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Abstract: Data augmentation is needed to use Deep Learning methods for the typically small
time series datasets. There is limited literature on the evaluation of the performance of the use of
Generative Adversarial Networks for time series data augmentation. We describe and discuss the
results of a pilot study that extends a recent evaluation study of two families of data augmentation
methods for time series (i.e., transformation-based methods and pattern-mixing methods), and
provide recommendations for future work in this important area of research.
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1. Introduction

The benefits of Artificial Intelligence (AI) algorithms can be fully leveraged only when
the required amount of data needed for the training of these models is available. This creates
a practical problem as data may be costly to obtain, difficult to collect, scarce, they may
raise privacy issues, or take too much time to be gathered while AI-based decisions are
needed in a timely manner. This problem has been exacerbated in recent decades by the
fact that Deep Learning has been powered by the increasing availability of graphic cards
boarding a GPU and the democratization of GPU-powered platforms. This technology
improvement has paved the way for the development of more complex models that require
larger and larger datasets to overcome the risk of overfitting.

Data augmentation methods artificially create synthetic data to enrich the real ones
obtained via observations or experiments. Already used for several years in the field
of computer vision, its use is mainly based on the simple idea of generating multiple
variations (based on rotation, scaling, contrast, etc.) of the images that are used to train
Deep Learning algorithms, and thus improving their robustness and performance. Data
augmentation is providing a practical solution to address the critical issues listed above
by allowing the training of the models for those situations. As a result, the need for
reliable data augmentation methods is particularly strong today, as they would enable
the use of high-dimensional models while mitigating the risk of overfitting. The scope of
applications for data augmentation ranges from clinical trials and scientific experiments to
industrial testing and financial risk management. With today’s computational power, data
augmentation is becoming an essential technique to train Machine Learning algorithms
more efficiently.

As expected, it is not possible to identify a unique data augmentation method that is
suitable and optimal under all practical circumstances. The choice of the data augmentation
method to be used in a specific situation is expected to be a function of at least four main
features:

1. Type of data: Data may be tabular, images, time series, chemical structures, etc. The
different types of data may require different data augmentation methods specifically
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designed to take into account the particular structure and intricacies of that type
of data.

2. Downstream task: The downstream processing of the augmented data affects the
choice of the data augmentation method. For example, the type of neural network
architecture will influence the choice of the data augmentation method, and also if the
task is a classification task or not.

3. Performance evaluation metrics: In order to select an optimal data augmentation
method, it is necessary to be able to compare its performance against competing
methods by using formally defined performance evaluation metrics. There is a need
for more research studies to address in depth the related topic of comparison of data
augmentation methods.

4. Computation time, latency and determinism constraints: These constraints, regarding
the nature and execution of the method, will affect the choice of the data augmentation
method. Testing is required to identify the optimal data augmentation method for
a given situation. As above, more research is needed regarding these important
operational constraints.

As a side note, we need to mention that the term data augmentation has been previ-
ously introduced in the area of Bayesian Statistics in 1987 by Tanner and Wong [1], where it
refers to the use of auxiliary variables to compute posterior distributions. Although the
use of the same term may be confusing, its exact meaning should be clear from the context,
either Deep Learning or Bayesian Statistics.

The literature on data augmentation for image datasets is very extensive, whereas the
case of multivariate time series data remains much less covered to date. It is the application
of data augmentation methods to time series data that is the focus of this brief report. We
describe the results of a pilot study that has been performed as an extension of the evalua-
tion study described in a recent comprehensive survey on the use of data augmentation
methods for Deep Learning for time series [2]. For more information regarding image data
augmentation for deep learning and time series data augmentation for deep learning the
readers are referred to the recent surveys from [3,4], respectively.

In the field of time series recognition, the datasets are often very small. According
to [2], data augmentation methods for time series and their application to time series
classification with neural networks may be grouped into four different families:

1. Transformation-based methods
2. Pattern-mixing methods
3. Generative models
4. Decomposition methods

The comprehensive review [2] includes a thorough evaluation study of the most-
used data augmentation methods for time series data, although the formal evaluation
is focused on the first two families: transformation-based methods and pattern-mixing
methods. To identify an optimal data augmentation method, the approach used by [2] is to
train classification algorithms over both the original and the augmented dataset, and then
evaluate their performance over a test dataset made out of non-augmented data. Although
the evaluation study from [2] involves the comparison of 12 data augmentation methods
for benchmarking purposes, one important recently developed approach is missing, even
though the authors acknowledge its growing importance over the last few years: Generative
Adversarial Networks (GANs).

