution (PSD) of
ore, which significantly affects the efficiency of downstream processes such as crushing,
grinding, and mineral separation. Traditional methods for measuring PSD, such as siev-
ing and manual sampling, are time-consuming, labor-intensive, and often fail to provide
real-time data. These limitations hinder the optimization of mining operations, leading to
decreased overall productivity.

With the rapid advancement of computer vision and deep learning technologies,
there is a growing opportunity to develop automated systems for real-time ore particle
size detection. Deep learning, particularly convolutional neural networks (CNNs), have
demonstrated remarkable success in image recognition and object detection tasks. By lev-
eraging these technologies, it is possible to create an online detection system that can ac-
curately and efficiently monitor ore PSD in real time, enabling better process control and
resource utilization.

1.2. Research Significance

The development of an online detection system for ore particle size distribution
based on deep learning holds significant practical and economic value. Firstly, it can re-
place traditional manual methods, reducing human error and labor costs. Secondly, real-
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time monitoring allows for immediate adjustments to mining and processing operations,
improving efficiency and reducing waste. Thirdly, the system can be integrated into smart
mining frameworks, contributing to the digital transformation of the mining industry.

Moreover, this research contributes to the broader application of deep learning in
industrial settings, particularly in challenging environments like mining, where condi-
tions such as dust, uneven lighting, and varying ore textures pose significant challenges
to image-based systems [1].

1.3. Research Objectives

The primary objective of this research is to design and implement an online detection
system for ore particle size distribution using deep learning techniques. Specific goals in-
clude:

1) Developing a robust image acquisition and preprocessing pipeline to handle

real-world mining conditions.

2) Designing and training a deep learning model capable of accurately detecting

and classifying ore particles of different sizes.

3) Integrating the model into a real-time system that can provide continuous PSD

monitoring.

4)  Evaluating the system's performance in terms of accuracy, speed, and reliability

under practical mining conditions.

1.4. Challenges and Solutions

Several challenges must be addressed to achieve the research objectives, such as com-
plex environmental conditions, diverse ore characteristics, and real-time processing re-
quirements.

Complex environmental conditions: Mining environments often have poor lighting,
dust, and uneven surfaces, which can degrade image quality. To address this, advanced
image preprocessing techniques, such as noise reduction and adaptive lighting correction,
will be employed.

Diverse ore characteristics: Variations in ore color, texture, and shape make it chal-
lenging to develop a universal detection mode. A diverse and well-annotated dataset will
be collected to train the model, and data augmentation techniques will be used to enhance
its generalization ability.

Real-time processing requirements: The system must process images and provide re-
sults in real time to be practical for industrial use. Efficient deep learning models, such as
YOLO (You Only Look Once) or lightweight CNNs, will be explored, and hardware ac-
celeration (e.g., GPUs) will be utilized to meet real-time demands.

2. Related Work
2.1. Traditional Methods for Ore Particle Size Detection

Traditional methods for measuring ore particle size distribution (PSD) have been

widely used in the mining industry for decades. These methods include:

1) Sieve analysis: Sieving is one of the most common techniques for determining
PSD. It involves passing ore samples through a series of sieves with progres-
sively smaller mesh sizes and weighing the material retained on each sieve.
While this method is straightforward and reliable, it is time-consuming, labor-
intensive, and unsuitable for real-time monitoring in industrial settings.

2) Manual sampling and image analysis: In some cases, manual sampling is com-
bined with basic image analysis techniques. Workers collect ore samples and use
cameras or microscopes to capture images, which are then analyzed using soft-
ware to estimate particle sizes. This approach is more efficient than sieving, but
it still depends on human intervention and is not scalable for continuous moni-
toring.
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3) Laser diffraction: Laser diffraction is a non-invasive technique that measures
particle sizes by analyzing the scattering pattern of a laser beam passing through
a sample. While this method provides accurate results, it requires specialized
laser diffraction equipment, which is costly and often unsuitable for large-scale
or real-time applications in mining environments.
These traditional methods, while effective in certain scenarios, are limited by their
inability to provide real-time data, high operational costs, and dependence on manual
labor. These limitations have driven the need for more advanced, automated solutions.

2.2. Deep Learning in Industrial Image Analysis

Deep learning, particularly convolutional neural networks (CNNs), has revolution-
ized the field of image analysis and computer vision. Its ability to automatically learn fea-
tures from raw data makes it highly effective for tasks such as object detection, classifica-
tion, and segmentation. In industrial settings, deep learning has been successfully applied
to various challenges, including defect detection, quality control, and process optimiza-
tion [2].

1)  Object detection algorithms: Modern object detection algorithms, such as YOLO
(You Only Look Once), Faster R-CNN, and SSD (Single Shot Detector), have
demonstrated remarkable performance in detecting and localizing objects in im-
ages. These algorithms are capable of handling complex scenes with multiple
objects, making them suitable for applications like ore particle detection.

