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Ciioxkueiinmme 3a/a4u 9BOJIOIUY, KJIMMATA, SKOJOIMH, VIODAIHLHOIO MOHUTOPUHIA W JUCTAHIIMOHHOIO 30HIH-
poBanuga 3emum (JI33) ¢ rumepcreKTpasIbHLIME TIOIXOJAMA U HAHOJIUATHOCTUKON NPUPOIHON CPEIbl U OOBHLEKTOB
BIIEPBBIE [IPEJJIANAETCS PACCMATPUBATDH KaK CONPSXKEHHBIE. DJIEKTPOMAIHUTHOE U3JIydeHHe — eauHoe (hU3NIECKOe
oJjie, O0bLEAMHSIONIEE PAJUAIIMOHHOE TI0JIe 3eMJIA C PaJMallMOHHO-AKTUBHBIMU KOMIIOHeHTaMu. Hampumep, ussep-
JKEHUe BYJIKAHOB U TPAHCIDAHWYHBIN IEPEHOC 3aIPA3HEHMIl, KOTOPbIE BINAIOT HA dKOJIOTHIO M COCTOSHUE OKPYzKa-
fomeil cpefibl, MOryT 6bITh 0OHapy2KeHbl MeTojgamu J133, a najee yepes MepeHoc JIyYuCTOl SHEPTUU, 3aBUCINEH OT
3arpA3HUTEel IIPUPOTHBIX CPEJl, MOXKET BJIMATH HA KJIUMAT U B KOHEUYHOM UTOTe HA TPEH] IBOJIOINUUA 3EMJIU KaK
mwraHeThbl. HempeomoauMast CTI0O2KHOCTh MPOOGIEMBI COCTOUT B TOM, 9TO JIJIsI UCCJIEIOBAHUN TIJIAHETHI HE JIOTYCTUMBI
HaTypaJjbHbIE SKCIEPUMEHTHI W BO3MOXKHBI TOJBKO MOHUTOPHWHT W HAOJIOJIEHUsT Pa3HBIMU CPEJICTBAMHU, C OJTHOI
CTOPOHBI, & C JPYTOil CTOPOHBI Ha MOMEHT M3MEPEHUl PaJIualiii HEBO3MOXKHO BOCCTAHOBUTH BECh HAOOP OIMTHUKO-
reoU3NIECKUX U OMTUKO-METEOPOJOrNIECKUX TAapaMeTPOB CUCTEMbI aTMOChepa-CyIa-OKeaH», OT KOTOPbIX 3aBU-
CUT pajiualysi, 1 He BO3MOYXKHO TIOBTOPUTH YCJIOBUA HAOJIIOJAEHUMN, TaK KaK CpeJla HEIPEPhIBHO U3MEHSETCS U HUKO-
rja He MOBTOpsieTcsa. V TOMBKO MaTeMaTHdecKoe MOJEJMPOBAHUE «OOJIBIMNX» MPSMbBIX U OOPATHBIX 33/1a9 TEOPUU
TepeHoca M3JIyYeHUs C MapajuIeIbHBIM CyNePKOMIIBIOTUHIOM ITO3BOJISIET ITPOBECTU TEOPETUKO-PACYETHBIE HMCCIIEITO-
BAaHUS CTOJIb CJIOYKHBIX ITPOOJIEM U ITOJIyYUTHh KadeCTBEHHbIE U KOJUYECTBEHHbIE OIEHKU JJIs aHAJIN3a ¥ IIPOTHO30B,
a TakKKe /IS Pa3HBbIX TEMATUYECKUX IMPUJIOKEHUI Ha OCHOBE CIIEHAPUEBY .

Karouesvie caosa: conpagicernnvie 3a0avu, paduayuonnoe noie 3emau, JuCmanyuonnoe 30HOUPOsaHue, KAU-

MaAMm, 9K0A02UA, CYNEPEBIHYUCAEHUA.

OBPA3EI INTUPOBAHU

Cymikepuu T.A., Crpenkos C.A., Makcakosa C.B. Kocmoc, 3emiist u CynmepKOMIIBIOTHHT:
COTIPSIZKEHHBIE 33]a9l 9KOJIOTMH, KJIMMaTa, MOHUTOPUHTA U JUCTAHIMOHHOTO 30HIUPOBAHUS
3emiin, MUIepCreKTPabHBIN TI0IXO0J1 U HAHOMATHOCTHUKA IIPUPOJIHBIX cpej (mocssimaercs 65-
aeruio UTIM mv. M.B. Kengpima PAH) // Becrauk FOYpI'Y. Cepus: Boraucimrensnas ma-
remaruka u nadopmaruka. 2018. T. 7, Ne 4. C. 5-29. DOI: 10.14529 /cmse180401.

BBenenue

Baxmneitmast ms Bcero genobedectsa ['JIOBAJIBHAA nporpamma «Iloectkn XXI Be-

Ka» — 9TO BceMUpHasi mporpamma «bymayiee 3emumy, pyHIaMEHTaIbHBIE OCHOBBI JIJIsl Pea-

"CraThbs PEKOMEHI0BaHa K ITyOIMKAIIME IIPOrPAMMHBIM KOMUTeToM MexK1yHapo1Hoii Konde-
pernuu «CynepkoMmibioTepHblie qan B Poccun — 2018y .
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KOCMOC, 3emiig u CYIIEPpKOMIIBIOTHUHI': COIIPpA>K€HHbIE€ 3aav9U1 93KOJIOTun, KJauMaTa...

JIM3AIUU KOTOPO# ObLin 3aji02keHbl B XX Beke Ojiarojiaps M300peTeHuI0 KOMIIbIOTEPA U
BBIX0/1a Y€JIOBEKA B KOCMOC.

14 despans 1954 roxa, B kaburere M.B. Kesgpima (¢ 1981 roga MemopuasbHblii My3eii-
kabuner akagemuka M.B. Kesgpina PAH) cocrositocs IITEPBOE cosemanmue |1, 2], Ha KoTO-
pom BIIEPBBIE o6cyxknanca BOIpoc O BO3MOXKHOCTHU CO3MAHUA U 3AIyCKA B KOCMHUIECKOE
npocrparcteo [TEPBOT'O uckyccrsennoro cnyranka 3emsu (M1C3). O mporpamme KocMmude-
CcKUX uccaesioBannit 3arosopmwiim B 1955 roxay. Ilo ykazanmio M.B. Kemgpima 8 1955 rony u3
Axanemnn wayk CCCP ¢ momormpio pedepenta ['ernmaaua Aunpeesnya CkypuanHa pazocya-
JIX IIMCbMa B Pa3HbIE OPraHU3allu W YYIC€HbIM DPa3HbIX CHeH‘I/IaﬂbHOCTeI';I C OJHUM BOIIPOCOM

«Kax MOAHCHO UCTIOAB30BAMD KOCMOCT» IDTO OBLIO BpPEMsi HTY3MACTOB U MeEUTATENei.

Muenuit m TpeIoKeHuil TOCTYMMJI0 MHOTO ¥ pas3ubix. Jljaa ybexmenusi pykoBoauTeseit
CCCP B HEOOXOIMMOCTH OCBOEHHsI KOCMHUYECKOTO IIPOCTPAHCTBA M 3aIyCKOB KOCMHYECKHX
cuyTHuKoB u Kopabseit M.B. Kesmpinn, kak y»ke NPU3HAHHBIA TOCYJAPCTBEHHBIN JEATE/Ib,

BBIJICJIUJI [AB€ TJIaBHbIE 3aJadvmn: pa3Bejika M HaOMogeHud 3eMJi, BOKPYI KOTOPBIX

chOpMUPOBATNCH MHOTHE HAYIHO-MCCIETOBATEHCKIE TTPOEKTHI, OMPEIETUIACH HOBAsT OTPAC/h
9eJIOBEYECKON JedTeIbHOCTH, B 1955 To/My HavYaI0Ch CTPOUTEIHLCTBO KOCMOIpoMa «Batkonyp»
u ObLTH co3marbl MUHICTEPCTBO OBIETO MAITUHOCTPOSHUS U JPYTHE BEJIOMCTBA.

IlonTBepknaeTcs crpareruyueckuii BoiOop, ciaenannbiii I'aBubiv Teopernkom Kocmonas-
mukn akagemukoMm M.B. Kemmemmem B 1955 rogy n aktyanbubit B XX u XXI Bekax. FOpmit
Anexceesma Tarapun (09.03.1934-27.03.1968) — ITEPBBIN B uctopun weosedecTsa yBusesn
IAHETy 3eMJIsT U3 KOCMOCA W BOCKJIMKHYJT «3eMyist Tosrydadaly, a moske J100aBuil «3eMiis Ta-
Kasgd MaJIEHbKasd...».

OTH BeMKHE OTKPBITUS W MEXKJYHAPOIHOE COTPYIHUYIECTBO B KOCMOCE CBSI3AHBI C MMe-
HeM MarTemaruka-jieres il Mcruciaasa Beesosonosnya Kespima (10.02.1911-24.06.1968) [3—-
8|. 24 urons 2018 r. ucnomaMIOCH 40 JIET KAK CKOHYAJICS 9TOT PYCCKUH TeHUil, MACIITAObI UH-
TeJIIEKTYaIbHON, HAYYHOW W OPraHU3aIlMOHHON JIeATeIbHOCTH KOTOPOI'O ITOTPSICAI0T BOOOpa-
xkernre. Crarbst mocBsinmiaeTca namatu pycckoro reaus M.B. Kengeimia — «Besmko-
ro yma Poccuny — «Jlomonocosa XX Beka» [9], 3amoxusinero byHIaMeHTAJIbHBIE OCHOBBI
IUBWIN3AIUNA U TIOCTUHIYCTPHAJIHLHOTO HH(POPMAIIMOHHOTO obmiecTBa XXI Beka, a TakxKe
«POBO IKOHOMUKI» W COBPEMEHHBIX TJIODATBHBIX TTPOOIEM IO CHACEHUIO TIAHETHI 3eM-
Jst. Dr1o Obut gyurmuit [Ipesument Akamemuu Hayk, xkoropsrii 8 1964 romgy cmac Axagemuro
Hayx CCCP ot Bomonrapusma H.C. Xpymesa, yrpoxkasurero Ha uiogbckoM [Lmernyme 1K
KIICC «paszornars akajgemuto Hayk...» [10], u nmpu koropom Akajgemusi Hayk crama dopmo-
crom CCCP B Mupe, CyIECTBEHHO PACIHTUPUIOCH MEKIYHAPOHOE COTPYTHUYECTBO B HAYKE,
CTIOXKUJINCH BEIYIME B MUPE HaydHBIE TKOJIbI, COBETCKHUE yUeHble momydann HobeneBckue u
JleHnuHCKHME TpEMUmn.

JlBafmaTeiit BEK B MCTOPUM 3€MHOM IUBUIN3AINNA — ITO BEK HAYIHO-TEXHUIECKON PEBO-
mormuu (HTP), onpenesennoii TpeMsi BEITMKAMHU OTKDPBITHSIMU, W C HHUMHU CBS3aHO WM
M.B. Kejgpimra — eauHCTBEHHOTO MaTeMaTuka Tpukiabl I'epost Commasmcrmaeckoro Tpyia,
KOTOPBIfl y9aCTBOBAJ B PYKOBOJCTBE TPEMs BAKHEHIITUMHU CTPATETMIECKUMHU TPOEKTAMHU U
MIPUYACTEH K 3TUM TPEM OTKPBITUSM: IPOHUKHOBEHUE B TAHHBI U OBJIAJICHUE $JIEPHON SHEPIU-
eff; MOKOpeHe KOCMUIECKOTO MPOCTPAHCTBA W BBIXOJ, U€JI0BEKA B KOCMOC; U300pETEHME JIeK-
TPOHHO-BBIYUCIUTEbHBIX MamuH (9BM) u cozmanmne mHbOPMAIMOHHBIX TEXHOJOIHIA, KOTO-
poie crasu asuxkyieit cumoit HTP u obecnieunsm ycrex aTOMHOIO M KOCMHYIECKOI'O IIPOEKTOB

n co3manne «PakeTHO-g1epHOro muTay, 10 CUX IOp 00ECHEeYNBAOIIEr0 0€30IACHOCTD CTPAHBL.
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T.A. Cymkesuu, C.A. Crpenkos, C.B. MakcakoBa

C 1947 rona M.B. Kesgpin 8 CCCP orBeuas 3a cozganue maremarndeckux 9BM [11-16],
0e3 KOTOPBIX He OBLIO ObI YCIIEXOB HU B ATOMHOM, HM B KOCMUYECKOM ITPOEKTAX.

Cratba mocesimaerca 65-meTaemy ob6uiaero IIEPBOT'O B MupoBoit Hayke W MHPOBOI
npaktuke VIHCTHTYTA mpuKIamHoit maremaruku [17], koropsrit 10 1966 roga paGoran B
3aKPbITOM peKMMe€ W J0 HBbIHEHNIHEI'O BPEMEHH HN3BECTEH KaK <<I/IHCTI/ITyT Keﬂﬂbﬂ_ﬂa» — €ero
coznaresist U nepsoro gupekropa (1953-1978). MucruryT co31aH B COOTBETCTBAM C PACIIOPSI-
xkenmem Cosera Mwunucrpo CCCP or 18 ampens 1953 roma Ne 611-pc u pacmopsizkeHueMm
[Ipesumuyma Axagemun Hayk CCCP or 27 ampesmst 1953 roma Ne 0012002 xax Otnesenne
npukaaaHoi MaremMaTuku Maremarmyeckoro mucruryTa uMm. B.A. CreksoBa AkamzeMnn Hayk
CCCP (OIIM MHMAH CCCP). B coorsercrBuu ¢ nocranosienueM lIpesumuyma Akajemun
nayk CCCP ot 8 mrosrm 1966 roma Ne 465-010 OIIM MUAH CCCP upeobpasosano B Uucru-
TyT mpukiaagnoii matemaruku Akamemnn wHayk CCCP. Heme sto @emepasibHOe Tocyaap-
crBenHoe yupexkienue «DenepaabHbIN UCCIeI0BATENLCKAN TeHTP VIHCTUTYT MpUK/IaIHON Ma-
remaruku uM. M.B. Kemgpima Poccuiickoit akagmemun Hayk» .

BIIEPBBIE 6b11 ocHoBan akajemudeckuii THCTUTYT /i BBIIOJIHEHUsT T'OCYIAPCTBEHHOMN
CTpaTerndyecKoil 3a1aun co3manns «PakeTHo-sIepHOro mura», B KOTOPOM IIOJ PYKOBOICTBOM
M.B. Kengpima u A.H. TuxonoBa cobpaJjicss yHUKAJbHBIA KOJJIEKTUB CIEIUAIUCTOB sl pe-
MMIEHUS CJIOKHBIX MATEMATHIECKUX MPOOJIEM, CBI3AHHBIX C TOCYIapPCTBEHHBIMHU MPOTPaMMaMI
MCCJIEIOBAHUST KOCMIYECKOI0 TTPOCTPAHCTBA, PA3BUTHUs ATOMHOM W TEPMOSIIEPHON SHEPreTUKH
HA OCHOBE CO3/IAHUS U MIHPOKOTO WCIOJBL30BAHUST BHIYUCIUTETHHON TEXHUKNA ¥ MPOTPAMMHOTO
obecrieuenus. IlorpeboBamch HOBBbIE METOJbI HAYYHBIX WCCJICIOBAHUN U WHXKEHEPHO-
IIPOEKTHBIX PaboT, mpexkae Bcero >PPeKTUBHBIN MaTeMaTudeckuii pacder. x poxknenve u
HCITOJIb30BAHUE KOPEHHBIM 00Pa30M M3MEHHUJIU ODOIEeHayIHOEe W WHHOBAIIMOHHOE 3HAYEHUE BbI-
YUCTUTETHHON MATEMATHKY ¥ MATEMATHIECKOTO MOJICIMPOBAHNS, Ha OCHOBE KOTOPBIX CO3/IaH
dyraamenT coBpeMmennbrx «Computer Sciencesy. B 1950 rogy xoJuteKTuB J1abopaTopuu
C.A. Jlebenesa B Kuese coznan MOCM — sro ITEPBAY 9BM 8 CCCP [18]. B 1953 rony B
CCCP 6bL10 Oprann3oBaHO IPOMbIIILIeHHOe Ipon3BoacTBo IBM n ITEPBAS cepuiinas 9BM
«Crpema» 6blta ycranosiaeHa B Wuctutyre Kemmbimia, a majee KOJJIEKTHB OOBIYHO TEPBHIM
OCBAaMBAJI BCE IOKOJIEHUsI BBIYMC/IUTE]BHON TEXHUKH W YIaCTBOBAJ B PA3BUTHU HOBBIX HH-
dOPMAITMOHHBIX TEXHOJIOTHIA.

B noabpe 1955 roga nz3 AH CCCP s IIK KIICC u Coser MunucTpos 0ObLLIO HAIIPABJICHO
mucbMo ¢ «IIporpammoit KocMuYecKux wuccienoBaHuity. Tak poOAUIoCh HOBOE HAYJHO-
npaktudeckoe Hamnpapiaenne REMOTE SENSING — aucraHIMOHHOE 30HIUPOBAHUE 3EMJIU
(I33) ¢ npuioKeHus MU B PA3HBIX OTPACISX HAPOJHOIO XO3ANHCTBA M SKOHOMUKH, BKJIHOUAs
BOEHHO-ODOPOHHBIN KOMILJIEKC, KOTOPOE ITOCAYXKUJIO IPaiiBEPOM CO3JAaHWS W PA3BUTHS HE
TOJIBKO BBIYUCIUTEIBHON TEeXHUKHU, HO U PA3HBbIX HAIPABICHUN B MHMPOPMAIIMOHHBIX TEXHOJIO-
TUgX, B TOM YHUCJIE TeJIeKOMMYHUuKaImonHubie Texuojaoruu, ' PUJI u «obnaunbie» cucrembr, Big
Data u ap. B kocMudeckux mpoekTax 3apojuuch IudPOBbIE TEXHOJOTUU IIPUEMa, U 0Opa-
60TKH MHPOPMAIINA U M300parkeHni, MU@POBbIE MOHUTOPHI, TEJIEBU30PHI, COBpeMeHHble IH-
TepHET U MOOWJIbHAsI CBS3b U MHOXKECTBO JAPYTIUX HPUJIOKEHUN T'PArXKIAHCKOI'O HA3ZHAYCHUS,
0e3 KOTOPBIX HE 00XOUTCSA COBPEeMEHHOE MH(MOPMAIIMOHHOE ODIEeCTBO.

3amnyck [TEPBOTI'O uckyccrBennoro cuytuuka 3emin 4 oktsabps 1957 roga — sro «I1O-
HAPOK» k 50-mermio wien-xkoppecrnongaenTa AH CCCP Cepres Ilasiosuua Koposiera
(12.01.1907-14.01.1966) — I'N'TABHOI'O KOHCTPYKTOPA KOCMOHABTUKMU. Ilosxer
FO.A. IN'arapuna 12 anpens 1961 roga — 310 «IIOHJAPOK» x 50-etuto akamemnka AH
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CCCP M.B. Keggpimna — I'NTABHOI'O TEOPETUKA KOCMOHABTUKIH. 9Tor jeHb Ha
Ilenepanbroit Accambiee OOH 07.04.2011 npusnan kax «MeXyHapoaHbBIH JIeHD MoJIeTa Je-

JIoBeKa B KocMocy [19].

1. Kparkuii o630p

OFpOMHbIﬁ HaqubIﬁ IIoTeHnuaJI, COS,[LaHHbeI OT€9EeCTBEHHbIMU YY€HBIMU, ITO3BOJIAECT CTa-
BUTH TaKWe aMOWITMO3HBIE 3aJIa4uM, JIEYKAINE B OCHOBE NpOorpaMMbl «Bysymiee 3emitms.
O MexIyHapOJIHOM XapaKTepe TaKuX IMPOOJeM CBUIETEBCTBYIOT CaMble OOJIBIINE CAMMUTEI
pykoBoguTeseit GosbimuacTBa crpaH, Bxoasmmx B OOH (20, 21]. YuacrHuku npoekra mnocse-
JIOBATEJIHHO IILJIM K [IOCTAHOBKAM U PEIIIEHUI0 TaKUX TJI0OAIbHBIX Ipobiem [22-37].

B wmione 1954 roma mpomesn ycmemusii 3amyck IIEPBOV B Mupe aToMmuO# CTanimm B
r. OGHuHCKe, pacueraMu KOTOPOU 1o obiuM pykoBogcTtBoM Uropst Bacunbepuua Kypuaaro-
Ba (12.01.1903-07.02.1960) pykosogun Esrpad Cepreesua Kyszuenos (13.03.1901—
17.02.1966) — ocuoBarens Maremarudeckoro orzgena B POV, B 1955 romy B MuCTHTYTE
Kemnprma mpodeccop MI'Y  mmenn M.B. Jlomonocosa ITEPBBIN  coserckmii  Mozesrbep-
BbIUUCJUTENb 337124 Teopun 1epeHoca E.C. Kysuenos [38] cozman yHUKAJIBHBIA 1 €MHCTBEH-
Hblli B Mupe otiesi «Kunerndeckume ypaHeHusi». B 3roM oTaesie mpoBOAMIUCH (DyHIAMEH-
TaJIbHBIC TEOPETUYICCKUEC M ITPUKJIaJHBbIEC HCCJICJOBaHUA BCEX THUIIOB ypa.BHeHI/Iﬁ " KJIaCCOB MO-
Jeseil KHHeTUYECKON TEOPUH B PA3HbIX MPUJIOKEHUHAX, B TOM YHUCJIE B ATOMHBIX, PEAKTOPHBIX
U TE€PMOSIJIEPHBIX ITPOEKTAX, BHICOKO- U HU3KOTEMIIEPATYPHON! TIja3Me, aTMOCHEPHON OITHKeE,
OIITUKE OKEaHa, KIUMATE, KOCMUYECKUX TpoekTax, acrpodusuke u T.1a. B CIIA u Axriun
ero KoukypeaToMm 6b11 C. Yamapacekap, KOTOPBIH Hammcasl MEPBYI0O B MUPOBON HAyKe MOHO-
rpacduro 1o mepenocy Jyuucroil sHepruu, a E.C. Kysnenos, mepsble paboTbl KOTOPOrO IIO
KauMary Bbn B 1925-1927 romax, ObLT pPeIakTOPOM HU3JAaHUS MOHOTpAUU HA PYyCCKOM
s3pike  [39].  CocrosiHMe OTEYeCTBEHHOrO HAYYHOTO IIOTEHIMAJa OTPAayKEHO B KHUTE
ZK. Jleno6usb [40], moarorosiennoii ma ocHose marepuasioB Mexaynapoanoit Komuccun no
pamuamuu. OdUeBUIHBI BeyIe HMO3UIMM COBETCKUX YUEHBIX II0 BCEM pasiejaM TEeOpUd H
MPAKTUKK MIPUJIOKEHUI TEOPUM TIEPEHOCA U3JLY YCHUS.

IMTocsie mogmucanus «Ilapuzkckoro coryamenuss no kiaumMary» [21] B 2016 roxy BIIEP-
BBIE Ha ypoBHE MEXIyHAPOJIHBIX COTJIAIIEHUNH KJIUMAT» OOOIIEJ IO 3HAYUMOCTH «IKOJIO-
ruo», xoTd oHu u B3amMocBa3anbl. BIIEPBBIE orkpbiTo Hadaim roBOpuTh O JIBYX BarKHEMH-
MAX MEXaHW3MAaX: KOHTPOJb 33 KauMaToM, ympasienne kinmarom. KOHTPOJIb 3a kanma-
TOM — 3TO TPEXKJE BCETO IUCTAHIMOHHOE 30HIMPOBaHWE W MOHUTOpWHT «KimmMaTuaeckoit
cucrembr 3emsmy (KC3), T.e. mexaynapoubiii riaobanbubii Mmoruropunr KC3, Briowaro-
Uii: MEXKIyHAPOIHYIO CETh Ha3eMHBIX HAOJIIOJIEHNIT; MEXKyHAPOIHYIO TJI00AIBbHYI0 KOCMUYe-
CKyIO TPYIIIMPOBKY 3eMJIe0030pa; MOIIHBIE IIEHTPbI XpaHeHus big data; mHMOpMaIMOHHBIE
TEXHOJIOTUM TIpUEMa, XPaHEeHMs, O0pabOTKU JaHHBIX W M300parkeHuil; TeEMaTUYeCKUl aHaIu3
JIAHHBIX HA OCHOBE PEIeHus MpsaMbIX 1 obparHbix 3a7a4d /133. VIIPABJIEHUE knaumarom —
9TO BBIIIOJIHEHNE CTPAHAMH 00S3aTeJILCTB, IPUHATHIX B paMKax «Ilapmkckoro corsiarienus»
mo kiaumary u «IloBectkm mast mo 2030 roma» mjs obecreveHHMsI YCTONYIMBOIO PAa3BUTHS, a
TaKKe IIPOI'HO3MPOBAHUE MU3MEHEHU KJIMMAaTa Ha OCHOBE «CIIEHAPHOI'O» IIOJXOJIa M MOJeJIei
KC3. 910 dbynmamenTa bHble MEXKIMNCIUILIMHAPHBIE UCCJIEIOBAHUS B BHICOKOTEXHOJIOTMIHOMN
0071aCTH A9POKOCMUTIECKOTO JTUCTAHITMOHHOTO 30HAMPOBAHUSA 3€MJIN M OODLEKTOB MPUPOIHO-
TEXHOTEHHOI C(epbl, 00bEINHAIONINE TEOPETUIECKY0 U TPUKJIAIHYI0 MATEMATUKY, BBIYUCIIU-

TEJbHYIO MATEMATUKy M MaTeMaTHYeCKOe MOJEJIUPOBAHME, TEOPHUIO MHPOPMATUKN U MHGOP-
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MaIlMOHHBIE TEXHOJIOTUHU, (PUBNKY B3AUMOJIEUCTBUS U3JIyUEHUs C BEIECTBOM U MOJIEKYJISPHYIO
CIIEKTPOCKOIINIO, HayKn 0 3emjie u Omocdepe m HAHOTEXHOJOIWHU. 1eoperndeckue (pyHIaMEH-
TaJIbHbIE PE3yJbTATbI U CO3/aBaeMble MH(MOPMAIMOHHO-MATEMATUIECKOE ObecliedeHne U WH-
dOopMaIMOHHBIE TEXHOJIOIMU AIPOOUPYIOTCS HAa HOBEHINMX OTEUECTBEHHBIX pa3paboTKax all-
mapaTypbl W CPEJCTB JIJI THUIEPCIEKTPATbHBIX A9POKOCMUYECKAX HAOIOJACHUH. ITO HOBOE
HAayJHOE, TEXHOJIOTUYIECKOE W TEeXHUIECKOe HallpaBjieHne B pas3Butuu coppemenHoro /133 c
IIUPOKOU cepoii TPUIJIOKEHUN B PA3HBIX 00JIACTAX 3HAHUIA.

CoBpeMeHHasI 9KOJIOTUsI — CJIOXKHeNIasi, pa3BeTBIeHHasd MEXKIUCIUIIMHAPHAS HayKa,
JeTKHe T'PAHUIBI KOTOPOH He OIpPeessiioTCS CTPOro, MOCKOJBKY B IOCEIHUE IeCATUICTHS
9Ta HAYKAa aKTUBHO PA3BUBAETCH U NPUHUMAET HOBbIE OuepTaHus u cojepxKkanue. B 70-e romnt
XX Beka amepukanckuii Guosior u skosior Bappu Kommonep (28.05.1917-30.09.2012) B kuure
«Bambikatomuiicss Kpyr» [41] cdhopmysmpoBas 4eTbIpe OCHOBHBIX 3aKOHA COBPEMEHHOM

9KOJIOIrum, OTpazKarmue CyTb Cy6'beKTOB 1 0OBEKTOB uccjaea0Baondgd U JUHaMUYICeCKHe IIpo-

IIECCHI ITPOUCXOIAIIErO C MPUCYIIIUM UM CHHEPTETUIECKUM XaPAKTEPOM:

Ilepswiti 3axon. Bece 6asano co ecem. DTo 3aKOH 00 dKocucreMax U buocdepe, obparao-
M BHUMAaHUEe Ha BCEOOILYIO CBS3b IIPOLIECCOB U sABJIeHUN B npupoge. OH Ipu3BaH IpPeIocTe-
pedb dYejIoBeKa OT HEeOOLyMAHHOIO BO3IEHCTBUS HA OT/E/IbHBIE YAaCTH SKOCHCTEM, UTO MOXKET
[PUBECTU K HEIPEJIBUJICHHBIM MOCIEACTBUSM (HAIPUMED, OCyIIeHne GOJIOT HPUBOIUT K 00Me-
JICHUIO DEK).

Bmopoti saxon. Bce doascro xyda-mo desamuves. ITO 3aKOH O XO3THCTBEHHON JTESTEITh-
HOCTH 9YeJIOBEKa, OTXOIbI OT KOTOPBIX HEM30EKHBI, W IIOTOMY HEOOXOIMMO JIyMaTh, KaK 00
YMEHbIICHNN UX KOJUYIECTBa, TaK U O IIOCJIEAYIOINIEM UX MCIIOJIb30BaHUU.

Tpemuti saxon. Ilpupoda <«3naemy aywuse. 3aKOH UMEET IBOMHON CMBIC — OITHOBPE-
MEHHO IPHU3bIB COJIUBUTHCS C MIPUPOJION U NMPU3bIB KPailHe OCTOPOXKHO OOpAIaThCsl ¢ MPUPO/I-
HBIMM CHCTEMaMU. DTO 3aKOH Pa3yMHOIO, CO3HATEILHOrO IIPUPOIONOIL30Banus. Hesbss 3a-
OBIBATH, UTO YEJOBEK — TOXKe OMOJIOTMYECKHI BHUI, UYTO OH — YacTh IIPUPOJIBI, a HE ee Bia-
CTeJIMH. DTO O3HAYAET, YTO HEJIb3sI IMBITATHCSA MOKOPUTDH IIPUPOJLY, & HYy»KHO COTPYIHHIATH C
ueii. [Toka MbI He mMeeM TOJIHONW MHAMOPMAIME O MEXaHU3Max W (PYHKIMSAX IPUPOJIBI, a 0e3
TOYHOIO 3HAHWS ITOCJEICTBHUI MMPeoOpa30BaHMUs MPUPOBI HEIOIIyCTHUMbl HUKAKHUE ee KyJIyd-
[IEHUST» .

Yemeepmuiti 3akon. Huwmo ne daemes dapom (B opuruHase aro-to Bpoje «BecrurarHbix
00e710B He OBIBAETY ). DTO 3aKOH PAIMOHAIBLHOTO TPUPOIONOIL30BaHusA. «...['i0babHas dKo-
CHUCTeMa TIPeICTaBJIsIeT COOOl eIMHOe IIeJI0e, B PaMKax KOTOPOTO HUYEro He MOXKEeT OBITh BBI-
UTPAHO WJIU TIOTEPSHO U KOTOpAasi HE MOXKET SBJIATbCH OOBEKTOM BCEOOIEro yJIydIeHUs» .
IInaTuTh Hy>KHO SHEpPTHeil 3a JIOMOJHUTEJHLHYIO OYUCTKY OTXOJIOB, YIOOpEeHHEM — 3a ITOBbI-
[IeHrEe yPO2Kasi, CAHATOPUSAMHU U JIEKAPCTBAMU — 38 YXY/IIIIEHNE 30POBbs YeJI0BEKA. ..

Bropoit u yerBepThIii 3aKOHBI IO CYTH SABJSIOTCHA epedPasupoOBKOil OCHOBHOTO 3aKOHA
bUsnKN — COXpaHeHUsI BEIecTBa 1 dHepruu. l1lepBblil m TpeTwit 3aKOHBI — IENCTBUTEIHLHO
OCHOBOITOJIATAIOINE 3aKOHBI YKOJIOI'MHU, HA KOTOPBIX JIOJI?KHA CTPOUTHC TapaurMa JIaHHOM
HayKu. OCHOBHBIM 3aKOHOM SIBJISIETCSI IIEPBBI, KOTOPBIA MOXKET CUNTATHCS OCHOBOI 5KOJIOIH-
JecKoi (pmIocopru U CUCTEMHOI'O HAYIHOI'O MCCJIeI0BAHMUS.

CoJtHeIHOE M3JIyUYeHNe — OJIMH U3 HEOTheMJIEMBIX (DAKTOPOB KU3HEOOECIIEUEHUsT T€/TI0BE-
Ka, YKUBOTHOI'O U PACTUTEJIBHOIO MHWpPa Ha 3eMJie, & TAaKXKe OJHA U3 OIPEICSIONNX KOMIIO-
HEHT 3eMHOI 3KOCHUCTEMbI U Omocdepbl, MJid IIOBEIEHUsS KOTOPBIX XapaKTEPHO B3aMMOIEH-

CTBHUE OTJIEJIbHBIX KOMIIOHEHT C TIPOsIBJIEHHEM CHUHEpPru3ma (OOpaTHBIX CBs3eil, KOTOpPbIe MHO-
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/I3 IPUBOJIAT K B3aMMOYCHUJIEHUIO PA3IMYIHBIX IPOeccoB). [losie COHEeIHOro u3/ydenus Biv-
sleT Ha MEXaHU3Mbl U3MEHUUBOCTH (JIMHAMUYIECKUE IIPOIECCHI: IUPKYJIAMs, KOHBEKIUS, TYP-
OyJIEHTHBIN MTEPEHOC; PaIUAMOHHBIE U (HOTOXUMUIECKHE MPOIECCH) reOMU3NIECKOro, MeTeo-
POJIOTUYIECKOT0, KJIUMATAIECKOI'O COCTOSIHUsI 3€MJIA, KOTOpble O0JIaJAf0T CJIOXKHBIMEU HEJIU-
HEMHBIMH CBA3IMU, 3aTPYIHAIONIME [IPEACKA3aHNEe BO3MOXKHBIX 3 (MEKTOB, OIEHKY HUX BEJIN-
YMHBI U 3HAYUMOCTH.

B cBsa3u ¢ pocTOM pHCKa €CTeCTBEHHO-IIPUPOIHBIX M TEXHONEHHBIX aBapwhii, IPOBEICHU
BOEHHBIX OIEPAIMil U BO3MOYKHBIX KPYITHOMACIITAOHBIX TEPPOPUCTUIECKUX AKTOB IKOJOIUIE-
CKasl W TEeXHOJOTHYecKasl 0e30IIacCHOCTh MEPEXOIAT B Pa3pd] CTPATEIHIECKMX W BaKHEHIIX
COIAJIbHO-9KOHOMUYECKIUX (PAKTOPOB, 8 MATEMATHYECKUE MOJIE/IM CTAHOBATCS 3P (MEKTUBHBIM
MHCTPYMEHTOM TOBBIIIEHNSI KAYeCTBA W OINEPATHBHOCTU SKOJOTUIECKOI'O IIPOTHOSUPOBAHUS U
BBIABJIEHUsI, B YIPEXKIAIOIIEM PEKUME, MPEIIOCHLIOK KOJOIMIECKAX KAaTacTpod Ha OCHOBE
KOMITLIOTEPHOTO  MOJEJUPOBAHUS  CIIEHApHWEB» W JAI0T 3HAYATEJbHBIA  COIUAIbHO-
SKOHOMHYECKH 3(heKT 3a cUeT NpeaynpexkIeHdusT U CBOEBPEMEHHOI'O IPUHATUS MEp II0
CHIMKEHUIO WX OTPHUIATEIbHBIX HOCJAEACTBUNA. ['MraHTCKUi HAyIHO-TEXHUYIECKHIl IIpOIrpecc u
OecrperieIeHTHBI POCT BJIUSHUS YeJOBEKa Ha mpupojy B XX Beke ermie B 70-90-e roabr mpu-
BeJIM YYEHBIX BCEI0 MHPa, 3aHUMAIOIINXCA aHAJIN30M HAPACTAIONIMX AHTPOIONEHHBIX W eCTe-
CTBEHHO-IIPUPO/IHBIX BO3JEHCTBUN Ha OKPYKAIOILYIO CPely, K BBIBO/Y: BCEMHUPHAsE CUCTEMA

MOHHMUTOPHMHI'A 1 MepapXxud Mo,z:(e.nei?i — IJIaBHbI€ MHCTPYMEHTbI U3y4YCeHUA U IIPEICKa-

3yeMOCTH MU3MEHEHUN NPUPOJHBIX IPOIECCOB U PAa3/eJIeHUs €CTeCTBEHHbIX U aHTPOIOI€HHBIX
BOBJEHCTBUI HA CJIOKHEHIIYIO TMHAMUIECKYIO CUCTEMY, KAKOM sIBJISIETCS IIJIaHeTa 3eMJIs.

B teoperndeckux u MpPUKIIAJIHBIX UCCJIEIOBAHUIX BHenpuscs Tepmud «['yiobanbHas cu-
cTeMa»: HEeOOXOJIMMbI AaHAJU3 U CHHTE3 3HAHWI O PA3BUTHHU ILIAHETAPHON IMBUJIM3AIIAN.

Tepmun  BBesen  akajgemukoMm  Hurwuroit  Hukomaesuuem — Mowuceesbim  (23.08.1917—
29.02.2000) [42]. Ocobyio 3HauMMOCTbL TpuOOpeTaeT MpPobJIeMa AJEKBATHON OIEHKU POJIU U
Beca MOJICJIUPYEMbBIX TOJCUCTEM B JIOJTOCPOYHON 3Bosonuu Beeil «['y10basibHOi cuctemMbl», B
TOM YHCJIEe CBSI3aHHBIX C PAJUALMOHHBIM IOJIEM 3eMJIH, OObEIUHSIIONIM KIMMAT U 9KOJIOIUIO.
[TocTpoenne paauannoOHHON MOJEIN 3eMJIM KaK IJIAHETbl W Cpelibl OOMTAaHUs YeJI0BEYeCTBa
OKA3bIBAETCHA YPE3BBIYAHO BaKHBIM [IJIsI PEIICHMSI CJIOXKHBIX HPUKIQTHBIX U TEXHUIECKUX
po0JIeM, CBA3AHHLIX C Pa3BUTUEM METOIOB U CPEJICTB KOCMUYECKOIO 3eMJIEBEJIEHUSI, KOCMU-
YeCKUX CUCTEM 3eMjie0030pa U T./I.

DJIEKTPOMATHUTHOE U3JIyUYeHHe, PErUCTPUPYEMOE PA3HBIMUA CPEICTBAME, SBJISIETCSI OCHOB-
HBIM HUCTOYHHUKOM HHQOPMAIMNA O CTPOEHHH U (PU3MIECKNX CBOMCTBAX ILJIAHETHBIX aTMocdep,
IOBEepXHOCTEH, Omocdephbl MpPHU AUCTAHIMOHHOM 30HAUpoBaHuUU. JljIg MacCUBHBIX CHUCTEM
HaOJIIOEHUNT UCTOYHUKAMU W3JIYIEHUS SBJISIOTCS BHENTHWI COJIHEYHBIN MOTOK KOPOTKOBOJIHO-
BOIO JarasoHa crekTpa (yJabTpaduoseroBblii, BUAUMBIH, GiavzKkHINA MHDPAKPACHDIH) U COO-
CTBEHHOE W3JIy4YeHUE ILJIAHETHI JJIMHHOBOJHOBOIO JHMAala3oHa CrekTpa (uH(paKpaCHbIH, MUJI-
JIMMETPOBBIi ), KOI/a IPUMEHUMO KBAa3HONTHYECKOe HPUOIIMIKEHNEe TEOPUU [EePeHOCa MU3JIyYe-
HUs. B akKTUBHBIX cUCTEMaxX B KAYECTBE MCTOYHUKA WHCOJISIIIUKA MOTYT HCIOJIb30BAThCS JIA3€P-
HBIA WJIM IIPOXKEKTOPHBINA JIy4d.

CJ102KHOCTh KOCMUYECKUX WCCJIEIOBAHUN U PeasM3allii HOBBIX KOCMHYECKUX ITPOEKTOB
06y CJIOBJIEHA TeM, YTO MPUXOJUTCSH UMETh JIeJIO C «3aMKHYTBIM KPYyroM» (JJisi ero mpeojioJie-
HUS HAYAJI0 KOCMHUYECKON 3PbI CTUMYJIMPOBAJIO pabOTHI MO MPSAMBIM U OOPATHBIM 3aiadam
TEOPUU TIepeHOca u3JlydeHus ): (a) 4ToObl U3MEPUTH XapPaKTEPUCTUKU DPaJUAIMOHHOIO IOJId,

HY2>KHDBI IIpeaBapuUTC/JIbHbIC OICHOYIHBIEC PACYEThl 9TUX XapPaKTCPUCTUK Ha OCHOBE MO,HGJIefI TEeOo-
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pUU TIEPEHOCA M3IYYeHHUsS C YYETOM MHOTOKPATHOT'O PACCESHUS U TOTVIOIIEHUS COJTHEYHOTO W
cobcrBeHHOrO u3iydenusi, (6) 4robbl cMojesupoBaTh nepeHoc uziaydenus B KC3, HyKHBI
JAaHHBbIE 00 «OITHYECKOW TOrojie» — IMPOCTPAHCTBEHHBIX U CIEKTPAJbHBIX PACIIPEICJICHUSX
OITUKO-TEO(PU3NIECKIX U OIITHUKO-METEOPOJIOTTIECKUX apaMeTPOB MPUPOIHBIX CPEJI, OIUCHI-
BaIOIMX B3anMoOjeiicTBre n3nydenus ¢ kommomerTamu KC3. B 3aBucumocT oT JJIMHBI BOJI-
Hbl ¥ OCODEHHOCTEH B3aMMOJIEHCTBUSA C BEIIECTBOM BECTDL CIIEKTP 3JIEKTPOMAIHUTHBIX BOJIH
JIEJIUTCsl HA OCHOBHBIE JIMAIA30HBI: PAJIMOBOJIHBI, MUKPOBOJIHOBOE H3/IydeHue, nH(pPaKpacHoe
U3JIyYeHne, BUIUMBIA CBET, VJIBTPA(QHUOJJETOBOE M3/IyUEeHNE, PEHTTEHOBCKOE M3JIyUeHUe, YKEeCT-
KOe raMMa-U3JIy9eHue.

DJIEKTPOMATHUTHOE M3JIYUYEeHNE W YACTHUIIBI CIIOCOOHBI PACIIPOCTPAHSITHCS MPAKTUIECKHA BO
BCEX CpeJlax U B COOTBETCTBUU C IPUJIOXKEHUSMHU MOTLYT OIUCHIBATHCS Pa3HBIMU MaTeMAaTHUYe-
CKUMHU MOJIeJIIMU, TAKUMU KakK ypaBHeHusi MakcBejiia, ypaBHenue ['eJbMrosibiia, ypaBHEHHE
Jlanmay, ypaBuenuve BiacoBa, ypasBuenwue JIuysuins, ypasuenuwe lllpenunrepa, ypasaenue
Qokkepa—IIlnanka, ypaBuenne Yenmena—Kosmoroposa—CMOIyXOBCKOTO, ypaBHEHUE -
dys3un n kBazuauddysun, ypasaenus BorosioboBa, nHTErpajbHOE yPaBHEHUE IIEPEHOCA, KU-
HETUYEeCKOoe ypaBHeHue BosibiimMana u ux mpubJIrmKeHns.

C0KHOCTD 3aJIa9¥ 3aKTIOYAETCS B HEMPEPBIBHONW JTUHAMUYIECKOW M3MEHIUBOCTH W MHO-
romapaMeTPUIHOCTH MOJIEJIM CPEJIbI, OOJIBIIOM PAa3HOOOPAa3UU IIPOIECCOB TPaHCHOPMAIIAN
sueprun CoJIHITA, BAPUAHTOB BUSHPOBAHUS U CITOCOO0B m3Mepennii. [Ipuxoanres nmers 1e/1o ¢
KPaeBbIMH 33JIadaMU Jjisi MHTErpo-auddepeHnajbHoro KHHETUIECKOrNO ypaBHEeHUsS bBoJibIl-
MaHa, OIHUCHIBAIOIIETO MEPEHOC U3JIyUEHUs] B PACCEUBAIOIINX, ITOTJIOMIAIOIINX, U3JTyIArOIIIX,
MPEJIOMJIAIONINX, TToJisipudyonux cpejgax ¢ 1D, 2D, 3D myockoit niu cdhepudeckoil mpocTpaH-
crBeHHOl Teomerpueii (23, 24]. Teopusi nepenoca MO3BOJIsIET U3ydaTh BIIMSHUE PA3JIUIHBIX
GdaKTOPOB HA MPOXOKICHUE M3JTyUEHUs] U TOJIydaTh CBI3M KOHKPETHBIX ITapAMETPOB CPEJIbI C
XapaKTepuCTUKaM1 PaJUuallMOHHOI'O ITIOJIA. TaKI/IM 06pa30M MOZKHO OIIpeAe/JIMTh 9YBCTBUTEJIb-
HOCTb CIEKTPAJIGHOW SPKOCTH, YIJIOBOM U MPOCTPAHCTBEHHON CTPYKTYPBI IOJS PaUAIlH,
IPOCTPAHCTBEHHOTO pacClipeJe/ieHUA IIJIOTHOCTU U ITIOTOKOB M3JIYyY€HUA IIPU 3aJaHHBIX YCJIOBU-
X OCBEIeHus U HaOJIOJEHUS K BapUAIUMSM DTHX [apaMETPOB. Y YUThIBas MAaCIITaOHOCTD,
MHOTOTIaPaMETPUIHOCTh, MHOTOBAPUAHTHOCTD 3€MHBIX YCJIOBUM, 8 TaK»Ke pa3MepHOCThb (hazo-
BOro obbeMa 3aja9 (0T 2 710 7 MepeMeHHbIX) HECOMHEHHO TPeOyeTCsl MUPOKOe UCIIOIb30BaAHIE
MH(POPMAIIMOHHBIX TEXHOJOTHI M CYIEPKOMIIBIOTEPOB, OCBOEHHWE KOTOPBIX ABTOPHI HAYAJHU B
1989 romy. PykoBomurens kosutekruBa T.A. CymkeBuu (nHaumHasa mojesmnpoBanue Ha DBM
«Crpenay) — IEPBBIN cnemuamuct 8 CCCP, xoropas cosmara ITEPBYIO BOJIBIIIYIO
mporpammy u mocrpowra IIEPBBIT TPA®UK ua IIEPBOI BOJIBIION SBM «Becna»
(1963-1964 rr.) [43].

