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N.C. JIEBEJEB
INPUMEHEHHWE MHOI'OYPOBHEBBIX MOJIEJIEM B 3AJIAYAX
KJIACCU®UKAIINU U PETPECCUOHHOI'O AHAJIN3A

Jlebedes U.C. IlppMeHeHHe MHOIOYPOBHEBBIX Mojeseill B 3aJavyax KJiaccHpukanuu u
PerpecCHOHHOTO aHAJIN3A.

AnHotanmus. IlpumeHenne  Mogeneli  MammHHOTO  OoOydeHHs — OOyclaBIMBaeT
HEOOXOAMMOCTh CO3JAaHHS METOJOB, HANpPABICHHBIX HA IIOBBHIIICHHE KadeCTBEHHBIX
nokasareseit 06padotku uH(GopManu. B GONBIIMHCTBE MPAKTHYECKUX CIIy4aceB JHAra30HbI
3HAYCHHH IIEJIeBHIX MIEPEMCHHBIX H MPEIUKTOPOB (HOPMHUPYIOTCS MO BO3AEHCTBUEM BHEIIHUX
U BHYTpeHHHX (akTopoB. Takue siBICHHS, KakK Apei() KOHLENIHH, MPUBOIAT K TOMY, 4YTO
MOJIEIb CO BPEMECHEM IMOHIKAET II0Ka3aTeNM INOJHOTHI M TOYHOCTH pe3ysbratoB. Llembio
paboTsl  sBISIETCS IOBBINICHHE KadyecTBa aHalW3a BBHIOOPOK M HH(POPMAIMOHHBIX
IIOCJIeZIOBAaTEIbHOCTEl HAa OCHOBE MHOTOYPOBHEBHIX MOZENEH Ui 3amad KiaccHU(UKAIuu
u perpeccun. I[pemnaraercss 1ByXypOBHEBas apXUTEKTypa oOpaOOTKM IaHHBbIX. Ha HumxHEM
YpOBHE TIPOMCXOAUT aHAIN3 IOCTYNAIOIMX Ha BXOJ HH(OPMAIMOHHBIX IIOTOKOB
1 TIOCIIEJOBATENbHOCTEH, OCYIIECTBIIETCS PelIeHHe 3a1ad KJIACCH(HKAMHd HIA PErpecCcHH.
Ha BepxHeM ypOBHE BBIIOJHIETCS pa3[ElCHUs BBIOOPOK HA CETMCHTBI, OHPEACISIOTCS
TeKyIie CBOWCTBA JaHHBIX B IIOJBBIOOPKAaX M Ha3HA4YAIOTCS HamboJsiee MOAXOIAINE IO
JIOCTUTaeMbIM ~ KaueCTBEHHBIM IIOKa3aTelsiM MOJEIHM HIDKHEero ypoBHS. IIpuBeneHo
(hopMasbHOE OIMCAHUE JBYXYyPOBHEBOW apXUTEKTYpbl. B IIe/sX MOBBIICHHS HMOKa3aTesel
KayecTBa pEIICHHs 3a1ad KIacCH(HKAIUM M PErpecCHd IPOM3BOIMTCS IIpeABapHTENbHAs
o0paboTka BBIOOPKHM J@HHBIX, BBIYUCISIOTCS KadeCTBEHHBIE II0KA3aTellM MOJEINeH,
OTIPEICIIIOTCS KIACCH(UKATOPbI, UMEIOIINE JIy4IIHe pe3ylabTaThl. IIpe/ioskeHHOe peleHne
MO3BOJISIET PEAJIM30BBIBATH IIOCTOSHHO OOYHaroluecsi cUCTeMbl 00paboTku naHHbIX. OHO
HamnpaBJieHO Ha CHIDKEHHE 3aTpaT Ha IiepeoOydeHHe Mojenei B ciydae TpaHC(OpManum
CBOWCTB JIaHHBIX. [IpOBeICHBI SKCIIEPUMEHTAIBHbIC HCCIIEIOBAHNS Ha psijic HAOOPOB TAHHBIX.
UncieHHbIe SKCICPUMEHTHI MOKa3ald, YTO MPEITIOKEHHOE PELICHHE MO3BOJACT MOBBICUTH
KaueCTBEHHbIE TIOKa3aTeNm oOpaboTkn. Mozens MoxkeT OBITH  paccCMOTpeHa  Kak
COBEpIIICHCTBOBAHWE aHCAMOJEBBIX METOJOB 00pabOTKH HH(POPMAIMOHHBIX IMOTOKOB
1 BBIOOPOK maHHBIX. OOydeHHe OTIENBHOTO KJIacCH(pUKATOpa, a HE TPYIMIbl CIOXKHBIX
KIIacCU(UKAMOHHBIX MoJieJIeil JaeT BO3MOXKHOCTh YMEHBIINTE BEIYHUCIHTENbHbIC 3aTPATHIL.

KilodeBble cjl0Ba: MaliMHHOE OOYYCHHE, MHOTOYPOBHEBBIC MOJEIH, Ha3HAuYCHHE
KJIaCCH(UIMPYOIIHX AITOPUTMOB.

1. Benenue. B Hacrosimee Bpemsi TPUMEHEHHE METOJIOB
HCKYyCCTBEHHOTO HHTEJIEKTa B  OTHENbHBIX 3aJad4ax HalpaBlIEHO
Ha MOBBIIIIEHUE JIOCTHTaeMbIX KadeCTBEHHBIX II0Ka3areneil o0paboTku
nHpopmMannu. ANTOPUTMBI MAIIUHHOTO OOYYEHHS [al0T BO3MOXHOCTh
BBISBIIATh XAPAKTEPUCTUKH, CTATHCTUUECKUE CBOMCTBA, HESBHbIE 3HAHMA,
HEOOXOAMMBIE  JUIS  JOCTIKEHHsI  3aJlaHHOTO  pe3yJsibTara, IyTeM
CHUCTEMAaTHUYECKOI0 aHAJIM3a JIOCTATOYHOIO KOJIMYECTBA COOTBETCTBYIOLIUX
BBIOOPOK JTaHHBIX.

ANTOPUTMBI MAIIMHHOTO OOydeHHWs TpeOyIoT NpeaBapUTEeIHLHOTO
M3BJICUEHUS 3HAUYEHUH XapaKTEpUCTHK OOBEKTOB HAOMIOACHUS VIS
MIPECTAaBICHNAS BXOIHBIX IIOCIENOBaTeNbHOCTeH MaHHBIX. llokaszaremn
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WCKYCCTBEHHbIN UHTENNEKT, UHXEHEPUA JAHHBLIX 1 3HAHWIA

KayecTBa JITOPUTMOB MAIIMHHOTO OOYYEHHsI B 3HAYMTENBHOH CTEHEeHU
3aBUCAT OT XapaKTEePUCTUK aHAJIM3MPYyeMBIX BBIOOpOK. KpaiiHe BakHO
BBIOpATh MPaBWIBHYIO TPYIITY NPH3HAKOB, ONTHMAIBHO NPEICTABISIONINX
HaunOoJee 3HaUMMBbIEe CBOIicTBa BXOAHBIX JaHHBIX [1]. [Tocne sToro monens
MO3BOJISIET  TOJYYUTh COIIOCTABJICHUE  MEXKIY W3BJICUCHHBIMU
XapaKTEePUCTUKAMH OOBEKTOB H JKEIAeMbIM PE3YJIbTaTOM.

Tem H©He MeHee, mII MHOTHX 3a7ad BBIABICHHE OCHOBHBIX
XapaKTEePUCTUK U MPU3HAKOB AAHHBIX, KOTOPBIE MO3BOJIAT JOCTHYB JIyUIINUX
Ka4eCTBEHHBIX IIOKa3aTesieil, SBISCTCA CIOXHBIM M TPYIJOCMKHM
MIPOLIECCOM.

OnmHOBpEeMEHHO C OSTUM Ha TMpakTUKe TpU  00paboTKe
MH(OPMALMOHHBIX HOTOKOB BO3ZHHMKAIOT SIBJICHUS, CBSI3aHHBIE C JAper(om
KOHICIIIHUH, Korjga IpOUCXOoaUT CMCUICHUC JAUariasoHoOB CIICBBIX
NIEPEMECHHBIX U HU3MCHCHUA pacnpe,ueneHI/Iix'I JaHHBbIX. Bce a0 MIPpUBOJAUT
K TOMY, 4YTO C TCUCHHUCM BPECMCHU nroo0as MOJACIb MOXET yXYyAIIUTH CBOU
KauyeCTBEHHbIC TNOKa3aTenn o0paboTku. B crarbe mpemiokeHo OIHO
U3 BO3MOXKHBIX peI_HeHI/Iﬁ MOBBINICHUA KAa4YCCTBCHHBIX HOKa3aTeJ’Ieﬁ, rac
paccMaTpHBaeTCsl HCIOIB30BaHUE MHOTOYPOBHEBBIX MOJIENICH 11l peIICHUS
3a7a4 KiIaccH(UKalMM W perpeccnd. Ha HMKHEM YpOBHE NPOUCXOIHT
00paboTKka IOCTYMAOIMX Ha BXOA HMH(MOPMAIMOHHBIX  IOTOKOB
1 TIOCTIEJOBATENbHOCTEH, a Ha BEPXHEM — PELIAIOTCSA 3afadd pas[eleHUST
MIOTOKOB HA YacCTH, ONPEIEJICHHS] TEKYIINX CBOMCTB AaHHBIX B CETMEHTaX H,
UCXOJsl W3 WX  CBOMCTB, Ha3HayeHHs HauOoliee  NOAXOASAIICH
10 JOCTUT'aCMBbIM Ka4YCCTBCHHBIM ITOKa3aTCIIAM Moz[eneﬁ HUXXHETO YPOBHH.

2. CoBpeMeHHbIE METOIbI 00pPadOTKH BBIGOPOK. BOJBIIMHCTBO
METOA0B MAaIIXMHHOTI'O 06yquH;1 HCIOJIB3YIOT (ICHTPAJIN30OBAHHBIC
JlaHHbIe», TJe¢ B BBIOOpKax XpaHMUTCS BCs HMHGpOpMAIMs M0 0ObEKTaMm
HaOmonenus.  Ilpomeccsl  cOopa  OCYHIECTBISIIOTCS B TEUYCHHE
OTIPENICTICHHOTO TepUOAa BPEMEHH U, OOBIYHO, COJEpPXKAT KOPTEKHU
3HAUEHMH, KOraa HabroaeMasi cucTeMa HaxXOIMTCSI B Pa3HbIX COCTOSTHUSX
1 Ha Hee BO3JEHCTBYET MHOXECTBO Pa3HOPOJHBIX (akTopoB. B pesymnbprare
BO3HMKAIOT SIBJICHUS, CBS3aHHBIE C TpaHC(OpMAIMEH CBOHCTB, CMEUICHUS
JMana30HOB 3HAUYCHHH, TTOJyYEHHBIX OT PETUCTPHUPYIONIMX 3JIEMEHTOB. DTO
NIPUBOJUT K BO3HUKHOBEHMIO HEOJHOPOJHOCTH JAaHHBIX B BBIOOpKaX.
B OTACIBHBIX IMOCICAOBATCIIBHOCTAX BHYTpPU BBI60pKI/I MOXET HOABJIATHCA
JucOaaHCc KIaccoB, IPOUCXOJUTh CMEHa PpaClpe/elieHUi, H3MEeHeHue
BepOHTHOCTCﬁ BO3HHMKHOBEHHS COOBITMIM M YaCTOTHI IMOSBICHHUS OOBEKTOB
HaOIIOAECHUS.

Pemmenne 3amad  KIacCHpUKAIMM M PETPECCHH  METOAAMU
MAaIIMHHOT O 06yquI/m MOJKET OBITh 3aTPYAHCHO INIpU BO3HUKHOBCHUU
pasIMuUHBIX CTaTHCTHYeCKHX d¢¢exroB. Hampumep, ecim B IJaHHBIX
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HaOmomaercss  mapagokc  Cummncona  [2], CTaHAApTHBIA  TOIXOI
K CHTPAJIN30BaHHOMY HHTEJUIEKTYaJIbHOMY aHaJM3y BBIOOPDKH MOXET
HE MO3BOJISITh IOCTHI'aTh 33/IaHHBIX KaueCTBEHHBIX IOKa3arteneil 00paboTKu
JaHHBIX, a pe3yJbTaT oOpadOTKHM HE COOTBETCTBOBAaTb HCTHHHOMY
COCTOSIHUIO.

CoBpeMeHHBIE TOIXOABI K TIOCTPOCHUIO Mojeneil o0paboTku
CBS3aHBI C (OPMHUPOBAHHEM, AHAIM30M M OOBEAWHEHHUEM JIOKAJIBHBIX
PE3yIBTaTOB, IPH KOTOPOM HCHONIB3YIOTCSI METOBI arPETHPOBAHMS.

Metoapl W aNrOpUTMBI, pEUIAONIME 3aadl  KJIACCH(UKAINUU
U PpETPEeCCHH, MOTYT HWMETh pa3JIMYHBIE PE3yJbTaThl  BBIOPAHHOTO
MOKa3aTelsl KadecTBa HAa OJHOM M TOM jke HaOOpe AaHHBIX, HalpuMmep,
B Clly4ae pasHbIX oOyyarouux mnpumepoB. [lomyueHHble Tpu 00OpaboOTKe
00BEKTOB HAOMIOJCHUS pe3yJIbTaThl Pa3IMYHBIX KIaCCH()UKATOPOB MOTYT
oTianyathcs. VX OTBEThI OOBEOMHSIOTCS arperupyromeid (QyHKIUH s
(bopMupOBaHUs OOLIEro OTBETA. 3a CYET MHTErPALMH HECKOJIBKUX MOJIEICH
B pAde ClyyaeB CTaHOBUTCS BO3MOXHBIM IIOBBICHTH  KauecTBO
KIaccu(UKAIUH.

Ha ceromssmHuii 1eHp JOMHHUPYIOUINMH SIBISIOTCS aHCaMOJICBBIC
Mmeronsl. Cpenyl HUX Hambosee M3BECTHBI MOAXOABI HA OCHOBE INPOCTOTO,
KOMOWHHpPOBaHHOTO TojocoBaHHs [3,4], a Tak jke NPUMEHECHHE psAla
arperupyromux (QyHKOWH, BEMHUCIAIOIMNAX MaKCHMalbHBIE, CpEIHHE,
MEIMaHHBbIE W APYTHEe BEPOSITHOCTH KIIACCOB, YCPEIHSIOUIMX pPEe3ylIbTaT
IIpeJCKa3aHMs IO COBOKYITHOCTH OTBETOB.

B kadecTBe ajnbTepHATUBBI HCIIOIB3YIOTCSA Pa3IHYHBIC arperaTtopsl,
OCHOBaHHbIE Ha PEUTHHIax KIaCCH(DUIMPYIOIIUX aJIrOPUTMOB, apOUTPHI,
KOMOUHATOPHI [4, 5], KOTOpbIe MOTYT OBITH MPHMEHEHBI KaK K OWHAPHBIM,
TaK ¥ K MHOTOKJIACCOBBIM 3aj[adaM.

Eme omHo HampaBieHue cBsi3aHO ¢ (OPMUPOBAHHEM BEIOOPOK.
B[3,5-9] Obum wuccieaoBaHbl pa3IMYHbIE ACHEKThl BEPTHKAIBHO
pa3/ieNIeHHBIX JaHHBIX, TPEJUIOKEHBl TEXHOJIOTHH, 0Oa30BbIE alTOPHTMBI
1 KOMOWHHMPOBaHHBIC CTPATE€TWH, HAalpaBJCHHbIE Ha BHIOOP OOBEKTOB
HaOJIONICHUs, TO3BOJIIOIIMX —MOJYYUTh OCHOBHBIE XapaKTEPUCTHUKU
TIOCJIEI0BATEIILHOCTEH M BBIOOPOK, NCKITIOUNTH U3 PACCMOTPEHHS 3HAUCHHS,
MPUBO/ISIIIME K MCKAKEHHUIO CBOUCTB JaHHbIx [10 — 12].

B mocnemHue romel B psge 3amad  oOpaboOTKM  MHGOpMAIUU
MIPUMEHSIOTCS THOpHUIHBIE KiIaccuukaTopsl. Vcmonb3yroTess KoMOnHaIun
METOJIOB, TZl¢ pPAa3MUYHBIE MOJENH Ha OCHOBE OTHOCHTEIBHO IPOCTBIX
KIACCHOUITMPYIOMUX ~ aJTOPUTMOB W CIOKHBIX ~HEHPOHHBIX  ceTei
JOCTHTAIOT BBICOKHUX IOKa3aTeJed MOJHOTH M TouHocTH [13, 14]. OmHako
BO3MOKHOCTH HETHOPHIHBIX MOJETEH 3aBHCAT OT CBOICTB oOydaromen
BBIOOPKH W, B CIydae M3MEHEHHs XapaKTEPUCTUK JIAHHBIX, KaueCTBEHHBIE
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MOKa3aTeNl MOTYT CYIIECTBEHHO CHHU3UTHCS [15 — 19]. TouHOCTH, MONHOTA
pe3yIpTaToB 00pabOTKH 3aBHCUT OT MHOTHX (haKTOPOB.

[Tpumenenne NOA00HBIX MI0JIX0/I0B 4acTo HPUBOAUT
K BO3HUKHOBEHHIO pPa3JIMYHBIX CUTyallWil, KOrja arperamus pasHbIX
MoJieNied HE TOJNIBKO HE CIIOCOOCTBYET TOBBIIICHHIO KayeCTBEHHBIX
mokaszareniel, a Haobopor yxymmaer pe3ynsTatel [20, 21]. Tlpuuem
moto0HbIe 3()(EKTH YacTO HUBEIHPYIOTCS Ha OONBIION BBIOOPKE NAaHHBIX,
HO SIBHO TIPOCIEKHBAIOTCSI HA €€ OTACNBHBIX CErMEHTaX. JTO NPHUBOJUT
K TOMy, 9YTO Tpu o00paboTKe TIIOTOKOB MJaHHBIX BO3MOXKHBI OIIHOKH
BCJICICTBHE PA3HBIX HACTPOEK KIACCUGUIUPYIONINX MOJIEICH.

Taxum o0pazom, HEO0X0AUMO pa3pabatbIBaTh HOBEIC
" aganTupoBaTh CyYHIECTBYIOHIUME CTpATECTUH, HAOIMHUE BO3MOXKHOCTH
MPOBOJAUTH TOYHOE M HaJEKHOE OOY4YEHHE B paMKax paszieneHus QyHKIUH
U BBIOOPOK.

3. [locTpoeHne MHOTOYPOBHEBOIT MOIeIH OOPAGOTKH JMAHHBIX.
HpaKTH‘IeCKI/I BCC npeajiaracMble IOoaXOhbI, MCTObI, AJITOPUTMBI
MAalllUHHOT'O O6y‘IeHI/IH Ha CCFO]IHHI_HHI/Iﬁ JCHb SIBJIAFOTCS Y3KO
cHenuanm3upoBaHHbIMU.  Kaxkngas MoJenb OCTHTaeT —OIpEACTEeHHBIX
Ka4eCTBEHHBIX MOKa3aTeleld Isi TeX MpeAMETHBIX oOiacTel, rae oHa
ONITHMU3UPOBANACH, U HA TAHHBIX KOTOPBIX OHA 00yJasnacs.

OmHa W3 OCHOBHBIX THIpOOJIEM JOCTIDKCHHS  KadEeCTBEHHBIX
MoKazaTeled B METOJax MAIIMHHOTO OOydYeHHs CBsi3aHa C TeM, 4TO IpU
U3MEHEHHU CBOMCTB MOCTyHnaromux JaHHbIX, BO3HHUKACT HCO6XO}II/IMOCTL
B JONOJHUTEIEHOM 00y4eHUH. BOJIBIIMHCTBO MOAETeH, penaromue 3a1a4n
KinaccuuKalMu M perpeccuH, oOydyaroTCsi Ha 3apaHee OIpeleseHHO
COBOKYMHOCTH  00BEKTOB  HaOmogeHua. B cimywae  mosiBieHus
TpanchopMalMi  CBOMCTB  MH(MOPMAIMOHHBIX  IMOCJEIOBATEIBHOCTEH
Ka4ecTBO 00pabOTKM CHIDKAeTCs.

B crarbe mpeanaraercst pemieHue, HallpaBI€HHOE Ha JAajibHeWmiee
YCOBEpIICHCTBOBAHWE W paclIMpeHHe aHCaMOJEBBIX METO/OB, TIJIe
B 3aBHCUMOCTH OT CBOWCTB JAHHBIX IIPOUCXOJHUT BBIOOP MOJEIH
C JIyYIIMMH Ka4yeCTBEHHBIMHM IIOKa3aTeIsIMH, a Takke (QopMHpOBaHHE
MHOTOYPOBHEBBIX CTPYKTYp, OCYLIECTBILSIIOIIMX aHAJIN3 ITOCTYMArOIINX
nH(OpPMaMOHHBIX ITOTOKOB U HAa3HaYeHWE HanOosiee MOAXOSIIEeH MOJIEeTH
JUIs1 00pabOTKH MOCIIEI0BATENILHOCTEH B paMKax pellleHHs] TeKyIel 3a/1auu.

B ocHOBe mpemiaraeMoro peiieHdsi JISKUT ~ BO3MOXHOCTh
TIOCTPOCHUA I/Iepapxm‘/'l, Korja MOJ€Jib BEPXHETO YPOBHA IMPUMEHACTCA IJIA
Ha3HaueHUs HambOonee HPGEKTHBHON MOAETH HIKHETO YPOBHA Ha
OTJICJIBHBIN CETMEHT BBIOOPKH.

g 3TOro Ha pa3iaMuHBIX YPOBHAX HMEpPapXUHU PasfessdloTCs PO
1 BBINOJIHSIEMBIE (PYHKIINY MOJIETICH.
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Ha  HWKHUX  ypoOBHSAX  pacHoiaraloTcs  KJIacCU(HKAaTOPHI
U aJITOPUTMBI, pealu3allid KOTOPHIX IpPEAHA3HA4YeHBl JUIl PELICHUs
y3KOCTIeUaTU3UPOBaHHbIX 3aay.

Ha BepxHeM ypoBHE NPHUMEHSIOTCS MOJENHU, pelIarolliue 3aJadu
yOpaBleHUs alropuTMaMM HUXHero ypoBHS. OHH  "oueHuBaroT"
MOCTyMHAaoMKe WH(POPMAIIMOHHBIE ITOCIEI0BATEIBHOCTH, ONPEACIAIOT HX
CBOHCTBA, CETMEHTHPYIOT [aHHBIC W HAa3HAYAIOT HanOosee IMOAXOASIIYIO
JUISL peLIEHUs] TEeKyIleW 3aJaud MOJENb HIKHEro YpoBHs. B nmanmpHeimem
Ha BEPXHEM YPOBHE OCYIIECTBISIETCSI MOHUTOPHHT OIIMOOK M OTKJIOHEHHH
pe3yIbTaTOB OT pEalbHBIX 3HAYCHUH, OPraHM3yeTCsl HENPEPHIBHOE
o0y4eHne Mozenel HIHKHETO YPOBHSL.

[Mpumenenne Huepapxuu HafpaBJIeHO Ha obecreueHue
NapauieNbHOTO (DYHKIIMOHUPOBAHUS ajJropuTMoB. Mepapxuueckas cucrema
KOOpAMHUPYET JeHCTBHA Uil JOCTHXKCHHSA 3aJaHHBIX KaueCTBEHHBIX
nokasatesied 00pabOTKM AaHHBIX, IPOU3BOJUT AHAJIM3 TEKYLIMX CBOMCTB
JIaHHBIX, UCTIOJIb3yEeMBIX JJIsl Ha3HAYCHUS (P PEKTUBHBIX aJlrOPUTMOB.

B  ocHOBe peamM3alMM  MHOTOYPOBHEBBIX  Mojened i
KIaccH(UKAIIUHN U PErPECCHU JISKUT pa3fesieHue X GyHKIHNA 00paboTKH.

B memsx  ympaBneHms — KinaccM(UKaTOpaMH, — alTOPUTMaMH,
paboTaromMN  HEMOCPEACTBEHHO C JAHHBIMH, (OPMHUPYIOTCS MOJAEIH
BepxHero ypoBHsA. OHH, B 3aBUCHMOCTH OT CBOMCTB JTaHHBIX U TPEeOYyEMbIX
Ka4eCTBEHHBIX IOKa3aTelel, Ha3HadaroT HauOoiee MOAXOAAIIYI0 MOJEIhb
HIDKHETO ypoBHA. B ux ¢QyHKOMOHAM BXOAAT pelIeHHe psaaa
MEPEYHNCICHHBIX HIXKE 3a/au:

—  WOCHTUOUKAIMS M CeTMEHTHPOBAHME MOCTYIAIOIMIEH Ha BXOX
MIOCJIE1I0BATENLHOCTH,;

—  (dopmupoBaHue Tyna  OpPeAOOYYEHHBIX ~ MOJeNeH it
ee 00paboTKH;

—  BBIOOp TMOKazaTelned W Ha3HAUeHMs Hawboyee IOAXOAsIIeH
MOJIENH AJ1s1 00pabOTKM TEKYIIEH MOC/IeI0BaTEILHOCTH,;

—  aHanm3 pe3yJibTaToB 00PadOTKH;

—  TpUHATHE pemeHns o (HOPMHUPOBAHMM HOBOW BBHIOODKH
1 JIOTIOJHMTEIBHOTO 00Y4YEHHs MOJIETIeH.

JUis uX pemeHus MOIENSIMH BEPXHEr0 YPOBHS OCYIIECTBISIETCS
yOpaBJlIeHHE W 3aIyCK CTaHZAPTHBIX aJTOPUTMOB KJIACTEpU3AIlUH, TOMCKA
TOYEK pa3TafKH Uil pas3/ieNieHHus IOCTYHAroUed I0CIeI0BaTeIbHOCTH,
BBINIOJTHEHHE TIPOIIECCOB OOyYEHMs 3apaHee IPEIONpENeNICHHOrO IIyJia
MoOJieNell HIDKHETO YPOBHS, ONpEACICHHE WX CBOWCTB W Ha3HAYCHUSA
HA CETMEHTHl T€X, KOTOPhIE HMMEIOT JIydIlHe KadeCTBEHHBIE II0Ka3aTeln
00paboTku. OHM TaK)Ke OTCIICKUBAIOT CBOIMCTBA MOCTYNAIOINX JAAaHHBIX H,
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B Cilyyae 0OHapy>XEHUsI M3MEHEHUI M yXy/ILeHUs Pe3yIbTaToB 00paboTKH,
MIPUHUMAIOT PEIIeHHE O 3aITycKe IpoLenyp o0ydeHus.

@Oynkuun  KraccupuKaTtopoB M 00pabaTHIBAIOIIMX —aAJTOPUTMOB
HIDKHET'O YpPOBHSI HalpaBJICHbI Ha PEIICHHE 3apaHee OINpeeeHHbIX 3aaad
00paboTKM M BEIYHUCIICHHS HHPOPMAIINH.

Jns ux oOy4eHHs Ha BXOJ IOJAIOTCS CHOPMHUPOBAHHBIC MOICISAMH
BEPXHETO YpPOBHA NOIBBIOOPKH, TJ€ CBOICTBA OOBEKTOB HAOIIOACHUS
pasnmyarorcs. B mpomecce  OOydeHHS — ONpeneNsIoTCs — MOZEINH,
JOCTHTAOIIHE JIyYIIHX II0Ka3aTeell kKauecTBa Ha CerMEHTaXx.

B pesynbrare B 3aBUCHMOCTH OT CBOMCTB BBIOOPDKH JaHHBIX
ONPENeNAIOTCS  MOJETH OOpabOTKH, KOTOpPBIE HCIOJB3YIOTCS — IIPH
MOSIBJICHUM OJIM3KUX 110 CBOMCTBAM CEIMEHTOB.

Cxema nepapxuu IpecTaBieHa Ha pUcyHke 1.

CaolicTBa
Mogaenb BepXHero ypoBHsi

MpenobyyeHHble MOAENN HUKHETO YPOBHS

’ Mogenb 1 ‘ ’ Mogenb 2 ‘ Mopgenb n

aHHbIe aHHBIE

Puc. 1. Uepapxus moneneit

Hcnone30BaHne HECKONBKHX MOJENCH IS TOBBILCHUS KauyecTBa
Pe3yIbTaToB MpeACKa3aHMs H3BECTHO Kak aHcaMOieBble MeTo ibl. HecMoTps
Ha pa3IU4YHbIE KOMOWHALMM, OOBEIUHSIOIINE OTAEIbHBIC AITOPUTMEI
B MOZIENIb, BO3HUKAIOT pa3HbIE CHUTyalld, TIJe Takoe OObeAnHEHHue
HE TOJBKO MOJKET HE IOBBICHTB, HO M AK€ YXYyJIIUTH pe3yibrar. B cBs3u
C 9THUM HE0OXOMMO MPEAOTBpAILATh T000HbIE CUTYaIHH.

B ominume OT KJIACCHYECKHX IMOJXOJMO0B, KOIZa METOAbI aHcaMOIs
[20] mbiTarorcss OOBEAMHUTH HECKOJNBLKO MOJENEH C  ONpeaeTeHHbIMU
CTpaTerusiMunu JUIA YIAydIICHUS KAa4YCCTBCHHBIX noxas3aTeiaei
KJIaccu(UKAIUM, B MPEUIOKEHHOM pEIIeHUH JelaeTcsi BbIOOp Hamboiee
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MOJXO/SIIEH MOJETH sl TEKYIIMX CBOWUCTB JaHHBIX. OTO MO3BOJISET
n30erath pasMuHbIX CHTYyalldii, Korma ciabble KIacCUPHUKATOPHI MOTYT
YXYIIIUTh Ka4eCTBEHHbBIE TMOKa3aTe/in 0ojiee CHIBHOU MOJEIH 00paboTKu
JAHHBIX.

J1i1st 5TOTO paccMaTpUBAETCS PUMEHEHUE IBYXYPOBHEBBIX MOJIETIEH,
Il Ha HWKHEM YpOBHE HJAET 00paboTka TMOCIeNI0BaTENbHOCTH, a Ha
BEPXHEM — MPOUCXOMAAT MHPOLEAYpPhl OLICHUBAHHS NAHHBIX M HA3HAYCHUS
AJITOPUTMOB.

4. ®opmanbHoe onucanue moaean. ODuHATHHYI0O 00pabOTKY
JAHHBIX JUIS PEIICHUs 3a]a4 BBIMOJIHAIOT MOJCIH HUXKHETro ypoBHs. OHU
00pabaThIBAIOT MHOXECTBO OOBCKTOB HAOIIOACHUS {X,...x}e X,

3aJaHHBIX B METPHYECKOM IIPOCTPAHCTBE, IJE KaXAOMy OOBEKTy X,
CTaBUTCS B COOTBETCTBHE MeTKa Y, €Y , OIpeleneHHas Ha MHOXXECTBE
METOK.

