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Abstract

Assets reliability is a key issue to consider in the maintenance management policy and given its importance
several estimation methods and models have been proposed within the reliability engineering discipline.
However, these models involve certain assumptions which are the source of different uncertainties inherent
to the estimations. An important source of uncertainty is the operational context in which the assets
operate and how it affects the different failures. Therefore, this paper contributes to the reduction of the
uncertainty coming from the operational context with the proposal of a novel method and its validation
through a case study. The proposed model specifically addresses changes in the operational context by
implementing dynamic capabilities in a new conception of the Proportional Hazards Model. It also allows
to model interactions among working environment variables as well as hidden phenomena thanks to the
integration within the model of artificial neural network methods.

Keywords: Dynamic Reliability, Proportional Hazards Model, Artificial Neural Networks, Operational
Context, Maintenance Management, Epistemic Uncertainty

1. Introduction

With the emerging of engineered systems in the 19th century so did arise the need for a scientific
discipline dealing with their reliability, this discipline began to be known as reliability engineering in the
1950s [1]. The assumptions under which traditional techniques of reliability were developed, simplify
many of the real-life boundary conditions; the motivation lying behind these simplifications, was the
pressure of upholding the rigid and fast technological advances in the industries which initially showed
more interest in reliability engineering (maritime, military, aircraft and Oil & Gas industries) [2].

As the independent scientific discipline that reliability engineering has become, it measures the reli-
ability by quantitative metrics and controls throughout the product lifecycle [3]. According to Zio [1],
the purpose of reliability engineering is to provide a collection of formal methods aiming at exploring
the relation among system operation and failure, and it is in this discipline where this paper intends to
contribute with the novel model later on proposed.

1.1. Motivation and research

Reliability is a key issue to address by comprehensively analyzing the asset performance under the
effects of different uncertainties during its life cycle [4]. The uncertainties affecting the asset performance
have generally been classified into two types (see [3-7]):

e Aleatory uncertainty. Considered to be the result of a fundamental randomness in the natural
phenomena of the world, it results in uncertainty referring to the inherent physical behavior of the
system.

e Epistemic uncertainty. Associated with the lack of knowledge, it refers to the uncertainty related
to the completeness and accuracy in the understanding of the failure process.
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As stated before, traditional reliability models involve assumptions and simplifications|8|; these are the
sources of significant uncertainties causing the inability of the reliability models to properly describe the
true behavior of the system [5].

Some important assumptions that introduce epistemic uncertainty in the models are the independence
among components, the renewal assumption o the constant operational condition and external factors
[9]. Such premises and suppositions are the cause of epistemic uncertainty, reducible by integrating new
information on the contrary of aleatory uncertainty, which comes from the stochastic character of the
problem [10]. Therefore, if the models-based methods aim at accurately quantify the reliability, it is
a requisite for them to integrate the effect of epistemic uncertainties [3]. It is within this motivation
where the scope of the paper lies; more precisely, the authors have developed a novel model for reliability
estimation that reduces epistemic uncertainty referring to operational conditions of the assets.

A more realistic estimation of reliability, through a model integrating operating environment infor-
mation, will enable more effective and better-customized maintenance policies [11]. The benefits of such
models gain special interest in the early stages of the asset life-cycle, where it is relevant to reflect the
context into which they will perform [12]. This aspect is a key pillar to take into account when designing
the maintenance strategy, and it has been addressed throughout the later on reviewed literature (see
Subsection 1.2).

It is this main pillar which gives birth to the research process conducted in this paper and summarized
in figure 1. The conducted research, aiming at integrating the operational context effect on reliability
assessment, have followed two courses; in the last phase, they converge into a comprehensive model that
gathers the benefits from the researches regarding both lines. These research lines face two problems
derived from the main motivation. The research represented in the bottom line aims at modeling the
effects of changing operational environment, it deals with the reality of the same asset performing in very
different environments and stress levels during its life-cycle. However, the research course represented by
the top line of the process deals with the problem of modeling unknown interactions among the different
parameters of the operational environment of the asset. Finally, the convergence of both lines, hence the
merge of two innovative models, leads to the proposal of a novel model which not only integrates the
dynamism of operating environments but the possible unknown interactions among its variables as well.

Figure 1: Research Process
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1.2. Related works.

The study of the affection that the operational environment has on asset management and reliability
engineering aspects has received considerable attention lately. More specifically, interesting contributions
regarding assets reliability can be found, for example in Okaro and Tao [13] the reliability of a subsea
compression system is analyzed under operational covariate stresses, in Peng et al. [14] an approach taking
into account dynamic conditions is proposed, for cable failure the operational context is explicitly modeled
in Tang et al. [15] and also for traction transformers in Lin et al. [16]. However, reliability assessment
is not the only aspect of asset management addressed in the literature with the affection of operational
context to failures as a common underlying cause. For instance, spare parts estimation depending on
the operational environment is studied in [17-19], availability assessment considering different weather
conditions in [20] and maintainability analysis with context variables in [21, 22].