B Poccun cozman macinTabHbBIN HAYyUYHBIA TOTEHIIMAJ METOJOB PEINEHUs] CKAJIAPHBIX U
BEKTOPHBIX KPAEBbIX 3aJlay JIJId KWHETUYEeCKUX ypaBHEHU B npubian:kennu BosibiiMana ¢ Ou-
HAPHBIMU B3aMMOIEHCTBUsIMU (DOTOHOB C BEIECTBOM CPEJIbL: AHAJUTUIECKUX (OBICTPBIX METO-
noB tuna auddysun, kBazuauddys3un, AByXIIOTOKOBoe mpubimmkenue, merosn CobosesBa, Me-
TOJI CPEJIHUX IIOTOKOB M T.I.) YHUCJEHHBIX METOJOB, B TOM 4YHCJI€ CETOYHBIE KOHEYHO-
Pa3HOCTHBIE METOJbI, METOJ, CPEPUUECKUX TapPMOHUK, METOJ[ CJOXKEHWS U yJIBOEHUs CJIOEB,
METOJI, XaPAKTEPUCTUK C UTEPAINMAMHU 10 KPATHOCTH PACCESTHUs U UX MOAUMUKAIUUA C YCKO-
PAIONIMMY ITPOLIELyPaMU, METOJ (DYHKIINI BIUAHUSA, METO/JI ITPOCTPAHCTBEHHO-YAaCTOTHBIX Xa-
PaAKTEPUCTUK, TEPEIATOYHBIE OTIEPATOPDI JJIsi TUHEHHBIX ¥ HEJIMHEWHBIX CUCTEM, MATPUIHBIE U

TEH30PHbIE METOJbI, METObI AEKOMITO3UIINU U (PAKTOPU3AINK, THOPUTHBIE METO/IbI, AJTOPUT-
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MBI MeTosia MouTe-Kapsio n cTaTuCTHYecKoT0 MOJETMPOBAHUS HA OCHOBE CKAJIIPHBIX U BEK-
TOPHBIX MHTErPAJIbHBIX ypaBHeHuil [44].

Jlnsg KOCMUYeCKUX TPOEKTOB W KOCMUYECKUX HAOJIOMEHUN ¢ MEPBBIX IMArOB OCBOCHUS
KOCMHUYIECKOT0 ITPOCTPAHCTBA HEOOXOIUMO OBLIO paspabdaThiBaTh METOIOJIOIUIO PEIEeHUs JIBYX
OCHOBHBIX KJIACCOB MHOTOMEDPHBIX 3389 TEOPUU IMEPEHOCA W3TYyUEHUs: TPEeXKJe BCETO JIJIst
cdepuueckoit 0bonourn (cdepuueckas 3emuist ¢ armocdepoi), a mosxe i 3D mockoro
ciost (armocdepa HaJ[ 3eMHO TMOBEPXHOCTHIO), C JIByMsI TUIAMHU MCTOYHWKOB: BHEIHUM I1a-
paJUIeJIbHBIM [IOTOKOM COJIHEYHOTO (KOPOTKOBOJIHOBOI'O) W3JIy4eHUs, COOCTBEHHBIM (J[JIMHHO-
BOJTHOBBIM, WH(MPAKPACHBIM) U3JIydeHueM [22-24, 26).

B nacrosiiiee BpeMst MUPOBOE HaydIHOE COOOIIECTBO PaCIOaraeT MPaKTUIECKHA JOCTATOYU-
HBIMI  (DYHIAMEHTATLHBIMI 3HAHUAMHU ¥ HAYYIHBIM TOTEHITHATIOM, UTOOBI, OOLETUHUB COB-
MECTHBIE YCUJINA, IIPOBECTU JOCTOBEPHBIEC KOMILJIEKCHbBIEC U CUCTEMHbIEC UCCJIE€JOBaHUA Ha OCHO-
BE «CIIEHAPUEBY, PEAU3YEMbIX Ha CyNEePKOMIBIOTEPAX C MPUBICICHUEM JAHHBIX JTATETHHBIX
BPEMEHHBIX PsJI0OB KOCMUYECKUX HaOJIIOJeHMI JIBOMHOro HasHadeHus. OIHAKO TAKOro 00b-
eJIMHEHNUST YUEHBIX He TPOUCXOJIUT, TOCKOJIBKY «KTO BIAJIEET KOCMOCOM, TOT BJIaJeeT MU-
POM> ...

N ceituac, korga B Poccum 0OObBSABIEHBI TPUOPUTETHI «MOJEPHUIAINNY W TTPOPBIBHBIE
HaIpaBjeHUsd, cpeau KOTOpbiX «MHpopMarnoHHO-TEIEKOMMYHUKAITMOHHBIE CUCTEMbBIY, B TOM
YUCTIE KCYTIEPBBIYUCTCHUAY U | pUJI-CUCTEMBI», a Takke «Drojorusty, «Kmmmary, «Jlucran-
[MOHHOE 30HINPOBAHNWE WM MOHUTOPHWHT Tepputopuu Poccumy, «ParmonasbHoe TpupoI0moib-
30BaHME» (B YACTHOCTH, BJIMSHME HA JKOJIOTMYECKYIO M KIMMATUIECKYIO CHCTEMY IIOCTIE/I-
CTBUII €CTECTBEHHO-IIPUPOIHBIX U TexHOreHHbIXx Karactpod), HEOBXOANMO koucosuaupo-
BaTbCd W BHOBb 3aHATH BE€AYHIUE ITO3UIMN B KOMIIBIOTEPHOM MOJAEJIUPOBAHUN PaJUAIIMOHHBIX
3a/1a9 JIUCTAHIIMOHHOTO 30HIMPOBAHUS 3eMJIM W JPYTUX TJIAHET, PaJIHAIMOHHOTO OajaHca
Semyin, paJraIiOHHOrN0 (POPCUHTA U PAIUAIIMOHHBIX OJIOKOB B MOJE/SX KJAUMAaTa W IPOTHO3a
(rae 70 cuX MOp MCHOJIB3YIOTCsT YIPOIIEHHbIE TIOCKHUE MPUOJIMKEHNsT JIJIs PAcdeTa MePeHoCca
COJIHEYHOI'O U3JIydeHust!).

B wmacrosieit pabore peub uier 006 nHGPOPMAIMOHHO-MATEMATUYIECKOM ACIIEKTE U3ydae-

MO TTPOOJIEMBI ¥ TIEPCIIEKTUBAX UCIIOJIL30BAHUS CyIIEPBLIYUCICHUN.

2. IlocranoBka 3amaun

IIpu aucraHNMOHHOM 30HIUPOBAHWU W MOHUTOPUHTE TEXHUIECKHX OOBEKTOB U OKPY2Ka-
foreil cpesbl HocuTeaeM MH(MOPMAIMH 00 WX COCTOSTHUU U CBONCTBAX SIBJIAETCH JIEKTPOMAT-
HUTHOE U3/Iy4YeHHUe B JUAIla30HE CIIEKTPa OT yJIbTpaduoiera 10 MUIJIAMETPOBBIX BOJIH, PErHU-
CTPUPYEMOe PA3IMYHBIMU cpejacTBaMu. IIpencTaBiadior akTyaJabHOCTh ITEPCIIEKTUBHBIE TUIIED-
CIIEKTPAJIBHBIE CUCTEMbI HAHOIMATHOCTUKU TPUPOIHON U TEXHOTE€HHOHN CpeJibl Ha OCHOBE JIAH-
HBIX a3POKOCMHUYECKOTO JUCTAHIIMOHHOTO 30H/INPOBaHUs aTMOChEDPHI U TTOBEPXHOCTH TIJIAHETHI
(oxpy=Katoreit cpesbl 1 00beKTOB TexHocdepsl). s pemennsi Takux mpobjem paspabarbi-
BaeTcsd MHMOOPMAIIMOHHO-MATEMATUYECKOE ODecIieYeHre I CYNEPBBIYUCIEHUN Ha CYIEPKOM-
MbIOTEPaX, BKJIIOYAOIIEE MpsMble 1 OOpaTHBIE 3a/aUld TEOPUM [EPEHOCA U3JIYyUEHUs, MOJIECIIN
KOTOPBIX OCHOBaHbI Ha IepejaTodHoM oreparope |23, 24|. /lake HA COBPEMEHHBIX BBICOKO-
MMPOU3BOJIUTEIbHBIX BBIYUCIUTEIHHBIX CUCTEMAX CTOST ITPOOJEMbI CKOPOCTH BBIUYUCJIEHUI U
ONTUMAJIBHOW OPraHU3aIMK IAaPaJUIeIbHBIX PACcYeTOB IIPU OOJIBIIMX PA3MEPHOCTIX PA3HOCT-
HOIl CeTKH, a TaKXKe Iepejadn OOJIbIINX MACCUBOB PE3YJbTATOB pAacCYeTa [0 CETAM OT CyIep-

KOMITbIOTepa K paboduell CTaHIIUK OIEePaTOpa JJjisd MOCAeIyIoNeil 00pabOTKH.
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Tpu Tuna pagumannoHHbIX MpobJieM TPedyoT ydera 3(hdEKTOB, CBA3AHHBIX C TOBEPXHO-
croio 3emun. Ilepevili mun — 3T0 TPObJIEMbl SHEPIETUKH, PaJIUAIlMOHHOrO OajaHca 3eMJIu U
PaJIMAITMOHHBIX OJIOKOB JIJIT MOJeNel KJINMAaTa W MPOTrHO3a TOorombl, Korga CoJiHie mrpaet
POJIb UCTOYHUKA H3JIyICHUA. TaKI/Ie 3aJda491 O6IDILIHO pemaroTcd JIJId IIOJIHOI CHUCTEMBI aTMO-
cepa-3emis 6e3 pasmesieHHsT BKJIAJI0B aTMOCHEPHON paJMallii W W3JIYIeHUsl 3eMHON To-
BEPXHOCTH. Bmopotli mun — 3TO 33Ja9d JUCTAHIIMOHHOTO 30HIMPOBAHUSA aTMOCHEPLL U 00-
JIAYHOCTH, KOT/Ia TOJCTUJIAIONIASA MOBEPXHOCTH PACCMATPUBAETCS KaK MOMEXa W HEOOXOIMMO
BBIJIE/IUTD BKJIAJ U3JIyUEHUs 3eMHON MOBEPXHOCTU. Tpemuti mun — 3TO 3aJa9U JUCTAHIIMOH-
HOTO 30HIUPOBAHUS MOBEPXHOCTH WJIM OKEaHa, KOTrJa HEOOXOIMMO BBIIEIUTH aTMOCQEpPHBIH
don (mpoectn armMocdepHYI KOPPEKIUIO) WM 110 KpaiiHeil Mepe IPUHATH 3TOT PderT
BJINSTHUST ATMOCGEPHI BO BHUMAaHHE.

JL1st KOJTM9IECTBEHHBIX OIEHOK 3HAYMMOCTHU PA3HBIX KJINMATOOOpasyomux (hakTOpOB, 3a-
BUCSIIIAX OT COJIHEYHOTO W COOCTBEHHOTO W3JTyYeHWs, BBEJU CIENUATbLHYIO XapaKTEePUCTUKY
KC3 — paduauyuorroe sozdeticmeue (Popcune) [45]. [lo sKkcnepTHBHIM OLEHKAM MOCIIET-
Hero Bpemenu ot 40 % mo 60 % Bo3melicTBUS NPHUXOANTCS HA PAIUAMOHHLIA (OPCHUHT HA
9BOJIIONUIO KJMMaTa. PaguanuoHublii (hOPCUHT — 9TO M3MEHEHHWEe MPUTOKA pajuaruu (CoJi-
HEYHON KOPOTKOBOJIHOBOW U JIJIMHHOBOJIHOBOHM JIy4YUCTOM 3Hepr1/11/1) B riobaabuoit KC3 mox
BIINSTHUEM PaJIMAITMOHHO-AKTUBHBIX (DAKTOPOB, B MEPBYIO OYEPEIh TAKUX KaK ajabdeo m OT-
pazkarolre XapakTePUCTUKH 36MHOM ITOBEPXHOCTHU; 00JIAYHOCTD; OKEAHbl U MOPS; CHEXKHBIN U
JIEJTOBBIM TTOKPOB; 3arpsi3HEHNST W TA30BBIH COCTAB aTMOCQEPHI; 3aTPA3HEHUsI U a3PO30JIbHBIN
cocraB aTMocdepbl; COJIHEYHAasl TIOCTOsTHHAST (COJISIPHBIA KJIMMAT); CIIEKTPAJIbHBIE XapaKTepu-
CTUKU PACCESTHUSI W TIOTJIOMIEHNS KOMIIOHEHT TIPUPOTHON CPEJIbl; M30TPOITHAS W aHU30TPOITHAS
(mpu ocajikax ¥ HU3KUX TeMIepaTypax) Cpe/a; paalliOHHO-KOHBEKTUBHAsT (DOTOXUMUS U
borosus; «ONTHKO-MeTeopoJIornyecKas morojay (TeMieparypa, JaBjeHue, BIaXKHOCTb); GHO-
dusndeckue, 6moreopusnIecKne 1 OMOreOXMMUIECKHIE IIPOIIECChI, KPYTOBOPOT BEIECTB B OMO-
cdepe u FKOCHUCTEME.

TeopeTnaecKoit OCHOBOI OIEHKM PaJAUAIMOHHOTO (DOPCUHTA SBJIAIOTCS PEIIEHUS TPSIMBIX
1 0OpaTHBIX 33729 TEOPUHU ITEPEHOCA M3JIYIEHHUS C YIETOM IOJISIpU3AINE U pedPaKIUu, adPo-
30/TbHOTO M MOJIEKYJISIPHOTO PACCEsdHUs W IOTJIOIIEHUsI COJTHEYHOTO U COOCTBEHHOTO U3JIyde-
HUsI, aHU30TPOIINN, MPOCTPAHCTBEHHON HEOIHOPOIHOCTH M CTOXACTUIHOCTH aTMOCKEPHI, CY-
1, OKeaHa, 00JIAYHOCTH, THIPOMETEOPOB, UCIOJ/IL3Ys TUIIEPCIEKTPAIbHBIE ITOIX0/IbI B JUATIA-
30HEe JIMH BOJIH OT yJbrpaduosnera (Y®) mo musummerposbix BosiH (MMB), conmepzkamiem
MUJIJTUOHBI CIIEKTPAJIGHBIX JIMHUHI TTOTJIOIMIEHUS KOMIIOHEHTaAMU U 3arPA3HEHUsIMEA aTMOChEpHI.

[IpuxomuTcss wmerh JeM0 ¢ OOMMME — KPAaeBBIMHU  3aJadaMu st HHTErPO-
muddepeHnnaIbHOr0 KHHETUIECKOTO YPABHEHNS, OIMUCHIBAIOIIETO TTEPEHOC U3JIyUEHUsT B PAC-
CEMBAIOITNX, TOTJIONAIONINX, U3IYYIAIOMNX, MTPEJIOMIIAIONINK, TOJIpu3yonux cpempax ¢ 1D,
2D, 3D cdepuueckoit uau IJIOCKOH T€OMETpHEl 110 MPOCTPAHCTBY WM E€AWHUYIHON cdepoii
HAIIPABJIEHUN PACTPOCTPAHEHWS M3TYyUYeHWs B KAaXKJONH TOUKe MpocTpaHcTBa. Vcmosnb3yercs
JINHEAPU30BaHHOE ypaBHeHUWe bosbliMaHa B HpuOIMKEeHUM OWHAPHBIX CTOJKHOBEHUI, OCHO-
BAHHOM Ha Jyaju3Me «BOJHA-IACTUTAY. Teopus mepeHoca MO3BOJISET W3yUaTh BIUSHUE Pa3-
JIMYHBIX (DAKTOPOB Ha TpoxoxkaeHne uanydenus B KC3 u mosyyaTh CBI3M KOHKPETHBIX ITa-
pPAMETPOB CPEJbl C XapaKTEePUCTUKAMU PAIUAIMOHHOTO MOJId. B paMKax pasBUTUS BBIYUC/IU-
TEJIbHBIX CPEJICTB PACCMATPUBAIOTCS CJIEIYIONINE MOJEN TIEPEHOCA, W3JIY ICHUS:

I. CrmexrpasbHasi, TPOCTPAHCTBEHHAST W YTJIOBAs CTPYKTYPBI MOJIS W3TydIeHUT — WHTEH-

CHBHOCTH COOCTBEHHOI'O M CBETOBOIO TIOJIsi (COJIHETHOIO M3JIyUY€HMUsl) TIPU U3BECTHBIX YCIOBUSX
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OCBEITEHUs] WM WHCOJISIIIUU PACCUUTHIBAIOTCH KaK PpeIleHus OOIeil KpaeBoil 3aiadu Jijis
YPaBHEHUS TIEPEHOCA.

II. CmexkTpabHbIE M TPOCTPAHCTBEHHBIE CTPYKTYPHI HHTEIPATBHBIX XAPAKTEPUCTUK OIS
U3JIy9YEeHUs] PACCUNTHIBAIOTCS KaK DEIIeHHs 3a/a4, OTBEYAIUX (MaTeMaTUIeCKh) TOYHBIM
WA PA3HOIN CTENEHU NPUOJUKEHHOCTU JIMHEHHBIM U HEJIMHEHHBIM MOJEJISIM, KOTOPBIE IOJIYy-
JaIOTCs U3 UHTErpo-audhepeHnuaaibHOr0 ypaBHEH!sT TIEPEeHOCa ¢ ITOMOIIBIO almapara pasJio-
JKeHuil pernreHus 10 cpeprudecKuM (DYHKIUAM, IPU KOHTPOJUPYEMbBIX YCJIOBUAX U OrpaHUYe-

HUAX.

3. Cdepuueckasi MoJiejib U MepeJaTOUYHbINI OIepaTop

Paccmarpusaercs obimast kpaesas 3anada (OK3) st KHHETHUECKOrO ypaBHEHHUsI IEPEHO-
ca w3inydenus B cepudeckoil cucreme armocdepa-3emis (CA3), ocBemaeMoil BHEITHUM Ia-
PAJLTESTBHBIM COJTHEYHBIM TIOTOKOM. Ha OCHOBe Teopuu MmepeaTOvHOrO OMepaTopa W MeTOoJa
dyurunii Bausuaus CA3 daxTopusyercsa Ha MOA0OJACTA ¢ PA3IUYHBIMU ONTHIECKUMU CBOIi-
CTBAMU W PAa3HBIMU PAIAAIMOHHBIMU pekuMaMu. Ha oCHOBe JHHENHO-CHCTEMHOTO IOIX0/Ta,
[OCTPOEHO OBOBIIEHHOE PellleHre 3a/a9i ¢ ONTUIeCKUM mepenarodnbiM oreparopom (OII0),
[O3BOJISIIOINIAM YYUTBHIBATH MPOCTPAHCTBEHHO HEOJHOPOHYIO (MO3AMYHYIO) MOJCTUIIAIONLYIO
[OBEPXHOCTh, & TAKXKEe T'eTePOreHHYI0 CTPYKTYpPY arMocdeps! (IpU3eMHbIH CJIOi, MHOrOsSpyC-
Hast obsladHOCTDb, crparocdepa, mezocdepa). Aapamu OIIO spistorcst DYHKIMU BIIASTHUS.
OyHKIMSA BIUSIHUSA KaXKIOH MMOM00JIACTH OMpeIesIseTcs KaK peleHne IepBoil KpaeBoil 3a1aum
(IIK3) juist KMHETUYECKOTO YPaBHEHUsI U sIBJISIETCSI YHUBEPCAJIbHON XapaKTepUCTHKOI cucTe-
MBI TIEPEHOCA U3TYyIeHNs, MHBAPUAHTHONW OTHOCHUTETHHO KOHKPETHBIX CTPYKTYP HEOTHOPOTHO-
CTell Ha I'PaHUIAX, OTPaXKAIOIINX U IIPOIYCKAIOIIUX U3JIyYCHUE.

[TosHasi MHTEHCUBHOCTH MOHOXPOMATHYECKOrO (mpu (PUKCUPOBAHHON JjiMHEe BOJHBI A )
WM KBa3UMOHOXPOMATHYECKOTro (mpu dukcupoBannoit A u umaTepBase paspemenus AA )

crarponaproro udirydennd @, (r,s) (uamekc A HuKe omyckaeMm) B 060t Touke A(r) ¢ pa-

jmyc-BekTopoM I =(r,i/,17) B 000M Hampasienun $ = (9,() HaxXoauTCs Kak penieHue 06-

1eil KpaeBoil 3aa4n MepeHoca n3iydeHus [24]
Kd(rs)=F", @ =F, @ =¢RO+F’ (1)

B (aszosoii obsactu aprymenToB (r,S) ¢ JIMHEHHBIM UHTErpo-auddepeHIaIbHbIM OlIepaTOo-

pom K =D-S, rae oneparop neperoca
D=(s,grad)+0o,,(r), (2)

I 3a7a49u co cepuueckoir reomerpueii 3D-pazMepHOCTH IO TPOCTPAHCTBY

(S,Vq)):cosgag+sm‘9005(/’a®_Sln98£+
or r oy r 09

sindsing 0@ sinIsinpctgy 0P

3)

rsiny 0n r op

VHTErpaJl CTOJKHOBEHMI nin (DyHKIMS HCTOYHUKA €CTh WHTErpaJ 110 eIMHUIHON cdepe
nanpassenuit Q:={s =(4,¢)}
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B(r,s)=S® =0, (r)jy(r,s,s') ®(r,s')ds', ds'=sin9'd9'de’; (@)
Q

OTIepaToOp OTPAXKEHUs Ha MOJICTUJIAIONIEH TOBEPXHOCTU B OOIIEM CJIyYae eCTh MWHTEIrPaJI

[RD](x,,s)= I q(rb,s,s") CD(rb,s‘)ds", seQ’. (5)

o
QOynkuusa F" (r,s) [IPEJICTABJISET IJIOTHOCTh MCTOYHWKOB M3JIydYeHusi BHyTpu cdepude-

i o6 . Fb + Fl‘ -
CKOM OOOJIOYKH; l’b,S n l‘t,S €CTh UCTOYHUKU I/I3ﬂyquI/IH Ha I'paHUIlaX, OIIpe/ae-

JIEHHBIE [T JIy9deil §, HApaBJIeHHBIX BHYTPb chepudeckoit obomouku. Omepatop R omuchr-
BaeT 3aKOH OTPaKEHWS UBNYYEHUS OT IOJICTUIAIONIEN TTOBEPXHOCTH, KOTOPas PaclojaraeTcs

Ha HIZKHEH rpanuile cheprudecKoil 000J0UKN ¢ paanyc-BeKTOpoM I =T, ; mapamerp 0<¢g <1

dukcupyer akT B3aMMOJEHCTBUA M3JIyYEHUs C IOJACTUJIAIONEH moBepxHOcThb0. Eeom R =0
(mmm & =0), To mmeem jgeno c ITK3

KO, =F", ®|=F, ®,|=F (6)
it chepudeckoil 000JIOUKHE C HEOTPAYKAIOMIMME aOCOJIOTHO «YE€PHBIMU» T'DAHUIAMU WU C
IPO3pavYHbIMU, «BaKyyMHbIMH» I'PaHUYIHBIMU yCJIOBUAMMU.

Pagnanmonmsie mpobiembr TpeOyOT yduera 3(P@PEKTOB, CBA3AHHBIX C MOBEPXHOCTHIO 3€M-
sm. [Ipobaembl SHEpTETHKM W paguallnOHHOTO Oasanca 3emsw, korga CoJHIE WUTPAET POJh
UCTOYHUKA U3JIyUIeHUs, OOBIYHO PEIIaiOTCs B HMPUOJIMKEHUH ILIOCKOTO CJIosi 6€3 pa3/ieeHus
BKJIAJI0B aTMOC(EPHON padaliuil ¥ U3JIyICHUS 3€MHOU ITOBEPXHOCTU, KOTOPOE YUUTHLIBAIOT C
HEKOTOPBIM yCPEJIHEHHBIM asbbeo. B mamem mojxome armocdepa paccMaTpUBAETCS Kak
9JIEMEHT «OMTUYIECKOI» CHCTEMBI MepeHoca M3aydeHus u cymmapHoe udiaydenne CA3 paccuan-
THIBAETCS € UCHOJIb30BAHUEM ONTHYECKOro nepegarounoro oneparopa (OIIO), koropsiit dop-
MyJupyeTcs Ha 0a3e MaTeMaTHIECKOTO almapaTra OOODIIEHHLIX peIleHuil u (DYHKIIMOHAJIOB,
JINHEIHO-CUCTEMHOrO TOJIX0/a W UHTerpaja «cymneprnosurumy. Obmas kpaesas 3amgada (1) ¢
oneparopamu (2)—(5) JmMHelHasi OTHOCUTEJNHHO WCTOYHMKOB U €€ pellleHHe MOYKHO IIPeJICTa-

Buth B Buje cynepnosuuun: @ =@, +@ . Qonosoe nsiyuenne armochepsr O, onpenesser-
ca kak perrenne [IK3 (6). Briag wzmyuenuss @ ;» OOYCJIOBJIEHHOTO OTPasKeHUEM OT IIOACTH-

JIAIoIeil TOBePXHOCTH, HaxonuTest Kak pernenne OK3

K®, =0, O,

=0, ®| =sRD +:E, (7)

B KOTOPO#l sIDKOCTH IMOJCTUJIAIONIEN TOBEPXHOCTHU, CO3[AHHAS OTPaXKEHHBIM (DOHOBBIM HU3JTY-

yenueM FE = R®  , ciryKUT UCTOYHHKOM UHCOJIALIUH.

TeopeTuveckoe MOCTPOEHNE U AJTOPUTMBI PACIETa OINTUIECKOTO MEPEIATOYHOTO OIEePaTO-
pa OCHOBaHbI Ha Teopuu OOOOINEHHBIX PEIIEHUN, TEeOpUM WHTErPAJbHBIX IIPeodpa30BaAHMIA
060011IeHHBIX (DYHKIU U PsiJIOB, OOIIeil TeOpun peryJIsipHbIX BO3MYIIEHUI (ACUMIITOTHYECKU
METOJ[, KOIJIa PeIlleHne BhIPAXKAETCS B BUJE PSAJIOB 110 MajoMy napamerpy). Ilomxon, paspa-
OOTaHHBIN Ha TUX CTPOIUX MaTEMATHYECKUX OCHOBAaX, HA3BIBAEM METOIOM (DYHKIIAN BJIHS-
uus 23, 24|. Pemenne ITK3

K®=0, @ =0, CD|b=f(s”;rL,s) , 1, =(y,n)eQ , dr, =sinydydn, (8)

2018, T. 7, Ne 4 15



KOCMOC, 3emiig u CYIIEPpKOMIIBIOTHUHI': COIIPpA>K€HHbIE€ 3aav9U1 93KOJIOTun, KJauMaTa...

MOXKHO 3aIIiCaTh B popMe JUHEHHOro PyHKIIMOHAIA — HHTErPaJIa CyIIePIO3UIUNY
q)h. =(® _1 d+1 ®+_ ' hosl o\ o ’d’d,
$r,r,,8 =( ,f):E S, . S,;r,r —r ,8)X f(s ;T ,sh)smt// w'dn'.
Ero sapom sBisiercst pyHKIMSA BIUSTHUST @(S e 8 o S) — pemenne [TK3 (Mogens 1)

K®=0, © =0, ©]=

¢ napamerpoM 8, € Q" u ncrounnkom f; (sh,r S) 5(l’l)5(s—52).
Ecou ucrounuk f (rl) — U30TPONHBIH (77aMOEPTOBBI) U TOPU30HTAJILHO HEO[HOPO,THBI,

to pemenue ITK3 (8) ecth jmHelinbINH (yHKIMOHAT — «UHTErpaJjl CBEPTKUY

®(r,r.,s)=F (f)=(0©,.f) E%I i,s)f(ri )sint//’dt//’dn'

¢ SIApOM — (PYHKITUEN BIIASTHUS

1 .
®,(r,r,,s) =5 df sh;r,rl,s) ds;

koropas yaosiersopsier IIK3 (8) ¢ ocepoii cummerpueit (Mojiess 2)
,=6(r,).

st aHM30TPOITHOIO ¥ TOPU30OHTAJIBLHO OJHOPOIHOIO UCTOUHIKA

K©. =0, ©]=0, O,

t

@(s rs) E(f)=(0O,,f) i J:@r<s;;r,s)f(sh;s;)ds;

¢ SIpOM JIMHEHHOTO (DyHKITMOHAJIA

O, (sz;r,s) :i j@(s;;r,rl,s) sinydydn .

Q

Oynknus Bmusnus O, ectb pernenne ogaomepnoit cdepudeckoit ITK3 ¢ asumyranbHOi

zaBucuMocTbio (Momess 3)

KO =0, ©

=0, O

rlt

IIpu wmzorponHOM (JAMOGEPTOBOM) M TOPU30OHTAJIBHO OJHOPOJHOM WCTOYHUKE DEIIeHUe
ITK3 (8)

O(r,8)= W (r,s), f =const

pacCcCHUTBbIBaCTCA 9€EPE3 (byHKHI/IIO BJINAHNA

W(r,s)=i J. ds; i I@(sz;r,rﬂs) sinwdydn =
of Q
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:ﬁ J‘G)C(r,rl,s) Slnl//den :% d[r ®, (S;;F,S)dsz,

Q

KOTOPYIO HAa3bIBAIOT (DYHKIIMEH TPOIYCKAHUs, OTATOIIEHHON MHOTOKPATHBIM PACCESTHUEM, U
OIpesesIisieTCst KaK perrenne ojHoMepHoit cdepuaeckoit ITK3 co cdepuueckoit cummerpueit
(Mogens 4)

Kw=0, w| =0 w|=1.

Ha ocHoBe Teopuu perysspHbIX BO3MYIIEHUN C TIOMOIIBIO PsJia

OKS3 (7) cBogures k pekypcusroii cucreme ITIK3 (8) ¢ ucroununkamu E, = RO, | nua k=2,
E =F

K®, =0, @,]=0, & =E,. 9)

Bromurcsa omepaTop, ONUCHIBAIONIAN €IUHAYHBIN aKT B3aUMOICHCTBUS I IAIONIETO U3JTY-

YEHUS C TOJICTUJIAOIICH TOBEPXHOCTBIO Yepe3 (PYHKIUIO BIUAHUS

[Gf](sh;rb,s)zR(G),f): J. q(rb,s,s‘)(G),f)ds‘.

o
Pemenus cucremst ITK3 (9) maxonsarcs Kak JuHeRHble ByHKINOHAJIBI

®,=(0,E), @, =(0,RD,)=(0,G""E).

Acumnrornuecku Tognoe pemtenne OK3 (7) mosyuaercs: B dhopme JimHeiHOrO (yHKIMO-

HaJla — OIITHUYECKOro IMepeJaTOYHOro orneparopa
®,=(0.7),
rJie ONTUYIECKOEe M300PaYKEHNE KCIIEHAPUA» WU APKOCTh MOJACTHUJIAIOINIEN TTOBEPXHOCTU

Y=Y G'E=) R, (10)

Il
bl
i MS
(=)

ompeneserca paaom Heiimana 1Mo KpaTHOCTU OTPaKEHUs U3JIyUeHHs OT MOJCTUIAONIEH To-
BEPXHOCTH C Y9€TOM MHOIOKPATHOTO paccesHus BHyTpu 000s0uku atMmocdepsl. «CreHapuii»
(10) yoBnerBopsier ypasaenuto ®perosbMa BToporo poja

Y=R(O,Y)+E,
KOTOPOE Ha3bIBAIOT <«IMpu3eMHOU dororpadueity. Ilomnoe mznyuenne CA3 m «KocMuIecKast

dororpadusy (nz06parkenue, mojaydaeMoe MMPU HAOIIOJEHUU M3 KOCMOCA) €CTh «CYIePIIO3u-
oUA»

O=0,+(0,Y). (11)
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Juneiinpiii dynkuponan (11) gBigercs yHUBEPCATBHONW MATeMATHIECKOH MOJIEJBIO Tepe-
Hoca manydenus B CA3, ageksarnoii mcxomuoit OK3 (1) jqusa pasimyabix ucrouyHukoB £ u
PAa3HBIX TUIOB OACTUJIAIONIEH TTOBEPXHOCTU HE 3aBUCUMO OT IIPOCTPAHCTBEHHON DPA3MEPHOCTH
CA3 (1D, 2D, 3D). Hdocrarouno paccumrarb KOHe4YHbIH psin Heilimana TOJIBKO JuIst «ClieHA-
pusi» (10) BMecTo pacdera psijila MHOIOKDATHOIO OTParKEHUsl U3JIyYeHUs B HOJHOM (ha3oBOM
obbeme pemennss OK3 (1).

ObGImMHOCTD CXeMATUYECKU OMUCAHHON METOUKN COCTOUT B TOM, UTO OHA PACIPOCTPAHIET-
Cd HA pas3Hble JIUAIA30HBI W YCJOBUS JUCTAHIIMOHHOIO 30HAMPOBAaHUsA. BasKHO, YTOOBI «CIie-

Hapuity u arMocEepHbIil KaHAJ PACCMATPUBAJINCH B PAMKAX TEOPUU MIEPEHOCA, M3JIY ICHUS.

4. O cynepBBIYHUCJIEHUSX U MaPAJIJIeJIbHbIX aJrOPUTMAaX

ﬂame Ha COBPEMEHHBIX BBICOKOIIPOUM3BOJAUTEIBHBIX BBIYUC/IIUTEJIBHBIX CHUCTEMaX CTOAT
pobJIeMbl CKOPOCTH BBIYUCJIEHUN U ONTUMAJBHON OPraHU3alMd PACIIapPAJIIeUBAHUs PACUYeTa
npu GOJILIIUX PA3MEPHOCTSIX PA3HOCTHON CETKU U OOJIBIITOM Pa3sHOOOpa3UU OITUIECKOM II0-
rO/bI» B PA3HBIX JIMAIA30HAX CIEKTPA JJIMH BOJIH W3JlydeHus. Pa3paboTaHHble aBTOPAMH Me-
TOA (DYHKIUH BIUSHAA U TEOPUA IEPEJATOYHOTO OIepaTopa O0JIAIAI0T Y IUBUTEIbHBIMU
CBOCTBAMU paclapaslIeJIMBAHUSA BBIYUCJICHUI U TOCTPOEHUS HOBBIX AJTOPUTMOB JICKOMIIO3U-
M METOJOM BEKTOPHBIX (DYHKIIMI BJIUSIHUAS: HMCXOJTHYIO 3aJady C O0JIACTBIO OIpeJIesIeHHS
perenusi OOJIBITION Pa3MEPHOCTA ¥ OOJIBIIUM PAa3MEPOM PA3HOCTHOM ceTkKu (Pa30BOIO IPO-
CTPAHCTBA 339U MOXKHO (DAKTOPU30BATH Ha PsiJi MAJOPA3MEPHBIX IMMOJ3a/1a, OIPEICICHHBIX
Ha, MOJI00JIACTAX U PA3HOCTHBIX CETKaX MeHbInel pasMmepuoctu. [Ipu sToM momobiractu MOryT
OTJINYATHCH PAJUAIMOHHBIMUA PEKUMAMHU U B HUX MOXKHO HCIIOJIb30BATH Pa3HbIC HMPUOJIUKE-
HUA U METObI DEIIEHUA KPAa€BbIX 3a/lad T€OPUU IIEPEHOCa U331y YCHUA.

Ilens pa3paborTku 00eCHedUTh MAKCHUMAJHHO BO3MOXKHYIO IMEPEHOCUMOCTb KOMILIEKCA
oporpamMmm, KOTOprﬁ Pa3BUBACTCAd IO MEpE NOABJIEHUA HOBBIX CYIIEPKOMIIBIOTEPOB CO CBOUMU
apXUTEKTypaMu, U O0ECIIeYnTh TPO3PAYHYIO0 PAbOTy B pacipelesieHHO# cereBoil cpeie. Kom-
IUIEKC JIOJIPKEH 0e3 3HAYUTENbHBIX IEepPeeoK paboTaTh Ha KiacTepe padoumx CTAHIHiH
(workstation clusters) wu/mim MaccuBe mnapaJjuIesIbHBIX HpoOIeccopoB (massively parallel
processor (MPP) u np. ¢ 1989 rozna). Peanmsanus dyHKumun ynpapieHusi 1 CeT€BOrO B3aUMO-
HefiCTBUS «YHACJEIOBAHHBIMY KOMILJIEKCOM ITPOTPAMM IIPOU3BOJAUTCH C TOMOIIBIO 0DOJIOUEK
(wrappers), HAIlMCAHHBIX Ha s3blKe olmcanus cieHapues Perl. JIpyrumu csioBamu, mpomusBo-
nurces ynakoBka Fortran-nmporpamm BHYTpb Morysieii Ha s3bike Perl (Perl scripts).

Wcnonb3yroTes caeayronme npuems, PacnapaiLeAU8aHUA 6blYUCACHU:

1) pacmupesesieHHbIe BBIUUCIEHUS TIO (DU3MIECKAM MOJEJISIM: MHOTOCIIEKTPAJIBHBIE, B TOM
9KCJIe TUIEPCIeKTPasbHbIe (10 JIJIMHE BOJIHBI); MO «ONTHUKO-Te0MU3NIecKoil morojgey (1o Ko-
s durmenTam o0l KpaeBoii 3a/1a4n); M0 UCTOUHUKAM U3JTy I€HUS;

2) pacipejieJleHHbIE BBIUUCJIEHUSI HA OCHOBE METOMYECKOTO DPACIApPAJIIeTMBAHUS — Jle-
KOMITO3UITMN KPAEBBIX 3a1a9: [0 MOJEJISIM IIE€PEHOCA U3JIyUYEHUsi, T.€. 110 MPUOJIUKEHUAM TeO-
pUU TIepeHOCa M3JIYyYeHMs; 10 I10JI00JacTdAM; 110 mapaMerpaM (MYHKIUN BJIMSHUS; 110 KOMIIO-
HEHTAM BEKTOPOB (DYHKIIMI BJIUSIHUS; 110 [TapaMeTPaM MPOCTPAHCTBEHHO-YACTOTHBIX XapaKTe-
PUCTUK; 110 KOMIIOHEHTAM BEKTOPOB IPOCTPAHCTBEHHO-YACTOTHBIX XaPAKTEPUCTUK; 110 KOMIIO-
HEHTaM BEKTOPHBIX (DYHKIIMOHAJIOB;

3) aJropuTMHUYECKOe pacliapasile/MBaHue Jjisi MHOPOMEDHBIX MOJIeJIel: OJHOKPATHOE Pac-

CcedHHrEe II0 XapaKTEepUCTHUKaM; MHOI'OKPATHOE pacCCedHHe II0 HMHTerpaJiaM CTOHKHOBGHHﬁ; 110
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KBaJpPAHTAM VIJIOBBIX PA3HOCTHBIX CETOK; MO TOMO0JACTAM C Ppa3HBIMA — CETOYHO-
XapPaKTEPUCTUIECCKIMU CXEMAMH.

OcHosHbie cocmasHble Hacmu UHGOPMAUUOHHO-MATNEMAMUYECKO20 00ECTEUeHUA:

— 0aHKH JIAHHBIX II0 ONITUKO-MeTeopoJioruvdeckuM Momaessm KC3;

— MpOTpaMMHBIE CHCTEMbBI pacdera CIeKTPAJbHBIX XapaKTEPUCTUK B3AUMOICHCTBUS
(paccesinue, MOTJIOIIEHNE) U3JIYYEHUsI C KOMIIOHEHTAMU CPeJ;

— cucTeMa aBTOMATU3UPOBAHHOTO PACUYETa CIEKTPO-IHEPTETHIECKUX U JIPYTUX PaIAAIH-
OHHBIX XapaKTEPUCTUK aTMOocdepbl U 3eMJId B PA3IUYHBIX JIMalla30HaX crekTpa or Y@ 1o
MMB;

— 0GaHKM JIAHHBLIX PAJIMAIMOHHBIX XapaKTEPUCTHUK;

— MAaKeThl TPOrpaMM 0OpabOTKM, BU3YATUIAINN U TUATHOCTUKNA PE3yJIbTATOB THCJIEHHO-

'O 9KCIIEPUMEHTA U a3POKOCMUYECKUX NAHHBIX.

3akKJ/IIoueHue

29 wmrojist 2018 rosia, KOrja y2Ke HAYaJMCh PabOTHI 110 ITPOEKTaM U MOJTOTOBKA HACTOSIIEH
ny6aukaruu, HACA na caiite ony6snkoBasio nadopmanuio [46] o HOBbIX cucTeMax Ti106asb-
HOTO HAOJIIO/IEHUsT 38 JUHAMUKON 3emMin. ABTOpBI CTAThH HE3aBUCHUMO Pa3BUBAIOT WO O
rJIOOAJTBHBIX MOJIEJISIX PAJIMAIIMOHHOTO IOJIsT 3eMJIM, HaYuHas ¢ paboT mo «JIyHHOI mporpam-
mex», u B anpese 2018 roga uzmanu mybimkanuio [36], moATBEPKIAIONLYIO IPUOPUTET TEMATH-
ku uccaenosanmii. C 2004 roma Gosee 50 cTpaH ydYacTBYIOT B MEXKJIYHAPOIHOM IPOEKTE
GEOSS T'nmobambuas Cucrema Habmogenuit Semim (I'CH3). B mosectke nHst coBpeMeHHOI
[UBUJIN3AIIMYA BEIyIEe MECTO 3aHUMAIOT MPOOIEMBI SKOJOTUU W KIUMATA. DT (DyHIAMEH-
TaJIbHbIE MEXKIYHAapPO/JIHbIE IIPDOEKTBHI IIOYTU TaKOI'O 2Ke MaCH_ITa6a7 KaK IIPOEKT OCBOCHUA U
MMOKOPEHHUST KOCMOCA, W I UX PEAJU3AIUN IPE3BbIYANHO BayKHO MCIIOJIb30BATH IMPUOOPETEH-
HBIIf ONBIT W B TEOPWH, W B NpPaAKTUKe IpHU CO3maHum KomiutekcHbix cucreM ITPO u IIBO,
BKJIIOYAsT CHUCTEMbI OIEPATHUBHOIO <«3eMjeo030pay u rJI00AJbHOIO MOHUTOPHUHIA, TPUHATHS
peaieHnd u ylupaBJ€HUA C HCIIOJIb30BaHUEM CYHIEPKOMIIBIOTEPOB, I/IH@)OpMaL[I/IOHHbIX TEXHOJIO-
ruit u rexnosiornit Uarepuer, 'PUJI, «obmaunbxy, [JIOHACC u T.11.

Paboma nposodumcs nod pyxosodcmeom HUncmumyma npuriadmoti Mamemamury umeHu
M.B. Keadviwa PAH cosmecmmno ¢ Hnemumymom onmuku ammocdepv, umenyu B.E. Byesa
CO PAH, Hncmumymom 6uiiuciumesbrotl Mamemamuky U Mememamuieckot: 2eouduru
CO PAH, Uncmumymom gusauru ammocgepor umenu A.M. Obyxosa PAH, Ilenmpaavhot
aaposozuyeckoti obcepsamopueti, Mockosckum @uauro-mexrnuveckuts uncmumymom, MIY
umenu M.B. Jlomonocosa, Hosocubupckum HAUUOHAALHBM UCCALI0BANENCKUM  20CYdap-
cmeennbim yrusepcumemom, Hayuonasvhom uccaedosamenverkum Tomckum 2ocydapemeen-
HoLM — YHusepcumemom. Aemopv,  ewpasicarom  646200aPHOCTIDG  YUACTMHUKAM  TPOEKMQ,
B.B. Beaosy, A.B. Bumosoti, B.B. Kosodeposy, C.M. Ilpuzapuny, B.A. @ansranrecesot,
B.A. ®omuny, I'.9. Koaoxymuny, JL.J. Kpacroxymckod, A.C. Kysvmuuesy,
A.A. Huxonewxo, I1.B. Cmpaxosy, B.M. LHypvieuny.

Hcenedosarnue svinoaneno npu durancosoti noddepscrke PODH 6 pamxax HaAy4HbLL npo-
exmos Ne 16-01-00145, 16-01-00107, 17-01-00220, 18-01-00609.
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The most complex problems of evolution, climate, ecology, global monitoring and remote sensing of the
Earth (ERS) with hyperspectral approaches and nanodiagnostics of the natural environment and objects are pro-
posed to be considered as conjugate for the first time. Electromagnetic radiation is a single physical field that
combines the radiation field of the Earth with radiation-active components. For example, the volcanic eruptions
and transboundary transport of pollution that affect the ecology and the state of the environment can be detected
by remote sensing, and then through the transfer of radiation energy dependent on environmental pollutants can
affect the climate, and ultimately, the trend of the evolution of the Earth as a planet. The insurmountable diffi-
culty of the problem lies in the fact that the natural experiments are not allowed for the study of the planet, and
only monitoring and observation by different means are possible, on the one hand, and on the other hand, at the
time of the radiation measurements it is impossible to restore the entire set of optical-geophysical and optical-
meteorological parameters of the “atmosphere-land-ocean” system, on which the radiation depends, and it is not
possible to repeat the conditions of observations, since the environment is constantly changing and never repeats.
And only mathematical modeling of “big” direct and inverse problems of the radiation transfer theory with paral-
lel supercomputing allows to conduct the theoretical and computational research of such complex problems and to
obtain qualitative and quantitative estimates for analysis and forecasts, as well as for different thematic applica-
tions based on “scenarios”.

