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Abstract: Conveying systems are responsible for a large part of continuous horizontal transportation
in underground mines. The total length of a conveyor network can reach hundreds of kilometers,
while a single conveyor usually has a route length of about 0.5–2 km. The belt is a critical and one of
the most costly components of the conveyor, and damage to it can result in long unexpected stoppages
of production. This is why proper monitoring of conveyor belts is crucial for continuous operation.
In this article, algorithms for the detection of potential damage to a conveyor belt are described.
The algorithms for analysis used video recordings of a moving belt conveyor, which, in case the
of hazardous conditions of deep mines, can be collected, for example, by a legged autonomous
inspection robot. The video was then analyzed frame by frame. In this article, algorithms for edge
damage detection, belt deviation, and conveyor load estimation are described. The main goal of the
research was to find a potential application for image recognition to detect damage to conveyor belts
in mines.

Keywords: belt conveyor; damage detection; inspection robot; underground mining; predictive
maintenance

1. Introduction

The availability of ready-to-use machines throughout industry is one of the main
factors influencing effective production and ensuring its continuity. For this reason, the
technical condition of infrastructure elements is regularly inspected. Operation and main-
tenance of mining assets are carried out by a properly trained maintenance worker with
valid authorizations [1]. The schedule of periodic machine service strictly defines the scope
of maintenance and repair activities for a given machine, carried out monthly, quarterly,
semi-annually, and annually. Furthermore, daily inspections are performed before and
after each machine start-up by the maintenance technician or machine operator. The main
goal of the mining industry is maximum automation of the mining processes. Therefore,
most of the assets are controlled by industrial automation. The devices are functionally
connected with several other devices, creating an extensive network of technical objects.
Each object has an assigned function, and there is a certain hierarchy of these objects and
rules of cooperation. Such systems of “connected vessels” occur, among others, in conveyor
transportation systems, in central air-conditioning, or in drainage systems. In such cases,
the bottleneck objects are critical. For this type of cases, condition monitoring is developed,
but in many cases, it is too expensive and provides only a limited amount of information
regarding the technical and operational conditions of the mining assets.

Belt conveyors are commonly used devices in continuous horizontal transport of
bulk material in mining. In underground mining, the length of a single conveyor usually
fluctuates from several hundred meters to several kilometers (depending on the place and
destination). Due to their role in the production process, their work should be undisturbed
and uninterrupted. Therefore, the greatest challenge for a mine is to achieve full availability
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of these machines and a minimum percentage of unplanned events. Conveyor failure may
stop the production process, which is unfavorable for economic or safety reasons. The
repair of some failures may take a long time, which results from many components of
mining staff operations such as failure diagnosis, area protection, first operational decisions,
disassembly, transport of material, repair, and assembly. The critical components are
primarily the belt (whole loop), the upper and lower rollers, and the drive.

For the automatic detection of belt defects, the solutions used are based on mag-
netic signals, RGB, and thermal images. These are usually portable measuring devices
supporting inspection works [2–4].

In the case of the belt, damage may concern the top rubber cover, the core rubber
(adhesive compound), steel cords, the bottom cover, and the rubber edge, which can take
many forms (cuts, abrasions, tears, cracks, gouges). The genesis of belt damage, among
others, may result from material impacts at the loading point [5,6]. The damages that this
work focuses on are torn edges and belt deviation. Edge analysis can tell us the percentage
of belt wear, and the problem is also partly the cause of belt deviation. Belt deflection is
one of the most common defects, and it can have a variety of reasons [7–9], but long-term
deviation is especially dangerous because it destroys the entire length of the belt, but it can
also turn into a fire.

