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Difficult things take a long time,
Impossible things a little longer.
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What we know is a drop,
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Executive summary

Over the past decades the aerospace industry has been investigating a shift in maintenance policy
from preventive maintenance towards predictive maintenance, often called condition based mainte-
nance (CBM). This maintenance schedule will not feature predefined maintenance intervals but adapts
according to the conditions of the systems within an aircraft. To be able to adjust the maintenance
schedule the current system state has to be monitored with numerous sensors. These sensors collect
vast amounts of data, which combined with historical failure and degradation events, can be used to
train intelligent predictive algorithms. These algorithms are able to find underlying patterns that are
often not known beforehand. The data is stored either locally (on-board the aircraft) or externally and
thus directly fed through to the maintenance department database. This collected "big-data" requires
a new type of model that can overcome the three V’s that characterize it, namely the data volume,
variety and velocity.

The predictive algorithms used within maintenance typically fall in 4 classes. The model classes
are: Physical, knowledge based, data driven and hybrid/combination models. Each type of class has its
distinct advantages and disadvantages. Because aircraft are inherently complex systems there is a shift
towards data driven and hybrid models. These type of models are better suitable in finding complex
hidden relations. Furthermore these models can be built more flexible than purely physical models and
are therefore cheaper to integrate to a wide variety of subsystems.

Although the future of CBM sounds promising there are still numerous obstacles that need to be
addressed before interval based preventive maintenance becomes a legacy practice. Current research
focusses most of its efforts on improving the accuracy and flexibility of prognostic models. Making
them increasingly capable of forecasting different sets of data with high precision. However there is a
lack of integration of these newly developed models within a practical maintenance architecture. This
is mainly because of either relaxing reality by incorporating assumptions, or simply because the overall
effect of a validated implementation is not analysed. Furthermore there have been limited attempts to
make a financial value based assessment of such an integrated CBM system.

This research will aim to fill this gap in the state-of-the-art. It will do so by implementing a data-
driven Grey model (GM) in a CBM framework and evaluate its financial benefits over a run-to-failure
maintenance paradigm. Not only will this research focus on this alone, but a comparison will also be
performed on different optimization strategies of such an integrated CBM system. As this is not an easy
feat to conquer it is a too large and complex problem to implement on an aircraft as a whole within
the scope of this research. It is therefore proposed to focus on a specific subsystem, namely a turbofan
engine. The selection for this specific subsystem is driven by two considerations. First there is open-
source data available from the NASA PHM-08 challenge that perfectly fits data requirements. Secondly
as the power unit takes up around 47% of the total aircraft maintenance cost [17], and is increasing (as
of 2018), it is also the most interesting from a financial standpoint as well. By limiting the study to
this specific use case it will ensure that the fewer compromising assumptions and simplifications need
to be made, keeping the model a good representation of realistic maintenance practices.

The steps that have to be addressed for a fully integrated CBM framework, as found by the reviewed
literature can be summarized as follows. First data needs to be collected. This has already been provided
by the C-MAPS simulation program used for the NASA PHM data set. This data then has to be filtered
and converted to a suitable format to allow the prognostic algorithm to process its information. The
filtered data will then be used to train the algorithm finding its emergent relations and trends. This
trained algorithm will then be used in conjunction with failure records to provide accurate remaining
useful life (RUL) predictions. These predictions will be validated using another set of the collected
historical data. Once validated the RUL estimations will be fused with maintenance knowledge to
form a realistic model that can assess the benefit of the fully integrated CBM model. Furthermore
the integrated system has a modular approach wherein each subsequent segment will be evaluated on
its respective performance metrics. This will allow to investigate the advantages of taking a holistic
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approach of the CBM system as a whole, rather than optimizing for each specific component individually
as is tradition in current literature.

This study does show that a form of gestalt is reached when each module is combined and the CBM
model is optimized on a KPI that encapsulates the performance of the integrated system in its entirety,
such as end-to-end financial impact. Furthermore it shows that the system configurations that focus on
reaching local optima on the individual components that a CBM system comprises of does not lead to
overall optimal system performance.

Finally the financial impact metric will be normalized and assessed for a range of maintenance cost
relations to create an insight of its applicability on a spectrum of future potential use cases. This will
allow to provide an analysis of the economic benefit for not only the subsystem in question, but also
gives an additional financial incentive for other subsystems in aircraft that lie within the the region
where this model will have a positive financial net benefit as well. This can encourage the aircraft
maintenance industry to further its efforts in developing an integrated CBM framework for an ever
growing number of subsystems. By expanding the domain of subsystems where CBM is proven to
be effective the system can be made even more complex. This complexity can bring forth even more
efficiency gains by, for instance, allowing grouping of maintenance tasks together to minimize resources
required to keep a functional aircraft fleet.
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Introduction

The aerospace industry has made large improvements regarding maintenance policies over the past
decades [18]. This is mainly due to the shift from preventive maintenance towards condition-based
maintenance (CBM). The term prognostics and health management (PHM) is also used instead of
CBM, but to keep with consistency only CBM will be mentioned from now on (except when referencing
to existing literature). CBM is a maintenance policy where maintenance is not performed on solely
a time interval period, flight hours (FH) or a specific number of flight cycles (FC), but rather on the
actual condition of the aircraft components/parts/subsystems themselves. Traditionally CBM can be
divided in two main categories: failure diagnostics and failure prognostics. The former focusses on
detecting and categorizing a failure when it occurs, whilst the latter predicts when a failure is likely to
occur. This study will mainly focus on the techniques that are used for failure prognostics.

To be able to accomplish accurate fault prognostics data has to be accumulated. This is already
being done on a large scale within the industry as a single jet engine can generate 20TB of data over a
period of one year [3]. The collection of data is either being done by placing sensors or by performing
routine inspections. By doing this the component state can be monitored in either real time or on an
interval basis, this is called condition monitoring.

The collection of the data can then be subjected to algorithms with forecasting abilities to predict
future deterioration. This forecast can subsequently be used to deduce an optimal maintenance policy.
This can be done in two manners; the first being implementing a predefined threshold for the status
of the monitored parts where after maintenance is required, this is called fault diagnostics. Or the lat-
ter by implementing the prognostics evaluations in an integrated condition based maintenance (CBM)
framework. These programs use predictions of the remaining useful life (RUL) of individual compo-
nents/subsystems of an aircraft allowing for a more sophisticated maintenance schedule specifically
tailored to the actual state of the aircraft to be made. This integrated CBM program can subsequently
lead to improvements such as cost reduction, by decreasing downtime and delays for example.

Whilst most academic research has been focussed on either fault diagnostics, fault prognostics or
defining a theoretical CBM framework (with predefined underlying fault probability), limited efforts
have been made to integrate data prognostics into a CBM framework. Furthermore a optimization
of such an integrated CBM system from an practical financial perspective is also lacking in academic
research. This research will aim to fill these gaps. Therefore the proposed research question can be
formulated as:

Does a condition based maintenance model that follows a maximization strategy on main-
tenance cost reduction lead to lower overall maintenance cost compared to more traditional
performance metrics maximization strategies of its individual components, such as: fore-
cast error, AUROC and recall-precision performance metrics.

In order to research this an integrated CBM system will be divided in three main modules. These are
the prognostic forecast model, the CBM decision framework and economic value assessment segment.
The prognostic model and CBM framework will both be optimized locally, whilst a third optimization



2 1. Introduction

will take a integrated system approach. Furthermore a "standard" open-loop simulation will also be
performed that uses the configuration settings used in literature.

The study will be presented by first describing the experimental setting and use case in chapter 2.
Herein the need for this research will be highlighted and the fundamental design setup will be described
to the reader. Furthermore the data that will be used for this research, the NASA PHM-08 challenge set,
will also be presented in this chapter. This run-to-failure simulation data of aircraft turbofan engines
has been collecting using the C-MAPSS program that has been developed by NASA for the specific
purpose. This program thus allows for an unique insight in the deterioration of a vital aircraft system
until failure. Theoretical context of the prognostic model of choice (GM(1,1)) will also be given in this
chapter. As a GM(1,1) does not assume a certain mathematical function it is capable of dealing with
complex evolving time-series, as is the case in aircraft engine degradation. Additionally the model is
not a "black-box" system and as such more insight in the process can be attained as well.

Next chapter 3 will explain the integrated CBM model in detail. This will be done by explaining a
comprehensive flowchart that illustrates the integrated CBM system. In that chapter it will be made
clear that a iterative modular approach has been used in order to assess the system on a system level as
well as on sub-system level. The modular approach also aids in the verification and validation, described
in a later stage of this report.

Following this chapter 4 will aim to describe how the individual components listed in the precious
chapter were implemented in practice. This will be done by describing all considerations of the individual
subsystems of the aforementioned flowchart in detail. First the data pre-processing will be explained and
a method for obtaining the most suitable features from the data will also be presented. Furthermore a
proposal how the prognostic model has to be altered to use the selected filters will also be described. Next
these prognostics will be used in a maintenance decision making model wherein dynamically adjustable
thresholds are used to assess an optimal strategy for repair. The performance of this model will be
measured by metrics such as the receiver operating characteristic (ROC) and precision-recall score.
Finally the maintenance strategy that follows from that CBM decision framework will be evaluated on
its financial impact. To refrain from creating a overly specific research an economic feasibility region
will be analyzed instead. This also limits the amount of assumptions to be made and will enable a more
generic assessment of the research question at hand.

The results from this proposed methodology will then be collected and presented in chapter 5. In
this chapter special dedication to the comparison of the various optimization strategies will be given.
furthermore it will show that a holistic approach to a CBM system increases its financial impact over
traditional localized optimization strategies on each segment that an integrated CBM system comprises
of.

Chapter 6 will then aim to verify and validate these findings. It will do so by first explaining the
steps taken to ensure that the proposed models are implemented correctly. The modular approach of
the system will be one of the key methods used to warrant this correct implementation. Secondly the
procedures used to validate will also be described. One of these was comparing results obtained with
data selected for the training of the system with results from the test data. This will prevent that the
model will over fit the training data and gives a view on the robustness of the system.

Chapter 7 will then further the analysis of the robustness of the system and will aim to find more
information on its underlying dependencies on key parameters. By adjusting those parameters and
analyzing the impact on performance metrics, both on a system level as well as on a local level, it
will give valuable information on the applicability of using such a CBM system. It will also point out
potential shortcomings that can be addressed in future research as well.

Finally the conclusion and recommendations, chapters 8 and 9 respectively, will summarize all the
findings of this research and provide ideas for improvements made by future research. The conclusion will
inform the reader of the benefits of using CBM in the aircraft industry, with an integrated CBM system
that has been optimized on a KPI that describes performance on a system level in particular. This
provides another stimulant for the aircraft maintenance industry to focus their efforts on incorporating
data driven condition based maintenance within their standard maintenance practices.



Experimental setup

This chapter will explain the necessity and the construction of this research. It will do so by first
explaining the need for this particular research in section 2.1. This will be done by illustrating the gap
in the state of the art within CBM and how this study aims to fill this gap. In the following section,
2.2, the specific use case will be discussed. The experimental setup will be explained and the data set
composition will also be described. From then a selection of the available data must be made. How this
has been done will be showed in section 4.2. The method for obtaining the most valuable data fields
will be shown and which features will be used to predict system degradation. Finally in section 2.3 the
choice for the forecast model of choice, GM(1,1), will be explained.

2.1. Study motivation (gap in state of the art)

Unscheduled maintenance is a costly part of the aircraft industry. Between 10 — 20% of total life cycle
costs (LCC) are caused by maintenance [17]. In 2018 this amounted to a total spent of 69$ billion on
MRO. This in a sector that relies on small profit margins and huge financial investments. It is therefore
highly beneficial to reduce cost effectively wherever possible. The aim of incorporating a CBM policy
is to minimize the cost of aircraft maintenance by reducing unexpected failures that lead to downtime
of aircraft and additional delay related costs. The difficulty lies in finding the optimum replacement
point. One wants to reduce unscheduled failures but a too conservative replacement /repair strategy
will reduce the useful life of components which can, in effect, negate any reduction in cost gained by
switching to a CBM policy.

When reviewing the literature on CBM and prognostic maintenance forecasting it can be stated
that, although there has been numerous research on the topic, there still exist gaps to be filled. Current
research focuses on one of two aspects. Either an algorithm that achieves a certain (often improved)
prognostic accuracy is proposed, or it is proposed that reliability data can be used as a tool to develop
a CBM framework without explaining how this data is obtained. It can thus be stated that these two
aspects, while mutually dependent on each other, are not thoroughly combined in research.

This is especially true for research that focuses on the development of improving prognostic models.
Although these models reach higher forecasting accuracy, or are able to predict further ahead with a
similar degree of accuracy, the implementation of the prognostics model to assess its effects is lacking.
Furthermore the data used are usually manufactured in some way or another. Either the data are
simulated or faults are induced artificially to achieve a desirable controlled data set for the specific
research. These aspects therefore reduce the practicality of implementing the methods and findings of
the reviewed research in existing platforms. Furthermore there is a lack of run-to-failure data sets. In
practice most data collected from real world scenarios end when only a fault is present and not until
the actual failure. The NASA PHM data, explained in more detail in section 2.2, was developed to aid
in combating this challenge by offering run-to-failure data to the public in an effort to improve research
on this topic.

There is thus a gap to be filled in the state-of-the-art (SOTA). This gap can be illustrated with figure
2.1 wherein the missing links between prognostics and a CBM framework are represented by the red
lines. An orange line is also present. This line represent the limited amount of research that has been

3
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dedicated to this interaction of elements. An expanded version of this figure is presented in chapter 3,
namely figure 3.1. In that chapter the individual steps will also be explained in further detail as well.
Even more detail on the implementation of those individual steps will be given in chapter 4.

Holistic optimization of both models simultaneously
on entire cycle KPI's

Collect
historical
MRO data

Optimize prognostic model
on accuracy metrics

Loop 3

Forecast
accuracy
results

Data pre- Prognostic
processing model selection

Prognostic model
training

Missing implementation

KP1 i
CBM decision selection ifggﬁgﬁfggh
model (pracizion racall, Often missing impact
ROC) cost benefit analysis
Optimize for
performance metrics

Loop 2

Figure 2.1: A simplified representation of an integrated CBM framework.
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Figure 2.2: A simplified representation of an integrated CBM framework without feedback loops (open-loop).

There are several feedback loops present (loops 1, 2 and 3) in this figure that will used throughout this
research. Each feedback loop represents the optimization of the model in an effort to reach optimal
performance for each segment. The two green loops (listed as number 1 and 2) have been extensively
studied by peer academics, whilst the red feedback loop is currently missing. Loop 1 will have the aim
of reaching the highest forecast accuracy for the prognostic model. The next loop, number 2, will use
a wide spectrum of prognostic outputs instead and will find a "new" optimum on CBM performance
metrics. It will do so by adjusting both the GM(1,1) parameters as well as the CBM settings. The
final loop, number 3, will try to find a global optimum by evaluating a wide array of settings from both
the prognostics and CBM framework from a financial perspective. Finally there is also another setting,
namely using only "standard" configurations found from literature. Herein no sensitivity analysis or
wide band of configurations is used, but simply the stock configuration will be passed through. This
can by illustrated by figure 2.2. One can see this as an "open-loop" model with no feedback at all.
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2.2. NASA PHM challenge data

As explained in the previous section the NASA study offers a unique standpoint that it offers run-to-
failure data to the public. This enables a wide variety of researchers the opportunity to compare the
effectiveness of CBM policy’s. furthermore the data is divided in training and test data over different
failure modes. This gives the opportunity to validate the findings based on the training set as well.
This section will provide the reader how the NASA PHM challenge data set was constructed. It will
do so by briefly describing the NASA research performed.

The NASA study focuses on damage propagation in aircraft turbofan engines. As these are one of
the most complex, safety critical and expensive systems of an aircraft. It can therefore be considered
an area in which a successful data-driven CBM approach can have significant importance. Furthermore
C-MAPSS (Commercial Modular Aircraft Propulsion System Simulation) [12] enables the user to vary
input parameters that effect health and compute output sensor data that can be used for prognostic
purposes. These two facts highlight the importance and possibility of implementing a CBM method for

aircraft turbofan engines.

