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Floris C. Freeman and Paul J. van Kessel¶
KLM Royal Dutch Airlines, Schiphol, 1117ZL, The Netherlands
One of the challenges of Condition-Based Maintenance (CBM) is to combine health monitoring and predictions with efficient scheduling tools. However, the majority of literature is focusing
on the assessment of prognostics algorithms performance. In fact, the added value of these
algorithms can only be assessed when considering their impact on maintenance decision process.
Furthermore, in practice, when considering the scenario of an aircraft fleet with multiple
monitored components, it is hard for a human decision-maker to translate and identify the
effect of probabilistic results from all prognostics models from all systems on the maintenance
schedule. Therefore, to support the implementation of CBM, the prognostics algorithms have
to be integrated within a scheduling framework. Our paper proposes this integration in order
to evaluate the impact of different level of prognostics accuracy and uncertainty on the aircraft
fleet maintenance scheduling level. First, a Support Vector Regression (SVR) model is used to
predict the Remaining Useful Life (RUL) distributions of the monitored components. Second,
the maintenance scheduling problem is solved within a Reinforcement Learning (RL) approach
incorporating a state-of-the-art Partially Observable Monte Carlo algorithm. Implementing
a rolling horizon approach, our proposed framework is applied to a fleet of 10 aircraft, each
equipped with multiple monitored systems. A case study with multiple different prediction
accuracy and uncertainty scenarios is performed to assess the impact of prognostics uncertainty
on optimal maintenance scheduling. The performed analysis aims to guide the development and
assessment of prognostic models in terms of accuracy and uncertainty in the context of CBM.

I. Introduction
With the increased number of sensors installed in the modern aircraft and the necessity for cost savings due to Covid-19
impact, aircraft maintenance is currently shifting from the corrective and preventive approach towards Condition-Based
Maintenance (CBM) [1], [2]. In the CBM framework, maintenance decisions are based on health diagnostics and
prognostics, i.e, the component’s health is monitored through sensors on a permanent basis and the collected information
are processed by prognostic algorithm on the ground to predict the Remaining Useful Life (RUL) [3]. Those RUL
estimates are then used to facilitate the decision making process of aircraft maintenance scheduling.
Regardless of the choice of the prognostics algorithm, RUL predictions are subject to uncertainty resulting from a
variety of factors, such as the model inherent uncertainty or noise and disturbances in the sensor signals themselves
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[4]. It is therefore crucial to take into account the uncertainty in the prognostic output, especially when using them
for decision making [5]. The decision-making process is further complicated by the fact that RUL predictions are
updated on a continuous basis. This means that the maintenance schedule has to be adapted continuously using updated
information from the prognostics. At the same time, the operational availability of the airline fleet must be ensured and
last-minute schedule changes must be prevented.
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Most of the existing CBM research focuses mainly on developing RUL prognostics algorithms. With respect to
maintenance scheduling in a CBM context, the vast majority of published papers on this area focuses on phased missions,
i.e. missions with multiple, consecutive, non-overlapping operational phases [6], with short scheduled breaks and fleet
sizes up to 15 aircraft operating in military environments. What is more, there are relatively few studies that develop
prognostics models and integrate them in a maintenance scheduling model, the most recent developed by [7]. However,
all the aforementioned studies focus on defining the optimal maintenance schedule with respect to a single type of
component, yet they lack the consideration and understanding of the impact of uncertainty related to multiple different
system health predictions on the feasibility of the estimated maintenance plan.
The former is reflected in the absence of a framework detailing the implications and limitations of different prognostics
predictions accuracy and uncertainty levels in a CBM context. Doing so, however, would both help in the evaluation
of prognostic outputs as well as in the development of scheduling tools. The objective of this work is to bridge this
gap. In this paper, we therefore present an integrated prognostic and scheduling framework which explicitly considers
uncertainty in the output of the prognostics algorithms. To assess the prognostics accuracy and uncertainty impact
on optimal maintenance scheduling, a case study is conducted on a fleet of 10 aircraft using prognostic outputs from
different systems. Several maintenance scenarios with different uncertainty levels are tested to evaluate their impact on
the maintenance planning process.
The main contributions of our research are summarized as follows:
• A novel integrated prognostic and scheduling framework is proposed, addressing both RUL predictions and
scheduling objectives, while considering uncertainty in the RUL predictions.
• Using the developed model, we perform an extensive evaluation of the impact of different levels of accuracy and
uncertainty, achieved by the prognostics algorithms for different monitored systems, on optimal maintenance
scheduling.
• Finally, we demonstrate how the framework applied to a fleet of aircraft can help deriving thresholds in terms of
uncertainty and accuracy to guide stakeholders in the development and implementation of CBM.