Keywords: conjugate problems, radiation field of the Farth, remote sensing, climate, ecology, supercompu-
ting.
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Crarbs MocBslleHa pa3paboTKe UNUCIIEHHBIMU METOJAMU MOJIeJIell MOIUQUIMPOBAHHBIX APAMUTHBIX TKAHE
(apaMuIHBIX TKaHel ¢ IOBEPXHOCTHON 06paboTKOlA), NIPUMEHsIEMbIX B OpDOHE3aIMTHBIX 3sieMeHTax. Ha cerogusiamii
JIeHb aKTYaJbHBIMU 33J1a9aMi IPU pa3paboTKe GPOHE3AIMUTHBIX JIEMEHTOB (OPOHEXKUIIETOB) SIBJISIOTCA MEHIMA3a-
IWsl UX MACChI, CHUKEHUE BEJTMIUHBI TIPOruba THIIBHOI CTOPOHBI OGpoHenanesm (yMEHbIIEHuE YPOBHsS TPABMHUPOBA-
HWs TeJa 9e0BeKa). Bosbinasg 9acTh SHEPTUH IyJIM PACCEMBACTCA 3a CUeT pabOThI CUJI TPEHWsI BO BPEMS BBITSATHU-
BaHWs HUTEH M3 GasumeTnaecknx (apaMumHbIX) TKaueil B 6porexusere. [loBepxaocTHag 06pabOTKa TKAHEH TTO3BO-
JISIeT YBEJUINTh (PPUKIINOHHOE B3AUMOIEHICTBYIE HUTEH U CHU3UTH MPOrHO TKAHEBBIX MPErpaJl IPH JIOKATLHOM yIape
¢ MUHAMAJIbHBIM yTsizKeseHneM. s co3anmsi CeTKN KOHEYHBIX 9JEMEHTOB TKAHEH ¢ MOBEPXHOCTHOM 00pabOTKOIt
pa3paboTaHo MPUIIOKEHNE, CIPOEKTUPOBAHO U PEATN30BAHO, MPOBEIEHO TecTupoBanue. lIpuioxkenne mo3BosseT co-
3/1aBATh YUCJIEHHBIE MOJEIN MOIUMUINPOBAHHBIX APAMUIHBIX TKAHEH CO CIJIONTHON MOBEPXHOCTHONW 0OpabOTKOM 1
gacTuaHO# (mosiocamu Baoub oceit X u Y B mwIockocTn TKanm). B pabore paccMOTpeHa apaMuHas TKAHD ITOJOTH-
noro nepemtereruns P110 ¢ mosepxuocTHOit o6paborkoit [IBA. Beuia cozmana Mojiesib TKAHK €O CIUIOINIHONW TTOBEPX-
HocTHOI 00paboTKoit. [loBepxHOCTHYIO 0OPAOOTKY CTPOMIN 0DOJIOUETHBIMU JJIEMEHTAMU, KOTOPbIE COEIMHSIIN HUTH
OCHOBBI U YTKA C HAPY2KHO# cTOpoHbI. IIpoBeneno cymnepkoMIbiOTEPHOE MOJEIMPOBAHNE YIAPHOIO HATPYKEHIS MO-
JubUIMPOBAHHON apaMUIHO TKAHU, PACIOJIOKEHHON HA PEruCTPUPYIOmEeil cpeie (TeXHMIECKOM IJIACTUIINHE) B
nakere nporpamm LS-DYNA. IIpoBeneno cpaBHeHre Oy 9e€HHBIX PACYETHBIX JAHHBIX C 9KCIEPUMEHTAIbHBIMU, [0~
JiydeH rpaduk yCKOPEHs.

Kmouesvie caosa: memod KOHEUHBIT IAEMEHMOG, CYNEPKOMNDBIOMEPHOE MOOCAUPOBAHUE, APAMUIHGA MKAHD,
noseprrocmuas obpabomra, ydap, merrnuveckut naacmuasun, LS-DYNA.
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BBenenue

CoBpeMenHbIe BBICOKOI(D(MEKTUBHBIE MHOIOCJIONHBIE TKaHEBble CTPYKTYPHI (6poHenaHnesm)
NPUMEHSIOTCH B Ka4eCTBe JIEMEHTOB 3alllUThl Teja dejoBeka. [Ipu paszpaborke Takux OpoHe-
IaHesell OCHOBHOE BHUMAHUE Y/JIesdeTCsd MUHUMUI3AIAN WX MAcChl IPU 33 JaHHOM YPOBHE 3a-
UTHI. B TKAHEBBIX CTPYKTypax HUTU MOTYT IIEPEMENMIATHCH KAaK B IJIOCKOCTH TKAHU, TaK U B
HAIPABJIEHUN JIBUXKEHUs Iy (IIporuba ThIbHOW CTOPOHBI GpoHenanesm). 13 smreparypHbIx
UCTOYHUMKOB [3| ciefyer, 94To OCHOBHAs YaCTh KUHETHYECKOI SHEPIMU IyJIM PACCEMBAETCS 3a
CUEeT BLITATMBAHWUS HUTEN 13 TKaHU ((PPUKIIMOHHOTO B3AUMOJIEHCTBHS ), & OCTaIbHAs YACTh UJIET
Ha pacIpsMJIeHUe, PACTSKEHuEe U pa3pbiB HUTHeN. [Ipu jlokajbHOM ynape ThIIbHAs CTOPOHA
3aIIUTHON TKAHEBOW CTPYKTYPbI IPOrubaercs (CMENmaeTcss BMeCTe C IIyJieil B HAIPABJIEHUU ee
JIBUZKEHUs), YTO MOKET HEraTHBHO MOBJIMTHL Ha TeJO desjoBeka. TKaHeBble GpOHENaHesH
JIOJI>KHBI 00ECIIEYUTh JIOMYCTUMBII TPOrUO THIIBHON CTOPOHBI U CHU3UTH CTEIEHh TPABMUPOBA-

HUdA Tesia 4esioBeka. Jlomycrumoe 3Hadenune mporunba TKAHEBBIX CTPYKTYD OIEHUBAETCH IpU
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CTaHJIAPTHBIX WCIBITAHUSX — OIPEJEJeHNEe IVIYOUHBI BMSITUHBI, OCTABJIEHHON OpOHEITaHE b,
B perucrpupymoireil cpeje (TeXHUYECKOM ILTACTUIIMHE) TI0CTIe yaapa IryJieii.

HawuboJstee nzBecTHBIMU CITIOCODAMU CHUKEHUS BEJIMIUHBI TTPOTUOa SABJISIIOTCS: MCIIOJIb30Ba-
HIl€ HEHBIOTOHOBCKUX YKMIKOCTEH, TIOKPBITHE TKAHEN CJIOEM MOJUMEpa WM KOMIIO3UIUi ¢ ab-
pasusabiME dacTuiamu [1, 6, 8, 9]. Oxnako Takue mMopuduKanuu TKaHEBbIX GpoHenaHesei
MPUBOJIAT K CYIIECTBEHHOMY YBEJUUEHUI0 MAaCChl OPOHEXKUJIETa W CHUXKEHUIO KOMQOPTHOCTH
HOIlIeHUS. B oT/indme OT MmepevncieHHbIX CIIOCOO0B MOJEPHU3AINYN OpOHeTaHe el TOBEPXHOCT-
Hast 00paboTKa TKaHEe! MO3BOJISIeT YBEIUIATh (DPUKIMOHHOE B3AUMOIEHCTBIE HUTEN U CHU3UTD
nporud TKAHEBBIX MPErpaJ IPH JIOKAJBHOM yIape ¢ MUHUMAJIbHBIM YTAKEIEHUEM.

OKCIPUMEHTAJBHBIE UCCIEIOBAHUS Y IAPHOTO HATPYKEHHUS 3AIUTHBIX TKAHEBBIX CTPYKTYP
[TO3BOJISIOT OMPEJETUTH KOJUYECTBO PA3PYIIEHHBIX CJI0E€B TKAHU, BEJIMYUHY MTPOruda ThLILHOM
croponsbl 6ponenanesu [6, 15]. Ho sTor mMeTos qoporocrosimmii 1 He O3BOJISIET B HOJHON Mepe
MTOHATD IIPOIECC B3aNMOACHCTBAA MEXKIY IyJiell, TKAaHEBOI OPOHENAHE b0 U PErUCTPUPYIONIeit
cpemoit. [loaTomy C MosiBJIeHMEM MOIIHBIX CYyHMEPKOMIIBIOTEPOB IIUPOKOE PA3BUTHUE TOJIYIMJIH
9HCJIEHHBIE TIOAXO0/bI (METO/ KOHEYHBIX 3JIEMEHTOB), KOTOPBIE MO3BOJISIIOT MOJEIUPOBATH IIPO-
1ecchl J1ebOPMUPOBAHNS U PA3PYIIEHUsS MHOIOCJORHBIX TKAHEBBIX CTPYKTYD IPU JIOKAJIBHBIX
yaapax. B Hacrosiee BpeMs CyIIeCTBYIOT KOHEYHO-3JIEMEHTHbIE MO/IEJIN TKaHell PA3HON CJIOXK-
HOCTH: B BUJIE CILIOIIHOMN cpeibl [11]; MoesimpoBanue OTae/IHbIX HUTel GaI0IHbIME, 060109ed-
HBIM WJIM OObEMHBIMU KOHEYHbIMU dsteMeHTamu |2, 4, 5|. Momesn criiomHoii cpe/pl He TpebyoT
OOJIBIITNX BBIYUC/IUTETBHBIX PECYPCOB U TO3BOJIAIOT PACCMATPUBATL OPOHEMAHE U C OOJIbITNM
KOJIMYECTBOM CJIOEB TKAHM U OOJIBIIIUX Pa3MEPOB, HO OHU HE II03BOJIAIOT BBIABUTDH BJIUAHUE
(G PUKIIMOHHOTO B3aUMOIEHCTBUsI IPU BBITATUBAHUYM HUTEH 13 TKaHU. B MOe/saX ¢ OaJI0UHbIMI
KOHEYHBIMU 3JIEMEHTAMHU Y4YeT KOHTAKTHOT'O B3aUMOJEHCTBUSA MEXKJy HUTAMHU HEBO3MOXKEH.
Mogenu ¢ oObeMHBIMEI KOHEIHBIMU 3jIeMEHTaMUu TPEeOYIOT OOJIBIITUX BBITUCIUTEIBHBIX PECyp-
coB. B mMojiesnsax ¢ 0607109€9HBIMU KOHEYHBIME 3JIEMEHTAMU CYIIECTBYET BO3MOXKHOCTH yYE€CTb
MHOKECTBEHHbIE KOHTAKTHBIE B3aUMOJENCTBUS, 3aJaTh AaHM30TPOIHBIA MATEPUAJ JIJIs HUTEIA.
Takue Mojenn TPeOYIOT Ha HOPAJOK MEHBIIUX BBIYUCIUTEIbHBIX PECYPCOB 10 CPABHEHUIO C
MOJIEJISIMU, TIOCTPOHEHHBIME OOLEMHBIMU KOHEYHBIME JieMeHTamMu [4].

Jannas paboTa sIBJIsieTCs MPOJIOJIXKEHNEM HAINX MCCAeI0BAHNM BBIIOJHEHHBIX B paboTax
[7, 16], rae mbl co3manu Momenb apamuaHoit Tkanu P110 ¢ nosepxuocTHO# o6paborkoit IIBA.
[TosepxuocTHYIO 00paboTKy B paborax |7, 16| Mbl yYUTHIBAIN C HOMONIHIO U3MEHEHUsI BCEIO
OJTHOTO Tapamerpa — KoddduimenTa cyxoro Tpeuus. VMccaesoBanus 1m0 BbITATUBAHUIO HUTH
13 TKAHW MOKA3aJIM, YTO pa3pabOTaHHBIE MOJIEJIN aIEKBATHO OMUCHLIBAIOT HAOJIIOIaeMble B pe-
AJTLHOM 3KCITEPUMEHTE 3aBUCUMOCTH HATPY30K OT mepemertenuit. O HaKo MO I00HbBIE MOJIETN HE
[TO3BOJIAIOT UCCJIEIOBATH PADOTY apaMUIHBIX TKAHEH C YaCTUIHON TOBEPXHOCTHOM 00pabOTKOiA,
KOT/[a 00pabOTKa HAHOCUTCS HE Ha BCIO MOBEPXHOCTb TKAHU, & TOJILKO HA €€ 4aCTb, HAIPUMED,
ITOJIOCAM.

B nannoit pabore paccmorpena apamuiHas TKanb P110 ¢ moBepxHOcTHON 00pabOTKOM
IIBA. [Insa resepamuy CeTKM KOHEYHBLIX JIEMEHTOB Pa3pabOTaHO IPHUJIOXKEHUE, [TO3BOJIAIOIIEEe
CO37IABATH MOJIESIN TKAHW C YACTUIHOM, JTMOO CILIOINTHON MOBEPXHOCTHOM 0O6paboTkoit. C momo-
b0 pa3pabOTAHHOIO MPUJIOXKEHUS CO3/aHA MOJIEJ]b apaMUIHON TKAHW CO CJIOITHOW MOBEPX-
HOCTHOM 00paboTkoii. JlanHas Mo/1e/b O3BOJISIET TPOrHO3UPOBATH MPOTUO THLILHONH CTOPOHBI
MO IUDUIIMPOBAHHON apAMUHONM TKAaHU, PACIOJIOXKEHHOI Ha perucrpupyoeil cpeje (TexHu-

9EeCKOM IJIACTUJIMHE) DU JIOKAJIBHOM yJapHOM Harpyzkenun. Ha cyliepkoMIbIOTepe B IIaKeTe
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nporpamm LS-DYNA paccuuran mporiece y1apHOro HArpy»KeHusT MOIUMDUITTPOBAHHOM apaMu/I-
HOIl TKAHU, PACIIOJIOKEHHON HA TEXHUYECKOM IJIACTUJIMHE, IIPOBEIEHO CPABHEHUE Oy I€HHBIX
pPE3YJIBTATOB C SKCIEPUMEHTAJBLHBIMI JIAHHBIMU, [TOJIy9YeH rpaduK YCKOPEHUS.

OcTaToK HOKyMEeHTa OPraHn3oBaH ciemyonmM obpazom. B pazmene 1 onucana nmocTaHOBKa
zamaun. B pasnese 2 nokazana peasm3anis 3aja4dn. B paszese 3 nupuBeieHbl pe3yJibTaThl UC-
cienoBanuii. B 3ax/iouenun moka3aHbl OCHOBHBIE PE3YJIbTAThI, ITOJYIEHHBIE B XOJE BBIITOJIHE-

HUS JAHHOW pabOTHI.

1. IlocranoBka 3aga4un

Cozmanue Bpy4YHYIO MOJIEJM apaMUIHBIX TKaHE ¢ IMOBEPXHOCTHON 0OpabOTKOMN SIBJISIETCS
TPYJI0EMKOI 3ajad4eii, T03ToMy Jijisi co3fanus 3-D momeseit 6b110 pazpaboTaHO TPUIOKEHUE,
KOTOPOE TI03BOJISIET N€HEPUPOBATH CETKY KOHEYHBIX d1eMeHTOB. DyHKIMOHAIbHbIE TPEOOBAHUSA
K JIAHHOMY MPWJIOYXKEHUIO 3aKII0YAI0OTCA B TOM, YTO OH JIOJI2KEH TPEIOCTABIIATD IT0JIb30BATEIIO
rpadnyeckuit mHTEPdEiic, KOTOPHIN MO3BOIIET 3adaBaTh: pa3sMephl TKAHW W HUTEM, pasMepbl
[OJIOC TIOBEPXHOCTHON 00paboTKu (110 ocsiM X u Y), OTCTYI OT Kpas TKAHU JJIs [OJIOC 00pa-
6orku (mo ocsim X u Y), paccrosinue Mexty mosocamu obpaborku (mo ocsim X u Y), pasmep
KOHEYHBIX 3JIeMeHTOB. lIpmiioxkeHue MOJKHO 0OecreumBaTh CO3MAHUE BXOJHOTO daiia s
pacuera B makere nporpamMm LS-DYNA (k-caiiia) ¢ KoopauaaTamu y3/10B U KOHEIHBIME dJIe-
MEHTAMH.

[IpunoxKenue JI0KHO UMETHh MOJIYJIBHYIO CTPYKTYDY:

Modyav 2enepayuu ssemenmos Humeti 3aTOTHIET 3aJAHHBIN MOJIH30BATEIEM O0BHEM HU-
TAMU, COCTOAINIMMU U3 IMOBTOPAIOIIUXCA 3JEMEHTOB, 33JaHHBIX Pa3MeEPOB.

Modyav nposepxu 6xosicdenusn snemerma HUMY 6 3a0aHHT 00BeM TTPOBEPSIET, BXOIUT JIN
KaxK/1asd U3 BEPHIIWMH JJIEMEHTa B BaﬂaHHbH;‘I IIOJIb30BaTEJIEM O6'beM. ECHI/I HEe BXOJUT XOTHA 6bI
OJTHA TOYKA, TO DJIEMEHT Y IAJISI€TCS.

Modyav bivucaeHUs INEMEHMOE SEPTHET TOBEPTHOCTMU MKAHU BEIOUPAET U3 BCEX CreHe-
PUPOBAHHBIX JIEMEHTOB T€, KOTOPbIE HAXOJSTCHA HA BEPXHEH IMOBEPXHOCTU, U MOMEIIAET UX B
KOJLIIEKITHTO.

Modyav nposepku 8LOHCOEHUSA INEMEHMA 8 NOAOCH, NOGEPTHOCTNHOT 06PaAbOMKY TTPOBEPSIET
JJIS KaXK IO BEPIITUHBI 9JIEMEHTa, €€ TPUHAJIEXKHOCTh II0JIOCAM TTOBEPXHOCTHOM 00paboTKM, 3a-
JIAHHBIX TI0JIb30BATEJIEM.

Modyav eenepauuy, IAEMERMOE NOBEPTHOCTHOT 00PAOOMKY CO3TAET HOBBIE IJIEMEHTHI,
HaXOJIAIINEC MEXK/Iy dJIEMEHTAMU BEPXHEH MOBEPXHOCTU TKAHM, BEPIINHBI KOTOPBIX SABJISIOTCS
BEPIIIUHAME COCEJTHUX 3JEMEHTOB BepxHeil moBepxHocTH. s KaxKJOro 3JeMeHTa IMPOU3BO-
JIUTCS TTPOBEPKA HA BXOXKJIEHWE B IIOJIOCHI IOBEPXHOCTHOM 0OpabOTKY, JIMIITHIE SJIEMEHTHI Y 1a-
JISTIOTCSI.

Modyav ewisoda cozmaer k-daitan u 3anMChIBAET B HENO KOOPIMHATHI Y3JIOB M KOHEUHBIX
3JIEMEHTOB MOJIEJIV aPAMUIHON TKAHU C TIOBEPXHOCTHON 00pabOTKOii.

B pabore paccmarpuBaercd apamugnas TKanb Tura P110, nepervierenue HUTEN TOJIOTHS-
HOe, noBepxHOCTHas IOTHOCTH 110 r/kB.M. (puc. 1). TloBepxHOCTh TKaHuM GbLIa 00pabOTaHA
BOIHOI 3mysbcneit IIBA ¢ comepzkanmem cyxoro semectsa 38 %. YTszKesleHre TKAHH COCTAB-
o 5,1 % mocse HaneceHus: U BBICYIMUBAHUAS BOIHON sMyabcun [TBA.

IIpoBesneHo CylnepKOMIILIOTEPHOE MOJIEJIMPOBAHUE II0 OIIPEJIEJIEHUIO BEJUYUHBI TPOTHOa
TBLILHON CTOPOHBI APAMUJIHON TKAHU C MMOBEPXHOCTHOM 00pabOTKOM, PACIIOIOKEHHOW HA PEru-

cTpupyomIeil cpejie (TeXHMYeCKOM IIIACTUIIMHE) TIPU JIOKAIBHOM yiape. Huru u noBepxHocTpast
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06paboTKa TKAHM CO3JAaHbI C IOMOIILIO Pa3pabOTAHHOTO B JAHHON paboTe mpuioxKenus. Kpas
TKaHu He ObLIM 3aKkpernsieHbl. Pasmep Tkanu coctasiisay 100x100 MM, pasMep IJIacTUIMHOBOTO
60ka paped 100x100x30 MM, MHIEHTOP HPEACTABIIAI COOOM CTAJbLHON MIAPUK JTHAMETPOM
4,5 MM, maccoit 0,5 r, ckopocTs nHgerTopa optta 100-130 M/c.

w2y

Puc. 1. ®ororpadus apamMuIHOil TKAHI

2. Peanuszaimusa

g co3manust MOJEIN apaMUJIIHON TKAHU C ITOBEPXHOCTHON OOpabOTKO# MOJIE30BATEIIO
HEOOXO/IMMO 33JIaTh B MOJb30BATEILCKOM UHTEPdeiice, pa3pabOTaHHOIO IPUJIOKEHUsI, PA3MEPhI
TKAHU W HUTEH, pa3Mephbl IMOBEPXHOCTHON 0OpabOTKU, pa3mep KOHEYHBIX deMeHTOB. llocse
9TOTO B NPUJIOKEHUH OyJIeT CO37[aHa MOJIeIb Ha OCHOBE 3aJ[AHHDLIX ITapaMeTpPOB.

Asroputm pabOTHI IPUIOKEHWS BKIIIOYAECT B ce0s CIIeIYIONTHe MATH:

1. 3aroiHeHnE TPSIMOYTOJBHUKA, CO3JAHHOIO Ha OCHOBE BXO/HBIX JIAHHBIX, HU-

TSMU, COCTOSIMIAMU M3 JJIEMEHTOB 3aJAHHOTO Pa3Mepa W Ha, ONPEIETEHHOM PACCTOAHUN

APpyTr OT Apyra.

2. Broruucienue s/1eMeHTOB HUTEH, KOTOPbIE HAXOIATCA HA BEPXHEH TOBEPXHOCTU
TKAHH.
3. Tenepariust 371eMEHTOB MOBEPXHOCTHOM 00paboTKu. OHM HAXOIATCS B IIPOMEXKY T-

Kax MeXK/Iy dJIEMEeHTAMU HUTEH BepXHEei IOBEPXHOCTH TKaHU. BepinHamMu 3TuxX 3J1eMEeHTOB
SIBJISIIOTCS Y€ThIPe BEPIIMHBI YeThIPEX Pa3HBbIX JIEMEHTOB HUTEH.
4. IIpoBepka cOOTBETCTBUSI JIEMEHTOB IMOBEPXHOCTHOI 0OpabOTKM 3aaHHBIM IIa-
pamMerpaM pa3MepPOB M OTCTYIIOB. Y JaJIEHUE JIUIITHUX 3JIEMEHTOB.
5. 3amnuch KOOPAWHAT Y3/JI0B ¥ KOHEUHBIX JIEMEHTOB B BBIXOJTHON K-aii.
BoamoxkuocTH pa3paboTAHHOTO KOMILIEKA TO3BOJIAIOT MOCTPOUTH MOJETH APAMUTHON
TKAHU C 9ACTUYIHON MTOBEPXHOCTHO#M 0OpabOTKOM, HA pUC. 2 MPEJCTaB/IeHA MOJEIb PA3MePOM
10x10 mMm. IHlupuna wutm paBaa 410 MKM, paccTOSHWE MEXKJY HUTAMU B ILIOCKOCTH —
130 MKM, pa3mMep KOHEYHBIX jieMeHTOB — 410 MKM, pa3Mepbl TOBEPXHOCTHON 00PabOTKU: 11~
puHa mojockl 06paboTky Mo X u Y, a TakKe PacCosHre MEXKIy mojocamu 00paboTku mo X u
Y — 2,5 mm. Ha puc. 2 autu ocHOBbI 0603HAYEHBI 3€JIEHBIM I[BETOM, HUTU YTKA — KEJITHIM,

JacTUYHas IOBEPXHOCTHAA 00a00TKa — KOPHUYHEBBIM.
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B pabore paccMoTpena MOJEIb apaMUIHON TKAHU CO CILIOITHONW ITOBEPXHOCTHON 0OpaboT-
koit pazmepom 100x100 mM. Pasmepsl HuTeit B Momenn Te ke, 9TO M B IpUMeEpe Ha puc. 2.
l'eomeTpusi HUTH B MOJ1e/M ObLIA YIIPOIIEHA U IIPEJCTABIEHA B BHJIe HAOOPA IJIOCKUX JIEMEHTOB
(SHELL), mmpuna u TosmuHa HUTell nocTosiHHbL. Takast Mozeb obeciieanBaeT MUHUMYM Te€0-
METPUYIECKUX MAPAMETPOB U YUCICHHYTO 3 (DEKTUBHOCTD (CHIKEHIE BPEMEHH PACIeTOB Ha Cy-
HepKOMIIbIoTepe). B pacdeTHOil MOJeJIM HUTH MMEIOT BO3MOXKHOCTH BBITSITUBAHHS C y9€TOM
CyXOro TPeHHs IOCJe Pa3pylleHus JIEMEHTOB TOBEpPXHOCTHOU obOpaborku. Tosmmua HuTeit

(obosrouek) paBHa 50 MKM.

oy
A

Puc. 2. Buzyanuzamusa Moaen apaMuIHON TKAHU ¢ YJACTUIHON MOBEPXHOCTHON 00pabOTKOIt

Hus  wureit 61 HasHaden  oprorponHbiii  marepuasn  (*MAT ENHANCED
COMPOSITE DAMAGE) [12|. B Tabuune npuseieHbl xapakTepucTuku Marepuasa. Moy
yupyrocru ok Hutr (EA) onpejiesien sKcrepuMeHTaIbHO [7], ocTadbHble MOJLYJIU yIPYTOCTH
(Es, Ec), nBa moayus capura (Ga, Gpe) u tpu koaddunuenra [Tyaccona npuHsaTH cOriacHo

PEKOMEHIAIUSM 13 JuTepaTypsl [13].

Tabaua
XapaKTepUCTUKNA MATePHaJIa HUTEN
ITapameTp O6o3Hauenune Beawnunna
[LiorsocTs, Kr/M” e 1440
Koadbdunmentsr Ilyaccona MAB, UBC, HAC 0,001
M - Ea 1,4-10"
oxysu yupyrocru, [1a
JTyJTH YTIDY Ep, Ec 14107
Gas, Gsc 1,4-10"
Mopynu cusura, Ila
Ly ! Gen 4.107

Apamuabie Hutr B TRKanu P110 umeror HebosbInoe conporuBienne n3rudy. Takue HUTH
UMEIOT HEDOJIBIIYIO KPYTKY M COCTOST U3 BOJOKOH juamerpom 10-15 mrm. YToOBI yuecTb co-
[IPOTUBJIEHNE HUATEH N3rudy B MOJIEIN OBLJIO UCIIOJIB30BAHO TPHU TOYKN MHTEIPUPOBAHUS IO TOJI-
muHe. TpaHcBepcasbHbI MOAYIb caBura (Gea BIMSET HA BEJIMYUHY CONPOTHBIIEHUS HU3rHOY.
Gca ObLT HalZIeH M3 MPEIBAPUTEIBHBIX PACIETHBIX U IKCIIEPUMEHTATLHBIX HCCIEIOBAHUN IO

BBITSITUBAHUIO HUTH U3 HEOOPAOOTAHHON TKaHU [7].
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Craruyaeckuit koaddurment Tpenns pase 0,174 1is HeoOpaboTaHHON TKAHU U OBLIT OIIpe-
JieJieH sKcrepuMeHTaabHO [7]. TIockobKy moBepXHOCTh TKaHU 06pabaThiBai TOJIBKO C OJHOM
CTOPOHBI, TO B YUCJIEHHBIX MOJE/SX MOBEPXHOCTHYIO 00OPabOTKY CTPOMINA ODOJIOUETHBIMU 3JIe-
MEHTaMU, KOTOPbIE COeIUHSIJIN HATU OCHOBBI U yTKa C HAPYKHOI cTOPOHBI. JIjist TOBEPXHOCTHOI
obpaborku IIBA 6611 BoiGpan marepuas *MAT PLASTIC KINEMATIC. ITapamerpsr mist
Mozesn Martepuasa IIBA  Obuim  onpejeseHbl  9KCIEPUMEHTAJIbLHO: MOJIYJb  yIPYTOCTH
E = 1,99 I'lla, npenen nmpounoctu os = 24 Mlla, kosddbumment Ilyaccoma p = 0,45, mmor-
HocTh o — 1088 xr/m°.

Marepuas perucrpupyoiieil cpeibl (TeXHHYECKOTrO IUIACTUINHA) — BaA3KOyupyrui. s
wiacruianaa  Opwr ompenesen  Mmarepuas  MAT STRAIN RATE DEPENDENT
PLASTICITY, nospoJigomuii 3a0aTh B TaOJUIHOM BHJE 3aBUCHMOCTD IIPEIesia TEKYIEeCTH OT
ckopoctu Jiepopmuposanus [7|. [Tapamerpsr i Mojiesin MaTepuaJia ObLIM ONIPEIEJICHbI IKCIIe-
pumentanbho [14]. Momysas yupyrocrn miacrunumua E = 20 MIla, koaddunment Ilyaccona
w = 0,45, morsocts = 1400 kr/a’.

Konrakr wmexnay obbekramu 3sagasaaun  komangoit *CONTACT AUTOMATIC
SURFACE TO_ SURFACE. B pacdere uHIeHTOD BBIIOJIHEH U3 abCOJIOTHO XKECTKOIO MaTe-
puaja. Cerka KOHEUHBIX 3jeMeHToB 3D Momen apamMumaoit TKanu pasmepom 100x 100 MM co
CILJIOIITHON ITOBEPXHOCTHO#M 0OPabOTKOM, PaCIOJIOKEHHON HA TEXHUYECKOM IIJIACTUJINHE TOKAa-

3aHa Ha puC. 3.

Puc. 3. Cerka KOHEYHBIX 3JIEMEHTOB

3. Pe3yabTaThl uccje0BaHUMN

Ha cynepkommnbiorepe «Topuamo FOYpI'Yy [10]| 6buin nposesenst Bece pacuersl. ['paduk
YCKOpeHusd Ajid 3aJa9u 110 OIIPEICJIEHUIO I‘JIY6I/IHI)I BMATUHBI B TEXHUYICCKOM IIJIACTUJIMHE IIPpU
JIOKAJILHOM yJape B apaMUIHYIO0 TKaHb C IOBEPXHOCTHON obpaborkoil IIBA mnpexncrasien nHa
puc. 4. Wz-3a umeromeiica aunensun Ha naker nporpamm LS-DYNA 3zamada Oblia pacrapadi-
senena 1o 48 amep. Ha omnom sape 3amada Oblita pernena 3a 183 481 c.
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VexopeHne

L

0 10 20 30 40 50

Komsectreo agep

Puc. 4. Yckopenue

XapaxTep medopmuposanus apaMuanoi Tkanu P110 ¢ mopepxnocTHoi obpaborkoit IIBA
¥ TEXHUYIECKOTrO TIACTUINHA TTOCJIE JTUHAMUIECKOTO B3aAUMOAEUCTBUA C UHIAEHTOPOM ITPEJICTaB-
JieH Ha puc. 5. B0 mosydeHo, YTo KOHEYHbIE JEMEHTHI HOBEPXHOCTHOHN 0O0paboTKu ObLIN
pa3pyIenbl B 00J1aCTH KOHTAKTa WHIEHTOPA C TKAHBIO, a TAKKE B MECTAaX BBITATMBAHUS HUTEH
n3 TKaHu. Takum o6pasoM, paspaboTaHHas MOIEIb MOJIU(PUIMPOBAHHON apaMUIHON TKAHU

[TO3BOJISET Y4eCTb (DPUKIIMOHHOE B3aNMOJIECHCTBUE HUTEM.

Puc. 5. Xapakrep medpopMUpPOBaHUSA TKAHHU C IMOBEPXHOCTHON 0OpaboTkoit IIBA u Texmumue-

CKOI'O IIJIaCTHUJIMHA IIOCJIC JUHAMHNYIECKOI'O BSa.PIMO,HefICTBI/IH C IUHIEHTOPOM

Paspaborannoe B mamHOil paboTe MPUJIOKEHHE MMO3BOJIAET CO3IaBATH MOIEJIN MOIMMpUII-
POBAHHBIX apPaMUIHBIX TKAHEH KAK CO CILJIOIIHOM, TaK W C YACTUYIHON ITOBEPXHOCTHBIMU 0Opa-
TKAMH, B OTJINYUHA OT TAHHBLIX HAMHI paHee MOesIei B Tax r eTHEI
6oTKaM1, B O oT paspabora a aHee MOJIeJIe aborax |7, 16|, rme pacue e

HCCJIEIOBAHNA MOXKHO TTPOBOIUTD TOJIBKO JIJIsT TKaHEH CO IIIOITHOM TOBEPXHOCTHO 00pabOTKOIA.
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B paborax |7, 16| Gbuin mpoBeieHbl UCCIEI0BAHUS 110 BBITSTHBAHUIO HUTH M3 TKAHU, OIPEe-
JIEHBI 3aBUCHMOCTH HArPYy3KHU OT Iepemertenuii. B manuoii pabore Mbl IPOBEIU MCCJIEIOBAHUS
10 yJAPHOMY HArpyKEHUI0 MOIMMUIIMPOBAHHBIX APAMUIHBIX TKaHEH, PACIIOJIOKEHHDBIX HA TEX-
HUYECKOM ItacTusinue. [lomydenabie pacyeTHbIe 3HAYCHU TJIYOUH BMATHH B TEXHUIECKOM ILIa-

CTUJIMHE XOPOIIO COTJIACYIOTCS € 9KCIEPUMEHTAIBHBIMY JAHHBIME, PA3HUIA He npeBbimaeT 2%.

3aKJII04YeHUue

B xome BoinmosrHEHNST paboThI OBIIO Pa3paboTAHO MPUJIOXKEHNe MJIsI CO3IAHUsT KOMITBIOTEp-
HBIX MOJIeJIell MOIMMUIMPOBAHHBIX apAMUJIHBIX TKaHell (¢ moBepXHOCTHON 06paborkoii). [Tpu-
JIOXKEHWE TI03BOJISIET CO3aBaTh MOJEIN TKaHell CO CILJIONIHOM ITOBEPXHOCTHOM 00pabOTKOil m
qacTUIHON (rmosocamu 1o ocsiM X u Y).

Paspaborana umnciaenso sdpdeKTuBHAS MOMETb apaMUIHON TKAHK CO CILIOIIHON OBEPX-
HOCTHO#1 06pabOTKOIA IO ONPEIEIEHUIO TIIyOMHBI BMSITHHBI B DETUCTPUPYIONIEH cpefie (TexHude-
CKOM IIACTHJIVHE ) IIPU JIOKAJILHOM yiape. [loBepxHOCTHY0 06pabOTKY CTPOMIN 060I09€THBIMU
3JIEMEHTaMM, KOTOPbIe COENHSIN HUTU OCHOBBI U HUTU YTKA C HAPY2KHOU CTOPOHBI. BhImoTHeHa
peam3aIis MO ApAMIIHON TKAHN ¢ IIOBEPXHOCTHON 00pabOTKOIM ¢ IPOBEIEHIEM PACIETOB
Ha cynepkoMibiorepe «Topuango FOYpl'Y» B nmakere nporpamm LS-DYNA. Pacuernbie u skc-
[IepUMEHTAJIbHBIE JAHHDbIE 0 TJIyOMHAM BMSATHH B ILJIACTUJIMHE XOPOIIO COTJIACYIOTCS MEXKITY
co6oii, pasauna He npesbimaer 2%.

Jitst 3a1a9m yaIapHOTO HArPYKEHUST OJTHOTO CJI0S MOIM(DUIIMPOBAHHON apaMUIHON TKAaHU,
PACIIOJIOKEHHON Ha TEXHUIECKOM IIJIACTU/INHE MOJIydeH rpaduk yckopenud. Ilosydentnas mo-
JeJIb II03BOJIAeT C ,Z[OCTaTO‘IHOﬁ TOYHOCTBIO ITPOIrHO3UPOBATH FJIY6I/IHIDI BMATHUH B TEXHUYIECCKOM

IJIaCTUJIMHE.

Hcenedosarue svinoarero npu gurarcosoti noddepocke PODH 6 pamrar HaywHO20 Npo-
exma M 17-08-01024 A.
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The article is devoted to the development of models of modified aramid fabrics (aramid fabrics with surface
treatment) using numerical methods that are used in armored elements. Minimizing the mass of armored elements
or body armor, reducing the amount of deflection of the back side of the armored panel (reducing the level of trauma
to the human body) are actual tasks of today. Most of the energy of a bullet is dissipated due to the work of friction
forces when pulling the threads from aramid fabrics in a body armor. Surface treatment of fabrics allows to increase
the frictional interaction of the threads and to reduce the deflection of fabric barriers during a local impact. Surface
treatment adds little weight to the fabric. The software for creating a mesh of finite elements of fabrics with surface
treatment is developed, designed and implemented, and tested. The software allows you to create numerical models
of modified aramid fabrics with a continuous and partial surface treatment (stripes along the X and Y axes in the
plane of the fabric). Aramid fabric P110 with the surface treatment of PVA is considered in the work. The model
of fabric with a continuous surface treatment is developed. The surface treatment was built with shell elements that
connected the warp and weft threads from the outside. Supercomputer modeling of impact loading of modified
aramid fabric located on technical plasticine in the LS-DYNA software package was carried out. The comparison of
the obtained data to the experimental data was carried out, the speed-up graph was obtained.

Keywords: finite element method, supercomputer modelling, aramid fabric, surface treatment, impact, technical
plasticine, LS-DYNA.
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This paper presents a temporal and spatial pattern of precipitation, surface air temperature, and drought oc-
currence in Euphrates—Tigris rivers basin with special emphases on Iraq. Historical records based on 115 years
(1900-2014) of monthly precipitation and temperature data has been divided into four sub-periods, each of 30
years (first 1900-1929, second 1930-1959, third 1960-1989 and fourth 1985-2014) and studied separately. The
results showed that the mean annual precipitation in Iraq for the four sub-periods is: 218.5, 202.1, 196.4, and
174.9 mm respectively, with an average of 198 mm. This indicates that the mean annual precipitation decreased
by 43.6 mm (20 %) in the fourth sub-period compared to the first sub-period. The mean annual temperature for
the four sub-periods in Iraq are 22.0, 21.9, 22.0, 22.8 °C respectively, with an average of 22.2 °C. This indicates
that the average monthly temperature during the year in Iraq increased by 0.76 °C (3.45 %) in the fourth sub-
period compared to the first sub-period. The probability of occurrence of dry (hot) periods in Iraq increased by
345.5 % (147.7 %) in the fourth sub-period compared to the first sub-period. Fortunately, the greatest drought
occurrence is observed in western parts of Ira, where agriculture is irrigated, in rain-fed areas in the northern Iraq,
there has also been a decrease in precipitation, but not so strong as in the west of the country. A preliminary con-
clusion about the current climatic desertification and its possible consequences for Iraq was drawn.

Keywords: Fuphrates—Tigris rivers basin, Iraq, temperature, precipitation, climate change, Standardized Pre-
cipitation Index, z-score.
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Introduction

Climate change is considered to be the biggest challenge the mankind faced in the twenty
first century [1]. Climatic change can cause significant impacts on water resources and the
hydrological cycle, where the change of the temperature and precipitation will affect the
evapotranspiration process. Both, quality and quantity of the runoff component will suffer
some changes which will lead to a significant effect on sectors like agriculture, industry and
urban development [2]. Also because of climate change and global warming, the increase in
air temperature extremes will become more frequent and intense, as well as more widespread
during the 21st century |[3].

Drought has long been recognized as one of the most insidious causes of human misery
and the natural disaster that annually claims most victims. Drought is defined based on the
deficiency of precipitation that results in water shortage for activities related to use of water.
It begins with the meteorological drought caused by precipitation deficiency. Prolonged me-
teorological drought can cause an agricultural drought as the precipitation deficit propagates
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Fig. 1. Overview map of location and shared surface water within Euphrates—Tigris

rivers basin

into soil moisture deficit and reduces crop production. Meteorological drought may be fol-
lowed by hydrological drought, which can affect river flows, levels in lakes, and aquifer re-
charge [4].

A common tool utilized to monitor current drought conditions is a drought index. Sever-
al drought indices can be used to forecast the possible evolution of an ongoing drought, in
order to adopt appropriate mitigation measures and drought policies for water resources
management. This is because a drought index is expressed by a numeric number, which is
believed to be far more functional than raw data during decision-making [5]. Different indices
are available globally to quantify drought, each with its own strengths and weaknesses [6].
These include the Palmer Drought Severity Index [7], Standardized Precipitation Index [§],
Standardized Precipitation Evapotranspiration Index [9], Effective Drought Index [10], and
many others. In this paper, the standardized precipitation index (SPI), proposed by McKee
et al. [8] is used to analyze the characteristics of drought. There are a number of strengths to
the SPI approach: (i) it only uses one relatively commonly available parameter (i.e. precipita-
tion); (ii) it can be estimated for a variety of timescales (by calculating using precipitation
data for a range of accumulation periods); (iii) it is relatively simple compared with other
widely used indices such as the Palmer Drought Severity Index (PDSI); and (iv) it is spatial-
ly constant, again unlike the PDSI [11]. Since SPI is standardized and has a probabilistic in-
terpretation, it can be used in risk assessment and decision-making [6].

Extreme heat events are among the most serious challenges for society coping with a
changing climate and can be very harmful to human health, ecosystems, agriculture and eco-
nomic sectors such as energy generation and tourism [3]. One of the popular tools used for
analyzing the temperature time series datasets is the statistical z-score technique [3, 12].
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The economic life of the Euphrates—Tigris Basin remains reliant on the rivers’ waters.
Historically, the agriculture of southeastern Anatolia, as well as of northern Iraq and Syria,
has been entirely dependent on rainfall, with some minor mechanical irrigation systems par-
ticularly in Syria [13]. Iraq is one of the riparian countries within the Euphrates—Tigris Riv-
ers basin in the Middle East region (Fig. 1 [14]); the region is currently facing water shortage
problems due to the increase of the demand and climate changes [15].

As the country furthest downstream in the basin, Iraq is heavily dependent on precipita-
tion in the highlands of Turkey and Iran. The population of Iraq in the 1980s was approxi-
mately 13.7 million people, and increased to 31 million in 2010s; and it is expected that the
population will keep on increasing to reach 71.3 million in 2050 (the rate is about 3.6 %) [16].
According to the Ministry of Planning/ Central Statistical Organization/ Annual Statistical
Abstract 2014-2016 [17], the total population of Iraq is about 36.004 million in 2014, and
with the 437,065 km® total land area of Iraq, the population density is about 82.73 inhabit-
ants/ km®. Although the contribution of agriculture to the overall Iraqi gross domestic prod-
uct (GDP) is below 5 percent, one-third of people resides in rural areas and depends on agri-
culture for their livelihoods. After the public service and trade sectors, agriculture is the third
largest provider of employment in the country, and the largest source of employment for the
rural population [18].

According to the Ministry of Agriculture, “Annual Agricultural Statistical Data (2014)”,
Arable Area in Iraq represents 34 % of the total area of Iraq [19]. The republic of Iraq con-
sists of 18 mughaphas: Al-Anbar, Babil, Baghdad, Basra, Dhi-Qar, Al-Diwaniyah, Diyala,
Dohuk, Erbil, Karbala, Kirkuk, Maysan, Muthanna, Najaf, Nineveh, Saladin, Sulaymaniyah,
and Wasit. Within the agriculture sector, crop production constitutes the largest subsector
and provides 75 percent of agricultural income. Crop production such as grains, primarily
wheat and barley, are Iraq’s main crops in the north and central rain fed areas (Kirkuk, Sal-
adin, and Sulaymaniyah). The rain fed land in the northern part of the country is highly re-
sponsive to variations in the timing and quantity of precipitation [18].

In central and southern (Baghdad, Al-Diwaniyah, Diyala and others) areas, where agri-
culture is mainly irrigated by the Tigris and Euphrates, mixed farming systems (rice, wheat
and barley) are predominant, and vegetables, mainly tomatoes and potatoes, are important,
also. Crop production from irrigated land in Iraq is very sensitive to any change in the sea-
sonal availability of water resources from the two main rivers Euphrates and Tigris. Dates
are a major cash and food crop with fruit trees inter-planted in date palm orchards in south-
ern Iraq. Meanwhile, livestock is the second largest subsector with 13.5 million heads of cat-
tle, goats, and sheep, and 14 million of poultry, as of 2013 [18].

There have been many studies to assess hydrothermal risks around the world, but very
few in Iraq. However, in [20] the frequency of drought for the period 1980 to 2010 in Iraq was
investigated, based on monthly rainfall data collected from 39 meteorological stations dis-
tributed across the country, in [4] the standardized precipitation index (SPI) at different time
scales, i.e., 3, 6, 12, and 24-month, were used to analyze the meteorological drought for the
period 1937-2010 in northern Iraq, in [2| the historical records of the average monthly tem-
perature and rainfall for the period of 1900-2009 for the Middle East and North Africa coun-
tries with special emphases on Iraq were studied, in [21] the trends of temperature for the
period of 1941-2000 for Baghdad, Iraq were investigated, in [22] ten average climate indices

(total rainfall, average temperature, maximum temperature, minimum temperature, number
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of days of dust rising, number of days of dust storm, relative humidity, atmospheric pressure
at sea surface level, total evaporation and wind speed) were investigated at 24 meteorological
stations in Iraq for 30 years, and finally in [23] the SPI at 9, 12-month time scales was used
to study and analyze drought characteristics in Iraq dependent on the observed climate data
from 10 meteorological stations during 1980-2011.

In this paper, the historical time series of the average monthly temperature and precipi-
tation for the period of 1900-2014 (115 years) for the Euphrates—Tigris rivers basin was di-
vided into four sub-periods of thirty years and investigated separately. Understanding and
predicting the trends of hydrothermal risks including drought risks, heavy precipitation
events, and periods of extremely high and low temperature in Iraq and using this knowledge
could be helpful to support hydrothermal risks management and develop effective mitigation
strategies. This paper aims to provide a comprehensive analysis of hydrothermal risks in the
Euphrates—Tigris rivers basin with a special emphasis on Iraq as follows: (1) analysis of the
spatial and temporal variation of precipitation; (2) analysis of the spatial and temporal varia-
tion of surface air temperature; and (3) analysis of the spatial and temporal variation of the
12-month hydrological SPI drought index and the temperature standardized z-score.

The paper is organized as follows: this Section examines the underlying concepts of
drought impacts, the available indices to quantify drought and the previous works in litera-
ture; Section 1 gives a brief overview of the study area and describes the datasets and meth-
ods used; in Section 2, the spatial and temporal variation of precipitation, surface air tem-
perature, and hydrological drought in the Euphrates—Tigris rivers basin were analyzed and
discussed. Finally, the study is concluded in the last Section.

1. Region, data and methods

The Euphrates—Tigris River Basin is a transboundary basin (see Fig. 1 [12]) with a total
area of 879,790 km” (13 % of Middle East) distributed mainly (98 %) between Iraq, Turkey,
the Islamic Republic of Iran, the Syrian Arab Republic (Tab. 1, [24]). Iraq lies at 33° North
latitude and 44° East longitude. The north south extents of Iraq’s borders run from 37° 21’ N
in the north region along its northern border with Turkey to 29° 04’ N along its southern
border with Saudi Arabia. Iraq’s east-west extent spans from 38° 56’ in the Syrian Desert to
48° 36’ in the vicinity of the Shatt al Arab [16].