OnmHako B pa3iUyHBIX JIOKAJBHBIX 00JACTSIX MHOXECTBa OOBEKTOB
HaOJII0JICHUS] BO3MOKHO U3MEHEHHE CBOMCTB (4aCTOTHI MOSIBJICHUSI, pazMaxa
JaHHBIX, JMana3oHOB  IIPEJUKTOPOB M IIEJEBBIX  IEPEMEHHBIX,
pacnpenenenuii). B cBs3u ¢ 9TUM, BO3HUKAET HEOOXOAUMOCTh pealn3aliu
¢byukiun pasgenenuss MHoxectBa 4 X —{l,...,m} , koTopas moOomy

00BeKTy X, € X CTaBHUT B COOTBETCTBHE OJIHO U3 IIOJMHOXKECTB XL, XM,

B pesynprate MHOXKECTBO X CErMEHTHUPYETCS HA IMOJMHOYKECTBA
XTUX?U..uX"=X u X'nX'%0 Vi#j . O6bemunenue
MO/IMHOECTB COBIA/AET C MHOXKECTBOM X , [IOJIMHOXKECTBA HE TIEPECEKAIOTCSL.

OOBEeKTHl  TOIMHOXXECTB  WCIOJB3YHOTCSA  JUISI  BBIYHMCIICHUS
IEHTPOUJIOB X, U OIpeneleHnst MeTpuku Onmsoctn p(X,X.) , Hampumep,
HA OCHOBE EBKJIHMJOBOrO pacctosiHus. [lpu BeIOOpe QyHKIMU pasjencHus
MHOXKECTBa HEOOXOIMUMO IOOHMBATHCS, YTOOBI TOCIEe 0OpaOOTKH BHIOOPKH
MOJMHOXXECTBA COCTOSUIM M3 OOBEKTOB Oim3kux 1o po(X,X.) , a camu
MHO’KE€CTBA OTJIHUYAIIUCE.

ITocne mpumeneHust GyHKINUU 4 oOydaromiast BRIOOpKa paszensercs

Ha IMMOJMHOXECTBAa M MPEACTABISICTCSA MapaMH 3HAYCHUHA (X'j,y'j)'].":1 e X',
rIe {Xl,...,Xm}e X — MHOXECTBO CETMCHTOB BEBIOOpKHM JOaHHBIX X,
X' — MHOXECTBO ONHMCAaHMH OOBEKTOB HAOMIOJAEHUS B CECMEHTE,

ni — KOJIMYECTBO OOBEKTOB B i-OM CErMEHTE.

s kaxmoro cerMeHta X' W3 3apaHee IIPEAONPENENIEHHOrO
MHOXeCTBa Mopenedl kinaccubukaunn {a,,a,,..,a,} € A  onpexemsiercs
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pewatomas QyHkims @ : X' =Y, uUMeomas HAWIydylde BbhIOpaHHbIE
KayeCTBEHHbIEC MTOKA3aTE ! JJIsl CErMEHTA.
MeTo HOCTpOeHHs pelnarmux GyHKIMA Ha MoAMHOKecTBax X'

CTaBUT B  COOTBETCTBME cerMeHTy X' — anroputM  o0paboTKH,
MIpUHAJIEKALTUI 3aIaHHOMY KJ1accy pelarmux (hyHKIHH.
OH OCHOBBIBACTCSl HA TOM, YTO KaxkAast (QYHKIUS XapaKTepU3yeTCss CBONMHU
MOKa3aTeIsIMU KadecTna.

HOycrs  L(Y;,a.(X;)) — ¢ynxumsa noreps. Torma mnokasatens

KadyccCTBa AJId CCrMCHTAa X! OIIPEACISICTCS BBIPAXKCHUEM !

Qa, (0. X) =3 Liy,.a (x,)). )

i =1

Ucnonssys (1), oGosHaumm Q) = mir;Q(ak (x),X") monyuennoe
ace

ONTUMAJILHOE 3HAYCHHE, BBIOPAHHOE M3 BCEX 3HAYCHHU (DYHKI[HOHANA
KaJyecTBa s Moziereii @, (X) Ha cermente X' .

Torma maas MHOXKeCTBa X, Ppa3feleHHOT0 Ha psJ CErMEHTOB
{X*,..., X"} e X, BO3MOKHO ONpENETUTL MATPHUILYy R, , MOKA3HIBAIONIYIO

JIY4YIIrC 3HAYCHUA MoKasaTesel KauecTBa JJIsl KaXKJI0r0 CErMeHTa.

@

Ananusupyst 3HaueHus: (2) MOXKHO OCYIIECTBUTH BBIOOp JTydIleit
[0 ONpeeIEHHOMY IT0Ka3aTell0 Ka4ecTBa MOJENH s cermenta X' :

3, (x) =argmin Q(a, (x), X'). @3)
a eA

Belpaskenne  (3) maeT  BO3MOXKHOCTH — ONPENENIUTH  MOJAEIH
JUIs CErMEHTOB.

B nanbHeiiniem, paccmaTpuBas B JUHAMMKE HM3MEHSIOLIUECS
3HaYeHUs MaTpulbl R,, CTaHOBUTCA BO3MOXKHBIM B aBTOMAaTHYECKOM

PEXKUME OIPCALIIATL MOACIIN JII CCTMCHTOB.
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KauecTBo pe3ynpTaToB pemieHust JIF000H  3a1add  METOJaMH
MaIIMHHOTO OOY4YeHHUs! 3aBUCUT OT CBOMCTB JaHHBIX. Mojenu BepxXHEro
YPOBHS npesHa3HaYeHbI ULt OTCIIC)KUBAHUS N3MEHEHHUI
B MH(QOPMAILIMOHHBIX  I1OCJEJOBATENbHOCTSIX  BCICICTBHE BO3JCHCTBHS
BHEITHUX W BHYTPEHHHUX (PakTopoB. /lJIsi 5TOro OHM 3aIyCKaloT IPOLECCHI,
pa30ueHNns Ha OTAENBHBIE CETMEHTHI, BBIIONHAIOT aITOPUTMBI OIPEIEICHHS
TOYKH Pa3IagKH ISl BPEMEHHBIX PSJOB, ONPENCIIIIOT U3MEHEHUSI CBOMCTB,
a TaK ke MPOM3BOAAT aHAIM3 M OCYLIECTBIIIOT Ha3HAUYEHHE aITOPHTMOB,
Mojenel, o0IagaromMX JyYIINMH XapaKTepHCTHKAMH IS BBIOPaHHBIX
CETMEHTOB.

B of6mem ciydae pemeHune 3amad KIACCU(PHUKAIMA H PErpecCHH
OCYILIECTBIISICTCSI ~HA  MHOTOMEpHBIX  JI@HHBIX  MH()OPMALMOHHBIX
MOCNIEIOBATENILHOCTEH, M3 KOTOpPBIX  (OpMHUpYIOTCS BBIOOpKH. Bce
UH(OPMAMOHHBIC  IIOCJIEAOBATENBHOCTH IOJABEPraloTcs Mpoleaypam
00paboTKK U cerMeHTUpyoTcs. Ha kKakJoM M3 CErMEHTOB OMNpENelsoTCs
Ka4yeCTBEHHbIC MOKa3aTeIH TaKuM o0pa3oM, 4To BbIOOpke X CTaBUTCA
B COOTBETCTBUC MaTpula ny KOoTOpass aacT BO3MOXHOCTHL Ha3HAYUTH
MOJIETIM BEPXHETO YPOBHS HanOoJIee IMOIXOISILYI0 MOAETb.

B wmarpune R,, cogmepxurcs wuHpopManys O 3HAUCHUSIX

KaueCTBEHHBIX IOKa3aTelel Ha BbIOOpke X Kakaoi Monen a,,a,,...,a,,

YTO JaeT BO3MOXKHOCTh HA3HA4aTh HAa CEIMEHTHl BBIOOPKH X Mojeneil
{a,,a,,...,a,} € A, ucxons u3 3HaueHHUIl UX MoOKa3aTeICH.

5. Peanuzanusi Moaeau. IlocTpoeHHne CHCTEMBI, HCIONB3YIOIIEH
HPEUIOKEHHYIO MOJIEIb, IPOMCXOUT B HECKOJIBKO 3TAIlOB.

Buauane BBINOIHAETCS HACTPOMKAa MOJENEH HUKHEIO YPOBHS
Ha pemieHne TpeOyeMbIXx 3amad  o0paboTku wmHGopMarmu. Jus HHEX
(pUCYHOK 2) TIPOMCXOAWT TIepBOHAdanbHOE oOydeHue. Omnpenensercs
TIpeABapuTeNbHAs WHPOPMAIMI O COBOKYNHOCTH OOBEKTOB HaOIIOJNEHUS
{X,...X,}€ X u dpopmupyercs nepBoHadaibHOE 00yYarOIee MHOXKECTBO.

B BbIOOpKE X OCYIIECTBISIETCS CErMEHTHPOBaHHE OOJacTei.
@DopMHPOBaHHE CETMEHTOB MOXKET IIPOUCXOJUTH KaK C MOMOIIBIO 3aJJaHHOM
3apaHee CHUCTEMBI MPaBMJI, TAK ¥ B ABTOMAaTHYECKOM PEXHUME C MOMOIIBIO
JITOPUTMOB, OCYLIECTBILSIIOIIMX OOHAapy>KeHHWE TOYEK, IJEe H3MEHSIOTCS
CBOHCTBa TIOCIIE/IOBATENbHOCTEH. B 3THX mensX MOryT OBITh NPHMEHEHBI
METO/IBl TIOMCKa TOYEK pas3Niaiki, KJIAaCcTepH3aluH, OOHapy>KEHUs
1 UICHTH(UKAIMN CMEHBI KOHLIENIMHU U T.J. BbIOop crocoba pasneneHus
TIOCJIEI0BATENILHOCTH MIPOUCXOUT C YYEeTOM TpeOoBaHWH 10 00paboTke.
B pe3ynbraTte MX NpPUMEHEHUS ONPENEINSIOTCS CETMEHTHl C PA3IUYHBIMU
cBolicTBaMu. B panpHeillieM Bce JEHCTBUS aIrOPUTMOB MAaUIMHHOIO
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00ydYeHHUsS TPOUCXOMAT C OTIACIABHBIMH OOJACTAMH, BBIICICHHBIMU
Ha IpeBapUTEILHOM dTare.

O0OpaboTka  MOCHCIOBATENBHOCTH, B  KOTOPOH  IPOUCXOIAT
MEPUOTNYCCKAE W3MCHCHHUS, MOXET JaTh BO3MOXKHOCTH C(OPMHPOBATH
SBPUCTUYECKUE TMPaBUiA, MO3BOJSIOUINE BBIACTUTh CEIMEHTHI, KIacTephl,
HMMEIOLIUE pa3Hble CBOMCTBA U AMAana3oHbl 3HaueHUi. Takoil moaxo oueHb
9acTo  OMpeneNseT  JOBOJIBHO  A(PQPEKTHBHYIO  CHCTEMY  IPaBWII,
HaTpaBJICHHYIO Ha JTOCTIDKEHUE 3alaHHBIX MOKa3arenel kadecTBa. OmgHAKO
B JaJbHEHIIEM MPUXOAUTCS HUMETh JEJNO0 CO CTATUYHOM U CIIOKHOU
B HACTpOiiKe cucTeMoit [22].

B ciaygae aBTOMaTHUECKOTO pas3felieHHs MOCIEI0BATEIBHOCTH
00BCKTOB HAOJIOJCHUS OOHAPYKHBACTCI MOMEHT 6 , TIe MPOUCXOIMT
H3MEHEHHE XapaKTepUCTHK HabmoqaemMoro mpoiiecca [23]:

x,0<t<@

XI|+1lt 26‘ (4)

Hcxonnass BbIOOpKa B MOMEHTHI HW3MEHEHHs XapaKTepHUCTHK
HabmonaeMoro mpouecca (4) menuTcs Ha Heckonmbko wacteir X',.., X™.
WX cBoiicTBa aHANM3UPYIOTCS, COBMAIAIONIME MO CBOWCTBAM CETMEHTHI
O6T)CZ[I/IHHIOTC}I, UM IIPUCBAUBAIOTCA OJUHAKOBBIC MHIACKCHI. B L[aJ'H:-HefIIHeM
HPOHCXOAUT OOyYeHHe 3apaHee OMNPENeNCHHBIX Mojened a,,a,,...,a,

Ha moaBEIGopkax X',..,X™ | W aHamM3MpyeTcs JOCTHraeMblil KaKIoH
Mozenblo  Qynxkuuonan kadectsa Q@ (x),X'). C ero momomuip
ocyliecTBisieTcss  pamwkupoBanne wmoxeneid {a,,a,,...a,}€A u

Ka)XI0T0 CETMEHTa ONPEAEIAIOTCS Te, KOTOPble UMEIOT HauboJiee BHICOKHE
Ka4yeCTBEHHbIE MOKa3aTeIH.

Ioctynatomuii Ha BX0A HMH(OPMAIMOHHBIN MOTOK IOJIBEPraeTcs
TaKoil ke 00paboTke, Kak M oOydaromas HocieloBaTeIbHOCTh. Ha Hem
BBIJICIISIFOTCSl CETMEHTBI, ONpPEIENISIOTCS UX CBOWCTBA, M, B 3aBUCHMOCTHU
OT HMX, Ha3HAYaeTCsi MOJENb, UMEIOIIas Jy4lline 3HaueHHs (QpyHKIUOHaa
KauecTBa HAa CXOXKEM II0 CBOHCTBAM cerMeHTe oOydaromieid BoiOOpkH [22].
3atem BbIOpaHHas Moxenb a, (X) HCHOJB3yeTcsl M PpeIIeHHs 3anad

obpaboTkn moToKa. IIpenckasaHHBIE MOJENBIO PE3YyIBTATHl  CIYCTS
HEKOTOPOC BPEMsA CPAaBHHUBAIOTCA C PCAJIBHBIMU 3HAYCHUAMU 00BEKTOB
HAOJIOeHUS, TOMYYCHHBIMU OT PETHCTPHUPYIOUINX CHUCTEM H YCTPOHCTB.
B cinyuae yBenmuueHus OIIMOOK BBINIE 3apaHee OIPENSIICHHOTO MOpora
NMPUHUMACTCA PCHICHUE O (I)OpMI/IpOBaHI/II/I JaHHBIX JJI1 YTOYHCHHUSA
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JITOPUTMa, KOTOPBIE BIIOCIIEICTBUY JOOABISIOTCS B 00YYalOIIyI0 BEIOOPKY.
[Mpoucxomut nanpHelnee 00yueHne MOJIEIH.

Takum oOpasom, Uil KaXZoro HMH(POPMAIMOHHOIO MOTOKA
(opMupyeTCsl TOCTOSTHHO 00yYaromascsi MoJielb, TJe MPOLEecCchl 00y4YeHUs
n  00paboTkn  WHPOPMALMOHHBIX MOTOKOB  MOTYT  BBINOJHSATHCS
napamutensHo. [IpenBapurensHoe oOydeHne Ha BBIOOPKaxX CO CXOIHBIMHU
CBOHCTBaMHM MOXXET COKPAaTHTh BPEMEHHBIE 3aTpaThbl, KOTrJa HEOOXOANMO
B PEKHUME DPEaTbHOTO BpPEMEHHM OCYIIECTBHTb Ha3sHAYEHHE MOJENHN
B YCIIOBHSIX H3MEHEHHS CBOWCTB.

Mopenu BepxXHEro YpOBHS ABISIIOTCA HAACTPOMKOHM, 3azadyu
KOTOPOH — aHaJU3MpPOBATh CBOMCTBA BXOJAILET0 IMOTOKAa M HA3HAYaTh
Han0oJjee MOAXOAAILYI0 MOJEb HIKHETO YPOBHSL.

BLiBopKa AaHHbIX Mopenb BepxHero ypoBHs [

) |

O6yyeHune mopenew
HWDKHETO YPOBHS

Cel’MeHTVIpOBaHVIe —»

]

Mpeno6yyeHHble MOAENW HUKHETO YPOBHS

l Mogenb 1 ] l Mogpens 2 ] l Mogenb n ]

]

Onpe,qeneHme Ka4yeCTBEHHbIX NokasaTenewn

]

HasnauyeHnvne mogenu

]

O6paboTka noToka

AHanus pesynbtaros

Puc. 2. B3aumopeiicTBue Mozeseil BEpXHET0 U HUKHETO YPOBHS

Informatics and Automation. 2023. Vol. 22 No. 3. ISSN 2713-3192 (print) 497
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbIN UHTENNEKT, UHXEHEPUA JAHHBLIX 1 3HAHWIA

6. DKkcepuMeHT HA MOJEJIbHBIX JaHHBIX. /[aHHBIC, TOCTYMAIOIINE
OT  HUCTOYHHMKOB,  YacTO  MPEACTABIAIOT  TPYAHO  pa3AeluMble
MOCJIEZIOBATEIbHOCTU. B HHUX  COIEPKUTCS  MHOMECTBO  KIIACCOB,
HEOJHOPOJHOCTh O0JNacTe#, pa3NMYHbIC JWANa30Hbl 3HaueHwWd. OnuH
U3 IPUMEPOB TaKUX JAHHBIX MPUBEJICH HA PUCYHKE 3.

Y
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Puc. 3. MozenbHbIi psa JaHHBIX 3HaUeHUH X, Y [UIA IBYX KJIACCOB

Jns  peanuzaumu  mpejjiaraeMol  MOJENHM  OCYIIECTBIISIETCS
pasnenenne Habopa Ha OTHENbHBIE KJIAcTEphl, OONagaronIvie pa3HbIMHU
cBOMCTBaMH. 3ajjaya TaKoro pa30UeHHsi COCTOUT B TOM, YTOObI YMEHBIINTh
pa3dpoc aHHBIX, BBIOPOCHI M HCIIOJIb30BaTh HM3MEHEHHE JHAala30HOB
3HaueHUH npu QopmupoBaHnu obsacTeil aHanM3a YIS [OBBILICHUS
MoKazareJei kauecTBa MoJiesei.

OmHUM W3 TPOONEMHBIX BONPOCOB  SIBISICTCS — ONpENEICHUE
KJIACTEPOB [aHHBIX. B JKCIepHUMEHTe WX KOJHMYECTBO BBIUMCILLIOCH Ha
OCHOBE K03()(UIHeHTa CHITYyITa, KOTOPBII IOKa3bIBaeT, HACKOIBKO CpeIHee
paccrosiHme 10 OOBEKTOB CBOEro KiIacTepa OTIHYACTCS OT CPEIHEro
paccTosiHMs 10 00BEKTOB APYTUX KIACTEPOB.

[TomyueHHbIe pe3ynbTaThl KO3 GHUIMEHTa CITy3Ta Ha PHUCYHKE 4
JAf0T BO3MOXKHOCTH BBIOpaTh Hambojee MOAXOZsIee KOJUYECTBO
kimactepoB. OnTuManpHOE 3HA4YEHHE OBUIO IOJydeHO NpH pa3OueHuH
BBIOOPKH Ha YETHIPE MTOAMHOKECTBA.

Knacrepuzannsi mgaeT BO3MOXHOCTH BBLACTHTH TPYMIBI CXOXKHX
00BEKTOB, yUeCTh BHIOPOCHI, OMPENETUTh HETUITUYHBbIE OOBEKTHI. AHAIU3
TPYII MOXXET OBITh MPOBENEH C MOMOINBI0 rpaduka (yHKIUH IUIOTHOCTH
BeposiTHOCTH. [lpu pasnmeneHnn MHOXeCTBa HEOOXOIUMO JOOMBATHCS
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B INIOJAMHOKECTBAX YMCHBIICHUA TICPCCCKAIOINXCA rmoula;[eﬁ MCKIY
Kj1acCaMH. HOSTOMy B HOCIAX YIYUIICHUS pasfcJIMMOCTU HJaHHBIX MOTYT
MPUMCHATHCA PA3JIMYHBIC aJITOPUTMBI.

S(n)O.GG

0.65 [ b

0.63 4

0.62 4

0.6 1 1 I 1 1

2 3 4 5 6 7 8
n

Puc. 4. Pesynbrarsl 3HaueHui Koddduipenta cuirysta S(n) 1uist N KJIacTepos

Ha pucynke5 mnpuBenensl rpaduku  GYHKOMA — IUIOTHOCTH
BEPOSITHOCTEH JUIsl BCell BHIOOPKM M KJIACTEPOB, ONPEIEJICHHBIX METOJIOM
K-cpennux. [lomydeHHble pe3ynbTaThl KiIAcTEepH3alMy A pa3OHeHus
BBIOOPKM  SIBUJINCH ~ OCHOBOW Ul JaJbHEHINETO  MCCIEAOBAHUS
XapaKTEePUCTHK n Ka4eCTBEHHBIX MoKazaTesnen Ppa3INIHBIX
KIIacCU(PUIMPYIOMNX AJITOPUTMOB.

B paccmatpuBaemMoM mpuMepe pasjeleHHEe BBIOOPKHM JaHHBIX,
ucrionp3ytommee  Ko3(QGUIMEHT CWIydTa, MO3BOJISIET Uil OMHApHOH
KiIaccuUKalMy MOCTPOUTHh TakWe TpPYIIbl, TJe CyMMapHO IUIONIAaI!
nepeceueHuit (YHKIHUHA IJIOTHOCTH BEPOSATHOCTEH B OTHOCHTEIBHBIX
€IMHUIIAX YMEHBIIAIOTCA M0 CPABHEHHIO CO BCEH BBIOOPKOH IETTUKOM.

Ha cnenyromiemM srane paccMaTpUBAIIUCh OTJENbHBIE MOJACIA U HX
aHcamMOIu Ha KJjacTepaxX W BBIOOPKH IENMKOM. B KauecTBe 0a30BBIX
AITOPUTMOB OBUIM BBIOpaHBI: HaWBHBIA OaiiecoBCKuil Kimaccudukarop
c rayccoBeM simpoM (NBK), nuueiineiii quckpuMunantHeii aHamus (LD),
KBaJIpaTUYHBIA NTUCKPUMUHAHTHBIM aHaiaM3 ¢ Hapaboiandeckoi (GyHKIuen
(QD), nepeBbst pelICHHI € MaKCHMalbHBIM KOJIHYECTBOM BETBJICHHI
100 (DT), wmeron K Ommkaiimmx cocemeit (KNN) ¢ konmuectBomM
coceneit 10, meton onopHBIX BeKTOpoB (SVM) ¢ JIMHEHHBIM SpOM, METO
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cnyvaitnoro seca ¢ 30 mepeBbsamu (RF). AJroputmsl ObUTH MOMENCHBI
10 CBOMM KaueCTBEHHBIM ITOKA3aTelIsIM Ha /IBa ITOJIMHOXKECTBA: «CHUIIbHBIX)

U «CITa0BIX» KIACCU(PHUKATOPOB.
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Puc. 5. Oyuxkuun mwiotHocTr BepositHoctu f(X) st Beeit BeiGopku (BepxHumit
PHCYHOK) U KJIaCTepOB (HIKHHE 4 PUCYHKA)

x

Kaxnmas monenn 06yqanaCL Ha BCEH IOCJIEI0BATEIIbHOCTH MEITUKOM

W Ha MNOJYYCHHBIX B PE3YJIbTATC KJIACTCpHU3allUM MOIMHOKECTB JaHHBIX.
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P €3YJIbTaThl 3HAYCHUA JOJIU NPAaBUWIbHBIX OTBECTOB (accuracy) JJI KaXXI01ro
BLIGpaHHOFO KJ'IaCCI/I(l)I/IKaTOPa JJIA BCell BI)IGOPKI/I " Ipu KJIaCTepusalmu

MPUBCACHBI Ha PUCYHKE 6.
100
‘" || :

70

60 mLD

50 mSVM

. RF

10 m KNN

20 mDT

0 W MaKCMManbHOE 3HaYeHH e
0

CEMMEHT CerMeHT CerMeHT CerMeHT cpedHes  BCA
1 2 3 4 BbiGopKa

Puc. 6. Pe3ynbrarsl 3HAYCHHIT 101 MPABUIIBHBIX OTBETOB (ACCUracy) st BRIGOPKH
1 KJIACTEPOB

I'ucTorpaMma MoKa3bIBaeT 3HAYCHUS JOJIU MPABUIIBHBIX OTBETOB IS
Ka)JI0T0 BBIOpaHHOTO KiaccupukaTtopa. HecMoTpst Ha OTCYTCTBHE SIBHOTO
mucbananca KiaccoB  (coOmromatoTcst mpormopiun  60:40), BO3HHKaeT
CUTyallWis, KOTJa IIydllne JOCTUTaeMBbIe KAdeCTBCHHBIC IIOKa3aTelln
Ha KOKJOM CETMEHTE W BHIOOPKE IMOKA3BIBAIOT PA3HbIC KJIACCH(DHUKATOPHI.
BreiOupas mist Kaxmoro cerMeHra Kiaccu(UKaTOp, HMEIOMIWHA ITydIree
3HAaYCHUE, CTAHOBUTCS BO3MOXXHBIM ITOBBICHTh KaYECTBEHHBIC ITOKA3aTEIH
00paboTKH.

Takum 00pa3oM, BBIIEICHHE CETMEHTOB MaHHBIX M OICHKA HX
CBOWCTB TIO3BOJISIFOT OCYIIECTBIATh TIOMCK ¥ HA3HAUYCHUH MoOJeiel
MAIIAHHOTO 00YYEHHs, 00JaMAI0NIHNX JTYUYIIUMHU XapaKTePUCTHKAMU.

AHajorn4yHeiM  00pa3oM  BO3MOXHO CpaBHEHHE aHcaMmOJeH,
COCTOSIIIUX M3 HECKOJNBKHUX CIOXHBIX KIACCU(PHUIMPYIONINX MOIEICH WIN
MPOCTEUIINX aNTOPUTMOB. B TipriiaraeMoM SKCriepuMeHTe OBLT pacCMOTPEH
Ooorruar. Ero  ocoOEHHOCTBIO  SABIISIETCS  BO3MOXKHOCTH  00ydaThCs
HA MHOXKECTBE BBIOOPOK, MOJYYCHHBIX ©3 HcxomHOW. Kaxnmas monmenb
CTPOHTCS HA OCHOBE CITYYallHOTO MOJIMHOKECTBA JTAHHBIX.

Ha mnpaktuke He Bcerma yma€res caenaTh pPa3sHOOOpasHbIC
HE3aBUCHMBbIC MOJCIH KiacCH(DUKAlMKH. B pacCMOTPEHHOM mpuMepe
KIaccu(UKaTOPBl 00YYaroTCs Ha OJUHAKOBBIX MHOXKECTBAX, YTO CHHIKACT
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ux pasHooOpasue. He Bcerma BO3MOXHO peanu3oBaTh pasieleHHe
oOyyatomiell BHIOOPKH JAHHBIX, YTOOBI JaHHbIE OKA3aJIMCh CIIy4aiHBIMH,
OHOPOJIHBIMH ¥ HE3aBUCHMbIMH.

B pesympraTte MOXKET BO3HHKHYTh CHTyalus, KOTAAa HMEETcH,
HamnpuMep, OAMH «XOPOIIMH» U OAUH «IUIOXOW» IO KaueCTBEHHBIM
MOKa3aTeJsIM allTOPUTMBI, a 3TO OYAET MPUBOJHUTH K TOMY, YTO KauecTBO
pe3ynbTaToB aHcamOms OyJgeT XyxXe, 4eM Y «XOpOIIEro» alropuTMa.
PesynbraTel paboThl  KiMacCM(QUKATOPOB M OTHEIBHBIX aITOPUTMOB
JUISL TIOJTyYE€HHBIX CETMEHTOB IIPUBE/ICHBI HA PUCYHKE 7.

ENBK

mLD
70

mSYM
60

NBK+LD+SVM

50

HRF
40 HKNN
30 moT
20 m RF+KNN+DT
10 B MaKCMMabHOe 3HaYeHHe

0

cermeHt 1 CermeHT 2 CermeHT 3 cerment 4 cpegHee BCA BbIBOpKa

Puc. 7. 3HaueHus OJIH IPABIJILHBIX OTBETOB (ACCUracy) Kiaccu(puKaTtopoB U HX
Mojeneit

Ha rucrorpamMe BHIHO, YTO Ha Pa3iMYHBIX CETMEHTaX OTAEIbHBIC
KJIACCU(UITUPYIONIUE AITOPUTMBI TTOKA3BIBAIOT PE3YJIbTAThl JIy4Ile, YeM
aHcamOsiu. [IpuMEHEHHE YCpEOHEHHS 110 MaKCHUMAaIbHBbIM 3HAYCHUSIM
Ha Ka)XJIOM CErMEHTE J1aeT BO3MOKHOCTB ITOJIyYUTh BHIMI'PBILI IO TOYHOCTH.
IMoaxonpl, cBsI3aHHBIE C YCPEIHEHWEM MOJIENN XOpOLIO paboTaloT TOJBKO
TOr/la, KOTZa OTHeNbHbIe KIAacCU(UKATOPBl IOKA3bIBAIOT PE3YJIbTATHI,
UMEIOIIME BBICOKYIO JUCIIepcHio. AHCaMOib TII0JIe3eH B ciydae
NPUMEHEHNSI KIAacCH(UKATOpOB, KOI/A HE3HAYUTEIbHBIE HM3MEHEHUS
CBOWCTB MJaHHBIX B BHIOOpPKE MOTYT TPHUBOOUTH K CYIIECTBEHHBIM
HU3MEHEHHM Kiaccupuxarmu [4].

B TO Xe BpeMs BBIUUCIUTENBHBIE 3aTPaThl Ha arperanuio
u 06yquI/Ie TpynIibl CIIOKHBIX KHaCCHq)I/IKaHI/IOHHBIX MOZICJ'ICI\/'I BBIIIC, YEM
3aTpaThl Ha O0YYEHHE OTIENBHOIO KiIacCH(HUKaTOpa. ITO MOXKET BBI3BIBATH
YBEJIMYEHUE BPEMEHU M BBIYUCIUTEIbHBIX 3aTpaT, KOTAAa HMPOHCXOJUT
CMEHAa KOHLEMNIUM WIM U3MEHEHHUE CBOICTB [aHHBIX, [0 CPABHEHUIO
C «IIOJICTAHOBKOW» TOTOBOM Momenu. He Bcerma momenun MoryT OBITH
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MOCTPOEHBI C HCIIOJIb30BAHUEM pa3IMYHBIX KOMOWHALMA ITPU3HAKOB,
HarpuMep IpH aHaJIU3e OJJHOMEPHOTO psifia. A 3TO, B CBOIO OUepe/ib, BICYET
HEBO3MOXHOCTh JOCTHXKEHHsSI HX pasnudHocTH. CpenHee 3HAadYCHHUE
Mojeneld OyZeT yIydIIeHHEM TOJIbKO B TOM CIydae, €CIH MOJEIH
HE3aBHCUMBI JIPYT OT Apyra.

