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Abstract— This paper presents a condition-based monitoring
methodology based on novelty detection applied to industrial
machinery. The proposed approach includes both, the classical
classification of multiple @ priori known scenarios, and the
innovative detection capability of new operating modes not
previously available. The development of -condition-based
monitoring methodologies considering the isolation capabilities of
unexpected scenarios represents, nowadays, a trending topic able
to answer the demanding requirements of the future industrial
processes monitoring systems. First, the method is based on the
temporal segmentation of the available physical magnitudes, and
the estimation of a set of time-based statistical features. Then, a
double feature reduction stage based on Principal Component
Analysis and Linear Discriminant Analysis is applied in order to
optimize the classification and novelty detection performances.
The posterior combination of a Feed-forward Neural Network and
One-Class Support Vector Machine allows the proper
interpretation of known and unknown operating conditions. The
effectiveness of this novel condition monitoring scheme has been
verified by experimental results obtained from an automotive
industry machine.

Index Terms— Condition Monitoring; Fault Detection;
Machine Learning; Novelty Detection.

I. INTRODUCTION

The industry of the future is part of the paradigm called
Industry 4.0, which seeks the coherent integration of production
processes with novel information technologies [1], [2].

In highly competitive industrial manufacturing sectors, as
the automotive industry, the evolution towards the Industry 4.0
foresees the optimization of the industrial processes analytics
and the interpretation of their operating condition [3], [4].

Indeed, in the field of industrial machinery monitoring, a
great deal of approaches in regard with health monitoring
schemes have been proposed during the last decade, where
information of the monitored machine working under nominal
(healthy), and faulty conditions, are analyzed to train a classifier
capable of assess the condition of the machine [3], [5]-[7], these
approaches have demonstrated to be a reliable option as fault
diagnosis strategies applied to electromechanical systems.
However, the practical integration in the industry 4.0 requires
dealing with challenging scenarios that classical fault diagnosis
methodologies are not able to solve by themselves. Unexpected
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events, in the form of not previously considered fault scenarios,
or deviations over the nominal operation of the machine, will
take place during the useful life of the machinery under
monitoring. In industry applications, it is not feasible to have
data regarding all the possible undesired operating conditions
of the monitored machine, therefore the maintenance support of
classical approaches is limited. Novel operating scenarios must
be identified in order to avoid diagnosis misclassifications and
incorrect maintenance scheduling. In this sense, the task of
detecting patterns that differs from those available during the
training of the monitoring scheme, is called novelty detection
(8], [9].

The framework of Industry 4.0 demands solutions capable
to provide a fast intervention in fault situations, and optimal
maintenance scheduling. In order to successfully develop and
implement systems with such capabilities, the methodologies
applied must be able to identify novel operating conditions
(novelty detection), while continue the identification of the
known fault scenarios previously available (fault diagnosis). In
this regard, the integration of novelty detection strategies to
fault diagnosis methodologies is the first step to develop a
condition monitoring system able to answer the demands of the
industry 4.0. A great deal of scientific effort is being focused on
the study of such approaches [10]-[12]. A state of the art of
these methodologies is further discussed in section II.

Thereby, the contribution of this study consist on the
development of a novelty detection and fault isolation approach
applied to an end-of-line (EOL) test machine that takes part on
an industrial process of the automotive sector.

This work represents an important step to the introduction of
novelty detection techniques and advanced -classification
structures, to the development of industrial system diagnosis
procedures, being the first time that the propose methodology
is applied in real automotive industry machinery. The
contributions of this papers are as follows:

1) A multi-modal feature reduction scheme to increase the
performance of novelty detection and fault diagnosis
tasks.

2) An application to an EOL test machine to achieve
optimal machine scheduling when an unknown event is
detected.

3) A validation and comparison analysis of the proposed
approach in front of multiple operating scenarios,
including known and unexpected conditions.

Indeed, originality of this work includes a torque signal
processing and numerical feature estimation scheme from
where the measurements are characterized. A positioning
segmentation is employed, and a set of statistical time-based
features is estimated from each segment for characterization. A
feature reduction study is proposed in this work to highlight



relevant indicators and avoid data overfitting. An exhaustive
comparison is performed between the aforementioned classical
state of the art approaches and the proposed methodology in
order to highlight the advantages of the multi-modal scheme
and novelty detection. A set of quantitative metrics are
proposed and analyzed to identify the performance of the
proposed methodology. The proposed approach exhibits more
than 10% of accuracy increase in comparison with classical
approaches proposed on different applications in the literature.

This paper is organized as follows. A background regarding
the state of the art of approaches combining novelty detection
and fault diagnosis is described in Section II. In Section III,
theoretical aspects of the proposed method are described. The
experimental setup and the friction test are described in Section
IV. In Section V, the proposed method is explained. The results
obtained are presented and discussed in Section VI. Finally,
conclusions are summarized in Section VII.

II. BACKGROUND

A priori, the knowledge of characteristic fault patterns of
specific industrial machinery is commonly limited, and highly
difficult to estimate trough theoretical approaches. Thus,
condition monitoring strategies capable of detecting novel
operating conditions alongside with classification of the several
available known conditions, represents the most convenient
solution [13]-[16], [10], [12] to reach optimal maintenance
scheduling and fast interventions in fault situations.

In pattern recognition and machine learning framework, this
kind of scenario is known as open set recognition problem [17],
where only a set of known classes are contained in the initial
dataset during the training stage, and, then, novel (unknown)
classes may appear during testing stage.

The classical approach to deal with such open set problems
consists on one-class classifiers [18], where one one-class
classifier is considered for each class [19]-[22]. Thus, each new
measurement from the system under monitoring is analyzed by
the one-class classifiers set. If the measurement fits into more
than one class, post-processing schemes based on similarity
analysis are typically used to assign the definitive class. If the
measure does not fit into any of the available classifiers, the
measure is considered novelty. In [10], Lazzaretti et al., follows
this approach to perform an automatic classification of voltage
waveforms in electrical distribution networks. The
classification method is based on Support Vector Data
Description (SVDD), in order to identify the waveforms class
from multiple known options and, at the same time, detect novel
voltage waveforms not previously considered.