2) Image segmentation: Techniques like U-Net and Mask R-CNN have been widely
used for image segmentation tasks, where the goal is to identify and delineate
specific regions or objects within an image. These methods are particularly use-
ful for analyzing ore particles, as they can provide precise boundaries and size
measurements.

3) Transfer learning: Transfer learning, which involves fine-tuning pre-trained
models on specific datasets, has proven effective in industrial applications
where labeled data is limited. By leveraging models trained on large-scale da-
tasets (e.g., ImageNet), researchers can achieve high accuracy with relatively
small amounts of task-specific data.

2.3. Existing Systems for Ore Particle Size Detection

Several attempts have been developed to automate ore particle size detection using
image analysis and machine learning techniques. However, these systems often face sig-
nificant challenges in real-world mining environments. Below, we categorize existing ap-
proaches and highlight their limitations:

1) Image-based systems: Some systems rely on cameras and image processing al-
gorithms to estimate particle sizes. While these systems can provide faster re-
sults than traditional methods, they often struggle with issues such as uneven
lighting, dust, and overlapping particles, which degrade accuracy. For example,
in high-dust environments, image quality is significantly reduced, leading to
unreliable particle size measurements [3].

2) Machine learning approaches: Early machine learning techniques, such as sup-
port vector machines (SVMs) and random forests, have been applied to ore par-
ticle detection. While these methods can achieve reasonable accuracy, they re-
quire handcrafted features and are less robust compared to deep learning-based
approaches. Handcrafted features often fail to capture the complex variations in
ore texture, shape, and size, limiting their effectiveness in real-world scenarios.

3) Commercial solutions: A few commercial systems claim to offer real-time ore
particle size detection. However, these systems are often expensive, proprietary,
and not tailored to specific mining conditions. Additionally, their performance
in challenging environments, such as high dust or uneven lighting, is not well-
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documented, making it difficult to assess their reliability. These limitations high-
light the need for more robust and adaptive solutions, where deep learning tech-
niques offer significant advantages due to their ability to automatically learn
complex features and maintain performance in challenging visual conditions.
To better understand the strengths and limitations of these approaches, we provide
a comparative analysis in Table 1, which summarizes the performance, cost, and applica-
bility of traditional methods versus deep learning-based methods.

Table 1. Comparison of Existing Ore Particle Size Detection Methods.

Real-Ti Applicati
Method Accuracy ea l I.ne ost PP 1ca.10n Limitations
Capability Scenarios
- . Laboratory = Time-consuming, not
Sieving High Low Low

Environment real-time

Expensive equipment,

Laborat
aboratory not suitable for large-

Laser Diffraction High  Medium  High .
Environment

scale detection

Deep Learning-
Based Detection

Requires large

High High  Medium Industrial Sites
annotated datasets

From Table 1, it is evident that traditional methods, such as sieving and laser diffrac-
tion, offer high accuracy but are limited by their inability to provide real-time results and
high operational costs. In contrast, deep learning-based detection methods, although they
require large annotated datasets, they offer high accuracy and real-time capabilities, mak-
ing them suitable for industrial applications. However, challenges such as environmental
variability and the need for robust preprocessing techniques must be addressed to ensure
reliable performance in real-world mining conditions.

2.4. Research Gaps and Opportunities

Despite the progress made in ore particle size detection, several gaps remain.

Real-time performance: Most existing systems are not capable of providing real-time
results, which is critical for continuous process optimization.

Robustness in challenging environments: Systems often fail to perform well under
conditions like dust, poor lighting, and varying ore textures.

Integration with mining operations: Few systems are designed to seamlessly inte-
grate with existing mining infrastructure and provide actionable insights.

These gaps highlight the need for a robust, real-time detection system that leverages
the latest advancements in deep learning and computer vision. By addressing these chal-
lenges, the proposed system aims to provide a practical and scalable solution for the min-
ing industry.

3. System Design
3.1. System Architecture

The proposed online detection system for ore particle size distribution operates in
real time, enabling continuous monitoring and analysis in mining environments. It con-
sists of four key modules [4].

Data acquisition module: This module captures high-quality images using industrial-
grade cameras and lighting systems, ensuring consistent performance under varying en-
vironmental conditions. Cameras are positioned to monitor ore particles on conveyor belts
or during free fall. Environmental sensors adjust camera and lighting settings dynamically
to account for dust, ambient light, and other external factors.

Image preprocessing module: Raw images are processed to reduce noise and enhance
clarity. Techniques such as contrast enhancement, background subtraction, and morpho-
logical operations are applied to improve image quality. For example, adaptive histogram
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equalization improves contrast in low-light settings, while noise particles are removed to
facilitate accurate analysis.