B  uH(pOpMAalMOHHBIX  NOTOKaX B  YCIOBUSX  IOCTOSIHHO
MOCTYMAIOMIKMX  JAHHBIX  IIOCIEAOBATENFHOCTH MOXET  IPOUCXOIMTH
TpaHcopmanusi CBOMCTB JaHHBIX. B pesynbrare, oOydeHHBIE Ha
HCTOPHYECKHX JIAaHHBIX CJI1a0ble KJIaCCU(QHUKAMOHHBIE MOJICTIH B Pa3INYHbIE
BPEMEHHBIE MNPOMEXYTKH MOTYT CTAaHOBHTHCS CHIBHBIMH M HA00OpOT.
Takue W3MEHEHHS CBOWCTB KIACCH(DUIMPYIOIINX MOAENEH NPOHCXOAAT
32 0YeHb KOPOTKHH MEPUO, YTO NPUBOAUT K TOMY, YTO KAueCTBO PELICHUS
3a7a4 aHcaMOJieM KJIaCCH(HUIMPYIOMMX MOAEIEH OKa3bIBaeTCA XyXe, 4eM
OIHMM W3 KJIAcCH(HUKATOPOB. OTO TO3BOJSET HA3HAYaTh JIydIIne
Kiaccu(UKaToOphl Ha OAMHOXKECTBA.

7. Pe3yabTaThl 00paGoTKM peajbHbIX AaHHBIX. Cleayromum
9TAallOM  JKCIIEPUMEHTa OBIT  paccMOTpeH psAA  HAOOpOB  JTaHHBIX,
COJEp)KAIMX 3HAYCHHS IEPUOANIECKOH BBIPAOOTKH BIICKTPOIHEPTHH.
B xauecTBe SKCIEPUMEHTANBHBIX IAaHHBIX PAacCMAaTPUBAINCh HECKOJBKO
HaOOpOB maHHEIX [24, 25], KOTOpBIE CoIepKalll NAaHHBIC O IPOHU3BOICTBE
3JEKTPO3HEPTHUH B Ppa3inyHbIX pernoHax HWramuu u Henmanumm ¢ 1995
o 2020 roa. O6bem mepBoro Habopa okosio 30000 3amuceit, 3 npeaukropa
u 1 neneBas mepemeHHast, Broporo — 250000 3ammceif, 16 mpeaukTOpoB
u 1 uenesast nepeMeHHas. J[aHHbIE NMPEACTABISUIICH BPEMEHHBIMH PSIaMH.
Jns dopmupoBanus oOydaromied BBIOOPKH HCHOIB30Bajock okoio 30%
3anucei. 3anuchk 00 oOBeKTax HaOMIOJEHWH OIpenensiach BEKTOPOM X.
Bo Bpemsi mpomeccoB o0ydeHus oOpabaTeIBaeMble MOCIEIOBATEIBHOCTU
ObUTH pasielieHa Ha cerMeHThl X'. B KakIoM CerMeHTe BBIYHCIANOCH
3HaYeHHUE ero LEeHTpa X, . bbui 3apaHee omnpeeneHsl MOAEIH 00pabOTKH

nanHbix. OHH 00yYaluch Ha BBIIEJIEHHBIX CETMEHTAxX, IJIE ONpeaessIcs
onTUManbHbINA (yHKIHoHan KadectBa Q(a, (X), X') — mir; .
a e

B panpHelmeM ocTaBmIascs 4YacTh 3amMCced HMCIIOJB30Baiach I
nMUTanud  notoka uH(opmaruu. [lo mocTymaromuM — 3HAYCHHSAM
C IOMOWIBI0  (YHKIMM  pacCTOSHUS ~ MexAy oObektamu  po(X,X.)

ornpeaeidiIacb NPUHAAJICIKHOCTh TOYCK KIIACTEPY. B Heidax yCpCAHCHUA
PE3YIBTATOB OBLIO p€aIn30BaHO «OKHO», BHYTPU KOTOPOI0 IOCTOAHHO
ONPEACIAINCh YCPCAHCHHBIC 3HAYCHUA. Onu CpaBHMBAJIUCh C 3apaHee
BBIYMCJICHHBIMU LECHTPAMH KJIACTECPOB MOCJICAOBATCIBHOCTH. 3a)1aBaﬂ
IMUPpURY OKHa, BO3MOXHO BBIYHUCIIATH CpeaHee S3HA4YCHHUC
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TIOCJIEI0BATENILHOCTH JUISl OLIEHKH OJIM30CTH K IMPEAIoaraeMoMy IIEHTDY,
a TakKe ONpENeNsaTh MNpaBwia (OPMUPOBaHHS BHIOOPOK, OCHOBAHHbBIE
Ha 4acTOTe, U HOCTOSIHHOTO O0YYEHHUSI CETMEHTOB.

B paccMoTpeHHOM SKCepHMeHTe ObLIM BBHIOpaHBI HAOOPBI JaHHBIX
[24, 25], onuchIBatOIINE TEHEPALIHIO «3EICHOW AICKTPOIHEPTHU B TCUCHHUE
3 net. [IpenoOydeHne 3aKI09aNoCch B MpeaBapUTEIHLHOM aHAN3e BEIOOPOK
3a 1 rog. Ha oOydaromem MHOXECTBE OBUIM BBIICICHBI CETMEHTHI.
Ha ocHoBe oneHKH K03 GHUIINEHTA CHITy3Ta KOJIHYECTBO PEKOMEHIOBAHHbIX
CETMEHTOB OKa3aJoCh paBHBIM deThlpeM. Hambomee BeposITHO, 4TO 3TO
CBSI3aHO C IOTOJHBIMH YCIOBHSAMH, BO3HHMKAIOIIMMH BCIIEACTBHE CMEHBI
BpEMEH roja.

B kauecTBe aHanM3MpyeMBIX IOKasaTesjel ObuiM BhIOpaHbl F-mepa,
JI07sI MpaBUWIBHBIX OTBETOB (ACCUracy), miomags IMoJA KpHUBOH OmIMOOK
(AUC). Bce BbIGOpKH MOABEPraikich 00pabOTKE METUKOM U aJITOPUTMAMHU,
MIePEeYHCICHHBIM B pazfene 6.

Pe3ynbraThl KayeCTBEHHBIX  IOKa3aTeNiel, IIOJNYYCHHBIX MpPHU
NPEeACKa3aHUU Ul CETMEHTOB M BCEW BBIOOPKU LIEIHUKOM, IIPECTABIICHBI
B Tabmmnmax 1-3.

Tabmuma 1. PesynpraTel 00paboTku Habopa TaHHBIX

Bes Cermentnl Power Supply
Kaacendpuxarop | Iloxasarenb dataset cpelHee
BbIOOPKa
1 2 3 4

F mepa 0,80 0,84 0,81 0,82 0,81 0,82

LD Accuracy % |70,3 78,9 73,1 74,0 72,8 74,7
AUC 0,74 0,79 0,73 0,75 0,76 0,76

F mepa 0,81 0,84 0,81 0,82 0,81 0,82

QD Accuracy % |71,3 78,2 72,2 74,2 73,4 74,5
AUC 0,74 0,79 0,73 0,75 0,76 0,76

F mepa 0,70 0,81 0,51 0,80 0,78 0,73

KNN Accuracy % |70,5 77,6 72,4 72,9 72,3 73,8
AUC 0,71 0,79 0,72 0,74 0,76 0,76

F mepa 0,79 0,84 0,81 0,81 0,81 0,82

NB Accuracy % |69,4 76,1 73,3 73,6 72,6 73,9
AUC 0,72 0,78 0,73 0,75 0,76 0,76

F mepa 0,81 0,81 0,83 0,83 0,82 0,83

SVM Accuracy % |71,4 77,5 77,6 77,6 77,5 77,6
AUC 0,75 0,74 0,76 0,75 0,75 0,75

F mepa 0,83 0,83 0,84 0,85 0,84 0,84

RF Accuracy % |71,5 74,5 77,1 73,6 73,5 74,7
AUC 0,73 0,75 0,76 0,75 0,76 0,76
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Tabnuma 2. PesynbpraTel 00paboTky Habopa JaHHBIX
Best CermMeHnTsl Val_encia Sun
Knaccudukarop | Ilokasarenan BEIGOpKa energy generation dataset cpeanee
1 2' 3 4
F mepa 0,80 083 |0,82 |082 |080 [0,82
LD Accuracy % | 72,1 76,0 |725 |735 |723 |736
AUC 0,71 0,73 |0,74 |0,74 |0,76 |0,75
F mepa 0,81 083 |0,82 |081 |081 0,82
QD Accuracy % | 72,3 753 |72,7 733 |739 736
AUC 0,74 0,74 |0,75 |0,74 0,77 |0,75
F mepa 0,75 080 |0,62 |0,79 |0,78 [0,75
KNN Accuracy % | 70,5 757 |710 |716 |721 |726
AUC 0,71 0,76 |0,72 |0,71 |0,76 |0,74
F mepa 0,79 083 |0,82 |080 |080 [0,83
NB Accuracy % |70,3 735 |734 |715 722 727
AUC 0,72 0,73 |0,74 |0,74 |0,76 |0,75
F mepa 0,81 080 |0,84 |0,83 |083 [0,83
SVM Accuracy % |71,3 769 |763 761 |765 |765
AUC 0,73 0,72 |0,76 [0,73 |0,74 |0,74
F mepa 0,83 083 |0,84 |085 084 |0,84
RF Accuracy % 71,3 726 |751 731 721 733
AUC 0,74 0,74 |0,76 |0,73 |0,75 [0,75
Tabauua 3. Pesynbrarel 00paboTku Habopa JaHHBIX
Bes CerMeHTbI Vale_)ncia Wind
Knacenpukarop | Ilokasarenn BEiGopica energy generation dataset cpennee
1' 2' 3 4
F mepa 0,81 084 081 |085 (0,83 |084
LD Accuracy % | 713 770 721 739 |729 |740
AUC 0,74 0,76 0,73 |0,76 [0,77 |0,76
F mepa 0,82 084 085 |081 |0,82 [0,83
QD Accuracy % 72,3 751 |732 |741 741 741
AUC 0,72 0,75 0,73 |0,74 [0,79 [0,75
F mepa 0,80 083 0,74 |083 [0,89 [0,82
KNN Accuracy % | 70,5 76,4 |730 |718 729 |735
AUC 0,71 0,77 |0,73 |0,72 0,78 0,75
F mepa 0,78 085 083 |084 (0,84 [084
NB Accuracy %o | 70,4 73,7 |745 724 723 |732
AUC 0,73 0,74 |0,76 |0,79 0,78 0,77
F mepa 0,82 083 082 |084 [0,83 [0,83
SVM Accuracy %0 | 71,9 753 723 731 |742 |734
AUC 0,71 0,72 0,73 |0,72 |0,72 [0,72
F mepa 0,82 083 081 |084 [0,83 [0,83
RF Accuracy % |71,4 719 [733 729 |714 724
AUC 0,76 0,74 080 |0,75 [0,77 |0,77
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Pe3ynbraThl 3KCHEpUMEHTa IOKa3bIBAlOT, YTO Ha OTIEIBHBIX
CerMEHTax 3Ha4YeHUs I0Ka3arTes KauecTBa OTACIbHBIX aJrOPUTMOB JIydllle,
yeM npu oOpaboTke Bcell BBIOOPKHM LENUKOM. PeannzoBaB (yHKIMIO,
MIPOM3BOSINYI0 aHAIN3 KAaYeCTBEHHBIX ITOKa3aTelieid, MOXKHO Ha3HA4aTh
Ha CETMEHT MOJIeNIb, UMEIOLIYI0 Ha HEM JIydlllee 3Ha4eHHEe, 4TO MO3BOJIIET
B 3aBHCHUMOCTH OT TIOKa3aTeJIsl MOMYYUTh BRIUTPHIIT 0Koio 3-5%.

8. 3akmouenue. [Ipnmenenne Mozemne 1 METOZOB NCKYCCTBEHHOTO
UHTEJJIEKTa BO3MOXKHO B TPOOJIEMHBIX OOJNACTAX, TIJ€ BO3HHKACT
HEONPEIEICHHOCT U TPYAHO ONPEAEIUTh ONTUMAIBHBIC PEIICHNUS.

B memsix moBBINICHHUS MOKa3aTelel KadecTBa KIACCH(PHKAIMOHHBIX
U PETPECCHOHHBIX MOJENEH CYIIECTBYET BO3MOXKHOCTH pPEaIU3alni
MPOIICCCOB  MPEABAPUTEIbHONH 00pabOTKM BBHIOOPKH JaHHBIX, YTOOBI
W3BJICYb OIPEACICHHbIE aTPUOYTHI, KOTOpbIE IPEACTABISIOT Hanboiee
Ba)KHBIE XapaKTEPUCTHKUM HHGPOpManuu. B  pasiauyHbIX cerMeHrax
NPUXOJIUTCS  PEAM30BBIBATH  Pa3feisIONIMe  MOBEPXHOCTH  pa3HOM
CJIOKHOCTH, YTO MNPHUBOAUT K TOMY, YTO Ha PA3HBLIX HO}IBLIGOpKaX Jy4diae
paboTaroT pa3nuyHble MOJIETH.

C6op 00BEKTOB HAOIIONCHUS SIBISETCA TPYNOEMKOW 3amadeH, rie
BHYTpPH KOPTEXEHW MOTYT BO3HUKATh Pa3INYHbIC CMEIICHHS M3-3a HACTPOCK
PETHCTPUPYIONIUX YCTPOICTB MM MOTEPh TOYHOCTU 3HAYCHUH OTIEIBHBIX
napaMeTpoB. M3BiedeHne NpU3HAKOB MOXKET TEPATh CBOIO aKTyaJIbHOCTb
B ClTy4ae BOSHUKHOBEHUS Jpeiida KoHIenuy. B cBsa3n ¢ 3TM HE00X011MMO
MOCTOSIHHO 00pabaThiBaTh MOCTYMAIONME Ha BXOJ BBIOOPKH JaHHBIX
" aHAJIU3UPOBATH Ka)KI[LIﬁ CEIrMCHT.

Wudopmanust 0 CBOWCTBaX JAHHBIX B CErMEHTaX CHIIbHO 3aBUCUT
oT crioco0a CerMeHTalry U paszesieHus BbIoopku. O0paboTka 3THX JTaHHBIX
HEoOX0AMMa, YTOObI MONYyYUTh MHOOPMALMIO O Pa3[eMMOCTH KJIACCOB,
c(hopMHUPOBATh Pa3/ENSIONIYI0 [TOBEPXHOCTh M IOBBICUTh Ka4eCTBEHHbIE
MIOKa3aTelH KIacCU(UIMPYIOIIETO aITOPUTMA.

Hcnonp3oBaHNE HECKOJIIBKMX MOJENEH sl MOBBIMICHMS KadecTBa
pe3yJIbTaToOB IpEJCKa3aHUss B BHIEC aHCAMOJICBBIX METOMOB, INPHUBOJHUT
K TOMY, YTO, HECMOTpsl Ha pa3JMyHble KOMOHWHAINH, OOBEeIMHSIOIINE
OTIETbHBIE AITOPUTMBI B MOJIENIb, BO3HHMKAIOT CHTYallMH, TA€ TaKoe
00beIMHEHNE HE TOJIBKO MOXKET HE IIOBBICHTb, HO W JaXe YXYALIUTbH
pe3ynpTar. B CBS3M ¢ 3THM HEOOXOIMMO NPEAOTBpAIIaTh ITOJZOOHBIE
curyaiun. JlJsi 3TOro MpeiaraloTcs HCIOIb30BaTh MHOTOYPOBHEBBIE
MOJIeNH, T/Ieé Ha HW)KHEM YypOBHE HIeT 00paboTka MOcCienoBaTeIbHOCTH,
a Ha BEPXHEM — IpoOUCXoaAT mpoueaypsl OLICHUBAHUS JAaHHBIX
1 Ha3HAYCHUA aJITOPUTMOB.

Brmmosnenue Imponecca CCrMEHTAIlNU U BBIYUCIICHUA XapaKTECPUCTUK
JIOJDKHO OCYIECTBIISATHCS TIOCTOSIHHO JUTS HACTPOWKN Mojienei 00paboTKH.
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|. LEBEDEV
APPLICATION OF MULTILEVEL MODELS IN CLASSIFICATION
AND REGRESSION PROBLEMS

Lebedev I. Application of Multilevel Models in Classification and Regression Problems.

Abstract. There is a constant need to create methods for improving the quality indicators
of information processing. In most practical cases, the ranges of target variables and predictors
are formed under the influence of external and internal factors. Phenomena such as concept
drift cause the model to lose its completeness and accuracy over time. The purpose of the work
is to improve the processing data samples quality based on multi-level models for classification
and regression problems. A two-level data processing architecture is proposed. At the lower
level, the analysis of incoming information flows and sequences takes place, and the
classification or regression tasks are solved. At the upper level, the samples are divided into
segments, the current data properties in the subsamples are determined, and the most suitable
lower-level models are assigned according to the achieved qualitative indicators. A formal
description of the two-level architecture is given. In order to improve the quality indicators for
classification and regression solving problems, a data sample preliminary processing is carried
out, the model’s qualitative indicators are calculated, and classifiers with the best results are
determined. The proposed solution makes it possible to implement constantly learning data
processing systems. It is aimed at reducing the time spent on retraining models in case of data
properties transformation. Experimental studies were carried out on several datasets. Numerical
experiments have shown that the proposed solution makes it possible to improve the quality
processing indicators. The model can be considered as an improvement of ensemble methods
for processing information flows. Training a single classifier, rather than a group of complex
classification models, makes it possible to reduce computational costs.

Keywords: machine learning, multilevel models, purpose of classifying algorithms.
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T1.A. CIuBHUIMH, JI.A. MBIJIbHUKOB
PACIIO3HABAHUME OBBEKTOB I1O COCTABJISIIOIIIUM UX
NPUMUTUBAM U OTHOMIEHUAM MEXAY HUMHU

Cnuenuyun I1.4., Moiionukose JIL.A. Pacnio3HaBaHHe OOBEKTOB IO COCTABJSIIOIIMM HX
NPUMHUTHBAM H OTHOIIEHHSIM MeKAY HUMH.

Annoranus. Llensio paboTs! sBiIseTCS pa3paboTKa crocoda U aIropuTMa Pacio3HaBaHUS
00BEKTOB OKPY’KAIOLIEro MPOCTPAHCTBA, KAYECTBO PabOThl KOTOPOTrO HE OyJeT 3aBUCETh OT
YHCIIAa THIOB OOBEKTOB PEaJbHOTO MHpA, KOTOPBIE OH MOXKET paclo3HaBaTb. st aTOro
MOCTaBJIEHbl M PEIIEHBI 3aJa4l PAclo3HABAHHs MHOXKECTBA JIEMEHTAPHBIX I'€OMETPUUECKUX
00BEKTOB (NIIPU3HAKOB-IPHMHTHBOB), ONpEETICHHUS OTHOIICHHH MeXIy HUMU H IIOHCKa
COOTBETCTBHH MEXIy HalHJICHHBIMU NPU3HAKAMHU-NPUMUTHBAMHM ¥ OTHOLICHUSIMH U
3a7laHHBIMU  11A0JJOHAMHU—ONMCAHUAMHU CJIO)KHOCOCTABHBIX H IIPOCTHIX OOBEKTOB PEAIbHOIO
Mmupa. [l pacmo3HaBaHUsS DJIEMEHTAPHBIX I'€OMETPUYECKUX (UIyp NMpUMEHEHa HefpoHHas
ceTh cBEPTOUHOTO THHA. J{1s1 e€ 00ydeHHs HCHOIb30BAINCH HCKYyCCTBEHHO CTGHEPUPOBAHHEIE
M300pKECHUS C 3IEMEHTapHBIMK reoMeTpuueckuMu purypamu (3D npumutHBaMm), KOTOphie
pacrojaraiuch Ha CLEHE CIy4aiHbIM 00pa3oM ¢ pa3lUYHbIMU CBOHCTBAMU MX MOBEPXHOCTEH
U TEeKCTypaMH. B pesympTaTe oOydueHHs ObUIa IONTydeHa HEWPOHHAs CeTh, CIIOCOOHAs
pacro3HaBaTh 00bEKThl NPUMHUTHBEL. C(HOPMHPOBAHO MHOXKECTBO OTHOIICHHH, HEOOXOAUMOE
JUISL paclo3HaBaHHs OOBEKTOB, KOTOpPBIE MOTYT OBITH IPEICTaBICHbI KaK COCTaBHbIEC U3
IIPU3HAKOB-IIPUMUTHBOB. B mpennoxeHHOM crioco0e paclio3HaBaHHs KOIHYECTBO KIACCOB IS
MOWICKa OrpaHHYMBaeTCs HAOOPOM NPH3HAKOB-MPUMHUTHBOB. IIpoBepka Ha dororpadusax
peanbHBIX OOBEKTOB IOKa3ajda CIOCOOHOCTh pAaclo3HaBaTh OOBEKTHI PEANbHOr0 MHUpa B
HE3aBHCHMOCTH OT HUX THIA (B CIydasX, KOIJa BO3MOXHBI KX pas3Hble MOJEIH U
Moan(UKaLMK) U MaTepyaia U3rOTOBICHHUS, a TAKXKE CHOCOOHOCTh YCIENIHO peliaTh 3aJaqu
NOMCKa OOBEKTOB B YCIOBHSAX YACTUYHOIO IIEPEKPHITHA OOBEKTOB M HX OrpaHHYEHHOU
BUIUMOCTH M 4YacTH4HOH nedopmamuu. B paGoTe paccMOTpeH mpuMep € paclo3HaBaHHEM
CBETHJIGHHKA YJIMYHOIO OCBEIIEeHHsI. [IpuMep moka3biBaeT CIIOCOOHOCTh alrOpPUTMa HE TOJIBKO
BBIBIIITh OOBEKT HAa WH300pPa)XEHHM, HO H OINpeNeNiITh OPHEHTAIHIO IIOJOKEHHS €ro
cocTaBsIIOMKX. [IpennokeHHOE pelleHHe MOXET OBITh HCIONB30BAHO B 3aJadax
MAaHUITYJSIIAH 00BEKTAMH BHEIITHETO MUPA POOOTOTEXHHYECKUMHU CHCTEMaMH.

KiroueBble cjI0Ba: paclo3HaBaHUE OOBEKTOB, NPH3HAKU-IPHMHTHBBI, OTHOLICHUS
[IPU3HAKOB, HEHPOHHAS CETh, KOMIIBIOTEPHOE 3pEHUE.

1. BBeaenue. Pacnio3naBanue 00BEKTOB OKPY>KaIOIIEeTO
NPOCTPaHCTBA SBJSIETCS 3a7adeil KOMIBIOTEPHOIO 3peHHs, KOTOpas Ha
JaHHBI MOMEHT HallJa IIMPOKOe IIPUMEHEHHE B paclo3HaBaHUU
mopei/monoxenust  ux  GUryp/nun,  aBTOMOOMJIBHBIX ~ HOMEpOB,
TPAHCHOPTHBIX CPEeACTB U 1p. [1]. AnropuTmsl pacrno3HaBaHMs HAalUIU
NpUMEHEHHEe B  TPOMBIIUICHHOCTH, HampuMmep, MNpH  KOHTpOJIE
COCTOSIHHSI 000pY/JOBaHMS, KOHTPOJIE HOIIEHHSI CPEICTB WHIUBHIYAITbHON
3alIUTHl, KOHTPOJIE KadecTBa CHIPhA, IMOIy(haOpUKaToB W TOTOBOU
mpoaykuud [1, 2], ayreHTudukanuu mepconana [3], a Takke B onu(ppOBKE
TekcToB [4]. Pemenne 3amau pacno3HaBaHWS OOBEKTOB BHEIIHETO
MHpa SBISIETCSI OAHUM M3 KIIFOUEBBIX JIEMEHTOB B CO3JJAHUHM aBTOHOMHBIX
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CHCTEM, TaKMX KaKk aBTOMOOWJIM C aBTOMWIOTOM [5], aBTOHOMHBIE
pOOOTOTEXHUYECKHE CUCTEMEI [6, 7], CHCTEMBI JOMOJHCHHOW PEalbHOCTH
[8]. [Mematorcst marm 1O pa3BUTHIO CYLIECTBYIOIIUX AJITOPUTMOB
JUTS UICHTU(UKAIIAN COCTOSHUMA, TeUCTBHA, cuTyanui [1, 9].

3amaun KOMITBIOTEPHOTO 3pSHHS MOKHO Pa3/ICIIUTh Ha 3a0auu:

— wrnaccudukanuu  (MpHCBOSHHWE  Kiacca  WU300paKCHHIO
B 3aBHCHMOCTH OT TOTO, 9YTO Ha HEM m300paxeHo) [10];

—  moucKa OOBEKTOB (JOKaIM3amus M KIacCUPHUKAIHI OOBEKTOB
13 KOHEYHOTro Habopa Ki1accoB Ha n3obpaxkennn) [11];

—  CerMeHTauuu OOBEeKTOB (OTHECEHHWE KaXIOro  ITHKCEIs
Ha M300paKEHUH K HEKOTOPOMY KJIACCY, JIOTMKa KITaCCU(pHUKAIIMN MHKCETeH
MOJKET OTJIMYAThCS B 3aBHCHMOCTH OT THIIA CETMEHTAIMH, CPEAN KOTOPBIX
ceMaHTH4ecKasl, SK3eMIUIApHas, manonTuueckas) [12, 13].

Wx pasmuuume 3akiarodaeTcss B MOJMy4aeMOHl M3 BXOJHBIX JIaHHBIX
uHpopmanuu 00 oOwvekTax. Ecmu mpukimamHas 3amada TpeOyeT Oosee
JEeTanbHOE  MpEICTaBI€HHE, OIpelelieHue €ro  4acred, TOBOPAT
0 KOMILIEKCHBIX 3agadax pacIO3HaBaHMUS. Hanpuwmep, TIOUCK
KITIOYECBBIX TOYEK OO0BekTa [l4], Oonee meranpHas CerMEHTANWS JIHIA
yemoBeka [15]. Ha ocHOBe KOMIUIEKCHBIX 3aJa4 paclO3HABAHUS
pematorcs emé  Ooiee  CIOXKHBIE 3afadd, CBS3aHHBIE C  OIICHKOM
TTOJIO’KEHUSI 00BEKTa OTHOCHTEIBHO CEHCOpa, C KOTOPOTO TIOCTYIIAIOT
BXOJIHBIC TaHHBIC [16].

3amaun ompeneNieHHs TIOJIOKEHHUS OOBEKTOB HA JAHHBIA MOMEHT
SIBJSIFOTCSL OJIHUMU M3 OCHOBOIOJIATaIOINX 33ad, KOTOpble HEOOXOIMMBI
JUIS CO37aHUS aBTOHOMHBIX POOOTOTEXHHUECKUX CUCTEM, KOTOPhIE HaXOAAT
NPUMEHEHHE B arpolpoMBIIIIEHHOM KoMiuiekce [17], oOcimykuBaHUU
00BEKTOB TOpPOJCKOH HHGPACTPYKTYpHl [6], 0OCITYyKMBaHWUHM CKIaJCKHX
romMenieHu [8].

Ilomxompl K paclno3HaBaHUIO, Kak MPaBHIO, OCHOBBIBAIOTCA
Ha BBIICIICHAHM  TPHU3HAKOB  pACIO3HABACMBIX  OOBEKTOB JII  UX
morcka u knaccuukanuyd  [18]. Ha oOCHOBE BBIICNCHHBIX IPH3HAKOB
COCTaBISIETCSI IPOTOTHII  OOBEKTa, KOTOPBIH MpEACTAaBIsIET  COOOM
«yCpeImHEHHOE» TpeAcTaBiIeHHE O0BEKTa. B COBPEMEHHBIX aNrOpHTMax,
OCHOBAHHBIX Ha TTTyOOKOM O0OyYeHHWH, TpPU3HAKH OOBEKTa BEBIICIAIOTCS
ABTOMATHYECKH Ha OCHOBE pPa3MECUCHHBIX NPUMEPOB W3 oOOydaromen
BBIOOPKH.

Hamnbonee pacnpocTpaHEHHBIM WHCTPYMEHTOM UL paclio3HaBaHUS
O0OBEKTOB  HA  JaHHBIH  MOMEHT  SBIISIOTCS  HEWpPOHHBIE  CETH
cBépTouyHOro Tuna [19], KOTOpbIe BHITECHUIIN HE HEMPOCETEBbIE AT OPUTMBI
pacniozHaBanus (Meron Buonsl-/Ixonca [20], meton Hanana-Tpurrca [21],
DPM [22]). Ilpu sTOM TrOBOpHUTH O NPEUMYLIECTBE OJHHX METOAOB
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HaJd ApyruMru HC TMPEACTABIILACTCA BO3MOXHBIM, T.K. BI)I60p METOAa
W ajnroputMa (a TakxKe APYIHX HapaMeTpoB, TaKMX Kak (YHKIHS IOTEpPb,
ONTHMHU3ATOp M T.[.) Ppaclo3HaBaHMs II0A0MpaeTcs IOA KOHKPETHYIO,
yacTHylo 3ajgady [23] (mpu pasHOM TpPUMEHEHMHM OAMH H TOT JKe
METOJX MOXKET JaBaTh XOpOIIME pe3yibTaThl M IUioxue). B cBsa3m
C OTHM B JIUTEPAType BCTPEUAIOTCS pPAOOTHI, CBA3aHHBIE CO CpPaBHEHHEM
1 BBIOOPDOM  pa3lMYHBIX METONOB (peanu3anmii) AIsi KOHKPETHOU
3a/1a4d PacIoO3HaBaHU [24]. Opnako  pabor, CPaBHHBAIOIINX
3G EeKTUBHOCTD  WCTOJB30BAHUS  pPa3HBIX  KOHLIENIMH B paMKax
oOmacTi miM  Kiacca 3agad  He HaOmromaeTrcs, IOCKOJNBKY — HET
MMPUMEHUMBIX METPUK, TO3BOJIAOIIUX IIPOBECTU CPaBHUTECJIbHY IO
OLICHKY pa3HbIX KOHLEIMIHUHA, TAKMX KaK KJIacCU(HKALUs, TOUCK 0OBEKTOB,
cerMeHTanus. Pa3zHple anropuTMbl MOTYT YUYUTBHIBATh CHELM(UKY 3a/auul
Y UMEIOT paszHylo 3(QeKTHBHOCTh B OJIMHAKOBOM IPUKIAJHON 3ajade.
[TosTOMy cCpaBHEHHE JOCTYIIHO TOJBKO Ha KayeCTBEHHOM YPOBHE.
[Ipumep HexkoTOpPOTO KOJINYECTBA ITOPUTMOB pacrio3HaBaHus
Ha KAYeCTBEHHOM ypOBHE TmpercraBieH B Tabmuue 1.  TownocTh
pacrio3HaBaHMs TSI KaXJIOH 3a/aud 3aBHCHT OT OOJBIIOrO KOJIWYECTBA
MmapaMeTpoB, TaKWX Kak BbIOpaHHAs MeTpHKa, OOydJaromasi BRIOOpKa
JAHHBIX, HIOAHCHI CaMHUX pPAacllO3HABAEMBIX OOBEKTOB. 3aYacTyIO, YTOOBI
nozo0paTe TMOIXOISINYI0 BBIOOPKY, HPOBOAWTCS HECKOJIBKO HTEpaInit
oOyuenust u cpaBHeHus [24]. Taxxke BcTpedaroTcs paboOTH, B KOTOPBIX
paccmarpuBaeTCsi ~ BIMAHHE  KOJIMYECTBA  KJIACCOB  HA TOYHOCTb
pacmiozHaBanus 00BekTOB [25]. Ilpm 3HAUMTENHPHOM  YBETHYCHHU
KOJIMUECTBA PACHO3HABAEMBIX KJIACCOB HaOIOJaeTCs CHU)KEHHE TOYHOCTH
pacro3HaBaHWs,  YTO  TaK)Ke  MOATBEPXKAACTCS  OMIIUPUYECKUMHU
HaOIOICHUSIMU.