Introduced in 2014 by [5], GANs are neural networks jointly trained in order to learn a
non-linear mapping which transforms normally-distributed variables into samples which
mimic the real training data and inherit their statistical properties. The goal of our pilot
study was to expand the evaluation study from [2] by including GANs for time series
data augmentation, along with testing their generative performance for a classification
task relying on the synthetic dataset. It is important to note that the use of GANs to
generate high-dimensional multivariate time series remains an active research area with
many potential applications.
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2. Materials and Methods
2.1. Datasets

The goal of the evaluation study from [2] was to assess the overall performance of
each data augmentation method included in the study. The study considered a wide range
of time series datasets, specifically those from the public database 2018 UCR Time Series
Classification Archive, available at https://www.cs.ucr.edu/~eamonn/time_series_data_
2018/, accessed on 9 June 2022. As stated above, in this pilot study we explored the use of
GANs for data augmentation for time series. It is important to note that not all the datasets
from the public repository are suited for GANs training because of the requirements on
the minimum sample size needed to prevent overfitting. The need for external training is
clearly stated in Section 6.3 of [2] as the reason for not including in the evaluation study
data augmentation methods based on generative models, such as those based on GANs.
On top of that, we did not consider time series obtained via image flattening, as this process
naturally breaks the geometrical structure of the underlying image. It is important to
note that GANs have been extensively studied and used for images, and high-performing
models are available for this specific type of data [6–9]. Based on these considerations,
we have chosen three datasets which belong to three different data types: Sensor, ECG
and Spectro. These data types originate from domains which are most in need for either
data augmentation or data anonymization [10–13], the latter being an important benefit
of synthetic data generation. The main features of the chosen datasets are summarized in
Table 1.

Table 1. Selected datasets from the 2018 UCR Time Series Classification Archive.

Dataset Type Train Test Class Length

FordB (D1) Sensor 3636 810 2 500
ECG5000 (D2) ECG 500 4500 5 140
Strawberry (D3) Spectro 613 370 2 235

2.2. Architecture

For the pilot study, we have decided to use the Recurrent Conditional GANs archi-
tecture [10]. The reasons for this selection are that it is one of the first GANs to generate
continuous sequential data, and that its simple structure ensures fast training, while not be-
ing specifically tailored to a particular type of data and also allowing conditional generation.
We refer the readers to [14] for a thorough review of available generative algorithms.

All trainings have been performed over 10,000 epochs. We define an epoch as being
one generator’s weights update. As the discriminator may be updated more than once per
generator update, this definition is important. Building upon the model proposed in [10],
we implemented an architecture consisting of two discriminators, one which is MultiLayer
Perceptron (MLP)-based and the other which is Long Short Time Memory (LSTM)-based.
The importance of their respective feedback within the generator loss is calibrated via a
dynamic parameter α which evolves over the epochs. At the beginning of the training,
the MLP-based discriminator triggers a much stronger gradient signal for the generator
weights, whereas the LSTM-based discriminator plays a role mostly towards the end of
the training.

The hybrid approach used in the pilot study is motivated by the results regarding the
average classification performance of the models reported in Tables 1–3 from [2], where
the models were trained on the non-augmented datasets. It is clear from those results
that the MLP-based models outperform the LSTM-based models. On the other hand,
LSTM-based models should catch the time series’ patterns missed by the non-recurrent
models, such as the time-to-time conditional probabilities and long-short memory patterns.
The best generative performance was indeed obtained when taking advantage of both
types of discriminators in the order specified above. The trained generators for the three
datasets listed in Table 1 are publicly available at https://storage.googleapis.com/ucrgen/
generators.zip, accessed on 29 July 2022.

https://www.cs.ucr.edu/~eamonn/time_series_data_2018/
https://www.cs.ucr.edu/~eamonn/time_series_data_2018/
https://storage.googleapis.com/ucrgen/generators.zip
https://storage.googleapis.com/ucrgen/generators.zip
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2.3. Experiments

The generative performance of the proposed architecture has been evaluated through
downstream classification tasks [2]. Consistent with the specific datasets selected for the
pilot study, we have used two classifiers: an MLP classifier and an LSTM classifier. We have
selected these two models from those used in [2] as they are the most appropriate for the
chosen datasets. For example, since we did not include image datasets, we did not use VGG
and ResNet architectures for our experiments. Regarding the benchmarks, in Table 2 we
report the performance of the data augmentation methods that have obtained the highest
overall accuracy for the two retained classifiers according to Tables 1–3 from [2] (In [2],
the authors explore the performance of 12 data augmentation algorithms via their average
accuracy over the 128 datasets available in the 2018 UCR Time Series 97 Classification
Archive https://www.cs.ucr.edu/~eamonn/time_series_data_2018/ (accessed on 9 June
2022) as reported by six classification networks.). The accuracy summary statistics (means
and standard deviations) have been calculated over 10 differently-seeded trainings of the
two classifiers.

Table 2. Classification accuracy on the test sets derived from each selected dataset. Results are given
in terms of means and standard deviations over 10 runs of the classification (E < 0.01). The best
results are presented in bold.