Other studies have approached the open set problem by a
separate analysis of multi-class classification and novelty
detection [14], [12], [23], [24]. Multi-class classification and
novelty detection algorithms are trained with the same available
data set; however, the resulting models have different targets.
Thus, each new measurement from the system under
monitoring is analyzed first by the novelty detection algorithm.
If the measure fits in the model of data knowledge, the measure
is then assessed by the classification algorithm. Costa et al.
[12], propose a two-stage methodology for real-time novelty
detection and fault classification of industrial plants.

Specifically, the initial novelty detection is supported by
density analysis in the data space expressed by a Cauchy
function, and the classification stage is designed by the
AutoClass fuzzy-rule-based classifier. Although the advantage
of such algorithms is based on their computational efficiency
for on-line monitoring and adaptive capabilities to novel
scenarios incorporation, the work emphasize the need of ad hoc
signal processing, estimation of numerical indicators and
feature reduction procedures for the plant under test.

Lazzaretti et al. in [23] have addressed the comparison of
such two open set problem methodologies by including
different data based algorithms. The experimental results
obtained by means of the classical one-class -classifiers
approach exhibits better results in overall terms, basically, due
to the high processing capabilities using as much classifiers as
considered classes. However, the potentiality of methodologies
separating fault diagnosis and novelty detection, has not been
properly exploited yet, and represents, not only the most
computationally optimized approach, but the most coherent
solution in industrial applications. Indeed, since multi-class
classification and novelty detection tasks are supported by
different algorithms, there is a potential opportunity for a
separate processing of the available data. Thus, the selection of
the numerical feature set used to characterize the measurements
could be treated independently attending the different targets of
the models. The methodology proposed in this work attempts to
cover all those deficiencies by including a multi-modal
approach during the feature reduction stage, maximizing the
performance of both models, novelty detection and classifier.

Many approaches have been proposed as novelty detection
models, including: probabilistic approaches like the
Multivariate Kernel Density Estimation (MKDE) or Mixture of
Gaussians (MoG), distance-based methods like the K-nearest
neighbour (NNDD) and, domain-based methods like the
Support Vector Data Description (SVDD) or One-Class
Support Vector Machine (SVM). The main difference of the
methods lies in the formulation of the novelty threshold that
serves as a reference to label the data among known or novel; a
detailed description of the methods and a comparison between
advantages and disadvantages of each one can be found in [9],
[18].

For the proposed methodology, the One-Class Support
Vector machine (OC-SVM) has been chosen as novelty
detection model since it has been successfully employed on
different reported industrial applications [25] due to the ability
to work with a small amount of samples for training, and
exhibits similar performance than the SVDD when the same
kernel is used [9]. The Neural Network (NN), is used as a multi-
class classification algorithm due to its well-known
performances dealing with pattern detection [26]. Both, the OC-
SVM and the NN, are used in the reported literature as standard
references to analyze the detection rate of the different
methodologies compared.

III. THEORETICAL CONSIDERATIONS

A. One-Class Support Vector Machine

OC-SVM was proposed by Scholkopf et al. [27], for
estimating the support of a high-dimensional distribution. The



OC-SVM classification objective is to separate one class of
target samples from all other class samples. In this type of
problem one class is characterized properly, called target class;
while for the other class, usually, no measurements are
available.

Considering X = [xl,...,xN ]T e R™ | which denotes

the normal data set, and X;, i=/...N denotes training samples

(available measurements) characterized by M numerical
features, then, in order to obtain the boundary, an optimization
model is considered as follows
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where v is a regularization parameter and fi is the slack
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variable for the point X;. The constants W and p are the

normal vector and offset of the hyperplane, respectively. Thus,
the decision boundary can be formulated as
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where x € R, and @ is a higher dimensional projection
vector. For the classification problem of two categories, the data
sets are not always linearly separable in the original space, then,
® projects the original data sets into a higher dimensional
space, the so-called feature space, where the data sets can be
linearly separable. However, @ is inexplicit in the practical
application, and only the dot product from ®(x,) - d( x,) is

necessary to be known. K represents the kernel function
®(x,) - P(x,) - The most commonly used kernel functions is
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The partial derivatives of the Lagrangian equation with
respectto W, & and P are set to zero. Then, W and a; canbe

formulated as
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Substitute (5)-(6) into Lagrangian equation (4) and its dual
form is presented as
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where 71 is the number of support vectors.

Tax et al. [28] proposed another form of OC-SVM which is
called Support Vector Data Description. The basic idea of
SVDD is to construct a minimum-volume hypersphere in a high
dimensional feature space to enclose as much as normal data
points. Both of these two forms of SVM have equivalent
solution if the diagonal entries of kernel matrix A are equal.

B. Dimensionality Reduction Techniques

Working with high dimensional datasets complicates the
learning task of novelty detection and multi-class classification
methods, not only because of possible presence of non-
significant and redundant information in the data, but also
because a proper convergence of the algorithms could be
compromised. Indeed, the empty space phenomenon states that
to cover the whole space it is needed a number of samples that
grows exponentially with the data dimensionality. Thus, the
curse of dimensionality implies that in order to carry out a
successful learning stage, it is needed a number of available
training measurements that also grows exponentially with the
dimensionality. The “concentration of measure” phenomenon
seems to render distance measures not relevant to whatever
concept is to be learnt as the dimension of the data increased.
For these reasons, there is a necessity to apply dimensionality
reduction techniques in condition monitoring applications [29].

