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Abstract: The light curve period of an asteroid plays an important role in determining the rotation
period, the collision evolution and the YORP effect. There are many period extraction algorithms
used to find the light curve period of asteroids with long term observation, which are mainly based
on the frequency, time and time—frequency domains. This paper presents a comprehensive and
unparalleled comparison of the popular algorithms based on the DAMIT (Database of Asteroid
Models from Inversion Techniques) data set to show the statistical results. Considering the quoted
period, absolute magnitude, diameter, albedo, time span and number of observations, we analyze
the accuracy of five popular methods using the light curve data of 2902 asteroids. We find that
although the performance of all the algorithms varies little, Phase Dispersion Minimization (PDM)
performs better, followed by Lomb-Scargle (LS), while Conditional Entropy (CE) is not better than
the others under certain conditions. We also analyze the cases which are more suitable for searching
by frequencies or by periods.

Keywords: asteroids; general, methods; data analysis; techniques; photometric; astronomical
databases; miscellaneous

1. Introduction

Most asteroids are solid and shine by reflecting sunlight, so the variation in the
brightness can be observed under one or more of the following three conditions [1]:

(1) The Earth-asteroid and Sun-asteroid distance changes continuously.
(2) The irregular shape and the rotation of an asteroid.
(3) A change in the phase angle.

This brightness variation is called a light curve and the asteroid period can be extracted
by measuring and analyzing light curves.

The determination of the light curve period of the asteroid plays an essential role
in the subsequent study of asteroids. The light curve period indicates the time interval
between two consecutive in-phase points on the light curve, that is, the brightness change
period. It is one of the basic parameters of an asteroid, which is very close to its actual
rotation period. There is a strong correlation between the light curve period and the rotation
period, and the light curve period of an asteroid can be used to calculate its rotation period.
Members of the asteroid family are regarded as fragments of huge asteroids formed after
a catastrophic collision, and there is a clear relationship between the size of an asteroid
and its period of rotation in accordance with the work of Dermott et al. [2]; accordingly,
their rotation period distribution is of great significance for understanding the collision
evolution of asteroids. Binzel [3] studied the rotational frequencies of two asteroid families
(Eos Family, Koronis Family) and found that the distribution of the rotational frequencies
differs widely between the two families, which can be explained as the two asteroid
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families underwent different collision evolutionary processes. Therefore, it is necessary
to combine the geometric position as well as the shape model of the asteroid to fit the
period. By recording and analyzing the time series of the light curve of a specific celestial
body, the period can be found and verified, then the following observations would be
organized in a targeted way [4]. In addition, Lowry et al. [5] reported that the asteroidal
YORP (Yarkovsky—-O’Keefe-Radzievskii-Paddack) effect is a torque that can modify the
rotation rates and obliquities of small bodies in the solar system. Its causes are incident
solar radiation pressure and the recoil effect from anistropic emission of thermal photons.

Butkiewicz-Bak et al. [6] proved that incomplete coverage of the rotation, noise or
aliases stemming from gaps between separate light curves could lead to ambiguous periods
for some asteroids. For example, asteroid (671) Carnegia has been observed many times
and still requires further photometric monitoring to determine which period it belongs
to [7]. However, there is little discussion in the literature of the role of period extraction
algorithms in determining the periodicity of asteroids.

When it comes to algorithms for extracting the light curve period of the asteroid, there
are several options. Szab6 et al. [8] used the Lomb—Scargle (LS) method [9,10] to calculate
the period of main-belt asteroids from the K2 mission; the Phase Dispersion Minimization
(PDM) method [11] was used by Wang and Wang [12] to extract the periodicity of aster-
oid (1028) Lydina; asteroid (423) Diotima’s rotation period was found by Prokof’eva and
Karachkina [13] using the Jurkevich (JK) method [14], which is an analysis of the expected
mean square deviation. Reshetnyk et al. [15] outlined that methods based on PDM, Fourier
analysis and the Lomb normalized periodogram had similar results and higher accuracy.
Sheppard et al. [16] argued that most astronomers used the Harris method [17], which is
a Fourier analysis of light curves, to find the periods of asteroids. For instance, the de-
termination of the periods of 23 main-belt asteroids was taken by the Harris method [18],
and this method was applied to MPO (Minor Planet Observer) Canopus' (a full-featured
astrometry and photometry program capable of providing high accuracy results in both
fields) by BDW Publishing (a website that provides MPO software) for the convenience of
astronomers. However, the Fourier analysis-based approach is not suitable for the data
set with inadequate time coverage [15] and the time complexity is high. The observed
asteroids mentioned above are summarized in Table 1.

Table 1. Asteroids, algorithm, number of asteroids and reference of previous asteroid period calcula-

tion work.
Asteroids Algorithm Number of Asteroids Reference
Main-belt asteroids from the K2 mission LS 955 Szabé et al. [8]
asteroid (1028) Lydina PDM 1 Wang and Wang [12]
Asteroid (423) Diotima JK 1 Prokof’eva and Karachkina [13]
Main-belt asteroids the Harris method 23 Riccioli et al. [18]

So far, some researchers, such as An et al. [4], have made contrasts of the effectiveness
of different period extraction algorithms, and some of them used real variable star data
while others used simulated data. Five methods were tested by Heck et al. [19] and it
was found that none of these methods were distinctly better than the others. In addition,
Swingler [20] proved that JK and PDM methods should be simply approximated as the
Fourier method. The methods using phase binning such as the JK approach were generally
less sensitive than those using smooth model functions such as LS [21]. Graham et al. [22]
firstly used the real variable star data rather than simulated data to compare the popular
period extraction algorithms and found that techniques based on the analysis of variance
with harmonics and Conditional Entropy (CE) [23] consistently gave the best results. It was
also argued that individual algorithms performed better than a simple ensemble approach.

