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Articles

Application of Galileo's Principle of Relativity in the Study of Space Objects
with Non-Inertial Motion

Sergey V. Bronnikov 2, Viktor Ya. Tsvetkov P.*

a9th Branch of the Russian Academy of Cosmonautics named after K.E. Tsiolkovsky, Korolev,
Moscow region, Russian Federation
bRussian University of Transport (RUT MIIT), Moscow, Russian Federation

Abstract

Space data processing utilizes geometric methods. This is due to the fact that angular
measurements are often used in space research, as stereoscopic photography is impossible to
achieve under terrestrial conditions. Geometric construction methods for space conditions are not
commonly used on Earth. In space research, the problem of data acquisition is relatively simple.
The challenge lies in using space information to process and analyze spatial situations and
accumulate experience. A distinctive feature of space research is that imagery is only taken from
moving objects (spacecraft), and moving objects are also largely studied. This poses the problem of
imagery from moving objects and the problem of geometric constructions taking motion into
account. This formulation of the problems necessitates an analysis of the applicability of the
principles of relativity to space imaging. This article is devoted to the study of this problem.
The principles of relativity, from Galileo, Newton, and Einstein to the present day, consider only
inertial systems. The main question is whether the system is inertial or non-inertial. This issue is
not addressed in this paper. Instead, the problem of using sensors in non-inertial systems as in
inertial systems is investigated. Spacecraft observation systems include a set of different sensors,
including a laser rangefinder, a laser scanner, digital cameras, radars, and others. Until recently,
laser rangefinders were not used for geometric constructions and determining the coordinates of
surface points. They were used only to determine the range or distance to scan points. This article
proposes a method for using a laser rangefinder for geometric constructions and obtaining three-
dimensional coordinates. This method is applicable to studying the surfaces of planets, other
celestial bodies, or other spacecraft encountered during the movement of a research spacecraft.
Three spatial simplified situations are presented. Two of these situations demonstrate the
possibility of applying the principle of relativity when photographing moving objects or when
photographing from moving objects. A simplified method for calculating coordinates using a
rangefinder is presented. Two options are considered. The first calculation option uses only the
rangefinder and allows for determining two coordinates on the surface of the body in an arbitrary
coordinate system tied to the spacecraft trajectory. The coordinates are determined only in the
cutting plane. The second calculation option uses a rangefinder and a digital camera. This
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calculation option allows for the determination of three coordinates in a conventional coordinate
system associated with the spacecraft's trajectory.

Keywords: space exploration, spacecraft, spatial situation, information perception channel,
planetary surface imaging, laser rangefinders.

1. Introduction

Special geometric constructions are often used when studying the surfaces of planets (Barmin
et al., 2014; Shaytura, 2020) and comets. Many spacecraft use single-camera imaging (Gospodinov,
2021) to study the surface of a celestial body or the environment in which that celestial body is
located. One of the special features of space object research is the study of the surfaces of planets or
small celestial bodies (Oznamets, Tsvetkov, 2019). For this reason, spacecraft carry multiple
cameras (Savinykh, Tsvetkov, 2001) to obtain more information. Spacecraft observation systems
include a variety of sensors, including a laser rangefinder, a long-focus camera with high
coordinate accuracy, and a wide-focus camera for surface observation. Angular measurements are
often used in space research (Savinykh, 2021) because stereoscopic photography is impossible to
achieve under terrestrial conditions. There is a trend in space exploration to use digital cameras
(Tagai, Batham, 2024). They can be used for real-time analysis or for sending information to Earth.
A digital camera takes a photograph and transmits it via a communication channel to the mission
control center. In space exploration, photography is conducted only from moving objects
(Bronnikov, 2023). Moreover, most space objects are also moving. This situation poses the
problem of photographing from moving objects, the problem of geometric constructions taking
into account motion, and the problem of processing such constructions. This formulation of
problems leads to the need to analyze the application of the principles of relativity to space
photography. One of the first principles of relativity belongs to Galileo. It states that all laws of
mechanics are the same (invariant) in all inertial reference frames. Inertial reference frames are
those that are either at rest or moving uniformly and rectilinearly relative to each other. In space,
there is no rectilinear motion (Savinych, 2017, Kudzh, 2022). It has curvature, and the shortest
distance is not a straight line, but a geodesic line. Of interest is the application of survey methods in
the absence of inertial motion conditions. In this case, the goal is not to determine whether the
system is at rest or moving at a constant velocity. The goal is not to determine inertiality, but to
process measurements from such a system as an inertial reference frame.

2. Results and discussion

Geometric Constructions in the Study of Certain Situations

Consider the three spatial situations depicted in Figures 1, 2, and 3. We introduce the
concepts of spacecraft (SC) and "flyby body" (BO). A flyby body can be a planet or another celestial
body, including another cylindrical spacecraft.

Points of the spacecraft's trajectory are denoted by T. Points on the surface of the flyby body
are denoted by P. Point Q denotes the projection point. In situations 1 and 3, this is the projection
onto the surface of the flyby body from the spacecraft's trajectory. In situation 2, this is the
projection onto the spacecraft's trajectory from the surface of the flyby body.

Fig. 1. The motion of the spacecraft relative to a non-rotating object

Situation 1 corresponds to the case where the spacecraft moves relative to a non-rotating
object along a circular or elliptical trajectory. During observation time tl1, the spacecraft moves
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along a trajectory from point T1 to point T2. Initially, point T1 in the spacecraft's orbit corresponds
to point P1 on the surface of the flyby body. It can be assumed that the spacecraft rotates relative to
a certain center O (Fig. 1) with an angular velocity wl. The radius of rotation is determined by the
formula.
R1=0T1=0T2
The distance traveled D along the trajectory is determined by the formula
D=R1tl ol

In addition, the spacecraft's inertial system determines the relative coordinates at
observation points T1 (X1, Y1, Z1) and T2 (X2, Y2, Z2). This is the conventional (relative)
coordinate system of the spacecraft's trajectory, tied to these orbital points. Point P1 on the flyby
body's surface is the nadir point relative to the spacecraft at point T1. Point Q on the flyby body's
surface is the nadir point relative to the spacecraft at point T2. Point T1 on the trajectory (SC) is the
zenith point relative to the flyby body's surface. The coordinates of point P1 are unknown.
However, using rangefinding devices, the distances L1 and L2 can be determined (Figure 1).

L1=T1P1
L2=T2P1

Situation 2 (Figure 2) corresponds to the case where the spacecraft is hovering in space at
point T1, while the flyby body rotates. Initially, point P1 on the surface of the flyby body is the nadir
point relative to the spacecraft at point T1.

To illustrate the relativity of this situation, we choose the same observation time tl. During
this time, the point on the surface of the flyby body moves in space from point P1 to point P2. This
point does not move on the surface of the body, but it moves in space. The spatial coordinates of
point P2 (u2, v2, I12) change relative to the spatial coordinates of point P1 (ul, v1, 11).

Fig. 2. Rotation of an object relative to a hovering spacecraft

The position of point T1 remains constant during observation time tl. Using rangefinding
devices, distances L1 and L3 can be determined (Figure 2).
L1=TI1P1
L3=T1P2
To emphasize the relativity of the processes, we assume that the flyby body rotates with the
same angular velocity wl. The distance traveled by a point on the surface of the flyby body, D2,
is determined by the formula
D2=R2tl wl
The radius R2 on the surface of the flyby body is determined by the formula
R2=0P1= OP2
Point P1 on the flyby body's surface is the nadir point relative to the spacecraft at point T1.
Point Q on the spacecraft's trajectory is the zenith point relative to point P2 on the flyby body's
surface. Point Q in situation 2 (Figure 2) corresponds to point T2 in situation 1 (Figure 1). Point Q
in situation 1 (Figure 1) corresponds to point P2 in situation 2 (Figure 2). This comparison proves
the relativity of position in space for special cases of non-inertial motion.
In practice, the spacecraft is most often moving and the flyby body is rotating. This situation
is shown in Figure 3. They rotate at different angular velocitie wl u ®2.
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Fig. 3. Rotation of an object and motion of a spacecraft

We'll assume the observation time is tl. The distance traveled along the spacecraft's

trajectory, D1, is determined by the formula
D1=RIitl o1

The path traveled by a body D2 on the surface of a body during its flight in space is

determined by the formula
D2=R2 tl ®2

Coordinate calculations.

We will show the coordinate calculations for situation 1 in Fig. 1. Consider the triangle T1, T2,
P1 (Fig. 1). For simplicity, we will introduce the following notations:

T1T2=a; T1P1=b; T2P2=c.

The basic idea is that the area of a triangle can be calculated from the lengths of its sides, as
well as its height and base. According to Heron's formula, if the lengths of the sides are known,
the area of the triangle S is calculated using the formula

S=pe-a)p-b)p-o) ()

In expression (1), a, b, ¢ are the lengths of the sides of the triangle, and p is the
semiperimeter, which is calculated as: p=(a+ b + ¢)/2

Let's introduce the auxiliary construction shown in Figure 4.

T
dl

Py

Fig. 4. Estimating the area of triangle T1T2P1

From point P1, draw a height to side T1T2 and denote it as h. The area of triangle T1T2P1 can

also be determined using the formula
S=(ah)/2(2)

Let's define a relative coordinate system with the origin at point T1. In a relative coordinate
system, the direction T1T2 can be chosen as the X-axis. The normal to it defines the Y-axis. This
normal direction coincides with the direction of the triangle's altitude h. The value of h determines
the YY coordinate of point Pl in a relative coordinate system with the origin at point T1.
The segment dl on the line T1T2 determines the X-coordinate of point P1.

Let's equate the left-hand sides of equations (1) and (2) and eliminate the square root.

Y2 ah=[p (p-a) (p-b) (p-)I*(3)
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We calculate h
h=2 [p (p-a) (p-b) (p-c)]*/a (4)
Expression (4) defines the YY coordinate of point P1 in the relative coordinate system, in the
cutting plane tied to the spacecraft trajectory. The value of dl on the line T1T2 defines the X
coordinate of point P1 in the relative coordinate system.

dl =+b? — h?%(5)

Thus, two coordinates of point P1 are determined in the plane measuring the distance to
point P1. The third coordinate can be calculated using a photograph or digital image. It should be
noted that the YY coordinate of point P1 is measured in the cutting plane. Essentially, it is a slant
range, not a coordinate.

Figure 5 illustrates the use of an image to calculate three "correct” coordinates. The figure
shows the slant range YY and the Y coordinate in a three-dimensional coordinate system.
The segment dl corresponds to the X coordinate.

YY =YZ + Z2 (6)

The coordinates of the image of the point are determined from the photograph

P1

A
\J

T1 \ 4

Fig. 5. Determining coordinates using an image.

The coordinates of point P1 are in the relative coordinate system (X, Y, Z). The unknown
coordinates are (Y, Z). The xp coordinate in the image is used to determine the scale M between the
image and reality.

M=dl/xp (7)
The Z coordinate is determined from the zp coordinate in the image
Z=M zp=zp di/xp (8)
The Y coordinate is determined from expression (6)
Y =VYYZ — 72 (9)

Calculations for more complex situations will follow in future articles.

3. Conclusion

Some types of non-inertial motion obey the principles of relativity. For space exploration,
the inertia of a system is not as important as the ability to transfer moving imagery conditions to
stationary ones. This study demonstrates the relativity of position in space for specific cases of non-
inertial motion. The principle of relativity can be applied to non-inertial systems when the
parameters of moving bodies are recorded from them. The principle of relativity can be used to
transfer a coordinate system to different points on a moving object.
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Analysis of Methods for Passive Vibration Isolation of Precision Equipment
on Spacecraft

Roman A. Chesnokov @ *, Kirill R. Bezzubtsev 2
aRyazan State Radio Engineering University named after V.F. Utkin, Russian Federation

Abstract

The relevance of research in the field of spacecraft vibration isolation is driven by the need to
develop modern and advanced space technologies. This paper examines the main methods of
vibration protection for precision equipment and analyzes passive vibration isolation methods.
The analysis revealed that creating a vibration isolation system requires consideration of numerous
factors determined by mission requirements, and existing vibration protection methods are
adequate for the task. However, given the promising development of composite and multi-
component materials, their use in these technologies should be emphasized. This will significantly
improve the performance of many devices (such as weight and wear resistance), which will further
accelerate the development of the space industry.

Keywords: vibration isolation, spacecraft, passive vibration isolation, precession
equipment.

1. BBeageHnue

BubOparusi, win MexaHWUYecKHe KoJiebaHHsA, IpeACTaBasgeT CcoO0H  ITOBCEMECTHO
pacnpocTpaHeHHOe sIBJIEHWE, WUTpAlolllee KJIIOUEBYIO POJIb B CaMbIX Pa3/JIMYHBIX OOJIACTAX —
oT pyHAAMEHTAITPHOU (PUBUKHU U MAITUHOCTPOEHUs /10 OHMOJIoTuu W MeauiuHbl. [1og BuOpanmei
MMOHUMAIOT JBI)KEHNE TOUYKH, TeJla UJIU CUCTEMBI TeJl, IPU KOTOPOM IPOUCXOAT ITEPUOTNUECKUE
TN KBa3UIIEPHUOINYECKHE OTKJIOHEHUS OT HEKOTOPOTO CPETHETO TTOJIOKEHMS BO BDEMEHU.

2. O6cyxneHue

CoBpeMeHHBIE KOCMHYECKHE allapaTrbl, OCOOEHHO HayyHble U TEXHOJIOTHYECKHE
1aThopMbl, TpeOyioT obecmedueHHsA BBICOKOTO YPOBHA  CTAaOWIBHOCTM UM TOYHOCTHU
dyukuonupoBanus. Takue MUCCHH, KaK KOCMHYECKHE TeJIeCKOTbI (Hampumep, "Ixerimc ¥Y366"),
rpaBUTAIMOHHO-BOJTHOBBIE 06cepBatopu (LISA Pathfinder), KpuTHYHBI K YPOBHIO MEXaHHYECKHUX
KoJIe6aHUH, MOCKOJIbKY TPeOYIOT JOCTATOYHO TOYHOH octupoBku (I'epacumuyk u Jip., 2018).
Kpowme Toro, Bubpanuy oka3pIBaloT OOJIBIIIOE 3HAUEHNE Ha TOYHOCTh THPOCKOIINYECKUX TPUOOPOB
(KysHernoB, 2025) u Ipyroro npenu3noHHoro 6opToBoro obopyaoanus (PKykos u ap., 2021).

Hcrounnku BUOpamuii MHOrOOOpa3HbBI U JIEWCTBYIOT KaK Ha OJTale BbIBEJEHUS
(BBICOKOAMIUIUTY/IHBIE, IIIMPOKOIIOJIOCHBIE HATPY3KHU OT pabOThI JIBUTaTesIeN U a3pOAUHAMUYECKUX
BO3MYII[EHU), TaK U HA opOuTe (HU3KOAMIUIUTYAHBIE, HO IOCTOSHHBbIE BO3MYILEHUSA OT PaOOTHI
JIBUTATeJIEN-MaXOBUKOB, HACOCOB, CUCTEM TEPMOPETYJIMPOBAHUS 1 PA3BEPTHIBAEMBIX MEXaHU3MOB).

* Corresponding author
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Bo3speiicTBue 3TX BUOpanuil IPpUBOAUT K I€TPAIAIlU XapAKTEPUCTUK ONTUYECKUX CHCTEM,
CHIDKEHUI0O TOYHOCTH HAyYHBIX U3MEpPEHUN, HAKOIUIEHUIO YCTJIOCTHBIX IIOBPEXKIEHUN
KOHCTPYKIIMM ¥, B KOHEYHOM c4YeTe, K COKDAI[eHUI0 CPOKAa AaKTUBHOIO CYIIeCTBOBAHUA
KOCMUYECKUX amnmnapaToB. B OTAeNbHBIX caydyadx BHUOpAIUU Jake BIAUAIOT HA OayIHCTHYECKUe
mapamMeTpbl KocMudeckoro ammapara (PocroBckuit m gp., 2021). B c¢Bszu ¢ aTuM, paspaboTka
3¢ PeKTUBHBIX CUCTEM BUOPOUBOJIAIUU SABJISAETCA AKTyaJbHONM HAyYHO-TEXHUYECKON 3a/1aued,
peliieHre KOTOPOH HAIIPAMYIO BJIMSET Ha ycrex kocMuueckux muccuii (Tectoesios u 7ip., 2010).

B Hacrosiee Bpems npo0sieMa BUOpO3aIuThl pemtaercs jubo myreMm pacueroB (Makapos,
2001), 1ubo B X071e Ha3eMHOU 0TpaboTKM arperaToB u y3710B (Edanos, Ky3Henos, 2017).

3. PesyabTarsl

BubpousosnAnus B KOCMHUUYECKHX amlaparax HampaBjieHa Ha ocyiabjieHne Iepefayn
BHODAITMOHHON SHEPTHU OT HCTOYHHUKA (HAmpumep, IUIaTGOPMBI WU PAKEThI-HOCUTENA) K
3aIuIaeMoMy 00beKTy (I0JIe3HOM Harpy3Ke). Pazmuualor ciieayiomue BU/Ibl BAOPOU3O0JIAINH.

ITaccuBHas BuUOpousoAnUA. JIaHHBIA MeTOJ OCHOBAaH HA  HCIOJIb30BAHHH
YIIPYTOIeMII(UPYIOITUX 3JIEMEHTOB 0e3 BHEIHEro MCTOYHWKA SHepruu. K macCHBHBIM cHCTEMaM
OTHOCATCA: TIPY’KUHHBbIE ¥  3JIaCTOMEPHbIE  JeMIdepbl, MeTO[, WHEPIMOHHOU H30JIAINH
(ucrosb30BaHME TPOMEXKYTOUHOW WHEPITMOHHOW MAacChl), CTPYKTYPHl C BBICOKMM BHYTPEHHUM
nemiipupoBaHnrieM — (IpUMeHEHHe  KOMIIO3UTHBIX ~ MAaTepHajioB €  HWHTEPUPOBAHHBIMU
JIEMITI(PUPYIOIIMMU IMPOCTIOMKAaMU JIJIsl pacCEMBaHUsI BUOPAITMOHHOW SHEPTHH B CAMOY KOHCTPYKITUH).

AKTHUBHasA BUOPOUBOJIAIUA. AKTUBHBIE CHCTEMBI HCIIOJB3YIOT BHEIIHHN HCTOYHHUK
SHEPTUH JIJIs TeHEPAINU YIIPABJIAIOIIETO CHJIOBOTO BO3/ENCTBUS, KOMIIEHCHPYIOIIEro BUOPAIIHIO.
AxTHBHAs1 BUOPOU3OJIANHA CIIOCOOHA 3(PPEKTHBHO MOAABIIATH HU3KOUACTOTHBIE BUOpannu (MeHee
100 TI'ry), 4TO ABJAETCA UX KJIIOYEBBHIM IPEUMYIIECTBOM IIepe]T MaCCUBHBIMU cucTeMamMu. OxHAKO
OHU CJIO)KHEE, J0pOXKe, IMOTPeOJIAIT SHEPrui0 U TPeOyIT BBHICOKON HAJEKHOCTHU CHCTEMBI
yIIpaBJIeHUA.

I'mOopuaHas BuUOpou3oOAnUA. [HOpPUAHBIE CHCTEMbl KOMOWHHUDYIOT IACCUBHBIE U
AKTUBHBIE BJIEMEHTBI, CTPEMACH 0O'bETUHUTD UX IOCTOUMHCTBA.

