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Summary

The prediction of industrial equipment failures connected in blind mode is based on algorithms for detecting anomalies
or new features on raw or transformed time series data. A number of algorithms have been compared on a set of time
series databases that exhibit cyclicity [1]. The performance evaluation relies on the ROC [2] and Precision-Recall [3]
curves to calculate a score for the genericity and relative performance of the models. It emerges that the problem of
fault prediction is not an easy subject but that the association of Amiral Technologies algorithms, namely the features
generator DiagFeatures (DF) and the anomaly detector BlindFaultDetector (BFD ) seems to be the best genericity-
performance-speed compromise.

A discussion on the relevance of these scores during the deployment of models in production, leads us to consider a
scoring system which takes into account the operational constraints on which we have also noted the models.

Introduction

Predicting failures in connected industrial equipment involves anticipating a failure before it happens or detecting it as early
as possible. The most recent approaches to solve this problem rely on signal processing and machine learning methods by
creating learned models on historical data. The types of data generated by industrial equipment can be of different natures
but this document focuses on a subset nevertheless representing large families of equipment, namely cyclic time series.

To create predictive models two approaches can be considered:

- the supervised approach of using healthy data (without failures) and unhealthy data (with failures) to create a model that
will best classify a so-called "healthy" or "unhealthy" time series. This approach is difficult to implement today because the
number of industrial breakdowns is often relatively low, and therefore insufficient to allow this kind of learning.

- the unsupervised approach of creating a model only from healthy data by creating a space of normality that represents the
proper functioning of the equipment. When new data comes out of this space of normality, it will be considered unhealthy.
This approach does not require a failure history to build the model (although a few occurrences are needed to validate it), so
it is more easily applicable to the field of industrial failure prediction.

Machine learning algorithms for creating models in unsupervised mode are part of the class of anomaly detection or novelty
detection algorithms. The best known in the literature are Isolation Forest [4] and OneClassSVM [5]. These methods apply to
data windows of fixed size and can be used directly on the raw data or on data generated by preprocessing algorithms such
as the Fourier transform [6] to name just one. More recently, deep learning methods have emerged. The best known use
recurrent neural networks with an autoencoder architecture [7]. The principle is to compress the signal in a space of reduced
dimension then to reconstruct it; the difference between the input signal and the reconstructed signal is used as an indicator
of normality.

The objective of this document is to compare several anomaly detection algorithms on a set of relevant databases. The
remainder of the document presents the implemented methodology, the studied algorithms and the datasets used before
presenting the results.
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Methodology

Comparing algorithms requires algorithms, but also training and test datasets, and finally a method of comparison.
Regarding the algorithms, in addition to the algorithms of Amiral Technologies, a set of known algorithms was selected for
the study. The goal was not to set up every algorithm on every dataset in order to get the best results but rather to use
these algorithms with hyperparameters by default, which corresponds to the general case of blind learning. Five public
databases were chosen according to certain criteria that we will develop later as well as a private database. The
comparison criteria used are the area under the curve (AUC) [2] and the mean precision (AP) [3]. These two criteria are
based respectively on the ROC and Precision-Recall curves.

In order to classify the algorithms studied, we opted for two criteria reflecting genericity and relative performance.

- Genericity (average score): This criterion is calculated by averaging the scores of the algorithm on all the datasets used.
- Relative performance (mean rank): This criterion is calculated by taking the average rank of the algorithm relative to the
other algorithms studied, over all the datasets used.

Finally, we compared the time required to produce the model on a single core (except for neural networks which required
graphics card (GPU) resources). To automate the comparison work, an automatic comparison framework algorithms have
been developed. The databases selected generally present data from several sensors. As some algorithms are not suitable
for multivariate processing, a model per variable was built, producing one prediction by sensor. Then, they were merged into
a single global prediction by using a simple method similar to a weighted average by their prediction height.

The learning follows a cross-validation protocol to avoid any overfitting.