II. Methodology
The methodology consists of a prognostic and a scheduling module as shown in Figure 1. In the prognostics module,
introduced in Section II.A, the prognostic models are trained on historical system data and their uncertainty is calculated.
In the scheduling module, introduced in Section II.B, the aircraft maintenance schedule is produced and updated based
on predictions. To be more precise, the RL scheduling tool take as an input the predicted RUL distributions of the
aforementioned models for every day of the planning horizon together with the current maintenance schedule and
available maintenance slots. It outputs the revised maintenance schedule, which forms the starting solution for the next
day of the planning horizon.

A. Prognostics
In the prognostics module the RUL predictions are produced for each system and the uncertainty of the predicted RULs
is calculated. In the following, we introduce the prognostics model and explain how the uncertainty is quantified.
1. Prognostic Model
The prognostic model used in this study is a Support Vector Regression (SVR) trained on the system input data with
the capability of predicting RUL distributions. Support Vector Machines are AI techniques based on the statistical
learning theory proposed by Vapnik [8]. Although there exist many kinds of AI techniques as highlighted in Section I,
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Fig. 1

The prognostic and scheduling module of the integrated prognostic scheduling framework.

we chose to use SVR in this study for several reasons: First, the study aims at investigating the effect of uncertainty on
maintenance scheduling. Uncertainty in predictions can result from several sources, amongst them model inherent
uncertainty. Nearly all AI models are subject to this type of uncertainty, therefore the technique of choice does not
matter so much when demonstrating the effect of uncertainty. Second, SVR not only is easily adaptable to different data,
but is also excellent in processing multi-dimensional data, such as data collected from different sensors [9]. As this is
exactly the type of data that we use in our case study, presented in Section III, SVR is a suitable method. The SVR
model is trained on the system input data and has the capability of predicting RUL distributions. Note that when we
assume the following points regarding the system data:
• The system of consideration is operated until failure.
• According system data, which includes all sensor measurements related to system health, as well as operating
conditions, is available from the begin of operations until the failure.
• The remaining useful life of the system is known at any time of operations.
2. Prediction Uncertainty
To quantify the uncertainty of RUL predictions, a commonly used metric is the estimation of the prediction interval
[10]. Similarly as presented in [11] given the variance obtained from the model we fit a Gaussian distribution to outputs
at each time step and calculate the probability cumulative distribution function. In this way we translate our RUL point
estimates to prediction distributions. Usually the assumption is that the RUL estimates follow a Gaussian distribution
and using the predictions at each time step, the mean is directly calculated using the RUL estimates. However, the RULs
are decreasing over time, so the assumption that they follow a Gaussian distribution is not necessarily true. Therefore,
we instead convert the RUL to the time between failure (TBF), as follows:
𝑇 𝐵𝐹 = 𝑅𝑈 𝐿 + 𝑡 𝑐 ,

(1)

where 𝑅𝑈 𝐿 ist the estimated RUL and 𝑡 𝑐 is the current time. We assume that the time between failures over all
components follows a Gaussian distribution N (𝜇, 𝜎 2 ) centered around the mean TBF and calculate the according
parameters for each time step. Finally, the mean TBF is shift back to the RUL, by subtracting 𝑡 𝑐 , the current time.
Furthermore we calculate the upper and lower bounds at 3𝜎, i.e. retaining 99.7% of the data. Those together with the
3

Gaussian distribution and the predictions are further used as input parameters for the scheduling model, as explained in
the next Section II.B.

B. Scheduling
For every day of the planning horizon, a new RUL prediction is generated for every system, and the corresponding
prognostics-driven task is updated. For the purposes of this study we consider components pertaining to Non Safety
Related Equipment (NSRE). These specific tasks have no impact on the operating safety of the aircraft.