Ha paHHBI MOMEHT ITacCMBHas BUOPOM3OJIAIUSA OCTAeTCs JIOMHUHHUPYIOIIUM W Haubosee
MOITYJIAPHBIM BHUJIOM 3aIllUTHI MPEIECCHOHHOTO 000OpPYAOBaHUA OT BUOpAIUA B MEPBYIO O4Yepeb
6s1aromaps cBoel Ha/IEXKHOCTH M OTKazoycToiunBoctu. Hapsaay ¢ HaZieXKHOCTBIO, PEeNIAIoIIyI0 POJIb
UTPAIOT IPOCTOTa KOHCTPYKIIUH U TEXHOJIOTHYEeCKas oTpaboTtaHHOCTh (PKykoB 1 /ip., 2021). O611as
paboTa ycTpoiicTB BUOPOU3OJIAIINHY MIPe/iCTaB/IeHa Ha PucyHke 1.

NcTounuk

Bubpouzonsatop > OObekT
BUOpaIiu

Puc. 1. O61iee ycTpoicTBO pabOThl BUOPOU3OJIAIIUU

[TepBocTENIEHHO, TIPU CO3/aHUM TOJHOIIEHHOW IMaCCUBHON BHOPOUBOJISAIMOHHON CHUCTEMBI
HEeOOXO/IUMO YYUTHIBATh IMPUHIUIIBI KOHCTPYKIIMOHHOTO JeMII(pUPOBaHUA, TO €CTh CIIOCOOHOCTD
caMMX KOCMUYECKHUX allllapaToB racuTh BUOpanuu. /[J11 3TOTo MpUMeHSeTCs METO, HOpPMUPOBAHHUS
3a30pO0B U JIIOPTOB. ITOT METOJ[ MPUMETCS, HAIpUMepP, B y3JaX COeAWHEHUs PpacKpbIBaeMbIX
3JIEMEHTOB, TAKUX KaK MTAHEJIN COJTHEUHBIX OaTapew, Imocjie uxX MpuBeieHus B pabouee MOJI0KeHUE.
PesynbraThl SKCIEPUMEHTOB, TIPEACTABJIEHbl B BHJE 3aBHCHUMOCTEH JIOrapuMUIECKOTO
JleKpeMeHTa 3aTyXaHUs OT aMIUINTY/Ibl, HATJISA/IHO MIPOJIEMOHCTPUPOBaIN 3D DEKTUBHOCTh METO/IA.
brUIO ycTaHOBJEHO, UTO NPU BBEAEHWU 3a30pOB B 3aMkax mopsaka 0,25:1072 m u godra B
mozakoce 0,5:1073 m koadduIreHT aemidrupoBanus 6 Bo3pacran 6osee yem B 10 paz — ¢ 0,05 70
0,55. AHayin3 moKasasl, uTo AeMIipUpOoBaHUEe KOJeOAHUN C UCIIOJIb30BaHUEM JIIO(PTOB M 3a30POB
sABysAeTcsa Hanbostee 3¢ GEKTUBHBIM B 00J1aCTH 3HAYUTETBHBIX aMILINTY/, ITpeBhImanmux 5,0-1073
M. Ha Pucynke 2 mpejicraBjieHbl 3aBUCHUMOCTH KO3(P(PUITMEHTOB JeMII(DUPOBAaHUS MPU Pa3HbBIX
mocTaHOBKax 3a30poB (Tenenues u ap., 2019).
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Puc. 2. 3aBucuMocTts K03 GUIHEHTOB AeMI(DUPOBAHUSA OT IOCTAHOBKH 3a30POB:
1 — 6e3 ycTaHOBKH 3a30pOB, 2 — yCTAHOBKA 3a30POB B 3aMKax, 3 — YCTAHOBKA 3a30POB Ha CTEPIKHAX

ITocse co3manus BUOPOMBOJIAIMOHHON OCHOBBI, HEOOXOJUMO JejaTh YIOp Ha 3alfuTy
KOHKPETHOTO 000PYI0BaHUA, OTIPEeIEHHBIMU KJIACCAMU ITAaCCUBHOM BUOPOU3OJIAINH.

Hawubosiee pacrmpocTpaHEHHBIM KJIACCOM SIBJISIOTCS BHOPOHM3OJIATOPHI HA OCHOBE YIIPYTHX
371eMeHTOB. K HUM OTHOCSITCSI METAJ/LUIMYECKUE MIPY>KUHBI U 3JIaCTOMEPHBIE IeMII(epPHI.

IIpyxuHHBIE BUOPOU30JIATOPHI XapaKTepUsylTcs JINTHEWHOU JKECTKOCTHOU
XapaKTEPUCTHKOHN U BBICOKOHN CTAOMILHOCTBHIO IAPAMETPOB B YCJIOBHAX BAKYYMa U TEMIIEPATYPHBIX
nepenazioB. OMHAKO OHU 00JIaIAI0T HEJIOCTATOYHBIM BHYTPEHHUM JIeMII(UPOBAHUEM, UTO TpeOyeT
MIpUMEHEHUS JOTIOTHUTEIBHBIX JIEMII(UPYIONUX 3JIEMEHTOB.

dnacToMepHbIe JieMiidepbl, OCHOBAHHbIE HA SBJIEHUU BHYTPEHHETO TPEHUs B IMOJTUMEDPHBIX
Marepuasiax, 06ecle4YnBal0T KOMIUIEKCHOE PeIlleHHe 33/1aud BUOPOU3OJISAIUU U IeMII(UPOBAHUA.
K ux HemocTaTkaM cjielyeT OTHECTH peJIaKCAallMOHHBIE MPOIECChl B MaTepuasie M OrpaHUYEHHbIN
TEMIIEpATYPHBIN IUATIa30H SKCILTyaTaIIVH.

Tak >ke 0cOOBIN KJIACC COCTABJIAIOT BUOPOU30JIATOPHI CyXOTO TPEHUSA, K KOTOPBIM OTHOCSTCS
MIPOBOJIOYHBIE CETOYHBIE JeMII(dephl U METAIOPE3NHOBBIE 3JIeMeHThI. VX pabouyuii MexaHuU3M
OCHOBAaH Ha /HUCCUINAIMU JHEPTUHM 3a cueT (PUKIMOHHOTO B3aUMOJIEWCTBUS CTPYKTYPHBIX
a71eMeHTOB. IIpOBOJIOYHBIE CeTOUHBIE JeMIdepsl JAEMOHCTPHUPYIOT BBICOKYIO CTaOMJIBHOCTH
XapaKTEPUCTHK B SKCTPEMAJBHBIX YCIOBUAX U 3(PdeKkTuBHOE AeMIpupoBaHUE B IIHPOKOM
YaCTOTHOM JIUAIMa30He.

MeTayUIOpe3UHOBBIE  3JIEMEHTBI, IIPEJICTABIAIIINE COO0H OOBEMHBIE CTPYKTYpHI U3
CIIPECCOBAHHOM MeTayINYeCcKOH IPOBOJIOKH, COYETAIOT YIPYTHe CBONCTBA € HEJIMHEHHBIM
neMprpoBaHUEM, UYTO 00yCIaBIUBAET UX YCTONYNBOCTD K TEPMOPAAUAIIMIOHHOMY BO3/IEHICTBHIO.

Jly1s1 0c000 OTBETCTBEHHBIX IIPUMEHEHUH, TPEOYIONTUX 00eCIIeueHHsI MUKPOTPAaBUTAIIMOHHBIX
VCJIOBUM, TPUMEHSIIOTCSI ITHEBMATHYECKHWE W THUAPOIHEBMAaTHYeCKHe CHcTeMbl. Kx pabota
OCHOBaHA HA HCIIOJIB30BAHUU CXKHMAEMOCTH Ta3000pa3HBIX pPAbOYMX Cpef B COUYETAHUU C
JKHUJIKOCTHBIM JieMIipupoBaHueM. JIlaHHbIE CHUCTEMbBI IO3BOJISIOT JIOCTUTaTh BBICOKOW CTENEeHU
BHODOUMBOJIANMK HAa WHQPPAHU3KUX YACTOTaX, OJIHAKO UX KOHCTPYKTHBHAS CJIOXKHOCTb U
MIOTEHINAIbHAS] BEPOATHOCTH YTEUEK OTPAHUYUBAIOT 00IaCTh TPUMEHEHUS.

4. 3akJaoueHue

Ananus CpeacCTB IIOKa3bIBA€T, 4YTO [JId CO3JaHHA BI/I6POI/ISOJIHIII/IOHHOﬁ CUCTEMBI
H606XOI[I/IMO Y4YUTBIBATb MHOXXECTBO (I)aKTOpOB, OoIrpeae/jIAeMbIX Tpe60BaHI/IHMI/I muccuii. Ha man
B3IVIA4, CYIIECTBYIOIIHE CHOCO6I)I BI/I6pOSI/IIIII/ITbI CIIPABJIAIOTCA C IIOCTABJICHHBIMU MM 3aJa4daMU.
OI[HaKO, YUuuTbiBad II€PCIIEKTHBHBI Pa3BHUTHA KOMIIO3UTHBIX, MHOI'OCOCTAaBHBIX MaTepHUaJiOB
cjaeanyer JgesaTb yIop B UX IIPUMMEHEHHHN B JAaHHBIX TEXHOJIOTHAX. ITO TO3BOJIUT 3HAUUTEJIHLHO
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YJIYUYIIUTh XapaKTePUCTHUKU MHOTHX YCTPOUCTB (Takue Kak Macca, U3HOCOCTOHMKOCTB), YTO B
JIUTbHENIIIeM IPUBEAET K YCKOPEHUIO PAa3BUTHUSA KOCMUYECKOU cdhephl.
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AHaJ/IN3 CIIOCO00B MACCUBHOU BUOPOU3OJIAIIUH IPEITU3UOHHOTO 000PyA0BaHUA
KOCMHUY€ECKHUX aIaparoB

Poman AnaTtosibeBuy YecHOKOB 2 - *, Kupusin PomanoBuy bes3yoiies 2

a Pa3aHCKUM rocyZlapCTBEHHBIN PAINOTEXHUYECKU yHUBepcuTeT uMeHu B.®. YTkuHa,
Poccuiickas ®eneparust

AHHOTAMA. AKTYaJbHOCTh HCCJIEZIOBAaHUU B 00J1aCTH BUOPOUBOJIAIUU KOCMUYECKUX
ammapaTtoB 00ycJOBJIeHa HEOOXOAMMOCTHIO PAa3BUTHA COBPEMEHHBIX M  IEPCHEKTHBHBIX
KOCMHYECKUX TEXHOJOTUH. B Xome BHIIOJTHEHUs PabOThl pPACCMOTPEHBI OCHOBHBIE CIIOCOOBI
BUOPO3aIUThl IIPEIECCHOHHOTO O00OpYZOBaHUSA, M IPOU3BENEH AaHAIU3 MeTO/I0B I1aCCUBHOM
BUOpOM30/IANMU. AHaMu3 TOKa3ajy, 4YTO /I CO3/JaHUS BUOPOU3OJIAIUOHHOU CHCTEMBI
HEeOOXO/IUMO YYHUTHIBATh MHOXKECTBO (DAKTOPOB, OIpEAeIsieMbIX TpPeOOBAaHUSMHU MUCCUH,
a CyIIEeCTBYIOIHE CIIOCOObI BHOPO3UIIUTHI BIIOJIHE CIIPABJISIOTCA C ITOCTABJIEHHBIMHU 33/ladaMU.
OnHako, y4uTBIBasg IIE€PCIEKTUBHBI Pa3BUTHA KOMIIO3UTHBIX, MHOTOCOCTABHBIX MaTepHaJIOB
cjenyer JieJlaTh YIOP B UX NPUMEHEHUM B JAHHBIX TEXHOJIOTUAX. DTO MO3BOJIUT 3HAYUTEIHHO
YJIYUIIUTh XapaKTEPUCTUKU MHOTHX YCTPOHCTB (TakWe KakK Macca, M3HOCOCTOMKOCTH), YTO B
JITbHEHIIIEM IPUBEAET K YCKOPEHUIO PAa3BUTHUS KOCMHYECKOU chephl.

KiaroueBble  ciioBa:  BHODOHMBOJIANMA, KOCMUYECKMH  ammapaThl,  I1acCUBHAs
BUOPOU30JIAIUSA, IPEIIECCHOHHOE 000PYI0BAHUE.
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Soundproofing of Spacecraft
Roman A. Chesnokov 2", Bogdan A. Zelenov 2
aRyazan State Radio Engineering University named after V.F. Utkin, Russian Federation

Abstract

This article provides a comprehensive study of acoustic protection methods used in the
design of manned spacecraft. It traces the historical development of noise mitigation strategies:
from local solutions used in the early stages of space exploration to the emergence of a
comprehensive engineering methodology. The central focus of the study is a comparative analysis
of passive and active noise reduction technologies, identifying their key parameters, limitations,
and optimal applications, taking into account the specific requirements of space technology.
The study concludes that a hybrid approach, integrating the advantages of passive damping and
active suppression of low-frequency acoustic vibrations, offers promise for ensuring comfortable
conditions for crews and maintaining the functionality of onboard systems.

Keywords: vibroacoustics, spacecraft, noise insulation, sound-absorbing materials, active
noise reduction.

1. BBeneHnue

BubpoakycTtrueckoe BO3JIEHCTBHE HA 3JIEMEHTHI KOHCTPYKIIUH JIETATeJIbHBIX allllapaToB
SIBJISIETCSI OJTHOM W3 TPUYHMH IOSIBJIEHUS OOJIBIIIOTO KOJMYECTBA aBAPUHHBIX U BHEIITATHBIX
cutyaruii. ['J1aBHOU ero 0cOOEHHOCTBIO SIBJISIETCSI KOMIIEKCHOE BO3JIEHCTBHE, KOT/Ia aBTOHOMHAS
0TpaboTKa OTAEIbHBIX arperaToB U CHCTEM HE JIaeT FapaHTHH OT BBIXO/A MX U3 CTPOSI BO BpeMs
rmosieta. AToH mMpobJieMe U MTOCBSAIIeHa JaHHas paborTa.

2. O6cyxneHue

Bo3HukHOBEeHME TIPOOJIEMBI AKyCTHYECKOTO BO3JIEHCTBHSA Ha 3JIEMEHTHl KOHCTPYKIIHMH
KOCMHYECKHUX allllapaTOB M WIEHOB SKHUIIA’Ka OTHOCUTCSA K HAYJIBHOMY IIEPHOAY Pa3BHUTHA
KOCMOHABTHKHU. B X071e peannsanuu mepBbIX MUJIOTUPYEMbBIX SKCHEAUITUH (TakuxX Kak «BocTok»
1 «MepKypuii») BOIPOCHI IIYMOIIOJABJIEHUs elle He ObUIH CcPOPMUPOBAHBI B KadyecTBe
CaMOCTOATEJIbHOH  WH)XEHEPDHOW  JIUCHUIUIUHBI.  KUTIOYEBHIMH  MCTOYHHMKAMH  TeHeparuu
aKyCTUYECKUX BO3JEUCTBHUH BBICTYIIAJI CHUJIOBBIE YCTAHOBKH KOCMHYECKHX arllapaToB, a TaKiKe
adpOJINHAMUYECKHE CHWIbI, BO3HHUKAIOIIHE IIPW IIPEOJOJIEHUH IUIOTHBIX CJI0eB aTMocdepbl
(POJIXOBUTHHOB u JAp., 2006). B 2TuUX yca0BHAX 3aluTa acTPOHABTOB obecIieurBasiach
MIPENMYIIIECTBEHHO 3a CYET MPUMEHEHUs CIIEIUAJIbHBIX CKahaHAPOB M Kpeces, OCHAIEHHBIX
BHOPOTIOTJIOMIAKIIUMU 3yieMeHTaMu. CHCTEMHBIN IMOJIXOJT K PENIeHUI0 STOU MpOoO0JIeMbl Hayasl
3apOXK/IAThCA BMECTE C IPOTPAaMMON «ATOJUIOH», B paMKaX KOTOPOH OBLJIO BBISBJIEHO YTO
TIOBBIIIIEHHBIN YPOBEHD IITyMa SIBJISETCA CYIIECTBEHHBIM (PaKTOPOM PHCKA KaK JJIA I[€JIOCTHOCTU

* Corresponding author
E-mail addresses: ra.chesnokov@yandex.ru (R.A. Chesnokov)
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60pTOBOTO OOOPYZOBaHMA, Tak U (puandeckoro cocrossHusA sxunaxka ([TapaxwuH, 2021). MeHHO
IIOCJIE BBITIOJTHEHUSI TAHHOM MHCCHH B IIPAKTHKY POEKTUPOBAHUA KOCMUYECKHX allllapaTOB CTaJIN
BHEJIPATHCA IIACCUBHBIE METOJIbI CHIDKEHHs IIIyMa, TaKHe KaK MOHTaXX mep(OpHpOBaHHBIX
aKyCTUYECKHX IIaHeJiell B JKWIBIX OTCeKaX U HaHeceHue JeMIIpUPYIOIIUX MaTepHajioB Ha
CTPYKTYPHBIE 3JIEMEHTHI KOPITyca.

3. PegyabsTaTsl

CoBpeMeHHbBIE METO/bI IIIyMOU3O0JIAINN KOCMUYECKUX KOpabJel MOXKHO pa3/euTh Ha JIBe
KaTeropuyu: AaKTUBHbIE U IIacCHBHbIE. [laccMBHAs IIyMOUW3OJAIUA fABJIsIeTC Hauboee
OTpabOTaHHOU U MIMPOKO IIPUMEHSEMON, OHA BKJIIOYAET B ceOs1 CIeAYIOIHE TI0IXO0/IbI:

1) IlpumeHeHHe 3BYKOIIOIVIOMIAIOIINX MaTepuasoB. [IpUHIUN  JAEUCTBUA  JIAHHBIX
MaTepPUaIOB, K KOTOPHIM OTHOCSTCS BOJIOKHUCTBIE M IIOPHUCTBIE CTPYKTYPbI, 3aK/II0YAeTCs B
TpaHchoOpMaIuu 3HEPTUU aKyCTUUECKHUX KOJIe0aHUN B TEIUIOBYIO. TH MaTEPHUAJIbI UCIIOJIb3YIOTCS
B KauecTBe BHyTPEHHEU OOJIUIIOBKU KHJIBIX OTCEKOB M 30H pasMellleHHs O0PTOBOU almapaTyphl.
Haubosiee TUNMMYHBIMU IIPEJICTABUTEISIMU KJlacca 3BYKOITOIVIONIAIOIINX MAaTEPUAJIOB SIBJISIOTCS
MaTepuaJbl HAa OCHOBE MUHEPAJIBHBIX BOJIOKOH M BCIIEHEHHBIX IIOJIUMEDPOB, HaIpUMep,
MeJIAaMUHOBOM IEHBI.

2) Bubpousossinys KOHCTpYKImMH © arperatoB. OCHOBHasg 3ajjaya 3TOTO MeToAa
3aKJII0YaeTcss B YCTPAHEHHWU IIyTed NPsAMOU Iepe/laul MeXaHW4YeCcKuX KosiebaHui. Peanusamus
9TOTO MeTo/la OOecreYruBaeTcsl 3a CYET YCTAHOBKH OOOpPYy/OBaHUS KOCMHYECKOTO KOpabss Ha
aMOpPTHU3aTOPhI, a TaKKe NMPUMeEHeHUe JeMIIPUPYIOIINX 3JIEMEHTOB B COEIMHEHUSX 3JIEMEHTOB
KOHCTPYKIIMHU. JlaHHBIA MeTo/ MO3BOJAET 3PDEKTUBHO CHU3UTHh YPOBEHb HU3KOYACTOTHBIX
BHOpAITUi, IepeaBaeMbIX OT JIBUTATEIbHON YCTAHOBKH U KOPITyca Ha YyBCTBUTEJIbHBIE TPUOOPHI
U MoayJu sku3HeoOecnieueHus (JKykoB u zip., 2021).