Cnenyss ®3 92TOro, MOXHO TOBOPUTH 00  OrpaHHYEHHOH
cdepe MPUMEHEHHST aJITOPUTMOB pacllO3HABAHMUS, TJIE VIS MEPEeHACTPOUKU
W aJanTalyy TpH TPUMEHEHHWH alTOpUTMa, PELIaloNIero KOHKPETHYIO
3a7ady, Ul HOBOTO NPHUMEHEHHs TPEOYIOTCS IOIOJHUTEIbHBIE 3aTpaThl.
Bonee crokHble 3amaun, OCHOBAaHHBIE Ha pAaclO3HABAaHWH OOBEKTOB,
TaKUX KaK MaHWITYJSIOUS OOBEKTaMH aBTOHOMHBIMH POOOTH3MPOBAHHBIMH
cUcTeMaMH, TpeOYIOT BBIBICHUS enlé Oonpiieil nHpopManuu 06 00BeKTe,
YTO MpPOOIEMATHYHO peanu3yeTcss CYyMIECTBYIOIMIMMH  alrOpUTMaMH
W HaKJIaapBaeT emeé Oonbllle OrpaHMYCHWH TIPH  paclo3HaBaHHUU
(HampuMep, Takue CBOMCTBA 00BEKTa, KaK MPO3PAvyHOCTb WM OTPaXKaroIas
CITOCOOHOCTH, XPYNKOCTh, MECTO M CIIOCO0 3aXBaTa).
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Ta6muua 1. KauecTBeHHOE CpaBHEHHUE aJITOPUTMOB PACIIO3HABAHUS
(OLIeHKY HU3KHe/CpeJHNE/BEICOKUE SIBIISIOTCS MHEHHEM aBTOPOB, MOTyYSHHBIM

Ha OCHOBE MPAKTHYECKOU

CaAJIM3alluM 3TUX aJITOPUTMOB

Bo3moxkHOCTH
MsBriexaemast 100aBJIeHUS
BoruncantenbHas | Cl105KHOCTh
Meton uHpopmanus oo HOBBIX
CJI0KHOCTH peanmzanuu
n3o0paxeHnu / o0beKTe KJIACCOB
00bLEKTOB
1. Metost Huskue
Knacc nzobpaxenus Tpebyer Heobxomumo
ToKcKa . TpeGoBaHUS K
(OunapHas/multi-class OIUCAHUS oInucaHue
aCcCOIMATHBHBIX BBIYHCIIUTEIIBHBIM
Kiaccu(pHKaLys) TpaBUII HOBBIX HPABHIT
TpaBUII pecypcam
2. DKcnepTHbIe Huskue
P Knacc nzobpaxenus Tpebyer Heobxomumo
CHCTEMBI . TpeGoBaHUS K
(OunapHas/multi-class OIUCAHUS oInucaHue
BBIYHCIIUTEIIBHBIM
KiaccupHUKaLus) TpaBUII HOBBIX HPABHIT
pecypcam
3. Teopust Teopust He
MpeIUKaToB MpebSBIACT Tpebyer
Heob6xomumo
Kinacc nzodpakenus BBICOKHX HeOoJIbIIoe
) o oIicaHue
(OunapHas/multi-class TpeboBaHuii K KOJINYECTBO HOBBIX
KIaccuUKanms) BBIUHCIUTENBHEIM | 06ydaromux
00BEKTOB
pecypcam (3aBUCHT JTAaHHBIX
OT peasn3alun)
4. Metox Tpebyer Heob6xomumo
IMonoxxenne oobeKkTa Huskue
Buoser-/Ixonca HeOonbIIoe | popMUpOBaHKE
Kyacca Ha H300paKeHHI TpeGoBaHMs K o
(Haar Cascades) KOJIMYECTBO HOBOM
(orpaHHYHBaIONIASL BBIYHCITUTEIbHBIM .
o0yuarommx | ofyuaromeii
pamMka) pecypcam
JTAHHBIX BBIOOPKH
5. Merox Tpebyer Heobxommvo
IMonoxxenne oobeKkTa Cpenune
Janana-Tpurrca HeOombIIoe | popMUpOBaHKE
KJ1acca Ha H300paskeHHI TpeGOoBaHUS K o
(HOG KOJIMYECTBO HOBOM
. (orpaHHYHBAIONIAS BBIYHCITUTEIBHBIM .
descriptor) of0yuarommx | ofyuaromeit
pamMka) pecypcam
JTAHHBIX BBIOOPKH
6. Deformable TTonoxenne 00beKTa Cpeme Tpebyet Heobxoxumo
Part Model KJIacca ¥ ero 4acTel Ha p HebonbIIoe | popMupoBanue
TpeGoBaHUS K o
detector (DPM) Hn300pasKeHUHI KOJIUYECTBO HOBOM
BBIYHCITUTEIBHBIM .
(orpaHHYHBAIONIAS cvhean oOyuaromux | ofyuaromeit
pamka) peeyp JIaHHBIX BBIOOPKH
7. Heiiponnsie Kiacc nzobpakenus
ceTH (6unapHas/multi-
class/multi-label
kinaccudukanust) / 3HaYUTENIbHBIE TpeGver
HOJIOKEHHE 00bEKTa TpeboBaHUS K pevy
60JIBIIOrO Heobxomumo
KJ1acca Ha N300pPaKEHUN | BBIYUCIIUTENBHBIM
KonnuecTBa | popMHUpOBaHHE
(orpaHHYMBarOIIAs pecypcam, Kak Ipu o
o0yyarommx HOBOJ
pamKa) / moJIoKeHHe 00y4eHnn N
JIAHHBIX U o0Oyyaromeit
o0beKTa Kilacca Ha aJITOpPUTMa, TaK U
BPEMEHH Ha BBIOOPKH
n300paXkeHNH (KOHTYD npu
o0yueHne
00BeKTa) / MOJ0KEHHE HCIIOJIb30BaHUU

yacTeil 00beKTa Kilacca
Ha n300paxeHNn
(KJTIOUCBBIC TOUKH)
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Bce cymiecTByromue Ha JaHHBI MOMEHT METOJbl pPacro3HaBaHUs
paborator OO ¢ MUKCENsIMH, JH00 ¢ BOKcelIsiMU. Kpome 3Toro, MeTosl
JIETSITCSL HA T€, KOTOPbIE MCHOJIB3YIOT TPEIBAPUTEIbHYIO/OTIOIHUTEIEHYIO
00paboTKy fnaHHBIX M — HeT. [locieqHne OpHEeHTHUPOBAaHBI Ha TOHMCK M
pacrio3HaBaHWE EIMHUYHBIX 3apaHee 3a/JlaHHBIX OOBEKTOB, IO KOTOPBIE
pa3pabaTeIBafoTCsl W 00Y4aloTCsl CHENMaTN3MpPOBAaHHBIE MOZETH. Takmx
Mojenei paspaboraHo Oomnpmioe koiwmdecTBo (Hampumep, YOLO [26],
SSD [27]). Hnsa omenkn 3ddekTuBHOCTH paboTHl TaKuX Mojeneit
HCIIONIB3YIOTCSl TAaKUE METPHKH KaK CpelJHee 3HAYeHHE M IHUCHEepPCHs
IoU [28].

MeToabl ¢ JOMOJHUTEIBHONW WM MPEIBApUTEILHOW 00pabOoTKOM
JAHHBIX SBJISIFOTCA 6onee NEPCICKTUBHBIMU W BKJIIOYAIOT B ce6$[ CaMbIC
pasHble noaxoxsl. [Ipumepamu peanusany TakuX IMOJXOJOB MOTYT OBITH
METOJIbl CEJIEKTUBHOTO TOMCKA JIIS YEro BBIJEISETCS CHEIUabHBIH CIION
HCHPOHHOW CETH /IS BBISABIICHHS 00J1acTU MHTEpeca (00IacTH copepikanien
00BEKT C BBICOKOM BEpOATHOCTBIO), C MOCIEAyIomel Kiaccudukanmeit
KaXJIOTO PErnoHa Ha IMPUHAIJICKHOCTH K UCKOMBIM KJlaccaM M yTOYHEHHE
MECTOIIOJIOKEHHUS] OTPaHMYMBAIONINX PaMOK C TIOMOINBIO perpeccopa
(Faster R-CNN  [29]). PacmpocTpaHeHne  TOIYYarOT  METOIBI
HCTIONIB3YTOIIHE CTIEIHATIbHBIE CTPYKTYPBI ISl HACHTU(HUKALNT O0BEKTOB 1
oTpeneneHus ux monoxeHus [30].

Pa3zBuBaroTCsT METOIBI PEKOHCTPYKIHMM IPOCTPAHCTBA (METOJBI
rpymmsl SLAM++) [31 — 33] xoTopble TOMHMO COCTaBJICHHS 00JIaka TOUEK
JUIL UCKIIIOYEHHS CTOJIKHOBEHHUS TPH TEPEMELICHHH B IPOCTPAHCTBE
OPHUCHTHUPOBAHbI Ha PACIIO3HABAHUC OTACIIbHBIX 06L6KTOB, 4TO HacT
JIOTIOJIHUTEIbHYI0 MH(OpMAlMI0 O JIOKAlluM B KOTOPOW HAaxOAWUTCs
poboToTexHUUEeCKas cucTeMa. Pa3BuBaeTCs HallpaBiIeHHE pPaclio3HaBaHMS
00BeKTOB 110 YacTsM [34], pacrio3HaBaHUSI MHOKECTBA MPEJONPEACIEHHBIX
B 0Oa3e 3HaHMI 00BEeKTOB [35], a Takke IMOMCKAa OCOOBIX B3aMMOCBS3EH
MEK/Ty MUKCEISIMU MITH BOKCEIISIMU KOTOPBIE OYAyT BBICTYNATh KIIIOYEBBIMU
NMpU3HaKaMu B Mpolecce pacrno3HaBaHus [36]. Jlns oueHku KadecTBa
paboTBl  TakMX METOMOB HEOOXOIMMO  YYHTHIBATH  BO3MOXKHOCTD
pacro3HaBaHUSI MHOXKECTBA OOBEKTOB Ha paccMaTpHBacMOM CIEHE, HYTO
MIPUBOJUT K CHUTYalMH, KOTJAa TOYHOCTh PabOTHI 3aBHCHUT OT aJITOPHUTMOB
HCIONB3YyEeMBIX [UIS TIPEIBApPUTENBHON OOpabOTKM IaHHBIX (HampuMep,
pacro3HaBaHHs YacTel), a (aKTOPOM IMOKA3bIBAIONIUM Ka4eCTBO PadOTHI
BCETO allTOPUTMa CTAHOBUTCS HE METPHKA pabOThl OTAENBHOIO alIrOpUTMa,
a cam (akT pacrmo3HaBaHHs KJIFOUEBOTO OOBEKTa/JIOKAIlMK/JIEMEHTA B
Pa3HBIX YCIOBHSX MM UX MHOXXECTB. TOrJa K aJlropUTMaM pacrio3HaBaHUs
CTaHOBSATCS ~ NPUMEHUMBI ~ METPHKH, HCIHOJNB3yeMble B  3ajadax
kiaccudukanmu (MpaBUIbHOE paclo3HaBaHUe 00bEKTa/KIIacca).
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yHOMﬂHyTbIe BbIIIE€ METOABLI PACIIO3HABAHUA J3JICMCHTOB CUHCH WJIN
yacTel 00BEKTOB HCIOJIB3YIOT B CBOEH paboTe BCE MHOXKECTBO BO3MOKHBIX
MouduKauii 00BEKTOB AJISI UASHTU(HUKALUY, HAIPUMEp, CITUMHOK/HOXKEK
CTYJIbEB, TEM CaMbIM IIOJIarasicb Ha TO, YTO HCIIOJB3YeMBbIH MeTon (Kak
MIPaBWJIO, HEHPOHHAsl CETh) CaM BBIACIUT HEOOXOIMMBIC YHHKaJIbHbIC
nmpu3Haky. TakuM 00pa3oM, B CHTyalusx C OOJBIIMM KOJHMYECTBOM
BapHaHTOB KOHCTPYKIUH KaueCTBO pabOThI METOJOB OYIET CHIDKATHCS Kak
Yy METOZOB, HE HCHONB3YIONINX OMOJHUTEIBHEIE 3TAIBl/TIPenoOpadoTKy.
PemennemM MoOXeT OBITh BBIACNEHHE HEKOTOPBIX  YHHBEPCAIBHBIX
MIPU3HAKOB/OOBEKTOB/4epT KOMOHMHAINS KOTOPBIX AENaeT OOBEKT WIIN €ro
YaCTb YHUKAJIbHBIMU.

[Toaxonbl, OCHOBaHHBIE Ha KOMOWHAIIUN JITOPUTMOB, KaK MPaBUIIoO,
paborator  foJbLIe, OJHAKO MMEIOT Oojiee BBICOKYIO  TOYHOCTb
pacrio3HaBaHMsl, 3TO CBS3aHO C TEM, YTO MOCIEAYIOUIHE aAITOPUTMEI
YTOUHSIOT Tpe/ICKa3aHne U YMEHBUIAIOT OIIMOKY Mpeapyiynux. B cBssu ¢
9TMM TOYHOCTh MHOTOSTAITHBIX IIOJIXO/I0OB HE MOXET OBITh OIICHEHA
0000menneM kadecTBa pabOTHl MPOMEXYTOYHBIX AITOPUTMOB. TOYHOCTH
ITOPUTMA TIPH PAaCHO3HABAHUH IMPOCTHIX O0OBEKTOB, KOTOPBIE MOTYT OBITh
OIIMCAHBI OJTHAM ITPU3HAKOM-TIPUMHUTHBOM, SIBISIETCS] TOYHOCTHIO HCXOIHOM
Mozenu Toucka. TOYHOCTh KITacCUPHUKAIMKA OOBEKTOB KaK KOMOWHAIINU
MIPU3HAKOB ¥ OTHOIIEHWH MEXIY HUMH SBJISETCS NMPEIMETOM JaTbHEHIINX
HCCIIEIOBaHUH, IOCKOJIBKY TpeOyeT MOArOTOBKM HaOOpa MAaHHBIX Ul
OLIEHKH TOYHOCTH.

Hcxons u3 3T0r0, BHEAPEHNUE CUCTEM PACIIO3HABAHHSA M aBTOHOMHBIX
pO6OTI/I31/IpOBaHHI>IX CHUCTEM XOTb U MPOUCXOAUT, HO HEC HOCUT MacIITaOHbBIA
xapakrep. Penienue aToiil mpoOieMbl JeXHUT B pa3paboTke YHHBEPCAIBHBIX
METOJIOB PACIO3HABAHMUS, KOTOPHIC IO3BOJISAT DPACIIUPUTh CHOCOOBI HX
MIPUMEHEHHSI.

W. bunepman  1mokaszaj, YTO 4YeNOBEK JUIA  paclOo3HaBaHMs
OKpPYXAaIOIIMX €ro OOBEKTOB HCIOJNB3yeT MHOXXECTBO KOMIOHEHT |
YUUTBIBAET UX PACHOJ0XKEHUE OTHOCHTENBHO Apyr apyra [37]. Ilpu stom
CYIIECTBYIOT HEKOTOpBIE TPaHMIBI, MOCJIE NPEBBIIEHUS KOTOPHIX B
OpPHEHTALMM M PACCTOSIHUM MEXIy KOMIIOHEHTAMH 4YENIOBEK IIEpeCTacT
BOCTIIPUHUMATE OOBEKT (HaOOp KOMITOHEHT) KaK eIMHOE IIeJI0e, YTO CTajo
0000IIIeHNeM TaHHBIX IKCIEPUMEHTOB (Hampumep, wutosns Tataep [38]).
CriocoOHOCTh paclo3HaBaTh TAaKKe€ B 3aBUCHUT OT HabOpa KOMIIOHEHT C
MOMOIIBI0 KOTOPBIX MpoucxoauT hopmupoBanue odowvekTa [39]. B pamkax
CBOEW TeopuM  paclio3HaBaHusi 1O  kommnoHeHTam . bungepman
paccMarpuBan  BONPOCHl KOTHUTHBHOW TICHXOJIOTHH, CBSI3aHHBIE C
NPOLIECCOM  PAaclo3HaBaHUA OOBEKTOB uYenoBekoM. OHa CTpoOWTCS Ha
MpCaAnoJIOXKECHUHU, YTO Ka)i(,[[blﬁ npeaMeT MOXKET 61)IT]: npeacTaBJICH
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COBOKYIIHOCTBIO I'€OMETPUYECKHX (UTyp — reoHoB. Kakaplii reoH MOXKeT
OBITB OIMCaH COBOKYITHOCTHIO HECITyYaifHBIX CBOWCTB, KOTOPBIE HEM3MEHHBI
npu u3MeHeHuH yrna 3penus [18,37]. PasButHe mnoAXoA0B K
pacrio3HaBaHHWIO OCHOBAHHBIX Ha TAKOM IIPEJICTABIEHUH OOBEKTOB MOXKHO
mpocienuts B [30, 40]. 3amada pacro3HaBaHUs B TAKOM CIIydae CBOIUTCS K
OTIpEeNICIICHHI0 HEO0OXOAWMOTO Habopa 3JIEMEHTOB IS WACHTHU(PHKAINN
00BEKTOB MHpPA FIIH TOJIBKO HEOOXOIAMMBIX JUIS paccMaTpUBaeMon obIacTu
JESITeTHPHOCTH, BBIOOPY M OOYYECHHIO MOJENH ISl WX paCIO3HABaHHUA U
BBIPa0OTKH TIPABHI Ha OCHOBAHWU COOTBETCTBHS KOTOPHIM OOBEKT OyAeT
OTHO3HAYHO HIICHTH(OUIIPOBAH.

HekoTopble aBTOpHI IOKa3bIBAIOT, 4YTO YHCJIO PACIIO3HABAEMBIX
THUIIOB KOMIIOHEHTOB MOXXET OBbITh, B HEKOTOPBIX CIIy4asiX, CBEJCHO Jaxe 10
OHOTO — JIBYX OJIeMEHTOB. Tak pa0oTaeT BBIYUCIUTEIbHAS TEOpHUs
Bocpusitua  JI. Mappa [41], xoTopas mpexdmoyaraer, uTo s
pacrio3HaBaHusi ~ HeoOXOIUMa  MHOTOITAHOCTh C  BO3pacTarollei
neramm3anueil  00bekToB. CHavama oOpabaTteiBaeTcss wHpoOpMamus o
KOHTYpax, KpasxX ¥ IIATHAX, 3aTeM O TJIyOWHE W OPHUCHTAIlUM BUIMMBIX
MIOBEPXHOCTEH, Iocine Yero TeHepupyercs TpEXMepHas  MOJeNb
pacmo3HaBaeMoro o0beKkTa. Mojein, COTJIACHO ITOH TEOpHH, COCTOST W3
KaHOHHYECKHUX (OopM (HampuMep, UIHHAPOB).

2. Metonoaorusi. Onpeodenenue 1.  [Ipusnaxamu-npumumugamu
Oyoem HAa3bl6aMb  MHOJNCECMBO NPOCMPAHCMBEHHbIX 2e0MEeMpPUeCcKUx
Queyp u  ux ceolicms,  COCMAGIIOWUX — MHONCECMBO — 0OBLEKMO8
pacnosnasanusi  (0Owjue IIEMEeHMbl 60 6CEM  MHONCECMBE YENeBblX
00beKmo8 pacno3Hasanus).

Onpeodenenue 2. OmHOWEHUAMYU NPUSHAKOB-NPUMUMUBOE OyOem
Hazvleams 00wull 01 8CeX Yenebix 00beKmo8 Habop OMHOULEHUU MENHCOY
NPUSHAKAMU-NPUMUMUBAMU O/l ONUCAHUSL UX 83AUMOOCUCHEUsT 8 PAMKAX
Kascoo2o yeneeoeo oovekma.

Onpedenenue 3.  ClodcHbIM __ npusHakom  Oyoem — HA3vlame
MHOJCECBO NPUSHAKOG-NPUMUMUBOE U OpPY2UX CIONCHBIX NPUSHAKOB
OMHOUWIeHUs, MedcOy KOMOPbIMU ONUCLIBAIOMCA 0e3  UCNONb308aHUsA
omuowienus «be3 omuowenuily. CRONCHbIL NPUSHAK, KAK U HpOCHble
NPUSHAKU-NPUMUINUBLL, MOMCEM COCMOSMb 8 OMHOUWEHUAX ¢ Opyaumu
NPUSHAKAMU-NPUMUMUBAMU U/UTU CLONCHBIMU NPUSHAKAMU.

Cpenu  ajnropuTMOB — PacloO3HAaBaHUS — CYIIECTBYIOT — HPUMEpPHI
WCIIOJIb30BAHUSI TOJIBKO OTHOIICHWH KOMIIOHEHTOB OOBEKTOB. Takoi
o1X0J1 paboTaeT Npyu pacro3HaBaHMU 1103 U xkecToB. OHaKo HH(pOpMaIn
TONBKO 00 OTHOIICHUSX, KaK MPaBUIIO, HE JOCTATOYHO JJIS PAcIIO3HABAHUS
00BeKTOB [42].
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Habop npu3HaKOB-NPUMHTHUBOB MOXET 3aBUCETh OT MPEIMETHON
o0ylacTH  pacHo3HaBaeMbIX OOBEKTOB M  YUYHMTHIBaTh OCOOECHHOCTH,
XapakTepHbIe JUIA 3TO o0nacTH, Hampumep, B 001acTu 0OCIyKMBaHMS
Hapy>KHOTO OcBelleHHs [6] (orpaHHYeHHOE MHOXECTBO KpEIUICHHH, (hopMm,
TeKCTyp W T.A.). OpHaKo Jaxe IpU OTCYTCTBHH OTPAaHWYICHUMH,
HaKJIQJIbIBAEMbBIX TPEIMETHON 00NacThi0 YMCIO OTHOLICHUH M MPU3HAKOB
MIPUMHUTUBOB, SBICTCS KOHEYHBIM (B OTIHYHE OT (OpM OOBEKTOB
OKPY’KaIOIIEeT0 MHUPA).

[Ipumepamy MpU3HAKOB-IPIMUTHBOB MOTYT OBITH MPU3HAKH (OPMBI
(IpocTeIie W CIOXHBIE TPEXMEpHBIE (UTYpHL: Tpu3Ma, chepa, Top Hu T.I.),
MIPU3HAKHU I[BETA, TEKCTYPHI, MaTepHaia u JIp.

MHOoXecTBO H3BECTHBIX 00BEKTOB 0003HaYNM yepes
0={o,,0,, 04, ..., 05 ..., 0,} , KOKIOMY H3 DJIEMEHTOB KOTOPOTO MOXKET

i

OBITH COIOCTABIICHA Imapa MHOXECTB IPU3HAKOB-IIPUMUTUBOB 1 OTHOIICHHI

0,=(s",q"), rne s"eS,q"eQ . Tlpu os1OM Vs €5” MOKHO
OTIPEJIENNTH MHOYKECTBO OTHOUIEHUH U3 ¢ € ¢” , KOTOPBIE ONMUCHIBAIOT ET0

B3aMMojelcTBre ¢ Vs, € s” A j#k .

Ilpeononoscenue 1 (o npeocmasnenuu oovekma). Jloboii 06vexm
Modcem  Obimb  Npedcmasien Kak KOHEYHOe MHONCeCME0 NPUSHAKOG-
NPUMUMUBOE S € S, CEAZAHHBIX MeJCOY COOOU KOHEUHbLIM MHONCECMBOM
omuowenuti q € Q.

Ilpeononosicenue 2 (o pacnoznasanuu oo6vexma). Pacnosnasanue
obvekma 0 U3 MHOJCeCm8d U36ecmHbix 00vexmog O  moodicem
oCyuecmenamvca Kak NOUCK COBOKYNHOCMU NpU3HAKos obvexkma s €S ,
CBAZAHMBIX MedHCOY COO0U COBOKYNHOCbIO OmHowenull q € Q.

IIpeononoscenue 3 (o  cnoyucuom  npusnaxe). Mnoowecmeo
npusHakos S Moocem eKuOuamb 8 cebs HaApsady C NPUSHAKAMU-
NPUMUMUBAMU CTIONHCHbIE NPUSHAKU.

MHOXECTBO CIOKHBIX TPHU3HAKOB BBOAWUTCS IS  YIPOIICHHS
pacTo3HaBaHUS CIOKHOCOCTABHBIX OOHEKTOB.

Ilpeononoycenue 4 (0o pacno3nHaganuu CAOHCHOCOCHIAGHBIX
06vekmos). Pacnosnasanue  cnoscnococmasnoco  obvekma 0 U3
MHOJCeCmea usgecmuuix 00vekmos O Modcem ocywecmenamsvcs Kak
NOUCK COBOKYNHOCMU CJIOJCHbIX HNPUSHAKOG U NPUSHAKOS NPUMUMUBOS
s €S, cea3annbix medtcdy cobol co8oKynHoCcmbio omuouenui q € Q.

MHOXECTBO OTHOIICHUH () OMHUCHIBACT B3aWMOJICHCTBHE OOBEKTOB

O B TpexMepHOM npoctpancTie. [Ipu padoTe ¢ peanbHbBIMUA 00BEKTAMHU MbI
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MOXEM BHUJIETh MX C pa3HbIX TOYEK 3PEHHs, HCIIOJIb30BaTh pa3IMuHbIC
MIPOEKIINH.

Jns omepupoBaHus OOBEKTAaMH ¥ OTHOIICHUSMH MEXAY HUMH
HEOOXO0JMMO BBEJICHWE TOYKHM OTCUETa HANpaBJICHHs OCEH, OTHOCHTEIBHO
KOTOPBIX OyZeM ONUCHIBaTh OOBEKTHI U OTHOLICHHUS. B 3TOM citydae, 3Hast
HaxO)XICHHE TOYKH 3PEHHs, MOXHO  BBIIOJHHTH  HEOOXOJUMBIC
npeoOpa3oBaHus B MPOCTPAHCTBE U MPeoOpa3oBaTh GUIYphl U OTHOIICHHUS,
HCIIOJIb30BaTh MU PACIO3HABAaHHS OOBEKTOB COOTBETCTBYIOIIYIO TOYKE
3pEHUS MOJIENb.

st peanuzanuy ONMMCAHHOTO IOIXO0Ja Ul BBEIEHHOI'O MHOXECTBA
NPUMHTHBOB HEOOXOIMMO OINPEEIIUTh TTOJIOKEHUS, HAPUMED, C TIOMOILBIO
anroput™a Direct Linear Transform (DLT) [43], no kiroueBbIM TOYKaM
(pucyHok 1).

. . A — e A

LD ) @D e

Puc. 1. HpI/IMepLI TCOMETPHUUCCKUX TPUMUTUBOB C HaHECEHHBIMU KJIIOUECBBIMU
TOYKaMU U HAIIPABJIAIOIIUMHU OCAMU

Jns  omucaHus  cuUeHbl  BBeOEM  CIEAYIOIEE  MHOXECTBO
NPOCTPAHCTBEHHBIX OTHOIICHUN MEKIY 00bekTamu, hopmyia (1).

O = {Hapn, mox, cupasa OT, ClieBa OT, 3a,

nepen, BhIIIe, HUXKE, IpaBee, JICBEeE,

Jajblie, OJIMKe, HAKJIOH, OBOPOT, . )]
YAAJIEHHOCTD, pa3Mep, CONPUKOCHOBEHHUE,

CTOUT Ha, BCTABJICH B}

s unenTuduKanMd  HEOOXOIMMO HECKOJIBKO CHHUMKOB CO
CMEIEHUSIMHU JJIs ONPEeIeTICHUs yTaNEHHOCTH.

W3 npuBenEHHBIX NPEIIOJNOKEHUN MOXKHO CHAEIaThb BBIBOJ, 4YTO
KOMOMHAIIMM NPU3HAKOB ¥ OTHOLICHUS MEXIYy HUMH OIPEICISIOT
pacrio3HaBaeMblii 00beKT. [locenoBaTesIbHOCTE paciio3HaBaHUsI 00BEKTOB
MOJKET OBITh MPECTaBIICHA CIIEIYIONIMM 00pa3oM:

1) WnentuduimpyeM NpU3HAKU-TPUMUATHBEI Ha HM300pa’keHUH
1 OmpesiesisieM X MOJO0KEHHE OTHOCHTENBHO TOYKM HaOmomeHus (majiee
IIPY TIPOBEAEHUH 3KCIIEPUMEHTOB HCIIOIb30BaNIach CBEPTOUHAsI HEHpPOHHAS
cetb YOLACT [44, 45] nns moncka MpU3HAKOB-TIPUMHUTHBOB U aHCAMOIH
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PEerpecCHOHHBIX JepeBbeB [46] BMecTe ¢ anroputmoMm Direct Linear
Transform (DLT) [43] nams omnpenencHHs TOJOXKCHUS IPU3HAKOB-
IIPUMHUTHBOB).

2) DBeiOupaem 0a30BBI NPH3HAK-TIPUMUTHB, TOYKY OTCUETA.
B kavecTBe 0a30BOro MPUMHUTHBA MOXET BHIOMpATHCSA JIO0OH NPU3HAK-
MIPUMHUTHUB (€r0 BBIOOP HEOOXOIUM ISl ONPEAETICHUS] OTHOIICHHH MEXIY
MIPU3HAKaMHU-TIPUIMUTHBAMH).

3) BeuucasgeM TOJNOKEHWE TOYKH HaOMIOAEHHUS OTHOCHUTEILHO
CHCTEMBI KOOPJMHAT 0a30BOT0 NMPU3HAKA-PUMHTHBA.

4) @opmupyeM  MHOXXECTBO BCE€X  IPHU3HAKOB-TIPHMHUTHBOB
U CJIOKHBIX IIPU3HAKOB (TIpoCTpaHCTBEHHBIX OTHOILICHHH),
NPUCYTCTBYIOIMX ~ HA  QHAIM3MpyeMOM  m3o0paxenun S, €S,

¥ MHOJKECTBO OTHOLICHMI Mexkay HUMH O, € 0.

5) [IlpoBepsieM [IOCTATOYHOCTb BBIACJICHHBIX IPU3HAKOB IS
ompeneneHuss OOBEKTOB Ha W300pakeHUW, M 3Toro (GopMHpyeM

MHOKeCTBO 00beKTOB (Q,,.) , IS KOTOPBIX BBIIOIHSICTCS §Pes

img °
vO.
6) Ecm O

e = ©, TO OOBEKTOB Ha M300paKEHMH HET.

