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Abstract—This paper presents a Continuous-Time Markov
Chain (CTMC) model to optimize UAV preventive maintenance,
balancing cost and availability. By systematically analyzing the
impact of varying preventive maintenance rates, we identify
an optimal rate that minimizes long-term costs while main-
taining desired availability. Our results demonstrate that a
well-calibrated preventive maintenance strategy is essential for
efficient UAV fleet operations. This study provides a quantitative
framework for operators to improve maintenance scheduling
decisions, offering actionable insights for real-world applications.

Index Terms—CTMC, UAV Maintenance, Stochastic Opti-
mization, Preventive Maintenance

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) are essential in diverse
applications, including defense, surveillance, logistics, and
disaster response. Assessing maintainability and reliability
metrics in UAV-based surveillance systems is crucial, as
system failures can lead to severe security breaches and data
loss, particularly in high-risk scenarios. To enhance the relia-
bility and operational efficiency of UAVs across industries,
researchers have extensively studied advanced maintenance
strategies and failure mitigation techniques. Ensuring high
operational availability while minimizing maintenance costs
is essential for effective UAV fleet management. An inef-
ficient maintenance policy can lead to excessive downtime,
unexpected failures, and high corrective maintenance costs,
impacting mission success and overall operational efficiency.
The UAV shown in Fig. 1 is MQ-1 Predator, used here for
illustrative purposes.

UAV maintenance strategies typically fall into two broad
categories: reactive maintenance, where failures are repaired
as they occur, and scheduled preventive maintenance, where
servicing is performed at fixed intervals [1]. However, deter-
mining the right frequency for preventive maintenance remains
a critical challenge—too frequent maintenance increases costs
and downtime, while infrequent maintenance increases the risk
of failures. This work focuses on systematically determining
an optimal preventive maintenance rate to balance cost and
availability.

979-8-3315-1552-2/25/$31.00 ©2025 IEEE

New Delhi, India
mt1221286@maths.iitd.ac.in

Fig. 1. MQ-1 Predator — one of the earliest armed UAVs, deployed since
the 1990s for reconnaissance and targeted strikes

II. RELATED WORK

UAV maintenance strategies have been widely studied in
the context of operational efficiency and cost optimization.
Traditional maintenance policies can be broadly classified
into reactive maintenance, where repairs are performed only
after failures occur, and scheduled preventive maintenance,
where servicing is carried out at fixed intervals [2]. While
reactive maintenance can lead to unexpected failures and high
corrective costs, scheduled preventive maintenance requires
careful tuning to avoid unnecessary interventions and exces-
sive downtime [3].

Several studies have explored logistics-based approaches to
UAV maintenance, focusing on reliability and maintenance
assessment. Petritoli et al. [4] built on the introduced a novel
framework to establish more efficient maintenance schedul-
ing strategies. Some research has highlighted the impact of
degradation variability among functionally exchangeable units
on overall system performance. Chai et al. [5] quantified
the benefits of integrating reallocation into a condition-based
maintenance framework, particularly for a 1—out—o f—2 pairs
balanced system—a configuration where the system remains
operational as long as at least one pair of units is functional.
This approach offers valuable insights into optimizing mainte-
nance strategies for systems with interchangeable components.

To address the challenge of determining optimal main-
tenance intervals, researchers have explored probabilistic
and stochastic modeling approaches. Markov-based mod-
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els, including Discrete-Time Markov Chains (DTMCs) and
Continuous-Time Markov Chains (CTMCs) [6], have been ap-
plied to reliability analysis and maintenance decision-making.
These models provide a structured way to analyze system
transitions between operational and maintenance states, en-
abling the evaluation of system performance under different
maintenance policies. Lins et al. [7] employed stochastic
modeling with Petri Nets to analyze the impact of integrating
redundant components on UAV system availability.

Several studies have leveraged Markov Decision Processes
(MDPs) and Hidden Markov Models (HMMs) to optimize
maintenance scheduling, particularly in predictive mainte-
nance frameworks where real-time sensor data is used to
estimate system degradation. While data-driven methods such
as machine learning have gained popularity, they often require
extensive historical failure data and computationally expensive
models. In contrast, a CTMC model provides a mathematically
tractable approach to capturing system behavior and evaluat-
ing different maintenance policies without relying on large
datasets.