Dimensionality reduction strategies differ in the question of
whether the learning process is supervised or unsupervised. The
difference between both learning processes is the availability of
labels to distinguish the different classes. Principal Component
Analysis (PCA) is one of the most commonly used technique
for unsupervised dimensionality reduction. It aims to find the
linear projections that best capture the variability of the data
[30]. By working on the projections that maximize the variance
of the data, it is possible to highlight the anomalies that could
appear during monitoring, therefore, PCA is used often in
novelty detection. Linear discriminant analysis (LDA) is one of



the most well-known supervised techniques for linear
dimensionality reduction in multi-class problems. LDA
attempts to maximize the linear separation between data points
belonging to different classes. In contrast to most other
dimensionality reduction techniques, LDA, as a feature
extraction technique, finds a linear mapping that maximizes the
linear class separation in the low-dimensional representation of
the data. The criteria that are used to formulate linear class
separation in LDA are the within-class scatter and the between-
class scatter [21]. Since LDA is a supervised technique, is not
often employed in novelty detection applications, however, is
one of the best options for feature extraction in supervised
multi-class classification applications.

The aforementioned linear feature reduction techniques
exhibit different objectives (data variance preservation or data
discrimination), and method of employment (unsupervised or
supervised), and have been widely used in the literature with
successful results. This difference in the data analysis
represents the opportunity to increase the performance of
novelty detection and classification models.

IV. EXPERIMENTAL SETUP

The machine under study performs a friction test over the
manufactured parts (steering system). Note that the machine
applies its own algorithm to determine the healthy state of the
part but the aim of this work is to monitor the proper function
of the machine.

A picture of the end-of-line machine under monitoring is
shown in Fig. 1, where a 1.48kW synchronous servomotor with
4 pair of poles, 3000 rpm of rated speed and a rated torque of
4.7Nm is connected to a 60:1 reduction gearbox.
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Fig. 1. Machine that performs the end-of-line test composed by a servomotor, a
gearbox, an encoder, a torque transducer and a pneumatic clamp to hold the
intermediate shaft of the steering system.

An encoder of 9000 points of resolution follows the gearbox
and is coupled to a 10Nm torque transducer by a torque limiter
coupling. The other side of the torque transducer is coupled to
the steering system. A scheme of the parts composing the

friction test machine is shown in Fig. 2. The measurement
equipment, in order to monitor the machine, is focused on the
acquisition of the torque signal of the transducer and the
rotatory shaft position from the encoder. Data acquisition is
done at 1 kHz of sampling frequency by a NI cDAQ-9188
composed by the modules NI 9411 and NI 9215.
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Fig. 2. Schematic of the end-of-line machine under monitoring and the
acquisition system.

A. Description of the friction test

The purpose of friction test is to quantify the DC value of
the torque to rotate the steering system. The EOL machine
forces the steering system column to follow a predefined speed
profile which consist of a complete clockwise turn (CW) and a
complete counter clockwise turn (CCW). The speed profile

performed by the test machine is shown in Fig. 3.
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Fig. 3. Speed profile applied by the EOL test machine.

The test starts smoothly in a clockwise direction for the first
45° until a speed set point is reached. The acceleration time
depends on the drive capability. During the next 455° the speed
is fixed at the set point, in this case 15 rpm. Then, the same
procedure is employed to return to the original start point in the
opposite direction. This speed profile (see figure 3) provokes a
torque in the shaft that it is measured by the torque transducer.
An example of the torque measurement of a complete test under
machine healthy conditions and the analyzed segment of three
different conditions are shown in Fig. 4.
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Fig. 5. Proposed methodology for the EOL test machine. The monitoring method is composed by a signal processing stage where statistical features are calculated
and analyzed by a novelty detection and a multi-fault classification models to assess the condition of the machine.

As can be seen in Fig.4, malfunction in the test machine
modify the torque signal form and its statistical properties
(RMS value, crest and shape factor, etc.). The objective of the
signal processing stage and the methodology is to highlight
these alterations to perform the assessment of the machine
without altering the part test itself, therefore, the methodology
can be applied online. In order to characterize the condition of
the friction test machine, a segment of 4 seconds is extracted of
each torque signal measurement corresponding to the CW
stable speed period. That is, the torque signal corresponding to
the stationary speed set point during 360° rotation.
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Fig. 4. Torque signal measured during a test a) Complete torque measurement
under machine healthy conditions b) Analyzed segment of a healthy machine
measurement c)Analyzed segment of a machine misalignment fault d)
Analyzed segment of a machine coupling wear fault

B. Machine faults under consideration

In order to validate the proposed methodology, fault
conditions have been induced in the machine to provoke two
common fault conditions, moreover, three severity levels have
been also considered for each fault. Thus, three severity degrees
of misalignment, MISs5, MISs and MIS;, and three severity
degrees of coupling wear, CW;, CW, and CW3.

The misalignment fault of the shaft has been provoked by
the controlled displacement of the base of the fixture holding
the steering system. This induces a misalignment of the steering
system respect to the shaft holder. Three degrees of severities
are considered regarding the distance that the fixture is
displaced horizontally: Smm (MISs5), 6mm (MISs) and 7mm
(MIS3).

The coupling wear fault is emulated by employing three
different intermediate elastomers in the torque limiter coupling,
each one with different dynamic torsional stiffness (DTS). The

values of the DTS of the used elastomers are all lower than the
standard used in the healthy machine in order to emulate
classical wear.

The DTS values of the three elastomers corresponds to a low
degradation degree, 2580Nm/rad (CW;), intermediate
degradation degree, 2540 Nm/rad (CW3), and high degradation
degree, 876 Nm/rad (CW3).

Additionally, a sliding malfunction is caused by varying the
tightening torque of the screws of the coupling between the
torque transducer and the pneumatic clamp. The screws are
loosened 0.5 Nm from the nominal tightening measured by a
torque wrench. To test the capacity of the proposed
methodology to detect novel scenarios, the measurements
corresponding to this fault are going to be considered as an
emerging novelty condition (Nc).