Table 1
Country areas in the Euphrates—Tigris River Basin
Basin and countries Basin per country % of total area of % of total area of
included (Km®) the basin the country
FEuphrates—Tigris 879 790 100 -

Iraq 407 880 46.4 93.1
Turkey 129 190 21.8 24.5
Iran 166 240 18.9 9.5
Syria 96 420 11.0 52.1
Saudi Arabia 16 840 1.9 0.8
Jordan 220 0.03 0.2
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The Euphrates and Tigris Rivers originate from the highlands of eastern Turkey, Iran,
and Syria, and discharge south into Syria and Iraq, where they merge to feed the Mesopota-
mian marshlands in southern Iraq. Nearly all of the flow (90 %) of the Euphrates River orig-
inates in the highlands of eastern Turkey, with modest contributions from the Syrian high-
lands but only minimal additions from Iraq. The mountains in eastern Turkey contribute a
smaller amount (40 %) to the Tigris river flow, and the remainder comes from numerous
tributaries that originate in the Zagros Mountains between Iraq and Iran [25]. The Tigris and
Euphrates Rivers are the most important surface water resources for Turkey, Syria and Iraq.
They are also important to life, socioeconomic development, and political stability in the
Middle East [26].

The upper basin of the rivers is characterized by the rock and mountain gorges of Anato-
lia and the high plateaus of Syria and Iraq. The climate of the catchment area may be re-
garded as being similar to a Mediterranean climate except some differences due to the pres-
ence of a mountainous region which is located within the Turkish territory. The climate is a
hot-dry summer and cold-rainy winter with occasional snowfall taking place in the mountain
region. The precipitation in Mesopotamian basin occurs between October and May. The an-
nual precipitation over the Euphrates—Tigris Rivers basin ranges between 100 and 1000 mm
[15, 27]. The heaviest precipitation occurs from December to February. Generally, snow melt-
ing begins in February causing higher discharges during spring flows (March to May or early
June). Low water discharges are usually during the hotter and drier summer months (July to
October). During this period the main source of the rivers runoff is groundwater. The aver-
age monthly temperatures range from 6 °C in January to 34 °C in July, but the temperatures
decrease towards the north [15, 27, 28].

1.1. Dataset and calculations

The datasets used in this paper which are the observations of monthly mean surface air
temperatures (at 2 m above surface) and monthly total precipitation are obtained from the
University of Delaware Air Temperature dataset (Version 4.01) [29], which provides monthly
global gridded high resolution station (land) data from the period 1900—2014. A large number
of stations from the Global Historical Climate Network (GHCN) and various other sources
are used in the production of this dataset [30]. All the results presented in this paper were
calculated using MATLAB programming language version 8.5.0.197613 (R2015a), whereas
the ArcGIS version 10.1 was used to simulate the results as geographical maps. The Euphra-
tes—Tigris rivers basin shapefile used within the ArcGIS was projected using the map of the
area presented in Fig. 1. The whole period covered 115 years (1900-2014), was divided into
four sub-periods, each of 30 years as follows: first 1900-1929, second 1930-1959, third 1960—
1989 and fourth 1985-2014. We mainly produced simple calculations of the mean values of
temperature and precipitation for the sub-period and evaluated the difference between these
values with the average for 115 years. The probability of occurrence of various categories of
hot and cold months was defined as a month in which its absolute value of the standardized
monthly mean temperature value exceeds 0.99 (|z-score| > 0.99), as follows: 0.99 < |z-score| <
1.49 for moderate, 1.5 < |z-score| < 1.99 for very high, and |z-score| > 1.99 for extreme, the z-
score is calculated as follows:

7= (T_Tmean) (1)

)
o
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where Tmean and o are the mean and standard deviation of the monthly time series tempera-
ture.

More complex calculations were needed in the calculation of Standardized Precipitation
Index (SPI). The SPI [8] is widely used around the world for drought forecasting, frequency
analysis, spatial-temporal analysis and climate impact studies. SPI is also recommended as a
meteorological drought index by the World Meteorological Organization [6]. The computa-
tion of the SPI drought index for any location is based on the long-term precipitation record
(at least 30 years) cumulated over a selected time scale. This long-term precipitation time
series is then fitted to a gamma distribution, which is then transformed through an equal
probability transformation into a normal distribution. Positive (negative) SPI values indicate
wet (dry) conditions with greater (lower) than median precipitation [5].

In most cases, the probability distribution that best models observational precipitation
data is the Gamma distribution. The gamma distribution is defined by its frequency or prob-
ability density function [5, 31]:

1 a-1,-%/ B
g(X)=———x“e7 7, forx>0, (2)
B ()
where o > 0 is the shape parameter, 3 > 0 is the scale parameter, and x > 0 is the amount of
precipitation. I'(a) is the Gamma function, which is defined by the integral:

Ia)= J: y*le7dy. (3)

Computation of the SPI involves fitting a gamma probability density function to a given
frequency distribution of precipitation total for a station. The maximum likelihood solutions
are used to optimally estimate o and {3 for n precipitation observations:

a :L(1+1/1+ﬁj; where A= In(i)—zl—n(x) and =
4A 3 n

The cumulative probability G(x) is given by:

_r _ 1 — X a-l,-x B
G(x)_Lg(x)dx_—ﬂF(a) Lx e “dx (5)

The Gamma function is not defined by x = 0, and since there may be no precipitation,

(4)

S

the cumulative probability becomes:
H(X)=ag+(1-9)G(x) (6)
Where ¢ is the probability of no precipitation. H(x) is the cumulative probability of pre-
cipitation observed. The cumulative probability is then transformed to the standard normal

random variable Z with mean zero and variance of one, which is the value of the SPI. SPI is
categorized based on their range values, is shown in Tab. 2.

Table 2
Drought classification based on SPI
SPI values Class SPI values Class
2.00 and more Extremely wet —2.00 and less Extremely dry
1.50 to 1.99 Very wet —1.50 to —1.99 Very dry
1.00 to 1.49 Moderately wet —-1.00 to —1.49 Moderately dry
0.99 to 0.00 Normal 0.00 to —0.99 Near normal
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2. Results and discussion

2.1. Spatial and temporal analysis of regional precipitation

There is a large spatial variation in precipitation amount over the Euphrates—Tigris riv-
ers (ET) basin. Fig. 2 (a) illustrates the spatial variation of the precipitation anomalies for
the first sub-period compared to the average of the whole period from 1900 to 2014, positive
precipitation anomalies (up to 143.6 mm above normal) dominate 87.4 % of the area within
the ET basin, whereas negative precipitation anomalies (down to 37.5 mm below normal)
dominate 12.6 % of the region, with a mean of 19.15 mm and standard deviation of 27.0 mm.

Fig. 2 (b) illustrates the spatial variation of the precipitation anomalies for the second
sub-period, positive precipitation anomalies (up to 38.45 mm above normal) dominate 73.7 %
of the area within the ET basin, whereas negative precipitation anomalies (down to 32.2 mm
below normal) dominate 26.3 % of the region, with a mean of 4 mm and standard deviation
of 10.7. Fig. 2 (c) illustrates the spatial variation of the precipitation anomalies for the third
sub-period, positive precipitation anomalies (up to 54.5 mm above normal) dominate 36.6 %
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Fig. 2. Spatial variation of the mean annual precipitation anomalies over 115 years
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of the area within the ET basin, whereas negative precipitation anomalies (down to 66.3 mm
below normal) dominate 63.4 % of the region, with a mean of —66.3 mm and standard devia-
tion of 54.5 mm. Finally, Fig. 2 (d) illustrates the spatial variation of the precipitation
anomalies for the fourth sub-period. Positive precipitation anomalies (up to 120.2 mm above
normal) dominate only 10 % of the area within the ET basin, whereas negative precipitation
anomalies (down to 73.6 below normal) dominate 10 % of the region, with a mean of —
19.15 mm and standard deviation of 18.60 mm.

2.2. Temperature anomaly in ET basin

Fig. 3 (a) illustrates the spatial variation of the temperature anomalies for the first
sub-period compared to the average of the whole period from 1900 to 2014. Positive tempera-
ture anomalies (up to 0.162 °C above normal) dominate 8.4 % of the area within the Euphra-
tes— Tigris Rivers basin, whereas negative temperature anomalies (down to 0.51 °C below
normal) dominate 91.6 % of the region, with a mean of —0.12 °C and standard deviation of
0.09 °C.
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Fig. 3. Spatial variation of the mean annual temperature anomalies over 115 years
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Fig. 3 (b) illustrates the spatial variation of the temperature anomalies for the second
sub-period. Positive temperature anomalies (up to 0.17 °C above normal) dominate 1.52 % of
the area within the Euphrates—Tigris Rivers basin, whereas negative temperature anomalies
(down to 0.65 °C below normal) dominate 98.5 % of the region, with a mean of —0.24 °C and
standard deviation of 0.13. Fig. 3 (c) illustrates the spatial variation of the temperature
anomalies for the third sub-period. Positive temperature anomalies (up to 0.41 °C above
normal) dominate 18.40 % of the area within the Euphrates-Tigris Rivers basin, whereas
negative temperature anomalies (down to 0.69 °C below normal) dominate 81.60 % of the
region, with a mean of —0.12 °C and standard deviation of 0.15 °C. Finally, Fig. 3 (d) illus-
trates the spatial variation of the temperature anomalies for the fourth sub-period. Positive
temperature anomalies (up to 1.09 °C above normal) dominate 98.6 % of the area within the
Euphrates—Tigris Rivers basin, whereas negative temperature anomalies (down to 0.355 °C
below normal) dominate 1.4 % of the region, with a mean of 0.46 °C and standard deviation
of 0.216 °C.

2.3. Precipitation and temperature by country

Variation in precipitation amount depending on the area of each country located within
the basin is demonstrated by Tab. 3.

Table 3
Change of annual precipitation and temperature in ET basin shared by countries
Country | 1900-1929 | 1930-1959 | 1960-1989 | 1985-2014 | mean | units
595.6 594.5 595.4 573.8 589.8 mm
Turkey
12.62 12.48 12.55 12.91 12.64 °C
Svri 270.9 220.2 213.0 181.9 212.5 mm
ria
Y 18.69 18.63 18.58 19.27 18.79 °C
I 341.0 341.2 321.7 333.6 334.4 mm
a
T 19.21 19.19 19.39 19.78 1939 | °C
218.5 202.1 196.4 174.9 198.0 mm
Iraq
22.0 21.9 22.0 22.76 22.2 °C

This indicates that the average total precipitation during the year in all countries of ba-
sin decreased in the fourth sub-period compared to the first sub-period, and all countries
have precipitation in 1985-2014 lower than average. The amount in countries with lower part
of basin: Syria and Iraq decreased by 33 % and 20 %, and countries of upper part of basin
Iran and Turkey decreased by only 2-4 %. A large spatial variation in temperature over the
Fuphrates—Tigris rivers basin was detected, also. This indicates that mean annual tempera-
ture in Syria and Iraq increased by 3-3.5 %, respectively, in the fourth sub-period compared
to the first sub-period. In Turkey and Iran temperature rising is 2.5 %3 %.

2.4. Seasonal precipitation and temperature change in Iraq

Using the average of the whole period 1900-2014 as a precipitation benchmark for all
other sub-periods, Tab. 4 illustrates the mean precipitation anomalies (mm) for rainy months
of the four sub-periods in Iraq. What distinguishes the comparison is that the decrease in
mean monthly precipitation took place during all rainy months within the fourth sub-period.
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Table 4
Mean of monthly precipitation anomalies (mm) for the four sub-periods in Iraq
Month | 1900-1929 1930-1959 | 1960-1990 | 1985-2014
Jan 3.911 2.305 —1.132 -6.101
Feb 3.444 0.626 1.162 —6.278
Mar 2.990 -0.039 0.365 -3.979
Apr 2.312 0.242 1.241 —4.555
Nov 3.615 -0.681 -0.940 -2.393
Dec 2.495 3.299 —1.404 —5.268

The mean monthly temperature over 115 years in Iraq fluctuated between the lowest and
highest values of 6.86 °C during January and 32.17 °C during July respectively. Using the
average of the whole period 1900-2014 as a temperature benchmark for all other sub-periods,
Tab. 5 illustrates the mean monthly temperature anomalies for the 12 months of the four
sub-periods in Iraq. What distinguishes the comparison of the four sub-periods with the aver-
age is that the decrease in mean monthly temperature took place during all months.

Table 5
Mean of monthly temperature anomalies °C for the four sub-periods in Iraq

Month 1900-1929 1930-1959 1960-1990 19852014
Jan -0.136 —-0.205 —0.042 0.459
Feb —0.316 -0.296 0.119 0.592
Mar —0.264 -0.481 0.054 0.829
Apr -0.301 -0.292 -0.137 0.876
May -0.371 -0.414 -0.011 0.955
Jun —0.284 —0.541 —0.116 1.130
Jul —0.096 —0.458 -0.101 0.785
Aug —0.045 -0.226 -0.340 0.733
Sep 0.117 -0.369 -0.072 0.389
Oct 0.135 —0.062 —0.388 0.378
Nov 0.318 -0.017 —0.388 0.104
Dec -0.027 -0.186 -0.161 0.449

2.5. Analysis of drought index and temperature z-score

The SPI drought index was calculated at 12-month time scale and analyzed at a regional
scale in reference to the mean monthly precipitation in Iraq. Fig. 4 (a) illustrates the spatial
variation of the 12-month SPI anomalies for the second sub-period compared to the average
of the first sub-period from 1900 to 1929. Positive anomalies up to 0.336 above normal (wet)
dominate 38.43 % of the area within the Euphrates-Tigris Rivers basin, whereas negative
drought anomalies down to 1.53 below normal (dry) dominate 61.57 % of the region.

Fig. 4 (b) illustrates the spatial variation of the SPI anomalies for the third sub-period.
Positive anomalies (up to 0.425 above normal) dominate 21.86 % of the area within the Eu-
phrates—Tigris Rivers basin, whereas negative SPI anomalies (down to 1.804 below normal)
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Fig. 4. Spatial variation of the SPI 12-month anomalies compared to the average of the first
sub-period 1900-1929

dominate 78.14 % of the region. Finally, Fig. 4 (c) illustrates the spatial variation of the
drought index anomalies for the fourth sub-period. Positive anomalies (up to 1.04 above
normal) dominate 6.69 % of the area within the Euphrates—Tigris Rivers basin, whereas neg-
ative anomalies (down to 1.98 below normal) dominate 93.31 % of the region.

The probability of occurrence of various categories of wet and dry periods depending on
the 12-month timescale of the SPI in Iraq is shown in Tab. 6.

Table 6
Drought classification based on 12-month SPI in Iraq for the four sub-periods
1900-1929 1930-1959 1960-1989 1985-2014
1
Class No. months % No. months & No. months % No. months %
Extremely
12 12 12 10
wet
Very wet 21 18.6 25 20.0 27 18.3 3 4.7
Moderatel
cderately 34 35 27 4
wet
Near normal 260 244 237 245
Moderately
21 29 32 50
dry
Very dry 1 6.1 14 12.2 17 15.8 21 27.2
Ext 1
Lemely 0 1 8 27
dry

A simple comparison can be made by using SPI of the first sub-period as a benchmark
for all other sub-periods. In the second (third) sub-period, 12.22 % (15.83 %) of the time se-
ries revealed dry periods with varying intensities, indicating that drought frequency increased
by 100(159) % compared to the first sub-period. And finally, the fourth sub-period revealed
27.22 % dry periods, indicating that drought frequency increased by 345.5 %.

It should be noted, however, that the greatest reduction in annual precipitation is ob-
served in most arid western parts of Iraq, where agriculture is mainly irrigated (see Fig. 2
and Fig. 4). So here the impact of reduction of precipitation can be partially compensated. In
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Table 7
Temperature classification based on z-score in Iraq for the four sub-periods
1900-1929 1930-1959 19601989 19852014
Cl
ass No. months % No. months % No. months % No. months %
Extremely
1 1 4
Cold 0 g 0
Very Cold 16 16.4 15 18.9 19 18.9 9 7.2
Moderately
4 1
Cold 37 38 6 3
Near normal 253 261 237 218
Moderately 99 96 a1 54
Hot
Very Hot 15 12.8 4 8.3 11 15.8 35 31.7
E 1
xtremely 9 0 9 95
Hot

rain-fed areas in the northern Iraq, there also was a decrease in precipitation, but not so
strong as in the west of the country.

The surface air temperature z-score was calculated and analyzed at a regional scale in
reference to the mean monthly temperature in Iraq. The probability of occurrence of various
categories of relatively cold and hot conditions depending on the z-score in Iraq is shown in
Tab. 7. As in the case of precipitation, z-score of the first sub-period can be used as a
benchmark for all other sub-periods. Thus, 8.3 % (15.8 %) of the second (third) sub-periods
were presented by hot conditions, indicating that it decreased (increased) by 35.16 %
(23.44 %) in the relation to the first sub-period. And finally, during fourth sub-period, the
31.7 % of the time were occupied by hot conditions, 147.7 %. Obviously, winter and summer
effects of warm and cold weather are different, so that we examined seasonal distribution of
the number of months with more colder (warmer) than normal (Tab. 8).

As can be seen from Tab. 8, the greatest number of months with significant excess of
normal temperatures (> 9 cases) was observed in the last period, from March to September,
with a maximum of frequency up to 14 months in July. This actually means the likelihood to
observe of high temperatures every third summer. Note that during the winter months, when
there is a noticeable decrease in precipitation (5-6 mm, see Tab. 4), the frequency of the
warm events (5-7 cases) was lower than in summer and was balanced by number of cold
events (3-5).

Conclusion

If one combines the results of Sections 2.1-2.5, it turns out that the increase in the fre-
quency of dry months (Tab. 7) and the decrease in winter rainfall (Tab. 4) are accompanied
by the moving of hydrological drought borders, from deserts of Syria and west of Iraq to up-
per and lower Mesopotamia (Fig. 4). Here, in a densely populated valley of the Tigris, the
major increase in temperature was observed during last 30-years (Fig. 3 (d)). This increase
coincides with the end of the rainy season and the onset of summer. It is evident that the
establishment of more hot regional conditions, in general, is accompanied by increased fre-
quency of extremely high summer temperatures (Tab. 8), that indirectly indicate about pos-
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Table 8
Seasonal distribution of hot and cold events based on z-score
Month No. hot months (Z > 1) No. cold months (Z <-1)
1900-29 | 1930-59 1960-90 | 1985-2014 | 1900-29 | 1930-59 1960-90 1985—2014
Jan 4 2 3 5 4 4 6 3
Feb 4 2 9 7 6 5 6 4
Mar 4 4 4 9 7 7 5 4
Apr 3 3 4 10 7 5 6 0
May 3 2 4 13 6 6 6 1
Jun 2 0 2 13 7 7 5 1
Jul 5 0 3 14 3 10 4 2
Aug 2 2 2 12 3 6 8 0
Sep 4 3 2 9 3 8 4 0
Oct 6 3 2 9 4 3 11 3
Nov 5 5 5 7 4 2 7 5
Dec 4 4 4 6 5 5 7 3

sible growth heat waves in the main metropolitan areas of Iraq (Basra, Baghdad and Mosul).

Given the decreasing precipitation in arid areas east of Iraq and increase in summer tem-
peratures nearby lowlands, one can speak about the current climatic desertification of Iraq.
On the other hand, the assessment of hydrothermal risks, expressed in standardized precipi-
tation index and temperature, said about generally normal hydrological conditions at the
headwaters of the Tigris and Euphrates (Fig. 4). This, despite the construction of dams in
the upper basins of these rivers, is conducive to the flow of water into Iraq. That, in turn,
compensates for the increase in water consumption for irrigation, associated with a decrease
in the atmospheric water component and an acceleration of moisture loss by soil evaporation
and by vegetation transpiration at higher temperatures. One notable problem of last 30 years
(Fig. 4 (d)) is the emergence of some “spots of drought” in the east and north-east of Iraq.
Here, in the basin of the left tributaries of the Tigris, apart from irrigated agriculture, rain-
fed farming and pasture fields are widely practiced.

The results above indicate about significant decrease (increase) of annual precipitation
(temperature) occurred during last century in some parts of the Euphrates—Tigris Rivers ba-
sin. Slow climatic changes are accompanied by growing numbers of dry months, when rainfall
is far below normal, and the increasing frequency of extremely hot months.

It is obvious that the response to climate change will be different both in agricultural
and natural landscapes of Iraq and adjacent territories. The evaluation and verification of
this response are the subjects of new study and should be useful for national adaptation to
climate change.

This paper is distributed under the terms of the Creative Commons Attribution-Non
Commercial 3.0 License which permits non-commercial use, reproduction and distribution of
the work without further permission provided the original work is properly cited.
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B pabore wmccieoBaHbl IIPOCTPAHCTBEHHO-BPEMEHHBIE AHOMAJIMKA MECAIHBIX TEMIEpaTyp M OCaJKOB, B Oac-
ceiitne pex EBdpar—Turp, a Takke m3aMeHeHne IacToThl 3acyx B pecruybumke Vpak. Becy pan mammeix ¢ 1900 mo
2014 ron GuLM pasgeneH Ha YeTbipe TpuanaruieTEnx uaTepsaaa (1900-1929, 1930-1950, 1960-1989, 1985-2014),
JIJIsST KOTOPBIX BBIYUCJIEHBI CPEIHUE 3HAYUEHUS TeMIepaTyphl U CYMM OCAIKOB, WHIEKCHI 3aCYILIMBOCTA U JPYTHE
XapakTePUCTUKU. AHAIU3 MOKa3aJl, 9TO CpeHee KOJUIECTBO OCaIKoB B Vpake 3a derbipe MHTEpBaJja MOC/IEI0BA~
TeJbHO yMeHbInasoch ¢ 218,5, 202,1, 196,4 mo 174,9 mwMm, npu cpenmem 3HadeHun 3a Bech mepmon 198 mm. Takum
obpazom, mpumepno 3a 100 ner nabmonaerca 20 % ymenbimerne ocaakos. CpeHeromoBas TeMIepaTypa B MOCIIe -
HUWIl TPUINATHIETHUIN TIEPUOJ HAITPOTHE, BBIPOCJA MO cpasHenwio ¢ Hadasjom 20 Beka ma 0,76 °C, mmm ma 3,45 %.
IIpu sToM uwacrora 3acynuIMBbIX (:Kapkux) mecdaies B Vpake yseauwamiack Ha 345 % (148 %) sa crosmerne. Orme-
9€HO, YTO yBeJUYeHre 3aCyILINBOCTH, B OOJIbIeil Mepe, HAOJIOIaeTCs B 30HAX OPOIIAEMOTO 3eMJIEJIETUS 3aIa IHO-
ro Mpaka. Ha ceBepe u ceBepo-BOCTOKE CTpPaHBI, TJIe COCPEIOTOYEHBI pailoHbl ODOTApHOIO 3eMJIEJEIUs W ITacTOUII-
HOI'O YKMBOTHOBOJICTBA, POCT YACTOTHI 3aCyILIMBBIX yCJIOBUIii, Goslee yMepeHHbI, ueM Ha 3amaje Vpaka. Cuenan
BBIBO/J[ O TEKYIIEM KJIMMaTUIECKOM OIlyCTBIHUBAaHUU [Ipaka M ero BOSMOXKHBIX CJIEJ[CTBUIX.

Kmoueswvie caosa: baccetin pex Eeppam—Tuep, Hpax, memnepamypa, ocadku, udmerenue KAUMAMG, 2z-
oueHKa, cmandapmudosartuill undexc 0cadkos.
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BBenenune

B npakTuke 0HOMEPHO ONTUMHU3AIME TIPOIE Ly PaM YCJIOBHON MUHUMU3AIUN OOBIYHO TI0/I-
BEPraloTCst yHUMOaAbHble (hyHKmu. CymecTByOT pasjnmdHble onpesenenns (OyHKIMH TaH-
HOT'O THIIA, TIOITOMY CJIeJLyeT YTOYHUTh, YTO B JIAHHON paboTe MCIOab30BaHO oupejesenue [1, 2],
COTJIACHO KOTOPOMY YHUMOJIAJIbHON HasbiBaeTcst pyukims f(x), onpeenennas Ha orpeske [a, b,
ecJIl CyMIeCTBYIOT 4nciaa o u B, a < o < 3 < b, Takue, 4TO:

1) ecam a < a, To Ha oTpe3ke [a, | dyHkIws f(z) MOHOTOHHO yOBIBAET;

2) ecou 3 < b, To Ha orpeske |8, b| dyuKIMs f(x) MOHOTOHHO BO3pacTaer;

3) wma orpeske |a, B dyuxims f(z) GyHKIMS TOCTOSHHA U JOCTUIAET CBOEIO MUHIMYMA.

[[InpoKO M3BECTHBI IPUMEHAEMBIE HA MPAKTUKE YUCJIECHHBIE METO/IbI yCJIOBHOW MUHUMU3a-
MW YHUMOIAJbHBIX QyHKIUi. Hanbosibineil m3BECTHOCTBIO CPequ HUX IOJIB3YeTCsT Memod 30-
aomozo cevernusa (M3C) [1-4].

BwmecTe ¢ TeMm mpencTaBisSIOT TPAKTUUIECKHUI WHTEPEC METObl OINTHUMU3AIUN OOITUPHOTO

tuna GYHKIUHR, HA3BIBAEMBIX CAa00yHUMOJasvHumu dynkyusmu (CYDP) [5, 6], myist KoTopbIx

2018, T. 7, Ne 4 59



VYcaoBHast MMHMMU3aAIIAA C.J'Ia60yHI/IMO,7IaJ'II)HbIX d)yHKI_II/II‘/JI MEeTOJ0M 6I/IHapHOI‘O...

YCJIOBUST YHUMOJAJIBHOCTHA OCTADJIEHbBI: JIJId KPAWHUX WHTEPBAJIOB HEOOXOIMMO JIUIIL BbITOJI-
HeHue TpeboBaHuil HeBo3pacTaHust U HeyObiBaHus (yHkuuu f(z), coorBercrBento. Ipyrumun
ciioBamu byHKIms f(x) sBIsiercst CJabOyHUMOAJBHOlM, eciu Ha orpeske |a, b cymecTBytoT
qucsio ¥ rakoe, aro npu a < z < ¥, ona He Bospacraer, a upu ¥ < x < b He yObIBaeT.

K gucoy CY® orHOCATCS KakK YHUMOJATbHbBIE (DYHKIMH, TAK U CTPOTO CJIaO0YHIMOIATBHBIE
dyukiuu, Hanpumep, mesesble (HYHKIME, MUHUMYM KOTOPBIX JIOKAJM30BAH Ha y3KOM WHTEP-
BaJie), KyCOYHO-IIJIOCKHE, 8 TAKXKe P ApyTuX (OYHKIWI JTAHHOTO THUIIA.

Ocnabienue ycaoBuii yHUMOAAIbHOCTH MuHMEI3UpyeMoit dyukuuu (M®) Bieder orpanu-
qeHne 0DJACT TPUMEHEHUsT YIOMSHYThIX MeTonoB. OueBnmamo, aasgs CYP onm MOTyT OBITDH
PUMEHUMBI JIAIIb K YHUMOJAJbHBIM (yHKIUIM. CJI0XKHOCTD 3aK/II0UAETCS B TOM, 9TO HE Cy-
IMECTBYET KPUTEPHUs, 0 KOTOPOMY MOXKHO OBLITO GBI HATIEPET YCTAHOBUTH, IPUMEHUMBI JTH JAH-
HBIE METOJIbI K PEIeHn0 KOHKpeTHOH 3amaun it CYP. CregoBaTesibHO, Jjisl ONTUMU3AIIAN
CIabOYHIMOTATHHBIX (DYHKIIAH YIIOMSHYThIe METO/bI HEITPUTOTHBI.

B pabore npesioxken u uccsenoBan Meros ouHapHoro ckanuposanus (6uckan) CY®, ko-
Topeiit B cpauennu ¢ MIIIT umeer cymecrserto bosbimee 6picTpoeiicTBre. O6IaCTHIO TIPIIIO-
JKEHUS JIAHHOTO METOJA sIBJISETCSI ONTUMU3BAINS KYCOUHBIX, CTYIIEHYATHIX, PEJIEHHBIX U CJIabo-
YHAMOJAJBHBIX (DYHKINH WHOTO XapaKTepa, SKCTPEMYyM KOTOPBIX MOXKET OBITh JIOKAJIN30BAH,
KaK B Y3KHMX, TAK U Ha MPOTs?>KEHHBIX 00JIACTSAX, BKJOUas objactu rocrosgacTea MO.

B paznene 1 mpuemerno omucanme MeToma. B pazmesne 2 omumcaH BBIMHCIUTEIbHBIN IKCIIE-
PUMEHT ¥ JIaHO OOCY2KJIEHUE ero pe3yIbTaToB. B 3aKJIFOUeHUN OMUCAHBI JIOCTOMHCTBA IIPEJIJIO-

2KEeHHOT'O MeToJ1a.

1. Omnmcanme meroga

Buckan npeanasnaden jis Haxoxpenus abcruccst cMin muanmyma CY® f(z) na orpeske
G = |a, b] ¢ TouHOCTBIO JI0 €.
[Iporienypa, peaansyiomiast METO/, MPEICTABICHA AJITOPUTMOM BiScan n BHyTPEHHUM BCITO-

MOTaTeIbHBIM asropuTMoM Half, 67I0K-CXeMbl KOTOPBIX TIOKA3aHBI Ha puc. 1 u 2.

1
CBiScan(a, b, e,jfx]\/[in,k)) El];: a: p[1]:=b;

2 h:=(b-a)/2;
xMin:= a+h;
yMin:= f (xMin);

—{ 3 k=1;i=-1
t=h, h="nh/2
| 4
4 Half (i)
e
Ha 6

C Koney )

Puc. 1. Biok-cxema amroputma BiScan
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BxopupiMu napamerpamu ajropurma BiScan aBadioTCd: ¢ — JeBas rpaHuiia orpe3ka G,
b — ero mpaBasi TpaHUIla, € — TOYHOCTb pacdeToB, f— umsa M®. BeixoaHble BeJTMIUHBI AJIT0-
putma: xMin — perrenue 3amaiu, k — KOIUIeCTBO BhraucjaeHuit M.

Tak:ke ucoab30BaHa MHIEKCUPOBAHHAS TEPEMEHHas P JUIMHBI 2, ¢ uHjaekcamu ¢ = —1, 1.
B 6s0ke 2 agropurma BiScan mepBoMy 37IeMEHTY p TPUCBANBACTCS 3HAYEHUE JICBOM TPAHUIILL ¢
orpe3ka (G, BropoMy — mpapoii rpanutbl b. OTpe3ok G JIeJIUTCH TOMOJAM U BBIUUC/ISIETCS
nepsoe npubskenns Ay MuHUMYMA CY D ymin = f(Zmin) B cepeunae oTpe3Ka Tmin = a+h, T11€
h = (b-a)/2 — HavaIBHBLA AT TPOIECCA.

Broku 3-5 anropurma BiScan obpa3yroT IHUKJI, KOTOPBIA COBEPIIAETCS 10 TEX TOpP, TMOKA
HE BBINIOJIHUTCS ycaoBue h < e. Ha KaxkIoM MpOXojie 10 IUKJIY B IMepPeMEeHHYI0 t 3aHOCHTCH
3HaveHne mara h, 3aTeM h yMEHbIIAeTCs BABOE W B OJIOKe 4 MPOU3BOAUTCS OOpalleHne K BCIIO-
MorarejbHOMy asiroputmy Half. JlaHHBIN aJropuT™ BBITIOJIHSIET IpK ¢ = —1 CKAHMPOBAHUE OT-
pe3ka G OT y3/1a & = Tmin BJIEBO K TPAHUIE T = a, ipu i = | BOpaso K rpanute r = b. [lepsoe

obparenue K ajgropurmy Half npoucxomut mpu ¢ = —1.
1

( Hargy )

> |

x:=xMin+jh
[

yMin:=y; xMin:=x;
pll=x-jt

x=x+jt pll=x; i:==-j

. el

Puc. 2. Biyiok-cxema BCcrioMmoraresibHOTO ajiropurma Half

B 650ke 2 anropurma Half ckanmpoBanmne naunnaercs ¢ y3na ¢ = xMin + jh, tae j — wuH-
JIEKC TeKyIrei moaoBuHbl oTpe3ka G (j = —1 Jy1sd ero JeBoit nojaoBuHbL, j = 1 — jJ1s IpaBoii).
Tlocnemytorue y3/bl OMPEIEIAIOTCS OIEPATOPOM i = T + i, C TeM, ITOObI UCKJIOYUTD J1yOJIn-
pOBaHUE BBIYHUC/ICHUII B pPaHee CKAHUPOBAHHBIX y3JIaX Ha MPEIbLIYIUX [POXOJAX M0 MUKy
aaropurma BiScan.

Baoku 3-9 amropurma Half obpa3yoT 1ukii, obecrevdnBaloninii mepeMerienne OucKana K
HapPY KHOM IpaHUIlE MCCJIeLyeMoil objactu orpeska G.

Ecsu npu npoBepke ycsioBust 6Ji0Ka 5 BBISCHSETCsI, 9TO HAMJ/IEH HOBBII ONTUMAJIbHBIN y3eT,
TO B OJsioke 6 mpousBouTcs ero dpukcamusd. [Ipu sToM rpanuia mouckKa CKanupyemoi obdJiacTu
CMEIAETCS HAa BEJUYUHY I1ara, h.

Ecnu ke npu npoepke ycioBus 6J10ka 8 anropurma Half naiineno suauenue M®, kotopoe

[IPEBBIMIAET Ymin, TO B OJIO0Ke 9 B COOTBETCTBYIOIIEH TOYKe (PUKCUPYyETCSs U3MEHEHUe JIPYyroii
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CPAHUIBI 00JIACTHA MMOUCKA U IIPU TIOMOIIHU OMEPATOpa i = —j 3aJaeTCs MPOTUBOIOJIOKHOE TI0
OTHOIIIEHMIO K TEKYyIIeMY HallpaBJIeHNe CKaHUPOBAHUS Ha CJEAYIONIEM IIare IUKJa ajJropuTMa
BiScan. Tocye sroro npoucxomut BbIxoM u3 ajropurMma Half u BXo B TeI0 1UKJIA aJITOPUTMA
BiScan, ryie h BHOBb yMEHBIIAETCSI BIBOE, 32TE€M BBIITOJIHSIETCS] HOBBIU ITAr OMCKAaHA, 10 BBIIOJI-

HEHUA YCJIOBHA OCTaHOBa IIPOIECCa.

2. BbrumcamnTesibHbBIN 9KCIIEPUMEHT U OOCY2K/I€HUE €ro

pe3yJbTaToB

st orieHku paboOTOCIIOCOOHOCTU OMCKaHA ObLI MPOBE/IEH CPABHUTEIbHBIN BBIUUCIATE b=
HBIIl 9KCIIEPUMEHT Ha TPUMepax MUHUMU3AINU CJIab0yHUMOJAJIbHBIX (DYHKIMI YeThIPEX TUIIOB:
1) yHUMOIAJIBbHON TyIa KON (DYHKIMK; 2) YHUMOJATIHHON MOHOTOHHOW (DyHKIWM; 3) CI1ab0OyHU-
MOJIAJTbHON KyCOYHOI (DYHKIIMU IIEJIEBOTO THUIA, MUHUMYM KOTOPOW JIOKAJU30BAaH Ha Y3KOM
ydacTke ¢ mapabosmaeckuM dparmentom M®; 4) kycouno-miockoit dyukiuu. [Ipumepsr 3amaq

I TUIUYIHBIX (DYHKIUH TaKUX TUIMOB MIPUBEICHLI B TA0JI. 1.

Tabauna 1
IIpumeps! 3ama4

Ne f () G I'paduk MP

4

2 /
0 /

DXL

1 10sin X + X2 2,4 04] | AN\

S\ /

-8,,7\M/77
-2,40-1,73 -0,97 -0,22

80

70

60 \

2 X +— [0727 078] 40

30 \\

20 T~
0,200,32 0,45 0,58 0,71

0,99
0,857
0,9, x<0,4; 0,8
3 | 10,6+(x=0,51),0,4<x<0,6; | [0,0: 4,4] | po]
0,9, x>0,6 0654
0,64V
0,000,95 2,01 3,06 4,12

1

0,6, X <—0,15; 061
0,2,-0,15<x<-0,1; 06]
4 0,4,-0,1<x<0,37; [-0.4; 1,5] 04]

1, X> 0, 37 0,2,:
-0,400,02 0,46 0,88 1,31
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B xauecTBe KOHTPOJILHBIX METONOB ucnojib3oBaaucb M3C u MIIII.

st mpuBemeHHBIX B TabJ. 1 3a7aY BBIYUCIEHUSA ITPOBOININCH JIJIsI € = 107 IPW TTOMOIITA
BeJINYMH apupMETHIECKOI0 THUIIA, HOAIEeP>KUBAIONIEro ManTucchl Ha 19-20 3navamux mudp.

3a kpuTepuil OMEHKU OBICTPOIEHCTBUS METOOB MPUHATO KOJUIECTBO BhraucjeHuit MO,
HEOOXOIMMBIX JIJIs JIOCTUKEHUS Pe3yIbTaTa.

DKcIepuMeHTAIbHBIE TaHHbIEe JJIA 3a0a49 Tads. 1 npuBenensl B Tabi. 2. B komonke «M3C»
3HAK «+» O3HAYaeT, YTO METO/I JIaJl NTPaBUIbHOE pelleHre COOTBETCTBYIONIEH 3a/1a9u, a 3HaAK

«—» — ommbounoe. buckan u MIIII mapajau nmpaBubHOE pelleHne 3a1ad.
Tabauna 2

SKCHGPI/IMGHTELJH)HI)IG JaHHbIC

Ne | Buckau | M3C | MIIII
1 24 29(+) | 109358
2 17 25(+) | 60000
3 26 30(—) | 51002
4 934 28(-) | 30002

DKCIIEPUMEHT HaJT HECKOJTBKUMHU JECATKAMA 38724, TOI0OHBIX 3aade 1, mokasa, 9To B
cpaaennn ¢ M3C 6uckan TpeboBas /It UX PEIIeHNsT COMTOCTABUMOE JIMOO CYIIECTBEHHO MEHBb-
mee KoJu4IecTBo Bbraucjiennit M®. 1o BugHO n3 Tabji. 2, rje Ipu pereHnn JaHHON 3a1adu
buckan mocTur pesysabrarta 3a 24 Beraunciaenus M®, B To Bpemsa kak M3C s sroro morpebo-
BaJIOCh 29 BBIYUCJIEHUII.

Haunbosbitiee ObICTpOIEICTBIE MOCTUTAIOCH OMCKAHOM IIPU MUHUMU3AINAKA MOHOTOHHBIX
byuknuit. Kak ciaenyer u3 Tabdji. 2, npu pereHuu 3a0a9u 2 METOJ HaIles] pelenue 3a 17 Bbl-
quciaernit M@, B To Bpems kKak M3C morpeboBa st 3Toro 25 €6 BLIYUCTEHUIH.

B nmamnOM ciyvae moBbIieHHOE OBICTPOJIECTBUE ODUCKAHA OOBIACHAETCI TEM, YTO JIJI MO-
HOTOHHBIX M® MeTo TOCTOBEPHO TPOTHO3UPYET HAIIPABJIEHUE, B KOTOPOM CJIE/yeT CKAHUPO-
BaTh 0Tpe30K (. Tak, ecyim Ha MEPBOM IIPOXOJIE 110 MUKy ajropurMa BiScan onpeesieHo, 9To
HAIPABJIEHUE % SBJIACTCS JIyUIIUM, TO JIJIsi MOHOTOHHBIX (DYHKITUI 9TO HAIIPDABJIEHUE, OYE€BHUIHO,
OyJeT JydImmM U Ha caeyiomieit nreparuu. JIsa skcTpeMaabHbIX (DYHKINN 9TO HE BCETJA TaK,
BCJIEJICTBHE Y€ro IMMPOUCXO/IUT HEKOTOPOE 3aMeJIJIeHUe IIPOIE/LyPhl TOUCKA, KAK ITO CJIEIyeT U3
amaJ3a rmokasarejeil njig 3amaan 1 Tabma. 2.

[Tostyuenublil pe3yIbTaT MOXKET UMETH CAMOCTOSTEILHOE ITPAKTHYECKOe 3HAYEeHHE, 100, KaK
YCTaHOBJIEHO, ITPU MUHUMUBAIMU YHUMOJIAJbHBIX (DYHKINI OMCKAH HE yCTYIAeT, a 3a4acTyio
Jlazke IMPeBOCXOoauT 110 ObicTpojeitcTeuio M3C.

HawubGousibiuii mHTEpEC, OHAKO, PEIACTABJISIIOT PE3YJIbTaThl HUCCIETIOBAHUS CIIOCOOHOCTHU
OuckaHa OOHAPYXKUBATHL MUHHMYM CTPOTO CJIaDOYHUMOIAJIbHBIX (GyHKIM. B Tabs. 2 mpuse-
JIEHBI TIPUMEPBI 331249 3 U 4 1jisi (PYHKIUI TaHHOTO THUIIA.

Cpagzy ormermm, uro M3C mpu perieHnn 3TUX 38729 a1 HeBEPHbIE Pe3yabTarhl. [Ipuwamaa
COCTOUT B CJIEIYIOIIEM.

B cootBercTBUM ¢ MeTomamu orcedenus, B dactHocTu, M3C, Ha TeKyIeil nrepanuu BbI-
YUCJISIOTCS TPOMEXKYTOUYHBbIE TOUKH p U ¢. [Ipu 3ToM orpe3ok G jennTcs abCIUccaMu p; U ¢y

ma Tpu dactu. Cumraercs, 9TO, €CAU UX OPAUHATHI OTBEYAIOT YCIOBHUIO Py < (y, TO MOXKHO
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YMEHBIIUTh OTPE30K (G, UCKJIIOYUB €r0 MPABYIO YacTh [¢, b|, nHAYE Cle/lyeT UCKIIIOUUTD JIEBYIO
qacTh [a, p.. OmHAKO ecsin TepBOe yTBEPKIEHHE CIPABEIJIMBO, TO BTOPOE, CTPOrO TOBODS,
omu604HO. JlefiCTBUTENBHO, U3 TOrO, YTO Py < ¢y JOZKHO, COBCEM HE CJIEIYeT, UTO Py > @y WUC-
TUHHO, KOTJIa U3 TIOUCKA, JeHCTBUTE/IFHO, MOYKHO UCKJIIOUATH COOTBETCTBYIOILYIO YACTh OTPE3KA
G. IIng CYD 310 06CTOATENHCTBO CYIIECTBEHHO. B maHHOM citydae ciieyer TpoBepsiTh BBITIOJ-
HEHUE TPETHErO YCIOBUS Py = (y, KOTOPOE JAHHBIMU METOIAMHU HE TTPELYCMOTPEHO, U 3TO MOXKET
CTaTh UCTOYHUKOM OITUOOK.

Buckan namesn pemrenve 3ama4un 3 3a 26 Bpranciaennit MO vHa y3KoM yuyacTke mupuHsl 0,2
npu obmeit amube 4,4 orpeska G. Meron mokasaj make 0oJiblliee OBICTPOIAEHCTBUE, HEXKEJIN
M3C, mapmmwuii, Kak OTMEYEHO, OITUOOUHBIN Pe3yJIbTaT.

J10BOJIBHO BBICOKOE OBICTPO/IeiCTBIE OMCKAHA B JAHHOM CJIyvae OObACHSIETCA TeM, YTO Me-
TOJI CPABHUTEJIBHO ObICTPO (3a 4 Bbrancsenns M®) omnpemesni y4acTok, Ha KOTOPOM JIOKAJIH-
30BaH KCTPEMYM, U TaKK€ OBICTPO HAIIEJ €ro C YYeTOM TOTO, YTO MUHUMU3AIUU HA JAHHOM
yJacTKe ToBeprajach mapadoJia.

BricTtponeiicTBue MeTonma CHMKAETCS, €CAU HA YYACTKE JIOKAJIU3AIUU IKCTpeMyMa (DyHK-
Al TIOCTOsIHHA, 9TO MMEJIO MECTO IpHu pernennn 3amadu 4 tabsa. 1. buckan tak:ke H0OBOJIBHO
6bicTpo (32 7 Bhrumcsenuit M®) onpegenuii yoMsHY ThI y9aCcTOK, OJJHAKO, IOUCK KCTPEMYMa,
[MOCTOSIHHOU Ha HeM (yHKImu norpedoBas 3xkBubasienTHOro MIIIT rimybokoro ckanmpoBanms
JIAHHOTO Y9aCTKa, UTO TOBJIEKJIO CYIIEeCTBEHHOE CHUKEHWe ObIcTpojeiicTBus MeToa. OHako
Jlayke B 9TUX yCJOBUSX OMCKAH OThICKAJ pernenue 3agaqn 3a 934 soraucienus M@, Tormga kak
MIIII #a sTo morpeboBasiocs 30002 ee BeIIUCIEHUS.

B mesiom, 3KCepuMeHTHI 1I0 MUHUMUBAIWE CJIA00YHUMOIAIBHBIX (PYHKITUN TOKA3aJIU J10-
CcTaTOYHO DOJIBINION pa3bpoc 3HAUEHU TOKa3aTeIsd ObICTPOIeiicTBus buckana. Hawmxymmmuit pe-
3yJAbTAT ObLI MOJIYYeH i ITOCTOSHHOW (DYHKIIUU, KOTOPasi HE UMEET yYIACTKA JIOKAJU3AIINN
9KCTPEMYyMa, MOITOMY TIYOOKOMY CKAHWPOBAHHIO TOBEPraeTcss BeCh OTPe30K (. DTO ennH-
CTBEHHBIN CJIy4ail, KOTda CPeU JECATKOB PEIIeHHBIX 334 IJjisd (PYHKIUH KyCOTHO-ILIOCKOTO
Trma OBLIN MOyYeHbl comocTaBuMbie mokazarenn Owmckana u MIIIL. O6wrano mma dyskimit
JIAHHOTO TUIa OMCKAH B CPABHEHUU C HUM IMOKA3bIBaJ HA MOPSJIKUA 00Jiee BHICOKOE OBICTPO/IeH-

CTBHE.

