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Abstract

Maintenance is a significant cost factor in supply chains and production
systems. Intelligent maintenance systems are gaining global interest
with the rise of IT-based technologies. This study focuses on a new
reliability-centered maintenance (RCM) method, where an intelligent
system decides on repair or replacement based on system reliability in
the practical flexible job shop scheduling problem (FJSP). The research
introduces a balance by integrating industrial units' green production
and energy consumption with traditional objectives like production
costs and system reliability in a multi-objective framework. Another
key aspect is the consideration of less developed regions as a social
factor in the energy calculation model, resembling the Ministry of
Energy's computational models. The reliability model is tailored for a
complex system with multiple machines having time-dependent
lifespans and repair probabilities, where operation times, maintenance
times, and post-repair reliability levels are all stochastic. Metaheuristic
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algorithms combined with simulation-based optimization are used to
solve the model. Statistical and non-statistical methods are used to
depict the performance of the algorithms. The study shows that these
algorithms effectively solve complex multi-objective stochastic
problems and can be considered as a decision support system (DSS) for
software developers for real world developers.

1. Introduction

In recent years, organizations have increasingly acknowledged the
critical importance of maintenance activities. These activities have
emerged as a fundamental cost factor, and diligent attention to them can
prevent numerous additional expenses. Maintenance encompasses
actions aimed at preserving or restoring equipment to a specified
performance level. In many countries, including the United States,
Japan, and European nations, maintenance costs represent a significant
portion of production and sales expenditures.

Typically, four principal strategies exist within maintenance
systems: corrective maintenance, preventive maintenance, predictive
maintenance, and maintenance in the design phase. This research
introduces an integrated system for selecting maintenance types and
redundancy policies, which can significantly impact system
productivity and costs.

Condition-Based Maintenance (CBM) and Reliability-Centered
Maintenance (RCM) have gained prominence in various industries,
including aerospace, petrochemical, nuclear, and automotive sectors,
due to their utilization of advanced technologies like the Internet of
Things (loT) and cloud computing. These methodologies have
demonstrated positive impacts across different sectors. For instance,
NASA's implementation of RCM has resulted in annual savings
exceeding ten million dollars. Similarly, domestic companies such as
Esfahan's Mobarakeh Steel Company and Persian Gas Refinery
Company have realized significant cost savings through these methods.

While the research literature predominantly focuses on classical
maintenance approaches, this study emphasizes more intelligent models
and predictive controls that dictate maintenance actions. Additionally,
this research explores a multi-objective model for balancing equipment
reliability and costs.
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2. Literature Review
2.1. Flexible Job Shop Scheduling Problem (FJSP)

FJSP is an extended version of Job Shop Scheduling Problem (JSP)
that involves two sub-problems: operation sequence and machine
assignment. The main objective in FJSP is to minimize the maximum
makespan (Cmax) by optimizing the sequence of operations and
allocation of machines. Unlike traditional job shop scheduling, FISP
allows each machine to perform various operations, making it more
complex. Production scheduling issues are categorized into different
types such as single machine, parallel machines, flow shop, job shop,
and flexible job shop, each presenting unique challenges.

2.2. Maintenance

Maintenance activities are crucial in production scheduling as they
impact reliability, access to machinery, and costs. Real-world scenarios
involve machines being unavailable due to failures or periodic services,
causing production stoppages. Various studies have integrated
maintenance considerations into different scheduling problems,
highlighting the importance of optimizing maintenance activities
alongside production scheduling.

2.3. Reliability Centered Maintenance (RCM)

RCM s a strategy that aims to enhance operational reliability by
identifying and classifying failure modes. RCM involves determining
maintenance measures for machinery under different working
conditions to optimize performance and reliability. The developed
RCM in the research incorporates a process to reduce machine
reliability randomly and execute necessary actions based on system and
machine reliability levels.

3. Methodology

The research introduces two simulation-based optimization (SBO)
algorithms NSGA-1I and NRGA. These algorithms are designed to
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address the complexity and vast search area of the problem. SBO is
suitable for random key or continuous solution structures, while GA is
designed for both continuous and discrete structures. The developed
integrated RCM process is implemented in both the SBO and NSGA-II
and NRGA versions of the SBO algorithms. The choice of using both
SBO and meta-heuristic algorithms is to allow for validation of each
other on a problem with significant complexity and a vast search area.
The simulation-based optimization (SBO) approaches are crucial for
dealing with the NP-Hard and stochastic nature of the developed model.
These approaches are based on the SBO and meta-heuristic algorithms
(NSGA-II and NRGA). The research presents various statistical and
qualitative outputs to analyze the performance of the SBOs in solving
the developed Flexible Job Shop Scheduling Problem integrated with
RCM control terms.

5. Discussion

The Pareto front in multi-objective optimization refers to a set of
solutions where none outperforms the others completely. This implies
that improving one objective leads to a degradation in another. This set
includes all solutions that enhancing one objective cannot be achieved
without compromising others. In the aforementioned problem, which
involves minimizing energy consumption costs, maximizing reliability,
and minimizing maintenance and repair costs, the Pareto front displays
solutions that achieve the best possible trade-off among these
objectives. In other words, each solution on the Pareto front represents
a balance point that improving one objective is impossible without
causing a decline in another.

6. Conclusion
This research addresses the development of a multi-objective
stochastic green Flexible Job Shop Scheduling Problem (FJSP) by
incorporating both maintenance and Reliability-Centered Maintenance
(RCM) considerations. The integrated problem involves over six
practical stochastic factors common in industry, including processing
time, stochastic preventive and corrective maintenance times, failure
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levels, stochastic improvement post-repair, and random shocks.
Additionally, the energy considerations factor in the proximity to
developed areas. Simulator modules were created for the stochastic
components, and metaheuristic algorithms such as NSGA-II and
NRGA were employed within evolutionary and simulation-based
optimization frameworks to solve the problem.

The speed and performance of these methods enable the algorithms
to function as a Decision Support System (DSS) for software
developers operating under highly stochastic industrial conditions.
Statistical hypothesis tests on indices from multi-objective decision-
making literature were conducted to evaluate the algorithms' results.
Apart from NSGA-II's superiority in solving time, there were no
significant differences between the algorithms in other multi-objective
indices, thereby validating and replicating the results from the
developed operators in the search pattern. Numerous supporting
statistical and non-statistical charts further corroborated this
performance and visually depicted the algorithms' efficacy across
various solved problems.

Keywords: maintenance system prediction, RCM, stochastic, simulation-
based optimization, flexible jobshop, metaheuristic algorithm
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