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Abstract. Rotating machines play a fundamental role in several engineering applications. In most of these ap-
plications, they are subjected to unexpected overloads that can cause the premature failure of their components.
This work aims to present a condition monitoring framework that employs the Bayesian neural networks approach,
which includes uncertainties quantification associated with the damage detection in ball bearings. Images of vi-
bration signals of ball bearings were used to feed a Bayesian neural networks and the algorithm predictions were
given in terms of the probability density function of the possibility of the vibration image belongs to a specific type
and severity of damages. The results demonstrated that Bayesian neural networks (BNN) as a powerful technique
for damage diagnosis, and it can quantify uncertainties in condition monitoring of ball bearings.
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1 Introduction

Rotating machines play a fundamental role in several engineering applications. These machines have been
widely used in different areas such as energy generation [1]], transportation, and water waste treatment [2]]. In
most of these applications, rotating machines are often subjected to unexpected overloads. This can cause the
premature failure of its components, which can lead to accidents, loss of revenue and waste of natural resources.
Thus, condition monitoring is a fundamental tool to anticipate these premature failures and support predictive
maintenance campaigns of rotating machines.

Furthermore, computational modeling and artificial intelligence are transforming industrial activities in many
fields and are aiding decisions in manufacturing and maintenance tasks [3]. Nowadays, researchers are working on
the development of data science to help decision-making tasks in condition monitoring [4]. Learning algorithms
which include uncertainties quantification are cutting-edge in data-driven models, then there are related works in
literature. Hoang and Kang [S]] presented an automatic ball bearing damage diagnostic over four types of damage
using vibration signals directly, the results achieved high performance even in noisy situations. Abdeljaber et al.
[6]] presented an online approach that identifies, quantifies the severity, and localizes bearing damages, in this work
are shown an experimental validation with several types of defects, and the algorithm achieves high performance in
these tasks. Variational inference (VI) was employed by San Martin et al. [7] for data dimensionality reduction, thus
unsupervised learning algorithms were used in damage diagnostics of ball bearings elements and accomplished
high accuracy. Lu et al. [8] employed Bayesian optimization to tune hyper-parameters of a deep convolutional
network and this tool showed improvements in detection of bearings damages, even in the calculation of defect
size.

Although important contributions had been made so far, the following research question arises: data science
techniques as machine learning combined with uncertainty quantification can be a powerful tool to give more
information and improve damage detection of ball bearings? The general goal of this work is to present a condition
monitoring framework that employs a Bayesian neural networks (BNN) approach which includes the quantification
of the uncertainties associated with the detection of ball bearings damages.
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Thus, the specific aims of this work are: (i) to generate vibration images of ball bearings public dataset; (ii)
to implement, test, and evaluate diverse convolutional Bayesian neural networks (BNN) in diagnostic tasks; and
(iii) to classify the type of the damage, to quantify the damage severity, and to quantify uncertainties in these
classifications.

2 Methodology

2.1 Vibration images

This work used the public dataset of different classes of ball bearing damage available on the Case Western
Reserve University (CWRU) Bearing Data Center Website. The choice for this dataset aims the ensure repro-
ducibility, and further, other researchers described the dataset in literature work [9]].

The acceleration signals obtained with a sampling rate of 42 kHz were transformed in several vibration
images in the same way proposed by Hoang and Kang [5]. This procedure consists of transforming the time-series
as follows: first, the signal is segmented in an appropriate length of 400 samples; next, the segment of the signal is
normalized with zero mean in values that range from -1 to 1; finally, the segment of the signal is transformed by
the following equation:

Pizelli, j] = Al(i — 1)M + jl, (1)

—wherei =1: N, j =1: M, Pizelli, j] is the value of the corresponding pixel. This procedure generates a
grayscale vibration image. In this work, the vibration image was set with the size of M = 20 and N = 20 pixels.

2.2 Bayesian neural networks

In order to make data-driven diagnosis of the ball bearings defects, this work employed Bayesian neural
networks (BNN). The initial layers were modeled with a two-dimensional convolutional (Conv2D) layer and a
sub-sampling (pooling) layer for the feature extraction task. The advantage of using convolution layers in feature
extraction is that it does not require experience in the choice of the features. In condition monitoring, experience
means previous knowledge about physical systems (physical models and equipment history data).Some limitations
of using convolutional layers are associated with the requirement of large volumes of data in the training of learning
algorithms and the absence of physical meaning. For more information and a rigorous mathematical explanation
of convolution in the images feature extraction, the following literature is recommend [10-12]. The final layers
were built with fully connected dense layers, and one hot categorical layer as activation function.