V. METHODOLOGY

The condition based monitoring approach is aimed to
accomplish two objectives:

(1) The calculation of significant features to characterize the

friction test machine.

(i1) The detection and isolation of known fault scenarios and

detection of possible unknown faults.

Such objectives are accomplished on this work by means of
the proposed condition based monitoring methodology shown
in Fig. 5.

The torque signal analysis is carried out during the
stationary speed set point corresponding to a 360° CW turn of
the steering system. It is expected that malfunctions and
anomalies could be reflected in the torque signal during
segments of the revolution of the steering system, therefore, the
segmentation represents a viable strategy to gain resolution
during the characterization. Thus, the four seconds torque signal
is segmented in four parts of 1 second. The number of segments
chosen represents a tradeoff between resolution and total
number of features. A larger number of segmentations increase
the resolution but also increase the number of features, and
could lead to overfitted models, meanwhile choosing a lower
number of segments could not provide enough resolution.

A set of five statistical time-domain features are calculated
from each segment of the torque signal. The proposed features
are listed in Table I. These features have been successfully
employed in different studies for electromechanical systems
fault detection [31]. Therefore, a total of 20 features are
calculated from each torque signal measurement.



TABLE L
STATISTICAL TIME FEATURES
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In order to exploit the potentiality of a separate fault
isolation and novelty detection stages, two different
dimensionality reduction approaches are applied over the
features sets.

For the novelty detection module, a PCA is used to extract
a reduced set of features that maximize the variance of the
dataset. The extracted features could highlight the appearance
of outliers and novel faults. Regarding the multi-fault
classification module, LDA is used to extract a reduced set of
features that maximize the margin between classes and
minimize the scatter within classes. That is, the extracted
features will lead to a distribution of the data that improves the
classification task. The number of reduced features selected of
each method vary depending on the information retain, in the
case of PCA, and the discrimination capacities for the LDA.

After the corresponding feature reduction, the novelty
model and the multi-fault classification algorithms are trained
using the healthy data and the faulty scenarios. That is, both
models are trained with the same scenarios, however, the labels
used for novelty detection and multi-fault fault classification are
different. For the novelty detection model, the data labels are
unique, which means that the dataset is considered to be one
single class. Meanwhile for the multi-class classification model,
the labels correspond to each of the considered faults in order
to reach the classification among the known scenarios.

To analyze a new torque signal measurement, the
corresponding reduced set of features is first examined by a
novelty detection model. Then, the measurement can be
cataloged as novel or known. If the measurement is catalogued
as novel, the machine is considered to be working under
unknown conditions. This can be triggered by different
scenarios, including outliers, the presence of a new fault or by
a new operation condition of the machine. If the measurement
is catalogued as known, it means that the machine is working
under a previously known scenario, which can be healthy or
faulty. To discern between the known scenarios, the
measurement is analyzed by a multi-fault classifier. The output
of the model is a label that identifies the analyzed measurement
as one of the considered classes.

A. Novelty detection and multi-fault classification models

There is a great deal of novelty models proposed on the
literature, each one demonstrated to be a capable option under

certain circumstances. An increasing amount of studies point
out that domain based novelty detection models present
promising results. Thus, in this work, a standard OC-SVM with
Gaussian kernel is used. The preparation of the novelty model
includes the selection of the parameters for configuration and
the training of the model. The OC-SVM is trained with
information of the known scenarios (healthy and faulty sets),
but labeled as a unique class. This means that the model finds a
boundary that encloses all the known scenarios, if a new tested
sample is within the boundary, then, it is considered known, on
the contrary, if it lies outside, it is considered novel.

For the multi-fault classification module, a multi-layer
neural network (NN) is used. Neural networks are data-driven
self-adaptive information processing method inspired in
biological systems, and represents the most commonly data-
driven technique found in the literature[31].

VI. EXPERIMENTAL RESULTS

In order to validate the feasibility of the proposed
methodology, four different models of steering systems have
been tested. The four models possess the same structure
described previously, but with different brands of components.
It is important to note that all the steering systems used were in
healthy state, in order to focus the analysis on the state of the
test machine.

The expected torque response is slightly different for each
steering system model. The four steering system models have a
different reference pattern, therefore it is expected that the
performance of the novelty detection and multi-fault
classification models are affected by the variability of the
torque response of the models. Nevertheless, it is desired to
assess the capability of a condition monitored approach to
generalize between different models of steering system and
correctly identify the machine condition.

Eight classes regarding the condition of the machine are
considered on this work:

e  Healthy condition: Hc.

o Six faulty conditions: MISs5, MISs, MIS;, CW;, CW,,

CW;.

e Novelty condition: Nc.

For each one of the 4 models, 20 friction tests are performed,
that leads to a total of 80 measurements for each class. Then,
the dataset consist of a total of 640 measurements.

A. Model estimation and parameter selection

A 70% of the available measurements per class are used for
training. It is important to emphasize that novelties
measurements, Nc, are used only in the test stage. From the
training set, a five-fold cross-validation is used in order to
adjust the OC-SVM parameters. The kernel used is the
Gaussian and the value of the width of the kernel is limited
among the following set of discrete values: {1, 2, 3, 5, 10, 15}.
Regarding the neural network, a configuration of one hidden
layer with 10 neurons is used. The neurons are configured with
a sigmoid activation function and the training procedure
corresponds to a classical back propagation algorithm using all
the training samples.



Once the classifier was trained and adjusted, the final test is
done using the remaining 30% of the measurements. This
process was repeated five times with five different training-test
set distributions, randomly selected and fixed.

