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ABSTRACT. Since the launch of Sputnik 1, the num-
ber of objects in near-earth orbit has been constantly in-
creasing. The growth of number of these objects increases
the risk of their collisions with existing satellites and ones
which will be launched, that can be accompanied by their
failure or even destruction. Most space agencies and many
countries have their own space surveillance networks.
These networks continually measure the positions of
known objects, find new ones and predict their future po-
sitions. It is necessary to know the position of the objects
with an accuracy of up to the characteristic size of the
operating satellites (about 10 cm or more) to prevent colli-
sions. Today, this task can be solved only for a small
number of reference satellites and only for the past.

The calculation of the objects positions in near-Earth
space requires the implementation of complex models of
the Earth motion and a space object using many factors
affecting the final result. Some of these factors, for exam-
ple, the atmospheric density and the attitude of the satel-
lite in the space, are not well predicted by modern models
and require constant refinement from observations.
Ukrainian Optical Facilities for Near-Earth Space Surveil-
lance Network (UMOS) is used to surveillance and study
near-Earth space in Ukraine.

There are many practical tasks that require knowledge
of the positions of the space objects. The different soft-
ware solutions are being applied to solve them. All of
them must implement motion models of near-Earth space
objects, the Earth and the main bodies of the Solar System
for their needs. Space dynamics libraries are developed to
implement these models. Orekit is one of these libraries.
The Kotlin Orbit Estimation Library (KOrbEstLib) is built
on the features of Orekit and extends them. KOrbEstLib
expands the set of input and output data types, implement-
ing the support of a number of Ukrainian and international
data formats, in particular, the formats used in the UMOS
network. In addition, KOrbEstLib offers an alternative
implementation for estimating the parameters of the mo-
tion model of space objects in comparison with Orekit.
This paper discusses a number of implementation features
of the KOrbEstLib.
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ABCTPAKT. 3 MoMeHTY 3aIycKy Hepiioro KOCMigHO-
IO CYIyTHHKA KiIBKIiCTh 00'€KTIB Ha HABKOJIO3EMHIil opOi-
Ti HEYXHWIBHO 3pocTae. 301IbIICHAS KUTBKOCTI X 00'€K-
TiB MiABUIIYE PU3UK iX 31TKHEHB 3 AIFOUUMH CYIIyTHUKaMU
1 TUMH, IO TUIBKH BUBOJSATHCS, 11€ MOXKE CYMPOBOKYBA-
THUCS BUXOJOM iX 3 Jaay abo HaBiTh pyiHYyBaHHAM. Jlist

3aro0iraHds 3iTKHEHb HEOOXIJTHO 3HATH ITOJOXKEHHS BCIX
BEIUKUX KOCMIYHUX 00'eKTiB. BiIbIIICTF KOCMIUYHUX
are’HTcTB 1 Oarato KpaiH MalTh CBOi MEpexi CrocTepe-
KEHHS 3a KOocMigyHMM mpocTopoM. Lli Mepexi moctiitHO
BHUMIPIOIOTh TOJIOXKEHHS BIAOMHUX O00'€KTiB, 3aiiMaroThCA
MOITYKOM HOBHUX 1 NPOTHO3YIOTH iXHE Mail0yTHE moJo-
skeHHs. g 3amo6iranHs 3iTKHEHb HEOOX1THO 3HATH PO3-
TalIyBaHHA O0'€KTIiB 3 TOYHICTIO JO XapaKTCPHHUX PO3Mi-
piB mirounx cymyTHHKIB (Big 10 cM 10 IEKiTBKOX METPIB).
Ha croropHinmHii qeHp Taka 3aada MOXe OyTH BUpIIICHA
TIJTBKH IJI1 HEBEIHUKOI KITBKOCTI €TaJOHHUX CYIYTHHKIB 1
TUTBKHU JUTI MUHYJIOTO Yacy.