In the literature, there are many examples describing the diagnostics of the conveyor,
mainly using stationary measuring stations that perform diagnostics using: laser [10,11],
vibrations [12–14], thermovision [15], acoustics [16,17], radio-frequency identification
(RFID) [18], and cameras [19,20]. Given a research problem regarding the damage pre-
sented, the state-of-the-art approaches focus mainly on cameras, with single cases of using
other technologies, such as lasers [21]. When diagnostics are based on a camera image,
the following techniques are used: Convolutional Neural Network (CNN) [22], machine
vision methods such as Hough Transform [23,24], or with a modification using wavelet
transform [25]. Unfortunately, the above-mentioned methods usually have one of two main
disadvantages that prevented their use in our case: (1) the presented use cases concerned
only experimental work in the laboratory; (2) stationary systems were used, observing a
maximum of one conveyor at a time. In fact, there are known cases of using autonomous
robots for conveyor diagnostics, such as Unmanned Aerial Vehicles (UAVs) [26,27], Un-
manned Ground Vehicles (UAGs) [28,29], or other robots suspended above [30–32] or
below conveyor belt [33]. Our approach involved the use of an UGV that would constantly
monitor the belt condition of conveyors, in particular by searching for belt deviation and
torn edges with the use of a camera and machine vision techniques. The novelty of our
research is: (1) the use of an autonomous robot for monitoring the belt of conveyors in
particularly dangerous and inaccessible places; (2) extending the applicability of the algo-
rithm in various aspects of diagnosing the condition of the belt and its operation; (3) the
application and adaptation of methods in a difficult operating environment of the conveyor
in the industrial conditions of an underground mine (dust, humidity, poor lighting).

This paper is organized as follows: Section 2 describes the autonomous legged inspec-
tion robot that was used for this research and the inspection procedure. The methods for
damage detection and the results are presented in Section 3. Finally, Section 4 presents
our conclusions.

2. Autonomous Inspection Robot and Inspection Procedure

For development and testing of the algorithms, a video was used that was acquired
by a semi-autonomous ANYmal legged robot (Figure 1). The main task of the robot was
to evaluate the machines condition and the technical infrastructure in an underground
mine. This work is a part of the THING (subTerranean Haptic INvestiGator) project,
which involves using a modified commercial robot to take over the necessary monitoring
processes currently performed by humans [34–36]. The inspection procedure, with the
use of this apparatus together with the description of other algorithms (damage detection
based on acoustics and thermovision), has been presented in the previous works [37,38].
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For the purposes of the inspection, the robot walked around the conveyor route and
recorded a video. A simplified path and whole procedure is shown in Figure 2. The
inspection video captured the two main views of the conveyor belt: the top view and
side view.
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mine. The diagnosis of the belt 2© was part of the entire inspection procedure.

Based on the recordings of the conveyor belt and the planned road, it was possible to
determine a set of algorithms that would monitor the technical condition of the edges of
the belt and the transferred material. Different algorithms were used for each of the views
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and also differed depending on whether the conveyor belt was full or not. The inspection
procedure is listed below:

1. Take a recording of the conveyor belt from one side:

a. Damaged edges detection algorithm for a conveyor belt: side view.

2. Ascent to the ramp.
3. Take a recording of the conveyor belt from above:

a. Detection of conveyor belt edges.
b. Verification of whether the conveyor is empty/filled (detection of load on

the conveyor);

If empty: damaged edges detection algorithm for a conveyor belt: top view; If filled:
detection of conveyor belt deviation as uneven load distribution.

4. Descent to the other side.
5. Take a recording of the conveyor belt from the other side:

a. Damaged edges detection algorithm for a conveyor belt: side view.

3. Algorithms and Results

In this section, the algorithms that are the result of the research are presented. The
proposed methods were mainly based on the edge detection of objects present on the
frame (which was the conveyor belt). In our study, we used the well-known Canny Edge
Detection algorithm and tailored it to meet the underground mine challenges [39]. The
speed of the conveyor belt, the length of the conveyor, and their quantity made it difficult
to monitor them in real time with the naked eye. The Canny Edge Detection algorithm
was applied to a grayscale blurred frame. Due to this, it was possible to detect the edges.
Basically, the principle of the method is reduced to a few basic steps:

1. Noise Reduction. A filter based on the first derivative of the Gaussian function is
used as it is sensitive to the presence of noise in the raw unprocessed image. The
effect of this action is a slightly blurred image that is not affected by noise in any
significant way.

2. Determination of image intensity gradients. The edges in the image can have different
orientations. The Canny algorithm uses four filters to detect horizontal, vertical, and
diagonal edges in a smoothed image. Edge detection operators return the values
of the first derivative for the horizontal (Gy) and vertical (Gx) direction. The slope
(G—gradient, rate of rise) of the edge and its direction (θ) can be determined from the
following Equation (1). The edge detection angle is rounded to four cases representing
vertical, horizontal, and two diagonals.

G =
√

G2
x + G2

y θ = arctan
(

Gy

Gx

)
(1)

3. Non-maximum pixel removal. The third step involves “thinning” the edges in a way
that ensures their continuity. This is performed by applying non-maximum attenua-
tion to remove false detected edges. The result is a solid line of individual pixels.