Downloaded by TU DELFT on July 19, 2022 | http://arc.aiaa.org | DOI: 10.2514/6.2022-3967

However, in a CBM context, maintenance planning for this type of tasks becomes more challenging than the preventive
and corrective maintenance tasks because of the uncertainty included in the RUL predictions. More specifically, the
maintenance planner, instead of planning tasks by considering a deterministic task due date, as in the case of preventive
maintenance tasks, has to derive an optimal maintenance plan based on an uncertain outcome, which is captured by the
probability distribution of the predicted RUL. An example of health predictions for an aircraft monitored component is
depicted below. The uncertainty of the prognostic model on the (future) condition of the considered component leads to
a range in RULs, which raises great ambiguity regarding when to schedule the maintenance of the specific component.

Fig. 2

Example of prognostics output.

Preventively maintaining such a component before the end of the RUL induces less maintenance costs that repairing it
after a failure has been observed. Nevertheless, replacing the component too early can potentially lead to a high number
of replacements, which could outweigh the benefit of less costly repairs. As such, there is a time window in which the
maintenance action is beneficial (see figure below)

Fig. 3

Beneficial replacement window.

The optimal maintenance action for every task within this window is defined by the Partially-observable Monte Carlo
Planning (POMCP) algorithm, which is used to create belief states of the health degradation of the corresponding
systems. Having these belief states, knowing the maintenance slots available to each aircraft in the foreseen future,
and having information about the maintenance costs associated with preventive and reactive maintenance, the POMCP
prescribes the recommended dates for the execution of replacement tasks associated with the systems in an estimated
degradation stage.

4
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Fig. 4

RL scheduling algorithm

When the optimal maintenance action for each component has been defined, the next step is to create a suitable
maintenance opportunity in the airline’s network to execute the maintenance action. However, not all maintenance
opportunities share the same cost. In case a maintenance buffer is selected, the aircraft occupies a slot that is no longer
available to the rest of the fleet. A less costly option would be to execute maintenance on already planned maintenance,
but this maintenance slot may not align well with the beneficial time window defined by the POMCP.
The decision which aircraft to schedule in which maintenance opportunity and which aircraft tasks is assigned to that
maintenance opportunity is determined by the RL algorithm. For this research, the Deep Q-Learning algorithm was
used. The input of the neural network is the state of the environment 𝑆𝑡 , and the output is the Q function values of the
different action that can be taken, where each action corresponds to selecting (or not) an aircraft for maintenance on that
specific maintenance opportunity The design of the algorithm is summarized in Figure4.
The state of the environment is defined by the following features, as illustrated in Figure 1:
1. Prognostic Driven Tasks: The prognostics tasks refer to the maintenance of systems of components that are
monitored through sensors permanently. The prognostics tasks are driven by the RUL predictions produced by the
SVR prognostics model. Maintenance actions are triggered only when there is strong evidence of failure risk,
hence decreasing the number of unnecessary maintenance actions and, at the same time, avoiding unforeseen
failures (and corresponding unscheduled maintenance events).
2. Maintenance Slots: Execution of a maintenance task requires the availability of workforce. For each maintenance
slot, an availability of eight workhours is considered.Each slot is assumed to have a start date, an end date and a
designated aircraft type. We considered two types of maintenance slots:
Fixed slots: An assigned aircraft is predefined for fixed slots, and only additional maintenance tasks from
that aircraft can be assigned to the maintenance slots. Fixed maintenance slots are usually scheduled several
weeks in advance and consist of more extensive maintenance operations such as letter checks.
Flexible slots: For flexible maintenance slots, the aircraft registration is variable, and a maintenance scheduler is free to decide which aircraft to allocate to the slot, provided that the aircraft type matches the slot type.
These slots are generally used for last-minute maintenance operations to execute corrective maintenance tasks.
3. Current maintenance schedule: A feasible schedule before new RUL predictions are received. In a feasible
schedule, prognostics-driven tasks are assigned to maintenance slots.The maintenance slots schedule outlines
ground time reserved at the hangar to execute maintenance.