Figure 1 shows the light curve of Asteroid No. 13, which we randomly selected from
the DAMIT database. The abscissa is the time series of the asteroid, while the ordinate is
brightness. Figure 2 depicts the effect of the five algorithms mentioned above to extract the
light curve of Asteroid No. 13. The abscissa represents the different frequencies obtained
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by the extraction, and the ordinate is the power. The peak value of each graph represents
the periodic component of the light curve extracted by this algorithm. It can be seen that,
except for the frequency domain-based algorithm LS, the frequency of the asteroid’s light
variation period obtained by the other four algorithms are all 0.142 h—!, while the frequency
obtained by the LS algorithm is 0.284 h™!. The main reason for this phenomenon is that in
a light cycle, the light curve will mainly have two peaks, which are mainly related to the
rotation of the asteroid and the two peaks are symmetrical. When the asteroid rotates half a
circle or one circle, it will appear as a peak in the light curve. In the frequency-energy graph
obtained by the LS algorithm, the 0.142 peak can also be seen. Therefore, the light curve
measurement has a certain error, which should be 0.142 h~!. Furthermore, Harris et al. [24]
have claimed that most asteroid lightcurves are dominated by the second harmonic of the
rotation period, caused by elongated shape. However, if the shape is not very elongate,
other harmonics may dominate, leading to the rotation period to be mainly affected by

harmonics.
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Figure 1. An example of the light curve of No. 13 asteroid (Egeria) in the DAMIT dataset.
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Figure 2. Taking No. 13 asteroid (Egeria) in the DAMIT dataset as an example.
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In our work, we used the real light curve data of asteroids to compare the effects of
more common algorithms against different parameters of the observation and the object
itself. This study will be useful for future period researches based on separate light curves
of asteroids with long term observation. However, due to the data observation errors, our
experimental results will inevitably have errors.

The article has been organized in the following way: Section 2 presents the information
of the data set; Section 3 introduces some common period extraction algorithms; Section 4
explains the details of the selection of search steps and matching criteria; In Section 5,
we specifically compare the extraction effect of five algorithms; Section 6 makes a further
discussion on the five algorithms; Section 7 describes some related work, and Section 8
summarizes the article.

2. Data Set

DAMIT? [25] contains asteroid models derived using light curve inversion methods.
By September 2021, the database contaied a total of 3304 asteroid data information. It
contains a lot of parameter files about asteroids, such as the ecliptic latitude and longitude
of the asteroid’s autobiographical axis, rotation period, and other basic attributes.

Warner et al. [26] have been compiling asteroid lightcurve data in the Asteroid
Lightcurve Database (LCDB) for more than 25 years with Warner and Pravec assisting the
past several years. The main data contained in the LCDB are the light curve rotation period
and amplitude, color index, H-G parameters, diameter, basic binary asteroid parameters,
spin axis and shape model. By June 2021, the database contains data on 34,970 asteroids.

The light curve data we use is from DAMIT. Due to the longer time coverage and
higher quality of the light curve, the period of the light curve is more reliable. For the study
of various performances of the period extraction algorithms, in order to achieve the various
characteristics of the light curve more clearly, we need the accuracy of the light curve to
improve the reliability. It is a fact that the number of asteroids whose parameter records
in LCDB are complete and which can be found in DAMIT is 2932. In order to make the
data we obtain reliable, we have selected 2902 asteroids with a quality code rating U > 2
among the 2932 asteroids. The specific U division basis can be seen in Section 2.1.

2.1. The Quality Code Rating (U)

The Asteroid Lightcurve Database (LCDB)® established by Warner et al. [26] contains
the quality code rating (U) of the asteroid, which shows the accuracy of the reported period.
The details of the specific evaluation levels are as shown in Table 2 and the U-distribution
of 2932 asteroids is shown in Table 3.

Table 2. The current-day U code assignment criteria [26].

U Meaning

0 Result later proven incorrect. This appears only on records of individual observations.

1 Result based on fragmentary lightcurve(s), may be completely wrong.

Result based on less than full coverage, so that the period may be wrong by 30% or so.
Also, a quality of 2 is used to note results where an ambiguity exists as to the number of
extrema per cycle or the number of elapsed cycles between lightcurves. Hence the result
may be wrong by an integer ratio.

