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CHAPTER 1

Introduction

A time series is a sequence of observations, or data points, that is arranged based on the times of their occurrence. The
hourly measurement of wind speeds in meteorology, the minute by minute recording of electrical activity along the
scalp in electroencephalography, and the weekly changes of stock prices in finances are just some examples of time
series, among many others. Some of the following properties may be observed in time series data:

* the data is not generated independently
* their dispersion varies in time
* they are often governed by a trend and/or have cyclic components

The study and analysis of time series can have multiple ends: to gain a better understanding of the mechanism gener-
ating the data, to predict future outcomes and behaviors, to classify and characterize events, or more.

In [2]: ts_anim()
Out [2]: <matplotlib.animation.FuncAnimation at 0x7fcf28344250>

In time-domain astronomy, data gathered from the telescopes is usually represented in the form of light-curves which
are time series that show the brightness variation of an object through a period of time (for a visual representation
see video below). Based on the variability characteristics of the light-curves, celestial objects can be classified into
different groups (quasars, long period variables, eclipsing binaries, etc.) and consequently can be studied in depth
independently.

Classification of data into groups can be performed in several ways given light curve data: primarily, existing meth-
ods found in the literature use machine learning algorithms that group light-curves into categories through feature
extraction from the light-curve data. These light-curve features, the topic of this work, are numerical or categorical
properties of the light-curves which can be used to characterize and distinguish the different variability classes. Fea-
tures can range from basic statistical properties such as the mean or the standard deviation to more complex time series
characteristics such as the autocorrelation function. These features should ideally be informative and discriminative,
thus allowing for machine learning or other algorithms to use them to distinguish between classes of light-curves.

In this document, which allows for the fast and efficient calculation of a compilation of many existing light-curve
features. The main goal is to create a collaborative and open tool where users can characterize or analyze an astronom-
ical photometric database while also contributing to the library by adding new features. However, it is important to
highlight that this library is not necessarily restricted to the astronomical domain and can also be applied to any kind
of time series data.
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Our vision is to be capable of analyzing and comparing light curves from any available astronomical catalog in a
standard and universal way. This would facilitate and make more efficient tasks such as modeling, classification, data
cleaning, outlier detection, and data analysis in general. Consequently, when studying light curves, astronomers and
data analysts using our library would be able to compare and match different features in a standardized way. In order to
achieve this goal, the library should be run and features generated for every existent survey (MACHO, EROS, OGLE,
Catalina, Pan-STARRS, VVV, etc.), as well as for future surveys (LSST), and the results shared openly, as is this
library.

In the remainder of this document, we provide an overview of the features developed so far and explain how users can
contribute to the library. A Readme file is also available in case of needing extra information.

1.1 Video 1: Light-Curve of Triple Star

The video below shows how data from the brightness intensity of a star through time results on a light-curve. In this
particular case we are observing a complex triple system in which three stars have mutual eclipses as each of the stars
gets behind or in front of the others.

In [3]: macho_video ()
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The following figure presents example light-curves of each class in the MACHO survey. The x-axis is the modified
Julian Date (MJD), and the y-axis is the MACHO B-magnitude.

In [4]: macho_examplell ()

4 Chapter 1. Introduction
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CHAPTER 2

The library

2.1 How to cite feets

The user can cite this library by:

2.2 Library structure

The library is coded in python and can be downloaded from the Github repository https://github.com/carpyncho/feets.
New features may be added by issuing pull requests via the Github version control system. For a quick guide on how
to use github visit https://guides.github.com/activities/hello-world/.

It is also possible to obtain the library by downloading the python package from https:/pypi.python.org/pypi/feets or
by directly installing it from the terminal as follows:

$ pip install feets

The library receives as input the time series data and returns as output an array with the calculated features. Depending
on the available input the user can calculate different features. For example, if the user has only the vectors magnitude
and time, just the features that need this data will be able to be computed.

In order to calculate all the possible features the following vectors (also termed as raw data) are needed per light curve:
* time
* magnitude
* error
* magnitude2
* time2

e error2



https://github.com/carpyncho/feets
https://guides.github.com/activities/hello-world/
https://pypi.python.org/pypi/feets
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where 2 refers to a different observation band. It is worth pointing out that the magnitude vector is the only input
strictly required by the library given that it is necessary for the calculation of all the features. The remaining vectors
are optional since they are needed just by some features. In other words, if the user does not have this additional data
or he is analyzing time series other than light curves, it is still possible to calculate some of the features. More details
are presented in the next section.

