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FOREWORD

The IFAC SAFEPROCESS 2024 is continuing the successful series of symposia held in Baden-Baden
(Germany, 1991), Helsinki (Finland, 1994), Hull (UK, 1997), Budapest (Hungary, 2000), Washington DC (USA,
2003), Beijing (China, 2006), Barcelona (Spain, 2009), Mexico City (Mexico, 2012), Paris (France, 2015),
Warsaw (2018), and Paphos (Cyprus, 2022). The Department of Engineering of the University of Ferrara, Italy,
organized the IFAC SAFEPROCESS 2024 in Ferrara, Italy, for the first time since its first edition, on June 4—
7,2024.

The theory and practice of control and technical diagnostics are facing big problems as the complexity of
modern industrial systems and processes keeps growing. The need for greater reliability in their operation,
control quality, and security is also growing. Early detection and diagnosis of faults and cyberattacks are critical
to avoid performance degradation and damage to machinery or human life.

The SAFEPROCESS symposium is a triennial IFAC meeting and a major international gathering of
leading academic and industry experts from all over the world. It aims at strengthening the contact between
academia and industry to build up new networks and cultivate existing relations. High-level speakers have
given talks on a wide spectrum of topics related to fault diagnosis, process supervision, safety monitoring,
fault-tolerant control, cyber-security, as well as state-of-the-art applications and emerging research directions.
The symposium has also served as a forum for young researchers, giving them the opportunity to present their
scientific ambitions and work to an audience consisting of international technical diagnostics and control
communities.

Fault diagnosis and fault-tolerant control have developed into major research areas at the intersection of
system and control engineering, computer science, applied mathematics and statistics, or soft computing, as
well as application fields such as mechanical, electrical, chemical, and aerospace engineering. IFAC is
recognised as playing a crucial role in this aspect by launching a triennial symposium dedicated to this subject.

The SAFEPROCESS 2024 program can be accessed at https://www.safeprocess2024.eu/#. The
program consisted of nineteen regular and five invited sessions on three parallel tracks. It also contained six
keynote talks prepared by outstanding academics and industrials who introduced advanced results on fault
diagnosis, fault-tolerant control, root cause analysis, and cyberattack prevention. In particular, Prof. Ron J.
Patton (UK), from the Univ. of Hull, delivered the speech entitled “Offshore Wind Turbine Rotor Imbalance, a
Fault-Tolerant Control Problem”; Prof. Christophe Combastel (FR), from the Univ. of Bordeaux, delivered the
speech entitled “ Reachability and Filtering for Safe Processes: From Zonotopes to Functional Sets with Typed
Symbols”; Prof. Roger Dixon (UK), from the Univ. of Birmingham, gave the talk “Fault Tolerance in Railways:
“The Evolution of a Radical Next Generation Track Switch”; Dr. Steinert Olof (SE) from Scania, delivered the
speech “Harnessing Data for Predictive Maintenance and Collaboration, Boost Innovation”; Prof. Biao Huang
(CA), from the Univ. of Alberta, talked about “Advancing Causal Analysis for Fault Detection and Root Cause
Analysis in Process Systems Engineering”; and Prof. Ping Zhang (DE), from the Univ. of Kaiserslautern-
Landau, gave the talk “Detection and Avoidance of Cyber Attacks on Industrial Control Systems”.

The symposium received one hundred seventy-eight submissions, divided into three sets: one hundred
forty regular papers, thirty-one invited papers, and seven invited sessions. The rejection rate for submissions
was 23%. The symposium had one hundred eighty-seven participants, including one hundred twenty-two
academics and sixty-five students. Regarding the statistics, we identified an average of 3.6 authors per paper.
The number of participating countries was forty-eight. Regrettably, we failed to achieve a satisfactory balance
between geographical regions. The countries with the most papers, in decreasing order, are China, France,
Germany, ltaly, Spain, Sweden, the United Kingdom, the United States of America, the Netherlands, and
Mexico.

