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Abstract: Damage detection in complex mechanical structures is important for cost-effective and safe
operation. Conveyor belts with steel cords are used for bulk material transport in mining companies.
Due to harsh environmental conditions, both covers and cords are subjected to damage. As lengths
of conveyors may vary from dozens of meters to kilometers, a belt loop consists of many connected
belt pieces. Thus, the condition of splices between belt pieces is also critical. For both steel cord
damage/wear detection and splice condition evaluations the NDT techniques based on magnetic
field measurement and variability analysis are used. To obtain appropriate resolution, multi-channel
data are collected. Here we propose a pre-processing technique developed for signal synchronization
for biased splices data. The biased splices mean a phase shift between signals from a multi-channel
sensor due to the design technology of the splice. As the quality of the splice is related to the
appropriate precision of splice production, splice evaluation is defined as a similarity analysis of
each signal with respect to the estimated pattern. Due to the mentioned phase shift, signals should
be "synchronized" first, before final analysis. In industrial conditions, many factors may influence
the signal shape. Thus, the problem of automated synchronization by shifting the signals may be
defined as a multidimensional optimization problem. Here, we proposed to use a genetic algorithm
with an algorithmically simple cost function for that purpose. In this paper, the authors propose
an automated procedure applied to real measurement data and final results. A multidimensional
optimization has been compared to simple signal shifting according to several criteria, and GA-based
results were the best.

Keywords: conveyor belt; signal processing; genetic algorithm; NDT; defectoscopy

1. Introduction

Conveyor belts are used for transport in many industries, mainly: mining, logistics and
civil engineering. From the very beginning, various studies related to optimization, energy efficiency
or condition monitoring including magnetic monitoring of steel cord conveyor belts were initiated.
Since then a number of solutions/systems were developed worldwide that allow optimization and
non-invasive inspection of a whole conveyor [1-7], the belt core [8-13] or drive units (gearbox, pulleys,
bearings) [14-17], idlers [18-24]. Recently, inspection procedures started to be robotized [3,19,25].

One of the most difficult components to diagnose is the conveyor belt. For a belt with steel cords,
magnetic field measurements were proposed in the 80s by Harrison [8]. Magnetic field measurements
are an accurate technique for testing ferromagnetic materials [26]. Non-destructive testing using a
magnetic phenomenon is a common method in detecting geometric discontinuities (damages) and
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fatigue states in materials. Examples of using magnetic defectoscopy to assess the technical condition
of machine elements are the cases of examinations of train wheels [27], pipes [28] and wire ropes [29].
The issue raised in this article is magnetic signals measured from steel cords in a conveyor belt.

Although there are some works on the diagnosis of belts with steel cords [8-13], they are
mainly concerned with detecting damage and evaluating the technical condition of belt sections.
Surprisingly, issues relating to the splices have been omitted. Splice technical condition may be
evaluated during both regular service inspection of the belt as well as during the production phase, as
splice quality control.

NDT-related processing of signals acquired from the belt one may face several important issues.
First of all, to obtain the appropriate precision of damage detection, the multi-channel measurement
system is used. As mentioned, it may be assumed that the average length of belt conveyors is 1 km.
That gives a 2 km belt length and consequently, generates a lot of data to process. These data may be
noisy and usual in a real industrial case. For example, the paper [30] deals with the issue of removing
noise from electromagnetic signals coming from a conveyor belt with steel cords.

From a signal processing point of view the task is to detect, extract and model (describe)
disturbances in the signal related to splices, i.e., places when two pieces of the belt are connected.
It should be done for each sensor (each sensor array section, i.e., each part of the belt width) and
depends on the design of the splice.

From a theoretical point of view, each signal (each belt width part) should be very similar for
high-quality splices. If some errors have appeared during splice production, they will be sources of
additional disturbances and they will influence the signal shape. Changes in signal shape may be also
related to wear or fault that will rise during operation.