3 Denotes a secure result with no ambiguity and full lightcurve coverage.
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Table 3. The U-distribution of asteroids in DAMIT.

u Number Percentage
0 20 0.68%

1 13 0.44%

2 1286 43.86%

3 1613 55.02%

2.2. Parameter Distribution

In addition to U of the asteroids, other information of the asteroids can also be obtained
from LCDB and DAMIT. Therefore, we collected six parameters of each asteroid from the
data sets, including the quoted period, absolute magnitude (H), diameter, albedo, time
span and number of observations. The probabilistic density distributions of the six are
shown in Figure 3. Note that the periods of the asteroids are mainly between 2 h and
40 h with the minimum period being 2.13 h, while there are also some longer periods.
The absolute magnitude is mainly concentrated in 5-15 mag. It should also be noted that
the number of sampling points varies greatly, which ranges from 51-23,970 with the time
span up to 680,969.34 h (~77.73 yr). Moreover, the albedo and diameter are primarily
related to the class of the asteroid. The distributions of some parameters of the object itself
in our data set are consistent with Warner et al. [26]. The median value of each parameter
is summarized in Table 4.
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Figure 3. The distribution of (a) reported periods in hours, (b) absolute magnitudes, (c) time spans in hours, (d) number

of points in each light curve, (e) diameters in kilometers and (f) albedos for asteroids of different classes in DAMIT. The

“normalization” in the ordinate means: the integral of the probability density is 1, that is, its total area (the sum of the

products of the horizontal and vertical coordinates of each bar chart) is 1. The letters in the legend indicate the codes of

different types of asteroids classified by spectrum, which are mainly divided into S, C, X and Other types. Among them,

S-type asteroids are stony meteorite asteroids, which account for 17% of all asteroids, and are the second most numerous

asteroids, generally composed of silicides; C-type asteroids are carbonaceous chondrites. It accounts for 75% of all asteroids

and is the most numerous asteroids, mostly distributed in the outer layer of the asteroid belt; X-type asteroids have very

similar spectra, but there are still groups of different compositions (E-type, P-type, and P-type). In addition, other types of

asteroids are relatively small, so they are unified into other types. In our data set, S-type asteroids account for a relatively
high proportion of about 51.8%, while C-type asteroids account for about 36.5%, and X-type asteroids account for about 6%.
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Table 4. Median value of each parameter for asteroids in DAMIT database.

Period (h) H Time Span (h)  Observations = Diameter (km) Albedo
8.721 12.7 134611.385 450 12.55 0.157

3. Algorithms

Section 3.1 discusses the details of the five algorithms mentioned above. Moreover,
An et al. [4] have researched both advantages and disadvantages of these algorithms and
we present part of the results in Sections 3.2 and 3.3.

3.1. Details

As for the algorithms, there are mainly three kinds of period extraction methods for
unevenly sampled time series, which are based on the frequency domain, time domain and
time—frequency domain respectively according to An et al. [4]. However, no algorithm is
suitable for the periodic analysis of any type of non-uniform sampling sequence.

One of the most common methods based on the frequency domain is the LS peri-
odogram method, which is modified from the Fourier spectral analysis via a least-squares
fit. Date-Compensated Discrete Fourier Transform (DCDEFT) [27] and CLEANest [28] algo-
rithm are also used in some researches. The Harris method was developed specifically for
the study of the light curve of the asteroid. Note that some signal features can be easily
mined in the frequency domain, even if they are difficult to be detected in the time domain.
However, when data points are few and the time span is large, the frequency resolution of
the power spectrum is low.

The earlier analysis method based on the time domain is JK, a statistical algorithm for
processing the irregularly sampled sequence based on the expected mean square error. Note
that PDM is an extension of JK. In recent years, Graham et al. [23] put forward CE and ap-
plied it to variable star data which resulted in better performance. The main advantages of
the time domain approaches are fast calculation and easy implementation, but the presence
of periodic aliasing components will disturb the detection of other periodic components.

The dominant method in the time—frequency domain is the Weighted Wavelet Z-
transform (WWZ) algorithm [29]. WWZ is a period extraction algorithm based on the wavelet
analysis and vector projection. It is very suitable for the study of non-stationary signals and
has advantages in the local characteristic analysis in terms of the time—frequency domain.
The limits are the relatively long processing time and the complicated implementation.

According to the above methods, we selected five algorithms to compare the effects
of various algorithms in terms of extracting the light curve period of asteroids, they are
as follows:

(1) PDM, JK and LS algorithms that have been applied to the asteroid data, which we
have mentioned in Section 1;

(2) PDM2 and CE algorithms that have been put forward in the last decade but have
not been widely applied to the asteroid data.

Due to the high time complexity (In computer science, the time complexity is the
computational complexity that describes the amount of computer time it takes to run an
algorithm. Time complexity is commonly estimated by counting the number of elementary
operations performed by the algorithm, supposing that each elementary operation takes a
fixed amount of time to perform.), the Harris method and WWZ algorithm were not used
in our research. The time complexity, parameters and references of each algorithm that we
used are summarized in Table 5. The implementation was based on Python.
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Table 5. Theoretical time complexity, parameters and references of each algorithm.

Algorithm Time Complexity Parameter Reference
Jurkevich (JK) O(nyny N) phase bins = 10 Jurkevich [14]
Lomb-Scargle (LS) O(n1 N) Lomb [9], Scargle [10]
Phase dispersion minimization (PDM) O(nyna N) phase bins = 5; covers per bin =2 Stellingwerf [11]
Phase dispersion minimization (PDM2) O(n1nyN) phase bins = 10 Stellingwerf [30]
Conditional entropy (CE) O(nyny N) phase bins = 10; magnitude bins = 5 Graham et al. [23]

n1 is the number of observations, 1, is the number of bins and N is the number of frequencies or periods.

3.2. Advantages and Disadvantages of Period Extraction Algorithm Based on Frequency Domain
(LS) Analysis

The period extraction algorithms based on frequency domain analysis have two main
advantages, which are as follows:

(1) A connection between time domain analysis and frequency domain analysis is built.
Some signal features are difficult to detect in the time domain, but in In the frequency
domain, it is easy to dig out.