3) MaccoBbie Oapbepbl. MeToj IIOApa3yMeBaeT WCIOJIb30BAHUE TSIKEIBIX M IUIOTHBIX
MaTepuasioB (TakWe KaK CBHUHIIOBBIE JIUCTHI M CJIOMCThIE COHJIBUY-TIAHENH) JJISI CO3IAHMUSA
MIPENATCTBUS Ha IIyTH PACIOCTPAaHEHUs 3BYKOBBIX BOJIH. HecMOTps Ha BBICOKYIO 3¢ GEKTUBHOCTD,
IIpUMEHEHHNE 3TOTO0 METO/[a OTPAHUYEHO MaccorabapUTHBIMU OTPaHUYEHUSMH, TIPETbABIAEMBIMU
K JIETaTeJIbHBIM arapaTaM.

CpaBHeHMe 3THUX IIOJIX0/I0B IIpejicTaBieHo B Tabsuiie 1.

Taosmmma 1. CpaBHUTEIbHBIN aHAJIN3 BUJIOB ITACCUBHOU IITyMOU3OJIAIIUN

Kpurepuit 3BYKOIOIJIOMIAOIIIE Bubpousonsamnus MaccoBble 6apbepbl

CpaBHEHUA MaTepHaJibl

[Mpunnun fefictBusa | PaccemBanue 3BykoBoi | Paspei OtpakeHHe 3ByKOBOU
SHEPI'UH B TEIJIOBYIO MeXaHUYIECKOTO SHEPI'HH 3a CUeT

3a cUeT CTPYKTYPHI IIyTU Ilepefauu BBICOKOU
Marepuasia BUOpanuii ¢ IIOBEPXHOCTHOM
IIOMOIIBIO YIPYTUX | IJIOTHOCTHU
3J1IeMEHTOB. MaTepHuasoB.
A PeKTUBHOCTD Hawubosee Hawuboee AP PexTrUBHBI HA BCEX
(ZmamasoH 4acTor) 3¢ peKTUBHBI HA 3¢ peKTUBHBI HA 4acToTax, HO
CPEeIHUX U BBICOKUX HU3KHUX YaCTOTaX Tpebyemas macca
4acToTax (menee 500 I'm) u pacrer ¢
(6osee 500 I'r) MIPOTHUB BUOpAIUH. MMOHMKEHUEM
YaCTOTBHI.
OcHOBHBIE BcrieneHHble Pe3unoBbIE CBUHIIOBBIE JINCTHI,
IIpUMeHsaeMble IIOJIMMEDBHI, aMOpTU3aTOPHI, TsKesIble
MaTepuasbl MUHepaJibHas BaTa, CTaJIbHbIE IIOJIMMEPHBIe
CTEKJIOBOJIOKHO. IIPY>KUHBI, KOMIIO3UTHI,
BUOPOU30JIATOPBL. CJIONCTBIE TAHEeJIU.
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Kpurepuii 3BYKOIIOTJIOIIAIOIIHE Bubpousonsarus MaccoBble 6apbepbl
CpaBHEHMUS MaTepuasbl
BimsHue Ha Maccy OT HHU3KOTO 0 Ymepennoe. Macca | OueHb BBICOKOE.
KOHCTPYKITUH YMEpPEHHOTO. nobaBiisiercst u3-3a | fIBjsieTcss OCHOBHBIM
IL1oTHOCTH BUOPOM30JIATOPOBU | OTPAHUYHBAIOIAM
MIPUMEHSIEMbBIX KpeIUIeHUH. daxropom a1
MaTepHUaJIOB HEBBICOKA. MIpUMEHEHUs.
HapexxHoctp u Bricokana HagexHOCTh. | BrICcOKasa OueHb BBICOKAA
CJIOKHOCTD Her aBmxymmxcs Ha/IEXKHOCTD IIPU Ha/esKHOCTD U3-3a
HCIIOJTHEH U yacred U He TpeOyIoT MIPaBUJIBHOM KpaifHe IpOCTOM
MMATAHUA. pacuere. EcTb pUCK | KOHCTPYKITHH.
cTapeHus
2JIACTOMEPOB.
Obsactu O06nIoBKa YeranoBka OrpaHuyeHHO
MIpUMeEHEHUsT Ha | BHYTPEHHUX MHUOOPHBIX paMm, | MPUMEHSIOTCS 1A
KopabJie TIOMEIEHNN, KOXKYXH | IBUTATEJIEH, JIOK&JIPHOM  3allATHI
puOOPOB. HaCoCOB, KpeceJ | BAJKHOTO
KOCMOHABTOB. obopynoBaHUA oT
3BYKOBOTO JIaBJIEHUSI.
AKTUBHBIE CHUCTEMBI IIYMOIIOZABJIEHUs fABJISIETCA IEPCHEKTUBHBIM HAIlpaBJIEHUEM.

VX npuHOUN AeHCTBUA OCHOBAaH Ha reHepaliy aHTU3BYKa — 3BYKOBOU BOJIHBI, HJIEHTUYHOU IIO
aMIUIUTY/le, HO HaXo/isAIelcs B IpoTHBodase 0 OTHOIIEHHIO K da3e BOJIHBI I10/IaB/IsIEMOTO IIIyMa,
YTO MPHUBOAUT K UX B3aMMHOMY rameHuro (BacuiabeB, 2006). B ocHOBe 3TOTO MeTOHa JIEKHUT
MIPUHITUAII BOJITHOBOH cyrieprio3uliuu. CucTeMa B PeKUMeE PEATbHOTO BpEMEHU € TIOMOIIBIO IATUNKA
OTIOPHOTO IIyMa aHAJIU3UPYET CHEKTP NEPBUYHOrO HeXKeJIaTeJIbHOTO IIyMa. JJIEKTPOHHBIA OJIOK
yIpaBJIeHUs aHAIU3UPYeT NOJIyUeHHbIe CIIEKTPAIbHbIE JaHHbIE U c03/1aeT HU(POBYIO KOIIUIO 3TON
BOJIHBI, 1 UHBEPTUpYeT ee IO (ase, 1ocjae Yero BTOPUYHBIA CUTHAJ BOCIIPOU3BOJUTCA 4Yepe3
aKyCTUYeCKWi wu3iay4aTesnb (Hampumep, auHAMUK). IIpu BcTpeue B 3ajaHHOU  obJiacTu
IIPOCTPAHCTBA IEepPBUYHAA U BTOPUYHASA 3BYKOBBIE BOJIHBI MHTeP(EPUPYIOT, UYTO BBI3BIBAET HX
B3aMMHYI0 HeWTpanudanuio. [IpenMyinecTBa U HEAOCTATKU AKTUBHBIX CHUCTEM IIPE/CTABJIEHBI B
Tabiure 2.

Taosmmma 2. [IperMyliiecTBa U HEZJOCTATKU aKTUBHOTO IITyMOTIO/IaBJIEHHUST

Henocratku u orpanndenus (Pucku)
OrpanuueHHas 30Ha eiicTBus. [lo/iaBieHue
3(pPekTUBHO B HEOOIBIIIOM IIPOCTPAHCTBE.

ITpeumytiecrsa (IToTeHiman)

Bricokas a3(ppeKTUBHOCTD HA HUBKUX
yacroTtax (MeHee 500 I'11), rie maccuBHbIE
MeTO/1bl Mas103(PHEKTUBHBI U TPOMO3/KU.
3HAYHNTEJIbHOE CHUKEHIE
MaccorabapuTHBIX ITOKa3aTesel Mo
CpPaBHEHUIO C TAaCCUBHBIMU ODapbepamMu
JUUIs1 60PBOBI € IyMaMU HU3KHX YaCTOT.
AnantuBHocTh. CHIcTEMa MOKET
MIOICTPAUBATHCA IO/, U3BMEHEHHE
XapaKTEePUCTHK IIIyMa BO BpEMEHM.

C10’KHOCTD ¥ CTOMMOCTD. Tpebyercs
BBICOKOTOUHAs 3JIEKTPOHUKA, CJI0KHBIE
QJITOPUTMBI U OTJIA/IKA.

[ToTpebsienne sHeprHu. Tpebyer
9JIEKTPOIUTAHUSA, UTO CO3/IAET
ZIOTIOJTHUTEJILHYIO Harpy3Ky Ha OOPTOBYIO
CETb.

[ToreHnMabHAS HECTAOWIIHHOCTD.
HemnpaBribHast HACTPOWKA AJITOPUTMA
MO2KET IIPUBECTH K YCHJIEHHIO IIIyMa, a HE €T
10/IABJIEHUIO.

Bo3MoKkHOCTD 1IeJIEBOTO IIOJaBJICHUA.

HeCMOTpH Ha TO, YTO AKTUBHbBIEC CHUCTEMbI IIYMOIIOJABJICHUA B HACTOAIIEEC BpPEMA HE
ABJIAIOTCA IITAaTHBIM O60pyIIOBaHI/IeM Ha IMWJIOTHPYEMbIX KOCMHUYECKHX allllapaTaX, HAY4YHO-
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HCC/IeIoBaTeIbCKHE PaboThl B JIAHHOW 00JIaCTH BeAyTCs JOCTaTOYHO WHTeHCHBHO. Cpenu
pa3pabaTbIBaeMbIX HAIPABJIEHUIH MOKHO BBIJIEJIUTh HECKOJIBKO HanboJiee MepCreKTUBHBIX:

1) Jlokasim30oBaHHBIE CHUCTEMBbI i1 KaOWH U Kpecea. VHTerpamus wusjydyaTeled |
MHKPO(MOHOB B IOATOJIOBHUK Kpecja WM IUleM ckadaHapa i CO3JaHHA IIepCOHATLHOU
aKyCTUYECKOH 30HBI.

2) ITogaBieHre HU3KOYACTOTHOTO TyJjla OT CHCTEM KH3HeoOecrieueHUs1 (BEHTUIATOPHI,
HACOCHI), KOTOPBIU SBJISIETCS MIOCTOSTHHBIM UCTOYHUKOM pasapakeHus (Bacuibes, 20006).

4. 3akJaioueHue

Ha ocHOBe IpOBEJIEHHOTO aHAIN3a HUCTOPUYECKOTO OIBITA U COBPEMEHHBIX TEXHHUECKUX
pellleHUH MOKHO I0JIaraTh, YTO /I oOecrieueHus KOMILIEKCHON IIyMOU3OJIAIUN KOCMUYECKUX
KopabJieit OsmKaiInero OyAyIero ONTHMAIBHBIM PelIeHUEM SBJISAETCS THOPUAHAS CTpaTerus,
couerapmas B cebe WCIOJIb30BAHME METOJI0OB IACCHBHOTO IIIyMOTIO/IABJIEHUS U TOYEUHOE
MpUMeHeHHe aKTUBHBIX CHUCTEM IIYyMOIIO/IaBjieHusA. [laccMBHAs W30JIANMA JOJIKHA OCTAaBAThCSA
OCHOBOM Kak HanboJiee Ha/IEKHBIN CII0OCO0 3aIUTHI OT HTUPOKOIIOJIOCHOTO IITyMa 1 BuOparuil. [Ipu
STOM AaKTHUBHBIE CHCTEMBI I1€J1eCO00pPa3HO WHTETPUPOBATH IS IIO/ABJIEHUs HU3KOUACTOTHBIX
KOMIIOHEHTOB IIIyMa B 30HE HENOCPEACTBEHHOU OJM30CTH OT pabodyero mecra SKUMaxka. Takoi
IIO/IXO/T TIO3BOJIUT JOCTUYh BBICOKOTO aKyCTUYECKOro KoMGopTa u 6e301MacHOCTH 6e3 KPUTUIHOTO
YBEJTMYEHUS MacChl KOCMUYECKOTO KOpabIsl.
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AnHOTanMA. B npezcraBieHHON cTaThe OCYIIECTBIIAETCSA KOMIUIEKCHOE U3yUYeHHe MeTO/I0B
aKyCTUYeCKON 3alllUThl, HCIIOJIb3YEMOH IIPH MPOEKTHUPOBAHUU MHJIOTUPYEMBIX KOCMUYECKUX
anmaparoB. IIpociexxeHa wucropuyeckas JUHAMHKA Pa3BUTHUA CTPATeruil INPOTHUBOEHCTBUA
IIyMOBOMY BO3ZIEHICTBUIO: OT JIOKAJIbHBIX PEIIeHNH, IPUMEeHABIINXCA Ha PAHHUX 3TallaX OCBOEHUA
KOCMOca, JI0 TOsABJIEHUs I[eJIOCTHON HHKeHepHOH Merozosoruu. lleHTpaspbHOe MecTo B pabote
3aHUMAaeT CPAaBHUTEIbHASA XapaKTEPUCTUKA [TACCUBHBIX U aKTUBHBIX TEXHOJIOTUI CHUKEHUS 1IIyMa,
B paMKaX KOTOPBIH OIpe/iesIeHbl UX KJII0UeBbIe TapaMeTpbl, OTPaHUYEHUs U cepbl ONTUMATBHOTO
IIpUMEHeHUs ¢ y4yeToM crenududyecKux TpeOOBaHUN K KOCMHUYECKON TexHUKe. PesyspTaTom
IIPOBEJIEHHOTO UCCJIEZIOBAaHUA ABJIAETCA apryMEHTHUPOBAHHBIM BBIBOJL O HEPCHEKTUBHOCTH
rUOPUHOTO MOJX0/1a, UHTETPUPYIOLIEro JOCTOMHCTBA TACCUBHOTO eMII(UPOBAHUSA U aKTUBHOTO
MIO/IaBJIEHUs] HUBKOYACTOTHBIX AKyCTUYECKUX KOJIEOAaHUH ¢ IeJIblo obecreueHuss HOPMAaJIbHBIX
YCJIOBHH JIJTS DKUTAXKA U COXPAaHEHUA QYHKIMOHAIIBHOCTH OOPTOBBIX CHCTEM.

KiaroueBble cjoBa: BUOPOAKYyCTUKA, KOCMHYECKHH  Kopabib, IIyMOW3OJIAIUS,
3BYKOIIOIVIONIAIOIIIME MaTepUasIbl, aKTHBHOE IIIyMOIIO/IaBJIeHNE.
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Descriptive Modeling in Space Exploration
Irina A. Dubchak 2~
aRussian University of Transport, Moscow, Russian Federation

Abstract

The article explores the field of space research. A new type of information modeling,
description modeling, is proposed. Its application is substantiated and the content of this modeling
is revealed. A new concept, description model, is introduced. A description model is formed using
the principles of description logic. The content of description logic is briefly revealed. The need to
apply a description model in space research is substantiated. The features of obtaining information
in space research are described. Description modeling differs from other types of modeling by the
condition of consistency in creating models. Description modeling differs from other types of
modeling by the mandatory presence of information units in the form of a consistent system.
A description model compresses large volumes of space information while meeting the conditions
of consistency and consistency. The mechanism of formation of description models is considered.
The need to apply cognitive modeling in the formation of description models is shown. The stages
of sequential description modeling are described. Description modeling differs from other types of
modeling in that the first stage involves creating a conceptual model, while many other types of
modeling do not. Creating a conceptual model facilitates knowledge accumulation. Description
information modeling in space exploration is information modeling that contains morphological
and semantic components. Description modeling in space exploration can be considered a
cognitive stage, as it not only allows for the creation of a spatial model but also creates the
conditions for acquiring new knowledge.

Keywords: space exploration, modeling, spatial model, description modeling, description
model, consistency, information units.

1. BBegenue

Kocmuueckue uccesieioBaHusA, Kak U MHOTHE HAyKH, MCIIOJIB3YIOT Pa3Hble TUIIBI MOJAeIed U
texHosioruii moxaenupoBanusa (Nardi et al., 2019). JlecKpUNIIMOHHOE MOJIEJIUPOBAaHUE B
KOCMHUYECKHX HCCIEOBAaHUSIX B KadecTBe 0as30BOTO IIOJXOAA MCHOJIB3YET MAECKPUIIIUOHHYIO
sgoruky. JleckpummuonHass Jormka (Kyuyranos, 2018) B mepByl0 ouepeab HCKIIOYAET
MIPOTUBOPEUYHBOCTh U OOECIIEUMBAET KOMILIEMEHTAPHOCTb OOBEKTOB. Bo BTOpyI0 ouepenb oHa
siByIsieTcst GOpPMaJIbHBIM HHCTPYMEHTOM ONUCaHus. B TpeThbuX OHA SABJIsIETCS OCHOBOU MOCTPOEHUS
0a30BBIX OHTOJIOTHI.

JIeCKpUTNIIIMOHHOE MOJIEJIMPOBAHUE €CTh TEXHOJIOTHsSA, CO3Jaiolasd MO KOCMHYECKOU
pealbHOCTU B OHO3HAYHOU HENPOTHUBOPEUNBOU (popMe, BIUIOTH A0 HX 3jieMeHTOB. IIpu mepenoce
5TOr0 MOJIEJIMPOBAaHUA B MH(OPMAIMOHHOE I0JIe IOJIy4aloT JECKPUIIIMOHHOEe HH(OpMAIOHHOE
MOJIeJTUPOBaHUE.

* Corresponding author
E-mail addresses: iri-dubchak@yandex.ru (I.A. Dubchak)
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JleCKpUNITMOHHAsT JIOTHKA B KayecTBE OCHOBHBIX HCIIOJIB3YET TPYIILy OOIMUX IMOHATHUA H
MIPUBA3aHHBIX K HUM YaCTHBIX TOHATHI. OOIIMM MOHATHE CJIYKUT KOHIIENITYaJIbHAs MOJI€JTh, KOTOPYIO
TaK’Ke Ha3bIBAIOT KOHIIENTOM. YacTHbIE TIOHATHS JIBOMCTBEHHbIE. B 0IHOM cilyuae oHU 0003HAYAIOT
OTHOIIIEHUE. B Jipyrom ssemeHTapHbIe cylHOCTH. OOIllee MOHATHE MOXKET 0003HAvaTh KaTerOpHUIO.
YacrHoe moHATHE O0O3HAYaeT KOMIIOHEHT WJIM BJIEMEHT WM OWHApHOE OTHOIIEHHE.
JIECKPUTIIIMOHHOE MOJIEJINPOBAHUE HCIOJIB3YET MOHATHA «peaTbHOCTh» (E), «00BEKT peasibHOCTH»
(OE), «mopmennb o0bekta» (OM) m «emuuuna mogean» (UM) mwim kommnoHeHT. Ilom oObekTOM
pEaTbHOCTH B KOCMHUYECKHUX HCCJIEJIOBAHUAX TIOHUMAKT (QU3NYECKUA OOBEKT, IPOILECC,
MMPOCTPAHCTBEHHYI0 CUTyaluio. Ecm OOBEKTHI PeasbHOCTH PacCMAaTPUBAIOT B MHGOPMAIIMOHHOM
0JIe, OHU CTAHOBATCA WH(GOPMAIMOHHBIMU OOBEKTAaMU WU O0BEKTaMH MHMOOPMAIIMOHHOTO ITOJIA.
HMHabopManrioHHOe TI0JIe CO3JAET YCJIOBUSA Ui ONHCAHUS OKPYXKEHHS OOBEKTOB U JIA OIMCAHUS
B3aMMOJIECTBUHA MeXKIy HUMU. ETMHUIIA MOJEN MOXKET COOTBETCTBOBATH OMHAPHOMY OTHOIIIEHUIO
(BR) wiu nadopmarmonHou equnurie (Ul) kak aimeMeHnTy Mojienu. MHpOpMaImoHHOe I10JIe CO3/1aeT
CHCTEeMY €IMHCTBA OIIMCAHUH ITOI00HO eIMHOU KOOPIMHATHOH CHCTEME.