3aKJ/II0UYeHUue

B pabore paccmorpena mpobjieMa yCKOPEHUs YCJIOBHOW MUHUMUBAIUHU CJIa00YHUMOIAb-
HBIX (DYHKIWI U IPEJJIOKeH MeToJ1, GMHAPHOTO cKaHupoBaHust (Ouckana) s ee perterns. O6-
JIACTBIO TPUJIOKEHUsT JAHHOTO METOJIA SIBJISETCS ONTUMU3AINSA KYCOUHBIX, CTYIEHIATHIX, pe-
JIGHHBIX W WHBIX CIA00YHUMOIATBHBIX (DYHKITNH, IKCTPEMYM KOTOPBIX MOYKET ObITh JIOKAJIA30-
BaH, KaK B Y3KHUX, TAK U TPOTSIKEHHBIX 00JIACTSX, BKJIOUas 00JIACTH ITOCTOSHCTBA MUHUMU3U-
pyemoit dyukmuu. [IpescraBiiensl aaropuTMbl, peajn3yomniuii Mmeto. st omenkn paboTocmo-
COOHOCTHU OMCKAaHA TPOBEJIEH CPABHUTEIbHBIN BRIYUCIUTE/BHBIN SKCIIEPUMEHT Ha ITPUMepax MU-
HAMU3AINAN P CIabOyHUMOJATBHBIX (DYHKITHI.

B 1esioM, MOXKHO ¢1e1aTh 3aKII0UEHNE O TOM, YTO IPEJJIOXKEHHBII MeTO [ OMCKaHa yCJIOB-
HOYM MUHUMHABAINN CIaO0YHUMOJAJIBHBIX (DYHKINNA B CPABHEHUM C KOHKYDPHUPYIONIUMHU METO-
mamu M3C u MIIII Bcerga maer aydinve mnmokasaresm ObicTpoaeiicrBusg. Hanbosbinee ObICTpo-
neficrBue OWCKaH 00eCIeYWBAeT MPU MUHMUMU3AINM MOHOTOHHBIX (PyHKIWI. B cpaBHeHun c

M3C 6uckan umeer B 1,5 paza OoJibliiiee OBICTPOJIEHCTBUE TIPU PEIIEHUN 3389 JAHHOI'O THUIIA.
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[Tpu MuHUME3AITIN CTPOTO CJIAO0YHUMOJAIBHBIX (DYHKINH, K KOTOPBIM HE IPUMEHUMbI U3BECT-
HbIE METOJIbIl MUHUMHU3AIINN YHUMOIAJIbHBIX (DYHKINM, OncKan paboTaeT Ha MOPAIKU ObICTpee

KOHKYPEHTHOI'O Me€TOJa IIPAMOIO IIOMCKa.
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A method of binary scan search (biscan) is proposed for conditional minimization of weakly unimodal func-
tions. The application area of this method is the optimization of piecewise, stepwise, relay and other weakly uni-
modal functions, the extremum of which can be localized, both in narrow and extended regions, including the
regions of constancy of the minimized function. The algorithm implementing the method is represented by two
procedures, the block diagrams of which are given in the article. To evaluate the performance of the biscan, a
comparative computational experiment was carried out using examples of minimizing a number of weakly unimodal
functions. It is established that, in comparison with competing methods, the biscan gives better performance. The
fastest method is provided by minimizing non-constant monotonic functions. To determine the extremum, only five
calculations of such a function are required. In comparison with the golden section search, the biscain has a 1.5
times greater speed in solving problems of this type. In minimizing strictly weakly unimodal functions, to which
the known methods of minimizing unimodal functions are not applicable, in particular, the golden section search,
the biscan operates orders of magnitude faster than the competing sequential search method.

Keywords: binary scanning, biscan, golden section search, direct search method, unimodal function, weakly
unimodal function, minimization of function, method speed.
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I/IHCl)OpMaTI/IKa, BbIIUCJINTEJIbHAA TEXHHUKA U yIIpaBJieHUue
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BEPUNOUKAIINA AJITOPUTMA ITIOCTPOEHUAI I10JIA
IIOTOKOB IIN®POBBLIX N30BPAYKEHU
OTIIEYATKOB ITAJIBIIEB

(© 2018 A.B. Aradonos, /1.C. Poxuna
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[Tocrynuna B penaxiuio: 08.04.2018

[Tocrpoenue mosieit MOTOKOB il IPOBBIX M300paKEHMA JAKTUIOCKOINIECKUX Y30POB SABJISAETCH Ba’KHBIM
ImaroM B IIponeaypax I/II[eHTI/I(bI/IK‘dL[I/II/I U CpaBHEHUd IO OTIIeYaTKaM I1aJIbIIEB. B YaCTHOCTH, PE3yJIbTAThI IOCTPOCHUA
II0JIA TOTOKOB CYHIECTBEHHO BJIMAIOT HA (bI/I.HpraHI/HO TaKuX IIPU3HAKOB I/1306pa)KeHI/Iﬁ7 KaK MHUHYIUH, IIETJIN,
JeJIbThl 1 3aBUTKH. KpOMe TOro, yJydlleHHe Ka4deCTBa IOCTPOCHUA IIOJId IMOTOKOB MOXZKET 3HAYUTEJIbHO CHU3UTDH
obiyto ommoKy naeHTHduKanun. B maHHO# cTaTbe NpeACcTaBIeHO OMCAHNEe PAa3pabOTAHHOIO AJITOPUTMA IIOCTPOe-
HUsI TIOJIS TIOTOKOB IM(DPOBBIX M300parKeHnii OTIMEeYATKOB MAIbIEB. [IpeqmoKeHnblii aJlrOpuT™ OCHOBAH HA yJIyd-
IMIEeHHOM METOJ1e I'PaJdueHTOB. 9TOT METO/ ITPUMEHAETCH B JIBa NPOXOJIa C PASJIUIHBIMU PasMepaMu auepTyp U AByMdA
BUJIAMU CTJIA2KWBAHUs: OONIINM U BJIOJIb HAIIPABJIEHUs JUHUHE y3opa. [Ipon3senena ornenka KadecTBa JAHHOTO AJITO-
pUTMa C OMOIIBI0 BeO-dpeiitMBOpKa, co3manuoro Ha 6a3e Bomonckoro yuusepcurera B Mrammn. dtor dbpeitMBOpK
OpPraHu30BaH C IEJbI0 ABTOMATUYECKOM, YIAJEHHOW OIEHKU Pe3yJIbTaTOB pabOThl PA3IMYHBIX PEXKHMOB PacCIO3Ha~
BaHug OTII€EYATKOB IIaJIBIIEB, B TOM YHUCJ/I€ U PaCIIO3HaBaHHUE II0JIgd ITOTOKOB. BbIHOI[HeHbI Tp66OBaHI/IH7 IIpeabdaBJIgae-
MbIe JAHHBIM (PPEAMBOPKOM K CTPYKTYPE MPOrPAMMBI, BXOIHBIM U BBIXOJIHBIM JIAHHBIM. PacCMOTPEHbI U ITpOoaHaJIH-
3UPOBAHDBI PE3YJILTATHI OIEHKNA pabOThl aJropuTMa BbIOPAHHBIM (DPEHMBOPKOM. BBITOIHEHO cpaBHEHME OIEHKU pe-
3yJIBTATOB AJITOPUTMA C UCXOJHBIM METOIOM I'DAJIMEHTOB, & TAKXKe C ONyOJIMKOBAHHBIMU B OTKPBITOM JOCTYIIE Pe-
3yJIbTATaMK JAPYIUX YIACTHUKOB TECTUPOBAHUSI.

Kmouesvie caosa: buomempuueckas udenmu@urayus, noie momokos, pacno3nasaHue obpasos, 0Mnewamry
NAABYES, BEPUPUKAUUL.
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Aradonos A.B., Poxxuna JI.C. Bepudukaius aJropurMa IMOCTPOEHHUsT MOJIsI IIOTOKOB IT(-
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remaruka n nadopmaruka. 2018. T. 7, Ne 4. C. 67-82. DOI: 10.14529/cmse180405.

BBenenue

N3BecTHO, 4TO OTIIEYaTKH NAJIbIIEB YHUKAJIBHBI Y KazK/IOI'O YeJIOBEKA U OCTAIOTCA HEM3MEH-
HBIMU Ha npoTskennu Beeil kusuu |1, 2|. Takue cBoiicTBa MO3BOJISIIOT OTHEYATKAM OBIThH
HAJIE2KHBIM CPEJICTBOM i uaeHTuduKamun aundaoctu. CerojHs aBTOMATH3UPOBAHHBIE CH-
cTeMbl UJIeHTUMUKAIMY 110 OTIEYaATKAM IaJIbIEB IIIMPOKO IMPUMEHSIOTCH B KPUMUHAJIUCTHKE,
PA3JIMYHBIX CUCTEMAX JIOCTYTA M JaXKe MOOMIBHBIX YCTPOMRCTBAX. XOTs OIMyOJIMKOBAHO MHOXKe-
CTBO HATEHTOB ¥ CTaTeil, 9Ta TeMaTHKa MIPOJ0JIKAET aKTHBHO Pa3BUBaTHCs [2-9).

N3z00pakenust OTIIEYATKOB CIUTBHIBAIOT C CEHCOPHBIX MAHEJeH Pa3IuIHbIX JATIUKOB U Ka-
TECTBO TIOJYIEHHOTO M300PAKEHNs 3aBUCAT OT PA3JMIHBIX YCJIOBUNH. ITO M COCTOSTHUE KOXKM,
1 HaJd4ue MIPaMoOB WX CKJIQJIOK, U 3aIPA3HEHHOCTb KOXKU WU JATUYUKA, a TaKKe BJIa*KHOCThb

1 TBLTh. DTH 3DPEKTHI 3HAUUTETHHO BIUAIOT HA HAIEYKHOCTH PACTIOZHABAHHUS TTPU3HAKOB y30pa
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Bepudwukamnusa ajropuTMa MocCTPOEHUs MOJIS MTOTOKOB IU(PPOBBIX N300parKeHui. ..

U, Kak cjiefcTBre, Ha omubky uiaentudukanuu [10, 11]. B nacrosiimee Bpemsi He usBecTeH aji-
roputM, 0€30ITNO0YIHO BOCCTAHABIUBAIONINI N300pakeHue, cBOOO HOE OT eEKTOB U IITYMOB,
[IO3TOMY JIAHHOE HAIPABJIEHUE UCCJIEIOBAHUN SABJSETCS aKTyaJbHBIM.

B crarhe obcyxkmaercs BepudpuKaiidsi TpOMEXKYTOUHBIX PE3yJIbTATOB 00pPabOTKU M300pa-
JKEHUH OTIEYATKOB MAJIbIEB, 8 UMEHHO Bepu(BUKAIINS MOCTPOEHUS TOJIsT TOTOKOB. C 9TOo# 11e-
JIBIO OBLT pa3pabOTaH M Peajin30BaH aJlOPUTM ITOCTPOEHUs IOJIS MOTOKOB U BBIIIOJHEHO €ro
rectupoBanue (GpeiiMBOpKOM, npejgioxkenHbiM Ha caiite FVC Ongoing [12]. Pesyabrars Te-
CTUPOBAHUS MMOKA3BIBAIOT, YTO MpPejaraeMblil aJllOPUTM JIEMOHCTPUPYET KOHKYPEHTOCIOCO0-
HbIE PE3yJIbTAThl HA BHIOOPKE M300parkeHnil, MCIOIb3yEeMOM Ha 9TOM caiiTe.

B nmanHnoit cratbe pasmen 1 mocBsimeH 0030py IOIXO0B K MOCTPOEHUIO I0JIsi TIOTOKOB U
BepuduKaINK pe3yabTaToB B Apyrux paborax. Pazmesn 2 mocsien (popMaJibHOI ITOCTAHOBKE
pobJIeMbl BEpU(MUKAIIME Pe3yJIbTaTOB ITOCTPOEHUsI TI0JIs IIOTOKOB. B paseiie 3 onucanbl Tpe-
OoBaHUs K IIPOrPaAMME, COJIEPXKAIIEi aJITOPUTM IOCTPOEHUs MOJI TTOTOKOB, 8 TaKKe Pean3a-
st caMoro ajroputMma. B pasnene 4 06cyK1aeTcsi BIUsHAE Ha Pe3yJIbTaT U 1eJIeCO00Pa3HOCTD
HOBBIX DEIeHUl, BHEIPEHHBIX B MPEJIOKEHHBIA ajroputM. Pasien b comepKuT anains pe-
3yJAbTATOB pa3paboTaHHOIO ajroputMa. HampasjieHue naabHERIINX UCCIEI0BAHUN OIIPEIEICHO

B 3aKJ/JIIOYCHUM.

1. IIpeamiecrByromue paboThI

JlaHHast cTaThsl MOCBAIIEHA BEPU(PUKAIIUN Pa3spabOTaAaHHOTO AJTOPUTMA JJIsi MOCTPOECHUS
[I0JIS IOTOKOB JIAKTUJIOCKOIIMYECKIX U300PaKeHuit, o3ToMy OyJIeT yMECTHO PACCMOTPETD JIPY-
rue pabOThl, TEJIUKOM IOCBSAIIEHHBIE IOCTPOEHUIO TOJIS ITOTOKOB U T€ B KOTOPBIX OHO MIPAET
KJIIOYEBYIO POJIb, & TaKKe TOJIXObl K BepuduKaium pe3yabTaToB.

Crarbs (3] nocssimena npumenenuio dbuiabrpa ['abopa K J1aKTHIOCKOINIeCKUM H300pazke-
HusAM. B Hell ofHUM U3 BXOJ/HBIX [TAPAMETPOB JIJIs MPOIELyPhbl (DUIBTPAIUN sABJISeTCS UHGOD-
Malldsi O IOJIe TIOTOKOB, TIOJICIUTAaHHASI HA OCHOBE METO/Ia I'PAINEHTOB, YCPEIHEHHBIX B 00JIACTH.
YcpeiHenre TPOU3BOIUTCA METOJIOM KBaJIPATYPHBIX IPAIUEHTOB. UTO KacaeTcs BepuduKaum
pe3yJAbTaTOB, TO OHA B JIAHHON paboTe He (POPMATM3UPOBAHA. DTO CBUIAETEIBCTBYET O TOM, U4TO
He Bce Pa3pabOTUNKU yJIeJHAI0T BHUMaHUE IpobJieMe BepuuKaimu.

Pabora [4] memKoM 1OCBsIIIeHa YIIYUYIIEHUIO aJIlOPUTMa [IOCTPOEHNUS MOJIsT HOTOKOB. Me-
TOJI, TIPEJIIOKEHHBIH 3/TeCh TaK¥Ke OCHOBAH Ha METOJIE TPaJUeHTOB. ABTOPBI pabOTHI OTMETAIOT,
YTO OTCYTCTBUE MOJIEJIbHOM 0a3bl aHHBIX JJIsI BEPU(PUKAIMY [TOCTPOEHUS 10JIsi IOTOKOB TIPEJI-
cTaBJIseT cepbe3uyio mpobsemy. Ilosromy, moaxon Kk BepuduKanmum pe3ysibTaToB 3aKII0YAeTCs
B TECTUPOBAHUU aJTOPUTMa, HA MOJTOTOBJIEHHON Oa3e n300parkeHuii, a BepuuKaIus mpon3Bo-
JIUTCA BPYYHYIO clriernajiucraMu. Takol 1o/Ixo ] UMeeT HeJJOCTaTKM, TaK KaK TOYHOCTb OIEHKHU
Y€JIOBEKOM OI'PAHMYEHa, KPOME TOr0, OTCYTCTBYEeT OO bEKTUBHOCTH U TIOBTOPSIEMOCTDb PE3YJIbTa-
TOB.

[Ty6smkanus [5] npeiaraer yJrydIieHHbIH aJIrOPUTM TOCTPOEHHS TI0JIsi IIOTOKOB Ha, OCHOBE
MEeTOJIa TPAJIMEHTOB. 3/IeCh ABTOPHI TAKXKE OTMEYAIOT OTCYTCTBUE MOJEIHHOTO TOJIs TTOTOKOB.
g Bepudukanym wMCHoIb3yercs obmenocTynHas 6aza mzobpazkenuit NIST. Ho BwBOIBI 0
[IPEBOCXOJICTBE PA3pabOTAHHOIO AJITOPUTMA C MPEJIbIIYIIUMA TPOU3BOATCH JIUIIb BU3YAJIHHO.
JarHbIi cT0c00 HEIOCTATOIHO OOBEKTUBEH U HE TI03BOJISIET YUCIEHHO U3MEPUTD IPEBOCXOICTBO

OJIHOT'O aJIFOPUTMa HaJ, JAPYTHUM.
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FEie oiua moax0/1 K MOCTPOEHUIO T0JIsi TIOTOKOB U BEPUMUKAIINY PE3YIHTATOB MIPE/JIOKEH
B crarbe [6]. 31ech 10Je TIOTOKOB OIpeJIesIsieTCsl Ha OCHOBE COYeTaHUsl TJI0OAJILHOM OpUeHTAI-
OHHOI MOJIEJTU U JIOKAJBbHOIO TIO/IX0a K OIPEIEeICHUIO HAlpABJIeHHs JUHUM y30pa. Bepuduka-
[IAsT PE3yJIbTaTOB B PabOTe MPOUCXOINAT C MCIOJb30BaHUEM 6a3bl N300parKeHuit u nHOpMAaIm
0 MOJIETTHHOM TIOJIe TIOTOKOB, TTOJATOTOBICHHBIME JAPYTUMHA CIEIMATUCTAMK. TaKoit crmocod yxe
boJtee OOBEKTUBEH U TTO3BOJISIET OIEHUBATH U3MEHEHUsI B paboTe ajrOpUTMa CO BPEMEHEM, O]l
HAKO 9TO MOJIEJBLHOE TI0JIe TIOTOKOB He HAXOJAUTCS B OOIIEM JOCTYTIE W HE MOXKET OBITh MCITO/Th-
30BAHO JJIsi BEpU(PUKAIIMU PE3yJIbTATOB APYTUMHU PA3PabOTIMKAME.

B saksmoyenun paccmorpum pabory [7]. 3mech mpesyiozkeHo perieHue i OCTPOEHMsI
[IOJIsl TIOTOKOB B HECKOJIBKO 3TaIoB. B mepBoM 3Tare mpoxoauT HOPpMAaJIU3aIus NU300parKeHus,
BO BTOPOM YJIyUIIIEHNE Y€TKOCTHU JINHUHN y30pa, & B TPETHEM HETOCPEICTBEHHO TOCTPOEHHUE TIOJIsT
IMOTOKOB MOJIU(DUIIMPOBAHHBIM METOJIOM HAWMEHBIIUX CPEIHUX KBaJIpaToB. Bepudukarus pe-
3yJIbTATOB IIOCTPOEHUS IOJI IIOTOKOB MIPOBOJUJIACH C UCIIOJIb30BaHNEM HAOOPOB M300paKeHmit
U3 OTKPBITHIX 623 JIAHHBIX U TMOJYYEHHBIX CO CKaHepa. MojiesibHoe moJie TTOTOKOB OBIJIO ompeie-
JIEHO KCIIePTaMU—KPUMUHAJUCTAMH. TaKo#l MOX0 TaK »Ke, KaK U B IPEIbIIYIIEM Caydae He
MOKeT OBbITh WCIOJIb30BaH JPYTUMEU Pas3spabOTYMKaMU JJisi TOYHOT'O CPABHEHUS PE3YyJIbTATOB
paboTHI aJIrOpUTMa W3-33 OTCYTCTBHS B OTKPBITOM JOCTYyIl€ TAKOW Ke 0a3bl m300parkeHuii u
MOJIEJIBHOTO TTOJIs TIOTOKOB.

AsropuTM, TIpEJIOKEHHBIN B JJAHHON CTAThe OCHOBAH HA YCPEIHEHWM TPAJIHeHTa B 00Ja-
CTH, OJHAKO TIOJIXO0JT K YCPEIHEHWIO MOIUMDUIIMPOBAaH, U OHO BBITIOJIHSIETCS B HECKOJIBKO ITPOXO-
JIOB CO CIJIA’KWBAHUEM BJIOJIb HAIPABJIEHUs JIUHUN y30pa, a TJABHOE, UTO TPEJIOKEH WHOM
[TOJIX0/T K BepupUKAIUU PE3yIbTATOB, MO3BOJSIONINN YyIPOCTUTh, IPUIATH OO bEKTUBHOCTD Be-
puduKaIun, MO3BOJSIONIII MTPOCIEKUBATD TEHACHITMH B JOJTOCPOYHON MEPCIEKTHBE U CPaB-

HUBaTb pe3yJ/ibTaTbl BepI/I(l)I/IKaL[I/H/I CBOUX aJIT'OPUTMOB PA3HBIM pa3pa60TqHKaM.

2. IlocTranoBKa 3agayvn

N306pazkennss OTHEYATKOB MAJIBIEB PEIKO OBIBAIOT XOporirero kadectsa. Ha mux dacto
BCTPpEIaIOTCA ﬂed)eKTbI, OTII€9aThIBAIOIIUECA C KOZKU IIaJiblla, ITYMbI, ITOABJIAIOIIUECA B IIPO-
ecce CIe1000pa30BaHusl, IMACTHIHBIE PACTSKEHUST TIOBEPXHOCTH TAJIbIA. DTH 3D MEKTH BIIH-
Ad10T Ha BCEX YYJaCTHUKOB TECTHUPOBaHUA B paBHOfI CTeIleHN. HOSTOMy HMHTEPECHO CpaBHEHUE
pe3yJIbTATOB pabOTHI PA3TUIHBIX AJITOPUTMOB ¥ CpaBHEHUE Pa3HBIX BEPCUH OTHOTO W TOTO YKe
ajaropurMa. B 1esioM, TecTupoBaHye BBIIOIHSIIOT CPABHEHHEM PE3yJIbTaTOB 00paboTKM n306pa-
JKEHUN ¢ MOJEIAMY JIJIsT 9TUX U300parKeHu#, MOCTPOEHHBIX B MOJTYaBTOMATHIECKOM DEKUME
obpaboTku ux 3kcrepramu. OO6pabOTKa SABJISIETCs YaCThI0 CJI0XKHOM, MHOTOITAITHOM TTPOTIETyPhI
nienTudukanuu n3obpaxkenuit (puc. 1).

Kaxkapiit n3 3Tamnos obpaboTKM MOXKET ObITH OTJETBLHOM 3a/1adeil ¢ BOSMOXKHON HEODXO M-
MOCTBIO KOHTPOJIST Pe3yIbTaToB. Tako#t KOHTPOJIb SABJSeTCS HETPUBUAIBLHON 3a1a1eil 1 TpedyeT
MHOTO py4HO# paboTbl. Hampumep, cocraBiienne criennabHbIX MOJIETBHBIX 0a3 JaHHbIX. Takum
0Opa3oM, OYEBHUIHO, ITO HEOOXOMMa BepUMPUKAIMS ITPOMEXKYTOUHBIX PE3yIbTaTOB 00PabOTKH
nzobpazkenuii. Jlanuas pabora akIeHTUPOBAHA Ha TTPOBEIEHUN BEPUMUKAIINH IOCTPOEHUST TIOJIsT
MMOTOKOB, ¥ HA 9TO €CTb HECKOJbKO MPUYIWH.

Bo-tiepBbix, Kak BUJIHO MO PHUC. 1 Pe3yIbTaThl TOCTPOEHUS TOJIA TIOTOKOB OKA3BIBAIOT BJIH-
sTHUE HA MHOTHE KJTIOYEeBbIe ITAIDI MPOIETIYy Pl UACHTUMUKAIIH. ¥ JTydIIeHne KadeCTBa MOCTPO-

CHUA II0JIA IIOTOKOB MOXKET 3Ha4YUTEJIbHO CHUSUTDH O6HlyIO OIHI/I6Ky H,ZLeHTI/I(l)I/IKaHI/II/I.
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Hopmanuzauus MNone _| BolaeneHue
UsobpareHue NOTOKOB 0BLWWX NPU3HAKOB Basa
oTne4aTka x f AaHHbIX
MoctpoeHue ¥
BAOK NPOCTOro CrAa)]uBaHua U GUALTPaLMK
wabnoHa
Bnok
+ CpaBHEHWA
CrnasmeaHue PunsTpayma P
Crenetnzauma I’
y
/ ‘ [} Pesynbrar
None GunbTpauma CpaBHeHuA
> »  BuHapusauun
NAOTHOCTK (d-p. Fabopa)

Puc. 1. Crpykrypa nporecca uaeHTuGUKAINNT

Bo-BTOpBIX, COBEPIIEHCTBOBAHUE AJITOPUTMOB IIOCTPOEHUS IOJEH IIOTOKOB caMo o cebe
SIBJISIETCS BaXKHO( 3a/1a4eil, Tak KaK HU3KOEe KA4eCTBO M300PasKeHUH 3HAYUTEIHHO HMOBBIIIACT
ommbky wuaentndukanun. Hanpumep, ysydineHue IOCTPOEHHs IOJIS HOTOKOB YBEJIUYUBAET
[POIEHT HAXOXKJCHHUS HCTUHHBIX MUHYIHHA, 9YTO HEIOCPEJCTBCHHO BIIMSET HA BEJIHMIHHY
ommbkwu 10, 11].

B-rperbux, GOIBIIMHCTBO CYIIECTBYIOMNX METOOB KJIACCH(MDUKAINE OTIEYATKOB HAJIBIEB
HCIOJIB3YIOT IOJIsl TOTOKOB. TOYHOCTD OIEHKM IIOJIs TOTOKOB MIMEET PEIIAoIiee 3HAUCHUE JJIst
KJ1aCcCH(UKAIMN OTIIEYATKOB HAJIBIEB, & CAM TAIl [IOCTPOCHHUS II0JIst IOTOKOB SABJIACTCS CYIIe-
CTBEHHBIM IIIATOM K IIOCTPOEHHIO ITOJIHOIIEHHON CUCTEMBI MICHTH(MUKAIINY 110 OTIEYaATKAM [ajlb-
es [2-5].

ITepes mocTpoeHueM OIS MOTOKOB M300parkeHne, KaK IIPABUIIO, CETMEHTUPYETCS.

llﬂﬂ‘HOHCHeHHH KJIIOYEBbIX HOHHTHﬁ'aBTOpaLHICTaTbH,HaHbICHeﬂyKHHHe OoIIpeae/ieHmndd.

Onpeaenenune 1. Ilojsie mOTOKOB — 3TO MaTpHIla, JIEMEHTHI KOTOPOH MPEICTABISIOT CODOA
3HAYEHNs HAPABJICHUN JIMHWUI y30pa yCpeTHEHHBIE [T KayKJIOTO CerMeHTa. Takas mMaTpuiia
OOBITHO BU3yaJIM3UPYETCs KaK CErMEHTUPOBAHHOE M300paKeHne, COCTOSIINEee U3 HellePeKPhIBa-

fomuxcsd 0b1acTeil, B KaK/JI0i U3 KOTOPHIX BU3YyaJbHO MOKA33aHO YCPEJHEHHOE HAIIPABJIEHUE.

Onpegenenue 2. MoseibHOe MMOJi€ TOTOKOB — 3TO TAJOHHBIE 3HAYEHUS YCPEIHEHHBIX

HAIIPABJIEHUHN JUHUH 17151 KaXKI0I0 CeIMEHTa M300paskeHns, OObITHO 3adaeTcd 0a30il JTaHHBIX.

OO6BIYHO, METOIBI OTIPEIESIEHUS TTOJIsI TTOTOKOB OCHOBAHBI HA TPAJIUEHTE sIPKOCTElH, N3Mepsi-
eMOr0 JIJIsl HEKOTOPOiT OKPECTHOCTH Kazk10ro nukcess [3-5|. K nx HejocrarkaM MOXKHO OTHECTH
TO, YTO OHM YyBCTBUTEJBHBI K IryMaMm. Kpome Toro, Ha KpyThIX M3rubax JIMHUN y30pa Ipajiu-
EHTHBIE METO/bI TAaK¥Ke MOKA3BIBAIOT OIYTUMYIO MOTPEITHOCTb. K UX JOCTOMHCTBAM MOYKHO
OTHECTH XOPOIIee ONMUCAHUE ITUX METOJOB B JIMTEPATYPE U OTHOCUTEIbHO HEeOOJIbIITIE BbIUUC-
JINTEJIbHBIE 3aTPaThl. TakKuM 06pa30M, IPaIMEHTHBINH METO/ TIJI0X0 MPUMEHUM K U300PazKeHUIM
OY€eHb TLJIOXOr0 KadecTBa. 1109ToMy TpajineHTHbIE METO/IbI U aJrOPUTMbI COBEPIIEHCTBYIOT TN
UX WUCIIOJIb3YIOT B KAYECTBE BXOJIHOI, OIEHOYHON MHMOPMAIMK JIs APYTUX METOJOB |3, 4].

Caiit FVC Ongoing mpefocTaB/sieT yCayTy A/ BepupUKAIIN Pe3yIbTATOB PabOThI AJIr0-
pUTMa, TIOCTPOEHUSI TIOJIs TOTOKOB, KOTOPas 3aKJI0YAETCA B TOM, YTO TECTUPOBAHUE UCIIOJHSIE-
MOJi TIPOrPaMMbI BBITIOJIHSETCS Ha JIECATH W300PazKeHUsIX XOPOIIero KadecTBa M MsITUIECSTH
mmoxoro. Ha srpaH BbIIaeTcst pe3yabTarT paboThl AJrOPUTMa B BHe TabJMIl U TpapUKOB.
Baxk#o TO, 94TO M300parKeHusi, Ha KOTOPHIX BBIMOJIHIETCS TECTUPOBAHKE, HE JIOCTYITHBI pa3pa-

6oruuky [12].

70 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»



A.B. Aradonos, 1.C. Poxxuna

Ilepen BoeIOOpoM caiita FVC 6b11 mpoBemeH 00630p CXOXKHUX 10 (PYHKIIMOHAJIHLHOCTH ILIAT-
dopm u Beigesensr cieayromue: NIST (National Institute of Standards and Technology) u
CASIA (China Academy of Science) [13, 14].

Cpenir Bcex pacCMOTPEHHBIX HanbOoJIee IPOABUHYTHIM U OCHAIIEHHBIM siBJisieTcs caiit NIST,
OIHAKO, IJist BepU(PUKAIMI AJITOPUTMa Ha 3TOM caiiTe HeOOXOOUMO OBITh 3aPEruCTPUPOBAHHBIM,
kak opugudeckoe auno. Caiitt CASIA Bosuuk nosnuee FVC u na HeMm IpencTaBieHo MEHbIIee
KOJIMYECTBO YYaCTHUKOB. JIpyrue caidThl BO3SMOXKHO CYILIECTBYIOT, HO MEHee ITOIyIsapHbI, B Poc-
cuy ToJIO6HBIX caiiToB He Haiifeno. Vcxons u3 BelecKasaHHOTO ObLT BeiOpan caiit FVC kak
HauboJIee MPeICTaBUTEIbHBINA 10 YUCIY YIACTHUKOB, aJIOPUTMOB JJI TECTUPOBAHUS U IO JI0-
CTYITHOCTH.

Wcnonnsiemast mporpamMma, OTIpaBJsgeMasi HJjis TeCTUPOBAHUS, IOJKHA YIOBJIETBOPSITDH
psaxy TpeboBannii. Kpome peanmsanum aaroputMa st TOCTPOEHU MOJIsA IIOTOKOB, HE0OX0IuMa
OAIEPKKa MHTepdeiica I BXOAHBIX U BBIXOMHBIX JaHHBIX. [l TecTUpOoBaHUs, CyIIeCTBYET
BO3MOZKHOCTB TIPOOHOIO 3allyCKa IIPOrpaMMbl Ha OTKPBITOM Oaze n3obpazkenuii. IIpumepnbr n306-

parkeHuil u3 3Toi H6a3bl MOKA3AHBI HA PUC. 2.

a) xoporee B) IJI0X0€ r) mwIoxoe

Ka4deCTBO Ka4geCTBO Ka4geCTBO KadecTBO

Puc. 2. VzobpazkeHns pa3indHOTO KadecTBa n3 OTKpbIToi 6a3et FVC

Sajada BepU@MUKAIIH TOJIsT TOTOKOB 3aKJII0OYAETCS B U3MEPEHUN U TTOCTPOEHUN TIOJIS TI0-
TOKOB M300PaKeHUs U OIEHKA IOJIYIEHHBIX PE3YJIbTATOB JIjis CPABHEHUS C MOIEJIbHBIM I10JIEM
MMOTOKOB, B JAHHOM CJIydae ¢ TOMOIIbI0 MHCTPYMEHTOB, TIPEJIOKEHHBIX Ha caiite FVC.

Kpome Toro, peryissgpHoe ydyacTue B TeCcTaxX IO3BOJIFET OIEHUTH HAIPABJICHUE DPA3BUTHUS
aJropuTMa M u30€KAaThb IMOTEPU BPEMEHU HA IKCIEPUMEHTHI C HENEPCIEKTUBHBIMU METOJIAMU.
AHanus pe3ybTaToB Pa3MYHBIX TECTOB AJTOPUTMA TO3BOJIAET JIyUIle OIEHUTH OCODEHHOCTH

KazKJ0r'o u3 ME€TOJJ0B BHYTPU aJITOPUTMa U OIEHUTH BJANAHNEC U3MEHEHUA, BHECECHUA U Y IAJICHUA

MeTo10B. KoHedHast 1mesib — MOCTEIIeHHOE 3aBOEBAHUE JIUAMPYIOMINX MO3UIIAI CPEIU Pe3yIb-

TATOB, ONMyOJUKOBAHHLIX Ha CATe.

3. Perlrrenue nmocraBjIEHHOM 3aa4n

IIporpamma [O/I2KHA COEPKATH AJTOPUTM ITOCTPOEHMS II0JIsI IIOTOKOB /I M300parkeHmit
dopmara *.bmp. Pesynbrar paboThl IporpaMMbl MPEACTABISETCA B BUIE MATPUILI, KK bl

3JIEMEHT KOTOPOIl fABJdeTcd YUCJIOM, KOJUPYIOIIUM JIOKAJbHOE HallpaBJjieHue JIMHUU y30pa Ha
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ceTKe ¢ 3aJlaHHbIMK mapamerpamu. [Iporpamma 3amyckaercs poborom B cpese Wind2 u mpu-
HUMAaeT BXOJHBIE IaHHBIE B BHUJE [TAPAMETPOB KOMAHIHOW CTPOKH.

Ckpunr wumeer cienytommit Bum: ‘FErtractor.exe <indexfile> <outputfolder>’. 3nechb
Indexfile — »T10 daitn, comepxkamuit uncjio n300parxkeHuit jijist 06paboTkm, Myt B (hailioBoit
cucTeMe, pa3Mephbl TPAHUITLI W Tara CeTKM T KaxKaoro nzobpaxkenusa. Outputfolder — myTh

JIUIsl COXPAHEHUsT Pe3yJsibTaToB paboTbl mporpamMmMsl [12].
3.1. YreHue BXOIHBLIX M 3aIMCh BBIXOIHbBIX JAHHBIX

Iutst mostyuenust nagopmaiuu 06 n300parkeHun HeobxouMo npountats daitn indexfile. B
HEM JIJTS KayKI0TO M300parKeHnst yKa3aH MyTh B (GailioBoOil cucreMe, a TaKyKe BEJUYUNHA I1ara
YCTaHOBKHM JIOKAJIBHOIN opueHTarmu (Ha puc. 3 mar IpejCcTaBIeH CUMBOJIOM §) U IMUPHHA IPa-
HUIIBI OT JIEBOTO ¥ BEPXHETO KPasi, 3a MPEIeIaMI KOTOPOH JJOKAJIbHAST OPUEHTAINS He TPeOyeTCst
(na puc. 3 rpanuna npeacrasieHa cuMposiom b). Ilosaraercs, 9To MUpPUHA TPAHUIIBI HE MEHEe
14 nmukcesneit [12].

Takum 0O6pa3oM JIOKAJIBHYIO OPUEHTAIINIO JETEKTUPYIOT TOJBKO B YKa3aHHBIX TOYKAX HA
CeTKe BHYTPH 3aJAHHON TDAHUIILI.

IlepeeiM 1maroMm o6paboTku u300parkeHus ABjdgercs drenue ¢aiina dopmara *.bmp mo
nyTH, yKazauaomy B indexfile. s urenns ucnonb3yerca kiaace Bitmap w3 .NET Framework.
Ero MeTompr mO3BOIAIOT OPraHn30BaTh OBICTPOE YTEHNE C IUCKA U JIOCTYI K IIBETOBBIM COCTAB-
JIAIOMIMM Ka2KJI0I'O ITHMKCeJId I/I306pa)KeHI/IH. TaK)Ke B HEM IIDUCYTCTBYET BO3MO2KHOCTD IIOJIyYd€-
HUsT THOPMAITUU O IPKOCTH TTHKCETIEH.

Iutst ymobcTBa TecTUpOBaHUS IIpeocTaBieH (aita ¢popmara .fg 1o TOMY XKe Iy TH, KOTOPBIi
yKaszaH B indezfile, m c TeM ke MMeHEM, 9TO U 0bpabaTbiBaeMoe n3obpakenne. JIaHHDBIN 371eMeHT
XpaHUT WHGMOPMAIIUIO O TOM, ABJISIETCS JIM KaXKJIbI 3JIeMEHT U300parkeHus (DOHOM HUJIU OTIIe-
garkoM (0 mam 1). JIoKaJbHYIO OpHEHTAIMIO HYZKHO HAXOJWUTH TOJBKO JJIs OTIeYaTKAa, a JJIs
dbona MOKHO OCTABUTH ee paBHOH Hymo [12].

Pesynbprar paborer coxpansercsa B (daitn dopmara *.dirmap ¢ Tem ke WMeHeM, YTO W
BXOJIHOe M300pakKeHwue, M0 IyTH, YKaszaHHOMY B outputfolder. B mannoMm (aitie KaxKmapiil sJie-
MEHT, TIOKA3bIBAIOIINIT HATIPABJIEHNE, JTOJI?KEH XPAHUTHCS B (popMaTe OJHOTO GaiiTa B eTHHUIIAX
0,703125 rpajayca, u3MEpPEHHBIX MPOTUB YAaCOBOW CTPEJKH OT IMPABOM YACTH T'OPU3OHTAJIBHON

KOOP/IMHATHOI OCH.
3.2. AJroputm noctpoeHus I0Jis TOTOKOB

AnropurM, paszpaboTaHHBIN JIjIs BEpUpUKAIMA PE3YJIbTATOB MOCTPOEHHUST IO/ TOTOKOB,
COCTOUT M3 HECKOJbKHUX JTAIOB:
—  BbIJeJIeHHE IPKOCTHU MCXOJIHBIX ITUKCEJIel U CrJIasKUBaHUE;
—  npubJIMXKEHHOE BBIYUCIEHNE JIOKAJBHOIO HAIIPABJIEHUS Y30Da;
—  CrJaXKUBaHUE BIOJIb HAIIPABJIEHUS JIMHUN y30Pa;
—  TOYHOE OIpEJIeJIEHNE TI0JIs TOTOKOB 110 N300PaKEHUIO, CTJIayKEHHOMY BJIOJIb JIMHUN y30pa.
IlepBerit sTan mogpasyMeBaeT CrakKuBaHue U300paKeHUs IO CJIOI0 spKOoCcTu. BTopoit u
YeTBEPTHI OCHOBaHbI HA METOJE yCPEIHEHHOTO IPpaJineHTa B HEKOTOpoil obsractu. [lpudem mjis
6oJiee TOYHOTO OIPEJIEJICHUS B Y€TBEPTOM dTalle BHIOPAHBI OOJILINTIE PA3MEPDLI 00JIACTH IO CPAB-
HEHUIO CO BTOPBIM 3TarnoM. Ha Tperbem 3Talie BBIIOJHAETCs CrJIayKUBAHUE BIIOJIb HAIIPABJICHUS

JIMHUI y30pa, 9TO IMO3BOJIAECT IIOBBICUTH Ka1€CTBO d)HHaJIbHOI‘O pe3yJibTaTa.
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X

s: War *: ®oH
b: Mpanuua «: Nsobpaxenue

Puc. 3. Ilpumep mrara u rpasHuiibl Ha n300parKeHUN
3.2.1.  Buwdeaenue aprocmu u c2aaxicusaHue

i mostydennst nH(MOPMAITUT O SPKOCTH ObLIH UCIIOJIb30BAHBI CTaH1apTHbIe MeToAbl . NET
Framework. B kagecrtBe criocoba criiaxkupanus ObLI BbIOpaH MeTO[ 00pabOTKM M300paskeHuit
Marpurieit cBepTku. Ko3ahuimenTsl MATPUIBI YMHOXKAKOTCS HA COOTBETCTBYIOIIUE SIDKOCTH
nuKcesiell n300parkeHusi, CyMMUPYIOTCS U JIeJIATCH Ha KO3I(DDUIIMEHT HOPMUPOBAHUS, ITOOBI

cpeaqHAada APKOCTb I/ISO6pa}KeHI/IH ocTaJjiaCh HEM3MEHHOM. CBepTKa BLIIIOJIHACTCA B BUJIEC:

b9 b2 b3| |k9 k2 k3] 1 b9-k9 b2-k2 b3-k3| 4
b8 bl b4|-|k8 k1l k4| -——=|b8-kB bl-kl b4 k4| - 1
div div (1)
b7 b6 b5l k7 k6 k5 b7 - k7 b6-k6 Db5-k5
rae bl..b9 — gaproctu BxomHoro usobpaxkenusi; k1l..k9 — kKo3dPUIIMEHTH MATPUILHI;
div — Ko3dPunmeHT HOpMUPOBAHUA.

3.2.2. Memod ycpedrenus 2paduenmos 8 oKpecmHocmu

I'pamuenT — BeKTOp, MOKAa3LIBAIOIINN HAIPABJICHUE HANCKOPEHIIEro pocTa JIBYMEpPHO

byHKIMU TpKOCTU m300pakenus. ['pajgueHT nuzobpaxkeuus B ToUKe (X,yY) — 3TO BEKTOD:

vf = (Gx' Gy) = (df df)'

dx’dy (2)

af df
rue ax lav CKOPOCTh U3MEHEHHUsI IPKOCTH COCeTHUX IuKceseil mo ocsM X u Y [15].
x y
Hampagisienne BekTOpa TIpaJiieHTa COBIIAJIAET C HAIPABIEHUEM MaKCUMAJBHOW CKOPOCTH
n3MeHeHns (DYHKIUUA B TOYKe, a MOJYJIb PaBEH 3HAUYEHWIO TOM CKOpocTH. BekTop rpajmenTa,
KakK u JI00Oii IPyroil BEKTOP, UMEET JIBeé OCHOBHBIE XaPAKTEPUCTUKU: MOJIYJIb U HAIIPABJICHUE.

Moaysib BekTOpa 0003HaYaETCA U PABEH:
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IVf| = /G§ +GZ. (3)

Hanpagsyienne BekTOpa rpajueHTa sBagercd yriaoM (X,Y) MexkKiy HANDPABIEHHEM BEK-
topa Vf B Touke (X,y) u ocbro aberumce
Gy
a(x,y) = arctg (G—) (4)

X

Hampagsiienne vHMiT y30pa B OKPECTHOCTH TOYKH (X, V), MEPIEHANKYJIAPHO HAITPABJIEHUIO

BEKTODA TI'DAJMEHTA B 3TOU TOYKE, a HANTU I'DAIUEHT M300Pa’KeHUs MOYKHO BBIYUCIIUB BEJIU-

of of "
“MHBI MACTHBIX TIPOUSBOMHBIX == M —* NIl KA IOl TOUKM.
x y

W3-3a quckpeTHOCTH N300parKEeHUs B KJIACCHIECKOM CMBICJIE IPOU3BOHOM HE CYIIECTBYET,
[I09TOMY HAXOJSAT ee HPUOJIMZKEHHOro 3HadeHus, Hanpumep, oneparopom Cobesst [16]. Onepa-
TOp NMPUMEHSIETCHA K M300ParKeHUI0 B BUIE MATPUI] CBEPTKU.

-1 0 1 -1 -2 -1
-2 0 2(un]|0 0 0. (5)
-1 0 1 1 2 1

d 5}
ITepBast marpuiia mo3BoJseT HANTH TPUOJIUKEHHOE 3HAYCHUE é, a BTOpad a—fl OTH 3HaA-

YeHUs T0JICTABJIAIOTCS B dhopmyist (3) u (4).

J1J1e1 TIOBBIIIIEHN ST TOYHOCTH IIOCTPOEHN TOJIS IOTOKOB YCPEIHAIOT IPAJUEHT B HEKOTOPOH
okpectaocTu. OTHAKO TTPOCTOE YCPETHEHNE HATIPABICHUH BEKTOPOB HE JACT JIOJIKHOTO PE3yTh-
TaTa, TaK KaK IIPOTUBOIOJIOXKHBIE IO HAIPABJIEHUIO BEKTOPHI KOMIIEHCUPYIOTCS, XOTd U COOT-
BETCTBYIOT OJMHAKOBO HAIIPABJIEHHBIM JIMHUAM y30pa.

O6o3HaunM yepe3 S OKPECTHOCTH JIJIsl MOUCKA MOJLYJisi ¥ HAIIPABJIEHUsI BEKTOPOB. Pasmep
okpectrHoctu I * J mpu I = J. Tak xak rpaaueHT B Touke (X,y) U3BECTEH, TO 3HAUECHUE MOJLYJIS

IPaJIMEHTa, YCPETHEHHOTO 110 OKPECTHOCTH TOUKH (X,Y), HAXouaT B Buje [17]:

1 J
X =) N1 G- cos(2a(i, ), (6)

i=1j=1
y

Y = ;Em (@) - sin2a(i, ), (7)

j=1

IVF| (x,y) = VX - X +Y -V, (8)

Y
A(x,y) = Atan(})/z. 9)

Chnenyer obparuth BHUMaHUE, 9TO B popMmysiax 6 u 7 MCHOJb3yeTCs YIBOEHHBIN yroy. DTO
CJIEJIAHO, JIJIS TOTO, YTOOBI BEKTOPA I'PA/IMEHTa HA ITPOTUBOIOJIOXKHBIX CTOPOHAX JIMHUHU y30Pa
He KOMIIEHCUPOBAJIN JIPYT JIpyTra, TaK KaK M0 CYTU OHU YKa3bIBAIOT HA OJIHO M TO K€ HAIpaB-
senne jgunuit. B dopmyiie 9 npucyrcrByer Jiesienne Ha JiBa, YTOObI BOCCTAHOBUTH MCTHHHBIH

YTOJI HAITPABJIEHUS TPaIUEHTA.