Practically, we would like to compare signals from all channels using some criteria. In cases of
biased splices, signals are phase-shifted, as the beginning of the splice is shifted for each belt-width
section. For good condition splice-one may simply find a difference in phase of each signal with
comparison to the selected reference channel. In cases of damaged splices (or with poor quality),
simple-shifting becomes a multidimensional optimization problem. The reason for this is that it will be
hard to find one reference point in the reference signal. Incorrect synchronization may lead to wrong
conclusions. To overcome it, we have proposed a genetic algorithm-based procedure to optimize
signals shifting. Criteria for optimization have been defined too. The presented method has been
applied for both damaged belt splices and good quality splices.

The paper is organized in the following way: Section 2 presents a description of the multi-channel
data acquisition system and provides some details about the experiment in the mine. Section 3 provides
basic knowledge about belt splice design that is the basis of defining the problem for signal processing
(discussed in Section 4). The developed procedure for multi-channel data processing is provided in
Section 5, and Section 6 presents results and discussion regarding the comparison of methods and
obtained results. Finally, the conclusions section ends the paper.

2. HRDS Measurement System

The High Resolution Diagnostic System (HRDS) is a unique solution developed at Wroclaw
University of Science and Technology as an output of research project. It was designed for the magnetic
testing of conveyor belts with steel cords. The HRDS system is based on the modified EyeQ™ system
from rEscan company. The effects of the work, including the modification of the existing and available
system, mainly consisted of its expansion and increasing the measurement capabilities. The number of
sensors was increased, which resulted in a six-fold increase in the resolution of the measuring system
and the development of a mobile data acquisition device. The extension and measurement capabilities
of the developed HRDS system are described in the article [31].

The measurement method is based on the pre-magnetization of the steel cords in the core using
a magnetic bar. The next step consists of the acquisition of the data from a magnetic head. In the
magnetic head 24 coils with a resolution of 10 cm are located. This allows for testing on conveyor belts
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up to the width of 2.4 m with resolution of 0.1 m. The magnetic head and magnetic bar are placed
perpendicularly to the direction of belt movement. The coils (sensors) detect changes in the magnetic
field generated by the magnetized steel cords located in the core of the conveyor belt. Magnetic field
changes occur in the vicinity of damaged steel cords or splices. The schemes of the system (Figure 1)
and the HRDS system during measurement have been presented in Figures 2 and 3. The measurement
system allows testing conveyor belts with speed of up to 10 m/s.

Direction of belt
movement %q ]
Philabilioili

Magnets

::TK Encoder

3 ||
kMagnelic head Magnetic bar —

Figure 1. Scheme of the HRDS measuring system.

Figure 3. Encoder installed on the belt conveyor.
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Additionally, several small neodymium magnets are attached to the periphery of the conveyor
belt. The magnets are positioned 8-12 m apart to automatically identify full runs of the belt loop and
thus the beginning and end of the belt loop. The magnets should not be attached in the area of the
splices. The amplitude of the signal in the splice area distorts the reading of the signal generated by
the neodymium magnets. Likewise, the sections where the magnets are attached to the belt can be
marked. It allows one to quickly find the magnets and remove them after the measurement (Figure 4).

Figure 4. One of the marked neodymium magnets attached to the conveyor belt.

The HRDS system data acquisition module is built into the Peli box. It consists of a signal
recording module (CompactDAQ) and a portable tablet (Durabook) with an application (Figure 5).
After performing the measurement, it is possible to copy the data directly from the tablet to the
computer, which allows for further analysis.

Figure 5. HRDS system data acquisition module: Durabook tablet and CompactDAQ (1); plugs
installed in the box (2).

3. Conveyor Belt Splices

As mentioned, due to the length of a conveyor, and the weight and size of the required belt, it is
not possible to use one piece of a belt, so it is divided into sections (100400 m) and these pieces are
"reconnected" by adhesive, mechanical joints or vulcanization depending on the belt type. These parts
of the belt loop are by definition the weakest parts and thus evaluation of their condition is important;
see Figure 6.
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Figure 6. Picture of the conveyor belt with splices.

