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Introduction

A large portion of the direct costs incurred by an airline and delays can be attributed to maintenance. The
major drivers of maintenance related costs are unnecessary, unplanned maintenance checks or unexpected
component or system failure. With rise in the availability of sensor data to monitor system health and the
ability to leverage that data into meaningful predictions, traditional maintenance practices such as hard time
maintenance are beginning to fade away. The meaningful predictions mentioned earlier are remaining useful
life (RUL) predictions that are obtained during the life of a system or a component with the aim that key
decisions such as the optimal scheduling of maintenance can be taken based on them. This is achieved
with the help of prognostics where the systems health data can be used to train ML models, resulting in RUL
predictions.

There is however a concern on whether these RUL forecasts are trustworthy and therefore of any significance
to maintenance organizations. A bad RUL forecast can trigger uncalled for failure if the forecast is a late
prediction or an unnecessary maintenance check if it is an early prediction. Conventional forecasting metrics
such as the mean absolute error, the root mean square error lack the depth necessary to judge a RUL forecast
from an operational viewpoint and there is hence the necessity to propose meaningful metrics to evaluate
and visualize the performance of prognostics models. The main research objective in this thesis is as follows.

To evaluate and visualize the performance of data-driven prognostics models by proposing modifications to
currently available performance metrics.

This report is structured as follows. In Part I, a scientific paper is provided entailing the key aspects of the
research. This is a concise version of the report and can be therefore read as a standalone document. In
addition, section 2 is an in depth literature review focusing on the performance evaluation of prognostics
data-driven prognostics models culminating in a research objective. Finally, Part III provides an overview of
the initial version of the proposed project plan during the thesis kickoff.

xi
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Abstract - With the increasing availability of sensor data to monitor the health of systems and components,
maintenance is encountering a shift from the traditional preventive and corrective methodologies to a predictive
approach. Given that maintenance, repair and overhaul are a significant operational cost to organizations,
it is imperative that the adoption of predictive maintenance techniques such as prognostics comes to the
forefront. Prognostics models ensures that remaining useful life (RUL) estimates are available throughout
the life of the component by leveraging sensor data. The obstacle faced by prognostics though, is the lack
of standardized metrics, performance evaluation and their application to different case studies. Visualization
results in understanding the evolution of the performance over time rather than single point estimates, which
helps in identifying performance at crucial points in the life of systems. This paper focuses on assessing and
visualizing the performance of prognostics models by addressing the shortcomings of the currently available
performance metrics, advancing these metrics to suit the requirements and applying these to visualize the
performance of two linear regression models over time. The results show that the modification of currently
available performance metrics can enhance performance visualization, leading to better interpretation of the
performance of prognostics models.

I. INTRODUCTION

Condition based maintenance (CBM) has been the trend in
the maintenance of systems and components in aviation,
replacing preventive maintenance techniques such as hard
time maintenance where maintenance takes place after
certain time intervals resulting in additional maintenance
checks and increasing the downtime of systems. The key
aspect of CBM is that maintenance takes place when the
system reaches certain unacceptable levels, defined for
each system. This is however different from predictive
maintenance wherein scheduling of maintenance happens
farther in advance owing to forecasts about the remaining
useful life (RUL) of the system or component. Prognostics,
which is a part of the domain of prognostics and health
management (PHM) ensures that forecasts of the RUL of
a component are constantly made available throughout
its useful life so that a decision can be taken towards
the optimal scheduling of a maintenance check, which is
becoming the trend increasingly as more sensor data is
made available to monitor system health [1].

This monitoring of system health in aircraft is realized
with the help of the airplane condition monitoring system
(ACMS), involving a number of sensors connected
throughout the aircraft [2]. For instance, if we consider

aircraft such as the Airbus A350, one would find a
total of 6000 sensors on various parts of the aircraft
to monitor the health of key subsystems [3]. With the
rise in computational power and the development of
new data technologies, analysis of such quantities of
data has been made possible, which then translates into
timely RUL forecasts notifying of impending failure
through prognostics. Prognostics is therefore a key tool
that provides the potential of cost savings by avoiding
unnecessary maintenance checks, which is a significant
benefit given that maintenance, repair and overhaul
activities form 10% - 15% of an airlines direct operational
costs [4].

A simple classification of prognostics approaches
would be data-driven models and physics-based models.
Data-driven prognostics relies on machine learning models
that are trained by the input data at hand, which essentially
involve the run-to-failure (RtF) data for the system under
study. RtF means that the system is utilized until failure,
with the aim being to deliberately allow them to fail. The
quality of the dataset available impacts the accuracy of the
RUL predictions of data-driven prognostics models [5].
Physics-based models build on the concept of describing
the failure propagation or degradation in a component with
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the help of mathematical models [6]. Hybrid models on the
other hand exists of a data-driven ML approach alongside a
model based approach. An example of this is a particle filter
approach used to determine model parameters implemented
in conjunction with a data-driven neural network model [7].

While a significant amount of publications deal with
the development of prognostics models (data-driven
prognostics models majorly) [6], there is still work to
be done in terms of the performance evaluation of these
prognostics models. Performance evaluation of prognostics
models mainly deals with judging the quality of RUL
predictions over time with regards to a variety of aspects,
the most crucial of which is the error in RUL prediction.
RUL prediction error is simply the difference between the
predicted RUL and the true RUL, hereafter referred to as
the ground truth.

Until quite recently, there had been a lack of standardized
metrics to deal with the performance evaluation of
prognostics models [8]. This is partly because of the end
expectations of the researcher being model development,
metrics have often been used without much thought or
emphasis and largely based on the convenience of the
researcher [9]. This is especially observed in a large
number of publications making use of basic conventional
forecasting metrics such as the MSE, MAE, RMSE to
evaluate complex data-driven prognostics models that will
be discussed further. But prognostics will only continue to
play a vital role in maintenance if the users can express a
certain level of confidence in the prognostics models being
used and only then can they realistically be incorporated in
the decision making process when it comes to maintenance
[9]. Furthermore, performance evaluation plays a role in the
design of prognostics systems as well, where appropriate
feedback on performance metrics such as the prediction
accuracy for instance can help tune the models further.

This paper focuses on advancing the current set
of prognostics metrics by broadening focus on the
consequences of late predictions over early predictions for
the RUL predictions of data-driven prognostics models.
Once the performance evaluation metrics are proposed,
the visualization of the different performance parameters
of a prognostics model such as the prediction accuracy of
RUL predictions is considered. This is because currently,
the metrics developed for use in prognostics lack a visual
perspective [9] needed to interpret the performance over the
life of the system and rather estimate single values to judge
the performance of the models and compare them. This is
especially crucial for metrics that yield a single estimate
as a measure of performance such as the MSE, RMSE

or MASE. A quantitative assessment from these metrics
is not sufficient to judge the performance of prognostics
models because most of the aforementioned metrics only
consider the average and provide no indication of the
performance evolves over time. For model development
or model selection purposes for a prognostics case study,
it would be beneficial for the performance to provide such
kind of feedback. When dealing with a fleet of systems
(multiple units), visualization can also provide the user
with a schematic representation of the performance of each
of the units, which is a part of this research.

The structure of this paper is as follows. Firstly,
section II will deep dive into the work carried out by
previous researchers pertaining to prognostics performance
evaluation techniques, a critical analysis of the same
culminating in the formulation of a research question. This
will then be followed by section III which will explain
the methodology based on which the metrics have been
incorporated for the visualization of two prognostics
models. Then section IV will focus on actual model
performance visualization resulting from the framework of
metrics defined in section III along with the interpretations
of the results in section VI. Certain limitations of the
metrics defined in this paper have been outlined in
section V followed by recommendations for future work in
section VII.

II. LITERATURE REVIEW
Performance evaluation has consisted of significant gaps
in terms of research work in prognostics and health
management (PHM) of systems and components. Lack of
standardized metrics has been a hindrance in the progress
of PHM and the metrics that currently exist have largely
not been applied to prognostics algorithms to assess their
validity, which is crucial for prognostics to expand in a large
operational scenario to aid decision making. There also
exists the issue of the lack of visualization of prognostics
performance over time, with the main focus currently
being on metrics such as RMSE, MSE, MAE, scoring
functions providing only a single value at the end of life
to assess prognostics performance. It would therefore
be prudent to further study the progress of performance
metrics that are applicable to prognostics from a research
point of view. There have been metrics outside the
prognostics domain that have been considered because of
their applications in general forecasting techniques. From
an engineering research point of view as pointed out by
[10], algorithm performance metrics and computational
performance metrics are of particular importance to
evaluate a prognostics algorithm from a research viewpoint.
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The best estimate of the RUL obtained from a prognostics
algorithm is then compared to the ground truth RUL.
According to [8], the ground truth can be defined as the best
belief of the true value of a certain variable, which in this
case is the RUL. Publications reviewed in the literature study
were found to deal with deterministic RUL predictions and
probabilistic RUL predictions. Conventional forecasting
metrics such as the MSE, MAE, RMSE and the MASE
in prognostics applications have also been implemented
in performance evaluation, the drawbacks of which will
be discussed here. Hence, the performance metrics
in this review will be classified into prognostics-based
metrics, conventional forecasting metrics and probabilistic
forecasting metrics. The scope of this research pertains to
deterministic forecasts and hence, only a brief overview is
provided for probabilistic forecasting metrics.

A. Prognostics Based Metrics

As is the case in most forecasting scenarios, not all
algorithms are ideal. This means that there is often a
difference between the parameter estimated from the
algorithm and the ground truth. In prognostics, this
introduces a key aspect in performance evaluation known
as the prediction error. Some algorithms denote this as
the difference between the true RUL and the predicted
RUL whereas other algorithms assume the other way
around. Therefore, error-based metrics are of particular
importance when assessing performance. A large number
of publications dealing with these metrics often entail
prediction horizon (PH), 𝛼 − 𝜆 accuracy, relative accuracy
and convergence [8][10]. While these metrics are
valid for point forecasts, their use in probabilistic RUL
predictions is more abundant and hence will be discussed
in subsection II.C. An overview of the classification of
performance metrics based on the requirements of the
researchers has been provided in [6].

The most basic of these metrics which will be discussed in
subsection II.B is the RMSE used by [11] to assess their
data-driven prognostics model. Another metric used in
the same paper is the confidence interval which focuses
on the accuracy of predictions as opposed to the error
estimate provided by the RMSE. The confidence interval
(CI) metric introduced by [11] deals with the accuracy
of the predictions as compared to the error estimates that
RMSE deals with. A narrower CI would indicate better
performance in terms of accuracy with a higher number of
RUL forecasts lying within a small interval.

PH and 𝛼 − 𝜆 accuracy are the most common prognostics
evaluation metrics and have been used in a variety of

publications. [6] define PH as the difference between the
time when the predictions satisfy an accuracy criterion
known as the 𝛽 criterion and the end of life. Since these two
metrics have also been applied to suit probabilistic forecasts,
a greater emphasis has been provided in subsection II.C.

An estimate of the RUL can either be a late prediction
or an early prediction. If the predicted RUL is greater
than that of the ground truth, this is classified as a late
prediction. If a greater RUL estimate is predicted, this
runs the risk of component failure during its life because
its real failure is earlier than the predicted failure. When
critical systems are considered in a fleet such as aircraft
engines, for instance, this would be a great risk. It would
in such a case be beneficial to deal with early predictions
in which the RUL prediction indicates failure is earlier
than reality. In such a case though, maintenance would
have to be scheduled earlier incurring additional costs and
downtime for the component. This concept of early and
late predictions has been captured by scoring functions in
prognostics case studies. Each RUL prediction is awarded
a certain value known as the score (or penalty), with the
aim being to minimize the overall penalty for all predictions.

The most prominent example of such a scoring function in
prognostics literature is Eq. 1 has been highlighted in [12].
Here, 𝑠 is the score, 𝑑 is the difference between the true
RUL and the estimated RUL and the arbitrary constants
are set at 𝑎1 = 10 and 𝑎2 = 13. The asymmetric scoring
function aims to penalize early predictions more severely
as compared to late predictions.

𝑠 =

{∑𝑛
𝑖=1 𝑒

−( 𝑑
𝑎1

) − 1 for 𝑑 < 0∑𝑛
𝑖=1 𝑒

( 𝑑
𝑎2

) − 1 for 𝑑 ≥ 0
(see [12]) (1)

The one shortcoming in most publications making use of
scoring functions is the lack of explanations on how the
constants in Eq. 1 have been determined. If the argument
has to be made that early predictions are worse than late
predictions, substituting the above constants in Eq. 1
does not yield ideal results for certain cases. Consider
prediction errors of +50 and -50. The above scoring
function then awards a higher score to the prediction of
-50 than +50. In the evaluation of their deep convolution
neural networks model, [13] chose to interchange the
constants by assigning 𝑎2 to late predictions and 𝑎1 to
early predictions. If the idea is to penalize late predictions
more than early predictions, the above scoring function fails.

In another model, [14] produced a scoring function
where 𝑎1 = 10 and 𝑎2 = 4.5 for their prognostics model. A
comparison of the two scoring functions used in [12] and
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Figure 1. Comparison of scoring functions in [12] and [14].

[14] was plotted against the prediction error in Fig. 1. In
Fig. 1, the left hand side of the graph wherein the prediction
error is negative indicates a similar response for both the
case studies. However, late predictions are penalized far
more severely in [12]. This may attributed to the fact that
the system under test in [14] was a cutting tool which was a
less critical component as opposed to an aircraft engine in
[12], resulting in a more conservative approach in [12]. But
the no justification has been provided on why the particular
parameters (𝑎1 and 𝑎2) were selected for the two case
studies, hence it is only possible to speculate. A suggestion
in this case would be to discuss the impact of different
constants on the scoring function and how the score then
varies with error. This may lead to the selection of optimal
constants.

In the case that the scoring function proves indecisive
because the models receive similar scores, [12] propose
the coefficient of correlation where a high correlation
is preferred. However, [15] argue that coefficient of
correlation (𝑟) cannot be used to determine the quality of
forecasts as this measure only determines the goodness of
fit between data.

B. Conventional Forecasting Metrics
Since prognostics is eventually a forecasting technique,
it might also be prudent to glance over publications that
discuss general forecasting metrics. Given that such metrics
do not take into account whether an RUL prediction is an
early or late predictions, they cannot be prioritized over the
metrics that were discussed in subsection II.A. The metrics
reviewed here will include MSE, MASE, MAPE to name a
few.

The mean absolute scaled error (MASE) was first
proposed by [16] to be used as the standard for the

comparison of multiple time-series in forecasting. They
compared different forecasting techniques considering
three different time series datasets. Metrics that had
been used before the publication of the paper had been
applied to the time series including MAPE, median
absolute percentage error (MdAPE), symmetric MAPE
(sMAPE), symmetric MdAPE (sMdAPE), median relative
absolute error (MdRAE), geometric relative absolute error
(GMRAE) and MASE. The authors also highlight that
most publications until that point recommended the use of
MAPE for determining forecast accuracy.

A common trend observed in the study was that when
a forecast for a particular time index is zero, all the
corresponding error metrics (mentioned above) take an
undefined or an infinite value, not indicating the quality of
the forecast. This shortcoming has also been highlighted
by [17] as a gap for their proposal of a new metric. This
resulted in the new MASE metric shown in Eq. 2 and Eq. 3,
where 𝑞𝑡 is the scaled error 𝑒𝑡 is the error in the forecast
whereas the difference between two successive forecasts is
given by 𝑌𝑖 − 𝑌𝑖−1.

𝑞𝑡 =
𝑒𝑡

1
𝑁−1

∑𝑁
𝑖=1𝑌𝑖 − 𝑌𝑖−1

(2)

𝑀𝐴𝑆𝐸 = |𝑞𝑡 | (3)

The key characteristic that hinders MASE as a metric
for prognostic applications is that the mean of the scaled
error considers only absolute values of 𝑞𝑡 . This means
that only positive errors are considered and as has been
mentioned previously, we need to classify errors as positive
or negative to determine whether an RUL prediction is an
over-prediction or an under-prediction to be able to study
the extent of how bad a prediction is from an operational
viewpoint.

Also, [18] do illustrate the shortcomings of conventional
forecasting metrics such as MASE, MSE, etc. in their
battery capacity degradation prognostics models. Four
prognostics models were used for the analysis, evaluated
using PH, 𝛼 − 𝜆 accuracy, relative accuracy, cumulative
relative accuracy & convergence alongside conventional
forecasting metrics such as bias, MAPE, MSE, etc. The
results conclude that the latter set of metrics provides
an insight into the evolution of the predictions over time
and when these predictions are trustworthy, as opposed to
the conventional metrics which only provide a measure
of deviation from the ground truth. These error metrics,
therefore do not account for progressive acceptable accuracy
and precision levels such as the prediction horizon and the
𝛼 − 𝜆 accuracy introduced in subsection II.A [19].
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An interesting feature was observed in [13] when the
scoring function discussed in subsection II.A was used in
conjunction with the root mean square error to validate
their prognostics algorithm. The values of RMSE seem to
be more symmetric about the zero error mark than in the
case of the scoring function. For example, there seems to
be little distinction between an error of -20 and +20 in the
RMSE which is inherently incorrect because of the risk
of component failure associated with a positive prediction
error.

C. Probabilistic Forecast Metrics

In an idealistic scenario, RUL forecasts obtained will be
point estimates resulting in a single valued RUL forecast
at each time index. However in prognostics, estimation of
the remaining useful life of a component is of relatively
lesser importance without considering the uncertainties
associated with making such a prediction [8]. Prognostics
uncertainties have been categorized as those that arise due
to lack of understanding of the true state of the system,
future uncertainty (lack of knowledge of future loading
and operating conditions) and modeling uncertainty by
[20]. Therefore, it is likely that an RUL prediction will
generally have a PDF associated with it and a confidence
bound [21]. What this does, is that there is a need to also
rely on metrics that can evaluate a prognostics algorithm
based on a probabilistic prediction, rather than a point
estimate of RUL. The incorporation of a PDF also allows for
propagation of uncertainties for subsequent predictions [22].

This then makes it crucial to enable the forecaster to
predict correct probabilities. Therefore if we consider
probabilistic forecasting in prognostics, a prediction may be
associated with different RULs at that particular time points
with different corresponding probabilities. If the most
probable outcome matches the ground truth, this would be
an example of a good forecast. It might then be prudent
to consider the suggestion of [8] who mention that a point
estimate can be extracted from the probability distribution
of RUL forecasts. Yet even without converting probabilistic
forecasts into a point estimate, there are methods and
metrics to assess probabilistic forecasts.