5

III. Case Study
In order to test and illustrate the performance of the proposed framework, we apply the rolling horizon approach over a
planning period of 70 days for a fleet of 10 aircraft with 250 CBM tasks. For every day of the planning horizon, the
prognostic models predict a RUL under uncertainty. Based on the RUL prediction, the belief about the state of the
component is updated and thereby impacts the maintenance scheduling.
As the aim is to understand the impact of uncertainty in predictions, we run the following three scenarios:
• Increased Accuracy Scenario: High prediction accuracy with low uncertainty,
• Baseline Scenario: Medium prediction accuracy with medium uncertainty,
• Decreased Accuracy Scenario: Low prediction accuracy with high uncertainty.
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To analyze the impact of prognostics uncertainty on optimal maintenance planning, the scheduling framework presented
in Section II is solved for the above scenarios. An overview of the simulation setup is presented in Figure 5, whereas an
analysis of the simulation steps is presented in Sections III.A-III.D.

Fig. 5

Architecture - online stage simulation framework.

A. System data
We use the C-MAPSS (Commercial Modular Aero-Propulsion System Simulation) data set, which consists of four data
sets, each containing simulated run-to-failure data for turbofan engines [12] [13]. The data sets differ mainly in the
number of fault modes (’modes’) and operating conditions (’conditions’) as listed in Table 1.
Each engine is considered to be from a fleet of engines of the same type and each time series, also often referred to as
trajectory, is from a single unit. The engines are operated until failure, i.e. the time series capture the operations of each
unit until it fails. In the test set, the time series ends at some point before the failure and the objective is to estimate the
RUL, or in other words the number of remaining operational cycles before failure. There are 21 sensor measurements
and each row in the data contains the measurements corresponding to operations during one time cycle for a certain unit.
From the above listed data set properties, it becomes clear that the data set is suiting for our case study as it follows the
assumptions presented in Section II.A.1.

6

Table 1 Characteristics of the four turbofan engine data sets, note that the difference between the four data sets
lies within the number of fault modes (’modes’) and operating conditions (’conditions’)

Data set

#modes

#conditions

#Train units

#Test units

#1
#2
#3
#4

1
1
2
2

1
6
1
6

100
260
100
249

100
259
100
248
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B. Prognostic Tasks
The SVR prognostic model is trained on all four data sets, predicting the RUL at each time step for each of the test
trajectories as defined in Table 1.
For the purpose of our case study, we assume that the time cycles correspond to flight cycles (FC) and assume an aircraft
usage of 4 FCs per day. The predictions are evaluated for each trajectory in terms of the Mean Absolute Error (MAE) as
defined in [14]. Then, all the trajectories are pooled together and organized into four clusters based on their MAE as
listed below:
•
•
•
•

Cluster 1:
Cluster 2:
Cluster 3:
Cluster 4:

MAE < 20FCs
20FCs <= MAE < 30FCs
30FCs <= MAE < 50FCs
50FCs <= MAE

This results in four groups/ systems for each scenario, containing data from 270 time cycles, i.e 270 FC, corresponding
to 67.5 days before failure until 0 time cycles. The resulting prediction means and uncertainty bounds as introduced in
Section II.A.2 are visualized in Figure 6.
For every system, two states are defined by partitioning its true RUL, 𝑅𝑈 𝐿 𝑡𝑟𝑢𝑒 , in two intervals depending on FCs
before failure, 𝐼1 = [270, 40) and 𝐼2 = [40, 0). The first state is referred to as the healthy state, and we consider that the
component is in the healthy state when the 𝑅𝑈 𝐿 𝑡𝑟𝑢𝑒 ∈ 𝐼1 . The second state is the degrading state, and the component is
considered to be in that state when its 𝑅𝑈 𝐿 𝑡𝑟𝑢𝑒 ∈ 𝐼2 . As such, the discrete state space for every component at flight
cycle 𝑡 is defined as 𝑆𝑡 = {1 : 𝐻𝑒𝑎𝑙𝑡ℎ𝑦, 2 : 𝐷𝑒𝑔𝑟𝑎𝑑𝑖𝑛𝑔, 3 : 𝐹𝑎𝑖𝑙}.
The true state of the component cannot be directly inferred from the prognostics since at every decision epoch, the
predicted RUL follows the Gaussian distribution N (𝜇, 𝜎 2 ). Based on the mean value 𝜇 and intervals 𝐼1 and 𝐼2 we
define the observed state 𝑂 𝑡 . This observed state stochastically relates to the true underlying but hidden state of the
component, which is either healthy or degrading. This relationship is described by the state observation matrix, which
captures the probability that the decision-maker observes that the component is in state 𝑆𝑡 = 𝑦 while the component
is in true unobservable state 𝑆𝑡 = 𝑖. The corresponding state observation matrices for every cluster are presented in Table 2.

