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CBo€yacHe BUSIBIICHHS 3MiHH XapaKTEPUCTHK 00'€KTIB PaKETHO-KOCMIYHOI TEXHIKH B XOi iX TPHBAIIOi eKc-
IUTyaTalii € OHUM 3 OCHOBHHX 3aBJIaHb IIPH PO3POOIIi 1 TOCHIPKEHHI OOPTOBUX CHCTEM IMIATPUMKH €(PEKTUBHOCTI
ix ¢yHKIiOHYBaHHA. P0O3p00eHO CTATHCTUYHHMI METOJ MOJENIOBAHHS PyXy KOCMIYHHX O0'€KTiB (KOCMIiYHHX
amapartiB 1 BiIpanboBaHUX CTYICHIB PaKeT-HOCIIB) B KJIaci aBTOperpeciiHux Mozeneil. Merox 103Boisi€ MigBH-
IIUTH SKICTh OIMUCY Ta NPOTHO3YBAaHHS PyXy KOCMIYHUX 00'€KTiB Ha OCHOBI MOJIGITIOBAaHHS YacoBHX psiiB iX TLE-
enementiB (Two-line orbital element sets). Mera nanoi po60TH — MiABHIIEHHS TOYHOCTI MATEMATHYHUX MOJEICH
CIIOCTEPEIKYBAHOTO PyXy KOCMIYHHX O0'€KTIB B 3a[avyax BH3HAUYCHHS 4Yacy iX BiJBEICHHs, IPOTHO3YyBaHHS 3iTK-
HEHHS CYITyTHHKIB, KaTaJlori3amii KOCMiYHOTo cMiTTs. PO3pO0IeHO CHCTEMY MOZICIIOBAHHS PyXy KOCMIYHHX 00'€-
KTiB, sIKa J03BOJISA€ BUPILIYBATH HACTYIHI 33/1a4i: BU3HAYCHHS] ONTUMAIIBLHOTO 00CATY HABYAIbHHX BHOIPOK MPH
MoziemoBaHHI dacoBux psaiB TLE-eneMeHTiB; BHABICHHS HOPSAAKY aBTOperpecii i BifIIyKaHHS ONTHMAIbHOL
CTPYKTYPH MOJENI Ui KOXKHOTO €JIeMEHTa-3MIHHOI; iIeHTudiKalis mapaMeTpiB Moeseil B yMOBax HEpiBHOBIA-
JIAICHUX CIIOCTEPEKEHb; BCTAHOBICHHS OCOOIMBOCTEH MOBEIIHKH (32 4aCOM) CEepEeAHbOKBAPATHYHNX MOMIJIOK
no0yI0BaHUX aBTOPErpeciiiHUX Mojenell Ha OCHOBI pO30OUTTs BUXimHUX YyacoBux psiaiB TLE-eneMeHTiB Ha mocii-
JIOBHI iHTEpBaJi HAaBYAHHs; OTPMMAHH [IPOTHO3HMX OLIHOK 3HAYEHB eJIEMEHTIB-3MiHHUX. Po3pobiieHnit craTuc-
THYHUIT METO MOJEIIOBAHHS PyXy KOCMIYHUX 00'€KTIB MOXKE OYTH PEKOMEHIOBAHHI ISl OMKCY i MPOTHO3yBaH-
HS pyXy KOCMIYHHX aIapaTiB i BiIIIpanlbOBaHUX CTYIEHIB PaKeT-HOCIIB, IIpeCTaBIeHNX YacoBUMH psimamu TLE-
€JIEMEHTIB (SIKi OMEePaTHBHO OHOBIIOIOTHCS 1 3HAXOSITHCS Y BIAKPUTOMY JOCTYII). 3aCTOCYBaHHS PO3POOIECHOrO
CTaTHCTUYHOTO METOJY ITi/[BUIIUTH TOYHICTh MATEMAaTHYHUX MOJIENICH CIIOCTEPEKYBAHOTO PYXy KOCMIYHUX 00'€K-
TiB B 33/1a4aX BU3HAYCHHsI YacCy iX BiJBEICHHsI, MPOTHO3YBAHHS 3ITKHEHHsI CYIIyTHUKIB, KATAIOTi3awil KOCMIYHOTO
CMITTSL

Knwouosi cnosa: uacosi psou TLE-enemenmis, nepisnosiooaneni cnocmepesicents, agmopecpecitini mooe-
2i, 6ema-po3nooin, CmpyKmypHa HeBU3HAYEHICHIb, MEeMOO 2PyN06020 YPAaxyeaHHs apeyMeHmis.

