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IIpeaucioBue aBTOpa

[Ipeyiaraemoe yuebnoe mocobme cOCTaBJIEHO B COOTBETCTBUU C yUIeOHOM
porpaMmMoii Kadepbl HeOEeCHOW MEXaHWKH, aCTPOMETPUU U T'PABUMETPUU
dusmyeckoro daxynbrera Mockosckoro ['ocymapcrBennoro YHUBepcUTETA
nmenn M.B.JIomonocosa.

B ocHoBy y4ebHOTO 110C0O0OUS TIOJIOKEHO COJIEPYKAHKE CIIeNNaIbHOIO Kypca,
KOTODBII YUTaeTCsd aBTOPOM JIJIsi CTYJIEHTOB CTapIINX KypCcoB Kadepbl Ha
IpoTsiKeHnn 1nocjeaanx 20 jer.

[IpakTuyeckas HebecHasg MeXaHUKa — 3TO COBPEMEHHAasl 4acTb HeOeCHOIt
MEXaHWKH, BKJIIOYAIONas 3HaHIs, HAKOILJIeHHbIe co BpeMen Kertepa n Hobro-
TOHA. DTOT Pa3jesl acTPOHOMHM B Tocjemnune H0 JieT sBJIseTcs TJIABHBIM
HAYYIHBIM CPEJICTBOM M3yUYeHUs KOCMUYECKOTO IIPOCTPAHCTBA U PACIIAPEHUS
cpejibl obutanus desoeka B CostHedHoli cucreme. Marepuadsi, n3/moKeHHBIH
B y4eOHOM TI0cOOUM, HEOOXOUM JIjIs YCBOEHUS CIEIUATUCTAMU, OCYIIECTB-
JIAIONIMMU TTPOEKTHI 10 TPAKTUIECKOMY HCIIOJIB30BAHUIO OKOJIO3EMHOIO TIPO-
CTpaHCTBa W 1O IMOJI'OTOBKE MUCCHN K JIDYTUM IIJIAHETaM C MOMOIIBIO aBTO-
MATUIECKNX U OONTaeMbIX KOCMUYeCKUX ammnaparoB. CBeJleHns O JIMHAMUKE
CosmnevyHOl CHCTEMbl U 3HAHNE HAYYHBIX METOJIOB €€ OCBOEHUs PACIIUPSIIOT
o0Iuii KPyros3op HaAy9YHOr'O CIEIHUAJINCTa B 00JIaCTH ACTPOHOMUU M KOCMUYe-
CKOW TEXHUKU.

Bésbimas gacTth mMaTepuaja cocTaBjeHa U3 COOCTBEHHBIX Pas3pabOTOK U
HAYYIHBIX ITyOJIMKAIIT aBTOPA.

B pamviu y4uebHOrO 1mocodbusi HEeBO3MOXKHO BMECTUTD BCE ACIEKTHI COBPE-
MEHHOU Hay4HOW JIesITEeTbHOCTH CIIEIMAJIUCTOB MUpa B 00JIACTU IpaKTUYe-
ckoit Hebecnoit Mmexanuku. B jiiodom ydaeOHOM MaTepuaJie MOXKeT COJIepKAThCs
TOJIBKO HEKOTOPAas YacTh BCEX HAKOILJIEHHBIX HA CErOJHANTHUN JI€Hb 3HAHUI
B paccMaTpuBaeMoil HaydHoU obJracT. BeiOop aBTOpa HACTOSIIETO MOCOOUS
OCHOBAaH Ha 3HAHUU HanOOJIee aKTYAJIbHBIX 33/1a4 U Ha COOCTBEHHOM HAyYHOM
ombiTe. B crieruasibHOM maparpade mepedanc/siioTcst 3a/1a9u U METO/IbI COBpe-
MEHHOU IMPAKTUIECKON HeOeCHO MeXaHUKU, KOTOPbIE HE BOIILIN B HACTOLIIEE
yuaebHOe TIocobue.

Y100BI MOTYYHUTH MTpe/ICTaBIEHNE O HA3HAYEHNN MaTepuaJia U ero MecTe B
00ITeM Hay9HOM IIPOIIecce, PACCMOTPUM pe3ioMe MO KaXKJIoii riiaBe y4eob-
HOT'O mocoowus.

['nasa 1. B 1060M jiesie Ba2KHO ¢ caMOro HavdaJja BHIACHUTD U MOHATD, JIJIs
4ero HeoOXOJIMMBI T€ WM WHbIE JIEHCTBHUSA, B Ye€M Ha3HAYECHHE OXKUJIACMBIX
pe3yabraToB. MIMeHHO 9TO 00CyKIaeTcsd B MepPBOil TyIaBe KHUTH.

B coBpemenHoii mpakTuvuecKkoii HeOeCHOI MeXaHUKe BO3HUKJIA HEOOXOIH-
MOCTb B YTOUHEHUU OCHOBHBIX IMOHATUN. DTO BBHI3BAHO IIPOIPECCOM B TEXHUKE
ACTPOHOMUYECKUX HADJIIOEHNN U BO3HUKHOBEHUEM HOBBIX CBSI3€il C COBpe-
MEHHOI acTpomeTpueii. B mepBoii ryiaBe (pUKCUPYIOTCI OCHOBHBIE TTOHSITHS,



OTMEYAeTCs CreruduKa 3a/ad B PacCMaTpPpUBaeMOl HaydHOI objacTu u Jia-
ercd 0o0IIas cxema JIeHCTBUN JIjIsI UX PeIeHns.

Inasa 2. Jlrobas moyesb JBUKeHUS HEOECHBIX Tesl pa3pabaTbiBaeTcs UC-
XOJIs M3 MOJIEJIN JIEHCTBYIONIMX CUJI JIJIsi (DUKCHPOBAHHOTO COCTaBa 0ObHEKTOB
U UX CBOMCTB. DTa COBOKYITHOCTH YCTAHOBOK 00pa3yeT CTPOWHYIO CTPYKTY-
Py, KOoTopas U paccMaTpuBaerca Bo Bropoil [ape. CBoiicTBa 0OBEKTOB M
MOJIEJTb JIERCTBYIONIUX CHJI MTOPOXKIAIOT cucTeMy uddepeHnmaabHbIX ypaB-
HEHUII B MPAMOYTOJbHBIX KOOPJIUHATAX, KOTOpPbIE HEU30EKHO IPUXOIUTCS
BBOJIUTDL JIjId pelieHus 3ajaqn. VMenno sramy cocraBienus JuddepeHim-
aJIbHBIX YPaBHEHUI JBUKEHUsI B MPAMOYTOJBHBIX KOOD/MHATAX MOCBSIIEHA
[nasa 2. B Bujie uckiovenns perenne 3a/ia4u JIBYX TeJI JAETCA yKe B ITOU
['naBe, MeTObI pellieHns B OOIIEM CJIydae PACCMOTPEHbBI B CJIEIYIONIHNX.

['nasa 3. Perrenne rmoctaB/eHHBIX 3a/1a9 CBOJUTCH K PeIIeHuto 1uddepen-
IUaJbHBIX yPaBHEHUN JIBUKeHUA. [ MocTpoeHnsl aHaJIuTHIECKOTO pele-
HUA HEN30EXKHO MPUXOIUTCA IPUMEHSITH MeTOJIbl Teopun Bo3MmyteHuii. [Tops-
JIOK JieficTBuil onmcan B TpeTheil [taBe. Ha sTom myTu Berpedaiorcs ocobbie
pobJIeMbI U TIPENATCTBUSA, KOTOPbIE MPOABIAIOTCA UMEHHO IIPU IOMbITKAX
IPaKTHYECKOTO pelienns 3a1a4 nebecHoit Mexannku. Ha mpakTuke npumens-
I0OTCA HEKOTOPbIE YIIPOIIEHHBIE MOJIE/IM BO3MYIIEHHOI'O JBUKEHUA HEOECHBIX
Tesd. DTU MOJICJIN OIUCAHBI B TpeTheit [ase.

[naBa 4. B smoxy MOIIHO# BBIMUCIUTEIBHON TEXHUKY JIJIsl PEIIeHUs 38181
IPaKTHYECKON HeOeCHOW MEXaHUKH ITHPOKO MPUMEHSIOTCS METOJIbl YHCJICH-
HOT'O MHTETrpUpOBaHud quddepeHnnaibHbIX YpaBHEHU N TBUKEHI HEOECHBIX
tes. [IpenMyiecTBo TAKOTO MOJIX0/Ia 3aKII0YACTCA B IIPOCTOTE IO CPABHEHUTO
C aHAJMUTUYIECKUMHU METOJIaMU ITOCTpoeHus perrennii. MeToapl dnc/geHHoro
UHTEIPUPOBAHUS UMEIOT CBOU IIPEUMYIIECTBa, HO U OI'DAHUYCHUS B IIPUMeE-
Hernu. VMeHnHo sTuM acmekTaM mocBsieHa [asa 4. B sToit rimaBe gaiorcsa
[IPAKTHYECKUE PENENThl YUC/TEHHOI0 MHTEIPUPOBAHUA, BILUIOTH JI0 MHCTPYK-
I UCITOJIb30BaHUsT KOHKPETHBIX BBIYUCIUTE/THHBIX ITPOIPAMM.

[napa 5. OcHOBOI mmocTpoeHnst Mojie/eil JIBUKeHNsT HeOECHBIX TeJl SBJIsI-
10Tcsa Hab oieHns. VIMeHHO OHU C/Ty>KaT KpUTepueM UCTUHHOCTH B HEOECHOIH
Mexanuke. [IpakTuueckas HebecHass MeXaHUKA OTJIMIAETCS OT JAPYTUX pa3jie-
JIOB 9TOI HayKN MMEHHO TOYHON IIPUBA3KON BCEX U3BICKAHUN K KOHKPETHLIM
HabOII0/IeHIsIM HeOecHBIX Tejl. Vcroib3oBaHne HAOIIOAEHNI SIBIsSIeTCA HAanbo-
JIee TPYI0eMKOH 9acThio HeOeCHON MEXaHUKU. 31eCh Mbl BHIHY K I€HbBI ITpUMe-
HATH 3HaHUsI U HOBEMHIINE JTOCTHKEHHsT acTpoMeTpun. PazHooOpasue TUIIOB U
METOJ0B aCTPOMETPUICCKUX HAOJIIOICHUNT HEOECHBIX TeJI MMOPOKIAET OI'POM-
HBIIT 00beM crienmuaecknx mmpobsiem. Hemuorue wmcciieioBaTe/i CriocCOOHBI
MPONTH 3TOT TEPHUCTHIN MyTh. B momomb uMm jgaercs sta natas [asa.

'naBa 6. Hebecnas mexannka paKTHIeCKN COCTOUT B U3yUEHUUN MOJeIeil
JIBUKEHUsT HeOECHBIX Te/l. UTOoObI McceJoBaHus He OKA3BIBAJIUCH ITPa3/IHbI-
MM, HeOOXOIUMO 00eCIIeInTh OJIM30CTh MOJIeJIell K peaibHOM JUHAMUKE ecTe-
CTBEHHBIX U MCKYCCTBEHHBIX HeOeCHBIX Tejl. Kak obecriequTs 3Ty O6JIM30CTH 1



KakK#e IpobJIeMbl IIPU 3TOM IIPUXOIUTCS IIPEOI0IeBATh, PACCMOTPEHO B 3TOI
mecroit [age.

Inasa 7. B mocieaaue 50 et paszpaboranbl 1 3(pHEKTUBHO TPUMEHIIOTCS
METO/IbI IIOCTPOEHUs MOJIeJIel JIBUKEHUS €CTECTBEHHBIX CIIYyTHUKOB IJIAHET C
HCITOJIb30BaHUEM HAOJIOACHUN OCOOBIX BUINMBIX C 3€MJIU SIBJICHUI B CHCTe-
MaX 9THUX CIIYTHHKOB - BSaMMHDbIX HOKprTHI’I 1 3aTMEHUIl. STO IIpUBEJIO K aK-
TUBHU3AIUN OOJIBIIIOTO COODINECTBA JIIO/Ieil, 3aHMMAIONINXCsS HAOJIOICHUSIMUA 1
MOJEJIMPOBaHUEM JIBU2KEHUA CITYTHHUKOB. HpOBO‘I_LﬂTCH BCEeMUPHbIEC KaMITaHUU
HaOJII0/IEHII, [IPUBJIEKAOINEe KaK IIPpOodeCcCHOHAJIOB, TaK U HabJo1aTeeii-
JobuTesieil, 9To pacIIupuio COMUATBHYIO 00/1aCTh MPAKTUIECKONH HeOeCHO
MexaHuku. MerojiaM perreHuil 9TuX 3a/1a4 MOCBsIIeHa cejibMasi [1aBa.

I'nmaBa 8. VccienoBaresist, U3y9IUBIIEro 3a/[add U METO/bI ITPAKTUIECKO
HeOECHOI MEXaHUKHU, eCTeCTBEHHO 3aMHTEPECyeT, a UTO Ke CIeJaHO B ITOM
obJtacTi HAay4IHOTO MHUpa K CEroJHAINIHeMYy JHI0. Kak BooOIIe mpomcxouT
nporecc? Kakne nMeroTcss coBpeMeHHbIe HHCTPYMEHThI 1 MH(MOPMAIMOHHBIE
PeCcypcehl I UCCAe0BATE s B IIPAKTUIECKONH HEOeCHON MeXaHuKe, paccMOT-
peHo B BocbMoii [1aBe.

I'maBa 9. McciemoBaresb, TPUHUMAIOIIUNCS 38 €70 B 00JIaCTH ITPAKTH-
JecKoil HeDEeCHOI MeXaHUKHU, Pa3yMeeTcsd, 3HAeT B HyKHOI cTeleH! 00beKThI
uccaepoBanuit. OHAKO, XOPOIIO ObI BCerjia UMeTh 10/ pyKoil (pakTrIecKue
CBeJIEHHS O IIJIaHeTax W ClyTHUKax. KpaTknit Habop TaKux CBeJIEHUi 1aeTcs
B Aesgaroit ['taBe. IIpuBoauTcs obmuii HAOOP XapaKTEPUCTUK U ITapaMeTpPOB
tes1 COJTHETHOI CHCTEMBI.

Bak/IounTe/IbHbIE 3aMedaHus B KOHIE KHATH TOBOIAT HEKOTOPBIN UTOT
Bcero MarepuaJa. Ilepedncisgrorcs HEKOTOPbIe aKTyaIbHbIE 3aJa9l U METO-
JIbI COBPEMEHHON MPaKTUIECKON HeOecHO MeXaHUKM, He PACCMOTPEHHBbIE B
JIAHHOII KHUTIE.



Jluws mozda ecmv moak 6 meo-
puu, Ko20a oHa npedcmasasem cobot
HE MOABKO ADCTNPAKMHBLE KOHCMPYK-
YU 8 B000PANHCEHUL OUAPOBAHHO20
MEOPEMUKA, A TOPOULO OMNAHCEH-
HOLE NPOUEAYPDL, UCIPAGHO CAYIHCA-
Wue YeAAM NPAKMUYECK020 NO3HA-
HUA NPUPOJDL.

I'maBa 1. Ilenu, 3amauym 1 oOmuii MOAX0A K M3YYEHUIO JTUHAMUKH
HeOEeCHBIX TeJl

1.1. BBenenue

Coznanue TOro, YTO BO BCE CTOPOHBI OT HAC MPOCTUPAETCS HEOObLATHA
Bceestennasi, Bceria 6eCIioKOnIO 9e/ioBeKa. DTO BBIZBIBAET JIBOSKOE YKEJIAHUE.
Bo-niepBbix, X0opormo O6bI TOHATH HAIle MECTO B HEODO3PUMOM ITPOCTPAHCTBE
1 OECKOHEYHOM Pas3HOOOpa3uu Mupa. ¥y dejjoBeKa HepeaKo BOZHUKAET JIerKUii
JIUCKOMMOPT OT OTCYTCTBUsI OTBETa Ha ITO00HBIE BOIPOCHI. O IHOBpEMEH-
HO POXKJaeTcs KejlaHue u3Bjiedb m3 KocMoca BBITOMLY IS yJIOBJIETBOPEHUS
CBOMX IIOCTOSTHHO BO3pacTaonux norpednocreii. Eie 6osibiiiee 6ecriokoiicTBo
UCIIBITHIBAET Y€JI0BEK, OOHAPYKUB YI'PO3Y CBOEH KU3HU CO CTOPOHBI CHUJI IIPU-
POJIBI. HI/I‘ITO TaK He IIyraeT HaC, KaK HEIIOHATHOEC. y,Z[I/IBI/ITeJIbHO JIET'KO YCIIO-
KOUTH YeJIOBeKa OObsICHEHWEM CTDAITHBIX SBJIEHUIl /laKe He COBCEM 3HAKO-
MbIMU cjioBaMu. Co3HAHME TOro, YTO XOTh KTO-TO Pa3dUpPaeTCs B JIESTHUSIX
IIPUPO/JIBI, BO3BPAIIAET HAC K IPUBBITHOMY KOMMOPTY MOBCEIHEBHON YKU3HU.
BOT 1moyeMy MbI JOJI2KHBI 6bITb 6.HaI‘O,Z[aprI T€eM HEMHOI'UM JIXOJAM, KOTO-
pble paboTaloT, YTOObI N30ABUTH HAC OT MYYHTEILHBIX BOIIPOCOB O KOCMOCE
u cyaboe.

C apeBHUX BpeMeH 33y MbIBAJIMCDH JIIOJU O BJIUSHUN HEOECHBIX CBETHII HA
3eMHYIO KU3Hb. [[ombITKN comocTaBuTh HEOECHBIE sIBJICHUS C CYIbOOI 1esio-
BEKa JeJIaJIMCh KaK YY€HbIMU, TaK 1 JaJICKUMHU OT HaYKU IIPECAIIPUUMYINBbIMUA
muanoctamu. OJIHAKO BO BCe BpeMeHA HEM3MEHHO IOJIydaJsics BeChMa HeHa-
JIe2KHBIH pe3yabTar. YTo KacaeTcs cyap0bl caMuX HeOeCHBIX TeJ, TO aCTPOHO-
MBI 1 MATEMATUKH JIABHO PACCUUTAJM y/IMBUTEIBHO YCTOWYMUBBIN XapaKTep
JIBUKEHUS TJIAHET W UX CIIyTHUKOB. Pasmepnl n hopMbl OpOUT ILJIAHET, Ha-
KJIOHBI OCEN MX BpallleHud IIOYTHU HE U3MEHUJINCH JJazKe€ Ha KOCMOI'OHUYIECKUX
UHTEepBaJax BPEMEHU.

YdeHble-ecTeCTBOUCIIBITATE/ I U (PUITOCOMBI TPUIILINA K BBIBOJLY, UTO TJIaB-
Hag IpuYnHa cyiecrBoBanus Pasyma Bo Bceesennoit - 9To ¢pyHKIuU 103Ha-
Husi. Pazymuast »KM3Hb XapaKTepPU3yeTcs CTPEMJIEHUEM TIOHATH U O0bsACHUTH
[IPOUCXOIAIINE BOKPYT siBjieHus. Pa3ym daxuer 6€3 HOBBIX, HEOObSICHEHHbBIX
ABJICHUT.
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JLnist Bcero ectecTBO3HAHMS HeOeCHas MeXaHWKa UT'PaeT poJib (byHIaMeH-
Ta, 6e3 KOTOPOTro HEeMBICJIUMO I03HaHue Bcesjennoit m ocsoenune Kocmoca.
SHadenne HEOECHON MEXaHUKH JIJIsT JKU3HU Ha 3eMJIe COCTOUT B MCIOJIH30Ba-
HUW 3HAHUI O JIBUXKEHUU HeOecHBIX TeJ1 u OyimkHeM Kocmoce Jijis Jrydiinero
VJIOBJIETBOPEHUS MOTPEOHOCTEN |YesIoBeKa U €ro 3alluThl OT CHJI IPUPOJIBI.
Teopust JBUKEHUST NCKYCCTBEHHBIX CIIyTHUKOB 3€MJIM TIO3BOJISIET UCIOJIB30-
BaTb KOCMHUYECKHE allllapaTbl IJId CPEJCTB KOMMYHUKaIIUU WM WCCJICIOBaHUA
3eMHBIX pecypcoB. Teopus JIBUKEHUSA aCTEPOUJIOB, KOMET U METEOPOB Jia-
€T OIEHKY OIACHOCTH IIOINaJIaHusd ITUX TeJ B aTMocdepy U BbITaJICHUS Ha
3eMHYI0 TOBepXHOCTh. MccnemoBanus apukenuit Teq COTHEIHON CUCTEMBI
[TO3BOJIMIN CO31aTh (PYHIAMEHTAJIBLHYIO CUCTEMY OTCUYETa - MOIEIb WHEPIU-
aJIbHOI CHCTEMbI, PeaJn30BaHHYI0 HEOECHOW MEeXaHWKOW M acTpoMeTpueiil B
dopMe acTPOHOMUYECKUX €XKETOJHUKOB U (PyH/IaMEHTAIbHBIX 3BE3/HBIX Ka-
TaJIOTOB.

B nepax HebecHOM MeXaHUKNA BO3HUKJIN, ODOPMUIIICH U PA3BUIHCH MHO-
rue Haubosee 3hPeKTUBHbIE METOIbI MaTEMATHIECKON (DU3UKU U BBITHCIU-
TEJIbHON MaTEeMaTUKU.

B kadecTse npuMepa (1 OTHIOb HE €IMHCTBEHHOr0!) MOKHO yKa3aTh Me-
TOJIbI YUCJIEHHOTO UHTETPUPOBaHUA T depeHITnaIbHBIX YPABHEHU, OTTUCHI-
BAIOIINUX pa3JIndHbIe IPUPOJIHBIE sIBJICHUSI U PYKOTBOPHBIE IIPOIECCHI. 3apo-
JIUBIINCH B HEOECHOI MEeXaHWMKe, 9TU U JPyTue YNCIeHHbIE METO/Ibl OJ1arogapst
6bICTpO,Z[eI7‘ICTBy10H_LI/IM BBIIUCJIUTEC/IbHBIM MallllHaM IIOJIyY9nJIN meOqaﬁmee
pacipocTpaHeHne B HayKe 1 TexHuke. B 17-18 Bekax ¢ pellleHust acTPOHOMU-
YeCKUX 3aJ1ad MeTOodaMu HeOeCHOW MeXaHUKU HAYa/IacCh, MO CYIIECTBY, U BCH
TeopeTndeckas (PU3NKAa.

He TosibKO nIpenMyInecTBEHHO T€OPHUsi CUCTEM OOBIKHOBEHHBIX AuddepeH-
[IMaJbHBIX YPaBHEHMIT, KaK TO OBLIO B IIPOIILJIOM CTOJIETHN, HO, IO CYyTH Jea,
BeCh apCeHaJI COBPEMEHHBIX CPEJICTB IMPUKJIAIHON MaTeMATHKI UCIIOIb3YEeTCS
COBpPEMEHHOI HeOeCHON MeXaHUKOW ITPU MOIAEIUPOBAHUN JIBUKEHUI KOCMU-
YeCKUX O0bEKTOB.

PesynibraThl 1 BBIBO/IBI HEOECHO MEXaHUKHU SIBHO U HE3PUMO ITPUCYTCTBY-
0T BO MHOT'HX JPYIUX O0JIACTAX HAYKU U HMPAKTUIECKON JEATETbHOCTU e-
JIOBEKA.

Ha mobom sTane nosnanus Beesennoit Mbl yxke umMeeM 0oJiee WU Me-
Hee aJIeKBaTHYIO ee Mojie/ib. HoBble, Oosiee TOUHbIE HAOIIOACHUS IIPUBOIAT K
PAaccorIacoBaHUIO MOJIENIH C JIeHCTBUTE/ILHOCTBIO. Halle BCero )kejaaeMoe co-
IJIaCOBaHUE MOJIE/IM BOCCTAHABJINBAETCS IIyTeM YTOUYHEHHUS M3BECTHBIX Iapa-
METPOB ABU2KCHUA UJIN COCTOAHUA He6eCHbIX TeJI. MHOF,ZL& IIPUXOJUTCA SHATU-
TEeJIbHO COBEPHICHCTBOBATL TE€OPUU, METO/bI IIOCTPOCHNA MOJICIN NI METOIbI
BhraucseHunii. [Iporecc HeBoIbHO HaAIpaBjIeH HA OOHAPYKEHNE HOBBIX, HEOOb-
sICHEHHBIX siBjieHuit. Ha HekoTopoMm sTarme ymaercst J0OBITH 3Ty CTOJb HEOO-
xoaumyto Paszymy "muiny”, HO 9TOMY Beerja IpeIiecTByeT KOJIOCCATbHBII
TPYJl yUEHbIX — HaOJIoJaTe e, TeOPeTUKOB, BhluucauTeieir. Mojenn 1Bu-
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JKeHMsI HeOECHBIX TeJI IEHHBI eIlle TeM, UTO IO3BOJISIOT HAM IIPEIBBIYUC/IATD
UX PAacHoJIoyKeHre Ha JiIo0Ofl MOMEHT BPEeMEHH B IPOILIOM WA OYIIyIIEM.
JIumb TOTIAa €CcTh TOJIK B TEOPHUH, KOT/Ia OHA IIPEeJICTaB/IsieT cOD00M He TOJIHKO
abCTpaKTHbIE KOHCTPYKIIMH B BOOOPaXKEHUH 0YapOBAHHOI'O TEOPETHKA, & XO-
POIIIO OTJIazKEHHBIE TTPOIIE LY PhI, UCIIPABHO CJIyZKaIUe MeIsIM MTPaKTUIeCKOTro
mo3HaHus TpUpoabl. OJIHUM U3 IVIABHBIX HWHCTPYMEHTOB HA TaKOM IIyTH SB-
JIgeTcs IIpakTudecKas HebecHas MexaHuKa. VIMeHHO mpakTrudeckas HebecHas
MexXaHHKa JaeT HaM HanboJjiee MOJIHbIE U TOYHBIE 3HAHUS O JUHAMUKe Hebec-
HBIX TeJ.

1.2. OcHOBHBIE TIOHATHUS U OIIpeAeJIeHUus NPAKTUYECKOli HebecHOM
MeXaHUKU

Hebecnas mexannka — 00/1aCTh aCTPOHOMHUYECKON HAYKH, KOTOpas 3aHU-
MaeTcsl M3yUeHueM JIBUKeHMT HeOeCHBIX TeJsl 1MOJ JefCTBIEeM eCTeCTBEHHBIX
CHUJT TIPUPOJIBI.

[Ipemerom HEOECHON MEXAHUKM SIBJISIOTCS MeXaHU4YecKne (hOpMbI JIBU-
KeHusd MaTepuu.

OO0BbeKTHhI UCCJIeI0BAHUIM.

OObeKTH UCC/IeIOBaHI B HEOECHOM MeXaHUKe - BCEBO3MOYXKHBIE MaTepH-
aJIbHbIE 00PA30BaHUsI OT MEJIBIANIINX JacTHUI, KOCMUYIECKON TBLIN JI0 KOJIOC-
CaJIbHBIX CHUCTEM THIIa 3BE€3IHbIX CKOHJ’IGHI/II';I, raJlaKTUK U CKOILJIEHUN raJiak-
THUK.

OCHOBHBIM TIOHATHEM B HEDECHOI MeXaHHUKe sBJIsieTcst HebecHoe Teso. Mc-
CTIeTYIOTCS JIBUKEHNST €CTECTBEHHBIX W CYIECTBYIONINX WU TPOEKTUPYEMbBIX
HUCKYCCTBEHHBIX HeOecHbIX Tesl. OjiHako (paKTHIeCKU Ha TOM IIyTH OIepH-
PYIOT ¢ MOJAEJISIMU HEeOECHBIX TeJI, KOTOPBIX B IPHUPOJE HE CYIIECTBYET, HO
KOTOpbIE€ B U3BECTHOI Mepe MaJiO OTJINYaloTCA OT peaJiIbHbIX He6eCHbIX TeJI.
HpHI\lepaMH TaKUNX O6'beKTOB MOI'yT CJIY2KHUTb MaTepuaJibHasd TOYKa WJIA a6—
COJTIOTHO TBEPJIOE OJTHOPOIHOE TEJIO, OIPAHNYIEHHOE TOBEPXHOCTHIO TPEXOCHO-
IO SJLTUIICOUIA.

[ess HEOECHON MEXaHUKHU - MO3HAHUE 3aKOHOB IIPUPOJIBI, YIIPABJISIONINX
MeEXaHNYIEeCKUMMU JIBUKCHNAMI He6eCHbIX TEeJI.

3aKOHBI JBUXKEHUSI.

PeasibabIM TIposiB/IeHIEM JIBUYKEHNS HEOECHBIX TeJl SIBJISIETCS M3MeHeHWe
X B3aWMHOI'O PACIIOJIOKEHNs, KOTOPOE OIIPEJIE/IsIeTCs] B3aUMHBIMEI PacCTO-
sungamu. g 3ajanus IBUKEHUS CUCTEMbl HEOECHBIX TeJs CJIeIyeT 3aJaTh
3aKOH U3MEHCHUA NUX B3aMMHBIX paCCTOHHI/IIU/I BO BpEeMeEHH. ,ZL.HEI MaTeMaTnu4de-
CKOI'O OIlMCaHM#A 3aKOHOB JABH2>KE€HUA MCIIOJIb3YIOTCA T€ MJIM MHbIE beHKL[I/H/I
BPEMEHN.

JLnst yio0HOTO OTOOpaXKeHUs JIBUKEHU HEOECHBIX TeJI OTIePUPYIOT MOHSI-
THSME CUCTEMbBI OTCUYETa, CUCTEMbBI KOOPIMHAT U IIKaJIbl BpeMeHu. AGcTpakT-
HO€ IIOHATHUE CUCTEMbI KOODAWMHAT TaK HMJIM MHa4Y€ CBA3BIBAIOT C PEaJIbHbIMU
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obbekTamu. [Ipumepamu moryT ciykuth ['puHBUYCKUil Mepunan Ha 3eMjie
i BHETraJIJaKTUIeCKHEe PaJUONCTOIYHUKU U3JIy1dCHUA. A6CTpaKTHOe IIOHATUE
ITKAJIBI BPEMEHN peaIn3yeTcsl peaJbHbBIMU (PU3MIecKuMu mporeccamu. [Ipn-
MepaMH MOTYT CJIY’KUTh BpalleHrne 3eMJId WA SJIEKTPOMArHUTHOE H3JIy'e-
HUE aTOMA.

3aKoHbI B3anMOIeiCTBUS.

OCHOBOfI JJId USYYCHUA JIBUZKEHU A He6eCHbIX TeJI ABJIAIOTCA CTPOIro yCTa-
HOBJIEHHBIE U3 Ha6J'IIOIL€HI/H71 3aKOHBI (1)I/I31/IKI/I7 KOTOpPbI€ OIIMCHIBaIlOT B3aMMO-
JdeficTBUA TeJl UJIN BO3AEUCTBAA Ha HUX TOU CPelibl, B KOTOPOU OHU JIBUXKYTCA.
Maremarudeckoii opMoil 3aKOHOB B3aUMOJIEHCTBUS HEOECHBIX TeJT OKA3bIBa-
1orcst auddepennuaabuble ypaBHEHUs, KOTOPBIM YIOBJIETBOPSIOT B3AUMHbBIE
PaCCTOAHUA MEXKTY He6eCHbIMI/I TeJIlaMU UJIN UX KOOPAWHATHI.

MeToabl uccJjie/IoBaHUIA.

Ot Apyrux acTPOHOMUYECKHUX JIUCITUILINH HeOeCHas: MeXaHUKa OT/INIAeT-
sl JIMIIb METOJIAMU UCCJIe0BAHUs, CPEJIU KOTOPBIX CJIE/IyeT BBIJIEJIUTH CJle-
JLYIOIIUE TPU IPYIIIBI METOJIOB: GHAAUMUYECKUE, YUCAEHHDIE, KAYECTNEEHHDLE.

Anasumuneckue memods, JTAI0T BO3MOXKHOCTD MOJIyYaTh HAOOP aHATNTH-
YeCKUX COOTHOH_IGHI/H;'I7 IIO3BOJIAIOINUX PACCHUTBIBATDL ITOJIO2KCHUA 1 CKOPOCTHU
HeOeCHBIX TeJl Ha 3a/JaHHble MOMEHTHI BPeMeHM, MUHYS KaKne-JIi00 ITpoMe-
JKyTOYHBIE UX 3HadYeHus. HemocraTrkaMy aHaATUTUIECKUX METOJOB SABJISIIOTCS
OoJIbIIIas TPY/IOEMKOCTh U HAPACTAIOIIAs TPOMO3J/IKOCTD BBIKJIAJIOK C POCTOM
HeoOXOIMMOiT TOYHOCTH pacyeTa JBuzKenusd. Kpome Toro, anaanruieckue yMme-
TOAbI HE JalOT BOSMOXKHOCTU CYJIUTH O CBOIICTBaX uccjieyeMbIX ZLBI/I}KGHI/IIZ Ha
OYeHb OOJIBIINX MHTepBajaxX BpeMeHNU. Ere oqHIM X HEJIOCTATKOM SIBJISETCS
TO, YTO MPUMEHNUMBI OHU HE KO BCEM KOCMUYECKUM OOBEKTaM.

Orpanuvenusi, CBOMCTBEHHbIE aHAJIUTUICCKIM METOJIaM, He PACIIPOCTPaA-
HSIIOTCS HA “YUCAECHHbIE Memodbl, KOTOPBIE PUTOIHBI JIJI PacdeTa JIBUKe-
HUIl JIFOOBIX HEOECHBIX TeJI U WX CHUCTEM C Hallepes 3aJaHHON TOYHOCTHIO.
C BHEAPEHUEM B HayYHbIE NCCJICJOBaHNA MOHUIHBIX BBIYUC/IUTEIbHBIX MallliH
TN KOMITBIOTEPOB CUNTABINAACS IIPEKIE YPESMEPHOI TPYI0EMKOCTD YHCJIEH-
HBIX METOJIOB TlepecTajia ObITh HMPENsTCTBUEM i uX rnpuMmenenus. Ho u y
HUX €CTh CBOsl aXWJLIIECOBA IsITa — 9TO HEYKJIOHHOE HAKOILIEHUE MOTPEITHO-
CTH C yBeJIMYCHUEM HHTEPBaJla MHTECI'PUPOBaHUA IIPU HEBO3MO2KHOCTU CTPO-
I'mX OIIEHOK POCTa 9TON IIOrpenIHoOCTH. EH_[e OJMH HEeJO0CTaTOK ITUX METOIJ0B
— qucjieHHasg GopMa MpeJCTaBIeHns Pe3yIbTATOB U HeM30eKHOCTH pacye-
Ta MPOMEXKYTOUHBIX ITAIOB, XOTsd 3a4aCTYIO IEJIbI0 UCC/IEIOBAHUS SIBJIAETCS
KOHEeUHas KOH(DUTYPAIHS [10C/Ie UHTEIPUPOBAHUS.

Kavwecmeennvie memods, HeOECHON MEXaHUKH TTO3BOJISIOT CYIUTH O CBO¥-
CTBax JIBUKEHUiT HEOECHBIX Tesl 6e3 IOJHOTO MHTEerPHUPOBAHUs (aHAJIATIYIe-
CKOTO WMJIM YUCJIEHHOTO) nudbepeHInaabHbIX ypaBHEHH.

AnamuTuyueckne, YHCICHHbIE ¥ KAYECTBEHHBIE METOJbI MTPOOJIKAIOT
[PUMEHSThCA B COBPEMEHHOI HeOecHON MexaHuKe, IIPUYeM KPacoTa U Bbl-
cokasg 3(PEKTUBHOCTH AHATUTHYECKUX METOJIOB YJIA9HO COYETAeTCs C IMpO-
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CTOTON M YHHBEPCAJIHLHOCTHIO METOJIOB YUCJEHHBIX, & BCE 9TO JOMOJIHAETCS
KOCMOTOHUYIECKOH BayKHOCTHIO BBIBOJIOB, TIOJTyIAEMbBIX KAUECTBEHHBIMU METO-
JaMU HUCCJIETOBAHUMNA.

Mexanunvyeckasi MOJI€JIb.

B nHebecHolt MexaHUKe UCIOIB3YIOT MMOHATHE MeXaHU4IecKoi Momean. Mo-
JIeJIb OIUCBIBAETCS COCTABOM JIBUZKYIIUXCS OOBEKTOB, UX CBOHCTBaMU, 3a/1a-
HUEM CHIJI, JIEHCTBYIOMNUX Ha OTJE/JbHbIE KOMIIOHEHTHI Moje u. Mexanutde-
CKUE MOJIEIN UCIIOJIb3YIOTCS JIMOO JJisi IPUOJIMKEHHOT'O OIMCAHUs JIBUZKEHUI
HeOeCHBIX TeJI, OO KaK OCHOBa Jijisd pa3paboTKu Oojiee TOYHBIX METOJIOB
OTMCAHWS UX JIBUKCHHUI.

Sajiaueil HeOeCHON MEXaHUKHN CUUTACTCS TOCTPOECHUE U UCCICIOBAHUE Pa3-
JIMIHBIX MEXaHUIeCcKux Mojieseit. Koneunas 1esb — 970 U3ydeHne u OMucanmne
JIBUKEHUI PeasIbHbIX HEOECHBIX TeJI.

Mexanudeckast MOJIeJIb, OY/Iydn, KaK IPaBUJIO, TPUOJINZKEHHBIM OIMCAHU-
€M JIBU2KEHHSI CUCTEMbI peasibHbIX HEOECHBIX TeJI, MOXKET IMPUHIUIINAIbHO OT
Hee OT/IMIaThes. B 4acTHOCTH, CBOMCTBA TEJI B MOJEIN MOTYT HE COOTBETCTBO-
BAaTh PeaIbHOCTH, & 3aKOHBI JEHCTBYIONIUX CUJI MOT'YT 33/IaBATHCs CIIEIHA/Ib-
HbIM oOpaszom. [Ipumepamu MoOryT cIyKUTh 3aja9a O JIBUKEHUN KOHETHOTO
Yrc/ia MAT€PUATBHBIX TOYEK, B KOTOPO#l HeOECHBIE Te/la He NMEIOT pa3Me-
pPOB, WK OrpaHWMYEHHad 3aJada TpeX TeJl, B KOTOPOil B3auMOJIeiiCTBHE
TeJI He yJIOBJeTBopsieT TpeTrbeMy 3akoHy HeioTona. Korja npuammaroTcs BO
BHUMaHUE (GOPMBI M pa3Mepbl HEOECHBIX TeJI, TOBOPAT O MOCTYIIATeJIbHO-
BpallaTeJIbHOM JABUXKEHUU. PaccMaTpuBarOT OTHOCUTETBHOE JIBUZKEHUE B
3aJ1ade JIBYX TeJI, KOrja HadaJI0 CHCTEMbI OTCYeTa IIOMEMAETCd B IEHTP Macc
OJIHOTO W3 HUX, U OAPUIEHTPUYUECKOE JIBUKEHHUE, ITPU KOTOPOM HAYaJIO I10-
MEIIEHO B IEHTP Macc oboux Tesi. MexaHndIecKOi MOJe/IbIo ABUKEHUST TPex
u OoJjiee MaTepUAIbHBIX TOYEK MOYKET ObITh MOJIE/b JIBUKEHUsI B HEM3MEH-
Hoil mj1ocKkocTu. B orpanmvennoil 3ajiade Tpex TeJl MOXKET PACCMATPUBATHCS
MOJIeJTb KPYTOBOTO JIBUZKEHUS JIBYX U3 HUX.

Pesynbrar pemnienns 3ajiaqn HeOECHON MEXaHUKU — 9TO JIMOO BBIYUC/ICH-
Hble Ha 3aJIAHHBIH MOMEHT BPEMEHU I0JI0KEHNEe U CKOPOCTh HeOEeCHOTO Tela,
JInOOo Hali/IeHHbIE CBONCTBA ero JBuKeHus. K n3yvdaercs JBuzKeHue peaib-
HOro HeOECHOI'o Tejia, TO pelleHue JOJ2KHO ObITh MaKCUMAJJIbHO OJIM3KUM K
pesysibrataM HaOJoeHuii. [Ipu 3TOM TOYHOCTH Teopuu JI0JIzKHA, OBITH JTy4-
e TOYHOCTU HabJojieHuil. B 9TOM ciydae ycCHeNrHbIfi TPOTHO3 JIBUKCHUS
HEOECHOTO TeJia 00eCIeInBaeTCsl He TOJIbKO TOUYHOCTHIO HaOJIIOIeHI, HO TaK-
’Ke JOCTaTOYHON BeJIMYMHON HMHTEePBaJja BPEeMEHU, Ha KOTOPOM BBIIOJHEHBI
HaOJIIOJEHMUSI.

Mps1 He 3HAEM TOYHO, KAK YCTPOEHBI HEOECHBIE Tejla M 110 KAKMM TOYHBIM
3aKOHAM OHHU JIBUKYTCsA. [[09TOMY NPUXOAUTCS JIOBOJIHLCTBOBATHCS U3YYCHU-
eM Mojiesieil JIBUKeHUsI, BbIJIBUTAsl TY WM HWHYIO CMEJIYIO THIIOTE€3y O TOM,
YTO HAIMA MOJEIU MAJIO OTJIUYIAIOTCS OT JIeHCTBUTEIbHOCTH.

Bpewmsi.
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Nzmenenne n3mMepsieMoil BEJIMIUHBI BO BpeMeHU O0YCJIOBJ/IEHO JIBUZKEHU-
eM HebecHBIX Tejl. V3MepeHne BBITIOIHIETCS B HEKOTOPBIT MOMEHT BPEMEHH.
MoMeHT oTcuuThIBaeTCs 10 YacaM obcepBaropuu. B nmpakTuieckoit HebecHOIM
MeXaHUKe U3MepsieMOoil BeJIMUrHe BCer/ia IMPUIINCHIBAIOT MOMEHT U3MEpPEHMU.

Bpems siBisteTcst abOCTpaKTHBIM HOHATHEM, JIJISI €TI0 OIpeIeeHusT Hy K-
HbI KaKne-HuOYy/Ib n3MepuTe/ibHbie TpubopsL. JI1000i mpubop nmeeT morperi-
HOCTBH m3Mepenusi. CHavda a BpeMs U3MepPsiin YIJIOM BparieHus 3emyu. Ta-
KOe BpeMs HasBa/ BceMupHbIM u obozHaummm depe3 UT. Kormna 6bum 00-
HapyKEHbI PACXOXKJIEHUA TEOPUU JABUzKeHudA JIyHbl ¢ HAOJIIOJIEHUAMHI CTAJIO
SICHO, 9TO 3eMJIs BPAIaeTcs HEPABHOMEPHO, U STAJIOHOM CTaJI0 BPeMs, KaK
He3aBUCHMAasl IepeMeHHast B Teopuu jsuzkenus JIymwr. Bpems uzmepsiioch
1o Hab/ToieHuaM JIyHbBI, Ha3bIBAIOCH 3(DeMEePUTHBIM BpeMeHeM 1 0003Hava-
qock ET. Onnako Tounocts nabsogennit JIyuer Bee ke orpanmndena. [lonckn
60J1ee TOYHOTO U3MEPUTEISI BpEMEeHN PUBEIN K AaTOMHBIM 9acaM. DTOT JiaT-
YUK BPEMEHH ABJISIeTCs ceiidac HamboJiee TOUHBIM. Bpewms, ocpeaHeHHoe 110
HECKOJIbKUM HanbO0J1ee TOUYHBIM aTOMHBIM YacaM MHUPa, HA3bIBAIOT MEK/IyHa-
POJIHBIM aTOMHBIM BpemeneM u obozuadaor [AT .

Habmonenusi. V3mepsiemble BeJIMYUHBI.

HNcToynnkoM HAIMUX 3HAHUNE O HEOECHBIX TeJlax siBJISIOTCS HaOJIIOICHUS.
Habmromast, Mbl He MOXKEM JOBOJILCTBOBATHCS KOHCTaTaIllel dpakTa HaJIUINs
HebecHoro Teja Ha Hebe. B mporecce acTpoHOMHYECKUX HaOJIIOJIEHUN BbI-
MOJTHATOTCSA U3MEPEeHHsT TeX WM WHBIX BeanduH. Jlemaercs 910 ¢ MOMOIIBIO
pazHo0Opa3HbIX TPUOOPOB. B oT/invdmne oT KoopAnHAaT, n3MepsieMasi BeJIMIuHa,
Bcerma peasibHa. OHa oOpasyercs B M3MEPUTEIbHOM Mpubope. ACTpOHOMBI
UMEIOT JIeJIO ¢ OoraThIM pasHooOpasneM IMPUOOPOB U U3MEPSIEMbBIX BEJIMUINH.
[IpumepamMu MOTYT CJIYKHUTB YTJIBI TIOBOPOTa OCH TEJIECKOIa OTHOCHTEIHHO
OTBECHOI JIMHUU U IIJIOCKOCTU MEPHUINAHA, PACCTOSHUS MEXKIy M300parke-
HUSIMA HEOECHBIX Tesl Ha (DOTOIIACTUHKAX, MPOMEXKYTOK BPEMEHHU MEKTy
BCIIBIIIKON JIa3epHOr0 Ja/ilbHOMEPA U (PUKCAITHEil B TeJeCKOIe OTPaXKEHHOIO
OT HEDECHOI'O Tejia CBETOBOI'O MMITYJIbCA, WHTEHCUBHOCTD 3aCBETKH OTJIC/Ib-
HOT'O ITHKCEJIa MOy ITPOBOJTHUKOBOIO IIPUEMHHUKA CBETa, PA3HOCTH ITPOIOJIXKH-
TeJIbHOCTEH 3amnucu (hparMeHTa U3/Iy9IeHus KOCMUYIECKOTO PaIMOUCTOTHIKA,
Ha JIBYX Pa/IMOTEJIECKOTIaX.

B nasipneiiineM Mbl Oy/1eM rOBOPUTH O HAOJIIOIEHUAX HEOECHBIX TEJI, BCe-
IJla Ipejroiaras MpPU 9TOM TOJIydeHre 3HAYCHUN TOW WIn WHOU u3mepAaemot
BEAUYUMD, HA HEKOTOPBIFT MOMEHT BPEMEHU — MOMEHI, USMEPEHUA.

TouHOoCTh HAOJIIOMECHUIA.

[Ipubopam npucyia morpentHocTb. TamHCcTBa TPOIECCOB, TPOUCXOIATIINX
B U3MEPUTEIbHBIX TPUOOPAX, OCTABJISIOT HAM JIMIIb BO3MOYKHOCTH CTPOUTH
IUIIOTE3bl OTHOCUTE/ILHO OMUOOK m3Mepenuii. Hukoria ne ObIiBaeT n3BecTHA
BEeJIMYINHA OIIHOKK OTJAEIbHOr0 u3dMepennsd. O4eHb 4acTO MbI IIPEIIOIaraeM,
YTO TOIPENTHOCTH YUCTO CJIyJaiflHbl, U pacCMaTPUBAEM pa3JIUYIHbIE CTATH-
CTUYECKUE XapPAKTEPUCTUKU OMMOOK. BoJibille BCero onepupyror ¢ MOHATH-
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eM HaumboJiee BEPOSITHON CpeTHEKBaIPATUICCKON BEJMUUHBI OIMUOKU. KoH-
CTPYKTUBHBIE CBONCTBA M3MEPUTE/IHHBIX TPUOOPOB MO3BOJISIIOT WHOT A TIPHU-
OJIMYKEHHO YCTAHOBUTH TOYHOCTD M3MepeHuii. B obrem ciydae Mbl TOBOPUM
0 MoYHOCMYU HabA0JeHU.

TounocTh ACTPOHOMUYECKUX U3MEPEHUil JOCTUTTIA y¥Ke TaKOI'o YPOBH,
YTO CTaja 3aMEeTHON HeaIeKBATHOCTb HHIOTOHOBOI MeXaHUKM HAOJIIOIaeMOMY
JIBI2KEHUIO HeOecHBIX Tejl. B Gojiee TouHOI 0011eit Teopur OTHOCUTEILHOCTHU
(OTO) Bpemst Teder pasiIudIHO B JIIOOBIX JIByX TOYKAx IpocrpaHcrsa. s
cBst3u mikas1 Bpemern B paMkax OTO Hy»KHO yaIuThIBaTD JIBUKEHUE TEJT U UX
MACCHI.

ITapameTpsl aBU>KEHUS.

Nzyvast nianeTsl U CIIYTHUKU, 3BE3/Ibl U TAJAKTUKHA, MBI HESBHO IPEI-
rmoJjiaraeM, 9TO BCE BPeMsI OCTAOTCsI MMOCTOSTHHBIMU HEKOTOPBIE TTapaMeTphl,
HIpUCyIe HeOECHBIM TeJlaM U UX JIBUZKeHN0. K HUM OTHOCATCS Macchl, pas-
MepbI ¥ (DOPMBI TeJI, ITapaMeTPhl OPOUT U MHOTUE JIPYTHe BeJIMIMHBI. JTH I1a-
paMeTpbl HEBO3MOXKHO HEIOCPE/ICTBEHHO U3MEPUTH C IIOMOIIBI0 UMEIONINXC S
npubopoB. OIHAKO UX 3HAYEHUs] PEAHHO MPOSABJISIOT cebs B HAOJIIOIaeMOM
JIBUKeHNN HeOeCHBIX Tesl. BysieM Ha3biBaTh B JAJIbHEHIIIeM TaKie BeTNINHbI
napamempamy, 06usicenus HeOECHBIX TeJl.

B mebecnoit Mmexanmke TakzKe U3ydaeTCs JIBUKEHNE HEOECHBIX TeJ C Iie-
peMenHbIMU MaccaMu. Haripumep, JBukeHme Tak Ha3bIBAEMOIl HOPMAaJILHOM
3BE3/IbI, Macca KOTOPOW YMEHBIIAETCsS CO BPEMEHEM, U TEMII TOTePU MAace
coctasnger ot 1072My mo 107 "M, B rox. Macca HeHITPOHHOI 3B€3/bI yBe-
AnYuBaeTcs ¢ TemroM akkperuu ot 107" My mo 1074Mg B rox. 3aech Mg —
macca Coutaiia. Bo3aMoxKHBI citydan, Korjia He TOJTBKO MAcChl, HO 1 (hOPMBI U
pa3Mepbl 3Be3/1 MOI'YT U3MEHSATLCs, HAIIPUMED, B 33/1a9e O JIBUKEHUU 3BE3/IbI
B TECHBIX JIBOWHBIX 3BE3/IHBIX CHCTEMAaX.

CucreMbl KOOp/IMHAT.

Nzmepsiemble BeJIMIWHBI He JAIOT HATJISAIHBIX MPEICTABICHUN O KOHMU-
rypaluy CUCTEMBI TeJI U TeM 0oJiee HEIPUTOHBI HEMOCPEJICTBEHHO JIJIS BbI-
paxKeHusi OOIIUX 3aKOHOB JIBUXKEHUs. YJIOOHBIM CPEJICTBOM OIUCAHUS ITPO-
CTPAHCTBEHHOT'O PACIIOJIOZKEHUs TeJl U HAIPpAB/JECHUN Ha HEeODECHbIE CBETUJIA
SIBJITIOTCST CHCTeMbI KoopinHaT. Korja roBopsaT O MOJIOXKEHUN CBETU/IA WU
00 OpmeHTAIMH Teja B HEKOTOPOI cHCTeMe KOODJWHAT, NMEIOTCA B BUIY ab-
CTPaKTHBIE OCH KOOD/JIMHAT B IPOCTPAHCTBE M BoOOpazKaeMble JITHUN Ha Hee.
CucreMbl KOOD/IMHAT BBIOMPAIOTCS TaK, YTOOBI JIaTh sICHOE MPEJICTABJIEHIE O
3aKOHAX U CBOMCTBAX JBUKEHUs HEOECHBIX TEJI.

Breibop cucrembr KoopirHAT 00YCIOBIIEH YI00CTBOM OIUCAHUS U N3y ICHUS
JIBUZKEHUsT KOHKPETHOT0 HeOecHOTo Tesa. Hawaso n ocu Koop/InHAT CBsI3bIBa-
10T JT0O0 ¢ JeTajIaMi 00beKTa, HAIIPUMED ¢ TPUHBUUCKUM MEPHIMAHOM 3€M-
s, b0 ¢ ero IMHAMUYECKUMU CBOWCTBAME, HAIIPUMED, C TVIABHBIMU OCSIMU
UHEPIUU TeJIa, JIMDO CO CBOMCTBAMU JBUKEHUSI, HAIIPUMED C OCBIO Bpallie-
HUsI TeJia, JINOO C IMOJIOKEHUEM Tejia B HEKOTOPBII MOMEHT BPEMEHHU, JINOO

16



BBIOMPAIOT CUCTEMY KOODJIMHAT JPYTUM CIEIHATIbHBIM 00Pa30M.

Yarme Apyrux UCHOIB3YIOTCA CHCTEMbI TPAMOYTOIbHBIX WA JTEKAPTOBBIX
KoOpAWHAT 1 0003HaTaIoT ee Hadas0 Oykeoit O, a ocn OykBamu X, y, z. CTosth
JKe 9aCTO MPUMEHSIOTCS CUCTEeMbBI ChepUIecKUX KOOPIMHAT ¢ 0003HAUEHUEM
IEHTPAJIBLHOTO PACCTOSHUS OYKBOI 1) MIUPOTHI - OYKBOI ¢ U JIOJITOTHI - OYKBOit
A

JI10ObIe crcTeMBbl KOOD/IMHAT C HAYAJOM, PACIIOJIOKEHHBIM B TOYKE Ha-
OJTTO/IeHMI, HA3BIBAIOTCST TOMOIEHTPUIeCKNME. Hampasiennst oceit TOMOIEH-
TPUUIECKON CUCTEMBbI CBA3BIBAIOT C JIMTHUEH OTBEeCa U MECTHBIM MEPHUIUAHOM.
[oBOpSAT 0 TEONEHTPUIECKUX CHCTEMaX KOOP/MHAT, KOT/la HAYAJIO0 TTOMEIIEHO
B IIEHTP MacC 3eMJIM.

3akoHBI ABUXKEHUsI HEDECHBIX TE€JI — 9TO 3aBUCUMOCTU KOOP/IMHAT
TeJI OT BPEMEHH W IapaMeTPOB JIBUKEHHUsS. 3aBUCHMOCTH MOTYT IIPUHUMATH
pazudnble GpopMbl. Halle BCero MCIOJIb3YIOTC aHaJIuTHYeCKue (DyHKITNH,
OIUCHIBAIOIINE SIBHYIO 3aBHCHMOCTb KOODJIMHAT OT BpeMeHH. B HEKOTOPBHIX
CIyYasgx 3aBUCUMOCTD JIaeTCs B HEABHOM (bopMe, TOrIa KOOpAMHATEI OJIyda-
IOTCsI TIyTEM BBIYUCJICHU 110 (pOpMYyJIaM MOC/Ie/I0BATeIbHBIMU TPUOTHKEHU-
sIMI. 3aKOH JIBUKEHUsT MOXKET UMeTh (hOPMY UUCTIOBBIX TAOJIUIl, B KOTOPBIX
3HAYECHUSA KOOPJMHAT HEOECHBIX Tesl 3aJaHbl Ha PAJ (PUKCUPOBAHHBIX MO-
MEHTOB BPEMEHHU, OOBITHO CJICIYIONINX ¢ KAKIM-TO ITOCTOSTHHBIM Iarom. [1pn
TaKOM JHUCJCHHOM 3aJIaHUN 3aKOHA JIBHKEHHSI TE€PSETCS 3aBUCUMOCTH KOOP-
JIMHAT OT IapaMeTpoB JBUKEHUs HebecHOro Testa. B aroMm citydae 3aTpy/iHeH
aHAJN3 CBOMCTB JIBUKEHUs, U Mbl OIPDAHMYEHBI T€M HHTEPBAJIOM BPEMEHIH,
JIJISE KOTOPOT'O KOOP/IMHATHI OBLIN BBHIYMUCJICHBI.

KoopmuHaTbl HEOECHBIX T/ ABJAIOTCA aOCTPAKTHBIMU MOHATHAMA. VX
HeJIb3s U3MEPUTh HUKaKUMU Hpudopamu. CUCTeMbl KOOPIUHAT MOICTUPY-
I0TCsl C MOMOIIBIO (POPMYJT U aJTOPUTMOB U SIBJISIIOTCS COCTABHOM YaCThIO
MOJIEJIN JIBUZKEHUsT HEOECHBIX TeJI.

Monaenb nBu>KeHusi HeO€CHOTro TeJia.

B obiiem ciydae 1o MoJIeJIbIo JIBUYKEHUST HeOECHOTO Tejia MbI OyJ1eM T10/I-
pa3yMeBaTh HEKOTOPYIO COBOKYIIHOCTb CPEJICTB, TTO3BOJISIONINX OINPEIE/IATh
3HAYEHUS U3MEPsieMOil BEJUYIUHBI Ha JIIOObIe 33/ aHHbIE MOMEHTBHI BPEMEHU
[P M3BECTHBIX 3HAUECHUAX IIapaMeTPOB JIBUKEHNS HEOECHBIX TeJl.

Peaymmzamum momen nBuKennst HeOECHOTO Tejia MOTYT UMETh BeChMa, Pa3-
JIMIHbIE (DOPMBI. DTO MOTYT OBITH MaTeMaTudeckKue (popMyJsIbl, HAIMCAHHBIE
BPYYHYIO Ha Oymare M OIyOJMKOBAHHBIE B BHJIE [E€YATHOIO MaTepuaJa.
DTO MOI'YyT OBITH HalleYaTaHHbIE YUCIOBBIE TaOJIMIILI 3HAUYEHNI KOOpAuHAT. B
HacTosiIee BpeMs 1 (POPMYJIbI, U TaOJIUILI OTOOPaXKAIOTCA B HMAMATH KOM-
nbiorepoB. [Ipu sToM dopmysbl TpeodpasyoTes B aJlfOPUTMbI BHIYUC/ICHHUIT,
a TabJIUIbI JOCTYITHBI BBIYUC/IUTETLHBIM IIPOTPAMMAM, PEIIAIONIUM T€ WJIN
nnble 3a7a9u. OTHAKO JlaXKe B IMOXY MOIIHONW BBIYUCIUTE/ILHON TEXHUKHU B
HECKOJIbKAX HAyIHBIX HEHTpax MUPa CO3/IAI0TCA U IeYaTaloTcs B (hopMe acT-
POHOMHUYIECKUX €KETOTHUKOB KOOPAUHATHI OCHOBHBIX HEOECHBIX TeJI, BHIUUC-
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JIEHHbIE HA HECKOJILKO JIET BIIEPE/I.

Orkyma ke OepyTcsi 3aKOHBI JBUZKeHUsT HeOecHBbIX Teji! B crapbie Bpe-
MEHa OHM YCTAHABJIUBAJIUCH B KUHEMATHIECKON (hOpME IMOUTH IMIUPUICCKHI
u3 MMpocThix HaOsojeHnit. Ceiyac »Ke, KOHEYHO, 3aKOHBI JIBUKEHUS HaXO-
JIAT B IIpoliecce perteHus auddepennnaabHbiX YpaBHEHUI IBUKEHUS OTHO-
CUTEJIbHO KOOpJAuHAT HeOecHbIX Teji. COCTAB/IAIOT 9TU ypaBHEHUs HA OCHOBE
CTPOTO YCTaHOBJIEHHBIX 3aKOHOB (PU3WKHU, KOTOPBIE OMUCHIBAIOT B3anMOJIEii-
CTBUA TeJ WJIM BO3/EUCTBUA Ha HUX TOW CpeAbl, B KOTOPO OHU JIBUZKYTCH.
DTO Jes1aeTcsd B paMKaxX KaKoi-mbo MexaHmdeckoil mogenn. Yerko dpukcu-
pyioTcs Bce (paKTOPbI, BIUSIONINE Ha JBUKEHHE KarKJIOTO Teja CUCTEMbI U
BKJIIOUEHHbBIE B paccMaTpuBaeMyio Mojesb. [Ipormece ycranoBiennsa 3aKOHOB
JIBUZKEHUsT HEOECHBIX TeJI, & TaK2Ke ero Pe3y/bTaT — CAaMU 3aKOHBI JIBUKEHUS,
Ha3bIBAIOT Teopueil JiBukeHus. VIMeHHo 3TuM 3aHUMaeTCd HeOecHasi MeXaHu-
Ka.

B nonasistomem OosibIIMHCTBE 3329 HEOECHON MeXaHUKH HEBO3MOK-
HO IOJIy4YUTh TOYHOE perrenne audepeHnnaabHbIX YPaBHEHNNH IBUKCHUSI.
[IpuxouTed MOBOJILCTBOBATHCS JINOO MPUOJIMZKEHHBIM PEIIeHIeM UCTIOIb3Y-
€MBIX TOYHBIX YPaBHEHUIA, MO0 TOUYHBIM PEIICHUEM TPUOIMKEHHBIX yPaBHE-
uuii. [lpumensiorcs Kak aHaJIuTHIECKUE, TaK U YUCJIEHHBIE METOJIbI PEIICHIS
nuddepeHImaabHbIX ypaBHeHuit. B oboux ciydasax perierue obJajaeT mo-
IPEITHOCTHIO. DTa MOI'PEITHOCTh MOXKET ObITh OoJiee WU MeHee JOCTOBEPHO
OTIEHEHA C TIOMOIIBIO caMOil TEOPHH.

TouyHOCTH MOAEAN NBU>KEHUsI HEODECHOTO TeJia.

NexoaubiMu TAHHBIMA JIJIsT MOJIEJIA JIBUKEHUS HEOECHOTO Tejia SIBJIAIOT-
cd IMapaMeTphl BUZKEHUA, U3BECTHBIE ¢ HEKOTOPOH MOI'PEITHOCTHIO. DTa I10-
IPEITHOCTD TaK2Ke [MOBJINAET HA TOYHOCTD IIPEJIBBITUCICHUST KOOPIMHAT HeOeC-
HOT'O Te€JIa ¥ TOYHOCTDb ITPEJIBBIYUCICHUS N3MepsieMOil BeTnInHbl. B manbHeii-
IIeM MbI OyJIeM TOBOPHUTD O MOYHOCTU MOJeAU, TIOJIPAa3yMeBasi TOTPEITHOCTh
BBIYUCJICHUST U3MepsieMoil BesimdauHbl. Mbl pasjesnsemM JBa UCTOUHUKA ITOM
[IOI'PEITHOCTH: MPUOJIMXKEHHOCTh HANJIEHHOI'O PEIeHus] YpaBHEHUI JIBUKe-
HAA U HETOYHOCTDH IapaMeTpoB JBMXKeHMs. [lorpenHocTb pernieHusi ypas-
HEHUIT JIBUZKEHUsI Mbl OyleM TaKKe Ha3bIBATH IMOIPENTHOCTHIO BBIYUC/IEHUI
WA TIOTPENTHOCTBIO MeToa. ['0OBOpst 0 TOYHOCTH TEOPUU JIBMKEHHUS HeOec-
HOT'O TeJjla BCErjla HYXKHO yTOYHATH, BKJIIOYEHA JIU B IOTPENTHOCTb TEOPUH
HETOYHOCTDH ITapaMeTPOB JIBUKCHUS WJIH UMEETCH B BHJY TOYHOCTH TCOPUH B
[IPE/IITOIOXKEHNH abCOTIOTHO TOYHBIX IIAPaMETPOB.

1.3. Bagaum nmpakTudeckoii HebecHOl MeXaHUKU

WNrak, MbI Olpeaenin OCHOBHBIE ITOHATHsI HEOECHOW MeXaHUKH. Temepb
BBISICHIM, B KAKUX COOTHOIIEHUSAX OHU HAXOJISATCH, M KAK OHH CJIy?KaT IEJIsM
PaKTHIECKOTO ITO3HAHUS ITPUPO/IDI.

Pemas 3agatun HebecHON MeXaHHKHU, MbI IIOJIy9aeM BO3MOYKHOCTH HAXO-
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JIUTH TIOJIOZKEHUE U CKOPOCTH HEOECHOTO Te/Ia Ha 3a/[aHHbIe MOMEHTHI BpEMEH!
B IIPOIILJIOM WJIN B Oy/AyIIeM. DTOT Pe3y/IbTaT JIOJKEH HAWIYUIINM 00pa3soM
COIVIACOBBIBATHCA € JaHHbIME HaOsogenuit. [Ipumep Takux pe3yabTaTroB —
9TO BBIUMC/IeHNE ddeMepr] HeOECHBIX TeJl.

B pesysbrare perrenns 3ajad HEOECHONH MEXaHUKUA MOTYT OIPEIETATHCS
cBoiicTBa JiBUKeHUs HebecHoro Tesa. [Ipm sToM camo jaBuKeHHe, T. €. IO-
JIOKEHUE W CKOPOCTH Ha 3aJ[aHHbIE MOMEHTBI BPEMEHU, MOYKET OCTaBaTbCsl
HEM3BECTHBIM. B KadecTBe CBOWCTBA JIBUYKEHU HEOECHBIX TEJT MOYKET Pac-
CMATPUBATBCS €r0 YCTONIUBOCTH. B JIpyrux ciiydasx HaC WHTEpecyeT OJiu-
30CTb JIBUKEHUsI TPYIIIBI TeJT K PE30HAHCHOMY JIBUKeHMI0. V3BecTHA TakKe
u 1pobJieMa HEOIPEJICJIEHHOCTU PEIIeHUs JIeTEPMUHUPOBAHHBIX YPABHEHUT
JIBUKEHUSI.

PaccemorpuM 1moapobHee OpsiJIOK TTOCTPOSHUS MOJIE/IA JIBUZKEHUS PeaThb-
HBIX HEOECHBIX TeJl.

Ha Puc. 1 n3obpaxkena cxema n3yvueHus JUHAMUAKI HEOECHBIX TeJT Ha OCHO-
Be nabsioienuit. Ha iro60oM sTarie uccsesoBanuit Mbl (hUKCUPYEM COCTAB U3Y-
“aeMOil CHCTeMbI HEOECHBIX TeJI. YCTAHOB/IEHHBIE Ha TEKYIUI MOMEHT BpeMe-
HI 3aKOHBI B3aUMOJIEHCTBYsI TeJl (TPaBUTAIOHHOE [PUTSKEHNE, COMPOTHB-
JIEHHEe CPeJIbl) MO3BOJIAIOT 3anucarh uddepeHinanibHble YPaBHeHNsS JBH-
keuust. Vcnoib3yst aHaTuTHIecKne METOJIbI, MOXKHO HANUTH 00Inee perieHue
ypaBHeHuit jBrzKerus. [logcraBiisst B 910 obIee perreHne 3HaYeHsT TPOU3-
BOJIBHBIX MIOCTOSHHBIX (IIAPAMETPOB JIBUYKEHUsI ), MOJIYIUM UCKOMYIO MOJIE/Ih
JIBUKEHUsT CUCTEMbI HeOeCHBIX Tejl. Perast ypaBHeHUs JIBUKEHUsT METOIaMU
YUCJIEHHOTO MHTErPUPOBAHUsI TIPU M3BECTHBIX HAYAJBHBIX YCIOBHsIX (mapa-
METPOB JIBUKEHNUS ), TAKZKe MOJIyIaeM MOJIe/Ih JBUKEHUS CHCTEMbl HEOECHBIX
tes1. HekoTophie nipeiBapuTe/ibHbIE 3HAYECHUS TAPAMETPOB JIBUYKEHUsT OObIU-
HO OBIBAIOT M3BECTHBI U3 MPEIIIECTBYIONINX HccieaoBanmii. s mocrpoenust
MOJIEJIA JIBUKEHUS MTOTPEOYIOTCS TaKKe 3HadeHusT (PU3MIECKUX MTPAMETPOB,
BXOJISIIIIUX B yPaBHEHWS JBUKEHUsI TTOCPEICTBOM 3aKOHOB B3aWMOIEHCTBHUSI
(HampuMep, Macchl Ter).

OCHOBHBIM TIPOIIECCOM U3YYEHUST JTUHAMUKH HEOECHBIX Tl  SIBJISIETCs
yTOYHEHIE MOJE/IN Ha OCHOBE aCTPOHOMHMYECKHX HabsrogeHuii. Habronenus
JIAIOT HAM 3HAYEHUS U3MepseMbIX BeandnH. HazoBeM mx m3aMepeHHBIMU 3HA-
genusimMu. C Jpyro#t CTOPOHBI MBI UMEEM MOJIE/Ib JIBUKEHUs, KOTOPAas JIJIst
TOTO U CJIYZKUT, YTOOBI TIPE/IBBIYUCIATE U3MEPsieMble BeTMInHbI. MbI MOKeM
BBIYUC/IATH U3MeEpPsieMble BEJTMIMHBI UMEHHO Ha MOMEHTHI HaOJroseHuii. Pe-
3YJIbTAThl HA3BIBAIOTCS BHIYUCICHHBIMU 3HAYCHUSIMU U3MEPAEMOil BEJTUNINHDI.
Pasnbie 110 TponCxozK IeHNT0 3HAYEHUsT OJTHOM U TOM YKe BeJIMIMHbBI Oy T pa3-
JIMIATBCST MEXKJTy CODOi. DTy pasHOCTh 3HavUeHUil Mbl 0Oo3HavaeM Ha Puc. 1
cumBosmdeckn 4depe3 "O-C"(O — observatum, C — calculatum). Pasnocrs
€CTeCTBEHHA, TaK KaK B Hefl MPUCYTCTBYET MOTPEITHOCTH HAOJIIOACHUN U 110-
['PENTHOCTD MOJIENIN JIBHXKeHUsT HebecHOro Tesia. OTHAKO B HEKOTOPBIX CJIyda-
sx pasznoctu "O-C"OyayT NpeBbIATh TONPEITHOCTD MOJIE/IN U MOTPEITHOCTh
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Puc. 1: Cxema mporiecca n3ydeHus JUHAMUAKI HEOECHBIX TeJl.

nabsonenuii. HoBble, 6osiee TodHbIe HAOIIONEHNS OOHAPYKUBAIOT PACCOIa~
COBaHME MOJIEJN C JIeHCTBUTENBHOCTHIO. B 9TUX Cllydasix paccoryiacoBaHuio
IPUIKCHIBAIOT HaubojIee IPOCTYIO U Hanboj1ee BEPOATHYIO IPUIUHY — HETOY-
HOCTH NPUHSATHIX 3HAYEHUI MapaMeTpOB JIBUKeHUsT HeOecHoro reja. B jeno
BKJIIOYAETCSI IPOIECC, HA3bIBAEMbBIH YTOUHEHUEM IapaMeTPOB JIBUKEHUS U3
Habsonenuii. Yaime Bcero »kejiaeMoe COrJIaCOBaHME TEOPUU C HAO/IIOICHUSIMU
JIOCTHTAeTCs IIyTeM yTOUYHeHus mapaMerpos, n pasHoctu "O-C'"cHoBa OKa3bI-
BAIOTCs B IIpejiesiax HMOTPEITHOCTeH MOJIeIn U HAOJIFOIeHUIA.

B HekoTOpBIX peKnx caydadx He yAaeTcs JOOMTbCS COIVIACOBAHUS TeO-
pun ¢ nHabmogenusamu — pasznoctu "O-C"ocraiores 3nauntesnbubiMu. Torma
[PUXOIUTCS COBEPINEHCTBOBATH IPUMEHSIEMbIE METO/IbI PEIICHUsT YPABHEHUT
JBUKEHUsT 1 METO/Ibl BBITHCIEHU. DT0O Hamboee TPyLoeMKas dacTh Hebec-
HOM MeXaHWKH. 3aHOBO ITEPEeCMATPUBAIOTCS (DaKTOPBI, BIUSIOIIIE HA [TBUKE-
HUEe KazkJIoro HebecHoro Tesa. BuIBojgTCS HOBBIE, 60jiee TOUYHBIE (DOPMYJIBI
teopun. Kak ciencreue, popmyJibl cTaHOBATCH O0Jiee JymMHHBIME. Pazpada-
TBIBAIOTCS U IPUMEHSIOTCS O0jiee TOUHbIE MeTO/ bl Bhruucjenuit. Kax cire/-
CTBUE, HEOOXOMMOE BBIUUC/IUTE/ILHOE BPEMsl CYIIECTBEHHO yBEIUINBACTCS.
B pesysbrare BbIIOJHEHUS BCeil 3TOI BeCbMa, TPYJIOEMKOI pabOThI yaaeTcs
COIJIACOBATH PE3YJIbTATHI TEOPUH U HAOIIOIEHMIA.

B erme 6ostee pekux cirydasix paccoryiacoBaHue TeOpHH ¢ HaOJIIOIeHUSIMU
OCTaETCs CyIIECTBEHHBIM, CKOJIbKO HU IIBITAIOTCS HCCJIEJIOBATEN YTOUHUTH
apaMeTpbl JBUKEHUsI U YCOBEPIIEHCTBOBATH MOJIC/Ib JBUKeHUs. B pe3yiib-
TaTe 00001IeHnsT (hAaKTOB, IMPOBEPKN HOBBIX T'MIIOTE3 U BBICIIIETO HAIIPSXKEHU ST
MHTEJIEKTa COBepIaeTcs: OTKphITHE. MoryT OBITH OTKPBITH paHee HEN3BECT-
Hble HeDeCcHble Tejla WM HOBble 3aKOHBI B3aUMOJIENCTBUSA HeOeCHbIX Tes. B
TaKOll CUTyalluu PE3KO PACIIUPAIOTCA HAIU OOIIUe MPEJICTABICHIS 00 OKPY-
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xarorem mupe. Jlemaerca oboOIenne OCHOBHBIX 3aKOHOB Tpuposbl. [Ipu-
MEPOM MOXKET CJIY?KUTb SKCIIEPUMEHTAIBHOE MOITBEPXKICHIE O0IIei TeoOpuH
OTHOCHTEJIbHOCTH TIPU aHaIn3e HeOObICHUMOU YacTH CKOPOCTHU JIBUZKEHUS
nepuresinst opouTsl MepKypus.

[IpuBenennas 3/ech cxeMa, Kak Jiobas cxeMa, CyXa U OrpaHMYeHHa, TaK
KaK OHa JIUIIh B OOIIEM BUJI€ OTPaXKaeT Pa3HOOOpa3HbIe HAYYHbIE M3bICKAHUS
" HaKoIienue pakToB, (DAHTA3UM U OIIHOKU.

OTmMeTnM, 9TO ONMMCAHHBIN MTPOTECC UMEET TaKKe CyTy0O MPAKTHIECKYIO
HAIPaBJIEHHOCTh. Mojetb IBUKeHNsT HEOECHBIX TeJsl SIBJIIeTCS OCHOBOM JIJist
OTCJIE?KMBAHMS BO3MOXKHBIX OIACHOCTEl CO CTOPOHBI KocMoca. Momesb 1Bu-
JKeHUsT HEOECHBIX TeJI TAKKe HEIOCPEJICTBEHHO UCIOJIb3YEeTCs JIJId ITPOEKTU-
pOBaHUs U 00ECIIeUEHNUs TI0JIE€TOB ABTOMATHIECKAX U MHJIOTUPYEMBIX OKOJIO-
3eMHBIX W MEXKIIJIAHETHBIX AIapaToB — NCKYCCTBEHHBIX HEOECHBIX TEJ Pas-
JIMYHOTO HA3HAYEHWS.

1.4. Ocobble cBoiicTBa HEOOXOAUMbIX HAOJIIOJAEHUNI

JIBrmkenue OOJIBITUHCTBA PEAJIbHBIX U BOOOPaXKaeMbIX HEOECHBIX TeJT MMe-
eT xapakTep oOpalleHuil OJHUX TeJT BOKPYT Jpyrux. M3yJaiorcs Takxke coO-
CTBEHHBIC BpalieHnsa HeOecHbIX Tes. Obpalnenne min BpAIEHUe Teja, OIH-
CBIBAETCS yTJIOM, BEJMYMHA KOTOPOIO MOHOTOHHO BO3PACTaeT BO BPEMEHH.
Paccemorpum mmogpobHee, Kak OLpPeIe/IaioTCs 3T IPOIECChl U3 HAOJIIOIEHUIA.

V1o opouTabLHOTO 0OPAIEHNs WU YTOJI BpallleHus HeOeCHOTO Tejia Ha-
30BEM YCJIOBHO 0Jon20mot, ¥ 0DO3HAYINM ee 3j1ech depe3 A. B OosibmmaCTBE
MEXAHIICCKIX MOJEIICH CKOPOCTD H3MEHECHHS! JI0JITOThL A\ IPUOIIZKCHHO OKa~
3bIBAETCs TOCTOSTHHOIA.

[Iporpecc MoxKeT OBITH JIOCTUTHYT MOBBIIIEHUEM TOYHOCTH HAOJIIOICHUIA.
Ha sroMm myTn mMozKeT mTpom30iTH OTKPBITHE JIMOO HOBOTO CBOWCTBA M3BECT-
HOTO HeDECHOTO Tesa, Tud0 HOBOI IUTaHeThl Win ciyTHHKA. [logcHuM 10 Ha
IIpuMepe.

JlomycTuM, 9T0 MBI TIOCTPOUIN XOPOIITYIO MOJIEJNb JIBUZKEHUS U C €€ TTOMO-
IHI0 BBIMUC/IMJIA PA3HOCTU 3HAYEHUI OPOUTABLHOM JIOJTOTHI, MMOJIYIEeHHBIX
U3 HADJIIOCHWI, ¥ BBIYUCICHHBIX 110 T€OPUU, T. €. TaK HasbiBaeMble «O-Cx.
[Ipu mHasmaum omuobOK HAO/IIO/IEHNH rpadUK 3TUX PA3HOCTENH MOXKET BbITJIS-
JIeTh TaK, KaK IOKa3aHO Ha puc. 2a. MBI BUJIUM 37€Ch TOJIBKO <IIyM» WU
HUYero mHrepecHoro. /lomycrum, 9To mporpecc B TeXHUKe HAOJIIOMNEHUI T03-
BOJIWJT YJIyUIUTHL TOYHOCTH HaOsoaenuit. [Ilym ymenbmuicsa. Ha ero done
BO3HUKAET YTO-TO TOJ03PUTE/IbHOE HAa BUJI. DTO Mbl BujuM Ha puc. 26. [Ipu
JIAJIbHEHTIIeM TIOBBIIIIEHUN TOYHOCTU HAOJIIOJIEHUI OYEBUTHO HAJIUYNE HEKO-
TOPOTO CUHYCOWTAJbHOTO m3MeHeHust pasHocreit «O-Cs». Cmorpure Ha puc.
2B. DTOT «CHUTHAJI» TIOCTYKUT OMPEJIEJIEHIIO TOT'O, Yer0 Mbl DAHbIIIE He YN
B HAIllell Teopumu.

CBoiicTBO OPOUTAIBHBIX JIBUKEHUI HEOECHBIX TeJI TAKOBO, YTO OPOUTAJIb-
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Puc. 2: Ilpumepnr ocrarounbix orkjaonenuit O-C opOUTAJIBHON HOJITOTHI
HeOeCHOT0 TeJjia MPU Pa3InIHON TOUYHOCTH HAOJIIOICHUI.

08 —| M3meHeHne opbuTtansHOM AoMroTh MameHeHne opBuTtansHoi AonroTsl
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Puc. 3: Ilpumepnr ocrarounbix orkjiaonennit O-C opOUTAIBLHON HOJITOTHI
HeDeCHOI0 TeJjia Ha pa3/IMIHbIX WHTEPBaJjIaX BPEMEHM.

Hasl JIOJITOTA YBEJIMINBACTCSI MOHOTOHHO CO BpeMeneM. Ec/in uck/moaunTs u3 ee
3HAYEHUIT, IOy YeHHBIX U3 HAOJIIO/IeHNiT, (PYHKITUIO €€ TEOPETHIECKOrO U3Me-
HEHUsI, TO MOXKHO TIOJIyIUTh TO, UYTO M300parkeHo Ha puc. 3a. CHOBa HUIETO
nHTEpecHoro. Ecim mouckaTh crapble HAOJIOJEHUsT W IIPOI0JIKATH HaOJIIO-
JlaTh UHTEpecyIolliee HaC HeDECHOe TeJIO, TO MOXKHO HOJIYIUTH TO, 9TO MOKa-
3aHO Ha puc. 36. Mbl BUIUM MOYTH KBaJPATUYIHOE 110 BPEMEHU HU3MEHEHUe
Jororel. Takoit 3hdeKT MOXKET MOABUTHCS TOJBKO M3-3a HEYUTEHHOM JUC-
CUTIAIIIY MEXaHUYECKON SHePIrur HEOECHOTO Tejia, YTO MOYXKET ObITh BbI3BAHO,
HAIpUMeD, MPUINBHBIMU CHJIAMU.

Teneps scHO, 4TO I TIporpecca HEOOXOAMMO pACIIUpPEHNEe WHTePBaJIa
BPEMEHU HAOJIOICHMIA.

KakoBa ke cBsI3b nHTEpBa/ia BpeMeHn HaOJIIOJEHUN U TOYHOCTH dheme-
pun? Ilocmorpum Ha puc. 4a. Ilokasanbr 3HaveHUsT OPOUTAIBHON JTOJITOTHI
HeGECHOTO TeJla, TOJIy YeHHble 13 HAOJII0/IeHII Ha HHTepBaJe BpeMeHn (1 ,ts).
Hamumo mekoropwrit «immym» u auHeitHoe m3Menenue. Ha ocHoBe Teopun u
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Puc. 4: J/lemoncTparus 3aBUCUMOCTH TOYHOCTHU deMepu, i HeOeCHOTO Tejia OT
WHTEpBaJa BpeMeHu HabJIIO/IeHMI.

HaOJIIOJICHIIT MBI MOXKEM BBIYUC/IUTh BO3MOYKHDBIE 3HAYCHUSA JIOJTOTHI Ha WH-
TepecyIoNuil HaC MOMEHT BPEeMeHHU ty , OrpaHUYeHHbIe IPAMBIMU JTHHUAMI
Ha pucyHKe. Ecin Mbl IPOIOIKUM HaOJIIOMCHHUS C IIPEXKHEHl TOYHOCTHIO JI0
MOMEHTA, t3, TO TOYHOCTb dPEeMEPUIbl YIYIIIATCA, ITO U BUIHO Ha puc. 40.

OueBnIHO, 9TO MBI HE MOYKEM U3MEPSITh OPOUTABHYTO JIOJTOTY HEIOCPe I-
CTBEHHO Ipu HabroaeHnax. Mbl HAOJIIOAaeM JIUIIb ITPOEKIINI0 OPOUTAIHLHOIO
JBUKeHns Ha HebecHyio cdepy. OJiHAKO MOXKHO BBIBECTH TPUOJIUKEHHYIO
dOpMYyIy OTHOCUTETHLHO TOYHOCTH OIPEIe/IeHIs OPOUTAJIBLHOM JTOJTOTHI.

Teopusi paccmaTpuBaeMoro 3j1eChb IpoIlecca COCTOUT B OIUCAHUU JIMHEH-
HOI'O U3MEHEHUs JTOJITOTHI BO BpemeHn. [lapamerpom Teopun JBuzKeHus Oy1eT
A N3mepsiemoit BeJIMIUHOM — caMa, JOJIroTa A.

[Ipu BBITIOJTHEHUT OTHOTUIIHBIX HAOJIIOEHN TTOTPEITHOCTH U3MEPEHUsI J10J1-
roThl OyIeT OJMHAKOBOW B JIIOObIe MOMEHTHI BpemeHu. OOO3HAYUM STV I10-
IPEITHOCTD Yepe3 oy . [IycTh n3aMmeperue J0aroThl BHITOIHEHO B IBA MOMEHTA
Bpement t1 u ty. Torja morpemHnocTs onpe/iesieHus IapaMeTpa JBIKeHH O ;
HaXO/IUTCA U3 COOTHOIIECHUS

O\
to —tq’
OTKY/Ia BUJIHO, 9YTO TOYHOCTH OIpEJENEeHNs IapaMeTpa JIBUKEHHsI YJIydIla-
€TCsl C POCTOM HMHTEPBaJia U3MEPEHUN Ty — 7.

[TocMoTpuM Terepb, KaKOBa pPOJIb TOYHOCTH ITapaMeTpa JIBUKEHUS ITPU
peain3aI OCHOBHOM 1€/ TEOPUH — IPEIBBIYNC/IEHNS JIOJTOThI Ha 3a/1aH-
Hble MOMEHTBI BpeMeHH. J[omycTuM, 9TO Hy?KHO BBIYUC/IATD JIOJTOTY Ha MO-
MeHT BpeMeHH ¢y B OyJIy1eM, To ecTb ty > to. Ilorpemnocts Takoro 1npejsbl-
YHUCJIEHUS OIPEICJNTCA 110 PopMyJIe

o5 =

t t
O (t—1+2

OX(t = 0, (t —tg):— )
( f) A f tQ _ tl f 2

STa IIOT'PEMTHOCTDL TaK2Ke€ YMEHbIIacTCAd C POCTOM HMHTEPBaJIa HSMepeHI/IfI.
,Z[OH}/CTI/IM, q9To Ha6JIIO,ILeHI/IH IPOJOJIZKaJINCh IIOCJIE MOMEHTa tg. HYCTI)

HocJIe/IHee HOBOe HADJIIOJIEHNE BBIIIOJIHEHO B HEKOTOPBIA MOMEHT t3 (t3 > to).
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Tenepb OrpenHoOCTb NPeJBLIMUCICHUS JOJTOTHI Ha MOMEHT ¢ cTaJjla PaBHOIl

(ty=—5)<

(op\
ts —

op
to — 11

t1+ 1o
(ty = =)

OXty) =

Takum 00pa3oM TOYHOCTD IPEABBLIYUCICHUS JIOJTOTHI YTy IITNIACD.

[TocmoTpuM, 9TO MOXKET J1aTh IPHUBJeUYeHe 00Jiee TOTHBIX HAOJIFOIEHNMIA,
HO BBITIOJIHEHHBIX Ha HEOOIBINIOM HHTepBaJje BpeMenu. IlycTsb, nHanpumep, no-
cepeJiHe MHTepBaJia U3MepeHuil £ — fo B MOMEHTHI t], 15 BBIIIOJIHEHBI JIBa
U3MepEeHus JI0JINOTHI ¢ MOrpemHocThIo 05 . 1lyers npu srom

i+t i+t
2 2 7

0;205 O\, t;-lﬁ:()l (tQ—tl),

TO €CTh HOBBIe HaOJIIO/IEHUs B JIBa Pa3a TOYHee IIPEeXKHNX, a HHTEPBAJ M3Me-
peHuii B JIeCATh pa3 MEHbIIIE.
TouHOCTH TPEABBIYUCICHUS JOJTOTHI Ha OCHOBE 00JIee TOUHBIX HAOJII0/1e-
HUNA HallgeTcda n3 COOTHOIIEHUN
ox 1+t

t1 + 1o

%D

to — 11

OTKY/Ia BIJIHO, YTO 9T TOYHOCTb OKA3aJ1aCh B IISITh Pa3 Xy»Ke, YeM Ha OCHOBE
IIPEeXKHNIX, MEHee TOYHBIX HaOJII0IeHUIA.

Paccemorpennnlii 3/1ech aHaJm3 OOIMX CBOMCTB IOCTPOEHUS] MOJIEIN Ha,
OCHOBE HaOJIIOJIEHUN TTPUBOJNUT K CJIEIYIOIIUM BBIBOIAM.

1. s mocTpoeHns MOJEIN JBUKEHUsT JIF0OOTO HEOECHOro Tejia BCera
CTapaloTCs UCIOJIB30BATh HADOP BCEX CYINECTBYIOMINX B MHUPe HAOJIIOIEHUI,
HadnHad ¢ MOMEHTa OTKPBLITUA 3TOI'O He6eCHOFO TeJIa.

2. IIpomonzkenne HabII01eHIIT HEOECHBIX TeJ JarKe C IIPeXKHel TOUHOCTHIO
OKa3bIBAETCS II0JIE3HBIM.

3. lcnosib3oBanue HAOIOAEHNIA, BHITOJHEHHBIX C JIYUIIEil TOYHOCTBIO, He
BCerjia IPUBOJIUT K yTOUHEHUIO Mojienn. [IpenmyiecTsa oqHux HaOJIIOACHMIT
110 CpaBHEHUIO C APYTUMMU OIIPEAC/IAIOTCA HE TOJIBKO NX TOYHOCTBIO, HO TaK2Ke
MHTEPBAJIOM BPEMEHH, Ha KOTOPOM OHM BBLIIOJTHEHBI.

4. Jliobble HOBBIe HAOJIIOAEHUS, Jaxke Oojiee TOYHBIE, OYTH BCEra HUC-
[IOJIB3YIOTCS TOJIBKO KaK JOIOJIHEHHe K yZKe CYIIeCTBYIOEei Oa3e JaHHbIX.

DTHU BBIBOJIBI COCTABJISIIOT OCOOCHHOCTH MMPAKTUIECKON HEOECHON MeXaHM-
KU 10 CPABHEHHUIO C MHOTUMH JIDYTUMHE UCCJIEJIOBAHUSIMEI HEOECHBIX TeJI, IIPH
KOTOPBIX HOBBIE IIEHHBIE HAYIHBIE PE3YJIBTATHI IOy IAI0TCA HA OCHOBE TOJIBKO
HOBEMINNX HaOJIIOAEHUI, 10 TOYHOCTH IEPEKPLIBAIOIINX cTapble. B npakTu-
JecKoii HebecHoil MexaHuke 6ojiee TouHast U DoJiee aJleKBaTHas JeHCTBUTE b
HOCTU MOJIE/Ib JABUXKEHUS HEOECHOI'O Tejla CTPOUTCS Ha OCHOBe OoJjiee IMOJIHOI
0a3bl JaHHLIX HaOJIIOACHMUIA.
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Kpowme Toro, oueBmHa HEOOXOIMMOCTD IMOMCKA HOBBIX CIOCODOOB HAOJIIO-
JIeHUI, JTAIOIINX HOBbIE JIAHHBIE O JBMKEHUN HEOECHBIX Tel.

1.5. Vciosib30BaHue pe3yJIibTaTOB IIPAKTUYECKOI HeOeCcHOIl MexaHu-
KN

Hebecnas Mexanuka CJIyKAT MOHUMAHUIO CTPYKTYPbI, TPOUCXOXKIEHUSA U
paspuTust COTHETHON CHCTEMBbI, 3BE3/IHBIX CUCTEM U CUCTEM TajakTuk. J[Bu-
JKEHUe BelecTBa BOJIM3KM YEPHBIX JIbIP TaKXKe OIUCHIBAETCS HeOECHOW Mexa-
HUKOI.

[Toka HUKOMY ellle He yIajoCh JoKa3aThb ycToiuuBocTh COJIHETHON CH-
CTEMBI, OJIHAKO Mepy 3TOil YCTONYMBOCTH YJAJIOCh OIEHUTL. Kine Kiraccu-
Kamu HebecHoit Mexanuku, Jlarpamxkem u Jlammacom, ObLIO MOKa3aHO, YTO
naxe ecsim CotHEIHAsT CCTeMa M HEYCTONYINBa, TO ee Ppacia/l MOYKeT ITPOUC-
XOJIUTH JIMIIIh B MacIiTabaxXx BPeMeHU, CPABHUMBIX C BPEMEHEM CYINeCTBOBa-
HUS IJTAaHET U CIIyTHUKOB. M3ydeHa um 060CHOBaHA yCTOMIHUBOCTD OTIE/IBHBIX
CTPYKTYP HEDECHBIX TeJT — CUCTEMbI ILIAHET, JIBUKYIIUXCS [0 TMOYTH KOM-
IJIAHAPHBIM OPOUTAM, M AHAJIOTHYHBIX CUCTEM CIIyTHUKOB ILTaHeT. /lokazana
B3aUMOCBA3b YCTOWIMBBIX KOHCTPYKIUH OPOUT M PE30HAHCHBIX JIBUZKEHUN B
psijie cucTeM HEDECHBIX TeJI.

Bce st BBIBOMIBI yiKe caMu 110 cebe TPeJICTaB/IsA0T coDOM MeHHBIN Hayd-
HbIil 1poyKT. OHM UCIOJIB3YIOTC [PU pelieHnu (byHIaMEHTAJIBHBIX 3318t
KOCMOJIOTUHN U B (busnkKe HeOecHbIX TeJl. [[ocTogHHO J1e/1at0TCst TOBITKU CBsI-
3aTh BBIBO/IbI HEOECHOI MEXaHUKHU C HAyKaMn O 3emJjie n JesioBexe.

C mpakTudeckoil HebecHO MeXaHUKON TeCHO CBsA3aHa acTpoMmeTpus. Mo-
Jesn ABuzKeHus JIyHBI U IJIaHEeT, MOJe/Ib BPaIleHUsd 3eMJIM CJIyZKaT OCHO-
BOI JIjIsST KOOPJAMHATHO-BPEMEHHOI'O 00eCIIeUeHnsT HABUTAIMOHHBIX CJIy?KO 1
HEKOTOPBIX TTPOU3BOJICTBEHHBIX TTPOTECCOB. /lo m300peTenns aTOMHBIX YacoB
HebecHasi MeXaHUKa 0becrieunBaJIa ¢ IMHCTBEHHbBIN HAICXKHBIN clIocob oTcyeTa
BpEMEHU.

Ocoby1o poJib B HAyKe U IIPAKTUKE UTPAET TCOPHs JTBUKEHUS UCKYCCTBEH-
HBIX cIyTHUKOB 3emin. NC3 ucroab3yoTes B HECKOJIBKIX KAadeCTBaX.

Bo-tniepBbIx, oHM ABJIAIOTCA BECbMa, MTOXOIAIIMMI HOCUTEIIMU IIPUOOPOB
J171s1 HaOJTIOJIEHN T 3eMHOI TTOBEPXHOCTH M YCTPOMCTB, 00ECIIeINBAIONINX TJI0-
OaJIbHYIO PaNOCBA3b Ha 3eMJie. Y HUKaIbHbIE HAYIHbIE PE3YIbTATHI TOJTy Ia-
I0TCS U3 HAD/IIOJeHUT HeOeCHBIX TeJT U KOCMUYECKUX W3JIyIeHUi TprubopaMu,
pa3MeIeHHbIMI Ha OPOUTAX CIIyTHUKOB 3EMJIM.

Bo-Bropeix, UC3 ucno/ib3yorcss B KadecTBe MACCUBHO I'PABUTUPYIOIIIX
tesi. VIx JBM2KEHMEe TTPOUCXOIAT B TPABUTAIIMOHHOM I0JI€ 3eMJIH, TTOBEPIKe-
HO BJIUSHUIO TE€OJUHAMUYECKUX U Teo(U3UIECKUX IPOIEeccoB. BHyTpenHee
cTpoeHne 3eMJIin OIpejessdeT ee I'PaBUTAIIMOHHOE ToJie. [IpuymBbl TBepI0it
3eMJIi 1 OKeaHOB, JApyrue JedopMalni B Tejie 3eM/IN ABISIOTCA TPUInHaAMU
U3MEHEHNI IPaBUTAIIMOHHOIO I10JI BO BPEMEHU.
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Ha ocuose Teopun nsukenust IC3 paboraior coBepiiieHHbIE CITy THUKOBBIE
nasurarmonnble cucreMbl Takue, kKak GPS, u IJIOHACC. Croxubie Mmojenn
neukenns: M1C3 Ob1mn pa3paboTaHbl B BEChbMa CXKaThle CPOKM, TTPOIUKTOBAH-
Hble TTPAKTUIECKUMU HYKJAMU JIIOJIEl, YKUBYIIUX Ha 3eMJIe.

NC3 sgagrorcs caMbIMu OJTU3KUME K 3emjie HebecHbIMU TestaMu. [losro-
My HX Jlerde Bcero HaOJogaTh ¢ 3eMun. [Ipu HaOIIOMEHUSIX U3MEPSAIOTCS
JIAJIBHOCTD JI0 CIIYTHUKA U CKOPOCTb W3MEHEHUs ITOW JTAJbHOCTU — TaK Ha-
3bIBaeMasi JIydeBasi CKOPOCTh. JleaeTcst 970 ¢ MOMOIIBIO JIa3ePHBIX JAJTHHO-
MEpPOB U PAJUOTEXHUIECKUX CpeJICTB. VI3MepsieMble BEJIUYUHBI 3aBUCAT OT
ITOJIOYKEHN CIIYTHUKA, & OHU B CBOIO OYePe/b 3aBUCAT OT ITapaMeTpPOB, OIpe-
Jiesisgonux (hakTopbl, BIAULIONNE HA ero JBuzKeHne. Bor mouemy 1mo HabdJiro-
nenusim UC3 Boimostasiercst 3hheKTuBHOE OTpeie/ieHne TapaMeTPOB I'DaBH-
TAIMOHHOTO TOJISI 3eMJIN W [TapaMeTPOB, OIPEIE/ISIIONINX €0 N3MEHEeHHS.

[TockobKy HaOJIIOIEHUST CIIyTHUKOB BBITTOTHSIOTCS C MMOBEPXHOCTH 3€M-
JIM, U3MepsIeMble BEJINUNHDBI 3aBUCAT HE TOJHLKO OT KOODJMHAT CIIyTHHKA, HO
TakKe OT KOODJMHAT IYHKTa HAOJ/IOJICHUsSA. DTO JAeT BO3MOXKHOCTHL OIIpe-
JIeJIeHUS TTPUJIMBHBIX TIEPEMEIEHN TOYeK 3eMHOU IMOBEpPXHOCTU U Jipeiida
KOHTHHEHTOB.

Pesynibrarsl n BbIBOIBI HEOECHOI MEXaHUKHU SIBHO U HE3PUMO ITPUCYTCTBY-
I0OT BO MHOTHX JIDYTHUX O0JIACTAX HAYKU U HMPAKTUIECKON JIesAITeTbHOCTH de-
JIOBEKA.
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I'maBa 2. Mexann4deckue MO/1eJid 1 yPAaBHEHUS JIBUKEHUSI

2.1. CTpyKTypa MexaHU4YeCKUX Mo/iejieil B IPaKTU4eCcKoii HebecHOit
MeXaHUKe

Crpykrypa m3y4daemoit Beenennoit upesBbraaiino cioxkua. [losromy mo-
CTPOUTH CTPOTYIO CTPYKTYPY MEXaHIMIECKNX Mo/Iesieil B MpaKTHIecKoil Hebec-
HOIl MexaHUKe BeCcbMa 3aTpY/JAHUTEbHO. B paMKax y4deOHOro mocobusi 1o
[IPAKTUYIECKOil HeOecHOl MexaHnKe HeT BO3MOYKHOCTH JIayKe IIePEeUnC/INTh BCe
BCTPEYAloIuecs B HayKe Mexanudeckue Mogesn. OHAKO MOXKHO pacCMaTpU-
BaTb HEKOTOPbIEC COOTHOHICHUA MEXKJTY MOIEJIAMMN. PaCCMOTpI/IM 31€Chb TOJIbKO
HEKOTOPbLIC U3 MEXaHUYICCKUX MOﬂeﬂeﬁ, KOTOpbIE Jallle APYTI'UX BCTPEYarOTCA
B COBPEeMEeHHBIX paboTax 1o HebecHOI MexaHuKe. HekoTopble m3 HUX pac-
CMATPUBAJINCH €Il B KJIACCHIECKUX PabOTax MPOILILIX BEKOB.

[Ipexxie Bcero ciejyer OTJEIUTH MOHATHE MATEPUAJbHON TOYKU OT I10-
HATUA TPOTAKEHHOr0 Testa. MarepraabHoil TOYKOI MBI Ha3bIBaeM abCTPaKT-
HBIIT OOBEKT, KOTOPBI He UMeeT pa3MepoB, HO UMeeT Maccy. MarepuasbHbie
TOYKU HUCHBITHIBAIOT TPABUTAIMOHHOE B3aNMOJIEICTBIE, HO HE MOTYT CTaJIKU-
BaThbcsd. MM 9T0 mpakTuveckn HeUeM JesiaTh, TaK KaK Y HUX HyJIeBble pasMe-
pbl. O1HAKO MBI MOXKEM PACCMATPUBATL COCTOSIHUE COBIIAJICHUS JBYX MaTe-
PHUaJIbHBIX TOYEK.

[Iporszkennoe Tejio mMeeT KOHedHble pa3Mmepbl. [Ipm 3ToM MoryT ObITh
HECKOJILKO BapuaHTOB CBOIICTB IIPOTAZKEHHBIX TEJI. Hpe‘ﬂ;HOﬂaFaQTCﬂ, 9TO IIPO-
TSKEHHOE TeJI0 UMEeET I'DAHUIILI M HEKOTOPOe PACIpe/ieJieHue MacC BHYTPHU
rpanuil. Tesa MOTYT ObITH aOCOJIIOTHO TBEPJBIME, TO €CTh HeJlepOPMUPYEMBbI-
Mu, uan jieopMupyeMbIMu 1101 JefictBueM BHemHux cuil. Jledbopmupyembie
TesIa MOTYT OBITH a0COJIIOTHO YIIPYTUMU, KOT/Ia, OHM MIHOBEHHO BOCCTAHABJIH-
BalOT CBOM CBOWCTBa NOCJIE CHATUA BO3IEUCTBUA CUJ, U BA3KO-YIPYTUMH,
KOT'J[a BOCCTAHOBJIEHNE (DOPMBI U paCIIPeiesIeHNsT MacC MIPOUCXOIUT 38 KOHEU-
HO€E BpEeMH.

[IpoTskennbie TeIa MOTYT BPAIIATHCS BOKPYT CBOUX IIEHTPOB Macc. MrHo-
BEHHasd OChb BpallleHUA MOXKET U3MEHATH CBOE IIOJIO2KEHHNE KaK OTHOCHUTEJIbHO
CaMoro Tejia, Tak U OTHOCUTEJIbHO JIpyrux Tej. [IpumepamMu Takux m3meHe-
HUIl MOTYT CJIy’KUTh pacCMaTpUBaeMble B aCTPOMETPUHN JBUKEHHE TI0JIF0Ca U
npereccusd. JIBrKeHneM 1mosoca TpUHATO HA3bIBATDH U3MEHEHe MI'HOBEHHO
OCH BpAIIEHUs] OTHOCUTEIBLHO CAMOIO TeJja, a IPeleccueil — n3MeHeHne OCu
BpallleHud OTHOCHUTEJIBHO 3B€3/] UJIM BHEraJIaKTHUICCKUX PaJUMONCTOIHUKOB,
KOTOPBIE TIPE/ITOIATAIOTCST BOOOIIE HEITOIBUKHBIMU.

[TomuMmo BpalmeHnst caMUX MPOTSYKEHHBIX TeJ, WX IEHTPBI MAacC MOTYT
COBEpIIATh OTHOCUTEbHOE JIBMzKeHne. V3ydenne Takux KOMOMHUPOBAHHBIX
JIBUPKEHUIT HA3BIBAIOT 3a/1a4eil MOCTyaTe/ IbHO-BPAIATe/IbHOIO JBUKEHUS CU-
creMbl Tes1. [ljs yrporenus perenns 3Toit o0Ieit 3a/1a49m ee 9acTo pa3iesd-
10T Ha JiBe oT/eabHble. CHada Ia PeIaT OTASTBHO 33/1a9y N3y YeHs OTHOCH-
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TEJIbHOI'O ABU2KEHUA IEHTPOB MaCC U OTAEJ/IbHO 3a/a9y U3YYCHUA BPalllCHUA
TeJl OTHOCUTEIbHO IIeHTPoB Macc. Ha ciieyromumx sranax yauTbIBAIOT BJIU-
sHUEe BpaIlleHnus Ha JBUXKEHUE IEHTPOB MacC M BJIUSHUE JIBUKEHUS IIEHTPOB
MacC Ha BpallleHue.

B Cosnneunoii cucreme pa3Mepbl TeJI MaJIbl 10 CPABHEHUIO C PACCTOTHUAMUI
Mexk sty HuMu. [lo9ToMy BO MHOIMX HpakTHYeCKUX 3ajadax HeOecHOU mexa-
HUKU IIJIaHETbhI 1 UX CIIYTHUKU CIUTAIOT MaTEpHuaJIbHBIMUA TOYKaMU. B TaKOM
IPEeAITIONIOZKECHNN CTPOUJINCh MOJC/JIN JIBH2KEeHUA IIJIaHET €IIle B IIPOIIJIbIX Be-
kax Jlarpamxewm, Jlammacowm, JleBepne. Tak ke mocTymaioT n mpu MOCTPOEHUN
MHOTHUX COBPEMEHHBIX Mojieseit. J[jia ymporenns n310KeHus: TeOpuil 9acTo
ToOBOPAT O 3alad€ MHOT'UX TeJI, IIoApa3yMeBasd MaTE€pUuaJIbHbIE TOYKHU.

B nebecnoit Mexanuke n3yvaror apuzkenne B 3agade N ren. Ocobble ciry-
Jau PeJICTaB/IAIOT 3a/la9a JBYX Tel U 3a/la9a TPeX TeJI.

Tena ComHedHol crucTeMbl 00pa3yiOT HEKOTOPYIO mepapxuio. llmaners
JIBUKyTCA BOKpYT CoJiHIla, CIIyTHUKKA BOKPYT I1aHeT. [Ipu 9ToM Macchl 1mia-
HET MaJibl 110 cpaBHeHHIO ¢ Maccoit CoJiHIla, a MacChl CIIyTHHKOB MAaJIbl 110
CPABHEHUIO C MACCO ITAHETHI. B 3THX 006CTOATEIbCTBAX BCTPEYAIOTCA KOM-
6I/IH8J_[I/II/I Tpex TeJ, B KOTOPLIX BJIMAHMWE OCTaJIbHBIX TEJI MaJlOo, U Ha HEKO-
TOPOM 3Talle ITOCTPOEHUsI TEOPUH MM MOXKHO IpeHeOpedb. B komOuHaimm
TPeX TeJI YaCTO OKA3BIBACTCHA, UTO OJHO U3 TeJ CTOJb MaJjo, UYTO €ro BJIUs-
HUEM Ha JIBUXKEHUE OCTaJIbHBIX JIBYX MOXKHO IpeHeOpedb. Tak mpuxomdar K
orpaHUYeHHO# 3aa4de Tpex Te. PopMabHO 3TO MeXaHUIecKasi CUCTeMa, CO-
CTOdIIad U3 TpeX MaTepHuaJIbHbIX TOYEK. BCG Tpu UMEIOT HEeHYJIEBble MaCCHI.
OtHaKO 3aKOHBI B3aMMOJIEHCTBUsI BeChbMa HeOOBIIHBI. JIBe OCHOBHBIE TOUKM
JIECTBYIOT CBOUM IPUTSKEHUEM B3aUMHO U Ha TPETHIO TOUKY, & dTa Tpe-
Thsl TOYKa IPOCTO HUKAK HE JICHCTBYET Ha JBEe OCHOBHBIE. DTa abCTpaKTHas
MOJIeJIb OKa3bIBAETCS JIOBOJILHO OJIM3KOM K KOMOMHAIIUAM pPeabHBIX Hebec-
HBIX TeJI, IIO3TOMY MOJCJ/Ib OFpaHI/IquHOﬁ 3aJa491 TpeX TeJI HaXOAUT IMUPOKHE
IIPpUMCHEHNA.

B orpanunvennoit 3ajade Tpex Tejl UMeeTcs YaCTHBIN cydail, Korjaa jaBa
OCHOBHBIX TeJIa JIBUXKYTCA 1O KPYTOBBIM OpOUTAM BOKPYT UX IEHTPaA Macc.
TpeTbe TeJIO, IIO-IIPE2KHEMY HE BJIMAA Ha JABHU2KEHUE IIEPBLIX JIBYX, JIBU2KETCA
oJ1, AefiCTBUEM UX NPUTAKeHUd. TPpaeKTopum 3TOro TPEThEro Teja MOTYT
6bITb BeCbMa 3aMbIC/IOBATBIMU.

CoBepIrieHHO 0COOBIH cTydaii peacTaBisger coboii 3a1ada JIBYX TeJl (Ma—
TepUaJIbHBIX TOYEK). B 310l 3a/iaue uMeeTcst TOUHOe aHAJIMTHIECKOe DPellle-
uue. Vimenno B 3Toil 3ajade Keriep sMIupuyeckn OTKPBLI CBOM 3aKOHBI,
IIOTOM HI)IOTOH O6OCHOBa.H uXx IpuMeHdd 3aKOH BCEMUPHOI'O TAT'OTCHUA.

HI/I}Ke MbI PpaCCMOTPHUM OTAEJIbHO II€PpEYUCJJICHHbIC BBIIIC N HEKOTOPLIE
JIpyrue MeXaHudecKue MOJIE/IN, IIPUMeHsAeMble B IIPAKTUIECKONH HeOeCHO Me-
XaHUKE.
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2.2. Inddepennmanbiubie ypaBHEHUs ABUXKEHUsI HEOECHBIX TeJ U
cucTeMbl KOOPJMHAT

3aKOHBI B3aMMOJIEHCTBIUS HEOECHBIX TeJT MPUBOIAT K HEOOXOIUMOCTH CO-
cTaB/ieHud U perieHus auddepennnaabHbIX YpaBHeHuil 1BuKeHns. B mexa-
HUYECKUX MOJIEIAX Tesa pa3JiesIeHbl PeaIbHbIMU B3aMMHBIMU PACCTOSHUSA-
mu. /lenamuch moneITKy cocraBieHus auddepeHnaabHbIX YPABHEHU JTBU-
JKEHHSI OTHOCUTEIbHO B3aUMHBIX paccroguuit. O HAKO 9TO MPUBEJIO K Ipe3-
BBIYAHO CJIOKHBIM BBIPpAyKEHUSM, a PeIleHre 0Ka3aJoCh BecbMa podJieMa-
TUYIHBIM. BoJiee TpoCTOil Iy Th OKa3aJics K CO3JaHUI0 aDCTPAKTHBIX MOJIE/Iei
cucreM KoopauHaT. CUCTEeMbl KOOD/IMHAT ONMUPAIOTCS HA PeajbHble O0bEKTHI,
OJIHAKO IPEJICTABJIAIOT COOOI MOJIe/IN, KOTOPble pa3pabaThIBAIOTCS HA OCHOBE
HEKOTOPBIX MPEJINOIOKeHn nin runore3. [Ipunnmast Te uan wHble IPEIIIo-
JIO?KEHUS, MbI TIOJIy9aeM HEKOTOPYIO BEPCHUIO CHCTEMBI KOODJIMHAT, KOTOPas
IIOTOM MOKET OBITh 3aMeHEeHa JPYToil ee Bepcueil. Beakuit pa3 neoOxoammo
MIOMHUTH O MOJEJIM CUCTEMbI KOOD/IMHAT.

Bo mMuorux 3ajiaqax mcrnob3yercs MOHATHE abCOTIOTHON CUCTEMBI KOOD-
juaaT. OCcH 9TOI CUCTEMBI KECTKO CBA3AHBI C HEKOTOPBIMU PEAJILHBIMU TeJIa-
MU, KOTOPbIE MIPEJIOIaraloTCs HEOIBUKHBIME. [ UIIoTe3a 0 HEIOBUKHOCTU
9TUX TeJT MOXKET OBITh OIpoBeprayTa. Tormga Hy»KHO UCKATh HOBBIE TEJa C
HOBOIl TUIIOTE30i1 00 MX HEMOJBMKHOCTU. TakK CIy9IUIoCch ¢ abCOJIOTHON CH-
CTEeMO¥ KOODJIMHAT, ONUpaloleiics Ha 3Be3/1bl. Korga BbIsICHUIIOCH, YTO THIIO-
Te3a 00 UX HEIOJBUKHOCTU HECOCTOSTE/IbHA, MPUILIOCh 3aMEHUTH OIMOPHbIE
TeJla Ha BHETAJIAKTUIECKUE PAINONCTOIHUKU.

[IpuanMast Ty WU WHYIO TUIIOTE3Y, MbI [TOJIB3YEMCsI TIOHITHEM abCOJIIOT-
HOIl crCTEeMbI KOODPJIMHAT U COCTaBJIIEM COOTBETCTBYIOINME JTuddepeHInaib-
Hble YDaBHEHUs JIBUKEeHUs. Y paBHEHUs JIBI2KeHNs 3a1a9u N Tes1 B abCcoTIoT-
HOI cucTeMe KOODJMHAT MOXKHO HATH B y4eOHUKaX 110 HEOECHOI MeXaHuKe,
nanpumep, (Cy66orun, 1968; dy6omun, 1975).

Bo muorux ciaydasx 6osiee yaoOHBIME OKA3BIBAIOTCS YPABHEHUS JIBUZKE-
Hust 3872491 N +1 Tes1 B OTHOCUTETBHOM CUcTeMe TTPAMOYTOIbHBIX KOOD/INHAT.
Hawano cucrembl KoopamHAT TIOMEIAeTCsl B OJHO U3 Tel. KMy npucBanBa-
ercsg nomep "0". Ocranbubie Testa HymepytoTed or 1 g0 N. OTHocuTebHas
cuCTeMa KOODJMHAT CBdA3aHa C HEMHEPIUAJBLHON cucteMoit orcuera. OHa-
KO K yPABHEHHSM WM3-32 9TOTO HE HYKHO HUIEro JI00aB/IsITh, OHU IOJIYI€HbI
U3 ypaBHEHHI B abCOJIIOTHOH CUCTeMe KOODJMHAT ITyTEeM IPOCTON 3aMEHbBI
MCKOMBIX (DYHKITWI, a IIO3TOMY OHH ITPaBUJIbHBIE.

PaccmorpuMm jiBmzkenue N Tel B OTHOCUTEBLHON CHCTEME KOODIWHAT C
HadajioM B Tesie nomep "0". Sanumem nuddepeniuaibabie ypaBHEHUs JBU-
JKEHUs B BEKTOPHOI (hbopMe B CJIEIYIONIEM OOIIeM BHU/IE:

d2 r;
dt?

S,ZLer Ir; - pal1yC-BEKTOD TeJla HOMED i, a IIpaBbl€ 9aCTHU MOI'YT ABHO 3aBUCETDH

= Fi(r17r27 "'7rN7i‘iat>
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OT BpeMeHU t U OT CKOPOCTHU TeJia T;.

[IpemnosaraeM, 9To Ha Kaxkjoe u3 N Tesl JIeHCTBYIOT CHJIbI CO CTOPOHBI
JIPYTUX TeJI 110 3akoHy nputskenns Hororona. [Ipuuem cpean stux ten mo-
ryT ObITh Tejia BHeNHue, He BXxojdmue B cucremy N Tes. Bee tena, kpome
IEHTPAJIBLHOTO, OyJIEM CUMTATH MaTepuaabHbIMUI ToUKaMu. Eire na Kaxioe u3
N Teyt MOTYT JIefiCTBOBATH U JPYTU€ CUJIbI TPABUTAIIMOHHON U HErpaBUTAIU-
OHHOI NTpUPOJIbL. [IpuTdarkenne MeHTPaILHOrO Tea MOXKHO BBIICTUTH 0CO0O0.
Torna mudpdepennuanbabie ypaBHEeHUs JIBUKEHUS MOYKHO 3aIlUCaTh B BUJIE

d2ri r; N Az r;
= —G(mg + ml)r— — Z'ij J + J —
J

dt? T — [A )P

N’ A .
—ZGm; |A/izé|3 * v/ ]|3 +F(t 1) (1)
= j j
rie G — yHEBepcasbHasd TPaBUTAIOHHAA IOCTOSHHAA, M, — Macca OJHO-
ro uz N Tes, my — Macca IETPAIbHOTO Tejla, M) — MacCa BHENIHEero Tesa.
B ypasHenusix obo3HaveHbl: r; = {Z;, Y;, 2;} — PAIAUYC-BEKTOD Tejia HOMED i
(¢ =1,2...,N), r'; = {z;,y;, %} — pajiyc-BeKTOp BHEILIHErO Teja HOMEpP j
(j =L2.,N"), A;j =1, —1r;, A;; =71/, —1';, Yepes F(t,r;,T;) obo3na-
Y€H BEKTOD YCKOpPEHWUsi, 00YC/JIOBIEHHOTO JIPYTUMU CUJIAMU T'PABUTAIMOHHON
U HErpaBUTAIMOHHONW NMPHUPOJIbI. B 9acTHOCTH, 9TO MOXKeT OBITh cHja, 00y-
CJIOBJIEHHas HECHEPUIHOCTHIO IEHTPAJIBLHOTO TeJla WJIM CUJIa COITPOTUBIICHUS
cpesbl. B mociieinemM citydae cmiia MOYXKET 3aBHCETh OT CKOpOcTH Teja I;. B
IIepPBO# cyMMe MITPUX O3HAYAET, YTO CJIAraeMoe IPU j = ¢ OIYIIEHO.

B ypaBrenusx nukenus BeKTopsl r; (i = 1,2, 3, ..., N) durypupyor Kak
HCKOMBIe (DYHKIIUN, & BEKTOPHI I'; JIOJIZKHBI ObITH BBIYUC/IAEMBIMHE Ha, 1000
3a/IAHHBII MOMEHT BPEMEHH. DTU BEKTOPBI ONPEIEIAIOTCS 10 ddeMepuiam
BHEIITHUX TeJI Ha OCHOBE paHee Pa3zpabOTAHHBLIX MOJIeell UX JIBUKEHUS.

B crnenyromux pazjenax Mbl pACCMOTPUM HECKOJIBKO MEXaHUYIECKUX MO-
Jiesieit, IpuMeHsgeMbIX B 3ajladaX NMPaKTUIecKol HeOeCHON MeXaHUKH.

2.3. Bamavya aByx Teji. Mojeb KerjiepoBCKOTO JIBUXKEHUS
2.3.1. OcHoBHBIE HOPMYJIBI KEMJIEPOBCKOTO JIBUKEHUS

Moesb KeriepoBCKOTO JIBUZKEHUS IMOSBJISIETCA KaK pelieHne 3a/1a4n JIByX
tes1. Tema camraiorcd MaTepUaIbHBIMUA TOYKAMU, H30JJUPOBAHHBIMUA OT JIPY-
IrUX TeJ U JIIOOBIX JApyrux BosueiicrBuit. OHM ABMXKYTCS TOJIBKO IO, Jeii-
CTBUEM B3aUMHOTO IpHUTsizKeHus 110 3akoHy Hbiorona. Takoe jiBuzkeHme erre
Ha3bIBACTCA HEBO3MYIIICHHBIM.

PaccmarpuBaioT oTHOCHTETHHOE JIBUZKEHNE B 3aja49€e JIBYX TeJs, KOTraa Ha-
YJaJI0 CUCTEMBI OTCYETa ITOMEIAETCsS B IIEHTP MACC OJJHOTO U3 HUX, 1 ODapHIeH-
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TPUYECKOE JIBUZKEHUE, TIPU KOTOPOM HAYAJIO MOMEIIEHO B IEHTP Macc 00OnxX
TeJI.

TpaekTopust JBMKEHUsT B 3aJade JIBYX TeJl BCErJa JIEXKUT B HEN3MEH-
Hoit mrockoctr. OHa MpecTaBsieT coboi IINIIC, TapaboTy Wi THIIEpOOITy.
HentpasbHoe TeJI0 B OTHOCUTETBHOM JBUKEHUU WM OAPUIEHTD JBYX Tes B
OapUIEHTPUIECKOM JIBUKEHUN PACIIOJIOXKEH B (DOKYyCe OHON U3 yKa3aHHDBIX
KpuBbix. CyIIeCTBYIOT TakKe MPsMOJIUHEHHbIE U KPYTrOBble TPACKTOPUH B
3aJ1ade JIBYX TeJl.