In the case of a conveyor belt splice, the change in the magnetic field is much greater than the
change in the field due to the belt damage (see Figure 7). Unlike damage, the signal from the splice has
a high amplitude across the entire width of the belt. This property was used to automatically detect
splices in data from over the entire length of the belt.
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Figure 7. The raw magnetic field variations recorded for a belt with damage and splices.

The measurement data provide information on magnetic field variations across the belt’s length.
This great amount of data requires initial classification. The first group comprises magnetic signals
from belt sections; the second group comprises signals from splices. The algorithm described in [32]
included data from the first group. Splices are always the weakest parts of a conveyor belt. Splices
were not analyzed due to the different characteristics of signals. The algorithm can save each splice to
a separate file (Figure 8).
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Figure 8. The magnetic field variations recorded for a belt section with damages and splices (1); a belt
section with only splices (2); a single splice (3).

Unlike in the case of straight splices, the signals generated by bias splices are shifted in relation to
each other as a function of time. Figure 9 schematically shows signals characteristic of both splice types.

Synchronization required

Figure 9. Signals characteristic of both splice types: straight splice (left) and bias splice (right).
4. Problem Definition

The analysis and comparison of signals from splices is problematic, as the signals are shifted
with respect to each other. Shift values depend on splice geometry, production technology and wear
processes. Note that shifts (nearly) do not occur in straight splices, which therefore cannot be compared
with bias splices.

For good condition splices, each signal should have a similar shape, so just finding the phase
difference and then shifting all signals with reference to the first channel may fix the problem.
For bad conditions, it is very difficult to find a reference point and shifting the signal may
provide misleading results.

From an engineering perspective, the main goal is to shift each signal for bias splices by a certain
value (with reference to selected signal) that would allow finding a minimum of their difference
defined as simple sample-by-sample residual and RMS errors. The ideal case means no difference
between signals, so the RMSE will be zero. For simple (not biased) splices, the shifting procedure
is not required; one may simply compare signals as they are. It may be said that we developed a
"synchronization" procedure for biased splices to convert them to "straight" splices and use a simple
technique for splice condition evaluation.

From a practical point of view, the problem can be defined as finding the shift value for each
channel, such that some predefined objective function describing error in mutual positioning of
all channels is minimized. In the past, several attempts have been made to solve this problem
either manually or using simple deterministic algorithms (also presented in this paper for reference).
However, the authors propose to define the problem as an optimization problem. We consider the
genetic algorithm (GA) as a potential tool, because of its ease of implementation and the problem
definition in such a case. GA is also very robust regarding avoiding local minima due to intrinsic
solutions such as random mutation.

5. Methodology

Synchronization was performed using three methods: a manual method, a single-point method
and a genetic algorithm method, which is the selling point of this paper. The authors considered other
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methods that would allow one to automatically synchronize the channels; however, they turned out to
be infeasible in the realistic scenario.

The first considered method assumes using relative cross-correlation of the channels to detect
shifts between them. It seems very straightforward and robust; however, edge channels with signal
shapes, dissimilar to the rest, were in practice too irregular to be able to properly detect the shift for
them. For this reason, it cannot be used, because there is a need to synchronize all the channels and
not disregard the edge ones. For poor-quality splices, this method was completely unusable because
cross-correlation did not allow one to reliably detect the relative shifts because of overly irregular
shapes of the channels.

The second considered method assumes using a neural network to estimate the values of relative
shifts. While theoretically possible, it would require a large dataset for learning. In such set parts
of the signal containing information about the splices, they would need to be perfectly segmented,
parameterized and labeled, which is practically impossible (another large-scale automated method
would be needed to do that), but most importantly, it is infeasible because even within a single belt
the splices can be so different that common parameterization, even if possible, would be meaningless,
especially for automatic pre-labeling.