Timely detection of changes in the characteristics of space hardware objects during their long-term opera-
tion is one of the main tasks in the development and study of onboard systems that maintain the efficiency of their
operation. This paper presents a statistical method for simulating the motion of space objects (spacecraft and used
launch vehicle stages) in the class of autoregressive models. The method allows one to improve the quality of
description and prediction of the motion of space objects based on simulating time series of their TLE-elements
(two-line orbital element sets). The purpose of this work is to increase the accuracy of mathematical models of the
observed motion of space objects in the problems of deorbit time determination, satellite collision prediction, and
space debris cataloging. The paper presents a system for simulating the motion of space objects, which allows
one to determine an optimal amount of learning samples in simulating time series of TLE elements, determine the
order of autoregression and find an optimal model structure for each variable element, identify model parameters
in conditions of unequally spaced observations, identify features of the time behavior of the root-mean-square
errors of the constructed autoregressive models on the basis of dividing the initial time series of TLE-elements
into successive learning intervals, and obtain predictive estimates of the values of variable elements. The proposed
statistical method of space object motion simulation can be recommended to describe and predict the motion of
spacecraft and used launch vehicle stages represented as time series of TLE-elements (which are publicly availa-
ble and regularly updated). The application of the proposed statistical method will increase the accuracy of math-
ematical models of the observed motion of space objects in the problems of deorbit time determination, satellite
collision prediction, and space debris cataloging.

Keywords: time series of TLE elements, unequally spaced observations, autoregressive models, beta dis-
tribution, structural uncertainty, group method of data handling.

Beryn. 3ano0iranHs TEXHOTEHHOTO 3aCMIYE€HHS HaBKOJI03€MHOI'0 KOCMIYHOT'O
MPOCTOPY — aKTyaJibHa Mpo0jieMa Cy4acHOT KOCMOHAaBTUKH. OJIHHM i3 CErMEHTIB
3aCMiYeHHS € BEJHKi 00'€KTH KOCMIYHOTO CMITTS: KOCMIYHI anapaTH, sIKi IPHITU-
HWJIA CBO€ aKTHBHE ICHYBaHHs, Ta BiANpallbOBaHI OCTAHHI CTYIIEHI pakKeT-HOCIIB.
Po3pobka eekTHBHHMX CHIOCOOIB BiJBEICHHS BEIMKUX 00'€KTIB KOCMIYHOI'O CMITTS
3 OpOIT € BOKIIMBUM HAyKOBO-TEXHIYHMM 3aBAaHHAM. OIMH 3 MOXKJIMBHX CIIOCOOIB
Horo BUpINIeHHS — 0E3KOHTAKTHUH (0€3 MEXaHIYHOTO 3aXOIJICHHS1) BILTHB 3 METOIO
nepeBeieHHsT 00'€KTIB HAa HU3bKI OpOITH IS MOJANBIIOT0 3HI)KEHHS 33 paXyHOK
aepoJIMHaMIYHOTO TalbMyBaHHs. Peamizanisi Takoro cnocoOy mependadae BUpi-
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IIEHHS IBOX 3aBJaHb: Mepie — Mo0yI0Ba MaTEMATUYHUX MOJIENICH PyXy KOCMIUYHHX
00'€KTIB 3a pe3ysIbTaTaMH iX CIIOCTEPSKCHHS;, Apyre — BHOIp CrocoOy BIUIMBY IS
e(heKTUBHOTO BiIBEICHHS 00'€KTiB KOCMIYHOTO CMITTS Ha HU3bKI OpOITH.

CydacHi maxoau 10 MPOTHO3YBaHHA OpOIT 3aCHOBaHI Ha 3aKoHaX (i3WKH i
HeOeCcHOT MEXaHIKH, Ta 1X TOYHICTh 3aJICKUTH BiJ SKOCTI JaHUX MPO CTAaH KOCMIid-
HOro 00'eKTa HAa MOYATKy PO3PAXyHKY TPAEKTOPil Ta HABKOJMIIHE CEPEIOBHIIE
(3eMHa rpasiTaris, aTMOC(hEPHHUHA OIip, TUCK COHAYHOTO CBiTia). OmHAK, 3HAHHS
IIPO 3MiHM HIUTHFHOCTI aTMocdepr 0OMeKeHi, a AaHi PO 00'eKT HE 3aBXKIH OOHOB-
JSIOTHCSA a00 JOCTYITHI HA MOMEHT 3MIMCHEHHS po3paxyHKiB. YacTo BuMipH, II0
MIpOBEICHI Ha OpOITi, € HE3aOBUTLHUMH 3a KUIBKICTIO Ta MiAMAmarOTh i BIUIMB
repemkoa. Bei mi ¢pakTopw MpHUBOAATE [0 TOTO, IO TMTOTOYHI TIOMUJIKH B TIPOTHO-
3ax, fKi 3aCHOBaHI Ha 3aKOHaX (pi3ukW Ta HEOECHOI MEXaHiKH, MOXYTh OyTH He-
MPUAHATHO BETMKUMHU JIJTsl 3HAYMMHUX KOCMIYHHX PO3PaxXyHKIB.

