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Abstract The optimization of condition-based mainte-
nance (CBM) poses challenges due to the rapid advancement
of monitoring technologies. Traditional CBM research has
mainly relied on theory-driven approaches, which lead to
the development of several effective maintenance models
characterized by their wide applicability and attractiveness.
However, when the system reliability model becomes
complex, such methods may run into intractable cost
models. The Markov decision process (MDP), a classic
framework for sequential decision making, has drawn
increasing attention for optimization of CBM optimization
due to its appealing tractability and pragmatic applicability
across different problems. This paper presents a review of
research that optimizes CBM policies using MDP, with a
focus on mathematical modeling and optimization methods
to enable action. We have organized the review around
several key components that are subject to similar mathe-
matical modeling constraints, including system complex-
ity, the availability of system conditions, and diverse criteria
of decision-makers. An increase in interest has led to the
optimization of CBM for systems possessing increasing
numbers of components and sensors. Then, the review
focuses on joint optimization problems with CBM. Finally,
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as an important extension to traditional MDPs, reinforce-
ment learning (RL) based methods are also reviewed as
ways to optimize CBM policies. This paper provides
significant background research for researchers and practi-
tioners working in reliability and maintenance manage-
ment, and gives discussions on possible future research
directions.

Keywords reliability, degradation modeling, dynamic
programming, reinforcement learning, sequential decision
problems.

1 Introduction

Maintenance is vital for preventing unexpected failures to
guarantee system availability. It is the development of
modern sensor technology together with the Internet of
Things (IoTs) that allows gathering much more critical
data about the system health for supporting the process of
reliability management. Condition-based maintenance
(CBM), due to its flexibility and economic effectiveness,
has turned into an overly attractive alternative to traditional
time-based maintenance (TBM). CBM modeling and
optimization have been widely studied and applied to
various systems (Alaswad and Xiang 2017; de Jonge and
Scarf, 2020).

Early studies on CBM modeling and optimization
usually use renewal process-based methods to model
system reliability and maintenance interventions, and the
objective is typically the long-term cost rate (Grall et al.,
2002). However, these methods have some drawbacks.
First, solving the renewal equation for complex failure
mechanisms is problematic, therefore, the analytical
assessment of the expected number of failures and deter-
mination of optimal cost are troublesome. For these two
reasons combined, it is usually impossible to find the
optimal policy from such equations analytically. Secon-
dly, the complexity of such equations often requires
numerical methods; these demand heavy computation,
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especially if one has a large number of model parameters.
Lastly, renewal process-based methods tend to support
only stationary policies, and CBM can be extended to
dynamic, state-dependent and time-dependent decisions.
These difficulties have motivated researchers to extend
models for CBM in a more flexible way.

A Markov decision process (MDP) is a discrete-time
stochastic control process where both chance and the
actions of the decisionmaker play a part in making deci-
sions. MDPs are able to model dynamic decisions and
facilitate the policy optimization (Howard 1960). For
maintenance planning, a decision maker usually makes
choices sequentially over time in regard to maintenance
actions. For example, a widely used MDP model for
CBM modeling can be described by a five-tuple
(X,A,c,P*, 1), where X is the set of system health states,
A is the set of maintenance actions, ¢ is the cost func-
tions, P* is the probability set that describes how system
state evolves from one state to another under certain
actions, and A is the discount factor. The most frequently
used criterion for optimization is to minimize the long-
term maintenance costs. Specifically, given any policy T,
the objective function under 7 is defined in terms of the
expected total discounted cost:

Vi(x) =E (l—ﬂ)'zﬁiC(X,,m(X,))IXo=x » (D

i=0

where X, is the initial system state, and c(X,,7, (X)) is
the value or cost where the decision maker adopts the
action m, (X,) from policy = at time ¢. The optimal policy
that minimizes V*(x,), i.e., " = argmin_, V" (x,), where
X, 1s the given initial state and II is the policy space. The
objective function is often reformulated in an iterative
manner, commonly known as the Bellman equation, to
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facilitate programming. The MDP has two popular variants
that can be adapted to different scenarios:

* Partially observable Markov decision process
(POMDP): A POMDP is a widely used extension of an
MDP. In a POMDP, the system dynamics are determined
by an MDP, but the decision maker does not have direct
visibility of the underlying system state.

* Semi-Markov decision process (SMDP): An SMDP is
applied to dynamic systems where the duration of time
spent in each state is a continuous random variable, rather
than discrete “flat” epochs.

Earlier literature reviews based on CBM by Alaswad
and Xiang (2017), Olde Keizer et al. (2017a), and Li
et al. (2020) focus on a vast area of CBM optimization
techniques instead of focusing on particular methods.
Currently, there has been growing research on dynamic
maintenance optimization techniques especially those
based on MDP and some of its modifications. Further, to
investigate this, we searched the keywords “Condition-
based maintenance” and ‘“Markov decision process”
combined on Web of Science and summarized the trend
in papers published in each year. An upward trend of
publication is evident from Fig. 1 for the last two
decades. This growth has led us to reconsider both past
and current literature discussing CBM with the help of
MDP approaches and lay out future research.

