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Abstract

The aim of this paper is to discuss the modelling and optimization of condition-based maintenance poli-
cies for systems is submitted to usage profile changes. The considered system undergoes a monotone
deterioration (gamma process) and its is impacted by the usage conditions (covariates) via the propor-
tional hazards model. Four different policies are proposed and the optimal maintenance parameters
minimising the long run average maintenance cost are derived. The different maintenance policies are
numerically compared by Monte Carlo simulations.

Key words: Condition-based maintenance, Gamma process, usage profile, covariates, long run average

maintenance cost.

1. INTRODUCTION

This paper focuses on the monitoring and maintenance of a deteriorating system subject to changes in
its usage profile. The failure occurs when the deterioration level is higher than an acceptable threshold.
The failure is not self declared, i.e. it can be revealed only by inspection. In this framework, the main-
tenance policy under consideration is a Condition-Based Maintenance (CBM). The CBM considers the
current health of the system available through monitoring and based on this latter triggers maintenance
operations to avoid failure. The information related to the system health can be collected by continuous
monitoring or inspections. This paper considers the case of monitoring by inspections. To avoid a failure
occurrence and its consequences a preventive replacement takes place when the system is highly dete-

riorated. The inspection interval and the deterioration threshold triggering the preventive maintenance
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are the maintenance parameters to be tuned to have a better economic performance of the maintenance
policy. For instance, if the inspections are costly, the system is not often inspected. Nevertheless, a low
number of inspections leads to a high risk of missing a failure occurence. Therefore, the optimal tuning
of the maintenance decision variables one of the main issue in the framework of CBM application. This
problem has been addressed intensively, for instance in [2, 14] CBM for a deteriorating system is consid-
ered and in [5, 25| continuous monitoring replacement policies have been proposed. In these studies a
maintenance cost model is proposed which quantifies the costs and benefits of the maintenance strategy
and permits to find the optimum balance between monitoring and maintenance efficiency.

In the literature, the problem of condition-based maintenance is mostly focused on monotonically
deteriorating systems with static usage profile, [1, 5, 12, 30, 31]. Since the monitored systems are more
often exposed to dynamic environments, the maintenance policies can be improved significantly when
the variations, in terms of mission types and operating environments, can be taken into account in
the maintenance decision making. These variations can be explained by e.g. various usage profiles or
various operation environments for the systems and have a major impact on the degradation behaviour.
Disregarding these variations leads to less efficient and somehow non-realistic maintenance policies, [28].
In [6, 16, 22, 23, 24, 26, 28] information on the usage profile is used to plan maintenance operations on
a monitored system such as bearings, gear tooth, electronic systems and a high power clutch system.
However, taking into consideration these variations requires a prior knowledge on the consequences of
different usage profiles on the system degradation.

A large number of works in engineering and life science express the impact of the environmental
conditions or the usage profile, called covariates, on the wear or deterioration process. In [17], the author
studied the impact of the environmental in usage conditions on the wear process and gives and exact
mathematical formulation of the system’s properties. In many papers the impact of covariates on the
wear is expressed through an exponential model called the proportional hazards model, [27]. If the usage
profile is observable it is worthwhile to take benefit of this information in the maintenance policy. In
some cases, the usage profile or the environmental conditions monitoring is much cheaper than the health
monitoring. For example in the case of wind turbines the wear of the blade is directly related to the
wind speed, and more generally to environmental conditions. It could be much easier and cheaper to
measure the wind speed and to follow the environmental conditions than performing inspections on the

blade of the wind turbine. When the usage profile has a significant impact on the system health or the



deterioration rate, the maintenance decision rule can be only based on the usage profile, [29]. In this
case, a limited number of profiles are identified and a quantitative relation between these usage profiles
and the system degradation rate is derived. This kind of classification is often applied in rotorcraft health
and usage monitoring systems, where it is called flight regime recognition [15, 21]. In this case, past
experience enables the classification of a relative damage severity for each flight regime. By monitoring
the usage, both the present health and the remaining life can be estimated. As it is mentioned in [13],
for aircraft engines similar algorithms have been also used.