Models / Algorithms

In the rest of this document, a model (Figure 1) is defined as a sequence of algorithms comprising a feature generation
algorithm and a novelty / anomaly detection algorithm. In the case of neural methods, the features extraction step does not

exist.
MODEL
Data Loader Features Extraction Novelty Detection -m
Load Data from Data Extract Features using Build an unsupervised ML Evaluate results [ROC,
storage (Csv File, Dataloke) advanced transforms (PCA, model (Isolation Forest, Precision/Recall erc...)
FFT, DF, efc...) AutoEncoder efc...)

Figure 1 : Diagram of a predictive model
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In this study, three feature generation algorithms and five anomaly detection algorithms were tested.
Features generation

- FFT [6]: The Fourier transform is a function which transforms a time series into a series of information describing its
frequency spectrum.

- Tsfresh [8]: Characteristic generator based on signal processing methods in different domains (temporal, frequency,
spectral).

- DF: DiagFeatures is the set of characteristic generators owned by Amiral Technologies. It is adapted to industrial cyclic
time series, comes from the field of research in signal processing and automation.

Detection of anomalies

- IF [4]: Isolation Forest calculates an anomaly score for each observation in the database. To calculate this score, the
algorithm isolates the data recursively, it randomly chooses a variable and a cutoff threshold at random, and assesses
whether this isolates a particular observation.

- LOF [9]: This algorithm makes it possible to find anomalies by measuring local deviations of a point with respect to its
neighbors.

- OCSVM [5]: The One Class SVM algorithm is based on the machine support vector method but suitable for the detection of
anomalies.

- AE [10]: The LSTM-AutoEncoder is based on neural networks. The idea is to encode the time series in a lower dimensional
space and then try to reconstruct the input signal. The algorithm is trained on healthy data. The difference between the
reconstructed signal and the original signal is seen as the distance from the space of normality. The network architecture is
based on LSTM cells.

- FORE [11]: LSTM-Forecasting has the same approach as LSTM-Autoencoder but instead of reconstructing the input signal,
the algorithm tries to predict future data. The observed deviation between the prediction and the actual data is the distance
from the space of normality. The network architecture is based on LSTM cells.

- BFD: The Blind Fault Detector is an algorithm developed by Amiral Technologies operating on the principle of anomaly
detection in the same way as Isolation Forest or OneClassSVM. It is fast in computing speed and was designed for use with
DiagFeatures.

Databases

For this study, it was necessary to select a set of relevant databases with the following criteria:

- Containing cyclic time series

- Specific to the detection of anomalies on industrial equipment
- Ideally multi-sensors

- Having occurrences of failures in order to validate the model

- Having a sampling frequency greater than or equal to THz
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Five public databases were selected as well as a proprietary database:

- Zema [12]: The data deal with the evaluation of the state of a hydraulic test bench on measurements coming from several
sensors. The database has several occurrences of failures with different levels of severity.

- Hai [13]: This database was developed for research in the detection of anomalies in cyber-physical systems such as
railways, water treatment and power plants.

- BearingVibration [14]: The data in this database contains vibration signals collected from bearing systems in different
health states, and under conditions of rotational speed varying over time.

- CentrifugalPump [15]: The vibration data is collected on a self-priming centrifugal pump data acquisition system. Data is
collected under normal and fault conditions, including bearing roller wear, inner ring wear and outer ring wear fault
conditions, as well as condition of wheel wear defect.

- BatteryAging [16]: This dataset was collected from a custom battery prognosis test bench at the NASA Ames Center of
Excellence for Prediction (PCoE). Li-ion batteries have undergone 3 different operational profiles (charge, discharge and
electrochemical impedance spectroscopy) at different temperatures. The discharges were performed at different current
load levels until the battery voltage fell to the preset voltage thresholds. Some of these thresholds were lower than that
recommended by the manufacturer (2.7 V) in order to induce aging effects by deep discharge. Repeated charging and
discharging cycles lead to accelerated aging of the batteries.

- DigitalTwin: This is a synthetic database created by Amiral Technologies. Although it is synthetic, it nevertheless
represents a real system, more precisely a double pendulum system, namely a 6-state nonlinear system. From this “digital
twin”, a database of 10 sensors was generated. The base contains 290 cycles of size 200.