Combustor N1  LPT

Nozzle
HPT
LPC HPC N2
Figure 2.3: Simplified diagram of engine simulated in C-MAPSS [12].
| Bypass | | Bypass
= . Path Nozzle
= [}
sl lal] = =
HEE I
=< @ O 3]
oo o
o T .
2 e = Core
E I = Nozzle
o
of
[

Figure 2.4: A layout showing various modules and their connections as modeled in the simulation [12].

Figure 2.3 shows a simplified schematic of such a turbofan engine. Figure 2.4 illustrates how the
elements in figure 2.3 are implemented in the C-MAPSS simulation. The study uses findings found in
literature from Chatterjee et al. and Goebel et al. [7] and [14] that efficiency and flow rate deviation
of the compressor and turbine relates to system health, and as such the study uses these parameters
to determine the system health accordingly. The model can be used in both open-loop or closed-loop,
but was only used in a closed-loop configuration as this is more representative of a real-world scenario.
The simulation records 21 outputs that are available for the prognostic health assessment. Table 2.1
lists these outputs.

The model also adjusts the wear introduced under different operating conditions for each engine
and flight accordingly. The operational conditions also specify what the current system health is by
adjusting the system health margins. This means that the allowable system health is dependent on
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Available parameters as sensor data

Symbol

Description

‘ Units

T2

T24
T30
T50

P2

P15
P30

Nf

Nc

epr
Ps30
phi
NRf
NRc
BPR
farB
htBleed
Nf dmd
PCNfR_ dmd
W31
W32

Total temperature at fan inlet
Total temperature at LPC outlet
Total temperature at HPC outlet
Total temperature at LPT outlet
Pressure at fan inlet

Total pressure in bypass-duct
Total pressure at HPC outlet
Physical fan speed

Physical core speed

Engine pressure ratio (P50/P2)
Static pressure at HPC outlet
Ratio of feul flow to Ps30
Corrected fan speed

Corrected core speed

Bypass Ratio

Burner fuel-air ratio

Bleed Enthalpy

Demanded fan speed

Demanded corrected fan speed
HPT coolant bleed

LPT coolant bleed

Table 2.1: C-MAPSS outputs available for system health analysis [12]

‘R

‘R

‘R

‘R
psia
psia
psia
rpm
rpm
psia
pps/psi
rpm
rpm
rpm
rpm
Ibm/s
Ibm/s

the operational conditions and can thus vary between flights. However as the effects and operating
conditions are not shared as output parameters one is subjected to use only the data from table 2.1.
Furthermore only standard usage wear is simulated and failure events are omitted. Another interesting
fact is that between-flight maintenance is not omitted, but is included as process noise. This allows the
degradation to not be locally monotonic. This is in contrast to a lot of other simulated studies found
in the literature and more accurately presents a realistic scenario. Initial wear has also been included
in the simulation. as this is also prevalent in real-world situation as found in [23].

LA ‘l__._——l 5%
‘i._l 14%
—

UNIT AGE

Figure 2.5: Experience age-reliability relationships.

As discussed above noise has been added to the simulation to include effects such as: manufacturing
and assembly variations, process noise and measurement noise. It is therefore important that there are
methods in place to deal with this. Special attention to this will be given in the decision of a suitable
prognostic model. This is one of the reasons that a GM has been used. Further details on the benefits
of using said prognostic model and its properties will be given in section 2.4.
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2.3. Prognostic model selection

The selection of a specific prognostic model has been extensively explained in [11]. The most important
elements from that report has been summarized to give the reader an understanding why a Grey model
(GM) was chosen. More specifically a GM(1,1). This is a model that has an order of 1, meaning only
a first degree of differential equations are used, and the model takes only a single parameter (sensor
data) into account. A multi dimensional model is also possible, but this was deemed beyond the scope
of this research.

As GM’s do not rely on an underlying function to fit the data and thus makes it suitable to predict
non-linear complex functions with high accuracy. This eliminates the assumption that wear and degra-
dation follow a specific distribution. It therefore enables prognostics of multiple simultaneous failure
modes more accurately. As this is the case for the underlying data that has been used this is a vital
element why GM’s are of particular interest. Furthermore they are also suitable in dealing with partial
or limited data-series thus enabling quick and broad implementation.

Another positive aspect that the GM technique has is that it automatically filters noise and ran-
domness due to the conversion of the AGO and TAGO [10, 15, 19, 22, 27, 29]. This feature is important
since it reduces the fitting of random events that are not necessary linked to the health of the system.
By filtering the noise the forecast will also be less erratic. This makes it possible for a simpler wear
threshold to be applied without the need of complex outlier checks to be put in place.

It is also by nature less of a "black box" system such as a ANN system and can therefore give
additional insights. The modifications to the standard model proposed by Xia et al. [29] allow the
forecasting horizon to be increased further than the standard 1 time-step ahead. This makes it far
more suitable in practice since maintenance lead times need to be factored in. This does come at
computational price which has to be taken into consideration.

Some elements to be considered are that special care needs to be taken into account to not over fit
the data by selecting a too high number of historic data points for the GM. This will primarily be done
by validating the accuracy of the forecast with the test data. Work done by Chen et al. [8] proposes
an improved GM with binary weights that can limit the possibility of over fitting the model. However
incorporating this is beyond the scope of this research especially as there are already mitigating measures
(validation testing) in place. Another point that needs to be taken into account is the difficulty GM’s
have when faced with fast growing time series. This is not an obstacle for this specific use case as the
data are given on a per FC basis. There is thus ample time between each data point and the time series
are in the realm of 12-16 FC.

2.4. Mathematical formulation of a standard Grey forecasting

model

As previously stated the prognostic model of choice of this study is a GM, or GM(1,1) specifically. This
section will explain the mathematical basis and the properties of the model in detail. However this
is only an unaltered version and as such is not directly suitable for the use case of a CBM prognostic
model. Alterations to this model that had to be made in order to increase the forecast horizon and to
make it more robust as well will be explained later on in this report in subsection 4.3.

Grey models (GM’s) were first developed by Deng [19] in 1982. Although they have already been
used in fields such as management, economy, engineering, and finance [24] they are not widely used in
the forecasting of condition based maintenance. Grey systems have the ability to predict and model data
that are incomplete and/or limited in size. Grey systems are therefore able to be readily implemented
at an early stage of development when large data sets are not yet available. The name "Grey system”
comes from the nature of the model. It can be characterized as being neither a "black box" system,
where the underlying model is not known, nor as a completely known "white” system, where the model
has been predefined by the user. In GM’s each parameter is given a specific range, typically 0 — 1,
where the parameter is selected by optimizing the statistical accuracy of the model. They are thus
directly linked to the data set itself and are not subjected to an underlying assumption of following a
specific distribution or function such as an exponential or Poisson distribution or a linear, quadratic
or cubic relation respectively. GM’s also have the added benefit that they are easy to implement in
programming software such as MATLAB or python due to the matrix computations involved.

Basic GM’s can be built by five steps. These steps will be listed below and explained in further detail
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later in this report. The five steps are:

Collect the original data series X (0)

Perform an accumulated generating operation (AGO)

Estimate the parameters

Predict future point X (1)

Perform the inverse accumulated generating operation (IAGO) to predict values for the original

data series X (0)

G Lo

Grey models uses these steps to obtain a set of differential equations that can be used to forecast future
values. The original time series data 0 = 2°(0),2%(1),2%(2)...2%(7)...2%(n) with 2°(i) being the value
of a selected parameter at time 7.

The AGO is then used to transform this data set in a data set that contains less noise and is therefore
better suitable to indicate trends. The basic AGO operation is as follows:

k
dW(k)="2"%)  k=23,..n (2.1)
i=1
With 2! = 21(0),2'(1),2'(2)...21 (4)...x1 (n). Afterwords the first differential equation can be built as:
dl‘(l)

Wherein parameters a and b are determined using the least-squares method and give the relation of the
rate of change for the state of the system to its current state. To calculate parameters a and b relations
2.3, 2.4, 2.5 and 2.6 can be used:

A=[i] =158 oty (23)
7' (2)
21 (3)
s=|" (2.4)
2 (n)
P s 1; 21 () (2.5)
29(2)
xO
Y = :(3) (2.6)
20 (n)

The next step involves calculating the AGO. This can be done by integrating equation 2.2 and thus
retrieving equation 2.7:

b S b
ot (i+1)= <x1(1)—> I (2.7)
a a
0(; 1 1/,
2o (i+1) =z (i+1)—z (i) (2.8)
Combining equation 2.7 with 2.8, which is the IAGO, the transformation back to the original data set
is complete and can be given by equation 2.9:

2(i+1)= (xo (1) — b) (ef‘“' - efa(ifl)) (2.9)

a

The steps described above shows only the basic unmodified GM(p=1,n=1) with p denoting the order
of differential equation and n denoting the number of parameters used. As previously mentioned this
model is ideally suitable for slow growth time series. For this use case this is not a problem as already
described in 2.3. Adjustments to take this into account will also be presented in the next section as
well.



2.5. Classification or regression analysis 9

2.5. Classification or regression analysis
The decision for a regression model over a classification model will be treated in this section. When
analysing the literature a significant amount of research has been done on system health classification.
The different health classed are then linked to a varying preset RUL estimates. This research on the
other hand will use a regression model where the remaining time-steps until the failure threshold is
crossed will be used directly. This is done by extrapolating the prognostic forecasts N time steps,
between 12 and 18, ahead and retrieving the first entry where the forecast crosses the threshold limit.
The RUL is then set to this point in time and the maintenance action will subsequently be performed.
Furthermore a regression model gives additional insights on the deterioration speed near end of life.
That is if system health and sensor measurements are indeed linked as hypothesized. Finally as the
true RUL of the test data is also available and can be easily compared to the estimated RUL from the
model. This gives a measure of the performance of the system and will be described in more detail in
section 5.2.






Methodology

This chapter will describe how the selected methods in chapter 2 are combined and configured to create
an integrated CBM model. This will be done by first describing the model architecture step by step in
section 3.1. This will be done by an illustrative flow chart, figure 3.1, which is a more detailed version
of figure 2.1. The integrated system has been divided in four main segments that will be explained in
further detail as well.

The clear definition of the separate modules that make up the integrated CBM model has the added
benefit as that each segment can be analyzed individually. This approach is by design to aid in the
verification and validation of each part of the system. Furthermore the modular approach also helps
to maximize local and/or system performance metrics by adjusting the configurable parameters of the
model due to the iterative nature of the framework with its feedback loops. The decision and reasoning
for this approach will be highlighted in section 3.2.

3.1. Detailed flow chart of the integrated CBM model

When studying the literature a gap in the SOTA was determined. This gap was illustrated in a simple
manner in figure 2.1. This section will divide this figure in more detailed steps and will also highlight
each iterative loop present. Figure 3.1 gives this detailed overview by visualization of a more elaborate
flow chart. From this figure the following steps can be found:

e Data acquisition and processing

— Data collection

— Initial data set analysis
— Data filtering/cleaning
— Feature selection

Prognostic model development

— Prognostic model selection
— Prognostic model training
— Validation of the prognostic forecast accuracy

e Integration in CBM program

— Integration of the prognostic results in a maintenance decision framework
— Optimizing the configuration of said model
— Validating the CBM decision framework performance with test data

¢ Cost evaluation module

— Combining the CBM performance metrics with cost breakdown knowledge to create a value

model
— Analysis of the results obtained from the value model
— Optimize the total system for its over-arching value KPI
— Validate the optimized value results
— Document the findings in this report

11
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Figure 3.1: A detailed overview of the integrated CBM framework used in this study.

The first module in the figure describes the data acquisition and pre-processing steps. As these steps
are already discussed in detail in sections 4.2 and 4.1 they will not be treated separately here. However
the most important outcome of this process will be mentioned: this is the selection of the prognostic
model of choice which is a GM(1,1).

Now that a prognostic model type has been selected a specific model has to be built. From the
studied literature the mathematical structure of a GM(1,1) can be found. This also means that the
model does not have to developed from scratch and the known assumptions and limitations are already
identified. These two feats will ensure that the development of the prognostic model will not be too
time consuming and it will also limit inherent flaws in designing the respective model.

When the model has been built it has to be trained using the simulated training data. This training
will allow the model to gain the forecasting accuracy’s required for the condition based RUL. It also
gives information on the optimal configuration of the operational parameters of the model such as: the
number of historic time steps to be incorporated in the model, the forecast horizon and alpha value.
Multiple accuracy metrics such as the MAPE, RMSE and Theil’s U statistic will be used to indicate
the performance of the newly built model. This is an iterative process. If the validation results prove
that the prognostic model does not give a good approximation the following actions can be performed:
different features will be selected as the input data for the prognostic model, the prognostic model needs
adjustment or in the worst scenario a different type of prognostic model needs to be selected. Special
attention has to be given to prevent over-fitting of the trained model as well. This is to ensure that the
model is not optimized for the trained data only, but still has flexibility and accuracy for future data.
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Over-fitting of the prognostic model will be checked by comparing the forecast accuracy of the training
data compared to the test data.

This process is an iterative loop that will be continued until the accuracy metrics show that the
model is optimized whilst still producing validated results when the training data results are compared
with the test data results. The results can then be documented and the model can be implemented
to create a theoretical CBM system. The implementation of this theoretical CBM system will be
elaborated in chapter 4.

Once the prognostic model has been trained it can be implemented in a CBM program. Herein
a decision making method will be used in the form of failure thresholds. Once these thresholds are
crossed by predicted values a repair will be scheduled. It is then interesting to see what the impact
is of integrating the prognostics model in the maintenance schedule. To do this effectively a list of
KPD’s that assess the performance of the integrated model have to be established. These KPI’s are
for instance: true positive, false positive, false negative assessments of the maintenance strategy. The
precision an recall of the model will also be evaluated as well as the impact on mean time between
repairs (MTBR's). These will be elaborated in more detail in section 4.4.3. The acquired results will
again be validated and optimized for these specific performance metrics.

The performance metrics obtained in the previous segment are then used in conjunction with domain
knowledge on maintenance cost to form a realistic cost evaluation model. As it proved to be difficult to
determine exact values for the cost breakdown a simplified and factor based approach is chosen. This
process is elaborated in more detail in subsections 4.4.1 and 4.5. The entire integrated system will then
be optimized based on these value evaluation results. Finally the obtained results are again validated
and once proven to be valid the findings are documented.

It is important to note that implementing a CBM policy will not necessarily lead to benefits on all
of these KPI’s individually but will more likely reach a global efficiency gain. For instance it could well
be true that the CBM policy will reduce unscheduled maintenance by replacing a component before
failure. However this will also lead to shortening the operational life of the component. The opposite
may also be true. This is also already illustrated by table 4.3. wherein the hypothetical HO hypothesis
is that the component should be replaced.

A trade-off has to be made in unison with the aircraft fleet owner and/or maintenance provider which
of the KPI’s are most valued. Some airlines value their availability or on-time arrival/departure more
than their direct maintenance cost for example. By adjusting the parameters defined in the prognostic
model and failure threshold values the performance can be tailored to better suit specific needs.

The adjustment of these parameters is also a key component in the sensitivity analysis of the model.
This analysis will give not only the developer but also the implementer of the model valuable insight
what factors contribute the most to the KPI's. For instance it may be the case that extending the
forecast horizon too far will lead to a worse performance in general. Furthermore lowering the failure
threshold will lead to lower unexpected failures but high maintenance costs. Metrics such as the AUROC
and precision-recall curves as explained and illustrated in subsection 4.4.3, can be used to analyse the
effects of adjusting these parameters.