First and foremost, the metrics introduced in subsection II.A
have been adapted to suit probabilistic forecasts. Hence,
this would be an appropriate starting point. Prediction
horizon and 𝛼 − 𝜆 accuracy have been modified to suit
probabilistic forecasts as has been highlighted by [8][10]
by altering the criterion to classify a RUL PDF as accurate.
When it comes to prediction horizon, the earlier a prediction

satisfies a condition known as the 𝛽-criterion, the better
is the accuracy of the prediction algorithm. Hence, the
𝛽-criterion essentially determines the first time instant
wherein a significant portion of the probability mass of
the RUL prediction PDF falling inside the predetermined
shaded area is greater than a threshold value 𝛽.

Similarly, the 𝛼 − 𝜆 accuracy metric has been adapted to
suit probabilistic forecasts as well. The same 𝛽-criterion
holds when it comes to determining whether a RUL
prediction PDF is accurate or not. A prediction at any
time instant 𝜆 that falls within the cone of accuracy (i.e,
satisfying the 𝛽-criterion) is classified as accurate [8]. It
was pointed out by [12] that the increasing accuracy in
RUL predictions should be observed closer to the end of
life of the component and 𝛼 − 𝜆 accuracy highlights this
point. It can be seen that the cone of accuracy shrinks
with time leading to increased accuracy of the predictions
and precision of the PDF. This is an improvement over the
prediction horizon which solely gives an indication of the
time point when the 𝛽 criterion is satisfied. It could have
been interesting however, if the author had included an
analysis on how these results vary for different values of 𝛼
or how an appropriate 𝛼 could be set for the analysis. This
is because a higher accuracy level will increase the size of
the bounds that are imposed on the forecasts. This would
mean that the algorithms that perform relatively poorly for
a 20% accuracy for instance may be considered acceptable
for a higher value of 𝛼. Understandably, the accuracy level
that needs to be set is up to the user and that factor needs to
be considered when developing prognostics models.

While there have been no contributions towards prognostics,
the domain of scoring rules has gained popularity when it
comes to evaluating probabilistic forecasts. These may be
considered similar to scoring functions, but how a score is
assigned is vastly different. An overview of the different
scoring rules used to evaluate probabilistic forecasts is
presented by [23] & [24], who define a score as shown in
Eq. 4. Here, 𝑋 is used to represent the observed value
of a random variable (ground truth) and 𝑝(𝑥) represent
the probabilities in the forecast for each value 𝑥. A lower
overall score is preferable in the case of scoring rules.

𝑆 =
1
𝑁

𝑁∑
𝑖

𝑆[𝑝𝑖 (𝑥), 𝑋𝑖] (see [23]) (4)

The key difference scoring rules have as compared
to scoring functions is that instead of considering the
prediction error, scoring rules take into account the
probability or the confidence with which a set of predictions
are made. A good score will be assigned to predictions that
predict the ground truth RUL with high probabilities.
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Table 1. Overview of reviewed metrics and their limitations

Metrics Limitations

Scoring function
Current scoring function has certain instances wherein

early predictions are penalized more than late predictions

Prediction horizon
No distinction for early predictions and late predictions.

Also, it only provides the first instance wherein the accuracy criterion is satisfied.
𝛼 − 𝜆 performance No distinction for early predictions and late predictions.

MSE, MAE, RMSE
Mean value considered which is not a true representation of performance.

Also, only the magnitude of the RUL prediction error is considered.

MASE
Same as for MSE, MAE, RMSE,

scaled error also provides no distinction between early and late predictions

Scoring rules
No limitations as such since scoring rules are

not present in prognostics literature

From this literature review, it can be established that
there have been a number of metrics developed to evaluate
the performance of prognostics models. Nevertheless, the
gaps discovered in this review pertaining to the current set
of metrics from a prognostics point of view are significant
and deserve to be worked upon, a summary of which is
tabulated in Table 1. Lack of standardized metrics had
been brought out as a research gap by [8] in their paper
proposing a variety of metrics to assess prognostics models.
Currently, there is a scarcity of visualization methods
as well to able to effectively compare multiple modeling
approaches in addition to the gaps within the current set of
metrics themselves [9].

For prognostics to be adapted by maintenance organizations
more effectively, the RUL predictions made by prognostics
models need to be trustworthy because of the consequences
that can occur taking into account a bad prediction. Poor
RUL forecasting may also result in suboptimal maintenance
check scheduling of systems and the interpretation
of feedback from metrics that feature gaps can also
contribute to sub optimal prognostics model development.
Considering the above remarks, the following research
question is proposed.

How can currently available performance evaluation
metrics be modified to evaluate and visualize the
performance of prognostics algorithms?

III. METHODOLOGY
This section of the paper focuses on answering the first
half of the research question. The modification of currently
available performance metrics has been discussed in this
section, wherein a new scoring function is proposed
alongside the 𝛼 − 𝜆 performance to assist the performance
visualization. Since the visualization is a part of the
performance evaluation of the models, the results of
visualization will be illustrated in the results in section IV,
whereas the methodology used for the visualization will be
discussed in this section. The scoring function is chosen
because an important area of focus is the preference of
having early predictions over late predictions for this case
study whereas the 𝛼 − 𝜆 accuracy ensures the predictions
closer to the end of life are stressed upon. Poor predictions
close to the end of life are more critical to the user of the
prognostics system because they leave little time to take
corrective action on the system before failure.

These performance metrics have been developed with
the help of deterministic RUL predictions from two linear
regression models. The random forest (RF) model was
incorporated alongside a generalized linear model (GLM)
with a normal distribution function and a log-link to get
the required RUL predictions. With the aim being model
performance visualization and evaluation rather than model
development, these simple models producing a time series of
RUL predictions are sufficient for the purposes of this paper.

The case study being considered for this paper is the
Commercial Modular Aero-Propulsion System Simulation
(C-MAPSS) dataset which is used to train these two
regression models. This particular dataset is fairly
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simplistic in nature and is well suited to train basic machine
learning models such as the models chosen. Some of the
sensors in this dataset exhibit monotonic (non-increasing
or non-decreasing) trends with their sensor readings, which
is important for better RUL predictions. The availability of
the ground truth RUL for each engine was another reason
for the selection of the C-MAPSS dataset.

The aim is therefore to assess and visualize the performance
of both these models based on the metrics that will be
proposed in this section. Before proceeding with the
methodology of the performance metrics outlined in
subsection III.B & subsection III.C, there needs to be a
more detailed understanding of the dataset being used,
which has been provided in subsection III.A.

Within the dataset, once the test dataset is chosen,
the RUL predictions over time can be studied for all of the
test units, or units under test (UUTs) separately for each
simulation. As an example for one of the simulations, RUL
predictions over the life of two UUTs are illustrated in
Fig. 2. These plots were obtained by separating the data
based on each test unit after both models had been trained
using the C-MAPSS training data. The section will now be

(a) RUL predictions varying with number of cycles for UUT 14

(b) RUL predictions varying with number of cycles for UUT 22

Figure 2. Remaining useful life predictions varying with
number of cycles

divided into subsections discussing the metrics that have

been developed to visualize the performance of the two
models, with subsection III.B discussing the formulation
of the case-study specific scoring and subsection III.C
discussing the 𝛼 − 𝜆 accuracy.

A. Case Study

C-MAPSS is a high fidelity simulation system based on
which the datasets introduced in section III are created. The
dataset consists of multiple multivariate time series, which
are subsequently divided into four different sub-datasets,
each with different operational conditions and fault
conditions. The first of these sub-datasets (𝐹𝐷001) is
considered is sufficient for this paper. Each time series in
the 𝐹𝐷001 dataset relates to the same engineering system
which is an aircraft turbofan engine. Each engine begins
with varying degrees of initial wear, which is different
from a fault condition. A fault is then considered to be
developed at some point during the time series which grows
in magnitude until failure in the training set. In the test set,
the time series ends before failure and the goal is to then
predict the RUL at each time point in the test set.

The training dataset includes operational data of a
certain number of the turbofan engines, which can be
varied using a different train-test split. Next, the FD001 sub
dataset also makes use of three engine operational settings
(namely the altitude, Mach number and power setting)
and 21 sensors that monitor quantities such as the engine
fan speed, pressure ratios, bypass ratios, etc. Each of the
100 units in the FD001 sub dataset possesses readings
corresponding to these sensors, with the final column of the
dataset being the ground truth RUL.

In each dataset, the engine is run for a different number
of cycles until failure takes place. Since the length of
the runs for each engine are different with a maximum
number of cycles of 362 corresponding to the 69th engine
in the dataset, the number of cycles corresponding to
each test unit will need to be normalized to be able to
compare different prognostics models using performance
visualization techniques. This has been achieved by
converting the number of cycles of each UUT in the test
dataset to percentage so that the cycles corresponding to
each unit vary from 0% to 100% of the unit life. For the
𝑖𝑡ℎ observation corresponding to each engine in the dataset,
this conversion takes place as shown in Eq. 5, where 𝑡𝑖 is
the number of cycles elapsed at time point 𝑖 and 𝑁 is the
total number of cycles for the particular UUT.

[Time (in %)]𝑖 =
𝑡𝑖
N

· 100 (5)
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B. Scoring Function
To get an overview of how better or worse deterministic RUL
predictions are to each other, the first metric proposed is
the scoring function. A scoring function can be considered
as a cost function wherein the cost has to be minimized for
all the test units in the simulation. The cost is a penalty
(or score) applied to each RUL prediction at each instant
of time (or cycle) where a low overall score is preferred.
For the C-MAPSS case study, the preference is to score
late predictions more severely than early predictions for the
reason that overestimating the RUL brings the possibility
of failure to the aircraft engine as opposed to an early
prediction in which case, the integrity is not compromised.
As an improvement to the currently used scoring function

Figure 3. Proposed scoring function with a tolerance of 90
cycles in comparison to the current scoring function

in prognostics literature [12] (Eq. 1), this paper proposes
the use of the scoring function highlighted in Fig. 3. An
exponential profile is used to score early and late predictions
as can be observed. Note that the parameters set for the
proposed scoring function illustrated in Fig. 3 are only an
example. The proposed methodology for the determination
of these parameters will be discussed further.

One major difference in this paper however is the
concept of tolerance, which is shown on the horizontal
axis (𝑇). This is a buffer that has been provided for late
predictions. From an error of zero to an error equivalent
to tolerance, the score rises exponentially. To understand
the reason for proposing tolerance and its significance,
consider a small late prediction of +𝑦 flight cycles and
assume a tolerance of 𝑥 flight cycles. In such a scenario,
a maintenance check could be scheduled at (𝑦 − 𝑥) flight
cycles because (𝑦 − 𝑥) would be a point before the zero
error mark in Fig. 3, which averts the risk of failure of the
system as long as 𝑦 < 𝑥. This ensures that the component

avoids failure and a state of functionality is maintained,
which is particularly crucial for critical systems in a fleet.
This enables certain late RUL predictions to be considered
as acceptable given the fact that the maintenance would be
scheduled accordingly.

Beyond the tolerance (𝑇) in Fig. 3, there is no reason
to exponentially increase the score further. This is because
given a tolerance of +50 as observed in Fig. 3 an error of
+80 for example, is not too different from an error of +180.
From the point of view of a maintenance organization,
trusting either of those two late predictions will lead to the
component failing in any case and hence the score should
not be too different for both such cases.

Hence beyond tolerance, instead of an exponential
rise in the score, a logarithmic trend is proposed which
results in only a marginal increase in score with respect
to increasing error. A constant score beyond tolerance
however is not considered because the algorithms need to be
evaluated not only from the point of view of a maintenance
organization but from a research viewpoint focusing on
how close the model predicts to reality. So there still needs
to be a distinction between two RUL predictions at different
stages beyond tolerance.

From multiple simulations, it was observed that the
range of the prediction errors kept varying significantly.
Hence, the limits for the prediction error (𝑥 axis) in Fig. 3
were considered as the least error and the maximum error
observed for each simulation. From the above discussion,
the scoring function with 𝑆𝑖 being the score at time index
𝑖 is as follows with 𝑑𝑖 being the prediction error at time
index 𝑖, 𝑇 being the tolerance and 𝑝𝑇 being the score at the
tolerance point.

𝑆𝑖 =


𝑒
−( 𝑑𝑖𝑎1

) − 1, 𝑑𝑖 ≤ 0

𝑒
( 𝑑𝑖𝑎2

) − 1, 0 < 𝑑𝑖 ≤ 𝑇

𝑝𝑇 + 40 · 𝑙𝑜𝑔4(𝑑𝑖 − 𝑇), 𝑑𝑖 > 𝑇

(6)

Here, the constants 𝑎1 and 𝑎2 determine the extent to
how much early and late predictions are penalized and
this depends on the case study being considered. There
is therefore need to find the optimal constants for each
unique simulation as such a methodology does not exist
currently. This is also the case with the tolerance buffer,
which is not a preset value but rather depend on the case
study being considered. Hence, subsubsection III.B.1 and
subsubsection III.B.2 will present a methodology to estimate
these parameters.
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Figure 4. Non-monotonic trends of sensors 6 & 25 with monotonic trend of sensor 10 in C-MAPSS

1. Determination of Constants
The parameters 𝑎1 & 𝑎2 in Eq. 6 quantify the exponential
nature of the rise in scores for early predictions and late
predictions until the tolerance. Parameter 𝑎1 controls
the rise of the exponential penalty in the case of early
predictions and 𝑎2 does the same for late predictions until
tolerance. The idea here is to fix a value for 𝑎1. Consider
that 𝑎1 = 20 has been used as a fixed value to obtain 𝑎2
with the assumption that the maximum score assigned to
the early predictions equals the maximum score assigned
to the late predictions at the tolerance point. This is a
reasonable assumption because the rise in penalty for the
early predictions can be a bit more gradual, but has to be
sudden for late predictions until the tolerance point, given
the risks involved with late predictions.

If 𝑑𝑚𝑖𝑛 is the highest early prediction in magnitude,
this results in Eq. 7 when Eq. 6 is evaluated at 𝑑𝑖 = 𝑑𝑚𝑖𝑛

and 𝑑𝑖 = 𝑇 . Then, 𝑎2 can be calculated from Eq. 8.

𝑒
− 𝑑𝑚𝑖𝑛

𝑎1 − 1 = 𝑒
𝑇
𝑎2 − 1 (7)

𝑎2 =
20 · 𝑇
−𝑑𝑚𝑖𝑛

(8)

2. Determination of Tolerance
To determine the tolerance for a particular simulation,
this paper considers the training data available for model
training. Given that this case study deals with run to failure
datasets where the system is allowed to fail, the system
health cannot exhibit self healing properties and can only
degrade. Therefore treatment of these non-monotonic

trends as observed for sensors 6 and 25 in Fig. 4 by
converting this trend into an entirely non-increasing or
non-decreasing trend (as seen in sensor 10) will make the
data much more suited for training the models thereby
resulting in more accurate RUL predictions. Note that
Fig. 4 shows the sensor readings for only one particular
training unit. This theory motivated the use of a metric that
could quantify a degradation trend or a non-increasing trend
for the sensor data. This resulted in choosing monotonicity
as the metric (𝑚), which quantifies the non-increasing or
non-decreasing nature of a trend wherein a monotonicity
of 0 shows a perfectly non-monotonic data and vice
versa. A prognostics model that is trained with largely
non-monotonic data finds more difficulty in producing good
RUL predictions as opposed to monotonic data because
monotonicity of the input data is an important criterion
in prognostics for model training when it comes to run to
failure datasets.

This then provided the motivation, to pair RUL predictions
wherein the models have been trained with monotonic data
with a lower value of tolerance for the scoring function
than for non-monotonic data. Therefore, the purpose of
this section is to establish a feasible method to determine
the tolerance on the basis of the input sensor data by using
monotonicity as the metric to assess the quality of data,
which is defined in Eq. 9 and is calculated for each of the
sensors in the C-MAPSS dataset [19].

Here, 𝑥 𝑗 refers to the sensor readings which are observed at
two successive time points 𝑘 and 𝑘 + 1. The derivatives are
computed as the difference between these two successive
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observations in each sensor per UUT.

𝑚 =
1
𝑀

𝑀∑
𝑗=1

������
𝑁 𝑗−1∑
𝑘=1

𝑠𝑔𝑛(𝑥 𝑗 (𝑘 + 1) − 𝑥 𝑗 (𝑘))
𝑁 𝑗 − 1

������ (9)

The sign function in Eq. 9 is then used to quantify the
non-decreasing or non-increasing trend at that point as is
shown in Eq. 10.

𝑠𝑔𝑛(𝑥 𝑗 (𝑘 + 1) − 𝑥 𝑗 (𝑘)) =
{

1, (𝑥 𝑗 (𝑘 + 1) − 𝑥 𝑗 (𝑘)) ≥ 0
−1, (𝑥 𝑗 (𝑘 + 1) − 𝑥 𝑗 (𝑘)) < 0

(10)
For each simulation, the maximum positive prediction error
that is observed in either of the two models is considered
to be the tolerance for that particular simulation provided
the data is perfectly non-monotonic as is shown in Eq. 11.
This assumption is made because a non-monotonic dataset
that is contaminated with noise gives the least chance for the
models to be trained accurately for RUL prediction.

𝑇𝑚=0 = 𝑚𝑎𝑥(max error RF, max error GLM) (11)

From that point onwards, a linearly decreasing trend is
proposed for the variation of tolerance with increasing
monotonicity as shown in Fig. 5. As an example, the plot
in Fig. 5 is a result of the fact that a maximum prediction
error of 87 cycles was obtained from both models which
is considered as the corresponding tolerance for a perfectly
non-monotonic trend. The early RUL predictions are not
considered in this process since tolerance accounts only for
the late predictions. The following section now describes
the proposed methodology to estimate the monotonicity for
the entire C-MAPSS dataset using the training data from
which tolerance can be determined.