For public databases, data formatting as well as cleaning operations (replacement of Nan values, linearization of

timestamps, division into cycles, resampling, selection of sensors, adaptation of labels) had to be applied so that the whole
models can work and our comparison tool can operate.

Figure 2 summarizes the characteristics of formatted test databases.

Number of Number of Number Sampling
healthy unhealthy of sensors frequency

cycles cycles

ZEMA 7 100 Hz
HAI 5303 25 2 1Hz 100
BEARINGVIBRATION 198 216 1 5000 Hz 5000
CENTIFUGALPUMP 81 80 5 100 Hz 256
BATTERYAGING 438 206 6 10 Hz 1000
DIGITALTWIN 200 90 10 N/A 200

Figure 2: Summary table of formatted databases
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Results

The naming of the models in the remainder of this document is the concatenation of the novelty detection algorithm with
the name of the characteristic generator separated by the "_" character. For example, for a model using Isolation Forest (IF)
and DiagFeatures (DF), its name is “IF_DF”". If there is no features generator, the term None is used, except for neural

networks.
Figure 3 shows a summary table of the areas under the curve (AUC). As a reminder, the classification criteria used are:

o Average Score: Average score obtained across all databases. This criterion is a measure of the genericity of the
models.

e Mean rank: Average rank of the model across all databases. This criterion is a measure of the relative performance of
the models.

o Time (s): Cumulative learning and prediction time in seconds on a single core. Only methods based on neural networks
use GPU resources.

ZEMA  BearingVibration HATI  CentrifugalPump DigitalTwin BatteryAging | Average Score  Mean Rank Time (s)

BFD_DF @.881833 8.995669 1.9688008 8.998211 9.968254 8. B.953487 4.883333 87.392086

LOF_DF  ©.8211%9 8.900184  ©.998781 8.984707 8.755767 8.928937 B8.9177463 7666647 B8.084302

BFD_None 8.93714% 8.8556884 8.891344 8.996752 8.991323 8.798977 B.918571 B8.333333 13.887184

OCSVM_DF 8.824918 1.680008 €.999768 8.999574 8.738477 €. 515495 6. 8956409 5.91666 T4, 185908

IF _None 9.959596 8.789576 8.722486 8.997557 8.998895 8.836T69 B.8B4008 7.833333 39.481851

OC5VM_Tsfresh  ©.565836 1.000000 ©.909824 8. 003345 9.681164 8 B.876789 T.416667 | 24218.436123
IF_Tsfresh 8.508348 8.989546 8.869537 8.998727 8.96%3418 8.838949 9. 16666

OCSVM_None  ©.926487 8.910096  1.808088 8.998911 8.568317 8.834653 B.871744 6.416667 7.974381

IF_DF 8.662177 8.994698 €.768736 8.993675 8.979471 8.793858 8.865438 B. 666667 183.598173
BFD_Tsfresh 8.597862 8.9890%3 8.998474 8.99836 a.747937 8.88531% 8. 856045 8.166667

LOF_Tsfresh 8.656566 8.936231 8.998038 8.981921 8.895873 8.4659883 B.854752 16.833333 25599.985191
FORE 8.65 8 8.9998% @.8835 8.975826 8.780556 B.849945 18.800808

AE 8.923444 8.895759 €.991197 8.992311 B214E1 8.386461 8.825278 9.83333 1849.135685

LOF_FFT 9.554433 8.775314 8.932257 8.977148 8.921958 14.166667 19, 529669

OCSVM_FFT  8.583771 8.874627  0.997233 B.999500 8.611323 8. 779295 8.861025  18.16666 35.978763

LOF_None 8.B6475% 8.848865 8.988556 8.98858% 8.461693 8.621294 8.795613 12. 666667 16.724266

IF_FFT 8.428934 8.787184 8.954839 8.987464 8,938 8.24443% 8. 726429 14.166667 38.111975%

BFD_FFT 8.355219 8.793832 8.894856 8.987581 8.5387%4 8.413764 B.662674 15.500068 67181667

Figure 3 : Summary table of results based on AUC
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Figure 4 presents the same table as Figure 3 but this time based on the mean precision (AP) criterion.