B. Performance analysis

To describe the performance metrics, the 8 classes are
grouped in two nomenclatures: novelty class and known class.
The novelty class corresponds to measurements of the novelty
condition Nc. The known class is composed by the 7 remaining
classes: He, MISs, MISs, M1S7, CW;, CW;and CW3. To analyze
the performance of the proposed method, three sets of
performance metrics are considered, each set is associated to
the stage on which they are calculated: after the novelty model,
after the multi-class classifier and the global result. Regarding
the results obtained from the novelty detection model, the
following metrics are calculated:

e Novelty model accuracy: This metric refers to the number
of correctly classified measurements of the novelty class
and the known class divided by the total of test examples.
This metric is used to obtain a novelty model global
performance. Nevertheless, it is not the ideal metric to
assess the performance of the methodology because it does
not contemplate the accuracy of discriminating between the
different classes composing the known class by the multi-
fault classifier.

Regarding the results obtained from the multi-fault
classification model, the following metrics are calculated:

e  Training performance: This metric represents the capacity
of the multi-fault classification model to classify the
samples used in the training. A low training performance
indicates that the model is not able to discriminate among
classes, which can be caused by an overlapping of the data
in the feature space.

e  Multi-fault accuracy: As mentioned in the previous section,
the measurements analyzed by the multi-fault classifier are
the ones that the novelty detection module classified as
known class. This metric represents the measurements
analyzed by the multi-fault classifier that are correctly
classified divided by the total number of measurements that
actually belong to the known class. This metric is important
to measure the capacity of the classifier to classify the test
measurements of the known class, but the result can be
deceiving if the performance metrics of the novelty model
are not analyzed. Since the methodology follows a
sequential execution, the error performed by the novelty
model by classifying novelties as part of the known class,
propagates to the multi-fault classifier.

Regarding the results obtained considering the whole
methodology the following metric is calculated:

e Complete Accuracy: This metric represents the
measurements of the novelty class correctly classified by
the novelty detection model and the measurements of the
known class correctly classified by the multi-fault
classification model, divided by the total of test examples.
This performance metric combines the results of the both

models and can be used to compare the methodologies.
Nevertheless, the other metrics are necessary to have better
understanding of the performance, and also, to allow the
identification of deficiencies in-between the stages of the
methodology.

C. Results and discussions

In order to highlight the contribution and motivation of this
work, the outline of the results will be presented as follows:
first, a test is performed by the two classical methodologies
aforementioned in section I, then, the proposed methodology is
applied and the results are compared. The performance metrics
are analyzed on each case to highlight the advantages and
disadvantage of each methodology. To be able to compare the
results obtained between methods, the same novelty detection
model is used on all the methodologies, on this case, the OC-
SVM.

Different configurations regarding the dimensionality of the
features are used to have an insight of the advantages of
discarding irrelevant features. Three different configurations
are selected: using all the features (no feature reduction
applied), applying PCA and, finally, applying LDA. The
number of selected features is reduced from an initial 20-
dimensional space to a reduced 2-dimensional space, taking
into consideration that the reduced set of features fulfill the
respective restrictions from each dimensionality reduction
approach.

The first classical methodology consists on performing the
novelty detection and multi-fault classification by means of a
combination of one-class classifiers. The results are shown in
Table II, where the best performance of each metric is
highlighted.

TABLE IL
PERFORMANCE OF CLASSICAL ONE-CLASS CLASSIFIERS BASED METHODOLOGY
USING THREE DIFFERENT DIMENSIONALITY REDUCTION CONFIGURATIONS

First methodology: One-class classifier per class

. OC-SVM
Performance Metrics 5 Fatures PCA LDA
Novelty model accuracy 0.656(+0.013) 0.835(x0.023)  0.773(+0.025)
Training performance 0.788(+0.035) 0.703(x0.019)  0.846(x0.022)
Multi-fault accuracy 0.592(x£0.021)  0.581(x0.033)  0.723(+0.038)
Complete accuracy 0.632(x0.014) 0.712(+0.019)  0.719(£0.032)

By comparing the complete accuracy shown in Table II, it
is possible to observe that both dimensionality reduction
approaches exhibit better results than using all the available
features, being the LDA the method with the highest complete
accuracy. The characteristics of each dimensionality reduction
approach are highlighted by the results of the metrics.

In regard with the novelty detection, by comparing the
novelty model accuracy, the PCA approach obtained better
results on this task than the LDA, 6% higher with the PCA.

Regarding the multi-fault classification task, an important
advantage of the LDA approach can be noticed by analyzing the
training performance metric for classification, 15% higher.
Since in both cases, PCA and LDA, the methodology is trained
with the same measurements, it can be concluded that the low
percentage of training performance is caused by an overlapping



of the different classes in the feature space, rather than the
capacity of the method to perform multi-class classification.

The second classical method analyzed is similar to the
proposed methodology, where the novelty detection and multi-
fault classification tasks are performed by different models. The
same structure of an OC-SVM for novelty detection and the
neural network for classification are used for this test,
nevertheless, the same dimensionality reduction technique is
used for both tasks: novelty detection and multi-fault
classification. The results are shown in Table III.

TABLE III
PERFORMANCE OF THE CLASSICAL NOVELTY DETECTION AND MULTI-
FAULT CLASSIFICATION METHODOLOGY USING THREE DIFFERENT
DIMENSIONALITY REDUCTION CONFIGURATIONS

Second methodology: Same dimensionality reduction for both models

Performance Metrics OC-SVM
All 20 Features PCA LDA
Novelty model accuracy  0.606(x0.021)  0.815(x0.007) 0.761(£0.017)
Training performance 0.851(x0.034)  0.706(=0.019) 0.906(+0.009)
Multi-fault accuracy 0.606(+£0.048)  0.523(+0.026) 0.795(%0.014)
Complete accuracy 0.597(x0.021)  0.643(+0.016) 0.716(%0.021)

By comparing the complete accuracy shown in Table III,
one can observe that, again, the dimensionality reduction
approaches obtained better results than employing all the
features, being the LDA the method with the highest complete
accuracy. In general, both classical methodologies presents
similar results, the PCA reduction also obtained better results
for the novelty detection task while the LDA reduction obtained
better results for the classification task. Taking into
consideration the low training performance metric of the
features obtained by the PCA (70%) compared to the training
performance obtained by the LDA (90%), the problem
regarding the overlapping of measurements of different classes
is still present.