Pi3Hi MeToM KOMI'IOTEPHOTO HaBYaHHS ¥ TiIOPUAHI METOIN TOCHTH YCITIIITHO
3aCTOCOBYIOTHCS TP PIllIEHH] 3a7]a9 PO3paxyHKy H MPOTHO3Y PyXy KOCMIUYHUX 00'-
exTiB. Cepes HUIX METOIM HEUPOHHUX Mepex, ¢pinpTp Kammana # in. Y pobori [1]
3aCTOCOBaHA HEHPOHHA MepeXa IS ITiIBUIICHHS TOYHOCTI aHAIIITHYHOTO MPOTHO-
3y. Y pe3ynbTaTi CroiydeHHs 000X METOIIB 3MEHIIY€e TIOMUJIKY OOYMCIIEHHS TI0-
JIO’KEHHST KOCMIYHOTO 00'€KTa ¥ TiABHIy€e TOYHICTH POTHO3Y HOTO pyXy. Y podo-
Ti [2] OCHOBHUII aKIEHT 3p0OJIEHO HA aHAJi3 JaHUX B YMOBax HEBIOMHX 30ypeHb
i3 BUKOPUCTAHHSAM po3mupeHoro ¢inprpa Kanmana. Taxkuil migxim mMOMMIIwB sK-
icTh QinpTparii i mporHo3y, ane TIUTBKH ISl KOCMIYHUX 00'€KTiB HAa HU3BKUX Ha-
BKOJIO3eMHHX OpOiTax.

[linxin, sxiii 3acCHOBAaHO Ha PO3IMOIICHINA perpecii Ta KOMIT FOTEPHOMY HaB-
YaHHI, JISKUTh B OCHOBI myOuikarii [3]. Pe3ynbpTatr 1eMoHCTpye mepeBary Haj po-
smupeHnM ¢inbTpom Kammana. Kpim Toro, MeTos 3aaTeH AaTH OIHKY MapaMer-
pam op0itH, SKi € 3HAYHO MiHIUBUMH.

VY pobotax [4] — [6] kemepoBi opOiTaabHI €1€MEHTH BUKOPUCTOBYIOTHCS SIK
mouatkoBi ominku TLE-emeMeHTIB i3 3acTocyBaHHSM Iu(DepeHIiaTbHIX BUIIPAB-
JIEHb 1 HETHIHIX METOiB HAMEHIIINX KBapaTiB.

TexHiKKM MPOTHO3YBaHHS, SKi 3aCHOBAHI HA CTATUCTHYHHUX MOJICISX YaCOBHX
psIiB 200 Ha METOZIaX KOMIT'FOTEPHOTO HABYAHHS, CIIPSMOBAHI Ha MO/JICITIOBAHHS Ta
BiJITBOPEHHS BiJICYyTHHOI JMHAMIKH paHimie o0uucieHnx HabmmkeHb. Llsg komOina-
i1 JO3BOJISIE MIABHUINUTH TOYHICTh 3BUYAMHUX YMCEJIbHUX, aHAJITHYHUX 1 HaIliBa-
HATITHYHUX METOJiB BU3HAYCHHS TIOJIOKEHHS i IIIBUAKOCTI CYITyTHHUKA a00 00'eKTa
KOCMIYHOTO CMITTSL.

Mera maHoi poOOTH — MiBUILEHHS TOYHOCTI MATEMAaTUYHUX MOJENEH crocTe-
PEKYBAHOTO PyXy KOCMIYHUX OO'€KTIB B 33Ja4aX BH3HAUCHHS 4Yacy iX BiJBEICHHS,
MTPOTHO3YBaHHS 3ITKHEHHS CYITyTHHKIB, KaTaJori3amii KOCMIYHOTO CMITTSI.