ZEMA  Bearingvibration HAI  CentrifugalPump DigitalTwin BatteryAging | Average Score  Mean Rank Time (s)

BFD_DF 8. 792009 B.908572 1.888008 8. 999358 8.976737 8.75 8. %28618 3.750008 87.392006
OCSVM_DF  9.736875 1.008000 0.925926 8.999852 8.743661 9.627378 8.838815 5.416667 74.165996
DCSVM_None B.871228 B.976937 1.888608 8. 000438 8.4906889 8.658957 8.834387 §.883333 7074381
FORE 8.471589 8.965421 8.9808346 8.947441 8.979815 8.555928 8.B16557 18 . 080008 1856.018176
OCSWH_Tsfresh 8. 711766 1.00B8680 B.937778 8.999443 8.644825 8.528742 8.B883626 7. 2658008 24218.436123
LOF_Tsfresh  ©.58945% 6.931487  0.500439 B.993128 §.983417 8.559739 8. 761278 25569, 985191
LOF _DF 8.683387 8. 999745 B.4TB295 8.9%4815 8.613524 8.791822 8.768118 8.568006 88.944392

IF _None 8.911428 8.928331 2.e1872 8.999162 6.998675 0.689193 8.737522 8. 39.481851
BFD_Tsfresh B.439287 8. 906289 8.727323 8. 969458 8.784581 8.644903 8.751959 B.166667 2eB48.Te591%
BFD_None 8.833622 8.949929 £.111153 8.998891 8.993268 8.68 8.747972 7 13.887104
OCSVM_FFT 8.423945 6. 966262 8.717141 B, 009968 €.582139 8.598535 8. 714645 9. 608667 28.978763
IF_DF 8.513834 B.998347 B8.84%887 8.997892 2.935121 9.624632 8.694941 8.666667 183,598173

AE 8.787T161 8.949858 B. 214847 8. 997647 8.871615 8.271312 8.685148 1849.135485
IF_Tsfresh 8.463724 8. 906035 £.833348 9. 004547 8.95205% 9.661861 8.684237 9. 500000 26614, 977507
LOF_FFT B.483434 B.935494 B8.886716 8.992186 8.926153 8.438438 8.620069 14.333333 195296469
LOF_None B.679582 8.949138 8.252884 0. 995655 €.4337838 0.400374 8.628544 13.16668 156.724266
BFD_FFT 8. 297065 8.943292 B8.552499 8, P05055 8.535633 @.288704 &, GARE8S 14080008 67 . 181667
IF_FFT B.335384 8.941683 £.e94885 8.995808 8.925588 9.239865 8.588854 14.166667 38.111975

Figure 4 : Summary table of results based on AP

According to the 2 tables above and whatever the classification methods used, the conclusions are as follows:

- The Amiral Technologies characteristic generator upstream of a novelty detection algorithm improves the performance of
the model.

- Neural networks have good results on some bases but very bad results on others. These methods seem less generic by
applying a common setting to all the databases.

- There is no model that surpasses the others, thus highlighting the difficulty of deploying a single model.

By combining all the metrics, the BFD_DF model emerges as the best model on these comparison datasets. In the majority
of applications, failure prediction must be done in real time on several devices at the same time. Calculation time is
therefore a criterion that should not be neglected.
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Figure 5 shows the Performance (AUC) -Speed tradeoff on a 2D graph. On this criterion, the BFD_DF model from Amiral
Technologies stands out from other models.

re———

Figure 5 : Compromise Speed-Performance

Discussion

The document presents a first comparison of novelty detection algorithms on cyclic time series data. Metrics that are
based on ROC and Precision-Recall curves are subject to discussion. First, a model that predicts a failure long before the
ground truth has labeled it as such is penalized. Second, the calculation of the curve is based on the predictions of the
algorithms individually without taking into account the temporal notion of anomalies. Work should be undertaken on
modifying the calculation of the prediction curves. On the other hand, the model that is deployed in production to predict
whether a cycle is healthy or not must necessarily have a decision threshold. Thus the model only corresponds to one point
of the ROC (or Precision-Recall) curve. A bad selection of this threshold can have big consequences on the performance of
the model.