In the related literature the authors have gone through, the Proportional Hazards Model (PHM)
is a recurrent model utilized for analyzing the effects of different variables of the operational context,
therefore this model plays a key role as a starting point in the research. It was first introduced by Cox
in 1972 [23] (it is also known as Cox model) and it was proposed for reliability studies by the author
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himself and by other researchers [24, 25|. An early literature review of the first attempts of using the
model, along with a case study exemplifying its proper use, can be seen in [26]; through the paper, the
work of Bendell facilitated the posterior applications of the model in reliability engineering. Afterward,
several applications of the model can be found in many different industries and systems. The model have
been proposed for the rail industry to predict rolling stock reliability, for instance in the door system
[27] or the Heating Ventilating and Air Conditioning (HVAC) system [11]. It is also proposed for the
wind energy sector, to model failure rate in wind turbines [28] and to assess the turbines stress condition
[29]. The research in the cutting tool industry also provides interesting applications of the model [30, 31].
And among others, the model have also been proposed for bearings reliability prediction [32], for the
machinery in the processing industry [33], for electronic components [34, 35] and for piping infrastructure
[36].

Another recurrent approach found in the literature for integrating epistemic information regarding the
operational context of the assets is the application of Artificial Neural Networks (ANN). As stated by Xu
[37], the attractiveness of neural networks is mainly due to the fact that no ’a priori’ assumption regarding
the models is needed, and they have the advantage of representing complex nonlinear relationships as
Marugan et al. [38] write. To date, several studies have begun to investigate the application of ANN for
reliability problems, e.g.: in Al-Garni et al. [39] they are compared with the Weibull regression model,
in Fink et al. [40] they are proposed to approach reliability prediction problems as time series, Beg et
al. [41] present a comparison of several ANN-based models at estimating the probability of failure and
Santosh et al. [42] propose an interesting approach for time to failure estimation combining Weibull
regression models with ANNs.

In particular, the mentioned work of Santosh et al. [42] is a demonstration of the benefits of combining
statistical models and ANN methods. Consistent with this approach it is important to emphasize the
work of Faraggi and Simon [43] whose proposed model combines both of the previous approaches, ANNs
architecture and the PHM. This ANN extension of the Cox model was conceived for studying right-
censored survival data [43] in the field of statistical medicine where most of its applications reside (see
for instance [44, 45]).

However this is not the only model in the literature that brings together both techniques; the work of
Biganzoli et al. [46] focus on partial logistic models with ANN and feed forward ANN for modeling the
hazard function, in Ripley et al. [47] seven survival models based on neural networks (both continuous
and discrete time models) are described and Mazini et al. [48] proposes the use of neural networks to
create a health condition model for wind turbines. As previously stated, the applications of these models
remain almost exclusively in the discipline of medical statistics; nonetheless, there are already in the
literature some attempts to extrapolate them to reliability engineering [49, 50].

When reliability engineering is considered within the organizations, it is related with maintenance
management and therefore, with maintenance activities [51]. According to Crespo [52], the maintenance
activities can either be classified as corrective maintenance, performed after the failure has happened;
or preventive maintenance, dispatched at predefined intervals or according to certain criteria previously
established. Each type of actions have an associated cost, corrective cost (CC) and preventive cost (PC),
being on a general basis the CC greater [53]. Generally both types of costs include direct costs associated
to manpower, replacement parts and materials, however the corrective costs not only is unplanned but
also include indirect costs associated to penalization in terms of operation losses, impact on quality,
environment or security among others [52]. In order to optimize the costs associated to maintenance
activities, reliability modeling has been proposed as a useful tool [54]. In the literature can be found
recent works that propose launching preventive maintenance activities according to a defined reliability
threshold [55—-57] being this the scenario intended for the later proposed model.

1.8. Scientific contribution

Based on the motivation stated in Subsection 1.1 and the related works presented in Subsection
1.2, the research conducted by the authors has led to the development of a novel model for reliability
estimation. As it is represented in figure 1, the main contribution of this paper is the proposal of a
Dynamic Artificial Neural Network-based Reliability model which is a result of combining the concepts
proposed for the ANN-based models and the Dynamic PHM, being the later a novel proposal in this
paper as well.

The value proposition of the model is the improvement of reliability estimations, these better esti-
mations rendered by the proposed model are mainly due to directly addressing three simplifications that
other models have not dealt with altogether:
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A. The Dynamic ANN-based model not only takes into account the reliability driver but the operational
context information as well. By integrating this information the model is built-up upon more
complete knowledge of failure mechanisms, therefore, the epistemic uncertainty associated with the
model is reduced.