One pre-symposium tutorial, a roundtable, and a benchmark competition were also included in the
technical program. As a result, Vasso Reppa from Delf University of Technology, Mayank S. Jha, and Didier
Theilliol from the University of Lorraine organized the roundtable titled "Gnosis for Maintenance: From
Diagnosis to Prognosis and Health-Aware Control." The meeting was very active, with comments and
questions from more than fifty attendees in a two-hour session. Additionally, Eric Frisk, Daniel Jung, and
Mattias Krysander from Linkdping University organised a competition on fault detection and isolation
techniques with incomplete data. The airflow system of an internal combustion engine was considered an
industrial benchmark. The competition was intriguing and a good motivating example for young researchers.
A two-hour special session presented the results of the six participants. The young researchers Nicolas
Anselmi, Andrea Arici, Francesco Corrini, and Mirko Mazzolen from the University of Bergamo, Italy, took first
place in the competition, and the two next classified also obtained a diploma.



Regarding the pre-symposium tutorials, three proposals were received; however, only one met the
minimum registration quota defined by the organizers. Linlin Li from the University of Science and Technology
Beijing, Zhiwen Chen from Central South University, and Steven X. Ding from the University of Duisburg-Essen
integrated the tutorial, entitled "Control Theory-Informed Machine Learning for Fault Diagnosis in Dynamic
Control Systems." The tutorial was free for students, and there were thirty-three attendees.

The symposium recognized three awards: the Paul M. Frank Theory Paper Award given to Louis Goupil,
Louise Travé-Massuyés, Elodie Chanthery, Thibault Kohler, Sébastien Delautier for the paper entitled “Tree-
Based Diagnosis Enhanced with Meta Knowledge Applied to Dynamic Systems”; the IFAC Young Author
Award given to Henrik Sebastian Steude*, Lukas Moddemann, Alexander Diedrich, Jonas Ehrhardt, Oliver
Niggemann for the paper entitled “Diagnosis Driven Anomaly Detection for Cyber-Physical Systems”; finally,
the Best Application Paper Award was given to Andrea Mattioni, Lucas José da Silva Moreira, Herve Yves
Guy Bernard Louis Roustan, Gildas Besancon, Mirko Fiacchini for the paper entitled “A step towards
implementation of state observers in industrial aluminium smelters”.

SAFEPROCESS 2024 was the first IFAC SAFEPROCESS symposium to be streamed thanks to the
University of Ferrara YouTube channel, enabling researchers and practitioners to participate either physically
or online. As a result, the sessions are still accessible through the complete playlist at
www.youtube.com/playlist?list=PLL80i9P61J-0O-4-Y79u-KKkoHybZw9dOk. The presentations provided
participants with an invaluable opportunity to learn from the knowledge and experiences of world-renowned
scientists and experts. Covering a range of exciting topics, these sessions generated ideas, concepts, and
methods that will make future industrial systems and processes more efficient and safer.

As International Programme Committee Chair and General Chair, we are filled with immense pride and
joy as we reflect on the success of this remarkable event. The hard work, dedication, and collaborative spirit
of everyone involved have truly paid off, creating an unforgettable experience for all participants. We extend
our heartfelt gratitude to all who contributed, and we look forward to many more successful IFAC
SAFEPROCESS symposia in the future.

Cristina Verde
International Program Committee Chair

Silvio Simani
General Chair
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The scenario approach for data-driven

prognostics
D. Cesani* M. Mazzoleni* F.Previdi*

* Department of Management, Information and Production engineering
University of Bergamo, via Marconi 5, 24044 Dalmine (BG), Italy.

Abstract: Prognostics is the process of forecasting the time-to-failure or the time-to-alarm of
an industrial item using degradation models. Data-driven approaches to prognostics employ re-
gression models fit on condition indicators computed from raw run-to-failure data to extrapolate
the degradation behaviour of the item. The development of a reliable data-driven degradation
model typically requires many run-to-failure acquisitions to understand the degrading behavior.
Such experimental tests are destructive and expensive for items manufacturers. Thus, decreasing
the number of run-to-failure experiments is key in reducing predictive maintenance costs. In this
work, focusing on time-to-alarm prediction to anticipate items breakdown, we propose a data-
driven method based on the scenario approach to characterise the degradation behaviour of an
industrial item in certain operative conditions using only one run-to-failure experiment, updating
the time-to-alarm prediction only when needed. The scenario approach gives probabilistic

guarantees on the time-to-alarm predictions.