Dataset Classifier None Jittering SPAWNER GAN

D1 MLP 71.27% ± 0.06 72.23% ± 0.04 69.15% ± 0.19 53.85% ± 0.26
LSTM 50.22% ± 0.09 50.48% ± 0.10 50.70% ± 0.11 49.65% ± E

D2 MLP 93.96% ± E 93.98% ± E 93.40% ± E 94.09% ± E
LSTM 92.76% ± 0.01 93.07% ± 0.02 93.21% ± 0.01 58.37% ± E

D3 MLP 89.46% ± E 85.95% ± E 75.35% ± 0.11 83.78% ± 0.14
LSTM 64.32% ± E 64.32% ± E 64.32% ± E 74.30% ± 0.15

3. Results

Table 2 summarizes the findings of our pilot study. It is important to clarify that our
evaluation of the GANs performance for time series data augmentation is conservative: the
benchmarks have been chosen as the best-performing data augmentation methods for each
of the selected classification algorithms, regardless of the dataset type. It is clear that the
performance of the GAN-based data augmentation methods varies considerably across the
six combinations of a dataset (three options) and a classifier (two options), from the best
performance for the (D3, LSTM) combination to the worst performance for the (D2, LSTM)
combination.

We conjecture that a possible reason for the observed fluctuating performance may be
due to our architecture falling in the well-known mode-collapse, where the discriminator
is being fooled via the repetitive generation of the same, still well-shaped sample [15].
This behavior is clearly evident in Figure 1 where we compare a batch of synthetic time
series (top) against the same number of real samples (bottom) from the dataset D2 (left)
and dataset D3 (right). It may be seen that, while the shape of the synthetic examples
is qualitatively learned by the generator, the intra-variability of the batch of synthetic
data is much smaller that that of the real data, possibly because the generator is basically
reproducing one very similar example over and over again.

https://www.cs.ucr.edu/~eamonn/time_series_data_2018/
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<latexit sha1_base64="klc9yNpaq7OFr2oho/XSKQMMCYI=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJyrIhAsoIGsogkYeUWNH5sklOOZ+tuzUisvILtFDRIVp+h4J/wTYuIGGq0cyudnb8SAqDjvNplVZW19Y3ypuVre2d3b3q/kHbhLHm0OKhDHXXZwakUNBCgRK6kQYW+BI6/vQm8zsPoI0I1T3OIvACNlZiJDjDTHLsemVQrTm2k4MuE7cgNVKgOah+9YchjwNQyCUzpuc6EXoJ0yi4hHmlHxuIGJ+yMfRSqlgAxkvyrHN6EhuGIY1AUyFpLsLvjYQFxswCP50MGE7MopeJ/3m9GEdXXiJUFCMonh1CISE/ZLgWaQlAh0IDIsuSAxWKcqYZImhBGeepGKetZH24i98vk/aZ7V7Y53f1WuO6aKZMjsgxOSUuuSQNckuapEU4mZAn8kxerEfr1Xqz3n9GS1axc0j+wPr4BjFDkcs=</latexit>

0.4

<latexit sha1_base64="Pq0oZK8ZlGVCw4VxIUQiw8WGP9E=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJyrIBQcoIGsog4SRSYkXnyyaccj5bd2ukyMo30EJFh2j5HAr+Bdu4gISpRjO72tkJYikMOs6nVVlZXVvfqG7WtrZ3dvfq+wcdEyWag8cjGelewAxIocBDgRJ6sQYWBhK6wfQm97uPoI2I1D3OYvBDNlFiLDjDTPIcu1mrDesNx3YK0GXilqRBSrSH9a/BKOJJCAq5ZMb0XSdGP2UaBZcwrw0SAzHjUzaBfkYVC8H4aRF2Tk8SwzCiMWgqJC1E+L2RstCYWRhkkyHDB7Po5eJ/Xj/BcdNPhYoTBMXzQygkFIcM1yJrAehIaEBkeXKgQlHONEMELSjjPBOTrJa8D3fx+2XSObPdS/v87qLRui6bqZIjckxOiUuuSIvckjbxCCeCPJFn8mLNrFfrzXr/Ga1Y5c4h+QPr4xtsrpHj</latexit>

0.8

<latexit sha1_base64="EMa8kzg56Iqxv8/Ybhkdohfpdes=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJBsuGCCgjaCiDhJNIiRWdL5twyvls3a2RIivfQAsVHaLlcyj4F2zjAgJTjWZ2tbMTxFIYdJwPq7K0vLK6Vl2vbWxube/Ud/c6Jko0B49HMtK9gBmQQoGHAiX0Yg0sDCR0g+l17ncfQBsRqTucxeCHbKLEWHCGmeSdOHazNqw3HNspQP8StyQNUqI9rH8ORhFPQlDIJTOm7zox+inTKLiEeW2QGIgZn7IJ9DOqWAjGT4uwc3qUGIYRjUFTIWkhws+NlIXGzMIgmwwZ3ptFLxf/8/oJji/9VKg4QVA8P4RCQnHIcC2yFoCOhAZElicHKhTlTDNE0IIyzjMxyWrJ+3AXv/9LOqe2e26f3TYbrauymSo5IIfkmLjkgrTIDWkTj3AiyCN5Is/WzHqxXq2379GKVe7sk1+w3r8AnQ+SAg==</latexit>�0.4

