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Abstract

As they are a part of the energy transmission chain, bearings are considered as important mechanical components in rotating
machines. This importance requires a special attention in order to avoid expensive production shutdown due to the appearance of
failures. It is therefore necessary to anticipate the appearance of faults by implementing an appropriate prediction model. There
exist in the literature several examples of prediction models able to estimate the remaining useful life (RUL) of bearings. These
models are based on the principle of the long-term prediction without considering the degradation state of bearings or by defining
a degradation threshold arbitrarily. It should be noted that, in addition to a reliable prediction model, identifying the degradation
states is an important parameter in the estimation of the RUL. The presented paper proposes a particular approach based on the
artificial intelligence (Al) principle. The proposed approach is composed of two model-based Al inspired by the reasoning of the
human for the RUL estimation. This reasoning is modeled via the neural networks for time-series prediction. These models are
called the adaptive-neuro fuzzy inference system and the neo-fuzzy neuron. The proposed approach is also composed by a third
model-based Al. This model is inspired by the behavior of ants to identify the different degradation states of bearings. The
combination of these two types of Al provides reliable and robust prediction results.

© 2017 ElsevierInc.Allrightsreserved.
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1. Introduction

Rotating machines are electromechanical systems widely used in industrial sectors because of their low cost,
performance and robustness. However, the environment in which they operate as well as their mode of use generates
early failures. These failures are essentially mechanical failures with a rate of 42% due to bearings failure [1], [2].
These require an online monitoring tool able to anticipate the appearance of a fault before their breakdown. This
anticipation is translated by the term "prognosis". The prognosis of bearings failure is an approach used to guarantee
the quality and performance of the rotating machines. From the literature, it is possible to find several methods for
the prediction of the degradation processes of systems. Categorizing these methods in classes is quite difficult
because of a wide variety of applications. However, Vachtsevanos et al., in [3], classified prognostic methods into
three main categories, prognosis based on: (i) experience, (ii) data, and (iii) model [4], [5], [6], [7], [8], [9], [10].
However, it is possible to integrate experience-based prognostic into data-driven prognosis since it handles system
data. Hence, a classification of prognostic methods provided by [11] is shown in Fig. 1. A comparison was made
between these categories in [12]. It appears from this comparison that the data-driven approach is suitable when the
model-based approach fails in extracting a mathematical representation of the system's degradation process.

Data-driven methods are based on the analysis of features (health indicators) to predict the degradation process of
the system. Most of these methods are based on the artificial neural networks (ANNs). We can cite for example the
adaptive prognostic method proposed and applied to lithium-ion batteries in order to forecast their end of discharge
[13]. We can also cite the research of [14] where authors developed a method based on the ANN for component
health condition prognosis which is a feed forward NN model. The inputs of the ANNs are the component age
values and the condition monitoring measurements at the current and previous inspection points. ANNs are modeled
by a multi-input-multi-output function expressed as y = f (x,¥) where ¥ is the parameter vector, x is the input vector
and y is the output. One must underline the triple use of ANNSs: feature estimation, state prediction, and the
remaining useful life (RUL) estimation. RUL estimation will be retained in the rest of the paper. ANNs architecture
consists of multiple layers with a usual configuration of a layer of input nodes, one or more layers of hidden nodes
and an output layer of input nodes connected by weights [15].
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Fig. 1. Prognostic methods classification.

As we can see, the use of ANNSs for the prognosis is not new. In addition, we can find in the literature several
papers dealing with the problem of bearings fault prediction [4], [16], [17], [18]. The proposed paper demonstrates
that it is possible to use a new approach based on a simple architecture of a neural networks coupled with a
technique based on the principle of the one-step and multi-step ahead prediction to obtain a reliable estimation of the
RUL. To demonstrate this, we will propose two types of neural networks: the adaptive-neuro fuzzy inference system
(ANFIS) and the neo-fuzzy neuron (NFN). The RUL prediction is performed by relevant features indicating the
degradation of bearings. The historical database is then analyzed in the form of time series in order to train the
prediction models. The proposed approach also uses the artificial ants algorithm to identify the degradation states
required to calculate the RUL. It is a new unsupervised classification method adapted to our problem of degradation
state identification. A flowchart summarizing steps used in our approach is shown in Fig. 2. The artificial ants
algorithm is used to analyze the historical degradation database in order to identify the different degradation states of
bearings. The use of the degradation states combined with the time series prediction allows estimation of RUL with

low errors.
Historical .. .. . .
R Training y Degradation states
—» S —> - e
degradation database (ANFIS, NFN) (Artificial ants)
database

Test database MRSy uciteaso—» RUL prediction

. Feature
Bearing mg .
extraction

The two prediction methods presented in this paper allow estimation of RUL before the occurrence of a failure,
and thus the prediction of a defect in the bearing. The information provided by these two methods helps technicians
to make a decision about the system's reparation or its replacement before it fails. They acquire the variations of the
monitored features in the time and analyze the trending in real time to give a prediction about the appearance of a
defect. The International Standardization Organization (ISO) 13381-1 defines the prognosis as an estimation of the
remaining life before a fault occurrence. Research conducted by [19] showed that it is relatively difficult to predict
the remaining life of bearings without identifying its different degradation states. Indeed, an inherent limitation of a
data-driven prediction model is its ability to predict in the long term. In other words, the long-term prediction error is
very high. To correct this problem, it is necessary to define a threshold from which the prediction model will be able
to give a reliable estimation of the remaining life of the bearing. This estimation is given by predicting the trend

Fig. 2. Proposed approach for the prediction of bearings failure.



(evolution) of the monitoring features through the prediction of the time-series (see Fig. 3). As we can see, it is more
relevant to predict the evolution of the monitoring features based on a degradation threshold than starting the
prediction from time ¢ = 0. The difference between the time instant (f), where the prognosis begins, and the instant (¢
+ RUL), where the fault appears allows estimation of the RUL.

At this stage, we considered that to estimate the RUL of a bearing, we need to do the following:

- Detect the different degradation states in order to limit the prediction errors;

- Propose a prediction model based on the trend analysis of the monitored features to estimate future observations.

We will begin by presenting the selected prediction models based on artificial intelligence (AI) and then we detail
the proposed algorithm for the identification of the degradation states of the bearing.
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Fig. 3. Time series prediction strategy for the estimation of an degradation process.
2. Prediction models-based on the Al

Prediction by an analysis of the time series is a technique using a mathematical model constructed from the time
evolution of observations (measurements) to predict the evolution of a monitored feature up to a horizon of
prediction noted (p). These observations are noted respectively: {x;, Xi.r, Xir-2r, X1-3r...Xr(u-1r} Where (r) represents the
acquisition step and (n) represents the number of observations of the time series. An observation noted x;
corresponds to a real value of a feature (health indicator, see table 3) extracted from a signal (vibration signal in our
case) recorded at time (7).