This is an example of how the input could look like if you have only magnitude and time as input vectors:

In [5]: lc_example = np.array([time_ex, magnitude_ex])
lc_example

Out [5]: array([[ 0.00000000e+00, 1.00000000e+00, 2.00000000e+00,
3.00000000e+00, 4.00000000e+00, 5.00000000e+00,
6.00000000e+00, 7.00000000e+00, 8.00000000e+00,
9.00000000e+00, 1.00000000e+01, 1.10000000e+01,
1.20000000e+01, 1.30000000e+01, 1.40000000e+01,
1.50000000e+01, 1.60000000e+01, 1.70000000e+01,
1.80000000e+01, 1.90000000e+01, 2.00000000e+01,
2.10000000e+01, 2.20000000e+01, 2.30000000e+01,
2.40000000e+01, 2.50000000e+01, 2.60000000e+01,
2.70000000e+01, 2.80000000e+01, 2.90000000e+017,

[ 3.32238304e-01, 3.95651464e-01, 9.47142936e-01,
6.30955017e-01, 4.39524699e-01, 3.25583077e-01,
9.51856448e-03, 3.65572946e-01, 6.96280787e-01,
7.02260403e-01, 7.9740896%9e-01, 3.20600403e-01,
1.21122399%e-01, 3.78483226e-01, 4.09628525e-01,
9.33732100e-01, 3.06301692e-02, 4.94147177e-01,
1.90202429%e-01, 3.64501939%9e-01, 5.25655035e-01,
2.69316810e-01, 2.98300566e-01, 4.25284142e-01,
9.17519950e-01, 1.70815735e-01, 7.07963171e-02,
9.34161848e-01, 1.67910997e-02, 6.00558093e-0111)

When observed in different bands, light curves of a same object are not always monitored for the same time length
and at the same precise times. For some features, it is important to align the light curves and to only consider the
simultaneous measurements from both bands. The aligned vectors refer to the arrays obtained by synchronizing the
raw data.

Thus, the actual input needed by the library is an array containing the following vectors and in the following order:
* time
* magnitude
* error
* magnitude2
e aligned_time
* aligned_magnitude
e aligned_magnitude2
* aligned_error
e aligned_error2
The library structure is divided into two main parts.

1. feets.FeatureSpace: is a wrapper class that allows the user to select the features to be calculated based
on the available time series vectors or to specify a list of features. (Also a multiprocessing version called
feets.MPFeatureSpace)

8 Chapter 2. The library
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2. feets.extractors: A package containing the actual code for calculating the features, and multiple tools to create
your own extractor. Each feature has its own extractor class and every extractor can create at leat one feature.
(For more information see: TODO)

The following code is an example of a class in extractors package that calculates the slope of a linear fit to the light-
curve:

import feets
from scipy import stats

class LinearTrend (feets.Extractor): # must inherit from Extractor

data = ['magnitude', 'time'] # Which data 1s needed
# to calculate this feature

features = ["LinearTrend"] # The names of the expected
# feature

# This method receives the data specified in the
# previous line with the same name
def fit(self, magnitude, time):
regression_slope = stats.linregress(time, magnitude) [0]

# The return value must be a dict with the same values
# defined in features
return {"LinearTrend": regression_slope}

If the user wants to use their features after the declaration of the extractor they must register the class with the
register function. For example:

feets.register_extractor (LinearTrend)

2.2.1 Reading example light curve

Feets comes with a [MACHO (http://wwwmacho.anu.edu.au/) Example light-curve,with all the 9 parameters needed
to calculate all the posible features.