[epexommm Ha mar 9.
7) Hna xaxporo snemeHta (i) m3 MHOXecTBa (, ~ TpPOBEpsSEM

img
O
MEXIy COOTBETCTBYIOIIUMHU €My IpHU3HAKaMH S, € S,.mg Ha4ue

img

(Of)

He00X0mMBIX  oTHOWEHMHA O, " €0, . . VI3 21€MeHTOB, mpomeAmmx
*
nposepky, — ¢opmupyem  muoxecrso O, €0, M  HCKIOYAEM

COOTBETCTBYIOLIIUC um MMPpU3HAKHN u3 MHOXXECTBa IIPU3HAKOB
_ (Ohne)
Simg - Simg /S :

img

8) JloGaBnsiem pacro3HaHHBIE OOBEKTHI o

img

B MHOXKCCTBO

npuskakos S, =S, +0O,

ig T Oipe ¥ TICPEXO/IUM Ha 1HAT 2.

9) BnBoguM MHOXECTBO O,

mg» KOTOPOE TIPEJCTABIAET COOOMH
MHOXXECTBO PacllO3HAHHBIX OOBEKTOB.

PaccmorpuMm ciydaif, korma oOmmmas Ijisl paccMaTpHUBaeMOU CIICHBI
cHcTeMa KOOPAMHAT OPUEHTHPOBaHa TaK, uTo och 0X HampaBiieHa BIPaBo,

ock 0Y BBepx, a ock 0Z ot HabmogaTemst (pPUCyHOK 2).

520 WHdopmaTuka 1 aBTomaTtudaums. 2023. Tom 22 Ne 3. ISSN 2713-3192 (neuv.)
ISSN 2713-3206 (oHnaiH) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

u

Puc. 2. [Ipumep npoeKIuH OTHOLICHHS Ha ITIOCKOCTh N300paXKeHUS:
a) MPOEKIIUsA 00BEKTA Ha IIOCKOCTh H300paKeHUsI; 0) TPEXMEPHBII BU
COOTHOILEHUS 00BEKTa U KaMepsbl, r1ue Xw, Yw, Zw, Ow — MUpOBas cuctema
KoopauHart; Xc, Yc, Zc, Oc — cucteMa KOOpAWHAT KaMephl;
u, v — CHCTeMa KOOPIMHAT U300paxkeHus; R — MaTpuIia oBopoTa KaMepsbl;
t — BEKTOp HePEMEIICHHsT KAMEPHI)

Ha ocHOBe OrpaHMYMBAIOIIMX paMOK M  KIIOYEBBIX TOYEK,
OTHOIIEGHWS MEXIy npuMuTHBamMu A u B wMoryr ObITh ommcaHsl
CIIEYIOILIIMH BBIPAKEHUAMH:

1) crporue OTHOIICHHUS ITONOKEHHS:

A naa B: min(y) > max(y'?);
B nox A: max(y"?) < min(y");
A cnpasa ot B: min(x'") > max(x'?) ;
A caeBa ot B: max(x®) < min(x'") ;
A 3a B: min(z'") > max(z");
A nepen B: max(z") < min(z?);
2) «MATKHE» OTHOIIEHHS TIOJOXEHHS (IPUMHUTHBBI HMEIOT

TIepeceveHue):
A Bbime B: min(y”) < max(y"”) A max(y”) > max(y*) ;

B nmke A: max(y®) > min(y*) A min(y"*?) > min(y'") ;
A npagee B: min(x'") < max(x'”) A max(x'") > max(x'”);
A neBee B: min(x'") < min(x"”) A max(x) > min(x'?) ;
A panbme B: min(z") < max(z®) A max(z") > max(z*) ;
A 6amzke B: min(z”) < min(z®) A max(z") > min(z*) ;

3) OTHONICHHMSI ITOJIOKCHHSI H B3aUMOICHCTBHS:
HakJion A oTHocuTesibHO B nipencrasien popmyoit 2:

oY ,20x"” el¢,,c,] v 0Z"20Z" €[c,,c,], 2)
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rae OX“ — npamas ocu 0X ans npuMuTHBA A (OCTalbHblE aHAJIOTUYHO),
[c,,c,] — wHTepBanm 3HA4YE€HMH HAKIOHA, XapaKTEPHOTO [JIs Tapsl

NPUMHUTHBOB TIPU OMTUCAHUHU O0OBEKTA.
IoBopoT A oTHOcHTeaBLHO B npencrarien Gpopmynoit 3:

oy z20Y" ele,,¢,], 3)

e OX“ , OY"” — npambie ocu O0Y mis npumutuBoB A u B
COOTBETCTBEHHO, [C,,C,] — MHTEPBAl 3HAYEHWil MOBOPOTA, XaPAKTEPHOIO

JUTS TIApbl IPUMUTHBOB TIPY OMTUCAHUU O0BEKTA.
Ynanéunocts A ot B nipeacrasien ¢popmynoii 4:

A :\/(xm —x® )2 +(y(A) _y® )2 +(z“‘) _,® )2 ’ )

A (4) (B) A) (B)

Voy B 2 2P xoopauHaThl eHTpa mpUMHTHBA,

()
paccuer s X,

e x, x!

mpeacTaBieH GopMynnoi (5) ocTaabHBIE PaCCUUTHIBAIOTCS

AHaJIOTUYHO.
() )
L max(x")—min(x"") (5)
c 2 .
Pa3mep A otHocuTenbHO B nipescrasien ¢hopmysioi 6:
yu @, (6)
e VY, V® — ra6 (4)
e , rabapuTHBIC pa3Mepbl NPUMHUTHBA, paccyeT s V.
npezcrabiieH GOpMyJIOol 7 OCTaNbHbIE PACCUNTHIBAIOTCS aHAJIOTMYHO.
= (max(x(‘”) —min(x“”)) . (max(y“’)) - min(y(”‘))) .
(7

: (max(z(/“) —min(z"" ))

OtHomenne mIomagei ceyenmss A u B mpexcraBneHo
bopmynoii (8):
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s SP  ele, e lvSY 8P ele, ¢, ]V

X_min X_min X_max X _max
[C) I :)) @ . gB)
v Syimin . Syimin € [CI’ CZ]V Syimax . Syimax € [cl 4 CZ]V 4 (8)

vSW 8P ele, c,]vS? 8P ele, ]

z_min _min z_max _ max

e S — miomans cevenus min(x)) mpummtuBa A, paccuer s
S,i/j)mm npencrasieH  Gopmynoid  (9) ocTanmbHBIE  PacCUUTHIBAIOTCS
AHAJIOTHYHO.

SU (max(y(’“) - rnin(y(A))) . (max(z“”) —min(z(’“)) ) )

ConpoxocHoBenne A ¢ B npencrasneno gpopmysoit (10):

max(x) = min(x®) v max(y"") = min(y»'®) v
vmax(z'") = min(z'”) v max(x'”) = min(x) v . (10)

vmax(y"”) = min(y") v max(z"*) = min(z")

Bripaxenne A crout Ha B mpencrasieno ¢opmyoii (11):

max(y“) = min(y"*) A
A(min(x") < max(x*) Amax(y") < min(y*)) A . (11)

A(min(z") < max(z?) A max(z*) < min(z'?))
Bripaxenue A BeTaBieH B B pencrasneno gpopmyimoit (12):

VA <7® Amin(y) < max(y®) A
A(min(x) < max(x®) A max(x) > min(x*)) A (12)

A(min(z"") < max(z*) A max(z") > min(z*))

Pabora amropurmMa ommpaeTcsi Ha MHOXKECTBO  H3BECTHBIX
NPU3HAKOB S , OTHOLICHUH MEXIy Ipu3HakaMud ( U MHOXECTBO
W3BECTHBIX OOBEKTOB C Tpea3alaHHON cTpykrypoir O. Ha Bexome
QIrOpUTMa MBI IIOJIy4a€M MHOKECTBO, COCTOSILEE M3 PaClO3HAHHBIX
00BEKTOB, CIIOKHBIX IPU3HAKOB U MPU3HAKOB-IIPUMUTUBOB. Takol Mmojaxo[
JaéT HaM  BO3MOXKHOCTh aHAJM3MPOBATh IOJYYEHHBIE PE3yIbTaThl
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1 BHOCHUTb U3MCHCHUA B MHOKECTBA IIPUMUTHUBOB, OTHOIIEHUH U OG’bGKTOB,
yiay4iaas Ka4eCTBO pa60T},1 npegjiiaracMmoro ajJropurma.

3. PesyabTartnl. PaccMoTpuM crieHy, NpHUBEAEHHYIO Ha PUCYHKE 3.
MhmuoxectBa S u Q Ui He€ NPUMYT CIEAYIOIINE 3HAUCHUS:

S = {npusma, yununop, Konyc, 2aaUNCOUO, NUpamuod, mop} , (13)

QO = {nao, noo, cnpasa om, ciesa om, 3a, nepeo, gviule,
Huoice, npasee, iesee, dabuue, Oaudice, HAKIOH, HOBOPOM,

ydaﬂé'm-tocmb, pasmep, cCOnpuKkocHoseHue, cmoum Hda, ( )

ecmaeien 6, OmHouieHue cmopon}.

Puc. 3. Hpe}lCTaBJ’ICHI/Ie 00BEKTOB OKpYKaromero Mmupa ¢ uCrojib30BaHUEM
IMPU3HAKOB-IIPUMUTHUBOB

s pacrio3HaBaHUsT OOBEKTOB HEOOXOAMMO BBECTH 3STAJIOHHBIC

O0OBEKTHl M OTHOILIEHHUS, KOTOpPbIE OYyAyT OHO3HAYHO WICHTU(HLIMPOBATH
paccMarpuBaeMble OObEKTHI.

Hns donapst, npuBeaEHHOTO Ha pUCYHKe 3(a), Takue STaJOHHBIC
OIMCAaHUsI MOTYT OBITH TPEICTABICHbl C HCHOJb30BAaHUEM MHOXECTB

S, ={s',s,,8}, TAe s =npusma, S, =2AAUNCOUO, S, =YUIUHOp U
Q, = {naxnon, cmoum Ha, evluie, HudCe, HAO, NOO, pasmep, YOANEHHOCHb}
B (hopMme mpencTaBieHHOH Gopmynoii (15):

O ={s{ cmoum na s! W s pasmep si U
" s naxnon s; U s\ nuoxce s; U
a a a a
U s yoanennocmu s; U s pasmep s; U
U s naxnon s; U s nao sy 1 (15)
U s yoanennocmeo s; } HJITH
a a a a
HUJINA {s5 cmoum na s! H s, pasmep s; 1
H s nuxce sy M s yoanennocmo s, }.
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Hns cryna, npuBeJEHHOTO Ha pucyHke 3(0), STaJOHHBIE OIMHMCAHMS
MOTYyT  OBITh  TIpEACTaBICHbBl  C  KCIOJb30BAaHMEM  MHOXECTB

6 6 o o o 4 o o o
S, =1{s/,8,,58;,8,, 85, S}, € 8 =npusma, s, =npusma, S, = npusma,
4 o o
s, =npusma, S5 =npusma, S, =npusma U (Q;, IpeACTaBIEHHAs

bopmyoii (16). {ns pucynka 3(6) oJHUM U3 BapUAHTOB OMUCAHUsI 00bEKTa
MOJKET OBITh MpecTaBiieHo hopmynoii (17).

Q; = {naxnon,cmoum na, negee, npagee, gbiiue, Huogice,

16
pasmep,omHouleHue niowjaoel}, (16)

Q> ={s! cmoum na s U s nao s; U
U s pasmep si U s! npasee s; U
U s oanvwe s; U s! yoanennocms si U
U s omnowenuecmopon s; U
U s\ cmoum na s; U s nao s, U
U s pasmep s! U s] npasee s; U
U s oanvwe s; U s! yoarennocmo si U
U s omnowenuecmopon s; U
U s! cmoum na s U s\ nao s, U
U 5" pasmep s U s! neeee s U a7
U 5! bnuxce s. U s yoanennocmo s; U
U s omnowenuecmopon s, U
U s! cmoum na s U s\ nao s U
U s pasmep s! U s! npasee si U
U s 6auoce s U s yoanennocms s U
U s omnowenuecmopon s U
U s! cmoum na s\ U s naos| U
U s\ pasmep s! U s” nesee s. U

6 o 2 2
U s] yoanennocmo s, U s omuouenue cmopou sy }.

Jns npeHTH(OUKAINT TPU3HAKOB-IPUMHUTHBOB TIPH PACIIO3HABAHUN
00BEKTOB MPEMIOKEHHBIM METOJIOM OyIeM HCIOJIb30BaATh CBEPTOUHYIO
HEHPOHHYIO CETh IS DK3EMIULIpHOHN cermeHTarmu 00BekToB YOLACT
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[44, 45]. BeiOop 3TO# apXUTEKTYpbl HEHPOHHOW CeTH ObLI OCHOBaH Ha
CPaBHEHHHM CKOPOCTH W TOYHOCTH H3BECTHBIX apXHUTEKTYp HEHPOHHBIX
cereil mpuBenéHHOM B craThe [44] (BbIOpaHHas apXUTEKTypa HEHpPOHHOM
CeTH COIJIaCHO JIaHHBIM TPHUBEAEHHOH cTaThM o0O0NamaeT HauOOoJbIIEH
MIPOM3BOANTENBHOCTHIO U BXOJUT B 1/3 JIydHINX 1O TOYHOCTH, YTO KpaifHe
BaXHO JUII aBTOHOMHBIX POOOTOTEXHHYECKHMX CHCTEM, KOTOpBIE
Y MaHUITYJTUPYIOT o0beKTaMn BHEIIIHETO MHpA). CpaBHeHne
CETMEHTALMOHHBIX MOAEIEH IMPON3BOIMIOCH Ha Habope naHHbIX Common
Object in Context (COCO) [47]. B kauectBe mnpH3HAKOB Oyaem
HCIIONIB30BAaTh TPEXMEPHBIE (GUIYPbl — MNPH3Ma, LWIMHAP, SIUTUIICOWT,
nupamuga. Jnsg uaeHTH(UKAMKM [PU3HAKOB-IPUMHUTHBOB CETh OblIa
repeo0y4eHa Ha UCKYCCTBEHHO C()OPMUPOBAHHOM HaOOpe AaHHbIX.

B kauectBe oOyuaromieldl BBIOOPKH HCIIONB3yeM HaOOp JaHHBIX,
CTeHEpHPOBAHHBIN C IOMOIIBIO TporpamMMHoii tuiardopmsl BlenderProc [48].
Ona mo3BOMsIET CHOPMHUPOBATH Pa3MEUEHHYIO BBIOOPKY MHaHHBIX JUIS
sK3eMIULIpHON cermeHTarm B popmare COCO Ha ocHOBe 3D cIeHHI B
Blender 3D [49]. lns renepaniy HCIOIb30BaJIOCh 4 NpH3HAKA-TIPUMHUTHBA
(mpm3ma, nwnuHAp, Ommmnconn, cdepa). dnst wmx  pasmerkn  Obun
chopmupoBansl crieHsl B Blender 3D, Ha KOTOPBIX NMPHU3HAKU-TIPUMHTHBEI
pacrionarajiichk CIydaiHeIM 00pa3oM (MX TIOJOXKEHHE W TIOBOPOT) B
OTpaHMYEHHBIX TIpelenax KOOpAWHAT (3aJaHHBIX pa3MepoM cueHsl). [Ipu
pa3MeTke OIIpeNIEISUTICh IPaHULBI MPU3HAKA-IPIMUTHBA Ha
CTCHEPUPOBAHHOM  HM300paXXeHHH  IyTEM UX  aBTOMAaTHYECKOIO
MPOSLMPOBAHHMS HA IUIOCKOCTh M300pakeHust kamepsl (00bekTa Blender 3D).

B mnpouecce renepauuu OyaeM BBLICNATh MPHU3HAKU-IPUMHTUBBI
KOHTYPOM M OTpPaHWYMBAIONIEH PaMKOH, a Takke Clly4allHbIM 00pa3om
3aJaBaTh OCBELICHUE CICHBI, IIOJIOKCHUE KaMephl, HaKJIaJbIBaTbh
ClTy4JaiiHble TEKCTYpbI, BEIOMpaTh ()OH JJIsI CLEHBI, 331aBaTh MOJIOXKEHHE U
OPHEHTALUIO MTPU3HAKOB-TIPUMUTHBOB (PUCYHOK 4).

Puc. 4. Ilpumepsl creHepupOBaHHBIX ISl 00yarolei BRIOOPKH CIIeH
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CreHepupOBaHHbIC IS O0YYEHHUs] W300paKeHHS COACPIKAT, B TOM
YHcIle, NMepecedeHus Pa3IMYHbIX MPU3HAKOB-IIPUMHUTUBOB JIPYT C JPYTOM,
YTO BBI3BIBACT CHUTYallMH, KOTJAa YacTh NPU3HAKA-TPUMUTHBA HE BHJIHA.
Takue mpuMepbl MO3BOJIIIOT YYECTh CHUTYAlMIO, KOTJa NpU pas3jeieHun
00beKTa Ha NPU3HAKU-TIPIMHUTHBBL, YacTH NPHU3HAKA (POPMBI CKPBITHI
JIPYTHM TPU3HAKOM, YTO IOBOJIFHO PaclpoOCTPAaHEHO.

Jns obydenus ObUT creHepHpoBaH HaOOp JTAHHBIX, COCTOSIIUHA U3
2500 pa3medeHHBIX n300pakeHwi st 00ydeHus u 1000 uzoOpaxenuit 1s
OlleHKH KadecTBa Mojenu. OOydeHne mpojorkanock B TeueHne 480 smox
(mmst 06yaenus ucnons3oBaiicst GPU Nvidia GeForce RTX 2060).

Jnst moncka Todek, TpeOyeMbIX [UIsl OINpeaeneHHs] TOJOKEHUS
NPUMHUTHBA, KCIIOJIB3yeM aHCaMOJU PErpecCHOHHBIX JAepeBbeB. lIpumep
WCIIOJIb30BAHUSI  aHCAMOJIi  PErpecCHOHHBIX JEpPEeBbEB IS IOMCKa
KJIFOUEBBIX TOUEK MPEICTaBIIeH Ha pUCYHKe 5 [46, 50].

PaccmoTpum npuMep uneHTUGHUKAH 00BEKTOB PEAIbHOTO MUpa Ha
TIpUMepe CBETHIBHUKOB YIIMYHOTO OcBelieHus. [IpuMep paboTh! anroputMa
JUISL PacIo3HaBaHUs CBETHJIbHUKA HApY)KHOTO OCBEIIEHMS IpPUBEAEH Ha
pUCYHKE 5.

Hcxonsts w3 w300pakeHW, NPEACTAaBICHHBIX Ha PHCYHKE 5,
chopmupoBaTh  omnucaHue o0Obekta O, MOXKHO M3  MHOXECTB

S, =1{s7", 8"}, voe s =npusma ; $,° = AAUNCOUO NV NPUZME N YUTUHOD

Q., = {naxnon, cmoum Ha, eviuie, HudCe, pasmep, YOANEHHOCHb} . o

6

npenacTasieHa popmyoi (18).

6 T

s . . . .
Q. =(s;" cmoum na s;° U s pasmep sy’ U

(18)

s nuxce s,' U s° yoanennocme s;° )

a 0 B

Puc. 5. Unnroctparus paboThl aJlrOpHTMa paciio3HaBaHKs Ha MPOCTOM IPUMEpE
pacno3HaBaHUs CBETWIFHUKOB YJIMYHOTO OCBEILCHUS: a) PACIIO3HABAEMbI OOBEKT,
0) BbIJICICHHBIC TIPUMHUTHUBBI U3 00BEKTA, B) IIOMCK IPUMHUTHBOB U BbIJCICHHE
KITFOUEBBIX TOYCK)
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Ilpn pacrno3HaBaHMM OOBEKTa HAa U300PKEHHH  BBLICICHBI
CIe/lyIoIre NPU3HAKK M ONPEAENEHO UX MoJiokeHue: S, = {s", s7},

img

rae s," =npusma ; s, = anAUNCOUO .

Cpenu BbIIENEHHBIX TPU3HAKOB 0a30BbIM ObLl BbIOpaH s
OTHOCHUTENBHO €r0 MOJIOKEHMS AAJee OMUCBHIBAIOTCS OTHOLICHUS MEXKIY

npumuTHBamMA. CHOPMHPOBAHO MHOKECTBO OTHOIICHWH Ha M300paKeHHU
0,,. » IpencrasienHoe Gopmysoii (19).

s _ img img img img
0, = (s, cmoum na s M 5" pazmep s, U

U 5™ nuoce sy U sy evue 5™ U . 19)

c8 ce
H s yoanennocms s,° )

BbiienieHHOro MHOKECTBa NMPHU3HAKOB W OTHOIICHUH MEXKIY HUMHU
JOCTaTOYHO ISl WASHTU(HKAIUK EeIMHCTBEHHOI'O HMCKOMOTO OOBEKTa
(cBermnbHUKa). [locne NMpoBEpPKM COOTBETCTBHSI HAIMUYHMS HEOOXOIMMBIX
OTHOIICHUH MEXIy BCEMH IpHU3HAKaMu 0o0bekra, MHOxecTBa O, S

img > =img >
0,,, mpumyT cnenyromwii sun: O, ={0,}, S, =10,}, Q=0 — 410
TOBOPUT O HalW4MU OOBEKTAa KJlacCa «CBETHJIBHMK» Ha H300pa)KEHHH.
[IpeacraBneHHBI TpUMEp, ONHMPAETCss Ha CErMEHTAIMI0 IPH3HAKOB-
NPUMHTHBOB Ha BXOJHOM HM300paKEHUU CBEPTOUHON HEWPOHHOW CETHIO.
B xauectBe oOy4arommx JaHHBIX OBUIM HCIIOJIB30BaHBI aBTOMATHYECKU
CreHEpPHPOBaHHBIC U300paKEHMS, TIOJyYSHHBIE C IIOMOIIBIO TPOrPaMMHOM
mwiatrpopmer  BlenderProc [48] ma ocmoBe 3D cmeH ¢ oOBexTamu
B Blender 3D. [annas nporpamMmHas miatdopma mo3BoisieT (GOpMHpPOBATH
n300pakeHus ¢ MPU3HAKaMH MPUMHUTHBAMH YUYHUTHIBas pa3HbIe H3MEHsIeMbIe
MapaMeTphl: OCBEIIEHHE, TOYKYy 0030pa, ()OH, TOJIOKEHHE IPH3HAKOB-
MIPUMHUTUBOB, TEKCTYpHl MPU3HAKOB-NPUMHUTUBOB. sl OOy4eHHS CeTH,
ONMCAaHHON B CTaThe, OBUIM KCHONB30BaHBI TPU CHEHBI C 3aJaHHBIM
HabOpOM NPU3HAKOB-IIPUMHUTUBOB, HA0Op U3 20 TeKCcTyp (Cpeau KOTOPBIX
€CTh TEKCTYpbl C COCTaBHBIM PUCYHKOM, HalpUMeEp, KHUPIUYHAs KJIAJIKa)
25 (GOHOBBIX H300pa)KEeHHI, YTO IIO3BOJSIET CJHeNaTh OTHOCHTEIBHO
pa3sHooOpa3Hyio BBIOOPKY, HO HE OXBaThIBAIOIIYI0 BCE BO3MOJXKHBIC
BapUaHThl, KOTOPbIE MOTYT BCTpeUaThesl B peajbHOM Mupe. [IpuBenéHHbIit
IpUMep TO03BOJISIET MOATBEPAUTH THIIOTE3Y O TOM, YTO U3 OOBEKTOB MOYKHO
BBIJICTTUTH TIPU3HAKH-NPUMHUTHBEI CYIIECTBYIOIIMHU METOJlaMH1
pacrio3HaBaHusl.

4. luckyceust. OnncaHne BceX M3BECTHBIX OOBEKTOB M TEKYIIEH
CIIEHBI HEOOXOIMMO XPaHHUTh B TAMSITH BO BpEMsI IIPOLIECCa PACIIO3HABAHMA.
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B 3aBucuMocTH OT 3aJaud, BO3MOXKHO OOJIBIIOE  KOJIMYECTBO
pacrio3HaBaeMbIX Ha CIIEHE OTHOLICHWH M MPU3HAKOB-NIPHMHUTHBOB, 4YTO
BBIJIBUTaeT TpeOoBaHMS K CHOCOOy XpaHeHHs HWHoOpMammd O HUX
(popmupoBaHmuio 0a3pl OTHOUIEHWH M TNPUMHUTHBOB, OIMCHIBAIOIINX
00BEeKTHI). B JIOTMKY alropuT™Ma XOpOIIO BIHCHIBAIOTCA rpadoBbie 0a3bl
IaHHBIX [18], 94TO MO3BOJSET B SIBHOM BHIE XpaHUTh HMHpopMmanmio. Eciu
paccMOTpeTh Takoil crmoco® XpaHeHHs HWHGOOPMAIUMK 00 YJIUYHOM
CBETHJIBHHKE, TO IOJIYYHM CTPYKTYpY, I'le NPH3HAKH-TIPUMHTHBEI — 3TO
y376I Tpada, a OTHOIIEHHS — 3TO HampaBiIeHHBIE pédpa rpada (PHUCYHOK 6).

Bhllwe

CTOWT Ha

pazmep
YARNEHHOCTE

HUMe
pazmep

s

%
%
@

Yacy,

YOANEHHOCTE

aen“ejcﬂ

Puc. 6. IIpumep onmcaHust CBETHIILHIKA HAPY>KHOTO OCBEIIEHHS B Buzie rpada

KauecTBo pacmo3HaBaHUs IPH3HAKOB-IPUMHUTHBOB  HAMPSAMYIO
3aBHCHUT OT Ha0Opa IaHHBIX, OJIHAKO IIPOIECC TOATOTOBKH OOJBIIOTO
pa3sMedYeHHOro Habopa pealibHBIX JaHHBIX SIBISICTCS OYCHb TPYAOEMKHM.
Ha ocHoBe aHanm3a pabOTBl  TEKYIIEro OOYYEHHOTO  alropuTMa
cOpMYIHPOBAHBI CIEAYIOIIUE BO3MOXKHBIE CITOCOOBI MOBBIIICHHST Ka4eCTBa
pacrio3HaBaHusl MPH HCIOJIb30BAaHUU ITOJHOCTHIO MCKYCCTBEHHOTO Habopa
JIAHHBIX:

—  yBeJNWYCHHUE BHIOOPKH, B TOM YHCJIC YBEIMUYCHUE Pa3HOOOpa3Us
ClIeH ¢ 00beKTaMHu, COOpaHHBIMH W3 TPHU3HAKOB-NPUMHUTHBOB (HAIPHUMED,
CTOJI (PUCYHOK 5));
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—  poOaBieHHe ClEH ¢ 00bEKTaMH, COCTOSIIMMH U3 IPHU3HAKOB-
MIPUMHUTHBOB C TUIABHBIMH IIEPEX0AaMH MEXKAY ITPU3HAKAMU-TIPUMUTHBAMH;

—  BO3MOJKHOCTb HCIIOJIb30BaHUs OJJMHAKOBOW TEKCTYPHI JUIsl BCEX
MIPU3HAKOB-TIPUMUTHBOB Ha CIICHE;

—  WCIIONB30BAaHME PA3HBIX TEKCTYp VIS Pa3HBIX I'paHed OJHOTO
MIpU3HaKa-IPUMUTHBA.

Pa3paboTaHHBIN anrOpUTM PacIO3HABAHNUS, OMUPAIOIINNCS Ha TOMCK
MIPU3HAKOB-TIPIMUTHBOB OOBEKTOB M OIPEAEIECHHE OTHOLICHUH MEXIy
HUMH, TI03BOJIIET  pPAacloO3HaBaTh  Pa3HOOOpazHeIe  OOBEKTH  0e3
HEOOXOJAMMOCTH  MepeoOyueHusi  auropurMa ¢ IpeiBapUTEIbHOU
MMOATOTOBKOM  OOJNBIIOTO0  KOJNWYecTBA oOydarommx  JaHHbIX. [Jlis
JIOTIOJIHEHHSI CITHCKA PacliO3HABAEMbIX OOBEKTOB JIOCTATOYHO IOMOJIHHUTH
0a3y pacro3HaBaeMbIX OOBEKTOB OIHMCAaHWEM HOBOTO OOBEKTa WIIM Kilacca
0o0bekToB. [loMHMO 93TOro, MHOXECTBO IPH3HAKOB IPUMHTHBOB,
JIeTJIN3alMs OTMCaHUsI 00BEKTA, aJTOPUTM TIOMCKA MOTYT OBITh M3MEHEHBI
B 3aBUCHMOCTH OT TpeOOBaHMI K KaUueCTBY paclio3HaBaHUs ¥ TPeOOBAaHUHN K
BBIYHCIUTENBHBIM pecypcaM. PacnoszHaHHBIE TPU3HAKA-TIPUMUTHBEL 1
OTHOIIEHWS MEXIYy HHMH MOTYT OBITh HCIIOJB30BaHBI [UISl OIMCAHUS
HOBBIX, HEHM3BECTHBIX OOBEKTOB B IOJyaBTOMAaTHYECKOM pEXHME.
MHoXecTBa TPU3HAKOB-TIPUMHUTHBOB M OTHOLICHWI MEXIy HHMH ObLIN
cOpMyIMPOBaHbI, HICXOAS U3 OMbBITA aBTOPOB.

Henocratkom siBisieTcss HEOOXOAMMOCTb OIMCAHMS PAa3IHYHBIX
KOHQUrypanumii  OOBEKTOB  OJHOTO  Kjacca, 4YTO MOXeT  OBITh
3arpyaHUTeNbHO. OJJHAKO TaKOW MPOIECC MOXKET OBITh aBTOMaTH3MPOBaH,
HalpuMmep, ¢ MOMOUIBIO CaMOro ajropurma, Wid, Halpumep, ¢ MOMOLIbIO
nononHuTeapHOTo [10, KOTOpOE MO3BONIUT cOOMpPaTh OOBEKTHl U3 OJIOKOB
(IpU3HAKOB-IPUMUTHBOB) ¥ aBTOMAaTHYECKd T€HEPHUPOBATH ONMCAHUE IS
HUX.

W3 sKcriepuMeHTOB, MPOBEAEHHBIX aBTOPAMH, MOKHO OXKH/ATh, YTO
MOTYT OBITh JIOXKHOIIOJIOXKUTEIbHBIE CpadaThlBaHUA aJITOpUTMa Ha
KOHCTPYKIIMH, TIOXOXHE HA PACIO3HaBaEMble OOBEKTHI, HO HE SIBIISIOIIHECS
nmu. [lo3TOMy OmHMM W3 HamNpaBlICHWH JajbHEHIIET0 pa3BUTHA
OMMCAaHHOTO TOJX0/Aa MOXET OBITh 00padoTKa WCKIIOYECHUH Tpu
pacrio3HaBaHuu. VckmodeHus MOryT (popMynmpoBaTbCsi HPH ONHCAHUH
o0BeKkTa (HampuMep, TpeOOBaHWUS K IIBETy, MaTephaiy, TEeKCType,
HIOJIOKEHUIO, aHATN3 00J1aCTell COeMHEeHNUS IPU3HAKOB-IPUMUTHBOB).