Two approaches can be adopted for the construction of a prediction model:

A

- The first approach proposes to predict directly the value of the observation ~"*# up to the horizon of prediction
(p) from the series of observations {x;, Xir, Xr-2r, Xr-3r...Xr-e-1)r} (S€€ Fig. 4). The relationship between the time-series
and the output of the prediction model is expressed as follows :

xl+p = f('xl’xt—r’xt—2r’x1—3r""’xt—(n—1)r) (1)

In terms of complexity, a training for each horizon of prediction (p) is necessary.
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Fig. 4. One-step ahead prediction.

As we will observe from Fig. 48 of the experimental section, the prediction error for this approach is high, which
leads us to opt for the second approach.

- The second approach proposes to predict directly the value of the observation Yo by cascading several
prediction models to make closer estimates at one-step prediction in the future from the previous ones. The
predictions of the first become the input of the second and so on (see Fig. 5). The relationship between the time-
series and the output of the prediction model is expressed as follows :

'xr+p = f('xr"xr*r’xt*Zr’xt*3r""’xt*(n*1)r)

)
In terms of complexity, only one training is necessary.
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Fig. 5. Multistep ahead prediction.

Among estimators commonly used in the construction of prediction models, it appears that an Artificial Neural
Network (ANN) is the most adapted for our approach. Indeed, the idea of using ANN for the prognosis is not new.
Their use was initiated in early 1964 for climate prediction using the Widrow adaptive network [20], [21]. Their
principle is based on learning the climate feature for the re-estimation of the ANN synaptic weights. The training
algorithms was limited at this time, which limited the development of prediction models based on ANN. Since the
1980s, further development allowed to ANN to become an unavoidable prediction model.

Fig. 6 shows the chronological evolution of the ANN. We can deduce from this Figure that there are two types of
ANN: recurrent neural networks and non recurrent neural networks [22]. The difference between these two types lies
in their architecture and also in the correlation between the input and output data. ANNSs are usually critiqued in two
ways:
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Fig. 6. Towards neuro-fuzzy systems [22].

- The physical interpretation between the input and output data is nonexistent. For this reason, ANN is called "black
box";
- The architecture of the ANN requires improvements to optimize the training.

We can answer the first criticism by introducing the concept of fuzzy logic based on the rules of "If" and "Then".
The goal is to replace the physical model with a linguistic understanding of the system by fuzzy rules. We will
present two models based on fuzzy logic in sections 2.1 and 2.2.

We can also answer the second criticism by comparing two training techniques. The first consists of re-estimating
the parameters of membership functions as well as synaptic weights. This training technique is found in the ANFIS
model. The second technique is based on the multiplication of known and fixed membership functions and the
training of synaptic weights. This model is called NFN.

The following section will therefore be dedicated to the presentation of the two prediction models, namely the
ANFIS model and the NFN.

2.1. Time series prediction by ANFIS

As mentioned previously, a prediction model requires inputs and an output. The inputs are represented by a series
of (n) observations measured up to the instant (f). These observations {x:, Xir, Xr-2r, Xr-3r...Xr-(u-1r} coOrrespond to a
series of measurement recorded respectively at time (¢, t-r,t-2r, t-37, ..., t-(n-1)r) where (n) corresponds the number of
measurements. Each observation is separated from another by an acquisition step (r) equal to "1" to facilitate the
understanding of the architecture. The output corresponds to an observation estimated at (¢ + 1) (principle of the
multi-step ahead prediction). The particularity of the ANFIS model lies in rules associated with the inputs. If we
consider two membership functions (k = 1,2) of triangle, trapezoidal or Gaussian type (see Equation (4)) associated
with each input of the model, then we obtain 2" rules of Sugeno type of first order [23]. These rules will
subsequently create a linear function linking the input observations to the estimated output. These rules are
described as follows:

Rule(j):
s A s A s A s A P = n

If (xt is Aﬂ) and (xt_1 is A ) and ()ct_2 is Az) and.... and (x,_(n_l) is A(n_l)), j=12,..2 3)
S = = j j j j j

Then xr+p - fj(xt’xtfl’xer’xr%’“"xtf(nfl)) - CO xr +Cl xt*l +CZ ka +C3 ‘xt*3 .. +C(n*l) xrf(nfl) +Cn

where A’ represents a membership function linked to the observation x;; This membership function is

i i=0,1,2,..,n-1
denoted 4 (x,_,). The parameter k is between 1 and Q where Q is the total number of membership functions
associated to each input. The choice of the membership function (k) associated with each observation x;; depends on
the rule (j) chosen. {c{,c,ci,....c]} are the coefficients of the rule (j). They are called the consequent parameters.
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These parameters are estimated in the training process. Each rule (j) generates a linear function denoted f; associated
to the output &/, , - This output depends on the prediction strategy. For the one-step ahead prediction, p > 1 and for

the multistep ahead prediction, p = 1.
The ANFIS architecture corresponding to our approach is shown in Fig. 7. We can notice from this architecture that
ANFIS consists of five layers. They are identified as follows:

Layerl Layer2 Layer3.  Layer4  Layer5

0.8
0.6
0.4
0.2

membership function

Input (X;)

MF : membership function
N: normalization

Fig. 7. Architecture of the adaptive neuro neuro-fuzzy inference system model with n-inputs and two MFs for each one.

Layer 1 : This layer is called the fuzzyfication layer. Each observation x..;, with i =0,1,2,...,n =1, is associated

with k-membership functions to evaluate the membership degree of this observation compared to the rule (j). The
aim of each membership function is to evaluate the membership degree of the i-th input x;.; compared to the fuzzy
partition (k) associated with the rule (j = 1,2,...,2"). This partition (see Fig. 7 for an example of k = 1,2) is

characterized by a function named g, (x,_;) which depends on the input x.;, the mean value m,, and the standard
deviation b, if we consider this function as Gaussian as shown in Equation (4). This function can be represented by

a trapezoid or a triangular function. The choice of the membership function will be defined by the training rate.

x.—mMT i=0,1,2,...n~1 @

=i
b k=1,2,3,..,0

ik

H (x,;) =exp _|:

where m, , and b, are the parameters of the Gaussian function named also premise parameters. Q is the total

number of membership function associated to each observation input. (n) represents the number of observations of
the time series.