<latexit sha1_base64="N7BTD/59l8NgoF1L8ZBvQ9MKPgw=">AAAB9nicbVC7TsNAEDzzDOYVoKQ5ESFRWTYgoIygoQwSeUiJFZ0vm+SU89m6WyMiK79ACxUdouV3KPgXbOMCEqYazexqZyeIpTDoup/W0vLK6tp6ZcPe3Nre2a3u7bdMlGgOTR7JSHcCZkAKBU0UKKETa2BhIKEdTG5yv/0A2ohI3eM0Bj9kIyWGgjPMJdex7X615jpuAbpIvJLUSIlGv/rVG0Q8CUEhl8yYrufG6KdMo+ASZnYvMRAzPmEj6GZUsRCMnxZZZ/Q4MQwjGoOmQtJChN8bKQuNmYZBNhkyHJt5Lxf/87oJDq/8VKg4QVA8P4RCQnHIcC2yEoAOhAZElicHKhTlTDNE0IIyzjMxyVrJ+/Dmv18krVPHu3DO7s5r9euymQo5JEfkhHjkktTJLWmQJuFkTJ7IM3mxHq1X6816/xldssqdA/IH1sc375SRoQ==</latexit>

0.

<latexit sha1_base64="klc9yNpaq7OFr2oho/XSKQMMCYI=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJyrIhAsoIGsogkYeUWNH5sklOOZ+tuzUisvILtFDRIVp+h4J/wTYuIGGq0cyudnb8SAqDjvNplVZW19Y3ypuVre2d3b3q/kHbhLHm0OKhDHXXZwakUNBCgRK6kQYW+BI6/vQm8zsPoI0I1T3OIvACNlZiJDjDTHLsemVQrTm2k4MuE7cgNVKgOah+9YchjwNQyCUzpuc6EXoJ0yi4hHmlHxuIGJ+yMfRSqlgAxkvyrHN6EhuGIY1AUyFpLsLvjYQFxswCP50MGE7MopeJ/3m9GEdXXiJUFCMonh1CISE/ZLgWaQlAh0IDIsuSAxWKcqYZImhBGeepGKetZH24i98vk/aZ7V7Y53f1WuO6aKZMjsgxOSUuuSQNckuapEU4mZAn8kxerEfr1Xqz3n9GS1axc0j+wPr4BjFDkcs=</latexit>

0.4

<latexit sha1_base64="Pq0oZK8ZlGVCw4VxIUQiw8WGP9E=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJyrIBQcoIGsog4SRSYkXnyyaccj5bd2ukyMo30EJFh2j5HAr+Bdu4gISpRjO72tkJYikMOs6nVVlZXVvfqG7WtrZ3dvfq+wcdEyWag8cjGelewAxIocBDgRJ6sQYWBhK6wfQm97uPoI2I1D3OYvBDNlFiLDjDTPIcu1mrDesNx3YK0GXilqRBSrSH9a/BKOJJCAq5ZMb0XSdGP2UaBZcwrw0SAzHjUzaBfkYVC8H4aRF2Tk8SwzCiMWgqJC1E+L2RstCYWRhkkyHDB7Po5eJ/Xj/BcdNPhYoTBMXzQygkFIcM1yJrAehIaEBkeXKgQlHONEMELSjjPBOTrJa8D3fx+2XSObPdS/v87qLRui6bqZIjckxOiUuuSIvckjbxCCeCPJFn8mLNrFfrzXr/Ga1Y5c4h+QPr4xtsrpHj</latexit>

0.8

<latexit sha1_base64="kUCUo/NdB4OkcKwnO/Oc6c71KEQ=">AAAB9HicbVC7TsNAEFzzDOEVoKQ5ESFRRTYgoIygoQyIPKTEis6XTTjl/NDdOlJk5Q9ooaJDtPwPBf+CbVxAwlSjmV3t7HiRkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+y0TxlpgU4Qq1B2PG1QywCZJUtiJNHLfU9j2xjeZ356gNjIMHmgaoevzUSCHUnBKpXu73K9U7Zqdgy0SpyBVKNDoV756g1DEPgYkFDem69gRuQnXJIXCWbkXG4y4GPMRdlMacB+Nm+RJZ+w4NpxCFqFmUrFcxN8bCfeNmfpeOulzejTzXib+53VjGl65iQyimDAQ2SGSCvNDRmiZVoBsIDUS8Sw5MhkwwTUnQi0ZFyIV47STrA9n/vtF0jqtORe1s7vzav26aKYEh3AEJ+DAJdThFhrQBAFDeIJneLEm1qv1Zr3/jC5Zxc4B/IH18Q1NopFV</latexit>