While several of the reviews have focused on CBM
research, none have been devoted to the optimization of
CBM using the MDP-based techniques. This review aims
to capture the literature from the year 2001 to 2024, and
therefore the analysis provides a coverage of the papers.
Particular stress is given to investigations that deploy
degradation models for defining maintenance issues.
Notably, Table 1 lists the names of journals that contain
more than two papers included in this review.
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Fig. 1 Number of papers indexed by Web of Science with keywords CBM and MDP until 2023.
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The related works classification is presented in Fig. 2.
From a system structure perspective, previous research
has focused on single-component and multi-component
dependence, and different types of dependence of
systems have been studied as well. It is worth noting that,
depending on the needs of decision makers, various
forms of MDP models have been applied to tackle given
problems. More research has been focused on solving
MDP problems with more emphasis on integrated decision
making and reinforcement learning (RL) based methods
more recently.

This paper starts with an outline of the work focused on
single-compartment models, described in Section 2,
where MDP modeling is introduced jointly with concrete
criteria. Section 3 reviews the publications about multi-
component systems with the relevant focus on the main-
tenance strategies for systems with dependent components
and the efficiency of algorithms for solving MDPs.
Section 4 investigates the studies that simultaneously
solve CBM policies with other decisions. Section 5 is a

Table 1 Journals that contain more than two papers included in the
review

Journal Name Number of papers

Reliability Engineering & System Safety 27
European Journal of Operational Research 17
Computers & Industrial Engineering 11

IEEE Transactions on Reliability

Journal of Manufacturing Systems

IEEE Transactions on Automation Science
and Engineering

7
5
Expert Systems with Applications 4
3
IISE Transactions 3
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general discussion of innovation of the current related
works in the field of CBM using RL. Last, in Section 6
researcher summarizes the paper and gives recommenda-
tions for future research.

2 Single-component systems

2.1  MDP modeling of maintenance problems

Early literature on maintenance optimization did not
explicitly use the term “condition-based maintenance”,
but rather focused on addressing system deterioration to
support maintenance decisions. During the period from
the 1950s to the 1980s, rapid advancements in decision
sciences and computer sciences led to the emergence of
pioneering works in maintenance optimization through
the use of MDP. System deterioration is typically
described by a Markov chain with transition probabilities.
Tijms and van der Duyn Schouten (1985) demonstrated
that, in many applications, the optimal policy is a control
limit policy, with the policy iteration algorithm demon-
strating its advantages. Albright (1979) examined the
monotonicity results for a general class of POMDPs,
optimizing a system with two states (good or bad) for
maintenance. The early papers published in journals on
operations research and management science significantly
contributed to the application of MDP in maintenance
problems. It is important to note, however, that the limi-
tations of these early studies were often related to the
following: a) the absence of a convincing mechanism for
establishing the link between failure modes and the
Markov model, b) a rather limited size of either the state
set or the action set, and c¢) deficient algorithms for solving
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Fig. 2 A broad classification of related works.
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the problem and related simulation techniques. In recent
decades, extensive efforts have been made to extend
these models.

The modeling paradigm of CBM via MDP based on
stochastic degradation processes has been widely adopted
in various studies. A representative modeling framework
is presented by Chen et al. (2015). At each decision
epoch k, the value function V,s(u,v) is defined for all
time epochs u#=0,d,2d,..., and system state veR",
where 0 is the inspection interval. Note that V, s(u,Vv) is
the minimum total discounted cost starting from epoch k
until the end of the planning horizon. If an infinite horizon
is considered, k can be dropped from the model. Defining
¢, and ¢; as the cost of preventive maintenance and
corrective maintenance, respectively, the value function
can be written in the manner of Bellman equation:

min{e "’ U,(u,v)+
W,;(M, V), C,,+V(; (0’ O)}a
¢ +V;(0,0),

Vis(u,v) = v<D, (2)

v>D,

where Us(u,v) is the expected value function with one
period transition from the state (u,v), W;(u,v) is the
expected downtime cost until the next epoch, and r is the
discount factor. The monotonicity properties of the value
function with respect to time and system state can then be
elegantly gleaned by analyzing the stochastic properties
of Wy(u,v) and Us(u,v), which is usually achieved via
induction and stochastic dominance (Shaked and Shan-
thikumar 2007). Consequently, the structural properties
of the optimal policy can be determined. In most cases,
the optimal policy is proven to be a specific control limit
policy.