Figure 5. Variation of Tolerance with respect to
Monotonicity of Input Data

3. Computation of Monotonicity of the C-MAPSS Dataset
To compute the monotonicity of the training set, the process
outlined in Fig. 7 has been proposed, where the monotonicity
for each train unit is computed using Eq. 9. The single
valued discrete sensors with constant sensor measurements
throughout do not provide any information for prognostics
and are hence not considered in this process. The first step
in Fig. 7 estimates the monotonicity at each time 𝑘 . This
depicts the non-increasing or non-decreasing nature of the
trend at every 𝑘 as is shown in Fig. 6 for the third sensor
in the dataset for a particular train unit. As mentioned in
subsubsection III.B.2, the monotonicity is computed with a
window size of one, i.e, for every successive sensor reading.
For the first two readings, the monotonicity will as expected,
be 1. From the third observation (𝑘 = 2 & 𝑘 + 1 = 3), the
monotonicity estimates reveal more about the nature of the
trend. Subsequently, the average monotonicity for a singular
train unit is estimated. The monotonicity obtained from the

Figure 6. Variation of monotonicity for sensor 3, train unit
99

process outlined is then used to obtain the corresponding
tolerance from Fig. 5, which is then used to determine the
profile of the scoring function.

4. Performance Visualization
Once the scoring function formulated in this section is
applied to the RUL predictions for the particular simulation,
there are two methods used in this paper to visualize the
performance, illustrated in subsubsection IV..1. Firstly, a
more general way is provided to visualize performance
where the concentration of errors is illustrated along
side its contribution to the overall score. Since the RUL
prediction errors for each simulation have a fairly large
range, the errors have first been converted into a percentage
scale where early predictions vary from 0% to -100%
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Figure 7. Methodology used for calculating the
monotonicity of the C-MAPSS dataset

of the largest early prediction in magnitude whereas late
predictions vary from 0% to 100% of the largest late
prediction. This method then groups the percentage of
average errors and the corresponding score into these
intervals, over time. The reason to propose this method is
to observe which type of errors result in a larger score.

Secondly, the score is grouped according to the time
interval of the predictions (time converted to percentage
using Eq. 5) and the corresponding score is observed for
each UUT. This enables the user to understand which unit in
the fleet is under performing for the particular prognostics
model and whether the score is increasing at a critical
period or not. If there is a high score observed towards the
end of life of the unit, this then leaves no chance to avoid
failure. Bad predictions early in the life of the unit are
considered relatively better in the sense that the predictions
may get better with time, also leaving enough time to take
corrective action if confidence is shown in such predictions.

C. The 𝛼 − 𝜆 accuracy
As has been discussed, the 𝛼 − 𝜆 accuracy imposes bounds
on each set of RUL predictions over time wherein any
prediction found to stay within the bounds can be classified

as accurate. These bounds take the shape of a cone, with
a vertex con There is a need to evaluate the performance
towards the end of life of the units because this is the most
critical time period in their useful lives. The significance
of end of life predictions is that a poor prediction very late
in the life of a system is dangerous because it leaves little
time to take any corrective action before failure. Since this
concept is not explored by the scoring function proposed
in subsection III.B, the 𝛼 − 𝜆 accuracy is used as the other
performance metric in this paper. The motivation for this
step is because while the current 𝛼 − 𝜆 metric can classify
whether a prediction is accurate or not, it does not estimate
the accuracy of a set of predictions.

The methodology in this paper first aims to determine
the 𝛼 − 𝜆 accuracy rather than simply determine whether
a prediction is classified as accurate or inaccurate,
which is described in subsubsection III.C.1. Next,
subsubsection III.C.2 discusses the tools proposed for
performance visualization of this metric once accuracy
has been determined. Here, the accuracy is determined
taking into account each prediction made at every cycle of
each UUT, instead of taking RUL predictions only from
well defined time points 𝜆. This allows all sets of RUL
predictions to be taken into account when determining
accuracy.

1. Determination of Accuracy
The first step here will be to focus on firstly imposing the
bounds on the RUL forecasts over time resulting in the cone
of accuracy for different values of cone sizes or accuracy
levels (𝛼). The bounds are calculated with the help of Eq. 12
and Eq. 13, where 𝛼 is a predefined accuracy value, 𝑟∗(𝑖𝜆)
is the ground truth RUL at each cycle 𝑖 within the FD001
dataset. Fig. 8 has been provided as a reference to illustrate
this concept.

𝛼+(𝑖) = 𝑟∗(𝑖𝜆) · (1 + 𝛼) (12)
𝛼−(𝑖) = 𝑟∗(𝑖𝜆) · (1 − 𝛼) (13)

Firstly, to classify any RUL prediction at a time instant as
accurate, the condition needs to be met that the prediction
lies within the cone of accuracy. Mathematically, this is
described by Eq. 14 for an instant 𝑖 where 𝑟 (𝑖𝜆) is the
predicted RUL at 𝑖. Next, this paper takes into account
the accuracy of RUL predictions for each UUT. This can be
defined as shown in Eq. 15, with 𝑁 being the number of
cycles for each UUT.

(𝛼 − 𝜆)𝑖 =
{

1, 𝛼+(𝑖) ≤ 𝑟 (𝑖𝜆) ≤ 𝛼−(𝑖)
0, otherwise

(14)

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =

∑𝑁
𝑖=1(𝛼 − 𝜆)𝑖

𝑁
· 100 (15)
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The accuracy therefore gives the number of RUL forecasts
for each UUT that lie inside the cone of accuracy for each
simulation. Now, this concept needs to be coupled with
the one drawback of the 𝛼 − 𝜆 performance pointed out
in subsection II.C i.e, setting a value for 𝛼 and solely
judging the performance of an algorithm through its RUL
predictions for that one particular 𝛼 value.

To discern the effect of an incremental 𝛼 on the overall
prediction accuracy of an algorithm, a sensitivity analysis
is proposed for the parameter wherein 𝛼 is varied from 10%
to 90% in increments of 10% which will give a broader
picture of how the algorithms fare over a range of values
of 𝛼. A large 𝛼 will no doubt be more lenient on poor
RUL predictions whereas a narrower cone formed by small
values of 𝛼 will be more stricter on the these predictions.
For algorithms that do not predict RUL accurately enough,
a large value of 𝛼 will perceive these predictions as accurate.

To illustrate the above with an example, the 𝛼 − 𝜆
performance metric has been applied a particular UUT for
a 𝛼 = 40% and 𝛼 = 20% as shown in Fig. 8. An accuracy

(a) RF Accuracy = 97.46% and GLM Accuracy = 94.93%

(b) RF Accuracy = 43.11% and GLM Accuracy = 28.62%

Figure 8. Changes in prediction accuracy with variation of
𝛼 for UUT 5

of 97.46% was observed for the RF model and 94.93%
was observed for the GLM model for 𝛼 = 40%. However,
when 𝛼 was reduced to 20%, the accuracy levels of both

algorithms dropped by 55.76% for the RF model and by
a significant 69.85% for the GLM model. The question
that arises here is whether such a large jump in accuracy
is justified for the applied change to 𝛼. This necessitates
the need to observe how accuracy varies over all values
of 𝛼 which is illustrated in this paper by iterating each
simulation from 𝛼 = 0.1 to 𝛼 = 0.9 and analysing the
prediction accuracy at each 𝛼.

2. Performance Visualization
Once the accuracies are obtained with the help of the
methodology outlined above, the performance needs to
be visualized. The three parameters that influence the
interpretation of performance for 𝛼 − 𝜆 accuracy are the
accuracy level 𝛼, the prediction accuracy defined in Eq. 15
and time. This motivated the following three ways to
visualize the results for the 𝛼 − 𝜆 performance, which are
illustrated in subsubsection IV..2.

If the conventional path is followed by selecting a
single value for 𝛼 over an incremental 𝛼 for the analysis,
the prediction accuracy obtained is illustrated for all the test
units at once. The time domain is converted from number
of cycles and discretized into bins from 0% - 10%, 10%
- 20% and so on until the end of life (100%) using Eq. 5.
This is the solution to visualize the performance of multiple
test units in a fleet.

Secondly, a visualization of accuracy over the life of
the test units is provided for each incremental value of 𝛼
with the aid of a bar plot. In this case, the average accuracy
for all test units is considered within the time intervals
rather than each test unit individually. This is done to
observe the overall model performance in a single visual
tool, albeit for multiple values of accuracy levels.

Finally, a combination of all the three factors that
influence the interpretation of performance evaluation
are considered. The variation of the prediction accuracy
is illustrated along with the variation in accuracy levels
𝛼 over the duration of the life of all test units. Here as
well, the overall model performance is considered with all
UUTs considered together. To also provide a measure of
the errors of the RUL predictions, a heatmap illustrating
the magnitude of errors over time is proposed because
this would provide an ideal representation of the type of
prediction errors obtained within each interval.

IV. RESULTS
The focus of this section will be on the visualization of the
performance that has been obtained by implementing the
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(a) RF Model (b) GLM Model

Figure 9. Residual plots for the prognostics models

performance metrics and visualization techniques outlined
in section III. To reiterate, the goal here is not to compare
the two models but rather focus on how visualization can
contribute to the interpretation of model performance with
the C-MAPSS dataset only being used as a case study.

For the simulation used to obtain these results, an
80-20 train-test split is used for the C-MAPSS dataset. The
residual plots obtained illustrate the distribution of the
prediction errors about the zero error mark for both models
is shown in Fig. 9. Residuals on the vertical axis in Fig. 9
represent the RUL prediction errors for the model and the
horizontal axis depicts the corresponding RUL predictions.
From Fig. 9, the RF model features a greater number of
very early predictions. Late predictions large in magnitude
seem to be more prevalent in the RF model as well. In
the GLM model in Fig. 9b, a denser concentration of late
predictions that are within the tolerance number of cycles
are observed. To discuss the performance visualization,
this section will further be subdivided into two sections to
discuss the scoring function and the 𝛼 − 𝜆 accuracy.

1. Scoring Function
The scoring function defined in Eq. 6 is firstly used to
penalize the RUL predictions according to the severity
of their corresponding errors. Based on the computed
monotonicity (𝑚 = 0.12) for the C-MAPSS dataset and
the maximum error obtained from the test data for the two
models, a tolerance of 91 cycles has been applied for late
predictions to the proposed scoring function. This means
that any late predictions made up to an error of 91 cycles
may not necessarily result in failure if the maintenance
check is scheduled 91 cycles in advance. The profile of
the scoring function with respect to the prediction error for
this simulation has been illustrated in Fig. 10. The results

Figure 10. Scoring function as a function of error with
𝑎1 = 20, 𝑎2 = 14.03 and 𝑇 = 91 cycles

of the scoring function for a particular test unit (UUT 42)
out of the 20 UUTs have been shown in Fig. 11. In the
case of UUT 42, the average score observed was 4.30 for
the RF model and 4.24 for the GLM model. A sharp
increase in score from 80% - 100% is observable for the
GLM model, whereas the average scores are almost similar.
The difference in the two average scores may be negligible
and this can induce a false sense of security, especially
when visualizing end of life predictions. There is hence the
issue of the average score per unit not providing the best
comparison between the RUL predictions made by different
models. This necessitated the development of a more visual
approach to display the performance results of the test units
on the basis of the scoring function. Each RUL prediction
consists of an error associated with it and the scoring
function assigns a particular penalty to these predictions.
However, this does not translate into the fact that the highest
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Figure 11. Score throughout the life of UUT 42

penalty will be observed where the concentration of errors
in the model is the highest. To illustrate this, the errors
observed in either model over time have been converted into
a percentage scale as was discussed in subsubsection III.B.4.
Early predictions vary from 0% to -100% of the least early
prediction error whereas late predictions vary from 0% to
100% of the maximum late prediction error. In Fig. 12a, the
highest concentration of errors observed are late predictions
(0% - 25%) towards the end of life of the UUTs.

(a) Concentration of RUL prediction errors for the RF model

(b) Scoring function penalty for the RF model over time

Figure 12. Dispersion of RUL prediction errors of the RF
model over time and the corresponding penalty

Looking at the RUL predictions made by the two models,
the errors made for each prediction are clustered into the

(a) Concentration of RUL prediction errors for the GLM model

(b) Scoring function penalty for the GLM model over time

Figure 13. Dispersion of GLM prediction errors of the RF
model over time and the corresponding penalty

corresponding time interval the predictions are made. This
is done to observe at which point of time the errors get
significantly worse. This visualization also validates the
goal of the scoring function to penalize very late predictions
more severely because while both models have fewer errors
present that are late predictions, the maximum penalty is
observed in those intervals.
When observing the results for the RF model in Fig. 14a,
the majority of the test units perform well given the errors
are within a small range around the zero error mark, be it
early or late predictions. Test units 45 and 61 however find
some bad late predictions throughout their life but these
predictions seem to get better towards the end of life of the
engine. Only the late predictions of unit 45 get worse in the
20% - 30% time interval. Looking at the extremes for the
late predictions in Fig. 14c in the color bar, the maximum
positive error is below the tolerance value for this simulation.
A larger score is still observed towards the end of life because
a greater number of RUL predictions lie in this interval.

2. The 𝛼 − 𝜆 accuracy
The methodology for the 𝛼 − 𝜆 accuracy implemented in
subsection III.C yields results for 𝛼 = 0.1, 0.2, ..., 0.9. The
variation of 𝛼 with respect to the prediction accuracy gives
a rise in the RUL prediction accuracy with respect to an
increasing 𝛼 as is to be expected because as the cone size
keeps increasing, there is a greater chance of more RUL
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(a) Magnitude of errors throughout the life of the UUTs (random forest)

(b) Scoring function results for the UUTs (random forest)

(c) Magnitude of errors throughout the life of the UUTs (generalized linear model)

(d) Scoring function results for the UUTs (generalized linear model)

Figure 14. Performance on the basis of scoring function for each UUT
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predictions to fall within the cone. The variation of the
overall 𝛼−𝜆 accuracy with varying 𝛼 proposed is illustrated
in Fig. 15. At the highest accuracy level (𝛼 = 90%), the RF
model was found to have an overall accuracy of around 90%
while the GLM model was found to have an overall accuracy
of around 85%, which means that both models seem to
perform similarly in this case. This result more importantly

Figure 15. Variation of overall 𝛼 − 𝜆 accuracy with cone
size 𝛼

illustrates the need for a tradeoff to be established for the
selection of an optimal 𝛼 depending on the case study
being assessed. A low accuracy level 𝛼 results in a lower
accuracy but intentionally selecting a high 𝛼 would be far
too lenient on poor RUL predictions, crucially towards
the end of life. To illustrate this point, the average RUL
prediction accuracies obtained above were also analyzed
over time for varying levels of accuracy 𝛼 as is observed
in Fig. 16. This enables the user to observe where the loss
of accuracy takes place for a particular prognostics model
over the life of the test units. Reduced accuracy towards
the end of life is expected but the drop off was found to be
rapid in the case of the GLM model. From Fig. 16, it is
clear that the GLM model accuracy also decreases rapidly
towards the end of life. This overlooks the fact that during
the time intervals 30% − 70%, the GLM model was found
to perform notably better in Fig. 16a. For 𝛼 = 40%, the
GLM model was observed to have a higher accuracy until
80% of the unit life, after which the drop-off in accuracy
was significant. This does put into context what an overall
accuracy suggests. It is evident from Fig. 15 that the two
models perform neck and neck for a range of values of
𝛼. But some stark differences are observed when the time
factor is introduced. The number of trustworthy RUL
predictions reduces drastically for the GLM model over
time as opposed to the RF model.

Finally, an illustration of the 𝛼 − 𝜆 performance of
all the UUTs has been illustrated in Fig. 19.
Looking at the overall 𝛼−𝜆 performance of both the models,

(a) 𝛼 = 20% accuracy level

(b) 𝛼 = 40% accuracy level

Figure 16. Variation of average accuracies for 𝛼 = 40% &
𝛼 = 60% accuracy level over the life of the UUTs

(a) RF Model

(b) GLM Model

Figure 17. Variation of RUL prediction accuracy with
varying 𝛼 over UUT life
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an accurate comparison can be established by considering
the overall prediction accuracy of all UUTs over the entire
range of 𝛼 = 10% to 𝛼 = 90% accuracy level as is shown in
Fig. 17a and Fig. 17b. It is clear that the overall accuracy
is lost towards the end of life for the GLM model while the
performance is not too different from the RF model early
on in the life of the UUTs. As was deduced earlier, the
accuracy does increase w.r.t 𝛼 but the RF model yields a
higher overall accuracy. This sets a benchmark for the GLM
model in that RUL predictions towards the 90% − 100%
time interval mark cannot be trusted in comparison to the
RF model. In fact, a significant decrease in accuracy is
observed for the GLM model at time interval 80% − 90%.
In fact, the GLM model was found to lose 98% accuracy
from time intervals 80%-90% to 90%-100% when 𝛼 = 10%.

However, there is still one aspect that needs to be
considered. While the loss of accuracy is prevalent in
the GLM model more so towards the end of life, these
predictions may still hold an advantage in one aspect.
Fig. 18a and Fig. 18b illustrate the magnitude of the

(a) RF Model

(b) GLM Model

Figure 18. Magnitude of RUL prediction errors over UUT
life

RUL prediction errors over the life of all the UUTs. This
information provides details on whether the predictions are
early predictions or late predictions at each time interval.
The reason for the uniform distribution for all the rows
in Fig. 18a and Fig. 18b is that the magnitude of errors

is independent of 𝛼. Such a representation is however
preferred over a line plot, to compare the two heatmaps for
both models simultaneously to draw accurate comparisons.
It was established that the reduced RUL prediction accuracy
towards the end of life in Fig. 17b was a concern for the
GLM model. However, the predictions observed within the
90% - 100% time interval are also late predictions (Fig. 18b)
as opposed to late predictions of a lower magnitude in the
case of the RF model as observed in Fig. 18a for the same
time interval. To some extent, it can be inferred that the
presence of late predictions in the time intervals where
accuracy is high is a concern for the RF model. But the
end of life performance as can be observed in Fig. 17a and
Fig. 18a is better for the RF model. It is therefore a lot
easier to take corrective action for the RF model close to
the actual failure because of greater reliability of the RUL
forecasts.

V. LIMITATIONS
While satisfactory results have been obtained using the
methodology outlined in section III, there need to be some
limitations that need to be pointed out. These also serve
as questions for those wishing to build on the metrics
discussed further. Since this research paper focuses on
deterministic RUL predictions from the outset, certain
performance metrics such as the scoring function cannot be
applied when the prognostics models output a probability
distribution. This may be possible if the PDF is converted
into a deterministic measure of RUL, but alternative metrics
need to be explored.

