Cankt-llerepbyprekmit rocy1apcTBeHHBIN YHUBEPCUTET

Ha mpasax pykomnucu

Bajsies MBan AjekceeBnd
[IpornosupoBanne cOMMXKEHNN U COyIapeHnit

ACTEPOUJIOB ¢ 3eMJICH U JPYTUMU ILJIaHeTaMU

Hayunas crnernuaiabiocts 1.3.1. Pusnka KocMoca, acTPOHOMUSA

Jucceprannug Ha concKaHNUe YUEHON CTelneHn

KadJujaTa (bI/ISI/IKO-MaTeMaTI/I‘-IeCKI/IX HayK

Hayunsrit pykoBoMTEb:
[Taitxymun Baxur [Hlamuabesnd,

K. d.-M. H.

Cankr-Ilerepbypr
2023



OrnasjieHue

Baenenne
PaszBuTne npejicrapiennii 06 acTepouHON OIACHOCTH
VIMmiiaKTHBIE COOBITHUSI, IIPOM3OIIEIIINE PaHee
CoBpeMeHHOe COCTOSTHIE TTPOOJIEMbI

Uccnenosanust, nmpopoausiiuecs B CIIOIY . . .

[taBa 1  DKclIepuMeHThI ¢ MHOIOMEPHBIM BapbUPOBAHUEM Hada/bHBIX
JTAHHBIX .
1.1 TIlocranoBka 3aja4n .
1.2 DBoJrorust B3AMMHOTO PACIIOIOXKEHUST «ITesieii»
1.3  Tpéxmeproe BapbUpOBaHE B MPOCTPAHCTBE CKOPOCTENR .

1.4 IllectumepHoe BapbUPOBAHUE IO KOOPAMHATAM M CKOPOCTIM

['nmaBa 2 Yckopenue 4nCJI€HHOTO NHTEIPUPOBAHUS .
2.1 Tlpeamnochlikm co3aanns HOBOM MPOrPaMMBbI
2.2 Momudukarusa meroja ['aycca—dBepxapTta .
2.3  Opranmsaius U ONTUMHI3AINs BbIUNC/ICHHI

2.4  TectupoBaHue HOBOI MPOTPAMMBI

InaBa 3 Dkcrnepumentbl MonTe-KapJio .
3.1 200 acTepoungon
3.2 CkaHMpOBaHUE IIPOCTPAHCTBA IJIEMEHTOB OPOUT .
3.3 IlepBolit MaccoBbIil pacyeéT BEPOATHOCTEN COyIapenns .

3.4  Bropoit MaccoBbIil pacuéT BepOATHOCTEN coyaapeHust
3aKJ/IoveHne .

Jlureparypa .

S = T

10

22
22
22
26
27

31
31
33
37
41

44
44
49
53
56

60

61



[Tpunoxkenne 1: BeposaTHocTu coynapenus g 200 acreponyio . . . . . 69
[HosicHeHUST K TAOJIMIIE . . . . . . . . . v v e i it e e e 69
[Ipuoxkenne 2: mporpaMMHBIT kox R . . . . . . ... 75
KoMMEHTAPUIT K KOJLY . . . « o v v o oo e e e e e )

[IporpaMMHBII KOJT . . . . . . o v v oot i 75



Bsenenne

PasButne npencrapiennii o0 acTeponiHON OMaCHOCTH

B HacTos1ee BpeMst MaJio KTO COMHEBAETCsl B aKTYaJIbHOCTHU IIPOOJIEMbI, OJTHAKO
JIaJIeKO He BCerjia acTepoujHasl OIacHOCTb ObLIa O4YeBHIHON. BbLI marke ciry-
Jail, Korja CylecTBOBaHIe «IIaJalollnX ¢ Heba KaMHeil» OTPULIAI0CH HAYYHBIM
coobirecTBoM. KpaTko omminem ncTopuio 3HaHuil 0 Majbix Tejnax CoHedHO
CHCTEMBbI U OIIACHOCTHU, KOTOPYIO OHHU IpeacTaBistioT. CyIecTBeHHAs 9acTh 9TO-
ro 1 CJIEIYIONIEro pas3jiesia COCTABICHBI 10 MarepruajgaM KHUTH «AcTeponmHO-

KOMeTHasT OTaCHOCTh. Buepa, cerojinst, 3aBTpas [2].

Acreponjigasi ormacHOCTL B (POJIBKIOPE

Ornucanns majieHus HeOOTBITNX KOCMUYECKUX TeJl MHOTIa MOXKHO OOHAPYKUThH
B YCTHOM HAPOJHOM TBopuecTBe. HeyauBure/ibHO, BeJib KPYIIHbIE OOJIHJIbI TTPE/I-
CTaBJIAIOT cOO0i BecbMa Blieuatisioniee 3pesuiie. O HUM U3 IPUMEPOB ABJIsSIeT-
cs1 Kapeso-gunceknii snoc «KasieBasias, OTpbIBOK U3 KOTOPOI'O B IIPO3aMIECKOM
nepeckasze Kpycanosa npusejiéH Huzxe.

«Cojipornysiock He0O, pacHaxHy/INCh JBEPU BO3/IyXa, U MOMYAJIACh OIHEH-

Has MCKpa KpacHoil kamteit Bau3. [Ilunsg B Tosmax Tyd, Tpolia oHa CKBO3b
BCe JIEBATH Hebec 1 yraJja Ha 3eMJII0. Y BUJIEN JIETAIYIO UCKPY cTapblit Bsiine-
MéftHeH u ckazaJi MyibmMapuneny:
— Iloiiem pasysHaeM, 9TO 3a OFOHb CIIYCTHJICA ¢ Hebec Ha 3emJto. U ormpa-
BIJINCH T€POU B IIyTh — TYJIa, Ky/a yiajao HebecHoe 1ams. Jlosro mim oHn B
TEMHOTE TI0JT XOJIOJHBIME 3Be3/IaMU, TIOKa He BLIILIN K peke HeBe, pasymBiieiics
nepeJ; HUMU B IITUPOKOE MOPE>».

DTOT OTPBHIBOK IpUMeYaTe/IeH TaKyKe TeM, UTO OIUCHIBACT SIBJIEHUE 3JIEKTPO-

donHOrOo OOIMIA, KOI/Ja OJHOBPEMEHHO C IaJEeHUEM CJIBIIIEH CIeudUuIecKmii



3ByK. VIHOT /1A 9TO MajieHre OTOXKIECTBIIMIOT ¢ KpaTepoM Kaaau B DcToOHIT BO3-

pacTtoMm okoJio 3500 JieT, HO, ecTeCTBEHHO, HaBepHAKa CKa3aTh HeJb34.

XXVIII Bek u panee

/1o OTKpBITHS 1IEPBBIX aCTEPOUIOB 00 ONMACHOCTU <« IaI0MNX ¢ Heba KaMHell»
ObL710 u3BecTHO HEeMHOTO. Hacrosibko nemuoro, uro [lapmkckas Akagemust Ha-
yK B 1772 romy cpenajia 3aK/IiOUeHNE O HEBO3MOYKHOCTHU I1aJleHUs] KaMHeil C
HeOa. CrpaBeJ;TMBOCTH PaJil CTOUT OTMETUTH, YTO KOCMUYECKOE TTPOUCXOKIe-
HHIEe KaMHell TOrjla He pacCMaTPUBAJIOCh, & NMEIOIINecs] TUIIOTe3bl He BblJIePKU-

BaJiIl KPUTHUKMH.

XIX Bek

B naudase XIX Beka ObLIO Clie/1aHO Cpa3y Ba BayKHBIX Iara K OCO3HAHUIO
aCTEPONIHO-KOMETHOI OMACHOCTH. Bo-TIepBbIX, OBLIN OTKPBITHI IIEPBBIE aCcTEPO-
nJibl. Bo-BTOPBIX, B 9TO »Ke BpeMs HAUNHAJIOCh CO3JIaHUE T€OXPOHOJIOTMIECKOiT
mKaJibl. 'Torga »kKe ObLIN BbICKa3aHbI UJIed KaTacTpodusMa, 10 Ipas3yMeBaroIe
pe3Kue M3MEeHeHUs BUJIOBOI'O COCTaBa BCJIEJICTBUE HEKOTOPHIX MaCIITAOHBIX CO-
ObITHiT, KaTacTpod. eficTBUTEIHHO, NCKOTIAEMbIE OCTATKH, W (DOCCUINH, Je-
MOHCTPUPYIOT pe3Kne M3MEHEHNs COCTaBa MKy CJOSIMU MPU OTHOCUTETHLHOI
OJIHOPOJIHOCTU BHYTPHU cJiosd. Kazasoch ObI, MMEIONUXC JAHHBIX YKE XBATAeT,
9TOOBI BHICKA3aTh IIPE/IIOJIOXKEHNE O ¢BsI31 KaTtacTpod ¢ actepougamu. O IHAKO,
nocjie oTKpbIThs B 1801-1807 romgax 4 acTepon10B HACTYINT JITUTEIbHBIH TIepe-
puIB 710 1845 roma. K Tomy BpeMenn ujien KatacTpodusmMa yzKe YCTYININ MEeCTO
AKTYAJIM3MY, [TPEJICTABICHUSM 00 0JITHO0OOpA3UH T'€OJIONNIECKUX TTPOIECCOB ITPO-
IIJIOTO U HACTOAIIEero. ToIbKO 3HAYMTENLHO TMO32Ke MPOM3OIII0 BO3POXKIEHHUE
9TUX ujiell B popMe HeoKaTacTpOpPU3IMa.

Bo Bropoii nosioBuae XIX Beka OBICTPO YBEJINUNBACTCA KOJINIECTBO OTKPbI-
ThIX acTeponjoB. B 1868 romy ObLI OTKPBIT COTHIIl acTepoui, OJHOBPEMEHHO
KOJITIECTBO MU3BECTHBIX KOPOTKOIEPUOAMIECCKIX KOMET Y2Ke JOCTULJIO JIeCSTH.
B komnIie Beka /1 TIONCKa aCTEPONIOB Havdasa IpuMenaThes portorpadus. Ha-

Konell, B 1898 rojiy ObLI OTKPBIT IePBbIi acTepon/i, cOMMKAIOIUAcs ¢ 3eMIIeil,

(433) Dpoc.



XX Bek

IlepBhie acrepounibl, repeceKkarolue opouTy 3eMJiu, ObLIN OTKPBITHI B I1€PBOIi
nosioBrie XX Beka, B dactHoctH, (1862) Amosuton B 1932 roxy u (1566) Ukap
B 1949 roxy. B 1908 roay npomnsonuio Tyarycckoe cobbiTue, Hanbosee KpymHoe
BTOP2KEHIE KOCMUYIECKOI'0 Te/1a B arMocdepy 3eMJ/In 3a mocjie/Hee BpeMs. B Ha-
yasie XX Beka ObLIN IPOBEJIeHbI NCCIeI0BaHnst API30HCKOIO KpaTepa C Ie/IbI0
n3BJICUCHIST MeTeopuTa. Bolpoc acTeponiHO-KOMETHOM OIaCHOCTH MOCTEIIEHHO
obpacTaJ/l HayIHbIMH JIAHHBIMH.

OTKpBITHE UMIAKTUTOB, TOPHBIX IIOPOJL, 00PA3YIOMINXCs IIPU CTOJIKHOBEHUN
KPYIHBIX METEOPUTOB € TTOBEPXHOCTDHIO, & TAKXKe a’dpO- U CIYTHUKOBas ChEMKA
IIO3BOJIMJIN HAWTU JeCATKN KPYIHBIX METEOPUTHBLIX Kparepos Ha 3emie. K ce-
peJinHe BeKa HeIJIOX0H TOYHOCTH JIOCTUTIA PAJIMON30TOIHAA JJATHPOBKA, YTOY-
HUBIIIasi a0COJIFOTHBIE 3HAUYEHMS BO3pacTa CJIOEB Ha I'€OXPOHOJIOTMYECKOil ITKa-
je. OuH 13 KpynHelmnx Kparepon, Yukcyay0, oTKpbIThI B 1978 romy, 1o Bos-
pPacTy COBIAJ C MACCOBBIM BBIMUPAHWEM BHUOB IPUMEPHO 65 MUJIJINOHOB JIET
Hazaj. [Ipu sToM pasBuTne HaOIIOAATETHLHON TEXHUKHU MO3BOJIIIO OTKPHIBATD
JIECATKU, & TTOTOM U COTHU OKOJIO3EMHBIX acTePOUJIOB €¥KerojHo. B Hactosiiee
BpEMsI JlayKe ThICAIHN.

OTKpPBITHS BTOPOIT 1TOJIOBUHBI XX BeKa, IIPUBEJIM K OKOHYATEJIbHOMY OCO3Ha~
HUIO acTEePOUIHO-KOMETHON OIACHOCTU M CIIOCOOCTBOBAJIM IIPOOYIKIEHUIO HH-
Tepeca K TeMe. Taknmm obOpa3oM, TOJTHKO B TOCTIEIHNE JEeCATUIETHS 3Ta TeMa

HaYdaJla aKTUBHO N3Yy4YaTbCdA, a PEaJIbHOCTL OIIaCHOCTU HE BbISbIBACT COMHEHUIA.

IIMIIakTHBEIE COOBITHS, TPON3OIICIINE paHee

Ha cerommsammunit gjeab N3BECTHO MHOXKECTBO MTPUMEPOB U3 ITPOIILJIOTO, MPEXK/Ie
BCEr0 U3 WCTOPUU KU3HU Ha 3emJye. He Bce mM3BeCTHBIE CTOJKHOBEHUST MOYK-
HO Ha/IEZKHO CBA3aTh C BbIMUDAHUSAMU, HO, TeM He MeHee, JJis [UBUJIN3aIUN
MOBTOpPEHNE T0/IOOHOI0 He CYJIUT HUYero xopoiiero. HekoTropble MeHbINNE 110

MaCHlTa6y CTOJIKHOBE€HM!I ITPONCXO/NJIN B TE€ICHUE 4eJI0BeYEeCKOit NCTOPUMU.

Kpy1Heiine n3BecTHble CTOJIKHOBEHUSI B UICTOPUU 3eMJIN

Boabine YadapHbl€ KpaTEpbl Ha IIOBEPXHOCTHU SeMuil Tak:Ke Ha3bIBAIOT acT-

pobsiemamu. Eié ojiHo Ha3BaHUe JiJIsl CJIEJ0B 18 JIeHIsSI KOCMUYIECKUX TeJl — M-



HaKTHBIE CTPYKTYpbl. CINCOK MOATBEPXKAEHHBIX UMIAKTHBIX CTPYKTYP MOZK-
1o HafiTu Ha caiite (https://www.unb.ca/fredericton/science/research /passc/).
BoJiee motHbI CIIUCOK, BKJIIOYAIONIUI IIpe/iioaraeMble 1 OIIPOBEPrHYTHIE M-
MaKTHBIE CTPYKTYPBI, ecTh Ha caiite (labmpg.ssce.ru).

Mo2KHO 3aMETHTh, YTO MOATBEPKIAEHHBIX KPATEPOB BO3PACTOM MEHee MUJI-
JINOHA JIeT B IoJITOpa pasa OoJblie, yeMm KparepoB crapiie 600 min Jier. ITog
BO3JIEHiCTBIEM Pa3/IMIHBbIX IIPOLECCOB KpaTepbl Ha 3eMJie HOCTEIIEHHO pPas3py-
maforcs. [ToMuMo 0OBIYHOI 9PO3WH, OJHUM U3 TAKUX ITPOIECCOB SABJISETCS 00-
HOBJICHIIE OKEaAHUIECKOH KOpbI. Y UNThIBas €€ XapaKTePHBI BO3PaCT, BUINMO,
Jaxke B Ipejesax haHepo3osi 00JIbIIasg 9acTh UMIAKTHBIX COOBITHI IIPOIILIOTO

TaK U OCTAHETCSI HEM3BECTHON.

HekoToprie nanbosiee 3aMeTHbIE CTOJIKHOBEHHUS B MCTOPUN

qeJsioBedeCTBa

[Toxkautyit, caMbIM U3BECTHBIM JI0 HEJIABHETO BPEMEH TTaJ/I[eHIeM HeOECHOTO Tesia
obL10 Tynrycckoe cobbitue. 30 uons 1908 rojia B Bocrounoit Cubupu nabiio-
TAJIC OYeHb APKUil 00Jin/l, TOJET KOTOPOTO 3aBEPIIMJICS MOIIHBIM B3PBIBOM,

CJBIIUMBIM Ha pacctosgauu B 1000 k.

Yenss0MHCKNiT METeOPUT

15 depasist 2013 roja HeOOJIBINON acTepoun] BOLIET B aTMocdepy 3eMyn K
BOCTOKY OoT YensOmHcKa 1M JBUTrajcd Ha 3arajl. Boamsm Yensdbuncka acrepo-
1JI PA3PYLIMJICS, YTO IPUBEJIO K PE3KOMY YBEJIMUYEHHIO CBEUEHUs] U BBILJISIIE/IO
KaK B3DbLIB. OCT&TKI/I BbIlIaJIM B BUAE MHOXKECTBa METCOPUTOB K 3alla/ly, caMblid

OOJIBINOI M3 KOTOPKIX, Maccoit boJiee 500 Kr, moras B 03epo HebapKyiib.

CoBpeMeHHOe COCTOSTHIE TTPOOJIEMBI

Tema acTeponIHO-KOMETHOMN OITACHOCTH B HACTOSIIIEE BPEMsi PA3BUBACTCs OCO-
OeHHO WHTeHCHBHO. [loMUMO HAYYHOTO 3HAHUS, MPEJCTABJISIIONIEN0 CAMOCTOS-
TEJILHYIO TEHHOCTh, 9Ta TeMa, COJECPXKUT 1 MPUKJIAJHbIE 33 a49l, MPeK/Ie Bce-
ro obecriedyenre acTepouIHO-KOMeTHOI Oe3omacHocTu. JlamHyto 3ajgady MOwK-

HO Pas3JieJINTh Ha MoJIydeHne nandopMarm 00 acTeponiax myTéM HaOJII0IeHniT,



IIPOTHOBUPOBAHNE BO3MOXKHBIX COYJIAPEHHiIl 1 MUHUMHU3AINIO yinepOa. MuHu-
MU3aIus yiepoa MOXKeT ObITH JIOCTUTHYTA, B TOM YUC/IE, SBAKyalueil m3 30HbI
MOpayKeHUsi, YTO SIBHO BBIXOJHUT 3a paMKH ACTPOHOMHUM U IOTOMY IIOJPOOHO

00CYKJIaThCs 3/1eCh He Oy/IeT.

Habumonenns

B koHTeKcTe acTeponIHO-KOMETHOH OIMAaCHOCTH 3aJiady aCTPOHOMUYECKNX Ha-
OJIFOJICHITIT MOXKHO pa3/ie/IuTh Ha OTKPBITHE U yTOUYHEHNE OPOUT OrfacHbIX Hebec-
HbIX TeJs1. [IJIst OTKPBITHST BayKHBIM SIBJISIETCs IIUPOKOE I110JIe 3PEHHUsI, B TO Bpe-
Msi KaK TOYHOCTH U3MEpPEHUil MOxKeT ObITh MOCpeICTBEeHHON. [ yTouHeHUs,
Ha000POT, DoJiee BaXKHa TOYHOCTH M3MEPEHUs MOJIOXKEHNs. XOTsI, B IPUHITUIIE,
CHUZKEHIE TIONPEITHOCTH MOYKET ObITh JOCTUTHYTO U KOJIMYECTBOM HAOJIIOCHIA.
[TouTn Bce HOBBIE acTEpOUILI U KOMETHI B HACTOSIIEE BPEMsi OTKPBIBAIOTCS C
IIOMOIIBIO ABTOMATU3NPOBAHHBIX 0030p0B Heba. B mocseame ropl o KoJmde-
CTBY OTKPBITHII OKOJIO3eMHBIX 00beKToB jnaupyior Pan-STARRS u Catalina.
I3 poccuiickux mmpoekToB MozKHO yiioMsanyTb ISON 1 MACTEP, #Ho ux Bo3aMoxK-
HOCTH 3JIeCh CyIecTBeHHO cjabee. Tem He MeHee, UX peryJisipHble OTKPBITHUSI
HOJITBEPKIAI0T, YTO KPYITHEne 0030phl He 00ECIIeUNBAIOT MTOJTHOE CJIeZKEHNe
3a HEOOM U MHOI'O€ IPOITYCKAIOT.

BaxkHoit 1acThio Kak ompeesenns: OpONTHI, TAK 1 IIPOrHO3NPOBAHIS COYIa-
peHuit, sBjsiercst Mojeb CostHedHol cucTteMbl. B KOHTeKcTe HacTOsIel Juc-
cepTalnun 0coboro yrnoMuHAHUs 3acjyKuBatoT paspaborannbie B NITA PAH
sdemepmyibt EPM (https:/ /iaaras.ru/dept/ephemeris/epm/), a Takxke sdeme-
pugel DE (https://ssd.jpl.nasa.gov/planets/eph _export.html), cosmanubie B
JPL NASA.

Omnpejieserne opONTHI MOYKET ITPOU3BOIUTCS, HAIIPUMED, Ha OCHOBE METOJIa
laycca, ncnosip3yromiero Tpu HabdJronenns. Kaxkoe HaO0cHIE TPe/ICTaB/IsI-
eT coboil onpejesieHe CKJIOHEHUST 1 IPSIMOT0 BOCXOYK/IEHHUsI, TO €CTh JIBEe He3a-
BUCHMBIX BeJTMYUHBL. Taknmm obOpas3oM, 3a Tpu HAOJIIOIEHUS MOXKHO TOJIYYHUTD
IIECTh HE3AaBUCUMbBIX BEJIUINH, HEOOXOINMBIX JIJIsT OIIPEICJIEHUsT IIECTH JIeMeH-
ToB opbutT. OJHNM M3 HPUMEPOB SIBJISIETCS HemaBHO paspaboranubii B VITA
PAH weros [8] [7], ocHoBamubiit Ha mepebope opOUTATBLHBIX IIOCKOCTEH, TO
eCTb HAKJIOHEHUSI U JIOJITOTHI BOCXOJIAIIETO Y3JIa.

Korya acrepon1 y»ke OTKPBIT, K 0030pHBIM HAOJIIOIEHIAM JTI00aBIAETCA T1e-



JIBIiA pdd HOBBIX BOSMO}KHOCTGI‘/)I7 ITOCKOJIbKY MECTOIIOJIOZKEHHNE TEJIN Y2KE U3BECT-

HO, XOTs ObI IPUOJIUBUTETHHO.

[IpornosupoBanne coymgapeHuii

Heonpenenénnocts opOUTHI, 0COOEHHO J1/IsT HEJABHO OTKPBITHIX aCTEePOUI0B, Ua-
e BCero JiesiaeT HeBO3MOXKHBIM JOCTOBEPHOE IIpejicKa3anne coyaapenus. [lo-
9TOMY, FOBOPsI O IIPOTHO3UPOBAHUH COYAapPEHUil acTeponioB ¢ 3eMJIéi, 0OBITHO
I0JIPa3yMEBAIOT OIEHKY BEPOSITHOCTEIA.

Haubosiee moJiHble CHMCKN OMACHBIX aCTEPOUIOB U UX BO3MOXKHBIX COY/Ia-
penuit omy6smkoBanbl Ha cafitax NASA (https://cneos.jpl.nasa.gov/sentry/)
1 NEODyS (https://newton.spacedys.com). VX pe3yibTaTsl B MOJABIIAIONIEM
OOJIBIIIMHCTBE CJIy4YaeB HE OTJANYAIOTCS NPUHIUINAIBHO, IIO9TOMY B Jlajihb-
HeffleM CcpaBHEHHE TIOJIyYeHHBIX Pe3y/IbTATOB OYIeT MPOU3BOIUTCS TOJIHKO C
NASA. B Poccun ects, nampumep caiit CamI'TV (smallbodies.ru), riae conm
METOJIOM OIpeJIeIeHbl BEPOSITHOCTH COYIAPEHNIT HECKOIBKIX JIECSITKOB aCTepO-
1JI0B.

Caoit MeTojt onerkn BepositHocredi nipesioxkuan 8 UTTA PAH [49]. B srom
METOJIe, OJHAKO, IIPEJIII0IaraeTcsi, 4To Ha BCEM PaCUYETHOM HHTEPBaJe BpeMe-
HI COXPaHSIETCS HOPMAaJIbHOE paciipejiesieHne OmMOOK M0 KOOPAMHATAM U CKO-
poctsiM. O4UeBHIHO, 9TO YCIOBHE HE BBIMOJIHSIETCSI, €CJIM acTePOn. Ha IIyTH K
COYJIAPEHNIO UCIBITHIBAET JAPYTHe COMIKEHNS.

B pabore CokosioBa u jp. [24] npuBojsaTcst cBUjieTeIbCTBA, TOBOPSIIUE O
CJIOYKHOI, 110/100H0# (bpaKkTaIy, CTPYKTYPe MHOXKECTBA BO3MOYKHBIX COYIape-
Huit. [Ipuannoil 3TOMY SBJISIIOTCS PE30HAHCHBIE BO3BPATHI, KOIJIa TOCIE COJIU-
JKeHIS ¢ 3eMJIEH acTepon]i MepexoauT Ha OPOUTY ¢ PE30HAHCHBIM IEPUOIOM
p/q ner. Ecau n1pobb HEcOKpaTuMmasi, CJeiyioliee cOJMMZKEeHNe I, BO3MOK-
HO, coyJapeHne mpou3oiiaeT depes p Jier. [lockoabKy opOUTHI acTepouI0B N3~
BECTHBI ¢ HEKOTOPOIl MOIPEITHOCTHIO, TapaMeTpbl COMMMKEHUsST ¢ 3eMJIEH TOUHO
IIpeJicKa3aTh HeBO3MOXKHO. Ilepuoj obpalienus moc/ie cOMMKEeHNsT MOYKET ObITh
IIPeCTaBIeH HEKOTOPBIM JIHAIIa30HOM, B KOTOPOM MOTI'YT OKa3aTbCsl PE30OHAHC-
HbIe 3HAUEHNs ¢ HeOOJIBIINMI 9IC/INTeIeM 1 3HaMeHaTeseM. [Ipn arom kaxktoe
cOMMKeHne 3HAYUTEIbHO YXVAIIAeT IIPEICKa3yeMOCTh JaJibHefiInell TpaeKTo-
pun acrepouioB. [Tocsie HeCKObKIX TaKUX COJIMYKEHUI JIBU?KEHUE CTAHOBUTCS

COBEPIICHHO HEOPEAC/ICHHBIM.
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[IpenoTBpalenne coyaapenunii

Cpenir MeTOIOB MPEIOTBPAIICHIS COyAapeHnit Hanbo/iee TPOCTHIM U TOTOBBIM K
MPUMEHEHUIO SBJIETCS KMHeTHIecKnii Tapat. ONIMOHAJIBHO ¢ dJIePHBIM 3apsi-
oM. Metoj 3ak/ouaeTcst B OTIIPaBKe KOCMUYECKOIO allliapaTa Ha CTOJTKHOBe-
Hue ¢ acreponjoMm. VIMIysbe, epejanublil Tpu CTOJKHOBEHWH, JIOJIPKEH U3Me-
HUTH opouTy acrepouga. JkcrepumenT DART mosmken cocrogrbest B 2022 roy
1 TIPOJEMOHCTPUPOBATL, KAK 9TOT MeTOJ padoTaeT. B maHHOM SKCIepuMeHnTe

IJIAHUPYETCsT M3MEeHUTh opouTy ciyTHiKa acrepona (65803) dummm.

Actepony (99942) Anoduc

B 2004 rojy ObLI OTKPBIT acTepou pa3zMepoM okoj0 300 MeTpoB, oIy IUBIINI
obozmatenne 2004 MN4 (https://www.iau.org/public/themes/neo/nea2/). Ilo-
YT Cpasdy I0cJie OTKPBITUSI €r0 BEPOSITHOCTD COyJIapeHus ¢ 3eMJIEN OIeHIIN
B HECKOJIbKO 1porieHToB. C y4uéToM ero pasmepa u IpeoaraeMoro yiepoa,

Anoduc oyt peKopaHO BBICOKMIT DAL 110 TYPUHCKOIT mikaJie, 4.

ccenenopanust, nposojusinecss B CII6IY

Acrepon i Artoduc cTUMy/IMPOBAJ MHOTOUNCIEHHBIE NCCIeI0BAHIST BO BCEM MU-
pe u CII6I'Y He cras mckatoueHneM. 37ech OYIET pacckKa3aHo O pe3y/bTarax,

nostyaenabix B CIIOIY u npeiiecTBoBaBIINX HACTOAIIEH JUCCEPTAIIN.

Hexoropble panHnune paboThbl

Tema acTepouIHOI OIIACHOCTU XOTsI U He ObLi1a 00jie1eHa BuuMaHueMm B CIIOIY,
HO BCE 2Ke UCCJIe/IOBAHUS ITPOBOJIMJINCH CKOpee OT caydas K ciaydato. CTouT yIo-
MsIHYThH coBMecTHY0 pabory Enbkuna u Cokososa [?], B KoTopoii yTBepK 1aet-
Csl UTO Ha TPAEKTOPHUH COYJIapeHUs: ¢ 3eMJIEii OOBITHO MPUCYTCTBYIOT COJIMZKE-
Hust ¢ Heit. COMyKeHus 1epei coylapeHneM UMeIOT 0YEBUIHYIO PaKTHIECKYTO
IIEHHOCTb: aCTePOU/Ibl B 9TO BPeMs, KakK IIPaBIJIO, IIpoIie HaD/0aTh. MoKHO
cKasaTh Takxke 0 pabore XOJIeBHUKOBa [33], I/ie IPUBOIUTCS OIEHKA BEPOSIT-
HOCTHU COYyJIapeHusl JI/Isi HeBO3MYIIEHHBIX opouT. IIpeosaraercs, 4To OpOUTHI

acTeponia n SeMiI UMEIOT TOYKY IIepeCedCHUA.
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Meton TI'C

Otkpeitue acreporia (99942) Anoduc u oneHka BEpOSTHOCTH €r0 COYIapeHNUsT
BHOBb IIPOOYIIJIN HHTepec K acrepouiHoil onacuoctu. B 2008 romy BhIILIa cra-
thst CokosioBa 1 jip. [24], Haunnast ¢ koropoit COKOJIOB 1 ero HaydHast TPYIIa
peryJsigpHo 1yOJIMKYIOT HOBBIE PE3YJIbTAaThl CBOMX HccjeloBannii. lannas cra-
Thsl TIPEJICTABIAET OCOOBIII MHTEpPEC, IMOCKOJBKY JIEMOHCTPUPYET INpUMEHEHHE
MeTo/a TouedHbIX TpaBuTannoHabix cdep (TT'C) st npenckazanmst BO3SMOXK-
HBIX COYJIapEHUIl. DTOT METO/I JIEI'KO peam30BaTh 0e3 KaKuX-JIu00 POMO3IKIX
BBIYUCJICHUI 1 OH IMO3BOJIAET ClIeIaTh OIEHKY BO3MOXKHBIX PE30HAHCHBIX BO3-
BPaTOB, BEAYIINX K HOBBIM COyJIapeHusM. JlocTOBEpHOCTH pe3y/IbTaToB IIPOBe-

p€Ha 9UCJI€EHHbIM MHTCI'PUPOBAHNEM.

[IporpaMmubIil KOMILIEKC v19

3aja4a MporpaMMHOTO KOMILIEKca v19 — MOMCK 1 n3ydeHne BO3MOYKHBIX COY/la-
peHuit 1 commKennii acreponioB ¢ 3eméit. Kpurepnit commkennst st v19 —
10JIX0JT K 3emJie Ha paccrosHue menee 0,25 a. e. Kpurepuii coynapenuss — pa-
anyc 3emuin. OCHOBHasi 4acTh PabOThI IPOrPAMMHOIO KOMILIEKCa COCTOUT W3
JIBYX 9TAIOB, OCTaIbHble (PYHKINH MPUMEHSIOTCA OT CIydas K CIydalo.

Ha nepsomM sTane B mpocTpaHCTBe HAYAJIBHBIX JAHHBIX, JIEKAPTOBBIX KOOP-
JINHAT W CKOpOCTell JIMOO 971eMEeHTOB OpOnTHI, V19 MeHsieT oJIHy U3 IIepeMeHHbBIX
1 TI0CJIE/IOBATE/IbHO MINET COJIMMKEHUsI U COyJIapeHus JIJIsi KayKJ0ro 3HadYeHUSI
BapbupyeMoil nepementoit. Hanpumep, 3ajiaérca 40 Thic. 3HadeHuilt 00/IBIION
II0JIYOCH B IIpejiesiaX 3 CTaHIapTHBIX OTKJIOHEeHMI oT HoMuHaJja. OOBIYHO Ha
IEPBOM dTalle YJIAETCAd UJIeHTUPUITUPOBATL JIUIIb COJIMYKEHNSA, OJIHAKO, €CJIH
BeIyIasd K COyJapeHuio 00/1acTh 00/IbINAsA, TO BOSMOYKHO U IIPAMOE TIOTa IaHue
B 3emstio. Ecin cocesiine Touku (BhIOpAHHbBIE 3HAUEHNUST OOJIBIIOf TTOJIYOCH ) Be-
YT K TIOXOXKEMY COJIMKEHWIO ¢ 3eMJIEH, 9T0 CUNTAaeTCs OJHUM COJIMZKEHUEM.
Cx02KecTh ollpeielideTcs 1o jiaTe cOMKEeHNs, B IIpejesax oJHOro roja. Heko-
TOpbIE COJIMYKEHHMS 3aHUMAIOT BCErO OJHY WM HECKOJBKO TOYEK, HEKOTOPBIC
BeChb 3aJIaHHbBII JUAa30H, a Jallle BCero 4YTo-TO IMPOMEXKYTOUHOE.

Ha Bropom sTarne i KaxKjaoro HaiiJIeHHOIO COJTMYKEHUS WINETCAd MIHU-
MyM paccToguusd. s 3Toro mcceiemayeMblii OTPe30K BapbUPYeMOil IlepeMeH-
HOI1, OOJIBIIOI TTOJIyOCH B HAIlleM IIpUMepe, APOOUTCs ellé CujbHee, BILIOTh JI0

MaIIMHHON TOoYHOCTH. Takum 0Opa3oM, HAXOJIUTCs MUHHUMAJIHLHOE PACCTOSHHE
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Puc. 1. Cxemarnanoe n3obpazkeHne 3aBUCHMOCTH PACCTOSIHUST COJIMKEHUsT OT
BApbUPYEMOii [IepeMEeHHON (KUPHBIMEI TOYKAMU OOO3HAYEHBI PE3YJIBTATHI Mep-
BOT'O 9Talla pacdéra, MEJKIMI — BTOPOIO)

cOJIMPKEeHNs B 3aBUCUMOCTH OT 60JibInoiil moJiyocu. IIponece pacuéra cxemarmd-

HO n300pazkéH Ha puc. (1).

AKTyaﬂbHOCTb TEMDbI

Tema acTeponiHO-KOMETHO ONACHOCTH Hadaja aKTHBHO M3ydaThCsl CPaBHI-
reqapHo HejgaBHo. Ceituac, ocobenno mociae Yensounckoro coboituss B 2013
rojy [12|, B akTyaJbHOCTH TeMbl YCOMHHUTBCS CJIOKHO, HO BCE Ke CJlejlyer
chopMyJIIpOBaTh, MOYEMy 9Ta TeMa BayKHa CErojiHsl. ACTEpPOUJIbl MPEeJICTaB-
JISTIOT TJI00AJIbHYIO YIPO3Y, BILIOTH JIO0 YHUUTOXKEHHUS IUBUJIN3AINN U JIaXKe
ku3Hn Ha 3emse. Hampumep, mocieinee MaccoBoe BBIMHDAHNE, MTPOU3OIIIE]I-
nmee 65 MUJIJTMOHOB JIET HAa3aJ|, CBA3BIBAIOT MMEHHO C IaJCHHEM acTepOuia
[44]. Tlo cpaBHeHHIo ¢ BO3PACTOM 3eMJI POU3OILIO ITO COBCEM HEJIABHO,
TaK 4YTO OIACHOCTH, 110 BCEil BUAMMOCTH, CyIllecTByeT n ceiidac. Vcrosb3oBa-
aue [13C-marpuir 1 aBTOMATHYIECKUX TEJIECKOIIOB PE3KO IMOBBICUIO BO3MOXK-
HOCTHU MOMCKOBBIX HabJtojIeHnit. B pesysibrare B HacTosIee BpeMs MMOCTYIIaeT
ONPOMHBII TTOTOK HAOJIONATE/HLHBIX JIaHHBIX, Tpebytonmx obpabdorku. [lentp
mastbix maner (https://minorplanetcenter.net//) cobupaer nndopmanuio 060
Bcex Mauiblx Tesiax CosiHedHol cucTeMbl. Bostee mogpobHo o Texkymieit cuty-
Al C OKOJIO3EMHBIMI aCTEePOUIaMU MOYKHO O3HAKOMUTLCS Ha caiite NASA

(https://cneos.jpl.nasa.gov/). C HadgagsoM 0CBOCHHST KOCMOCA CTAJIO TEOPETHIe-
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CKI BO3MO2KHBIM IIOBJIMATH Ha TPacKTOPHIO aCTeEpOouda U TEM CaMbIM IIPEAO0T-

BPATHUTh COYJIapeHue ¢ 3eMJIEN.

Lesm n 3agaun

Huccepranmonnas paboTa MPOJOJIZKAET UCCIeI0BAHNS aCTEPONTHO-KOMETHOI
onactoctu, 1popojumbie B CIIOIY. OcHOBHOI 1e/IbI0 SIBJISIETCS TTOMCK BO3-
MOKHBIX COYJapEHNii acTeponjoB ¢ 3eMJeit n oleHKa BeposdTHocTel. B xoje
BLITIOJTHEHWsT PAOOTHI OBLIM PACCMOTPEHBI TaKXKe Jipyrue mianeTsl u Jlyna. Ha-
cTosimmasi paboTa cocpeloToUueHa Ha aKTyaJ bHbIX yTIpo3ax U He 3aTparmBaeT
BOIIPOCHI 9BOJIIONNN OPOUT acTEpPOUJIOB Ha OOJIBITNX BPEMEHHBIX WHTEPBAJIaX.
Pacuér Tpaekropuit mpoussomica rna 100-200 yier B Oymytee.

B pa60Te ITOCTaBJICHBI U PEHIalOTCA CJIEAYIOINE 3aa9U.

1. Tlomydenme MHOTOMEPHBIX XapaKTEPUCTUK BEIYIIUX K COYIapeHnio ob,ia-
creil HauATbHDBIX JAHHBIX (KOOD/MHAT U CKOPOCTEl B HAYAIBHDBIT MOMEHT
Bpemenn ). Paspaborannsiit B CII6IY nporpammubiii komiuieke v19 orpa-

HUYINBaJICA OJHOMEDPHBIM BapbUPOBaHUEM HaYaJIbHbLIX JTaHHBIX.

2. Paspaborka u TecTupoBaHie HOBOIO aJI'OPUTMAa 1 IPOrPaMMBbI J1j1sT ObICT-
poro pacuéra cOJmzKeHuil OOJIBIIOro Yucja BUPTYaJbHBIX aCTEPOUIOB.
Ot ayiropuTMa IOMIMO IIPOU3BOIUTEIHLHOCTH TPeOOBaIACh CTAOMIBHOCTE
1 JIOCTUKEHHE IIPUEMJIEMOIl TOYHOCTH IIPU COJIMKEHUSIX BUPTYaJIbHBIX
acreponioB ¢ 1aHetamu. OHAKO CTOUT OTMETHUTD, 9TO IIOCJIE HECKOJIb-
KUX COJIM2KEHMIT IONPENIHOCTD BBIUNC/IeHN HeM30€KHO IIPEBBICUT PaJiii-
yc 3eMJin, 49TO cjiejlaeT IpejicKa3aHnue COoyJlapeHuii, 1o MeHbIneil Mepe,

COMHUTEJILHBIM.

3. Onenka NMPUMEHNMOCTH HOBOTO AJTOPUTMa K PEAJHHBIM ACTEPOUJIAM.
st aTOro ObLIO TMPOBEpPEHo, HAJET T MporpaMMa BO3MOXKHbBIE COYla-

PEHUsT JIJIsl ONACHBIX acTePONJIOB, OTCaeKmBaeMbix NASA.

4. Oupejiesienne 00JaCTH B IIPOCTPAHCTBE 3JIEMEHTOB OPOUT, OTKY/a acTe-
POMIBLI MOI'YT IIPEACTAB/ISTL YIPO3Y s 3eMJIN. DTa 3a/1a9a NMeeT BarK-

HOCTDB JId CaMOCTOATE/ILHOI'O ITIONCKa OIIaCHBIX aCTEPONI0B.
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MaccoBblii pacuér BeposgTHOCTel coymaperus. OOIas orneHKa acTepoun/i-
HOM yrpo3bl or Beex acrepouioB CojiHeIHOI crcTeMbl (0HAKO OOJIBIIOE
MHO2KeCcTBO acteponioB [aBnoro [losca, abs opduTa He MOAX0INT OJII3-

ko Hi K Mapcy, #u xk FOmurepy, ObLI0 HCKJTIOUEHO ampruopH ).

Boinocnmble Ha 3alIUTy Pe3YILTATDHI

Cozan aJaropuTM, MO3BOJISIIONINI PACCINTHIBATE JBUKEHNE MUIJLINOHOB
BUPTYyaJIbHBIX acTePONJIOB OJIHOBpEMEHHO. Peam3ytoree ero mporpaMm-
HOe obecrievenne OTIMIAETCS BBICOKUM OBICTPOJIECHCTBIEM W TTO3BOJISET
HAXO/IUTH COJIMKEHUS U coytaperus ¢ maneTamu Co/THeTHO CHCTeMbl 1
JIynoii. C nmomornpio gannoro [1O BO3MOXKHO paccUuThIBATH BEPOSITHOCTH
coyapenns MmetosioM MonTe-KapJio jj1s 601611100 9rc/ia acTepornioB Ha

HacTobHBIX [IK 3a mpuemiemoe BpeMmsi.

B mpocrpancTBe OpOUTAILHBIX TaPAMETPOB: KCIEHTPUCUTET €, IIepure-
JINIIHOE PacCTOSIHUE ¢ U yTIoJI HAKJIOHA %, — BbIJIeJIEHbI 00JIaCTH, COeprKa-
IIe aCTEPON/Ibl, KOTOPhIE MOTYT IPEJICTAB/ISITD OIACHOCTD JIJIsT 3€MJIN, TO
ecTb O0HAPYXKIJIOCh UX cO/MKeHne ¢ 3emyiéil B nipejenax 100 pajauycos

Semn 10 2132 roja.

B pesyabrare anaimsa sposiornun 127 690 acrepounjioB oonapyxkeno 3200,
commKatonuxcs ¢ manetamu MeHee dem Ha 100 ux pajmycoB g0 2132
roja. IIpumedarensro, aro 24 u3 1611 cOnusuBimxcs ¢ 3eMJiéii acTepo-
UJI0OB HE OTHOCSITCsl KJIACCY OKOJIO3EMHBIX, TO eCTh MMEIOT Iepure/miiHoe
paccrogaue dosiee 1,3 a. e. [Ipu orieHKe BEpOSITHOCTU CTOJKHOBEHIA OOHA~
PYKIJIOCH, 9TO COyIapeHne ¢ KaKoi-aubo IIaHeToil BO3MOXKHO st 423

ACTEPOMJIOB, N3 HUX 163 MOTYT CTOJIKHYTHCSA C 3eMJIEH.

