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Abstract

This study aimed to develop and optimize an integrated mathematical model for determining preventive maintenance
intervals and equipment quality control parameters using a meta-heuristic approach. This applied and descriptive—analytical
study was conducted at the Urmia Industrial City Wastewater Treatment Plant. Empirical data were collected from
maintenance, quality, cost, and time records. Descriptive statistics, bivariate regression, paired t-test, and a metaheuristic
mathematical optimization model with parameter sensitivity analysis were used. The four decision variables—sample size
(n), sampling interval (h), control limit coefficient (k), and preventive maintenance interval (t PM)—were optimized to
minimize total cost per unit time. The model was solved using Maple software, and sensitivity analyses were conducted to
validate robustness. The integrated model reduced total costs from 289.12 to 116 monetary units. The paired t-test confirmed
a significant difference between costs before and after implementation (p<0.05). Sensitivity analysis indicated that machine
failure rate and process quality variation had the greatest impact on the objective function. The independent quality control
model produced a higher cost (341.8 units), confirming the superior efficiency of the integrated model. Integrating preventive
maintenance and quality control policies significantly reduces overall costs, improves output quality, and enhances
operational efficiency. The proposed model serves as a practical decision-support tool for industrial managers to optimize
maintenance scheduling, minimize machine downtime, and enhance process reliability.

Keywords: Integrated metaheuristic model, maintenance cost minimization, quality control, preventive maintenance
intervals, Urmia Wastewater Treatment Plant
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Introduction

In modern manufacturing systems, the simultaneous optimization of maintenance scheduling and quality
control has become a vital aspect of industrial performance due to global competition, cost constraints, and the
increasing complexity of production systems (Ben-Daya & Rahim, 2023). Preventive maintenance (PM) aims
to enhance system reliability and reduce unexpected failures, while quality control ensures that the production
process remains consistent and products meet design specifications (Rahim & Ben-Daya, 2018). Historically,
these two functions were managed independently; however, contemporary research emphasizes that
maintenance activities and process quality are inherently interdependent (Goyal et al., 2021). Neglecting one
directly influences the effectiveness of the other, which necessitates the development of integrated models to
achieve optimal system performance (Ben-Daya & Rahim, 2020).

The relationship between maintenance and quality was first noted in the works of (Tagaras, 2000) and
(Rosenblatt & Lee, 2010), who demonstrated that process degradation and equipment failure are tightly linked.
Subsequent studies highlighted that preventive maintenance not only restores machinery conditions but also
stabilizes the production process, reducing the probability of deviation from quality targets (Rahim, 2018).
Moreover, modern industries—especially those operating under lean manufacturing and total quality
management (TQM) principles—require robust decision-making frameworks that consider both the physical
integrity of machines and the statistical behavior of process quality (Garvin, 2017).

Meta-heuristic approaches have been increasingly applied to address such complex, nonlinear problems where
multiple interdependent decision variables exist (Zhou et al., 2023). Algorithms such as Genetic Algorithm
(GA), Grey Wolf Optimizer (GWO), and Harris Hawks Optimization (HHO) have proven effective in
exploring multi-dimensional decision spaces (Zhou & Zhu, 2018). In this context, the current study aims to
develop an integrated mathematical model that jointly optimizes preventive maintenance intervals and quality
control parameters. The decision variables include sample size (n), sampling frequency (h), control limit
coefficient (k), and preventive maintenance interval (t PM). These parameters are optimized to minimize the
total expected cost per unit time, incorporating both maintenance and quality-related expenditures (Berrichi et
al., 2016).

Several theoretical foundations underlie this integrated approach. The economic design of control charts
introduced by (Porteus, 2014) and (Rahim & Ben-Daya, 2015) forms a crucial base for linking quality
inspection intervals to cost minimization strategies. Similarly, the concept of imperfect maintenance—where
maintenance partially restores a system rather than returning it to an “as good as new” condition—provides a
more realistic representation of industrial processes (Khouja & Mehrez, 2017). Research by (Raafat, 2012)
and (Jeong et al., 2017) further emphasized that maintenance and process quality control must be jointly
optimized to minimize the total cost of nonconformance and machine downtime.

Additionally, the integration of statistical process control (SPC) and maintenance management aligns with
(Taguchi, 2014)’s loss function theory, which asserts that any deviation from target specifications—even
within tolerance—generates economic losses. Consequently, the integrated approach does not treat quality
control and maintenance as separate entities but as two interacting elements contributing to the same objective
function (Rahim, 2018). Studies such as (Ben-Daya & Duffuaa, 2020) and (Pandey et al., 2017) reinforce
that synchronized decision-making across maintenance and quality domains yields superior outcomes
compared to isolated optimization.

Thus, the purpose of the present study is to design and implement a meta-heuristic-based mathematical model
that integrates preventive maintenance scheduling with quality control design in a single-machine system,
aiming to minimize total cost while maintaining high process stability.

Methods and Materials



AL drwgi § Sty (b 3g0T

This applied and analytical research utilized a descriptive—mathematical modeling approach. The study was
conducted in the Urmia Industrial City Wastewater Treatment Plant, where complete operational and
maintenance data were available. Data collection was carried out through documentation of maintenance
records, quality reports, cost data, and production logs over a ten-month period.