B. The dynamic capabilities of the model directly address the reality of assets performing in changing
operating contexts. The novel model here proposed has the capability of taking into account changes
in the operational context and the length in the time of those changes, thus the model enhances
reliability estimations in production peaks, seasonality, and other similar working environments
with high variability in its operational conditions.

C. The proposed model brings in the advantages of integrating ANN. The ANN methods allow mod-
eling unknown interactions between the different variables of the operational environment, without
having to previously define them, as well as hidden phenomena which may be triggering or influ-
encing the failure modes.

One important contribution of the research process is the proposal of the Dynamic PHM, which deals with
items A and B. However, the apex of the scientific contribution of the research here presented is in the
Dynamic ANN-based reliability model, which has the potential of addressing the three aforementioned
key points into a single model.

1.4. Overview

The remainder of the paper consists of three sections, the following section presents the development
of the Dynamic ANN-based model, then the model is tested on a case study in section 3 and finally the
results and conclusions are discussed in the last section.

The development of the model in section 2 has followed the same research process previously presented
in figure 1, and therefore the section is structured in a similar way. First, in order to set the foundations,
the main introduction to PHM is presented, then in the following subsections 2.2 and 2.3 individual
solutions for the top line and the bottom line of the applied research progress in figure 1 are respectively
developed. Special emphasis is made on subsection 2.3 due to the novelty of the proposal stated in the
previous subsection 1.3. And finally subsection 2.4 presents the main contribution of the paper, the
Dynamic Artificail Neural Network-based reliability model which is conceived, and thus presented, as a
combination of the previous models.

After laying down the theoretical dimensions of the model, the main topic covered in section 3 is the
performance of the model in a case study as an illustrative example of its use and potential. The section
consist of four subsections: in the first one the database and the case study are presented, then the
optimization of the proposed model for the case study is explained, then the performance of the model
is tested in terms of reliability estimations in the third and lastly cost-performance metrics are analyzed
in the fourth subsection.

Finally, section 4, ties together up the various conclusions withdrawn during the research process,
the model development and its application to the case study. Also some research lines worth of further
investigation are presented here.

2. Proposed model

As previously stated, the proposed model takes as starting point the PHM and the concept of partial
likelihood that Cox proposed along with it [23]. It is the concept of partial likelihood the one that will
enable to integrate ANN methods with the PHM and therefore the section development follows this logic;
starting by introducing the PHM with the partial likelihood, continuing with the ANN-based PHM, then
the Dynamic extension of the Weibull PHM and finally the Dynamic ANN-based reliability model.

2.1. Weibull Proportional Hazards Model

The most common description of the PHM is the definition of the hazard rate provided by equation 1.
In equation 1, the failure rate of a system is expressed as the product of a baseline hazard rate hy(t), as a
function of the operating time of the asset ¢; and a term incorporating the operational context variables

in an exponential form in which each one of the covariates X = (X7, ..., Xj) is multiplied by a parameter
B = (1, .., Br) describing its effect.

k
h(t,X) = ho(t)exp | Y B;X; (1)

j=1
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Table 1: Nomenclature definition

Nomenclature
X Vector of covariates of the
operazional Zo;ltext ¥ Shape parameter of a Weibull
distributi
X; Vector of covariates of the i-th istribution .
operational context a Scale parameter of a Weibull
distribution
Xii j-th variable of the i-th operational
4 Jcontext P \)\% Weights vector for the ANN
3 Vector of parameters of Cox model Whyz Weight of the connection between
de y in hidden 1 h with nod
B j-th parameter associated to j-th no' eyma (?n ayer i with noce
covariate z in the next hidden layer
k number of covariates, i.e. variables B Bfases vector of th? ANN .
of the operational context bh Bias of the node z in the hidden
_ layer h
X Vector of mean values of the ver . .
intes g(x) Hyperbolic tangent function
covara . . On- Output of the node z in the hidden
h(t,X) Hazard function depending on layer h
. bl
time and context variables H Number of hidden layer, included

ho(t) Baseline hazard function for the

. the output layer
null covariates vector

. . Zn Number of nodes in hidden layer h
hx(t) Baseline hazard function for the Y, Number of nodes in hidden layer h
G(X,W,B) Output of the ANN depending on

the covariates, the weights and the

mean values covariates vector
h(t,X;) hazard function for the i-th

tional text d di .
operational context depending on biases of the network

R(t, X;) Reliability function in the i-th
operational context depending on

time
HR Hazard ratio between two identical
systems operating in different

time
contexts .
. . C Integration constant that enable

T Vector of failure times . .