Layer 2 : This layer is called the weighting layer where each rule (j) is labelled with the symbol II representing a
weighting by the T-norm. This T-norm makes possible to associate a weight to each rule (j) by a product between
the membership functions. This weight is symbolized by w; and is identified by the following formula:

@, = e () QU (x, ) O () LL B (%)) 5 K =12,3,.,0 ®)

Layer 3 : This layer is called the normalization layer where each weight associated with rule (j) is normalized
compared to the weights of all rules. The goal is to normalize all weights in order to evaluate the weight of each rule



(/). The normalization is formulated as follows:

a)j

D,

J=1

@, = , i=12,..2" (6)

Layer 4 : This layer is called the defuzzyfication layer. As mentioned previously, each rule allows estimating an
output noted £/, . This output is derived from a function f; depending on the input observations

il o o j j ;
{xt,x,,l,xt,z,xt,3,...,xr,(n,l)} as well as on the consequent parameters {co 5C €y 5 €3 s Clyy 5 } . At this stage, we try

to match to each output (j) its corresponding weight. This correspondence is obtained by the Takagi-Sugeno
approach which proposes to multiply each output by its weight as shown in the following formula:

el =7 J J J J J J - n
wx;,, =, [qco Xt x v, x ey x ooy X, te, )’ Jj=12,...2 (7

Layer S : This layer is called the summation layer. The output of the prediction model is obtained by summing
all the outputs of the rules (j). The result is given as follows:
. Y . . . . . .
'xr+p = Za)jxrjﬂ = Za)/ I:qc(; xr +Clj 'xrfl + CZJ xr—z +C3j 'xrf3 Tt C(/rrl) xrf(nfl) + C; ) (8)
j=l J=
The prediction model presented here depends on two sets of parameters: the consequent parameters and the
premise parameters. These parameters are estimated from a supervised training database. The goal is to match the
input observations to the desired output and that through the parameters mentioned above. To do this, a hybrid
algorithm combining the gradient descent method and the least squares estimation method is proposed [24]. The

algorithm uses the gradient descent method to estimate premise parameters (ml.f . and b,.fk) and the least squares

method to identify the consequent parameters {C({ ¢l .e).el el .l } . To facilitate the understanding of the
training process, consider that the output of the ANFIS model is expressed from one observation (n=1) and two rules
(j=2):

s — 7 1 1 - 2 2

Xivp — q [qco X, te )+@ I:qco Xt )

s —( 1 - I - 2 - 2

'x1+p _(Cq 'xl) C() +(0"f C1)+(0‘)2 'xl) C() +(a% cl )

Where (c(l), s cf) are linear consequent parameters.

C))

The above equation shows that by fixing the premise parameters, the output of the ANFIS model is linear
compared with the consequent parameters. The estimation by the least squares method can be then used to determine
the optimal consequent parameters. At this step, inputs and outputs are known. Inputs are therefore propagated to
layer 4. Remember that at this step, the premise parameters are fixed. Then, the estimation by the least squares
method is applied. Then, the optimal consequent parameters being known, the formula below is applied to optimize
the premise parameters also called weights of the ANFIS model:

OE

Aa:—na (10)

Where 7 is the learning step, o is the consequent parameter to be modified and Z—E is the gradient of the error (error
a

= reference - effective output). This term will be calculated by the gradient retro-propagation algorithm.
2.2. Time series prediction by NFN

The major disadvantage of the ANFIS model is its slow convergence during the training phase when the number
of membership functions is high and/or when the number of inputs is high. To resolve this problem, we introduce a
new prediction model called the "neon-fuzzy neuron" NFN. This model was introduced by Takeshi Yamakawa in
1992 [25]. Its architecture is very close to an ANN with (n) inputs. The difference lies in the membership functions



assigned to each input and the removal of the activation function. Synaptic weights and membership functions are
contained in nonlinear synapses denoted SYN; with i= 0,1, ..., n-1. Each synapse is thus connected to an input
observation. With membership functions being fixed, the training is applied on the weights. One of the advantages
of the NFN is its rapidity of convergence during the training phase.

The NFN model is presented in Fig. 8. We can observe from this Figure that the synaptic weights are not linear.
They depend on the membership functions using the "If-Then" logic. We can also observe that each synapse has a

summation point which makes possible to compute a function denoted fi (xt —ir ) with i = 0,1,..., n-1. This function
makes possible to estimate the contribution of each input by a sum between the synaptic weights multiplied by their
respective membership functions. This function is then weighted with the functions of the other inputs to estimate
the output of the model. This output is expressed by the following formula:

n-l1 n-l1

h
Ry =2 L0 =200 @ (R )
i=0 i=0 j=1 (1 1)

where Y- is the normalized i-th observation (i=0, 1, 2,..., n-1), (n) represents the number of observations of the

time series, (1) represents the acquisition step, X,,, is the model output. u; is a membership function defining the

+p

membership degree of an input ft—ir compared to a fuzzy partition noted (j) 1<j<» where h represent the number of
partitions of the membership function (see Fig. 9). w;; is a synaptic weight corresponding to the membership

function.
}_\ o

s
4]
@y
Qg_ﬂ
SYN,
D :
[

Fig. 8. Architecture of the neo-fuzzy neuron model with n-inputs and ~-membership functions for each one.

The membership function used in our case is a triangular function normalized to "1" in amplitude and in input

<x_ . < Sp.(x_ )<
observation 0¥, <l and 0<p;(x. )< 1. It is divided into A equivalent partitions, thus making possible to

locate an input on a defined range and to calculate subsequently its membership degree. Fig. 9. allows to understand
the advantage of this type of membership function.
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Fig. 9. Shape of the triangular membership functions in the neo-fuzzy neuron model.

For a normalized input M-ir | the corresponding membership function (%) can have only two possible
values. They are given as follows:

X_ . —C., .

= -1, . —
#’ if KXicir D[Cj—l,i »Ci 1 .

B Cii =€y 0<i<n-1
/uj[(x/—[r)_ = > 1<i<h
Cirri ~ Ximir ¥ 0 =J=
— - X, (¢}l
Cini ~Cii

12)
where c;; are the centers of the A-triangles.

We can therefore say that the input Yi-ir activates only two neighboring membership functions, thus reducing

considerably the calculation time during the training phase. The sum of these two functions is equal to 1:
x_ )ty (x_)=

IL[_/t(‘xt*zr) ﬂ/ﬂ,t(xt*zr) 1 (13)

Unlike the ANFIS model, the training phase in the NFN model concerns only the synaptic weights. The

estimation of these weights is based on the principle of minimizing the quadratic error obtained by calculating the

difference between the desired output and the estimated output. The goal is to minimize this difference. An

algorithm is proposed to optimize the calculation time while minimizing the error. The algorithm is presented as
follows:

Algorithm 1. Training steps of the NFN model
(1) Initialize ¢ to O
(2) For ifromO to n-1

3) For jfrom 1 to &

4 wji(€-1) = initial value (0.01 in our case)
5) end

(6) end

n-l1 n=1 h
) )AC/+,;(€) < fo(x/—fr) = Zzwﬁ(g_l)/jﬁ@—[r)

i=0 i=0 j=1

1
& EW) =E(x,+,,(f)—f6,+p(f))2
(9)  While E({) > defined threshold

(10) ¢ — £+1
n=l h
a1 e(0) = Xy, () =%, (1) =%, (D) =D > @, (L =Dt (¥,,)
(12) W, (0) =, (L —1)+ne(OH;(X,_,;,)
(13) Repeat step (7) and (8)

(14) end
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with #: the learning parameter which determines the training speed.
2.3. Performance evaluation of the ANFIS and NFN models

The performance of a prediction model is evaluated by the following criteria:

*  The root mean squared error (RMSE)

N
RMSE = [~ (x,., ~%..,)°
N 4

(14)
*  The mean absolute percentage error (MAPE)
1 &%, ~ %y
MAPE (%) :NZ L2 1x100
p=1 1+p (15)

where N is the total number of tested observation. x;;, and i
observation test, respectively.