(2)  For time series with multi-period components, the analysis method based on fre-
quency domain has obvious advantages in extraction.

At the same time, they also have the following shortcomings:

(1)  When analyzing non-uniform time series with large time intervals, it is easy to
produce harmonic interference, spectrum aliasing, etc. This phenomenon causes
a large number of false peaks in the power spectrum. For example, when the LS
algorithm analyzes time series with multi-period characteristics, it is easy to produce
obvious false peaks in the power spectrum.

(2)  When there are a few data points in the time series and a large time span, the fre-
quency resolution of the power spectrum is low, and the reliable period range
is narrow.

3.3. Advantages and Disadvantages of Period Extraction Algorithm Based on Time Domain
(JK PDM PDM?2 CE) Analysis

The advantages of the period extraction algorithms based on time domain analysis
mainly have two points, which are as follows:

(1)  These algorithms can avoid some problems found in traditional Fourier analysis
methods, such as window and spectrum aliasing.
(2)  There are fewer parameters that need to be defined in advance.

However, the methods based on time domain analysis also have shortcomings:

(1)  The detection is limited to the time domain and lacks the ability to find hidden
information in the frequency domain.

(2)  When there are multi-period signal components in the time series, the analysis results
of statistical methods are often complicated and confusing. It is difficult to separate
the components of each cycle.

4. Experiment
4.1. Data Preprocessing

The light curve data of each asteroid consists of several blocks, and each block corre-
sponds to different observers, telescopes or filters. The brightness is in intensity units with
some being reduced to a unit distance from the Earth and the Sun when calibrated. We
transformed the light-time from corrected JD epoch to hours. The solar phase angle where
the asteroid was observed is one of the critical factors about the brightness so as to make a
difference on the amplitude of the light curve [31]. Considering the phase angle difference
in each block and the extreme variation of observation conditions between blocks, the
brightness would be processed in the same way by using min—max to normalize if it meets
the following conditions:
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(1)  In the same block.
(2)  The change of the phase angle is less than one degree.

Our experiment proved that this data preprocessing method could improve the accu-
racy of the periodic recovery.

4.2. Searching Strategy

Because the results may be affected by searching by frequencies or by periods, we
used both the searching strategies and then compared the difference in the next Section.

4.2.1. The Strategy of Frequency Searching
Graham et al. [22] reported the Nyquist frequency:

1
= — 1
UN = 5AT 1)

where AT is the time interval. This is the maximum frequency of the searching range for an
evenly sampled time series. McWhirter et al. [32] came up with Pseudo-Nyquist frequency,
which is an upper limit for irregularly sampled data. He only changed the definition of
AT to the mean time spacing between observations in Equation (1). In addition, the Lomb-
Scargle class in the astropy package of Python [33,34] used another method to define the
maximum frequency:

fmax = % X % (2)
where x is a factor determined artificially, which is used to represent the maximum fre-
quency of time series with non-equal intervals is greater than Nyquist frequency. N is
the number of points and At is the time span. However, when we took the median value
of time span in our data set as At, the median value of observations in our data set as N
and 0.5h ! as fmax into Equation (2), we obtained x = 305, which was too large for those
asteroids that have shorter mean time spacings. We could fix the maximum frequency at
0.5 h~! mainly for the following two reasons:

(1)  According to the statistics of the rotation frequency of 2902 selected asteroids, it is
found that the rotation frequency of all asteroids does not exceed 0.5 h~1.

(2) Inaddition, the rotation speed of large asteroids is very slow, and there is an upper
limit to the speed. Few asteroids with a diameter greater than 100 m have a rotation
period of less than 2.1 h. Hartmann and Larson [35] have claimed that if the asteroid’s
rotation speed is faster than this speed, the inertial force on the surface is greater
than the gravity, any loose surface material will be thrown out, and the asteroid may
also disintegrate due to centrifugal force. Astronomers (quoted, H and L) generally
believe that asteroids larger than 200 m are mainly composed of piles of gravel. Some
of the smaller fragments thrown out may also become satellites of some asteroids.
For example, Lin Shenxing (87 Sylvia) has two satellites. In our data set, the diameter
of all asteroids is greater than 100 m, and their rotation period is greater than 2.1 h.
Therefore, the maximum frequency will not exceed 0.5 h~!.

Vio et al. [36] found that the peak width of the correct frequency in the periodogram
would be smaller when they used LS to process the light curve with a long timeline,
which means that if the step size of the periodic search is too large, the frequency peak
in the periodic graph might be missed. When processing large collections of time series,
the following equation is often used as the step size setting [37]:

1
Ftep = A X At ©)

where A is a factor, typically 10 or 15, and At is the time duration. Debosscher et al. [38]
and Richards et al. [39] both used A = 10 in their works. However, McWhirter et al. [32]
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suggested this might be an overly fine frequency grid for their data set, as it seemed to
produce peaks in noise.

We finally adopted fstep defined in Equation (3) with A = 10, f,,;, = 0and fyax = 0.5 h-!
to obtain the tested frequencies of each asteroid. The median time span in our data set
corresponds to a median step size of 7 x 10~7 h~!. In order to prevent the phenomenon
reported by McWhirter et al. [32], we also set the frequency grids in fsep = 107> h~! and
10~® h~! to make a comparison.