Finally it is also very important to verify and validate the aforementioned KPI results. Verification
can be done by checking the mathematical correctness of each of the models individual components.
This can for instance be done by adjusting the parameters of the underlying model in order to simplify
the model and check whether the results show similar results when analysed by hand. Validation on
the other hand is more difficult as the model will only be simulated and will therefore produce no real
world results. However similar studies have been performed on the same data using different methods
and therefore a comparison analysis could be done. Furthermore the performance of the model an
the training data compared to the test data will also be done. By closely comparing these results the
validity of the model can thus be assessed.
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3.2. Iterative and modular approach of the integrated CBM

framework

As can be seen from figure 3.1 there are several individual modules that, when integrated, create a
fully integrated CBM system chain. Because this study will evaluate whether the final feedback loop
(based on cost evaluation) will increase performance over a more traditional localized feedback loop
paradigm the complete system has been divided into 4 modules. These clear boundaries are the result
of research in the current literature and are in line with the most common approaches to current CBM
models. As mentioned in section 2.1 most research focusses on one of these segments in particular, often
with the aim of reaching the maximizing performance metrics associated with these kind of models (i.e.
forecast error, AUROC, precision-recall etc.). The modular approach enables the comparison of a
system approach to the more traditional linear approach of the individual modules, which is one of the
main goals of this research.

Constructing an integrated CBM system is complex and as such there are numerous errors that may
arise. Locating these errors or bugs in the code that was used for the model can be a difficult and time
consuming process. The modular approach played a vital role in keeping this to a minimum, as each
module can be evaluated on performance separately. One can therefore simply follow the flowchart along
its course until an anomaly is detected. To increase the ease of locating faults in the design even further
all outputs from the individual modules are stored locally and can be assessed and analyzed in order to
find discrepancies. This proved to be of the utmost importance in the verification and validation part
of the design process as there were numerous bugs that were easily captured and corrected.



Implementation of the integrated
maintenance framework

Now that a detailed framework for an integrated CBM paradigm has been established, as illustrated in
figure 3.1 form chapter 3, it is important to elaborate how this was implemented in practice to create a
model that adheres to this framework. This chapter will describe the individual components of figure
3.1 in more detail and will give the reader a better understanding in the considerations that have been
taken to construct the model. It should be noted that due to the iterative and complex nature of the
integrated CBM system that there is no clear linearity of the separate components of the flowchart.
As such some considerations and decisions will already use elements that will be discussed at a later
point of this report. Effort has been put into making this chapter as clear and coherent as possible, by
cross-referencing as much as possible to aid in reading and understanding the taken steps.

From the flowchart it can be seen that the data pre-processing is the initial step of the system. This
will thus be described first in section 4.1. Note that no special attention will be given to the acquisition
of the data, since this has already been covered in section 2.2. This data does need to be filtered and
a subset of the data has to be selected also to keep it within the scope of the research and to limit
the computing power required for analysis. These considerations are described in subsections 4.1.2 and
4.2.1 respectively.

Second is the implementation of the prognostic model, which is a vital part of the CBM model, in
subsection 4.3. In section 2.3 it was concluded that a GM will be used as the prognostic model. A
description of this method has already been given in section 2.4. Herein the standard mathematical
composition and explanation was presented. However further modifications are necessary to implement
the prognostic model with the data format that was used and also to fulfill requirements such as
the capability of forecasting more than one time-step ahead. These modification will be presented in
subsection 4.3.

The next step is to use the prognostics obtained by the GM in a maintenance decision making
framework. This will be defined in section 4.4. Herein required domain knowledge will first be presented
in 4.4.1. A proposal how this information will be used to complete the maintenance decision making
model will be given in 4.4.2. This will be done by proposing a dynamic failure threshold model capable
of predicting imminent failures.

Finally there is also a segment that uses the performance of the aforementioned models to estimate
the financial impact of implementing this integrated CBM system in subsection 4.5. Again there is
a need for maintenance domain knowledge to make a valid assessment of the potential of the system.
This knowledge is provided in subsections 4.4.1 and 4.5.

4.1. Data pre-processing

The first step in a big-data based model is understanding the data to be used. It could even be stated
that the primary step is to consider how and which data are to be collected, but as this research uses
open-source data that has already been simulated this step will be omitted. The methods used to
analyze this data in this section.

15
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In chapter 2.2 it is discussed in short how the parameters listed in table 2.1 were simulated by NASA,
however the usability of this data still requires further analyses. First the data is extracted and evaluated
on noise characteristics and monotonic behaviour. This will be described in subsection 4.1.1. Then
subsection 4.1.2 will explain how a subset of the data was selected and how the data was organized to
create understandable and scaleable data format.

4.1.1. Preemptive data analysis
First the data must be loaded and formatted in a useful manner. The data is originally contained
in a single CSV file for each training set. Each training data has 100 run-to-failure simulation each
comprising of different amount of flight cycles (FC). For analysis purposes it is imperative to organize
the data on a per engine basis. The data structure used is that of the Python dictionary format. The
dictionary format stores data within keys that can be specified by the user. As such calling a specific
slice of the data is intuitive and the data can also be more easily understand by visual inspection.
When analysing the raw data for complexity and noise levels some interesting conclusions can be
made. The entropy for each sensor is provided in figure 4.1.
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Figure 4.1: Box-plot of the raw sensor entropy of the NASA PHM data.

By inspecting figure 4.1 it can immediately be seen that there is large variation of the nature of the
data for different sensors. Most notably sensors such as: fan inlet temp’, 'fan inlet press’, 'bypass total
press’, ’engine press ratio’, ’burner fuel-air ratio’, ’"demanded fan speed’ and ’demanded corrected fan
speed’ have a really low entropy value. When checking the data source it can be seen that the data
remains (nearly) constant over the whole simulation period. It is therefore reasonable to assume that
these hold no information on the system health and is removed from further analysis.

Whilst higher entropy levels mean a more complex data structure it is important to note that entropy
levels of the raw data alone do not reveal the total picture. It is more important to look at the entropy
of the residuals between the prognostic model forecast and raw data. By doing this any trends that are
present that are captured are removed from the raw data and should, in theory, increase the entropy
as only noise remains. This is illustrated in figure 4.2.

Although it can be seen from this figure that most residuals indeed have a higher entropy value
(this is good since the present trend is captured by the model) it can also be immediately noticed that
there are some new sensors that show totally different entropy values when compared to the raw sensor
analysis. When investigating the raw sensor data and residual error of these sensors several aspects
come to light. The deviations of the raw sensor values are relatively small compared to the absolute
value. This causes the GM(1,1) to develop some huge spikes in the forecast as there exist the possibility
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Figure 4.2: Box-plot of the raw sensor entropy of the NASA PHM data.

of near singular matrices. These spikes have to be accounted for by removing them from analysis or, as
is the case of this study to limit the scope, the sensor is simply bypassed from analysis altogether.

4.1.2. filtering the data and data conversions

From the preliminary data analysis performed in subsection 4.1.1 several design decision can be made.
These are: removing non information holding sensor data and data that where the residuals are high
in SNR. Furthermore by visually investigating the remaining sensors for monotonic behaviour one can
determine which sensors are especially suitable for regression analysis.

Furthermore the data was stored in a Python "Dict” format. By organizing it in this style data is
stored in arrays that are associated to specific keys. These keys can then be used to identify the data
giving the user valuable information of the content of the data. Nested Dictionaries are also possible
and extensively used. This allowed the use of multi dimensional arrays without losing oversight of the
captured information. As the data can be analyzed and identified due to this structuring it also allows
for accessing on at later stages of the research without comprehension issues.

This proved vital for the modular approach of the constructed model. Any anomalies encountered
at late stages of the design could be backtracked to its root location by a process of retracing data flows.
Knowing the origin of the discrepancy considerably reduced the time needed to find the bugs that were
encountered.

It also allowed the model to be scalable for future adaptations or configurations. This also proved
to be hugely beneficial for the sensitivity analysis as the range of the keys that construct the dictionary
could simply be expanded. The only downside that arose was the computational effort required to
create increasingly larger Dictionaries. As the number of variable parameters rose it proved to form
limit for the resolution and range of those parameters to keep computation time within bounds. One
can see that if a list of N parameters with 10 different configuration that are independently studied a
dictionary of N0 key pairs has to be created. Combine this with a two dimensional threshold setting of
100 different heights and calculations for 4 different cost breakdowns a total of 4 % 1002 * N'10 simulation
arcs have to be performed. With, for instance, 3 different variables the number of simulations comes
down to 40 million. And as there are multiple calculations required for each simulation run time and
memory issues can arise.

This was one of the reasons to keep the number of adjustable variable low by design and to also
limit the range and resolution of those variables.
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4.2. Sensor and feature selection from the data

The steps taken in section 4.1 gave insight in where potential value lies within the data. This section
will delve into this a bit further by also looking at the underlying study where the data originates from.
Furthermore statistic features from this data will be taken as entries for the prognostic model to reduce
noise and compromise the data even further. This will be done by selecting the most suitable sensor
in subsection 4.2.1 and why this sensor is selected in particular. Finally two statistic features will be
selected that will be used as input data for the prognostic model. These will be presented in subsection
4.2.2.

It should be noted that a more sophisticated feature analysis is definitively possible, but as this
is not the main focus of this research only 2 basic features are used. By searching for more complex
features and using a multi-dimensional analysis of several of these features a, potentially, more accurate
model can be obtained. However this also increases the workload linearly and the comparisons between
the different analyses exponentially. This will result in a study that is beyond the scope of this research.

4.2.1. Sensor selection

When looking at the information gathered in section 4.1 a subset of the data can already be made. When
this is combined with information given by the NASA research paper several remaining sensors are of
particular interest. The study namely gives information about the failure mode namely high pressure
compressor (HPC) degradation, and in training and test sets 3 and 4 HPC and fan degradation. It is
also known that to simulate the HPC failure mode the parameters HPC efficiency and flow modifier are
used. Furthermore the parameters that are used to assess the system health are the following: Total
temperature at HPT outlet, Fan stall margin, LPC stall margin and the HPC stall margin.

With this information and looking at figure 4.2 It can thus be concluded that the most relevant
parameters are: HPC and LPT outlet temperature, bypass ratio and LPT coolant bleed. To get an
overview which sensor data is best captured by the GM(1,1) the residual forecast accuracy can be
investigated. To do this properly multiple error metrics need to be used. This is to limit potential
biases that a single error metric can have. Also using an absolute error metric as well as a relative
accuracy metric will give a more informed idea of the accuracy. The used metrics are as follows: the
mean average percentage error (MAPE) equation 4.1 from [21], Theil’s U statistic U equation 4.2 from
[28] and the root mean square error (RMSE) in equation 4.3 from [6].

Y

1 n o~
MAPE=->" 1YY} 100 (4.1)
n
i=1

(4.3)

When computing the forecast error metrics of these sensors table 4.1 can be formed.

Residual accuracy for different metrics

Sensor RMSE MAPE Theils U statistic

HPC outlet temp. | 6.42 (5.30-7.55) 0.298 (0.282-0.314) 0.00199 (0.00163-0.00234)
LPT outlet temp. | 6.16 (6.07-6.26) 0.356 (0.350-0.363)  0.00212 (0.00209-0.00216)
Bypass Ratio 0.0323 (0.0276-0.0372)  0.292 (0.278-0.305) 0.00188 (0.00160-0.00217)
LPT coolant bleed | 0.0711 (0.0696-0.0725) 0.243 (0.240-0.247) 0.00149 (0.00147-0.00151)

Table 4.1: Table listing the residual error of each sensor using several accuracy metrics (less is better).
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It is clear form this table that the LPT coolant bleed sensor shows both a low absolute forecast error as
well as a normalized forecast error. This sensor was therefore selected to be the primary focus of this
study.

4.2.2. List the most suitable features
With a specific sensor being selected it is still necessary to select which features will be used from that
sensor data. There are limits to what features can be used as there are only one time step measurements
made available for the public. As such intra flight features are not an option. An extensive approach to
feature selection can be done via packages such as tsfresh, but whilst this ensures that no information
is missed from the data it does increase the number of variables dramatically. To limit the scope, run
time and memory usage for this research it is therefore decided to only keep the most basic features.
To make an informed decision as to what these features may be one can simply look at the data at
hand and see if there are some obvious patterns emerging. Figure 4.3 gives the LPT coolant bleed flow
over the lifespan of a particular engine.

Simulated LPT coolant bleed flow over time Simulated LPT coolant bleed flow over time

3.5

-

LPT coolant bleed flow in {Ibm/s}
LPT coolant bieed flow in {Ibm/s}

51 23

s 50 E 100 125 150 s 0 100 150 200 250 300 50 400
Flight cycles Flignt cycles

(a) HPC degradation only. (b) HPC and fan degradation.

Figure 4.3: Simulated data of the LPT coolant bleed sensor until failure.

From these figures it can clearly be seen that the signal has noise but develops an upward or downward
trend from a specific point in its lifespan. It could be that this is a direct result of HPC and/or fan
degradation as are modeled in the simulation. The goal of this research is answering the question if
this is indeed the case and if the amount of degradation of said element can be used as a reference to
indicate system health.

Furthermore in Chatterjee et al. [7] it is found that the engine degradation system health can be
linked to flow capacity deviations. These findings were also used to simulate the system health by the
C-MAPSS program. Although not the LPT bleed flow was adjusted but the HPC flow it is assumed
that will have a detectable and useful impact on the LPT coolant bleed flow as well.

Concluding there are three features that are going to be used as a health indicator. These are:

1. An absolute upper limit

2. An absolute lower limit

3. A deviation from the mean (taken from the initial X flight cycles of the training data)
4. An independent absolute upper and lower limit

These will hold a key role in the condition based maintenance decision model described in more detail
in subsection 4.4.2, which is a part of the whole CBM module described in section 4.4. But before
they can be used for failure prediction the underlying parameter, LPT coolant bleed, still needs to be
entered in the prognostic model of choice, an adjusted for of a GM(1,1), to get the accurate forecast
data mentioned above. How this was performed will be discussed in the next section.
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4.3. Necessary modifications of the standard GM(1,1)

Whilst the mathematical formulation of a standard GM(1,1) were already given in section 2.4 it was
already mentioned that the default model will not be suitable for the purposes of failure prognostics.
Therefore some alterations and additions to the model need to be made. These will be described in this
section.

The most notable changes to an original GM (1,1) model is that the improved model is capable
in forecasting multiple time steps ahead. It does so by using the one step ahead forecast as the final
input for a next iteration, and increasing its first data point by one. This will be done until the
required forecast horizon is met. This is also called a rolling GM (1,1) model. This is also described
mathematically by equations 4.4 through 4.6 and has been described and used by Akay et al. [2].

O (i41)= (a:o (1) — b) (e—ai - e—a@-l)) For(z® = (2°(1),2°(2)...2°(4))) (4.4)

a

20(i+2) = (wo (1) - b) (67‘”‘ — 67“(’;1)) for(z® = (2°(2),2°(3)..2%(i +1))) (4.5)

a

2 (i+3)= (330 (1) - 2) <efai — efa(’;l)) for(z® = (2°(3),2°(4)..2%(i + 2))) (4.6)

By doing this multiple times the forecast horizon can be extended for ¢ n. As such the number of historic
data points used for the first forecast also imposes a limit to the forecast horizon length. Increasing
this forecast horizon does come at a cost of accuracy as each further forecast relies on more estimated
values. This can effect forecast accuracy and stability. A fine balance has therefore be found in being
able to forecast far enough ahead in order to take maintenance lead times into account and forecast
accuracy. Forecasting further ahead in time does allow for a less sensitive failure threshold, which will
be explained in 4.5.

Another aspect of the GM that can be adjusted is the factor alpha, present as the variable Z in
equation 2.5. This factor can be described as the "sensitivity" of the model. A higher value for alpha
will dampen the model and make it less erratic and more robust. It will also filter noise in greater
extent as well. This does come at a cost. As the model is dampened it will also be slower to adept to
introduced trends from incipient deterioration.

A delicate balance of these configurable parameters: forecast horizon, alpha value and number of
historic data points analyzed has to be found. Finding the optimal value for those parameters and their
influence on system performance will be one of the key aspects treated in chapter 7.