Finally, the proposed methodology is also tested. A
comparison between other novelty detection models is also
performed. Two commonly used models in the literature are
chosen [9]: Multivariate Kernel Density Estimator (MKDE)
and Mixture of Gaussians (MoG). The results are shown in
Table IV, where the best performance of each metric is

highlighted.
TABLE IV.
PERFORMANCE OF THE PROPOSED NOVELTY DETECTION AND MULTI-FAULT
CLASSIFICATION METHODOLOGY USING THREE DIFFERENT NOVELTY
DETECTION MODELS

Proposed methodology: PCA + LDA

Different novelty detection models

Performance Metrics

MKDE MoG OC-SVM
Novelty model accuracy ~ 0.771(£0.052)  0.802(£0.029) 0.815(x0.007)
Training performance 0.906(£0.009)  0.906(%0.009) 0.906(x0.009)
Multi-fault accuracy 0.708(+0.022)  0.710(x0.017) 0.751(£0.021)
Complete accuracy 0.763(x0.023)  0.774(+0.031) 0.811(x0.021)

As can be seen, the proposed methodology obtained an
average of 81% of complete accuracy, which is 10% more than
the other two methodologies.

As can be expected, the inclusion of the LDA at the multi-
fault classification task improves considerably the multi-fault
accuracy and, therefore, the complete accuracy.

Regarding the comparison with other novelty detection
models, the MKDE obtained the lowest complete accuracy,
which is 5% less than the proposed methodology. This can be
caused by the different variations of the torque signal, causing
several data distributions with limited measurements to
characterize them. It is well know that, as a statistical non-
parametric model, the MKDE needs a considerable number of
samples to adapt to the underlying distribution.

Similar results are obtained by the other two models, the
MoG and the OC-SVM, with a difference of 4% regarding the
complete accuracy.

To analyze the performance of each class individually, the
confusion matrix of the proposed methodology is shown in
Table V.

As can be seen in the confusion matrix the misclassification
problems are present in-between classes of the same fault,
especially between CW; and CW;, which means, the method
have difficulties to discern between severities of the same fault
but not between different faults. A specialized feature
calculation and reduction approach could improve the
classification of the CW severities.

TABLE V.
CONFUSION MATRIX OF THE PROPOSED METHOD USING THE OC-SVM.

True Assigned Class
Class He CW; CW: CW;s MISs MISs MIS; Nc
Hc 20 0 0 1 0 0 0 3
CW; 0 22 2 0 0 0 0 0
CW: 0 13 8 0 0 0 0 3
CW; 0 0 0 20 0 0 0 4
MISs 1 0 0 0 16 1 0 6
MISs 0 0 0 0 0 21 0 3
MIS7; 0 0 0 0 0 0 20 4
Nc 1 0 1 12 2 0 0 64
Regarding the novelty measurements, most of the

misclassifications are assigned to CW3 which means the Nc
measurements have underlying similarities with the torque
signal from this severity of coupling wear.

VII. CONCLUSIONS

In this paper, a novelty detection based condition
monitoring methodology applied to the torque signal of an
automotive sector end-of-line test machine is proposed. The
methodology is capable of assess the condition of the machine
under monitoring without altering the undergoing operation.

The two main contributions presented are focused on: (i) the
analysis, characterization and proposal of a coherent signal
processing stage to extract and select relevant features of the
end-of-line test machine, and (ii) the methodology for the
analysis of the extracted features to perform the classification
of the seven considered known scenarios and the detection of
unexpected (novel) scenarios not previously characterized.

The methodology proposed is compared with two classical
methods. The most important performance metrics are



proposed for the evaluation of the methodologies. By
monitoring, globally and partially, the accuracy of the models,
it is possible to identify the advantages and limitations of each
stage of the methodologies.

The tests performed using the LDA and PCA proved the
importance of exploiting the characteristics of the proposed
methodology, being in this case the LDA capable of improving
the multi-fault classification task and the PCA capable of
improving the novelty detection task.

Regarding the novelty model accuracy metric, the classical
one-class classifiers based methodology, the classical novelty
detection and multi-fault classification based methodology
employing the PCA, and the proposed methodology, exhibit
similar results, £2% of accuracy.

However, regarding the multi-fault accuracy metric, the
classical one-class classifiers based methodology presents the
lowest performance. The classical novelty detection and multi-
fault classification based methodology employing the LDA and
the proposed methodology exhibit better results, +6% and +4%
respectively.

It should be emphasized that in regard with the training
performance metric, both classical approaches improve their
performance, more than 15% by using LDA feature reduction.
That is, in classical approaches high novelty model accuracy
and high multi-fault accuracy performances cannot be obtained
at the same time since are dependent of the feature reduction
approach. Indeed, the proposed approach allowing different
dimensionality reduction techniques for novelty detection and
multi-fault classification lead to a better overall performance
compared to both classical methodologies, obtaining an average
of 81% of complete accuracy, which is a 10% more than the
classical approaches.

The use of the OCSVM as a novelty model approach in front
of MoG and MKDE, results in an increase of the complete
accuracy metric of 5% and 4% respectively.

In future work, the study will be expanded using others
novelty detection models and dimensionality reduction
approaches, in order to analyze the opportunities for an
optimized classes boundaries formulation. Also, next steps
include the incorporation of adaptive monitoring strategies,
where new emerging classes are included on-line to the
previous set of known classes (incremental classifiers). This
adaptive framework could permit to continuously learn novel
scenarios detected and identified during monitoring.

