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Abstract—The initial form of present-day space optical observations contain considerable geometrical and
brightness distortions. This problem can be solved based on geometrical correction and transformation of ref-
erence object coordinates into commonly accepted cartographic projections. In this work, the method of
coordinate transformation to the reference selenocentric dynamic system by using a base of reference sele-
nographic objects as electronic maps is considered. The transformation process presupposes the formation of
a photogrammetrically corrected image and identification of observed objects included into the electronic
maps. Height data of on the Moon’s surface are determined from known observed selenographic coordinates
with respect to reference objects by software tools. Preliminary selenographic coordinates can be determined
using both ground positional observations and onboard goniometric devices such as a laser interferometer.
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1. INTRODUCTION

In the field of carrying out the system analysis of
selenophysical data from present-day lunar missions,
developing the method for reducing different seleno-
physical observations to a common selenocentric sys-
tem, and creating a digital catalog of selenocentric ref-
erence points, one should note the following [1]. At
present, in spite of achievements in the determination
of selenophysical parameters based on measurement
data from spacecrafts, the problem of creating exact
coordinate—time orientation on the Moon’s surface
remains unsolved to a certain degree. According to [2],
a conclusion exists that orbital parameters of the
GRAIL and LRO lunar missions were determined and
referenced to the celestial coordinate system with an
accuracy of 1 m throughout the whole route of the sat-
ellite flight. This conclusion is based on that images
received from the LRO board were referenced to each
other with this accuracy for selenographic coordinates
when every pixel corresponds to 0.5 m on the Moon’s
surface. It is also believed that the gravity field model
constructed by GRAIL measurements is everywhere
equated and matched with orbital elements of the
LRO mission. However, according to [3] in which
observations obtained by the LRO spacecraft are ana-
lyzed, almost all data on scanning the lunar satellite
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for the determination of its position in the phase space
are related to results of Doppler ground tracking, car-
ried out mainly with the use of the DSN system
(NASA Deep Space Network). Referencing to the
DSN system is insufficiently exact, both relative to the
celestial coordinate system and to the Earth’s coordi-
nate systems. Results presented by Konopliv et al. [3]
on laser altimetry of the Moon’s surface and structural
elements of the Moon’s selenoid are also not refer-
enced to any specific coordinate system but only ori-
ented in a certain way with respect to the Moon’s posi-
tion. Each spacecraft revolution around the celestial
body corresponds to a certain orbit. Based on element
differences of such orbits at points at which the orbits
intersect, the accuracy of coordinate—time referenc-
ing for the circumlunar satellite is estimated. In this
case, the determination of an adequate internal accu-
racy of the orbital motion can be discussed. Using
present-day altimetric space measurements and con-
sidering gravity perturbations improves the matching
of orbital parameters and increases the internal accu-
racy. Still, this does not allow one to estimate the
external accuracy of coordinate—time referencing.
Therefore, the described technique can be used only in
the case where the satellite orbits are referenced to
each other. The LRO mission is also not an exception.
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Fig. 1. Systems of selenographic coordinates.

Estimation of the external accuracy requires
another kind of observational data whose accuracy is
not worse than the internal accuracy. Referencing of
the spacecraft to stars and objects on the Moon’s sur-
face can serve as such observations [4]. In this work, a
method of regression modeling for reducing different
selenophysical measurements to a common seleno-
centric system and constructing the digital selenocen-
tric catalog (DSC) of reference lunar objects based on
their direct referencing to stars and transformation of
data from present-day lunar missions into the DSC
system is proposed. The described results, with allow-
ance for new theories of physical libration of the
Moon, allow one to create a dynamic selenocentric
reference system with coordinate axes that coincide
with the lunar axes of the Moon’s inertia and the coor-
dinate origin coincides with the Moon’s center of
mass. It should be noted that the first attempt of navi-
gational referencing to the digital selenographic cata-
log in the world practice was made by measurement
systems of the LRO mission. On the platform of this
spacecraft, the LALT measurement system was
mounted. LALT included the LROC main optical
camera allowing one to obtain lunar surface images
with a resolution of 0.5 m and LOLA altimeter for the
creation of an exact map of height data. The LALT
system was used with the aim of determining the most
suitable locations for lunar landing of modules of
future lunar missions. Special attention in implement-
ing the LRO project was directed to the increase in the
accuracy of finding the satellite orbit elements.

