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This study aims to evaluate a hybrid data-driven framework for the
simultaneous optimization of equipment failure risk costs and
scheduled maintenance and repair expenditures, relying on the output
of a superior machine learning-based failure prediction model.
Characterized as an applied and data-driven investigation, this research
utilizes a dataset comprising 400 weekly records spanning an eight
year period, related to equipment maintenance and repair operations
across a three-echelon coke production supply chain—from coal
extraction to processing. In the first stage, the failure probability of
equipment was predicted using several machine learning algorithms.
Subsequently, the predictive model’s outputs were integrated as inputs
into a multi-objective genetic algorithm to derive optimal schedules for
preventive maintenance. The findings revealed that the gradient
boosting model demonstrates superior capability in capturing complex
failure patterns. Furthermore, coupling its output with the genetic
algorithm enables the identification of a set of optimal trade-off
solutions between mitigating failure risk and controlling maintenance
costs. The resulting Pareto front indicates that intensifying
maintenance efforts does not necessarily minimize total costs; rather,
selecting the optimal plan is contingent upon managerial priorities and
organizational risk tolerance. Overall, this research demonstrates that
integrating machine learning-based failure prediction with multi-
objective optimization can effectively elevate maintenance decision-
making from a reactive paradigm to a proactive and intelligent level.
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Introduction

In capital-intensive heavy industries, such as mining and coke manufacturing, unexpected equipment
breakdowns cause severe operational disruptions, throughput losses, and cascading supply chain
bottlenecks. Traditional maintenance strategies rely heavily on reactive repairs or rigid, calendar-based
intervals. While reactive maintenance leads to costly unplanned downtime, calendar-based programs
often result in redundant overhauls, misallocated labor, and unnecessary parts consumption without
addressing actual degradation states. Although predictive maintenance techniques have advanced, a
major research gap remains in directly linking data-driven failure probability forecasts with constrained
multi-objective mathematical optimization. This study proposes an integrated hybrid framework that
connects machine learning failure prognostics directly with a multi-objective Genetic Algorithm to
simultaneously minimize expected failure risk costs and scheduled preventive maintenance expenses
across a three-tier industrial supply chain over a 52-week operational horizon.

Research Objectives and Questions

The primary research question addressed is:

How can predictive failure probabilities from machine learning models be systematically embedded into
a multi-objective optimization framework to balance failure risk mitigation against maintenance costs
under real-world resource constraints?

The specific research objectives are:

1. To predict weekly failure probabilities across a multi-tier mineral processing supply chain using
diagnostic and operational indicators.

2. To benchmark multiple machine learning algorithms to select the most accurate prognostic model.

3. To formulate a bi-objective optimization model that minimizes expected failure risk costs and direct
preventive maintenance expenditures under weekly budget and workforce capacity constraints.

4. To solve the maintenance scheduling problem using a multi-objective Genetic Algorithm and analyze
Pareto-optimal trade-offs.

5. To evaluate operational trade-offs across varying managerial risk preferences, concurrency limits, and
cost fluctuations.

Methodology

The research employs an applied quantitative modeling design using an industrial database of 400
weekly operational records spanning eight years from a coke manufacturing complex in the Central
Alborz region. The production network encompasses three interconnected echelons—coal extraction,
coal beneficiation, and outbound logistics—covering twelve critical equipment units.

The study was carried out in four main phases:

6. Data Preprocessing and Feature Extraction: Ten diagnostic features were extracted across the
supply chain, including on-time maintenance rate, inspection defect counts, conveyor overload index,

corrective work orders, composite anomaly scores, unplanned downtime hours, work order backlog,
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voltage and speed deviations, operating hours since last overhaul, and hydraulic pressure. Missing entries
were handled via median and moving-average imputations, while anomalies were filtered using statistical
standard scores.