ACKNOWLEDGMENT

The authors would like to thank the support and the access
to the friction test machine database provided by MAPRO
Sistemas de ensayo S.A. especially to Alvaro Istiriz and
Alberto Saéz. This research was partially supported by
CONACYyT scholarship 313604 grant.

REFERENCES

[1] S. Wang, J. Wan, D. Zhang, D. Li, and C. Zhang, “Towards smart
factory for Industry 4.0: A self-organized multi-agent system with big
data based feedback and coordination,” Comput. Networks, Jan.
2016.

[2] C. Perera, C. H. Liu, S. Jayawardena, and M. Min Chen, “A Survey
on Internet of Things From Industrial Market Perspective,” IEEE
Access, vol. 2, pp. 1660-1679, 2014.

[9]

[10]

[11]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

(21]

(22]

(23]

[24]

[25]

C. Sankavaram, A. Kodali, K. R. Pattipati, and S. Singh, “Incremental
Classifiers for Data-Driven Fault Diagnosis Applied to Automotive
Systems,” IEEE Access, vol. 3. pp. 407-419, 2015.

T. Stock and G. Seliger, “Opportunities of Sustainable Manufacturing
in Industry 4.0,” Procedia CIRP, vol. 40, pp. 536541, 2016.

C. Li, R.-V. Sanchez, G. Zurita, M. Cerrada, D. Cabrera, and R. E.
Vasquez, “Gearbox fault diagnosis based on deep random forest
fusion of acoustic and vibratory signals,” Mech. Syst. Signal Process.,
vol. 76, pp. 283-293, 2016.

N. Bayar, S. Darmoul, S. Hajri-Gabouj, and H. Pierreval, “Fault
detection, diagnosis and recovery using Artificial Inmune Systems:
A review,” Eng. Appl. Artif. Intell., vol. 46, pp. 43—57, Nov. 2015.

J. Huang, G. Chen, L. Shu, S. Wang, and Y. Zhang, “An
Experimental Study of Clogging Fault Diagnosis in Heat Exchangers
Based on Vibration Signals,” I[EEE Access, vol. 4, pp. 1800-1809,
2016.

Q.-F. Zhou, H. Zhou, Y.-P. Ning, F. Yang, and T. Li, “Two
approaches for novelty detection using random forest,” Expert Syst.
Appl., vol. 42, no. 10, pp. 48404850, Jun. 2015.

M. a. F. Pimentel, D. a. Clifton, L. Clifton, and L. Tarassenko, “A
review of novelty detection,” Signal Processing, vol. 99, pp. 215—
249, Jun. 2014.

A. E. Lazzaretti, D. M. J. Tax, H. Vieira Neto, and V. H. Ferreira,
“Novelty detection and multi-class classification in power
distribution voltage waveforms,” Expert Syst. Appl., vol. 45, pp. 322—
330, Mar. 2016.

C. G. Bezerra, B. S. J. Costa, L. A. Guedes, and P. P. Angelov, “An
evolving approach to unsupervised and Real-Time fault detection in
industrial processes,” Expert Syst. Appl., vol. 63, pp. 134—144, 2016.
B. S. I. Costa, P. P. Angelov, and L. A. Guedes, “Fully unsupervised
fault detection and identification based on recursive density
estimation and self-evolving cloud-based classifier,”
Neurocomputing, vol. 150, Part, no. Part A, pp. 289-303, Feb. 2015.
D. P. Filev, R. B. Chinnam, F. Tseng, and P. Baruah, “An industrial
strength novelty detection framework for autonomous equipment
monitoring and diagnostics,” IEEE Transactions on Industrial
Informatics, vol. 6, no. 4. pp. 767-779, 2010.

V. Jumutc and J. A. K. Suykens, “Multi-class supervised novelty
detection,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 36, no. 12,
pp. 2510-2523,2014.

E.R. Faria, J. Gama, and A. Carvalho, “Novelty Detection Algorithm
for Data Streams Multi-Class Problems,” pp. 795-800, 2013.

G. G. Cabral and A. L. L. Oliveira, “One-Class Classification based
on searching for the problem features limits,” Expert Syst. Appl., vol.
41, no. 16, pp. 7182-7199, Nov. 2014.

W. J. Scheirer, A. de R. Rocha, A. Sapkota, and T. E. Boult, “Toward
Open Set Recognition,” /IEEE Transactions on Pattern Analysis and
Machine Intelligence, vol. 35, no. 7. pp. 1757-1772, 2013.

D. M. J. Tax, “One-class classification Ph.D. thesis,” Technische
Universiteit Delft, 2001.

P.-Y. Hao, J.-H. Chiang, and Y.-H. Lin, “A new maximal-margin
spherical-structured multi-class support vector machine,” Appl.
Intell., vol. 30, no. 2, pp. 98-111, 2009.

D. J. Miller and J. Browning, “A mixture model and EM-based
algorithm for class discovery, robust classification, and outlier
rejection in mixed labeled/unlabeled data sets,” /[EEE Trans. Pattern
Anal. Mach. Intell., vol. 25, no. 11, pp. 1468-1483, 2003.

T. Mu and A. Nandi, “Multiclass Classification Based on Extended
Support Vector Data Description,” IEEE Transactions on Systems,
Man, and Cybernetics, Part B (Cybernetics), vol. 39, no. 5. pp. 1206—
1216, 2009.

M. Wu and J. Ye, “A small sphere and large margin approach for
novelty detection using training data with outliers,” IEEE Trans.
Pattern Anal. Mach. Intell., vol. 31, no. 11, pp. 2088-2092, 2009.