In this work, we employ a CTMC-based framework to an-
alyze UAV maintenance policies, focusing on the dependency
between preventive maintenance frequency, system availabil-
ity, and maintenance costs. Unlike predictive maintenance
approaches, our method does not rely on real-time sensor data
but instead provides a structured methodology for maintenance
decision-making using transition rate analysis and optimiza-
tion techniques.

To achieve this, we model the UAV’s operational and
maintenance transitions using a Continuous-Time Markov
Chain (CTMC). The CTMC framework allows us to ana-
lyze the UAV’s movement between Working (W), Preventive
Maintenance (PM), and Corrective Maintenance (CM) states,
governed by transition rates. We perform sensitivity analysis to
examine how different preventive maintenance rates (qw,par)
affect system availability and cost. Using this analysis, we
determine an optimal qyw, pys that ensures UAV availability
remains above a minimum threshold while minimizing overall
maintenance costs.

qpPM,W

Preventive
Maintenance

Corrective
Maintenance

Fig. 2. State-transition diagram for UAV maintenance

The key objectives of this work are as follows:

o Develop a CTMC model to represent UAV operational
and maintenance states.

o Analyze the impact of varying preventive maintenance
rates on UAV availability and total maintenance cost.

o Determine an optimal preventive maintenance rate
gw,pm that minimizes cost while maintaining a required
level of availability.

This paper is structured as follows: Section III details
the CTMC model and simulation methodology. Section IV
presents sensitivity analysis and optimization results. Section
V discusses key findings and implications. Finally, Section VI
concludes the paper and suggests future research directions.

III. METHODOLOGY
A. Continuous-Time Markov Chain Model

To model UAV maintenance and operational transitions, we
use a Continuous-Time Markov Chain (CTMC), where the
system can be in one of three states:

o Working (W): The UAV is fully operational.

o Preventive Maintenance (PM): Scheduled maintenance

is performed to reduce failure risks.

e Corrective Maintenance (CM): The UAV has failed and

requires repairs before returning to operation.

The state transitions are governed by transition rates, rep-
resented in the transition rate matrix Q:

—(qw,pm +aw,cm)  aw,pm qw,c M
Q= qapPyMW —qpPM,W 0 (D
qoM,w 0 —qoM,Ww
where:

e qw,pym: Transition rate from Working to Preventive
Maintenance.

e gw,cm: Transition rate from Working to Corrective
Maintenance (failure rate).

e gpym,w: Transition rate from Preventive Maintenance
back to Working.

e gcm,w: Transition rate from Corrective Maintenance
back to Working.

B. Parameter Selection and Justification

The following parameters have been taken fixed based on
literature and industry standards but they can be changed as
per convenience :

« Failure Rate (qw.cps = 0.0005/hour): This reflects the
reliability of UAVs in high-risk operational scenarios,
such as prolonged surveillance. This value aligns with
observed failure data for small UAVs where subsystem
failure rates vary widely depending on design and use
case [8].

o CM Repair Rate (qops,w = 0.05/hour): This implies
an average repair time of 20 hours, consistent with
standard turnaround times reported in UAV maintenance
operations, particularly those conducted at centralized
repair facilities [9].
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o« PM Repair Rate (¢gpp,w = 0.1/hour): Preventive
maintenance tasks are typically less time-consuming,
averaging around 10 hours. This is in line with field
practices where minor servicing is performed on-site by
operational personnel [9].

o PM Cost (costpy; = $500): This cost includes labor and
consumables required for routine servicing. It falls within
the typical range found in UAV logistics cost reports,
which estimate preventive interventions to be relatively
inexpensive [10].

e CM Cost (costeps = $10,000): Corrective maintenance
incurs significant costs due to the need for skilled labor,
part replacements, and testing. Costs of this magnitude
are common in post-failure recovery of UAV systems [9].

By fixing these values, the optimization focuses solely on

determining the best preventive maintenance rate (qw,par) to
minimize costs while maintaining an acceptable availability
level.

C. Simulation Process
To analyze system performance, we simulate UAV opera-
tion over a fixed time horizon. Transitions between states are
determined using an exponential distribution:
—In(U) )
A
where T is the time spent in a state, A is the exit rate from

the current state, and U is a uniform random variable in (0,1).
At each step, we:

T =

1) Determine the exit rate A from the current state.

