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Closed-loop supply chains are at the forefront of sustainable industrial practices since they promote the reuse
of products through remanufacturing, recycling, and repair operations. Within this framework, repair centers
are increasingly considered an alternative source of spare parts. This creates a need to enhance repair oper-
ations to balance the reliability of repaired parts with sustainability. This paper, developed in collaboration
with GE Healthcare, presents a multi-objective framework incorporating spare part reliability post-repair esti-
mation into opportunistic maintenance decisions. This research uses real-world data and advanced modeling
techniques to refine maintenance strategies and provide a comprehensive solution that acknowledges compo-
nent interdependencies. By employing NSGA-III, the paper seeks to develop a decision-support mechanism
that recommends the proactive replacement of components, thereby enhancing the quality of repaired spare

parts.

1 INTRODUCTION

Nowadays, closed-loop supply chains (CLSCs) are
leading a paradigm shift toward embracing sustain-
able industrial practices. This transformation focuses
on giving products a second life through remanufac-
turing, recycling, and repair operations. Within this
framework, repair centers are increasingly viewed as
a second supplier of spare parts.

Maintenance protocols have conventionally used
new spare parts in critical domains, such as the med-
ical sector, to guarantee system fidelity. On the other
hand, in closed-loop supply chains, repaired parts are
treated equally to new ones. This assumption can oc-
casionally fall short of stringent reliability standards.
This can lead to increased equipment failures, which
impedes the circular efficacy of the supply chain.

Therefore, enhancing repair operations is neces-
sary to balance reliability and sustainability goals.
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To this end, opportunistic maintenance emerges as
a strategic intervention. This methodology replaces
failed components and those approaching their end-
of-life to reduce the likelihood of future failures
proactively.

Nevertheless, existing opportunistic maintenance
models have often assumed components indepen-
dence. This presumption may not always align with
reality, where components deterioration is frequently
interdependent. Thus, recognizing and integrating
these dependencies is imperative for developing a ro-
bust maintenance framework that aligns with the dual
imperatives of reliability and sustainability within
closed-loop supply chains.

This paper, developed in collaboration with GE
Healthcare, proposes a framework to address this re-
search gap. We developed a multi-objective frame-
work that leverages estimating the reliability of a
spare part after repair and its use for maintenance
decisions. Our partnership with GE Healthcare en-
ables us to test and refine the proposed strategies us-
ing real-world data and sophisticated modeling tech-
niques. Through a nuanced analysis that captures the
interdependencies within the spare parts supply chain,
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we aim to provide a comprehensive solution to this
problem.

This research aims to develop a decision-support
mechanism that can enhance the quality of repaired
spare parts by recommending proactive replacement
of components. The study employs NSGA-III to
achieve this, which helps balance the various ob-
jectives of ensuring component longevity, maintain-
ing spare parts reliability, and achieving sustainabil-
ity goals. The ultimate goal of this research is to con-
tribute a unique perspective to the literature and estab-
lish a framework for maintenance strategies that can
be implemented across various industries to improve
both sustainability and reliability.

2 LITERATURE REVIEW

This work contributes to the body of knowledge in
three principal areas: the efficacy of Closed-Loop
Supply Chains (CLSCs), the strategic implementation
of opportunistic maintenance (OM), and the nuanced
reliability modeling of multi-component systems con-
sidering inter-component dependencies. The follow-
ing subsections explore these research streams, high-
lighting the intersectionality of these domains as they
pertain to this study’s objectives.

2.1 Closed-Loop Supply Chain
Efficiency

The concept of CLSCs originated in the 1990s, marks
a significant paradigm shift towards sustainable oper-
ations (van Nunen, 1995; Fleischmann et al., 1997,
Guide and Wassenhove, 2003). It represents the the-
oretical foundation for much of the recent discussion
on the circular economy (Agrawal et al., 2019). The
recovery processes integral to CLSCs, including re-
pair, remanufacturing, and recycling, have been es-
tablished as key drivers in reducing the demand for
virgin materials, curtailing energy use, and limiting
waste, thereby contributing to both environmental and
economic goals (Chen et al., 2021).