Touky TpaekTOpuM ¢ MUHHMAJIBLHBIM PACCTOSHHMEM JI0 Hada/a CHCTEMbI
oTCYeTa HA3bIBAIOT IEPUIEHTPOM, & TOUKY C MAKCUMAJIbHBIM PACCTOSTHUEM
(B CJlIydae 3JIIMIITUIECKOI'O ,[LBI/I}KGHI/IH) — allIOIEHTPOM. AHOLLGHTp B TUiiep-
Domaeckoil u mapaboImIeckoil TPAeKTOPHUsIX He cyiecTByer. JIlunuto, coeu-
HAIOIILYIO ITEPUIICHTD OPOUTHI C €e alloIeHTPOM, HA3BIBAIOT JIMHUEH ancuj. B
runepboIMIecKoil 1 mapaboTMIecKol TPAeKTOPUSIX 3a JIMHAIO ATICH]T MOXKHO
HPUHATDH JITHUIO, TTOXO/ISIIYI0 Yepe3 IMePUIeHTP U HAva 0 KOOP/IMHAT.

JIBM2KeHme OIMChIBACTCA CHCTEMOI OOBIKHOBEHHBIX Aud hepeHnaabHbIX
ypasHenwuit 6-ro nopsijka. Cire1oBaTeIbHO, 00IIee PeleHne 3aBUCUT OT MIEeCTH
HEe3aBUCUMBIX IIPOU3BOJIBHBIX ITOCTOAHHDBIX.

PaccmoTpuMm ypaBHeHUsT JABUKEHUST 3aJIa9d JIBYX TeJ C MacCaMu 1My 0
Mo B IPOM3BOJILHON HEBPAIAIONMIENHCcS CHCTEMe MPSMOYTOJIbHBIX KOOPIUHAT
x,y, 2. Hagasio cucrembl koopjunat () pacrojioKuMm JubO B IIepBOE TeJIo,
Jin0OoO BO BTOpOE, OO B GapuilenTp cucreMbl. /g BceX Tpex ciiydaeB ypas-
HEHUsI JBUKEHUA Oy/IyT UMeTb BUJL

dzx_ U d2y_ Yy dzz_ [z
- R~ Y R~ &

e 1 = /2?2 4+ y? + 22, a 4 — moCTOsIHHASI, HA3bIBaeMasl I'PABUTAIIMOHHBIM
HapaMeTpoM.

Ecn navaio KoopmHaT MOMEIIEHO B OJTHO U3 TEJI, TO YPABHEHUS OIHCHI-
BAIOT JIBUKEHUE JIPYTOr0 U3 HUX, & TPABUTAIIMOHHBII [TAPAMETD [ 3a/a€TCs
PaBEHCTBOM

p = G(my +my),

rie G — yHuBepca/bHAs I'PABUTAIIMOHHAS TTOCTOSHHAS.
Ecin navuao koop/inHaT OMEIIEeHO B OAPUIIEHTP CUCTEMbI, TO yDABHEHUS
OTIMCHIBAIOT JIBUZKEHUE TIEPBOTO Tejla ¢ TPABUTAIIMOHHBIM ITapaMeTPOM

My
VpaBHeHHsI IBUKEHUsI BTOPOI'O Tejla OTHOCUTEILHO OapHUIleHTPa UMEIOT Ta-

KO »Ke BU/I, HO TPABUTAIIMOHHBIN ITapaMeTP B 3TOM CJIyvae 3a/aeTCsl PaBEH-
CTBOM



Cy1IecTBYIOT ceMb TIEPBBIX HHTEIPAJIOB YPABHEHUN JTBUKEHUS, COJCPIKA-
IIUX CeMb ITPOU3BOJIbHBIX MTOCTOSIHHBIX WHTEIPUPOBAHUSA, HATh U3 KOTOPBIX
SIBJISIIOTCST He3aBUCUMbBbIMU. Hemocraromeil 1mecToii He3aBUCHMO ITPOU3BOJIb-
HOIl TIOCTOSHHON SBJISETCH KOHCTAHTa, OIPEIeIAonas MoJIOXKeHne Tejia Ha
opOuTe B 33JIAHHBIII MOMEHT BPEMEHHU.

TpaekTopuio JBUKeHUsI B 33jiade JBYX TeJI OIMUCHIBAIOT MapaMeTrpaMu
(ss1eMEHTAMH) KeILIEPOBCKON OPOHTHI.

[TockoJIbKY M3BECTHO, 9TO JIBUKEHHUE TeJI IPOUCXO/IUT B HEKOTOPO# Hens-
MEHHOI IIJIOCKOCTH, PACCMOTPHUM CHCTEMY KOOpAWHAT &, 1), ( ¢ HAYAJIOM B TOY-
ke O, ocb € KOTOPOIT HAIIPaBJIeHa B IEPUIIEHTD OPOUTHI, & OCh 1) PACIIOIAraeT-
Cd B IUIOCKOCTHU JIBUZKEHUSI TaK, UTO PAJUYC-BEKTOD TEJa BPAIAETCS OT OCH
¢ B ctopony ocu 1. Tperbio och ( HAITPABUM TaK, YTOOBI CUCTEMa KOOPIMHAT
oka3zajach npasoit. Cucremy koopauHat &, 7, ( Ha3BIBAIOT OPONTATBHOI.

DopMyJTBl TIEPEX0/Ia OT OPOUTAIBHON cucTeMbl KoopauHaT OEnC K cucre-
Me KoopjuHatr Oxyz UMEIOT BUJT:

y:Py'€+Qy'n+Ry'C7 (2)

rae depes Py, Q;, Ri(i = 1,2,3) 0603Ha"MeHBl HAIPABJISIONINE KOCHHYCHI JIH-
HUM allCu, HallpaBJIAIOININE KOCHHYCBI IIEPIICHAUKYJ/IApPa K JIMHUM allICu/ B
ILJIOCKOCTU OPOUTHI, U HAIIPABJISIIOIINE KOCHHYCHI IEPIEHINKYJ/ISTPa K ILJI0CKO-
CTU OPOUTHI COOTBETCTBEHHO. Halpassionmme KOCUHYChI IIPUHITO BbIPAXKATh
Yepes TP yrjia MOBOPOTa OpOUTAIbLHON cucTeMbl KoopauaaT O&nC 1o oTHO-
IEeHNI0 K cucreMme Koopaunar Oxyz:

() — J10JiroTa BOCXOJAIIETO y3J1a OPOUTHI,

W — YIJIOBOE PACCTOSIHEE HEPUIIEHTPA OT BOCXOJAIIETO y3Jia OPOUTHI,

i — HAKJIOH OpOUTHI.

Bolpaskenus 115 HAIPaBJIAIONUX KOCUHYCOB UMEIOT BH/I

P, = cosw - cos{) — sinw-sinf) - cosi,
P, = cosw -sin{) + sinw -cos{)- cosi,
P, = sinw - sin

Q: = — sinw-cos{) — cosw -sinf) - cosi,
Qy, = — sinw-sinQ) + cosw-cosl-cost,
Q. = cosw - sin i,

R, = sin €2 - sin 4,

R, = — cos{)-sint,

R, = CoS 1.

OpuenTamuio opOoUTHI B TPOCTPAHCTBE MOXKHO YBUJIETH Ha Puc.5.
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Ha [IBVKYLLYIOCS TOHKY

Ha NepuLieHTp

NMockocTs Op6UTHI Ps

Puc. 5: T'eomerpus cucreM KOOpAMHAT U ILJIOCKOCTH OPOUTHI KEILIEPOBCKOI'O
JIBUKEHUSI.

TpaeKTOpI/IH JABU2KEHUA B 3a/lad€ JIBYX TEJI B Op6I/ITaJIbH0ﬁ CucreMe Ko-
OpAuHaT OIIMCBbIBACTCHA CJICAYIOIMMNM COOTHOIICHUEM:

,LL"I":CQ—f'g,

e 1 = /&2 + n? — MoJLysIb pajmyc-BeKTOpa Teja, ¢ — MOCTOSTHHAS TJIOIA-
neit, f — mocrosgaHas Jlamaca.

Bruipok ieHHbIil ciydaii MpsiMOJIMHEITHOTO JIBUXKEHUA B 3aJ1a4e JIBYX Tel,
KOT/Ia TIOCTOsTHHAA MHTEerpaJa IIOMa/eil ¢ paBHa HYJII0, Mbl HE pacCMaTpH-
BaeM. 3/1eChb JIOIYCTUM, 9TO ¢ > (), 1 paccCMOTPUM ypaBHEHHE TPACKTOPUU B
MTOJIAPHBIX KOOPJIMHATAX.

BBeeM B 110cKOCTH OPOUTHI TOJISTPHBIE KOOPAUHATHI 7" M U 110 (hOPMYJIaM

& =rcos(v), n=rsin(v),

rae yrojl v Ha3bIBacTCA HNCTUHHONA aHOMAaJIMEell W OTCUYUTBIBAECTCA OT epu-
IOEHTPa B HallpaBJIE€HUN JIBHUXKEHUA TOYIKMU. ypaBHeHI/Ie Op6I/ITbI B IIOJIAPHBIX

KOOpJuHaTax UMeeT BUJI
p

"= 1+ ecos(v)’

rae obosnaveno p = ¢®/u, e = f/u. Ipu sTOoM p HasbBaeTCa HOKAILHBIM
apaMeTpoM OpOUTHI, a € — €€ SKCIEHTPUCUTETOM.

W3 nepBBIX HHTETIPAJIOB yPaBHEHUI JIBIKEHHS B 3a/0a1€ ABYX TeJI CJIeIyeT,
YTO MOCTOSHHAST SHEPIUU 3aBUCUT OT BBEIEHHBIX TAPAMETPOB CJIELYIOIIAM

33



obpazoM :
2

7]
h = 0—2(62 — 1)

N3menenne noyigpHOro yriia v BO BPEeMEHU OINMChIBaeTcd uddepeHIu-
aJIbHBIM ypaBHEHUEM

P 2dv
(1 + ecos(v)) at
Pertenue sToro ypaBHeHUs 3alMCHIBAIOT B PA3/IMIHBIX (POPMAX B 3aBUCUMO-
CTH OT THIIA JIBVKEHWS. THI JIBUKEHUs OIpeesdeTcd 3HaYeHueM SKCIIEH-
tpucutreta e. [loaromy dpopma 3aBUCUMOCTH KOOPJUHAT OT BpeMeHu t OyJieT
paznunaaoit. CymecTBYIOT CJIe/IyIOIIne TUITbI OPOUT.

1) Kpyrosa s opbura : e=0, h<0, r=-const.
2)9nanunrtuueckasgopbura: 0<e<l1, h<DO.
3)IlTapabosuuecxka s opbura : e=1, h=0.

A)Tunepbonumuaeckasopbura: e>1, h>0.

B npaxkTuteckoii nebecHoit MexaHUKe B OCHOBHOM PacCMaTPHUBAETCS JIBU-
JKeHre HeDEeCHBIX TeJl Ha KOHEYHBIX TpaeKTopusax. [lostomy masee Mbl orpa-
HUYINMCSI PACCMOTPEHUEM TOJIBKO KPYTOBOTO U J/IINIITHIECKOTO JIBUKEHUI B
zajiade JaByx Tes. Torga skcrnentpucuteT e < 1. Kpyrosoe masmxkenue Oyjier
pu e = 0.

B kpyroBoMm u 91 TMITUYECKOM JIBU2KEHUSIX PACCMATPUBAIOT OOJIBIITYIO 110~
Jiyoch opouTsl a. [Ipu 3ToM QokaJIbHBIN TapaMeTp U MHTErpaJjl SHEPIUH BbI-
pakaloTcs depe3 O0JIBIIYIO MOJTYOCh CJIEIYIONINM 00pa30M:

p=a(l—e?), S
a

W3 nosgpHOro ypaBHeHUs CJIEIyeT, YTO MUHUMAJIbHOE PACCTOTHUE Tesa IO
Hadasaa KoopauHat Oyzer pasHo a(l — e), a makcumasbhoe a(l + e).

JLnst HaXOoXKJIeHus 1 U v, Kak (DYHKIINIT BpeMEeHHU BBEJIEM B Ka9eCTBE BCITO-
MOTraTe/IbHOI TTepeMeHHON SKCIEHTPUIECKYI0 aHoMaInio F:

rsinv =av1—e’sin B, rcosv=a(cosFE — e),
r=a(l —ecosE).
Basucnmocts F OT BpeMeHN ¢ ONUCHIBAECTCS COOTHOIIEHUSIMI
E —esinE =M,
M = n(t — t()) + Mo,
n=+/p/a3,
to — HaYaJBHBI MOMEHT BpeMeHH, a M) — IPOM3BOJIbHAS HOCTOSHHAS

naTerpupoBanud. Bemmanna M ma3biBaeTcd cpeHell aHOMAaJIHEl, N Ha3bIBa-
eTcd CpeJHUM JBHKeHueM, a My — cpejiHeill aHOMaJIell B SIIOXY.

34



YpaBHenue
E—esinE=M

OTHOCHTEJIbHO SKCIIEHTPUYECKOH aHoMajuu F  Ha3bIBaeTCs ypaBHEHUEM
Kemtepa. Ero unciennoe perenne OOBIYHO BBIMOJHSIETCS METOIOM IOC/IE-
JIOBaTeIbHBIX MpuOmKennii. OnTuMaJIbHOE IOCTPOEHKE ITPUOINKEHIA OIIH-
CAHO HUKE.

Ormerum, 9To npu n3MmeHernnn M Ha 27 yriabl E 1 v TakKe N3MEHSIIOTCS
Ha 27m. TouHo Tak ke oOCTOUT JIeJI0 IIPU U3MEHEHWH Ha 7. PasHuIa Mexkry
HUMH 3aKJII09aeTCsI B TOM, 9T0 M m3MeHsieTcsl paBHOMEPHO BO BpeMeHH, a F
1 U — C IIePEMEHHOIl yIJIOBOI CKOPOCTHIO. JIUIIh B 9aCTHOM CJIydae KPyTroBOIO
nemzkenns (e = 0) Bce TpH yIjia COBIIA/IAIOT.

B npakrtuke BbIUHMCIEHHII KOOPAMHAT B KEILJIEPOBCKOM JIBUKEHUU WHO-
I/1a WCIOJIb3yeTcst (DYHKIUS BPEMEHN U = ¥ + w, KOTOpas Ha3bIBaeTCd ap-
rymMeHToM mupoThl. PakTrdeckn u — 3TO MEHTPAJIBHBIN YIoJ B IJIOCKOCTH
opOUTHI MeXKJIy HalpaBJIeHHEeM Ha JBHXKYIIEeCs: TeJIO0 U HallpaBJIEHUEM Ha
BOCXOJISIIMIA y3e1 opOuThl. VcImoab3yercs: Tak»Ke BeJimanHa A = v + w + (2,
Ha3bIBaEMasl JOJITOTON B OpOUTE, KOTOPasl SBJISETCS CyMMON JIBYX YIJIOB U U
(), OTCYMTBIBAEMBIX B PA3HBIX IJIOCKOCTSAX. PaccMaTpuBaeTcs elne BeJIMInHA
A= M +w+ Q, KoTopasi Ha3bIBAETCs CPeHeil JOIroToil.

[Tepuox T' obpaleHust Tesia 1Mo opoOUTe CBSI3aH CO CPEIHUM JIBUKEHIEM 7

COOTHOIIIE€HHNEM 9
™
T =—.
n

NexoaubiMu 971eMeHTaMy SJITAIITUYECKOH OpOUTHI B 3a1a4e JIBYX TeJI, 3a-
JTAIOIIUMHY JBMKEHIE B ILJIOCKOCTH OPOUTHI, CINTAIOTCS TPU IIapamMeTrpa

n — cpelHee JIBUKEHUE,
€ — BKCIEHTPUCHTET,
My — cpejiHsgsg aHOMAJIUSA B SIIOXY.

Cy1iecTByeT BaykKHOE COOTHOIIEHNE MEK/Ty CPEJIHUM JIBUKEHUEM 1. 1 60JTh-
IO LOJIYOCBIO G
n?a® = K,
KOTOPOE€ COOTBETCTBYET 3-My 3aKoHy Kerepa m mMeer BayKHOE IpaKTHYe-
cKoe 3HaveHue. Eciim B OTHOCUTEIbHOM JIBMKEHUU JIBYX TeJI U3 HAOJIIOIeHU I
HE3aBUCHUMO OIIPEIENIAIOTC CpeJiHee JIBUKEHNe N U 0OJIbIasl MOJIyoCh a, TO
Ccpa3y HaXOJUTCHd CyMMa MacC JIBYX TeJl

[
mi+Mme = —.
G

B kagectBe mapamerpa opOUTBI BMECTO 72 MOYKHO 3a/1aTh OOJIBIIYIO ITOJIYyOCH
a. OgHAKO cIeayeT OTMETUTh, 9TO HAOJII0JaeMoe IOIOXKEHe Tejia Ha OpouTe
zajiaercs cpeareit anomasueir M. Ilosromy mocse HaOIIOMEHNST HECKOJIBKIX
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000pOTOB TeJia 110 OpOUTE CpejHee JBUYKEHUE N OIPEJIEIeTCsd TOYHee, U3
COOTHOIITEHU ST
M — M,
n=-——m——,
t— 1
geM 0OJIbITas MOJIYOCh .

B kadecTBe mapamMeTpoB KelIepoBCKOl OPOUTHI pACCMATPUBAIOTCS TaKIKe
napaMerp w = w + {2, KOTOPbIil HA3BIBAETCH JIOJTOTOM IMEPUIIEHTPA, & TAKZKE
napamerp A\g = My + w + {2, KOTOpBINi HA3BIBAIOT CPEJIHEN JTOJITOTOM B 9110~
xy. s oOpaTHBIX OPOUT JIO/ITOTa MEPUTIEHTPA OIPeIeadeTcd KaK PA3HOCTh
JIOJITOTHI y3JIa ¥ apTyMeHTa [MePUIEeHTPA.

Bwmecto cpeneit anomasu B 3moxy My nHOIIA 3a/1a10T MOMEHT t' TIpo-
XOXKJIEHUST TeJIOM TepuiieHTpa opouTsl. T.e.

n(t/ - to) + Mo =0.

PaccemorpumMm, Kax Jrydrie peratsh ypaBuenue Kertepa. B mpoctom metojie
[OCJICIOBATEILHBIX TTPUOIMZKEHII NTEPAIINN BBITIOJTHAIOTCS 110 TPABIIAM:

1. B mysneBom npubsmmkenuu moJiaraeM o = M.

2. Bwraucnsem nocienosarenbuo E, 1 = M +esin B,
st n=0,1,... mo rex nop, noka |E, 1 — E,| > ¢,

rJe € — 3aJlaeT TPeOYeMYI0 TOYHOCThH BBIYUC/ICHHIA.
Bonee sddeKTUBHBIM OKA3BIBAETCSA METO/I IOC/IeI0BATEILHBIX ITPUOJIH-
>keruii o Jlenbu. Vreparuu mpou3BOAATCs IO CXEMe:

1. B mysieBom npubsmmekennu noJiaraeM Fg = M + 0.85 e.

2. Boramcssiem nocsezoBaTesbHO
E,=E,—
(M +esinE, — E,)?
E, —2(M +esinE,) + M + esin(M +esin E,,)

asin =0,1,... 10 Tex nop, noka |E, 1 — E,| > €.

2.3.2. Boruuciaenue KOooOpAuHAaT B 3JIJIMIITUYECKOM KeIlJIepOBOM JBU-
2KeHnnmn

B nHekoTOpbIX citydasix BMECTO NpeoOpa30BaHusA KOOPIUHAT U3 OPOUTAIb-
HOfi CHCTeMBI B 3aJIaHHYIO CUCTEMY I,Y, Z, KaK yKa3aHo Bbiie (2), ygob6HO
BBECTH IEPEMEHHYIO U = U + W, Ha3bIBAEMYIO apryMEHTOM IIHPOTHI, U BbI-
YUCJIATH KOOPAUHATHI B 3aaHHOI CHCTEME 110 CJIEIYIOMMIM (hOpMyIam:

x = r(cosucos ) — sinusin ) cosi),
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y = r(cosusin ) + sinu cos Q2 cos i),

zZ = rsinusinz.

2.3.3. BpluucjeHne CKOPOCTU B SJIJIMNTUYECKOM KEMJIEPOBOM JIBU-
KEeHUN

[Tocse Toro, Kak HaiiJIeHbl PACCTOSHUE 7" U UICTUHHAS AaHOMAJIAA U, MOZKHO
BBIYUCIUTH MOJY/Ib CKOpocTu V| pajinajbHyI0 KOMIIOHEHTY CKOpOCTH V. u
TPaHCBEPCAJIBHYIO KOMIIOHEHTY CKOPOCTH V,, M3 COOTHOIIEHMI

2 1
VQ:/“L N )
rooa
V., =/~ esin(v),
» (v)
Vo = H(l—l—ecos(v)).
p

Jlajiee MOYKHO HAWTU CKOPOCTU M3MEHEHUs MPAMOYTOJbHBIX KOODJMUHAT II0
dopmyam

&t =—V,+ (—sinucosQ — cosusinQcosi) V,,

RS

V, + (—sinusin Q + cosucos Q cos i) V,,

RS

. z .
z=—V.+cosusini V,.
r

2.3.4. BprunciieHue 4acTHBIX HPOU3BOJHBIX OT KOOPAWHAT U KOM-
MOHEHT CKOPOCTH IO JIEMEHTaM KeIlJIEpOBOil OpOUTHI B SJIJIUIITHIE-
CKOM /IBU>KEHUU

B npakruyeckoii HebecHOil MeXaHUKe PEIAOTCd 3a/a9d YTOYHEHUs T1a-
paMeTpOB JABHKeHUs HeOeCHBIX TeJI 13 HabJoAeHnii. B KauecTBe mapaMeTpoB
MOI'YT HCIIOJIb30BAThCA 3JEMEHTHI KEIJIePOBOil OpOUTHI. Y TOUHEHUE OPOUTHI
nenaercs auddepeHnuaIbHbIM yTOUYHEHNEM C IPUMEHEeHHeM MeToJla Hau-
MEHBINUX KBaJIpaToB. /L1 MOCTpOEHNd YCJIOBHBIX ypPaBHEHUI HEOOXOIUMBI
YJaCTHBIC IIPOU3BOJHBIEC OT KOOPJAMWMHAT N CKOPOCTHU IIO dJIEMEHTaM. HpI/IBeﬂelﬂ
371eCh (POPMYJIBI JIJIT 9TUX TPOM3BOIHBIX B IIPE/IITOJIOKEHNH, 9TO KOOPIMHATHI
1 CKOPOCThH CBA3AHBI C IIapaMeTpaMy U BpeMeHeM (DOpMyIaMy /LU THIECKO-
ro KerjepoBa JABrxKeHus. POpMyJIbl CJIEAYIOT B TOH IOCIEI0BATEIBHOCTH,
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KaKasd HYXKHa J1JI5 pulunciienuii. CHagasa BBIYUC/SIOTCA BCIIOMOraTe IbHbIC
BEJIMYMHDBI

c1 =sinisin€), ¢y = —sinicos(), c¢3 = cosi,

l; = coswcos ) — sinwsin ) cos 7.
ly = cosw sin € + sin w cos 2 cos 7.

l3 = sinwsinz1,

e R TET 2 cosw = Lha+ Ly + 13z

r
(Cglg — 0312)56 + (Cgll — Cllg)y —+ (Cll2 — Cgll)Z
r

1+ecosv e
al:l——GQ’ 7"1:CL1COSU—1_—62,

napsinv (1 +ecosv + €?)
(1 — e2)3/2

B 2
P1 = nr37 Q1—3n7

sinv =

o =

1
P2 = —@1COSV, (2= | a1+ sin v.
1—¢3

3areMm HaXOJATCdA NCKOMBIE IITPOU3BO/IHBIC

or dy vy Jdz z
== Z(t—ty) — =Lt —ty) — ==t —t) —
on n( 0) 17, on n( 0) 1Y, on n( 0) 1z,
0f =t + i, 2 = pylt—to)+2q L = pra(t—to)+ 2qu2
— =px(t— -, — = - - — =pz(t— —q1 2
on y4 0 2611> on Py 0 2(11?/, an P 0 2(]1,
0 0
8—:§:zsin§2, a—?;:—zcosQ, a—j:ycosQ—xsinQ,
9 o )
a—f:z”sinQ, a—?z:—ZcosQ, a—j:yCOSQ—ZESinQ,
dr x Oy 'y 0z =z
OM n” OM n’ OM n’
or . oy 0z s
oM~ P oom TP gy TP
ox 0 0z
— =9z —C —= = (3T — €12, — = C1Y — CoXk
Do 2 3Y, Ow 3 1%, O 1Y 2L,
0% ) . 0y ) . 0% . .
— =9z —cC — =% — 12, — = C1U — CoF
o 2 3Y, P 3 1%, Ow 1Y 2,
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v _ v oy oy, o 0:_ 0z
8e_q28 b2, 86_%&; P2y, 86_q2(9w D2z,

w

ot ox . Oy 0y . 0% 0z ,

e ZQQ%+7"2$+7“13:, e ZQQ%—FTQQ—F?HQ, 96 :qQ%—i—er—i—rlz,
ox y 0z 0% . Oy . 02
a—Q:—y, a—Q:x, %:O, O_Q:_y’ 8—92% 8_(2:0’

[Ipu BbIBOJIE 3TUX (POPMYJT IPEIIIOIArAIOCH, YTO HE3aBUCUMBIMU Tapa-
MeTpaMu OPOUTHI SABJSIOTCA MIECTh JEMEHTOB n, e, i, My, w, {2, obo3nate-
HUsI KOTOPBIX OObSICHEHBI B MPEJIbIIyIIeM paszese. [Ipu sTom mpoussojinbe
o My paBHBI TIPOU3BOAHBIM 110 M.

B nmpakTuke nccieqoBaHuit 9acTo paccMaTpUBaeTCs 3a/a4da HE3aBUCUMO-
r'o OIlpe/leNIeHNsT N3 HAOJIIO/IEHNIT CPeJTHEr0 JIBUZKEHUS N 1 OOJIBITION T0JIyoCcH
a opOHUTBI. DTO OBIBAET B TEX CJIyUasix, KOIJIa Macca MPUTITHBAIOIIErO EHTPA
HEU3BECTHA, U ee YKeJIaTeJbHO ONpee/inTh U3 HabsoaeHuil. Torma neobxo-
JIMMBI YaCTHBIE ITPOU3BOJHBIE OT KOOPJUHAT WJIM CKOPOCTHU II0 3JIEMEHTaM 7
U @, pacCCMAaTPUBAEMbIM KaK He3aBUCHUMbBIE IapaMeTpbl. B 3Tux ciaydasax B
NIPUBEJIEHHBIX BbIIIe (pOpMyJIax Jjisi IPOU3BOIHBIX 110 N CJIEJLyeT OTOPOCHUTD
BTOpBIE CJIaraeMble, & MPOU3BOJIHBIE TIO @ BBIYHUCJIATH COIVIACHO CJIETYIOTTIM
paBeHCTBaM

or x 0Oy y Oz

90 a Oa a Oa

o8 @ 9y g 9 3
a 2a°

" da 2 da 24’ da

ISTIR

2.3.5. ®opMyJIbl KEMJIEPOBCKOI'O JIBU>KEHNS OTHOCUTEJILHO HECUHTY-
JISPHBIX 3JIeMeHTOB (3JjiemeHTOB Jlarpam>xka)

KermtepoBckoe JBMKeHNE sIBJISETCs IIPOCTERIITNM 3aKOHOM JIBUZKEHNsT Hebec-
HBIX TeJsl. BhipazkeHnus Jij1sd KOOPMHAT U KOMIIOHEHT CKOPOCTH, KaK (DyHKITH
BpPEMEHH, CJIEIYIOT U3 OOIIEero pelieHnsl ypaBHEHUH ABUKEHUS 3aJa9n JIBYX
TEeJI. O6H.[ee pemenne 3aBUCUT TaK2Ke OT IIECTU HE3aBUCHUMbBIX ITPON3BOJIbHBIX
ITIOCTOAHHBIX. BbI60p HE3aBUCUMBIX ITPOU3BOJIbHBIX ITOCTOAHHBIX HE ABJIACTCA
OJTHO3HAYHBIM. B mpeabiaymmx pasjesax B KadecTBe MPOM3BOJILHBIX MTOCTO-
SIHHBIX PACCMaTPUBAJINCH KEIIJIEPOBCKHE 3JIEMEHTHI OPOUTHI, KOTOPBIE UMEIOT
HaIVISIHBIH TeoMerpudecknii cMbics. OHAKO B psjie NMPAKTUIECKUX 3a/1ad
BBIOOD KEIIEPOBCKUX JIEMEHTOB B Ka9eCTBE ITapaMeTpPOB OPOUTHI TPUBOJIUT
K 11oTepe TOYHOCTH IIPHU BBIYHUCJ/ICHUAX C OI'PaHMYC€HHBIM YHCJIOM 3HaYalluX
mndp B 3HAYEHUSX MepeMeHHBIX. [Ipu mpuMeHeHusX Teopun BO3MYIIEHUIT
BOZHUKAIOT MPOOJIEMbI, CBA3aHHBIE ¢ HEPABHOIEHHBIM BKJIAJIOM PA3/JUIHBIX
YJIEHOB B BBIPayKEHUSIX JJIsI BO3MYIIEHUN KEIJIEPOBCKUX 3J€MEHTOB. B Ko-
HEYIHOM CYeTe 9TO TaK2Ke€ IIPpUBOJUT K IIOTEepEe TOYHOCTU TEOPUH. TaKI/Ie 1Ipo-
OJ1eMbl BOBHHKAIOT B CJydYasx, KOIJa SJINNTHYECKas opOuTa O4eHb OJIN3Ka
K Kpyrosoii. KpyroBas opoura sB/IgeTcs BHIPOKICHUEM SJLTUITHICCKON ITPU
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CTpeMJICHHUHN 3IKCHCHTPUCUTECTA K HYJIIO. AHaJ'IOI‘I/I‘IHaEI CUTyallisl BOSHUKaET
B CJIydasgX O4YeHb MaJIbIX HAKJIOHOB OpOUTHI. B 3TuX cirydasgx yrioBoe pac-
CTOSTHUE OT BOCXOJIAINErO y3Ja OPOUTHI U JIONTOTa y3Jia OIMPEIeIdioTCd U3
HaOJ/IIOJIEHUI € ITOHMXKEHHON TOYHOCTBIO IPU HEM3MEHHOH TOYHOCTH CaMHUX
HaOJII0ICHUIA.

[IpeoiosieTh yKazaHHbIE TPYJHOCTU IPH MAJIBIX SKCIIEHTPUCATETAX U Ha-
KJIOHAX KEeIIEPOBCKON OPOUTHI MO3BOJIAIOT 3JeMEHTHI Jlarpamzxka, BeIOpaH-
HbI€ B Ka4eCTBE HE3aBUCHUMBIX IIPOU3BOJILHBIX ITOCTOAHHBIX B O6HleM pere-
HUM ypaBHEHUi 3aja4u JByX Tejl. PaccMoTrpum Huzke (OpMYJIbl, KOTOPBIE
MTO3BOJIAIOT HENOCPEJICTBEHHO M3 3JIEMEHTOB Jlarpanka BBIYUCIATH TPIMO-
YIoJiIbHbI€ KOODJAWMHATBI TEJIA.

DJIeMeHThI OPOUTHI CBA3BIBAIOT C IIPOU3BOJIHLHON HEBPAIIAOIIENHCS CICTe-
MOl TIPSIMOYTOJIBHBIX KOOPJIMHAT I, Y, 2 , HAY9aJ0 KOTOPOil MO0 pasMeriaT
B IIEHTPE MacC JIBYX TeJI, JIMOO COBMEIAOT C OJIHIUM U3 TeJI.

i BBeieHUs 3/1eMeHTOB Jlarpan»ka BOCIHOIb3yeMCd TPUHATHIMUA B JIM-
Teparype 0003HAUEHUAME JIjIsI KEIJIEPOBCKUX 9/IEMEHTOB OPOUTHI:

n — cpeJHee JBIZKEHNe, PA3MEPHOCTh PaJiaH/eJ. BpeMeHN;
€ — SKCIEHTPUCUTET, 6e3pa3MepHbIii;
i — HAKJIOH (JBYIDaHHBII YyroJ MeK/y IIOCKOCTBbIO OPOUTHI 1

OCHOBHOI1 T10CKOCTBIO OTY), PAIL.;

My — cpennsist anomasust B 910Xy ( 3HAYEHMe CpesiHell aHOMAaJInn
M B HauAIBHBIE MOMEHT BPEMEHUU — SI0XY ), PA/L.;

W — YIJIOBOE PACCTOSIHUE MEPHUIEHTPA OT BOCXO/ISIIEr0 y3J1a Op-
OUTHI, paJL.;

) — mosrora BOCXOJSINEro y3ia opouTsl (yroa B miaockoctun Oy
MEXKJIy OChIO T ¥ JIMHHUEN y3JI0B), Pa/l.;

to — HaYAJbHBII MOMEHT BPEMEHU — 3I10Xa 3JIEMEHTOB;

t{ — TekylMii MOMEHT BPeMEHH, Ha KOTOPbIl BBIUUCJIAIOTCA KO-
OpJuHAaTBI TEJIA.

B HeKOTOpBIX cilydasx BMECTO CpeaHero JBUKeHHUS 1 B KadeCTBe UCXOJI-
HOT'O TTapaMeTpa OpOUThI PACCMATPUBAIOT OOJIBIIYIO MTOJyOCh OPOUTHI @, CBSI-

3aHHYIO C 7 COOTHOIIIEHUEM
a’n® = p, (3)

rJie (4 - TPaBUTAIMOHHBINA TapaMeTp ABYX TeJl.
Cpennsist anomasimst M B JTI000M CJIydae BBITHCIAETCS 110 (DOpMyIIe

M = n(t — to) + Mo. (4)

Bynem nonarath, 9TO JIJIg BBIYUCIECHUS TPAMOYTOJBHBIX KOODJMHAT Ha,
3a/IAHHBII MOMEHT BPEMEHH M3BECTHBI IISATh 9JIEMEHTOB KeILJIEPOBCKOI opOu-
THI @, €,1,w, ) u cpeanuasa anomanus M. Diementamu Jlarpan:xka cauTaroTCs
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BEJINYHUHBI @, A, k, h, q, p, TATh U3 KOTOPBIX OIPEICISAIOTCS COOTHOIICHUSIMU

A=M+w+Q,
k=ecos(w+Q), h=esin(w-+Q), (5)
g=sinicos(, p=sinisinQ.
3ameTuM, 9TO A Ha3BIBACTCS cpelHeil JIONroTON U dABJIACTCA JIMHEHHONR
dyukImMeit BpeMenu.
Ecim 3amamsr saemeHts! Jlarpamxka a, A, k, h,q,p , TO IPSIMOYTOIBHBIE
KOOD/IMHATHI T, Y, 2 W KOMIIOHEHTHI CKOPOCTH I,1/, 2 MOXKHO BBIYHCJUTDH II0
caeytonieit mocsenoBaresbHocT hopmys. CHavda a BbITUCISIEM

S =sin)\, C =cos)\, (©)
K=kC+hS, W=kS—hC.

Jlastee mTepanusMi peraeM ypaBHeHUA
C,=cosv, S,=sinv, v=~hnC,+kS,, (7)

roJiarasi B HyJIEBOM NpubJkennn v = h'.
Beranciisiem BcriomoraTesibHbIE BEJTTINHBI

14
V' = ) (8)
1++v1—Fk2—h?
o / S N N
g S VKA, GVl K o)
1-kC,+ NS, 1—-kC,+ NS,
Sy=SC'+CS' C\,=CC' — S5 (10)

Tenepb HeHTpaﬂbHoe paCCTOHHI/Ie rnu HpHMoyI‘OJH)HI)Ie KOOp,ILI/IHaTI)I TeJla
x,y, 2 HalIyTCs 110 (hbopMysIaM
a(l—Fk?—h?)
’]”‘ =
1+kCy+hSy

(11)

r=rC\(1-2p*)+27r S\pgq,
y=rS\(1-2¢*)+2r Cypyg, (12)

z=271/1-p*=¢*q Sy —pCh).

,HJIH BbIIUCJ/ICHUA KOMIIOHEHT CKOPOCTH H€O6XO,ZLI/IMO HalTU BCIOMOIa-
TeJIbHbIC BCJINYNHBI

_ H
Voo RS .
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R, =2Chpq— S\(1—-2p?,
R,=C\(1-2¢*) —28\pq, (15)
R.=21-p>—=¢*(qCx+pS)).

31ech caeayer yaecThb, UYTO sl OOPaTHBIX OPOUT 2z 1 R, HOJIKHBI OBITH B3SIThI
¢ obpaTHbIM 3HaKOM. [locsie 3TOro KOMIOHEHTHI CKOPOCTH &, ¥, £ BBIYUCIISIIOT-
Cg C TIOMOIIBIO COOTHOIIIEHU

y=2V, +R,V,, (16)
=2V, + R.V,.

2.3.6. IIpumepnl ncnoJib30BaHUsS 3JieMeHTOB JlarpaH>ka

YKaxkeM 371ech JBa IpuMepa, KOrjaa 3J1eMeHThI JlarpanzKa HAIILIN yIaqHoe
IIpUMEHEHHeE.

[lepBblit IpuMep — 9TO TEOPHUsi BEKOBLIX BO3MYIIEHUM IIJIAHET, IIOCTPOEH-
nas Jlarpamxkem. B Bosmymatomeit byHKIun ObLIH OCTaBJIEHBI TOJBKO BEKO-
BbIE WICHBI (HE3aBUCAIINE OT JOJTOT IUIAHET). YUNThIBask MAJIOCTh IKCIICH-
TPUCUTETOB U B3aMMHBIX HAKJIOHOB opOuT Oosibimux 1taneT CosiHevdHO ch-
CTEMBI, BEKOBasi 9YaCTh BO3MYIIAONIEeil (DyHKIMKM ObLIa pa3jioyKeHa B CTEICH-
HOH psiJT OTHOCUTEILHO SKCIEHTPUCUTETOB M B3aUMHBIX HAKJIOHOB, I B pa3-
JIOZKEHUU OCTABJICHBI YJICHBI JO0 BTOPOW CTEIeHW BKJIIOYUTETbHO. [Ipu sTom
OOJIBIIIHE TIOJIYyOCH OPOUT ILJIAHET CUYUTAINCH Henm3MeHHBIMU. OTHOCHUTEIHHO
a/IeMeHTOB Jlarpamka yJjajaoch 3alicaTh JUHEHHbIE OJHOpPOHbIC Tudde-
peHIMaIbHbIE YPaBHEHHS € MOCTOAHHBIME KO3 durmenTamu. Perernue 3Tux
ypaBHEHU 1oy deHo Jlarpamkem B BUJIE CYMMbI TPUTOHOMETPUIECKUAX (PYHK-
1M OTHOCUTEIHHO JTMHEHHBIX 110 BPEMEHU apryMeHTOB. DTO ITO3BOJIAIO OIIH-
caThb SBOJIIOIUAIO OPOUT ILJIaHET Ha OOJIBIINX ITPOMEXKYTKaxX BPEMEHH U 00-
HAPY’KUTh NWHTEPECHBbIE CBOWCTBA B3aMMHBIX BO3MYIIEHHUN IJIaHeT. XOpoIliee
onmcaHue MeTojia Jlarpanzxka MoxkHO HaiiTu B MoHOrpaduu M. @. Cybbornna
(1968).

Bropoit npumep sBisiercst pakTUUeCKn MpuMeHeHneM meroia Jlarpan-
JKa JIJIs IOCTPOEHUsT aHAJIMTUICCKON TEOPUN JIBUYKEHUS TJIABHBIX CITyTHUKOB
Ypana. Dra Teopus, coznannas JIsckapom n drobeconom (1987), mo Hemas-
HEro BPEeMEHH Obljla €IUHCTBEHHBIM CPEJICTBOM IOJIyYEHUs] CAMBIX TOYHBIX
ademMepu/I IJIaBHBIX CITYTHUKOB Y paHa.
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Mo

Puc. 6: Pacrnosioxkenune Tpex Tesl U B3aUMHBbIE BEKTOPbI B OrpaHUYEHHOI 3a-
Jadge Tpex Tedl.

2.4. YpaBHeHUs OrpaHUYEHHON 3a/a4u TpeX TeJ U 3a/java Xujuia

OrpanunyeHnHas 3a/ja4a TpexX TeJl.

OrpanundenHas 3a/1a1a TPeX TeJI PEJICTABIISIET CO0ONH MEXaHUIeCKYI0 MO-
JIeJTb, COCTOSIIIYIO W3 TPEX MATEPHUAJbHBIX TOYEK, MMEIOIIINX MacChl, U B3aW-
MOJIEMCTBYIOMNUX OCOOBIM 00PA30M: TPEThs TOYKA He JEHCTBYET CBOMM IIPU-
Ts’KeHreM Ha nepBble jiBe. B obrem ciydae mepsbie JBa TeJjia HA3BIBAIOT OC-
HOBHBIMU. OOBIYHO Takasi MOJIE/Ib COOTBETCTBYET CYIIECTBYIONIEH nepapxuu
test Cotaednoit cucrembl. CIIyTHUKU JBUXKYTCS IO JHCTBUEM IIPUTSIXKEHU ST
mtareTsl 1 COJTHIA, & IJIaHeTa UMeeT CBON 3aKOH JIBUKEHUsI, He 3aBUCIINI
OT JIBUYKEHUS CITy THUKA.

Mojienb orpaHnvueHHol 3a/]a4uu TpPeX TeJl OYeHb IMUPOKO MPUMEHSIETCH B
MPAKTUIECKON HebecHOM MexaHuKe. BbIoOHEHO u OmyO/IMKOBAHO OIPOMHOE
MHO2KECTBO paboT, HaumHas €O BpemeHHu ditiepa u Jlarpamxka, /10 Hammx
JIHEl. DTa MOJIeIb yKe JOCTATOIHO TOYHO OIHUCHIBAET JBUKEHNE CITYTHUKOB
IIJIAHET, HO TaK Ke CJIY?KUT OCHOBOII JIJISI TTIOCTPOEHNUsI 00JIee TOUHBIX MojIesieit
JIBUKEHUS CITYyTHUKOB METOJaMU T€OPUU BO3MYIIEHMIA.

B coorBercTBUNM 11pebIIyIIieMy U3/I0KEHUIO [IEPBLIE /IBa, TeJia 0003HATNM
qepe3 My u My, a Tperbe Tej0, KOTOpOe He BJIUseT Ha JIBUXKEHHE IEPBBIX
JBYX, oboznaunm Kak M,. Kondurypanuio nosicaser Puc. 6.

YpaBHEHNS OrPAHUYEHHON 3329l TPEX TeJl BBIBOJIATCS CJIEIYIONIM 00-
pa3oM. 3aluchiBalOTCd ypaBHEHUA JIBUXKEHUs OOl 3a/1adu Tpex Tesl B ad-
commortHoil cucreme koopauuar (Cy66orun, 1968; dy6ommun, 1975). B s1ux
yPaBHEHUSX HAKJIAIBIBACTCS YCJIOBHE: TPEThE TEJI0 He JEHCTBYET CBOUM IIPU-
TsiKeHUeM Ha 1epBbie JBa. [locite mpeobpa3oBaHus K OTHOCUTEILHOM CUCTEME
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¢ HaYaJI0M B Tejie My mosrydaiorcs caeayionme ypaBHeHus:

d2r1 I
N - 1
dtg G(mo + ml) ‘r1’37 ( 7)
d2I‘2 1] A21 I
—— =-Gmp—— —Gmy | ——— + —— 18
a? MO M (|A21|3 A 18)

rmue
A21 =TIy —TIj. (19)

Ypasuenus (17) npejcrapistior coboit ypaBHEHUs 3312491 JBYX TeJI U OIIH-
CBIBAIOT KEILIEPOBO ABUzKeHHe Tesa M, ornocuTesbHo Testa My, 9To npuke-
Hue OyZeT IPOMCXOANUTH B HEKOTOPOI HEIOABUXKHOMN IJIOCKOCTU. Y PaBHEHUS
(18) omuceiBator jBUzKeHue Testa My oTHOCHTETBHO Teaa My 1o JeiicTBuem
npuTszkenns obonx ten (Mo u My).

OTMmeTuM, 9TO B JINTEpAType BCTPEYACTC U JAPYroe OLPEIesIeHUe Orpa-
HUYEHHON 3a/1a41 TpeX TeJI, IPU KOTOPOM BBOJIUTCS IOHATHE IPEHEOPEesKIMO
MaJIOil Macchl TPeThero Teja. Ilpu 3ToM Macca TpeTbero Tesa He O0bsBJIs-
eTcs PaBHOI HYJIIO, HO Be3Jle B YPABHEHHAX HPEHeOPEraeTcs OTHONICHUSMU
MaCChl TPETBEro TeJIa K KaxKJI0i U3 Mace IIepBOrO U BTOPOIO TeJl.

Ypasuenus (18) MoxKHO 3anmucarb 6oJiee KOMIIAKTHO, UCIIOJIB3Ysl Olepa-
rop ['aMmIbTOHA, IPpUMEHEeHHBIH K HeKOoTopoil (byHkimu W 1o oTHOmEeHno K
BEKTOPY Ty = {Z9, Yo, 22}, TO €CTh

o 0 0 0
VQ - a_ a9 ) o = A -
0T (‘9y2 0z ory
Torma numeeMm
d21‘2 ow
i = 2
rie C G
mo mq rro
W = —Gmi——. 21
ol Aal e 2

[TocKoIBKY JIBUZKEHUE JIBYX OCHOBHBIX TE€JI IIPOUCXOIUT B HEIOBUKHOM
IIJIOCKOCTH, YJ0OHO BbIOpaTh €e B KadeCcTBE OCHOBHON C HAYAJIOM KOODJIH-
nar B Tese My. Kpome Toro, MoxkHO paccMorperhb jBuxKenue tejia Ms BO
BparraroIeiics cucreme Koop/uHat {x,y, 2}, cBsa3aHHOl ¢ BeKTOpoM Iy (Cwm.
Puc. 6). Torma KOMIIOHEHTBI BEKTOPOB {2, Yo, 22} u {x,y, 2} OyayT cBA3aHbI
COOTHOTIEHUSMU

Tog = X COSV — Ysinw,
Yo = TSNV + Yy cos v, (22)

29 = Z,

rie v - UICTUHHaA aHoMaJuuns Teja M.
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Tenepb ypaBHeHUS JIBUKEHUA OIPAHUYEHHON 3a/1a9M TPeX TeJI peodpa-
3YI0TCA K BULY

i—%y—@zx—i)y:a—w,
or
i+ 208 — 0%y + iw = 88—2/, (23)
O
0z

rJie BepXHssd TOUKa o3Ha4daeT JuddeperiupoBanue no speMenu. [Ipu Berauc-
JIEHUH YaCTHBIX ITPOU3BOIHBIX B IIPABBIX YACTIAX YPaBHEHMUII CJIe/IyeT BOCIIOIb-
30BaTbes cooTHoIenuamu (19), (21), (22), a TakKe y4ecTb, 9T0 BEKTOD I'y HE
3aBUCUT OT KOOPJMHAT Tejia My U uMeer KOMIOHEHThl {ry cos v,y sinv, 0},
rje 7, - HeHTpajbHoe paccroguue Tena M, T. e. rp = |ry| . Ha camom nese
dyuknus W saBisercs cioxKHOil yHKIUER oT x, ¥, z, 3aBUCSIIEH 0T KOOp-
JHAT {2, Y2, 22}, KOTOPBIE B CBOIO OYEPEIb 3aBUCST OT T, Y, 2.
[Ipoussens ykazaHHbIe IeHCTBHA, TOLY UM
Gmy Gmy T

W = + —Gmy—. 24
V4 + 22 (o — )2+ g2+ 22) 3 (24

VpaBHeHUSs JIBUXKEHHUSI OI'PAHUYIEHHOM 3a/a1 TPeX TeJI BO BpalllafoIieiics
crucTeMe KOOPJAWHAT T, Y, z HallJIeM B CJIeJIYIONIEeM sIBHOM BUJIE:

o . T
r— vy =—Gmy (22 + 32 + 22)3/2 -

. T —1r . 1
— m —
! [(z—r)2+y2+ 2232 2]’

i — 20y — 0

U+ 208 — 0%y 4+ vx = _Gmo(x2+y2+22)3/2 o
Yy
-G 25
Sy e R A

z G z
—Gm .
(22 4 2 + 22)3/2 1[(90 — )2 + 12 4 22

zZ= —Gmo

3ech GyHKIUN © U U MOXKHO BBIPA3UTh U€PE3 IJEMEHTHI KeIJIePOBCKOTO
JIBUKEHUS U DYHKITUIO V:

Gmg 1
o —(1 + ecosv)?,
p p

m
i=—-""Cesinv(l + ecosv)®.

Urak, ypaBHeHUs JIBUZKEHHsI OTPAHUIEHHHOI 3a1a491 Tpex Tejt (23) npeji-
CTaBJIAIOT cO0OI cucremy auddepeHnnaabHbIX YPaBHEHUI MIECTOrO MOPSIKA
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¢ Koo punmeHTaMu, sIBHO 3aBUCAIINMI OT BPEMEHHU IIOCPEICTBOM (DYHKITHIM
rymov.

YpaBHEHNsT OrpaHivIeHHoN 3a1aun Tpex Ter (23),(25) uMeroT naTh Jact-
HBIX perneHuit. B Tpex u3 Hux tesio My OCTOSTHHO PACIIOIOZKEHO Ha JIMHWH,
coemusronieit rena My u M. Eme aBa 9acTHBIX perieHus COOTBETCTBYIOT
pacriojiokeHusiM tejia My B BepIInHax PaBHOCTOPOHHUX TPEYTOJIbHUKOB, 00-
pa3yeMbIX TpeMs TeJaMu. B 9THX IIATH pelleHusiX Bce TPU Tejla OINUCHIBAIOT
OTHOCHUTEJILbHO HEBPAIAIOIIENHCsT CUCTEMbI KOOPIMHAT TPAEKTOPHUHN KeILIepoBa,
JIBUZKEHUSI: OKPYKHOCTHU, JITUIICHI, 11apadOJIbl WU TUIIEPOOJIbI B 3aBUCUMO-
CTH OT HaYaJIbHBIX YCJIOBHI JBUKeHUs. Hecko/IbKO 1oIpoOHee 9T penieHnst
paccMOTPEHBI B CJEJIYIONIEH TIaBe.

KpyroBasi orpanndyeHHasi 3ajilada TpexX TeJl.

st orpaHWYeHHON 3a/a9M TpeX TeJs CYIIeCTBYeT JaCTHBINA cirydail, Ko-
ra Tesio My onmchIBaeT OKpyKHOCTh BOKPYT Testa My. DTo 9acTHBII cydait
KertepoBa JBuzkenud tea Mo u M. Tperbe Teno My MoXKeT IBUTATHCS TIPO-
U3BOJILHO, OIUCHIBAs CTOJIb YK€ 3aMbICJIOBAThIE TPACKTOPUU, KaK U B CJIydae
HeKpyroBoro jBuxkenusi tea My nu M. Taxkoii dacTHBIN ciIydail Ha3bIBAIOT
KpYy2060U o2panudennoli 3adavett mpexr mea. B arom ciydae umeem v = 0,
U = n = const, IPA STOM N €CTb IMOCTOAHHAA YIJIOBasd CKOPOCTH OOpAICHUS
tena My Bokpyr My. duddepenimaibuble ypaBHeHus JIBukeHus teja Mo B
9TOM YaCTHOM CJIydae IPUMYT BH]L

ow

Vo — 2., _ 9"

=2y —n'r=——,
y+2nx—ny—a;;/ (26)

oW

- Oz’

a B BoIpazkennn (24) mig W HyKHO 3aMEHUTH '] HA MOCTOSHHYIO @ — PAJILYC
opbutbr My Bokpyr My. Ilocrosinable n 1 a CBA3aHBI MKy COOOH COOTHO-
mIeHmneM
n*a® = G(mgo +my). (27)
CBoiiCcTBO UMETh AT YACTHBIX PEIIeHUiT OCTaeTCs U JIJist Y PaBHEHUIT KPY-
rOBOI OIPaHMYEHHON 3aJ[a4K TPEX TeJI, TOJBKO Telepb BCe TPU TOUKH OIU-
ChIBAIOT KPYI'OBbl€ TPAEKTOPUH.

Bsenem B paccmoTpenune pyHKITAIO
1
Q= §n2(x2 +y°) + W,

KOTOPYIO JIjisl KPYTOBO# OMPaHUYEHHON 331491 TpeX TeJl ¢ yIeToM (24) MOK-
HO 3alliCcaTh ellle B BUJE

Gmo + Gml
\/352 + y2 422 \/(x _ a)2 + yQ -+ zz)
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Torna ypasHeHusl JBUKEHUSA KPYTOBO OIpaHMYEHHOlN 3a/1a9i TPeX TeJl
(26) mpuMyT BHI

o on o0
Ty = oz’
o0

i+ 2md =5 (29)
.09
=
ox

OxaspIBaeTcs, 9TO JJId 9TUX yPaBHEHUI MOXKHO BLIBECTH II€PBbIi WH-
Terpaji. YMHOXKHUM ypaBHeHUs1 (29) mocsienoBaresbHO Ha &, ¢, Z, CJIOKUM
[OYJIEHHO Pe3YJIbTATHI U IIPOUHTErPUPYEM Oy Y€HHOE PABEHCTBO 110 BpEMe-
Hu. [losyanm

PP+ =204+C, (30)

rie C' - mpousBosibHas mocrosguuas. CoorHorrenne (30) HA3BIBAIOT UHMeE2Pa-
aom Hrxobu, a C' - nocmosannotli Hxobu. DT0 COOTHOLIEHUE IIO3BOJISIET Je/IaTh
BeCbMa, BayKHBIE BBIBOJIBI O CBOICTBAX BO3MOXKHBIX pellieHnit ypasHeHuit (29)
1 06 001aCTSIX BO3MOXKHBIX JIBI2KEeHII Teia Mo B 3aBUCHMOCTH OT 3HATEHUST
nocrognuoi fAAkodou C'; a pakTuIecKn OT HAYAIbHBIX KOOP/IMHAT U COCTABJIS-
IOIUX HAYAJbHOW CKOPOCTH 9TOIO TEJIA.

Kpyrosoit orpanutiennoii 3ajiade Tpex TeJs MOCBSAIIEHO OIPOMHOE MHOZKe-
cTBO paboT u 1y IMKAIHUIi.

Sagaua XuJjia.

Bajiava Xuta SBJISIETCS CIIEMUAJTBHBIM CIydaeM KPYroBO# OrpaHnveH-
Hoit 3ataun Tpex Tesi. OHa mosIydaercs B pe3y/brare NMPUHATHA HEKOTOPHIX
nponyinenunit. ChopMmyaupyeMm 3/1eCh 9TH JOIYINEHUs U BBIBEJIEM YPaBHEHUSI
391491 XUJLJIA.

Bosbmenm cHoBa dyukmuio €, 3agannyo dbopmysoit (28). YauTeiBasi co-
orHotenue (27), 3amuiiem Jist 310 (byHKIUA CJIeIyollee BhIpazKeHHe:

1 Gm
Q:§n2(x2—|—y2)+ r0+
-1 9\ —=
2 2
n%a? (H@) (1_ﬁ+g) _2 (31)
mq a a a

31ech MBI TTOJIOXKIJIN
P2 =2 4y 4 22
Tenepb IpeaIoaoKuM, IYTO JABUKeHHe Tejia My Beeraa IpoucXoanT BOJIU-
3u Tesia My, n macca sToro teja M, MaJia 110 cpaBHEHHUIO ¢ Maccoit Teja M.
JL1st peaJIbHBIX TEJI 9TO COOTBETCTBYET JIBUKEHUIO ciiyTHUKA Mo 1imaneTnt My

¢ Bosmyteanamu ot Cosaia M.
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3
B CcM IIOJIaraThb, YTO MaJIbl€ BCJIMYNHDLI g nu = NMEIOT OAWMH U TOT 2Ke
’ my a3

nepBbIil mopsiZiok Masoctu. Torja, passaras mpaByio dacTh paBeHcTBa (31)
B PSJT IO CTEMEHAM MAaJIbIX ITapaMeTPOB M OTOpachIBas BCe WIEHBI IIEPBOTO U
6oJ1ee BBICOKUX MOPSJIKOB, ITOJTYIIM

1 G 3 1
Q= §n2(9c2 )+ 0 2 (a? §x2 — 57”2 : (32)
r

[Tocroanublii uieH n2a? 371ech MOKHO OTOPOCUTB, IIOCKOJIBLKY ) BXOIUT B

YPaBHEHUA JIBUKEHUA TOJIBKO I10J 3HAKOM YaCTHOW IIPOM3BOIHON IO KOOP-
nuHaTaM. B mrore BuIpaxkenue i () IpUHUMAET BU/L
2 3 2 1 2 Gmo

Q=n?(Ja? = 227 )+ T (33)

[Tocste moICTAHOBKY 9TOTO BBIPAYKEHUsI B yPABHEHNUs JIBUKeHMs (29) oHU IIpu-
MYT ABHBIA B/

G
i — 2ny — 3n%z + —2L — ),
r
G
i+ 2nd + — — (34)
T
G
é—l—n%—kyzo.
T

OTH ypaBHEHU: Ha3bIBAIOTCS YPABHEHUSIMU JIBUZKEHNS 3a/[adl XUJLIA.

Hamomunm, 1ro B ypaBHenusx (34) x,y, 2 CyTb NPsAMOYTOIbHBIC KOODU-
HaTbl Tesia My (CIyTHHK) BO BpAIAOIIEHCs CUCTEMe KOODJIMHAT ¢ HAYAJIOM
B Tere My m ockio x, HampaBieHHoil or Tena M k rery M, (Coumne). B
3ajaue XUla CIYyTHUK JIBUXKETCA II0J1 JIeHCTBHEM IPUTSKEHUS IJIaHETHI,
HaxoJdmIelicss B Hadajle KOOPJAUHAT, U OJHOPOJHOIO I'PABUTAIIMOHHOTO II0JId,
cozgaBaemoro ComaneMm. Bektop cmibl co croponsl CosHna Bpammaercs B
IPOCTPAHCTBE C HOCTOAHHON YIVIOBOII CKOPOCTBIO KPYIOBOIO OpPOMTAILHOIO
JIBUZKCHUSA IIJIaHETHI.

Pemenne ypasuenuit npuzkennst (34) Xuur uckasa B BUJE PSAJIOB 110 CTe-
HEeHAM MaJIOTo IapaMeTpa

e

ng —n
IJie N, €CTh YacTOTa OOpaIeHns CIYTHHKA BOKDYT IIAHETHI. XUJLT HaIles
YJaCTHbIE IIePUOJInYeCKHe pelleHnsd ¢ TPaeKTOPUAMU B IIJIOCKOCTH oceit x, v,
CUMMETPHYHBIMU OTHOCHUTEJIBLHO 3THX oceil. Pdanpl, npejcrabidiomue Imps-
MOYTOJIbHbIE KOODJMUHATHI T,%, COJIEPKaT HYJIeBYIO, BTOPYIO U CJIeIyIOIIHe
CTEIIeHN MAaJIOro IapameTpa m. TpaeKTopun MPUOIMKEHHO IPEJICTaBISIOT
coboit smmncer ¢ meaTpoM B Teste M (mmanera). Masas mosyoch SJuTHII-
ca BCeryla PacrosIoyKeHa 1o JINHUH, coequHsomeil teaa M (mmanera) u M

(Coumre).
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Yacrabie perrennsa XWJIa MOCTYKIIA OCHOBOH JIJIsT CO3/IaHUs aHAJIMTHU-
4Jeckoil Teopuu opburasbHoro jsmkenud JIynol. Heckosbko mompobuee o6
9TOM MOKHO y3HaTh u3 yueOnukos (Cyb66orun, 1968; dybormun, 1975).

2.5. CunoBast (pyHKIUS MPUTS>KEHUS Hec(pepuIHOi IIaHeTbl

yqu BJINAHNA HeC(bepI/ILIHOCTI/I IIJTaHETBI JAeJjiaeTCd C HCIIOJIb30BaHUEM
pPa3JI0KEHUs CUJIOBON (DYHKITUU MPUTAKEHUS HECHEPUIHON TIJIAHEThI B P
1o cpepudecknm pyHKIUAM. KoadduimeHTsl pa3ioKeHnus: 3aBUCAT OT BbI-
bopa cucrembl KoopauHaT. OOBIYHO UCIOJIB3YeTCsS CUCTEeMa KOOPIUHAT, CBSI-
3aHHas C TeJOM IIAHETHI U OCHOBHOM IJIOCKOCTBIO, COBIIAIAOIIEH ¢ ee SKBa-
TOPOM. DKBATOP ILJIAHETHI CBI3BIBAIOT C OChIO ee Bpalenus. [Ipu sTom mpe-
[10JIarafoT, 9TO OCh BpallleHUsI HeU3MEHHa B Tejie ILIaHeThl. Teja OOoJIbIImX
IJTAHET OKA3bIBAIOTCA OJIM3KUMHU K OCECUMMETPUYHLIM TEJIaM, BPAIAIOIII-
MHUCsT BOKPYT ocu cuMmMeTpun. [losToMy ocHOBHasS ILJIOCKOCTH CHCTEMbBI KOOP-
JIMHAT, B KOTOPOI BeJeTCs PA3JIoKeHHe CUIOBON (PYHKIUU €€ NPUTIKEHUSI,
BBIOMPAETCsT TaK, 9TOOBI TPEThsl OCh (OCh Z) COBIAJIAJIA C OCbI0 CHMMETPHUU
HEKOTOPOro Tejia OJIU3KOro 1o (popMe ¢ ILJIAHETOMH.

B numreparype BecTpedarorcss pasimdHbie (DOPMBI PA3IOKEHUST CHTOBOM
dyHKIMN npuTsKenud 1aneT. [Ipusegem 3jech dhopmyity, KoTopas ObLia
pekomenioBana Komuccueit 7 MexK1yHapoIHOTO aCTPOHOMUYIECKOT'O COIO3a.
Ona umeer Bu,

o

G n
Ulr ) = =2 1= 3" (2) JuPalsing)+
n=2
S (70 plh) g Y Y
—l—;kl (7") P (sin ) (Cp cos kA + Sppsin k) | (35)

e r, ¢ ¥ A — IIPOTa U J0JAr0Ta TOYKH B CHCTEMe KOODJIMHAT, CBA3AHHOM C
wianeroii, P, (sin @) — nosmuomsr Jlexkanpa, P,gk)(sin () — MPHUCOEINHEHHBIE
dyukmun Jlexxanapa, apryMeHTaMn KOTOPBIX ABJISIETCA Sin . JHAYEHUe 10~
CTOSHHOM T (pUKCHUpyeTcsd 3apanee paBHOI pajuycy Kpyra Haubojee OJu3-
KOT'O K 9KBaTOPUAJIBLHOMY CEUYEHHUIO ITaHeThI. Torja MmocTosHHbIe KO3hdu-
neHTsl J,, Cpi, Spp 33/1a10T TPABUTAIIMOHHOE T0JIe ITaHeThl. VX 3HaveHust
OTIPEJIE/ISIIOT U3 HADJIIOIEHNN PA3INIHBIX THUIIOB.

Crenyer yka3aTh Ha BayKHbIe CBOWCTBA YJIEHOB pasjoxkeHus. Ecau Teso
CTPOTO OCECUMMETPUIHO M OCHOBHAS ITIJIOCKOCTH CHCTEMBI KOODJWHAT Iep-
[IEeH/IUKYJ/IsIpHA OCH CHMMETPHUHU, TO B Pa3JIOKEHUU OCTAETCS TOJbKO YacTb
¢ koaddunmentamu J,,. ITU WICHBI PA3JIOKEHUS HA3BIBAIOTCS 30HAJILHBIMUI
rapMoHUKaMu. Kcji, Kpome Toro, Tejio uMeeT eIe U MJI0CKOCTh CUMMETPHH,
MTPOXOJISIIY IO Yepe3 HAada/I0 KOOPINHAT TePIeH INKYISPHO K OCH CUMMETPHH,
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TO B PA3JIOXKEHUU OCTAIOTCS TOJBKO 30HAbHBIC TAPMOHUKHU C Y€THBIMH HO-
MEPAM.

Ormernm, ato i FOnmrepa, Carypnua, Ypana nu Henryna ¢ mpuememoit
TOYHOCTBIO U3BECTHBI TOJIBKO 3HadeHus Kodhpdunmenton Jo, Jy, Jg.

[Ipu 3anucu ypasuennit jpuzkenusi (1) He dbukcupyercs crocod BeIGOpa
HaIpaBJieHus: oceit KoopuHat. [lociie 3TOT0 He/taeTcs MONbITKA CBI3aTh Ha-
npapjieHnst oceii ¢ reoskBaropoM smoxu J2000, To ectb ¢ MexKIyHAPOIHOM
cucremoii Hebecubix koopamuar (ICRF — International Celestial Reference
Frame). Cieyer orMeruTh, 4To 3Ty CB3b HEBO3MOXKHO OCYIIECTBUTDH 3a-
nuchio ypasaenuil. [IpuBsiska cucreMbl, B KOTOPOIl OTCUUTBIBAIOTCS KOOP/IH-
natel cuytHuka, K [CRF moxker ObITh cjieaHa TOJIBKO IIyTeM YTOYHEHUsI
apaMeTpoB JIBUKEHUS CITyTHUKA TakK, 9TOOBI €r0 MOJIEJIbHOE JBUKEHUE OKa-
3a/10Ch Hanbojiee OJTU3KUM K pe3ysbTraTaM HaOJIIO/IEHI, BBITIOJITHEHHBIX B CH-
creme ICRF. Tosbko 6sm30cTh pesysnbratos Habsmojeruit K cucreme ICRF
U JlajibHeliee yTouYHeHne OpOUT CIIyTHUKOB Ha OCHOBE HAOJIIOJICHUN MOTYT
obecrieunTsb O6sin30cTh cucteMbl Koopauuat K [CRF.

B ypaBuenusix npuzkenus cruytHukos (1) urypupyer ciaraemoe F(r;) —
dyHKIWMSI, 3a7a0Mas BEKTOP YCKOPEHUsi, 00yCIOBJIEHHOTO HEC(HEPUTHOCTHIO
IUIAHETBI. APIyMEHTOM 3TOi (DYHKIUMH SIBJISIOTCA KOODJIMHATHI CIIyTHHKA B
cucreMe KOODJIMHAT Z,%, z. OJHAKO B pas3jiokeHun cusiosoii dpyukun (35)
burypupyror KOOpJMHATHI B CHCTEME, CBSI3aHHON C TEJIOM, B YACTHOCTH, C
9KBATOPOM ILTaHeThl. [IpsiMOyro/ibHbIE KOOPAMHATHL B 9TOH cucTeMe 0003HA-
quM 1epe3 T, Y, z. COOTHOIIEHNsT ¢ KOOP/IMHATAME, (DUTYPUPYIOMIUMHA B BbI-
pakeHn® 35, OUEBUTHBI:

T =7rcos@cosA, y=rcospsin\, Z=rsine.

s Beramcstenns npaBbix dacTeil ypasHenit jpurkenns (1) cHadama Haxo-
AT KoMroHeHTsl yekopernst F = { I, Iy, F;} B cucreMe KoopauHar 7,7, Z,
CBSI3QHHOM € TeJIOM. DTO JIeIaeTcsl yTeM B3ATHsI YaCTHBIX IIPOU3BO/HBIX

0 Gmo 0 U Gmo 0 Gmo

F={2 (v- g 9 (v-
0T r )0y r ) 0z r

3areM KOMIIOHEHTHI BeKTOpa F 1epeBoisTcs B cUCTeMY KOOpDJAMHAT &,Y, 2 C
HOMOIIBIO MATPHUIIBI IIEPEXOA

{F:m Fy7 FZ}T - RO{FT7 ng FE}T~

3/ech MpHU 3aIllMCH KOOP/MHAT MbI JIjII KPATKOCTU OIIyCKaeM HHJIEKC, 000-
3HavaloNMii HoMep cryTHuKa. Marpuia Ry HermocpeacTBeHHO orpejiesiseT-
csl KOOPMHATAME TOJIIOCA TJIAHETHI O, )y U yIJIOM ee Bparienusi W, Bbipa-
JKEHHBIMH B CUCTEMe KOOpJMHAT T,%, 2. Ecin B KadecTBe OCHOBHOM cHCTe-
™Mbl KoopauHar npuauMmaercsa ICRF, To mapamerpsr oy, dg, W MOXKHO B34Th
u3 nybaukaiun jgokajga Pabodeit rpymibl Mo KapTorpaduaecKuM KOOPIU-
HaTaM U dJIeMeHTaM BpalieHns MexKIyHapoIHOTO aCTPOHOMHUYECKOT'O COI03a
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(IAU Working Group on Cartographic Coordinates and Rotational Elements)
Archinal et al. (2011).

B gactHOM c1ydae, Korja miaHeTa CINTAETCA CTPOTO OCECUMMETPUIHOIM,
0Ch T MOXKHO HAIPABUTH I10 JIMHUK [T€PECedeHns] S9KBATOPa ILJIAHETHI C ILJIOC-
KOCTbIO (7,y). st ompeie/IeHHOCTH 9TO CJlejiyeT CeIaTh TaK, YTOObl OCh T
Obl1a HallpaBJIeHa B BOCXOJSIINNA y3€/l IIJIOCKOCTU T,7 OTHOCUTEJIbHO ILIOC-
koctH (z,y). B aTom wactHOM ciydae marpuna Rg Gyer nmers Bu

—sinog — cosagsindy  cos ag cos Oy
Ry = cosqaqy —sinagsindg  sin ag cos dg
0 cos 0 sin &g

[Tockompky tranersr FOmmrep, Cartypn, Ypana, Hentyn m HekoTOpBIE
JIPyTHe TLJIAHETHI MOYTH OCECUMMETPUIHBI, TO YacTO BO3ZHUKAET BOIIPOC, Ka-
KOI M3 IIOJIIOCOB ILJIAHETHI CUUTATH CEeBEPHBIM. UTOOBI M30eKaTh IIyTaHU-
bl Paboueit rpymmoit mo kapTorpadutuecKuM KOODJIUHATAM U 3JIEMEHTaM
Bpareans MexKIyHapoIHOTO aCTPOHOMHYECKOTO COK3a IMPUHSATO PelreHne
(Archinal et al., 2011) cuuTaTh ceBepHBIM MOJIOCOM ILUIAHETHI TOT, KOTOPbIi
JIEXKAT B CeBEpHOil mosrycdepe 1o OTHONIEHNIO K TaK HA3bIBAEMON HEM3MeH-
Hoii mockocrn Cosreunoit cucremsl (The north pole is that pole of rotation
that lies on the north side of the invariable plane of the Solar System). Ko-
OPJIMHATHI MOJTIOCA, (IEPIIEH/MKYIIIPa K IJIOCKOCTH) HEM3MEHHO! ILIOCKOCTH
Comuegnoit cucrembl B cucreme [CRF smoxu J2000 paBHBL: mpsiMoe BOCXOK-
nenne o = 273.85 rpaj, ckionenne oy = 66.99 rpas.

B Tabmure 1 marorcs koopauHaThl noJifocos FOmurepa, CarypHa, Ypana
u Henrryna. Kak Bugno B rabsmrie, gy FOuurepa, CaTypha, YpaHa u3BecTHA
MIPEIECCHs TIOJTFOCOB.

3aMeTnM, 9TO CeBEPHBI MOJI0C Y paHa HaIlPaB/IeH B I0:KHOE MOJIyIIapue
HebecHOI cephl, TaK KaK CKJIOHEHWE IMOJIoca oTpurnareabio. OgHako Bpa-
IEeHNE IIJIAHETHl BOKPYT 9TOTO CEBEPHOI'O IOJIOCA ITPOUCXOIUT B O0OPATHOM
HAIpPaBJIeHUU (OT OCH Y K OCH T'), ¥ BEKTOP YIJIOBOil CKOPOCTH HAIIPABJIEH K
I0YKHOMY TIOJTIOCY.

[IpuBeem 371ech BhIpakeHUs JjIsi KOMIIOHEHT BeKTopa F' B m1aneToskBa-
TOPUAJbHOI cucTeMe KOOPAUHAT T, Y, Z C YI4€TOM TOJIbKO 30HAJIbHBIX rapMoO-
HUK ¢ Ko dunmentamu Jo u Jy.

3 g (.7 _. 5 7o (o zZ2 _

Fj = §Gm0J2T—5 5ﬁ —1)x+ gGm0J4ﬁ 63ﬁ — 42§ +3 x,
3 r2 [ Z? 5 rd z Z2

Fo==GmgJo2 [ 5= — 1|7+ =GmoJ,-2 (63= —42= + 3|75

7T 5 mo 2705 2 Y+ 3 mg 47 i 2 + Y,

3 2 =2 5 4 —4 =2
Fe=2Gmey® (55 —3) 2+ 20me s 0 (635 — 425 +15) =
2 rs 72 8 r7 rd 72

o1



Tabmuna 1: Koopaunarer mosmtoca B cucreme ICRF smoxu J2000 st Heko-
TOPBIX OONIbIMX TUIAaHeT. AprymenT 1" — BpeMsi B IOJIMAHCKUX CTOJIETHsIX (110

36525 cyTok) ot smoxu J2000.

HpHMOG BOCXOXKIcHHE Ckiionenne

[Inanera «p, rpax 0o, TpPa

FOmurep  268.056595 -0.006499 T 64.495303 +0.002413 T
Carypu  40.589 -0.036 T 83.537 -0.004 T

Ypau 257.311 -15.175

Hentyn  299.36 43.46

[Ipun BBIYKC/IEHNN TTPABBIX YacTeil ypaBHEHUN 3aJaHHBIMU SABJIAIOTCS KO-
OP/IMHATHI CIIyTHUKA B CUCTEME KOODP/IUHAT T, Y, Z, & B IIPEJIbLIyIIIe (POPMYJIbI
HYZKHO ITOJICTaBJIATh KOOPJUHATHI T, Y, Z. BBIMUCIUTD 3TH KOOPIMHATHI MOXK-
HO, MCIOJIB3Ys IIpeobpa3oBaHme

{Ea g? E}T = RO_I{I’ Y, Z}T'

Biecs BMecto Ro ™' MOMKHO HCIOIB30BATh TPAHCHOHUPOBAHHYIO MATPHILY
Ro”, mockompky Ro™! = Rg’ B ety opTOrOHAIBHOCTH STHX MATDHIL.

2.6. HpI/IGJII/I)KeHHbIﬁ ydeT BJIMAHUSA T'JIAaBHBIX CIIYTHHUKOB Ha JBU-
2KeHue JaJIeKUX CIIyTHUKOB IlJIaHEeTbI

PaccmoTrpuMm 3/1eCch 0H TIpueM, KOTOPBIN MIPUMEHSAETCsT JIJTsT yIeTa BIIns-
HUS TPUTs>KeHns raBHbIx ciyTHukoB FOmmrepa, Catypna, ¥Ypana u Herry-
Ha IIPpK1 MOZEJIMPOBaHUUN ABU2KCHUA JaJICKUX CIIYTHUKOB 9TUX IIJIAHET. PaCCTO—
AHUA JaJIEKUX CIIYTHUKOB J0 IIJIAHETBI 3HAYHUTE/JIbHO IIPEBOCXOJAT Pa3MepPhbl
[MOYTH KPYTOBBIX OPOWUT TJIABHBIX CIIyTHUKOB, KOTOPBIE JIBUXKYTCS MOYTH B
IJIOCKOCTH 9KBaTOPa IIaHeThl. [[pubInKeHHO MOKHO ITPUHATDH, 9TO OPOUTHI
IJIABHBIX CITYTHUKOB TOYHO KPYTOBBIE U TOYHO PACIIOJIOXKEHBI B ILJIOCKOCTH K-
Baropa 1ianeTsl. [lepuobl oOparenunit rIaBHbIX CIIyTHUKOB BOKPYT ILIaHe-
ThI SBHQYUTEJIbHO MCHbBIIE II€PHUOJ0B O6pa]l[eHI/Iﬂ JAJICKHUX CITYTHHUKOB. MO)KHO
PaBHOMEPHO PpaCIIPEAE/INTDh 110 BDEMEHU ITOJIOZKEHN A I'JITaBHBIX CIIYTHUKOB IIPDU
ydere UX BIUSHUS Ha Jajekne. Toraa Mbl 3aMeHsgeM peaibHbIe TJIABHbBIE CITyT-
HUKHM Ha OECKOHEYHO TOHKHME MaCCHBHBIE KPYTOBBIE KOJIbIIA, PACIIOJIOKEHHBIE
B ITIOCKOCTH 3KBaTopa ILIaHeTbl. Macchl KoJiel OyayT paBHBI MaccaM COOT-
BETCTBYIOIIUX CITyTHUKOB, & PAJIMYChl paBHBI pajilycaM UX KPYTOBBIX OPOUT.
B nebecHoit MexaHWKe TOJOOHBIE KOJIbIIA HA3BIBAIOT T'ayCCOBBIMU IO MMEHH
K.®. lN'aycca, KOTOpbIil BliepBble BBE UX B pacCMOTpeHne. 3Has Maccy M, u
pajmyc 7. KOJbIla MOYKHO JIETKO HailTu cuyioByio ¢pyHKImIO U, ero mpurske-
HUA B popMe pasjiozkeHus 1o chepudeckuM yHKImsaM. BoT aTo moaydaer-
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Cd:
U, = Gme 1— (%0)” J,(f)Pn(sin o),

r

n=2

r J(C)
J1e KO3 PUIUEHTs! Jy, W HaXOMASITCS W3 COOTHOIIEHUS

() — __¢c
J = o .(0).
0
[Tpu sTOM JIJI HeYeTHBIX 3HadeHuil n okaswbiBaercs, uyro P,(0) = 0, a npu
derHbIX n = 2k, rie k - nesoe, Py (0) BRrauCIgores mo (opmyiie

. (2K)!
Pyy,(0) = (=1) SR (RIVE
Taxkoit mpueM 3aMeHbI TVIABHBIX CIIyTHUKOB Ha IIPUTATHBAIONINE KOJIbIA B
MOJIEJIN JIBHKEHUsT JaJIeKIX CITy THUKOB ObLT ipuMeHeH B paborax (Emelyanov,
2005; Emesnnanos, Kanrep, 2005), rje moKa3aHo, 9TO P TOIHOCTH COBPE-
MEHHBIX HA3eMHBIX HaOJIIOAEHUI 9Ta 3aMeHa BIIOJIHE JIOIyCTUMA.

2.7. Mogesb OBMX>KEHHUsI CIIyTHUKA CXKaTOM IIJIAaHEThbI, OCHOBAHHAas
Ha penieHnu OoOO0OIIEeHHO 3a/1a4u ABYyX HEMOABUXKHBIX [IEHTPOB

s 6obINX IUTAaHET XapaKTEePHO CBOMCTBO CXKATOCTHU Tejia. JTO CaMbIil
rJIaBHBI (pakTOp Hecdepuunoctu. Buernneit cxkaroit dopme coryTcrByeT
HEIEHTPAJIBLHOCTh IPABUTAIIMOHHOTO 11015 11aHeThl. [losTomy B pasiioxkenun
CUIIOBO# (DYHKITNM TPUTsKeHus (35) mocsie TJIaBHOrO dJIeHa GTm JIOMUHUPY-
eT BTOpad 30HaJIbHAsg rapMOHUKa ¢ Kodddunmentom Jo. Pazioxenne cre-
IMAJILHO OBLIO 3aIlllCaHO B Takoi ¢gopme, 9To0bl 3TOT KO3 UIMEHT ObLI
[IOJIOYKUTEIHHBIM J1J1s1 OOJIBITNX TIJIAHET.

B nebecnoit mexanuke me/iajanuch pa3Hble MOMBITKH yUIeTa BTOPO 30HAb-
HO¥ TapMOHUKY B pertennn qudhepeHnnaabHbIX YPABHEHU T JIBUXKEHUST CITY T-
nuka. B paje pabor 9T0 Ha3bIBaeTCA IJIABHOM TPOOJIEMOIi.

B nebecHoit MexaHUKe JaBHO paccMaTpUBaeTCd MOJIe/bHAs 3a/1a9a O JIBU-
JKEHUHM MaTepHUaIbHON TOUKM B I10OJIE€ MPUTIKEHUs JIBYX HEIOIBUYKHBIX II€H-
TpoB. JIerko BUIeTh, ITO I'PABUTAIMOHHOE T10JI€ JIBYX HEIOJIBUKHBIX IIEHTPOB
OJIM3KO 10 CTPYKTYPE TOJII0 BBITSHYTOrO Tesa. OHAKO Bee OOJIbINNE TIIaHe-
ThI CXKATHI.

CuitoBast hyHKIMS TPUTIKEHUS JIBYX HEIOJBUKHBIX IIEHTPOB UMEET BU/T

Gm1 i Gm2 7 ( 3 6)

r1 ()

W =

rae msy, Mo — MaCChI IEHTPOB, a 7', 'y — PaCCTOAHUA OT HpHTHFHBaeMOfI MaCChbI
J0 KazK/JI0I'0 U3 HHUX. Ecim B HpﬂMoyFOﬂbHOﬁ cucreMe KopJuHaT T, 1y, < OCb
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Z HAIIPABUTDL IO JIMHUU, COCJUHAIONIENA IIEHTPLI, TO BbIPaKeHUA PaCCTOAHUN
Jepe3 KOOP/IMHATHI OyJIeT UMEeTh BU/I,

N e P DA Yy e

rjie 21, 2o CyTh KOOPJMHATHI IIEHTPOB.

Briepebie 91y 3a1ady /1ist cIydast TIOCKOTO JIBUKEHUST UCCIIEI0OBA W CBeJT
K kBajiparypam Jleonapa Diiiep (Euler, 1760, 1764). Tlosromy 3a1ady aByx
HEIOIBMKHBIX IIEHTPOB HA3BIBAIOT TakxKe 3adauetl, Jiaepa. B magame 20-ro
Beka lacron lapOy (Darboux, 1901) ykaszas Ha BO3MOXKHOCTH OGOOIIEHsT
3aJa4n Diljepa B ciIydae IJIOCKOTO IBUYKEHUS IIyTeM BBEIEHHSI KOMILIEKCHO
COIIPAKEHHBIX MaCC U MHUMOT'O PACCTOAHUA MEXKIAY HUMMU. CHHOB&H beHK—
IIUsT IPUTSZKEHUsST [P 9TOM BCerja MPUHUMAET JefCTBUTEIbHbIE 3HAUEHUSI,
a pellleHne 3aJa9n TaK:Ke CBOJUTCA K KBaJpaTrypam. DTo obodbienne JapOy
MOJIyYMJI KaK HEKOTOPBINT YUCTO MaTeMaTU4eCKuil pe3yJibTaT U He paccMmaT-
puBaJI BOSMOXKHOCTHU IJId €0 IIPaKTHUYIECKOI'O IIpUMEHEHU .

B pa6otre (Akcenos, I'pebernkos, demun, 1963) 1 B moC/IeIy0MIIEM TIHKIIE
paboT aBTOPOB pacCMOTPEHa 3aJiada O MPOCTPAHCTBEHHOM JIBUKEHUN MaTe-
PUAJIBHONM TOYKHU B I0JIE€ JIBYX HEIOJBUKHBIX IIEHTPOB C KOMILJIEKCHO COIIPS-
JKeHHBIMU MaCCaMHU U MHUMBIM PACCTOSTHUEM MEXK/1y HUMH. ABTOPBI Ha3BaJIu
9Ty MOIEb 0000ueHHotl 3a0aets 08YT HENOOSUNCHBLT UEHMPOS.

['naBublit mHTEpEC 3aj1ada MpecTaBisgeT Oyarojaps TOMY, YTO I'DaBUTAa-
IIMOHHOE TI0JIe TAaKOW CHCTEMBI JIBYX HEMOBUKHBIX IIEHTPOB OJIU3KO K ITOJIIO
IpUTszKeHusT cxKaToil mraHeTsl. [lokaxkem s1o. [Tomoxxum

my = g(l +v—=10), my = %(1 —v/—10),

T = \/:1:2+y2—|— [z—c(o*—l—\/—_l)f,
ro= 22+ 2+ [ — clo — VD),

rje ¢, o — JeficTBUTe/IbHbIe TapaMeTphl. Toraa cumoBas MYHKIUS TPUTIZKE-
HHUA B TaAKOU MOJEJHM IIPUMET BAJ

Gm [1+\/—_10 N 1—\/—_10].

2 1 )

w

(37)

OueBuiHO, 4TO OY/Iydu CyMMOI JIBYX KOMILIEKCHO CONPSI?KEHHDBIX BEJIMYUH,
cuoBast (PYHKINs OyIAeT JefiCTBUTEILHON BEJTMIHHOIN.

Pazmoxum dyuknuo W B ps o cepudeckum HyHKIUSIM. 3aIuImeM
pasioyKeHne B BU/IE

G < royn
W= Tm -3 (%) T Po(sing) | (38)

n=2
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IJie 7’9 UCKYCCTBEHHO BBEJICHHBIN IapaMeTp, a KoaddurmenTst J/, omnpeies-
IOTCA COOTHOITICHUSAMU

= (9 @+ Ve + VIt + (- VoTo)o - VI,

2 To
(n=2,3,...).
B wacTHOCTH, TMeeMm
N2
‘]é - (_) (]‘ + 02)7
To
c\3
Jy = 2(—) o(1+ o?).
To
Pasjioxkenue (38) coBepIlieHHO aHAJIOIMYHO PA3JIOXKEHUIO CHJIOBOI (DYHKIMN
ocecuMMeTpHIHOro Tesa. [Ipu srom Bummno, uto Jj > 0, a 970 COOTBETCTBYET
PA3JIOXKEHUIO CUJIOBON (DYHKITUU CZKATOTO TEJIA.
Ecnn teneps mpencTaBuTh CUIOBYIO (DYHKITUIO TPUTIKEHU TLTaHeThl U
BBujge U =W + R, To ;g R nosryaum

Gm = [To\" .
R=—Z2%" (%) (Ju = J) Palsing). (39)
n—
HeomnpeestenabIME 10 CHX TIOp TTapaMeTpaMi ¢, 0 MOXKHO PaCIOPSIINThCS
TakK, 9T00bI OKA3aJI0Ch

Jb=Jy, Jh=Js

Torma cymma B Bbipaxkenuu (39) Oyuer HaunHaTHCS ¢ 1 = 4, T. €. HEe OyueT
COJIEPZKATh BTOPOil 1 TpeTheil 30HAJIBHBIX TapMOHUK. Kpome Toro sy 3emiin,
Mapca, FOmurepa, Carypna, Ypana u Henryna okassisaercst, aro |J! | < |.J,|
1o Kpaitneit mepe g n = 4, 5, 6.

YpaBHEeHUs JBUKEHUs ¢ CUIOBOI (byHKIMed (37) HA3BIBAIOTCS yPABHEHY-
sIMU JIBUZKEHUST OOOOIIEHHOMN 3a/1a41 JIBYX HEIO/IBUKHBIX IIEHTPOB.

B crieyroreit ritaBe paccMOTPEHBI METOBI TEOPUU BO3MYIIEHUIT /)11 TIPHU-
OJIMKEHHOTO peIlleHns] YPaBHEHU JIBIKEHNsT B OOIIEM CJIydae, KOT/1a TOTHOe
pellienre He HaiijieHo. B Teopun BO3MyIIeHNll pellieHre HaX0/IUTCs B BUJIE Psi-
JIOB TIO CTEeIeHsIM MaJIbIX apaMeTpoB. MaJiocTs napaMeTpoB obecreunBaeTcst
MaJIOCTBIO OTHOINCHUS Bo3MyTIalomnieil pyHkimn R K OCHOBHOI YacTh CUJIO-
BOIl (DYHKIIMYM HEBO3MYIIIEHHOI'O JIBUKeHUsI. K/ 38 HEBO3MYIIIEHHOE JIBUKE-
HIe IPUHUMAaETCs JIBUKEHNE B 3a/la1e JIBYX TeJI, TO OCHOBHAsI 9aCTh CUJIOBOI
dyukIuu ectp V = %, a BosMymaroImas yHKIUsg [ B cBoeM pas/ioxKe-
HUU COJIEPKUT BTOPYIO M TPETHIO 30HAIbHbIE TapMOHUKH. Tor/a, Hampumep,
JIUISE He OY€Hb JIAJIEKUX UCKYCCTBeHHBIX ciryTHUKOB 3emyin (M1C3) orHorenue
R/V umeet nopsiyiok 1073,

Ecnu B xadecrBe cntoBoit (yHKIINM HEBO3MYIIEHHOTO JIBUZKEHUS B3AThb
CUJIOBYIO (DYHKIHIO ODOOIEHHON 3aJlaui JABYX HENOJBUXKHBIX IeHTpoB W
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(37), To pasnoxkenue Bo3mymaomieil dbyukpn R He 6y1er coaepxKaTh BTO-
PYIO U TPEThIO 30HAJIbHBIE TapMOHUKH. B sToM ciydae g NC3 oTHomenne
R/W 6yner umers nopganok 1078, Takoe ymeHbleHue MaJjoro mapamerpa
B TEOPUHU BO3MYIIEHUI 3HAYUTENTHHO ITOBBINIAET TOYHOCTH TEOPUU IIPH TEX
JKe Tporeypax nocrpoenus. OHAKO JI/Isd IPUMEHEHUS TEOPUU BO3MYIIIEHUI
HEODOXOIMMO UMETH TOYHOE pPeIleHUe YPABHEHU JIBUYKEHUS C CUJIOBOH (hyHK-
et W (37).

Temeps BCOMHMM, 9TO 3a/1a49a JABYX HEIIOJIBUKHBIX IEHTPOB CBeJeHaA J].
DittepoM K KBaiparypam. [loydennoe perrenne MpUroHO TaK»Ke W IPU CHU-
noBoit dyuknuu (37). DTuM obcTosITELCTBOM Bocmosb3oBaicss E. I1. Axk-
cenoB (AkcenoB, 1977). OH BbIIOJIHUII OOpAIleHIE KBAJIPATYDP M HOCTPOUI
HOBYIO HEKEIJIEPOBCKYIO ITPOMEXKYTOUHYIO OPOUTY CIIyTHUKA CXKATOW ILJIAHE-
Tbl. POPMYJIBI IPOMEKYTOTHON OPOUTHI TIPEJICTABIISIIOT KOOPIUHATHI U KOM-
MMOHEHTHI CKOPOCTH KakK (GyHKIMN Bpemern. OHU cojiepKaT pas3jioyKeHns 110
CTeleHsIM MaJIbIX I1apaMeTpoB, HponopruoHadbabix Ji u J4i/J,. Ha ocHoBe
IPOMEKYTOIHON OpOUTHI 0OOOIIEHHOM 3a1a91 IBYX HEIOIBUKHBIX IIEHTPOB
meronamu teopun Bosmyteruii E. I1. Axcenos (Akcenon, 1977) mocrpom
AHAJTUTUYIECKYIO TEOPHUIO JIBUYKEHIS UCKYCCTBEHHBIX CIIYTHUKOB 3emiin. Teo-
puUs YCIIENTHO IMPUMEHSIIACh B TeUeHUn psjaa JjeT. B jajnbHeiiem sta Teopus
OblIa yTOYHEHa W PeaM30BaHa B BHUJE BBIYHC/IUTE/HHBIX IIPOTPAMM B pa-
6orax H.B.Emenbsinosa (Emenbsinos, 1986). Bosee monpo6uo ¢ 06061ieHHOM
3aJladeil JIByX HEIOJIBUKHBIX IEHTPOB MOYKHO ITO3HAKOMHUTHCS B OO30PHOI
crarbe (Jlykpsno, Emenbsanos, [Hupmun, 2005).

AnaymTuyeckass TeOpus JBUMKEHHUS €CTECTBEHHBIX CIIYTHUKOB OOJIBIIIX
IUIAHET MOYKEeT OBITh TaKzKe IIOCTPOeHa Ha OCHOBe pelleHust 000OIeHHON 3a-
JIadu JIByX HEIOJBUKHBIX IEHTPOB. DTO OKa3bIBaeTcsd 3(PHEKTUBHBIM, €CJIU
JIOCTATOYHO ydeTa BTOPOW U TPeThbell 30HAJBHBIX TaPMOHUK B PA3JIOXKEHUU
CUJIOBOIl (DYHKIMY TPUTSI?KEHUS TIJIAHETHI U BO3MYIIEHUHN MIEPBOTO MOPSIKA
JUTST OCTAJIBHBIX BO3MYyTAOMuxX (hakTopoB. [ onpeenerus BO3MyIeHMit
0oJiee BBICOKUX TOPSIJIKOB TAKOH IOJIXO0J IIPUBOIUT K JTOBOJIBHO TPOMO3JIKUAM
BBIKJI/IKAM U OKa3bIBaeTCsad HeIMDDEKTUBHBIM.

[Ipu HEOOXOIMMOCTHU BOCIIOIB30BATHCS IPOMEXKYTOUHOI OPOUTON CITy THU-
Ka, OCHOBAHHOIl Ha peleHnn 0OOOIIEHHON 3a/aun JIBYX HEIOIBUKHBIX I€H-
TPOB, (POPMYJIBI JIJTsT BEITUC/IEHNsT KOOPIUHAT U CKOPOCTHU CITyTHUKA JIJIST JTIO-
6oro MOMeHTa BpEeMeHH JiydIlie B3aTh u3 paborel (AKceHoB u ap., 1988), re
OHU JafoTcsd B (bopMe, yI0OHOI JIjisi TpOrpaMMUpPOBaHUs BblunucieHuii, Kpo-
M€ TOr0, B 3TO# paboTe NPUBOAUTCS TEKCT BBIYUCIUTEILHON IPOrPAMMBI Ha
sI3bIKe TTporpammupoBannss Poprpan.

2.8. Mojgenu cujl HErpaBUTAMOHHOM MPUPOIbI, AeCTBYIOINX Ha

ncs3

HOCTpOQHI/Ie MOAeJIn Op6I/ITaJ'II)HOI‘O ABHU2KEHUA NCKYCCTBEHHOI'O CIIYTHUKAQ
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Bemyin (UC3) mpescrasisier coboii BecbMa aKTyaJIbHYIO 3aJady PaKTHIe-
CKOIl HEOECHOI MeXaHHKN. DTO CBI3aHO ¢ MIMPOKHUM ucroab3oBannem MC3
JUTST HYZK]T JITOJIEl, KUBYIUX Ha 3emiie. TPyIHO HMEPedrc/InTh BCe acleKThl
ucrniosibzoBanus 11C3. B ocHoBHOM, 3TO robajibHas HaBHUTallUsi, PeTPaHC-
JIAnsg UHMOOPMAIIMOHHBIX U BHJIEO CUT'HAJIOB BOKDPYT 3eMJIH, UCCCI0BAHUE
3eMJn U3 KOCMOCA, CIIyTHUKOBas reojumHaMuka. [ljis Bcex aTux 3a/iad HeoO-
XOJIUMO MAKCHUMAJILHO TOYHOE IPE/IBBIMHIC/IEHNAE MOJIOXKEHUN CIyTHUKOB HA
3aJIaHHBIE MOMEHTBI BPEMEHM.

Jsmxenne NNC3 momenupyercst Ha ocHOBe Jaud pepeHnuaabHbIX ypaBHe-
HUT JBU2KeHus. PerieHne ypaBHEHMI 3aBUCUT OT IapaMeTpPOB WM OT Ha-
YAJIbHBIX YCJIOBUIl YUCJICHHOrO MHTerpupoBanus. [lapaMerpbr mim Havab-
Hble YCJIOBUS YTOYHSIOTCA U3 HaOMojeHuil. Beerjia kejmaTebHO UMETh pe-
IIeHe YpaBHEHU JIBIKEHUs ¢ TOYHOCTBIO JTydIleil, 9eM TOTHOCTD HabJTIo 1e-
Huii. {11 9TOr0 mpekjie Bcero camMm ypaBHEHUs JIOJIZKHBI ObITh COCTaBJICHBI
CaMbIM TOYHBIM 00pPa30M.

Jlnst He ovenb yaasieHHBIX VC3 TOMUHUPYIOIIUM BJIMSHUEM Ha JIBUKE-
HUe SABJIeTCsd HechepUIHOCTh 3eM/in. BeiparkeHnue jijist BO3MYIIAIONIINX CHUJI,
00yCJTIOB/IEHHBIX HEC(HEPUIHOCTHIO 3eMJIN, TIOAPOOHO PACCMOTPEHbBI B IIPEIbI-
JIyIux pasjenax. [lapaMerpbl rpaBUTAIMOHHOTO MTOJI 3EMJIH OIIPE/IEIEHBI €
HEOOXOIMMOM TOYHOCTLIO.

Jlnst majiekux CIyTHUKOB, JBHKYIIUXCS Ha T'€OCHMHXPOHHBIX OpOUTax u
BBIIE, 3HAYUTE/ILHOE BJIMSHUE HA JIBUXKEHUE uMeeT nputskenue JIyHbr u
Coutaria. Yder 310oro paxkropa MOXKeT ObITh CHAeJIaH IIyTeM BKJIIOYEHUs B
ypaBaenus jpuzkeHnsi MIC3 cooTBETCTBYIONNX CIaraeMbIX B paMKax 3aa-
qan N TeJ, KaK 9TO pacCMOTPEHO Bbimie. J[jisg BhIYUCIEHUS TPABbIX dacTeil
ypaBHEHUH HY>KHO MaKCHUMAaJHLHO TOYHO 3HATDH rojoxkenne JIyaer n CosHIA.
DTO JesaeTcs ¢ HeoOXOUMOTT TOUHOCTBIO € UCIIOJIb30BAHIEM UMEIOIINXCS BbI-
COKOTOYHBIX 3deMepu/1 mianet u JIyHb.

Kpowme ykazanubix paxkTopos Ha asmxenne MIC3 oka3bIBalOT CyIecTBEH-
Hoe BJusinue (pbaKTOPbl HErPABUTAIMOHHOM Mpupojibl. [Ipexk e Bcero 3o co-
poTuB/IeHne aTMocdepbl U cBeToBoe JaBjeHne. OKazaoch, YTO ITPOTHO-
3UPOBAHUE U TIPEJBBIYUCICHIE STUX CUJ C HEOOXOJIUMOI TOYHOCTBIO IIPE/I-
cTaBjisieT co0O#l BechbMa TPYJHYIO 3ajady. B mrore umeHHo y4er pakTopoB
HEI'PABUTAIIMOHHON PUPOBI B OCHOBHOM U OTPAHUINBAET TOIHOCTD MOJIEIN
neuzkennss NC3.

PacemorpuMm 1ocsieioBaTe/IbHO, KaK MOYKHO YUUTBIBATH COIPOTUBJICHUE
aTMOocdepbl 1 CBETOBOE JIaB/IEHIE B ypaBHEHUAX JIBUKEHUsI CIlyTHUKOB. Had-
HEM C CONPOTUBJICHUS ATMOCKHEPHI.

Mosenab cuiibl COITPOTUBJIEHUS aTMOC(EpPHI.

CHIyTHUK JBMXKETCSI B BEPXHHUX CJIOSX aTMOCGepbl 3eMJIN, HCIBITHIBAT
COIPOTHUBJIeHNE BO3/yxa. OusmdyecKuil mporece B3anMOIeHCTBHS CIIyTHUKA, C
HaberafImrMI MOJIEKYJIaMIA BO3/IyXa MMEET TO CBOWCTBO, UTO CHJIA COIPO-
TUBJICHUSI MIPOIOPIMOHAbHA KBaPaTy OTHOCUTE/bHON ckopocTu. Tak ke,

o7



KaK U IMPU T0JIeTe CAMOJIeTa, HAIPABJICHUE CHUJIbI COIMPOTUBJICHUS 3aBUCUT
OT a’POJMHAMHUIECKUX CBOWCTB KOHCTPYKIIUU CIIYTHHKA W OT €r0 OpUeHTa-
IIUU OTHOCUTEIHLHO HAJETAIOIIEro MOTOKa BO3ayxa. Hampasienne 9Toi Cubl
BecbMa OJIN3KO K HAIIPABJIEHUIO, 0OPATHOMY BEKTOPY CKOPOCTH OTHOCUTETHHO
COITPOTUBJIATONIEHCST CPEJIBI. Y YeCTh BCEBO3MOXKHBIE BAPUAIINN BECHMa, CJIOXK-
HO, II0TOMY OCTAETCs IIPEJIIOIOKUTh, YTO HAIIPABJICHIE CUJIbI COIPOTUB/IE-
HUsI TOYHO ITPOTHBOIOJIOKHO BEKTOPY OTHOCHUTEIBHON CKOPOCTU CITyTHUKA.
[TockobKYy CKOPOCTH JBUKEHUsT aTMOC(hephbl MaJja M0 CPABHEHHIO CO CKOPO-
CTBIO JIBUYKEHUSI CITYTHUKA, MOYKHO JIOIIYCTUTH, YTO BEKTOP CKOPOCTH OTHOCH-
TEJbHO aTMOC(hEpbl COBIAJ/IAET ¢ BEKTOPOM CKOPOCTH OTHOCUTETHHO 3EMJIH.
O6o3HaYIUM MO/TyJIb 9TOr0 BEKTOpPa CKOpOCTH 1uepe3 V.

FnaBabIM hakTOPOM, OIPEIEISIIONTUM CUTY COITPOTHB/IEHUS, SIBJISETCS TLIOT-
HOCTB aTMOC(epPhl B TOUKe, TJie HAXOAUTCs CIyTHUK. ODO3HAYMNM 9Ty ILIOT-
HOCTB Yepe3 p. ConmpoTHuBIeHNe TPOIOPINOHAIBHO TIIOMA 1, ""3aMeTraroreit"
Bo3/1yX. O603HaNM 3Ty TI0IIA 6 Uepe3 A. [IoCKOJIbKY CIIyTHUK MOXKET Bpa-
IATHCS, TO 3T IJIOMIA/Ih MOXKET OBITH IIepeMeHHOI BO BpeMenu. Kciu HeBo3-
MOXKHO Y9€CTh BapPHUAIIUU, TO OCTAETCs IIPUHSITH HEKOTOPOE CPeJIHEee 3HATEHIE
A. Tlpomecc B3anMOeCTBUST ¢ MOJIEKYJIAMU BO3/IyXa 3aBUCUT OT COOTHOIIIE-
HUS MEXKJIy pasMepaMu CIIyTHUKA U JIJIMHON CBOOOHOrO mpodera MOJIEKYI.
Ha Boicorax 160 KM cpegasist ganHa cBOOOTHOTO mpobera cocTapisieT H0 meT-
pos. Ha GosibIiiix BeicoTax oHa erie 60JbIe. TO OOJIbIe OOBITHBIX Pa3Me-
pos C3. B takom ciiydae cuia COpoTUBIIeHUsT aTMOCKhEPhI yIBAUBACTCS 110
CPaBHEHWUIO C ee JIeHCTBUEM B IJIOTHBIX CJI0sX. B mrore mpore BBecTH B pac-
cMmoTpenne KodhdunuenT aspoguHaMudeckoro conporussenus C'p, KOTOPBIi
B 00bIiHBIX ciydadax VC3 ciegyer nmpuHaTh paBHbIM 2. B uTore Bosmyia-
foriee yckopenue Fy, jeficTByomniee Ha CIYTHUK CO CTOPOHBI aTMOChEPHI,
BbIpazkaeTcst (hopMyJIoit

F A= 1 pV2O Di

2 My
IJe Mg - Macca CIIyTHUKa. XapaKTepHOe JJjIsd JAHHOI'O CIIYTHUKA OTHOIICHHE
mis SIBJISIETCST OTIPEJIEJISIIONINM IIPH yUeTe BJIUAHUS COITPOTUBJIEHHUST aTMOCdhe-
PHBI. MaHbIe TeAKeJIble CIIYTHHUKAI 6y,ZLYT HCIIBITbIBATb MCHbLIICE COIIPOTHUBJIC-
HIe, 9eM CIIyTHUKHU-OaJIJIOHBI.

Camoii c103KHOM TTPOOIEMOIT TIPU yUIeTe paccMaTpuBaeMoro 3ddexra sB-
JIseTCsd ompeJie/ieHne IJIOTHOCTH aTMocepbl B TOYKE, Ve JIETUT CIIyTHUK.
[IpocrpancTBeHHOE pacipeie/ieHre IJIOTHOCTH aTMocdepbl BOKPYT 3eM/In
BecbMa cjoxkHoe. OHO K TOMY »Ke CHJIbHO MeHsieTcsi co BpemeHeM. Jlapie-
HIe BO3/lyXa Ha BbIcOTax Tpaektopuit UC3 MoxKeT nu3MeHSThCsI B HECKOJIBKO
pas, IpuYeM HellpeICKa3yMbIM 00pa30M. DTO XyKe, YeM IpeIcKa3aHue Toro-
Jibl Ha IoBepxHocTH 3emyin. CaMble CYIIEeCTBEHHbIE CBONCTBA PacIIpe e IeHUs
IUIOTHOCTH 3aKJII0YaIOTCs B CleayomeM. B HeKoTopoil JTokabHOi obracTu

o8



IIPOCTPpaHCTBa MOXKHO IIPUHATDH CJIQ,ZLYIOH_[I/Iﬁ 3aKOH pacIIpeJe/IcHuAd:

h
P = Po €Xp _E )

rje po — IVIOTHOCTH HA HEKOTOPOM HCXOJIHOM PACCTOAHUU OT 3eMJju, h — BbI-
COTa CIIyTHUKA OTHOCUTEJTHHO 3TOTO UCXOJIHOTO paccTosnud, H — HeKoTopas
MIOCTOAHHAS, KOTOPasd 3aBUCUT OT MCXOJHOTO paccToduud. V3 31oit (hopMysIb
CJIJTyeT, 9TO B JIOKAJbHON 00/IACTH IIJIOTHOCTH BO3/IyXa YOBIBAET 1O SKCITO-
HEHIIMAJILHOMY 3aKOHY C YBEJIUYEHUEM BLICOTDHI. Takas aHAJTUTUICCKAs 3aBH-
CUMOCTD [TO3BOJISET BBIBECTH 3aBUCHUMOCTD IJIOTHOCTH p OT KOOPJIUHAT CITYT-
HUKA. DTO y2Ke JIABAJIO Obl BO3MOXKHOCTH CTPOUTH AHAJUTUIECKYIO TEOPUIO
nemxkenns: IC3 ¢ ygyerom conporupienns armocdepbl. OIHAKO BO3ZHUKAET
TPYJHOCTDL Ha TAKOM IIYTHU U3-3a TOT'O, YTO MapaMeTp py He MOJJIACTCH JI0-
CTATOYHO TOYHOMY ITPOTHO3UPOBAHUIO & napameTp H, Ha3bIBaeMbIil MIKAJIONH
BBICOT, MOXKET OBbITh OIIPEJIeJIEH TOJIbKO SMIIMPUYECKHA. DTH JIBa IapaMeT-
pa OIpeHessIOTCs I JAHHOIO CIIYTHUKA 110 U3MEPEHUsIM JIBUKEHUsT 9TOrO
CaAMOTO CIIyTHUKA WJIU JIPYTUX, JBUKYIIUXCS B TOi ke obsactu. Camoit He
TIO/T/TATOIIEHCST TIPEIBBITIC/IEHUTO BEJIMINHON SIBJISIETCS IIJIOTHOCTD pg. Hanbo-
Jiee CyIlecTBeHHasi 0COOEHHOCTh PACIIPEJIe/ICHIS ee 3HAUYCHHS B ITPOCTPAHCTBRE
caelyeT U3 TOro, IYTo armocdepa 3eM/Iu CHUIbHO BRITSHYTa B cTopoHy CoJtH-
na. [TockobKy 3emiis BpalmaeTcs OTHOCUTEIBHO MEIIEHHO N3MEHSIOIIETrOCs
narnpasienus: Ha COJIHIE, TO TOBOPSAT O CYTOYHOM ropbe arMmocdepst. Mmeror-
cd M JIpyrue OCOOEHHOCTH paclpejie/ieHns TJI0OTHOCTU BO3/IyXa B IPOCTPAH-
crBe. V3Menenust py BO BpeMeHH OKA3bIBAIOTCS BeChMa 3HAUUTEbHBIME (B
HECKOJIBKO pa3) U TPY/JHO HpejickazyeMbiMu. [IpociiexknBaercst 3aBUCHMOCTD
IJIOTHOCTH aTMOC(ePhl OT COJTHEYHON aKTUBHOCTH, & TOUHEe OT TaK Ha3bIBae-
MOT'0 T€OMarHUTHOTO UHJEKca F', KOTOPBIl Pery/isipHO U3MEpSeTCs, HO OYTH
He MPOTrHO3upyeM BO BpeMeHu. CyIecTBYIOT MOJE/n aTMOChepbl, KOTOPbIe
3a/1AI0T pacipeeeHue IJI0THOCTUA BO3/lyXa B BEPXHUX CJIOAX KaK aHaJUTH-
JecKkue Win TabumdHble (DYHKIUNA OT KOOP/JUHAT U T'€OMarHUTHOI'O MHJIEKCA
F'. Takue Mojenn Ha3bIBalOT CTaHJIAPTHBIME aTMocdepamu. Hekoropbie ns
HUX IIYOJUKYIOTCSA KaK T'OCYJIapCTBEHHBIE CTAH/IAPTHI.

Nmenno HEmpecKkazyeMoCTh IJIOTHOCTH aTMOC(EPDI SIBJISIETCS TJIABHBIM
[IPEISITCTBUEM IT€PE/T IIOBBIMIIEHNEeM TOUTHOCTH MOjie/inpoBanus Jpuzkerus M1C3
Ha BbIcOTaxX, MeHbIMIX 800 KM.

Ha mpaxTuke mpuHUMAIOT Ty WX UHYIO MOJE/b aTMOC(epPbl U JIeIaioT
yUeT CONPOTHUBJIEHUSA aTMOChEphI JTUO0 INCIeHHBIM HHTEIPUPOBAHIEM yPaB-
HEHUIl JBUXKEHUsI, JTUOO IMOCTPOEHUEM IMPUOIUKEHHON aHAJIMTUIECKON Teo-
pun. OJHa U3 TAKWX aHATUTUIECKUIX Teopuii ommcana B KHure (AKCEHOB,
1977). CrencrBust 9TOi TEOPUH, TO €CTh ONUCAHKE CBOMCTB BO3MYIIEHHOIO
JIBUKEHUSI CIIy THUKA TIOJT JIeHCTBUEM COITPOTUBJICHIS aTMOC(hEPHI, TaeTCs H-
JKe B CIEeIUAJILHOM pasjielie.

Mogeab cuiibl JaBJeHUs CBETA.
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Teneps pacemoTpuM MexaHndIecKyo moaeab NC3, aBmKyerocs mo aeii-
CTBUEM IIPpUTA2KECHU A BeMJII/I 1 CBETOBOI'O JaBJICHUAI.

CrnyTHHUK OCBemaeTcss B OCHOBHOM co ctoponbl Cosaria. B mepBom mpu-
OJIMKEHNN 9TOT UCTOTHUK CBETa MOXKHO CUMTATH TOYEUHBIM U PACIIOIOKEH-
ubIiM B 1ieaTpe Costrila. [TockoIbKy crita cBeTOBOIrO JaBjeHus 0OpaTHO IIPO-
HOPIMOHAJIBHA PACCTOSHUIO 0 TOYEYHOI'O UCTOYHUKA CBETa, TO HallpalllBa-
€TCA naesd BBECTU COOTBETCTBYIOILYIO IIOIIPaBKYy K FpaBI/ITaHHOHHOﬁ ITIOCTOAH-
noit CoJiHITa, U CBETOBOE JIaBJIeHNEe OyJeT MPUHSATO BO BHUMAHNE B paMKax
ydeTa IpaBATAIMOHHBIX Bo3MyInennii. OIHAKO Ha MPaKTUKe Ha Tak BCe IIPO-
CTO.

TpysHocTr BO3HUKAIOT 1O JIBYM OCHOBHBIM IpuumHam. [lepBas — pas-
jquanble opueHTarnyun KoHcrpykiun VMC3 110 OTHOIEHUIO K HAIIPABJICHUIO Ha,
Couile, #, COOTBETCTBEHHO, PA3J/IMYHbIE IOBEPXHOCTH, ocBeraeMmble CoiH-
1eM. Bropast — BxoxK 1eHne CIIyTHUKA B TeHb oT 3eMJi. Korga ciyTHUK Haxo-
JINTCs B TEHU, CJIa CBETOBOI'O JaBJIEHNs OTCYTCTBYeT. B mpaBbix gacTsx aud-
depeHInaIbHbIX YPaBHEHUH IBUXKEHISI COOTBETCTBYIOIIEE CJIaraeMoe IIPOCTO
"BoikIIO9aercs".

O6e TPUYIUHBI JOCTAB/ISIIOT HEIIPEOIOJUMBIE MPEISITCTBUS JIJI TIOCTPOe-
HUsI aHAJTUTUIECKON TeOPUH JIBUKEHN CITyTHUKA. [[OMbITKN y4yeTa BO3MyIIie-
HUIl OT cBEeTOBOrO JaBjeHus B aprkennn NC3 aHanTHIeCKUME METOIaMU
Jesiasnch B pabore (BamkoBbsik, 1974). Hekoropble pe3ysibTaThl U3/I07KEHBI
HUZKE B CIEIUAJILHOM pasjielie.

[Ipu pertennn ypaBHEHUN JIBUZKEHUST METOJIAMU YHCJIEHHOIO WHTETrPUPO-
BaHUsI TOYKe BO3HUKAIOT TPyaHOCTH. OCOOEHHO 9TO BayKHO MPU MOJIETNPOBA-
HUW JIBUMKEHUsT CIIyTHUKOB, MCIIOJb3YeMbIX JIJIT HABUTAIIMNA U NEOJINHAMUKH,
Korza Tpedyercs 0cob60 BhICOKast TOUHOCTL. OcBeraeMas 0, b ITOBEPXHO-
CTH CIIyTHHUKA MOXKET MOJIEJTMPOBATHCs J1A00OPATOPHBIM CIIOCOOOM JI0 3aIlyCKa
Ha OpOUTYy, a OpMEHTAIUs CIIyTHUKA 3aJlaeTcd npu ero skciuryartanun. O
HaKO HpO6JIeMbI BOSHUKaIOT IIPU BbBIXO/E CHyTHI/IKa n3 TEHHU, KorjJda JaTUYNKH
cBera mpons3BoadaT monck CoJTHIA, a OpUEHTAIsI CIIyTHUKA He OIIpejie/IeHa.
JlomoTHUTEIbHYI0 TPYAHOCTH JOCTaBJISIET CBET, PACCedHHBI B armocdepe.
[Ipu Bocxome CouHila BOSHUKAET 3apsi’, CBET OT KOTOPOI TPYIHO MOIEINPO-
BaTh.

PaccemorpuMm BbIpazkeHue Jjid BO3MYIIAIONIEro yeKopeHus Fg, JneficTByio-
mero Ha MC3 u3-3a ceera, npuxojsiiero ot Todeanoro Cosnia. Beipakenue
MO>KHO 3aIliCaTh B BHUJE

A [d\?
Fo— kP (2,

rjie a’ — cpejnnee paccrosinue cryTHuKa or CosHia, Py — MOCTOSIHHAS COJI-
HEYHOI paJiallii Ha 3TOM CpPeIHEeM PACCTOAHNH A — IO b IOIMePEeTHOro
cedeHus CIIy THUKA OTHOCUTEIbHO HalpasjeHus Ha CoTHIle, M, — Macca CIIyT-
HUKa, kg — KO3(MDOUITUEHT, OIIPEIe IO OTpaKaTeIbHbIe CBONCTBA CIIyTHH-
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ka. s cchepruyaeckoro cryTHUKA U CIy9aeB 3epPKaJILHOIO OTPAKEHUS U TIOJI-
HOro morJionienus ceeta k, = 1. B apyrux ciydasx 3Havdenue KodduimeHTa
ks MOYXKeT HAXOAUTHCS ONBITHBIM IIyTeM IPHU Ja0OPATOPHBIX MCCJIETOBAHUIX
KOHCTPYKIIUH CITy THUKA.

Kak Bujno u3 mocsemneit hpopMysibl, BO3MYIIAIONIEEe YCKOPEHUE OT CBe-
TOBOT'O JIABJIEHUS MPOIIOPIIUOHAIBLHO OTHOIIECHUIO mis. Orcrozia ciemyer, 9To
HaOOJIbIIIee BJIUSIHAE CBETOBOTO JIABJICHUSI Ha JIBUKEHUE TIOJIYIAETC B CIIy-
Jae CIIyTHUKOB-OAJIJIOHOB.

Yder cBETOBOTO JIaBJIE€HNUS JIJIs1 HABUTAIIMOHHBIX Y T€OIMHAMIYECKUX CITyT-
HUKOB TPEJCTaBJIgeT HanboJIbiue TpyJAHocTH. Ha mpakTuke npuMmeHseTcs
MHO2KECTBO METOJIOB, U3JIOKEHHBIX B CIICIIUAJILHOI JINTepaType.
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I'naBa 3. Pemenne quddepeHnmnanbHbIX ypaBHEeHUIT ABUXKEHUsT Hebec-
HBIX TeJl. AHAJINTUYECKUE METObI

3.1. Iloaxoawl u MmeToabl pernenusi JuddepeHnnarIbHbIX YPaBHEHUN
JBU>KE€HUsT HEOECHBIX TeJl

JIBmkeHne HeOECHBIX TeJT ONTMCHIBACTCS 3aKOHAMU JIBUKEHNS, KOTOPBIE 3a-
JIAl0TCA (DYHKIUAMU, MIPEJICTABIISIONIUMEI KOOPJAUHATHI TeJa B 3aBUCUMOCTHU
ot BpeMmeHu. [loryauTh 911 HyHKIINKT MOXKHO Pa3JIUIHbIME ciiocobamMu. Pas-
JIMIHBIMU OKA3bIBAIOTCSI U CIIOCOOBI UX 0TOOpazkeHust. OOBITHO 1101 PYHKITU-
SIMU TIOHUMAIOT aHAJIMTUIECKIE BBIPAXKEHUS, COJIEPKAIIIE OIEPAINN CJIOXKE-
HUsI, YMHOYKEHUSI, JeJIeHNsI, BO3BE/IEHNUsI B CTEIIeHb, d/IeMeHTapHbIe (DyHKITUN:
JjorapudM, TPUTOHOMETpUYIeCKre (DYHKIMH, & TaKKe CleluaJibHble (hyHK-
nun. OJHAKO 3aKOH JBUKEHHS MOXKET ObITh 3aJlaH TabJIUIHBIM OITHCAHUEM
GyHKIWMI: YucIeHHble 3HAUeHN KOOPANHAT Ha PsiJi MOMEHTOB BPEMEHH.