Pesynbraramun 4nc/ieHHOro MOJAETUPOBAHMS IBOJIIOIUN MOJIETBHBIX acTe-
POMJIOB TOJATBEPXKICHA TUIIOTE3a O MPEIBAPAIONINX COYAApEHN COTIKe-
HUSIX aCTePOUIOB ¢ ItaneToil. 13 50 MJIH MOJIe/IbHBIX acTePONIOB ¢ 3eM-
JIEN CTOJIKHYJIMCH 72, 3 HuX y 70 HabJroga/uch cOIMKEHIsI MeHee deM

Ha 0,05 a. e. B Tevenune 100 jieT J10 coyaapeHus.
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Hayanas noBusna

[IpesicTaBiien HOBLIII BapuaHT peajM3alliid MeTOoJla IJBepXapTa M ONTUMU3H-
POBAHHBII AJTOPUTM BbIYUCJEHUS TPACKTOPHiT OOJIBIIOrO KOJUYEeCTBa BUPTY-
aJTbHBIX acTeponioB. OnTHMu3aIys 1mo3poJisger Ha HacTosgbHOM [IK MeTomom
MonTe-KapJsio paccanTbiBaTh BEPOATHOCTH cOyAapeHus Bcex actepon o Coul-
HEeYHO! CHCTeMBbl co BceMn IianeTamu. [Ipm mojxo/ismieit ajjantauy moTydeH-
HBI aJITOPUTM MOXKHO YCIIEITHO NPUMEHATH B JIPYTHX 3ajadax, TPeOyIonmx
pacdéra TPaeKTOPHil JIBUKEHNsT OOJIBIION0 KOJIMIECTBA 0OHEKTOB.

BriepBble olleHEHBI BEPOSITHOCTH COYJIapEHNs OOJIBIIONO KOJMYecTBa acTe-
poujio (>100000) co Bcemu tianeramu CostHeunoii cucrembr u Jlynoit. s
psijia ACTEPONJIOB, CUNTABIINXCA OE30IACHBIMI, HallIEHbI BO3SMOXKHBIE COY/Iape-
Hus ¢ 3emnéit. B ux aucse acrepout 2015 CT13, nosiusimiics B crincke NASA
(https://cneos.jpl.nasa.gov /sentry /) ToJbKo mocsie myOJInKamn COOTBETCTBY O
MUX PE3YJILTATOB JIUCCEPTAIINOHHON PaOOTHI.

Brisiiiena moTeHIMaIbHAS YIPO3a, MCXOAAIIas OT Psijia HEOKOJTO3eMHBIX
acCTepONJIOB, TO €CTh MMEIOIINX IIepUresiniiHoe paccTosinne Oosbiie 1,3 a. e.
Takue acTepon/ipl, KaK MpaBuUIo, KPyIHee OKOJIO3EMHBIX, YTO 00bsACHAETCs 3-
exTom cenexiun npn Habmogenusx. VccienoBaHns acTepoONIHO-KOMETHOI
OMACHOCTH TIOYTH BCEr/la OTPAHMYEHBI OKOJIO3EMHBIMI OObEKTAMU, YTO MOKET
IOMeIaTh 3a0J1ar0BpeMEHHO 00HAPYKUTH PeaIbHYI0 YIpO3y.

HosbiMm criocoboM moaTBep K ieHa TUIOTe3a 0 COMMKEHNIX Mepes] coyiape-
HusiMu. KutiogeBoe ormane oT O0JIBIIMHCTBA APYTUX PaOOT — HHTErPHPOBAHNE

TpPaeKTOpuil B OymyIee.

SHAYUMOCTEL PAOOTHI

[IpecraBiieHHble B JUCCEPTAIIMOHHON padoTe pe3y/IbTaThbl PACIIUPSIOT UMEIO-
uecs IpejicTaBIenns 00 acTeponHO ormacHOCTU. B mepByio oudepesib CTOUT
OTMETHUTDL BBISIB/IEHE YIPO3bI OT PeaIbHbIX HEOKOJI03eMHBIX acTepongos. Cy-
IIIECTBYIOIIME ITPOrpaMMbl B OCHOBHOM C(OKYCHPOBaHbl Ha acTepougax, cOJIu-
JKaroImxest ¢ 3emyiéin. OcTajbHbIM, ¢ TOUKN 3PEHUsT aKTyaJIbHOI acTepOuIHO
OIIACHOCTHU, BHUMAHUS YyiessieTcss ropasno MeHbine. HecmoTpst Ha psj padorT,
IIOCBSIIIEHHBIX 3BOJIIONUN opouT 1 nonosHeruto nomnyssannn AC3, akTyaabHast

yI'Po3a OT HEOKOJIO3EMHBIX 00HEKTOB OCTAETCH MaJION3ydeHHOIl.
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CaMmo 110 cebe olpejiejieHIIe BEPOSITHOCTEl COyJapeHusl He IIPeCTaBIsieT
Yero-To HOBOI'O, OJHAKO KaXKJIbIil HOBBINI MeTOJ CHUKAET BEPOsiTHOCTDH IPOITY-
CTUTD OIACHBIIl 00bEeKT. 3HAYNMOCTH HOBOI'O pe3yJibTaTa 0COOEHHO BBICOKA, IIPH
pa3HoIJIacusiX B pa3HbIX NCTOYHUKAX. KpoMme Toro, B HacTosIeil paboTe BhIYNC-
JIEHBI BEPOATHOCTHU COyJlapenns co BceMU ItaneraMu u JIymoii, a He TOJIBKO €
Semiiéit. B ommzkaiiime 100 jieT BecbMa BEpOSTHO OCBOEHNE, KaK MUHUMYM, JIy-
Hbl 1 Mapca, 910 gejaeT usydenne acTeporHON yrpo3bl Ha APYTrUX ILjIaHeTax
aKTyaJIbHOIl TEeMOIl yzKe CeroJiHd.

Hosrrit BapuanT MeToj1a dBepxapTa U IPeII0yKeHHbIe ONTUMUABAIINT MOTYT
OBITH HMCIIOJIb30BaHbI B IIOXOXKUX 3aiadax. Hanpumep, ipu pacdyére TpaeKToOpHil
OOJIBIIIOIO KOJIMYECTBa, 00JIOMKOB acTEpPOMIa MOC/e pa3PyIIeHHs.

['unoresa o COMMKEHUSIX IIepej] COyIapeHnsIMI HeOIHOKPATHO IIPOBEPsLIach,
II09TOMY CJieJIaHHbIE B HACTOsIIIEl paboTe OIEHKHU sIBJISIIOTCSI CKOPee JIOIOJIHe-
HUEM K CYIIeCTBYIOIKUM paboTaMm. Tem He MeHee, MCIIOJIb30BaHHBIN MOJIXO/I, C
pacdéroM TpaeKTopuil B Oyayiiee, I03BOJSIET B3IJIIHYTh Ha IIPOOJIEMY C IIPOTHU-
BOIIOJIOYKHO# cTOPOHBI. OOBIYHBIN TTOJIX0/, ¢ PACUETOM TPACKTOPHIl B IIPOIILIOE
OT COYJIapeHHusi, ropas3jio MeHee TpedoBaTeeH K IPOU3BOIUTE/ILHOCTH BhIYNC-
JICHUIA.

Ornpeniesiennst acTeponia, COMMKAIOIIErocs ¢ 3eMJIEH 1 TOTeHIINAaIbHO OI1ac-
HOT'O aCTepPON/Ia CoJlepzKaT orpaHnyueHnsI Ha opouThL. [Toyuennbie B HacTOMAIIIEH
paboTe pPe3yIbTaThl COJIepyKaT HEKOTOPbIE OIEHKN, HACKOJIBKO 9T OI'PaHIICHUST
00OCHOBaHBI C TOUKH 3PEHUST M3YUEeHI acTePOUIHON yrpo3sl. B yacTHOCTH, KaK
y2Ke YIIOMSIHYTO BBIIIe, HAlIeH psih acTeponoB, He oTHocsmuxea K AC3, HO

[OTEHIUABHO IPEJICTAB/IAIONX yIrposy o 2132 roja.

MeTtobr

[Tpu oTHOCHUTE/ILHON MTPOCTOTE MCIOJIB30BAHHBIX METOJIOB, DOJIbIIOE BHUMAHIE
ylIeJIgeTcsd CTadUIbHON 1 HAJAEXKHO padoTe ¢ OOIBITNM KOJMIECTBOM BXOJTHBIX
JIAHHBIX. DTO TpebOOBaHUE BBI3BAHO B TOM YHCJIE OIPOMHBIM IIPOI'PECCOM B OT-
KPBITHH HOBBIX aCTEPONJIOB, MO0 KOHEUHOI I1eJIbI0, B MaKCHMAaJJIbHOM BapHaHTe,
SIBJISIETCS M3yUeHne BCeX N3BECTHBIX acTeponIoB. K 4mce/ry Takux MpOCThIX Me-
TOJIOB OTHOCATCA MeTosa MonTe-Kapsio, MeTos HamMeHbINX KBaJIPaToB U T. TI.
Jlannble MeTOJIbI BPsAJT TN HYXKJIAIOTCA B pa3BEPHYTHIX KOMMEHTapudax. Bme-

cre ¢ TeM, rje H€O6XO,ZLI/IMO, SaﬂeﬁCTBOBaHbI METO/IbI boJ1ee CHGHI/I(i)I/I‘{eCKI/Ie,
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HAIpUMEp, METOJI MHTEIPUPOBAHNS IBepxXapTa U NeHepaTop MCEeBIOCTY JailHbIX
ynces BuXpb Mepcenna. Kpome Toro, B psjie c/iydaeB UCIOIb3YIOTCA METOIbI
YUCTO IBPUCTUUECKNE, SIBJIAIONINECS MTePeJIOYKEHNeM UHTYUITMH UCCIe0BaATEs
Ha SI3BIK [TPOrPAMMUPOBAHIS.

nrerpaTop DBepxapTa XOpOIIO 3HAKOM HEOECHBIM MEeXaHWKAM, ITOCKOJIb-
Ky M3HAYaJIbHO paspabaTbhIBaICs I COOTBETCTBYIONINX 3a/ad. DTO HEABHBII
KOJIJIOKAIIMOHHBIN OJTHOTIAroBbIil MeTo 1 3 cemeiicTBa Pynre-KyrTol. Barkmnoit
0COOEHHOCTHIO METOJIa ABJISIETCd JIETKoe 0000IeHre Ha MPOU3BOJIbHBIN TOPS-
oK. TouHee, NPOU3BOJILHYIO CTEIEHb KOJJIOKAITMOHHOIO MHOTroYjeHa. Kpowme
TOTO, KOJUIOKAITMOHHBIN MHOTOUJIEH MPEIOCTaBIIAET YA0OHYIO alllPOKCUMAIIIIO
perrennsi B TPOMEXKYTOUHBIX TOUKAX.

Buxpp Mepcenna — renepartop MCeBIOCTYIaiiHbIX YUCeNT, OJUH 13 Hanbo-
Jiee TOIYJISIPHBIX B HACTOsIIee BpeMsi. [ enepaliust (1ceBo) ity JailHbIX Tucen —
BarkHeillmas Jactb MeTosia MonTe-Kapiio, Bimsionas Ha JIOCTOBEPHOCTL pe-
3ysbTara. [IpuMenenue mnmpocreidmmux cTaH apTHBIX NeHEPATOPOB, BCTPOEHHBIX
B A3BIKI [TPOTPAMMUPOBAHUS, JIETKO MOYKET MPUBECTU K TPYAHOYJIOBUMOI CH-
cremaTndeckoit ommubke. Buxps Mepcenna, pa3paboraHublii B KoHIle XX Beka,
OTJINIACTCA UCKJIOUNTEIHHO OOBITNIM TIEPUOJIOM U PABHOMEPHBIM pacIpe/ie-

JlenneM B 623-MepHOM IIPOCTPAHCTBE.

CTelenb JI0OCTOBEPHOCTH

JlocToBEpHOCTH PE3YJILTATOB Ha BCEM IPOTSYKEHUM HCCJIEIOBAHMIl I1OJBEpra-
Jlach pasjndHbIM 1poBepKaM. Meron MonTte-Kapio oTimaaercs BbICOKOIT 110-
CPEIIHOCTHIO [IPU MaJIOM YHCJIe IOIaJaHnil, OJHAKO, IIpU Ha/iJIexKallleil reHe-
panun (HceBﬂo)CquaﬁHblx 4uceJl, 3Ta IIOIPEIIHOCTL XOPOIO M3BECTHa U He
IpeJICTaB/IsIeT IPOOJIeMbIl IIPU MHTEPIIPETAINN PE3YIbTATOB.

OCHOBHOII IOTEHIUAJILHBII UCTOYHUK HEM3BECTHON IOIPEIIHOCTH — TOY-
HOCTb BBIYHUCJIEHUA TpaeKTopuu. [I0CKOJIbKY YacTb Pe3yJIbTaTOB COBEPIIECHHO
HOBBIC U CpaBHEHUE C IPEJIbLAYIIUMUI HE [IPeJICTaB/IdeTCd BO3MOXKHBIM, IIPeJLy-
CMOTPEHBI BO3MOXKHOCTHU CaMOKOHTpoJid. IIpoBepounsrit pacdéT TpaekTopun
BBITIOJTHAETCS TeM »Ke MEeTOJIOM, HO ¢ MeHbImM ImaroMm. Ilo csoficTBy meTo-
JIa MHTErPpUPOBaHNs, HEOIPDAHNYECHHOE YMEHbLIIeHne Iara I03BOJIdeT JOCTUYb

HpOI/ISBOJIbHOﬁ toynocTn. Ha I[IpaKTUKE, TOYHOCTLb OI'paHMY€Ha H3-3a MallllH-
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HOI'O OKpyTJIeHnsi. BeibpaHHbIe B IIpoIecce TECTUPOBAHUS ITapaMeTPhl METOIa
HalleJIeHbl NMEHHO Ha, 3TOT MPeJIe] TOUHOCTH.

[ToMuMO caAMOKOHTPOJISI, IPOM3BOINIOCH CPAaBHEHIE HOBOM IIPOIPAMMbBI CO
CTapoil, a TaKyKe CpaBHEHIEe PE3YJILTATOB C MOy IeHHBIMI JIPYTUMU UCCIIEI0Ba-
resisivu, nipexkie Bcero NASA. Cpasaernne ¢ NASA urpaer KirodeByio poJib B

OIleHKE TIPUMEHUMOCTHA HOBOI MPOrpaMMbl K PeaJIbHbIM aCTEePOUIaM.

Anpobalninst pesyibLTaToB

Pesysibrars! mpejcraBieHbl Ha KOH(MEPEHIINIX:
1. TlynkoBckasi MOJIOIEXKHAST aCTPOHOMUYECKast KOH(DEPEHITHS.
2. Bcepoccuiickasi acTtpomMeTpuieckasi KOHMEPEHITHUS.
3. Crynenueckast HayuHas KoHdepennus «Du3mka KocMOcay.
4. TlonsixoBckue UTeHUs.
5. Koposiésckue urenns.
6. OxoJiozeMHast acCTPOHOMHUS.
7. Konudepennus mraneraproit 3anmursl (Planetary Defense Conference).
8. Cmmvmosuym MAC (IAU Symposium).

PesynbraTs! ornmyomkoBanbl B 15 paborax, nnjgekcupyembrx PUHIL, n3 aux 6

paboT, NHIEKCHPYEMbIX B MEXKIYHAPOJIHBIX Oa3ax jaHHbX. CIICOK padoT:

1. Ilerpo H.A., Bassies 11.A., Bacunwes A.A., Cokosios JI.JI.
BO3MOKHBIE CBJIMYKEHUA U COYIAPEHUSA C 3EMJIEN
OITACHBIX ACTEPOI10B
B c6opuuke: U3BECTUA INITABHOI ACTPOHOMUNYECKON OB-
CEPBATOPUN B IIVJIKOBE. Tpynsr Beepoccniickoit acTpomerpute-
ckoit koudepenruu. 2018. C. 201-206.

2. banges U.A.
NCCJIEJOBAHNE OBJIACTEI HAUYAJIBHBIX JAHHBIX ACTE-
PONJOB, BEJIYIINX K COYAAPEHINIO C 3EM.JIEN
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B cooprmke: Pusmnka Kocmoca. Tpynubt 48-it Mexkmynapo/iHoii cTyreHye-
CKOIl Hay4HOIl KoH(epeHInu. MUHUCTEPCTBO HAYKN W BBICIIETO 00Pa30-
BaHnuga Poccuiickoit @enepanun, Y pajbcKuii dpejiepaibHblili YHUBEPCUTET

umennu nepsoro IIpesugenta Poccun B.H. Ensnuna. 2019. C. 171.

. banses N.A.

VCKOPEHME YNCJEHHOI'O UHTET'PUPOBAHNA YPABHEHUI
ABNKEHNA ACTEPOJI0B 1 ITEPBBIE PE3YJIETATEI

B coopuuke: @Puzuka Kocmoca. Tpyubt 49-it MexktyHapoiHOl cTyIeHde-
cKoft Hay4aHoit KoHMepeHnu. MUHNCTEPCTBO HAYKN W BBICIIEr0 00Pa30-
Banust Poccuiickoit @eeparuu, Y paabcKuil degepaibHblil yHUBEPCUTET

umenn repsoro IIpesuynenta Poccun B.H. Enbriuna. 2020. C. 149-150.

. CokouioB JI.JI., Bamnses N.A., Kyreesa ['A., Ilerpos H.A., Dckun B.B.
DOOEKT I'PABUTAIHMOHHOI'O MAHEBPA IIPU CBJINZKEHN-
AX ACTEPOUJIOB C 3EMJIEIT

B knnre: XLIV Akajgemndeckne dTeHnst 10 KOCMOHaBTUKE, ITOCBSIIEH-
uoeie naMaTu axkajgemuka C.I1. Koposiéa n Apyrux BbIIAIOIUIXCS OTeYe-

CTBEHHBIX YYEHBIX — IIHOHEPOB OCBOEHUSI KOCMUYIECKOI'O IIPOCTPAHCTBA.
Coopnuk Te3ucos: B 2 T.. Mocksa, 2020. C. 282-284.

. Sokolov L.L., Balyaev [LA., Kuteeva G.A., Petrov N.A., Eskin B.B.
POSSIBLE COLLISIONS AND APPROACHES OF SOME
DANGEROUS ASTEROIDS WITH THE EARTH

Solar System Research. 2020. T. 54, Ne6, C. 541-549.

. basnges N.A.
Ob YCKOPEHUUN YNCJIEHHOTI'O UHTET'PUPOBAHUA YPABHE-
HUIT IBUKEHUS ACTEPOUJIOB

Acrponomuuecknit BecrHuk. Mccnemosanust CosHeunoit cucrembl. 2020.
T. 54, N6, C. 567-576.

. CokosioB JI.JI., Banses .A., Kyreesa ['A., Ilerpos H.A., Dckun B.B.
O CBJIMKEHUAX U COYOIAPEHUAX ACTEPOUJIOB C JIVHON
1 ITJTAHETAMU

B coopruke: IX ITosstxoBckne uTenus, MaTepuasbl MeXKIyHapOIHON Ha-
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yaHoii KoHdepeniun o Mmexannke. Cankt-IleTepbyprekuit rocyrapcTsen-

ubiit yuusepcurer. Cankr-Ilerepoypr, 2021. C. 169-171.

Banses 1. A.

MACCOBBIII PACUET BEPOATHOCTEN COYOAPEHUYA ACTE-
POMJIOB: METO/bBI, IIOABOJIHBIE KAMHI, CPABHEHIE PE-
3VJIBTATOB

B cbopruke: ACTpoHOMIST U UCCJIEIOBAHUST KOCMUYIECKOIO IIPOCTPAHCTBA.
COopHUK Hay4IHBIX TPy/0B. MUHHCTEPCTBO HAayKHW U BBICIIETO 0OpPa30-
BaHusi Poccuiickoit @enepariiun, YpaJbcKuil degepalbHbIil yHUBEPCUTET

umenu repsoro IIpesunenta Poccun B.H. Enbmunra. 2021. C. 87-88.

Coxkogos JI.JI., Bansie . A., Kyreesa I''A., Iletpos H.A., 9ckun B.B.
OLIEHKA BEPOJATHOCTU COYIAPEHUN U CBJNZKEHUIT
ACTEPOUJIA C JIVHOU U IIJTAHETAMU COJIHEYHOU CUCTE-
MBI

B knwnre: XLV Akajnemuueckue 9TeHus 110 KOCMOHABTHUKE, [TOCBSAIIEHHDIE
namaTu akajgemuka C.I1. KoposiéBa 1 1pyrux BbIIAIONIXCS OT€IECTBEH-

HBIX YUIEHBIX — IIOHEPOB OCBOEHMsT KOCMUYIECKOro mpocTpancTsa. Coop-
HuK Te3ucoB: B 4 T.. Mocksa, 2021. C. 404-408.

Sokolov L.L., Balyaev I.A., Kuteeva G.A., Petrov N.A., Eskin B.B.
APPROACHES AND COLLISIONS OF ASTEROIDS WITH THE
MOON AND PLANETS

B coopuuke: Journal of Physics: Conference Series. Cep. «International

Scientific Conference on Mechanics «The Ninth Polyahov’s Reading»,
ISCM 2021» 2021. C. 012047.

Sokolov L.L., Balyaev I.A., Kuteeva G.A., Petrov N.A., Eskin B.B.
THE EFFECT OF GRAVITATIONAL MANEUVER AT THE
APPROACH OF AN ASTEROID TO THE EARTH

B coopuuke: AIP Conference Proceedings. 44. Cep. «XLIV Academic
Space Conference: Dedicated to the Memory of Academician S.P.

Korolev and Other Outstanding Russian Scientists — Pioneers of Space
Exploration» 2021. C. 050006.
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T. 55, Nel, C. 65-73.

CoxkosioB JIJI., Kyreesa I''A., Ilerpos H.A., Ockun B.B., Banses N.A.,
Bacuibes A A.

O XAPAKTEPUCTUKAX OCOBBIX TPAEKTOPUIT ACTEPOUJIA
ATTIO®UC 1 BOBMOYKHOCTU YBOJA EI'O OT COYIAPEHNII C
3EMJIEN

Acrponomuuecknit BecrHuk. MccnepoBanust CostHeunoit cucrembl. 2021,
T. 55, Ne3, C. 265-271.

XommepaukoB K.C., Banses 1.A., Cokosos JI.JI., 9ckun B.B.
PETPOCIIEKTUBHBIN AHAJIN3 OPBUT CTAJIKUBAIOIINXCS
C BEMJIENI ACTEPOUIOB
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mayk. 2021. Ne2 (183), C. 27-36.
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['maBa 1

SKCHGPI/IMGHTH C MHOI'OMEPHBIM

BapPbNPOBaHNEM HadaJIbHBIX JdaHHBIX

1.1 IlocranoBka 3aj1a4u

[Ipuramun padoThl MporpamMMHOTO KowmIliekca v19, Kak ObLJIO ONHUCAHO BHIIIIE,
3aKJII0YAETCsT B BAPHUPOBAHUE HAYAbHBIX JIAHHBIX (KOOPJIMHAT M CKOPOCTENi )
BJI0JTb HEKOTOPOT'O OTHOMEPHOTO MHOT00Opasus. BeyIas K coyIapeHnio ¢ 3eM-
JIED 0bJtacTb MpeJIicTaBIsgeTcsd B (popMe HEKOTOPOTO Jinala30oHa 3HaYeHUIT Bapbu-
pyemoro napamerpa. LIpore roBops, mpu BapbUpOBaHUU IapameTpa X BeJy-
mas K COyJapennio 0bJIacTb - 3TO OTPE30K € MEHTPOM B TOUYKe X; W IMUPUHOIT
Wi.

[IpecraBisger naTepec paccCMOTPEHNe YCTONINBOCTH MOy 9aeMOTO Pe3YJIb-
TaTa K Pa3JIMIHBIM BapHallAM clocoda BBIOOpa BapbUpPyeMOl TepeMeHHOI.
st 3TOTO OBLT TPEJJIOZKEH Pl SKCIEPUMEHTOB: U3MeHeHe HadaJbHOM JaThI
1 CMellleHne OpTOroHaJbHO BapbUpyeMoil mepeMennoil. /lasee BMecTo cI0BO-
COUETAHNs <«BeAyIasg K COyJIapeHunio ob/iacTby» OyJIeT MCIOJTb30BATHCA CJIOBO

«ITIEJIb>.

1.2 DBosoIusl B3aUMHOI'O PACIIOJIOXKEHUsT «IIeJieil»

Kak n3mennTcsa B3anMHOe pacIioioXKeHne «Iesieiiy, ecjii BapbUPOBAThL Hada b

HbIe JJAHHbIE Ha JPYTYIO JaTy?!
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PesynabraThl, nIpeiiecTBOBaBIINE HACTOAIIEH AuccepTalnm

Panee ObL1M TOTyYeHBI OTHOCUTEIbHBIE TOJOKEHNsT «Ieseily acreponga Aro-
duc Baosb 601bI0I TosTyock Ha 4 MoMenTa Bpemenu: B 2006, 2016, 2026 u 2029
rojiax. DTU pe3ysbTaThl mpejcrasienbl B Tabiuie (1.1), rje cieBa ykasaH roj
COYJapeHNsT COOTBETCTBYIOIIEH «Ie/iny, CBepXy — HadaJbHas J1aTa, a B CAMOil
TabJIIe — pasHuila OOJIBINOI HOJyocH B MeTpax. B KauecTBe opOUTHI OTCUETA,

ICIIOJIb30BaHa TpaeKTopust coyaapenns 2068 roja [29].

Tabsmma 1.1: Tlosoxkenns «mesneits acteponga Anoduc OTHOCUTEIBHO «ITEIN»
2068 roja (pasmuiia 6OJIBINOIT TTOJIyOoCH B METpax)

06.03.2006 | 08.03.2016 | 01.05.2026 | 08.03.2029

2075 -194 -304 -1020 -44000
2064 -191 -300 -1010 -43300
2056 -71.3 -112 -376 -16100
2060 -67.4 -106 -397 -15300
2055 -64.8 -102 -342 -14700
2074 -46.3 -72.7 -245 -10500
2066 -42.7 -67.0 -226 -9700
2065 -41.6 -65.3 -220 -9440
2078 -40.8 -64.1 -216 -9260
2091 -40.0 -62.8 -212 -9080
2077 -1.27 -2.00 -6.72 -288
2068 0 0 0 0
2076 33.9 53.1 179 7670

BrL1o 3aMedeno, 9To CTPYKTypa «Imeseiis coXpaHuaa ¢BOI0 (hopMmy, yBeu-
quBasich B pazMepax oT 2006 Kk 2029 romy. OTHOCHTETLHOE TIOJIOXKEHUE «ITICJTH»
Ha 2016, 2026 u 2029 rogpl MOXKET OBITH HOJYYEHO YMHOXKCHUEM OTHOCHTE/Ib-
Horo noJioxkenus B 2006 rojry Ha HEKOTOPBI Kosddunuent k. Bejnmamna MHO-
Kutess k, mojiydeHHasi U3 IPUBEJICHHBIX 3/1eCh JIaHHBbIX, cocTasiisger: B 2006
roay — 1; 8 2016 — 1,57; B 2026 — 5,29; na 08.03.2029 — 226,75. Ha puc. (1.1)
n300parkeHa 3aBUCUMOCTb MHOXKUTEIA OT BPEMEHH, TOUKN COEIMHEHBI HEKOTO-

poil ry1aJIKoil KpUBOIi.

Moandukanus mporpaMMHOro KOMILIEKca v19

ens Moaudukaimum — pacyéT MHOXKUTEIsI k Ha OoJIblllee KOJIMIECTBO MOMEH-

ToB BpeMenu. [loyiHONEHHBIN pacuéT Ha KarK/1ylo JlaTy 3aHUMaeT HeMaJio Bpe-
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Puc. 1.1: 3aBucuMocTb MHOXKUTEJSI kK OT BPEeMEHHU II0 PpaHee II0JyIeHHbIM pe-
3yJibTaTaM

Menn. OJHAKO MOXKHO 3HAUYUTENLHO YCKOPHUTH IIPOIECC, eC/Ii 3apaHee 3HATD
PUOIN3UTEIHLHOE PACIIOIOKEHHE «IIeJIeli». DTOro MOKHO JOOUTHCS, MEHsIsT Ha-
JaJIbHYIO JIATY ¢ HEOOJIBIINM [aroM. BripoueM, BO3MOXKHO CYIIECTBOBaAHUE OCO-
ObIX TOYEK, KOIJa HeIPEePbIBHOCTH HapPYIIaeTCsl. Y YUTbIBas IIPeIojaracMoe
KOJINYIECTBO 3allyCKOB V19, OBLIO pelleHo ciesaTh YIPaBJIAIOIIYIO IIPOrPAMMY,
dopMUpYIONIYI0 HAYaIbHBIE JaHHbIE U 00PadaThIBAIOILYIO PE3YJILTATHI B IIPO-
ecce. Ilporpamma Oblia HaszBaHa «researchers m3-3a HEKOTOPOIl CXOXKECTU €€
JeficTBUI ¢ JIeificTBUAME »KUBOT'O HOJIb3oBaTeas1 v19.

Hasmuune yupasJisitorneii mporpamMMbl 1103BOJIIJIO 00Jiee TMOKO UCIIOJIb30BaATh
IporpaMMHbBIil KoMmiuieke v19. B gacTHOCTH, CTaJI0 BO3MOYKHBIM IIPOU3BOIUTD
BapbUPOBaHIE BJIOJIb IIPOM3BOJILHOTO [IapaMeTpa, a He TOJILKO JeKapTOBBIX KO-
OpJIMHAT 1 CKOPOCTeH WU 3JIEMEHTOB OPOUT. DTO OBLIO UCIIOJIB30BAHO JIJIsI IIPHU-
JnaHng 0oJiee MPAKTUYECKOrO0 CMbBICJIA SKCIIepUMeHTaM. VIMITy/IbCHBbIE MeTO/IbI
BO3JICHICTBUS Ha aCTEPON/I IIOKa UTO SIBJIAIOTCS HanboJiee popadOTaHHBIME CITO-
cobaMy IIpeJIOTBPAIEHNs COyIapeHnii. 9TO, B IEPBYIO 0UYepeb, KHHETHIECKHT
ylap U sijiepHblii B3pbIB. VX BO3jeiicTBIE HA acTepon]i MOYKHO IIPEJCTABUTH B
BIIJIe CMeIlleHNs] Hada IbHBIX JJaHHBIX B IIPOCTPAHCTBE CKopocTeii. V13 Teopernye-

CKHUX COO6pa}KeHI/II717 peaiaromnuM ABJIACTCA USMEHEHUE CKOPOCTHU B/0JIb HallpaB-
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Puc. 1.2: 3aBucCUMOCTb MHOXKHITE/IsI kK OT BpEMEHH 110 Pe3y/IbTaTaM dKCIIePIMeH-
Ta

JICHNA ABUZKEHUA, N3MEHAIOIee 6OJII)HIyIO I10JIYOCb. VIMeHHO 5TOT KOMIIOHEHT

CKOPOCTHU U BbIOpaH B KauecTBe BapbUPYEMOil TepeMeHHOi.

Urorn IQKCIIEpUMEHTA

Bcero ojiydenbl OTHOCHTEIbHBIE TT0JIOXKEeHUsT «Iesieity Ha 2613 MOMeHTOB Bpe-
menn ¢ 1997 o 2029 roj. CrpyKTypa «Ine/eily cKkuMaeTcss U pacTIrnBaeTCs B
IIEPBOM TPUOJIUYKEHUHN ITPOITOPIINOHAIBLHO. 3aBUCUMOCTH MHOYKUTEISA K OT Bpe-
MeHn n300pazkena Ha puc. (1.2). Pasmep «ireseit» mioxo ompeiesiét, mocKoIb-
Ky OJIN30K K MaIIMHHOI TOYHOCTH. TeM He MeHee, yCcpeJHeHle Pe3y/IbTaToB 110
MHOKECTBY TOUYEK ITOKA3bIBAET TOUHO TaKoii ke Tpen/ 1. [loMrmo MHOrOIETHETO
TPEeH,1a XOPOIIIO 3aMeTHBI KOJIEDaHUsI C IEPUOJIOM, PABHBIM IIEPUOJLY OOPaIeHUST
Anoduca. OTciojia MOXKHO 3aKJIIOYUTh, UTO BO3/IEHCTBIAE Ha aCTEPON] BOIIM3H

nepurenst Hanbosiee 3pMEeKTUBHO.
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1.3 Tpéxmepnoe BapbupoBanue B IPOCTPAHCTBE

CKOpocTel

[Ipoussens cxoxkue MoaudUKaIlNM, MOYKHO HE TOJIBKO HCCIeI0BATH yCTONIN-
BOCTDL Pe3y/IbTaTa, HO U MOy YNTh MHOTOMEPHYIO KapTUHKY. [IpocTpancTBo cko-
pocTeil mpejicTaB/IgeT 0COObIT MHTEPEC, MOCKOJLKY UMITYJIbCHOE BO3jeiicTBHIE
Ha acTepOu/I NpPeJICTaB/IAeT cO0OI CMelleHrne HadabHbIX JJAHHBIX B 9TOM IPO-

CTPAHCTBE.

Moaudukanusa mporpaMMHOI0 00ecIIedeHnsI

s aBTOMaTU3aIUN NCIIOJIL3YEeTC YIIPAaB/IAoNiasd MIporpaMMa, MoXoxKas Ha
OIMCAHHYIO B IIPEIbIIyIIEM dKciiepuMenTe. [lo-tipe;kHemy OyieT Mpou3BOIITCSI
pPacYET OJIHOMEPHBIX XapaKTEPUCTUK <«IIeJIU», OJITHAKO Tellepb HadaJbHble JaH-
Hble OyJIyT CMEIATbCA B JIBYX HEPICHINKYISPHBIX HalpaBjeHusx. Bemmunna
CMeIlleHUs, IIPU KOTOPOIi OJIHOMEPHbBIE XapaKTePUCTUKN HAUNHAIOT 3aMETHO Me-
HAThCA, BHaYa/le HensBecTHa. [losToMy mcrnosb3oBana JiorapudMuiecKas ceT-
Ka, HaunHasg OT MalllMHHOIl TOYHOCTHU, C IIaroM B 2 pa3a. 3aBUCHMOCTb I10JIO-

JKEHUsI «IIeJIn» OT CMeIlleHUs OlleHeHa JIMHEeHHOM (pyHKIeil.

Bazuc

OcHoBHasl IlepeMeHHasi BApbUPOBAHNS U1 — CKOPOCTh BJOJIb HAIIPABJIEHUSI JIBU-
JKEHUsI, OIIPeesIsieMoro 110 HOMIHAJILHOI opbure, b0 MHOI opOuTe OTCUETA.
OcraJjibHble, V9 U V3, JOIOJHAIOT €€ JI0 paBoil Tpoiiku. Basuc paccunroiBaeTcs

13 KOOPJMHAT U CKOPOCTEN CJIeTYIONINM 00Pa30M:

. v
1 — 75
B
7 x 1]
- Lt 1.1
%= x| (1.1
€3 = [é1 X €3]

Takum ob6pa3oM, BTOpas KOMIIOHEHTa BBIOWPAETCS TEePIeHIUKYITPHOI
IJIOCKOCTH OPOUTHI, & TPEThsl B IJIOCKOCTH OPOUTHI, HO MEPHEHINKY/ISIPHO Ha-
MpaB/JIeHnIo JBMKennd. Koop/InHaThl 1 CKOPOCTU MCIIOJIbL3YIOTCA OapuIeHTpu-

YeCKHe.
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Bruibop «imeteits

Jlist 9KcreprMeHTa BHIOpaHbl HEKOTOPBIE paHee HallJIeHHbIE COyapeHnst acTe-
pomyios (99942) Anoduc u (443104) [22]. s Broporo acreponia JaTbl COyia-

pennit HaxonaTca B nadasie XXII Beka.

torn skcriepuMenTa

B xoze skcrepuMmenTa yIaJoCh YCTAHOBUTHL II€pBOe, JIMHeiHoe PHOJIMZKeHe
3aBUCUMOCTI OJIHOMEDPHBIX IIapaMeTpOB «IIeIn» OT APYIHUX IIepeMeHHBIX. B
PACCMOTPEHHBIX CIydasix, KaK U OKUJIAJIOCh, «IeIb» HMPUMEPHO IIepPIIEeHINKY-
JIsipHa, HaIlPpaBJICHUIO JIBUYKEHUSI, TO €CTh UMIIYJIbC KOJUIMHEAPHO HallpaBJIEHUIO
JIBIKeHUsT HanboJiee 3(pdeKTUBeH JIjIsI YBOJa OT coynapeHusi. V3MeHeHue Jpy-
I'MX [I€PEMEHHBIX IIPUBOIUT TaKyKe K U3MEHEHUI0 MUHUMAJILHOI'O PaCCTOSHIMSI.
[Ipu mocTtaTodHO OOJIBIIOM CMEIIeHHH MUHUMAJIbLHOE PACCTOAHIE CTAHOBUTCH
OoJIbIIIe pajiyca 3eM/in. BeJmdnHa Takoro cMemeHnst Ha, HeCKOJIbKO ITOPSIIKOB
OO0JIbIIIE TTUPUHBI «ITEJIN».

[Ipn mocTmkennum OKOJOHYJIEBOIO MUHMMAJIbHOTO paccTosanus, menee 0,01
pajuyca 3em/d, Oblia 3aMedeHa HecTaOuiIbHasg paboTa IPOrPAMMHOIO KOM-
mekca v19. Bpems paboTbl yBe/InunBaIOCh Ha IHOPSJIKUA IIPU TOM, UTO B pe-
3yJIbTaTe IIPOrpaMMa MOIJIa BOBCE He OIIPeIe/IuTh HapaMeTphbl comzKeHus. o
BBISICHEHISI U YCTPaHEHUs] IPUUNH ObLIO PEIIeHO He IPOBOIUTH PACUYETHI JIJIsI
OOJIBIIIONO KOJIMYIECTBa «ITesieil», a OrpaHUunTbCs HECKOJIBKUME IPUMEPaMI.

Tem He MeHee, B pacCMOTpeHIe ObLIN BKJIIOUEHBI OCTaJIbHbIE TPU II€pEMEHHBIE.

1.4 IllecrumepHoe BapbUpoBaHue 110 KOOPJANHATAM 1

CKOPOCTSM

H&CTOHLL[I/Iﬁ OKCIIEPpUMEHT OLCHUT HIPHUHIOUIINAJIbHYIO BO3MOXKHOCTL OIIMCaHU:A

«IIeJieil» B HMIECTUMEPHOM IIPOCTPAHCTBE KOOP/UHAT U CKOPOCTEIL.
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JlokaJibHOE [IpeJcTraB/JIcHUE «IIE/JIN>» B MIECTUMEPHOM

IIPOCTPAHCTBE

Kak u B mpeapLayIieM SKCIepUMeHTe, MOXKHO IIPeJICTaBUTh OJHOMEPHBIE Xa-
PAKTEPUCTUKH «IIeJIn» B BUJe (DYHKIUI OCTaJIbHBIX ITepeMeHHbIX. JIj1s1 okpecT-
HOCTU HOMMHAJILHON OPOUTHI, JIMOO MHOI OPOUTHI OTCUETA, MOYKHO HCIIOJIB30-
BaTh IOJIMHOM IISITH IIepeMeHHbIX. PacuéT KoadduineHToB Ipon3BejIéH ¢ IIOMO-
IIHI0 METO/1a HaUMeHbIINX KBaApaToB. KoniecTBo KO3MMUINEHTOB TOJINHOMA
OUeHb ObICTPO PacTEéT ¢ yBejaudeHneM cremneHun: s meppoit cremenn — 6; st
BTOpOIt — 21; Ui TpeTbeit — H6 u jlajee HeJIMHENHHO PacTET ¢ yBeJndeHHeM

CTelleHu.

Baszuc

Tpéxmepnblit 6a3uc ObLI JOMOJHEH KOMIIOHEHTAMU, BJI0OJIb KOTOPBIX BapbUpy-

I0TCS KOOPJIMHATHI L1, Lo U T3:

7 x 7]

[ % Ul|
& = = (1.2)

7]

e = |ex X e
Sﬂer IIepBasd KOMIIOHEHTa IIEPIICHANKYJIZAPHA ITIJIOCKOCTU Op6I/ITbI7 BTOpPaZd
napaJiiebHa PaJNyCc-BEeKTOPY, & TPETbs eMy IepIIeHINKY/IApHa, O0CTaBasCh
B ILJIOCKOCTH OpOWUTHI. B cilydae, ecim BEKTOP CKOPOCTU TEPIEHIUKYIAPEH
paJIyc-BeKTOpY, 0a3MChl JJIsi CKOPOCTEl U KOOPJMHAT COBMEIAIOTCs IIOJIHO-
cThio. [leprieHuKy/IsipHas TIOCKOCTH OPOUTHI KOMIIOHEHTa COBMEIIACTCS BCe-

ria.

BoeiOop «Imeneiis

st mcesieloBannii BbIOpaHbI IPUMEPBI OT CKOpPOro coyjiapenust Amnoduca B
2029 romy j0 coymapennii (443104) B 2144 romy. Xors coynapenne Arnoduca B
2029 rojiy JlaBHO UCKJIIOUEHO, ero ellé MOKHO HallTu U3MeHeHUueM HadaJIbHbIX
TaHHBIX. K TOMY Ke yBOJ OT JAPYTOro COyJapeHus BIIOJHE MOXKET ITPUBECTH K

coyJIapeHnto OoJiee paHHeMy.
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PesynbraTb

XoTst ObLIN MTOJTyYeHbl 3HAUNMbBIE KOI(MDMUIUEHTHI BTOPOIT CTEIIeHH, ITPUBeIeHIe
IIOJIMTHOMA, TIOJIHOCTBIO CJIe/1aJ10 Obl BBIBOJ, CJAMIIKOM I'POMO3IKIM 1 HEYIOOHBIM

JJIel dTCHUMA. HpeﬂCTaBI/IM HHHeﬁHYIO JaCTb 3aBUCUMOCTHU IIOJIO?KCHUA «IIICJI»

v1(v2, 3, T1, T2, 73) B popme:

U1 = a1 + QU2 + as3vz + bl.flfl + bQCCQ + ngg. (13)

B rabsurie (1.2) npuesenst JinHeiitHbe KO3(bDMUIUEHTHI TOJIO0KEHIS HEKOTOPBIX
«1mesieiis. Bo BTopoit KoJionke yKazaH roji CoyiapeHusi, COOTBETCTBYIOIIII «IIie-
. Koapdurnuentsr as m ag 6e3pasmepnbie; by, by n by UMe0T pa3MepHOCTD

HJaCTOTHhI.