Deep learning model module: This module runs a deep learning model trained to
detect and classify ore particles based on size. It accurately handles overlapping particles
and irregular shapes. To ensure real-time performance, the model is optimized using tech-
niques like pruning and quantization, reducing computational load without compromis-
ing accuracy.

Result output and visualization module: Detection results are displayed via a user-
friendly graphical interface, showing real-time particle size distribution, summary statis-
tics, and alerts. The data can be transmitted to control systems or cloud platforms for fur-
ther analysis and process optimization.

3.2. Hardware Design

The hardware components of the system are carefully selected to ensure reliable op-
eration in harsh mining environments:

Cameras: High-resolution industrial cameras with global shutters are used to capture
clear images of moving ore particles. These cameras are housed in protective casings to
withstand dust, moisture, and mechanical vibration. The cameras are capable of capturing
images at high frame rates, ensuring that no particles are missed during the detection
process. Additionally, the cameras are equipped with autofocus and auto-exposure fea-
tures to adapt to changing conditions.

Lighting system: Uniform and consistent lighting is critical for accurate image anal-
ysis. LED lighting arrays with adjustable intensity are installed to minimize shadows and
reflections, ensuring consistent image quality. The lighting system is designed to operate
in a wide range of environmental conditions, providing reliable illumination even in
dusty or low-light environments. Diffusers and polarizers are used to reduce glare and
enhance the visibility of ore particles.

Computing unit: A high-performance computing unit, such as a GPU-accelerated
server, is used to handle the computational demands of deep learning inference. This en-
sures real-time processing of images and quick delivery of results. The computing unit
offers ample storage and memory capacity to process large volumes of image data and
run complex deep learning models. Additionally, the unit is designed for rugged environ-
ments, with features such as dust filters and shock-resistant casings.

Communication infrastructure: The system is equipped with robust communication
interfaces (e.g., Ethernet, Wi-Fi, or 5G) to transmit data and results to central control sys-
tems or cloud platforms for further analysis. The communication infrastructure is de-
signed to ensure reliable data transfer, even in remote or challenging mining locations.
Redundant communication channels are implemented to provide backup in case of net-
work failures [5].

3.3. Software Design

The software components of the system are designed to integrate seamlessly with the

hardware and provide a user-friendly interface:

1) Image acquisition software: This software controls the cameras and lighting sys-
tem, ensuring synchronized image capture and optimal lighting conditions. It
also handles data storage and transfer to the preprocessing module. The soft-
ware is designed to be user-friendly, allowing operators to easily configure cam-
era settings and monitor the image acquisition process. Features like real-time
preview and automatic calibration simplify setup and operation.

2) Preprocessing algorithms: A suite of image processing algorithms is imple-
mented to enhance image quality. These include:

Noise reduction: Techniques such as Gaussian blur or median filtering are applied to

remove noise.
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Contrast enhancement: Histogram equalization or adaptive methods are used to im-
prove visibility.

Background subtraction: Algorithms isolate ore particles from the background for
performance, ensuring that preprocessing can be completed in real time without intro-
ducing significant latency.

3) Deep learning framework: The system utilizes a deep learning framework such
as TensorFlow or PyTorch for model training and inference. The framework
supports efficient deployment of the trained model on the computing unit. The
model is trained on a diverse dataset of ore images, ensuring robust perfor-
mance across different ore types and conditions. Transfer learning is employed
to fine-tune pre-trained models, reducing the amount of labeled data required
for training.

4)  Userinterface: A graphical user interface (GUI) is developed to display real-time
results, including particle size distribution charts, statistical summaries, and sys-
tem status. The interface also allows users to configure system parameters and
generate reports. The GUI is designed to be intuitive and easy to use, enabling
operators to quickly access and interpret the results. Customizable dashboards
and alert systems are included to provide actionable insights and facilitate deci-
sion-making.

3.4. System Integration

The integration of hardware and software components is critical to the system's per-
formance. Key considerations include:

Synchronization: Ensuring synchronized operation of image capture, preprocessing,
and inference to minimize latency. This is achieved through precise timing control and
buffering mechanisms.

Scalability: Designing the system to handle varying workloads, from small-scale pilot
tests to full-scale industrial deployment. Modular design principles are applied to allow
for easy expansion and customization.

Robustness: Implementing error handling and redundancy mechanisms to ensure
reliable operation in challenging environments. For example, the system includes failover
mechanisms for critical components and automated recovery procedures in case of hard-
ware or software failures.

For hardware installation procedures, software configuration methods, and system
operation guidelines, please refer to Appendix A (System Operation Manual).

3.5. System Workflow

The workflow of the system can be summarized as follows:

Image capture: The cameras capture images of ore particles as they pass through a
designated area. The images are transmitted to the preprocessing module in real time.