Most researchers use essentially the MAPE to judge the quality of a predictive model. The MAPE is preferred
because it normalizes the result for any feature. On the other hand, studies indicate that a prediction problem is
clearly nonlinear, and values close to zero (x4, = 0) can give erroneous results (MAPE /7 o). For this reason,
measures based on the RMSE are suggested as they penalize large errors. The RMSE makes possible to avoid the

case "not determined" from the mathematical point of view, when x:., is too close to O.

*? are the actual and the predicted values of the p-th

2.4. Analysis of ANFIS and NFN performance for the prediction of chaotic time series

The purpose of this section is to test the performance of the NFN and ANFIS models for the prediction of the
Mackey-Glass (MG) time series [26]. This time series is generated by the following differential equation:

i =220 64
I+x7(t-1) (16)
The time series of MG is chaotic, so there is no clearly defined period. This is a well known problem in the
research community to test prediction models. To obtain the data of the time series, we applied the method of Runge
Kutta of order 4 to Equation (16). We assume here that x(0) = 1.2, Tt = 17 and x(¢) = O for # > 0. The shape of the MG
time series is given in Fig. 10.

OB X

0.8 |

0.6

0.2

I I I I I .
0 200 400 600 800 1000 1200 Time (Sec)

Fig. 10. Mackey-Glass time Series.
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We need to use known values from the time series of MG until time (f) to predict the value at a given moment in
the future at (#+p). The standard approach for this type of prediction is to create a time series {Xi-u-iyr...Xi-3r, Xr-2r5 Xt-rs
x:} to predict the future value x,. Following the classical parameters of the time series prediction of the MG, we put
p=6,r=06and n =4. At each time step ¢, the input data for the NFN and ANFIS are a time series of the form: {x;,

A

Xt-6, Xt-12, Xr.18} . The output of the NFN and ANFIS corresponds to the prediction Yiss

We choose a data interval between 118 and 1118 seconds to train and test the NFN and ANFIS models. We
obtain a database of 1000 observations. The first 500 observations are used for the training, while the remaining 500
are used for the test. For the ANFIS model, two bell-shaped membership functions are assigned to each input. This
generates 16 fuzzy rules and 104 parameters to adjust (24 premise parameters and 80 consequent parameters). The
initial membership functions which are equally spaced and covering the entire input space are given in Fig. 11. The
membership functions after the training phase are given in Fig. 12. For the NFN, 55 equidistant membership
functions of "triangle" type are assigned to each input. This gives us a total of 220 synaptic weights to adjust.
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Fig. 12. Membership functions after the training phase.

Note that these membership functions do not change significantly after the learning phase. Obviously, the fitting
is done by linear parameters, while the nonlinear parameters allow last adjustments.

The normalized root mean squared error (NRMSE) of observations predicted by the NFN and ANFIS models as
well as other models is given in Table 1. The NRMSE is defined as the root mean squared error divided by the
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standard deviation of the target time series.

Table 1. Prediction error for 500 observations test with an horizon of prediction p = 6

Method NRMSE (s
Linear model prediction 0.55
Cascade correlation NN 0.06
6th-order polynomial 0.04

05 membership functions — 0.049

(STl (21 YL 07 membership functions — 0.042

27
(27] 09 membership functions — 0.038
ANFIS 0.0077
NEN 0.031

We can see from Table 1 that the proposed two models give very good results in the case of the time series of
MG.

Figures 13 and 14 show the prediction result of the 500 observations test and their prediction error for the NFN
and ANFIS models.
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Fig. 13. Prediction results for the neo-fuzzy network. RMSE: root mean squared error.
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Fig. 14. Prediction results for the adaptive neuro neuro-fuzzy inference system. RMSE: root mean squared error.

From the previous Figures, we can conclude that the NFN offers great advantages for modeling complex systems
thanks to the simplicity of its structure composed of a single neuron. The ANFIS needs to change the number of
layers, the number of neurons in each layer and the membership function to find the structure that gives a good fit
for the problem to model. In the NFN, it is necessary to modify only the number of fuzzy partitions of the input
variables which makes possible to find the most appropriate structure easily.

The NFN and ANFIS models will be used for the prediction of bearing failure as we will see in the experimental
section.
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3. Identification of the degradation states by pattern recognition

In the introduction section, we came to the conclusion that the long-term prediction error is very high with the
absence of defined degradation states. To correct this problem, it is necessary to define thresholds (degradation
states) from which the prediction models will be able to give a reliable estimation of the RUL. In this section, we are
interested in a method based on the classification of observations to identify degradation states. The classification
consists of classifying observations by comparing them to patterns. An observation is characterized by a set of g-
features. An observation is represented by a point in a g-dimensional space called the representation space defined
by certain features. These features are extracted from analyses performed on the signals measured by the sensors
installed on the bearing. The features being real values, an observation noted 'x;' is defined by a vector of g-features
Xi = [xi1, Xi2y ooy xiq] (see Flg 15)

Feature 2
A
b= [P Rou Sl s q]

>
>

Feature 1
Feature g

Fig. 15. Representation of an observation in a g-dimensional space.

The purpose of the classification is to associate an observation 'x;' with a pattern called a class. A class &; is
composed by a set of similar observations. In the context of the prognosis, a class £; represents a degradation state
of the system. In the ideal case, a class is composed by identical observations represented by a single point in the
representation space. Nevertheless, disturbances (measurement noise, sensor accuracy, etc.) can appear. This implies
that an observation is different to another observation in the same class. The influence of noise on a set of M-classes
(Q1, Q», ..., Qu) representing the M-degradation states gives M-patterns projected in the representation space (see
Fig. 16). The goal will be then to identify these patterns to identify the degradation states.

Feature2 Systemin a good state
@)

>, — 'E UU“V )

Final degradation

degradation states (2 4 state (2,))
vy "
Feature g XXX - Xy

Fig. 16. Visualization of the different degradation states of a system by classes.

Degradation
process

Feature 1

Intermediate

The classification method presented here is based on the principle of pattern recognition. As shown in Fig.17, a
complete pattern recognition approach is composed of several elements.
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Feature vector Extraction of q features from the analysis of the
construction collected signals .
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Fig. 17. Necessary step for the classification.
The identification of the different degradation states is obtained in two steps:

Construction of the feature vector: The feature vector is composed by a set of g-features obtained by using
various signal processing techniques (time, frequency, time-frequency analysis) on measured signals collected from
sensors placed on the bearing. More explanation on the construction of the feature vector is given in the
experimental section.