. . . . the dynamic capabilities of the
1263 i-th failure time sorted in

. . d model

increasing order

g t; Time of the i-th change of

P number of failure times
R; set of systems at risk at the i-th
failure time

operational context
C; Integration constant with the

inf tion i-th ch f
Conditional probability of i-th time formation 1-th CHange o

tional context
Partial likelihood operational contex

&~ 5

The baseline hazard function, ho(t), represents the hazard of a system operating in a context described
by the null vectors of variables, X = 0 € R¥, and it can be parametric following certain distribution or
of an unspecified form; and the operational context variables can be either a naturally variable or an
indicator variable.

Given two identical systems operating in two different operational contexts, that would be X =
(X1,...,Xy) and X' = (X1, ..., X}.), being X’ the one with a higher risk; it is defined the Hazard Ratio
(HR) between the two of them as:

ne,xr)  hoeap (S5, 8,X7)

HR = h(t, X)) ho(t)eap (Z?:ﬁij)

k
= eap ZBj(X; - X;) (2)

It can be observed from equation 2 that HR is independent of the system operating time. Thus,
considering a special case of the HR in which the comparison is between a system operating in an envi-
ronment where the covariates vector take mean values X = (X1, ..., X;) and the same system operating
in a context X; = (X1, ..., X;x ), the hazard function of the system operating in X; would be expressed by
equation 3, where the hazard function is decomposed into a baseline hazard function in the mean values
of the covariates (hx(t)), and into the exponential part where the deviations from the mean value of each
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covariate are taken into account, instead of the covariates values themselves.

k
h(t7Xi) = hi(t)exp ZBJ (Xij — yj) (3)

One of the main advantages of the Cox model is that the estimation of the parameters in the ex-
ponential part, 8 = (f1, ..., Bk), is performed independently from the baseline hazard function. This is
possible thanks to the concept of partial likelihood, it is defined as the product over every failure time
of the conditional probability of failure of the system which actually failed at ;). That is for a set of
increasing ordered failure times T = (Z(1), ..., L(3), .-, L(p)), let R; be the set of systems at risk at the time
L(i), 1.e. subjects which have not failed nor been censored before #(;), then the conditional probability is
described by equation 4 and therefore the partial likelihood by equation 5.

Lo Xy exp(Y5_1 B; (X = X;)) (4)
b Xer X)) Y g eap(XF B (X - X))
L= ﬁ L (5)

The estimation of the parameters is performed by maximizing the partial likelihood in equation
5, traditionally by Newton-Raphson iterations; as it can be observed the effects of the variables of
the operational context are estimated without making any assumptions regarding the baseline hazard
function. However, it is interesting for the scope of the paper to introduce the full parametric version of
the model in which the baseline hazard function in the mean values of the covariates is fitted to follow
a two-parameter Weibull distribution. This alternative of the Cox model is represented in equation 6,
where + is the shape parameter and « is the scale parameter, and it is known as Weibull PHM.

«

v—1 k
X =2 (5) e [ XA - X)) ©

2.2. Neural-Network based reliability model

In the previous section, it can be seen that the combination of the operational context variables is
linear in the most simple form of the Weibull PHM, or “a priori” defined in other variations. Thus, this
feature limits the suitability of the model for modeling unknown interactions or hidden phenomena and
it is in this issue where the architecture of the ANNs provides value.

The proposed model is based on feed-forward neural networks with only one output node, and the
operational context variables, X = (X1, ..., Xj), will form the input nodes, a graphical representation can
be seen in figure 2. The inputs and the output are connected through hidden layers with different nodes
number. Every connection between nodes is associated with a weight parameter, all of them represented
by the vector W where each position is described by wp,., being h the origin layer (starting in 0 for
the input layer and ending in H for the output layer), y represent the node in the origin layer and z the
destination node in the next layer. Every node in the hidden layers is also associated with a bias term
all of them represented by vector B where each position is described by by, being i the hidden layer and
z the node in the corresponding hidden layer. In every neuron, also known as computational unit, an
activation function is applied to the input received, in the proposed model the activation function g(x)
is the hyperbolic tangent, which is described in equation 7 and have proofed to train faster than the
sigmoid activation [44].

(2 Cop(@) —erp(—a)
eap(x) + eap(—2)
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Figure 2: ANN Representation
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Table 2: ANN equations
Layer Output of the nodes in the Domain
layer
k
First hidden Layer (h=1) 0.=g (Zwoszy + blz> Y ze[l, Zp—1]
y=1
Ghz =
Yh-o1
Next hidden Layers Vhel2,(H—1)|Vzell, Z
wt bidden Ly b 2. ) V=1,
y=1
01 =
Output layer (h—H) =
utput layer (h= -
bt fay g Z WEH-1)y10E 1)y + b1
y=1

g(x) is the previously defined hyperbolic tangent function

The equations that govern the ANN described in the paragraph above and represented in figure 2 can
be seen in Table 2, the equations have been organized according to the different layers and the calculations
that involve every one of them. The term 6}, refers to the output of the neuron z of the hidden layer h.