3.2.3.  Canascusanue 60045 HANPABACHUT AUHUT Y30DPG

it KaxKJIoro nmumkcess u3o0pakeHue OyJeT CriIaKeHO BJOJIb JIOKAJIbHOI'O HAaIlPaBJIEHUS
JsmHuR y3opa. CriiaKuBaHue OCYINECTBIISIETCS BHYTPH alepPTyPbl, TOJIIUHON B OJUH TUKCEb C

IIEHTPOM B JAHHOM TuKcese. [Ijis mocTpoeHus: Takol amnepTypbl IpuMeHsieTcs ajroputM bpe-
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3eHXeMa, IPUHUMAIONINN B Ka4yeCTBE BXOJIHBIX IapaMeTPOB KOOPIUHATHI TOUYEK HadaJja U OKOH-
yanust JuHuii [15]. Bajada ycioxkHsgeTCst TeM, YTO HA JAHHBIA MOMEHT UMEEeTCsl JIUIIL UHMOP-
Marusi o 1ieHTpe (x,y) u yrie a. s nmogydeHuss KOOpAXHAT TOYEK HAYAJIA U OKOHUYAHUS UC-

KOMO# anepTypbl S(x1,V;1) u e(X,,Y,) MOXKHO BOCIIOJIB30BATHCSI CJIEIYIOMMMI (POPMYJIAMU:

x;p |x—1-sin(a) |
yi| _|y—1-cos(a)
X2l | x+1-sin(a) | (10)
Y2l 1y +1-cos(a)
rue | — mimHa croiaskuBaromeil aneprypst [11].

Crout otmespHO cKa3arh 0 mapamerpe [. Tak Kak y30pbl OTIIEYATKOB MMAJbIEB B JIOKAJb-
HOI 06J1aCcTH MOT'YT HE TOJIBKO OBITH IPSIMBIMEU HO M UMETh PE3KUE IIOBOPOTHI, B ODIIEM CJIyvae
mapaMeTp | mMeeT cMbBIC/I TOAOUPATH MHIUBUIYAJIBHO JJIsI KaK 10 ToukH y3opa. OcobeHHO 3TO
KacaeTcss obJiacTeil YaCTHBIX NMPU3HAKOB, TAKUX KaK IEeTJIM, JIeJbThl U 3aBUTKU. Ho mpexe
BCEro Hy>KHO JIETEKTUPOBATDH TAaKHe IMPU3HAKH, YTO FBJIAETCS OTIEJIbHON IIPOoOIeMOil 1 HEe BXO-
JIUT B COCTAB IOCTAHOBKHU 3aJa4u. B namuoit pabore nmapamerp [ mogobpaH 3KCIEpUMEHTAILHO,
TaK 4TOOBI pa3pabaTbIBAEMBbIil aJITOPUTM IIOKAa3bIBAJI JIYUIINE PE3yJIbTaThl B IPOOHOM TECTUPO-
BaHUU.

ITocte mocTpoeHus JUHUKM C IEHTPOM B TEKYIEM MHUKCEIe U MAPAJIIEJBHO JIOKAJIbHOMY
HAIPABJIEHUIO JIMHUM, BBITOJIHIETCS Ollepallisi, aHAJOIWIHAsI CBEPTKE, TOJIBKO B OJHOMEPHOM

pejicTaBjaeHuu ¢ Koadduimenramu 1o GopmyJie:

X
h(x) = ex (——) - cos(2mOx), 11
(x) P = 5,2 ( ) (11)
riue 0 — CTaHIApTHOE OTKJIOHeHHue, a 6 — yacrora KosebaHuii, onpeaenseMas Kak o0paTHas

BEJIMYMHA 10 OTHOIIEHUIO K repruoay yHkimu cos(2mfx). Yem Gosbire 8, Tem 6ojiee mMOIOTHiA
BUJI, ipuMeT PyHKIMA. JeM MeHbIine, TeM 60J1ee OCTPBIN UK TOJIYIYATCH B PE3yJIbTATE IOCTPO-
ennd rpaduka ¢pynknuu. Ix ciemyer momodbparh Tak, ITOObI cyMMa KO3I(DDUITNEHTOB paBHsI-
Jack efuHuIe [3].

CriaxkuBaHue BJOJIb JIUHUN yCTpaHsieT HEOOJIbININE Pa3pPhIBbI B JIUHUIX MAIUJIJISPHOTO

y30pa, 9TO IIOBBIIIACT o6mee Kav9€CTBO IMOCTPOCHUA IIOJIA ITIOTOKOB.

4. AnHaans pa3paboTaHHOI'0 aJropuTMa

Pazpaborannsiit ¢ 11e/1b10 BeprUKAIINN TOJIST TOTOKOB aJATOPUTM JIJIs OTIEHKN JIOKAJIHHOTO
HaIpABJIEHUs] JIMHUN y30pa sBJSeTCs MOAUMUKAINEN ajropuTMa, IpPEJIOKEHHOTO B pa-
6ore [16]. [TosTOMy MMeeT CMBICI CPABHUTH 06a aJIFOPUTMA U OUPEEIUTh IIPUHOCST JIA BHE-
CEeHHbIE U3MEHEHUs BBIUTPBIII IPU TecTupoBaHuu. [ljis 31oro OymeT mpoBeieHO CpaBHEHHUE CO-
JleprKanns 0bOUX aJrTOPUTMOB W pe3yIbTaTa WX TecTupoBanus na caiite FVC.

Copeprkanue s/ipa MPeJJIOZKEHHOTO aJrOPUTMA
1. Pacuer momyns u HApABIECHUS TPAINEHTa B TOUKE y30pa ¢ TOMOIILI0 omeparopa Coberts.
2.  Pacuer mpoMeXyTOYHBIX BEKTOPOB, MOJYJb KOTODPBIX COOTBETCTBYET MOJYJIO, a yTOJI

YJBOEHHOMY YTJIy MCXOJHOTO TPAJINEHTA.

3. YcpemHeHHe MPOMEXKYTOUYHBIX BEKTOPOB.
4. BoccranoBiienue UCXOIHOTO HAITPABICHUS TPAIUNEHTA U JIMHUN y30pa.

IloHOE COmep:kanme MPEIIOZKEHHOTO AJITOPUTMA:

—

IIpenBapuTresbHOE CriIasKUBAHUIE.

o

[Ipumenenne sapa ¢ Majoil almepTypoi.
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3. CrraxxuBaHue BJI0JIb HAIIPABJIEHUS JIMHUNU y30Pa C MOMOIIBIO IKCIIOHEHITUAJIBLHON COCTaB-
nstroreit dunbTpa ['abopa.
4. llpumenenwue sijipa ¢ OOJIbIIEH ATIEPTYPOii.
Cojieprkanue ajaropuTMa, IpeIoKeHHoro B pabore [16]:
1. Tloacyer mojyJisi 1 HAIIpABJIEHUS TPAJUEHTA B TOYKE y30DPa, IIPU 9TOM HE YKa3aH CIIOCOD
pacuera.
2. Iloxcuer BCcroMOTaTENBHBIX BEKTOPOB, MOIYJIb KOTOPBIX COOTBETCTBYET KBAJIPATY MOJLYJId,
a yroJl yJBOEHHOMY YTJIy HUCXOJHOTO I'PAJIMEHTA.
3. YcpemHenue MpoMexKyTOYHBIX BEKTOPOB.
4. BoccraHOBJIEHEE WCXOJHOTO HAIIPABJIEHUs TPAJIMEHTa U JIMHUAHA y30pPa.
Paspaboramublit airopuTM mMeeT B CBOEM siape MoandumupoBaHublil ajroput™m M. Bazena,
B KOTOPOM J[JIsI TTOJICYETa BCIIOMOT'aTeIbHBIX BEKTOPOB CKJIAIBIBAIOTCS KBaIPATHI MOLYJIEH, 9TO
YBEJIMYUBAET 4yBCTBUTEJHLHOCTh K BBIOPOCAM JJINH BEKTOPOB, & B IPEIJIOKEHHOM AJITOPUTME
HCIIOJIb3YETCsl CJIOXKEHNE OPUTHHABHBIX MOJIYJIEH, 9TO YBEJIUINBAET CrJIayKEHHOCTb.

Takke g71po aJropuT™Ma IIPUMEHSETC JIBa pa3a C PA3HbIMU alepPTypPaMU U ITPOUCXOIUT JIBA

CraXkKuBaHus — o0lIee U BOOJIb HapaBIeHus JUHEA y3opa. CriakuBaHue BIOJb JOKAJIbHOIO
HallpaBJICHUA JINHUI y30pa IIO3BOJIAT ychaHI/ITb Pa3pPbIBbI B JIMHUAX, 9YTO ABJIACTCA IIOJIOZKHU-
TeJIbHBIM MOMEHTOM, TaK KaK Pa3pbIBbI HE SIBJISIIOTCSA ITOCTOAHHBIMHU IIPU3HAKAMEU W MOLYT B
JaJIbHEHIIIEM IPUBECTH K JETEKTUPOBAHHUIO JIO?KHBIX OCOOBIX TOYEK.

TakuMm 00pa3oM aJropuTM IMPOSABJSIET YCTOWIMBOCTD 10 OTHOIIEHWIO K Pas3pbiBaM JIMHMUIA,
3a CUET CIVIAXKMBAHMS BJIOJIb MX HAIIPABJICHHUS, 8 TakyKe 00JIaIaeT yCTOMYIHUBOCTHIO K HEDOJIb-
[IIM CKJIaJKaM, IpaMaM, JAPYIruM AedeKTaM KOXKH, & TaKKe WHBIM IOMeXaM, CBOMCTBEHHBIM
rpPOBLIM M300parKeHUsIM 33 CYeT MOJIEPHU3MPOBAHHOIO YCPEIHEHUS HallpaBJIEHUN Tpajiv-
ernra. KpoMe Toro, 3a cuer MHOMOSTAITHOCTH B IIEJIOM YJIYUIIAETCS KAIeCTBO MMOCTPOEHUST IOJIS
1oToKOB. llesrecoobpa3HoCTh NIPUMEHEHHBIX MOANDUKAIINI OYeBUIHA IIOCJIE, CDABHEHUS PE3YJIb-
TAaTOB pabOTHl pa3paboOTaHHOIO aJIFOPUTMa C IpeJIoKeHHbIM B pabore M. Baszena (rabu. 1).

Cpenngas ommbka Ha xopoieil 6ase ynasa Ha 19%, a ma miaoxoit ma 27%.

Tabauna 1
Cpasrenne pa3paboOTAHHOTO aJTOPUTMA U ajroputMa n3 paporsr M. Bazena
Cpennsis omubdka Cpeausig ommubKa
Ne AaroputMm . .
Ha xopoireii 6a3e Ha IJIOXOi base
AnropurM n3 maHHOM PAbOTH! 5,10° 17,90°
2 | Anropurm u3 paborsl M. Basena 6,27° 24.59°

5. PGBy.TII)TaTbI IKCIIEPpMMEHTOB

ITocte mocbuikm wmcnosHsiemoro gaiia Ha caitr FVC Ongoing pobOT BBIOJHSET ITPO-
rpaMMy U BO3BpPAILAET Pe3yJbTaThbl TecTUpoBanus. Jlas Bcex m300paskeHuii XOPOIIero 1 ILIo-
XOr0 Ka4eCTBa PACCUUTHIBAETCs cpeiHekBajiparuunoe orkiaonenne (CKO) mex ity mosem moro-
KOB, IIOCTPOEHHOM IIPOrPaMMOii, ¥ MOJIEJbHBIM II0JIEM IIOTOKOB. A Tak:Ke HEKOTOpBIE Ipyrue
XapaKTEPUCTUKU PabOTHI.

s pa3spaboTaHHOrO aJropuTMa ObLIM IIOJIYYEeHbI CAELYIONINe IIOKA3ATEH:

1. CKO mias nabopa uzobpazkenuii xoporrero kauecrsa: 5,10 rpajgycos (EG).
2. CKO s nabopa nzobpazkenuii mioxoro kadecrsa: 17,90 rpagycos (EB).
3. Cpennee BpeMs pabOThI JJIA KayKI0ro n3obpazkenus: 4324 mMc.
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4. Makcumywm ucronb3dyemoit mamsaru: 54032 Ko6.

5. T'mcrorpamma pacrupeeseHusl OTKJIOHEHUH OT UCTUHHOTO 3HAMEHUS st HabOpa XOPOIIEro
KadecTBa — puc. 4a, Ijid ma0xoro — puc. 46.
6. T'umcrorpamma pacmupenenenuss CKO mnsg mabopa xopormero kadecrsa — puc. ba, TLIO-

X0ro — puc. 50.

CrouT OTMETUTb YTO OCHOBHASI I€JIb IIPOBOIUMOIO MCCJIEIOBAHUS HA, JAHHBIA MOMEHT —
9TO He pa3paboTka aJropuTMa, 00JAJAIOMIEr0 MapaMeTpaMy HAMOOIbINEl CKOPOCTH BBITIOJIHE-
HUS U MAUHMMYMAa HCIIOJIb3yeMoil namsaTu. Ha J1aHHOM 3Tame camoe BasKHOE — 3TO BBIIOJHUTD
BepudUKAaIMIO PE3yIbTATOB PabOTHI AJTOPUTMA, KOPPEKTHO OIIPEEIIAIONIEr0 10Jie TTOTOKOB
M300parKeHus.

Takum 006pa3oM MOJydIeHHBbIE PEe3yJIbTATHI MPEXK /e BCErO UMEIOT IEHHOCTh KaK 00bEeKTHUB-
HbIE TTOKA3aTEeN TEKYIIEro dTAlla PA3BUTHUS aJIOPUTMA. Y 9UThIBas 9TO, IIPU CPABHEHUU €T0 C
JIPYTUME aJrOpUTMaMy orpaHuduMcs nokaszareasmu EG u EB (rabu. 2).

Yro kacaeTcsi OCTAJIbHBIX MMOKA3aTeJei, TO OHU Oy/IyT KpaiiHe I0JIe3HbI JJIs OIEHKHU CTe-
[IEHU 3HAYUMOCTH JAJIBHENINX yJIydIIeHil TeKYIEero ajropuTMa mwin pa3paboTke Ha ero oc-
HOBE HOBOTO.

Ilajiee mpuBeIeHO CpaBHEHHE KadeCTBa BBIXOJHBIX PE3yJbTATOB PaspabOTaHHOTO AaJiro-
puTMa ¢ JPYyTUME OMyOumKOoBaHHBIME Ha caiite FVC anropurmamvu o kputepusm EG u EB.

[asimst Ha Tabir. 2, MOXKHO MIPOBECTH CPABHEHUE TOJIYIEHHOI'O aJrOPUTMa C OIyOJUKOBAH-
ubivu [9]. 3navenue nokazaresst EG y pazpaboTaHHOrO COCTABIIAET 5,100, TakKoe 3HaUYeHUe 103~
BOJISIET CKA3aTh, YTO Pa3pabOTAHHBIN AJITOPUTM 110 STOMY IMOKA3ATENI0 3aHIMAET BTOPOE MECTO
cpejiu ornyOJIMKOBAHHBIX Pe3yJibTaToB. KpoMe TOro, MOXKHO CJ1eJ1aTh BBIBOJ, YTO CaM aJIlOPUTM
paboTaeT KOPPEKTHO M il U300pParKeHUH XOPOIIero KavecTBa MOKA3bIBaeT KpaifHe MOJI0XKU-
TeJIbHBIE Pe3YJILTATHI I CBoei eproii Bepcun. OTKIOHEHNE B TIpeeiax b TPAIyCOB B OKPECT-
HocTH, HAmpuMep, 20x20 TpakTUIeCKn HE3aMETHO JJIsi HEBOOPYKEHHOTO TJIa3a.

Ilo mokaszaremio EB, cocraBusimemy 177900, aJTOPUTM TOKA3aJ CPEJIWHHBIN PEATHHT IO

CPpaBHEHUIO C APYTIUMHU yIaCTHHKaMMU TeCTa.
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a) HaBOp XOPOIIEero KavecTsa 6) HaBOp IJIOXOrO KA4ecTBa

Puc. 4. I'ucrorpammbl pacipeaesieHnst OTKJIOHEHNI OPUEeHTAINN JIJIsT HaOOPOB M300paskeHmit
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a) HaBOp XOPOIIEero KayecTBa 6) HABOD IJIOXOr0 KayecTBa
Puc. 5. 'ucrorpammnbl pacupenenenns CKO njst HabopoB nM300parKeHuii

9T0 OOBSACHAETCS TEM, YTO AJTOPUTM B MEPBYIO OUYepeb pa3pabaTbIBaJICs IJisi BepuduKaIum
PE3YJIBTATOB MTOCTPOEHUS II0JIsSI ITIOTOKOB, & MOIEPHHU3AIMA AJTOPUTMA JJIs TAKOH 0O6paboTkm
1300parkKeHuil IJI0X0ro0 Ka4ecTBa, KOTOpas Obl II0 CBOUM IIOKA3aTe M OlepPe:Kajia KOHKYPEHTOB
TpebyeT AJMUTEIbHBIX MccaemoBanuii. Kpome TOro, o4eBuaHo, 910 HEOOXOINMO MCKATH HOBBIE
METO/IbI, IIOAXO0bI, aJrOPUTMbL U IIAPAIUIMbl IJIsd MOHUKEHUs OMMOKK 00paboTK n300pazke-
HUM TIJI0XOro KAa4vecTBa, 9eMy U OyIyT IMOCBAIIEHDI JAJbHEAIINE UCCIeI0BAHNS.

Tabauna 2

Cpasuenne napamerpos EG u EB ¢ onybsimkoBaHHBIME pe3yJibTaTaMu

HaszBanune
Ne VY4YacTHUK TECTUPOBAHUS EG EB
aJropuTMa
1 | Dermalog Identification Systems GmbH DEX-OF 4,89° 7,52°
5 Dept. of 'Infor.mation ?cience & Ele‘ctronic OriNet 6.94° 8 44°
Engineering, Zhejiang University
3 Dermalog Identification Systems GmbH ConvNetOF 5,80° 8,53°
D t t of Aut tion, Tsingh
4 epartment o .u on.la ion, Tsinghua LocalDict 6.08° 9.66°
University

. Institute of Automati?n, Chinese Acad- ROF 5,24° 11,20°
emy of Sciences

AntheusOriE
6 Antheus Technology, Inc. Hheusn 5,46° 17,06°
X
7 Zengbo Xu MXR 5,59° 11,36°
Adaptive-3
8 Biometric System Laboratory ap l_Ve 5,93° 13,27°
(Baseline)

School of Engineering and Information
9 FOMFE 6,70° 21,44°
Technology, UNSWQADFA ' ’

. . Gradient . i

10 Biometric System Laboratory . 5,86 21,83
(baseline)

11 Aradonos A.B., Poxuna /1.C. AVG+ 5,10° 17,90°
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3aKJ/II0UYeHUue

B x071e BBITIOJIHEHHOTO UCCIIEIOBAHUS NU3yU€HA COOTBETCTBYIOIIAS [TeUaTHAS JIMTEPATYPaA U
9JIEKTPOHHBIE HCTOYHUKHU, PAa3pabOTaH aJI'OPUTM IIOCTPOEHHUS IOl IIOTOKOB [JIsT M300pasKeHmii
OTIIEYaTKOB MaJiblieB. CaMOCTOSTEILHO HAIIKCAHA IIporpaMMa Ha g3bike C+-+, HCXOIHBIX KOJIOB
KOTOPOIi HEeT B obmeM mgocryie. IIporpamMMa mMoxKeT ObITH IPeACTABIEHa B BUIE UCIOJIHIEMOrO
daiiyia, KOTOPBIA 3aIycKaeTcs B paboTy Ha yIAJEHHOM CEpPBEPE B HE3aBUCHMOUW OpraHU3AIIAN.
DT0 MO3BOJIsTET 0O BEKTUBHO OIEHUBATH IIPOMEXKYTOIHBIE PE3YJIBTaThl 00pabOTKM M300pasKeHMiA
¥ CPaBHUBATDH WX C Pe3yJbTaTaMu PabOTHI AJTrOPUTMOB JIPYIUX HE3aBUCUMBIX pa3pabOTINKOB.

Onenka pa3pabOTAHHOIO AJTOPUTMA IO KAYeCTBY ITOCTPOEHHSI IOJIsSI IMOTOKOB OJIM3Ka K
KOMIIQHHUSIM, BBICTYIAIOIIUM Ha PbIHKE OMOMETPHUU B TedeHHMU MHOruX JjeT. OIHAKO aJrOpuTM,
METOJI W IIOIXO/I, MPOAEMOHCTPUPOBAHHBIN B TaHHON pa3paboTKe, He COBEPIIEHHBI U TPEOYIOT
pa3BUTHSI.

HanbHelinee HanpapjeHne paboT IO ITOI TeMaTUKe BUIUTCS B IPUMEHEHUH ITPOU3BOTHBIX
0oJiee BBICOKOTO IOPSJKA, B TOM wuucie Jlamracuana, KOMIIEHCAIIUU KOHTPACTHOCTA W (POHA
n306paxkenusi. Kpome Toro, B 00J1acTaX BBICOKOW KPUBU3HDLI JUHUN n300pakeHus: Tpedyercs
JIOIIOJIHUTEJIbHBI MEXaHM3M YTOYHEHMSI JIOKAJbHOIO HAIPABJICHUS JUHHUIA. YUeT IepeducsieH-
HBIX HEJOCTATKOB PACIIO3HABAHUSI IIOJI TOTOKOB MTO3BOJIMTH YMEHBIINTH OIIMOKKA Paclo3HaBa-

HUAg.
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The construction of the flow chart for fingerprints digital images is an important step in biometric identification
and comparison procedure. In particular, the results of building the flow chart significantly affect the filtering of
such attributes of images as minutiae, loops, deltas and curls. In addition, improving the quality of the flow chart
construction can significantly reduce the overall identification error. This article describes the developed algorithm
for constructing the flow chart of fingerprints digital images. The proposed algorithm is based on an improved
method of gradients. This method is applied in two stages with different sizes of aperture and two types of smooth-
ing: common and along the direction of the pattern lines. The quality of this algorithm was evaluated using a web-
framework created on the platform of the University of Bologna (Italy). This framework is created for automatic,
remote evaluation of the results of different fingerprint recognition algorithms including the estimation of the flow
chart. The requirements for the program structure, input and output data imposed by this framework were fulfilled.
The outputs of the algorithm work evaluation by the selected framework are considered and analyzed. A comparison
of the algorithm results evaluation with the original gradient method is made, as well as with the results of other
test participants published in open access.

Keywords: biometrical identification, fingerprint flow chart, pattern recognition, fingerprints, verification.
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3azaua yCcTaHOBJIEHUS COOTBETCTBUI MEXK Iy N300parKeHUsIMI TOYEK Ha Pa3JIMYHBIX CHUMKAX SIBJISIETCS OCHOBOIA
MHOTHX 0a30BbIX aJrOPUTMOB KOMIIBIOTEPHOro 3peHus. CyIlIecTBYIOT HECKOJBKO MOAXO0J0B K PEIIeHUIO JAHHON 3a-
Jla9u: H& OCHOBE JIECKPHUIITOPOB, HA OCHOBE SIUIOJSAPHON reoMeTpur U KOMOMHMPOBAHHBIE METOJABI. B HacTosiei
CTaThe PaCCMaTPUBAIOTCS METOJIBI IIOMCKA, COOTBETCTBYIOIINX TOYEK, OCHOBAHHBIE HA SIUIO/ISIPHON N€OMETPUHN, IIPH-
MEHUTEJBHO K paspabarsiBaeMoil apropamu ¢hoTorpaMMerpudeckoil nsmepurenbroii cucreme (PVIC), ucnonbsyro-
M€l NCKYCCTBEHHbBIE CBETOBO3BPAIIAIONIIE OJTHOTHIIHLIE KPYTrOBble MAPKePh! (MUIIEHN) B POJIM KOHTPOJIBHBIX TOYEK.
B kadecTBe MaTeMaTHUecKON MOIENH JJIs 339U HAXOXKIEHWMS COOTBETCTBHII aBTOPAMM IPEJIaraeTcs UCIOJIb30-
BaTh B3BEIIEHHBII MHOTOJOJIbHBIN HEOPUEHTUPOBAHHBIN Tpad, MHOKECTBO BEPIIUH B KOTOPOM COOTBETCTBYET MHO-
JKeCTBY M300pakeHnii NCKyCCTBEHHBIX MapKepoB (MUIIeHeil) Ha CHUMKAX, a MHOXKECTBO PeOep ONpeiesisieT MHOXKe-
CTBO M300parkKeHuil, B3aMMHO YIOBJIETBOPSIOMINX STUIOJISIPHBIM OrpaHudeHnsiM. [IpeicTaBmIeHo TeOpeTudecKn TO9-
HO€e peIlleHne 33/1a91i Ha OCHOBE CYIEPKJIUKU. BBIMOHEHa OIEHKa BPEMEHHOW CJIOYKHOCTH PeITeHus 3aa9u Iepe3
CYTIEPKJINKY; TIOKA3aHO, YTO JaHHBIH MOIXO SIBJISIETCS 9KCIOHEHITHAIBHO CIOXKHBIM. PAcCMOTPEHbI BAPUAHTHI TIPU-
MEHEHUS PA3TUIHBIX IBPUCTUIECKUX AJTOPUTMOB YCTAHOBIEHUS COOTBETCTBUI MexKay Toukamu. [lomobubre asro-
PUTMBI HE BCErJIa MPUBOIAT K TOYHOMY PE3YJIbTATY, OJHAKO CIIOCOOHBI C(DOPMUPOBATEH TPHUOINKEHHOE PEITIeHnE 38
MPAKTUYECKN TpueMieMoe BpeMs. Biaromapst ocoboit apxutekType, pazpaboranuoii aBropamu PUC, cranoBurcs
BO3MOZKHBIM UCIOIb30BAHNE OBICTPBIX MPUOJIMKEHHBIX AJTOPUTMOB; BO3MOYKHBIE HETOYHOCTH OYIyT aBTOMATHIECKU
HeATpaJIn30BaHbl Ha JajbHeimux dtanax paborsl PUC. IlomobHbI TOAX0 MO3BOJSIET BOCCTAHABIUBATL TOUHYIO
TPEXMEPHYIO CTPYKTYPY U3MEPSEMOil CLIEHBI 38 IPpUeMIEMOe BpeMsi. ABTOpaMU IPe IJI0XKEH HOBBIH TOJIMHOMUAJIbHBII
[AapAJICJIBHBIA AJIFOPUTM TIOUCKA COOTBETCTBYIOMUX To4YeK. OreHena BpeMeHHasl CJI0XKHOCTD Pa3pabOTAHHOIO aJIro-
purMma (rosuaoM 4-if crenenu). Boimonena cpaBHUTEbHAS OIIEHKA TIPOU3BOAUTENLHOCTH U 3hD(MEKTUBHOCTH HOBOTO
aJITOPUTMAa, B KAYECTBE aJTOPUTMOB CDABHEHUSs BBICTYTIAIOT 60Jiee paHHKUE aJIlOPUTMbI ABTOPOB, & TAKKe aJITOPUTM
H.-G. Maas. HoBblit aJIropuT™ IIpeBOCXOIUT 110 MPOM3BOIUTETBHOCTH BCE KOHKYPHUPYIOIIHE AJITOPUTMBI.

Karouesvie caosa: homozpammempus, KOMNOIOMEPHOE 3DEHUE, MOUCK COOMBEMCMEYIWUL MOYEK, NOUCK

nauboavwer KAUKU, INUNOAAPHAA 2EOMEMPUS, NOAUHOMUAADHDOIE ANA20PUNMMDL, CITNEPEO3PEHUE.
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BBenenue

OHOi#t M3 OCHOBHBIX 33139 KOMIIBIOTEPHOTO 3PEHUS SIBJSIETCS IOUCK COOTBETCTBHUI MEK Iy
M300paKEeHUsIMHU OJTHON M TOU YK€ TOYKU HA PABTUIHBIX CHUMKAX. Y CTAHOBJIEHUE COOTBETCTBUIT
SIBJISIETCSI OCHOBOM MHOIHMX GA30BBIX AJITOPUTMOB KOMIIBIOTEPHOIO 3peHust [1].

B macrosiiee BpeMsi CyIecTByeT HECKOJBKO MOJIX0JI0B K PEIEHUI0 JaHHON 1pobsembl. Me-

TOJIb PEIleHrs 33J1a49u OTJImYaioTcsd chepoil TPUMEeHEeHHs, TOYHOCThIO U CKOPOCTHIO YCTaHOB-
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A.J'Il"OpI/ITM IIOJIMHOMMAJILHOM CJIOXKHOCTHU AJIA IIOUCKa COOTBETCTBYIOIIINX TOYEK Ha OCHOBE...

JIEHWSI COOTBETCTBUI, TPUHIIUIIOM pabOTHI U Jip. B wacTHOCTH, CyIIECTBYIOT METO/IbI, OCHOBAH-
HbIE HA WCIOJB30BAHUN XAPAKTEPHBIX OCOOEHHOCTEH M300parKeHus s MOWCKA COOTBETCTBUI
(T.H. deckpunmopos). AJbTepHATHBON JAHHBIM METOJAM SIBJISIETCsI MOJXOJ, OCHOBAHHBIN HA
MPUMEHEHUHU T.H. INUNOAAPHOU 2eomempuu. B pasmene 1 mpusesen Oosee neTagbHBIE 0030D
CYTIECTBYIONTNX METOIOB YCTAHOBJIEHUsT COOTBETCTBHUI MEXKIy TOYKAMU CIIEHBI.

ABTOpBI BeyT paboTy IO CO3JAHUIO BBICOKOTOYHON (POTOrpaMMETPUIECKON CHUCTEMBI W3-
MepeHUs TIPOCTPAHCTBEHHBIX KOOPJIUHAT U M€OMETPUYECKUX HapaMeTpoB 00bekToB [1-4]. Oco-
OEHHOCTBIO JTAHHON CUCTEMBI SIBJISIETCSI IPUMEHEHNe OTHOTUITHBIX UCKYCCTBEHHBIX CBETOBO3BpA-
MAIOMUX MapKepoB (MUIleHell) B KadecTBe XapaKTePHBIX (KOHTPOJbHBIX) TOYEK CHUCTEMBI.
W ieHTHYHOCTD MUIIIEHEIH, a TaKZKe UCIIOIb30BaHNE UMITYJIbCHBIX HCTOYHUKOB cBeTa ((DOTOBCIIbI-
II€K ), CYIIECTBEHHO M3MEHSIOINX KAPTUHY OCBEIEHHOCTH CIEHbI OT CHUMKA K CHUMKY, [IPHBO-
JAT K TOMY, YTO METOJIBI IOUCKA COOTBETCTBYIOIUX TOYEK, OCHOBAHHBIE HA HUCIIOJIb30BAHUU
XapaKTepHbIX 0cOOeHHOCTEN N300parkeHus, He CriocobHbI 3(DPEKTUBHO yCTAHABINBATH COOTBET-
cTBusi. B TakoM cjiydyae eIMHCTBEHHO «PabOTAONIMMEUY OCTAITCS METOIbl, OCHOBAHHBIE HA
SMUTIOJIAPHOI TreOMeTpHH.

B paznene 2 mbr npuBouM KpaTKue CBeJICHUs 00 SMUMOJSPHON reoMeTpun, a Takxke gpop-
MYyJUPYeM 33JIa9y MOMCKA COOTBETCTBYIOININX TOUEK C MUCIOJB30BAHUEM MHOTOIOJBHOTO Tpada
B KAQ4eCTBE MATEMaTUIECKON MOJe/n. 3/1eCh Ke COJIEPXKUTCS OIMUCAHUE METOJIOB TOYHOTO pe-
IMeHNS 331891 W OTEHKA, €€ BBIYUCIUTEIbHON CI0KHOCTH. [[0CKOIBbKY TOYHBIN aaropuTM OKa-
3BIBAETCsI JTBAXKJIbI IKCIIOHEHIINAJIBHO CJIOXKHBIM, B 9TOM K€ pa3jesie MPUBOJIUTCS aHAJU3 Ba-
PHUAHTOB PEIeHNs, JOMTYCKAINX MPUOJIUAKEHHDBIE aJTOPUTMBI HAXOXKICHUST COOTBETCTBHIH.

B pazmesne 3 onmcanbl pa3yindHble AJTOPUTMBI TIOUCKA COOTBETCTBUI HA OCHOBE SIUTIOJISIP-
HO TeOMEeTpHH, B TOM YHUCJE, PA3PAbOTAHHBIN ABTOPAMHU AJTOPUTM MOJTHHOMUATHHON CIOKHO-
ctu. B pasjesne 4 BBITOJIHEH SKCIEPUMEHTAJBHBI CPABHUTEbHBIA aHAJM3 OIMUCAHHBIX AJITO-
putMoB. B 3akmiouermn chOpMyIMpPOBAHBI OCHOBHBIE PE3yJIbTATHI PAOOTBI W MPUBEIEHBI

HallpaBJIeHUs JAaJIbHEUINX UCCJIeIOBAHUN.
1. 0630p Imoaxoa0oB M MEeTOAO0B IIONCKa COOTBETCTBYIOIIINX TOYEK

1.1. O630p cyHIecTBYIOIMUX MOJJXO0J0B K PEINEHUI0 33/Ia4YM yCTAHOBJIEHUS

COOTBETCTBHUM MeKay I/I306pa}KeHI/I$IMI/I TOYKHN Ha Pa3/IMIHbIX CHMMKAaX

B HacCToO4Ilee BpeMd B KOMIIbIOTEPHOM 3PpE€HUU CyHIECTBYET HECKOJIbKO O6H_Lel_[pI/IHHTbIX 1101~
XOJIOB K PEIIeHHIO 33J[a9l yCTAHOBJIEHUSI COOTBETCTBUIl MEXKy M300pa’KeHUsIMIA OJHON U TOM
2K€ TOYKU Ha Pa3/IMYHbIX CHHUMKaX. HaI/I60.Hee PaclIpoCTpaHECHHBIMU ABJIAIOTCA METO/Abl, OCHO-
BAHHBIE HA MCIIOJIb30BAHUU T.H. XapakTepHbix Todek — Meroas! SIFT [5], SURF [6], meTompt,
OCHOBaHHBIE Ha JieTeKTOpe Xappuca |7| u psit APYyrux; TEeMaTHKE XapaKTEPHBIX TOYEK (JIeCKPUII-
TOPOB) MOCBSAIIEHO GOJILIIOE KOJTMYECTBO IIyOIMKAIMI U UCCIIeJOBAHWHA.

Jlannbie METO b BBIJIEJISIOT HA CHUMKAX T.H. XapaKTePHbIE TOYKH, TAKHE KaK YIJIbl, TOUKH
PE3KOi CMEHBI KOHTPACTA, [IOCJIE YEero JIJI BCEX HANIEHHBIX TOYEK BHIYUCIISAETCS OIPeeeHHAs
XapaKTEPUCTUKA — BEKTOP-JIECKPHUIITOD, TUCIEHHBIM 00Pa30M XapaKTepu3yolnii n300pazkeHne
B HEKOTOPO# JIOKAJILHON OKPECTHOCTH XapaKTepHO# TO4YKH. JIOCTOMHCTBOM TAHHOIO MOIXO/Ia
SIBJISIETCS. MOMEHTAJIbHOE» yCTAHOBJIEHUE COOTBETCTBHUII MEXKJly TOYKaMu (IyTeM CPaBHEHUSs
YHCJIOBBIX BEJUYUH BEKTOPOB JIECKPUITOPOB), & TaKyKe OTCYTCTBUE HEOOXOIUMOCTH 3HATH B3a-
HMHOe pacrosioxkenne kamep. K coxkasieHnio, 3t MeTo bl 3D@PEKTUBHBI JIUIIb TPU CPABHU-

TEeJIbHO HEM3MEHHOM OCBeIlleHnu U OJIn3KnX pakypcax dorocbemku. [lepemerienie nctoaHuka
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cBeTa, OO UCIO/Ib30BaHNe (POTOBCIIBIINIKY, KAK B CIydae ¢ pa3pabaTbiBaeMoil aBTopamu ¢o-
TOrPAMMETPUYECKOI U3MEPUTEIILHON CUCTEMOMN (CDI/IC), CYIIIECTBEHHO BJIUSET HA M300ParKeHusd
XapaKTEePHBbIX TOYEK M UX JIOKAJIBHBIX OKPECTHOCTEN, UTO MPUBOJUT K U3MEHEHUIO 3HAYCHUN
neckpunTopos (8. Takum 06pasoM, yCTAHOBUTH COOTBETCTBHE MEXKJLy TOUKAME H300PasKeHUs
[IPU TIOMOIIX JIECKPUTITOPOB CTAHOBUTCSH HEBO3MOYKHDBIM.

Kpowme Toro, B 6oabimuacTse npombiiuieHHbix PVIC (BKiouasi paspabarbiBaeMyio) B Ka-
YeCTBE XapPAKTEPHBIX TOYEK HUCIOJIB3YIOTCH UJIEHTUYHBIE KPYTOBbIE CBETOBO3BPAIIAIONINE MU-
IIIEHU, KOTOPbIe HEBO3MOYKHO PA3JIUIUTh MEXKIy co0oii. Takke 1moao0HBIE CHCTEMBI 9YACTO pa-
00TaIOT C HEJOIKCIIOHUPOBAHHBIMU CHUMKAMM, HA KOTOPBIX, Osiaronaps pOTOBCIIBIIIKE, XOPOIIIO
Pa3IMIUMBI TOJIBKO MCKYCCTBEHHBIE CBETOBO3BpAIIaiolne MuIleHu. V300pakeHns STUX MUIIe-
HEll JIETKO BBIJIEJIAIOTCS TTOPOrOBBIM (DUJIBTPOM, IIOCJE Yero cucrema paboraer ¢ HAOOPOM BbI-
JeJICHHBIX TOY€K Ha CHHMKaX.

Jutst TOMOOHBIX YCJIOBUI TPUMEHUMbBI JIBA aJbTEPHATUBHBIX METOJA YCTAHOBJIEHUSA COOT-
BETCTBUI MeXK Iy N300PaKEeHUIMU TOYEK HA PA3JIUIHBIX CHUMKAX — MMOUCK YKECTKUX CTPYKTYP
(MaTTepHOB) ¥ METObI, OCHOBAHHBIC HA SMUIOJISIPHON T€OMETPUH.

IlepBoiit MeToa 5dPEeKTUBEH IPU HAJUIUN B CIIeHE HeaedOpMUPYEMbIX OOLEKTOB ¢ 3apaHee
M3BECTHOU reomerpueil. B ciydae ¢ pazpabarbsiBaeMoil aBropaMu (pOTOrpaMMETPUYIECKON CH-
CTEMOM, K TAKOBBIM OOBEKTAM OTHOCHATCS T.H. K0006ble MaPKU — UCKYyCCTBEHHBIE MAapPKEphI,
HCIIOJIb3yEMbIE JIJIsi OIIPEJIeIEHUS OTHOCUTEIBHOIO ITOJIOXKEHUS KaMepPhl, 33/IaHUs CUCTEMbI KO-
OPJIMHAT U CBSI3M CHUMKOB MEXKJy COOOM, a TaKyKe BBICTYIAIOIINE B KAYECTBE MPUOJIMKEHHOM
Mepbl Macinraba [2, 9|. Baaronaps 3apanee usBecTHO KOHMUrYpaIyu, a TaKyKe HAJIMIUIO YHU-
KaJbHOTO KOJIa I KaXKJIOH MapKu, UX UAEHTU(PUKAINS W COIMOCTABIEHUE MEXKJy CHUMKAMU
HE TPEJICTABIAIOT TPY/IA.

B orsimame or KO/I0BBIX MapoOK, KOH(MUTYpaIs CBETOBO3BPAIIAIOININX MUIIEHEH Ha U3Me-
psieMOM 00beKTe, KaK IIPAaBUJIO0, ITPOU3BOJIbHA. B TakoM ciryuae j1j1d HaXO0XKJIEHUs COOTBETCTBUIM
MEXKJTy TOYKaMU UCIOIB3YIOTCS METO/Ibl, OCHOBaHHBIE HA SIUIMOJISPHON T€OMETPUN.

Kak nokazaso B [1], npu u3BecTHOM B3aMMHOM DACIIOJOYKEHUU KaMep, TOYKa, BUJAUMAsT Ha
[IEPBOM CHHMMKE, MOYKET HAXOJUTHCA HA INUNOAAPHOU AUHUU HA BTOPOM CHHUMKe (bosee mo-
JIpOGHBIE CBejleHMs 00 SNUIOJISIPHON MeOMETPHUHU IIPUBEJIEHB! B paszesie 2.1), 4ro ymporaer 3a-
JIady MMOUCKA COOTBETCTBYIOIIETO N3006payKeHNs TOYKH C JIBYXMEPHO# (ITOUCK 11O IIJIOMIAJINA BCErO
CHUMKA) JI0 OJIHOMEPHOil (IOMCK BJIOJIb SMUIOJSPHON Jimaun). Tem He MeHee, MOIPENTHOCTH
ompejeIeHUs B3AUMHOTIO TTOJIOXKEHUS KaMep U [apaMeTPOB MOJIEJIN KaMePhl IPUBOIAT K TOMY,
YTO MCKOMAas TOYKA PaCIOIaraeTcs 804u3u SMUIOJAPHON npsaMoii. [loaTomy Ha mpakTuke Mmo-
HCK TOYEK BBITIOJHIETCS B INUNOAAPHHLT KOPUJOPAT HEKOTOPOH 38 JAaHHON MMHPUHBI.

B ciyuae, eciiu B SIUMIOJISIPHOM KOPHUJIOPE HAXOUTCS TOJBKO OJIHO M300parkKeHue TOYKH,
9TO M300paKeHue ¢ MaKCUMAaJIbHOU BEPOSITHOCTBIO OYIeT MPEeICTaB/IATh COO0N NCKOMYIO COOT-
BETCTBYIOHIYIO TOYKY. OILHaKO B PEAJIbHBIX CUTYyallUAX B SNUIIOJIAPDHOM KOPHUIOPE MOTYT HaXO-
JIUTbCA JPYyTHe TOYKU, B CBA3M C YeM 3aJada yCTAHOBJIEHUs COOTBETCTBUI TEPECTAeT OBbIThH
TPUBUAJILHOMN.

H.-G. Maas ¢ coaBropamu B psijie pabor [10-12] npesioxKui ucrnoan30BaTh nepecedeHust
SIUTIOJISIPHBIX JIMHUI HA HECKOJIBKUX CHUMKAX. DTOT IOJXOJ IT03BOJISET 00PabAThIBATH CHUMKH
TpoliKaMu JitbOO YeTBEPKaMH, U TAKUM O0OPA30M Pa3peluTh HEOJIHO3ZHAYHOCTH MPU HAJUYUH
HECKOJIBKMX TOYEK B SIHUIIOJSIPHOI KOpHJIOpe B OOJIBIIMHCTBE ciaydaeB. B pabore [11] omucano

pacmupenne JaHHOTO MEeTOJa dJid HIPOUI3BOJIBHOIO KOJIMYECTBa CHUMKOB IIyTEeM noo‘{epeﬂHoﬁ
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00pabOTKM TPOEK CHUMKOB; TPU 9TOM aBTOPBI OTMEYAIOT 3HAYUTETHHYIO BBIYUCIUTETHHYIO
CJIOXKHOCTDH JAHHOTO MOaxoaa. JlaHHbBIi MeTom Oosiee TTOaAPOOHO pacCMOTpeH B pasaere 1.2.

AHAJIOrUYHBINH TIOIX0/T, TIO3BOJIAIONTNI 06pAbATHIBATH TPOU3BOJBHOE KOJMYECTBO CHUMKOB,
ommcan B pabore Zhu et al. [13].

J.B. FOpunbiv B [14], Zhang B [15] onucansl KOMGUHUPOBAHHBIE TIOIXOJbI K OUCKY COOT-
sercrBuii. Tak, corsiacHo MerojuKe, paccMOTpeHHOI B [14], mepBoHAaYAIBHBIE COOTBETCTBHS
MEKy M300paKEHUSIMA TOYEK YCTAHABIMBAIOTCS TIPU MOMOIIMHM JECKPUIITOPOB XapaKTEPHBIX
touek. Jlanee, Ha OCHOBe HaigeHHbIX coorBeTcTBUiE MeTogoM RANSAC Beruncisierca dyHaa-
MeHTaJbHAs MaTPHUIA, XAaPAKTEPUIYIONas B3aMMHOE PACIIOIOKeHe CHUMKOB. Ha dbuHaIbHOM
STare BBIMOJHSIETCsT HAXOXKIEHNE COOTBETCTBUM JIjIs HEe UIeHTU(DUIIMPOBAHHBIX PaHee Xapak-
TEPHBIX TOYEK TIPU TTOMOIIU STUTOJISIPHON TeOMETPHH; TAaKXKe BO3MOXKHO KOMOWHUPOBAHIE
SIUTIOJISIPHBIX OFPAHUYEHUI U CPaBHEHMS BEKTOPA MAapaMeTPOB, OMUCHIBAIONIAX TOUKY.

B psine pabotr, B wactHoctu [16] u [17], paccmarpuBaoTcss KOMOMHUPOBAHHBIE METOJIbI 0
HCKa COOTBETCTBYIOIMX (KaK JMCKPETHBIX TOYEK, TaK ¥ AHAJIN3 JUCHAPUTETHOCTH) TOYEK C
npumenenneM teopun rpados. K npumepy, Koamoropos B [16] npemyiaraer ucmosib3oBarh pas-
pe3bl rpada Ui PeIeHns 3a/1a9d O COOTBETCTBUAAX B (DOPMYJIUPOBKE MUHUMUIAIINYA IHEPTUU.
B pa6ore [17] npesyiaraercst npeacraBisiTh HHGOPMAIMIO O B3AUMHOM PACIIOJIOKEHUN XAPAK-
TEPHBIX TOYEK, BBIJIEJIEHHBIX JIECKPUIITOPOM, B BHje IpadoB (T.e., BBIIOIHATH COMOCTABICHAE
[aTTEPHOB B n300pakeHusx). IIpu 9TOM MOMCK COOTBETCTBUI MeXKJy TOYKAMU BBIIOJHAETCS
HA OCHOBE CPABHEHMsI CIIEKTPOB MOJIyuaeMbix rpados. Zhang B [15] TakKe npuBOIUT MOAOOPKY
METOJIOB, CBA3AHHBIX C TIONCKOM XapPaKTEPHBIX TOUYEK Uepe3 m30MOpdu3M rpados.