4.4. Condition based maintenance model

After the prognostic model has reached its accuracy level and has been found to be valid when comparing
training with test data it can be used as an input for the maintenance decision making framework. How
this will be done will be described in the upcoming section. First some domain knowledge has to
be obtained that contains basic information of the maintenance task of the corresponding failure. An
estimate has to be found for elements such as necessary lead-time, replacement cost and costs associated
with unexpected maintenance to name a few. These will be treated in subsection 4.4.1. After that a
method has to be developed that assesses system health. This is done by implementing a failure
threshold that can be adjusted dynamically to find the optimal value for said threshold. How this is
done will be explained in subsection 4.4.2. If, on the basis of this threshold, a failure is predicted it
needs to be determined if this assessment is indeed correct. This will be explained in subsection 4.4.3.
Several classification metrics will be described that can be used to give a quantifiable performance
indicator of the model. Finally subsection 4.5 will translate this performance into a final value metric
of maintenance cost reduction of the integrated CBM model compared to a run-to-failure maintenance
paradigm.
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4.4.1. Maintenance domain knowledge

To correctly configure the integrated CBM model knowledge of the maintenance practice is needed in
order to make the model representative of the reality. This section will highlight some of the elements
that were taken into consideration in order to make the model able to produce results that can be used
to assess the value of said model. The main items that will be discussed are as follows:

e RUL tolerance cut-off point
e Minimum forecast horizon length
e Maintenance cost definition
¢ Maintenance cost approximation

As previously mentioned and visualized in figure 5.1 ideally one would be able to predict failures as
far ahead as possible. However the difficulty in forecasting the RUL becomes greater with increasing
forecast horizon lengths. Furthermore to assess whether a maintenance action is performed just-in-time
(JIT) or too early gives an overview of the performance of the CBM model. A JIT forecast will result
in a true positive prediction, whilst a too early prediction will lead to a false positive instead. The
mathematical representation of these metrics is given in subsection 4.4.3. A cut-off point of 10 FC was
selected that will make the distinction between those two assessments. This is a standard that is widely
used in the industry. This parameter will henceforth be called the RUL tolerance window, or RUL
tolerance. Increasing this value will result in higher scores for the ROC and precision-recall curves,
which has been reported in greater detail in subsection 7.2.2. It should be noted that this parameter
will not effect the eventual value metric since earlier repairs will still result in shorter MTBR's and it
has no effect on the number of false negatives. It can thus be stated that the cut-off point is somewhat
arbitrary from a financial perspective, but still necessary to assess the performance and validity of the
CBM model.

A second item that needs to be addressed is the capability of actually performing the maintenance
action without resulting in expensive aircraft on ground (AOG) scenario’s. This is the reason that a
forecast horizon window range of 12 till 16 FC was used for the prognostic model. This will ensure
that there is ample time to schedule a check/repair action without creating too much disruptions in the
flight planning schedule.

In order to make a value based assessment on the impact of the model an understanding in the
financial that make up the aircraft maintenance industry has be acquired. According to Galar et al.
aircraft maintenance can be divided in several components as illustrated by figure 4.4 [13].

Miantenance
global cost

Traditional cost Spocial cost

Variable or direct Fixed or indirect Failure cost Financial cost

Bepairment Electro mechanical Spare parts

- Labour force for Breakdowns

cormective maintenance Amortizacion of assats
- Labour force for Shutdowns for preventive

Prevantive maintanance Maintenance

Usad spare parts

Extenral spare parts Energy and environment

breakdowns

Scheduled or non scheduled

Shutdowns activities

Figure 4.4: Breakdown of maintenance global costs in its different concepts [13]



22 4. Implementation of the integrated maintenance framework

Using this figure the global costs of aircraft maintenance can be formulated as equation 4.7 [13]:

CgZCZ'—FCf—i-CS—i-Cm‘ (4.7)

Herein Cy is the global cost of maintenance, C; the cost of intervention, C'y the cost associated to a
failure, Cs the cost for storage and C,; the cost of over investment. This equation is simplified by
removing the variables Cs and C\; in order to make the model not too complex. The simplified costs
are then represented by formula 4.8.

Cy=C; +Cf (4.8)

Furthermore the variable C; can be sub-divided in the components Ciupour, Cmaterial and Crepair-
According to Ackert [1] these take up 20 — 30%, 60 — 70% and 10 — 20% respectively. Furthermore
Batalha [4] listed averages for C'y which are represented in table 4.2.

Costs Estimates [per thousand $]
SV Cg/ ¢ Shop visit after on ground / in-flight failure 12-700

CDCy Potential contingency damage costs 500

Potential (line) inspection costs IC due to a false alarm | 0.2

SV Crp potential shop visit costs for a false alarm 2

LCgqg/ f Logistic costs to replace an engine off-base 100-250

CLgy/y AOG cost 266-372

Table 4.2: Maintenance cost values based on a study from Batalha [4].

As these values vary greatly, as well as in other studied literature, it is difficult to take a single estimate
for the variable Cy in equation 4.8. Secondly although C; can be divided in its 3 main components the
values will still vary for different aircraft, personnel, failures etc. So in an effort to limit the amount of
assumptions made, or to be too limited to a specific failure event it was decided to opt for a factor based
cost breakdown. This dimensionless factor is simply the relation between Cy and C; as represented in
equation 4.9.

C
Ofactor = ?f

(2

This factor will allow to make the necessary calculations for financial impact of the integrated CBM
model by simply evaluating if the outcome is positive or negative. It will also define a range where
such a model will yield a positive net benefit. This gives airline operators an indication whether or not
a CBM approach will be beneficial for them in a specific use case, provided that the CBM model has
similar ROC, precision-recall performance. Finally if all parameters are known to the operator they can
simply be plugged in and an estimate for the overall value can be calculated. Section 5.4 will provide
additional information regarding the use of these parameters and how they will be used to compute a
singular value KPI.

(4.9)

4.4.2. Maintenance failure threshold explanation

Once a mathematical model that is able to forecast future sensor data there is still a need to transform
those forecasts in a maintenance decision making tool. As previously explained in subsection 4.2.2 lists
the features that will be used to assess system health. This will be done in the following manner. A
range of thresholds will be created wherein the height of the threshold will be altered dynamically.
This can most easily be described by using figure 4.5. The orange bands dictate the range of tested
thresholds for the model. The thresholds heights are varied along these ranges independent from one
another creating a 2D map of possible threshold combinations. This is only the case for the model that
uses both the upper and lower bound together as the single threshold (upper, lower and deviation) only
has a single design parameter. This is visualized in figure 4.6.

Note that in figure 4.5 and 5.2 only the final forecast values are represented by the red dots. In
reality the model predicts a path of 12-18 time steps ahead from each individual FC after the necessary
time steps have passed to compute the model. This is illustrated in figure 4.7.

As can be seen from figure 4.7 the forecast trajectory crosses the threshold multiple times, whilst
the final estimated value still lies above it. The model has been built in such a way that this is taken
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Figure 4.5: A graphical overview threshold configuration. The orange bands are the ranges for the thresholds and the red

dots represent the final forecast values computed by the prognostic model.

into account. Once a trajectory crosses the threshold boundary it will declare that a maintenance task

needs to be performed.

4.4.3. Model performance metrics
In order to describe the effectiveness of the forecasting model several metrics have to be defined first.
In classification models the following metrics are commonly used. These are listed below.

Model precision Pprecision

Model recall rate Precqn

True positive (TP) rate T Prqte

True negative (TN) rate T Nyqze

False positive (FP) rate F Prqze

False negative (FN) rate F'Nyqte

Area under receiver operating characteristic AU ROC'
Prognosis time horizon Tyrognosticorizon

Maintenance lead time Tjeqd,, i enance

Prognosis failure time Tfailwepmgnos vie

Minimum time before maintenance action can be performed Tjrognosticycrion
Actual failure time T'tqiture, .y

Mean time between repair MTBR

Table 4.3 and equations 4.10 through 4.21 can be used to explain the parameters.

predicted
positive negative
ositive | true positive (TP) false negative (FN)
actual P (correct maintenance action) | (unexpected failure)
nepative false positive (FP) true negative (TN)
& (unnecessary maintenance) (correct no maintenance)

Table 4.3: Forecasting errors possible within a CBM policy.

From these classes several computations can be made that can be used to measure the performance of
the integrated CBM model [5]. These metrics are presented mathematically in equations 4.10 through

4.21.
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Figure 4.6: System health threshold schematic for LPT coolant bleed signal deviation feature. The orange band depict

the range of the failure threshold and the blue line represents a specific selected threshold value.

TP Zf Tprognosticaction Tfailure
FN Zf Tfailure Tprognosticaction
FP Zf Tprognosticaction Tfailure + RULtolerance

TN if mnoactionandno failure

TPTfailureprognostic TpTOQHOStiChorizon

TpTOgnOSticaction = max(TfaiZUTeprognostic ’ neadmaintenance )

Pyrecision = TPﬁ—iPFP
Precan = TPJ_}_%
TPrute = 7y
T Nyate = %
FPrate = s
FlNyate = 7

(4.10)
(4.11)
(4.12)
(4.13)
(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

Equations 4.10 through 4.13 list the mathematical conditions that need to be true for each class of
table 4.3. Furthermore the prognosis time horizon Tprognosticyyrize, 1S the amount of time wherein a
prognostic model can "predict” the prognosis failure time Tfailu"'eproqnostic’ depicted by equation 4.14.

The Tpyrognosticyyri.on, 1€€ds to be sufficiently large otherwise the maintenance lead time Tjeqq

maintenance



4.4. Condition based maintenance model 25

s Forecast of LPT coolant bleed 15 time steps ahead

— measured
=== threshold
— forecast

234

ma
w
w

m
W
[N}

LPT coolant bleed in {lbm/s}

231

230

180 190 200 210 10 2o
Flight cycles

Figure 4.7: A single forecast trajectory. Note that the trajectory does cross the threshold whilst finishing above it.

will exceed the Traiture,,,ognosic- Resulting in an inability to make the adjustments necessary within the
maintenance schedule to prevent the impending failure and nullifying the effect of the prognostic model.
This is because the minimum time before a maintenance action can be performed is defined by equation
4.15. Wherein the maintenance lead time can be explained as the time required to acquire the necessary
resources for the maintenance action. Finally the actual failure time is necessary to determine if the
maintenance action is indeed successful or not. From these parameters the probabilities of Psyccess and
Ptajiure can be determined.

The model success rate Psyccess is the probability that the correct maintenance action is performed.
Meaning that a part is maintained/replaced before failure (TP) or the part is not maintained and does
not fail (TN). The model error rate Peppor is 1 minus that probability (ie. the chance of a failure before
maintenance took place or a unnecessary maintenance action). Finally the occurrence rates from all
classes from table 4.3 are defined by equations 4.18 through 4.21.

Although the outcome of these parameters do not give a direct underlying value for a CBM system
they can be very useful in interpreting the current status of the implemented framework. For instance
if Pepror is high then either the maintenance action lead time Tjead,, i ionance 12 to be decreased, the
prognostic failure time, Ttaitureprognostics OveTestimates the actual failure time and has to be decreased
as well or the prognostic time horizon, Tprognosticy,ypizen » 1€€ds to be extended.

Finally the area under receiver operating characteristic (AUROC) metric can also be computed by
adjusting the parameters for Tprognosticy,ypize, a0d the reference component condition threshold after
which a component is replaced. The AUROC is defined by the area under the curve of the T Pqe set
against the F P,qe. It thus gives a measure on how well the model is able to classify between the classes
depicted in table 4.3. Figure 4.8 illustrates the definition of the AUROC [20].

It is also interesting to note that if a particular operator sets a limit to maximum allowable false
positive rates the AUROC curve can also be interpreted differently. That is the area until that limit on
the X-axis has to be maximized instead.
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Figure 4.8: Two ROC graphs. The graph on the left shows the area under two ROC curves. The graph on the right shows
the area under the curves of a discrete classifier (a) and a probabilistic classifier (b). [20].

4.5. Cost evaluation module of the integrated CBM framework

The final step necessary to complete the integrated CBM framework is the maintenance cost evaluation,
i.e. the net financial impact of incorporating the steps mentioned in the previous section. From the
domain knowledge acquired and listed in subsection 4.4.1 and table 4.2 it was concluded that there
exist a large deviation in maintenance cost associated with unexpected engine failures. As such the
maintenance cost evaluation formulation has been kept simple on purpose.

In order to make a simple formulation of the cost of the CBM model the following parameters are
necessary: the FN rate, recall and MTBR. The FN rate and recall are given in equations 4.11 and
4.17 respectively. This leaves the MT BR's to still be formulated as this parameter will account for the
frequency of maintenance actions and replacements/depreciation of the components in question, which
will have a direct effect on the associated costs.

The MTBR depicts the amount of FC between each executed maintenance action. As such it can
be formulated as equation 4.22. It should be noted that as the data comprises of a set amount of
run-to-failure simulations the total amount of maintenance task actions is also set. The number of
FC’s that occur in total is thus the only variable parameter in this equation. This value will be largely
dependent on the height, and thus the level of conservatism, set for the failure threshold.

F Ctotal

MTBR=
# maintenance tasks

(4.22)

As mentioned before it should be noted that the formulation is kept simple by design to limit the
amount of uncertainty added. A more complex formula is only better if the underlying parameters that
are used to create such a model can be determined with certainty. In order to keep the emphasis of this
study on the difference in performance of the various optimization strategies modeled it is not required
to develop a too complex model. This will keep the scope within reach for his project and by keeping
a simpler model it will also enable a clearer analysis of the differences between strategies.

The cost per engine can be divided in three components: Cfgijure, Crepair a1d Ceomponent- Herein
Cailure 1 the cost associated by an unscheduled failure occurrence, Cyepqir is the cost of the mainte-
nance task itself and Ceomponent is the cost of the component associated with the acquisition of a new
component. These parameters are slightly altered forms from the ones described in subsection 4.4.1.
The mathematical description is represented in equations 4.23, 4.24 and 4.25.

Caction - Clabor + Crepair (423)

Cunewp. maintenance — Cfailure * F'Nyate (424)
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o Ccomponent
Cdepreciation — T rmDD
MTBR
Note that for equations 4.23 and 4.24 this is the average cost associated for each maintenance task and
equation 4.25 is the cost per FC. Equation 4.25 has to be multiplied by MTBR to get the the cost
per repair as well. Combining these elements gives equations 4.26 and 4.27. The F N4 factor is not
present in the run-to-failure case as each engine has failed before it will be replaced.

(4.25)

Ctotal
. = Claction T F Nrate * Cfailure + Cdepreciation = Crepair + Cfailure * F'Npate + Ccomponent
reparr cpm
(4.26)
Stotal = C C = C FNygte +C
. = Caction + failure + depreciation — “repair + failure * rate + component
Teparr rupn—to— fail.

(4.27)
These formula’s have to be transformed to the overall total cost by multiplying by the total amount of
FC of each simulated aircraft divided by the MT BR to get the amount of repairs that will be performed
under the different maintenance paradigms. The final equations can thus be stated as follows:

o - H#EC

totalcpyr — WRCBM *
#EC

*

run—to— failure
The main difference between the two formula’s lie in the absence of the F'N,4t in the run-to-failure
model. As the F'Nqte lies between 0 and 1 by definition the inclusion of this factor in the CBM cost
formula results in a cost reduction. The MTBR on the other hand will be shorter for the CBM model
compared to a run-to-failure maintenance strategy. The relation of the magnitudes of the individual
cost components, the F'N;ate and the MT BRcpgy compared to MT BRyn—to— failure Will determine
the value of using an integrated CBM model and can be described by equation 4.30.

(Caction + FNrate * Cfailure + Ccomponent) (428)

Ctotalrun_to_failum = MTBR (Caction + Ofailure + Ccomponent) (429)

ValuemOdel :CtOtalTunftoffailuTe - CtOtalC'B]W =

#EC '

MTBRTun—to—failure i (Oactwn + Ofailure * Ocomponent) (430)
FC

_ %}{031\4 * (Caction + F'Nygte * Cfailure + Ccomponent)

As mentioned in subsection 4.4.1 it is difficult to define exact values for these parameters. A factor based
approach is therefore performed. Herein Ceomponent and Crepqir are combined to a single parameter C;.
Furthermore the number of FC are also excluded from the equation to get a normalized value. The
equation then simplifies to 4.31.