Another alternative when dealing with covariates (usage profile) is to take into account both deteri-
oration and the covariates in the maintenance decision rule. For instance, in the paper [20] the authors
address the maintenance of stochastically deteriorating system with covariates. The latter maintenance
policy takes into account the covariates but only through their impact on the deterioration process. In
9, 10, 34] the problem of condition-based maintenance with dynamic environmental conditions is ad-
dressed and maintenance decision rules based on both health and covariates are proposed. Inspired by
the CBM policies proposed in [29, 34] this paper proposes an attempt to analyse thoroughly the CBM
problem considering the usage profile (covariates). This paper generalises the results obtained in [11] by
proposing a comparison of a health based, usage based and two different health-usage based policies.

The main contributions of this paper are as follows. We propose an original usage-based policy which
takes into account the system age and the sojourn time in each usage state. Moreover, a combined health
and usage based policy is proposed where in difference with [34] the two indicators (health and covariates)
are not necessarily inspected in the same time and the inspection interval for each indicator is optimized
separately. Above all, in the cost calculation the usage monitoring cost is also taken into account which
makes the total maintenance cost more sensitive to the inspection policy and to the information collected
on covariates (usage). For the sake of comparison, we consider two other existing policies in the literature,
the four policies are compared and their limits are highlighted and their performances are discussed.

The structure of the paper is as follows. In Section 2, the deterioration model is presented and a
stochastic process is proposed to model its evolution. In Section 3 four optimal maintenance decision
rules for the system under the consideration are proposed. Eventually, in Section 4 the performances of

the proposed maintenance policies are studied through Monte Carlo simulation methods.



2. Description of the combined covariates-deterioration model

2.1. Deterioration Model

The system under consideration is observable only through inspections and undergoes an accumu-
lation of damage. The failure occurs when the system is highly damaged i.e., the damage level called
deterioration level reaches a pre-determined threshold, say L. The threshold L can be seen as a safety
level not to be exceeded and the system can be considered as failed even if the system is still function-
ing. This means that it is no longer able to fulfill its mission in acceptable conditions. Moreover, it is
considered that the failure is revealed only by inspection. Let be X; a scalar random ageing variable
summarising the state of the system at time ¢. Without maintenance, the time series (X;);>o is an
increasing stochastic process, with initial state Xy = 0. In [4, 19], authors model the increasing deterio-
ration by a Gamma process considering environmental changes. The Gamma process is very suitable to
model monotone deteriorations and it has been widely applied to model condition-based maintenance,
see [30]. Hereafter, it is supposed that for all 0 < s < ¢, the increments of (X;);>o between s and ¢,
Y;_s = X; — X, follow a gamma probability density function with shape parameter & € R™ \ {0} and
scale parameter § € R\ {0} defined as follows:

ya-(t—s)—le—

fap(t—s),ﬁ(y) = F(Oé . (t _ S))Ba'(t_s) ]I{ZJZO} (1)

e

where 1,01 = 1 if y > 0 and 1,50, = 0 otherwise.
In this framework, E(Y;_s) = a - (t — s) is the average deterioration rate during the time ¢t — s and
var(Y;_,) = a - (t — s)B%. By varying the parameters « and  one can model various deterioration

behaviours.

2.2. Impact of the usage on the deterioration

We consider a set of m usage profiles. The usage profile at time t is presented by a random variable
denoted by Z;. It is sensible to consider that the usage profile can change during a mission and switch from
a state to another. Through historical data, experience or expert judgement the transition probabilities
from one state to another can be estimated. It is also plausible to consider the transition to a new
profile depends only on the last usage profile (state) since these states change slowly comparatively to
the system life cycle. Therefore, similarly to [17], the time series Z = {Z;,t > 0} is supposed to be

a homogeneous Markov chain with finite state space {1,2,---,m} which describes the different usage
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Figure 1: The deterioration with fixed usage profile (3 possible usage profile) (Left). The deterioration subject to usage
profile changes (Right).

profiles. The usage profiles are observable only by inspections. One denotes by
pw(t—S):P(Zt:‘ﬂZS:Z), t>8,

the transition probabilities of the chain Z during t — s. It is supposed that the system usage impacts the
system deterioration through the shape function a.. Let us denote by t=t,(n € N) the unit time series.
We shall denote by X;, (Z;,) the observed process at time t¢,, for n > 1, depending on Z;,, where given
Zy, and Z;, ., X3 (Zy,) ~ T'(a(Z;,), B) and the increments Xy, (Z;,) — X4, ,(Z,_,) are independent.