Tabnuna 1.2: JIuneiinble KoapHUIMEHTHI TTOJIOXKEHNS HEKOTOPBIX «ITe/Ieii»

Acreponsr | Tox as as by, c b by, ¢! | by, ¢t
2004 MN4 | 2029 | -0,00004 | -0,00706 | -1,6 |-2808,4| 5,7

2008 EX5 | 2072 | 0,00007 |-0,00553 | 0,2 |-1650,7 | -18,5
2008 EX5 | 2075 | 0,00039 | 0,00059 | -1,6 |-1656,5| -11,9
2013 XK22 | 2101 | 0,00035 |-0,01709 | -1,0 |-1867,8 | -28,5
2013 XK22 | 2130 | 0,00034 |-0,01711 | -1,1 |-1867,6 | -28,5
2013 XK22 | 2144a | 0,00035 | -0,01710 | -1,0 |-1867,8 | -28,5
2013 XK22 | 2144b | 0,00034 | -0,01711 | -1,1 |-1867,9 | -28,5

PesynbTaThl 11 pasubIx «Iesieily U pa3HbIX acTepOnJIOB JeMOHCTPUPYIOT

HEKOTOPbIE TECHACHIINN:

1. ITosoxkenue «ieny O4YeHb cJ1ab0O 3aBUCUT OT CMEIICHUS B IIPOCTPAHCTBE
CKOpOCTEIl TePIeHINKYJIAPHO IIJIOCKOCTH OPOUTHI. 3aBUCUMOCTbH OT Tpe-
Theil KOMIIOHEHTBI CKOPOCTHU JIocTUraeT modtu 2%, HO B LIEJIOM «IIe/Ib»

pacIoJIozKeHa, TIOUYTHU IEePIEHIUKYAIPHO BEKTOPY CKOPOCTH.

2. AnajiormaHast TeHIEHIS HAOJIIOMAETCs /I 3aBUCHMOCTH OT KOMIIOHEHT
pajguyc-BekTopa. Hanbosiee sHaqmMa 3aBUCUMOCTL OT BTOPOI KOMIIOHEH-
ThI, COOTBETCTBYIOIIEHl N3MEHEeHNI0 MO/LyJIid pajinyc-BekTopa. CooTHOIIe-

HUEe TTPUMEPHO COOTBETCTBYET ITOCTOSHHONM OOJIBIION TOJIYOCH.

3. Hns acreponma 2013 XK22 jymneitrable KodM@UIMEHTHl OTJIMYAOTCA

OYeHb MaJIo, Yero ojHako He HabogaeTcs Ajs acteponaa 2008 EXO5.
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Torn skcrepumMenTa

[Tosryueno JoxkaibHOE IpecTaB/IeHne Beaylieil K coOyIapeHnio o0IacT B Ie-
CTUMEPHOM IIPOCTPAHCTBE Hada/JbHbIX KOOpPJAMHAT 1 cKopocTeiil. st paccMoT-
PEHHBIX CJIy4YaeB pPacIoJIOyKeHHe <IeIn» IPUMEPHO COOTBETCTBYET IIOCTOSIH-
HOI OOJIBINON TOJIyOCH, OJIHAKO PEe3yJIbTaThl TaKKe JEeMOHCTPUPYIOT HEOO/Ib-
II10€ OTKJIOHEHHE OT 9TOro IpaBuia. [IporpaMMubiil KoMILIeKe v19 HyKaaeTcst
B COBEPIINEHCTBOBAHNN MJIM 3aMeHe, MOCKOJIbKY OIIYIIAeTCsl HEJO0CTATOK IIPO-
N3BOJAUTE/IBHOCTU U CTaOMILHOCTH PpabOThI JJIsi PelleHust 0oJjiee MacIITaOHbIX

3a/1a4.
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['1aBa 2

YeKopeHue 4ncJaeHHOTO

MHTEIrPUPOBAHUS

2.1 Ilpeanocouiku co3ganus HOBOH IMPOrPAMMEI

XoTs porpaMMHBII KOMILIEKC V19 1MO3BOINII TOJIYYUTh HEMAJIO MHTEPECHBIX

pe3yJIbTATOB, HET IIpejiesia COBEPIIEHCTBY.

Kputndeckne HeiocTaTKu MporpaMMHOTO KoMILiekca v19

B xome momcka MUHUMYMOB TE€ONEHTPUIECCKUX PACCTOSHUI JTIOBOJHHO YaCTO
aCTepONJI TOMAIAJ TTPAKTUIeCKN ToIHO B 1eHTp 3emin (meree 0,01 pasmyca).
OxkazaJioch, uTo v19 npu 3ToM 3amMejjisieT ¢BOI0 paboTy Ha HECKOJILKO MOpsI-
KOB, & B psiJie CJIyUYaeB MOIPOCTY UTHOPUPYET cOmmKenne ¢ 3eméit. s yuéra
mocJjejiHero pakTopa, Kak BapuaHT, MOYKHO OBLIO HCIIOJIL30BaThL OOJIbIIE BUP-
TyaJIbHBIX acTepon1oB. OIHAKO yBeJNYeHne BpeMeHN pabOThl TOI/A CTAJIO ObI
COBEPIIEHHO HEITPUEMJIEMBIM.

YKazaHHbIIl HEJIOCTATOK 3aMETHO He BJIUSET Ha PEe3yJIbTATbhl, MOJyUeHHbIe
OJIHOMEPHBIM BapbUpoBaHUEM. Bo-TIepBBIX, MCHIOIb3YyeMbINl METOJ HECKOJIHKO
n30bITOYEH U €JIUHUYHBIE BHIOPOCHI JIETKO MCKJIIOUNTH U3 paccMoTpenus. Bo-
BTOPBIX, MUHIUMYM T€OIEHTPUYECKOI'0 PACCTOSTHUS OUY€Hb PEJIKO OIyCKAETCH J10
CTOJIb MaJiblX BesmduuH. OJIHAKO OJIHOMEpPHOE BapbUpOBaHUE He JIaéT IOJIHOI
KapTUHBI IIIECTUMEPHOIT 00J1aCTH HEOoIlpe 1€/ IEHHOCTH.

Bo3MmokHBIM BapraHTOM ObLI0 OBl HcnoJsib3oBanne Meroja Monte-Kapiio.

HeiicrBurenbio, Mmeros MonTe-Kapiio mo3BosseT moyduTh OUeHb HaIEXKHBII
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pe3ysIbTaT, a MHOrOMepHas 00JIacTh HEONpeJIeIEHHOCTH BIIOJIHE MOXKET OBbIThH
peJjicTaB/IeHa POEM BUPTYAJIbHBIX acTepon 10B. OUeBIHbII HEIOCTATOK — CKO-
pocTb paboTel. [ Hanbosiee pecypcoeMKIX PacieToB ObLIO UCIIOIB30BAHO I10-
psaka 107 BUPTYaJbHBIX acTEPONIOB I 3TO 3aHAIO OKOJIO Mecara. TakmM o0-
paszoM, JlaJibHeliIee PO/ IBUYKEHNE C NMEIOIIIMCS ITPOrPaAMMHBIM 0OecIiedeHneM

npeacTaBJid/JIOCh HEBO3SMOXKHBIM.

[TocTranoska 3a1a4n

Cpa3y ciiejlyeT cka3aTh, 4TO 3ajad9a CpaBHUBATL Pa3Hble METOJbl UHTEIPUPO-
BaHUsSI He cTaBmaach. Meros DBepxapra B pa3indHbIX BapHaHTaX yrKe JIaBHO
3apeKoMeH,10Bajl cebs B 3ajladax HeOEeCHON MeXaHHKH, O 9EM MOXKHO CY/IHUTh
XOTs ObI [0 MHOTOYHCJICHHBIM yIIOMUHAHNAM B mybiamkammsx [15][16][41][37].
nrerpatop DBepxapTa UCHOJb3YETCA U B ITPOrPAMMHOM KOMILIEKce v19.

YpaBHeHHUE JIBUKEHUsT acTepOria — HbIOTOHOBCKas 3aja4a N Test. YV auThl-
Baercs Biugane CosHna, JIyHBI 1 Bcex OosbInux 1aHeT. KoopaumHaThl 1 CKO-
pPOCTH TIaHET YJI00HO B3ATh U3 adpemepui. st pacuéra BIOpaHbl 3heMepu bl
DE430, a HagajibHbBIE JaHHBIE JIJI ACTEPONIOB OepyTes 3 6a3bl JaHHbIX NASA.
XoTsl MOJIeJIb JIBUXKEHIS IIPOCTasi, IOJyUeHHbIe C IPOrPAMMHBIM KOMILIEKCOM
v19 jaHHbIe MO3BOJISIIN PEJIIOJIOXKHITH, YTO TAKOIO ITPUOJINKEHIS JOCTATOUHO
JUJTS TTOJTydeHusT OJTM3KUX K PealbHOCTU pe3yJibTaToB. B r0b0oM ciiydae, yIrpo-
méHay10 COTHETHYIO CUCTEMY MOYKHO HCIIOJIB30BATH JIJIs PEIeHnsT MO IbHbBIX
zajiad. OYeBUJIHBIM MPEUMYIIECTBOM IPOCTOTHI MOJIEN JIBUYKEHUS sIBJISIETCSI
IIPOM3BOIUTEIBHOCTD BBIUKUC/IEHHT, KOTOPYIO N3HAYAIBHO ILJIAHUPOBAJIOCH CJIe-
JlaTh He XyzKe, yeM B v19.

Ob6o3HaunM xr — OAPUIIEHTPUUICCKIIT BEKTOD IOJIOXKEHUS acTepoujia, T; —
noJiozkeHne mMaccuHoro tejia CoJTHEIHON CUCTEMBI, 7; — PACCTOSTHUE MEXKLY
MACCHBHBIM TEJOM 1 acTeponjioM, (G — rpaBUTAIMOHHAs ITOCTOSTHHAS, M; —

MacCcCa TeJla. TOF,Z[& YpaBHEHHNEC ABUZKEHNA aCTEPONa MO2KHO 3alluCaTb B BHUIEC!:

n
.. T, — X
=G mi (2.1)
=1 Ty
KOHerTHaH 3ala4a IIporpaMMbl — IIOUCK U BbIYMCJ/IEHHE ITapaMeTpOoB cOJTzKe-
HUN ¢ IJIaHEeTaMU U ﬂyHOﬁ I10 3aJaHHbIM Ha4YaJIbHbIM JaHHbIM. Ha BXO/J, II0-
ILaéTCH Ha4daJibHasd 1 KOHeYHad JaTa, a TaKXKe CIIICOK KoopAuHaT U CKOpOCTef/’I

BUPTYaJIbHBIX aCTEPOUI0B. Ha BBIXO/I€ ITOJIYyH9a€TCA CIINCOK HaﬁﬂeHHle cOIn-



33

JKeHUIT, B KOTOPOM YKa3bIBAIOTCS: HOMEP BUPTYAJbHOI'O aCTepOnIa, J1ara, TeJIo,
C KOTOPBIM IPOUBOINLIO cONMMKeHne, 1 MUHUMaJIbHOEe paccrosnue. [Iporpam-
Ma JIOJZKHA UMETh JIeJ10 C IIPOU3BOJIbHBIM YUCJIOM BUPTYAJbHBIX aCTCPOUJI0B U
BblJIaBaTh Pa3yMHbBII pe3y/bTaT 3a pa3yMHOE BpeMs ITPH JIIOOBIX Pa3yMHbBIX Ha-
JaJILHBIX JAHHBIX. XOTS MOoc/Ie/iHee TpebOBaHNe MOYKET MOKA3aThCA OUEBHTHBIM,

B peaIbHOCTHU JIaJIeKO He KaxKJas IporpaMMma CliocobHa paboTaTh 0e3 cHoes.

HazBanune mporpaMmbl

Hosast mporpamma nosyunia nms R°. HasBanue mporpaMMbl TPOHCXOAUT OT
pPasMEpPHOCTU MHOYKECTBA HAYAJIBHBIX JJAHHBIX, /I KOTOPOT'O UCCIEYIOTCS TPa-
eKTOPHUH acTeporI0B. B JaHHOM cjydae 9TO OTJe/bHble TOUKU. Brpodem, 3a-
JIaBaTh TOYKM MOYKHO IPOM3BOJIBHBIM 00Pa30M, TaK YTO OHHU BIIOJIHE MOI'YT
PeJACTABIATH HedTO MHOroMepHoe. CoOCTBEHHO, B 9TOM W CMBICT: ITPEIOCTa-
BUTH MAKCUMAJILHYIO CBOOOIY OYyIINM HCC/IeOBaHUAM. [eHeparms Havdab-
HBIX JIAHHBIX 1 00pabOTKa pe3yJsibTaTa OCYINEeCTBISIOTCS JTUO0 BPYUIHYIO, JTUOO

BHEIITHEeHl yIIpaBJIdIoNieil IporpaMMoil.

2.2  Moauduxamnusg meroga ['aycca—9Bepxapra

[IpousBenénnas MoguduUKaIIs METOAa MHTEIPUPOBAHUS MIPEACTABIACT COOOI
B OCHOBHOM IIpeoOpazoBaHue (popMyJl, IOITOMY CAMOCTOSITEJILHOI'O HA3BaHUA Y
MOJTy9eHHOro MeTo/ia HeT. DakTimaecKn Mo induKallis Tpou3BO/IIach HECKOJIb-
KO MECsIIeB, JIOCTUras BCE 0oJiee BBICOKOI NPON3BOIUTE/ILHOCTU B YCJIOBUSIX
KOHKPETHOI1 3a/1a4il, HO OIMCAHbI OYJIyT TOJbKO MCXOJIHBII U KOHEUHBIH aJro-

PUTMBI.

Omnuncanue MeToIa

Nrak, MaTeMaTnvyeckn 3ajada 3aK/I09aeTCst B peleHun ypapaenus (2.1) s
HEKOTOPOTo Habopa 3aJaHHbIX HadaJbHBIX ycaoBuii. IlockobKy 9T0 ypaBHe-
HUE BTOPOIO TOPsiJIKa B TPEXMEPHOM ITPOCTPAHCTBE, €I0 MOXKHO ITPeoOPa30BaTh
B CUCTEMY U3 IIECTH OOBIKHOBEHHBIX JuddepeHnnalbHbIX ypaBHEHUIT 11€pBOro

nopsijka. B jpajbHeilneM npu onucaHn MeTo/1a U IPOU3BEIEHHON MomuduKa-
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1 OyJIeT paccMaTpuBaThcsd 3ajada Ko B ciretytonemM Buje:

' = f(x,t), zog = z(to) (2.2)

31ech T npejcraBiger coboii HeKOTOpyo (PYHKIMIO BpEMEHU ¢, 10 CYTH, Tpa-
ekTopuio acrepouja. O603HAUNM Al WHTErPpUpPOBaHUs h U BBEJIEM Ha Imare
nepeMennyto T = (t — tg)/h. AnmpokcuMupyeM mpaByto 9acTh ypABHEHHs MHO-

ro4yjieHoM crerenu k:

k .
I/:f:fo—{—ZAﬂ'l (23)
i=1
Muoro4en HeCJI02KHO IPOMHTEIPUPOBATE, IIOJIYUNB IPUOINKEHHOE PellleHne B
BUJIE:
k 7_Z—H
r=x9+h| for+ > Ai- 2.4
otn(fr a4l ) 24

HepeHI/IHleM I[IpaBy1O 9aCThb B BU/J€ MHTEPIIOJIATMOHHOTO MHOTI'OYJICHA HruioTona

Ha CeTKe Ty, T, ... , Tk; To = 0.
k-1
f=h+>Xalllr—1) (2.5)

i=1 =0

Koadpdunmentsr A n @ cBA3aHBI MEK1y OO0 COOTHOIIEHUSIMIA:

k
Ai = Z CjiQj (26)
Jj=t
k
j=t

B cBoto ouepe/ib, KOI(DPUITUEHTHI ¢ U d MOXKHO MOJYYUThH 110 PEKYPPEHTHBIM

dopmynam:

cii = dij =1
co=dio=0 (i>0)
Cij = Ci—1j-1 — Ti—1Ci—1j (1> j > 0) (2.8)
dij = di—1j-1+Tjcici; (6> 37>0) (2.9)

KoadduimenTsr A BEIUUCISIIOTCS C MTOMOIIBIO NTEPAITHiT, BBIIOIHSIIOIIXCST CJIe-
nytonmm obpaszom. st kKazkoro ¢ = 1,2, ..., k mocjie1oBaTe/IbHO BBIIIOJIHSIETCSI

IIKJI 13 YeThIpEX nmeiicteuit A — x; — f; — a; — A. IlepBoe neiictBue A — x;
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npousBoauTest 1o (opmyste (2.4), Bropoe neiicrBue x; — f; — ¢ UCHOJIb30BAHU-
eM ucxojiHoro ypasuenust (2.1). st tperbero jeiicrsust f; — «; norpebyercst

peobpazoBath (opmyiy (2.5)

ar = (fi— fo)/m
az = ((fa— fo)/m2—a1)/(12 —71)
az = (((fs = fo)/m3s— 1) /(13 — 1) — aa) /(73 — 72)
(2.10)

Haxower, gerBéproe nefictBue ov — A npousBoures o gopmyiie (2.6).
Ha crapre unrerpupoBanust HadajibHOE HpUOINzKeHne A MOKHO B3SITh PaB-
HBIM Hys110. Ha crieryromux marax umMeer ¢MbIC/ HCIOJIL30BaTh HAYaIbHOe IPH-

OJInzKeHne Z, I[10JIy4eHHoe 13 KOSCb(bI/ILH/IeHTOB A Ha IIpeablAymeM HIiare:
o k
Ai =7 Z 6]’2‘14]‘ (211)
j=i

[ne r = h/h — orHomenne HoBoro mara K npeapiaymemy. Kosdbdunuento: e

PACCUUTBHIBAIOTCs 110 PEKYPPEHTHBIM (DOPMYJIAM:

€ii = €jp = 1

€ij = €i—1-11T €i—1 (Z > 7 > O) (212)

HavasbHoe npubinmzkene @ MOXKHO HOJIYyduTh 10 (hopmyite (2.7).

11 oBBINIIEHNs TOPsi/IKA MeTOJIa y3JIbl 7; CJeJlyeT BhIOUpaTh U3 pasdue-
nnii ['aycca—Jlexkanapa, I'aycca—Pano ninn aycca—/Iobarro. Ilociiennee ObL10
BBLIOPAHO JIjIsi HOBOM IPOTPaMMBbI. Y3JIbl B 9TOM CJIydae SIBJIAIOTCS KOPHSIME

YpaBHEHNA:

(T —1H) Y =0 (2.13)

Torma nmopanok merona Oyner paseH 2k, 1o = 0, 7, = 1.

Mojndukanust MmeTo/ia

Sajava JaHHON MoJuUKAIUIT — I[PU COXPAHEHUN TOYHOCTH IMOBBICUTL ITPO-
U3BOJINTE/ILHOCTD BBIYMCJICHN B YCJIOBUSIX KOHKPETHOM 3aj1a4n. Kak rnpasuiio,
BBIYNCJICHIE ITPABBIX YacTell ypaBHEHU [IPEJICTaBIsSeT co00it Hanboiee 3aTpaT-

HYIO 9aCThb. P&CCMOTpeB HaIllly IIpaBYylO 9aCTb BHUMaTEJIbHEE, MOXKHO 3aMETUTD,
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YTO JIbBUHYIO J0JII0 BEIYUC/ICHI 3aHUMAET PACUET TOJTOKEHUI MACCUBHBIX TEJT
u3 acdemepui. Pacuér Benérca na pukcupoBaHHbIE MOMEHTHI BPEMEHH, COOT-
BETCTBYIOIIUE Y3/J0BbIM 3HAUEHUSIM T;. DTO O3HAYAET, BO-IIEPBBIX, UTO I0JIO-
JKEHUsT MACCUBHBIX TeJI JIOCTATOYHO BBIUUC/IUTH OJMH Pa3 3a mar (Ha KazKIblil
y3es1). Bo-BTOpBIX, ec/in MHOYKECTBO BUPTYaJIbHBIX ACTEPONIOB MHTErPUPOBATH
OJTHOBPEMEHHO, JOCTATOYHO MPOU3BECTU 3TU BLITUC/ICHUS OJUH pa3 JJIsd BCEX
actepornjioB. Takum obOpa3om, 3aTparThl HA PacuéT 3heMepu; MOKHO CJie/1aTh
IIPEHEOPEXKIMO MAJIBIMHU.

Y100l 1pe/icTaB/IsITh, Il UMEHHO CTOUT ONTUMU3UPOBATDH, OIEHUM KOJIU-
YeCTBO apuMETUIeCKNX OIepariil, MPOM3BOINMBIX 3a OJHY HTEPAINIO ITPH
k = 6. Uarerpupyemas mepeMeHHasl IpeJcTaB/isieT coboii 6-BeKTOp, HO Ipu
BBLIYNCJICHUN TTPABBIX YacTell, HAIpUMep, TOJHKO 3 KOMIIOHEHTH 3 6 Tpedy-
foT pacuéra. Kpome Toro, sesmuunbl Gm; /73 J0CTATOMHO BHIYUCIUTD OJMH Pas3
JUIst Becex KommonenT. [lyist meporo jeiictBust A — x; cTouT 3apaHee BbIUKC-
s Besmausl 77 /(j + 1), roraa norpebyercs 6k(k + 1) = 252 ciozenuit u
6k(k + 1) = 252 ymuoxkenuit. Yo Kacaercst BToporo jeficTBust x; — f;, KO-
YeCTBO OTepaINil 3aBUCUT OT KOJUIECTBA YUNTHIBAEMBIX MACCUBHBIX Tes. JI s
10 MaccUBHBIX TeJT B TeueHne OJHON uTeparnuu Hy>KHO npoussectn: 30k = 180
BerauTannii, 10k = 60 nenenwmit, 10k = 60 usBIeUeHnit KBaJIpaTHOTO KOPHSI,
30k = 180 cnoxennit nu 80k = 480 ymuoxenuii. [jns TpeTbero neiicTBUS
fi — o BbIYMC/IUM 3apaHee BenduHbl 1/(7; — 7j) U UCIOJIb3YeM yMHOXKEHUE
BMecTo Jesiennst. Torga koqmdectBo onepanuii cocrasur 6k(k 4+ 1)/2 = 126
peranTanuit n 6k(k 4+ 1)/2 = 126 ymuoxennit. Yerséproe geiicteue o — A
poinosnstercst 3a 6k?(k — 1)/2 = 540 caoxennit u 6k%*(k + 1)/2 = 756 ymuo-
KEeHUTA.

[Tociieinee jieficTBre 10 3aTparaM COIMOCTABUMO C BBIYHCJIEHHEM IIPaBbIX
gacreil. CooTHOINEHNE N3MEHUTCS B TOJIb3Y MPaBLIX YacTell, ecl y9IecThb J10-
MOJIHUTETbHBIE CUJIBI. B TO Ke BpeMs, PN YBEJUYEeHUN CTeleHn ToanHoMa k
3aTpaThl HA YETBEPTOE JeiicTBUe oueHb ObICTpo pacTyT. Hanpuwmep, npu k& = 8
notpedyercs yxke 1344 cioxkenus n 1728 ymuoxkennii. BMecTo TOro 4rodn! or-
TUMHU3UPOBATH 9TO JielicTBUE, OOBEIUHUM €ro ¢ IePBbIM B COKPAIIEHHON cXeme
a — x; — fi = «a;. Torga HavagbHOE NpUOJNKEHIE Oy1eT BBIUNUCISITHCS 110

cxeme o — A — A — @. Qopmysia g 00bEMHEHHONO JIeHCTBUs v — ;:

k
T, =20+ h foTi + Z Bijozj (214)
Jj=1
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A

j
Bij =2 ety (2.15)

=1
Kosmmaecrso apudMernieckux onepalnii He OTJInYaeTcs or jeiicteus A — x;,
IIpn IIOJIHOM OTCYTCTBUU quBépTOFO ILGFICTBI/IH. Hecxkoibko YCJIO2KHAETCA 110-
JIydeHyre HadaJIbHOro pubmzkenust. Ecim nonpoboBars yIIPOCTUTL €ro aHasIo-

PUIHBIM 00Pa30M, TIOJIYINM:

k
=i
J 1
H;; = ZZ z_:.dmirmelmcﬂ (2.17)

Ecin mHTerpupoBaHne IMPOU3BOJUTCA C ITePEMEHHBIM IIaroM, KodMQUImeHTh
H mpunéred BBIYACAATL KaKIblil pa3 3aH0BO. Ecgm MHTErpupoBaTh C MOCTO-
SIHHBIM TTarom, r = 1 u MOXKHO BblYucIUTL H 3apanee. OiHaKo HAIU BUPTY-
aJIbHbIE aCTEPOUILI PETYIAPHO UCIBITHIBAIOT TECHBIE COTMKEHNUS C TIJIaHeTaM!,
MIO9TOMY Iar MeHSTh HeoOXojmMo. B pe3dyibrare Oblia BbIOpaHa CJielyIonast
cTpaTrerusi. B OoJIBITMHCTBE C/1yvaes IIar paBeH MpeIiblIyIIeMy 1 UCIIO0Ib3Y0TCs
3apaHee BbIaucjaeHHbIe Kodddunnentol H. [Ipu cMmene mara nHTErpupoBaHUsI
Oepércs HyJIeBOoe HadasibHOEe IPUOJINKeHNe, KaK Ha IIePBOM IIare.

Ucxomnas cucrema ypaBHEHUI NMeeT BTOPOI MOPSI0K, TTOITOMY MOYKHO UC-

[10JIb30BAaTh JIPYTI'Oil BapUaHT alllPOKCUMAIUN PEIleHUd:
k ,
ac” = f = f() + Z 142"7'Z <218)
1=1

Dopmyiia g AeficTBUsT v — &; IPUMET BUJI;

2 k
T, = Xo+ h .’L‘E)TZ‘ + h fog + Z I/VZ‘]‘Oéj (219)
j=1
j s
Wi =Y e i 2.20
= AT 1Y) (2:20

Wrepanun mpon3BOASITCs JI0 TOJHOM CXOIMMOCTHU ITOJIOXKEHUSI 1 CKOPOCTHU Ha
KOHIIe Iara. Kpurepuil nmpekpalieHnusi nrepalnii BbIOpaH ¢ yIETOM MalllMHHO

TOYHOCTHU, COCTABJISIIONIeHl H2 JBOMYHBIX HMOPSIIKA JIjIsI ThIa JaHHbIX double.

2.3 Opramsanus 1 onTUMU3AIAs BhIUYNCICHN

3ajiaua HOBOM IIPOrpaMMbl — HE TOJIBKO PAcYéT TPAGKTOPUHU, HO M BBIUUC/IE-

HUE IMapaMeTpOB TECHbIX cOJMKeHuit. Kpome Toro, pacdér TpaeKTOpUHU IPH
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HAJIMYUN TECHBIX COMKeHUil TpebyeT 0coboro mojixo1a K BLIOOPY Iara mHTe-

IPUPOBAHUSI.

AJIFOpI/ITM BbI60pa mara 1 I'pynimpoBKM BUPTYaJIbHBIX

acTeponJI0B

Cama njiest pacuéTa MHOXKECTBa, BUPTYaJIbHBIX acTePOUJIOB OJIHOBPEMEHHO BbI-
DI AUT 1IpocTo. Ecim npoucxoant cOmKeHne ¢ Kakoii-HuOy/Ib IJIaHeTOM, Ipu-
XOJUTCST YMEHBINATD Iar, HO 9TO BIIOJHE MOYKHO CJeJaTh JJIsT BCEX BUPTYya lb-
HBIX acTeponjioB. [Ipobiiema 3ak/ogaeTcs B TOM, YTO COJIMZKAETCA Yallle BCEro
JINIIb HEeOOJIbIAas JI0JId, TO3TOMY YMEHBINATD IAar JI/Isi BCEX acTEPOUJIOB cpas3y
I'PO3UT OOJIBIIIMM KOJIMIECTBOM M3JIMIITHUX BbluncjeHnii. [Tomumo 3aTpar Bpe-
MEHHU, HEeHYKHOe YBeJIMYeHne KOJIMIeCTBa IIaroB YBeJUINT HAKOILJIEHUEe OIIH-
00K MallMHHOTO OKpyTJieHnsd. OUeBUIHO, UMEET CMbIC Pa3sOUBaTh aCTEPOUIbI
Ha TPYIIBI B 3aBUCUMOCTH OT Ifara mHTerpupobaHus. CTOUT IPEIyCMOTPETD
TaK»Ke 00'beINHEHNEe acCTePONJIOB, HHAYE YUCJIO IPYIIT MOZKET BHIPACTH JI0 YUCIa
BUPTYaJIbHBIX aCTEPONIOB, YHUUTOKUB TEM CAMbIM OCHOBHYIO HJICI0 ONTIMUI3a-
1N,

B kauecrse 6a30Boro Imrara BbiOpana sejudnna by = 4%, obecreunsaroniast
yinobHoe ucnosb3oBanue 3demepus DE430. Kpome Toro, B cujiy MaIIMHHOIO
IPEJICTABICHNA UHCEsT, YMHOKEHIE Ha IeIyIo CTelenb 2° MOKeT ObITh BBITOJ-
HeHO 0e3 1oTepyu TOYHOCTH. Kpurepnii yMeHbINeHHs I1ara — 9BPUCTUUCCKHIT,
CJIy2Kalluil JijId 0OHApPYKEHUsl TeCHBbIX cOJMxKeHuit. Ecim oTHOIEHne IraHe-
TOLEHTPUIECKON CKOPOCTHU K ILJIAHETOIIEHTPUIECKOMY PACCTOSIHUIO ITPEBBIIIAET
2!M, mar ymenbinaerca 10 2 'hg. Bemmunna M monbupasach B XOie TECTU-
poBanus. B uTore mar BeIOMpaeTcsd M3 pacdéTa, 9TOObI M3MeHeHue IJIaHeTO-
IEHTPUIECKOTIO PAJIMYC-BEKTOPa acTepOn/ia He MPEBBINIAI0 YeTBEPTH ILJIAHETO-
HEeHTpUUIecKoro paccroguns. CreneHb nogunHoMa k 1mogodpaHa, JJist JOCTUZKEHUST
HAWIy4Illeil TOYHOCTH U paBHa 5. KOHTPOIb TOYHOCTH OCYIIECTBJISLICS ITapaJ-
JIeJIbHBIM MHTErPUPOBAHIEM C MEHBIITIM IIIaroM.

Acrepon/ibl, He UCIIBITHIBAIOIINE TECHOIO COJIMYKEHMS COIVIACHO OIMCAHHOMY
BBIIIE KPUTEPUIO, NHTEIPUPYIOTCST OJHOBPEMEHHO C IIArOM, PaBHBIM 0a30BOMY
mary hg. ns acteponioB, cOMMKAIONIMXCS ¢ HEKOTOPHIM MAaCCUBHBIM TEJIOM,
0a30BBIil 1Al JIPOOUTCST HA YACTH, aCTEPOMIbI TPYIIINPYIOTCS 110 BEJTUINHE Ia-

ra. MakcumaJjibHasi cTerneHb Jipodsiernst ¢ = 20, 9TO cOOTBETCTBYET MUHUMAJIb-
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HOMY mmary okoJjio 0,33 cekymanl. Takum oOpa3oM, MAKCUMAJIBLHOE THCJIO TPYIII
acteponioB pasuo 21. VnrerpupoBanue Ha 6a30BOM Iare MpoU3BOJUTCS CJie-

AYIOIIUMU UTEPaAusAMUN:

1. 13 MHOXKECTBa acTePONIOB BBIONPAIOTCS Te, J1JIsl KOTOPBIX PACYET TPAeK-
TOPUU 3aBEPIIEH Ha HAUMEHBINNII MOMEHT BpeMeHU. biiaronaps uciosb-
30BaHMIO 1IeJIbIX cTereneit 2¢, omunboK MalliHHOIO OKPYIJIeHUs! He BOZHMU-
KaeT 1 MOMEHTDLI BpEMEHN PacCYUTLIBAIOTCA TOYHO JlazKe IIPU UCIIOJIb30-
BAHUN THUIA JAHHBIX C IUIABAIOIICH 3amsToii (TouKoii). DTO He Kacaercs,

BIIpOYEM, TIPOMEZKYTOYHBIX Y3JIOBbIX 3HAYEHUII.

2. JInist Kazk/10r0 acTeponia u3 0TOOPAHHBIX HE3ABHCUMO OIIPEJIE/ISIeTCs Iar
HHTErpUpoBaHusi. K/t mar MeHbIIe npeJbLIyIero, acTepou I IepexonT
B Jipyryio rpytiy. Ecin mar 60J1bIe mpeiblIyIero, To yBeJundenne mara
MPOUCXOJIUT TOJILKO TIPU BO3MOXKHOCTU O0bEIMHEHNUsI C JIPYTOi T'PYIIIOI.
[Ipu onmcannom crocobe apodseHns 0A30BOTO IIara yBeJNYeHHe Inara

BO3MOZKHO KazKJ/IbIii BTOPOI IIIAr.

3. Orobpanuble acTepouIbl IPYIIUPYIOTCA [0 BeJIMYUHE Iara WHTEIPUPO-
BaHUs, JIJIsT KayKJIOTO IMIAra BBITOJHSIETCA PacuéT sdeMepu]i B y3JI0BbIX

SHaYCHUAX 1, HaKOHE, NHTEIrPUPOBaHNUE Ha IIare.

Haxkonerl, HauMeHbIINIT MOMEHT BPEMeHH JIOCTUraeT IIPaBoil I'PaHuIlbl 0a30BOI0

mara 1 Ha4uHa€TCdA MHTCI'PUPOBaHUEC Ha CJICAYIOIICM 0a30BOM IIIare.

Ajiropury™ yTouHeHMs COMKEeHMi

C TOYKU 3peHusi TPOrpaMMbl, COTMKEHUEM aCTepOn/Ia C IJIAHETO sIBJIAETCs JIO-
KaJIbHBII MUHIMYM (DYHKIIUN [JIAHETOIIEHTPUIECKOTO PACCTOSAHUS OT BPEMEHH.
B xojie TecTupoBaHms BBISCHIIOCH, U9TO 3a 10 MUHYT IIporpamma MOXKeT Haii-
TH HACTOJILKO OOJILITIOE KOJTMYIECTBO COTMKEHUI, UTO TPHU HMCIoIb30Bannn 50
OaiT jiy1st 3anucu nHdopMalun 00 OJHOM COMKEHNNT 00bEM BBIXOIHOTO (haii-
JIa TIPEBLICUT THTadaiiT. K cuacThbio, 9T0 0Ka3a/10Ch JIETKO MOMPaBUTh, YCTAHOBUB
BEPXHIOIO T'PAHUILY MUHUMAJHLHOTO paccToduus R, ;,. Jrxa npuemiaemoro oome-
Ma pailjIoB BBIBOJIA TI0 YMOJTYAHHWIO BepxXHsisd Ipanuiia coctasjsgeT 100 paanycos

COOTBETCTBYIOIIECH IIJIaHETHI.
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Urak, Ha KaxKJIOM IIare MHTerpupoBaHnsl HeOOXOIUMO OIPEIeTNTh, JTOCTHT-
HYT JTU MUHUMYM PACCTOSHUS, W CPABHUTH €10 ¢ [,,;,. Hisa sroro Oynem uc-
M10JTb30BAThH IIJIAHETOIEHTPUIECKIE KOOPJMHATHI U CKOPOCTH acTepouja. Ilra-

HETOIIEHTPUIECKOE PaCCTOJSHNE MOXKHO 3all1CaTb B BUIE:

r= a2 +y?+ 22 (2.21)

[TponuddepeniupyemM 1Mo BpeMeHu:

TT+ Yy + 2z
T =
Va? +y? + 22

(2.22)

[IpusHakoM MHHEMyMa OyJIeT CMeHa 3HaKa IIPOU3BOJHOI € OTPHUIATEILHOIO
Ha IOJIOKUTEIbHBIN. 1 ompejiesiennsi 3HaKa JOCTATOYHO BBIUYUCIUTH TOJIb-
KO BEPXHIOI0 YaCTh JIpOOU, TTPEACTABIISIONIYIO0 COOO0I CKaIIpHOE ITPOU3BeIeHIe
ILJIAHETOLIEHTPUYECKUX PaJINYC-BEKTOpPa U BeKTopa ckopocTu. lasee, ecim 00-
HapPY»KEeHO COJIMYKEHHUE B Ipejie/iaxX Iara M IJIaHETOIEHTPUYIECKOe PaCCTOSTHHIE
Ha KOHIIe miara MeHbire 2R,,;,, IPOU3BOAUTCS yTOUHEHNE [TapaMeTpoOB cOJIMzKe-
Husi. Ecin rocjie yrouHeHns: MUHUMAJIBHOE PACCTOSTHIE OKa3bIBAETCsI MEHbIIIe
Rypin, TApaMeTphl 3aIICHIBAIOTC B (Dailyl BBIBOJIA.

it yTouHeHust MOMEHTa BpeMeHU COJIMKeHUsT 1 MUHUMAaJIbHOI'O PacCTOsI-
HUsT TIOTPe0yeTcst pacCunTaTh ILJIAHETOIEHTPUIECKIEe KOOPANHATBI U CKOPOCTH
acTepon/ia Ha IPOU3BOJILHBIN ITPOMEXKYTOUHBIN MOMEHT BpemeHu. [l mraner
MOXKHO HUCII0JIB30BaTh deMepu/ibl, JJisi acTepou/ia »Ke BO3bMEM II0JIYUIeHHYIO
B MeTOJle DBepxapTra anlpoKCUMAIINIO pelleHnst moauHoMoM. [Ipocreiinmim (u
BITOJIHE TIPUTOJHBIM) CIIOCOOOM SIBJISI€TCs GUHADHBIIT MOKCK, KOTJIa OTPE30K BPe-
MEHU JICJINTCs TIOMI0JIaM U BBIYUC/ISETCs 3HAK CKAJIAPHOIO IIPOU3BE/IEHNUST B cepe-
nune. ITocie 10 urepaluii TOYHOCTH ONPEJICJICHUST BPEMEHN COJTUYKEHUS YTy U-
maercss B 1024 paza. AJIbTepHATHBHBIM CIIOCOOOM SIBJISIETCS METO[] 30JI0TOTO
cedeHust, IIpu KOTOPOM He TpedyeTcsl BBIYUC/IATh CKOPOCTH, HO MeJIeHHee CXO-
JIMMOCTD. 'TecTupoBaHme MoKa3aJio, 9T0 OMHAPHBIN MMOUCK JIAET 3aMeTHO OoJiee
CTAOUJILHBIN PEe3y/IbTAT, TTO3TOMY OT METOJa 30JI0TOr0 cevYeHus: ObLIO perieHo
OTKa3aThCA.

amuchk 00 ojHOM cOKeHnn 3aHnMaer H0 OaiiT, Kyaa BXOAAT: HOMEP BUP-
TYaJIbHOI'O acTepoujia, 0JIMaHCKas JlaTa, HOMEpP Teja, ¢ KOTOPbIM IPOU30IILIO0
cO/I>KeHe 1 MIUHIMAaJIbHOE paccTosiHue. Pasmep 3ammcu 1mogodpaH Jjisi TOro,

YTOOBI MOYKHO OBLIO OBICTPO OIEHUTDH YMCJI0 COMMMKEHUIT 110 pa3Mepy daitia. B
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HarboJIee 4aCcTo UCIIOJIb3YeMOil BepCry IIPOrPaMMbl BBIBOJUTCS TPU OTIEIbHBIX
daiina g comkennit Menee 100 pajuycoB maners, 10 paguycos u 1 paju-
yca, TO ecThb coyjapenunii. B ciiydae coynapenunsi pacdér TpaeKTOPUU JAHHOTO

BUPTYaJIbHOI'O aCTEpONIa OCTaHaBJINBACTCI.

2.4 TectupoBanue HOBOI TPOTPAMMEI

MT&K, HOBad IIpOor'paMMa CO3daHa 1 YAOBJICTBOPUTE/ILHO BBITIOJIHACT ITOCTAaBJICH-
HYIO 3a/1a4y. Hpe,ZLCTaBHHeT nHrepec oneHkKa TOYHOCTU U ITPOU3BOJUTEJILHOCTU

BBIYUNCJIEHU.

TecTupoBanne TOYHOCTH

OlneHKa TOYHOCTH OCYIIECTBJIsIIACh JBYMs pPas3IUIHbIMU criocobamu. [lepsblii
CIocob — MapaJuie/IbHOe MUHTErPUPOBAHUE ¢ MEHBIIMM IMaroM. JTOT CIIOCOD
aKTUBHO MPUMEHSIJICA B Ipoliecce BHeceHms m3MeHenuit. [Ipejmonaraercs, aTo
IIPU YMEHBINEHUN II1ara pe3yJibTaT CTPEMUTCS K TOUHOMY pertenuto. [1o onbity,
9TO YTBEPKJICHUE 3a9aCTyYI0 OCTAETCS BEPHBIM Jlake ITPU OIINOKaxX B peajin3a-
I METOJla, HO CXOJNMOCTb CHJIBHO CTpajaeT. KcTecTBEeHHO, TOYHOCTL OCTa-
éTcsi OrpaHMYEeHHON MAaIIMHHBIM OKpPYIJieHreM. BTopoii crocod — cpaBHeHHe
co cTapoil mporpamMmoii v19, ncnosbaylomeil Ty e Mojaeab aBuzKenus. JlaH-
HBII CIIOCOO TI03BOJIAET YOEIUThCs, YTO PE3YIbTAT JIeCTBUTENLHO aJleKBaTeH.
[IpernooKuTeIbHO TOYHOCTH HOBOI ITPOrpaMMBbI JIOJIZKHA, OBITH COTIOCTaBIMA
CO CTapoii, IMOCKOJIbKY B 000UX CJIydasiX HUCIOJIb3yeTCs BaApUAHT METOjla JBEpP-
XapTa.

OCHOBHBIM T€CTOM TOYHOCTH CTAJI pacdér Tpaekropun acteponsa (1036) [a-
aume Ha 320 000 cytok (okoso 900 jier). Pesyibrarsl mpejicTaBieHbl Ha PUC.
(2.1). Takoit MPOMEKYTOK BPEMEHU Ha MOPSIOK IPEBBIIIACT OOBITHDIH J1JIsT 3a-
Jlad acTepouIHoi onacHocTu. Kpome Toro, Ha Tpaekrtopun l'anmmejia npucyT-
cTByeT TecHoe cOsmxkenue ¢ Mapcom. Ilpu cpaBHeHHU TpaeKTOpuii paccMmar-
PUBAJIOCH PACXOK/IEHHE B TeUeHHe BCEro BpeMeHM MHTerpupoBaHusd. Pasznuia
pesynbTaTa Mexkay v19 n RV me npesbimana 107% a. e.; cpaBrenne xe Tpaek-
Topuit, moaydenunx R’ ¢ HOpMaJbHBIM U YMEHBIIEHHBIM TATOM, MOKa3aJ0 Ha

HOPAJIOK MEHBIIIYIO Pa3HUILy.
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Puc. 2.1: Pasanna mexxay R° u v19 jj1s HOJIOXKEHHsT 1 CKOPOCTH acTepOJia
['anuMe 1 B 3aBUCUMOCTH OT HOJIMAHCKOM JIaThI

TecTupoBanne NPON3BOIUTETHHOCTH

BaykHoil 0cOOEHHOCTBIO HOBOI ITPOTrPAMMbI sIBJISIETCS BO3MOYKHOCTH BBIYNCJIE-
Husi cOJIMPKEHMIT cO BCeMHM ILIaHeTaMU 3a OJUH pacdéT TpaekTopuu. [Ipm mc-
MOJIB30BAHUN MTPOIPAMMHOI0 KOMILIEKca V19 s TOCTUKEHNs aHaJJOTHIHOTO
pe3ysbTaTa IPHUIILIOCH Obl 3aIlyCKATh OTACIbHBII PACUET JIJIsT KarXK 0 IIJIaAHEeThI.
V:Ke H03TOMY IPOU3BOANTEILHOCTD IporpaMmbl RV Ha nopsi 1ok Beime. O 1HaKO
9TO NPEUMYIIECTBO HE MMEET 3HAYEHUS, €CJIU CTOUT 3aJiada BBIUYUC/IUTL COJIN-
YKEHUs TOJIbKO C 3eMJIEN.