2. Pe3ysbpTaThl U OOCY:K/IE€HIE

JleCKpUMITMOHHOE  MOJAEIUPOBAHHME  BKJIOYAET JIOTUYECKYID HM  TEXHOJIOTHYECKYIO
KOMIIOHEHTHI. JIoTnueckas KOMIIOHEHTA JIECKPUIITHOHHOTO MOJIEJTMPOBAHUSA UCHOJIb3yeT HaOOPbI
yrBepkaeHu obmiero Buza (TBox) u HaGopbl yTBepskaeHHU uacTHoro Buja (ABox).
OObmieyTBepANTENIbHBIE BBICKA3bIBAHUA TPUMEHSIOT JJIA BBIPAYKEHUsS OTHOIIEHUH MEXIY
KOHIIENTYQJIbHBIMU YTBEPIKJAEHUAMU ¢ aOCTPAKTHBIMHU IOHATUAMU. VX NOPUMEHSIOT Ui
IIOCTPOEHUS KOHIIENITUH M O0IuX mpaBuj. YacTHO yTBEpAUTEIbHbIE BRICKA3bIBAHUS ITPUMEHSIOT
JUISL TIOCTPOEHUS JIOTUYECKUX KOHCTPYKIIMN M Oomepanuid ¢ JIOTHUECKUMHU eIMHUIIAMU, BKJIIOYas
nHdopMaIMOHHbIE eAUHUIIBI. TexHOoIOTHYecKass KOMIIOHEHTA JIECKPUIITUOHHOTO MO/IEJTUPOBAHUSA
HCIOJIb3yeT MOp(hU3M BUIA

E -OE -0OM —»UM (1)

B wuHboOpManmmoHHOM T1IOJIe €AUHUIIA MOJEIU MOKeT OBITh IIpeJ/icTaBjieHa dYepe3
uHPOPMAIUOHHYIO enuHUIly. WHpOpPMAIMOHHbIE €TUHUIBI MOTYT 00JIaZjaTh JEJIMMOCTBIO
(Tsvetkov, 2014).

UM —iu; iu €LSIU (2)

HuwxHuil ypoBeHb [JECKPUIIIIMOHHON MOJIEIM €CTh JIOKaJIbHAs CHUCTeMa HeJeIMMbIX
nHpopmaruoHHbix eauHUIl (LSIU). LSIU ecTh COBOKYIHOCTh, CBA3aHHBIX II0 TeMAaTHKe
nHOpMaIMOHHbBIX euHUI. Ecyti enuauibr mogenu (UM) 06pasyroT He MPOTHBOPEYUBYIO MOJIETH
kak cucreMmy (OM), To Takas MOJIEJb SIBJISIETCS IECKPUIIITUOHHONU MO/IEJTBIO.

Ennauna mozxenmu (UM) MOKeET SIBJIATHCA MHOXKECTBOM, a MH(GOPMAIIMOHHAS €IUHUIA €CTh
3JIeMeHT MHozkecTBa. Mogenb 00bekTa (OM) MoskeT OBbITh HEZEJUMOM 1 COCTaBHOM. THUIIMYHBIMU
KOHCTPYKTOPaMH JIJISI TIOCTPOEHHUS COCTABHBIX MOJIesIel 0O'bEKTA SIBJIIOTCSA OTHOIIIEHUS

OM1 =UM1In UM2 n UM3 (3)
OM2 = UM3 uUM4 UUMS (4)
OM3 = UM1 UUM6 n UM7 (5)
OM4 = (UM1 n UM6 N UM7) U (UM8 nUM9 nUML10) (6)

B acnexkre moaenmpoBanua mozeau OM1, OM2 Ha3bpIBalOT «YUCTBIMHU», a mMoaeau OM3,
OM4 — cmentaHHBIMH.

OO1ras ceMaHTHKA JIECKPUIIIMOHHBIX Moziesiel (Sem) 3azjaercs MyTéEM Ha3HAYEHUS CUCTEMBI
UHTEPIIPETAIINN KaK IIOJIMHOKECTB WHTEPIIPETUPYIOIINX €IMHUI], BHIOMPAaeMbIX U3 HEKOTOPOTO
(puKCHPOBaHHOTO MHOKeCTBA («OMeHa» ),

Sem 1 = BR1(uil, Is1) UBR2 (uil, Is2) UBR3 (ui3, Is3) (7)

B Beipaskenuu (7) Is — yacTHble ceMaHTHKH WHOOPMAIMOHHBIX equHUIl. O0IIas ceMaHTHKa
JIECKPUIIIIMOHHBIX MOJIEJIEH COTJIACHO BBIPaKeHHIO (7) OIpezessieTcs KaK MHOMKECTB Iap
OWHApHBIX OTHOIIEHWH Ha JoMeHe. IIpocTtpaHcTBeHHass wuHGOPMAIMA, IOJIydaeMas B
KOCMUYECKHX HCCIEOBAHUAX, ITPUBEJIa K HEOOXOIMMOCTH MTPOCTPAHCTBEHHBIX JECKPUTITHOHHBIX
Moziesiel KaK HEIIPOTUBOPEUHUBBIX MO/IEJIEH.

Nuadopmanusa B KOCMUUYECKHUX UCCIETOBAHUIX

Kocmuyeckme wucciaeqoBaHUsI TEHEPUPYIOT OTPOMHBIE OOBEMBI JAHHBIX, KOTOpPBIE
AHAJIMBUPYIOTCA  UCCIIEZIOBATENAMH. Pe3ynbraThl aHan3a KOCMHYECKOW WHMOpMamuu
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WCIIOJIB3YIOT JIJIA HAYYHBIX IIPOBEPKU TUIOTE3 U Pa3BUTUA TexHosioruil. HMHopmanusa B
KOCMHYECKUX HCCJIEJIOBAHUAX BKJIIOUAeT MHOTHE IpeAMeTHble OO0JIaCTH: OT TeoJe3UYecKOu
actponomuu (Gospodinov, 2018) mo reojie3vu, reonHMOPMATHKU U KapTorpaduu 10 TEXHOJIOTHH
CIIyTHUKOBAsA CBA3b, TEJIEKOMMYHUKAIIUHU, OCBOEHNE KOCMOca. /J[aHHBIe MOCTYIIAIOT C TeJECKOIIOB,
30H710B, MKC, u oOpabaThIBalOTCA /1A MOJIyYeHUs 3HAHUN O BcesleHHOW W yJIydIlleHUsl 3€MHBIX
TEXHOJIOTHH, Takux kak GPS.

CoBpeMeHHbIE KOCMHUYECKHE KCCJIEIOBAHUSA OXBAaTHIBAIOT IIMPOKUU CIIEKTP HAIpPaBJIEHUM:
oT pyHAAMEHTAITBHOU acTPODU3UKH U U3YyUEHUs JJAJIbHETO KOCMOCA JI0 TPUKJIAAHBIX Pa3paboToK,
CBSI3aHHBIX C JJIMTEJIbHBIM IIpeObIBAHUEM 4YeJOBEKa Ha OpOWTE U TEXHOJIOTHUAMH OCBOEHHUS
KOCMHY€ECKOTO MPOCTPAHCTBA.

Nudopmarus, mosydeHHass B XOJle OTUX HCCIENOBAHUM, IlepelaeTcsa Ha 3eMJio ¢
HCIIOJIb30BAHUEM CPEJICTB CBs3H, OoOecreunBas ryio0abHbIM 00MeH JaHHBIMH. OCHOBHOM METO
MoJiydeHus1 "HQOpMauu B KOCMHUYECKUX KCCJIEJOBAHUAX €CTh JIMCTAHIIMOHHOE 30HAUPOBaHUE
(/13). I'pynma TexHosiorui /I3 BK/IIOYAET IMOJIyYeHUS MAHHBIX JIIOOBIMH CEHCOPHBIMU METOJIAMHU.
CeHCOPHO aHAJIMTUYECKHE METOJbl NpPUMeHSIT B reoaesun (OsHamen, IIBeTkoB, 2019),
B IPOCTPAHCTBEHHOM MOHHTOPUHTEe, BKIOUas kKocmuueckuir (Kudzh, 2022). CencopHO
QHAIUTHYECKUE METO/Ibl IPUMEHSIOT B KocMudyeckou reonHdopmaTuke (Bondur, Tsvetkov, 2015).

B yacTHOM ciydae JIMCTAaHIIMOHHOE 30HAMPOBAHUE BKJIIOUAET II0JIydeHVe WHOOPMAIuU C
6opra kocmuueckoro ammapara (Savinych, 2018). TeXHOJIOTHH AWCTAaHIIMOHHOTO 30HAUPOBAHUSA
nepefanT HHQGOPMAINIO 0 KOCMUYECKHX O0BEKTax U IPOoIleccax B KOCMHUYECKOM IIPOCTPAHCTBE.
Muorue texHosioruu /I3 mepemaior O6oroByro mHopmanuio (Savinych, 2018), B onTHuecKoM
Jirana3oHe. JTOTO CO37aeT OOJIBIIIOE KOJUYECTBO BH3YaJIbHBIX MOJEJIEH, KOTOPble MOTYT OBITh
JIECKPUOIIMOHHBIMU MOJIEJIAMHU B CIydae IPUMeHEeHUs JIECKPUOIIMOHHOTO MO/IETUPOBAHUSA.

TexH0JIOTUH MOCTPOEHUS JECKPUIIITHOHHBIX MOJeJIeH.

HoBbIi Buj1 MOIETIPOBAHMS, HA3bIBAEMBIH JIECKPUITIIMOHHBIM, HAIIPaBJIEH Ha PelleHre 3a7a4
KOMILIEMEHTAPHOCTH KOMIIOHEHTOB MOJIEJTM M OTHOIIIEHWH MEXKTy KOMIIOHEHTaMu. Ero MokHO
paccMaTpuBaTh KaK pa3BUTHE OHOMACHOJIOTHYECKOTO MozenupoBaHus (Bolbakov et al., 2022).
OHOMACHOJIOTHS OCYIIECTBJISIET MPOIIECC MOJETUPOBAHUS «OT OOIIEr0 OOBEKTAa K BJIEMEHTAM €ro
Moziesieli». dTa IMOC/IeN0BaTEIbHOCTh OT 00mmero k yactHoMy. OHa oTBeuaeT Ha Bompoc: Kakwue
0a30BBIE MOJIESTM BXOJSIT B OTY CYITHOCTH? JI€CKPHUIIIIMOHHOE MOIEJITUPOBAHUE B TEOPETHYECKOM
IUIaHE pellaeT 33/a4yy IMapaMeTPUUYecKoro W HHQOPMAIMOHHOTO COOTBETCTBUS PeATbHOCTHU
anpaBUTy MOJieJiel, KOTOpPble HWMEIOTCA B PACHOPsDKEHHH UccaeoBaressa. [[eCcKpUIIHOHHOE
MOJIeJINPOBAHWE MOKHO paccMaTrpuBaTh KakK MOpGHU3M € HCIOJIb30BAHUEM KOTHUTHBHOTO
MOZIETUPOBAHMS a0CTPAKTHOM WJIH OOIIEN MO/IEJTH B YaCTHBIE €JUHIUYHbBIE KOMIIOHEHTHI.

IlepBbIM 5TallOM JAECKPUMIIIMOHHOTO MOJEIUPOBAHUA B KOCMUYECKUX WCCIEIOBAHUIX
SABJIAETCSI KOTHUTHBHBI aHa/JIN3, KOTOPHIM BKJIIOYAeT aHa/IM3 KayecTBa U IIPaBIOIOI00US
ucxogHow wHbopMmamuu. JiA KocMudecKnX (POTOCHHMKOB, BKJIIOUAs PaJIOJIOKAIIOHHBIE,
MIPUMEHSIOT Jelln(pUpoBaHre CHUMKOB. JTO 3Tal KOTHUTHUBHOTO MojlesiupoBaHusd. llpouenypy
e pUPOBAHUSA MOKHO pacCMaTPUBATh KaK BU3YaIbHOE JIECKPUIIIMOHHOE MO/IeJINPOBaHUE.

JleckpUIITMOHHAsA MOJIeJIb JIOJI’KHA OTBeUaTh CUCTEMHBIM TpeboBanueM (Bondur, Tsvetkov,
2015) mMOJTHOTBI, COTJIACOBAHHOCTH M HENPOTUBOPEUHMBOCTHU. ECIU CyIecTByeT M KOMIIOHEHTOB
MO/IeJIH, TO YCJIOBHE IMOJTHOTHI UMEET BUJ,

OM = UM1u UM2u UMm (8)

Beipaxkenue (8) o3Hauaer, UTO BCe€ KOMIIOHEHTHI B COBOKYITHOCTH OOpa3ylOT MOJENb.

YcioBue COrJIacOBAHHOCTH MMeEeT BU/T
UM1n UM2 nUmm= & (9)

Breipaxkenue (9) o3HayaeT, YTO BCE KOMIIOHEHTHI HE MUMEIOT OOIMUX IMapaMeTpPOB. YCJIOBUE
HENPOTUBOPEYUBOCTA NMEET BH/

Vi, ke OM; UM; = UMy npu k =1 (10)

Briparkenue (10) 03Ha4aeT, UTO HU OJHA M3 KOMIIOHEHT MOJIEJI HE TIPOTHUBOPEUHT JIPYTOH
KOMIIOHEHTe. B COBOKYIHOCTH BbIpakeHUs (8-10) SABJIAIOTCA PpPe3yJIbTaTOM CHCTEMHOTO
MIPOEKTUPOBAHUSA U CO3JAI0T I€JIOCTHYI0 HEIPOTUBOPEUMBYIO cUcTeMy. BBIBOA: JeCKpUNIIMOHHAA
MOJIeJIb 00J1a/IaeT CUCTEMHBIMH CBOMCTBAMHU M MOXKET CUMTAThCS CHCTEMOM OTHOCHTEJIBHO CBOMX
KOMIIOHEHTOB.
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ITIpy BBINOJIHEHUU JIIOOBIX KCCIETOBAHUN NPOBOAAT  IIPEABAPUTENIBHBIN KOTHUTHUBHBIN
aHayu3. B KOTHUTUBHBIX IIPEOOPA30BAHUAX CYIIECTBYIOT (yH/[aMeHTaIbHbIe OCHOBHI (Tsvetkov,
2013): obo3peHUE HCXOAHOTO OOIIero 0ObEKTa PeaTbHOCTH, BOCIPHUATHE IIOCTPOEHHON MOJienu
00BEKTa PeasIbHOCTH, BO3MOKHOCTH COIIOCTaBJIEHUA U OOBACHEHUA MOJIeJId 00BEKTa PeayIbHOCTH.
[TepBBIil TPUHITUII OTHOCHUTCS K PEAJIBHOCTH WIM K KOHIENTYyaJIbHBIM MOJeNisAM. /[Ba apyrue
OTHOCATCA K (OPMaIBHBIM WU (HAKTUYECKUM MOJeNAM. IJTU IPUHIUINBI HEeOOXOJUMBI IpU
00paboTke KocMUUYeCcKoN HHOpMAIUU

NHbopMaTHBHOCTh BU3YaJIbHOM MOJIEJN OILEHUBAIOT JUOO IO OUTaM C HUCIOJIb30BaHUEM
Teopun uHOpMANUM, JUOO IO KOJIUYECTBY YHUKAIbHBIX KOMIOHeHT (HomokOoHOB, 2017).
Cnenyer mOAUEpKHYTb, UYTO KMEHHO KOMIIOHEHT, a He UWH(GOPMAIIMOHHBIX €IUHUII.
VHdopManoHHble eAUHUIIBI KaK OyKBBI asiaBuTa He HGOPMATUBHBL. MTHOOPMATUBHBI TOJIBKO
cJIoBa. AHaJIOTOM CJIOBA WIM TIPEJJIOKEeHUA SABJSAETCA KOMIIOHeHTa Mozenu. Yem OGoJiblie
YHUKAJIbHBIX KOMIIOHEHT B MO/IEJTH, TEM BBIIIIE €€ HH(POPMATUBHOCTD.

OObsicHEHHE [AECKPUNIMOHHBIX MoAened (He Hajgo IMyTaTh HUX C JIECKPUIITUBHBIMH
MOZEIIMU) 3aBUCUT OT Tpex (akTopoB (UexapuH, 2014): AEHKTHYHOCTh, pedepeHInaTbHOCTD,
U CUTYallHOHHOCTb.

PedepennmanbpaOoCTh 03HaUaeT cBoiicTBo (Donnelan, 1996) ecth BO3MOXKHOCTH GOPMHUPOBATH
MOZIeJIbHbIE KOHCTPYKIHHU. CHUTYaTUBHOCTh CBfI3aHA C CHUTyalled, OKPYKAIoIehd OOBEKT
nHTepnperanuu. OHa O3HAYaeT BJMAHUE CUTyallud HA UWHTepIpeTaIui0 MOJEIN WIN ee
COCTOSIHUA. B CHJIy 5TOr0 MHTEPIPETUPYEMOCTh JIECKPUIIIMOHHBIX MO/iesiel cBsi3aHa ¢ HabopoMm
KOTHUTUBHBIX NIPU3HAKOB. B dopmanpHON 00J1aCTH WHTepIIpeTanus OCYIIeCTBJIAETCA C
HCIIOJIb30BAHUEM PEeJYKIIUU U TeOPETHUKO- MHOKECTBEHHBIX OTHOIIIEHUU. Pe3ysbTaT MocTpoeHus
JIECKPUIIIINOHHBIX MO/IeJIel T0KeH ObITh 0003pUMBIM, BOCIIPUHUMAEMbIM U MHTEPIIPETUPYEMBIM.

IIpaMoe u nocjiexoBaTe/IbHOE JeCKPUNIITUOHHOE MOie/IMPOBaHUe.

PaznnuaioT npsAMoe U IOC/el0OBaTeJIbHOE JEeCKPUIIIMOHHOEe MozenupoBaHue. IIpsamoe
MO/IeJINPOBaHNe T03BosIseT chOPMHUPOBATh IPOCTYI0 MOJienb 3a OfuH 3Tan. PopmanbHOe
OTHMCAHHE TaKOTO MOJIeJTUPOBAHUSA e€CTh mpsAMas Wwin obparHasa uMmiuiukanus. IlocienoBarenpHoe
JIeCKPUIIIIOHHOE MOJIeJIUpOBaHNe GOPMUPYET IeCKPUIIIIMOHHYIO0 MO/IEb 32 HECKOJIPKO STATIOB.

Ha Pucynke 1 npuBezieHa 0JI0K-cxeMa JIeCKPUIIIIMOHHOTO MOZEJIUPOBAHUSA, KOTOPOE MOXKHO
Ha3BaThb KAaCKaJHBIM WM IIOCJIEJIOBATEIbHBIM. B TakoM MOJIeJIMDOBAaHUM BBIEJIAIOT YEThIPE
Kackasia U OoTHoIeHus Mexay HuMu (PucyHok 1). Mexy KackajjaMu CyI[eCTBYIOT OTHOIIIEHUS:
Ra (OE-UK); Rb (MK-OM); Rc (OM-UM); Rd (UM-1U).