OOuncieHHsS TOJNOXKEHb 00'€KTIB B HABKOJIO3EMHOMY
MPOCTOPiI BUMArae peamsallii CKIaJHUX MOJENeH pyxy
3emii Ta KOCMI4HOTO 00'€KTa 3 ypaxyBaHHSIM BEIIMKOI
KUTBKOCTI (paKTOPiB, 1[0 BIUIMBAIOTH Ha KiHILEBUIl pe3yib-
taT. Pan nux ¢axTopis, HaNMpUKIIaj IycTHHA aTMocdepH i
Opi€HTAIlil CYIMYTHHKa B MPOCTOpPi, HEJOCTaTHBO IOOpe
nepen0avyaoThcsd CydacHHMMH MOJETSIMH 1 BHMAararoTh
MIOCTIHHOTO YTOYHEHHS 3 CHOCTEPEXKeHb. Y KpaiHChbKa Me-
peka ONTHYHMX CTaHLIN AL DOCIIKEHHS HAaBKOJIO3EM-
Horo mpoctopy (YMOC) BUKOPHCTOBYETHCS JUIS IIiJIeH
KOHTPOJIIO TA HOTO BUBUCHHSI.

IcHye Oe3nmiu IpakTHYHHWX 3aBJaHb, LI0 BHMAararoTbh
3HaHHS TOJOXEHHSA KOCMiuHMX 00'ekTiB. [lng ix Bupi-
IICHHS 3aCTOCOBYIOTHCS PI3HOMAHITHI NMPOTrpaMHi pillleH-
Hs. Bci BOHM MOBUHHI 171 CBOiX MOTpeO peaizoByBaTH
MOJIeJi PyXy HABKOJIO3eMHHX KOCMIYHHMX 00'€KTiB, 3emi i
ocHoBHUX Tin ConstuHoi cucTemu. [ms peamizamii nux
Mojenel po3poONAIOThes Gi0IIOTEKH ISl KOCMIiYHOI -
Hamuku. OnHiero 3 Takux 6160aioTek € Orekit. Kotlin Orbit
Estimation Library (KOrbEstLib) cimpaeTbcst Ha MOKIIH-
Bocti Orekit Ta posmmupioe ix. KOrbEstLib BupoBamxkye
JOATKOBHH HaO0ip BXIMHUX 1 BUXiTHUX THUIIB JaHUX, pea-
JM3YIOUN MATPUMKY PNy YKPaiHCBKUX 1 MDKHApOIHUX
¢dopmaTiB naHuX, 30kpeMa GopMmariB NPUUHATHX B Mepe-
xi YMOC. Kpim 1mporo, KOrbEstLib npomonye anbrep-
HaTUBHY B mopiBHsAHHI 3 Orekit peamizamito IS OLIHKH
rmapaMeTpiB MoJeli pyxXy KOCMIUuHHX 00'ekTiB. Y poOoTi
PO3TIIAAAIOTECS PSI OCOONMMBOCTEN peaizallii 6i0mi0TeKn
Kotlin Orbit Estimation Library.

Kuro4oBi cioBa: mTy4HI CIYTHHUKH, ONTHYHI CIIOCTEPEKEH-
HsI, IporpaMHe 3a0e3MedeHHs, BU3HaueHHs opOiT, Orekit.

1. Introduction

Since the launch of Sputnik 1 on October 4, 1957, the
number of objects in near-earth orbit has been constantly
increasing. The launch of artificial satellites of Earth and
results of the destruction of objects in orbit is the main
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sources of these objects. Only 8% of cataloged objects are
active satellites and the rest are space debris (ESA, 2018).
According the NASA forecast the number of the objects
will grow on in the future (Liou et al., 2004; 2018; NASA,
2006; 2014; Liou, 2010). Retrospective comparison of
past forecast with the current object number shows that
now the object number is growing faster than in optimistic
forecasts (Radtke & Stoll, 2016). Thus the risk of colli-
sions of the operating objects with the space debris that
can lead their breakdown will increase. The most famous
collision occurred on February 10, 2009, when the non-
operational satellite Kosmos-2251 and the active satellite
Iridium-33 collided. Today, an active satellite can avoid
the collision only by performing a debris avoidance ma-
noeuvre. It is necessary to foresee possible collisions for
this. Many space agencies and countries create and main-
tain surveillance space networks for this purpose. The
responsibilities of these networks include cataloging of
objects and predicting the object positions in orbits.