[lomy4eHHBI anrOpUTM MO3BONAET PACIIMPHUTL CYILECTBYIOLIHE
MOAXOABI cOOpa M XpaHeHUs HHPOpMAaUH 00 OKPY)KAIOLIeM IPOCTPAHCTBE
n o0bekTax B HEM, MOCTpOeHHH KapT mpoctpaHcTB (SLAM meronst [51]).
OnucaHHBIN NMOAXOJ MO3BOJSIET YCTPAaHUTH IJIaBHBIM Hexocrtatok SLAM
QITOPUTMOB, CBSI3aHHBIH C OTCYTCTBMEM HWH(opManuud o0 oO0bekTax B
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IMpOCTPaHCTBE, C KOTOPbIMU MOryT MMPpOU3BOAUTHCA MaHUITY AU
POOOTOTEXHUYECKUMHU CHCTEMaMH.

B Hacrosiiee BpeMs 3a/1aun MaHUITYJISIIAK OOBEKTaMH PELIAlOTCS
WHIUBUAYaJbHO s Kaxjaoro ciywas. Hampumep, B cratbe [16]
paccMarpuBaeTCs peUICHHE 3aJayd  3aXBaTa HYXHOTO OOBEKTa W
CKJIaIpIBaHUS €ro B KOp3WHY B paMKax KoHKypca Amazon Picking
Challenge. OmucanHBI TIOAXO OCHOBHIBACTCS Ha HEUPOHHOW CETH IUIS
pacrmo3HaBaHUS M CETMEHTAWN OTPAaHWYEHHOTO KOJIMYECTBA OOBEKTOB Ha
n300pakeHNH, KOTOPBIE UCIIONB3YIOTCS B KOHKYpCe, U onupaercs Ha ux 3D
MOJIENH ISl OTIPENESIICHNS MMOJIoKeH s {1 amanTanuy moaxoaa K HOBBIM
00BbeKTaM HeoOXoauMa TPYMOoéMKas IMOArOTOBKA HOBBIX OO0YYarONIHX
na"HbIX 4 3D Mozaeneil 00bEKTOB.

B cratee [52] paccmarpuBaeTcs 3amada OpocaHusi poOOTOM
NpeZIMETOB HAa OCHOBE OOydYeHHs C TOAKpemsieHHeM. Ha ocHoBe
pa3paboTaHHOrO0 aBTOPaMHU MOAXOAa POOOT YCIEIIHO COBEpLIAeT OpOCKH
O00BEKTOB, OJHAKO TMpPW 3axBaTeé HE NPOU3BOIUTCS KJIACCHU(HUKALUSL
O00BEKTOB, a 3axBaT OCYIIECTBIIETCS TOJBKO Ha OCHOBE JaHHBIX O
TEOMETPUH OOBEKTOB.

B cratpe [53] paccmarpuBaeTcs 3a1ada pacrio3HaBaHUSA M OICHKH
MONIOKeHUsT 00BEKTa HA OCHOBE OJHOTO W300pakeHWs. Pacmo3HaBaHme
OCHOBBIBAaCTCSI Ha TIOCTPOCHHW YHU(HUIMPOBAHHOTO IMPEICTABICHUS
MHOXXECTBa  DK3EMIUIAPOB  KaTeropmu  oObvekToB. Jlnsg  co3maHus
yHAU(QUIMPOBAHHOTO  TPEJCTABICHHUSI  MCIOJB3YyeTCS  BapHAllMOHHBIN
aBTOPHKOJZIEP, KOTOpPBHIH (QOpPMHPYET HE3aBUCHMOE OT MOJOXKCHUS
npeJCTaBICHUE O0beKTa ISl KakaoW w3 kareropuid. [[ns orueHku
IIOJIOKECHU S HOBBIX O6'beKTOB OHH CpaBHUBAIOTCA C 3TUM
yHU(DUIMPOBAHHBIM TpEJCTaBIeHHEM. Takoil MoaxoJ K pacrio3HaBaHHIO
O0OBEKTOB TIO3BOJIIET JIOBOJILHO TOYHO pAaclio3HaBaThb OOBEKTHl U
OTIPEJIETIITh MX TIIOJIOKEHWE Ha OCHOBE OJHOIO HM300pa)KeHUs, OJHAKO
TpeOyeT OONBIIOro KOJIMYECTBA Pa3MEUCHHBIX JIaHHBIX JUIS MepeoOydeHHUs
¥ ajanTaliy ajJropuTMa K pPaclO3HAaBAaHHIO HOBBIX OOBEKTOB, a TaKkKe
OTPaHHWYHMBACT PACIIO3HABAHHE TOJBKO KIACCOBOW MPHUHAIICKHOCTHIO
00BeKTa, HE TTO3BOIIS KIIACCH(PHUIIMPOBATh OOBEKTHI BHYTPH OJHOTO KJIacca.

Pa3paboTaHHBIN aNTOPUTM OTIIMIAETCS TEM, UTO:

— He TpeOyeT I [OTOJNIHEHHWS CITUCKa PAacIO3HABACMBIX
00BEKTOB TMOATOTOBKM HOBBIX OOYyYalOMMX JaHHBIX M TepeoOydeHHe
MOJIENIM, 3TO 3aMEHSETCS Ha JAOIOJHEHHEe Oa3bl OMUCaHUN OOBEKTOB
OITMCaHUEM HOBOI'O O0BHEKTA;

—  QITOpUTM HE TpenbsBIseT TpeOOBaHWII K BHIOOpY crocoba
peanuzanuu MOUCKA  NPHU3HAKOB-IPUMHUTHBOB (BbIOOp MOXET
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OCYLIECTBIISITCSL B~ 3aBUCHMOCTH ~ OT  TpeOOBaHMH K  KadecTBY
pacrio3HaBaHus 1 TpeOOBaHUH K BBIYNCIUTEIBEHBIM peCypcam);

—  pacrno3HaHHbIE MPU3HAKU-IPUMUTHBBI W OTHOLICHUS MEXIY
HUMH MOTYT OBITh HCIIONIB30BaHBI JJIsI ONHMCAaHMS HOBBIX OOBEKTOB B
aBTOMATHYECKOM/TIOyaBTOMATHUECKOM ~ peXMMe  (ITOAXO0J — TTO3BOJISET
aBTOMATH3MPOBaTh  Iporecc  (GOPMHUPOBAHMS  ONHMCAHHA  OOBEKTOB
(popmupoBanue rpadoB B3aNMOCBS3€H, PICYHOK 6)).

5. 3axmiouenue. B paboTte paccMOTpeH alropUTM HWACHTU(DHUKAINN
O00BEKTOB peanpHOTO MHpa Ha (QoTorpadudeckoM H300pakeHHH,
OCHOBaHHBII Ha THUIIOTE€3¢ O BO3MOXKHOCTH PAacCHO3HABaHUS OOBEKTOB
OKpYXKAIOLIEr0 MHpa OIHPAasCh Ha OrPAaHMYCHHOE YWCIO IPU3HAKOB-
INpUMUTHUBOB U OTHOIIEHUN MCXKIY HHMMH. DTO MO3BOSIET HE CHIDKATH
Ka4yeCcTBO paclio3HaBaHHWs IIPU YBEIWYEHHHM YHCIAa PAacIo3HaBaeMbIX
00BEKTOB.

B pesynbraTe mpoBenEHHOIO UCCIIEIOBAHUS YAAIOCH BBISCHHUTH, YTO
3a7a4a HACHTH(UKAINN 0OBEKTOB BHELIIHETO MUPa MOXKET OBITh pellieHa Ha
CHHTETHYECKUX JTAaHHBIX u 9KCTIEPTHBIX 3HAHMAX 00
yCTpOHCTBe/KOHPUTYpaii  OOBEKTOB BHEUIHEI'O MHpPaA, YTO peIaeT
mpoOJieMy CO3IaHHs KadeCTBEHHOTO0 Habopa IaHHBIX M OOy4YeHHsS
HEWPOHHOM ceTu.

[IpemnokeHHBII aNTrOPUTM TIO3BOJIIET YUTH OT cOopa OOJIBIIOro
KOJINYECTBA NMPUMEPOB O0BEKTA M TPYJOEMKOH pa3MeTKH HaOOPOB JaHHBIX
Juii  00ydeHHs, TMO3BOJSSL PACIIMPUTh KOJIMYECTBO PACHO3HABAEMBIX
00BEKTOB, M00aBUB TOJBKO MX OMNKCaHWE. Pe3ynbTaTel, ONUCAHHBIE B
CTaThe, MOTYT OBITh aJalTHPOBaHbI Uil WACHTU(UKAINK OOBEKTOB B
JIpyrux GpopMax npexacrapiaeHus. Hanpumep, npu noinydeHun o0naka Touek
(momydaemoro B pesynpTare 3D CcKaHUPOBaHUS) Ui PEKOHCTPYKIMU
okpyxatomero wmwupa (nmomyuenust 3D wmomenm). Wudopmamms o6
OKpYXalollleM IIPOCTPAHCTBE B BHJAE O0Jaka TOYEK BKIIOYAeT B ceOs
nHpOpMaANKI0 00 yHaIEHHOCTH OOBEKTOB OT CKaHepa B SIBHOM BHJE
(B OoTIMYME OT IUIOCKOTO CHHMKA), 4YTO II03BOJSIET Haubojee TOYHO
OTIPEJICTINTh TEOMETPUIO0 M HPOCTPAHCTBEHHBIC OTHOLICHUS OOBEKTOB IS
WX WOCHTH(UKAIMN, HO MIPU 3TOM HECET U JOMOIHUTEIbHBIE OCOOCHHOCTH,
KOTOpBIE CBSI3aHHBI C BO3MOXKHOU AedopMalriieil MOJNTOHAIBHON CEeTKH,
HaIA4YreM MHOXecTBa Mmojeneil oobekToB [54]. [Toctpoerne 3D cren, B
CBOIO ouepeb, OTKpBIBAET  BO3MOXKHOCTH [IPUMEHEHUS B
POOOTOTEXHUYECKHX CHUCTEMax B 3a/layaX OpPHUEHTAIlMU B MIPOCTPAHCTBE U
MaHUIYJIAIUE 00BEKTaMH PealbHOro Mupa. IIpu 3TOM MOXXKHO OXKHIATh,
YTO OpUEHTALMS Ha BBISBICHHUE MPUMHTHUBOB (KPYIHBIX (OpM) MO3BOJIUT
MoKa3aTh JIydllIne pe3yJbTaThl pPabOTHl C IMOMEXaMH, CBS3aHHBIMU C
OCBEILIICHHEM, OcaakaMu (TyMaH, JOXIb, CHET), IEepeKpBITHUIMU
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NpO3pauyHbIMM M YacTUYHO IPO3PAuYHBIMH OOBEKTaMH  (TIEPEKPBITUS
CeTKaMHM, AEpeBbIMH U T.I.), MpH Jedopmanun 00BHEKTOB (IPH CHIIEHOM
BETpE, NOIYYCHUH BMSATHH U TPEIIUH).

Kpome TOro, pasaeneHue OOBEKTOB Ha IPUMHUTHUBBHI ITI03BOJISIET
33yMaThCsl O BO3BMOXKHOCTH JUISl HICIIOJIB30BaHUS B TCHEPATUBHBIX MOACISAX
u HayYHO-TEXHUYECKOM  TBOPYECTBE Ha  OCHOBE METOJIOB
MOP(}OJOTHYECKOT0 aHaJIM3a M CHHTE3a NPUMCHUTENBFHO K IH3aifHy
HCCIIEAYEMBIX O0BEKTOB.
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P. SLIVNITSIN, L. MYLNIKOV
OBJECT RECOGNITION BY COMPONENTS AND RELATIONS
BETWEEN THEM

Slivnitsin P., Mylnikov L. Object Recognition by Components and Relations between
Them.

Abstract. The paper’s goal is to develop a methodology and algorithm for the recognition
of objects in the environment, keeping the quality with an increasing number of objects. For
this purpose, the following problems were solved: recognition of the shape features, estimation
of relations between features, and matching between the found features and relations and the
defined templates (descriptions of complex and simple objects of the real world). A
convolutional neural network is used for the shape feature recognition. In order to train it we
used artificially generated images with shape features (3D primitive objects) that were
randomly placed on the scene with different properties of their surfaces. The set of relations
necessary to recognize objects, which can be represented as a combination of shape features, is
formed. Testing on photos of real-world objects showed the ability to recognize real-world
objects regardless of their type (in cases where different models and modifications are
possible). This paper considers an example of outdoor luminaire recognition. The example
shows the algorithm's ability not only to detect an object in the image but also to estimate the
position of its components. This solution makes it possible to use the algorithm in the task of
object manipulation performed by robotic systems.

Keywords: object recognition, shape features, shape feature relation, computer vision,
neural network.
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A SYSTEMATIC STUDY OF ARTIFICIAL INTELLIGENCE-
BASED METHODS FOR DETECTING BRAIN TUMORS

Kumar S., Pilania U., Nandal N. A Systematic Study of Artificial Intelligence-Based
Methods for Detecting Brain Tumors.

Abstract. The brain is regarded as one of the most effective body-controlling organs. The
development of technology has enabled the early and accurate detection of brain tumors, which
makes a significant difference in their treatment. The adoption of AI has grown substantially in
the arena of neurology. This systematic review compares recent Deep Learning (DL), Machine
Learning (ML), and hybrid methods for detecting brain cancers. This article evaluates 36
recent articles on these techniques, considering datasets, methodology, tools used, merits, and
limitations. The articles contain comprehensible graphs and tables. The detection of brain
tumors relies heavily on ML techniques such as Support Vector Machines (SVM) and Fuzzy
C-Means (FCM). Recurrent Convolutional Neural Networks (RCNN), DenseNet,
Convolutional Neural Networks (CNN), ResNet, and Deep Neural Networks (DNN) are DL
techniques used to detect brain tumors more efficiently. DL and ML techniques are merged to
develop hybrid techniques. In addition, a summary of the various image processing steps is
provided. The systematic review identifies outstanding issues and future goals for DL and ML-
based techniques for detecting brain tumors. Through a systematic review, the most effective
method for detecting brain tumors can be identified and utilized for improvement.

Keywords: image processing, machine learning, deep learning, hybrid techniques.

1. Introduction. The human body contains numerous organ types.
The brain is one of the human body's most delicate and specialised organs.
Owing to the rapid development of image-processing technology, brain
tumors and their investigation are of greater interest [1]. Human brain
tumors are considered harmful health conditions. An unusual tissue
development in the brain or nearby areas is called a brain tumor
(an intracranial neoplasm) [2]. Fundamental or metastatic brain cancers are
distinguished [3]. Brain cells are the source of initial tumors, whereas
cancer cells from other body components have metastasised to the brain to
cause metastatic tumors [4]. Most scientists are motivated by gliomas,
among the essential categories of brain cancers. The term "glioma" refers to
a variety of tumors, ranging in grade from low-grade (LG) to high-grade
(HG) [5]. The HG tumors are called glioblastoma multiforme (GBM),
whereas LG tumors are said to be astrocytomas or oligodendrogliomas [6].
It is possible to determine if a brain tumor is benign (non-cancerous) or
malignant (cancerous) [7]. Secondary and primary tumors are two different
types of malignant tumors that may be distinguished [8]. A malignant tumor
is more harmful than a benign one [9]. A malignant tumor can make
a patient worse, even to death, by quickly entering other tissues
of the brain [10].
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Diagnosing brain tumors is challenging according to the brain's
complex anatomy [11]. Brain tumor identification is quite complex because
of the appearance, location, shape, and diverse size of tumors in
the brain [12]. Detection of a brain tumor is a highly complex process at the
initial stage because it cannot determine the accurate mensuration of the
tumor [13]. If the tumor in the brain gets determined, proper treatment can
be started to cure the harmful disease [14]. Only the form of cancer
determines the course of treatment for brain tumors, including radiotherapy,
chemotherapy, and surgery [15].

Medical imaging is a powerful tool for identifying non-invasive
possibilities [16]. X-ray, positron emission tomography (PET), Computed
tomography (CT) scan, Magnetic resonance imaging (MRI), single photon
emission computed tomography (SPECT), and ultrasound are examples of
non-invasive medical imaging techniques [17]. These imaging processes
help identify various diseases. Using safe radio waves and magnetic fields
makes MR images more accepted in successfully detecting and treating
brain tumors [18]. Compared to CT, MRI produces more accurate results in
medical diagnosis systems (MDS) because it offers better contrast and
clarity for the body's diverse soft tissues [19].

MRI plays a powerful tool in detecting brain tumors [20]. MRI uses
practical magnetic field components to identify radio frequency pulses and
generate detailed organ images, bone, other internal structures, and soft
tissues of the physical body. Brain tumor identification can also be made via
MRI images [21]. In image processing, image improvement tools are
utilised to enhance the standard of images [22]. The contrast adjustment and
threshold techniques are utilised to highlight the characteristics of MRI
images [23]. The histogram, edge detection, morphological, and operations
segmentation are mainly used in classifying and determining the brain
tumor [24].

1.1. Key contributions. Brain tumor imaging is a commendable and
challenging effort in the medical field. Early brain tumor detection and
localisation can save lives and give doctors more treatment options. Thus,
we systematically reviewed ML and DL brain tumor recognition approaches
due to their importance and benefits. The following are the main results of
the literature review:

—  The systematic review on brain tumor detection using image
processing methods inspires researchers to create new systems using ML
and DL algorithms. In other systematic review papers, they used old brain
tumor detection research. The proposed systematic review briefly discusses
ML and DL-based brain tumor detection methods with understandable
tabulation. The systematic review uses research papers from 2020 to 2022.
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—  The proposed systematic review seeks to learn more about
recently proposed brain tumor detection research that has not yet been
reviewed. The proposed systematic review summarises ML and DL brain
tumor detection methods.

—  Few review papers discuss developing a brain tumor detection
system using multiple methods. The proposed systematic review collected
all recent research papers on ML and DL-based brain tumor detection
systems to generate medical invention ideas.

A quick overview of brain tumors, imaging techniques, and different
types of brain tumors sets the stage for the proposed systematic review. The
systematic review is then divided into subsequent units. Section 2 consists
of the review procedure, and Section 3 includes the stages used in detecting
brain tumors using image processing methods. Section 4 contains ML-based
brain tumor detection, Section 5 contains DL-based brain tumor detection,
and Section 6 contains open challenges and research directions. Section 7
discusses the systematic review's overall conclusion and future work.

2. Stages used in detecting brain tumors using Image Processing
techniques. Four processes comprise a primary method for image
processing, preprocessing, extraction of features and selecting
segmentation, and classification [25]. Figure 1 lists the phases employed in
the image processing method for tumor detection. Initially, the input image
is preprocessed using some filtering technique [26].

Pre- Processing

Input Image l

Feature Extraction

}

Segmentation

!

Image Classification

!

Tumour Detection

Image Processing

Results

Fig. 1. Image Processing steps for brain tumor detection
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After the preprocessing stage, using an effective feature extraction
technique, the essential and informative features are derived [27]. The most
significant and optimal characteristics are selected from the retrieved
features using a feature selection method [28]. A segmentation technique is
employed with an attribute extraction method to get the segmented region
from the image [29]. Finally, a classifier is included for MRI image
classification and to specify the kind of tumor [30].

2.1. Preprocessing. Various preprocessing techniques include fixed,
adaptive, linear, non-linear, and pixel-based for different conditions [31].
These techniques are employed by considering two main aims. The primary
goal is to improve the quality of images that a human observer can use. The
second aim is to use the images for different processes with other
algorithms to get accurate solutions [32]. The first aim includes contrast
improvement, sharpening details in an image, and noise removal. The
second aim examples include object segmentation and edge detection. The
bias field is vital while segmenting MR images [33]. This bias field is due
to the radio frequency coil imperfections known as intensity non-
uniformity. The bias field can be corrected by calculating and vanishing
from the collected image [34].

Different kinds of noise corrupt a medical image. Speckle, salt and
pepper, and Gaussian noise can taint medical imaging [35]. It is impossible
to recover essential image features when this noise is found in clinical
photos. However, numerous authors use various filtering techniques to
eliminate image noise. Rather than using a linear filtering technique to
remove noise from an image containing edges, the median filtering
technique is employed [36]. The median filter is more effective than the
mean filter at preserving the image's most prominent and influential
features, but it is costly and challenging to compute [37]. It is also a slow
process, even when processed with fast algorithms, such as quick sort,
because it must arrange all nearby values into numerical order [38]. Wiener
filtering technique is flexible in the case of an image with local and spatial
variable information [39]. It integrates two high and low filters and aspects
managing their respective weights. This type of filter is mainly applied to
CT and MR images.

Non-linear image resolution enhancement is utilised in
mammographic images, but resolution and edge enhancement are coupled
with noise amplification [40]. Therefore, a wavelet architecture is
implemented for contrast enhancement and noise reduction. There are
hybrid filters that combine wavelet transforms with an adaptive multistage
non-linear filter [41]. By minimising the intensity difference between a
pixel and its adjacent pixel, the mean filtering approach minimises image
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noise and is easier to implement [42]. The image is primarily smoothed
using the filtering process. Figure 2 depicts various filters to remove noise
from an input image.

MRI Image Dataset

Gaussian Speckle Salt and‘
Noise Noise Pepper Noise

Noisy Images

‘Wiener Filter Median Filter Mean Filter

Denoised Images

Fig. 2. Preprocessing techniques

2.2. Feature Extraction and Selection. Due to its accuracy in
identifying and classifying brain tumors, feature extraction has become
more critical in the medical field [43]. In the image processing system,
feature extraction follows preprocessing. Feature extraction is the shape
information of a structure in a pattern to simplify classification [44]. In
image processing, feature extraction reduces image dimensions. The most
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crucial information is extracted from real photos using feature extraction
algorithms, which are then shown in a two-dimensional space [45]. Every
image contains tumor classification and detection features.

Various authors have developed a variety of feature extraction
techniques. Some of the basic feature extraction methods include the
histogram of oriented gradients (HOG), the grey level co-occurrence matrix
(GLCM), the speeded-up robust feature (SURF), and the local binary
pattern (LBP). For extracting features, several researchers might need
hybrid strategies that make the training process more challenging. In this
case, the method for choosing essential qualities is crucial. The primary
function of a feature selection technique is to choose the necessary tumor
identification features. The technique aims to utilise only the necessary
features by eliminating superfluous ones. Numerous techniques are
proposed for selecting features, including the wrapper method, principal
component analysis (PCA), and PSO. Figure3 shows various feature
extraction and selection techniques.

Feature Extraction Feature Selection

HOG POS

GLCM PCA

i

SURF —{ Wrapper Method |

LBP

Fig. 3. Feature Extraction and Selection techniques

2.3. Image segmentation. Segmenting an image involves breaking it
into pieces depending on different and related traits. Using the segmentation
techniques, the tumor is segmented during tumor segmentation. Some
segmentation techniques include edge-based, threshold, cluster-based, and
region-based techniques [46, 47].

2.4. Classification. After segmentation, the medical image is
classified as abnormal or usual [48]. Additionally, it is utilised to classify
tumor types. SVM and CNN are examples of classification techniques [49].
Figure 4 illustrates the classification techniques utilised. Here, two main
groups of brain tumors are termed primary and metastatic. Primary brain
tumors originate from the brain's tissues or immediate surroundings.
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Primary tumors are categorised as glial (composed of glial cells) or non-
glial (developed on or in the brain's structures, including nerves, blood
vessels and glands) and benign or malignant.

Metastatic brain tumors include tumors that arise elsewhere in the
body. Metastatic tumors are considered cancer and malignant. The classes
of malignant brain tumors are Meningiomas, Glioma, Pituitary tumors, and
Pediatric brain tumors.

Image
Classification
Machine Learning Deep Learning Hybrid
Techniques Techniques Techniques
¢CNN-LSTM
. SVM e ResNet50 ¢ AFD - FLO
« OPFCM *DNN e FKM — ANN
« ASVM *CNN *CNN-SVM
«FCM ¢ LYOLOvV4 *SVM - DSURF
« SVM-KMC ¢RCNN *FBSO
«SVM-DWT ¢DCNN *PR2G
e DenseNet201 e ResNet50 — CNN
¢ SVM-GLCM
« SVM-OFFA 2D CNN *DAE - JOA
« MKSVM ¢ ODNN e CNN - NADE
¢ YOLOV2 e ACS-SS
e¢HTTU - Net

Fig. 4. Image classification

2.5. Tumor detection. The final step of an image processing
technique is tumor detection. In this stage, the output image is used to make
the final diagnosis of whether or not the patient has a brain tumor. It also
provides information regarding the tumor's size and type [50]. The
physician will then administer appropriate treatment to safeguard the
patient. As a result, by identifying brain tumors at an initial point, the brain
tumor detection method significantly aids patients [51].

3. Detection of brain tumors using Ml techniques. ML solves
complex medical problems with high specificity and accuracy. Brain tumor
detection systems use ML. The system's success is based on its effective
classification strategy for medical image normality and abnormality. Many
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authors have detected brain tumors using ML methods. Figure 4 shows the
different ML techniques to detect brain tumors.

In study [52] the authors proposed ML-based brain tumor detection
and segmentation. A novel improved Kalman filter (EKF) with SVM
predicts brain tumors in a five-step process. First, a non-local mean filter
removed noise, and enhanced dynamic histogram equalisation brightened
the image. Second, GLCM extracts features. Third, the SVM classifies
extracted features. Cross-validation determines classifier efficiency in the
fourth step. Finally, KMC segmentation and regional growth detect brain
tumors. The dataset was 120 patients from Tiantan Hospital. The method
has 98.02% accuracy, 95.39% specificity, and 97.04% sensitivity.

Study [53] proposed an optimal possibilistic FCM (OPFCM)
procedure & adaptive k-nearest neighbour (AKNN) classifier to predict
MRI brain tumors. Median filter denoising. The preprocessed images are
given input to the extraction phase to extract the texture features. AKNN
classifies extracted features. Centroid optimisation uses a competitive
binary swarm optimiser (BCSO). Finally, OPFCM is used for tumor
segmentation. The model was created using the BRATS dataset and
achieves 99.9% accuracy.

In paper [54] the authors suggested MRG and ASVM for MRI brain
tumor classification and prediction in which Manual skull stripping extracts
the ROI. Median filtering denoises the image and MRG-segmented tumors.
GLCM was used to extract features. ASVM is then used to classify tumors
from BRATS 2015 dataset. The method has 95.83% accuracy and 91.66%
sensitivity.

Study [55] suggested segmenting MRI brain tumors with FCM-
rotated triangular sections. Morphological reconstruction involves erosion
and dilation. After background removal, expansion, and radius contraction
select the FCM optimisation area. The two processes chose the area's
maximum radius and centroid from the eliminated background and used
233 patient MRIs to train the model. The method has 65.6% sensitivity,
72.6% specificity, and 90.57% accuracy.

According to paper [56] the authors proposed a DWT-SVM
enhanced classification network model to detect brain tumors. Skull
detection and preprocessing determine component boundaries which
identify image edges. K-means clustering is used for segmentation. SVM
was used for classification, while DWT and GLCM were employed to
extract features. Performance metrics confirmed precision, recall, and
processing time.

In study [57] the authors presented KMC & SVM classifiers to
identify and classify brain tumors. The brain tumors are mainly segmented
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using K-means clustering. Imadjust adjusts image intensity. Pixels below a
threshold are removed. DWT is used to extract image features. Finally,
SVM classifies tumors from 40 benign and malignant MR image datasets.
The method suggested achieves 93% classification accuracy and 99.7%
segmentation accuracy.

A GLCM-based SVM classifier and semantic segmentation of brain
malignancies from MRI images were suggested by the authors [58], in
which Median filtering and skull stripping are used in the preprocessing
stage. Then, watershed thresholding is used for segmentation. To measure
the correlation, contrast, homogeneity, and energy, GLCM has been used.
SVM is used to classify images. Kaggle and Figshare datasets trained the
model. The method detects brain tumors with 93.05% accuracy.

MRI brain tumor segmentation utilising the improved Gabor wavelet
transform (IGWT) and rough KMC was suggested by paper [59]. IGWT
changes the domain by replacing the image. GLCM extracts and
oppositional fruit fly algorithm (OFFA) optimise the features. SVM was
used as a classifier. K-means is used to segment abnormal images. BRATS
2018 was used to train the model. The method achieves 99.79% accuracy,
97.27% sensitivity, and 99.92% specificity.

According to paper [60] the authors proposed SVM-based brain
tumor classification. The scheme uses Kaggle data. Median filter
preprocessing is used to improve image quality. GLCM is used to extract
image features. From the GLCM texture, the following properties are
extracted:  contrast, correlation, energy, homogeneity, entropy,
autocorrelation, cluster prominence, cluster shade, difference entropy,
difference variance, and dissimilarity. After that, SVM classifies brain
tumor images. The method detects brain tumors with 93.33% accuracy.

Study [61] used rough k-means and multi-kernel SVM in MRI
images to efficiently classify and segment brain tumors. IGWT is used to
extract features, and OFFA is used to select optimised features. As a
classifier, Multi-kernel SVM (MKSVM) is employed. Modified rough
KMC (MKMC) is applied to segment the tumor image. The method has
99.72% accuracy, 99.72% specificity, and 99.71% sensitivity.

Using DWT & SVM, paper [62] enhanced the extraction of features
and forecast of brain tumors. Denoising is done during preprocessing. To
recover picture characteristics, DWT and GLCM are employed. The Kaggle
dataset was employed to train the SVM model, which is employed to
classify data. The method achieves 98.97% accuracy and 98.87% precision.

Brain tumor identification based on SVM was suggested by the
authors [63] by using collected data. Preprocessing, classification,
segmentation, and brain tumor detection are performed on the input image.
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SVM is used for classification. The method has 98% sensitivity, 98.30%
accuracy, and 100% specificity.

Table 1 lists ML brain tumor detection methods, tools, pros, cons,
and parameters.

Table 1. Detection of brain tumor using Machine Learning techniques
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4. Brain tumor detection using DI techniques. To utilise the data
for pattern & image recognition, language translation, voice recognition,
and decision-making, DL tries to replicate the human brain. Additionally,
it is considered a subset of ML. It learns on its own from the data it is given.
In practice, the technique is widely employed for a variety of purposes.
The technology is utilised to identify brain cancers, among its most
important medical uses. Various DL classifiers with low error potential
detect abnormalities in medical images. Numerous authors have proposed
various DL techniques for diagnosing brain tumors to achieve the best
accuracy. Figure4 shows the different DL techniques to detect
brain tumors.

Paper [64] recommended transfer learning and data augmentation
to identify brain cancers in MRI images. PCA-based data augmentation
isused to reduce the dataset dimensions. Transfer learning is utilised
to initialise model weights without training random distributions. Cross-
entropy is used to evaluate loss function. The data augmentation technique
is validated by training a network known as ResNet50. The cancer genome
atlas low-grade glioma (TCGA-LGG) dataset was utilised for training
the model. Python-based TensorFlow and Keras libraries are used to model
the network. Colab implemented the prosed model. The proposed strategy
achieved better accuracy, specificity, sensitivity, and 92.34% of the
F1 score.