Copyright © 2024 The Authors. This is an open access article under the CC BY-NC-ND license

(https://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Prognostics; Scenario approach.

1. INTRODUCTION

Predictive maintenance is a tool to maximize industrial
machinery dependability, reduce damages caused by failed
items and decrease intervention costs (Zio, 2022). In this
context, Prognostics and Health Management (PHM) is
a research field that links the study of failure mecha-
nisms and life cycle management of mechanical items of
industrial machinery (Javed et al., 2017). PHM approaches
employ raw sensor data from industrial machines to com-
pute condition indicators (Cls), preferably monotonic and
proportional with the degradation level, used to contin-
uously evaluate the health state of the items (condition
monitoring) (Mazzoleni et al., 2021). Data-driven methods
to prognostics fit a degradation model on the computed
CIs using regression techniques. These models can be used
at the current time to predict the Cls values at future time
instants. The model and its predictions are then updated
each time a new CI value is available (Javed et al., 2017;
Maurelli et al., 2024), see (Zhai et al., 2019) and (Ramezani
et al., 2023) for thorough reviews. Often, the uncertainty
in the CIs predicted values is considered to provide an
interval of possible future CI values.

Relying on the design specifications of the items, health
state thresholds on Cls trend are derived to estimate the
items Remaining Useful Life (RUL). Typically, prognostics
methods work with a set of different thresholds, denoting
an (i) initial degradation, (ii) an alarm condition where
the degradation is critical, and (iii) a complete failure
situation (Javed et al., 2015). RUL estimation is however
a complex task since the prediction of the Cls future trend
is affected by different sources on uncertainty (Javed et al.,
2017)(Celaya et al., 2012)(Sankararaman, 2015). For this
reason, many run-to-failure data are typically required to
develop a reliable degradation model that is able to also

quantify the uncertainty in the predictions. Still, run-to-
failure experiments are costly and difficult to implement
in industry (Mazzoleni et al., 2022).

Following the previous statements, the development of
a data-driven degradation model can be thought as an
optimization problem under uncertainty. In this context,
the scenario approach theory allows to learn models from
data providing finite-sample uncertainty quantification
that are independent from the data probability distribu-
tion (Campi et al., 2021). In particular, Interval Predictor
Methods (IPMs) apply the scenario theory on estimating
a prediction interval, rather than a point value (Campi
et al., 2009)(Garatti et al., 2019).

In this paper, we propose a data-driven prognostics
method that relies on the scenario approach and employs
an IPM for fitting a degradation model for a single CI.
The use of the IPM allows to (i) consider only a single
run-to-failure experiment for data acquisition, regardless
of the fault on the item, so that only a single item needs
to be characterized with respect to its degradation history;
(ii) manage the uncertainty in the measured data, provid-
ing a forecast of the time-to-alarm' interval with finite-
sample and distribution-free probabilistic guarantees; (iii)
update the degradation model only when needed, in case
the online behavior of a new item is different from the
characterised one. The proposed approach to prognostics
is evaluated on the public PRONOSTIA fempto-bearings
dataset (Nectoux et al., 2012). Results are compared
with the Summation-Wavelet Extreme Learning Machine
(sw-elm) structure presented in (Javed et al., 2015).

The remainder of the paper is organised as follows. Section
2 presents the main results of the scenario approach theory.

1 The time-to-alarm is defined as the time instant when the CI
forecast intersects the alarm threshold denoting an alarm condition.

2405-8963 Copyright © 2024 The Authors. This is an open access article under the CC BY-NC-ND license.
Peer review under responsibility of International Federation of Automatic Control.
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Section 3 and Section 4 define the proposed prognostics
method and show validation and comparison results, re-
spectively. Section 5 is devoted to concluding remarks.

2. SCENARIO APPROACH THEORY

2.1 Review of the scenario approach

Consider the optimization problem as defined in (Campi
and Garatti, 2008, 2011; Garatti and Campi, 2013)

vg}l{lﬁlf(v,d), (1)
where v € R%! is the vector of design variables and
0 € A is a generic uncertain element, with A the set
of all possible uncertainty elements. The cost £(v,d) is
assumed convex in v for any given § with no dependence
on A. However, problem (1) is not well-defined as it lacks
a description of how ¢ should be accounted for in the
optimization process. To address this issue, the scenario
approach considers IV outcomes of the uncertainty variable
01,09, ...,0N, called scenarios, sampled independently from
A according to the probability measure P. In practical
applications, a finite number of N scenarios are used to
approximate A and (approximately) solve (1), following
in its simplest formulation a worst-case philosophy. This
leads to the following scenario program.