Strategic and tactical considerations, such as net-
work design and inventory management, dominate
the literature, highlighting the centrality of these fac-
tors in optimizing CLSC performance (Souza, 2013).
Within this strategic framework, (Gobbi, 2011) exam-
ined the influence of product residual value (PRV)
on recovery options, advocating for nuanced deci-
sions based on the residual value of returned products.
Scenario-based models for spare parts supply, such
as those developed by (Esmaeili et al., 2021), offer
a methodological approach to redesigning sales and

180

after-sales services within the CLSC, offering various
supply options. The challenges of uncertainty in sus-
tainable network design were tackled by (Guo et al.,
2022), who considered the return rates of first and
second-hand products. The valuation of remanufac-
tured products, assuming parity in quality with new
products, was explored by (Zhang et al., 2021b). Fur-
thermore, (Tahirov et al., 2016) presented a mathe-
matical model to compare production, remanufactur-
ing, and their combination within the CLSC frame-
work.

Despite the extensive research on CLSCs, there
remains a paucity of literature addressing the quan-
tification of repaired part quality and its consequen-
tial impact on the efficiency of the CLSC. This study
endeavors to fill this void, proposing a quantitative
model that factors in the reliability of repaired parts
to enhance the efficacy of the CLSC.

2.2 Opportunistic Maintenance

Opportunistic maintenance (OM) is recognized for
its preventive approach, which extends maintenance
activities beyond failed components to include those
at risk during opportunistic downtime (Haque et al.,
2003). A comprehensive review of OM strategies by
(Ab-Samat and Kamaruddin, 2014) covers literature
up to 2014, while (Diallo et al., 2017) focused on
maintenance strategies for second-hand products. The
literature identifies age-based and block replacement
as two prevalent OM policies. Age-based policies, as
outlined by (Jiang and Ji, 2002), advocate for replace-
ment based on the estimated lifetime of components.
However, few studies address age-replacement in
multi-component systems. The work of (Wang et al.,
2021) introduced an age-based OM model account-
ing for random repair times, while (Li et al., 2021)
proposed a maintenance strategy for wind farms that
considers both degradation failures and stochastic in-
cidents.

Block replacement policies are predicated on the
replacement of components in groups, based on var-
ious criteria such as remaining useful life and main-
tenance requirements (Rebaiaia and Ait-Kadi, 2022).
Research in this area has produced models that factor
in perfect and imperfect maintenance, as well as eco-
nomic and structural dependencies (Geng et al., 2015;
Gunn and Diallo, 2015). The literature on OM often
assumes component independence, with limited con-
sideration given to inter-component dependencies that
are critical in complex systems (Diallo et al., 2017).
The goal of this paper is to address this gap by incor-
porating economic, structural, and stochastic depen-
dencies into a comprehensive OM model.
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2.3 Multi-Component System
Reliability Considering
Dependencies

Assessing the reliability of complex, interdependent
systems presents a formidable challenge. Stochastic
models, fault tree analysis (FTA), and Markov chains
are the primary methods employed in reliability esti-
mation (Wang et al., 2013; Zhang et al., 2021a; Fa-
zlollahtabar and Niaki, 2018; Bhangu et al., 2015).
(Kabir, 2017) highlighted the complexities involved
in FTA, necessitating the exploration of automated
methods for dependability synthesis. Markov mod-
els are another cornerstone technique used to evaluate
system states and transitions, exemplified by (Ahmad
et al., 2022) and (Issa and Hassan, 2023). However,
the limitations of Markov modeling in repairable re-
dundant systems were pointed out by (Simpson and
Kelly, 2002).

An alternative approach involves copula functions
and Nataf transformations to model the joint distri-
bution of survival functions for components (Navarro
and Durante, 2017; Lin et al., 2021). The work of
(Xiao, 2014) and (Lin et al., 2020) has advanced this
methodology, enhancing the evaluation of system re-
liability in complex scenarios. In this paper, we adopt
these advanced techniques, applying Nataf transfor-
mation to map the stochastic dependencies of com-
ponent failures, informed by historical repair data,
thus advancing the reliability estimation for multi-
component systems within the CLSC context.

3 MODELING AND PROBLEM
FORMULATION

In this section, we define the problem setting and
describe the opportunistic maintenance optimization
model developed for managing spare parts within a
Closed-Loop Supply Chain (CLSC). Our approach
aims to balance operational costs and system reliabil-
ity, under the constraints of economic, stochastic, and
structural dependencies.