High resolution images covering the given lunar
territories were obtained using a special panoramic
camera. Based on photogrammetric methods and spe-
cial software, an attempt was made to reference the
satellite orbit to the digital reference catalog of lunar
objects. A promising direction of coordinate—time

support is referencing to a system of light laser beacons
(LLBs). Such system is similar to the system of refer-
ence lunar craters; however, the latter are point objects
with which one can implement in principle coordinate
referencing with an accuracy equal to several centime-
ters using the method developed in this work. It is
planned to set up such beacons in the course of Rus-
sian Luna-25 (26, 27, and 28) lunar missions. Using
LLBs will make it possible to implement high-accu-
racy lunar landing and to perform highly detailed
scanning of the Moon. In the process of navigational
referencing of space satellites to the lunar coordinate
system, our method allows one to use both objects
with known coordinates on the Moon’s surface and
quantum optical systems for which LLBs with deter-
mined exact coordinate positions serve as analogues.

2. SELENOGRAPHIC COORDINATE SYSTEM

When creating the reference catalog of lunar
objects of the visible and hidden sides of the Moon
(CLO), it is necessary to exactly determine the coordi-
nate systems in which all constructions will be per-
formed because there are certain disagreements in the
special literature on this subject. The rectangular sele-
nographic coordinates are reckoned in fractions of the
Moon radius R = 1738.1 km.

The direction of the axes is as follows (see Fig. 1):
{ is directed to the Earth (x in the Cartesian coordi-
nate system); & coincides with the projection of the
lunar equator and is directed to the East (y in the Car-
tesian coordinate system); and 1 coincides with the
projection of the zero meridian and is directed to the
North Pole (z in the Cartesian coordinate system).

The meridian passing through the first lunar
radius, i.e., through the axis of inertia X, has the lon-
gitude of 0°.
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The longitude is reckoned in degrees. According to
classics of selenography [5, 6], the selenographic lon-
gitude of a point is equal to the dihedral angle between
the zero meridian and meridian of the crater. It is pos-
itive in the eastern hemisphere and negative in the
western hemisphere of the Moon. In both directions,
longitudes increase to 180° in the first case and
decrease to —180° in the second case. The meridian of
180° passes through the center of the hidden side of the
Moon and traverses Mare Ingenii. However, accord-
ing to [7], the definition is presented incorrectly—
positive longitudes are reckoned to the West from the
zero meridian and negative ones to the East. There-
fore, one must be attentive to publications and defini-
tions which are presented in different sources because
a large number of scientific works were published later
based on them.

The latitude is reckoned in degrees. The arc reck-
oned from the equator along the meridian passing
through the crater to crater is called the latitude. It is
measured from 0° to 90° to the North Pole of the
Moon and from 0° to —90° to the South Pole.

The formulas of the relation between spherical and
rectangular coordinates have the following form:

€ = RsinAcosP, m = Rsinp,
€ = RcosAcosp,

where A and [ are the selenographic longitude and lat-
itude, and R is the radius vector of the lunar object.

(1)

3. METHOD OF CREATING THE REFERENCE
CATALOG OF LUNAR OBJECTS
FROM THE VISIBLE AND HIDDEN SIDE
OF THE MOON

To construct the selenocentric dynamic reference
system of coordinates, it is necessary to use methods of
absolute referencing of point lunar objects to stars. To
increase the number of reference coordinate points
included in the DSC, other objects obtained from dif-
ferent observations are transformed into it. The
method of creating the reference catalog of lunar
objects of the visible and hidden sides of the Moon is
based on the robust modeling algorithm. Since the
transformation of selenographic positions requires a
large amount of recalculations, such calculations need
preliminary analysis and expediency estimation. To
solve the problem, one just uses methods of regression
modeling.

1. Full enumeration method of regression model
elements. The method is based on polynomial expan-
sion of coordinate data. The expansion can contain
polynomials of the second and third power. Using full
enumeration of terms of the regression model during
the transformation of each standard coordinate, the
optimum structure of the regression model with the
minimum root-mean-square error (RMSE) is found.
Using the method of the floating regression model
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allows one to increase the accuracy of the transforma-
tion of selenocentric coordinates more than by 10%.