Definition 1. (Scenario Program).

SPNI

max

min I
i=1,...,N

i, o). @
Problem (2) is solved in place of (1) to obtain a solution
v* with £* the related optimal cost value.

Consider now a new scenario dyy1 # 0;,1 = 1,...,N.
As dn41 has not be considered in solving (2), it may
happen that £(v*,dny1) > £* (that is, the solution v* is
not the optimal one) with a certain probability, quantified
as follows.

Theorem 1. (Campi and Garatti, 2008) For any € € (0,1)
(risk parameter), and 8 € (0,1) (confidence parameter), if

the number of scenarios N satisfies N > % ln% +d—1),

then, with probability > 1 — 3, it holds that £* is e-risk
guaranteed, that is

P{6 e A:L(v",0)> ("} <e

The risk parameter € is defined by the user and bounds
the quantity P {0 € A : ¢(v*,§) > £*}, that must be in-
terpreted as the probability of observing ¢ such that
L(v*,8) > £* for fixed values of v* and ¢*. The quantity
V", 0*) =P{d € A: L(v",0) > ("} (3)
is called the violation probability and quantifies the robust-
ness level of (v*, ¢*). Furthermore, {§ € A : £(v*,d) > £*}
is called wiolation set, of which V' (v*, ¢*) is the probabilis-

tic measure. Lastly, note that N is independent of P, so
no knowledge of P is required.

The practical application of the scenario approach only
requires to have at disposal enough scenarios, no matter
how obtained. For instance, a scenario may represent a
set of scalar observations {u;,y;}, that are related by a
generic relationship g(-) so that

yi = g(u;) + noise. (4)

This application concerns the interval predictor method.
2.2 Review of the interval predictor method

Interval predictors are regression models that return a
prediction interval (also known as a layer), as opposed to
just a single point prediction (Campi et al., 2009; Garatti
et al., 2019). Consider a set of NV independent observations
(scenarios) from (4)

5i = (ui,yi), Z:L,N (5)
Interval predictor models are composed by:

(1) a standard regression model §(-) for g(-) in (4) esti-
mated using (5);

(2) a point prediction g(uny4+1) = §(unt1) for a new
unknown input wuy4; and a prediction interval
[D1ow (UN+1), Jup(un+1)] where the true value
y(unt1) = g(uny1) lies within a certain guaranteed
probability.

Let g(-) be a polynomial model of degree n = d — 1. The
IPM is estimated by solving the convex problem

i -1
Iin i:ql,?fhoJi_ [o1 + vau; + oo+ vl ][], (6)
where v = [v1 ... Un]T € R™ are the polynomial coeffi-

cients to be estimated and v* € R" is the problem solution.
Note that (6) follows from (2) by imposing

U(,8;) = |yi — [o1 + vou; + oo +vul Y]]
with the uncertain elements d; defined by (5).

Introducing an auxiliary variable ¢ € R, problem (6) can
be reformulated as a problem in dimension d = n+1 (Caré
et al., 2015):

min ¢
L,veR™ (7)

s.t.: ‘yi - [vl + vouy + ...+ vnu?_lﬂ < /.
where {¢£* € R,v* € R"} is the solution of (7). Using v* =

[} ... v;",l]T € R™, the point prediction §(u;) at input u;
® §(w) = v} + 3w+ 4 ofur (8)
while the prediction interval in wu; is defined by the limits
glow(ui) = yA(u”L) - e*a (98“)
Gup (ui) = g(u;) + £*. (9b)

The term layer refers to the region of the w-y plane
composed by values in (9) evaluated for any input w.

Given a new observation dy41 = (un+1,Yn+1), the prob-
ability that oy, lies outside (9) is the wiolation of the
solution (v*, £*), defined as in (3)
V(o' ) =P {|y; — [v] + viu; + ... + ojuf ]| > £}
(10)
Theorem 1 can be specialised in this context as follows.