B Teopun nBukenHmnst HeOECHBIX TeJI 3aKOH JIBUKEHHUsT BCErIa SBJISIETCS pe-
menueM jauddepennuaabHbIX ypaBHeHnl qBuKenud. [[puHiunuaabaoe pas-
JIMYHE 3aKJII0YaeTCA B CIIOCOOE TOJTYUICHUS PEICHUs YPABHEHUN JTBUKCHUS.
[TepBblit 110/1X0/1 3aK/TIOYAETCS B IOy I€HUNA aHAJTUTUIECKOTO PEIIeHUs , TIPe/I-
CTaB/IsIeMOro HabOpOM (YHKIIUI, MTOCIEI0BATEIbHOE BBIYUCICHNE KOTOPHIX
[IO3BOJIsIET HAWTH KOOP/IMHATHI HEOECHOTO TeJjia Ha JIFOO! 3a/[aHHbIT MOMEHT
BpeMeHn. AHAIUTHIECKAE METO/bI MO3BOJISIOT MOJIYIUTh CPa3y CeMeHcTBO
PeIennii, 3a/1aBAEMbIX PA3THIHBIMU 3HATEHUSIMI TTAPAMETPOB, OYKBEHHO BXO-
namux B popMmysibl. Bee Mojienin JIBUKEHUST ceMeiicTBa ONUCHIBAIOTCSA OJHU-
MU 1 TeMmu Ke dpopmyaamu. [TlapamerpaMu siBJISIOTCS TPOU3BOJIbHBIE TOCTO-
SIHHBIE aHAJIUTUYIECKOTO perieHus uddepenHnnaibubix ypaBueHuii. Boioop
[MOCTOSTHHBIX MOYKHO CJIeJIaTh Pa3JnIHbiME criocobamu. OJIMH U3 HUX — 9TO
TaK Ha3blBaeMble HAUAJIbHbIE YCIOBUS PEIIeHNs, T. €. 3HAUYEHNsT KOOPIUHAT U
KOMIIOHEHT CKOPOCTH HA HEKOTOPBIN OJWH HAYAJbHBIA MOMEHT BPEMEHHU 1.

[Tonb30BaThCd aHAJIUTHIECCKUM pENIeHNeM MOXKHO TaK: 3a/laeM OJINH pa3
IapaMeTpbl JBUKEeHHUsI. 3aTeM JIF000e JUCI0 pa3 3aJaeM IIPOU3BOJILHBINA MO-
MEHT BPEMeHH, [OJICTaB/IsIeM B aHAJIUTHIeCKue (DYHKIUHU, TTPEICTaBIAIONINe
pellieHre ypaBHEHWH JIBUYKEHWs, U IOJIydaeM 3HaUYeHUs KOOPJAWHAT U KOM-
MMOHEHT cKopocTH. Ha KasKJiblii MOMEHT BpeMEHHU oIllepaliid OJHa U Ta Ke.
[TosToMy BpeMs BBIYHUCJICHHI TPOMOPIIMOHAIBHO KOJUIECTBY MOMEHTOB, Ha
KOTOpPBIE HY?KHO 3HATH KOOPJIUHATHI, U HE 3aBUCUT OT WHTEPBaJIa BPEMEHH
MEXKIy HadaJIbHBIM U KOHEYHBIM MOMEHTAMM.

[Tosrygenne dpopMysn aHAJIUTHIECKOTO PEITEHNST — BECbMa CJIOYKHBIN U TPY-
noemkuii mporecc. OJHO XOPOIO — CIeIaTh ITO HY?KHO BCEro OJUH pPas.
[TockoJIbKy TOYHOrO pelnieHus ypaBHEHUH, KpOMe HECKOJbKUX MPOCTEHIIIX
CJIy9aeB, IOJIYIUTh HEBO3MOXKHO, TO PEIIeHHE BCerja MOoJIydaeTcs Ipud/Iu-
JKeHHBIM. TOYHOCTH 3aBUCHT OT TOrO, HACKOJBKO PA3BUTO AHAJIUTUIECKOE
perierre. YeM TOUHee HYXKHO pellleHHe, TeM 00jiee TPYJIOEMKHUil IOy daeT-
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csl TIporiecc ero nojydenus. [Ipeesn Hajmaraior BO3MOXKHOCTH ITPOU3BOJICTBA
AHAJUTUIECKIX BBIKJIAJIOK ¢ OTPOMHBIME (popMmyiaMu. B aTom mese Xoporio
[IOMOTAIOT METOJIbI KOMIBIOTEPHON ajredpbl. OHAKO M 9TH BO3MOXKHOCTH
HebecIpeeIbHbI.

Ananuruaeckoe perenne nuddepeHInaibHbIX ypaBHEHH JIBUKEHUsT HeHec-
HOT'O TeJIa MMOJIy9al0T MEeTOJAMU TEOPUN BO3MYIIEHUNH. DTUX METOI0B NMEET-
cg 6osbInioe paznoobpasue. Huke paccMOTpeHbl HEKOTOPBIE U3 HUX, & TaKKe
HEKOTOPbIC MOJICJIN ABU2KCHUA, IIOCTPOCHHBIEC aHAJJUTUICCKUMN METOJaMM.

[IpuHIUIIAIBLHO APYTUM SIBJISETCA METOJI, YHCJIEHHOIO MHTErPUPOBAHUA
nuddepeHImaIbHbIX ypaBHeHuil apukenns. K nacrosinemy BpeMeHu paspa-
00TaHO MHOYXKECTBO METOJIOB UUCJCHHOIO MHTEIPUPOBAHUS YPaBHEHUN JBU-
KEeHUAg. OCHOBHbIe CBOICTBA METOA0B YUCJICHHOT'O MHTCI'PUPOBaHUA PACCMOT-
PEHbI HU2KE B OTJ:[‘eJIbHOI'jI TJIaBeE.

MeTo/0B mocTpoeHus Mojiesieil TBuKeHnsi HeOECHBIX TeT K HACTOAIIEMY
BPEMEHH pa3paboTaHO Upe3BblYaitHo MHOTO. [Ipmemitembiii 0630p Bcex Me-
TOJOB MOJIy9HJ/ICs Obl HEOIPABIAHHO OOJIBIINM. 3JIeCh PACCMOTPEHBI TOJIHLKO
HEKOTOPBIe 13 HUX. BHIOOP TOTO, YTO PACCMOTPETH, OCHOBAH TOJIHLKO Ha, OIBITE
aBTOpA.

3.2. IlocTpoeHue aHAJIUTUYECKUX TEOPUl ABUXKEHUsI HEOECHBIX TeJl
MeTO/IaMU TE€OPUU BO3MYIIE€HUA

3.2.1. Ob6masi cxemMa Teopuu BO3MYIIEHUN

HpOCTeIL/'H_HaH MO/IeJIb JABU2KCHH A CIIYTHUKA ITIJIaHETHI — KCIIJIEPOBCKOE JIBU-
ZKEeHHne. MOILGJIB 1 3aKOH JBH2KCHUA ITOJIYYIalOTCd IIYTEM TOYHOI'O DEIICHUA
nuddepeHInaIbHBIX ypaBHeHUH 3a1a4un a1ByX Tes1. Creayromnime 3Talbl yco-
BEPIIEHCTBOBAHUSI MOJIEIN — y4eT BJIMAHUA JIpyrux (akrtopos. [yist sToro
B YpaBHEHHSI JIBUXKEHUA J100ABJIAIOTCSI COOTBETCTBYIOIINE JIOOJHUTEIbHBIE
wieHnbl. [Ipr 3TOM TOYHOrO aHATUTHYECKOTO PEIleHns YyPaBHEHUN HANTH yIKe
HEBO3MOYKHO.

Bceerna moctynHbl pa3amdHble METOIBI YUCIEHHOTO MHTEIPUPOBAHNUST (-
depeHIaIbHbIX YPaBHEHUN. DTUM METO/aM ITOCBAIIEH CIEIUaIbHBIN pa3-
jgen kuuru. Jpyroit myTh — moctpoeHue MpUOIMKEHHONO aHAJHUTHIECKOTO
pelenud MeToJaMu TEeOPUun BOBMyHleHHfI.

Teopust Bo3MyIIeHNIT TPUMEHSIETCST BO MHOTHX ObJracTax Hayku. OcHOB-
Hag ujesd BCIOJy OjiHa U Ta Ke. Pazjaumdarorcsd Juiib (hOpMbI METOJIOB U BU/L
dopmyn. PacemorpuM 3/1€Ch 0JIMH U3 METOJIOB TEOPUU BO3MYIIEHU B (hopMe,
HauboJIee 9acTo IpUMeHsIeMoil B HeOeCHO# MeXaHUKe.

J1Jtst IPOCTOTHI U HAIJISIIHOCTU U3JIOYKEHUS OCHOBHOW MJIEW METOJIa OTpa-
HUYIMMCA PaCCMOTPECHUEM MeXaHU4YeCcKOn MoOze/iu, B KOTOpOfI JABHU>KCHUIEC Ma-
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TepuabHO TOYKU ONUChIBaeTCA JuddepeHnaIbHbIMI yPABHECHUSIMEI BUIA

d*x oU d*y OoU d*z OU 10

a2 Oz’ dt2 9y’ dt?2 0z’ (40)

e ,Y,2z — KOOPAUHATHI MaTepHaJbHON TOYKN B HEKOTOPOM CcHCTeMe IIpsi-
MOYTOJIbHBIX KOOpJMHAT, t — Bpems, a U — cuyoBag pyHkius. Kak npasuio,
B IIPAKTUYECKUX 3a/Ia9aX CUIOBas (DYHKIIUA UMeeT TaKOH BUJI, ITPU KOTOPOM
TOYHOE aHAJUTHIECKOE PeIlleHre YPaBHEHUH JIBUKEHUsST HAWNTH HEBO3MOXKHO.
OcHoBHas wjesd TEOPUM BO3BMYIIEHUI 3aK/II0YaeTcd B clieaylomemM. Pas-

JIOZKUM CUJIOBYIO (DYHKIIMIO Ha JIBA CJIAraeMbIX
U=V+R
[pU CODOJIFO/IEHNN CJIE/IYIONIUX JIBYX YCJIOBUIL:

1. Ilocne 3amMenbl B ypaBHEHHAX JIBUKEHUs cuIoBOil (ynkmum U mHa
dyukmmio V' moxker ObITH HailjleHO UX O0Iee aHAJTUTUIECKOE periie-
HUeE.

2. Ilo kpaiineit Mepe B 00/1aCTH PACCMATPUBAEMOTO JIBUKEHUS BBITIOJTHSI-
ercs HepaseHCTRO |R| < |V .

Pasymeercst, ne B j1o6oit 3aja4e Takoe pasbuenue Bo3MOXKHO. 1o Kpaii-
Heli Mepe BBIIIOJIHEHKE TIEPBOTO YCIOBUSI Y2Ke TT03BOJIAET (POPMAIBLHO CTPOUTH
pellieHne epBOHAYAIBHBIX ypaBHeHuit (40) MeToaMu Teopuu BO3MYIICHHIA.
OHaKOo NPaKTUYECKU HHTEPEeC IPEJACTABIAIOT CIyYan, KOIJIa BhIITOJIHIETCS
TaKzKe U BTOPOE YCJIOBHE.

YpaBuenus

d*x OV &y 0OV d*z OV i

a2 ox’ dt2 Oy’ dt2 Oz (41)
HA3BIBAIOT yPABHEHUAME HEBO3MYIIECHHOIO JIBUKEHUSI, UCXOJAHbIE YPABHEHIA
(40) — ypaBHEHUsIME BO3MYIIIEHHOTO JBUKEHUs, & R — BosaMymiatomieii pyHK-
meit. Vexomubie ypasaerns (40) MOXKHO 3anucarb B popme

dz B dy _ » dz

a z, dt Y, a 2.:7
(42)
dy _ O(V+R) dz __ O(V+R) di __ O(V+R)

dt oy ! dt 0z 7 dt ox

rje mepeMeHHble X, Y, 2, &, 1, £ SBJIII0TCSI UCKOMBIMU (DYHKITUSMU.
Ob1ee perieHne ypaBHEHUIT HEBO3MYIIEHHOTO JIBUYKEHHUS Oy/IeT MMeTb
BHJT

l’(t, ¢, C2, C3, C4, C5, Cﬁ)a
y(t761,C2,63,C4,C5,C6 )
Z(t7017627c3ac4705766 )

)
)
&(t, c1, 2, C3,C4, C5, Cg),
?)Et, C1, Ca, €3, C4, Cs, 6637

S B S B
I

=z t,01702,03,C4,C5,CG )
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rae ¢, Co, C3,Cyq, C5, Cg — ITPOU3BOJILHBIE TIOCTOSIHHBIE.

B mMetose Teopun Bo3MyIeHuit mociegane (GopMysIbl UCIIOJIB3YIOTCS KakK
dOpMYyJIBI 3aMEHBI IIEPEMEHHBIX X, Y, 2, &, 1, £ Ha TePEMEHHbIE 1, Co, C3, C4,
C5, Cg B YDABHEHUSAX BO3MYIIEHHOTO JIBUKeHUsT (42). 3aMeHAI0TCS 3aBUCHMbIE
IepeMeHHble — HCKOMbIe (PYHKIUU. B uTore mpeodbpaszoBaHuii moydaioT aud-
depeHImaIbHble ypaBHEHNA BO3MYIIEHHOIO JBUKEHISI OTHOCUTEIHHO HOBBIX
IIepeMeHHbIX (i, C2, C3,Cy4,C5,Cg B BUJIC

% = Ci(t,Cl,CQ,Cg,C4,C5,C6), (’L = 1,2,3,4,5,6) (44)

TouHOe aHAIMTHIECKOE PEIleHe ITHX YPABHEHUI Tak »Ke, KaK U ypaBHe-
uuii (40), Haiitu HeBo3MOKHO. OIHAKO OHU UMEIOT OJIHO OYEBU/IHOE IIPEUMY-
mectBo. Ecim B ypaBHenusix (42) monoxkuth R = 0, TO OHU IIpeBpaTATCs
B ypasHenust (41), a B cooTBeTCTBYIOIEM perieHun (43) apryMeHThl ¢y, Ca,
3, Cy4, C5, Cg OYIyT MOCTOAHHBIMU Besmunnamu. CJieioBaTe/ibHO, B IIpeobpa-
30BaHHBIX ypaBHEHUsX (44) mpaBble JacTh OKayKyTCs paBHbIMU HyJO. [Ipn
R, me paBHOil HYJI0, U COO/IIOJEHUN BTOPOT'O yCJIOBUSA ITPUMEHEHUS TEOPUN
Bosmymiennii |R| < |V| npaBele wactu ypasrenuii (44) GymyT cojepKaTh
MHOXKHUTEJIeM HEKOTOPBII MAJIBIN IMapaMeTp. DTO MO3BOJISIeT HAXOINTh MPU-
OJIMKEHHOE pellleHne ypaBHeHH BO3MYIIEHHOTO JIBUZKEHUsT METOIOM MaJIOTrO
napamerpa. YCIex ero npuMeHeHWsl 3aBUCUT B MEPBYIO OYEPE/Ib OT BEJIUIH-
HBI CAMOI'0 MAJIOT0 IapaMerpa, To ecTb ot orHorenus |R|/|V]. [losromy npu
paznioxkeHun cuoBoit pyuknuu U Ha jaBa ciaraembix V' m R ecTecTBEHHO
CTpeMJIeHVe yMEHbIINTh BeJU4InHy |R| Opu COXpaHEHHH IEePBOrO yCIOBUSI
[IPUMEHEHUsT METOI0B TEOPUN BO3MYIIEHUIA.

B pasnoobpasun 3a1ad HeOeCHOI MeXaHWKU BHJI ypPaBHEHWI JIBUKEHMS
[pU TIPUMEHEHUU METOJIOB TEOPUH BO3MYIIEHUI MOMXKET OBITH PA3JTUIHBIM,
OJTHAKO O0ITasi cXemMa U3JI0KEHHOT'O 3JIeCh OJIX0Ja COXPAHSIETCH.

3.2.2. ObcTosiTeILCTBA B ABUKEHUU PEAJIbHBIX HEOECHBIX TeJl, I103-
BOJISIONINE IPUMEHSITh METOAbI TEOPUMN BO3MYIIEHU

B obmem cirydae npu pacCMOTPEHUU JIBUYKEHUS ITPOU3BOJILHOIO YUC/IA
HEOECHBIX TEJI COBCEM HE OYEBUJIHO, YTO BBITOJHAIOTCA YCJIOBUA TPUMEHEHUS
MeTO0B Teopun Bo3mytieHuit. OTHAKO B COOTHONIEHUSIX Pa3MepPOB OOJIbITIH-
CTBa peabHbIX HEOECHBIX TeJ, PACCTOSHII MeXK/1y HUMU U CBOIICTBAaX UX JIBU-
JKEHUs CyIIECTBYET OllpejiesieHHas nepapxus. [lapameTps! gBuzKeHus mianer
CoJtHEeYHOI CUCTEMBI U MOYTH BCEX UX CIIYTHUKOB Y/IOBJIETBOPSIOT YCJIOBUSM,
HEeOOXOUMBIM JIJII PEIIeHNs YPaBHEHU I JIBUKEHIS METOIAMI TEOPUHU BO3MY-
mennii. PaceMoTpuM HECKOJIBKO KOHKPETHBIX CIyYaeB, KOTOPbIE IIPUBOIAT K
dbyHIaMerTaATBHBIM 33/1a9aM Teopun JBuKeHus Tesi COTHEeTHO CUCTEMBbI.

Cuauvasia ynmpoctuMm paccMoTpenue cucreMbl CoJIHIIA, IJIAHET U CITYTHH-
KOB, TI0JIarag, 9TO BCe 3TU TeJjla SIBJISIOTCSI MaTepUaIbHBIMU TOYKaMu. Torjaa
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K HUM HO,ZLOP'I,ZLGT MeXaHn49eCKad MOJAEJIb 3aJa49 O ABU2KCHUN T + 1 MaTepu-
aJIbHOII TOYKU. Cpe,[LI/I ATUX TOYEK 6yLLyT COJIHL[G, IJIaHEThlI 1 UX CIIYTHUKH.
ITomecTum Haugaso KOOpJuHAT B OAHY N3 HUX. OHI/IH_IeM JABN>KEHUE CHUCTEMBI
n + 1 MaTepHuaJIbHBbIX TOYEK ypaBHEHHUAMU OTHOCUTEJIbHOT'O JBUZKEHUA

= = = 45
dt? 8331 ’ dt? 83/@ ’ dt? (9zi ’ ( )

rie

!
G(mo +m;) = 1wy +yy; + 2%
V; — N Rz :G N e ) tJ] =]

r; ’ Zm] Aij T ’

j=1 J

Ay = \/(%‘—$i)2+(yj—yi)2+(zj—zi)2, ri =\ +yP A+ 27
ri = /13 +yi+ 22,

(G — rpaBUTAIMOHHAsS TOCTOSIHHAS, T;, Vi, 2i,M; (1 = 1,2,...,n) — npsmMo-
YTOJIbHBIE KOOPAUHATHI U MACChl TEJI, COOTBETCTBEHHO, & Mg — Macca IeH-
TpasbHoro Testa. IITpux y 3HaKa CyMMBI O3HAYAET, ITO OTCYTCTBYET Cjara-
eMoe Ipu  j = i.

PaceMoTpruM HECKOJIBKO TPAKTHIECKUX 3a/1a4.

Ilnanernas 3aga4a.

Byuem usydars auzkenue n miaHer 1noj jeiicrsuem nputszkenus CosrH-
1A ¥ UX B3aMMHOIO IPUTSKeHUA. MaJIbIM BIMsAHUEM APYIUX TeJ Ipenebpe-

’KeM. B ypaBHEHUSAX OTHOCUTETHHOIO JIBUKEHUS IEHTPATBLHBIM TeJIOM Oy1eT
Comnune. B nannoMm cirydae Jijid ypaBHeHHIT HEBO3MYIIIEHHOTO JIBUZKEHUS 11PU
R, =0 (i:=1,2,...,n) u3BecTHO 0OOIllee peIlleHNE, TAK KaK CHCTEMa ypaB-
HEHUIT paciaaeTcs Ha 7N HE3aBUCHUMbBIX CUCTEM YPaBHEHUN JIBUXKEHUS JIBYX
TeJs, JJIsi KayKJI0r0 U3 KOTOPBIX M3BECTHO 00IIee peleHne. Takum oOpasoM,
IIEpBOE YCJIOBUE NPUMEHEHNs METOJO0B TeOPUU BO3MYIIEHUIl BBIIOJJIHIETCH.
[IpoBepuM Terephb BBITIOJTHEHNE BTOPOI'O yCJIOBHUS. PaccMOoTpuMm oTHOIEHUE
R;/V;. I3 ypaBHEHUIT OTHOCUTEJIBLHOIO JIBUKEHUST CJIEJIyeT

n !/
Ri 3 m; i rilwg 4 iyt ziz) | (46)
Vi = Mo +m; [ Ay 7

J

Snech i = 1,2,...,n.

[TapameTpsl opOUT J1eBATH OOJIBIIUX IIJIAHET TAKOBBI, UTO ILJIAHETHI HE MC-
MIBITBIBAIOT HU TECHBIX cOTnKennii ¢ COJTHIIEM, HU TECHBIX B3AUMHBIX COJTHKE-
uuit. [losToMmy Bermumnuer 25, Y;, 2, Ayj, 75 MOKHO CUHTATH BeJIMIMHAMM IIPH-
MepHO ojiHOro nopsiyika. C apyroit cToponsl, ciaraembie B dhopmyiie (46) ume-

0T MHOXKUTEJTN
m;

)
mo + my
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KOTOPBIE SIBJITIOTCSA MAJIBIME [IApaMeTpaMé B CHJIY MAJIOCTU MACC ILIAHET 110
cpasaennto ¢ Maccoit Cosaria. Takum 00pa3oM BBITIOJTHEHIE BTOPOTO YCIOBUST
MPUMEHEHUs] METOJIOB TEOPUH BO3MYIIEHUI B IIAHETHON 3a/1ade obecriednBa-
eTcs MaJIOCThI0 MacC IJIAHET 110 cpaBHenuio ¢ maccoit Costara. [lpu permennn
YPaBHEHUIT BO3MYIIEHHOTO JBUKeHUs (44) MaJIbIMu ITapaMeTpaMy B ILJIAHET-
HOIT 3aj1a1e OYIyT OTHOIIECHMS

my

g = (G=1,2,...n).

mo
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CiryTHMKOBas 3aaad4a.

PaccmoTpuM JiBUKeHNE CUCTEMBI CITY THUKOB ILIAHETHI 1O/ JIEHCTBUEM ITPH-
TsiKenus 1ianeTbl, COHIIA U B3aUMHOTO MPUTSKEHUS CIyTHUKOB. [IpuTs-
JKEeHHeM JIpYTUX IUIaHeT ITpeHeOpeKeM B CUJIy UX yaajeHHocTH. [Ipursdke-
nueM CoJiHITa, HECMOTPs HA €ro YIaJeHHOCTh, TpeHeOpedhb HesIb3sd, TaK KakK
OHO mMeeT OOJIBITYI0 Maccy. B ypaBHEHHSAX OTHOCUTEILHOIO JIBUZKEHUS TI€H-
TpaJbHBIM TesjoM OyieT manera. C Hell U COBMECTHM HAYAJIO KOOD/IMHAT.
Comnre 6ymem caurarh TeoMm HoMep 1 (i = 1). YpaBuenus npu i = 1 pac-
CMaTpUBaTh He OyJeM, TaK KaK OHU OIIPEJIEJAI0OT OTHOCUTEIbHOE JBUZKEHUE
mianeTsl 1 CostHIA.

B paccmarpuBaeMoil criyTHUKOBOI 3aja4e i YpaBHEHUN HEBO3MYIIEH-
HOro sBrKeHus mpu R; = 0 (1 = 2,3,...,n) Takxke M3BECTHO OOIIee pe-
IeHne, TaK KaK CUCTeMa YPaBHEHUN PacIiaaeTcd Ha He3aBUCUMbBIE CUCTEMbI
yPaBHEHMIT JIBUZKEHNs IBYX Tesl. TakuM oOpa3oM, epBoe yCJIOBUE MpUMeHe-
HUsI METOJIOB TEOPHUH BO3MYIIEHUI BhINOIHAeTC. [IpoBepuM Terepb BBITIOJI-
HEHUE BTOPOro ycjoBus. PaccMoTpuM BhIpazkeHue

n /
B _ S riTi; + yiy; + 2i%) (47)
‘/i = mqo + m; Aij T’3

J

gt = 2,...,n. MajgocTb ciaraeMbIX pu j = 2, ..., N TaKXKe, KaK 1 B ILJIaHET-

HOII 3a/1a4e, obeclieunBaeTcsa MaJIOCTBIO MaCC CIlyTHUKOB 117 110 CPAaBHEHHIO C

Maccoii aneTsl mg. Ciaraemoe ipu j = 1 (Biugnue nputsikenns CostHIA)

Tpebyer ocoboro paccmorperus. ObO3HAYMNM 3TO cjlaraemMoe B Benndanne R;
R; R;

uepes (R;); , a B Bemuune 7+ — depes (7)1
5 %

Bocmosb3yemest cOOTHOIIEHUSIME
2 2, .2
;X1 + Yiyn + 221 = rrpcos Hyy, A7 =1 +1r] — 21y cos Hy;.

31ech r; — IIAHETOLEHTPUYECKOE PACCTOAHUE CIlyTHUKA, T — MeJINOLEHTPH-
YeCKOe pacCTOdHUe IIaHeThl, a Hi; — yroa MexKjy IJIAHEeTOHEHTPUYCCKUMU
HanpapjeHusaMEu Ha ciyTHuK u Ha Cosnie. O9eBHIHO, YTO IIOKA CIyTHHK
OCTAETCsl CIIyTHUKOM IJIAHETBI, OTHOIIEHUE 7;/r1 Oyaer MaabiM. Pasioxum
BEJINIUHY A%l’ a 3areM u (R;); B psJI IO CTENEHIM MAJIOTO IapaMeTpa r;/T1.
bBynem nmeTn

(R)1=Gmy — 14 (7 (B, - 1)+
i)l — my — — — COS i = AP
! 17"1 T1 2 ! 2

IJle HEBBIMUCAHHBIE UJIEHBI UMEIOT 0OoJjiee BBICOKHUIl MOPSIIOK MAaJIOCTH, UeM
Ti\2
(r1> ‘

Bosmymarormas dpynknus R; BXOIUT B ypaBHEHUS JIBUKEHUS TOJIBKO TTOJT
3HAKOM IIPOM3BOJIHBIX 1O T, Vs, 2;- [IPOU3BOJIHBIE OT IIEPBOrO CJIATAEMOIO
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naayT "Hysab. [oaTomy ero Mmoo omyctuth. OcTaBiisgs TOJBKO CAMOE CYIIe-
CTBEHHOE CJlar'aeMoO€e B Pa3JIOXKEeHNUH, I10JIyINM

r? (3, 1
(Ri)lszl 7’_% §COS Hll_§

Torna mpenebperasi Maccoi CIlyTHHKA 1M; IO CPABHEHUIO C MaCCO ILJIaHEThI

mo CJaracMoe B BEJIMYNHE % O6YCJIOBJIGHH06 IPUTA2KEHNEM COJIHLL&, MOZKHO

Y
k3

3almcaTb B BUJIE

Ri mq 3 3 2 1
Vi), T me i\ 27 T

~

w

Hecmotpst na To, uro macca CoJtHila m; BO MHOTO pa3 bOJIbIIE MACCHI ILTa-
HEThI M, OTHOIIIEHUE (%)1 JJIsl CIIyTHUKOB IIJIAHET OKa3bIBaeTCsl MaJIOil Be-
JIMYUHOI 3a CYEeT TOI'0, YTO PACCTOSHUS CIIyTHUKOB JIO IIJIAHETBI 7; MAJbl 110
CpaBHEHUIO ¢ paccTosinueM 1 aHeTs! 10 Cosaia. Takum 06pa3om, BBITTO-
HEHHE BTOPOI'O YCJIOBUS IIPUMEHEHUd METOJI0OB T€OPUM BO3MYIIEHUI B CILyT-
HUKOBOI 3a/1ate 00eCIeunBaeTCs MAJIOCTBIO MACC CIIyTHUKOB Mg, M3, ..., My,
110 CPABHEHMIO C MAaCCOi IJIaHETHI 1M, & TaKXKe MaJOCThIO PACCTOSHUN CITyT-
HUKOB JI0 IIJIAHETHI 110 CPaBHEHWIO ¢ paccrosHueM rraHeTsl 10 Comara. [Ipn
pellleHnH ypaBHEeHUiT BO3SMYIIEHHOTO JiBuzKeHus (44) B CIyTHUKOBOI 3a/1ade

HCIIOJIB3YIOTCA cJeAyrone MaJibie ITapaMeTpPbl:
3
/ m T_]

] i =2.3,...n).
5 g 13 (=2, n)

Bnech paccrosiius 1; (j = 2,3, ..., n) I3MEHSIOTCA BO BpeMenu. Uro6b! napa-
MeTPbI ObLIN JEHCTBUTEILHO TOCTOTHHBIMU, U3MEHSOIINECsT PACCTOSTHUS 3a-
MEHSIIOT Ha IIPUOJINZKEHHbIE UX 3HAUYCHUsI, PABHBIE OOJIBIITUM IT0JIYOCSAM Kelljie-
POBBIX OpOUT, KOTOphIE UCIOJb3YIOTCA KaK HYJIeBOe IPUOJIMKEHUE MOJIE/IN
JBUzKeHns. MOXKHO TakzKe UCIOJIb30BaTh CPEJIHUE JIBUKCHUS KEIJIEPOBOTO
nBuzkenns. Toraa MaJbIMu TapaMeTpaMu OyLyT

3
my a; n .
gh=— -2 =— (j=2,3,..,n)
7 3 ) ) Y
mo ay n

SN N

riae ay,a; — DO0JIBIIINE [IOJIYOCH, & ni,n; — Cpeanue JIBUKECHNI.
) Y ’ 2177
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Baaya 0 JABUXKEHUM CIIyTHUKA HeC(EPUYIHOMN MJIaHETHI.
PaccmoTpuMm Teniepb npumep JIBUXKEHU B 3a/1a4€ JIBYX TeJI, KOTJIa OJTHO U3
Tes1 (CIYTHUK) MOYKHO CYATATH MATEePUATBHON TOUKOIlL, a jpyroe (TiaHera)
CO3/IaeT TPABUTAIMOHHOE I110J1€, OTJIMIHOE OT TPABUTAIMOHHOTO TI0JIsi MaTe-
pUAJIBHOI TOYKH. YpaBHEHUs JIBUZKEHUSI CIyTHUKA B 9TOM CJIy9ae MOXKHO
3aIiCATh B BUIE
#x OV +R) &y OV+R) Az OV +R) 15
a2 ox 42 oy T dt2 0z (48)

riae
Gm’ GmJ ( Y, )’
r

V:

r
T, 1Y, Z — IJIAHETOICHTPUIECKUE IIPAMOYTOJIbHbBIE KOOPDJAUHATHI CIIyTHUKA, 1710 -

Macca IaHeTbl, (G — rpaBUTAIIMOHHASI IOCTOSTHHASA, T = /22 + y? + 22, J —
HocTosHHBI mapamerp, a X (z,y, z) — HeKoTopast u3BecTHas dyHkius. [lo-
CJIETHIMU JIBYMSI BEJIMYMHAMU MOYKHO PACIOPSINTHCA TAK, ITOOBI (DYHKITUS
X(z,y,2z) B objacTu JBMXKEHHUs CIlyTHUKA [IPUHAMAJA 3HAYEHUsI, HEMHOI'O
oTmyalonuecs ot eaunuipl. [lapamerp J B 3TOM ciydae OyJieT Xapakre-
pU30BaTh OTINYME TJIAHETHI OT Iapa € KOHIEHTPUYECKUM DPACIIPeIe/IeHN-
eM IJIOTHOCTH. VI3BecTHbIe rpaBUTAIMOHHBIE TIOJIsT 3eMJIH, JIPYTUX ILUIAHET U
MHOTHX €CTECTBEHHBIX CIIyTHUKOB ILUIAHET MAJIO OTIUYAIOTCA OT IOJIS MPU-
TAKEHUs MaTepraabHOil Touku. [losToMy ycioBUS MPpUMEHMMOCTH METOJIOB
TEOPUU BO3MYIIEHUIT B JIAHHOM CJIydae TaKKe BBINOJHSAIOTC, a J sBsgercs
XapaKTEePHBIM MAaJIbIM TapaMeTPOM.

@opmbl OOJIBIMX IJIAHET W UX OCHOBHBIX CITYyTHUKOB OJTM3KU K hopme
c2KaToro ocecuMMeTpudnoro teja. [lostomy B kadectBe napamerpa J 6epet-
cst KO3 DUIMEeHT IpU BTOPOIl 30HAIBHON TapMOHUKE Pa3JIOKEHUS CUJIOBOI
dyHKIUN TPUTIKEHUS TIJIAHETHI B PsJL 110 chepuiecKuM (PyHKITUIM.

Jpyrue ciay4dau MpuUMeHEHUsI TEOPUN BO3MYIIEHUIA.

Paccmorpennbie Bbilie KOHMUTYyparun HEOECHBIX TeJl ABJISIOTCA JIUIIh
[IpUMEPAMU MHOTOYUC/IEHHBIX TPUMEHEHU TeOPUU BO3MYIIEHUI B HEOECHOI
MexaHnuke. OTMETHM 3/1eCh eI1le TOJIBKO OJIHY TPYIIILY 3a/1a4, KOT/Ia B KA4eCTBe
HEBO3MYIIEHHOTO JIBUKEHUsI PACCMATPUBAETCH YaCTHOE PEIllleHre yYpaBHEeHU
JiBUKeHus. BoaMyIiieHHOE ABUKEHIE IPOUCXOIUT BOJIN3U STOTO YaCTHOTO Pe-
menus. MaJibie mapaMeTpbl B TAKUX 33/1a9aX XapaKTepU3yIoT Pa3HOCTUA KOOP-
JIMHAT B BO3MYIIEHHOM W HEBO3MYIIIEHHOM JIBUKEHUSIX, & JIOTOJTHATETHHBIM
YCJIOBUEM MPUMEHUMOCTU TEOPHUHU BO3MYIIEHUN SBJISIETCS COXPAHEHNEe MaJo-
CTHU 9TUX PA3HOCTEHl 10 KpaiiHell Mepe Ha UCCJIe/lyeMOM WHTEPBaJe BPEMEHH.

[Ipu paccMoTpeHnn pa3IMIHBIX MAJIBIX ITAPAMETPOB B 3a/iavax HeDECHOI
MEXaHWKU CJIeyeT BbIIEIATh IapaMeTpPhbl, KOTOPhIE XapaKTePU3YIOT MaJIOCTh
BosMymarornieit gpynkiuu. BosMmymalomas (QyHKIUA MOXKET pa3jaraTbCs B
PSAJIBI IO CTETIeHIM TaKXKe U JIPYTUX MAJIBIX MapaMeTpOB. JTO YacTO Je/1aeT-
cd I obecriede s BOSMOXKHOCTH PeNleHus yPaBHEHU BO3MYIIIEHHOTO JIBU-
kenusi B popme (44).
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OTrmeruM erre ciydan, KOTJa CHUJIbI, JIeHCTBYIONIEe Ha HEOECHOE TeJIo, He
UMeroT cuioBoil pynkiuu. [IpuMepoM TaKuX CHJI CTy?KAT CUJIbI, BBI3SBAHHBIE
MPUINBHOM Aedopmarineil BI3KO-yIIpyruX TeJl IJIaHeThl U CITy THUKa. B Taknx
caydasX WMCXOJHbIE yPaBHEHWS JIBUKEHHUS B IPSAMOYTOJBHBIX KOODJINHATAX
3aIIMCBIBAIOTCSI B BHUJIE

2 2 2
v =Vit R, SV=vtRr, TE=V.ym, w9
rjie cinaraemble Vy, Vi, V. JO/KHBEL BBIOUpAThCA TaK, YTOOBI MOXKHO ObLIIO Hafi-
T o0Ilee pelleHne ypaBHEHUIN JIBUKEHHS IPU OTOPACHLIBAHUM CJIaraeMbIX
R,, R,, R.. 9tu nocjieanue cjaraeMble Ha3bIBAIOTCA KOMIIOHEHTAMHU BO3MY-
IAIONIET0 yCKOopeHus. /lj1s BO3MOXKHOCTH NMPUMEHEHUsT TEOPUU BO3MYIIEHUI
HeoOxo Mo, 4ToObl R, Ry, R, 6blin Masbl 1o cpasHenuio ¢ Vi, V,, V. .

3.2.3. YpaBHEHUS OTHOCUTEJIBHO JIEMEHTOB ITPOME>KYTOYHOI OpOu-
ThI

YpaBHeHHUsT BO3MYIIEHHOI'O JIBUKEHUsI HEOECHOTO Tejia B TEOPUHU BO3MY-
IeHni B 00IIeM BHJIE y2Ke ObLIN MOCTPOEHBI BbIIe. UTOObI N3/103KEeHIe OBLIO
HEIIPEPBIBHBIM, OyJIeM HMCXOJUTH CHOBA W3 YPaBHEHUN JIBMKEHHUS B MPSIMO-
YTOJIbHBIX KOOP/IMHATAX

JL1st TTpOCTOTHI MIOHUMAaHMS OOIIEeil cXeMbl TEOPUU BO3MYIIEHUI OrpaHu-
YUMCsI CJIydaeM JIBUXKEHHs OJHOTO HeDECHOro Tejia Ioj JIeiCTBUe CHUJI, MMe-
IOIUX CUJIOBYIO (PYHKITHIO.

Ncexomble ypaBHEHHS JBUKEHHUS B IIPAMOYTOJIBHBIX KOOP/IMHATAX UMEIOT
00T BU

Pr 9V OR dy OV R P> IV IR

W ar Tox @ oy oy a0 o WY

rae V u R aBistiiorcs GyHKIUSAMEA OT KOOPJAWHAT T, Y, 2 1 BpeMenu t. Coryiac-
HO TEOPUU BO3MYIIEHUN cjaraemoe V' BbIOMpaeTcs Tak, YTOOBI MOYKHO OBLIO
HaiiTu obIiee perieHre ypaBHEHUIT HEBO3MYIIIEHHOTO JIBUXKEHU S

Pe_oV dy_ oV dz_ 0V (51)
2 Oz’ dt2 Oy’ dt2 0z’

Torna R masbiBaeTcss BO3MYIAIONICH (DyHKITAEIH.
Bocnponssenem 31ech st yoOCTBa M3JI0XKEHUsT TOBTOPHO HEKOTOPBIE
COOTHOIIIEHUSI W3 O0INel cXeMbl TEOPUN BO3MYIIEHUIA.
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[Tpeamosiozkum, aro perenue ypasaenuii (51) Haitjeno B popme

x(t, 1, 9,3, C4, C5, Cg),
= y(t,c1,co,C3,Cq,C5,C6),
= 2(t, ¢y, Co, C3,C4, C5,C),
. t7617027c3)c4ac5766)7
y'Ef7C1,C2,C3,C4,C5,C6§7

z ta €1, C2,C3,C4,C5,Cq),

(52)

N QRN ® R
I
8

rjie Ci,Cy,C3,Cq, Cs, Cg — IPOU3BOJIBHBIE TIOCTOSTHHBIE.

Ha srom Bciomoraresbrast poJib ypasHenuii (51) sakanunsaercsa. locra-
TOYHO TOrO, YTO OHU TOpOAMIN Ham cooTHornenust (52). Jlamee st coot-
HOIIEHUS PACCMaTPUBAIOTCH Kak (POPMYJIbI, CBSI3bIBAIOIINE KOODJIUHATHI U
CKOPOCTH TeJIa B BOBMYIIEHHOM JABUKCHUU ¢ HEKOTOPHIMU HOBBIMU HEU3BECT-
HBIMU (DYHKIIUSIMUA BPDEMEHU (1, Ca, C3, C4, C5, Cg. CooTHOIIEHUs (52) UCIOJIb-
3YIOT KaK (bOPMYJIbI 3aMEHBI [IEPEMEHHBIX B ypaBHeHusiX (50) oT mepeMeHHbIX
x,Y, 2, T,, 2 K IEPEMEHHBIM (1, C3, C3, C4, C5, Cg. LAKUM 00OPA30M TOJTY YAIOTCS
HOBBIE YPABHEHUsI BOSMYIIEHHOIO JIBUKEHUSI

dCZ'

dt
[IPEUMYIIECTBA KOTOPBIX 3aKJ/IFOYAIOTCA B TOM, YTO IIPaBble YACTU ITUX yPaB-
HeHWH 0OpaINaloTCsd B HYJIM, €CJIU B UCXOAHBIX ypaBHeHUAX (50) IMOJIOKUTH
R = 0. 910 1103BOJIIET peIiaTh YpaBHEHUS METOIOM MaJIoro IapaMeTpa.

Dopmyasr (52), eciim B HUX ¢, Ca, €3, C4, C5, Cg CIUTAIOTCS 3aaHHBIME
ITOCTOSTHHBIMU, OIIPEJIEJISIIOT 3aKOH JIBUKEHNS, KOTOPbI HA3bIBAIOT IIPOMEKY-
TouHOi opbuToit. CaMu 3Tu HOPMYJIBI HAZBIBAIOTCA (POPMYIAME TPOMEXKY-
TOYHON OpOUTHL. YpaHeHus (53) HAZBIBAIOTCH YPABHEHUSIMU JJIsI 9JIEMEHTOB
[IPOMEKYTOYHON OPOUTHI.

Yerex ganbHERIIX IeficTBU CYIIIECTBEHHO 3aBUCUT OT TOTO, KaK BhIOpa-
HBI IPOU3BOJIbHBIE IIOCTOAHHBIE €1, Ca, C3, C4, C5, Cg - BBIOMPATD MX MOYKHO Oec-
KOHEYHBIM YHCJIOM CIIOCOOOB. B npakTuke ucciegoBareseil 3a mocjaeHue Tpr
CTOJIETHSA OBLIN PACCMOTPEHBI U YCIIEITHO MPUMEHS/INCh MHOYKECTBO BapuaH-
ToB. /1T IpOCTOTHI MMOHUMAaHUsT OCHOBHBIX INPHUHITUIIOB, PACCMOTPUM 3/1€Ch
OJIUH U3 HUX, KOTOPbI MMeJI OOJIBIIOE YNUCJIO TIPUMEHEHUIA.

B kadectBe cu0BOIl (DYHKITUN HEBO3MYIIIEHHOT'O JIBUKEHUs V' BBIOMpaem
CUJIOBYIO (DYHKITUIO 33/Ia9H JIBYX TeJI, PACCMATPUBAEMBIX 3/1€Ch, KAK MaTePH-
aJIbHble TOUKU. Takoit BLIOOP 00yc/I0BJIEeH O0IIeil nepapxueii B IBUKCHUH TeJT
CoJtneanoit cucreMbl. JIBrzKeHmne KazK10i IJIaHEThI ITPOUCXOJIUT O], JIeHCTBH-
eM npurskennss Cosnia. JIpyrue miaHeTsl u apyrue HeOecHBbIe TeJia, BJIUsI-
IOT CBOUM IPHUTSIKEHHEM OTHOCHTEIbHO €1a00. CIyTHUK IOTOMY U SIBJIETCS
CIIyTHUKOM TIJIAHETDI, TIOCKOJIbKY JIBUKETCS TOJT JIEHCTBUEM €€ TTPUTAZKEHUS.
Jpyrue criyrankn u jaxke COJTHIE JIUITH CJIETKa NCKAYKAIOT JIBUKEHHE CITYT-
HUKa I10 3aKOHY 33841 JIBYX TEJI.

Ci(t7017027c37c47c5706> (Z = 17273747 576)7 (53>
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Taxum oOpasoM, B JIJAaHHOM PACCMOTPEHUU MbI UMeeM
V="=r, (54)

rJe j4 — TOCTOSAHHASA, & ' — PACCTOSHUE MEXKJy JIBYyMs TejaMu. Jare Bcero
HaYa/I0 KOOPJMHAT MOMEIIAIOT B OJHO U3 TeJI, KOTOpoMYy IpucBouM HOMep (.
Torma u = G(mg + my), tie G — yHUBepcaJibHAsI I'PaBUTAIMOHHAS [TOCTO-
sSHHAs, a My + m; — cymMMa Macc Teji. B ciydae, Korja Havaio KOODIUHAT
pacriojiaraeTcsi B OapuiieHTpe JByX Tes, nmeeM [ = G (monl)

Pemrenne 3a1aqm ByX TeJI ONMUCHIBAET JIBUKEHNE, KOTOPOE HA3bIBAETCH
KeIJIePOBBIM, ITOCKOJIBKY IIpoucxoanT 1o 3akonam Kertepa. [TockoabKy Mbl
paccmaTpuBaeM JBuKeHHe Tesl COJTHEIHON CHCTEeMbI, UMeIoIee OIpeaesIeH-
HYIO NE€PapPXUI0, OTPAHMYINMCH SJITAIITUYECKUM TUIIOM JIBUKeHus. B cooTBeT-
CTBHUHU C KCIIJIEPOBBLIM JIBU2KCHHNEM BbI6I/IpaIOT 1 IIPpOU3BOJIbBHBIE ITIOCTOAHHBIEC,
KOTOpPbIe HA3hIBAIOTCSI KEILJIEPOBBIMU 3j1eMeHTaMu. VX ¢MBIC TOApOoOHO 00b-
sICHEH B crienrajbHOM Haparpade. [lepeuncinM 3/1ech KeriepoBbl 3JIeMeHTHI,
a TaKzKe CBsSI3aHHbIE C HUIMU MOMEHTBI BPEMEHH.

2

n — cpeJiHee JIBUKEHNE, Pa3MEPHOCTh PaJIaH /el BpeMeHN;
€ — SKCIEHTPUucuTeT, 6e3pa3MepHBbIii;
i — HAKJIOH (IBYIDaHHBIN YroJ MeXKJy ILUIOCKOCTBIO OPOUTHI 1

OCHOBHOI1 TT0CKOCTBIO OTY), Pa.;
My — cpesinsis anoMasHsi B 310Xy ( 3HAYEHHe CpeJiHeill aHOMAaJIuu
M B Hava/ILHBIT MOMEHT BPEMEHU — 3TI0XY ), Pajl.;
W — YIJIOBOE PACCTOSIHUE TEPUIIEHTPA OT BOCXOJISIIErO y3Jj1a Op-
OUTHI, paJL.;
() — josrora BOCXOJSIIEro y3Ja opouTst (yroa B miaockoctu Oxy
MKy OCbIO T U JIMHUEH y3JI0B), pal.;
ty — HAYAJbHBLIA MOMEHT BPEMEHH — 3I10Xa 3JIEMEHTOB;
t — TeKyIuii MOMEHT BPEMEHH, Ha KOTOPBII BBIYUC/ISIOTCA KO-
OpJIMHATHI TeJIA.
Hapsy co cpeuM JBUZKEHIeM 1, B Ka9eCTBe apaMeTpa OpOUThI Oy1em
paccMaTpuBaTh TaKzKe GOJIBIIYIO HOIYOCh OPOUTHI @, CBA3AHHYIO C 1 3aKOHOM

n=,/5.
a3

BameHy mnepeMeHHBIX B ypasHeHusix (50) jesaor ¢ moMoubio (hopMyt
KeIlIepoBa JBUKEHNsA. DT (POPMYJIbl OMUCAHBI B IPEILIIYIINX pas3/iesax.
YHacTHble IPOU3BOJHBIE OT BO3MYyHIAIoNIell hyHKIuu R 110 KOOpJAUHATAM BbI-
pazkaroTcsl 4epe3 4acTHBIE IPOU3BOJHbIE 110 KEIJIePOBBIM dj1emMenTaM. [Ipo-
ne/lypa Takoil 3aMeHbl onpobHO onucana B Kuure (lybormmun, 1975). IIpo-

1ejIypa HasbiBaeTcs "OCHOBHOI omeparmeit".
[TpumeneHust TEOPUK BO3MYIIEHWIT OKA3BIBAIOTCS TIPOIIE, €CJIH B KAYeCTBE
HOBBIX MCKOMBIX (DYHKIWi B3ATh BEJIMYUHBI a, €, 1, M, w, ) . Bmecro cpejmeit
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aHomaJiuu B a10xy M B3sdTa cpeiHssa anoMasus M , Koropasi B KEILJIEPOBOM
JIBUZKEHUU SIBJISETCH U3BECTHON JTMHENHO# (DyHKIIMel BpeMeHn

JLst KpaTKOCTH 3aIUCU YPABHEHUN JIJIA 3JIEMEHTOB ITPOMEXKYTOIHON Op-
OUTHI cllejIaeM IIPOCThIE IIePeoDO3HATEHUSI:

ar=a, ag=¢e, az=1, =M, fp=w, P3=1(0 (55)

B pe3ysbTaTe 3aMEHbI IIEPEMEHHBIX YpaBHEHNA BOSMYIIIEHHOI'O JIBUZKEHM A
HeOECHOI0 TeJla MOXKHO 3allCaTh B CJIe1yronemM O6HleM BHJE:

3

dOéi OR
it = 2",

g, OR
=T z:: aji Par (56)
(i=1,2,3) .

B srux ypaBHeHHX 1;,a;; — (DYHKINH, 3aBUCAIINE TOJILKO OT 3JIEMEHTOB
(v, (g, (3 ¥ TIOCTOSTHHOI f4. B cityuae KeriepoBCKoii IpoMeXKyTOUYHONH OPOUTHI
ni, Ny , & TAKYKE HEKOTOPLIe U3 JAeBaATn DYyHKIUil a;; , paBHbI mysio. OHako
9TO 0DCTOSITE/ILCTBO HE YIPOIAET PellleHne ypaBHEHUil. 3alnuch ypaBHEHU
(56) B TakOM OOIIEM BHJIE TO3BOJISIET IPUMEHSTHh UX TaKKe JJisi HEKOTOPBIX
HEKETLIEPOBBIX ITPOMEXKYTOYHBIX OpOUT. MeTo bl pereHnsi STUX ypaBHEHU
PacCMOTPEHBI B CJIEJYIONIMX pas3jiesiax.

Bamerum, uro B ypasHenusx (56) Bosmymatormas dyHkimsa R o6o3Haue-
Ha TOii ke OyKBOii, 4T0 u B ypaBHeHusix (50). OgHAKO 3/€Ch OHA SIBIISIETCS
dyHKIMEN 0T 97IEMEHTOB (1, (i, (i3, B1, B2, f3 1 BpeMeH™ t.

PaccemorpuM Teneph SBHBII BUJL YpABHEHUIT 7T 9JIEMEHTOB TIPOMEKY TOY-
HOfT OpOUTEI B cirydae 351eMeHTOB (55)

da 2 OR
dt ~ na OM’
@_1—62 8R_\/1—62% (57)
dt ena? OM ena? Ow '’
di cos 1 OR 1 OR
dt na?yv/1 — e?sini w na?yv/1 — e?2sini o0’
dM 2 R 1—¢? OR
" ha 9a ena? de
d_w_\/l—eQ@_ cos 1 @ (58)
dt ena? de  na?y/1—e2sini 0i ’
dQ) 1 OR

dt na?v/'1 —e?2sin s i
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MuoxkuTe/ i1 B TPaBbIX YaCTAX yPABHEHUN MOYKHO 3aMEHUTDH COTJIACHO COOT-

HOIIICHUAM
1 na 1 na

na> p na (59)
B npakTuueckoit HebecHOlt MeXaHUKe IPUMEHSIOTCS U JIPYTUue BapUaHThI
9JIEMEHTOB KeIJIePOBOil TPOMEXKYTOUHOM opouThl. OCcOOOr0 BHUMAHMS 3aC/Ty-
JKUBAOT JiBa 13 HUX. OpOUTHI MHOYKECTBA €CTECTBEHHBIX CITyTHUKOB ILJIAHET
SIBJIATOTCS TTOYTH KPYTOBBIMU U JI€ZKAT BOJM3M IIJIOCKOCTH SKBATOPA IIIAHe-
Thl. B Takmx ciaydadx moJioKeHue CIIyTHHKa Ha OpOuTe B MEPBYIO OYepehb
OIIPEJIEJIIeTCS CPeHel JTOJIr0TOo A, a OpHeHTaIust OPOUTHI — JIOJTOTOM ITe-
puIleHTpa T. DTU BEJIUIUHBI cBA3aHbl ¢ M, w, () cooTHOIIIEHUSIMUI

A=M+w+Q, T=w+N. (60)

Jlist 0OpaTHBIX OPOUT BMECTO CYMMBI W M §) UCIOJIB3YyeTCsI UX PA3HOCTD.
YpaBHEHUs COCTABJISIOTCS OTHOCUTETbHO ByHKIM A, m u ). DyremenTamMu
MTPOMEXKYTOIHON OPOUTHI CIMTAOTCS 7, () U \g — CPEeJIHsIsS JOJITOTa B JIMIOXY
to . B saTom ciayaae Bmecro ypasaenuit (57), (58) HyKHO periarh ypaBHEHUS

da 2 OR
dt  na O\’
de ev1—e? oR V1—e? OR (61)
dt na?(1++/1—e2) OA ena? Om’
G i (om_omy 1 om
dt na?y/1—e2 \Or  OA na?y/1 — e2sini 0’
D_ 20 VTTE R s R
dt na Oa na%l%—ﬂ) de  na2y/1—¢e2 0i’
dr _V1-FOR _ tg; OR (62)
dt ena® Ode  na2y/1—e2 0i’
dQ) 1 OR

dt na?v/1 —e?sini i

[IpaBbie wacTu ypaBuenus jiis ¢ u 2 umeror ocobennoctu 1ipu ¢ = (), a mpasbie
YaCTU yPABHEHUH JIJIsI € U T UMeIOT 0coOeHHOCTH 1pu € = (). DTu 06CTOATE b
cTBa TPeOYIOT 0cOOOT0 BHUMAHUS MIPU PEIEeHNN YPaBHEHNUI.

3aMeTuM, 9TO B IyOJIUKAIUAX Ha AHTIUHCKOM S3BbIKE YaCTO BMECTO T JIJIs
0003HaY"eHUsl JOJITOTHI IEPUIIEHTPA UCIIOIb3yeTCst OyKBa w0 .

Temepsb paccMOTpUM BapUAHT 3JIEMEHTOB IIPOMEXKYTOIHON OPOUTHI, B KO-
TOPOM YpaBHEHUs HEe UMEIOT 0COOEHHOCTEN TTPU IKCIIEHTPUCUTETE M HAKJIOHE
opOUTHI, paBHBIX HYJTIO. Takue 3/1eMeHThI IpHIyMall Jlarpanxk g n3ydeHnst
BEKOBBIX BO3MyIeHuil maner. OHu Terepb TaK M HA3BIBAIOTCA — IJIEMEHTDI

75



Jlarpam»ka. YpaBHeHUd JIJIsi @ U A HE UMEIOT OCOOEHHOCTEl, a OCTaJIbHbIE
9JIEMEHTBI HYKHO 3aMeHnTh. QOBIIHO 3j1eMeHThI Jlarpanka 00603HATIAIOTCS
B smaTeparype depe3 h, k,p,q . C paccMOTPEHHBIMU BBIIIE JIEMEHTAMU OHH
CBSI3aHBI COOTHOIIEHUSIMU

h=esinm, k=ecosm, (63)

p=tgisin), ¢=tgicos(. (64)

[Tocie 3aMenbl MepeMeHHBIX ypaBHEeHUs i djaeMeHToB Jlarpamxka OymayT
UMETH BUJT

@ V1—e? G_R_ h 8_R N ktg% %
dt na? ok 14++/1—e2 0N nacv1 —e2 01’

B VB (R &Ry ki 0R
dt na? oh 1+m o\ nazm o1’

dp  sec®*i  OR P OR OR

dt  na2vI—e® 9q 2na2/1 — e? cos i cos? <(9_7T * 5) ’
Gt on_ (5,00
dt na?v/1—e2 Op  2na?V1 —e2 cosicos? 5 \dm  OA

,HJ'[H IIOJIHOT'O COCTaBa K HUM HY2KHO ,ZLO6aBI/ITI) IpuBeaeHHBbIE Y2KE BbIIIEC YpaB-
HEeHUA

da 2 OR
dt  na O\’ '
d\ 2 OR V1 —e? OR tg 5 OR

a " na aa+ena2(1+\/1—e2)%—i_na%/l—e?E.

B mpasbix wactax ypasraennii (65), (66), (67) comeparcst dacTHbIE IPOM3-
BOJIHBIE OT BO3MYIIAOIIEH (DYHKIMHI [0 BEJIMINHAM, KOTOPBIE HE SIBJISIOTCS
UCKOMBIMU (DYHKIIUAME B 9THX yPABHEHUAX. DTO HOpPMasbHO. Tak ciiesy-
eT ocTaBuTh. J[eJlo B TOM, 9TO BO3MYIIAOIasd (DYHKIN ITOJIydIaeTcs cHada-
J1a, KaK PYHKIWS OT IepeMeHHbIX a, €, 1, A, 7, {). [losromy sydrne cHadasa ee
npoanddepeHupoBaTh M0 STUM JIEMEHTaM, a II0OTOM IIE€PEXOUTh K Iepe-
MEHHBIM h, k, D, ¢ yKe B IIOJY9IE€HHBIX TPOU3BO/IHBIX.

(67)

3.2.4. Peinenune ypaBHeHHII JJis 3JIEMEHTOB IIPOME>KYyTOYHOUN opou-
Thl. MeToa MaJjioro nmapamMmerpa

Pacemorpum Metos perienust ypasaenuit (56). 9ro wanbosiee 9acTo mpu-
MeHsgeMble ypaBHeHusd. B ciaydadax Jpyrux BapuaHTOB 3JIEMEHTOB pPeIIeHue
CTPOUTCS aHAJIOTUTHO.
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Meron perrenust OCHOBAH Ha MaJIOCTH BO3MYyIIalomieir dyHkiuu R 1o
cpaBHEHNIO ¢ GyHKIHEH V', T03TOMY OH HA3BIBAETCS METOJIOM MAJIOro Imapa-
MeTpa. B juTeparype 9TOT METO/ Ha3bIBACTCA METOJIOM MAJIOr0 HapaMeTpa
A. Tlyankape.

JList u3/102KEeHnsT METO/Ia MaJIoro IapaMeTpa Hy»KHO BBECTHU IOHSITHE I10-
psijika MajiocTu. BBeienne mopsigka MajaoCTi HeoJHO3HaIHO. Jle10 B TOM, 9T0
Ha IIpaKTUKe Bo3MyIaronas GyHKIs [, BIparkeHHAs depe3 3JIeMEHThI IIPO-
MEKYTOIHON OPOUTHI, COMEPKUT MHOKECTBO IJIEHOB — CJIaraeMbIX PA3HBIX 110
Bestmaune. i BeIpakeHusi BO3MYIIaonieil (pyHKIuu NPpUMEHSIOT pa3JiozKe-
HUS 110 CTENEHsIM Pa3/IMIHbIX MaJbIX rapamerpos. [IpucBoenune Kaxkiomy
CJIAraeMOMY TOI'O WJIM MHOTO MOPSIIKA MaJOCTU SBJISI€TCS MHOTIA YCJIOBHBIM.
[Ipu mocTpoeHUn perreHnsT MHOMOKPATHO IEPEMHOXKAIOTCA BEJIMIUHBI pa3-
HBIX MOPSIAKOB MAJIOCTH. dalle BCero 3apaHee IOJaraeTcss MaKCHMaJIbHBIA
YUIUTBIBAEMBIil TIOPSIJIOK MaJIOCTU. B KaxK10if KOHKPETHO# TEOPUN JIBUKEHUS
UMEIOTCS CBOM OCOOEHHOCTH.

JL1st 00IIIero M3JI0XKEHUsT METO/Ia MbI IIPUMEM, YTO MaJIOCTh BO3MYIIAIO-
meit (pyHKIuE 06ecIeanBaeTcss HEKOTOPHIM MAJIBIM IIapaMeTPOM, COomeprKa-
IIUMCcs B Hell Kak OOl MHOXKUTEb. ByaeM cauTarsh 9TOT napaMerp mepBo-
ro nopsjika Masioctu. Ha mpakTuke Bo3myIaomas (GyHKIASA OKa3bIBACTCS
Pa3JI0KEHHO TI0 CTEIeHsM 3TOI0 U JPYIUX MaJjbIX mapaMerpoB. Takum o0-
pa3oM, ee pasyioKeHne HAUHeTCsI ¢ 4JIeHa IEePBOro MOPsIKa MaJIOCTH.

JI1st KpaTKOCTH M3JIOXKEHHsI He Oy/ieM BBIINCHIBATH SBHO CAMHU MAaJible
mapameTpbl. OIHAKO KasKJI0i BeJmauHe OyAeT MPUCBOEH OIpeIe/IeHHbIN 10~
PSIIOK MaJIOCTH. DTOT MOPSIIIOK Oy/IeM 3alMChIBATH ¢ TIOMOIIBIO BEPXHETO MH-
JIeKCa BEJIMIMHBI B KPYTJIBIX CKOOKax. TakuM oOpa3oM, pa3jioyKeHue BO3MY-
marorieit GyHkunn OyIeT UMeTb BUT

R=RWYW 4+ R® 4 R® 4 (68)

Bsenem ere obo3naveHust

A = Za”aﬁj

3
Bi = — Clji

R

Bo (69)

j=1
(i=1,2,3).

Tenepnb ypaBHEeHUSA JIJIA 9JIEMEHTOB ITPOMEXKYTOYHON OPOUTHI 3AITUIIIEM B BUJIE

doy 1 2
AW L@
o . TAT +
dg;
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(i=1,2,3).

BameTuM, 9TO B YaCTHOM CJIydae KeILJIEPOBCKON MPOMEKYTOUHONW OpPOUTHI
S

ng=ng=0mn ng ) =0 npu s > 1. B mocieaux ypaBHEHUAX ITPABbIe YaCcTH

3aBUCAT OT MCKOMBIX (PYHKINN a1, (g, 3, B1, B2, f3 U IBHO OT BPEMEHH.

Kaxnoe u3 ciaaraembix A’ ,B-(]) (1=1,2,3,7 =1,2,...) 3aBUCUT OT BCEX

(]
IIECTH JIEMEHTOB (1, (g, (3, 31, B2, F3. Ciaraembie ngo) + ngl) + ... 3aBHUCAT
TOJIBKO OT (1, (g, (X3.

Bynem uckars pemienne ypasrenuii (70) B Bujie psJIoB 110 CTEIEHAM Ma-
JIBIX ITapaMeTpoB, T. €.

0) (1) (2)

a;i=al” +aV +a® + ..,
Bi=B8" + 8" + 87 + .., (71)
(i=1,2,3).

B1ech MBI paceMaTpuBaeM nocrpoenue hopMaibHOro permenns. JJokazaTesib-
CTBa, CyIIECTBOBAHMS TAKOI'O PEIICHUA U CXOJMMOCTH IIOCTPOCHHBLIX PaJoB
MOXKHO HaiiTn B yuebuukax (Cy66orun, 1968; dybormmn, 1975).

Urak, nogcrasum psaipl (71) B ypaBuenus (70). 3areMm npupaBHsieM B
JICBOIl M IIpaBoiil 4acTIX ypaBHEHUIl WIEHBI OJUHAKOBOI'O IIOPSIKA MAJIOCTH.
Kaxki0e n3 caaraeMbIX B IIPABbIX YaCTAX 9TUX YPABHEHUl IPUIETCS Pas/io-
JKUTH B psabl Teilopa o cTenensaM Majioro mapamerpa. Pasjioskenue mesa-
eTcs 10 CXeMe

1 /d 1 [ d?
f(a+5) = f(l’)|z:a + ﬁ (d—£>w:a€+ 5 (d_l:é)zzag2 + ..

rjie a - 3HadeHne aprymenta GyHKIwn f(2), OTHOCHTEIHLHO KOTOPOrO OTCUH-
ThIBAETCs MaJjioe Hnpupallenue €. Takum obpa3oM, B apryMeHTax (yHKIHit
AZ(]),BZ-(]),TLEJ) (1 = 1,2,3,7 = 1,2,...) upuparierusaMu GyjyT GECKOHEUHBIE

CYMMBI %(1) + az@) + ..., /82-(1) + 552) + ...
JLst “IeHOB HYJIEBOTO TOPS/IKA MaJIOCTH [TOJTY IUM

da”
a 0.
dt
a3
— =" (72)
Baech U majiee CUMBOJBL (...)p OO3HAYAIOT 3HA4YeHWs] QYHKIUH mpu o =
0) 5 _ ;0)
a; B =B
Pemenne ypasnenwuit (72) TpuBHAJILHO:
o =ag), 5 = (n)o(t —to) + By . (73)

B1ech az(g), 5§§) (1 = 1,2,3) - mpousBoJIbHbBIE TIOCTOHHBIE. [Ipu 5TOM TIO-

(0) 0 p 7
crosiHHbIE (1, )o 3aBUCAT OT (v, . Perenne (73) omuchBacT MPOMEKYTOUHOE

HEBO3MYIICHHOEC JBU>KEHUE.
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Ternepb BbIJIENM U IPUPABHAEM B IIPABBIX U JICBBIX YaCTAX YPABHEHUI
(70) wrensr mepBoro mopsiika Maaoctu ¢ yaeroM (71). [oxydamu

dagl)
= @,
d (1) 3 an(O)
fl; = (BM)o+ (M) + Y o ol (74)
j=1 7 /0
(i=1,2,3) ..

31ech (Az(l))o, (Bi(l))o SIBJISIIOTCH M3BECTHBIME (DYHKIUSIMHI BPEMEHU B CHILY

MTOJICTAHOBOK (v; = ago),ﬁi = BZ-(O) u pasencts (73). Bamerum, 9T0 MpOM3-
BOJIbHBIE TIOCTOSTHHbBIE ago)’ 558) BXOJIAT CIOfa OYKBEHHO, UX 3HAYCHUS ITOKa
HEOIIPE/IE/IEHBI.

Perenne mepBbIx Tpex u3 mectu ypasHeHuil (74) umeer Buj

o = (APt + af) (75)
(1=1,2,3),
rje ozz%) - HOBbI€ IIPOU3BOJIbHBIE TIOCTOSTHHBIE. MOXKHO OCTaBUTDH 3TU MTOCTOSH-
HbIE B PEIIEHUN IIPUCYTCTBOBATH OYKBEHHO U PACIIOPSIUTHCA UX 3HAUECHUSIMU
nozzke. OJIHAKO UX MOXKHO Cpa3y MOJIOKUTh PABHBIMU HYJII0. VIMEHHO Tak MbI
U IIOCTYIIUM JJI JIAJbHEHIINX [HOCTPOCHUN pelleHund.

Y100BI TOCTPOUTH peIlleHre, Hy’KHO B3ATh HEOIpe/IeJIEHHbII HHTErpasl B
npasoit yactu coorrorterus (75). st 9T0ro B KOHKPETHBIX CJIydasx paspa-
0aTBIBAIOTCS CIeIUabHbIe METObI Pa3JI0yKeHUs BO3MYyIaoleil GyHKIun.
Homyctum, 9To 3T0 ynanock. Torma agl) U IIpaBble YaCTU OCTAJIbHBIX TPEX
ypasHenuit (74) craHoBsiTCs M3BeCTHBIME (DYHKIUAME BpeMenu. Terneph pe-
LICHUE ISt ﬁi(l) BbIpazKaeTcsd dYepe3 HeollpedesICHHbII NHTerpaJl

on”
51'(1) = / (Bi(l))() + (”El))o + Z TZ{ oz;l) dt + 51%) (76)
0
(i=1,2,3).

1
311ech IPOM3BOJILHBIE TTOCTOSHHBIE Bz‘(o) MOYKHO IIOJIO?KUTH PABHBIME HYJIIO.
AHaHOFI/ILIHO CTpOUTCA permicHue IJjid 9JICHOB BTOPOI'O IIOPAJKa MaJIOCTH.
CuauvaJjia, HaXOUM

3 (1) 3 (1)
0A, 0A,
o = / (AP)o+ L) o> ) B dt+

0

+alP (77)
(i=1,2,3).
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2
HpOI/ISBOIIbeIe IIOCTOAHHBIC Oéz(()) I10J1ara€M paBHBIMH HYJIIO. HO,ILBIHTeraJIb—

Hoe Boipaxkenue B (77) okasblBaeTcs M3BeCTHOl (yukiueit Bpemenn. Jlomy-

CTUM, YTO 3Ty (DYHKIUIO Y/IaJ0Ch IPOMHTEIPUPOBATH. 10T/ pEIleHne st
2

B;” BbIpazkaercs B BUJIE

3

0

o\ ) I [ 0% W (1) @)
+Z ) a; +§ZZ Q; oy, dt‘|‘ﬁio (78)

j=1 0 =1 k=1

(i=1,2,3) .

2
IIpousBosibHBIE TOCTOAHHbIE Bi(o) TaKzKe 110J1araeM PaBHBIMU HYJIIO.

TakmmM 00pa3oM 1ocsIe10BaTeIbHO HAXOAUTCS PEIIeHUe VIS YJICHOB CJle-
JIyIOIINX MTOPAJKOB MaJIocTh. Bedknit pa3 Hy?KHO HHTEIPUPOBATh HOBYIO U3-
BECTHYIO (DYHKITHIO BPEMEHH, & HOBbIE IIPOU3BOJIbHBIE TIOCTOSTHHBIE IT0JIaraTh
paBHBIME HYJI0. Tak KakK IIPHU MOJIy9eHUH IIOJBIHTErPAIbHBIX BBIDAYKCHNN B

i, 0 0
IIPaBbIX HaCTAX yPaBHCHUII JIe1aJINCh MOJICTAaHOBKH (v = ag ) Bi = 51.( ), TO C
yaerom (73) Bce ciraraemble psoB (71) OKa3bIBAIOTCS 3aBHCUMBIMU OT IIPO-
W3BOJIBHBIX TIOCTOSHHDBIX 1y 5(0) (1 =1,2,3). B pesymnbrare Mbl 1moJ1ydaeMm
0 > Pio = 1,2,9). b pe3y y
pellleHre ypaBHEHHI BO3SMYIIIEHHOT'O JIBUKEHNST KaK (DYHKITNYA BDEMEHU U IIe-

CTH HE3ABUCUMBIX HpOI/IBBO.HbeIX IIOCTOAHHBIX
_ (0) _(0) _(0) 5(0) /(0) H(0)
a; = (g, g, g, Bro’s Bag > B30 )

0 0 0 0 0 0
Bi = Bi(ago), 04(20)7 O‘éo)v 6§0), 50)7 ?()0)) (79)
(1=1,2,3).

3.2.5. Pemenune ypaBHeHUil 1Jisl 3JIEMEHTOB IIPOMEXKYTOYHOII opOu-
Tbl. Criocob Ilyaccona

[Ipumenenne MeTO/Ia MAJIOTO ITapaMeTpa B TOM IOPsIJIKe, KaK OINCAHO BbI-
IIe, NPUBOAUT K HEKOTOPBIM NPUHIIANNAILHBIM YCI0XKHCHUAM, KOTOPLIC CJIe-
JIYIOT U3 CBOWCTB PA3JIOyKeHHsT BO3MYIIAOIeil yHKINI. ITUX YCI0KHEHU
MOXKHO M30€KaTh, €CJIU MMPUMEHUTh MpUeM, TPeIJIOKEeHHbIN ele (ppaHIrys-
ckum maremarukoM [lyacconom. IIpobsiema Bo3HUKaeT Ha Tale MOJIyIEHUS
BO3MYIIIEHNT BTOPOT'O IOPsIKa METOJI0OM MaJjioro napamerpa Ilyankape.

YpaBHEHUS JJI 3JIEMEHTOB IIPOMEXKYTOIHON OPOUTEI MBI PACCMaTPUBAEM
B Buje (70). Pemenwe stux ypaBHeHHii uieMm B BUJE DPSJIOB 110 CTEHNEHSM
MaJIbIX TapameTpos (71).

Bosmyiienus: Broporo nmopsijika B 3JieMeHTax o; HaXOJATCs 110 (hopMyIaM
(77). Ilpou3sBoJibHBIE TOCTOSTHHBIE agg) MOZKHO IOJIO?KUTH PaBHBIMU HYJIIO, TAK
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KaK OHU BXOJIAT B pemnienne ypasaenuii (70) aJ/lATHBHO BMECTE C IIPOU3BOJIb-
HBIMU ITIOCTOAHHBIMU, IIOABJIAIOIIMMUCA B YJICHaAX APYIuxX IIOPAJIKOB MaJlO-
cru. [oppiarerpanbrast dyHKIws B (77) OKasblBaeTCA U3BECTHON yHKIIHEH
BpeMenn. Ecim 3Ty (hyHKIUIO yI1a10ch MPOMHTErPUPOBATH, TO BO3MYIIEHHUSI
BTOPOTO MOPsIJIKA B JIeMeHTax [3; Haiiayrces mo dopmyite (78).

PaCCl\/IOTpI/IM B IIOJABIHTEI'DAJIbHBIX BbIPDa2KEHUAX ITOCJIEJHUX JIBYX d)OpMy.H
cjaraeMble

pAY
a5

w (0B

O N .
ATy ) A =z, (50)

J

[Tocsie mojcTaHOBKY B ypaBHEHUS JIJIs 3JIEMEHTOB IPOMEXKYTOYHON OpOUTHI
Bosmymatoreil Gyuknun B dopme (83) (cM. HUZXKE) CTAHOBHUTCS SICHO, UTO
JIeBble COMHOXKUTENN B BbIpaxKkeHusX (80) MOryT COIepKaTh TOJIBKO IepH-
ouueckue yienbl. C JApyroi CTOPOHBI, MbI MOJYUUIA PaHee, 9YTO B BO3MY-
MEHUAX TIePBOTO TOPSJIKA 3, MOTYT COJEPAKATLCA KaK MePHOIMIecKHe, TaK
U BEKOBLIE, T. €. JIMHEHbIe 110 BpeMeHu wieHbl. [IpousseseHune mepuomde-
CKUX YJIEHOB Ha BEKOBBIE JIACT B HOJBIHTEIPAJILHOM BBIPAYKEHUU CMEIIaHHbIe
YJIeHDI, 9TO [OC/Ie MHTEIPUPOBAHUSA IIPUBEICT K IIOABJICHUIO B PEIICHAN CMe-
[IAHHBIX YJIEHOB B BO3MYIIIEHUAX BTOPOro nopska. CMemaHHbIMUA 4IeHAMU
MBI HA3bIBAEM IPOM3BEICHHs B ¢ sin at , e t - BpeMsl, a a - IOCTOSTHHAS.
[TosiBJIeHne TaKuX BBIPaKEHUI B BOZMYIIEHUSX BTOPOIO HMOPAIKA SBJIACTCS
CJIJICTBUEM TIPUMEHSIEMOIO METO/a. DTO HEe 03HAYAeT HEeM3OeXKHOrO Heorpa-
HUYEHHOI'O BO3PACTAHMS BO3MYIIECHUII BO BPEMEHM, TaK KaK MbI IOJIYYaeM
TaKUM 00Pa30M TOJIHLKO Hava/IbHbIE YJIEHBI PA3JIOKEHUsI BO3SMYIIEHUIt 110 cTe-
HeHsIM MaJIbIxX HapamerpoB. [ToHBIH psijl, NpejcTaB/IaIoNuii BO3MYIIEHHS,
MOZKET OKa3aThCdA Pa3/IOXKEHHEeM OIpaHmYenHoil pyHKIMM Ha GECKOHETHOM
UHTEpPBaJjie BPEeMEHHU.

OxasbiBaeTCst, CYIIECTBYET CIIOCOD, OCHOBHAsI Ujlest KOTOPOro ObLjia mpe/I-
JIoKeHa ere (bpaHIly3cKUM MaTeMaTukoM [TyaccoHOM, MO3BOJIAONINI HCKITIO-
YUTH B PENIeHU: CMENIaHHble Y4IeHbI 110 KpaiiHeil Mepe BToporo, a BO3MOXKHO
u 60Jiee BBICOKUX TOPSIJIKOB MaJIOCTH. PaccMoTpuM 910T €rocob B IMPHUIIOZKe-
HUM K YPABHEHUSIM BO3MYIIeHHOTO JBrzkenus (70).

[Tpeano1ozKuM, 9T0 BCe BO3MYIIEHUS 3JIEMEHTOB (v; HE COJEPKAT BEKOBbBIX
U CMEIIAaHHBIX YJICHOB U BCE BO3MYIICHUS SJIEMEHTOB [3; He COIEPyKaT CMeIIaH-
HBIX YJIEHOB 10 KpailHell Mepe JI0 HEKOTOPOro Hopsaka MajaocT. OHako
BO3MYIIEHHsI 9JIEMEHTOB (v; MOT'YT COJEPKATh IEPUOIMIECKUE, a IJIEMEHTOB
[; — nepuojnYecKue 1 BEKOBBIE WJIEHBI JIIOOBIX MOpsiaKoB. Obo3HAUYNM CyM-
0,5

MbI BEKOBBIX YJIEHOB JAHHOIO MOPAIKa MaJIOCTU k depe3 61(- a CyMMBbI

~ (k) (k) _
EPUOANIECKUX 1JIEHOB Mopsiaka k uepes &, *, 3, . Temeps npegcraBuMm pas

7 7
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JIOZ2KEHHE NMCKOMOI'O pelleHuAg ypaBHeHI/Ifl BOSMYIIEHHOI'O ABHU2KEHUA B BUJIC

le% (0) + 0451) + 041(2) + ...,

b= T B B 44 B4 A 4 (s1)
(i = 1,2,3) :

aV =0 mi=1,23m
BOSMyH_[eHI/IH HepBOFO HOpHILKa BCeEX 9JIEMEHTOB HE COﬂep}KaT CMEIIIaHHBIX
Y9JIEHOB.

Kax 0pu10 mokasaHO BbINIE, 110 KpaifHell Mepe «;

ITo METOYy MaJIOr'o IapaMeTpa HY2KHO JieJIaTb Pa3JIOZKEHUE ITPpaBbIX Ya-
crei ypaBHeHHfI IO CTCIICHAM MaJIOI'O ITapaMeE€Tpa II0 CXeMe

1 /d 1 /d?
flate) = f@)mat (é)g ‘o (d—;;) 2

rje a - 3HadeHue aprymenta (byHKImU f(r), OTHOCUTEJHHO KOTOPOIO OT-
cuuThIBaeTcd MaJioe rpupatenue €. CoryracHo criocody [lyaccona meaTpamun

(0)

a3JIoKeHusl (a) CINTAIOTCS (; U GECKOHEUHBIE CYyMMBI B(O) +B +B
p i y i i i

BEKOBBIX YJIEHOB, a II -0 it +a?
, & IpUpaIieHusMu (€) — 6eCKOHEUHBbIE CYMMBI & '+, + ... |
(1) | A(2)
BZ- + BZ + ... HIepUoOIUYEeCKUX CJjaraeMbIX.
[Tpu TUX OpenoaoKeHusiX BMecTo Bhipaxkenuii (80), Bxojsiumx B dhop-

MYJIbI JTJI< BOBMYHJ‘GHI/IIL/'I BTOPOTI'O ITIOPsJJIKa, MbI 6y,ZL€M NMETDb

oAD'\ oBMY <4y .
i) B\ ) B =12, (82)
J 0 J

0

DTH BBIPAYKEHUS MPEJCTABJIAIOT COOON MTPOU3BEIEHUs CYMM MEPUOITIECKIX
4ieHoB. Takum 06pa3oM, B BOSMYIIEHUAX BTOPOTO MOPSIJIKA UCKIIFOUEHBI CMe-
IIAHHbBIE YJIEHBI.

Jlerko mokasarh, UTO €CJIM BCE BO3MYIIEHUS 9JIEMEHTOB (v; HE COJEpIKAT
BEKOBBIX U CMEIIAHHBIX YJIEHOB M BCE BO3MYIIEHHsI 9JIEMEHTOB [3; He CoJlepzKaT
CMEIIaHHBIX 9JIEHOB 0 KpaifHeil Mepe 10 mopsizika Masoctu (k — 1) BKJIiO-
YUTENILHO, TO BCE BO3MYIIEHUs HOPSAIKA k He OyIyT COJIep:KaTh CMEIaHHbIX
YJIEHOB.
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3.3. PazyioxkeHue Bo3MmyInamwiieit GyHKIIMN OTHOCUTEIHLHO dJIEMEH-
TOB MPOMEXKYTOYHOI OpOUTHI CIIyTHUKA TJIAHETHI

3.3.1. OOmue cBoiicTBa pa3JioXxkeHuii Bo3mymiamolneii GyHKIUn oT-
HOCHUTEJBHO 3JIEMEHTOB ITPOMEXKYTOYHOI OpPOUTHI

Bo Bcex mpeabiyux pasjiesiax Bo3MyIaomas (yHKIUsS paccMaTpuBa-
Jlach KaK (PpYHKIUS OT KOOpJAuHAT HebecHOro Tesia. Terneps Jijist TPUMEHEHUS
TEOPUH BO3MYIIEHUN U METO/[a MAJIOro apaMeTpa HeoOXOIUMO BhIPA3UTh ee
yepe3 3JeMEHThI IIPOMEKYTOUHON opOuThl. [Ipn 9TOM BbIpakeHue TOJIZKHO
UMeTb TaKOI BUJI, YTOOBI MHTErPAJIbI TI0 BPEMEHU, MOy YaIOIINeCs: B TEOPUH
BO3MYIIIEHNI, MOYKHO OBLIO B3sTh B aHaaInTH4IeckoM Buae. OOIuil moaxo/1 B
9TOM JleJie 3aK/II09aeTcd B TOM, YTOOBI PUBECTH WHTEIPAJIbI K BHUJLY

/cos(a t+ B)dt = ésin(a t+p),

r7e «, [ — MOCTOSTHHBIE.

JList KaxK0ro TUIa BO3MYIIAIONUX (PaKTOPOB pa3jioyKeHUe HUMeeT Clie-
nuaabHbIH Bu. PaccMoTpuM 371ech pasyiokeHus BO3MyIaomeid (yHKINNA B
TEOPUN IBUZKEHUS CIIyTHUKA ILJIAHETHI I OCHOBHBIX (PAKTOPOB — IIPHUTSI-
JKeHMe JIPYTUX TeJl U HeCPePUIHOCTD IIJIaHeThl. BhIBOIBI TAKUX Pa3JIOKEHUI
UPe3BBIYAHO CJIOXKHBI 1 00beMHBI. MbI BO3IEPXKUMCA OT TOTO, YTOOBI pac-
CMaTPUBATDH 9THU BBIBOJIBI 3/1eCh. HuzKe jTaHbl CChLIKH Ha pabOThI, TJIe MOXKHO
HallTH COOTBETCTBYIOIINE BHIK/IAJIKN U Pe3y/IbTaThl. [IpuBeseM 3/1ech caMblii
o0IIuii BU Pa3/I0XKeHNs BO3MYIIAIOIIEH (DyHKIINNT

R=R + Z (Rl(ﬁsl)kzksjlhmjn sin Dklek:Sjljz'"j”+

+RI(<;Cl)k2k3j1 i, COS Dklkzkgjljz...jn) : (83)

rie
Di koksinjo..jin = K1M + kaw + ks 4+ j1A1 + JoAa + . jn .

CymMmupoBaHue BeJeTcs 1Mo mHiaekcaM ki, ko, k3, J1, J2, - Jn. 3JI€CH KO-

E R(s) R(c .
bunmentor R, Ry 5y o By o kaiija. n SABHCAT OT SJICMEHTOB @, €, 1 U HE
zapucar or M, w, ) u Bpemennu t. Bequauusr Aq, Ao, ... \, CyTh U3BECTHBIE

nuneitnble dyHKnun Bpemenn. CiaraeMoe R HA3bIBAETCH BEKOBBIM HJIEHOM
pasJiozkenusi Bozmytiaomieit dyuxnun. Bee st koaddurmenTsl 1 Bemnyn-
HBI COJIEPKAT IapaMeTphl, XapaKTepusymoliue Bo3Mmymaoiine GpakTopsl. B
YaCTHOCTU, A1, A2, ... A, OIHUCHIBAIOT OPOUTAJIHLHDbIE JBUXKEHUS WA Bpalle-
HUSA JIDYTUX TeJI.

Jlerko mokazarb, 9TO MOACTABJIASA BO3MYIIAIONTYIO (DYHKIIUIO B TAKOM BU-
Jie B ypaBHEHUs TEOPUHU BO3MYIIIEHHIT, KOTOPbIE pACMOTPEHBI BbIIIIE, TIOJIYyYalo-
IIIUeCst UHTErPAJIBI 110 BpeMeHu Oy nyT OepymumMucs. B BO3MYIIEHIAX IEPBOTO
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IOopdAaKa MaJIOCTH 6y,ZLyT IIOJIy9aTbCd TOJIBKO BEKOBbBIE U IICPUOJUYICCKUE TJIC-
HbI, HO B BOSMYIIIEHUAX 60ﬂee BBICOKHX IIOPAJKOB MOT'YT IIOABJIATHCA TaK>Ke
CMEITIAHHBIC WICHB! BUJIA

t cos(at+ f).

B Teopun jBuzKeHus CryTHUKA IJIAHETHl YUUTHIBACTCS IPUTAZKEHUE JIPY-
ruX CIIyTHUKOB 9TOH Ke IIaHeThl, a Takxke nputskenne Cosaia. Cucrema
JudepeHImaabHbIX YPaBHEHUN OTHOCUTETLHOTO JIBU2KEHHUS UMEET TOT K€
BujI, Gepercda sm B KadectBe ryiaBHoro tena Cosane min maxeta. [losro-
My B TEODHH JBUYKCHUsI CITyTHUKA MpuHuMaeTcs, 9To CoJIHIEe JBUKETCS BO-
KPYT IUIAHETHI, TaK YKe KaK U JApyrue ciyTHuKY. [[puTskenne qpyrux mnjianer
Y9EeCTb B aHAJIMTUICCKOI Teopun ropasio cioxkuee. Mbl 3T0T BechbMa cJiabbrit
addekT 3/1ech HE paccMaTPUBAEM.

3.3.2. Paznoxkenme Bo3MmyInamiIleit pyHKIuu, o0ycI0BJIEHHON
Hec(hepUIHOCTHIO TIJIAHEThI

O1HOi1 13 OCHOBHBIX MEXaHUYIECKUX MOJIe/ el HeOeCHON MeXaHUKU sIBJIsieT-
¢ cryTHUKOBas 3aada. Ona hopMyupyercs KakK 9acTHBIN cirydail 3a/iadu
0 JBUKEHUHU Tpex ’ 0OoJiee MaTepuabHbIX ToUueK. OJHAKO B MPAKTUIECKUX
3a/1a4ax O JIBUZKEHUU CYIIECTBYIONINX €CTECTBEHHBIX U MCKYCCTBEHHBIX CITYyT-
HUKOB IIJIAHET IEHTPAJIbHOE TeJIO, T. €. IJIaHeTa, He MOXKET PACCMATPUBATHCS
KaK MaTepuajibHas TOYKA, IIOCKOJIbKY BIUSHUE €€ HeC(hePUIHOCTU OKA3hIBA-
€TCsl CYIIECTBEHHBIM.

Ta gacTb cuI0BOI (DYHKIMH CITy THUKOBOI 3a/1a491, KOTOPasi 00yCJIOBJIEHA
MIPUTSKEHNEM TIJIAHETHI, PACCMATPUBAETCS KaK CUIOBast (DYHKITHS TPUTIKe-
HUsl HecHepPUIHOro TeJjla KOHEUHBIX Pa3MepPOB.

JIBm>KeHMe CIlyTHUKA TJIAHETHl PACCMaTPUBAIOT B CUCTEME MPSIMOYTOJIb-
HbIX KoopauHat O, x, Yy, 2 C Ha9aJ0M B IIeHTPe Mace mianeTsl. Ocu HAIpaB/Is-
0T TapaJUICJIbHO OCSM HEKOTOPOil abCOIOTHON (HEBPAIAIOMIEHCs) CHCTEMBI
koop/uHaT. OOBIYHO OCh 2 HAITPABJIAIOT 110 HAIIPABJICHUIO OCU BPAICHUS TLTa~
neTsl. Hanpasjienne ocu = BBIOMPAIOT CHENMAIBLHO B PA3HBIX MPAKTUIECKUX
3aiadax. Jaire BCero BBIOMPAIOT JIMHUIO IIepecevdeHus IJIOCKOCTH SKBATOPA
U TJIOCKOCTH OpOUTHI 1taHeThl. [[oCKOIbKY B peaibHbIX YCIOBUAX 00€ ILIOC-
KOCTH MeJJIEHHO TTOBOPAYMBAIOTCS, TO OCA CUCTEMBI KOODJIMHAT CBA3BIBAIOT
C TIOJIOZKEHUSIMU TIIIOCKOCTEl 9KBaTOPa W OPOUTHI B HEKOTOPBIN (PUKCHPOBaH-
HbIIT MOMeHT BpeMenu. [Ipu Gostee TouHOM paccMoTpeHUN OPONTATIBLHOE JBU-
JKEHHe TJIAHETHI He SBJISeTCS TJI0CKUM. 10Tr/1a B Ka4ecTBe IJIOCKOCTU OPOUTDI
06epyT HEKOTOPYIO YCJIOBHYIO IJIOCKOCTH, BOJIM3M KOTOPON JIBUYKETCH ILIaHe-
Ta. Bosee moipobHO 0 BBIOOPE cHCTEMBI KOOPJMHAT HAIIMCAHO B Iaparpade
2.52.

s mpub/IMKEeHHOM TeoOpUy JBUXKEHUS CIyTHUKA M B Ka9eCTBE OCHOBBI
TOYHON TeOpUU PacCMaTPUBAIOT CJIEJYIONLYIO MOJIE/b CHUCTEMbI KOODJIMHAT.
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Ocb paBHOMEPHOI'O BpAICHUS ILIAHETHI CUMTAETCS HEIOIBUYKHOW, U OCh 2
HAIIPABJIAIOT 110 3TOU OCH.

['paBuTanmonHoe mMoje MPUTIKEHNs ILJIAHETHI CO3/IaeTcs KayKIoW ee da-
crurieit. Paciipe/iesienne mI0THOCTH BelleCTBa IJIAHETHI Jallle BCETO HEN3BECT-
1o. [losromy cumoByto pyHKIUIO NpUTsZKEHUS HECHEPUIHON ILTAHETHI Pa3-
JIATAIOT B PsiJi IO JIMHEHTHOMY MHOYKECTBY OPTOrOHAJIBHBIX (DYHKIIHIA, & KO-
3 dunmenTs pa3ioKenus HAXOIAT U3 HaOJIIOICHUI JIBUKEHUS CIIyTHUKOB,
IPaBUTAIIMOHHBIX U3MEPEHUIl HA TOBEPXHOCTH ILJIAHETHI U JAHHBIX O (hopMme
IJIAHETHI.

Bocnosbzyemest pazsiozkenuneM cujaoBoit (pyHKIUN TPUTSXKeHus Hecde-
PUYHOI TIaHeThI, NpUBeIeHHBIM B [UtaBe 2 (paszzen 2.4). D910 pasjiokKeHue
OINCHIBaeTCs: pOpPMYJIOit

f - n .
szfl—;xg)ﬁﬁﬁm@+

+ <@> ! P (sin ) (Chg cos kX + Sy sin k) |
r

n=2 k=1

rae P, (sin ) — nosmmuomst Jlexkanpa, pP (sin ) — mpucoeuHEHHEBIE (DYHK-
mn Jlexkanpa, apryMmenTaMu KOTOPBIX fABjsteTcs sin ¢. Ilocrosnmbie Koad-
durmentor J,, Cphi, Spr Kak pa3 U 3aJaf0T IPABUTAIIMOHHOE I10JI€ ILJIAHETHI.
31ech ucrnonb3yores cepudeckne KOOPIUHATHL — IEHTPAJILHOE PACCTOSHUE
T, MIIPOTA (p, TOJITOTA A, COOTBETCTBYIOIINE BLIOPAHHON HEBPAIIAIOIEHCS CHI-
creme xKoopuHat O, x,y, z. Bemmauna \ onpeenseTcs COOTHOMEHTEM

X=A—5, (84)

riae S — yroJi 1moBopoTa Ha4daJIbHOI'O MepHr/HaHa IIJIaHETbl OTHOCHUTE/IbHO OCHU
z. B cJIy4dae Semiu S gaBiigerca 3BE€3/IHBIM BpEMEHEM. HpI/I6JII/I}KeHHO MOZKHO
CHUTaTb

S =S(t—ty)+ S,

rie S, tg, So — W3BECTHBIE MTOCTOSIHHBIE, & t — BpeMs.
Jltst perieHus 3a/1a91 COTNJIACHO TEOPUE BO3MYIIEHWH HYKHO PA3JI0KUTh
CHJIOBYTO (DYHKITHIO HA J[BA CJIAraeMbIX

U=V +R,

riae V — ocHoBHas 4acTh, a R — Bosmymartomas dyakims. [Ipu sTom 101K-
HO OBITH U3BECTHO 00IIee aHAJIUTUYIECKOE pPelleHne ypaBHEHUN JIBUXKEHUs, B
KOTOPBIX OCTaBJIeHa TOJILKO OCHOBHasd dacTh V. B mpocreiiniem ciydae mpu-
HUMAIOT

y=im

r
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Tora obiee pernrenne ypaBHEHN HEBO3MYIIICHHOI'O JIBUYKEHUS OITMCHIBACTCS
dopmysIaMu KeILIepoBCKOIO JIBUKEHUs, a BO3MYIaIas (GpyHkims [, o0y-
CJIOBJIEHHAS HEIEHTPAJIbHOCTHIO IPABUTAIIMOHHOTO TIOJIA IJIAHETHI, UMEET BU/T

R = me — ; (%)n Jp P (sin @)+

oo n
n
+ Z Z (%) P (sin ) (Chpi cos kX + Sy sin k)
n=2 k=1

CoryrtacHO MeToJaM TeOpUU BO3MYIIEHUI, TOUHBIE YPABHEHNUS JIBUKEHUS
B KOOp/IMHATAX 3aMEHAIOTCS Ha YpPaBHEHHUA BO3MYIIEHHOI'O JIBUXKEHUsST OTHO-
CUTEJIbHO HOBBIX IIEPEMEHHBIX — 9JIEMEHTOB ITPOMEXKYTOUHOH opouThl. CBs3b
HOBBIX [IEPEMEHHBIX U KOOPJUHAT OIMCHIBAETCs (hOPMYyIaMu OOIIEro PereHust
ypPaBHEHWI HEBO3MYIIEHHOTO JBIKeHUsI (¢ cuaoBoil dbyukmumei V), B KOTO-
PBIX HOBBIE IIEPEMEHHBIE UT'PAIOT POJIb NMPOU3BOJILHBIX TOCTOSHHBIX — 3JI€-
MEHTOB IPOMEXKYTOYHO# opOuTHI. [lj1d perenus ypaBHEHUI OTHOCUTEIHLHO
9JIEMEHTOB IIPOMEKYTOIHON OPOUTHI BOBMYIIAIOIIAs (DYHKIINAA JI0KHA OBIThH
BBbIpazKeHa 4depe3 3TH dJIEMEHTHI. TaKoil IpoIecc HAa3bIBAETCs Pa3JIoKeHUeM
BO3MYyIAIONIEH (PYHKINH, TOCKOIBKY (haKTUIECKU ITPOU3BOIATCH HOBBIE pa3-
JIO?KEHUS TI0 CTEIEHSIM HOBBIX MAJIbIX ITapaMEeTPOB.

PaccemoTpuMm 371eCh, Kak 3TO JieJlaeTCd B CJIydae KeIlJIEPOBCKOM MPOMEKY-
TOYHOI OpOUTHI CIIyTHUKA. Byjem mpejmosaraTb, 9To JIEeMEHTAMHU ITPOME-
JKYTOYHOI OpOUTHI sIBJISTIOTCSI:

a - 6oJIbIIIagd 1MOJIyOCh OPOUTHI,

€ - 9KCIICHTPHUCHUTET,

1 - HaKJIOH,

M - cpeliHsist aHOMAJINS,

W - YIJIOBOE PACCTOSHHUE IEPHUIEHTPA OT BOCXOSIIETO y3J1a OPOUTHI,

() - mosrora ysia,

[IpUYIeM 3JeMEHTHI ¢, w, () OTCIUTHIBAIOTCSA B cucteMe Koopauuat O, x,y, 2.

Haunewm ¢ Toro, aro o6beauanM 00603HadeHnd KOIMDDUIIMEHTOB pas3JIoxKe-
nusd J, u Cyp, Spi iyTeMm joonpejenenns Ch, Spr 1 QYHKIMIN Pnk s k=0
CJICJTYIOIIUM 0Opa30M:

Coo=—Jp, Spo=0 PO =p,.

Torna, yaurbiBas emie cooTHomeHre (84), BO3MYIIANYI0 (YHKIUIO BbIpa-
3UM B BUJIE

R=T1 55 (1) PO(sin ) [Coecos (A — §) + Syesin k(A — ).
n=2 k=0

Tenepb BBegeM B pacCMOTPEHUE BEJTMIUHBI Jpk, Apk, CBI3aHHBIE C KOI(D-
urmentamu Cy,y, Spr COOTHOIIEHUSIMU

an = Jnk; COSs kﬁ/\nk, Snk = Jnk sin k)\nk
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B sToMm citydae syt Bo3myInaomnein (pyHKIIUN UMeeM

R= me i i Ik <%>n P (sin ) cos k(A — S — M)

n=2 k=0

Jlajiee ym00HO BOCIIOJIB30BATHCS KOMILJIEKCHBIM IIpeJICTaBIeHuEM (DYHK-
uu

R=fm Z Z JoRe{ Ry},
n=2 k=
rie i

P (sin @) exp vV—1k(XA — S — Aup).

7“”+1 n

Rnk -
BaHI/H_HeM Oo4YeBHJIHOEC COOTHOIICHUE
A S A=A —Q)+Q— 5 — A

Torma .
"o Qnr exp vV —1kQexp vV —1k(—=5 — A\uk),

rie

Qi = PP (sin o) exp v—1k(X — Q).

Temepb oTMeTHM, YTO HAIIPABJIEHUE PAIIMYC-BEKTOPA CIIy THIKA, OTHO3HA-
HO OlpeesideTcd ero MMpoToR ¢ U A0JIIOTOH, OTCUYATHIBAEMOI OT BOCXO/d-
mero ysja opoutnl, T. €. A — (). Hamnpapienue pajaumyc-BeKTOpa CITyTHUKA
TaKzKe OJIHOZHATHO OIPEJIE/IAeTCA HAKJIOHOM OPOUTHI ¢ U apryMEeHTOM IIHPO-
ThI U (YTOJI MEXKJIY PaJINYC-BEKTOPOM U HAIIPABJIEHUEM HA BOCXOJISIIIHI y3e1).
Mesk 1y STUMH apaMu yIJIOB CIIPABEIIUBBI COOTHOIIEHNUST

sin ¢ = sin¢sin u,
cos p cos(A — Q) = cos u,

cos psin(A — Q) = cos i sin u.

Wcrionib3yst 9TU COOTHOIIEHUS, MOXKHO BBIPA3UTh (), depe3 ¢ u u. B paborax
10 PEIeHMIO ATOM 3a/a4un Jallle BCero MPUBOIUTCS CJELYIONIUI pe3yIbTrar:

Que = (VD) IS B (i exp VI — 2p)u, (85)
p=0

rae Fopp(i) — cnennanbible byHKnnm HebGeCHON MEXAHUKY, HA3bIBAeMBbIe (DYHK-
[USIMHI HaKJIOHA.

Bwisos1 tocsieinero coorHomenus: u (popMysibl, onpeensione pyHKIun
HaKJIOHA, MOXKHO Haiitu B paborax (Bpymb6epr, 1967; Kayma, 1970; Akcenos,
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1986). Meroipl BbrumcieHust QYHKIWHA HAKJIOHA KPATKO U3JI02KeHbI B [Ipu-
soxkennu [I 1.1. Tam ke gaHbl HEKOTOPBIE IPUMEPHI (DYHKITHI.
B nampHefmmx BBIKJIAKAX YITEM, UTO

U=7v+w,

rje v — UCTHHHas aHomaJus. Temepb dbopmyra (85) mo3Bossger 3amnucarh
BBIpazKeHue Jjist [, B CIeIYIONEeM BUJIe:

- /r-nJrl

ry h—nt2B(2E) — .
Rup = —2 (\/ —1) 5% Z Foip(1) exp vV —1(n — 2p)v x
p=0

x expV—1(n—2p)wexpv—1kQexp V—1k(—=S — \ui).
[Tepenmimem mocsennee cooTHomenne B hpopme

Rt = =25 (V) TS B ()X o X

an—l—l

p=0

X exp V=1(n — 2p)wexp vV=1k(Q — 5) exp vV =1k(= M),
rie

!
Xi;= <t> expv —1jv.

a

Oynxmun X; ; B KEIJIEPOBCKOM JBUZKEHUH 3aBUCAT OT BPEMEHH IOCPE/I-

CTBOM 7" U ¥, KOTOpPbI€ B CBOIO OYEpE/ib CBA3AHBI C SKCIEHTPUCUTETOM € U
cpesiHeit anomasteit M 11enovukoilt COOTHOIEHU T

1 — e?

a 14ecosv’

i, l1+e FE
tg o =4/ to =
&5 1—¢ 79"

FE —esinE =M.

Bripasute X;; 9epes e u M B KOHEYHOM BH/JIe He IIPEJICTaB/ISCTCA BO3-
MOKHBIM, OJHAKO IIPU JOCTATOYHO MaJbIX 3HAYEHUSX SKCIEHTPUCHTETA €
MOYKHO BOCITOJIb30BaThCs Pa3JI0KEHUEM B Psi/l

7\ ! 4 = ,
X = <a> expvV—1jv = Z X(lz’](e) exp vV —1gM, (86)

rme X é7j(e) — cruernuaJjbuble (DYHKIINU HEOECHON MEXaHUKH, HA3bIBaeMble KO-
s dunmentamu anzena. BoiBos Takoro pazioxkenus u (popMyJIbl, OTIPeIes-
tonue ko3 dunuenter [anzena, MoxkHO Haiitu B paborax (Bpymbepr, 1967;
Kayma, 1970; Akcenos, 1986).
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3aMeTuM, UTO 3allMCAHHBIN BBIIIE PsiJi 110 KPATHBIM CPeIHeil aHOMAaJIIn
CXOJIMTCS MIPH BCEX 3HAYEHUSIX SKCIEHTPUCUTETA, MEHBIINX €IMHIIIHI.

MeTobl Beraucenus 3Tux GyHKINi KpaTko ormucanbl B [Ipumoxenun 11
1.2. 31ech TOJIBKO OTMETUM HEKOTOPBIE UX cBoiicTBa. IIpu 3HaYeHnn nHeKca
q = 0 koaPurmenTs! ['aH3eHa BbIpaXKaIOTCA B KOHETHOM BHJIE, KaK (DYHKIINN

OT IKCHECHTPUCHUTETA. KpOMe TOro, JJid BCeX HOIIYCTUMBIX 3Ha4YEHUNA HMHIEKCOB
MO2KHO 3alliCaTb pa3JIOZKEeHHe

,S

o
Xéd(e) — ela—il E XZ’JGQS,
s=0

lj
rje XY — HeKOTOpbIe YHC/Ia, a Pl cxoaurcs npu seex e < 1. Ilpu Beraucie-

HUM HEKOTOPBIX BO3MYIIEHUH OKA3bIBAETCsI BaXKHBIM CJIEIYIOIIee CBOMCTBO:
32/ \ _ v—3,-2/\
X7 (e) = X, (e)=0

pu Beex e < 1.
Uraxk, BOCIIO/Ib30BABIICH coOoTHOIIIEHNEM (86), /it R, 3amuiiem

R — o ( ,—_1)kfn+2E(nT7k)Z Z Foy (i) qunfl,nf2p(e) v

an+1

p=0 g=—00
X expV—1[gM + (n —2p)w + k(Q — 5) — k).

Y100bI OIpee/uTh AeCTBUTE/IBHYIO 9aCTh OT [R,; , 3aMeTHM, 9TO

Cnyom(nsk -
Re{(\/—_l)k +2E (25 )exp\/—_la}:{ cosa mpu n—k — uer

sina nmpu n — k — Heuer

Y4aurbiBasi 9T0O, BhIpakeHue /i R 3ammiineM cHavaJja TaK:
o0 n n oo /rn
_ 0 : —n—1,n—2p
R = fm E E E E WFnkp(l) Xq (6) Jnkx
n=2 k=0 p=0 g=—o0

coS(Dyppg — kAng) 1mpun n—k — ger
sin(Dykpg — kAnk) mpu n — k — Heder
rie

Dikpg = qgM + (n — 2p)w + k(2 — 9).

Bozepamasich k kKoadpdunnentam Cpi, Sy , OKOHIATETIBHO OJIYIIM

R=fm Z Z Z Z %Fnkp(i) Xqinil’n72p<€) X

n=2 k=0 p=0 g=—0o0

y ({ C.e pu n—k — der }cosanpq+ (87)

—Spr upu n — k — Heder
Spk Ipu n — k — dger )
D
+{ Cnr upu n — k — Heuer SUL Hnkpg |
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[TocraBiiennast 3ajada pelleHa, U 00bsABICHHOE B Ha3BaHUU Iaparpada
pa3JjioyKeHne BO3MYIIAoNeil (dyHKIum, 00yCJIOBJIEHHONW HEIEHTPAJILHOCTHIO
IPaBUTAIIMOHHOTO TIOJIS IJIAHETHI, JaeTcsd nocjaeaneit ¢popmysioii. B rakom Bu-
Jie Bo3MyIIatonas (pyHKIUS MOXKET HCIIOJIb30BaThCd IpU perrennn udde-
PEHIMAIBHBIX YPABHEHUN ABUKEHUSA CIIYTHUKA OTHOCHTE/IHHO KEILIEPOBCKUX
9JIEMEHTOB TTPOMEXKYTOUHONW OPOUTHI, IIEPEUNC/IEHHBIX B HAYAJIE STOTO Iapa-
rpada. Iuddepennnaibubie ypaBHEHNs U HOPSAI0K UX PEIIeHUsI OIICAHbI B
MPEJIBLIYINNAX Pa3/Iesax.

OTHOCUTETHBHO PACCMATPUBAEMOIO PA3JIOXKEHUsI CJIeJIaeM HECKOJIbKO 3a-
MEYaHUuM.

1. Ha npakTuke OECKOHEUHYIO CYMMY BBIMUC/IUTH HEJIB3s, MOITOMY Orpa-
HUYUBAIOTCS OTPE3KOM psjia. MatocTs oTOpachiBaeMbIX 4JIEHOB 00YCIOBIEHA
yobiBanueMm 3uadennit KoappurmeHToB Ch, Spr ¢ POCTOM WHJIEKCA N U yObI-
BaHueM 3HadeHnil Koadduimentos [anzena ¢ pocrom |q¢ — n + 2p|.

2. Snavdenus K03 uiueHToB C, Spi PE3KO YOBIBAIOT, a 3HaYeHUs (DYHK-
I HAKJIOHA BO3PACTAIOT ¢ POCTOM HHJIEKCOB. [[09TOMY OOBIYHO OIEpUpYyIOT
C HOPMHUPOBAHHBIMU 3HadeHUsAMU. HopMupoBouHbIil KO3hdUIMEHT, 3aBUCI-
U OT MHJIEKCOB, MOJIOUPAIOT TaK, 9TOObI (PYHKIUU HAKJIOHA TPUHUMAJIH
3HAYEHHSA, 110 MOJLY/II0 HE IPEBBIMIAONINE eIUHUIly. BblparkeHus Jijisd MMoJI-
XOJIAIIEr0 HOPMHPOBOTHOIO KO3 DUIIMEHTa MOXKHO HAWTU B IyOJIUKAIUSIX
(Bpymbepr, 1967; Akcenos, 1986).

3. [Ipu mocTpoennn aHaTUTUIECKON TEOPUN JIBUKEHUs CITYTHUKA, TIIaHEe-
ThI HEOOXOIMMO OIPEIe/IATh YACTHBIE IPOM3BOIHBIE OT BO3MYIIAOIIEH (hyHK-
AU TI0 ee apryMeHTaM — 3JIEMEHTaM KeILJIePOBCKOM MTPOMEXKYTOUHON OPOUTHI.
[IpousBojnbie 10 37aeMenTaM a, M, w, () onpenendaroTcs JIeMeHTapHO, pU
9TOM He m3MeHsieTcst Bu pHKIUU. [ 151 omrpeeieHnst 9acTHBIX TPOU3BOIHBIX
II0 9JIEMEHTAM e, 1 Hy2KHO 3aMeHsTh Ko duriments! ['anzena n GyHKImn Ha-
KJIOHA HA WX IIPOU3BOJIHBIE IO CBOMM apryMeHTaMm. Ha mpakTuke BeIIUC/ISIOT
O/THOBPEMEHHO 3HAYEHUSI ITUX CIHeUaIbHBIX (DYHKIUH 1 UX IMPONU3BO/IHBIX.

4. B paje 3aja4 ya00HO WK Jlaxke HeOOXOIUMO HCIIO/Ib30BATh UHbIE 3JIe-
MEHTBI KEILJIEPOBCKOI MPOMEXKYTOUIHONH OPOUTHI CIIyTHUKA, HEXKEJH yKa3aH-
HbIe BbIe. YTOOBI TOIYyIUTh BhIPAXKEHUE BO3MYIIAIONIEH (PYHKIINN B HOBBIX
9JIEMEHTAaX, MOXKHO CJIeJIaTh 3aMEHY TEPEMEHHBIX B yKe MOy IeHHOM Pa3Jio-
xeraun. OJTHAKO WHOTIA TPUXOIUTCS BBITOJTHATD PA3JIOyKeHNe 3aHOBO, PO-
XOJIsl TI0 AHAJIOTUIHOMY ITYTH, KaK OITMCAHO BBIIIIE.

5. BpeMsi BXOJIUT siBHO B BO3ZMYIIAIONIYIO (DYHKIIUIO TOJIBKO ITOCPEICTBOM
BEeJIMYIUHBI S — yIJIa ITOBOPOTA ILJIAHETHI B HEBPAIIAIOMIEHCs crCTeMe KOOP-
JuHAT (3Be3/(HOE BpeMs B ciydae cryTHuHKa 3emin). OHAKO eciIi IiaHeTa
ocecuMMeTpuIHast, To Bce Koaddurmentsr Cyy, Sy ipu k # 0 paBHBI HYJTIO,
U BO3MYIIAIOINIAs (PYHKIUA HE 3aBUCAT IBHO OT BPEMEHHU.

Jlajtee paccMOTPUM OJIHY MOJIM(DUKAITIIO PA3/IOXKEHI BO3MYIIAIOIIEH Dy HK-
11K, OOYCJIOB/IEHHON HEIEHTPAJHLHOCTHIO I'PABUTAIMOHHOIO IIOJISA ILJIAHETHI,
UMEIOIIY IO TIPENMYINECTBa HA MPAKTUKE U MIPU aHAJIN3e BO3MYIICHUI B JBU-
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JKeHUN CITyTHHKA.

YuauTbiBag 3aMedaHne 1, 3aMeHIM O€CKOHEUHBbIE CYMMBI Ha OTPE3KH Ps-
JioB. st aToro 3a7amuM HekoTophie yucaa N u K | 1 B cyMMe yuTeM TOJIHKO
wieHbl pu N < N u —K < ¢g—n+2p < K. D710 03HagaeT, 9TO MbI IIpeHedpe-
raeM wieHamu ¢ kKodpdurmeatamu Cy, Sk, Y KOTOPBIX 1 > N, U djIeHaMH,
nponopimoHaabHbIMu €4 pu ¢ > K . VI3MeHuM 1OpsiIOK CyMMHUPOBAHUS B

dbopmyse (87) Tak, 9TOOBI BBIIEIUTH YIEHBI C OJMHAKOBBIMU KOI(DhDUIIEH-
tamu ipu M, w, (2 — S). Tlomyamwm

q// j// N
R= Z Z Z(quk cos Dyji + Byjr sin Dy;p.), (88)

q=q' j=j' k=0
rie
Dyji, = qM + jw + k(Q = 5),

p// n
T N —n—l i
Ay = D fnEFog 3) X, (€)Cly, (59)
p=p’
p// Tn '
By =Y _ fman—(jrankp(i) X" (e) Sy, (90)
p=p’
o Cpr tpu n —k — ger
nk —Sp, pu n —k — Heuer
g _ Spke 1pu n— k — ger
nk Cor 1pu n —k — Heder

n=j+ 2p.

[Ipenenst cymmuposanus ¢, q", 7', 5", p', p” onpenensiiorcss u3 cOOTHOIEHNH
q/:_K_N7 q//:K+N7

J =max{q— K,—N}, j"=min{q+ K, N},
N—j

1
p=—F (—5 max{0, —25,2 — j, k —j}) , ' =F (T) )

Baech dynkmua E(...) o3HavaeT IeIylo 9acTb YUCIa, TO €CTh OsmKaiiriee
Iies10e, He IIpeBbIIIalolee 3a/JaHHoe.

3.3.3. Pazjioxkenue Bo3myInarolreit pyHkImm, o0ycJIOBJIEHHOM ITpu-
TS>KEHNEM BHEIITHEro TeJjla B CILyTHUKOBOU 3ajave

PacemorpuMm BO3MyTIaoNyo (GyHKIIUIO, 00YCJIOBJICHHYIO NPUTIKEHHEM

BHEIIHEro TeJia, B CHyTHHKOBOfI 3a/1a4qe. ,ZLJIH HNCKYCCTBEHHBLIX CIIYTHUKOB 3eM-
JIX BOSMYIIAIOIMIUMUA TeJIaMU ABJIAIOTCHA ﬂyHa u COHHHG. ,H.TIH €CTECTBEHHBIX
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CIIyTHUKOB OOJIBIKX IJIAHET BO3MYIIAOIUMN Testamu 0yayT CoJiHIe u apy-
I'ne CIIyTHHUKHU.

Bribepem cucremy mpsiMOyTOJIBHBIX KOODJAMHAT C HAYAJIOM B IIEHTPE ILTa-
HeTbl. OCHOBHYIO IIOCKOCTH CBSIZKEM C ILIOCKOCTBIO ee 9KBaTopa. O6o3HadInM
9epes &, Y, 2 KOOPJUHATHI CIIyTHUKA, & Yepe3 &', y, 2’ - KoopiuHATHl BHEIITHErO
BO3MYIIAIOIIEro Tejia. Boamyraoras dyHKIms Oy1eT BbiparKaThcst (DOpMYy-

JIOi

1 x4+ yy + 22
/
R=Gm Z - 71/3 s

rjge m’ - Macca BO3MYIIAIOIIEro Tejia,

A=lo—aP+(y—y)?+ (-2

= \/96’2 +y? + 2%

Ob6o3naunm vepe3 H yros Mex 1y pajuyc-BEKTOPaAMU CIIyTHUKA U BO3MY-
IAroIIero Tejaa. lTorga

xx' +yy + 22
rr!

cos H =

)

A = \/7’2—1—7”2—27’7’/COSH,

r=+/x%+y?+ 22

Pasznaras dynknuio R B ps o crereHsM oTHOIeHust /1’ 1 orbpachiBast
IIPX 3TOM YJIeH, He 3aBUCAIINNA OT KOOPJAUHAT CIIyTHUKA, MbI OJIYyYUM

R= G i (%)k Py(cos H)

,r./

rie Py(cos H) - nommuombl Jlexxangpa. Pasiokenne cxoaures s Beex r <
r’. 31ech KOOpAMHATHI BO3MYIIAoIEro rejaa x', 1y, 2/ canrarorcs 3ajaHHbIMA
DyHKIMAMU BpeMeHN.

JlBuzKenue BHEIIHErO BO3MYINAIONIEIO TeJIa JOIKHO OBIThH 38/IaH0 KaKOii-
HubyIb MOAE/IbI0. B aHaIuTU4YeCKOl TeOpUH [ABUKEHUS CIIyTHHKA MOJE/Ib
JIBUKEHUS BO3MYIIAIOIIErO TeJa JI0JIKHA OIMCHLIBATHLCA (DOPMYyIaMu, 3a1a10-
MIMMH KOOPJAMHATHI Teja, KaK (DYHKIMKE BpeMeHu t. D1tu pOpMy/Ibl CIIeLy-
0T U3 KaKOH-InO0 TeopuH JIBUKEHUsI BHELIHETO TeJia U MOIYT COAEpKaTb,
KOHEYHO, MHOYKECTBO IIapaMeTPOB C U3BECTHBIMU 3HAYeHUsIMU. BbIGop MO-
JIe/I JBUKCHUS BHEIIHErO TeJla OLPEIe/IseTCsd KOMIIPOMUCCOM MEXKy Hau-
6oJ1ee TOYHBIM €€ BaPUAHTOM M BO3MOXKHOCTBIO IIPOMHTEIPUPOBATHL B UTOIE
ypaBHEHU JIBUKEHU CITyTHUKA. B 0011eM caydae OyieM mpenoiararh, 9To
JIBUYKEHWE BHEITHErO TeJIa ONPEJIEsIAeTCs ero IPsAMOYTOJIbHBIMU WH cepu-
YECKUMH KOOpJMHATAMU, KakK (DYHKIUAMU BPEMEHHU, B BHIOpAHHOI cucTeme
KOOD/IMHALT.
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Ob6osHaunM cheprdeckre KOOpANHATHI BO3MYIIAIOIIETO TeJla depes
r’ — paccrosinue, ¢’ — mmpory, X' — 10JroTy.

MeTtomamu Teopuu BO3MYIICHUN YpaBHEHUS JIBUKCHHS CITyTHUKA IIpe-
obpasytorcs K JnddepeHnuaj bHbIM YPABHEHUSIM OTHOCHTEIBHO 3JIEMEHTOB
IPOMEKYTOUHOI opouThl. [Ipocreiimuit BapraHT MPOMEKYTOIHON OPOUTHI —
KeIJIePOBCKOE JIBUZKEHUE CITyTHUKA. J[Jisi TpuMeHeHus: METO/I0B TeOPUHU BO3-
MYIIeHn HeOX0IMMO BO3MYIIAIOIILY 0 (DYHKIINIO TaK¥Ke BbIPA3UTh Uepes dJie-
MEHTBI ITPOMEXKYTOUHOM opobuThl. [Ipn TakoM BbIpakeHUN HEM30€:KHO ITPU-
XOJIUTCs MPUMEHSTH Pa3JI0yKEHUsI 110 HEKOTOPBIM MaJIbIM IapamerpaMm. Paz-
JIO’KEHIE BO3MYIIAOIIell (pYHKIMI B pacCMaTPUBAEMON 3ajiade CJIeIaHO B
paborax (Bpymbepr, 1967; Emenbsnos, 1980, 1985) u HEKOTOPBIX JPYIHUX
paborax. PaccMoTpuM 371€Ch BAPUAHT PA3JIOYKEHUd, TOJIYIeHHBIN B paboTrax
(Emenbsinos, 1980, 1985).