More thoroughly, the impact of the usage profile Z;, = z;, on X; _, is described by the proportional
hazards model proposed by [8] as follows:

Oé(Ztn) = a exp (bl]l(ztnzl) + -+ bm]l(ztn:m)>a (2)
where a € R and b= (b1, by, -+ ,b,,) is the vector of regression parameters. We assume that b; < by <
o < by,

An example of a deterioration phenomenon impacted by the usage profile is depicted in Figure 1.

3. Maintenance decision rule

In this section, four different maintenance policies are proposed considering the following assumptions:



e The system health and the usage profile are observed only through inspections.

e The inspections are periodic.

e The inspections are perfect i.e., they reveal the true state of the system and the usage profile.
e The replacements are instantaneous and they can be carried out only at inspection times.

e Only two maintenance actions are possible, which are preventive replacement and corrective re-

placement.
e The usage profile is not impacted by the maintenance actions.

In summary, after a replacement the system is as good as new (X,=0) and the usage profiles Z; is not

impacted. The failure occurs at the first hitting time of the threshold L
Gr=inf{t € R" : X,(Z;) > L|X,=0}.

At time G, the system is correctively replaced.

Consider the 4 following maintenance policies :
e Health Based Maintenance (HBM)

e Usage Based Maintenance (UBM)

e two Health and Usage Based Maintenances

— one with unique and common inspection policy for the both deterioration and the usage

(HUBM 1)

— one with different inspection policies for the deterioration and the usage (HUBM 2)

The health based policy (HBM) takes into account only the deterioration level and ignores the usage
profile in the decision rule. The usage based policy (UBM) takes into account the usage profile and ignores
the deterioration level in the decision rule. Health and usage based policies (HUBM1 & HUBM2) take
into account the usage profile as well as the deterioration level in the decision rule. These policies are
summed up in the following paragraphs. Throughout this paper, we consider x; the observed value of

X, at time t.



3.1. Health Based Maintenance (HBM)

In the framework of the HBM a unique preventive threshold L, (L, < L) is considered. The system
is inspected periodically each 7 time units. Let be (T},)nen the inspection time series where T,, = n7. At

the inspection time 7, the following events can occur:
e if x;, > L the system is correctively replaced.
o if L, < xp, <L the system is preventively replaced.

e otherwise the decision is postponed until the next inspection at time (n + 1)7.

3.2. Usage Based Maintenance (UBM)

In the UBM the maintenance decision rule ignores the real deterioration level of the system but it
is assumed the impact of the environment changes on the deterioration process speed is known. Such a
policy could be risky in sense that the overtaking of the failure threshold can be missed and cause harmful
consequences. To overcome this problem, the decision parameters of usage profile based maintenance
policy should be carefully chosen in order to reduce the risk of a failure occurrence. Moreover, in this
paper we consider that the usage conditions change very slowly. The proposed UBM is based on the
usage profile and the sojourn time in each state.

To implement a UBM policy, we propose a heuristic policy consisting of two main stages: an offline
step determining the optimal age replacement associated to each usage profile, and an online step adapt-
ing the replacement age to the observed usage profile of the maintained system. The dynamic updating
of the replacement age is made according to an heuristic rule described below. The UBM policy can be
summarized as follows
The system is inspected periodically and let 7 be the inspection interval. Assume that the following

assumptions are satisfied:
e between two inspections there is maximum two usage profile changes.
e to go from state ¢ to ¢ + 2 the usage profile goes for sure through state ¢ + 1.

To implement the UBM policy the following steps are required:



1. First we consider an age replacement policy for each usage profile ¢ € {1,...,m}, and therefore, a
replacement age is associated to each usage profile. Let be A; the replacement age when Z; =i
for all n € N.

2. At the inspection time T,, = n7, according to the observed usage profile, denoted 27 and the
sojourn time in each state until 7, a replacement time o(n) is calculated. The replacement time
o(n) is a mean of different replacement ages A; weighted by the sojourn time in each state. o(n) is

recursively calculated to adapt sequentially the replacement time to the operational conditions.
At the inspection time T,, the following events can occur:
e according to the value of z, the replacement of the system is planned for o(n).

— if o(n) < T, the system is immediately replaced at T,

— if T,, < o(n) < T,, + 7 the system is replaced at o(n)
e otherwise the decision is revised at the next inspection in 7,41 =1, + 7.