4.2.2. The Strategy of Period Searching

On condition of spending the same time on searching by periods as searching by
frequencies at a fixed step size, the scope of searching by periods would be much smaller
than searching by frequencies. The period is inversely proportional to the frequency.
According to Figure 4, the periods of 92.3% asteroids are concentrated between 2 h and 40 h.
Due to the inverse relationship, the frequency changes in a periodic sequence spanning
tens of hours. The value varies approximately between 0 and 0.5, and since the period
and frequency have a one-to-one correspondence, the value of frequency needs to be
more refined.

For the step size, we chose three steps that have the similar computational time as
searching by frequencies. They are 10~ h with the searching range of 2-750 h, 10~* h and
10~° h with the searching range of 2-40 h, respectively.

1.0 1
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Figure 4. The cumulative reported period distribution of asteroids in our data set.

4.3. Matching Criteria

In order to determine whether the result calculated by the algorithm can successfully
recover the reported period, it is necessary to determine a way to compare the reported and
calculated period. Oluseyi et al. [40] firstly defined a metric describing whether the period
is recovered or not when comparing the calculated and true period of the variable star:

|[Pe = P|

N
X B,

< 5¢max (4)
where P, is the reported period, P. is the period calculated by the algorithm, N is the
number of cycles defined as the ratio of the time span At and the reported period P,
and d¢ax is the maximum allowed phase offset after period-folding N cycles. This was
translated alternatively to another way to express this measure for a 10 yr baseline as:

|Pe — Py

<107°471 5
Pz S )



Universe 2021, 7, 429 10 of 20

Proportion

0.8

o
=

o
~

0.2

0.0

Graham et al. [22] also summarized that Dubath et al. [41] and Richards et al. [39]
used an accuracy level of 10~% d~! with O0¢pmax = 10/27 and that of 1073 d~! with
O¢max = 100/27, respectively. Graham et al. [22] finally adopted the above three equivalent
accuracy cutoffs of 1073 d~!, 107 d~! and 107> d~! for a 10 y baseline to carry out a
comparison experiment of period extraction algorithms for variable star data. Due to
the phenomenon that period harmonics often occur in the light curve of a variable star,
the formula was modified to make sure that the periodicity could still be detected even
though a harmonic of the reported period was found. The modified metric is as follows:

P P é P

c _ || C||‘ < 4771’!11}( Vfor PC>Pr

P, P, At ©)
P, P, 5¢maxpr

LA SPmax’r gor P, < P,

PC ||Pc||‘ < At for C< r

where ||x|| is the nearest integer to x. Considering that the harmonics also appear in the
light curves of most asteroids [24], we finally adopted Equation (6) as the metric in our
experiments. For each algorithm, only the frequency or period corresponding to the most
apparent peak was selected as P, so as to ensure the fairness when comparing the effect of
each algorithm.

Because the light curve data of asteroids differs widely by time span, fixing d¢;,4 but
not accuracy level as the cutoff is more suitable for our data set. We obtained d¢yax =
8500/50, 850/50 and 85/50 corresponding to accuracy cutoffs of 1073 h=!,10~* h~! and
102 h~! for the median time span in our data set and we used these three d¢x in the
Equation (6) in the next Section.

5. Results and Analysis

The physical parameters of asteroids and the quality of light curves have a great impact
on the results, so we consider the parameters mentioned in Section 2.2 when comparing
the results of the algorithms. In addition, whether to use period or frequency searching to
scan and the step size of scanning also have a certain influence on the results.

5.1. Absolute Magnitude

Figure 5 shows the fraction of asteroids having a successful periodic recovery at differ-
ent magnitudes. There is a general trend that as the magnitude increases, the proportion
decreases. This shows that absolute magnitude is not conducive to period extraction
to some extent. It can be noted that the effect of each algorithm varies little at brighter
magnitudes. However, at faint magnitudes, the performance of CE is not comparatively
better than the other algorithms.

0.8 0.8

<4AV O
[
(2]

0.6 0.6

0.4 0.4

0.2 0.2

< (4 (4
0: * "‘0’ " "‘0’ ’0‘
2 00 6000609 %00 00 600000 %00
4 6 8 10 12 14 16 4 6 8 10 12 14 16 4 6 8 10 12 14 16
Absolute magnitude Absolute magnitude Absolute magnitude

Figure 5. The comparison of different period finding algorithms considering the different absolute magnitudes for the step
size defined in Equation (3) with A = 10. The criterion for comparison is the proportion of asteroids having a successful
periodic recovery. From left to right, the three plots are for different é¢,0x = 85/50,850/50 and 8500/50. The gray diamonds
indicate the proportion of asteroids at the corresponding absolute magnitude in our data set.
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5.2. Observations

Figure 6 shows the proportion of asteroids having a successful periodic recovery at
different number of observations. It can be seen that the effects of various algorithms
are not strongly dependent on the number of sample points when the number is greater
than 1000. This shows that the number of observations can affect the lower limit of period
extraction, but not the upper limit. However, the results of PDM and LS are better when
the number of sample points is less than 1000.
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Figure 6. The comparison of different period finding algorithms considering the different number of observations for

the step size defined in Equation (3) with A = 10. The criterion for comparison is the proportion of asteroids having
a successful periodic recovery. From left to right, the three plots are for different ¢4 = 85/50,850/50 and 8500/50.
The gray diamonds indicate the proportion of asteroids at the corresponding number of observations in our data set.
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5.3. Time Span