OObekT peanbHOCTU

Ra

MHdopmaumoHHas
KOHCTpYyKLWS

Rb

Mopgenb obbekTa

Rc

EonHnua mogenn

Rd

MHopmaunoHHas
eauHuua

Puc. 1. IlocienoBarenbHoe ACCKPUIINXUOHHOE MOJIEJIMPDOBAHUE
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Ha mnepBom »5Tame [JeCKpPUIIMOHHOTO MOJIeIMPOBaHUsA PucyHka 1 OCyIecTBJsAeTCs
nmpeobpa3oBaHe OOBEKTA PEAIPHOCTH B KOHIENTYaJIbHYIO (0000OIIEHHYI0) MOJiesib, WU B
nH@OpPMAaIMOHHYI0 KOHCTpyKIHio (K).

ATO AenaeTcs A MOCAEAYIONEro aHaJM3a U CpPaBHEHUs Mojesieldl 00BEKTOB Ha YPOBHE
koHIenuui. IIpeobpa3oBaHue WCIIOJIB3YET OTHOIIEHHS PeaJIbHOCTh KOHIENTYaJbHAs MOJIEJIb
(nHpOpMaOHHAA KOHCTPYKIUSA B UHQOPMAIMOHHOM II0JIE).

OE UK (Ph1,S¢1,C61,p1, Fr1) (11)

B (11) Phl — kareropuaibHble TapaMeTPOB, Sl — KaTeropuagbHas CTPyKTypa, COl — cBA3mM
BEPXHEro YpPOBH:A; pl — OTHOIIIEHUS BepXHEro ypoBHs; FT1 KOHCTPYKTHBHbIE ITapaMeTPhl IIEPBOTO
ypoBHA. IlepBbIif Kackaja JIeCKPUIILIMOHHOTO MOJIEJIMPOBAaHUSA BBOJIUT KaTeropuajbHbIe
rapaMeTphl U YaCTUYHO KOHCTPYKTUBHBIE. DTOT KACKaJ| CO3/1aeT KOHIIEIITHI.

Bropoii kackay mpeobpasyet kouuenTsl (1K) B 06bekTHBIE MOAET OM

MK —-0M (UM, S¢2, CB2, p2, F12) (12)

B (12) UM o6o3HavaroT eAuHUIBI WA KOMIOHEHTHI Mojenu; [lapamerp Sp2 omuchIBaer
CTPYKTYpy BTOpOro ypoBHsI, CO2 — cBsi3u BTOpPOro YpoOBH:, pl — OTHOIIEHUS BEPXHETO YPOBHA.
F12 KOHCTPYKTHBHBIE TTapaMeTpbl BToporo ypoBHsA (Ft2> Ft1). Ilocse BTOporo KackajiipoBaHU
abCTpaKTHbBIE TAPAMETPBI UCUE3AI0T U OCTAIOTCA TOJIHKO (DAKTHYECKUE TTApAMETPBI.

TpeTuii KackaJi peAyIupyeT MO/IeJIb HA KOMIIOHEHTHI.

OM — UM(S@3, CO3, p3, Ft3) (13)

OtHomreHue (13) COAEPKUT IMapMETPhI: SP2 OMHMCHIBAET CTPYKTYPY BTOPOro ypoBHs, CH2 —
CBA3U BTOPOTO YPOBHA, pl — OTHOIIEHUA BEPXHEro ypPOBHA. FT2 KOHCTPYKTHBHBIE MapaMeTphl
BTOPOTO YPOBHSI.

YeTBepThIN KacKaj IPeCTaB/IsAeT KOMIIOHEHTHI MOJIENIU B BU/le MHDOPMAIIMOHHBIX €IUHUIL
(1U), mog6HO TOMY Kak sJIOBA IPEACTABIAIOTCS OykBaMmu. [Ipu 3ToM HHGOPMAIIMOHHbBIE €/TUHUIIBI
MOTYT TOBTOPATCS B Pa3HbIX KOMIIOHEHTaX, KaK ITOBTOPSAIOTCA OYKBbI ajidaBUTa B CJI0BAX U
npemioxkeHusax. HMHbopMannoHHbIE €IUHUIBI ABJA0OTCA andasurom. Ha 3ToM 3Tame
JIECKPUIIITMOHHOTO MOJIEJINPOBAHUS HUCIIOJIB3YIOT OTHOIIEHUA Rd.

UM — iu (N, D) (14)

B Beipaxkenuu (14) N —o6bem asidasura, iu €D — 1eCKpUNITOP WM TEPMHUHOCHUCTEMA.

[TpocTpaHCTBEHHBIE MOJIETH, OMMUCHIBAIOIIE KOCMUYECKYIO PEAIBHOCTh, HMEIOT BU3YaIbHYIO
¢opmy. ITo mpuBOAUT K MOHATHIO MOpdosioruu u cemanTuku (Tsvetkov, 2025). Mopdosorus u
CEMaHTHKA MOJleJled JaloT JIOMOJIHUTEJIbHYI0 BO3MOXKHOCTh MOJIEJIMPOBAHUSA U aHAJIMU3A.
Mopdonornueckue MpOCTPAHCTBEHHbIE 00pa3bl MOTYT CIYKUTh OCHOBOM mpu (HOPMHPOBAHUU
UHOOPMAIUOHHBIX eUHUIIL. [IprMepoM ABJIAIOTCA YCIOBHBIE KapTOrpadUuecKre 3HAKU.

[IpocTpaHCTBEHHBIE JIECKPUIIIMOHHBIE MOJeaN HHGPOPMATUBHO 0Oojiee OIpeiesieHbl, UueM
rapamMeTpuyecKre MOJIeJN, OCHOBHBIM ITPEUMYIIIECTBOM 3TUX MOJiesiell SABJIAETCS BO3MOKHOCTh Ha
UX OCHOBe (HOPMHUPOBATh OHTOJIOTMM KaK MOJeJId 3HAHUU. ITO OCOOEHHO BaXKHO IIpU
(opMupoBaHUH KOHIIENITYTbHBIX MOJIETIEN.

JeckpuniinonHoe WHOOPMAIMOHHOE MOZETUPOBAHNE B KOCMHUYECKHUX HCCIIEIOBAHUAX €CTh
MHOOPMAITMOHHOE MOZIETUPOBAaHUE, cojep:Kamiee MOpP(QOJIOTHUECKYI0 U CEMaHTHYECKYIO
KOMITOHEHTHI.

JleCKpUNITMOHHOE MOJEJNPOBAHUE B KOCMHYECKUX HCCIETOBAHUAX ITO3BOJISIET CO3/1aBATh
reonH(OPMAIMOHHYI0 MOJIeJIb KaK HOCHUTEJb IIPOCTPAHCTBEHHOTO 3HaHU:A. [IpocTpaHCTBEHHBIE
OTHOIIIEHUsI TPUMEHSIOT B JECKPUIIIIMOHHOM MOJIEJIMPOBAHUM HA TpPeX JTallax M3 YeThIPEeX
(Pucynox 1). JlecKpUNITMOHHAsT MOJIEJIb B KOCMHUYECKUX HCCJIEJIOBAHUAX TPaAKTyeTcsd Kak
MIPOCTPAHCTBEHHAS MOJIETb, KOTOPAsi MOKET OBITh UCIIOJIb30BaHA JIJISI TIOJTyUYeHUsI 3HAaHUH.

3. 3aKJIoueHue

JleCKpUIIITUOHHOE MOJIEJIUPOBAaHUE B KOCMHYECKHX WCC/IEIOBAHUIX codeTaeT Oorarbie
omnucaTeJIbHbIe B BO3MOKHOCTH C XOPOIIed CTPYKTYPHUPOBAHHOCTBIO Mojziesi. OHO oOecrieunBaeT
KOMILJIEMEHTAPHOCTh BBIPA3UTEJIBHOCTA U PA3PENIUMOCTH. [[eCKpUIIIMOHHOE MOJETUPOBAHUE B
TEOPETHYECKOM IUIaHe OBITh PACCMOTPEHO KaK pa3pemrmMble (pparMeHThI JIOTUKU ITPEIUKATOB.
B cuHTaKCHMUYECKOM IJIaHe OHO OJIM3KO K MOJIAJIbHBIM JIOTUKAaM. JIeCKpUIIIIMOHHOE MO/IeJITNPOBAHUE
“MeeT NPEUMYIIECTBO B TOM, YTO MOJKET BBIPA’KATHCA B BUJIE PACCYKIEHUA U B BUJIE
TEXHOJIOTHYECKUX KOHCTPYKITHH.
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JleCKpUIIIIMOHHOE MOJIeJIUPOBAHNE OT/INYAETCA OT APYTUX BUOB MOZETNPOBAHUSA YCIIOBUEM
HEIIPOTUBOPEUYNBOCTH IIPH CO3/IaHUU Moziesiel. [leCKpUIIIIMOHHOE MO/IeIUPOBAHNE OTJINYAETCs OT
JIPYTUX BHJIOB MOJIEJIMPOBAaHUA 00f3aTeIbHBIM HaauuueM HHGOPMAIMOHHBIX €IUHHI] B BHUJE
COIJIACOBAaHHOU CHCTEMBI.

Hanuune cucTeMbl MPOCTPAHCTBEHHBIX WHGOPMAIMOHHBIX EJUHUI] O3HAYAaeT HATUYHE
6a30BOM CJI0OBAapHOU OHTOJIOTMM B BHJE Te3aypyca WIH KapTorpadudeckoro kiaaccudukaropa.
[TpocTpaHCTBEHHAsT OHTOJIOTHS, KOTOPYIO CO3/Ia€T KOHIIENTYaJIbHOE CMENIUBAHUE SIBJISETCS
CJIOXKHBIM ISl BOCIPUATHA OOBEKTOM, IMPUMEPOM SIBJISETCA KapTorpaduyeckas KOMIIO3HITUA.
UTO0OBI €€ IPOUUTATh, HEOOXOAUMBI OMOINOTEKH KapTOrpadUueCcKUX YCIOBHBIX 3HAKOB U IIPaBUIa
odOopMIIEHUA KOCMUYECKUX KapT.

JlaHHBI BUJT MOJIEJIUPOBAHUSA IIPU MPOBEJIEHUN KOCMHYECKUX HCCJIEIOBAHUUA BBITIOTHSET
dyukun nosHanus. [IpoBe/leHHOEe WCCIEIOBAaHUE [JAaeT OCHOBAaHHME BBECTH HOBOE IIOHSTHE
«IIpocTtpaHcTBeHHOE HHOOPMAIMOHHOE IECKPUTIIIIOHHOE MO/IEJTIPOBAHUE.
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JdeCKpUIIINOHHOE MOIEJINPOBAHIE B KOCMUYECKUX HCCIE€J0BAHUAX
Wpuna AnekcanaposHa JIyouak @~
aPoccHiiCKUH yHUBEPCUTET TpaHCHopTa, MockBa, Poccuiickas @enepanus

AnHoTtanua. CtaTes uccjeayer 001acTb KOCMUYECKUX HccaenoBaHuil. [IpesiokeH HOBBIH
BYJT MHGOPMAIOHHOTO MOJIeJIMPOBAHUA JIECKPUIIIIMOHHOEe MozenupoBanue. OG0CHOBAaHO €ero
IpUMeHeHNe W PpacKpbIBaeTcs COZepKaHhe 5TOr0 MOJEeJIMPOBaHUsA. BBeeHO HOBOe MHOHATHE
JIECKDUNIIIMOHHAA MOJieib. JleCKpUIIIIMOHHAA Mojiesib  (OpMUpYeTCsl C  HCIOJIb30BaHUEM
MPUHIUIIOB JIECKPUMIIMOHHON JIOTMKU. KpaTKo pacKkpbIBaercs cojepKaHue IeCKPUIIMOHHOU
sioruku. OOOCHOBaHA HEOOXOAMMOCTh NPUMEHEHUS JIeCKPUIIIMOHHON MOJieIM B KOCMHYECKUX
uccaenoBaHuax. OmnucaHbl  0COOEHHOCTH — MOJydeHUs HMHGOpPMANUU B KOCMHYECKUX
HCCIeloBaHUAX. JIeCKpUIIIMOHHOE  MOJEJIMpOBaHHE  OTJIMYaeTcsa OT  JPYTUX  BUJIOB
MOJIeJIUPOBAHUSA YCJIOBUEM HENPOTHBOPEYUBOCTH IIPU CO3JIaHUU Mojesel. JeCKpUNIIMOHHOe
MOJIeJIUPOBAaHUE OTJINYaeTcd OT JIPYTUX BHUJOB MOJIeJIUPOBAaHUA 0053aTeIbHbIM HaJIUYUeM
UHOOPMAIUOHHBIX €JUHUI] B BU/IE COTJIACOBAHHOU cucTeMbl. [leCKpUNITMOHHAA MO/IEb CXKUMAaeT
6ospivie 00BEMBI KOCMUYECKOUW HH(OpMAaNWU MPHU BHIIIOJHEHUU YCJIOBUH COTJIACOBAHHOCTU U
HENIPOTUBOPEUNBOCTU. PaccMoTpeH MexaHU3M (HOPMUPOBAHUA JAECKPUINIMOHHBIX MOJesel.
[TokazaH HEOOXOAMMOCTh IPUMEHEHHS KOTHUTHBHOTO MOJEJTUPOBAaHHUA NHPU (HOPMUPOBAHUU
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JIeCKDUIIIMOHHBIX ~ Mozesedl. OmnmcaHbl  3Tanbl  IOCJIEI0BATEJBHOTO  JIECKPUINITUOHHOIO
MOJIeJIMPOBAaHUA.  JIeCKPUIIIIMOHHOE  MOJeJMPOBAaHHE  OTJHYaercsas OT JIpYTUX  BHUJOB
MOJIeJIMPOBAHUA T€M, YTO Ha IIE€PBOM 3Talle CO3/AaeTcsA KOHLEeNTyaJlbHAasA MOJe/b, B TO BpeMA Kak
BO MOTHUX BUJIaX MO/IEJIMPOBAHUA TaKOTo 3Tana HeT. Co3/laHue KOHIENTyaIbHOU MOJIeJId IIOMOraeT
HAaKaIUINBaTh 3HaHUA. [leckpuniuoHHoe WHQPOPMAIMOHHOE MOJIEJIMPOBAHUE B KOCMHUYECKUX
HCCJIeIOBAaHUAX ecTh HH(POPMALMOHHOE MOJEJINpPOBaHUE, cojiep:Kallee MOP(QOJIOTUYECKYI0 U
CEMAHTUYECKYI0 KOMIIOHEHTHI. /[eCKpUIIIIMOHHOE MO/IeJINPOBAHNE B KOCMUYECKUX UCC/IeJOBAHUAX
MOKHO pacCMaTpUBaTh KakK 3Tall IO3HAHUA, IOCKOJBKY OHO He TOJIBKO IIO3BOJIAT IMOJIy4aTb
IIPOCTPAHCTBEHHYIO MO/IeJIb, HO CO3/IaeT YCJIOBUSA JJ1A MTOIyYeHUs HOBBIX 3HAHUH.

KiaroueBsble cjoBa: KOCMHUYECKHE HCCIe0OBAHUA, MOJEJINPOBAaHUE, IIPOCTPAHCTBEHHAs
MO/JleJIb, JECKPUIIIIMOHHOE MOJIeJIMPOBaHue, JECKPUIIIUOHHAsA MOJleslb, HelPOTUBOPEYUBOCTD,
“HQOPMAIMOHHBIE €INHUIIBI.
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Abstract

This article explores a new type of ontology, "space ontology.” It introduces the concept of
"space ontology" and substantiates the notion of "information spatial ontology" as a type of
epistemic ontology. The aim of the work is to develop scientific and methodological foundations for
constructing a space ontology as a specialized type of spatial ontology arising from the processing
of space information. The concept of ontological modeling is introduced as a group of technologies
for transforming information into knowledge. The evolution of the concept of ontology from a
generalized concept to applied concepts and the solution of practical problems is briefly described.
A taxonomy of spatial knowledge is presented. A taxonomy of spatial ontologies, including space
ontology, is presented. The works of Guarino and Alexander serve as the basis for this taxonomy.
The article demonstrates that a space ontology can be obtained based on information morphism,
ontological information retrieval, and semantic correspondence. It is generalized that all
procedures for obtaining ontology can be called ontological transformation. The importance of the
"Eidetic Reduction" and "Categorical Intuition" methods as essential components in the formation
of cosmic ontologies is substantiated. The significance and content of vocabulary ontology as a
basis for constructing complex ontologies is revealed. The difference between constructing a formal
upper-level cosmic ontology and a formal subject-level cosmic ontology is demonstrated. Ontology
construction based on logical inference is described. The obtained results expand the
methodological foundations of ontological modeling and the scope of application of spatial
ontology in research related to the analysis of cosmic information.

Keywords: ontology, spatial ontology, cosmic ontology, informational spatial ontology,
spatial information, ontological transformation, epistemic ontology.

1. Introduction

The term "ontology" was originally a purely philosophical term. It was interpreted as a
description of the science of existence. This interpretation reflected the level of scientific
development and the state of knowledge at the time. Subsequent centuries were characterized by
the differentiation of the sciences and the formalization of knowledge. Attempts emerged to
formally describe knowledge and apply it. Specific interpretations of ontologies emerged. The study
of ontology as a specialized field is attributed to the works of the philosophers Goclenius (Lexicon
Philosophicum) (Goclenius, 1980) and Lorchardus (Theatrum Philosophicum) (Rohregger,
de Souza, 2021). The term "ontology" received significant use thanks to the work of Christian Wolff
in Latin writings, particularly in his 1730 work "Philosophia Prima sive Ontologia." The next stage
in the development of the concept was the work of Edmund Husserl and his student Roman
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Ingarden (Ingarden, 1960). In Ingarden's theory, ontology explores and describes possible objects
and relationships. Ontology was interpreted as the science of formal knowledge, formed by
concepts and conceptual models. E. Husserl introduced the concept of "formal ontology" (Husserl,
1912). This ontology was closer to practical activity, but its main focus was the generalization of
scientific research. Husserl hypothesized that the object of ontology's study is categories. This, too,
was a refinement of the original concept of ontology, but a generalization in relation to the modern
interpretation of ontology. Husserl defined the fundamental method of ontology as eidetic
reduction, combined with the method of categorical intuition. Eidetic reduction explores the
immutable forms of cognition that underlie any empirical research. Categorical intuition is a form
of direct, non-sensory perception of general relationships between objects (e.g., spatial
relationships, belonging, part, and whole). One of the applications of categorical intuition is the
technology of conceptual blending.

Categorical intuition is based on the qualitative analysis of categories and allows for the
direct identification of the essence of an object or general categories without resorting to a detailed
logical analysis of the situation. The importance of categorical intuition for the formation of spatial
ontology is noteworthy.

The subsequent development of ontology research led to the concept of ontology models and
ontology models in various subject areas. The field of space exploration provides grounds for
speaking of cosmic ontology. The concept of "ontology" is currently widely used in various fields of
activity (Guarino et al.,, 2009; Nesterov, Tsvetkov, 2024). According to the IDEF5 ontology
research standard (Standard, 2025), an ontology includes: a vocabulary ontology; validation of
ontology application situations; rules; and sanctioned inferences.

— A vocabulary ontology is a catalog of terms as a terminological system used in the subject
domain of a given ontology.

— Rules (syntax) govern how terms can be combined into valid statements in this subject
domain.

— Sanctioned inferences represent valid statements in the subject domain.

The emergence of an integrated model of the information field (Tsvetkov et al., 2023) has
influenced ontology construction methods. Information ontologies have emerged as a type of
information model. The widespread use of spatial information has led to the emergence of spatial
ontologies and spatial information ontologies.