In [6]: import feets.datasets

lc = feets.datasets.load_MACHO_example ()
print ("ID:", print(lc.lcid))
print ("Bands:", lc.bands.keys())

lc_1.3444.614
ID: None
Bands: ['R', 'B']

It is sometimes helpful to visualize the data before processing it. For a representation of the light curve, we can plot it
as follows:

In [7]: p = plt.plot(lc.bands.B.time, lc.bands.B.magnitude, 'x-', alpha = 0.6)
plt.xlabel ("Time")
plt.ylabel ("Magnitude")
plt.gca() .invert_yaxis /()

2.2. Library structure 9
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Preproccess

Besides opening the file, the data we noww need to:

* Remove noise: points within 5 standard deviations from the mean are considered as noise and thus are elimi-
nated.

e Align: it synchronizes the light-curves in the two different bands and returns aligned_time,
aligned_magnitude, aligned_magnitude2,aligned_error and aligned_error2.

In [8]: import feets.preprocess

# removing noise of the data
time, mag, error = feets.preprocess.remove_noise (xxlc.bands.B)
time2, mag2, error2 = feets.preprocess.remove_noise (xxlc.bands.R)

# We synchronize the data
atime, amag, amag2, aerror, aerror2 = feets.preprocess.align(
time, time2, mag, mag2, error, error2)

lc = [time, mag, error,
mag2, atime, amag, amag2,
aerror, aerror2]

plt.plot (1c[0], 1lc[l], '"%x-', alpha = 0.6)
plt.xlabel ("Time")

plt.ylabel ("Magnitude")

plt.gca() .invert_yaxis ()

10 Chapter 2. The library
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2.2.2 Choosing the features

The library allows the user to either choose the specific features of interest to be calculated or to calculate them all
simultaneously. Nevertheless, as already mentioned, the features are divided depending on the input data needed for
their computation (magnitude, time, error, second data, etc.). If unspecified, this will be used as an automatic selection
parameter. For example, if the user wants to calculate all the available features but only has the vectors magnitude and
time, only the features that need magnitude and/or time as an input will be computed.

Note: some features depend on other features or must be computed together. For instance, Period_fit returns the false
alarm probability of the estimated period. It is necessary then to calculate also the period PeriodLS.

The list of all the possible features with their corresponding input data, additional parameters and literature source is
presented in the following table:

In [9]: features_table ()
Out[9]: <IPython.core.display.HTML object>

The possible ways of how an user can choose the features from the library to be calculated are presented next.

List of features as an input:

The user can specify a list of features as input by specifying the features as a list for the parameter featureList. In the
following example, we aim to calculate the standard deviation and Stetson L of the data:

In [10]: fs = feets.FeatureSpace(only=['Std', 'StetsonlL'])
features, values = fs.extract (x1lc)
as_table (features, values)

Out[10]: <IPython.core.display.HTML object>

You can provide the same parameters one by one or by keyword intead of use the unpacking * 1 c way. So the following
examples will work:

2.2. Library structure 1
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lc(time, mag, error,
mag2, atime, amag, amag2,
aerror, aerror?)

or

lc(time=time, magnitude=mag, error=error,
magnitude2=mag2, aligned_time=atime,
aligned_magnitude=amag, aligned_magnitude2=amag2,
aligned_error=aerror, aligned_error2=aerror2)

Available data as an input:

In case the user does not have all the input vectors mentioned above, it is necessary to specify the available data by
specifying the list of vectors using the parameter Data. In the example below, we calculate all the features that can be
computed with the magnitude and time as an input.

In [11]: fs = feets.FeatureSpace (data=['magnitude',6 'time'])
features, values = fs.extract (x1lc)
as_table (features, values)

Out [11]: <IPython.core.display.HTML object>
List of features and available data as an input.

It is also possible to provide the available time series input vectors and calculate all possible features from a feature
list using this data:

In [12]: fs = feets.FeatureSpace (
only=['Mean', 'BeyondlStd', 'CAR_sigma', 'Color', 'SlottedA_length'],
data=['magnitude', 'error'])
features, values = fs.extract (xlc)

as_table (features, values)

Out [12]: <IPython.core.display.HTML object>

Excluding list as an input

The user can also create a list of features to be excluded from the calculation. To do so, the list of features to be
excluded can be passed as a list via the parameter exclude. For example:

In [13]: fs = feets.FeatureSpace (
only=['Mean', 'BeyondlsStd', 'CAR_sigma', 'Color', 'SlottedA_length'],

data=['magnitude', 'error'],
exclude=["BeyondlStd"])
features, values = fs.extract (xlc)

as_table (features, values)