1

normalized MTBRTunftoffailm“e
1

MTBRcoBM

Value,odel * (C’L + Cfailure)
(4.31)

* (Cz + FN’r‘ate * Cfailure)

Valuemodel _ CtOtal'r'unftoffailure - CtOtalCB]\/f

Valuerelative = C C
tOtal'run—to—failu're tOtalrun—to—failure

(CZ'—FCf) _ (CZ'—FFNmte*Cf) (4.32)
MTBRrunftoffailure MTBRcpMm
(CZ‘ +C f)
MTBRrunftoffailure
All the steps from figure 3.1 have now been described and as such the next chapter, chapter 5, will be
dedicated to the results obtained from the integrated system.







Results

This chapter will be dedicated to the evaluation of the performance of the integrated CBM model. This
will be done per segment. These segments are: the prognostic model forecast accuracy, CBM policy
classification score (AUROC & precision-recall) and the overall value of the integrated system on a
monetary basis.

It is important to note that for the forecast accuracy, ROC and precision-recall and financial value
analysis different optimal model configurations are used. This is to illustrate the fact that an local
optimum in model configuration for the prognostic accuracy and CBM metrics will not necessarily
translate to a global optimum from a financial perspective. Moreover it can be seen that by integrating
the two a new configuration set will emerge as the optimal model configuration setting. This will be
highlighted in more detail in chapter 7 as well.

To assess the accuracy of the prognostic model the same multiple accuracy metrics used in subsection
4.2.1 will be used. These results will be presented and discussed in section 5.1. Next the performance
of the CBM model will be treated in section 5.2. This will primarily be done by evaluating the AUROC
curve and the precision-recall curve. Thereafter a look on the financial impact of incorporating a
CBM policy over a run-to-failure paradigm will be performed in section 5.4. Finally some intermediate
conclusions that combines all findings from these results in section 5.5.

5.1. Prognostic model results

It is important to know how well the prognostic model, GM(1,1) in this case, is able to estimate future
values. Not only because any occurring trend will be captured but also to give additional insight on the
importance of fluctuations of the measured sensor data. If for instance an increase in in value relates
to, and even causes, system health degradation, engineers can then improve the design to limit it from
happening in the first place. This is also one of the benefits over a pure "Black-boz" model.

Furthermore accuracy metrics by itself might hold some information, but it is even more insightful
when those metrics are compared between different prognostic models on the same data. This gives
not only an overall performance idea, but also a relative indication as well. In the case that the data
is "noisy" by nature it might be extremely hard to get a certain forecast accuracy, but if the GM(1,1)
outscores different other models it can still be concluded to be superior for this use case.

Therefore subsection 5.1.1 will treat the absolute and relative performance. The robustness of the
GM(1,1) will also be tested. This will be done by comparing the forecast accuracy of the GM(1,1) on
the NASA PHM data with data obtained from KLM. The data from KLM will also be tested on noise
so the effect of this noise can also be investigated. This will be done in subsection 5.1.2. It also gives
an additional validity check of the prognostic model which will be treated later on in this report.

5.1.1. Prognostic forecast model accuracy

It has been hypothesized that deviations in the LPT coolant bleed can be used to predict future failures.
However to account for maintenance lead-times one has a minimum required time ahead necessary for
those predictions. Figure 5.1 by Hess et al. [16] illustrates the importance of this. Ideally one would
have an expected RUL as far ahead as possible but this does decrease the model accuracy. Some models

29
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Figure 5.1: Failure progression timeline [16].

GM(1,1) forecast error on raw signal compared to other forecast models

Accuracy metric GM(1,1) Naive forecast ARMA model
Theil’s U statistic 0.00149 (0.00147,0.00152)  0.00222 (0.00217,0.00226)  0.00152
RMSE 0.0713 (0.0693,0.0733) 0.103 (0.101,0.105) 0.0740
MAPE 0.243 % (0.239,0.248%) 0.355 % (0.348,0.363%) 0.246 %

Table 5.1: Multiple prognostic forecast error metrics comparison of GM(1,1), ARMA model and naive forecast (including
95 % confidence interval).

are more suitable to predict further ahead and it is therefore important to have context of the accuracy
numbers (ie. different model accuracy comparison). Table 5.1 gives this context. Herein the same
underlying data has been subjected to different prognostic models (the GM(1,1), an auto-regressive
moving average model and the naive model) to compare the forecasting accuracy performance across
those different forecasting algorithms.

When computing the same forecast accuracy metrics for the signal deviation feature there are
surprising results. These can be found in table 5.2. The data from table 5.2 also shows that the model
does not accurately predict future values for the signal. When the forecasts are plotted it can be seen
where the problem lies. Figure 5.2 shows this clearly. There are instances that the prognostic algorithm
is unstable and and has large prediction errors. It seems from first analysis that this decreases once an
upward trend in the signal becomes prevalent. It can thus be hypothesized that for oscillating small
absolute values the model portrays erratic behaviour. The detailed reasoning for this will not be dealt
with in more detail as this is not the focus of this study. Furthermore a mitigation to this problem
that allows for a similar, but not identical feature to be used instead has already been implemented.
That is by using both a lower and upper threshold simultaneously one still can detect both positive and
negative deviations from the reference signal.

It should be noted that no 95% confidence window for the accuracy metrics was listed in table 5.2
as there was a huge difference in accuracy between different simulations due to the erratic nature of
the forecasts. The most accuracy metric of the most "stable" simulation was presented instead to still
give a measure of the incapability of prognoses of this feature. Furthermore the larger difference of the
relative error metrics (MAPE and Theil’s U) versus the absolute error metric (RMSE) can be attributed
to the fact that the values of the underlying data are smaller in magnitude in general. This highlights
the importance of using both relative and absolute error metrics in conjunction as stated earlier.

Note that there is also no confidence window provided for the ARMA model. This is due to the fact
that the ARMA model behaves highly unstable and there are therefore very frequent forecast outliers.
The number presented is not the mean of the error but the lowest accuracy for any simulation. The
following can therefore be concluded about using a (rolling) ARMA model with a forecast horizon of
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GM(1,1) forecast error on deviation feature

Accuracy metric GM(1,1)
Theil’s U statistic 0.223
RMSE 0.081
MAPE 49%

Table 5.2: Prognostic forecast error metrics of GM(1,1) on the signal deviation data (including 95 % confidence interval).
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Figure 5.2: GM(1,1) forecast plotted against the deviation of the reference signal. Note the instability when the reference
signal has small values.

15 time steps. The unstable character of the ARMA model will trigger early replacements when they
are not needed. And even in the best case scenario the overall forecast accuracy is lower than the GM.
Suffice it to say that it is not advisable of using an ARMA model for this specific use case.

When the final forecast values are plotted, such as in figure 5.3, it can be seen that the model
dampens the input signal. This is due to the intrinsic property of a GM(1,1) as described in section
2.4. This dampening effect becomes greater when alpha is increased. Although this dampening deals
with the noise of the signal it also caused a delay in the forecast. It can be seen that the trends in
the data are captured but the future estimates trail behind. This delay caused by a high alpha can
be "cured" by extending the forecast horizon, as with a further forecast any trends will be amplified.
However a further forecast horizon will also relate to a lower forecast accuracy negating the damping
effects. A balance has therefore be found that finds the optimum for those parameters. These adjustable
parameters of the GM(1,1) are listed in table 5.3.

Optimal configuration w.r.t. prognostic model forecast accuracy
prognostic model parameters values

GM(1,1) alpha 1.1
# historic data points 18
forecast horizon 13

Table 5.3: Prognostic model configuration setting to reach maximum forecast accuracy based on multiple error metrics.
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Measured LPT coolant bleed compared to forecast value of GM(1,1)
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Figure 5.3: Final forecast values plotted against the reference signal. Note that the forecast model has a dampening effect
but also suffers from lag.

GM(1,1) forecast error comparisons between different data sets

Accuracy metric NASA PHM data KLM data KLM data KLM data
(entropy @ 1.84)  (entropy @ 2.02) (entropy @ 2.15) (entropy @2.58)

Theil’s U statistic | 0.00149 0.00443 0.0155 0.0314

RMSE 0.0713 0.878 2.77 4.55

MAPE 0.243 % 0.755% 2.56% 4.86%

Table 5.4: Forecast error of GM(1,1) of the NASA PHM data set compared to the KLM data with varying noise levels.

5.1.2. Relation between signal noise and forecast accuracy
In order to test the robustness of the GM(1,1) it has also been used on a different set of data and
the same forecast accuracy metrics are analyzed. The data in question is continuous parameter logging
(CPL) data from the 747 bleed air system provided by KLM. Since this data is logged continuous instead
of only having 1 data entry per FC, as is the case for the NASA PHM data, it was compressed to the
same format. The data from a variety of sensors was then analysed on its levels of noise by calculating
their entropy in order to make an informed comparison. Table 5.4 lists the performance of the GM(1,1)
on the NASA data set compared to the KLM data of various sensors with their corresponding entropy
levels.
It can be concluded that the GM(1,1) has more difficulty to track the KLM data than anticipated.
Although the MAPE is still under 1% for the KLM data that has the least entropy it is still proving
to be less accurate. In an effort to find the reason for this discrepancy a study performed by Costa et
al. [9] showed that for shorter time series the entropy level decreases. It can therefore be assumed that
noise is relatively more prevalent in the KLM data, visual inspection does conform this also.

The results of this analysis does confirm the previous statement that the GM(1,1) has a better
forecast accuracy for lower entropy values. The decision for the LPT coolant bleed as the reference
signal for the model is therefore strengthened.



5.2. Condition based maintenance decision model results 33

5.2. Condition based maintenance decision model results

Following the steps from figure 3.1 the next phase of the integrated CBM model is to use the prognostic
forecasts in a system health model. This model, that has been described in section 4.4, will be analysed
on several metrics. Most notable the ROC curve, precision/recall curve and the monetary value will be
investigated. The results from the different features (lower threshold, upper threshold, lower and upper
threshold and deviation) will all be treated. These metrics can then be used to get a clear overview of
the classification capabilities of the a GM(1,1) regression model to assess system health. First the ROC
curves will be presented in section 5.2.1. Then subsection 5.2.2 will present the precision/recall curves.
This performance metric gives vital context to the ROC curves from the aforementioned section. In
practice it has little significance if a model can have "good ROC" properties if the recall is poor. In that
case it only "cherry picks" a few instances correctly but has no impact in the grand scheme of things.

5.2.1. ROC performance analysis

To evaluate the performance of the CBM framework introduced in subsection 4.4.2 ROC curves will be
used. These give an insight on the balance between T Py vs. F Prgte- It can be seen that to increase
the T'P,qte beyond a certain point the number of false positives rises considerably. Note that the curve
represents a whole set of model configurations and that a particular design point can be selected that
has an optimal balance between T Pyqte and F Prqzte.

The area under the curve can also be calculated to give the AUROC' score. This is a metric that
encapsulates the whole figure in one single numeric value. This can be used to easily compare different
model configuration to one another, however it could be suggested that the model configuration with
the highest AUROC value will not always be the most desirable. This can be attributed to the fact
that recall might still be low with a high AUROC model configuration, which will be expanded upon
in sections 5.2.2 and 7. Furthermore one can impose limits on maximum false positives rate which
skews the results also. Figure 5.4 gives the performance of the CBM framework for the different failure
features introduced in subsection 4.4.2.

It can be concluded that using a single threshold, either upper or lower, as a health assessment fails
to recognize all imminent failures. This is due to the fact that deterioration will not result in only
upward or downward trends of the LPT coolant bleed signal but in one of either. This is especially
the case for the data that simulates both HPC and fan degradation. As such a combined upper and
lower threshold ensures that both deteriorating effects are captured. However as seen by the analysis
from 5.1 the GM(1,1) behaves highly erratic for this feature input data. It is therefore unsuitable.
Even if there was a method in making the model more stable there is still a downside of using this
feature. This is because the deviation feature does not discriminate between an upward or downward
deviation, but only an absolute one. In reality it could be that a downward deterioration relates to a
lower system health and will fail sooner than when degradation caused an upward trend of the LPT
signal. By splitting the two and dynamically adjusting both simultaneously one gets a two dimensional
threshold setting that can be optimized. This leads to the best performance overall.

It must be stated that there are potentially other features that can also be used beside the afore-
mentioned 4, but to limit the scope of this aspect of the research design constraints had to be imposed.

Furthermore when the RUL tolerance is increased the AUROC score increases as well. This can be
attributed to the fact that a classification of false positive is less likely to occur. It was also found that
the sensitivity of the threshold adjustments has a large effect on the overall performance of the model.
If the steps between threshold values are too large the model fails to find the sweet spot where failures
are just about to happen. By increasing the RUL tolerance this sensitivity is reduced. This will be
treated in further detail in chapter 7. Finally by having model that is too finely tuned, that is to say
with very small increments in sensor thresholds and with a low RUL tolerance window, it is prone to
over fitting. This can also be attributed to the fact that the model is capable of finding the small sweet
spot of just-in-time failure recognition, but only on the training data. This will be expanded upon in
section 6.2.
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Figure 5.4: ROC curves for the different analyzed features. Note the improvement of the area under the curve for the
cases where both an upper and lower limit are set.
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Optimal configuration w.r.t. ROC curve
prognostic model parameters

GM(1,1) alpha 0.9
# historic data points 18
forecast horizon 15

Table 5.5: Prognostic model configuration optimized for maximum AUROC value.

5.2.2. Precision-recall curve analysis

A similar trend can be noticed when analyzing the precision-recall curves as in the previous section.
Namely that the model performs best when both an upper and lower threshold are combined. Figure
5.5b also gives the context that explains why the one sided thresholds are not suitable for detection
system health degradation for the investigated failure modes. It can be seen that whilst the accuracy
of the model tends to be quite high for the single threshold scenario, a maximum accuracy of 0.85 at a
recall of , there is a distinct drop-off for higher recall values.

When comparing figures 5.5a with 5.5b it is clear that the precision recall curve for the lower
threshold only has a much sharper shape. This relates to a more narrow defined threshold where
failures are prone to happen. Although it can be seen from the figure that using only this threshold will
not yield a well performing model it does give the valuable insight that a lowering of the LPT coolant
bleed flow relates to a poorer system health state than an increase. This is one of the benefits of not
using a completely "black-box" system.

When the two threshold boundaries are combined it can be seen that the model is able to catch 75%
of the impending failures with a 75% precision. Although there are still failures that are not detected a
large portion of unscheduled maintenance can still be avoided. Note that this graph is computed using
a RUL tolerance window of only 10 FC. The MTBR will therefore not be dramatically influenced for
high precision values. Once the precision drops it will automatically mean that the model will infer a
failure at a too soon point in the life-cycle of the component and will result in a higher overall cost for
the operator. This will be treated in section 5.3 in more detail.

Optimal configuration w.r.t. precision-recall curve
prognostic model parameters

GM(1,1) alpha 0.7
# historic data points 18
forecast horizon 13

Table 5.6: Prognostic model configuration optimized for maximum area under the precision-recall curve.

5.2.3. MTBR versus recall

From an operational perspective it is interesting to investigate the impact on the MTBR of incor-
porating a CBM over a run-to-failure paradigm. The useful life will be lower when replacements are
performed before failure can occur, but to what extent and at what recall. This section will describe
this in detail. Figure 5.6 shows this relation.

When analyzing figure 5.6 it can clearly be seen that for increasing recall values the MT BR goes
down. This is due to the fact that a more conservative replacement strategy is being incorporated.
This will result in more failures that are being prevented, but the failures that were already predicted
will now be issued at an earlier timestamp. It therefore is important to note that a balance has to be
found between the two. Where the optimum lies relies on the value of preventing failures over a too
soon replacement policy.

Furthermore it must be stated that there are also secondary effects that can come in effect when
the MTBR becomes increasingly short. It will become harder to plan all the necessary maintenance
actions in a tight airline operating schedule. It will also relate to a higher throughput of components
which have to be in inventory.