Glazebrook et al. (2005) conducted a study on mainte-
nance performed by a group of repairmen and modeled
the problem as an MDP within the restless bandit frame-
work, which accounts for stochastic changes in machine
states. Kuhn and Madanat (2005) focused on managing
infrastructure systems under uncertainty and formulated
the problem as an MDP to optimize the selection and
scheduling of maintenance, repair, and rehabilitation
activities in a cost-effective manner. Abeygunawardane
et al. (2013) developed an adaptive maintenance opti-
mization model for aging equipment, considering delays
in inspection and maintenance activities. Chan and
Asgarpoor (2006) utilized an MDP to determine the opti-
mal maintenance policy for a component, taking into
account random and deterioration-induced failures. Batun
and Maillart (2012) reevaluated the trade-offs between
maintenance and production planning by incorporating
random yields and product mix constraints in their
constrained MDP model. Zhou and Li (2023) investigated
a novel maintenance problem involving two competing
dependent risks: minor failures and major failures. They
modeled the problem as an MDP and included the

cumulative number of minor failures as a covariate in the
hazard function of major failures to accurately evaluate
system degradation.

Motivated by industrial settings where systems operate
under varying environmental conditions, Gan et al.
(2023) developed a maintenance optimization strategy for
multi-state systems in dynamic settings. The study
emphasizes that conventional strategies often overlook
the interdependence between the system and its environ-
ment, leading to ineffective maintenance. Similarly, Luo
et al. (2024) explored a CBM policy for systems experi-
encing stochastic degradation in a dynamic environment.
They model this degradation using a Markov process that
affects the degradation drift parameter.

2.2 SMDP and POMDP

Although the standard MDP is capable of handling various
types of maintenance optimization problems, certain
inherent assumptions restrict its applicability. First, stan-
dard MDPs usually only support deterministic periodic
transitions and decision epochs, whereas in practice,
aperiodic cases can be quite common. Secondly, the
uncertainties in observability cannot be adequately
reflected in a standard MDP model. As a result, two
commonly used variants, namely SMDP and POMDP,
have been developed to address these limitations.

SMDP provided the flexibility and efficiency required
to deal with aperiodic transitions, bringing maintenance
problems closer in alignment with real-world events. For
instance, Guo and Liang (2022a) incorporated an integrated
approach that combines physical and stochastic models
into the SMDP framework for reinforced concrete struc-
tures. Similarly, Duan et al. (2023) presented an adaptive
reliability-based maintenance policy specifically designed
for mechanical systems operating under varying opera-
tional environments. Hu et al. (2022) developed an
SMDP model to determine the optimal maintenance
policy for production systems that experience random
production waits. The decision maker in this model can
choose to replace the system either during a production
wait or when a time-based threshold is reached.

In practice, decision making is often affected by uncer-
tainties due to the inability to observe the exact state of a
system. To address this issue of incomplete information,
the framework of POMDPs is commonly used. Ivy and
Pollock (2005) employed POMDPs to model a deteriorat-
ing system with multiple states, incorporating probabilistic
monitoring and silent failures. They derive the optimal
policy structure by utilizing the concept of “marginal
monotonicity.”

In the context of a finite-horizon, discrete-time Marko-
vian deteriorating system, Kuo (2006) and Liu et al.
(2021) modeled the optimization of maintenance and
quality control as a POMDP, considering the unobservable
states. Celen and Djurdjanovic (2020) discussed a
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decision-making method for maintenance scheduling and
production operations in flexible manufacturing systems
(FMS:s). In FMSs, the states cannot be directly observed
and can only be inferred probabilistically from sensor
readings. POMDPs are proposed by the authors to
develop an integrated policy for maintenance and produc-
tion sequencing. Van Staden and Boute (2021) investigated
the influence of multi-sensor data quality on CBM strate-
gies, utilizing POMDPs. Lin et al. (2022) concentrated on
traction power supply equipment (TPSE) in high-speed
railways and propose a maintenance model that employs
a POMDP to address the inaccuracies in assessing equip-
ment state caused by inherent uncertainties. Morato et al.
(2022) proposed a combined framework that utilizes
dynamic Bayesian networks (DBNs) and POMDPs for
efficient inspection and maintenance planning of civil
and maritime engineering systems. Deep et al. (2023)
tackled the challenge of partial observability by modeling
the degradation process with time-dependent observa-
tions. They developed an optimal maintenance strategy
using a POMDP, which takes into account the time-varying
nature of condition monitoring signals. Arcieri et al.
(2024) designed a framework to develop optimal mainte-
nance strategies for railway infrastructure. They infer
POMDP parameters using Markov Chain Monte Carlo
(MCMC) sampling and address model uncertainty by
incorporating domain randomization during RL training.
Guo and Liang (2022b) proposed a predictive Markov
decision process (PMDP), which extends the traditional
POMDP. The PMDP utilizes the Forward algorithm for
predicting inspection timings and the Baum-Welch algo-
rithm for model parameter estimation.