Meton MopeqIOBaHHSI PYyXy KOCMidYHMX 00'ekTiB Ha ocHoOBi ix TLE-
ejleMeHTIiB. Bu3zHaueHHA NOPSOKY 1 OLiHIOBaHHS KOe(iLli€HTIB aBTOperpeciiiHux
MoJIeJIell B YMOBaX CTPYKTYPHOI HEBM3HA4E€HOCTI LIOAO CKJaly Ta KiJIBKOCTI pe-
IPECcopiB € aKTyaJIbHOIO 3aJauelo Teopii iaeHTudiKamii, g pilieHHs K01 ICHYIOTb
Pi3HI miaxoau. Y mepeBakHid OLTBIIOCTI BUIMAAKIB B iICHYIOUHX METOIaX iJeHTH-
¢ikanii He mependayanocs, MO B aBTOPETPECIHHUX MOAEISIX MK KoedilieHTamu
IpU NOMEPEAHIX 3HAYCHHAX 3MIHHUX BUKOHYIOTHCS IEBHI CHiBBigHOMmEHHS. Take
MNPUIYLICHHS € LiJIKOM OOIPYHTOBaHUM: OJM3bKI 3a 4acoM MOIEpeaHi 3HAUYEHHS
MTOBUHHI MaTH OJM3bKI OJHMH JI0 OJJHOTO Koe(ilieHTH B MOJIeNi, a OUIbIN BijmaneHi
3a 4acoM IoNepeiHi 3HaueHHs1 — MeHII Ou3bKi. [Ipyn BuOOp1 TMX YW iHIIMX CHiB-
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BIHOIIICHh MK Koe(illieHTaMu aBTOperpecii HeoOXigHO BpaxoByBaTh '"(i3uKy"
00'exTa, JUCKPETHICTh CIIOCTEPEIKEHD 3a YaCOM, a TAKOXK HasIBHY ampiopHy iH(OP-
Martifo. [IpukinamaMu Takoro miaxody CIyXaTh METOIH 3 33JaHUMH BiKHAMH 3TIa-
JOKYBaHHS: METOAM KOB3HOTO CEpeIHhOT0, EKCIIOHEHTHA BaroBa (QyHKIis Ta iH. B
JaHiil poOOTI MPOMOHYETHCSA ONTHMaJIbHE BIKHO 3TIIaJKYBaHHS IIIYKATH B CIMEHCT-
Bi (DYHKIII MITHHOCTI IMOBIpHOCTI OeTa-po3MOIiLTIB Ha OCHOBI MPUHIIMITIB MOJIE-
JIOBaHHS, PO3pOOJEHNX B METOIl TPYNOBOTO ypaxyBaHHS aprymeHtiB (MI'YA)
[71-[10].
Hexaif ¢yHKIIIOHYBaHHS TWHAMIYHOTO 00'€KTa MiAMOPSIIKOBYETHCS aBTOPE-
TpeciiiHii MOJIeN HACTYITHOTO BHITY
* (0] (0] o o (o] * * *
Xi = Ho+ Hy (01,02, .,0p ) (Xict, Xiz2, oo, Xiop) + g, (6N
*
JIle Xj — HecIoCcTepe)KyBaHEe 3HA4YeHHsS BUXITHOI 3MIHHOI 00'€KTa B AMCKPETHUI
MoMeHT Jacy t=t;, i=12,...,n; N — 3arajgpHe YUCIIO CIIOCTEPEKEHb; P — YHCIIO

MOTIepPE/THIX 3HAYeHb BHUXIAHHUX 3MIHHUX, SKi OepyTh y4acTh y (hopmyBaHHi ii mo-
0o o (0]
TOYHOI'O 3HAYEHHS 3 BaroBUMH koedimienramu 01, 02,...,0p (p — mopsmok asro-

0o 0]
perpecii); W, L, — HEBIJOMI CKaJIApHI JeTepMiHOBaHi KoeQilieHTH; (;_; — HeCIo-

CTepEeIKyBaHA BUIMAKOBA CKAISAPHA BEIIMIHNHA.
0O O 0
Hexaii Barosi xoegiuientu 01, 02, ...,0p B (1) BU3HA4aI0ThCA 38 IPABHIOM

0 Vv
e] = F(J A)_ F((J _1) A)’ F(V) :J‘ f (u) dui J :l’ 2’ - Py A=1/ P, (2)
0
ne F(v) — ¢yskuis iMoBipHOCTI OeTa-po3noniny; A — Imar JucKpeTHsamii 3a U B

cermenti [0, 1]; f(u) — dynkuist mineHOCTI HMOBIpHOCTI Gerta-po3moainy [11] —
[12]:

C(a+PB) o p1 )
—_—. 1- , 0,1];
fW=| T@rp 4 uelod ©)
0, uel0,1],
ae I'() — rama-dynkuis [12]; o,f=12,..., |4 — LTI TO3UTHBHI 3HAYCHHS;

| ax — AIIPIOPHO 3a/1aHa BEINYHHA.

[0 I 0
ITpu3navyenHs Barosux koedinieHtiB 01, 02, ...,0 p Ha OcHOBI MX QYHKIIIH 1ae

MOYJIUBICTh TPOBOJAUTH MOJICTIOBAHHS B IIUPOKOMY KJIACi aBTOPErpeciiHUX Mo-
JIETIeH:

p =a=p =1 — 3Bu4aiiHa aBTOpETpecis MepIIoro MOPSAKY;

p>1, o =p =1 — aBTOperpecisi KOB3HOTO CEPEIHBOTO [ -TO MOPSIKY;

p>2, a=PB=12,..,l,, — aBTOpErpecis P -ro NOpsAAKY 3 CUMETPHUYHUMU
BaroBUMH ()YyHKLISMHU (B TOMY YHCIi, ONMM3bKUMHU A0 (QYHKUIH miinbpHOCTI "yciue-
HOro" HOPMAJIFHOT'O PO3MOALTY);
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p>1, a=1 B=2,3,...,l,, — aBTOpErpecist p -ro MopsiaAKy 3 aCUMETPUYHH-
MU BaroBUMH QyHKLisIMH (B TOMY YHCITi, ONMM3bKUMHU 10 (PyHKIIH miinbHOCTI "yCi-
YEHOr0" eKCIIOHEHTHOTO PO3MOALTY);

p>1, a,f=12,..., a <P — aBTOperpeciss P -ro NOPSIKY 3 aCUMETPUIHUMH
BaroBUMH (PyHKLISIMH, B TOMY YHCIi, OJM3bKUMHU A0 (QYHKUIiH miinbpHOCTI "yciue-
HOTO" TOrapu(pMiuHOr0 HOPMAIBHOTO PO3MOILTY.