When studying variable stars, Polakis [42] reported that the longer time range of
data was of greater value to eliminate any ambiguity in the period spectrum and greatly
improved the accuracy of the calculated period. Figure 7 proves that this phenomenon also
exists in the light curve of the asteroid. When ¢, = 8500/50, the proportion of asteroids
having a successful recovery is positively correlated with the time span.
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Figure 7. The comparison of different period finding algorithms considering the different time spans for the step size

defined in Equation (3) with A = 10. The criterion for comparison is the proportion of asteroids having a successful periodic
recovery. From left to right, the three plots are for different §¢;;0x = 85/50,850/50 and 8500/50. The gray diamonds
indicate the proportion of asteroids at the corresponding time span in our data set.

5.4. Albedo

In Figure 8, it is found that when the albedo is less than 0.3, there is little dependence
on the albedo; when the albedo is greater than 0.3, the result has a large fluctuation. The
number of asteroids with albedo greater than 0.3 in our data set is found to be only 108 as-
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teroids, accounting for about 3.68%, so when the albedo is greater than 0.3, the periodic
extraction effect has greater chance.
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Figure 8. The comparison of different period finding algorithms considering the different albedos for the step size defined in
Equation (3) with A = 10. The criterion for comparison is the proportion of asteroids having a successful periodic recovery.
From left to right, the three plots are for different é¢;,ax = 85/50,850/50 and 8500/50. The gray diamonds indicate the
proportion of asteroids at the corresponding albedo in our data set.

5.5. Diameter

In terms of the diameter of the asteroid, Figure 9 shows that when the diameter is
between 2 km to 148 km, there is not a significant fluctuation on the effects of various
algorithms. However, when the diameter is larger than 148 km, the proportion of asteroids
having a successful periodic recovery shows an increasing trend with the increase of the
diameter, and the differences among various algorithms not appearing to be conspicuous.
Therefore, when the diameter is larger than 148 km, these algorithms are all acceptable
choices. However, relatively speaking, the LS and PDM methods perform a little better in
these methods.

1.0 1.0 @ PDM
#* PDM2
> K
0.8 0.8 < LS
v CE
¢ Data
.5 0.6 0.6
£
o
3
T 04 0.4

0.2 0.2
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0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
log(diameter in kilometers) log(diameter in kilometers) log(diameter in kilometers)

Figure 9. The comparison of different period finding algorithms considering the different diameters for the step size defined
in Equation (3) with A = 10. The criterion for comparison is the proportion of asteroids having a successful periodic
recovery. From left to right, the three plots are for different d¢;;0x = 85/50,850/50 and 8500/50. The gray diamonds
indicate the proportion of asteroids at the corresponding diameter in our data set.

5.6. Step Size

Different searching step size effects the accuracy and time complexity, so we integrated
all the asteroids in our data set to calculate the proportion of those asteroids having a
successful periodic recovery in terms of different step sizes for each algorithm. Here,
we chose to use frequency searching strategy and we also used ¢,5x = 8500/50 as the
matching criteria to show the difference more clearly, the comparison results are shown
in Table 6. It should be noticed that for all algorithms the results of fsp = 10~ h~! and
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fstep = stepgq vary very little. However, step,y causes the longer time of calculation, this
is because the median step size is 7 x 107 h~!, which we have explained in Section 4.2.1.
PDM performs better in all the search grids, followed by LS, while CE is not better than the
others under certain conditions.

Table 6. The proportion of asteroids having a successful periodic recovery for different period finding
algorithms using different frequency search grids.

fstep PDM PDM2 JK LS CE
10°h! 0.500 0.490 0.447 0.503 0.371
10 %h! 0.633 0.561 0.554 0.612 0.465

stepsiq 0.632 0.560 0.554 0.613 0.467

stepstq means the fyrp defined in Equation (3) with A = 10.

5.7. Searching by Periods or by Frequencies

Firstly, in order to make the working principle of the algorithms clearer, here we take
the JK algorithm to extract the photometric curve period as an example:

(1)  Find the variance S of all the observed brightness of the asteroid.

(2)  Assuming the test period T1, divide the observation time s of the light curve by T1,
the decimal place is the phase, and the phase data distribution is [0,1).

(3) Divide the phase data into several segments, and calculate the variance of the
brightness in each segment.

(4) Calculate the average value s of the above variance.

()  The result corresponding to the given test accuracy and test period: | = s/S.

(6) Make T1 = T1+ AT (AT is the step we choose), and repeat steps 2—6 until we get
the minimum | within the error range. Then, T1 is what we want.

Table 7 displays the period range corresponding to the period step size of different
orders of magnitude after converting frequencies (fitep = 107% h™1, ranging from 0 to
0.5h~1) to periods. The total number of frequency searches is 0.5/107° = 5 x 10°, and that
is approximately (40 —2)/10~* = 3.8 x 10° when searching by periods (pstep = 10~ h,
ranging from 2 h to 40 h). Although the order of magnitude of searching by frequencies
is about the same as that of searching by periods, searching by frequencies performs
better than by periods for each algorithm when the reported period is less than 10 h (see
Figures 10 and 11). Because the maximum value of searching by periods is limited to
40 h, the performance shows a “cliff-like drop’ if the reported period is more than 40 h (the
recovery of the effect at longer periods when ¢y, = 8500/50 is due to the consideration
of the harmonic problem). This problem also occurs in searching by periods having the
step size of 102 h, the effect of which within 10 h is comparable to that of searching by
frequencies (see Figure 12). In Figure 13, we expanded our period searching range to
2-750 h and selected 1073 h as the step size. This strategy has a similar order of magnitude
as that for searching by frequencies. With this condition, it is clear that the effect of
searching by periods is comparable to that of searching by frequencies at longer periods,
however this searching strategy works very poorly at short periods.