2.3 Criteria and algorithms

Conventional problems in MDPs typically focus on the
expected value function. When it comes to maintenance
optimization, the optimal policy criterion involves mini-
mizing the expected maintenance cost. However, there
are other criteria that decision makers may find more
relevant. For instance, maintaining critical engineering
systems like power systems requires not only minimizing
costs, but also ensuring availability and safety to meet
service level requirements. In such cases, risk-aware
criteria can be integrated into the MDP modeling of
CBM. Several studies have explored CBM policies opti-
mized by MDPs with criteria that go beyond minimizing
expected maintenance costs. Xu et al. (2022) proposed a
risk-aware maintenance model that incorporates risk
functions to assess safety levels and formulates safety
constraints within the MDP framework. MDP frameworks
have proven effective in addressing maintenance manage-
ment challenges in mission-oriented systems. For exam-
ple, Zhao et al. (2022) proposed a robust MDP framework
for dynamic decision-making in mission-critical environ-
ments. Additionally, Zheng et al. (2024a) developed a
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multilevel preventive replacement policy within the MDP
framework, focusing on internal deterioration, external
shocks, and the completion of various mission types in
mission-oriented systems. Gosavi (2006) incorporated
risk sensitivity into the total productive maintenance
(TPM) and utilizes both linear and dynamic programming
approximations to solve the MDP model, addressing
maintenance and production planning in manufacturing
systems.

Value iteration and policy iteration are the two most
commonly used algorithms for solving MDPs. In policy
iteration, the algorithm typically begins with an arbitrary
policy m and iteratively evaluates and improves it until
convergence is achieved. On the other hand, value iteration
computes the optimal value by iteratively updating the
value function, employing the Bellman equation. Both
policy iteration and value iteration are dynamic program-
ming algorithms. Generally, policy iteration outperforms
value iteration in terms of efficiency, requiring fewer iter-
ations to reach optimality. However, the value iteration
algorithm is generally easier to construct and implement.

Chen and Trivedi (2005) investigated the inclusion of
both degradation and Poisson failures in the context of
SMDP. They utilize a value iteration algorithm to deter-
mine a dynamic threshold-based policy that maximizes
system availability. Durango-Cohen and Sarutipand
(2009) proposed a quadratic programming framework to
address the optimization of maintenance policies for
multifacility transportation systems. Their objective is to
minimize average maintenance cost. Zhou and Li (2023)
employed an iterative convergence algorithm to achieve
this objective. Jin et al. (2023) presented a novel mainte-
nance strategy for complex industrial systems using
approximate dynamic programming (ADP). They estimate
the system state in the next decision period through simu-
lation techniques and use an approximate dynamic
programming approach to solve the maintenance prob-
lem. They also employ a post-decision state method to
reduce the number of system states, resulting in enhanced
computational efficiency and optimized maintenance
strategies under uncertainty. Zheng et al. (2023) optimized
the maintenance policy by combining stochastic dynamic
programming with the Nelder-Mead search algorithm. Li
et al. (2023) proposed a dual-value iteration algorithm to
efficiently solve the maintenance strategy model,
addressing the limitations of traditional value iteration
algorithms.

It is widely recognized that dynamic programming
algorithms, such as value iteration and policy iteration,
often face the challenge of high dimensionality, known as
the curse of dimensionality. To overcome this challenge,
some researchers have attempted to transform MDP-
based maintenance problems into other types of program-
ming. For example, Borrero and Akhavan-Tabatabaei
(2013) converted MDP models into linear programming
models to obtain optimal policies. Similarly, Xu et al.
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(2022) transformed risk-aware MDP problems into linear
programming problems.

3 Multi-component systems

Nowadays, real engineering systems are usually complex
and composed of multiple key components that behave
nonhomogeneous degradation characteristics and require
different maintenance plans and actions. Although past
reviews have discussed maintenance policies for multi-
component systems, such as those by Olde Keizer et al.
(2017a) and de Jonge and Scarf (2020), there are
currently no recent reviews specifically focusing on the
optimization of maintenance through MDP for multi-
component systems.

Xiaetal. (2008) have addressed the issue of maintenance
for safety-critical components in joint replacements using
a MDP model. They have highlighted the effectiveness of
the “shortest-remaining-lifetime-first” rule in optimizing
maintenance policies. Zhang et al. (2023b) have considered
the impact of a dynamic environment on a multi-compo-
nent system and have presented a degradation model that
takes into account both intrinsic characteristics and the
common operating environment. Sun et al. (2018) have
optimized inspection and replacement policies for multi-
component degrading systems, with a specific example of
a l-out-of-2:G system. Hao et al. (2024) have focused on
an optimal maintenance policy that involves component
reallocations and preventive replacements in a system
with multi-state components.