Secondly, there is merit in the argument that both the
current and the proposed scoring functions do not take into
account that higher weights must be assigned to poor RUL
predictions closer to the end of life, which is discussed by
[12]. This is especially true when the average score of the
test units is considered because a single value should be
able to capture such a feature. This is also the reason why
a more visual approach was taken in this paper to study
the scoring function performance for each of the test units
without considering the final average score. Also, the 𝛼 − 𝜆
accuracy metric was specifically chosen to counter this
drawback of the scoring function.

Lastly, the input sensor data from the C-MAPSS case
study has not been treated any with preprocessing steps
such as denoising for example since this was outside the
scope of this paper. Sensor noise in this case may have
hampered the learning process of the RF and the GLM
models in order to make RUL predictions. This was also
observed when the low monotonicity was calculated in
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(a) RF Model

(b) GLM model

Figure 19. 𝛼 − 𝜆 performance of each UUT for 𝛼 = 40%

section IV. More emphasis was laid to evaluate the models
at hand than the preprocessing of the input data resulting
in a highly non-monotonic dataset. Pre-processing would
have resulted in a lower tolerance value for the scoring
function thereby resulting in more strict scoring of late
RUL predictions.

VI. CONCLUSIONS
In this paper, a framework of metrics and visualization
tools have been proposed to visualize performance of the
C-MAPSS case study, taking into consideration two linear
regression models. The random forest model and the
generalized linear models were trained using the C-MAPSS
FD001 sub-dataset to generate RUL predictions at each
cycle for all test units.

Firstly by developing a scoring function along with a
methodology to determine the constants that quantify the
growth of score w.r.t the prediction error, it is ensured that
each case study is associated with a unique scoring function
for evaluation. This ensures that there are no situations

wherein late predictions are favored over early predictions,
given the assumptions used to determine the constants.
Secondly, the impact of a significant percentage of late
predictions could be limited by scheduling a maintenance
check with the introduction of the tolerance buffer, which
has been estimated based on the quality of the training
data used for model training. This also enables the use
of suitable pre-processing techniques by researchers to
achieve a lower value of tolerance, since it may be more
feasible to schedule maintenance fewer cycles in advance.
Owing to the extremely low monotonicity of the input data
pertaining to this case study, a high tolerance value was
applied to the scoring function.

The results obtained from visualization of the scoring
function do in fact show that while the score obtained might
be similar in certain cases for any two models (Fig. 11),
the performance can still be vastly different for crucial
stages during the life of the unit. The end of life has been
chosen to be the focus for the performance visualization
because an inaccurate RUL prediction towards the end
of life leaves little room for any corrective action before
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actual failure. In this particular case study, late predictions
towards the end of life were found to be more prevalent
for the GLM model and hence resulted in higher penalties.
The corresponding magnitude of errors chart provided
illustrated what types of errors (early or late predictions)
were contributing to the corresponding penalties. Such a
visual perspective also enables the user to determine which
specific unit is contributing to a bad performance. The
user can then for instance trace back the input data metrics
such as the monotonicity, prognosability and trendability
corresponding to this particular unit used for training the
model and improve the data accordingly. An example
shown in the results would be UUT 45 featuring significant
errors for both the models nearly throughout its life.

When looking at the 𝛼 − 𝜆 accuracy, the accuracy
level (𝛼) was initially set to a pre defined value of 40% as
shown in Fig. 19 to analyze individual UUT performance.
The motivation behind this approach was similar to the
one highlighted for the scoring function. The training
data corresponding to each poorly performing UUT can
be improved based on the input data metrics such as
monotonicity, prognosability and trendability for better
model training. From Fig. 19 for instance, UUTs 24, 58, 90
and 98 perform poorly for both the models and hence the
input data corresponding to these test units can be observed
for improvement.

Next, the average 𝛼 − 𝜆 accuracies were found to be
similar when considering all values of 𝛼, with the RF
model having only a marginally higher accuracy (Fig. 15).
But when visualizing the accuracy over well defined time
intervals, there was a substantial drop off in accuracy
observed towards the time intervals 80% - 100% for the
GLM model for all values of 𝛼. This may be attributed
to the converging cone of accuracy in these intervals, but
the performance is significantly better for the RF model.
This means that any RUL prediction obtained within these
intervals can not be trusted for decision making, and the
GLM model only possessed a high overall accuracy because
of relatively better performance early during the life. This
visualization therefore provides a tool to interpret end of
life RUL predictions and in this case, a clear difference in
performance can be observed when compared to an overall
accuracy value.

Considering the limitations of the 𝛼 − 𝜆 performance
in distinguishing between the early and late predictions,
a secondary visual perspective has also been provided to
visualize the magnitude of errors at each stage during the
useful life of the UUTs. The novelty of such an approach
lies in that the two charts (Fig. 17 & Fig. 18) can be

compared side by side to find areas of overlap where the
critical regions are. These regions would be time intervals
of a low accuracy and very late predictions. A case in point
here was the end of life performance of the GLM model
wherein large magnitude late predictions coincide with
regions of low accuracy, which is unfavorable. Although
even for the RF model, regions of higher accuracy earlier
in the life (50% to 70%) were found to coincide with late
predictions. However since this is not towards the end
of life, a higher accuracy can be considered as the advantage.

These visualization tools therefore give useful information
to users who rely on prognostics to schedule maintenance
checks as well as researchers involved in prognostics model
development. These findings also form the foundation for
future researchers to work upon. The importance of a visual
perspective has been outlined throughout this paper and
therefore, section VII now outlines a few recommendations
that can be followed for future steps in this research area.

VII. FUTURE WORK
In this paper, several visualization tools have been proposed
by the modification of existing performance metrics in
prognostics. Deterministic RUL predictions had been
considered as the scope for this paper, but there are be
situations where prognostics models provide probabilistic
RUL predictions when uncertainties are taken into account.
While the mean and variance of the RUL PDF can
provide feasible deterministic forecasts from a PDF [8],
the framework of metrics in this paper can account for
uncertainties with minor alterations. This is also where the
domain of scoring rules introduced in subsection II.C may
find application since scoring rules evaluate forecasts on
the basis of the prediction and the confidence associated
with such a prediction.

There also needs to be a greater focus on online prognostics
performance evaluation methods and not many models
are under development if reviewing most publications
on prognostics. Currently, offline prognostics uses run
to failure datasets meaning that the failure has already
occurred and any analysis pertaining to the performance
evaluation would serve as a benchmark for future test units
of the same type. Online prognostics on the other hand
would therefore assist in real time decision making, thereby
enhancing the potential of performance visualization even
further.

Lastly the performance metrics and visualization tools
proposed in the paper were intended to work on the gaps
that arose when conventional forecasting metrics are used.
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Therefore, an ideal path forward would be to incorporate
these metrics and the visualization techniques provided
here to evaluate the performance of other data-driven
prognostics models, even outside the aerospace domain.
Another interesting progression would be to further propose
methods to estimate the tolerance based on whether a
system is critical to the operation or not. In addition, the
impact of the tolerance buffer on the optimal scheduling of
maintenance would be a noteworthy addition to this work
in the future.
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1. Introduction
This project relates to the domain of PHM, whereby corrective action is taken with the help of a forecast for
the RUL of a system. Any system or a system, especially in the case of non-repairables exhibit a certain failure
degradation pattern during their lifetime when in operation. In an idealistic scenario, this degradation can be
seen as a linear decrease of health of the system followed by a non-linear degradation over time till the system
crosses the EoL, post which it enters a state of failure. As the number of cycles of the system increase, the
machine health reduces. Non-repairables cannot be operated on beyond the state of failure and if these are
systems that may be deemed ’critical’, then prognostics is all the more crucial when it comes to maintenance.
In time-based maintenance techniques, the system undergoes maintenance checks at frequent intervals
to ensure that a state of functionality is restored for future use. Being far from ideal, RUL forecasts from
prognostics models are laden with errors and hence, there is a need to validate the predictions made by these
models.

Prognostic maintenance is becoming increasingly adopted in maintenance organizations with the increasing
availability of sensor data, leveraging that data to monitor the health of systems and systems culminating in
the a forecast of the RUL. This is from an aerospace point of view. With increasing acceptance of prognostics
by maintenance organizations, there is the added benefit of potential cost savings since prognostics ensures
that additional maintenance checks for systems can be avoided, parallelly ensuring there are advance warnings
before the system fails. These savings are no doubt significant given that maintenance, repair and overhaul
activities form 10-15% of an airline’s direct operational costs [26]. Diagnostics on the other hand is the act of
knowing when a problem is taking place, identifying and isolating the fault [14].

Most prognostics models can be classified as physics-based models, data-driven models, or hybrid models.
Physics based models consider mathematical models developed solely on the failure degradation understanding
of systems, which require greater knowledge of failure mechanisms whereas data-driven models rely on
sensor measurements and previous events such as maintenance checks or repairs that had been carried
out on the system or part [1]. Statistical, or data-driven prognostics are the most widely used approaches,
followed by AI models and then physics-based models [10].

While data-driven prognostics algorithms are widely used for predictive maintenance purposes, the algorithms
themselves may have errors in their RUL predictions. These may be early predictions or late predictions or
just inaccurate predictions. A variety of metrics are available that can judge a prognostics algorithm based
on certain properties. Some common metrics such as those discussed in [22][5] are the α−λ accuracy,
prognostics horizon, convergence and the relative accuracy. A metric known as the scoring function focusing
solely on early predictions and late predictions has been discussed in [20] aiming to penalize bad predictions
depending upon the nature of the system. For some systems, early predictions may be bad predictions but
in the case of most critical systems, they are preferred over late predictions. The α−λ accuracy metric
discussed in subsection 2.2 and Equation 2.2 focuses on the accuracy of RUL forecasts overtime with the
aim of classifying forecasts as inaccurate more strictly towards the end of life of the system. Conventional
forecasting metrics such as RMSE, MSE, MASE, MAE and bias are not accurate enough to capture the required
features of a RUL prediction, yet they have been discussed in the literature review. Therefore the main
goal of the following section is to identify research gaps in the currently available performance evaluation
techniques of data-driven prognostics algorithms, to then define a problem and research questions based on
the conclusions of the review.

2. Literature Review
To come to terms with the domain of PHM and understand the prognostic models that deal with RUL estimation
and to explore performance evaluation metrics, a wide variety of literature was studied. This section therefore
goes further into the essential literature dealing with prognostics. As was discussed in section 1, PHM is a
very diverse field and contributions have been made by fellow researchers in each branch of the field, be
it data preprocessing and fault detection, or prognostics itself where innovative algorithms are developed
for RUL estimation. The final aspect of PHM before the decision making process refers to performance
evaluation, and this is where there has been the least contributions in the PHM field. Hence, the idea is
to review and critique the past work done by contributors, to understand the gaps and to finally formulate a
research question and objective(s).
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2.1. Review of Prognostic Approaches
While the core subject of this thesis is performance evaluation of prognostics algorithms, it might be a good
start to understand the different approaches used in prognostics. This section will review literature involving
the different types of models currently used for the purpose of prognostics.

A simple classification of prognostics approaches would be data-driven and physical. Physics-based models
build on the concept of describing the failure propagation or degradation in a component with the help of
mathematical models, with the Paris-Erdogan model being one of the most widely used prognostic models in
machinery. Data-driven models use machine learning models to establish a relationship between the input
data available indicating the degradation behavior and the observed end observations. Hybrid models on the
other hand exists of a data-driven ML approach alongside a model based approach. An example of this is a
particle filter approach used to determine model parameters implemented in conjunction with a data-driven
neural network model [12]. It is pointed out by [1] that such approaches are more accurate than data-driven
and hybrid methods over a longer time interval in terms of RUL prediction but require expert knowledge, as is
validated by [10] who mention that one needs a complete understanding of failure mechanisms and effective
estimation of model parameters. Yet as observed in Figure 1, physics based model approaches form only a
small percentage of the prognostic methods with regards to the number of publications that were considered
in a study [10]. On this front, [1] argue that this may be attributed to the high implementation cost and the
fact that some simplified assumptions lower the range of applicability of physics-based algorithms.

Figure 1: Distribution of prognostics models among different publications

However, another obstacle faced by the development of data-driven prognostic methods is the lack of run-to-failure
(RtF) datasets that capture the failure evolution throughout the failure of a system [15]. It is also highlighted
by [1] that one drawback of data-driven approaches is that they require a lot of data, and the lack of RtF
data will therefore be a hindrance. Since they form the highest concentration of publications in prognostic
algorithms, it will be of interest to delve further. A classification on data-driven approaches on whether it is a
directly observed state process or not is provided by [25]. Directly observed state processes are cases where
event data, such as past maintenance checks of a particular component is not available and one must rather
rely on current observations to make an estimation of the RUL. They argue that such cases often have an
advantage over scenarios where one must rely on event data to make RUL predictions.

2.2. Review of Performance Metrics
Performance evaluation has consisted of significant gaps in terms of research work in the field of PHM.
Lack of standardized metrics has been a hindrance in the progress of PHM and the metrics that currently
exist have largely not been applied to prognostics algorithms to assess their validity, which is crucial for
prognostics to expand in a large operational scenario to aid decision making. Perhaps it would be prudent to
study the progress of performance metrics that are applicable to prognostics purely from a research point of
view. From an engineering research point of view as pointed out by [5], algorithm performance metrics and
computational performance metrics are of particular importance. It is now known that prognostics deals
with the estimation of the remaining useful life of a machine or a component with the help of a physics based
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Figure 2: Classification of data-driven approaches [25]

model, data-driven model or even a hybrid model. The best estimate of RUL obtained from a prognostics
algorithm is then comparable to the actual reality, hereafter referred to as ground truth. The ground truth can
hence be defined as the best estimate of a certain feature or a parameter, which in this case can be considered
to be the true RUL. This section will be structured as follows.

• Metrics for Prognostic Applications: These performance evaluation metrics have been majorly used in
prognostics applications and they focus on accuracy of the RUL predictions and not solely the deviation
from ground truth. Most importantly, the metrics discussed here will be only for deterministic forecasts
and not forecasts with uncertainty. Scoring functions will be majorly discussed here, along with prediction
horizon (PH), relative accuracy (RA), α−λ accuracy. An insight into the approaches used in few data
competitions held by the PHM Society will be assessed.

• Conventional Metrics: These metrics may be applicable to prognostics applications but are majorly
used in conventional forecast evaluations. These include MAPE, MASE, bias, etc.

• Metrics for Probabilistic Forecasting: Finally, this section will focus on literature involving methods
for evaluating probabilistic forecasts because, most RUL forecasts will have a degree of uncertainty
involved due to a variety of factors that will be mentioned later. Some methods from the first subsection
can be applied to probabilistic forecasts, but majority of this section will be dedicated to scoring rules.

Metrics for Prognostic Applications
As is the case in most forecasting scenarios, not all algorithms are ideal. This means that there is often a
difference between the parameter estimated from the algorithm and the ground truth. This introduces a
key aspect in performance evaluation, that is known as the prediction error. Some algorithms denote this as
the difference between the true RUL and the predicted RUL whereas other algorithms assume the other way
around. Therefore in the category of algorithm performance metrics, error-based metrics are of particular
importance.

A review of the classification of performance evaluation metrics regarding RUL predictions based on the
different requirements of previous researchers and operators is tabulated in [10]. The most basic of these is
the root mean square error (RMSE), used by [31] to assess their data-driven prognostics model, involving RUL
prediction methodology for an electric motor case. An important consideration in the most conventional
metrics such as RMSE is that while the difference in the estimated RUL and the true RUL is considered, it does
not have any significance on early and late predictions as will be discussed in Equation 2.2. The confidence
interval (CI) metric introduced in [31] deals with the accuracy of the predictions as compared to the error
estimates that RMSE deals with. If the confidence is set at a high percentage (95% for example) and if the
width of the confidence interval is small, this would be a case of a good prognostics algorithm since the
concentration of bulk of the RUL estimates lie within a small interval.

Four main performance metrics, namely the prediction horizon (PH), α−λ performance, relative accuracy
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and convergence are discussed in [22]. Let us explore the first three metrics first. This section concerns itself
with only point forecasts and not probabilistic forecasts for performance evaluation. PH and α−λ accuracy
are the most common prognostics evaluation metrics and have been used in a variety of publications. PH has
been defined as the difference between the time when the predictions satisfy an accuracy criterion known
as the β criterion and the EoL in [10]. Thus the foundations of this metrics are vastly different to that of a
conventional metric such as RMSE, even though both depend on the ground truth RUL, where PH depends
on the accuracy of the predictions and the RMSE measures the deviation from the ground truth.

Since PH is more effective when uncertainties are taken into consideration when making a RUL prediction,
this will be discussed further in Equation 2.2 along with the β criterion. However, it might be interesting to
look at the aforementioned α−λ metric even if it is for a deterministic forecast. α−λ accuracy distinguishes
between predictions that lie within a certain accuracy levels and those that do not. The accuracy levels vary
over time and are obtained at each time point as a function of the ground truth at that time. The bounds
are calculated as follows, where α is a predefined accuracy value, r∗(iλ) is the ground truth RUL at each time
point i .

α+ = r∗(iλ) · (1+α) (1)

α− = r∗(iλ) · (1−α) (2)

To assess their data-driven prognostics model dealing with the prediction of end of discharge for Li-ion
batteries, [23] evaluated the predictions with the help of the α−λ metric [23]. Three different algorithms
were proposed in their paper including two learning algorithms and one empirical model based prediction.
The following results were illustrated for α= 20% and λ= 0.5.

Figure 3: α−λ metric plot for comparison of algorithmic performance [23]

In Figure 3 artificial neural network (ANN), polynomial regression (PR) and particle filter (PF) are the three
algorithms that have made their corresponding RUL forecasts whereas RU L′ is the ground truth. As can be
observed, the essence of this metric is its capability to distinguish algorithms on the basis of their accuracy
levels with the highest accuracy appearing towards the EoL of the component. It could have been interesting
however, if the author had included an analysis on how these results vary for different values of α. This is
because a higher accuracy level will increase the size of the bounds that are imposed on the forecasts. This
would mean that the two algorithms that perform relatively poorly for a 20% accuracy (namely ANN and PR)
in Figure 3 may be considered acceptable for a higher accuracy. Understandably, the accuracy level that needs
to be set is up to the user and that factor needs to be considered when developing prognostics models.