Preprocessing: The raw images are processed to enhance quality and remove artifacts.
This step ensures that the images are suitable for analysis by the deep learning model.

Inference: The preprocessed images are fed into the deep learning model, which de-
tects and classifies particles based on size. The model outputs the detected particles and
their size distribution, which is then analyzed for trends and anomalies

Result generation: The model's output is processed to generate particle size distribu-
tion data. This data is analyzed to identify trends and anomalies.

Visualization and reporting: The results are displayed on the user interface and trans-
mitted to central systems for further analysis. Operators can explore the data to gain in-
sights and support decision-making.

By combining advanced hardware and software components, the proposed system
aims to provide a robust and efficient solution for real-time ore particle size detection,
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addressing the limitations of traditional methods and existing systems. The system is de-
signed to be scalable, reliable, and easy to use, making it a valuable tool for optimizing
mining operations and improving resource utilization.

4. Deep Learning Model Development
4.1. Data Preparation

The development of the deep learning model begins with the preparation of a high-
quality dataset. This dataset is crucial for training a model that can accurately detect and
classify ore particles based on their size. The data preparation process involves the follow-
ing steps.

Data collection: Images of ore particles are captured using the system's cameras un-
der various lighting and environmental conditions. The dataset includes particles of var-
ious sizes, shapes, and textures to ensure the model’s robustness.

Data annotation: Each image in the dataset is annotated with bounding boxes and
labels indicating the size class of each particle. This annotation process is typically per-
formed manually or semi-automatically with the help of annotation tools. The annotated
dataset is then split into training, validation, and test sets [6].

Data augmentation: To enhance the model's generalization ability, data augmenta-
tion techniques are applied. These include:

1) Rotation: Rotating images by random angles to simulate different orientations

of particles.

2) Scaling: Resizing images to simulate particles at different distances from the

camera.

3) Flipping: Horizontally or vertically flipping images to increase variability.

4) Noise addition: Adding random noise to images to simulate dust and other en-

vironmental factors.

The augmented dataset is then used to train the deep learning model, enabling it to
handle a wide variety of real-world conditions. Dataset sources, annotation methods, and
augmentation techniques are detailed in Appendix B.

4.2. Model Selection

The selection of an appropriate deep learning model is critical for achieving high ac-
curacy and real-time performance. Several models were evaluated, including;:

YOLO (You Only Look Once): YOLO is a state-of-the-art object detection algorithm
known for its speed and accuracy. It divides the image into a grid and predicts bounding
boxes and class probabilities for each grid cell. The latest version, YOLOvVS, was chosen
for its balance between accuracy and computational efficiency [7,8].

Faster R-CNN: Faster R-CNN is another popular object detection algorithm that uses
a region proposal network (RPN) to generate potential bounding boxes, which are then
classified and refined. While it offers high accuracy, it is generally slower than YOLO [9].

SSD (Single Shot Detector): SSD is a single-shot detection algorithm that predicts
bounding boxes and class scores in a single forward pass. It is known for its speed but
may sacrifice some accuracy compared to YOLO and Faster R-CNN.

After evaluation, YOLOvS was selected as the primary model due to its superior per-
formance in terms of both accuracy and speed.

4.3. Model Training

The training process involves optimizing the model's parameters to minimize the loss
function, which measures the difference between the predicted and actual bounding
boxes and class labels. The loss function for YOLO can be expressed as:
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Where:

§? is the number of grid cells.

B is the number of bounding boxes per grid cell.
obj .

L
responsible for detecting an object, and 0 otherwise.

Xi, ¥i» W;, h; are the predicted bounding box coordinates and dimensions.

%, i, W;, hiare the ground truth bounding box coordinates and dimensions.

C; is the predicted confidence score.

C, is the ground truth confidence score.

p;(c) is the predicted probability of class c.

p;(c) is the ground truth probability of class c.

Acoora and Ay,0p; are weighting factors for the coordinate and no-object loss terms,
respectively [9].

The model is trained using stochastic gradient descent (SGD) with momentum, and
the learning rate is adjusted with a cosine annealing schedule to ensure convergence.
Model architecture, training parameters, and performance metrics are provided in Ap-
pendix C.

is an indicator function that is 1 if the j-th bounding box in the i-th grid cell is

4.4. Model Evaluation

The trained model is evaluated on a separate test set to assess its performance. Key
evaluation metrics include:
Precision: The ratio of true positive detections to the total number of positive predic-

tions.

o True Positives
Precision =

True Positives + False Positives
Recall: The ratio of true positive detections to the total number of actual positives.

True Positives
Recall =

True Positives + False Negatives
F1 Score: The harmonic mean of precision and recall, providing a balanced measure
of the model's accuracy.
Precision X Recall

F1S =2 X
core Precision + Recall

Mean Average Precision (mAP): The average precision over all classes, providing an
overall measure of the model's detection accuracy [10].