The literature also extensively discusses SMDP and
POMDP models. Wang et al. (2023a) have explored
maintenance optimization for a balanced system with
interchangeable components using an SMDP approach.
They have emphasized the benefits of rearrangement
actions and imperfect preventive maintenance. Safich
Mahmoodi et al. (2020) have studied maintenance policies
for parallel unit systems in semi-Markov environments
with dynamic conditions, with a particular focus on
converting the semi-Markov process to a Markov
process. For POMDP models, Karabag et al. (2024) have
presented an efficient procedure for optimal maintenance
intervention and spare part quantity decisions in partially
observable systems with identical components.

3.1 Component Dependencies

Different types of dependencies can exist among compo-
nents. In recent years, some efforts recorded in the literature
have tried to model the maintenance of component
dependencies in the paradigm of MDPs. Economic
dependency is an important type of dependency in main-
taining multi-component systems. Li and Wu (2024) have
presented a maintenance optimization model for a two-
component system using an SMDP. Their model aims to

find optimal maintenance thresholds, with a focus on
economic dependency and failure dependency. Hu et al.
(2024) have explored a preventive replacement policy for
a two-component series system, considering masked fail-
ure causes and economic dependence. They have utilized
an SMDP framework to minimize long-term maintenance
costs per time unit. Liang and Parlikad (2020) have
investigated a five-stage approach to optimize predictive
group maintenance in a hierarchical multi-system multi-
component network. They have considered the influence
of the planning horizon and have emphasized the effect
of dual economic dependencies.

Some other works focus on the stochastic dependency
among components that characterizes the nature of
dependent degradation. Kivang et al. (2022) conducted an
evaluation of the application of POMDPs in optimizing
maintenance strategies for multi-component systems with
stochastic dependence. Andersen et al. (2022) presented a
unified framework for optimizing replacement strategies
in multi-component systems, considering both TBM and
CBM. Their focus is on minimizing long-term maintenance
costs and improving computational efficiency. Xu et al.
(2021) investigated the generalized CBM optimization
problem for multi-component systems by taking into
account stochastic dependency among components and
imperfect maintenance. Xu et al. (2018) proposed an
extended proportional hazard model with stochastic
dependence for multi-component systems. They develop
a novel state discretization algorithm and integrate cost
optimization for minimal repair. Wang et al. (2023b)
obtained the optimal maintenance strategy by considering
load-sharing constraints, limited maintenance capacity,
maintenance setup costs, and structural characteristics.
Uit Het Broek et al. (2021) explored joint CBM and load-
sharing optimization for two-unit systems with economic
dependency. They discuss maintenance optimization and
load distribution in production facilities with interchange-
able equipment units.

In addition to the common dependencies in reliability
models, recent research has also examined new types of
dependencies, such as balanced systems (Cui et al., 2018;
Guo and Elsayed 2019; Zhao et al., 2020). Zhao and
Wang (2022) considered a two-unit balanced system and
utilized a bivariate Wiener process to model the degrada-
tion paths. The Bellman equation for the model is general
and can be expressed as follows:

c.+c,+V;(0,0),if x, > L, or x, > L,,

Vfi(xl’XQ): min{creplace (x1’x2)’ Crepair(xl’x2)s Cdn (xlaXZ)}’

otherwise,
(3)

where x; and x, represent the degradation level of
components 1 and 2, respectively, in the balanced system,
and L, and L, are the corresponding failure thresholds.
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Further, ¢, and c, are the costs of preventive maintenance
and the additional cost incurred by corrective mainte-
nance. Then the value function in (3) can be further elab-
orated by

Creptace (X1, %) = ¢, + V;5(0,0),
Crepair (x1,%) = C, (x1,%,)
+ W;(max {x,, x,} ,max {x;, x,}) 4)
+ Us(max {x,, x,}, max {x;, x,}),
Can (x1,2) = W (x1, %) + Uy (X1, %2)

and  Cigpace(*)s Crepair(+), and Cy,(-) denote the costs of
replacement, repair, and doing nothing, respectively,
given the inspected degradation levels. W; and U, are the
expected downtime cost and the expected value function
at the next inspection epoch, correspondingly. Specifi-
cally, W; can be given by

W, (=B [ BX, (0= X (01D X (k0)= (2 |
©

where X, (t) and X, (¢) are the time-dependent degradation
levels at time ¢ of the two components, respectively, and
the term B(|X, (t) — X, (#)] — D) describes the cost incurred
by system imbalances, which is evaluated by the absolute
degradation differences, and D is the maximum difference
in degradation levels that brings no additional cost. One
interesting modification in this model, compared to previ-
ous studies, is that the cost functions take into account the
cost brought by imbalances, in addition to system fail-
ures. The structural properties of the optimal policy are
analyzed and it is proven that a two-dimensional control
limit policy is optimal.