Replacement time recursive calculation. When only three usage profiles are considered, m = 3. This
case is only an example for which numerical computations are possible. o(n) is recursively computed as

follows:

e if no change of usage profile is observed at the two consecutive inspection times 7, ; and T,
ie. zy, = 2zp,_,, it is possible to have a change of state between the two inspections. Since the
continuous monitoring is not applied, the sojourn time in this intermediate state is unknown and
less than 7. In this case, g(n) is calculated as the weighted mean of the last calculated replacement
time po(n — 1) and the replacement age corresponding to zr, , zr, +1 and z7, —1, denoted respectively
by A

AZTn'i'l and AZTn 1.

2Ty )

e If a change of profile is observed between the two consecutive inspection times, there are two

possible cases: |zp, — 21| =1 and |2zp, — 27, _,| = 2.

— Inthecase |z, —2r1, ,| =1, (21, 21, _,) € {(1,2),(2,1),(2,3),(3,2)} and since, by assumption,
to go from state i to i + 2 the usage profile goes for sure through state i+ 1, there is no change

of profile between the two inspections.



— In the case |27, — 21, ,| =2, (21, 27, ,) € {(1,3),(3,1)} and the usage profile goes, for sure,

through state 2 between the two inspections.

In both cases, the replacement time of the system g(n), is a weighted sum of A;, i € {1,...,3}

according to the time spent in each state until 7;,.

More precisely, o(n) is recursively calculated as follows:

(n—1)o(n —1)

1 T T—t1
000) = Lo mor, 5 | [ Perona 0, 4 Do 16 A, 15 g 1 (9 Ay s +

1

+]1{|2Tn_ZTn_1 |=1} IT

|:Tn71Q<n - 1) + / SpZTn,lzTn (S o 1>AZTn,1 + (T o 8)(1 - pZTn,lzTn (S o 1))A2Tn ds]
1
1

7—1 T
+]l{|zTn—zTn71\:2},_zT [Tn—lg(n - 1) + /1 /+1 upzTn_ll(U - 1>A2Tn_1 + SP1z, (3 - ]->A1)

F Az (7= 5(1 = pep 1l = 1) = prag, (5 = 1))duds| 3)

where for the event A, 14 = 1 if A is true, otherwise 1,4 = 0.

3.3. Health and Usage Based Maintenances

In this section two different health and usage based policies are considered. The first health and

usage based policy is similar to the adaptive policy proposed in [11, 34] in the sense that the health and

the usage information are collected at the same time. Whereas, in the second policy the health and the

usage information are available at different inspection times. The second policy is more sophisticated,

requires more parameters to optimize and permits separate monitorings of the usage profile and of the

deterioration.

3.3.1. Health and Usage Based Maintenance 1 (HUBM1)

In the framework of the HUBM1 policy, a preventive threshold L, and an inspection period 7; are

associated to each usage profile i, 1 < i < m, which means that at the inspection time 7,, according to

the observed usage profile, the preventive threshold and the inspection interval are readjusted. In this

policy at the inspection time T), the following events can occur:

e if v, > L the system is correctively replaced,



o if 2, =1

— if L, < axp, < L the system is preventively replaced and the next inspection is scheduled for

Tn+1 = (n + 1)TZ‘,

— otherwise the decision is postponed until the next inspection at 7,41 = (n + 1)7;.

3.3.2. Health and Usage Based Maintenance 2 (HUBM?2)

In the framework of the HUBM2 policy, a preventive threshold L, and a deterioration inspection
period 7; are associated to each usage profile ¢, 1 < i < m. Furthermore, a different inspection period 7,
is associated to the usage profile. The preventive threshold and deterioration inspection period could only
change at the usage inspection times. These parameters are readjusted only if during a usage inspection
a change of profile is observed. The maintenance decision will take place only during the deterioration
inspections (T, )nen. Let be [z] the integer part of the real number z. In this policy at the inspection

time T,, the following events can occur:
e if x;, > L the system is correctively replaced,

o if Zl_hJTco =1,

Tco

— if L, < xp, < L the system is preventively replaced and the next deterioration inspection is

scheduled at T, 11 = (n + 1)7,

— otherwise the decision is postponed until the next inspection at T, 11 = (n+ 1)7;.

The four policies are summarized in Table 1.