A DL approach for MRI brain tumor identification was put forth
by the authors [65]. A three-step preprocessing is performed on the input
image to boost the contrast, lengthen the histogram, and enhance
the clarity of MRI pictures. A preprocessing blind referenceless image
spatial quality evaluator (BRISQUE) is used to verify the output image's
quality. DNN is used as a brain tumor classifier. Batch normalisation
isused to speed up model training. The model was trained using
the Navoneel brain tumor and Sartaj brain MRI datasets. Keras and Python
libraries are used to model the network, which was implemented on Colab.
The strategy had 98.22% accuracy, 96.12% sensitivity, 99.65% specificity,
and 97.85% F1 score.

In paper [66] the authors proposed CNN-based brain tumor
detection. The approach has three steps: augmentation, preprocessing, and
classification. The proposed work enlarges a small dataset using
augmentation. The RGB image is transformed to grayscale, cropped, low
pass filtered, and binary converted during image preprocessing. CNN is
used to categorise and identify different kinds of brain tumors. The dataset
includes 2065 augmented brain MRI images. The model has an 89.16% F1
score, 87.42% accuracy, and 33.25% relative loss.
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For the identification and segmentation of brain tumors, study [67]
presented a multi-task network. The suggested technique located
the brain tumor and its mask. A contextual brain tumor selection
network identified brain tumors, and a 3D atrous residual network
determined the mask. BRATS2015, 2017, and 2018 datasets were used
to train the network. The strategy achieves an 81.41% dice score and 92.0%
sensitivity.

Brain tumor diagnosis using neural network-based end-to-end
predictive intelligence was proposed by study [68]. It was easier to forecast
brain cancers using LYOLOv4-RNN. The suggested model was trained
using brain tumor data from Kaggle. The suggested technique had a 97%
accuracy rate for detecting brain cancers.

A recurrent convolutional neural network (RCNN)-based neural net
for brain tumor detection and classifying was proposed by paper [69].
A simple framework for analysing brain tumors is suggested to shorten the
architecture's completion time. Two CNN channels are utilised initially with
a low complex framework for classification, and a similar structure is used
as an extractor in RCNN for brain tumor deduction. The model was trained
using datasets from Figshare and Kaggle 2020. The design has 98.21%
accuracy and 98.83% confidence.

In study [70] the authors proposed DL-based 2D MRI brain tumor
detection. DNN is used to segment 2D brain tumors. The Znet-based
approach uses skip connection, data amplification, and encoder-decoder
frameworks. Data augmentation is performed using an open-source and free
Python library, Albumentation. ADAM optimiser is used to train the model.
The model was built using the Cancer Genome Atlas Low-Grade Glioma
(TCGA-LGQ) dataset. The proposed method achieves 99.6% accuracy and
81% F1-score.

To identify and categorise brain cancers in enhanced MRI images,
the authors [71] suggested an enhanced DCNN framework & optimisation
technique. The suggested approach uses DCNN with enhanced Harris
Hawks Optimization (HHO). HHO and grey wolf optimisation (GWO)
were combined to boost efficiency. Tumors are divided using Otsu
thresholding. The classifier was tested using data on brain tumors from
Kaggle. 97% accuracy, 99% precision, 95% recall, and 97% f-measure are
attained by the suggested strategy.

A DL-based decision-support system for multi-model brain tumor
identification was proposed by the authors [72]. Deep transfer learning is
used to train the Densenet201 DL model, which has been fine-tuned. The
modified genetic algorithm (MGA) and entropy-kurtosis-based high feature
values (EKbBHFV) are used to choose the best features. The selected
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characteristics are combined via a non-redundant serial-based method, and
then a multi-class SVM classifier is used to categorise them. The model was
trained using BRATS 2018 and 2019. The method had a 99.3% F1 score,
99.7% accuracy, and 99.8% precision.

DL network-based computer-aided brain tumor identification from
MRI images was proposed by the authors [73]. The suggested method
divides brain cancers into two categories: tumor and normal, by using a 2D
CNN. The input image is improved with filters, cropped, rotated, and scaled
in preprocessing. The ReLU function is thus made available to enhance
non-linearity. Every feature map has a pooling layer added to it. The wholly
connected neural network receives these features for categorisation. The
proposed method has 97% accuracy, 97% F1 score, 94% recall, and 100%
precision.

Brain tumor detection utilising in-depth features and SVM
focusing on data-restricted technique was proposed by the authors [74].
The proposed method uses VGG16, AlexNet, and VGG19 pre-trained
networks. A deep fusion approach was used to improve
classification accuracy. Models were trained on BRATS
and TCIA datasets. The proposed method achieves 97.89% accuracy
and a 97.92% F1 score.

Brain tumor diagnosis from PET and MRI images using wavelet-
based image fusion was suggested by the authors [75]. The input
image is fused using DWT and several cutting-edge fusion rules.
Next,a GLCM extracts features. An optimized DNN (ODNN)
then classifies images as normal or abnormal. Spider monkey
optimization (SMO) optimises network weight. After categorisation,
weighted k-means extract the tumor from the abnormal image. The model
was trained on BRATS. The method has 89% sensitivity, 93% specificity,
and 93% accuracy.

Using YOLOV2 and CNN, study [76] suggested MRI brain tumor
detection. The input image is denoised by homomorphic wavelet filters. The
pre-trained Inceptionv3 model is employed to extract features. Then feature
selection is made using the non-dominated sorted genetic algorithm
(NSGA). To categorise the chosen traits, YOLOV2 is utilised. McCulloch's
Kapur entropy then segments the tumor from classified images. The model
was trained on BRATS 2018, 2019, and 2020 brain tumor datasets. The
proposed method achieves 89.4% PSNR, 78.03% SNR, 36% MSE, 97%
dice score, and 84% accuracy.

Table 2 shows the method, tool, advantages, disadvantages,
and parameters analysed for different DL techniques for brain tumor
detection.
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Table 2. Brain tumor detection using deep learning
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5. Hybrid techniques for brain tumor detection. To improve the
network model's detection capability, both DL and ML-based approaches
are combined and renamed hybrid approaches. The hybrid approach entails
integrating two or more classifiers to improve the model's accuracy and
decrease its error rate. Figure 4 depicts the various hybrid methods used to
detect brain tumors.

The idea of CNN and LSTM-based brain tumor identification on 3D
MRI scans were first forth by the authors [77]. A temporal distribution
function envelops the hybrid technique. The model was trained using
BRATS 2019, 2018, and 2020. The 3D imageries are normalised and
shrunk using the min-max technique to improve speed. 98.83% F1-score,
98.95% precision, 98.90% accuracy, and 98.78% recall are all achieved
using the technique.

Brain tumor detection utilising hybrid DL and adaptive squirrel
search optimisation was suggested by the authors [78]. Adaptive fuzzy deep
learning with frog leap optimisation (AFD-FLO) algorithms was used to
determine image abnormality. Error minimisation technique is used to
improve the classification. The adaptive flying squirrel (AFS) algorithm
segments abnormal images and then analyses tumor size to determine
severity. BRATS dataset was used t train the model. The suggested
technique has 0.0043 FPR, 0.543 FNR, 99.6% accuracy, 99.9% sensitivity,
and 99.8% specificity.

In paper [79] the authors proposed a hybrid brain tumor
segmentation method using Fuzzy K-means (FKM) and ANN algorithms.
Wiener filters were used to denoise input images. GLCM then extracts
features from preprocessed images. ANN is used to determine image
normality. FKM is utilised to segment abnormal images. The model was
trained on BRATS. The method achieves 94% accuracy, 98% sensitivity,
and 99% specificity.

According to paper [80] the authors put forth a hybrid approach
employing CNN and SVM for automatically categorising brain tumors. To
boost performance, SVM and CNN are combined. CNN is utilised to extract
features. The model was developed using Figshare MRI scans. The method
has 95.82% accuracy, 97.3% precision, 98.6% recall, and 99.3% specificity.

Study [81] suggested a hybrid method to classify brain tumors. The
suggested stages are intensity normalisation, extraction of features, and
classification. DSURF and histogram of oriented gradients (HOG) are
coupled to extract the features. The min-max approach is used to normalise
the intensity of an image. DSURF extracts dense feature points, and HOG
divides the image into cells. Then SVM is used to classify images. The
proposed work uses Nanfang Hospital data. The proposed method achieves
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90.27% accuracy, 84.89% sensitivity, 92.61% specificity, 77.55% precision,
and 81.05% F1 score.

For the categorisation of MRI brain tumors, the authors [82]
developed hybrid fuzzy brain-storm optimisation (FBSO). GLCM is used to
extract features. The BSO prioritises the cluster centres. A fuzzy network
then optimises network structure iteratively. The BRATS 2018 dataset was
used to train the model. The method achieves 93.85% accuracy, 94.77%
precision, 95.77% sensitivity, and a 95.42% F1 score.

A three-phase brain tumor segmentation recognition system utilising
patches-based updated run length region growth was proposed by the
authors [83] (PR2G). SVM classification starts the scheme. Then Infinite
feature selection (IFS) extracts three optimised features. Carelieri estimator
is then used to estimate the abnormal and normal tumors. The model was
trained using BRATS and Whole Brain Atlas (WBA) datasets. The method
had a 97% accuracy rate.

A hybrid CNN was suggested by the authors [84] to identify brain
tumors. The Resnet50 basic model is used in this approach. Without altering
the CNN model, this structure adds ten new layers while removing the
previous five. The output of the convolutional layer is made simpler by the
CNN pooling layer. The softmax layer then determines if the image is
tumorous or not. The model was trained using the Kaggle brain tumor
detection database. The suggested methodology achieves 100% specificity,
94.7% sensitivity, 96.90% F1 score, and 97.01% accuracy.

The categorisation of brain tumors that used a hybrid deep auto-
encoder and Bayesian fuzzy clustering (BFC) segmentation was suggested
by the authors [85]. A non-local mean filter removes noise from the image
as input. Segmentation is accomplished using BFC. Scattering transform
(ST) and wavelet packet Tsallis entropy (WPTE) retrieve robust features
similar to information-theoretic measurements. Deep auto-encoder-based
Java optimisation algorithm (DAE-JOA) then classifies tumor regions.
BRATS 2015 dataset was used in the proposed approach. The proposed
method had 98.5% accuracy, 96% sensitivity, 99.54% specificity, and 96%
precision.

Brain tumor diagnosis from MRI images using a hybrid model that
combines neural autoregressive distribution estimates with CNN was
proposed by the authors [86]. (CNN-NADE). The dataset used contained
3064 T1-weighted CE-MR images. The proposed method achieves 95%
accuracy, 94.64% sensitivity, 97.42% specificity, and 94.49% precision.

In paper [87] the authors presented the hybrid adaptive cuckoo
search-squirrel search (ACS-SS) method to find brain tumors. Brain tumor
images are edge-extracted using optimal multi-level thresholding.
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The method of extracting features is GLCM. T2-w brain MR images were
used to train the approach. SSIM, FSIM, PSNR, and computation time are
used to evaluate the efficacy of the hybrid approach.

An automatic brain tumor-segmented hybrid two-track U-Net was
suggested by the authors [88]. (HTTU-Net). Batch normalisation and leaky
Relu activation make up the suggested architecture. Two tracks have
different layers and kernel sizes. To overcome the problem of class
imbalance, focal loss, loss functions, and generalised dice (GDL) are used.
The model was trained on BRATS 2018. The proposed scheme had an
86.5% dice coefficient and 99.9% specificity.

Table 3 shows the method, tool, advantages, disadvantages, and
parameters analysed for different hybrid techniques for brain tumor
detection.

Table 3. Brain tumor detection using Hybrid techniques

H =
z > 3 ? g *E ) §° £~
@ - 2] = = 9
s - 5 3 g 2
) = g 3 a < 2 g =
& é = =] = £ a
Accuracy —
BRATS The images 98.9%
2018 are resized to Some F1-score —
[77] Montaha et | CNN- | BRATS _ decrease enhancement is | 98.83%
al. [2022] | LSTM 2019 computational required in the |Precision —
BRATS complexity network model | 98.95%
2020 Recall —
98.78%
Accuracy —
99.6%
Error Sensitivity
minimisation . -99.9%
Difficult to i
Deb etal. |AFD-FLO| strate Specifici
[78] [2021] AFS BRATS Matlab is use dgf>cl) . choose ﬁtness - 99.8%ty
function
accurate FPR —
classification 0.0043
FNR -
0.543
Accuracy —
Ineffective 94%
[79] Pitchai et al.| FKM- BRATS Matlab The learning algorithm to | Sensitivity
[2021] ANN 2017a model is fast detect brain - 98%
tumors Specificity
-99%
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Continuation of Table 3
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Continuation of Table 3
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Nagwa et al.| HTTU- | BRATS Keras

[88] [2020] Net 2018 | TensorFlow

6. Open challenges and research directions. It is evident from the
systematic review that the authors are focusing more on DL, ML, and
hybrid techniques due to their ability to detect brain tumors more precisely.
Even though the computational intelligence of ML and DL systems is
rising, they still deal with various issues, some of which are listed here.

Collaboration and interoperability. The authors use Al-based
software and hardware to detect brain tumors. A producer's rules, interfaces,
and regulations cannot match those of other producers of the same product
with similar functionality. It brings up the interoperability issue.
Manufacturers, scientists, and physicians must work together to improve
brain tumor treatments.

Privacy & security. Medical and personal data must be secured and
private. Data privacy, not security, should be addressed. Brain tumor
patients have privacy rights. Medical data growth raised the issue of patient
data security. Thus, authors must concentrate on creating secure and private
algorithms.

Resource efficient techniques. The applications of DL and ML come
with limitations in hardware. Computation processing of medical data
exacerbates the issue. Eventually, more computation resources and memory
are needed when the processing power increases. The input image's
preprocessing is essential to image processing. Preprocessed photos take
longer and take up more room, but the outcomes are much more accurate.
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Nowadays, images can be processed without preprocessing or object
identification. The authors can focus more on these techniques to reduce
cost and overhead. Thus, DL and ML-based brain tumor identification
necessitates a resource-efficiency assessment of current methods.

7. Conclusion and future work. The systematic review thoroughly
summarises the methods used to identify brain cancers by DL, ML, and
hybrid techniques. Recent research into detecting brain tumors has utilised
DL and ML techniques in the medical domain, as highlighted by this
review. Four main phases — preprocessing, feature extraction, selection,
segmentation, classification, and detection — are essential to diagnose brain
cancers using image processing. Authors from all over the world are
actively working to improve these techniques by identifying multiple
potential avenues. The most crucial element is raising the accuracy of
classification. The training data must be increased to achieve this because
additional data will lead to a more accurate answer. The most effective
results are obtained by combining ML and DL techniques. Additionally,
minuscule adjustments can sometimes result in an improvement. For
instance, numerous authors omit preprocess techniques for removing image
noise. While detecting brain tumors, this slight variation in the technique
yields an inaccurate result. Based on the systematic review, the recognition
accuracies of brain tumors vary depending on the feature extraction
techniques and classifiers used in the models. This systematic review gives
a succinct summary of the open research topics, which may be used to
overcome the limitations of the present ML and DL-based techniques for
diagnosing brain tumors. Integration of XAI strategies is necessary to
improve Al systems in the medical domain. It will increase physicians'
confidence in diagnosing and treating brain tumors. In addition, the quality
of interoperability and training data are crucial elements in developing DL
and ML-based solutions. It must address several additional concerns, such
as security, privacy, and resource efficiency, to make the best DL and ML-
based findings more accurate and useful. Researchers currently working in
the area of medical & Al applications for ML and DL-based brain tumor
diagnosis can significantly benefit from the proposed systematic review.
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C.KvyMApP, V. [Tnnanus, H. HAHOAT
CUCTEMATHYECKOE UCCJIEIOBAHUE METO10B
OBHAPYXEHHUS OITYXOJIEMA T'OJIOBHOI'O MO3I'A HA
OCHOBE UCKYCCTBEHHOI'O HHTEJIJIEKTA

Kymap C., [unanus Y., Hanoan H. CHcreMaTHdeckoe HcC/Ie0BaHHE MeTO/10B
00HApY:KeHHsI OIyX0.1eii F0JIOBHOT0 MO3ra HAa 0CHOBE HCKYCCTBEHHOI0 HHTELIeKTa.

AuHoTamusi. Mo3r cuuraercs OJHUM M3 Haubonee OI(P(EKTHUBHBIX OPraHOB,
KOHTPOJIMPYIOIIUX OpraHu3M. PasBuTHe TeXHOJOrHi clenajo BO3MOKHBIM paHHEE U TOYHOE
OoOHapyXeHHE OIyXOJeil TOJIOBHOTO MO3ra, 9YTO CYINECTBEHHO BIUSET HAa HX JICUCHHE.
IIprMeHeHne MCKyCCTBEHHOTO MHTEIUIEKTa 3HAUYMTENBHO BO3POCIO B 001acTH HeBpojornu. B
3TOM CHCTEMAaTHYECKOM 0030pe CpPAaBHUBAIOTCS IMOCIEIHHE METOABI TIyOOKOro 0oOydeHHs
(DL), mammuzoro oOyuenust (ML) u ruOpuaHble MeTOAbl JUis OOHAapy)XEHHs paka Mo3ra.
Jlaetcst oneHka 36 HeNaBHHX CTaTeil, IOCBSMICHHBIX J3THM METOJaM, C YdYeToM HaOOpoOB
JTAHHBIX, METOJ0JIOTUH, MCIIOIb3yEeMbIX UHCTPYMEHTOB, JOCTOMHCTB U orpaHuyeHud. CTaTbu
coJiep)kaT MOHATHBIE rpaduku M Tabauipl. OOHapyXKEHHE OITyXOJICH TIOJIOBHOIO MO3ra B
3HAYHUTEIBPHOW CTENCHH ONMUPASTCSl Ha METOABl MAIIMHHOIO OOy4YeHHMs, Takhe KaK MeETOx
onopHbIX BeKTOpoB (SVM) n merox HeueTkux C-cpeanux (FCM). PekyppeHTHbIE CBEpTOUHBIE
Heiiponnsie cetn (RCNN), ruiotHas cBeprouyHas HelipoHHas ceth (DenseNet), cBepTOoUYHbIE
netiponnsie cetu (CNN), octaTounast HelipoHHast ceTh (ResNet) n riry6okue HelfpoHHBIE ceTH
(DNN) — ato meroast DL, ucnionb3yemsie st 6onee 3h(GeKTHBHOTO 0OHAPYKEHHUS OIyXoJeit
ronoBHoro mosra. Meroasl DL u ML o0benuHsoTCs A pa3paboTKH TMOPHIHBIX METO/IO0B.
Kpome TOro, mIpHBOANTCS KPaTKOE OINCAHUE PAa3IMYHBIX ITalloB 0OpabOTKHM H300pakeHUH.
CucreMatnieckuii 0630p BBIBISIET HEPELICHHbIE POOIEMBI U Oy ayLIne e 115l METOJJ0B Ha
ochoBe DL um ML s oOHapyxkeHus omyxojed ronoBHoro wmosra. C moMouipto
CHCTEMaTHIECKOr0 0030pa MOXKHO OIIpe/ieNuTh Hanboiee G (eKTUBHBII MeTo 0OHAPYKEHUS
OITyX0JIei TOJIOBHOTO MO3Ta M MCIIOJIb30BaTh €r0 IS yJTyqIICHHS.

KuioueBble ciioBa: 00padoTka n300pakeHni, MalMHHOE 00y4eHue, riryobokoe o0yueHue,
THOPUIHBIE METOMEL
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YK 004.8 DOI 10.15622/ia.22.3.4

H.I'. IlInJoB, A.B. IIOHOMAPEB, A.B. CMHPHOB
AHAJIN3 METOJ0B OHTOJIOI'O-OPUEHTHUPOBAHHOI'O
HEWPO-CUMBOJIMYECKOI'O UHTEJVIEKTA IIPU
KOJUIABOPATUBHOM NOJAEPKKE ITPUHSTHS PELLIEHUN

Hlunos HI., Ilonomapes A.B., Cmupnos A.B. AHaau3 MeTOI0B OHTOJIOrO-
OPHEHTHPOBAHHOIO HEHpPO-CHMBOJHYECKOT0 HHTEJNIEKTAa MpPH KOJJIa00paTHBHOMI
nojJep:KKe NPUHATHS PelIeHUH.

Annorauus. HeiipocereBoii mnoaxon k WM, mnomyuuBmiMii OCOOCHHO HIMPOKOE
pacrpocTpaHeHMe B IOCIEAHEe JAecATHIETHE, 00nazaeT [ByMs  CYIICCTBCHHBIMH
OrpaHHYeHHsAMU — OOyuYeHHe Mojelell, Kak NpaBuiIo, TpeOyeT O4YeHb OOJBIIOrO KOIHYEeCTBA
00pa3oB (He Bceraa MAOCTYIHBIX), a IOJIyYaloIIUecs MOJEIM HE SIBISIFOTCS XOPOILIO
HUHTEPIIPETUPYEMBIMHU, YTO MOXKET CHIDKATh JOBepUe K HHUM. lcronp3oBaHHE CHMBOJBHBIX
3HaHUH KaK OCHOBBI KOJUIAOOPATHBHBIX IPOLECCOB C OJHOW CTOPOHBI U PAacIpOCTPAaHEHHE
HeiipoceteBoro MW ¢ npyroi, oOyCIIOBIMBAIOT HEOOXOMMMOCTh CHHTE3a HeHpoceTeBOit
U CUMBOJILHOM MapaJurM INPUMEHUTENBHO K CO3/IaHUIO0 KOJIAO0PATUBHBIX CHCTEM MOAIEPKKU
MPUHATHUS pelleHuil. B ctaTbe npencraBiieHbl pe3ysbTaThl aHATUTHYECKOTO 0030pa B 001acTH
OHTOJIOTO-OPHEHTHPOBAHHOTO  HEHPO-CHMBOJIHMYECKOTO  HHTEUIEKTa  NPHMEHHTEIEHO
K PELICHHIO 3aJa4 OOMEHA 3HAHUSAMM NPU KOJUIA0OPATUBHOM MOJUIEPIKKE MPUHATHUS PEILICHUI.
A uMeHHoO, B Xozie 0030pa JesaeTcs MONbITKAa OTBETUTh HA 1Ba BOIpOca: 1. Kak CHMBOJIbHBIC
3HaHUS, NPE/ICTaBICHHBIC B BHUJIE OHTOJOTHH, MOTYT OBITH HCIIOJIBb30BaHBI IS YITy4IICHHS
NHU-areHToB, AEHCTBYIOIIMX Ha OCHOBE HEHPOHHBIX ceTel (mepepaya 3HAHUKA OT YeJOoBeKa
k M-arenram); 2. Kak CUMBOJIbHbIE 3HAHUS, IPEACTABICHHbIC B BUJIE OHTOJIOTUH, MOTYT OBITh
HCTIONB30BaHbl sl MHTEPIPETAMU perleHni, npuanMaemMbix WI-arentamu, H oOBsSCHEHMS
9THX peleHui (nepenaya 3Hanuid ot MM-arenra x 4enoBeky). B pesynbraTe npoBeneHHOTo
0630pa copMyIHpOBaHbI PEKOMEHAALUU IO BBHIOOPY METOJOB BHEAPEHUS CHMBOJBHBIX
3HaHUH B HEHpOCETEBbIe MOJIENH, a TAK)KE BBIICJICHBI IEPCIIEKTHBHEIE HANPaBJIEHHUs! OHTOJIOTO-
OPHEHTHPOBAHHBIX METOJ0B 00BACHEHUs] HEHPOHHBIX CETEH.

KiroueBble cioBa: Helpo-cuMBonuueckuid MV, anpuopHble 3HaHMS, MAalIMHHOE
o0yuenue, riryookoe o0yuyenue, o0bsichumbiii U, XAl, onTonoruu.

1. Beegenue. HeiipocereBoit moaxon k WM B mocnenHee
JeCATUNETHEe TMONY4YMJ IIHMPOKOE paclpoCTpaHCHHE, HCKYCCTBEHHBIE
HEHPOHHBIE CETH aKTHBHO MCTIONB3YIOTCS JJIS PEUICHUs IIHMPOKOTO CHEeKTpa
3amad oOpaboTku mH(pOpMaImu (0coOeHHO, cIaboCTPyKTypHpPOBAaHHON —
BU/IEO, ayAMO, TeKcTh). Bmecte ¢ TeM, OZHUM W3 3HAYNTEIBHBIX
HEOCTaTKOB HelpocereBoro mnoaxojga k MW npu npuHATHH pelieHuit
SIBIISIETCS TO, YTO PE3YJIbTAT pabOThl HEHPOHHOW CETH HE BCET/a SIBJISIETCS
JIETKO  HMHTEPNPETUPYEMBIM M OOBSCHUMBIM. OJTO, B YacTHOCTH,
OTpaHMYMBAET JOBEpPHE O3KCIEPTOB K pe3ysibTaTtaM paboThl HEHPOHHBIX
ceTell U cIep)KMBaeT MX NPUMEHEHHE B OTBETCTBEHHBIX oOnacTsx. JlaHHas
mpobiieMa OCO3HAeTCsI HAyYHBIM COOOIIECTBOM — K HACTOSIIEMY BPEMEHHU
MIPETOKEH IIAPOKHUN CHEKTpP METOJIOB, OPHEHTHPOBAHHBIX
HA MHTEpIpeTali0 ¥ OOBSICHEHHWE  MpEeACKa3aHWH,  MOJIydaeMbIX
C MOMOIIBI0 HEWPOHHBIX ceTel [1], ofHAKO 3HAYMTENBHAS YaCTh TAKHX
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METOJIOB Npe/Ha3Ha4YeHa JUIsl SKCIEPTOB B 00JIaCTH MALIMHHOTO OOy4YeHUs
U UCKYCCTBEHHOTO MHTEIUIEKTa, a He U1 OKCIEePTOB NPOOIeMHON
obnactu [2].

KomnabopaTtuBHble CHCTEMBI MOJJIEPKKH HPUHITUS  PELICHHH,
OCHOBaHHbIE Ha B3aHMOJCHCTBHM JIOAEH (dKCIEPTOB) W  areHTOB,
JNEHCTBYIOIMX Ha OCHOBE HCKyCCTBeHHOTo uHTeurekta (MM -areHtos),
SIBIISIIOTCSL OOHOM W3 oOmacteid mpuMeHeHws MU, B KOTOPBIX IaHHBIN
HEIOCTATOK SIBJIAETCS BECbMa CYIECTBEHHBIM. B Takux cucreMax KOMaHAa,
COCTOSIIAsl U3 PAa3HOPOIHBIX YYAaCTHHKOB, B XOA€ PabOTHI HaJ 3aAaHHOM
KOHEYHBIM MOJIb30BATENIEM MPOOJIEMHON CHTyalMel, OCyIIEeCTBIIET cOop
u 00paboTKy wHpOpManuu, (OpPMUPYET U OIICHWBACT BO3MOJKHBIE
AJIbTCPHATHUBLI, IMTO3BOJIASA KOHCUHOMY IMOJIB30BATCIIIO IPUHATH B3BCHICHHOC
u obocHoBaHHOe pemeHue. Ilpu 3TOoM pacmpeneneHue 3afgad MeEXAY
Y4yaCTHUKaMH MOXKET 6I)ITI) KaK XECTKHUM, IUKTYCMbIM 3apaHCC 3aJaHHbIM
crieHapueM, Tak 1 OoJjiee THOKUM, KOTJIa YYaCTHUKHU MpoLiecca HeMpephIBHO
AHATTU3UPYIOT TEKYIEee COCTOSIHHUE PEIICHHs MPOOJIEMBI M BHOCAT BKIIAd B
COOTBETCTBHH CO CBOMMH BO3MOXKHOCTMHE [3].

OcHOBO KOJUTAOOPAaTHBHBIX MPOLECCOB ABISIETCS OOMEH 3HAHUSMHU
1 B3aMMHOE 00ydeHne (IepeHoc 3HaHWH Kak oT denoBeka k MH-arenty, Tak
n Hao0opoT). [Ipn 3TOM KOMMYHHKATHBHBIE TIPOIIECCH] B IIMPOKOM CMBICIIE
TpeOyIOT HaJMYWs HEKOTOPOH CHMBOJBHOW CHCTEMBI, OOECIEYMBAIOIICH
B3auMoeiicTre [4].

Vcnonp30BaHHE CHMBOJIOB KaK  OCHOBBI  KOJIJTaOOpPaTHBHBIX
MPOIIECCOB C OJIHOM CTOPOHBI M paclpocTpaHeHue Heipoceresoro MU
c Ipyroii  00yCIOBIMBAKOT HEOOXOAMMOCTh CHHTE3a HEHPOCETEBOM
M CUMBOJIBHOM napagurM NpuMEHUTEIIBHO K CO3JaHUIO KOHHa60paTI/IBHLIX
CHUCTEM TIOAMCPKKH MpUHATHSA pemeHud. I[1ogoOGHBIN CHHTE3 HOIydHI
Ha3BaHHWE HEHPO-CHMBOIMYECKHN HCKyCcCTBEeHHBINH wuHTEWIeKT [5]. Ilox
HEIPO-CUMBOIMYECKUM HCKYCCTBEHHBIM MHTEIUIEKTOM MOHUMAETCSI OYEHb
OIMPOKHH CHEKTP METOM0B. B naHHOW cTaThe paccMaTpHBaeTCsl OJHO
W3 HAlIpAaBJICHUH  TOJIOOHOW  KOHBEPIE€HIMH,  OCOOCHHO  BaXXHOE
B KOJUTaOOpaTUBHBIX CHCTEMaX, a IMEHHO — IEPEHOC 3HAHMI OT 4YeloBeKa
k UM-aredTy (4To MO3BOJIIET HCIIOJIB30BAaTh AallPUOPHbBIE CHUMBOJILHBIC
3HAHMS /UL TOBBINICHWS KadecTBa paboThl HelpocereBbix MM-areHros)
n ot M-areHTa x 4enoBeKy (YTO MO3BOJSET OOBSICHATH Pe3yIbTaT paboTh
NU-arenrta ¢ moMoIpio ciMBOIOB). [Ipu 3TOM, B cTaThe paccMaTpUBAETCS
JIMIb OJMH M3 BHUAOB CHUMBOJIBHOT'O TNPECACTABJICHUA 3HAHUK — OHTOJIOTHUH
(pucyHOK 1). AKTyaJbHOCTH WCIIONB30BAHUS OHTOJIOTHH KaK OCHOBBI
KOMMYHHUKaTHBHOM CHCTEMBI IIPH KOJUTAOOPATUBHOMN MOAICPKKE MPHUHATHS
pemeHuit 00ycioBIeHa AByMS (paKTopamu:
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1)  Ownronorus NpEeACTaBIsIET  co0oit (hopmannzoBaHHOE
NIPE/ACTaBICHUE TEPMUHOJIOTMM  TpoOJeMHONl  obmact, a  3HAYMUT
U HENIPOTHUBOPEUUBBIA  S3BIK, KOTOPBI MOHSITEH OKCIEPTy W MOXKET
00pabaThIBaTHCS MTPOTPAMMHO.