The typical size of most of the currently operating sat-
ellites are in the range from 10 cm to 10 m for low orbits,
and from 1 m to 10 m for high orbits (ESA, 2018). To
predict a collision, it is necessary to be able to estimate the
position of space objects (including space debris) in near-
Earth space with an accuracy up to the characteristic sizes
of operating satellites over an interval of several days. We
need to perform observations and obtain measurements of
the position of the satellite for this. There are many differ-
ent methods to measure the position of a satellite. We usu-
ally need our own coordinate system in which measure-
ments are made for each method. Many effects that cause
a distortion in measurement results are conveniently de-
scribed in their own coordinate systems. Simulation of
satellite motion usually performed in one of the pseudo-
inertial geocentric coordinate systems. In addition to the
explicitly required coordinate systems, it usually makes
sense to introduce a number of intermediate coordinate
systems. As one can see, the process of measuring and
modeling of satellite motion requires the determination of
many different coordinate systems. Thus, we need
1. To provide the possibility of free determination of

various coordinate systems and to provide transfor-
mations between them in accordance with modern
recommendations for using Earth rotation information
(for example IERS2010);

2. To develop the satellite motion model that propagates
the satellite position over a period of several days
with an accuracy 1 m or better.

3. To obtain a sufficient set of observations for estima-
tion of the parameters of the satellite's motion model
with an accuracy better than 1 m.

4. To develop algorithms for estimation of the model
parameters based on the obtained observations with
an accuracy better than 1 m.

At the present time, there are no open observations and
software solutions that satisfy all of the listed require-
ments. Items from the first to the second related to the
forward problem of the calculating the satellite position in
any moment of time when the parameters of the motion
model are known. Items 3 to 4 are related to the inverse
problem. It is well known that the forward problems are
easier to solve than inverse ones. Nevertheless, finding

free software that solves only items 1-2 without any addi-
tional restrictions is a difficult task. It is even more diffi-
cult to find well-documented software with a free com-
mercial use license. Many scientists develop their own
software for this purpose or buy one.

We chose the Orbit Extrapolation Kit (Orekit) (Mai-
sonobe et al., 2008), a low level space dynamics library
written in Java. Orekit fully satisfies the requirements of
item 1 and satisfies item 2 with a number of limitations.
Orekit is open source software. It is distributed under the
Apache License version 2.0, a well-known business-
friendly license. This means anybody can use it to build
any application, free or not.

Ukrainian Optical Facilities for Near-Earth Space Sur-
veillance Network (UMOS — Ukrainian acronym) is used
for purposes of space surveillance in Ukraine (Shulga et
al., 2015). It is a voluntary association of academic obser-
vatories mainly. This network has been operating since
2011. It has obtained 14,401 tracks for 1,832 objects for
all type of near-earth orbits from 2011 to 2017. This num-
ber of observations is certainly not enough to fulfill the
requirements of paragraph 4. However, they are sufficient
for the development and debugging of algorithms for es-
timating the parameters of the orbit of objects in near-
earth space using optical observations.

2. Comparison of the implementation features of the
measurements representation and optimization of or-
bit parameters in Orekit and KOrbEstLib

The Kotlin Orbit Estimation Library (KOrbEstLib)
aims to provide access to all observations of the UMOS
network and provide algorithms for estimating the pa-
rameters of the Orekit satellites motion models based on
the optical observations. Figure 1 illustrates the KO-
rbEstLib architecture.

Orekit includes the ability to estimate the motion pa-
rameters of a space object based on observations begin-
ning from version 8.0. KOrbEstLib introduces an alterna-
tive way to estimate the parameters of the satellite motion
model.

In Orekit, any type of measurement is represented as an
array of real numbers with an appropriate weight for each
array element of measurement (tab. 1). A model estima-
tion is a real array with size equal to the size of measure-
ment array. The physical sense of array elements of esti-
mation and measurement is the same. The code of the
residuals is hidden from a user and is implemented as the
weighted differences of measurements and their estimates.
Optimization of the motion model parameters is minimiz-
ing the squares of the residuals. In fact, Orekit implements
the least squares method, where the realization form of
measurements defines the optimization form of the pa-
rameters of the satellite motion model. This approach pro-
vides the right implementation of the least squares method
in the case of non-correlated measurements. However, it
will not be the optimal solution in the case of correlated
measurements or if we have some a priori information
about the motion model of a space object.