C. Simulation Scenarios
As mentioned above, we simulate three scenarios with different prediction accuracy and uncertainties. In the baseline
scenario, the predictions from the SVR prognostic model as depicted in Table 5 are used. To capture the effect of
varying prediction uncertainty, we simulate two additional sets of clusters,where in each set the prediction accuracy of
the components belonging in the clusters described in Section III.B has been increased and decreased respectively by
40%. The corresponding state observation matrices are presented in Table 3 & 4.
Moreover, each scenario is tested on two different fixed slot repetition policies. According to the first policy, the fixed
maintenance slots are repeated every 7 days resulting to a total of 92 fixed maintenance slots and 15 flexible slots,
whereas in the second policy the fixed maintenance slots are repeated every 15 days resulting to a total of 50 fixed
maintenance slots and 50 flexible slots. It is noted that in both cases the same amount of workhours is distributed among
slots.
7
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Fig. 6

The predicted mean RUL and uncertainty bounds for each cluster.
Table 2

State Observation Matrices - Baseline Scenario.

D. Scheduling
The aircraft maintenance scheduling algorithm is solved using a rolling horizon approach for a period of 70 days. In each
iteration of the planning horizon, the POMCP algorithm calculates the optimal maintenance date for each component
based on the minimization of the maintenance cost and the RL agent devises the maintenance schedule accordingly. Afterwards, the planning horizon shifts one day ahead, at which a new RUL prediction for every component is obtained and a
new maintenance schedule is devised. The same process continues until all prognostics-driven tasks have been scheduled.

8
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Table 3

State Observation Matrices - Increased Accuracy Scenario.

Table 4

State Observation Matrices - Decreased Accuracy Scenario.

IV. Results
The goal of the analysis is to evaluate the impact of the different uncertainty levels on the optimal schedule devised by
the RL agent and identify promising maintenance policies. The uncertainty impact is going to be evaluated on the basis
of the following four objectives:
1. The first objective is to execute tasks ahead of their due date. When exceeding the task due date, the aircraft is
no longer airworthy and would have to be kept on the ground until the task is performed, inducing major costs to
the airline.
2. Secondly, after guaranteeing the execution of tasks in time, the goal of an MRO should be to provide fleet
availability towards the airline. In general, the airline prefers to assign tasks to the already defined fixed
maintenance slots and limit the use of flexible slots to cases where it is absolutely necessary. This will be reflected
to the number of flexible slots that will be used when running each scenario.
3. A schedule change is defined to be a change in the aircraft registration assigned to a flexible maintenance slot,
when compared with the original schedule. Reallocation of tasks between fixed maintenance slots is not considered
as a schedule change since it does not affect the availability of the aircraft for operations. In the case of a schedule
change, the number of days of notice is of high importance. An aircraft allocation change on the day of operations
is more costly than an aircraft change one week ahead. Therefore, the number of schedule changes in the last
three days before the day of operations are assessed.
4. The last objective is to plan individual tasks at the optimal moment in time. As described above task execution
9

is the most important objective. For the prognostics-driven task the goal is to schedule close to the date that
minimizes the maintenance cost and subsequently minimize the waste of the RUL of the component.
In order to have a low bound reference, the RL agent is run with perfect information, i.e., assuming that all tasks have
deterministic due days and are known in advance. Thus the schedule is created in one iteration. Moreover, each scenario
is tested on two different fixed slot repetition policies. According to the first policy, the fixed maintenance slots are
repeated every 7 days resulting to a total of 98 fixed maintenance slots and 25 flexible slots, whereas in the second
policy the fixed maintenance slots are repeated every 15 days resulting to a total of 50 fixed maintenance slots and 50
flexible slots. The results of the model with perfect information are summarized in Table 5.
Table 5