2. Affine transformation method. This approach is
used for the transformation of selenocentric coor-

dinates from one Cartesian system X to another sys-
tem Y.

The efficiency of the procedures used in the trans-
formation of selenocentric coordinates is determined
using the exact comparative analysis. Such procedures
include.

1. Optimization of polynomial approximations.
2. Affine transformations.

3. Orthogonal transformations with enumeration
of systematic errors.

4. Solution of linear equation systems.

Different observations of coordinate positions were
reduced to a common selenocentric system using the
following method. A regression model allowing one to
carry out a robust estimation of different observed data
was constructed [8]:

X =AY + X, +¢, 2)

where X is the resulting matrix of different observa-
tional data reduced to a common system, Y is the
matrix of different observational data, A is the matrix
of rotation, X is the displacement vector of the coor-
dinate systems, and € is the error matrix. System (2)
was solved using adaptive regression modeling (the
ARM approach). For this purpose, the following pro-
cedures were carried out.

1. Diagnostics of qualitative components of the
regression model of different data.

2. Analysis of satisfying the main conditions for the
use of the least squares method (LSM) (for example,
the Gauss—Markov conditions).

3. Use of numerical adaptation in the case where
standard conditions of the LSM are broken.

Robust estimation of unknown parameters presup-
poses the following necessary procedures.

1. Criteria analysis for system transformations.

2. Creation of the spectrum of competitive regres-
sion models of reducing different data to a common
system.

3. Construction of sufficient number of structured
parametric model identification methods.

4. Application of different observation processing
scenarios making it possible to carry out prediction
estimations for qualitative properties of models and
allowing one to determine condition violations for the
LSM algorithm and to carry out adaptation to opti-
mum parameters of robust estimates if a discordance
with the model’s postulated properties exists.
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Condensation and expansion of the catalog of
lunar objects are carried out with the use of the follow-
ing regression model:

AXO+E€="27, A3)

where A(Aj) is the rotation matrix, and O(AE, An, AQ)
is the displacement vector of the reference system
Z(AX, AY, AZ) with respect to €.

In the course of ARM, it is necessary to consider
that the transformation structure of unknown param-
eters for each pair of systems remains unknown during
the regression model solution (3) and it is necessary to
determine it according to given competitive data [9].
In the general case, expression (3) can be written as the
regression matrix equation [1]:

Y = XP+E&, 4)

where £ is the error vector, and vector j is the first row
in the rotation matrix A. It is evident that terms of vec-
tor Y for a simple event (4) are determined simultane-
ously by the structure identifier.

The rotation matrix A sometimes does not corre-
spond to conditions of an orthogonal transformation
from system Y'to system X due to the presence of mul-
ticollinearity and errors in calculations of object coor-
dinates entering into the two systems. Here, the fol-
lowing conditions must be satisfied:

A"A=E, detA=1. ®)

Equation (4) in combination with condition (5)
can be interpreted as a joint deterministic transforma-
tion. Such problem is solved using the numerical opti-
mization method which is characterized by accuracy

within the difference between the X and Y systems.

The unknown parameters O(AE, An, A{) are
found according to the expression

0 =" P (A" PZ), (6)

and errors for corrections to coordinates AE, An, and
AL are determined according to the covariance
matrix:
T
p©) =YLV (4" Pay, %)
2n -3

where Vs the vector of residual deviations.

Construction of the selenocentric catalog of refer-
ence points involves different methods for determinis-
tic and approximate coordinate transformations. The
construction process uses mathematical approaches
developed for direct referencing of lunar objects to the
celestial coordinate system. Solving the problem
described above needs an LSM modification with
allowance for the regression modeling method. This
procedure requires using the algorithm of affine data
transformation from one system to another [8].

The selenocentric reference coordinate system was
created using data of ground observations and space

ANDREEYV et al.

missions, as well as author software packages allowing
one to analyze regression models and carry out robust
estimations of unknown parameters. The investigation
algorithm included the following procedures.

1. Investigation of random and systematic errors of
the selenocentric reference coordinate system.

2. Multiparameter harmonic and fractal analysis of
selenocentric coordinates of objects on the visible and
hidden sides and in the Moon’s libration zone.