3.1 Problem Description

We consider a CLSC framework where failed medical
equipment units, consisting of various components,
are replaced in the field with spare parts from an in-
ventory local to the client site. These failed units are
then sent to a repair center for thorough testing and
analysis. The objective is to identify and replace de-
fective components, and subsequently reintroduce the

refurbished spare parts into the supply chain for future
maintenance needs.

Within this system, maintenance decisions are
made opportunistically. Each time a unit fails and is
returned, the repair center is presented with a deci-
sion: to replace only the failed components or to also
proactively replace non-failed but aged components.
This decision aims to reduce the likelihood of future
failures and, in doing so, minimizes the long-term op-
erational costs while maintaining the reliability of the
spare parts within the CLSC.

This optimization problem is inherently dynamic;
each failure and subsequent repair decision resets
the life cycle of the affected components, creating
a new decision point. Unlike many existing models
that optimize the timing for preventive replacements,
this model introduces a single opportunity window to
make these decisions, aligning with real-world main-
tenance scenarios. The model accounts for three types
of dependencies that influence maintenance decision-
making:

¢ Economic Dependence: Where the collective
maintenance of a group of components incurs dif-
ferent costs compared to individual maintenance
actions, typically leading to cost savings when
multiple components are serviced simultaneously.

 Stochastic Dependence: Where the failure of one
component can have immediate, detrimental ef-
fects on the remaining components, potentially
accelerating their degradation or causing imme-
diate failure.

¢ Structural Dependence: Where components are
part of an interconnected assembly, necessitating
the disassembly of some parts to access others for
maintenance, as detailed in (Dinh et al., 2020).
This can impact both the duration of maintenance
activities and the condition of the components in-
volved.

The objective of this opportunistic maintenance op-
timization model is, then, to select a set of compo-
nents that need to be replaced preventively during
each maintenance opportunity. The model seeks to
minimize the maintenance cost, environmental im-
pact, and risk associated with spare parts repair, while
also minimizing the deviation from a predefined reli-
ability threshold.

3.2 Mathematical Formulation

To formally define the optimization model, let us in-
troduce the following notations:
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Parameters:

* £ =11,2,3,..n]: set of components in the spare
part,

* Cost,: price of component c,

* M,: the average lifetime of component c,

e RV, = CX;"': residual value of component c,
2

* LC: labor cost,

* Costy: logistic cost for each repair (shipping cost
to replace the LRU with a new one at the client
site),

* T.: disassembling time for component c,
* a.: age of component c,
* R.(t): reliability function of component c,

* f.(¢): probability density function of failure time
for component c,

* Ry(t:a1,az,..,ay) = h(Ri(t;a1),...,R.(t;a,)):
reliability function of the spare part as a function
of reliability of its components,

* fys(tsar,az,..,a,): probability density function
of system’s lifetime,

* T: planning horizon,
 r: interest rate,
* D=(D; i)cxc: disassembly matrix for the system,

* s.: state of component c,
o = 1, if component c is in a failing state,
¢ 0, otherwise.

£}

* Sprice: selling price of the spare part,

* Ryin: minimum required reliability.
One of the characteristics of spare parts reparation is
that the components may have different ages with a
large variance; the fragile ones usually would have
young ages, while the robust items would be an-
cient. Therefore, estimating the unit reliability is not
straightforward. We propose to express the unit’s re-
liability Ry, as a function of components’ reliability
and ages. For example, for multi-independent units in
series, the reliability of the part can be expressed as
Ryys(t) = Teeg Re(tsac).

Decision Variables: we define the binary decision

variable x, for each component c, with

o { 1, if component c is replaced preventively,
¢ 1 0, otherwise.

Constraints: The model incorporates constraints
that ensure failed components are replaced correc-
tively 1 and the positive operational benefit 2.

Xet+s. <1, Vecel. (D
Sprice - Cmaintenanee >0. (2)
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Objective Functions: The multi-objective opti-
mization problem aims to minimize the following
costs:

min {Cmaiilrel1an067 Cemvironement » Crisk-, Rdeviation}

s.t. Sprice — Ciaintenance > 0,
Xe+s.<1, Veel,
x.€{0,1}, Vcel.