For those and other reasons, the authors decided to use a well-known, easy to set up
optimization technique—the genetic algorithm. The descriptions of the methods and their results
are presented below.

5.1. Manual Method

The first method consisted of manually matching all signals from a single splice. The method was
based on the following algorithm (Figure 10).

Load signal from first channel

#

Load signal from next channel

[ —)

Shift previously loaded signal to signal
from first channel
{vector depends on user’s assessment)

Shifted
channel is
matched
enough?

Signal from
last channel
has been
matched

Figure 10. The manual method’s synchronization algorithm.

The above algorithm assumes that initial shift values may not be satisfying to the user
and allows one to modify them repeatedly. Figure 11 shows the first three steps of the
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algorithm: (1) loading two channels; (2) shifting the second channel in relation to the first channel;
(3) loading the third channel, etc.
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Figure 11. First three steps presented for manual channel synchronization.

As the above method is very time-consuming and provides results that depend on the
user’s experience, automated synchronization methods are required to speed up the process.
The disadvantages of the method make it impractical and hence this solution was not included
in the comparison of the remaining methods discussed in the results section. The method cannot be
used in a mine, where the number of belt conveyors (and hence splices) makes it highly ineffective.

5.2. Single-Point Algorithm

Manual synchronization of one splice is time-consuming and inaccurate. This fact necessitated
another method for signal matching. It was assumed that all signals (from one splice) should have
uniform length (Figure 12). Matching was performed for both correctly made and faulty splices
(Figure 13).

The results of using the single-point algorithm were not satisfactory. In cases of a faulty splice,
the differences between the lengths of particular signals were much greater that in cases of a correctly
made splice. The algorithm that synchronizes signals in relation to a single-point can be run within
just a few seconds. This allowed for significant time savings as compared to the first method.
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Figure 13. The results of synchronization performed with a single-point algorithm for a correctly
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5.3. Genetic Algorithm

The genetic algorithm is a simulated process of evolution that contains the main features
seen in biology [33]. From an implementation point of view, GA is a metaheuristic optimization
technique. This concept has been introduced by Bagley’s thesis [34] and then developed in large part
by Holland [35,36]. Typically, optimization problems are given as follows:

Problem 1. Find an xo € X such that f is minimal in xo, where f : X — R is an arbitrary real-valued
function; i.e., f(xo) = minyex f(x).

Sometimes it is very difficult to obtain strict global solution, so in practice we want to find
values x that minimize the objective function f. One can write down the elementary structure of
GA (Algorithm 1) as follows:

Algorithm 1: structure of GA
Compute initial population By,
WHILE stopping condition not fulfilled DO
BEGIN
select individuals for reproduction;
create offspring by crossing individuals;
occasionally mutate some individuals;
compute new generation; END

The main loop of GA performs the transition from one generation to the next using
four basic components:

e Selection: Selection of individuals for reproduction with respect to their fitness defined with
objective function.
Crossover: Generation of offspring based on the information pulled from two individuals.
Mutation: Random deformation of the chromosomes with a certain probability. This serves for
generating genetic diversity, and as an effect, local minima can be avoided.

e Sampling: The procedure which computes a new generation from the previous one and its
offspring.

For the described application, GA was used to evolve the vector of 24 values corresponding to the
shift of each channel to the right, expressed in samples. The number of total generations was set to 200,
with a stall limit of 20 generations. Each population consisted of 450 individuals. The algorithm
used the roulette method for the selection of individuals for reproduction and intermediate crossover
function with a weight ratio equal to 0.8. The gene mutation probability was set to 0.01%. The lower
and upper bound for channel shift was defined as 1/6 of initial channel length.

The fitness function is defined to be the sum of RMS errors between each channel in the current
state of synchronization, and the median of all channels calculated in this state. This means that the
more cohesively channels are synchronized, the lower the value of error. In fitness function, we use
median instead of often used mean because it is less susceptible to outliers (i.e., edge channels that
very often take a different shape than most) or to dissimilar shapes of individual channels (the worse
the splice quality the worse the mean value describes the trend across the channels in comparison
to the median).