B npunaThix obo3HaYEHUSIX pasjioyKeHue Bo3MyIaroIieil ¢dyHkimu, ody-
CJIOBJIEHHO! NPUTS?KEHNEM BHEITHEro Teja, Oy/1eT uMeTh BU/I

fm' & e & (k— ) ra\k+!
R=TE Y Y e ()

X Fk]l(z)X,f’_kQ;ilq(e)(Sk] sin ijlq + ij COS ijlq), (91)

rjie
Dyjig = (K —20)w + (k — 214+ q)M + jQ,

1,ecimmy =0

050 = 0,ecmuy # 0’
Skj = Tyjsinjo/, Cyj = Tyjcosja’, ecmu k — j — derHoe,
Skj = Tyjcosjo’, Crj = —Tgjsinjo/, ecom k —j — neverHoe,
CL/ k+1
Tkj = <F> ij(sin5'),
Py;(x) — nupucoeaunenusie dhyunknnn Jlexanapa
o @ Py()
() — (1 — 228 k)
Pyy(r) = (1 - a2y M)

Fyj1(i) — dyuknnn naxmiona,
xRk
ko1 1q(€) — byEKIIMI SKCTEHTpHCHTETA,

a' — cpejiHee paccTosTHUE MU OOJIBINAs TOJIYyOCh OPOUTHI BHEIITHETO TeJIA.

Paccmorpennoe 371ech pasjiokeHne MOXKeT TPUMEHATHCS I CITyTHUKOB
wraner. B pabore (Emesnbsanos, 1980) oHO mpeiHa3HAYATIOCE JIJIST TOCTPOECHUS
anajuTuaeckoit Teopun jpukenns VC3. Bosmymaronmmn TeiaMu B 9TOM
caydae okasbiBatoTes Jlyna n Cosaie.
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He BraBasicb B opoOHOCTH, YKaXKeM Ha JAJIbHEHINNi Iy Th 10 BbIpazKe-
HUO BXomdamux cioga koopauaatr Jlyaer u CosHia, Kak QyHKIWIT BpeMeHH.
st JIyabl ncnob3oBaanch psjabl Xujuia- bpayHa, mpecTaB/Idionie SKInII-
TUYeCKe KOopauHaThl. VIx MoxkHO Hafitu B CrnpaBounom pykosojcrse ([ly-
6orrm, 1976). DTu ps/Ibl TAIOT BBIPAKEHUS sl SKJIUITHICCKIX KOODIUHAT
(paccrostaue, MUpPoOTa, J0aroTa) JIyHbI B BUjIE TPUTOHOMETPUIECKUX PSJIOB C
MTOCTOSTHHBIMU KO3 DUITHEHTAMI U apryMeHTAMU, JUHEHHBIMU 110 BPEMEHH.
B patorax (Emesnbsuos, 1980, 1985) 511 psijibl TOACTABISINCE B (DOPMYJIHI,
CBSI3BIBAIOIINE SKJIUNTHIYECKNE U 9KBATOPHAJIbHbIE KOOpAUMHATH! JIyHbI. BbI-
MOJTHSJINCH TPOMO3JIKUE aHAJIUTHYEeCKUe MPpeoOPa30BaAHUS C UCIOJIH30BAHUEM
OyKBeHHOIT anreOpsl Ha KomIbiorepe. B pesyibrare koaddurmente: Cy;, Sij,
BXOJIsAIINe B pasozxkenue (91), BbIpasKaJnch B BUjie TPUTOHOMETPHIECKUX Dsi-
JIOB C TIOCTOAHHBIME KO3(DDUIMEHTAMI U apTyMeHTAMU, JIMHEHHBIMI 110 Bpe-
MEHHU. DTO MMO3BOJIUJIO BBIIOJHUTH AHAJIUTHIECKOE NHTEIPUPOBAHIE ypaBHE-
Huit Jlarpamn:ka OTHOCUTEJILHO 9JIEMEHTOB ITPOMEXKYTOYHOI OPOUTHI CITyTHU-
ka. [Tocrpoennas B paborax (Emenbsros, 1980, 1985) Teopusi nmpakTHIecKn
MIPUMEHSLIACH [T psijia peaabubix NC3.

SaMeTnM, 9TO IPUBEIEHHOE BBIIIE PA3JIOXKEeHNEe BO3MYIIAOIIel hyHKINN,
00yCJIOBJIEHHO TTPUTSAYKEHNEM BHEITHETO TeJsla, NMeeT YHUBECATbHBIN BU/T 10
OTHOIIEHUIO K MOJIE/IH JIBUKEHUsI BHEITHETO TeJla, IMOCKOJIbKY B HETO BXOJIAT
KOOD/IMHATHI BO3MYIIAIONIEr0 TeJia, KAK MPOU3BOJIbHbIE (DYHKIIUU BPEMEHHU.
O/ 1HaKO B Ka4eCcTBE MOJIE/IM BHEITHErO Tejia MOXKHO HMPUHSITH ITPEIecCupyio-
Y0 KerjiepoBy opouTty. Tora MOYKHO MOy IATh BBIPAXKEHNE BO3MYIIAOIIE
PYHKIUN depe3 3JeMEHThI KeIJIepoBOil opOUTHI BHEITHETO Tejia. Takoe BbI-
paxkeHune JlaeTcsd B CJIeyolieM naparpade.

3.3.3. Pazjioxkenue Bo3myIaroleit pyHkImm, o0ycJIOBJIEHHOM ITpu-
TsSI>KEHEeM BHEIITHEro TeJjia B CIIyTHUKOBOII 3ajade. BoiparkeHue we-
pe3 KeIlIepoBbl 3JIEMEHThI OPOUTHI BO3MYIIAIOIIEro TeJia.

Takoe Bbipazkenue MoxkHO Haiitn B KHure (Mrioppeii, depmort, 2010).
[Ipesmonarercs, 9T0 BO3MYIIAOIIEEE TEJIO JIBUYKETC 110 MIPEIeCCPYIoNeil Kerrie-
POBOIT opbuTE. DJIEMEHTHI 9TOI OPOUTHI OOO3HATNM CJIETYFOIITIM 00pPa30M:

a’ — BoJIbIIast OJIYOCh,

€/ — IKCIEHTPUCHUTET,

7' — HAKJIOH,

N — cpeanss J0rora,

w' — yIJIOBOE pacCTOHME MEPUIIEHTPA OT y3Jia,

) — j0roTa BOCXOISINEro Y3IIa.

IIpu sToM npeanosaraercs, 9To mapaMerpsl a’, €, i’ — u3BecTHbIE TOCTOSH-
ueie, a N, W', ' — uzBecrHble JuHEHbIE (DYHKIIMT BPEMEHH.
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Paznoxxenune nmeer Bua

00 l
fm/ a\! I (I —m)!

= — —1)"7"™(2 = 0po) = 2
R a ZZ; <a/> mzz;]( ) ( ,0) (l +m)‘ X (9 )

!

X D Fup()Fu (1) ) X502 ()X 10007 (¢) %
p:p'=0 4,q'=—00
xcos[(l =20+ )N — (1 —=2p+ )N — ¢ + quw +
+(m —1+2p)Q — (m — 1+ 2p)Q].

B sroit hopmyiie ncroib30BaHbl MIPUHATHIE BbIe 0003HAYEKHUS 151 (DyHK-
1IN HAKJIOHA U (DYHKITMH SKCICHTPUCUTETA.

YMeHbIIeHIe BKJIaJa 9ICHOB pasyioxkenns (92) mpu BOBPACTAHUN HIHJIEK-
COB 0DECHEIMBACTCA MAJIOCTBIO OTHOMICHUS »; W yObIBanmeMm (byHKImil 9KC-
IEHTPUCUTETa [IPU BO3PACTAHUU IO MOJIYJIIO MHJEKca ¢. JacTHBIH coydail
pas3JIoKeHusi, B KOTOPOM OepyTcs TOJILKO cjaraeMmbie ¢ [ = 2, B jiureparype
Ha3bIBAETCS CIydaeM XHJLIa.

[Ipu paccmorpennn aeuzxerus C3 BHEITHIME BO3MYIIAIOIUMI TeJIAMU
sieyisitorest JIyna u Cosare. [TapameTrpsr iperieccnpytoreit opouThl BO3MYIIA-
IOIETO TEJIB 3aBUCAT OT BHIOOPA OCHOBHON cucTeMbl KOopauHaT. e ocHOB-
HOI1 TIJIOCKOCTBIO BhIOPaHa SKJIUINTHUKA, TO HAKJIoH opouTsl CoJsinia Oyier pa-
Ben nysto. [Iperieccus: opoutst JIyHBI B 3TOM Cilyvyae n3BecTHA KaK IIPEIeCcCust
C MOCTOHHBIM HAKJOHOM (OKOJIO 5 I'DaJIyCOB) W JIMHEHHO TI0 BPEMEHH H3Me-
Hsomeiicst goaroroit (360 rpasycos 3a 18.6 jer). Eciu B kauecTBe OCHOBHOMN
IIJIOCKOCTH BBIOPATH 36MHOI 9KBBATOP, & OCh & HAIIPABUTDH B TOUKY BECHBI, TO
juist Costria HakJIoH ' GyjieT mocTostHHbIM (0K0JI0 23 Tpajycpos), a ) = 0.
st JIyHBI B 9TOM CJlydae HakKJIOH, ¢ OY/IeT UCIBITHIBATL KOJIEOAHUS BO3JIe
3HAYEHMS TPUMEPHO 23 TpajLyca ¢ aMILUIMTYJION OKOJI0 b rpaaycoB. [losrora
BOCXOJIAINEro y3ja opouThl JIyHbl Ha 3KBaTope 3emun, () Takzxke OyaerT KO-
nebaThCs BO3JIe HYJIEBOTO 3HAYEHUs C aMILIUTYJION mpuMepoHo 11 rpasycos.
OHako Ha KOPOTKHX MHTEPBAJIAX BPEMEHU MOXKHO PacCMaTPHUBATL OPOUTY
JIyHbI iperieccupyioreii ¢ mocTosiHHOM CKOPOCTHIO U TIOCTOSAHHBIM HAKJIOHOM.

Bamernm, aTo pazioxenue (92) UCHONB3YeTCs He TOTBKO B CIy THUKOBBIX
zatadax. OHO MCIOIB30BAIOCH TAKIKe MTPU TOCTPOCHUN aHAJTUTHIECKAX TEO-
puit IBMKeHUS ILUTaHeT. PoJib BHENTHUX BO3MYIIAIONMIUX TET B 3TOM CIIydae
UTPAIOT JIpyTHe IutaHeThbl. Kak 9To Jeaioch, MoJipoOHO OMUCAHO B KHUTE
(Mroppeit, depmort, 2010).
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3.4. Ompenesieane BO3MYIIEHUIl 3JIEMEHTOB ITPOMEXKYTOYHOI Op-
OUTHI CIIyTHUKA IJIAHETHI

3.4.1. OO6ime acneKThl OIIpeieJIeHNusI BO3MYIIEHU 3JIEMEHTOB

PaccemorpuMm HEKOTOpBIE aCIIEKTHI IOCTPOEHNST AHATUTHIECKON TEOPUH JIBH-
JKeHHs CIlyTHUKOB METOJIaMK TEOPUU BO3MYIIEHHIA.

EcrecrBenno, Hanbo IbINMIT HHTEPEC TIPEJICTABIISIIOT BEKOBbIE BO3MYITIEHI
9JIEMEHTOB IIPOMEXKYTOUHOI opouTh! cryTHuKa. [lo KpaitHeit Mepe UMEHHO ¢
HUX HAUYMHAIOT BBIBOJ BCEX BO3MYIIEHMI B Teopuu. V3 BhIMEIpUBEICHHBIX
dOpPMYI BUIHO, 9TO BEKOBBIE BO3MYIIEHHSI, 00YCI0BIEHHBIE HEC(DEPUTHOCTHIO
IJIAHETHI, CO3IAI0TCS TOJBKO YeTHBIMI 30HAIBLHBIMEI TapPMOHUKAMUI Pa3JI0Ke-
HUA CUJIOBOH (byHKImu, T. €. ipu k = 0 u n - 4eTHOM.

[Tepuonndeckne BO3MYIIEHNS 3JIEMEHTOB MOI'YT UMETh IIePHUOJIbI, PABHBIE

2T

R (93)
gM + jw + kE(Q - S)

3Jiech cpe/in apryMeHTOB B 3HAMEHATe/ € MAKCUMAJbHYIO CKOPOCTh U3MeHe-
uust umeer M. [lostomy mpu ¢ # 0 BO3MYIIEHUST UMEIOT MUHUMAJIbHBIN I1e-
PUOJI, ¥ HA3bIBAIOTCS KOPOTKOTIEPUOIMIECKIMU.

3.4.2. BekoBble BO3MYIII€HUS

BosBpamiasch K BEKOBLIM BO3MYIIEHUSIM, UX MOXKHO IHOJIy9UTD, HOJCTa-
HOBKOI1 BEKOBBIX “JIEHOB B ypaBHeHNs Jlarparzka OTHOCHTEIHHO 9IEMEHTOB I
HHTEIPUPOBAHIEM UX CHAYAJIA /7T BOSMYIICHNUIT IepBOro mopsijika. B mekoro-
PBIX 33/fa7aX MOIYT OKa3aThCsl CYIECTBEHHBIMI TAK7KE BEKOBBIE BO3MY IIIECHIS
BTOPOI'O HOPSIJIKA.

Jst ciryTHIKOB G0s1binx ianeT COTHEIHOM CUCTEMbI B PA3JIOXKEHIN CH-
JIOBOI (DYHKIUHU NPUTSIKEHUA CPEH 30HAIBHBIX TAPMOHHK MAKCHMAJIBHYIO
BEJIMUHUHY nMeeT Bropast rapmonnka (n = 2). Cremyromas o 3HAYNMOCTH
OKa3bIBAETCs UeTBepTas 30HaJIbHAas rapMonuka (n = 4). Bekoble Bo3My-
IIEHUs CO3/AI0TCA TaKyKe IIPHUTsKeHneM BHemrHuX Tei — CosHIa U Apyrux
CILy THUKOB.

IIpu onpejeieHnn BEKOBBIX BO3MYIIEHNUIT IOIaraeM

M:M0+Tl1(t—t0), w:wg—i-ng(t—to), Qzﬂo+n3(t—to)

Bemuuunnr a, e, i, My, wy, 2y cauTaroTcs TPOU3BOJIBHBIMU ITOCTOSHHBIMI
UHTErPUPOBAHUA.

Ecim onpenendiorcss TOIBKO BO3MYIIEHUs TIEPBOTO MOPSJIKA, TO KOI(D-
PUIUEHTBI Ny, N9, N3 HalJyTCsd KaK 3HaYEHUs IPaBbIX YacTell ypaBHEHU
Jlarpanzka oTHOCHTEIHLHO d7eMeHTOB M, w, {2, COOTBETCTBEHHO, TIOCJIE IO
CTAHOBKH B HUX 3HAYEHUI MMOCTOAHHBIX @, €, 1.
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YT0o0bI TOKa3aTh, KaK MOJyYaI0TCd BEKOBbIE BO3MYIIEHUs, PACCMOPUM B
KadeCcTBe IIpuMeEpa BbIBOJ BbIpazK€HUA J1JIsI BEKOBOI'O BO3MYIICHUA II€PBOI'O
HOPsIJIKA B 9J71eMeHTe w (YIJIOBOe PacCTOsTHIE MEPUIIEHTPA OT BOCXOJIAIIETO y3-
J1a), 00YCJIOBJIEHHOIO BTOPOIl 30HAJILHOI MrapMOHUKON Pa3/IozKeHHsl CUJIOBON
GYHKIUMT TPUTAKEHUs IIaHeThl. [[jIs 9Toro BBIIUINEM 3/eCh CHOBA ypaBHE-
nue Jlarpamzka Jijist 3TOTO 3J€MEHTa,

dw V1 —e? @ cos 1 OR

dt - ena? Oe B na?yv/1 — e2sint E ’

Hamee BozbMeM oT Boamyaomieil byHkiuu (87) TOIbKO BEKOBON diieH Ry,
00yCJIOBJIEHHBINT BTOPOIl 30HAJILHOW TrapMOHUKOW. [[jist 9TOro wiena mmMeem
n=2k=0,n—2p=0, p=1u, cieroBarejbHo,

2
— T

0 -3,0
R2 = —GmJQEFgngO .

N3 Hpunoxennit IT 1.1 u 1T 1.2 Bo3bMeM He0OXOuMbIE (DYHKITUIO HAKJIOHA, 1
QYHKINIO SKCIIEHTPHUCUTETA

1

3 .5 1 _
Fg()l = —SIDQZ - = XO 3,0 = m

4 2’

IIpu BuIBOE yuTeM coorHomenue Gm = n?a3. IlogcTapiiss Tenepb BbIIMCAH-
HbI€ 3/1eCh BbIPaKCHUA B YpPaBHEHUE, IIOJIYYUM

dw 3] r2 4 —5sin%i
@t i eyr
AHa.,HOFI/I‘IHO MO2KHO BBIBECTU BEKOBBI€ BOSMYUICHMA IIEPBOI'O IMOPAJKA W JIJIA
OCTaJIbHBIX JIBYX djeMeHToB M, (2.
Yr00bI pa3InyauTh MeXK/1y co00il BEKOBbBIE WJIeHBI PA3HBIX MOPSIIKOB, 00Y-
CJIOBJIEHHBIE PA3JIMIHBIMIA BO3MYIIAIOMIMU (haKTOpaMU, IIPEJICTABUM
Ny, Ng, N3 B CJIELYIONEM BUJIE:

ny =n[l + v (Je) + V1(J22) + 11 (Jy) + v (m)],

ny = nlva(Ja) 4+ va(J3) + va(Js) + 1a(m)],
ng = nlvs(Ja) + vs(J3) + vs(Ja) + vs(m')],

rae vi(Jo) u vj(J3) (j =1,2,3) — wieHbl HEePBOro U BTOPOTO MOPSIIKOB, 00Y-
CJIOBJIEHHBIE BTOPOII 30HAILHON TapMOHUKON B pa3JIozKEHUU CUJIOBON (DYHK-
uu npuTsoKeHns wiaxeTst, vi(Jy) (7 = 1,2,3) — wWieHbl IePBOro MOPS-
Ka, 00yCJIOBJ/IEHHBIE Y€TBEPTOil 30HAIBHOI rapMoHHUKOH, v;(m’) (j = 1,2,3)
— wjieHbl, 00yCJIOBJIeHHBIE NpuTszkeHueM BHerrnero teiaa (CosHie, apyroii
CITy THUK ).
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[Ipu TakoMm mpejcTaBIeHUN BEKOBBIX BO3MYIIEHUN OyIeM UMETh

uxk)zzb(%§2%{%§§, (95)
v3(Jo) = —;Jz (%)2 % : (96)

Ecim HeoOxomumo orpeie/isTh BEKOBOE BO3MYIIEHUE B CPeJIHEll JI0/roTe
A= M + w + (), Hy?KHO BOCIIOJIb30BAThCsI BbIPAXKEHUEM JIJIsT CYMMBbI

(o) +va(Ja) + v3(J2) =

SJ ro\2 4 — 58% + /1 — (2 — 3s?) — 2cosi
4 ( > (1 —e2)?

B mekoToOpbIX 3a/1a9ax paccMaTpPUBAIOTCS BEKOBbIE BOBMYIIEHUS TIPUA HY-
JIEBOM SKCIIEHTPUCUTETE € W HYJEBOM HAKJIOHE 7. B 3TuX ciydasx HHOTJIA
npocto nojaraloT w = 0, 2 = 0 u GepyT BO3MYIIEHHOE 3HAYEHNE CpejIHeil
anomasuu M ¢ ucnosib3oBaHneM BbIpazkeHuil jyisi v(...). Tak npuxogst k
omubouHOMY BBIBOJY. [IpaBuibHas MOCIEI0BATENBHOCTD JIEHCTBUIl B 9TOM

(97)

a

cIydae COCTOUT B OIIPeJIeJIEHUN BEKOBOI'O BO3MYIIEHUS B CpejHeil joJrore
C UCHOJIb30BaHneM Bbipakenus (97), B KOTOPOM ¥ HYZKHO TOJIOKUTH € = 0,
1=0.

B npakTuieckunx 3aj1atuax HebeCHOM MeXaHUKN BOZHUKAET HEOOXOIUMOCTD
OTPEJIEIATh U IPYTHE PACCMOTPEHHBIE BbIIIE BEKOBbIE BO3MYTIeHUd. 11 3TO0-
ro IpHUBeeM 37eCh 0e3 BbIBOJA (POPMYJIBI JJI STUX BO3MYIIEHUH. AHAJIO-
TUYHO ONMCAHHOMY BBIIIE TOPSAJIKY JEeUCTBUI MOJTYYaIOTCs BbIPAYKEHUS JIJIs

v1(Ja), va(Ju), va(Ja)

45 ro\% 8 —40s* + 35s?
()t ottt

15 (@)4 4(16 — 625 + 49s*) + 9e?(8 — 2852 + 2157

va(a) = =158 (1= e ’

V3(J4) =

15 (r0>4 cosi(4 — 7s%)(2 + 3e?)
327" (1 —e2)?
Bekosbie BOSMYIIEHUA BTOPOI'O ITOPsAJIKA HAXOIATCA 60.7166 CJIO2KHBIMMA ,ZLeIZ-

crBusiMu. Bocrosib3yemest pesyJibraTtami, 1oJydeHHbiME B pabore (Brouwer,
Woerkom, 1950). B mamux obo3HaUeHUIX HMeEM

i (J2) = é’SJQ <@> = )7/2{ 15+ 16v/1 — €2 + 25(1 — %)+
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+[30—96v1 — €2 —90(1 —e?)] cos? i+ [105+ 1441 — €24+25(1 —e?)] cos* i}

3 7o\ 4 1
2 _ 2 _0 I S 2 2
no(J5) = 5= (a) T B YT E 25— )

4190 — 192v1 — €2 — 126(1 — €?)] cos? i+
+[385 4+ 360v/1 — €2 + 45(1 — e*)] cos* i} ,

\ |
TO) O 12V — 2 4 9(1 — ?)—

(1—e2)t

i) = 73 (2

3272 \a

—[35 4 36V1 — €2 +5(1 — €*)] cos® i} ,

st opObuT ¢ MaJIBIMM HAKJIOHAMU U SKCIEHTPUCUTETAME YI00HEe IMOJIb-
30BATHCA JPYTUM BUJIOM STUX (HOPMYJT
3 1

To 4

+16(4 — 125* + 9s")V1 — €2 + 5(—=8 + 8s* + 5s) (1 — €?)] ,

3 70\ 4 1
2y 92 g0 4+ . 2 4
v(J5) = 53 Js ( - ) i— ey [5(88 — 172s° + 77s")+

+24(8 — 225 + 155" )V/1 — €2 + (=56 + 365 + 45s*)(1 — €?)] ,

3 ro\4 cCost
2\ 2 0 . 2
v3(J3) = —32J2 <_a) —(1 — 62)4[5( 8 + 7s%)+

+12(=2 4 39)V1 — 2 + (4 +552)(1 — %))

BosmynieHus oT BHENIHEro TeJia.

OrnpeiesieHne BEKOBBIX BO3MYIIEHUs 3JIEMEHTOB OPOUTHI HEOECHOTO TeJa,
00yCJIOBJIEHHBIX MPUTSKEHUEM BHEITHErO Tejia, 3aBUCAT OT KOHMUryparun
teJ. PaceMoTpuM BhIpaskeHUsT /It BEKOBBIX BO3MYIIIEHUI B CJIyYIae BO3MYIIIe-
unit opouter UC3, obycmornerasrx npurskernuem JIyuosr wau Comana. Opou-
TY BO3MYIIAIOIIETO Tejia OYyIeM pacCMaTpuBaTh Kak MPEIeCcCupPyIOnuii 3JLIIIC.
Torma MOKHO BOCIIOJIB30BATHCS PA3JIOKEeHIEeM Bo3Myaomeil pyuximm (92)
B3arbiM u3 kauru (Mroppeii, lepmort, 2010). st nomcka BEKOBBIX BO3MY-
HeHnit HeoOXOINMO BBIIEIUTH (OCTABUTH) B BO3MYIIAONIEH (DYHKIMH TOJKO
BEKOBOW 4JICH.

Pacemorpun nojipo6Guaee Boipazkenue (92). B aprymenrte KoCHHYca HYZKHO
HOJIOXKUATH KOI(DPUITUEHTHI TIPU 3J1eMeHTaX OPOUT TeJ1 paBHbIMU HYJ110. Kpome
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TOTO, YIUTHIBAsI MAJIOCTH OTHOIIEHUS @/ a’, BO3bMEM TOJILKO OCHOBHbIE UJIEHBI
npu [ = 2. Torna nmeem

l—2p+q=0,q=0, m—10+2p=0 (BekoBoii wieH),

l—2p"+q¢ =0,¢ =0, m—1+2p =0 (Bexosoit uien),

OTKyJla HOJIydaeM
=2, m=0,g=0,p=1,¢=0,p =1. (98)

Heobxoumbre 37ech GyHKIMN HAKIOHA U (DYHKIUUA SKCICHTPUCUTETA
BozbMeM u3 lIpuioxkenus:

3 1
Fg[n(l') = Zsin%’ — 5,
3 1
Foon (i) ZSiHQ i - 2
XQ,O _ 3 2
0 (6) =1+ 56 >

-3,0/ 1\ __ 12\—3
X7 (e)=(1—€7)2.
Breriensa emucTBenHOe C1araeMoe, BeKOBOI 9/IeH B IIPE/ICTABICHAN BO3-
mytatonieit byskimn (92) Ipu cOOTBETCBYIONMX 3HAYEHUAX UHIeKCoB (98)
U NOJCTaBIAA (DYHKIMN HAKJIOHA U (PYHKIIMU SKCIEHTPUCUTETA, [OJIy IHM:
/.2
fma* 3 ., 1.3 . ,, 1 3

. . 2 2\ —
3 (Zsm z—?(zsm 2'—5)(1+§e (1 —e) 2,

Njw

R (99)

a

Teneps mojicTaBUM MOJTy YeHHOE BhIpayKeHue Bo3Myaromieit pyukimm (99)
B ypaBHenus Jlarpam:ka i yrjioBOrO pacCTOAHUS IEPUIICHTPa OT y3Jia U
JIOJITOTBI BOCXO/IAIIETO Y31

d_w_\/l—ezﬁ_ cos1 @ (100)
dt N ena? Oe na?yv/'1 — e2sin? 01’
ds? 1 OoR
- (101)

dt na2y/1 — e2 siniE.

Hns wagana jguddepennupyem Boipazxkenue (99) 110 9KCIEHTPUCUTETY U
HakJIoHy. Torma mmeem:

OR  3fm'a® 3 3 1

== “’;nga (L+ 5~ &) 3 (2 sin?d — 5) sini cosi, (102)
OR  3fm'a® 3 1.3 1
5 = %(Z sin?i — 2)(sin’i’ = )L - ) e (103)

100



B nampneiimux mnpeobpa3oBaHUAX COIVIACHO TpeTbheMy 3akony Kerurepa
ydTeM COOTHOIIIEHUE

fm =n’a’.

U reneps yxke, mogcransis (102) u (103) B o6mumit Bux ypasrenuii Jlarpan-
xka (100), (101), mocste ynpoIreHuii 1 MHTErPUPOBAHHS 110 BPEMEHHU MTOJIY IaeM
BEKOBbBIE BO3MYIIEHUSI 3JIEMEHTOB

3m' ra\3 bHsin®i—e2—4 3
-2 2inZi — 1Dt —
w(t) < ) nm(1_6/2)%(28m i )(t — to) + wo,

14+ 3¢?)cosi 3
(L+35¢7)co Z§(§sin2i’—1)(t—to)+90,
2

8m \da
3m' sa

=1 <5>3”m<1 e

r7e Wo, {29 — TPOU3BOJIbHBIE TIOCTOSTHHBIE.

BaBucnmocTn KO3(h UIMEHTOB BEKOBBIX BO3MYIIEHHH OT OOJIBITION 0Ty~
ocH OPOUTHI CITYy THUKA MTOKA3BIBAIOT, UTO JJIsI OJTM3KUX CITY THIKOB ITPEBAJIIPY-
10T BO3BMYIIEHHUS OT CXKATHS 3eMJIH, a JIJI JIOCTATOYHO YJIAJIEHHBIX — BO3MY-
menns ot nputskenus JIyust u Cosnna. Bostee netaibHO 9TH 3aBUCUMOCTH

MOXKHO yBuleTh Ha Puc. 7, 8. Ha rpacdukax BujiHO, 4TO BOBMYIIEHUS OT ITUX
TpexX (aKTOPOB MMEIOT NPUMEPHO OJIMHAKOBBIC BEJIUYUHBI IPU 3HAYCHUSX
6oJibImoit tostyocu mpumMepto ot 55 000 1o 65 000 kumomerpos. Kosdbduriu-
€HTBI JIJI TIOCTPOEHUs IPapUKOB BBITUCISIIIUCH [P CJICIYIONINX 3HAYCHUSIX
napamerpos: Jo = 0.0010827, 1o = 6378.160 kM, fm = 398603.2 km?/c?, nis
Jlynwt fm’ = 4902.7779 xm? /c2, niua Commna fm' = 1.32715445 - 101k /¢,
qutst JIyaer @' = 384400 kM, s Cosana @’ = 149600000 KM, yroa MeK Ly
SKJIUIITUKON ¥ 9KBATOPOM 3emiin 23.5 rpaji. IKCIEHTPUCHTETHI BCEX OpOUT
HPUHATHL paBHbIMU Hym0, T. €. ¢ = 0,¢’ = 0. Hakysonom opbursr JIyHbl K
SKJIMIITUKE Ipenebperaercs, Torga ¢ = 23.5 rpag mis Jlyuo u gis Cosnna.

[IpencraBieHHbIil 371eCh BBIBOJI BEKOBBIX BO3MYIIEHUN OT MPUTIKEHUS
BHEIITHET'o TeJjia | IMOCTPOeHUe IPAPUKOB OBLIO BBIITOJHEHO CTYJIEHTOM acTpPO-
HOMuYeckoro oresenust pusdaka MY Opsosbiv M.A. (2020 rox). Ilyrem
JIOTIOJIHUTE/ILHBIX TTPeobpa3oBaHuii (hopMyJi OH CBEPU OKOHYATE/IbHBIE (hop-
MYJIBI C TeMHU, 9TO Jaubl B CIpaBOYHOM PYKOBOJICTBE 0 HEOECHON MEeXaHWKe
u acrpojuHamuke (/y6ommH, 1976), n mokasas coBIajeHIe Pe3YIbTATOB.

[Tosryuennbie BBIIIE BhIPaXKEeHUs JjIs BEKOBBIX BO3MYIICHU, 00YCIOB/IECH-
HBIX IPUTKEHNEM BHEITHET'o TeJIa, MOy YeHbI B IPEII0I0/ZKEHNN, YTO OPOH-
Ta BHEIHEro TeJjia — perneccupyomuii ssuic. [Ipu srom rpaduku moctpo-
€HBI JIJIsI CJIydast, KOIJia ILJIOCKOCTh OPOUTHI HEMOJIBMXKHA, & J0JroTa y3Ja
paBHA HYJIIO.

[Ipu meraabHOM paccMOTpeHHH KOH(Uryparms opouTs JIyHBI OKa3biBa-
ercs Oostee ciioxkHO#. OHA MMEeT MOYTH MOCTOHHBIN HAKJIOH K SKJIUITHUKE,
pPaBHBIN IIPUMEPHO b IpajlycoB, a y3es opOuThl JIYHBI Ha SKIUNTHKE UMeeT
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a, KM

40000 50000 60000 70000 80000 90000 100000
0 1 1 1 1 1 0
rpaa/cyT rpan/cyt
ConHue
-0.005 — - -0.005
J, JNlyHa
-0.01 — - -0.01
/

-0.015 ! ! ! ! ! -0.015

40000 50000 60000 70000 80000 90000 100000
a, KM

Puc. 7: 3aBucumoctn ot 60JIbII0# 110J1yOCH KOIGDDUITMEHTOB BEKOBBIX BO3MY-
IIEHN YTJIOBOTO PACCTOSTHU MEPHUIIEHTPA OT Y3/1a, 00YCIOBIEHHBIX CXKATHEM
Bemn (Jy), Comanem u Jlynoit.

a, KM
40000 50000 60000 70000 80000 90000 100000
0.025 1 T T T 1 0.025
rpazg/cyT rpan/cyT
0.02 - 0.02
J;
0.015 — JlyHa ~ 0.015
0.01 - 0.01
ConHue
0.005 — ~ 0.005
0 1 1 1 1 1 0
40000 50000 60000 70000 80000 90000 100000
a, KM

Puc. 8: 3aBucumocTtn ot 60JIBIION T0JIyOCH KOIDDUITMEHTOB BEKOBBIX BO3MY-
MIEHUTT JI0JITOTHI BOCXOJIAIIETO y3JIa, 0OYCJIOBJIEHHBIX cxKaTrneM 3emin (J3),

Comnniem u JIyHoii.
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OpOGura JlyHbt

DKBaTop

DKIUNITUKA

Puc. 9: Kouduryparus opobutst JIyHbI 10 OTHOIIEHUIO K SKBATOPY U SKJIUUII-
THUKE.

BEKOBOE JIBUZKEHUE, COBEPINas MOJHbI 000poT 3a npuMepno 16 jiet. [losromy
y3eJst opouTsl JIyHBI HA SKBATOPE 3€MJIM UCHBITHIBACT CJIOXKHBIE KOJIeOATE b
HbIE JIBUKEHUS BOU3W TOYKHU BECHBI. BBIIO ObI MHTEPECHO U TIOJIE3HO 10 IPO0-
Hee paccMOTpeThb 3To jiBmKenne. Kondurypanuio nogcuger Puc. 9. zob6pa-
JKeHBI JINHUU TIepecevennsl TI0CKOCcTell co cdepoil equHmIHOrO pajmyca. Ha
PHCYHKE 7y — TOYKa BECHBI (TOYKA [epecevdeHnss SKBATOpa ¢ SKJIUITHKOM), A
— y3es opbutsl JIynbl Ha sKBaTOpe, B — y3es opouTh! JIyHBI HA SKIUNTHKE,
A — SKJIMIITUYECKAs JI0JITOTA y3Ja OpouTh! JIyHBI, av — IpgMOe BOCXOXK/IeHUE
y37a opbuTsl JIyHbI Ha SKBaTOpe, £ — HAKJOH SKJMUITUKKA K SKBATOPY, [ —
HaKJIOH OpOUTHI JIYHB K 9KJIMITHKE.

Haxksion opbutst JIyus K skunTuke I movTu MOCTSHEH U PABEH ITPUMEPHO
5 IpajlycoB. DKIUINTUUECKAS JTOATOTa y3ja opouTsl JIyHbl A nmeer JjuHeii-
HBIII 110 BpeMeHU XOJ U coBepIimaeT ob0poT 3a npumepHo 16 ser. Hakion
SKJIUITHKA K 9KBATOPY € paBeH mpuMepHo 23 rpajyca. [Ipencrasasger nnre-
pec npaMoe BOCXOXKJIeHre y3Jia opOuThl JIyHbI Ha SKBaTOpE (v, KAK PYyHKINS
or A, T. e. a(A).

Uckomast 3aBucuMocTb Obliia BbiBejieHa crygaerTom Opsiossim VLA, (2020
rojt). Yroj o MOXKHO OTIPEJIESTATh U3 COOTHONIEHUST

sin A

sinC'’
cos AcosC + -~

tana =

rie
C =180° —e.

I'paduk zaucumoctu «(A) mpusemen na Puc. 10. Makcumasipunoe mo
MO/LYJ/II0 3HaYeHre ¢ paBHO IpuMepHO 12.6 rpajiyca.
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Puc. 10: BaBucumoctsb aN).

Ha xopoTkux mHTepBajiaX BpeMEHH MOXKHO CYUTATb (v JIMHEWHOW (DyHK-
nueli BpeMeHu, MOJICTaB/Issl ee B pasjiozkeHue Boamytnaionieil dpyunynuu (92)
B KadecTBe Beaudunbl ().

3.4.3. llepuojguydeckue BO3MYHIIEHUS

[Ieprnonudeckne BO3MYIIEHUS 9JIEMEHTOB ITPOMEXKYTOIHOM OPOUTHI CITYT-
HUKa, 00YCJIOBIeHHbIE HeC(HEPUIHOCTHIO IIAHETHI, UMEIOT HeOOJIbINNEe aMILIN-
Tyael. [losToMmy Bo3mylleHHOE JIBUKEHUE CITYTHUKA CXKATOW OCECUMMETPUY-
HOH TIJTAHEThI MOXKHO TPEJICTABUTH, KAK JIBUYKEHUE BOJU3U HEKOTOPOTO 3JI-
JIUTICA, TLJIOCKOCTH KOTOPOTO MPEIECCUPYET IPHU MOCTOTHHOM HAKJIOHE BOKPYT
OCH CHMMETPUH IIJIAHETHI C YIVIOBOH CKOPOCTHIO §) B HAIIPABJICHIH, 00PATHOM
opbuTajbHOMYy JBM2KeHuio. [Ipw sToM JmHus arcuji mpereccupyer B ILIOC-
KOCTH OPOUTHI C yIJIOBO# CKOpOCThIO w. Harmpasienue JTuHUEN amicu i ompe;ie-
JIsIeTCs 3HAKOM BbIpazkenus 4 — 5sin’i. Jlo6aBok AM k YIJIOBOIT CKOPOCTH
OpOUTAILHOTO JIBHKEHUST HE U3MEHSIET XapaKTep JBUKEHUS.

OTrmeruM JIIOOONBITHBIN (DAKT B TEOPUU BO3MYIIEHHOTO JIBUYKCHUS CITYT-
HUKa C2KaToil 1ianerwl. [lonmbiTaeMced onpeaesinTh epuoIndecKe BO3MYyIIie-
HUsI 3JIEMEHTOB, TIOPOXK/IAaEMble WIEHAME PA3JIOXKEHUs BO3MYyIIaomieil dpyHk-
nuu tpu ¢ = 0, k = 0. OueBuUHO, YTO CKOPOCTD MPEIECCUU JTHHUHU AICU]T W
UMeeT MaJIYIO BeJIMIUHY TePBOro mopsijika Majoctu. COOTBETCTBYIOINIUI 3TUM
BOBMYTIEHUsAM 11epros 1o (opmyrie (93) moaydaercs MAKCUMAIbLHBIM CPEIH
nepuojimiecknx BosMytenuit. [losTomy sTm Bo3MyIeHNs HA3BIBAIOTCH J0JI-
rorepuoiniecKuMu. ZlcHo, 4To BTOpas 30HAJIbHAS TAPMOHUKA NpU N = 2
¢ Koahdurmentom Jo Oy/leT TakKe MOPOKIATH JOJITONEPUOIUICCKIE BO3-
MYIIEHUS B dJE€MEHTaX ITPOMEXKYTOUYHON OpOUTHI ciiyTHUKA. [lockombKy Jo
UMeeT TIEPBBI MOPSI0K MaJIOCTHU, CJIEyeT OKUJIATh TOJYIeHHUS JIOJTOTIePH-
OJINYeCKOr0 BO3MYIIIEHUs IepBOro mnopsijka. lIpn maTerpmpoBannn ypasHe-
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uuit Jlarpamka Jijist pacCMaTPUBAEMBbIX YJICHOB PA3/IOKEHUS BO3MYIIAONIEH
yHKIINN B 3HAMEHATETH BHIPAZKEHUS TIOCTYIAET BeJIMINHA W, UMEOIIAas [ep-
BBIfl TTOPSIOK MAJIOCTH. B UTOre mojydaeM BO3MYIIECHHE HYJIEBOTO TOPSJIKA
MaJtoctr. Ha mepBbIil B3I/ TOJIyIaeTCsd, 9TO MEeTOJI MAJIOr0 mapaMeTpa Jia-
€T OTKAa3 B MOIBITKAX OIKMCATH BO3MYIIEHHOE IBUKEHUE CIIyTHUKA CKATOM
wianersl. Cutyaruio cnacaer "momapok npuposbt". Vckomoe josromnepuoiu-
geckoe Bo3mytenue ipu n = 2, ¢ = 0, £ = 0 comepKuT (PyHKIMH SKCICH-
TPUCHUTETA, PABHBIE HYJIO, T. €.

Xo " (e) = X7 (e) =0

npu Beex e < 1. [lo sToit mpudmne oTONEPUOINIECKIE BO3MYIIEHUS, 00Y-
CJIOBJICHHBIE BTOPOIl 30HAILHOM TAPMOHUKON Pa3JI0KEHUs CUJIOBOM (DYHKITUI
HNPUTSKEHUS [IJIAHEThI, IPOCTO OTCYTCTBYIOT. Jlosmonepuogmdeckne BO3MYy-
IIeHusT, OOYCIOBJIEHHbBIE JIPYTUMU TAPMOHUKAME PA3JI0KEHUsT, OYIyT MaJIbI-
MH, TIOCKOJIBKY COOTBETCTBYIOINIE KOI(PDUIMEHTH NMEIOT BTOPOI MOPSIOK
MAJIOCTH.

OTrmeTnM BayKHOE CBOMCTBO BO3MYIICHUIT 9JIEMEHTOB ITPOMEZKYTOUHOI OP-
OUTHI cryTHUKA HechepudHoil mranersl. [IpuMenss MeTo s MaJioro napaMer-
pa, Kak OIMCAHO BBIMIE, MbI Oy/IeM IOJy9aTh BEKOBBIE, MEPHOIUIECKUE, a
TaK»Ke, BOSMOYKHO, CMeIllaHHble Bo3MyIeHus. [IpucyTcTBre BEKOBBIX BO3MY-
IMEHNi B 3JIEeMEHTaX a, €, ¢ MOIJIO Obl MPUBOJIUTH K KATACTPOMDUIECKUM TIO-
CJIEJICTBUSIM — TIOTepeil IJIaHeTOoil cBOMX CIlyTHUKOB. CMeIIaHHbIe BO3MYIIE-
HUsI IPUBEJIN OBl K BBIBOJLY O HECOCTOATETIbHOCTH Teopun. OIHAKO, KaK JTOKa-
3aH0 B pabote (Akcenos, 1966), B BO3MYIIEHUSX 3JIEMEHTOB IIPOMEKY TOTHON
OpOUTHI CITyTHUKA, OOYCJIOBJIEHHBIX HEC(PEPUIHOCTBIO IJIAHETHI, B SJIEMEHTaX
a, €, 1 OTCYTCTBYIOT BEKOBbIE, & BO BCEX IIIECTH 3JIEMEHTax a, e, 1, M, w,
OTCYTCTBYIOT CMEIIaHHbIE BO3MYIIEHUS BCEX IMOPSIKOB MaJIOCTH. DTO MOXKHO
JIOKa3aTh METOJOM MATeMATHIECKOW WHIYKINN, TPUMEHSIST €0 K [TOC/Ie/I0Ba-
TEJTHOCTUA BO3MYIIEHUN KAXKJIOT0 CJIEIYIONIEro MOPIKa MaJIOCTH.

Omupejiesierre BO3MYIIEHU, 00YCIOBIEHHBIX MPUTIKEHUEM JIPYTUX TeJ,
a UMEHHO JIpyrux ciyTHUKOB U COJIHIIA, BBI3BIBAET OCOOBIE ITPOOJIEMBI.

O6patumcs K 00IieMy BUJIYy pas3/ioxKeHus Boamylnaoreil dyakimm (83).
Kak mpeanucano meromaMu TeOpuUu BO3MYIIECHHS, CHAYAJIA OLIPEIEISTIOTCS
BEKOBBIE BO3MYIIEHUS 3/IEMEHTOB IIPOMEXKYTOIHON OPOUTHI. DJIEMEHTHI w), (2,
ITOCTOSTHHBIE B KEILJIEPOBCKOM JIBUKEHUH, TEIePh CTAHYT JIMHEHHBIMI (DYHK-
IUSMA BpeMeHU ¢ KO3 MUIMEHTOM MIPU BPEMEHU, MPOMOPIINOHATBLHBIM Ma-
JIOMY TIapaMeTpy BO3MyIIaiomeil pyHknuu. 3aTeM HaXOJATCS I[IePUOJIITe-
ckue wieHbl. [Ipu TOM BCTpeTdTCs cllaraeMbie, COJEPIKAIINUE TOJIHKO w, §2
110/T 3HAKOM TpHUroHOMeTpudeckux (yukiuit. [Ipu uaTerpupoBanun ypashe-
numit Jlarpamka 1o BpeMeHU, MaJIbIil TapaMeTp OKaXKeTcsd B 3HaMeHATe e W
COKPATUTCS ¢ MAJIBIM TIApAMeTPOM B BO3MyMaomieil byHKIUN. 37ecCh 1pn
MIOCTPOEHUN TEOPHUH METOJIOM MAJIOTO MapaMeTpa BO3HUKAET IMPOTUBOPEYNE:
MaJible BO3MYIeHns (haKTHIeCKN OKA3bIBAIOTCS He MaJbiMu. Takue Bo3MmyTiie-
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HUsI OKA3bIBAIOTCS BEChMA JIOJITONEPUOINIeCKIMU. Kein Takas Teopus 1pu-
MeHSIeTCsI Ha KOPOTKOM WHTEepBaJjie BPEMEHHU, TO TaKhe BO3MYIIEHUS MOXKHO
canTaTh MOCTOAHHBIMU. OHn hakTudecKn Oy/yT YITEHBI IIPU ONPEICTCHUN
napamMeTpoB JBUKeHusi u3 Habsoennii. OHako Ha OOJIBIINX WHTEpBAJIaX
BPEMEHH TaK TEOPUIO MOCTPOUTH HeJb3sd. llosTomy i jajiekux CcryTHU-
KOB OOJIBINUX TJIAHET TPUEMJIEMBbIX AHAJIUTUIECKUX TEOPUil JTBUKEHUS TaK
1 He OBLIO J0 CHX IOp MOCTPOEHO. B HEKOTOPBIX CJIyvasx, KOIJia BEKOBBIE
BO3MYIIEHNsT OT CXKATUs TJIAHETHI MPEBAJUPYIOT, TO MPU YKA3aHHOM BBIIITE
MHTerpupoBanny ypaBHenuil Jlarpamxka jisd nepuouiecKnx 4JeHOB Pa3Jio-
JKeHHsT BO3MYTIAoNeil (HyHKIMN B 3HAMEHATEIb TIOCTYIIaeT He CTOJIb MaJiast
BeJIMYMHA, KAK MAJIbIi IapamMeTp, OOYCJIOBJICHHBIN HPUTIKEHUEM JIPYTOTro
tesia. VIMeHHO mipm Takoii GsaronpusTHOl curyanuu B pabore (Emelyanov,
Samorodov, 2015) GbLTa YCIIEITHO MOCTPOEHA AHATUTHIECKAsT TeOPUsT IBUZKe-
Hud ry1aBHoOro criytTHuka Henryna Tpuron.

Eme omna nmpobiiema yvera NPUTHXKEHUS JIPYTUX CIIYTHHKOB CBs3aHa C
HEOOXOIMMOCTBIO pa3JjiaraTb BO3MYIIAIONIYIO (DYHKIIUIO MO CTEIEHsIM OTHO-
IeHHsT OOJIBIITIX MTOJIyOCei OPOUT BO3MYIIAEMOIO U BO3MYIIAOIIETO Te/I. JTO
pasinoxkenue npencraieno B kaure (Mrooppeii, depmort, 2010). Ilpu ompe-
JIeJIEHUN BO3MYIIEHN, OOyCJIOBJIEHHBIX B3aUMHBIM IPUTSKEHNEM TJIABHBIX
cuyraukoB FOnurepa, Carypua u ¥Ypana, 0OObIYHBIM METOJOM TEOPUU BO3MY-
IEHUST TIOCTPOUTH AHAJTUTUYIECKYIO TEOPUIO HE yJ/IAeTCs.

3.4.4. IlocTtossHHOe BO3MYyIIleHNEe OOJIBbIIOI MOJyOCH OPOUTHI CITYT-
HUKAa

BekoBble BO3MYIIEHHS 3JIEMEHTOB IIPOMEXKYTOYHON OPOUTHI CITYy THIKA, B~
JIIIOTCSI OCHOBHBIMI BO3MYIIEHUSIME IIPH PACCMOTPEHUH IBUKEHUsT HA HHTEP-
BaJlaX BpeMeHU, SHaYUTEJIbHO IIPEBBINMIAIONINX IIEPHUO/ O6paH.[eHHH CIIyTHHKA.
[To ompeesrennio BEKOBBIE BO3MYIIEHHS TIOJTYIAI0OTCA OT BEKOBOI JacTh pas-
JIO?KEeHUs BO3MYTIatomei pyuknuu. Jlerko Bujieth B ypaBuenusx Jlarpanxa,
YTO BEKOBBbIE BO3MYIIEHUSI IIEPBOTO IOPSIJIKA B dJIeMEeHTax ¢ — OOJIbIIasl I0-
JIYOCh, € — 3KCIEHTPUCUTET, ¢ — HAKJIOH OTCYyTCTBYIOT.

Kaxk 0b1710 110/102K€HO BBIIIIE, O0JIbITAas TOJIYOCh OPOUTHI ¢ CBSI3aHA C HEBO3-
MYIIEHHBIM 3Ha4Y€HHUEM CpeJHEro ABU2KEHUA 77 COOTHOIIIEHUEeM

n=4\/—. (104)

MozKHO IPeaIIoI0KUTh, YTO yIeT BEKOBBIX BO3MYIIEHUN B ajiemerTax M, w,
() MOXKET JaTh IPUEMIEMYIO MOJIE/Ib JBUKEHNS CIIyTHUKA, IIOCKOJIBKY IIepH-
O/INIeCKUe BO3MYIIEHNS, TTPOIIOPIIMOHAIBHBIE MAJIOMY HapaMeTpPy BO3MYIIa-
omeit byHKITUN, MaJIbl.

Ha camom Jeste Takast MOJIEIb BEKOBBIX BO3MYIIECHU He Oy/1eT HauIy dImeit
IIpK corJiacoBaHum ¢ HabsoaeHusME. OKa3bIBaeTCsl, IYTO IPHU 3aJJaHHOM 3Ha-
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YeHuu n ¢ HaOJIIOJEHUAMU JIYUIle COTJIACYeTCd JIPYroe 3HaveHue OOJIBITION
nosryocu. /leyio B ToM, 4TO KOMOMHAIMS KOPOTKOIIEPUOINIECKUX BO3MYIIE-
HUIl B 3KCIEHTPUCUTETE € U cpejHeil anomaaun M HaeT MOCTOAHHBIN “JIeH
B BO3MYIIEHUAX IEHTPAJIBHOIO PAcCTOAHMA ciyTHUKa 7. OJHAKO B Teopuu
BEKOBBIX BO3MYIIEHUN KOPOTKOIEPUOITICCKIE BO3MYIIEHUS OTOPOIIECHBI.

Jlydimast MoJ1e/1b BEKOBBIX BO3MYIIEHUIT [TOJIYIUTCs, €CJIN B KATeCTBE DOJThb-
IO# TTOJTyOCH BMECTO @ B34Th 3HAYEHUE @, BLIYUC/IAEMOE TI0 (hOpMYJIe

a=a+or, (105)

rjie 07 — MOCTOSTHHAA YACTb BO3MYIIEHUN EHTPATBLHOTO PACCTOSHUSA.
Omnpejiesierre dr MPOU3BEIEM 3J1€Ch JIJIsi CIydast BO3MYIIEHU, 00yCI0B-

JIEHHBIX BTOPO#l 30HAIbHOI FapMOHUKOMN Pa3/I0yKeHIs CUJIOBON (DYHKITUH [TPU-

Ts2KeHnud ItaneTol. Kpome Toro, Gyjaem mpejnoiaraTb, 9To SKCIEHTPUCUTET

OpOUTHI CIyTHUKA, € HACTOJBKO MaJl, UYTO B PA3JIOKEHUAX 110 CTEIEHAM IKC-

IEHTPUCUTETA MOXKHO OTPAHUYUTHCS YJI€HOM HAWHU3IIEro MOPsIKa. 10 ecThb

MBI IIpeHeOperaeM BeJIMYUHON SKCIIEHTPUCUTETA 110 CPABHEHUIO C eJIMHUIIEN.
C npuHATON TOYHOCTHIO MOXKHO 3aIUCATH

or = (1 —ecos M)da — acos Mde + easin MG M. (106)

BosbMeM pasiiozkeHne BO3MYyIAomeil (hyHKIMU COTIACHO TIPUBEIEHHBIM
BoIe (opmysnam (88), (89), (90). OcraBuM B pas3IOKEHIU TOIBKO YICHBL, CO-
OTBETCTBYIOIINE BTOPOii 30HAJIBHON TapMOHUKE PA3JIOKEHUsI CUIIOBON (DYHK-
U TIPUTSKEHNs [1aneThl. [loyanm

o0

2 2
R = Gm%Cgo Z Fyp,(4) Z X, 327 (e) coslgM + (2 — 2p)w]
p=0

g=—00

e Cyy — KO3 DUIUEHT 1pr BTOPOil 30HAJIBLHON MapMOHUKE, a 7'p — CPeJl-
HUI 9KBATOPHUAJIBHBIN pajuyc IJIaHEeThI, TPUHATHIN 1pu omupeaeneHun Cog.
[Ipu stom Cyy = —Js. B mociienmeit cymme 0KaxKyTcst TOJIBKO 9eThIpe KOPOT-
KOIIEPUOJNIECKHAX CJIaraeMbIX HAMHUBIIETO MMOPSIAKA OTHOCUTEIHLHO MAJIOIO
9KCIIEHTPUCUTETA, KOTOPBIE COOTBETCTBYIOT CJIEIYIOIIMM KOMOWHAITUSIM 3HAa-
YEeHUI WHICKCOB CyMMHUPOBAHUS

p=0, ¢= 1,
p=1 q= 1,
pzla q:_17
p=2 qgq=-—1.

OCT&BJIHH B CyMMe TOJIBKO 9THN CJIaI‘aeMbIe, HaI‘/’I,H,eM
7,2
R= Gm—gC’m X
a
[ Faoo (1) X7 > (€) cos(M + 2w) + Faoq (1) X; " (e) cos M+
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Foor (1) X 20(e) cos(—M) + Fge (i) X272 (e) cos(—M — 2w)]

Bxopsmue ciona dynkimn nakiaona n koaddunuentsr ['anzena ¢ npuns-
TOM TOYHOCTBIO UMEIOT BUJT

3 3 1
Fooo(i) = Fage(i) = —=sin?4, Fo (i) = ~(i)sin®i — = |,
8 4 9
— 3 1 s . 3
Xl 372(6) = X—% 2<€) = _567 X1 370(6) = X_f’o(e) = 5@ .

[ToscraBiisist UX B MpeabIayIiee BbIpaKeHne Jjis BO3MYIIAOINIEH (OyHKITIH,
Oy/eM uMeThb

2 3 1 1
R = GM%CQOS(? [(Z sin?i — 5) cos M + 3 sin?i cos(M + 2w)

Tenepb BbINIUIIIEM HEOOXOIMMbBIE 3/16Ch YPABHEHUSA BO3MYIIIEHHOIO JTBUZKE-
HUS OTHOCUTEJILHO KEILJIEPOBCKUX IJIEMEHTOB a, € u (pyuxmuu M:

da 2 OR
dt — na OM’
de 1—¢ OR V1—¢€? 0R
dt ~ ena® OM  ena? 0w’
dM 2 OR 1—¢€® OR
dt " ha 9a ena® de
ITocre TI0CTAHOBKN BBIBEJCHHOTO BBIIIE YIPOIICHHOIO BBIPAYKEHUA JJIs
BO3BMYIIAIOIIEH (DYHKIMN ypaBHEHUs TIPUMYT BT

d 2 6 3 1 1
d_i — _Gm%C’QOn—Z [(Z_l sin?4 — 5) sin M + gsin% sin(M + 20.;)} ,
d 2 3 3 1 1
d_: = —Gm%CQO@ [(Z_l sin?4 — 5) sin M — S sin?4 sin(M + QM)} :

dt a’d ena? 4
VurerpupoBanne ypaBHeHHII METOIOM MAJIOr0 HapaMeTpa JaeT CJICLy -
I[FIe BO3MYIIEHHUsI [TIEPBOTO MOPsIIKa OTHOCUTEIHHO Ko3ddurmenta Cog:

dM 2 3 3 1 1
= —Gmr—OCQO [(— sin?¢ — 5) cos M + 3 sin?i cos(M + Qw)} .

6 3 1 1
0a = 7"(2)020—6 [(— sin® 4 — —) cos M + 3 sin®i cos(M + 2w)] ,
a

4 2
31(3 ., 1 1.,
e = rgCgoﬁ [(Z_l sin?i — 5) cos M — 3 sin?1q cos(M + Qw)} ,

3 3 1 1
7 2 2. . 2. .
oM = _TOCQO@ [(4_1 sin” i — 5) sin M + gsin’ sin(M + 2w)} :
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[Mozcrassst 3tu Beipazkenus B popmyity (106), Haiiem OCHOBHBIE KOPOT-
KOTIEpUOINIEeCKe BO3MYIIEHNS ITEHTPATbHOTO PACCTOTHUS

1 3 1
Sr = 7«3020?6@(1 [(Z sin®i — 5) (1 — ecos M) cos M+

1
+§ sin?4 (1 — ecos M) cos(M + 2w)} -

1 3 1 1
—r%CQOEBa {(Z_l sin®4 — 5) cos® M — 3 sin?i cos(M + 2w) cos M] -
4 2

BBI,HGHHM o6pa3ylomy}0051 31€Chb IIOCTOAHHYIO YaCThb BO3MYIIEHUA HaW-
HU3IIETro IopsAJKa OTHOCUTE/JIbHO 3KCHCHTPUCUTETA

1 3 1 1
—7“8020@3(1 {(— sin?i — —) sin® M + 3 sin?i sin(M + 2w) sin M] .

3
or = 1a 7“2 Caoa(2 — 3sin?i).

B urTore OKa3bIBaeTCd, 9YTO IIPpU 3a/aHHOM CPEJIHEM JIBHXKEHUU CIIYTHUKa T
BO3MYIIIEHHOE TTOCTOsTHHOE 3HaveHue 6osibimoii mosyocu (105) ciaeyer ompe-
JIeJIATD 110 (bopMmyJie

3
a=ua|l+ _T_OCQ()(Q 3sin?i)| (107)

rjie a HaxoauTes u3 coorHomenus (104).

Bameru™, 4T0 13 HAOIIOAEHUIT OOBIMHO ONIPEETIAETC BO3MYIIEHHOE 3Ha-
YEHUE CPEJIHEro JBHKEHUA M. 10ria HeBO3MYIIEHHOE 3HAYCHIE 7 HAXOJMST
UTEPAIUsIMU U3 COOTHOIICHUS

=n[l +v1(J2)],

rie it vy (J2) oupenensercs mo dopmysie (94), a HEBO3BMYIIIEHHOE 3HAYEHUE
GOJIBIION MOJIYOCH G HAXOJMUTCS U3 COOTHOIIEHMSI

= Gm.

[Ipu MasIbIX HAKJIOHAX U SKCIEHTPUCUTETAX JIydIlle BCEro U3 HaOJIIOIeHU
oIIpe/ieisieTCsl BO3MYIIIEHHOE CpeJiHee JIBUZKEHUE B JIoroTe 1. B aTom ciydae
N HAXOUTC UTEPAIUSAMHI U3 COOTHOIIEHU S

n= n[l + I/l(JQ) + VQ(JQ) + I/3(=]2)], (108)

rie vo(Ja) u v3(Jy) onpenernstores o dopyiaam (95), (96).
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PaccmorpuM crienua/ibHO cirydail MaJIbIX SKCIIEHTPUCUTETOB M HAKJIOHOB
OpOUTHI CIIyTHUKA CxKaToil 11aneThl. [Ipernedperasi SKCIIEHTPUCUTETOM U Ha-
KJIOHOM B coortHomernsx (107) u (108), momy«amm

=n 1+3J2% : (109)
3 2
a=a 1—§JQ% . (110)

B urTrore yder OCHOBHBIX BO3MYHleHI/IIU/I, O6y€HOBJIeHHbIX CZKaTueM IlJiIaHe-
TBI, TIO3BOJISIET MPEJICTABUTH CIIYTHUK, OOPAIAIONIUIICA ¢ YaCTOTOM 7 110 OP-
oute pajmyca a. Takas MoJie/Ib HAMIYIIITIM 00pa30M OyJIeT COOTBETCTBOBATD
nadmonenusM. Tpernit 3akon Kerutepa, MoauduupoBaHHbIil B CHIY BO3MY-

IMEeHN, TPUMET BU/T )

3 7
3—=2 0
an rm + 275 ( )

CoorHolrenue

Gm = n%a®

UCIIOJIB3YETCsI JIIsT ONPEJICJICHIST MACChI TJIAHETHI 110 HAOJIIO/IEHUSIM CITy THU-
koB. Kax ciesryer u3 hopmysint (111) B corydae ckaToil iaHeTsl n3 HabJIIO1e-
HUT (DAKTUYECKH TOJTyYaeTcd 3HaUeHne MpaBoil yactu 31oit popmybl. s
ydera CKaTHs IIAHETHI B 9TOM CJIydae MPUXOIUTCA JTHOO0 IPUHAMATH KaKHe-
HUOYb TUMOTE3bI OTHOCHUTEIHLHO BEJIUYUHDLI JTUHAMUYECKOTO CXKATHUs, JINOO
IBITATHCA OIPEIEINTh KO uimeHT Jo n3 HabJIIOIeHHIA.

3.4.5. MogeJb npeneccupyrolmnero 3JIIMIca

s m3ydenns IMHAMUKY CITYTHUKA IIJIAHETHI CTPOUTCS Ta WJIN MHAT MO-
JieJIb JIBUKEHUs] HA OCHOBe HaOJItojieHuit. Bo MHOTMX ciiydasx BasKHO YBU-
JIeTh OCHOBHbBIE CBOMICTBA JIBUKEHUs, IIpeHeOperast MajJbIMU BO3MYIIIEHUSIMU.
Nuorna Tpebdbyercs npubamxkennasa dpemepujia. it HEKOTOPBIX CIIy THUKOB
TOYHOCTH HAOJIIOEHNI OKa3bIBAETCsI HEBBICOKOM, U IIPOCTeIast MOJIe/Ib JIBU-
JKEHHS MOYKeT JIaTh XOPOIIlee coryiacoBaHue ¢ pe3yabratamu Habsoenuit. Bo
BCEX 9TUX CJIyYasX [IPUTOJIHA HEKOTODPAas MPUOINKEHHAs MOJIE/Ib JIBUKEHUSI,
Ha3bIBaeMas ITPEIECCUPYIONUM SJITUIICOM. B 3T0ii MoJie/n CITy THUK JIBU2KET-
€4l 110 HEKOTOPOMY 3JIJIUIICY, IIJIOCKOCTh KOTOPOI'O IIPEIeCCUpPyeT C IIOCTOAHHON
YIVIOBOM CKOPOCTBIO IIPU IIOCTOAHHOM HAKJIOHE K HEKOTOPOl OCHOBHOH Hello-
JIBUKHOU TIJIOCKOCTH. JIMHWS arcu,1 /IhIca BpamaeTcs B IJI0CKOCTA OPOUTHI
C TIOCTOSHHOM YTJI0BO# CKOPOCTBIO. JIBUIKeHMe CITyTHUKA 110 TTPEIeCCUPyIoIe-
MY 3JUIUIICY TMPOUCXOJIAT I10 3aKOHAM 3aja4un Keruiepa, olHAKO TOCTOSHHOE
cpejiHee JIBUKEHHE OTJIMYAeTCs OT TOr'0, KOTOPOEe MOJydaeTcsd nU3 OOJILIION
MIOJTyOCU OPOUTBI COTJIACHO U3BECTHOMY COOTHOIIICHHIO.
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W3 npeapaymux pa3iesioB siCHO, U9TO TaKas MOJIE/Ib MOYXKET ObIThH CO3/1a-
Ha B MPOIECCe TOCTPOEHUS AHAJTUTUICCKON TeOpUH IBUYKEHUS IIyTeM ydera
BEKOBBIX BO3MYIIEHUl, 0OYCJIOBICHHBIX OCHOBHBIMHU BO3MYIIAIOMNUMA (haK-
topamu. [Tosryuaercs mpubmzKeHHOE penieHne TOIHBIX JTnddepeHInaTbHbIX
ypaBHEHU{T IBUKEHUsI MIECTOTO MOpsiika. [loaToMy perenne cojep:KuT mecThb
[IPOM3BOJILHBIX TTOCTOSHHBIX WHTEIPUPOBAHUSI.

Ha npaxkTuke omnpeesienre BEKOBBIX BO3MYIIEHUI ObIBAET 3aTPY/ITHUTE b
HBIM, HETOYHBIM WJIM BOOOIE HEBO3MOYKHBIM M3-38 TOTO, UTO TapaMeTphI,
XapaKTEePU3YIONIIX BO3MYIIAIONE (DAKTOPBI, HETOYHBI MJIM HEU3BECTHBI. B
TaKUX CJIydasX MMOCTYHAIOT cjeayomumM obpazom. Mzmenenus dpynknun M
U 9JIEMEHTOB w U {2 3a/1a10T JUHEHHBIMU (DYHKITUSIMU BPEMEHU

M:Mo—l-ﬁ(t—to),w:CUQ—l-W(t—to), Q:Qo+Q<t—t0), (112)

re My, i, wo, w, Qo, §) — MOCTOSTHEBIE. DJIEMEHTBI KeILIepoBoil OpOUTHI CITyT-
HUKA €, § TOZKE CIUTAIOTCS TIOCTOSHHBIMU. BoJIbINast MoJIyoch, HEIOCPEICTBEH-
HO BXOJSINasg B (pOPMYJIbI KeIIepOBa JIBUKEHUS, 3a/[aeTCsd HE3aBUCUMO OT
napamerpa . [TocKoIbKy 5TH mapaMeTpbl yKe He OyIyT CBSI3aHbI 3aKOHAMM
KeIIepoBa JIBUKEeHUs, 0003HAIUM OOJIBIIYIO OJIYOCh Yepe3 .

s onpejiesienus KOOP/MHAT UCIOJIb3YIOTCH (hOPMYJIbI KEILIepOoBa, JIBU-
xerus. Cpeaass anoMansg M 1 3J1eMeHTBI w, §) BBIYUCISIOTCS 110 (hOpMyJIamM
(112), mapamerpsl a, €, i He3aBUCUMO HOJICTABJISIIOTC B (hOPMYJIbI KEILIEPOBa
JIBUZKEHUS.

B wurtore neBATh MOCTOSHHBIX TTAPAMETPOB a, N, €, i, My, wy, w, (g, Q,
dopmysbr (112) u hopMysIbl KemiepoBa JBIZKEHHsI TIOJHOCTBIO OMMCHIBAIOT
MoJiesib aBrKeHns. OCHOBHASI TJIOCKOCTh, OTHOCUTEIBHO KOTOPOI OTCUNTHI-
BAIOTCS HAKJIOH 7, JIOJTOTa BOCXOIAIIEro y3J1a () U yriIoBoe pacCTOAHHE TIePH-
IIEHTPa OT BOCXOJISAIIEr0 y3J1a OPOUTHI, 38/IaeTCsI TaK, YTOOBI B 9TOI CUCTEME
KOOD/IMHAT U3MEHEHUs HAKJIOHA, MOoJIydaeMble U3 HAOJII0/IeHnil, ObLIN MIHU-
MaJIbHBI.

Bce neBATH mapamMeTpoB yTOUYHSAIOTCA M3 HAOJIONEHUNH TakK, 9TOOLI CO-
rJIacoBaHUE MOJIC/I ¢ HaOJIIOJIeHUAMU OBLIO HAWIydIuM. B Takoii mosesn
YUIUTBIBAIOTCSI BCE BEKOBBIE BOZMYIIEHUSI, BEI3BAHHBIE JIIOOBIMU BO3MOYKHBIMH
MIPUYINHAMMU.

Mojiesib TTPEneccupyIonero JIMICA UCHOIb3YeTCs TaKxKe JIJIsd TpuoJIn-
JKEHHOM armpokcuMaluu 0ojiee TOYHOM MOJIENIM JIBUXKEHUSA CITYTHUKA, OCHO-
BAHHOU Ha aHAJIMTHUYECCKOU TECOPUM, WA MOCTPOECHHON METOJAOM YUCJIEHHOTO
UHTErpupoBaHus guddepeHnnaabHbIX YPaBHEHUH JIBUKEHNUS.

[Ipumep MCHOMB30BaHUS MOJIEJIM MTPEIECCUPYIONIETO SJIIATICA JI/Id IeThI-
pex Gim3kux cryTHuKoB FOmmrepa ommcan B pabore (Emenbsnos, 2015).
[TapameTpsr Mojien OBLIM OIIPEJIe/IeHbI TI0 deMepuiaM CIIy THUKOB, BhIYUC-
JIEHHBIM Ha OCHOBE JIBYX Pa3JIMYHBIX MOJesell, KaxKjasd U3 KOTOPbIX B CBOIO
odepeb OblLila MMOCTPpOeHa Ha OCHOBE HAOIIOACHUI ITyTeM YHCJICHHOTO MHTE-
IPUPOBAaHUs ypPaBHEHUN JTBUXKEHUSI.
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3.4.6. Ocobble cBoiicTBa BO3MYIIIEHHOTO ABUYKEHWsI CILyTHUKA MPU
MaJIbIX 3KCIIEHTPUCUTETAX OPOUTHI

HeBosmymmennas keriepoBa opobrTa MOXKeT OBITH BBIPOZK/I€HA B KDYTOBYIO
opOuTy, a HAKJIOH B HEBO3MYIIIEHHOM JIBUKEHUN OIPeJIeIeH TOTHKO BRIOOPOM
CUCTEMBI IPSIMOYTOJIBHBIX KOOP/IMHAT. KCcTeCTBEHHBIM ITapaMeTpOM, OIUCHI-
BAIOIIUM BBIPOXKJIEHIE OPOUTHI B KPYTOBYIO, SBJISIETCS SKCIenTpucuTeT. st
KPYT'OBOIl OPOUTHI OH IIPOCTO paBeH HyJ1t0. M02KHO ObL710 ObI 02KIIATH, YTO U
JITST BO3MYIIIEHHOTO IBUZKEHNS, KOTJIa SKCIIEHTPUCUTET M3MEHSEeTCsl BO BpeMe-
HU, ero OJM30CTh WJIM PABEHCTBO HYJIIO JTOJIZKHBI IPUBOIUTDH K BBIPOKIEHUIO
opbuThl B Kpyropyto. Ha camomMm jiejie 310 coBceM He Tax.

[lepBoe yriomMuHaHue O CyIECTBOBAHIN KPYT'OBOI'O BO3MYIIIEHHOT'O JTBUZKE-
HUsI C HEHYJIEBBIM KCIICHTPUCUTETOM MbI OOHAPYKU/IN B pabore bBeserkoro
(1962). B s10it pabore yKazaHO 4aCcTHOE peIlleHNe yPAaBHEHUT OTHOCUTETIHHO
9JIEMEHTOB KeIlJIEPOBA JIBUZKEHUs, IIPH KOTOPOM KPyTroBasl OpOUTa B OCKYJIN-
PYIOIINX 3JeMeHTaX OIMUCHIBAETCS SJIMIICOM, BPAIAIONIIMCS C YTVIOBOI CKO-
POCTBIO OOpAITEHNs CITyTHUKA BOKPYT IEHTPAJILHOIO TeJIa, IPUYeM CITy THUK
Bceryla HAXOJUTCS B MEPUIEHTPEe ITOro 3jummica. Brupodem, B padore B.B.
Besnenikoro zamedeno, 1o ganubiit npumep npunajiexkut T.M. Dueey.

[ITupoko mpuMeHsieMast Ha MPAKTUKE MOJIEJNb ITPEIECCUPYIONIETO SJIJIAIICA
C TIPOM3BOJIBHBIM IOCTOSHHBIM M CKOJIb YTOJTHO MAJIBIM IKCIEHTPUCUTETOM
HaXOJNUTCS B IIPOTUBOPEYNN C IIPUMEPOM, IIPUBeIeHHBIM B pabore B.B. Be-
aeroro (1962). nrepecHo BBISICHUTD, KaK COOTHOCATCA MEXKy cOOOi 9Tn
JiBe Mojienn. BaykHO MMETh CTPOroe J10Ka3aTeIbCTBO CYIIEeCTBOBAHUS peIlle-
HUs JIJIsT BO3MYIIIEHHOTO JIBUZKEHUS C HEHYJIEBBIM SKCIIEHTPUCUTETOM. BBLIO
OBI TIOJIE3HO HAWTH JIOCTATOYHO IIPOCTOE pEITeHNe, aIeKBATHO OMUCHIBAIOIIEE
BO3MYIIIEHHOE JIBUKEHNE IIPU MaJIbIX IKCIIEHTPUCUTETAX.

Takoe ucciegoBanue 66110 BbIOIHEHO B pabore (Emenbsinos, 2015). 3nech
[IPUBEJIEM HEKOTOPbIE BBIKJIAJIKN U BBIBOJIBI U3 3TON PabOTHI.

IlocTpoenune Mo/iesin KPyroBoro BO3MYIIIEHHOT'O JBUKEHUS.

PaccmoTpuM jBrzKeHNEe MaTepraIbHOM TOYKU B IEHTPAJIHHOM I0JI€ TIPHU-
TAXKEHUA ¢ CUJIOBOM (DyHKIMEH BHIA

7
U =Ll 1),
rjie 7 — HeHTPAJbHOE PACCTOSIHUE, (i — MPaBUTAIMOHHBII napamerp, a f(r) —

HEKOTOpasi JOCTATOYHO IIPOU3BOIbHAS Oe3pasMepHast (DyHKITHS.
Pazoxkum cnioByio OyHKIIHIO Ha JIBa CJaraeMbIX CJIELYIOIUM 00Pa30M:

U=V +R, vzg, R:’;‘f(r),

rie V — cunoBag dgpyuknud 3aauun Kerepa, a R — Bo3mytaiomas (pyHKITHs.
JBukenne nmpu R = () Ha3bIBAIOT HEBO3MYIIEHHBIM.
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[Tokazkem, 9TO IpU HEKOTOPOM OrpaHmdeHun Ha (yHKuo f(r) ypaBHe-
HUsA ¢ cuyioBoit pyukimeit U Oy1yT UMeTh 9acTHOe PEIieHne, COOTBETCTBYIO-
1ee KpyroBomy JIBHKEHHUIO. PaccMoTpuM 1ojpoOHee BOBMYIIEHHDBIE JIBUKE-
HUS MaTepHaJIbHOW TOYKH, OJIU3KHAE K KPYTOBOMY.

[TonbITaeMcst TOCTPOUTH MPHUOJIMXKEHHBIE aHATUTUICCKIE MOJIEIN JTBUYKE-
HUsI PeaIbHBIX CIIYTHUKOB ILIAHET IIPU MAJIbIX dKCIeHTpucuterax opout. s
puMepa BO3bMeM deThbipe OJn3Kux cryTHuka FOmmrepa.

[TockoJsibKy cuoBasi PYHKIUS 3aBUCAT TOJBKO OT PACCTOSTHUSA, TPAEKTO-
pusd ABUXKEHUA JIC2KAT B HEKOTOPOUA HEM3MEHHOU ILJIOCKOCTH, B KOTOPOH 3a-
JIaJINM HeBpaIaionyocs cucremy Koopauaatr Oxy ¢ HadagsoM O B IPUTITH-
Batoriem 1ieaTpe. Torga jguddepennuaibHble YpaBHEHUS JIBUKEHUST MOXKHO
3alMcaTh B BHUJIE

d*x U

d*y Ly
a2~ 3 T s

[1+F(T)]7 W_ r3

1+ F(r)], (113)

rje Gespasmeprasi GyHkiusg F(r) 3aaercst COOTHONIEHHEM

F(r) = f(r)—=rf'(r),

a MITPUX 3/IeCh O3HAYAET IEPBYIO IIPOU3BOIHYIO.

[HerTpocTpeMuTe/IbHOE YCKOPEHHE, KOTOPOE UCIIBITHIBACT MaTepuabHas
TOYKA, OIPE/IE/ISIeTCsI BhIPaXKeHneM

x
L+ Fe)

B obsacru, B KOTOpO# BhIMOJHsIeTcst yeaosue F(r) < —1, cymiecTsy-
10T penienns auddepeHnuaabHbIX YpaBHEHUN JIBUKEHUSI, COOTBETCTBYIOIIIHE
KPYTOBBIM JIBUKEHUsIM TOYKH BOKPYT MPHUTITHUBAIONIErO IEHTPa Ha JIIOOOM
pPacCTOSITHUM 1 ¢ JIMHEWHOW cKopocTbhio V., 3aBucsiieit or r. [IpupaBHuBas
IIEHTPOCTPEMHUTEILHOE YCKOPEHHUE IIEHTPOOEKHOMY, Oy INM

1

VZ="[1+F(r)). (114)
r

He napymas obmiaocTn 3a1axu, OyaeM IpeioaaraTh, 9T0 B HaUadbHbINH MO-

MEHT BPeMeHH ty TOYKa HaxoauTcs Ha ocu x. Torma gacTHOe pertenue aud-

depeHInATBHBIX YPABHEHUIT /1T KDYTOBOTO JIBHKEHNsT B KOOPIMHATAX Oy1eT

MMeThb BUJ
x=rcosn.(t—ty), y=rsinn.(t—1to) (115)

rJie 9acToTa OOpalleHns TOYKU N, ONpeaeanTcss (popMyIoit
Ne = —.
r

She) 6yﬂeT oJHOoIIapaMeTpPpHUICeCKOE YaCTHOEC pellleHue. B kauecTse IIapaMeTpa
penennd MO2KHO B34ATb 7" WA T..
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[TocTraBuMm 33189y HANTH 3JIEMEHTHI KEILIEPOBOI OCKYJIMPYIONIEl OpOUTHI,
KakK (DYHKIIUU BPEMEHHU, JIjIT KPYTrOBOT'O JIBUKEHHSA, PAaCCMATpUBas ypaBHe-
aust (113), Kak ypaBHeHMsI BO3MYIIIEHHOTO KeILJIEPOBOTO JBIzKeHust. [{7is1 510-
r'o HY?KHO CJIeJIaTh 3aMeHYy TIepeMEeHHBIX NCKOMBIX (DYHKIIHIA X, ¥ HA 9JIeMEHTHI
KeIJIepOBOil OCKY/IUPYIOIIeit opOuThl, KaK (bYHKIIMA BPEMEHH, U MOJICTABUTH
B (bOPMYJIbI 3aMEHbI [IEPEMEHHBIX BMECTO X, y dacTHoe perrerne (115). Kpo-
M€ TOro, KeJIaTeJIbHO PACCMOTPETh YPaBHEHUS JIBUXKEHUs, BbIPa’KEHHbIE B
KEIJIEPOBBIX 3JIEMEHTaX, TO eCTh ypaBHeHus Jlarpam:ka, u MpoBepHUTD, yJI0-
BJIETBOPSIOT JIU TIOJIyYeHHbBIE BbIPAXKEHUS I KEILJIEPOBBIX JIEMEHTOB 3TUM
ypaBHeHUsIM. DTa IpoBepKa cienana B padore (Emenbsuos, 2015).

Ilepexon K 3jieMeHTAM KeIJIEPOBOiI OpOUTHI.

[TockoJibKy MBI pacCMaTpUBAEM 3J/1€Ch IIJIOCKOE JIBMKEHUE, HAM JJ0CTaTOY-
HO WMCIOJIb30BATh /IS ONMUCAHUA JIBUZKEHUS YeThIpe KEeIJIEPOBBIX dJIEMEHTA:
a — GosbITIasl MOTYOCh, PA3MEPHOCTH €IMHUIA JIJTUHBI; € — SKCIEHTPUCUTET,
Oe3pasmepublit; M — cpejHss aHOMAJUS, PAJL; W — YIVIOBOE PACCTOSHUE IIe-
PUIIEHTPA OT BOCXOJISIIEr0 y3Jja OPOUTHI, paJ.

Hapsgy c 0osibInoil mojiyochlo @ B KadecTBe HapaMerpa opouTbl Oyaem
paccMaTpUBaTh TaKXKe IapaMeTp 7, Ha3bIBAEMBIN CPEJTHUM JIBHKCHHEM U
CBA3AHHLIN C 4 3aKOHOM

S
a3
PasmepHnocTh cpejiHero aBuzKeHUs n — paJiiaHbl B €JIMHUAILY BPEMEHN.

CB43b NPAMOYTOJIBHBIX KOOPJUHAT U KOMIIOHEHT CKOPOCTH C 3JIeMEHTaMU
KeIJIepoBoil opbuTbl MoKHO HaiiTu B KHurax (Cy66orun, 1968; JlybormmH,
1975).

B kertepoBoMm IBMKEHUN CKOPOCTH V' M PacCTOSHUE I" CBSI3aHBI COOTHO-
IIeHneM

Vi=p F—l}, (116)
rooa

rJie ¢ — IOCTOSHHAS.
B ciygae kpyroBoro KerjiepoBa JIBHKeHUs 1Ipu € = () mMeeM COOTHOIIEHHE

koropoe orinaaercst oT (114). IlosTomy okasbiBaeTCsl, 9TO YaCTHOE PeIleHIe
yPaBHEHHUII BO3MYIIEHHOT'O IBUZKEHNS HE MOXKET OBITh IIPECTABIIEHO 3JIEMEH-
TaMI KeIJIepOBOil OCKYJINPYIOMIeil OPOUTHI ¢ HOCTOSHHBIM HYJIEBBIM SKCICH-
TpuCHTETOM. B 3aBHCHMOCTH OT 3Haka F(r) mMeeTcs BO3MOXKHOCTD IPEJ-
CTaBUTbH BO3MYIIIEHHOE KPYIoBoe JBHZKEHHEe OJHUM U3 JIByX clocobos. Ecim
F(r) > 0, To, mojoxnm

M=0, r=a(l—e), w=nt—tpy),
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a 9JIEMEHTBI a U e OyjeM caurarh nocrosuubivu. Cpasausas (114) u (116),
HaligeM

e=F(r).

Torna okasbIBaeTCs, YTO TOUYKA BCEIJa HAXOJIUTCH B HEPUIIEHTPE OPOUTHI, &
JINHUS allCUJl BPAIAeTcsd C YIVIOBON CKOPOCTHIO N.. VlcTnHHAas v 1M 9KCIEH-
Tpudeckas F aHOMAaJIUU [TOCTOSTHHBI U PABHBI HYJIIO. DJIEMEHT ¢ HAMIeTCs 110

dopmyite
r

1—e
Yacrora obpallieHrs TOYKU BOKPYT HPUTATHBAIONIETO IIEHTPA N, BHIPA3UTCS
Jepes 3JEMEHTHI KeIJIEPOBO OCKYIUPYIOIIeit opOuThl (hopMyJ1oit

a

7 l1—e

a3 (1—e)3/? (1)

Nne =

B ciyuae F(r) < 0 ciemyer mOJIOKHUTH
M=m, r=a(l+e),

e
e=—F(r).

B sTom citydae okasbIBaeTcs, 9TO TOYKA BCETJIa HAXOJIUTCS B aIllOTIEHTPE OP-
OUTDI, a JIMHUS allCUJ BPAIAETCs C YIJIOBOI CKOPOCTHIO Nn,.. VcTuHHAasd 1 9KC-
IEHTPUYeCKas aHOMaJUU v U F MOCTOAHHBI U PaBHbI 7. BoJiblras MmoJyoch
OpOUTHI @ U CKOPOCTH BPAIINECHUS JIMHUU AIICUJT HAlyTCsd 110 (hOopMyIam

r 1 1—e

3/1ecb MBI HAILIA BBIPAYKEHUS JJIs 9JIEMEHTOB OCKYJIUPYIONIEH Kerepo-
BOIT OpOUTHI, KaK (DYHKITUI BpeMEHH, JIJIsi YACTHBIX PEIIeHuil ypaBHEHU JIBU-
JKEHWS, COOTBETCTBYIONIIX KPYTOBBIM OPOMUTAM TOYKH BOKDPYT MPUTATHBAIO-
mero nenTpa. Qopmysibl MOJIyYeHbl IPU TPOU3BOJIbHON dyHKIWMU f(r) npu
yenosun F'(r) > —1. PaccmoTpum gacTHBIN cirydail BO3MYIIEHHOTO JIBIZKE-
HUA.

[IycTh nBUXKEHUE TOYKU ITPOUCXOIUT B IJIOCKOCTH KBATOPA OCECUMMET-
PUYHON TIJIAHETHI TI0JT JeHCTBUEM ee MPUTSKeHUs. B pa3jioyKeHun CUJIOBOM
GyHKIINN TPUTSIKEHNS IJIAHETHI B PsJL 110 chepriecKuM (DYHKIUAM BO3bMEM
TOJIBKO TJIABHBIN UJIEH U BTOPYIO 30HAJIBLHYIO TapMOHUKY. J71s 60IbIuX 111a-
HET TaKUM 00pa30M YUUTBHIBAETCH CzKATHUE TIJIAHETHI B JIBUXKEHUH €€ CITy THUKA.
Torma umeem

1 1 1 1 3 1
R = §MJ27’3T—2> f(r) = 0 = 0=



Baecw Beerga F'(r) > 0, u KpyroBoe JIBUYKEHEE Ha JIIOOOM 33 JAaHHOM PacCTO-

SIHUU 7" TIPEJICTaBJIEHO KeIlJIEPOBOI OCKYJIMPYIOIIeil opOouTOil ¢ Bpalatoreiics

JIMHUEN arcuji, a TOYKa HaXOJWTCA IMOCTOSTHHO B IEPUIIEHTPE OPOUTHI. DKC-

IEHTPUCUTET U OOJIbIAs MOJIyOCh TaKOH OPOUTBHI ONPEIEIAI0TCS 110 (opMy-

JIaM 3 ) .
=gl 0=

a CKOPOCTDb BpAIeHUsl JIMHUU arcu)] HaxoauTcst o dopmyste (117).

Ockynupyomniue KerjiepoBbl 3JIEMEHTbI OPOUTHI CITyTHUKA B BO3-
MYHIIEHHOM JIBUXKEHUU MPU MaJIbIX dKCIIEHTPUCUTETAX.

B gacto ucmnosibayemoit Mojes i Ipereccupyomiero JIUICa IPU JIFOOBIX
3HAYCHUAX SKCIICHTPUCUTETa OPOUTDI, BK/IIOUAS PABHOE HYJIIO, CPEJIHsS aHO-
MaJIisI U3MEHSIETCS JIMHEHHO 110 BpEMEH!. DTO HAXOIUTCS B MIPOTUBOPETHH C
BBIBOJIOM O TOM, UTO BO3MYIIIEHHOE JIBUKEHHUE 110 KPYT'OBOIl OpOUTE BO3MOXK-
HO TOJIBKO IIPA HEKOTOPOM HEHYJIEBOM 3HAUEHUN IKCIEHTPUCUTETA U CPETHE
AHOMAJINU TIOCTOSTHHON 1 paBHO# HY/110. VTHTEpecHO ObII0 Obl BHISICHUTD, KaK
U3MEHSAIOTCS 3JIEMEHTBI KEILJIEPOBOl OCKYIUPYIONIEH OPOUTHI IIPU JTBUKEHUH
CIIlyTHHUKa, TIOJI JIeCTBUEM IMPUTIKEHUs cxKaToil 1maneTbl. [lockoybky To4Y-
HOT'O AHAJUTHUYIECKOTO PEIeHUsl dTOH 3aja4un He Hail/IeHO, aHAJU3 MOXKHO
BBIIIOJIHUTH TOJBKO IO pe3yJbTaTaM YHCJIEHHOTO MHTerpupoBanus gudde-
PEHIINaJIbHBIX ypaBHeHI/Iﬁ JABU2KCHIMA.

PaCCMOTpI/IM CHOBa JIBU2KE€HHE CIIyTHHUKa OCGCI/IMlVleTquHOﬁ IIJIAHETHI B
IJIOCKOCTH 9KBaTopa. BosbmeM ypashenus nsuxkenns (113) ¢ cumosoit GyHK-
nuen

(118)

2
v=tyln
ro 20 73
3/1ech U3 pas3IoKeHus CUJIOBOM (DYHKIINU MPUTIKEHUS TIAHEThI B3ATHI OC-
HOBHOII “IJIEH ¥ BTOpas 30HAJIbHAas FapMOHUKA.
ABTOPOM OBLJIO BBIIIOJIHEHO YHCJIEHHOE NHTEIPUPOBAHNE ITHX YPABHEHUN
1 Hall/IeHbl 3HAYEeHUs] KOOPJIMHAT ', 3§ U KOMIIOHEHTBI CKOPOCTHU CITYTHUKA &, U
JUUTS Psi/ia MOMEHTOB BPEMEHHU C TOCTOSTHHBIM ITAroM. 3aTeM, HE3aBUCUMO OT
BO3MOXKHBIX MPUOJINKEHHBIX AHAJIUTHICCKUX PEIIeHU B MOJyICHHOM TOY-
HOM DEIleHUN CJIeIaeM 3aMeHy II€PEMEeHHBIX T, Y, &, § Ha mepeMeHHble a(t),
e(t), M(t), w(t) mo dbopmymam Kemeposa jpuzkennst. [locmorpuM, Kak n3me-
HSAIOTCA 9TU II€PEMEHHbIC BO BDEMEHH IIPU PA3IMIHBIX HAYAIbHBIX YCIOBULIX.
Takue BbIauc/IeHUS OBLIN CJeTAHBI, TPUBOIM 3/1eCh MOy YeHHbIE PE3YIIb-
taTel. Jl1g Halmero mpumepa TpaBUTAIMOHHDLIN HapaMerp [t W HavabHbIE
yCJIOBUS OBLIN B3AThI MPUOJIU3UTETHHO COOTBETCTBYIOININE OJIM3KOMY CITyT-
nuky IOmnurepa Anpacres. na IOmurepa p = 126712763.92 km3c 2, Jp, =
0.014736, ro = 71398.0 kM. HagaybHble ycjoBusg MbI B34/IM TaK, 9YTO B Ha-
YaJILHBIE MOMEHT BPEMEHU KOOD/MHATA Y PaBHa HYJIO, a BEKTODP HAYAJb-
HOW CKOPOCTH TIEPIEHUKY/IAPEH OCH T. 3HAYEHUE HAYAJBHOTO PACCTOSHUSA
X, IPUMEPHO cOOTBETCTBYIOMIee ciyTHUKY FOmurepa Apacres, ObLI0 B3ATO
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paBHBIM 127748.2879217545 kM. Burumcienus cienanbl Jiisd psijia 3HaAUCHUI
Hava/IbHOM cKopoctu V. B mepBoMm BapuaHTe 3HaU€HUE CKOPOCTH OBLIO B3-
TO COOTBETCTBYIONMM KpyroBomy japuzkenuto, V =V, (114). B cremyromunx
BapuaHTaX BbIYHUCJICHUS ObLIN caenanbl juid V> V.. nrtepBas BpemeHnn mH-
TErPUPOBAHMST COOTBETCTBOBAJI JIBYyM 00OPOTAM CIIyTHHUKA BOKPYT ILIAHETHI.

Pesysibrarhl m3ameHenus BO BpPeMEHU OCKYJIUPYIONIUX 3jeMeHTOB M, w
npejcraBiaeHsl Ha puc. 11-14. CIiomHoi TOHKOM JTNHKAEH TOKA3aHbI 3HATCHIS
cpenneit anomasun M, MITPUXOBOIl JIMHMEH — 3HAUYEHUS W, & KUPHOH JIMHueH
— 3Havenusd cyMmbl M +w, To ecTb Jioarorel B opoutTe. Ha puc. 11 Bujno, 94To
npu V =V, (kpyroBoe JBmkenune) cpemsisi anomasmsi M ocraercss paBHOM
HYJIIO, & TpaduK w cauBaeTcs ¢ rpadukoM J10aroTsl M +w 1 MOKa3bIBaeT JIin-
HellHOe BpAIlleHre JIMHUK aTlCUJ] C YTJIOBON CKOPOCTBIO OOpAIEHUsT CITY THUKA
BOKDPYT IutaHeThl. [Ipm ciremytomem OosibIlieM 3HaYeHWHM HAYaJIbHON CKOPO-
CTH Ha puc. 12 BUHO, YTO Ha n3MeHeHnd M W w HAKIAIBIBAIOTCS CUTHHBIE
KojiebaHust B NpoTHBO(da3e JAPYyr JAPYry, a J0JroTa IHO-IPeKHEeMY JTUHEHHO
BO3pacTaeT BO BpeMeHH. [ljis1 cireyroriero 3HavYeHus] HadabHOW CKOPOCTH
Ha puc. 13 HacTynaer KPpUTHYECKUN XapaKTep M3MeHeHUus 3jeMeHTOB. Ko-
nebaHus 31eMeHToB M 1 w WMET aMILUIATY/Ty J0 MOJOBHHBI obopota. [Ipn
9TOM JIOJITOTa MO-TIPEKHEMY JIMHEIHHO Bo3pacTaeT BO BpemeHu. s ciemnyro-
IEro 3HaYCeHUs HadaJbHOM CKOpoCTH rpaduku Ha puc. 14 1MOKa3bIBAIOT, 9TO
M u w obMeHsINCh XapakKTepaMu n3MeHeHus:. Temepb B cpeaHeil aHOMaIun
M wma nuneilinoe Bo3pacTaHne BO BPEMEHU HAKJ/IAJIbIBAIOTCA KOJIebaHusd, a w
UMeeT TePUOINIeCKOe U3MEHEHNE ¢ HeOOJILIITNM JIMHEHHBIM XOJIOM.

Yr0o0bI pa3mniaTh JiBa KAYeCTBEHHBIX XapaKTepa N3MEHEHUS CpeJIHel aHo-
MaJiud, MbI OyJieM Ha3bIBaTh MOHOTOHHOE BO3pacTaHHe cpejaHeil aHoMaJnun
YUPKYAAUUOHHBM  udMenenuem. Crydan, KOraa CpeJHsss aHOMaJIus HCIIbI-
ThIBAET KOJIe0aHMsT OTHOCUTEILHO HYJIEBOTO 3HAYUEHUsI, OY/IeM HA3bIBATh AUO-
DPAYUOHHBIM USMEHEHUEM.

N3 paccMOTpeHHBIX IPUMEPOB BUJIHO, UTO CYIIECTBYET HEKOTOPOE Cena-
pampucroe 3Haverue HadaIbHOU cKopocTu V' = Vi, pazjendioliee jaBa pas-
JIMYHBIX TI0 XapaKTepy ceMeliCcTBa pelleHuii.

Boutee nerasibio crydail BO3MYIIEHHOTO JIBUYKEHUSI CITYTHUKA ITPU MAJIbIX
SKCIIEHTPHUCHTETaX paccMoTpeH B pabore (Emesnbsanos, 2015).
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13 T T T T T

pan
12 - -

M"r -

10 -

M+m

A1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6
t, cyT

Puc. 11: Iamenenne cpejneit anomanuu M, yrJIoBOro pacCTOSHUS II€PUIIEH-
Tpa OT y3Jia opouThl w u M + w i HaYaJILHON CKOPOCTU KPYT'OBOI'O JIBUKE-
uusi. CpejHsist aHOMAaJIusl paBHA HYJII0. JIMHUS arcui BpalmaeTcs ¢ yraoBoit
CKOPOCTBIO OOPAIEeHnsd TOYKH BOKPYT HMEHTPAJILHOTO TeJIa.
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pan

t, cyT

Puc. 12: Namenenue cpejiaeit anomasuu M, yrioBOro pacCTOSIHUS TIEPUIICH-
Tpa OT y3Jia opouThl w u M + w JjIs HA9aJIbHOM CKOPOCTHU, HE3HAYUTE/IHHO
MIPEBBIMIAOINIEN CKOPOCTH KPYTOBOTO JBUKeHusd. CpeTHsis aHoMa s KoJeb-
JIETCsI OTHOCUTEIBHO HYJIEBOTO 3HAYEHUSA C IIEPUOJIOM, PABHBIM IT€PHUOY 00-
parieHus.
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pan
12
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0 0.1 0.2 0.3 0.4 0.5 0.6
t, cyT

Puc. 13: Kpurnuecknii xapaxrep nu3Menenus cpeaueit anomaanu M, yrjioBoro
PaCCTOSTHUSA ITEPUIIEHTPA OT y3Jia OpOUTHI w 1 M 4w pr HEKOTOPOM YaCTHOM
3HAYCHNN HAYAJbHOM cKopocTh JBuzkenus. CpejHss aHOMAJUAS U YIJIOBOE
paccTosHIe MEPUIEHTPA OT y3Jia UCIBITHIBAIOT KOJIeOaHNs B IPOTUBOda3e ¢
OOJIBIION aAMILTUTY/IOM.
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pan

t, cyT

Puc. 14: amenenus cpejneit anomaauu M, yriioBOro pacCTOsiHUS IIE€PUTICH-
Tpa OT y3Jia opouThl w u M + w Tpu HAYAJIBHON CKOPOCTHU, ITPEBBIIAIOINICH
Kputmdeckoe 3HavdeHne. CpeiHsist aHOMAaJIMsT MOHOTOHHO BO3PACTaeT CO Bpe-
MeHEM.
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3.5. AHasiuTUYecKue Teopuu ABUKEHUs ILJIaHeT

3.5.1. Amamurudeckue Teopun JaBuKeHud mianer. Orkpoitue Hern-
TyHa

AHna/mMTHYIeCKe TEOPUU BO3MYIIIEHHOTO JIBUZKEHNUSI TIJIAHET HAYAN pa3pa-
barwiBaTh Jlarpam:x u Jlamnac B konre X VIII Beka. Jlarpanxy npunucbiBaior
dOpPMYIUPOBKY ypaBHEHUI BO3MYIIEHHOIO JBUXKEHUSA HA OCHOBE KEILIIePOBO
IPOMEXKYTOUHOIT opouTh! (ypasHenus Jlarpamxka).

OyHIaMeHTaIbHbIE TEOPUN JIBUKEHUsT OOJIBINNX ILIaHeT, Kpome IlmyTona,
c cepeamnbl XIX Beka paspabareiBait Jlesepne (Urbain Le Verrier), ®panrust.

Brorancienne sagpemepn i iaHeT B HEKOTOPBIX CTpaHax ObLIO HCTUHHO I'O-
CYJIAPCTBEHHBIM JIeJIOM. B mporible Beka Hanbo/iee MHTEHCHBHO TUM 3aHU-
MaJjuch Bo Opannuu, rie ¢ 1679 roma n3gaBalicsd acCTPOHOMUYECKUNH €XKero/l-
nuk 1o Hazanuem Connaissance des Temps. B 1795 roxy B [lapuke ObLt
co3an nactuTyT Bureau des Longitudes, 3aja1eit KOoToporo ObLJIO BHIYHCIE-
e 3demepn . DdeMepu bl MIaHET CO3ABAINCH TOCIEIOBATEIFHO PAJIOM
dpaHIy3CKUX YIEeHBIX. DdheMepuIbl IIaHeT HA3bIBAINCH TOTIA TAOTUIIAMA.
B cepemune XIX eka stum 3annmadica Alexis Bouvard. Iins FOmurepa, Ca-
TypHa U ¥YpaHa 370 ObLin Tabsuikl ByBapa.

K 1845 roay paccorjiacoBaHusi MeKJIy IOJIOXKEHHSIMU ¥ paHa, KOTOpbIE
nasasmchk tabiuiamu Bysapa (Bouvard), u pesynbratamu Hab/ROeHIIH, 10~
crurau 2'. Tlo mpocs6e Aparo (Dominique Frangois Jean Arago) mpobiemoii
zaHsics JleBepbe. OH BBIYMUCINI B JABUKEHUHU Y paHa BO3MYIIEHUsI BTOPOIO
HOPsIIKA OTHOCUTEILHO MACC ILIAHeT, BhI3BaHHBIE puTsKeHuneM FOtuurepa u
CarypHa, u BHec B Tabymibl ByBapa monpaBku K J0JroTe Y paHa MMOPsIiKa
40”. 3areM OH CpaBHUJI CBOIO TEOPUIO C HAOJIOJEHUSIMEU U YJIYUIIUI TOCTO-
SIHHbIE MHTEIPUPOBAHUsI. TaKuM 00pa30M OH JIOBEJT PaCCOTIACOBAHUS MEKTY
Teopueil U MepuAMaHHBIME HabogeHusyMu Y pana jgo 207, uro ObLIO ere
CJIUIIIKOM MHOTO.

Torma JleBepbe cTas ucKaTh BO3MYIIEHHUsI, KOTOPbIE OKa3bIBaeT Ha ¥ paH
HEKOTOpPAas IJIAHETA, PACIIOIOKEHHAs IIPUMEPHO B IIJIOCKOCTH SK/IUITUKA U B
[IePBOM TpUOIMKEHNN Ha cpejiHeM paccrosauu oT CoJtHIla, BABOE OOJIBIINM,
geM YpaH (corjacHo smrupudeckomy 3akony Tunmyca-Boge). Emy ynanocs
YMEHBIIIUTh PaCCOrJIaCOBaHUs B JOJITOTE MEXKJy TEOpHell U HaOJIIOICHUSIME
no Kpaitaeir mepe ;10 5.4” s Mepuaumanubix Habmomenunit u go 207 g
cTapblX HAOJIOJCHUI ¢ yYeTOM BO3MYIIAIOIIEH IIJIAHETHI, UMEIOIICH MacCy
0.000107 macc Comnra u opbuty ¢ Gosbmoii moxyocsio 36.1539 a.e. (a.e.
— acTpoHoMuYecKast efuauia). OH ycraHOBII, 9To Ha 1 stHBaps 1847 roma
reJINoIeHTPpUYecKas JIOJroTa BO3MYINAIONIEi IIaHeThl JTOJKHA OBITh PaBHA
326°32', a paccrosinne — 33.06 a.e. JleBepbe COOOUIUII TTOJIOKEHUE TLIAHETHI
18 cenrsibpst 1846 1. Hemenkomy acrporomy [ajute (Johann Gottfried Galle),
KOTOpbIi 23 centsabps 1846 roga obHapy»Kuj ee Ha paccTosdHuu 52’ 0T 1oJI0-
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JKeHWsI, TIpejicKa3aHHoro JleBepbe.

UsgectHo, uro anrmmiickuii acrporom Agamc (John Couch Adams) pe-
IITIJT 9TY TPobJIeMY OJTHOBPEMEHHO ¢ JIeBepbe, HO ero pe3y/IbTaThl ObLIN OIry0-
JINKOBAHBI y2Ke 1T0c/Ie OTKPLITHA 11aHeThl. [lojoxkenne, Beranciennoe A gam-
COM, OTIMYAJI0Ch OT Habmoaenuii [amwne na 2°27'.

U3 nepsbix wabsojenunii Henrryra u crapeix nabmojennit Jlaganma (Jé-
rome Lalande), koropsrit 8 1795 roy nmpuHSII IJIAHETY 3a 3BE3J1y, OKA3aJ10Ch
BO3MOKHBIM OTIPEIE/INTD 3JIEMEHTHI JLIUIITHIECKON OPOUTHI. 3aTeM YIaJI0Ch
BBIYUCIUTE Maccy IJIaHeTbl u3 Habsojenuii cuyraunka Henryna Tpurona,
orkpbitoro Jlacceisem (William Lassell) B 1846 rosy Bckope mocjie OTKpbI-
THS IJIAHETHI. DTOT PE3y/IbTaT CyIIECTBEHHO OTINYAJICS OT 3HAUCHUS MACCHI,
IpeJicKazannoro Jlesepnbe.

Tuccepan (Félix Tisserand) 3amern, 9o mepuos MepuMaHHbIX HAGITIO-
JIEHU#l COOTBETCTBYEeT HMHTEPBAJY BPEMEHU, KOTJIa B3aMMHbIE BO3MYICHUS
Ypana u Henryna okazbiBatoTcs cyriecTBeHHbIMU. OH TTOKA3aJ1, YTO HAIIPAB-
JIEHUsI BO3MYIIAIONINX CUJI, BBIYUCIEHHBIX JIeBepbe, oKazanuch OJTM3KIUMEI K
peaJIbHBIM, HO MPUHATHIE 3HAYEHUsI SKCIIEHTPUCUTETA U OOJIBIION OJIyocH
OpOUTHI JAJIA CJTUIIKOM C/1a0ble BO3MYIIEHUsI, YTO OBLIO TaCTUIHO CKOMIIEH-
cupoBaHo Oosibinoit Maccoit Henrrywa. DTto mossosmino Jlesepbe n Amamcy
IPaBUJILHO MPEJICTABUTH T'eJINOIeHTpUYIecKoe roJioxkenne Hemnryna.

3.5.2. Amnajnutudeckme Teopuu ABUKeHHs miiaHer. Popma mnpea-
CTaBJIEHUsI BO3MYIIEHU

Hapsny ¢ JleBepbe, B XIX Beke IIaHeTHO# Teopueil 3aHUMAJICA TaK:Ke
amMepuKaHCKuil acrpoHoM u MareMaruk HpiokoM (Simon Newcomb). Teopust
nemkenust Mepkypusi, Benepnr, 3emsn, Mapca, a tak:xe Ypana u Henryna
obLn onyosmmkoBanbl Heiokomom B 1895-1898 romax.

B Teopusix JleBepbe u Hbloeoma yunThIBaIMCh BO3MYIIEHUS BTOPOTO IO~
psIKa OTHOCUTETHHO MacC IIJIAHET M HEKOTOPbBIEe CYIIeCTBEHHbIE WIEHbI Tpe-
THETO TOPSIKA.

Crpemsienuem Jlerepbe n Hbiokoma OBLIO TOCTPOUTL BBIPAXKEHUS JIJIsd
BO3MYIIIEHUI 3JIEMEHTOB KEILJIEPOBON OPOUTHI, HE COEPKAIIUX CMENaHHbIX
o Bpemenu ¢ dyHKIwii Busa ¢ sin(at + b). Vim 910 ymaBasock myTeM mprMe-
HEHUs CIIENAJIBLHOTO ITpreMa, npuayManHoro [lyaccorom.

B utore Bo3myIenns 31eMeHTOB BbIPAXKAJINCh B (pOPMe HaK HA3bIBAEMBIX
psanos [lacccona. Panpr [lyaccona numeror ciejyrorniuii oOmuit Bu;:

P(l‘h‘%‘?) wy Ty Y1, Y2, 7ym> -

_ i1 .02 in
= E Ty .. X

11,282,835 In,J1,02,73 55 Jm.

(i1 insissemmsin st izizrim SIL(T1YL, J2Y2, J3Y3, -os Jmlm )+
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FCi1 sin s itz dssim COS(I1YL, J2Y2,5 J3Y35 oo Tm¥m )] -

3/1ecb CyMMUPOBAHUE JIEJIAETCSI 110 BCEM BO3MOXKHBIM 3HAYUEHUSIM WHJIEKCOB
11,09,13, ooy by J15 J25 I35 -y Jm- APTYMEHTBI X1, T, ..., T;, HA3BIBAIOTCST CTEIIEH-
HBIMH, & apPTYMEHTBI Y1, Y2, «.., Y — TPUTOHOMETPUIECCKUMH.

B ntanernbix Teopusix Jlesepbe m Hbplokoma cTeneHHBIME apryMeHTaMu
BBICTYIIAJIN SKCIICHTPUCUTETHI U HAKJIOHBI OPOUT ILJIAHET, 8 TAKKEe OTHOIIEHU ST
OoJibIuX 1oJtyoceit. TpuroHoMeTpuvecKuMu apryMeHTann ObLIN 3JIEMEHTEI
M, w, ) Bo3MyIIIaeMoii 1 BO3MYIIBIOMINX TIJIAHET.

B cepemnre XX Beka dpanmnysckue kosuteru zKan-JIyn Cumon, Ilbep
Bperanvon n zZKepap @panky MpoI0/KUIN PA3BUBATH AHAJIUTUIECKNIE TE€O-
pun JaBuKeHus 1aanet. VM ynaaoch motyauTsb BeIpaXKeHus JIJisi BO3MYIIEHU
JIO TISITOTO TIOPSIIKA MaJIOCTH OTHOCHTEIBHO Mace Iianer. OQHaKO JJIsd 9TO-
r'O MPHUIILIOCH OTKA3ATHCS OT UJEH OTCYTCTBHUSI CMENIAHHBX 110 BPEMEHH tIe-
HOB. ABTODPBI T€OPHH OBLIN BBIHYZK/IEHBI OIPAHUYINATH IPUMEHIMOCTh TEOPUT
HEKOTOPBIM MPAKTHIECKH BayKHBIM HHTEPBAJIOM BPEMEHH W OCTaBUJIM B BbI-
ParKeHUsIX JIJIs BO3MYIIEHN CMeNTaHHbIe IIeHBI.
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I'naBa 4. Pemenne quddepeHnmnanbHbIX ypaBHeHUT ABUXKEHUsT Hebec-
HBIX TeJl. MeToabl YNCJIEHHOTO MHTErPUPOBAHUS

4.1. O6mmit noaxon K pernenuio JuddepeHnnaabHbIX ypaBHEHU
JBU>KE€HUsI HEOECHBIX TeJI METOJaM1 YMCJIE€HHOTO MHTETPUPOBAHUSA

[Ipornecc n3ydenus HEOECHBIX TEJT COCTOUT B IIOCTPOEHUH MOJIC/IH UX JIBU-
skeHus. Moiesb siBJIeTcs siIpOM BCeX HayIHBIX n3bIicKaHuii. OHa MOCTOSTHHO
YTOUHSIETCs HA OCHOBE BCEe HOBBIX HaOJfo/ieHmi. OTKPBITHI 3aKOHBI, COIVIACHO
KOTOPBIM B3aWMOJEHCTBYIOT ILIAHETHI U CIIYyTHUKHA. DTH 3aKOHBI BbIparkKa-
oTess B dopMme auddepeHnna bHbIX YPaBHEHU OTHOCUTEIbHO KOOPIUHAT
IIEHTPOB MACC TeJI U OTHOCUTE/HHO YIJIOB WX BPAIIECHUS.

Wcrnionib3oBanmne MOJEIN 3aK/II09A€TCs B MPEJIBBIYUCIEHUNT KOOPJINHAT U
YIJIOBBIX MOJIOYKEHUI TeJT Ha JII00O0# 3aJaHHBIII MOMEHT BPpEMEHH. TaKuM MO-
MEHTOM MOXKET OBbITh JITOO MOMEHT OYepeHOr0 HAaOJII0IeHnsT HeDeCHOro TeJa,
JINOO MOMEHT BCTPEYU KOCMHUYECKOT'O allliapara ¢ HeOeCHbIM TeJIOM, JIMOO MO-
MEHT IIPOBeIeHNsT HAOIIOIEHN ¢ HCKYCCTBEHHOIO KOCMIYECKOI0 OOBEKTA.

[IpeBbranciieHre KOOP/IMHAT W YIJIOB BPAIEHUd Tejla Ha 3aJIaHHbIA MO-
MEHT BPEMEHH MOKET BBINOJIHATHCA METOJIAMH YHUCJIEHHOIO WHTErPUpPOBa-
HUsA OOBIKHOBEHHBIX JuddepeHuaj bubix ypapaenuit. [Ipenmyinecta quc-
JIEHHBIX METOJIOB 110 CPABHEHUIO C AHAJUTUIECCKUMH 3aKJI0Ial0TCId B OTHO-
CUTEJILHOI IPOCTOTE MX peau3allid B BHJE AJTOPUTMOB M BBIYHC/IATE/b-
HBIX TIPOrPaMM JjIs KOMIBIOTEPOB. Bo MHOrUX ciydasx YIHCIeHHBIE MeTO-
bl 00/18/1aF0T OOJIBIIEN TOIHOCTBIO IPEIBBIYUCICHIA KOOPIUHAT HEOECHBIX
Tesd. YKa3aHHbIE [TPEUMYIIEecTBa OOBIYHO JIOCTUTAIOTCS TIPU BBICOKOI Tpedy-
eMoil TouHOCTH BhIuucaeHuit. HegocrarkaMmu MeTOIOB 9HCIEHHOIO PeIleHHsT
ypaBHEHUI NBUKEHUs SIBJIAIOTCS OOJIBIINNE 3aTPAThl BPEMEHH BBIUMCJICHMIT,
OBICTPBIN POCT HOIPENTHOCTH PEIIEHUs] ¢ POCTOM HHTEPBAJA IPEIBLIYUCIE-
HUS JIBUZKEHUSI U HEBO3MOXKHOCTD JIOCTOBEPHON OIEHKU TOYHOCTH PEIICHUS.
[Ipu 3a1aHHBIX YpaBHEHHUSAX JIBUKEHUsI, HAYAJIbHBIX 3HAYEHUSX KOOP/IMHAT
TeJI U 3aJaHHOM MOMEHTE IIPEIBbIUNC/ICHIS TOUYHOCTD PEIIeHsT OKA3hbIBACTCS
OTPaAHUIEHHO, CKOJIb COBEPIIEHHBIM ObI HU OBLI IPUMEHSEMbII IMC/IEHHBII
METO/I PEIeHNs.

YucieHHbIE METO/BI HE3aMEHUMBI B 33/1a4aX, JIJIT KOTOPBIX HEBO3MOXKHO
MOJIyYUTh aHaJIuTU4IecKoe perneHne. MeToabl 9ucIeHHOTO UHTErPUPOBAHUS
CJIy2KaT TaKzKe JJIs TPOBEPKHU IIPABUILHOCTU U OIEHKHM TOYHOCTH HailIeHHOI'O
AHAJIUTUIECKOTO PEITeHU.

OCHOBHOIT TOJXOJ B METOAAX YUCAEHHOTO MHTEIPUPOBAHUS 3aKJIF0UAET-
cd B CJIEIYIONEM. 3aJ/iaeM Ha HEeKOTOPBI HadabHBII MOMEHT BPEMEHU KO-
OPJIMHATHI U KOMIIOHEHTBI CKOPOCTH HeOecHOro Teja. BriOupaeM HEKOTOPbIi
MOMEHT BpPEMEHH, OUeHb OJIM3KUII K HAYaJIbHOMY, W IPHUOJIMXKEHHBIM METO-
JIOM BBIYHC/IIEM KOOPAMHATHI U CKOPOCTHh HA TOT HOBBII MOMEHT BPEMEHH.
Crocob60B, Kak 3TO ¢JiejIaTh CyIIeCTBYeT MHOTO. [JlaBHOe UX CBOICTBO — BCe
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OHU TIpUOJIMZKEHHbIE, HO YeM OJIKe 3aJIaHHbI MOMEHT K HAYaJLHOMY, T€M
TO4YHee ToJiydaeTcs pe3yiabrar. [locie Toro, Kak KOOPJMHATHI U CKOPOCTD
HallIeHbl Ha HOBBIII MOMEHT BpeMeHH, OJM3KUil K HAYaIbHOMY, STOT MOMEHT
IPUHUMAETCS 328 Ha9aJIbHBIN U MIPOIeCC MOBTOPsAeTCdA. Tak mar 3a maroM o
BPEMEeHHU JI00MpaeMcs JI0 TOr0 MOMEHTa BPEMEHU, Ha KOTOPLI HAM U HYKHO
OBLIO 3HATH OJIOYKEHUE U CKOPOCTH HebecHoro Testa. [loyamam nckombrit pe-
3YJIBTAT, OJHAKO JIJId 3TOT'0 MPUIIOCH BBIYUCIATH KOOPJUHATBEI U CKOPOCTD
Ha MHOXKECTBO IIPOMEXKYTOYHBIX MOMEHTOB.

Yem TOuHee HyKeH pe3y/IbTaT, TeM MEHBINNl IIar Mo BPEeMeHH IIPUXO-
JATCs OpaTh, HO TeM OOJIbIlle HYKHO CJIEJIATh IMAroB BBIYUCIEHUN, ITOOLI
J100paThes JI0 Hy?KHOIO MOMEHTa BpeMeHu. Tak 4To BpeMsi BBIYUCJICHU TIPU
YUCJIEHHOM UHTETrPUPOBaHNY M depeHImaabHbIX YPaBHEHUN TBUKEHIS TTPO-
MOPIUOHAJILHO YHCJIY TIAroB, & YUC/I0 MAroB TeM OOoJIbIe, YeM JIydInas HaM
Hy’KH& TOYHOCTD. Y MEHbINas BEJIMUNHY Iara J0 HEKOTOPOIl CTENeHN MOXKHO
YJIYUIIUTh TOYHOCTL. OJIHAKO HACTYHAET TaKas CUTYaIus, KOTJa YUCIIO Ia-
T'OB CTOJIb BEJIUKO, YTO HAKOILJICHUE ONINOOK IIPHU BBIYUC/ICHUSX U3-338 OKPYT-
JIEHUS YuCeJl TIPU apu@PMETUUEeCKNX OIepalidX HAYMHAET ITPEBATUPOBATD
HaJ| BJIMSTHUEM OIIMOOK TIOJIYUYeHHS PEIleHns Ha KaxK/I0M OJHOM Iitare. B urto-
re Mbl UMeeM IIPeJebHYI0 TOYHOCTH, KOTOPpas II0JIy4aeTcs IIPU HEKOTOPOM
ONTUMAJILHOM IIMare. YJIy4IIUTh 3Ty MPeJeIbHYI0 TOYHOCTH MOYKHO TOJIBKO
yBEJINYNBad TOYHOCTD IIPEJICTaBJICHN YNCE/I B KOMIIBIOTEPE, YMEHbIas TeM
caMbIM OMMUOKM OKpyTJieHnsd. HeKoToporo HenmpuHIMNUAILHOTO YJTyYIeHnsT
TOYHOCTH MOXKHO JIOOUTBHCS YCOBEPIICHCTBOBAHMEM METOJIOB BBIYUCICHUN HA
OJIHOM IIIare.

[IpuHIIMIIMATBHBIM TPEUMYIIIECTBOM METO/IOB YMCJIEHHOTO MHTErPUPOBa-
HUd YPaBHEHUHN JBUKEHUdA dABJIACTCA TO, YTO JJId UX Pean3alldul HYKHO
3HATH TOJIKO BBIpAayKEHUs IPAaBBLIX vacTeil ypaBHeHuil. lIpuHIMnua bHbII
HEJIOCTATOK 3TUX METOJIOB 3aKJI0YaeTCd B BeCbMa OOJIBINUX 3aTparax Bpe-
MEHH BbIYHUCJeHUi. Besgkuit pas, Korjga Hy»KHO IOJIydaThb HOBOE DeIleHUe,
HY2KHO 3allyCKaThb IIPOIECC YUCJICHHOI'O UHTEIPUPOBAHUII.

O iHuM U3 HEJIOCTATKOB METOJIOB YHCJIEHHOT'O MHTEIPUPOBAHUS ABJISIETCH
TO, YTO HYZKHO KaK-TO XPAaHUTL BCE 3HAYECHUdA KOOPJUHAT Ha IIPOMEXKYTOY-
HbIe MOMEHTBI BPEMEHH. JTH MOMEHTHI (PUKCUPYIOTCS MPU IUCTCHHOM WH-
TerpupoBaHuu. X 0ObIYHO Upe3BbIYaiiHO MHOTO. Ec/in ToTOM HY>KHO HalTH
KOOPJIMHATHI Ha KAKO-TO MOMEHT, KOTOPBINA HE COBIIaJaeT HU C OAHUM U3 TeX,
4TO OBLJT B IIPOIECCe YUCJIEHHOTO MHTEIPUPOBAHUS, IPUJIETCS ITO-TO IIPUJTY-
MbIBaTh. Kak 0OBIYHO XpaHSATCS PE3y/IbTAThl YUCICHHOI'O MHTETPUPOBAHUS U
KaK OHU MCIHOJIb3YIOTCA PACCMOTPEHO HUXKE B CIICIMAJILHOM pa3/elie.