An information ontology is an information model of a subject ontology, including the
structure of categories, their properties, and the relationships between them. This model describes
information models of entities, their properties, and the relationships between them.

Scientific research has led to the concept of ontology as a model of new knowledge. Ontology
as a knowledge model can be derived from heuristic reasoning. Such ontologies are supported by
ontological information retrieval, cognitive modeling, and ontological information modeling.

Ontological information modeling is a method for formalizing domain knowledge with the
goal of creating an information model of the ontology. Ontological information modeling can be
considered a type of information morphism (Ozherel'eva, 2017). Information morphism, as a
complex transformation, can result in the formation of an ontology.

It is necessary to clarify the distinction between information and ontological modeling.
Information modeling always results in either new information or an updated existing information
model. However, it does not result in the acquisition of new knowledge. Ontological modeling
always results in the acquisition of new knowledge or new knowledge models.

A conventional ontology is obtained through reasoning, cognitive, or logical constructions.
An information ontology can be obtained through computation, reasoning, composition, and
conceptual blending (Savinykh, 2017). Ontology can be formed through the extraction of tacit
knowledge (Sigov, Tsvetkov, 2015).

Spatial data processing often leads to the emergence of new knowledge, for example,
the identification of hidden spatial structures, isolines, zones of influence, and spatial clusters —
all of which cannot be obtained directly from the primary data. The emergence of such spatial
knowledge corresponds to the properties of ontological inference. Despite the existence of works
devoted to ontologies, the creation and application of geodata, the construction of spatial
information ontologies as a class of epistemic ontologies is underrepresented.
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2. Results and discussion

Space Spatial Knowledge

Space knowledge can be spatial or non-spatial. In this paper, we examine space spatial
knowledge.

Publications have addressed the issues of spatial knowledge and geoscience. Research has
been conducted on the relationship between the concepts of knowledge, geoscience, and space
knowledge (Savinych, 2016). This provides grounds for introducing and exploring the concept of
space ontology.

In space information analysis scenarios, a problem arises related to the insufficient coherence
and generalization of existing spatial models derived from space information. This complicates the
generalization of such models and the derivation of new knowledge from them. Space ontology is a
model of space knowledge. It is built on the basis of logical inference, intuition, discourse, and
reasoning. Space information ontology is an information model of space knowledge. This ontology
is built on the basis of ontological modeling, formal logical inference, computation, and formal
reasoning. With the growth of information technology and the emergence of big data, the creation
of a space ontology is becoming important for optimizing the analysis of space information.

Figure 1 shows a diagram of the system of spatial sciences and spatial knowledge.
The diagram is given in relation to space knowledge. Spatial knowledge is accumulated from geo-
knowledge (Tsvetkov, 2016) and space knowledge. Geo-knowledge is formed from the Earth
sciences. Space knowledge is formed from two sources.

Knowledge

A

Spatial knowledge

T

Cosmic
knowledge

T [ T—

Exploration of Earth
from space

Geo knowledge

Space geoinformatics

Earth Sciences

Space exploration

Fig. 1. Spatial Sciences and Knowledge System

The first source is related to Earth exploration from space. Its unique feature is that it is
supported by geosciences and other terrestrial sciences: transportation, monitoring, geodetic
networks, geodynamics, geology, satellite navigation, satellite altimetry, satellite geodesy, and
visual instrumental Earth observations (Savinykh, 2020).

The second source of space knowledge is related to the study of outer space and celestial
bodies. This complex of sciences includes space geodesy (Oznamets, Tsvetkov, 2019), astronomy,
planetary altimetry (Tsvetkov, 2020), geodetic astronomy (Gospodinov, 2018), astrophysics, visual
instrumental observations of space objects, and others. A new science linking these two fields is
space geoinformatics (Bondur, Tsvetkov, 2015).

A taxonomy of spatial ontologies, including space ontology, is shown in Figure 2. The upper
part of the diagram describes general ontologies. The lower part describes spatial ontologies, which
include space ontology.

Currently, there are more than 20 interpretations of the term "ontology" (Ontology..., 2025).
In relation to space ontology, the general part of ontologies includes four components: formal
ontology; vocabulary ontology; epimestic ontology; dynamic ontology.
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Ontology

Dictionary Epimestic
onology ontology

| |
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; Cartographic ontology Geoinformation ontology Cosmic ontology ;
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| |
| Astronomical |
\ : S |
| Geological ontology Transport ontology ontology |
| |
3 :
‘ Construction Management 1
| Landscape ontology ontology ontology |
: :
| |

Fig. 2. Taxonomy of spatial ontologies

Formal ontology is an attempt to use formal methods to describe ontology in a generalized
manner, in terms of descriptive descriptions of categories and concepts. Formal ontology has two
forms of representation. The first form abstracts from a specific domain and considers knowledge
in a generalized manner. It uses an approach based on the premise that in any subject area, there
are phenomena that are perceived as conceptual objects, generalized associations, and generalized
situations. This approach is based on the analysis and construction of general concepts. It is used
in the construction of ontologies that utilize web semantics.

The second form of formal ontology is domain-specific and uses a formalism that takes into
account the specifics of the subject area but is linked to general concepts and shared knowledge.
This form takes the approach that conceptual objects and concepts have specific forms of
realization in each subject area.

The other three ontologies (Figure 1) use physical parameters and differ slightly across
subject areas. They correspond to Alexander's taxonomy (Alexander et al., 1986).

Vocabulary ontologies are associated with basic descriptions and the concept of information
units. They are formed using linguistic mechanisms. Vocabulary ontologies are represented by
descriptors and classifiers. For example, a classifier of conventional cartographic symbols. In the
context of a vocabulary ontology, a relation is a component of an ontological model linking
concepts and entities. A term is a specific descriptor related to an entity or process. A vocabulary
ontology is a knowledge representation model based on description logics that enables the
description of domain concepts. It represents a compromise between expressiveness and
computational complexity, enabling the creation of consistent and understandable vocabularies.
In its simplest interpretation, such an ontology is a dictionary.

Constructing a vocabulary ontology involves creating a catalog of descriptors
(e.g., adictionary of ephemerides) for a given domain. Creating a vocabulary ontology involves four
tasks: 1) cataloging terms; 2) recording the conditions for using terms; 3) creating a syntax defining
the rules for using terms to create assertions about the domain; 4) creating a coherent
terminological system for the given domain. A vocabulary ontology includes elementary entities
(vocabulary units), a grammar, and a model of behavior in the domain.
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Epistemic ontology is associated with the term "episteme" (from the Greek episteme,
meaning knowledge, and logos, meaning teaching). It serves a descriptive function for knowledge
of a static situation or an unchanging phenomenon. Furthermore, it describes the knowledge that
emerges through various discourses, for example, defining what is considered truth and which
methods of cognition are acceptable and which are not. Additionally, it defines the relationship
between ontology and epistemology, which studies knowledge as such (its nature, structure,
boundaries, reliability, truth, and origin).

An epistemetic ontology forms conceptual constructs based on a vocabulary ontology. It can
be defined as a formal representation of knowledge about a subject area, including a description of
classes of objects, their properties, and the relationships between them. The main criteria for the
formation of these ontologies are: the purpose of the ontology, the level of formal representation,
and the degree of detail. Within this type of ontology, information ontologies (Wimalasuriya, Dou,
2010) are distinguished as information models of ontologies. A direction in the development of
information ontology is the Semantic Web ontology. It is a formal, descriptive knowledge structure
that defines concepts and the relationships between them in a specific subject area. It is a key
technology of the Semantic Web, which is a superstructure on top of the existing World Wide Web
and is aimed at recognizing the semantic content of data. The purpose of creating ontologies in the
Semantic Web is to enable machine data processing, information integration, and support
automated decision making.

Dynamic ontology also includes vocabulary ontology, but it focuses on elementary processes.
It is defined as a formal representation of knowledge about processes in a subject area. Dynamic
ontology describes the dynamics of the states of objects in a subject area, as well as the dynamics of
situations in which the object of study finds itself. Dynamic ontology can be considered an event
ontology. It is one way to describe knowledge about dynamic processes and transitions between
system states.

Spatial ontology is a group of ontologies from different subject areas that utilize spatial
information. Research on these ontologies has been conducted since 1991 (Schatzki, 1991). Space
ontology (Bittner, Smith, 2003) falls within the field of spatial ontologies. Many spatial ontologies
are an extension and a type of epistemic ontology. They represent a formal and explicit description
of a domain of spatial knowledge as a structure of concepts, properties, and relationships between
them. They are created for specific purposes in information systems, such as creating a semantic
web or artificial intelligence. Other spatial ontologies are an extension and a type of dynamic
ontology. Some spatial ontologies include a combination of dynamic and epistemetic ontologies.

Spatial ontology may take other forms than the Semantic Web, such as stream ontologies
(Kurdyukov, 2024) and transport ontologies (Kudzh, Kurdyukov, 2024, Rozenberg, Tsvetkov,
2024). For example, an electronic map as an ontological model is used in transport management.

An information spatial ontology can be considered a specialized information ontology
formed using spatial information. This determines its connection with geoinformatics and
various types of spatial information modeling. Information spatial ontology is a derivative
concept of information ontology, so it is appropriate to provide a brief taxonomy of the
interpretation of information ontologies.

The conducted analysis of the interpretation of ontologies provides the basis for formulating
the concept of cosmic ontology. Cosmic ontology is a subtype of spatial ontology, constructed using
cosmic information and spatial relationships. Cosmic ontology can take the form of spatial models.
One model of cosmic ontologies is the electronic star map, which is a knowledge model. In it, each
symbol has specific semantics and meaning.

Cosmic ontology is being created as a tool for a deeper understanding and modeling of spatial
data in space information systems (Savinykh, 2019).

Formal Representation of Space Ontology

Currently, mathematical processing of data and knowledge is widely used to construct
ontologies (Kuznetsov et al., 2011). Mathematical models are universal, allowing them to be applied
in various fields, while also enabling interdisciplinary knowledge transfer. For example,
information entropy in the mathematical theory of communications and entropy in statistical
physics have identical formal descriptions but have different meanings. Coulomb's law and the law
of universal gravitation have the same structure but describe different domains and contain
different parameters. Therefore, formally identical mathematical expressions can have different
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semantic meanings and are applicable in ontological modeling. Ontological modeling exploits the
presence of commonalities or correspondences between entities defined in terms of formal logic.
According to N. Guarino's classification of ontologies by purpose (Guarino, 2009), there are top-
level ontologies, domain ontologies, task ontologies, and application ontologies. While this
classification may be controversial, it can be taken into account.

According to Guarino, top-level ontologies include the most general concepts that are
independent of specific domains and tasks (are common to them). Such concepts include "entity,"
"phenomenon,” "object,” "event,” and so on. Domain ontologies describe concepts and
relationships characteristic of specific domains (e.g., railway transport). Task ontologies include
concepts and relationships th ships between concepts in the subject area. Rs can be viewed as
R types; T — a set of vocabulary terms; Els — a set of domain interpretation elements; IMs —
information models of the subject area (space research area). Ru — rules applicable to modeling
spatial scenarios. G — geometry properties (can allow storing measurement values or values for
three-dimensional data in coordinates); SC — a coordinate system (together with tolerance and
resolution values, constitutes the spatial reference of a class);

FTLSO is used to create a new class of spatial objects. SOSL is used to obtain specific
knowledge in the subject area.

3. Conclusion

Interest in the problem of space ontologies is dictated by the development of space research.
For intelligent technologies, knowledge, not information, is the basis of action. The primary
purpose of space ontologies is the formation of spatial space knowledge.

There are information models of space objects that merely provide information. There are
information models of space that contain knowledge. Such models are called space ontologies.

Space ontologies derive knowledge from a large, heterogeneous set of spatial data.
Sometimes this set is redundant, incomplete, and sometimes contradictory.

Therefore, when constructing space ontologies, information compression and the elimination
of inconsistencies are necessary.

It is shown that a space spatial ontology is formed as a structured knowledge model arising
from space exploration and a combination of transformations. This model is based on logical,
cognitive, algorithmic, and mathematical procedures.

It is substantiated that, provided certain criteria are met, an electronic map can serve as a
form of ontology representation; however, not every cartographic model is an ontology.
The principles of constructing an information spatial ontology based on information
correspondence and information morphism are presented, connections with existing ontology
classes are described, and the conditions under which spatial information models become
knowledge carriers are highlighted. The presented scientific and methodological foundations for
constructing a space ontology as a specialized type of ontology make it possible to expand the scope
of application of spatial ontologies in the study of space objects.
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Projective Methods of Processing Space Images
Viktor Ya. Tsvetkova:*
aRussian University of Transport (RUT MIIT), Moscow, Russian Federation

Abstract

This article explores new methods for processing satellite images. The methods are based on
the application of projective geometry and offer an alternative to photogrammetry. Aerial
photography is an analogue of satellite imagery. It utilizes photogrammetric methods.
Photogrammetry imposes a number of restrictions on images. It methodically processes images
obtained using the laws of central projection. This is expressed in the requirement for equal focal
lengths along both coordinate axes. Projective methods allow for the processing of images with
impaired focal lengths. This makes it possible to process anamorphic images with different focal
lengths for both coordinate axes. Photogrammetry solves resection using the method of successive
approximations. This requires an a priori specification of nine orientation elements of the image.
The initial equations are nonlinear equations with respect to the orientation elements, which do
not have a strict solution. They are solved by the approximation method. The a priori specified
values are refined using the coordinates of control points on the image and the terrain.
The approximations yield precise parameter values. A limitation of the method is the requirement
for preliminary determination of the photogrammetric survey parameters. Aerial photography
typically utilizes cameras with identical characteristics. Space imaging of planets utilizes cameras of
different types and parameters. Projective methods remove limitations on the conditions for
photogrammetric image processing. They allow for the combined processing of images with
different parameters. Photogrammetric methods only process stereo pairs and only images with
identical parameters. Projective methods allow for the simultaneous processing of any number of
images and allow for both identical and different image parameters. When imaging planetary
surfaces from space, photogrammetric conditions are not always feasible. Therefore, projective
methods provide a tool for image processing under these conditions.

Keywords: space exploration, space photography, planetary surface imaging, direct and
inverse problems, images with disrupted ligaments, anamorphic images.

1. BBeageHnue

KocMuueckas cheMKa IpuMeHseTcs IPU MOHUTOPHUHTe TOBepxXHOCTH 3eMutn (Savinych, 2017,
Kudzh, 2022) u uzyuennu noBepxHoctu iaHeT (bapmus et al., 2013). AHaI0TOM KOCMHYECKOH
ChbeMKU fABJsAeTca aspodoTocheMKka (3aBropoansas, 2017). Kiaccuueckasa aspodoTocheMKa
OPHEHTHUPOBAaHA HA WCIOJIb30BAHUM OJHON KaMepbl /I MOJIydeHUs cepuu CHUMKOB. CHUMKH,
MIOJIyYeHHble OJTHOU KaMepoi, UMEeIOT OJ[UHAKOBBbIE 3JIeMEHThl BHYTPEHHEr0 OpPUEHTHPOBAHUSA U
5TO 3aJI0KEHO B METOAUKY ¢oTorpaMMmeTrpuyeckod obpaboTku. IIpu 3TOM BbICOTA CHEMKU HeE
IPEBBIMIAET 20 KM. KocMuyeckre HOCUTENTN UMEIOT OJHOBPEMEHHOM OT TPeX KamMep HaOJII0/IeHUs
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(CaBunbIx, IIBeTKOB, 2001). JJTMHHO(OKYCHAs KaMepa ¢ Y3KOU 30HOH HAOJIIO/IeHHs, HO C BBICOKOU
TOYHOCTBIO ompeneseHus koopauHaT. IlIupoko ¢okycHas o630pHas kamepa. MHorma craBsT
CIIEKTPO30HAJIbHbIE KaMePhl B UEThIPEX CIEKTPAJIbHBIX JUaNa30HaX, JJIs JIyYIlero OI0O3HaBaHUS
apeaJIbHbIX 00BEKTOB. BhICOTa CHEMKH COCTABJISIET COTHU U THICAYH KHJIOMETPOB.

2. O6cyKkaeHue U pe3yIbTaThl

ITpu 06paboTKe KOCMUYECKUX CHUMKOB U ITIOCTPOEHUH IIPOCTPAHCTBEHHBIX MO/IeJIeH INPOKO
MIPUMEHSI0T METOAbI T€OMETPUHN U METObI BO3AYIIHOM (OTOTPAMMETPUU U JIaKe KOTHUTHUBHYIO
soruky (Savnykh, Tsvetkov, 2021). MeTozpl reoMeTpUHM [IOMYCKAIOT IPUMEHEHHE METOJIOB
IIPOEKTUBHOM TeOMeTpUM, KOTOpble 33/al0T CIeNHNaJbHBIM IPOEKTUBHBIN moaxos. B xoxe
IIPOCTPAHCTBEHHOTO MOJIEJINPOBAHUA HAa OCHOBE KOCMUYECKUX CHHUMKOB HEOOXOJIUMO pellaTh
IpAMYI0 33/1a4y «CHHMOK — IIOBEDXHOCTb» U OOpaTHYIO 3a7jauy «IIOBEPXHOCTb — CHHUMOK»
[TepBoHAYaIbHO pemIAlOT OOpPATHYIO 3a/1ady, KOTOpas 3aKJIYaeTcs B HAXOXK/JEHHU IapaMeTpPOB
KOCMHUYECKOU CheMKH. [[JIsi ompeziesieHus peajbHbIX KOOPAWHAT HA TOBEPXHOCTH ILIAHETHI
pelaT IPAMYIO 3a7a4y.

B ¢usuke, maremaruke, (GpOTOTPAMMETPUH U TEO/IE3UN IMPHUMEHSIOT MPSIMble U OOpaTHBIE
3ajaun. B ¢dororpammerpun obpartHas 3a7aya WM oOpaTHas 3aceyka IPeJIIIeCTBYeT MPSMOM
3azave. J[yis1 ompenesieHHUs KOOPAMHAT II0 CHUMKAM HEOOXOAWMO OIPEAETUTh IapamMeTphl
CHUMKOB U IIapaMeTpbl CheMKHU. [l 3TON Les UCHOJIB3YIOT MaTeMaTUYecKHhe 3aBUCHUMOCTH,
CBA3BIBAIOIIIME KOOPAMHATHI MECTHOCTH C KOOpJMHAaTAaMH CHUMKAa. B IIpUBeleHHBIX HIXKe
dopmynax (1), (2) mokazaHbl 6a30Bble ypaBHeHHS (HOTOTPAaMMETPHUU, OIKUCHIBAIOIINE TaKHe
IIPOCTPAHCTBEHHbIE CBA3U. VX UCIOIB3YIOT KaK /1A OIpe/iesieHus apaMeTpoB GOTOChEMKH, TaK U
B IOCJIEZIYIOIIEM JIJISl BBIYMCIEHUA KOOPJAMHAT MECTHOCTU. DTH ypPaBHEHUs OIHUCHIBAIOT 3aKOHBI
[EHTPAJIbHOTO IIPOEKTHUPOBAHUA JUIA MOJydyeHUs H300pakeHWH Ha CHHUMKE II0 KOOpAMHATaM
MecTHOCTU. [Ipm paspemieHMH 3TUX [ABYX YPaBHEHUH OTHOCHUTEJBHO IIAPaMETPOB ChEMKH
MOJIy4aloT JIBa HEJIWHEWHBIX yYPAaBHEHUsS OTHOCUTEJIBHO Q HEM3BECTHBIX IapameTpoB. Kaxpas
OmOpHas TOYKAa /JaeT mmapy ypaBHeHuu. CiefoBaTesbHO, A OIpEAEeeHUsl Q IapaMeTpPOB
HeoOX0/IMMO He MeHee 5 OIOPHBIX TOUeK. TpexMepHble KOOPAMHATHI 3THX TOYEK HA MECTHOCTH
JIOJKHBI OBITh M3BECTHBI, a JIByXMEpPHbIE KOOPJAMHATHI N300parKeHUI 3TUX K€ TOUeK Ha CHUMKeE
JIOJDKHBI OBITh M3MepeHbl. Ha MpakTuke U3-32 HEJIMHEHHOCTH YPaBHEHUH 5 TOUEK HE XBAaTaeT U
HCIIOJIB3YIOT OOoJIblllee KOJWYECTBO TOYEK. Takke MPUMEHSAIOT WCKYCCTBEHHBIM IIpUEM
CHEIUAJIbPHOTO PACHOJIOKEHUsA OIOPHBIX TOYEK Ha MEeCTHOCTH, YTO YIIPOIIaeT IIPOLEeAypy
06paboTKH, HO YCJIOKHAET IO0JIeBble paboThl. DTO HCKYCCTBEHHBIE YCJIOBUsA, Hajaraemble Ha
onpesiesieHue IapaMeTPOB ChEMKHU.