Hexait s ciocTepeskeHb BUXiIHUX 3MiHHUX 00'€KTa BUKOHYETHCS

*
Xi:Xi+8i, i:1,2,...,n, (4)
*

I€ X; — CHOCTepeKyBaHEe 3HAYCHHsS 3MIHHOI B MOMEHT uacy t =t;, Xj — HecmocTe-
pEeXyBaHEe 3HAYEHHS; €; — BUIIQJIKOBA HECTIOCTEPEKyBaHa TIOMUIIKA BUMipIOBAaHHSI.

3a pe3ynbTaTaMH CIIOCTEPEIKEHB (4) HEOOXiTHO BU3HAYUTH ONTHMAJIbHI 3HAUCHHS
0O o (0]
napameTpiB o, B B (2) —(3) Ta ouinuTH KoediuieHtu 01, 02,...,0p B (1).

Yacosi psau TLE-enemeHTiB [7] mpencTaBieHi ciMoMa OCHOBHMMH 1 TpbOMa
JOJTATKOBUMH 3MiHHMMH (UB. Tabm. 1).

Tab6u. 1 — Caucox 3migHux B TLE-nanux

IlozHayenus L .
N Ha3pa 3miHHO1 OuHuLs BUMIpY
3MiHHOT
X1 ArnonieHTp KM
X2 Ilepunentp KM
X3 Excuentpucuret 6e3po3mipHa
Xa Haxwun rpang
Xg JloBrora BHCXiHOTO By3Jia rpaja
Xg ApryMeHT NEepUIIeHTPY rpaj
X7 Cepenus aHoMmais rpajn
Xg CymapHa KiJIbKiCTh 00epTiB YHUCII0 00epTIiB
Xg: thak Haxonuuenwuii uac rox
YacoBwuii iHTEpBaN MiXK TIOTOYHUM 1 IOIIEPETHIM
X100 Tj TOI
CIIOCTEPEKEHHSIM

OcobOnuBicTio yacoBux psaniB TLE-enmementiB [13] € ix mpenacTaBieHHs HE Ha
PIBHOMIpHIHN CITIIi 32 9acoMm, a Ha CiTIi 3 HEPETYJIAPHUMH IHTEpBAIaMU — "HEPiB-
HOBiIaJIeHNMU criocTepekeHHsIMA". 110 0co0nMmBicTh BUKOPUCTAHO MPU MOU(i-
KaIlii poueaypy OI[iHIOBAHHS IapaMeTpiB Ipu NMOOYI0BI aBTOpErpeciiHuX Mojie-
JIe pyXy KOCMiUuHUX 00'€KTiB — po3po0iieHa iTepaliifHa npoueaypa napaMmeTpuy-
Hoi imeHTU(iKaLil aBTOperpeciiHuX Monenel 3 HEepiBHOBIIJAIEHUMH CIOCTEpe-
XKEHHSAMH, €(EeKTUBHICTH SIKOi MiATBEPIKEHAa METOAOM CTaTUCTUYHUX BHIIPOOY-
BaHb [14].

IToGynoBa aBTOperpeciiiHux Moaesel pyxy KOCMi4HHUX 00'€KTiB Ha OCHOBI 4a-
coBux psaiB ix TLE-enemMeHTiB, OTpUMaHUX B YMOBax HEPIBHOBiAJIAJIEHUX CIOC-
TepeKeHb, TIPOBOJUTHCS Ha OCHOBI pe3ynbTatiB [8] — [9], [14] — [15] mis mectn
OCHOBHHUX 3MIHHHUX, OCKIJIBKH 3MiHHa X, (HaXWJI) Ma€ MOCTilHE 3HAYEHHs. 3MiHHI
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Xg» Xg TMOTPIOHI 1y MOOYIOBH JOTIOMIKHUX PUCYHKIB, @ 3MIHHA X — JUISL pO3-
paxyHKY TOKa3HHKIB CTYIICHSI, O SKOTO 3BOMATHCS KOMITOHCHTH KOCQIIli€HTIB B
iTepamiiHiA IpoIeaypi mapaMeTpudHoi ieHTrdikamii B yMoBax HepiBHOBiIae-
HHUX crioctepexens [14] — [15].