0
<latexit sha1_base64="rohCy12p9SvoAOI6CBZDU14oD7o=">AAAB9HicbVC7TsNAEDyHVwivACXNiQiJKrJ5lxE0lAGRh5RE0fqyCaecH7pbR4qs/AEtVHSIlv+h4F+wjQtImGo0s6udHTdU0pBtf1qFpeWV1bXiemljc2t7p7y71zRBpAU2RKAC3XbBoJI+NkiSwnaoETxXYcsd36R+a4LayMB/oGmIPQ9GvhxKAZRI9+d2v1yxq3YGvkicnFRYjnq//NUdBCLy0CehwJiOY4fUi0GTFApnpW5kMAQxhhF2EuqDh6YXZ0ln/CgyQAEPUXOpeCbi740YPGOmnptMekCPZt5Lxf+8TkTDq14s/TAi9EV6iKTC7JARWiYVIB9IjUSQJkcufS5AAxFqyUGIRIySTkpJH87894ukeVJ1Lqqnd2eV2nXeTJEdsEN2zBx2yWrsltVZgwk2ZE/smb1YE+vVerPef0YLVr6zz/7A+vgGkKyRgA==</latexit>

50
<latexit sha1_base64="w4pZaXSewGJ5AskPYPtl7e4ZTUI=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTYgoIygoQyCPKTEitaXTTjl/NDdGhRZ+QRaqOgQLd9Dwb9gGxeQMNVoZlc7O16kpCHb/rQWFpeWV1ZLa+X1jc2t7crObsuEsRbYFKEKdccDg0oG2CRJCjuRRvA9hW1vfJX57QfURobBHU0idH0YBXIoBVAq3Tq23a9U7Zqdg88TpyBVVqDRr3z1BqGIfQxIKDCm69gRuQlokkLhtNyLDUYgxjDCbkoD8NG4SR51yg9jAxTyCDWXiuci/t5IwDdm4nvppA90b2a9TPzP68Y0vHATGUQxYSCyQyQV5oeM0DLtAPlAaiSCLDlyGXABGohQSw5CpGKcllJO+3Bmv58nreOac1Y7uTmt1i+LZkpsnx2wI+awc1Zn16zBmkywEXtiz+zFerRerTfr/Wd0wSp29tgfWB/f+o6Rtg==</latexit>

100
<latexit sha1_base64="RwTRBurKKXpwA5CSUBDIQcCLpO4=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIDAsoIGsogyENKrOh82YRTzg/drUGRlU+ghYoO0fI9FPwLjnEBCVONZna1s+NFShqy7U+rsLS8srpWXC9tbG5t75R391omjLXApghVqDseN6hkgE2SpLATaeS+p7Dtja9mfvsBtZFhcEeTCF2fjwI5lIJTKt3WbLtfrthVOwNbJE5OKpCj0S9/9QahiH0MSChuTNexI3ITrkkKhdNSLzYYcTHmI+ymNOA+GjfJok7ZUWw4hSxCzaRimYi/NxLuGzPxvXTS53Rv5r2Z+J/XjWl44SYyiGLCQMwOkVSYHTJCy7QDZAOpkYjPkiOTARNccyLUknEhUjFOSymlfTjz3y+SVq3qnFVPbk4r9cu8mSIcwCEcgwPnUIdraEATBIzgCZ7hxXq0Xq036/1ntGDlO/vwB9bHN/wfkbc=</latexit>

200
<latexit sha1_base64="/91FggTa50o6PAq3UnhqYG3njTU=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrJ5lxE0lEGQh5RY0fqyCaecH7pbgyIrn0ALFR2i5Xso+BdskwISphrN7Gpnx4uUNGTbn1ZhYXFpeaW4Wlpb39jcKm/vNE0Ya4ENEapQtz0wqGSADZKksB1pBN9T2PJGV5nfekBtZBjc0ThC14dhIAdSAKXSrXNq98oVu2rn4PPEmZIKm6LeK391+6GIfQxIKDCm49gRuQlokkLhpNSNDUYgRjDETkoD8NG4SR51wg9iAxTyCDWXiuci/t5IwDdm7HvppA90b2a9TPzP68Q0uHATGUQxYSCyQyQV5oeM0DLtAHlfaiSCLDlyGXABGohQSw5CpGKcllJK+3Bmv58nzaOqc1Y9vjmp1C6nzRTZHttnh8xh56zGrlmdNZhgQ/bEntmL9Wi9Wm/W+89owZru7LI/sD6+AQJtkbs=</latexit>

150

Time step
Va

lue

<latexit sha1_base64="EMa8kzg56Iqxv8/Ybhkdohfpdes=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJBsuGCCgjaCiDhJNIiRWdL5twyvls3a2RIivfQAsVHaLlcyj4F2zjAgJTjWZ2tbMTxFIYdJwPq7K0vLK6Vl2vbWxube/Ud/c6Jko0B49HMtK9gBmQQoGHAiX0Yg0sDCR0g+l17ncfQBsRqTucxeCHbKLEWHCGmeSdOHazNqw3HNspQP8StyQNUqI9rH8ORhFPQlDIJTOm7zox+inTKLiEeW2QGIgZn7IJ9DOqWAjGT4uwc3qUGIYRjUFTIWkhws+NlIXGzMIgmwwZ3ptFLxf/8/oJji/9VKg4QVA8P4RCQnHIcC2yFoCOhAZElicHKhTlTDNE0IIyzjMxyWrJ+3AXv/9LOqe2e26f3TYbrauymSo5IIfkmLjkgrTIDWkTj3AiyCN5Is/WzHqxXq2379GKVe7sk1+w3r8AnQ+SAg==</latexit>�0.4