Before explaining the limitations of relative accuracy, this would be a good point to introduce late predictions,
early predictions and their significance from an operational viewpoint. A negative prediction error or an
underestimate hereafter referred to as an early prediction means that the estimate of the RUL is lesser than
the true RUL, resulting in the remaining useful life of the component not being maximized to its capability.
Such an estimate often leads to an early maintenance check when it is not needed, contributing an additional
cost to the operator. On the contrary a positive prediction error or an overestimate, hereafter referred to as a
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late prediction poses the risk of the component crossing the failure threshold. Depending upon how critical
the component is to the system, an early prediction may or may not be suitable. Hence when dealing with
error based metrics, considering the sign of the error may itself translate into meaningful advice and potential
cost savings for the organization.

To highlight the above explanation, consider a very simplified example in Figure 4 where a series of predictions
are made for a certain system at a moment in time ti . The ground truth corresponds to a RUL of 40 cycles
and hence a prediction of 30 is determined to be an underestimate with a prediction error of (30−40) =−10
cycles, whereas a RUL prediction of 50 is an overestimate with a prediction error of (50−40) = 10 cycles.

Figure 4: Prediction error terminology

The relative accuracy deals with the ratio of the prediction RUL error to that of the ground truth RUL at the
given time index [22]. Since the estimated RUL is often a distribution rather than a point estimate, the author
has taken into account the central tendency point estimate for the estimated RUL. Let us take a closer look at
the relation as defined in [22].

R Al
λ = 1− |r l∗(iλ)−〈r l (iλ)〉|

r l∗(iλ)
(see [22]) (3)

The term in the modulus sign is the prediction error with the term r l∗(iλ) denoting the ground truth for the
RUL estimate. λ here is a time window modifier relating to the time index during prediction whereas the
superscript l denotes the index of the particular system under consideration, or the unit under test (UUT).
The key here lies in the fact that only the magnitude of the error is considered, as can be observed in the
numerator. Therefore, the drawback of the relative accuracy metric in most applications is that there is little
distinction between a negative prediction error and a positive prediction error. This is a significant gap in a
prognostics case study because of some components being critical, by virtue of which an overestimate is not
preferred and vice versa for non-critical components.

In addition to the limitations of metrics mentioned previously, [20] in modeling the damage propagation
for an aircraft engine with a RtF simulation using the C-MAPSS tool for aircraft engine simulation discussed
the prospect of an error scoring function. The scoring function was fully dependent on the sign of the error
overcoming the shortcomings of relative accuracy described in Equation 3. It was therefore interesting that
this metric was not mentioned in [22]. One would attribute this to the concept being relatively in its infant
stages for prognostics applications. The system model discussed here was used to generate RtF data which
has been a challenge in prognostics where a system needs to be made to fail deliberately.

Now the scoring function specifically developed for the application by [20] aims to penalize late predictions
with a higher score owing to the risk of failure associated with a late prediction. The following scoring function
was also made use of by [32] in their proposal of a convolution neural network prognostics model to predict
the RUL. It would seem like a rather conservative approach from the author but it is understandable given
that the case study being considered is an aircraft engine, a critical component in an aircraft. Some gaps arise
from the scoring function itself, shown in Equation 4.

s =


∑n
i=1 e

−( d
a1

) −1 for d < 0∑n
i=1 e

( d
a2

) −1 for d ≥ 0
(see [20]) (4)
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where s is the score, d is the difference between the true RUL and the estimated RUL and the arbitrary
constants are set at a1 = 10 and a2 = 13 [20]. While this scoring function does achieve its task of penalizing
late predictions, the author does not state how the constants have been estimated. It would perhaps have
been ideal if the variation of the results of the scoring function had been illustrated with differing constants
to portray their significance on the end score. Given that the concept of the scoring function is to introduce
bias in terms of predictions by penalizing late RUL predictions, the results seem to indicate a peculiarity as is
explained after Figure 5.

On the other hand, the scoring function as mentioned takes into account the shortcomings of conventional
performance metrics such as RMSE as has been mentioned before. RMSE gives no indication on singling out
single bad estimates and only focus on averaging the errors which are a deviation from the ground truth. The
scoring function enables the user to exponentially penalize the predictions, thereby ensuring that the outliers
are easily spotted in a series of RUL forecasts. These outliers can then be excluded from the time series.

Figure 5: Score as a function of error [20].

When the score is analysed in terms of the prediction error as illustrated in Figure 5, an error of -20 for example
seems to have a similar score to an error of +20. The scoring function seems to show symmetric results
for such ranges when there should clearly be a distinction between the two, as the author has mentioned
that the scoring function is asymmetric. Furthermore, if the values of d = −50 and d = +50 are substituted
in Equation 4, it appears that a higher penalty has been provided for an early prediction of 50 than a late
prediction of 50. The authors do not explain this aspect of the results, and this may have been due to
the concept of scoring functions in prognostics being relatively new and untested. More likely, the scoring
function may have been adapted to a scenario wherein a late prediction may have been favored over early
predictions where the risk of failure of the system is not as significant as an additional cost that may result due
to an earlier maintenance check. While this setback is not explained, a correlation metric is introduced for
algorithms with multiple UUTs in a scenario when the performance cannot be judged by a scoring function
in the event that the score is the same for multiple cases. While the exact correlation metric being used is not
specified, the results do seem to show how this metric overcomes the limitations of the scoring function for
this application, as shown in Figure 6. The predictions that are closest to the ground truth as expected have
a higher correlation coefficient and vice versa. The key objective here is to distinguish between scenarios
that have the same score, but varying closeness to ground truth. From Figure 6, it is therefore likely that
the correlation coefficient would not be used as a standalone metric in the absence of the scoring function
because there may be certain scenarios where a series of late predictions and a series of early predictions
would have the same correlation coefficient, leading to no distinguishing feature between the two. The
reason this could happen is because the data may be symmetric around the ground truth resulting in the
same correlation coefficient regardless of late or early predictions. This would therefore lead to the same
drawback that relative accuracy mentioned by [22] had in terms of prognostics applications for a variety
of components. Secondly, [11] also argues that the correlation coefficient cannot be used as a metric to
assess the accuracy of a prediction in forecast models because correlation only determines the goodness of fit
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Figure 6: Scenarios illustrating various cases where error based aggregated scores may be same but the correlation score distinguishes
further between different algorithms [20].

between the data, which is the estimated and true RULs in this case. It might therefore be a better idea to let
correlation coefficient to be used as a backup metric in the event that the scoring function proves indecisive.

Perhaps another approach that [20] and [13] could have considered was to penalize late predictions close
to the zero error point a little lesser than the ones farther away. In reality, this could be logical as the decision
to conduct a maintenance check is made before the estimated EoL. If a tolerance period of x flight cycles is
considered and if the estimated positive prediction error is +y flight cycles, a maintenance check could be
scheduled at (y − x) flight cycles. Subtracting this tolerance from a small positive error will mostly lead to
a point in time before the EoL of the component, which corresponds to the negative error part of Figure 5
(er r or < 0). This ensures that the component never fails and a state of functionality is restored, which is
particularly crucial for critical components in a fleet. Considering these aspects can be treated as a research
gap from a prognostics algorithm evaluation point of view.

A similar scoring function from Equation 4 along with RMSE was incorporated by [13] for their deep convolution
neural networks prognostics model which forecast RUL for the C-MAPSS data-set used by [20]. Here, [13]
chose to interchange their exponential terms resulting in the following scoring function shown in Equation 5.
The notation used to represent the scoring function will be borrowed from that of Equation 4 for comparison.

s =


∑n
i=1 e

−( d
a2

) −1 for d < 0∑n
i=1 e

( d
a1

) −1 for d ≥ 0,
(see [13]) (5)

When comparing the two scoring functions, the following profile is obtained as shown in Figure 7. It needs
to be known that such plots need not be plotted in practice since the prediction errors will not necessarily
vary with time as shown in the horizontal axis of Figure 7. For comparison with the corresponding scoring
function, the root mean square error (RMSE) metric incorporated by [13] and [32] is shown by Equation 6. As
can be seen, the RMSE takes into consideration only the magnitude of the prediction error since the error is
eventually squared, and hence we can express a symmetric response when RMSE is plotted with respect to
the prediction error. Such a plot has been illustrated in Figure 8.

RMSE =
√√√√ 1

N

N∑
i=1

d 2
i (see [13]) (6)
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Figure 7: Comparison of scoring functions in [13]

and [20]

Figure 8: Comparison of RMSE with scoring function for CMAPSS data-set [13].

This comparison of the RMSE with the scoring function highlights the gap that is present between conventional
forecasting metrics and a scoring function. A symmetric profile around the zero error mark indicates that
overestimates and underestimates are penalized in a similar manner, which should not be all that an error
metric captures in a prognostics assessment. A discussion on conventional metrics will follow in Equation 2.2.

Specifically on the C-MAPSS simulation data-set of the turbofan engine, a set of performance metrics was
applied by various publications in their respective papers. A significant proportion of publications made use
of the scoring function mentioned in Equation 4. This would make sense since an accuracy performance
evaluation metric takes into account the evolution of prediction errors over time rather than an averaging of
the errors procedure. In fact, 31 out of 40 publications that were considered for a review focused on accuracy
based metrics including the aforementioned scoring function, MAPE, MAE, MSE, FPR and FNR [15]. Precision
based metrics such as ME, MAD and conventional prognostics metrics including α−λ accuracy, PH, RA, CV,
AB as mentioned by [5] form only a negligible portion of the publications considered in [15]. The less number
of publications on α−λ accuracy and PH may be due to the fact that these metrics focus on getting accurate
predictions earlier in the forecast rather than evaluating the incorrect forecasts and penalizing them.

With the advancement of data-driven prognostics, the PHM Society and IEEE had conducted a variety of
competitions over the last 12 years (2008-2020) with focus on various aspects of PHM including supervised
and unsupervised fault detection, prognosis and diagnosis, risk assessment and health assessment [8]. The
following table summarizes the competitions annually hosted by the PHM Society and IEEE from the year
2008 to 2017.
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Table 1: Research tasks for the data competition 2008 2017 [8]

Host & Year System Tasks

PHMS 2017 Bogie Supervised fault detection & diagnosis

PHMS 2016 Semiconductor CMP Virtual metrology

PHMS 2015 Power plant Supervised fault detection & diagnosis

PHMS 2014 Unknown Supervised risk assessment & fault detection

IEEE 2014 Fuel cell Prognosis and health assessment

PHMS 2013 Unknown Supervised fault detection & diagnosis

PHMS 2012 Bearing Prognosis

PHMS 2011 Anemometer Unsupervised fault detection

PHMS 2010 Milling machine Prognosis

PHMS 2009 Gearbox Unsupervised fault detection & diagnosis

PHMS 2008 Aircraft engine Prognosis

It would be prudent to consider from Table 1 the challenges that focus on prognostics as there is a greater
scope for the application of performance metrics. For example, a submission of PHMS 2008 data challenge
by [20] which was applied on the aircraft turbofan engine with the help of the C-MAPSS aircraft engine
simulation tool has already been discussed earlier in this review. A scoring function was used to highlight
the significance of the prediction error which was found to distinguish between early and late predictions.

While Table 1 summarizes the data competitions hosted by the two societies from the year 2008 to 2017,
the PHM Society had hosted another data challenge in 2020, wherein a prognostics algorithm was to be
developed and evaluated using an error metric. One of the submissions for the same will be considered
in this review.

The PHM Data Challenge conducted in 2010 saw the implementation of a scoring function to evaluate the
prognostics algorithms developed for estimating the maximum number of cuts that could be made by a
CNC milling machine cutter for a certain wear limit. The problem could be viewed as an analogy to the
tradition RUL estimation problems that have been discussed so far. The number of cuts that could be made
is analogous to the remaining useful life whereas the wear is analogous to the failure growth or component
health degradation profile. There is of course, a ground truth profile for the maximum wear for each value
of the number of cuts with which the estimated number of cuts could be compared with. The concepts of
overestimates and underestimates then come into play here. One submission to the competition that will be
reviewed here is that of [4].

Six data-sets are considered by [4], three of which are training data (c1, c4 and c6) and the other three are
test data (c2, c3 and c5) each containing data for the cutter with which the cuts were going to be made. The
RUL to be estimated was the maximum number of cuts that could be made, given a certain wear limit. From
the training data and the sensor measurements, the maximum wear for the corresponding number of cuts
was estimated as shown in Figure 9.
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Figure 9: Maximum safe cuts for c1, c4 and c6 [4]

The data obtained in Figure 9 can be considered as the ground truth with which the estimated RULs or the
number of cuts can be made for the test data-sets c2, c3 and c5. It is to be noted that the initial wear on each
cutter was unavailable to the authors. Upon the application of the RUL algorithm to estimate the RULs, the
results that were obtained by [4] are illustrated in Figure 10.

Figure 10: First submission to PHM data challenge for cutter c2, c3, c5 (maximum safe cuts of c1, c4, c6 included for comparison) [4].

From Figure 10, the wear after each cut for the test data-sets can be compared to the ground truth from the
training data c1, c4 and c6 which is shown in Figure 9. The ground truth is illustrated with a different legend
in Figure 10 as compared to Figure 9. It seems clear from the results obtained by [4] that the trajectory of their
RULs followed a profile similar to that of the ground truth and the correlation between the two seems high.
The error metric as discussed earlier in this competition was a scoring function. The scoring function defined
by the rules of the competition is as follows, where δ is the RUL prediction error with respect to the number
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of cuts and S is the score which is to be minimized.

S(δ) =
{

e−( δ
10 ) −1 for δ< 0

e( δ
4.5 ) −1 for δ≥ 0,

(see [4]) (7)

The scoring function defined in Equation 7 on first glance seems similar to that defined in [20] which penalizes
over predictions as opposed to early predictions. But the lack of emphasis on the variation of δ with respect
to the score as shown in Figure 5 or variation of δ with respect to the time intervals means that there is no
clear way to determine a certain tolerance level before which a maintenance check can be performed on the
machine, be it lubrication or some other procedure. Secondly, the authors provide only a point estimate of
the final score (9 ·105) from which no conclusions can be drawn unless a range of data is available in terms
of the prediction error. Finally, when more components in the CNC machine are considered in a prognostics
algorithm, it would be interesting to see the approach of [20] where a correlation metric is used after the
scoring function estimate for different algorithms to compare their results with that of the ground truth [20].

To compare the scoring function of [20] given by Equation 4 to that of [4] given by Equation 7, both of them
have been plotted in Figure 11. The horizontal axis illustrates a range of prediction errors while the vertical
axis represents the penalty (or score) given by the scoring function.

Figure 11: Comparison of scoring functions in [20] and [4].

The left hand side of the graph indicates a similar response in terms of the scoring function since the function
for a negative prediction error is the same in Equation 4 and Equation 7, which shows the overlap between
the two lines in Figure 11. The key difference lies in the area of a positive prediction error. A small positive
prediction is penalized in the case of the CNC milling machine cutter [4] by an amount similar to the case
of a much larger positive prediction in the case of an aircraft engine [20]. This is an indication of a slightly
more conservative approach in the case of the cutting tool where even a small positive error is penalized, as
compared to the aircraft engine. Hence we can conclude that depending upon how critical a component is,
the variation of the terms inside the scoring function can penalize predictions accordingly.

Before proceeding to another example, let us finally consider all three scoring functions discussed so far
by [20], [4] and [13] together as shown in Figure 12. This shows how particular components need different
scoring functions based on how critical they are to the fleet. Expanding on the previous argument regarding
the symmetric nature of the score versus error profile, it would be understandable if the score would be higher
for a positive prediction error beyond the preset tolerance value. In an industry application, it may not be wise
to argue that a negative prediction error of 150 cycles be considered the same as a positive prediction error of
100 cycles. This is because a negative prediction error is not a bad forecast since this would result only in an
additional maintenance check at its worst but a positive prediction error of 100 cycles would mean that the
component would have failed. Let us assume a tolerance of 50 cycles which means that if a positive prediction
error is beyond 50 cycles, that is an example of a bad prediction in which failure will have occurred. It then
does not make sense to exponentially increase the penalty beyond that point because it would not mean
anything. Whether the error is +70 or +1000, it would really make no difference in a real life situation, even
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from a monetary standpoint to the organization. Therefore, it could also be considered to have a ’jump’ in
the penalty value from the point when the tolerance period is over and maintain a constant penalty beyond
that point. This constant penalty should also be greater than that of the peak penalty observed when the
prediction error is negative.

Figure 12: Comparison of scoring functions defined in [20], [4] and [13].

Another approach to performance evaluation of a prognostics algorithm was highlighted by [2] for the PHM
Data Challenge 2020. The task here was to determine the RUL of an experimental filtration system with the
help of a data-driven prognostics model, mainly when the filter is clogged [2]. There were 24 run to failure
experiments available for the model training data-sets and eight available for the model validation data-sets
and the performance was then judged upon how the model could be built using firstly all the experiments
and secondly, a varying percentage (25%, 50%, 75%, 100%) of all the experiments available in the training and
validation data-sets.

Finally, an error function was used to assess the performance of each of the above models for the training,
validation data-sets and an independent test set. The error function deployed was the mean absolute error
(MAE). The MAE was estimated for the combination of the training and validation data-set, as well as the
independent test set. The penalty function, or the scoring function as referred to by [20], was determined in
this case as follows.

Penalty =
∑

iϵ25,50,75,100(1.5 ·M AE(Mi (Te))+M AE(Mi (T v))) (see [2]) (8)

In Equation 8, the term Mi refers to the model generated with i % experiments T v refers to the combination
of the training and validation data-set and Te is the test set [2].

Upon the application of the mean absolute error to the three proposed models for RUL estimation of the
experimental filtration system, one of the models was selected to undergo validation based on its penalty
score applied to only the training and validation set. After applying Equation 8, the penalty for the chosen
model was obtained to be 57.24. Now, the issue seems from here to be the same as that of the relative accuracy
metric. There is no distinction between the errors as far as a late or an early prediction goes, rather only
focusing on a direct score. From a readers point of view, this gives no indication to any health features over the
life of the filtration system. The mean can only capture a certain value which in no way is a true representation
of all the data, especially the outliers in terms of errors. This also means that the reader should first go through
the rules and regulations of the competition to understand the need for such a penalty function to evaluate
the algorithm. While such an approach may seem to be sufficient for a clogged filtration system, it perhaps
falls short when it comes to critical components in aerospace applications. It may therefore be prudent to
implement with slight modifications, the scoring function as defined by [20] in Equation 4 [20].