4.2. O6mime cBoOiicTBA METOAOB YMCJIEHHOTO MHTErPUPOBAHUS yPaB-
HEeHUIA NBU>KEHUS

ITocranoBka 3a/a91 O pelleHumn ypaBHeHI/Ifl ABU2KEHUA MeTOdaMM Y1 CJICH-
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HOT'O MHTEIPUPOBAHUS PACIIAIAeTCs HA JIBA HE3ABUCUMBIX Tana. Bo-1epBbIx,
COCTABJISIIOTCSI YPaBHEHUsI JIBM2KeHUs. Bo-BTOPBIX, pa3zpabaThiBaeTCsl HOBBII
WJIK BBIOMPAETCS OJINH U3 U3BECTHBIX METOJ/IOB YNUC/IEHHOT'O WHTETPUPOBAHMSI.
YT0o0bI cBA3aTH 9THU JBa dTalla, HEOOXOIMMO PUHATH HEKOTOPBIN CTaHapT-
HBII1 BUJI YPABHEHUN JIBUKCHU.

PaccmarpuBaercs ojiHo HebecHOe TEJIO WM CUCTEMA TeJl IPU B3ANMHOM
FPABUTAIIMOHHOM B3anMOjieiicTBUN. B ypaBHEHUSX JTBUKEHUS MOXKET yYINThI-
BaThCs BNSHUE MHOTHX JAPYTruX (hakTopoB. B wacTtHOCTH, B paccMoTpenne
MOXKET BKJIIOUATHCS HMPUTHAXKEHUE JIDYTUX TEJI C U3BECTHBIMU 3aKOHAMU JIBU-
JKEHUSI, IPOTIKEHHOCTh I'PABUTUPYIONINX TeJI, COIPOTUBJIEHNE CPE/JIBI.

YpaBHeHUs JIBUKEHUS IIPEJICTABJISIOT COOOI CCTeMy OOBIKHOBEHHBIX /-
depeHIMAIBHBIX YPABHEHUI TIEPBOTO WJIM BTOPOTO IMOPSIKA OTHOCHUTETHHO
KoopauHAT HebecHOTro Tesa. OOBITHO pacCMATPUBAETCS MPSIMOYTO/IbHAS CH-
creMa KoopjauHaT. Kcu cocrapiisieTcs cucreMa ypaBHEHUN BTOPOTO MOPSJIKA,
ee BCerja MOXKHO CBECTH K CUCTeMe YPaBHEHUIT IIePBOTO MOPsAIKa. DTO ITPUXO-
JIUTCS JIeJaTh, B YACTHOCTU, €CJIU JICHCTBYIOIINE CUJIbI 3aBUCAT OT CKOPOCTU
IBU:KEHUsT HEOECHOTO TeJIa.

Nrak, B 33/1a9aX INCI€HHONO NHTEIPUPOBAHNS YPaBHEHNUN JTBUKeHIS HeOec-
HBIX TeJI IPUMEM CJIEJIYIONTY 0 Haubosiee ooILyo hopmy auddepeHnmaibHbIX
YPaBHEHU:

d.ﬁEi
dt

rje x;(t) saBistiorest uckoMbiMu GyHKIuAME. Obg3aTeIbHBIM YCIOBUEM SIBJIsI-
erca 3aganue GbyHkumit f;(r1, g, ..., Ty, t) TaKUM 06pA30M, YTOOBI UX MOYKHO
OBLIO BBIUUC/IATH IIPH JIIOOBIX 38/ IaHHBIX 3HAYEHUSX apryMEeHTOB. DTU (PyHK-
UM MOT'YT COJEPKATh TaKzKe TOCTOSHHBIE TTapaMeTpPhl, 3HaYeHUs KOTOPBIX
3a/IaHBbI.

K nacrosimemy BpemeHu pa3zpaboTaHO OrpOMHOE MHOXKECTBO METOJIOB UUC-
JIEHHOT'O MHTEIrPUPOBAHUA OOBIKHOBEHHBIX /N (EepEeHITNATBHBIX YPABHEHUIA.
Onu pazanynbl 10 cBoeit 3 HEKTUBHOCTU U 00/IaCTU TPUJIOZKeHU . Xoporuii
0030p METOJIOB YMCJIEHHOI'O UHTEI'PUPOBAHUS YPABHEHUN JIBUXKEHUS, [TPUMe-
HseMbIX B HeOecHOH MexaHuKe, JaH B pabore (Bomosuieina 1984). Cyrme-
CTBYeT Jlayke TeOpUsd MEeTOJIOB YUCJCHHOTO PeIleHHs ypaBHEHUI, 0000Iaro-
Iast MHOYKECTBO TaKUX METOJ/IOB U JIAIoNast Iy Th pa3paboTKN HauboJIee ONTH-
MaJIbHBIX cxeM mHTerpupoBanusi (Butcher, 1963, 1964a, 19646; Xosur, Yarr,
1979).

Paznoobpazubie METO/IbI YNC/IEHHOIO WHTEIPUPOBAHUS IIPU UX ITPUMEHe-
HuM 00J1aIa10T HEKOTOPBIMU OOIIMMI CBOMCTBAMU. DTH CBOICTBA HEOOXOTIMO
3HATH IPU PEIIEHNN KOHKPETHBIX 3aJ1a4 JJIs JIOCTHKEHUS HAWIydIIero pe-
3yJibTaTta U 3HGEKTUBHOCTU UCCICTOBAHMIA.

OCHOBHYIO MJIEI0 METOJIOB UMCJIEHHOI'O MHTEIPUPOBAHUS OOBIKHOBEHHBIX
JubdepeHImaabHbIX yPABHEHUN JIETKO OObICHUTH HA MPOCTEHINEM U3 HUX
— MeToJie JIOMAHbIX JuHUM. [Ipr 9TOM MOXKHO OrpaHUYUTHCS PACCMOTPEHUEM

:fi(xlax%---amnat) (Z: 1,273,...,71), (119>
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oHOTO JinbhepeHInaaIbHOrO ypaBHEHUs O0IIEero BUIa.
Jotmyctum, 9TO MBI UMeeM OJIHO JuddepeHnnaibHoe ypaBHEeHe

dx
% = f(xa t)a
B KOTOPOM t eCTh He3aBUCUMas IlepeMeHHas — BpeMs. T pedyercs HalTu pyHK-
o x(t) , YAOBJIETBOPSIONIYIO 3TOMY JudGepeHInaIbHOMY YPABHEHUIO 1
Ha4YaJIbHOMY YCJIOBUIO:
Qf(to) = T,

riae to — HavYaJIbHBIA MOMEHT BpeMeHu, a ro — 3a/JaHHasd KOHCTaHTa.
it Havasa BayKHO IMOHATH TO, 9TO HUKAKOM METO/I 9MCI€HHOIO UHTEIPU-
POBaHUs He MO3BOJIUT HANTH caMy GyHKIHIO Z (1), a TOJIBKO Psijl ee 3HAUEHUI
Ha KOHEYHOE YHCJI0 MOMEHTOB BpeMeHU. PaccMoTpuM HEKOTOpBIE MOMEHT
BpeMeHU ty, HeJaJIeKO OTCTOAIIUi oT MoMeHTa tg. Pa3nocth ¢y — ty 0bo3HA-
9uM gepe3 h, TO ecTh
h = tl - to.

Tounoe 3Hauenne z(t;) HAM HEU3BECTHO, HO €CJIU BeJIMYUHA N JIOCTATOYHO
Mmasa, a dysknusa f(x,t) - HenpepblBHA, TO NPUOJMIKEHHOE 3HAYCHUE T B
MOMEHT BPEMEHHU 1 MOYKHO OIPEJICJIUTD 110 (hopMyie

Ty = 2o+ f(xo, to) h.

OueBUIHO, YTO OTJMYUE T1 OT TOYHOrO 3HadeHusi x(f1) Oyger TeM MeHb-
e, yeM MenbIne A . [lorperntaocts 06ycoBIeHa BOZMOXKHON HEJIMHEITHOCTHIO
dbyuxiym z(t) Ha orpeske [to, t1].

Hasee MBI MOXKEM OIPEIEIUTH MPUOJINKeHHOe 3HadeHne QyHkmun x(t)
HA MOMEHT BpeMeHu to = t; + h o dpopmyiie

Ty =21 + f(21,t1) h.

[TorpemHocTsb HalJIEHHOIO 3HAUYEHUs MCKOMOI (DYHKIIMU B MOMEHT to OyjeT
CKJIaJbIBaTbCsA U3 IIOI'PEITHOCTU 1 U IIOI'PEHIHOCTH, BBI3BAHHOI HEJIMHEITHO-
crbio GyHKIMN x(t) HA oTpeske [tq,ts).

Tenepnb aaropuT™M onpee/eHns 3HAYCHHNA MCKOMOT (PYHKIIMHM Ha HOCJIe-
JloBaTesIbHble MOMEHTHI t; = t;_1 +h (i =1,2,...) MOXKHO 3amucaTh Tak:

;= xi—1 + f(xio1,tiz) he (120)

B stom anropurme BesmunHy h HA3BIBAIOT MOCTOSHHBIM IIATOM YHCIEHHOTO
unrerpupoBanug. OmmbOKka 3HavUeHUs r; Oy/IeT Ccolep:KaThb CyMMYy OIMUOOK,
COBEPIIIEHHBIX Ha BCEX MPEJIbIIYIIIX Marax HHTErPUPOBAHUsI. DTU ONIUOKN
MOTYT WMETh Pa3/IMJHble BEJUYUHBI W 3HAKW, HO IPHU JOCTATOYHO ITPOU3-
BoJbHON yHKIMK f(x,t) cymMapHasi OIMOKa, KAk IPABIJIO, BO3PACTAET.
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OueBnIHO, YTO BO3paCTaHUE CyMMAapHON ONIMOKM ITPOUCXOIUT ¢ HAPACTAHU-
€M YHCJla BBIIIOJIHEHHBIX ITaroB UHTEI'PUPOBaHMA. qu 6OJIbI_He maros I1Ipu
MTOCTOSTHHON BEJIMYNHE TIara, TeM OOJIbIIe ONMNOKA TAKOTO PeITeHus.

JI1obast 3a/1a1a IMCIEHHOTO MHTEIPUPOBaHUs YpaBHEHU TBUKeHns Hebec-
HOI'O TeJia OOBIYHO CTABUTCSA TaK, UYTO B KOHEYHOM HUTOre TpeOyeTcs HalTH
KOOD/IMHATHI TeJjla Ha 3aJaHHbIi KOHEYHBII MOMEHT BpemeHHU tj. FEcium mar
UHTEIPUPOBAHUS Y2Ke BBIOPAH, TO MOYKHO IOJICINTATh KOJUIECTBO MIaros k,
HeobXoauMoe 11t perrenns 3aga4an. OYeBruIHO, 9TO

te — to

k=E(—— 1.
3 +

MeToj1 TOMaHBIX OTHOCUTCH K TPYIIIE TaK Ha3bIBA€MbIX OJHOIIATOBBIX
METO/I0B YHUCJEHHOTO WHTEIPUpOBaHus. Kpome HUX CYIIECTBYIOT eIle SKC-
TPAIOJIAIUOHHBIE U MHOTrOImarossie Merojibl (Bogosureina, 1984). Bee stu
MeTObl UMeIOT HEKOTOpbIe obIue cBoiicTBa. [Ipn nx mpuMeHeHnn BO3HUKA-
for obmue mpobseMbl. OJiHa U3 MPOOJIEM — 9TO BHIOOD Iara WHTEIPUPOBA-
nns. Ha nepBbIit B3I CHO, YTO €CJIU ITar WHTErPUPOBAHUSA YMEHBITNUTD,
TO ommMOKa, JoIycKaeMas Ha KarKJIOM Iare, yMEHbBIIUTCS, & CJIeI0BaTe/IbHO
ITOBBICUTCS TOYHOCTH PEIeHNs ypaBHEHUi JIBUKeHUd HebecHoro Tesa. I[lpn
3aJlaHHOM MHTepBaJie BPEMEHH IPEIBbIYUCIEHNS IBUKEHNs, TO eCTh UHTEP-
BaJia UHTErpupoBaHud tp — tg, KOJIMIECTBO BBIIOJIHSIEMBIX IIIArOB BO3PACTET,
YTO BBI30BET YBeJMYEHUE 3aTPAT BBIUYUCIUTEIHLHOTO BPEMEHH, TO €CTh Bpe-
MeHH pabOThl KOMIIbIOTEPa. B HEKOTOPBIX CIydasdx MaKCUMAaJIbHAA TOUYHOCTD
peIlleHusT OIPeJIesieTcsT TOJIbKO JIOIYCTUMBIMU 3aTpaTaMd BPEMEHU BBbIYUC-
JICHU.

Ha repBbIit B3I KaXKeTCsd, 9TO €CJIU YBEJINUIEHNE BBIUYUCIUTETbHBIX 3a-
TpaT eIne JOIMYCTUMO, TO YJIYUIIEeHUs TOYHOCTU BCETrJIa MOXKHO JIOCTUTHYTD
YMEHBIIIEHUEM ITara nHTerpupoBanus. MoKHO TPOBECTH TaKOM SKCIIEPUMEHT.
3a/1aTh KOHKPETHBIE YPaBHEHUs JBUKEHUs, TUCJICHHOE PeIleHne KOTOPBIX
MOXKHO TTPOBEPHUTH. DTO MOT'YT OBITH YpaBHEHUSI, UMEIOIIIEe TOTHOE aHATUTH-
JecKoe peleHne, Wi ypPaBHEHUs, JOIyCKAOIe N3BECTHOE YacTHOE pele-
uue. /lajmee MOXKHO 3a/1aTh HHTEPBAJ UHTErpUpOBaHust [tg, x|, B3dTh Kakoii-
HUOY/Ib METO/I YNCJIEHHOIO HHTEIPUPOBAHUSA U PEIIaTh 3a/1a9y MHOIOKPATHO,
yMeHbIITasl KazK/IbIil pa3 Imar mHTerpupoBaHus. 3ydas 3aBHCUMOCTH TOY-
HOCTHU peIlleHusl OT Iara MHTEerPUPOBAaHUsI Mbl YBHUIUM, UTO CHadaJja IPH
YMEHBIIICHUU IIIara MOTPEITHOCTh YUCJIECHHOTO perieHus ymeHbinmaercd. Ho
IIPK HEKOTOPBIX BEChbMa MaJIbIX 3HAUEHUSIX IIara MHTErPUPOBAHUA TOYHOCTH
HaYHET yXYIIIAThCsI, CKOJIb Obl Mbl HU YMEHBIIA/IN Iar. UTo »Ke MPOuCXo uT?!

Jleso B TOM, YTO BCE BBIYUCJIEHUS J€/JaI0TCs Beerja ¢ (PUKCHPOBAHHOM
TOYHOCTBIO BBIIIOJIHEHUsI ITPOCTHIX apudpMeTuiecKux oreparuii. Fe MoxKHO
YJIYHIIHATD € TIOMOIIBIO CIIENUATbHBIX CITIOCOOOB 0TOOPaYKEHUS IHCET B TAMITH
KOMIIbIOTE€PA U IPUMEHEHHEM COOTBETCTBYIOIIUX AJTOPUTMOB apudMeTrde-
CKUX JIERCTBUI. DTO IPUBEIET K elre OOJbITNM BbIYUCIUTE/ILHBIM 3aTPaTaM.

129



Baxkno To, uTO B J11000M KOMIIbIOTEPE MaKCHUMaJIbHas TOYHOCTD IIPeJIcTaBie-
HUS YUCEJI U TOYHOCTH BBITOJTHEHUS apUpPMETUIeCKIX onepaliuii (pukcuposa-
Ha. [Ipu Kaxkoit oneparum coBepiaeTcss HeKoTopas ommubka. Fe HasbiBaioT
omuOKOil OKpyIyieHns uncesi. [Ipu noceoBaTeIbHOM BBIIOJIHEHUN apudMe-
TUYECKUX JICHCTBUN OIMUOKN OKPYTJICHUS HAKATIJTUBAIOTCS.

Yem MeHbIIE AN WHTEIPUPOBAHUS, TEM MEHbIIIE TTOIPEITHOCTL (hOpMY-
abl (120), menblire ommbKa, coBepiiaeMasl Ha KayKJOM IIare, U MEHBIIe ee
HAKOIIJIeHe Ha KOHEYHBbII MOMeHT Bpemeru. C JIpyroit CTOPOHBI, YNCIIO IIa-
rOB PacTeT, U ONINOKM OKPYIJIEHUs] HaKaluBaroTcd. TakuM obpas3oMm cyiie-
CTBYET HEKOTODPBIl ONTUMAJIbHBINA IAr WHTEIPUPOBAHUS, MIPU KOTOPOM IIO-
PEITHOCTD BBIYUC/IEHUS 3HAYCHUST MICKOMON (DYHKITUU Ha KOHEYHBIT MOMEHT
BpeMeHn MUHUMAaJbHA. /[j19 BHIODAHHOTO METO/Ia WHTETPUPOBAHUS W 3a/1aH-
HOIl KOHKPETHOI 3aJIa4i TOYHOCTD, JIy4Ilasd, YeM MPU ONTUMAJILHOM Iare,
HeJlocTIKIMa. [[yTeM coBepiiieHCTBOBaHMSI METOJOB YHCJIEHHOTO WHTErpu-
POBaHUA MOXKHO JIOOUTHCA HEKOTOPOrO yJydlinenus Todnoctu. OjHako co-
BPEMEHHBIE METO/IbI YK€ CTOJIb COBEPIINEHHBI, UTO JajbHeIIee TOBBIIEeHNEe
TOYHOCTH TIOYTU HE MPOUCXOuT. Ha nmpakTuke BHIMUC/IEHUS ¢ ONTHMAIbLHBIM
IaroM, Kak MPaBUJIO, He MPOU3BOIAAT — CJUIIKOM BEJUKH ITPU ITOM BBIYUC-
JINTEJIbHBbIE 3aTPATHL.

Caenyionryio npobsieMy BBI3BIBAET TOT (PaKT, UTO CTENEeHb HEJTMHENHOCTH
UCKOMO# (DyHKIIUU MOXKET ObITh pa3/indHa Ha Pa3HBIX yJYaCTKaX UHTEPBa-
na [to,tr] . [Ipu 3a7aHHOM TIOCTOSIHHOM IIIare MHTErPHPOBAHUS CyMMapHas
OIMOKa MMOPOK/IAETCs, B OCHOBHOM, Ha T€X y4acTKaX, I/le HeJIMTHEIHOCTh MaK-
cuMmastbHa. HeT cMbIca BEIONpATH TaKOi YKe MaJIBII Iar Ha IPYTUX yIacTKax
U TPATUTH HAIIPACHO BPEMs HA BBIUMCJEHUS C U3JIHIINHENH TOYHOCTHI0. OnTu-
MaJIbHO OBLIO ObI BLIOMPATH HA KaKJIOM YIACTKE CBOI Al MHTEIPUPOBAHUS B
3aBUCHUMOCTH OT CTEIleHN HeJTMHEHHOCT NCKOMO# (pyHKIMU. B coBepIrieHHbIx
MEeTO/IaX YMCJIEHHOI'O MHTEIPUPOBAHUSA ITOBEJICHUE PEIICHUs aHAJTU3UPYETCS
Ha IPEJIbLIYIIEeM Irare, YTo0bl SKOHOMHO BBIOPATD cietytomuii mar. s sTo-
ro, KOHEYHO, IlepeJ] Ha9aJlOoM HHTerPUPOBAHUS 33/1al0T HEKOTOPBI mapaMerp,
KOHTPOJINPYIOMUI TOYHOCTH BBIYUCJIEHNN Ha KAXKJIOM IIare. ITOT HapaMeTp
Ha3bIBAIOT 38/IAHHON TOYHOCTHIO MHTETPUPOBAHMS, OJITHAKO 9TA TOYHOCTD Jla-
JIEKO HEe COBIJIAET ¢ TOYHOCTBIO MOJTyYCHUs PEIICHU Ha KOHEYHBI MOMEHT
BPEMEHN tj. DTU JIBe TOTHOCTH OOBITHO MTPOTIOPIINOHAIBHBI TIPY OJTHOM U TOI
’Ke (bopMyIMPOBKe 3a/1a4M, TO €CTh MPU 33 JaHHBIX YPAaBHEHUIX JBUKEHUS,
HAYaJbHBIX YCJIOBHUAX M KOHEYHOM MOMeHTe Bpemenu. /[y ananuza noseie-
HUsl PENIeHUs UCIOIL3YIOT Pa3udHble npueMbl u dopmysibl. OuH U3 HUX
COCTOUT B TOM, YTO KaXKJIBII IAr JIe/Ial0T JIBAXK/IbI: CHAYAJ A OJIUH IITar BeJIu-
9rHOIT h, 3aTeM JBa mara, BeauanHoi h/2. PasHuily aByX pe3ysbTaToB cpaB-
HUBAIOT ¢ 3aJaHHOI KOHCTAHTOW — TOYHOCTBIO BhIUMCJIeHUi. Ecim pasHocThb
OKa3bIBaeTCcd OOJIbINE, TO IMar yMEHBIIAIOT BjBoe. Kcm e 3Ta pasHocTh B
JIECATh WU OoJiee pa3 MeHbIIe, YeM 3aJaHHAd TOYHOCTb, TO INAr YBeJMIH-
BaloT. B mambosiee cOBEPIIEHHBIX AJITOPUTMAX YUCJICHHOTO UHTETPUPOBAHUS
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UCIIOJIB3YIOT DoJiee CI0KHBbIe TpueMbl. K coxKajiennio, Ha MpaKTUKe HE BCe-
IJIa aBTOMATUYIECKU BBIOOD Iara MoxKeT ObITh 3ddekTuBen. B HEKOTOPBIX
CIydasdX BCE YKe HMCIOJIL3YIOT MOCTOAHHBIN Mar HHTErPUPOBAHUS.

HaubosbImyro npodeMy B IPAKTUKe YHCJIEHHOTO HHTEIPUPOBAHUS YPaB-
HEHUil JIBUzKeHNs HeOECHBIX TeJT IIPEJICTAB/ISIET OIeHKa TOYHOCTHU TOJIy1aeMO-
ro pemennsi. OKa3bIBAETCs, HE CYIIECTBYET CTPOrUX (POPMYJI WA YCJIOBHIA,
[TO3BOJISIIONINX BBITIOJTHUTH Takne OleHKHn. Ha sese mcrnob3yioT HEKOTOpbhIe
[IpUEeMBbI, KOTOPBIE BCe JKe HeJIb3sl CINTATh BIOJIHE HalesKHbIMI. OJIMH 13 HUX
— 910 mHTEerpupopanue "Buepea-uazan". To ecTh moc/e mMoydeHnst 3HAYECHUS
UCKOMO# (PYHKIINU Ha KOHEYHBII MOMEHT BPEMEHH 3TO 3HAUYeHHE ITPUHIMA-
10T 38 UCXOJIHOE U BBIOJIHIIOT HHTEIPUPOBAHUE C OTPHUIIATE/ILHBIM IIIANOM JI0
HAYaLHOTO MOMEHTa. B KOHIle CPaBHUBAIOT TOJIYUEHHBIH pe3ysibTaT ¢ Ha-
JaJIbHBIM yeaoBueM. [loyryaeHHy 10 pa3HOCTh 3HAYEHNN U CINTAIOT TOIHOCTHIO
BBITTOJTHEHHOT'O MHTerpupoBanus. VIHOT1a TaKue OTeHKH [TOJTyYaloTcs YI0BJIe-
TBOPUTEILHBIMU, HO Hallle BCEro peajbHas TOUHOCTh OKa3biBaeTcs Xyzxke. Cy-
IECTBYIOT U JIPYTHE METO/bI OTIEHKHM TOYHOCTH YUCJIEHHOTO HHTEIPUPOBAHUSI,
HO BCE OHU HAa CAMOM Jiejie HEeHA IeYKHBI.

4.3. Merop Pyure-KyTra nanrerpupoBanus o0bIKHOBEHHBIX Judde-
pEHIUATIBHBIX ypaBHEHUI

Meto/1 jloMaHbIX, W3JIOXKEHHBII B TpeblayIeM mnaparpade, mouTu He
npuMeHsierTcst Ha npakTuke. CyiecTByor 6ojiee Tounble MeToibl. OHuM 13
Hux siBiasercs Meroy Pynre-Kyrra (Bomosunpbaa, 1984; ly6ormun, 1976).
DTOT METOJI JIAJIEKO HEe CaMblii COBEPITIEHHDIN, OHAKO B CBOE BpEMs OH IIIH-
POKO IPUMEHSJICA B aCTPOHOMHUYEeCKHX 3ajiadax. Popmysnbl Merosa Pynre-
Kyrra mocrarouno mpocrsr (y6ommun, 1976). VIx MOXKHO JIErKO 3a1iporpam-
MHUPOBATH Ha, JIIOOOM TOJXOJLIEM sg3bIKe ITporpaMMHUpOBanusd. B 3ajadax,
re He TpebyeTcd MoIydaTh MPeebHO BBICOKYIO TOYHOCTH YHCJICHHOIO Pe-
IeHns ypaBHeHuit 1prKenns, Meto i Pynre-KyTra MoxkeT ObITh 3¢hbdeKTUBHO
IIpUMEHEH.

OrnuriieM 3TOT MeTO, U (DOPMYJIbI, TI0 KOTOPBIM BBIIOJTHAIOTCS BBITUCTIE-
nug. PaccMoTpuM 3aj1ady YUCIEHHOTO WHTETPUPOBAHUSA CUCTEMBI OOBIKHO-
BeHHBIX JnddepeHnuaabHbIX ypaBHeHuii mepsoro nopsiaka (119). ¢ mHadasb-
HBIMU YCJIOBUAMU L1 = xgo), Ty = xgo)’ vy Ty = w%o) npu t = ty. [lepemennnie
X1, T2, ..., T, 78 yA0OCTBA OyZleM HA3bIBATH KOODJAWHATAMIY, a HE3ABUCUMYIO
[EPEMEHHYIO { — BpEMEHEM.

Qopwmyssl Pynre-KyTra, npuBoguMble HIZKe, TIO3BOJIAIOT OIPEIETNTD KO-
Op/IMHATHI HA MOMEHT BPeMeHH tj 1 = ti + h, eciu OHM U3BECTHBI HA MOMEHT
Bpemenn ty. PopMyJIbl COCTABIEHBI Ha OCHOBE METOJIa MHTEPIOJIAINN IO TU-
HOMAaMU OTHOCUTE/IBLHO Iara MHTErPUPOBAHUA h, B KOTOPBIX IpeHeOperaT
YJIEHAMHM HEKOTOPOTO TOpSIKa MAJOCTH OTHOCHTEJHLHO BEJIMYWHBI IMara. B
JIAHHOM CJIydae COXPAHSIOTCS BCe YJeHbI JI0 4-r0 TopsjiKa BKIIOYUTETHHO
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ornocutesibHo mara. Popmyssl Pynre-Kyrra nmeror Bu

2 — zi(tg),

7

fz <$1 (k)aaxgzk)atk) )

1
qu)=f<( + hp gt hp M4 = hpn),thr h>

1

2
1 1 1 1
rgk) = f; xgk) + —hqgk), xék) + —hqék), o w® + Shg® i+ Sh ),
2 2 2 2
s = f, <x§k) + hrgk), xgk) + hrék), oy 2™ ® 4 h)

2 = ) +6h <pl + 2¢! )+2rfk)+s§'€))

(i=1,2,3,...,n).

N3 puBeieHHBIX POPMYIT JIETKO BUJIETH CXEMY JITOPUTMa OJIHOIIATOBBIX
METOJIOB YUCJIEHHOI'O UHTEIPUPOBAHUSA OOBIKHOBEHHBIX JTuddepeHInaIbHbIX
ypasHenuit Bujia (119). AJropur™ coCTOUT U3 JBYX OTHOCHTEIHHO HE3ABH-
cuMbIX 0J10KOB. B mepBoM 0J10Ke MpOU3BOJAATCS BBIUUCIECHUS 10 (hOpMYy/Iam
Pyare-Kyrra. BxoaubiMu JaHHBIMEU JIJIS 9TOrO OJIOKA, SIBJISIIOTCSI 3HAYUEHUS
UCKOMBIX (DYHKIINIT HA MOMEHT BpeMeHH ti. Pe3ynbrar paboThl 6/10Ka — 3Ha-
YeHUs NCKOMBIX (PYHKIINI HA MOMEHT BpeMeH! 1y 1. Pazymeercs, ncxoaabivmum
rapaMeTpaMu sIBJISIOTCH TaKyKe CAaMU MOMEHTHI { ¥ {1, a TAKXKe IIar nHTe-
rpupoBanus h. Peanuzanust 3Toro 6/ioka He 3aBUCUT OT KOHKDPETHOI 3a1a9u
HebecHON MexaHUKu. BTopoit /10K — BIYUC/IEHU [TPABbIX YacTell ypaBHEeHUI
(119) tpu m06BIX 3aJaHHBIX APTYMEHTAX T, L9, ..., Ty, L. DTOT OJIOK TOTHO-
CTBIO OIIPEJIE/IAeTCs TTOCTAHOBKOM 3a/1a91 O JIBMKCHUHU UJIM BpallleHuu Hebec-
HBIX T€JI U He 3aBUCHUT OT METOJIa MHTETPUPOBAHMS.
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4.4. AsropuTMm penieHus 33/1a4 O JIBUXKEHUN HEOECHOro Tejia MeTo-
JlaMU 4YUCJIEHHOI0 MHTETPUPOBAHUS

PaccmorpuMm cireryrommii Kjiace 3a/1a9 O JIBUKEHUHM CUCTEMbI HEOEeCHBIX
ten. [lycrs janbl juddepenimaibuble ypaBHEHUS OTHOCUTETHHO KOOPIMHAT
test. KoopamaaramMu MOryT OBITH KaK IPsAMOYTOJIbHBIE KOODAMHATHI IIEHTPOB
Macc KaxKJIoro TeJja, TaK M YIVIbI IOBOPOTa KarKJIOTO Tejla B HEKOTOPOH 3a-
JIAHHOU cHCTeMe KOOD/IMHAT. ¥ pABHEHUs JIOJI2KHBI ObITh BbIPAXKEHBI B (hopMe
(119), a ux mpaBble YaCTH 3aJaHbI TaK, YTO W3BECTHBI IPABUJIA, 10 KOTOPBIM
X MOYKHO BBIYHCJIATH JIJIsd JTIOOBIX 3a/JAHHBIX 3HAYEHUI UCKOMBIX KOOP/IMHAT
1, BO3MOXKHO, BpeMeHH. Kpome Toro, JTOKHBI ObITH 38 /IaHbl 3HAYEHU KOOP-
JIMHAT HA HEKOTOPDIN HAYAJILHBII MOMEHT BpeMeHU ty. OOO3HAYNM 9TH 3HA-
YeHUsl depes :L'go), xéo), ey 2. Tpebyercst onpeseuTh 3HAYCHUS KOOP/IUHAT
Ha HEKOTOPWI JIpyroil TakKe 3a/aHHbIil MOMeHT Bpemenu tq. [IpakTudeckue
e/ PerieHus 3aJa9d O JBUXKEHUH CUCTEMbI TeJI JUKTYIOT HeOOXOIUMOCTD
[IOCJIeIOBATEIbHOTO BBIUMC/IEHUSI KOOPD/JMHAT TaKxKe W Ha JIpyrue 3a/laHHbIe
MOMEHTHI tg, i3, ... , tx. Hale Bcero MOMEHTDHI BLIOMPAIOTCS PABHOOTCTOSAIII-
MH TaK, YTO

ti:ti_l—i—H (Z: 1,2,...,]{), (121)

rjae H — 3aJaHHBIN 1Ar Mo BpeMeHH (HO He Iar WHTerpHpoBaHusi). Takum
00pa30M, pe3yJIbTaTOM PEIICHUS 3a0a91 Oy1yT 3HAUCHUSA NCKOMBIX (DyHKIIN
Ha MOMEHTHI t1, to, ... , tp, TO €CTh xﬁ“,xé“,...,x? (1 = 1,2,...,k). Ilo-
CTaBJICHHAS 321248 {ABJILETCS TUIUYIHON He TOJILKO B IIPAKTUYECKOH Hebec-
HOII MeXaHMKe, HO TaKyKe IPHU Pa3JINYHBIX UCCJICJOBAHUAX TEOPETUICCKOIO
Xapakrepa.

CoorBercTBEHHO ChOPMYJIUPOBAHHON [TOCTAHOBKE 3aa9l MOMKHO COCTa-
BUTH aJaropuTM ee pemenns. OH OyaeT COCTOATh U3 CIAEAYIONUX OJIOKOB:

(1) 3alaHre Ha49aJ/IbHOI'O MOMEHTa BPEMEHHN, HaYaJ/JIbHbIX 3HAQYEHUA KO-
OopJuHaT U IIara CJeJd0BaHHNA MOMEHTOB H,

e (2) 3a/aHme CJIEIYIONEro MOMEHTA BPEMEHN;

e (3) BbINOJIHEHNE YHCEHHOIO HHTEIPUPOBAHUST yPABHEHUH 1 [IOJTy YeHne
3HAYEHUI MCKOMBIX (DYHKITHI Ha CJIEYIONUil MOMEHT BPEMEHN;

e (4) zarmoMuHAHUE MOJIYYEHHBIX 3HAUCHUT B paiiye jjis moc/eayonero
HCIIOJIb30BAHNUS,

e (5) mpoBepKa JIOCTIZKEHHsI TIOCIETHETO 3a[aHHOI0 MOMEHTa, BDEMEHH 1
epexo/| K MyHKTY (2), ecjm moc/ieiHui MOMEHT ellle He JIOCTUIHYT;

(6) mpekpairenre paboThbl aJIrOpUTMA.

[Tyukr (1.) BBIIOJIHSETCS Ty TEM BBOJIA YnCes 13 (hailiia MCXOTHBIX JTAHHBIX
WAV 3aJlaHueM 3HAYEHUI MPsIMO B TEKCTE BBIYUCIUTETHHON ITPOTrpaMMBbI.
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[Iyukr (2.) BeinosHsercs o dopmyre (121).

Peaymzanus myskTa (3.) B BBIYHCINTENBHOM IpOrpaMMe JIOJKHA ObITh
HE3aBUCUMA OT IMOCTABJICHHON 3a/1a9u, ITOOBI JIIOOYI0 KOHKPETHYIO 3a/ady
MOYKHO OBLIO perraTh JII0OBIM METOJIOM YHCJIEHHOrO uHTerpupoBanus. [1o-
9TOMY CaM MeTOJ MHTEIPUPOBaHus O(MOPMISIOT B BHJE OTJIEIBLHONU POIE-
JIypbl Ha BBIOPAHHOM SI3BIKE MTPOTPAMMUPOBAHUSA. IJTY IHPOIEIAYPY OOBITHO
COCTABJIAIOT CIENUATUCTHI [0 METOJAM YHCIEHHOTO MHTETPUPOBAHUS OOBIK-
HOBEHHBIX JuddepeHnuaibibX ypaBuennit. [ ucmo/ib30Banus MpoIeTy-
pPBbI B KOHKDPETHO# 3a/iade HYKHO 3HATDL TOJIHLKO (OPMY OOpAIeHUs K ITOM
poreype u crocobbl obMeHa jraHHbIME ¢ Heit. HeoOxomnmast nadopmarius
OOBIYHO COJIEPKUTCS B MHCTPYKIIUU, KOTOPOi CHAOXKAETCs MpOIEypa IpH
ee niepefade wian mybaukanuu. [IyskT (3.) agropurma peasnsyercs CorJacHo
MHCTPYKIMU K mporeaype. [Ipumep Takoit HHCTPYKIIMU IPUBOIUTCS B CJIEJLY-
foreM maparpade.

Ha mepBbIit B3V T B OMUCAHHOM BBIIIE aJrOPUTME COBEPIIEHHO OTCYT-
cTByeT OJIOK BBIYUCJIEHHUsI PABBIX dacTeil perraeMbix ypasaenuii. Ha camom
Jiesie 3TOT 6JI0K BKJIOYEH B MYHKT (3.), HO peau3yercsi OH B BHUJIE HE3aBU-
CHUMOIi TTPOIIETYPhI, KOTOPYEO COCTABJISIET CIIEIUAJIICT, TOCTABUBIIII U Pellia-
IONIHi 3a/1a9y. DTa IPOIEypa UCHOIb3YeTCS B IPOIECCe TUCICHHOIO MHTE-
IPUPOBaHMUsI, KOTOPBIN HE 3aBUCUT OT BHUJA MIPABBIX YacTeil ypapueHuit. 4ro-
OBl OPraHM30BATH COCTABJIEHUE AJITOPUTMA M IIPOIPAMMBI, YCTaHAB/INBAIOTCS
HEKOTOPBIE MPABUJIA, 110 KOTOPBIM IIPOUCXOAUT OOPAIIEHNE K MPOIELyPe BbI-
YUCJIEHUs] IPABBIX YacTeil ypaBHEHWIT JIBUKEHUS. DTH IIPABUJIA TAKIKE STBJIsI-
I0TCS 9aCThI0 HHCTPYKIINU K TIPOTIE/IyPe MHTErPUPOBAHUA. AJITTOPUTM BBIUUC-
JICHUS TIPaBbIX dacTeil ypaBHEHWIT He 3aBUCHT OT METOJ[a WHTErPUPOBAHUS,
OJTHAKO 3ar0JIOBOK TOM MPOIEIYPHI JIOJIZKEH ObITH COIVIACOBAH C MHCTPYKITH-
eff K TIporpaMMe YnuCJIeHHOTO WHTEIPUPOBAHMS.

[Iyukrer (4.), (5.) u (6.) anropurMa J0CTATOYHO IPOCTHI JJIs IIPOTPAMMH-
pOBaHUsA. 3aMETHM TOJBKO, ITO MyHKT (4.) MOXKeT OBITH peajn3oBaH Gosee
3aMBICJIOBATBIM CII0COOOM. Harpumep, MOXKHO 3aIporpaMMUIpOBaTh MOCTPO-
eHre TpaduIecknx n3006parKeHuil Ha IKpaHe KOMITbIOTEPA B 3aBUCUMOCTH OT
[IOJTy YeHHBIX 3HaYeHUIl HCKOMBIX (QyHKIHIT. B urore moc/eoBareibHast cMe-
HAa KAPTUHOK B IIPOIECCE PEIIeHUs 3a/1a491 JJACT HAIVISITHOE TIPEJICTABICHUE O
JIBUZKEHUH CUCTEMbBI TEJI.

SamMeTuM TakzKe, 9TO MPU UCIOIB30BAHINE HEKOTOPBIX IIPOTPAMM THC/ICH-
HOT'O0 MHTETPUPOBAHUS HEOOXOIMMO 3a8/IaTh OIPE/IEJICHHBIE TapaMeTPhbl Pabo-
TBI. DTO MOI'YT ObITh, HAIIPUMED, TAPpAMETPBI, 33/IaI0IIie TOTHOCTh HHTEIPH-
poBaHus. B T0 ke BpeMsi pe3y/IbTaTOM BBIIOJHEHUS IIPOTIE/ Ly Phl MOI'YT ObITH
HEKOTOPBIE BCIIOMOTaTeIbHbIE JAHHBIE, KOTOPBIE TaKyKe MOXKHO HCIIOIb30BAThH
B IIPOrpaMMe peITeHnsT 3a,/1a4H.
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4.5. NHCTpYKINS K BBIYUCINTEJIBHON MpOrpaMMe YMCJI€HHOTO UHTe-
rPUPOBaHNs OOBIKHOBEHHBIX AnddepeHInalbHbIX yPaBHEHU Me-
TOAOM . DBepxapTa

B mpakTudeckoit HebecHON MeXaHUKE NPUMEHSIOTCH MHOTO Pa3UYIHbBIX
METO/IOB YHUCICHHOI'O MHTETPUPOBAHUS YPABHEHUN JIBUKCHIA. DTa HAYKA J1a-
€T CTUMYJI JIjIsl Pa3BUTUSA U COBEPIIEHCTBOBAHUS TAKMX METOJIOB. B TO ke
BpeMs 331491 HeOECHON MEXaHUKU SIBJISIOTCS CBOCOOPA3HBIM TIOJIUTOHOM JIJIst
UCIBITAHUST HOBBIX Pa3pabOTOK B 3Toit obactu. OquuM 3 Hanbojiee mpume-
HsIEMBIX B ITOCJIE/IHEE BpEMs B HEOECHOI MeXaHUKe METOJIOB YUC/IEHHOI'O UHTE-
rpupoBanus sBisgeTcs Mero| D. Deepxapra (Everhart, 1974). TTokasaresbHo,
YTO €ro aBTOPOM $IBJISETCs CIIENUAIUCT B obsacTu HebecHO! MexaHuKu. Me-
To/1, ertie 1opobHo onucan B kuure (Bomosurpiaa, 1984).

[TepBonavabLHO MIPOIEyPa UHTETPUPOBAHKS ObLIa COCTABJICHA HA A3BIKE
nporpammupoBaausg PopTpan caMuM IBEPXapTOM, MOITOMY ee TaK W Ha3bl-
BaIOT IIPOIIEYPOil DBepxapTa. ITa BepCus MIPOrpaMMbl ObLIA 3aTEM aJIallTH-
poBaHa I KOMIIBIOTEPOB, B MaMATH KOTOPBIX YHUCJIA C IJIABAIONIEN TOYKOI
zaHuMaioT 8 baiiT namaTu. [Iporpamma cBoOOIHO HIEpeaeTCd MKy UCCIIe-
JIOBATEJISIMU PAa3HBIX HAyIHBIX HHCTUTYTOB. OHEN nMmeercs Takxke u B TAUIII
MTI'Y, e nporpamma ObLTa TepenucaHa Ha S3bIK TporpammupoBanus Cu.
[Ipu sToM B dpopme obpallieHnst K Heil COXpaHWINCH CBOMCTBa IIapaMeTpoB,
XapakTepHble JId sa3bika PopTpaH.

OCHOBHBIM JIOCTOMHCTBOM METOJIa JBepxapTa ABJISETCA BbICOKAs JOCTH-
JKUMasl TOYHOCTh MHTerpupoBanud. [[1aToit 3a ToUHOCTH OKa3bIBAIOTCA OOJIH-
IMe 3aTpaThl BpeMenu Buruuc/enuii. [Iporeypa nnrerpupoBanus 1mo MeToLy
DBepxapTa COCTaBJIEHA TaK, 9TO C IMOMOIIBIO JIBYX MAPAMETPOB MOXKET OBITh
3aJlaHa HeoOXOoJMMas TOYHOCTH BbIUMCIEHUi. B 3aBuUCHMOCTH OT 3aJlaHHOM
TOYHOCTH M3MEHHAIOTCA HEeOOXO/IMMble 3aTpaThl BpeMeHHu Bbruucjenuit. [Ipu
HUBKOI TPeOyeMOii TOYHOCTH BBIMUC/IUTE/IbHBIE 3aTPATHI OY/yT HEOOJIBIITIMH,
OJIHAKO HAMJIy4Illee COOTHOIEHNE TOYHOCTUA BLIYUCIECHUN U 3aTPaT BPEMEHH
JIOCTUTAETCS MMEHHO TIPU BBICOKO# 3a1aHH0#t ToarocTn. OCHOBHO# TapamMeTp
€ , OIPEJIEJIAIONNIT TOYHOCTh BBIYNCJIEHUI Ha KarKJOM Ilare, BhIPaxKaloT B
BUJIE

e=107", (122)

rae | — HeKOTOpoe 3aJJaHHOE 11eJI0€ THCIIO.

B merosie DBepxapra HCIONMB3YIOTCA CleNUaIbHbIE ATPOKCHMUPYIOIIIE
[TOJIMHOMBI TI0 CTEIleHsIM Iara wHTerpupoBanns. CTeneHb 3TUX HOJMHOMOB
Norger MOXKET OBITH BbIOpaHa U3 cjejyiomiero crucka: 7, 11, 15, 19, 23, 27.
B mponenype MoxkHO B34Th Ji000oe n3 3TuxX 3HadeHuit. OJHAKO IPU HEBBI-
COKOI 3a/TaHHOI TOYHOCTU MHTEIPUPOBAHUST OECIIOIE3HO 3a/1aBaTh BBICOKYIO
CTEIIE€EHb ITOJIMHOMOB. STO MOZKET HpI/IBeCTI/I JIMIIBb K HeOHpaBI[‘aHHbIM Bana—
TaM BpeMeHu BbraucjaeHuit. [lostomy N,.4er BBIOMPAIOT B 3aBUCUMOCTU OT
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3aJIAHHOA TOYHOCTU BBIYUCJICHUN B IIpejieiax

Zz < Ny < 2, (123)

rie | — nesioe unciio, dpurypupyoiree B dopmyie (122).

[Iporegypa DBepxapTa MO3BOJISIET peIaTh YPABHEHUSI JBUKEHUsI KaK B
peXKMMe aBTOMAaTHYECKOI'O BbIOOpA IMara MHTEIPUPOBAHMSA, TaK U IIPU I10-
CTOSTHHOM 3aJIaHHOM 1are. [lockosibKy B HebecHO# MeXaHUKe OOJIBITIHCTBO
3aJ1a9 OIUCHIBAIOTCH OOBIKHOBEHHBIMU UMD dEpEeHIInaIbHBIMI YPABHEHUSIMUI
BTOPOI'O MOPSJIKA, TO JJIs Y00CTBa IIPOrPAMMUPOBAHUS 3a/Ia91 IIPOIEIYPa
DBepxapTa MO3BOJISIET PENIATh Cpa3y ypPaBHEHUs BTOPOTO IMOPsJIKA, HE Pas-
Jaras X Ha yJIBOEHHOE JHCJIO ypaBHEHHI mepBoro mopsika suia (119).

Haunbospmyro 9acTh BpeMeHU WHTEIPUPOBAHUS 3aHUMAIOT BBIYUC/IEHUS
npaBbIX yacreil ypasuenuii. [losromy adpdekTuBHOCTH MpOIEyphl XapakTe-
pu3yercsi KOJMYIEeCTBOM OOpAIeHnit K BBIYUCIEHUIO MIPABBIX dacTeil ypaBHe-
HUiT B KOHKpeTHOI 3a1ade. [l onenku 3hpeKTUBHOCTH TIPOTIEyPhl OKa3bI-
BAETCs MHTEPECHBIM TaKKe KOJTMYECTBO BBITOJIHEHHBIX IATOB WHTEIPUPOBa-
HUS TIPH ABTOMATHIECKOM BbiOOpe Tmara. O6e KoJNYecTBEHHBIE XapaKTePH-
CTUKU BBIJIAIOTCS MPOIIE/IyPOil Uepe3 ee BBIXOJ/IHbIE TTapaMeTPHI.

Meto 1 DBepxapra COIEP:KUT MPOIECC UTEPAIUil IPU MOCTPOCHUU TIOJIU-
HOMOB IO CTeIIeHsIM Ilfara MHTErpupoBaHus Ha 1epBoM miare. OObITHO OKa-
3BIBAETCS JIOCTATOYHBIM BBITIOJTHUTH JIBE UTE€PAIlUU, HO B HEKOTOPBIX 3a/ladax
yBeJIMUeHne YNCIa UTepPaldii Ha 9TOM 3dTale aJrOpuTMa MOYKET MPUBECTU
K HEDOJIBITIOMY TOBBIIIEHUIO 9 OEKTUBHOCTH ITPOIELYPhl 0€3 CYIeCTBEHHO-
ro yBeJIMYeHUs 3aTpaT BpeMeHu Bbraucjenuii. [losromy BXOIHBIM mapamerT-
POM TIPOTIEYPHI ABJIIETCA YKa3aHHOE YUCJIO0 UTEPAIHii, C TOMOIIBIO KOTOPO-
0 MOXKHO YIPaBJIATH 3(PHEKTUBHOCTHIO B HEKOTOPLIX HEOOJIBITUX TIPeJIe/iax.
Ha nmavaybHoil crajum perieHus KOHKPETHON 3aJla9d MaJio 4TO U3BECTHO O
CBOMCTBAaX ypaBHEHUII ¢ TOYKHU 3PEHUS MTPUMEHEHUS MTPOIIEyPhl DBepxapTa.
[TosTomy 6e3 comHeHUit MOYKHO 38/IaTh YUCJI0 UTEpaIuil paBHBIM 2.

B zaBucuMocTu oT TOrO, ypaBHeHHd KAaKOTO BUJA HYKHO PEIaTh MeTO-
JIOM DBepxapTa, 33/Ial0T KJIaCC YpaBHEHU. Y paBHEHUs PA3IE/ISIIOTCS HA TPU
KJIacca.

YpaBHeHus nepsoro Kiaacca umeror Buj (112). Ko Bropomy kitaccy oTHo-
CATCs YpaBHEHUsI BTOPOrO MOPsAJIKA BHJIA

d’z; £i( dry dxo dx,,
= filx1, 20, .0, Tp, —, ——, .., ——
dt2 b dt ’ dt dt

) (i=1,2,3,..,n). (124)

YpaBHEHUsI TPETEr0O KJIACCa OTJIMYAIOTCA OT ypaBHeHuil (124) TobKo TeM,
9TO [paBble YaCTU HE 3aBUCAT OT KOMIIOHEHT CKOPOCTH, TO €CTh OT IEPBBIX
MTPOM3BO/IHBIX 110 BPEMEHW OT MCKOMBIX (PYHKINN. DTo Hambojee BCTpedae-
Mble B HeOECHOI MexaHuke ypaBHeHus. Kitacc Takux ypaBHEHUI 110 CTPaHHON
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TpaJauIu o0O3HAYaeTCd Kak -2. Y paBHEHHs KJIacca -2 UMEIOT BH]L

dQ.CI?i
dt?

[Toce onmcanmst Bcex OCODEHHOCTEN IMPOIEIYpPhl JBepxapra IMPUBEIEM
371eCh MHCTPYKIIMIO JIJISI €€ MCIIO/Ib30Banus. VHCTPYKInst, KOHEYHO, 3aBUCUT
OT UCIOJIL3YEMOTO sI3bIKa MIPOrpaMMupoBanus. OOBITHO 9TO OJIMH U3 A3BIKOB
nporeaypuoro tura, Harnpumep, @oprpan, [lackans wiu Cu. Qopmbl BbI-
30Ba IPOIEAYPHl Ha pa3HbIX A3bIKaX BecbMa IOX0xKH. [Ipejmosioxkum, 9To
IIporpaMma BBIUHMCJIEHUN COCTaBJIAETCA Ha I3bIKE IporpaMMmupOoBaHUA CI/I
Omnucanme HEKOTOPBIX IMAPAMETPOB COXPAHAET CBOMCTBA, XapaKTEPHBIE JIJIst
cTapbix Bepcnit si3bika Poprpan. B qacTrHOCTH, HHIEKCHPOBaHIE TIEPEMEHHBIX
B MACCUBAX HAYMHAETCS C €JIMHUIIBI.

[IpuBejiem 3/1eCh CHAYAJIA ONMCAHUE [TAPAMETPOB IIPOIIE/LYPHI, a 3aTeM CaM
BBI3OB MPOIEAYPhl. DTU (DPArMEHTHI TPOrPAMMBI ITOJTE30BATE I UMEIOT BHU/I

= filx1, 29, .y xp,t) (i=1,2,3,....n). (125)

#define NV 3

double X|NV+1],VINV+1];
double TI,TF XL;
int LL, NI, NF,NS, NCLASS, NOR;

Rada27(X, V, TI, TF, XL, LL, NV,
NI, &NF, &NS, NCLASS, NOR);

OnuimemM TUI ¥ CMBICT KaXKJIOTO IapaMeTpa. YJI00HO HAYATh C BXOJIHO-
ro napamerpa NV. Dt1o mapamerp tuna int. OH BBI3BIBaETCS MIPOIEILYPOit
110 3HAYEHWIO, TO €CTh HPU OOpAIEeHUN K IPOIE/ype HA MECTe 9TOro rapa-
MeTpa MOXKeT CTodAThb Jiioboe Bbipakenue tuna int. [lapamerp NV zamaer
YUCJI0 UCKOMBIX (DyHKIU n. B npuBeernom Bbilie hparMeHTe MporpaMMbl
[I0JIB30BATE/IsI ITOT HapaMeTp 3a/aH CUMBOJILHOW KOHCTAHTOM.

CiestyeT y9uThIBATD TOT BaXKHBIN (PAKT, UTO BHYTPHU TEKCTa IIPOIEIYPbI
Rada27 umerorcsi onucanusi BHyTPEHHUX MACCUBOB (MHJIEKCUPOBAHHBIX IIe-
PEeMEHHBIX 3aJ[aHHOHN JJIMHHBI. DTa JJINHA 3aBUCHUT OT YNCJIA TTEPEMEHHBIX
NV. Caemyer npoBepsTh, JTOCTATOYHO JIN 3aPE3EPBUPOBAHO MECTA JJIST ITUX
BHYTPEHHUX MacCCUBOB IpH 3ajaHHOM NV.

[Tapamerp NCLASS 3a1aet kj1acc perraeMbix ypapaenuii. O MOXKeT UMeThb
3HavdeHus 1, 2 win -2 COOTBETCTBEHHO OIMCAHHON BBIIIEC KJIACCUMDUKAIIT
ypasuenwuii. [lapamerp NCLASS tuna int. O BbI3BIBaETCS MPOIIELy POl 110
3HAYEHUIO.

[Mapamerpsr X, V - ogHOMEpHBIE MACCUBBI (MHIEKCHPOBAHHbBIE [IEDEMEH-
HBIE), B KOTOPBIX UHJIEKCHI UCIOJIb3YIOTCST, HATHHAS C €JUHUIIBI. DTH MaCCHBBI
UCIIOJIB3YIOTCH JIjIs XPaHEHUsI U MepeJlatdn 3HaYeHull MCKOMbIX (yHKIwuil. B
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MaccuBe X 3aJ1al0TCs KOOPJMHATHI, & B MaccuBe V — KOMIIOHEHTBI CKOPOCTH.
[Iepes obpalienneM K IPOIE/ype B 3TUX MACCHUBAX JIOJZKHBI COJIEPKATHCH
Hada/IbHbIE 3HAUEHUSA Ha MOMEHT tg. Ilocsie obpainenus 3/ieMeHTBl MACCUBBI
X, V OyayT conepkarh 3HAUEHU NCKOMBIX (DYHKITUI HA KOHEYHBIIT MOMEHT
te.

MaccuB V ucnosib3yercs TOJTBKO JIJIsl YpaBHEHU KJj1accoB 1 u -2 i Xpa-
HEHUs W Tepeiatin 3HAYCHUI MTePBBIX MTPOU3BOHBIX OT MCKOMBIX (DyHKITH
110 BPEMEHH.

[Tapamerpnr TI u TF — npoctoie nepemennnie Tuita double 3agator Ha-
YaJIbHBII U KOHEYHBIT MOMEHTBHI BPEMeHU ty U lp, COOTBETCTBEHHO. JTH TIa-
paMeTphI MepPeIAI0TCS 10 3HAMEHUIO.

[Tapamerp LL Tuma int 3a1aet Tounocts Berauciennit. OH COOTBETCTBYET
Besimuante [ B popmyiie (122). DToT mapamerp mepeaercs 1Mo 3HadeHno. AB-
TOMaTHYECKUIl BBIOOD IIara MHTEIPUPOBAHUS JIEJIACTCSI B TOM CJIydae, eCJIH
snavenne napamerpa LL 3asano monoxkurenbubiM. [l BKIIOUeHUsT pexKu-
Ma I[IOCTOSTHHOT'O IIara WHTEIPUPOBAHUS CJie/lyeT 3ajaTh 3uadenue LI pas-
HBIM JIFOOOMY OTpHUIATETbHOMY YuCIy. B 9TOM pexkume /i 3a/1aHus BeJIU-
YUHBI TOCTOSTHHOTO ITara MHTEIPUPOBAHUST UCIIOIb3yeTcs TapamMeTp XL tura
double. Dror BXOmHOIT TapaMeTp mepepaeTcs 1o 3Hadennio. [lpun aBromaTu-
YeCKOM BBIOOpE IITara MHTErPUPOBaHUA MmapameTp XL He UCIOIb3yeTCs.

st 3aaHus CTENeHN allPOKCUMUPYIONUX MOJTHHOMOB Noypge, CIIYKUAT
Bxoauoit mapamerp NOR tuna int. On mepemaercs B mporeaypy IO 3HaUe-
Huto. /{1t BBIOOpa 3HAYMEHUs 3TOrO IapaMerpa Clie/lyeT UCIOJIb30BATh Hepa-
Bencrsa (123).

[Tapamerp NI tuma int samaer 4mciio urepaiuii Ipu ONPeIEIEHIN All-
MIPOKCUMHUPYIOIIETO TOJUHOMA. DTO BXOJHON TapameTp, OH IepejaeTcs B
porie/iypy 1o 3HadeHuio. Kak yke yKa3zaHo BbIllie, 3HAUEHIE 9TOTI0 apaMeT-
pa MOXKeT OBITH BHIOpAHO paBHBIM 2, €cjiu HanboJiee ONTUMAJILHOE 3HAYCHHE
9TOTO TTapaMeTpa HEM3BECTHO.

Beixoaabie napamerpsl NF u NS Tumna int nepegator B mporpamMmmy moJib-
30BaTeJIs TOCJIe BBHIYUCIEHUI KOJUYIECTBO CAEJTAHHBIX OOPAIEHUl K BBIMHC-
JIEHUIO TIPaBbIX vacTeil ypaBHEHWI U KOJIMIECTBO BBIIOJIHEHHBIX ITANOB UH-
TErpUpOBAHNS, COOTBETCTBEHHO. DTU ITapaMeTpPhl IIePeIaloTCs B MPOIELYPY
[0 HANMEHOBAHUIO (ajpecy).

Tenepbp paccMOTpUM TO, Kak IPOIEAypa UUCIEHHOIO WHTEI'PUPOBAHUS
DBepxapTa B3auMOJIEICTBYET C IIPOIIE/Ly POl BBIMUC/IEHUS TPABLIX YacTell ypaB-
HEHUil, KOTOPYIO JIOJI?KEH COCTaBJIATD 110JIb30BaTe b. B coorBeTcTBUN ¢ (hOp-
MOil oOpaillieHust K 9TOi MpoIe/ype BHYTPHU MPOIEIypPhl JBepxapra ee OIlu-
canme (IIPOTOTHII) B IIPOrPAMMe IOJIb30BATEIsI JTOJZKEH UMETh BUJT

void FORCE(double *Xc, *Ve, double TM, double *Fc);

Maccusbl Xc u Ve ipu BXojie B IIPOIIELYPY COAEpzKaT 3HAYEHUs apryMeH-
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TOB (DYHKITHUIL, OIIPE/IE/IIONINX IIPaBble YacTU PElIaeMbiX ypaBHeHuit. B mac-
cuBe XC XpaHATCA 3HaYEHUs KOOP/IMHAT, a B MacChBe VC — 3HAYEHUs MIPOU3-
BOJIHBIX OT KOODJIMHAT TI0 BPEMEHU. APIYMEHTBI PACIOIaraioTcsa B MacCuBax
COIVIACHO WX HOMepaM, IIpu 9ToM 3jteMenThl MaccuBoB Xc|0] u Ve|0] nuxorma
He wucnob3ytoresd. Kpome toro, napamerp Ve ucnosib3yercs TOJIBKO TOTJIA,
KOIJIa, PerraloTcs ypaBHeHUS Kjacca 2.

Bxomnoit mapamerp TM tuna double 3ajaeT Tekymnuit MOMEHT BpeMeHU
— apryMeHT TpaBbIX dacreil ypaBHenuit. OH Iepesaercss B MPOIELYPY IO
3HaYeHUI0. Ecym nmpaBbie 4acTu He 3aBUCAT OT Bpemenu, To rmapamerp TM He
UCIIOJIB3YETCS.

Pezysibrar BbIUMC/IeHni TPaBbIX YacTeil YpaBHEHWIl OJIL30BATENb J10JI-
JK€H TIOMECTUTh B 3JIEMEHTaX BbIXOJIHOTO MaccuBa Fe. J[js sToro moceiosa-
TEJIbHO MCIOJIB3YIOTCS 3JIEMEHTHI 9TON0 MaCcCUBa, HadYMHasd ¢ nepsoro. Hyie-
BOIl ssteMeHT MaccuBa Fc He mcnosib3yercs.

[Ipu cocraBieHUN BBIYUCIUTETBLHON MIPOrPAMMbBI YUCIEHHOIO PEIIeHUs
nuddepeHIuaIbHbIX yPABHEHUI IBUKEHUST HEOECHBIX T€JI MOTI'YT IIPOSBIISATH-
¢ HEKOTOpble OCOOEHHOCTH, CBA3AHHBIE C ITPUMEHAEMBIM S3BIKOM ITPOTI'DaM-
MUPOBAHUS U JIPYTUMHU CPEJICTBAME [TPOTPAMMUPOBAHNS, HAIIPUMED, KOMITH-
JagTopoM. B gacTHOCTH, HEOOXOIMMO 3HATDH, YTO MPOIEAypa IBepxapra, 3a-
nucannag Ha g3bike [lackaiib, ncnosb3yer 1y cBoeil paboThl HECKOIBLKO Pa-
00YNX MACCUBOB, KOTOPbIE JIOJI?KHBI ObITH OIUCAHBI BHE TeJIA IPOIETyPhl KaK
r100a/IbHbIE TIeEpEMEHHbIe ¢ (PUKCHPOBAHHbIME MMeHamu. [[nuna s3tux pabo-
YUX MACCHUBOB 3aBUCUT OT KOJMYECTBA MCKOMBIX (DYHKIINI, TO €CTh OT 3Ha-
genust n B dopmynax (119), (124) u (125). Ilpormme Beero 3apesepBupoBaTh
HEKOTOPYIO JIJINHY 9TUX MACCUBOB W MOMHHUTH MAKCUMAJIHHOE JIOIYCTHMOE
YUCJI0O UCKOMBIX (DYHKITHIT, KOTOPOE HEeJIb3s ITPEBBIIIATh.

[Tpu nporpammupoanuu mporeaypbl FORCE Bbraucienuns: mpaBbix wa-
cTell ypaBHEHUIT MOTYT IMOTPeOOBATLCS ITapaMeTPhl, KOTOPbI€ BBOJATCH WA
3a/IaI0TCA B OCHOBHOI mporpamme. [lepenady 3nadeHuit 3Tux mapameTpoB
MOZKHO CJIeJIATh TOJBKO Yepe3 II00aJIbHbIe TIepeMeHHble, O0bABIEHHbBIE B O/
HOM M3 MOJLyJIell TPOrPAMMBI U CBsI3aHHbIE Yepe3 MHTepPdenchl MOyJIei.

4.6. IIporpamma M.B. BesnkoBa 4ncJIeHHOIO MHTEIPUPOBAHUS OObIK-
HOBEHHbIX /U depeHnnaibHbIX YPaBHEHUN

Hpyras Becbma 3pdeKTuBHAS BBIYUCIUTEIbHAS TPOrPAMMa YNUCIEHHO-
0 MHTEIrPUPOBAHUS OOBIKHOBEHHBIX JMD@EpPEHITNAILHBIX yPaBHeH ObLIa
paspaborana M.B. Benukosbim (Belikov, 1993). Merox unTerpupoBanust oc-
HOBaH Ha allIPOKCUMAIMK PEIeHns] Ha KaKJIOM Iare MHTerPUPOBAHUSA OT-
pe3KaMu psJIoB 10 ToJmHOMaM eObIleBa, OJU3KUMEA K HAWJIYUIIel paB-
HOMEPHOI MOJIMHOMUAJIBHOI anmpokcumanyn. Vcnonb3yercs KBajpaTypHas
dopmyna Paio-OpMura HAMBBICIIErO KJIaCCa TOYHOCTHU MIPU BHIYUCICHUH KO-
3 DUIUEHTOB PsiJIOB IO CMEIEHHBIM ToJIMHOMAaM 1e0bIIeBa.
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Peammzanusa mpuMeneHHOr0 METOJa B BHJIE BBLIUYUC/IHUTEILHONW ITPOrpaM-
MBI ObLTa Tepesiana B 90-e rogpl MlHCTUTYTOM TEOpeTHyYecKoil acTpOHOMUU
(C.-ITerepbypr) B TAUIIT MI'Y. Ilponemypa, cocraBieHHast epBOHAYATHHO
M.B. BeimkoBbiM Ha s13bIKe IIporpaMmupoBanus Poprpan, Obliia BIOCJIE-
creun agantuposana H.B. Emenbanosomv (FANII MI'Y) s s3bika mpo-
rpammupoBanus Cu. Ha g3biKkax mporpaMMupoBaHust MPOIeypa UMeeT UMsi
DINCH.

SHaguTebHBIM J0CcTOMHCTBOM mporpaMMbl M.B. Benukosa asisgercs To,
YTO OHA BKJIIOYAET B ceOs MPOIEeypPy AlPOKCUMAINS Pe3YIbTaTOB YHCJIEH-
HOT'O MHTErPUPOBAHMSA OTPE3KaMM PsAJIOB 10 nojuHoMaMm JeOwimresa. [lociie
OJIHOKPATHOI'O MHTEI'PUPOBAHNUS YPABHEHUN JIBUYKEHUS B CIIEIUAIbHOM haii-
Jie HaKaILTUBAIOTCsT KOO(M@MUITMEHTHI PA3JI02KEeHHSI 110 ToJTMHOMaM JeObIIeBa.
C wucnosip3oBaHUEM 3TOTO (aiija ¢ MOMOIIBI0 TPOCTOH MPOrPAMMBI MOYKHO
MOJTy9aTh KOOP/IMHATHI U CKOPOCTH HEDECHOTO TeJla Ha JII0ObIe 3a/[aHHbIE MO-
MeHTHI BpeMenu. [logpobHee STOT IpueM ONUCaH HUXKE B CIIEIUATBLHOM Pa3-
Jiesie.

He BraBasicb B moJipoOHOCTH MeTO/1a, PACCMOTPUM HEKOTOPbIE ACIIEKTHI
HCITOJIb30BaHUs 9TON BBLIUYUCIUTEILHONW Nporpammbl. VaerTudukaTops! Ia-
paMeTpoOB 371eCh Te, KOTOPbIe UCIOJb3YIOTCS B TEKCTe TepeiaBaeMoil porie-
/1Y PBL.

dopma BbI30Ba mporieaypsbl duciaennoro nnrerpupoBanns DINCH cxoxka
C BBI30BOM IIPOIE/Iyphl DBepxapTa (cM. Beiie). Mcmob3yercs Takas e Tep-
MUHOJIOTHSA KJlacca ypaBHenuil. Havabuble 3HaUEHUsT KOOPJAMHAT U KOMIIO-
HEHT CKOPOCTH, & TaKyKe Pe3yIbTUPYIONTe 3HAUEHNs, PA3MeIIaloTCsd B WHIEK-
CUPOBAHHBIX ITEPEMEHHBIX TaK:Ke, KaK ¥ B IPOIe/lype IBepxapra. 3a/1aeTcs
napamerp (NORD), onpenessitonuii cTenenb MoJTMHOMOB AITPOKCUMAITIH Ha,
Imare MHTErPUPOBAHUA. Y IIPaBJIEHNEe TOYHOCTHIO MHTETPUPOBAHUS TTPOU3BO-
JINTCST CIEIUABHBIM [TAPAMeTPOM, AaHAJIOTUIHO Tpotieype DBepxapta. Mme-
eTcst BO3MOXKHOCTb WHTEIPUPOBAHUS C MOCTOSTHHBIM 3ajiaHHbIM TaroM (XL).

JlomoTHUTETHHO 3a/1aI0TCsl HEKOTOPBIE MapaMeTpbl, YIIPABJIAIONIAE TPO-
1eccoM nHTerpupoBanus. CMBICT 3TUX TAPAMETPOB MOXKHO BBISICHUTH B OIU-
canun Mmerona (Belikov, 1993). B wacrrocTn, 3ajaercsi HEKOTODBINA mnapa-
meTp NNN, ynpasgroniuii BBIOOPOM BeJIMYUHBI IIara nHTerpupoanusd. [Ipu
NNN=0 ocymmecTBisgeTcss BBIOOp IEPEMEHHOIO IMara Mo abCOTIOTHON Besu-
YMHe MTOCJIeTHEr0 KO3 MUIMenTa B Pa3I0KEeHNN MPABBIX YacTell ypaBHEHUI.
[Tpu NNN=1 ucrionib3yercs oTHOCUTEIbHBIN KPUTEPUI — MOCTIETHUN K HYJIe-
BoMy u 1iepBomy. B obiem ciryuae, Korja Her nHdOpMaIii, Kak BbIOPATh
9TOT mapamerp, MoxKHO ookt NNN=1. 3amatorca napaMeTpbl BHIOOpa
YUCJIa UTEPAIUil I onpejiesieHns KoM MUITMEHTOB psjia 10 CMENIEHHBIM
nosmmaOMaM YebOwrmeBa: TS — wa craproBom mare, ITC — ma mociemyio-
mux. [Ipu orcyrcTBum monosmuTenbHOM WHMOOPMAIUN PEKOMEHTYeTCsl BbI-
opars ITS = 6, ITC = 2.

Dopwma obpalleHns K IMpoIe/lype BEIYUCICHUS PaBbIX dYacTeill ypaBHeHuit
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FORCE Touno Takast e, Kak ¥ JiJisl TIPOIEyPhI JBepxapTa.

Baxkno ydecth, 9TO B TE€KCTe POrPpAMMBI UMEIOTCS OIMCAHUS MACCHBOB
(MH/IEKCHPOBAHHBIX [IEPEMEHHBIX ), JJIMHA KOTOPBIX 3aBUCAT OT YHCJIA UCKO-
MbIX dyukimit. Cire/lyeT coryiacoBaTh 3TH ONUCAHUS C IIPOIPAMMOI TOJIB30-
BaTeJIsl.

HexkoTopble HeoOXouMBbIe JeTan UCIoIb30Banus mporeaypsl M.B. Be-
JINKOBA MOYKHO BBISICHUTH IIPU IE€peJatie MPOrPaMMbI T0Tb30BATETIO.

4.7. 1lpoBepka u cpaBHEHHE HEKOTOPBIX NPOLEAYyP YNCIEHHOIO NH-
TEerpupPOBAHUS

[Ipu mome/iupoBany IBUKEeHUsT HEOECHBIX TEJI METOIaMU YUCJICHHOTO UH-
TerpupoBanus JuddepeHnaaIbHbIX YPaBHEHUN TBUYKeHIS BOSHUKAET aKTy-
AJIBHBII BOITPOC O BBIOOPE TOI MM WHOM TIPOIe Iy phl nHTerpupoBarus. OObId-
HO Jejaercs nouck Hambosee 3hdekTupnoro meromaa. Ilonarne sdpderTus-
HOCTH JIOJIZKHO OBITH C(HOPMYJIMPOBAHO CTPOrO U OJHO3HAYHO. DhdeKTun-
HOCTBb XapaKTePU3yIoT JiBa (paKkToOpa: TOYHOCTH PEIICHNS U BEITUCIUTETbHBIE
3aTpaThl (Bpemsi BeraucseHnii). [IpaBuibHoe cpaBHeHne IBYX METOJIOB U BbI-
sicHeHue (D OEKTUBHOCTH JIEJIAETCST TaK: OIPEIE/ISTIOTCST BBIUNCIUTE/THHBIE 3a-
TPaThI IPUA PABHOW TOYHOCTH, JINOO ONEHUBACTCH JIOCTUTHYTask TOTHOCTD IIPH
PABHBIX BBIYHCJIMTEIBHBIX 3aTpaTax. B HEKOTOPBIX CJIydasX TPYIHO TOJ0-
OpaTh mapamMeTpbl HHTEIPUPOBAHUS TAK, ITOOBI IPUPABHATEL OJIUH U3 TTOKAa-
3aTesieil B JIBYX METO/IaX. DTO MOXKHO CJIEJIATh JIUITh TPUOJIMKEHHO.

Kak y2ke ObLIO OTMEYEHO BBINIE B CIEIUAJIBLHOM pPasjiesie, TOYHOCTb pe-

menus guddepeHnuaabHbIX YpaBHEHUN IBUKEeHUA HeOECHOTO Te/ia IPUHITU-
[IAJILHO 3aBUCHT OT CJIEIYIOMUX 0OCTOATETHCTB:
— YUCJI0 UCKOMBIX ITI€PEMEHHBIX, — BUJ IPABBIX YacTell ypaBHEHU, — HAYa/b-
HbIE YCJIOBUS PEIeHUs], — HHTEPBAJI BPEMEHU MEXK/ 1y HAYAJIbHBIM U KOHETHBIM
MOMeHTaMu. Pasymeercst, cpaBHEHIE METOJIOB CJIeyeT JejiaTh MPU PaBHBIX
ycioBusx. IIpu aToM HY2KHO 3a/1aBaTh TaKue YIIPABJISIONINAE TapaMeTPhl IIPO-
eIy P, KOTOPbIe 00ECTIeTNBAIOT MAKCUMAIbHYIO TOYHOCTE. OIHAKO B HEKOTO-
PBIX CJIyYasX HEBO3MOYKHO PeaM30BaTh MAKCUMAJIBHYIO JOCTUXKUMYIO TOU-
HOCTB PEIeHUs] U3-3a HEJOMYCTUMO OOJIBIIOTO BPEMEHU BBITUC/ICHUIA.
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4.8. AnmpokcuManusi IpsIMOYTOJIbHBIX KOODAWHAT IJIAHET U CIIYT-
HUKOB OTpPe3KaMM PsJIOB 10 moJimHoMaM YeObimeBa

B mporiecce guciienHoro murerpupoBanus auddepeHna bHbIX ypaBHe-
HUI JIBUZKEHUsT HEOECHOTO Tejia BBITUCISIOTCH MPIMOYTOIbHBIE KOODIMHATHI
Ha PAJ MOMEHTOB BPEMEHU, pa3Je/IeHHbIX ITaroM YUCJIEHHOIO WHTErPUpPOBa-
Husg. Bosnukaer mpobJieMa XpaHeHUs U TOCJIELYIONEro MCIOJIb30BaHUs Pe-
3yJITATOB YHCJEHHOIO MHTEerpupoBaHud. [[0CKOJIBKY IIar 4uc/JICHHOTO WH-
TerpupoBaHusi ObIBA€T BeChbMa MAaJbIM, TO 3allOMUHATH II0JIyYdaeMble KOOpP-
JIMHATHI Ha KayKJIOM Iare OKas3bIBaeTCs CJIOXKHBIM U HeIle1ecoo0pa3HbIM Jie-
JoM. B mpakTndecknx 3ajiladax NPUMEHSIOT TPUOJINZKEHHOE TPEe/ICTaB/ICHIE
pPe3yIbTaTOB YUCJIEHHOTO WHTErPUPOBAHUA C ITOMOIIBIO OTPE3KOB PAJIOB 110
nosimnomaM Yebpimesa T5(7). B npumnnurne, qjst sToro mogomuin Obl obbie
opToroHajbHble (DYHKINM, HAIIpUMep, creneHHble ¢yHkmuu. OgHAKO, IIpe-
UMYIIECTBO Pa3/IoKenusd (DYHKIIUN 110 ToJTHHOMaM deObIeBa COCTOUT B TOM,
YTO TIPU TAKOM PAa3JIOXKEHUHM abCOIOTHAs ONMIMOKa BBIYUCICHUN 3HAKOIEPe-
MEeHHa, U paclipejiesieHa 0oJiee WM MeHee PABHOMEPHO 110 BCEMY HHTEPBAJTY
[-1,1] aprymentTa nosimaoMoB Hebbimena.

JI100y10 (byHKIMIO BpeMeH! Ha KOHEYHOM MHTepBaJie MOYKHO IIPEJICTaBUTh
OTPE3KOM pgjia 110 mojuHoMaM debrwiiesa JinHON B N cjaaraeMbiX Tak, 9ToO
B N MOMEHTOB BpEMEHU Ha 9TOM MHTEPBAJIE TaKOe IMPUOTHKEHHOE ITPEICTaB-
JleHre OyJIeT TOYHO COBIAJIATH cO 3HadYeHueM GpyHKIuu. [Ipu sTom B ipome-
JKYTOYHBbIE MOMEHTBI BpEMEH! 3HAUYEeHHE OTPe3Ka Psiaa OYIeT OTIUIATbCS OT
camoit pyukmyn. OTIngus 3aBUCAT OT CBORCTB (DYHKIMY U OT MAKCUMATHLHO
crernenn moanaomoB N — 1.

Bech naTEpBas BpemeHu, Jjisi KOTOPOT'O BBIOJIHSIETCS YHCIEHHOE HUHTe-
rpupoBaHUe ypaBHEHUI JIBUKEHNS, I TUTCA Ha PABHbBIE TTOILIHTEPBAJIBI HEKO-
Topoit jymHbl At = ty — tq1, Tje t1 u ty — MOMEHTBI Hada/a ¥ KOHIA OIHOI'O
TaKOTO T0JIbIHTepBasa. Ha KaKIoM TaKOM IOJIBIHTEBAJIE OT/IEJIbHO CTPOUTCS
IpejcTaBjIeHne JIjisd KaK/I0if 13 KOOPJUHAT, HAIIPUMED, JJId KOOPJIAUHATHI T .
Bajiaercst HOBasl epeMeHHas T 10 (hopMyIIe

2t -1 — 1

T = ,
to — 11

(126)

KOTOpast Oy/eT apryMeHTOM I0JUHOMOB Uebbimiesa. fcHo, aro npu t = t;
umeeM 7 = —1, a ipu t = ty 6yger 7 = 1. Takum 06pa3oM, Ha MOLIHTEPBAJIE
BpeMeHn (t1,12) aprymMenT T m3MeHseTcs B upejesnax [—1, 1].

Oynknuio x(t) MOXKHO TPUGIU3UTH (HOPMYIIOi

N—-1 1
ZE(t) ~ Z C]E(T) — 500,
7=0

B KOTOPOIi 3aBUCUMOCTH T OT BpeMeHHu 3ajiaHa dyuknuei (126), a kosddu-
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IIHNEHTDbI Cj BBIYHUCJ/IAIOTCA N3 COOTHOIICHM A

N—

—_

C; = x(m)Tj(m) (j=0,1,2,N —1),

k=0

2
N
B KOTOPOM 3HQUY€HUA apryMeHTa Tj OIIPEAE/IAI0TCA 110 (bOpMyJ'Ie

m(k+ %)
N

Tj; = COS (k=0,1,2,N —1).
Takoe upecTasaenue OyIeT TOYHO COBIIAAATE ¢ caMoil (DYHKIMe 1)1 3Hade-
HUI apryMeHTa 7, PABHBIX KOPHAM 110JuHOMA Ty (7), KOTOPBIMU U SIBJISIIOTCA
qucJia Tg.

13 NpuBeICHHBIX BBIIIEC COOTHOINEHUI BIIHO, 9TO HAM HY»KHO 3HATh 3HAa-
YeHUs KOOPJMHAT Ha, PsJ, OIPE/ICICHHBIX MOMEHTOB BPEMeHN

tz +t1 +Tk(t2 — tl)
k= 9

BHyTpH uHTepBasa (tq,1ls).

Ha npakTuke mpoiiece BBIYUCICHUH TPOrPAMMUPYETCs CJIELYIONIM 00pa-
30M. B nmamsaru 3aBogurcs maccus koadduimentos C; (5 = 0,1,2, N — 1).
[Tepe1 BXOJIOM YHCJIEHHOIO WHTETPUPOBAHUS B MHTEPBAJ (t1,ts) BCeM Jie-
MEHTaM 3TOr0 MacCHBa MPUCBAMBAIOTCS HYJH. [I[pOM3BOINTCS dnCIEHHOE WH-
TErpupoOBaHKe MOC/IEI0BATEIHLHO JI0 KazKI0r0 MOMeHTa ty. [lpu goctixkennn
MOMEHTa ), MBI IMEEeM 3HAYeHUs Ty U T(Ty). 3J1eCh OCYIIECTBIISIETCS TPOXO/T
muKJa 110 HoMepy kKoaddummenta C;. Kaxknomy xosbdumuenty C; maer-
cst upupaiierne x (7)1} (7). B sTom nukie snadenns T (7)) BBIUUCIIAIOTCS C
MOMOIIHIO0 PEKYPPEHTHOTO COOTHOIIEHUS JIJIs TIOJTMHOMOB JebbImeBa

Tyoa(m) = 20T(m) — Tyt (7). (127)
JIjist HAUAIbHBIX 3HAUEHUH MHIEKCA UMeeM
To(t) =1, Ti(t)=r.

O 1THOBpEMEHHO BBIYHC/IEHNST BBITTOTHSIOTCS /I TPEX KOOPJAUHAT X, Y, z. [lpn
9TOM JIJIs KarKJI0i KOOPJIUHATHI BBIUUC/ISIETCA CBO MaccuB K03 UIINEHTOB
C;. Iocite BBbIXO/IA YUCIIEHHOIO HHTEIPUPOBAHES U3 HHTEPBaJa (t1, ty) 1IOJIy-
YeHHBIE JIIs KaXKJI0i KOOpPAMHATHI KO3MDUITMEHTHI 3allOMUHAIOTCA B (haiire.
Ha kazxjioM ciiejtytommeM ToJpIHTepBase i Kosddurnmentos C; NCIoIb3y-
eTcd OJIMH W TOT Ke MaCCHB IaMsaTu. B nrore, eciim Becb HHTEpBAJ HHTEIPU-
poBaHusi ObLT pa3jesieH Ha K PaBHBIX MOJIBIHTEPBAJIOB, TO PE3YJILTUPYIOIIHI
daitn Oyner conepxkarh 3K N wuuce.
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Ecim pesynbrupyitomuii gaitsn mmeeTcd B PACHOPIKEHUN T10JIL30BATE N,
TO BBIYHCJICHUAE NTPAMOYTOJBHBIX KOOP/IMHAT IJIAHETHI WJIN CIIyTHUKA Ha 3a-
JIAaHHBII MOMEHT BpeMeHN ¢ MOXKHO ¢JIeJIaTh 10 cyaemyomiei mporeaype. Haxo-
JUM TOT IIOJBIHTEBAJ BPEMEHHU, KOTOPOMY IIPUHAJICKUT 3aJaHHBIII MOMECHT
t. CuurbiBaeMm u3 daila Jjis KaxK 10l KOOPJAMHATHI MACCUB 3HAYEHUN KOI]-
dburmentos C; (j = 0,1,2, N — 1). Boraucisiem KoopauHaTs! 110 GhopyIie

=

-1

x = C;T;(7).

.
Il
=)

31ech aprymMenT T HaxouTest u3 coorHomtenus (126), a momHoMbl Yebbimesa
BBIUHC/IAIOTCS ¢ OMOIIBIO PEKYPPEHTHLIX cooTHOMmeHui (127).
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I'maBa 5. HaGurogeHusi HeOeCHBIX TeJl
5.1. OO1ne NpUHIUNBI HAOGJIIOMEHU

Ha nebecubie Tesia Mbl cMOTpUM TyiazamMu’ PUOOPOB, C MOMOIIBIO KOTO-
pbIX HaOJ0/1aeM. EcTecTBEHHO, 9TO KOTrJla Mbl TOBOPHUM ~"HaOJIIOAeHN, T10]I-
pa3ymeBaeM 'm3MepeHus’ .

Kak nHabmoganm u Kyjia CMOTPETn aCTPOHOMBI Pa3HBIX BeKOB? UTO MbI
U3MEPsJI paHbIIle U YTO Mbl U3MEPSEM Tereph’

B 19-Beke nab/mrogaTe i CMOTPE/IN B OKYJIAPHI TEJIECKOIIOB, HAIIPABJIAT UX
Ha HeOecHbIe Tes1a. CoBMelas m300payKeHns CBETUII C ITay THHHBIMU HUTSIMU B
110JIe 3PeHMSsT, ACTPOHOMBI U3MEPSIIH UX B3ANMHBIE PACIIOIOKEHUS C TIOMOIIIHIO
MHUKPOMETPUIECKIX BUHTOB.

B 20-M Beke acTpOHOMBI y2Ke TOJIBKO CJIETKa MOJICMATPUBAIN B OKYJIAPHI,
9T00BI (POTOKAMEPHI IIPABUIBHO 3alevarienn Ha (pOTOIIaCTUHKAX n300pa-
»Kenus ceetui1. [locsie 06pabOTKM MIACTUHOK B (pOTOIA00PATOPUIX ACTPOHO-
MBI ITOMEIIAJIN UX IO, MUKPOCKOIIBI, CMOTPEJIN Ha, ITOJIy YeHHbIE M300PaskKeHns
U U3MEPSIIA B3aUMHOE PACIIOJIOKEHNE CBETHUI ... B MUJLIIMETPaX.

B 21-m Beke acTpOHOMBI YK€ COBCEM He CMOTPSAT B TejecKonbl. M300pa-
JKeHUsT HeOECHBIX CBETHUJI ITEPEIalOTCA U3 KaMep TeJIECKOIIOB IPSMO B IaMSATh
KOMITHIOTEPOB, IJIe 3apaHee COCTABJIEHHDBIE TPOTPAMMBbI U3MEPSIOT KOOPIMHA-
ThI HEOECHBIX TEJI CHAYA/IA B IMUKCEIAX, 3aTEeM aBTOMATHIECKH [TEPEBOJIAT UX
B ceKyH/IbI ayru. VHOTIA Jake HET HEOOXOIUMOCTH CMOTPETh Ha 3TH KOOp-
JIMHATHI — OHU CPa3y Ke MOCTYIAIOT B JPyTrue IporpaMMbl B KOMIIbIOTEpaX,
r7e coOpaHbl BCe HAIU 3HAHWSA O IpeJMeTe M3YUeHWs, IJie CKOHIIEHTPUPO-
BaHbI HOBEMIINE, caMble COBEPINEHHbIE METO/IbI MCC/IEIOBAHUN, U TJ€ aBTO-
MaTHIECKH POXKIAIOTCS HOBBIE JOCTUKEHUsI M HAyIHbIe OTKpBITHsI. HayuHoe
TBOPYECTBO YUIEHOIO-aCTPOHOMA HAIIPABJIEHO Teleph Ha CO3/aHne HamboJiee
COBEPIIEHHBIX aJrOPUTMOB U IIPOTPAMM, BOILIONIAA B HUX HOBBIE ITOIXO/bI U
HUCKYCCTBO HAYYIHOI'O UCCJIETOBAHUSI.

Harmmu mpubopbl MOryT u3MepsiTh HallpaB/IeHHsI Ha HeOecHBbIe Teja, pac-
CTOSTHHSI JI0 HUX, & TaKKe CKOPOCTU M3MEHEHUsT HAIIPABJIEHUs U PACCTOSIHUS.
B mro60om citydae MBI IMeeM 1710 ¢ BEKTOPOM, Ha9IaI0 KOTOPOT'O PACIIOIOKe-
HO B TOYKe Ha0OJIIOJIeHNsI, a KOHeI[ — Ha HeOeCHOM Tejie, KOTOPOe HaDJII0IaeM.
Bynem Ha3bBaTH 9TOT BEKTOP 6EKMOPOM HAOA0DEHUA.

N3BecTHO, 9TO pacipocTpaHeHne cBeTa, B TOM 4ncie u B npemaenax Coli-
HEYHOI CUCTEMBbI, OIUCHIBACTCs O0IIel Teopueit oTHOcuTebHOCTH. Coryiac-
HO 9TOH TEOPHUH, B YACTHOCTH, MPOUCXOIUT UCKPUBJIEHUE JTydeil cBeTa n3-3a
maccel Costania. B Hamem paccMoTpeHnn mporeccoB HaOIOIeHUH MBI Oy1eM
nperedbperarsb dddexkraMu 00IIeil TeOpUr OTHOCUTEILHOCTH.

KazkmoMy HaOJIIOJEHUIO IIPUIINCHIBAIOT MOMEHT HaOJIIOJEHHUS. DTO MO-
MEHT perucrpaiun B GOTOIpHeMHUKE TeX (DOTOHOB, KOTOPHIE ObLIN U3JIyde-
HBI WA OTParKeHbl HAOJIFOMAaeMbIM CIIYTHUKOM MIH 1iaHeroit. Creayer ydu-
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TBIBATH TOT (DAKT, UTO M3-38 KOHEYHOCTU CKOPOCTH CBETA MOMEHT CTapTa
doToHOB ¢ Hab/IIOAEMOr0 HEOECHOT'O TeJja IPEeJIIIIeCTByeT MOMEHTY HaOJIfo-
JIEHSI.

JLst mpakTUYecKux JIeicTBU HEOOXOIMMO CBA3ATh BEKTOD HAOJIOIEHNS C
OJIHOI CTOPOHBI ¢ MPAMOYTOJBHBIME KOOPJANHATAMI HEOECHBIX TEJI, C JPYTOii
CTOPOHBI — C TEeMH BeJIMIMHAMU, KOTOPBIE MbI U3MEPSEM C MOMOIILIO TPUOO-
POB U KOTOpBIE MbI Oy/IeM Ha3BIBATH USMEPAEMBMU BEAUNUHAMU.

[TapameTpsl JIBUYKEHWS CITYTHUKOB OIIPEJIEISIIOTCS HA OCHOBe HabJIIojTe-
HUI C WCIOJBb30BAHMEM H3MepsieMbIX BeqndnH. OJIHAKO OKa3bIBAETCs, UTO
BBIBECTH TPSIMYIO 3aBUCUMOCTD 9THX IapaMeTPOB OT U3MEpsieMbIX BEJIUINH
HEBO3MOXKHO. [[J1s1 MX onpejiesieHust IPUMEHSIeTCs CIeIUaIbHBIN MeTO, Tud-
depeHIMAIBLHONO yTOUHEHNUsI, KOTOPBIH paccMoTper Huzke. CoryacHo 3Tomy
MeTO/LY, He0OX0IMMO HAOOOPOT BBIUUC/ISITH M3MepsieMble BeJTMIUHBI 110 38,/aH-
HBIM TIapaMeTpPaM JIBUKEHUS.

[Ipsimoyro/ibHBIE KOOPJMHATHI MOTYT BBIYHC/IATHCS B IIOMOIIBIO ITPOIIE-
JIyp, paspaboTaHHBIX IIPH IIOCTPOEHUU Teopuil apuzkeHus. Ilpm 3amaHHBIX
napamMerpax JIBU2KEHUsI MIPOIeypa JlaeT KOOPIUHATHI Ha JIOOOH 3a aHHbII
MOMEHT BPEMEHU, KOTOPBII HA3BIBAIOT BXOIHBIM MOMeHTOM Teopuu. [1o Bpe-
MEeHEeM 3/1eCh UMeeTCsI B BUJLYy apr'yMeHT BpeMeHu, (purypupytonuit B gudde-
PEHINAJIBHBIX YPABHEHUAX IBUKEHHS HeOECHOrO TeJla.

B crenyromnux pasienax Mbl cHaYa/1a BbIBEIEM COOTHOIIEHUST MEXK Y BEK-
TOpaM¥ HAOJIIOICHUI U IIPSIMOYTOJIbHBIMU KOOPINHATAMU HEOCCHBIX TEJI. 3a-
TeM IOJIYIUM CBSI3b BEKTOPOB HAOJIIOJIEHUI ¢ U3MEPSIEeMbIMU BETHINHAM.

B konrme macrosimeit riaBbl MbI PACCMOTPUM HEKOTOPBIE JIeTaj il TeXHUKN
HAOJIIOeHII CIIyTHUKOB ILIaHET.

[Tone3nyio nHMOPMAIIIIO IO pacCMaTPUBAEMBIM 3/1€Ch BOIIPOCAM MOXKHO
Hajitu B pabore (Emenbsanos, 2017).
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5.2. Onpenenienne TOIOIEHTPUYECKNX MOJIOXKEHUI MJIAHET U CITyT-
HUKOB

Habmronerust HeOGeCHBIX TeJI TPOBOASATCS € IIOBEPXHOCTH 3EMJIN WA C Op-
OUTHI NCKYCCTBEHHOTO ciyTHUKA 3emtr. Ocobblil cirydait HabJoIeHuit ¢ 60P-
Ta MEXKILUIAHETHOI'O KOCMHYECKOIO alllapaTa MbI 3/IeCh HE PaCCMaTPUBAEM.

Touky 3eMHOiI TOBEPXHOCTHU, B KOTOPOil IPOBOJIsATCH HAOJIIOIeHUS, OObIU-
HO HA3BIBAIOT TONOIEHTPOM. [loiozKeHne TOONEHTPa OTHOCUTEIBHO MeOTeH-
Tpa OIPEJIEISIeTCS ero MOJIOKEeHNEeM B 3eMHOI cucreme KoopamHat. Kak 9to
JiestaeTcs, Oy/1eT pacCMOTPEHO B CIIENUaIbHOM pa3jesie. 371eCh Ke MbI OyIemM
roJjiaraTh, 9TO TOMOIEHTD COBIA/IAET C T€OIEHTPOM.

Mogenu jaBuzKeHus Tesl B UX OpOUTAIBLHOM JiBM2KeHuu BOKpyr CostHna
OOBIYHO pPACCMATPHUBAIOT B TEJIMOIECHTPUUECKON cUCTeMe KOODJIWHAT WA B
OapUIEHTPUIECKO CUCTEeMe KOOPJIUHAT C HAYMAJIOM, PACIIOJIOKEHHOM B Dapu-
neaTpe COTHEYHON CHCTEMBI.

Teopun m Moje M IBUYKEHUs CIIyTHUKOB IIJIAHET CTPOSATCS B CUCTEME KO-
Op/IMHAT C HAYAJIOM, PACIOJIO?KEHHOM JINOO B IEHTPE ILJIAHETHI, OO B Oa-
PUIIEHTPE CUCTEMBI ILIaHeTa-CIIyTHUKHU. ByJieM 371ech yCJI0BHO HA3bIBATH ITY
TOYKY IIPOCTO ILJIAHCTOM.

Takum obpa3om, B HACTOSAIIEM pa3Jiesie OyayT (pUrypupoBaTh CJeLyoIime
toukn: 1eaTp Counna, 6apurentp CoTHEIHOH CHCTEMBI, TOMOIEHTD, IIIaHe-
Ta, CIIyTHUK.

Bapunentpuieckne BekTopnl CoJtHITA, TOTONEHTPA U IJIAHETHI Oy/1eM 000-
suadars depe3 H(t), T(t), P(t), coorsercrBenno. [esmornenrpudeckue Ko-
OPJIMHATHI TOINOIEHTPa W IUIaHeThl OymayT obosnadenbl depes Ty (), Py(t).
Brenenmnie 3/1ech BEKTOPBI pacCMaTPUBAIOTCA KaK (DyHKIUU BpeMenn. [l
VX BBIYUCJIEHUS CJIy’KaT CHEIUAJIbHO paspadaTbiBaeMble MOJIEN JIBUKEHUS.
3a/IaHHOI BXOJ/IHO# BEJIMYMHON TAaKUX BBIMUCIUTEIHHBIX MPOIELYD ABJISIET-
csl BeJIMUnHA t, Ha3biBaeMasi yCJIOBHO apryMEHTOM BpEMEHU. ApPryMeHTOM
BPEMEHU B PA3HBIX TEOPUIX MOXKET OBITh BPEMsl, OTCIUTHIBAEMOE B PA3HBIX
mkasiax, Hanpumep, TT, TDB. Mbr Oynem mpejonaratb, TO Hepes MMOI-
CTAHOBKOW B IPOIIE/IyPY BBIUHCJIEHNs] BEKTOpPa IMOJIOXKEHNsT HeOECHOTO TeJla,
BpeMs BBIPAXKEHO B HEOOXOJIMMOII IIKAJIE.

5.3. Habarogenusa mnjiaHeThbl

[Ipemnosiokum jijid HadasIa, 9TO Mbl HaO/IIOAaeM T1aneTy. PaccmoTpum,
KaK OIpeJIe/IgeTcs B 9TOM cjydae BeKTOp Habsojenusd. /lomyctum, 9ro Ha-
OJII0/IeHIE BBITIOJIHIETCS B MOMEHT BpeMeHH tg. Bekrop HabsoneHust nmeer
HA4Yaj0 B TOIOICHTPE, a KOHeIl — B HabJIf0/[aeMOM HEOECHOM Tejie IPU TOM
€ro TOJIOYKEHUH, KOTOPOe OHO MMEJI0 B MOMEHT, KOIJIa C HEr0 CTapTOBAJIH
Te POTOHBI, KOTOPhIE IONaIn B (DOTONPUEMHHUK HAOJI0IaTesIsi B MOMEHT tj.
O6o3HaYNM BEKTOP HaAOJIIOIEHNs TIaHeThl depe3 Pr.
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MowmenTy crapra (hoTOHOB OyIeM MIPUIUCHIBATH Pa3HbIE NHJIEKCHI B 3aBU-
CUMOCTHU OT 00beKTa HabJIo/lenusd. Ecim Mbl HabJrro1aeM 1ianeTy, To MOMEHT
crapra POTOHOB MOXKHO 0DO3HAYUTH depes3 ti.

Ha Puc. 15 nmokazana cxema pacroJioKeHUS IJIAHETHI M TOMOIEHTPa B
COOTBETCTBYIOIIE MOMEHTHI BpeMenu. bykBoit B nomeuen 6apurieHTp, Oyk-
Boit T — TomnonenTp, a 6yksoit P — mianera. I3 pucynka BUHO, 9TO BEKTOD
HabJIIOJICHIUS OIIPEJIE/ISAeTCH U3 PABECHCTBA

Pr =P(t1) — T(to). (128)

MomeHTBI BpeMeHn tg u t; He coBIa iaoT. VIX pasHoCcTb, Ha3bIBaeMasi CBETO-
BBIM BpPEMEHEM, 33/1aeTCsd COOTHOIIEHHEM
|Pr|

to—t =", (129)

Jie ¢ — CKOpOCTh cBeTa. [[0CKOIbKY MOMEHT HAOJIIOJICHNS Ty 3a/1aH, TO ypaBHe-
mnst (128) u (129) MOXKHO pPEMIUTh NTepAnUsAMHE, TToJ1aras i Hadamua t = fo.

HauboJsiee Tounble M3 CyIIECTBYIONIMX B HACTOLAIIEE BpeMs TEOpHil JIBU-
JKEHHS TTAHET MO3BOJISIIOT OIPeIe/IaTh UX MPsIMOYTOJbHBIE KOODINHATHI B
cucTeMe KoopauHaT ¢ HadajoMm B OapurnenTpe Cosnednoit cucreMbl. OObII-
HO TeopHus JaeT TakxKe KoopauHarhl CoJtHIla B 3Toii cucreme. Beerma mMoxk-
HO CJIeJIATDh IPeoOpa30BaHUe U OIPE/IEISTh T'e/IMOIEHTPUIECKIE KOOPIMHATDI
ILJTAHET.

3ameuaHwme.

31ech cielaeM OJHO BayKHOe 3aMevaHne. B HeKOTOpbIX paboTax MOXKHO
BCTPETUTH YTBEPXKIEHME O TOM, YTO CHCTeMa KOOPJIUHAT OGepeTcs reJInoeH-
TPUIECKOI, TO €CTh HAYAJIO CHCTEMbI KOOP/IMHAT moMerieHo B 1ieHTp CoJtHIia.
[TosiokeHMe TOTOIEHTPA U TOJIOXKEHNE TIJIAHEThI TIPU 9TOM 33/1aeTCs TeJIHO-
HEHTPUUIECKUME KoopinHaTaMu. T pedyercs orpe e uTh BEKTOP HaOJIIOICHIS
Pr. O6osnaunm vepes Py (t1), Tnh(to) resmonenTprieckie BEKTOPBI ILIAHE-
TBhI U TOIOIEHTPA B COOTBETCTBYIOIIME MOMEHTHI BpeMenu. Ilo amasorum c
PEJIBIIYIIUMU PACCY K JIEHUSIMU BEKTOD HADJIIOJICHIS MOXKET OBIThH ITOCTPOEH
KaK PasHOCThb

= Pn(t1) — Tu(to),

rJe JIId BEKTOopa HAOJIOJIEHUs 3/IeCh UCIIOJIb30BaHO JIpyroe obo3nadeHue. Ha
caMoOM JieJie TaKOe IMOCTPOCHHE OKA3bIBACTCs HelpaBUIbHBIM. [ 0ObscHe-
HUSI BBEJIEM B paccMOTpenne bapurieHTpudeckne BeKTopbl CoTHITa B COOTBET-
creyiontre MoMenTsl Bpemenu H(ty), H(¢;). Ilpu sTom odeBnubl paBencrsa

Pu(t1) = P(t1) — H(t1), Tu(to) = T(to) — H(to).
[ToncTanoBka 3TUX PABEHCTB B TMPEJILLIYIIYIO (POPMYITY JIacT
1 =[P(t) — H(t1)] — [T(to) — H(to)] =
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Puc. 15: Pacnosioxkenne 3eMJii 1 1JIaHETHI IPpU HAOJIIOICHUAX.

=P(t)) — T(to) — [H(t,) — H(ty)] =
=Py — [H(t1) — H(tp)].

Pacrostoxkenne paccMaTpuBaeMbIX 371€Ch BEKTOPOB miutoctpupyer Puc. 16.
s moctpoennst BekTopa P7. MBI JIOJIKHBI COBMECTHUTH HAYAJIO BEKTODA
Ty (tp) ¢ magamom BekTopa P (). Temeps BugHo, uro Pl ormmaaercs ot
Pt na passocts H(t;) — H(tp). 9T0 MOXKHO MHTEPIPETHPOBATH TaK, UTO 34
Bpems t; —ty Coumnie yenesaer emecturhed na sennanny H(ty) —H(tg), aro u
IPUBOJIUT K PA3HOCTH PACCMAaTPUBaEMbIX BeKTOPOB. Eciin 661 ckopocTh cBeTa
Obl1a 661 GECKOHEYHOI, TO 0KA3aJ10Ch ObI COrIacHO cooTHommenuo (129), aro
t1 —to = 0, caemosarensno H(ty) — H(tg) =0 u P, = Pr.

5.4. HabnroneHus CITyTHUKA IIJIAHETHI

Temepsb paccMOTPUM CHTYAIINIO, KOT I8 Mbl HAOTIOIaeM OJJTHOBPEMEHHO ILIa-
HETY U CIyTHHUK ILTaHeThl. Heobxoaumo ompeaeuTh BEKTOPhI HAOJIIOIeHMI
9TUX TeEJI.

AHaHHTquCKaH Teopud Ui YUCJACHHad MOJICJIb ABU>KEHU A CITYTHUKa I1J1a-
HETBI [IO3BOJIAET OIIPpEJC/IATHL €ro IPAMOYI'OJIbHBIE IIJIAHETOHECHTPUYIECKUE KO-
OpJAMHATHI Ha JII0OO 3aJaHHBIE MOMEHT BpeMeHu t. BekTop HabJoIeHMs
CIIyTHHKA B 9TOM CJIydae MMeeT HadaJlo B TOIOIEHTPE, a KOHeI[ — B IeHTpe
Mace CIyTHHKA Ha TOT MOMEHT ti, KOIJa ¢ Hero craproBajiu (pOTOHBI, I10-
HaBIIre 3aTeM B (POTONMPUEMHUK B MOMEHT BpemeHU ty. OO03HAUIMM BEKTOD
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Puc. 16: OmmbodHoe mocTpoenne BeKTopa HaOJII0IeHIA Ha OCHOBE T'eJINOICH-
TPUIECKUX BEKTOPOB IJIAHETHI U 3eMJIN.

HabJIIo s S (t,) — i

JIeHHsI CIIyTHUKA depe3 Sy, a depe3 Sp’ (11) — IUIaHeToeHTpuaecKuil
1

BEKTOD CIIyTHUKa B MOMeHT t;. Temeps Jyist orpe/jieieHst SSF) MOXKHO 3alli-

caTh COOTHOIIEHUE

ST =SW(t) + P(t) — T(to).

s ornipesiesieHrs MOMEHTa 11 Telepb CJIelyeT UCIOIH30BATh YPaBHEHHE

S(l)
to—t1:| :', (130)

[Tocko/IbKY paccTosiHue OT TOTOIEHTPA JI0 IIaHEThI PYroe, 9eM PacCTO-
sIHUE OT TOIIOIEHTPA JI0 CIIlyTHUKA, TO MOMEHT cTapTa (POTOHOB OT ILJIAHETHI,
KOTOPBII MBI 0003HAYNM 3JIeCh Yepe3 to, OT/IndaeTcs oT t1. BekTop nabito-
JeHusd IJIaHEeThl B 9TOM CJIy4dae OIIpeIC/INTCA U3 COOTHONICHUI

Pr = P(ty) — T(ty). (131)
[Pl

to—ty =, (132)

5.5. HabaroneHnss AByX CIIyTHUKOB IJIaHETHI

PaCCMOTpI/IM cnyqaﬁ, KorJga MbI Ha6mogaeM OZHOBPEMEHHO IIJIAHETY M
JBa €€ CIIyTHHKA. Anasmrunyeckas Teopud WJIM YUCJIEHHad MOIEJIb JIBU2KE-
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SV ()

Puc. 17: Pacnoyioxkenune 3eMJin 1 IJIaHETHI IpU HAOJIIOICHIAX.

HUsI CIIYTHUKOB TIO3BOJISIET OIPEIE/IATh UX MPSIMOYTO/IbHBIE TIJIAHETOIEHTPU-
JecKue KOOPIMHATHI Ha JIF000I 33 TaHHbIII MOMEHT Bpemeru t. BekTop HabJ110-
JIEHUsT KazKJOr0 CIIyTHUKA MMeeT HAJas0 B TOIOIEHTPE, a KOHEIl — B IEHTPe
MacC CIIyTHHKa Ha TOT MOMEHT, KOIJa C Hero cTapToBa/i (DOTOHBI, HOIAB-
e 3aTeM B (DOTONPUEMHUK B MOMEHT BpeMeHn ty. OO03HAYMNM 3TOT BEKTOD
[IEPBOrO CIIyTHUKA depe3 S$ , & BEKTOp HaAOJIIOIeHNs BTOPOrO — 4epes Sg ),

@oToHbBI, IONABIIUE B (DOTOMPUEMHUK B MOMEHT HaOJIIO/ICHUS tg, CTAPTO-
BaJI C MEPBOT'0O CIIyTHUKA B HEKOTOPBII MOMEHT BPEMEHH t1, & CO BTOPOTO —
B MOMEHT BPEMEHU L.

Ob6ozHaYnM Uepes Sg)(tl) IJIAHETOLEHTPUIECKUN BEKTOp IIEPBOIO CITIyT-
HUKa B MOMEHT t;. BapurieHTpudeckuii BEKTOp IIJIAHETHI B 9TOT MOMEHT ObLT
P(t;). CoorBercrByfoiue BEKTOPBI JJisi BTOPOTO CIIyTHHUKA OY/IyT Sg)(tg) u
P(ty).

Bce paccmaTpuBaemble 3/1ech BEKTOPBI ITOKa3aHbl Ha Puc. 18.

Tenepsb Ji1s1 olpejie/ieHnsl BEKTOPOB HAOJIIOICHIS Sg_l} ) 1 SEJ_? ) MoKHO HC-
[I0JTh30BATH CJIEIYIOIIUE YDABHEHUS:

ST = SW(t) + P(t) — T(to).

ST = SP(ty) + P(ts) — T(to).

o —t1 = ;
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Puc. 18: Pacnosiozkenne 3emn, miaHeThl U CIIyTHUKOB B MOMEHTHI BDEMEHH,
COOTBETCTBYIOIINE MOMeHTY Habsoienus. upeke 1 oTHOCHTCS K CIIyTHUKY
HoMep 1, mHEKC 2 — K CIIyTHUKY HOMED 2.

S(z)
to—tzzy = ’,
¢

Pemars st yYpaBHEHUA MOXKHO IIOCJI€JOBaTE/IbHBIMA HpI/I6III/I}KeHI/IHMI/I, I10-

Jaragd cHavdaJa ty = tg, to = 1p.

5.6. OnpenesieHne yrjoBbIX M3MePsieMbIX BEJUYWH ITPpU HaOJIIOdE-
HUSAX CILyTHUKOB IJIAHET

AnamuTuueckas TeOPHUs UM YUCICHHAsT MOJIE/Ib JBUKEHUS CITy THUKA T11a-
HETBI TIO3BOJIAET OMPEEATh €ro IPAMOYTOIbHbBIE IJIAHETOIIEHTPUYECKHE KO-
OPJMHATHI Ha JII000# 3a/JaHHbIIl MOMeHT BpeMenu. [Ipu yrounennu opburasib-
HBIX TTapaMeTPOB Ha OCHOBE HAO/IOJACHUN HEOOXOJIMMO BBIYHC/IATL yIJIOBBIE
nu3MepsieMble BeJIUYNHBI Ha, MOMEHTBI Hab/TtoieHuit. B mpebymx pasjierax
pPacCMOTPEHBI METO/IbI OIpejie/IeHrsl BEKTOPOB HAOJIIOIEHUI 110 TPAMOYTOb-
HBIM TIJIAHETOIEHTPUIECKUM KOOP/IMHATAM CIIyTHUKOB U OaPHUIEHTPUIECKIM
KoopauHaTaMm Iianer. Tereph HEOOXOUMO CBA3ATH U3MEpSIEMbIC BEJIUINHDI
¢ BEKTOpaMU HAOJIIOJIEHNIT IJIAHETHI U CITy THUKOB.

[Ipu yrounenuu rmapamMeTpoB JIBUKEHUS CITyTHUKOB B Ka4eCTBE U3Mepsie-
MBIX BEJIMYUH UCIOJIb3YIOTCS YTJIOBBIE TOMOIEHTPUYIECKIEe KOODIMHATEI. YT-
JIOBbIE KOOPJIMHATHI OTCYNTBIBAIOTCH B N€0IKBATOPUAJILHON CHCTEMe KOOP/IU-
HAT, CBI3aHHOW C 9KBATOPOM U SKJIMIITUKON HEKOTOpOil smoxu. B mybsnka-
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OUAX ITPOIIJIBIX ,ILGCHTI/IHGTI/II';I BCTPEYIaIOTCA KOOPJAUHATBI B CUCTEME CpEeIHETrO
9KBaTOPa W TOYKM BECHbI Pa3J/IMIYHbIX 3I10X. MCHOHBSOB&HI/ICB " CUCTEMBI UC-
THHHOTO 9KBATOPA M PaBHOJICHCTBUA. [Ipy 9TOM MOJIETUPOBAICH TPEIECCHUS
1 HyTalud 3eMHO# ocu. Bosiee 110/IpoOHO cUCTEMBI I€09KBATOPUATIBHBIX KO-
OPJMHAT PACCMOTPEHBI B CIENUAJIbHBIX pasjiesiaXx. B coBpeMeHHBIX paboTax
9KBaTOpHUaJlIbHad CHCTEeMa KOOPDJAMHAT OTHOCUTCA K I9KBATOPY MU IKJIUIITUKE
smoxu J2000. Oxaako dukcanmss oceil KOOpAMHAT yzKe He CBA3aHa C Bpalle-
HreMm 3emun. CrcreMa OnmpaeTcs Ha MOJI0KEHUsT BHETAJAKTUIECKIX UCTOY-
HUKOB PaJIMOM3/IyICHUs U HA3BIBACTCHA MEXKIYHAPOHOW HeOECHONH CUCTEMOi
koopiuuar (ICRF).

B nacrosimem pazzese Mbl Oy1eM IpeIrno/iaraThb, 9T0 OCH BCEX pacCMaTpu-
BaeMbIX CHCTEM IIPAMOYI'OJIbBHBIX KOOPpAWMHAT COOTBETCTBEHHO IIapaJlJICJIbHBI
0CAM HEKOTOPOU HEBPAIAIOIENCA Ire03KBATOPUAJIBHON CUCTEMBI, HAIIPUMED,
ICREF. ¥VrioBble KOOpJIMHATHI IIJIAHETHI U CITYTHHKOB, OIIpeJIeJIeHHbIE TI0 BEK-
TOpaM HaOJIIOJIEHNI, PACCMOTPEHHBIM B IPEJBIIYIIAX Pa3jiesiax, Ha3bIBaloT
acmpomempuveckumy, . B oTiamdane oT acTpOMETPUIECKNX, HCIIOJIb30BAINCH
TaK2Ke TaK Ha3blBaeMbl€ BUINMbIEC KOOPJIMWMHATDLI. IL.HH BUAWMMBIX KOOpJAUHAT
BEKTOPHI HAOIIOAEHUI ONPENIe/IAIOT I HHade, 9eM PACCMOTPEHO BBIIIE. DTO
O0ObSICHEHO B CIEIUATbHOM pasjese. 371eCh Ke Mbl PACCMaTPUBAEM TOJIBKO
aCTPOMETPHUIECKHE KOOP/IMHATHI.

B reoskBaTopuaJ/bHOIl cucTeMme, Hapsiay € IPSIMOYTOJIbHBIMU, UCIIOJIb3YIOT
cepuieckue KkoopauHaThl. [[lupoTa B reoskBaTOpuaIbHON cCUCTEME Ha3bIBa~
eTCsl CKJIOHEHHUEM, a JIOJITOTa — IIPAMBIM BOCXOK ieHreM. Jj1s1 j1i000ro BeKTopa
HaOJTIOIeHNsT ¢ KOMIIOHEHTAMU T, I/, Z TIPSIMO€e BOCXOXKJIEHNE (v M CKJIOHEHWE
OTIPEJIETISIIOTCA U3 COOTHOIIEHU

tga = y, tgd =

z

[Ipsimoe BoCxOXKjIeHNE W CKJIOHEHWE HeOECHOrO Tejia, KOTOPbIE HA3bIBAIOT
€ere abCcoNOMHHLMYU KOOPTUHATAME, MOTYT OBITH U3MEPIEMbIMI BEJTMIMHAMH.

Hapsy ¢ abco/IIOTHBIMU UCIOIB3YIOTCA TaKKe OTHOCUTEIbHBIE KOOP/IU-
HATBI. DTO PA3HOCTU HEOECHBIX KOOPJIUHAT KAKUX-JTHOO JIBYX TEJI: CIIyTHUKA
U IUIAHETHI, IBYX CIIyTHUKOB. Fc/i mpsiMble BOCXOK/IEHHS IIEPBOTO U BTOPOTO
TeJI 0003HAYUTH COOTBETCTBEHHO U€Pe3 (v1, (v, & CKJIOHEHUS 4uepe3 01, Oz, TO
pasHocTU

Aa:&g—&l, A(S:(SQ_(Sl,

Ha3bIBaIOT r[[I/I(b(1)ep€HIH/IELH]:HI;)IMI/I KOOpJIMHaTaMMU W HCIIOJIB3YIOT B KadeCTBe
n3MepdeMbIX BeJIMYMH. ‘-Iame IIPUMEHAIOTCA U3MEPAEMbIE BEJIMYMHDBI

Xd:(QQ—al)C0851, deég—él.

Hapsny ¢ nuddeperimaabHbIMI YIJIOBBIME KoopauHaTaMu X g, Yy pac-
CMaTPUBAIOT TaK:Ke TaK Ha3blBaeMble TAHT€HIIMAJIbHbIE KOOPJAUHATHI Xy, Y,
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olpe/iesisieMble cieayomuM obpasoM. Ecin vebecroe tesio Homep 1 oTobpa-
J)KaeTcs B (POKAJBHON TIJIOCKOCTH TeJIECKOITa Ha ONTHIEeCKoi ocu, To Xy n Yy
€CTh JIMHEHHbIe KOOP/JIMHATHI Tejia HOMep 2 Ha, (POKaJbHOW IJIOCKOCTH, BbI-
pParkKeHHBIMU B JI0JIAX (POKYCHOTrO paccrosinus. [Ipu sToM cauraercs, 9To OCh
Y, HampaBjieHa B ceBepHBIH 1oJI0C Mupa. Kak BBIYUC/ISITH TaHTeHIHAIbHbIE
KOOPJIMHATHI, PACCMOTPEHO HUKE.

Jlnst 3armycka mporiecca yTOUHEHUsI TapaMeTPOB JIBUKEHUsT HeOECHBIX TeJT
n3 HaOJIIO/IEHNIT HEOOXO/IMMO BBIPA3UTH U3MEpPsieMble YIJIOBbIE KOOP/IMHATHI
Jepe3 KOMIIOHEHTHI BEKTOPOB HaOJfo1eHnii. BoipakeHne abCOIIOTHBIX KOOP-
JIMHAT Yepe3 KOMIIOHEHTHI BEKTOpa HAOJIIO/IEHNS JIaHO BBIIIIE.

Huddepennuaabubie KOOPAUMHATH MOXKHO ObLIO Obl HAHTH KAK pPa3HO-
cTi abCOJIFOTHBIX KOOpAMHAT JABYX Tes. OmQHAKO Takoil crocod He SIBIISeTCH
onTUMaJILHBIM. /J[e/lo B TOM, 9TO HaOJII0/IaeMble MapHbIe Tejia dalle BCero
pacnoJiaraloTcsd Ha Hebe O4YeHb OJIM3KO OJIHO K Jipyromy. Torja BbIYUTAHHE
KOMIIOHEHT BEKTOPOB II0JI0YKEHUSI COCTOUT B BBITUTAHUU JIBYX OJTU3KUX THCET,
YTO HPUBOAUT K HEKOTOPOI IoTepe TOYHOCTU. Pa3HOCTHU IITaHeTOIEeHTPUYe-
CKUX KOOpAHMHAT ABYX CIIYTHHUMKOB H€ CBA3aHbLI C BbIYMTaHHUEM JIBYX 6.HI/ISKI/IX
quces. IMEHHO 9Tu pa3HOCTH CJIeI0BAJIO ObI UCIIOJIb30BATD JIJIsI BBIUUCIEHUI.

[To sTuM mpuwauHAM TOCTYIUM cJieaytormmm obpazom. O6o3HadInM Yepes
X,Y, Z KOMIIOHEHTBI BEKTOpa HaOJIIOICHHS IIePBOTO CIIyTHUKA, T. €.

1
{(X,Y,72} =sP.

KoMIIoHeHTBI pa3HOCTH BEKTOPOB HAOJIIOIEHUsI BTOPOIO U IIEPBOTO CIIYTHUKA
oboznaunM uepes A, A, A,. Torma umeem

{80, Ay, A} =88 — 8T = S@)(t,) — SW(t1) + P(ts) — P(ty).

3iech pasHocts S (ta) — Sg)(tl) cama 10 cebe Majia, MOITOMY BbIUUTAHUE
JIBYX OJIM3KUX YUCEJ HE TPUBOIUT K MOTEPE TOYHOCTHU MPU BBIMUCTCHUNT A,
Ay, A

3aMeTHnM, UTO €CJId TIEPBBIM TEJIOM SIBJII€TCS He CITyTHUK, & CaMa IIJIaHEeTa,
TO B TIOCJIEJTHEM COOTHOIIEHUH HY?KHO ITPOCTO TOJIOXKUTH Sg,l)(tl) = 0.

st Beraucienus quddepennuaababix KoopanaaT Aq, Ad B pa3HbIX HC-
TOYHUKAX TIPEIarafoTCs MpOCThie MpudnKenabe (opmysbl. OgHAKO J17TsT
BBIYHCJIEHUI JIETKO 3allpOIPAMMHUPOBAThH TOYHBIE (DOPMYJIBI, BbIBEJIEHHBIE B
pabore (Emenbsanos, 1999). Borauciienns: BBIIOTHSIIOTCA 110 CJIEy O 1ie-
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novyke (hopmy.r:

RQ — X2 + Y2,
S YA+XA,
tg A0 = mrxA, v A,

A=2RZA, = 27*(XA, + YA,) + RPA?Z — Z*(AZ 4+ A2),
B=R/(X+A,)2+ Y +A,)2+Z(Z+A,),
C=R(Z+A)+Z/(X+A,)>+ (Y +A,)?

tg Ad = Bib.