7. Machine Learning Predictive Modeling: Four algorithms—Aurtificial Neural Networks, Decision
Trees, Random Forests, and Extreme Gradient Boosting (XGBoost)—were evaluated using root mean
square error, mean absolute error, coefficient of determination, and mean absolute percentage error to
estimate weekly failure probabilities. XGBoost achieved the best performance and was selected as the
predictive engine.

8. Mathematical Formulation: A bi-objective model was constructed to balance expected failure risk
costs (derived from failure probabilities and hourly unplanned downtime losses ranging from 135 to 185
Million Rials per hour) with scheduled maintenance costs (labor, spare parts, and planned stoppage
expenses). Weekly constraints were imposed for financial budgets and maintenance labor capacity across
the 52-week horizon.

9. Genetic Algorithm Optimization: A multi-objective Genetic Algorithm with binary chromosome
representation was implemented to determine the optimal weekly schedule across all twelve machines.
The algorithm utilized a population of 100 chromosomes, 150 generations, a 5% elitism rate, and early-

stopping rules to prevent premature convergence across varied risk-preference scenarios.
Findings

The prognostic evaluation demonstrated that XGBoost effectively captured complex, non-linear
degradation relationships from operational telemetry, providing reliable dynamic failure probabilities.
The Genetic Algorithm successfully generated a non-dominated Pareto frontier reflecting the trade-off
between failure risk and preventive maintenance expenses.

Under a baseline risk-averse managerial scenario, the optimal schedule comprised 61 total preventive
maintenance actions over 52 weeks, averaging 1.173 interventions per week. This policy yielded an
expected failure risk cost of 12,991 Million Rials and a total planned maintenance expenditure of 45,508
Million Rials, achieving a composite weighted fitness score of 25,998 with zero violations of weekly
financial or labor constraints. Peak weekly expenditure reached 1,704 Million Rials in week 44, while
the lowest was 894 Million Rials in week 49, maintaining an average interval of 1.1 weeks between
successive maintenance events.

The optimization revealed an intelligent upstream scheduling priority: scheduling timely preventive
interventions on extraction equipment significantly lowered failure rates at the source, preventing costly
ripple-effect shutdowns in downstream processing and logistics. Furthermore, evaluating maintenance
concurrency demonstrated that a limit of six simultaneously serviced machines offered the ideal balance

between failure risk suppression and workshop workload feasibility.
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Discussion
The results show that arbitrarily increasing maintenance frequency does not minimize total costs, as
excessive interventions yield diminishing returns due to planned downtime and parts costs. The optimal
balance depends heavily on organizational risk preferences.
The hybrid XGBoost-Genetic Algorithm structure bridges the gap between condition monitoring and
actionable operational planning. The model responds adaptively to adjustments in risk weights,
transitioning seamlessly between risk-minimizing and cost-saving configurations. Sensitivity analyses
confirmed that spare parts price changes linearly affect maintenance budgets, while changes in failure
probabilities directly impact risk expenditures, highlighting the critical importance of reliable machine
learning prognostics in maintenance economics.
Conclusions and Implications
The integrated Machine Learning—Genetic Algorithm framework offers a reliable, data-driven approach
for optimizing maintenance schedules and failure risks in complex industrial environments. The findings
confirm that dynamically aligning maintenance actions with machine health and operational constraints
yields major efficiency gains over rigid time-based practices.
Key recommendations for industrial decision-makers include:
e Migrating from calendar-based maintenance to dynamic, risk-weighted scheduling models
informed by operational data.
e Prioritizing condition monitoring and preventive actions on upstream machinery to eliminate
cascading downstream outages.
e Utilizing multi-objective Pareto trade-offs to match maintenance plans with corporate budget
limits and risk appetites.
e Establishing realistic equipment concurrency thresholds to optimize workshop and crew
utilization.
Limitations include relying on data from a single production facility and deterministic cost assumptions.
Future work should investigate deep learning architectures for continuous time-series sensor streams,
apply robust optimization under macroeconomic uncertainties, and scale the framework across multi-site

industrial networks.
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