Other works also address similar problems. Chai et al.
(2024) proposed an integrated condition-based reallocation
for a 1-out-of-2 pairs balanced system and compare the
benefits of combined policies against individual realloca-
tion or maintenance strategies. Wang et al. (2020)
proposed a model for a performance-balanced system
operating in a shock environment, incorporating a new
maintenance policy that considers preventive, corrective,
and opportunistic maintenance strategies to optimize
system performance. Wang et al. (2023c) proposed a
joint policy of component reassignment and preventive
maintenance in a balanced multi-state system to improve
system reliability.

3.2 Algorithms

For multi-component systems, solving the maintenance
problem becomes more challenging due to the increased
number of system states and action selections. Dynamic
programming can be computationally demanding in such
cases. Okogbaa et al. (2008) used binary integer
programming (BIP) and linear programming (LP) to
obtain the maintenance plan for the entire system.

Front. Eng. Manag. 2025, 12(2): 330-342

Karabag et al. (2024) proposed a novel linear programming
approach to optimize a reduced-state MDP. Drent et al.
(2024) demonstrated substantial cost savings by applying
a modified policy iteration algorithm that decomposes
complex MDPs into two-dimensional MDPs. Zhang et al.
(2013) developed an efficient modified iterative aggrega-
tion procedure to optimize the maintenance policy. uit het
Broek et al. (2021) proposed a modified policy iteration
algorithm that combines value iteration with policy itera-
tion to find stationary e—optimal policies for the value
functions. Vora et al. (2023) presented an algorithm for
finding an optimal policy for a multi-component budget-
constrained POMDP in the context of infrastructure
maintenance and inspection. Hoffman et al. (2022), based
on the policy iteration algorithm, used a genetic algorithm
(GA) to improve the policy online via Monte Carlo tree
search (MCTS), overcoming the curse of dimensionality.

4 Joint optimization with other decisions

It is highly beneficial to optimize maintenance policies in
conjunction with other decisions. In various engineering
applications, maintenance is closely interconnected with
other factors. For instance, when planning maintenance
for production systems, it is important to consider
production schedules, lot sizing, and other variables that
could influence production yield, quality, and inventory.
Numerous existing studies have examined production and
inventory-related issues alongside maintenance using
MDP-based methods (Farahani and Tohidi 2021; Van
Horenbeek et al. 2013). One critical aspect of joint opti-
mization is inventory planning. Olde Keizer et al.
(2017b) argue that the conventional maintenance and
ordering strategy structure utilized in single-component
systems is not optimal for multi-component systems,
where components share a pool of spare parts. They
propose incorporating spare parts planning into mainte-
nance optimization for multi-component systems. Wang
and Zhu (2021) propose a novel modeling approach for
the joint optimization of CBM and inventory control in k-
out-of-n: F systems. Their approach leverages the number
of parts in discrete degradation states for modeling, leading
to a reduction in the solution space. In the case of a multi-
component system procuring spare parts from two suppli-
ers, Zheng et al. (2024a) propose an optimal maintenance
and ordering strategy. They discover that when two
components exhibit similar degradation levels, replace-
ment is delayed to determine which component should be
prioritized. Zhang et al. (2022) develop a joint CBM and
spare parts inventory optimization strategy for general
series-parallel systems, accounting for both hard and soft
failure modes. Hao et al. (2023) extended the joint opti-
mization problem of CBM and inventory to larger state
and action spaces. They develop an improved deep RL
algorithm based on stochastic policy and a behavioral
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criticism framework to address the curse of dimensional-
ity. Considering a degradation system with hidden but
partially observable states, Tang et al. (2024) explored
the optimal maintenance and spare parts inventory ordering
policy within the framework of POMDP. Finally, Drent
et al. (2024) investigate optimal data pooling for shared
learning in CBM and spare parts management.

In addition to inventory planning, production scheduling
and planning are key factors that impact the profitability
of manufacturers. These factors are often optimized in
conjunction with maintenance policies (Sun et al., 2023;
uit het Broek et al., 2020). Aramon Bajestani et al. (2014)
proposed an integer planning model to solve the integrated
maintenance and production scheduling problem in multi-
machine production systems. Their objective is to mini-
mize long-term maintenance costs and production loss
costs. Ao et al. (2019) presented a two-step strategy for
integrating production and maintenance decision-making
in semiconductor production. The aim is to optimize
production performance and reduce costs effectively.
Kang and Subramaniam (2018) proposed an integrated
SMDP model for controlling production rates and
preventive maintenance schedules in a single-machine
manufacturing system. To address the need for balancing
production efficiency with maintenance requirements,
Zheng et al. (2021) integrated SMDP with production lot
sizing decisions and maintenance schedules. Their
proposed model is based on the proportional hazards
model with a continuous-state covariate process. Celen
and Djurdjanovic (2020) developed a comprehensive
strategy for integrating maintenance scheduling and
production sequencing for highly complex manufacturing
equipment. Their approach, implemented under a
POMDP framework, demonstrates superior performance
compared to separate maintenance and production
decision-making. Koopmans and de Jonge (2023) investi-
gate the joint optimization problem of maintenance and
production for a production system. They believe that the
production rate affects the system’s degradation and aim
to maximize the total production output.