BNN has probabilistic layers with parameters 6, which differs from the traditional convolutional neural net-
works (CNN) that have deterministic parameters. This work is limited to the application of Bayesian learning in the
first convolutional reparametrization layer and the last dense variational layer. The convolutional reparametriza-
tion layer takes the aleatoric uncertainty into account. On the other hand, the dense variational layer captures the
epistemic uncertainty that emerges from the lack of information about the modeling process. The central idea to
estimate the posterior density function of the parameters 6 given the data D comes from the Bayes’ rule:

00
PO = T @

where p(6|D) is the posterior density function of the parameters 6, p(D|#) is the likelihood function, p(6) is the
prior distribution of the parameters 6, and [ p(D|#")P(6')d¢’ is a normalization constant.

Variational inference was employed to find the approximation of posterior distributions minimizing the
Kullback-Leibler divergence Dkr, between some distribution ¢(f|w) that belongs to a @ family of distribu-
tions and the posterior p(6|D). This operation, is equivalent to maximizing the Evidence Lower Bound function
(ELBO)[4} 7, [13]:

ELBO(q(0|w)) = Eq(o1) (log p(0| D) — Dk (q(0]w)][p(0)), 3
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where E,g|,,)(log p(0|D)) is the expectation of the log-evidence, and p(f) is the prior distribution of the set of
parameters 6.

In this work, Tensorflow and Tensorflow probability (TFP) modules were used to construct the BNN. Varia-
tional layers learn posterior distributions over the weights of the model incorporating distributions into the model
architecture. The inclusion of uncertainty in neural network models is done by changing each weight from a point
estimation (deterministic) to a probability distribution which is the building blocks of TFP. Then, the model learns
the parameters of these distributions.

The procedure of the Bayes’ algorithm by back propagation [14]] starts with the definition of the prior
distributions over these parameters, which means the belief about model parameters 6 in the lack of information
about any data D. The implementation of the convolutional reparametrization layer passed by the definition of
priors and posterior distributions over the kernel and bias. It was inserted in the layer by the kernel posterior
function that requires callable objects with mean and standard deviation parameters. The kernel matrix receives
the posterior. In turn, the kernel prior function argument was defined by the spherical Gaussian with zero mean
and standard deviation equal to 1. In the same way, the dense variational layer was defined. For both, convolution
reparametrization and dense variational layers, the posterior distributions were learned using variational inference,
in other words, by optimization of the Dk, loss function. Figure[I|shows an schematic representation of the BNN
architecture used in this work, which has posterior distributions in the kernel matrix of convolution and dense
variational reparametrization layers.

Fully connected and dense
variational layer

layer | \_ /

N

\_/

Conv. reparametrization | A
and pooling layers ' N

Figure 1. Scheme of the Bayesian neural network architecture

2.3 Data augmentation
Data augmentation is a technique to enlarge the data set, in order to consider the same number of signals in

each class, which is better explained in section 3.1 and 3.3. A common way to enlarge the dataset is adding noise
to the signal. The level of noise is calculate by the signal-to-noise ratios (SNR), given by [55,[6] [T5]]:

Py
SNR = 10log,, < ’g"“l) : &)

Pnoise

where Py;gnqi and P, ;s are the power of signal and noise in the signal, respectively.

3 Results and discussion

3.1 Vibration images organization and size of training set

In this work, only the operation with null motor load and an approximated motor speed of 1797 RPM were
considered. Beyond the normal baseline operation, i. e., without damage, there are three damage types: ball, inner
race, outer race. Furthermore, for each damage type there are three different severity levels expressed in damage
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diameters: 0.007”, 0.014”, 0.021”. Furthermore, we choose ten classes of damage in the diagnosis, TableE] shows
the quantity of vibration images for each class condition.

Table 1. Vibration images data set

Damage diameter [in]

Condition Total of vibration images
0.007 0.014 0.021
Normal — — — 606
Ball 606 606 606 1818
Innerrace 606 158 606 1370
Outer race 606 606 606 1818

Note that, in Table[T|the class pertaining to the 0.014 in damage in the inner race contains only 158 vibration
images, whereas all other classes contain 606 vibration images. Because of that, augmented data is considered for
this specific class.

For the first numerical experimentation with the model was performed with the full dataset composed of 5612
images. The results for the training and testing accuracies with different sizes of the training set are presented in
Table 2] Its possible to notice that, the training set with 4500 vibration images presented the higher performance
in the test.