Maintenance decision decision preventive
Policy indicator parameters replacement
HBM deterioration level x; (Lp,T) xp, > L,

UBM usage based replacement time p(n) T o(n) € {0,T,, + 7}
HUBM1 deterioration and usage (zy, z;) Ly, m,ie{l,--- . ,n} xq, > Ly, if 21, =i
HUBM2 deterioration and usage (xy,21) | Ly, 7is 0 € {1,--- ,n}, 7o | @1, > Ly, if Yy, = i

Table 1: A summary of the four maintenance policies

10



3.4. Maintenance policy evaluation

The implementation of a maintenance action on the system implies a cost. A cost C. (respec-
tively C),) is associated to each corrective (respectively preventive) replacement. It is supposed that
C, < C. since the corrective replacement is generally more complex and more expensive. Each deteri-
oration inspection (respectively usage profile inspection) entails the cost C;, (respectively C; ). Let be
Ci = lgeterioration inspectionCi, + Lusage inspectionCi.- During the time spent by the system in a failed state
(unavailability period) the cost C, per unit of time is incurred. The maintenance policy is evaluated
using a long run average cost considering each maintenance actions cost. Let N,(t) be the number of
preventive replacements before ¢, N.(t) the number of corrective replacements before ¢, d,(t) the cumu-
lative unavailability duration of the system before ¢t and N;(¢) the number of inspections before ¢. Recall
that N;(t) = [£| where |2 denotes the integer part of the real number 2. Let T be the length of a
life-time cycle, i.e. between two replacements, and as mentioned before GGy the random time at which

the system state exceeds threshold L. The property of the regeneration process (X;):>o (see [3]) allows

us to write:
. E(C() _ E(C(T)
Coo = I == = =50 @
where
C(t) = C;N;(t) + CyN,(t) + CeN(t) 4+ Cudy(t),
and

E(du(t)) = E(T = Gr)liap<y-

3.5. Maintenance optimization

3.5.1. Health Based maintenance policy

In the framework of the HBM policy the optimisation problem is therefore to chose the value of Ly,

7* that minimise the expected long-run average maintenance cost as follows:

(L, 7") = arg min C. (5)

(Lp,7)

3.5.2. Usage Based Maintenance policy
In the case of an UBM the decision parameters are as follows: 7 and (Ay,---,A4,,). The multi-

dimensional optimisation is a difficult task to implement. To bypass this difficulty, the problem is treated

11



separately for each usage profile. For each i € {1,...,m} the optimal A} which minimises FC,.(Z = 1)

is calculated. The inspection period is defined as follows:
7" = arg min C. (6)

where (Af,- -+, Af) is the actual replacement age vector. This separate optimisation reduces significantly
the calculation time but the price to pay is to lose the optimality of the solution which can be obtained

only by a multi-dimensional optimisation.

3.5.8. Health and Usage Maintenance 1

In the case of the HUM1 policy the decision parameters are as follows:

Lp = (Lp,b T aLp,M)v T = (7—17 T 7Tm>' (7)

Since L, € R™, 7 € R™ the multi-dimensional optimisation is a difficult task to implement. To reduce
the calculation time by accepting to lose the optimality, which can be obtained only by multi-dimensional
optimisation, the decision parameters are optimised for each usage profile. In other words when Z,, =1
for n € N; the following decision parameters are defined:
(Ly 1) =arg min Cyo(Z = i). (8)
(Lp,isTi)

At the inspection time 7T, if 2z, = ¢ the maintenance decision parameters are switched to the one
corresponding to Z = i and the parameters (L7 ., 7;°) become the actual maintenance decision parameters

P i

until the next inspection at T},, ;.

3.5.4. Health and Usage maintenance 2

In the case of the HUM2 policy the decision parameters are as follows:

L,=(Lp1, s Lpm), 7= (11, ,Tm), and 7e. (9)
Similarly to the adaptive maintenance policy 1, the decision parameters L, = (L,1, -, Ly,) and
T = (1, ,Tm) are optimised for each usage profile. The last parameter 7., is defined as follows:
T = arg Hrlcion Cxs (10)
where (L7 ,,---, Ly ) and (77, -+ ,7p) are effective vector parameters.

12



Therefore, the usage profile is inspected periodically each 7% time units and the system is inspected
at inspection times (7},)nen. At the inspection time T, if 2 Tn i = 1 the maintenance decision param-
eters are switched to the one corresponding to Z = i and the parameters (L7 ;, 7;) become the actual

maintenance decision parameters until the next inspection at 7,11 =T, + 7.