The catalog of reference objects was constructed
using software algorithms developed for object refer-
encing on the Moon’s surface.

The reference selenocentric system was created
using algorithms developed for absolute referencing of
lunar objects to stars. At present, at least two of the
problems solved here by use of the LSM can be solved
more accurately. Also, considering that reprocessing
of basic observations requires a large amount of calcu-
lations, it is necessary to determine and numerically
estimate the expediency of such procedures.

One of the most important stages of the computa-
tional process during the reduction of observations is
the procedure of finding (estimating) parameters of
regression models which are successfully applied in
astronomy, geodesy, and astrophysics. However, the
classical approach to estimating unknown values in
these research areas postulates a stable fixed model
and the use of the LSM; therefore, it is not adequate to
present-day practical requirements and development
of algorithms based on regression modeling. The
attempted steps for moving beyond standard LSM
frames pursue local problems and do not create condi-
tions for the system solution of this problem. The stan-
dard limitations in reducing space data and ground
observations are the presence of insignificant, nonin-
formative, doubling, and correlating polynomial
terms, as well as violation of LSM conditions in
regards to the normal Gauss—Markov scheme. In this
work, the regression modeling approach is used as an
alternative to the classical method. When estimating
unknown parameters, this approach presupposes
robust analysis, verification of assumptions, and adap-
tation to the case in which the assumptions are vio-
lated. It also requires developing a specialized software
for purposes of automated data processing which
reduces the time of computations and data analysis.
Regression modeling is a system approach in which
correctness of using any system element (structure
estimation method, parameter estimation method,
model, sample, set of postulations, and quality mea-
sures) can be verified and adapted if the main condi-
tions are violated. This work involves the system
approach of regression modeling and the software
developed for this purpose, with analogues absent in
the world scientific practice. At present, a complex of
specialized programs allows one to implement an
exact reduction of observations in the first approxima-
Vol. 64 2020

ASTRONOMY REPORTS No. 9



DEVELOPMENT OF METHODS FOR NAVIGATIONAL REFERENCING

tion both for dynamic and for multifactor regressions.
The software packages are as follows.

1. RASP (regression analysis software package); it
is intended first of all for analyzing the optimum data
processing model used for the prediction. RASP has a
sufficiently rational structure including: (i) the con-
trolling program node; (ii) the program node of query
creation; (iii) the set of software function procedures;
(iv) the program node of the scenario; (v) the interac-
tive module of system settings; (vi) the information
editor module; (vii) the module of creation of interac-
tive tables; and (viii) the interactive guide.

2. MHASP (multiparameter harmonic analysis
software package); the developed software package is
an automated specialized product, which implements
regression (robust) modeling for executing mathemat-
ical-interpretation tasks of structure parameters and
anomalies of the gravity field. The main purpose of the
MHASP is regression modeling of phenomena and
processes with their subsequent use for predicting final
values of the unknown parameters (responses).

3. SSPEGR (software system of parametric estima-
tion of genetic relations); the developed software sys-
tem is a specialized complex intended for problems of
regression (robust) modeling when performing the
procedure of estimating the unknown values. The
main purpose of the SSPEGR is constructing multi-
parameter regression models (MRMs). The MRM
functionality is not oriented to modeling prediction
values; the main objective of the SSPEGR is describ-
ing cause-and-effect relations of processes under
study.

4. DIGITAL CATALOG OF LUNAR OBJECTS
OF THE MOON’S VISIBLE
AND HIDDEN SIDES

The digital selenocentric dynamic catalog (DSDC)
of lunar objects of the Moon’s visible and hidden sides
was constructed by data of ground observations of
lunar craters when referencing to stars and Clemen-
tine, Kaguya, LRO, and Apollo satellite missions. The
DSDC structure is formed by values of selenographic
rectangular coordinates, selenographic longitudes and
latitudes, and radius vectors of craters on the Moon’s
surface; the values were obtained from various satellite
observations and reduced to a common selenocentric
dynamic frame of reference by robust modeling.
Depending on the kind of information content, the
data in the base con be conventionally divided into
eight structural sections which can be represented as
octants. The relation of the digital information to a
certain structural section is characterized by the sign
of the presented values of coordinates. In total, the
DSDC contains 274093 reference objects. The rectan-
gular coordinates &, 1, { are related to the principal
axes of the Moon’s inertia and are presented in frac-
tions of the Moon’s mean radius of 1738.1 km. The
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mean calculation accuracy of coordinates in the base
for &, m, and { does not exceed 0.0001, 0.0001, and
0.0002 of the Moon’s mean radius in the absolute
value, respectively. The mapping of objects between
different databases of lunar objects can be carried out
using comparative analysis of closeness of the pre-
sented coordinate positions.