Maintenance Cost (Cpaintenance): This cost in-
cludes expenses due to corrective and preventive re-
placements (5 as well as labor costs involved in the
maintenance process:

Cmaintenance =C+ CL7 (4)

where C, is the replacement cost calculated by sum-
ming the costs of components that are replaced either
correctively or preventively:

Cr =Y (xc+sc) x Coste. )]

cel

Cy. represents the labor costs, which are proportional
to the disassembly time required to replace the com-
ponents. We use an approach developed by (Dinh
et al., 2020) to calculate the total maintenance time
for a component group. Based on the structure con-
nection between components, the disassembly matrix
D is constructed. The elements of the matrix are bi-
nary coefficients. The parameter D; ; = 1 if compo-
nent j must be disassembled to reach component i for
maintenance. The cumulative disassembling time of
a component ¢, denoted by ‘C? , can be defined as the
sum of disassembling times for all the components on
the path of disassembly (Eq. (6)).

= Y T X De. (6)
kel

For a group of components, there may be some in-
tersections between the disassembly path of different
items. As a result, the disassembly duration of the in-
tersection nodes must be counted only once, even if
it appears on several ones. Eq. (3.2) gives the total
disassembly time, denoted by Tgoyp, Of the replaced
components:

Teroup = Z(Sc +xc) X T? @)
cel
=Y 2 xmax( Y (sc+xc) X Dy —1,0),

cel kel

where the first term represents the total disassembly
duration of all replaced components when they are
replaced separately; the second term is the time sav-
ing due to intersections among the disassembly paths.
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Note that Zkec(sk + x¢) X Dy represents the total
number of components in the replaced group that have
component ¢ on their disassembly path. In case there
is no intersection, the second part in Eq. 3.2 equals to
zero. Therefore, the total labor cost is the total repa-
ration time times the labor cost per time unit, i.e.,

CL =2 X LC X Tgroup- ()

Environmental Impact (Cenvironment): The envi-
ronmental cost is associated with the waste of unused
remaining life of components that are replaced pre-
ventively:

RV,

Cenvironment = Zxc X
ceg

Ryys(03a1 (1 —51),...an(1 —s,))
9)

~+oo
></ tfe(t;a.)dt.
0

Risk Cost (Gyisk): The risk cost accounts for po-
tential failures within the planning horizon. When
a failure occurs, the logistic cost Costy must be
counted. However, to compare the future payment
to the present time, its present value must be calcu-
lated. It means the amount of money that should be
deposited into the bank now at a specific interest rate r
to pay for an outlay C after duration 7. Attimes < T,
the conditional probability of failure after reparation
can be expressed as follows:

Fys(tsar(1— (x1 +51)),s 0 an(1 — (X0 +50))
Ry (03a1 (1 — (x1 4 51))s oy a@n(1 = (0 +50))
(10
For the replaced components correctively or oppor-
tunistically (x. +s. = 1), their age would be restored
to zero, while it won’t change for the other compo-
nents. So for a small variation of time, this probability
can be expressed using the calculated probability den-
sity function (pdf) of the system f;y; and the present
value of the logistic cost is Costg x (1 +r)~". Thus,
the total present value of the expected cost of failure
during the planning horizon, Cy, can be expressed as

P(Tys <t) =

Costy »
Riys(03a1 (1= (x1 +51)), -, @n(1 — (xXn +50))
(1D
/T fxys(t;al(l - (xl +sl))7~-7an(1 - (xn+5n))
0 (14r)

Cfailure =

dt.

Reliability Deviation (Rgeviation): This metric
quantifies the deviation of the part’s reliability from
the required minimum. The reliability of the part
is defined as the probability to survive the warranty
period Tyyarranty given the components age after repair.

max(R L Rsy.\-(ﬂmrrimn%ali(l—(X}-Hl)):--) 70)
Rdeviation = 100 X " R\‘.\(O,al(l (x;+b|))..,)
Rm[n
12)

4 SYSTEM RELIABILITY
MODELING CONSIDERING
STOCHASTIC DEPENDENCY

Computing the joint distribution of components’ life-
times is crucial for incorporating stochastic depen-
dency into optimization models. As reviewed in
Section 2, extant system reliability models that ac-
count for stochastic dependencies, such as Monte
Carlo simulations (Son et al., 2016; Issa and Has-
san, 2023; Ahmad et al., 2022), and copulas (Lin
et al., 2021; Navarro and Durante, 2017), are often
computationally intensive, rendering them impracti-
cal for high-dimensional problems. To surmount this
challenge, we introduce a dimensionality reduction
technique that computes the joint distribution of de-
pendent components’ lifetimes, subsequently utiliz-
ing Nataf’s transformation to accommodate the de-
pendencies among clusters of components.