(133)

5.7. BbraucjieHue yrjioBOro pacCTOssHUsI MeXK/Jly CIIyTHUKaMHu U I10-
3UIMOHHOI'O yTIJia

[Ipu yrouneHnu OpOUT €CTECTBEHHBIX CIIYTHUKOB IJIAHET IIOMUMO Pa3HO-
cTeil YIJIOBBIX KOOPJAWHAT B KadeCTBE U3MEPSIEeMO BeJIMIMHBI UCIIOJIH3YeTCs
TaK»Ke YIJIOBOE PACCTOdHUE S MEXKJy CIIyTHUKaMu. [IpenmytiecTsa UCIIOJIb-
30BaHUS TAKON M3MepsieMOll BEJIMYMHBI 3aKJIFOUYaeTCs B TOM, UTO OHA HE 3a-
BHUCHUT OT OIIUOKM OIIPeIeJIeHUsI OPUEHTAIINNA N300PaXKEHH 110 OTHOIIEHUIO K
HaITpaBJIEHUIO Ha CEBEPHBIN MOJIIOC MUPA.

Mpbr nipejiiaraeM Jijis BBIYUC/IEHUsT YTIJIOBOTO PACCTOSHUST MEXKJTy CITyTHH-
KaMU S CJIEJIYIONIYIO (hOpMyJIy:

VA, “ZA) + (ZA, — XA’ + (XA, — YA,)?

tqg s =
e X2+ Y2+ 22+ XA, + YA, + ZA,

3/1ech BBIMUCICHIE PA3HOCTEH HE MIPUBOJUT B YBEJUICHUIO ONUOKU IIPU BbI-
YUTAHUU JIBYX OJTU3KUX TUCEJT.

B kauecTBe u3MepsieMoil BeJIMYMHBI MOYKET HCIIOJIB30BATHCS TAKKe TO3U-
[UOHHBIH yros P. DTo yros na nebecHoii cepe ¢ BEpIINHON B HAIIPABICHUT
HA MEPBBIN CIIYTHUK MEXKTy OOJIBIITIM KPYTOM, COEIMHSIONINM HAIIPABJ/ICHUST
Ha CIlyTHUKH, U JINHUeN CKJIOHeHW (60JIbIoit Kpyr Ha HebGecHoit cdepe, co-
eJIMHSIIONIUI TIePBBIil CIYTHUK ¥ MOJI0ca MuUpa). Jljisi BBIYUCIeHUsT TO3HITH-
OHHOI'O YIJIa HY?KHO CHa4aJa BBIYUCJIUTEL aDCOTIOTHBIE KOOPJIUHATHI IEPBOTO
CILyTHUKA, KOTOPbIE MBI 3JI€Ch JIJIsi KDATKOCTHU 3aIIIleM 0e3 UHICKCOB KaK «,
0, 3aTeM BBIYUCIUTH Juddepentuaababie kKoopanaatel Aa, Ad 1o dopmy-
JIaM, KOTOpPBIe NIPUBEIeHB! BhImie. Toraa mo3umuoHHbIi yroa P Haiigercsa u3
TOYHOT'O COOTHOIIEHMS

B cos(d + AJ) sin A
 sin A+ 2cos(d + Ad) sin dsin® 52

tg P (134)
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[TpubyimKeHHO TO3UITMOHHBII YTOJT MOXKHO OIPEJIETUTD, MOIb3YIACh (hOop-
MYJIO%

Yy
tg P = —.

5.8. OHpe,Z[eJ'IeHI/Ie TaHT€HIIUAJIbHbIX KOOpAXHAT CIIYyTHUKOB

3amMeTumM, 9TO B IpaKTHKEe 0OpabOTKU acTPOMETPUIECKUX HAOJIOICHU
€CTECTBEHHBIX CIIYTHUKOB IIaHET KpoMe JuddepeHnuaabHbIX YIJIOBBIX KO-
OP/IMHAT UCIOJIB3YIOT TaKKe TaK Ha3blBaeMble TaHT€HIAIbHbIE KOOD/IMHATHI
nebecHbIX Tes1. Kak ObLI0 yKa3aHo BBIIIE, STO JIMHEHHbIE KOOPINHATHI B TLJIOC-
KocTH n3obpazkenus. Havyayio KoopimHaT COBIAJIAET C ONTHIECKUM IEHTPOM
1oJId 3peHus, OJiHa U3 oceil, X; , HampaB/ieHa 10 M300pazKeHUI0 HeOeCHO
napaJijie/ld B CTOPOHY BOCTOKA&, & Jipyras, Y; , — HNEPIeHINKY/ISIPHO ITepBOii
ocH K ceBepy. JIuneitnoit equnuiieit namepenuii sipasgercd GOKycHOE PacCTOsd-
Hue Tejieckona. [I[pubimkeHHO pa3sHOCTU TaHTEHIIMATbLHBIX KOOPJUHAT JIBYX
CILyTHUKOB COBIIQJIAIOT ¢ uX JuPepeHuajibHbIMU yIJIOBBIMUA KOOD/INHATA~
MM, OJIHAKO TOYHBIE (POPMYJIBI ISl BBIYUC/IEHUSA PA3HOCTENH TAHT€HITNAIHBHBIX
KOOPJIMHAT OTJIMYAIOTCA OT (hOpMYJI i JuddepennnaibHbIX YIJIOBBIX KO-
OpJIMHAT.

OOBITHO 3aJIAI0TCs TAHTEHITUAIbHBIE KOODJIMHATHI OJHOIO HEOECHOTrO Te-
JIa OTHOCHTEJILHO JApyroro. Torga cIuTaroT, YTo n300pakeHue 3Toro JIpyro-
ro Tejla HAXOJIUTCS TOYHO HA OMTUYECKON OCH, & ILIOCKOCTb M300parKeHust
MEePIIeHTUKY/IsIpHA 3TOi ocu. JlomycTuM, 9TO HYKHO BBIYUCUTDH TAHTCHITU-
aJIbHbIE KOODJIMHATHI CIIyTHUKA 1 OTHOCHUTEbHO ciiyTHUuKa 2. IlycTh, Kak n
BBIIIIE, TOMOIEHTPUIECKHUI paInyCc-BEKTOP BTOPOr'O CIIyTHUKA €CTh

s¥ ={X,Y, 7},

a Pa3HOCTb BEKTOPOB IIOJIOYKEHNUS CIyTHHKOB obo3HadeHa depes Ay, Ay, A
Torma TaHreHIMAIBHBIE KOODJMHATHI MOYKHO OIPEIE/IATH 10 CJIEYIONIM

dopmyaam:

X, — VX2 + Y2+ Z22(-AY + A X)
VXZEYEX24+ Y24+ 22+ A X +A)Y + A7)
v, — AN XZ - AYZ+ A (X?*+Y?) '
VXZHYAX24+ Y24+ 22+ A X +A)Y + A7)
TanreHuaJ bHBINA TO3UITMOHHBIN Yo P, HaX0IUTCA U3 COOTHOIIEHUS
Y,
Z,
a TaHTeHINAJIbHOE PACCTOSHUE S; 110 (hopMyJie

St = th—{—}/;z
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5.9. OnpejiesieHne pa3HOCTU KOOPAUHAT JIBYX CILyTHUKOB ILJIAHETHI B
ciydae poToMeTpUIeCKNX HADJIIOeHNiT B3aUMHBIX 3aTMEHUI CITyT-
HUKOB

PaccemoTpuM 371ech crienualibHbIN cirydail onpejiesienns BEKTOPOB HAOJIIO-
JIEHUI CITyTHUKOB IIPU OIpeJIeJIEHIH aCTPOMETPUYECKIX KOODJNHAT CITYTHH-
KOB IIJIAHETHI HA OCHOBE (DOTOMETPHUM CIIyTHUKOB BO BPEMsl UX B3aUMHBIX
zarmenuii. Doromerpuyeckue HabJIIO/IEHUS B3AUMHBIX 3aTMEHUN JIBYX CITyT-
HUKOB TIJIAHETHI MO3BOJIAIOT C BBICOKOW TOYHOCTBIO ONPEIETIATH B3aUMHBIE
pacCIOJIOXKEeHHUs CIIyTHUKOB. PaccMaTpuBaemoe gBJIEHHE COCTOUT B TOM, YTO
OJIVH W3 CITyTHUKOB YaCTUYHO WJIN IMOJTHOCTHIO MONAIaeT B T€Hb, OTOpachIBa-
eMyIo JIpyruM cryTHukoM. [Ipu sTom ero spkocTh BO BpeMms HaOJIIOJIEHU €
3eM/Il YMEHbIITaeTCs. Y MEHBIIIEHUE SPKOCTU 3aTMEBAEMOr0 CIIyTHUKA MOYK-
HO U3MepUTh ¢ oMoIbo dhoromerpa uin [I3C-marpurer. Apkrocts 3aTMe-
BaE€MOI'0 CIIyTHUKA B IEPBYIO OYEPEIb 3aBUCUT OT T'€JIMONEHTPUIECKOrO yT-
JIOBOTO PACCTOSHUS JIBYX CIIyTHUKOB. OHA 3aBUCUT TakyKe OT yIJia MEXKLy
HAIPaBJIEHUsIMHA C 3aTMeBaeMoro criyTHuka Ha CosHie m Ha 3eMito, T. e.
OT yrIJjia COJIHEYHOI (ha3bl cyTHUKA. UTO KacaeTcs IeJIMOIEHTPUIECKOro yr-
JIOBOTO PACCTOSHUSA JIBYX CIIyTHUKOB, TO MMEHHO 3Ta BEJIUYMHA OIPEJIe/IAeT
U3MEHEHUSI IPKOCTH 3aTMEBAEMOT0 CITyTHUKA BO BPEMEHH, T. €. KPUBYIO sIPKO-
ctu ciiytHuKA. [Ipu 06paboTke paccMaTpuBaeMbIX (POTOMETPUIECKIX HADJTIO-
JIeHNT HEOOXOMMO TOYHO MOJIEJTMPOBATH MPOIECC PACIIPOCTPAHEHUs CBETA,
YUIUTBIBas KOHEYHOCTH CKOPOCTHU €r0 PACIIPOCTPAHEHMUS.

Moyiesib paccMaTpuBaeMoro sipjaeHus mogcugeT puc. 19. @orTonbl, usiry-
venHble COJIHIIEM B MOMEHT t3, JIBUTASICH IPSIMOJIMHEITHO, B MOMEHT t9 JOCTHT-
qm criyTHUKa 2. Bapunenarpudeckuit Bektop CoJHIIA B MOMEHT t3 0603HATNM
gepe3 H(t3). HacTsb usiyuenHbix GOTOHOB MOMAIa Ha MOBEPXHOCTD CIIY THUKA,
2. Ipyrue npocienosain jajiee. BapurieHTpudeckuil paJinyc-BeKTOp CIIy THU-
Ka 2 B MOMEHT BpeMenH ty o6oznaxuM uepes S(3)(t,). Ucnomp3ys mianeTmyio
U CIIyTHUKOBYIO T€OPUH, €r0 MOYKHO BBITHC/IATE 10 (hOpMYyJIe

S®)(ty) = P(t2) + SP(t2). (136)

PaccmarpuBaemasi rpymmna (pOTOHOB JIOCTUTJIA CIYyTHUKA 1| B HEKOTOPDI
MOMEHT t1, ObLJIa paccesiHa ero MOBEPXHOCTHIO U IIPOC/IeI0OBaIa JTajiee B CTO-
POHY Ha3eMHOro HabJIofaTe/ ss. B MOMEHT BpemeHU ty OHU JIOCTUTJIA 3eMJIN
u chopMuUpoBaIN N300parKEHHEe 3aTMEBAEMOT'O CIIYTHUKA B (POTONPUEMHUKE
TEJIECKOIIA.

Bapunearpudeckuii pagnyc-BeKTOp CIIlyTHUKA 1 B MOMEHT BpeMeHU t1 MbI
o6ozuaumm gepes S (t1). Ero MoxKHO BEIMHCIATL 1O (DOPMYIIe

SM(t1) = P(t1) + S{V(t). (137)
Pasznoctu MmoMeHTOB tg, t1, {9 1 t3 381aI0TCsI COOTHOIIIEHISIME

_ [8®(tz) — H(t;)]

)

ty —t3 -
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CNYTHUK 1

ConHue CMYTHUK 2

BapuueTp

Puc. 19: Pacupocrpanenue cBera mpu HaOJIIOJEHUSX B3aMMHBIX 3aTMEHUIA
CIyTHUKOB ILTaHeT. [lociieioBaTelbHOCTD MOMEHTOB: {3 < o < t; < tp.

SM(t) —S@(¢
tl _ t2 — | ( 1) ( 2)|7 (138)

| T(to) — SW(t)]

to—tlz c .

st onpenenenns sektopos H(ts), 8@ (t5) u SM(¢,) meobxoammo 3HaTh
MOMEHTBI BpeMeHU t3 to 1 t1. VICKOMbIe BEKTOPBI M COOTBETCTBYIOIIIE MOMEH-
ThI BPEMEHH MOYKHO HalfiTu pelas ureparusMu cucreMy ypasHenuil (136),
(137) u (138). B mysneBom npubiimzkennu mosaraeM ty = to = t1 = to.

OueBuIHO, YTO CTENEHb 3aTEHEHHOCTU CIIyTHUKA | 3aBUCUT OT YIJIA MEXK-
Jly BEKTOpaMu Sg) (ty) u Sg)(tl), OIIPEIE/IACMBIMI COOTHOIICHUSIMUI

St (t) = SP(ta) —H(t;) , Sy (1) =SWV(t)) — H(ts) .

DToT yroa Mbl Ha30BeM 3(DbEKTHBHBIM I'€THOIEHTPUYIECKIM YIVIOBBIM Pac-
CTOSIHUEM JIBYX CI[yTHHKOB U ODO3HAYUM €ro depe3 s*.
Kowmmnonenter BeKTo s (¢ S (ty) o6 6
pos Sy’ (t2) u Sy’ (t1) obosnauumM ciieyommm obpa-
30M:

SW(t) = {6,n,¢} S@(ts) = {€+ Deyn + Ay, C+ Ac).

Torma s* onpenenurcs popmyJioit

V(A = CA)? + (CAe — EA)? + (EA, — 1nA¢)?
E+ 2+ C+EAA+nA, + A ’

tg s* =
rae Masisle npuparenns Ag, A, A ciiegyeT onpeesars 10 (hopmyIie

(A, Ay, A =S (t2) — S (1) = P(ta) — P(t) + SP(t2) — SV (1),

3aMeTuM, YTO NP BBIYUCICHUSX $§° 10 MPUBEICHHBIM BbIIE (HOpMYIaM
HE TPOUCXOUT TMOTEPU TOYHOCTU U3-38 BBIUUTAHUSA JBYX OJTU3KUX THCE.
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Ecim, KpoMme yriioBoro reJImorneHTpuIecKoro pacCTOSTHISI, HEOOXOINMO BbI-
YUCJIATb Pa3HOCTU YIVIOBBIX TI'€JIMOIICHTPUYECCKHUX KOOpJAWMHAT JABYX CIIyTHH-
KOB, MOYKHO BOCIIOJIb30BaThCs1 (hopMyIaMit, aHaJIornaHbMu hopmysiam (133).

5.10. 3akJrIo4eHre OTHOCHUTEJIbHO M3MePsieMbIX BEJIUYUH IIPU Ha-
OJII0/IEHNSX CITyTHUKOB TJIaHET

i omnpesesieHns HapaMeTPOB JBUKEHUS CIIYyTHHKOB U3 HaOJII0IeHMi
HEOOXOIMMO TIPUMEHSATH MeToJ aud hepeHnrnaaIbHOr0 YTOTHEHNs, KOTOPBIi
olrcaH B CIeAYOMUX pas3jenax. st npuMeneHnst MeTona TpebyeTcs BhIUuc-
JISITh U3MepsieMble IIPU HaOJIIOJEHUSIX BEJIMYNHBI [10 U3BECTHBIM IapaMeTpaM
JIBU2KEeHUsI. Bhrauc/ieHus: MpoBOJIATCS 110 CJISIYIONIEH TeN0YUKe Olepalinii: ma-
pPaMeTpPbl = IJIaHETOIEHTPUYIECKUE IIPAMOYTIOJIbHBIE KOOPANHATDBI = BEKTO-
pbI HAOJTIO/IEHNT = m3MepsieMble BeJIMIUHBL. [IepBhIit 9Tam BHIIOIHIETCS HaA
OCHOBE MOJIeJIell IBUKEHUsT CIIyTHUKOB. DTOMY TOCBSIIEH BBIIIEN3I0XKEHHbII
MaTepuaJi. Bropoil u Tpermii Srambl onepaliii OuCaHbl BBIIIE B HACTOAIIEH
IJiaBe. Tenepb MBI UM€EEM BCeE HeO6XO,Z[I/IMOQ JJId IPUMEHEHUA METO/a OIIpe-
JeJICHUA ITapaMeTpPOB JABU2KCHNA CIIYyTHHUKOB U3 Ha6.HIO,ZLeHI/II7L

[Toneznyio nHMOPMAINIO IO pacCMATPUBAEMBIM 3/1€Ch BOIIPOCAM MOZKHO
naiitu B pabore (Emenbsros, 2017).

5.11. CpeacrBa n TeXHNKa Ha3eMHbBIX HAOJJIOIEHNI CIIyTHUKOB ILJIa-
HeT

Texnnka acTpoMeTpuvuecKNX HaOJIIOEHUI CIIyTHUKOB IJIAHET COBEPIITEH-
cTBOBasach B Tedenne BekoB. Jlo 20 Beka HaOJIIOIATETN CMOTPENN B OKYJISD
TeJIECKOIIA U BUJIE/IA TaM KpoMe n300pazKeHuii 38e371] KpecT MayTUHHBIX HUTel
U €Ie OJIHY HUTb, MTOJIOZKEHNEe KOTOPO MOXKHO OBLIIO M3MEHATH, BpaIas MIK-
poMmerpudeckuii BUHT. KpecT B OKysgpe MoBopadnBaJics HaOJIOaTe/IeM TaK,
4TOOBI OJTHO HeDeCHOe TeJsIo IMONa a0 Ha IEeHTPaIbHOe IepeKpecTre HUTE,
a JIpyroe — Ha MEpPeKpecTue ¢ JOMOTHUTENbHON HuTho. [Ipn Takux HAOIIO-
JIEHUSIX U3MEPsJIOCh YIJIOBOE PACCTOSTHUE MEXKJLY JIByMsI HEOECHBIMU TeJIaMu
S ¥ MO3UIMOHHBIN yroJi P ¢ BepmHoit B 0JIHOM CBEeTWJIE U JIydaMu, HAITPAB-
JIEHHBIMU Ha JPYToe CBETUJIO U Ha CeBEPHBIN moJioc Mupa. [Ipu sTom warie
BCEro 9THU JIB€ BEJIUYMHBI U3MEPAINCh B Pa3Hble MOMEHTHI BpeMeHu. Takue
HAOJTIOJIEHNST HA3bIBAIOTCS B JIUTEPATYPE MUKPOMEMPULECKUMU.

B 20-m Beke nabsiogaTes i 60JIbIIe CMOTPEIN B MUKPOCKOII, PACCMATPH-
Bas U300parkeHns HEOECHBIX TeJI, 3alleUaTIeHHbIX Ha (oToruiacTuHkax. Ta-
Kue HabJrroIeHnst Ha3bIBatoTCsA (ororpaduaeckumu. OTHOCUTETBHBIE KOOD-
JIMTHATHI U3MEPSAIUCDH T10J] MUKPOCKOIIOM CHadaJia B MUJIIUMETPaX, 3aTeM UX
3HaYEHUS MEPEBO/INJINCH B YIJIOBbIE BeJIMYUHBI. KOOpIMHATHI IJTAHET U CITyT-
HUKOB I10J] MUKPOCKOIIOM OTCYUTBIBAIOTCS OTHOCUTEIBLHO 3Be3.1. V13 3Be3/1HbIX
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KaTajoroB Opa/inch HEOOXOIUMBbIE SKBATOPHAJIbHBIE KOOPAUHATEI 3Be31. [lo
9TUM JIAHHBIM BBIBOJIM/INCH SKBATOPHUAIbHBIE KOODIUHATHI IIJIAHET U CITyTHU-
KOB, Ha3bIBAEMbBIE B 9TOM CjIydae abcOMOTHBIMI. OIMOKN KOOPINHAT 3BE3]T
13 3BE3HBIX KATAJONOB HAIPSIMYIO IMOMAJIaJi B abOCOIOTHBIE KOODPIMHATHI
HabJII0aeMbIX HebecHbIX Tejl. [l yrouneHuss Momesieil JBUKEeHUsI CIIyTHHU-
KOB MOI'YT HCIIOJIb30BATHCS OTHOCUTE/IbHBIE YIJIOBbIE KOOPJIUHATBI, TO €CTh
PA3HOCTU KOOPJMHAT JIBYX CIyTHUKOB. [0 TakuM JaHHBIM OJIHOBPEMEHHO B
OJTHOM cECTeMe YpaBHEHUI YTOUHSIOTCS TapaMeTpbl opouT oboux Tesa. OTHO-
cUTeJIbHBbIE U3MEPEeHNs N30aBJIeHbI OT OMIMOOK 3BE3/IHBIX KATAJIOTOB, OJIHAKO
pobJieMa TOYHOCTH 9THUX JaHHBIX CBA3aHA C HEOIPEIEJeHHOCTHIO Ha IIpaK-
TUKE B 3HAHUU MACIITa0a U OPUCHTAIIUNA U300PaAYKEHUSI.

B xomnre 20-ro Beka BMecTO (QOTOIJIACTHHOK CTAJIH TPUMEHSITHCSI CBETO-
qyBCTBUTEJIbHBIE MATPUITBI TPUGOPOB ¢ 3apsiosoii ca3bio (I13C). B anrio-
sizpraroM Hamcanun 910 Charged Coupled Device (CCD). Dtu dboronpu-
eMHUKI OKa3aJIMCh HAMHOIO 0oJjiee IyBCTBUTEILHBIMU ¥ JAIOMIUME JIydIllee
pasperenue n3obpazkerus. [IpobreMbl orpaHUIeHsT TOYHOCTH HADJIIOICHII
OCTaJIUCh Te ¥Ke, 9TO U 1 horormacTuHok. OHaKo 00paboTKa Pe3yIbTaToB
YIPOCTHJIACH C MPUMEHEHNEeM MOIIHBIX KOMIIbIOTepoB. Takme HabOJIIO1eHUSsT
HasbiBatoTCst pocto [13C-HabroieHnsMu.

[Ipobsiema BHECEeHUsT OIMUOOK 3BE3IHBIX KATAJIOTOB B M3MEPEHHbBIE KOOPIU-
HATBI [JIAHET ¥ CIIyTHUKOB PEIIAeTCsl IIyTeM CO3JaHus HOBBIX 00Jiee TOUHBIX
3BE3/IHBIX KATaJ0roB. B mocjeaHee BpeMsi 3HAYUTEIbHBIN TPOTPECC B 9TOM
Jiesie OBbLT JIOCTUTHYT CO3/IAaHHEeM MOIIHOTO aCcTPOMETPUYIECKOIO WHCTPYMeH-
Ta, 3aIyIeHHOro Ha oponTy BOKPYT 3emutn. D10 mpoekT GATA.

[Iporpecc B TOYHOCTH 3BE3/IHBIX KATAJOIOB IIPUBE K HOBOW HEOOBITHOM
zagade. Jleso B ToM, uro dororpaduyueckue acTpoMeTpudecKue HabJIroIe-
HU¢ TJIaHEeT W CIYTHUKOB Ipu3BojmiInch ¢ Hadasna 20-ro Beka. Ha ocmose
UMEBIIAXCsT TOT/IA B PACHOPSI?KEHUH 3BE3/IHBIX KATaj0rOB OBLIN OIpejesie-
HBI 1 OIyOJTMKOBAHBI KOOP/IMHATHI HAOJTIOIABIINXCS HeOecHbIX Tes1. Dororura-
CTUHKHU ITUX 30X JO CUX [OP XPAHATCA B TaK HA3BIBAEMBIX CTEKJITHHBIX
oubmorexax”’. Temephb MOABUIACH BOSMOXKHOCTH IIPOM3BECTH 3aHOBO M3Mepe-
HUsI KOOP/IMHAT IIJIAHET U CIyTHUKOB HA COXPAHUBIINXCS (DOTOILJIACTHHKAX U
[IOJIY9IUTh HOBBIE ACTPOMETPUYECKIE KOODJIUHATHI ITUX K€ HEeOECHBIX TeJ C
ITOMOIIBIO COBPEMEHHBIX 3BE3JIHBIX KATAJOroB. Takas 1esaTebHOCTb Pa3BU-
BaeTCs B IOCJIE/HEEe BPpeMsl B PA3HBIX MHCTUTYTaX MHUpa. PyKOBOIAT pado-
TamMu COTpyIHuKN VHeTHTyTa HEOECHO MEXaHUKU U BHIYUCIEHUA 3(DeMEPHUT
(IMCCE), ®pannus (Robert, Pascu, Lainey, Arlot et al. 2016).

Crueks—uHTepdepoMeTrpudecKne HaOIIOIEHUSI.

Cresryer 0cob0 paccMOTPETh OJUH OCOOBIN METO/T ACTPOMETPUIECKUX Ha-
osroennii. [Iporpecc B acTpOHOMHUYECKON TEXHUKe MPUBET K TOSBICHUIO
CIeKJI-uHTepdepoMeTprudecKnx HabJroaeHnil. MeToauKa TakKux HU3MepeHwHi
cocTouT B cieayomeM. ndpakinonHas KapTuHa, co3jaBaeMasi B (poKyce
TEJIECKOIIA CBETOM OT ILJIAHETHI U CIYTHUKA, PETUCTPUPYETCS IMTPUEMHIKOM
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ceeta (II3C-marpuna) ¢ ouenb KOpoTKoil sKcmosurmeii mopsaka 10 mc (Bpe-
Mg "3amopozkeHHOCTH " TYpOYy IeHIn aTMocdepsr). [Ipn Takom criocobe peru-
cTpanuu n300pakenne IIaHeThbl TOJIydaeTesd B (DOKAIBLHOM MOBEPXHOCTH Te-
JIECKOIIa B BHJIE I'PYIIIbI IATHBIIIEK-CIIEKYJI, CIyIaliHO Pa3bpOCAHHBIX BHYT-
pu HeOOJIBINON 00JIaCTH, ONpeIeITeMoit aTMOC(hEPHBIM KPYZKKOM Pa3MbITO-
ctu nzobpaxkenus. Kaxkjas criekysia cooTBeTCTBYyeT HEKOTOPOi (hIyKTyaIuu
cBeTa B TypOy/teHTHO arMocdepe 3emin. CBET OT CIIyTHHUKA, OO B
TEJIECKOIT TI0/] HeDOJIBIITNM YTJIOM K HAIPABJIEHHWIO Ha IIJIAHETY, PN YCIOBUH,
9TO OH TPOXOJUT uepe3 Te ke (GuyKryarnun arMocdepbl (U30IIaHATHIM),
cozaeT B (hOKAJIHHON MOBEPXHOCTU TPYIIILY CIEKYJI, TOJ00HYIO TPYIIIe CIie-
KyJI OT ILIAHETBbI, HO CMEIIEHHYIO B COOTBETCTBUU C YIJIOBBIM PaCCTOSHUEM
MEK/Iy TIJIAHETON U CIyTHUKOM WM WX MMO3UITMOHHBIM yryioM. To9HOCTH peru-
CTPAIH PACIIOJIOKEHUsT CITEKYJT OIPeIesIIeTcsl pa3MepoM T PAKIIMOHHOTO
ngaTHA JJI JAHHOTO Tejeckora. OOBITHO PEruCTPUPYIOT JTMHHBIA DPsijl 110-
CJIeJIOBATE/IbHBIX 110 BpEMEeHN KaJIpoB. V3MepenHble JinHeiiHbIe KOOPIUHATDHI
CIIEKYJT CO BCEX KaJIPOB BBOJATCS B KOMITBIOTED U MOJIBEPTAIOTCS KOPPEISIIH-
oHHOMY aHaju3y. KaxKJoil crekyse, COOTBETCTBYIOIIEH IIaHeTe, HAXOIUTCS
CIIeKyJIa, COOTBETCTBYIOMAsA CiyTHUKY. CraTncTudeckasi 0OpaboTKa pPe3yiib-
TATOB TAKNUX U3MEPEHUN JTaeT CPeIHIe 3HAYEHUS yTJIOBOIO PACCTOAHUS U UX
MO3UIUOHHOTO yIyia. B WTore TOYHOCTH CIIEKI-UHTEPMEPOMETPUICCKIX Ha-
6JIT0/ICHIIT B COTHU Pa3 MPEBOCXOIUT TOTHOCTh, KOTOPYIO JAI0T OObITHBIE (hO-
Torpadudeckue HabJIIOICHN.
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I'maBa 6. IlocTpoenue mojesieii ABu>KeHusi HeOECHbIX TeJI HA OCHOBE
HabJIr0neHunit

6.1. Meton nuddepeHnaIbHOrO YTOYHEHUsI ITapaMeTPOB JIBUXKe-
HUsA HeOeCHBIX TeJl Ha ocHOBe HabmozeHmii. I[Ipumenenne merona
HaNMMEHbIINX KBaJpPaTOB

B nebecnoit MexaHUKe CYNIECTBYET Dsijl 3aJ1ad, PA3IUIHBIX [0 H3ydae-
MBbIM O0'bEKTaM, HO CXOJHBIX 110 CHOCODY WX PEIIeHUsl. DTU 3a/a9i MOKHO
cchopmympoBaTh Kak "YToUHeHMe mapaMeTpoB JIBUKEHUsT HEOECHBIX TeJT U3
nabsonenuit". JlerajibHoe 00bsICHEHUE TOrO, YTO MbI ITOHUMAEM IO Iapa-
MeTpaMy ¥ HabJIIOJEHUSAMI JIAHO B IPEIbLAYIINX pasjesaX. 37eCh OMUIIeM
9TU TOHATUSA KPATKO.

[Tapamerpamu JiBUzKeHUS HEOECHBIX TeJI HA3BIBAIOTCHA BEJIMYUHBI, OT KO-
TOPBIX 3aBUCUT JIBUKEHUE TeJI U KOTOPBIE 10 KpaiiHeil Mepe Ha HEKOTOPOM
STale U3y9deHus ¥ Ha HEKOTOPOM HHTEPBaJIe BpEMEHN CIUTAIOTCS TOCTOSTHHBI-
Mu. MbI paccMaTpuBaeM TpH THIIA apamMeTpos. [lepBblil Tuir — napamerpsl,
KOTODBIE BXOJAT B ypaBHeHus jBuKenns. OHU CYIIECTBYIOT eIe JI0 perre-
HUS ypaBHeHuit. BTopoil Tuil napamMeTrpoB MOSBJISETCS B IMPOIECCE PENIeHIs
s depeHIaIbHbIX YPABHEHUN JIBUKEHUSA. JTO JUOO MPOU3BOJIBHBIE TI0-
CTOSTHHBIE B ODOIIEM AHAJUTHIECKOM PEIEHUU ypaBHEHWUil, MO0 HAYAIbHBIE
YCJIOBHSI YUCJIEHHOTO MHTEIPUPOBAHKS, TO €CTh KOOPIUHATHI U KOMIIOHEHThI
CKOPOCTH TeJl B HavaJbHBI MOMEHT BpeMmeHH. [lapaMeTpbl TpeThero Tuia
BXOJIAT B COOTHOIIEHUS, CBA3BIBAIOIIIE PE3Y/IbTATHI HADIIOJICHUH U KOOP/IH-
HaThl HEOecHOTO Testa. OHM HE CBSA3AHBI C JIBUXKEHUEM U3Y4IaeMOro O0beKTa,
HO 3aBHCST OT TOTO, KaK Mbl HAOJIIOIaeM, 1 Ha3bIBAIOTCS TapaMETPAMU YCJIO-
BU HAOJIIOICHUIN.

[Ipumepamu apamMeTpoB MEPBOTO, BTOPOIO U TPETHEIO TUIIOB MOTYT CJIy-
JKUTh I'PABUTAIIMOHHBIN TTapaMeTp HEeOECHOTO TeJia, SJIEMEHThI €r0 OPOUTHI 1
PeOIEeHTPUIECKIE KOOPIUHATHI 00CEPBATOPHH, COOTBETCTBEHHO.

B nporiecce nabtroieHuit m3MepSIIOTCsT KaKue-Tu00 BeJIMINHbI, 3aBUCSIIIE
OT TOJIOYKEHUsT MJIN CKOPOCTH HebecHOro Tesia. OHM TaK U HA3BIBAIOTCS — M3-
MepsieMble BeJIMIuHbI. HabirtoieHns 1atoT HaM 3HAUYEeHUs M3MEPSIeMbIX Be-
JITIUH Ha, MOMEHTHI nu3Mepennit. O IHOBPEMEHHO MOTYT U3MEPATHCSA HECKOJIb-
KO BesmunH. Jlyist mpocToThl m3sioxKeHus 6e3 HapyIIeHUs OOITHOCTU 33aJ1a-
9 OyjIeM T0JIaraTh, YTO BCE BEJIMUUHBI U3MEPSIIOTCS HE3aBUCHMO, KaxK/Iasd B
OJINH MOMEHT BpeMeHH. MOMEHTBI M3MEpEeHUl Pa3HbIX BEJTUIUH MOTYT COB-
nagarh. [IpuMepaMu n3MepsieMbIX BEJIMYUH SIBJISTFOTCS YTJIOBBIE TOTIOIEHTPH-
YeCKMe SKBATOPUAJLHBIE KOODJIUHATHI HEOECHOTO TeJia, TOMOIECHTPUYIECKAsd
JTIAJIBHOCTD HEOECHOTO TeJjia, PA3HOCTh YIJIOBBIX KOODJWHAT JBYX Tesr. V3me-
psieMasi BeJIMIMHA BCETJIA SBJISETCS PeaJbHOM (PU3MIECKON BEJIMINHOMN, I10-
JIydaeMoil ¢ TIOMOIIBI0 U3MEPHUTEHHBIX TPUOOPOB B OMPE/I€IEHHBIT MOMEHT
BPEMEHU B OIPEJIeJIeHHOM MecTe. MOMEHTBI M3MEPEHU OTCIUTHIBAIOTCS 110
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JacaM, PacIoJIOXKEHHBIM B ITYHKTe Habsojenuit. [Ipu sTom joskHA OBITH
U3BECTHA CBA3b MIKAJIbI BPEMEHU HAOJIIOJIEHUI CO IIKAJI0i BpeMeH!, KOTopas
durypupyer B MoJIe/Ii JIBUKEHUSI, TO €CTh B YPABHEHUAX JIBUKCHUSI.

3ajiavy yTOYHEHHs MOJIEIN JIBUXKeHUs HeDeCcHOro Teja copMyaupyeM
CJeYIONUM 00pa30M: JIaHbI Pe3yIbTaThl HAOJII0IeHni, TpedyeTcs HallTH Ia-
paMeTphl JIBUKEHUSI.

[Iycts £ — onHa U3 m3MepsieMbIX BEIUYINH, a P1, P2, ..., Pp — ACTUHHBIE, HO
HeM3BeCTHbIE 3HAYEHNS IapaMeTPOB JBUKeHUsT HeOecHOro Tesa. V3mepenne
JeqaeTcss B HEKOTOPBIE MOMeHT Bpemenu t. V3amepenuii 0OBIYHO jes1aeTrcs
MHOTI'0, KazK/IOMy IPHUIHCHIBaeTCsT HoOMep ¢. B nrore Mbl uMeeM s 3HAUEHU
U3MepseMbIX BEJIUYUH & Ha PAJ MOMEHTOB BpeMenu t;, ¢ = 1,2,...m, rje m
- YUCJI0O U3MEPEHU.

[Ipu mocTpoeHUN MOJEIN WMJIM TEOPUM JIBUKEHUsI HeDECHOTO Teja Hem3-
0e’KHO WCIOJIb3YIOTCS T€ WJIN WHbIe CuCTeMbl KoopauHaT. OOBIYHO 3TO KO-
OPJIMHATHI, KOTOpbIe (PUTYPUPYIOT B i depeHITuaIbHBIX YPABHEHUAX JIBU-
JKeHusi. B oTimdne oT u3MepsieMbIX BEJIMYUH, KOTOPbIE BCEIIa PeabHbI, KOO
OHU TIOJIYYAIOTCA U3 PeabHBbIX M3MEPUTEJbHBIX ITPUOOPOB, KOOPJIUHATHI —
9TO HEKOTOpble abCTpaKTHBbIE MOHATHS. B OOJIBITMHCTBE CIydaeB UX HUUEM
HEBO3MOXKHO M3MepHuTh. Harpumep, Mbl HE MOYXKEM HEIOCPEJICTBEHHO H3Me-
PUTDH IPSIMOYTOJIBHBIE TEOIEHTPUICCKIE KOOPAMHATHI CIIyTHUKa 3emin. Ocu
JII000#1 CHCTEMbI KOOPJIMHAT CBA3BIBAIOT ¢ KAKUM-JTHOO peabHBIM 00 BEKTOM.
Harmpumep, ocu 3eMHOI CUCTEMbI KOOP/IMHAT CBA3BIBAIOT C TOJIOXKEHUSIMHE Psi-
Jla, OIIOPHBIX obcepBaTopuii Ha moBepxHOCTH 3emyn. Ocu HeDECHO CHCTeMBbI
KOODJIMHAT CBA3BIBAIOT C IMOJIOXKEHUSAME 3BE3]1 MU BHETAJTAKTHICCKUX PAJIAO-
HUCTOYHHUKOB. B JII060M cilydae CTPOUTCA HEKOTOpas MOJIE/Ib CUCTEMbI KOOP-
JIMHAT. DTa MOJIE/Ibh MOXKET CO BpEMEHEM U3MEHUThCsI, YCOBEPIIIEHCTBOBATHCS.

Teopust u Mojiesib JIBUKEHUST HEOECHOI'O TeJia JIAI0T HaM MOJIEIbHbIE 3Ha~
JeHNs HEKOTOPBIX KOOPAWHAT Ha 3aJaHHBII MOMEHT BpeMeHH. dale Bce-
IO IPEJIO0IaraeTcs, YTO OCH CUCTEMbI KOOD/IMHAT HEBPAIIAIONINEC, TO €CTh
BCerjla B3aMMHO TapaJsijie/IbHbl OCSIM HEKOTOPOW HEMHEPIUAIBLHON CHUCTEMBI
koopauHaT. OTHOCUTEIBHO BPEMEHH IIPEJIII0IaraeTcsi, 9T0 OHO PABHOMEPHOE.
O/ 1HaKO 9TH CBOMCTBA KOOD/MHAT U BPEMEHU O0ECIIEUMBAIOTCS TOJIBKO MO/Ie-
JIBIO CBS3M C HEKOTOPBIMU PeaJbHBIMU HEOECHBIMHU TeJIaMU WA PeaJbHbIMU
[IPOIECCAMH.

Teopust u MoJIe/Ib JIBUKEHUS JAIOT HaM Ha, JII0OOI 3aJaHHbIII MOMEHT Bpe-
MeHH t 3HAUEHUsT KOOP/IMHAT, KOTOPbIE 3/1€Ch JIJIsI OIIPEJIeIEHHOCTH OYIeM CUIu-
TaTh TPAMOYTOJBHBIMU M 0003HAUNM HX 4Uepe3 T, Y, 2. KoopauHaThl 3aBUCAT
elre OT 11apaMeTpPOB JBUKEHHA, KOTOPbIe 0003HAUNM 3/1eCh UePe3 P1, P2, -.-, Dj-
3/1eCch 91CII0 TApaMeTPOB J JIJIsl OJTHOTO HEDECHOT'O TeJia MOYKeT OBITh PaBHO 6
i OOJIBbIIE B 3aBUCUMOCTHU OT Teopuu. Takum oOpa30M U3 TEOPUU Mbl IMEEM

dyHKIUN

x:x(taplap%“'apj>7 y:y(t7p17p27“'7pj)a Z:Z(t)php%‘“apj)' (139>

163



OTu QYHKIUN HA3BIBAIOT 3aKOHOM JIBUKEHUSI.

[Ipu npoBeiennn HAOJIOIEHNI MBI 0043aTETbHO JIOJIZKHBI 3HATh, KAK CB-
3aHa u3MepseMas BeIndnna &; ¢ KoopJAuHaTaMu HeOeCHOTO Teja. JTa CBA3Db
3aJ1aeTcsd HEKOTOPO MOJIeTbio m3Mepennii. Mojieib MOYKeT BKJIIOYaTh B cedst
HEKOTOpEBIe HapaMeTpbl. O003HaTNM TaKue IapaMeTPhl UePE3 Pj41, Pj4+2; ---; Pr-
Mosesib HAOIOEHNI JaeT HaM (DYHKIIIIO

5 :g(t7$7yaz7pj+1apj+27"'7pn)' (140)

[Moxcrasnss reneps dyuximn (139) 171 KOOpAMHAT B PABYIO YaCTh CO-
ornorrenust (140), mojydanm Mo/eIbHOE 3HAYEHUE U3MEPSAeMOil BeJImIuHbl £,
KaK M3BECTHYIO (DYHKITMIO BpEMEHU ¢ U TTapaMEeTPOB JIBUKEHUS:

fc :S(taplap%--wpn)' (141)

Jlrobas momenb copepxxkut omubdbku. O603HAYMM OIMUOKY MOJIE/N Yepes
Oy, Torma ncTuHHOE 3HAUEHME U3MEPSEMON BEJIMUUHBI £ OIPEIETUTCS Ty TeM
UCKJIIOYCHUS OIIUOKHU Oy,

f = f(t7p17p27 7pn) - 5th-

B neiicrBuTeIBHOCTH M3MeEpsieMble BEJIMYUHBI IOy YAIOTCS W3 HaOJII0/1e-
HUI U TIO3TOMY cojiepxKaT omuoOku Habsmoennit. [lycts £° — mabsoennoe
3HAYEHNE U3MEePSeMOil BeJIMINHBI, & 05 — €€ OIMMOKa. Bhranras ommoKy Ha-
OJII0/IeHUsI, CHOBA TOJIyIUM UCTHHHOE 3HAYEHHE U3MepPsieMOil BeJIMIIMHBI

é' - fo - 501)5-

[IpupaBHuBas paBble YACTU TOCJIEIHIX PABEHCTB, MOJIY UM

£O = g(taplap% 7pn) + 5obs - 5th'

[Tocsie BBIIO/IHEHUS U3MEPEHUN B MOMEHTBI BpeMeHHU i1, to, ..., L, , TOJIY-
9UM CHCTEMY ypPaBHEHUN

gfzé(thhpQJ?pn)—i_(S(();))S_ t(}? (Z: 1727377m) (142>
OTHOCUTEJIbHO UCTUHHBIX 3HAYEHUN NCKOMBIX IIapaMeTpoOB. BeﬂI/IqHHbI

@ _ 5@ @)
(ssum - 50()5 th
Ha3bIBAIOT CyMMAaPHBIMU OIMUOKAMU TEOPUMN U HaOJIIO/ICHMII.
" (4) @)
IIpu penreHnu Taxoil 3aja4i TOYHBIE 3HAUEHUS OMIHOOK 0, U 0, (I =
1,2,3,...,m) ocraiorcs Hen3BeCTHBIMU. VX 0OBIYHO PACCMATPUBAIOT KaK CJIy-
JaifHble BEJIMYUHBI C 33 IAHHBIMI BEPOSTHOCTHBIME XapaKTEePUCTHKAMU (3a-
KOHAMU DACIIPEIeJICHNUs, MOMEHTAMI U T. II.).
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Takum obpa3oM MBI UMeEeM CHCTEMY M YPaBHEHHUIl OTHOCUTEILHO M + N
HEM3BECTHBIX

68 (i=1,2,...,m), D1,D2s e, Py
B KOTOPOII YMCJIO HEU3BECTHBIX OOJIBIIIE YUC/Ia YPABHEHUIA.
B raxkoit curyanun ypasuennst (142) 3aMeHSIIOT TaK Ha3bIBAEMOIT CHCTEMOTH
YCA0GHBLT YpasHeHul

gfzg(tiaplap%“'?pn) (Z = 172’3""7m)’ (143)

IIpeJICTaBIAIONIEH coDO cucTeMy U3 M YpaBHEHHWIl ¢ N HEU3BECTHLIMH
D1, P2, -y Pn- CuCTEMA yCIIOBHBIX ypaBHeHuii (143) HecoBMecTHaA, OHA HE HMeeT
PEIICHNs, TOCKOIBKY II0JIyYeHa Iy TeM BbIMUTaHUA U3 IPaBbIX 1aCTell TOUHBIX
ypasuenuii (142) cirydaiiHbIX HE3ABUCUMBIX CYMMAPHBIX OMIUOOK 58,

MoKHO TIBITATHCA HAWTU HEKOTOPYIO MPUOJIMKEHHYIO OIEHKY MCKOMBIX
napameTpos. [Ipu 3ToM nosrydaemMbie 3HAUEHUA JTOJ2KHBI 10 BO3MOYKHOCTH Mar-
JIO OTJINYATHCS OT UCTUHHBIX. AJITOPUTM HAXOXKJICHUS TPUOJINYKEHHO OIEH-
KU HA3BIBAIOT aA20pUMMOM duasvmparuy. OCHOBHOM 3ajadeil 3TOro asro-
pHUTMa SIBJISIETCS BO3MOXKHOE yMeHbIeHue ((buabTparust) BIUsSHAST OMUOOK
Teopuu u omuboK HabJoeHnit. Beibop ajropurMma buibTpaiun HeoIHO3HA-
4eH, €ro CTPYKTYpa 3aBUCUT OT UMEIOIIHUXCA CBEJeHHIl 0 CyMMapHOii ommbKe
), . Ha IIPaKTUKe TaKUX CBEJIEHWII OYeHb MaJio WJIM OHHM BOOOIIE OTCYT-
cTBYIOT. [loaToMy mpuxouTes TOBOIBCTBOBATHCS TEMU WU MHBIMU ITPEJIITO-
JIOZKEHUSIMU O CBOMCTBaX CYMMAapHOI OIMUOKKA U AJITOPUTMOM (DUIBTPAIIH,
OCHOBAHHOM Ha 3TUX ITPEIIIOJOKEHUAX.

CoorHomenus (143) MOXKHO paccMaTpPUBATh KaK yPABHEHUST OTHOCHTEI b
HO MCKOMBIX ITaPaMeTPOB P, P2, ..., Py . PENIUTH 3TN ypaBHEHUS HEMIOCDE/I-
CTBEHHO Ha IIPAKTHUKE He IIPEJICTABIISETCS BO3MOXKHBIM €Ille U 110 JIPYTOil IIpH-
qune. [eno B tom, uro &(t;, p1, P2, ..., Dn) — CyrydO HesmHelHas QyHKIHs
CBOMX apryMeHTOB. Jailre Bcero ee ObIBa€T HEBO3ZMOYKHO JIarKe 3AINCATH B SB-
HoM Bujie. Tem Gojiee HEIb3d MOJIYUYUTh B ABHOM BHJIE PEIEHUE ypPaBHEHUI
(143).

Permrenne 3a1avn Oy/1eM BBITIOJIHATH 110 CXeMe, KOTOPas y2Ke IPeJICTaB/IeHa
B ['naBe 1. ObocHoOBaHMe M3/IaraeMbIX 3/IeCh METOJIOB MOXKHO HAfTH B KHUTE
(Dubsicbepr, 1976).

[IpakTuveckn Ha JIIOOOM dTalle UCC/IEI0OBAHNN OBIBAIOT M3BECTHBI HEKOTO-
pble TPUO/IMKEHHbIE 3HaYeHU S UCKOMBIX ITapamMeTpoB. HazoBeM 5Tu 3HavYeHUSA
IIpeIBAPUTETBHBIMI U ODO3HAYNM UX Uepe3 p§°), pgo), ey p%o) .

[IycTh TO4YHBIE 3HAYEHUS TAPAMETPOB P1, P2, ..., Py, OTIIMYIAIOTCH OT IIPEJI-

BapI/ITeJIbeIX HpI/I6ﬂI/I}KeHHbIX Ha BEJIMYUHDBI HOHpaBOK
0 0
Apr=p1—p\ Apy=po—p, . Ap, =p.—p.

Torna (143) MOKHO 3aIlCATH B BHJIE

€0 = €(ti, 1 + Apy, p + Aps, oo, p + Apy). (144)
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st 6osbmnHCTBA HEOECHBIX TEJT MOJICTU JIBUKCHUST PA3BUBAIOTCS Y7Ke
naBHO. [ToaToMy Ha odepeHOM 3Talle yTOUHEHUS IIPe/IBApUTETbHbIE 3HATE-
HUsI TAPaMeTPOB yiKe OJIM3KNM K UCTUHHBIM. JTO MTO3BOJISIET CAUTATH MOIPaB-
K Apy, Aps, ..., Ap, MaJbIMI U Pa3JI0KUTh MPABYI0 YaCTh COOTHOIIEHUSI
(144) B psax Teittopa 10 cTeneHsIM TOMPABOK:

/0
g,? = €(tiap§0)7p50)a 7p7(10)) + Z (8_;) Apk + T (145>
k=1 d

HpOI/IBBO,ZLHI)Ie B IIPAaBbIX 9aCTAX BBIYUC/IAIOTCHA IIPU

0
t=ti, pr=p", ) pa=p.

OFpaHI/I‘{I/IMCH BeJIMIYUHaMU II€PBOI'O IOPAJKa MaJIOCTH OTHOCUTEJIBHO I10-
IIPpaBOK W BBEIEM 0003HaICHUST

e — ety p\V, p, . p @) (146)
ay) = (;—;) . (147)
Ag =g — &0 (148)

B pesynpraTe nomydnm
k=1

[Tpubmmzkennsie coorHorennst (149) HA3BIBAIOTCS YCAOBHBIMU YPAGHEHU-
AMU  JIJISI OTIPeJIeJIeHUsI TOMPaBOK K mapamerpaMm. OHEU SBJISIIOTCS JIHHEH-
HBIMH HEOJIHOPOJIHBIMU AJIreOparmyecKuUMI YPpaBHEHUSIMU OTHOCUTEIHLHO HUC-
KOMBIX T0npaBok Apg, (k=1,2, ..., n).

Yc/IoBHBIE YpaBHEHUS SBJIAIOTCHA TPUOIUKEHHBIME 10 JBYM ITPUYUHAM.
Bo-1tepBbix, B JIeBBIX YacTsIX OTOPOIIEHbI OMMUOKW HaOIIOJEHUI U OMMOKH
Teopun. Bo-BTOPBIX, B IIpaBbIX YacTIX OTOPOIIEHBI BCE YJICHBI TIOPsIKA KBaJI-
paToB MONPABOK ¥ Bbile. YpasHerus (149) wHOrA HA3BIBAIOT JIMHEAPU3O0-
BAHHBIMU 10 OTHOIIEHUIO K YCJIOBHBIM ypaBHeHusiM (143).

Jleast Te MM WHBIE JIOMYIIEHUS] OTHOCUTEIBHO OIMTHOOK TEOPUU U OITUOOK
HabJIIO/IeHI T, MO2KHO BBIOPATH OJIMH U3 Pa3padOTaHHBIX AJTOPUTMOB (DUJIb-
Tpaluu U HaiiTu npubJIMyKeHHOe pellieHre yeJoBHbIX ypasHenuii (149). Cy-
IECTBYIOIINE METObI IO3BOJISIIOT TaKXKe OIEHUTH ITOIPEITHOCTD PENICHU.

[Tocsie Toro, Kak MoONMpaBKU HaleHbI, TPUOABIIIEM UX K IIPE/IBAPUTEb-
HBIM 3HAYCHUSAM MApaMETPOB U IOJIyYaeM HOBBIE U, KAK MbI HaJjeeMcsi, 00-
Jlee TOUHBIE UX 3HAYEHHA. TaKoil METO/ Olpe/ie/IeHIs TTapaMeTPOB JIBUKEHUS
HeOEeCHBIX Tesl Ha3biBaeTcd AU depeHInaTbHbIM yTOUYHEHAEM.
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B cuny npubimzKeHHOCTH yCJIOBHBIX YpPaBHEHWI W NPUOJMKEHHOCTH UX
peIlieHrsT HOBbIE 3HAYEHUS ITapaMeTpoB OyIyT HEI0CTATOTHO TOUHBIMEU. O[I-
HaKO yTOYHEHHMe MOYKHO IIPOBECTH MOBTOPHO HECKOJBKO pas3. Eciam mporecc
YTOYHEHHS CXOJUTCS, TO €CTh MOIPABKU OT Iara K Iary yObIBAIOT 110 MOJIY-
JIIO, TO BBIYUCIECHUA MOXKHO IIPEKPATUTD, KOT' & IIOIIPABKUA CTAHYT CYIIECTBCH-
HO MEHbIIIe UX MOorpentHocTeil. B 3ToMm citydae MbI MOJIydnM 3HaYEHUd T1apa-
MEeTPOB JIBUKEHHUS HEOECHOTO Tesa Py, Dy, -.., P,, ;, COOTBETCTBYIOIINE BCEM HC-
MTOJTb3YEMBIM TIPU 3TOM HAOJIIOIEHUAM. JTO COOTBETCTBUE OJJHOZHATHO OIIpe-
JIeJISIeTCsT 3aJIaHHON MOJIesbio jiBuzKeHns (141) v BBIOGPAHHBIM AJTOPUTMOM
duibTpanuu.

Teoperuteckn cxoaumMocThb JuddEpeHInaaIbHOr0 YTOYHEHUST TOUTH HE
uccjeioBana. MoKHO TPUBECTU TIPUMEPBI, B KOTOPBIX ITPOIECC HE CXOJIUTCS
WA CXOJTUTCA K JIO?KHBIM 3HAUYEHUAM MCKOMBIX apaMeTpoB. [Ipu ucnosbzo-
BaHUU MeToja MM depPeHITNaIbLHOTO YTOYHEHNS CJIe/lyeT YIUTHIBATh, UTO C
HEKOTOPOIO Iara yTOYHEHUs IMOIMPABKU HAYMHAIOT KOJe0AThCS M3-3a HEen3-
OekHBIX omubOK Bhraucenuii. [locse nosiinenns: Takux koJjiedbanuii gaabHueii-
IIIe TIOMBITKYA YTOYHEHUS TTaPAMETPOB CTAHOBATCH OECIIOIE3HBIMU.

C apyroit CTOPOHBI, KOTJIa OIMUCAHHBIN MTPOIECC XOPOIO CXOIUTCS, HE BO3-
HUKaeT HeOOXOIMMOCTHU B TOYHOM BBIYUCIIEHUH TIPONU3BO/THBIX <%) , TAK KaK

7
B IIpoliecce yTOYHEHUA OHU UCIIOJIL3YIOTCA JIJId OPee/IeHId BCe YMEHbIIIal0-
mxest monpaBoK Apy, Aps, ..., Ap, . B sTux ycioBusx jexaiume B pazyM-
HBbIX IIpejesax HOIPEIIHOCTU BbIYUC/ACHUS YKa3aHHBIX IIPOU3BOJHBIX MOLYT
JIUIIL HECKOJIBKO YBEJIMYUTH YUCJIO I1aroB YTOYHEHUd, IIPAKTUYECKU He OT-
paxkasdcb Ha TOYHOCTU OKOHYATEJILHOI'O PEe3yJIbTarTa.

Ha nepBoM 1 nocseytonux marax yTO9HeHHUs T10C/Ie BBIYUCIEHNS T0IIpa-

BOK Apy, Apg, ..., Ap, MOXKHO HafiTH TaK HA3bIBAEMbIE HEBSA3KHU YCJIOBHBIX
ypaBHEHUI
i =A& =Y a)Ap, (i=1,2, .., m). (150)
k=1

[Tocte Toro, Kak mpoIecc yTOYHEHWs 3aBEpINEeH, W TOMPABKU K IapaMeT-
paM CcTaJii IPeHeOPeKMMO MaJIbIMU, HEBS3KH YCJIOBHBIX YpaBHEHUI CTAHYT
OKOHYATE/IbHBIMIA PACCOIVIACOBAHUSIMU WJIM HEBA3KAMU YTOYHEHHOIN Teopuu
C HaOJIIOIEHUSIMU

52' = 5@0 - 5(751‘72_9172_927 7?71) (Z = 1a27 see m) (151)

B smreparype m Ha IpakTHKe 3TH PACcCOrIacOBaHUsI CUMBOJIUYECKH 0DOO3HA-
qaroT Kak O-C.

COBOKYIIHOCTb HEBS30K YacTO UCIIOJIb3YIOT JJjIs OIEHKU KAadeCTBa IIOJIY-
qeHHOro perierns. OHAKO /IS yCTAHOBJIEHHUS OJIM30CTH PEIeHnsT K UCTHH-
HOMY 3TOI'O OKa3bIBAETCsA HEJIOCTATOYHO.

M3 Bcex MMEOMUXCs aaropuTMoB (DUILTPAIUN B IPAKTHUICCKONH Hebec-
HOJ MexXaHHKe 4Yallle BCEro IMPUMEHSIETCS Memod HAUMEHHWUT KEadpamos
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(MHK). Dror Meron obagaer psijioM MPEUMYIIECTB IO CPABHEHUIO C JIPY-
rumu ajiropurMamu duibrpaiun. OCHOBHOE MPENMYIIECTBO 3aK/TI0YAETCS B
ero mpocrore. [Tonpo6uoe uznoxkenne MHK comepxkurcst B kuure (DJbsic-
Gepr, 1976).

JI1st KpaTKOCTH OIHUCAHUsT METO/Ia HAMMEHBIINX KBAJIPATOB BBEJIEM MaT-
puvHbIe 0003HAYECHUS

Apy A& 0
Apy A& (P
Ap = , AL = , 0= ;
Apy, A& Om
5
agl) agl) o ay 5o
2 2 2
ac|d @ L@ |,
a™ o™ :
5o,

Torna cucremy ycsmoBubix ypasuenuii (149) n ux nmesazku (150) MoxHO 3a-
[HCATH B BH/JIE

Af=A Ap, (152)
§=At—AAp. (153)

Meto 1 HAaMMEHBIIINX KBaJIPaTOB OCHOBAH HAa BBIBOJAX TEOPUH BEPOSITHO-
creit. OH crpaBejyIuB puU COOJIIOJEHUN CJIeyomux ycjuoBuit (Dibsicoepr,
1976).

1. Bagana Mojens aprkenus (141).

2. BekTop ommbOK Ogum SBIAETCHA CITyIaifHBIM.

3. KoBapualmonHasi MaTpHIla OIIMOOK ABJIZETCS HEBBIPOXKIEHHOM, T. €. OIIpe-
JIeJIATE/Ib MATPHUIIBI HE PaBeH HYJIIO.

4. Maremaruaeckoe oxujaane E(dsym) paBHO HYJIIO, T. €.

E(6sum) =0 .

5. Kosapuannonuas marpuna D (dsym) 38/1aHa ¢ TOYHOCTBIO JI0 HEKOTOPOT'O
ITPOU3BOJIBHOTO MHOYKHUTEJS, T. €.

D (sum) = K.

HpOH3BOJ’[beIﬁ MHOZKHUTEJIb 0'2 YTO4YHLAETCA B IIpolecce IpUuMEHEHNA METOda.
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[Ipu caenaHHBIX JOMYMIEHUAX AJTOPUTM (DUIBTPAIMU 10 METOJly Hau-
MEHBIITNX KBAJIPATOB CBOJUTCS K OTBICKAHUIO BEKTOpa AP U3 yCJIOBHUA abCO-
JIIOTHOTO MUHUMYMa KBIPATUIHON (HOPMbI

S(Ap) =07 K5 = [A¢ — A Ap]'K'[A¢ — A Ap. (154)

SamMeTnM, 9TO Ha IMPaKTHKe ITPOBEpKa COOJIIOIEHNsT JAHHBIX YCJIOBUN OKa-
3bIBaeTCs HEBO3MOXKHOM. B "actHOCTH, MaTpuna K Jarie Bcero HemssecTHa.

CBoiicTBO c/IyvdaifHOCTH BEKTOpa OIMMUOOK M IOHATHE €r0 KOBapHUalllnOH-
HOW MaTPUIIbl CJIEJIyeT IMOSCHUTH I JIydIIero MOHUMAHUS OC/Ie Y OIe-
ro m3jiokeHus. B Teopum BepOSATHOCTH pacCMaTpPUBAECTCS TOHSTHE 'HCIIBI-
Tarusa". DTO OJIHA U3 peajn3anuii cIydaifHol BemdIuHbl. Ecu, Hampumep,
110J1, CJIyJaiiHO# BeJIMIMHON pacCMaTpUBATh Pe3y/IbTaT OPOCaHuss MOHETKH, TO
KazKkJioe Takoe OpocaHue siBJISIeTCs HCIBITAHUEM, a Pe3YJIbTAT — Opea WIu
"pertika’ — peaju3alyeil ciydaiHoil BeJImIuHbl. B MeTo1e HauMeHbITNX KBa/I-
paToB HADOP MPOM3BEICHHBIX HAOJIIOICHUN SBJISIETCS OJIHUM €JIMHCTBEHHBIM
"nenbITaHneM’ CIydaiiHbIX ommOoK HaburroieHnit. 1 Apyrux ncubITannii 9Toit
CJydaifHOW BEJIMYMHBI Y HAC HeT U OBITh He MoxKeT. [losTomy KoBapmariu-
onnast Marpura ommuboK D (dsym) HaM HegocTymHa. OJHAKO, paccMaTpuBasi
HabOP OIMIMOOK, KaK CIyIailHyI0 BEJIMIHHY, MbI IIOIPa3yMeBaeM CyIIecTBOBa-
HUe KOBapPUAIMOHHOW MATPUIILI W IIPUHUMAEM 10 OTHOIIEHUS K Heil Ty uiin
MHYIO runore3dy. Jarne BCero MpPUHUMAETCsI, 9TO KOBAPHUAIMOHHAST MaTPHUIA
omMOOK JTUAroHa/IbHA, T. €. OIMUOKU MEXKJIy COOOI HEKOPPETUPOBAHDI.

[MIupokoe pacupocTpaHeHue U TPUBBITHOCTH METO/Ia HAUMEHBIINX KBa/l-
paToOB YacTO MPHUBOIAAT K HEKPUTUIECKOMY OTHOIIEHUIO K ITOJIyYaeMbIM II0
9TOMY METOJy pe3y/brataM. Bo MHOrmX ciiydasx U3 pe3y/bTaTOB JIe/IaioT-
csl HEBEPHBbIE BBIBOMBI. [IpuanHOil 3TOr0 siB/II€TCsT OOBITHO HECOOTBETCTBUE
peabHBIX YCJIOBUI, B KOTOPBIX PEIIaeTCd JaHHas IMpPaKTUIecKad 3aada, C
YCJOBUSIMHU, TPUHATBIMU IIpU obocHOBaHuu Metosa. Onako Hepeako MHK
HIPUBOJIAT K YAOBJIETBOPHUTE/ILHBIM pPE3yJIbTaTaM JIarKe IPHU HEBBIIIOJTHEHUH
YCJIOBUA.

Ha npakrtuke KoBapualmoHHas MaTpHUIlla OMMUOOK Hem3BecTHa. B 00b-
IIIITHCTBE 33187 ¥ MEXaHUIECKUX MOJIeeil MOXKHO MIPUHATH, ITO OIMMUOKN Ha-
OsmosieHnit HekoppesimpoBanbl. Torma matpuna K okasbiBaeTcsd uaroHalib-
noit. Eciu nmeerca Kakasi-To nHMOpPMAIUS O TOYHOCTH OJHUX HAOJIIOIEHMI
[0 OTHOIIEHWIO K TOYHOCTH Apyrux, To marpuily K MoxHO cienarh ejiu-
HuaHO#. [[y1s1 9TOrO0 Kark oMy HaOJIIOIEHUIO IPUCBANBACTCS HEKOTOPBIH Bec
w; (1 =1,2,...,m). Kaxoe ycioBHOe ypaBHEHHE YMHOXKAIOT MOYJIEHHO HA
yCTaHOBJICHHBIH Bec. [Ipu aTOM ommbOKM TaKk»Ke OKa3bIBAIOTCA YMHOKEHHBIMH
Ha 3TOT Bec. [logdupasi cOOTBETCTBYIONUM 00pa30M Beca HaOJIIOICHIH, MOXK-
HO MPHUBECTH HabOJIIOAeHUs K paBHOTOUYHbIM. Torma marpuna K cranoBuTcs
emHUYHON. Kak Ha mpaxTuke 1oj0uparh Beca HaOJIIOJIEHHUI, PaccCMOTPEHO
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umke. B ciyuae ennananoit marpursl K coorromenne (154) npunumaer Bu/g

m m

S(ap) = Y8 =3 (ag—afap) (155)

i=1 i=1

Orbickanne munumyMa dyHKuu S(Ap) CBOAUTCS K PEIIEHUIO CHCTEMbI
ypaBHEHUI
05(Ap)
OApy

Kak Bumo u3 (155), ypasrenus (156) cofeprKar TOJBKO HyJIeBbIe U HEPBbLIC
crereHn UCKOMBIX monpaBok Apy (k= 1,2, ...,n). [Tostomy cucrema (156)
OKa3bIBAETCSI CUCTEMOM JIMHEHHBIX HEOIHOPOJIHBIX YPABHEHUN. DTY CUCTEMY
IPUHATO HA3BIBATH CUCTNEMOU HOPMAALHBIT YPABHEHUL.

[Tocsie Boimosinenust auddepeniuposanus B (156) cucreMmy HOpMATbLHBIX
yPaBHEHHIT MOXKHO 3aIlUCaTh B BUJIE

=0 (k=1,2,..,n). (156)

LAp=d,

rie L u d cyrh maTpuria u BeKTOp

dy
lll llg lln d2
l21 122 l2n
L= . d= , (157)
lnl an lnn .
d,
9JIEMEHTBI KOTOPBIX BBIYUCIAIOTCS 110 (popMyIamM
=Y ald? (kj=12 .., n), (158)
=1
de =Y a)A& (k=12 ..., n). (159)

=1
,HJIH ,ﬂaﬂbHeI'/JIIHI/IX BBIYHCJICHUIT HAM HOH&,HO6HTCH ClIe BeJIMYIMHAa:

m

do =) (A&). (160)

i=1

Paccmorpum marpuity kosdduiinenTos nopmasibubix ypasuenuit L . Kax
BuyiHO u3 (158), marpuna L — cuMMmerpudHas, ¢ HOJOKUATEIbHBIME JIHATO-
HaJbHBIMU 3djIeMeHTaMu. HaiijleM ogHuM M3 M3BECTHBIX CIIOCOOOB MaTPHILY
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L', o6parnyio marpune L. Torma perienne cucreMbl HOPMAJILHLIX ypaBHE-
HUI [TOJTyIUM U3 MATPUIHOTO COOTHOIIIEHUS

Ap=L7'd. (161)

Jlutst TOro, YTOOBI CYIIECTBOBAJIO PellleHrne CHCTeMbl HOPMAJIbHBIX yPaBHEe-
HU 1 ero MOXKHO ObLI0 HaiiThu, MaTpuiia L To/KHa YI0BIETBOPATD OIPeIe-
JIEHHBIM ycJIoBUsIM. B dacTHOCTH, ee paHT jgo/KeH ObITh paBeH n . Ha npak-
THKE 9aCTO OKA3bIBAETCsI, UTO OIPE/IC/INTEIb MATPUIIBI HOPMAJIHHBIX ypaBHE-
Huit 6JIM30K K HYJIIO, U BBIYUCINTEL o6paTHyio Marpuiy L1 MoxHO ¢ BechMa
OrPAHUYCHHON TOYHOCTBIO.

Ecan nomnpaBkn Bce 2Ke HailJIeHbI, MOYXKHO OIIPEIEINTh CPeIHEKBaIpaTH-
JecKue OIMMOKHU IOIPABOK cjeytonuM obopaszoM. CHadaja BBIYUCIUM TakK
Ha3bIBAEMYIO CPEeIHEKBAIpATHIECKYIO OIMMNOKY Ha eIUHUILY Beca gy 1o (hop-

MyJIe
1
2
oy = — |dyg — (dA 162
2— L iy (aap), (162)
rie Ap HallJIeHHbI BEKTOD IOIPABOK. Y MHOKUM TeIlePh BCE JIEMEHThI MaT-
purpt L' na o2, Tlosyvennas TakuM o6pasoM MaTpHIIA

D=L} (163)

Ha3bIBACTCA KOBaPUAIMOHHONW MaTpPHIEHl OMMOOK MOIPABOK, KOTOPYIO YacTO
Ha3bIBAIOT IIPOCTO KOBAPHUAIMOHHON MATpHUIEH HapaMeTpoB. 3allUlleM ee B
BUJIE

_D21 D22 cen D2TL

Dnl Dn2 Dnn
CornacHo METOJy HaMMEHbIINX KBaJIpaTOB JII00011 JnaroHaJIbHBIA 3J1e-

MeHT MaTpuilbl D ¢ HOMepoMm k paBeH KBaJIpaTy CpeJIHEKBaIPATHIECKOM
OIMMOKHU 0 TMONPaBKU AP, TO €CTh

3 (162), (163), (164) BugHO, 9T0 OMUOKU IOMPABOK YTOYHIEMBIX [TAPAMET-
poB yObIBaiOT ¢ pocToM uncia nabsoaenuit m. [Ipubankento onu mpomnop-
[[OHAJTHHBI \/L%’ TaK Kak Ha MPAKTHKe YUCJI0 HAGJIIOEHIH HAMHOTO GOJIbIIe
YHUCJIa YTOIHSIEMBIX [TAPAMETPOB.

CresicTBIEM METO/1a HANMEHBIINX KBa/IPATOB SABJISETCS CTPEMIIEHHE K HY-
JTIIO CPEJTHEKBA/IPATHIECKON OMUOKN PEIleHns ¢ yBeJMIeHneM THCIa HabJIo-
JICHUA.

CrestaHHBIE 3/716Ch BBIBOJIBI CIIPABE/IUBBI [IPH OIIPE/ICTICHHBIX YCJIOBUSIX,
HaJlaraeMbIX He TOJIbKO Ha OIMHOKM TeOpHH U HAOJIIOJEHWi, HO TakKXkKe Ha
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IIPUHATYIO MOJIEJIb JIBU2KeHUsT HebecHoro Testa. [lojpobHee 3T ycaoBus pac-
cMoTpeHbl B KHUTE (Duibscbepr, 1976).
Besuaunsl 7y, ompe/iesieHHBIC COOTHOMICHAEM

_ Dy

Tkj =

Y
Ok0j

Ha3bIBAIOTCS KO(PDUIMEHTAMI KOPPEIAIUN MEXKLy OIMUOKAMU TOIIPABOK, &
MaTPHUIA

1 T12 T13 o T1n
R_| ™ 1 ros Ton
ol Th2 Tnz ... 1

HA3bIBAETCA KOPPEAAIIMOHHON MaTPHUIIEH.

[Tocyie HECKOJIBKUX ITAroB YTOYHEHHS, KOTJIa TOIMPABKU CTAHOBATCS JI0-
CTATOYHO MaJILIMU, OIMTHOKHU TIOIPABOK XaPAKTEPU3YIOT OMIMOKHU YTy IITeHHBIX
3HAYCHUIT TapaMeTpOB, OOYC/IOBJIEHHBIE KaK OIMUOKAMU T€OPUU, TaK U OIINO-
KaMi HaOJIIO/IeHUIA.

KadecTBo coryrtacoBanus Teopun ¢ HaOJIIOJACHUSIMHU TIOCI€ YTOUYHEHUS T1a-
paMeTpOB JIBUKEHUsT HEOECHOTO Tesia Oy/IeT XapaKTepu30BaThCA BeJTUINHOMN

do

T = 165
7= (165)

KOTOpAas MOCJIe YCIENTHOTO YTOUHEHUS TapaMeTPOB sBJISETCH CPEIHEKBaIPa-
THYECKOI BeJTMINHOl HeBs30K J; (151).

[Ipumenenne MHK Ha nmpakTuke 9acTo HPUBOIUT K HEOXKUIAHHBIM IIPO-
osiemaM. /les10 B TOM, UTO B YCJIOBUSX WCCJIEJIOBAHUII HA OCHOBE PeabHbBIX
Ha0JTI0/IeHIiT HeOECHBIX TeJI C MCIIOJIb30BAHUEM OIPDAHUYEHHDBIX 10 TOYHOCTHU
Teopuil He BCErjia CTPOTO BBIMOJHSIIOTCS T€ JIOMYIIEHUs, TPU KOTOPBIX IIpa-
BoMepHo npumenenne MHK. Ecyin omubku Teopun mpeBaupyor Ha 1 Omuo-
KaMu HaOJIIOJECHUT, TO CyMMapHasi OINOKa He OYJIeT CIydailHOl BeJIMIUHOM.
DTO WPUBEJET K TOMY, UTO C YBeJHYEHHeM 4YHucjia HaOJIIOJIEHUNl TOYHOCTD
pesy/bTaTta He OYJeT YJIy4IIaThbCs, a PelleHue B CBOIO OvYepeib Mpuodbperer
3aBUCHMOCTH OT COCTaBa U3MEPEHUIt, TO eCTh OTTOr0, B KAKHE MOMEHTHI J1eJ1a-
JIICh m3Mepenns. Hajmmane takoit 3aBUCHMOCTH JIe/1aeT PE3Y/IbTAT HE BIIOJIHE
JIOCTOBEPHBIM.

B KoHKpeTHBIX 33/1a1ax 110 yTOYHEHUIO TapaMeTPOB JIBUZKeHNs HeOeCHBIX
TeJI 9aCTO OKA3bIBAETCs, YTO olpejiennTe/b Marpullbl L 6m3ok K mymmo. B
9TUX CJIYUAAX MBI UMEEM JIEJI0 C TAK HA3BIBAEMBIMU ILJIOXO O0YCIOBJICHHBIMUI
CUCTEeMAaMU HOPpMaJIbHBIX ypaBHeHuii. [Ipu perennn tTakux cucreM mompaBKu
K IapaMerpaM MOTYT MOJIy9aThCs CTOIb IPYyOBIMU, UTO MPOIECC YTOIHEHNUsI
He Oyzer cxoauThed. [Ipuwanna 1m10xoi 00yCI0BIEHHOCTH 3aK/II09aeTCs HE B
CaMOM MeTOJIe HAMMEHbBIITNX KBaIPATOB, & CBONCTBAX MPUMEHAEMOIl MeXaHu-
YEeCKOM MOJIEJIN.
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[Tpumepom cirydast ¢ 110X0i 00yCJIOB/IEHHOCTBIO SIBJISIETCS MIPOIECC YTOU-
HEHUsI JOJITOTHI y3J1a KEeIJIEPOBCKO OpOUTHI HEDECHOTO Tejia P OYeHb Ma-
JIOM ee HaKJOHe. /Ipyroit mpuMep — COBMECTHOe YTOUYHEHUE JOJITOTHI Iepu-
IEHTPa OPOUTHI U CpeJIHEll AaHOMAJINY B STIOXY [P MAJIBIX SKCIEHTPUCUTETAX
opbutsl. [lokazaresem 1m10X0#t 0OYCIOBJIEHHOCTH MOXKET CJIYKUTH OJIN30CTH
K €JIMHUIE OJIHOTO WU HECKOJbKNX Ko3hduiimenToB Koppessdainun. ITodbr
YMEHBIIUTH ILJI0XYI0 00yCJIOB/IEHHOCTH, MOXKHO UCK/TIOYUTD U3 CIUCKA YTOU-
HSIEMBIX [TAPAMETPOB TOT U3 HUX, KOTOPBIi JaeT CUIbHYIO KOPPEJISINO, (K-
CUDYs €ro IMpeJ/IBapuTe/IbHOe 3HAUYEHHE.

Vcrex yToUHeHUs MapaMeTpoB JBUKEHUS U3 HAOJIOJAEHUI CYIECTBEHHO
3aBUCHUT OT COCTaBa HaOJrojeHuii. B gacTHOCTH, ec/in HAOJIOACHUS TOKPbI-
BAIOT JIMIIh HE3HAYUTEJbHYIO YacTh OpOUTHI HEOECHOI'O Tejia, TO Olpeesie-
HIe TTapaMeTpPOB MOYKET CTATh HEBO3MOXKHBIM. [lo/pobHee 3aBUCHMOCTH CO-
crosgreabHoctn MHK or cocraBa maburogennii mpoaHam3upoBaHa B KHHTE
(Dubsicbepr, 1976).

Boiee opobro u BMecte ¢ obocHoBarneM MHK uzmnoxen B kuure (Diibsi-
cbepr, 1976). B s10it KHUTe TaKKe MOIPOOHO MCCIIe0BAHA 3aBUCHMOCTD 00Y-
ciaosimernnoctd B MHK ot cocrasa mHabsromenmii.

CyIIecTBeHHOI YacTbIo AJITOPUTMA, YTOYHEHUS [1apaMeTPOB JIBUYKEHUsT
HeOeCHBIX TeJl 13 HADJIIO/IEHN SABJIIeTCA BLIYUCIEHIe 3HAYEHI n3MepsIeMOoit
BEJIMYMHBI Ha 3a/[AHHbIE MOMEHTHI BPEMEHH, & TaKKe €€ MPOM3BOJHBIX II0
yJIydimaeMbIiM tapamerpam. st 9Toit 1eim MOYKHO MPUMEHSITh KaK (DOpMy-
JIbI aHAJINTUIECKOW TEOPUN JIBUKEHUs HeOECHOrO Tejia, TaK W MEeTOJbl HHC-
JIEHHOT'O WHTEIPUPOBAHNS yPaBHEHMII WX NBUKeHndA. [[pm sToM KommdaecTBo
BBIMUCJIUTEHHBIX OTepaIuil MOKET CUJIbLHO pasindarhbed. [Ipu ucrnoab3oBa-
HUU aHAJTUTUYIECKON TeOpUN BpeMsl BLIMUCICHU Oy/IeT TPOITOPITUOHATIBLHO KO-
JINYECTBY HUCIHOJIb3yeMbIX HabsiojeHuii. OHO B 3TOM cjydae He 3aBUCUT OT
MHTEpBaJia BpeMeHHU, Ha KOTOPOM BeJsinch Habsoaenus. [Ipu ancierHoM nH-
TErpupoOBaHNK HAOOOPOT: 3aTPATHl BDEMEHN Ha BHIUUC/IEHUS TPOTIOPITHOHA -
Hbl UHTEPBAJIYy BpeMeHU HaOJIIOJIEHUIl U He 3aBUCAT OT YHucjIa HaOJIIOIEeHU.
[Topsiiok Bcex TaKUX BBIYUCIEHUI OObSICHEH B CJIEAYIONMUX rmaparpadax.
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6.2. Boruuciaenue n3mMepgdaeMbIX BeJIMYMH N YaCTHbIX ITPOM3BOAHBIX
OT m3MepdeMbIX BE€JIMINH II0 YTOYHAEMDbIM IIapaMeTpaM

6.2.1. OO1uii MOPSIAOK BHIYUCJIEHU

B nporiecce jiuddeperimaabHOro yTOUHEHUS TapaMeTPOB JIBUKEHUS HeDec-
HBbIX TeJI U3 Ha6J’IIO,H€HI/II7'I Tpe6yeTCH BBIYHUCJ/IATL 3HaAYCHUA U3MEPAEMbBIX Be-
JIMIUH U 9ACTHBIX ITPOM3BO/IHBIX OT M3MEPSEMbIX BEJTHIWH 110 YTOUHIEMbIM
napaMeTrpaM Ha MOMEHTBI HAOJIIOJEHHI. DTU BBIMUCJIEHUS JIE€JIAI0TCA Ha, OC-
HOBE IPUHATOrO 3aKOHA JIBUYKCHUS HEOECHBIX TeJI. 3aKOH JIBUYKCHUS OICHI-
BaeTCs B KAKOW-TMOO cucTeMe Koop uHAT. Jale BCero 3To mpsiMOyToJIbHbBIE
KOODJIMHATHI T, Y, 2. 3AKOH JIBUKEHUS 3a71aeTCs (DyHKITUSIMU

xzx(taplap%”'apj>7 y:y(tuplaPQa"'7pj)a Z:Z(t7p17p27"'apj)' (166>

B npenpiaymem pasiese BBeIEHO IMOHSTHE M3MepsieMoil Bennmanabl. Ha-
OJIIOEHNsT JJAIOT HaM 3HAYEHMST M3MEPSIEMbIX BEJININH Ha MOMEHTHI M3Mepe-
uuit. Ilycts £ — ojiHa U3 W3MepsieMbIX BEJIMIHH.

Nsmepsiemasi BeIMYInHa CBA3aHA C KOOpPJMHATAMU HEOECHOTO Teja. JTa
CBA3b 3aJ1a€TCA HEKOTOPOI MO b0 m3MepeHuit. Moiesib MoxkeT BKII0YaTh B
cebs HEeKOTOPBIEC ITapaMeTpEl, 0003HAYACMBIE UePe3 Pji1, Pj+2; ---s Pn- MOJETDH
Hab o/ IeHuil JaeT HaM (DPYHKITUIO

g:g(t7x7y727pj+1apj+27"'7pn)' (167>

Takum obpaszom, B MeToe qudpepeHInaabHOro yTOUHeH!sT TapaMeTPOB JIBH-
JKeHnsl u3Mepsgemas Beuduna &, Kak (PYHKIUS YTOIHAEMbIX [TapaMeTpPOB
D1, D2, ---, Pn, ABIAETCA clo)HON dyHKiueit. [lepBonauaabHo oHA 3ajaeTCs
KakK (QYHKIHS OT MPAMOYTOJIbHBIX KOOPJIUHAT HEOECHOTO Teja, KOTOPbhIe B
CBOIO OY€pe/ib B CHJIY 3aKOHA JIBUKEHUsT SBJIAIOTCA (PYHKIUSIMUI BpEMeHH t
U apaMeTpoB JIBUKeHns. 3aBucuMocts &(t, x,y, z, ...) He CBA3aHA C 3aKOHOM
JIBI2KEeHUsT HeOeCHOI'O TeJjla, OJHAKO OHa BKJIIOUaeT B cedd BpeMs t 1 mapaMeT-
PBbI, KOTOpPbIE TaK2Ke MOT'YT PacCMaTpUBaThCA KaK yTodHgeMble. B oTimamne ot
IapaMeTpOoB JIBUKEHUsT HEOECHOTO TeJia NX Ha3bIBAIOT IapaMeTPaMU YCJIOBHI
nabsrojennit. Oyuxiws E(t, z,y, 2, ...) ONPEIEIAETCs] TOJBKO BEIOOPOM H3Me-
psieMoii BeJImInHbI. B acTpoHOMHUYECKON MpaKTUKe HCIOJIb3YeTcs OOJIBIIoe
MHOKECTBO BEJIMYUNH, U3MepsieMbIX B IIpoliecce HabJrofeHnit. B Hacrosiiem
pasjesie paccMaTPUBAIOTCA HEKOTOPLIE U3 HUX, U JAIOTCs IBHbIE BBIPAYKEHUS
Jtst PYHKIUN

g(tv T, Y, 2, Pj+1, Pj+2, 7pn)

Jlajiee paccMaTpUBaOTCS 3aBUCUMOCTU M3MEPsieMbIX BEJIMYUH KaK OT T1a-
paMeTpoOB YCJIOBHIT HAOJIIOJEHNI, TaK U OT IIapaMeTpPOB JIBMKeHUA. B urore
9TH 3aBUCUMOCTHU OTOOparkaloTcsd (PyHKIMEH BpeMeHU t 1 BCEX YTOTHSEMbIX
ImapamMeTpoB

ng(taplap%-wpn)' (168)
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I/IMGHHO Ta Cl)yHKI_H/IH HCIIOJIB3YETCA IJid COCTaBJICHUA YCJIOBHBIX ypaBHeHI/Iﬁ
Ipu YTOYHEHUH ITapaMeTpPOB METOJO0M HaMMEHBLIINX KBa/JIpaTOB.

Jlns npumenenusi MeToja i depeHImaIbHOro yTOTHEHUS TapaMeTpOB
JIBI2KEeHUsT HeOECHBIX TeJl M3 HabJ/II0JeHNil HeoOXOIUMO, KpOMe CaMUX H3Me-
PSIEMBIX BEJIUUINH, BBIUUC/IATH TaKzKe JacTHBIE IIPOU3BO/IHBIE OT U3MEPSIEMbIX
BEJIMYUH 110 YTOYHAEMBbIM mHapamerpam. [opgaok 3Tux BbIYUC/IEHUIT CyIie-
CTBEHHO 3aBHUCHUT OT TOI'O, KaK IIOJIy49aeTCd 3aKOH JIBU2KCHUI.

Broraucienne KoopauHaT HEOECHOTO Tesa &, Y, 2 JeJaeTcd Jubo 1o ¢pop-
MyJIaM IIOCTPOEHHO 3apaHee aHAJUTHIECKON TEeOpHWH JIBUXKEHUSI, JTUOO Ha
OCHOBE YHCJIEHHOI'O WHTEIPUPOBaHUs YPABHEHUN JIBUKEHUSI.

LIaCTHbIe IIPOU3BOAHBLIC OT U3MEPACMBIX BECJIMYNH 110 YTOYHAEMbBIM IIapa-
MeTpaM Ha MOMEHTBI Ha6JHO,Z[‘€HI/II7‘I BBIYHCJ/IAIOTCA Ha OCHOBE PaCCMOTPEHHBIX
BBIIIIE 3aBUCUMOCTEI. TaK KaK HpOMe}I(yTOquIMI/I Be/IMYNHAMU ABJIAIOTCA KO-
Op/IMHATHI HEDECHOTO TeJla T, ¥, 2, TO JJIsI HCKOMBIX ITPOM3BOIHBIX MOYKHO 3a-
[IACaTh CJIEJIYIOIIHEe COOTHOIIEHMS:

28 Oz By 0z
Op1 Opr Op1 Op1 3
9 oz Oy 0z Oz
Op2 Op2  Op2  Op2 o
—~A-B, A= C B=| & |. @69
2¢ Dz Oy 0z 9z
Opn Opn  Opn  Opn

Kak BuHO U3 9THX COOTHOIIEHMI, BBITUCIUTEIbHAS 381898 Pa3IeIsIeTCs
Ha J[Be HE3aBHUCHMbIe YaCTH. B mepBoil M3 HUX HAXOIATCA 3HAYEHHUS YaCT-
HBIX ITPOU3BO/IHBIX OT MPSAMOYTOJIbHBIX KOOPJIMHAT TI0 ITapaMeTpaM JIBUKCHUS
HebecHoro teja, T. e. marpuiia A. Bo BTopoil — npousBogHbIE OT H3Mepsie-
MOl BEJIMYUHBI 110 HPSIMOYTOJIbHBIM KOOpAMHATaM HEOECHOI'O Tejia, BEKTOP-
croaberr B.

Bekrop B Bhraucisgercsd mo gpopmysiam, moydaeMbiM audepeHinnpoBa-
HIEM IBHOTO BbIpazkeHust 1yist &(z, y, z). Beraucierne MaTpuiibl rapaMeTpoB
A MOXKeT BBIIOJIHATHCS JIJISI KaxKJI0T0 MOMeHTa HabJIIoAeHnil Kak 1o ¢op-
MyJIaM, CJIeIYIOINIIM U3 aHAJIUTUIECCKOW TEOPUM JIBUXKEHHUsI, TaK U B IIPOIEC-
ce IUCJAeHHOTO HHTerpupoBanus auddepeHmaabHbIX yPaBHEHNI, CIIeIa b
HO IIOCTPOEHHBIX JJIsl YACTHBIX IIPOM3BOIHBIX OT KOOPAMHAT II0 HapaMeTpaM
JIBUKeHUs. B mocsieineM cirydae 9/1eMeHThl MaTPUIlbl A HA3bIBAIOT M30XPOH-
HBIME ITPOU3BOJIHBIME, TIOCKOJIBKY UX 3HAYEHUSA HaM HY>KHBI Ha, T€ YK€ MOMEH-
ThI BpDEMEHH, 4TO U caMu KoopauHaThl. /luddepennnanibibie ypaBHEeHNs JIJIs
M30XPOHHBIX ITPOU3BOIHBIX HHTEIPUPYIOT COBMECTHO C YPABHEHUSIMU JIBUKE-
HUS.

3aMeTnM, 9TO B BBIIIEN3I0KEHHBIX BBIKJIAIKAX MOTYAIIBO IIPEIIoIara-
erTcd, 9TO M3MepsieMasi BeJIMUNHA 3aBUCUT TOJBKO OT KOOPJIMHAT HEOECHOIO
tesna. OJHAKO B NMPAKTUKE YTOUHEHHUS IapaMeTPOB U3 HAOJIIOJIEHUN HCIIOJb-
3YIOTCs TaKyKe U3MepsieMble BEeJININHBI, 3aBUCSIIIE OT KOMIIOHEHT CKOPOCTH.
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[IpuMmepom MOXKET CIYy:KATh yTOUHEHNE TapaMeTpPOB JIBUKEHHSI NCKYCCTBEH-
HOT'O CIIyTHHKa 3eMJIM Ha OCHOBE HA3EeMHBIX PAIUOTEXHUIECCKUX IOIILIEPOB-
CKUX m3MepeHuit. B 9ToM ciiydae m3mepseTcs JiydeBas CKOPOCTb, T. €. CKO-
POCTH M3MEHEHUsI TOIMOIEHTPUIECKOI'O0 PACCTOHUSA CIIyTHUKa. B 3TOM CI1y-
qae BeKTOp-cTosiber; B mpuobperer erre Tpu 3j1eMeHTa %, g_fyv %, a MaTpHIA
A eme Tpu JOMOJHUTEIBHBIX COOTBETCTBYIONINX CTOJI0MA. Bee maabHelinme
pacCcyKIeHus U BBIKJIAJIKNA OYAYT aHAJOTUIHBI TOMY, UTO IIOJIyYIaeTCs B CIIy-
Jae 3aBHCHMOCTH M3MepsieMOil BEJIMIUHBI TOJIBKO OT KoopauHat. ITockosb-
Ky B IpaKTHKE Ha3eMHbIX HAOJIOJEHUN CIyTHHUKOB ILIAHET JIONILIEPOBCKHE
HaOJIIO/IEHHST TTPOBOJISITCS TOJIBKO B MCKJ/IIOUUTEIBHBIX CIyYasX, Mbl OrpaHU-
YHUMCsI Jlajiee PacCMOTPEHMEM 3aBUCUMOCTH HU3MEPsieMOil BEeJIMIUHBI £ JIUIIb
OT TPSIMOYTOJIBHBIX KOOPJIUHAT CIIyTHHUKA.

[Ipn n3yvyeHnn TUHAMWKY €CTECTBEHHBIX CITYTHUKOB IIJIAHET B HEKOTOPBIX
paboTax CTPOATCA U MPUMEHSTIOTCST aHAJTNTHIECKIE TEOPHUH JIBUKEHNsT. 3aKOH
JIBUKEHUsT HAXOIUTC Kak obIee pernerune auddepeHnnaibHbIX ypaBHEeHU
npuzkennsi. Torma KoopawmHAThl HEOECHOTO TeJia IPEeJICTaB/IeHbl aHAJIATHYIC-
cKuMH (PYHKIIMSIMI OT BPEMEHH U IIapaMeTpPOB JIBUKeHUsI. B aHamTHIecKnx
TEOPUAX IMapaMeTpPhl JBUKEHHUsI 9acTO Ha3bIBAIOT dJIEMEHTaMH OPOUTHI, I10-
CKOJIBKY OHM CBABAHBI ¢ MOJIE/IBIO KEILJIEPOBCKOI'O JIBUXKEHUS W KEILJIePOBBIMU
9JIEMEHTaMH. DJIEMEHTHI MaTPUIbl A B TaKuX 3ajadax IOJIyJaloTCs aHaIu-
THIeCKUM I depEeHITTPOBAHIEM IIPSIMOYTOJIbHBIX KOOPAUHAT II0 9/IEMEHTAM
opouThl. POPMYJIBI JJIsi TUX TPOU3BOIHBIX OOBIYHO INPHUBOJSTCA BMECTE C
dopMyaaMu 1T KOOpJAMHAT W KOMIIOHEHT CKOPOCTH. VIMEHHO Tak caemaHo
B HacrodIieil kuure. Buipaxkenus i1 TPOU3BOJIHBIX MOXKHO HAWTHU TaM Ke,
IJIe OIUCHIBAIOTCA COOTBETCTBYIOIINE aHATUTHIECKHE MOJIEN JIBUKEHUS.

B crnenyromux paszenax cHadajia pacCMaTpPUBAIOTCA POPMYJIbI I BbI-
YUCJIEHHS 9JIEMEHTOB MaTPUIhl A B pa3IMIHBIX KOHKPETHBIX 3a/ladaX. 3aTeM
JafoTcsa (GOPMYJIBI 11 BBITHCICHUS N3MEPSIeMbIX BEJINYINH £ U 9aCTHBIX IIPO-
M3BOJIHBIX OT HUX TI0 MPSIMOYTOJIGHBIM KOOPIMHATAM U TTapaMeTpaM yCIOBUil
HaOJ/IIOIEHUI JIJIsT PA3/IMIHBIX THUIIOB HabJofeHnii. B 3akiiodenne aHHOM
IJIaBBI JIAIOTCS HEKOTOPbIE 3aMeYaHusi OTHOCUTEILHO COCTABJIEHUS YCJIOBHBIX
YPaBHEHUA.

6.2.2. InddepennuaibHble ypaBHEHUs /JIJisi M30XPOHHBIX MNPOU3-
BOJHBIX B 33ajia4ye TpexX TeJl. ¥ TOUHEeHNe HAaYaJIbHBbIX YCJIOBU ypaB-
HEeHUIA NBU>KEHUS

Paccmorpum miporieiypy auddepeHmajibHoro yrToUHeHUsT 1apaMeTpoB
JIBUKEHUsT B cilydae 3aja4du Tpex Tesl. [[ocKoIbKy TOYHOTrO aHA/MmTHIeCKO-
ro peIeHns 3ajJadu TPeX TeJI JIO0 CUX MOp He HalJIeHO, YPABHEHUS JIBUZKe-
HUS B 9TOW 3aJiade PeIaroTcss METOJAMH YUCICHHOTO WHTerpupoBaHus. B
KaJeCcTBe [MapaMeTpPOB JIBUYKEHHS B 9TOM CJIydae Jallle BCEro pacCMaTPUBAIOT
HAJYaJbHbIE YCJIOBUs, TO €CTh 3HAYEHUsS KOOPJIMHAT HA HEKOTOPBIH Hada Ib-
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HBIII MOMEHT BpeMeHH ty. Y TOUHSIEMBIMH IIapaMeTpaMi MOTYT OBITH TaKKe
[TOCTOAHHBIE, KOTOPbIE BXOIAT B AnddepeHInaIbHble YPABHEHNS IBUYKEHIS.

B paccmaTtpuBaemoii 3a1ade onpeiessiioTed apaMeTphbl IBUXKEHUA BTOPO-
r'o Tejia OTHOCUTEIBHO TIEPBOIr0, KOTOPOE CUUTAETCA TIVIAaBHBIM, KaK Hambosee
MaccuBHOe. JIBUzKeHne MPOUCXOIUT IO BOZMYIIAIOIIIM JIeHCTBIEM TPETHEro
TeJsla, IBUKEHNE KOTOPOro 3aJJaH0 KOOPANHATAME, KaK M3BECTHBIMU (OYHKITA-
sIMA BPEMEHI.

B obiiem ciydae MOryT onpeienisiThCd U3 HaOJIIOEHUI TapaMeTphl JIBU-
JKEHUsl BTOPOI'O U TPETHEro Tejia B €IUHOM Iporiecce quddepeHnnaabHoro
yrounenns. Torna ypaBHEHUs JBUKEHHSI, a TaKKe ypaBHEHUSA JIJIsi H3Me-
HEHUS U30XPOHHBIX ITPOU3BOIHBIX BTOPOTO M TPETHEro TeJ MHTEIPUPYIOTCS
COBMECTHO.

Tena Gyem cunraTh MaTepuaJbHBIMU ToUKaMu. Hadasio cucrembl HeBpa-
MAIOIIUXCs TTPAMOYTOJBHBIX KOOPJIMHAT MMOMECTHM B IepBoe u3 Tej. Koop-
JITHATBHI BTOPOT'O TeJia, JBUKEHHEe KOTOPOro U3ydaeTcsi, B OTJINYINE OT O0bIU-
HBIX 0003HAYEHHIT, 0003HATNM Telephb Yepe3 T, Lo, T3. KoopauHAThI TpeThe-
0, BO3MYIIAIOIIEr0 TejIa 0003HAUNM Hepe3 T, Ty, T .

YpaBHEHUsI JIBUKEHHUSI BTOPOrO TeJa B MPUHATHIX ODO3HAYEHUSIX 3alll-
IIyTCS B BUJIE

d?x; T; r; —x,

dt2 — 7”3 Tl"i_r_/% :E (Z: 17273> ) (17())

rie G — yHuUBepcaJibHas I'PpaBUTAIMOHHAA MTOCTOsIHHAS, 1M — Macca MePBOro
Tesa, m’ — Macca BO3MYIIAIONIEro Teja. KpoMe Toro, Mbl MCIOJIL3YEM CJIELY-
foIme 0003HaAUCHU

— 2 2 2 I 72 12 12
r=3\/xi+x3+a3, T —\/:cl + 25" + 737,

A=/ (x1 = a))? + (12 — )% + (23 — a5).

YpaBHEHUS IBUKEHUS TPETHETO TeJIa MOTYT OBITH 3allMCAHBI AHAJIOTUIHO.
Ha mpakTuke BMecTO Macce Tel pacCMaTpPUBAIOT UX IPABUTAIIMOHHBIE TTa-
pamerpsl = Gm, ' = Gm'.
3aMeTnM, 9TO IIPUBOIUMBIE HIKE (DOPMYJIBI Oy T IIPUTOIHBL U 1Tt O0jIee
o0Imero cirydasi, KOrjia KOOPJAUHATHI BO3MYIIAIONIETO TeJIa BBIUYUC/IAIOTCH Ha
OCHOBe 0oJiee CJIOYKHOU MO/, YIUTHIBAIOIIEN BJIUSHNAE APYTUX TeJ.
[TapamerpaMu m3y4daeMoro JIBUYKEHHs BTOPOrO Teja Oy/IyT HadaJlbHbIe
YCJIOBHUSI, TO €CTh KOOPJMHATHI U KOMIIOHEHTHI CKOPOCTH

3a/laHHbIE Ha MOMEHT BPEMEHU to.
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M ckoMmble 9acTHBIE IIPOU3BO/IHBIE, HEOOXOAUMbIE 1T ud depeHnaabHo-
ro yTOYHEHUsT TapaMETPOB, 00Pa3yIOT MATPHUILY
0z Oz oxs
81‘50) Bzgo) Bxgo)
ox1 Oxo Oxs
81‘50) Bxéo) Bacgo)
ox1 Oxo Oxs
8:1::(50) 81%0) 630%0)
A= Oz Ozg Oz3 : (171)
0" 92" 5z("
ox1 Oxo oxs
0" 9:"  9il"
0x1 Oz Oxs
DY S

it 371eMeHTOB 9TO# MaTPHUIIbI MOXKHO COCTaBUTH JnddepeHImaabHbIe
ypaBHeHHs MyTeM JuddepeHnpoBaHis JIEBBIX U MPABBIX dacTeil ypaBHe-
uwit (170) mo mapamerpy. BbimosHsst mocsie10BaTeIbHO 9Ty ONEPAIUIo JIIst
KazKJI0ro M3 IapaMeTpOB, MOJIYUIUM CIEIYIONLYI0 CUCTEMY ypaBHEHMIA:

3

= =y L 172

7 \ 50 | = 2 om0 (172)

d2 E)xz 5 8FZ ﬁxn

—_ | == | = — 173

a2 \ 9 2 00 9" (173)
(7/7.]. = 1727 3)7

rie

OF, 1 /3 1 T3 , ,
oz~ fmﬁ <ﬁxzxn — 5m) + fm A {F(% — ) (xy — ) — Oin|

5. — 1 mpm 1 =n
)l 0 upm i #n
Ypasuenus (172) u (173) moxkHO 3amucarh B MaTpudnoit dpopme. st aT0ro
BBEJIEM B PACCMOTDPEHNE MaTPUILY
oF, oF, oF;
81’1 8:)31 le

OF, OF, OF
F = Oxrg  Oxo  Oxo . (174)

OF,  OF, OF:
oxs Oxs Oxs

Torna ypaBHeHUS 3alUITYyTCAd B BUJIE

d
Z A = AF. 1
dt (175)
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Hucennoe maTerpuposanue ypasuennit (172) u (173) ciemyer BbIIOJ-
HATH COBMeCTHO ¢ ypasHeHusimu (170). HagasnbHble ycioBus st ypaBHeHU
(172) u (173) onpe/ensaioTcs MaTpUIAMK

AO = Alt:to - (176)

o O O o O =
o O O o = O
o O O = O O

Ag=A|_, = (177)

oSO O = O O O
S = O O O O
- o O O o O

3/ech Touka Ha i OykBaMu o3HavdaeT uddepeHinpoBanie 0 BPEMEHN.

6.2.3. Inddepennmanbuble ypaBHEHUS OJs N30XPOHHBIX ITPOU3-
BOJHBIX B 3a/a4€e TpeX TeJi. Y TOUHEHNE MAacChl BO3MYIIAIOIIETO TeJja

PacemorpuM JBHzKeHHE BTOPOrO M3 TPeX TeJI MO AeHCTBHEM IIPUTAZKE-
HU TIEPBOTO Teja W BO3MYIIAIONIETO BJIUAHUS TpeThero tena. 3 nabiro-
JIEHUH JIBUZKEHUsI BTOPOTO TeJjla MOYKHO OIPeIe/IATh MapaMeTpPhl ero JIBUKe-
nus. Kpome Toro, coBMecTHO ¢ HaUaIbHBIMU YCIOBUSIME BTOPOTO TEJIa MOYKHO
OIIPEJIE/ISATh MACCy BO3MYIIAIOINIEro Tejia. Takoe orpe/iesieHue CaeayeT IeIaTh
00s13aTe/IbHO COBMECTHO, TIOCKOJIbKY TPU KOPPEKITUU MACChI BO3MYIIAOIIETO
TeJa MmapaMeTphl JIBUKEHUsT BTOPOTO TeJjia OyIyT y2Ke APYTUMA.

B Takoii 3a/1a9e yTouHsieMbIMHI TapaMeTpaMu OyIyT HadaJIbHbIE YCIOBUA,
TO €CTh KOOPJIUHATHI U KOMIIOHEHTBI CKOPOCTHU

(0) _(0) _(0) .(0) .0 .(0)
Iy, Ty , Tg'y Ty, Ty', T3,
3aJIlaHHbIE HA MOMEHT BpEMEHU ty JIJIsi BTOPOro Teja U Macca m’ BO3MyIla-
fomero resia. B arom ciydae K marpure (171) Hy:KHO 106aBUTH elle OJIHY
CTPOKY

ox ox ox
< o op  on ) (178)

179



L1715 971eMEHTOB 3TOM CTPOKM MOYKHO COCTaBHUTH CJeytorue JuddepenIm-
aJbHBbIE YDaBHEHUS:

(179)

d? (Ox; T — :E/- Z OF; Ox,,

dez \ oy A r Ox, o'’

Tora HY?KHO HHTEIPUPOBATH COBMECTHO ypaBHeHus jpuzkernus (170), ypas-
Henwst (172), (173) u (179). HauanbHbiMu yeroBUSIME J171s1 TIepeMeHHbIX (178)

OyayT

dxl‘t to_o ’t to_o ‘t tona

d [ oz _ d ( Oz _ d [ oz _
a(d_p}) |t:t0_07 dt( 2>|t to_Oa dt( 3>|t tU_O'

(180)

6.2.4. InddepennuaibHble ypaBHEHUS /IJisi M30XPOHHBIX MPOU3-
BOJHBIX B 33/laUe O ABU>KEHUU CIIyTHUKA C2KAaTOU NJIaHeThI

Pacemorpum mniponieiypy anddepeHnuaibHoro yTOIHEHUs apaMeTpPoB
JIBUKEHUsI CIIyTHUKA B CJIydae ydeTa BO3MYIIEHNH 0T Hec(DePUIHOCTH ILIaHe-
Thl. B 3T0i1 3a/1a1e BO3MYIIEHHST 3JIEMEHTOB IIPOMEXKYTOUHON OPOUTHI CITyT-
HHUKa MOI'YT OIIpeJe/IAThCA MEeTOJaMi TeOPpUN BOBMYHJ;GHI/Iﬁ B aHaJIUTNNYIECKOM
BHJe. OJ:[‘HaKO YpaBHEHUA IBUZKEHHWA CIITYTHHKa MOI'yT TaK2Ke PDEeHIaTbhCdA 9UC-
JIEHHBIM UHTETrPUPOBaHueM. B TakoM ciiydae B Ka4ecTBe apaMeTpPOB JIBUKE-
HUS paccMaTpPUBAIOT HadaIbHBIE YCIOBUs, TO €CTh 3HAUEHUS KOOD/IMHAT Ha
HEKOTOPBII HAYAIBHBI MOMEHT BPEMEHH t.

CuoByto pYHKIUIO IPUTSKEHUST Hec(hepUIHON IIJIaHEThI UCIIOIb3YIOT B
dopme pazsiokeHUsT B PsIJ TIO IAPOBBIM (DYHKIUSIM. DTO PA3JIOKEHUE T10-
JIPOOHO PacCMOTPEHO B paszjese 3.4 nacrosdieir KHuru. [lockobKy pasiioxke-
HUe CUJIOBON (DYHKIIUM B 9TOM CJIydae 3alliChIBAE€TCs B CHUCTEME KOOD/IMHAT,
CBA3AHHOM C OCBIO CUMMETPHUHU CXKATOIO TEeJIa, TO B PA3JIOKEHUN (PUTYPUPYIOT
IIPSIMOYTOJIBHBIE KOOPJAUHATHI B CUCTEME ¢ OCHOBHOM IIIOCKOCTBIO, COBIIAIa-
OITEH ¢ TJIOCKOCTRIO 9KBaTOpa maHeTbl. OO03HAYNM TH KOOPIMHATHI Yepe3
T1, To, T3. OaHAKO B psijie 3a7ad OKa3bIBAETCS, U9TO HEOOXOIMMO PEeNiaThb
ypaBHEHUSA JIBUKEHUsI OTHOCUTE/IHHO KOOPJIMHAT X1, Lo, T3, HE CBA3AHHBIX C
9KBATOPOM ILJIAHETHI.

CBsi3b KOOpJIMHAT B JIByX CHCTEMaX 3aJa€TCsi COOTHOIIEHUEM

{xla X2, 'IS}T = RO{EME%EZ%}T?

e marpunia Ry onrcana B pazjese 3.1.
BosbMmeMm cHadasa I IpOCTOTHI PACCMOTPEHUsT B Pa3JI0:KEHUU TOJIBKO
TJIaBHBIN qJIeH, OHI/ICbIBaIOH_[I/Iﬁ JAUHaMHIYeCKOoe CXKaTue HJI&HQTI)I7 a MMEHHO
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BTOPYIO 30HAJIbHYIO TapMOHUKY. [IJIs1 IPYTUX YJIEHOB PA3JI0yKEHUST YPABHEHUS
JJId N30XPOHHBIX ITPOU3BOJIHBIX MOI'YT OBLITD BbBIBCICHbI aHAJIOI'TYIHO.
ypaBHeHI/IH JABU2KEHUSA C YyIETOM BTOPOU 30HAJILHON TAPMOHUKHN PA3JIOZKE-
HHUA CHUJIOBOM beHKHI/II/I IIPUTAXKEHUA IIJIAHETHI 3alluIlIeM B CJIG,ILYIOIILefl (bOp—
Me: 9
d ZT;
dt?

—F, (i=1,23), (181)

e L
{Fy, By, F3}" = Ro{Fy, Fa, F3}7,

a KOMITOHEHTBI YCKOPEHHsI B 9KBATOPHAJIbHON cucteme KoopiuHat {F, Fo,
F'3 cornmacuo dpopmysiam B pasjere 3.4 HacTosIel KHUT'U UMEIOT BUJ

TJIe [t — TPABUTAITMOHHBIH MapaMeTp IIaHETh, Jo — KOIMMUIUEHT IIPU BTOPOi
30HAJILHOM TapMOHUKE PA3JIOKEHHUS CUJIOBOW (DYHKIIUK ITPUTSKEHUS TLTaHe-
TBI, 79 — CPEJHUN SKBATOPUAJIBHBIN pajuyc IIaHeThl. KpoMe TOro, Mbl mc-
[OJIB3YEM CJIeTyIONIne 0O03HAYEHMS:

=2 =2 =2
r=14/T] + 25+ T3,

61:1, 62:1, 63:3.

[TapameTpamMu n3y4aemMoro JIBUZKEHUs CIIyTHUKA OY/IyT HAaYabHBIE yCJI0-
BUd, TO €CTh KOOPJAWHATHI M KOMIIOHCHTBI CKOPOCTH

K0, 0, a0, 0, 19, 4
3aJ]aHHble Ha MOMEHT BPEMEHH ty.

Hckomble qacTHBIE ITPOU3BO/IHBIE, HEOOXOANMbIE J1JIs1 TuddepeHInaibHO-
ro yTOYHEHUs HapaMeTpos, obpasytor marpuiyy suga (171). Tnsg smemen-
TOB 9TOI MATPHUIIBI MOZKHO COCTaBUTD JinpdepeHInaIbHble yPaBHEHN Iy TeM
s dbepeHImpoBaHust JIEBBIX U IPaBbIX Yacreil ypasueruit (182) mo mapamer-
py. Bblimosinss mocjie1oBaTeIbHO 9Ty ONEpaIuio s KaXKJI0To U3 IapaMeT-
POB, TOJIYYMM CHUCTEMY YpPaBHEHMil, KOTOPYIO 3aIUIIEM 3JIeCh B MaTPUYHOI
dopme:

d2

A = ARGFR,”, (183)

rye marpuna F anamornana marpure (174), umeer obmuii Bujg

OF, 9F; 0OFs

0T oT1 0T

OF; 0Fy; 0Fs

T2  Oz2  Os (184)
OF, 9Fy 09Fs

O0T3 O0T3 O0T3

|
Il
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C JIEMEHTAMU, OIpeIe/IgeMbIMU 110 (hopMyJIaM

OF; 1 /3
= :u_g —TiTlp — 6m -+
T

r2

3 T3 3 T3T; T;iTy
2B 0 (55 ) 6 — 3537, + 10220 f, 1 570 | (185)
r r r4 r2 72

fi=0, fo=0, fz=1.

HauaapHbIMI yCIOBUAME DU HHTEIPUPOBaHUN ypaBHennit (183) ciemyer
B3aTh (176), (177).

3amernM, 4YTO B CJIydasX, KOIJa OCHOBHBIM (haKTOPOM, BJIMSIONIMM Ha
JIBUZKEHWE CIIyTHUKA, ABJIAETCS C’KaThe IIJTaHeThI, OCHOBHYIO CHCTEMY KOOD-
JINHAT T, Y, 2 MOXKHO CBA3aTb C 9KBATOPOM IlJIaHeThl. Torja KOOpAUHATHI T,
T9, T3 COBNAJAIOT C KOODIMHATAMY T, Y, 2, KOMIOHEHTHI ycKoperus F, Flo,
F coBuagaior ¢ Komonentamu Fy, Fy, F3, marpuna Rg oxassiBaercs eu-
HIIHOW Marpureii n marpuna (184) coBnamaer ¢ marpuneit (174).

Ecnm npu perneHnn okazKeTcsl, YTO HEOOXOIMMO yUIUTBHIBATH TaKKe TeT-
BEPTYIO 30HAIBHYIO TADMOHUKY Pa3JI0’KEHUS CHIIOBOI (DyHKINN IPUTAKCHIA
[JIAHETHI, TO B paBble YacTu ypasHenuii (182) u (185) HyxkHO no6aBuTh co-
OTBETCTBYIOIINE WIeHbl. B 0003HaueHnAX, IPUHATHIX BBIIIE, 3TH J100aBOYHBIE
YJICHBI UMEIOT BHUJ

= €T; X324 X3
Fi— —i—A(azﬁ—l—bz 7”9 +c 7‘11 > s
riae
o 4
A= gur0J4 ,

u Jyist ypasHenuit (185)

§§ =+ A(aF) 0D+ R
rie 5 3
R =% T
FO — fign B 9%3?1,5” Lt 255
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—4 A — —3—
3) _ T30in B 11757, 4737,

; - n
m rlil rl13 rll

6.2.5. IlocTpoeHue ycJIOBHBIX YPaBHEHU ITPU YyTJIOBBIX U3MEPEHUIX
TOIOLEHTPUYIECKNX KOOPANHAT

[TocTpoenne yc/IOBHBIX ypaBHeHU 1 AuddepEeHITHATBLHOTO YTOTHEHUST
IapaMeTpoB OpOUT HEOECHBIX TeJI U3 HAOJIIOJAEHUN CBI3aHO C BBIUUC/IEHUEM
YJaCTHBIX ITPOU3BOJHBIX OT I/I3Mep$IeMOI71 BeJIMYIUHBI 110 KOOpANHaTaM He6eCHO—
ro tesa. B paszjene 6.2.1 5Tu IPOU3BOHBIE COCTABJISIOT KOMIIOHEHTHI BEKTOpa-
crosibnia B. Pazymeercs, 9mu npon3BoaHble 3aBUCAT OT TUIA HAOIIOICHUN 1
THIIA U3MEPsieMoil BeJIMIuHbI. B jlaHHOM pasjesie paccCMOTPUM BbIUHUC/ICHUS
JJId CJIY9Ia€eB YIVIOBBIX TOIIOIMECHTPHUYICCKUX I/I3MepeHI/II7I.

Mp1 ucriosib3yeM noudTre BekTopa Habsoiennsd. Hayamo BekTopa pacto-
JIOKEHO B TOYKe HAOJIIOJeHUs, TOMOIEHTPe, a KOHeI[ — B IEeHTPe HalJIoIa-
eMoro Teya. O0O3HAYMM KOMIIOHEHTHI BeKTOpa HabsojeHus depes X,Y, 7.
B coorBeTcTBHE BEeKTOPY HAOJIIOIEHUS CTaBAT I'€09KBATOPHAJIBHBIE YTJIOBBIE
KOODAMWMHATDBI: IIPAMOE BOCXO2KJ/ICHNE (X 1 CKJIOHEHUE 5 CBHSI) YIVIOBBIX U IIPA-
MOYTOJIBHBIX KOOPJIMHAT OMUCHIBAETCS (POPMYyIaMu

Z
VXZ+Y?
Ecan usmMepdeMbIMU BeJIMYNHaMU ABJIAIOTCA IIPAMOE BOCXOXKJICHNE U CKJIO-

HeHwume, TO (bOpMyJII)I JJId 9aCTHBIX IIPOU3BOAHLIX OT UBMEPACMbBIX BEJIMYIUH 110
IPAMOYT'OJIbBHBIM TOIIOHNEHTPUYIECCKUM KOOP/ANMHaTaM MMEIOT BU

t = tgd =
o= — =
g X? g

0_04_—sina 8_@_ cos & 3_04_0

0X Rcosd’ 9Y  Rcosd 0Z ’
d6  —cosasind 9  —sinasind 9)  cosd
oxX R 9y R ' 8Z R’

e R=vVX2+Y2+ 22,

Moienb JABUKeHNs IJIAaHeThl JIaeT HaM IIPAMOYTOJIbHBIE GapuIleHTpude-
CKHUe KOOPJMHATHI IIaHeThl Ha 3a/aHHble MOMEHTBI BpeMenu. Moieslb IBuzKe-
HUA CIIyTHHKA ILTAaHETHLI IIPeJICTaB/IseT ILJIaHeTONeHTPUIecKue IPIMOYTOJIb-
HBIe KOOPJMHATHI. ECM ocH BceX paccMaTpUBaeMbIX CHCTEM B3alMHO IIa-
paJlIe/IbHBI, TO JaBad UM obllee 0GO3HAYeHUe T,%, Z, MOKHO IIPEJICTABUTh
BBIPAYKEHHUS I YaCTHBIX IIPOM3BOIHBIX OT M3MEPAEMBIX IPAMOTO BOCXOK-
JIeHUsI U CKJIOHEHUsI 110 KOOPIMHATAM ILJIAHeThbl UM CIIyTHUKA B CJIe/LyIOMeM
BH/IE:

8_047 —sin 6_047 cos o 8_(170

dr  Rcosd’ 0Oy Rcosd 0z ’
d6 —cosasind 00  —sinasing 9o  cosd
or R oy R ' 9z R’
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e R = /a2 + y? + 22
Eciin usmepstiorcest pa3sHOCTH HPSIMBIX BOCXOXKICHUN U CKJIOHEHU CIIy THU-
Ka 1 IJIAaHeThI, WK JBYX CIYTHUKOB Aa = arp — Qig, Ad = 1 — 0o, TO JaCTHBIE
IPOU3BO/HBIE OT M3MEPSeMbIX BEJUYNH 110 KOOPIUHATAM TeJl BhIParKaloTcs
dopmyramu
OAa  —sinay  JA« COS (ry O0A«

_ _ —0
0x; Rcosdy’ Oy Rcosdy’ 0Oz ’

O0Ad —cosaysindy OAS —sinagsinds IAI  cosdy

83:1: R ’8y1: R ’azlzR’
0A« Sin vy O0Aa  —cosay OA«

Oxy  Rcosdy Oy ~ Rcos 3y Oz
OAJ  cosagsindy  OAS  sinagsindy  JAS cos 0y

8962 R ’ 8y2 R ’ 8,22 R ’

e R = /234 y3 + 23.

PaccMorpuM 3/1ech oy MoanduKanmio GopMyJI I 9aCTHBIX TPOU3BOI-
HBIX OT U3MepseMbIX BeJIMYMH, KOTOopas 4acTo IPUMeHseTCs Ha IIPaKTHKe.
Banuiiem 3/1ech CHOBa yCJIOBHBIC YPABHEHHsI B TOM BHJIE, KAK OHU BbLIBEJICHDI
B pazgnene 6.1.

AG=>" % Ap, (=12, ., m). (186)

=1 k/i

3sech £ — obIree 0603HAYUECHHE IS U3MEPSEMON BEJIMIUHbL, D1, P2, ...Pp — JJId
YTOUIHSIEMbBIX TIAPAMETPOB, a M - YUCJO0 HADJIIOICHMUIA.