The access to the DSDC is implemented in the
form of the Heights Comparison software integrated
into a simulation package and composed in the
MATLAB system. This software gives access to an
interactive search engine allowing one to: draw a sam-
ple of digital data, create a simulation model of carto-
graphic support for lunar navigational satellite systems
(LNSSs), and perform comparative analysis of height
data of the model with the selenographic digital map
of the Moon’s surface by using different user-defined
criteria. The software allows one to test the base and
draw a sample of observed objects of selenographic
rectangular coordinates from lunar objects by input
values using spherical selenographic coordinates that
characterize the object position on the Moon’s sur-
face. One can choose and/or specify the required
options: values of the selenographic latitude and lon-
gitude, the sample type (a cube or sphere), and the
sample radius in fractions of the Moon’s mean radius.
The final information can be obtained in the form of a
database package including all objects falling within
the cube or the sphere of the sample. At a later stage,
this approach is planned when solving problems of
photogrammetric referencing of the spacecraft to
electronic maps of the Moon and other navigation
problems.

Figures 2 and 3 present the distribution of DSDC
objects in the form of 2D and 3D models.

In Fig. 2, selenographic latitudes and longitudes
are plotted in degrees on the ordinate and abscissa,
respectively. The color diagram characterizes the
number of objects.

In Fig. 3, selenographic latitudes and longitudes
are plotted in degrees on the 3 and A axes, respectively.
The vertical axis and the color diagram characterize
the number of objects.

As seen from Figs. 2 and 3, polar regions contain
the least number of objects. The distribution over sel-
enographic latitudes is rather uniform both for the vis-
ible and for the hidden side of the Moon.

5. DETERMINATION OF THE ZERO POINT
POSITION IN THE DSDC COORDINATE
SYSTEM

To analyze the coordinate system, the position of
the coordinate reference center (CRC) of the DSDC
system was determined. For this purpose, the position
of the reference center of the DSDC coordinate sys-
tem was determined relative to the Moon’s center of
mass (MCM) and center of figure (MCF); then, from
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Fig. 3. Distributions of CLO objects in the form of a 3D model.

the comparison of this position with values obtained
for models of modern missions, the closeness with the
MCM is estimated because it is believed that the coor-
dinate systems of the satellite missions are quasi-
dynamic, i.e., the CRC coincides with the MCM and
the axes do not coincide with the axes of the Moon’s
inertia.

The CRC position of the DSDC coordinate sys-
tems relative to the MCM is modeled in three stages:
(i) creation of a multiparameter harmonic model by
expansion of DSDC data in spherical functions;
(ii) development of the algorithm for estimating har-
monic amplitudes; and (iii) determination of the CRC

position of the macrofigure model of the DSDC sys-
tem relative to the MCM and comparison of the
obtained results with the satellite observation data by
finding positions of the MCM relative to the MCF.

The DSDC data were expanded in spherical func-
tions using the following regression model:

N n
h(\, @) = ZZ(@M cos mA ®)

n=0 m=0

+ 8, sinm\) P, cos @ + &,

where A and ¢ are the selenocentric longitude and lat-
itude of the crater entering into the CLO system; C,,,,
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and §,,, are the normalized coefficients; P, are the
normalized associated Legendre functions; and € are
random regression errors. Based on (8), the mathe-
matical model of the physical Moon’s surface was cre-
ated.