Kpome usmepeHnii KOOpIHHAT TOUEK B (DOTOTPAMMETPUUECKUX 33/1aUax 3a4al0T MTapaMeTPhI
YCTAaHOBKH (DOTOKAMePhL. ITO TaKKe SBJIAETCS JIOMOJHUTEJIHHBIM YCJIOBHUEM BBITIOJTHEHUS
dorocremMkn u ycsioBHEM pellleHHs oOpaTHOU 3aceuku. IIpu aspodoTocheMKe i 3TOU Ieu
MIPUMEHSIOT CIEeIUAIBHYIO allllapaTypy U clienuasabHble poTokaMmepsl. Kocmuueckue hoTokamMmephl
U a3podOTOKaMepPhl IPeIBAPUTEIPHO KAIMOPYIOT U 33JIal0T NACHOPTHOe 3HaueHHe (POKYCHOTO
paccTosHUsA, KOTOpoe B Ipoleccax 0oOpabOTKU cuuTaeTcs 33JaHHBIM. Bce 3TO HakJIaJIbIBaeT
OTpaHNYeHUs Ha BHITIOJIHEHHE CheMKHU U pellleHre 00paTHoU 3a71aun oTorpaMMeTpU.

IIpu cwvemke Ha GOTOIUIEHKY NPUMEHSAIOT BaKyyMHble WM HHblEe BBIPAaBHUBAIOIINE
ycrpoiictBa. [lpm mcmosb30BaHUM IUAMPOBBIX KaMep HEOOXOJMMOCTh B TaKHUX YCTPOMCTBAx
ornasaer. Ho moxkeT mosBUTCA aHAMOP(OTHOCTh 3a cueT CKaHWpoBaHuA JuHelkoil II13C.
YmMmenbIieHre 3Toro 3 deKTa JOCTUTAIOT YBEJIMYEHUEM BbICOTHI ChEMKH.

B Hacrosee Bpems MpUMeHSIOT ¢ POBbIE KAMEPHI BBICOKOTO Pa3peIleHus /IS MOJTydeHUs
IU(POBBIX CHUMKOB. DTH K€ KaMepbl HCIOJIB3YIOT IPU KOCMUYECKHX uccaenoBanusax. [ludposas
KaMepa HCKJIIOUAeT MPOLEAyPY AOCTaBKH (POTO HOCUTEIISI Ha 3€MJII0 JIJI €r0 00pabOTKU U IevaTu
cHUMKOB. OHa cpa3y dopmupyeT (GOTOCHUMOK M IlepeZlaeT ero I0 KAaHAILy CBA3U B IEHTP
yIIpaBJIEHUS MTOJIETOM.

Pemrenue 3ajauu ¢ HCHOJIb30BaHNEM (POTOrpaMMeTPUUYECKUX IIOCTPOEHU.

doTocreMka peanusyeT MpoleAypy HHGOPMAIMOHHOTO Mopdu3Ma, IpU KOTOPOU TepseTcs
0/lHa Koop/uHaTa. MO>KHO KOHCTaTUPOBaTh, UTO B (POTOTPAaMMeTPHUUECKUX ITOCTPOEHUAX MO/IEJb
n3obpakeHuss MeHee WHQOpMATHBHAs, YeM MOJeJb CHHUMKA. JTO TpebyeT B JajbHeHIIEM
BOCCTAHOBJIEHUA NHPOPMATUBHOCTHU B MOZIEJI MECTHOCTH.
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O6paTHas 3a71a4a npezcTasseT coboi mpeobpasoBaHue BUAA
X0, YO, ZO, xo0, yo, dP—P (a)

B Beipaskennu (a) XO, YO, ZO, — KOOpAWHATHI OIOPHBIX TOYEK HA MECTHOCTH; XO, YO , -
KOOD/IMHATHI OIIOPHBIX TOUeK Ha cHUMKe dP — mpubkeHHble 3HAUeHUs [IapaMeTPOB CheMKH Iepest
Ha4yaJIoM CbeMKH; P — TOuHble 3HaUeHUs TapaMeTPOB CheMKH I10CJIe 3aBepIIeHNA 00pabOTKU.

[Ipsamas 3agava npezacTaBsfeT co00i KOMIIEKCHOE ITpeoOpa3oBaHue BUIA

[M1(x, y), P1]A [m2(x, y)P2]>M (X, Y, Z) (b)

B Beipakenuu (b) X, Y, Z, — KOOpAMHATHI BBHIYHUC/ISAEMBIX TOUEK HAa MECTHOCTH; X, Y , —
KOODAVHATHl H300pa*KeHUN STHUX TOYEK Ha CHUMKaxX; Ml — Touka m300pa’keHUs Ha IePBOM
CHHMKe, COOTBETCTBYIOIas OIpe/ieiseMO TOUKe Ha MECTHOCTH; M2 — TOYKa M300pakeHUs Ha
BTOPOM CHUMKE, COOTBETCTBYIOIIASA TOH Ke ompezieiieMOd TouKe Ha MecTHOCTU; Pl — mapameTpsl
ChEMKU IIEPBOTO CHUMKA; P — mmapaMeTphl ChbeMKH BTOPOTO CHUMKA; A — CUMBOJI KOHBIOHKITUH,
0003HavaIMNI 005A3aTeIbHOCTE 00pabOTKU ABYX CHUMKOB cOBMecTHO. C mo3unuil nHGOpMaTUKu
9TO O3HauaeT BOCCTAHOBJIEHNE NH(GOPMATUBHOCTH O IIPOCTPAHCTBEHHO! TPEXMEPHOU CUTYallUH.

Jna cpaBHeHHUA paccMOTpUM (OTOTpaMMeTpPUUYEeCKUU IOAXO0J pelleHHA 3azaud. B sTom
MOZX0Zle TTapaMeTpbl CheMKH (POPMHUPYIOTCA B TEXHUYECKUX XapaKTepUCTHKaxXx kKamepbl. Kamepa
UMeeT OJTHO (DOKYCHOE PACCTOSTHHE 10 Pa3HbIM OCSIM U COOTBETCTBEHHO PaBHBIN MaclITab CheMKU
110 06euM OCAM.

Ha Pucynke 1 gaHa reomeTpruudeckas ocHOBa pororpamMmmerpudeckoro Meroza. Ha Pucynke 1
IIOKa3aHa IJIaBHaA Touyka cHUMKa O ¢ KOOpAuMHATaMu Xo, Yo, KOTOpPblE He CJIeJlyeT IyTaTh C
KOOp/JIMHATaMM OIIOPHBIX TOUYEK X0, YO.

y m(x, y)
|

O(X01 yO

Puc.1. [lapameTpsl OJUHOYHOTO CHUMKA

Ha ocHoBe 3TOro mnoaxoza IPUMEHSIOT TeoOMeTpHUYecKue IIOCTPOEHM:, peausyloliue
MIPOCTPAHCTBEHHYIO [IEHTPAJIbHYIO 3aCeUKy. ATU IIOCTPOEHU onucaHbl hopmysiamu (1), (2).

Ay X =Xg) + a1 (Y =Y) + az (Z—Z5)
1 (X = Xg) +as(Y=Ys) + aszs (Z—Z)

x=x0_

€y

Ay (X —=Xs) + az, Y =Y5) + az, (Z—Zs)
A1 (X —X5) +axs(Y—Y5) + azs (Z —Zy)

Y=Y — (2)

[Tapamertp f paccrosiHue OT ToukH (poTorpadupoOBaHUA 10 HOPMAJIH JI0 IIOCKOCTH CHHMKA.
BesmuuHa r 0603HaYaeT painyc BEKTOP U3 TOUKH GoTorpadpupoBaHus /10 N300pasKEeHUS TOUKU HA
cHUMKe. BpipaxkeHus (1, 2) omnmchiBaloT WHGOPMANUOHHBIM MopdusMm (/Ismmuienko, 2018)
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mpeobpa30BaHUsI TPEX KOOPAWHAT TOUEK MECTHOCTH U B IB€ KOOP/IMHATHI CHIMKA

Beiparkenus (1, 2) MPUMEHSIOT JJI Pa3HBIX Ieyied. [Ipu 3ajaHHBIX ITapaMeTpax ChbeMKH U
KOOpAWHATAaX MECTHOCTH OHH CJIY»KaT JUIA IIOJIydeHHs MaKeTHBIX CHHUMKOB, TO €CTh MAaKeTOB
KOOPJIMHAT TOYEK CHUMKA.. [Ip1 M3BECTHBIX KOOPJIMHATAX TOUYEK MECTHOCTH U UX HU300paKeHHUsX
Ha CHUMKE OHH IO3BOJIAIOT ITOJIyYaTh MapaMeTPhl CheMKHU (371eMEeHThl OPUEHTUPOBAHUS CHIMKA).
Beipaxkenusi (1, 2) MOTYT NPUMEHSATCA IS TOJyYEHHUS KOOPAWMHAT TOUYEK MECTHOCTH, €CJIU
U3MepeHbl KOOD/IMHATAM TOYEK He MeHee JIByX CHMMKOB, U3BECTHBI MapaMeTpax ChEMKHU JIBYX
CHUMKOB WJIH CYIIIECTBYIOT HEKHE JIOTIOJTHUTEIbHbIE TEOMETPUUECKHE YCIIOBHSI.

®opmyssl (1, 2) MpeAIoIaraT OJUHAKOBYIO MACIITAaOHOCTH 110 OCAM KOOpAUHAT. B cuity 510
f B dopmynax (1, 2) 0AMHAKOBO 711 OCeH KOOPAMHAT CHUMKA X, Y. IIpu IBM>KeHUHN U OTHOCUTEIHBHO
OJITM3KOM PACCTOSTHUM TaKOe YCJIOBHUE HapyIlaeTcss W HaOJI0aeTcsi pPa3MbITHE WJIH «CMa3»
U300pa’keHUsI 1O OCH BJIOJIb KOTOPOW IPOWCXOAUT JBHKEHHUE HOCUTeNsI (HOTOKaAMEpPBHI.
J171s1 ymeHbIIeHUs 3TOro 3O GeKT a3podOTOCHEMKY BEAYT C OOIBIION BHICOTHI

Ha npakTtuke BO3MOKHBI CIy4dyaul AWHAMHUYeCKON (POTOChEMKH, KOTOpas CO37JaeT cMas
U300pakeHusI W PA3HOCTh MACIITAa0OB II0 HAIMPAaBJIEHUIO JBHKEHUS W II0 HOPMa/JM K HEMY.
PaszHocTh MaciTaboB MPUBOU K MOSBJIEHUIO ABYX 3HaueHu# fX u fy BMmecro ob6iero oguoro f.

®opmynbr (1), (2) ocHOBaHBI Ha IIEHTPAJIHPHOM IIPOEKTUPOBAHUH, UTO BBIPAKAETCS
OTMHAKOBBIM MacIITaboM /11 00erX ocell KOOpAUHAT.

IIpuMeHEeHNE MPOEKTUBHBIX MOCTPOEHUMI.

Hcnonb30BaHNE METO/IOB NMPOEKTHBHOU TE€OMETPHHU CO37]aeT JIMHEHHYI0 cBsidb (L[BeTKOB,
1979) npu ompeneneHHH MapaMeTpoB CcheMKU. OHa HCKJIIOYaeT HEJIUHEHHOCTh, IMPUCYIIYIO
dororpammerpuueckuMm  moctpoeHusiM. OOO3HaueHHsA KOOpJAWHAT Te K€, YTO H B
(oTorpammeTpuyecKUX MOCTPOEHUAX, B GOPMYyJIax. IPUBEAEHHBIX BBIIIE.

B nmpensaraemom Humke BapuaHTe ¢GOpMYJ UCHOJIb3YeTCs BO3JyIIHAs CUCTeMa KOOPAUHAT,
B KOTOPOM KOOpAWMHATa Z COOTBETCTBYET BEPTHUKAIHM, KOOpAMHATa X  COOTBETCTBYET
TOPU30HTAILHBIM JIMHUAM, KOOPZAUHATA Y COOTBETCTBYET YCJIOBHO BEPTUKATIBHBIM JIMHUSM.

[Ipu mepexozie K BO3AYIIHOW WJIN KOCMHYECKOH ChEMKE KOOpJMHATa Z OMIpeessieT
paccTosTHUE 10 BEPTHKAJIH 10 00BEKTa OT TOYKU cheMKU. OCHOBHBbIE 0a30Bbl€ YPaBHEHUS CBSI3U
MMEIOT BUJI:

AKX+ AY +A5Z + A,
YT AKX + Ay + A7 +1

3)

L AsX +AY + A7 + Ag
YT AKX+ ArgY +AZ +1

4)

Boiparkenust (3), (4) sSIBJISIOTCA albTEPHATHBON BhIpakeHUAM (1, 2). B BeiparkeHusx (3), (4)
X,y — KOOpJAMHATHI TOYEK M, n300pa’KeHHBIX Ha CHUMKE, X, Y, Z — KOOPJAUHATHI 3TUX K€ ToueK M
Ha MECTHOCTH. B 5TOM cJIy4yaeT Takske MCIIOJIb3YIOT OIIOPHBIE TOUKH

®opmynbl (3), (4) oTpaskalT IIPOEKTUBHYI0 3aBUCHMOCTD, JIOIYCKAIOIIYID Pa3HOCTh
MaciTaboB. OHH cO/iep:KaT TOCTOSHHBIE KO3(MOHUIMEHTHI, KOTOPble HE HWMEIT IIPSIMOTO
(pusHUecKOTo WM TEOMETPUUECKOTO CMbIC/IA. DTO O3HAYAET MEPEXO]],

PPh (9) -APA (11)

JlanHOe BBIpaKEHME ecThb Iiepexon, a He mopdusm. OHO oOO3HAUAET TEpexoy U3
MMPOCTPaHCTBA PU3UYECKUX TapaMeTPOB cheMKH PPh B abcTpakTHOE IMTPOCTPAHCTBO MTPOEKTUBHBIX
daxTopoB APA. KosnuecTBO MPOEKTUBHBIX (PAaKTOPOB PaBHO 11, TO ecTh Ha JBa OOJblle, yeM
(ororpaMmmeTpuyeckux mapamMeTpoB (OTOCHEMKHU. ITO, €CTECTBEHHO, BJIeUET NMPHUMEHeHUe Ha
OJTHY OIIOPHYIO TOUKY OOJIBIIE, YeM MPHU (OTOrPaMMETPUUECKHX MOCTPpOeHUssX. Ho HEeJTMHEHHOCTD
doTorpaMMeTpruueCcKUX IIOCTPOEHUS IPUBOJUT K HEOOXOAWMOCTH HCIIOJIb30BAaHUS  HeE
MHHHMAaJIbHOTO YHCJIa OMOPHBIX TOYEK (5), a MX U30BITOYHOE KOJIUYECTBO (>5) 1A MOJaBJIEHUS
MIOTPENTHOCTEH 1 JIyUIIeld XOJUMOCTH HEJTUHEHHOTO PEIeHHs.

CrnenyeTr OTMETHTH, 4YTO OoJiee 100 JIEeT CyIlleCTBOBaHUS (DOTOrpaMMETPUU HUKTO CXOJIIMOCTD
JIAHHOTO pelleHus He uccaenoBajl. To ecTh He Oompejie/ieHbl TOYHbIE MaTeMaTHYEeCKHe YCIIOBUS,
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IIPDU KOTOPBIX YpaBHEeHUA (1), (2) AAIOT yCTOWYNBOE pellleHre OTHOCUTeaIbHo PPh.

B orsinume ot 3TOTO BBIpaXKeHUs (3), (4) pacKphIBalOTCA JIMHEWHO OTHOcUTebHO APA (11).
JluHelHOCTh HE TOJIPKO HCKJIIOYAeT HEeOOXOAMMOCTb IIOCJIE0BATENIbHBIX IPUOIIKEHUN, HO U
II03BOJII€T HAIPAMYIO IPUMEHATh MeTO/[bl HAUMEHBIIINX KBaJPaToB. boJiblilee Yncsio napaMeTpoB
APA (11). o0yc/ioBJIEeHO HAJIMYHUEM JIBYX BO3MOXKHBIX MAcIITabOB MO OCSAM H JIBYX (DOKYCHBIX
paccTosHuil. [[7ig IEeHTPaJIbHON CBA3KU 5TH BeJIUUYUHBI He pasyinvaroTcda. [y paspylieHHOHN
CBA3KU OHU XapaKTepU3yIOT Mepy aHaMOP()OTHOCTH.

[TpoeKTUBHBIN MOJXO0/ UCKIIIOUaeT TpeOOBaHME IIPEBAPUTETIHHOTO OIIpeie/IEHUs 3JIEMEHTOB
OPUEHTUPOBAHUA CHUMKA. PacueTbl KOOpAMHAT NMPOU3BOAAT 110 KoaddunueHntaM A;, B KOTOpbIe
rmapaMeTpbl CBHEMKHU BXOJAT HEABHO. EcIU BO3HUKHET HEOOXOAUMOCTb, TO 3JIEMEHTHI
OPHEHTUPOBAHUSA MOTYT OBITh BEIYUCJIEHHI IO KO3 PunirenTam A;.

®opmysbl  (3), (4) mo3BONAIT (POPMHUPOBATH JIMHEHHYI CHUCTEMY YpPaBHEHHH I
napaMmeTpoB APA (11). MuHUMaIbHOE KOJIUYECTBO Map YpaBHeHUM ajA HaxoxkjaeHus APA (11).
paBHO 6. C yueToM U3MepeHUI ToueKk Ha MeCTHOCTH U Ha CHUMKE C IIOTPENTHOCTAMU UX BEIOMPAIOT
ot 8 110 10. JIro6ast TOUKa /IaeT napy JUHEHHbBIX YPaBHEHHH.

ALX + A2Y + A3Z + A4 — A9xX — A10xY — A11xZ =x(5)
ASX + A6Y + A7Z + A8 — A9yX — A10yY — AllyZ =y (6)

Beipaxkenus (5), (6) cocraBiieHBbI /IsI BO3JYIIHOW WJIM JJII KOCMHYECKOW CheMKU. B HHX
KOOp/IMHATaMH CHHUMKA SIBJISIOTCA X, Y.
Hcxonnbie ypaBHeHUA (5) (6) 1al0T BO3MOXKHOCTD IIOCTPOUTH MATPHILY PEIIEHHs ¢ ITOKAa30M

ee CTPYKTYDBI.