Jlist Tecta Obi1 BeIOpan acrepony (99942) Anoduc, 1000 BHpTyaTbHBIX
aCcTepOUJIOB B OKPECTHOCTH HOMUHAJIbHOI opOUTHI. TpaekTopun ObICTPO pacxo-
naTed rnociie commzkennsd 2029 roga, Ho MHOTE BUPTYaJIbHBIE aCTEPOUIHI IMEIOT
OoJIbIIe OJIHOTO COJIMKEeHUsT Ha TpaeKTopun. MHTerpupoBanune 1npou3Bo/InI0Ch
ma 20 000 cyrok (okoso 55 jer), ucnosb3oBascsa mporeccop Intel G3260. Y
nporpaMmMbl v19 cpejiHee BpeMs, 3aTpaunBaeMoe Ha OJUH acTePOU/I, COCTABUIIO

300 mc. Pesyibrar nporpammbr RV cocrasmt 13 Mmc, 4To B 23 pasa GblcTpee.

O06cy2KaeHne pe3yabTaToB TeCTUPOBAHMI

Tounocts nporpammbl R, 1o Beeit BuanMocTn, He Xyze, deM v v19. Bosee To-

ro, CpaBHeHHE C pe3yJIbTaTOM, IIOJIYYEHHbBIM YMEHbIICHUEM IIal'a UHTEI'pUpOBa-



43

HUSsI, [T03BOJISIET IIPEJIIIOI0KUTD Ha MMOPSII0K MEHBIIYIO IMOrperrHocTb. OcTaéT-
Cs HEsICHBIM, HACKOJILKO IIPUMEHUMA YIIPOIIEHHAS MOJIE/Ib K OIEHKE OITaCHOCTH
peasbHBbIX acTePOUJIOB, OJHAKO, KAK MUHUMYM, JIJIS MOJIE/JIbHBIX UCCJIEI0BAHMIT
HOBas IporpaMMa BIIOJIHE IpUrojiHa. B mpunnue, jodaBieHne BO3MYIIEHU K
1IpaBoil YacTu ypaBHEHUs HE IPeJICTaB/IsieT 3HAYUTE/JIbHOI TPo0JIeMbl, HO yBe-
JINIUT BpeMs pabOThl IPOIPAMMBI.

I[IponsBojuTenbHOCTL mporpaMmbl RV 3ameTHo 1pessonuia oxkujanus. Ha
pPaHHUX TecTaX, KOI'Ia BhIJeIeHe COMMKEHII He OrPaHMYNBAJIOCH ITPEIe/IbHBIM
paccrogaueM R,,;,, pa3Mep dailjia BbIBOJIA IOJIYYAJICs HEIIPUINIHO OOJILIINIM.
[TozaHee B KadecTBe BepxHero mpejena R, 1o ymoadanuio opasoch 100 pa-
JINYCOB COOTBeTCTBYIOMIEl raneTwr. s 3emm 510 0,0043 a. e., 9T0 110YTH Ha
JBa mopsijika Menbie 0,25 a.e., 0ObIYHO HCIOJIB3YeMbIX B V19.

KosmmdecTBo BUPTYaIbHBIX aCTEPOUI0B B IIporpamMme v19 0110 orpaHndeHo
BpeMeHeM paboThl IporpaMMbl. Boubine, dem 10° 3a pas, 3allycKaJoch OYeHb
penko. B mporpamme R, OCKOIBbKY BCe BHPTYaJbHbBIE aCTEPOMUIBI MHTEIPU-
PYIOTCsI OJJHOBPEMEHHO, KOJIMIECTBO OrPaHNYEeHO 00BEMOM OIEepaTUBHOIM TTaMsi-
ti. g 8 rurabaiiT MOXKHO 3amycTHTh 0koJIo 107 BHPTYasIbHBIX aCcTEpPOUJIOB,
IIPU 3TOM BpeMsi PabOThl HOBOM IIPOrpaMMbl OCTAETCsl IPUEMJIEMBIM. DTO JIe-
JIaeT IOTEHIMAJIbLHO BO3MOXKHBIM IIpuMeHeHnne Metona Monre-Kapiio, oObrdHO
0TOPACKIBAEMOI'O U3-33 CBOEil pecypCOEMKOCTH, HO B TO K€ BpPeMs BeCbMa, Ha-
JIEKHOTO U yHuUBepcabHOro. lanHast Moaudukanmsg mHTerparopa JBepxapTa

omybJsinKoBana B [5).
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['1aBa 3

SxcrepuMmenTsl MonTe-Kapio

3.1 200 acrepounion

Lesb 9KcriepuMenTa — MPOJEMOHCTPUPOBATH BOBMOYKHOCTH IIPOrPaMMbI B pac-
JETe BEPOATHOCTEN COyIapeHus, OeHNTh IPUMEHIMOCTb MeTOa K peabHBIM
acTepouIaM U BbISIBUTH BO3MOXKHbBIE II0BOJHBIE KAMHI IIPU MACIITAOHBIX BbI-
qICIICHNAX. BCero B Xoje 9KCIepUMEeHTa IPOM3BEAEH pacuéT TpaekTopit 2 - 107

BHUPTYaJIbHBIX aCTE€pPOUIOB.

Bribop acrepouion

OueBujIHO, JIUINIb HEMHOI'HE acTePOUIbl HMEIOT CYIECTBEHHYIO BEPOSITHOCTH
coynapenns B Omkaitimme 100-200 Jser. ITosromy, eciin 6paTh COBEPIIEHHO
IPOU3BOJILHBIE ACTEPOU/IBI, BBIUNCUTE/IBHBI pecypc OyneT mnoTpadeH BITy-
cryio B 99% ciydaes. UTobbl pesyiabrar ObLI HEMHOTO 060Jiee MHTEPECHBIM,
YeM MacChUB HyJIell, acTepoujibl ObLIM OTOOpaHbl HA OCHOBE PE3YJbTaTOB
NASA (https://cneos.jpl.nasa.gov/sentry /). Ucnonb3oBan ciemyoniuii Kpure-
puii: oreHKa pasmepa acreponia He MeHee 30 METPOB, BEPOATHOCTD COYIAPEHUST
¢ Bemiéit ne menee 1078, Ha tor moment (jiekabpb 2019) Takux acTepou/ioB
HabpaJsiocb popHo 200 MTYK.

Kpurepnii pazmepa oOyc/ioBIe€H JIBYMs COOOParKEHUSIMU: BO-TIEPBBIX, acTe-
poujibl MeHee 30 METPOB He HPEJICTABJISIOT OOJIBINONI OITACHOCTH; BO-BTOPBIX,
IPU MaJjIOM pa3Mepe CTAHOBHUTCs 00Jiee 3HAUNTE/IbHBIM BJIMsIHIE HerPaBUTAIN-
OHHBIX CIJI, KOTOpPbIe B MOJIEJN JIBUXKEHUsI He ydIuThiBatoTcsi. Kpurepnit Be-

POSITHOCTH COyJIapeHnii ObLT BHIOPAH MCXOJIS U3 MPEJIT0IaraeMoro KoJniecTBa
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BHPTYaJIbHBIX acTeponios, pasHoro 107. JlaKe eciil BEPOSTHOCTb COCTABJISET
vunnMasbabie 1078, ¢ mamncom oxoso 10% meton Monre-Kapio obmapyKut
BO3MOXKHOE COy/lapeHue.

Homvmunasibnaast opbuta 1 KoBapHallOHHAsl MaTPUIA JIJIsSI KaKJI0I'0 acTepo-
na nosrydensl u3 6a3bl manHbix NASA (https://ssd.jpl.nasa.gov). Havanbnas
JlaTa B3siTa POBHO Ta K€, Ha KOTOPYIO JIaHbI 9JIEMEHTHI I MaTPUIIa, KOBAPUAIHIT
B Oaze jaHHbIX. Koneunast jgara — 1 centsiopst 2132 roga mim JD 2500000,5.
Taxkum 0O6pa3oM, MOUCK BO3MOYKHBIX coy/apennuit oyjier Bectuch Ha 100 jiet Biie-
pén ¢ Hebosibium 3amnacom. ITockobky B NASA B 60/IbIINHCTBE CJIyYaeB UIILYT
coysapenus Ha 100 JieT BIEpEjl, MOXKHO OKUJIATh 3HAUYUTEIbHOI KOoppesdainun

pe3yJIbTATOB, TO €CTh UMEET CMbICJI TPOU3BECTU CPpABHEHUE.

[Ipomnecc pacuéra

[Ipumenenune meroga MonTe-Kapiio tpebyer rerepepalinii 0OJIBIIIONO KOJIUUIE-
cTBa ciaydaiinbix dnces. OIuH BUPTYaJIbHbBIN acTeponi 3a1aeéTcs 6 mepeMeHHbI-
MU (KOODJMHATBI U CKOPOCTH), TO €CTh Ha OJIUH PEAbHBINH acTeponJi HY’KHO
crerepuposatb 6 - 107 coyuaiinbix unces. st JaHHON 3a/1a4M UCIOJIB3YeT-
cst Buxpb MepcerHa [43]. DTor renepaTop MCEBIOCTYIaHHBIX THCEIT, TOMIMO
OYeHb JJINHHOTO MepHo/ia, JTaéT paBHOMEpPHOe pacipejiesenne B TPOCTPpaHCcTBax
pazmMepHOCcTH J10 623.

Hopwmanbsho pacnpeneéHHble BEIUUYMHBI MOYKHO TOJIYINTH U3 PABHOMEPHO

pacupeieJICHHBIX ¢ IIOMOIIbIO IIpeobpasoBannsa bokca—Mioiepa:

21 = cos2mq1y/—21n g9
29 = sin 2wqry/—21n @0 (3.1)

['ne ¢ — me3aBucuMble paBHOMEpHO paciipejiesiéanbie Ha naTepsaje (0, 1) ciy-
YJaliHble BEJIMYUHbBI, a 2 — HE3aBUCUMbIC HOPMAaJIbHO pacIIpeJieJIEHHbIe CJIy4daii-
Hble BEeJIMYNHBI C MaTeMaTu4decKuM oxknjjanneM (0 1 cTaH/1apTHBIM OTKJIOHEHUEM
1. 3aTeM crerepupoBaHHBII BEKTOP U3 HIECTH HOPMAaJIbHO PACIPE/ I/ IEHHBIX CJIY-
JaiflHbIX BEJIUYUH Ipeodpa3yeTcs B COOTBETCTBUM ¢ MaTpuieil koapuammii. B
UTOre 110CJIe MHOTOYUCJICHHBIX IeHepalnil mojrygaercd poi BUPTYaJbHbIX acTe-
POHJIOB IIPEACTABJIAIONINX BO3MOYKHbBIE 3JIEMEHTHI OPOUTHI peajibHOT'O acTepOu-
na. Jasa mporpammbl RY 31eMeHTE OpOHT IIPeobpasyoTcs B 6apHIICHTPIUCCKITE

[IPpAMOYTOJIbHBIE KOOPDAWHATHI.
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PesynbraT

Pesynbrar omyb/iMmKOBaH M JIOCTYIIEH I10 CChLIKE B (hOpMe JIEKTPOHHOI Tad-
munpl (www.astro.spbu.ru/sites/default /files/stats.xls). Ykazamno kosmdecTBo
cOMmmKennil ¢ Kaxkoil mianeroit na 100, 10 n 1 pajanye, cymmapno ot 107 Bup-
TyaJIbHBIX acTeponjioB. Kak u ciiejioBajgo oxKujiaTh, COMMKEHII 1 coytapeHuil
C JIPYTUMHE IIJIAaHETaMU OTHOCHUTEILHO HEMHOI'O, BCE K€ acTepPOu bl OBLIN OTO-
OpaHbI U3 HanboJIee OaCHbIX JIJIst 3emJjin. Tem He MeHee, ToMuMo 156 MJIH cOJTHU-
»KeHuit ¢ 3emyéil Haiijieno: 22 min — ¢ JIynoii, 8 myiH — ¢ Benepoit, 1 MmiaH — ¢
FOnurepom. MHOXKeCTBO acTepOUIOB € BHICOKUMU BEPOATHOCTIMU COYJIAPEHIS
¢ 3eMJIElT UMEIOT TIAHC CTOJKHYThC U ¢ JIyHoit. [l HEeKOTOPBIX acTeponjioB

nazke 0OHAPYKEHbI BOBMOXKHbBIE COy/IapeHus ¢ JIByMs 1 bosiee miaaneramu [20).

Cpasnenne ¢ NASA

[Tockosbky B NASA GOJIBITMHCTBO ACTEPOUJIOB CUUTAIOT MPUMEPHO Ha TOT JKe
MHTEPBAJ BPEMEHHU, PE3Y/IbTaThl MOYKHO OXKHIJIATh OY€Hb MOXOKUMIE. Bripouem,
B KOMMEHTAPHH K [OJTyYeHHbBIM BEPOSITHOCTSIM OHU [UCAJIH, YTO B PsJIe CIydaes
PE3yJIBTAT CHJIbHO HEYCTOWINB 110 OTHOIIEHNIO K METOJINKE PACIETa U OTININe
MOYKET JIOCTUTATh HECKOJBKUX TOpsIKoB. Kpome Toro, mHTepBast, B3sThIil st
nporpammbl RV, B GOJIBIIMHCTBE CIydaes HEMHOIO GOJIbIle, 0TOMY U BepOsiT-
HOCTH JIOJIZKHA OBITh, B cpeaeM, bosibiie. ColocTaBieHne pe3yibTaToB Mpe/i-
crapeHo Ha puc. (3.1).

[Ipu ob1ieM CXO/ICTBE PE3YJIBTATOB MOYKHO OTMETHTH CJIEJYIOIIE OCOOEHHO-

CTHU.

1. [uist GobIINHCTBA acTEPOUIOB, KAK 1 OXKIIAJIOCH, IOy IeHHbIE BEPOSIT-
HOCTH HecKOJbKo Oosbine, ueM v NASA. Hepeako pasmmdame jgocruraer
OJIHOTO-/IBYX IOPSAJIKOB, HO dalle 3TO JeCSITKU mnporeHToB. Hanbosbime
pa3Inunsl OOBLIYHO BO3HUKAIOT y aCTEPOUJIOB ¢ HAUXYIIIE TOYHOCTLIO

OPOUTHL.

2. Jlns psana acteponios mporpaMma R He oOHADYIKIIIA BOSMOXKHBIX COY/Ia-
penuit ¢ 3emsiéit. [Ipexkjie Bcero 3To acTeponibl ¢ BEPOATHOCTSMU MeHee
1077 no ganueim NASA. OueBuino, npu ncnosbsosannu 107 BUpTya/Ib-

HbIX acTepounjioB MeToj, Monre-Kapso He moxker HaJIEXKHO OIpEIe/siTh
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Puc. 3.1: BepositHocTn coynapenus, nonaydennsie mporpammoit R m NASA

CTOJIb MaJIble BEPOATHOCTU. TeMm ne MeHee, BOSBMOXKHbBIE COydapeHnusda B OT-

ACJIbHBIX CJIydadX HallJIUCb.

3. Heckonbko acTeponioB ¢ OOJBIINMU BEPOSITHOCTSIMI 110 JaHHbIM NASA
NMeIOT BO3MOXKHBIE coyJapeHuss ToJbKo 1ocie 2132 roma. [lnsa Takmx
acTeponioB mporpaMma R Tak:ke He 0OHAPYKIIA BO3MOYKHBIX COYIIA-

peHuii.

4. Actepons Anocduc nmeer odeHb TOUHYIO OPOUTY 1, COOTBECTCTBEHHO, Mar~
BT pa3bpoc Hava bHBIX JaHHbX. Ilporpamma R me marmmia BO3MOXK-
HBIX coynapenuit Anoduca ¢ 3eMJéil HeCMOTPsT HA CYIIECTBEHHYIO BEPO-
saTHOCTh 110 pe3ysnbraram NASA. Tlo Bceit BupmMocTu, BO3MYyIIEHUS, He
yanTBIBaeMble porpammoii RY, B 9TOM ciydae HTpaloT GOJIBIIYIO POJIb,

YeM HeOolpeIeIEHHOCTh OPOUTHI.
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5. VKazaHHbIE BbIIIE IPUYNHBI PA3INIUIl Pe3yJIbTaTOB He O0bSICHAIN pas-
quane B 2 n3 200 ciaydaes. /g 3Tux acteponjioB OBLIO TMPOU3BE/IEHO
jponoyiHITe/IbHOE cpaBHeHne ¢ NEODyYS, B xoie KOTOpOro BBISICHIIOCH,
qro pazsanane ¢ NASA cocTapiisiio HeCKOIbKO mopsijikoB. Hato nmosarars,
UMEHHO B 9TUX CJIydasiX HEYCTOWYMBOCTb K METOJ/IMKe pacuéra HauboJiee

BbICOKa.

torn skcriepuMenTa

[Toydennr BepositHOCcTH coyiapenust 200 acrepoujioB ¢ 3eméit, JIlyHoit u japy-
rumu maHetamu. CxoxkecTb pesy/brara ¢ pesysabraraMu NASA roBoput o ToM,
qTo TporpaMma RY BIOJIHE IpHUrojiHa JIs OIEHKH OIACHOCTU PEAJIbHBIX acTe-
pouioB. OJIHAKO K Pe3yJIbTATy BCE PaBHO HEOOXOIMMO OTHOCHUTBHCSI ¢ OOJIBINOI
OCTOPOXKHOCTBIO, MTOCKOJIBKY MOJIC/Ib JIBUZKEHUs OUeHb IpocTad. OcobeHHO J11st
aCTEPONJIOB C BBICOKOII TOYHOCTBIO OPOUTHI, Y KOTOPBIX pa3dpPOC HadabHBIX
JIAHHBIX HEBEJIMK U Pa3HUIa B MOJEIHN JIBUYKEHHUsI UrpaeT OoJjiee 3HAUUTEIb-
HYIO poJib. BipouewM, mojiaBJsioriee 60bITNHCTBO aCTEPOUIOB TEPECTAIOT ObIThH
OITACHBIMI I10CJIe yTOUHeHus: opouThl. Arioduc — 510 0coObIil cIydaii.

[IpumedaTebHBIM SIBJISIETCSI COOTHOIIEHIE KOJINIECTBa, COJTMKEHNIT U COY/Ia-
pennii. [TorsiTHO, YTO COIMYKEHNE HAMHOTO 0OJiee BEPOSITHO, HO HaJIMUnle KOH-
KPETHBIX 3HAYEHHII IIO3BOJIUT UCIIOJIH30BATh NHMOPMAIINIO O COTUKEHUSIX JIJIsT
BbIJI€JIEHIS OIIACHBIX acTeponioB. [IpenMyIecTBOM siBJISIeTCST MEHbIIee KO e~
CTBO BUPTYyaJIbHBIX aCTEPOUI0B, HEOOXOINMOE JIJIsl IIONCKA BO3MOYKHBIX COJIMzKe-
Huit. Beé ke mianeTsl ouenb MajieHbKie B MaciinTabe CoJIHeIHON CUCTEMBI. DTO
JAET MMOTEHIUAIBHYIO BOBMOKHOCTD CAMOCTOSITEILHOIO OIIPEJIEJIEHUsT ONACHBIX
acTEepONJIOB U3 O0IINEro MHOYKECTBA.

AcTreponpl, MOTYIIINE CTOJKHYTHCS ¢ 3eMJIEH, HEpeIKO NUMEIOT CyIIeCTBeH-
HYIO0 BEPOSITHOCTb CTOJIKHOBEHHUsI U ¢ JApyrumu Tejgamu COJIHEUHON CHUCTEMBI.
OT49acTn 9TO CBA3AHO € TEM, YTO TaKue acTEPOU/Ibl UMEIOT IIJIOXO OIPE e/ 1EH-
HbIE OPOUTHI, HO BBICOKAsl HEOIIPEIEJIEHHOCTh BO3HUKAET TAKKe B Pe3yJIbTaTe

TEeCHBIX COJIMZKCHUI.
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3.2 CkanmpoBaHue IPOCTPAHCTBA DJIEMEHTOB OPOUT

[lesib 9KCIIEpUMEHTa — OIEHUTD PACIIOJIOKEHNE ONACHBIX JIJIsT 3eMJIN aCTePOU-
JIOB B IIPOCTPAHCTBE 3JIEMEHTOB OPOUT, & TaK»Ke CPAaBHUTD I1OJIYUEHHbI PE3yihb-
TaT C OIPEeJIe/ICHISIMI acTeponia, COTMKAIOMIErocst ¢ 3eMJIei, U OTeHIUAIBLHO

OIlaCHOI'O acTepouniaa.

[TocTanoBka 3a1a4n

[To ompejeeHnio K OKOJIO3EMHBIM aCcTepOUJIaM, WM acTepOHIaM, COTIMKAIO-
HIIMCs ¢ 3eMJIEH, OTHOCATCS acTePOUJIbI ¢ IIEPUTETUIHBIM PACCTOTHUEM MEHee
1,3 a. e. Orpannuenne Ha OpOUTY IOTEHIINAILHO ONACHBIX ACTEPOUJIOB eIlé
crpozke: MOID momxken obiTh Menee 0,05 a. e. Ilpegcrapisier mHTEpec pac-
CMOTPETH, HACKOJIbKO BOOOIIE BEPOSTHBI COJMMKEHUS U coyaapeHus ¢ 3eM/iéit
B 3aBHUCUMOCTHU OT 3JIEMEHTOB OPOUTHI. BO3MOXKHO, 9TO MO3BOJUT OTPAHUIUTD
[IOMCK OIIACHBIX aCTEPOUJIOB.

Cpejin 1aBHO 00CYKIa€MbIX YTBEPZK/ICHUIT 00 acTepONTHOM OIMacHOCTH €CTh
caeyIolniee: Ha TPAeKTOPUH COYyIapeHns BEpOATHO TeCHOe COTMYKEHNE He3a, 101
ro j1o coyaapennsi. OObIYHO 9TO yTBEP:K/IEHNE MPOBEPSIETCST PACIETOM TPaeK-
Topuit oT coymapenus B mpornnioe. OHAKO B X0Jjie HACTOAIIETO SKCIIEPUMEHTa
UMeeTcsl BO3MOZKHOCTD IOJIYUYUTh TPAEKTOPUM COYJIapeHUsl IPOTUBOIIOJIOZKHbBIM
00pas3oM.

KOHerTHaH 3ala4da ObLlIa IIoCTaBJEHA CJIeAyIoIinM o6pa30M:

1. st bukcmpoBaHHBIX SKCIEHTPUCUTETA, MEPUTETHITHOINO PaCCTOSHUS 1
HAKJIOHEHUs CI€HEepUpPOBaTh POIl BUPTYaJbHBIX aCTEPOUOB CO CJy4vali-

HBIMU OCTAJIbHBIMU 3JIEMEHTaMU.
2. BreimosiHuTb pacdér cOMMKEeHN 1 coyIapeHuii.

3. Ilpoeputh Ha/mUMe COMKEHUN Ha TPAEKTOPUAX COY/IapEHNUs.

Bribop acrepon,ion

['panuiibr uccaeyeMoro mpocTpaHCcTBa 3JIEMEHTOB OPOUT OBLIN BhIOpaHbI NCXO-
TSl U3 9JIEMEHTOB OPOUT PeaIbHBIX OKOJIO3EMHDBIX aCTEPOUIOB. DKCIEHTPUCUTET

or 0 g0 0,9; nepurenuitnoe paccrosguue ot 0,2 1o 1,4 a. e.; HakjgoHeHne oT ()
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10 50°. Ba mnpegesnamu 3Tux rpanul HaxognrTces Mmenee 2% wmssectunix AC3.
Bepxunii npejies mepureIMitHOr0 PacCTOdHNST HEMHOT'O BBIXOJUT 3a TPAHUIBI
MHOKECTBa, OKOJIO3EMHBIX aCTEPOIOB. DTO CJEJAHO 110 Pe3ysbTaraM IIPOOHOTO
9KCIIEPUMEHTa, TIOKA3aBIIIEro BO3MOXKHOCTD COJIMZKEHN ¢ 3eMIEH OKOJT03eMHbBIX
ACTEPOMJIOB ¢ HAMOOJBINM 3HAYEHUEM MTePUTeTUITHOTO PACCTOSHUSI.

B ykazaHHBIX TpaHUIAaX BLIOPAHO 15 paBHOMEPHO paclpeIe/IeHHbIX 3HaUe-
HUIl 9KCIIEHTPpUCUTETA, 15 — MHepurejiniiHoro paccTosHusd, 25 — HaKJIOHEHUS.
Hanpuwmep, sxcnientpucurer npunnmaet 3uadennd ot 0,03 mo 0,87. g kax-
7101 KOMOMHAIINN BBIOPAHHBIX 3HAYEHNIT 3JIEMEHTOB creHepuposaHo 1o 2 - 10°
BUPTYaJIbHBIX acTeponioB. HagayibabiM MomernToM BhiOpan 2000 roj, nHTerpu-

poBanue nponsBoauioch Ha 200 JjieT Brepéer.

COmKennsd mnepejt coyJapeHnusMm

JlaHHble pe3yJibTaThl ObLIN MOJYYeHbI B MEHbIIIEM 110 MacIiTady IPOOHOM KC-
HepuUMEHTE, OTIHIAIONIUMCS CJICIYIONIUMI ITapaMeTpaMi. DKCIEHTPUCUTET OT
0 1o 0,8; nepurenuitnoe paccrosnue ot 0,3 ;10 1,3 a. e.; HakjaoHenune ot 0 ;10 15°.
Suadennii sxcrenTpucurera — 10, nmepurenmitnoro paccrostaust — 10, HaKJIOHe-
anit — 5. Crenepuposano 1o 10° BupTyaabHBIX acTeponos. OUHcaHHbIe 3/16Ch
pe3yJIbTaThl OBLIIN OTIIPAB/IEHBI B CTAThIO MOUTH cpasy ke [34]. Brociencrsun,
B OCHOBHOM SKCIIEpUMEHTE, BOIPOC COJMKEHUIl 1mepe/l COyIapeHusiMi yxKe He
IO/ THIMAJICS.

13 ostydeHHBIX TpaeKTOpUil coyaapenns ObLIN UCK/IIOUEHbI CIydan B Tep-
Boie 100 jier. OcTaBiimecss TpaeKTOPUN OBLIN ITPOAHAIN3UPOBAHDBI Ha IIPE/IMET
Hastmaus commkenuii B redenne 100 jtet j10 coyapenusi. Beero 0b110 101y YeHO
72 TpaekTopun coyjaapenus ¢ 3emiieit. M3 Hux 20 TpaeKkTopuil UMe/In B TeUeHNe
100 ser commkenue ¢ uveit o 0,01 a. e.; 70 Tpaekropuit — jo 0,05 a. e. s 5
u3 72 TpaeKTopuil npeplyinee comzkenne ¢ 3eMJIENl MpoucxoauT 3a 358-365
nHeit 10 coynapenus. Takzke moydeHo 33 TpaeKTopun coyiapenus ¢ Benepoii.
18 u3 Hux umenn commxkenue jo 0,01 a. e.; Bce 33 Tpaekropun — g0 0,05 a.
e. C FOnurepom nosydeno 327 TpaeKToOpuil coyiapeHusi, OJHAKO JINIIb 28 U3
Hux umesn coykenne 1o 0,05 a. e. YaursiBas, uro opourta FOuurepa B 5 pa3
OostbINie, a epro B 12 pas, MoHATHO, MoYeMy COIMZKEHUN Tepe] coyaapeHusi-
M Tak MaJji0. C oCTaJIbHBIMU TLJIAHETAMHE [TOJIy Y€HO CJIMIIKOM MaJio TPAeKTOPHil

coydapennd JJid KaKNX-TO HOBBIX BbIBOOB.
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PesynbraTb

Kakux-mm60 3HaUNMBIX 0COOEHHOCTE B 3aBUCUMOCTH YHC/Ia COJTUKEHUIT OT Ha-
KJIOHEHHUsT OOHAPY?KNTH HE yIaJI0Ch, IIO9TOMY B JIajbHeileM Oyier paccMaTp-
BaTbCsl IIJIOCKOCTh 9KCIICHTPUCUTET — IIepureniitnoe paccrosinue. EjanHcTBeH-
HOE, 9TO yMeHbIlleHne 4ucjia coymzKeHuii ¢ pocrom HakjgoHeHusi. OjHako, Ha-
npuMep, ducio conmkenuit ¢ Mepkypuem jpoctTuraerT MakCHMyMa IIPH HAKJIO-
Henum 7°.

Ha crenyronux gumarpamMmax ILIOMIA b KPyTa IPOMOPIMOHAIBHA KOJIIIe-
crBy acreponioB. Ha puc. (3.2) mpuseieHbl HaYa bHbIE SKCIIEHTPUCUTET U T1e-
purejiuitHoe paccTosiHie acTeponioB, CTOJKHYBIINXCs ¢ 3emiiéin. Ha puc. (3.3)
IPUBE/IEHBI HaYaJIbHbIE 3JIEMEHThI aCTEPONI0B, COMU3UBIINXCT ¢ 3eMuiéit 10 10
eé pajmycos. Ha puc. (3.4) o ke camoe, Ho jiyist 100 pajnycos 3emsmn. Hako-
Hel, Ha puc. (3.5) ucrnosb3oBaHa JorapugMuIIecKas MKaaa, IT00bl MOKA3aTh
BCE MHOYKECTBO HAYAILHBIX 3HAUEHUI SKCIEHTPUCUTETa I MEePUTe/IMITHOIO pac-
CTOSIHUSI, JIJIsT KOTOPBIX OOHAPYKIIICH cOMzKenus ¢ 3emiéit 1o 100 eé pajny-
COB.

[Tomapstromiee OOJIBIIMHCTBO COMMMKEHUI ¢ 3eMJIEl UCXOIUT OT acTepOu-
JIOB, Ubsl HadaJbHasi opOUTa mepecekasa opouTy 3eMii, TO eCTh IepHure/inii-
HOe paccrogHue Menblie 1 a. e., a adenuitnoe dosbire 1 a. e. B To ke BpeMs
HEMAJIO BUPTYAJIbHBIX aCTEPOUJIOB, Ubsl OPOUTA HAXOIMIACH IOJHOCTHIO BHYT-
pu WM cHapy»Ku opouThl 3emiin, yernesan 3a 200 JieT TOMEHSTh CBOIO OpOUTY
u conmmsuTes Ha paccrosinne menee 100 pajumycoB ¢ 3emuiéit. B ocHOBHOM 39TO
aCTEpPONIbI ¢ BRICOKUM adesineM, mojpepraoinnecs Bosaeiicteuio FOnnrepa, HO
eCcTb TakKzKe HeOOJIBbIoe KOJINIeCcTBO 1o BiausHueM Benepol. CTouT OTMETHUTD,
9TO COMM3WINCH ¢ 3eMJIEH marke BHPTyaJbHBIE ACTEPOUIbI C HAYAIbLHBIM IIe-
pUTeIMITHBIM paccTossHreM OoJiee 1,3 a. €., TO ecThb 3a HpeeaaMi MHOYKeCTBa
OKOJIO3EMHBIX. DTO MO3BOJISIET MPEJIIOJIOKUTh, YTO OIMACHOCTH JIIsT 3eMJIH, Jla-
’Ke B OTHOCHTEIbHO KPATKOCPOYHOMN IEepCIeKTHBE, He OrPAaHMIMBAETCS JINIIIh
AC3. Tlpu commxennn ¢ FOnnrepom Takoil acTeponi BIOJHE MOXKET IIepeiTH

Cpa3y B I'PVIIILYy IIOTECHINAJIbHO OIIaCHBIX.

ITorn skcrepumMenTa

VccnemoBad BOIPOC HAJUUMsT TECHOTO COJIMYKEHUSI HE3a/0JIF0 JI0 COYAApPEHMSI.

OcobenHoCThIO HaCTOAIIero mnccjaeaoBadnd ABJIACTCA HpOTI/IBOHOJIO}KHI)IfI o4de-
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Puc. 3.2: Coynapenust ¢ 3eMJiéit

BUJTHOMY TIOJIXOJT: BMECTO MHTETPUPOBAHUSA TPAEKTOPHIl OT cOy/lapeHus B MpO-
I1JI0€ NTPOU3BO/INIOCH NHTEerpupoBanue B Oyuyiiee. Kpome Toro, mojydeH pe-
sysabrar s Benepol u FOuurepa. g Semum B 97% ciyuaes 3a 100 ser 10
coyjtlapennsi rpousornuio coymmkenne jio 0,05 a. €., 9YTO TOBOPUT B TOJIL3Y ITPU-
HSATOI'O OIIpeJIeIeHNs] IOTEHIAILHO OlacHoro acrepoua. B 7% ciyvaes coiu-
JKeHue MPOU30ILI0 3a 358365 jiHell, TO eCTh IPOU30IIE pe30HAHCHBIN BO3BpAT
acreponia ¢ epnogom 1/1.

OcHOBHOII pe3yJIbTaT — BEPOATHOCTU COJIMKEHUI 1 COyIapeHuil B 3aBUCH-
MOCTH OT 3jieMeHTOB opbut. Haubosiee npumedarebHbl cOMMMKeHNsT ¢ 3eMJIei
ACTEPONJIOB, UbE IMEePUreInitHoe paccTodgHne B HAYaJbHLI MOMEHT ITPEBOCXO-
qmio 1,3 a. e. Ilpuaém ato cOmmkenns: ve jasiee 100 pajmycoB 3emiin, 9TO B

maciTabax CoJiHeuHOI cucTeMbl coBceM HeMmHOro. ITo Bceit BHIMMOCTH, IIPO-
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Puc. 3.3: Commnkenns ¢ Semnéit o 10 paanycos

HsieMa acTepOnIHO-KOMETHOH ONMACHOCTH He OIPAHHINBAETCS OKOJIO3EMHBIMI
acrepougamu. COIMKAIOMINECs ¢ APYIUMU ILJIAHETaMH acTePOUIbI TOYKE MOIYT

HPEJICTABIATH YIPO3Y JI/Isi 3eMJIN.

3.3 llepBbIit MaccoBbIil pacueéT BepoSITHOCTEN

coyJdapeHusi

Heﬂb SKCIIEpUMEHTa — OLHEHNTH BOSMOXKHOCTH CaMOCTOATEJ/ILHOI'O IIOMCKa OIlacC-

HbIX aCTEPOUJIOB € UCIOJIb30BAHUEM HOBOI IPOrpaMMBbI.



54

14

1,32+

@ .
1,24 -

& L] L]
1,16 |

& w
1,08 + I !

o @

o 0,06 012 0,18 0,24 03 0,36 042 0,48 05

e

Puc. 3.4: Commkenns ¢ Semnéit go 100 paguycon

Bribop acteponion

[TockosibKy HamboJjiee BeposTHas yrpo3a MCXOJIUT OT acTEPOUJIOB, IIepPeceKaro-
mux opouTy 3emiin, ObLIN HCKJIIOYEHBl acTeponbl ¢ HU3KuM adennem () <
0,9 a. e. m ¢ BbicokuM mepuresuem ¢ > 1,1 a. e.. Takum obpasom, B jiaH-
HOM SKCIIEPUMEHTE PACCMaTPUBAIOTCS TOJHKO OKOJIO3EMHbBIE acTEePOU/IbI, HO Oe3
AIPUOPHO M3BECTHOI BEPOSITHOCTH coylapenus. VmeeT TakyKe CMBICT MCKJTIO-
YUTH MaJIble aCTEPOUIBI, YTO U ObLIO ¢Jejiano 1o kpurepuio H > 26. ['panuna
IIPUMEPHO COOTBETCTBYET PasMepy TeJjia, MOPoJnuBIIero deassonnckuii cynepbo-
aug. B obieit ciioxkHocTn or6op nponwmm 15909 acreponioB, 6oJiee TOJOBHHBI

N3BECTHBIX OKOJIO3EMHBIX.
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Puc. 3.5: Commzxennst ¢ Semitéit jio 100 pajnycoB B jorapuMUIecKoil mKaJie

IIponecc pacuéra

B nepBom skcrepumenTte jst 200 yrporKarommx 3emyie acTepOnI0B BbIsSIB/Ie-
HO cooTHOIeHne KojmdecTBa commkenuit va 100, 10 u 1 pajuyc. DT0 MOXKHO
NCIIO/Ib30BATh JIJI TIONCKa OMAacHBIX 00BLeKTOB MeTogoM MonTe-Kapiio, Benb
nonactb B 100 pajiuycoB BOKPYT 3eMJI HAMHOI'O IIPOIIE W BUPTYaJIbHBIX acTe-
POUJIOB MOXKHO HCIIOJIb30BaTh MenbIie. [Ipu sTtom B Macmrabe CostHevdHoii cu-
CTEMBI 9TO BCE eME OUeHb MaJjlasd BeJIMIIHA, TaK UTO CJIYyIallHbIi aCTEPONT CTOJIb
OJINBKO BpsJI JIN TTPOJIETHT.

C yuérom panee MoJIyICHHBIX PE3Y/ILTATOB I OIPAHUYCHI HA BpeMs pabo-

ThI IIPOTPAMMBI CXeMa, PacdETa MOJIYYUIACh CJIEJIYIOMIElt:

1. Jlns orobpannbix 15909 acreponyios crernepupoBano 1o 2000 BupryaJib-



o6

HBIX acTeponoB. Jdaabueitmuii oTOOp MpOIIN ACTEePOUIbI ¢ XOTs ObI 0/I-

HuMm commkernem 10 1000 paanycoB ¢ 3emiéit, Bcero 8463 acTeponioB.

2. g oTobpaHHBIX Ha HpeablayIeM 3Tale 8463 acTepon 0B CreHepupoBa-
Ho 1o 10000 BupTyasbHbIX. OTOOP HPOILIN aCTEPOUJIbl CO COMMMKEHNEM

s10 100 pajmycos.

3. st orobpannoro 661 acrepoujia crenepuposato 1o 50000 BUpTyaIbHbIX.

IlTorn skcrepumMenTa

BosMmoxkHbIE coymapeHusi ¢ oJHO#l u3 miaHeT jubo JIyHOI BbisgBiIeHB s 143
acTepPONJI0B, U3 HUX TOJILKO 83 acrepouja — ¢ 3eMiieil. [IpumeuarennHo, 9To
MHOI'Ie aCTePOU/JIbl, COIMKAIOIINECsS ¢ 3eMJIEH, IPeACTaB/IsSIOT YIPO3y U JIJIsI
JIPYIUX IIAHET. Y UUTbIBasl Pe3yJIbTAThl IPEJIbIIYIINEro SKCIEPUMEHTa, MOYKHO
IPEJIIIOJIOXKUTh U oOpaTHOe: COMXKAIOIINeCs: ¢ APYTUMH ILJIaHeTaMU acTepPOU-
JIbl HECYT TIOTEHINAIBHYIO YIPo3y Jjisd 3emyn. 11o Beeil BUANMOCTH, jazke JjIst
3eMyIn 3ajiada acTepPOUIHO-KOMETHO 0e3011acHOCTH He MOYKeT ObIThb pellleHa,

€CJIM paccMaTpuBaTb TOJILKO OKOJIO3€EMHbBIE aCTE€POM/ADbI.

3.4  DBropoit MaccoBblil pacuéT BeposTHOCTEN

coyJlapeHust

[esb aKcrIepuMenTa — MPOU3BECTH MOUCK ONACHLIX acTEPOUJIOB ¢ YIETOM pe-

3yJIbTATOB CKAHUPOBAHMS ITPOCTPAHCTBA JIEMEHTOB OPOUT.

Bribop acrepounion

[TocKoIbKY OrpaHnIMBaTHCS OKOJIO3EMHBIMU aCTEPOUIAMI YK€ He IMEeeT CMbIC-
Jla, BBIOOD MPOM3BEJIEH U3 BCeX U3BECTHBLIX acTeponjoB COJIHEYHON CHCTEMBI,
KOMX OoJibIlle MUJIINOHA. VICKII0UEHBI caMble MaJble aCTEPOUIbI 110 KPUTEPUIO
H > 26. Uckmouenn! actepounnl I1asnoro [losica, He ncnbIThIBaIone coImzxKe-
HUil ¢ ianetamn, o kpurepuio (¢ > 1,8 a. e.)AND(Q < 4,0 a. e.). Ocranoch

127690 acTepoun10B, Jj1s1 KOTOPBIX 1 OY/IET MPOU3BOANTCS pacuET BEPOSITHOCTH.
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[Ipomnecc pacuéra

Pacuér nponssogurcs 10 2132 roma. AHAJOIHYHO HPEIbLIYIIEMY SKCIEPUMEH-

Ty, CXeMa pacyeTa TPEXCTyNeHdYaTas:

1. st BeIOpaHHBIX acTeponoB crenepupoBano 1o 2000 BupryasbHbx. OT-
O0p NPOIILIN acTePOuIibl, UMEIoIue X0Tsd Obl ojHO cOmzkerue g0 1000

pajuycoB ¢ Jiroboil 1maaneroii, Bcero 11291 acrepon.

2. g orobpaHHBIX Ha MPEJIbIIYIIEM dTalle acTePONI0B CTeHEPUPOBAHO 10
20000 Buptyaababix. OTOOP HPOILIN acTEPOU/IbI, JIjIs KOTOPBIX HAIILIOCh

XoTs1 Obl os1HO cOmmzkenne Jo 100 pajnycos, Bcero 3208 acTepoun/ios.

3. Jljel mporme ImX HocIe[HIi 0T60p acTepOnIOB CreHeprpoBato 1o 2 - 10°
BUPTYAJIBHBIX, PE3YJIbTaT CINTACTCS OKOHYIATE/ILHBIM. OTMETUM, YTO TIPH
CYMMAapHOIT BEPOSTHOCTH coyapenus acteponyia 10~4 manc He moayanTs
HI OJIHO} TpaeKTopuu coynapenns coctapiser 2- 1077, IIpu BeposaTnocTH
10~ maHC OTPHIATEIBHOrO pe3yiabTara yuke 13,5%, Ho Beé ke B 60JIb-
IMIHCTBE CIIydaeB coyaapenus Haxonarced. [Ipn sepoarnoctn 1079 manc
OTpUIATEILHOr0 pe3yibraTa jJocruraer 81,9%, HO Jaxke B 9TOM Cilydae
OCTaETCS HEILJIOXOM TTaHC MOJIOKUTETBHOTO Pe3yibTaTa. ¥ YUThIBas KOJIN-
YECTBO UCCTIEyEMBIX aCTEPONIOB, TPAEKTOPHUH COYIapeHNs BIIOJTHE MOTY'T
HalTUCh U IIPU HAMHOI'O MEHBIIINX BEPOSITHOCTSX, HO, €CTECTBEHHO, O Ha-

JIEZKHOM BBISIBJIEHUU COYJAPEHUl peun yzKe HeT.