Theorem 2. (Campi et al., 2009) For any € € (0,1) (risk
parameter), and 8 € (0,1) (confidence parameter), if the

number of scenarios N in (4) satisfies N > 2 (ln% + n),

then, with probability > 1 — 3 the layer fails to correctly
predict (un+1,yn+1) with probability no more than e.

Theorem 2 is particularly powerful as it holds for every
noise distribution and complexity of g(-) in (4). In many
real situations where the model family g(-) does not
include g(-), Theorem 2 still holds, with a possibly wider
layer (9).
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3. DATA-DRIVEN PROGNOSTICS USING IPM

Consider two exemplars A and B of the same item operating
under defined operative conditions. Let f;, i =1,..., N,
be the i-th value of a (possibly) monotonic condition
indicator (CI), computed from raw measurements acquired
during a single run-to-failure experiment of item A, i.e.
starting from healthy to a failed condition of the item.
The observations (scenarios) follows from (4) as

§i=(i,f), i=1,...,N (11)

by setting u; = ¢ and y; = f;, with ¢ denoting the time
index when f; is computed. The time instants ¢ do not
need to be evenly spread, nor any knowledge about the
fault mechanism is required. Then, an interval predictor
model as (7) can be estimated using (11) to characterise
the degradation process of item A as in (8)-(9)

fG@) =vf +vdi+ .. +oiint, (12a)

fiow(i) = f(i) — €7, (12b)

Jup(@) = f(i) + 07, (12c)

We denote this characterisation of the degradation model
as the primary interval predictor.

Let T, be a threshold that if exceeded denotes an alarm
situation, we define as 7, the time index where the
predicted Cl-values interval (12b)-(12c) first reaches the
value T,, that is

flow (iTa1 ) = Tala (13&)

fup(iTal - p) =T, (13b)
with p the width (in time) of the estimated time-to-alarm
interval. We use p to evaluate the performance of an
estimated interval. In this context, a better performance
means a lower p. Note that, if the model structure (12)
is wrong (e.g. the data are generated by a polynomial
model of higher grade or by a model of another family)
the primary interval predictor will be wider (higher p)
with respect to the one obtained using the right model
structure. In this case, despite possible minor performance
(i.e. a higher p) , all data points will still be inside the
interval (12b) (12c¢) so the primary interval predictor is still
valid. To improve the layer performance (i.e. to obtain a
lower p) while maintaining a polynomial model, it might be
necessary to increase the order of the polynomial model.
Finally, we also define as Zﬁ?fl the time index where the

estimated polynomial model (12a) touches Ty, that is
flisst) = T (14)
Assume now to employ (12) in production, that is to
perform prognostics using online data from another item
B, which is a different exemplar but shares the same
design of A (e.g. the two items can be different physical
instantiations of the same part number). Two situations
may arise:

(1) the item B presents a similar CI behavior as item A
(i.e. with CI values fP that lie inside the layer defined
by (12¢)-(12b)), so that model (12) is consistent
with the new data. The quantity f denotes the CI
computed on raw data from item B at a time t # i;

(2) the item B shows a different CI behavior than item
A (i.e. with CI values fP that lie outside the layer
defined by (12¢)-(12b)), so that model (12) is not
consistent with the new data.

In the first case, the quantity (13) is especially important
as allows, for another item B with similar CI behavior
as item A, to reuse the same prognostics model (12),
according to the following proposition.

Proposition 1. For any ¢ € (0,1) and 8 € (0,1), if
the number of observations N in (11) satisfies N >

% (ln% + n), then, with probability > 1 — 8 the time-to-

alarm interval (13) does not contain the true time-to-alarm
with probability no more than e.

Proof 1. Since (11) contains time-to-alarm data, the proof
follows from the application of Theorem 2 to (12).

Consider now the case where item B shows a different
CI behavior than item A (i.e. with CI values f2 outside
the layer defined by (12c)-(12b). In this case, the interval
predictor model (12) needs to be updated to characterize
the new degradation behavior f2. We denote the updated
models as the secondary interval predictor.