Marpuna Heuzsect CB0oOO U
b€
X1 Y1 Z1 1 -XX1 -XY1 -XZ1 A1 Xli
X1 Yl Zl 1 -YX1 -le -yZl A2 1
X2 Yz Zz 1 -XXz -XY1 -XZ1 A3 Xli
Xo Yi Zi 1 -yX -sz -yZZ As 1
X3 Y3 Z3 1 -XX13 -XY3 -XZ13 As X1i
Xi Yi Zi 1 -yXi -le -yZl As — 1
X4 Y1 Z1 1 -XX4 -XY4 -XZ4 A7 Xli
Xi Yi Zi 1 -yXi YY1 yZi As |
X5 Y1 Z1 1 -XX1 -XY1 -XZ1 Ag Xli
Xi Yi Zi 1 -yXi -le -yZl Aio 1
X6 Y1 Z1 1 -XX1 FXY1 xXZ: An X1i
Xi Yi zZi |l -y Xi FyY: yZs 1

B maTpuuHOil popme numeem
M A=C (7)

B Beipackenun (77) M ecTh IpsAMOYTOJIbHAA MaTpHULA 12 X 11. OHa UMeeT U30BITOYHYIO CTPOKY.,
Bektop C — BekTOp cBOOOAHBIX usleHOB. CTosi0elr; A cTosibel] HeM3BEeCTHHIX MapaMeTpoB. MToroBas
dbopmyna H HaXOKAEHUA TPOEKTUBHBIX (PAKTOPOB TAKOBA

A=[MTM]* [MTB] (8)

Beipaxkenue (8) nuneriHo Bbhrumcaser APA (11). IIpu HeoOxoauMoctu mapameTpsl PPh (9)
BBIUHCJIAIOT 110 opMmysiam (9-13)
KoopzinHaTh! r71aBHOM TOUKYM CHUMKA OIPeZesAIoT 1o dopmysiaM (9) (10).

Xo = (A1 Ag+ AzA19+ A3 A1) Y (9)
Yo = (AsAg + AgAio + Ay A11) v (10)
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T'ne
¥ = (AgAg + AjgAsg + A1g A1) 171 (11)

3HaueHUA QOKYCHBIX PACCTOSHUM 10 OCAM OIPEAEIAIOT 110 hopMyIamM

fe= (A1 A1+ AA; + A3 A3) y —x0%)1Y/2 (12)
fy = (AsAs + AgAg+A7; A7)y — yo?)1'/2 (13)

Beipakenue (12) omnpenernser ¢okycHoe paccrosHue mo ocu OX. Beipakenue (13)
onpenessieT GokycHoe paccrosHue o ocu OY. DTo ABJIAETCA MPUHIIUNHAIBHBIM OTJIUYHEM OT
dororpammerpuueckux BbluMciIeHHNA. OHO O3HAYaeT, YTO IPOEKTHUBHAsA 3acevyka JOIyCKaeT
BO3MOXKHOCTh Pa3HbBIX MacHITabOB IO pa3HBIM OCAM KoopauHat. Ha mpakTuke 3TO MMeeT MECTO
IIpU ChEMKE C IMOABIKHBIX HOCUTEJIEN KaMepbl. B 00bIYHOM (pOTOrpaMMeTpHUH UCIIOIB3YIOT TOJIBKO
01HO (HOKYyCHOE PacCTOsIHUE KaK cpefiHee apudmeTnyeckoe Mexy fy u fy.

OnHo dokycHoe paccrosHUe B (1) u (2) Kak cpesiHee apudMmernyeckoe mexay fr u fy naer
3aBeJIOMO OIIMOOYHBIE pacyeThl MO 00eMM KOOpAMHATaAM IPU aHAMOPQOTHBIX CHHUMKAX. YIJIBI
HaKJIOHA IJIOCKOCTH (POTOCHUMKA OIIpeziesieHbl B paboTe (LIBeTkOB, 1979).

Baknelmuii mapamMeTp BHEIIHEIO OPHUEHTHPOBAHUA TOUYKA IIeHTpa IPOEKTUPOBAHUS.
Ee xoopauHaThI Xs, Ys, Zs onpenesnsoT no ¢gopmyiie (14).

A Ay As Xs —A,
A5 A6 A7 X Y:g == _A8 (14)
Ag A1 A1q Zs -1

B Belpaxkenun (14) koaddunmeHTs! Ai. — U3BECTHBIE BEJIMUYUHBI, [TOJyYeHHbIE Ha OCHOBE
pelieHHs1 0OpaTHON IPOEKTUBHON 3acedyKu IO BhIpakeHHsAM (5), (6). [Tapamerpor Xs, Ys, Zs —
rmapameTrpbl TOUYkH (ororpadbupoBaHus, TpeOyiolue omnpezeneHusa. Boipaxkenue (14) ABaseTcs
JIMHEUHBIM U He TpelOyeT UTEepAaTUBHON Tmpouenypbl. Beipakenue (14) He Tpebyer
IIpe/IBapUTEILHOTO OIIpe/ieJIeH s MPUOJIMKEHHBIX 3HAUeHUH Xs, Ys, Zs.

CHUMKH TIpU PeEIIeHUH IPOEKTHUBHOU 3aCEUYKU MOTYT HUMETh OJWHAKOBblEe WU pPa3HbIe
doxycHble paccTossHUA. DTO 00YCIOBIEHO TEM, UTO OHU B (pOpMysIaX 3T IapaMeTPhl B ABHOM BH/IE
He IPUCYTCTBYIOT. IIpoeKTHMBHasg 3aceyka pacHIdpseT BO3MOXKHOCTH KOCMUYECKOU ChEMKHU U
HCKJTIOYaeT OrPaHUYEHUs], KOTOPbIE HAKJIAAbIBAeT (OTOTPaMMETPHI.

Pemennie mpsaMoi MPOEKTUBHOM 33J1aull BO3MOXKHO I10 ypaBHeHHUAM (5) (6), ecoiu cuuTaTh
kod(bunuenTsl A; 33laHHBIMU. B 3TOM ciydae BbIpakeHua (5) (6) MOXKHO pa3peuIuTb
OTHOCUTEJIbHO KOOPJAMHAT TOYEK MECTHOCTHU X, Y, Z

X (Ar-Agx) +Y (Az- Ao x) + Z (As - A x) =x - Az (15)

X (As—Aoy) +Y (As—AwY) + Z (A7- Auy) =Y - As (16)
XA1—=Agx)+Y (A2—Apx)+ZAs—Aux)=x'—A4(17)
X(As—Aoy)+Y (As—Awy)+Z(A7—Auy)=y —As (18)

UeTplpe JUHEHHBIX ypaBHeHUA (15-18) TO3BOJIAIOT OIpEeAEeNATh TPU HEU3BECTHBIE
KOOP/IMHATHI TOYEK MecTHOCTH (TutaHeTsl) X, Y, Z 110 mapamMmeTpaM CheMKHU IEPBOTO Aj B BTOPOTO A’
CHUMKA U 110 U3MEPEeHUAMYU KOOPANHAT 3TUX TOUEK Ha IIEPBOM X Y B BTOPOM X' Y’ CHUMKAX.

Oco6eHHOCThIO BRIpaXKEHUH (15-18) sIBJIsIeTCA UX JIMHEHHOCTh U BO3MOXKHOCTD JIOTIOJTHEHUS
KOOPAMHATAMHU TPETHETO, YETBEPTOTO U MPOYUX CHUMKOB. [IpH 5TOM CHUMKH MOTYT UMETh PA3HBIE
dokycuble  paccrosHust  (IIBeTkoB, XomopoBudu, 1986), UTO  HENPHUEMJIEMO  JIA
dororpaMmmMeTpHrUECKOI 3aCEUKH.

3. 3aKJIIoueHue

MeTOI[bI HpOGKTPIBHOfI reomMeTpun ABJIAIOTCA xopomef/’I aJIbTepHaTHBOfl
(bOTOI‘paMMeTpI/I‘-IeCKI/IM MeTogaM. OHu OCO6eHHO IIOJIE3HBI B YCJIOBHAX, KOI/la OTPAaHUYECHHUA Ha
(poTorpaMMeTpUUYeCKYI0 CBEMKY BBINIOJHUTH Heab3dA. VX IpUMeHeHHWe 3aTPyZHEHO ILJIOXUM
3HaHHeM (OTOTpAMMETPHUCTAMU MaTeMaTHUKHU. JTO IOATBEPIKJAETCA ONBITOM IIPeNoJaBaHUA B
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MUWUNT'AuK. BosiplINHCTBO U3 HUX, Ja’Ke JOKTOpPa HAyK, C TPYAOM JIOMyCKaeT MbICJIb O HAJTUYUHA
JIBYX (GOKYCHBIX paccTosiHUU. Ilo TOUHOCTM MeETOJT NPeBOCXOAUT (OTOTpaMMETPUUECKUE
onpeneneHusa. Ha mDpoBeleHHBIX SKCIEPHUMEHTAX VAAJIOCh OIPENEJUTh KOOPJAWHATBHI TeJld,
JIBIDKYIIIETOCSI CO CKOPOCTBI0O 600-60 M/ceK, Ha PACCTOSHUM 3KM OT TOYKH CBEMKH C
MOTPEITHOCTHIO 3CM U 14 CM TI0 IBYM OCSM.
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IIpoekTUBHBIE METOABI OOPAOOTKM KOCMHUUYECKUX CHUMKOB
BuxTtop AxosieBuyu lIBeTkoB? - *
aPoccuiickuii yHUBEpCUTET TpaHenopTa, MockBa, Poccutickasa ®eneparus

AnHoramua. CraTes uccIeyeT HOBblE MeTOAbI OOpPabOTKU KOCMHYECKHUX CHHMKOB.
MeTtozbl OCHOBaHbI HAa IPUMEHEHUHM IIPOEKTUBHOU TeOMETPUM U ABJIAIOTCA aJIbTEPHATUBOU
MetozaM (OoTOrpaMMeTpUH. AHAJIOTOM KOCMUYECKOH CheMKHU sBiseTcsa aspodorocbeMka. OHa
ucnosub3yer Qororpammerpuueckue Meronnpl. PoTorpammerpus TpeOyeT psj, OrpaHUYEHUM Ha
CHUMKH. Meronmyecku oHa oOpabaThIBaeT CHUMKU, IOJyYeHHbIE 110 3aKOHAM I[€HTPaJIbHOTO
MIPOEKTUPOBAHUA. ATO BbIpaXkaeTcs B TpeOOBAaHUU PAaBHOTO (POKYCHOTO PACCTOSIHUA IO IBYM OCSAM
koopauHaT. IIpoeKTHUBHbIE MeTO/ABl IO3BOJIAIOT 00pabaThiBaTh CHUMKH C HapylIeHHbBIMU
CBABKAMU. IJTO CO3/l1aeT BO3MOXKHOCTh 00paboTKH aHAMOPGOTHBIX CHUMKOB C Pa3HbIMU
(POKyCHBIMHM pacCTOAHUAMH I ABYX Ocell KoopAauHaT. PoTorpamMmerpusi pemiaer oOpaTHYIO
3aCE€YKy METOZOM IIOCJIeI0BATEbHBIX TPUOIKeHNN. [Ij1a 3TOro OoHa TpebyeT ampHOPHOTO
3aJJaHUsA JIEBATU DJIEMEHTOB OPHEHTHPOBAHUSA CHHUMKA. VICXOMHBIMU SBJISAIOTCA HEJIMHEWHBIE
YPaBHEHUsI OTHOCUTEJIBHO 3JIEMEHTOB OPHUEHTHPOBAHUS, KOTOPbIE HE MMEIOT CTPOTO pPEIIeHUs,
a pemraloTcsi MeTOAOM NPUOIMKEHWH. ANPUOPHO 33/IaHHbIe 3HAYEHHUSA YTOYHAIOTCA C
HCIIOJIb30BAHMEM KOOPJAMHAT OMOPHBIX TOUEK HA CHUMKE M MECTHOCTHU. [IpubIImKeHNs IoIyqdatoT
TOYHBIE 3HAUYeHUs mapaMeTpoB. OrpaHUYEHUEM MeTO/A SABJISETCS YCJIOBHE IPEABAPUTEIHLHOTO
ompesiesieHUs IapameTpoB (oTorpamMmerpudeckoll cbeMKU. 1 a3podOTOChEMKU MPUMEHSAIOT
KaMepbl OZIMHAKOBBIX XapaKTePUCTHK. [l KOCMUYECKOU CheMKH IJIaHET IMPUMEHSAIOT KaMephl
Pa3HBIX TUIIOB U PAa3HBIX NapaMeTpoB. IIpoeKTHBHBIE METO/Ibl CHUMAIOT OTPAHUYEHUSA Ha YCI0BUA
doTorpammerpryeckoii 06paboTku CHUMKOB. OHU MO3BOJIAIOT 00pabaThIBATh COBMECTHO CHUMKU
c pasHpIMU MapaMmerpamu. PororpaMMerpUyecKre METOZbI IO3BOJIAIOT 00pabaThIBATH TOJIb
cTepeonapbl M TOJBKO CHHUMKOB C OJMHAKOBBIMHU I1apaMeTpaMu. [IpOeKTHUBHBIE MeTO/bI
MO3BOJIAIOT 00OpabaThIBaTh JII0O0OE KOJUYECTBO CHUMKOB OJHOBPEMEHHO M JIOMYCKAIOT KakK
O/INHAKOBBbIE, TAaK U Pa3Hble ITapaMeTpPhl CHUMKOM. [IpM KOCMHYECKOH CheMKe ITOBEpXHOCTEN
IUTAHET YCI0BUSA (POTOrpaMMETPUUECKOU CHEMKH He BCET/Ia BBIITOTHUMBI. [103TOMYy IPOEKTHBHBIE
METOZbI IAI0T UHCTPYMEHT 00pabOTKH CHIMKOB B 3TUX YCIOBUAX

KiroueBble cjIoBa: KOCMUUYECKHE HCCIEIOBAHUSA, KOCMUYEeCKHe (POTOCHUMKH, ChEMKaA
[IOBepXHOCTe! IUIaHeT, NpsAMA U oOpaTHas 3a7aya, CHUMKH C HapYUIEHHBIMU CBA3KaMH,
aHamMop¢OTHbIE CHUMKH
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On the Possibility of Obtaining an Orbital Rocket of the Ultra-Light Class
by Installing an Upper Stage

Karina A. Rastobarova 2, Nicholas W. Mitiukov b *

a|zhevsk State Technical University named after M.T. Kalashnikov, 1zhevsk, Russian Federation
bUdmurt Federal Research Center of the Ural Branch of the Russian Academy of Sciences, 1zhevsk,
Russian Federation

Abstract

The paper analyzes the possibility of replacing the payload of a geophysical rocket with a
second stage to obtain an ultra-light orbital rocket. The single-stage rocket MN-300 was chosen as
a basis, for determining the necessary parameters of which a general design of a similar rocket was
carried out. The result was a single-stage geophysical rocket with a payload mass of 200 kg and a
lift altitude of 300 km. After detailed development, it was possible to obtain a rocket with a launch
mass of 995.6 kg and a lift altitude of 353.8 km, which is slightly better than the analogue. But even
in such a rocket, the installation of the second stage instead of the payload did not provide the
ability to launch a micro-satellite into orbit.

Keywords: micro-satellite, geophysical rocket, analogue, launch into orbit.

1. Introduction

Geophysical rockets are unmanned systems flying along a ballistic trajectory in the upper
atmosphere for research purposes. They are used to measure parameters that are inaccessible to
ground stations, balloons or satellites. They can take measurements at high altitudes, such as
temperature, gas concentration, wind speed and direction, etc. Geophysical rockets are currently
one of the most reliable methods for direct (contact) research of the atmosphere, studying climate
and geophysical processes. They also contribute to the development of new technologies and
methods for monitoring climate change. These data are necessary for accurate weather forecasts,
warnings about natural disasters, as well as for scientific research in the field of climate and
ecology. A geophysical rocket with a payload mass of 200 kg and a lift altitude of 300 km (analogous
to the MN-300 rocket) was chosen as the object of study. Particular attention was paid to the
possibility of using the payload as an additional stage for launching a microsatellite into orbit.

2. Materials and methods
Based on the methods of general design of geophysical rockets, the appearance of the rocket
was determined in accordance with the technical specifications. As materials for the study, typical

* Corresponding author
E-mail addresses: nico0O2@mail.ru (N.W. Mitiukov), karinarastobarova@gmail.com (K.A. Rastobarova)

42




Russian Journal of Astrophysical Research. Series A. 2025. 11(1)

elements and materials were selected, the use of which is recommended for the design of rockets of
this class.

3. Discussion

A large number of works that have appeared in recent years are devoted to the problems of
designing an ultra-light geophysical rocket. These are mainly small notes that give only the most
general idea of the rocket (Saltykov et al., 2024), (Khaltaeva, 2023). But there are also more
detailed descriptions (Komissarenko et al., 2017). Sometimes the description of the rocket itself is
given in the context of the geophysical problems it solves (Kuminov et al., 2021; Song et al., 2024).
In general, the works discuss both single-stage and multi-stage (usually two-stage) rockets, usually
with a vertical launch.

Geophysical rockets were considered as the closest analogues, the characteristics of which are
summarized in Table 1. As can be seen, the proposed rocket is an analogue of the MN-300,
in which the payload mass is increased by 50 kg, so that it can accommodate a heavier orbital stage.

Table 1. Analogues of the proposed rocket

Rocket Launch weight, kg Payload, kg Lifting altitude, km
MR-12 1600 250 180
MR-20 1620 100 230
MN-300 1560 150 300

4. Results

Among the analogs there are both single- and two-stage rockets. After preliminary
calculations it was established that the required parameters can be achieved in a single-stage
version. The selected design and layout scheme of the designed rocket is shown in Figure 1.

7 z 5 4

Fig. 1. Structural layout diagram of the designed missile:
1 — head-part; 2 — parachute compartment; 3 — propulsion system;
4 — tail compartment with empennage

To facilitate the design, all the main calculations were output to the Mathcad package. After
that, the midsection diameter was concluded to be from 0.45 to 0.50 m with a step of 0.01 m.
The starting mass varied within the range from 1000 to 1500 kg with a step of 100 kg. The pressure
in the combustion chamber was calculated from 7 to 10 MPa with a step of 1 MPa. For selected type
of fuel with a single pulse of 210 s. and the parameters of the channel-slot charge are obtained as
follows: the midsection diameter is 0.5 m, the starting mass is 1000 kg., the pressure in the
combustion chamber is 8 MPa. They are the ones that provide support the maximum for the lift
height. For the Standard atmosphere (GOST 4401-81), it was 353.8 km, which is 53.8 km more
than preassigned the technical specifications.

43




Russian Journal of Astrophysical Research. Series A. 2025. 11(1)

More careful design made it possible to adjust the value of the launch mass, which was equal
to 995.6 kg, the fuel mass was 668 kg, the engine operating time was 23 s, and the total length of
the rocket was 4.85 m.

However, various versions of the second stage within the allotted 200 kg launch mass did not
give satisfactory results in terms of the possibility of launching a micro-class satellite into orbit.
In all the considered versions, the first cosmic velocity was unattainable.

5. Conclusion

Since all the necessary parameters for assessing the possibility of replacing the payload of the
MN-300 rocket with the second stage for launching a micro-satellite into orbit are not known,
a similar rocket was designed. As a result, it turned out to have a launch mass of 995.6 kg and a lift
altitude of 353.8 km, which is slightly better than the analogue. But even such a rocket, installing
the second stage instead of the payload does not provide the possibility of launching a micro-
satellite into orbit.
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