Scheduling with perfect information
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Perfect Information

RL agent

Failed tasks
Flexible slots used
Task utilization

Fixed Slot Frequency
7 Days
15 Days
0
0
1
3
82.20% 70.6%

The results of the six simulated scenarios are summarized in Table 6.
Table 6 Resulting failed tasks, flexible slots used, schedule changes and task utilization for the different simulated
scenarios.

RL agent

Failed tasks
Flexible slots used
Schedule Changes
Task utilization

Base Scenario
Fixed Slot Frequency
7 Days
15 Days
25
9
18
27
34
43
81.11% 71.57%

Scenario with increased accuracy
Fixed Slot Frequency
7 Days 15 Days
21
4
15
19
21
37
77.5% 68.2%

Scenario with decreased accuracy
Fixed Slot Frequency
7 Days 15 Days
32
15
23
45
36
25
83.6% 73.6%

From the table, it can be observed that a maintenance strategy using less fixed and more flexible slots results, in all
scenarios, in less failures. Moreover, increasing the accuracy of the predictions results to less components failing, less
flexible slots used and less schedule changes. However, a lower task utilization is achieved, due to the fact that the RL
agent schedules more tasks in comparison with the baseline and the decreased accuracy scenario. To shed further light
into the effect of uncertainty into the number of failures and the stability of the schedule, we analyze the effect of each
cluster on the former objectives. The results are presented in Figures 7 & 8.
From Figure 7, it can be concluded that the highest amount of schedule changes and failed tasks are due to tasks
belonging to cluster 3 and 4 which almost in all scenarios (except for the cluster 3 in scenario with increased accuracy)
has a 𝑀 𝐴𝐸 > 20. To gain insights in the uncertainty impact, we also plot the total number of schedule changes and
failed tasks observed across all scenarios for all tasks having 𝑀 𝐴𝐸 > 20 and tasks having 𝑀 𝐴𝐸 < 20 in Figure 9.
It can be observed that out of a total of 196 schedule changes and 106 failed tasks, approximately 71.4% (140) and
77% (82) are due to tasks having 𝑀 𝐴𝐸 > 20. Translating this to uncertainty from the observation matrices, it can be
concluded that having an uncertainty greater than approximately 29% in the identification of the degrading state can
have a severe impact on the efficiency and stability of the schedule. As such, having components with historical values
of predictions falling within this interval of uncertainty introduces the need for the airline to include more flexible slots
in the schedule as maintenance planning strategy. On the other hand, an order of uncertainty for the degrading state
below 29% corresponds to a ’low-threat’ planning state, as relatively high values are achieved for the four target features
of planning.
10
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Fig. 7

Fig. 8

Failed tasks per cluster – 7 days(left figure) vs 15 days (right figure).

Caused schedule changes per cluster – 7 days(left figure) vs 15 days (right figure).

Fig. 9

Total failed tasks and schedule changes in relation with MAE.

V. Conclusion
In this paper we presented an analysis of the uncertainty impact on optimal maintenance planning. A SVR prognostics
model was used to predict the RUL distributions for a set of monitored components. A set of maintenance scenarios
were considered in order to identify problematic and promising regions of the uncertainty space of the predictions from
prognostics models. The maintenance scenarios were solved using a RL scheduling algorithm. The results highlight
11

that having prognostics tasks with prediction uncertainty within the degrading state higher than 29% corresponds to
potentially high-risk maintenance decisions. A maintenance strategy to limit the influence of these tasks over the
optimal maintenance planning would be to include more flexible slots in the upcoming planning horizon. Finally, the
results indicate that a having open prognostics tasks having prediction uncertainty lower than 29% is a low-risk planning
state with respect to optimal maintenance planning.
Further research steps involve:
• extending the model to account for more aircraft and more monitored systems,
• including routine and non-routine tasks in the scheduling process
• extending the analysis to include different prognostic models with various uncertainty and accuracy levels.
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