2) Sample a transition time from an exponential distribu-
tion.

3) Move to the next state based on transition probabilities.

4) Track system availability and maintenance costs over
time.

D. Sensitivity Analysis and Optimization

To determine the optimal preventive maintenance rate
gw,p M, we perform a sensitivity analysis by varying its value
over a range while keeping gw,c s fixed. The key performance
metrics analyzed are:

« Availability (%) - Percentage of time the UAV remains

in the Working state.

« Total Maintenance Cost - Sum of costs incurred due to

both preventive and corrective maintenance events.

To select the optimal gqw,py, we use a penalty-based
objective function that ensures the penalty factor « effectively
discourages solutions where availability falls below the re-
quired threshold:

J(qw,pn) = Ciota + - max (0, Apin — A) 3)

where:

o Cioal is the total maintenance cost.

o Apin is the minimum required availability threshold.
o A is the observed availability from the simulation.

e « is a sufficiently large penalty factor to strongly dis-
courage solutions where A < Apn.

To ensure the effectiveness of o, we calibrate it based on the
relative cost impact of reduced availability, ensuring that any
violation of the availability threshold is significantly penal-
ized. By systematically evaluating different values of qw,p s,
we determine the optimal rate that minimizes J(qw, pas) while
maintaining availability above the required threshold.

IV. RESULTS AND ANALYSIS

A. Sensitivity Analysis of Preventive Maintenance Rate

To evaluate the impact of preventive maintenance rate
(gw,pa) on UAV availability and maintenance cost, we con-
ducted a sensitivity analysis by varying gw,pas over a range
while keeping gw,cns fixed. The results are shown in Fig. 3.
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q_W_PM

Fig. 3. Effect of gy, pas on UAV availability and maintenance cost.

From the results, we observe the following trends:

o Availability decreases as gy, pys increases, since more
frequent preventive maintenance causes additional down-
time.

o Maintenance cost initially decreases shortly then in-
creases, as preventive maintenance reduces costly fail-
ures. However, beyond a certain point, costs begin to
rise due to excessive maintenance interventions.

B. Optimization Results

The optimization process determined the optimal preventive
maintenance factor qw, pas to be **0.0009%*. This results
in an **availability of 98.19%** while minimizing the total
maintenance cost to **$10,995.00%*, The objective function
value is **11,964.00*%*, suggesting that the cost is the domi-
nant term in optimization.

Table I summarizes these findings.

TABLE 1
OPTIMIZATION RESULTS

Parameter Optimal Value
qw,PM 0.0009
Availability (%) 98.19
Total Maintenance Cost ($) 10,995.00
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Objective (Cost + Penalty) vs. g_W_PM
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Fig. 4. Objective (Cost + Penalty) vs. qw, pas

C. Discussion of Findings

Based on the analysis, the following key insights can be
drawn:

« Excessive preventive maintenance (qw,pys > 0.002)
leads to diminished availability without significant cost
savings. This highlights the importance of avoiding over-
maintenance, which can strain resources without com-
mensurate benefits.

« Insufficient preventive maintenance (qw py <
0.0008) results in increased corrective maintenance costs,
outweighing the savings from reduced preventive in-
terventions. This underscores the need for a balanced
approach to maintenance scheduling.

o Optimal gy, p)s ensures availability remains above
95% while keeping total costs manageable. The selected
rate of qw,py = 0.0009 strikes this balance, demon-
strating the effectiveness of the CTMC framework in
identifying cost-optimal policies.

These findings demonstrate that a well-calibrated preventive
maintenance strategy is essential for optimizing UAV fleet
operations. The results also highlight the critical role of pa-
rameter selection in achieving desired outcomes. For instance,
the high corrective maintenance cost (costcpy; = $10,000)
and relatively low failure rate (qw,car = 0.0005) create a
scenario where infrequent PM is cost-effective. However, in
systems with higher failure rates or lower CM costs, the
optimal gy, pps may shift significantly.

1) Implications for UAV Operators: The results provide
actionable insights for UAV fleet operators:

o Reliability Improvements: Reducing the failure rate
(qw,c ) through better component design or operational
practices can further enhance availability without increas-
ing maintenance costs.

o Cost Management: Operators must carefully weigh the
costs of preventive and corrective maintenance, as exces-
sive PM can lead to unnecessary expenditures.

o Adaptive Policies: Integrating real-time health monitor-
ing can enable dynamic adjustment of gy, pys based on
system conditions, improving both cost efficiency and
availability.