Research on optimizing maintenance strategies, along
with other elements such as quality and monitoring, has
also been conducted. Nguyen et al. (2019) focused on
tuning the quality of condition monitoring to optimize
CBM and simultaneously optimize maintenance planning
and monitoring quality using a POMDP approach. Zheng
et al. (2024b) considered the quality of spare parts
provided by suppliers and study the joint optimization of
CBM and spare parts supply strategies. Zhao et al. (2022)
aimed to improve both preventive maintenance and
performance control concurrently. Their focus is on
mission-critical systems where deterioration is controlled
by adjusting the performance level. The objective is to
balance mission success and system reliability. Zhao et
al. (2023) optimized maintenance and warranty policies
for different types of products using the MDP paradigm.
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5 Maintenance optimization via reinforce-
ment learning

An inherent limitation of classic MDP models and their
variants is that decision makers are required to specify all
model parameters, thereby determining the system and
decision dynamics. However, in practice, estimating
these parameters can be challenging due to limited histor-
ical information. To address this issue, the RL framework
allows the learning model to estimate and update parame-
ters within the MDP model, enabling unsupervised deci-
sion making. RL has gained traction in various fields,
including operations research, finance, computing intelli-
gence, and healthcare engineering. The RL-driven CBM
policy has become increasingly popular due to its adap-
tiveness to uncertain dynamic systems. Ogunfowora and
Najjaran (2023) review the research on RL and deep rein-
forcement learning (DRL) in maintenance planning and
optimization, providing classifications and summaries of
existing studies using taxonomies.

For single-component systems, RL-based methods can
be employed to dynamically determine the optimal main-
tenance policy based on uncertain parameters. Mikhail
et al. (2024) combined machine learning (ML), RL, and a
reliability-based approach to develop a data-driven
method for optimizing CBM strategies. This approach
simultaneously minimizes average maintenance costs and
maximizes the remaining useful life of the system. Peng
and Feng (2021) modeled the CBM problem as a continu-
ous-state MDP in discrete time without discretizing the
system's deterioration condition. They use Gaussian
process regression for function approximation in RL to
model the state transition and state value functions and
propose an RL algorithm to minimize the long-run average
cost. Regarding the aviation industry, Ruan et al. (2021)
addressed the operational aircraft maintenance routing
problem (OAMRP), aiming to generate optimal routes for
each aircraft that satisfy maintenance requirements and
comply with regulations. They propose an integer linear
programming (ILP) framework based on network flow
and a novel RL algorithm while considering multiple crit-
ical maintenance constraints. Additionally, the continuous
development and extension of DRL and its variants have
further advanced the study of maintenance strategy opti-
mization (Lee et al. 2024).

The advantages of RL-based methods compared to
traditional methods are particularly notable for multi-
component systems. In a study by Liu et al. (2020), a
unique selective maintenance optimization method was
proposed that integrates DRL techniques based on AC
algorithms. The main objective of this method is to dy-
namically select and execute a set of feasible maintenance
actions for multi-state systems that are capable of executing
multiple consecutive missions within a defined time hori-
zon. The aim is to maximize the expected number of
future mission successes under limited maintenance
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resources.

