
8.1.2 Mathematical
Maintenance Optimization
Process
A comprehensive framework for industrial maintenance excellence 
designed for today's complex operational environments. This
presentation outlines our structured approach to transforming reactive
maintenance practices into proactive, data-driven optimization strategies.

Prepared for maintenance engineering teams and operations 
management professionals seeking to enhance reliability while reducing
operational costs.



A Three-Phase Process
This technical briefing will guide you through the complete maintenance optimization process, providing both theoretical 
frameworks and practical implementation strategies.

Phase 1
Modeling and Formulating 
Dysfunctional Behavior

Phase 2
Developing Adapted Maintenance 
Strategies

Phase 3
Evaluation and Optimization

Each phase will be illustrated with industry-specific examples and technical implementation guidelines. We'll examine case 
studies from nuclear power generation, offshore oil production, and automotive manufacturing to demonstrate cross-industry 
applications of these methodologies.

By the conclusion, you'll have a comprehensive understanding of how to implement this process within your specific 
operational context, along with key metrics for measuring success.



Phase 1: Modeling 
and Formulating 
Dysfunctional 
Behavior



Objective
The first phase of maintenance optimization focuses on building models to understand equipment's behavior.. This is crucial 
for enabling optimization and it relies on

Quantifying the evolution of a component or system's failure 
over time.

1

Component Characteristics
Incorporating the unique design, material properties, and operational 
history of each component.

2

System Interactions
Analyzing how different components influence each other's degradation 
within the larger system.

3

Operating Conditions
Accounting for environmental factors, load variations, and usage patterns that accelerate or mitigate wear.



Component Degradation Modeling: Core Techniques
Understanding the dynamics of asset wear and tear is fundamental to predictive maintenance. We classify modeling approaches into two primary 
categories, each suited for different types of failure behaviors.

1. Lifetime Models
These models characterize equipment as having a binary state: 
either fully operational or completely failed. They are primarily 
concerned with predicting the time until failure.

Binary behavior: Operational or Failed

Based on the statistical distribution of failure times.

Common statistical methods include:

Exponential distribution

Weibull distribution

Log-normal distribution, etc.

2. Degradation Models
Unlike lifetime models, degradation models acknowledge 
intermediate states of deterioration between a new condition and 
total failure. Failure is defined when a specific degradation threshold 
is crossed.

Introduce intermediate degradation states.

Failure occurs upon reaching a critical degradation threshold.

Two main approaches:

Discrete degradation: Utilizing Markov chains to model 
transitions between distinct states.

Continuous degradation: Employing advanced stochastic 
processes like Gamma, Wiener, or general Markovian 
processes to track continuous deterioration.



Phase 2: Developing 
Adapted 
Maintenance 
Strategies



Objective
To define clear decision rules that enable the efficient selection of maintenance actions, moving 
beyond reactive approaches.

Component-Level Needs
Addressing specific wear, failure 
modes, and operational 
characteristics of individual assets.

System-Level Interactions
Considering how maintenance on 
one component impacts the 
performance and reliability of the 
broader system.

Constraints Integration
Respecting technical limitations, 
economic feasibility, and 
operational demands (e.g., uptime, 
safety).

This phase focuses on translating degradation models into actionable strategies, ensuring that interventions are both timely 
and effective across the entire operational landscape.



Two Levels of Strategies
Selecting the right maintenance strategy is crucial for optimizing asset performance and minimizing downtime. Our framework 
categorizes strategies into two distinct levels, each addressing different operational scopes and complexities.

Component-Level Strategies
Focus on the maintenance needs of a single component.

Systematic Maintenance
Preventive actions scheduled at fixed intervals or based on usage cycles.

Advantage: Simple to implement and predictable.

Limitation: May lead to interventions that are too early or too late, 
especially in dynamic environments where degradation rates vary.

Condition-Based & Predictive Maintenance
Actions triggered by the component's current degradation level, monitored 
via inspection or sensors.

Advantage: More accurate and efficient in unstable contexts, minimizing 
unnecessary downtime.

Challenges: Dependent on the accuracy and reliability of monitoring 
systems (e.g., perfect vs. imperfect detection).

System-Level Strategies
Applied to multi-component systems where interactions and 
interdependencies significantly impact overall performance.

An optimal decision for one component is not necessarily optimal for the entire 
system; comprehensive analysis is required.

Key Considerations
System structure: Analyzing series, parallel, or complex configurations to 
understand failure propagation.

Dependencies: Accounting for stochastic (random), structural (physical), 
and economic (cost-benefit) interdependencies between components.

Support system constraints: Integrating factors like repair crew availability, 
spare parts inventory, necessary tools, and opportune maintenance 
windows.

Dynamic contexts: Strategies must allow for real-time updates to 
maintenance schedules based on evolving operational conditions and 
system states.



Phase 3: Evaluation 
and Optimization



Objective
To assess and optimize a proposed maintenance strategy using specific performance criteria, ensuring an optimal balance across various operational objectives.

The goal is to identify the most effective maintenance schedule that balances cost, availability, 
safety, and other critical objectives.

Definition and Formulation of Objectives

Maintenance performance criteria are diverse and must be clearly defined 
to guide strategy development:

Economic objectives: Encompassing direct and indirect costs, such as 
surveillance, repair, downtime, and potential penalties.

Availability: Maximizing operational uptime and ensuring assets are 
ready when needed.

Safety: Reducing the risk of hazardous failures and ensuring a safe 
operating environment.

Multi-objective criteria: Combining and balancing cost, availability, and 
safety for a holistic view.

In practice, cost minimization is often the most widely applied criterion due 
to its direct impact on profitability.

Determining the Optimal Schedule

Once criteria are defined, the chosen objective (e.g., total cost) is 
calculated for a given maintenance plan. Optimization then involves 
identifying the best values for decision variables to meet the specified 
objectives:

Minimizing total maintenance and operational costs over the asset's 
lifecycle.

Maximizing asset availability and operational efficiency.

Ensuring strict compliance with safety regulations and standards.

This phase transforms theoretical models into actionable, measurable 
outcomes for continuous improvement.



Optimization Methods
Exact Methods
Provide precise solutions for problems of reasonable size. 
Approaches include:

Dynamic Programming

Mixed-Integer Linear Programming

Nonlinear Programming

Branch-and-Bound enumeration

Limitation: Computationally infeasible for complex or large 
systems.

Heuristic & Meta-Heuristic Methods
Deliver good-quality solutions within reasonable computation 
times, though without guaranteed exact optimality.

Heuristic: Problem-specific rules reducing the search space.

Meta-Heuristic: General algorithmic "toolkits" adaptable to 
many problems.

Widely applied techniques:

Genetic Algorithms

Ant Colony Optimization

Simulated Annealing

Tabu Search

Hybrid approaches

Limitation: Lack of guaranteed optimality, sensitivity to parameter 
tuning, problem-specific adaptation needs, and potentially high 
computational costs.
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