Urorn IQKCIIEpUMEHTA

PesynbraTs! 1ocTynHbl B popMe 3JeKTPOHHON TaOIUIbI
(www.astro.spbu.ru/sites/default /files /stats 200000.xls). VYkazano KoJmte-
cTBO cOmmKeHmnit acteponioB ¢ maaneramu jio 100, 10 u 1 pajguyca cooTBeT-
cTBytolieil mianeTbl Ha 200 ThIC. BUPTyaJIbHbIX aCTEPOU/JIOB.

Bo3mokHbIe coyaapeHus ¢ ojiHoi n3 maaneT win JIyHOil oOHapy KeHbl JIs
423 acrepounioB, u3 KoTopbix 163 acrepomiaa — ¢ 3emsiéit. Ha caiite NASA,
C YIETOM BBEJIEHHOIO OTPAHUYEHUs Ha aOCOTIOTHYIO 3BE3JIHYIO BEJIMYUHY, Ta-
KIX acTeponioB 377, HO 9TO TOJIBKO ¢ 3eMyiéit. [Ipu HEnpoTuBOpeuInBOCTH pe-

3yJIBTATOB B I€JIOM, Opocaercss B rjia3a oTcyTcTBoBaBinmiit Ha caiite NASA
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(https://cneos.jpl.nasa.gov/sentry/) acrepous 2015 CT13, st koroporo rmo-
JIydeHHasl BEpOSITHOCTb OKa3aJiach Ha BTOpOM Mecte. JleTabHoe paccMoTpeHne
pe3y/bTaTa II0Ka3aJo, YTO, 0 BCell BUIMMOCTHU, JIO BO3MOXKHOI'O COYIAapEHHSsI
NASA meMHOro He JIoCUUTAJIN, B3sIB 00JI€€ KOPOTKUN MHTEPBAJ BPEMEHH. ¥ 7Ke
nocJjie npejcraeHus pesysibraTroB Ha Planetary Defense Conference stor acre-

pouJI Ha caiTe IOABUJICH.

18
LT
1.6
15
14
13
12
1.1 +

1.0 +
L®
0,9 + 4 74,

0.8 * +#;*m*t
0,7
0,6
05
0,4
03
0.2
0.1

0,0
0,0 01 0.2 03 04 0,5 06 0,7 0.8 09 10

e

Puc. 3.6: HauasibHoe 110JI02KeHIe acTeporI0B, cOMM3UBIIIXCs ¢ 3eméit 1o 100
PaJINnycoB, Ha IJIOCKOCTH 9KCIIEHTPUCUTET — IIEPUreINiiHOEe PACCTOSHIIE
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st 24 acTeponioB ¢ MepureTuitHbIM paccrosgaeM 6ostee 1,3 a. e. HaliieHbl
TpaekTopun commkenust ¢ 3emséit g0 100 paguycos g0 2132 roga (Cu. puc.
3.6). Dru acrepoujibl UMEIT OOJIBIION FKCIeHTpucHTeT U adesunit BOJIU3H op-
ouTel FOnurepa. Takum obpazom, 3BoJIOINsT OPOUT aCTEPOUIOB, IPUBOIAIIAST K
nonosinernto nomnysisitiun AC3, BIIOJTHE MOYKET CO3/1aTh 3HAYNMYIO YI'DO3Y B Te-
yenne 100 jget. [deTaspnoe paccMoTpenne pe3yabTara BhISBIIO, UTO M3MEHEHHE
OpOUTHI TTPOUCXOIUT MPAKTUIECKN MI'HOBEHHO M3-3a cOmKenus ¢ KOmurepom.
B orimmaue oT OOJIBITUHCTBA OKOJIO3EMHBIX, 9TU aCTEPOUILI OOJIBLITYIO YaCTh
BPEMEHH IPOBOJIAT B paitone opouthl FOmmurepa u jaxke B nepureuu He 10/
xonaT Oym3ko K 3emite. To ecth HabJIOmAaTEIbHAS CEJIEKINSI CKOPee He B UX

0JIb3Y, OCOOEHHO YUNTBIBasl MOBBINIEHHOE BHIMaHue nMeHHO K AC3.
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SaKJII0UCHUE

Boinocnmbie Ha 3alllUTy pPeE3yJ/IbTaTbl

1. Cosman aJropuTM, MO3BOJIAIONINN PACCINTHIBATD JIBUKEHIE MIJLIHOHOB
BUPTYaJIbHBIX aCTEPOUJIOB OJHOBpeMeHHO. Peasmsyiolee ero mporpamMmm-
Hoe obecliedenne OTIMYAeTCsI BBHICOKUM OBICTPOJEHCTBHEM U II03BOJISIET
HAXOUTL COMMKEHNsI 1 coynaperus ¢ mwianeramu Co/IHedHoll CHCTeMbl 1
JIynoii. C nmomormpbio gannoro [1O Bo3MOXKHO paccunThIBATD BEPOSITHOCTH
coynapenust merogoM Monre-Kapiio 1/1st 60JIbIIOT0 91c/ia acTeponIoB Ha

nactoabHbIX 1TK 3a nmpuemsiemoe BpeMs.

2. B npocrpancTBe opOUTAILHBIX [TaPAMETPOB: KCIEHTPUCUTET €, Iepure-
JINIHOE PacCTOSIHUE ¢ U yToJI HAKJIOHA 4, — BbIJIeJIEHbI 00JIaCTH, COAeprKa-
II1e acTePOU/Ibl, KOTOPhIE MOTI'YT IPEJICTABIIATH OIACHOCTD JIJI 3€MJIH, TO
ecTb O0HAPYKIJIOCh UX cO/mzKeHne ¢ 3emyiéil B npeaenax 100 pajauycos

Semn 10 2132 roja.

3. B pesynbrare anam3za ssosonun 127 690 acrepouoB obnapy:zxkeno 3200,
commKatonuxcs ¢ manetamu MeHee dem Ha 100 ux pajmycoB jo 2132
roja. IIpumedarensro, aro 24 n3 1611 cOnmsuBimxcs ¢ 3eMJiéii acTepo-
1JIOB HE OTHOCATCS KJIACCY OKOJO3EMHBIX, TO €CTh MMEIOT IepUreTniinoe
paccrosinue 6oJsiee 1,3 a. e. [Ipu orieHKe BEpOsITHOCTU CTOJIKHOBEHUsT OOHA~
PYKIJIOCH, 9TO COYJapeHue ¢ KaKoi-anbo IJIaHeTOl BO3MOXKHO st 423

acTepONIOB, N3 HUX 163 MOTYT CTOJKHYTHCS ¢ 3eMJIEH.

4. PesynpraTaMu UNCJIEHHOTO MOJACTNPOBAHUS SBOJIOMIN MOJACTBHBIX acTe-
POMIOB IOATBEPXKIEHA FUIIOTe3a O IIPEIBAPAIONINX COYIapEeHNs COTIKe-
HUSIX acTepOUIOB ¢ IianeToil. 13 50 MJIH MOJIe/IbHBIX acTePOHJIOB ¢ 3eM-
JIEN cTONKHYINUCHL 72, n3 HuX y 70 Habsroganuch cOMMmKEeHnsT MeHee deM

Ha 0,05 a. e. B Tedenne 100 JjieT 10 coypapeHns.
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[[pnnoxkenue 1: BeposiTHOCTH

coyaapenus g 200 actreponioB

[Tosicnenus K TabJsuie

B Tabmuie npejcraBiensl noydennblie MeTogoMm Monte-Kapsio BepogTnocTn
coynapenusi st 200 acrepounoB. Pacuér npoussojumiics B Konne 2019 roja.
TpaekTopuu acTepoOUI0B pacCUNTHIBAIICH 10 2132 rojia, TO eCTh 4yTh OOJIBIIE
100 stet. B ciryaae NASA koneunas jara pacdéra BapbHUPYeTCs OT acCTePOUIa K
acTepou,1y, Ho 0ObIuHO oHU cunTatoT Ha 100 jieT Buepé . PazymMHo 02Kuj1aTh, 9T0
noJtyuennsle porpammoil R BeposTHOCTH GY/IyT HEMHOTO BBIIIE N3-3a, CJErKa
YBEJIMYEHHOI0 UHTepBaJa UCCIeJ0BaHUs, HO B 11€JIOM JIOJIZKHBI XOPOIIO KOppe-

JINPOBaTh.

Bepositnoctu, mosnydentnbie NASA, (st 3eMitin) TpUBEICHBI BO BTOPOM
crosibie. B ocTasibHBIX cTOJIOIAX IIPUBEIEHO MOy YeHHOE C ITOMOIIBIO IIPOrpaM-
Mbl R KosmduecTBO momajaHmil B ONpeNeJCHHYIO IUIaHeTy mwin JIyny Ha 10
MJIH BUPTY&JIBHBIX aCTEPOUJIOB, TO €CTh JIJI ONEHKN BEPOSATHOCTH HeOOXOu-
Mo pasgesnnth Ha 107, JlaHnbIil dopMaT HCIOIb30BaH, MOCKOIBKY MO3BOJISCT
JIEFKO OTJIEJINTh HEHAJIEXKHbIE PE3YJIbTaThl ¢ MaJbIM KOJUIECTBOM IIONa IaHUI.
Pesynbrarel NASA npuBesienbl Kak e€CThb.

Acrepony, | Semust (NASA) | Bemns | Jlyna | Benepa | Mepkypuii | Mapce | FOmurep
2000 SG344 2,60E-03 36034 | 110 0 0 0 0
2019 WG2 1,65E-04 1793 0 0 0 0 0
2000 SB45 1,55E-04 1676 8 0 0 0 0
2019 QS8 4,98E-06 1158 7 8 0 1 80
2017 VJ 1,86E-06 846 0 0 0 0 0
2010 DG77 7,38E-06 828 8 35 0 0 27
2014 JU15 5,63E-05 808 15 0 0 0 0
2010 GM23 6,31E-05 730 0 0 0 0
2005 QK76 6,81E-05 703 0 0 0 0 0
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2007 DX40 6,18E-05 638 10 43 0 0 0
1994 GK 6,91E-05 662 1 0 0 0 0
2008 CCT71 5,85E-05 653 8 0 0 0 0
2008 UB7 3,47TE-05 571 25 0 0 0 0
2008 EX5 4,72E-05 502 91 0 0 0 0
2006 BC8 9,50E-06 350 3 0 0 0 0
2017 YM1 2,76E-05 342 28 0 0 0 0
2009 FJ 9,39E-06 327 1 0 0 0 0
2011 UM169 3,32E-05 311 1 0 0 0 0
2008 V5S4 9,83E-07 295 3 8 0 0 319
2008 ST7 2,70E-05 276 19 0 0 0 0
2008 YO2 7,58E-06 269 10 0 0 0 0
2019 BEb5 1,23E-05 250 25 2 4 0 0
2014 GN1 2,07E-05 212 0 0 0 0 0
2016 CY135 1,37E-06 208 9 0 0 0 0
2019 YV1 8,32E-06 195 1 0 0 0 0
2019 DP 5,95E-06 189 7 0 0 0 0
2009 HC 2,87TE-06 174 0 0 0 0 0
2007 KE4 1,40E-05 158 0 0 0 0 0
2019 XS 5,16E-06 157 6 0 0 0 0
2006 HF6 1,08E-05 138 3 0 0 0 0
2009 FZ4 2,38E-06 136 1 10 0 2 14
2019 WU2 1,09E-05 133 3 0 0 0 0
2002 VU17 1,38E-05 133 13 0 0 0 0
2009 THS8 8,85E-06 121 0 0 0 0 0
2010 QG2 1,06 E-05 114 8 0 0 0 0
443104 1,43E-06 107 0 0 0 0 0
2012 PB20 2,83E-06 106 10 0 0 0 0
2007 EV 8,79E-06 100 0 0 0 0 0
2002 MN 2,79E-06 98 8 0 0 0 0
2017 AE21 4,64E-06 98 0 7 0 0 0
2002 RB182 6,09E-06 92 0 0 0 0 2
2007 WP3 7,69E-06 88 0 0 0 0 0
2000 WJ107 2,89E-06 87 0 0 0 0 0
2016 WG 5,80E-06 30 8 0 0 0 0
2012 QDS 6,49E-06 79 1 70 0 0 0
2019 YX1 8,69E-06 76 1 0 0 0 0
2004 ME6 9,98E-08 74 1 0 0 0 522
2018 NF15 2,82E-08 74 0 4 0 21 8
2010 MZ112 4,68E-06 63 2 8 1 0 0
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2006 SC 6,42F-06 62 0 0 0 0 0
2010 UB 3,65E-06 61 0 0 0 0 0
2015 HQ182 1,55E-07 61 2 15 0 1 0
2019 FE 4,90E-06 58 0 0 0 0 0
2007 KO4 4,30E-06 55 4 0 0 0 0
2004 VZ14 1,86E-06 52 2 0 0 0 0
2019 LU1L 4,65E-06 52 5 0 0 0 0
2018 JN 1,65E-06 50 0 0 0 0 0
2019 RT3 2,01E-06 48 4 0 0 0 0
2019 ND7 3,18E-06 46 1 0 0 0 0
2017 UQT 4,02E-08 40 2 0 0 0 0
2008 PK9 5,24E-07 40 3 0 0 0 0
2016 GU2 1,23E-08 39 0 0 0 0 0
2014 JV79 2,86E-07 37 0 0 0 0 0
2004 GE2 6,54E-08 33 0 0 0 101 0
2011 AK37 2,77E-06 32 6 0 0 0 0
2012 TV 3,06E-06 31 4 0 0 0 0
2010 UCT 5,11E-07 31 2 0 0 0 0
2019 UH9 2,95E-06 30 5 0 0 0 0
2002 EM7 6,06E-08 29 0 0 0 0 0
2006 DN 3,61E-07 28 1 0 0 0 0
2011 VG9 7,66E-07 28 0 0 0 0 0
2018 LM 1,15E-06 28 0 40 0 0 0
2019 QS 2,25E-07 26 1 1 0 0 0
2006 HX57 3,08E-06 24 0 0 0 0 0
2005 WG57 7,23E-07 24 0 0 0 0 0
2009 CZ1 7.46E-07 23 1 7 0 0 0
2006 QN111 1,89E-06 23 0 0 0 0 0
1997 TC25 2,64FE-07 22 0 0 0 0 0
2007 FT3 1,36E-06 22 4 0 0 0 0
2017 QC36 4,84E-07 22 1 14 0 0 0
2007 XZ9 1,08E-06 21 0 0 0 0 0
2018 FE4 1,51E-06 20 3 0 0 0 0
2007 CS5 3,11E-07 20 0 0 0 0 0
2018 GG 1,91E-06 20 0 0 0 0 0
2005 CC37 1,30E-06 18 0 0 0 0 0
2006 JE 1,76E-06 18 0 0 0 0 0
2015 MN11 5,08E-07 15 0 0 0 0 0
2017 PY26 1,24E-06 15 11 0 0 0 0
2008 FF5 4,82E-07 15 0 0 0 0 0
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1979 XB 7,36E-07 15 0 0 0 0 0
2015 ME131 3,20E-08 15 0 9 0 0 0
2011 BF40 1,15E-06 14 0 0 0 0 0
2017 NTS 5, 7TE-07 13 0 0 0 0 0
2016 AB166 3,10E-07 13 0 0 0 0 0
2011 BH40 1,42E-07 13 0 27 0 0 44
2013 BR15 1,64E-07 12 1 0 0 0 0
2011 XC2 6,68E-07 12 0 0 0 0 0
2012 ES10 1,64E-06 12 3 0 0 0 0
1999 RZ31 1,59E-06 12 0 0 0 0 0
2002 XV90 4,76E-07 11 0 0 0 0 0
2007 EH26 1,16E-08 11 0 0 0 0 0
2018 PA25 2,58E-08 11 0 13 0 0 0
2016 WNb55 1,17E-07 11 1 39 0 1 0
1996 TC1 1,32E-06 10 0 0 0 0 0
2008 KO 7,78E-07 10 0 0 0 0 0
2016 NL56 7,18E-07 10 0 5 0 1 1
2004 FY3 7,51E-08 9 0 0 0 0 0
2005 NX55 4,32E-08 9 0 0 0 0 0
2017 UCH2 4,01E-07 9 0 1 0 0 0
2011 CW46 5,00E-07 8 1 0 0 0 0
2016 JT'38 1,81E-07 8 0 0 0 0 0
2010 XB73 2,78E-07 8 0 1 0 1 371
2010 XQ 2,06E-07 8 0 0 0 0 260
2014 FX32 1,12E-06 7 0 0 0 0 0
2017 KB3 3,6TE-08 7 0 0 0 0 0
2019 YA2 1,77E-07 7 1 0 0 0 0
2005 TM173 9,40E-07 7 0 0 0 0 271
2018 EL4 7,60E-08 6 0 0 0 0 0
2006 UC64 8,6TE-08 ) 0 0 0 0 0
2018 BP6 7,32E-08 ) 0 0 0 0 0
2017 UL7 3.47E-07 ) 0 0 0 0 0
2005 ED224 2,61E-06 5 0 0 0 0 0
2001 HJ31 1,88E-07 ) 1 0 0 0 0
2017 FB1 2,93E-07 5 0 2 0 0 0
2011 SE191 1,55E-08 ) 0 0 0 0 0
2017 UES2 2,64E-08 5 0 2 0 3 443
2017 RZ17 2,48E-08 5 0 49 1 0 9
2017 MZ8 3,66E-08 5 0 0 0 4 122
2005 ULG6 1,12E-07 4 7 0 0 0




73

2008 OO1 2,31E-07 4 189 0 0 0 0
2014 MO68 6,26E-07 4 0 0 0 0 0
2011 BT59 1,36E-07 4 0 0 3 2 32
2014 ML67 4,31E-07 4 1 2 0 0 510
1998 DK36 5,64E-07 4 0 136 6 0 0
2010 MY112 1,13E-08 4 0 4 3 0 0
2018 YH2 3,31E-07 4 0 0 0 0 0
2014 UX34 1,22E-08 3 0 0 0 0 0
2018 YW2 2,18E-07 3 0 0 0 0 0
2008 DA4 3,41E-07 3 0 0 0 0 0
2007 PR25 1,88E-08 3 0 0 0 0 0
2006 CM10 1,85E-07 3 0 0 0 0 0
2008 UY91 6,04E-08 3 0 ) 0 0 0
2003 UQ25 9,38E-08 3 0 0 0 1 0
2014 CH13 1,34E-07 3 0 0 0 0 0
2016 PR66 1,17E-08 3 1 0 0 0 49
2014 HN197 6,48E-08 3 0 1 0 0 633
2016 JB29 1,70E-07 2 0 0 0 0
2016 BQ15 4,07E-08 2 0 0 0 0
2001 SB170 2,93E-08 2 0 0 0 0
2013 WM 4,27E-07 2 0 0 0 0
1997 UA11 2,91E-07 2 0 0 0 0 12
2016 AU193 9,36E-08 2 1 0 0 0 0
2011 QF48 3,09E-07 2 0 0 0 1 0
2017 OO1 3,50E-08 2 0 0 0 0 0
2019 DF2 1,34E-08 2 0 ) 0 0 10
2018 LT5 1,27E-07 1 1 0 0 0 0
2009 BR5 1,70E-07 1 0 0 0 0 0
2009 MU 1,59E-08 1 1 0 0 0 0
2009 WQ25 9,29E-08 1 1 7 0 0 0
2010 CRbH 7,54E-08 1 0 0 0 0 0
2001 SD286 5,74E-08 1 0 0 0 0 0
2015 FA345 1,65E-07 1 0 0 0 0 652
2010 JA43 8,11E-08 1 2 2 0 0 0
2010 LJ68 1,67E-08 1 1 0 0 0 0
2006 CD 2,02E-08 1 0 1 0 0 37
2004 FM4 1,46E-08 1 0 0 0 0 0
2018 LF16 3,32E-08 1 0 0 0 0 3
2005 GQ33 2,78E-08 1 0 1 0 13 38
2017 DC120 9,24E-08 1 0 0 0 1 7
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2010 HV20 1,31E-07 1 0 1 0 0 0
2016 PA79 1,06E-08 0 0 0 0 5 256
2009 WZ53 1,15E-08 0 0 0 0 0 0
2017 DB120 1,16E-08 0 0 0 0 0 12
2016 UB26 1,17E-08 0 0 0 0 0 0
2001 CA21 1,25E-08 0 0 155 0 3 1
410777 1,50E-08 0 0 0 0 0 0
2016 RP41 1,71E-08 0 0 0 0 1 0
2015 RD36 2,04E-08 0 0 0 0 0 0
2017 SH33 2,31E-08 0 0 0 0 0 0
2014 HE199 2,3TE-08 0 0 0 0 0 0
2018 HJ2 2,43E-08 0 0 0 0 0 0
2014 MR26 2,53E-08 0 0 49 1 0 0
2007 VH189 2,82E-08 0 0 1 0 8 0
2019 XQ2 3,24E-08 0 0 0 0 0 0
2015 HV182 3,49E-08 0 0 0 0 0 0
2008 KN11 3,60E-08 0 0 0 0 0 0
2014 XM7 3,78E-08 0 2 0 0 0 0
2001 UD5 4,09E-08 0 0 0 0 0 0
2006 QK33 5,71E-08 0 0 0 0 0 0
2006 WM3 9,83E-08 0 0 0 0 0 0
2010 JHS80 6,34E-08 0 0 0 0 0 0
2007 SN6 1,06E-07 0 0 0 0 0 0
2013 NH6 1,06E-07 0 0 0 0 0 0
2005 EL70 1,27E-07 0 0 10 0 0 0
2011 AZ36 4,11E-07 0 0 0 0 1 0
2011 DV10 1,17E-06 0 0 0 0 0 0
99942 8,85E-06 0 0 0 0 0 0
2016 HF3 4,69E-05 0 0 0 0 0 0
29075 1,20E-04 0 0 0 0 0 0
101955 3,68E-04 0 0 0 0 0 0
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[TpuoyKkenne 2: nporpaMMHblil Ko RV

KommenTapnit K Kogy

Kox nporpammbl RO 1IpuBeiéH MCKIIOYUTEILHO [l o3HaKoMIeHus. He nbitajitech ero sa-
nycTuTh. [l paboThl mporpaMMbl IIOMUMO IIpovero Tpebyercs aiti apemepu B Criernu-
aJibHOM cxkaToM dopMmare. IIporpamma paspadborana B hopmMe MOHOJUTHON (DYHKIIUU U HE
IpeJlycMaTpUBaeT IMPOU3BOIHLHBIX M3MeHeHnil. TeM He MeHee, OCTaBJIeHA BO3SMOXKHOCTD JIJIsI

MOJT(PUKAIIUN TTPOTPAMMBI.

1. MoXKHO M3MEHUTH BEJMIUHY KPUTEPHUsS YMEHBIICHU Iara WHTErPUPOBAHUA U CTe-
IIeHb KOJIJTOKAITMOHHOT'O MHOT'OUJICHA, UTO ITO3BOJIUT KOHTPOJUPOBATH TOUYHOCTD PeIlie-
Hud. [Ipn n3menennn crerneHn KoJLJI0OKaIIMOHHOTO MHOTOYJIeHa KO3 MUIIMEHTHI METOIa

TPeOYIOT pacuéra OTJ/IEJIHHOI TPOrpaMMOil ¢ ITPOU3BOJILHON TOTHOCTHIO.

2. MoxKHO M3MEHUTH KPUTEPUil COMMAKEHNS, OTACbHO JIJIA KayKJI0i IraneTsl u JIyHbI.
BouibImoit BepxHumii mpejiesl paccTossHUsl OOBITHO BEJIET K UYPE3MEPHOMY YBEJIUIECHUTO
pasmepa ¢ailjioB BbIBOJIA, TTOITOMY IO YMOJTUAHUIO uctosbdyercs 100 pajanycoB ca-

MOI'O TeJIa.

3. MoxKHO U3MEHUTH MpaBble YacTU YPaBHEHUl JIBUKEHU S, YTOOBI YIECThb JIOMOJTHUTE b
Hble cmibl. Kak mpaBmiio, y4€T JTI0OBIX BO3MYIIEHNN 3aMETHO YBEJIMYMBAET BPEMsI

paboTHI.

[IporpaMMubIiT KOJ

#include <stdio.h>
#include <cmath>

const unsigned int NP = 10;
const unsigned int SP[ NP| = { 0, 168, 228, 306, 339, 363, 384,
402, 420, 732 };
const unsigned int SPT = 798;
const unsigned int NC|[ NP|] = { 14, 10, 13, 11, 8, 7, 6,
6, 13, 11 };
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const unsigned int NB[ NP| = { 4, 2, 2, 1, 1,
L, 8, 2}

const double JDO = 2287184.5;
const double JDN = 2688976.5;
const double JDh = 32.0;

const unsigned int JDI = 32;
const unsigned int ND = SPT % (int)((_JDN — JDO) / JDh);

const double AU = 1.49597870700000000E+08;

const double EMRAT = 0.8130056907419062E+02;
const double GMIl = 0.4912480450364760E—10;
const double GM2 = 0.7243452332644120E—-09;
const double GMB = 0.8997011390199871E—-09;
const double GM4 = 0.9549548695550771E—10;
const double GM5 = 0.2825345840833870E—06;
const double GM6 = 0.8459706073245031E—-07;
const double GM7 = 0.1292024825782960E—07;
const double GM8 = 0.1524357347885110E—-07;
const double GMS = 0.2959122082855911E—-03;
const double GM| NP| =

0
0
0
0
0
0
0
0

_GMI,
_GM2,
_GMB % (_EMRAT / (_EMRAT + 1.0)),
_GM4,

_GM5,

_GMS,

_GM7,

_GMS,

~GMB / (_EMRAT + 1.0),

GMS

}s

const double Rmin| NP| =
{
0.016, // Mercury
0.041, // Venus
0.043, // Earth
0.023, // Mars
0.466, // Jupiter
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0.388, // Saturn
0.169, // Uranus
0.164, // Neptune
0.0115, // Moon
0.04642 // Sun

}s

const double _Radius| NP| =

{
0.000016, // Mercury
0.000041, // Venus
0.000043, // Earth
0.000023, // Mars
0.000466, // Jupiter
0.000388, // Saturn
0.000169, // Uranus
0.000164, // Neptune
0.0000115, // Moon
0.004642 // Sun

¥

//const char name| NP|[10] =

A

// "Mercury" ,

// "Venus" |

// "Earth",

// "Mars" ,

// "Jupiter",

// "Saturn",

// "Uranus",

// "Neptune" ,

// "Moon" ,

// "Sun"

/Y

//const double phi = (1.0 + sqrt(5.0)) / 2;

const double h0O = 4.0;
//const unsigned int _ih0 = 4;

const unsigned int _k = 5;
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int main ()

{

//
//

/) ObbsiBieHne MEPEMEHHBIX

unsigned int i, j, k, 1, m; // [ua nukios

unsigned int n; // KosmdecrBo Touek

int istart , istep; // Crapr m mar cdéra ToueK

unsigned int n6, k3, nk3; // Ilpouseemenus n u _k

double JD start, JD end; // Havanbhnas u KoHeuHas jara

double JD; // Texkymas mara

double c¢[(_k + 1)|[(_k + 1)];

double d[(_k + 1)][(_k + 1)]; // Marpurpl oCHOBHBIX mpeobpasoBaHMIl

double e[(_k + 1)][(_k + 1)];

FILE sinput; // Bxomable naHHble

FILE xjpleph; // ®aitn sademepusn

FILE xroots; // ¥Y3ibl uHTErpupOBaHUs

FILE xaprch; // Bwox commxennit

FILE xiterations; // BsiBog koawmuecTBa urTeparmii jyist( ONTUMHU3AINN )
FILE xs6; // BbiBom KOHEYHBIX KOODJMHAT U CKOPOCTEN

FILE simpacts; // Comcok momaBmIMX TOYEK

FILE simpacts 0; // Comcok HaJaJbHBIX JAHHBIX YIABIIHX TOYEK

FILE sclapp; // Ocobo recuble cOamKeHus

double *XV0; // MaccuB HavJaJbHBIX TOUYEK

double xepharr; // Maccus sdemepus

double xtau; // ¥Yaabl mHTErpHpOBaHUS

double *XV1; // Maccup Tekymux KOODIMHAT M CKODOCTEl

double xalpha2; // Koneunbie pasHocTH Ha TEKyIIeM IIare

double xalpha2 ; // Hawanpuoe npubinKeHue KOHEYHBIX Pa3HOCTEH HA
HOBOM IIare

double posiplanet |[(_k + 1)|[ NP|[3]; // lonoxkenus miaser B
y3J1aX HHTErPUPOBAHUSA

double veloplanetA | NP|[3]; // Ckopocru miasmer B Hadaje Iiara

double veloplanetB| NP|[3]; // Ckopocrun mraner B KOHIE IIara

double alf to xi pos| k|| k|; // Berumcrenne koopaunar mpu
UTeparysaX ¥ B KOHIIE Imara

double alf to xi_ wvel| k|; // Bbuucienune ckopocreil B KOHIE Inara

double f_to_alf|_k]||[_k]|; // Bropas marpunma s urepanuii

double H alpha| k|| _k]|; // Marpuma HavgagbHOro mpub/IMKeHUs Ha
HOBOM IIIare

double tau_p|(_k + 3)]; // MaccuB menbix creneneit

double xh frac; // Ilporpecc mnHTerpmpoBaHusi Ha IIare Jjisi KazKJOii
TOYKN

union {
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unsigned int h_ frac_min i[2];
double h_ frac_min; // O6umii nmporpecc WHTErpUPOBAHUS Ha IIare

¥

double h frac start; // Hauambhag nosurusi myseBasi(, KpoMe I€pBOro
mrara,)

double xh step prev; // Bemumumna mpejpiaymiero mara

double xh step cur; // Bemmumna tekymero miara

double h step max, h step min; // MakcuManabHbIii U MUHUMAJILHBIIT
mar

double h step; // Ilar rpymmbr Todek

unsigned int ephpos; // Ilonoxkenme wabopa 3demepus Ha TeKyIIUii
OTPE30K BpEMEHU

unsigned int ephsub| NP|; // Homep cybunrepBana st KaxKjioil u3
[JTAHET

double ephtau| NP]|; // Mowmenr Bpemenn Ha cybuntepsasie or( —1.0 mo
+1.0)

double JD i;//, JD f; // Lenouuciennass u apoOHAsi YaCTH MOMEHTA
BpEMEHH OTHOCUTEJLHO Hadaja 3(heMepul

unsigned int JD int; // llemas dactb MOMeHTa BpPEMEHU OTHOCHUTEHHO
Haua/a MHTEPBAJIA

bool xmask; // Macka WHTerpupyeMbIx TOYEK

bool ximpact; // Ynasmue toukn

double ch coef pos|[14]|; // Kosbdurmenrsr mas BbMUCICHUA KOOPIAWHAT

double ch coef vel[14]; // Kosdbdurmenrsl mis BbIMUCICHUS CKOPOCTEl

double rel pos|[3], rel_p|[3]; // OrHocurenbHble KOODIMHATHI

double rel wvel[3], rel v |[3]; // OrHocurenbHble CKOPOCTH

double abs pos, abs p, abs vel;//, abs v; // Mouymm
OTHOCHUTE/IbHBIX TIOJIOKEHUsI U CKOPOCTH

double max rel; // MakcumaibHOe OTHOIIEHHE MOJYJIell CKOPOCTH K
HOJIOXKEHUTO

double XVla|[6]; // PaGouas nepemenHas Jyisi KOODJAMHAT U CKOPOCTEi

double XV1b|[6]; // KoopauHaTel u CKOpPOCTH € HpPEJBLIYIICH HTEpAIUm

double diff [6]; // Pasuuna mexmy wureparusivu

double max diff; // HawubGosbiuas pasHuiia MexKy UTEpaIlHsIMU

double fOv2[3]|; // IlpaBag 4acTh B Havaje MPOMEKYTKA IIara

double fiv2[3]; // IlpaBas wacte B y3ie

double GM _13; // Pesyabrar jejieHusi TPaABUTAIMOHHOIO IapaMeTrpa Ha Kyo
PaIyCBEKTOPa—

unsigned int count it; // KommaecrBo wureparmii

double rxvA| NP|; // Ckamsphoe mpom3Be/ieHHE€ OTHOCHTEIBLHBIX CKOPOCTH
U TIOJIOKEHUsl B Hadaje Iara

double rxvB| NP|; // CkajsipHoe mpomusBe/ieHHe OTHOCHTEJBHBIX CKOPOCTH
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U TOJIOKEHUs B KOHIIE IIara

double a_bs, b _bs, ¢ _bs, h_ bs;

double ra bs[3], va_ bs[3];

double ra abs;

double rxv _bs c;

double tau bs;

double A_bs[(3 * _k)]|;

double ppos bs|[3], ppos bs2[3], apos_ bs[3]|, pvel bs|3],
pvel bs2[3], avel bs|[3];

/) UYrenune daiinon

input = fopen("input.dat", "r");

fscanf (input, "%d_%d_%d", &n, &istart , &istep);
n6 = 6 * n;

k3 =3 % _k;

nk3 = k3 * n;
fscanf (input, "%1f_%If", &JD start, &JD end);
XV0 = new double[n6];

for (i = 0; i < n; i++) fscanf(input, "%Lf _%1f _%1f_%1f_%1f _%1f
"&XVO[(6 1)), &XVO[(6 % 1 + 1)], &XVO[(6 * i + 2)]|, &XVO[(6
£ i b 3)], &XVO[(6 * i + 4)], &XVO[(6 % i + 5)]):

fclose (input) ;

jpleph = fopen ("JPLEPH", "rb");

epharr = new double| NDJ;

fread (epharr, sizeof(double), ND, jpleph);

fclose (jpleph);

roots = fopen("roots5.dat", "r");

tau = new double[(_k + 1)];

for (i = 0; i <= k; i++) fscanf(roots, "%If", &taul|i]);
fclose (roots);

printf ("n=%d\nJD _start="%1f_JD end=%lf\n", n, JD_ start, JD end)

)

aprch = fopen("aprch.txt", "w");
// iterations = fopen("it.txt", "w");
// s6 = fopen("s6.txt", "w");
impacts = fopen ("impacts.txt", "w");
clapp = fopen("clapp.txt", "w");

impacts 0 = fopen("impacts 0.txt", "w");

/) VHurnpannsaimsi BCIOMOTATEbHBIX MACCUBOB
XV1 = new double[n6];

for (i = 0; i < n6; i++) XV1[i| = XVO[i];
for (i = 0; i <= _k; i++)

{
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cli]li] = 1.
dli|[i] = 1.
eli][i] = 1.

for (i = 1; i <= _k; i++)

o
o

[ -
o
o

for (i = 2; i <= k; i++) for (j = 1; j < i; j++)

c[i][j] = c[(i = DJI(] = 1] = tau[(i = 1)] * c[(i = 1)]]
il
dlifli] =df(i = DI = D] + taul[j] = d[(i = 1) ][]];
e[1][J] =el(i = DI = D] +el(i = DI
}

tau_p[0] = 1.0;
for (i = 0; i < _k; i++)
{
for (j = 15 j < (Lk+ 3); j++) tau_p[j] = tau_p[(j — 1)] =
tau (1 + 1)];
for (j = 0; j < _k; j++)
{
alf to xi pos|i]]|j] = 0.0;
for (k = 0; k <= j; k++) alf _to_xi_pos[i][j] += c[(] +
DJ[(k + 1)] * tau_p[(k + 3)| / (double)((k + 2) = (k + 3));
if (i=(k-1))
{
alf _to xi wvel[j| = 0.0;
for (k = 0; k <= j; k++) alf _to_xi_vel[j]| += c|[(]
+ 1) ]|(k + 1)] = tau_p[(k + 2)] / (double)(k + 2);
}
}
}
for (i 0; i < k; i++) for (j = 0; j <= 1i; j++) f to_alf[i]]
il = 1.0/ (tau[(i + 1)] = tau[j]);
for (i 0; i < k; i++) for (j = 0; j < k; j++)

{

H alphali][j] = 0.0;
for (k = i; k <= j; k++) for (I
LT A= d[(h = D0+ D]+ ef(k +

i; 1 <= k; 1++) H_alpha|
DI+ )] = e[(j + 1)
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[k + 1) ];
}

alpha2 = new double|[nk3|;

for (i = 0; i < nk3; i++) alpha2|i| = 0.0;
alpha2 = new double[k3];

h frac = new double|n]|;

for (i = 0; i < n; i++) h_frac|[i] = 0.0;

h step prev = new double|n];

for (i = 0; i < n; i++) h_step prev|[i] = _hO;

h step cur = new double[n];
mask = new bool[n];
impact = new bool[n];
for (i = 0; i < n; i++) impact|[i| = false;
h frac start = modf((JD start — JDO) / hO, &JD 1i);
JD start = JD i x hO + JDO;
/| Wurerpuposanue
for (JD = JD_start; JD < JD_end; JD += _hO)
{
// VHunpmasusarnms HepeMeHHbIX JjId HHTerPUPOBAHMUSI
for (i = 0; i < n; i++) h_frac[i] = h_frac_start;
h frac_min = h frac_ start + 1.0;
h frac start = 0.0;
JD i = JD — JDO;
ephpos = SPT % ((int)JD i / _JDIl);
JD_int = (int)JD_i % _JDI;
for (i = 0; i < NP; i++) ephsub|i| = (JD_int * NB|i]) /
_JDI;
// Tlpotiecc wmHTErpupoOBaHUst
do {
for (i = 0; i < n; i++) mask|[i] = (((h_frac|[i] + 1.0)
— h frac_min) && (!impact[i]));
// BbrunciieEne KOOpJMHAT U CKOPOCTEH ILIAHET
for (i = 0; i < NP; i++)

{

ephtau|i| = (((double)JD int + (h_frac_min — 1.0)
« hO) = NB|i]) / _JDh — (double)ephsub]|i];
ephtau|i]| += ephtau|[i] — 1.0;

for (i = 0; i < NP; i++)

ch coef pos|[0] = 1.0;
ch coef vel[0] = 0.0;
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ch coef pos|[1l]| = ephtauli];
ch coef vel[l] = 1.0;
for (j = 2; j < NC[i]; j++)
{
ch _coef pos|[j| = 2 % ephtau[i| * ch_ coef pos|(
j — 1)] — ch_coef pos|[(j — 2)];
ch coef wvel|[j] = 2 % ch_coef pos[(j — 1)] + 2
« ephtau[i| % ch coef vel[(j — 1)] — ch coef vel|[(] — 2)];
}
for (j = 0; j < 3; j++)
posiplanet [0]|i][j]| = epharr|[(ephpos + SP|i]
+ ephsub[i] * NC[i] « 3 + j = NC[i])];
veloplanetA[i|[j] = 0.0;
for (k = 1; k < NC[i]; k++)
{

posiplanet [0|[1][]j] += ch_coef pos|k| x
epharr [(ephpos + SP[i]| + ephsub[i] * NC[i| x 3 + j = NC[i]| +
k)]s
veloplanetA [i][j]| += ch_ coef vel[k]| =x
epharr [(ephpos + SP[i]| + ephsub|i| x NC[i] * 3 + j = NC[i] +
k)1
}
posiplanet [0][i][j] /= _AU;
veloplanetA [i]|[j] /= _AU;
veloplanetA [i|[j] *= 2 x NB[i] / JDh;

}
}
for (i = 0; i < 3; i++)
posiplanet [0][2]][i] —= posiplanet [0][8][i] * (_GM
8] / _GMB);
posiplanet [0][8][i] += posiplanet [0][2][1];
veloplanetA [2]|[i] —= veloplanetA [8]|[1] * (_GM|8] /
_GMB) ;
veloplanetA [8][i]| += veloplanetA [2]]i];
}

// Omnpejesenne BeJUYUHBI Iara JJisi KayKJIO0H TOYKH W3 MaCKH , a
TaKKe€ MHUHUMAaJbHON W MaKCHUMaJbHOI

h step max = hO;

h step min = h0 % exp2(—20);

for (i = 0; i < 20; i++) if (h_frac_min_i[1] & (
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unsigned int) (exp2(i)))

{
h step max x= ldexp (1.0, i — 20);
break ;

¥

for (i = 0; 1 < n; i++) if (mask[i])
max_ rel = 0.0;
for (j = 0; j < NP; j++)
{

for (k = 0; k < 3; k++)
{
rel pos|k| = XV1[(6 * i + k)| — posiplanet
[0]1J11k];
rel vel|k] = XV1[(6 % i + k + 3)] —
veloplanetA [j][k];
¥
abs pos = sqrt(rel pos|[0] x rel pos|[0] +
rel pos|1l] % rel pos|[l] + rel pos|[2] % rel pos|[2]);
abs_vel = sqrt(rel_vel[0] * rel_vel[0] +
rel _vel[l] * rel wvel|[l] + rel_vel[2] % rel vel|2]);
if ((abs_vel / abs pos) > max_ rel) max rel =
abs vel / abs pos;

}

h step_cur|i| = exp2(—ilogb (max_rel) — 3);
for (i = 0; i < n; i++) if (mask[i])

if (h step cur[i| > h step max) h step cur|[i] =
h step max;

if (h _step cur[i| < h_step _min) h_ step cur|[i] =
h step min;

}

h step max = hO % exp2(—20);

h step _min = hO;

for (i = 0; i < n; i+4) if (mask|[i])
{

if (h_step max < h_ step cur|[i]|) h_ step max =
h step cur|i];

if (h step min > h_ step cur|[i|) h_ step min =
h step cur|i];

}
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// Hlar Boepén
for (h_step = h_step _min; h_ step <= h_step max; h_step
k= 2)

// BblunciieHne KOOPJMHAT IUIAHET B y3JlaxX
for (i = 1; i <= k; i++) for (j = 0; j < NP; j
+)

ephtau|j]| = (((double)JD int + (h_ frac_ min —
1.0) = hO0 + h_step * tau[i]) x NB[j]) / _JDh — (double)ephsub
RRE
ephtau|j| += ephtau[j| — 1.0;
ch_coef pos[0] = 1.0;
ch_coef pos|[1]| = ephtaulj];
for (k = 2; k < _NC[j]|; k++) ch_coef_pos[k] =
2 % ephtau|j]| * ch_ coef pos|[(k — 1)] — ch_ coef pos|[(k — 2)];
for (k = 0; k < 3; kt++)
{
posiplanet|[i]||j][k]| = epharr|(ephpos + SP
[j] + ephsub[j] * NC[j] * 3 + k = NC[j]) |;
for (1 = 1; 1 < NC[j|; 1++) posiplanet|i
[[j][k] += ch_coef pos|[l]| % epharr|[(ephpos + SP[j] + ephsub]j]
* NC[j] = 3 +k x NC[j] + 1)];
posiplanet [1][]j][k]| /= _AU;

ch coef vel[0] = 0.0;
ch coef vel[l] = 1.0;
for (k = 2; k < NC[j]|; kt++) ch coef vel[k
| =2 % ch_coef pos[(k — 1)] + 2 % ephtau[j]| * ch coef vel|[(k —
1)] — ch_coef vel|[(k — 2)];
for (k = 0; k < 3; k++)
{
veloplanetB[j|[k] = 0.0;
for (1 = 1; 1 < NC[j]|; 14++)
veloplanetB|j|[k| += ch coef vel[l| % epharr|[(ephpos + SP[j] +
ephsub[j] * NC[j| = 3 + k = NC[j] + 1)];
veloplanetB[j|[k] /= _AU;
veloplanetB[j|[k] == 2 = NB[j] / _JDh
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for (i = 1; 1 <= _k; i++) for (j = 0; j < 3; j++)
posiplanet [i]|[2]]j] — posiplanet [i][8][j] * (

posiplanet [i][8]|j| += posiplanet[i][2]]]];
if (i = k)
{
veloplanetB [2]|[j]| —= veloplanetB [8][j] * (
_GM[8] / _GMB);
veloplanetB [8][j]| += veloplanetB[2]]]];