Table 7. The maximum and minimum periods corresponding to the period step size of different
orders of magnitude after converting the frequencies ( fmp =10"h"1, ranging from 0 to 0.5 hfl)

to periods.
Pstep Pmin Pmax
10— 2h 3.16h
105 3.16 h 10h
104 10h 31.6h
103 31.6h 100 h
102 100 h 316.2h

101 316.2h 1000 h
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Figure 10. The comparison of different period finding algorithms considering the different reported periods for the step size
of 107 h~! of frequency searching. The criterion for comparison is the proportion of asteroids having a successful periodic
recovery. From left to right, the three plots are for different d¢;;0x = 85/50,850/50 and 8500/50. The gray diamonds
indicate the proportion of asteroids at the corresponding reported period in our data set.
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Figure 11. The comparison of different period finding algorithms considering the different reported periods for the step
size of 107 h and the range of 2 h—40 h of period searching. The criterion for comparison is the proportion of asteroids
having a successful periodic recovery. From left to right, the three plots are for different 5, = 85/50,850/50 and 8500/ 50.
The gray diamonds indicate the proportion of asteroids at the corresponding reported period in our data set.
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Figure 12. The comparison of different period finding algorithms considering the different reported periods for the step
size of 107> h and the range of 2 h—40 h of period searching. The criterion for comparison is the proportion of asteroids
having a successful periodic recovery. From left to right, the three plots are for different 6, = 85/50,850/50 and 8500/ 50.
The gray diamonds indicate the proportion of asteroids at the corresponding reported period in our data set.
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Figure 13. The comparison of different period finding algorithms considering the different reported periods for the step

size of 1073 h of and the range of 2 h-750 h of period searching. The criterion for comparison is the proportion of asteroids
having a successful periodic recovery. From left to right, the three plots are for different 5, = 85/50,850/50 and 8500/ 50.
The gray diamonds indicate the proportion of asteroids at the corresponding reported period in our data set.
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5.8. Time Performance

In Table 5, we summarized the theoretical time complexity and parameters of each
algorithm, which are also important for processing multiple batches of asteroid data.
For each algorithm, we separately measured the time of computation in terms of searching
by frequencies (fstep = 107¢ h™!, ranging from 0 to 0.5 h™!) and searching by periods
(Pstep = 107*h, ranging from 2 to 40 h) on the machine (a server with a 2.0 GHz Intel
Xeon e5 CPU and 56 virtual processors). The technology we took is multiple processes
that could deal with data from up to 45 asteroids at the same time in Python. To show the
difference of the processing time required for each algorithm, we selected three asteroids as
examples, namely Olympiada (1022) having the median number of points, i.e., 441, Gretia
(984) having 1510 points, and Wakkanai (5960) having 102 points, respectively. In Figure 14,
The calculation time of each algorithm is reflected by the depth of color. The darker the
color in figure, the shorter the calculation time. The average extraction time of the CE
algorithm is greater than about 300 s, the average extraction time of the PDM\PDM2\JK
algorithm is about 180 s—240 s, and the LS algorithm is a search algorithm based on the
frequency domain, and the average extraction time is the shortest (around 60 s), accounting
for 1/5 of the CE algorithm.

- 300
240
180
120

PDM2 JK LS CE
- 480

- 400
320
240
160

PDM2 JK LS CE

Figure 14. Calculation time in seconds for Olympiada (1022), Gretia (984) and Wakkanai (5960). Top panel: searching

by periods with pstep = 10~% h and searching range from 2 to 40 h. Bottom panel: searching by frequencies with

fstep = 107¢ h~1 and searching range from 0 to 0.5 h~1.
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5.9. Error Analysis

There are certain errors in the recording of parameters such as diameter and albedo in

LCDB and DAMIT (see Table 8), so the above research results also have errors.

Table 8. Data error in DAMIT and LCDB [25,26].

Index Error Size
Diameter error is around 20% or more
Albedo rounded to two decimal places
Absolute magnitude accurate to two decimal places
Time span accurate to 4 decimal places
Number of observation points -
Search step size depends on the specific situation
Observation time of light curve JD epoch: accurate to six decimal places
Brightness accurate to six decimal places

6. Discussion

Through the comparison of five different period extraction algorithms, we found

that the accuracy of these five algorithms is not very different, but relatively speaking,
the performance of PDM is better, followed by LS. However, after our comparison results,
we found that the conditional entropy (CE) is not better than other algorithms.

M

)

®)

4)

©)

(6)

By comparing six different asteroid parameters, we can draw the following conclusions:

Absolute magnitude

The period extraction effect of various algorithms is negatively correlated with the
magnitude. When the magnitude is small, the difference between various algorithms
is not big, but the period of successful recovery ratio of PDM and LS is slightly better
than other algorithms.