Out[13]: <IPython.core.display.HTML object>

All the features

To calculate all the existing features in the library, the user only need to instantiate the feature space without parameters

12 Chapter 2. The library
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In [14]: fs = feets.FeatureSpace()
features, values = fs.extract (xlc)
as_table (features, values)

Out [14]: <IPython.core.display.HTML object>
Required data

The ‘‘FeatureSpace‘‘ object auto generates the set of required data (stored in ‘‘FeatureSpace.required_data_°‘¢)
based on the data, only and exclude params. If you not provide the required data when you excecute the
extract () method, an exception is raised. For example

In [15]: fs = feets.FeatureSpace (only=["PeriodLS"])
fs.required_data_

Out [15]: frozenset ({u'magnitude', u'time'})
In [16]: %$%expect_exception feets.DataRequiredError

fs.extract (time=time)

DataRequiredError Traceback (most recent call last)
<ipython-input-16-4a8cl3£f433b2> in ()
1

————> 2 fs.extract (time=time)

/home/juan/proyectos/carpyncho_FATS/src/feets/core.pyc in (self, time, magnitude, error, magn:
216 "aligned_magnitude2": aligned_magnitudeZz,
217 "aligned_ error": aligned_error,
-—> 218 "aligned_error2": aligned_error2}) 219
220 features = {}
/home/juan/proyectos/carpyncho_FATS/src/feets/core.pyc in (self, kwargs)
198 for k, v in kwargs.items () :
199 if k in self._required_data and v is None:
-—=> 200 raise DataRequiredError (k)
201 array_kwargs[k] = v if v is None else np.asarray(v)
202 return array_kwargs

DataRequiredError: magnitude

Features Calculation Precedence
As showed the parameters data, only and exclude can be combinded and the selected features will be calculated
in three steps:

1. The FeatureSpace select all the features available for the available data, otherwise all the features are
selected.

2. If the only parameter is not None then the selected features from the step 1 are filtered only if they exist in the
only list.

3. If exclude is not None, then removes the features selected by the step 1 and 2 that are also in ex1lude

2.2.3 Library output

When calculating the features of a light-curve, the output are two different array.

2.2. Library structure 13
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1. The first one are the names of the calculated features, where thr 4, element represent the name of the i,
feature.

2. The second array are the values of the features in the same order that the names.

So for example if we want to print the name and the value of the 3rd feature:

In [17]: fs = feets.FeatureSpace ()
features, values = fs.extract (x1lc)
print (features[2], "=", values[2])

AndersonDarling = 1.0

Inother hand this format can be easily converted into a dictionary with the next code:

In [18]: fdict = dict(zip(features, values))
fdict

Out [18]: {u'AMP': 0.63031170344945775,
u'Amplitude': 0.26500000000000057,
u'AndersonDarling': 1.0,
u'Autocor_length': 1.0,
u'BeyondlStd': 0.22278056951423786,
u'CAR_mean': -9.230698873903961,
u'CAR_sigma': -0.21928049298842511,
u'CAR_tau': 0.64112037377348619,
u'Color': -0.33325502453332145,
u'Con': 0.0,
u'Eta_color': 12930.685257570141,
u'Eta_e': 905.63620081228805,
u'FluxPercentileRatioMid20': 0.091314031180401739,
u'FluxPercentileRatioMid35': 0.1781737193763922,
u'FluxPercentileRatioMid50': 0.3162583518930947,
u'FluxPercentileRatioMid65': 0.52338530066815037,
u'FluxPercentileRatioMid80': 0.79955456570155925,
Al

u'Freqgl_harmonics_amplitude_0 0.13297191886665682,
u'Freqgl_harmonics_amplitude_1': 0.077081900719377316,
u'Fregl_harmonics_amplitude_2': 0.049703893823420386,
u'Fregl_harmonics_amplitude_3': 0.025328725816726485,
u'Freql_harmonics_rel_phase_0': 0.0,
u'Fregl_harmonics_rel_phase_1': 0.11506771848541875,
u'Fregl_harmonics_rel_phase_2': 0.33429926719365932,
u'Freqgl_harmonics_rel phase_3': 0.53085557647407389,
u'Freg2_harmonics_amplitude_0': 0.018111456682708856,
u'Freg2_harmonics_amplitude_1': 0.009062250279899587,
u'Freg2_harmonics_amplitude_2': 0.002606316296287086,
u'Freg2_harmonics_amplitude_3': 0.0043998431796405972,
u'Freg2_harmonics_rel_phase_0': 0.0,
u'Freg2_harmonics_rel phase_1': 0.64167261059311065,
u'Freg2_harmonics_rel_phase_2': 1.6898348597478692,