Classification: Two kind of classification techniques, namely, supervised and unsupervised classification are
defined. Supervised classification is based on a priori knowledge of measured observations to identify classes, while
unsupervised classification is based on the similarity between observations to identify classes. Having no prior
knowledge of the class composition, we will use the principle of unsupervised classification to identify the different
degradation states.

3.1. Unsupervised classification by the artificial ants algorithm

We propose here a classification algorithm based on the behavior of an ants colony to construct a set of M-paths
connecting the ant nest to the food source in order to classify a set of N-observations by using the notion of grouping
between ants. Note that the path followed by an ant represents the class of membership of an observation.

The principle of the artificial ants algorithm is to consider a population of N-ants carrying a set of N-observations.
Each observation is described by a g-feature vector. The aim is to group these ants in a set of M-classes (2, »,...,
Qu) so that the similar observations are grouped together in the same classes while the dissimilar observations are in
separate classes. The value of M is unknown. The grouping of these ants is obtained by a succession of interactions
between them. Each ant has rules of behavior that it follows according to the situations that it meets:

» The nest contains the observations to be classified and corresponds to the starting point for ants going to the
food source;

* The path taken by ants to the food source is a class. All paths taken by ants before arriving to the food source
correspond to the M-classes;

» Searching for a path to a food source corresponds to the search for a class for observations;

 Each ant taking a path memorizes it by depositing a certain quantity of pheromone. The quantity of pheromone
deposited on each path depends on the number of ants which followed this path;

* The choice of a path for an ant depends on the similarity between this ant and all ants which had taken this path.

The artificial ants algorithm can be summarized in two steps; steps 1 and 2 are an optimization of the ascendant
hierarchical classification.

Step 1
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Consider a population of N-ants noted Ant; i1, .., vy carrying N-observations. These N-ants (initially located in the
nest) will classify the N-observations in a first set of m-classes (m< N) and doing this by trying to choose a path to a
food source. This step is performed by a similarity function denoted Sim; (Ant;, Ant;). This function measures the
degree of similarity between an ant (Ant;) carrying an observation x; located in the nest and another ant (Ant;)
carrying an observation x; that goes to the food source by taking a path (i). The similarity function Sim; (Ant;, Ant;) is
given as follows:

Sim, (Ant,, Ant ) = [Ti][ﬁd(xi,xj)J - 17
where d(x; x;) is the distance between the observations carried by the ants (Ant;, Antj) and 7; is the quantity of
pheromone deposited on the path (7).

At the beginning, the quantity of pheromone deposited by each ant is equal to the following:
r, =& (18)

Once the research group has left the nest, the quantity of pheromone deposited by ants on each path is updated
by the following:

Ti = nAnm', lI (19)

Ants;

where ¢ € [0-1] is a constant related to the quantity of pheromone deposited by ants and " is the number of ants

which had taken the i-th path.

The first set of m-classes (initial classes) is obtained by the following algorithm:

Algorithm 2. Step 1: Behavior simulation of an ant Ant; moving when it leaves the nest
(1) Place all observations in the nest

2) Evaluate the quantity of pheromone of each ant by (18)

3) While there are ants in the nest

4) Find the most similar ant (Ant) to the ant (Ant;) based on the similarity given by (17)
(3) if Sim; (Ant,Ant;) > Ssim % Ssim represents the similarity threshold %

6) The ant (Antj) will take the same path as the ant (Ant;)

) Update the quantity of pheromone given by (19)

(3) end

O] if no ant takes a path

(10 Decrease the similarity threshold Ssix

(11) end if

(12)  end

In the first step, the number of operations required for the N-ants to follow the m-paths is logarithmic, so a
complexity of O (N log N). This represents an advantage over the hierarchical ascendant classification where the
complexity is O (N?).

At the end of this step, the m-paths represent the m-classes. An example of the behavior of N-ants when they
leave the nest towards the food source by taking the m-paths is shown in Fig. 18.
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Fig. 18. Example of the behaviour of an ant (Ant;)) when it leaves the nest.

Step 2

Once the nest is empty, the N-ants continue their paths and try to optimize the classification of N-observations in
a second set of classes (M < m) and doing this by choosing a path to the food source.

The goal of this step is to regroup similar classes to reduce their number. This is done by a second similarity
function denoted Sim; (Ants;, Ants;). This function measures the degree of similarity between a group of ants (Ants;)
taking the path (i) and another group of ants (Ants;) located in the path (j) to the food source. It returns a value
between O (when i and j are totally different) and 1 ( when i and j are identical). This similarity is formulated as

follows: .
() Da(s.s,)]

Sim, (Ants,, Ants,) =1~ (20)

with
- d(g:,g)): the distance between the gravity center of the observations carried by the groups of ants (Ants;, Ants;);
-fe [0, 1] and e € [-1, +1] are two parameters defining respectively the importance of the pheromone deposited by
ants on the paths (i) and (j) and the distance between them. 74 corresponds to the quantity of pheromones deposited
by ants in the A-th path. g4 corresponds to the gravity centre of the observations carried by ants following the A-th
path.

The role of the parameters e and f'is as follows: if e = 0, this corresponds to a classical similarity between two
groups of ants based on the Mahanalobis distance. If e > 0, this corresponds to a similarity between two groups of
ants (Ants;, Ants;) discriminating the group of ants (Ants;) taking a path accumulating an important quantity of
pheromone. This constrains the ant group (Ants;) to explore other paths by seeking (if possible) a better similarity
with other groups of ants. If e < 0, this corresponds to a similarity between two groups of ants (Ants;, Ants;) which,
unlike the previous situation, favours the group of ants (Ants;) taking a path with an important quantity of
pheromone. This accelerates the classification process. If f = 0, only the quantity of pheromone is taken into account.
Therefore, a compromise between the distance and the quantity of pheromone is a good approach to optimize
classification.

The quantity of pheromone deposited on each path taken by the groups of ants is updated by the following:
™ =n,, Hl-£)a;’ (1)
) i

where ¢ € [0, 1] is the evaporation factor. It is used to prevent an unlimited accumulation of pheromone on paths and

in our case, to limit the weight of each class. *" is the number of ants taking the i-th path. g;, g; are the gravity

centers of the observations carried by the group of ants Ants;, Ants;respectively.

The obtained M-classes must be evaluated by a criterion noted J. This criterion allows evaluating the
compactness and separability of the obtained M-classes. It is formulated as follows :



J= z‘race(Z‘;,1 [IB)

where Zy is intra-class variance matrix and X is the inter-class variance matrix.

with:

- g: gravity center of all observations;

- M: number of classes;

- gi+ gravity center of the class Q.