Considering the application of the equations on Table 2, it is possible to define the network as a
non-linear complex function depending on the covariates vector X = (Xi,..., X%) , the weights of the
connections between the nodes W, and the bias terms B. This function is denoted by G(X, W,B) and
the Neural-Network based reliability model propose replacing the linear Z?:l B;Xi; in the Cox model
by the output of the neural network function denoted by G(X, W,B). This proposal is described by
equation 8, and with this model the partial likelihood function (L) to maximize in order to estimate the
neural network parameters(weights and bias terms) would be equation 9.

h(t,X) = ho(t)exp (G(X, W,B)) (8)

7 eap(G(X;, W, B))
o 1;[1 >ier, €op(G(X;, W, B))
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It is important to notice that in this model the parameters of the neural network are not obtained
by training it but by maximizing the partial likelihood function, expressed in equation 9. Nonetheless,
depending on the chosen architecture of the ANN the maximization of equation 9 may result in a very
complex and computationally intensive problem; thus a genetic algorithm is proposed for maximizing the
partial likelihood.

2.3. Dynamic Weibull-Proportional Hazards Model

Taking as a starting point the hazard rate described by the Weibull PHM in equation 6, the reliability
derived from that particular expression of the failure rate of a system can be calculated as follows:

R(t, X,) = exp <— / h(t,Xi)dt> (10)

(0%

Rt %) = eap - [ 1 (;)“expémxij— X))t (11)

=1

k

R(t, X;) =exp | — (;)7 exp(z B(Xij — X))+ € (12)

=1

In the general reliability function of equation 12 the variables of the operational context do not
depend on time, the shape and scale parameters are considered to be constants inherent to the technical
characteristics of the system and the parameter % is the integration constant.

When the asset starts to operate in a context A, i.e. Xao = (Xa1,..., Xag), the reliability of the asset
is 100% and therefore R(t = 0, X = X4) = 1, by solving the equation for the integration constant % 4
it can be seen that its value equals 0 for any value of Xa = (Xa1,..., Xar). However after operating
in context A during certain time ¢ = t; the operational context changes to B which is described by
Xp = (XpB1,..., XBk), and the system reliability is going to be described now by equation 13.

5 k
it Xp) = o = (£) eon(3 5(Xn; = 55 + (13)

Jj=1

To obtain the unknown value of € it is necessary to solve the equation R(t1, X4) = R(t1, Xp),
and the same reasoning will be followed to calculate system reliability if the asset changes in t = t5 from
operational context B to operational context C. Generalizing this logical process leads to the Equations
14 and 15.

R(t, X;) =exp | — (;)7 exp(z B(Xij — X))+ Ci (14)

0 Vi=0
C; = o o (15)
(%)7 (emp(2§:1 B(Xij — X;)) — exp(E?ﬂ B(X(i—1); — Xj))) +Ci1 Vi#O0

The €; parameter is the term in which all the information regarding the operational context changes
is stored, hence its recursiveness towards its value in the previous operational context. It acts as an
indicator of the state of the system in terms of reliability, linking the new reliability curve to be followed
with the previous evolution of the asset. In this parameter the sub-index i is for the operational context
changes starting in the first context with ¢ = 0. Taking a closer look at the different elements of the
expression of the 4;Vi # 0 it is possible to explain its meaning by dividing it into three terms:
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) (%)7 The changes in the operational context do not affect the asset in the same way during the
whole span of its operating time. The impact of the changes will depend on the time at which they
happen and also on the characteristic of the asset. This term integrates the aforementioned details;
the time at which the change happens is explicitly represented (¢;) and asset characteristics are
included in the characterization of the reliability curve, by the shape (5) and scale («) parameters.

. (egcp(Z?zl B(Xi; — X)) — exp(Z?zl B(X(i-1)j — Tj))) This term integrates in the constant in-
formation regarding how different is the new operational context from the previous, the bigger the
differences the more effect will have the constant on the new reliability curve which the system will
follow.

e C;_1. The system state will also depend on previous changes it had gone through and therefore, it is
this term the one that integrates it by gathering the information of the constant from the previous
operational context change.

As the changes in the operational context are not specified but defined according to time intervals, the
model allows for a dynamic calculation of the reliability. Besides, the length of the time intervals are not
defined, thus, they can be of any length and they do not have to be of the same duration; the longer the
time interval the more aggregated the information and therefore the less accurate the estimations, but
still better than not considering any change in the operational conditions.