A Note on Conventional Metrics
The idea behind this thesis is to discuss and implement innovative methods to assess the quality of a prognostics
algorithm. These metrics have been discussed until this point. But it might also be interesting to focus on
a slightly broader picture where we do not only consider prognostics and RUL estimation, but forecasting
error and how we can evaluated the quality of a prediction in a forecasting model. Prognostics can then



2. Literature Review 39

be considered as a subset of the many forecasting techniques. This enables us to consider a broader range
of metrics to evaluate prediction error. Given that such metrics in most cases do not distinguish between
overestimates and underestimates, they will usually be second in priority to the metrics discussed in subsection 2.2.
RUL forecasts at individual time points can be considered as a univariate time series with the only varying
quantity being the RUL. As such, there are metrics available such as mean absolute percentage error (MAPE),
mean absolute scaled error (MASE), etc. that will be discussed here.

Hyndman & Koehler (2006) proposed that the mean absolute scaled error (MASE) be used as the standard
for the comparison of multiple time series in forecasting [6]. They compared different forecasting techniques
including historical mean upto the most recent observation, naive forecasting, simple exponential smoothing
and Holt’s method taking into account three different time series. Metrics that had been used before the
publication of the paper had been applied to the time series including MAPE, median absolute percentage
error (MdAPE), symmetric MAPE (sMAPE), symmetric MdAPE (sMdAPE), median relative absolute error (MdRAE),
geometric relative absolute error (GMRAE) and MASE. The authors also highlight that most publications until
that point recommended the use of MAPE for determining forecast accuracy.

A common trend observed in the study was that when a forecast for a particular time index is zero, all of the
corresponding error metrics (mentioned above) take an undefined or an infinite value, giving no indication
on the quality of the forecast. This particular shortcoming has also been highlighted by Kim & Kim (2016) in
their paper focusing on the proposal of a new metric [9]. Thus, Hyndman & Koehler (2006) propose a scale
free error metric known as the scaled error, shown in Equation 9 and the mean of the scaled error is the MASE.
In the equation, et is the forecast error between the forecast and the ground truth (et = Yt −Ft ) whereas the
observations at two successive time points is denoted by Yi−1 and Yi .

Scaled Er r or (qt ) = et
1

n−1

∑n
i=2 |Yi −Yi−1|

(see [6]) (9)

If MASE is applied to a prognostics algorithm, this will seem similar to the relative accuracy metric proposed
by [22] given in Equation 3. The key similarity with relative accuracy that hinders MASE as a metric for
prognostic applications is that the the mean of the scaled error considers only absolute values of qt . This
means that only positive errors are considered and as has been mentioned previously, we need to classify
errors as positive or negative to then penalize them depending upon the case study being considered. One
option from Equation 9 is that we do not proceed to average the scaled error to calculate MASE. If only the
scaled errors can be used as a metric, this would be beneficial in obtaining a positive and a negative error
from the time series. Whether or not this can be applied to relative accuracy is not clear.

Since MASE is a relatively new metric only developed by [6], there are no limitations in metrics literature
as such. However [21] do mention that the other conventional metrics mentioned above had been proposed
from a general forecasting point of view and had shortcomings, which is in agreement with [6], albeit from
a prognostics viewpoint. This was illustrated by [21] in modeling battery capacity degradation between a
certain time frame. They consider modeling the RUL prediction using four algorithms each assessed by four
conventional metrics (bias, SSD, MAPE, MSE) and four newer metrics including prediction horizon, relative
accuracy (Equation 3), cummulative relative accuracy and convergence. The values obtained for the metrics
conclude that the latter set of metrics provide an insight into the evolution of the predictions over time and
when these predictions are trustworthy, unlike bias, SSD, MAPE and MSE which only providing a measure of
deviation from the ground truth [21].

Uncertainties in Prognostics and Probabilistic Forecasts
In prognostics, estimation of the remaining useful life of a component is of little importance without taking
into account the uncertainties associated with making such a prediction. In an ideal scenario, the RUL
forecasts obtained at each time points will be point estimates resulting in a univariate time series as mentioned
in Equation 2.2. In practice, this is hardly ever true because of the many uncertainties that accompany
forecasts including noise in sensor measurements, modeling errors, input data uncertainties, etc [22]. Sanakaraman
& Goebel (2015) classify the uncertainties that arise in prognostics as present uncertainty which deals with
lack of understanding of the true state of the system at an instant in time, future uncertainty which deals with
the lack of knowledge of future loading and operating conditions and modeling uncertainty [18]. Therefore,
it is likely that a RUL prediction will generally have a PDF associated with it and a confidence bound. This
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is also in concurrence with the point made by [29] regarding uncertainty management in prognostics. What
this does, is that there is a need to also rely on metrics that are capable of evaluating a prognostics algorithm
on the basis of a probability prediction, rather than a point estimate of RUL.

This then makes it crucial to enable the forecaster to predict correct probabilities. Therefore if we consider
probabilistic forecasting in prognostics, a prediction may be associated with different RULs at that particular
time points with different corresponding probabilities. If the most probable outcome matches the ground
truth, this would be an example of a good forecast. It might then be prudent to consider the suggestion of
[22] who mention that a point estimate can be extracted from the probability distribution of RUL forecasts.
Yet even without converting probabilistic forecasts into a point estimate, there are methods and metrics to
assess such forecasting techniques.

Perhaps it would be wise to clear a misconception between precision and accuracy before advancing to
metrics. While we can consider accuracy to be a measure of deviation from the ground truth, precision
is rather dependent on the nature of the probability distribution of the forecast [19]. The narrower the
distribution, the more precise it is. A quantification of this can be provided with the help of the standard
deviation of the distribution wherein a lower standard deviation leads to higher precision. While accuracy
and precision may be considered by the novice as desired characteristics, there is a strange irony that exists.
A high precision probability distribution of the RUL forecast is not always desirable as highlighted by [17].
They argue that it is rarely possible to obtain an RUL estimate with complete precision without computing
the associated uncertainties. This results in the thought that a highly precise forecast may be considered to
be inaccurate. The stochastic nature of the EoL point is also highlighted by [17], which illustrates the point
made earlier regarding a higher preference for probabilistic forecast metrics. Accuracy and precision of a
probabilistic forecast is shown in Figure 13.

Figure 13: Illustration of accuracy and precision for RUL [29]

It should made me made clear here that metrics discussed in Equation 2.2 lack the depth necessary to assess
features of a probabilistic forecast, whose dynamics are very much different from that of a deterministic
forecast. This can be highlighted by a very simple example. Consider a certain repeatable event with a
probability of positive outcome being 15%, which is the ground truth. Consider now two forecasting models
attempting to estimate the above positive outcome probability. If Model A estimates the probability as 0%
and Model B estimates the probability as 30%, it is more likely that Model B will be considered as the one
with a better forecast since Model A says that event will not occur at all, while it does in reality with a 15%
probability. Both the above models according to a conventional metric such as MSE only give an error of 0.15,
which provides nothing to distinguish between the two models. This is in a way, similar to the limitation to
using correlation coefficient as a stand alone metric as observed from Figure 6. Fortunately for the researcher,
there is enough literature focusing on metrics that are capable on evaluating probabilistic forecasts. One such
concept or domain rather, is known as scoring rules.

Before getting to scoring rules, prediction horizon, α - λ accuracy mentioned in subsection 2.2 have also been
modified to consider probabilistic forecasts as highlighted in [22]. As discussed earlier, these metrics rely on
accuracy of predictions (for point forecasts and probabilistic forecasts) and not the evolution of predictions
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over time. The earlier a prediction satisfies a particular criterion known as the β criterion (resulting in a large
PH), the better is the accuracy of the prediction algorithm. For example, the length of the PH for a certain
probabilistic prediction at k is shown in Figure 14. The author has mentioned that the first time index where
a prediction satisfies the criterion is given by Equation 10.

iαβ = min{ j |( jϵp)∧ (π[r ( j )]|+α−α) ≥β} (see [22]) (10)

where,
p is the set of time points involving a prediction, of which j is an instant. In Figure 14, j is replaced by k.
r ( j ) is a RUL distribution at time t j instead of a point forecast.
β is the minimum acceptable probability mass.
π[r ( j )] is the probability mass of the prediction PDF.
−α,+α are the bounds given by the grey shaded region in Figure 14. While Figure 14 illustrates the length of

Figure 14: PH based on β criterion for probabilistic forecasts [22]

the prediction horizon for a certain RUL prediction forecast, it does not show why the first prediction in the
figure does not fulfil the criterion. The second prediction that fulfils the criterion seems to be similar to the
first prediction in terms of area lying outside the α bounds.

Another metric suggested by [22] and [10]) is the α−λ accuracy, whereby probabilistic forecasts are assessed
upon whether they fall in a desired ’cone of accuracy’ levels. This cone is formed by imposing bounds on
α, dependent on the ground truth at each time point. This metric enables to study accuracy of forecasts on
multiple levels and is quantified as a binary metric that takes the value of 1 if the desired prediction accuracy
is satisfied at a specific time. At a glance, this metric can be seen as an extension of the prediction horizon but
instead of solely giving an indication of the time point when the β criterion is satisfied, α−λ accuracy gives
us an indication of how many predictions lie in the desired accuracy levels set by the user. An illustration of
the desired cone of accuracy and the corresponding probabilistic RUL predictions is illustrated in Figure 15.
The notations used are similar to that of prediction horizon shown in Figure 14.
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Figure 15: α−λ accuracy with the accuracy cone shrinking with time on RUL vs. time plot [22]

It was pointed out by [20] that the increasing accuracy in RUL predictions should be observed closer to
the EoL of the component and this example seems to highlight that point. It can be seen that the cone of
accuracy shrinks with time leading to increased accuracy of the predictions and precision of the PDF. This is
an improvement over the prediction horizon which solely gives an indication of the time point when the β

criterion is satisfied.

While it is of significant importance to discern which predictions fall into the desired accuracy levels set
by the user, it also shows a certain amount of untapped potential that the metric possesses. For instance, a
scoring function can be used in conjunction with the α−λ accuracy to penalize predictions that lie outside
the bounds of the cone of accuracy. This would also help in countering the limitation of the scoring functions,
which so far have been shown to be applicable only to point forecasts dependent on the sign of the prediction
error. By dividing each probabilistic forecast PDF into regions, it can be observed what percentage of the
forecast lies outside the bounds of the cone and the error can be obtained with respect to the ground truth
estimate. When the ground truth estimate is superimposed on the forecast PDF, it can be determined what
percentage of the PDF indicates an overestimate and what percentage of the PDF indicates an underestimate.

Scoring Rules

While there have been no contributions towards prognostics, the domain of scoring rules has gained popularity
when it comes to evaluating probabilistic forecasts. This section aims to highlight the untapped potential
that scoring rules possess when it comes to applicability to performance evaluation in prognostics. These
may be considered similar to scoring functions, but the way in which a score is assigned is vastly different. An
overview of the different scoring rules used to evaluate probabilistic forecasts is presented by [3]. If X is used
to represent the observed value of a random variable (ground truth) and p(x) represent the probabilities in
the forecast for each value x, a score can be computed as S[p(x), X ], which can then be aggregated over all
the N forecasts as follows. A lower overall score is preferred.

S = 1

N

N∑
i

S[pi (x), Xi ] (see [3]) (11)

Many publications have covered different types of scores such as ignorance, Brier score, mean square error,
etc. [16] provide the relationship for the ignorance score, which depends only on the probability of the ground
truth as follows. Considering the probability of the forecast which corresponds to the ground truth value
shows that the confidence with which the correct forecast is made matters in the forecast evaluation.

S[p(x), X ] =−log[p(X )] (see [16]) (12)

The main difference such an evaluation metric has with respect to scoring functions discussed in subsection 2.2
is that the prediction error is not considered, which was considered to be a limitation in most other metrics,
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especially those discussed in Equation 2.2. Equation 12 however considers the confidence of the forecast
associated with the true observed value, which means that the RUL prediction error is not the basis of such a
metric and is hence, not required. A similar scoring rule to this is the logarithmic scoring rule, which scores
on the basis of the likelihood of an outcome. If there is a positive outcome with 80% probability, the score
assigned is ln(0.8) and a score of ln(0.2) is assigned to the other outcome. The goal in this case is to maximise
the score, since the sign is opposite to that of Equation 12. Thus if the forecaster predicts an event with a
high level of confidence and it turns out to be incorrect, this is an example of a poor forecast in which case
the penalty can rise exponentially, asymptotically reaching negative infinity. This property is known as the
asymptotic property.

There are two properties of scoring rules as described by [24] that are worth mentioning here - hypersensitivity
and insensitivity. Insensitivity corresponds to the fact that if a particular forecast receives a score of infinity,
then the rest of the predictions made by the algorithm do not matter. The logarithmic nature of the scoring
rule in Equation 12 means that this is a possibility and enables the forecaster to accurately make predictions.
While it is not possible to compare this to a deterministic forecast, this property might hold some value when
considering scoring functions from Figure 12. An exponential rise in penalty is observed for overestimates
and underestimates in the figure and if a prediction there is penalized by infinity, then even a good prognostics
model may be deemed as a bad one. According to hypersensitivity, the asymptotes can become extreme
very quickly for a small difference in probabilities. In terms of a deterministic forecast made by the scoring
functions, the exponential rise observed there is observed for a small difference in RUL prediction error.
The author believes that this difference should not be too extreme, which may well be the case with the
logarithmic scoring rule as well.

Another interesting approach would be the incorporation of a conventional deterministic forecasting metric
to deal with a probabilistic forecast. The mean square error measures the square of the difference between the
forecast value and the ground truth. Many publications have illustrated the Brier Score in research papers that
essentially performs the same task for a probabilistic forecast. If the probability interval [0,1] is subdivided
into m mutually exclusive sub-intervals, labelled by k = 1,2, ...,m and nk number of forecasts falling in the
k th bin are denoted by fk j with j = 1,2, ...,nk and ok j are the corresponding ground truth values, the Brier
Score according to [27] can be determined as follows. As it was with the ignorance score, a lower score is the
indication of a better forecast.

BS = 1

n

m∑
k=1

nk∑
j=1

( fk j −ok j )2 (see [27]) (13)

Also, [3] simplify the Brier Score given Equation 13 as follows. The notation for the variables is borrowed from
Equation 11.

BS = S(p, X ) = (X −p)2 (see [3]) (14)

The one reason why such a metric lacks in a prognostics application is the binary nature of the random
variable X . Probabilistic RUL forecasts usually contain a wider range of random variables rather than just
X = 0 or X = 1. While a RUL forecast can be divided into a binary forecast by introducing some sort of
threshold (0 if the RUL is below a certain value and 1 if it is above a certain value), the ignorance score would
be more preferable. The binary nature of the random variable aside, [7] was also particularly critical on the
use of the Brier Score as a metric to evaluate a probabilistic forecast. In his paper, the two forecasts were
considered for the same data set and the differences in the Brier Scores for both the forecasts (b1 and b2) were
estimated by first expanding Equation 14. It was observed that the differences in Brier Score was positive
which meant that b2 > b1, indicating that the forecast corresponding to b1 ( f1) is a better forecast. But it was
observed that the better forecast f1 had even predicted a zero probability, which is a contradiction in itself [7].
Hence, the author recommends the use of scores that use the concept of likelihood as a replacement for the
Brier Score. Even in Brier’s original research paper, there was no backing provided as to why the mean square
error should be used as a scoring rule over the other available ones.

3. Problem Definition
This section deals with the problem definition for this thesis project along with a few research objectives. As
was observed in section 2, several gaps were established and arguments were given regarding the research
work in prognostics performance evaluation. To try and fill these gaps, the following research question is
proposed.
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3.1. Research Objective
The following research objective has been established after considering the research gaps observed in section 2.

To evaluate the accuracy of RUL predictions of a prognostics algorithm by proposing modifications to currently
available performance evaluation metrics.

A key aspect to remember is that error scoring functions and other performance metrics need to be specified
to validate RUL predictions of an algorithm so that they overcome the limitations of conventional metrics
such as root mean square error, mean absolute error, etc. These metrics fail to capture essential features
such as late predictions may be more prejudicial than early predictions, that accuracy of predictions should
be particularly higher closer to the end of life of the component and that RUL estimations should exhibit
desirable properties such as monotonicity and trendability.

When validating the metrics developed on a real prognostics case, only the performance evaluation of algorithms
is focused on, with the limitations being that no part of the existing algorithms will be modified. This will
provide an unbiased assessment of the algorithms. Input measurements from sensors for prognostic model
development may contain noise and non-monotonic trends and if this has not been treated by the code
developer, it is out of scope of the assignment. This thesis can therefore be considered to be part of post-processing
of the results (RUL forecasts) and not pre-processing of the input features.

3.2. Research Question
How can currently available performance evaluation metrics be modified to evaluate RUL forecasts of a prognostics
algorithm and visualize the corresponding performance?

To break down the research question into smaller fragments and to help with the overall project planning,
the following sub-questions are established, along with a few additional questions that need to be answered
alongside.

1. Which performance evaluation metrics can be applied to a RUL prediction algorithm to quantify prediction
error?

• Which metrics consider prediction accuracy when it comes to RUL estimation, and how is prediction
accuracy quantified by the metric?

• What other aspects need to be addressed by the metric when it comes to assessing a prognostics
algorithm?

2. What are the limitations of each performance evaluation metric in the context of the application?

• What parameters do each of the studied metrics deal with? For instance, RMSE deals with the
deviation from the ground truth whereas prediction horizon deals with the accuracy of predictions.

• What are the hybrid solutions, if they already exist, wherein limitations of two or more metrics are
solved by working in combination?

3. How can a new scoring function be proposed that can deal with the shortcomings from the currently
available scoring function in literature?

• How can the constants be determined so that the RUL predictions are penalized in the appropriate
manner for a case study?

• What should be the nature of the curve when observing the plot between score versus prediction
error?

• Which forecasts should be penalized more depending upon the nature of the system being tested?

• How worse are inaccurate predictions close to the end of life than at the beginning?