4.1 Components Clustering

The construction of dependent clusters begins by cal-
culating covariance coefficients between each pair of
components from historical repair data. A distance
matrix H = (h; j) is derived from the correlation co-
efficients R = (p;;); (hij = 1—|pij| Vi,j). This
inverse relationship ensures that stronger dependen-
cies correspond to shorter distances. Components are
then clustered using the Agglomerative Hierarchical
Clustering algorithm, a common hierarchical cluster-
ing method that groups objects based on similarity
(Sasirekha and Baby, 2013).

The reliability distribution for each cluster is then
constructed, considering each cluster as an indepen-
dent ’super component’. The failure of any individual
component within a cluster implies the failure of the
entire cluster. The system reliability function under
the independence assumption is given by:

Ry (1) = [ Re(1:04) (13)

g€t

We assess the configurations based on the likeli-
hood and the number of components per group, aim-
ing to select a threshold & that minimizes group size
and maximizes the likelihood of the system’s time-
to-failure distribution. Analogous to the Akaike In-
formation Criterion (AIC), we formulate an index to
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evaluate the optimal solution. For a statistical model
with k parameters and a maximized likelihood func-
tion L, the AIC is AIC = 2k —2In(L). The objective of
AIC is to minimize the number of parameters k while
maximizing the likelihood. In our case, we consider k
as the maximum number of components per group.

4.2 Nataf Transformation

Upon establishing the optimal grouping configuration
as detailed in Section 4.1, the Nataf transformation
is employed to compute the joint distribution of each
component group. Pioneered by (Liu and Der Ki-
ureghian, 1986) and further innovated by (Lebrun
and Dutfoy, 2009), the transformation is a statisti-
cal method for dealing with correlated random vari-
ables by mapping them from their original distribu-
tion space to a standard normal space.

u=Ty(X)=Ts0ToTi(X) (14)
where :

Ti:X > W= [Fy(x1),...., F, (x0)]"

LW —Z=[® (w),.., 0 (w,)]T

T::Z—»U=L"'Z

&~ !(.) is the inverse CDF of the standard normal vec-
tor Z, F,, is the CDF of the component x;, and L rep-
resents the lower triangular matrix obtained from the
Cholesky decomposition of Rz = (p? j) the correla-
tion matrix of the standard normal vector Z. The joint
probability of random vector X is then formulated as
follows:

P(X <t) = P(X1,X2,.... X, <1)
= D, (D (F, (1)), @ (Fy, (1)), ... 2" (Fy, (1))
(15)

The correlation matrix of the random vector X, de-
noted by Ry, is transformed into a standard normal
space using a linear search technique as described by
(Li et al., 2008; Xiao, 2014). The search is iteratively
refined until the difference between b and a falls be-
low a predetermined error threshold A.

The joint probability density function for a group
of components in a serial system, represented by the
survival function R, () can be expressed as follows:
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Ry(t) = P(minceg(Xe) > 1) (16)
=P([Xc>1)
ceg
=1-P(|JX.<1)
ceg
=1-Y RO+ Y PXyXe,<t)+..
ceg 1<c1<cr<ng
+(=1)k Y P(Xe,, Xeyy s Xe, < 1)

1<c1<e...<cr<ng

=1+ Y (-1 Yy

1<k<n, 1<c1<er...Zcx<ng

P(Xe,, Xeyy oo Xe, <)

This approach simplifies the computational process
and enables system reliability evaluation for high-
dimensional problems involving multiple dependent
components.

S INDUSTRIAL CASE STUDY

We present in this section an application of the de-
veloped model based on a real industrial case from
our industrial partner GE Healthcare. GE Healthcare
(GEHC) is one of the global leaders in sales and ser-
vices of medical systems, notably those of medical
imaging with 4 million of millions systems installed
in more than 160 countries. Because of the criticality
of its products (medical devices) and the technologi-
cal characteristics of its components, GE Healthcare
offers a maintenance service to its customers. The
service’s main objective is to ensure its products’ re-
liability (reducing the failure rate occurrence) while
reducing unavailability simultaneously. As the spare
parts are expensive and also because of diposal the
failed parts directly will create circularity problems, a
CLSC is implemented in GEHC.