D. Additional analysis : Error rate and system stability

To validate the robustness of the proposed CTMC simula-
tion, we analyzed the throughput of maintenance events and
error rate (variance) in availability.

Over a 10,000-hour simulation horizon, the average number
of corrective maintenance events dropped from 35 to 11
as qW,PM increased from 0.0005 to 0.0015. This indicates
that preventive interventions significantly reduce failure oc-
currences.

Furthermore, the standard deviation in availability across 20
simulation runs remained under 0.3% for the optimal qW,PM
= 0.0009, suggesting that the system’s performance is stable
and not sensitive to minor fluctuations in parameters.

E. Comparison with Related Work

Several studies have addressed UAV maintenance optimiza-
tion using diverse approaches. Lee and Martinez [1] and Smith
and Johnson [3] focus on predictive techniques driven by
telemetry data, while Wilson et al. [2] and Brown [6] employ
stochastic modeling frameworks, including Markov chains.

Petritoli et al. [4] and Chai et al. [5] emphasize degrada-
tion and redundancy in system design, often requiring high-
resolution diagnostics. Lins et al. [7] apply stochastic Petri
nets to assess drone reliability.

In contrast, our CTMC-based approach offers a lightweight,
data-efficient alternative, enabling effective maintenance
scheduling without reliance on real-time sensors.

V. CONCLUSION

In this paper, we developed a Continuous-Time Markov
Chain (CTMC) model to optimize UAV maintenance strategies
by analyzing the dependency between preventive maintenance
frequency, system availability, and total maintenance cost.
The CTMC framework provided a structured and mathemat-
ically tractable approach to evaluating maintenance policies,
enabling us to identify an optimal preventive maintenance rate
(gqw,par) that balances cost and availability.

Our sensitivity analysis demonstrated that increasing pre-
ventive maintenance frequency (qw,p ) initially reduces total
maintenance costs by preventing failures. However, beyond
a certain threshold, excessive preventive maintenance leads
to increased costs and reduced availability. By applying a
penalty-based objective function, we identified an optimal
preventive maintenance rate of quw,ppy = 0.0009, which
ensures an availability of 98.19% while minimizing total
maintenance expenditures to $10,995.00.

Key findings of this study include:

o A well-calibrated preventive maintenance rate is essential
for balancing availability and cost.

o Excessive preventive maintenance (qw,pps > 0.002)
leads to unnecessary downtime and higher costs, while
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insufficient preventive maintenance (qw,pp < 0.0008)
results in increased corrective maintenance costs. This
highlights the importance of a balanced approach to
maintenance scheduling.

The CTMC-based approach provides a structured method
for optimizing UAV maintenance policies without re-
quiring large-scale failure data. By leveraging transition
rate analysis and sensitivity analysis, the model offers
a flexible framework adaptable to various operational
scenarios.
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Implications for UAV Operators: The results of this study aaw epPor— Tt - AP

provide actionable insights for UAV fleet operators:

o Reliability Improvements: Reducing the failure rate
(qw,c ) through better component design or operational
practices can further enhance availability without increas-
ing maintenance costs.

o Cost Management: Operators must carefully weigh the
costs of preventive and corrective maintenance, as exces-
sive PM can lead to unnecessary expenditures.

« Adaptive Policies: Integrating real-time health monitor-
ing can enable dynamic adjustment of gy, pys based on
system conditions, improving both cost efficiency and
availability.

Future Work: This study lays the foundation for several

extensions:

+ Real-World Data Integration: Incorporating field data
to refine transition rates and cost structures, ensuring the
model reflects actual operational conditions.

o Machine Learning Techniques: Leveraging predictive
maintenance frameworks to dynamically adjust qw, pa
based on real-time system health data.

o Mission-Critical Constraints: Exploring scenarios
where availability requirements are stricter (e.g., 99%)
and evaluating the impact on maintenance costs and
policies.

This research provides a quantitative framework for UAV
fleet operators to improve maintenance planning and decision-
making, contributing to more efficient and cost-effective UAV
operations.
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