u'Freg2_harmonics_rel_phase_3': -1.2000237019387199,

u'Freg3_harmonics_amplitude_0': 0.016779708905107649,
u'Freg3_harmonics_amplitude_1': 0.0032294212279590758,
u'Freg3_harmonics_amplitude_2': 0.0036643556410844678,
u'Freg3_harmonics_amplitude_3': 0.0043578454710941801,
u'Freg3_harmonics_rel_phase_0': 0.0,
u'Freg3_harmonics_rel_phase_1': 0.44176162428687271,
u'Freg3_harmonics_rel_phase_2': -0.026401976248181636,
u'Freg3_harmonics_rel_phase_3': -0.36156144570222293,

u'Gskew': 0.24549999999999983,
u'LinearTrend': 6.1736585768121618e-06,
u'MaxSlope': 54.725258361167832,

14 Chapter 2. The library
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u'Mean': -5.9179891122278052,

u'Meanvariance': -0.023922513589418142,
u'MedianAbsDev': 0.054499999999999993,
u'MedianBRP': 0.74539363484087107,
u'PairSlopeTrend': 0.033333333333333333,
u'PercentAmplitude': -0.11308575739793782,
u'PercentDifferenceFluxPercentile': -0.075278732500628692,
u'PeriodLS': 0.93694221740476769,

u'Period_fit': 0.0,

u'Psi_CS': 0.18807703843435905,

u'Psi_eta': 0.70784508662419521,

u'Qg31': 0.14100000000000001,

u'Q31l_color': 0.10600000000000076,

u'Recs': 0.039171450772665782,

u'Skew': 0.95646986755937902,

u'SlottedA_length': 1.0,

u'SmallKurtosis': 1.3794786801255068,

u'std': 0.14157317495929828,

u'Stetsond': 1.3984111401436403,

u'StetsonK': 0.69062662628891813,

u'StetsonK_AC': 0.81256316145779794,

u'StetsonL': 0.5823703637198997,
u'StructureFunction_index_21': 2.0475721989892599,
u'StructureFunction_index_31': 3.1276618569316184,
u'StructureFunction_index_32': 1.6990646290639937}

2.3 Ploting the example lightcurve in phase

Note: for periodic light-curves we are able to transform the photometric time series into a single light-curve in which
each period is mapped onto the same time axis as follows:

t—to
¢ = {0

where T is the period, ¢ is an arbitrary starting point and the symbol { } represents the non-integer part of the fraction.
This process produces a folded light-curve on an x-axis of folded time that ranges from 0 to 1. The corresponding
folded light-curve of the previous example is shown next:

In [19]: T = 2 * fdict["PeriodLS"]
new_b = np.mod(lc([0], T) / T;
idx = np.argsort (2 x new_Db)

plt.plot (new_b, 1lcl[l], 'x'")
plt.xlabel ("Phase")
plt.ylabel ("Magnitude")
plt.gca() .invert_yaxis ()

2.3. Ploting the example lightcurve in phase 15
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2.4 The Features

The next section details the features that we have developed in order to represent light curves. For each feature, we
also describe a benchmark test performed in order to test the feature’s correctness.

Note: Each feature was also tested to ensure invarability to unequal sampling. Because telescope observations are not
always taken at uniformly spaced intervals, the light curve features should be invariant to this nonuniformity. These
tests are explained in the appendix of this document.

Let’s first asume the existence of some synthetic light-curves in order to explain each one of the features extractors
along the library:

* lc_normal : its magnitude follows a Gaussian distribution
* lc_periodic: its magnitude has a periodic variability
* lc_uniform: its magnitude follows a uniform distribution

In [21]: from tutorial import =
display (features_doc())

<IPython.core.display.HTML object>

16 Chapter 2. The library
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