Crout 0T™METUTH, YTO OOJIBITUHCTBO aJTOPUTMOB ITOUCKA COOTBETCTBYIONINX TOYEK MOYKHO
KJIaCCU(PUITUPOBATH KaK I100aIbHbIE TNO0 KaK JIOKAJIbHBIE. JIOKAJbHBIE aJIrTOPUTMBI JIEHCTBYIOT
no npuaiuiny « Winner takes ally (WTA) — «nobenuress 3abupaer Beey . [Ipu aToM oKaibHbIE
AJITOPUTMBI KaK MPABUIO OBICTpee TIOOATBHBIX, HO 0OECTIEINBAIOT MEHBIINYI0 TOTHOCTH yCTa-
HOBJIEHUS COOTBeTcTBUil. ['J100a/ibHbIE AJTOPUTMBI yUUTHIBAIOT BO3MOXKHBIE 3aBUCAMOCTH
MeXKJly TOYKaMu, obecrieunBasi 60j1ee KOPPEKTHOE COMOCTaBJIeHNe M300parKeHnit Toukam (T.e.,
HAXOXKJIEHNE IJI00AIbHOrO ONTUMYMa) TeHOH yBeJIndeHHoro speMenu paborer (14, 15].

Kpowme Toro, cymiecrByer psiJi METO/IOB, BLITOJIHSIONINX ITIOUCK COOTBETCTBUI B TPEXMEPHOM
npocrpancTse [18-20]. [TpenmyecTBOM JaHHBIX METOJIOB SABJISIETCS ABTOMATUYECKAs BAJIUAIIA-
sl pe3yJibTaroB (6e3 HeOOXOIMMOCTH B OTEIBHOM Ilare Jijls TPUAHTYJIAIMA TOYEK U T.J1.), a
HEJIOCTATKOM — TOBBIIMEHHbIE TPeOOBaHUsI K TOYHOCTH ONPEIETICHUs TePBOHAYANBHBIX Mapa-
MEeTPOB BHEIIIHEH OpueHTally U BHYTPEHHUX IIapaMeTpPOB KaMephl.

B paGore [21] paccmarpuBaeTcst psaj APYTrUX COBPEMEHHBIX TUOPUIHBIX MOXOJIOB K 3a/1a4e
aBTOMATHU3AIUNA (POTOrPAMMETPUIECKAX W3MEPEHUH, BBIXOSIINX 33 HPeaMeT PacCMOTPEHUs

HACTOAIIE CTaTbhbU.

1.2. AJgropuTm IOMCKa COOTBETCTBUIi, OCHOBAHHBIII Ha MepecevYeHun

SIIUITOJIAPHBIX IIPAMBbIX

B kadecTBe ajiropuTMa-ormoHenTa Jijist OneHKH 3MPEKTUBHOCTH Pa3pabOTAHHBIX ABTOPAMU
AJrOPUTMOB ObLI BBIOpaH ajaroputym, omnucanHblii B pabore H.-G. Maas u J. Dold [11| kak
Haubosiee OJIM3KMIT K peajM30BAHHBIM aBTOpaMu paHee ajiroputmam. Kpome Toro, dpopmars
BXOJIHBIX JIAHHBIX U MPOTPAMMHas apXUTEKTypa, Tpedyemble i peaju3alinus JAHHOIO AJIro-
pUTMA, UIEHTUIHBI UCIOJIB3YEMBIM B pa3pabdarbiBaeMoil (bOTOrpaMMETPUYECKOH CHCTEME, YTO

IIO3BOJIAET BBIIIOJIHATH OLEHKY SCbeeKTI/IBHOCTI/I AJITOPUTMOB B PaBHBIX YCJIOBUAX.

86 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»



C.A. Tymes, B.M. CyxoBujosn

Unest anropurMa 3aKII09aeTCst B 06pabOTKe MPOM3BOJIBHOTO KOJUYECTBA CHUMKOB TPOIi-
kamu (puc. 1) [10]. Jyst aroro na nepsom cauMmke I; Bbibupator Touky P’. Ha BropoM cHuMKe
K JIAHHOW TOYKE MPOBOJSAT SMUNOAPHYIO JuHuio E;_,, (cm. pasmen 2.1). s kaxoii ToUKy,
HonaJamIell Ha JaHHYIO JUHUIO (B paccMarpuBaeMoM npumepe — Py’ P/, P.'), Ha Tperbem
CHUMKE TaKzKe HPOBOJIAT COOTBETCTBYIONIYIO SMUNOJIAPHYIO JTUHUIO E (5 ,3),. Takxke Ha Tperbem
CHUMKE TIPOBOJIAT SMUNONAPHYIO auHuio E;_ 3. Touka TpeThbero cHUMKA, JiexKalas Ha mepece-
YEHUU SMUNOJIAPHBIX JUHUN, MPOBEJICHHBIX JJIs TOYKMA IEPBOIO M BTOPOI'O CHUMKA, TPUHUMA-
ercsl B KadecTBe cooTBeTcTByfOIIEi. [loouepeno obpabaTbiBasi Bce Apyrue CHUMKEA (POTOTrPAM-
METPUYECKON CECCHU B KA4YeCTBE TPETHEro, AJTOPUTM IIOJIy9aeT HECKOJIBKO (10 KOJIUYECTBY
TOYEK BTOPOI'O CHUMKA) HAOOPOB MOTEHIMAJIBHO COOTBETCTBYIOIINX N300parKeHW TOUEK ¢ pas-
JUIHBIX cHUMKOB. Habop, comepxkatmuit HanboIbIillee KOJIUIECTBO N300PaXKEHNA, TPUHUMAETCS

B Ka49€CTBE€ yCTaHOBJIEHHOI'O COOTBETCTBULI.

Puc. 1. Koudwuryparus kaMep u IPpUHIUI PabOThI AJTOPUTMA ITOUCKA COOTBETCTBUIA

Ha OCHOBE IlepeCevdeHUd IMMUITOJIAPHBIX JMHUI

Kak ormeqdator H.-G. Maas u J. Dold, maHHbBIi aJropuT™M SBIISIETCS IBPUCTUIECKUM U OC-

HOBaHHBIM Ha BE€POATHOCTHOM IIOAXOJ/J€, YTO IMOTCHIUAJIBHO MOXKET IIPUBOJUTH K JIO2KHBIM CO-
1

orBeTcTBUSM . [IpenmyIiecTBOM JIAHHOTO AJITOPUTMA SBJISETCS 0OJiee BBICOKAsST CKOPOCTb pa-

6OTHI 110 CpaBHEHUIO € 110/1x00M, onucanubiM H.-G. Maas B [10].

2. MmuorogoabHBIN rpad U cynepKJInKa KakK TEOPETUYEeCcKOoe
penieHne 3aa4M yCTAaHOBJIEHUS COOTBETCTBUIA

2.1. KpaTkue cBeeHUsI O SMUNOJIAPHON reoMeTpuu

Kak usBectro [1], suunossipuasi reoMeTpusi ONUCHIBAET T.H. CMEPEONAPy — JIBE KAMepPbI C
M3BECTHBIM B3aMMHBIM PACIIOJIOXKEHUEM, ITPOU3BOIAIIre (POTOCHEMKY OJIHOIO M TOTO YKe TPEeX-

MepHOro obbekTa. [Ipu aroM, ToukKa, BuIuMas Ha IEPBOM CHUMKE, HA BTOPOM CHUMKE MOZKET

1 .
PaspabarsiBaemast apropamu @PUIC ycroitunba K OMmUGOYHBIM COOTBETCTBUSAM TOUeK (CM. pasmen 2.2).
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HaXOJIUTHCS TOJIBKO HA INUNOAAPHOU AUHUU. DTy 3aBUCUMOCTb BO3ZMOXKHO HCIIOJIB30BATH JIJIs
HaXO0KJIEHWS COOTBETCTBUI MEXK/y TOUYKAMU HA CHUMKAX.

IIpenmosiozkmm, uTO TOUKa X BUJIHA OTHOBPEMEHHO HA JIEBOM KaMepe ¢ IeHTpoM O; m mpa-
Boil Kamepe ¢ nentpom Og (puc. 2). Ha muockocTu n300pazkeHus JeBOil KaMepbl TPEXMEPHO
Touke X COOTBETCTBYET HByXMEpHAsd TOYKa X;, Ha IJIOCKOCTA M300parkeHusi TPaBoOil Ka-
Mepbl — Touka Xg. Jlunus, coemunsonias onrudeckue 1neHTpsl Kamep Op u Og (1.H. 6a3oBast
JIMHUS ), IepeceKaer ILIOCKOCTH N300paKeHu B TOYKAX & W £g, HA3BIBAEMBIX SMUNOJIAME [1].

OueBuHO, YTO JJIsI KaXKI0W TpeXMepHOU TOYKU X CyIIeCTBYET CBOsI SIUTIOJISIPHAST ILJIOC-
koctb 0;0pX, npoxonsmas depe3 X (a ciaenoBaresibHo, u Yepe3 X;) u 6a3oByio Jjuuuio. [Ipu
9TOM TIEPECeUEHHE SITUTTOIAPHON TIIIOCKOCTH € IJTIOCKOCTBIO N300PaKeHus TPABOro CHUMKA (hop-
MUDYET INUNOAAPHYI0 suruto. COOTBETCTBEHHO, BCE N300PAKEHUS TOUEK X ... Xy, JIEIKAIINX HA
ayde O X, BKaodyasg caMy TOUKy X, Ha IPaBOM CHUMKE OyIyT JIe2KAaTh HA JAHHON SMUIOJIIPHON
JIMHUH.

B catyuae, ecam ncruHHBIE TPEXMEPHBIE KOODMHATHI TOUYKU X HAM HEM3BECTHBI (HAIIpUMED,

npu 06paboTKe GOTOCHUMKOB, IJIe U3BECTHBI TOJBKO JIBYXMEPHbBIE KOODAMHATHI TOUYKHU X ), MbI

Kamepa 1 . Kanmepa 2

— TTATTOJIAPHAS JIHHM A

I'PaHHIla THIIOIAPHOIO KOPHJI0PA
Puc. 2. Dnunonsaprast reomeTpust Toukn X JJIsT CHCTEMBI U3 JIBYX KaMmep

HE MOKEM OJIHO3HAYHO YCTAHOBUTH IOJIOKEHUE N300paKenus Xp TpexMepHOil Touku X Ha pa-
BOM CHHUMKE W3-3a HOTepu WHMOpMAIUU O riiybmHe npu npoermpoBanun. OIHAKO, B TAKOM
cJIydae Mbl MOXKEM CY3UTb ODJIACTH MOUCKA COOTBETCTBYIOIIENH TOYKHM CO BCEH IO U300-
paKeHus 70 SMUTOJSIPHON JIUHUH.

[Ipu u3BecTHOM B3aMMHOM DPACIIOJOKEHUU KaMep SIHIOJsIpHAs JuHuA e (Buma ax + by +

¢ = 0) suis Touku X; Ha IPaBOM CHHUMKE MOXKET ObITh onucaHa ypasaexuem (1):

= H —Fx,, 1)

rae F — dyHmameHTaabHast MATPUIlA, BBIUACIAEMAas Yepe3 MaTPHILy BHYTPEHHUX HapaMeTpOB
kamepbl K u cymecrBennyto marpury E (2):
0 —tx(3) tx(2)
F=K' E-K=K1'-| tx(3) 0 —tx(1)|-R-K, (2)
—tx(2) tx(1) 0
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TJie, B CBOIO OYepeslb, R m tx — MaTpuiia moBOpoTa W BEKTOP MEPEHOCA MEXKIY JIByMs KaMe-
pamu, popmupyromuMu crepeonapy. Ilpu najguauu marpuit Bpamienus A; u Ap, a Tak»Ke BEK-
TOPOB TIepeHoca t; U tgy JJisl JIEBOii U MpaBoii KaMep B 00mIeil (rI06abHOI) crucTeMe KOOpInHAT

R 1 tx MOXKHO BBIYUCJIUTH KaK:

R=Ag- AL, (3)
T_p,T
tx = —R-RtL (4)
llek=R-tL]l

Ha npakTuke B Cujly HEJIOCTATOYHOI TOYHOCTH OIPEIEIEHUsS B3aWMHBIX PACIOJIOXKEHUI
KaMep, B COBOKYITHOCTH C HECOBEPIIEHCTBOM 3JIEKTPOHHO-ONITUIECKUX CUCTEM KaMep, m300pa-
JKeHrne TOYKHN Xg KpailHe PeJIKO IONaJaeT Ha BHIYUCIEHHYIO SIUIOJSAPHYIO JUHUIO. B cBsA3m ¢
9TUM TOUCK COOTBETCTBYIONINX TOYEK BBIMOTHSICTCS B INUNOAAPHOIL KOPUJOPAT TIOTYIIH-
pusbl d. B cityuae, eciim paccTosiHue OT M300pakKeHus TOUYKYA Ha TPABOM CHUMKE IO SIUTIOJISIP-
HOH JINHUU HE TPEBLINAET d, TOYKA CIUTACTCS JIEXKAIIEeH B SMUIIOJAPHOM KOPHUJIOPE U MOYKET
paccMaTpUBaThCAd KaK KaHIUIAT HA COOTBETCTBYIOILYIO TOUKY.

W3 puc. 1 u puc. 2 09eBUIHO, YTO JIOOBIE APYTHE TOYKHU, JEKAIINE HA SMUTIOJSPHON AUHUL
Ha MPaBOM CHUMKE, MOTYT TaKKe pacCMaTPUBATBHCA B Ka4eCTBE KaH/MJIATOB HA COOTBETCTBUE
nzobpazkennio Touku X;. Ilepexon K amumongpHbIM Kopudopam TPUBOAUT K eIie OOJIbITeMy
POCTy KOJIMIeCTBA KAHIUIATOB HA COOTBETCTBYIOIIUE TOUYKA. DTO 3HAUUTEHHO YCIOKHSIET 3a-

Ja4y IIOMCKa COOTBETCTBUM.

2.2. MHuoroaoabHbI rpad Kak MaTeMaTndeckas MOJeJsb B 3aJiade IMONCKAa

COOTBETCTBYHOIIIUX TOYEK

AnropuTMBI, paccMOTpeHHBIE B pasfese 1.1, pemaioT 3a1a4dy MONCKa COOTBETCTBUI HA OC-
HOBE 3MUIIOJIAPHBIX OFpa.HI/ILIeHI/Iﬁ METOJ0M ITOCTPOCHUA HyTefI u ImoJc4deTa IIoTeHIInaJIbHbIX KaH-
JINTATOB HA COOTBETCTBYIOIIYIO TOUKY.

Mpsl npejjiaraeM HCIOJIb30BATHh B3BEIIEHHBIN MHOTOMOJbHBIN HEOPUEHTUPOBAHHBIN rpad
G = {V; E} B kxagecTBE MaTEMATUIECKON MOJENN I 38Ia91 O HAXOYKJICHUN COOTBETCTBYIOIINX
touek. JlauHBII rpad cocTOUT M3 MHOXKECTBa BepIiuH V, KaxKgas U3 KOTOPBIX ITPEICTABJISIET
coboit n306parkeHne KPyroBoil MUIIIEHN HA CHUMKE, a8 TaK»Ke MHOxKecTBa pebep rpada E. Ilse
BEPINUHBI B JIAHHOM rpade CBA3aHbI peOPOM B TOM CJIydae, eC/ii COOTBETCTBYIOIINE N300paske-
HHUsT TOYEK HA CTEPEOTape 63aGuUMH0 TOMAIA0T B STUIOJSIPHbIE KOPUAOPHI MUPUHLL 2d.

Kaxxmas Bepmmaa manuoro rpada mnpejcrapisger co00il yHUKAJIbHBIN HACHTU(MUKATOP, KO-
TOPBIF B3aMMHO OJITHO3HATHO COOTBETCTBYET M300ParKEHWIO TOYKHU, KPOME TOTO, KAXKIasd Bep-
mHa (M300pazkeHne) COOTBETCTBYET OJHOMY W3 MHOXKECTBA CHUMKOB. [IpMHAJJIEZKHOCTD BEp-
IITUHBI OTIPEIETIEHHOMY CHUMKY XapaKTepu3yeT MHOTOIONBHBIN XapakTep MoIydaeMoro rpada;
KaKJIbIil CHUMOK (hOpMUpPyeT COOCTBEHHYIO, OTIE/IbHYIO 00 rpada (T.K. TOUKH, PACIONOKEH-
HbIE Ha OJJHOM U TOM YK€ CHHUMKe, He MOIYT ObITh CBsI3aHbI JAPYT ¢ apyrom). lannas undopma-
IHsT MOYKET OBITh MCIOJIb30BaHA MPU pa3paboTKe ONTHMU3MPOBAHHOTO aJTOPUTMa MOWCKA CO-
OTBETCTBYIOIIUX TOYEK.

Kazxkmoe pebpo rpada B npejraraeMoil HaMU MOJIEJIA TaK2Ke T0JIyuaeT COOCTBEHHBIN 6ec,
PaBHBIN yCPEIHEHHOMY ITHKCEJIHBHOMY PACCTOSHUIO JIJIs Tapbl N300parKEHUN TOYEK JI0 COOTBET-
CTBYIOIUX ITUM TOYKAM SIMUMOJAPHBIX JIMHUH HA MTPOTUBOITOJIOKHOM CHUMKE:
1 leL " prl ler - DLl
2 \VeL(1)?+e(2)2  Jer(1)2+eg(2)?

w(pL, Pr) = (5)
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rje e;, eg — KO3 UIMEHTHl ypaBHEHUsI STMUIOJISPHON Jimauu (1) JUIs JIeBOro M mpaBoro
CHHUMKA COOTBETCTBEHHO, P, Pr — OJHOPOIHBIE ITUKCEIbHBIE KOOPANHATHI N300parKeHUl TOUKH
Ha JIEBOM U IIPABOM CHUMKaX.

Nudopmarus o Bece pebpa MOKeET TakKe ObITh UCIIOJIb30BAHA ITPU Pa3pabOTKe ONTUMU3U-
POBAHHOTO AJrOPUTMa ITOMCKA COOTBETCTBYIOIIUX TO4YEK. B wyacTHOCTH, TPU BBHIOOPE MEXKTY
JByMsi HabopaMu U300parKeHUil TOUeK — IIPEeTEeHIeHTaMU Ha COOTBETCTBYIOIIYIO TOUKY IPE/I-
MMOYTEHNE OTIAeTCA HADOPY C MEHBIINM CyMMAapHBIM BecoM pebep, Kak 0oJiee MpUOIUKEHHOMY
K COBOKYITHOCTHU SIHUIIOJISIPHBIX OMPAHUIEHUIA.

IIpencraBmenue 3amavn MOMCKA COOTBETCTBYIOIIMX TOYEK B rpadoBOil (popMe MO3BOJISET
YACTUIHO abOCTPATMPOBATHCS OT SMUIIOJSPHON T€OMETPUU U PA3IEUTh 3aJ1a4dy OUCKa COOT-
BETCTBUI HA JIBE TOMA3aJadu: dTan (popMupoBaHus rpada u TAll MOUCKA COOTBETCTBYIOIINX
Touek B rpade. [1omo0HbI T0IX0 1 TTO3BOJISIET Pean30BaTh KakK JIOKAJbHBIE, TAK U TJIODATbHBIE
aJITOPUTMBbI TIOUCKA COOTBETCTBUIA.

Ha srTame ¢popmupopanus rpada Mbl coOupaeM UCKIIOUUTETHHO HH(MOPMAIUIO O TOM, Y10~
BJIETBODSIE€T JIU JIaHHAA Tapa M300PaKEeHWil KPYTOBBIX MUIIEHEH 63GUMHbIM SIUATIOISIPHBIM
OorpaHUYEHUsIM (B OTJINYKE OT aJIropuTMa Zhu, rie mpoBepKa Ha B3aUMHOCTH BBIOJHSETCS HA
nocjenHeM sramne). B pesysbrare nosydeHHblii rpad cojepKur MHAGOPMAIMIO O BCEX Hapax
TOYEK, SABJISIONNXCS MTOTEHIINATbHBIMU KAHIUJIATAMEU HA COOTBETCTBHE; & TAKXKe CMENEHU CO-
OTBETCTBHUsI — B BHUIIE Beca pedpa.

DTan MMOUCKA COOTBETCTBYIOIIUX TOYEK, B CBOIO OYEPEIlb, MO3BOJISIET MPUMEHUTH MATEMa-
TUYECKUI ammapar Teopww rpadoB JJjid yCTAHOBIEHUS COOTBETCTBHUH Mexmy Toukamu. Ode-
BUJ/HO, 9TO MATEMATUIECKUM IPEICTABJIEHUEM COOTBETCTBYIOIIEH TOYKU | B JAHHOW MO/Ie/n
oyner aBnarbea kauka C; = {V} € G — noamuoxkectso rpada G, B KOTOPOM BCE BEPIIMHBI
CBsI3aHBI MexK 1y coboii. Ilpu aToMm, B crity ocobeHHOCTEH ONUCHIBAEMOM MOIEIn, B OJHON U TOM
’Ke KJIMKe He MOXKeT ObITh JIByX U DoJiee BePIINH, TPUHAJJIEXKAIIEN OJHOM 1 TO¥ 2Ke j10Jie rpada
(cHUMKY).

Kaxnas xkimka rpada xapakrepusyercss MOIHOCTHI0 Kk N(C;) (KoamdecTBOM BepIuH,
ee 00pa3yIoIINX), 66COM KAUKU, PABHBIM CyMMe BecoB Bcex pebep (6), u cpednum 6ecom kaukuy,
paccanThiBaeMbIM Kak (7):

N(C;)—1 oN(C;
Wclique(ci) = kil) Zj=(k.').1 W(pk'pj)a (6)

2 _ZN(Ci)—l ZN(Ci)

k=1 j=let1 WP P
N(C)H(N(C)-1)

Wengque (Ci) = (7)

JlamHble mapaMeTpbl XapaKTepu3yIloT CTENEHDb JIOCTOBEPHOCTH, C KOTOPO# KJIUKA SIBJISETCS
n300pazkeHrneM OJIHOM U TO# Ke TOUKU. B JacTHOCTH, BO3MOKHO HMPHUHSTH, 9TO KJIUKA C MOIII-
HOCTDBIO, MEHBIIIEe! HEKOTOPOU 3a/JaHHOM IIOPOrOBOM MOIMHOCTH t, ABJIAIOTCA IIPEICTaBICHUCM
nomexu (6JIMKa, OTpayKeHus JIMO0 OMuOOIHO UIeHTUMUIMPOBAHHON MUIIIEHH ), KOTOPOE HYXKHO
HCKJIIOYHUTh U3 O6pa6OTKH2. Benuauna nagHOTO 3HAYEHWA YACTUYIHO 3aBUCHAT OT (POPMBI MU3Me-

pgemoro obbekTa. B paszpabarbiBaemMoil (hOTOrpaMMETPUYECKON CHCTEME aBTOPHI UCIIOJIb3YIOT

t=4...6.

2 . .
B caydae, ecim momexa, mo dhopme coBmagaromnias ¢ (popMoil KpyroBoit MUIleHr, HAOTI0IaeTCs Ha, 00JTb-
[IeM KOJIMYECTBE CHUMKOB, €6 MOXKHO PacCMaTPUBATL KAK JIONOJHUTEIbHYIO TPEXMEPHYIO TOUKY (ecre-

CTBEHHYIO OCOOEHHOCTH ), KOTOPYIO JOMYCTUMO UCHOJIb30BATH B PACUETAaX.
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Taxke, Ipu HAJIUYUN JABYX UMEIOINUX OOIIE BEPITUHBI KJTUK PABHON MOIITHOCTH, KPUTEPHit
BeCa KJIMKHN ITIO3BOJIAET BbI6paTb MeXKAYy HUMU MOPEAINIOYTUTEJIbHYIO KJIMKY: KJINKa C MEHbIIINM
BECOM JIYHIIle YIOBJIETBOPSIET SMUIOJISAPHBIM OIDAHUICHUSM, a, CJIEIOBATEIBHO, U SIBJISETCS 0O~
Jjee JOCTOBEPHOM.

C reoMeTpuvecKO#l TOUKM 3pEHUS KJINKA MOITHOCTHIO N TIpeCTaBIsgeT cO60 COBOKYITHOCTh
N uz00parkeHuit KPyroBbIX MUIIEHEH HA PA3IMIHBIX CHUMKax. Kaki0e n3 BXOMISIINX B KJIMKY
nzobpakeHuit narodumes 6 obaacmu nepecevenus ecexr N — 1 snunoaaproix Kopudopos OT Beex
OPyTUX TOYEK KJIMKW, TOCTPOEHHBIX HA JJAHHOM CHUMKE, KaK MOKAa3aHO Ha pHC. 3.

[Ipu 3TOM, COrJIACHO TEOMETPUYECKUM COOOPAXKEHUSAM, C POCTOM KOJIUIECTBA TOUYEK B KITUKE
(4, COOTBETCTBEHHO, POCTOM KOJIMYECTBA, MEPECEKAIOIINXCsl SMUIIOJISIPHBIX KOPUJIOPOB) BEPOSIT-
HOCTb OIIMOOYHOM MICHTU(DUKAIMU TOYEK YMEHBIIAETCH B CHJIy YMEHbIIeHusd 00JIACTU OJHO-
BPEMEHHOI'O TIePeCevYeHnsl BceX KOPHUIOpoB (puc. 4). AHAJIOrMYHO, IPU YMEHbIIIEHUN [IIUPUHBL d
SIUIIOJIIPHOTO KOPHUIO0PA YMEHBIIAETCH BEPOATHOCTDH IONAJAHUA M300PaXKEHUsT KJIOKHOIY
TPeXMepHOI TOYKM B JAHHBIN KOpuaop. Takum oOpa3oM, B MpeaebHOl (popMe BEPOSITHOCTD
PABUILHOM MAeHTU(MUKAINY TPEXMEPHON TOUYKHU B KAYeCTBE KJIMKHM MOXKHO 3amucaTh Kak (8)

(mpu ycioBumn 6€30mubOYHOrO ONpeJIeIeHUsT TapaMeTPOB MOJIEJIN KaMepb ):

P—1, (8)
n—-oo, d—0

rie P — BepodATHOCTH TOrO, 9TO CHOPMUPOBAHHAST KJIUKA COMEPKUAT U300PakeHUs OJHON U
TOW K€ TPEXMEDHOI TOYKM Ha PA3IMYHBIX CHUMKax (6e3 ommbOYHO BKJIIOUEHHBIX M300parke-

Puc. 3. Cxemarnueckoe n300pazkeHne MPUHIINATIA, TIOUCKA, COOTBETCTBHIA
MexK 1y m3o0parkenusamMu Todek. Kaxknas jmHus pakTUIecKn

[IPEJICTABJISIET COOOI SMUMOJSPHBIN KOPUIOD 3aIAHHON MTUPUHBI

CoOTBETCTBEHHO, C TEOMETPUIECKON TOUKU 3PEHUA, peueHuem 3a40a44U yCTAHOBICHUS CO-
OTBETCTBUI MEXKJIy U300PAKEHUSMHU BCEX TPEXMEDPHBIX TOUYEK CECCHU OYJIET SBJISAThCS HADOP

BBIIICONNCAHHBIX MHOYKECTB M300paskeHUi ToYeK (KJIUK).
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Puc. 4. OparMenTsl SMUIOIAPHON T€OMETPHUN PEATBHOMN CIIEHBI

C Pa3IMYHBIM Pa3MePOM KJIMK (KOOD/IMHATHI yKA3aHbI B IIUKCEJISIX)

Omnpegenenne 1. Pewenuem 3adauu noucka N coomeememeyouur movex saBasgeTcs COBO-
KYIIHOCTh He MMenmx odmmx sepmmH Kiauk {C;}, i = 1..n rpada G ¢ MOINHOCTBIO KaxKI0M
KJIMKM, HE MEeHbIIeill nopoza gusvmpayuu nomex t (r.e., st oboit C; ClpaBeyIuBO BbIpazKe-
e N(C;) = t). Ilpu srom, Kaxkasi KIMKa HE MOXKET COJIepKaTh 00Jiee OJIHON BEPIIUHBI, IIPH-

HaJJIeXKaleit oauoi mome rpada G.

Teoperuvyeckn TOYHBIN BapUAHT PeEIeHUs JTAHHONW 3aJa9U IIPUBEJIEH Jlajlee B pasiesie 2.3.

OrMeTuM, 9TO B PEAJIbHBIX YCIOBUSAX IIPUBEIEHHBIN BBIIIE MMOIX0/ HICHTUPUIIUPYET TPEX-
MEPHYIO TOYKY C HEKOTOPO# BEPOATHOCTBIO, TIOCKOJIBKY IIOJIOYKEHUA U OPUEHTAIINS KaMep, MaT-
pulla BHYTPEHHUX MapaMeTPOB U BEKTOP MapaMeTPOB MOJIEIN JUCTOPCAN U3BECTHBI C ITOTPEI-
HOCTBIO. DTO MPUBOJIUT K TOMY, UTO IIOJIOXKEHWs SIUIOJISPHBIX JUHUNA (K, COOTBETCTBEHHO,
SIUIIOJISIPHBIX KOPHUJIOPOB) HA CHUMKAX BBIUUCJISIIOTCS C IOIPENTHOCTBIO; peasibHble n300pazKe-
HUSI TOYEK MOTYT BBIXOJUTH 3a IpeJesbl KOPUIOPOB HasHadeHHOU mupunbl 2d. Takum obpa-
30M, aJITOPUTMBI, UCIIOJIB3YIONINE SIMUIIOJISIPHYIO0 I'€OMETPUI0, MOTYT He 1aBaTh PEINIeHUI WiIn

OPpUBOAUTH K HAXOXKICHUIO OIMMUOOYHBIX COOTBETCTBUM.

2.3. Cyl'[epK.TII/IKa, BbIIHUCJINTEJIbHAA CJIO2KHOCTDb 3aJaYUi 1 l'IpI/I6J'II/I}KeHHOG

peiieHnue

TeoperuueckuM (TOYHBIM) PENIEHUEM 3aa9M MOUCKA COOTBETCTBUI SIBJISETCS HAXOXK ICHIE
cYyneprAuKY, — HaUOONBINEH KIUKHN B cynepepage, OMpeieIeHne U CXeMa TIOCTPOEHUsT KOTOPOTO

IPpUBEICHDbI HU2KE.

Onpenenenne 2. Cynepepagdom S B 3a7a49€ TONCKA YCTAHOBJIEHUS COOTBETCTBUA MEXK LY N300-
PaXKEHUAMHI TOYEK HA3BIBAETCH Tpad, MHOXKECTBO BEPIIMH KOTOPOI'O TOKJIECCTBEHHO MHOXKECTBY
kymK-kKauunaToB {C;} rpada G, a MHOXKECTBO pebep ompeesserT HAOOP HE MMEIOIUX ODIIUX
BEpIIMH KJIMK-KanauaaTos rpacda G (C; NG = 0).
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Ompenenenne 3. Kauxoti-kandudamom rpacda G HA3BIBAETCs MOIMHOXKECTBO IOIIAPHO CBsI-
3aHHBIX MEXKJLy co0oil pebpamu Bepuiut rpada G (T.e., BBAUMHO yIOBJETBOPSIIONIMX SO/~
HBIM OIDAHUYCHUSIM N300paKEeHUIl TOUEK) ¢ Pa3MepPOM MOIMHOYKECTBA, HE MEHBIINM t — BeJI-

YUHBI, UCIOJb3yeMOil J1ij1st (DPUIBTPAIUU TTOMEX.

g Toro, uTobbr chopmupoBath cyneprpad S, B rpade G cHauasa HaAXOMAT BCE MAKCH-
MaJibHbIE KJIUKA C KOJIMYECTBOM BEDPIIUH HE MEHbIIIEe TTOpOroBoro 3uadenus t. Kaxknas Takas
kymka C; TIpeacTaBjsieT co0O TPEXMEPHYI0 TOYKY-KAHIUIAT, COCTOLIINYIO U3 Habopa m300pa-
JKeHUi Touek (B BUJEe MHOXKECTBa BepIuH V;), KOTOpBIE yI0BIETBOPSAIOT B3AUMHBIM SITHITIOJISIP-
HBIM OTrpaHuYeHusdM. [Ipu 9TOM HA TpPaKTHKE BO3MOXKHDBI CUTYAIIUN, KOTIa OJHA U Ta YK€ BEp-
[IMHA MOXKET BXOJUTb B HECKOJIbKO KJIMK (T.K. W300parKeHHe MOXKET IONAJIATh B HECKOJIBKO
SIUIIOJISIPHBIX KOPHUJIOPOB, OCOOEHHO IIPU GOJIBIIMX 3HAYEHUSIX [IUPUHBI KOPUIOPOB).

Ha cnemyrommem srare crpoutcsi cynepepag — rpad S, BepluimHaAMEU KOTOPOTO SIBJISFOTCSI
kmku C;. Bepmunner C; u C; B cyneprpadye OynyT cBasanbl pebpoM B ciyvae, ecin Kiuku C; n
C; ne conmepxart obuux sepmmn rpada G — r.e., ;N G = Q.

[Tokaxkem, 9T0 cynepkiuka, WK HAUOOJIBINAS KJIUKa cymeprpada S mpeacTaBiisier coOoi
pellleHne 3a1a91 MONCKa COOTBETCTBYIOMINX TOYEK.

CorytacHo orpejiesieHn0 HanOOJIbINIEH KJIMKH, HailjleHHas B cyneprpade S cynepkimka 0y-
JIeT TPEACTaBIATh cOD0it HAMOOJIBIITYI0 COBOKYITHOCTDh HE UMEIOIUX OOIMNX BEPINUH KJINK-KaH-
munaroB C;, mpuHaiexamux rpady G. Kaxknas kimka-kangugar C; mpejcrasiisger coboit
HabOp M300parkeHuit TOUYEK, B KOTOPOM JIFOOBbIE IBa M300parkKeHnsT HaXOIATCA Ha PA3HBIX CHUM-
KaxX ¥ B3AMMHO YJIOBJIETBOPSIIOT SIMIIOJISIPHBIM OMPAHMYEHUsIM (COMJIACHO MPUHIUIY (DOPMUPO-
Banus rpada G). Takum obpasom, cynepkiuka yjoBiaerBopsier OnpejesieHuto 1, u sBisercs
TOYHBIM PEIEHUEM 3aJIaYUNd O HAXOXKJIEHUM COOTBETCTBUI MEXKIy TOYKaM{ Ha CHUMKax. [lpwm
9TOM JaHHAS 3aJa4a PeIlaeTcs B JIBa Iara — HaxXOXKJeHHe BceX KJMK B rpade G u Hanbob-
et KJmKy B rpade S.

Haxoxnerne CymepKaWKH Ha MPAKTAKE OTPAHUYIEHO BBIYUC/IUTEIBHONW CJI0XKHOCTHIO. B
HACTOSIIEe BpeMs 3a/1a9y MOMCKA BCEX MAKCUMAJbHBIX KJIUK B rpade U HaX0XKIeHUs HANOO0Th-
mefi kauku cauraror NP-nonabivm [23]. Kak usBectHo, B rpade u3 n BEPUIMH MOXKET COJED-
Karbest 10 33 MaKCHMAJIbHBIX KIIHK [24]. Takum 06pa3oM, KOIMYECTBO KUK B cymneprpade
S, COrJIaCHO OIPEIEJIEHUIO 2, MOXKET JIOCTUIATh 3HAUYUTEJHLHO OOJIBIINX 3HAYEHUM

Kak nokazano B [23|, Hanay4diive u3 10CTYIHBIX B HACTOSIINEE BPEMs aJIlOPUTMOB TIOMCKA
HanboJIbIIeHl KJIMKH MMEIOT BPeMEeHHyIo cjaoxkuHocTh Buga 0(2°N), rme w >0 — Hekoropas
KOHCTaHTa, a N — Kojm4uecTBO BepmmuH B rpade. [logcrasisasa B qaHHOE BhIPaXKEHNE BEPXHIOIO
OIIEHKY KOJIMYeCTBa BepiiuH B cymeprpade N = 3 3, IIOJIyYUM BEPXHIOIO OIICHKY BPEMEHHOM

CJIOZKHOCTH JIJI HAXOXKJICHUA CYHNEepPKJIMKN B BUIE (9):
02v3"), 9)

1 o
rame w = Z JJIAA Hauboee 6I>ICTpOFO U3 U3BECTHLIX Ha CErOJHANIHUN J€HL aJITOPUTMOB ITOUCKA

HaubosibIeil Kiauku [25], N — KoamuecTBo MAeHTHMUIMPOBAHHBIX MUIIEHEN HA BCEX CHUMKAX
doTorpaMMeTpUIecKoil CECCUH.

Takum 00pa3oM, IOWCK CYIEPKJIUKUA HMEET IBAXKIbl IKCIOHEHITUAJIHHYIO BPEMEHHYIO
ciokHOCTh. Ha TexyieM 3Tale pa3BUTUs BBIYUCIUTEIbHON TEXHUKHN ITPAKTUYECKOE ITPUMEHe-
HUE TAKOr'0 IMO/X0J[a HEBO3ZMOXKHO, UCKJIIOYas CJIydau ¢ HEOOJIBIITUM KOJIMYECTBOM CHUMKOB U
KOHTPOJILHBIX TOYEK, He MIPEJICTABJISIONINE COOON MHTEPECA C TOUKN 3PEHUS IPAKTUIECKON TPHU-

MEHHUMOCTH.
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Pazpaborannas namu @UC oryimaaercs: BBICOKO# pOOACTHOCTHIO K OMMOKAM yCTAHOBJICHUS
COOTBETCTBUIA. B 1acTHOCTH, /11 pelleHns YKa3aHHOI MpobJieMbl aBTOpaMU IIPUMEHEHa UTepa-
MOHHAs cxeMa [4] ¢ 06paTHBIM TPOEIUPOBAHIEM TPUAHTYJIUPOBAHHBIX TPEXMEDPHBIX TOYEK C
YTOYHEHHBIMHU 4epe3 MeTo/] cBs30K (anri. bundle adjustment) [22]| koopaunaramu. lasnblii
TTOJ/TXOT, TIO3BOJISIET YCIIENTHO HAXOIUTDH «ITOTEPSTHHBIEY N300PayKeHM; BO3MOXKHBIE HETOYHOCTH
COTIOCTaBJIEHNsT OyJyT WCIpaBjeHbl JuOO OT(PUIBTPOBAHBI B XOJe PabOThI UTEPAIMOHHOMN
cxeMbl. Takum 06pa3oM, Ha MPAKTHUKE JOMYCKAETCs TPUMEHEHNE SBPUCTUIECKUX AJTOPUTMOB
HAXOXK/IEHUsI COOTBETCTBUIA, T.€. aJI'OPUTMOB, He SIBJISIOIIMXCS TEOPETUIECKU TOYHBIMU (J1at0-
mux npubanKenHoe pemenue). [Ipu 3T70M M0J0GHBIE AJIFOPUTMBI, KAK MPABUJIO, OTIMYAIOTCS
BBICOKO#1 [TPOM3BO/IUTEIHLHOCTBIO  MACIITAOUPYEMOCTBIO (CIIOCOGHOCTBIO 06pabaThiBaTh 6OJIb-
Iree KOJIMYIECTBO TOYEK), UTO SABJISIETCS TPUOPUTETHBIM JJIs MIPAKTHIECKOTO MpuMeHeHus (ho-
TOrPAMMETPUIECKON CUCTEMBI.

ApTopamu npemjiaraercsa paspaboTaTh MOIOOHBINA aJrOPUTM, KOTOPBIA (DOPMUPYET IIPH-
OJIMYKEHHOe pPellleHre 3a1a9u, yIOBJIeTBopstoliee onpeeeHnto 1. OCHOBHBIMU TPeOOBaHUSIMA
K HOBOMY AJITOPUTMY SBJISIIOTCS BBICOKAS CKOPOCTH PAbOTBI, MACIITAOUPYEMOCTh, HEBBICOKHE
TpebOBaHUs K PECyPCaM M BBICOKOE «KAYECTBO YCTAHOBJICHUsI COOTBETCTBUITY (MAKCHUMAJbHAS
MPUOJIMKEHHOCTD PE3YJIbTATA K HCTUHHOMY, TaK, 9TO (POTOTPAMMETPUIECKAS CHCTEMA HAXOUT

TOYHOE€ PEIICHHE 3a MUHUMAJIbHOE KOJIMYIECTBO HTepaHHﬁ).

3. AJIFOpI/ITMLI ITIOUCKa COOTBETCTBYHOIMINX TOYEK Ha OCHOBE

SHHHOHHPHOﬁ reomMeTpun

3.1. A.TII"OpI/ITMI:)I, OCHOBAHHBbIE€ Ha IIOMNCKeE€ KJIMKH B r‘pa(be

B mporecce paspaborku hoTorpaMMeTprdIecKoil CHCTEMbI aBTOPAMU paHee OBLI IIPeIIo-
2KEH P 9BPUCTUYECKUX AJTOPUTMOB IOUCKA COOTBETCTBYIONUX TO4eK. V3 HUX B HacTosIee
BpeMsi B KadecTBe Hanbosiee 3(deKTUBHBIX MOryT ObITh HasBaHbl anroputMm CliqueErase [§],
rakzke u3BecTHbIl Kak Pivot/CE, n amropurm PPLGx [4].

Henocrarkom anropurma Pivot/CE sBisiercs ero mociieoBaTebHbIA XapakTep, a TaKkKe
BBICOKHE BPEMEHHBIE 3aTpaThl Ipu 00paboTke ceccuii ¢ GosbimmM (1000-+) KOMYIeCTBOM Tpex-
MEPHBIX KOHTPOJIbHBIX TOYEeK (B CHJIy TOTO, YTO B OCHOBE AJTOPUTMA JIEXKUT IIOUCK BCEX MAaK-
cuMaJIbHBIX KJK B rpade). Anxroputm PPLGx siBiisiercst nmapasiiesibHbIM U 60Jiee TPOU3BO/IH-
TEJIbHBIM B CHJIy CBOEI apXUTEKTYypbl. TeM He MeHee, OH TaK:Ke UCIIOJIb3yeT MOUCK HAuOOJIbIIe
KJIMKW, 9TO $IBJISIETCS IKCIOHEHIIMAJIbHO CJI0XKHON 3a/1a4ei.

B cBa3u ¢ aTuMm aBTOpamu OBLIO IPUHSATO PEIIEHNE PA3pad0TATH SBPUCTUIECCKUIN AJTOPUTM
[IOUCKA COOTBETCTBYIONINX TOYEK, UMEIOIINI HEIKCIIOHEHIINAJIbHYIO BPEMEHHYIO CJIOYKHOCTD, W,

KaK CJIeJICTBUE, CIIOCOOHBIN 00pabaThIBATh 33Ia9U C OOJIBIINM KOJUIECTBOM TOYEK.

3.2. AJIl"OpI/ITM IMOUCKa COOTBETCTBYIOIIIUX TOYEK MOJIMHOMUAJIHHOM

CJIO2KHOCTH

Pazpaborannbrit aBropamu ajgroputm mosxyunsi Haszsarue PolylPV. B ocuose ajropurma
JIEZKUT TPUHIINI JIOKAJbHON 00PabOTKU TOYEK, a TAKKE OTKA3 OT HMCIIOJIb30BaHUs AJITOPUTMOB
mouncka KiK. [Ipu arom anropurm nocrpoen o nmapagurme Map-Reduce, koropast mo3Bosisier
O00bEMHUTD ITPEUMYIIECTBA JIOKAJIBHBIX U IJI00AJIbHBIX TOJIXO0B, a TaAKXKEe IIPUMEHUTDH PacIa-
paanenuBanve Ha Map-mare.

IIceBmoko 1 asropurmMa nNpuBejeH Ha PUC .
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Ha Map-mrare anroputm obpabarbiBaeT Bce MHOXKecTBO BepinuH {V} rpada G. g kax-
JIOil BEPIIMHBI U BBIUUCJISIETCS ee OKpyKeHne H (BepIuHbl, CBsi3aHHBIE PEOPOM C V), TIOCJIE Yero
I KaxKoi Bepmuubl N okpyzkenns H dyukuueit compute localpartite_degrees pac-

CUUTBIBAETCH €€ A0KANbHO-004e6804 6anrenmmuocmy (LPV).

Onpenenenne 4. JIokarvbHo-004€601 GAAEHMHOCMHIO BEPIIUHBI N MHOTOJOIBLHOTO Tpada
Ha3bIBAETCS KOJIMIECTBO J0JIei rpada, KOTOPhIM ITPUHAJJIEYKAT BEPIIUHbBI, CBSI3aHHBIE PEOPOM
C BEPIIMHOA N.

function PolylPV
parallel for v : {V}

Map(v)
Reduce({C}H)

function Map(v)
{Q} = 9; v - {Q}
{H} = v.adjacent vertices
{LPV} = compute_localpartite_degrees({H})
{H}.sort(degree, {LPV})
for n : {H}
() iIf NOT in_same_partitions(n, {Q})
if linked_to all(n, {Q}P)
n - {Q}
if {Q}.size = t

{Q} - {C}

function Reduce({C})
{C}.sort(size, weight).deduplicate
for clique : {C}
for clique2 : {C}[clique...end]
it (clique N clique2 # @)
{C} := {C} \ clique2

Puc. 5. Aaroput™ cOpTHPOBKM MAaCCHBa TI0 BO3PACTAHUIO BHIGOPOM

OTMeTnM, 9TO JOKAJTBHO-T0JI€Bas BAJIEHTHOCTh BEPITUHBI B 38 TAHHON (DOPMYJIHPOBKE 3a-
Ja9u IIpeJicTaBasieT cobOM HU 9YTO MHOE, KaK KOJUIECTBO CHUMKOB, HA KOTOPBIX JI PacCMaT-
pUBaeMOro n3006parkeHusi TOYKH B SIUIIOJISIPHBIX KOPUJAOPax ObLIN 00HAPYKEHbI N300PaXKEHUSI-
KaHJuJaTbl Ha COOTBETCTBUE.