}
for (i = 0; i < n; i++) if (mask[i]) if (h_step =—
h step cur|i])

{
// TlosyveHue HaYaIbHOIO NPUOIINZKEHUSE
if (h_step_cur|[i] == h_step_prev]|i])
{
for (j = 0; j < k3; j++) alpha2 [j] = 0.0;

for (j = 0; j < 3; j++) for (k= 0; k < k
; k++) for (1 = k; 1 < _k; 14+4) alpha2 [(j * _k + k)] +=
H_ alpha|k][1l] % alpha2[(i = k3 + j = _k + 1)];
}
else for (j = 0; j < k3; j++) alpha2 [j] =
0.0;
for (j = 0; j < 3; j++) fov2[j] = 0.0;
for (j = 0; j < NP; j++)
{
for (k = 0; k < 3; k++) rel_pos|k] =
posiplanet [0][]j][k] — XV1[(6 % i + k)];
abs pos = sqrt(rel pos|[0] % rel pos|[0] +
rel _pos|[1] * rel pos[l] + rel pos|[2] * rel pos|[2]);
GM 13 = GM[j] / (abs_pos x abs pos x
abs pos);
for (k = 0; k < 3; kt++) fov2[k| += GM_13 *
rel pos|k];
}
for (j = 0; j < 6; j++) XVla|j] = 0.0;
/) Wreparynm
count it = 0;
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do {
for (j = 0; j < 6; j++) XV1ib[j] = XVla|j];
for (j =05 j < _k; j++)
{
for (k = 0; k < 3; kt++) XVlalk] = 0.0;
for (k = 0; k < 3; kt++) for (1 = 0; 1
< _k; 1++) XVla|k| += alf _to_xi_pos|[j][]1] * alpha2 [(k * k + 1
) 1
for (k = 0; k < 3; k++) XVla|k] = (
XVlalk] * h_step + fOv2[k] % tau[(j + 1)] * tau[(j + 1)] =
h_step / 2 + XVI[(6 * i + k + 3)] = tau[(j + 1)]) * h_step +
XVI[(6 % i + k)];
// Hauano BberumcsieHuss TpaBoil dacTu
for (k = 0; k < 3; k++) fiv2|k| = 0.0;
for (k = 0; k < NP; k++)
{
for (1 = 0; 1 < 3; 1++) rel_pos|[1]
= posiplanet [(j + 1)][k]|[1] — XV1a[l];
abs _pos = sqrt(rel pos|[0] x
rel _pos|[0] + rel_pos[1l] % rel pos|[l] + rel pos|[2] * rel pos|2])
GM 13 = GM|k| / (abs_pos x*
abs pos x abs pos);
for (1 = 0; 1 < 3; 1++4) fiv2[1l] +=
GM 13 % rel pos|[1];
}
// Hononnurenbuble CHIIBI
// Kouer BbraumcsieHusi mpaBoil gacTu
for (k = 0; k < 3; k++) alpha2_[(k =
k+j)] = (fiv2 k] — fov2[k]|) = f to_alf[j][0];
for (k = 0; k < j; k++) for (1 = 0; 1

< 3, 1++) alpha2_ [(1 * _k + j)] = (alpha2_ [(1 %= k + j)| —
alpha2 [(1 = k + k)|) = f to_alf[j|[(k + 1)];

}

for (j = 0; j < 6; j++) XVla[j] = 0.0;

for (j = 0; j < 3; j++) for (k = 0; k < k
; k++) XVla[j| += alf to xi pos|[(_k — 1)][k]| * alpha2 [(j % k
+ k) I

for (j = 0; j < 3; j++) for (k= 0; k < k
; k++) XVia[(j + 3)] += alf _to_xi_vel|k| % alpha2 [(j * _k + k)
I

for (j = 0; j < 3; j++)
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XVial[j| = (XVla|j] % h_step + f0v2]j]

« h_step / 2 + XVI[(6 * i + j + 3)]) = h_step + XVI[(6 * i + j)

]

XVia[(j + 3)] = (XVia[(j + 3)] + fov2]

j]) * h_step + XV1[(6 * i + j + 3)];

3) 15

}

for (j = 0; j < 3; j++)

rel_pos[j| = XVla[j] — XVI1b[j];
rel_vel[j] = XVla[(j + 3)] — XVIb[(] +

}

abs _pos = sqrt (XVla[0] x XVla|[0] + XVla[1]

* XVla[l] + XVl1a[2] * XVla|2]) ;

abs_vel = sqrt(XVla[3]| % XVl1a[3] + XVla|4]|

x+ XVla[4] + XVla[5] * XVla[5]):

abs vel);

max _diff) max diff =

for (j = 0; j < 3; j++)

{
diff[j] = fabs(rel pos|[j] / abs_pos);
diff[(j + 3)] = fabs(rel_vel[j]| /

}

max _diff = 0.0;

for (j = 0; j < 6; j++) if (diff[j] >
diff[j];

count it+4-+;

if (count it = 16) break;

} while (max diff > exp2(—48));
// if (i = 0) fprintf(iterations, "JD= %lf
count it= %d\n", JD + h_ frac|[i] % _hO, count it);

// 3BanomuHanue

for
= alpha2 [j];

(j = 0; j < k3; j++) alpha2[(i * k3 + j)]|

// Ilpoepka mna 6mM30CTDH

for

{

posiplanet [0][j[[k];

(j =05 j < NP; j++)
for (k = 0; k < 3; kt++)
{
rel plk] = XVI[(6 * i + k)| —

rel v[k] = XV1[(6 *x i + k + 3)] —
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}

rxvA[j] = rel_p[0] * rel_v][0] + rel_p|1] =

rel v[1] + rel p[2] * rel v[2];

Ik];
BRIRSE

for (k = 0; k < 3; k++)

{
rel p|k| = XVlal|k]| — posiplanet|_ k][]
rel_v|k|] = XVla[(k + 3)| — veloplanetB
}
rxvB[j] = rel p[0] % rel v[0] + rel p[1l] x

rel v[1] + rel p[2] * rel v|[2];

abs p = sqrt(rel _p[0] % rel p|O0] + rel p

[1] % rel p[1l] + rel p[2] % rel p|2]);

if ((rxvA[j] < 0.0) & (rxvB[j] > 0.0)) if

(abs_p < 2.0 % _Rmin|[j])

0.0;

{
// Tlpouemypa yrouHeHusi COIMKEHUST
a_bs 0.0;
b _bs 1.0;
h bs = 1.0;
c¢_bs 0.5;
for (k = 0; k < k3; k++) A_bs|[k| =

for (k = 0; k < 3; kt++) for (I 0; 1

< k; 1+4) for (m=1; m< k; mt+) A bs[(k « k+ 1)] += c¢[(m
+ 1)][(l + 1)] % alpha2 [(k * k 4+ m)];

do {
c_bs = (a_bs + b_bs) / 2;
tau_bs = (((double)JD int + (

h frac_ min — 1.0) % _hO + h step % c¢_bs) = NB|j]) / _JDh — (

double)ephsub | |;

tau_bs += tau_bs — 1.0;
ch_coef pos|[0] = 1.0;

ch coef vel[0] = 0.0;

ch coef pos|[1l] = tau bs;

ch coef vel[l] = 1.0;

for (k = 2; k < NC[j]; kt++)
{

ch coef pos[k]| = 2 % tau bs =«

ch coef pos[(k — 1)] — ch_ coef pos|[(k — 2)];
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ch coef vel[k]| = 2 x
ch coef pos[(k — 1)] + 2 % tau_bs % ch coef vel[(k — 1)] —
ch_coef_vel[(k — 2)];
}
for (k = 0; k < 3; k++)

ppos_bs|k]| = epharr|(ephpos +
_SP[j] + ephsub|j] * NC[j] * 3 + k = NC[j])|;

pvel bs|k| = 0.0;

for (1 = 1; 1 < NC[j]|; 1++)

{

ppos_bs|[k]| += ch_coef_pos|
1] % epharr|[(ephpos + SP[j]| + ephsub[j] * NC[j] * 3 + k = NC
il + )15
pvel _bs[k| += ch_coef vel]|
1] % epharr[(ephpos + SP[j] + ephsub[j] * NC[j] * 3 + k = NC
LT+ D5
}
ppos_bs|k] /= AU;
pvel bs|k| /= AU;
pvel bs|k| %= 2 « NB[j]| /
JDh;

J =10 = J;

tau_bs = (((double)JD int + (
h frac_ min — 1.0) % hO + h step % ¢ _bs) = NB|j]) / JDh — (
double)ephsub|[j];

tau _bs += tau_bs — 1.0;

ch_coef pos[0] = 1.0;
ch coef vel[0] = 0.0;
ch coef pos|[l] = tau bs;

ch_coef vel|[l] = 1.0;
for (k = 2; k < NC[j]|; k++)
{
ch_coef pos|[k] = 2 x
tau_bs * ch_ coef pos|[(k — 1)] — ch_coef pos|[(k — 2)];
ch coef vel[k]| = 2 x
ch coef pos[(k — 1)] + 2 % tau_bs % ch_coef vel|[(k — 1)] —
ch_coef_vel[(k — 2)];
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for (k = 0; k < 3; kt+)
{
ppos_bs2|k| = epharr [(
ephpos + SP[j| + ephsub[j| * NC[j] * 3 + k = NC[j])];
pvel bs2[k]| = 0.0;
for (1 = 1; 1 < NC[j]; 1
+)

ppos_bs2[k| +=
ch coef pos|[l] * epharr|[(ephpos + SP[j| + ephsub[j]| % NC[j] x
3+ kx NC[j] +1)];
pvel bs2[k| +=
ch coef vel[l| % epharr|(ephpos + SP[j] + ephsub[j| % NC[j]| x
3+ %k« NC[j] +1)];
}
ppos_bs2|k| /= AU,
pvel bs2|k| /= _AU;
pvel bs2[k| x= 2 x NBJj]

/ _JDh;
}
Jo=10 = J;
if (j = 2) for (k = 0; k < 3;
k++)
{
ppos_bs|k]|] = ppos_ bs|[k| —
ppos_bs2[k] + (LGM[8] / _GMB);
pvel bs|[k| = pvel bs|k] —
pvel bs2[k| %= ((GM[8] / GMB);
}
if (j = 8) for (k = 0; k < 3;
k)
{
ppos_bs|k]| = ppos_ bs2[k]| +
ppos_bs[k] « (LGM[2] / _GMB);
pvel bs|[k| = pvel bs2[k]| +
pvel bs[k| x ((GM[2] / GNMB);
}
}
tau_p|0] = 1.0;

for (k = 1; k < (_k + 3); kt+)
tau p|k] = tau_p[(k — 1)] * c_bs;
for (k = 0; k < 3; k++)
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apos_bs|k| = fOv2[k] * c¢_bs x
c bs * h step / 2 + XVI[(6 * 1 + k + 3)] % c¢_bs;
avel bs|[k]| = fOv2[k]| * c¢_bs;
for (1 = 0; 1 < k; 1++)
{
apos_bs|k| += A_bs[(k * _k
+ 1)] % tau_p[(l + 3)] = h_step / (double)((1 + 2) * (1 + 3));
avel bs|[k]| += A bs[(k = _k
+ 1)] * tau_p[(1l + 2)] / (double) (1l + 2);
1
apos_ bs|k| = apos bs|k] x
h step + XVI[(6 = i + k)]|;
avel bs|k] = avel bs|[k]| x
h step + XVI[(6 = i + k + 3)];

}
for (k = 0; k < 3; k++)

ra_bs|[k| = apos bs|k] —
ppos_bs|k];
va_bs|k|] = avel bs|[k| —
pvel bs[k];
}
rxv_bs ¢ = ra_bs[0] x va_ bs[0] +
ra_bs|[1] * va_bs|[1l] + ra_bs[2] * va_bs[2];
if (rxv_bs ¢ < 0.0)

a_bs = c_bs;

b _bs = c¢_bs;
h bs /= 2.0;
} while ((h_bs % h step) > exp2(—25));
ra_abs = sqrt(ra_bs|[0] x ra_bs|[0] +
ra_bs|[1l] * ra_bs|[1l] + ra_bs[2] % ra_bs|[2]);
if (ra_abs < (100 % _Radius[j])) if (]
= 9)

fprintf(aprch, "%8d_%16.71f _%2d_
%20.151f\n", istart + i x istep, JD + h_ frac[i] * _hO + c¢_bs *
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h step, j, ra_ abs);

}
if (ra_abs < Radius|j])
{
impact [i| = true;
mask|[i]| = false;

fprintf (impacts, "%8d_%16.71f _%2d_
%20.151f\n", istart + i x istep, JD + h_ frac[i] * hO + c¢_bs *
h step, j, ra_ abs);
fprintf (impacts 0, "%20.15e_%20.15
e_%20.15e_%20.15e_%20.15e_%20.15e\n" , XVO[(6 * i)], XVO[(6 * i
S 1), XVO[(6 % i + 2)], XVO[(6 = i + 3)], XVO[(6 = i + 4)],
XVO[(6 x i + 5)]);
}
if (ra_abs < (10 = Radius[j])) if (]
1= 9)

fprintf (clapp, "%8d_%16.71f _%2d_
%20.151f\n", istart + i % istep, JD + h frac|[i] * _hO + c¢_bs x
h step, j, ra_abs);

}

h_frac|i| += h_step / _hO;

h step prev|[i] = h step cur|i];

for (j = 0; j < 6; j++) XVI[(6 * i + j)| =

XVialj];
}
}
h frac_min = 1.0;
for (i = 0; i < n; i++) if (limpact|[i]) if (h_frac[i]
< h frac_min) h frac_ min = h_ frac|i];

h frac_min += 1.0;
} while (h_frac_min != 2.0);
printf("%1f\n", JD + h0);
if ((JD + _hO0) >= JD _end) for (i = 0; i < n; i++)
{
fprintf(s6, "JD= %lf i = %d XVI= %20.15f %20.15f
%20.15f %20.15f %20.15f %20.15f\n", JD + _hO, i, XVI[(6 * i)].
XVI[(6 % i + 1)], XVI[(6 * i + 2)], XVI[(6 * i + 3)], XVI[(6 *
i+ 4)], XVI[(6 = i + 5)]);

}



//
//

//
//

//

}

fclose (aprch);
fclose (iterations);
fclose (s6);
fclose (impacts) ;
fclose (clapp);
fclose (impacts_0);
/) OcBoboxkieHre TaMsT
delete [] XVO;
delete []| epharr;
delete [] tau;
delete |[] alpha;
delete || alpha_;
delete |[] alpha2;
delete |] alpha2 ;
delete [] D_alpha;
delete || h_frac;
delete [] h_step prev;
delete |] h_step cur;
delete |[] mask;
delete |[] impact;

return 0;
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Introduction

The development of ideas about asteroid hazard

Currently, few people doubt the urgency of the problem, but the asteroid danger
was not always obvious. There was even a case when the existence of stones
falling from the sky was denied by the scientific community. We will briefly
describe the history of knowledge about the small bodies of the Solar System
and the danger they pose. A significant part of this and the next section are
based on the materials of the book «Asteroid-comet hazard. Yesterday, today,

tomorrow» [2].

Asteroid danger in folklore

Descriptions of the fall of small cosmic bodies can sometimes be found in oral
folk art. It is not surprising, because large cars are a very impressive sight.
One example is the Karelo-Finnish epic «Kalevala», an excerpt from which in
the prose retelling of Krusanov is given below.

«The sky shuddered, the doors of the air opened, and a fiery spark rushed

down like a red drop. Hissing in the thick clouds, she passed through all nine
heavens and fell to the ground. Old Vyainemeinen saw a flying spark and said
to Ilmarinen:
— Let’s go find out what kind of fire descended from heaven to earth. And the
heroes set off — to the place where the heavenly flame fell. They walked for a
long time in the dark under the cold stars, until they came to the Neva River,
which spread out in front of them into a wide seas.

This passage is also notable for describing the phenomenon of an electro-
phone car, when a specific sound is heard simultaneously with the fall. Some-
times this fall is identified with the Kaali crater in Estonia, which is about

3,500 years old, but, of course, it is impossible to say for sure.



XXVIII century and earlier

Before the discovery of the first asteroids, little was known about the danger of
«stones falling from the sky». So little that the Paris Academy of Sciences in
1772 concluded that it was impossible for stones to fall from the sky. In fairness,
it should be noted that the cosmic origin of the stones was not considered at

that time, and the existing hypotheses did not stand up to criticism.

XIX century

At the beginning of the XIX century, two important steps were taken at once
to realize the asteroid-comet danger. First, the first asteroids were discovered.
Secondly, at the same time, the creation of a geochronological scale began. At
the same time, ideas of catastrophism were expressed, implying sharp changes
in species composition due to some large-scale events, catastrophes. Indeed,
fossils, or fossils, show dramatic changes in composition between layers with
relative uniformity within the layer. It would seem that the available data is
already enough to make an assumption about the connection of catastrophes
with asteroids. However, after the discovery of 4 asteroids in 1801-1807, there
was a long break until 1845. By that time, the ideas of catastrophism had al-
ready given way to actualism, ideas about the monotony of geological processes
of the past and present. Only much later there was a revival of these ideas in
the form of neo-catastrophism.

In the second half of the XIX century, the number of discovered asteroids
was rapidly increasing. In 1868, the hundredth asteroid was discovered, at the
same time the number of known short-period comets has already reached ten.
At the end of the century, photography began to be used to search for asteroids.
Finally, in 1898, the first near-Earth asteroid, (433) Eros, was discovered.

XX century

The first asteroids crossing the Earth’s orbit were discovered in the first half
of the XX century, in particular, (1862) Apollo in 1932 and (1566) Icarus in
1949. In 1908, the Tunguska event occurred, the largest invasion of a cosmic
body into the Earth’s atmosphere in recent times. At the beginning of the

XX century, studies of the Arizona crater were conducted in order to extract



a meteorite. The issue of asteroid-comet danger gradually acquired scientific
data.

The discovery of impactites, rocks formed when large meteorites collide
with the surface, as well as aerial and satellite imagery have made it possible to
find dozens of large meteorite craters on Earth. By the middle of the century,
radioisotope dating had achieved good accuracy, which clarified the absolute
values of the age of the layers on the geochronological scale. One of the largest
craters, Chicxulub, discovered in 1978, coincided in age with the mass extinc-
tion of species about 65 million years ago. At the same time, the development of
observational technology made it possible to discover dozens and then hundreds
of near-Earth asteroids annually. Currently, even thousands.

The discoveries of the second half of the XX century led to the final aware-
ness of the asteroid-comet danger and contributed to the awakening of interest
in the topic. Thus, only in recent decades this topic has been actively studied,

and the reality of the danger is beyond doubt.

Impact events that occurred earlier

To date, there are many examples from the past, primarily from the history of
life on Earth. Not all known collisions can be reliably associated with extinc-
tions, but, nevertheless, a repetition of this does not bode well for civilization.

Some smaller-scale collisions have occurred throughout human history.

The largest known impacts in the history of the Earth

Large impact craters on the Earth’s surface are also called astroblems. An-
other name for the traces of the fall of cosmic bodies — impact struc-
tures. A list of confirmed impact structures can be found on the website
(https://www.unb.ca/fredericton /science /research /passc/). A more complete
list, including the alleged and refuted impact structures, is available on the
website (labmpg.ssce.ru).

It can be noted that there are one and a half times more confirmed craters
less than a million years old than craters older than 600 million years. Under
the influence of various processes, craters on Earth are gradually destroyed. In

addition to the usual erosion, one of these processes is the renewal of the oceanic



crust. Given its characteristic age, it seems that even within the Phanerozoic,

most of the impact events of the past will remain unknown.

Some of the most notable collisions in human history

Perhaps the most famous fall of a celestial body until recently was the Tunguska
event. On June 30, 1908, a very bright bolide was observed in Eastern Siberia,
the flight of which ended with a powerful explosion, audible at a distance of
1000 km.

Chelyabinsk meteorite

On February 15, 2013, a small asteroid entered the Earth’s atmosphere east of
Chelyabinsk and was moving west. Near Chelyabinsk, the asteroid collapsed,
which led to a sharp increase in the glow and looked like an explosion. The
remnants fell out in the form of many meteorites to the west, the largest of
which, weighing more than 500 kg, fell into Lake Chebarkul.

Current state of the problem

The topic of asteroid-comet danger is currently developing especially inten-
sively. In addition to scientific knowledge, which is of independent value, this
topic also contains applied tasks, primarily ensuring asteroid-comet safety. This
task can be divided into obtaining information about asteroids by observation,
forecasting possible collisions and minimizing damage. Minimization of damage
can be achieved, including evacuation from the affected area, which is clearly
beyond the scope of astronomy and therefore will not be discussed in detail

here.

Observations

In the context of asteroid-comet danger, the task of astronomical observations
can be divided into the discovery and refinement of the orbits of dangerous
celestial bodies. A wide field of view is important for discovery, while measure-
ment accuracy can be mediocre. To clarify, on the contrary, the accuracy of

position measurement is more important. Although, in principle, the reduction



of the error can also be achieved by the number of observations. Almost all
new asteroids and comets are currently being discovered using automated sky
surveys. In recent years, Pan-STARRS and Catalina have been leading in the
number of discoveries of near-Earth objects. Of the Russian projects, we can
mention ISON and MASTER, but their capabilities are significantly weaker
here. However, their regular discoveries confirm that the largest surveys do not
provide complete tracking of the sky and miss a lot.

An important part of both orbit determination and collision predic-
tion is the model of the Solar System. In the context of this disserta-
tion, EPM ephemerides developed at the IAA RAS deserve special men-
tion (https://iaaras.ru/dept/ephemeris/epm /), as well as ephemerides DE
(https://ssd.jpl.nasa.gov/planets/eph _export.html ) created at NASA’s JPL.

The orbit can be determined, for example, on the basis of the Gauss method
using three observations. Each observation is a definition of declination and
right ascension, that is, two independent quantities. Thus, for three observa-
tions, it is possible to obtain six independent quantities necessary to determine
the six elements of the orbits. One example is the [48] [7] method recently
developed at the IAA RAS, based on the enumeration of orbital planes, that
is, the inclination and longitude of the ascending node.

When the asteroid is already open, a number of new features are added to
the survey observations, since the location of the target is already known, at

least approximately.

Impact prediction

The uncertainty of the orbit, especially for recently discovered asteroids, most
often makes it impossible to reliably predict the impact. Therefore, when talk-
ing about the prediction of asteroid impacts with the Earth, they usually mean
an assessment of probabilities.

The most complete lists of dangerous asteroids and their possible collisions
are published on the websites NASA (https://cneos.jpl.nasa.gov/sentry/) and
NEODyS (https://newton.spacedys.com). Their results in the vast majority
of cases do not differ fundamentally, so in the future, the comparison of the
results obtained will be made only with NASA. In Russia the cite of Samara

State Technical University (smallbodies.ru) deserve to be mentioned, where



the probabilities of collisions of several dozen asteroids are determined by their
method.

The TAA RAS offered its own method of estimating probabilities [49]. In
this method, however, it is assumed that the normal distribution of errors in
coordinates and velocities is maintained over the entire calculated time inter-
val. Obviously, this condition is not fulfilled if the asteroid experiences other
approaches on the way to the collision.

In the work of Sokolov et al. [35], evidence is given that speaks of a complex,
fractal-like structure of a multitude of possible collisions. The reason for this
is resonant returns, when, after approaching the Earth, the asteroid goes into
orbit with a resonant period of p/q years. If the fraction is irreducible, the
next convergence or, possibly, collision will occur in p years. Since the orbits
of asteroids are known with some error, it is impossible to accurately predict
the parameters of the approach to the Earth. The period of rotation after
convergence can be represented by a certain range in which resonant values
with a small numerator and denominator may appear. At the same time, each
approach significantly worsens the predictability of the further trajectory of
asteroids. After several such approaches, the movement becomes completely

uncertain.

Impact prevention

Among the methods of collision prevention, the simplest and most ready-to-
use is a kinetic ram. Optionally with a nuclear charge. The method consists in
sending a spacecraft to collide with an asteroid. The momentum transmitted
during the collision should change the asteroid’s orbit. The DART experiment
is due to take place in 2022 and demonstrate how this method works. In this
experiment, it is planned to change the orbit of the asteroid satellite (65803)
Didim.

Asteroid (99942) Apophis

In 2004, an asteroid about 300 meters in size was discovered, designated 2004
MN4 (https://www.iau.org/public/themes/neo/nea2/). Almost immediately

after its discovery, the probability of a collision with the Earth was estimated
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at several percent. Taking into account its size and the alleged damage, Apophis

received a record high score on the Torino scale, 4.

Research conducted at St. Petersburg State University

The asteroid Apophis stimulated numerous studies around the world and St.
Petersburg State University was no exception. Here we will talk about the
results obtained at St. Petersburg State University and preceding this disser-

tation.

Some early works

The topic of asteroid danger, although it was not deprived of attention at St.
Petersburg State University, but still research was carried out rather on a case-
by-case basis. It is worth mentioning the joint work of Elkin and Sokolov [?],
which states that there are usually approaches to the Earth on the trajectory of
impact with the Earth. Rendezvous before impact has obvious practical value:
asteroids at this time are usually easier to observe. We can also say about the
work of Kholshevnikov [18], where an estimate of the collision probability for
undisturbed orbits is given. It is assumed that the orbits of the asteroid and

the Farth have an intersection point.

The method of point gravitational spheres

The discovery of the asteroid (99942) Apophis and the assessment of the prob-
ability of its impact have reawakened interest in the asteroid hazard. In 2008,
an article by Sokolov et al. [35] was published, starting with which Sokolov and
his scientific group regularly publish new results of their research. This article
is of particular interest because it demonstrates the application of the method
of point gravitational spheres to predict possible collisions. This method is
easy to implement without any cumbersome calculations and it allows you to
make an assessment of possible resonant returns leading to new collisions. The

reliability of the results is verified by numerical integration.
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Software package v19

The task of the software package v19 — search and study of possible collisions
and approaches of asteroids with the Earth. Approach criterion for v19 —
approach to the Earth at a distance of less than 0.25 au. Collision criterion —
radius of the Earth. The main part of the work of the software package consists
of two stages, the remaining functions are applied on a case-by-case basis.

At the first stage, in the space of initial data, Cartesian coordinates and
velocities or elements of the orbit, v19 changes one of the variables and sequen-
tially searches for approaches and collisions for each value of the variable being
varied. For example, 40 thousand values of the large semi-axis are set within
3 standard deviations from the nominal value. Usually, at the first stage, it
is possible to identify only the approaches, however, if the area leading to the
collision is large, then a direct hit into the Ground is also possible. If adjacent
points (the selected values of the semimajor axis) lead to a similar approach to
the Earth, this is considered one approach. Similarity is determined by the date
of convergence, within one year. Some approaches occupy only one or several
points, some occupy the entire specified range, and most often something in

between.
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Figure 1: Schematic representation of the dependence of the approach distance
on the variable being varied (bold dots indicate the results of the first stage of
calculation, small dots — of the second)

At the second stage, a minimum distance is sought for each approach found.

To do this, the studied segment of the variable variable, the large semi-axis in
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our example, is split even more, up to machine accuracy. Thus, the minimum
approach distance is found depending on the large semi-axis. The calculation

process is schematically shown in Fig. (1).

Relevance of the topic

The topic of asteroid-comet danger has been actively studied relatively recently.
Now, especially after the Chelyabinsk event in 2013 [11], it is difficult to doubt
the relevance of the topic, but still it is necessary to formulate why this topic
is important today. Asteroids pose a global threat, up to the destruction of
civilization and even life on Earth. For example, the last mass extinction that
occurred 65 million years ago is associated with the fall of the asteroid [28].
Compared to the age of the Earth, this happened quite recently, so the dan-
ger probably exists now. The use of CCD arrays and automatic telescopes
has dramatically increased the possibilities of search observations. As a result,
there is currently a huge stream of observational data that requires processing.
Minor Planet Center (https://minorplanetcenter.net //) collects information
about all small bodies of the Solar system. More information about the cur-
rent situation with near-Earth asteroids can be found on the NASA website
(https://cneos.jpl.nasa.gov /). With the beginning of space exploration, it
became theoretically possible to influence the trajectory of the asteroid and

thereby prevent a collision with the Earth.

Goals and objectives

The dissertation work continues the research of asteroid-comet danger con-
ducted at St. Petersburg State University. The main goal is to search for
possible asteroid impacts with the Earth and estimate the probabilities. In the
course of the work, other planets and the moon were also considered. This
work focuses on current threats and does not address the evolution of asteroid
orbits over long time intervals. The trajectories were calculated 100-200 years
into the future.

The following tasks are set and solved in the work.

1. Obtaining multidimensional characteristics leading to collision of initial
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data regions (coordinates and velocities at the initial time). The v19 soft-
ware package developed at St. Petersburg State University was limited

to one-dimensional variation of initial data.

. Development and testing of a new algorithm and program for fast calcu-
lation of approaches of a large number of virtual asteroids. In addition to
performance, the algorithm required stability and achieving acceptable
accuracy when approaching virtual asteroids with planets. However, it
is worth noting that after several approaches, the calculation error will
inevitably exceed the radius of the Earth, which will make the prediction

of collisions at least doubtful.

. Evaluation of the applicability of the new algorithm to real asteroids. To
do this, it was checked whether the program would find possible collisions
for dangerous asteroids tracked by NASA.

. Determination of the area in the space of the elements of the orbits from
where asteroids can pose a threat to the Earth. This task is important

for the independent search for dangerous asteroids.

. Mass calculation of collision probabilities. A general assessment of the
asteroid threat from all asteroids of the Solar System (however, a large
number of asteroids of the Main Belt, whose orbit does not come close to

either Mars or Jupiter, was excluded a priori).

Results to be defended

. An algorithm has been created that allows calculating the movement of
millions of virtual asteroids simultaneously. The software implementing
it is characterized by high speed and allows you to find approaches and
collisions with the planets of the Solar System and the Moon. With
the help of this software, it is possible to calculate the probability of a
Monte Carlo collision for a large number of asteroids on desktop PCs in

an acceptable time.

. In the space of orbital parameters: eccentricity e, perihelion distance ¢

and angle of inclination ¢, — regions containing asteroids that may pose
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a danger to the Earth have been identified, that is, their approach to the
Earth was detected within 100 Earth radii before 2132.

3. As a result of the analysis of the evolution of 127 690 asteroids, 3200
were found approaching planets by less than 100 of their radii before
2132. It is noteworthy that 24 of the 1611 asteroids that have approached
the Earth do not belong to the near-Earth class, that is, they have a
perihelion distance of more than 1.3 au. When assessing the probability
of a collision, it was found that a collision with any planet is possible for
423 asteroids, of which 163 may collide with the Earth.

4. The results of numerical simulation of the evolution of model asteroids
have confirmed the hypothesis of asteroids approaching the planet prior
to collisions. Of the 50 million model asteroids, 72 collided with the
Earth, of which 70 had approaches of less than 0.05 AU for 100 years

before the collision.

Scientific novelty

A new implementation of the Everhart method and an optimized algorithm for
calculating the trajectories of a large number of virtual asteroids are presented.
Optimization allows you to calculate the probability of collision of all asteroids
of the Solar System with all planets on a desktop PC using the Monte Carlo
method. With a suitable adaptation, the resulting algorithm can be successfully
applied in other tasks that require calculating the trajectories of a large number
of objects.

For the first time, the probabilities of a large number of asteroids (>100,000)
colliding with all the planets of the Solar System and the Moon are estimated.
For a number of asteroids that were considered safe, possible collisions with the
Earth were found. Among them is the asteroid 2015 CT13, which appeared on
the NASA list (https://cneos.jpl.nasa.gov/sentry/) only after the publication
of the relevant results of the dissertation work.

A potential threat emanating from a number of near-Earth asteroids, that
is, having a perihelion distance greater than 1.3 au, has been identified. Such
asteroids are usually larger than near-Earth ones, which is explained by the

effect of selection during observations. Studies of asteroid-comet hazards are
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almost always limited to near-Earth objects, which can prevent the detection
of a real threat in advance.

The hypothesis of convergence before collisions has been confirmed in a new
way. The key difference from most other works is — integrating trajectories into
the future.

Significance of the work

The results presented in the dissertation work expand the existing ideas about
the asteroid hazard. First of all, it is worth noting the identification of a threat
from real non near-Earth asteroids. Existing programs are mainly focused on
near-Earth asteroids. The rest, from the point of view of the actual asteroid
danger, is paid much less attention. Despite a number of works devoted to the
evolution of orbits and the replenishment of the NEAs population, the actual
threat from near-Earth objects remains poorly understood.

By itself, determining the collision probabilities is not something new, but
each new method reduces the likelihood of missing a dangerous object. The
significance of the new result is especially high when there are disagreements in
different sources. In addition, in this paper, the probabilities of collisions with
all planets and the Moon, and not only with the Earth, are calculated. In the
next 100 years, the exploration of at least the Moon and Mars is very likely,
which makes the study of the asteroid threat on other planets an urgent topic
today.

A new version of the Everhart method and the proposed optimizations can
be used in similar tasks. For example, when calculating the trajectories of a
large number of asteroid fragments after destruction.

The hypothesis of convergence before collisions has been repeatedly tested,
so the estimates made in this paper are rather an addition to existing works.
Nevertheless, the approach used, with the calculation of trajectories into the
future, allows us to look at the problem from the opposite side. The usual
approach, with the calculation of trajectories to the past from the collision, is
much less demanding on computing performance.

Definitions of a near-Earth asteroid and a potentially dangerous asteroid
contain restrictions on orbits. The results obtained in this paper contain some

estimates of how well these limitations are justified from the point of view of
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studying the asteroid threat. In particular, as mentioned above, a number of
asteroids have been found that do not belong to the ASZ, but potentially pose
a threat until 2132.

Methods

With the relative simplicity of the methods used, much attention is paid to sta-
ble and reliable operation with a large number of input data. This requirement
is caused, among other things, by the huge progress in the discovery of new
asteroids, because the ultimate goal, in the maximum version, is to study all
known asteroids. Such simple methods include the Monte Carlo method, the
least squares method, etc. These methods hardly need detailed comments. At
the same time, where necessary, more specific methods are involved, for exam-
ple, the Everhart integration method and the Mersenne vortex pseudorandom
number generator. In addition, in some cases, purely heuristic methods are
used, which are a translation of the researcher’s intuition into a programming
language.

The Everhart integrator is well known to celestial mechanics, since it was
originally developed for the corresponding tasks. This is an implicit collocation
one-step method from the Runge-Kutta family. An important feature of the
method is an easy generalization to an arbitrary order. More precisely, an
arbitrary degree of the collocation polynomial. In addition, the collocation
polynomial provides a convenient approximation of the solution at intermediate
points.

Mersenne Vortex — pseudorandom number generator, one of the most pop-
ular at the moment. The generation of (pseudo)random numbers — is the most
important part of the Monte Carlo method, affecting the reliability of the result.
The use of the simplest standard generators built into programming languages
can easily lead to an elusive systematic error. The Mersenne vortex, developed
at the end of the XX century, is characterized by an exceptionally long period

and uniform distribution in 623-dimensional space.
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Degree of reliability

The reliability of the results was subjected to various checks throughout the
studies. The Monte Carlo method is characterized by a high error with a small
number of hits, however, with proper generation of (pseudo)random numbers,
this error is well known and does not pose a problem when interpreting the
results.

The main potential source of unknown error is accuracy of trajectory cal-
culation. Since some of the results are completely new and comparison with
the previous ones is not possible, self-monitoring capabilities are provided. The
verification calculation of the trajectory is performed by the same method, but
with a smaller step. According to the property of the integration method, un-
limited step reduction allows you to achieve arbitrary accuracy. In practice,
accuracy is limited due to machine rounding. The method parameters selected
during testing are aimed precisely at this limit of accuracy.

In addition to self-monitoring, the new program was compared with the
old one, as well as the results were compared with those obtained by other
researchers, primarily NASA. Comparison with NASA plays a key role in as-

sessing the applicability of the new program to real asteroids.

Approbation of results

The results are presented at conferences:
1. Pulkovo Youth Astronomical Conference.
2. All-Russian Astrometric Conference.
3. Student scientific conference «Physics of Space».
4. Polyakhov readings.
5. Korolyov readings.
6. Near-Earth astronomy:.
7. Planetary Defense Conference.

8. TAU Symposium.
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The results have been published in 15 papers indexed by the RSCI, of which 6

papers are indexed in international databases. List of works:
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Chapter 1

Fxperiments with multidimensional

variation of initial data

1.1 Problem statement

The principle of operation of the v19 software package, as described above, is
to vary the initial data (coordinates and velocities) along some one-dimensional
manifold. The area leading to the collision with the Ground is represented in
the form of a certain range of values of the variable parameter. Simply put,
when the parameter X is varied, the area leading to the collision is a segment
centered at X; and W, wide.

It is of interest to consider the stability of the obtained result to various
variations of the method of choosing the variable being varied. To do this, a
number of experiments were proposed: changing the start date and shifting the
orthogonally variable variable. Next, instead of the phrase «the area leading

to the collision», the word «gap» will be used.

1.2 Evolution of the mutual arrangement of «gaps»

How will the relative position of the «gaps» change if you vary the initial data

on a different date?
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The results preceding this dissertation

Previously, the relative positions of the Apophis asteroid «gapss along the
semimajor axis were obtained at 4 time points: in 2006, 2016, 2026 and 2029.
These results are presented in the table (1.1), where the year of the collision
of the corresponding «gap» is indicated on the left, the top is the start date,
and in the table itself — the difference of the large semi-axis in meters. The

trajectory of the 2068 collision was used as the reference orbit [40].

Table 1.1: The positions of the asteroid Apophis «gaps» relative to the 2068
year «gap» (the difference of the major semi-axis in meters)

06.03.2006 | 08.03.2016 | 01.05.2026 | 08.03.2029

2075 -194 -304 -1020 -44000
2064 -191 -300 -1010 -43300
2056 -71.3 -112 -376 -16100
2060 -67.4 -106 -397 -15300
2055 -64.8 -102 -342 -14700
2074 -46.3 -72.7 -245 -10500
2066 -42.7 -67.0 -226 -9700
2065 -41.6 -65.3 -220 -9440
2078 -40.8 -64.1 -216 -9260
2091 -40.0 -62.8 -212 -9080
2077 -1.27 -2.00 -6.72 -288
2068 0 0 0 0
2076 33.9 53.1 179 7670

It was noticed that the structure of the slits retained its shape, increasing in
size from 2006 to 2029. The relative position of the gap for 2016, 2026 and 2029
can be obtained by multiplying the relative position in 2006 by some coefficient
k. The value of the multiplier £ obtained from the data given here is: in 2006 —
1; in 2016 — 1.57; in 2026 — 5.29; on 08.03.2029 — 226.75. Fig. (1.1) shows
the dependence of the multiplier on time, the points are connected by some

smooth curve.

Modification of the v19 software package

The purpose of the modification is — calculation of the £ multiplier for a larger
number of time points. A full-fledged calculation for each date takes a lot

of time. However, you can significantly speed up the process if you know
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Figure 1.1: Dependence of the multiplier k£ on time according to previously
obtained results

in advance the approximate location of the «slots». This can be achieved by
changing the start date with a small step. However, there may be special points
when continuity is broken. Given the estimated number of v19 launches, it was
decided to make a control program that generates initial data and processes
the results in the process. The program was named «researcher» because of
some similarity of its actions with the actions of a live user v19.

The presence of a control program made it possible to use the v19 soft-
ware package more flexibly. In particular, it has become possible to vary along
an arbitrary parameter, and not just Cartesian coordinates and velocities or
elements of orbits. This was used to give more practical meaning to the experi-
ments. Pulsed methods of impact on an asteroid are so far the most developed
ways to prevent collisions. This is, first of all, a kinetic impact and a nuclear
explosion. Their impact on the asteroid can be represented as a displacement
of the initial data in the velocity space. From theoretical considerations, it
is crucial to change the speed along the direction of movement, changing the
major semi-axis. It is this component of speed that is chosen as a variable

variable.
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Figure 1.2: Dependence of the multiplier £ on time according to the results of
the experiment

Results of the experiment

In total, the relative positions of «gaps» for 2613 time points from 1997 to 2029
were obtained. The structure of the «gaps» contracts and stretches proportion-
ally in the first approximation. The dependence of the multiplier k& on time is
shown in Fig. (1.2). The size of the «gaps» is poorly defined, because it is close
to machine accuracy. However, averaging the results across multiple points
shows exactly the same trend. In addition to the long-term trend, fluctuations
with a period equal to the period of Apophis circulation are clearly noticeable.
From this we can conclude that the impact on the asteroid near perihelion is

most effective.

1.3 Three-dimensional variation in velocity space

Having made similar modifications, it is possible not only to investigate the
stability of the result, but also to obtain a multidimensional picture. The
velocity space is of particular interest, since the pulsed impact on the asteroid

is a displacement of the initial data in this space.
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Software modification

A control program similar to the one described in the previous experiment is
used for automation. The one-dimensional characteristics of the «gap» will still
be calculated, but now the initial data will shift in two perpendicular directions.
The amount of displacement at which one-dimensional characteristics begin to
change noticeably is initially unknown. Therefore, a logarithmic grid is used,
starting from machine precision, in increments of 2 times. Dependence of the

position of the «gap» the offset is estimated by a linear function.

Basis

The main variable of variation vy is the velocity along the direction of motion
determined by the nominal orbit or other reference orbit. The others, vy and v3,
complement it to the right triple. The basis is calculated from the coordinates

and velocities as follows:

. U
1= =
|V
€y = —— - (1.1)
[ x ]|
e; = [e1 X €3]

Thus, the second component is selected perpendicular to the plane of the
orbit, and the third in the plane of the orbit, but perpendicular to the direction

of motion. Coordinates and velocities are used barycentric.

Selection of «gaps»

Some previously found collisions of asteroids (99942) Apophis and (443104)
|33] were selected for the experiment. For the second asteroid, the dates of the

collisions are at the beginning of the XXII century.

Results of the experiment

During the experiment, it was possible to establish the first, linear approxima-

tion of the dependence of the one-dimensional parameters of the «gap» on other
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variables. In the considered cases, as expected, the «gap» is approximately per-
pendicular to the direction of movement, that is, the impulse collinearly to the
direction of movement is most effective for avoiding collision. Changing other
variables also leads to a change in the minimum distance. With a sufficiently
large displacement, the minimum distance becomes greater than the radius of
the Earth. The magnitude of this displacement is several orders of magnitude
greater than the width of the «gap».

Upon reaching the near-zero minimum distance, less than 0.01 of the Earth’s
radius, unstable operation of the v19 software package was noticed. The oper-
ating time increased by orders of magnitude, despite the fact that as a result,
the program could not determine the parameters of convergence at all. Until
the reasons were clarified and eliminated, it was decided not to carry out calcu-
lations for a large number of «slots», but to limit ourselves to a few examples.

However, the other three variables were included in the consideration.