- x;j: j-th observation of the class

- n;: number of observations of the class
- N: total number of the set of observations.
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(22)

(23)

(24)

An increase of the criterion J between the instant (), where two classes (£2;, £;) (characterized by two paths
taken by two groups of ants (Ants;, Ants;)) are about to be grouped, and the instant (f +1) where the two classes are
grouped allows approving the grouping. In the opposite case, the two groups of ants (Ants;, Ants;) will look for other
paths to satisfy the criterion J. The second set of M-classes is obtained by the following algorithm:

Algorithm 2. Step 2: Behavior simulation of two group of ants Ants;, Ants; moving to the food source

13)
(14)
5)
(16)
A7)
(18)
19)
(20)
ey
(22)
(23)
(24)
25)

Evaluate the criterion J (¢) of paths taken by ants by the formula (22)

Evaluate the quantity of pheromone deposited on each path taken by ants by using formula (21)
Find two similar groups of ants Ants;, Ants;, using two different paths by using formula (20)

Group two groups of ants Ants;, Ants; on the same path
Evaluate the criterion J (t + 1) of the path taken by the two groups of ants Ants;, Ants;
if Je+1)>J (@

While J(t+1)- J() >0

end
end

Validate the path taken by the two groups of ants

J(@) — J(t+1)

Update the quantity of pheromone of this path by using formula (19)
Repeat steps 15 to 17

An example of the behaviour of two groups of ants towards the food source by taking the M-paths is shown in

Fig. 19.

Group of ants

m =4 M=2

> Sim, (Am‘s2, Am‘sj)

Sim, (Ants1 , Ants;‘) {> Sim, (Am‘s3, Anl‘Sj)

A
v

Fig. 19. Example of the behaviour of two group of ants (Ants;, Ants; ) if they use two similar paths.
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In the second step, the number of operations necessary for the N-ants to join the M-paths is polynomial. The
complexity is in O(m?) with M<«<N.

4. Experimentation

The degradation states used to validate the prognostic models are obtained from the degradation database of four
roller bearings provided by the University of Cincinnati. The aim of the prognosis in this case is to detect the
different degradation states and to estimate the RUL before the appearance of the next degradation state.

The degradation process of bearings was carried out on a test bench designed by Rexnord Corp. The test bench
was composed of four ZA-2115 roller bearings placed on a shaft, as shown in Fig. 20. The characteristics of these
bearings are detailed in Table 2.

The rotation speed of the tested bearings was fixed at 2000 rpm. The aging was obtained by a spring mechanism
generating a radial load of 26.6 KN on the tested bearings. An accelerometer was placed on the vertical axis of each
bearing. The vibration signals were recorded every 10 minutes with a sampling frequency of 20 kHz.

Radial load

Accelerometer Thermocouple

Bearing 1 Bearing 2 Bearing 3 Bearing 4

Motor

Outerrace fault

Inerrace fault Roller fault

Fig. 20. Aging roller bearings test bench [28].
Table 2. Bearings characteristics

Bearing diameter (mm) 8.4
Roller number 16
Primitive diameter (mm) 71.62
Contact angle (°) 15.17

Construction of the feature vector : As mentioned previously, features can be obtained by using time,
frequency and time-frequency analysis. In our case, it was sufficient to analyze the temporal characteristic of the
vibration signals of bearings (1, 2, 3 and 4) to extract relevant features. In this case, we used statistical features.
These features will be used to identify the different degradation states of bearings. These features were
summarized in Table 3.




Table 3. Statistical features extracted from the vibration signal
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Energy Peak amplitude Mean value Crest factor
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Power Root mean square (RMS) value Factor K
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with:

x(1): acquired signal;
N: number of samples composing the signal;
feen: sampling frequency;

x¢ = x(t= {lfecn), with € nonzero positive integer less than or equal to N.

Fig. 21 shows the evolution of bearings degradation thanks to the features extracted from the vibration signals
acquired from accelerometers placed on the vertical axis. Note that bearings (1, 2, 3 and 4) were tested during 35

days.
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Fig. 21. Evolution of statistical features extracted from the vibration signal.
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Fig. 21 shows the evolution of the RMS value, power, energy and the factor K of vibration signals recorded
during the test period. After two days of test (2880 minutes), the first signs of aging were observed in the bearing 4.
These signs are due to a phenomenon called "breaking-in phase" of the roller bearing: the lubricant present in the
bearing will be gradually evacuated and the imperfections of the metal will gradually disappear. This is an important
phenomenon that must be observed in order to avoid a misinterpretation of the rolling degradation process.

After 30 days of test (43200 minutes), the first signs of degradation were observed. After that, the RMS value,
energy and power continue to increase as degradation increases. We can observe that the factor K is not a good
feature for tracking bearing degradation. This is shown in Fig. 21, where the factor K for bearing 4 begins to
decrease from 44640 minutes. The same remark can be said for the Kurtosis, crest factor and peak amplitude. A
decrease in the value of these features is observed for bearings 3 and 4 after 44640 and 47520 minutes of test.

The energy of the vibration signal is considered as the image of power over time. We will choose the power in
our case. We finally keep three features: the mean value, the power and the RMS. It can also be noted that these
three parameters give a better representation of the degradation of the bearings (see Fig. 24).

4.1. Classification (identification of degradation states) :

The artificial ants algorithm was used to identify the unknown M-degradation states from the historical data of
bearings (1, 2 and 3). A detailed analysis of the different monitoring features can help us to choose the most relevant
ones. Based on Fig. 21, we chose the root mean square (RMS), the mean value and the power of the vibration signal.
The rest of the features were not selected because when the degradation increased, the value of these decreased. For
the selected features (y3, ys, ys), several observations disturbed by the noise can appear. Thus, a class that groups
observations of the same degradation state can be represented by a geometric pattern of observations. If the features
are well chosen, each degradation state can be represented by a compact class grouping similar observations in the
representation space as shown in Fig. 24.

Step 1

Fig. 22 shows the evolution of the criterion J compared to the similarity threshold values (Syn). We can
differentiate from this Figure two very distinct areas indicating the evolution of the criterion J. In the first area, Syin
decreased from 132 to 43. This decrease corresponded to a grouping of observations varying between 24 classes for
J =132 and 9 classes for J = 43. The intra-class variance in this case is close to 0, which gives a high value for J. On
the other hand, if the number of classes decreases, the criterion J decreases because the intra-class variance
increases. This observation is made in the second area with a criterion Je[5,8-43]. A similarity threshold set at 0.4
generates a number of m-classes equal to 9, sufficient to optimize the classification.
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Fig. 22. Evolution of the criterion J compared to the similarity threshold.

Step 2

The second step allowed grouping the previous classes into a small number of M-classes. The parameter £ was
set to 0.01 in order to limit the weight of each class. The parameter ¢ was arbitrarily set to 1. The highest value of
criterion J will define the best parameters e and f, such that: for a J around 99%, e = -0.4 and f = 0.6 (see Fig. 23).
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J(%) g0

Fig. 23. Determination of the parameters e and f from the criterion J.

The determination of the parameters e and f allowed to the second step of the artificial ants algorithm to obtain a
second set of M-classes, with M = 4. A principal component analysis (PCA) was carried out in order to change the
orientation axis of the features allowing a better visualization of the classes. Fig. 24 shows the position of the M-
classes of the test set in the 3-dimensional subspace after the PCA.