2.4. Dynamic Artificial Neural Network-based reliability model

By now the Neural Network based reliability has been introduced in subsection 2.2 and its main con-
tribution is the possibility of modeling unknown interactions among the variables and hidden phenomena.
Also the subsection 2.3 the Dynamic Weibul PHM that allows calculating system reliability taking into
account changes in the operational context and their time span. Here in this subsection, the combination
of both models is developed in order to achieve a model which comprehensively gathers the benefits from
both approaches.

Consider the hazard proposed by the Neural Network based reliability model, however, the baseline
hazard is going to be adjusted to the mean values of the operational context, equation 16. From there, the
calculation of the reliability follows the same logical process as in the Dynamic Weibull PHM. As it can be
observed, the output of the Artificial Neural Net does not depend on time, thus, for integration purposes
it is considered a constant. Then the following equations are derived through the same calculations as in
the Dynamic Weibull Proportional Hazards section, the resulting reliability function is the one described
in equation 18 and the value of the %; term is described in equation 19.

h(t,X) = hy(t)exp (G((X — X), W, B)) (16)
R(t, X;) = eap (-/ ; (;)7_ exp(G((X — X),W,B))dt) (17)

R(t, X,) = exp ( (;)7 cxp(G((X; — X), W, B)) + %—) (18)

0 Vi=0
Ci = ) B (19)
(2)" (exp(G((Xi — X), W, B)) — exp(G((Xi—1 — X),W,B))) +Ci_1 Vi #0

With the proposal of this new model, it is possible not only to integrate operational context variables
but to model the interactions among them that may trigger or condition failures. Besides it is possible
to take into account the operational changes in terms of duration, differences in the operational environ-
ment and system age at which the changes happen. In the following section, a case study is developed
exemplifying the application of the model and its benefits.
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3. Model performance. Case study

A case study approach was adopted to provide evidence on the value added by the proposed model,
to such aim it has been tested against two models of wide application. The first compared model is the
traditional two-parameter Weibull distribution, which estimates the reliability of the assets based just on
the operating time and therefore it does not integrate information regarding the operational context. The
other model included in the comparison is the Weibull-PHM, i.e. the one in equation 6, which integrates
information regarding the operational context but in a linear combination of the variables, thus it does
not consider interactions among the operational context variables nor does it have dynamic capabilities.

3.1. Data base and case study

The case study is based on a database of aircraft engines failures with their corresponding operating
conditions. More precisely, the database contains the random failures of over 1000 assets with their daily
operational context characterized by 17 variables. It also contains right-censored data of those assets
which have not failed and are associated to certain operational conditions as well.

In order to fit the model and test its performance, the data base has been split into a train data-
set and a test data-set. The train data set contains 355 failure events and 40 right-censored data and
the test data-set contains 354 failures and 704 censored data. Both fault and censored data have their
corresponding daily operating conditions associated with them. The train data-set is intended for the
model fitting, also for the Weibull and the Weibull-PHM models fitting; and the test data set is used for
comparing the performance of the three models estimating the reliability.

3.2. Model selection and fitting

Prior to testing and comparing the performance of the models, the architecture of the ANN in the
exponential part of the Dyanmic ANN-based reliability, equation 18, should be selected. To this aim
several configurations of hidden layers and nodes have been proposed and optimized for the data-set; the
criteria followed to determine which one to choose has been the maximization of the value obtained for
the partial likelihood. The different architectures have been optimized through a genetic algorithm, the
obtained values for the partial likelihood as well as the number of parameters to optimize in every option
is shown in Table 3. It can be observed that the one with the best result is the 3-1 architecture consisting
of two hidden layers with 3 and 1 hidden nodes correspondingly.

Having selected the best architecture of the ANN with its corresponding optimized parameters, the
next step is to fit the baseline hazard to follow a two-parameter Weibull distribution. For the selected
architecture of ANN, the shape and scale parameters of the baseline hazard function have a value of 4.2
and 206.7 correspondingly.

In short, the Dynamic ANN-based reliability model consists of a baseline hazard function characterized
by a shape and scale parameter and an exponential part with the ANN architecture consisting of two
hidden layers which contain 3 neurons the first and 1 neuron the second being the hyperbolic tangent the
activation function.