• What assumptions should be made in order to arrive at this scoring function without any bias
when formulating it for a specific case study?

4. How can the α−λ accuracy metric be amended to overcome its current limitations?
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• How can prediction accuracy be computed for a particular test unit and a certain value of α?

• What effect does a variation in the α parameter have over the prediction accuracy?

• How can the changing prediction accuracy be visualized over the life of the unit under test?

• Will this metric be used in conjunction with the scoring function or is there a way to incorporate
early and late predictions in this metric?

5. How can this framework of metrics be incorporated into an existing prognostics case study?

• How do the set of constants in the scoring function need to be modified to suit the case study?

• How does the algorithm in the case study perform in terms of accuracy of predictions as compared
to the algorithms used for metric development?

• What set of conclusions can be drawn when these metrics are applied to the case study?

4. Methodology
From section 2, an overview of the literature involving prognostics models, forecasting error metrics such as
MAE, MAPE, RMSE, etc and specific metrics applied to prognostics such as PH, α−λ accuracy, convergence
and relative accuracy have been discussed. Furthermore, there has also been sufficient emphasis laid on
scoring rules in the case that the algorithm prediction works on probabilistic forecasting. The research gap
that currently exists between defining performance evaluation metrics of prognostics algorithms and the
selection of the right metrics for an application has been substantiated upon in the literature review. Hence,
the purpose of this section will be to see how the work of previous researchers can be improved upon taking
into account the research questions laid out in section 3.

The main idea would be to work with an existing prognostics algorithm that computes remaining useful
life predictions with the help of data-driven approaches. In the initial phase, a sample code that performs
RUL estimation for components (or units) will be used. Two different machine learning models in this code
will be used to compute RUL - namely random forest (RF) regression and multilayer perceptron (MLP). The
most ideal data-set used in the development of prognostic models is the one generated by the C-MAPSS
simulation tool used to simulate an aircraft turbofan engine and this will be the dataset the code makes use
of. A framework of metrics will then be developed keeping in mind the limitations discussed in the gap
of existing performance evaluation metrics. Depending upon the nature of the forecast, these metrics as
discussed earlier can be categorized into deterministic and probabilistic. The main idea for the deterministic
metric would be an improved scoring function, which accounts for tolerance as discussed in subsection 2.2.
The idea is to then modify the currently existing α−λ accuracy metric to compute the prediction accuracy for
each test unit, upon which further analyses will be performed such as establishing the relation between the α

parameter and the prediction accuracy which was discussed as a limitation of the currently available metric.
Variation of the α parameter will then be a sensitivity analysis which will affect the accuracy. Further ways
to visualize performance of the prognostics algorithms will be taken into consideration. Post the mid-term
review, the framework of metrics developed on the sample code will be expanded to a real publicly available
prognostics algorithm to prove the validity of the metrics.

The expected results should be plots showing the evolution of prognostics prediction errors over each time
point a prediction is made by an algorithm. Validation on a real prognostics case study should show that
the essential features are captured by the metrics such as penalizing predictions correctly on the basis of
accuracy and whether they are early or late predictions. The publicly available algorithms for the estimation
of remaining useful life of the UUT are mostly available in Python, and hence this will be the programming
language that will be used for the remainder of the project. Being an open-source software with many packages
available, Python aids in the addition of performance evaluation code to the existing code.

5. Conclusions
The overview of the literature provided has been discussed according to whether the RUL forecasts generated
are deterministic or probabilistic in nature. This affects the kind of performance metrics that will be used to
assess the RUL predictions made by a prognostics algorithm. Relative accuracy, prediction horizon, confidence
interval, α−λ accuracy and scoring functions were discussed upon in the case of a deterministic forecasts.
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Most of these metrics did not take into account the prediction error between the true RUL and the ground
truth itself, but rather focused on the accuracy of the forecast. Scoring functions, used to penalize late
predictions over early predictions, were studied from three different case studies and compared. The results
showed an odd peculiarity where the penalty for late predictions and early predictions were observed to be
similar for a few values of prediction error given the symmetric nature of the profile. This of course does
not illustrate the importance of penalizing late predictions more significantly than early predictions. One
particular case study also illustrated the use of a correlation metric to determine the correlation between the
true RUL and the forecast RUL, only when the scoring function proved indecisive [20].

Conventional metrics discussed in Equation 2.2 covered metrics such as MAPE, MdAPE, sMAPE, sMdAPE,
etc. with similar limitations wherein a majority of these metrics take a value of infinity, giving no indication
on the quality of the forecast. One such improvement was proposed by [6] with the introduction of the
mean absolute scaled error which improved upon the earlier conventional forecasting metrics. Their use
in prognostics however was found to be limited as they do not highlight the evolution of prediction errors
over time.

Several uncertainties that are observed when developing prognostics algorithms were subsequently highlighted
in Equation 2.2. This ensures that a probabilistic forecast would be favorable over a deterministic forecast,
thereby enabling a different set of metrics to be considered for performance evaluation. Prediction horizon
and α−λ accuracy were modified to account for forecasts with uncertainty, which is already available in
literature. A suggestion was also provided wherein a scoring function could be incorporated in conjunction
with α−λ accuracy. Lastly, the section concluded by an emphasis on scoring rules which is a domain dealing
with evaluation of probabilistic forecasts by awarding a score to each forecast. This score needs to be minimized.
Scores such as ignorance, logarithmic loss and the Brier score were explored. The scoring functions discussed
in subsection 2.2 were studied on the basis of a few properties dedicated to scoring rules such as hypersensitivity
and insensitivity. The general limitations of the Brier score were finally highlighted.

6. Project Planning
The project timeline, that has been planned during the literature review phase has been illustrated in Figure 4
the form of a Gantt chart. The literature review phase occurs before the kickoff and therefore has not been
highlighted in the chart. Note that currently, all meetings with the thesis supervisor are scheduled over video
conferencing because of the COVID-19 pandemic. These meetings take place biweekly before the kickoff
phase. The frequency of these meetings may increase if needed post kickoff.

The priority will be given to maintaining the schedule but if a certain task takes more time than expected,
the Gantt chart will be updated accordingly. Note that this is the initial subdivision of tasks and if more tasks
need to be added with dependencies, this will again update the plan. Usually the mid term review should
take place three months after the kickoff meeting. In the initial version of the project plan, this is set at four
months, since the remaining tasks mostly involving the final thesis report documentation and presentation
are deemed possible to be completed in the remaining two months for the green light review.
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1. Executive Summary
Condition based maintenance (CBM), or predictive maintenance has been the trend in the maintenance
of systems and components in aviation, replacing preventive maintenance techniques such as hard time
maintenance where maintenance takes place after certain time intervals. Preventive maintenance is a more
conservative approach where additional maintenance costs are compromised over failure of the component.
Prognostics is the type of CBM wherein forecasts of remaining useful life (RUL) of a component are constantly
made available throughout its useful life so that a decision can be taken whether to schedule a maintenance
check or not, which is becoming the trend increasingly as more sensor data is made available to monitor
system health. This form of maintenance is in opposition to diagnostics where the cause of failure is determined
once the end of life (EoL) threshold is crossed, and the component enters a state of failure. The lack of
standardized performance metrics that deal with the verification and validation of these RUL forecasts has
been the Achilles Heel in terms of progress in prognostics applications. The project proposal focuses on
the modification of these performance evaluation metrics by developing a solution that captures essential
features of a RUL forecast. One such example is that predictions in which the predicted RUL is greater
than the true RUL will be penalized more than the other way around because an overprediction, as will be
discussed later, runs the risk of failure of the system. Developing a set of metrics that consider wider aspects
of RUL forecasts such as the sign of the prediction error and its significance in terms of the useful life of the
component, will no doubt lead to more reliance on prognosis in maintenance organizations. With increasing
acceptance of prognostics by maintenance organizations, there is the added benefit of potential cost savings
since prognostics ensures that additional maintenance checks for systems can be avoided, parallelly ensuring
there are advance warnings before the system fails. The same has been highlighted by [28].

2. Introduction
This project relates to the domain of prognostics and health management (PHM), whereby corrective action
is taken with the help of a forecast for the RUL of a component. Any system or a component, especially in the
case of non-repairables exhibit a certain failure degradation pattern during their lifetime when in operation.
In an idealistic scenario, this degradation can be seen as a linear decrease of remaining life of the component
over time till the component crosses the EoL, post which it enters a state of failure. Non-repairables cannot be
operated on beyond the state of failure. In time-based maintenance techniques, the component undergoes
maintenance checks at frequent intervals to ensure that a state of functionality is restored for future use.
Being far from ideal, RUL forecasts from prognostics models are laden with errors and hence, there is a
need to validate the predictions made by these models. Prognostic maintenance is becoming increasingly
adopted in maintenance organizations with the increasing availability of sensor data, leveraging that data
to monitor the health of systems and components culminating in the a forecast of the RUL. Diagnostics
on the other hand according to [14], is the act of knowing when a problem is taking place, identifying and
isolating the fault. Most applications of prognostics, or predictive maintenance use different datasets for the
estimation of RUL. Most prognostics models can be classified as physics-based models, data-driven models,
or hybrid approaches. Physics based models consider mathematical models developed solely on the failure
degradation understanding of components, which require greater knowledge of failure mechanisms whereas
data-driven models rely on sensor measurements and previous events such as maintenance checks or repairs
that had been carried out on the system or part [1]. Statistical, or data-driven prognostics are the most widely
used approaches, followed by AI models and then physics-based models as has been illustrated by [10]. An
argument is made by [1] that this may be attributed to the high implementation cost and the fact that some
simplified assumptions lower the range of applicability of physics-based algorithms.

3. State-of-the-art/Literature Review
Performance evaluation has consisted of significant gaps in terms of research work in prognostics and health
management (PHM) of systems and components. Lack of standardized metrics has been a hindrance in the
progress of PHM and the metrics that currently exist have largely not been applied to prognostics algorithms
to assess their validity, which is crucial for prognostics to expand in a large operational scenario to aid decision
making. It would therefore be prudent to study the progress of performance metrics that are applicable to
prognostics purely from a research point of view. There have been metrics outside the prognostics domain
that have been considered because of their applications in general forecasting techniques. From an engineering
research point of view as pointed out by [5], algorithm performance metrics and computational performance
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metrics are of particular importance to evaluate a prognostics algorithm from a research viewpoint. The
best estimate of the RUL obtained from a prognostics algorithm is then comparable to the actual reality,
hereafter referred to as ground truth. The ground truth can hence be defined as the best estimate of a certain
feature or a parameter, which in this case can is the true RUL. The available metrics that will be discussed in
this state-of-the-art can broadly be classified as prognostics-based metrics, conventional forecasting metrics,
metrics dedicated to probabilistic forecasting.

3.1. Prognostics Based Metrics
As is the case in most forecasting scenarios, not all algorithms are ideal. This means that there is often
a difference between the parameter estimated from the algorithm and the ground truth. This introduces
a key aspect in performance evaluation, that is known as the prediction error. Some algorithms denote
this as the difference between the true RUL and the predicted RUL whereas other algorithms assume the
other way around. Therefore, in the category of algorithm performance metrics, error-based metrics are of
particular importance. Most of the prognostics based metrics used to validate have been proposed by various
authors often feature prediction horizon (PH), - accuracy, relative accuracy and convergence [22][5]. Lastly
an emphasis has been laid on another metric known as a scoring function, which captures the key features
of a prediction error in terms of an overestimate and an underestimate. Scoring functions have been studied
from three separate case studies mentioned in [20], [4] and [13]. PH is used to determine the time index
when the RUL prediction made satisfies a particular criterion known as the -criterion, whereas - accuracy
assume a certain accuracy level for each time index that varies with time and the ground truth value at each
instant. A value of 1 is assigned to those RUL predictions which fall into the accuracy levels and a value of 0 is
assigned to those that do not. Both these metrics come under accuracy-based metrics. To be critical, it would
not be possible to extend PH to consider overestimates and underestimates in terms of prediction errors as
that metric only gives the time point at which the first prediction satisfies the -criterion. While these metrics
are valid for point forecasts, their use in probabilistic forecasts is much more important, as is discussed in
subsection 3.3.

The most important metric that needs to be discussed under this section is the scoring function. A scoring
function either penalizes overestimates or underestimates depending upon how critical the component under
consideration is to the operator. The goal in performance evaluation with the help of a scoring function is to
aggregate the score at every time point and minimize the overall score. As mentioned earlier, three separate
case studies will be considered to highlight the significance of the scoring function. In modeling the damage
propagation for an aircraft engine with a run to failure (RTF) simulation using the C-MAPSS tool for aircraft
engine, [20] developed the following scoring function to penalize late predictions. The prediction error in the
following equation is denoted by d .

s =


∑n
i=1 e

−( d
a1

) −1 for d < 0∑n
i=1 e

( d
a2

) −1 for d ≥ 0
(see [20]) (1)

The parameters have been set to a1 = 10 and a2 = 13 by [20]. The one limitation here is that the author has
not states as to how the constants came into consideration. Perhaps it would have been ideal to illustrate the
effect of variation of the arbitrary constants on the performance evaluation. Nevertheless, as can be seen in
the above scoring function, the higher score indicating a higher penalty is reserved for predictions in which
the prediction error is positive. This is an RUL overestimate, and this would lead to the operator thinking
that there is still more useful life that remains whereas the actual failure is due much earlier. It may be a
conservative approach, but the author has managed to strike a tradeoff between additional maintenance
checks/costs and the risk of failure. The author has also mentioned that the accuracy of predictions should
be greater towards the EoL of the component, which is a claim that requires further work. Currently, the
penalties awarded to RUL predictions do not take into account that the EOL errors are more crucial. The
α−λ accuracy metric that will be described in subsection 3.3 takes into account EOL prediction accuracy
and hence solves the limitation of the scoring function.

The following scoring function was incorporated by [4] (Equation 2) in their submission to the PHM Data
Challenge 2010 to model the wear after each cut made by the cutting tool of a CNC milling machine. The
number of cuts that could made be by the cutting tool of the CNC after a certain wear on the cutting tool
was estimated in this prognostics model. This problem can be considered as an analogy to the traditional
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RUL estimation prognostics model where the RUL is analogous to the remaining number of cuts that could
be made whereas the wear on the cutting tool can be considered being analogous to failure degradation of
a component. In this case, the prediction error is denoted by . The one change here is that the exponential
term has been modified with the denominator changing from 13 in [20] to 4.5. This changes the way over
predictions are penalized. It is to be noted here that the following equation calculates the scores for each
time point and is not an aggregate. Summing these scores over all time intervals will give the overall penalty.

S(δ) =
{

e−( δ
10 ) −1 for δ< 0

e( δ
4.5 ) −1 for δ≥ 0,

(see [4]) (2)

This review will also make use of the scoring function discussed by [13] for a deep convolution neural networks
prognostics model which forecast RUL for the same C-MAPSS data-set used by [20]. The values of the constants
used in the scoring function were borrowed from that of the scoring function in [20] for comparison. The
only difference was that the constants were interchanged to change the magnitude of penalty in this case. To
compare the different approaches undertaken by the various authors, a resulting plot of score as a function
of prediction error was plotted on Python using the matplotlib and numpy packages. This resulted in the
following profile. This shows how particular components need different scoring functions based on how

Figure 1: Score as a function of prediction errors for scoring functions highlighted in [20], [4] [13]

critical they are in terms of needing maintenance or quick repair. For instance if we consider the scoring
function illustrated by [4] and [20], both penalize early predictions in a similar manner since their plots
coincide for negative prediction error but because of a more conservative approach that was required in the
case of the cutting tool from the CNC milling machine, positive error predictions are penalized much earlier
than they are for an aircraft engine scenario as is shown by [20]. Using the same data set for RUL predictions
as [13], [20] penalize very early predictions as well as significantly late predictions in a similar manner. A
correlation coefficient metric was also proposed if the scoring function proved to be indecisive in the case of
fleet of components, all ending up with the same score [20]. The correlation of the predictions with respect
to the ground truth where a high correlation would be example of a good forecast was suggested. There is
however an understanding that even this has limitations. The correlation coefficient could also end up being
the same for underestimates and overestimates if those predictions are symmetric about the ground truth.
Secondly, [11] argue that coefficient of correlation (r ) cannot be used to determine the quality of forecasts as
this measure only determines the goodness of fit between data (predicted RUL and ground truth in this case).

3.2. Conventional Metrics
It is also practical to focus on a slightly broader picture where we do not only consider prognostics and RUL
estimation, but forecasting error and how we can evaluate the quality of a prediction in any generalized
forecasting model. Prognostics can then be considered as a subset of the many forecasting techniques.
Given that such metrics in most cases do not distinguish between overestimates and underestimates, they
will usually be second in priority to the metrics discussed in subsection 3.1. Assuming that RUL estimations
are point forecasts, forecasts at individual time points can be considered as a univariate time series with the
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only varying quantity being the RUL. As such, there are metrics available such as mean absolute percentage
error (MAPE), mean absolute scaled error (MASE), etc. that will be discussed here.

It was proposed by [6] that the mean absolute scaled error (MASE) be used as the standard for the comparison
of multiple time series in forecasting. They compared different forecasting techniques considering three
different time series datasets. Metrics that had been used before the publication of the paper had been
applied to the time series including MAPE, median absolute percentage error (MdAPE), symmetric MAPE
(sMAPE), symmetric MdAPE (sMdAPE), median relative absolute error (MdRAE), geometric relative absolute
error (GMRAE) and MASE. The authors also highlight that most publications until that point recommended
the use of MAPE for determining forecast accuracy.

A common trend observed in the study was that when a forecast for a particular time index is zero, all the
corresponding error metrics (mentioned above) take an undefined or an infinite value, giving no indication
on the quality of the forecast. This shortcoming has also been highlighted by [9] as a gap for their proposal
of a new metric. Thus, [6] propose a scale free error metric known as the scaled error, shown below and the
mean of the scaled error is the MASE . In the equation, et is the forecast error between the forecast and the
ground truth (et = Yt −Ft ) whereas the observations at two successive time points is denoted by Y (i ) and
Y (i −1). MASE is then calculated as the mean of all values of qt as shown in Equation 3.

qt = et
1

n−1

∑n
i=2 |Yi −Yi−1|

(see [6]) (3)

The key characteristic that hinders MASE as a metric for prognostic applications is that the mean of the scaled
error considers only absolute values of qt. This means that only positive errors are considered and as has been
mentioned previously, we need to classify errors as positive or negative to then penalize them depending
upon the case study being considered.