4. Hysteresis Progression—apply a double threshold to identify potential edges and
connect them. The last step is to remove irrelevant edges that have a slope (steepness)
below the set threshold. Hysteresis progression causes the next pixels to be appended
to the already detected edges despite the slope decrease, until the lower detection
threshold is reached. This procedure prevents the edges from being split in places of
lower contrast.

The Canny algorithm is widely used in various fields such as image registration,
image segmentation, region separation, object description, and recognition. In this article,
the algorithm is used to determine the boundaries of the belt conveyor, and then, with the
help of points determined by the algorithm, the statistics of the conveyor’s edge, such as its
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shift angle, are calculated. They are used to find any abnormal behavior that may indicate
a belt deterioration. A general application diagram is shown in the figure below (Figure 3).
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3.1. Damaged Edge Detection Algorithm for a Conveyor Belt: Top View and Side View

The algorithm for detecting the edges of the conveyor belt allows one to diagnose
such damage as jagged rubber edges, belt shifts, and uneven material alignment, etc. To
achieve this, firstly, the conveyor belt is cut from the selected frame. Then, by using the
Canny Edge Detection algorithm, the contours are marked, which is shown in Figure 4.
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Then, using the points from the Canny algorithm and linear regression, a straight line
is fitted to the edge. The results can be seen in Figure 5.
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Figure 5. (a) Lower part of the conveyor belt. (b) Edge line designated by Canny algorithm. (c) Fitted
straight line designated by linear regression.

In the above images, it can be seen where the lines differ. This place is also visible in
the photo of the conveyor belt. A comparison between the Canny line and the straight line
can be seen in Figure 6. Additionally, in Figure 7, the square of the difference between the
two values was compared. The square was used to sharpen the differences. The figures
show the moment when the values differed much more than the average. This corresponds
to the location in the frame where the difference in edge behavior is visible. In the case
of a possible anomaly, the difference between these values is visibly greater. The red line
marks the potential threshold. The value was determined empirically while observing the
behavior of the statistics for different frames of the film. Establishing it unambiguously
requires more samples.
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The algorithm was also tested on selected fragments where no anomalies were visible,
which is shown below in Figures 8–10. As can be seen, the difference function was fairly
constant throughout the selected section of belt. Values usually did not exceed 1.5, with an
average of around 1.0, while the anomaly had values around 5.0–9.0 with an average of
around 7.0.
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Similarly, it was possible to examine the quality of the edges of the belt by looking at
it from the top view. The algorithm for this detection is very similar to the one used for
side view, and most steps are the same: find the ends of the belt, fit the line, and check the
difference. The only difference is that the position of the conveyor changes in the frame,
which results in a vertical lines (instead of horizontal). One of the goals of a linear model is
to see a variable change as a function of the variability of another variable; this is basically
just a re-parameterized covariance. In the case of the algorithm for a top view, there is a
variable with zero variation, so using a linear regression method would be unsuitable. In
this configuration, to make a linear regression where Y values do not depend on X values,
the method is to look for the solution of equation ay + b = x instead of the usual ax + b = y.

3.2. Detection of Conveyor Belt Edges: View from Above

The first step in analyzing a conveyor belt is detecting its position on the recorded
frame. It is especially important if the camera does not stand still in one place but is on
the moving robot. The problem can be reduced to detect the two linear boundaries of the
belt. Therefore, the method assumes matching two straight lines that are the edges of the
conveyor and assuming that there is a belt between them. To distinguish the edges of the
belt from other edges in the photo, it is necessary to make a set of assumptions about the
position and angle of the line. The method can be described in the following three steps
(Figure 11):
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1. Frame transformation to the grayscale image.
2. Detection of all edges using Canny Edge Detection.
3. Line fitting to consecutive edges and check if it is the belt edge.
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In point 3, there are proper assumptions necessary to detect the conveyor edges on
the left and the right side:

• The edge is long: longer than 100 pixels.
• The point on the fitted line: x0 ∈ (0.1 w, 0.4 w) for the left side, and x0 ∈ (0.6 w, 0.9 w)

for the right side, where w is frame width.
• The angle of inclination of the line: α ∈ (90◦, 100◦) for the left edge, and α ∈ (80◦, 90◦)

for the right edge.
• Fit only one line for the left and one for the right side (stop the procedure if the line is

already fitted).