Table 3: ANN architectures performance

Number of hidden . Number of parameters Partial Likelihood
Architecture s .

layers to optimize Value

H=1 2 5+ 2k -1745.482
H=1 3 7+ 3k -1743.431
H=1 4 9+ 3k -1746.126
H=2 2-1 T+ 2k -1743.576
H=2 2-2 11 + 2k -1747.799
H=2 3-1 9+ 3k -1738.314
H=2 3-2 14 + 3k -1747.492
H=2 3-3 19 + 3k -1743.467
H=2 4-1 11 + 4k -1748.591
H=2 4-2 17 + 4k -1741.402
H=2 4-3 23 + 4k -1745.660
H=2 4-4 29 + 4k -1747.065

1-The number of parameters to optimize depends on k, it refers to the number of input variables.
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8.8. Test and validation of the model

The validation of the proposed Dynamic ANN-based reliability is performed through its comparison
to the widely utilized Weibull and Weibull-PHM reliability models to see if it provides any improvement
in reliability estimations. To such aim, the three models are tested by estimating the reliability of the
assets in the test data-set. The traditional Weibull model estimates the reliability of the assets according
to their operation times when they failed or were censored. The Weibull-PHM performs the estimations
according to operational time and the aggregate value of the operational context variables. The Dynamic
ANN-based reliability model estimates the assets probability of failure by considering operational time,
the daily changes in operational conditions (given its dynamic capability) and the possible interactions
among the variables.

As the proposed reliability model aims at improving the efficacy and accuracy of maintenance strate-
gies, several maintenance thresholds have been established representing different scenarios in which the
preventive maintenance actions are triggered when the reliability of the assets reach the threshold. There-
fore, according to the reliability estimated by the models and the maintenance threshold, the assets in
the test data-set may be maintained, effectively in the failure cases or unnecessarily in the censored cases
(non failure). In consonance with this logic, a new concept of reliability-based confusion matrix has been
defined, its schematic view can be seen in figure 3 and it is based in the following terms:

- True positive (TP). This measure represents the failures which would have been avoided due
to the preventive action, given certain reliability threshold as criterion to launch preventive main-
tenance on assets. As the models estimate a different reliability for the assets, the choice of the
reliability model directly conditions assumed failures. This measure is associated with the cost of
preventive maintenance, i.e. the cost incurred for every asset maintained before the failure (PC).
As the failure would had occurred if the asset had not been maintained, this cost is called in the
paper Effective Preventive Cost (EPC).

- False positive (FP). Some assets may reach the reliability threshold for maintenance in the
different estimates of the three models, yet they are not failure data but censored data in the test
data-set. It means that the preventive maintenance performed to such assets would have been
unnecessary actions and hence unnecessary PC. Therefore the FPs for every model are associated
with Over-maintenance Preventive Cost (OPC).

- False negative (FN). In other cases failing assets may not reach the reliability threshold and yet
they are failure data. This measure is intended to represent the failures assumed by choosing certain
maintenance threshold and will depend on whether the models estimates reach the threshold before
the failure time or not. If they do not reach the threshold, it means the asset would not have been
maintained and therefore corrective maintenance actions taken would have incurred in CC.

- True negatives (TN). The TN indicator represents all the censored assets which would not
have been maintained because the reliability estimates do not reach certain maintenance threshold,
therefore, not preventive nor corrective maintenance actions are taken on the assets. There is no cost
associated to the TN since they are not failures and they are not subject to preventive maintenance
actions.

The three models have estimated the reliability of assets in the test data-set at failure or censoring time.
With the estimates, various confusion matrices have been calculated for different reliability thresholds,
which range from a very risky maintenance policy (maintaining assets at reliability threshold of 10%)
to a highly conservative one (maintaining assets at reliability threshold of 90%) with four intermediate
positions. According to the thresholds and the reliability estimated by the models, the proportion of TPs,
FPs, FNs and TNs is different for each one of the three models. The results yielded may be observed in
the confusion matrices of figure 3.

As shown, with respect to the traditional Weibull model, the Dynamic ANN-based model avoids more
failures (TP) in every scenario reaching a peak of improvement of 446% when the threshold equals 0.1.
However, the proposed model also over-maintains more assets for every threshold with a peak of a 277%
higher number of over-maintained assets with respect to the Weibull model in the 0.1 threshold as well,
meaning that reliability estimations are in general lower for the Dynamic ANN-based model.

Comparing the Dynamic ANN-based reliability with the Weibull-PHM, it is important to notice that
the most significant difference in the TPs is in the 0.1 maintenance threshold with a 65% more of avoided
failures for Dynamic ANN-based model. Also in this comparison the Dynamic ANN-based reliabiliy
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over-maintain more assets reaching a 48% higher number of assets unnecessarily maintained in the 0.1
threshold.

It is significant that in most threshold the proposed model avoids more failures than assets over-
maintains in comparison with the traditional Weibull reliability and the Weibull-PHM. This result further
validates the advantages of the model, specially considering that the test data-set have a considerably
higher proportion of non-failure data as described in subsection 3.1.