Since MASE is a relatively new metric, there are no limitations in metrics literature as such. However, [21] do
mention that the other conventional metrics mentioned above had been proposed from a general forecasting
point of view and had shortcomings, which is in agreement with [6], albeit from a prognostics viewpoint. This
was illustrated by [21] in modeling the battery capacity degradation between a certain time frame. They
consider modeling the RUL prediction using four algorithms each assessed by four conventional metrics
(bias, SSD, MAPE, MSE) and four newer metrics including prediction horizon, relative accuracy, cumulative
relative accuracy convergence. The values obtained for the metrics conclude that the latter set of metrics
provide an insight into the evolution of the predictions over time and when these predictions are trustworthy,
unlike conventional metrics which only providing a measure of deviation from the ground truth [21].

Another interesting feature from [13] was observed when the scoring function discussed in subsection 3.1
was used in conjunction with the root mean square error to validate their prognostics algorithm. The root
mean square error is a well-known error metric that squares the prediction errors over all the time points,
averages them and then the square root is taken. The results are illustrated in Figure 2. In fact, the RMSE was

Figure 2: Scoring function used in conjunction with the RMSE [13]

also used by [31] to assess their data-driven prognostics model, involving RUL prediction methodology for
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an electric motor case. The limitation of root mean square error as observed in Figure 2 is that it gives a very
symmetric profile when plotted with respect to the prediction error. If one wishes to study the significance of
predicting an overestimated RUL forecast and an underestimated RUL forecast, the limitations of RMSE are
clear. Both overestimates and underestimates are penalized in a similar manner, whereas as can be seen for
the scoring function, the penalty is awarded in an asymmetric manner to distinguish between late and early
RUL predictions. This limitation has been observed in most conventional metrics discussed in this section
and is perfectly in agreement with the argument put forward by [21].

3.3. Uncertainties in Prognostics and Probabilistic Forecasts
In prognostics, estimation of the remaining useful life of a component is of little importance without considering
the uncertainties associated with making such a prediction. In an ideal scenario, the RUL forecasts obtained
at each time point will be point estimates resulting in a univariate time series as mentioned in subsection 3.2.
In practice, this is hardly ever true because of the many uncertainties that accompany forecasts including
noise in sensor measurements, modeling errors, input data uncertainties, etc. Therefore, it is likely that a RUL
prediction will generally have a PDF associated with it and a confidence bound. This is also in concurrence
with the point made by [29] regarding uncertainty management in prognostics. What this does, is that there
is a need to also rely on metrics that can evaluate a prognostics algorithm based on a probability prediction,
rather than a point estimate of RUL. This also makes it difficult to compare metrics that have been discussed
for point estimates. Fortunately for the researcher, there is enough literature focusing on metrics that are
capable on evaluating probabilistic forecasts.

One such concept or domain rather, is known as scoring rules. Only the Brier score will be looked at here.
Before getting to scoring rules, prediction horizon, accuracy mentioned in subsection 3.1 have also been
modified to consider probabilistic forecasts as shown by [22]. The -criterion (illustrated in Figure 3) ensures
that the sufficient part of the PDF lies inside the accuracy levels, where is the minimum acceptable probability
and the left hand side of the inequality is the probability mass of the PDF of the prediction within the bounds
[22]. This counters the limitation of applying such a metric to solely point forecasts, yet there is scope for
extending this concept further to include scoring functions as will be discussed later in this proposal. Scoring

Figure 3: α−λ accuracy cone with the cone shrinking over time [22]

rules compare the ground truth to each of the probabilistic forecasts in the PDF. Therefore if X is the ground
truth and p(x) is a single probability in the PDF of the forecast, a score is computed as a function of X and
p(x) denoted by S[X , p(x)] [3]. There are many types of scores available that can be computed to evaluate a
probabilistic forecast, but one such score that requires emphasis here is the Brier score, which is defined for
only a binary random variable X . The score is then computed as shown in Equation 4 [3].

S[X , p(x)] = (X −p(x))2 (4)

This metric has also been extended to a series of forecasts by considering the average over the series of
forecasts, where a lower overall Brier score is desirable [30]. The limitation here is that a probability mass
function is considered in the case of the Brier score, which means the metric has not yet been explored for a
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continuous random variable series forecast and there is no clarity whether the Brier score can be extended
to forecasts beyond binary which will be the case in the selected case studies. Gaps therefore have been
identified in this state-of-the-art regarding the use of metrics in prognostics algorithms performance evaluation
and each metric has its shortcoming when used individually, especially in the case of conventional metrics.
With the research questions and objectives laid out in the next section, a solution is then proposed at for
developing a set of metrics in section 5.

4. Research Question, Aim/Objectives and Sub-Goals
The research questions and the objectives have been discussed in subsection 4.1 and subsection 4.2.

4.1. Research Question
The main research question for this thesis assignment will be as follows.

How can currently available performance evaluation metrics be modified to evaluate and visualize performance
of prognostics algorithms?

This research question will be answered with the help of the following sub-questions that have been developed
keeping in mind the SMART technique.

1. Which performance evaluation metrics can be applied to a RUL prediction algorithm to quantify prediction
error?

(a) Which metrics consider prediction accuracy when it comes to RUL estimation, and how is prediction
accuracy quantified by the metric?

(b) What other aspects need to be addressed by the metric when it comes to assessing a prognostics
algorithm?

2. What are the limitations of each performance evaluation metric in the context of the application?

(a) What parameters do each of the studied metrics deal with? For instance, RMSE deals with the
deviation from the ground truth whereas prediction horizon deals with the accuracy of predictions.

(b) What are the hybrid solutions, if they already exist, wherein limitations of two or more metrics are
solved by working in combination?

3. How can the currently available performance evaluation metrics be amended to suit the probabilistic
RUL forecasts made by a prognostics algorithm?

(a) How is the ground truth of the RUL forecasts presented by the algorithm?

(b) What are the uncertainties involved in the prognostics algorithm?

(c) How do the currently available metrics relate to early predictions or late predictions?

(d) Which specific probabilistic forecasting metrics can be assigned to prognostics applications?

4. How can the modified metrics deal with evaluation of different prognostics algorithms?

(a) Does the scoring function achieve its task of penalizing late predictions in the algorithms?

(b) Do the metrics give the evolution of prediction errors over time?

(c) Is a clear distinction provided between forecasts that lie within the given accuracy levels or not?

4.2. Research Objective
The following research objective is established from the gaps outlined in the literature review.

To evaluate and visualize the performance of prognostics models by proposing modifications to currently available
performance metrics.

This research objective or goal of evaluating the RUL predictions of a prognostics algorithm first needs to
be decomposed into several research sub-goals to achieve the larger picture. These sub-goals are also set up
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to assist the project planning stage as is shown in the Gantt Chart attached in section 8.

Firstly, it is imperative to consider how the research objective is going to be achieved. As mentioned above,
the accuracy of RUL predictions will be judged by the help of proposal of performance evaluation metrics.
Thereby, it would be prudent to conduct a theoretical analysis of the performance evaluation requirements
of different prognostics case studies in the aerospace domain. This step will help capture the features that
need to be studied during performance evaluation such as accuracy and precision of RUL predictions.

Once a foundation is laid on what the performance evaluations requirements of a prognostics algorithm are,
it will be crucial to delve deeper into the specifics of different performance metrics themselves. For instance,
metrics that focus on precision will be different from those that focus on accuracy of predictions. Then
a variety of scoring functions are available, which would be extended to include more ways to distinguish
prediction error instead of just positive and negative error. This would be a key aspect in the proposal since
current available metrics will need to be modified to assess a prognostics algorithm as has been outlined
in subsection 4.1. From section 3, it can be seen that the different performance metrics focus on different
aspects of evaluation such as precision, accuracy, computation time of predictions whereas some metrics
not discussed focus on life cycle costs, technical value, total value and ROI for the organization as well [5].
Hence, an understanding of the different performance metrics will be instrumental in contributing to the
answer to the research question. This also forms the foundation for the literature review carried out for the
thesis, a highlight of which is illustrated in the state-of-the-art in section 3.

A key aspect to remember is that error scoring functions and other performance metrics need to be specified
to validate RUL predictions of an algorithm so that they overcome the limitations of conventional metrics
such as root mean square error, mean absolute error, etc. These metrics fail to capture essential features
such as late predictions may be more prejudicial than early predictions, that accuracy of predictions should
be particularly higher closer to the end of life of the component and that RUL estimations should exhibit
desirable properties such as monotonicity and trendability. A simple scoring function that can be applied to
a point forecast penalizes late predictions (error > 0) as compared to early predictions (error < 0), depending
upon the sign of the prediction error. Late predictions are penalized since it risks the component crossing the
failure threshold into state of failure whereas early predictions induce unwarranted maintenance checks on
the component incurring additional costs to the operator, which is not as risky as failure itself.

The research goal is scoped in such a way that only the performance evaluation of algorithms is focused
on, with the limitations being that no part of the existing algorithms will be modified. This will provide an
unbiased assessment of the algorithms. Input measurements from sensors for prognostic model development
may contain noise and non-monotonic trends and if this has not been treated by the code developer, it is out
of scope of the assignment. This thesis can therefore be considered to be part of post-processing of the results
(RUL forecasts) and not pre-processing of the input features.

5. Methodology
Of the methods proposed in the state-of-the-art, this thesis will focus on the methods discussed specifically in
subsection 3.3 since the chosen case study and the C-MAPSS dataset may yield a probabilistic forecast for the
remaining useful life of the component at every time index and can be adapted to point forecasts as well. This
will ensure that metrics linked to point forecasts be deemed insufficient to capture the essential features of
an evaluation metric for probabilistic forecasts that yield a PDF instead of a single value (see subsection 3.2).
When it comes to probabilistic forecasts, there is a need to modify these metrics to extract a wider range
of features when it comes to performance evaluation. There will therefore have to be a hybrid approach to
formulate a metric that can fill the gap in terms of accuracy of predictions and penalizing late predictions and
early predictions accordingly. It is to be mentioned here that this is an initial proposed methodology and may
be subject to modifications as the thesis progresses.

The α−λ accuracy metric that has been discussed for probabilistic forecasts will be the key metric that will
be focused on in the methodology. Currently, this metric only considers the forecasts that lie within a certain
accuracy level. A value of 1 is currently assigned to forecasts that lie within the pre-determined accuracy
level and 0 is assigned when the forecast do not meet the required accuracy level [10][22]. According to the
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current method, the accuracy levels are determined by imposing bounds on α : α+ and α−, resulting in a
cone of accuracy as observed in the grey shaded region in Figure 3. These two values are calculated at every
time point and therefore form a cone. If the predicted RUL forecasts lie within this cone, the predictions are
considered accurate and are assigned a score of 1 and 0 otherwise.

But the goal of the thesis is to extend the same metric so that it can incorporate the corresponding ground
truth estimate of the RUL at every time index. The forecast PDF can then be categorized into a region of
overestimate and an underestimate. This overestimate and an underestimate will run in parallel with the
accuracy levels that the metric already focuses on. The region of the PDF that lies above the ground truth
value will be considered as an overestimate or a late prediction (positive prediction error) and that region of
the PDF that lies below the ground truth value will be considered as an underestimate or an early prediction
(negative prediction error). Remember that if we were dealing with point forecasts, the difference between
the true and predicted RUL would have been easily computed but since it is a probability distribution, the
PDF will have to be divided into two regions. Once this is achieved, the following classification will be made.

1. Late predictions lying outside the cone of accuracy.

2. Late predictions lying inside the cone of accuracy.

3. Early predictions lying inside the cone of accuracy.

4. Early predictions lying outside the cone of accuracy.

Classifying the PDF of the forecasts at each time point into the above four classes will aid in assessing what
percentage of the forecast was a good forecast. For instance, if 80% of the PDF is an underestimate lying
inside the cone of accuracy, this would be an example of a very good forecast whereas if 80% of the forecast is
an overestimate lying outside the cone of accuracy, this would be an example of a bad forecast. This is when
the hybrid approach mentioned earlier would come into play. Scoring functions discussed in subsection 3.1
have only considered positive and negative errors to penalize predictions. The scoring function that will
be developed in this project will be developed into the four classes mentioned above. Classes 1 and 2 will be
penalized for being overestimates, but Class 1 will have a higher penalty since the predictions are overestimates
and at the same time lie outside the cone of accuracy whereas Class 3 will have the least penalty for being the
best forecasts. Class 4 will have a higher penalty than Class 3 but less than 1 and 2. This is how the project
aims to bridge the gap between a prognostics metric designed to determine accuracy and a scoring function
that penalizes predictions based on their error.

Next, as a secondary metric to evaluate the prognosis of RUL forecasts, the aim is to amend the currently
available scoring rules discussed in subsection 3.3. The most important out of these scoring rules would be
the Brier score which is like a scoring function in that a lower Brier score is ideal for forecasting. Currently,
the Brier score is only available for binary forecasts where the random variable only takes the value of 1 or 0.
This project will aim to extend this to deal with RUL forecasts.

6. Experimental Setup
In terms of the experimental set-up, a significant part of the project will be performed solely from home,
with regular meetings with the thesis supervisor and the chair from TU Delft who will provide expertise. As
such, there will not be any assistance from any industry. Because of the COVID-19 pandemic that is currently
disabling the opportunity to work at the university, no work is likely to take place at the university campus.
This is of course not a major concern because of the theoretical and conceptual nature of the subject. From an
experimental point of view, performance evaluation of an RUL estimation algorithm falls under the category
of modifying a pre-existing computer program, thereby not requiring any visits to a laboratory, testing sites
or the university itself (due to the pandemic). The exact planning has been detailed in section 8.

The algorithms for the estimation of remaining useful life of the UUT are mostly available in Python, and
hence this will be the programming language that will be used for the remainder of the project. The dataset
used in these algorithms will be the publicly available C-MAPSS simulation tool dataset that simulates the
failure degradation of a turbofan engine so that algorithms can be compared with a standardized dataset.
This is the same dataset used by [20] and [13]. Being an open-source software with many packages available,
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Python aids in the addition of performance evaluation code to the existing code. Packages such as numpy,
matplotlib and scikitlearn provided by the Anaconda distribution will largely be used for the performance
evaluation code.

7. Expected Results
In section 5, the theory and methodology has been laid out by which this assignment aims to amend currently
available performance assessment techniques of prognostics algorithms to suit the demands of the research
gap. Firstly, the - accuracy metric will be considered to subdivide each RUL probabilistic forecast of different
case studies into four regions and each region will be penalized with a score relative to each other, using a
scoring function. The following are the key results that will be analyzed.

Firstly, the percentage of the PDF that lies in each of the four categories will be analyzed over time. For
instance, at time index 1, 40% of the forecast could belong to Class I and at time index 2, 50% of the forecast
could belong to Class I. This increase in forecasts belonging to Class I would be a sign of poor predictions
by the algorithm. The evolution of these forecasts over time will provide an accurate representation of the
accuracy of the predictions. This plot will also indicate at which time index, predictions start getting better
and when they begin to get poor. Evolution of Class I forecasts over time for example should ideally be a plot
that reduces over time since that is the worst category out of the four as discussed in subsection 4. This will
therefore be extended to all four classes to see how each categories predictions evolve over time. Similarly,
to be more critical in the assessment of RUL forecasts, the aim would be to vary to observe how this shift
affects the evolution of each category of forecasts. For example, if a PDF has a higher standard deviation (less
precision), with a reduction in , there is a good chance that the percentage of the forecast that was in Class II
earlier would fall into Class I. Therefore, another key result would be to vary the cone of accuracy by varying
and analyzing the impact on the quality of forecasts.

From the state-of-the-art documented in section 3, a few gaps were evident in performance evaluation and
metric selection for certain cases. It was pointed out that not all cases were accounted for when it comes
to understanding the significance of prediction error and the impacts that it can have on the organization
when forecasts are overestimates or underestimates. The main motivation for this study is that if the metrics
developed in this thesis can evaluate a prognostics algorithm considering the accuracy of predictions as
well as the difference between an RUL overestimate and an RUL underestimate, this will fill a significant
gap in performance evaluation research for prognostics and make it viable for organizations to implement
prognostics in their framework with the knowledge that their forecasts can be trustworthy. As mentioned in
the introduction, lack of standardized metrics for performance evaluation of prognostics algorithms has been
a hindrance in the progress of this field. Implementing prognostics will no doubt bring the added potential
of cost savings wherein non-essential maintenance checks can be scrapped and the component failure can
be predicted.

8. Project Planning
The project timeline, that has been planned during the literature review phase has been illustrated in Figure 4
in the form of a Gantt chart. The literature review phase occurs before the kickoff and therefore has not been
highlighted in the chart. Note that currently, all meetings with the thesis supervisor are scheduled over video
conferencing because of the COVID-19 pandemic. These meetings take place biweekly before the kickoff
phase. The frequency of these meetings may increase if needed post kickoff.

9. Conclusions
The incorporation of CBM and specifically prognostics is only going to increase as more sensor data to
monitor system health is available. Continuing with a time-based maintenance approach such as hard time
maintenance today would be considered as a missed opportunity with the cost savings that CBM can bring
to an organization. This method also ensures maximum utilization ensuring reduced downtimes and larger
availability of systems and components. This is especially crucial when dealing with a large fleet in maintenance.
Even with these benefits, comes added responsibility for the researcher. Prognostics will only progress as a
field when one can rely on the RUL forecasts. RUL forecasts are undoubtedly of high importance to maintenance
organizations that incorporate prognostics for their fleet.
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Performance evaluation metrics for prognostics algorithms are important to validate the accuracy of the
RUL forecasts made by prognostics models. The lack of standardized metrics for prognostics models and
the over-reliance of conventional metrics is a situation that needs to be looked at because of the many
shortcomings of such evaluation tools. With added cost-benefits and wider fleet availability, the last thing
such organizations would then want is to have a component enter a state of failure when a prediction had
been made that the RUL was still a fair time away. Thus, with the extension of currently available performance
metrics to integrate early and late RUL predictions, a critical gap will potentially be countered by amending
the evaluation metrics currently designed to deal with prognostics applications and probabilistic forecasts in
general. This would make a stronger case for the implementation of prognostics with increased operational
reliability, at the same time motivating researchers to explore prognostics forecast validation further.
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