In this study, we implement the developed OM op-
timization model on the power supply of MRI ma-
chines, and investigate the strategy impact on the effi-
ciency of the CLSC. The considered spare part com-
poses of 11 components connected in series. Figure 1
and Table 1 represent the physical structure between
components and the disassembling order and the nec-
essary operation times for each component, respec-
tively. For example, components 4, 5, and 7 must be
disassembled before component 10 can be replaced.
Table 2 represents the purchase price for new compo-
nents and their average useful life Mul in (U.T).

Table 1: Components’ dismantling time.

Component | C1 |[C2 | C3 | C4 | C5|C6 |C7|C8|CY9|Cl0]|CIl

Disassembling
time (U.T) 3 1 15702 2 (459 |45 1 1 1

GEHC spare parts supply chain is so particular
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T
C10

g

Figure 1: System’s structure.

Table 2: Costs parameters.

Component | CI | C2 | C3 | C4 | C5 | C6 | C7T | C8 C9 | C10 | CI1

Component
UGy | 2246 |43 10| 2 34 23 6| 9|8

Mul (U.T) | 71k | 22k | 54k | 44k | 1.5k | 16k | 68k | 183k | 37k | 58k | 24k

because its efficiency mainly depends on the qual-
ity of their repaired parts. The repair center provides
around one thousand of repaired power supply per
year to maintain Thousands of MRI systems. Be-
sides, depending on forecasted demand and stock lev-
els, one part can be reallocated multiple time to dif-
ferent warehouses around the world before being in-
stalled on a system which makes gathering parts’ life-
time challenging. Different information systems and
databases are used to store maintenance and logistic
data. We developed an algorithm to extract repair in-
formation and lifetime data for each replaceable unit
(LRU).

We have collected 13200 operating time and
maintenance records for 7514 spare parts. 3490 LRUs
were repaired multiple times. We consider the oper-
ating time of the functioning parts as censored. We
randomly selected 120 LRUs that was repaired multi-
ple times with different ages and multiple failed com-
ponents. We apply the optimization model on the se-
lected parts for a planning horizon of 730 Unit of time
(U.T). The remaining records are used to build System
reliability functions. Table 3 represents an example
of the data format. Column ID and Repair Number
are the part’s serial number and repair record. The
functioning parts are marked with value 1 in column
Censored. Column Time to failure represents the
observed time to event before each repair. The re-
maining columns represent the failed components. A
value equal to 1 for a component C; represents its fail-
ure.

In implementing the opportunistic maintenance
model delineated by equations (3), we estimate the
lifetime distributions from the data detailed in table
3 and take into account the stochastic dependencies
as detailed in section 4. Due to the complex nature
of the problem, an analytical solution remains elusive

for two primary reasons. Firstly, the failure cost eval-
uation in equation (11) requires calculating the con-
ditional reliability post-maintenance, which compli-
cates any attempt to linearize the objective function.
Moreover, the problem is classified as NP-hard be-
cause each component presents two potential scenar-
ios, leading to 2" possible configurations for a system
with n components. To navigate this computational
complexity and derive a near-optimal solution for the
opportunistic maintenance strategy, we employ the
Non-dominated Sorting Genetic Algorithm (NSGA).
This algorithm is particularly adept at handling multi-
objective optimization problems since it provides a
set of Pareto-optimal solutions representing the trade-
offs among the objectives. The decision-making pro-
cess will involve selecting the most appropriate solu-
tions based on the operational goals and constraints of
the CLSC.

6 RESULTS AND ANALYSIS

This section reports the results of our opportunistic
strategy on the test subset. First, we present the per-
formance of the clustering method described in sec-
tion 4 to model dependency in 6.1. Then, we present
the trade-off between different objectives and their
impact on decisions in section 6.2. Finally, we present
the opportunistic maintenance effect on parts’ relia-
bility in section 6.3.