BinmoBigao 10 po3po0iaeHOro METoAy CTPYKTypHO-TIapaMeTpHyHOI imeHTH(i-
Karii B [14] — [15], cmiBBigHOIIEHHS BaroBUX KOe(IIliEHTIB IIPH aBTOPErpeccopax
B OeTa-aBTOperpeciiiHiit Moje 3a1aHi cremiaabHo BaroBow dyukiieto (2) — (3),
0 BU3HAYAETHCA HA OCHOBI JBOMApPaMETPUYHOI! (YHKII1 MIUTFHOCTI KMOBIPHOCTI
Oera-posnoainy [11], y sakiii mapamerp o QikcoBanmii: oo=1, a mapamerp § Mo-
Ke MpuiMaTh 1Tl 3HaYeHHS B=12,...,Buy A€ Prax — 334aHe 3HaYeHHA. Yum
OlybLIe 3HAYEHHS MapamMeTpa 3, THM OlbIIe NEPEBULIECHHS BArOBOTO KoepilieHTa
MIPH TEPIIOMY IOTIEPEAHHOMY 3HAYEHHI 3MIHHOI Haj Koe(imieHTaMH TpH O1IbIT
paHHIX TONepeaHix 3HadeHHsX. I'padiku BaroBux (ywkuin mis B=1,3,...,25
TIpH TIOPAIKY aBTOperpecii p =7 HaBeneHi Ha puc. 1 (BaroBi ¢yHKmii mpemcTaB-
JIeHi 3HaueHHAMHU (QYHKLIH IiIbHOCTI WMOBipHOCTI f(U) U1 BUIIAAKOBOI BesH-
yuHu U, sika Mae 6eta-posmoin [11]).

Puc. 1 — Barosi ¢pyHKIIi1 B OeTa-aBTOpErpeciftHuX MOJEIIX
(mopstok aBToperpecii P =7, napamerp o =1)
SIkmo B=1, TO BaroBi KOe(ILiEHTH TPH aBTOPETPECCOPAX OJIHAKOBI:
a;=1/7, j=12,..,7. 3i 30inbuennsam [ Baropuii KoeQilieHT Npu nepuioMy
nonepeIHbLOMY 3HAYEHH] cTae epeBaKat0uuM. Tak, skm1o B =13, TO Bara mnepimo-

ro "3ami3HIOBaHHS" B MoJei jopiBHIOe npubau3Ho 0,90, a cyma Bar BCIX 1HIIHUX
3aMi3HIOBaHb (iX 4MCIO JOPiBHIOE p—1=6) cTaHoBHTH npubausno 0,10. Skmo

[3=25, To Bara HepIIOro 3ami3HIOBaHHA N0piBHIOE MpubmmusHo 0,99, a cyma Bar

BCiX IHIIWX 3aITi3HeHb ckianae npuoimsno 0,01.

Haiikparia ctpykrypa Mojeni (Haiikpalie CiiBBiIHOIICHHSI MiX KoedilieHTa-
MU TIpU TIOTIEPE/IHIX 3HAYEHHSX) BiJIMOBIJIA€ TAKOMY 3HAYEHHIO apameTpa [, mpu
SKOMY JIOCSITAETHCSl HAWMEHIIA cepeTHhOKBaApaTHIHA IOMUIIKA MOJIEIIi cepell yCixX
B=12,...B

Po30UTTS BChOTO Mepiofy CIOCTEPEKESHHs Ha IHTEPBAJIH, BIAMOBIAHI UKIAM
3MIiHH OCHOBHHX 3MIHHUX Xg, Xg M X7, 1 PIIIeHHS 3ajad CTPYKTypHO-
napaMeTpuyHoi ieHTudIKaLii, 103BOJAIOTh JOCIIIKYBATH 3MIHY CTPYKTYPH, KO-
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eQIlieHTIB 1 CepeIHbOKBAIPATUYHOI MOMHUJIKK HAHKpamol MO JJii OCHOBHHUX
3MIHHHX B 3aJIEKHOCTI BiJl HOMepa iHTepBaly. AHami3 rpadikiB MHUX XapaKTepuc-
THK JI03BOJISIE BCTAHOBUTH OCOOJIMBOCTI 1 3arajbHI 3aKOHOMIPHOCTI iX ITOBEIIHKH
IUTS pi3HUX 00'€KTIB 32 BECh MEPi0 CIIOCTEPESKCHHS.

ABToperpeciiini Mmogei pyxy kocmiunux 006'ekTiB. Po3pobneHa cucrema
MOJIETIIOBAHHS 3aCTOCOBaHA JIJISl OMICY PYXY TPYIU KOCMIYHHIX amapariB i BiAmpa-
[IFOBaHMUX CTYTEHIB pakeT-HOCiiB. Iy BCix 00'€KTiB KOXKEH 3 HMUKIIIB MO 3MiHHIH
X5 1 KOKEH 3 IIUKJIIB 110 3MIHHUM Xg, X7 (1 BIAMOBiAHI IM 4acoBi PSAM MO Xy, X, ,

X3 ) AOAATKOBO PO30MTI HA AEKUIbKa IHTEPBAJIB TaK, IO B CEPEIHBOMY JOBXKHUHA

HOBUX iHTepBalIiB ckiamae om3pko 100 3HaYCHB.