[Ipumem BO BHUMaHUE TOT (PAKT, ITO HMOTPEITHOCTH MOJICTIUPOBAHUS JIBU-
JKeHHs TJTaHeT W CIIYTHUKOB B IPSMOYTOJBHBIX KOOPINHATAX He 3aBUCUT OT
TOro, Kak Mbl ux HaOsogaeM. OIHAKO Ha Pa3IUIHBIX TOMOINEHTPUIECKUX
PACCTOAHMAX 3Ta HMOIPEITHOCTH OyIeT MO-Pa3sHOMY IPOSBIISITHCSI B U3MEPs-
€MBbIX YIVIOBBIX KOOpJAWHaTaX: IIPAMOM BOCXO2K/ICHMN W CKJIOHECHHUHU. qTO6bI
BKJIa/I IIOTPEHIHOCTHU B JIEBBIC 9aCTH YCJIOBHBIX ypaBHeHI/Iﬁ CTaJI HE3aBUCUMBIM
OT TOTIONEHTPUIECKOTO PACCTOSTHUSA R, HYy’KHO YMHOXKHUTH KaXKJI0€ YCIOBHOE
ypaBHeHre Ha R. AHajormdHble paccyzKJIeHWsl OTHOCHTEIHLHO HabJIIoIeHui
Ha Pa3/INYHBIX CKJIOHEHHAX HEOECHOIO TeJjia IPUBOAAT K BBIBOJLY, YTO yCJIOB-
HbI€ ypaBHEHUA IIPU USMECPECHUAX IMPAMOI'O BOCXOXKJICHUA HY2KHO YMHO2KaTb
Ha cosd. Temephb, yunThIBas BBIMIEYKA3aHHBIE OOCTOSATEIHLCTBA W IIPUIABAS
n3MepseMoit BesimamHe & MOOYEPeHO KOHKPETHBIH cMmbica & = «, & = 0,
3aIMAIIEM YCIOBHBIE YPaBHEHUS B BHJIE

Rcos§Aa, = Z (g—;) Ape, (1=1,2, ..., m), (187)
k=1 i
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RAS, =) (ﬁ> Ape, (i=1,2, ..., m), (188)

rie

Y —sin «
(a_m> =A- B;, B’a = cos o , (189)

' —cosasin d

= A - B}, L= | —sinasing | (190)

cos o

(&)
Opn
Snech marpuiia A ocraercs Hem3MeHnHoil. OHa ommcaHa Bbire. B j1eBbIX 4da-
crax paBeHcTs (187) u (188) Aa) u AJ, cyTh pasHOCTH H3MEPEHHBIX U BLIUHC-
JIEHHBIX 3HAYEHUN U3MepsieMbIX BEJIUYNH, KOTOPBIMU MOIYT ObITH KaK CAMU
HPsIMBIE BOCXOXKJIEHUSI Y CKJIOHEHHsI OJIHONO HeDEeCHOro Teja <, 0, TakK U UX
Pa3sHOCTU JJIsI JIBYX TeJI, HAIIPUMED CIIyTHHKA U IJIAHEThI MU JABYX CIIYT-
HUKOB A = a1 — g, Ad = 01 — 0. B mocmeanem ciydae, ecian ycaoBHOE
ypaBHEHHE CTPOUTCSA OTHOCUTEIBLHO ITapaMeTPOB BTOPOIO TeJIa, TO SJIEMEHThI
BeKTOpOB-cT0os10110B B, BY, HY’KHO B34Th ¢ 06pATHBIM 3HAKOM.

B npakTuke yrouHeHUs HapaMeTpOB JBHYKEHHUS U3 HAOJIIOJEHUI BMECTO
U3MepAeMOoil BeITMIUHbl A = (v — (g 9aCTO HCHOJIL3YeTCs BeJnunia Xg =
A« cos dy. g enunoobpasHoro obosHadeHust K Heii jpobasisiercs Yy = AJ.
B srom ciryuae yciosuble ypauenust (187) u (188) samuchiBarorcst B ciiejty-
TOITIEM BHUJIE:

RAXg=) (g_a) Ape, (=12, .., m), (191)
k=1 Pk i

RAY; =) (5—;) App, (i=1,2, ..., m), (192)
k=1 ¢

rae AXy u AYy cyTh pa3sHOCTH M3MEPEHHBIX M BBIYUCIEHHBIX 3HAUEHUNH Xy
1 Y,, COOTBETCTBEHHO, HA MOMEHT HaOJIIO/IeHUsI T;.

PaccmoTpuMm Tenephb, Kak IOCTPOUTD YCIOBHBIE YPaBHEHUS, €CJIU U3MepPsi-
IOTCS B3aMMHOE YTJIOBOE PACCTOsTHUE MEK/LY JIByMsl TeJIaMU § U COOTBETCTBY-
IONIUiI TTO3UIMOHHBIN yros1 P. B sToMm ciiydae ycjoBHBbIE ypaBHEHUs] UMEIOT
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BUJT

n

Xai (0a\' | Ya (05 .
B = — ) +— (5] A ~1.2 .. |
f " ; S; apk; i * S; 8pk Dk (l y &y s m), ( 93)

%

n

Ydi 804 ! Xdi 8(5 ! X
R s;AP, = ) - — ) | Ap, (i=1,2, ..., m), (194
son =30 (5), -5 () | Ao 6 m). (194)

rae As; 1 AP, cyThb pa3HOCTH U3MEPEHHBIX M BBIYMC/IEHHBIX 3HAYEHUN S U
P, cooTBeTCTBEHHO, a MHJEKC i O3HAYAET, UTO BEJIUINHBI OEPYTCA HA MOMEHT
HaOJIIOAeHus t;.

B dopmymax (191), (192), (193), (194) gacTHbIe IPOU3BOIHBIE BHIUUCIA-
I0TCs ¢ TIoMoIIIo cootHormHenuit (189), (190).

Jlta TaHTeHIMAIbHBIX KoOpJauHAT Xy, Yi, S;, P, yc/IOBHBIE ypaBHEHUS
CTPOSITCSI aHAJIOTUIHO.

[Ipu mocTpoennn ycJIOBHBIX YpaBHEHHIT B pacCMaTPUBAEMBbIX 3a1a19aX CJIe-
JIyeT YUIUThIBATh, 9T0 Koddbduimenter npu mompaBkax Apg, (1 = 1,2, ...,
M) MOTYT BBIYUCJATHCA B HEKOTOPOH CTeleHN MPUOJIMKEHHO, MOCKOJIbKY
YTOUHEHUE MOXKET BBIOJHATHCS ITOCIEI0BATE/THLHBIMUA TPUOJINKEHUSIMUA He-
CKOJIBKO pa3. OiHaKo 3HAUEHUsT M3MEPSIEMbIX BEJTUINH JTOJIZKHBI BBITUCISITh-
¢ ¢ MAKCUMAJIbHO BO3MOKHOI TOYHOCTBIO, T. K. B IIOCJIEI0BATEIbHBIX IIPHU-
OIMKEHUSIX Pa3HOCTH M3MEPEHHBIX M BBIYUCIECHHBIX 3HAYEHU H3MEepsieMOil
BEJIMIUHBI JIOJI2KHBI CTPEMHUTHCA K HYJIIO.

6.3. Haznavuenue BecoB HAOJIIO/IEHUSIM W yCJOBHBIM YPaBHEHUSAM

JL1st 000CHOBAaHHOT'O TIPUMEHEHUS METO/a HAaUMEHBIITNX KBaPATOB HEOO-
XOJIUMO, YTOOBI T'UIIOTE3a, TPUHUMAaEMas 110 OTHOIICHUIO K KOBAPUAIMOHHOM
MaTpuIle omuboK HaOJII0IeH I, ObliIa MAKCUMAJILHO OJIM3KOM K AefiCTBUTE -
noctu. Heimarona ibable 3/1eMEeHTHI KOBAPUAIMOHHOW MATPHUIIBI HA IIPAKTUKE
Jalie BCero ObIBAIOT HEM3BECTHBIMU. [[09TOMY UX IIPOCTO IpUpaBHUBAIOT HYy-
0. YTo KacaeTcd JIMAaroHAJILHBIX JIEMEHTOB, TO OHU XapaKTepPU3YIOT TOY-
HOCTDL HAOJIIOJIEHNIT, KOTOpash MOYXKET pa3ndaThCd i Pa3HbIX HAOJIIOICHUIA.
OtHako MaroHaJIbHbIE 3JIeMeHThI MOXKHO CJIeJIaTh PABHBIME, €CJIU TTO/IX0/IsI-
M 00pa30M HA3HAYUTL Beca HaOJIIOMEHUSIM.

BosbMmeM yciioBHBIE ypaBHEHUsT MeTO/a HanMeHbux kBaapatos (MHK),
KOTOpBbIE€ OBLIM pacCMOTPEHbI B paszjese 6.1 juid ciydasd paBHOTOYHBIX Ha-
OJrotenuit

A= "alApr, (=12, ..., m). (195)
k=1

Bnech A&; — pa3sHOCTDb U3MEPEHHOTO U BBIYUCIEHHOTO 3HAYEHNN U3MepsieMoit
BEJINYMHBI P HaOrogeHnn Homep 1, Apy, Aps, ..., Ap, CyTb yTOYHAEMBIE
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ImapamMeTpsbl, a ag) — JucjeHHble KO3(MDMUIUEHTHI YCIOBHBIX ypaBHeHnii. Ha-

6Op YTOYHSIEMBIX APAMETPOB MOYKHO HPEICTaBUTH BeKTOpoM Ap = {Ap,

T
ApQ? L) Apn}
g pemenus 3amaun corsiacito MHK nyknHO cocraBuTh cuctreMy HOP-
MaJIbHBIX YPaBHEHUIT, KOTOPYIO 3aIIUIIEeM B BU/JIE

LAp=d,

rie L u d cyrs maTpuria u BeKTOp

dy
lll llg lln d2
l21 122 l2n
L= . d= , (196)
lnl ln2 lnn .
d,
JIEMEHTDBI KOTOPBIX BbBIMUCJIAIOTCA 110 d)Opl\Ty.HaM
=Y ald? (kj=12 .., n), (197)
=1
de =Y a)A& (k=12 ..., n). (198)

i=1
Beca mabsronennit w;, (i = 1,2,...,m) BBOIATCSA CJICJIYIONMM OOPA30M.
YesioBHble ypasHeHus (195) yMHOXKaeM MOUJIEHHO HA +/W;, TOJIyIUM

A& Vwr =Y s a) Apy, (i=1,2, ..., m). (199)
k=1

Bwmecro (197), (198) 6epem dopmyiibt

j =Y wiaa (kj=12 . n), (200)
=1

de =Y w;ia) A& (k=1,2, ..., n). (201)
=1

lasee perienne moydaeTcs Tak Ke, KaK U JJI PABHOTOYHBIX HaOJIIOIEHUI.

Kosapuanuonnas marpuna omubok HaO/IO[eHnit Oy/ieT UMEeTh DaBHbIE
JIMarOHAJIbHBIE 3JIEMEHTBI, €CJIN OMMUOKY JIeBbIX YacTell YCJIOBHBIX YpaBHEHUT
(199) 6yyT IpUMEPHO OJMHAKOBBIMHE 7151 Beex 4. CJiesiaTh Tak MOYKHO OBLIO
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Ob1, eciu Obl morpertHocTu BeqmdauH AE; Obuin Obl u3BecTHbIMU. JlocTHYh
YKa3aHHOT'O CBOMCTBA KOBAPHUAIMOHHON MATPUIILI MOXKHO, €CJIU TIOJIOKUTH

1
VWi = ;ia

IJie 0; €CThb OIINOKa NU3MEpPEeHUsT HOMED 1©.

[IpoGitema B TOM, YTO OOBIYHO MBI He 3HaeM omubok ;. IIpugerca npunu-
MaTh KaKyIO-HUOY/Ib ITOIXOJIAILYIO THIIOTE3Y OTHOCUTEILHO OIMMOOK M3Mepe-
uuii. [Ipemanosoxum, 9To Bee HaOIIOAEHUS MOYXKHO PACIIPEISTNTh Ha TPYIIIILI
TakK, 9TOObI BHYTPHU KaxKJIOH T'PYIIIbI HAOJIIOICHUST MOYKHO OBLIO ObI CUUTATDH
PaBHOTOYHBIME. MOXKHO IIPE/IIOIOKUTD, 9TO I'PyIIa HAOIIOIEHII Ha, OXHOIA
00cepBaTOPUM BBITIOJIHAIOTCA OJIHUM HaOJIIO/IATEeIeM € ITOMOIIBIO OJIHOTO M
TOr'O K€ MHCTPYMEHTa B Te€YeHHe HEKOTOPOI'0 BpPeMEeHHU, KOIJa yCJIOBHS Ha-
OJTI0/ICHUIT HE U3MEHSIIOTCH.

CuauvaJia BBITIOJIHSIEM YTOYHEHUE TTapaMeTPOB, toJiaras Bce w; = 1. [locite
YTOYHEHU /TS KazKI0ro Hab moaeHns Beamania A; OyaeT XxapaKTepu30BaTh
coryiacoBanne Teopun ¢ Habmogenngamu. [Ipeamonraras, 9To ommbKu HAOJIIO-
JIEHU JIOMUHUPYIOT HaJI OMMOKaMu Teopuu, OymeM cantath AE; ommbKamMu
HaOJII0IeHUIA.

Teneppb A/1s1 KazKI0i IPYIIIBI PABHOTOYHBIX 110 IPEIIIOI0KEHNIO HADJIIO-
JIEHNi BBIYUCIUM CPEeIHEKBAIPATHIHYIO BeJIUInHy OT Beex AE;, IpuHaIIe-
xarmux rpymre. Obo3HaINM ee qepes gy, re k - Homep rpymmbl. Temepsb jiist
KaXKJI0r0 HaOJ/IIOJCHUST MOXKHO 3a/1aTh BEC CJICIYIONIUM 00pa30M:

1
\/E_O__k7

rje k — HOMep I'PYIIIbl, K KOTOPOil IMPUHA/JIEYXKUT HAOJIOIEHIEe HOMED 1.

BeimtosiauB yrouHenne napaMeTpoB ¢ HA3HAYUECHHBIMU BECAMU, MOXKHO 3a-
HOBO BBIYHUC/IUTDH BCE OIMUOKN HAOJIIOIEHUI U 3AHOBO HA3HAYNTH Beca. Takyto
UTeparuio MOXKHO CJIeJIaTh 2-3 pa3a. B mTore moaydmM HaszHavueHUE BECOB B
COIJIACUU C TOYHOCTBHIO HAOJIOJEHWl, a KOBApHAIMOHHAS MAaTPHIlA OIMTUO0K
HabJrosiennit Oyier OIM3Ka K JefiCTBUTEIBLHOI.

Meto/i HauMeHBIIUX KBaIPATOB JAa€T BO3MOXKHOCTH OIEHUTH TOYHOCTH
[OJTyYaeMbIX 3HAYCHUI yTOUHAEMBIX mapameTrpos. B paszjgene 6.1 obbsache-
HO, KaK 9TO CJleJlaTh. B cilyvuae B3BeIIeHHBIX YCJIOBHBIX yYPaBHEHUIT IMOCIIE-
JIOBATEILHOCTD JIefICTBUIT TaKad »Ke, KaK u 0e3 HaszHadeHusd BecoB. Marpura
HOPMAJILHBIX YPaBHEHUI 1 BEKTOD MPAaBbIX YacTeil Haxosrces 1o hopMyiam
(200), (201). JTomoiHUTEILHO BBIYUCISETCS BEJTMINHA

do = wiAE (202)
i=1
Brerauciagem 1
- Id,— (dA 2
o= [y~ (dAp)], (203)
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rje Ap HaliIeHHBIA BEKTOD IIOIPABOK, 8 KOMIIOHEHTHI BekTopa d ompeies-
torcs 1o opmyiie (201). YMHOKUM Tenepb Bee 3/1eMeHThl MaTputibl L1 na
o2. Tomyuennas Takum 06pa3oM MaTpHUIa

D=L} (204)

CBOMMHY JINArOHAJIBLHBIME SJIeMEHTaMu OyJIeT UMeTh KBaJIpaThl OIMUOOK 0y 110-
npaBok Ap, (k=1,2,...,n) COOTBETCTBEHHO.

6.4. BerauciieHre CTaTUCTUYECKUX XaPaKTEPUCTUK HEBA30K

B omucannm merona juddepeHnuabHOTO YTOUHEHUS TTapaMeTPOB JIBU-
JKeHMsI HeDECHBIX TeJI U3 HaOJoieHuii hburypupyor Beqnannbt §; (i = 1,2,...m),
HasbIBaeMble HeBsiskamu. OHu onpejienenbl cootHomenusivu (150). 3ecs m
qncsio u3mepennii. [locite ycnemnsoro yrounenust mapaMeTpoB, KOIIa IOIpPaB-
KI K HIM CTAHOBATCS IPEHEOPEKMUMBIME, HEBSI3KU CTAHOBITCS PABHBIMU OT-
KJIoHeHnAM AE;, XapaKTepu3yOIINM COTJIACOBAHIE TEOPUH ¢ HAOTIOICHUSIMIU.
PaKTUIECKN 3TU BEJIUUNHBI COAEPrKAT OIMUOKN HAOJIIONEHUI U OMIMOKKA MO-
NeJIN JIBUKEeHNSI HeOECHOrO TeJIa.

Ha mpakTuke Bcerga MHTEPECYIOTCsI CTATHCTUIECKAME XapaKTepPUCTUKA-
mu HeBs30K AE;. OHM HecyT TOJIe3HYI0 WHMOPMAINIO JIJIsT JAJIbHEHIero co-
BEPIIEHCTBOBAHNS KAK MOJIE/IN JIBUKEHUsI, TaK U MeTOA0B Habmoaennii. CHa-
JaJjia aHAJIM3UPYeTCs CPeJIHsist BeJIMIMHA HEBI30K

Af= > A
=1

Cy1iecTBeHHOE OTJIMIHE STOH BEJMIWHBI OT HYyJIsd [MOKA3bIBAET HAJIMYHNE B
pe3yJsibTaTax HaOJIIOJIEHUI CHCTEMaTUIeCKON OIMMOKU, KOTOPas MOMXKET OBbITh
BBI3BaHA HECOBEPIIIEHCTBOM HAOJIIOIATEIHHBIX TPUOOPOB MJIN He MPaBUILHOM
IIPOIIE Iy POil TIPeIBApUTEIbHOM 00paboTku HabJoienuit. banzocTs Bemyn-
Hel A€ K HYJIIO elle He TOBOPHUT 00 0BIIeM KadecTBe HAbJIIOICHMI.

Jlajiee ana/im3y 1oJIBEpPraeTcs CpeHEKBaIpaTUIecKas BeJTUINHa OT/IOHE-
it A;. OHa onpeessiercst 1Mo yzKe IpuBeJieHHOM Bbiiie dhopmyie (165)

r=y/% (205)
m

B KOTOPOI BeJimInHa dy JT0JIZKHA BBIYUC/ISTHCS COIVIACHO ee Bhipazkeruio (160).
DTa XapaKTePUCTHKA BKIIOYAET B cebs KaK CHCTEMATUIECKHe, TaK U CJIydaii-

HbIe OIINOKN HAOJIIOICHUIH.
B mabope ucriosib3yeMbIx HAOJIIOJIEHUI MOT'YT OBITh KaK TOYHBIE, TaK U
rpybbre HabmogeHus. B srom ciaydae B Beqmumny cymmbl (160) ocroBHOM
BKJIaJ] BHECYT T'PyOble HAOJIOICHUS ¢ OOJILITUMU HeBsa3KaMu. Ecium ke Mbl
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IpUMEHseM Beca HaOJIIOIEHNiT, TO XapaKTepUCTUKa & He OY/JIeT COOTBETCTBO-
BaTh CIIOCOOY HCIOJIB30BaHUs JaHHBIX. TOrma MOXKHO aHAJIN3UPOBATH TaK
HA3BIBACMYIO CPE/THEB3BEIICHHIYIO BEJIMINHY HEBS30K Ty, KOTOPAsT BBHIUYUCIISA-
ercs 1o Toit ke dopmyse (205), HO B KOTOPYIO MOJCTaBIeHA BeJIndnHa dy,
onpezessgeMast cooTnorerneM (202).

HT00B! OTJEIUTH CHCTEMATHIECKYIO COCTABJISIONLYIO HEBI30K OT CJIydaii-
HOfi, BBIUUCJISIOT TaK HA3BIBAEMYIO HECMEIEHHYIO JUCIIEPCHIO CJIyJailHbIX
HeBs130K D(AE), KoTopast onpeessiercs mo hopMmysie

m

D(AE) = p—] D (A& - AL

i=1

KBaspaTHbIil KOpeHb U3 JuCHIEpCHn
o =+/D(AE) (206)

HA3BIBAETCS CTAHIAPTHBIM OTKJIOHEHUEM. DTa BeJIMINHA XapaKTepU3yeT CIIy-
JafiHyI0 COCTaBJIAIONLYIO OIMUOOK HAOJIIOICHMI.

B anropurmax, peaju3yeMbiX Ha ITPAKTUKE, OKA3bIBACTCA HEPAITMOHAIBHO
3amacarb B maMmsaTu Bce HeBsizku AE; (i = 1,2, ...m), 9T00bI 3aT€M BBIYUC-
JINTH CTATHCTHIECKHE XapaKTepucTuku AE, 7, 0. OCOBEHHO 3aTPyIHATEILHO
9TO JIeJIaTh MPU OYeHb OOJIBIIOM |mcse HabJojeHuil. B mporecce Bbramc-
JIEHUI HaOJIIOJIEHNs] ITPOCMAaTPUBAIOTCS MTOCIEIOBATEIHHO OTHO 38 JIPYTUM.
[TamaTb, oTBOMMAsA It 0OPAOOTKU OJTHOTO HAOJIIOJIEHUS, 3aT€M UCIOJIb3Y-
ercs st 0OpaboTKu cjeyiomiero. B aTom mporiecce MOXKHO UCIOIB30BATD
PEeKYpPpPEHTHBIE COOTHOIIEHHSI JIJII HCKOMBIX XapakTepucTuk. JlomycTtum, a1o
Mbl Beraucsn AL, @, o mist k Habumronernii. OG03HAMIM MOy YeHHbIE 3Ha-

Ak —
wennst gepes AL, 7%, o) coorsercrBenno. Ilpn no6aBieHn elre OIHOrO
HabJIoIeHns ¢ HOMepoM k + 1, To ecTh HeBA3KH A& 1, HOBBIE, CJIEIYIONIe
(k1) _ .
sHadennst xapakrepuctuk A&, g *t) oD yoxmo mafiti m3 pexyp-
PEHTHBIX COOTHOIICHUN
——(k+1) 1

——(k
R =k A 1+ Ag),

_ 1 ()2
gt = \/k—H(k )"+ Agia®),

o k+D)

1 1 — 2
% {k‘ 70?7 _ P (k‘ Af(k) + A€k+1> + A§k+12] :
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6.5. MeToapl orleHKu TOYHOCTH 3deMepui, OCHOBAHHBIX HAa HAOJIIO-
JEeHUIX

[TocTpoenue mojie/in JIBMKEHUS HEOECHOTO TeJia Ha OCHOBE HabOJIIOICHUIT
COITPOBOXKJIACTCA PSAJIOM HMPUHATHIX JOMYIIEHUH U TIpe/irnooxkennii. [Ipume-
HsieMble MeTO/Ibl BBIYUCJIEHNI NMEIOT Hen30eyKHbIe MmorpermnocTu. Pesynbra-
ThI HAOJIIOJIEHUI cojiep:KaT omubdKu. B 9TUX yc/ioBuUSX clie/lyeT MOCTaBUTH
BOIIPOC O JIOCTOBEPHOCTU U TOYHOCTH dHEeMepH], BHIYUCICHHBIX HA OCHOBE
[TOCTPOEHHOM MOJIETU. DTOT HEIMPOCTON BOIPOC HEPEIKO yMATINBACTCS TIPU
BbIIa4e 3pemepu. B myOmKyeMbIX acTPOHOMUYECKUX €KEIOJIHUKAX B Tad-
aurax ddeMepu I HeT TOH MOce Hell KOJTOHKN, KOTopas cojepzKasia Obl To-
I'PEINTHOCTD JJAHHBIX, KOTOPbIE JaloTcs B Ipeblayiux. [locraBiienasrilt Bo-
npoc nogcuger Puc. 20.

OpburaibHOe ABUKEHIE HEOECHBIX TEJT IMeeT OJHY OCOOEHHOCTD. [IBmKe-
HUE TIPOUCXOIUT BOJIU3U HEKOTOPOI IJIOCKOCTH. B IIpoeKIun TpaeKTopun Ha
3Ty IJIOCKOCTh PaJInyC-BEKTOP BpalllaeTcsd ¢ HOYTH IIOCTOAHHOI yIJIOBOI CKO-
POCTBIO. ¥YTOJI MEXK/Iy PaJInyCOM-BEKTOPOM U HEKOTOPBHIM (DUKCHPOBAHHBIM
HAIIPABJIEHUEM, A HA3bIBACTCA OPOUTAJILHON JIOJINOTOH. DTOT YIrOJ MOHOTOH-
HO U TOYTH PABHOMEPHO YBEJIMYUBAETCS CO BPEMEHEM, MOCTOSHHO "HaKpY-
quBasi" 060poThl. JlomycTiM, YTO HA HEKOTOPOM HHTepBaJse BpemeHu (i1, 1ts)
BBITTOTHSAIOTCS HAOTIOMEHNS, N3 KOTOPBIX MOXKHO OIPE/Ie/INTh 3HAYeHNs A Ha
9TH KpaliHre MOMEHTBHI BPEMEHH C HEKOTOPOIl MOrpemHocThio o). Ilo satnm
3HAYEHUSAM MOYKHO OIIPEJIE/UTE ddeMepuIHoe 3HaYeHe OPOUTAILHON J0JI-
rOTHl H& HEKOTODBII MOMEHT l; ¢ Kakoif-ro morpemnoctbio Ay. CsoiicTBa
OpOUTAJILHOTO JIBUYKEHUS TTO3BOJIIIOT BBIBECTH ITPUOJIUKEHHYIO (DOPMYJTY 3a-
BUCHMOCTH TOYHOCTH 3pemMepuapl A, OT WHTEPBAJIOB BPEMEHU MKy Ha-
YAJIBLHBIM {; U KOHEYHBIM ty MOMEHTAMU HAOJIIOACHUI U MOMEHTOM Ly, miis
KOTOPOTO BBIUHCIAeTCs ddemepuia. JdTta hopMyia UMeeT BU/L

_ titto
ty 2

A)\ = 0O) (207)

lo — 11
OueBnIHO, 9TO MBI HE MOYKEM HM3MepSITh OPOUTAIBHYIO JOJTOTY HEIOCPeI-
CTBEHHO 1pu HabJoaeHngax. Mbl HaOJIIOMaeM JIMIIb IPOEKIINI0 OpOUTaIbHO-
ro JBUKEHUS HA KapTHUHHYIO ILJI0CKOCTb. OJIHAKO IPUBEIEHHAs 3/1eCh IIPHU-
O/mmkenHast opMyJia OTHOCUTEIBHO JIOJITOTHI TO3BOJISET CJIe/IaTh HEKOTOPbIE
BBIBOJIBI. ToduHOCTD 3hbeMepu 1 MpONOPIMOHAILHA TOYHOCTHA HAOJIIOIEHUI, HO
TakKe 00PaTHO MPOIOPIMOHAIBHA WHTEPBAJIYy BpeMeHHN HaOJ IO IeHUiA.

W3 npuBeeHHOrO aHaIM3a FCHO, YTO MMEHHO HYKHO JejaTh JJIsd y/Iyd-
mennsi ToanocTr 3demepn 1. Heobxo Mo MOBBIIIATE TOYHOCTH HAOJIIOIEHUIA.
Heobxo1umo 11poj1o/2KaTh perysisipable HAOIIOICHUS, IIYCTh JaXKe ¢ IPeKHe
TOYHOCTBIO.

Dopmyma (207) maer aumb obmiee TPUOINKEHHOE TPECTABIICHIE O [IaB-
HBIX (paKTOpax, OT KOTOPBIX 3aBUCAT TOYHOCTH 3deMepui. Ha nmpakTuke Hac
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Sdemepupia

10 -0 .Q

QuwnbKn HabapeHUA

d

L)

OwWMGKN TeopHM TouHocTs ?

Bpemsa

-

t, t, T t

Habnrogenusn

Puc. 20: Samaga omerku TouHocTH 3heMepu HeOeCHOTO TeJa.

nHrepecyer boJtee JeTaJIbHOe OIIMCaHrue TOYHOCTH a(beMeme NMEHHO IJId TeX
BEJINYMUH, KOTOPBbIE Mbl U3MEPAECM HUJIN TE€X KOOP/IAUHAT CIIYyTHHUKOB, KOTOPbLIE
MbI UCIIOJIb3YEM. HpI/I 9TOM HeO6XO,ZLI/IMbI CTATUCTUYECKHU OOOCHOBAHHDIC OoneH-
KH.

Ornenka TOIHOCTH deMepun/1 pecTaBasgeT coboil mMporece, OCHOBAHHBIM
Ha BBIBOJIAX TEOPHUU BEPOSATHOCTH. i OleHKN HEOOXO UMbl 3HAHUSA CTATH-
CTUIECKUX CBOMCTB TeX OIMMOOK, KOTOPBIE COAEpKarcsi B TEOPUU W B Ha-
O6monenusx. B peaJbHBIX UCCIEIOBAHUSX TaKasd MHMOPMAIU OUYeHb CKY/THAS
mwim ee HeT coBceM. [[oaToMy JTOCTOBEPHOCTH OIEHOK TOYHOCTHU dDeMepu, I Ha
IpaKkTHKe He ObIBaeT BBICOKOI. Bce »Ke mpuxojuTcs JieaTh TaKue OIEHKH,
UCXOJI U3 UMEIONINXCS JTAHHbBIX.

[TocraBiiennast 3a/1a4a paccMaTpUBAJIaCh B OTPOMHOM MHOXKECTBE PadOT.
OrmernMm 37eck TobKO siBe (Emelyanov, 2010; Apmromes, 2015), B KoTO-
PBIX MOXKHO HaiiTu 6ubmorpaduio mo paccMarpuBaemMomy Bompocy. B pabo-
te (Amromes, 2015) paccMOTpPeHBbI TEOPETHYECKHEe acleKThl 9TOH 3a71a9u u
YCTAHOBJIEHBI BO3MOYKHbBIE TPAHUIIHI €€ PEIeHN.

OcHOBHYIO WJI€I0, 3aI0KeHHYI0 B Merojax paborsl (Emelyanov, 2010),
nosicasier Puc. 21. [Ipeyrararorcst Tpu MeTOj1a ONEHKUA TOYHOCTH dDeMepu
HebecHBIX Tel. Bce oHM OCHOBaHBI Ha MCKYCCTBEHHBIX BapUallUaX JTaHHBIX
HaOJTI0/IeHUIA.

[TepBoriit MeTOT: OleHKA TOYHOCTH dpeMepu/i Bapuarueil ormmdoK HadIOo-
nennii 1o criocody Monte-Kapiio. Ilpuem nocrarouno mpoct. Obimast cxema
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HaGnioaeHua YTo4YHeHUe rI'IapaMEprI

€ Bapuaumuamm napameTpoB ¢ BapuauuaMu
OWNBOK Ha ocHoBe ownboK
HabnioaeHuin HabnoaeHuin napaMeTpoB

v

,~ ~

BulyucneHue
atpemepug

!

Spemepuanbl
C Bapuauuamu
owmndoK

acemepug

OcHoBHas
naea

Bapuayum achemepma = owmdkam sci)ervlepm,q

Puc. 21: OcnoBHAas ujiest METOIOB OIEHKN TOYHOCTH dpeMepu 1 HeOeCHBIX Tel.

TakoBa. Popmupyem OOJIBINIOE YUCIO BAPUAHTOB OJIHMX U TeX Ke HabJIIo-
JIEHNH, OTJINYAIONINXCA OT PeabHO BBIMOTHEHHBIX HAOOPOM TIOIDENTHOCTEN,
KOTOpbIe renepupytorcs metojiom Monrte-Kapito. s kaxkioro BapuanTa 3a-
HOBO OIIpe/iesisieM OpOuTy, IO KOTOPOil Bbrauc/isieM 3deMepr iy Ha 33 aHHbII
MOMEHT BpemeHu. CTaTuCTUIecKue OINeHKN Bapualuiit 3beMepu i Cpejin STuX
BapUAHTOB JIAIOT ONEHKY TOYHOCTH.

B sTom meTone cHavasia 1Mo peasibHBIM HAOIIOJAEHUAM OIpeIedeTcs Op-
buTa. 3aTeM 1O HAJEHHBIM ITapaMeTPaM BBIUUCISIOTCH 3HAYEHUs] U3Mepsie-
MBIX BEJIMYMH HA MOMEHTBI HAOJ/IIO/IEHUIT. DTOT HAOOD OMOPHBIX HAOJIIOIEHUT
paccMaTpUBaeTCd KaK BaApUAHT TOYHBIX HaO/0eHnii. K TOYHbIM 3HaUEHUAM
U3MEePsEeMbIX BEJIMYUH TPUOABJIAIOTCS UCKYCCTBEHHO CO3JIAHHBIE CJTydaifHbIe
omubku. OIHOBPEMEHHO € BBIYUCICHIEM OTIOPHBIX HAOJIIOIEHUT BBITIOTHICT-
Ccsl BBIYHCJIEHNE OTIOPHO# 3heMepuIbl Ha Te 3a/[aHHble MOMEHTBI, Ha, KOTOPBIE
HAC UHTEpecyeT TOYHOCTH 3demepuinl. Kax bt Habop npubaBIeHHbIX CITy-
JaHBIX OIMMOOK HAOJIOMEHUN U IOJIYIeHHasl II0CJIe 9TOro gheMepuia pac-
CMaTPUBAIOTCA KaK OJHO MCIBITAHUE B CMBIC/IE T€OPUU BepodTHOCTei. 11po-
MU3BOJIUTC 110 BOBMOXKHOCTH MHOI'O TaKUX WCIBbITaHWil. Bbraucisgercsa cpei-
HEKBaJ[paTHYeCKas BeJIMYNHA OTKJIOHEHUN ddeMepuji OT OIMOPHOI 0 BCEM
ucnplTanusaM. VIMeHHO 9Ta BeTMInHA IPUHUMAETCS 3a OIEHKY TOYHOCTHU de-
MEepU/I.

PaccmoTpennblii aropuT™M nuMeer jiBe cyInecTBeHHbie ocobernoctu. Heob-
XOJIUMO BBITIOJIHUTH ONEHKH TOYHOCTHU HAOJIIO/IEHUIT, YTOOBI 38/1aTh BApUAIIH
onubOK. DTU OIEHKN MOTYT OKa3aTbCs HE COBCEM JOCTOBEPHBIMU, OCODEHHO
eci HabJIIOJIeHUs HepaBHOTOUYHbIE. Bropas 0coOEHHOCTH COCTOUT B 3HAYU-
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TEJILHBIX 3aTPaTaX BPEMEHU BBIMUCJICHUI, MOCKOJbKY JjIs XOpolieil craTu-
CTUYIECKON OIEHKN TOYHOCTH 3(DEeMEPUIbl CJIeyeT BBIUUCIUTH OTKIOHEHUE
adeMepuIbl OT OMOPHO JIOCTATOYHO MHOTO pa3.

Bropoit MeTo 1 — 9TO OlleHKa TOIHOCTH ddeMePUi METOIOM Bapualunl Co-
cTaBa HaOJIIOJEHN ¢ TIOMOIIBIO "OyTcTpelr -BhIOOpoK. O0Iast cxeMa MeToIa
[IOXOYKa, Ha, CXeMy Bapuaruu omubok Hab/omenunit metogom Monrte-Kapiio.
DopmMupyem OOJIBIIIOE YUCIO BAPUAHTOB CJIyYIallHBIX BHIOOPOK M3 HAabopa pe-
AJIbHBIX HAOJII0/IeHnit. BeIOOpKH Jie1aoTes "0y TCTper -MeTo/IOM € ITOMOIIIHIO
JlaTduKa caydaiiubix gnces. JIig Kazkioro BapuanTa 3aHOBO OIIPE/Ie/isieM Op-
O6uTYy, 110 KOTOPOil BbIUMcIgeM 3deMepuly Ha 3aJaHHbII MOMEHT BPEMEHH.
Crarucrudeckue OIEHKN Bapuaruit 3eMepu ] Cpe/id STUX BaPUAHTOB JIAI0T
OTIEHKY TOYHOCTH.

B sTom MeTos1e HAOOP OMOPHBIX HAOJIOAEHII PACCMATPUBAETCS KAaK Bapu-
aHT BbIOOPKHU. [Ipu crarucruvdeckoM aHa/im3e OTKJIOHEHUI 3dbeMepuibl cHa-
YJaJjia BEIYUC/ISIOT CpejiHee 3HAUEeHNe U CPEIHEKBAIPATUIECKY IO BEJTMIUHY OT-
KJIOHEHHUsI OT CPEJTHErO.

PaccMoTpenHbIit airopuT™ ©MeeT OJIHO MPEUMYIIECTBO 10 CPABHEHUIO C
Bapuarueii ormubok HadoaeHuit. {1 peanmusanum MeToia He HYKHbI HIKar-
K1e JIAHHBIE O TOYHOCTU HAOJIIO/IEHUIA.

[TosicauMm 371ech, 9To Takoe "Oyrcrpern’” BbIOOpKa. IlycTh mMmeercs nabop
KaKUX-JIT0O IIPOHYMEPOBAHHBIX 3/1eMeHTOB B KoindecTBe N-miTyk. [Ipeacra-
BUM cebe CIydaliHyIo BEeJUYNHY, KOTOPas MOXKET MIPUHUMATH 3HAYEHUs OT 1
710 N ¢ IOCTOSTHHO TIJIOTHOCTBIO BEPOSTHOCTHU. Bysem 3a/1aBaTh 3Ty ciryvaii-
nyio Beqnunay N-pa3. B kaxkioM ciiydae mojiydaeM HEKOTOpPOe 3HadYeHue n
CJIyYaifHON BeJIMYMHBI B Juana3one oT 1 /1o N, 3aTeM BbIOUpaeM U3 UCXOJIHO-
ro Habopa seMeHT HOMep n. [lomMeraemM TOT 3JeMeHT B pe3yJIbTUPYIONIHI
nabop. B urore nmonyaum cuaoBa N sjementoB. OJHAKO B PE3YIBTUPYIONIEM
HabOpe HEKOTOPBIE HJIEMEHTHI U3 MCXOJHOTO HAabOpa MOTYT OKa3aTbCs BbI-
OpaHHBIMU HECKOJIbKO pa3, a HeKOTOpble — HU pa3y. Takoil crocob erne Ha-
3bIBAIOT BBIOOPKOI ¢ BO3BpalleHueM. B Harrem ciydae KaxKjad oOyrcrpen’
BBbIOOPKa M3 [N MCXOJHBIX HAOJIIOIEHNT CIIyTHUKA JaeT HaM CHOBa HabOp H3
N uabJrro/ieHnit, KOTOPBIl U yIACTBYeT B aJrOPUTME OIEHKU TOTHOCTU dhe-
MEPUIHI.

[Ipu npuMeHEeHNN OIMMMCAHHOIO 3/IeCh METO/a 'Oy TCTper’’ BhIOOPOK HAOJIIO-
JICHHHl cJIe/lyeT YIUTBhIBaTh €ro CIeIUu(UIecKoe CBOMCTBO — BAPbUPYIOTCH He
OIMMOKN HAOJIIOJIEHNH, & ITOJIHOCTBIO UX cocTaB. [10CKO/IbKY B HEKOTOPBIX BbI-
OOpKax MOI'YT OTCYTCTBOBATH HAOJIOJEHUs Ha Kpadx HHTEepBaja BPEMEHH
HAOJTIOICHI{, COKPAIIIEHHBIT MHTEPBAJI MOXKET IIPUBOIUTH K YXY/IIEHUIO TOY-
HOCTH TIApaMeTpPOB U TOYHOCTH demepu;i. Vcupapienune 3Toro HejpoctaTka
MEeTO/1a MOXKHO CJIe/IaTh CJAeAYIONuM myTeM. Hy»KHO BBIYUC/INTD CHavYaIa BCE
OIMMOKN HAOJIIO/IEHNI, TO €CTh OTKJIOHEHUS peasibHbIX HAOJIIOIEHUH OT OIOP-
HBIX, IOJIyYeHHBIX IIyTeM BBIYUCICHUsT dPeMepu Ha MOMEHTbI HaOJII0IeHIiT
[0 YTOYHEHHBIM [apaMeTpaM. 3aTeM B MPOIecce BBIYUCICHUN Jeaarh Oy T-
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cTper’ BBIOOPKHU HE caMuX HAOJIIOJIEHUN, a TOJIbKO UX omuboK. Takum obpa-
30M, BC€ MOMEHTBHI HabJIO/IeHnit OyIyT coxpaHenbl. OIHAKO OMMOKM OJTHUX
HabJIIO/ICHUIT MOTYT OBITH TPUCBOEHBI JIpYTUM. [Ipr 9TOM HEKOTOpBIE OMTUOKH
HAOJTIOJIEHIIT MOT'YT OBITH YBEJIMYEeHbl B HECKOJILKO Pa3, a HEKOTOpble OYIyT
[IOJIOYKEHDbI PABHBIMU HYJII0. Takoil npueM ObLT UCIBITAH ABTOPOM W ITPUBEJ
K TIOJIOYKUTEJTbHBIM PE3yIbTaTaM.

Tperwuit MeTOJT — 9TO OIEHKA TOYHOCTHU dheMepu i METOJIOM BapUaIluu 1a-
pameTpoB jBrKeHusi. OCHOBHAsT MJiesi METO/Ia 3aKJIIOIaeTCd B CJIELYIOIIEM.
Ha ocnose ncxomnoro nadopa HaOJIIOJIeHUIT BBITOTHSEM OIPE/Ie/IeHue apa-
METPOB JIBUKEHUS HEOECHOTO Tejia MeTOIoM JuddepeHnnaabHOr0 yTouHe-
uust. [Ipu sToM nosydaiorcs BeKTOP-cTOJIORT HAllJICHHBIX 1TapaMerpoB Pg u
COOTBETCTBYIOIIAA KOBapUAIMOHHAs MaTpHIla OMMUOOK mapamerpo D, kak
OTIMCAHO BbIIIEe. BeKTOp olpe/ie/isseMbIX apaMeTPOB COJICPXKHUT N SJIEMEH-
toB. Marpuna D nmeer pazmeprocts (n X n). Ilo 3HaYeHusiv mapamerpoB
Py Borauciisiem onopuyio 3demeputy. C IOMOIIBIO JATINKA CJIYUANHBIX TU-
ceJl co3zaeM BapuwaHT 3HadeHuit napamerpoB P, orimuatomuiics ot Py na
HEKOTOPBII BEKTOP cIydailHbix BejimanH. PopMupyem Takum oO6pa3oM 00J1b-
III0€ YHCJI0 BAPUAHTOB C/IYYAWHBIX 3HAYCHUI IapaMeTpoB JBUKeHUd. [l
KazKJIOTO BapHaHTa BBIYHUC/IAeM ddeMepr Iy Ha 33/ aHHBIII MOMEHT BpEMEHU.
CrarucruyecKne OIeHKH Bapuaruii 3deMepu cpe/id 9TUX BapUAHTOB JIAI0T
OIIEHKY TOYHOCTHU.

3/1ecb BO3HHMKAET BaKHBIN BOIPOC O TOM, KakK c(HOPMHUPOBATL CJIydaii-
HYIO Bapualuio nmapaMerpon. Meroji, 000CHOBaHHBIN Teopueil BEpOITHOCTH,
COCTOUT B cJiefytomeM. s n3BecTHOI KOBAPWAIMOHHON MATPHUITHI OIMMTIO0K
napamerpoB D onpesessiem MaTpuity gekommnosunuu Xosernkoro L Ha ocnose
COOTHOIIIEHU ST

LLT = D.

C moMoIpio JaTIuKa CIyIaiiHbIX qrcesl (OPpMUPYEM CIIydaifHbIil BEKTOP 17,
cocrosiuit u3 n KomoHeHT. Habop ciydaitHbiil 3Had9eHuil 1apaMeTpoB BbI-
YUC/IgEeM 3aTeM 110 (hopMmyite

P = Py + L.

Samerum, uTo MaTpuiia L okaszbiBaeTCcsd HUYKHEH TPEYyroJIbHON MaTpPUIIEH.
st ee BBIMMCJIEHHS MOYXKHO HCIIOJIB30BaTh MPOrPAMMY, COCTABJICHHYIO Ha,
si3bIKe porpaMvupoBanus Cu n mmerornyocs B O1iesre HeOeCHON MeXaHUKT
FATIT MTI'Y.

PaccmoTpenHbINT a/irOpuT™M MMeEeT MPENMYIIECTBO 110 CPaBHEHUIO C JIPY-
FUMU PACCMOTPEHHBIMU BBIIIE METOJAMU. 3HAUYUTETHLHO COKDPAIAETCs Bpe-
Mg BBIYHCJIEHUH, TTOCKO/IBKY YTOYHEHUE IMapaMeTPOB U3 HAOJIOIEHUN HYKHO
clies1aTh TOJIBKO OJWH pa3. Ipyroe mpemMmyInecTBO 3aK/II0YAETCS B TOM, ITO
CTATUCTUIECKIE XaPAKTEPUCTUKHU OIMUO0K HAOJIIOIEHNI aBTOMATHIECKN TTPHU-
HUMAIOTCH BO BHUMAHME, OJIarolapsi NCIOJIb30BAHUIO KOBAPUAIIMOHHONW MaT-
PUIIbI OIMTUOOK ITapaMeTpoB.
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B pa6ore (Emelyanov, 2010) paccMOTpeHHBIE TPU METO/A TPUMEHSIIACH
JUUTST OIEHKU TOIHOCTH (heMepu/ JaaIeKuxX CIyTHUKOB ILIaHeT Ha OCHOBE Ha-
osroennii. Pe3ybraThl 0 TpeM MeToIaM OKa3aJIiCh MMOYTH COBIAIAIOTIIM,
3a UCKJIIOYEHUEM MeTojia "OyTcTpelr’ BBIOOPOK, KOTOPBIi JlaBaJjl HeJ0CTOBEP-
HbIE OIEHKU B CJIydasX OYeHb KOPOTKUX UHTEPBAJIOB BPEMEHU HADJIIO/IEHUI.

TounocTs 3demepus; BeeX JAJEKUX CIYTHUKOB OOJIBINMUX TIJIAHET BIEP-
BbIe ObLIA OIIpe/ie/ieHa Ha OCHOBe Habuioenuii B pabore (Emelyanov. 2010).
Oxkazayioch, 9TO JJId JAJEKNX CIIyTHUKOB, OTKPBITHIX B HAYaJe W CepejnHe
20-To Beka, TOYHOCTH 3demepui coxpansgercd Ha ypoBHe 0.06 cekyHj Jiy-
ru jio 2020 roma. s Apyrux CIyTHUKOB TOYHOCTH 3MeMepu]i 3HATUTE b
HO XYK€ U PE3KO 1aJIaeT C YMEHbBIIICHINEM UHTEePBaJa BpeMeHU HabJII0/I€HU.
Ectb ciyTHuKY, Ji)I KOTOPBIX MHTEpBaJ BpeMeHu HadJmo/ienuii pasen 30 cy-
ToK, 4T0 coctapyiger (0.04-0.07 mepuoja ux opburanbHoro ooparienusd. [l
HEKOTOPBIX U3 TAKUX CIIyTHUKOB TOYHOCTD 3eMepH ] CPABHUMa C BUIMMBIMU
pasMepamMu OpOUTHI. TO O3HAYAET, YTO ITU CILyTHUKU MOXKHO CIUTATDH IOTe-
psaabIMU. VX HY?KHO UCKATh W OTKPBHIBATH 3aHOBO. COIVIACHO Pe3ysbTaram
pabote! (Emelyanov. 2010) Takux criyTHUKOB OKa3aJoch 21.

B pabore (Jacobson et al., 2012) Ha OCHOBe BCEX MMEIOIIUXCS K TOMY
BpeMeHU HaOJIOJIeHN ObLIM yTOYHEHbI OPOUTHI U ddeMepuibl BCeX Jiajie-
kux cunytaukoB FOmurepa, Carypna, Ypana u Henryna. Breimosinenst oren-
KU TOYHOCTH dpemepui ciyTHUKOB. llosryuenbl pesysibrarsl, aHAJIOTUYHbBIE
pesyibraram paborel (Emelyanov. 2010). [list psiga cryTHUKOB 3dbeMepu bl
[OJIyIMJINCh O0JIee TOTHBIME, MMOCKOJIBKY HCIOJIB30BaIUCh 0OJiee JIJIMHHBIE
psizibl HaburoIeHwit. BazxkHo To, uT0o aBTOphl paborer (Jacobson et al., 2012)
BBITIOJTHUJIN HOBbIE HAOJIIOJIEHUS U TIOUCK CITYTHUKOB, PaHee MOTEPAHHBIX H3-
3a Herounoctu sdemepui. Heckombko cryTHUKOB ObLIO Hadijieno. OmpHako
OHM KOHCTATUPOBaJIN, IYTO 16 paHee OTKPBITHIX JlajleKnX ciyTHUKOB FOmnTre-
pa u CarypHa octafrcs rnorepsaabiMu. HoBble paboThI 110 yTOTHEHUIO Op-
OUT JaJeKuX CIyTHUKOB IJIAHET MPOIoJzKasuch. ABropsl crarbu (Brozovié,
Jacobson, 2017) npoussesin HOBOe olpejieieHre OPOUT JIATEKUX CILYTHUKOB
FOnurepa ¢ ucnosibzoBanuem HOBBIX HabJoenuit. Ho u mocste 31oit paboTsr
11 u3 59 nastekux cryTHKOB FOtmrepa ocTaloTcs MOTEPSHHBIME.
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I'nmaBa 7. Ilomy4dyenue acTpoMeTpuYecKUX HJAHHBIX W3 HAOIIOAeHUI
B3aWMMHBIX ITOKPBITHIT U1 3aTMEHUI CIIYTHUKOB IIJIAHET

7.1. Onucanue saBJeHUN

Texauka HaOIIOAEHUT HEOECHBIX TEJI IMOCTOSAHHO coBepieHcTByeTcs. Co-
BEPIIIEHCTBO CPEJICTB 3aBUCUAT OT Pa3BUTHUS TEXHOJOIMH B Mupe. B To ke
BpeMsi aCTPOHOMBI, IPUMEHSS CIeIuaJbHble 3HaHUsI, UIYT CO CBOEH CTOPO-
HBI HOBBIE, DOJiee coBepllleHHbIe MeTojibl HabogeHuit. Ha kakoMm-To sTare
OTKPBITUI ¥ U3YyUEHUsT €CTeCTBEHHBIX CIIYTHUKOB ILTIAHET OBLIO 0OHAPYKEHO,
qaro riasBable cinyTHEKE FOmmrepa, Carypaa n YpaHa IBHKYTCSI 10 OPOUTAM,
PACIIOJIOYKEHHBIM TTOYTH B OHOM IJIOCKOCTH, COBIAJIAIONIEN € TIJIOCKOCTHIO K-
BaTOpa IJIAHETHI, HO HAKJOHEHHOW K IJIOCKOCTH ee opouTbl. IIpu sTom jBa
pa3sa 3a 1nepuoj obpalnenus aneTbl BOKpYT CoJiHIa B 9TY ILJIOCKOCTD TIOoTa-
JlaeT JIMHUs, COeJNHAONIas anery ¢ 3emieir. [IpumepHo B 9T1 Ke 310Xu
Jepes IJIOCKOCTh OpOUT mpoxoauT JuHud 1mianera-Cosaie. B HekoTopbie Mo-
MEHTBHI BpeMeHI M300parkKeHusI JIMCKOB KAKUX-TO Iap CIIYTHUKOB, BHINMBIX
¢ 3eMJn, TTepeceKaroTcs. B 9Tu ke 310X TeHb OT OJJHOTO CIIyTHUKA WHOTIA
oI IaeT Ha JIPYTroil,  9Ta TeHb BUJIHA ¢ 3eMju. B oboux ciydasx cymmap-
HBII OJIECK CIIYyTHUKOB BPEMEHHO YMEHBIIAETCs. DTOT CIaJ CBETOBOI'O ITOTO-
K& MOXKET MU3MEPATHCH, JIazKe €CJIU Mbl HE Pa3/imdaeM N300ParKeHus JTUCKOB
ciyTHUKOB. [IpoucxoasaT Tak Ha3bIBaeMble B3aAUMHbBIE IIOKPBITHS W 3aTMEHUS
cyTHUKOB 1utaHeTbl. Koudurypanus CoJtHIle-TIIaHeTa~-CIIyTHUKA B CJIyYa-
X TaKNX B3aUMHBIX SIBJICHHI mHoKa3aHa Ha puc. 22. JJmMTelbHOCTL CIiaja
SIPKOCTHU CIIyTHHKOB B OOJIBIIIMHCTBE CJIYYaeB COCTaB/IsgeT OT 4 10 15 MUHYT.
[Iepuojbl aBjieHMil JINTETHHOCTHIO B 6 — 9 Mecs11eB TOBTOPSAIOTCS Yepe3 MOoJI-
obopora mnanersl BOKpyTr Costaila. ['0/161, B KOTOpBIE TTPOUCXO/IAT B3AUMHBIE
MMOKPBITUST U 3aTMEHUsI IVIABHBIX CITyTHHUKOB, ciejytormue. Cryrauku FOmm-
Tepa: ..., 1997, 2003, 2009, 2015, 2021. ... . Coyrauku Carypsa: ..., 1995,
2009, 2023, ... . Coyrauku Ypana: ..., 1965, 2007, 2049, ... . IIpoucxo-
aat ot 1 jgo 10 asienuit B Hememmo. Kaxkmoe sgBieHne MO:KHO HabJII0IaTh
ojHOBpeMenHo ToIbKO Ha 30% obcepBaropuii Ha 3eMiie.

Jlst oncaHus sIBJIEHU BBOJAT MMOHSITHE TLIOCKOCTH ABJIEHHUSA. DTO ILIOC-
KOCTb, IMPOXOJIdAIas depe3 MOKPBIBAEMbBIH WU 3aTMEBaeMbIil CIIyTHHUK IIep-
[EeHIUKYJ/ISIPHO K JIy4y, HAIIPABJIEHHOMY K 9TOMY CIIYTHUKY OT HabOJIIOIaTe s
B C/Iydae B3aUMHOI'O IMOKPBITHs, uin OT 1enTpa CoJiHIla B c/lydae B3aUMHOTO
zaTMennd. Ha 3Ty MJI0CKOCTb TPOEKTUPYIOT MOJIOXKEHNE TIOKPBIBAIOIIETO WJIH
3aTMEBAIOIIEro cryTHuKa. OnpeIesiioT KOOPAUHATEI 3TON MPOEKITHH B HEKO-
Topoil cucreme KoopauHat X, Y Ha ILIocKocTH dBjeHns. Hadaio koopauHaT
ITIOMEIIAIOT B MOKPBLIBAEMbIN MM 3aTMeBaeMblil ciiyTHUK. Hamnpasjenue ocu
Y BBIOMpAIOT Ha CEBEPHBIH MOJIOC MUPA, & OCh X — K BOCTOKY.

OueBuIHO, ITO CBETOBOII MOTOK, IPUXOISIINI OT CITY THHKOB BO BPEMSI siB-
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Puc. 22: Cxema Koudurypaiun reJIMONEHTPUIECKAX opouT 3emiu, IiaHe-
ThI U OPOUT ee CIyTHUKOB, IIPH KOTOPO#l BOSHUKAIOT B3aUMHBIE TOKPBITHS U
3aTMEHMS CITYTHUKOB.

JICHUA, 3aBUCUT OT MX BH/IUMOI'O OTHOCUTEJILHOI'O IIOJIO2KECHU A, U3MEPAEeMOI'O
OTHOCHUTEJIbHBIMU KOOPD/JINHaTaMN X, Y B miockocTn gBienus. Ha puc. 24 10-
Ka3aH CIIa/ HOpMaHHSOBaHHOﬁ BEJIMYMUHbBI CBETOBOI'O IIOTOKa OT CIIyTHHKOB
Ipu U3MEHCHUN KOOP/MHAaT B IIJIOCKOCTU ABJICHUA BO BpeMs B3aMMHOI'O IIO-
KPBITUA MJIN 3aTMEHUA.

B mporecce horomerpudeckoro HabIOACHNS CIIyTHUKOB B PsiJl MOMEHTOB
BpPEMEHU HM3MEPSETCH CBETOBOI TMOTOK OT CIlyTHUKOB. [losiydaerca KpuBas
n3Mepennoro osecka. [Ipumep pesynbrara Takoro HabJIIOICHUS TTOKA3aH Ha
puc. 25.

[TockobKy craj; cBETOBOIO MOTOKA BO BPEMsl SIBJIEHUS 3aBUCUT OT KOOP-
JIMHAT CIIyTHUKOB, MOXKHO PENIaTh OOPATHYIO 3aJIa9y — MOJIy4aTh aCTPOMET-
pUYecKHe JIaHHbIe TI0 M3MEPEHHBIM KPUBBIM OJIeCKa CITyTHUKOB BO BpPEMs UX
B3aMMHBIX TOKPBITHI 1 3aTMenuii. Takoit MeTo1 HabJTIOIeHU T TMEeT HECKO b
KO CYIIECTBEHHBIX IIPENMYIIECTB. Bo-TIepBBbIX, COOTHOIIIEHNE CKOPOCTU BU/IU-
MOTO JIBUYKEHUS U TOYHOCTU (DOTOMETPHUU TAKOBO, YTO TOYHOCTH IOy Ya€MbIX
ACTPOMETPUYECKUX PE3Y/ILTATOB OKA3bIBAETCS B HECKOJILKO Pa3 JIydllle TOY-
HOCTU OOBIYHBIX aCTPOMETPUIECKUX HAOJII0/IeHnil. Bo-BTOPBIX, HEOOXOIUMbIE
doromerpuueckue HAOJIIOIEHUT MOT'YT BBIIOJIHATHCS CKPOMHBIME CPEJICTBa~
MU HaOIOeHwil. [y1aBHble CIyTHUKY IIJIAHET JOCTATOYHO spKWe, OUY€Hb CBe-
TOCUJIbHBIE TEJIECKOIIbI He HYKHbBI. He Hy»KHbI HUKaKue 3Be3/IHble KaTaJIOIH.
ObpaboTka m300pazkKeHuit ¢ Neabl0 MOJydeHus (POTOMETPUUECKUX JTaHHBIX
BBITIOJIHAETCA U3BECTHBIMU HECJIOXKHBIMU TIporieypamu. 11o sTum npuannam
doromerpuueckue HabIIOAEHUA B3aUMHBIX ITOKPBITHI U 3aTMEHUI TVIABHBIX
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CseTOBOM
MoTOK

Bpewms

Puc. 23: Tpu kondurypamun B3auMHOIO BHIUMOI'O PACIIOJIOXKEHUS JIMCKOB
CIIYTHHKOB BO BpeMd B3aMHOI'O IIOKPbLITHA 1 COOTBETCTBYIOIIad KpuUBasd CYyM-
MapHOro OJiecka.

CeeToBOM
MOTOK

1 -

S(X,Y)

Bpewms

Puc. 24: 3asucumocts HOPMUPDOBaHHOI'O CBETOBOT'O IIOTOKa, IIPUXOAAIICIO OT
IIapbl CIIYTHHUKOB BO BPEMAd B3aMMHOI'O IIOKPLITHUA, OT BPEMCHMU.

199



1.0 —
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0.8 —
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Puc. 25: [Ipumep pe3yabraToB m3MepeHnii HOpMUPOBAHHOT'O CBETOBOT'O TTOTO-
Ka oT cuyTHuKa o BO BpeMs ero 3aTMeHUs JIPYTUM CIIyTHUKOM U COOTBET-
CTBYIOIIEH MOJEIbHON KPUBOH I10CJIe YTOYHECHUA [IapaMeTPOB MO/JICIIN.

CILy THUKOB IJTAHET MOI'YT BBIIOJTHATHCS KaK MPOMECCHOHAILHBIMEI HAOJTIOa-
TeJIsIMU, TaK U .HIO6I/ITG.HHMI/I.

Kaxkioe siBjienne 1mpomucxo/inT KOPOTKOEe BPeMs U HADJIIOIAeMO OJIHOBPE-
MEHHO TOJIbKO U3 YaCTH Ha3eMHBIX IIYHKTOB. ¥ YacTue HaOII01aTe eii-1i00uTe e
B KaMIIAHUSX HAOJIIOJIEHUI OKA3bIBAETCS BEeChbMa IOJIE3HBIM JIeJI0M. Tperbe
MPEUMYTIIECTBO 3aKJII0YAETCHA B TOM, UTO PEryJsgpHble HAOJIIONEHUs CIIyTHU-
KOB PAaCIHIUPSAIOT UHTEPBaAJ BpeMeHU HAOJIIOACHUN U yJIYUIIAIT TEeM CAMbIM
ux 3peMepuapl Ha OyTyIIee.

7.2. MeTox 11o/1y4eHUs aCTPOMETPUYIECKUX JIAaHHBIX

Meros BBIBO/Ia ACTPOMETPUUIECKUX JAHHBIX U3 (POTOMETPUM B3aMMHBIX
IMOKPBITUI ¥ 3aTMEHUI CIIyTHUKOB ILJIaHET ObLI IpejIozKeH emie B 70-e ToJipl
20-ro Beka B paborax (Aksnes, Franklin, 1976; Aksnes u ap., 1984) u Bro-
caescreun 6bu1 passut B paborax (Vasundhara, 1994; Noyelles u ap., 2003).
B sTtoM MeTose ObLIM TPUHATHI HEKOTOPBIE YIIPOIIEHUST B MOJEN SABJICHUIA.
JIpyroii, opurnHaIbHBIIH MeTO 00PabOTKN (POTOMETPUIECKIX HAOIIOMEHUN 1
HOJTy9eHNsT aCTPOMETPHYECKUX PE3yIbTATOB pa3BuT B paborax (EmenbsHos,
2003; Emelyanov, Gilbert, 2006).

PaccmoTpuM OCHOBHBIE TTPUHIIAIIBI METOJIOB IOJIyUEHUs] acTPOMETpUYe-
CKUX JIAHHBIX U3 PE3yJIbTATOB (DOTOMETPHUHU CIIYyTHUKOB BO BpeMs HX B3a-
UMHBIX TOKPBITHI 1 3arMeHuit. Onuparbes OyaeM Ha IOAXOJ, IPUHSTHIA B
pabore (Emenbsiros, 2003).
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Bamaga dopmyIupyercs ciaeayomuM obpasoM. Bo Bpemsi paccMaTpuBa-
eMOTO SIBJIEHUSI B PsiJi MOMEHTOB BPEMEHU U3MEPSIeTCsl CBETOBOIl MOTOK OT
ciyTHUKOB. TpebyeTcs ornpeaeuTh, UCIOJIb3Ys 9TH JaHHbIC, PASHOCTH KOOP-
JIMHAT JIBYX CITYyTHUKOB Ha KaKOH-HUOY/Ib OJUH MOMEHT BPEMEHU Ha WHTEp-
BaJie BDEMEHU sIBJICHUSI.

B mporecce doroMerpun CriyTHUKOB IMOJIyYaeTCs U3MEPEHHOE 3HAUYCHUE
CBETOBOI'O TOTOKa F B HEKOTOPOI ITKajle 3HAYCHUil, (PUKCUPOBAHHOMN [T
KasK/I0TO JAHHOTO sBJIeHUs. MBI He 3HaeM 3apaHee 3Ty IIKaJy, HO HAM U He
HY?KHO 3HATH a0COJIOTHYIO BeJmdIuHy 1moToka. OH MOKeT ObITh M3MepeH C
TOYHOCTBIO JI0 JTI0OOTO HeompejiesieHHoro MuokuTeasd. Obo3Hadum depes S
HOPMUPOBAHHYIO BEJIMYUHY CBETOBOI'O MOTOKA OT CIIYTHUKOB TAKYIO, UTO IIe-
PeJl ero HavYaJIOM U CPa3y IOC/e OKOHYAHUSI, 9Ta BeJIMINHA PABHA €JIUHUIIE.
Mper mpejmosraraem, 9TO 9TH JiBa 3HAYEHUsI COBIAIAIOT. B mporecce B3amm-
HOT'O MOKPBITHS WU 3aTMEHUs CBETOBOI MOTOK YMEHBINAETCH W CTAHOBHUTCS
S < 1. Torma MOYXKHO yCTAHOBUTH COOTHOIIIEHUE

E=KS, (208)

rie K - HeKOTOpBIiT Heolpe/ leJIeHHbIH KO3M@MUIMEHT, IO TTPEIIOI0KEHUIO TI0-
CTOSIHHBIN BO BpeMs sBjeHus. OUeBUIHO, 9TO S 3aBUCUT OT OTHOCUTETHLHBIX
koopauHaT X, Y B cucreMe, OMMCAHHON BBIIIE, U MbI OIpe/ie/isieM (DYHKITUIO
S(X,Y). Koopmuuarsr X, Y MOryT ObITH BBIYHCICHBI HA JTFOOOH MOMEHT Bpe-
MEHH t ¢ TTIOMOIIBIO 3peMepu/T IJIaHeThI U CIIy THUKOB. O003HAINM 9T1 dheme-
puable 3Hadenus epes Xy, (t), Vi (t). Ecau Mbl nogcraBum ux B OyHKIHO
S(X,Y), a zarem nozicraumM dbyHKIMIO B coorHotenue (208), TO Mbl He TI0-
JIy9HM peasibHO€e 3HaUYEHHe CBETOBOI'O NOTOKa [ m3-3a TOro, 4To 3dheMepu bl
HMEIOT ITOI'PENTHOCTD. [IpennonokuM, 9To B TeueHNe SBJICHIS NCTHHHBIE 3HA-
YeHUs KOOPJAWHAT OTJINYIAIOTCS OT 3(peMepUIHBIX Ha HEKOTOPBIE TTOCTOSHHbBIE
D,, D, Tax, 9To peaJbHbIl CBETOBOI IOTOK OIPeJIeIUTCA U3 COOTHONICHUA

E =K S(Xu(t) + Dy, Yin(t) + Dy).

JlomycTtuM, 9TO TPOBEJEHBI (poTOMETPUYECKUE HAOJIONEHUA, T. €. B MO-
MeHTHI t; (i = 1,2,...,m) moJIyueHbl u3MepeHHble 3Hadenus F;. Torja MoxKHO
3aIlUCaTh CUCTEMY YCJIOBHBIX YpaBHEHHI

Ez' :KS(Xth(tl)—f-DI,}/;gh(tl)—f—Dx), 7= 1,2,...,m

OTHOCUTEJIbHO Hem3BeCTHbIX napamerpos K, D,, D,. Mbl nuHeapusupyem
dyHKIMIO S OTHOCUTEILHO CBOUX APTYMEHTOB U PEIlacM CUCTEMY JIMHEHHDBIX
YCJIOBHBIX YpaBHEHHUS 110 METO/y HaWMeHbINX KBaJpaTos. Ilocie Toro, xkax
pelenne HaiiJIeHO, aCTPOMETPUIECKHIT PEe3yJIbTaT BhIPAXKAETCs 3HAUECHUSIMU
koopguHaTr X (t*) = Xy, (t*)+ Dy, Y (t*) = Y (t*)+D,, tre t* - moboit MoMeHT
BHYTPHU MHTepBaJia BpeMeHu sBjeHud. /[y onpeeseHHOCTH MBI BLIOMpaeM
B KadecTBe t* MOMeHT, Korjia Besuunna X2 + Y2 jocruraer MUHHMyMa, T. e.
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BUJIIMOE PACCTOSTHAE MEXK/IY CIIyTHHKaMu MUHIMaJIbHO. Koopauaarsr X (t*),
Y (t*) ma MOMeHT BpeMeHU t* yzKe He 3aBHCAT OT UCIOJIB3yeMbIX 3(heMepu I I
HAWJIY4IIIM 00Pa30M COOTBETCTBYIOT pe3ybTaTaM BceX (hOTOMETPUIECKUX
U3MepEeHUil, BBITIOJIHEHHBIX BO BpEMs SBJIEHUS.

EcrecTBeHHO MPEIIONIOKUTE, YTO KOIJIA CBET OT CIIyTHUKOB OTCYTCTBYET,
u3MepeHHoe 3HavdeHue F j1o/mkHO ObITh paBHO HYJIO. [l 9Toro mpu doto-
MEeTPUYIeCKOil 06paboTKe HAOJIONEHNI CTAPAIOTCA 110 BO3MOXKHOCTH MCKJTIO-
YUTH YPOBEHb (poHA HeOA MU KaKne-Tn00 MHCTPYMEHTAIbHBIE TIOTOKH CBETA.
O/HAKO HA MPAKTUKE 9TO Y/IAeTCsd HE COBCEM YHCTO, U HEKOTOPDIH YPOBEHH
dona P B uaMepenusx ocraercs. Toria Mbl JIOJ?KHBI PEIIATh YCIOBHBIE YDaB-
HEHUs, COCTABJICHHDbIE B BHJIE

u BKJIOYATh P B 4mcso onpejensgeMbrx napamerpoB. OHAKO perleHne Ta-
KIX PaCIIUPEHHBIX YPABHEHUI yIaeTcs TOJIbKO B PEJIKUX CHEIUAJIbHBIX CIIy-
YasgX B3aUMHBIX BUJIMMBIX JIBU?KEHUN CIIyTHUKOB, MOCKOJIBKY OOBIMTHO MEK LY
OImuOKaAMU TTAPAMETPOB IIPOSIBJISICTCS KOPPEJISIIUS.

g peanmusarun MeTona HYKHO yMeTh BeIaucyaTh S(X,Y) Kak dyHK-
A0 OT CBOUX aprymMeHTOB. CBETOBOI MOTOK MPHUXOAUT OT KarKJIOH TOUKU
CIIyTHUKa W CyMMHUpyeTcsd B doronpuemMHuke. Kaxkiaas TOYKa MOBEPXHOCTH
CIIyTHUKA OTJIMYaeTCsd CBOMMU CBOIICTBaMU paccenBarh cBeT. Bo Bcex Toukax
HalpasJienue majenus cBeta or CoJiHIIA U HAIPABJIEHUE OTPAaXKEHHOTO CBe-
Ta K HaOJIIOJIATEI0 Pa3Hble 110 OTHOIIEHUIO K oBepxHOCTH. Pazymeercs, ot
TOYKH, 3aCJIOHEHHOI MTOKPBIBAEMBIM CIIyTHUKOM, CBET He TPuXoauT. [loKpbI-
Ta TOYKA WM HET — 9TO 3aBUCUT OT B3aUMHOTO DACIOJIOXKEHUS CITyTHUKOB
n unabiogaresnsd. [Ipy B3anMHOM 3aTMEHUU CIyTHUKOB CBET, TONAIAIONTUI
B KaXKJIyI0 TOYKY 3aTMEBAEMOI0 CIIyTHUKA, 00pa3yeTcs CyMMOil MOTOKOB OT
Bcex Touek Toit yactu jucka CoJHIA, KOTOpas He 3aC/0HeHa 3aTMEBAIOIIM
CIyTHUKOM. [Ipu 9TOM HYKHO yUINTBIBATH, UTO UMEETCS MOTEeMHEHHEe JTHCKA
Counaria K kpato. Ecym ObI Te1ecKoI Mo3BOIIII Pa3/IndaTh JUCKU CIIY THUKOB,
TO MBI YBUJEIH Obl YACTUYHO IMOKPBITHIN WU 3aT€eMHEHHBIN JTUCK CITYyTHUKA,
C HEPABHOMEPHOI IPKOCTBIO €Ille U ¢ TEMHBIM KpaeM n3-3a Toro, 9ro CoJtHiie
OCBEIAeT CITyTHUK HEMHOI'O COOKY.

Cxema TIOTOKOB CBeTa IPU B3ANMHOM TOKPBITHH CIIyTHUKOB MTOKa3aHa Ha
Puc. 26. Anasiormanasi cxema pu B3anMHOM 3aTMeHnn jgaHa Ha Puc. 27. Ha
pUCYHKaX HAIIMCAHBI (DYHKITUN OT PA3JIMIHBIX BEJIMYUH W TapaMeTPOB, KOTO-
pble onpeesdioT (GoTOMETPUYECKYI0 MoJie/ib. Ha pUCyHKax UCIOJIb3YIOTCs
cyaeyone 0603HAUCHUS:
¥, A — Kaprorpagpuieckne KOOPIUHATHI Ha CIIyTHUKE,

A - nymHa BOJIHBI CBETA,

r — yryoBoe paccrogune Toukn jucka CoJiHIIa OT €ro ImeHTpa,
1,€ — YIJIbI IAJIEHNs U OTParKeHus JIyda CBETa,

Qv — yroJi coJinevuHoi dassl,
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Ot ConHua

. F(A)dA
s
I

@, >‘7 ia €, A)ds2

CnyTHWKK

_ K obcepBaTopuu:
F(A) f(o, ) i,e,0,A) dA dS»

DoTONPUEMHWK
OT choTONpMEMHUKa
S(A) F(A) flo, A i, e,a,A) dA dS,

Puc. 26: @oromerpus B3aMMHOTO TOKPBITUS CITy THUKOB.

dSy — snement aucka CoJtHIA,
dSy — d/IeMEeHT JIuCcKa CITy THUKA.

Bo Bpems peabHBIX HAOJIOIEHNN TTOKPHIBAEMBIN 1 TOKPBIBAIONINN CITYT-
HUKH JIAI0T B OTONPUEMHUKE OJIHO obIee nsaTHO. VIMenHo ux obmuit cBeTo-
BOIT TIOTOK 1 u3MepsieTcst. JI1000it mpuMensieMblit (OTONPUEMHUK UMeeT pa3-
HYIO 9yBCTBUTEJIBHOCTH K CBETY PA3HBbIX JJIUH BOJIH. [[o9TOMY HYKHO y4u-
TBIBATH 3aBUCUMOCTD PACCEsTHUsT CBETA OT JIJIMHBI BOJTHBI U XapaKTEPUCTUKU
[IPUMEHSIEMOTO CBETO(DUIBTPA.

[Ipu mpakTUIeCKUX BBIYUCICHUSAX MbI pa3douBaeM mosycdepy CIyTHUKA,
obpalleHHyI0 K 3emJjie, Ha KOHEUHbIE 3JI€MEHTBI, BBITHC/ISEM ITPUXOIATIII
IIOTOK OT KazKJIOT'O dJIEMEHTa OTJAEJIbHO U CYMMHUPYEM Bce 3TH moTokm. Ha
9TOM 3Talle MOXKET WCIOJIB30BATbCI TOT WJIM MHOW 3aKOH PACCETHHS CBETA
TOYKO# TOBEPXHOCTH CIIyTHUKA. HeoOxoauMo 3HATH sl ITapaMeTpoB, 3a/1a-
IOIAX CBETOOTParKaTe/IbHbIE CBOWCTBA MMOBEPXHOCTU KOHKPETHOI'O CITY THUKA.
OpuH U3 HUX — 9TO PacIpeie/IeHHOe aJIb0e0 0 MOBEPXHOCTU CIIYTHUKA C
YYeTOM JleTajieil TOBEPXHOCTH.

B cymMme Bce 9T 00CTOSTEIbCTBA COCTABISIOT (POTOMETPUYIECKYIO MOJIEIb
siBjiennsi. O tHa U3 HanboJIee TOUHBIX (POTOMETPUIECKUX MOJIE/Tell B3aNMHBIX
MOKPBITH 1 3aTMenuit [ammieeBbix ciyrankoB FOnurepa omucana B paborax
(Emenbsinos, 2003; Emelyanov, Gilbert, 2006). Ananorudnbie Mojeau Jjijis
riaBHBIX ciyTHHKOB CarypHa u Ypana gatorcs B paborax (Arlot u jp., 2012)
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Ot ConHua

I(r,A) dA dS, 3aTmeBaemsblit
CMYTHUK

3aTmeBarowmii

CNYTHUK f(go,)\,’i,e,a,A) dSz

K obcepBatopum
I(r,A) flo, A i e,a, A) dA dSp dSs

DOTONPUEMHUK
OT hoTONpUEMHUKA

&(A) I(r,A) f(2,\ i, e, A) dA dSy dS,

Puc. 27: ®oromerpusa B3aMMHOTO 3aTMEHUS CIIyTHUKOB.

u (Arlot u np., 2013), coorBercrBenno. [IpuMenHsBIIIECsS 3aKOHBI PACCEesTHIS
cBeTa 1pu 00paboTke GoTOMETpUIeCKUX HAOIIOMCHUN B3AUMHBIX TTOKPBITHI
u 3armenuit cnyTHukoB FOuurepa, CatypHa m YpaHa u COOTBETCTBYIOIINE
doroMeTpuUueckre MOJIC/TN ABJICHUN OIUCAHBI B 9TUX padoTax.

Hekoropbrit ymporeHablii BapuaHT MOJIEN B3aNMHBIX MOKPBITUN U 3a-
TMEHUI CIIyTHUKOB PacCMaTPUBAETCS HUZKE.
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Puc. 28: B3anmuoe nmokpbiTre CiryTHUKOB. HemoKpbIiTas 4acTh MOKPBIBAEMOT'O
CIIyTHUKA TIOKa3aHa, CePbIM 3alojiHeHreM. /lo/is 9Toif 9acTu OT BCEero JIMcKa
XapaKTEPU3YETC BEJIMINHON Ky.

7.3. YOpoIlleHHbII BapHMaHT MO/eJI B3aMMHBIX NOKPBITUN U 3a-
TMEHUII CITyTHUKOB IIJIAHET

PaccmoTpuMm Moiesib B3aUMHOIO MTOKPBITHUS JBYX CIIyTHUKOB. B yrporeH-
HOM BapuaHTe OyJjieM IoJiaraTh, 9T0 HaAOIIOAAIOTCS OTHOPOIHBIE JTUCKHU JIBYX
ciyTHUKOB. IIpu 3TOM mHTErpasibHbIe aIbbeo 1Mo auckaMm pasubie. O0o3Ha-
YUM UX 9epe3 Py JJIsl MOKPBIBAIONIEr0 CIIYTHUKA W Py — JIJIA IOKPHIBAEMOLO.
Bummbre paauycsbl ciiy THUKOB 0003HAYUM COOTBETCTBEHHO Uepes 1y  I'y. Pa-
JINYCBhI MOTYT M3MEPSTHCS B CEKYHIaX JyT'M TaK, KaK JMCKNA BUJHBI Ha Hebe,
WIK B KUJIOMeTpax B ILIOCKOCTH saBjieHusi. Obo3HauuM depes d pacCTOsIHHe
MEXK/Iy IEeHTpaMU JIMCKOB, U3MepPsaeMOe B TeX Ke €IMHHUIAX, UTO U PaINyCh
CIIy THUKOB.

Ecmu d > r1 4 ry, TO HUKAKOTO ABJICHUS He HaOJIIOIAETC U MBI 10Ty YaeM
CBET OT TOJIHBIX JIUCKOB 00OMX CITYTHUKOB. EC/IM TPOCXOIUT MOKPBITHE JINC-
KOB, TO MBI BUJUM TOJILKO 9aCTh JUCKA MOKPHIBAEMOTO CIyTHHKA. OO03HATNM
yepes kg JI0JII0 BUIMMOTO JINCKaA ITOKPBIBAEMOTO CIIyTHHKA. EcTecTBEHHO, UTO
ko 3aBHCHT OT PACCTOSTHUS MEXK/IY IIEHTPAMU JIUCKOB d. DTO BIIHO Ha pHC. 28.

Taxum obpasom, BHe gBJieHusd ko = 1. Ecom paccTosinue MexK 1y IeHTpamMu
uckoB d < |ry — 73|, TO IpOUCXOAUT NOJIHOE NepeKphIThe JUCKOB. [Tpu sToM,
€CJIM T1 > Tg, TO IOKPBIBAEMBIA CIyTHUK HE BHUIEH COBCEM, M MbI UMEEM
ko = 0. B ciayuae r; < ry BUgUMas JIOJIs JINCKA MOKPHIBAEMOI'O CITY THUKA
pasua ky = (13 — r?)/r2.

B ciaydae 9acTHYHONO B3aMMHOTO TIOKPBITHS, KOTJa 11 +19 > d > |r;—ry),
BEJINYUHY ko MOXKHO BBIYHCUTH C TOMOIIBIO TOCIEI0BATETHHOCTH (hOPMYJT

h= 2208 +13) - dt = (0~ 13,
ay =d* —r2+ri ay=d*—r? 41

h h
tg o1 = o tg w2 = P
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1 [r? h
ko =1— = | -
2 . T%%‘i‘(ﬁz 22

3/1ecb TIPU BBIYUCIEHUU YTJIOB (01, (P IO 3HAYEHUSIM UX TAHT€HCOB CJIEIyeT
YUUTBIBATH, YTO 3HAK COS (Y] COBIIAJIAET CO 3HAKOM (1, a 3HAK COS (g COBIIA-
JIAeT CO 3HAKOM Gg. DTU GopMyJIbl oIydeHsl B pabore (Emenbsanos, 1995).

B zajiauax obpaborku poromMeTputuecKnx HaOIOIEHIIT B3AUMHBIX TTOKPbI-
TUI U 3aTMEHUI CITyTHUKOB C TEJIbIO TIOJTYYeHUS ACTPOMETPUYECKUX JTAHHBIX
MIPUXOJIUTCSA BBIYUCIATEH TPOU3BOIHYIO OT ko TIO d, T. €. %.

Tenepb paccMOTpUM, KaK BBIYUC/IATH HOPMUPOBAHHBIN CBETOBOI MOTOK.
Oyurnys S TpPHU TaKoil yIIPOIIEHHO MOJIe/N SIBJIEHNI 3aBUCUT OT ks, KOTOpas
B CBOIO OYepejib 3aBUCUT OT d.

OT HOKPBIBAIOMIETO CIIyTHUKA IIPUXO/IUT CBETOBOM OTOK BEJIMUUHOf R1?p,
, & OT OKPBIBAEMOTO Rripoky , TJIE 71, 'y — PAJUYCHI JIUCKOB, P1 U Py — AJILOEJI0
CIIlyTHUKOB, R — HeolpeieeHHbIil Koaddunuent. [Ipu B3anMHOM TOKPBITUN
BCeryia U3MepPseTcsl CBETOBOI MOTOK OT 000MX CIIyTHHKOB BMecTe. [Ipm sTmx
YCJIOBUSIX HOPMUPOBAHHBINA TMOTOK S MOYKHO BBIPA3UTL (hOPMYJIOit

parzka(d)
S(d) _ plr% +p27a%k2(d) _ 1 + 17217"%
piri + par3 1+ 25
17y

Bue gBienuns, Korjia HeT MOKPBHITUs, BUJEH BeCh MOKPBIBAEMBI CITyTHUK,
u Mbl umeeM ky = 1, S = 1, EF = K. Ciyuatorcsa noyiable nokpbitus. Ha
puc. 29 m3o6pazkeHa KOHMUTypalus CIIYTHUKOB B 3TOM Cjaydae. fcHo, 9To
B HUHTepBaJsie BpeMeHu (f1,ls) MOKPHIBAEMOIO CIIyTHHKA COBCEM HE BHJIHO, U
ko = 0. B aTOT IEpuoi MBI UMeeM

1
S(d) = par2
1473

piry

T. €. CBETOBOM IIOTOK HE 3aBUCUT OT B3aXMHOI'O pacCTOdHNA CIIYTHUKOB d.

Kak BUJHO U3 yIPOIIEHHOTO PAacCMOTpeHUs (POTOMETPUIECKON MOJIEIIH,
HOPMUPOBAHHBII CBETOBOW MOTOK OT CIIYTHUKOB 3aBUCUT OT OTHOIICHUS WH-
TEerpajibHbIX 110 TTOBEPXHOCTH aJIb0eI0. DTa 3aBUCUMOCTDb OCTACTC U B DoJiee
TOYHBIX (poToMeTpudeckux Mojensax. [Ipu obpadborke nadsomennit ['aaunee-
Boix criyTHUKOB FOmurepa (Emelyanov, 2009; Arlot u ap.. 2012) mbr yepes-
HsIeM 10 BUJUMOMY JUCKY (POTOMETPUUECKHE CBOWCTBA CIyTHHKA. Ha 3ToM
STale MOYXKHO y9eCTh BAPUAIMN WHTEIPAJTBHOTO 3HAYEHUS ajIh0e]0, 3aBHUCSI-
e OT yTrJia BpallieHus ciiyTHuKa. [Ipoiie roBopsi, MOTOK CBETa OT CITy THUKA
3aBUCUT OT TOI'0, KAKUM OOKOM OH K HaM OOparreH.
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MoTok

ty t, Bpems

Puc. 29: ITostHOE TTOKPBITHE OJIHOTO CIIYTHUKA JIDYTUM B TEYEHUE ITPOMEXKYT-
Ka BpemeHu (t1,ty) U COOTBETCTBYIONIMH YIACTOK Ha KPHBOH CyMMAPHOIO
HOPMUPOBAHHOI'O MOTOKA OT Iaphl CIIyTHUKOB.

7.4. CooTHOIIIEHNE TOYHOCTH ACTPOMETPUIECKNX Pe3yJIbTaTOB pas3-
JIMYHBIX TUMOB

Paziuanbie criocoObl MO3UITMOHHBIX HAOJIIO/IEHUH CIIyTHUKOB ILJIAHET J1a-
0T Pa3HyI TOYHOCTbH aCTPOMETPUYECKHX JaHHbIX. B Tabs. 2 npuBogdrcs
IpHUOINZKEHHbBIE ONEHKH TOYHOCTH aCTPOMETPUIECKUX JTAHHBIX, 10Ty IaeMbIX
13 HAOJIIO/IEHNIT Pa3/IMYHbIX THUIIOB.

7.5. BcemupHble KaMIaHUW HAOJIIO/IEHUII CILyTHUKOB ILJIAHET BO
BpeMsl X B3aUMHBIX HOKPBITUN U 3aTMEHUN

Bo Bpemst KaxK10il 910XM B3aUMHBIX ITOKPBITHI M 3aTMEHHIl CIIyTHUKOB
FOnurepa, Carypua u Ypana B TeueHue 9-14 mecsieB MPOUCXOIUT OKOJIO
400 asyrennit. Kaxioe gpjienue JiauTes 5-15 MUHYT U HAOJIIOJAETCA TOJIHKO
Ha HeDOJIBINON JacTn 3emM/n, oOpalneHHoi K miaHere. YToObl MPOHAOIIONATE
BO3MOKHO OOJIBIIE ABICHUM, IPUXOUTCS OPraHM30BbIBATD BCEMUPHbBIE KaM-
nmaHuu pOTOMETPUIECKUX HAOJIOAEeHN CIyTHHKOB. KoopanHaTopom KaMmira-
Huii ¢ 1985 roja siBistercst uanctutyt Institut de Mécanique céleste et de cal-
cul des éphémérides (IMCCE), ®panrusi. Bee doromerpuaeckue pesyiibra-
TBI TIOC/IE€ OYePeHON KaMIlaHUU CcOOMpAalOTCs B eJuHyI0 0a3y JaHHBbIX. e-
pe3 HEKOTOPOEe BpeMs ITOC/Ie IMPOBEICHHBIX HAOJIIOIEHUI TTPOU3BOIUTCI ACT-
poMeTrpuUeckasi 00paboTKa Bcex JaHHbIX. [loydeHHbIe OTHOCUTE/IBHBIE KO-
OPJIMHATHI CITYy THUKOB TIPEJICTABIAIOT OO0t 6a3y JTaHHBIX ACTPOMETPUYECKUX
pe3yJIbTATOB KaMIlaHuu HaOsojieHnii. Yepes 2-3 rojia mocJje 1npoBeJjieHus Ha-
Osmo7IeHnit yOJIUKYIOTCS CTATbH, COJIEPIKAIIe OIMMCAHUE TOJTYIEeHHBIX KPH-
BBIX OJIeCKa CIIYyTHUKOB U OKOHYATE/IbHbIE ACTPOMETPUYECKUE PE3Y/IbTATHI.
Bce naburomarenn, ydacTBOBaBIIHEe B HAOJIOACHUSX, CTAHOBITCS COABTOpa-

207



Tabsuma 2: TogHOCTH ACTPOMETPUYECKUX JIAHHBIX, TIOJIy9aeMbIX U3 HAOJTIO/Ie-
HUI pa3/InIHbIX TUIOB. TOYHOCTH B CEKYHJIaX JYyT'M OTHOCUTCA K HA3EMHBIM
nabsmosieHnsiM. C yIeToOM TOIOIEHTPUIECKOTO PACCTOSHUA ILTAHETH JTaHbBI
OIIEHKH TOYHOCTH ITOJIOYKEHUs CIIyTHUKOB B KMJIOMETPAX.

Tounocts
Tun mabaronenmii B CEK. JIyT'U ‘ B KM
lanmueessr ciyrauku FOmmrepa
Barmenus cryraukos FOmurepom 0.150 | 450
DoTorIaCTUHKA 0.100 | 300
Mepuimanublit Kpyr 0.060 | 180
[13C kamepsr 0.040 | 120
Bzanmmbie gaBaeHmnsa 0.015 45
I'nasubre cunytanku Carypha
DoTOIIACTUHKA 0.100 | 600
MepuinaHublit Kpyr 0.030 | 200
[13C kamepsr 0.030 | 200
Bzaumubie sgBieHus 0.005 30
['naBublE ciyTHUKH YpaHa
[13C kamepsr 0.040 | 400
Bzaummbie gaBiaenmnsa 0.006 60
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MM 3TUX IIyOmKauii. B HEKOTOPBIX cilydadx acTpOMeTPUYECKUe PE3Y/ILTATEI
myOJIMKOBAJINCH OTJIe/IBHO. AcTpoMeTrpudecKas 00pabOTKa Pe3yIbTaToOB KaM-
TIAHUM HAOJIONEHWIT BBIIOIHAIACH, KaK MPAaBUIO, KAKUM-TO OJHUM WCCJIe-
JioBaTeJieM CBOUM MeTOJoM. B Tabii. 3 maHbl XapaKTEPUCTUKU MTPOBEIEHHBIX
BCEMUPHBIX KaMIanuit zabdsoienuii cnytuukos FOmurepa, Catypua u ¥Ypana
BO BpeMd UX B3aUMHBIX IIOKPBITUNA U 3aTMEHUI.
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Tabumna 3: XapaKTepucTUKN BCEMUPHBIX KAMITAHUI HAOIIOIEHUH CITy THUKOB
FOnurepa, Carypra u ¥Ypana Bo BpeMst UX B3aUMHBIX IOKPBITHIT 1 3aTMEHUIA.
O6o3znauenust: N, - IUCJIO MOTYICHHBIX KPUBBIX OJ1eCKa CIyTHUKOB, N, - duc-
JI0 0OCepBATOPHIl-y4aCTHUKOB.

[Inanera

C CUCTEeMOH

CITy THUKOB

U TOJIBI ABTop merona

HAOJIIOICH I N, N, u ccblIKa Ha IIyOJINKAIUIO
FOmmurep, 1973 46 18 Aksnes K. (Aksnes u jp., 1984)
FOnnrep, 1979 19 11 Aksnes K. (Aksnes u np., 1984)
Carypn, 1979-1980 14 6 Aksnes K. (Aksnes u sip., 1984)
FOmurep, 1985 166 28 Arlot J.-E. (Arlot u np.. 1992)
FOnurep, 1991 374 56 Arlot J.-E. (Arlot et al. 1997)
Carypmn, 1995 66 16 Noyelles B. (Noyelles u ap.. 2003)
FOmmurep, 1997 292 42 Vasundhara R. (Vasundhara

u jp. 3003, Arlot u ap.. 2006)

Emenbanos H.B.,

Bamkosbsak C.H.

(Emenbsanos, Barmkosbsk, 2009)
FOmnurep, 2002-2003 377 42 Ewmenbsuos H.B. (Emelyanov,

2009; Arlot u ap., 2009)

VYpan, 2007 41 19 Ewmenbanos H.B.
(Arlot u np., 2013)
FOmwurep, 2009 457 74 Emennsanos H.B.,

Bapdoaomees M.I.

(Arlot u np., 2014)
FOmurep, 2015 609 75 Ewmenbsaos H.B.

(Saquet et al., 2017)
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I'naBa 8. CoBpemenHble Moaesiu ABukeHusi Teja CoJsiHedHOI cucTe-
mbl. THndopmanmonabie pecypchl u 3peMepu/ibl B UTHTEPHE-
Te

8.1. CmeHna Bepcuii 1 BapuaHTOB Teopuil ABUKEHUsS W 3PeMepus
CILyTHUKOB IIJIAHET

Nctopust pa3zpaboTKu TeOpHUil IBUXKEHUSA CIyTHUKOB ILJIAHET BecbMa 00-
mupHa. [lonbITKM MOJIe/IMpoBaTh JIBUKEHUE CIIyTHUKOB BCer/Jia HAUMHAJINCD
¢ MOMEHTOB UX OTKPBITHS. B mpolibie BeKa TeOpUn ONUPaInCh Ha MOJIEIN
KeIJIePOBCKOIO JBUKeHUsI. B masibHeiieM K MOJIe/ I KeIJIEPOBCKOTO JIBUKE-
HUSI J00ABJIAINCH BO3MYIIEHHUSI OT Pa3IMIHBbIX (haKTOpoB. BecbMa IMIMpoko
NIPUMEHSJIACh, W JI0 CUX TIOp IPUMEHSAETCH MOJE/b IPEIECCUPYIONEro -
Jmrica. B mombITKax mocTpouTh HamboJiee TOUHYIO aHATUTUIECKYIO TEOPUIO
JIBUKEHUsI CIIYTHUKA IJIAHETHI UCCIEI0BATEN BBIBOIMIA UPE3BBIYAHO 00b-
emubie Gopmysibl. Takne aHAJIUTUYECKHE MOJETN OJHOBPEMEHHO CJIyKUJIN
KaK JIJIsI BEITUC/IEHNsT 3heMepuI, TaK U I OMUCAHUS SBOJIIOIUN OPOUT.

C mosiBJIeHIEM BO3MOXKHOCTEMN OBICTPOIEHCTBYIOMNX BEITUCIUTETHHBIX Ma-
IIIUH O0Ias 3a/1a9a MOJIe/IMPOBAHNSA JIBUKEHHUS CIIyTHUKOB ILTAHET Pa3/e/Iu-
JIach Ha JIB€ METOIUYIECKU Pa3JIUIHbIE IPOOJIEMbI B COOTBETCTBUU C ITOCTAB-
JIEHHBIMH TIEJISIMU.

[lepBas un OsmKaiinias 1ejib — 9TO HOJyUeHue dpemMepu ] Ha OJIrmKaiiiiee
BpeMs JIJIsl TTPOBEJICHUST HOBBIX HAOJIOMEHWI U I OCYIIEeCTBICHUS KOCMU-
gecknx Muccuit. 1TocKobKy MHTEpBaJ BpeMeHM, Ha KOTOPOM MOJIEIUPOBa-
JIOCh JIBUZKEHUE CITYTHUKA, B 9TOM CJIydae OTHOCUTEIbHO HEBEJIUK, TO BEChbMAa
9P DHEKTUBHBIM 0Ka3a/I0Ch BBIIOJHEHNE YHCJIEHHOI'O WHTErpUpOBaHus Tud-
depeHIMAIBHBIX YpaBHEHUN JIBUKEHUS HA OBICTPOEHCTBYIONINX KOMITBIO-
tepax. [IpocroTa peanmzanuu MeTO0B, KOTja HYZKHO 3aIllPOrPAMMHUPOBATH
JINIIb BBIYUCJICHUE TIPABBIX YacTell ypaBHEHUI JBUKEHUS, IOBEIa 110 STOMY
IIyTH MHOTHX HCCJIEI0OBATE e,

Heckobko 6ostee ciioxkHas mpob/ieMa, MOsIB/IAETC IPU MONBITKAX yTOU-
HSITh TTAPAMETPhI JIBUYKEHUS U3 HAOJIIO/ICHNI, KOTJ[a HY?KHO BBIYUC/ISITH €Ille
1 YaCTHBIE TPOU3BOHBIE OT U3MEPSIeMbIX BEJTUIUH 110 YTOUHIEMbIM TTapaMeT-
pam. 3jiech MpUOABJISIeTCa TPYAHOCTh, CBsI3aHHAs C TeM, YTO B 9TOH 3ajade
MOJICTUPOBATD JIBUKEHHUE CITYTHUKA HY?KHO Ha BCEM MHTEpBaJie BPEMEHH Ha-
osoneHnit. /Iy HEKOTOPBIX CIIyTHUKOB 9TOT MHTepBaJ yxKe gocturaer 300
ser. Ho u sTi pobjieMbl B OCHOBHOM PEIIAIOTCS METOIaMU IUCICHHOTO WH-
TerPUPOBAHMUSI.

Jlpyras 1e/ib MOJIEIMPOBAHUA JIBUKCHHUSA CIIYTHUKOB ILJIAHET — 9TO OIIH-
caThb IBOJIIOIUIO OPOUT HA MaKCUMaJbHO BO3MOXKHOM HHTEpBaJie BPEMEHHU.
D710 HEOOXOIUMO JIJIsI BBIICHEHHSI UCTOPUE 00pa30BaHKs IIJIAHET U CIIY THUKOB,
a TaKKe JJIsl BBISICHEHUs UX CyJbObI B OyaymieM. B Takoit mocTraHOBKe periie-
HIUE 33/]a91 MeTOJaMH IUCJIeHHOIO MHTEeIPUPOBAHUST BEChMa 3aTPYIHEHO, a
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[IPY HEKOTOPBIX ITOCTAHOBKAX 3aJaYl IIPOCTO HEBO3MOXKHO. 3/1€Ch ITOMEXaMM
CTAHOBATCSI HEIIOMEPHO OOJIBIINE 3aTPAaThl BDEMEH! BBIYUCIEHIH, HEBO3MOXK-
HOCTH JOCTOBEPHO OIEHKH TOYHOCTU PEIeHNsI, i, BOOOIIe, OrPaHNIeHHOCTD
tounocTH. [Ipu 3Trx 00CTOATEIHLCTBAX MBI BHIHYZKJICHBI IIPUOEraTh K IOIBIT-
KaM IOCTPOEHUST aHAJIUTUYIECKOTO pereHust auddepeHIuaIbHbIX ypaBHeHH
JBUKEHUsI. 38 NCKJIFOUYEHNEM HECKOJIbKUX IIPOCTERINNX MEeXaHUIeCKIX MO/Ie-
JIell TOYHOTO aHAJMTUIECKOTO PellieHns oOIell 3a/aUn MOy IUTh HEBO3MOK-
no. K Tomy ke, HUKaKoe aHAJMTUYECKOE pellleHre He OyJeT CIpPaBe/JIMBO
Ha OECKOHEYHOM MHTepBaJie BpeMeHHu. Bcee »Ke aHAIUTHUIECKIe METObI JAl0T
BO3MO>KHOCTb CTPOUTH MOJIE/IN IBOJIIONNNA OPOUT HA BeChbMa OOJIBIITUX UHTEP-
BaJIaX BPEMEHH.

[Ipobaembr nsyuenns oo COTHETHON CHCTEMbBI PACCMATPUBAJIICH
MHOTHMH aBTOPaMU. 371eCh YK€ PAacCKa3 Oy/eT MOCBAIIEH TEOPUIM U MOJIETISIM
JIBUZKEHUsI CITYTHUKOB, KOTOpPbIE CTPOWJIUCH C IEJIbI0 BBIYUCIEHUs HaboJIee
TOYHBIX deMepu i CIlyTHUKOB I1aHeT. [IyTh, 110 KOTOpoMy 371eCh ITPOUCXO-
JIUT Pa3BUTHE, COCTOUT B cJeAyloneM. B Kakoil-TO TEeKYIIUii MOMEHT yKe
CYIIECTBYET MOJIEJIb JIBUXKEHUS, OCHOBaHHAsl Ha BCEX MMEIOIIMXCs Ha 3TOT
MOMeHT HaOJoieHusax. Habuomaren mpogo/nKaoT HabII0IaTh, 0Ty YaioT
HOBBIE ACTPOMETPHUYECKHUE JAHHBbIE M MYOJUKYIOT UX B JIOCTYIHBIX >KypHa-
sgax. Hacrymaer BpeMs, Korjia MOSIBISETCA BO3MOKHOCTH TOCTPOUTDH HOBYIO
BEPCHIO MOJIC/IH ABUZKEeHUA 1 ddeMepu,/i KOHKPETHOM IPYyIIIbI CIIyTHUKOB. Mc-
cJIeJIoBaTe I, KOTOPhIE 3aHUMAIOTCS 9TUM CUCTEMATHIECKU, TI0JIb3YsICh CUTY-
aIyeii, co3aaT HOBYIO Moje/b. OOBITHO OHA Peam3yeTcs B BHIE JOCTYII-
HBIX CPEJICTB BBIYHUCIEHNI 3eMepruI I OKa3bIBAETCA B PACIIOPSIXKEHUN BCEX
JKeJIAONINX TUM BOCIOJIB30BaThcst. VHorma HabsmomgaTenn B cBoeil pabore
KOOIIEPUPYIOTCS ¢ KOJIJIETaMU, YMEIONUMU CTPOUTH TEOPHUU JIBUZKEHUS, U COB-
MECTHO ITyOJIUKYIOT HOBYIO MOJIE/b ABUKeHus1. B 3Tux ciy4dasx "Biagenbiibr"
HaOJII0/IeHII 00J1a1aI0T IIPEUMYIIECTBOM 110 CPABHEHUIO CO CBOMMU HE MEHee
crrocoOHbIMU KoJueraMmu. [Ipu cMmene Bepenit To BpeMs, ITOKa MOJIEb JIBUKe-
HUSA OCTAETCs CaMOi TOYHOM M Jiydleil B MUpe, ObIBACT BeCbMa Pa3IUIHbBIM.
HekoTopbie Teopun cMeHSIIOTCS HOBBIMH UYepe3 T'OJ-/IBa, a HEKOTophle '"»Ku-
ByT" 1m0 20 Jier.

B »sT0it cmene Bepcuit Mojiesieil IBUKeHUsT CIIyTHUKOB BeCbMa, BaXKHbI JIBA
obcTosATe/IbCcTBa. BO-11epBBIX, IPaBUIbHBIM IOJI0XKEHHEM JIeJI SIBJISIeTCA O]l
HOBpPEMEHHOE HaJIMIne JIBYX-TPeX He3aBUCHMO IOCTPOEHHBIX MoJjejeil. 1o
[IO3BOJISIET IIPOBEPUTH U OIEHUTH TOYHOCTH CPEJICTB BBIYUCICHUs d(DeMepHU/I.
Ecmu cymecTByioT Tpu MoAe I, Be U3 KOTOPBIX JAIOT OJIM3KHE MEXKIY CO-
00i1 pe3y/bTaThl, a Pe3yJIbTaThl TPETheil MOJEN CYIIECTBEHHO OTIUYAIOTCS
OT PE3Y/IbTaTOB MEPBBIX JIBYX, CTAHOBUTCA COMHUTEILHON JTOCTOMHCTBO ITOM
TpeTbeit Mojiesin. Bo-BTOpPBIX, HEOOXOIMMO OCTABJATH B JIOCTYIIE IIPEJIIIECTBY-
IOTIe MOJIE/IA JIBUKEHNUS CIIyTHUKOB. MHOTHE HOBBbIe HaydHBIE PE3YIHTATHI,
ITOJTyYeHHbIE HA OCHOBE KaKO#-TO TEOPUN JIBUKEHUSA CIyTHUKA, MHOTJIa HY K-
JIAIOTCSI B BOCIIPOU3BEJICHUU U IPOBEpPKe. UTOOBI BBIUUC/ICHUS ITOJIYIUINCH
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COTJIACOBAHHBIMU, HYKHO IIPUMEHSATH T€ CPEJICTBA, KOTOPBIE MCIIOIb30BAJINCD
pasee.

Hekoropble KOHCTPYKTOPBI MOJiesiell JBUKEHNsI BpeMs OT BPEMEHHU yCO-
BEPIIEHCTBYIOT CBOM IIPOU3BEJIEHUS YaIlle BCETO 3a CUET pacIInpeHus HabJIio-
JarebHOi 6a3bl. Tor/ia MoSB/ISIOTCS HOBbIE BEPCUM TOW K€ CaMoil MOJIen.
B mekoropsie mepno/ibl BpeMeHu MOTYT CYIIECTBOBATH JIBE WU 0OJiee COBEP-
IMIEHHBIX MOJIe/Iell BUYKEHUS CIIyTHUKOB, IIOCTPOCHHBIX PA3HBIMU aBTOPAMHU.
Torma MbI TOBOPUM HE O BEPCHUSX, & O PA3JIMIHBIX BApPUAHTAX MOIEIel.

Yro kacaercsg HaOOpa yIUTHIBAEMbBIX BO3MYIIAIONNX (PaKTOPOB U TOYHO-
CTU NPUMEHSIEMBIX METOJIOB, TO OOBIYHO aBTOPBI MOJIEJIeil, IIOCTPOEHHBIX Ha
OCHOBE HaDJIIOJIEHUN CITyTHUKOB, 3a00TITCS O TOM, IYTOObI IIPUMEHSEMbIE J10-
MyTIEHWsT U YCJIOBUS HE YXY/IIAIN MOJe/Tb 0oJtee, 1eM OIMOKN HaOJTI0IeHUA.
OHaKO TPHU TMPAKTHIECKOM WCIIOJIB30BAHUNA MOJEIH 3TO HY?KHO OTCJIEKU-
BaTh.

Tenepsb sicHO, 9TO KAK TOJILKO BOZHHKAET HEOOXOJIUMOCTH BOCIIOJIH30BAThH-
Cd ¥ TPUMEHUTDH JIJIsi UCCJACOBAHUN WM JIJIsT MPAKTUYICCKUX HYZKJI TEOPUIO
JIBUPKEHU ST, MOJIE/Ib UJIA CPEJICTBA BBITUC/IEHN 93heMepu/i KOHKPETHOTO CITyT-
HUKa, HYKHO BBISICHATH, KaKasl BepCHsl B HACTOAIIEe BpeMsl HamboJiee TOU-
Hasl, JOCTOBepHas U, BOOOIIe, caMas oaxosias. Kpurepues BbIOOpa 371eCh
HECKOJIbKO. /locTOBEpHOCTE onpeiesisgeTcss HAbOPOM UCIIOIHL30BAHHBIX HAOJTIO-
JieHuit 1 wHTEpBajaoM BpeMenu nabsiojieHuii. HyKHO BBISICHUTH, HACKOJIBKO
y/100HA peasin3aliys MOJIEIN JIjIs TPUMEHEHUsI, KaKasd MOJIE/Ib JIydIlle BCEro
ITO/IXO/TUT JIJTsT PEIleHnsl TOCTaBIeHHO 3atadn. Hy»KHO 3HATH, KaK OpraHn3o0-
BaH JOCTYII K TO¥ WJIM WHON MOJIEIN JABUKEHUS CITyTHUKA. JTOH TOCIeTHei
npo0JieMe TOCBSIIEH CIIe YO Pa3/iesl KHUTH.

8.2. CpeacrBa obecnedyeHusi JIOCTyna K Oa3aM JAaHHBIX, MOIEJAM
ABUXKeHUs1 1 3dpeMepuiaM CIyTHUKOB ILJIAHET

B copemennyto smoxy nHGOPMAIMOHHBIX TEXHOJIOTUN BO3SMOYKHOCTH UC-
[IOJTH30BAHUS TIJIOJIOB TPY/ia KOHCTPYKTOPOB MOJIesIell JIBUYKEHUS CITyTHUKOB
IJIAHET BeCbMa Pa3HOOOPA3HBbI U BeJIMKU. KcTecTBEeHHBIM 00pa30M IIPOUCXO-
JINT TEXHUYECKOe CaugHue 0a3 JAHHBIX, CPEJICTB pPelleHusd 3aJad U IPe/l-
CTaBJIeHIE TIOJyIaeMbIX Pe3yIbTaToB. PaccMoTpnM, Kak 3TO peaqnsyeTcs Ha
Jiete.

Cuavasia ykKaykeM Ha TPH OCHOBHBIX IPHEMa PeIeHus 3a/1a9, CBAZAHHBIX
c bazamMu JIAHHBIX U CPEJICTBAMU BbluucjeHus demepuj. B ucxoanom co-
CTOSHUU THU CPEJCTBA COCTOAT U3 JIBYX IJEMEHTOB: HEIOCPEJICTBEHHO haii-
JIBI JIAHHBIX U KOMIIBIOTEPHBIE ITPOIPAMMBI, 00ECIIEUNBAIOIIIE UCTIOIHL30BAHIE
9TUX JaHHBIX. [[prembl paboThl 1moJib3oBaTes s nunocTpupyoTes Ha Puc. 30.

[IepBoIit TpueM 3aKII0YAETCS B TOM, YTO MTOJIH30BATENb KOMMPYET B CBOM
KOMITBIOTED BCe HeoOXomuMble (hailjibl U BCTaBJIAET B CBOIO IPOrPAMMY pellre-
HUsl 33JIa9K T€ MOJIIPOrPAMMBI, KOTOPbIE 00ECIIEIUBAIOT JOCTYII K JIAHHBIM.
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[Iporpamma mostb30BaTE IS pemIaeT 3aja4dy U 10 Mepe HaJIoOHOCTH caMa 00-
palmaercs K MOAIpOrpaMMaM 3a JIAaHHBIMHU. Bce TPOMCXOUT BHYTPHU OJTHOM
IPOTPaMMBI PETIeHns 33/1a9r. XOPOIINM ITPUMEPOM TAKUX CPECTB SIBJIAETCS
cucrema nporpamm u JaHHbix SPICE pasBuTtoii B aMepuKaHCKOM UHCTHTYTE
Jet Propulsion Laboratory (JPL; Acton u ap., 2015). Heckosbko moapobree
9Ta CHCTEMa OIUCAHA HUKE.

Bropoii npuem coctouT B TOM, UTO Oa3a JAHHBIX pasMeleHa Ha OTHOM
KOMITbIOTEpE B MuUpe. TaM Ke HaXOIUTCsT BEITUCIUTEIbHAS ITPOrpamMMa 00ec-
[EIUBAIONIAS JIOCTYI K JAHHBIM depe3 uHTepHeT. OOBITHO 9TO TaK Ha3bIBae-
Mmbiit Web-cepgep. [losb30Baresib, cuis 3a CBOMM KOMIIBIOTEPOM, 3aIlyCKAeT
B pabory oxun u3z Web-6pay3epoB (He HAXOXKY MOJXOJSIIETO PYCCKOSI3bIYU-
HOTO TepMUHA) 1 00Iaercs ¢ coorBercrByfomuM Web-cepBepom [depes cTpa-
Huipl nHTepHeTa. [Iporpamma Web-6paysepa (Internet Explorer, Micrisoft
Edge, ...) mo3Bossier mosb3oBaTesio cOPMUPOBATH 3alPOC U HOIYIUTH B
CBOI1 KOMIIBIOTED WHTEPECYIOIINE €ro JIaHHbIe B BHjIe (DAMlJIOB. 3aTeM 0JIb30-
BaTe/Ib MOXKET 3allyCTUTh IIPOrPaAMMYy peIleHus CBoeil 3aja4du, KoTopas Oy-
JIET UCIIOJIb30BaTh IMOJIyYeHHble TaKUM oOpa3oM (aitibl. B mupe cyrectByer
HECKOJIBKO TaKUX CPEJICTB, OHU OIMCAHBbI HUKE.

Tpernit mpuem — caMa BBIYHCIATETbHAS IPOTPAMMa, ITIOJIb30BATENS B IIPO-
1ecce cBoeil paboThl oOpaIaeTcs uepe3 HHTepHeT K 6a3e JIAHHBIX, PACIIOJIO-
JKEeHHON B JIPYIOM KOMIIBIOTEpE WJIN JlaXKe B JPYToil cTpaHe, cama Oeper u3
Y/IaJIEHHOT'O KOMITBIOTEpa HEOOXOIUMBbIE JAHHBIE U MPOJIOI?KACT BHITUC/ICHUSI.
JL1st 9TOTO Ha yIAIeHHOM KOMITBIOTEPE JI0JIKHA (DYHKIIMOHIPOBATH ITPOTPAM-
Ma, KoTopast Ha3biBaeTcst Web-cepBrc. DTOT IIpreM UCIIOIb3YI0T, B OCHOBHOM,
[I0JTH30BATEN BHICOKOI KOMITHIOTEPHOI KOMIIETEHITUN.

OTrmeTnM, 9TO ONMCAHHBIE TPU METO/Aa MPUMEHSIOTCS KaK JIJIsi BRIOOPKU
u3 0a3 JAHHBIX, TAK U JIJIsI BBIYUCICHUS deMepu I CIIy THUKOB ILIaHEeT.

Ternepsr oxapakTepuzyeM OTIEIBHO 3JI€MEHTHl HH(MOPMAIMOHHBIX TEXHO-
JIOTHIT HAYTHOTO MPOIECca M3y IeHUsl JUHAMUKN CITy THUKOB IJTAHET HAa OCHOBE
HabJIIOAEHMUIA.

WcxonubiM 3j1eMEeHTOM SIBJIAIOTCA 0a3bl JIAaHHBIX. B HaleMm ciaydae 3To,
B OCHOBHOM, 0a3bl JAHHBIX HAOJIIOJEHUI CIIyTHUKOB. 3/1€Ch OJIHOBPEMEHHO
CYIIECTBYIOT JiBa Mojxoia. [lepBbIif 3 HUX — 9TO CTpEMJIEHNE aBTOMAaTU3U-
POBATH MPOTECC UCIOJIB30BaHUS PE3y/IbTATOB HAOJIIOIeHU. DTO HEM30eKHO
MPUBOJIUT K HEOOXOIUMOCTH yHUMUKAIIHA (POPMBI ITPEJICTABIEHIS PEIYIbTa-
TOB. YHUDUKAINA CBI3aHA C HEKOTOPOI IpeBapUTETLHO 00PabOTKOIM JTaH-
HBIX HA OCHOBE T€X UJIU UHBIX METOJIOB U MOJIeJIeil CHCTeM KOOD/IUHAT U IITKAJ
BpeMmenu. B pesysbrare JaHHbIE OKA3BIBAIOTCS 3aBUCHMBIMU OT 3TUX MO/IE/IEH.
[Ipu yTouHeHnn MOJETM CUCTEMBI KOOP/JWHAT JIAHHBIE HAOJIOICHU OyIyT
y2Ke JPYTUMU. DTO MPUBOJUT K TPYIHOCTSIM, & HHOT/IA U K HEJIOPA3YMEHHAM.
Hanpumep, npu mepeBojie MCXOTHBIX KOOPJIUHAT CITyTHUKOB, MOJIYUEHHBIX C
IIOMOIIBIO CTAPOT'O 3BE3/IHOTO KATAJIOra B CUCTEME SKBATOPUAILHBIX KOOP/IU-
nat sroxu B1950, B cucremy koopaunat 3moxu J2000 MOTYT UCIIOIb30BATHCH
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pa3JIMIHbBIE MOJIEIHN TIPereccuu. Keim KOOpAuHATEL TOMEIIEHbI B 623y JaHHBIX
y2Ke UCIPaBJIEHHBIMU 3a IIPEIEeCcCHio, TO He 0y/IeT BO3MOXKHOCTH I1epeodpabdo-
TaTh UX C JIPYTOil MOJIeTbIo IIpereccuu. Eie XyzKke OBIBAIOT CUTYaINN, KOTIa
HEU3BECTHO, KaKNe PEeyKINU ObLIN CJeJaHbl MepeJl TeM, KaK pe3yIbTaThbl
ObLIM TTIOMeITeHbl B 6a3y JaHHbiX. [lo 9TuM npuannaMm npuMeHseTcsd U JIpy-
Ot MOJIXO/T — ITOMEIATh B 6a3y JIAaHHBIX Pe3y/IbTaThl HAOJIIOICHUI CITy THUKOB
ILIAHET B TOM COCTaBe M B TOi ¢popme, KaK 9TO ObLIO JaHO HaOII0JATEISIMMA.

B nacrosiee BpeMs mMeeTcss He MHOIO 0a3 JIAHHBIX HAOJIIOJIEHUNR CITyT-
HUKOB ILJIAHET, JIOCTYIHBIX Yepe3 nHTepHeT. He BIaBasch B moipodHOCTH CO-
CTaBa JAHHDIX, IEPEUUCTUM ODIIEIOCTYITHbIE B MHTEepHETe 6a3bl JAHHBIX Ha-
OJrro1eHuil.

[Ipexx e Bcero aTo 6a3a JJaHHBIX, CO3/IaBaeMast IIpu coTpyanudectTse ['ocy-
JapcTBeHHoro acrponomudeckoro nucrutyta umenu [1.K. [IIrepubepra Moc-
KOBCKOI'O rocyIapcTBenHoro yausepcurera umenn M.B.JTomonocosa (TAUIIT
MI'V) u Uncruryra nebecnoit Mexanukn u Buraucaenus sdemepus (Institut
de Mécanique céleste et de calcul des éphémérides - IMCCE), ITapux, @pan-
nnga. Ona umeer abbpepuarypy NSDB - Natural satellites Database. Ampec
JIOCTYTIa K 9TO Oa3e JaHHbIX TAKOI:
http://www.sai.msu.ru/neb/nss/indexr.htm — na caitre TAVIIT MI'Y
http://nsdb.imcce.fr /nsdb /home.html
— na caiire IMCCE. 3amerum, 9To cTpaHuUIlbl 3TOi 6a3bl JAHHBIX B HHTEPHETE
COCTABJICHBI HA TPEX S3BIKAX: PYCCKOM, aHTJIUHCKOM u (ppaniy3ckoM. O6b-
siBjieHne O co3janun 0a3bl maHHbix NSDB u kpaTtkoe ee onncanme omy0/1mKo-
BaHo B pabore (Arlot, Emelyanov, 2009). Baza ganubix Habsonenuii cocront
u3 jaByx 4dacteit. [lepBas, ycioBHo obosnadaemasi Kak NSDB1, cocraBisiercs
yKe f1aBHO. Vcnosb3yeTcs IpUHITUI pa3MenieHus JTAaHHbIX HabJII0/IeHUil TOY-
HO B TOM COCTaBe U BHJE, KAK OHU ObLIU OIMyOuKoBaHbl. PaKTUIECKU ITO
1 poOBbIEe KOMH TAOJIUIT TaHHBIX, KOTOPhIE B3ATHI U3 myouKaruii. Oxu co-
MTPOBOKIAIOTCS HEOOXOMMBIMU JIJIsI UCTIOIb30BAHMS OIMUCAHUSIMU, B3ATHIMU
Tak:Ke u3 mybsmkanmii. Bropas gacte — Standard astrometric data comep-
KUT Te 2Ke Jannuble, 4To 1 NSDB1, Ho jlanible MeoT cTaHIapTU30BAHHYIO
dopmy. B s10it 6aze JaHHBIX MIpeJIATalOTCs CPEJICTBA /sl BBIOOPKU JAHHDBIX
u3 6a3nl. B 6aze narnabix NSDB cobpanbl Bce omyb/iMmKOBaHHBIE HADJIIOIEHUST
BCEX M3BECTHBIX CIyTHUKOB I1aHeT. [logpobnee NSDB eme onmcana mimxke.