<latexit sha1_base64="N7BTD/59l8NgoF1L8ZBvQ9MKPgw=">AAAB9nicbVC7TsNAEDzzDOYVoKQ5ESFRWTYgoIygoQwSeUiJFZ0vm+SU89m6WyMiK79ACxUdouV3KPgXbOMCEqYazexqZyeIpTDoup/W0vLK6tp6ZcPe3Nre2a3u7bdMlGgOTR7JSHcCZkAKBU0UKKETa2BhIKEdTG5yv/0A2ohI3eM0Bj9kIyWGgjPMJdex7X615jpuAbpIvJLUSIlGv/rVG0Q8CUEhl8yYrufG6KdMo+ASZnYvMRAzPmEj6GZUsRCMnxZZZ/Q4MQwjGoOmQtJChN8bKQuNmYZBNhkyHJt5Lxf/87oJDq/8VKg4QVA8P4RCQnHIcC2yEoAOhAZElicHKhTlTDNE0IIyzjMxyVrJ+/Dmv18krVPHu3DO7s5r9euymQo5JEfkhHjkktTJLWmQJuFkTJ7IM3mxHq1X6816/xldssqdA/IH1sc375SRoQ==</latexit>

0.

<latexit sha1_base64="klc9yNpaq7OFr2oho/XSKQMMCYI=">AAAB9nicbVC7TsNAEDyHVwivACXNiQiJyrIhAsoIGsogkYeUWNH5sklOOZ+tuzUisvILtFDRIVp+h4J/wTYuIGGq0cyudnb8SAqDjvNplVZW19Y3ypuVre2d3b3q/kHbhLHm0OKhDHXXZwakUNBCgRK6kQYW+BI6/vQm8zsPoI0I1T3OIvACNlZiJDjDTHLsemVQrTm2k4MuE7cgNVKgOah+9YchjwNQyCUzpuc6EXoJ0yi4hHmlHxuIGJ+yMfRSqlgAxkvyrHN6EhuGIY1AUyFpLsLvjYQFxswCP50MGE7MopeJ/3m9GEdXXiJUFCMonh1CISE/ZLgWaQlAh0IDIsuSAxWKcqYZImhBGeepGKetZH24i98vk/aZ7V7Y53f1WuO6aKZMjsgxOSUuuSQNckuapEU4mZAn8kxerEfr1Xqz3n9GS1axc0j+wPr4BjFDkcs=</latexit>

0.4

<latexit sha1_base64="Pq0oZK8ZlGVCw4VxIUQiw8WGP9E=">AAAB93icbVC7TsNAEDyHVwivACXNiQiJyrIBQcoIGsog4SRSYkXnyyaccj5bd2ukyMo30EJFh2j5HAr+Bdu4gISpRjO72tkJYikMOs6nVVlZXVvfqG7WtrZ3dvfq+wcdEyWag8cjGelewAxIocBDgRJ6sQYWBhK6wfQm97uPoI2I1D3OYvBDNlFiLDjDTPIcu1mrDesNx3YK0GXilqRBSrSH9a/BKOJJCAq5ZMb0XSdGP2UaBZcwrw0SAzHjUzaBfkYVC8H4aRF2Tk8SwzCiMWgqJC1E+L2RstCYWRhkkyHDB7Po5eJ/Xj/BcdNPhYoTBMXzQygkFIcM1yJrAehIaEBkeXKgQlHONEMELSjjPBOTrJa8D3fx+2XSObPdS/v87qLRui6bqZIjckxOiUuuSIvckjbxCCeCPJFn8mLNrFfrzXr/Ga1Y5c4h+QPr4xtsrpHj</latexit>

0.8

<latexit sha1_base64="8VVuA2ce35cdGaQMd7fodhDpnJs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrIBQcoIGsogyENKrOh82YRTzmfrbg2KrHwCLVR0iJbvoeBfsI0LSJhqNLOrnR0/ksKg43xapaXlldW18nplY3Nre6e6u9c2Yaw5tHgoQ931mQEpFLRQoIRupIEFvoSOP7nK/M4DaCNCdYfTCLyAjZUYCc4wlW4duz6o1hzbyUEXiVuQGinQHFS/+sOQxwEo5JIZ03OdCL2EaRRcwqzSjw1EjE/YGHopVSwA4yV51Bk9ig3DkEagqZA0F+H3RsICY6aBn04GDO/NvJeJ/3m9GEd1LxEqihEUzw6hkJAfMlyLtAOgQ6EBkWXJgQpFOdMMEbSgjPNUjNNSKmkf7vz3i6R9Yrvn9unNWa1xWTRTJgfkkBwTl1yQBrkmTdIinIzJE3kmL9aj9Wq9We8/oyWr2Nknf2B9fAMCZJG7</latexit>