Note however that the analysis of the degradation process
of item B is made online when the system is running, so
run-to-failure data are not available from B (indeed, it is of
interest to predict its alarm time). Thus, in this case, no a
priori guarantees can be given on the time-to-alarm predic-

tion interval as in Proposition 1 until N > % (ln% + n)

samples of fP are acquired. At that time, by updating
the prognostics model for item B as needed considering its
incoming CI values, the validity of Proposition 1 will be
restored. So, the secondary layer has the same properties
of the primary one. Nonetheless, the presented approach
allows to fully leverage a single run-to-failure experiment,
providing finite-sample and distribution-free guarantees of
the time-to-alarm prediction if the online-computed CI
values are compatible with the primary model (12).

Consider again the situation where item B shows CI values
fB that are not consistent with model (12) estimated
using (11), so that (12) needs to be updated according
to the incoming CI values fP2. As reported in Theorem
2, the scenario approach requires a minimum quantity of
observations N in (5), that depend from the user choice
of parameters €, § and n, prior to employ the model with
its probabilistic guarantees. The rationale for the updates
of the interval predictor model is as follows. First, define
the following deployment thresholds T1,T5, @, in addition
to the typical thresholds denoting (i) initial degradation
Theg, (i) alarm Ty, and (iii) complete failure Taii:

e 77 is the degradation level where the comparison
between the degradation behavior of A and B starts.
It can be set as T = Tqeg O T1 < Tieg;

e T, is the degradation level where any new update
of the interval predictor model (12) is performed,
only when needed. To update the model in advance
with respect to a supposedly true alarm, it is set as
Ty < T,. When feature values from B exceed T5, the
model can be updated according to the threshold @;

e () is the number of CI samples that are allowed to lie
outside the primary layer (12), before triggering the
updated of the interval predictor.

The exact definition of the degradation/alarm/failure
thresholds is application-dependent and mostly based on
the physics of the degradation process. The proposed
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deployment thresholds 77,75, @ are less critical to tune
as they may be defined as a percentage of the standard
thresholds Tqeg, Ta1, Ttait Or (especially T5) be set automat-
ically when exactly a total of IV feature samples from B
are acquired. Algorithm 1 and Algorithm 2 summarize the
method.

Algorithm 1: Primary interval predictor.

Input: € 38, n

Output: primary interval predictor model (12)
Acquire raw run-to-failure data from item A
Compute N values of the CI as in (11)

Solve (7) using (11) to get (12)

Algorithm 2: Use and update of the primary model.

Input: primary model (12), a new CI value ftB7
T1,T2, Q, Taeg, Tal, Ttail
Output: secondary interval predictor models
q=0
if ftB > T and ftB < T then
if fB is not in the primary layer (12) then
| ¢g=q+1
end
else
if ¢ > Q then
update the interval predictor model using the ftB Cls
collected up to the current time ¢
qg=0
end

end

4. CASE STUDY: PRONOSTIA FEMPTO-BEARINGS

The PRONOSTIA experimental platform (Nectoux et al.,
2012) is used to validate the proposed approach. We con-
sider bearings data under rotation speed of 1800 rpm and
a radial force of 4000N, using only the horizontal ac-
celerometer measurements. We use the bearing1-1 (b1-1)
experiment for offline estimation of the primary model
(12), and the bearing1-3 (b1-3), bearingl-4 (bl-4) ex-
periments to show how the fine tuning works and when
it is performed, simulating an online prognostics. The
performance of the proposed method will be assessed by
the width p of the estimated time-to-alarm interval. The
results considering the other available acquisitions are not
reported to simplify the exposition. However, the method
performs similarly also in these cases.

Figure 1-(left) shows the PRONOSTIA raw data. Note
that the bl-1 experiment has the longest run-to-failure
acquisition while b1-3 and b1-4 reach a complete failure
earlier. On bl-1 we define the time instant where we
consider that the bearing started to degrade (green dashed
line), the time instant where the component is critically
degraded (red dashed line), and the time instant where
it is broken (black dashed line). It is clearly visible that
b1-4 reaches the complete failure status much earlier than
b1l-1 (used to estimate the primary model), so in this case
the degradation process is different and we expect that an
updating of the primary model is needed.