1.4  Six-dimensional variation in coordinates and

velocities

The present experiment will evaluate the fundamental possibility of describing

«gapsy» in the six-dimensional space of coordinates and velocities.

Local representation of a «gap» in a six-dimensional space

As in the previous experiment, one-dimensional characteristics of the «gap»
can be represented as functions of other variables. For the neighborhood of
the nominal orbit, or another reference orbit, you can use a polynomial of five
variables. The coefficients were calculated using the least squares method. The
number of coefficients of the polynomial grows very rapidly with increasing
degree: For the first degree — 6; for the second — 21; for the third — 56 and

further grows non-linearly with increasing degree.



27

Basis

The three-dimensional basis was supplemented with components along which

the coordinates x1, xo and x3 vary:

L [Pxd]
€4 =15 =
[ > ]|
&= — (1.2)

7]

eg = |ex X e

Here, the first component is perpendicular to the plane of the orbit, the
second is parallel to the radius vector, and the third is perpendicular to it,
remaining in the plane of the orbit. If the velocity vector is perpendicular to
the radius vector, the bases for the velocities and coordinates are completely

combined. The component perpendicular to the orbit plane is always aligned.

Selection of «gaps»

Examples from the imminent Apophis collision in 2029 to the collisions (443104)
in 2144 have been selected for research. Although the collision of Apophis in
2029 has long been ruled out, it can still be found by changing the initial
data. In addition, withdrawal from another collision may well lead to an earlier

collision.

Results

Although significant coefficients of the second degree were obtained, the reduc-
tion of the polynomial completely would make the output too cumbersome and
inconvenient to read. Let’s imagine the linear part of the dependence of the

position of «gap» vy(ve, v, 1, Ta, x3) in the form:
U1 = a1 + QU2 + as3vz + bll’l + bgﬂ?z + 53333. (13)

The table (1.2) shows the linear position coefficients of some «gaps». The
second column shows the year of the collision corresponding to the «gap». The

coefficients as and agz are dimensionless; by, by and b3 have frequency dimension.

The results for different «gaps» and different asteroids show some trends:
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Table 1.2: Linear position coefficients of some «gaps»

Asteroid | Year as as by, s7' | by, s | b3, st
2004 MN4 | 2029 |-0,00004 | -0,00706 | -1,6 |-2808,4| 5,7
2008 EX5 | 2072 | 0,00007 |-0,005653 | 0,2 |-1650,7| -18,5
2008 EX5 | 2075 | 0,00039 | 0,00059 | -1,6 |-1656,5| -11,9
2013 XK22 | 2101 | 0,00035 | -0,01709 | -1,0 |-1867,8 | -28.5
2013 XK22 | 2130 | 0,00034 |-0,01711 | -1,1 |-1867,6 | -28.5
2013 XK22 | 2144a | 0,00035 | -0,01710 | -1,0 |-1867,8 | -28.5
2013 XK22 | 2144b | 0,00034 | -0,01711 | -1,1 |-1867,9 | -285

1. The position of the «gap» very weakly depends on the displacement in
space of the velocities perpendicular to the plane of the orbit. The depen-
dence on the third component of the velocity reaches almost 2%, but in

general the «gap» is located almost perpendicular to the velocity vector.

2. A similar trend is observed for the dependence on the components of

the radius vector. The most significant dependence is on the second
component corresponding to the change in the modulus of the radius
vector. The ratio roughly corresponds to the constant of the large semi-

axis.

3. For the asteroid 2013 XK22, the linear coefficients differ very little, which,
however, is not observed for the asteroid 2008 EX5.

Results of the experiment

A local representation of the region leading to the collision in the six-
dimensional space of initial coordinates and velocities is obtained. For the
cases considered, the location of the «gap» approximately corresponds to the
constant of the large semi-axis, but the results also show a slight deviation from
this rule. The v19 software package needs to be improved or replaced, because

there is a lack of performance and stability to solve larger tasks.
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Chapter 2

Acceleration of numerical integration

2.1 Prerequisites for creating a new program

Although the v19 software package has allowed us to get a lot of interesting

results, there is no limit to perfection.

Critical shortcomings of the v19 software package

During the search for the minima of geocentric distances, quite often the as-
teroid fell almost exactly into the center of the Earth (less than 0.01 radius).
It turned out that v19 at the same time slows down its work by several or-
ders of magnitude, and in some cases simply ignores the approach to Earth.
To account for the latter factor, as an option, more virtual asteroids could be
used. However, an increase in the working time would then become completely
unacceptable.

This disadvantage does not significantly affect the results obtained by one-
dimensional variation. Firstly, the method used is somewhat redundant and
single outliers can easily be excluded from consideration. Secondly, the mini-
mum geocentric distance very rarely drops to such small values. However, one-
dimensional variation does not give a complete picture of the six-dimensional
uncertainty domain.

A possible option would be to use the Monte Carlo method. Indeed, the
Monte Carlo method allows us to obtain a very reliable result, and a multidi-
mensional area of uncertainty may well be represented by a swarm of virtual

asteroids. The obvious drawback is — the speed of work. For the most resource-
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intensive calculations, about 107 of virtual asteroids were used and it took about

a month. Thus, further progress with the available software seemed impossible.

Problem statement

It should be said right away that the task of comparing different integration
methods was not set. The Everhart method in various variants has long proven
itself in the problems of celestial mechanics, which can be judged at least by
numerous references in publications [24][25][21][10]. The Everhart integrator is
also used in the v19 software package.

The equation of motion of an asteroid is considered as Newtonian problem of
N bodies. The influence of the Sun, Moon and all the major planets is taken into
account. It is convenient to take the coordinates and velocities of the planets
from ephemerides. The ephemerides DE430 are selected for the calculation,
and the initial data for asteroids are taken from the NASA database. Although
the motion model is simple, the data obtained with the v19 software package
suggested that such an approximation is sufficient to obtain results close to
reality. In any case, a simplified Solar system can be used to solve model
problems. The obvious advantage of the simplicity of the motion model is the
computing performance, which was originally planned to be no worse than in
v19.

Denote x — the barycentric vector of the asteroid’s position, x; — the po-
sition of a massive body of the Solar system, r; — the distance between the
massive body and the asteroid, G — the gravitational constant, m; — the mass

of the body. Then the equation of motion of the asteroid can be written as:

T, — X

:I::G-Zmii?) (2.1)
i=1 T

The specific task of the program — search and calculation of parameters of
approaches to planets and the Moon according to the given initial data. The
input is provided with the start and end date, as well as a list of coordinates
and velocities of virtual asteroids. The output is a list of the approaches found,
which indicates: the number of the virtual asteroid, the date, the body with
which the approach occurred, and the minimum distance. The program must
deal with an arbitrary number of virtual asteroids and produce a reasonable

result in a reasonable time with any reasonable initial data. Although the latter
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requirement may seem obvious, in reality not every program is able to work

without failures.

Program name

The new program was named R". The name of the program comes from the
dimension of the initial data set for which the asteroid trajectories are studied.
In this case, these are individual points. However, you can set points in an
arbitrary way, so they may well represent something multidimensional. Actu-
ally, this is the point: to give maximum freedom to future research. Initial
data generation and result processing are carried out either manually or by an

external control program.

2.2 Modification of the Gauss-Everhart method

The modification of the integration method is mainly a transformation of for-
mulas, so the resulting method does not have an independent name. In fact,
the modification was carried out for several months, achieving ever higher per-
formance in the conditions of a specific task, but only the initial and final

algorithms will be described.

Method Description

So, mathematically, the task is to solve the equation (2.1) for a certain set
of given initial conditions. Since this is a second-order equation in three-
dimensional space, it can be transformed into a system of six ordinary differen-
tial equations of the first order. In the future, when describing the method and
the modification made, the Cauchy problem will be considered in the following

form:

' = f(x,t), zog = z(ty) (2.2)
Here x represents some function of time ¢, in fact, the trajectory of the asteroid.
Let’s denote the integration step h and introduce the variable 7 = (t — ty)/h
at the step. We approximate the right side of the equation by a polynomial of
degree k:

k ,
I/:f:fo—{—;Aﬂ'l (23)
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The polynomial is easy to integrate, obtaining an approximate solution in the

form:
k ,7_2+1
= h A~ 2.4
Tr =xy+ (f()T + Z:zjl E 1) ( )
Let’s rewrite the right part in the form of the Newton interpolation polynomial
on the grid 7y, 71, ... , 7%; 70 = 0.
k-l
f=l+2Xalllr—m7) (2.5)
=1 j=0
The coefficients A and « are related by the relations:
k
Ai = Z CjiQj (26)
j=i
k
j=i

In turn, the coefficients ¢ and d can be obtained by recurrent formulas:

cii = dij = 1
co=dop=0 (i>0)
Cij = Ci—1j-1 — Ti=1Ci—1j (1> j > 0) (2.8)
dij =di—1;-1+T1jcic; (0> 7>0) (2.9)

The coefficients A are calculated using iterations performed as follows. For
each 1 = 1,2, ..., k, a cycle of four actions is performed sequentially A — x; —
fi = a; = A. The first action A — x; is performed according to the formula
(2.4), the second action x; — f; — using the original equation (2.1). For the

third action, f; — «; will need to convert the formula (2.5)

ar = (fi—fo)/n
ar = ((fa= fo)/m2—an)/(12 — T1)
as = (((fs = fo)/m3—a1)/(13 —71) — a)/ (73 — T2)
(2.10)

Finally, the fourth action of & — A is performed by the formula (2.6).
At the start of integration, the initial approximation of A can be taken equal

to zero. In the following steps, it makes sense to use the initial approximation
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A obtained from the coefficients A in the previous step:

k
J=t

Where r = h/h — the ratio of the new step to the previous one. The coefficients

e are calculated using recurrent formulas:

€ii = €jp = 1

€ij = €i—15-11T €i-1 (Z > 7 > 0) <212)

The initial approximation of @ can be obtained by the formula (2.7).
To increase the order of the method, the nodes 7; should be selected from
the Gauss-Legendre, Gauss-Rado or Gauss-Lobatto partitions. The latter was

chosen for the new program. The nodes in this case are the roots of the equation:

k—1)

(7= 1)

Then the order of the method will be equal to 2k, 7o =0, 7. = 1.

—0 (2.13)

Modification of the method

The task of this modification is — while maintaining accuracy, to increase the
performance of calculations in the conditions of a specific task. As a rule, the
calculation of the right-hand sides of the equation is the most expensive part.
Having examined our right side more closely, we can see that the lion’s share
of calculations is occupied by calculating the positions of massive bodies from
ephemerides. The calculation is carried out at fixed time points corresponding
to the nodal values of 7;. This means, firstly, that it is enough to calculate the
positions of massive bodies once per step (for each node). Secondly, if many
virtual asteroids are integrated simultaneously, it is enough to perform these
calculations once for all asteroids. Thus, the cost of calculating ephemerides
can be made negligible.

To represent exactly where to optimize, let’s estimate the number of arith-
metic operations performed in one iteration at k& = 6. The integrable variable
is a 6-vector, but when calculating the right parts, for example, only 3 com-
ponents out of 6 require calculation. In addition, the values of Gm;/r} are

sufficient to calculate once for all components. For the first action A — x;, it is
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worth calculating the values of 777" /(j + 1) in advance, then 6k(k + 1) = 252
additions and 6k(k + 1) = 252 multiplications are required. As for the second
action x; — f;, the number of operations depends on the number of massive
bodies taken into account. For 10 massive bodies during one iteration, you
need to make: 30k = 180 subtractions, 10k = 60 divisions, 10k = 60 square
root extractions, 30k = 180 additions and 80k = 480 multiplications. For
the third action f; — «;, we calculate in advance the values of 1/(m; — 7;)
and use multiplication instead of division. Then the number of operations will
be 6k(k + 1)/2 = 126 subtractions and 6k(k 4+ 1)/2 = 126 multiplications.
The fourth action a@ — A is performed for 6k?(k — 1)/2 = 540 additions and
6k?(k + 1)/2 = 756 multiplications.

The last cost action is comparable to calculating the right parts. The ratio
will change in favor of the right parts, if additional forces are taken into account.
At the same time, as the degree of the k polynomial increases, the costs of the
fourth action grow very quickly. For example, with k£ = 8, 1344 additions and
1728 multiplications will already be required. Instead of optimizing this action,
let’s combine it with the first one in the abbreviated scheme a« — x; — f; —
a;. Then the initial approximation will be calculated according to the scheme

a— A — A — @ Formula for the combined action oo — x;:

k
T, =x0+h (f()TZ' + Z B@O&j) (214)
=1
g
B;: = g 2.15
j lzzlcﬂl 1 (2.15)

The number of arithmetic operations does not differ from the action A — x;,
in the complete absence of the fourth action. Getting an initial approximation

is somewhat more complicated. If we try to simplify it in a similar way, we get:

k
a; = Y Hjja; (2.16)
j=i
J o1
H;; = ZZ z'dmirmelmcﬂ (2.17)

If the integration is performed with a variable step, the coefficients H will have
to be calculated anew each time. If integrated with a constant step, r = 1

and H can be calculated in advance. However, our virtual asteroids regularly
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experience close approaches with planets, so it is necessary to change the step.
As a result, the following strategy was chosen. In most cases, the step is equal to
the previous one and the pre-calculated coefficients H are used. When changing
the integration step, the zero initial approximation is taken, as in the first step.

The original system of equations has a second order, so you can use another

version of the approximation of the solution:

k ‘

' =f=fot+ X AT (2.18)
i=1
The formula for the action o« — x; will take the form:

/ 7} i
T, = Xo+ h (SL‘OTZ‘ +h (f()zZ + Z:l VV@jO&j)) (219)

J:

J 72

Wii =Y ¢, ! 2.20
7 lzzlﬂ(z“)(uz) (2.20)

Iterations are performed until the position and velocity are completely con-
verged at the end of the step. The iteration termination criterion was chosen
taking into account the machine accuracy of 52 binary orders for the double

data type.

2.3 Organization and optimization of computing

The task of the new program — is not only the calculation of the trajectory,
but also the calculation of the parameters of close approaches. In addition,
the calculation of the trajectory in the presence of close approaches requires a

special approach to the choice of the integration step.

Algorithm for choosing a step and grouping virtual asteroids

The very idea of calculating multiple virtual asteroids at the same time looks
simple. If there is a rapprochement with some planet, you have to reduce the
step, but this can be done for all virtual asteroids. The problem is that most
often only a small fraction approaches, so reducing the step for all asteroids at
once threatens with a lot of unnecessary calculations. In addition to wasting
time, an unnecessary increase in the number of steps will increase the accumula-

tion of machine rounding errors. Obviously, it makes sense to divide asteroids
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into groups depending on the integration step. It is also worth considering
the unification of asteroids, otherwise the number of groups may grow to the
number of virtual asteroids, thereby destroying the basic idea of optimization.

The value hg = 4% was chosen as the base step, which provides convenient
use of the ephemerides DE430. In addition, due to the machine representation
of numbers, multiplication by an integer power of 2 can be performed without
loss of accuracy. The step reduction criterion — is a heuristic used to detect
close approaches. If the ratio of the planetocentric velocity to the planetocentric
distance exceeds 2' M, the step decreases to 2 'hgy. The value of M was selected
during testing. As a result, the step is chosen from the calculation so that
the change in the planetocentric radius vector of the asteroid does not exceed
a quarter of the planetocentric distance. The degree of the polynomial k is
selected to achieve the best accuracy and is equal to 5. Accuracy control was
carried out by parallel integration with a smaller step.

Asteroids that do not experience close proximity according to the criterion
described above are integrated simultaneously with a step equal to the base
step hy. For asteroids approaching some massive body, the base step is split
into parts, asteroids are grouped by the magnitude of the step. The maximum
degree of crushing is ¢ = 20, which corresponds to a minimum step of about
0.33 seconds. Thus, the maximum number of asteroid groups is 21. Integration

at the basic step is performed in the following iterations:

1. From the set of asteroids, those for which the trajectory calculation is
completed at the shortest time are selected. Due to the use of integer
powers of 2¢, there are no machine rounding errors and time points are
calculated accurately even when using a floating-point data type. This

does not apply, however, to intermediate nodal values.

2. The integration step is independently determined for each asteroid from
the selected ones. If the step is less than the previous one, the asteroid
moves to another group. If the step is larger than the previous one, then
the step increase occurs only if it is possible to merge with another group.
With the described method of splitting the base step, an increase in the

step is possible every second step.

3. The selected asteroids are grouped according to the magnitude of the
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integration step, for each step, ephemerides are calculated in nodal values

and, finally, integration at the step.

Finally, the smallest moment of time reaches the right boundary of the base

step and integration begins at the next base step.

Algorithm for clarifying approximations

From the point of view of the program, the approach of an asteroid to a planet
is the local minimum of the function of the planetocentric distance from time.
During testing, it turned out that in 10 minutes the program can find such
a large number of approaches that when using 50 bytes to record information
about one approach, the output file volume will exceed gigabytes. Fortunately,
it turned out to be easy to correct this by setting the upper bound of the
minimum distance R,,;,. For an acceptable amount of output files, by default,
the upper bound is 100 radii of the corresponding planet.

So, at each integration step, it is necessary to determine whether the mini-
mum distance has been reached and compare it with R,,;,. To do this, we will
use the planetocentric coordinates and velocities of the asteroid. The planeto-

centric distance can be written as:

r = \/:1:2 +y2 + 22 (2.21)

Differentiate by time:
TT + Yy + 2z

T =
Va? +y? + 27
A sign of the minimum will be a change in the sign of the derivative from

(2.22)

negative to positive. To determine the sign, it is enough to calculate only the
upper part of the fraction, which is the scalar product of the planetocentric
radius vector and velocity vector. Further, if a convergence is detected within
the step and the planetocentric distance at the end of the step is less than
2R,.in, the parameters of the convergence are refined. If, after refinement, the
minimum distance turns out to be less than R,,;,, the parameters are written
to the output file.

To clarify the moment of approach and the minimum distance, it will be
necessary to calculate the planetocentric coordinates and velocities of the aster-

oid at an arbitrary intermediate time. For planets, ephemerides can be used,
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for an asteroid, let’s take the approximation of the solution obtained in the
Everhart method by a polynomial. The simplest (and quite suitable) way is
binary search, when the time interval is divided in half and the sign of the
scalar product in the middle is calculated. After 10 iterations, the accuracy of
determining the approach time improves by 1024 times. An alternative method
is the golden ratio method, in which it is not necessary to calculate the veloc-
ities, but the convergence is slower. Testing showed that binary search gives
a noticeably more stable result, so it was decided to abandon the golden ratio
method.

The record of one rendezvous takes 50 bytes, which includes: the number
of the virtual asteroid, the Julian date, the number of the body with which
the rendezvous occurred and the minimum distance. The size of the record is
selected so that you can quickly estimate the number of file size approximations.
In the most frequently used version of the program, three separate files are
output for approaches of less than 100 radii of the planet, 10 radii and 1 radius,
that is, collisions. In the event of a collision, the calculation of the trajectory

of this virtual asteroid stops.

2.4 Testing a new program

So, the new program has been created and satisfactorily fulfills the task. It is

of interest to evaluate the accuracy and performance of calculations.

Accuracy Testing

The accuracy assessment was carried out in two different ways. The first
method is — parallel integration with a smaller step. This method was ac-
tively used in the process of making changes. It is assumed that when the step
decreases, the result tends to an exact solution. From experience, this state-
ment often remains true even with errors in the implementation of the method,
but convergence suffers greatly. Naturally, the accuracy remains limited by ma-
chine rounding. The second method — comparison with the old v19 program
using the same motion model. This method allows you to make sure that the

result is really adequate. Presumably, the accuracy of the new program should
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Figure 2.1: The difference between R° and v19 for the position and velocity of
the asteroid Ganymede depending on the Julian date

be comparable to the old one, since in both cases a variant of the Everhart
method is used.

The main test of accuracy was the calculation of the asteroid trajectory
(1036) Ganymede for 320 000 days (about 900 years). The results are shown
in Fig. (2.1). Such a period of time is an order of magnitude longer than usual
for asteroid hazard tasks. In addition, there is a close approach to Mars on
the Ganymede trajectory. When comparing the trajectories, the discrepancy
was considered during the entire integration time. The difference in the result
between v19 and R? did not exceed 107% a. e.; comparison of the trajectories
obtained by R" with normal and reduced steps showed an order of magnitude

smaller difference.

Performance testing

An important feature of the new program is the ability to calculate approaches
to all planets in one trajectory calculation. When using the v19 software pack-
age, in order to achieve a similar result, it would be necessary to run a separate
calculation for each planet. That’s why the performance of the R program is
an order of magnitude higher. However, this advantage does not matter if the

task is to calculate the approaches only to the Earth.
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An asteroid (99942) was chosen for the test Apophis, 1000 virtual asteroids
in the vicinity of the nominal orbit. Trajectories diverge rapidly after the 2029
rendezvous, but many virtual asteroids have more than one rendezvous per
trajectory. Integration was performed for 20 000 days (about 55 years), an
Intel G3260 processor was used. In the v19 program, the average time spent
on one asteroid was 300 ms. The result of the R program was 13 ms, which is

23 times faster.

Discussion of test results

The accuracy of the program RY, apparently, is not worse than that of v19.
Moreover, a comparison with the result obtained by reducing the integration
step suggests an order of magnitude smaller error. It remains unclear how ap-
plicable the simplified model is to the assessment of the danger of real asteroids,
however, at least for model studies, the new program is quite suitable. In prin-
ciple, adding perturbations to the right side of the equation is not a significant
problem, but it will increase the running time of the program.

The performance of the R" program significantly exceeded expectations. In
early tests, when the selection of approaches was not limited to the maximum
distance R,,;,, the size of the output file turned out to be indecently large.
Later, as the upper limit of R,,;,, 100 radii of the corresponding planet were
taken by default. For Earth, this is 0.0043 AU, which is almost two orders of
magnitude less than the 0.25 AU commonly used in v19.

The number of virtual asteroids in the v19 program was limited by the
running time of the program. More than 10° at a time was launched very rarely.
In the program R, since all virtual asteroids are integrated simultaneously,
the amount is limited by the amount of RAM. For 8 gigabytes, you can run
about 107 virtual asteroids, while the running time of the new program remains
acceptable. This makes it potentially possible to use the Monte Carlo method,
which is usually discarded due to its resource intensity, but at the same time

very reliable and universal. This modification of the Everhart integrator is
published in [5].
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Chapter 3

Monte Carlo Experiments

3.1 200 asteroids

The purpose of the experiment — to demonstrate the capabilities of the pro-
gram in calculating the collision probabilities, to evaluate the applicability of
the method to real asteroids and to identify possible pitfalls in large-scale cal-
culations. In total, the trajectories of 2 - 10° virtual asteroids were calculated

during the experiment.

Choosing Asteroids

Obviously, only a few asteroids have a significant probability of impact in the
next 100 to 200 years. Therefore, if we take completely arbitrary asteroids,
the computational resource will be wasted in 99To make the result a little
more interesting than an array of zeros, asteroids were selected based on NASA
results (https://cneos.jpl.nasa.gov/sentry /). The following criterion was used:
an estimate of the size of an asteroid of at least 30 meters, the probability of a
collision with the Earth is at least 107%. At that time (December 2019) there
were exactly 200 such asteroids.

The size criterion is due to two considerations: firstly, asteroids less than
30 meters do not pose a great danger; secondly, with a small size, the influence
of non-gravitational forces becomes more significant, which are not taken into
account in the motion model. The criterion for the probability of collisions was
chosen based on the estimated number of virtual asteroids equal to 107. Even

if the probability is the minimum 1078, with a chance of about 10%, the Monte
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Carlo method will detect a possible collision.

The nominal orbit and covariance matrix for each asteroid are obtained
from the NASA database (https://ssd.jpl.nasa.gov ). The starting date is taken
exactly the same as that for which the elements and the covariance matrix in
the database are given. The end date is — September 1, 2132, or JD 2500000.5.
Thus, the search for possible collisions will be conducted 100 years ahead with
a small margin. Since NASA in most cases is looking for collisions 100 years in
advance, we can expect a significant correlation of the results, that is, it makes

sense to make a comparison.

Calculation process

The use of the Monte Carlo method requires the generation of a large number
of random numbers. One virtual asteroid is given by 6 variables (coordinates
and velocities), that is, 6-10” random numbers need to be generated for one real
asteroid. The Mersenne vortex|23] is used for this task. This pseudorandom
number generator, in addition to a very long period, gives a uniform distribution
in spaces of dimension up to 623.

Normally distributed quantities can be obtained from uniformly distributed

ones using the Box-Muller transformation:

21 = cos2mqry/—21n ¢
29 = sin 2wqry/—21n ¢o (3.1)

Where ¢ is independent uniformly distributed random variables in the inter-
val (0, 1), and z is independent normally distributed random variables with
mathematical expectation 0 and standard deviation 1. Then the generated
vector of six normally distributed random variables is transformed according
to the covariance matrix. As a result, after numerous generations, a swarm of
virtual asteroids representing possible elements of the orbit of a real asteroid is
obtained. For the program R, the elements of the orbits are transformed into

barycentric rectangular coordinates.

Results

The result is published and available by link in the form of a spreadsheet

(www.astro.spbu.ru/sites/default /files/stats.xls ). The number of approaches
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to each planet by 100, 10 and 1 radius is indicated, totaling from 107 virtual
asteroids. As expected, there are relatively few approaches and collisions with
other planets, yet asteroids have been selected from the most dangerous for
Earth. Nevertheless, in addition to 156 million approaches to Earth, 22 mil-
lion — with the Moon, 8 million — with Venus, 1 million — with Jupiter were
found. Many asteroids with high probability of impact with the Earth have a
chance to collide with the Moon. For some asteroids, possible collisions with

two or more planets have even been detected [45].

Comparison with NASA

Since NASA considers most asteroids to be about the same time interval, the
results can be expected to be very similar. However, in the comments to the
probabilities obtained, they wrote that in some cases the result is highly unsta-
ble in relation to the calculation method and the difference can reach several
orders of magnitude. In addition, the interval taken for the program R is in
most cases a little longer, so the probability should be, on average, greater. A
comparison of the results is shown in Fig. (3.1).

With the general similarity of the results, the following features can be

noted.

1. For most asteroids, as expected, the probabilities obtained are somewhat
greater than those of NASA. Often the difference reaches one or two
orders of magnitude, but more often it is tens of percent. The greatest

differences usually occur in asteroids with the worst orbital accuracy.

2. For a number of asteroids, the R" program did not detect possible colli-
sions with the Earth. First of all, these are asteroids with probabilities
less than 1077 according to NASA. Obviously, when using 107 virtual
asteroids, the Monte Carlo method cannot reliably determine such small

probabilities. Nevertheless, possible collisions were found in some cases.

3. Several asteroids with high probabilities according to NASA have possible
collisions only after 2132. For such asteroids, the R” program also did

not detect possible collisions.
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Figure 3.1: Collision probabilities obtained by the R” program and NASA

4. The asteroid Apophis has a very precise orbit and, accordingly, a small
spread of initial data. The program R° did not find possible collisions
of Apophis with the Earth, despite the significant probability according
to the results of NASA. Apparently, perturbations that are not taken
into account by the R? program play a greater role in this case than the

uncertainty of the orbit.

5. The above reasons for the differences in results did not explain the differ-
ence in 2 out of 200 cases. For these asteroids, an additional comparison
was made with NEODyS, during which it turned out that the difference
with NASA was several orders of magnitude. Presumably, it is in these

cases that the instability to the calculation method is the highest.
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Results of the experiment

The probabilities of collisions of 200 asteroids with the Earth, Moon and other
planets are obtained. The similarity of the result with the results of NASA
suggests that the RY program is quite suitable for assessing the danger of real
asteroids. However, the result should still be treated with great caution, since
the movement model is very simple. Especially for asteroids with high orbit
accuracy, where the initial data spread is small and the difference in the motion
model plays a more significant role. However, the vast majority of asteroids
cease to be dangerous after clarifying the orbit. Apophis — this is a special
case.

The ratio of the number of approaches and collisions is noteworthy. It
is clear that a rendezvous is much more likely, but the presence of specific
values will allow using information about the rendezvous to identify dangerous
asteroids. The advantage is the smaller number of virtual asteroids needed to
search for possible approaches. Yet the planets are very small on the scale of
the Solar System. This gives the potential for self-determination of dangerous
asteroids from the total set.

Asteroids that can collide with the Earth often have a significant probability
of collision with other bodies of the Solar System. This is partly due to the
fact that such asteroids have poorly defined orbits, but high uncertainty also

arises as a result of close approaches.

3.2 Scanning the space of elements of orbits

The purpose of the experiment — to evaluate the location of asteroids dangerous
to the Earth in the space of the elements of the orbits, as well as to compare
the result with the definitions of an asteroid approaching the Earth and a

potentially dangerous asteroid.

Problem statement

By definition, near-Earth asteroids, or near-Earth asteroids, include asteroids
with a perihelion distance of less than 1.3 au. The restriction on the orbit of
potentially dangerous asteroids is even stricter: MOID should be less than 0.05

au. It is interesting to consider how likely rendezvous and collisions with the
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Earth are, depending on the elements of the orbit. Perhaps this will limit the
search for dangerous asteroids.

Among the long-discussed statements about the asteroid danger is the fol-
lowing: a close approach is likely on the collision trajectory shortly before the
collision. Usually this statement is verified by calculating the trajectories from
the collision into the past. However, in the course of this experiment, it is
possible to obtain collision trajectories in the opposite way.

The specific task was set as follows:

1. For fixed eccentricity, perihelion distance and inclination, generate a

swarm of virtual asteroids with random remaining elements.
2. Perform the calculation of approaches and collisions.

3. Check for the presence of collisions on the collision trajectories.

Choosing Asteroids

The boundaries of the studied space of the elements of the orbits were chosen
based on the elements of the orbits of real near-Earth asteroids. Eccentricity
from 0 to 0.9; perihelion distance from 0.2 to 1.4 au; inclination from 0 to 50°.
Less than 2% of known NEAs are located outside these boundaries. The upper
limit of the perihelion distance slightly goes beyond the boundaries of many
near-Earth asteroids. This was done based on the results of a trial experiment
that showed the possibility of near-Earth asteroids with the highest perihelion
distance approaching the Earth.

Within the specified boundaries, 15 uniformly distributed values of eccen-
tricity, 15 — perihelion distance, 25 — inclination were selected. For example,
the eccentricity takes values from 0.03 to 0.87. For each combination of the
selected element values, 2-10° virtual asteroids were generated. The year 2000

was chosen as the starting point, the integration was carried out for 200 years
ahead.

Approaches before impacts

These results were obtained in a smaller-scale trial experiment, differing in

the following parameters. Eccentricity from 0 to 0.8; perihelion distance from
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0.3 to 1.3 au; inclination from 0 to 15°. Values of eccentricity — 10, perihelion
distance — 10, inclinations — 5. Generated by 10° virtual asteroids. The results
described here were sent to the article almost immediately [20]. Subsequently,
in the main experiment, the issue of convergence before collisions was no longer
raised.

Cases in the first 100 years were excluded from the collision trajectories ob-
tained. The remaining trajectories were analyzed for the presence of approaches
during the 100 years before the collision. A total of 72 collision trajectories were
obtained. Of these, 20 trajectories had a 100-year approach to it up to 0.01
AU; 70 trajectories — up to 0.05 au. For 5 of the 72 trajectories, the previous
approach to the Earth occurs 358-365 days before the collision. 33 collision
trajectories with Venus were also obtained. 18 of them had a convergence of
up to 0.01 AU; all 33 trajectories — up to 0.05 au. 327 collision trajectories
were obtained with Jupiter, but only 28 of them had a convergence of up to
0.05 au. Given that the orbit of Jupiter is 5 times larger and the period is 12
times, it is clear why there are so few approaches before collisions. Too few
collision trajectories have been obtained with the rest of the planets for any

new conclusions.

Results

It was not possible to detect any significant features depending on the number
of approaches from the inclination, so in the future the plane of eccentricity
— perihelion distance will be considered. The only thing is a decrease in the
number of approaches with an increase in inclination. However, for example,
the number of approaches to Mercury reaches a maximum at an inclination of
7°.

In the following diagrams, the area of the circle is proportional to the num-
ber of asteroids. Figure (3.2) shows the initial eccentricity and perihelion dis-
tance of asteroids that collided with the Earth. Fig. (3.3) shows the initial
elements of asteroids that have approached the Earth up to 10 of its radii. In
Fig. (3.4) the same thing, but for 100 Earth radii. Finally, in Fig. (3.5), a
logarithmic scale is used to show the entire set of initial values of eccentricity
and perihelion distance, for which approaches to the Earth up to 100 of its radii

were detected.
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Figure 3.2: Impacts with the Earth

The vast majority of approaches to Earth come from asteroids whose initial
orbit crossed the Earth’s orbit, that is, the perihelion distance is less than 1
au, and the aphelion distance is more than 1 au. At the same time, many
virtual asteroids whose orbit was completely inside or outside the Earth’s orbit
managed to change their orbit over 200 years and get closer at a distance of
less than 100 radii from the Ground. These are mostly high aphelion asteroids
exposed to Jupiter, but there are also a small number influenced by Venus. It
is worth noting that even virtual asteroids with an initial perihelion distance of
more than 1.3 au have approached the Earth, that is, beyond the set of near-
Earth ones. This suggests that the danger to the Earth, even in the relatively
short term, is not limited to NEAs. When approaching Jupiter, such an asteroid

may well go directly into a group of potentially dangerous ones.
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Results of the experiment

The question of the presence of a close approach shortly before the collision is
investigated. A feature of this study is the opposite approach to the obvious:
instead of integrating trajectories from the collision into the past, integration
into the future was performed. In addition, a result was obtained for Venus and
Jupiter. For the Earth, in 97% of cases, 100 years before the collision, there
was a convergence to 0.05 AU, which speaks in favor of the accepted definition
of a potentially dangerous asteroid. In 7% of cases, the approach occurred in
358-365 days, that is, there was a resonant return of the asteroid with a period
of 1/1.

The main result is — the probabilities of approaches and collisions depending

on the elements of the orbits. The most notable are the approaches to the Earth
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Figure 3.4: Approaches to 100 radii to the Earth

of asteroids, whose perihelion distance at the initial moment exceeded 1.3 au.
Moreover, these approaches are no further than 100 Earth radii, which is quite
a bit on the scale of the Solar System. Apparently, the problem of asteroid-
comet danger is not limited to near-Earth asteroids. Asteroids approaching

other planets can also pose a threat to the Earth.

3.3 The first mass calculation of collision probabilities

The purpose of the experiment — to evaluate the possibilities of independent

search for dangerous asteroids using a new program.
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Figure 3.5: Approaches to 100 radii to the Earth in logarithmic scale

Choosing Asteroids

Since the most likely threat comes from asteroids crossing the Earth’s orbit,
asteroids with a low aphelion () < 0.9 au and with a high perihelion ¢ >
1.1 au were excluded. Thus, in this experiment, only near-Earth asteroids are
considered, but without a priori known probability of impact. It also makes
sense to exclude small asteroids, which was done according to the criterion
H > 26. The boundary roughly corresponds to the size of the body that gave
birth to the Chelyabinsk superbolide. In total, 15909 asteroids were selected,
more than half of the known near-Earth ones.
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Calculation process

In the first experiment, for 200 asteroids threatening the Earth, the ratio of
the number of approaches per 100, 10 and 1 radius was revealed. This can be
used to search for dangerous objects using the Monte Carlo method, because it
is much easier to get into 100 radii around the Earth and virtual asteroids can
be used less. At the same time, on the scale of the Solar System, this is still a
very small value, so a random asteroid is unlikely to fly so close.

Taking into account the previously obtained results and limitations on the
time of operation of the program, the calculation scheme turned out to be as

follows:

1. 2000 virtual asteroids were generated for the selected 15909 asteroids.
Asteroids with at least one approach of up to 1000 radii to the Earth

were further selected, a total of 8463 asteroids.

2. For the 8463 asteroids selected at the previous stage, 10,000 virtual ones
were generated. Asteroids with a convergence of up to 100 radii were

selected.

3. 50,000 virtual asteroids were generated for the selected 661 asteroids.

Results of the experiment

Possible collisions with one of the planets or the Moon were detected for 143
asteroids, of which only 83 asteroids — with the Earth. It is noteworthy that
many asteroids approaching the Earth pose a threat to other planets. Given
the results of the previous experiment, we can assume the opposite: asteroids
approaching other planets pose a potential threat to the Earth. Apparently,
even for the Earth, the problem of asteroid-comet safety cannot be solved if we

consider only near-Earth asteroids.

3.4 The second mass calculation of collision

probabilities

The purpose of the experiment — to search for dangerous asteroids taking into

account the results of scanning the space of the elements of the orbits.
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Choosing Asteroids

Since it no longer makes sense to limit ourselves to near-Earth asteroids, the
choice is made from all known asteroids of the Solar System, of which there
are more than a million. The smallest asteroids are excluded according to the
criterion H > 26. Asteroids of the Main Belt that do not experience approaches
to planets are excluded, according to the criterion (¢ > 1.8 au)AND(Q <
4.0 au). There are 127690 asteroids left, for which the probability calculation

will be performed.

Calculation process

The calculation is made until 2132. Similar to the previous experiment, the

calculation scheme is three-stage:

1. 2000 virtual ones have been generated for the selected asteroids. Asteroids
that have at least one approach of up to 1000 radii with any planet were
selected, a total of 11291 asteroids.

2. For the asteroids selected at the previous stage, 20,000 virtual ones were
generated. Asteroids were selected for which there was at least one ap-

proach up to 100 radii, a total of 3208 asteroids.

3. For the asteroids that passed the last selection, 2-10° virtual were gener-
ated, the result is considered final. Note that with the total probability
of an asteroid impact of 107%, the chance of not getting any collision tra-
jectory is 2 - 1072, With a probability of 1077, the chance of a negative
result is already 13.5%, but still in most cases there are collisions. With
a probability of 1079, the chance of a negative result reaches 81.9%, but
even in this case there is a good chance of a positive result. Given the
number of asteroids studied, collision trajectories may well be found with
much lower probabilities, but, of course, there is no question of reliable

detection of collisions.

Results of the experiment

The results are available in spreadsheet form
(www.astro.spbu.ru/sites/default /files /stats 200000.xls). The number of as-
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teroids approaching planets up to 100, 10 and 1 of the radius of the corre-
sponding planet per 200 thousand virtual asteroids is indicated.

Possible collisions with one of the planets or the Moon were detected for
423 asteroids, of which 163 asteroids — with the Earth. There are 377 such
asteroids on the NASA website, taking into account the restrictions imposed
on the absolute stellar magnitude, but this is only with the Earth. With the
consistency of the results as a whole, the missing on the NASA website catches
the eye (https://cneos.jpl.nasa.gov/sentry/) asteroid 2015 CT13, for which the
obtained probability was in second place. A detailed examination of the result
showed that, apparently, NASA did not count up to a possible collision, taking
a shorter time interval. After the presentation of the results at the Planetary

Defense Conference, this asteroid appeared on the site.
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Figure 3.6: The initial position of asteroids approaching the Earth up to 100
radii on the plane of eccentricity — perihelion distance

For 24 asteroids with a perihelion distance of more than 1.3 au, the trajec-

tories of approaching the Earth up to 100 radii up to 2132 were found (See Fig.
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3.6). These asteroids have a large eccentricity and aphelion near the orbit of
Jupiter. Thus, the evolution of asteroid orbits, leading to the replenishment of
the NEA population, may well create a significant threat within 100 years. A
detailed examination of the result revealed that the orbit change occurs almost
instantly due to the approach to Jupiter. Unlike most near-Earth asteroids,
these asteroids spend most of their time in the orbit of Jupiter and even in
perihelion do not come close to Earth. That is, observational selection is rather

not in their favor, especially given the increased attention to NEA.
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Conclusion

Results to be defended

1. An algorithm has been created that allows calculating the movement of
millions of virtual asteroids simultaneously. The software implementing
it is characterized by high speed and allows you to find approaches and
collisions with the planets of the Solar System and the Moon. With
this software, it is possible to calculate the probability of a Monte Carlo
collision for a large number of asteroids on desktop PCs in an acceptable

time.

2. In the space of orbital parameters: eccentricity e, perihelion distance ¢
and angle of inclination ¢, — regions containing asteroids that may pose
a danger to the Earth have been identified, that is, their approach to the
Earth has been detected within 100 Earth radii up to 2132.

3. As a result of the analysis of the evolution of 127 690 asteroids, 3200
were found approaching planets by less than 100 of their radii before
2132. It is noteworthy that 24 of the 1611 asteroids that have approached
the Earth do not belong to the near-Earth class, that is, they have a
perihelion distance of more than 1.3 au. When assessing the probability
of a collision, it was found that a collision with any planet is possible for
423 asteroids, of which 163 may collide with the Earth.

4. The results of numerical simulation of the evolution of model asteroids
have confirmed the hypothesis of pre-collision approaches of asteroids to
the planet. Of the 50 million model asteroids, 72 collided with the Earth,
of which 70 had approaches of less than 0.05 AU for 100 years before the

collision.
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Appendix 1: impact probabilities for
200 asteroids

Explanations to the table

The table shows the Monte Carlo collision probabilities for 200 asteroids. The
calculation was made at the end of 2019. Asteroid trajectories were calculated
until 2132, that is, a little more than 100 years. In the case of NASA, the final
calculation date varies from asteroid to asteroid, but they usually count 100
years ahead. It is reasonable to expect that the R probabilities obtained by
the program will be slightly higher due to the slightly increased study interval,

but in general they should correlate well.

The probabilities obtained by NASA (for Earth) are given in the second
column. The remaining columns show the number of hits to a certain planet or
Moon per 10 million virtual asteroids obtained using the R’ program, that is,
to estimate the probability, it is necessary to divide by 107. This format is used
because it makes it easy to separate unreliable results with a small number of
hits. The NASA results are given as is.