Figure 3: Confusion matrices for both models and several maintenance thresholds
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3.4. Cost performance

In the previous subsection it has been proved that the proposed model improves failure avoidance
and to a lesser extent it incurs in undue maintenance. Nonetheless, the impact of both realities it is
usually not of equal importance, the over preventive maintenance is preferable because the PC is usually
much lower than CC and it can be planned as stated previously in subsection 1.2. Therefore, to further
enrich the results analysis, cost-performance metrics have been analyzed. Following the concepts of the
confusion matrix, the total cost of a maintenance policy based on reliability thresholds for the assets in
test data-set can be decomposed as the sum of three different costs associated to TP, FP and FN; this
total cost is expressed in equation 20.

Total cost = CC.FN + EPCTP+ OPC.FP (20)
12
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It is possible to define the Maintenance Costs Ratio (MCR) as the quotient between CC and PC, see
equation 21. Therefore the total cost of the maintenance policy for the assets in the test data-set can
be expressed by equation 22 as well. This formulation of the total cost allows to represent in figure 4
three scenarios for different MCR. In the graphs is represented the cost of the maintenance policy for the
models and every possible maintenance threshold. Besides, along with the costs, the savings derived from
estimating the reliability with the Dynamic ANN-based model instead of the Weibull or Weibull-PHM
models is depicted.

cc ccC cc

MCR= "0 = —— = ——_ 21
pPC OPC EPC 1)
Total Cost = (MCR.FN +TP + FP).PC (22)
Figure 4: Marginal costs comparison and savings between models
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Three different scenarios according to the Maintenance Cost Ratio (MCR) are represented.

The Cost and Savings, in the left and right vertical axis correspondingly, are expressed in Monetary Units (MU) per Cost
of Preventive maintenance action (PC), it is derived from the formulation of equation 22.
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44
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In figure 4 it can be seen that for every threshold in each one of the three MCR scenarios represented,
the model with the best cost-perfomance is the Dynamic ANN-based Reliability; this is also observable
in the savings graph. The differences between the models mainly resides in the CC associated to each
one of them. The differences yielded by the models are increasingly prominent as the Maintenance Cost
Ratio (MCR) grows, i.e. the higher the CC with respect to the PC the better performs the proposed
model and so does reflect the savings graphs.

It is interesting to remark that the more information the models integrate, the better their performance
is. In the Weibull-PHM the operational context information is integrated in an aggregate way and thus it
outperforms the traditional Weibull reliability model. In the Dynamic ANN-based model the operational
context information is integrated daily considering interactions among the variables as well and it shows
better performance than the Weibull-PHM. Herein the three models are compared for reliability estimates,
they are of growing complexity but yield better estimations by integrating more information and hence
reducing epistemic uncertainty.
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It is important to notice that the evolution of the CC for each one of the models is quite revealing,
their comparison shows further evidence on the performance of the model. On the one hand, in the
Dynamic ANN-based model and in the Weibull-PHM the evolution shows a nearly constant decrease
in every MCR scenario, it suggests that the reliability estimations are accurate and that the failures
responsible for the CC are the ones explicitly assumed by the chosen maintenance policy, i.e. the selected
threshold. On the other hand, turning to the Weibull model and its CC, the slope intensifies in higher
threshold values indicating that a considerable amount of failures avoided in such scenarios are due to
the highly conservative maintenance strategy, instead of being attributed to the accuracy of the model.

4. Conclusions

The main objective of the research presented in this paper is to reduce the epistemic uncertainty
inherent to current reliability estimations. The dynamic artificial neural network-based model presented
integrates information regarding the operational context of the assets, hence, reducing to some extent the
uncertainty since more information is translated into knowledge and explicitly considered in the model.
Moreover, it deals with two common assumptions in many traditional proposals for reliability estimations
that are “constant operational contexts” and “no interaction among operational variables” reducing to a
further extent the uncertainty involved in the model estimations.

The dynamic capability of the model is characterized by the possibility of taking into account the
heterogeneity in the span of the operational changes or the intervals in which the information has been
recorded. Thus, it increases the capability of the model to adapt to different problematic scenarios in real
industry practice. This information regarding operational context changes and its impact on the asset
reliability is all comprehended in a single term, reducing the storage and computational capacity needed
to collect and process that information by traditional techniques.

In the case study presented in this paper, the results show how the dynamic possibilities of the model
along with the architecture of the artificial neural networks are able to better estimate assets reliability
in order to enable a more accurate and therefore a better-customized maintenance policy. The proposed
model implies a lower risk level in the maintenance management and its decision-making process, it is a
step forward in the process of offering assets and its associated services with less uncertainty.

The research herein presented give rise to interesting questions whose answers remain open for future
research lines. The benefits of considering the operational context is captured in the research, as well as the
importance of dynamic considerations; however, by integrating the artificial neural network architecture
it is more complicated to interpret the separate effect of each one of the context variables being this
issue worth of further research and consideration. This is an important aspect to take into account if the
operational context impact on assets reliability were to be address on early stages of the life cycle of the
assets.
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