0.8

Time step

Va
lu

e

<latexit sha1_base64="H2mM5dRhEqhnQjhd/SqpZ6pDW6I=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJyrJ5lxE0lEGQh5RY0fmyCaecz9bdGhRZ+QRaqOgQLd9Dwb9gGxeQMNVoZlc7O34khUHH+bRKC4tLyyvl1cra+sbmVnV7p2XCWHNo8lCGuuMzA1IoaKJACZ1IAwt8CW1/fJX57QfQRoTqDicReAEbKTEUnGEq3Tr2ab9ac2wnB50nbkFqpECjX/3qDUIeB6CQS2ZM13Ui9BKmUXAJ00ovNhAxPmYj6KZUsQCMl+RRp/QgNgxDGoGmQtJchN8bCQuMmQR+OhkwvDezXib+53VjHF54iVBRjKB4dgiFhPyQ4VqkHQAdCA2ILEsOVCjKmWaIoAVlnKdinJZSSftwZ7+fJ60j2z2zj29OavXLopky2SP75JC45JzUyTVpkCbhZESeyDN5sR6tV+vNev8ZLVnFzi75A+vjG/2okbg=</latexit>

0.5

<latexit sha1_base64="XP7FYgPBt66mWCYzWqq4jeOF76I=">AAAB9HicbVC7TsNAEDzzDOEVoKQ5ESFRWTYgoIygoQyIPKTEitaXTTjl/NDdOlIU5Q9ooaJDtPwPBf+CbVxAwlSjmV3t7PixkoYc59NaWl5ZXVsvbZQ3t7Z3dit7+00TJVpgQ0Qq0m0fDCoZYoMkKWzHGiHwFbb80U3mt8aojYzCB5rE6AUwDOVACqBUunfsXqXq2E4OvkjcglRZgXqv8tXtRyIJMCShwJiO68TkTUGTFApn5W5iMAYxgiF2UhpCgMab5kln/DgxQBGPUXOpeC7i740pBMZMAj+dDIAezbyXif95nYQGV95UhnFCGIrsEEmF+SEjtEwrQN6XGokgS45chlyABiLUkoMQqZiknZTTPtz57xdJ89R2L+yzu/Nq7bpopsQO2RE7YS67ZDV2y+qswQQbsCf2zF6ssfVqvVnvP6NLVrFzwP7A+vgGhb6ReQ==</latexit>

0.

<latexit sha1_base64="5YApnpYVq3TTZIJ32Eq+KTs9cJM=">AAAB9nicbVC7TsNAEDzzDOEVoKQ5ESHRYNm8ywgayiCRh5RY0fmySU45n627NSKy8gu0UNEhWn6Hgn/BNi4gYarRzK52dvxICoOO82ktLC4tr6yW1srrG5tb25Wd3aYJY82hwUMZ6rbPDEihoIECJbQjDSzwJbT88U3mtx5AGxGqe5xE4AVsqMRAcIaZdOzY571K1bGdHHSeuAWpkgL1XuWr2w95HIBCLpkxHdeJ0EuYRsElTMvd2EDE+JgNoZNSxQIwXpJnndLD2DAMaQSaCklzEX5vJCwwZhL46WTAcGRmvUz8z+vEOLjyEqGiGEHx7BAKCfkhw7VISwDaFxoQWZYcqFCUM80QQQvKOE/FOG2lnPbhzn4/T5ontnthn96dVWvXRTMlsk8OyBFxySWpkVtSJw3CyYg8kWfyYj1ar9ab9f4zumAVO3vkD6yPb2lUke8=</latexit>�0.5

Time step

<latexit sha1_base64="YPauhUxn+U7SXsf3OE16oOniZRY=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIBAWUEDWUikYeUWNH5sgmnnM/W3R5SZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTKa2srq1vlDcrW9s7u3vV/YOOiazm0OaRjHQvYAakUNBGgRJ6sQYWBhK6wfQ287uPoI2I1D3OYvBDNlFiLDjDVGq5w2rNrbs56DLxClIjBZrD6tdgFHEbgkIumTF9z43RT5hGwSXMKwNrIGZ8yibQT6liIRg/yYPO6Yk1DCMag6ZC0lyE3xsJC42ZhUE6GTJ8MIteJv7n9S2Or/1EqNgiKJ4dQiEhP2S4FmkDQEdCAyLLkgMVinKmGSJoQRnnqWjTSippH97i98ukc1b3LuvnrYta46ZopkyOyDE5JR65Ig1yR5qkTTgB8kSeyYtjnVfnzXn/GS05xc4h+QPn4xsY7ZFB</latexit>