To better illustrate the problem, an automatic threshold calculation based on the desired false acceptance rate (set at 1% in
this study) was applied to all models.
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Figure 6 shows the comparison results of these models based on the F1-Score [3].

ZEMA  BearingVibration HAI  CentrifugalPump DigitalTwin BatteryAging | Average Score  Maean Rank Time (5]

BFD_DF 8.771429 1.008089 8.991332 8.993423 8.7 8.7B4867 @.B73375 4.750808 B7 .392086
OCSVM_DF  ©.792793 8.975287 ©.983171 9.88789% 2.695652 8.781316 9.852556 8.666667 74.165996
IF_DOF 8.771420 8.925373 £.851549 8.978388 8.7 8.784847 &.835117 7.583333 183.598173
LOF_DF 8.77142% 851852 8.56%48, 2.99835% - 8. 786548 8.818277 $.583333 88 ,944392
BFD_FFT 8.765957 8.548881 B8.996115 8.928979 B . 700688 8.764643 8.78142% 8 .080800 67 . 18166

AE @ 8. 8.958016 9.920913 2 8.781415 0.76862% $.883333 1849.135605
IF_Tsfresh 8.765957 8.282899 ©.885385 8.978738 8.7 8.784867 8.78482 9 .91664" 26614 .97T7597
LOF_FFT 8.727273 8.121212 8.898863 8.97%783 8. 700000 8. 786548 8.699279 ¥ . 166667 19.529669
LOF_Tsfresh 8.765957 8.8 B8.933855 8.919853 8 8.782709 8.698979 19 .688680 25599, 985191
IF_FFT 8.757143 8.342342 8.96186% a 8.651163 B.689782 11. 250080 28.111975
LOF_None 8.739138 8.83174 8.916913 e 8.785263 6794986 bl 16.724266
BFD_Tsfresh 8. Te595T B, 389418 8.91%855 2. 388866 2. 750008 8. 786548 8.645885 9. 416667 260848 . 705819
FORE 8.739138 8.171429 B8.987T049 8.55 8. 8.69785% 641616 11 . 66666 1856.818176
BFD_None 8.771429 8.831258 8.854584 8.46%114 8. 750688 8.785263 8.68192 19 . 750800 13.887184
OCSVM_Nona 8.888889 8.9221963 8. 212986 8 8. «SE3720 7.974381
OCSVM_FFT 8. B3eeas 8.3%8885 8.998692 2.611584 8.782589 8. 786548 8.586342 7. 416667 28.978763
IF_Mone 8.774978 8.8 B.8044582 8 -] 84847 8.569050 11 . 01868 39.481851
OCSVA_Tsiresh 8.687595 8.862589 8.992583 8.852845 B .790688 8.776245 @.531948 12.583333 24218.436123

Figure 6 : Comparison of F1-Score

Taking the OCSVM_None model as a reference, although it has an honorable ROC curve on the BearingVibration database,
the F1-Score is 0.0. This model is therefore not operational at all . A good model is therefore a model having a good curve
with a good decision threshold. Here the models using DiagFeatures are the most robust.

The improvement of the method of calculating the performance of a model as well as the research and development of a
better algorithm for the automatic detection of decision thresholds will be the subject of a forthcoming scientific
publication.

Finally, the comparison does not include the implementation of an Auto-ML process [17] on the algorithms, which would be
interesting to test to complete the comparison work.




Conclusion

This article is a first version that provides a quick overview of the behavior of failure prediction algorithms in unsupervised
mode. It compares a set of algorithms from both signal processing, automation, machine learning and deep learning. The
comparison was made on a set of databases related to the field of industrial failure prediction. It shows that the BFD_DF
model from Amiral Technologies presents the best genericity-performance-speed compromise on all the test databases. In
the case which interests us, namely the prediction of failures in blind mode, these criteria are decisive. In addition, when we
approach the actual implementation with definition of the decision threshold, the DiagFeatures generator emerges as the
one that gives the best results.
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