Number of observations

When the number of observations is greater than one, the influence of various
algorithms does not strongly depend on the number of sample points (only the third
figure can be seen). However, when the number of sample points is less than exp(7),
the results of PDM and LS are significantly better than other algorithms.
Observation time span

As the observation time increases, the obtained asteroid light curve data is more
abundant and reliable, so the percentage of successful periodic extraction is higher.
From Figure 7, we find that the extraction effect of various algorithms is not bad.
When the time span of observation is When it is less than exp(12), the extraction effect
of CE is relatively poor, but when the time span is greater than exp(12), the extraction
effect of CE is the best.

Albedo

By observing the albedo data, it is obvious that the effects of various period extraction
algorithms do not show a certain regularity, and the ratio of successful recovery is
almost irrelevant to the asteroid albedo. In general, the effect of PDM is better than
other algorithms.

Asteroid diameter

When the diameter is between exp(0) km and exp(4) km, the impact on various algo-
rithms does not fluctuate significantly. However, when the diameter is greater than
exp(4) km, the proportion of asteroids that are successfully periodically recovered
increases with the increase in diameter. It is obvious that the PDM and LS algorithms
have the best effect, and the CE algorithm is relatively inferior to other algorithms.
Search step

By comparing different search step lengths, we find that the percentage of successful
recovery cycles for CE is significantly weaker than other algorithms, while the effect
of the other four algorithms is not much different.
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(7)  Search period and search step length
By comparing the search period and search step size of the five algorithms, we found
that if the search period range is 2-40 h, the period search step size is 10~* and
10>, but when the report period is less than 10 h, Search by frequency has better
performance than the period search of each algorithm, and the effects of various
algorithms after that have little difference. If the periodic search range is expanded
to 2-750 h, and 103 h is used as the matching criterion, it is clear that the effect
of searching by periods is comparable to that of searching by frequencies at longer
periods, however, this searching strategy works very poorly at short periods.

(8)  Running speed
By observing the period extraction time of the five algorithms, we arrange the period
extraction time of these five algorithms in ascending order of time, which are LS,
PDM, JK, PDM2, CE, and the extraction time of CE is about 2-5 times of the other
four algorithms.

Further studies, which focus on the effects of some other promising algorithms for
extracting the light curve periods using large amounts of light curve data from asteroids,
will need to be undertaken. For example, we intend to apply these different period
extraction algorithms to different asteroid campaigns like Gaia-GOSA.

7. Related Work

In order to facilitate astronomy enthusiasts to further explore the light curve, we
recommend a related software—LAIA (Laboratory for Astronomical Image Analysis). It
is a software package specially used to process astronomical images, which is often used
to process images obtained by Baker Observatory and other national and international
observatories. Some application cases of LAIA are shown below:

(1) Garcia-Melendo and Clement [43] have used LAIA to perform image cleaning and
photometric analysis on RR Lyrae star NSV 09295, and accurately obtained its bright-
ness changes at different times. After evaluation, it is found that the software’s error
in the magnitude analysis of the variable star is only 0.03 mag.

(2) LAIA has been used by Juan-Sams6 et al. [44] to process the observational data
of HIP 7666 which is one of the new variable stars discovered by the Hipparcos
mission. Finally, it is discovered that HIP7666 is a new member of detached eclipsing
binary systems.

(8)  Using LAIA in SW1 (29P/Schwassmann-Wachmann 1), Trigo-Rodriguez et al. [45]
succeeded in obtaining high-precision star luminosity, reducing the corresponding
spatial scale to between 0.8 and 1.9 arc sec/pixel. Finally, after a series of data
measurements, no signs of a clear periodicity in the outburst occurrence has been
found, thus confirming the unpredictability of the activity of this comet.

In addition, the Google Brain team and Andrew Vanderburg of the University of Texas
at Austin [46] have collaborated to build a CNN (Convolutional Neural Network) that can
search for planets in the low signal-noise radio results. The neural network can be trained
to distinguish planets by using about 15,000 Kepler signals (3500 are confirmed planets),
manually checked and classified by humans. It is advisable to have a try.

8. Conclusions

In this paper, we have used the overall DAMIT data set to test and study the effects of
several periodic analysis methods on asteroid data. The results show that:

(1) A minimum step size of f, = 0.000001 h~! in searching by frequencies is sufficient;

(2)  The recommended method is searching by frequencies if the range of searching has
not been determined. If the fine-grained search is proposed, searching by periods is
more suitable;

(8)  If the light curve data is in intensity units and made up of separate blocks observed
by different observers, telescopes or filters, it is a good choice to make min—-max
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Notes

References

normalization for the data in one block when the change of the phase angle is in the
range of one degree;

(4)  S¢max = 8500/50 in Equation (6) is appropriate to be a criterion for the periodic
recovery using the light curve data of asteroids which have the median time span of
134,615.14 h;

(5)  Among all the steps, although the performance of all the algorithms varies little, PDM
performs better, followed by LS, while CE is not better than the others under certain
conditions. However, the most appropriate algorithm still needs to be determined
based on the parameters of the observed object.

(6) LS is the fastest algorithm among these five algorithms, because it is not based
on binning.

In Section 5, using the comparison of the performance against different parameters,
we can draw a conclusion that when the parameters of the object itself make it difficult
to be observed such as fainter absolute magnitude or shorter diameter, the accuracy of
the calculated period can be improved by increasing the observation time, the number of
observations and reducing the error and noise.
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