6.1 Reliability Functions Under
Dependency

To build a system reliability model under dependency,
we select replacement records for the failed parts
and compute the correlation matrix between compo-
nents replacement using the Pearson method (Li et al.,
2012). Figure 2 shows the obtained correlation ma-
trix. Visually examining the results reveals that there
are different grouping possibilities. We can either
group C1, C2, with C3 and C7 with C10 or focus
on grouping only C1 with C3 and consider the re-
maining components independent. The grouping al-
gorithm presented in Section 4.1 is then used to de-
termine the best grouping strategy by maximizing the
likelihood and minimizing the number of components
per group. The results of the grouping algorithm are
given in Table 4, where threshold and groups rep-
resent the minimum correlation level selected and
the formed groups, respectively; N_super_comp and
Max_comp_group are the number of formed groups
and the maximum number of components per group.
It can be seen from Table 4 that the best threshold for
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Table 3: Example of data format.

ID | Repair Number | Censored | Time to failure | C1 | C2 | C3 | C4 | C5 | C6 | C7 | C8 | C9 | C10 | C11
1 0 0 1260 0 0 0 1 1 0 0 0 0 0 0
1 1 0 1319 0 0 0 0 1 0 0 0 0 0 0
1 2 1 969 0 0 0 0 0 0 0 0 0 0 0
2 0 0 2159 0 0 0 0 1 0 0 0 0 0 0
2 1 1 1410 0 0 0 0 0 0 0 0 0 0 0
3 0 0 399 0 0 0 0 0 0 0 0 0 0 0
3 1 0 508 0 0 0 0 1 0 0 0 0 0 0
3 2 1 2628 0 0 0 0 0 0 0 0 0 0 0

grouping components is 0.6 because it maximizes the
loglikelihood and minimizes the number of compo-
nents per group. It can be verified that by grouping
like this, the resulting marginal distributions can sat-
isfy the positive definite constraint needed for apply-
ing Nataf transformation.

Replacement correlation matrix
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Figure 2: Correlation matrix.

The system reliability is then calculated based on
Eq. (16) considering the stochastic dependencies and
the forming clusters. Figure 3 shows the result and
compare it to the empirical estimations directly from
data. As we can see, the computed system lifetime
distribution from the proposed model fits well the em-
pirical data.

6.2 Pareto Frontier Analysis and
Decision-Making Insights

The radar charts in figures 4 and 5 portray the Pareto
optimal solutions for two studied parts derived from
our multi-objective optimization framework. These
charts serve as a graphical elucidation of the trade-
offs between competing objectives within the context
of opportunistic maintenance scheduling.

Interpretive Analysis. Each axis on the radar
chart quantifies an objective: maintenance costs
(Ciaintenance)> environmental impacts (Cenvironment)
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risk levels (Ciisk), net benefits, the number of to-
tal replacements, and regulatory compliance penal-
ties (Rpenalty). The shape and reach of each solution’s
polygon on the chart indicate its performance across
these objectives. The farther a vertex extends from the
center, the higher the value in that specific objective,
thus facilitating a comparative analysis of the trade-
offs involved.

Equilibrium and Trade-Offs. The essence of the
Pareto frontier in a multi-criteria context is the bal-
ance between objectives. For instance, solutions that
extend towards the periphery for net benefit illustrate
a preference for financial optimization, potentially at
the expense of elevated risk. Meanwhile, solutions
with a more even distribution of vertices suggest a
more balanced approach, likely representing an equi-
librium amidst the conflicting objectives.

Managerial Implications. The model provides
profound insights into the strategic allocation of re-
sources for maintenance. It highlights the necessity
of a nuanced approach that transcends singular objec-
tive optimization:

* Solutions skewed towards net benefit might res-
onate with profit-maximizing agendas, albeit with
a vigilant eye on the rise in risk cost.

* Eco-centric solutions emphasize sustainability,
aligning with environmental compliance and so-
cial responsibility mandates.

* Risk-averse profiles cater to scenarios where the
cost of failure or downtime is prohibitive, under-
scoring the need for meticulous risk management.

* The minimization of Rpepaiy reflects compliance-
centric strategies vital for adhering to regulatory
frameworks and avoiding fiscal penalties.

Conclusion. In conclusion, the Pareto frontiers un-
derscore the multifaceted nature of decision-making
in maintenance strategy optimization. Through a vi-
sual and quantitative articulation of trade-offs, the
model endows decision-makers to discern a balanced
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Table 4: Grouping components results.