0
<latexit sha1_base64="EFh8PVkx1fXhIkbpkPKcsrDQW7s=">AAAB9HicbVC7TsNAEFyHVwivACXNiQiJKrIhAsoIGsqAyENKouh82YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge643KCSPjZJksJOqJF7rsK2O7lJ/fYUtZGB/0CzEPseH/tyJAWnRLqv2YNyxa7aGdgycXJSgRyNQfmrNwxE5KFPQnFjuo4dUj/mmqRQOC/1IoMhFxM+xm5Cfe6h6cdZ0jk7iQyngIWomVQsE/H3Rsw9Y2aem0x6nB7NopeK/3ndiEZX/Vj6YUToi/QQSYXZISO0TCpANpQaiXiaHJn0meCaE6GWjAuRiFHSSSnpw1n8fpm0zqrORfX8rlapX+fNFOEIjuEUHLiEOtxCA5ogYARP8Awv1tR6td6s95/RgpXvHMIfWB/fjxyRfw==</latexit>

40
<latexit sha1_base64="LmVtzcXzT3n1uKjp7gW0H8mY8Wo=">AAAB9HicbVC7TsNAEFyHVwivACXNiQiJKrIBQcoIGsqAyENKouh82YRTzg/drSNFVv6AFio6RMv/UPAv2MYFJEw1mtnVzo4bKmnItj+twsrq2vpGcbO0tb2zu1feP2iZINICmyJQge643KCSPjZJksJOqJF7rsK2O7lJ/fYUtZGB/0CzEPseH/tyJAWnRLqv2YNyxa7aGdgycXJSgRyNQfmrNwxE5KFPQnFjuo4dUj/mmqRQOC/1IoMhFxM+xm5Cfe6h6cdZ0jk7iQyngIWomVQsE/H3Rsw9Y2aem0x6nB7NopeK/3ndiEa1fiz9MCL0RXqIpMLskBFaJhUgG0qNRDxNjkz6THDNiVBLxoVIxCjppJT04Sx+v0xaZ1Xnsnp+d1GpX+fNFOEIjuEUHLiCOtxCA5ogYARP8Awv1tR6td6s95/RgpXvHMIfWB/flVyRgw==</latexit>
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Figure 1. Batch of time series from dataset D2 (left) and dataset D3 (right) using the GAN-based data
augmentation method. (Top) Real data. (Bottom) Synthetic data.

4. Discussion

Based on the results of the pilot study, we conclude that the GAN architecture we have
selected does not consistently improve the accuracy of the final classification task when
compared against the chosen benchmarks.

We start the discussion with some general comments regarding the performance
metrics used in our pilot study, metrics inherited from the evaluation study reported in [2].
Data augmentation methods are supposed to preserve the statistical properties of the
original data by learning to draw samples from the joint distribution of the training dataset.
Downstream classification tasks are not capable of thoroughly evaluating this capacity.
For example, by simply reproducing the same time series per class, we can achieve high
accuracy when performing a classification task, whereas the variability of the data will
not be preserved. The use of more sophisticated statistical metrics is needed to quantify
the degree to which the joint distribution of the original data is reproduced, even though
currently there is no agreement regarding a unique way to fully characterize the statistical
distribution of time series. For example, we could compare time series datasets in terms of
conditional statistical distributions. Well-performing methods in Table 2, such as jittering,
may report poor performance in reproducing these specific summary statistics. Adding
noise to the original data may help a classifier to easily assign the correct class label, but
the variability of the original data will clearly not be preserved.

By cross-comparing Tables 1 and 2, we conclude that the generative performance may
decrease when considering deeper and deeper time series in the training set, implying
that Conditional Recurrent GANs [10] still miss long term memory effects, which may be
captured by more advanced architectures (e.g., TimeGANs [16]). In addition, the mode-
collapse issue, conjectured to be a possible reason for the observed performance of the
GAN-based data augmentation methods, may be addressed by implementing a Wasserstein
loss function during optimization. Wasserstein GANs have indeed been shown to make
training less prone to this problem [15]. Both these possible solutions to the problems
identified during this pilot study will be the subject of future research.

5. Conclusions

In the pilot study, we have generated artificial data starting from a batch of real data.
Upon data augmentation, a classifier was trained over a mixed synthetic-real dataset, and
evaluated on a real test dataset. Following [10], a more rigorous approach would have
required a two step evaluation: training on synthetic, testing on real, along with training
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on real, testing on synthetic. Low variability within the synthetic dataset (e.g., due to
mode-collapse and/or other reasons) would lead to a poor performance when testing on
real data. In the pilot study, such generative defect is hidden by the real highly variable
data. Based on these considerations, it is also very important to formally evaluate the
diversity of the synthetic time series generation [17].

For the datasets we have included in the pilot study, the neural networks deployed for
the classification task show overall poor performance, in some cases the accuracy being close
to the pure randomness level. It was proved in [18] that simpler approaches to such task
may outperform neural networks-based approaches. Because a classifier reporting ∼ 50%
accuracy is not informative with regards to the underlying data augmentation efficiency, it
will be useful to complement the above evaluation with more accurate algorithms, such as
Dynamic Time Wrapping and its variations [19,20].

Our pilot study on the use of GAN-based data augmentation for time series had
provided important preliminary information that could be used to design future evaluation
studies. Based on these preliminary results, future studies on this topic should use more
advanced GAN architectures, with Wasserstein loss function, involve a two-step evaluation
process, and provide a formal assessment of the diversity of the synthetic time series
generation.
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