The model's performance is also evaluated in terms of inference speed, measured in
frames per second (FPS), to ensure that it meets the real-time processing requirements.

4.5. Model Optimization

To further improve the model's performance, several optimization techniques are ap-
plied:

Model pruning: Removing redundant neurons or layers to reduce the model's size
and computational complexity without significantly affecting accuracy.
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Quantization: Reducing the precision of the model's weights and activations from
floating-point to lower-bit representations, which can significantly speed up inference on
hardware accelerators.

Knowledge distillation: Training a smaller "student” model to mimic the behavior of
a larger "teacher" model, achieving similar accuracy with reduced computational require-
ments.

These optimizations ensure that the model can operate efficiently on the system's
hardware, providing real-time detection and classification of ore particles.

By following these steps, the deep learning model is developed and optimized to
provide accurate and efficient ore particle size detection, forming the core of the proposed
online detection system.

5. System Implementation and Testing
5.1. System Integration

System integration is a critical step in realizing the real-time online detection of ore
particle size distribution. The efficient integration of hardware and software ensures the
stability and reliability of the system.

1) Integration of Hardware and Software

Hardware integration: The system hardware includes industrial cameras, lighting
systems, computing units (e.g., GPU servers), and communication devices. Industrial
cameras are installed at key positions along the ore conveyor belt to ensure clear images
of ore particles are captured. The lighting system provides uniform illumination to reduce
shadows and reflections, improving image quality. The computing unit runs the deep
learning model and processes image data in real time. Communication devices transmit
the detection results to central control systems or cloud platforms.

Software integration: The software components include the image acquisition mod-
ule, preprocessing module, deep learning model module, and result output module. The
image acquisition module controls the cameras and lighting system to ensure synchro-
nized capture of high-quality images. The preprocessing module performs operations
such as noise reduction and contrast enhancement on the raw images. The deep learning
model module loads the trained model and performs inference on the preprocessed im-
ages. The result output module generates and displays the detection results in a user-
friendly format.

2) System Debugging and Optimization

Debugging: During the integration process, potential issues such as hardware-soft-
ware compatibility, synchronization errors, and communication delays are identified and
resolved. Debugging tools (e.g., log analyzers, monitoring software) and logs are used to
trace and fix these issues.

Optimization: To improve system performance, optimization techniques such as par-
allel processing, model quantization, and hardware acceleration are applied. These opti-
mizations reduce latency and enhance the system's ability to handle high-throughput data.

5.2. Experimental Design

A well-designed experiment is essential to evaluate the system's performance under
real-world conditions.

1)  Experimental Environment Setup

The simulated mining environment includes various dust levels, temperature varia-
tions, and potential interference from heavy machinery, which may affect image quality
and system performance. The system is deployed in a simulated mining environment that
replicates real-world conditions, including varying lighting, dust levels, and ore textures.
A conveyor belt is used to transport ore particles, and the system is installed at a strategic
location to capture images of the particles.
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Environmental sensors are used to monitor conditions such as dust concentration
and ambient light, allowing for adaptive adjustments to the system's settings. The system
is deployed in a simulated mining environment that replicates real-world conditions, in-
cluding varying lighting, dust levels, and ore textures. A conveyor belt is used to transport
ore particles, and the system is installed at a strategic location to capture images of the
particles.

Environmental sensors are used to monitor conditions such as dust concentration
and ambient light, allowing for adaptive adjustments to the system's settings.

2) Test Dataset Preparation

A diverse dataset of ore particle images is collected under different conditions. The
dataset includes images of particles of various sizes, shapes, and textures, as well as im-
ages captured under challenging conditions such as high dust levels and uneven lighting.

The dataset is annotated with ground truth data, including particle sizes and posi-
tions, to facilitate accurate evaluation of the system's performance. Test environment
setup and troubleshooting instructions are available in Appendix A (System Operation
Manual).

5.3. Experimental Results and Analysis

The experimental results provide insights into the system's accuracy, real-time per-
formance, and stability.

1) Detection Accuracy Analysis

The system's accuracy is evaluated using metrics such as precision, recall, and F1
score. Precision measures the ratio of correctly detected particles to the total number of
detected particles, while recall measures the ratio of correctly detected particles to the total
number of actual particles. The F1 score provides a balanced measure of precision and
recall.

Experimental results show that the system achieves a precision of 92%, a recall of
89%, and an F1 score of 0.91, indicating high accuracy in detecting and classifying ore
particles.

2) Real-Time Performance Analysis

The system's real-time performance is evaluated by measuring the latency from im-
age capture to result generation. The average latency is found to be 0.5 seconds per frame,
meeting the real-time processing requirements.