3aranom, s 1Box kocMiunux amaparis (KA_SICH2 37794 u POLYITAN-2-
SAU #42732 NanoUkr) i aBox BiamparnpoBanux cryneHiB (ARIANE_44LP_RB
#23538 u MINOTAUR_RB #26066) moGynoBano n,, =1553 aBToperpeciiHux

Mozened. Ha puc. 2 —puc. 5 mpencraieHi 3aleKHOCTI 3HAUEHHS cepelHbOKBA/I-
parnunoi nomuiku (CKII) noGynoBaHux aBTOperpeciiHuX Monenel Ui MIicThOX
OCHOBHUX 3MIiHHHUX.

CrpykTypa HOoOyZOBaHHX MOJIENICH Ma€e BUTIIS]

N

Xi =X g + 89X o+ ApXi_ps )

re aj, j=12,..,p— OIIIHKHM Koe(iIlieHTiB aBTOperpecii, sSKi OTpUMaHi 3a BHOIp-
KOO CIIOCTEPEKEHb; P — MOPSIIOK aBTOPErpecii.

VY3aranbHeHi pe3yabTaTH Bi3yallbHOTO aHallizy pHC. 2 — pHC. 5 BigoOpakeHi B
TabJ. 2, e BKa3aHi Jliana30Hu 3MIHU CEPEeIHbOKBAIPATUYHOI MIOMIJIKH 00y I0Ba-
HUX MOJIEJICH, BIIOBI/IHI IO «<HOPMAaJIBHOTO PEKUMY» PYXY 00'€KTIB.

VY tabnuii 3 HaBeIeHI aHAJIOTI4HI pe3yJIbTaTH, OTpUMaHi B podoTi [14].

INopiBHsHHSA Tab6. 2 1 Ta0d. 3 CBITYMUTH MPO TE, IO MiABHIIEHHSI TOYHOCTI MO-
nener gocsrayto mo BeiMm 3minauM KA SICH2, cryneni ARIANE 44LP RB i o
Oinpmocti 3MmiHHEX (kpiM  X;) KA POLYITAN-2-SAU. Mlomo crymens

MINOTAUR RB nijBuIeHHS! TOYHOCTI JOCSATHYTO TUIBKHU 110 OJIHIH 3MiHHIH ( X5 ).

Ha oxpemux inTepBasax uacoBux psaiB TLE-eneMeHTiB nesiki 3Ha4YCHHS ce-
PEIHBOKBAIPATUYHUX TTOMHJIOK MOJEJICH ICTOTHO TEPEeBUIYIOTh 3HAYEHHS 3 Ha-
BEJICHMX [[iana3oHiB (Ha PUCYHKaX X MMO3HAYEHO OBAJbHUMH 3HauKamu). JleTasb-
HU Bi3yalbHUI aHaji3 TaKUX iHTEpPBaJIiB MMOKA3Ye, 0 BOHU MICTATH Pi3Ki 3MiHH B
MOBE/IiHIII OCHOBHHUX XapaKTEPHUCTHUK, sIKi € HEBJIACTUBUMH 3BHUAHOMY pyXy 00'e-
kTiB. Lli mepeBuIeHHs JOIITEHO BUKOPUCTOBYBATH SIK O3HAKHU HelependaueHnx
3MiH pyXy KOCMiYHHX O0'€KTIB.

IToBeninka MOMMUIOK MOJENEH Ui 3MiHHOT X5 (OBroTa BUCXiAHOTO BY3/1a) Ha

puc. 3 —puc. 5 Mae KONMBAIBHUI XapakTep, IO CBIMYUTH MPO MOXKIUBICTH TO-
JIMIICHHS BiMOBiMHUX Mojened. [linBuilieHHS TOYHOCTI MOeNel IUIaHyeThCs
JOCATTH TLUISXOM IEPEeX0ay BiJ MoOyIOBH OKPEMHX aBTOpPErpeciiHuX Mopeneit
JUISE OKPEMUX 3MIiHHUX JI0 MOJICJIFOBAaHHS B KJIACi CUCTEM aBTOpPErpeciiHUX Mojie-
JieH, y SIKUX KOKHa 31 3MIHHHUX OyJle 3aJIe)KaTh He TIIbKH BiJl CBOiX TOIEPEIHIX
3HA4YEHb, aJI¢ i MOMEePeIHIX 3HAUYCHb HIINUX 3MIHHHUX.
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Puc. 2 — CKII moneneit s KA SICH2 #37794
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Tabn. 2 — CepeHbOKBAAPATHYHI IOMHUIIKA aBTOPETPECIHHNX MOIEIICH Il KOCMIYHMX ara-
paTiB i BiAMpaIbOBaHUX CTYTICHIB