Normalized y6

iuirdegradat;
ul d-egm\i

Normalized y5
Normalized y3

Fig. 24. Representation of the classes obtained by the artificial ants algorithm in the 3-dimensional subspace after the PCA.

As shown in Fig. 24, the artificial ants algorithm identified four classes (M = 4), noted respectively Q;, >, Q3,
and Q. The first class (£;) included observations belonging to bearings 1, 2 and 3 acquired during the two first days
of testing. Considering that the bearings were in a good state at the beginning of the experimentation, this class
represented bearings in a healthy state. The last class (£24) corresponded to the last degradation state observed in the
last day of the test. This degradation is due to a defect located in the inner race (see Fig. 25). This class
corresponded to an advanced degradation state. Two other classes were identified by the artificial ants clustering.
These classes corresponded to the intermediate degradation states. Finally, we obtained four classes corresponding
respectively to the healthy state, minor degradation state, medium degradation state and advanced degradation state.

Fig. 25. Inner race fault observed in bearing 3.

The acquired database corresponded to the historical degradation process of bearings 1, 2, 3 and 4. This
historical database was composed of 1944 observations. 1458 observations were used as a training database (486
observations for each of bearings 1, 2 and 3). 486 observations corresponding to bearing 4, which were different and
independent of the training database, were used for the validation of the proposed prediction models. The statistical
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features (y3, s, y6) of the bearings 1, 2 and 3 are used to estimate the parameters of the NFN and ANFIS.
4.2. Estimating the RUL before the next degradation states of bearing 4

The ANFIS and the NFN models were used to estimate the RUL before the next degradation states of the bearing
4. For this, we will predict the evolution of the three selected features (y3, ys, 7s) between the time instant (¢), where
the imminence of the next degradation state (75% of the degradation severity) is detected, and the time instant (¢ +
p), where the appearance of this degradation state is confirmed (see Fig. 26). The choice of 75% of the degradation
severity was justified because it was possible to obtain earlier predictions which can be an advantage for developing
a maintenance strategy.

Feature (73, s, 75)

Advanced degradation

Healthy state

1
1
1
1
1
1
1
1
1
1
1
1
1
1
!
+

» time

1
1
'
t+p; t+p; 1+p3

Fig. 26. Illustration of the estimation of the RUL after the detection of the imminence of the next degradation state

As presented in section 2, the prediction of x4, noted Y+r can be obtained by two approaches:
4.2.1. Approach (1): Multistep ahead prediction

The first approach predicts the evolution of the features until the horizon p from the previous predictions. Since
the value of p is not known, it will be determined by performing a diagnostic on the predicted p-values. Table 4
summarizes the different parameters implemented in the ANFIS and the NFN models.

Table 4. Configuring ANFIS and NFN

ANFIS
Number of inputs (length of the time series) () 3
Acquisition step (r) 1
Number of membership functions 2
Membership function type Gaussian
T- norm Product
Inference type Linear Sugeno
Training
Number of observations 1944
Number of iterations 100
Learning / test database 1458/486
Learning Algorithm LSE+ gradient descent
NEN
Number of inputs (length of the time series) () 3
Acquisition step (r) 1
Number of membership functions 10to 16
Membership function type Triangular
Training
Number of observations 1944
Number of iterations 100
Learning / test database 1458/486

Learning algorithm LSE
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Results

Based on the rule of 75% of threshold of each degradation state, Three starting points for the prediction models
were identified:

- Minor degradation = t = 5553 minutes;
- Medium degradation = t = 42667 minutes;
- Advanced degradation = t = 49910 minutes.

Fig. 27 shows that the first degradation state is diagnosed by the artificial ants algorithm after 9176 minutes of
test. The first starting point being fixed at 5553 minutes of test, the objective is to obtain a RUL, equal to 3623
minutes. Fig. 28 and 29 show that the second and the third degradation states are diagnosed by the artificial ants
algorithm after 42667 and 49910 minutes of test respectively. The second and third starting points being fixed at
42667 and 49910 minutes of test, the objective is to obtain a RUL; equal to 193 minutes and a RUL; equal to 392
minutes.
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- Minor degradation — t = 5553 minutes

Since bearing 4 started with a healthy state, it is now necessary to predict the minor degradation. Fig. 30, 32 and
34 show the evolution of RMSE for each of the monitored features (y3, ys, s).

*  Power of the vibration signal (y3)

A time series {x;, x..;, x..2} of three temporal observations is used as inputs in the ANFIS model. The obtained
outputs give satisfactory results for a short-term prediction (up to 6000 minutes). The obtained RMSE increased
between 6x107 and 8.83x10™. For an horizon of prediction up to 7500 minutes, the obtained RMSE increased
between 8.83x10** and 0.0109. The prediction results in the case of a medium-term prediction were not satisfactory
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(see Fig. 30).

The NFN, like the ANFIS model, has a set of three time series. The RMSE varied between 8.26x107 and 8x10*
for a short-term prediction and between 1.83x10* and 0.00375 for a medium and a long-term predictions. We can
conclude that this architecture gives satisfactory results for short- and long-term predictions (see Fig. 31).

0.02 . r .
0.04 \ Prediction by ANFIS
0.035 I NFN X=9.184003 _ Prediction by NEN
o [0 ANFIS [ Y =0.0379 = 0.019" —— y3 (1) of bearing (4)
0.03 7
g 0018
& 0.025 % =
= 5 —
& 002 g oo
g
=)
0.015 = /
2 oot
0.01 X =9.18¢4003 B —
0.005 X =5.65e+003 . Y =0.00343 T 0.015 -
005y = 5.99¢-005 H L L . g |
0 =rlr-n_\FLFLH.’-L’-L Hll A 0.014
5500 6000 6500 7000 7500 8000 8500 9000 9500 : 6000 6500 7000 7500 8000 8500 9000
Time (minutes) Time (minutes)

Fig. 30. Evolution of the RMSE for the power of the vibration signal. Fig. 31. Evolution of the prediction given by ANFIS and NEN for the
power of the vibration signal.

* RMS (ys

The ANFIS model with three inputs gave satisfactory results for the short and medium-term predictions (up to
7500 minutes). The obtained RMSE increased between 5x10* and 4.42x107. For the long-term (up to 9175
minutes), RMSE increased until 9.54x10 (see Fig. 32). RMSE obtained by NFN varied between 6.94x10 and
3.98x10* for a short and medium-term predictions. In the long-term, RMSE increased until 0.0446 (see Fig. 32).
These results showed that the architecture of NFN gave satisfactory results for short-term and even for the medium-
term predictions (see Fig. 33).
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Fig. 32. Evolution of the RMSE for the RMS of the vibration signal. Fig. 33. Evolution of the prediction given by ANFIS and NFN for the
RMS of the vibration signal.