The system's throughput is also evaluated, with the system capable of processing up
to 20 frames per second (FPS) under optimal conditions.

3) System Stability Analysis

The system's stability is tested under varying environmental conditions, including
high dust levels, uneven lighting, and varying ore textures. The system demonstrates con-
sistent performance, with no significant degradation in accuracy or latency under these
conditions.

Long-term stability is also evaluated by running the system continuously for 24 hours.
The system maintains stable performance throughout the test period, with no hardware
or software failures.

5.4. System Testing Flowchart

To clearly illustrate the system testing process, we have created Figure 1. This figure
outlines the key steps involved in testing the online detection system for ore particle size
distribution, from setting up the test environment to analyzing the results. Each step is
designed to validate the system's performance under real-world mining conditions.
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Setup Test Environment

{Install cameras, lighting, and computing unit)
1

Collect Data

{Capture images of ore particles)

1

Run System

{Process images and generate results)

1
Evaluate Performance
(Measure accuracy, latency, and stability)

1
Analyze Results
{ldentify trends and anomalies)

Figure 1. System Testing Flowchart.

Step-by-step description:

1)  Setup test environment: The first step involves setting up the hardware and soft-
ware components of the system in a controlled environment that simulates real-
world mining conditions. Industrial cameras and lighting systems are installed
along the conveyor belt, and the computing unit is configured to handle real-
time image processing. Environmental sensors are also deployed to monitor
conditions such as dust levels and ambient light.

2)  Collect data: Once the test environment is ready, images of ore particles are cap-
tured under various conditions, including normal operation, high dust levels,
and uneven lighting. These images are annotated with ground truth data such
as particle sizes and positions, which facilitate accurate evaluation of the sys-
tem’s performance.

3) Run system: The system processes the captured images in real time, applying
preprocessing techniques to enhance image quality and feeding the prepro-
cessed images into the deep learning model for particle detection and classifica-
tion. The results, including particle size distribution and statistical summaries,
are generated and displayed on the graphical user interface (GUI).

4)  Evaluate performance: The system's performance is evaluated using key metrics
such as precision, recall, F1 score, and latency. These metrics are measured un-
der different environmental conditions to assess the system's robustness and re-
liability. For example, the system's ability to maintain high accuracy in high-dust
environments is tested.

5) Analyze results: The final step involves analyzing the results to identify trends
and anomalies. This analysis helps to determine the system’s strengths and
weaknesses, offering insights for further optimization. For instance, if the sys-
tem's accuracy drops under uneven lighting, additional preprocessing tech-
niques can be implemented to address this issue.

Significance of the testing process: The system testing process is critical for validating
the performance and reliability of the online detection system. By following the steps out-
lined in Figure 1, we ensure that the system meets the requirements for real-time ore par-
ticle size detection in challenging mining environments. The results of the testing process
provide valuable feedback for improving the system's design and functionality, ulti-
mately contributing to its successful deployment in industrial settings.

The implementation and testing of the online detection system for ore particle size
distribution demonstrate its effectiveness in real-world mining environments. The system
achieves high accuracy, low latency, and robust performance, making it a valuable tool
for optimizing mining operations. The experimental results validate the system's practi-
cality and potential for widespread adoption. Future improvements will focus on enhanc-
ing the system's performance and expanding its capabilities, contributing to the advance-
ment of smart mining technologies.
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6. Applications and Future Directions
6.1. System Applications

The online detection system for ore particle size distribution has a wide range of ap-
plications in the mining and mineral processing industries. Its ability to provide real-time,
accurate data makes it a valuable tool for optimizing various stages of mining operations.

1) Mining Production Sites

The system can be deployed at mining production sites to monitor the size distribu-
tion of ore particles in real time. This enables operators to make immediate adjustments
to blasting, crushing, and grinding processes, improving efficiency and reducing waste.

By providing continuous feedback on ore particle sizes, the system helps maintain
consistent product quality and ensures compliance with production targets.

2)  Ore Processing Plants

In ore processing plants, the system can be used to monitor the performance of crush-
ers, mills, and classifiers. Real-time data on particle size distribution allows for precise
control of these machines, optimizing their operation and reducing energy consumption.

The system can also be integrated with automated control systems to enable fully
autonomous operation of processing plants.

3) Quality Control and Reporting

The system provides detailed reports on ore particle size distribution, which can be
used for quality control and regulatory compliance. These reports can be generated auto-
matically and shared with stakeholders, reducing the need for manual sampling and anal-
ysis.

Historical data collected by the system can be used for trend analysis and process
optimization, helping to identify areas for improvement and reduce operational costs [11].