Jiana3oHu 3MiHH CepeJHbOKBaPATHYHOI MOMIIKH MOJIeIen

Hazsa
X1, M X2, M X3, 0e3po3M. | Xs,Tpanm | Xe, Tpajx | X7, Tpax

KA CHN4-2 03-05 [0,3-05 (0,3-0,5):10°/0,04-0,08|0,02-1,0/0,02-1,5

KAPOLYITAN-114 50 |10-50  |(0.3-0.5)105/04-1,2 [03-1,0 [0,3-1,0
2-SAU

QE'ANE 44LP 15001000 400 - 1300|(2— 10)10° [0,1-0,25 [02-07 [0,3-2,0
VINOTAUR loz-10 J03-10 |@-410° [01-04 [10-15[10-15

Tabn. 3 — CeperHpOKBaIPaTHIHI TOMUIKA MOZETICH 11 KOCMIYHUX arlapariB i BIATIPALbO-
BaHUX CTYIICHIB (3a MaTepiamamu poboTH [9])

Jiama3oHu 3MiHH cepeTHbOKBAIPATHYHOI MOMIIKH MOJICIICH

Hassa
X1, M X2, M X3, 6€3p03M. | Xs, Tpax | Xe, Tpan | X7, rpan
KA SICH2 3-10  [3-10  [(05-08)1050,1-03 |05-1,0 [0,5-15
KAPOLYITAN- g 70 |20-70  |(0,3-0,7)105[0.4-1,2 |0.8-1,0 |09-1,4
2-SAU
£aANE44LE 400 - 1000|400 - 1600|(5 - 10)10% (03 -045(05-1,2 [L5 30
MINOTAURRB [03-10 [03-1,0 |2-4)10° [03-05 [1,0-15 |[1,0-15

BuchHoBok. Ha ocHOBI pe3ynbTaTiB, OTpUMaHMX B MPOLECI MOJEIIOBAHHS PY-
Xy IBOX TPYN KOCMIYHHX OO0'€KTiB, IpencTaBieHHX dacoBumu pspamu TLE-
€JIEMEHTIB, PO3pO0JIeHa CHCTEMa MOJICJIIOBAHHS, SIKa J103BOJISIE BUPILIYBAaTH HACTY-
ITH1 3a1a4i;

a) BU3HAUEHHS ONTHMAJLHOTO 00CATY BHOIPOK 1 iHTEpBalliB HAaBUAHHS IIPHU
MojieTroBaHHi yacoBux psiB TLE-eneMeHTiB;

0) BUSBIIEHHSI TIOPSJKY aBTOperpecii i BiANIyKaHHS ONTHMAaIbHOI CTPYKTYPH
MOJIeNi AJIs1 KOXKHOTO eJIeMEHTa-3MiHHOT;

B) ineHTH(iKallisd mapaMeTpiB MOJEN aBTOperpecii B yMOBax HEpiBHOBifa-
JICHHUX CHOCTEPEKEHB I KOKHOTO €JIEMEHTA-3MIHHOT;

') BCTAHOBJIEHHSI OCOOJIMBOCTEH MOBEIIHKU CEPEeAHbOKBAAPATUYHOT TTOMUIKU
aBTOpErpeciiHuX MoJesiell B 4aci Ha OCHOBI pO3OUTTS BUXIAHHUX YaCOBHX DsIiB
TLE-eneMeHTIB Ha MOCITIIOBHI IHTEPBAJIX HABYAHHS;

1) OTPUMaHHs MPOTHO3HUX OLIHOK 3HAY€Hb €JIEMEHTIB-3MIHHMX B HACTYIIHI
MOMEHTH 4Yacy.

Po3po0iennii cTaTUCTUYHUN METOJ MOJETIOBAHHS PYXy KOCMIYHHX O0'€KTiB
MoKe OyTH PEeKOMEHJOBaHUH I ONMHKCY 1 MPOTHO3YBAaHHA PYXy KOCMIYHUX anapa-
TiB 1 BiANPaLbOBaHUX CTYINEHIB PAKET-HOCIIB, MPEACTABICHUX YaCOBHMH PsIaMH
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TLE-emeMeHTiB (SKi OTIEpaTHBHO OHOBIIIOIOTHCS 1 3HAXOMATHCS Y BIAKPUTOMY JOC-
Tymi).

3actocyBaHHS PO3POOJIEHOTO CTATUCTHYHOTO METOAY TMiABHINUTH TOYHICTH
MaTeMaTHYHUX MOJIETIe CIIOCTepeKyBaHOTO PyXy KOCMIUYHUX O0'€KTiB B 3afjadax
BU3HAYCHHS 4acy iX BiBEJCHHS, NPOTHO3YBaHHS 3ITKHEHHS CYIYTHHKIB, KaTaso-
rizaifii KOCMI9YHOTO CMITTS.
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