The next section, where the financial optimal strategy will be computed, will evaluate where the
balance of MTBR vs. recall lies. As can be seen from that section the change in MT BR will remain
under 10% for recall values up to 80% (which is around the optimum recall for a cost factor of 1 in 5).
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Figure 5.5: Precision-recall curves for the different analyzed features. Note the improvement of the area under the curve
for the cases where both an upper and lower limit are set.
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Figure 5.6: Relation between mean time between repair for increasing recall.

It will be assumed that this change will not need radical reorganization of maintenance policy.

5.3. Maintenance cost reduction when comparing CBM with
run-to-failure policy

The capability of the model to make accurate identifications of imminent failures has been described

by the previous two sections. However the economics impact of the model have to be analyzed as well.

Without a financial gain to be had the implementation of this model will not be as desirable for an

airline operator. The main contributor for this financial value comes down to the relation of the F'Nyqte

and the MTBR as illustrated in equations 4.28, 4.29 and 4.30 from section 5.4.

As previously described it is difficult to ascertain the exact values that can be inserted in those
equations. Costs may vary from airline to airline and will surely differ from aircraft to aircraft as
component will vary as well. It is therefore more practical to compute the economic value in a more
abstract manner. This has been done by using the several cost breakdown factors mentioned in 4.4.1.

It can be seen that for a maintenance cost factor of 1 the model will have the best financial value.
This is to be expected as in this case preventing unscheduled failures will result in the most cost saving.
One thing to note from all the figures is that there is a very sharp drop-off where the model will become
financially unfeasible.

It should also be noted that changing the RUL tolerance value (standard of 10 FC) has no effect on
the performance of the model with respect to the financial evaluation. As the optimum scenario and
configuration relies on the F N,4t in combination with the MTBR and not on the area of the ROC,
precision-recall curve or prognostic accuracy metrics. As such a higher RUL tolerance window, which
will improve the ROC and precision-recall performance of the model, it will result in lower MTBR
values leading to more expenses. The impact of the RUL tolerance value on the difference between
optimal configuration from a ROC and precision-recall perspective compared to the financial based
assessment will be treated in more detail in sections 5.4 and 7.

Although tables 5.7, 5.8 and figure 5.7 gives insight on the financial value at specific cost factors
Cy they do not provide information on the performance of the model at intermediate cost factors.
Figures 5.8a and 5.8b illustrate the effect the cost factor C'y has on the impact of the CBM system by
directly plotting the maximum cost saving for all these intermediate values of C'y. Notice that there
are two lines present in each figure. The red line shows the model performance for static threshold
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Figure 5.7: Net value per unit of time of the integrated CBM model over a run-to-failure paradigm for different cost
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Optimal configuration w.r.t. financial value

prognostic model Threshold settings
parameters Cfactor 1 Cfactor 1/3 Ofactor 1/5 Cfactor 1/7
GM(1,1) alpha 0.6 Lower 23.088 23.088 23.064 23.040
# hist. data points | 18 upper 23.803 23.831 23.831 23.888
forecast horizon 15 Norm. wvalue | 0.00352 0.00220 0.00127 0.000566
{€ per FC}

Table 5.7: Prognostic model configuration optimized for maximum financial impact at various maintenance cost factors.

Relative normalized financial value benefit
Cfactor 1 Cfactor 1/3 Cfactor 1/5 Cfactor 1/7

run-to-failure cost {€ per FC} | 0.00866  0.0173 0.0260 0.0346
CBM model cost {€ per FC} | 0.00514  0.0151 0.0247 0.0340
Relative cost reduction 40% 12.7% 4.9% 1.7%

Table 5.8: Relative normalized financial impact at various maintenance cost factors.

settings, whilst the red line shows performance at dynamic threshold settings. The static threshold
setting assumes a single threshold value that remains constant throughout changes in C'y. The height
of the threshold setting was selected on the basis that it maximized performance at a C; of 1. The
dynamic threshold on the other hand varies the threshold height with cost factor in order to maximize
performance throughout the whole cost factor range. As such it is unsurprising that this approach will
lead to better performance as the cost factor shift further away from 1.

This can be explained by the following fact. As the cost factor decreases (repair costs increase relative
to unscheduled failure costs) it becomes more expensive to adhere to a too conservative maintenance
strategy with subsequent conservative failure threshold bounds. These conservative threshold height
will reduce the amount of false negatives, but as the MTBR is lower (compared to a less conservative
approach) it will still result in higher costs and thus less savings.

Another logical assessment that can be made on the basis of these figures is that the relative cost
savings has a different shape when compared to the absolute cost saving. Most notably the relative
benefit decreases faster for C values close to 1 and slower for small values of Cy. This is to be expected
as a similar absolute cost saving will have a lesser relative effect when actual maintenance task costs are
increasing (for Cy decreasing). On the other hand when Cy becomes increasingly small a potentially
large increase in absolute maintenance cost will have a smaller relative effect.

Note that this is the case with the assumptions in mind that an unexpected failure has a normalized
cost equal to 1 and costs associated with a maintenance intervention C; range between 1 and 7 (giving

1
the range of C'y between 1 and = in the figures).
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Figure 5.8: Normalized absolute and relative cost saving for varying cost factors. Note the higher cost savings for the
dynamic versus the static threshold heights.

5.4. Cost reduction comparison on the different configuration

strategies

When using the optimal settings from each respective module (prognostic model, and CBM model)
based on their respective performance metrics and the open-loop scenario (no optimization and standard
configuration) there are detectable differences when global cost reduction is concerned. The different
parameter configurations are listed in table 5.9. Wherein the most indicative feature of overall perfor-
mance (normalized value) is highlighted in bold font. This performance metric depicts the normalized
cost saving per FC as described in subsection 4.5. The relative cost saving is also present which is also
explained in the same subsection. The graphs that correspond to the values listed in this table can also
be found in appendix A. Furthermore appendix B contains the graphs that show the cost savings/value
for a continuous range of cost factors as well.

Note that after each optimization loop has been performed the optimal threshold values for that
specific optimization can vary as well. The threshold values that perform best were all chosen. It
should also be noted that although these threshold values show similarities between the respective
configuration, there are still some minor differences present. These small variations can be explained
by the high level of sensitivity the threshold height has on model performance. This will be further
discussed in chapter 7. From figures 5.8a and 5.8b it can also be seen that these small variations do
lead to a notable increase in performance, most notably when the cost factor becomes small (relative
high repair vs. failure cost see equation 4.9). Furthermore as all simulations use the same 50 step-sizes
for threshold heights it is to be expected that there are similar values due to the discrete nature of the
threshold boundary values. Finally the RUL tolerance window is 10 FC for all simulations.

It can be seen that there are noticeable differences in the prognostic model configuration that yields
the highest performance for each respective CBM segment metric. The different configurations will
also lead to a different set of threshold boundaries that are to be used to maximize financial benefit.
Furthermore there is a significant difference in the actual value for each respective optimization strategy
visualized in appendix C in figure C.1. In that figure all different configurations are plotted next to each
other and one can see clearly that the value oriented approach leads to higher cost savings throughout
the cost factor spectrum that was investigated. The difference becomes more noticeable as C'y decreases.

Although the difference is in the single percentage points, this is still a significant gain as unexpected
maintenance cost can contribute to 47% of total maintenance cost. This coupled with an industry that
has low profit margins and major difficulties in the current post COVID-19 era is still a stone that
cannot be left unturned to keep public aviation a financially sustainable business.

All these factors emphasize the hypothesis that to maximize the effectiveness of a CBM framework
a holistic system approach has to be done.
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Optimal configuration w.r.t. forecast accuracy
Threshold settings

prognostic model

parameters
GM(1,1) alpha 1.1
# hist. data points | 18
forecast horizon 15

Lower
upper
Norm. value
perc. saving

Cfactor 1 Cfactor 1/3 Cfactor 1/5 Cfactor 1/7
23.136 23.112 23.112 23.112
23.774 23.803 23.803 23.860
0.00341 0.00199 8.96e-04 -1.08e-04
39.4% 11.5% 3.45% -0.312%

Optimal configuration w.r.t. ROC performance

prognostic model Threshold settings

parameters Cfactor 1 Cfacto?" 1/3 Cfactor 1/5 Cfactor 1/7
GM(1,1) alpha 0.9 Lower 23.159 23.112 23.112 23.088
# hist. data points | 18 upper 23.774 23.774 23.803 23.831
forecast horizon 15 Norm. value | 0.00337 0.00201 8.41e-04 -1.88e-04
perc. saving | 38.9% 11.6% 3.23% -0.543%

Optimal configuration w.r.t. precision-recall performance
prognostic model Threshold settings

parameters Cfactor 1 Cfactor 1/3 Cfactor 1/5 Cfactor 1/7
GM(1,1) alpha 0.7 Lower 23.136 23.112 23.088 23.088
# hist. data points | 18 upper 23.774 23.774 23.803 23.831
forecast horizon 13 Norm. value | 0.00344 0.00203 9.45e-04 2.090e-05
perc. saving | 39.7% 11.7% 3.63% 0.060%

Open-loop configuration

prognostic model Threshold settings

parameters Cfactor 1 Cfacto?" 1/3 Cfactor 1/5 Cfactor 1/7
GM(1,1) alpha 0.5 Lower 23.088 23.088 23.064 23.040
# hist. data points | 18 upper 23.803 23.831 23.860 23.888
forecast horizon 12 Norm. value | 0.00336 0.00191 7.60e-04 2.19e-05
perc. saving | 38.8% 11.0% 2.92% 0.063%

Table 5.9: Prognostic model optimized for each different segment of the integrated CBM model. Note the normalized value
and percentage of maintenance cost saved (both highlighted in bold font) over a traditional run-to-failure maintenance
paradigm as the indicative performance indicator for each configuration.

5.5. Intermediate conclusions of the results

When comparing the values from the tables listed in the previous sections, table 5.9 in particular, it can
clearly be seen that configurations that aim to maximize performance metrics of a specific subsection of
the integrated CBM model does not result in maximizing a maintenance cost reduction. This highlights
the fact when determining the value of a CBM model a holistic approach has to be done where each
of the elements are communicating to each other. The system than has to be optimized on KPI’s that
supersede individual modules, but reflect a metric that encompasses the whole chain of elements.

Furthermore this proves that the approach found in most of the literature (illustrated in section 2.1
and figure 2.1), wherein only the performance of a single aspect of the whole CBM chain is considered, is
not optimal. The hypothesis that a system approach will lead to an increase in performance is therefore
valid.

Another point that has to be considered is that threshold height has to be set differently for various
cost factor values, as shown most clearly by figure 5.8. Moreover that figure gives a clear insight on the
financial feasibility region at various cost factors. As such the relation between cost factor and relative
financial impact of the integrated CBM model can be used to quickly assess whether or not a CBM
approach is financially viable once the actual cost factor of the respective component of the aircraft is
known.

It should be noted that each segment of the integrated CBM module used in this study does not
reflect the most advanced method currently available it does show the importance of combining the
individual elements. This is also the most prevalent academic novelty of this research. Furthermore
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it shows that it is not necessary that each component of the integrated system has been configured to
reach maximum performance on its local performance metrics, but that it is more important that an
integral approach is being performed.



Verification and validation

It is important to ensure that the model proposed in incorporated correctly and that it is also realistic in
terms of performance. This can be done by a verification and validation process. During the verification
special attention is payed to the mathematical correctness of all the models that were used to create the
integrated CBM model. These are: the prognostic model forecasts, CBM performance metrics and cost
calculations. This will be treated in section 6.1. Then when it is shown that all metrics and values are
correctly acquired it is time to validate the results that they represent. This is done in the validation
in section 6.2. In that section special attention will be paid to check whether the trained model does
not over-fit the data to a too large degree and thus exaggerates the performance.

6.1. Verification

To verify means: “ensuring that the computer program of the computerized model and its implementa-
tion are correct" according to Sargent [25]. As most of the calculations of this study is performed using
Python, as the number of calculations and complexity is too big to be done by hand, it becomes even
more important that results and computations are frequently checked on their correctness. There exist
several methods to do such checks and below are some techniques used for verification purposes during
this research:

. Modular model approach
. Internal consistency checks (inspection)
. Analytical trace steps

=W N

. Visualisation checks

The most important method used during this research is that the model has been built using several
modules on purpose. This is due to the fact that an integrated CBM model consists of multiple facets,
as illustrated by figure 2.1. This allows for each segment to be evaluated separately. All variables are
also stored on local memory in so called "Dictionary” formats. Storing them as a Dict allows the use
of informative labels to be attributed to each row/column which makes routine inspections of the data
that much easier.

Each module (prognostic model, CBM model and cost evaluation) uses the outcomes from the
previous module as its entries. Special checks are therefore put in place after each module where the
outputs are visualized, analysed and critically dissected before passed through as inputs for the next
module. This method of dividing has lead to discovery of numerous bugs and anomalies which could
be easily located and attributed to a single section of the integrated CBM model.

Some more detail of each verification measure at each component of the model will will now be
provided. Subsection 6.1.1 will highlight some key methods used during the prognostics of the model.
Then in subsection 6.1.2 the verification of the CBM framework will be treated in detail. This includes
checks on CBM performance metrics and the value calculations in particular.
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6.1.1. Prognostic model

To check whether the GM(1,1) model behaves as intended several verification methods have been
applied. These will be described in this section. The first method to verify if the model works as
intended was by using a simple set of dummy data that was created with the sole purpose of configuring
the prognostic model for future use. The values used in the data were simple by design such that the
outcome could be computed analytically.

Another method that has been used is the visualisation of the model forecasts. Figures such as 5.3
are analysed for anomalies. This has been combined with the previous method as well. By visualizing
the performance of the model on the basic input data used for testing the model it could be clearly
seen that the model showed the required behavioral properties. This method was also used to explain
the differences found in the prognostic accuracy results for the ARMA model and the GM(1,1) model
on the sensor deviation data compared to the GM(1,1) accuracy results. From the plots, such as figure
5.2, it could clearly be seen what caused the difference. This indicated that the calculations were not
wrong, but the model itself just showed unstable behaviour.

Another method used prolifically is inspection. As mentioned earlier the output variables of the
forecast model are saved in the local memory. When the forecast values are then used further on in
the system, such as in threshold crossing scenario’s, the values are checked whether the satisfy the
conditions that were imposed on them.

6.1.2. CBM model

For the CBM model metrics verification methods are mostly similar compared to the prognostic
model, however there are some additional checks that can and have been performed. This is mainly
due to the fact that the metrics that were used to assess the performance of the CBM decision
framework have boundary characteristics that are always true. That is there are bounds for the
T Prate, F' Prate, F'Nrate, T Nyate, precisionandrecall as they are all defined between 0 and 1. Further-
more in the setup used for this research the following relations also apply: FNyqte =1 — T Prgte and
max count of TP and F'P is limited to number of simulated engine time series. There are also boundary
conditions for the TBR and subsequent MT BR, namely the time between repair cannot exceed each
engine unit time series length and the mean time between repair for the CBM model lies between the
MTBR of the run-to-failure scenario and 1 FC.

Knowing these relations allows the user to check them consistently when making adjustments and
improvements on the model. It also allows easy verification of the code by invoking conditions where
the outcome is known and then checking whether these compare by the simulation as well. For instance
when computing the MTBR of the CBM model for threshold conditions that are always/never satisfied
(i.e. by having very conservative or progressive threshold values) they should coincide with the extremes
the MTBR can have. However when performing this check it was concluded that there was a bug in
the code that resulted in a wrongly calculated TBR for each true positive case. This resulted in an
inaccurate result for the MT BR which subsequently influenced the outcome of the maintenance value
assessment as well. As previously stated the modular approach allowed for quick identification and
localization of the issue and it could be fixed without much trouble.