Asteroid Earth (NASA) | Earth | Moon | Venus | Mercury | Mars | Jupiter
2000 SG344 2,60E-03 36034 | 110 0 0 0 0
2019 WG2 1,65E-04 1793 0 0 0 0 0
2000 SB45 1,55E-04 1676 8 0 0 0 0

2019 QS8 4,98E-06 1158 7 8 0 1 80

2017 VJ 1,86E-06 846 0 0 0 0 0
2010 DG77 7,38E-06 828 8 35 0 0 27
2014 JU15 5,63E-05 808 15 0 0 0 0
2010 GM23 6,31E-05 730 0 0 0
2005 QK76 6,81E-05 703 0 0 0
2007 DX40 6,18E-05 688 10 43 0 0 0

1994 GK 6,91E-05 662 1 0 0 0
2008 CCT71 5,85E-05 653 8 0 0 0
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2008 UB7 3,47E-05 571 | 25 0 0 0 0
2008 EX5 4,72E-05 502 | 91 0 0 0 0
2006 BCS 9,50E-06 350 5 0 0 0 0
2017 YM1 2,76E-05 342 | 28 0 0 0 0
2009 FJ 9,39E-06 327 1 0 0 0 0
2011 UM169 |  3,32E-05 311 1 0 0 0 0
2008 VS4 5,83E-07 295 3 8 0 0 319
2008 ST7 2,70E-05 276 | 19 0 0 0 0
2008 YO2 7,53B-06 269 | 10 0 0 0 0
2019 BE5 1,23E-05 250 | 25 2 4 0 0
2014 GN1 2,07E-05 212 0 0 0 0 0
2016 CY135 1,37E-06 208 9 0 0 0 0
2019 YV1 8,32E-06 195 1 0 0 0 0
2019 DP 5,95E-06 189 7 0 0 0 0
2009 HC 2 87E-06 174 0 0 0 0 0
2007 KE4 1,40E-05 158 0 0 0 0 0
2019 XS 5,16E-06 157 6 0 0 0 0
2006 HF6 1,08E-05 138 5 0 0 0 0
2009 Fz4 2,38E-06 136 1 10 0 2 14
2019 WU2 1,09E-05 133 3 0 0 0 0
2002 VU17 1,38E-05 133 | 13 0 0 0 0
2009 THS 8,85E-06 121 0 0 0 0 0
2010 QG2 1,06E-05 114 8 0 0 0 0
443104 1,43E-06 107 0 0 0 0 0
2012 PB20 2,83E-06 106 | 10 0 0 0 0
2007 EV 8,79E-06 100 0 0 0 0 0
2002 MN 2,79E-06 98 8 0 0 0 0
2017 AE21 4,64E-06 98 0 77 0 0 0
2002 RB182 6,09E-06 92 0 0 0 0 2
2007 WP3 7,69E-06 88 0 0 0 0 0
2000 WJ107 | 2,89E-06 87 0 0 0 0 0
2016 WG 5,80E-06 80 8 0 0 0 0
2012 QDS 6,49E-06 79 1 70 0 0 0
2019 YX1 8,69E-06 76 1 0 0 0 0
2004 ME6 9,98E-08 74 1 0 0 0 522
2018 NF15 2,82E-08 74 0 4 0 21 8
2010 MZ112 |  4,68E-06 63 2 8 1 0 0
2006 SC 6,42E-06 62 0 0 0 0 0
2010 UB 3,65E-06 61 0 0 0 0 0
2015 HQ182 1,55E-07 61 2 15 0 1 0




67

2019 FE 4,90E-06 58 0 0 0 0 0
2007 KO4 4,30E-06 55 4 0 0 0 0
2004 VZ14 1,86E-06 52 2 0 0 0 0
2019 LU1 4,65E-06 52 5 0 0 0 0

2018 JN 1,65E-06 50 0 0 0 0 0
2019 RT3 2,01E-06 48 4 0 0 0 0
2019 ND7 3,18E-06 46 1 0 0 0 0
2017 UQT 4,02E-08 40 2 0 0 0 0
2008 PK9 5,24E-07 40 3 0 0 0 0
2016 GU?2 1,23E-08 39 0 0 0 0 0
2014 JVT9 2,86E-07 37 0 0 0 0 0
2004 GE2 6,54E-08 33 0 0 0 101 0

2011 AK37 2,77E-06 32 6 0 0 0 0
2012 TV 3,06E-06 31 4 0 0 0 0
2010 UCT 5,11E-07 31 2 0 0 0 0
2019 UH9 2,95E-06 30 5 0 0 0 0
2002 EM7 6,06E-08 29 0 0 0 0 0
2006 DN 3,61E-07 28 1 0 0 0 0
2011 VG9 7,66E-07 28 0 0 0 0 0
2018 LM 1,15E-06 28 0 40 0 0 0

2019 QS 2,25E-07 26 1 1 0 0 0

2006 HX57 3,08E-06 24 0 0 0 0 0

2005 WG57 7,23E-07 24 0 0 0 0 0
2009 CZ1 7.46E-07 23 1 7 0 0 0

2006 QN111 1,89E-06 23 0 0 0 0 0
1997 TC25 2,64E-07 22 0 0 0 0 0
2007 FT3 1,36E-06 22 4 0 0 0 0
2017 QC36 4,84E-07 22 1 14 0 0 0
2007 XZ9 1,08E-06 21 0 0 0 0 0
2018 FE4 1,51E-06 20 3 0 0 0 0
2007 CS5 3,11E-07 20 0 0 0 0 0
2018 GG 1,91E-06 20 0 0 0 0 0
2005 CC37 1,30E-06 18 0 0 0 0 0

2006 JE 1,76E-06 18 0 0 0 0 0

2015 MN11 5,08E-07 15 0 0 0 0 0
2017 PY26 1,24E-06 15 11 0 0 0 0
2008 FF5 4,82E-07 15 0 0 0 0 0

1979 XB 7,36E-07 15 0 0 0 0 0

2015 ME131 | 3,20E-08 15 0 9 0 0 0

2011 BF40 1,15E-06 14 0 0 0 0 0
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2017 NT5 5, 77TE-07 13 0 0 0 0 0
2016 AB166 3,10E-07 13 0 0 0 0 0
2011 BH40 1,42E-07 13 0 27 0 0 44
2013 BR15 1,64E-07 12 1 0 0 0 0

2011 XC2 6,68E-07 12 0 0 0 0 0
2012 ES10 1,64E-06 12 3 0 0 0 0
1999 RZ31 1,59E-06 12 0 0 0 0 0
2002 XV90 4,76E-07 11 0 0 0 0 0
2007 EH26 1,16E-08 11 0 0 0 0 0
2018 PA25 2,58E-08 11 0 13 0 0 0
2016 WNbH5 1,17E-07 11 1 39 0 1 0

1996 TC1 1,32E-06 10 0 0 0 0 0

2008 KO 7,78E-07 10 0 0 0 0 0
2016 NL56 7,18E-07 10 0 5 0 1 1

2004 FY3 7,51E-08 9 0 0 0 0 0
2005 NX55 4,32E-08 9 0 0 0 0 0
2017 UCH2 4,01E-07 9 0 1 0 0 0
2011 CW46 5,00E-07 8 1 0 0 0 0
2016 JT38 1,81E-07 8 0 0 0 0 0
2010 XB73 2,78E-07 8 0 1 0 1 371

2010 XQ 2,06E-07 8 0 0 0 0 260
2014 FX32 1,12E-06 7 0 0 0 0

2017 KB3 3,67E-08 7 0 0 0 0

2019 YA2 1,77E-07 7 1 0 0 0
2005 TM173 9,40E-07 7 0 0 0 0 271

2018 EL4 7,60E-08 6 0 0 0 0 0
2006 UC64 8,67TE-08 ) 0 0 0 0 0

2018 BP6 7,32E-08 5 0 0 0 0 0

2017 UL7 3,47E-07 5 0 0 0 0 0
2005 ED224 2,61E-06 5 0 0 0 0 0
2001 HJ31 1,88E-07 d 1 0 0 0 0

2017 FB1 2,93E-07 5 0 2 0 0 0
2011 SE191 1,55E-08 ) 0 0 0 0 0
2017 UE5S2 2,64E-08 5 0 2 0 3 443
2017 RZ17 2,48E-08 5 0 49 1 0 9

2017 MZ8 3,66E-08 5 0 0 0 4 122

2005 ULG6 1,12E-07 4 7 0 0 0
2008 OO1 2,31E-07 4 189 0 0 0
2014 MOG68 6,26 E-07 4 0 0 0 0
2011 BT59 1,36E-07 4 0 0 3 2 32
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2014 ML67 4,315-07 4 1 2 0 0 510
1998 DK36 5,64E-07 4 0 136 6 0 0
2010 MY112 | 1,13E-08 4 0 4 3 0 0
2018 YH2 3,31E-07 4 0 0 0 0 0
2014 UX34 1,22E-08 3 0 0 0 0 0
2018 YW?2 2,18E-07 3 0 0 0 0 0
2008 DA4 3,41E-07 3 0 0 0 0 0
2007 PR25 1,88E-08 3 0 0 0 0 0
2006 CM10 1,85E-07 3 0 0 0 0 0
2008 UY91 6,04E-08 3 0 5 0 0 0
2003 UQ25 9,38E-08 3 0 0 0 1 0
2014 CH13 1,34E-07 3 0 0 0 0 0
2016 PRG6 1,17E-08 3 1 0 0 0 49
2014 HN197 | 6,48E-08 3 0 1 0 0 633
2016 JB29 1,70E-07 2 0 0 0 0
2016 BQ15 4,07E-08 2 0 0 0 0
2001 SB170 2,93E-08 2 0 0 0 0
2013 WM 4,27E-07 2 0 0 0 0
1997 UA11 2,91E-07 2 0 0 0 0 12
2016 AU193 9,36E-08 2 1 0 0 0 0
2011 QF48 3,09E-07 2 0 0 0 1 0
2017 001 3,50E-08 2 0 0 0 0 0
2019 DF2 1,34E-08 2 0 5 0 0 10
2018 LT5 1,27E-07 1 1 0 0 0 0
2009 BR5 1,70E-07 1 0 0 0 0 0
2009 MU 1,59E-08 1 1 0 0 0 0
2009 WQ25 9,29E-08 1 1 7 0 0 0
2010 CR5 7,54E-08 1 0 0 0 0 0
2001 SD286 5,74E-08 1 0 0 0 0 0
2015 FA345 1,65E-07 1 0 0 0 0 652
2010 JA43 8,11E-08 1 2 2 0 0 0
2010 LJ68 1,67E-08 1 1 0 0 0 0
2006 CD 2,02E-08 1 0 1 0 0 37
2004 FM4 1,46E-08 1 0 0 0 0
2018 LF16 3,32E-08 1 0 0 0 0
2005 GQ33 2,78E-08 1 0 1 0 13 38
2017 DC120 | 5,24E-08 1 0 0 0 1 7
2010 HV20 1,31E-07 1 0 1 0 0 0
2016 PAT9 1,06E-08 0 0 0 0 5 256
2009 WZ53 1,15E-08 0 0 0 0 0 0
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2017 DB120 1,16E-08 0 0 0 0 0 12
2016 UB26 1,17E-08 0 0 0 0 0 0
2001 CA21 1,25E-08 0 0 155 0 3 1
410777 1,50E-08 0 0 0 0 0 0
2016 RP41 1,71E-08 0 0 0 0 1 0
2015 RD36 2,04E-08 0 0 0 0 0 0
2017 SH33 2,31E-08 0 0 0 0 0 0
2014 HE199 2,37E-08 0 0 0 0 0 0
2018 HJ2 2,43E-08 0 0 0 0 0 0
2014 MR26 2,53E-08 0 0 49 1 0 0
2007 VH189 |  2,82E-08 0 0 1 0 8 0
2019 XQ2 3,24E-08 0 0 0 0 0 0
2015 HV182 3,49E-08 0 0 0 0 0 0
2008 KN11 3,60E-08 0 0 0 0 0 0
2014 XM7 3,78E-08 0 2 0 0 0 0
2001 UD5 4,09E-08 0 0 0 0 0 0
2006 QK33 5,71E-08 0 0 0 0 0 0
2006 WM3 5,83E-08 0 0 0 0 0 0
2010 JHS0 6,34E-08 0 0 0 0 0 0
2007 SN6 1,06E-07 0 0 0 0 0 0
2013 NH6 1,06E-07 0 0 0 0 0 0
2005 EL70 1,27E-07 0 0 10 0 0 0
2011 AZ36 4,11E-07 0 0 0 0 1 0
2011 DV10 1,17E-06 0 0 0 0 0 0
99942 8,85E-06 0 0 0 0 0 0
2016 HF3 4,69E-05 0 0 0 0 0 0
29075 1,20E-04 0 0 0 0 0 0
101955 3,68E-04 0 0 0 0 0 0
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Appendix 2: program code R’

Code Comment

The program code RY is provided solely for reference. Don’t try to run it. For the program to
work, among other things, an ephemeris file in a special compressed format is required. The
program is designed in the form of a monolithic function and does not provide for arbitrary

changes. However, the possibility for modification of the program is left.

1. You can change the value of the criterion for reducing the integration step and the
degree of the collocation polynomial, which will allow you to control the accuracy of
the solution. When changing the degree of the collocation polynomial, the coefficients

of the method require calculation by a separate program with arbitrary accuracy.

2. You can change the criterion of convergence, separately for each planet and Moon.
A large upper distance limit usually leads to an excessive increase in the size of the
output files, so 100 radii of the body itself is used by default.

3. You can change the right-hand sides of the equations of motion to account for addi-
tional forces. As a rule, taking into account any disturbances significantly increases

the operating time.

Program code

#include <stdio.h>
#include <cmath>

const unsigned int NP = 10;
const unsigned int SP[ NP|] = { 0, 168, 228, 306, 339, 363, 384,
402, 420, 732 };

const unsigned int SPT = 798;

const unsigned int NC| NP| = { 14, 10, 13, 11, 8, 7, 6,
6, 13, 11 };

const unsigned int NB[ NP|] = { 4, 2, 2, 1, 1, 1, 1,
1, 8, 2 };



const double JDO = 2287184.5;
const double JDN = 2688976.5;
const double JDh = 32.0;
const unsigned int _JDI = 32;
const unsigned int ND = SPT % (int)((_JDN —
const double AU = 1.49597870700000000E+08;
const double EMRAT = 0.8130056907419062E+02;
const double GMI = 0.4912480450364760E—10;
const double GM2 = 0.7243452332644120E—-009;
const double GMB = 0.8997011390199871E—-09;
const double GM4 = 0.9549548695550771E—10;
const double GM5 = 0.2825345840833870E—06;
const double GM6 = 0.8459706073245031E—-07;
const double GM7 = 0.1292024825782960E—07;
const double GM8 = 0.1524357347885110E—-07;
const double GMS = 0.2959122082855911E—03;
const double GM| NP| =
{

~GM1,

_GM2,

_GMB % (_EMRAT / (_EMRAT + 1.0)),

~GM4,

~ GMBb,

~ GMBo,

~GM7,

_GMS,

_GMB / (_EMRAT + 1.0),

~ GMS
}s
const double Rmin| NP| =
{

0.016, // Mercury

0.041, // Venus

0.043, // Earth

0.023, // Mars

0.466, // Jupiter

0.388, // Saturn

0.169, // Uranus

72

_Jbo) /

_JDh);
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0.164, // Neptune
0.0115, // Moon
0.04642 // Sun

b

const double Radius| NP| =

{
0.000016, // Mercury
0.000041, // Venus
0.000043, // Earth
0.000023, // Mars
0.000466, // Jupiter
0.000388, // Saturn
0.000169, // Uranus
0.000164, // Neptune
0.0000115, // Moon
0.004642 // Sun

b

//const char name| NP|[10] =

/14

// "Mercury ",

// "Venus",

// "Earth",

// "Mars ",

// "Jupiter",

// "Saturn",

// "Uranus",

// "Neptune",

// "Moon ",

// "Sun"

/)Y

//const double phi = (1.0 + sqrt(5.0)) / 2;

const double h0O = 4.0;
//const unsigned int _ih0 = 4;

const unsigned int k = 5;

int main()

{



//
//
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// Declaring variables
unsigned int i, j, k, 1, m; // For cycles
unsigned int n; // Number of points
int istart , istep; // Start and step of point counting
unsigned int n6, k3, nk3; // Products of n and k
double JD start, JD end; // Start and end date
double JD; // Current date
double c[(_k + 1)][(_k + 1)];
double d[(_k + 1)][(_k + 1)]; // Matrices of basic
transformations
double e[(_k + 1)][(_k + 1)];
FILE xinput; // Input data
FILE xjpleph; // Ephemeris file
FILE xroots; // Integration nodes
FILE saprch; // Derivation of approximations

FILE xiterations; // Output of the number of iterations (for
optimization)

FILE *s6; // Output of finite coordinates and velocities
FILE simpacts; // List of hit points
FILE simpacts 0; // List of initial data of fallen points
FILE xclapp; // Particularly close approaches
double *XVO0; // Array of starting points
double xepharr; // Ephemeris Array
double xtau; // Integration nodes
double *XV1; // Array of current coordinates and velocities
double *alpha2; // Finite differences at the current step
double xalpha2 ; // Initial approximation of finite
differences at a new step
double posiplanet|[(_k + 1)|[ NP]|[3]; // Positions of planets
in integration nodes
double veloplanetA | NP|[3]; // The velocities of the planets
at the beginning of the step
double veloplanetB| NP|[3]; // The velocities of the planets
at the end of the step
double alf to xi pos| k|| _k]|; // Calculating coordinates
during iterations and at the end of a step
double alf to xi vel| k|; // Calculating the speeds at the end
of the step
double f to alf| k][ _k|; // The second matrix for iterations
double H_alpha| k|| _k|; // The matrix of the initial
approximation at the new step
double tau_p[(_k + 3)]; // Array of integer powers
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double *xh frac; // Integration progress per step for each
point
union {

unsigned int h_ frac_min i[2];

double h frac min; // Overall integration progress at step
}s
double h frac start; // Starting position (zero, except for
the first step)
double *h step prev; // The value of the previous step
double xh step cur; // The value of the current step
double h step max, h step min; // Maximum and minimum step
double h_ step; // Point Group Step
unsigned int ephpos; // The position of the ephemeris set for
the current time period
unsigned int ephsub| NP|; // The number of the subinterval for
each of the planets
double ephtau| NP]|; // Time point on the subinterval (from
~1.0 to +1.0)
double JD i;//, JD _f; // Integer and fractional parts of the
moment of time relative to the beginning of the ephemeris
unsigned int JD_int; // The whole part of the moment of time
relative to the beginning of the interval
bool xmask; // Mask of integrable points
bool ximpact; // Fallen points
double ch_coef pos|[14]|; // Coefficients for calculating
coordinates
double ch coef vel[14]; // Coefficients for calculating speeds
double rel pos|[3], rel p[3]; // Relative coordinates
double rel wvel[3], rel v[3]; // Relative speeds
double abs pos, abs p, abs wvel;//, abs v; // Relative position
and velocity modules
double max rel; // Maximum ratio of velocity modules to
position
double XVl1a|[6]; // Working variable for coordinates and
velocities
double XV1b[6]; // Coordinates and velocities from the
previous iteration
double diff [6]; // The difference between iterations
double max diff; // The biggest difference between iterations
double f0v2[3]; // The right part at the beginning of the step
interval
double fiv2|[3]; // The right part in the node
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double GM 13; // The result of dividing the gravitational
parameter by the cube of the radius vector

unsigned int count it; // Number of iterations

double rxvA| NP|; // The scalar product of the relative
velocity and position at the beginning of the step
double rxvB| NP|; // The scalar product of the relative
velocity and position at the end of the step

double a_bs, b _bs, ¢ _bs, h bs;

double ra_ bs|[3]|, va_bs[3];

double ra_abs;

double rxv_bs c;

double tau_ bs;

double A _bs[(3 * _k)]|;

double ppos_ bs|[3], ppos bs2[3], apos bs[3], pvel bs|[3],
pvel bs2[3], avel bs|[3];

// Reading files

input = fopen("input.dat", "r");

fscanf (input, "%d_%d_%d", &n, &istart , &istep);
n6 = 6 *x n;

K3 — 3 % _k;

nk3 = k3 % n;

fscanf (input, "%lf _%If", &JD _ start, &JD end);

XV0 = new double[n6|;

for (i = 0; i < n; i++) fscanf(input, "%Lf _%1f_%1f_%1f_%1f _%1f
"O&XVO[(6 % 1)), &XVO[(6 x 1 + 1)], &XVO[(6 * i + 2)], &XVO[(6
x 1+ 3)], &XVO[(6 *x 1 + 4)], &XVO[(6 *x i + 5)]);

fclose (input);

jpleph = fopen ("JPLEPH", "rb");

epharr = new double| NDJ;

fread (epharr, sizeof(double), ND, jpleph);

fclose (jpleph);

roots = fopen("roots5.dat", "r");

tau = new double[(_k + 1)];

for (i = 0; i <= _k; i++) fscanf(roots, "%If", &taul|i]);
fclose (roots);

printf ("n="d\nJD _start=%1f_JD_ end=%1f\n", n, JD start, JD end)

Y

aprch = fopen("aprch.txt", "w");
// iterations = fopen("it.txt", "w");
// s6 = fopen("s6.txt", "w");
impacts = fopen("impacts.txt", "w");
clapp = fopen("clapp.txt", "w");
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impacts 0 = fopen("impacts 0.txt", "w");
// Initializing auxiliary arrays
XV1 = new double[n6|;

for (i = 0; i < n6; i++) XV1[i| = XVO[i];
for (i = 0; i <= k; i++)
{
cli]li] = 1.0;
dli][i] = 1.0;
e[i|[i] = 1.0;
}
for (i = 1; 1 <= k; i++)
{
c[i][0] = 0.0;
d[i][0] = 0.0;
e[i][0] = 1.0
}

for (i = 2; i <= k; i++) for (j = 1; j < i; j++)

clillj] = cl(i = DJI(] = 1] = tau[(i = )] * c[(i = 1)]]

il
diif[i] = df(i = DI = D] + taulj] « d[(i = 1) ][J];
e[i1][j] =el(i = DI = D] +el(i =D
}
tau _p|0] = 1.0;
for (i = 0; i < _k; i++)
{

for (j = 1; j < (_k+ 3); j++) tau_p[j] = tau_p[(j — 1)] =
tau[(1 + 1)];
for (j = 0; j < k; j++)
{
alf _to xi _pos|[i]]j] = 0.0;
for (k = 0; k <= j; k++) alf to_xi pos|i][j]|] += c[(] +
D) J[(k + 1)] % tau_p[(k + 3)] / (double)((k + 2) = (k + 3));
if (i= (k- 1))
{
alf to xi vel[j] = 0.0;
for (k = 0; k <= j; k++) alf to xi wvel[|j| += c][(]
+ 1) ][(k + 1)] % tau_p|[(k + 2)] / (double)(k + 2);
}
}
}

for (i = 0; i < k; i++) for (j = 0; j <= i; j++) f to_alf[i]]
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il = 1.0/ (tau[(i + 1)] = tau[j]);

for (i = 0; i < _k; i++4) for (j = 0; j < _k; j++)
{
H_ alphali]|j] = 0.0;
for (k = i; k<= j; k++) for (1 = i; 1 <= k; 1++) H_alpha|
LG = df b+ D0+ D] o« ef(k + T)J[(L+ )] « c|[(j + 1)
[Tk + )5
}
alpha2 = new double|nk3]|;
for (i = 0; i < nk3; i++) alpha2|i| = 0.0;
alpha2 = new double|k3];
h frac = new double|n]|;
for (i = 0; i < n; i++) h_frac[i] = 0.0;
h step prev = new double|[n];
for (i = 0; 1 < n; i++) h_step prev|[i] = _hO;
h step cur = new double|n];
mask = new bool[n];
impact = new bool[n];
for (i = 0; 1 < n; i++) impact|i] = false;

h frac start

= modf((JD start — JD0O) / hO, &JD 1i);

JD start = JD i x hO0 + JDO;
// Integration
for (JD = JD_ start; JD < JD _end; JD 4= hO)

{

// Initializing variables for integration

for (i =

0; i < n; i++) h_frac|[i] = h_frac_start;

h frac_ min = h_ frac start + 1.0;
h frac start = 0.0;
JD i =JD — JDO;

ephpos

JD int =

for (i =
_JDI;

// Integ

do {

for

= SPT x ((int)JD i / JDIl);

(int)JD_ i % _JDI;
0; i < NP; i++) ephsub|i] = (JD_int = NB[i]|) /

ration process

(i = 0; i <mn; i++) mask|[i| = (((h_frac|[i] + 1.0)

— h frac min) && (!impact|i]));

// Calculation of coordinates and velocities of

planets

for

{

(i =0; i < NP; i++)

ephtau|i| = (((double)JD int + (h_frac_min — 1.0)
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« h0) = NB[i|) / _JDh — (double)ephsub]i];
ephtau|i| += ephtau|[i] — 1.0;

for (i = 0; i < NP; i++)

ch coef pos|[0] = 1.0;
ch coef vel[0] = 0.0;
ch coef pos|[l| = ephtauli];
ch coef vel|[l] = 1.0;
for (j = 23 j < _NC[i]; j++)
{
ch coef pos|[j] = 2 % ephtau[i| * ch_ coef pos|(
j — 1)] — ch_coef pos|[(j — 2)];
ch coef vel[j] = 2 % ch_coef pos[(j — 1)] + 2
 ephtau|i| % ch_coef vel[(] — 1)] — ch_coef vel[(] — 2)];
}

for (j = 0; j < 3; j++)

posiplanet [0]|i][j]| = epharr|[(ephpos + SP|i]
+ ephsub[i] * NC[i] % 3 + j = NC[i]) |;
veloplanetA[i|[j] = 0.0;
for (k = 1; k < NC[i]; k++)
{
posiplanet [0][i][j] += ch_coef_ pos|[k] x
epharr [(ephpos + SP[i]| + ephsub|i| x NC[i] * 3 + j = NC[i] +
k)|
veloplanetA [i|[j] += ch_coef vel|k] x
epharr [(ephpos + _SP[i| + ephsub|[i] = NC[i| = 3 + j = NC[i| +
k)]s
}
posiplanet [0][i][j] /= _AU;
veloplanetA [i][j] /= _AU;
veloplanetA [i][j]| = 2 = NB[i]| / _JDh;

for (i = 0; i < 3; i++)

posiplanet [0][2][i] —= posiplanet [0][8][i] * (_GM

posiplanet [0]|[8][i]| += posiplanet [0][2]]1];
veloplanetA [2]|[1] —= veloplanetA [8]|[1] = (_GM|[8] /
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veloplanetA [8][i]| += veloplanetA [2][1];

}

// Determining the step value for each point from the
mask, as well as the minimum and maximum

h step _max = hO;

h step_ min = h0 * exp2(—20);

for (i = 0; i < 20; i++) if (h_frac_min_i[1] & (
unsigned int)(exp2(i)))

{
h step max x= ldexp (1.0, i — 20);
break ;

}

for (i = 0; i < n; i++) if (mask[i])
max_ rel = 0.0;
for (j = 0; j < NP; j++)
{

for (k = 0; k < 3; k++)
{
rel pos|[k] = XVI[(6 * i + k)] — posiplanet
[0 TTk];
rel vel|k] = XVI[(6 * i + k + 3)] —
veloplanetA [j][k];
}
abs_pos = sqrt(rel _pos|[0] * rel pos|[0] +
rel pos|[1] * rel pos[l] + rel pos|2| * rel pos|[2]);
abs vel = sqrt(rel vel[0] % rel vel[O0] +
rel vel|[l] % rel vel|[l] + rel wvel[2] % rel vel|2]);
if ((abs_vel / abs pos) > max rel) max rel =
abs vel / abs pos;

}

h step cur|i| = exp2(—ilogbh (max rel) — 3);
for (i = 0; i < n; i++) if (mask[i])

if (h _step cur[i| > h step max) h step cur|[i] =
h step max;
if (h step cur[i| < h_ step min) h_ step cur|[i] =
h step min;
}
h step max = hO % exp2(—20);
h step _min = hO;
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for (i = 0; i < n; i++) if (mask[i])
{
if (h_step max < h_ step cur|[i]|) h step max =
h step cur|i];
if (h_step min > h_ step cur|[i|) h_step min =
h step cur|i];
¥
// Step forward
for (h_step = h step min; h step <= h step max; h_ step

= 2)

// Calculating the coordinates of planets in nodes
for (i = 1; i <= k; i++) for (j = 0; j < NP; j
++)

ephtau|j] = (((double)JD int + (h_ frac min —
1.0) = hO + h_step % taul[i]) = NB[j]) / _JDh — (double)ephsub
RRE
ephtau|j| += ephtau|j] — 1.0;
ch coef pos|[0] = 1.0;
ch coef pos|[1l]| = ephtaulj];
for (k = 2; k < NC[j]|; k++) ch_coef pos|k]| =
2 % ephtau|j]| * ch coef pos|[(k — 1)] — ch_ coef pos|[(k — 2)];
for (k = 0; k < 3; k++)
{
posiplanet |[i]||j][k| = epharr|(ephpos + SP
[§] + ephsub[j] * NC[j] * 3 + k x NC[j])];
for (1 = 1; 1 < NC[j]|; l++) posiplanet|i
I1illk] += ch _coef pos|[l] * epharr[(ephpos + SP[j]| + ephsub]|j]
x NC[j] = 3 +k x NC[j] + 1)];
posiplanet [1][]j][k]| /= _AU;

ch coef vel[0] = 0.0;

ch_coef_vel|[l] = 1.0;

for (k = 2; k < NC[j]; k++) ch coef vel[k
] =2 % ch_coef_pos|[(k — 1)] + 2 % ephtau[j] * ch_coef_ vel|[(k —
1)] — ch_coef vel|[(k — 2)];

for (k = 0; k < 3; k++)

{

veloplanetB[j]|[k] = 0.0;
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for (1 = 1; 1 < NC[j]|; 1+4+)
veloplanetB|j|[k| += ch coef vel[l| % epharr|(ephpos + SP[j] +
ephsub[j] = NC[j| = 3 + k x NC[j] + 1)];

veloplanetB[j|[k] /= _AU;

veloplanetB[j|[k] *= 2 = NB[j] / _JDh

for (i = 1; i <= k; i++) for (j = 0; j < 3; j++)

posiplanet [i]|[2][j] — posiplanet [i][8][j] * (
_GM[8] / _GMB);
posiplanet [i][8][j]| += posiplanet[i][2]]]];
if (i = k)
{
veloplanetB [2][j] —= veloplanetB [8][j] * (
_GM[8] / _GMB);
veloplanetB [8]|[j] += veloplanetB [2][]];

}
for (i = 0; i < n; i++) if (mask[i]) if (h_step =—
h step cur|i])

{
// Getting an initial approximation
if (h _step cur|[i| = h_ step prev]|i])
{

for (j = 0; j < k3; j++) alpha2 [j] = 0.0;
for (j = 0; j < 3; j++) for (k= 0; k < k
; kt++) for (1 = k; 1 < _k; 1+4++4) alpha2 [(j * _k + k)| +=
H alpha|k]|[1] * alpha2[(i * k3 + j x k + 1)];
}
else for (j = 0; j < k3; j++) alpha2 [j] =
0.0;
for (j = 0; j < 3; j++) fov2[j] = 0.0;
for (j = 0; j < NP; j++4)
{
for (k = 0; k < 3; k++) rel pos|k] =
posiplanet [0][j][k] — XV1[(6 * i + k)];

abs pos

= sqrt(rel _pos|[0] x rel pos|0] +
rel pos|1l] % rel pos|[l] + rel pos|[2] % rel pos|[2]);

GM 13 = GM[j] / (abs_pos % abs pos x
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abs pos);
for (k = 0; k < 3; k++) fOv2[k] += GM 13 %

rel pos|k];

¥

for (j = 0; j < 6; j++) XVla[j| = 0.0;

// Iterations

count it = 0;

do {

for (j = 0; j < 6; j++) XVIb[j| = XVla|j|;
for (j = 0; j < _k; j++)
{
for (k = 0; k < 3; k++) XVlalk] = 0.0;
for (k = 0; k < 3; k++) for (1 = 0; 1
< _k; 1++4) XVla|k| += alf _to_xi_pos|[j][]] * alpha2 [(k = k + 1
Ik
for (k = 0; k < 3; kt++) XVla[k] = (
XVlalk] * h_step + fOv2[k] % tau[(j + 1)] * tau[(j + 1)] =
h_step / 2 + XV1[(6 * i + k + 3)] = tau|[(j + 1)]) * h_step +
XVL[(6 x i + k)];
// The beginning of the calculation of
the right part
for (k = 0; k < 3; kt++) fiv2|k] = 0.0;
for (k = 0; k < NP; k++)
{
for (1 = 0; 1 < 3; 14++) rel_pos|[1]
= posiplanet [(j + 1)][k|[1] — XV1a|l];
abs pos = sqrt(rel pos|[0]| =x
rel _pos|[0] + rel_pos[1l] % rel pos|[l] + rel pos|[2] * rel pos|2])
GM_ 13 = GM|k| / (abs_pos x
abs _pos x abs pos);
for (1 = 0; 1 < 3; 1+4) fiv2[1l] 4=
GM_13 * rel_pos|[l];
}
// Additional forces
// End of the calculation of the right
part
for (k = 0; k < 3; k++) alpha2_ [(k x
k+ j)] = (fiv2[k| — fov2[k]) * f to_alf[j][0];
for (k = 0; k < j; k++) for (1 = 0; 1
< 3; I+4+) alpha2_[(l = _k + j)] = (alpha2_[(1 = _k + j)| —
alpha2 [(1 = _k + k)]) = f_to_alf[j][(k + 1)];
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¥
for (j = 0; j < 6; j++) XVla|j] = 0.0;
for (j = 0; j < 3; j++) for (k= 0; k < k
; k++) XVla[j| += alf to xi pos|[(_k — 1)][k] * alpha2 [(j * _k
+ k)i
for (j = 0; j < 3; j++) for (k = 0; k < k
c ki) XVia[(j + 3)] += alf_to_xi_vel[k] % alpha2 [(j * _k + k)
E
for (j = 0; j < 3; j++)
{
XVial[j| = (XVla|j] % h_step + f0v2]j]
* h_step / 2 + XVI[(6 = i + j + 3)]) %= h_step + XVI[(6 * i + j)
E
XVia[(j + 3)] = (XVia[(j + 3)] + fov2]
j]) = h_step + XV1[(6 * i + j + 3)];
¥

for (j = 0; j < 3; j++)

rel pos|j] = XVla|j] — XVI1b]|j];
rel _vellj] = XVia[(j + 3)] — XVIb[(j +
3) 1
}
abs _pos = sqrt (XVla[0] x XVla[0] + XVla[1]
* XVla[l] + XVl1a[2] * XVla[2]) ;
abs_vel = sqrt (XVla[3]| % XVla[3] + XVla[4]|
x XVla[4] + XVla[b] * XVla|5]) ;
for (j = 0; j < 3; j++)
{
diff[j] = fabs(rel pos[j] / abs pos);
diff[(j + 3)] = fabs(rel_vel|j]| /
abs vel);
1
max _diff = 0.0;
for (j = 0; j < 6; j++) if (diff[j] >
max _diff) max diff = diff[j];

count it+4-+;
if (count it = 16) break;
} while (max_diff > exp2(—48));
// if (i = 0) fprintf(iterations , "JD= %lf

count it= %d\n", JD + h_frac|[i] x _hO, count it);
// Memorization
for (j = 0; j < k3; j++) alpha2[(i * k3 + j)]|
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= alpha2 [j];
// Proximity check
for (j = 0; j < NP; j++)

{
for (k = 0; k < 3; k++)
{
rel_plk] = XVI[(6 = i + k)] —
posiplanet [0][j][k];
rel v[k] =XVI[(6 * i + k + 3)] —
veloplanetA [j][k];
}
rxvA|j] rel p[0] % rel v[0] + rel p[1l] =x

rel v[1] + rel p[2] * rel v|[2];
for (k = 0; k < 3; k++)

{
rel pl|k] = XVla|k] — posiplanet| k]||[]
[Tk
rel v|k] = XVla[(k + 3)] — veloplanetB
Lillk];
}
rxvB[j] rel p[0] % rel v[0] + rel p[l] =x

rel v[1] + rel p[2] * rel v][2];
abs p = sqrt(rel p|[0] % rel p|O] + rel p
[1] % rel p[1l] + rel p|[2] % rel p|2]);
if ((rxvA[j] < 0.0) & (rxvB[j] > 0.0)) if
(abs p < 2.0 * Rminl|j])
{
// Procedure for clarifying
convergence
a_bs =
b bs =
h bs =
c_bs =
for (k =

O~ =k O

; k< k3; kt++) A_bs|k] =
0.0;
for (k = 0; k < 3; kt++) for (1 = 0; 1
< _k; 144) for (m=1; m< _k; mb+) A_bs[(k = _k + 1)] += c¢[(m
+ 1)][(1 + 1)] % alpha2 [(k * k + m)];
do {
c_bs = (a_bs + b_bs) / 2;
tau_bs = (((double)JD int + (
h frac_ min — 1.0) %« hO + h step % ¢ _bs) x NB|j]) / JDh — (
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double)ephsub|[j|;
tau_bs += tau_bs — 1.0;
ch_coef pos[0] = 1.0;
ch_coef vel|0] 0.0;
ch_coef pos|[l]| = tau bs;
ch_coef_vel|[l] = 1.0;
for (k = 2; k < NC[j]; kt++)
{

ch coef pos|[k| = 2 % tau bs x
ch coef pos[(k — 1)] — ch_coef pos|[(k — 2)];

ch_coef_vel|k] 2 x
ch coef pos[(k — 1)] + 2 % tau_bs * ch coef vel[(k — 1)] —
ch coef vel|[(k — 2)];

}
for (k = 0; k < 3; k++)

ppos_bs|k| = epharr|(ephpos +
_SP[j| + ephsub[j] * NC[j] * 3 +k = NC[j])];

pvel bs|k| = 0.0;

for (1 = 1; 1 < NC[j]; 1+4+)

{

ppos_bs|[k| += ch_coef_ pos|
1] % epharr|[(ephpos + SP[j]| + ephsub[j] * NC[j] = 3 + k = NC
il + 11
pvel _bs[k| += ch_coef_vel]
1] % epharr|[(ephpos + SP[j]| + ephsub[j]| * NC[j] * 3 + k = NC
il + 1) 1;
}
ppos_bs|k| /= _AU;
pvel bs|k| /= _AU;
pvel bs|k| *= 2 «= NB[j]| /

_JDh;
}
it ((] 2) 1 (] 8))
{
J= 10 = j;

tau_bs (((double)JD int + (
h frac_ min — 1.0) % hO + h step % ¢ _bs) x NB|j]) / _JDh — (
double)ephsub|j|;

tau bs += tau_bs — 1.0;

ch coef pos|[0] = 1.0;

ch coef vel[0] = 0.0;
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ch coef pos|[l]| = tau bs;
ch_coef_vel|[l] = 1.0;

for (k = 2; k < NC[j]|; k++)
{

ch_coef pos|[k| = 2 x
tau_bs % ch_ coef pos|[(k — 1)] — ch_coef pos|[(k — 2)];
ch_coef_vel[k] = 2 x
ch coef pos[(k — 1)] + 2 * tau_bs x ch coef vel[(k — 1)] —
ch coef vel|[(k — 2)];
}
for (k = 0; k < 3; k++)

ppos_bs2|k| = epharr [(
ephpos + SP[j] + ephsub[j] * NC[j] * 3 + k x NC[j])|;

pvel bs2[k| = 0.0;

for (1 = 1; 1 < NC[j]; 1
++)

ppos_bs2 k| +=
ch coef pos|[l] * epharr|[(ephpos + SP[j] + ephsub[j] *x NC[j]| =
3+ kx NC[j| + 1)];
pvel bs2[k]| +=
ch coef vel|[l] % epharr|[(ephpos + SP[j] + ephsub[j] x NC[j]| =
3+ k x NC[j] +1)];
}
ppos_bs2|k| /= _AU;
pvel bs2[k| /= AU;
pvel bs2[k| = 2 x NBJ|j|

/_JDh;
}
Jo= 10 = j;
if (j = 2) for (k = 0; k < 3;
k)
{
ppos_bs|k]| = ppos_ bs[k| —
ppos_bs2[k] + (LGM[8] / _GMB);
pvel bs|k| = pvel bs[k] —
pvel bs2[k] x (_GM[8] / _GMB);
}

k)
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ppos_bs|[k| = ppos_ bs2[k]| +
ppos_bs|k] x ((GM[2] / GMB);

pvel bs|k| = pvel bs2[k] +
pvel bs|k| = ((GM[2] / GMVB);

}

tau _p[0] = 1.0;

for (k = 1; k < (_k + 3); kt+)
tau plk|] = tau_p[(k — 1)] * c¢_bs;

for (k = 0; k < 3; k++)

apos_bs|k| = fOv2[k] * ¢ _bs x
c_bs x h step / 2 + XV1[(6 * i + k + 3)] % c_bs;
avel bs|k] = fOv2[k] * c¢_bs;
for (1 = 0; 1 < k; 1++)
{
apos_bs|k| += A_bs|[(k = _k
+ 1)] % tau_p[(l + 3)] = h_step / (double)((1 + 2) x (1 + 3));
avel _bs|k| += A_bs|[(k * _k
+ 1)] * tau_p[(1 + 2)] / (double) (1l + 2);

}

apos_bs|k| = apos bs|k] x
h step + XVI[(6 * i + k)]|;

avel bs|[k] = avel bs[k]| =

h step + XVI[(6 x i + k + 3)];

}
for (k = 0; k < 3; k++)

ra_bs|[k| = apos bs|k] —
ppos_bs|k];
va_bs|k|] = avel bs|[k| —
pvel bs|k];
}
rxv_bs ¢ = ra_bs[0] x va_bs[0] +
ra_bs|[1] * va_bs[1l] + ra_bs|[2] * va_bs[2];
if (rxv_bs ¢ < 0.0)

a_bs = c¢_bs;
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}
h bs /= 2.0;
} while ((h_bs % h step) > exp2(—25));
ra_abs = sqrt(ra_bs[0] x ra_bs[0] +
ra_bs|1] * ra_bs|[1l] + ra_bs|[2] % ra_bs|[2]);
if (ra_abs < (100 = _Radius[j])) if (j
= 9)

fprintf (aprch, "%8d_%16.71f _%2d_
%20.151f\n" | istart + i * istep, JD + h_ frac[i] * _hO + c¢_bs x
h_ step, j, ra_abs);

}
if (ra_abs < _Radius|[j])
{
impact|[i]| = true;
mask|[i] = false;

fprintf (impacts, "%8d_%16.71f _%2d_
%20.151f\n" |, istart + i * istep, JD + h_ frac[i] * _h0 + ¢ bs x
h step, j, ra_abs);
fprintf (impacts 0, "%20.15e_%20.15
e %20.15¢_%20.15¢_%20.15e_%20.15¢\n" , XVO[(6 * i)], XVO[(6 * i
+ 1)), XVO[(6 = i + 2)], XVO[(6 * i + 3)], XVO[(6 * i + 4)],
XVO[(6 * 1 + 5)]);
}
if (ra_abs < (10 = _Radius[j])) if (]
= 9)

fprintf (clapp, "%8d_%16.71f_%2d_
%20.151f\n", istart + i % istep, JD + h_frac|[i| % _hO 4+ c_bs x*
h step, j, ra_abs);

}

h frac|i] += h_step / hO;

h step prev|[i] = h step cur|i];

for (j = 0; j < 6; j++) XVI[(6 = i + j)] =
XVlalj];

}

h frac_ min = 1.0;
for (i = 0; 1 < n; i++) if (limpact|i]|) if (h_frac|i]

< h_frac_min) h frac min = h_frac|i];
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h frac_min += 1.0;
} while (h_frac_min != 2.0);
printf("%1f\n", JD + hO);
if ((JD + h0) >= JD end) for (i = 0; i < n; i++)
{
fprintf(s6, "JD= %lf i = %d XVIl= %20.15f %20.15f
%20.15f %20.15f %20.15f %20.15f\n", JD + _h0, i, XVI[(6 * i)],
XVI[(6 * i + 1)], XVI[(6 % i + 2)], XVI[(6 * i + 3)], XVI[(6 =
i 4)], XVI[(6 % i + 5)]);

}
}

fclose (aprch);
fclose (iterations);
fclose (s6);
fclose (impacts) ;
fclose (clapp);
fclose (impacts_0);
// Freeing up memory
delete [] XVO0;
delete |] epharr;
delete [] tau;
delete |[] alpha;
delete || alpha ;
delete |] alpha2;
delete |[] alpha2 ;
delete || D_alpha;
delete [] h_frac;
delete [] h_step prev;
delete [] h step cur;
delete || mask;
delete |[] impact;

return 0;