Threshold Groups N_super_comp | Max_comp_group | Positive definite AIC Loglikelihood
0.6 (C1,C3) 10 2 1 10571.19 -10567.19
0.1 (C1,C2,C3,C7,C10) 7 5 0 10578.31 -10568.31

[0.4,0.5] (C1,C3); (C7.C10) 9 2 I 10583.59 | -10579.59
[0.2,0.3] (C1,C2,C3)5(C7,C10) 8 3 0 10591.78 -10585.78
[0.7,0.9] | (C1);(C2);(C3);(C4);(C5);(C6);(CT)5(C8);(C9);(C10);(C11) 11 1 1 10593.28 -10593.28
0 (C1,C2,C3,C4,C7,C10); (C5,C8,C11); (C6,C9) 3 6 0 26482.69 -26470.69
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Figure 3: Modeling failure distribution under dependency.
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Figure 4: Pareto frontier
for the first case.

Figure 5: Pareto frontier
for the second case.

and holistic strategy that aligns with the broader spec-
trum of operational objectives.

6.3 Impact on the Reliability of the
Repaired Spare Parts

Figure 6 compares the reliability at the end of the hori-
zon plan 7.Adopting a proactive maintenance strat-
egy has significant implications for the reliability of
components after their horizon period. The model’s
performance is intrinsically linked to the manage-
ment’s risk tolerance. Preferences that lean towards
maximizing benefits could adhere to the minimum
quality constraints, yet this approach carries an inher-
ent risk of failure, potentially leading to lower relia-
bility post-warranty.

Conversely, a strategy focused on minimizing risk
would enhance the reliability to its highest attainable
level, albeit at the cost of reduced benefits. This con-
servative approach ensures a robust system that main-
tains performance beyond the horizon period, mitigat-

ing the likelihood of over-quality.

An average solution, representing a balance be-
tween the two extremes, offers a compromise that
aligns with intermediate managerial risk preferences.
This equilibrium point provides a performance be-
tween maximizing benefits and minimizing risks.
This midpoint strategy can be particularly advan-
tageous for sustaining moderate reliability while
achieving reasonable benefits, effectively balancing
the trade-offs between risk, cost, and reliability.
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Figure 6: Impact of OM strategy on reliability at Tyarranty-

Decision-makers need to consider the long-term
implications of their chosen maintenance strategy on
the reliability of parts. As the warranty period con-
cludes, a maintenance plan overly focused on imme-
diate benefits may result in increased costs due to fail-
ures and replacements. In contrast, prioritizing relia-
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bility can lead to sustained performance and reduced
long-term expenses, aligning with the overarching ob-
jectives of reliability-centered maintenance practices.

7 CONCLUSIONS AND
PERSPECTIVES

This research has presented a multi-objective opti-
mization framework for opportunistic maintenance
within Closed-Loop Supply Chains, focusing on the
medical systems domain. By integrating NSGA-
III, an advanced evolutionary algorithm, our model
handles the intricate balance of maintenance costs,
environmental impacts, risk, net benefits, total re-
placements, and regulatory penalties. The empiri-
cal results, underpinned by real-world data from GE
Healthcare, have demonstrated the efficacy of the pro-
posed model in navigating the complex trade-offs in-
herent in maintenance strategy optimization.

The Pareto frontiers elucidated through radar
charts visualize the trade-offs among competing ob-
jectives, empowering decision-makers to identify
strategies that align with their specific operational
goals and risk appetites. Whether the preference is
for cost minimization, risk aversion, or environmental
sustainability, the model offers the flexibility to tune
the maintenance strategy accordingly.

‘We have also highlighted the chosen maintenance
strategy’s significant impact on the parts’ reliability
after the warranty period. The preference towards
maximizing benefits may lead to cost efficiencies in
the short term but can result in lower reliability post-
warranty. Conversely, a risk-averse approach that pri-
oritizes part reliability ensures system robustness but
may compromise on immediate financial benefits.

In summary, this study contributes a novel per-
spective to the literature on maintenance strategy opti-
mization within CLSCs and sets a precedent for future
research. Future work will aim to refine the optimiza-
tion framework further and explore its applicability
across different industry sectors, thereby broadening
the impact of this research.
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