A. E. Lazzaretti, V. H. Ferreira, H. V. Neto, L. F. R. B. Toledo, and
C. L. S. Pinto, “A new approach for event classification and novelty
detection in power distribution networks,” Power and Energy Society
General Meeting (PES), 2013 IEEE. pp. 1-5, 2013.

D. M. J. Tax and R. P. W. Duin, “Combining One-Class Classifiers,”
Lect. Notes Comput. Sci., vol. 1032, pp. 299-308, 2001.

X. Ding, Y. Li, A. Belatreche, and L. P. Maguire, “An experimental
evaluation of novelty detection methods,” Neurocomputing, vol. 135,
pp. 313-327, Jul. 2014.



[26] H. Henao, G.-A. Capolino, M. Fernandez-Cabanas, F. Filippetti, C.
Bruzzese, E. Strangas, R. Pusca, J. Estima, M. Riera-Guasp, and S.
Hedayati-Kia, “Trends in Fault Diagnosis for Electrical Machines: A
Review of Diagnostic Techniques,” [EEE Industrial Electronics
Magazine, vol. 8, no. 2. pp. 31-42, 2014.

[27] B. Scholkopf, R. C. Williamson, A. J. Smola, J. Shawe-Taylor, and J.
C. Platt, “Support Vector Method for Novelty Detection.,” in Nips,
1999, vol. 12, pp. 582-588.

[28] D.M.J. Tax and R. P. W. Duin, “Support vector domain description,”
Pattern Recognit. Lett., vol. 20, no. 11-13, pp. 1191-1199, Nov.
1999.

[29] S. D. Villalba and P. Cunningham, “An evaluation of dimension
reduction techniques for one-class classification,” Artif. Intell. Rev.,
vol. 27, no. 4 SPEC. ISS., pp. 273-294, 2007.

[30] H. Abdi and L. J. Williams, “Principal component analysis,” Wiley
Interdiscip. Rev. Comput. Stat., vol. 2, no. 4, pp. 433-459, Jul. 2010.

[31] M. D. Prieto, G. Cirrincione, A. G. Espinosa, J. A. Ortega, and H.
Henao, “Bearing Fault Detection by a Novel Condition-Monitoring
Scheme Based on Statistical-Time Features and Neural Networks,”
IEEE Transactions on Industrial Electronics, vol. 60, no. 8. pp.
3398-3407, 2013.

BIOGRAPHIES

JESUS A. CARINO (S’-13) received the M.S.
degree in electrical engineering from the University
of Guanajuato, Guanajuato, México, in 2012.
Currently, he is working toward the Ph.D. degree
under CONACYyT scholarship program at the MCIA
Research Center in UPC, Terrassa, Spain. His
research interests include digital signal processing on
FPGAs for applications in mechatronics, fault
diagnosis in electric machines, fault detection algorithms, novelty detection
and pattern recognition.

MIGUEL DELGADO (M’-03) received the M.S.
and Ph.D. degrees in electronics Engineering from
the Technical University of Catalonia (UPC),
Barcelona, Spain in 2007 and 2012 respectively.
From 2004 to 2008 he was a Teaching Assistant in
the Electronic Engineering Department of the UPC.
In 2008 he joined the MCIA Research Center, where
£ i he is currently a research assistant. His research
interests include fault detection algorithms, machine learning, signal
processing methods and embedded systems.

DANIEL ZURITA (S’-13) received his M.S.
degree in electronics engineering from the UPC in
2013. He is currently a Ph.D. student in the
Electronic degree of the UPC, in the MCIA
Research Center. His research interests include
fault diagnosis and prognosis in electric machines,
industrial process monitoring, fault detection
algorithms, machine learning and signal processing methods.

MARTA MILLAN received the M.S. in
Telecommunication Engineer from the Technical
University of Catalonia (UPC) in 1994. She worked
from 2004 to 2007 as developer engineer at the
multinational company Trend Communications, her
activities consisted in the coordination of the
software platform of a product. In 2007 she joined
the Software applications development department
at the same company. Currently she is responsible of projects at the I+D
department of the company MAPRO, where she has leaded and participated
in several projects with universities and research centers in the area of
advanced control strategies, intelligent systems monitoring and preventive
maintenance.

JUAN A. ORTEGA (M’-94) received the M.S.
Telecommunication Engineer and Ph.D. degrees in
Electronics from the Technical University of
Catalonia (UPC) in 1994 and 1997, respectively. In
1994, he joined the UPC Department of Electronic
Engineering. Since 2001 he has been with the MCIA
Research Center. His research activities include:
motor diagnosis, signal acquisition, smart sensors,
embedded systems and remote labs.

R. ROMERO-TRONCOSO (M’07-SM’12)
received the Ph.D. degree in mechatronics from
the Autonomous University of Queretaro,
Queretaro, Mexico, in 2004. He is a National
Researcher level 2 with the Mexican Council of
Science and Technology, CONACYT. He is
currently a Head Professor with the University of
Guanajuato and an Invited Researcher with the
Autonomous University of Queretaro, Mexico. He has been an advisor for
more than 190 theses, an author of two books on digital systems (in
Spanish), and a coauthor of more than 100 technical papers published in
international journals and conferences. His fields of interest include
hardware signal processing and mechatronics. Dr. Romero—Troncoso was a
recipient of the 2004 Asociacién Mexicana de Directivos de la Investigacion
Aplicada y el Desarrollo Tecnoldgico Nacional Award on Innovation for his
work in applied mechatronics, and the 2005 IEEE ReConFig Award for his
work in digital systems. He is part of the editorial board of Hindawi’s The
Scientific World Journal and the International Journal of Manufacturing
Engineering.




	A. One-Class Support Vector Machine
	B. Dimensionality Reduction Techniques
	A. Description of the friction test
	B. Machine faults under consideration
	A. Novelty detection and multi-fault classification models 
	A. Model estimation and parameter selection
	B. Performance analysis
	 Biographies