4. Numerical example

For the comparison of the four maintenance policies, it is instructive to change the properties of the
usage profile and to analyse the influence of these changes on the performance of the four policies. In
this purpose, consider a deteriorating system where the usage profile process Z is a 3-state Markov chain

with value in {1,2,3}, with a parametrized transition matrix

I-X XA 0.00
Po=1 X2 1-Xx X2 |, (11)
000 A 1-2\

where A € [0,1] and initial state Zy = 1. The regression parameters by, by, b3 and the parameter « in
Equation (2) are chosen such that the shape function has the following values: «(1) =1, «(2) = 2 and
a(3) = 3. The scale parameter § = 1 for all Z,, € {1,2,3}, n € N. It is supposed that C, = 100, C, = 20,
C, = 30. The value C} is varied in order to analyse the influence of this cost on each maintenance cost
policy. The failure threshold is set to L = 20.

Since the replacement has no impact on the usage profile, the renewal property cannot be used for
the close form cost calculation. However, due to the markovien property of the deterioration and the
usage profile, it is possible to calculate the average cost between two inspections (the semi-regenerative
property [3]). In this aim, the invariant distribution of the chain (X;, Z;);>¢ should be derived and the
average cost optimised [3]. Even for the simple case of a three state slow usage profile, the cost calculation
and optimisation is very difficult. This is due to the recursive form of the replacement period in the
case of the UBM policy and due to separate inspection intervals for usage profile and the deterioration
in the HUM2 policy. Hence, in order to have a better comparison of the four policies and be able to
study the impact of unit cost variations, Monte Carlo simulations methods are used to derive the optimal
maintenance policies. The following results are obtained by using Monte Carlo simulations considering

a sufficiently large number of simulation such that the long-run cost rate is convergent.

13



Figure 2: Cost evolution of the health based maintenance according to L, and 7

Figure 2 shows the expected cost rate of the Health-Based Maintenance policy for the following
maintenance costs C. = 100, C}, = 20, C,, = 30, Cj; = 0.9 and A = 0.05. It can be seen that optimal

decision parameters are L, = 12.5 and 7 = 3 with an optimal cost rate C, = 2.07 monetary units.

In Figure 3 the impact of the inspection cost on the optimal long run average maintenance costs of the
four policies is illustrated. The total inspection cost C; is fixed to 1 on Figure 3 (left) and to 5 on Figure
3 (right). The impact of the C;, = C; — C;, variation over the optimal long run average maintenance
cost is studied. It means that in Figure 3 (left) C;, € [0,1] and C;, € [0, 1] such that C;, + C;, = 1 and
in Figure 3 (right) C;, € [0,5] and C;, € [0,5] such that C;, + C;, = 5. It is supposed that A = 0.01

where the usage profile changes slowly. It can be noticed in Figure 3 (left):

e the Health Usage Based Maintenance 2 (HUBM2) policy is the most efficient policy whatever the

inspection costs.

e the efficiency of the HUBM1 policy depends on the values of C;, and C;,. When C}. increase and

become greater than C;, the long run average cost is impacted and increases.

e the cost of the HBM is directly impacted by the value of C;,. When C;. increases C;, decreases

and the long run average cost of the HBM decreases.

14
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Figure 3: The influence of the inspection cost when C; =1 (left) and when C; = 5 (right).

e when C; = 1 the Usage Based Maintenance (UBM) is not efficient because in this case the de-
terioration inspection cost is low and thus the most efficient policy is based on all the available

information.

In Figure 3 (right), it can observed that when the usage profile monitoring cost is low compared to the
deterioration inspection cost (Cj. between 0 and 2) the Usage Based Maintenance (UBM) is cheaper
than the other policies. When C}. increases (between 2 and 5) the advantage of health monitoring takes
over and the cost corresponding to the three policies, HBM, HUBM1, HUBM2 decrease.

According to Figure 3 the advantage of each of the policies over the others varies with the inspection
cost variations therefore a more specific comparison of these policies is carried out in the following
paragraphs in order to complete results obtained in [11]. In [11] a first comparison of the the HBM,
HUM1 and UBM policies is carried out and it induces that to study the behaviour of the optimal long
run average maintenance costs it is not conceivable to ignore the profile change frequency controlled by

the parameter \:

e when the usage monitoring cost is 0.1 and when the usage profile changes very slowly (A < 0.02),
Figure 4 (left), all the policies perform better than the HBM policy. In other words, when the

sojourn time of usage profile in each state is very long and the Cj. is rather cheaper than Cj,, it
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Figure 4: Optimal long run average costs for the four policies as a function of A when C;. = 0.1 (C; = 1) (left) and

Cic =0.05 (C; = 1) (right).

seems natural to use a policy not ignoring the usage profile.

e when the usage monitoring cost is high (C;. = 0.5, Figure 4 (right)) the UBM is no more compet-
itive.