Jpyras 6a3a JlaHHbIX HaOJIIOICHUN cojlep:KuTCd Ha cafite [lenTpa Mabix
wraner (Minor planet center - MPC). Dra 6a3a JaHHBIX OrpaHHYUBAECTCA
TOJILKO HaOJIIOJIEHUSIMU JIAJIEKUX CIIYTHUKOB ILIaHeT. Tyaa moMemaroTces pe-
3y/IbTaThl, IyOInKyemble B upkyssipax MPC. @opmar jpanubix Hab o/ 1eHuit
B 9TOit Oaze crangapTHbi. OH IPUMEPHO TaKOi Ke, KaK W J/Is ITyOTuKaIiun
HabJTro/IeHnit Masbix 1ianeT. Onucanne dhopMmarta JTJAHHBIX MOXKHO HANTH Ha
caiite MPC. Ajpeca crpanui; Ha 9TOM caiiTe WHOTJIA U3MEHSIOTCs, TTO9TOMY
IPUBEJIEM 3/IeCh CHadaJ & aJjipec obiero jocryna K caiity MPC:
http://minorplanetcenter.net/iau/mpc.html
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Dait/1 ¢ HAOIOICHUSIME JAJIEKUX CIIY THUKOB OOJIBIINX IJIAHET MOXKHO CKOITU-
pOBaTh CO CTPAHUIIBI IO aJIpecy

http://www.minorplanetcenter.net /iau/ECS/
MPCAT-OBS/MPCAT-OBS.html

JLj1st 9TOr0 HY?KHO TONUTH TI0 CCHLITKE

Natural outer irregular satellites of the giant planets.

Hexkotopnie obcepBaTopun nMerOT CBOM 0a3bl JJaHHBIX HAOJIIOJIEHUN CITyT-
HUKOB 11aneT. [Ipumep Takoit 6a3bl — 310 Baza JaHHBIX HAOIIOIEHUI ILIaHeT
u ux crytHukoB [lynkosekoit o6eepsaropun (Pulkovo Database of Observations
of Planets and Their Satellites). Axapec B unTepHere
http://puldb.ru/db/sdb.php
Bosee obmast 6aza ganabix HadoaeHnit Tej1 CoJTHEeYHON CUCTEMBI IMEeT aJ1-
pec
http://puldb.ru/db/index.php
CrpaHutipl 1ocTyna K 6a3e JaHHBIX [MO3BOJISIOT BbIOPATH HAOJIIOIEHUS KOH-
KPETHOI'O CITyTHUKA Ha 33JIaHHbIE N0JIbI HAOJIIOIEHUI Wi 3a BCE TOJIbI.

Mopckas obcepsaropusi Coenunrennbix mraroB Amepukn (United States
Naval Observatory - USNO) Flagstaff mmeer coto 6a3y qaHHBIX HabI01€HAI
IJIaHeT U CIyTHUKOB. Ha crpanutie 1o ajpecy
http://www.usno.navy.mil/USNO /astrometry /
optical-IR-prod /solsys/fastt-plansat
MO2KHO TOJIY9IHUTDb JOCTYII K HAOJIIOJICHUSIM, BBITIOJTHEHHBIX HA TEJIECKOIe, KO-
topbiii HazeiBaercs Flagstaff Astrometric Scanning Transit Telescope.
JlocTytr T0IKeH OCYIECTBIAThCS MO CChLITKaM, obo3nadaronium rojer. OHa-
KO JIOCTYI K CTPAHUIAM C HAOJIOJIEHUSMEI OTKPBIT TOJBKO C KOMITBIOTEPOB,
PACIIOJIOKEHHBIX BHE TeppuTopun Poccun.

PesyabraThl acTpoMerpudecknx HaOJ/IOJIEHUN TIJIAHET U CIIYTHUKOB, BbI-
noJTHsIeMbIX Ha obcepBaTopun Table Mountain, Kanudopuus, CIIIA xocryr-
HbI B MHTEpPHETE HA CTPAHUIIE
https://ssd.jpl.nasa.gov/dat/planets/ced1.tmo.html

Kpowme 6a3 janHbIx HAOIIOJEHWI CITyTHUKOB IIJIAHET, MOTYT OBITH OJIE3-
HBbIMU 06a3bl JAHHBIX (DU3UIECKHX TaPAMETPOB CIIY THUKOB. Takux 6a3 JaHHbIX
TaKzKe HEMHOTI'O B JIOCTYIIE Yepe3 MHTEPHET. YKaxKeM TOJIbKO cjejyiorue. B
pamkax 6assl gannsix NSDB (FAUII MI'Y - IMCCE) umerorcst crpanumst
[TapameTpsr n Koucrantet. s gocTyma Tyga HykHO cnadasta Boiitu B8 NSDB
[0 yKa3aHHBIM BBIIIE aJIpecaM, a 3aTeM MPOTHU M0 CChLIKaM: bBa3bl JaHHbIX
— [Tapamerpsl u KoHCTaHTHI. /lajee MOXKHO MOMACTh HA CTPAHUIIBL:

— Macchl ciyTHUKOB,

— PasmepnI cIyTHUKOB,

— QoromMeTpuUecKne CBOMCTBA CIIyTHUKOB,
— [TapameTpsl BpalieHus CIry THHKOB.

JIpyroit ICTOYHUK JIAHHBIX O (DU3UIECKIX CBONCTBAX CIIyTHHKOB ILTAHET —
9T0 cupaBouHo-undopMarmonnas cucrema Jlunamuka CosiHedHON cucTEMbI
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smaboparopun Jet Propulsion Laboratory Kamudopuuiickoro rexmosiorude-
ckoro macTuTyTa, CIITA. OHa NOCTynIHA B MHTEpHETE IO AJIPECy
https://ssd.jpl.nasa.gov/

Nmeercs equHCcTBeHHAsI ClIelIAJIM3UpOBaHHasi oudbanorpaduyeckas basa
JIAHHBIX 110 €CTECTBEHHBIM CITyTHHUKAM ILIaHeT, co3jaHHas B pamkax NSDB
(TAUNII MT'Y - IMCCE). YTo6bI monacTh Tyjia 4epe3 UHTEPHET, Hy?KHO BOIi-
tu caadasta B NSDB 1o ojiHoMmy u3 ajipecoB, yKa3aHHBIX BBIIIIE, & 3aTeM IPOii-
TH TI0 CChLIKaM: bas3bl JaHubix — Bubimorpadus.

Koneuno, Bcro 6ubsimorpaduio 1mo uccjieJ0BaHusIM eCTeCTBEHHBIX CITY THHU-
KOB IIJIAHET OXBaThIBaeT OHOIHOrpadudeckas 6a3a JaHHBIX 110 aCTPOHOMUN
The SAO/NASA Astrophysics Data System Abstract Service. Hocryn st
roncka 6ubsimorpadun OCyIIeCTBIIAETCs 0 aJIpecy
http://adsabs.harvard.edu/abstract _service.html

Tertepb paccMOTPUM HMEIONUECST CPEJICTBA BHIYUCICHUS S(DEMEPHJT €CTe-
CTBEHHBIX CIIyTHUKOB ILJIAHET, JIOCTYIIHbIE Ye€pe3 HHTEPHET. 3aMETHM, 9TO Ta-
KHe CPEJICTBa HA3BIBAIOT ellle cIyKbaMu 3deMepu] Win mpocto spemepnia-
M.

Oaum 13 HanboJiee Pa3BUTHIX CPEJICTB BBIYUCICHUSA J(DEeMEepH T CIIy THH-
koB 1aner spisiercs cepBep MULTI-SAT. On cosmaH, mojiep:kuBaercs u
COIIPOBOXK/IACTCS COBMECTHO: VHCTUTYTOM HEOECHON MEXaHUKH U BBIYUACTIC-
uust sdemepus (IMCCE), [Mapux, @pannus u Ornenom HeGeCHO MexaHu-
ku PAUTT MI'Y. O6bsasienne o cozpanun ciayk061 MULTI-SAT u kpartkoe
ee onmcanue cozepzxkurces B nybsmkanun (Emel’yanov, Arlot, 2008). Anpeca
nocryna K ciaykbe MULTI-SAT cienyrormmue:
http://nsdb.imcce.fr/multisat/ — na caitre IMCCE
http://www.sai.msu.ru/neb/nss/indexr.htm — ma caitre TANUIIT MI'Y.
BoJtee 110/1pobHO 3TO CpeICTBO PACCMOTPEHO HUZKE.

Jlpyrum pasBUTHIM CpPEJCTBOM BBIUNC/IEHUsT 3(peMepu] CIIyTHUKOB ILjIa-
Her siBsiercs cepsep ademepn HORIZONS JPL NASA, CIIA (Giorgini u
ap., 1996), npenocrasisionuii qoctyt K ademepuyiam depe3 Web-cTpaHuiibt
UHTEpHeTa. AJIpec CTPAHUIIBI 3a1Ipoca dPEeMEPHT:
http://ssd.jpl.nasa.gov /horizons.cgi
DTO CPeCTBO BBIUYKUCIEHUSA 3(eMepU] He TOJTBKO €CTECTBEHHBIX CIIyTHUKOB
IJIAHET, HO TakKe MoYTH Beex Tesi COTHEUHO CUCTEeMBbI.

Ha crpanunax unrepaera Minor Plant Center (MPC) nmeercs ciyx6a
BBIUHC/IeHUsT 3deMepu/I JaJeKnX CIlyTHUKOB I1aneT. JlocTymr Tyma ocyrecTs-
JISIETCSI TI0 aJIPecy
http://www.minorplanetcenter.net /iau/NatSats /NaturalSatellites.html

B MNucruryre npuknaaaoii acrponomun (MIIA), Cankr-Ilerep6ypr, Poc-
cud pa3zpaboTaHbl OPUTMHAJBHBIE MOJE/N JBUYKEHUS TJIABHBIX CIIyTHUKOB
wianer (Koemomamuanckuit, 2009; ITopormuna, 2013). Ddemepusipl, Borauc-
JIsieMbl€ TI0 9TUM MOJIEJIsIM, IIPEJIOCTaBICHbI HA cepBepe aheMepu/L 1o aJipecy:
http://ephemeris.ipa.nw.ru/
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OrmeruM, a0 (hopMBI 3alpoca ddheMepn I Ha CTPAHUIAX CepBEPOB dde-
mepuz MULTI-SAT, HORIZONS, MPC u UITA cymecrBeHHO pa3indaroT-
ca. Haubostee cyImiecTBHHBIM Pa3/ndueM ABJISIETCS YUCIO 3HAYAIUX UMD,
KOTOpBIe BbljialoTcsd 1mpu Bbraucjaexnun sgemepui. Cepsep MPC Boiaer To-
[OIIEHTPUYECKIE KOOPAMHATHI CIIYTHUKOB C TOYHOCTBIO JIO €IMHMUIL CEKYH]T
nyru, ceppep HORIZONS — ¢ tounocreio g0 0.001 cexkynm myru, a cepse-
pot MULTI-SAT u UITA — 6 snagamux 1mudp mocie 3alsaToil B CEKYHIAX
JIyTu. DTU CBOMCTBa HE OTPArKalT COOTHOIIEHNE TOYHOCTEH IheMepn/ I, Bbl-
JIaBaeMbIX PA3HBIMU CJIy?KOAMU. DTO TOJBKO MX TEXHUIECKHE BO3MOXKHOCTHU
1 OrpaHUYEHMUS.

8.3. BozmoxkHocTu cepBepa acdpemepusa MULTI-SAT

Omro n3 mambosiee PA3BUTHIX CPEJICTB, MPEIOCTABISIONIIX DeMepu bl
CIIyTHUKOB I1aHeT, siBjstercs: ceppep sdemepus MULTI-SAT. On cozmasaJ-
ca u pazBuBasicd, Haunnas ¢ 2002 roja, Ha ocHoBe 3eMepUIHBIX CPEJICTB,
KOTOpBIe pa3pabaTeiBanCh B [ 0Cy1apCTBEHHOM aCTPOHOMUYIECKOM UHCTUTY-
te umenu [[.K. [IItepabepra MockKoBcKOro rocy1apcTBEHHOIO YHUBEPCUTETA,
mvernn M. B. Jlomonocosa (AW MI'V). Ilpu corpyanudaectse ¢ Uncrn-
TyTOM HebecHOl MexaHuku u Beraucienust agemepus (Institut de Mécanique
céleste et de calcul des éphémérides - IMCCE), ITapux, ®pannus sra ciryx-
6a abemepu 1 CIIy THUKOB ILIAHET TOCTOSHHO MO/ICPKUBACTCS U PA3BUBACTCS.
[Ipu OTKPBITUY HOBBIX CIIYTHUKOB, UX 3(eMePHUIbl JI0OABIAIOTCA Ha CEPEBED.
[Ipu mosiBjIeHNE HOBBIX, 0OJIEE COBEPIIEHHBIX MOJIEsell JTBUYKeHNs, OHU BHO-
cATCsT B MHCTpyMeHTapuii cirykon1. CoolIieHre o co3manun ceppepa 3heme-
pug MULTI-SAT ony6smkoBano B pabore (Emel’yanov, Arlot, 2008).

B mupe cytiecTByIOT passinanbie CIyzKObI 3beMepu/ i CIyTHUKOB ILIaHET.
Cepsep acbemepun MULTI-SAT nmeer 0coGEHHOCTH IO CPABHEHUIO C JIPYTH-
Mu anajoramu. [lepeuncium 31ech raBHbIE U3 HUX.

1. Ddemepu bl BBIYUCTIAIOTCS JJId BCEX eCTECTBEHHBIX CIIyTHUKOB Mapca,
FOnurepa, Carypna, ¥Ypana, Hentyna u IliyTona, /i KOTOPBIX MMEIOTCS
KeM-HHOY/Ib pa3paboTaHHble MOJIETN JIBUKEHUS HA OCHOBE HADJIIO/IEHUI.

2. 3ampoc aghemepu i OCYIIECTBIISIETCS CO CTPAHUIL UHTEPHETa B YI00HOM
dopme ¢ HoIbIIIM Pa3sHOOOpa3UeM CUCTEM KOOPJIMHAT, KA BPDEMEHH, TUIIOB
BBI/IaBAEMBIX BEJIMINH.

3. Nmeercss BOBMOXKHOCTH BBOJUTH TabOJIUILy Pe3yJIbTATOB HAOJIIOIEHUI
CILyTHUKOB U MI'HOBEHHO mojiy4arh pasuoctu "O-C" — pesynbrar cpaBHEHUS
Haburosiernit ¢ reopueii. Yucao nHabJioieHnil He OrpaHmIeHo.

4. Nmeercss BOBMOXKHOCTD T'PaAOUUIECKOro MOKa3a BUJIUMOIO PaCIOJIOXKe-
HUsI CIIyTHIKOB OTHOCUTEJIHHO TJIAHETHI.

5. MozkHO moJTydaTh IPAMOYTOJIbHBIE TIJIAHETOIIEHTPUIECKUE KOOPIMHATHI
CILyTHUKOB, 3JIEMEHTBI OCKYJIMPYIONINX KEIIEPOBCKUX OPOUT M MX CPEHUE
3HAYEHUS.
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6. Beraucyistorcst He TOJIBKO KOOPJIMHATHI CIIYTHUKOB, HO TaKKe aCTpPO-
METPUYECKHE KOOP/IUHATHI TIIaHEeT.

7. Moxkno BbIOpaTh OJIHY U3 JIECATH COBPEMEHHBIX ILJIAHETHBIX TEOPHUii,
paspaboranubix B IMCCE, JPL NASA, UucTuTyTe MPUKJIaIHON aCTPOHOMUN
PAH (Ilutwesa, 2013).

8. Berancsrorest achemMepuibl B3aUMHBIX 3aTMeHuil ciyTHUKOB. [Ipu sTom
BBIJIAIOTCSI TeJIMOTIEHTPUIECKIEe OTHOCUTEIbHbBIE KOOPIMHATHI CITYTHUKOB TIPH
CIIEIUAJIBHOM CII0COOE BBIYUC/IEHUs] CBETOBOTO BPEMEHH.

9. MoKHO TOJIy9IUTDb dPeMEPHIbl U 00CTOATEIHLCTBA BCEX B3AUMHBIX I10-
KPBITUI 1 3aTMEHUIT CIIlyTHUKOB, & TaKyKe 3aTMEHUI CIIyTHUKOB ILJIAHETOM.

10. Beitarorest pas3/indHble BEJIMIUHBI, COIY TCTBYONIHE HheMepriam CIryT-
HUKOB: 3Be3/[HbIe BEJIMYMHBI CITyTHUKOB, TJIAHETOIEHTPUIECKUE YTJIOBBIE KO-
Op/InHATHI CIlyTHUKOB, 3emuyin u CostHIA, coTHedHas (has3a, BUJUMbBIE Da3Me-
PBI IJIAHETHI, TOPUBOHTAJIBHBIE KOOPJIMHATHI CITy THUKOB B MECTE HAOJIIO/ICHUS.

8.4. CnyTHUKM IIJIaHET B BUPTYAJIbHBIX 00CEepBaTOPUSAX

B mupe paspabarbiBaioTcs Tak HaszbiBaeMble BupTyaJsibabie obcepBaTopun
(BO). Tloka erre HeT 9e€TKO yCTOSBINErOCs TOHUMAHUS 9TOTO TepMuHA. Ta-
I1le BCero BUPTYaJILHOI 00cepBaTopreil Ha3bIBAIOT HAOOP MHCTPYMEHTOB JIJIst
paboTHI ¢ pecypcamMu acTPOHOMUYIECKUX JIaHHBIX. J[aHHbIe cO31aI0T caMu acT-
POHOMBI - 9KCIIEPTHI B COOTBETCTBYOMNX obacTsax. BO akkymyaupyer cBe-
JIeHusi 00 9TUX pecypcax, OIMUChIBAET UX, KJIACCUMUITUPYET U paspadaTbiBaeT
METOJIBI JIOCTYTIa K HUM: (POPMATHI, CTAHIAPTHI U T.II.

[TonbITKM HAWTH BUPTYaAJbHYIO 0OCEPBATOPHIO, COJIEPIKAILYIO CIIyTHUKN
IJIAHET, JIAIOT €JIMHCTBEHHBIH pe3ysbTar — 310 Bupryanbnas obcepBaropust
Uucruryra nebecHoit Mmexannku u Bbraucyenus: 3demepus (Institut de Mé-
canique céleste et de calcul des éphémérides - IMCCE), ITapux, @pannus.
JlocTym B 3Ty BUPTYaJbHYIO 00CEPBATOPUIO OCYIIECTBIISIETCS IO apecy
http://vo.imcce.fr/ . Ee naenrudukanus wa caiire nmeer sug: THE IMCCE
VIRTUAL OBSERVATORY SOLAR SYSTEM PORTAL Observatoire de
Paris / CNRS.

Bonbmas vacte kommonenT sroit BO naxogurces B crajun pa3pabOTKU.
[TombITKN HAITH 3/1€CH CPEJICTBA, KACAIOIIIECs CIIy THUKOB TIJIAHET, TPUBOIAT
TOJIBKO K BO3MOXKHOCTHU BBIUHCTEHUS dDeMepu]] CIIyTHUKOB ILTaHET B Tab-
JITIHOM BHUJIe. AJipec 9Toro cpejicTsa
http://vo.imcce.fr/webservices /skybot / ?forms=resolver
Habop criyTHUKOB B 9TOIf BUPTYyaJbHO# 0obcepBaTOpHHU BeChbMa OT'PAHUYEH.
Orto coyraukn Mapca (2), lasmmeesst ciyranku FOmmrepa (4), ruiaBHbie
cunyraukn Carypra (8), riaBuble croyTHukn Ypana (5), coytaukn Henry-
Ha Tpuron u Hepeuna, Hekoropble 6/iuskue cryTHuKE YpaHa (3), Ginskue
cuyrauku Henryna (6). 91u 30 00beKTOB COCTABIISIIOT HEGOJIBIILYIO 9aCTh OT
BCEX U3BECTHHIX 176 CIIyTHUKOB ILJIAHET.
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I'maBa 9. CocTaB u ocobennoctu guHaMuku Teja CoJIHeYHOU cucrTe-
MBI

9.1. CocraB u pazmepbl COJITHEYHON CUCTEMBI

CostHeIHON cHUCTEMO#l MBI HA3bIBAEM COBOKYITHOCTH OOBEKTOB, KOTODBIE
PACIIOJIOYKeHBI B HEKOTOPOit okpecTtHOoCTH COJIHIIA U JOCTATOIHO JIOJITO He
MOKMJIAIOT 9Ty OKPECTHOCTh. B 3aBuCMMOCTH OT pa3MepOB M CBOWCTB JIBH-
JKeHUst 9TH HebecHble Tejia HasbiBatoTcsd Tak: CoJIHIle, TIaHETHI, CIIYyTHUKN
IJIAHET, KOJIbI[A ILJIAHET, MaJjible IJIAHETHI, KAPJIUKOBBIC IJIAHETHI, KOMETHI,
MeTeOpHbIe TeJia. MaJible IJIAHETHI eIlle HA3BIBAIT aCTePOUIAMHU.

He Bce Tena Comnednoil cucreMbl BUAHBL ¢ 3eMJIN JAXKE B CAMbBIC MOIII-
HbIEe TeJIECKOIIbI. Te, KOTOpble He BUIHBI, JTUOO CJIUIIKOM MAaJibl, THOO OYeHb
yaasieHsl ot Hac. O CymecTBOBAHUN HEKOTOPBIX 00beKTOB COJIHETHON cucTe-
MBI Mbl Y3HAJIA C TOMOIIBI0 KOCMUYIECKUX allllapaToB, MOCTAHHBIX K JIPYTUM
[LJIAHETaM.

[oBopst nasiee o pazmepax opobUT U caMux HEOECHBIX TeJ, JjId yJI00CTBa,
3allOMUHAHUS MBI Oy/IeM IIPUBOJUTEL BECbMa OKPYIVIEHHbIE nxX 3Hadenus. C
60JIbITIEll TOYHOCTHIO 00 ITOM MOYKHO Y3HATH U3 JINTEPATYPHI.

O nmmrepaType Ha JAHHYIO TEMY CJIeJyeT cKas3aTh moapobnee. CaMbIM Tep-
BOHAYAILHBIM MCTOYHUKOM BCEX JIAHHBIX O jpuHamuke COJIHEYHOM CUCTEMbI
SIBJISTFOTCS ITyOJIMKAIMY HAYIHBIX IIEHTPOB, B KOTOPBIX HEITOCPEICTBEHHO PO~
BOJIATCS WCCJIEJIOBaHUs. B HacTosiiee BpeMsi TAKUMU ITYOJTMKAITHSMU STBJISI-
tores “Inroduction aux éphémérides astronomiques” (1998) u "Explanatory
supplement to the astronomical almanac” (1992) ITogpo6HbIe CCBLIKM JIaHbL B
CITCKE JIUTEPATYPhI. B KadecTBe MepBOMCTOYHUKA JIAHHBIX CJIEIYET YKa3aTh
" Jloxkstas pabodeit rpymibl MexKIyHapOIHONO aCTPOHOMHUYIECKOTO COM03a, 110
KapTorpaduIecKnM KOOPIUHATAM U 3JIEMEHTaM BPAIeHUs IIJIAHET U CITy THU-
koB"(Archinal et al. 2011), koropslit peryssipao my6auKyercs. 3aMeTum, 9To
9THU IyOJIMKAINH sABJIAIOTCS PEIKOCTBIO JlazKe B Hay IHBIX Oubmorekax. bosee
JIOCTYITHBIM UCTOYHUKOM JIAHHBIX B HACTOSIIEE BPEMsT SIBJISTIOTCsT WH(DOPMAIIU-
OHHbBIE CTPAHUIIBI, BHICTAB/ISIEMbIE HAYIHBIMU WHCTUTYTAMHU B OOIIUI JOCTYTI
qepe3 mHTepHeT. Ajpeca OCHOBHBIX MH(DOPMAIMOHHBIX XPAHUJIAIL B UHTEP-
HETEe HA PACCMATPUBAEMYIO 3/1eCh TeMY JIaHbI B mpepiiyiieii [rase 8.

[IpuBesiem 3/1€ch ajpeca TOJIBKO TeX MEPBOUCTOYHUKOB B MHTEPHETE, TJIE
pa3MeIleHbl CBeJIeHsT O pasMepax, Maccax u (POTOMETPUIECKUX CBOWCTBaX
€CTEeCTBEHHBIX CIIyTHUKOB ILIaHeT (KpoMme JIyHbI).

Caiiter Ba3bl JaHHBIX €CTECTBEHHBIX CITyTHUKOB ILIAHET:

NucturyT HebecHoit MexaHuku u BbrauciaeHus 3demepn i Institut de méca-
nique céleste et de calcul des éphémérides (IMCCE), ®panius —
http://nsdb.imcce.fr /obspos/

locynapcrsennsiit acrponomuteckuit mactutyt nmenu [1.K. [Tltepubepra
http://www.sai.msu.ru/neb/nss/indexr.htm
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Jet Propulsion Laboratory, Calofornia Institute of Technology. Solar System
Dynamics. Planetary Satellite Physical Parameters —
https : //ssd.jpl.nasa.gov/?sat _phys par

Nrak, pamuyc cdhepsl, B KOTOPOit HaxoaTcs HabJoaeMbie Tesra Costned-
HOIT cucTeMbl, cocTaBiser npumMepHo 8 miapz kM (8 000 000 000 &M ). st
U3MEpEeHUs TaKUX OOJIBINNX PACCTOSHUN aCTPOHOMBI IIpUIyMaJsiu DoJiee yia00-
HYIO €JIMHUILY JJTMHBI — ACTPOHOMUYECKYIO eMHUILY, COKpalleHHo — a.e. OHa
paBHa pajmycy opoutsl 3emin. [Ipubmmkenno 1 a.e. pasua 150 000 000 k.
Boiparkennblit B aCTPOHOMUYECKUX €IMHUIAX pajauyc Buaumoi dactu CoJ-
HEYHOU CHCTEMBI paBeH 53 a.e.

Cuapy)u Taxoit cdeps! emre MOryT ObITh Teja COTHETHON CHUCTEMBI, HO
MBI UX HE BUJIUM HM3-3a HEJIOCTATOYHBIX Pa3MEpPOB MJIA SIPKOCTH.

Samerum, aTo B CoJIHEUHOI cucTeme HET abCOJIIOTHO IMapoOOPa3HbIX Tel,
HeT U KPyroBbIXx opOuT. [losTOMYy HEJIb3s CTPOro OUpeaenTh UX PaIuyChl.
MpbI roBopHM 371€Ch 0 pajimycax BOOOpazKaeMbIX OKPY2KHOCTell u cep, mpo-
JIETAIONINX BOJIM3M COOTBETCTBYIONMIMX OPOUT M IMMOBEPXHOCTEN HEOECHBIX TEJI.

Yro kacaercs pa3mMepoB caMbIX TIaBHBIX Tel COJTHEYHONW CHCTEMBI, TO
paguyc Comana pasern 700 000 kM, a paguyc 3eman — 6 400 K.

B Comneunoii cucreme Bce Teja IBUXKYTCA. VIMEHHO 1T03TOMY OHU HeE IIa-
nator Ha CoJIHIIE W IJIAHETY MO/ JeHCTBUEM CHUJI I'PABUTAIIMOHHOTO TTIPUTSI-
JKEHUS.

Crpykrypa CoHETHOI CHCTEMBI HepapXudecKast — y KaxKJI0ro Teja eCThb
IJIaBHOE, BOKPYT KOTOPOTO OHO JiBukeTcs. CJie/IcTBIEM TaKOro CBOWCTBa, sB-
JIIETCsT TO, UTO TPACKTOPHUHU OOJILITUHCTBA TEJI HMOYTU IJIOCKAE U MOUYTH 3JI-
JINIITUYIECKUE UJIU JIayKe MOYTU KPYTOBBIE.

IlnaneTsr.

Campivu Oosibiiiumu TesiaMu, mocie CostHIla, SBISIOTCA BOCEMb CaMbIX
KpynHbIX maaner: Mepkypwuii, Berepa, 3emst, Mapc, FOturep, CarypH, YpaH,
Henryn. OHu ABUKYTCS 110 TTOYTH KPYTOBBIM OPOUTaM, U BCE IPUMEPHO B OJ1-
noit wiockoctu. B Tabs1. 4 npuBojgTcs pasmepbl BOCBMHU OOJIBINNUX TLIAHET U
ux cpequue paccrogaus or CosHila. B3anMubil HAKIOH cpeau OpOUT ITUX
IJIAHET He IMPEBBLINAET 7 IPajlyCcoB, & MaKCUMAaJbHBIH SKCIIEHTPUCUTET OP-
6ursl cocrapisier 0.2 (opbura Mepkypusi). DKCIEHTPUCATETOM € Ha3bIBAIOT
napamMeTp opOUTBI, KOTOPBIil XapaKTepU3yeT ee JLIMITUIHOCTD.

Acrepounapi. Menbimmmu 1o pasmepam Tejtamu COTHETHOH CHCTEeMBI TI0-
cJle TIJIaHeT SABJIFIOTCH acTepouibl. VX Tak M Ha3bIBAIOT — MaJible IIJIAHETHI.
[To pasmepam u 0bJiaCTU JIBUKEHUS aCTEPOUBI JeadaT Ha rpyiibl. Obias
0CODEHHOCTH OPOUT ACTEPOUIOB — OHU MOI'YT UMETD JIFOObIE SKCIIEHTPUCUTE-
ThI ¥ HAKJIOHBI K ILIOCKOCTH opOuThl 3emin. B Tabs. 5 marorcs duciieHHbIE
XapPaKTEPUCTUKHU TPYIII aCTEPOUIOB.
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Tabsmuna 4: Pa3zmepsbl OOIBINX ILJIAHET U KX OPOUT.

[Lnanera Pamnyc mranersr | Cpemaee paccrosaue or CosHIIA
Mepkypmnii 2 400 k™ 0.4 a.e.
Benepa 6 000 kM 0.7 a.e.
Bemist 6 400 km 1.0 a.e.
Mapc 3 400 kM 1.5 a.e.
FOmurep 70 000 kM 5.2 a.e.
Carypn 60 000 kM 9.5 a.e.
Ypan 25 000 kM 20 a.e.
Henryn 25 000 xm 30 a.e.

Tabnuma 5: [TapameTps! rpymir acTepouI0B.

[Mpymma Cpennii Cpemnee paccr. | Konmaectso

aCTEPOUJIOB pajunyc ot CoJHia

I'maBHBIA 1I051C < 500 kM 2-3.5a.e. 200 000

Tposintisr < 300 km 5.2 a.e. 1 200

[Tosic Koitepa, | 100 - 1000 kM 30 - 50 a.e. 500
Acreponipl,

COMMKAIOIINECS < 100 kM 0.7 -4.0 a.e. 300

¢ 3eMJei
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OTMeTuM HEKOTOPBIE CBOMCTBA IPYIIT aCTEPOUJIOB.

Tpostaier aeukyTes Ha opbute FOmmrepa. JIBe rpymibl Takux actepon-
J10B BMecte ¢ FOmmrepom n CoJtHITEM COCTABIISIIOT IIPUMEPHO PABHOCTOPOHHHIE
TPEYTOJILHUKH.

OpbuThl acTepouioB, cOJMKAIOMUXCA € 3eMyeil, MOryT UMETh pa3JIid-
HbIe OOJIBINKE TIOJIyOCU U SKCIIEHTPUCUTETDI, OJHAKO TPACKTOPUN MTPOJIETAI0T
BOJIM3K OPOUTHI 3EMJIH.

[TepBorit acrepons ObLT OTKPBHIT B 19-M Beke, B HACTOSIINEM WX OTKPbI-
BatoT 6osee 10 Thicau exxkeronno. CHadasa acTeponjiaM IPUCBaNBaIl UMeHa,
borunb B rpedeckoit mudosornu. Korga rakux mMeH oka3aaoch HeJI0CTATOY-
HO, aCTEPOUJIbI CTAJN HA3BIBATH CHAYAJIA [IPOCTO XKEHCKUMU UMEHAMU, 3aTEM
UMeHaMU U (haMUINIMU 3HAMEHUTBHIX JIEO/IEH, B TOM YHCIE W aCTPOHOMOB.
3aKoHYIN/IACh UCTOPHUS TEM, 9TO UMEHa aCTePOUIaM IPUCBAMBATE COBCEM ITe-
pecTaJii, COXPaHUIACH JIUIIb JTOCTATOYHO CJIOYKHAS MX HyMepallns.

Cpenin acTeponioB 0OHAPYKEHBI JIBOMHBIE, HECKOJHKO TPOMHBIX. K Ha-
CTOSAIIEMY BpeMeHU u3BecTHbI 0K0J10 300 acTeponioB, UMEIONIUX CITY THUKH.
Psan acreponsios chororpadbupoBaHbl ¢ KOCMUYECKUX annapaToB. Temepb MbI
UMeeM IpejcTaBienne o0 ux opMax u BpaIlcHUN.

26-as Accambiiess MekIyHapOHOTO aCTPOHOMHYECKOI'O COI03a, KOTOpas
cocrostachk B [Ipare B 2006 1., npunsiia perrenne 0 BBEJIEHUN HOBOT'O KJIACCa
HEOECHBIX TeJI, & UMEHHO, KAPJIMKOBBIX ILJIAHET.

"KapaukoBas miranera"— 310 HEOECHOE TEJI0, KOTOPOe:

(a) obparmaercst Bokpyr CostHiia,

(b) mMeeT JOCTATOTHYIO MACCY, JJIsl TOTO, YTOOBI CAMOTDABHTAIHSI TIPEBOCXO-
JIMJIa TBEPJOTEbHBIE CHJIBI M TE€JIO MOTJIO PUHSATH MUJIPOCTATUYECKU PABHO-
BecHyto (6sm3Kyto K cdepraeckoii) dopmy,

(c) He ouHIIAET OKPECTHOCTU CBOEH OPOUTHI 1

(d) He siBIAsIETCS CIyTHUKOM (IIJIAHETHI).

K kapymmkoBbiM 1mtaneraM otHecenbl [LnyTon u acrepounnt [lepepa, Xay-
Mea, Ipuia, Makemake. EcTh mpe/iosoxkenne, 9To JOJKHBI OBITDH €Ile Kap-
JINKOBBIE T1aHeThl B COJIHEYHOI cucTeMe.

Cpemun acreponsioB Iliyron umeer Homep 134340. Ero opbura HaxomuTcs
B obstactu nosica Koitepa. /lo orkpbiTug sroii rpynmnsl acteponioB [LryTon
cunraJcs nepsaroit mianeroit CosHedroit cucrembl. OHAKO pasMephl acTePO-
nJ10B nosica Kofinepa okazaJmch cpaBHUMBIMU ¢ pasmepom [LiyTona, opouTa
[LiyToHa 3HAYUTETHHO BBITAHYTA U HAKJIOHEHA K ILIOCKOCTU OPOUTHI 3EMJIH.

Komersbl. 910 BecbMa cTpaHHble HeOecHbIe Tesia. T paekTopun 049eHb BbI-
TaHyThI. [l10cKOCTH OpOUT BechbMa paszHoobpasHbl. [1o dusndeckomy cocraBy
KOMETBI CUJIBHO OTJIMIAIOTCs OT Apyrux Te CoTHeTHONl CcCucTeMbl. 3a BpeMst
cBoero npubsmKenus K COJIHILY TeJI0 KOMEThI TOJ[BEpPraeTcs OYpHOMY HCIa-
pennio. JacTuibl KOMETBI IO JIEICTBIEM CHJIbI CBETOBOIO JIABJIEHUS OTJIETa-
IOT OT siJipa KOMeThI, 00pa3ys :kuporucHbIil "xBocT". K HacToOsI11IeMy BpeMeHH
nzBectHO Oosiee 1000 KOMeT.
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CriytHuku niadet. CaMbIM IVIABHBIM U3 BCEX CIIYTHUKOB ILTAHET sIBJIsI-
ercs Jlyna. Ona nBukercst BOKpyr 3emun Ha cpegaeMm paccrosaun 380 000
kM. Pagmyc Jlymer pasen 1700 km. Ee macca cocrasiser 1/81 qacts mMacest
SemMutH.

B okpecrroctu mnaner Mepkypuit u Benepa cryTHUKOB He 0O6HADYKEHO.

Bokpyr Mapca Ha 1oyt KpyroBbIx opoUTax B IJIOCKOCTH IKBATOPA ILIa-
HeThbI obparlraiTcs jaBa ciuyTHuka — Poboc u leiimoc. Poboc — BecbMa BBITSI-
HYyTOE TeJIo, uMeloree pa3Mepbl 26 X 22 X 18 kM. [lefiMoc ToxKe BBITAHYT, €ro
pasmepnl 15 x 12.4 x 10.8 km. Pajimyc opoursr Podoca — 9400 km, leitmoca —
23500 kM. [Ina cpaBHeHus HalOMHUM, 4TO pajmyc Mapca cocrasiser 3400
KM.

VY 6osbmux mwiranet FOmurep, Caryph, Ypan u HenryH oTKpBITHI MHOZKE-
CTBa CIIyTHHUKOB, KOTOPbIE MOYKHO YCJIOBHO Pa3/Ie/INTh Ha TPU T'PYIIIIHI.

e Biim3kume cmyTHUKY : KPyroBbie OPOUTHI B IJIOCKOCTH 9KBATOPA ILIa-
HeThl Ha paccTogauax H0 000 - 300 000 kM OT TJIAHETHI, PATUYCHI CITYT-
aukoB 10 - 100 xwm.

e I'maBHBIE CIyTHUWKM : IOYTH KPYTrOBble OPOUTHI BOJU3U ILIOCKOCTH
sKkBaTopa miaaneTsl Ha paccTogarax 100 000 - 5 000 000 kM OT MIaHETHI,
pajnychl ciiyTHUKOB 200 - 2 500 xM.

o /lanekue cmyTHuKU : 3KcreaTpucuTeTsl opouT 0.1 - 0.7, HaKIOHBI
K 9KBATOPY ILIaHEeThl BecbMa pasHoobpasubie (oT 0 mo 180 rpajycos)
Ha paccrogaugax 5 000 000 - 25 000 000 kM OT TJIaHETHI, PATUYCHI
cinyTHUKOB 10 - 100 KM.

KonnaecTBo CIyTHUKOB KazKI0W IPYIIBI Y OOJIBIINX ILJIAHET, N3BECTHBIX
Ha 31 okTsi6psa 2017 r, ykazano B Tabur. 6.

[Inanera [LnyTon mMeer yHUKAJIBHBIN CIIyTHUK XapoH. Kro pajmyc Bce-
ro B JiBa pas3a MeHbIle pajuyca camoil mianetsl. Pajuyc I[Lnyrona — 1200
kM, Xapona — 600 kM. Pajinyc rmouru Kpyrosoit opouThsl XapoHa COCTaBJIAET
20 000 km. Pasmepsl apyrux dersipex criytaukos [Linyrona (Hukra, T'njpa,
[lep6ep u CTHKC) yCTAHOBJIEHBI BECbMa MPUOJINKEHHO, THAMETPBI HE IPEBbI-
mraroT 100 kM.

Pycckoga3brainyio HOMEHKIATYPY €CTECTBEHHBIX CITY THUKOB TIJIAHET MOZKHO
HaiTu Ha caire
http://Infm1.sai.msu.ru/neb/nss/index.htm
a TaKzKe 110 aJIpecy
http://Infm1.sai.msu.ru/neb/rw/natsat/index.htm .
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Tabauna 6: KommvaecTBo CllyTHUKOB Y ILJIAHET.

[Inanera | Bamsknx InaBabix | damekux
CIIyTHUKOB | CIIyTHUKOB | CIIyTHUKOB
Semrs 0 1 0
Mapc 2 0 0
FOnurep 4 4 62
Carypu 16 8 38
VYpau 13 5 9
Henryn 7 1 6
[LnyTon 0 1 4

Tab6muna 7: Pagnychl Koser 60JIBINX ILJIAHET.

Panycor

[Inanera, KoJIBITO, (BHYTpeHHUIT - Tommuna,
JIeJIeHIEe KOJIell BHEIIHWIA) B J0JISX | KM

pajimyca II1aHeThl
Kombma FOmurepa:
raJio 1.3-1.71 20 000
IJIABHOE KOJIBIIO 1.71-1.81 < 30 xMm
BHYTPEHHE IIayTUHHOE KOJIBIIO 1.81 - 2.55 ?
BHeIIIHEee ITayTUHHOE KOJIBIIO 2.55 - 3.15 ?
Kosbna Carypha:
D 1.11 ~ 1 km
C 1.23 - 1.53 ~ 1 km
nenenune Makcsesuia
B 1.53 - 1.95 ~ 1 km
menb Kaccnnn
A 2.02 - 2.27 ~ 1 km
JleJIeHe JHKe
F 2.33 ~ 1 km
G 2.8 ~ 1000 km
E 3-8 1000 km
Kouspia Ypana 1.64 - 2.0 ?
Komnbiia Henrryna 2.22 -2.54 ?
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Kousba 1mtaHeT. 9Tu CKOILIEHUS] MEJKUX YACTHUI] BCEBO3ZMOYKHBIX Pa3-
MePOB (DOPMUPYIOT KOJIbIIEBBIE CTPYKTYPBI Bparnarorirecss BOKpyr FOmurepa,
Carypna, Ypana nu Henryna. [L1ockocTn KoJter Beceria COBIAIAI0T ¢ 9KBATO-
poMm 1uraHeThl. Pajmycnsl kKoser ykasanbl B Tabsr. 7.

Tonbko ocuoBuble KoJiblla Carypua D, C, B, A xoporo BujHbl ¢ 3eM-
qn. Kostbia BOKPYT JIPpYyIuX ILIAHET ObLIH OOHAPYKEHBI 110 (oTorpadusim,
CJIeJTAHHBIM C KOCMUYIECKHUX AITapaTOB.

Kpome paccmorpennbix Boitie HebecHbIX Tesl B COTHETHON cucTemMe JIBU-
JKeTC OI'PDOMHOE MHOYKECTBO MeJIBUAMINNX YACTHUI] — METEOPHOEe BENIECTBO.
OTHU YaCTUIII MOMAIAI0T B arMocdepy 3eM/in U Cropaior, 00pa3yst HOUbIO Ha
Hebe 3 deKkThl "aJaronmX 38e31 U 3Be3IHbIX JT0XK e’
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9.2. Teopuu 1 Moaesi OPOUTAIIBHOTO JIBU>KEHUS
Tes1 CoJTHEYHOI CUCTEMBI

O6BIIHO ObecIIeInBaCTC HEKOTOPBIN 3a1ac TOYHOCTH TEOPUU U METOJIOB
BBIYUC/IEHUI JIBUKEHNS HEOECHBIX TeJ M0 CPABHEHUIO C TOYHOCTHIO HAOJIO-
nenwnii. [TosToMy coBepIIeHCTBO MOJIE/H JIBUXKEHUA HEOECHOTO Tejia OIpe/ie-
JIIeTCsl TOYHOCTBIO ero HabJoieHnii. [ pasHbIx Te1 9Ta TOYHOCTH BeChbMa
paszyinana. Kcjii ona He CJIMINTKOM BBICOKA, TO MOYKHO OIPDAHIMIUTHCS IPUMEHE-
HUEM 3aKOHOB HBIOTOHOBCKOI MeXaHUKU. B OTHAe/IbHBIX C/Iydasx HeOOXOIMMO
paccMaTpUBATh JIBIZKEHIE Tejla B PaMKaX PeIITUBUCTCKON TEOPHUH TSroTe-
HUA WU 00IIeit TeOPUU OTHOCUTE/ILHOCTU. B 3Tux ciydasx gaxke ToOIHas 3a-
[IICHh ypPaBHEHUI JBUXKEHUS OKA3bIBACTCA UPE3BbIYaiiHO cJ10:KHOMN. [loaTomy
Ha IpakTuKe JABrKeHne Tes COJIHEeTHONW CHUCTeMbl U3ydaloT B paMKaX HbIO-
TOHOBOI T€OPUU TATOTEHUH, a IPU HEOOXOIMMOCTH 3(DPEKTHI 00IIeil Teopun
OTHOCUTEIbHOCTH MPUOTNKEHHO YINTBIBAIOTCS METOaMU TEOPUH BO3MYIIIEe-
HUIl BBeJIEHHEM B PacCMOTpPeHne HeDOJIBIINX IONPABOK B auddepeHnaib-
Hble yPaBHEHUs JIBUKCHUSI.

B teopun tsarorenusi Hpiorona jBuzkeHune HEOECHBIX TeJ MOMIUHSIETCS
TpeM uU3BeCTHBIM 3aKoHaM HbioToHA M 3akoHy BceMupHOro Tsrorerus Hbio-
toHa. OJIHAKO JaKe 9TH 3aKOHBI IPUBOJIAT K HEOOXOIMMOCTH PEIlaTh TAKNe
nuddepeHImaabuble ypaBHEHN, TOYHOE 00Iee pereHne KOTOPBIX JI0 CUX
op He Haiijieno. [losToMy mocTpoeHmne Teopun JIBUKEHNST HEOECHBIX TeJ 3a-
KJIFOYAeTCsd B NPUMEHEHUU BCEBO3MOXKHBIX METOJIOB IPHUOJINKEHHOI'O pelre-
Hust guddepeHnna bHbIX yPABHEHU JIBUKEHUS.

MeTtomp! pemtenus quddepeHnuaj bHbIX YPaBHEHUH JIBUKEHNUS HEOeCHBIX
TeJI pacCMOTPEHBI B Ipeabrymux [asax 3 u 4.

PacemorpuMm 3j1ech aBuzKenune pasindnbix KoHdpuryparuit Teq Cosned-
HOIl CcUCTeMBI, pacCMaTPUBAEMbIX KaK MaTepHaJibHble TOUKH. Takue JBUKe-
HUsI HA3BIBAIOTCS OPOUTAIBLHBIMU UJIU TOCTyHATeIbHbIMU. B KavdecTBe yupo-
IMIEHHON MOJIE/IN JBUYKEHUS TIOYTH BCET/Ia PACCMATPUBACTCSA TOTHOE PeIleHne
3aJIa9M JIBYX TeJI — KeIJIEPOBCKOe nBuKeHne. OTIudus JIefCTBYIONIX CUJT
OT YIPOINEHHON MOJIC/IM Ha3bIBAIOT BO3MYINAIONIUMK CHJIAMUA, & OTJIUYAA B
CaMOM JIBUKEHUU — IIPOCTO BO3MYIIEHUSIMHU.

OpburasbHOe JIBU2KEHUE TJIaHeT.

OcHOBHBIE BO3MYIIEHUS B JIBUYKEHUH TIJIAHET OOYCJIOBJIEHBI NX B3AUMHBIM
nputskerrneM. MaJibiMu mapaMeTpaMu B TEOPUH JBUYKEHUST STBJISIIOTCST OTHO-
menns Macc maner K Macce Cosaia. TodHOCTh HA3eMHBIX acTpOMETpUTe-
CKUX HAOJIIOJEHUI TIJIAHEeT JOCTATOYHO BbicoKas. JIyis1 1y1aHeT 3eMHOM IpYyIIIbI
(Mepkypuii, Benepa, Mapc) mo3uInoHHbIe U3MEDPEHUST C BBICOKON TOYHOCTBIO
BBITIOJTHSIIOTCS TAKKE € IIOMOIIBIO PaIUOJIOKAIUNH TLIAHET C 3eMJIN.

CoBpeMeHHBIE aHAJUTUYIECKUE TEOPUN JIBUXKEHUs IIJIAHET BeChbMa TI'PO-
MO3JIKA U CJIOXKHBI. VIMeroTcs TakKe ocoObie 1mpodsieMbl. TpymHOCTBIO TTpH
IIOCTPOEHUN aHAJMTUYIeCKO Teopun JBrmxkenus FOnurepa u CarypHa sBjs-
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eTcsl TPUOMKEHHBIN PE30HAHC ME¥KJy OPOUTATBLHBIMU OOPAIEHUSIMEI ITUX
mwiarer. OcobbIit ciryvaii pejicTaBiser Takxke gsuxkenue [Layrona. Ero op-
6ura nMmeer 3HadMTENbHBIT dKcnenTpucuter (0.25) n Gosbmioit nakaon (18
rpajycoB) K opbure GimKaiimieir u mMaccusHOl 1utanere HenryH. Dto 3a-
TPYIHSET MOCTPOEHUE TOYHON aHAJTUTUIECKON TEOPUN JBUKEHUS.

B npomiom nanbosiee pasBuThbie TEOPUN JBUKEHNUS IJIAHET OBLIN TOCTPO-
el B0 Opanrnun yuensivu Jlesepbe (1855) u Taito (1912), 8 Aursmu Heto-
komoM (1898) u Xusutom (1898). B konie 20-ro Beka aHAJIUTHIECKAS] TEOPH
JIBUZKEHUS TIJIaHET Pa3padaThIBAJIACh B MAPUKCKOM MHCTUTYTe HEOECHO! Me-
XaHUKM, KOTOPBIl B TO BpeMsl HasbiBasics Biopo goiror (Bretagnon, 1982;
Bretagnon, Francou, 1988).

B mnocnennee Bpems B mpojioszkenune pabor IIbepa Bperanbona paspaba-
THIBAJIUCH J[BA BaPUAHTA AHAJUTHIECKON TEOPUH JBIZKEHUs IJIaHeT (BKJIO-
vas [Linyron) VSOP2013 et TOP2013 (Simon, Francou G., 2016). 9o e/un-
CTBEHHBIE Pa3pabOTKN AHAJIUTUIECKUX TEOPHil JBUKEHUS TIJIaHeT 3a MOC/Ie]I-
uue 50 Jjer.

B mnociennee Bpemsi MIMPOKO NMPUMEHSIETCS MOJIEb JIBUKEHUS TIJIAHET
u Jlynbl, co3nannas u passuBaemas B CIIIA, B Jlaboparopuu peakTuBHO-
ro jemkenns (Jet Propulsion Laboratory - JPL) ¢ 1982 roma (Standish,
1990). Dra MojEeIb CTPOUTCST METOJAME YUCJIEHHOTO MHTErPUPOBAHUSI yPaB-
HEHUIl JIBUYKEHUs M OCHOBAHA Ha BCEX UMEIONINXCS B MUPE HADJIIO/IEHUSIX
mianet. Fe mocremoBarenbabie Bepenn umetor obosuadenus: DE200/LE200,
DE403/LE403, ... . ITocneausis k HacrosiieMmy Bpemern Bepcus DE431/LE431
ommcana B pabore (Folkner et al., 2014).

Maccor mnanet B Teopusax Jlesepbe m HbiokoMa onpeensimch Mo B3anM-
HBIM BO3MYyIIeHusM. 1 mianeT, Meronux cryTHUKY, 60jiee TOYHBIE OIpe-
JIeJIEHUS MACC JIeJIAI0TCS 110 HAOJTIOJIEHUSIM JIBUYKEHUS CITy THUKOB. Y TOUHEHUE
MacCC IJIAHET eIlle BBIIOJIHIETCS 110 TPACKTOPHBIM U3MEPEHUSIM KOCMUIECKUX
aImapaToB, MPOJIETAONINX BOIU3W TJIAHET W IOJIBEPXKEHHBIX WX MPUTIAZKE-
HUIO.

OpbutajibHOEe NBU>KEHUE aCTEPOUJIOB.

OcHOBHBIE BO3MYIIEHUS B JBUKEHUU ACTEPOUJIOB OOYCJIOBJICHBI ITPUTSI-
JKeHreM OOJIbIINX ITaHeT. TOIHOCTh OOBITHBIX aCTPOMETPUYIECKUX HabJII0/1e-
HUIl 9THX HEOECHBIX TeJI JOCTATOYHO BBICOKA. B IocieiHne rojibl C/e/anbl
HECKOJIbKO YCIIENTHBIX TONBITOK PaJInoJIoKauu acteponioB. /s onpenesre-
HUsI TOYHBIX [TOJIOYKEHUI HCIIOIB3YIOTC TaKKe PeTIailliie crydan BUIUMbIX
MOKPBITUI 3BE3] ACTEPOUIAMH.

Macchl HEKOTOPBIX aCTEPOUJIOB OIEHEHbBI M0 UX B3aUMHBIM BO3MYIIEHU-
saM. Bojiee TOUHBIE OIEHKM MacC MOJIYYAIOTCd JJIS aCTEPOUIOB, MMEIONNX
ciyrauku. Ceitdac m3BectHbl 0K0s10 300 acTeponi0B, UMEIOIIIX CITYTHUKH.
B penkux ciaydasgx u3ydeHnus: 3TUX TeJ ¢ IOMOIILI0 KOCMUYECKUX AIapaToB
yJlatoTcst 00J1ee TOUHbIE OIIPEIe/IeHUs] UX Macc.

Yro kacaeTcs Teopuil JIBUXKEHHS aCTEPOHJIOB, B HACTOAIIEE BPEMsA B OC-
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HOBHOM TPUMEHSIOTCS METOJIbl YMCJIEHHOTO MHTEerpupoBanus auddepeniiu-
AJIbHBIX YPABHEHUI JIBUKEHUSI.

K nacrosmemy Bpemenu B Costnednoit cucreme m3Bectusl 6ostee 700 000
MaJIbIX I1aHeT. OTKPBITHS, WIeHTUDUKAIA U MOJIe/INPpOBaHe OPOUT acTe-
POMJIOB KOODJMHUPYIOTCST B MEXK/IYHAPOJIHOM IMeHTpe MaJibix miaxer (Minor
Planet Center — MPC). O61marhcst ¢ 9TUM EHTPOM MOXKHO Yepe3 UHTEPHET.
Ajipec nieHTpa B MHTEpHETE:
http://cfa-www.harvard.edu/cfa/ps/mpc.html

JInHaMuKa KOMeT.

OcHoBHBIE BO3MYIIEHUS B OPOUTAIBHOM JIBUKEHUU KOMET O0YCJIOBJICHBI
npurtskenueM 0osbiux 1miaHeT. OCoOEHHOCTBIO JIMHAMUKUA KOMET SIBJISICT-
csl JIeficTBUE CHUJI HEIPABUTAIIMOHHONW TIPUPO/bl. K TakuM CujaM OTHOCSTCS
MEXaHUIeCKOe JTaBJIEHNE COJTHETHOTO CBETA U PEAKTUBHASI CHUJIa UCITYCKAHUSI
YaCTHUI KOMETHI IIPH HArpeBaHuu sjipa KomeTbl CoTHIEM.

Habmronenus 1mojiozkeHnii KoMeT He MOT'yT ObITh CJieJIaHbI ¢ BBICOKO# TOU-
HOCTBIO, TaK KaK siJIpO KOMETHI TOHET B CBETe ee XBocTa. [isg Ha dhororpa-
U0 KOMeTBI, TPYJIHO YKa3aTh PACIOJIOXKEHUE MaCCHUBHOTO SIApa, KOTOPOe
KaK pa3 u ompejeiser ee OpOoUTaIbHOE JIBUXKEHNE.

JIBrKeHme KOMET cefiuac MOJIeJIUPYeTCs B OCHOBHOM METO/IaMU IUCIEHHO-
o UHTErPUpPOBaHUs YpaBHEHUil ABMKeHud. J[1s1 n3ydeHus 3BOIONUN OpOUT
HCITOJIb3YIOTCS TPUOJIMYKEHHBIE aHAJIUTUIECKIE TEOPUN JIBUKEHUST KOMET.

Teopus nBukenaus JIyHbI.

JIBe 0cOOEHHOCTH OIPEJIEIAIOT CUTYAIINIO C U3yYeHneM OPOUTAIbHOTO JIBH-
xenus JIymael. [lepBasi ocobeHHOCTD 3aKII09aeTCd B CUJIBHBIX BO3MYIICHUSIX
co croponbl CostHIa. DTO jenaeT Hed(hMEKTUBHBIM IIPUMEHEHNE KeIIepPOB-
CKOM IPOMEXKYTOIHON OPOUTHI B KAadeCTBE OCHOBBI aHAJIUTHIECKON Teopuu
nBrKenus. Xusut B 1905 mpeiyioxKuI Ipyryio NPpUd/IMKEHHY 0 MEXAHITIECKY 0
MOJI€JIb, TAK HA3bIBAEMYIO 33/a9y XWLIa, YACTHOE [MEPUOIMIECKOe PelleHne
KOTOPO# TOYHEee, YeM KeILIepOBCKasi OpOUTa, OMMCHIBAET JBUKeHue JIyHBI.
JI10601bITHO, 9TO OpOuTa XUJ/IIa 0UeHb 0/113Ka 110 (hopMe K SJLIUIICY, TTPUIEeM
IEHTPAJIbHOE MIPUTATUBAIONIEE TeJIO, 3eMJIs, PACIIOJIOKEHO He B (DOKyce, a B
[EHTPE ITOrO JLIUICA. Bojibilas och Takoil OpOUTHI OPUEHTUPOBAHA B0/
opbuter 3emstn. Ha ocnoBe 3ajatn Xujiia MeToJaMyu TEOPUU BO3MYIIEHU
CTPOWMJIACH AHAJTUTHYIECKAs] TEOPUsl IBUKeHUs JIyHBI.

Bropast ocoberrocTh 3aK0o4uaercs: B Ou3octn JIyHBI K 3emiie, cJie/ICTBI-
€M SIBJIIETCS BO3MOXKHOCTB €€ BBICOKOTOUYHBIX Habsojenuit. Ocobyio Tod-
HOCTD IIO3UITMOHHBIX HAOJIOIEHUN 00ECIIedrBAIOT YIOJKOBBIE CBETOBBIE OT-
pazkaTesn (3epKajia), JTO0CTaBJIeHHbIE HA TOBEPXHOCTH JIYHBI KOCMUYIECKUMU
ammaparamu. Hadamo jazepHoii cBeTosokanun JIyHBI yBeJIMIHIO TOTHOCTD
ee TO3UITMOHHBIX HAOJIOACHUN B THICATY pa3 0 CPABHEHUIO ¢ KJIACCHYCCKU-
MU HAOJIOACHUSIMEA. DTO IIPUBEJIO B HEKOTOPOE 3aMEIIATEIbCTBO TEOPETUKOB,
KOTOPBIE UCIIOJIL30BAJIN JIJIs MOJIeJIpOBanus JBrzKenus JIyHbr anaanTute-
cKHe Teopuw, cozmanuble XumioM, Bpayrom (1919) u Dkeprom (1966). B
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urore M. Ilanpon-Tyze u 2K. lanpon (Chapront-Touzé, 1980; Chapront-
Touzé, Chapront, 1983) mocTponsiv HOBYIO BBICOKOTOYHYIO AHAJIUTHIECKYIO
teoputo apmkenust JIyaer. B CILIA, B JIaboparopun peaKTUBHOTO JIBUKEHUST
(Jet Propulsion Laboratory - JPL) oxHOBpeMeHHO ¢ pazBuTHeM MOJIe/Iell JIBU-
JKEHUsI TUTaHeT co3fanbl Mogenn npukenns Jlyner LE200 - LE431 (Folkner
et al., 2014)..

CrnyTHUKU APYTHUX MJIaHEeT.

Teopun 1BMKEHNsT €CTECTBEHHBIX CITYTHUKOB ILTAHET BECbMa Pa3sHO0Opa3-
Hbl. Paznoobpa3ubl KOH(MUTYpAIUKA CIIyTHUKOBBIX CHCTEM U BO3MYIIAIOIIUX
CUJI, IEWCTBYIOMNX Ha UX JBuzKeHue. [lo curyanusam ¢ uzydeHneM JIBUKEHUs
CIIyTHUKOB IJIAHET UX MOXKHO Pa3JIe/IMTh Ha HECKOJIbKO I'PYIII.

Banskue crry THUKM.

DT CIyTHUKH JIBUZKYTCSI 110 TOYTH KPYTOBBIM OPOUTAM B TIJIOCKOCTH K-
Baropa tiaHeThl. [lockosbKy Gosbinme tianersl FOmuumrep, CarypH, Ypan
n Henryn npejcrasiisgior coboil cxkaThble TOYTH OCECUMMETPUYIHBIE TeJa, TO
OCHOBHBIE BO3MYIIICHHSI B IBUKEHUH OJIN3KUX CIIyTHHKOB OOYCJIOB/IEHDI JUHA~
MHYIECKIM CXKATHEM ILJIAHETHI. DTOT (haKTOp XapaKTepu3yercs: KoddpuimeH-
TaMu Jy, Jy, ... IpU 30HAJIBHBIX TAPMOHUKAX Pa3JI0yKEHUs CUJIOBOHN (DYyHKITMH
npuTsKenusd. J[Bukenue OJIM3KUX CIIyTHHKOB €I11€ TI0/IBEPXKEHO ITPUTHAKEHUTO
IJIABHBIX CIIyTHHKOB. DTO BTOpOCTENeHHbIN (hakTop. [asa OJu3Kux CryTHH-
KOB IIJIAHET II0Ka He HYKHbI OYeHb TOUYHBIE TEOPUHU, TaK KaK TOYHOCTH UX
HAOJIIOJICHUIT OTHOCUTEIBHO HEBBICOKA. JTO MOTOMY, UTO MPU HA3EMHBIX I10-
BUIMOHHBIX HAOJIIOIEHNAX CBET OT CaMOW ILJIAHETHI CO3/7aeT B (poTOKamepax
CUJIBHBII Opeos1, B KoTopoMm "ToHer'"m3o0parkeHne CIyTHHKaA. UTO KacaerT-
¢ Om3kux crnyTHEKOB CaTypHa, TO UX JIOTOJHHUTEIbHO 3aCBEUNBAET eIlle U
KOJIBIIO TLIaHeThl. Iyt OJIM3KUX CIIYTHUKOB ILJIAHET MOCTPOEHBI U UCIIOIB3Y-
IOTCsI TIPOCTBIE AHAJUTUYECKUE TEOPUHU, OCHOBAHHBIE HA KEILJIEPOBCKOI IIPO-
MEKyTOYHON opOuTe U MPUOJIMKEHHO YIUTHIBAIOIIUE T€PEINCICHHBIC BBIIIE
BO3MYyTIaoIre pakTopbl. Ha mpakTrke moka MpuHNMAIOT BO BHUMAHIE TOJTb-
KO BEKOBbIE BO3MYIIEHHSA, TO €CTh MOJIE/IbIO JIBUYKEHUs CIIYTHUKA SIBJISACTCS
nperneccupyomuii ssaumc. Takoit 3/IIIC MeJIEHHO TTOBOPAYNBAETCs B CBOEIH
IJIOCKOCTH, & IJIOCKOCTBH 3Ta MEJJICHHO BPAIAETCs BOKPYT OCH CHUMMETPHUHU
mwianeTsl. Mojiesib mpereccupyroniero 3JIMIca paccMoTpeHa Bbiie B [1ase
3.

I''maBHBIE CITyTHUKWN.

OTU CIYTHUKH UMEIOT OPOUTHI ¢ HEOOJIBIITUMU SKCIIEHTPUCUTETAMU pPac-
[TOJIOZKEHBI BOJIM3HU IIJIOCKOCTH 3KBaTOpa ILIaHeThl. B cuiy Toro, 4ro OoHH
HECKOJIbKO y/IaJIeHbI OT TIJIAHETHI U UMEIOT HAMOOJIBIIIIE PA3MEPBI CPEJIH CITyT-
HUKOB ILJIAHET, UX Jierde HabJ/IIoAaTh, U HAOJIONEHNs TUX CIIyTHUKOB OoJjiee
TOYHBIE, YeM JIPyrux. [1o3ToMy HpUXouTCsd CTPOUTH JOBOJILHO TOYHBIE W
CJIOZKHBIE MOJIE/IN JIBUXKEHUsI IJIABHBIX CIIyTHUKOB. B Takux MoJesax ydu-
TBIBAIOTCS CKATHUE ILJIAHETHI, B3AMMHbBIE BO3MYIIEHUS CIIYyTHUKOB, a TaKKe
nputszkerune Cosaia. HekoTopyo TpyaHOCTE cO3/1a10T NPUOINKEHHBIE pe-
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30HAHCHI MEXKJTY OPOUTAJLHBIME OOPAIEHUsIMI HEKOTOPLIX TVIABHBIX CITYT-
HUKOB.

Ocobrrit cmygait mpeactasagoT ciyTHukr Mapca ®@oboc n Heitmoc. s
9TUX CIIyTHUKOB IVIABHBIMH BO3MYIIAIONMI (paKTOpaMu dBJIsieTcs Hecde-
pudHOCTb TaHeTsl u nputskenne Cosmna. HakorieHo MHOro HazeMHBIX
HaOJIIO/IEHNIT 9TUX CIIyTHUKOB ¢ MOMEHTa UX OTKpbITUdA B 1877 romy. B mo-
cJejiHee BpeMs TO3UITMOHHbBIE HAOJIIO/IeHns CIIyTHUKOB Mapca BBITTOJTHAIOTCS
TaKKe C MOMOIIBI0 KOCMIUYECKUX allllapaToB.

Jlanekue CIiyTHUKH.

OpOuTh J1ajeKNX CIIyTHUKOB BEChbMa Pa3HOOOPA3HbI. JKCIEHTPUCUTETHI
OoJIbIINHCTBA OPOUT 3aK/04aioTcs B pejeiax 0.15 - 0.6. Haksonsr K 1wtoc-
KOCTU OpOUTHI TIaHeThl cocTaBsioT 20 - 40 rpajrycoB, IpudeM HEKOTOPBIE
JlaJIeKie CIIyTHUKHU JIBUKYTCS 110 OpOUTAM B TOM K€ HAllpABJICHHH, YTO U
obparrenne mianetsl BOKpyT Costaiia. pyrue criyTHUKE ABUXKYTCS B 00paT-
HOM HalpaB/jieHuu. J[BurkeHune JTa/IeKUX CIIyTHUKOB IOJIBEPYKEHO CUJILHOMY
Bimgnuio nputsxkenus Cojnna. [losTomy mocrpoenue anaInTudeckoi Teo-
pUM JIBUKEHUS JAJIEKUX CIIYTHUKOB ILIAHET BEChbMa 3aTPYJIHUTEIBHO. YJI0-
BJICTBOPUTEJILHBIX 110 TOYHOCTH aHAJTUTUYCCKUX TEOPUN B HACTOAIIEE BPEMS
He cymecTByeT. HabuoieHuit 1aieKnx CIlyTHHKOB ILIAHET COBCEM HEMHOTO,
TaK KaK X TPY/IHO HAOJIIONATH H3-3a UX MaJIoi spkocTu. TouHOCTH HAOJIIO/E-
HUIT B [IOCJIE/IHEE BPEMsI TI0JIyIAeTCsl JIOBOJILHO BBICOKOI. C TIOMOIIBIO HOBBIX
MOIITHBIX TEJECKOIOB, HEJABHO MOCTPOCHHBIX HA MEXKIYHAPOHBIX 0o0cepBa-
Topusx, 3a nocjeganue 20 jger oTkpbiTo 60s1ee 100 HOBBIX CIIyTHUKOB. /Jljs
MOJIEJITMPOBAaHUS JIBUZKEHNS JaJeKNX CIIyTHUKOB IIJIAHET HMCIOJIB3YIOTCS Me-
TOJIbI YUCJIEHHOTO MHTETPUPOBAHNS yPABHEHU JIBUZKEHUS.

9.3. OcobOblIe cirydyanm OopOUTAILHOIO JABUXKEHUS CIIyTHUKOB IJIaHET

Co-opoutasnbabie cnyTHuku CaTtypHa.

Cpenn 6mu3kmx criytHrko CarypHa JiBa n3 HuX, flHyc n Duumereit, 1Bu-
JKYTCs Ha OJTHOMN U TO# »Ke opOuTe CUHXPOHHO, TO €CTh C OJIHOM U TO# 2Ke yTJI0-
BOI1 CKOpOCTBIO. /IBrKeHne 9Toil apbl CIIyTHUKOB IMTPOUCXOJIAT TaK, 9YTO €CJIH
IIPEJICTABUTDL ce0e JIMHUIO, ITPOXOIAIIYIO Yepe3 MeHTD IJIAHETHI U BPAIIAIONTy-
F0CsI C YIJIOBOW CKOPOCTBIO, PABHOMW CpejiHeil yIJIOBOi CKOPOCTU OOpalleHus
CIIyTHUKOB, TO CIIYTHUKH OTKJIOHSAIOTCSA OT STOH JIMHUU BJIOJIb OPOUTHI TIEPH-
OJTUYIECKH C TIEPUOJIOM HECKOJILKO JIET M aMILTUTY/IOM, COCTABIAIONIENH OKOJIO
100 rpajycos mjist ojanoro ciytuuka u 60 rpajycoB — Jjis JIpyroro. To Tak
Ha3bIBaeMble JTMOPAIUU CITyTHUKOB OTHOCUTEJILHO JIBUYKEHUS, COOTBETCTBY-
IOIIET0 M3BECTHOMY MPSIMOJTMHENHOMY YaCTHOMY PENIeHNI0 3a/Ia9l TPEX TeJl.
SaMevuaTe TbHOCTD SIBJIEHNST 3aKJII0IaeTC B TOM, 9TO 110 HAOJTIOIEHUSIX ITUX
JIMOpAIil MOZKHO OIEHUTh MacChl CITYTHUKOB. K COXKaJIEHWIO, CITYyTHUKU STH
JIBUKYTCA BOJIM3K Kosiblla CaTypHa, CBET OT KOTOPOro MeIlaeT HabJIIoIeH!-
sm. C 3eMiint CITy THUKY BUJIHBI TOJILKO HECKOJIBKO JTHEHl B MOMEHTBI BHIHMO-
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IO MCYE3HOBEHMSI KOJIbIIA, KOIJa OHO IIOBOPAYMBAETCS K 3eMJie pedpoM. DTo
ITPOUCXOJINT pa3 B 14 JieT.

Caoyruuku — "Jlarpam>kuaubi".

Ha opburax nByx riaBHbIX ciyTHUKOB CaTypHa JIBUXKYTCH €Ie YeThbIpe
CO-0pOUTANBHBIX UM cIyTHHKA. OHU JBUKYTCS BOJU3U TPEYTOJbHBIX KOH-
durypariuit, COOTBETCTBYIONINX U3BECTHBIM YaCTHBIM PEIIEHUIM 3a/Ia1 TPEX
tes. Dnasubrit ciyrauk Tedpusa nmeet jiBa co-opouTabubix — Tegecto n Kag-
JINTICO, Y TJIaBHOTO ciyTHUKa /lmona maBa co-opburtanbubix — Enena u [Tosu-
JICBK.

Cawmprii Gostbiioit skcienTpucurer opoutsl (0.7512) cpenu cryTHE-
KOB ILTaHeT umeeT jajekuit ciiyrauk Henryna — Hepenga. 91o obcrosresnb-
CTBO 3aCTaBUJIO TEOPETUKOB JIBMKeHUd Hepenibl mpuberath K O9eHb XUTPO-
YMHBIM aQHAJTUTHIECKIM METO/IaM.

Penkne siBjeHnst B cucTeMaxX CITYTHUKOB ILJIAHET.

Hacrosmmum 1mogapKoM MpUPOJIbI I YUIEHBIX SBJIAIOTCS OCOObIE sIBJIe-
HUsI B CUCTEMAaX CIIyTHUKOB ILIaHeT. /[e/l0 B TOM, 9TO OpOUTHI OOIBITUHCTBA
CIIyTHUKOB TIJIAHET Jie?KaT TOYTU B IIJIOCKOCTU dKBATOPa CBOE IjIaHeThl. B
HEKOTOPBIE JIOBOJIBLHO PEJIKME MOMEHTBI BPEMEHU ILIIOCKOCTH OPOUT CITyTHH-
KOB OKa3bIBAIOTCS BOJIM3M HAIIPABJIEHNIT OT 11aHeThl Ha CoJTHIle U Ha 3eMJTIO.
[Tpu HabmroAeHNSIX ¢ 3eMJIU B TaKKe IEPUOIbI 300paskeHue OHOTO CITY THUKA
MHOI/Ia MOXKET HaJlaraThbCs Ha n300parkeHue JIPYroro CIiyTHIKA B IIPOIIECCe UX
JIBUKEHUST BOKPYT ILIAHETHI. DTHU SBJICHUS HA3BIBAIOT MOKPBITHAMEU. CIIyTHH-
KU TOCTOSTHHO ocBerieHbl COJIHIIEM, HO CJIyYaeTcs, 9TO OJUH U3 CITyTHUKOB
nonaJjiaeT B TeHb Jipyroro. Hacrymaer 3aTMmenue criyraHuka. B mporiecce B3a-
UMHBIX TOKPBITHI U 3aTMEHNN U3MEHsIeTCsl CYMMaPHBIH OJ1eCK JIBYX CITyTHH-
KOB, YIaCTBYIOIIUX B sIBJICHUU. DTy BEJIUINHY aCTPOHOMBI JIaBHO HAYIUJINCDH
U3MEPATH C BECbMa BBICOKOW TOYHOCTBIO, U 3T& TOYHOCTH ITOCTOSTHHO BO3pac-
taer. OOpabarbiBasi KpuBbIe OJieCKa CIIyTHUKOB B HECKOJIBKUX SBJICHUSX Ha
OCHOBE IeOMETPHUYECKON MOJIE/IH, TOJIyYaloT cpa3y HECKOJIbKO IMapaMeTpPOB:
MOMEHT MaKCHUMAJIbHOI'O COJIMZKEHUs CIIYyTHUKOB, YIVIOBOE PACCTOSTHUE MEK-
JIy BUJUMBIME ¢ 3eMJIA IEHTPAMU CIIYyTHUKOB U PAJIMYChI CIIY THUKOB.

[HerHOCTH U HEOOBITHOCTH HAOJIIOIEHNI B3AMMHBIX IIOKPBITH 1 3aTMEHUIt
MIO3BOJIAIOT Ha3bIBATH TaKue ABJIEHHA cOObITHAMU. HeoObraHOCTh HAOIIO/NE-
HU COCTOUT B TOM, 9TO MPAKTUIECKHU BBITOJJIHIIOTCT (POTOMETPUIECKHUE 13-
MEpPEHHs, & B PE3YJIbTATE MOJIyIAI0TCS OTHOCUTEIbHBIE KOOPIMHATHI CITYTHH-
KoB. lleHHOCTH HAOJIOAEHU COOBITHI 3aKII0UAETCd B UX BBICOKOW TOYHOCTH
1 nH(GOPMATUBHOCTH.

Bzaumubie MOKPBITHST 1 3aTMEHUS CITy THUKOB TLJIAHET PACCMOTPEHBI B CIIe-
mrastbHoit [aBe 7. [lomynsiproe onmcanue siBjeHuit Jano B crarhe (EMesnbs-
HOB, 1997).

Cucrema Ilnyron-XapoH.

OTHomreHre Macchl CIyTHHKa K Macce IntaHeTwl, papHoe 0.15, - Makcu-
masbHOe B Cosueunoil cucreme. OTHOIEHNE Pajuyca IIAHETHI K PaIAyCy
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OpOUTHI CIIYTHHKA TakKxKe MakcuMmajbHoe B CoOJTHEYHOH cucreme. DTH JIBaA
HebecHbIE TeJjla, KaK OT/e/bHble 00beKThbI, HAOJIIOIAINCH TOJIBKO C IOMOIIBHIO
KOCMUYIeCKOro Tejteckomna Xabsa. Oqrako ¢ 3eMin HabTI0IaIuch Ipe3Bblyaii-
HO pesikue (pa3 B 124 roma) m MHTEpECHBIE SIBJICHWsT B3aUMHBIX TOKPBITHI
u 3arMmennii [Lnyrona n Xapona. Opbura XapoHa pacioJarajoch K 3emiie
pebpom u B nepuoj ¢ 1987 mo 1991 roj mpoucxXoanium BUIANMbBIE B3auMHBIE
IMOKPBITHS U 3aTMEHMS ILJIaHeThl 1 ee ciyTHuKa. CyMMapHas SpKOCTh ITUX
HeOECHBIX OOBEKTOB B MOMEHTBHI TaKUX SIBJIEHNI yMeHbImaeTcsa. V3mepennst
9TON APKOCTU ITO3BOJIMJIM OIPEJICTUTh PAJUYChl 9TUX HEOECHBIX TeJa U Ia-
pamMeTpbl opouThl cuyTHHKa. CoObiTuss B cucreme lliyTon-XapoH onmcaHsbl
ABTOPOM HacTosIIIell crarbi B xKypHaje "3emis u Beeennas" (EmenbsiHos,

1989).

9.4. Ocobennoctu ¢dopmbl n BparieHuit Tesi CoTHEYHOI cCUCTEMBI

CoiicTBa BpallleHIsI HEOECHOTO TeJ1a 3aBUCAT OT I'PABUTAIMOHHOTO TIOJIS,
KOTOPOE OHO CaMO CO3/a€eT, & TaKKe OT KOH(UTIYPAIUU U JIBUXKEHUS JIPYTUX
TeJl.

Ocb Bparrenunst nMeer jBa KoHIa. JIIs OJHO3ZHATHOTO TTOHUMAHUS KOH-
1aM OCH JIaJIi Ha3BaHUsl: CEBEPHBIi I10JII0C, I0XKHBII 1o/110c. Pabodeit rpyi-
ot MexkIyHapoIHOTO aCTPOHOMUYECKOTO COI03a YCTAHOBJIEHO COTJIAIEHME,
YTO CEBEPHBIM IOJIIOCOM OCH BPAIEHUS IIAHETHI WM CIyTHUKA CUUTAETCH
TOT U3 JIBYX IIOJIIOCOB, KOTOPBIN PACIIOJIOKEH B CEBEPHOI 10/1ycepe OTHOCH-
TeJIbHO HEN3MEHHOI 1I0CKOCTH Bparneans CotHedHO cuctembl. O1HAKO ocu
BpAaIleHNs acTEPOUIOB MOTYT IIOBOPAUNBATHLCS, I CO BpEMEHEM CEBEPHBI MO~
JIIOC MOXKET IIEPEMECTUThCA B I02KHYIO 1oJ1ycdepy. ITosaromy st acreponios
CEBEPHBIM ITOJIFOCOM BPAICHUS CUNTAETCA TOT, BOKPYT KOTOPOT'O TEJIO COBEP-
IaeT BpAIleHre MPOTUB YaCOBOI CTPEJIKU, €CJIU CMOTPETh Ha IMOBEPXHOCTD
CHApPYKH. B 9acTHOCTH, TAKUM TIOJTIOCOM SBJIAETCHA TaKyKe CEBEPHBIN IOJIIOC
Semtn.

PacemorpuMm 37ech HEKOTOpBIE crienuduaeckrne 0COOEHHOCTH (OPMbI U
BpaIlleHNsT Pa3HbIX HEOECHBIX 0ObEKTOB.

Mepkypuwuii.

Hecdepuunocrs Tena Mepkypus n3 HaO/oeHuit He oOHapy:keHa. [Ipo
€ro BpallleHne U3BECTHO, YTO OCh MOYTH MEPIIECHIUKY/IsIPHA, IJIOCKOCTU OPOU-
Tl Mepkypus. Hanpabiienue BpalieHus cOBIaaeT ¢ HallpaBJIeHHEM OpOu-
TaJibHoro JiBrxKenus Mepkypus. [lepuos Bpamenus cocrapisger H4 JiHs.

3aranka Beunepsbi.

[Ipo nechepuanocTs Teia Benepbl HU4Yero HeM3BECTHO — TOYHOCTU HAOJTIO-
JeHnit I 9TOro HejocTtarodHo. Bparaercs Benepa HeoObIMHO — B oOpaT-
HYIO CTOPOHY OTHOCHUTEJIbHO OpOUTaIbHOIO JBMKeHuA. CyIIecTByeT Teopus
(Correia, Laskar, 2001), coryiacHo KOTOpOit Takoe Bparienue BeHepsl sB/isgeT-
cd YCTOWYMBBIM U €JIMHCTBEHHO BO3MOXKHBIM B HacTosdlee BpeMsa. Marema-

234



TUYECKU BOIIPOC OCTAETCsI OTKPBITHIM: ObLia Jjin Benepa oT poxKIeHUsT Takoit
? Tlepuoj ee Bpamenusi coctanisier 243 nus. [Ipu mocrpoennn Teopun Bpa-
menns Benepbl yunThIBauCh cieayionme (haKTOpbl: TPUIUBHBIEC CUJIbI CO
CTOPOHBI 3eMJIH; IPUINBBI aTMocdephl, HarpeBaemoit CoJtHIieM; TypOyJIeHT-
HOE TpEHMe Ha IPaHUIe AIPO-MaHTHA; PE30HAHC MEXK/IY YaCTOTON IIPEIeCcCun
ocl U KOMOMHAIMEH BEKOBBIX YaCTOT OPOUTAJILHOIO JIBUYKCHUS; HEOIIPE/Ie-
JIEHHOCTH B JINCCUTIATUBHBIX MOJIE/ISX.

Bpammenue 3emun.

Moyens Bparmennst 3eMJi TOCTPOEHA € BBICOKOH TOYHOCTHIO Ha OCHOBE
HaOJIIOJIEHUI 1 ¢ yIeTOM BCEX M3BECTHBIX JIeTaJieil TMHAMUIECKOTO CTPOCHUS
Semin u ee jedopMaluii, a TakK»Ke BCEX U3BECTHBIX BO3MYIIAIOMNX (haKkTo-
poB. B mHacrosiiiee Bpemsi OCh BpallieHusi 3eM/Ii HEMHOTO HEe COBIIJAeT HU
C TJIABHOW OCHIO WHEPIINU TeJia 3eMJIN, HU C OCBIO JLIAIICOUIA, TPUOINKEH-
HO omnuchiBaoIiero ee ¢gopmy. Och BpallleHHusT IepeMEIaeTcsi B Tejle 3eMJIn
— 9TO TaK Ha3bIBaeMoe JBHKeHue 1oJroca. Och BpallleHns MeJJIEHHO TTOBO-
padmBaeTCs B IIPOCTPAHCTBE, MPEIEeCCUPYET, OINUChIBasg KOHYC, OCh KOTOPOIO
HMEPIEHUKY/ISIPHA K IJIOCKOCTH OopouThl 3emiin. Och elre UCIbIThIBAeT Me/I-
Kre KojiebaHus, Ha3bIBaeMble HyTallueil, o0yc/IoB/IeHHbIe TpuTszkenueM JIy-
HBI ¥ UMEIOIIKE TIePUO/I, PABHBII MEPUOITY ee OpOUTAIBHOIO JBUXKEHU. ¥ TOJT
HaKJIOHA OCH BpallleHusi 3eMJIM OTHOCUTEIHHO IEepPIEeHIUKYIdpa K ee opou-
Te coctasjiger 23.5 rpajgyca. Ppanmy3 zKak Jlackap ¢ kosuteramu B 1993 1.
YUCJICHHO MOJIE/IMPOBAJT JIBUKEHUE U BpAIllEHUE TIIaHeT Ha nHTepBaJie 20 MIH
ser. OH 0OHAPYKUJI ITOCTOAHCTBO HAKJIOHA OCH BPAIEHWS 3E€MJIM Ha TAKUX
MHTEpBajaX BPEeMEHU U JIOKa3aJl, 9TO CTabMILHOCTDL HAKJIOHA OOYCJIOBJICHA
npucyrcrsuem Jlyubr (Laskar, Joutel, Robutel, 1993).

Yro Kacaercsa Teja 3eMJIE, TO OHO 3aMETHO oTjimdaeTcd or mapa. Oc-
HOBHOE OTJIMYME — CzKATUe ¢ 10J0coB. OTHOIIEHNE PA3HOCTH IMOJISIPHOTO U
9KBATOPHUATBHOIO pa3MepPOB 3eMJIH K €€ S9KBATOPUAILHOMY Pa3Mepy, TO €CTh
ckatue, coctapjger npuMepro 0.003 . [pyrue neranm wecepudHocTH Cy-
IIECTBEHHO MeHnblIite. Pazjioxkenue cujioBoit (DyHKIMNM HTPUTHAKEHUS 3eMJIU B
psit 110 cpepudeckuM PYHKIUIM paccMoTpeHo B [tase 2.

Mapc.

B nacrositiiee Bpemst Hak/I0H ocu BpareHus Mapca K IJIOCKOCTH ero op-
o6uThl coctapisgeT 25 rpajycos. llepuos Bparmenus — 24.6 gaca. Haubosee
TOYHAsI MOJIe/Ib npereccuu-HyTanunu Mapca nocrpoena B padore (Bouquillon,
Souchay, 1999). YunrbiBamch Bce N3BECTHBIE BO3MYIIAOIIHe (haKTOPbL: IPU-
tsizkerne Coutnna, nputszkenue FOmurepa u 3emin, vechepuanoctb Mapca,
nedopmarun Mapca, nputszkenne @obdoca u /leitmoca.

Ha unrepsase Bpemenu (20 muts jier) Laskar, Robutel (1993) uccireoasin
9BOJIIONHIO HaKJIoHA ocu Bparienus Mapca. [losyumioch, 9To Ha OOJIBITIOM
MHTEpBaJjie BpeMEHN HAKJIOH U3MEHSIeTCsl CUJIBHO U XaOTHYECKHU B IIpejiesrax
ot 0 1o 60 rpajiycos.

Mapc — cxkaroe teno. Bemmunna cxkarug cocrasisger 0.002. Pazmoxke-
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Tabmuma 8: [TapameTpsr OOJIBITUX TJIAHET.

[Inanera | [lepuon Bpamenus, Jo Jy
Jac

FOmurep 10 0.01475 | -0.000587

Carypu 10.6 0.01645 | -0.000915

Ypan 17.25 0.00334 | -0.000032

Henryn 16.1 0.00341 | -0.00003

HEe CUJIOBOI (bYHKIMEM TpUTszKeHns: n3BecTHo 10 18 mopsinka (Christensen,
Balmino, 1979). M3BecTHbl pasiudns OCU CHMMETPHU TeJia, [JIABHOH OCH
WHEPIIMU ¥ OCU BPAICHUS.

Bpainenue 60JIbIIINX TJIAHET.

FOnurep, Catypn, ¥Ypan u Herrryn SBASIOTCS IOYTH OCECUMMETPUIHBIMA
nebecubiMu Tesiamu. B Tabs. 8 npuBojgTcss OCHOBHBIE TApaMETPbI I'PABUTA-
[IMOHHBIX TIOJIEl TIJIAHET U TePUObl UX BPAIIECHUS.

Ocu Bpamenus FOnurepa, Carypua u Henrrysa nmoaru neprieH iuKysspHbI
IJIOCKOCTSIM OPOUT TIJIAHET. Y paH "JIeKUT Ha OOKY', TO €CTh €r0 OCh BPAIICHUS
pacIioJioyKeHa BOJIU3U ILJIOCKOCTH OPOUTHI Y paHa.

Bpamienue Ilnyrona u Xaposna.

Ota mianera u ee cuyTHuk — Imapbel. Ocobennocts cucrembl lLmyTon-
XapOH 3aKJ/II0O9aeTCd B TOM, 9YTO Ha UX Bpalll€HHE HE BJIUAIOT HUKaKHe JPpyTrue
testa. CoJTHIE OU€Hb /1ajIeKO. B Takux yCcI0BUAX B 9UCTOM BHjIe paboTaeT Tak
Ha3bIBaeMasd IPUJINBHASA dBOJONKUA. HeoTHOpOoIHOCTh rpaBUTAIIMOHHBIX IT0-
Jieit BbI3bIBaeT JiehopMaliiy Tesl — NpuauBbl. [Ipu Hamuanu BA3KOCTH U Bpa-
IEHUsT TeJI OTHOCUTEIbHO JIMHUU, UX COEIUHSIONIEN, IPUJIUBLI HE YCIIEBAIOT
CJIe/I0BaTh 3a ITOM JIMHUEH W BBI3BIBAIOT TAKUM 00OpPAa30M TOPMOXKEHUE Bpa-
mennio. B HacTodiee BpeMst BpaleHre 0oO00UX Tesl ITPOUCXOIUT CUHXPOHHO
¢ opbuTasibHbIM JBH2KeHreM XapoHa. To ectb [liayron m Xapon Bce BpeMms
oOpallleHbI JIPYT K JIPYTy BCErjia OJIHUMU W TEMH K€ CBouMU cTopoHamu. [le-
puoy obtero Bpairrenus — 6.387 cyt. I[losromy rosopsr, uro cucrema [LiyTon-
XapoH 3aBepInia CBOIO MIPUIMBHYIO IBOJIIOIUIO.

Bpainenune nBoiiHBIX acTepouaoOB.

Cpenu acteponioB OOHAPYIKEHBI JIBOWHBIE. DTU HEOECHBIE Tea MMEIOT
caMble pas3Hble W 3aMbicioBaTbie Gopmbl. Ha ux Bparmenune Biausaior CosH-
e U JIpyrue IUIaHeThl, HO O4YeHb cjiabo. JIBoliHbIe acTepOuIbl MMpeICTaBIIs-
0T CaMblil OOIMUil clydail MOCTyIaTeIbHO-BPAIATEILHOTO JIBUKEHUS JIBYX
TBEPJIbIX TeJi. Teopuio BpalleHus MOCTPOUTH OYEHDb TPYJIHO — Yallle BCETO HeT
HUKaKNX MaJIbIX ITapaMeTpPOB.
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9.5. ®opMBbI CIYTHUKOB IJIAHET W X BpallleHue

®uznveckas jyiuopamus JIyHbI.

N3 nabmogenuit moBobHO Xoporno uzydena ¢dopma Jlyawr. 1o aBuxke-
HUIO MCKYCCTBEHHBIX CITYTHUKOB JIYHBI M3ydasioch ee T'PABUTAIIMOHHOE IT0-
Je. Pazioxkenne cuioBoil pyHKIINYA U3BECTHO C TOYHOCTHIO JI0 4-TO TOPSAIKA
(IERS, 1992). Haburogarorest HeGobIIIe MOBOPOTHL JIyHBI OTHOCHTEIBHO Ha-
IIpaBJIeHUsT Ha 3eMJII0 — TaK HasbiBaeMas pusndeckast jmbparus JIyuaor. C
TeX 0P, KaK Ha ee TOBEPXHOCTH ObLIN JIOCTAB/IEHBI YTOJIKOBBIE OTPazKaTe IH
cBeTa (3epKaJia), TOYHOCTh W3MepeHHil yriioB moBopota JIyHbBI crajia OvYeHb
BBICOKO#1. B Mupe HeCKOJIbKIMI aBTOpaMU Pa3BUBAETCs TOYHas Teopus (u-
3udeckoil smbparuu JIyHbl. DTO O/iHA U3 CAMBIX I'DOMO3JIKUX U CJIOZKHDBIX
Teopuii B HEOECHOI MEXaHHKeE.

Jlpyrue cnyTHUKU IJIaHET.

Bce cnyrtHuku 1ranet, Jijisi KOTOPBIX UMEIOTC JIaHHBIE 10 BPAIEHUIO,
BPAIAIOTCS CHHXPOHHO C OPOWTAJBbHBIM JBUKeHNeM. To ecTh CIyTHUK Bce-
raa obpallleH K CBOeil IIaHeTe OIHOM M Toil »Ke cropoHoil. I[Ipm 3Ttom ochb
BpAIlleHNs TePIIeH/IUKYJIAPHA IIJIOCKOCTH OPOUTHI, OpOUTA JIE?KUT B ILJIOCKO-
CTH KBaTOpPa IJIAHETHI, IJIAHeTa C¥KaTa ¢ IMOJII0COB U ocecuMMeTpudHa. Eerb
TOJIBKO J[Ba UCKJTIOYEHUS U3 TOCIeHero npasmia: y Mapca n 3eMyim mMeroT-
csl HeDOTIbINNE OTJIMIHS OT OCECUMMETPUIHOCTH. Bee cryTHUKM, KpoMe JIBYX,
BBITAHYTHI B HAIIPABJIEHNN K T1aHeTe. J[719 MHOTHX CIIyTHUKOB U3BECTHBI ITe-
pUO/InIecKue JIMOPAIU OTHOCUTEILHO HAIIPABJIEHUs Ha TJIAHETY.

JIBa crnyruuka Carypaa Ariac u Tenecto - cxkarwie Tena. Ocu cxxaTns
[EPIEHUKY/ISIPHBI K TJI0CKOCTH OpOuThI. CIIyTHUKY BPAIAIOTCsT CHHXPOHHO
¢ OpOUTAJIBHBIM JIBUKEHNEM. JKBATOPHI CIYTHUKOB HEMHOT'O BBITSIHYTHI B
HAIPABJIEHUN K ILJIAHETE.

Cpe/in CIlyTHUKOB €CTh TIOYTH MApo0Opa3Hbie (¢ TOTHOCTHIO U3MEPEHHIA ).
DTO CJIeAYIONIKe CIIyTHUKU:
cuytaukn FOmurepa - larumes, Kammmcro;
cuytauku Carypha - /Inona, Pes, Turan, fdner;
cnyTHUKEA YpaHa - YMopuesnb, Turanns, Obepow;
cnyrauk Henryna - Tpuron;
cuytnuk [LmyTona - Xapom.

st psiaa ciyTHEKOB (bopMa HemsBecTHa. D10 10 OJIU3KUX MaJIbIX CIIyT-
HUKOB YpaHa 1 4 6im3KnX MasbiX ciyTHUKOB HenTyna. MMeeTcs Takxke ps
CIIyTHUKOB, IIPO BpaIlleHe KOTOPBIX TOYKe HUYIEro HEM3BECTHO.

Pasmeps! u mapaMerpbl BPAIEHUs CILyTHUKOB IIPUBOJIATCS B 1Ly OJIMKAIIIH
(Archinal et al., 2011).
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9.6. Ocobblie ciayvyau BpallleHUs CITyTHUKOB MJIAHET

I'unepuon (cnyrauk Cartypha).

DTOT CIlyTHUK SIBJISIETCS CUJIBHO BBITSIHYTHIM HeOeCHBIM TejioM. JlmHb
TOJTyOCEeil TPEXOCHOTO IJLTUIICONIA, TTPUOIMKEHHO MTPE/ICTABISIIONIET0 (hopMy
['untepuona, nmeror 3uavenud 180, 133, 102 kM. ['mrrepmon mbITaerca opu-
eHTUPOBAThCs CBOeil HanboJibIel ocbio K Caryphy. OHAKO HENOJIAIEKY OT
€ro TPaeKTOpUM IpoJjeraeT opouTa OvUeHb MACCUBHOIO CiyTHUKA TuTaH, Ko-
TOPBIH, TIpoJieTast MUMO ['mMilepuoHa, CUJIBHO BO3MYIIAET ero BpailieHue. B
uTore, KojieOaHMWsT U BpaIleHns Tejla [ niepnona HOCAT XaOTUIEeCKU XapakK-
tep (Klavetter, 1989).

CoBpeMeHHbIE UCCTIEI0BAHNS Xa0TUIECKOTO Bpallenus ['umeprnona u Bo3-
MOXKHBIX Xa0TUICCKUX BPAIIEHUN HEKOTOPBIX JAPYTUX €CTECTBEHHBIX CITyTHU-
KOB ILIaHeT omybsimkoBaHbl B paborax (Mesbuukos, [lesuenko, 2007).

®Poboc (cunyrHuk Mapca).

Ocoboe 06CTOATEIBCTBO It 9TOTO CIyTHUKA Mapca — 910 Xoporas usy-
YEeHHOCTH (POPMBI U BPAINEHUA CIIYTHUKA, UTO MPEIbABJISIET BBICOKHE TpPe-
OoBaHUs K cO3jaBaeMoil Teopuu ero jguHamuku. lemo Poboca BBITAHYTO,
U CBOEll BBITAHYTOCTBHIO Hamnpasieno K Mapcy. U3Bectna dopma cryTHHKA
o ¢ororpadusamM, CIeTaHHBIM ¢ KOCMUYECKUX AIIAPATOB, MIPOJIETABIINX B
okpectnoctu Mapca. [To (hopme criyTHUKA B IIPEJIIIOIOKEHIHN €r0 BHY TPEHHEH
OJIHOPOJIHOCTH, pa3paboTana Mojiesib rpaBuTanonsoro nojst Podoca (Caru-
toB, Tamkuaunos, Muxaiiios, 1981). DTu jgaHHbIE MO3BOJMIN IIOCTPOUTH
Teopuio JuOpanuii criyTHuKa. B Teopunm opObUTaIbHOrO JIBUKEHUSI B CBOIO
odepe/b yuuThiBaioTcs popma u Bparienne Pobdoca.

HauboJstee coBepiiennass K HacodmeMy BpeMeHu Teopus Bparienus Po-
6oca nocrpoena B paborax (Rambaux et al., 2012; LeMaistre et al., 2013)

Kammcro (cnyrauk FOnurepa).

N3 nabmogennit ¢ 60pTa KOCMUYECKOrO ammapara CaeayeT, 9To (hopMa
cryTHUKa cdepudHas, a T'PABUTAIMOHHOE T0JI€ HEIEeHTPAJIHHO W3-3a HEOJI-
HOPOJIHOCTEN BHYTpPEHHEro crpoeHus. Bor 3uavenus Ko3(pHuUImuenToB mnpu
OCHOBHBIX YJIeHaX Pa3JIOoyKeHWs TI'paBUTAIIMOHHOrO mojid Kammcro: J2 =
0.0000327 £ 0.0000008, C22 = 0.0000102 4 0.0000003, S22 = —0.0000011 4+
0.0000003. Dtu nmanuble B3siThl U3 paborsl (Anderson et al., 2001). 13-3a
TaKOH HEIEHTPAJHLHOCTH I'PABUTAIIMOHHOIO MTOJIsI CITy THUKA OH BCETJIa OPUEH-
tupoBaH K FOnurepy ojHOI cBOEl CTOPOHOIA.

Awmasbres (6sm3kwuii cmytHuk FOnurepa).

[To doTorpadusm ¢ KocMUIecKoro almapaTa ompejeaeHa GpopMa CIIyT-
nuka. [locTpoena Moseib rpaBUTAIIMOHHOIO T0JIs AMajbren 1o ee ¢gopme
(Gozdziewski, Maciejewski, Stooke, 1994) Vmeer MecTo 06BIMHOE BpalleHue,
CHHXPOHHOE OPOUTATBHOMY TBUKEHHIO.
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9.7. Innamudeckue 3arajiku CoJTHEYHOI CUCTEMBI

3arajouHble OpoOUTaAIbHbIE YCKOPEHUsT HEKOTOPHIX CIIyTHUKOB.

N3-3a Toro, 9To Tesa mIaHeT U CIyTHUKOB SIBJISIIOTCS BI3KO-YIIPYTUMHE, B
HUX BO3HWKAIOT ITPUJINBBI, HAIIPABJIEHHBIE BIOJIb JIMHIH, COeTUHSIONIEH Teta.
B mporiecce Bpaliiennst n opoUTaAIbHOTO JBUKEHNS, N3-38 HEOOJIBIION BI3KO-
CTU TeJI IIPUJINBBI CJIETKa 3ala3/IbIBAl0OT OT JUHUU ILIaHeTa-CIyTHUK. CBOMM
HECUMMETPUIHBIM I'PABUTAIIMOHHBIM IIPUTSI?KEHUEM IPUJIAB JINOO TOPMO3UT,
JI0O ycKopseT jiBuzkenune. Ecu nianera Bparaercs ObicTpee, 1eM OpOouTa b
HOe oOpallieHne CIlyTHUKA, KaK B CIydae cucreMbl 3em/si-J[yHa, To BpareHne
IJTAHETHI 3aMeJIIeTCs, & B OPOUTATLHOM JIBUYKEHUN CITyTHUKA SHEPIUs ITPU-
pacTaeT, U OH IlepeJIBUraeTcss Ha 0oJiee BbICOKYIO opbuty. Ecim cryTHUK 00-
paraercss ObICTpee BpallleHHs ILJIaHeThl, KaK B ciaydae Pobdoca, TO KapTUHA
[IOJIy9aeTcsl MPOTUBOIIOJIOXKHONW. TO ecTh, BpallleHue ILIaHeThl yCKOPSIeTCs,
a CIyTHUK TepsieT SHEPIUi0 W UMeeT IMAaHC yIacTh KOIJIa-HUOYJIb Ha CBOIO
mwianety. [Ipu norepe sHepruu 1mo 3aKoHaM HEOECHONW MEXaHUKHU YacToTa 00-
palleHus CIIyTHUKA U ero JIMHeliHas CKOPOCTh BO3PACTAIOT, TAK UTO TOBOPAT
00 opOuTaIbHOM YCKOPEHUN CIIyTHHKA.

ITo nabirogaemomy opouraabHOMy yckopeHuto Podoca paccauTaHo, UTO
puMepHO [depe3 65 MU/IIMOHOB JieT oH ynaser Ha Mapc. OHako comocras-
JIEHWEe MOJIe/Id MPUIUBHBIX cuyl Mapca n nabsomaemoro yckopenusi @obdoca
NPUBOJIUT K HPOTUBOPEUMBOMY PE3YJILTATY — HMPUJIMBHBIX CUJI OKA3bIBACTCS
HEJIOCTATOYIHO JIJIsT OObsICHEHUST OPOUTATIBHOIO YCKOPEHUS.

AnajorngHoe siBjieHHe mnpoucxoquT co ciuyrtaHukoMm FOmumrepa Mo. Ona
TakKe, kKak 1 Podoc nmpubmmKaeTcs K cBoeit mranere. OHaKO 3TO erre boJree
3araJI0YHO, MTOCKOJIBKY COTVIACHO TeOpUU NMPUINBHOM sBOsIoNnn Mo momkaa
YIAJIATHCS OT IJIAHETHI, & He MPUOINKaThCs, TOCKOIbKY FOnurep Bparmaer-
csg ObICTpee, YeM CIyTHHUK 110 cBoeil opbute. EcTh TOJIBKO OXHO IPEJIIIOJIO-
xkenne — Vo onuceiBaer crimpaJib, npubimkasich Kk FOnurepy, 6obiie Tepsis
SHEPIUH W3-3a BHYTPEHHEeH JTUCCUTIAIINH, YeM TI0/TyYasi SHEPIHIO OT IPUIUBOB
FOnurepa (Aksnes, Franklin, 2001). Bripouem, o BA3KO-ynpyrux coiicTBax
FOmnurepa abcosmorHo HUYero Hen3BecTHO. Kime OoJtee 3araI0THBIM SIBJISIETCS
tesio Ho.

Onozmanue IIpomerest.

Ucropus TpyHOrO n3yveHus JUHAMAKA 9TOrO CIIyTHUKA TakoBa. [Ipome-
Teit BuKeTcd BOKpYTr CaTypHa COBCEM IO KPaio ero KOJIbIA, IIO9TOMY BUIEH
OH ¢ 3eMJI TOJBKO B KOPOTKHE MEePHOJIbI (JBe-TpU HeJIesH), KOrjia KOJIbIO
CarypHa opHeHTHpYETCSd K HaM peOpoM, OHO CTAHOBUTCS HEBUJIMMBIM U HE
3aCBEUNBAET OKPECTHOCTH CJIa0OT0 CIIyTHUKA. DTO ObiBaeT pa3 B 14 jrer. Koc-
MHUYEeCKHe almapaThl — pejakne roctu B okpecrHoctu Carypra. Bee ke Ilpo-
MeTeit Ob11 OTKPBIT B 1980 1 ¢ moMoIbio KocMudeckKoro KopabJis Bosmkep-1.
B sTom ke roy, Korjia KoJibIlio B 09epeHoi pa3 "ucde3/10”, ero BuepBbie Mpo-
naburostain ¢ 3emuin. Bolta omnpejiesiena opouTa. BeraucaeHnr apeMepuibl Ha
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1995 roga. B revenne 14 et [Ipomereit 110 00bACHEHHBIM BBIIIE TPUYTHAM HE
HabsoMacst ¢ 3emutn. Kora, cycrsi TOJbI, BO BpeMsl BHIMMOTO HCYE3HO-
Benug KoJibiia B 1995 roay Ilpomereit yBugenn ¢ 3emiu, €ro ImiaHeTOeH-
TpUYecKas JI0JroTa oKasajach Ha 19 rpa/lycoB MeHbIIle IpeIBbIYUCIeHHOM.
OpHako cpenHee JBIZKeHHe (YacToTa OOpAIEHUsI) OCTAIOCH IPEXKHUM. DTa
3araJika BbI3BaJIa MHOT'O Pa3HBIX [IPOTUBOPEYUBLIX Ipenosiozxkenuit. Camoe
BepOATHOE OObICHEHHE COCTOUT B TOM, 4TO Ha opbute IIpomeres mmeercs
elre OJIMH HEBUIMMBIN CITYTHUK. /[Ba CIIyTHUKA MCIBITHIBAIOT JTUOPAIMOHHBIE
KadaHusl BIOJIb OpOUTHI ¢ oueHb Oosbiium niepuojom (French et al., 1998).
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3akJ4nuTeJIbHbIE 3aMeYaHns.
O zazjauyax MpakTUIeCKOil HeOeCHO MeXaHUKW, HE PaCCMOTPEHHBIX
B JAaHHOI KHWUTre.

[IpakTryeckas HebecHast MEXaHUKa — 9TO OIPOMHAasI 00/1aCTh COBPEMEHHOI
nayku. Jloctukenus uccieoBaresieit, paboTaronmx B 9Toi 00/1aCTH, BECbMa
BocTpeboBaHbl. PacckasaTh B CIEIUaILHOM Kypce It CTYJIEHTOB O BCEX 3a-
Jladax COBPEMEHHON MpaKTUYeCKPOi HeOECHONH MeXaHMKU HEBO3MOXKHO. AB-
TOpPY TPHUILIOCH BHIOPATH JJIsI PACCMOTPEHUS TOJBKO HEKOTOPYIO YacTh W3
HuX. Beibop ObLT 00yC/IOB/IEH MPEAIOYTEHNUSIMA U ONBITOM aBTopa. OHako
HeOOXOIMMO TI0 KpaiiHeil Mepe MepeducnTh HEKOTOPhIE OCHOBHBIE aKTyaJlb-
Hble 3aJIa9i COBPEMEHHON IPaKTUIeCcKOil HebecHO MexXaHUKH, KOTOPbIE He
BOIILIA B JlaHHOE yueOHoe mmocobue. Huzke maercst TaKOi CIUCOK.

Teopusi opbuTasibHOro nBU>keHust JIyHbI.

Mogenn opburaabHoro JBuzKenus JIyHBI B mocje/iHeee BpeMsl CO3/IAI0T-
Cs OJIHOBPEMEHHO C MOJIEJISIMUA OPOUTAIHLHOTO JIBUYKEHUS OOJIBINNUX ITIJIAHET.
DTO Jenaercs Tak MOTOMY, YTO MMEETCsl 3HAYUTETbHOE B3aUMHOE BJIMSTHUEC
9TUX JMHAMUYECKHX IIPOIECCOB, & €Ie IMOTOMY, YTO IOCTPOEHUE MOJIie/Ieit
JleslaeTcs aHAJIOTMIHBIMYI MeTogaMu. K TaKimM MO/IesIsiM OTHOCATCS PacCMOT-
pennble Bhie mwanetTHsie Teopun cepun DEXXX/LEXXX, paspabarbiBae-
mble B (JPL) CIIA, mranernsie Teopun cepun INPOPXX, coznaBaembre B
IMCCE (®panmms) u reopun cepun ELP (MITA PAH, C.-Tlerep6ypr). Daii-
JIBL MOJIeJIeil aBTOMATUYIECKU BKJIIOYAIOT B ceOs JIAHHbBIE JJIsi MOJICJIN JIBUKE-
uust JIyaer. O HAKO CTeyeT YyIIOMSHYTh ITOJTHOCTHIO aHATNTHIECKYO TEOPUHT
nemkenns JIyaer Xunna-Bpayna, Koropas nMeercs: B HAIlleM PACIIOPSAZKEHUN
(Cm. CupaBoaHOe PYKOBOJCTBO 1O HEGECHOI MEXaHUKe 1 acTPOJMHAMUKE O]
penakrueit I H. /ly6ommna, 1976). Dra Teopusi uMmeeT mpermMyIecTsa: pabo-
TaeT Ha OECKOHEYHOM MHTEPBAJIE BPEMEHNU U I03BOJISIeT BLIOUPATH TPEOYEMYIO
OTPAHUYEHHYIO TOYHOCTD OIpejieieHust KoopauHat JIyHbI Tpu COKpaIeHHO
TabJIMIE UCXOTHBIX JAHHBIX, 00beM KOTOPOI 3aBUCUT OT TpebyeMoil TOUHO-
CTU.

Teopus Bpamenus JIyHbI.

CoBpemennbie Mo/IesTi BpatieHus JIyHbI CTposATCS METOJIAMU IHCIEHHOTO
nHTerpupoBanud JnddepeHImajbHbIX YPaBHEHUH BpalleHnsd. JTO TaK Ha-
3bIBaeMble Mojiesn pusndeckoit jmopanun Jlynsl. Hanbosee 3nauuresbube
pe3ysbrarhl oybIMKoBaHbl B crarbsax (Rambaux, et al., 2010; Pavlov, et al.,
2016). VcxomupiMu JTAHHBIME SIBJISIFOTCS PE3YJIBTATH U3MEPEHH JTATbHOCTH
C TIOMOIIBIO JIA3ePHOH JIOKAIMN YTOJKOBBIX oTpakareseit na Jlyme. 3aciy-
JKUBaeT BHUMaHMS TaK:Ke HEKOTOPBIN BapUaHT aHAJIUTUYECKOIl TeOpUu Bpa-
mienust JIyubl, passurslii B paborax Ilerposoit H.K. (Petrova et al., 2017).

N3ydyenne KocCMUYECKOTO Mycopa BOKPYT 3€eMJIN.
9TO BechbMa aKTyaJibHasg U CleluajbHasg 1pobdsemMa. JacTHibl KocMude-
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CKOI'O MYyCOpPa IIOJIBEP2KCHbI CUJIbHOMY BJIMAHHWIO CBETOBOI'O JaBJICHUA U CO-
POTHUBJIEHUsT aTMOChepbl. Pe3ysibraThl nccse1oBannit KOCMIIEeCKOTO Mycopa
B OCHOBHOM IIyOJIMKYIOTCS B TPy/JaX HaydIHbIX KOoHdepeniuit. Hayath 3na-
KOMCTBO C 9TOH TeMaTHKOil HMccieoBaHuii MOKHO co crarbu (Selim et al.,
2016).

OTKpBITUS 1 MOJAEJINPOBAHNE ABUXKEHIsI BHECOJTHEYHBIX MJIAHET.

UccneioBanns BHECOJIHEIHBIX ILIAHET MOTUBUPYIOTCS HAJIEXK 0 0OHADY-
JKUTh TPU3HAKU BHE3EMHBIX IUBUIN3aIuii. K HacrodmeMy BpeMeHn U3BeCT-
ubl Oostee 3700 BHecosHedHBIX 1aHeT BOKPYT 2700 3Be31. OCHOBHOI METO.
OOHApY?KEeHUsI COCTOUT B U3MEPEHHUU JIOTIIIEPOBCKOIO CMEIEHUS CIIEKTPaJIb-
HBIX JIMHUN U3JIYYeHUSA 3BEe3JIbI, BOSHUKAIONIEr0 U3-3a JIBUYKEHUS 3BE3/IbI BO-
KpyT IIeHTpa MacC CHCTeMbI 3Be3jia-1ianera. llomysipHnoe nsjioKeHue mpo-
6JieMbl MOKHO HaiiTu B ctathe (Mapos, [llesuenko, 2014)

OTKpbITHS U U3ydeHne AUHAMUKN aCT€POUI0B, COJIM>KAIOMINXCS
c 3emureii.

Her Hy:KHBI JOKa3LIBATL aKTYaJIbHOCTL IpobeMbl. ViMeercs: mocTarod-
HO MHOT'O CBHJIETEJILCTB OIACHBIX IaJIeHUil acTepon10B Ha 3emito. Vcceno-
BaHUA TTPOU3BOJIATCA TPU IMMUPOKOM MEXKTyHAPOIHOM cOTpyHmYecTBe. Bee
JIAHHBIE COCPEJIOTOYEHBI B MexkayHapogHoM llenTpe masbix mianer (Minor
planet center - MPC).

JAnHaMuKa BbIBeJeHUsI KOCMUYECKUX aNNapaToB HA MeXKIJIaHeT-
Hble OpOUTHI.

DTta crenuasibHas MpobseMa perraeTcss MeToIaM HeOeCHON MEXaHUKU C
[IpUBJIEYEHUEM OOIIMX 3aKOHOB MEXAHWKM, YIUTBIBAIOIIUX TATY JIBUTATEsIEN.
[Ipeanonaraercst, 9TO MEPEXOJIBI C OJHON TPAEKTOPUU CBOOOHOIO TOJIETa HA
JIPYTYIO OCYIIECTBJIAIOTCH OTJEIbHBIMUA UMITYJIbCAMU.
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IIpunoxenne 1 (x I'mase 3).

II 1.1. ®dyukium HaKJOHA.

DyHKIMN HAKIOHA F, (1) MOSBIAIOTCA B TEOPHU BO3MYIIEHHOIO JBU-
JKEHUSI CIIyTHUKA [IPU PA3JIOKEHUU BO3MYIIAOMNIE (pyHKIUN, 00YCI0BICHHOMN
HechepPUIHOCTHIO IIAHETHI, UK OT MIPUTSIZKEHUs BHeITHero teja. Kak BbIBO-
naTced (PYHKIIMA HAKJIOHA — U3JI102KeHo B [1ase 3.

B crarse (Bpym6epr, 1967) mozkHo HaiiTu Bblpaxkenne mjist Fi,,, (i) depes
sini/2 u cosi/2. B mybmukanun (Pomunos, Ouienko, 1978) marorcs ymob-
Hble (DOPMYJIBI Il BbIMUC/IEeHUsS (DYHKIUN HAKJIOHA U WX [POU3BOJHBIX, a
TaKKe COOTBETCTBYIOIINE BBIUUCIUTEIbHBIE TporpaMmMbl. [Ipu HEoOx0MImMO-
cTH orpeiesieHust (PYHKIUH HAKTOHA, 71 OOJIBINNX 3HAYCHU I WHIEKCOB MOK-
HO BOCIIOJIB30BATHCS METOJIOM, OCHOBAHHOM Ha, CIEIUAJIBHBIX PEKYPPEHTHBIX
COOTHOIIEHUSX U U3JI0KeHHbIM B pabore (Emenbsanos, 1985). DddexTuBHbilii
METO/T BeIYUCIeHUsT (DYHKIUI HAKJIOHA C TOMOIIBI0 PEKYPPEHTHBIX COOTHO-
mennit npeyioxken B pabore (Emelianov, Kanter, 1989).

fBHble BBIpaxKenus (QyHKIMI HaK/IoHa ¢ uHjgekcamu k = 2,3.4, m =
0,1,....k, p=0,1,...,k nausr B kuure (Kayma, 1970).

Huke npuBojiaTcs sBHBIE BhIpaxKeHus i (DYHKIUI HAKIOHA C UHIEK-
cavu k=2, m=20,1,3,p=0,1, 2.

Fooo(i) = —32 sin®4, Foo (i) = 2sin®i — 1,
Fona(i) = —32 sin’4, Foo(i) = 3sini(1 + cosi),
Fo1(d) = —% sinicosi, Fya(i) = —% sini(1 — cos i),
Fooo(i) = 3(1 + cosi)?, Fip(i) = 3sin’,

(i)

3
4
F222 1) = %(1 — COS?;)z,

II 1.2. ®yukinm 3KCHEeHTPUCUTETA.

QOyHKIUN SKCIEHTPUCUTETA TOABJIAIOTCSH B TEOPUU BO3MYIIIEHHOT'O JIBH-
JKEHUsl CITy THUKA, TTPU PA3JIOKEHUU BO3MYTIAIONIEH (DyHKITUN, 00yCIOBJICHHOM
HechePUIHOCTHIO TIIAHETHI, WM IPUTIKeHneM BHeIlrHero Tejia. Cremyromnime
(PYHKIIUU OT PACCTOSAHUS " U UCTUHHON aHOMAJIUU v IPUXOIUTCS pasjaraTb
B psJI IO KPaTHBIM cpejiHeil anoMaanu M 1mpu MaJjibIX 9KCIEHTPUCUTETaX e:

T n . o n.i
(5) expvV—1jv = Z X (e) exp v —1gM, (209)
q=—00

rae X (e) — cienmanbHble hyHKIMI HEOGECHON MEXaHUKH, HA3bIBaeMble (DyHK-
[IAAMHI KCIEHTPUCUTeTa. BBIBOJ TaKOTO pas3/ioxKeHusd U (POPMYJIbl Il BbI-
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qucIeHns (DYHKIUN SKCIEHTPUCHTeTa, MOYKHO Haiitu B paborax (BpymbGepr,
1967; Axcenon, 1986). Oka3sbiBaeTcsi, 9TO 3alMCAHHBII BBIIIE P/l IO KpaT-
HBIM CpeJiHell aHOMAJIMH CXOJUTCS TPHU BCeX 3HAYEHUSX SKCIEHTPUCUTETA,
MEHBIINX €JIMHUIIBL.

OTmeTuM HEKOTOpPBIE CBOMCTBA (DYHKIINIT SKCIIEHTPUCUTETA.

KonmdecTBo BbIMMC/IEHNIT MOYKHO COKPATUTH, UCIOIb3Ys COOTHOIIIEHHE

XF T (e) = XF(e).

st Beex OIMyCTUMBIX 3HAYEHUI HHIEKCOB MOXKHO 3alUCATh PA3JIOKEHIe
[e.9]
k.j — pla—il k,j ,2s
X 7(e)=¢e X le”,
s=0

rie X 53] — HEKOTOPbIE YUCJIA, & PAJI CXOJUTCA pU BeeX e < 1. BoraucamTb
BCe HeoOXOauMble KO DUITnEeHThI X(f,’sj MOXKHO C TIOMOIIBIO PEKYPPEHTHBIX
cooTHoIIeHuit, Kotopbie B3aThl u3 paborel (Cherniack, 1972) u npuseeHsl K
YA0OHOMY JIJIst TporpaMMupoBanust Buy B mybsmkarun (Pomuaos, Ouien-
KO, 1978). Amnajiorndnble peKyppeHTHbIE COOTHOIIEHUs JIaHbl emle B pabore
(Hughes, 1981) u npusenenst B kaure (Mroppeit, lepmort, 2010). OyHKimsiv
SKCIIEHTPHUCHUTETA YJIeJIeHO MHOTO BHUMaHus B KHure (Akcenos, 1986).

[Ipu 3navenun nnjekca ¢ = 0 PyHKINN SKCIEHTPUCUTETA BBIPAYKAIOTCS B
KOHEYHOM BHJIe. /{151 9TOro 4acTHOrO Ciryvast BBIMUCIEHUS MOYKHO BBITIOJIHATH
[0 PEKYPPEHTHBIM COOTHOIIEHUSIM, B3sIThIM 13 paborsl (Hughes, 1981).

[Ipu BBIYKC/IEHNT BO3MYIIEHUN OKa3bIBAETCH BaXKHBIM CJIEJIYIOINIEe CBOI-
CTBO:

X (e) = Xy P 2(e) =0

pu Beex e < 1.

fBHble BhIpazkenus: GyHKIUR X, 577 (e) mut k = —3,—4, —5 u HEKOTOPBIX
suavennii 7, ¢ nanel B kaure (Kaysa, 1970).

BameTnM, 9TO B JATEpaType ducaa X, ;g Ha3bIBAIOTCs €Ille OllepaTopaMu
Hpiokoma, a camu pyHKIMEM SKCIeHTpUcuTeTa — Koddgdunmentamu ['an3ena.

Hwke mpuBoagTcs BhIpazKeHus i HEKOTOPBIX (DYHKIINNA SKCIEHTPUCHU-
Teta 1ipu q = 0.

JIuteparypa B Ilpusioxkenuro 1
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