As in (Javed et al., 2015), the monotonic cumulative
feature &(arctan); is defined as the CI f; as follows:
first, the arctan value is computed for each sample of
the raw vibration signal; then, the data are organised in

— . bearingl-1 - duration 7h:47m bearingl-1

= 50 I 7h:35m —40 w= = faijlurg TH -

-2 0 _ g 20 AL 'l'il

g 4h:2 E

;3 50 L 1:20m 2 1

- 0 2 4 6 8 ® 0 1 2 3
=106 =< 10%

—— _ bearingl-3 - duration 6h:36m bearing1-3

22 50 —-40

= 1 1 T == = = = = =

2 0 1 g 20 —i

£ 50 L 1 =

- 0 2 4 6 8 ® 0 1 2 3
=106 x10%

— _ bearingl-4 - duration 3h:58m bearingl-4

—— 50 —-40

E ‘ I P el i e

= 0 i 1 £20

= 50 1 1 = 0l
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Fig. 1. (Left) raw vibration signals. The green dashed line
is the time instant at which we consider that the bear-
ing starts to degrade. The red one is the time instant
at which we consider that it is critically degraded. The
black one is the time instant at which the component
breaks down. (Right): Condition indicator &(arctan);.
Each point covers 10s of raw data. The horizontal
green dashed line represents the degradation thresh-
old Tyeg; the red one is the alarm threshold T3, and
the black one is the complete failure threshold Tty;;.

N batches that cover 10s of processed samples, with P
data in each batch. For batch ¢ = 1,..., N, the standard
deviation of the data is computed and a smoothing process
is performed by applying a local regression (LOESS) filter
with a span value of 0.3, obtaining the simple feature
o(arctan); ; for the j-th sample in the i-th batch. The
cumulative feature is then computed as

Zjlvil o(arctan); ;

&(arctan); = , i=1,...,N (15)

1

ijvil o(arctan); ; ’
This definition allows to use (15) in online situations, like
the considered case. Figure 1-(right) shows the computed
CIs (15). In the first graph above we derive the degrada-
tion/alarm/complete failure thresholds considering the CI
values corresponding to the time instants defined on raw
vibration data. For b1-3 and b1-4 we simulate an online
acquisition process, using Algorithm 2.

4.1 Primary interval predictor estimation

The proposed method performs offline only the primary
interval predictor estimation, using all the CI samples
together calculated from the run-to-failure raw data of
bil-1. We fix e = 0.05, 8 =1-10"" and n = 6. As a result,
the minimum quantity of samples needed is N = 1069.
The deployment thresholds are set as T3 = 0.9 - Tycq
and T, = 0.9 - Ty,. Lastly, we set Q = 200 which allows
new features to lie outside the primary layer for 2000
seconds consecutively. Cyan lines in Figure 2 show how
the estimated layer contains the true value of (15) (blue
line). The width of this primary time-to-alarm interval is
p = 21 minutes. This performance can be considered good
in this context, since on more than 6-hours test, it does
not lead to overly premature alarms.

4.2 Online usage: model updating not needed

Consider now the CI (15) from b1-3. The yellow line and
the green zoomed box in Figure 2 show that the new
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Fig. 2. (Cyan area): primary interval predictor estima-
tion. (Yellow line): b1-3 degradation process analysis.
(Purple line) b1-4 degradation process analysis.

considered item has a degradation process that stays in
the primary layer (12¢)-(12b). It has some points outside
prior to threshold 75, but the counting does not exceed Q.

In this case, the proposed method does not solve any
other optimization problem, saving computational re-
sources that can be used for other tasks. Human operators
can check runtime how the degradation evolves having
already the primary time-to-alarm interval. So, the prepa-
ration of the maintenance can be scheduled very early. If,
as in the next case, the degradation process is outside the
primary layer for more than @ points before the T5 level,
a pre-alarm can be generated to alert the operators.

4.8 Online usage: model updating needed

Lastly, we analyse the behavior of b1-4. The purple line
in Figure 2 shows that the new item has a degradation
process not consistent with the primary layer. So, the
degradation model must be updated. The new interval
predictor is computed only when the feature (15) reaches
the threshold 75, so reducing the computational load. In
the red zoomed part of Figure 2, it is possible to observe
that the projection of the interval estimation (purple
dotted and dashed lines) from T to the alarm threshold T}
no longer contains the true value of (15) (purple solid line).
This is acceptable for two reasons: first, the estimated
interval is conservative with respect to the real alarm
instant; second, data that occur after 75 have not yet been
acquired. Here comes the possibility to update the model
each time a new CI value, or a batch of new values, is
acquired.