KOrbEstLib offers a different measurement model.
Each measurement type can have own form that describes
measurement. The user can define this form by his prefere-
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User scripts, User programs, GUI; Any JVM language

—

Orekit: Orbit

KOrbEstLib: Orbit Estimation

Estimation

Data providers from
mea, cpf, sp3, mpc,
xml, xlsx, etc. format

Extension of Propaga-
tion Model

Line of sight, User types

Model Observations: Position, }

[ Orekit: Propagation & Astrometric ][ Extension Math Lib ] [ Extension SciPlot Lib
Hipparchus: a mathematic Lib [ JFreeChart } { Read/write xIsx- } Kotlin Standard
format Librarv Library
( JDK |
[ Java Virtual Machine (JVM) ]

Figure 1: the architecture of the Kotlin Orbit Estimation Library. Blue is the KOrbEstLib components; brown is
Orekit components; green is free libraries and JVM; pink is user capabilities to develop their own software using KO-

rbEstLib.

Table 1: the comparison of the most important differences
in the approaches for estimating the parameters of the
motion model.

Feature Orekit KOrbEstLib

measurement | public user defined

X1, X2, vvv 5 Xp

weights public user defined
Wi, Wp, ..., Wy
the same size that in

the measurement

estimation X', X'9, oon, X'y user defined
the same size that in

the measurement

residuals private
wi(X-X'1),

Wy (X2-X"),

required interface;
user defined

.
Wn'(xn'x'n)

the same size that in
the measurement

Optimized
function

private

=

i=l,n

parameter
user defined

r, —residuals

nce. The estimation type that corresponds to measurement
type can have the form that describes estimation, not same
with measurement form. The only one requirement that
KOrbEstLib imposes is the ability to calculate the residu-
als between the measurement and its estimation. More-
over, this requirement is important only when we optimiz-
ing the model for an observations set consisted of several
measurement types (for example, optical and radio obser-
vations). The free form of the optimize function allows
defining the problems wider than least squares problem.

In order to illustrate the difficulties that arise when the
measurements implemented in the Orekit form, let us con-
sider ordinary angular measurements that obtained in opti-
cal observations. Usually, such measurements are represented
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Figure 2: the residuals between observations and estima-

tions in right ascension and declination.

in the form of angle coordinate pair (o — right ascension
and 6 — declination) of an object in the star catalog frame.
The residuals between the model and the measurements
are represented as Ao-cosd and Ad respectively. Already
at this stage, we are enforced to correct the nonlinearity of
right ascension via using the weighting factor cosd. This
approach has application limits. Ac-cosd incorrectly de-
scribes the residuals in right ascension since nonlinear
terms in Ao cannot be neglected in the polar regions.
Since that the magnitude of residuals is usually very
small, of the order of the arcseconds, such the polar region
is small and the researchers simply avoid use measure-
ments in it. Figure 2 shows an example of the residuals in
terms of Aa-cosd u Ad. Considering Figure 2, it is easy to
make the following conclusion. Random errors for each of
the coordinates measurements are approximately equal.
But the cause of the observed systematic bias is difficult
to determine immediately.

One of the main features of satellites optical observa-
tions is related to the high mobility of satellites compared
with stars. Important, this property is characteristic of sat-
ellites at all altitudes. If this is obvious for objects on low
orbits, then for high objects it is necessary to take note the
exposure time for the image. It reaches several seconds
and the satellite displacement during this time is much
larger than satellite size on the image. Hence such objects
are highly mobile. Thus, regardless of the orbit type of a
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near-Earth space object in optical measurements, there is a
special direction along the visible direction of satellite
motion.