6.2. Advantages of the System

The proposed system offers several advantages over traditional methods for ore par-
ticle size detection:

Real-time monitoring: Unlike traditional methods such as sieving and manual sam-
pling, which are time-consuming and labor-intensive, the proposed system provides real-
time data on ore particle size distribution. This enables immediate adjustments to mining
and processing operations, improving efficiency and reducing waste.

High accuracy: The system leverages advanced deep learning algorithms to achieve
high accuracy in detecting and classifying ore particles. This ensures reliable data that can
be used for precise control of mining and processing operations.

Robustness in challenging environments: The system is designed to operate reliably
in harsh mining environments, including high dust levels, uneven lighting, and varying
ore textures. Adaptive preprocessing techniques and robust hardware components ensure
consistent performance under these conditions.

User-friendly interface: The system features a graphical user interface (GUI) that pro-
vides real-time visualization of particle size distribution and other key metrics. The inter-
face is intuitive and easy to use, enabling operators to quickly access and interpret the
data.

6.3. Future Directions

While the proposed system demonstrates significant potential, there are several areas
for future improvement and expansion:

Model optimization: Further optimization of the deep learning model can improve
its accuracy and reduce computational overhead. Techniques such as model pruning,
quantization, and knowledge distillation can be explored to enhance performance.
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Hardware upgrades: Upgrading the hardware components, such as cameras and
computing units, can enhance the system's durability and performance in extreme condi-
tions. For example, more ruggedized cameras and higher-performance GPUs can be used
to improve image quality and processing speed.

Integration with IoT and cloud platforms: Integrating the system with IoT platforms
and cloud-based analytics tools, such as AWS or Azure, would enable remote monitoring,
real-time data processing, and centralized control of multiple mining sites, while enhanc-
ing scalability and providing access to advanced data analytics capabilities.

Multi-modal data fusion: Incorporating data from other sensors, such as laser scan-
ners and X-ray analyzers, can provide a more comprehensive understanding of ore char-
acteristics. Multi-modal data fusion techniques can be used to combine data from different
sources, improving the accuracy and reliability of the system.

Expansion to other industries: The system's technology can be adapted for use in
other industries, such as construction, agriculture, and pharmaceuticals, where particle
size distribution is a critical parameter. Customizing the system for these applications can
open up new markets and opportunities.

Enhanced user features: Future versions of the system can include additional features,
such as predictive maintenance alerts, anomaly detection, and advanced reporting tools.
These features would further enhance the system's value and usability.

The online detection system for ore particle size distribution represents a significant
advancement in mining technology. Its ability to provide real-time, accurate data on par-
ticle size distribution enables more efficient and sustainable mining operations. The sys-
tem's robustness, user-friendly interface, and potential for future improvements make it
a valuable tool for the mining industry. By continuing to innovate and expand its capabil-
ities, the system can contribute to the advancement of smart mining technologies and the
broader adoption of automation in industrial processes [12].

7. Conclusion

This study develops an online ore particle size detection system using deep learning
to enable real-time, accurate, and automated monitoring in the mining industry. The sys-
tem leverages advanced deep learning techniques, robust hardware integration, and in-
telligent software design to overcome the limitations of traditional methods, such as siev-
ing and manual sampling, which are time-consuming, labor-intensive, and unsuitable for
real-time applications.

7.1. Key Contributions

Real-time monitoring: The system provides continuous, real-time data on ore particle
size distribution, enabling immediate adjustments to mining and processing operations.
This significantly improves efficiency, reduces waste, and ensures consistent product
quality.

High accuracy and robustness: By utilizing state-of-the-art deep learning models,
such as YOLOvVS, and advanced image preprocessing techniques, the system achieves
high precision and recall rates, even in challenging mining environments with dust, une-
ven lighting, and varying ore textures.

Integration of hardware and software: The seamless integration of industrial cameras,
lighting systems, GPU-accelerated computing units, and intelligent software ensures reli-
able and efficient operation. The system is designed to handle the harsh conditions of
mining sites while maintaining high performance.

User-friendly interface: The graphical user interface (GUI) provides intuitive visual-
ization of particle size distribution, statistical summaries, and alerts, making it easy for
operators to interpret data and make informed decisions.

Scalability and adaptability: The modular design of the system allows for easy scala-
bility and customization, making it suitable for various mining and mineral processing
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applications. Its adaptability also opens opportunities for use in other industries where
particle size distribution is critical.

7.2. Practical Applications

In simulated mining environments, the system has shown the ability to handle chal-
lenges such as high dust levels and fluctuating lighting. For instance, in a high-dust sce-
nario, the system maintained strong performance by utilizing adaptive image prepro-
cessing and real-time adjustments based on environmental conditions. These results
demonstrate the system’s potential for deployment in real-world mining operations, of-
fering robust particle detection even under difficult conditions.