The obtained results imply that the behaviour of the four policies are not always the same and for the
same Cj. it depends strongly on the sojourn time of usage profile in each state. The longer the usage
profile stays in a state better it translates the deterioration and more efficient is the usage based mainte-
nance. But in case that usage profile changes state very fast the usage based maintenance is not efficient
anymore since the observed state at the inspection time does not indicate the usage profile between two
inspections. In this framework, as the inspection cost C;. grows the performance of the health and usage

based policy takes over.

Hence it can be pointed out that the advantage of each policy depends on the usage profile inspection
cost and its sojourn time in each state. However the HUBM2 seems to be always the most efficient for
the studied configuration.

The proposed policies could be applied to real industrial problems. However, the most difficult
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task in real life maintenance systems is to have a deterioration indicator in our disposal. Mostly, this
indicator should be extracted from multivariate health indicators or be built using available data, see
[18]. Once the deterioration indicator is available, in real life problems the impact of the environment
(usage) on the deterioration should be estimated, for example through the estimation of the Cox model
parameters. Another difficulty in real life maintenance problems is the fact that the indicators are not
directly observable. Dealing with imperfect observations is beyond the scope of this paper and one can
refer to the conclusion for more explanations. When all information is available, the maintenance policies

proposed in this paper can be implemented and an off-line optimisation procedure carried out.

5. CONCLUSION

In this paper a monotone deteriorating system influenced by usage profile of the system is considered.
The main interests of this work is the development of maintenance policies based not only on the
deterioration level but also on the usage profile. Four different maintenance decision rules which differ
on the monitoring variable - health based policy, usage based policy and two health and usage based
policies - are proposed and their performances are analyzed. For different cost values and usage profiles
evolutions the efficiency of the different policies is investigated. Each of the four policies could take over
the advantage and efficiency depending on the parameters under consideration.

In this paper, it is considered that the usage only impacts the shape function of the Gamma process
(parameter alpha). This hypothesis is motivated by the fact that the behavior of the degradation is
resumed by the shape function and the changes in beta have only a scaling impact which variations do
not change fundamentally the deterioration behavior. This hypothesis simplifies the model and makes
the calculations and maintenance policy optimisation more tractable. This choice is not exclusive and
the results can be extended to the case where the scale parameters is also impacted by the covariates. If
real data is available and no prior knowledge on the model is in our disposal, the fact that environmental
changes can impact the scale parameter should not be discarded.

Even though the proposed structure for maintenance decisions has shown interesting performances,
much research work remains to be done.

The optimal usage based maintenance policy is difficult and very time consuming to be carried
out. This difficulty is bypassed by proposing a suboptimal policy where separate decision parameters

optimisations are carried out. Since the optimal solution is not implemented, the gap between the optimal
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policy and the suboptimal solution is not estimated. This gap estimation can evaluate the quality of
the proposed suboptimal solutions. The optimal solution obtention in reasonable time requires specific
efficient algorithms. In the immediate future works this problem should be addressed in order to be
capable to bring out the interest of the suboptimal solution.

In practice, the Cox model parameters are usually unknown. In addition to a estimation step a
sensitivity analysis should be performed to study the impact of the modeling hypotheses and estimation
method on the maintenance policies.

In this work, we have assumed that the monitoring of the deterioration and of the usage profile is
perfect. A future extension of this work could be also to consider that the monitoring is imperfect.
If the monitoring is not perfect the maintenance policy should be driven accordingly. To deal with
imperfect observations one alternative is to implement a filtering method to estimate the real health or
usage indicator. For instance, methods applied to Hidden Markov Models can be used. The filtering
method induces estimation errors which impact subsequently the maintenance decision rule based on
the estimated values. A sensitivity analysis of such error on the maintenance decision rule should be
carried out. Another alternative is to propose a symptom-based maintenance policy which could be more
suitable to imperfect observations. In such framework, the decision is based directly on the imperfect
observations and no filtering step is implemented. Aware of the quality of the observations and the fact
that the decision is based on a symptom and not a real indicator, the decision parameters are carefully

chosen. The two policies should be compared and discussed.
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