¢ Mean value of the vibration signal (ys)

The ANFIS model gave satisfactory results for short-term predictions. For the medium and long-term prediction,
the increase in RMSE indicated a poor prediction of the degradation process of bearing 4 (see Fig. 34 and 35).
Results obtained by NFN were less precise than those obtained by ANFIS, either in the short or long term
predictions.
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The classification of the predicted observations from the statistical features (y3, s, ys) allowed estimation of the
appearance of the first degradation state after 9274 minutes of test. Based on the first starting point (minor
degradation > t = 5553 minutes), the RUL; is equal to 3732 minutes (2 days, 14 hours and 9 minutes). The first
degradation state was diagnosed after 9176 minutes of test which represents a RUL; of 3623 minutes (2 days, 12
hours and 14 minutes). We can deduce that the first approach combined with NFN gave a good prediction result. We
can also give the same remark for the ANFIS which estimated the appearance of the first degradation state after
9372 minutes of test corresponding to RUL; equivalent to 3819 minutes (2 days, 15 hours and 36 minutes).

- Medium degradation state— t= 42667 minutes

The first degradation state being diagnosed, it is now necessary to predict the evolution of the monitored features
generated by the appearance of the medium degradation (see Fig. 37, 39 and 41). Fig. 36, 38 and 40 show the
evolution of RMSE for each of the monitoring features (y3, ys, s)-

¢ Power of the vibration signal (y3)

The RMSE obtained with the ANFIS model did not exceed 0.0014. The RMSE obtained by the NFN model were
slightly higher than the ANFIS model and did not exceed 0.0029.

*  RMS (y5) and the mean value (ys) of the vibration signal

We can also give the same remarks for the RMS value. The RMSE for the two features do not exceed 0.0016 for
the NFN model and 0.00083 for the ANFIS model.

The classification of the predicted observations from the statistical features (y3, ys, ys) allowed estimation of the
appearance of the second degradation state after 42860 minutes of test. Based on the second starting point (medium
degradation = t = 42667 minutes), the RUL; is equal to 193 minutes (3 hours and 12 minutes). The second
degradation state was diagnosed after 42860 minutes which represents a RUL, of 193 minutes. We can deduce that
the first approach combined with NFN gave an excellent prediction result. We can also give the same remark for the
ANFIS which estimated the appearance of the second degradation state after 42860 minutes of test.
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Fig. 40. Evolution of the RMSE for the mean value of the vibration
signal.

- Advanced degradation state— t= 49910 minutes
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Fig. 41. Evolution of the prediction given by ANFIS and NFEN for the
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As in the previous case, the short-term prediction was very satisfactory, whether for the ANFIS or for the NFN
model. The RMSE for ANFIS did not exceed 0.0012; and for NFN, the RMSE did not exceed 0.00034. Fig 42, 44
and 42 show the evolution of the RMSE for each of the monitoring features (ys, s, y5). Fig. 43, 45 and 47 show the
evolution of the predicted features before the appearance of the advanced degradation state.
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The classification of the predicted observations from the statistical features (y3, s, ys) allowed estimation of the
appearance of the third degradation state after 50302 minutes of test. Based on the third starting point (advanced
degradation = t = 49910 minutes), the RUL3 is equal to 392 minutes (6 hours and 31 minutes). The third
degradation state was diagnosed after 50302 minutes which represents a RUL3 of 392 minutes. We can deduce that
the first approach combined with NFN gave an excellent prediction result. We can also give the same remark for the
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ANFIS which estimated the appearance of the third degradation state after 50302 minutes of test.
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4.2.2. Approach (2): One-step ahead prediction

Approach (2) consists of predicting the evolution of the observation from the time series {X/,Xi-r,Xr-2r,. . . s Xr-(n-1)r }
acquired until the time instant (). The parameters of ANFIS and NFN are the same as those defined in Table 4 with
n =3 and r = 1. The following Tables correspond to the prediction of the average power of the vibration signal with
several horizons of prediction (p = 1, 2, 10, 20, 30, 40).

Since bearing 4 started with a healthy state, it is now necessary to predict the minor degradation. Table 5, shows
the evolution of the RMSE of the average power of the vibration signal (y;) for different horizons of prediction (p)
for the ANFIS and NFN models and thus for:

- Minor degradation — t = 5553 minutes;
- Medium degradation — t = 42667 minutes;

- Advanced degradation — t = 49910 minutes.

Table 5. RMSE of y; for different horizons of prediction (p)

RMSE
RMSE NEN

Hori f predicti t inut
orizon of prediction () +p (minutes) ANFIS (02 membership functions) (D by i Foe)

Minor degradation — ¢ = 5553 minutes

1 5651 6x107 8 x10™
2 5749 0.0057 0.0033
10 6533 0.1812 0.0123
20 7513 0.4426 0.0159
30 8493 1.1043 0.027
40 9473 1.0716 0.056
Medium degradation state— ¢= 42667 minutes
1 42765 4.29x10* 1.72x1073
2 42863 0.0282 0.013
Advanced degradation state— = 49910 minutes
1 50008 4x10* 2x10™
2 50106 0.0242 0.001
3 50204 0.088 0.002
4 50302 0.2435 0.003
Simulation time 47 seconds 8 seconds

4.2.3. Comparison between the two approaches

From the previous results, we can observe that the predictions results for p = 1, for the three degradation states,
are the same as those for Approach (1). However, as the horizon of prediction increased, the value of the RMSE
increased. This is shown in Fig.48 which indicates the RMSE obtained by Approach (1) and (2) from the time
instant ¢+ = 5553 minutes. This leads us to conclude that approach (1) is best suited for short and long-term

predictions.
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5. Conclusion

As mentioned previously, the prognosis of bearings failure corresponds to the estimation of their remaining
useful life. In this context, three models based on the principle of Al were proposed. The ANFIS and NFN models
estimate the evolution of the degradation process, while the artificial ants algorithm identifies the different
degradations states. A comparative study between different prediction models was done in the Mackey-Glass time
series problem and in real data corresponding to the degradation of roller bearings. The obtained results showed the
efficiency of the NFN and ANFIS models to obtain low estimation errors in short and long term predictions. In
addition to these results, we arrived at the conclusion that NFN is a tool offering great advantages for the modeling
of complex systems thanks to the simplicity of its structure that consists of a single neuron. While in the ANFIS
model, it is necessary to change the number of layers, the number of neurons in each layer, and the membership
function to find the structure that gives a good fit for the problem to model. The NFN and ANFIS models can be
used for short-term prediction and as we have observed in the experimental part, for long-term prediction. The
artificial ants algorithm makes possible to highlight classes grouping similar observations. This improves
classification and allows the identification of the degradation states. A comparative study, not presented in this
paper, was done to evaluate the performance of several classification algorithms (K-means, hidden Markov models,
ANFIS, multi-layer feed-forward network, ... ) in the 'IRIS' problem. 'IRIS' corresponds to a database used to test the
classification models. The IRIS problem is about dividing the set of iris flowers in different groups based on the
flower features. Those features are the length and width of a sepal and the length and width of a petal. The obtained
results showed that the artificial ants algorithm obtained the best classification results.
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