The above method allows for detection of belt edges for each frame. This is useful
when the conveyor position changes because of the robot’s movement. However, if belt
detection is impossible on some frames, the last fitted edges from the previous frames can
be used.

3.3. Detection of Loads on the Conveyor

After detecting the belt edges on the frame, it is possible to determine its load of the
transported material (or if there is no load at all). As copper ore is much darker than the
belt (which is clearly visible in Figures 11–13), a simple thresholding method can be used.
This makes it possible to determine when the conveyor is carrying a load and to estimate
the percentage of belt load. The method can be described by the following steps:
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1. Image transformation to grayscale.
2. Image thresholding with fixed threshold value (H, Equation (2)), where X is a matrix

representing the image.

X(i, j) =
{

255, i f X(i, j) < H
0, i f X(i, j) ≥ H

(2)

3. Background removal using detected edge lines of the conveyor belt (detected with
the algorithm introduced in Section 3.2). Changing the values of the pixels classified
as background to 127.

4. Calculate the percentage of the belt surface occupied with the following Equation (3),
where X is a matrix representing the image, and # is a quantity:

#(X = 0)
#(X = 255 ∨ X = 0)

× 100% (3)

Figure 12 presents an example of a loaded conveyor, for which the method detected
54.69% of occupied surface. In Figure 13, an empty conveyor is shown, and the method
showed 0.14% of occupied surface, which is close to zero and can be classified as an
unloaded belt.

In addition, the example shown in Figure 12 presents that the load on the conveyor is
unevenly distributed (large part of the spoil is on the right side). The most likely cause of
this behavior is uneven arrangement of the belt on the rollers. Thus, this observation can
be used to detect deviation of the conveyor belt. Separate method for this is shown in the
following Section 3.4.

3.4. Conveyor Belt Deviation as Unevenly Load Distributed

If a currently analyzed conveyor is under some load, it is possible to check the
regularity in the arrangement of the material on the belt, which can depend on the deviation
of the belt. In this article, we focused only on a troughed belt conveyor with a three-roller
top set and a trapezoidal cross-section. Such a system of rollers and their acute angle create
a trough in the middle of the belt, regulating the shape of the transported material pile.
The regularity of the ore distribution on the conveyor can be easily checked as the ratio of
the load on the right and left sides of the belt. For this purpose, it is necessary to detect
the center line of the belt, which can be calculated as the average of previously detected
edge lines of the conveyor. The rest of the calculation is similar to the algorithm for load
detection. The thresholding method is used to distinguish the load from empty fragments
of the belt, and the background is removed. Then, the percentage of the load on the left
and the right side is calculated. For both sides, this coefficient is calculated by dividing the
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number of black pixels on one of the sides by the amount of black pixels in entire conveyor
surface. The consecutive steps of the method are presented in Figure 14. It can be seen that
71.9% of the load is on the right side, so it can be concluded that the belt is also not evenly
distributed over the rollers, and the left side is raised more upwards.
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4. Conclusions

Belt conveyors are responsible for a significant part of transportation in mines and
other facilities. Their failure may result in interruptions in the entire production as they
are often a bottleneck of the transport system. For this reason, their condition should be
constantly monitored, which is a task currently performed by mining staff. Unfortunately,
miners are forced to descend due to exploitation of deeper and deeper parts of the deposit,
which complicates mining conditions (increased seismicity, presence of harmful gases, or
sometimes the need to build narrow and low workings). Therefore, the global trend in
deep mining is to search for new technologies that will exclude the presence of humans
from dangerous places in the mining area or limit their exposure to nuisance factors that
threaten life and health.

The article presents a simple inspection method that was performed using an au-
tonomous robot. During the inspection, algorithms were used to detect damage to the
conveyor (torn edges, belt deviation) and to assess the correctness of spoil distribution
including spoil spilling outside the conveyor, which have also been described. The algo-
rithms are based on video recordings that included left, right, and top views. The basis for
the diagnostic procedures here was the Canny Edge Detection algorithm commonly used
in computer vision tasks, which was used to detect individual parts of the conveyor belt.
The main factor that determines the quality of the algorithm’s operation is the stability of
the recording, which was achieved by stopping the robot for the duration of the measure-
ment. The described algorithms are not novel; however, the article shows that they can be
successfully used for autonomous inspection in industrial conditions.
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