Figure 3 shows this iterative update. The layer was set
to be updated whenever a batch of 50 new CI values is
available. It can be seen that the updated layer (in yellow)
touches Ty closer to the true alarm instant. The time
difference between the two instants is about 5minutes.
This small estimation error is not critical in the prognostics
task as the alarm is not too premature. Note that this
error can be imputed to the choice of a polynomial interval
predictor. Selecting different model families may result
in different predictions. Nevertheless, the prognostics task
was completed. The model performance is still very good,

bearingl-4 degradation analysis

alarm TH

1.18 1.2 1.22 1.24
Time [s]

1.12 1.‘14 1.‘16
x<10*
Fig. 3. Updating the new layer (purple dashed line) with a
batch of 50 new feature samples, that lie between the
2 yellow dots on the purple solid line. In yellow, the
updated layer.
as the width p of the estimated fine tuned interval is
about 2 minutes and 30 seconds. In this case, a key role is
played by T7 and specially by T5 thresholds. The former
can be fixed to a lower level to make the comparison
earlier and possibly to allow arising a pre-alarm if the
degradation is different to the primary one. The latter
determines when the new degradation model estimation is
performed. A lower T5 leads to an earlier model estimation,
however it is possible that the time difference between
the predicted alarm time and the true one increases, as
enough observations N should be collected for the scenario
guarantees to hold.

4.4 Comparison with sw-elm structure

The comparison between the proposed method and the
sw-elm structure (Javed et al., 2015) consists of evaluating

how much the RUL estimation R/U\L(tc) differs from the
true one RUL(t.) for each current time t. such that
0 < t. < i%", where it is the true time-to-alarm instant.
In details, we define

RUL(t.) = i" —t;;  RUL(t,) = i§* —t..  (16)

where i$* is defined as (14). We consider the absolute
value of the RUL estimation error, defined as follows:

|RULerror(tc)| = |RUL(tc) - RUL(tC)‘ (17)
Figure 4 shows how the methods perform, considering
three different bearings: b1-3, bl-4 and bearingl-7
(b1-7). Figure 4 does not show the layers widths p. It
is clearly visible that the first and the latter cases (blue
and green lines) does not require IPM model updates;
b1-4 (red lines) instead implies two model updates. Con-
sidering the experiments b1-3 and b1-7 it is possible to
say that the proposed method is beneficial with respect
to the sw-elm algorithm: a constant error is more useful
than one which continues to rise and fall in time, since
it makes the maintenance %dule easier. Furthermore,
especially in the b1-3 case, RUL(t.) is ounly thirty seconds
away from true RUL(t.),Vt.. On experiment bl-4 the
proposed method has three different constant error levels,
one relative to the primary layer and two for each model
updates. These updates decrease the error significantly,
as can be seen in the zoomed part of Figure 4. Instead,
sw-elm performs worse at the beginning, but at some
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Fig. 4. Absulute value of RUL estimation errors. The
solid lines are relative to the proposed method. The
dashed ones instead, refer to the sw-elm method.
bl-4 requires IPM model updates to reduce the
corresponding |RU Leyyor (te)]-

point its performance become better than the proposed
method. However, when the IPM model is updated the two
methods behaves similarly. Furthermore, sw-elm estimates
the entire degradation process for each t., and thus it is
computationally heavier with respect to the proposed IPM
model that is updated only when needed.

5. CONCLUSIONS

This work presented a data-driven prognostics method
based on the scenario approach theory. The strategy
uses only one run-to-failure acquisition to characterise the
degradation process of an item, leading to a primary time-
to-alarm interval estimation. This interval has probabilis-
tic guarantees of containing the true alarm instant. The
obtained results evidence that the method performances
are satisfactory, also in comparison with sw-elm algorithm.
The strategy is thought to have a light computational load,
updating the predictions only if the behavior of a new item
is different from the the characterised one.

Future research will be devoted to provide an optimal
strategy to define the deployment thresholds 77 and T» as
well as improving the comparison of degradation processes
to detect differences more efficiently.
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