The results of the GA-based synchronization of channels are presented in Figure 14. Residual
errors are low and channels are positioned very cohesively, especially for correctly made splices.
Faulty splices are also synchronized very well, but it is more difficult to observe the synchronization
quality just by looking at the result. The matrix of synchronized signals is not much longer than the
original (about 15% for the correctly made splice, about 20% for the faulty splice).
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Figure 14. Results of synchronization with a genetic algorithm for the correctly made splice (left panels)
and the faulty splice (right panels).

6. Results and the Comparison of the Algorithms” Efficiencies

In this section we compare the performances of genetic algorithm and single-point algorithm.
We disregard manual synchronization due to its impractical character, lack of repeatability and very
long time of performing the task manually.

6.1. Linearity Criterion

The linearity criterion works under the assumption that diagonal splices are manufactured with
the linear shift, which translates into the idea that consecutive measurement channels should be shifted
relative to each other by evenly spaced values (other words, each consecutive channel should be shifted
by the linear function relative to the first channel). Results show that the genetic algorithm produces
more linear shift than the single-point algorithm (Figures 15 and 16). Besides visual evaluation,
RMS error between the shift vector and its linear fit has been calculated (see Table 1).

Table 1. RMS errors between shift vector and its linear approximation function.

Point Genetic Gain

Correctly made splice 43 33 30%
Faulty splice 126 58 117%

The genetic algorithm outperforms single-point synchronization by far. In terms of linearity
criterion, it performs about 30% better for the correctly made splice and about 117% better for a
faulty splice.
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Figure 16. Linearity comparison for the faulty splice.
6.2. RMSE Criterion

This criterion is based on the measurement of RMS error between channels and the median.
Table 2 presents errors measured in both quality scenarios for the initial matrix of data, and then for
the results of the single-point synchronization and genetic algorithms.

Table 2. RMS errors for initial data and the results of synchronization with both algorithms.

Initial Point Genetic Gain

Correctly made splice  48.38 1226  10.61 15%
Faulty splice 44.52 2046 17.83 15%
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The genetic algorithm again performed better, with a gain from single-point synchronization to
the genetic algorithm of about 15%.

6.3. Extension Criterion

In this case, we measure by how much-given algorithm has to extend the length of the initial
data matrix. Each algorithm extends the matrix, which is necessary to perform any shifting, but it is
expected that the extension will be as small as possible. Table 3 shows the lengths of initial matrices
along with final lengths after synchronization with both algorithms.

Table 3. Lengths of initial data matrices and output matrices after synchronization.

Initial Point Genetic Gain

Correctly made splice 531 703 625 12%
Faulty splice 401 552 491 12%

Again, the genetic algorithm reveals better quality than single-point synchronization, with a gain
of about 12%.

7. Conclusions

Magnetic signals from conveyor belt bias splices were synchronized using the manual method,
single-point method and genetic algorithm method. Each of the methods was implemented in the
Matlab software. Manual synchronization was flawed with disadvantages and time consumption
that disqualified it from comparison with the remaining algorithms. Signal synchronization for total
splice length was performed only in the case of the genetic algorithm. This fact was significant due
to the differences between signal lengths for the same splice. The fitness function was set to be the
sum of RMS errors between each channel and the median. This means that the more cohesively
channels are synchronized, the lower the value of error. The single-point algorithm and genetic
algorithm were compared with each other using the criteria of linearity, RMSE and extension. The best
results were obtained for the signals synchronized using the genetic algorithm and therefore this
algorithm will be used in further research. In particular, GA was better than single-point method
by 15% using the RMSE criterion, 12% using the extension criterion and even up to 117% using the
linearity criterion. Signals synchronized using the genetic algorithm allow us to employ identical
algorithms for inspecting the technical condition of both straight and bias splices, which significantly
simplifies maintenance-related analytical procedures.
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