The proposed model was designed to determine the optimal values of four decision variables: sample size (n),
sampling interval (h), control limit coefficient (k), and preventive maintenance interval (t PM). The objective
function minimized the expected total cost per unit time, which included the cost of maintenance (preventive
and corrective), inspection, downtime, defective production, and rework.

The model was solved using the Maple software platform. Descriptive statistics, paired t-test, and bivariate
regression were employed to analyze data and validate model performance. Sensitivity analysis was conducted
to evaluate the effect of varying parameters—such as failure rate, process variability, and cost coefficients—
on the objective function.

Findings

The results indicated that the integrated meta-heuristic model substantially outperformed independent models
in minimizing total operational costs. The optimal combination of decision variables was determined as n =
11, h =191, k=7, and t PM = 658 hours. Under these conditions, the total cost was minimized to 116
monetary units per operational cycle, compared to 289.12 units before model implementation.

A paired t-test confirmed that the reduction in cost was statistically significant (p < 0.05). The mean difference
in costs between the pre- and post-implementation phases was 173.12 units, indicating a significant
improvement in cost efficiency. Furthermore, the correlation between pre- and post-model costs was negligible
(r = 0.02), demonstrating that the cost improvement was primarily due to model optimization rather than
random variation.

Sensitivity analysis revealed that the failure rate of the machine and the standard deviation of the critical quality
characteristic had the most pronounced effect on total cost. A 10—20% increase in these parameters led to
exponential growth in costs, underscoring the necessity of maintaining stable operating conditions. In contrast,
variations in minor parameters such as inspection cost and labor cost had minimal impact on the objective
function.

Additionally, regression analysis indicated a significant linear relationship between preventive maintenance
intervals and the number of machine failures, expressed as N_f=8.36 + 0.11(t_PM). Based on this equation,
the optimal preventive maintenance interval was calculated as approximately 17 days.

The model also improved key performance indicators related to system reliability. The mean time between
failures (MTBF) increased from 8.3 to 12.3 days after implementing the integrated model. This enhancement
demonstrated that preventive maintenance scheduling, when aligned with quality control parameters,
effectively extended equipment life and process stability.

Comparative analysis with the independent quality control model showed that the standalone model produced
a total cost of 341.8 units, nearly three times higher than the integrated model. This difference validated the
hypothesis that integrating preventive maintenance with process quality control yields superior economic
performance.

Discussion and Conclusion

The findings confirm that integrating preventive maintenance and quality control policies into a single
mathematical framework leads to substantial cost reductions and operational improvements. The significant
decrease in total cost demonstrates that the proposed model effectively synchronizes maintenance actions with
quality control decisions, thereby optimizing both machine reliability and product quality.

The results align closely with prior studies emphasizing the mutual dependency between maintenance and
quality domains. For instance, (Rahim, 2018) and (Ben-Daya & Rahim, 2020) demonstrated that preventive
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maintenance directly reduces the likelihood of process deviation from control limits, while (Voros, 2019)
highlighted the impact of machine degradation on process mean shifts. Likewise, (Keller & Noori, 2020)
found that designing optimal control limits significantly decreases defect-related costs, which is consistent
with the present study’s outcome where k = 7 yielded the lowest total cost.

The use of imperfect maintenance modeling contributed significantly to the realism and robustness of the
results. As confirmed by (Khouja & Mehrez, 2017), assuming perfect maintenance tends to underestimate
costs and overstate reliability. By considering imperfect maintenance, the current model achieved a balance
between maintenance frequency and cost, ensuring practical applicability. Moreover, (Pandey et al., 2017)
emphasized that integrating maintenance scheduling into quality control decision-making leads to more
reliable process outcomes—an observation reaffirmed by the improvement in MTBF recorded in this study.
From a managerial standpoint, the model provides a comprehensive decision-support tool. It allows managers
to determine economically optimal inspection frequencies and maintenance intervals that jointly minimize
costs and downtime. The alignment between the present findings and (Garvin, 2017)’s TQM philosophy
reinforces the notion that quality and reliability should not be treated as separate objectives but as components
of a unified production strategy.

Overall, the proposed model contributes to the growing body of knowledge advocating integrated approaches
for maintenance and quality optimization (Ben-Daya & Rahim, 2023). The findings provide empirical support
for theoretical frameworks that emphasize synergy between equipment reliability and process quality. By
applying a meta-heuristic optimization technique, this study extends earlier analytical models and demonstrates
the potential for practical implementation in real industrial environments.

In conclusion, the integrated meta-heuristic model developed in this research effectively minimized total
system cost and improved process reliability in the Urmia Industrial City Wastewater Treatment Plant. The
model outperformed traditional separate optimization approaches, reduced the number of process out-of-
control states, and extended equipment lifespan. Beyond its empirical success, the model offers strategic
implications for industries seeking to balance quality assurance and maintenance efficiency within a single
decision-making framework.

Future applications of this model may include multi-machine and multi-product systems, where dynamic
interactions among production lines can further enhance optimization. Additionally, coupling this framework
with advanced artificial intelligence algorithms could lead to adaptive, real-time maintenance and quality
control systems, ultimately supporting the transformation toward Industry 4.0 environments.
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