The MCEF displacement relative to the MCM is
determined by the first order harmonics:

A§=\/§5u, Aﬂ=\/§5m AC‘/SGO’ 9

where AC is the correction to the MCF along the axis
coinciding with the direction to the Earth; AE is the
correction to the MCF along the axis directed perpen-
dicularly to { and lying in the plane of the lunar equa-
tor; An is the correction to the MCF along the axis

coinciding with the lunar axis of rotation; and C,, S},

and C,, are the first order harmonic amplitudes in the
expansion of the regression model.

Based on data of the Clementine and Kaguya space
missions and the DSDC, values of normalized first
order expansion coefficients of regression model (8)
were obtained. As a result, CRC positions from mac-
rofigure models of systems of the Clementine and
Kaguya missions and CLO relative to the MCM were
determined.

As seen from Table 1, the DSDC shows a good
agreement with data of the MCF position relative to
the MCM of the Clementine and Kaguya space mis-
sions. Therefore, one can conclude that the DSDC
coordinate system is related to the dynamic selenocen-
tric coordinate system and can be comprehensively
used for carrying out navigation problems both on the
Moon’s surface and in the near-lunar space.

6. HEIGHTS COMPARISON SIMULATION
MODEL OF THE DSDC

The method of navigation referencing of near-
lunar spacecrafts to the selenocentric dynamic coordi-
nate system with the use of the DSDC was imple-
mented in practice in the form of a simulation pack-
age. The simulation model of cartographic support for
LNSSs (SMCS) is intended for efficient determina-
tion of object coordinates on the Moon’s surface and
testing of the obtained results. The SMCS is con-
structed in the form of the Heights Comparison soft-
ware module and gives access to an interactive search
engine allowing one to: create simulation models of
cartographic support for LNSSs, draw a sample of dig-
ital data, and perform comparative analysis of the
model’s height data with the selenographic digital map
of the Moon’s surface by using different user-defined
criteria.

The method used in this work for the determina-
tion of the selenocentric height of the sought object on
the Moon’s surface is based on that height data of
objects positioned at close distances from each other
that are also close, which is peculiar to a lesser extent
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Table 1. Coordinates of the MCF (km) relative to the
MCM for three sources of hypsometric information

Clementine Kaguya DSDC
Ag —1.82 —1.78 —1.59
An —0.72 —0.76 —0.79
AL —0.62 +0.25 +0.43

to objects positioned at considerable distances from
each other. Height parameters of sought objects are
determined using the weighted altitude parameters
(WAP) method. This method acknowledges the iden-
tified point to reference objects with known coordi-
nates in the vicinity of the identified object. In the case
of a uniform distribution of height samples and stable
surface characteristics for different landscape areas,
the possibility of exact interpolation of height values of
the Moon’s surface appears based on known heights of
surrounding objects. Different farness of reference
objects from the identified point is considered using
the approach of assigned weights: larger values of
weight are assigned to reference objects that are closer
to the identified point. The WAP method is imple-
mented under the assumption that each reference
lunar object exerts a local action on the value of the
height parameter of the identified object depending on
the distance between these objects. Therefore, values
assigned to reference objects that are closer to the
sought one are higher than for objects positioned at
longer distances. Proceeding from these prerequisites,
one can write the main expression of the method in
the form

N
H(Oy) =) RH(0), (10)
i=1

where H (O,) is the identified (unknown) value of the
height parameter for the object O, and P, are specified
values of weight for each reference object to be used in
the investigations. The weight varies depending on the
distance; H(O;) is the measured (known) value of the
height parameter for the object O;; and N is the num-
ber of reference objects found near the identified

object. These are planned to be used in interpolation
procedures.

The weights are calculated according to the follow-
ing expression:

; (11)

where D, is the distance between the ith reference
object O, and identified object O,).

In expression (11), the weight varies depending on
the parameter p. The power exponent p has an effect
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on which weights will be assigned to reference objects.
It follows that the weight assigned to the reference
objects will decrease depending on the increase in the
distance between the identified and reference objects.
Correspondingly, the height parameter of the identi-
fied object will also decrease exponentially. Addition
of weights for all reference objects involved into the
interpolation process yields a sum equal to 1:

N
D=1
i=1

In the course of calculations, seeking for the mini-
mum RMSE, one can determine the optimum value
of the parameter p.