Table 2. Training and testing accuracies for different sizes of the training set

Training set size Training accuracy  Testing accuracy
2806 vibration images (50%) 85.99% 80.22%
4209 vibration images (75%) 87.36% 84.25%
4500 vibration images (80%) 89.76% 85.79%
5050 vibration images (90%) 89.94% 85.23%

3.2 Tunning hyper-parameters and diagnostic

A comparison between models with different architectures of BNN were tested in this section:

* Model #1: sequential model called convolutional Bayesian neural network with five layers: convolutional
2D reparametrization; maxpooling 2D; flatten layer; dense reparameterization layer;

* Model #2: sequential model called convolutional Bayesian neural network with five layers: convolutional
2D reparametrization; maxpooling 2D; convolutional 2D; maxpooling 2D; flatten layer; dense reparameter-
ization layer;

* Model #3: sequential model called convolutional Bayesian neural network with five layers: convolutional
2D reparametrization; maxpooling 2D; convolutional 2D; maxpooling 2D; flatten layer; dense with 64 units;
dense with 64 units; dense reparameterization layer.

Table 3. Training and testing accuracies for different architetures of BNN

Model Train accuracy  Test accuracy

#1 89.76% 85.79%
#2 90.49% 85.52%
#3 93.91% 84.17%

Its is possible to notice that even with increases in training accuracy, the accuracy on the testing set did not
improve. And it is due the overfitting that harms the predictive ability of the model. Overtfiting occurs when the
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model fits excessively the data during the training, when the models is tested with new data in validation, it is not
able to classify new data.

Figure [2] shows a comparison between the graphic of the loss function value versus epochs of training of the
model #1 (Fig. |Z|—a) and the model #3 (Fig. |Z|-b). These results indicate that there is overfitting in the training of
model #3 (Fig. |Z|-b), since the curve of validation set distanced from the curve of training set as far as the number
of epochs increases. The same overfitting is not observed in the graphic of model #1.

16 4

144

Loss

10 A

0 10 20

30
Epoch
(a) Model #1 (b) Model #3

Figure 2. Graphics of loss versus epochs, the blue curve (-) represents the training set and green dashed curve (- -)
represents the validation set, for (a) model #1 and (b) model #3

The histograms were obtained running 500 times the model prediction with the same vibration image (sam-
pling method), in which the median and the standard deviation were obtained. Figure [3]shows two histograms of
a diagnosis in which the true label is inner race with a diameter of 0.014” (IR 14), showing that the distribution
of probabilities of the vibration image belongs to inner race with diameter of 0.014” (Fig. [3la) and to outer race
with diameter of 0.021” (OR 21)(Fig. @b). The calculated values of the median and the standard deviation were
= 0.45 and std = 0.33, respectively, for IR 14 (Fig.[3}a) and = 0.11 and = 0.35, respectively, for OR 21(Fig.[3}b)
. Thus, its is possible to infer that, in this case, the model did not learn to classify well, possibly because of the
large uncertainties for both classes. This occurs due to the small number of images for the class IR 14. This is
the main advantages of applying Bayesian Neural network. In the case of a conventional neural network, a false
diagnosis probably should be indicated. In that case, a doubt is presented, and the correct diagnosis is possible,
even its probability is not the highest. Therefore, possible indications should be considered and analyzed.
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Figure 3. Histograms of a diagnosis of inner race with a diameter of 0.014”, showing the distribution of probabili-
ties of the vibration image belongs (a) to inner race with diameter of 0.014” and (b) to outer race with diameter of
0.021”
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3.3 Diagnostic with augmented data

In order to enlarge the dataset, we choose and add three levels of Gaussian white noise (- 4 dB, -3 dB and
-2 dB), and add them into the vibration signals of the measure of inner race damage with a diameter of 0.014”,
which has the smallest number of vibration images (see Tab. [T). After the procedure of data augmentation over the
case in which had few vibration images, BNN reached training accuracy of 95.40% and the accuracy in the test set
achieves 87.26%.

Figure[d]shows the confusion matrix of this trial. It is possible to notice that there are not false negative cases,
for all classifications of the normal condition none of them was a failure state Fig. ] This is important in condition
monitoring task. From the observation of Fig. []it is also possible to notice that we obtain high performance in
IR 14 detection. Although, it is possible to notice that the performance did not increase and it is explained by the
model’s need for more vibration images.
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Figure 4. Confusion matrix for the test with the augmented data

4 Conclusions

This paper’s main conclusions are:

¢ the proposed data-driven model performs well in diagnoses task, which means achieves high scores during
the test with several classes, and including the detection of the type and severity of the damage;

* there are not false positives of baseline classification during the tests with the proposed model, which is
relevant in condition monitoring context;

* beyond the high scores in the diagnostic task, Bayesian neural networks are able to take into account of
uncertainties of diagnostic and this is relevant in decision-making under risks, as condition monitoring;

¢ limitation of the model is related to the need for a large number of images, thus the technique of data
augmentation helped to improve the ability of the model to classify with few samples of vibration signal.
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