Asroputm dopMupyeT MHOXKECTBO  — aHaJOr KJIUKU B rpade, ¥ BHOCUT B HETO MEPBO-
Ha4vaJIbHYIO BEPIIUHY .

Iajiee aJropuT™ BBITIOJTHSET MTOCIEI0BATEIbHYI0 00PAbOTKY BEPIIUH OKPYKEHUsT TOUYKH U3
MHOXKeCTBa H, yIOpsIOUEeHHOTO 0 YOBIBAHUIO JIOKAJIBHO-IOJEBON BajeHTHOCTH. JIJist KaxKmoit
BepIUHLI 1 € H TIpoBepsieTcst, He HAXOUTCS JIM JTaAHHAS BEPIIUHA B OJTHOM oJ1e Tpada ¢ b0t
U3 BEPIINUH, BXO/SAIUX B PACTYIIYIO KJIWKY @, a Tak)Ke, CBsS3aHA JIX BEpIIUHA N PeOpOM C
KazK10il BepmmuHoOi, Bxosmeii B Q. Ecim 06a JaHHBIX yCJIOBHSA® MOCIIEIOBATENHO BBIIOJIHS-

IOTCsl, paccMaTpuBaeMasi BepiiuHa N (M300paskeHrne TOYKHU) BHOCHTCS B PACTYIILYIO KJIUKY Q.

3 Bropoe ycioue (Hasudue pebep MeXKJly BCEMU BEpPIIMHAME DACTYINEH KJIMKU U TEKYyIel BepIIMHOI )
aBTOMATHYECKN BJiedeT 3a co0Ooil mepsoe (T.K., TIO ONPEJEIEHUIO, BEPIIMHBI U3 OAHOH sosu rpada He
MOrYyT OBITH COEJMHEHBI MexK Iy coboit pebpom). IlepBoe yciioBrE BBEJIEHO B ONTUMUBAIMOHHBIX EIAX U
HO3BOJISIET OTCEYb HEXKeJIATeJIbHbIE BETBU AJIFOPUTMA JJIsl CJOMKHDBIX CLHEH (COAEPKAIIMUX MUIIEHU-JIU-

HENKU UJIN CEeTKU U3 MHIHeHefI) ¢ OOJIBIIIUM KOJIMYECTBOM TOYEK-KaHANAaTOB B SIIUIIOJIAPHBIX KOPUIOPaXx.
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Takum 06pa3oM, IO 3aBEPIIEHUIO JAHHOIO Talla MHOXKeCTBO @ Oyzer comepkarh HAOOP m300-
pakKeHuil npearosgaraeMoil TpeXMEepHOH TOYKM Ha Pa3/IMYHbIX CHUMKAX, KarKJI0€ U3 KOTODPBIX
VJIOBJIETBOPSIET B3aUMHBIM SIUIIOJIAPHBIM OFpaHUYEHUsIM. B ciaydae, ecjim MOIMIHOCTh KJauku Q
paBHA WJIU MPEBBIIAET TOPOTOBOE 3HAUEHUE t, UCIOJb3yeMoe it (PUIbTPAIUN TOMEX, KJIUKA
Q BHOCHUTCA B HAOOP KJIMK-KaHIuIaTOB C.

Ha Reduce-mrare ajropuT™ BBITTOJIHSIET COPTUPOBKY HADOpa KJIUK IO KPUTEPHUSIM pasMepa
U CyMMAapHOTO Beca KJIMKHU (IIPU PABHOM pa3Mepe IMPEANOYTEeHNe OTJACTCS KJIUKE C MEHBIINM
BECOM), a TakKKe JeJIyIUIMKAIMIO OJIy9eHHOro Habopa kiuk'. Jlajlee aJICOPUTM BBIIOJHSET
OYHUCTKY yIOPSIOYEHHOIO0 HAbOpa KJIUK, TaK, 9TO IIPU OOHAPYXKEHWH NepecedeHus ABYX KJIUK
(HAIMYUS COBMECTHBIX BEDIIWH) KJIMKA C MEHBIIUM Pa3MePOM/BECOM YJIAJISeTCs M3 HabOPA.
Pesynbrarom paborsr asropurma PolylPV sBisercs Habop KIIMK, yI0BIETBOPSIONIUI OIIpe/ie-
jennto 1.

OreHka BpEeMEHHON CJIOXKHOCTHU MPEIAaraeMOr0 aJTOPUTMa MOXKET ObITh BBITOJTHEHA, CJIe-
JayomuM obpazom. Map-Iar ajropurMa BKJIOIaeT B cebs popmupoBanue xam-Tabsmms LPV
co croxuocTbio 0(n?), copTHPOBKY OKpysKeHHs (pealnsyeMyio CTaHIapTHON OUOIMOTEKOl
si3bika, C-++ co cioxkuaocTbio 0(n - logn), cornacHo JOKyMeHTAIMN) ¢ IOUCKOM B X3II-Tab/Iuie
LPV cinoxnoctsio 0(n), a Takske 06paboTKy OKpy»KeHns co cirozkuoctuio 0(n3 + n?). Reduce-
Iar, B CBOIO OYepe/ib, BKJIIOYAeT B cebs COPTHPOBKY, JAeAyIIMKAIIIIO cO cIoKHocThio 0(n?), n
ouncTKy co cioxknocteio 0(n*). Ecim ydects, uro Map-mar I0JKeH OBITH BBITOTHEH I
Kax 0%t m3 N BepiuH rpada, To0 BEPXHIO OIEHKY BPEMEHHOU CJIOKHOCTHU ajroputma PolylPV

MOXKHO TpecraBuTh Kak (10):

O(N(n? +n%logn+n3+n?)+ N%logN + N? + N*), (10)
rie n < N — cpejiHee KOJMYECTBO CBsI3eil OJ[HOI BepIuHbI (KaK [paBuo, N Ha 1-2 mopsiika
menbire N). B npenene, qyis n = N, Boipaxxenne (10) ynpormaercs o (11):

0(N2(1 + 2N + 2N2+ log(N) + Nlog(N))) = O(N*%). (11)

Takum obpasom, npergaraembrii agsroput™m PolylPV saBigercs moJnHOMUAIBHO CA0XKHBIM
(mostmaOM 4-if crenenn ). Kpome Toro, B OT/IHMYME OT MPEAIIECTBYIONIUX AJTOPUTMOB, OH YUUThI-

BaeT MHOTOIOJ/IBHBIN XapakTep rpada MUMONAPHBIX CBA3EH MKy N300pakKeHUIMU TOYEK.
4. SKCHepI/IMeHTaJIBHaH qacCTb

4.1. OcobeHHOCTU peasM3aliy aJIrOPUTMOB M TECTOBas cpejia

Bce paccMmarpuBaeMble B CTAThe aJTOPUTMbBI PEAJIM30BAHDBI HA A3BIKE IIPOrPAMMUPOBAHUS
C++14 B cpene Microsoft Visual Studio 2017. Asropurmer Pivot/CE, PPLGx u PolylPV
peain30BaHbl B paMKaxX OJIHOTO MPUJIOYKEHU, BKIIIOYAIONIETO B ceOsl aJropuT™ (hOpMUPOBAHUST

rpada, onucanublii B [4] u ucciempyeMble ajropuTMbl moucka Kiauk B rpade. Amaropurm [11]

CorytacHO HaIlIMM KUCCJIEOBAHUSIM, JAHHOE YCJIOBHE HE OKA3BIBAET HEraTUBHOIO BJIMSHUS HA ITPOU3BOIU-
TEJIbHOCTH B OOJIBIITUHCTBE THUIIOBBIX CIIEH.

4 ApxurekTypa ajropurMa IpUBOIUT K TOMY, 4T0 Map-mar Hen30eKHO (popMUpPyeT 1yOJIMPYOIInecst
kymkn. QIHAKO, COTJIACHO HAITUM KCIIEPUMEHTaM, BPEMEHHBIE PACXOIBI HA MIPEI0TBPaIeHne (hopMupo-
BaHUg COBIAJAIONINX KJUK (CHHXPOHU3AILUIO) CYIIECTBEHHO IPEBBIIIAIOT 3aTPAThl HA «U30BITOYHDLIES

pacydeThbl U IOCJeyIolee yCTpaHeHue IIOBTOPAIONINXCA KIIUK.
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(nasmee — Maas-N3) peasin3oBaH B BUJIE OTJIETHHOIO MIPUJIOXKEHNs C AHAJOIMYHON apXUTEKTY-
poil m TuIaMu JaHHBIX. PacrnapaJiie/lMBaHue BBITOIHSIJIOCH IIPY ITOMOIIM CPEJIbl BBIITOJTHEHUSI C
napaJsutemamoM Microsoft Concurrency Runtime [26].

B nccienoBanusax yqacTBOBAJIM 2 TECTOBLIX MamuHbl. Mawura A OCHAIEHA TTPOIECCOPOM
Intel Core i7-6700K ¢ 4 anpamu ¢ mogaepxkkoit Texuomornn Hyper-Threading, paborarormmmu
ua gacrore 4,0 I'T'm; 48 I'6 DDR4 RAM c¢ gacroroit 2133 MI'u. Mawuna B ocuamena mpormec-
copom Intel Pentium G2030 ¢ 2 sapamu, paboraommmvu na gactore 3,0 ['Tm; 12 I'6 DDR3
RAM c gacroroit 1600 MI't. O6e mammmuubl paborator mos yrupasienueM OC Windows 10. Bee
HCTIOJTHSIEMbIE, BXOIHbIE U TTpoMekyTouHble (daitibr PVIC Bo BpeMs mccsenoBaHus ObLIN pas-

Memennl Ha RAM-aucke.
4.2. CpaBHUTEJbHBIA aHaIU3 3P HEKTUBHOCTU AJITOPUTMOB

st oneHku 3 PEKTUBHOCTH HUCCJIEIYEMbBIX aJTOPUTMOB aBTOPAMH ObLjIa BBITOJHEHA
OTIEHKA WX MPOU3BOIUTEILHOCTH /I Psijia HAOOPOB MAHHBIX. B KadecTBe MCTOYHUKA TECTOBBIX
JIAHHBIX HUCIIOJIb30BAJIUCH (POTOIPAMMETPUYECKIE CECCUU U3 KOJUIEKIIMU aBTOPOB, & TAKXKE CHUH-
TETHYECKHEe CECCUU, TI0JIyYeHHbIe [IPH IIOMOIM uMuTaruonHoi momesu OUC [3].

CpejiHee BpeMsi BBINIOJIHEHUsI aJIlOPUTMOB B paMkax ozuoii urepanuun ®UC (das dannwvir,
NOAYUEHHBLT NPU NOMOULY UMUMAUUOHHOT Modeau; 0OpaboTKa Ha MalmuHe A), IPUBEJIEHO HA
puc. 6. B Tabmune mpusesero cymmaproe Bpemst paborel @UC i1 pasaudHbIX aJrOPUTMOB

IIOUCKa COOTBETCTBUI.

50

—A—Maas-N3
40

—¥—=Pivot/CE
30 —e—PPLGx
20 -8B PolylPV

—
o

o

Cpemsee BpeMs BBIIIOJIHEHHS, C.

100 200 300 400 500 600 700 800 900 1000

Komanuecrso Touek

Puc. 6. CpapauTe/ibHAs CKOPOCTh PAbOTHI AJTOPUTMOB MTOUCKA COOTBETCTBYIOIUX TOYEK

B paMkax ojHo# nrepamuun OLC

Tabauma
Cymmapnoe Bpems paborst PUIC B 3aBUCUMOCTH OT aJrOPUTMA ITOUCKA COOTBETCTBUIMA
KoinuecTBo Cpeanee Bpemsa paborer PUC, c.
3D Touex Maas-N3 Pivot/CE PPLGx PolylPV
100 84,21 91,71 90,88 89,45
300 135,41 118,30 117,17 115,09
500 407,02 444,89 420,06 393,12
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Cymmapnoe Bpemsi paborbl @PUC BbICTymaeT B POJIM OIEHKUA KAYECTBAY» HCCIETYyEMbIX
AJITOPUTMOB, MTOCKOJIbKY (Kak mokasaHo B pasjese 2.3) O®UIC aBromaTndecku ycTpaHsieT BO3-
MOYKHBI€ TTPOITYCKU TOYEK WJIU JIOYKHBIE COOTBETCTBUSI, C(OOPMUPOBAHHBIE B X0OJI€ PAOOTHI IBPU-
CTUYIECKUX AJTOPUTMOB B PAMKAX OTIEJbHONW UTEPAIINU.

Kak BusHO U3 1mosiy4eHHbBIX JAHHBIX, pejaraemMbliii asroputM PolylPV 6bicrpee KoHKY-
PEHTOB JJisl ClieH ¢ KoJimdecTBOM Todek = 250. Ha 3amavax HeOObINONl pa3sMepHOCTH AJTOPUTM
boJiee IPOU3BOIUTEIBLHBIM sBJIsseTcs ajaroputm Maas-N3. Kpome Toro, aBropamu ObLia BBIIOJ-
HEHa OIEHKA MTPOM3BOIUTEIHHOCTH aJI'OPUTMOB [IJIsl SKCTPEMAJIbHO OOJIBIINX 3a/1a4 (¢ KoJInde-
crBoM Touek H000—10000). B cmiy cBoeit 9KCHOHEHIMAIBHOW BPEMEHHON CJIOKHOCTH aJIro-
putmbl Pivot /CE u PPLGx He ¢cMOrIM BBINOJHUTD HU OJUH PACUET 38 MAKCUMAJBHO JIOILYCTH-
Moe BpeMmsi paborel B pamkax tecra — 5000 c. Amropurmer Maas-N3 u PolylPV ycnemmno
3aBEPIIUJIN JaHHBIE TeCThI, TIpu 3ToM Polyl1PV mokazas cebs mpumepro B 3—4 pasa 60Jjiee mpo-
M3BOIUTEIHLHBIM KaK Ha MalmnHe A, Tak n Ha MamuHe B.

BoabumHCTBO CIeH A1 peasvhoir omoepamMmempuseckur cecculi i3 KOJIEKIINA aBTOPOB
conepxkuT 50-200 KOHTPOIBHBIX TOUYeK. Kak mokazaym TecTbl, pa3dpoc 3HAYEHUN CYMMApPHOTO
Bpemenu paborer PUC s nanubIx ceccuit (pu 06pabOTKE PA3IUIHBIMY AJTOPUTMAME) He-
3HAYNATENICH W HAXOAWTCHA B TPENETaX 5 CeKYHJ. ITO OObLICHIETCS TeM, UTO MOJS BPEMEHW,
3aTPAadMBACMOI0 Ha YCTAHOBJICHHE COOTBETCTBUIL, /1iist HeOosbmoro (< 200) KosmvecTBa TOUYEK,
He npesbimaer 1% or cymmaproro speMenu paborsr ®UIC. Ognako, HaMu OBLIO yCTAHOBJIEHO,
aro ajaroput™m Maas-N3 nambosiee sdpdexkTuBeH npu 06pabOTKe IJIOCKUX CIIEH W, HAIIPOTHUB,
HEJIOCTATOYHO TOYHO YCTAHABJIMBAET COOTBETCTBHS B CIIEHAX, CHUMAIOIIMX IUJINHJIPUIECKHE
00BEKTHI CO BCEX PAKyPCOB. B 06beMHBIX ClieHAaxX HamboJjee MPOU3BOAUTEIbHBIM (XOTh U C He-
SHAYUTEJSHHBIM OTPBIBOM), COIJIACHO IIOJIyY€HHBIM JIAHHBIM, SIBJISIETCS HOBBI aJIrOPUTM
Polyl1PV.

Ha puc. 7 mpuBenen rpaduk yckopenus napaJaeabHoro ajaropurma PolylPV mis cunate-
TUYECKOIl crienbl, cocrosieit u3 2500 Tpexmepubix Todek (Ha mammue A). B kauecrBe Bpemenu
BBINIOJIHEHUsI IPUHSITO BpeMsi PabOThl aJropuTMa MOMCKa KUK B rpade (T.e., BpeMs HOCTpoe-

HUs Tpada He YIUTHIBACTCS ).

| | | 1 | |
0 1 2 3 1 5 6 7 8 9
Kouuuecrso norokos

Puc. 7. I'paduk yckopenus napaJsieabaoro ajaropurma PolylPV

3aKJ/II0UYeHUue

Basava MOMCKa COOTBETCTBYIOIMIUX TOYEK JJIsi OJIHOTUITHBIX MCKYCCTBEHHBIX MapKepOB I0-
IIPEeXKHEMY OCTaeTCs aKTyajbHoi. B manHoit pabore aBropaMu mpeaoxKeHa (POPMYyJIUPOBKA
3asiaun 00 YyCTAHOBJIEHWM COOTBETCTBUIl HA OCHOBE B3BENIEHHOIO MHOTOJ0JbHOTO rpada. Ilo-

JPOOHO ONMHMCAHBI MPUHIUIBI (POPMUPOBAHUS I'pada MOTEHIINAJIBLHBIX COOTBeTCTBUil. ' padoBast
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dOpMyIMPOBKa MO3BOJISIET KCIIOJb30BaTh TAKUE WHCTPYMEHTHI Teopuu rpadoB, KAK METOJIbI
IIOMCKa KJINK, JJId HaXOXKIeHUA COOTBETCTBUIL MeXKIy I/I306pa}KeHI/I$IMI/I TOYEK.

Hamu nipesicTaBiieHO TEOPETHYECKU TOYHOE PEIEHUE 3379 — B BUJE cynepkiuxu. K co-
KAJIEHUIO, aJITOPUTM, PEAM3YIOMINA TEOPETUIECKN TOTHOE PEIleHre 3aJIaUr, UMEeT JTBAYKIIbI
9KCIIOHEHITHAJLHYIO BPEMEHHYIO CJIOYKHOCTH M HE MOYKET WCIOJIb30BATHCA B MPAKTUIECKUX TI6-
JISIX.

Braromaps ocoboit apxurekType pazpaboranuoit apropamu, PUIC cTaHOBUTCST BOZMOKHBIM
HCIIOJIb30BATH 9BPUCTUIECKHUE AJITOPUTMBI YCTAHOBJIEHUS cOOTBeTCTBUi. [10100HBIE aITOpUTMBI
HE BCErJla MPWBOAAT K MOJHOMY W OJHO3HATHOMY HAOOpPY COOTBETCTBUIA, OTHAKO CITIOCOGHBI
copMupoBaTh HAOOP HE MTEPECEKAIOITUXCH KUK, COCTOSAIINX U3 BEPIIWH PA3HBIX JI0JIei rpada,
38 TMPAKTUIECKU TTPUEMIEMOE BPeMs.

B macrosieit pabote mpeicTaBiieH HOBBIN TOJUHOMHUAJIBHBIN AJITOPUTM TOUCKA, COOTBET-
CTBYIOIIUX TOYeK. B oryimyue or Oojiee paHHUX AJITOPUTMOB ABTOPOB, JAHHBIN AJTOPUTM HE
HCHOJIb3YeT MOUCK HauboJIbIIeil KiInKN (KaK M3BECTHO, O0JIAJIAOIINI SKCIOHEHIIUAIBHO Bpe-
MEHHOM CJIOKHOCTBIO). BmecTo aTOro Kimka dbopMmupyercs mepebopoM MOTEHIMATBHBIX Bep-
HIMH-KAHIUIATOB, ¢ IPOBEPKOil Psijia OrpaHuYeHuil (11 OTceueHnsl HeHY KHBIX BETBeid ).

OTnuauTeIbHOM 0COOEHHOCTHIO JAHHOTO AJTOPUTMa TaKKe SIBJISIETCS WCIOJH30BaHUE MHO-
rO/I0JIBHOTO XapakTepa rpada MOTEHIIUAJIbHBIX COOTBETCTBUHN MpU (DOPMUPOBAHUHU KJIUKU. DTO
MO3BOJIIET 0OPabATHIBATH MTOTEHIIMAIBLHO HAMOOJIEe TIOIXOISIINE BEPITHHBI B TEPBYIO OUEPEIb.

Tax>ke HOBBII aJITOPUTM peau30BaH ¢ npuMmeHeHueM mapamaurmbl Map-Reduce. Ha Map-
Irare BBIMIOJTHSIETCS He3aBUCUMasi 00paboTKa MHOXKECTBa BepPINUH rpada, ITO MO3BOJSIET Pac-
nmapaJule/iuTh JaHHbIH dTar. Reduce-mar, BBITOJTHSIONUN CBOEOOPA3HYIO «CBEPTKY» IIOJIyYEH-
HBIX PE3YJIbTATOB, JOMYCKAET TOJBKO OJUH MTOTOK.

B pamkax macrosieit crarbu ObLIa BBINOJHEHA IKCIIEpUMEHTAbHAS IPOBEPKA U OIEHKA
3 HEKTUBHOCTH MPEICTABIEHHBIX AJrOpUTMOB. HOBBIN MOJIMHOMHUAIBHBIN aJropuTM, aBa 00-
Jiee paHHUX aJI'OPUTMa, OCHOBAHHBIX Ha rpadax, a TaKXKe KOHKYPUPYIONINil CTOPOHHUN AJIro-
puT™ ObLTH pean30oBaHbl Ha s3bike C-++. Pe3yabTarsl 9KCIepruMeHTOB TOTBEPANIN OKUIA-
€MYIO BBICOKYIO ITPOU3BOIUTEILHOCTD HOBOTO aJlOPUTMA, a TAaK2Ke €ro XOPOIIIYI0 MACIITA0UpPY-
€MOCTb.

B kauecrBe HAIOTHEHUS JAJIHHERIIIUX PAOOT aBTOPBI BUIAT JAJIbHENINEE CHU2KEHUE CJIOXK-
HOCTHU aJICOPUTMOB IIOUCKa COOTBETCTBYIONINX TOYEK, & TAKYKE UCCIEIOBAHUS B 0DJACTH KOM-

OMHUPOBAHHBIX AJTOPUTMOB.

Asmopwv. xomam nobaazodapums npogeccopa Hans-Gerd Maas (TU Dresden) za uennwie

Kommenmapuu no aseopummy Maas-N3 [11].
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Point correspondence problem is one of the key problems in computer vision. There are several approaches for
solving this problem, such as descriptor-based approach, an approach that is based on epipolar geometry, as well as
hybrid methods. This article reviews point matching by the means of epipolar geometry. These methods are intended
to be used with a photogrammetric system that is currently under development. The system uses artificial circular
retroreflective targets. We propose to use multipartite weighted undirected graph as a mathematical model of the
point correspondence problem. Its vertices represent images of the circle targets in the photos, while its edges define
the set of images that satisfy mutual epipolar constraint. We show the exact solution of the point correspondence
problem via superclique, and show that the exact solution has exponential time complexity. We also review various
heuristic approaches to point matching. Heuristic algorithms do not always provide an exact solution of the problem,
but they have much lower time complexity. The architecture of our photogrammetric systems makes it possible to
use such fast heuristic point matching algorithms: all the discrepancies will be automatically determined and filtered
out in the further stages of photogrammetric reconstruction. This allows to iteratively find an exact reconstruction
of the scene in reasonable time. We propose a new polynomial point matching algorithm, and estimate its time
complexity as O(n*). We also estimate its efficiency and performance in comparison to other in-house algorithms,
as well as in comparison to H.-G. Maas’s algorithms. Our new algorithm outperforms all competitors.

Keywords: photogrammetry, computer vision, point matching, correspondence problem, mazimum clique prob-
lem, epipolar geometry, polynomial algorithm, stereo vision.
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This paper describes the development of a program for analysis of intoning of verbal pieces in the Russian
language. The goal is to measure the differences between the intoning of verbal pieces by both native and interna-
tional Russian language speakers. The research methodology is based on the application of neural network analysis
for solving the task of identification of speech samples, obtained by recording inophones’ speech. The experiment
was carried out with the participation of 12 people: native speakers of the Russian language and the Chinese
language, both male and female, aged from 20 to 35. A total number of speech samples amounted to 4800 items.
Overall, 10 speech items in declarative and interrogative intonation were analyzed. A neural network that provides
an assessment of correspondence of a speech sample to the standard variant of intoning was formed and trained.
The results of experimental research are presented in the form of statistical assessments of pronouncing the verbal
pieces with various intonations. These results are recommended to be applied in the process of learning Russian as
a foreign language: the obtained data are considered as the confidence threshold of intoning identification, which
complies with the standard or deviates from it. The results can also be applied for the individualized automated
compilation of recommendations on correction of mistakes.

Keywords: cepstral analysis, neural network, intoning component.
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Introduction

Modern linguistics and lingoudidactics set out a number of tasks to researchers and meth-
odologists: communicative and pragmatic approach in teaching, individualization and national
orientation of teaching, optimization of balance between classroom and extracurricular (inde-
pendent) work of students. The formation of communicative competence and then its control
in the oral types of speech activities are connected with the pronouncing skills. We consider
the sound, phonetic aspect of speech to be the basis for the communicative competence reali-
zation in oral types of speech activities since errors in pronunciation and general phonetic
illegibility of speech lead to communicative errors which, in turn, can cause communication
failures.

Analysis of speech is performed by various methods among which there can be distin-
guished algorithmic methods and methods of neural networks. Both approaches are based on
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the transformation from the time domain to the frequency domain with the help of Fourier
transform. The next stage of analysis is to study properties of the enveloping frequency char-
acteristic of the studied speech sample. Popular methods of formant and cepstral analysis are
used for these purposes. A great influence on the quality of decomposition of the voice signal
and assessment of the speaker's voice path is made by the procedure of splitting the time
window, which occupies the speech sample [1]. Improving the efficiency of the cepstral analysis
method can be achieved by optimizing the parameters of the cepstral vector by the criterion
of minimum cross-connections between speech samples |2]|. However, algorithmic methods are
limited in their capabilities due to the high variability of the parameters of speech samples
models caused by the peculiarities of the human articulatory organs.

Intonation is an important aspect of practical teaching phonetics. In the context of glob-
alization and optimization of learning processes, there is needed a system considering specific
character of the native language intonation (ethnomethodological approach) and individual
characteristics of a student. In order to develop such a system and increase the use of dialogues
in the process of teaching a language, it is necessary to measure the differences between the
intoning of individual speech segments by the Russian language native speakers and by the
Chinese language native speakers studying the Russian language; determine the influence of
the intonation system of the native language on the studied language and systemize the pro-
nouncing variants interpreted as close as possible to the standard invariant of pronunciation.

Analysis of intoning in the speech of inophones and account of specific characteristics of
students’ native language allows avoiding violations of rhythmic pattern, incorrect emphasis of
the intonation structure center, replacement of the connotative coloring of a word or a phrase
while teaching Russian as a foreign language to Chinese language native speakers.

This paper is organized as follows. Section 1 is devoted to the method of analysis of into-
nation structures using a neural network. In section 2, we present the results of learning of the
neural network and its testing by the Chinese language native speakers. Conclusion summarizes
the study and points directions for further work.

1. Methodology

Methods of teaching phonetics are based on fundamental achievements in the field of pho-
netics description as a subsystem of language. For the first time, the question of phoneme
functional understanding and psychophysical basis of phoneme perception was considered in
the works by I.A. Baudouin de Courtenay [3], F. de Saussure [4], V.A. Bogoroditsky [5].

Modern phonology uses a phonemic-cluster method to solve practical tasks of the Russian
language phonetics teaching [6]. In this aspect the phonemic-cluster approach meets the prin-
ciples of clarity and simplicity which allow developing programs for processing speech samples
for the speakers of different languages. The current research presents the experience of devel-
oping an electronic training system based on experimental data obtained during the analysis
of speech samples of Chinese language native speakers. In addition, different aspects of pho-
netics are taken into account such as articulatory, acoustic, perceptive and functional as-
pects [7].

In the modern science of language, there are distinguished several concepts in intonation
learning. E.A. Bryzgunova 8| having proposed to describe the intonation of the Russian lan-
guage with the help of “intonation structure” notion, provided methodologists with an im-
portant tool for teaching phonetics (cf., the notion of “intoneme” by V.A. Artemov [9]). Ac-
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cording to the researcher, intonation is a combination of tone movement, sound strength, tim-
bre, and duration [10]. Intonation is one of the most important parameters of speech abilities,
while studying a language the multifunctionality of intonation in the Russian language makes
mastering the laws and rules of intonation a necessary condition for mastering speech as a tool
for expressing different shades of a thought and feelings. N.N. Rogoznaya defines intonation as
a functional-semantic of macrounit of an utterance which includes pitch frequency, intensity,
duration, timbre, and so on; intonation is being described in terms of acoustics and responds
to objective (instrumental) analysis [11]. The work on intoning becomes especially important
during the study of non-native speech which is primarily due to the difference in the intonation
pattern of various structures of the studied languages — native and foreign languages, which,
by definition, generates various kinds of errors of speech coding and decoding by inophones
while speaking a non-native language. Being a distinctive means of language intonation per-
forms a pragmatic function. Moreover, as it is proved experimentally by L.V. Bondarko,
N.B. Volskaya and their colleagues [12], the intonation of spontaneous speech differs from the
reproduction of a ready text, what should be taken into account when teaching the generation
and perception of oral speech.

Modern linguodidactics is developing national-oriented approaches to education. Taking
into account the facts of the native language that affect the mastery of a foreign language is
very productive, as noted in the works of researchers and methodologists dealing with the
problems of teaching languages of different types (see, for example, N.N. Rogoznaya [13],
V.A.V. Shafiro, Kharkhurin [14], S.T. Best [15], L. Wade-Woolley [16], R.S. Panova [17]|, Zhao
Zhe [18]). A number of works are devoted to the problem of teaching the intonation of the
Russian language in relation and correlation with the system of the native language or another
studied language (for example, I.I. Trubchaninova [19], L.Z. Mazina [20]). This ethnomethod-
ological approach is taken into account in our research in work with the Chinese audience in
terms of reflection of Chinese phonetics peculiarities in inophones’ Russian speech. The problem
of recognition of intonation structures in the Russian speech of Chinese speakers is connected
with the issue of differentiation of intonation and tone in the Chinese language. M.K.
Rumyantsev distinguishes such a semantically distinguishing function of tone for identification
of words and morphemes, while intonation, according to the scientist, represents a change in a
pitch over a large segment of an utterance [21].

There are known technologies for the use of neural networks (NN) for speech recognition.
In work [22] it is noted an expediency of usage of feedforward neural network the input layer
of which contains such a number of neurons which corresponds to the number of analyzed
features. Cepstral vectors as the most informative descriptions of speech samples in a frequency
domain are used as input for the NN. Fig. 1 shows a diagram of an intelligent system for
intonation sample analysis which includes NN as an integral part.

¢ X0 ¢ X(jw). K | M)

»

> N ™ I(X)

Fig. 1. Diagram of intellegent system of analysis

The speech sample x(t) is formed by a recording device G. In block F the speech sample is
transformed into a frequency domain, which in the form of X(jw) enters block K of M(w) the
composite cepstral vector formation. For each speech sample a composite cepstral vector of m
dimension is formed of successively connected cepstral vectors calculated for a single frame,

2018, T. 7, Ne 4 107



An Intelligent System of Analysis of Intonation Structures: Application in Teaching...

into which a speech sample is divided. A number of parameters of a cepstral vector of a single
frame can be selected by the criterion of the maximum correlation of an intonation image which
is formed in it together with all speech samples which make up their general totality. A pre-
liminary analysis of intonation samples showed that the minimum number of nk parameters of
a spectral vector of a single frame should be at least 30. The connection of dimension of a
composite cepstral vector with the dimension of a cepstral vector of m = nt - nk the individual
frame, where nt is a number of frames. The singularity of the research is that such separate
words as “gom” (house), “kor” (cat), “marasun” (shop), “mama” (mother), “cemps” (family), “cok”
(juice), “nokyment” (document), “komuara’ (room), “cobaka’ (dog), “cymka” (bag) were selected
as intonation samples. Any speech samples are limited in duration of their pronunciation. This
makes it possible to perform their normalization by a number of nt time intervals, on which
they will be divided before conversion to a frequency domain. The operation of normalization
of cepstral vectors provides with the formatting of input for NN what is a necessary condition
for its operation.

M(w) the composite cepstral vector enters N feedforward neural network, the diagram of
which is shown on Fig.2.

M(w) M*(w) M;(w) Mj(w) I(x)
— No [ " Nu [ No +—>» N [

Fig. 2. Diagram of neural network

The NN parameters are presented in Tab. 1. There are 240 neurons in the input layer. Their
number is determined by the number of cepstral coefficients. The NN contains two internal
layers: in the first there are 50 neurons, in the second — 2 neurons. Output of network forms
I(x) the two-component vector. The first component speaks for declarative intonation of a
speech sample; the second component speaks for interrogative intonation.

Table 1
NN Characteristic
. . Number
Designation ..
of neurons Characteristics of a layer
of a layer ]
in a layer
Nin the input layer 240 neurons Complies with the dimensions of input vector
Learns with a decoder without a teacher by mini-
Nu1 the autoencoder 50 neurons mum mean-square error with the L2 metric and ad-
justable sparsity of NN
. Learns with a vector-teacher after network assem-
Nyo the classifier 2 neurons . . .
bly using method of scalable conjugate gradients
Type of intonation: [1 0] — for declarative intona-
Nout the output 2 neurons . . .. .
tion and [0 1] — for interrogative intonation
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2. Results

2.1. Errors related to the identification of speech samples

Specific feature of the Chinese language native speakers consists in continuous changing of
tone frequency during the whole utterance as well as a single lexical unit that is confirmed by
the results of experiment of recording inophones’ speech, both male and female (cf, for example,
changing the pitch, a shift of lexical units intonation centers in interrogative sentences in such
words as “nOxyment” (document), “cobAka’ (dog), “MmAMA” (mother)). The errors connected
with the emphasis of the last syllable in a lexical unit are due to the fact that the Chinese
interrogative sentence contains *ma particle at the end of the sentence differentiating a ques-
tion. It is the interrogative particle that most often accounts for the melodic peak of the utter-
ance in the Chinese language.

While identifying declarative and interrogative constructions the difficulty consists in the
pitch including such components as the height of the starting point, interval between the
starting and the ending points, pauses, a stress (cf., for example, in experimental base an
interrogative intonation if lexical unit “mom” (house) pronounced by the Chinese language na-
tive speakers and compared to the third tone in the Chinese language; the vowel is being
stretched and, consequently, there are a few melodic peaks).

2.2. The role of technical means in teaching russian phonetics

Experts associate the optimization of the formation of pronunciation skills with the remote
and electronic educational technologies. The electronic educational environment provides many
opportunities for modern linguodidactics, therefore it is the subject of consideration both in
terms of technical capabilities [23] and in terms of difficulties and problems of language teach-
ing. In particular, the issue of implementing a competence-based approach to language teaching
is being developed (see, for example, [24]).

The popularity of electronic educational resources and a large number of them do not solve
the problems caused by the specific features of teaching phonetics. The main problem is the
dialogization of learning: the majority of educational resources give the opportunity to listen
to the studied sound or intonation structure and record your own version of pronunciation.
However, at this stage, there is a problem of measuring the degree of compliance of a particular
pronunciation with the variant which is included in the set of standard variants making the

phonemic invariant.

2.3. Results of the experimental research

Preparation of cepstral vectors was carried out in a program that allows adjusting the
parameters of the cepstral vectors under formation. Some of the program dialog windows are
shown in Fig. 3-6.

Fig. 3 shows the setting the number of frames of the speech sample. In the presented
analysis it is 5 frames. To reduce the errors of the Fourier transform on the borders of the
windows applied Hamming window. The right side of Fig. 3 shows the graph of the speech
pattern in the time domain. The informative part of the speech sample is automatically high-
lighted in blue, according to which the analysis will be performed. With the help of the built-
in player, it is possible to play the entire file or its informative part. It is possible to go to the
window “Mel Frequency Cepstral Coefficents” (MFCC).
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Fig. 3. MFCC Calculation Program's Dialog Window:
setting the number of frames of the speech sample
Fig. 4. shows MFCC options window. The program performs batch processing of the speech

samples files. MFCC vector is formed for each file as a sequence of MFCC vectors extracted
from successive frames of the speech signal.

o FormWords
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SXIC po vy 1 gom - 10 74,307 375% |-5319
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18: xensk1 nom - Bwav it < >

Fig. 4. MFCC Calculation Program's Dialog Window: MFCC vectors extraction

Fig. 5. shows the adjustment of MFCC extraction parameters. Here one can set up the
parameters of MFCC extraction such as coefficients number or the herz-scale size.

o) FormWords

- x
Gaiin
Hactpoin | Obpasusi Papn ObpafoTkanaketom  Buson
MFCC
Pasmetwa KappuposaHue crosa Tl
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Hixradt nopor, T (300 | | CraTyc: saKoHueHo |
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s ——— ==
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! g ™ 'S Ly
i ¥ r v

Fig. 5. MFCC Calculation Program's Dialog Window:
MFCC options and a batch mode panel
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Fig. 6 shows the results of cepstral vectors calculation in a batch mode.

s FormWords — X
Taiin

Hactpoitkn  Qfipastis papn  Ofpabotka naketom  Bupsog

MFCC
Pasmetwa KapgpuposaHue crosa Tl
KozhguumerTos iE1 | -1 OcraHosnTs
Hiokrmit nopar, rLl wD—l | CTaT','C: BAKOoHYSHO |
S fu [0 —
T ot [ r—
(T e =]
l RN
. . e 'S L
i i T* U‘” W

Fig. 6. MFCC Calculation Program's Dialog Window:

results of calculation of cepstral vectors in a batch mode

The neural network was trained on an array of speech samples the characteristic of which
is presented in Tab. 2.

Table 2
Distribution of the speech samples by type of intonation and native speakers
Number of speech samples
Language speakers | Intonation
by type of intonation by type of speakers
Interrogative 1229
Russian (teaching) 2308
Declarative 1079
Interrogative 509
Chinise 903
Declarative 394
Interrogative 60
Russian (5% test) 120
Declarative 60

The total number of samples in the table makes up 3331 units out of the 4800 initial speech
samples. The decrease of the samples quantity is caused by their sifting in the course of in-
spection for their compliance with the required intonation.

Fig. 7 shows the confusion matrix for a neural network with a single-layer autoencoder
(240-50-2): a — calculated by 5% test samples; b — calculated by 10% test samples.

Fig. 8 shows the confusion matrix of a neural network with a single-layer autoencoder
(240-50-2) for the Chinese language native speakers. The samples amount made up 903 units.

Fig. 9 shows the confusion matrix for a neural network with a two-layer autoencoder
containing 10 neurons in the second layer (240-50-10-2): a — calculated by 5% test samples;

b — calculated by 10% test samples.
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Confusion Matrix Confusion Matrix

Output Class
N
Output Class
24

1 2

1 2
Target Class

Target Class

a) Calculated by 5% test samples b) Calculated by 10% test samples

Fig. 7. Confusion matrices by test samples for the neural network

with a single-layer autoencoder (240-50-2)

Confusion Matrix

Output Class
ma

1 bl
Target Class

Fig. 8. Confusion matrix of the neural network with a single-layer autoencoder

for the Chinese language native speakers (240-50-2)
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Confusion Matrix Confusion Matrix

Output Class
Output Class

2

1 2 1
Target Class

Target Class

a) Calculated by 5% test samples b) Calculated by 10% test samples

Fig. 9. Confusion matrices for the neural network

with a two-layer autoencoder (240-50-10-2)

Fig. 10 shows the confusion matrix of a neural network with a two-layer autoencoder (240-

50-10-2) for the Chinese language native speakers.

Confusion Matrix

Output Class

1 2
Target Class

Fig. 10. Confusion matrix for the neural network with a two-layer autoencoder

(240-50-10-2) for the Chinese language native speakers

Fig. 11 shows the diagram “Minimum Mean-Square Error with the L2 metric and adjust-
able sparsity of NN” depending on the quantity of epochs of learning for the neural network

with a two-layer autoencoder (240-50-10-2).
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Best Training Performance is 0.092423 at epoch 50
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Fig. 11. Diagram of learning of the neural network
with a two-layer autoencoder (240-50-10-2)

Fig. 12 shows the confusion matrix for a neural network with a two-layer autoencoder
containing 100 neurons in the first layer (240-100-10-2).

Confusion Matrix Confusion Matrix

Output Class
ra
Output Class
=]

1 2 1 2
Target Class Target Class
a) Calculated by 5% test samples b) Calculated by 10% test samples

Fig. 12. Confusion matrices for the neural network
with a two-layer autoencoder (240-100-10-2)
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Fig. 13 shows the confusion matrix of the neural network with a two-layer autoencoder
(240-100-10-2) for the Chinese language native speakers.

Confusion Matrix

Output Class

1 2
Target Class

Fig. 13. Confusion matrix for the neural network with a two-layer autoencoder

(240-100-10-2) for the Chinese language native speakers

A number of cepstral coefficients are calculated with account of zero coefficient removal
as less informative for the analysis of speech sample intonation. There were formed two variants
of data with the parameters: 1) nt = 5 frames, nk = 50 coefficients, m = 250; 2) nt = 8 frames,
nk = 30 coefficients, m = 240. The second variant with 8 frames of 30 coefficients proved to
be better in accuracy of speech intonation recognition. The results of intonation recognition in
the speech of the Chinese language native speakers are presented in Tab. 3.

Table 3

Evaluation of recognition of the chinese language native speakers’ intonation

Speech sample
Number of speech samples Declrative Interrogative Total, %
and their percentage Correct| Incorrect | Cor- | Incor- | Cor- | Incor-
rect rect rect rect
Declrative 232 89
Results of -
. Interrogative 162 420
recognition
Total, % 58.9 41.1 82.5 17.5 72.2 27.8

Comparison of NN variants used to determine the Russian language native speakers’ into-
nation, whose properties are presented by the error matrices in Fig. 7a and Fig. 9a by Van
Rijsbergen F-test: with a two-layer autoencoder, F = 0.959 is slightly better compared to a
single-layer autoencoder F = 0.926.

Comparison of NN variants used to determine the Chinese language native speakers’ into-
nation, whose properties are presented by the error matrices in Fig.8 and Fig.10 by F-test:
with a single-layer autoencoder, F = 0.73 is slightly better compared to a two-layer autoencoder
F = 0.712.
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Conclusion

The goal of the research was to measure differences between the intoning of verbal pieces
by both native and international Russian language speakers. By using neural network methods,
differences in recognizing intonation errors were identified for native Russian and non-native
Chinese subjects learning the Russian language. Overall, the neural network method success-
fully measured the relative difference between the two experimental groups.

The intonation recognition among the Russian language native speakers ranged from 92 to
97% on the test array of samples which makes 10 to 5% from the general totality of intonation
speech master-samples. Recognition errors are evenly distributed in declarative and interroga-
tive intonations.

Recognition of intonation of the Chinese language native speakers is consistently recognized
with probability from 70% to 73%. In the selection of speech samples of the Chinese language
native speakers about 35-40% of declarative intonations are mistakenly identified as interrog-
ative and less than 20% of interrogative intonations are identified as declarative. The possible
reason can lie in the specific features of the Chinese language native speakers when the declar-
ative intonation sounds like n interrogative one.

The research revealed that short monosyllabic words such as “kor” (cat), “mom” (house),
“cok” (juice) do not contribute to the verification of data as an objective analysis of intonation
can give a correct assessment in the presence of more than one syllable in a speech unit.

Due to the limitation of the teaching selection the dimension of NN was determined to be
small both in the number of hidden layers and the number of neurons.

In future research work, it is planned to expand the selection of intonation samples used
for teaching NN by age criterion, by number and type of samples in the form of complex words
and sentences which are more true-to-fact for observing the intonation characteristics.

The work was being completed under financial support of the Ministry of Education and
Science of the Russian Federation on the project entitled «Establishment and development of
a network (not less than 8) of Pushkin Institute Centers in the PRC on the basis of organiza-
tions performing education in Russian language” within the frameworks of implementation of
the event entitled “Subsidy for implementation of events targeted at integral functioning and
development of Russian language” of the main event entitled “Development of open education
in Russian language and study of Russian language” of the field (subprogram) entitled “Devel-
opment and distribution of Russian language as a foundation of civil self-identity and the
language of international dialogue (“Russian language”)” of the Education Development state
program of the Russian Federation, according to the Agreement between the Ministry of Edu-
cation and Science of the Russian Federation and the Federal State Autonomous Educational
Institution of Higher Education “South Ural State University (National Research University)”.

This paper is distributed under the terms of the Creative Commons Attribution-Non Com-
mercial 3.0 License which permits non-commercial use, reproduction and distribution of the
work without further permission provided the original work is properly cited.
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¥ KEHCKOro moja, B Bozpacre or 20 mo 35 jer. Obmiee KOIMIECTBO pedeBbIX 00pasunos cocTasuiao 4800 emummir,
Bceero npoanasmsuposano 10 eauauil B IOBECTBOBATE/IBHOM U BonpocuTe/ibHO# nnTonanuu. ChopmupoBana u 00y-
JeHa HEIPOHHAs CETh, JAIOINAs OIEHKY 0 COOTBETCTBUIO PEUEBOrO 0O6pA3Iia STAJIOHHOMY BAPUAHTY WHTOHUPOBAHMSI.
PesynbraTs! sKcIIepuMeHTATBHBIX UCCIEOBAHUI JTEMOHCTPUPYIOTCS B BHJIE CTATUCTHIECKHUX OIEHOK MPOU3HOIIECHUST
PEUEBBbIX OTPE3KOB € PA3JIUYHON MHTOHAIMEH. PekoMeHyeTcss IpUMEHITh 3TH Pe3yJabTaThl B IPOIEcce O0yUIeHUsT
PYCCKOMY SI3BIKY KaK MHOCTPAHHOMY: ITOJIyUYeHHBbIE JAHHbIE PACCMATPUBAIOTCS B KAUeCTBE JIOBEPUTEIHLHOTO MOPOora
pacno3HaBaHus WHTOHUPOBAHMS, COOTBETCTBYIONIErO STAJOHY WU OTKJIOHSIOIIErocs OT Hero. TakxKe pe3yIbTaTbl
MOXKHO TPWMEHSTh JjIsi aBTOMATHYECKOI0 WHINBUIYAJTU3UPOBAHHOIO MOI00Pa PEKOMEHAINNA M0 KOPPEKTHPOBKE
OImubOoK.

Kmouesnie cao8a: KencmparoHvl anasud, HeTPOHHAA CEMb, GHAAU3 UHMOHAUUL, PYCCKUL A3DK KAK UHOCTNPAH-
MO, UHMOHUPOBAHUE.
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