Figure 3 shows the same differences between meas-
urements and their estimates as in Figure 2, but already
along and across the visible satellite track. Such represen-
tation of residuals becomes possible only after calculating
the model satellite positions and velocities, and, therefore,
does not agree with the representation form of measure-
ments in Orekit. It should be noted that Orekit allows de-
fining the similar measurement type if the measurement
itself encapsulates the a priori information about the satel-
lite orbit. But this is not always achievable. KOrbEstLib
does not impose any restrictions on the software imple-
mentation of the measurements and does not require the
correspondences of the measurements and estimations
implementation. Hence, there are no obstacles to imple-
ment measurements in the form of right ascension and
declination and the minimize objective function in the
least square problem in the form of the differences along
and across the visible satellite track. Thus, the form of the
measurement implementation in KOrbEstLib can be easily
matched with the representation of the measurement re-
siduals along and across the trajectory. The residuals
along and across the visible trajectory have another useful
property, the nonlinear terms are small at any point of the
celestial sphere, and all the residuals do not require re-
normalization from measurement to measurement. We do
not need to avoid near-polar regions as in the case of the
residuals in right ascension and declination.

In Figure 3, we clearly see that the systematic differ-
ences between measurements and estimates are related
with the direction along visible satellite track. Moreover,
the random error of measurement is significantly larger in
the direction along track than across it. In the overwhelm-
ing number of cases and in the example we are consider-
ing, this is due to the errors in the moment registration of
measurement. Such errors are usually hardly revealed
since they cannot be detected within the scheme of the
measurements themselves. It is necessary to compare ob-
servations with a priori high-precision orbits that to reveal
them, which is not always easy to perform at the site of
observation. Physically correctly choice of directions of
decomposition of residuals allow to introduce weights for
measurements easily, and often more correctly.

The values that describe the measurement can be im-
plemented in KOrbEstLib “measurement” class as private.
The consequence of this is the possibility of implementati-
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-40
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Time (UTC)

Figure 3: the residuals between observations and estima-
tions in the along and across directions relatively the visi-
ble satellite track.

on of immutable objects of measurement, that under cer-
tain conditions allows you to write more high-
performance code.

3. Additional features for support input and output
data formats in KOrbEstLib

KOrbEstLib extends the set of ephemeris formats that
supported Orekit by adding consolidated prediction format
(CPF). KOrbEstLib allows you to combine several
ephemeris with time gaps between them, which allows
you just to make comparisons of observations and ephem-
eris for the large time intervals when there are difficulties
with obtaining continuous ephemeris.

KOrbEstLib supports reading observations from the
minor planet center (MPC) format and reading and writing
in the MEA format. The MEA format is used to exchange
observations by members of the UMOS network. The
MPC format was designed to represent astronomical ob-
servations, where the duration of exposure is usually in
seconds, and the measurement accuracy of the observation
time moment rarely exceeds 0.1 seconds. The MPC for-
mat does not allow to specify moments in time with an
accuracy of more than 0.001 seconds. The measurement
accuracy of the time moments should be not worse than
0.0001 sec when measuring of the coordinates of low-
orbit objects with an accuracy of the order of 0.1
arcseconds. The time moments of the measurements have
to be aligned to the moments of the seconds beginning, to
overcome complications in representing the time in the
MPC format. The MEA-format avoids these complexities
by allowing you to transfer moments with an accuracy of
0.0001 sec and can be extended in a compatible way to
support greater accuracy in the time presentation.

KOrbEstLib supports the ability to describe models of
satellite motion in the XML-format, which simplifies the
writing of scripts for processing observations. The results
of the calculation of the orbits or residuals can be saved in
Excel files, which simplifies their further analysis.

4. Conclusion

KOrbEstLib extends the Orekit. All the features of the
source library are available for use.

KOrbEstLib is written in Kotlin language, which is
very well compatible with the Java language. This makes
it easy to use KOrbEstLib and Orekit everywhere and at
the same time, where JVM compatible languages can be
used.

KOrbEstLib offers a more flexible model for the im-
plementing measurements and the objective functions,
which makes it possible to expand the orbit optimization
scenarios. KOrbEstLib was used to processing of real ob-
servations in paper Shakun L., 2017, where the general
considerations from this article were applied in practice.

KOrbEstLib supports international data exchange for-
mats and formats used in the UMOS network. It provides
data conversion tools. These features make it quite simple
to use KOrbEstLib and Orekit to analyze the observations
of the UMOS network.
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