Another check that will be highlighted in the sensitivity analysis, chapter 7, is that all adjustable
parameters were varied to study their impact on the computed results. One of those parameters is the
RUL tolerance window which dictate what the cut-off point is between a T'P and a F'P maintenance call
by the system. Increasing this window size should always result in an at least equal or greater number
of TP and less F'P. However it should have no impact on the actual time in between subsequent repairs
and the total number of failures prevented by the system. This indeed proved to be the case.

6.2. Validation

The previous section discussed checks that were performed to make sure all calculations were made cor-
rectly. The answer now is: is the model and are the calculations representative of real-world conditions.
Or to rephrase validation can be stated as the: "substantiation that a computerized model within its do-
main of applicability possesses a satisfactory range of accuracy consistent with the intended application
of the model" from Schlesinger et al. [26].

This section will discuss how this is done for this study. The following validation measure were used
in particular:
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GM(1,1) forecast error validation check

Accuracy metric Training data Test data

Theil’s U statistic 000149 (0.00147,0.00152) 000161 (0.00157,0.00166)
RMSE 00713 (0.0693,0.0733) 00763 (0.0744,0.0782)
MAPE 0.243 % (0.239,0.248%) 0.261 % (0.255,0.268%)

Table 6.1: Prognostic forecast error metrics of GM(1,1) (including 95 % confidence interval) on the training and test data
respectively.

. Historical data validation (splitting of training and test set)
. Sensitivity analysis

. Extreme condition test

. Comparison to other models
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Firstly the data was divided from the beginning into two components. A training set, that comprised
50% of the total data, and a test set containing the remaining 50%. All calculations and optimizations
were performed on the training set only and at a later stage compared to the results obtained from the
test set. This check can inform the user if there is a case of (significant) over-fitting of the data. As
there is an optimization strategy in place small discrepancies are to be expected, but if large differences
arise one must look closer to the cause of this difference.

Furthermore by performing a sensitivity analysis a clear view of the robustness of the model and
the dependencies on the underlying variables can be observed. Many relations are directly/inversely
proportional to the underlying variables and when these underlying variables are changed the subsequent
effect can be checked for expected behaviour.

Another easy check is to use extreme conditions. These conditions simplify the calculations and
allow them to be performed by hand as well. These can then be compared to the results obtained from
the model to see if these are comparable.

Finally the results from the segments that make up the integrated CBM model are compared to
other models as well. In the case of the prognostic model an ARMA model was used on the same data
and a naive forecast was also used to compare accuracy results. The same prognostic model was also
subjected to another data series to check whether similar results could be obtained as well. For the
CBM model this proved to be more difficult as the RUL tolerance window highly influences the CBM
performance metrics (discussed in more detail in section 7.2.2). As for the economic value of the model
there are large variations in the costs documented in literature, which also made it difficult to compare
the findings with other performed research.

6.2.1. Prognostic model

To validate the findings from the prognostic model accuracy the data is split up in two. The data is split
50-50 meaning that the first 100 engines split between both deterioration simulations are used for the
training phase and the remaining 100 were used to validate the results. When analysing the forecast
accuracy error of the validation set compared to the training set it can be seen that the prognostic
model show similar performance. Table 6.1 shows these results.

There are some discrepancies which show a minor case of over fitting. These could be attributed to the
fact that the optimal configuration that has the highest forecast accuracy was selected for the training
data. When looking at the range of accuracy metrics for slightly different configurations of the GM(1,1),
displayed in section 7.1, it shows that the validation accuracy lies within the range from the training
set. The difference will therefore not be considered to be significant.

Furthermore the model has also been tested on the KLM data (in section 5.4). Although the forecast
accuracy on that particular data shows a significant worse fit it can be accredited to the difference on
the type of data itself. This test does shed light on the robustness of the model. It can be concluded
that the prognostic model fares better for lower noise data, as most forecast models, but still reach
accuracy levels that can be used for prognosis properties.

Finally it will be interesting to see what the impact on the slightly lower forecast accuracy has on the
performance of the other segments of the integrated CBM model. It could be that the slight difference
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will not propagate further downstream and will contribute to a large detriment in performance. This
will be analysed in the next section in more detail.

6.2.2. CBM model

When analysing the CBM results for both the training data and the test data an interesting conclusion
can be made. Namely there exist a substantial difference between the two. This can be seen when
analysing figure 6.1a and 6.1. This indicates that there is a distinct degree of over-fitting, or that the
optimal threshold boundaries are not totally comparable between the training and test data. At least
when ROC and precision-recall metrics are concerned. This can be attributed to the high sensitivity
on threshold height combined with the sensitivity on RUL tolerance window on these metrics, both of
which will be treated in more detail in chapter 7.

ROC curves (RUL tolerance of 10 fc) Precision-recall curve validation (RUL tolerance of 10 FC)
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(a) ROC curve comparing the training and test data. (b) precision-recall curve for training and test data.

Figure 6.1: ROC and precision-recall curves for both the training and test data. These are computed using identical
prognostic forecasts GM(1,1) configuration: alpha value = 0.9; forecast horizon = 15.

When the recall vs. MTBR plots are compared the difference tends to be much smaller. As figure 6.2
clearly shows. However when closely examined there are still some differences detectable. The training
data has a slightly lower MT BR as standard and the model MT BR lies closer to the theoretical ceiling
as well. This can be attributed to the higher forecast precision illustrated in figure 6.1b for the training
data. However the recall rate is slightly steeper for the test set which can counter the loss in MT BR.

Figure 6.3 shows the financial benefit charts for both the validation set and the training set. It
can be seen that as the cost factor Cqeror increases the difference between the training and test set
increases as well. This can be explained by the fact that recall becomes less important for lower cost

11
factors (-, = and below) and precision and MT BR is more important.

However for cost factors above 1 in 5 there is still a normalized net benefit detectable. Even more
important the peaks of the two value plots coincide for that range as well. Meaning that for cost factors
within the range 1 in 1 up to 1 in 5 static threshold boundaries can be used.

To address the issue of potential over-fitting one could alter the approach for the failure threshold
determination. In the current design the threshold(s) height(s) are adjusted dynamically for the training
set in an effort to maximize the performance metric of interest. Due to the high sensitivity that the
threshold height has on performance a small difference in the underlying data will result in significant
changes on the performance metrics as well. By not fixing the threshold height, but by continuously
updating threshold heights based on newly gathered information this could be limited to a large extent.
Unfortunately this does come at a cost of added complexity and computation power. These are also
the main reasons that this was omitted in this study in an effort to keep it within the scope of a thesis
project.
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Figure 6.2: MTBR vs. recall for both the training and test data. These are computed using identical prognostic forecasts
GM(1,1) configuration: alpha value = 0.7; forecast horizon = 15
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Figure 6.3: Normalized net value per unit of time of the integrated CBM model over a run-to-failure paradigm for different
cost factors comparison of training data and test data.



Sensitivity analysis

When presenting the results and validation of the model in chapter 5 and 6.2 it has been mentioned that
the configurable parameters that are used to construe the model have significant effects on the outcome
and performance. This chapter will perform an in depth analysis on that very subject. It will do so
in a staggered fashion where each element that makes up the integrated CBM framework visualized in
figure 2.1 will be treated separately. That is the sensitivity of the prognostic model will be evaluated in
section 7.1. Then the fluctuations of the CBM metric on changes on the parameters will be evaluated
in section 7.2. And lastly the value of the integrated CBM framework as a whole in section 7.3.

Each additional step further along the total framework will introduce more configurable parameters
and as such if a fully coupled dependency sensitivity analysis would be performed will introduce an
additional degree of freedom as well. To limit the amount of figures, analysis and computation time
needed this will not be done in this fashion, but rather the most influential parameters will be treated
instead.

The list of all adjustable parameters discussed during the sensitivity analysis are as follows:

e Number of historic data points used in the prognostic model
e Prognostic model value alpha

« Prognostic model forecast horizon length

e CBM threshold value and sensitivity

e RUL tolerance cut-off point

e Maintenance cost factor

Note that all these parameters are discrete, but some are also limited to integer values. For the
parameters that are not integer based that step size of the fluctuations also plays an important role in
the performance of the results and the validation thereof as previously mentioned in section 6.2. This
will be briefly reiterated in section 7.4 as well. Furthermore whilst the MTBR and F Nyq are one of
the key parameters that define the value of the integrated CBM model they can not be adjusted by the
user, but are based on outputs from earlier segments of the integrated framework. As such they will
not be treated in much detail.

7.1. Sensitivity of the prognostic model

The parameters that can be influenced by the designer of the GM(1,1) are as follows: # of historic data
points, alpha value and forecast horizon. The influence of these parameters will be treated on their
effect on the accuracy metrics described in section 5.1. The number of historic data points used by
the model will be treated separately as it imposes limitations on the maximum forecast horizon. This
will be done in subsection 7.1.1. From that analysis a single value has been selected to be used for the
remainder of this study to limit the amount of adjustable parameters. Then in subsection 7.1.2 both
the alpha and horizon length effect on prognostic model performance will be treated together. This will
be done by using heat-maps, which enable to see any coupling effects of the two.
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7.1.1. Prognostic model "history order" and horizon length effects on

accuracy

First of all it should, again, be noted that there are 2 "orders" of that comprise a GM(m,n). There is the
actual model order m that states which degree of differential equation is used in obtaining AGO and
TAGO respectively. And there is the model "history order" mentioned throughout this report which is
the number of historic data points used from the original data set as inputs for the GM. It is therefore
possible to have a Grey model of order 1 that uses 18 historical values for training. Furthermore the
number of training values used has a direct implication on the length of the maximum forecast horizon
it can produce.

In order to meet the preset minimum forecast horizon of 12 FC to allow for maintenance action lead
times the spread of time series points taken into account will be 14 till 20, with forecast horizon lengths
varying from 12 till 18. The results from the accuracy analysis is depicted in figure 7.1. It should be
noted that the portion of the heat-map that is not depicted forecast horizon smaller than 12 FC and
the results are therefore excluded from the figure.

Theils U statistic heatmap of measured LPT coolant bleed compared to forecast value of GM(1,1) MAPE heatmap of measured LPT coolant bleed compared to forecast value of GM{1,1}
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(a) Heat-map of the Theil’s U statistic. (b) Heat-map of the MAPE values.
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Figure 7.1: Heat-map showing the prognostic model forecast performance on the accuracy metrics at varying model
"historic orders" and forecast horizon values.

The heat-maps can be interpreted as follows. The model "historic order" depicts the amount of data
points used as inputs of the GM(1,1) and each additional vertical block increases the forecast horizon
by 1, with a minimum of 12. When analysing the results it can be seen that when a higher number of
points are used, for a similar forecast horizon, to create the GM(1,1) the accuracy increases. However
there is also a higher number of historical points required for obvious reasons. As there is not a large
increase in forecast accuracy from 18 points onward, whilst still being able to provide a useful range of
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forecast horizon lengths, this was the selected number of points for the rest of the study.

Furthermore it seems that there is an optimum forecast horizon length of 15 where, irrespective of
the number of data points used by the model, the accuracy is highest. The reason for this is unsure
when analysing these graphs alone and further analysis on this with regards to the GM alpha value
might give additional information why this is the case.

7.1.2. Prognostic model forecast horizon and alpha effects on accuracy

This section will investigate the (coupled) effect of forecast horizon and model alpha value. It has been
hypothesized that an increase in horizon length will lead to a less accurate prediction since the nature
of the rolling GM will use more values obtained from previous predictions than actual historical values.
This will lead to an exaggeration of trends and will induce a more erratic forecast in return. The value
alpha on the other hand acts as a damping agent and has an opposite effect when increased. It is
therefore especially interesting how these two parameters perform when used in conjunction of each
other. The provided heat-maps in figure 7.2 will give a clear image of this coupling effect.

Theils U2 statistic heatmap of measured LPT coolant bleed compared to forecast value of GM(1,1) MAPE heatmap of measured LPT coolant bleed compared to forecast value of GM(1,1)
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Figure 7.2: Heat-map showing the prognostic model forecast performance on the accuracy metrics at varying alpha and
forecast horizon values.

When analyzing the difference in for the different configurations it can be seen that the value alpha has
a far greater influence on the performance than the forecast horizon. When taking a look at a plot,
figures 7.3a and 7.3b, with a GM(1,1) with alpha values of 0.4 compared to 1.0 you can clearly see the
difference in behaviour. The value alpha determines the rate of change that the GM infers on differences
in the reference signal. As the input data behaves quite erratic a low alpha value will amplify this to
extreme degree. This is undesirable as it increases the chance that the maintenance threshold is crossed
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prematurely, especially since the sensitivity of threshold height are quite high (this will be elaborated
upon in subsection 7.2.1).

It should be noted that a higher alpha value is not better by definition as the dampening effect will
also reduce its capacity of detecting newly emerging trends and will therefore experience lag. There is
thus an optimum between those two extremes. The heat maps are an excellent way to find that balance.

When comparing figures 7.3b to 7.3c it can again be seen what was already touched upon in section
5.1. That a forecast horizon that lies further in the future will be more erratic. The difference in the two
is more subtle compared to the difference detected for the alpha values, but it is present nonetheless. A
more surprising fact is that when the forecast horizon becomes less than 16 leads to a significant drop
in residual error. Furthermore decreasing the forecast horizon even further will not lead to the same
better forecast accuracy. It can therefore be argued that selecting a higher forecast horizon with similar
accuracy has the priority as it will be able to detect failures from an earlier point in time.

7.2. Sensitivity of the CBM model

It is not only interesting to see what the sensitivity is of the CBM model from an academic point-of-view
but this also gives insight in the operation range that the turbofan engine is designed for. Furthermore
the dependency of the used performance metrics often used in literature, ROC and precision-recall,
on parameters such as the RUL tolerance window will also shed some light on their practicality in
general. This section will answer those two points by first addressing the CBM sensitivity on variations
in threshold values in subsection 7.2.1 and secondly on the RUL tolerance window in subsection 7.2.2.
Finally the impact that the threshold height has on the MTBR’s will also briefly be discussed.

7.2.1. Threshold sensitivity on CBM performance

The sensitivity of the CBM performance metrics on threshold height is a different story compared to
the previously described parameter, as the ROC and recall curves rely on a range of values for the
threshold to be calculated in the first place. There is therefore always a certain sensitivity in place that
will be illustrated when calculating those metrics. Nonetheless as mentioned above it is still interesting
from a designer standpoint to see what the ranges of threshold values are for a recall of 100% compared
to 0%. Furthermore the resolution of the threshold values, how many increments comprise the total
range of threshold values, also has a significant effect on the CBM performance metrics.

It should be noted that all sensitivity analysis evaluations performed in this section use the two
independent threshold model. As the figures used are only able to visualize one floating threshold
parameter the upper bound was used as the static threshold. It is therefore not possible to visualize
the total range of recall as the upper bound already captures some impending failures. The decision to
use a static value for the upper threshold over the lower threshold comes from analysis from 5.5a where
a distinct sharp peak in precision could be detected. It can therefore be interpreted that the upper
threshold has an even smaller range and thus more feasible to use as a single value for these analyses.
It should also be noted that for actual use of the CBM model a single value for these thresholds has to
be selected eventually as well.

When analysing the figures in 5.7 one can see that when the lower threshold bound is set at 22.95
the recall is around 20%, whilst it is around 95% at 23.10. This does change slightly for the various
cost factors used in these graphs as these have different upper threshold bounds, but it can clearly be
seen that a only a slight difference in threshold results to a dramatic difference in recall. the difference
is only 0.65% in absolute terms. It can thus be concluded that the LPT coolant bleed flow has a very
narrow operating range. As the system is run in a closed control loop it is likely that this sensor is one
of the control variables.

The sensitivity of the threshold values compared to MTBR’s can also be seen from figure 5.6. It can
be seen that a difference in lower bound of 23.4 to 23.0 results in an almost 100% decrease in modeled
MTBR. It should be obvious that a threshold value of 23.4 makes no sense as this is higher than the
average value of the sensor signal of the engine when newly installed (minimal degradation), but it still
should be taken into consideration. For instance if a particular operating condition will reduce the LPT
coolant bleed flow, a significant drop in atmospheric pressure or sensor that is not properly calibrated, it
can instantly trigger a false positive engine failure. This is highly undesirable and mitigating measures
to this have to be taken into consideration if such a system was used in real-world cases.