The SMCS allows one to find selenocentric
parameters by values of longitude A and latitude 3 of
the object under study in the given region on the
Moon’s surface based on observations from the space-
craft’s board with the use of a digital camera and laser
interferometer. Knowing approximate observed coor-
dinates of the sought objects, we obtain the mutual
position of the sought object (Fig. 4, red dot) and
DSDC objects (Fig. 4, blue dots) in the space. In the
presented example, seven DSDC objects were found.

(12)

Values of &, n, { for the given point and objects
entering into the DSDC are determined in automatic
mode. In addition, the error curve is formed. This
additional information has no effect on further inves-

tigations; it yields information about uniformity of the
object distribution in the region under study. Then,

the height of the sought point H, is determined in

kilometers and the interpolated model height H, of
the region surrounding this point over the Moon’s
mean radius is calculated in kilometers. At the same
time, weight coefficients and distances d; from the
tested point on digital maps to centers of digital map
pixels surrounding the point under study are deter-
mined. As a result, we obtain the RMSE of height
determination by the DSDC and the difference
between the height of the sought crater and interpo-
lated height from the Moon’s digital map. One should
consider that the coordinates (A, B) for the Moon’s
surface vary within the limits of £180° and +90°,
respectively. However, to compare heights from the
DBC and that obtained from the electronic height
map of the Kaguya mission, it is necessary to restrict
oneself to limits of £174° and +84° when using the
algorithm for obtaining the height H of a given point
with coordinates (A, B) by the IDW method. With the
aim of testing, values for different octants were
obtained. Table 2 analysis shows that values obtained
for the Moon’s visible side (Octant no. 1) are more
accurate than for the hidden side (Octant no. 3).

Table 2 presents the weight P, the RMSE RMS,
the height of the sought point in the reference catalog
system Hy, the height for the same object from the
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Table 2. Comparison of results obtained when determining
the height of the point in question for two different octants

Octant no. 1 Octant no. 3
P 1 P 1
RMS 0 RMS 16.6
Hy —2.11 Hy 3.05
H —2.07 H —0.82
A 0.04 A —3.87
c 0.007 o —2.8

electronic height map of the Kaguya mission H,

A = H — H,,and the RMSE of height . All parame-
ters are given in kilometers. Thus, largest errors are
observed for regions on the Moon’s hidden side. This
again corroborates the fact that the coordinate—time
support for the Moon’s visible side is more accurate
than for the hidden side. This also explains the fact
that lunar landing of spacecrafts at present requires
correction of their trajectory by an operator in the
online mode. As an example, one can present data of
the Chinese Chang’e-4 lunar mission. The module’s
lunar landing of the Chang’e-4 mission became possi-
ble only after the establishment of direct communica-
tion with the spacecraft via a repeater satellite placed at
the Lagrange point.

At a later stage, a simulation model of cartographic
support (SMCS) for LNSSs shall be used to solve
problems of a spacecraft’s photogrammetric referenc-
ing to electronic lunar maps and other navigation
problems.

7. CONCLUSIONS

Upon analysis methods for the creation of LNSSs,
present-day selenographic systems are unequal and
their data are related to different coordinate systems
[10]. Therefore, it is necessary to use methods of space
photogrammetry. Furthermore, space observations
should be reduced by using both ground absolute
observations and exact theory of the Moon’s physical
libration [11].

The simulation model of cartographic support
(SMCS) for LNSSs (SMCS) described in this work
allows one to simulate the determination of observed
selenographic rectangular coordinates of lunar objects
by values of input spherical selenographic coordinates
characterizing the object position on the Moon’s sur-
face. This system can be used directly in the online
mode, both at stationary observation stations and
onboard a navigation satellite.

As a result of comparative analysis of the obtained
data with hypsometric models constructed based on
present-day space missions, the determination accu-
racy of a chosen point’s coordinates on the Moon’s
surface has been investigated. It has been found that

ASTRONOMY REPORTS  Vol. 64

No.9 2020

803

the coordinate—time and navigation support for the
Moon’s visible side is more accurate than for the hid-
den side, which corroborates earlier conclusions made
in other works [12]. The developed approaches can be
used in determining the coordinates of the point in
question on the Moon’s surface using different naviga-
tional goniometric devices, ground positioning tools,
laser light beacons [13], high-precision onboard star
sensors [14], and other measurement methods.
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