Cheng et al. (2023) designed a DRL framework to
explore cost-optimal CBM strategies for offshore wind
turbines, using MDP models. The method employs DQN
and proximal policy optimization to derive dynamic
inspection intervals and adaptive repair thresholds. In
another study by Mohammadi and He (2022), an opti-
mization method for railway renewal and maintenance
planning was proposed, utilizing DRL techniques. The
method effectively addresses environmental uncertainty
by considering both cost effectiveness and risk reduction.
Historical data are used to simulate the railway environ-
ment, and the double deep Q-network (DDQN) and prior-
itized replay memory mechanism are applied. For
complex equipment maintenance problems, such as aero-
engines, Wei et al. (2024) proposed a maintenance frame-
work that integrates a decomposition strategy, a neigh-
borhood-based parameter-transfer policy, and DRL for
multi-objective optimization. Su et al. (2022) proposed a
new multi-agent RL approach for optimizing preventive
maintenance (PM) strategies in serial production lines
with multiple levels of PM actions. The method utilizes
an adaptive learning framework based on the value-
decomposition multi-agent AC algorithm. In the context
of opportunistic maintenance optimization of multi-
component systems, Zhang et al. (2023a) developed a
modified proximal policy optimization approach using a
DRL algorithm. They design a parameterized action
space structure and a multi-task RL framework based on
an infinite horizon MDP. Considering the stochastic and
economic dependencies between components, Do et al.
(2024) designed a multi-agent DRL-based maintenance
method for manufacturing systems. Additionally, Goby et
al. (2023) developed a prescriptive analytic approach
based on DRL for solving sequential decision problems
with large, noisy state spaces and combinatorial action
spaces. Joint optimization with other decisions can also
be easily extended by RL for CBM optimization.
Paraschos et al. (2020) investigated a stochastic produc-
tion/inventory system that considers several deterioration
failures and product quality. They proposed an RL-based
approach to optimize the total expected profit of the
system, which includes various aspects such as produc-
tion, maintenance, and product quality control. Zheng et
al. (2024a) designed a hybrid DRL algorithm for the joint
optimization of maintenance and spare part ordering from
multiple suppliers for multi-component systems. Their
aim is to minimize the expected cost while addressing the
limitations of the value iteration algorithm in large-scale
problems. Ye et al. (2023) developed a deep deterministic
policy gradient (DDPG) algorithm based on an MDP
optimization model to achieve optimal reliability-quality
joint control, using a machine-level dynamic reliability
and quality model to describe the complex interactions of
the manufacturing network. Paraschos et al. (2020)
proposed an RL approach to determine the optimal joint
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production, maintenance, and quality control strategy.

Since this paper mainly reviews MDP-based CBM
optimization methods, we do not list too many RL-driven
works. More related works can be referred to in the litera-
ture (Barde et al., 2019; Ferreira Neto et al., 2024; Geurtsen
et al., 2023; Hamida and Goulet, 2023; Hu et al., 2023;
Lv et al., 2023; Tseremoglou and Santos 2024; Zhang
and Si 2020). However, RL-based methods for CBM
problems face several challenges. First, the maintenance
decision models can be quite complex, making it difficult
to derive analytical results in many circumstances,
thereby increasing the difficulty in solving RL problems.
Secondly, obtaining data that reflect system health and
maintenance actions in a structural manner can be oner-
ous. Problems such as incomplete or censored data are
common, and decision makers must deal with coarse data
to support their decisions. Lastly, convergence issues,
particularly in terms of analytical efforts, can be very
challenging in classic RL settings.

6 Conclusions and future research
directions

In this paper, we review the literature on CBM modeling
and optimization using MDP methods. Based on a deep
search and review of related papers published in top-tier
journals, we can see that there is a sharp growth of related
studies in the past decades. More and more interest is
given to handle problems with larger states and decision
sets in the literature. In addition, more researchers are
devoted to joint optimization problems and RL-based
methods together with CBM modeling and optimization.

From this intensive literature review, it follows that
many attractive research topics remain open and chal-
lenging in this area. Some possible directions are given as
follows:

1) From a maintenance modeling perspective, the
system dynamics along with the maintenance actions and
their interactions can be extended in various directions in
order to adapt the models to more application scenarios.
Of interest could be the inclusion in the degradation
models of time-varying dynamic covariates (Hong et al.,
2015) characterizing a wide class of systems and enabling
a decision maker to plan the maintenance actions not only
based on system state but also on external covariates.

2) Joint policies that consider maintenance and other
decisions may have more general benefits to decision
makers. Literature has shown the good flexibility an
MDP provides in various decision-making problems.
Previous studies have carried out some in-depth
investigation with regard to joint policies that take into
consideration production planning, lot sizing, and inven-
tory. We point out quality-related issues in those topics
(Ben-Daya and Duffuaa 1995). First, for production
systems, dynamic quality metrics integrated at the time of
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manufacturing may provide significant support for main-
tenance decisions. Second, for sold systems, the opti-
mization of maintenance and warranty policies can be
made jointly by using MDP as shown by Zhao et al.
2023. More specifically, adaptive and customer-specific
maintenance-warranty policies hold great potential to be
explored. Third, more realistic optimization criteria can
be considered for the CBM optimization via MDP.

3) If the problem scale is large, further gains in these
algorithms for solving MDPs can be obtained by exploiting
the system reliability characteristics. For example,
modern electricity distribution systems are complex
networks composed of dependent subsystems. The main-
tenance problem of such systems is of tremendous scale.
Nevertheless, the dependencies of the subsystems can be
quite sparse in some aspects, which make the factored
MDP modeling possible to reduce the problem scale and
enable the computation of optimal policies. Moreover, we
find that most of the existing RL methods applied in the
CBM optimization mainly aim to find the optimal policy
in numerical manners. Scant research outputs have
considered the convergence of regrets, which have been
popular in other theoretical disciplines (Cheung et al.,
2021). It could be a good interest for the researchers to
investigate the structural properties of the CBM policies
using the RL framework.
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