As mentioned before in subsection 6.2.2 the resolution of the threshold parameter has a great effect
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Figure 7.3: Final forecast values of a GM(1,1) for various values of alpha and forecast horizon.



54 7. Sensitivity analysis

ROC curve threshold resclution of 50 (RUL tolerance of 10 fc) ROC curve threshold resolution of 50 (RUL tolerance of 10 fc)

—— random guess —— random guess
@W1.1) GM(11)

T
TP rate

%o 0z 04 a6 ae 10 %o 0z 04 a6 08 10
FP rate FP rate

(a) Threshold resolution of 150. (b) Threshold resolution of 50.
ROC curve threshold resolution of 50 (RUL tolerance of 10 fc)

— random guess
GM(1,1)

a8

a6

TP rate

04

02

%o 0z 04 06 08 10
FP rate

(¢) Threshold resolution of 25.

Figure 7.4: Differences in ROC curves based on number of threshold step-sizes (resolution). All calculations were per-
formed with the same prognostic data (GM(1,1) configuration: alpha value = 0.7; forecast horizon = 15).

on how the ROC an precision-recall metrics are perceived. The terminology of perceived is done on
purpose as two a identical threshold values will lead to identical CBM metrics such as T Prqte F' Prate
precision and recall but their respective figures will look different and as such the area that is calculated
and is often used as an indicator for global performance of a model will also differ. It is quite simple as
there is such a fine margin of between the "healthy" and "near faulty" sensor signal a higher resolution
of threshold values will be able to capture the JIT point, whilst a low resolution will easily overshoot
and will go from F'N to F'P in one threshold boundary step.

This increase in step-size of threshold values will thus lead to a less fluid ROC and precision recall-
curve. This can be seen in figures 7.4. Here the same identical prognostic model forecasts are used,
but only the step-size (resolution) of the threshold range is varied. Note that distinct points should
coincide, but because there are less points the interpolation in between those points becomes coarser.
Also note that it is possible that when the threshold step size is changed it is not possible to have the
exact same threshold points and this will also result in slight variations in the plots.

7.2.2. Remaining useful life tolerance window sensitivity on CBM

performance
Changing the so called "RUL tolerance window" is like changing your measuring stick from imperial to
metric. It does nothing to the underlying model, but greatly alters the rated performance in terms of
CBM metrics such as T Prqte F'Prqte and precision. This is no surprise as the fundamental basics of
those metrics is determined whether a predicted failure lies within said tolerance window. If a certain
failure is predicted to occur 15 FC before actual failure it will only counts as a F'P in the case of a RUL
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(a) RUL tolerance window of 5 FC. (b) RUL tolerance window of 20 FC.

Figure 7.5: ROC curves for different RUL tolerance windows. These are computed using identical prognostic forecasts
(GM(1,1) configuration: alpha value = 0.7; forecast horizon = 15).

Mean time between repairs vs. recall (RUL = 10 FC) Mean time between repairs vs. recall (RUL = 20 FC)
=0 20
— MIBRnun-to-failure — recal —— MTBR nun-to-failurs — recal
—— MIBr CsM modsl 10 —— MIBR GiMmodel

= a0 = L)

=0 \ - \
a8

/
/

Racall of tha modsl
Recall of the modal

Maan tima batwes

e 28 20 zno 1 =2 =3 234 ° 28 z4a =0 71 =2 n3 24
Lower threshold bound Lowar threchod bound

(a) RUL tolerance window of 5 FC. (b) RUL tolerance window of 20 FC.

Figure 7.6: MTBR plotted against different RUL tolerance windows. Note that the RUL window has no effect on these
metrics and both plots are identical.

tolerance window of 10 FC and not if it has been set to 15 FC or even higher. This can often lead to
misleading results as the model still predicts exactly the same time that a repair is needed, but in one
case will be perceived as a bad forecast, whilst in the second will be evaluated as the opposite. This
is one of the main downsides of relying solely on ROC and precision-recall performance as they can be
interpreted incorrectly. Furthermore the industry standard of 10 FC will have a different impact for
components that have a shorter lifespan than ones that have a large lifespan.

Plotting the ROC and precision-recall curves with identical input data shows this in clear detail,
as figure 7.5 illustrates. It looks like the curves of the higher RUL tolerance window indicate a better
performing model, whilst this is entirely untrue. As previously discussed the RUL window has no effect
on the recall and MTBR as these metrics are not defined by it. A quick glance at figure 7.6 confirms
this.

Finally it should be noted that increasing the RUL window will reduce the assessment on over-fitting
(based on the previously mentioned metrics) as there is a less strict zone that define these. Furthermore
high dependency of RUL window size on perceived performance does not mean that those metrics are
not suitable to gauge performance. It only illustrates that context is vital to do a correct assessment.
A model with a high AUROC (with relative to lifespan small RUL window) will indicate that it is able
to classify well.
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7.3. Sensitivity with respect to variations in maintenance cost

on value

From figure 5.7 it can be seen that there is a distinct upper limit concerning the cost factor C'rqctor
where this CBM model has a positive financial benefit. Furthermore changes in ratio of component

1 1
cost versus repair cost changes from — to — and 1 signifies a normalized value increase of 69% and 59%

respectively. It should be noted that this is only a direct cost saving and will not take any secondary
benefits into account such as for instance the benefit of better on time performance of the airline.

As the value calculations are normalized the overall benefit will increase linearly with the actual
height of these costs. Also these calculations are on a per FC basis so if the total number of FC’s
increases the value will also increase accordingly.

Finally the main driver that determines cost savings/additional costs is the relationship between
MTBR and recall (1-F N, qe). As costs are inversely proportional to MTBR they tend to skyrocket if
MTBR becomes increasingly small. A key point to take into consideration is that the current model
acts strictly binary. If a failure is predicted a maintenance action will be performed always resulting in
the same cost profile. This is of course not representative of reality as a no fault found assessment will
not necessarily lead to the same costs as a repair when system degradation is indeed noticeable. It could
therefore be stated that this evaluation gives a minimal baseline of financial benefit and will perform
even better if the maintenance actions are better tailored to the actual deterioration assessment when
a failure has been predicted.

7.4. Sensitivity analysis intermediate conclusions:

risk of over fitting
There are several key points that can be taken from this section. One of the most important is that
the CBM model is highly sensitive to threshold value fluctuations. There is a very small change in the
signal value between the system near failure and at start of life. Due to this it is difficult to find the
JIT point without increasing the threshold resolution that enables very fine step sizes.

By doing this one is able to define the JIT point, but over fitting becomes an issue. As signal noise
has an increasingly large effect as threshold step size decreases the performance of the model will differ
more from test to test.

Another issue is that the small window of operation that signifies the difference between a "healthy"
engine and a "failed" engine it becomes increasingly important to limit signal noise and outside influences
on signal value. A small deviation due to different operating conditions, environmental properties or
calibration of the sensor can result in a faulty classification easily. It is therefore important to add
additional safety guards in place, such as incorporating a minimal of faulty classifications before an
actual failure event will be called. Finding the right balance between the parameters alpha and forecast
horizon can be used to some extent to dampen signal noise also.

It can also be concluded that ROC and precision-recall performance alone do not provide adequate
information to assess the value of a model. Necessary context needs to be provided. The ROC and
precision-recall curves rely to a great extent to the definition of the RUL tolerance window which could
be perceived as arbitrary.

Finally fluctuations in cost have a direct effect on economic feasibility of the CBM model as expected.
An upper limit can be defined from where there is a measurable cost saving compared to a run-to-
failure maintenance paradigm. This is a worst case scenario as there are many additional improvements
possible, most notably in differentiating maintenance actions adequately if a failure is predicted by the
CBM system.



Conclusions

The research has shown that there it is indeed vital that a system approach is performed when it
comes to condition based maintenance. The local optimization approach commonly found in literature
is not sufficient to reach optimal results. The sophisticated models used in those researches are thus
only part of the puzzle. An equally important step that has to be made is the integration of those
sub-systems. Furthermore simply integrating all elements without taking any considerations on the
impact they impose on each other will lead to a sub-optimal design. It is therefore vital that a feedback
loop and performance metric that encompasses the maintenance system in its entirety is used. Only by
using such an approach is it possible to find the required configurations that reach a global optimum
in system performance.

It was also discovered the GM(1,1) used for the prognostic model is effective in dealing with signals
that are heavily subjected to noise. However if the underlying signal becomes small and stationary the
model tends to become unstable. Further development and research on mitigating measures for this
undesirable behaviour are therefore suggested.

With regards to the decision making CBM framework it is found that the system has a highly
sensitive nature. Small deviations in the prognostic value will result in a healthy or faulty assessment.
It is therefore crucial that system noise is minimized as much as possible. Additionally the highly
sensitive property of the model indicate that careful consideration has to be made in configuration of
the adjustable parameters. Outside influences such as operational conditions and environmental effects
that distort the reference signal are also to be avoided, or to be mitigated by adequately re-calibration
of the failure thresholds. This can pose a threat to the robustness of this approach and the applicability
in real-world scenario’s. As such it can be recommended that further research shall be devoted in
combating these issues.

It was also shown that ROC and precision-recall metrics are prone to be misread when provided
without context. These metrics are highly dependent on the arbitrary distinction between a TP and
F'P by the user. Another noticeable findings include regarding these metrics is that when the threshold
resolution is increased the performance of these metrics will increase as well as the are able to over-fit
the data to a higher degree. These two facts can lead to inflated results that can thus indicate totally
different performances. A CBM system primarily based on these metrics is therefore inadvisable.

To mitigate this issue it can be suggested that M T BR vs. recall graphs are to be used in conjunction
with the aforementioned metrics. These give the required context necessary to make an adequate
assessment on performance. Moreover these parameters are unaffected by user specification/relaxation
of the RUL tolerance window and as such are more fundamental performance metrics.

From this study also proved that using a cost factor approach can have priority over an ultra
specific cost assessment. When studying the literature there is a vast range of possible methods to
calculate maintenance cost. Not only do these differ in their approach; the values that are presented
are also highly subjective to a specific condition. It is therefore not useful to use such a system to
assess the financial feasibility of an integrated CBM system as it will either be too case sensitive or so
many assumptions will have to be made that the added complexity is lost regardless. By performing a
simplified cost factor approach a future interested party is able to quickly evaluate if there is a viable
use case for a CBM system.
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Finally it should be noted that the aim for this research was not to use the most sophisticated techniques
known to date to reach maximum performance, but rather prove that there is an equally significant
gain to be accomplished by simply taking an integrated approach to the problem at hand.



Recommendations for future research

One of the most notable observations found during this research is the sensitivity of the threshold
height on model performance. The impact of fluctuations in sensor input values is very high and can
lead to restriction on the practicality of implementing the model as is. The high sensitivity also led to
over-fitting issues when if underlying data differs from the training data. It is therefore suggested that
further research on this topic is necessary. There are some suggestions that can help in addressing this
issue.

The most simple is to limit the scope of the applicability to systems that have a high SNR. Another
is to limit signal noise and external influences imposed by the environmental and operational conditions.
This can be done by either filtering the sensor readings directly or by using sensors that are less prone to
these external factors. Either by using different sensors, different sensor locations or different measured
parameters in its entirety. Furthermore the filtering characteristics and/or robustness of the prognostic
model and failure threshold system respectively can also be improved upon with future research. Finally
a more dynamic concept of failure thresholds can be constructed wherein the height of the threshold
is updated continuously on newly gathered information. This will mitigate over-fitting issues and will
probably also improve performance in general by decreasing the false positive rate for a given recall
rate.

an additional aspect that can be improved upon is the complexity of the prognostic model. Although
this study confirms the hypothesis that performance is not strictly linked to prognostic accuracy an
improvement on this part can lead to better imminent fault detection, thus potentially limiting the
amount of missed failures without compromising life-cycle usage of components in general. To accom-
plish this the prognostic model can be altered to take multiple sensors into account simultaneously,
transferring it to a multi-dimensional model. This will also reduce its dependency on single parameter
fluctuations and thus increasing its robustness overall.

Special attention to the feature analysis is also a point that can be touched upon in future work. Es-
pecially when combined with the former point of attention (a multi-dimensional Grey model approach).
Detailed feature analysis can provide an insight to the features which hold the most information on
system health and as such a combination of the most important features can increase the models capa-
bilities on fault detection.

Whilst fault prevention by forecasting imminent failures is in itself a great feat, being able to
accurately predict a gradient of system health states will allow for even more informed maintenance
decisions. Coupling this with broadening the application of the this type of maintenance strategy
to other aircraft sub-systems could allow for an even more complex maintenance structure wherein
maintenance tasks are grouped together. This grouping strategy could for instance be based on their
respective location in the aircraft or their functionality. This strategic planning of maintenance would
require this more complex system health system combined with sophisticated scheduling of maintenance
assets, but it could lead to a reduction in maintenance time and cost in the long run.

Another item that can be addressed is the robustness of the CBM decision making model. Currently
the model is susceptible to early false positive failure assessments when the forecasting model performs
erratically. This could be mitigated by adding a requirement that multiple consecutive failures have to
be predicted to occur before action is undertaken. A different method to limit these false positives is
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to diversify the model by adding multiple features as mentioned earlier. Both of these measures will
introduce additional robustness of the system, but special care has to be taken into consideration that
it does not impact the recall rate of the system negatively.

Finally concerning the cost evaluation there is also a large window for improvement to be gained
as well. The current model uses a rudimentary approach by design as there exist a large variation
in maintenance cost associated with unexpected failures, or engine failures in general. But when the
underlying models, both the prognoses and system health monitoring, are improved in their complexity
and capabilities a cost evaluation method that is more tailored to specific failure modes will certainly
be possible. This would result in a complete rework on the approach of all underlying aspects of the
integrated CBM system as this research has proved that to maximise performance a system approach
has to be taken.
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64 A. Maintenance cost saving graphs at discrete cost factor points
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Figure A.1: Net value per unit of time of the integrated CBM model over a run-to-failure paradigm for different cost
factors. Optimized for prognostics accuracy metrics.
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Figure A.2: Net value per unit of time of the integrated CBM model over a run-to-failure paradigm for different cost
factors. Optimized to maximize AUROC.
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Figure A.3: Net value per unit of time of the integrated CBM model over a run-to-failure paradigm for different cost
factors. Optimized to maximize area under precision-recall curve.
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Maintenance cost: Run to failure vs. prognostic model #f optimized for forecast accuracy
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Figure A.4: Net value per unit of time of the integrated CBM model over a run-to-failure paradigm for different cost

factors. No optimization strategy.
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(a) Normalized absolute cost saving. (b) Relative cost saving.

Figure B.1: Normalized absolute and relative cost saving for varying cost factors with model configuration that minimizes

forecast error (GM(1,1) alpha = 1.1 and forecast horizon 15 FC). Note the higher cost savings for the dynamic versus the
static threshold heights.
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Figure B.2: Normalized absolute and relative cost saving for varying cost factors with model configuration that maximizes

the AUROC performance metric (GM(1,1) alpha = 0.9 and forecast horizon 15 FC). Note the higher cost savings for the
dynamic versus the static threshold heights.
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Absolute normalized cost savings per FC at varying cost factor ranges Relative cost savings per FC at varying cost factor ranges
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Figure B.3: Normalized absolute and relative cost saving for varying cost factors with model configuration that maximizes

the precision-recall curve (GM(1,1) alpha = 0.7 and forecast horizon 13 FC). Note the higher cost savings for the dynamic
versus the static threshold heights.
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Figure B.4: Normalized absolute and relative cost saving for varying cost factors with "default" model configuration

("open-loop") (GM(1,1) alpha = 0.5 and forecast horizon 12 FC). Note the higher cost savings for the dynamic versus the
static threshold heights.
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C. Absolute and relative financial impact graphs comparison of the different model optimization
74 configurations
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Figure C.1: Normalized absolute and relative cost saving comparison of the different model configurations.Note the higher
cost savings for the value oriented approach configuration
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