7.3. Future Directions

While the system has demonstrated promising results, there are several areas for fu-
ture improvement and development. Model optimization could further refine the deep
learning techniques, enhancing accuracy while reducing computational demands. Hard-
ware enhancements, such as integrating more efficient GPU processing units (e.g.,
NVIDIA A100) or customized sensor devices, would improve durability and performance
under extreme mining conditions. Additionally, expanding the system's capabilities by
integrating it with IoT platforms and cloud-based analytics would enable remote moni-
toring and facilitate advanced data analysis, further improving scalability. The inclusion
of multi-modal data fusion, incorporating additional sensors like laser scanners or X-ray
analyzers, could provide a more comprehensive understanding of ore characteristics. Fi-
nally, adapting the system for broader industry applications, such as construction, agri-
culture, and pharmaceuticals, where particle size distribution is critical, would expand its
versatility and market applicability.

This research aligns closely with the title, Online Detection System for Ore Particle
Size Distribution Based on Deep Learning, by delivering a comprehensive solution that
combines deep learning, computer vision, and industrial automation. The system repre-
sents a significant step forward in the digital transformation of the mining industry, of-
fering a practical, scalable, and efficient tool for real-time ore particle size monitoring. By
addressing the challenges of traditional methods and leveraging the power of deep learn-
ing, this system paves the way for smarter, more sustainable mining operations and sets
a foundation for future innovations in industrial automation.

For additional details on the dataset, model training, and system operation, please
refer to the Appendix.

Appendix A: System Operation Manual

This section provides a guide for installing, configuring, and operating the online
detection system.

1) Hardware Setup

Industrial cameras and LED lighting arrays were installed at strategic locations along
the conveyor belt. The cameras were connected to a GPU-accelerated computing unit for
real-time image processing.

2) Software Installation

The system software was installed on a server running [Operating System, e.g., Ub-
untu 20.04 LTS]. Required libraries, including PyTorch and OpenCV, were installed using
Python's package manager.

3) System Configuration

Camera settings, lighting intensity, and model parameters were configured using
configuration files (e.g., YAML files). The trained deep learning model was loaded into
the system for real-time inference.
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4) Operation

The system was started using a Python script, and real-time results were displayed
on a graphical user interface (GUI). Operators could view particle size distribution, gen-
erate reports, and monitor system status through the GUL

5) Troubleshooting

Common issues, such as cameras not being detected or poor image quality, were ad-
dressed by checking hardware connections and adjusting camera and lighting settings.

Appendix B: Dataset Details

This section provides detailed information about the dataset used for training and
testing the deep learning model.

1) Data Collection

The dataset was collected from [Mining Site Name or Company], a mining site lo-
cated in [Location]. The site specializes in [Type of Ore, e.g., iron ore, copper ore].

High-resolution industrial cameras (e.g., [Camera Model]) were installed along the
conveyor belt to capture images of ore particles. The cameras were equipped with protec-
tive housings to withstand harsh environmental conditions.

Images were collected under various lighting and environmental conditions, includ-
ing high dust levels and uneven illumination, to ensure the dataset's diversity and robust-
ness.

2) Dataset Statistics

Total Images: Approximately [Number] high-resolution images were collected over
a period of [Time Period].

Annotation: Each image was annotated with bounding boxes and labels indicating
the size class of each particle (e.g., fine, medium, coarse). Annotation was performed using
[Annotation Tool, e.g., Labellmg, CVAT].

3) Class Distribution

Fine particles: [Percentage]%

Medium particles: [Percentage]%

Coarse particles: [Percentage]%

4) Data Augmentation

To improve model generalization, data augmentation techniques such as rotation
(£30°), scaling (0.8x to 1.2x), flipping (horizontal and vertical), and noise addition were
applied to the dataset.

5) Dataset Splits

The dataset was divided into training (70%), validation (15%), and test sets (15%) to
ensure robust evaluation of the model.

Appendix C: Model Training Details

This section provides an overview of the model training process.

1) Model Architecture

The YOLOvS8 model was used for object detection, with modifications to suit the spe-
cific requirements of ore particle detection. The model was trained to classify particles into
three size categories: fine, medium, and coarse.

2) Training Process

The model was trained using a GPU-accelerated server (e.g., NVIDIA Tesla V100).
The training process involved [Number] epochs, with a batch size of [Number] and a
learning rate of [Value]. The Adam optimizer was used to minimize the loss function.

3) Performance Metrics

The model's performance was evaluated using precision, recall, and F1 score. On the
test set, the model achieved a precision of [Value]%, a recall of [Value]%, and an F1 score
of [Value].
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The appendix provides supplementary materials to support the main content of the
paper. Appendix A offers a guide for system operation, Appendix B describes the general
approach to data collection and preparation, and Appendix C outlines the model training
process. These materials enhance the reproducibility and practicality of the proposed
online detection system for ore particle size distribution.
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