2) K HactosimieMy MOMEHTY pa3paboTaHO OOJbLIOE KOIHMYECTBO
OHTOJIOTHH JJIsI MHOTHX NpPOOIEMHBIX OOJIacTed. DTH 3HAHUS OIHCAHBI
C UCTIOJIb30BaHUEM  CTaHAAPTH30BaHHBIX  s3bIKOB  (Semantic  Web)
1 IOTCHIHAIBHO MOTYT OBITh HCIIONB30BAHEI B IIHMPOKOM  CIIEKTpe
KOHKPETHBIX MPHUII0KCHUH.

Takum  oOpazomM, B  cTaTbe  TPEACTABICHBI  PE3yJHTATHI
AaHATTUTHIECKOTO 0030pa B OOJIACTH OHTOJIOTO-OPHUEHTHPOBAHHOTO HEWpPO-
CHUMBOJIMUECKOTO MHTEJJIEKTa MPUMEHHUTENBHO K PELICHUIO 3a1ad oOMeHa
3HAHMSAMH B KOJUTADOPATHBHBIX CHCTEMaX MOJACPIKKU MPUHSTHUS PELICHHUH.
A MMeHHO, B X07ie 0030pa JienaeTcs MONbITKa OTBETUTD Ha JBa BONPOCA!

1) Kak cuMBOJIbHBIC 3HAHUSI, TIPESICTABICHHBIC B BUE OHTOJIOTHH,
MOTYT OBITH WCIIOJIB30BaHbI JUIsl yiy4uieHus Wl-areHToB, NelCTBYIONIMX
Ha OCHOBE HEHpPOHHBIX ceTel (mepenada 3HaHUKA OT yenoBeka k HMU-
arcHTam).

2) Kak cuUMBOIbHBIC 3HAHWS, NPEACTABICHHBIE B  BHJIC
OHTOJIOTHHH, MOTYT OBITH HCIIOJB30BAHBI JJISI WHTEPIPETANU PEUICHUH,
npuauMaeMbix WM-areHtamMu, M OOBSICHEHHS JTHUX peIIeHUH (mepemada
3HaHuil oT M-areHra K 4enoBexy).

[ CumBoinsHbll TN ] CyOCcUMBOIIBHBIN

P (metipoceTeBoif)

ITpaBuna .. OwnroJioruu

OHTOJIOT0-OpUEHTHPOBAHHEII
Helpo-cumBonnueckuii N

3HAHUI

IIpencraBnenue

KommpoBanue anmpHopHBIX
CHMBOJILHBIX 3HAHUH

) >

-~ |

CHUMBOJIbHBIE OOBICHEHHUS

Puc. 1. Mecto paccmarpuBaeMbIX METOJIOB B 00u1ei nanutpe metoaos MU
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2. ApXUTEeKTYpBbI HHTerpanuu CHMBOJIBHBIX 3HaHM
B CyOCHMBOJIbHBIC (HelpoceTeBble) MOAEJM MANIMHHOIO O0Oy4eHHs.
IIpu co3maHUM MHTEIUIEKTyalbHBIX CHUCTEM C MCIOJIb30BaHUEM METOMOB
MalIMHHOTO  OOy4YeHWs W, B  YaCTHOCTH, HEHPOHHBIX  CeTeH,
KOMOMHUpPOBAaHHE TIOCIECTHUX C CHMBOJBHBIMH 3HAaHMSAMH  MOXET
OCYIIECTBIITBCS pasiuIHbIME criocobamu [6, 7]. B paGote [8] BrimeneHs!
YeTBIPE PAa3IWYHBIX IOJXO0Ja HHTETpallii, Ha3BaHHBIC «HEHPOCETEBOE
npubmmkenne» («neural approximative reasoning»), «HelpoceTeBoe
paccyxnerue» («neural unification»), «uHTpocmeknms» («introspectiony)
U «MHTETPUPOBAaHHOE TONy4YeHHe 3HaHWi» («integrated knowledge
acquisition»).

IMog TtepMuHOM «HeHpoceTeBOE NPUOIMKEHHE» T[OHUMAIOTCS
METO/IbI, UCTIOJIB3YIOIINE HEHPOHHBIE CETH JUIS TeHEPaluy MPHOIMKEHHBIX
BBIBOJIOB B MHTEJIEKTYaNbHBIX cucTeMax. OJHUM U3 Hanbojee 04eBUAHBIX
myTell g 3TOro  TUNA  MHTETpallMd  ABISETCd  peanu3anus
ANIPOKCUMUPYIOLIEH HEUPOHHOM CETH Ul UMEIOLIUXCS TPaBUIL.

IMoxxoxn «HelpoceTeBoe pacCyKACHUE)» MOpa3yMeBaeT MOBTOPEHUE
MEXaHHW3Ma, WCIONb3YEeMOTO [UIi aBTOMAaTHYECKOTO JIOKa3aTelIbCTBA
TEOpEM, a WMCHHO BBIIOJHEHHWE IIOCIECJOBATEIbHOCTH JIOTMYECKUX
YTBEP)KACHUH, TNPUBOMIMIMX K TIOATBEP)KACHUIO WM ONPOBEPKCHUIO
ucxomHoro yrtBepxkneHus [9]. B HEHpOHHBIX ceTsX Uil 3TOrO
UCTIONB3YIOTCSI  METOABl KOAMPOBAHWS 3HAHMA C  HCIOJIb30BaHHEM
BBIJICTICHHBIX 3JIEMEHTOB CETH U CIIEIHAIBHBIX TUIIOB CBSI3€H JUIA OIMHCAaHUSL
JJIEMEHTOB yTBEpPXKICHMA. PaccyxieHHe OCyIIecTBISeTcd Ha OCHOBE
MUHUMM3ALUK [IOKa3aTelsl «3HEPrum» IpH OOHOBICHHH COCTOSIHUS
HelpoHHOUW ceTH. OOydyeHHe Takux ceTed, Kak MpPaBHJIO, BBIMOIHIETCS
C UCTIONIF30BaHUEM «METaMHTEPIPETaTopa», TeHepupylomero o0yJaromue
m1abNnoHbl,  HAampUMep,  MOCPEACTBOM  KOAMPOBAHUS  YCIEIIHBIX
JoKa3aTenbcTB Ha s3blke Prolog. OOydeHHas Ha Takux IpuMepax
JIOKa3aTeNbCTB  HEHpOHHAs ceTh CrmocoOHa 0000maTh  CTPATETHIO
yIpaBJIeHuUs [yl BIOOpa JJOBOJIOB IIPH J0Ka3aTeNIbCTBE YTBEP)KICHHUMH.

IMon «wHTpOCHEKIMEH» TOHUMAIOTCS METOABl M TEXHOJIOTHH,
¢ momompio Kotopeix MM «HabmomaeT» 3a COOCTBEHHBIM MOBEACHHEM
W yly4iiaeT cBOK paboTy. DTOT MOAXOJ MOXET OBITh pealn30BaH
C IOMOIIBI0  HEHPOHHBIX  CeTeH,  KOTOphIe  «HAONIOJaroT»  3a
NIOCJIEZIOBATENBHOCTBIO 1IaroB, BblNOJIHAEeMbIX MM npu ocyimecTBieHUn
JIOTUYECKOT0 BbIBOJA. TakoM MOAXOA YacTO HAa3bIBAIOT YIPaBIISIOIIUM
sHanmeM (control knowledge). Korma nabmomaemoe moBenaenne WU
3aKOMPOBAHO COOTBETCTBYIOUIMM 00pa3oM, HEHWPOHHAas CETh MOXKET
HAY4YHUThCSA M30€raTh OMMOOYHBIX IMyTeH M OBICTpee MPUXOAUTH K CBOUM
BBIBOJIAM.
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[Mogxon «WHTErpUpPOBaHHOE IMOJyYEHHE 3HAHWKH» OCHOBaH Ha
crenyoomux npeanocsuikax: a) M1 B OCHOBHOM 3aBHCHUT OT 4YeJOBEKa-
9KCIepTa, KOTOpBIH (OPMYyJIHpPYeT 3HaHHS B BHJAE CHMBOJIBHBIX
yTBepokAcHUil (paBui); 0) SKCIEPTy MPaKTHYCCKH HEBO3MOXHO OITHCATh
CBOU 3HAHMS B BHJE NPaBUI (B YaCTHOCTH, OYEHb TPYIHO ONHUCAThH 3HAHMS,
npuoOpeTeHHbIe OMBITHBIM TyTeMm). [losTtomy, Hampumep, WU wmoxer
OKa3aThCs HE B COCTOSIHUM ITOCTaBHUTh ANArHO3, KOTOPBII MOKET MOCTABUTH
omerTHEIA Bpau [10]. Takum 06pa3oM, OCHOBHaAs MpoOIeMa 3aKIFOYaeTCs
B TOM, KaK HM3BJI€Yb 3HAHUS M3 OIPaHHUCHHOrO Habopa NMpHMeEpoB (Majble
JaHHBIe) s ucmonb3oBanmss WM. Mopenn MammHHOTO OOy4YeHHS
pacmmpsoT BO3MOXKHOCTH Kiaccmdeckoro M B obmacTe JOrmd4eckoro
BBIBOJIa 332 CUET CIOCOOHOCTH K OOOOIICHHI0O M 00pabOTKE HEMOJIHBIX
JaHHBIX. TO ecTh MOXHO HCIIOJIb30BaTh alTOPUTMBI 00y4eHUsT HEHPOHHOM
CeTH C y4UTeJIeM JIS U3BJICUCHHs 3aKOHOMEPHOCTE! U3 MPUMEPOB, a 3aTeM
TeHepaTop  CHMBOJBHBIX  MpaBWI  MOXET  IpeoOpa3oBaTh  3TH
3aKOHOMEPHOCTH B TpaBWIa, pealu3yeMmble, Hampumep, Ha s3bike Prolog.
C npyroif CTOpOHBI, HaJM4Yhe SBHBIX CHMBOJIBHBIX 3HaHUH (TIpaBHII)
MO3BOJIIET YMCHBIINTh 00BeM OOYyYalolMX MAaHHBIX [UIS  BBIABICHUS
HESIBHBIX 3aKOHOMepHocTed. CreHepHpoBaHHBIE MpaBWia M OOydeHHAs
HEWpOHHAs CeTh BCTPaMBAIOTCS B CepBUCH Ha ocHoBe MU B kauecTBe 6a3bl
3HAHUU.

B pabore [11] mpemtoxkeHa KIacCH(PUKAIUSI — APXUTEKTYD,
00BEIUHSIONINX CUMBOJIbHBIC 3HAHHUSA U CYOCHMBOJIbHBIC (HEHPOCETEBBIC)
3HaHUS (Ha3bIBaeMble KOMOWHUPOBAaHHBIMM HEHPOHHBIMH CHCTEMaMH).
Hannas kiaccudukanms BKIIOYAET CIENYIOUIME THIBI  apXUTEKTYp
(pucyHoOK 2):

—  YHuuuupoBaHHAas  apXUTEKTypa: CHMBOJbHbIE  3HAHUSA
HEINOCPEACTBEHHO KOAUPYIOTCS B HEPOHHOM CETH.

o JlokampHas KOHHEKIHMOHHCTCKas apxurektypa (localist
connectionist architecture): oTnensHBIe pparMeHTH HEUPOHHON
CeTH HaNpaBJICHbI Ha KOANPOBAHNE CUMBOJIbHBIX 3HAHHH.

e  PacnpenencHHas HEWpOHHAS ApPXUTEKTYypa: CHMBOJIBHBIC
U HEHpOCeTeBble  3HAHMS  KOAWPYIOTCS  HEBBIICICHHBIMU
NepeKpBIBAIOIIMMHUCS (pparMeHTaMu HEHPOHHOIT ceTn.

—  TpanchopmanmonHas apXUTEKTypa (aHanornuHa
YHHPHUINPOBAHHON apXHUTEKType, HO BKIIOYAeT MEXaHU3MBI MepeBoja
(Tparchopmarn) cyOCHMBOIBHBIX MPEICTABICHUNA 3HAHUN B CUMBOJIBHBIC
n/mnu  HaobopoT). OOBIYHO, Takas apXHUTEKTypa peamu3yercs depes
MEXaHU3MBl W3BIICYCHHS CHUMBOJBHBIX 3HAHWH (HampuMep, IIpaBHII)
13 00y4eHHOW HEHPOHHOMU CeTH.
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ApXI/ITeKTprI HUHTErpaniii CUMBOJIbHBIX 3HAHUU B HCﬁpOCCTeBBIC MOJCIIN
MalluHHOT'O 06y‘ICHI/I$I

— YHupuumuposaHHas
HefpoHHan cets
CumeonbHble
-
— PacnpenenenHas
NanHbie
X
Heiponian cet .
CHMBONBHBIE 3HAHUA
JlokanbHas

KOHHCKIMOHUCTCKast
X

ynuTar
G
] CumBonbHbie
Hesiponnas cets sHaHUA

CumBONBHBIE

— TpaHchopMaroHHas swann

| 'ubpunnas
MOy JIbHAs

HefporHan cets

— CB06OI[HO CBsA3aHHas1

[aHHb CumBONbHBIE CvmBonbHBIE Pesynetat
sHaHUA 3nanna X€
He#poHHanA ceTb
0byuenne
AaHHble CHMMBONBHbIE Pesynbtar
— Kectko X X6

CBs3aHHasA

Boisog,

Puc. 2. ApXUTEKTYpbl HHTETPallii CHMBOJIBHBIX 3HAHUH B HeffpoceTeBbIe MOJIEIH
MAaIIMHHOTO 00yJeHUS.
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I'mbpunnas MOJIyJbHas apXHUTEKTypa: CHUMBOJIbHBIE

U HeWpoceTeBble 3HAHUSA KOAUPYIOTCS B OTHENbHBIX MOAYJIAX (MOAYNb
CHUMBOJIbHBIX 3HAaHUH U MOAYJIb HEMPOCETEBBIX 3HAHUIA).

B

e  CB00OOIHO CBsi3aHHAS: MH(DOPMAIUS MOKET MEPEIaBATHCS
OT OJJHOTO MOJYJISL K JIPYyrOMY TOJIBKO B OJHOM HAaIIpaBJICHHU.
Kak mpaBmno, B Momemix ¢ MOJOOHOH apXHTEKTypon
CHMBOJIbHBIE 3HAHUS HCIOIB3YIOTCS JINOO IS IPeaoOpaboTKH
W/VITH TOTIONTHEHMS JaHHBIX TIepe]] UX Mepeaadeii B HeHpOHHYI0
CeTh, THOO0 I MOCTOOPaOOTKH BEIXOIHBIX JAaHHBIX HEUPOHHON
CceTH.

e  Xecrtko CBsI3aHHAS: oOMeH nHpopManuei
OCYILECTBIISICTCSL Yepe3 OOIIMe CTPYKTYphl JaHHBIX B JIFOOOM
HaIlpaBJICHUH.

° IlonHOCTBIO MHTETPUpOBAHHAS AapPXUTEKTypa: MOJYJH
B3aUMOCBSI3aHBbI 110 HECKOJBKUM KaHaJlaM MJIH Ja)ke Ha OCHOBE
UX TePEKPHIBAOLINXCS (PPArMEHTOB.

padore [12] paccMOTpeHBl  HENMOCPEICTBEHHO  MOJCIH

MIPEACTABICHUS 3HAaHUN B paMKaxX HEHPOHHBIX ceTel. ABTOPHI IpEIIaraoT
CIIEAYIONIYIO KJIACCH(HUKALHIO.

logic).

582

[Mpormno3unnoHHas JOoruKa / TOTHKa BhICKa3bIBaHUH (propositional

e IlpencraBmeHne Ha OcHOBe TmpaBwia. PaboTel 1o
MIPEJCTABIICHUIO CHMBOJIBHBIX 3HAaHUH B KOHHEKIIMOHHUCTCKHX
CEeTAX HANpaBJECHbl Ha aJaNTalUI0 MapaMeTpoB Mojeneil uist
YCTaHOBKH AKBUBAJICHTHOCTH MEXIYy (QYHKIHEH 0TOOpakeHHs,
NIPECTAaBICHHON  CPEICTBAMU  HEUPOCETEBOM  MOJEIH,
U TIpaBWJIaMH  JIOTMYECKOTO BBIBOJA. bBBUIO IOKa3aHO, dYTO
OTpaHWYCHUE 3HAYEHUH CHHANTHYECKUX BECOB HEWPOHHOU
CeTH TIO3BOJISIET BBINOJHATE PAacdyeThl HAa OCHOBE aJTOPUTMa
MIPSIMOTO  PaclpOCTPaHEHHsI, CIIOCOOHBIE TOYHO HMHTHPOBATh
TIOBE/ICHHE TIPaBHJI JIOTHYECKOTO BBIBOAA.

e [lpencraBnenne Ha ocHOBe (opmyin. OmHa U3 npodiieMm
C TIPEJCTAaBIICHUNEM 3HAaHMH Ha OCHOBE MPaBWII, HANpUMeEp,
Bcrimie KBANN  (Knowledge-Based  Artificial  Neural
Network / ocHoBaHHast Ha 3HAHUSIX WCKYCCTBEHHAsI HEHpPOHHASA
cetp) miu CILP (Connectionist inductive learning and logic
programming / TpoOrpaMMHpPOBaHHE KOHHEKIIMOHCHCTCKOTO
WHAYKTUBHOTO OOYYCHHS W JIOTWKH), 3aKITIOYAeTCS B TOM, YTO
JUCKPUMHUHAIIMOHHAS CTPYKTYpa MCKYCCTBEHHBIX HEHPOHHBIX
ceTel  MO3BONAET  paccUUTaTh  TONBKO  TOAMHOKECTBO
TIepeMEHHBIX (CIIeACTBHS POPMYJIBI "ecar-T0"), €CIIU TOIBKO He
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UCTIONB3YIOTCSl PEKYPPEHTHBIE CETH, @ OCTaNIbHBIE IEPEMEHHBIE
(npennocekuiku Gopmynsl "ecnu-to") OyAyT paccMaTpUBAaThCS
TOJIBKO KaK BXOJbl. DTO HE BIOJIHE COOTBETCTBYET MOBEICHHUIO
Jorn4eckux (Gopmyn u He 0OecredrBaeT MOIAEPKKY OOIIero
JIOTHYECKOTO BBIBOJA, TIA€ MOXKET OBITH BBIBEIEHA JII0Oast
mepeMeHHas. Jlmsg  pemieHWs OTOH  MPOOJIEMBI  MOXHO
HCTIONI30BaTh T€HEPATHBHBIC HEHPOHHBIE CETH, IOCKOJIBKY OHU

MOTYT paccmarpuBarthb BCE HepeMeHHbIC

KakK

HEIUCKPHIMUHALMOHHbIE. B Takom ¢opmynsHOM mozaxoze,
OOBITHO CBSI3aHHOM C OTPaHHUYEHHBIMHU MallMHAMH boiblMana
B KauecTBE CTPOHUTEIBHOTO OJIOKa, OCHOBHOE BHHMAaHHE

yaensercs  OTOOpaXeHHIO  JIOTHYecKuX  (opMyln

Ha

CUMMCTPUYHBIC KOHHEKIMOHUCTCKHUE CCTH, KaXKaasd N3 KOTOPBIX

xapakrepusyetcs GpyHkipei suepruu [13, 14].
—  Jloruka nepBoro nopsaka.

° IIpono3unnonanuzauus. llpeacraBnenue 3HaHUI

B

JIOTHKE MEPBOr0 MOpPAAKAa B HEHPOHHBIX CETAX SBISAETCA
N3BECTHON NPOOJIEMOH, HO OHAa MOJKET OBITh OTYACTH pEIICHA
32 C4eT U3Y4YCHHs NPEACTAaBICHHS NPOMO3ULIUOHHON JIOTUKU
C MOMOIIBI0 METOJOB mpomno3unuoHaiuzauuu [15]. Takue
METOJBl TO3BOJSIIOT TpeoOpa3oBaTh 0a3zy 3HAHMI IEPBOTO
MOpsiIKa B IIPONO3MIMOHHYIO 0a3y 3HAaHHMH C COXpaHEHHEM
JIOTUYECKUX CJIEICTBUH. B HEUPO-CUMBOJINYECKUX
BBIUMCIICHUSIX TIPOINO3UIMOHANN3AIMS KOHKPETH3UPOBAaHHBIX
BbicKa3piBaHuil (bottom clause prositionalisation) sBsieTcs
MOIYJIIPHBIM TIOJXOJIOM, IIOCKOJBKY TaKHe BBICKA3bIBAHUS
MOTYT OBITh 3aKOAWPOBAHBI HEMOCPEACTBEHHO B HEHPOHHBIX
CeTsIX KaK XapaKTepUCTUKH JAHHBIX C  COXpaHEHHEM

CCMAHTUKU.

e  Tensopuszauus. TeH3opu3amusi — 3TO KIAcC IOJXO/IOB,
KOTOpbIE OPHEHTUPOBAaHbI Ha BCTPAHBAHHE TAKUX CHMBOJIOB
JIOTWKU TIEPBOTO MOPSIJIKA, KAK KOHCTAHTHI, (haKThl U MpaBHIIA,
B TEH30pbl BEHIECTBEHHbIX 3HauyeHuit [16 —18]. OO6buHO
KOHCTaHTHI NPEJICTABISIIOTCS B BUJIE BEKTOPOB (TEH30p MEPBOTO
nopsiaka). Ilpenukarsl M QYHKIMH NPEACTABISIOTCS B BHIE
MaTpul] (TEH30p BTOPOTO TWOpPSAKAa) WIM TEH30poB Ooee

BBICOKOI'O IMOpAIKaA.

e  TewmmopanpHas joruka. OIHONW M3 caMBIX PaHHUX PadboT
[0 TEMIIOPATbHOM JIOTHKE W HEHPOHHBIM CeTSIM SIBISETCS
MOJXOJ HAa OCHOBE KOHHEKIIMOHUCTCKOI TEeMIOPaIbHOM JIOTUKU
(Connectionist Temporal Logic/ CTL), B kotopom
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UCTIONIB3YIOTCST aHCaMOJIM PEKypPEHTHBIX HEHPOHHBIX ceTel
JUISL TIPE/ICTaBIICHUS] CEMaHTHKU BO3MOXKHOT'O MHUpa JIMHEHHOU
Bpemennoir joruku [19]. C OmHHM CKDBITBIM CIIOEM
U MONYJIMHEHHBIMH ~ HEHpOHAMH CETH MOTYT BBIYHCIATH
CEeMaHTHKy NpaBHJI TEMIIOPaJIbHOW JIOTHKH C (PMKCHPOBaHHON
toukoit  (fixed-point  semantics). Jlpyras paGora 1O
TIPEIICTABIICHIIO BPEMEHHBIX 3HAHMM TpesiokeHa B padore [20],
MPE/ICTABISIIONICH — ITOCIIEA0BATENbHY0  KOHHEKIIMOHHCTCKYIO
TemmopansHyto Joruky (Sequential Connectionist Temporal
Logic / SCTL), rme CILP pacirupeso as1st paboThl ¢ HeTMHEHHON
aBTOPETPECCHOHHOM ~ Mozenpto. B pabore [21]  Heiipo-
CHUMBOJIMYECKUEC KOIHUTHBHBIC arcHThI MpeACTaBIIAIOT
BPEMEHHBIE 3HAaHUA B  PEKYPPEHTHBIX  TEMIOPAIbHBIX
OTpaHMYEHHBIX MamuHax bomerManHa. 3peck  mpaBuia
TEMIIOPAJIbHOU JIOTUKM MOJEIUPYIOTCS B BHUJE PEKYyPCUBHBIX
KOHBIOHKIIUH, NIPEACTaBICHHBIX PEKYPPEHTHBIMU
CTpyKTypamMu. BcTpaumBaHue TeMIOPAIbHBIX PEISALMOHHBIX
3HaHWII OBUIO W3y4eHO MW B TEH30PHOW pEKyppeHTHOU
HEWpPOHHOW CETH C IIPUMEHEHHEM B BOIPOCHO-OTBETHBIX
cucremax [22].

PaccMmoTrpeHHble nmanee palOOTBHI CTPyNIIMPOBAaHBI B COOTBETCTBHE
C MCHOJIBb3yEeMOH APXUTEKTypOH 00BbeANHEHNUS CHUMBOJIBHBIX
U CyOCHMBOJIbHBIX 3HAHUH.

2.1. YupuuupoBaHHas apxutektypa. B pabore [23] npemnoxero
KOJUPOBaTh  CUMBOJIbHBIE  TpaBWia JiMOO  myTeM  J00aBJIeHUs
JIOTIOJTHUTENBHBIX  CKPBITBIX  (HeoOyuaembIx)  OlOKOB  (JIOKaJIbHAs
KOHHEKIIMOHUCTCKAs apXUTEKTypa), JIMOO MyTeM TOJTHOTO MpeoOpa3oBaHus
0a3bl MpaBUJ B HEHPOHHYIO ceTh ¢ momornbio Meroga KBANN [24]
(pacripenerneHHass HEHpoOHHas apxuTekTypa). Bo BTopoM ciydae Osoku
SIBISIFOTCSL 00y4aeMBIMH, TO €CThb BBINIOJNHACTCS WTEPaTHBHOE CO3/aHHE
9JIEMEHTOB CKPBITOTO CJIOS, OIMCHIBAIOIIMX Pa3/elIIOIyl0 HOBEPXHOCTD
JUIT KOHKPETHBIX TNpUMEpoB oOyuaromeii BeiOOpku. IlpenctaBineHHbIE
B CTaTh€ SKCIIEPUMEHTHI MTOKA3bIBAIOT 3HAYUTEIEHOE YBEINIEHHE TOYHOCTH
IIPY MHTETPALMU TPaBWI, OCOOEHHO NPH MHTErpalii ¢ MOMOIIBIO METoa
KBANN, xorma mnpaBwiia KOPPEKTHPYIOTCSI B TMpolecce OOydeHHS.
OtnuuntensHO ocobeHHOCTRIO KBANN sBisieTcst ero CrmocoOGHOCTB
paGOTaTB C HpH6HH3HTeHBHBIMI/I CHUMBOJIbHBIMU 3HAaHUAMH, KOTOPEBIC
YTOUHSIIOTCS B TIPOIIECCE O0yUEHUSI.

2.1.1. JloxanbHasi KOHHEKIIMOHUCTCKAsI apXuTeKTypa.
OTnnuuTensHOM 0COOEHHOCTHIO HEKOTOPBIX TOJIX0JI0B
¢ YHUQUIMPOBAHHONW apXUTEKTYpOH SIBISETCS BO3MOXKHOCTH YTOYHSTH
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TOIIOJIOTHIO HEHPOHHON CETH U, TAKUM 00pa3oM, 100aBIsTh HOBBIE IIPAaBUIIA
B (mepedopmynupoBaHHy0) 6azy mpaBwi. [1o3TOMy HpH HCHOJNB30BaHUH
OHTOJIOTMI NpOOJIEMHOH 00JacTH, B KOTOPHIX OTCYTCTBYIOT IIpaBUIIa,
0000meHne oOKa3plBaeTcsi CinabbiM, a OOy4YeHHE MOXET HCIIOPTUTH
UCXOJHBIE NPaBMWiIa — JIaXKe T€, KOTOPbIE N3HAYAIbHO OBUIN MPaBUIILHBIMH.
B cratbe [25] npencrasnen anroput™ TopGen, pacmpsroOnuil aqropuTm
KBANN, KOTOpBIHf 3BPHUCTHYECKH HIIET BO3MOXKHBIC PACIIHPEHHUS CETH
KBANN. B TopGen 310 gocturaercs ImyTeM JUHAMHYECKOTO T00aBICHUS
CKPBITBIX Y3JI0B K HEHPOHHOMY IPEACTAaBICHUIO OHTOJOTMH NPOOIEMHON
obnacTH, YTO aHAJOTMYHO JMJOOaBICHHWIO TpaBWI K 0Oa3e 3HAHWI.
IIpencTaBneHHbIE B CTaTbe O3KCHEPHMEHTHI IIOKa3bIBAIOT, YTO JaHHBIN
ITOPUTM CIIOCOOEH 3BPHCTHYECKH HAXOOUTh A(QeKTUBHBIE MecTa s
no0aBieHNs y3JI0B B 0a3bl 3HAHWI. AJNTOpPUTM IOKa3al CTaTUCTUYECKH
3HaYMMOe YyIydlleHHe Mo cpaBHeHHIO ¢ anroputMoM KBANN Bo Bcex
NPEACTABJICHHBIX IIATH o0JacTIx MMPUMCHCHUA.

OcobenHocThIO PaboTHI [26] sBiIsIeTCS TO, YTO B HEW MpeACTaBIECHA
cXeMa, KOTOpas HCIOJIb3yeT OLEHKH (QYHKIMH «YEPHOTO SIIIUKA»)
B COYETAHMH C  CHMBOJIHBIMH  BBIPQKEHHAMH,  ONPEICIIIONINMHI
OTHOIIGHWS MEXIYy JaHHBIMH (QYHKIUAMH. ABTOPBI  HCIIOJB3YIOT
apesoBugHele  LSTM-cetm [ peanuzauud  CTPYKTYpPbl  JIEPEBHEB
CHUMBOJIBHBIX BBIpOXCHHH. Umncna, MPUCYTCTBYIOIIME B JaHHBIX OIEHKH
(GYHKIOMHA, TPEACTABISIIOTCS B BHAE JICCATHYHOTO  IPEICTABICHUS
B JIPEBOBUJIHOM KOJUPOBKE.

B pabore [27] aBTOpBl HCHONB3YHOT CHMBOJIBHBIE 3HAHHS IS
TOBBILICHUS] MPOM3BOAMTENHLHOCTH TIpad)OBBIX CBEPTOYHBIX HEWPOHHBIX
cereii (GCN), a Taxxke ux oOydeHHUS Ha MEHBIIUX 00beMax O00ydaronIux
JaHHBIX. ABTOpHl pacmupsior kiaccudeckue GCN  mocpencTBoM
BHeApeHUss  (HOpMya  MPOMO3UIIMOHHOW  Jiormku. g co3gaHus
CEeMaHTHYECKH BEPHBIX pacUIMpeHHH pa3paboTaHbl METO/bI PACIIO3HABAHUS
HEOJHOPOJHOCTH BEPIIMH W CEMaHTHYECKOH pEeryJsipu3aluu, KOTOpbIe
BKJIIOYAIOT CTPYKTYPHBIE OrpaHMYEHHs. MeXaHW3M BCTpamBaHUS (GOPMYI
MPOeLpyeT JIoTHUeckue rpadbl, HpencTaBidomue (opMysbl, Ha Bce
MHOTo0o0Opa3ue pemeHnii TakuM 00pa3oM, 4TOOBI pe3ysbTaT JIOTHYECKOTO
BBIBOJIa ACCOLIMHPOBAJICS C PACCTOSHUEM TaK, YTOOBI YZOBJICTBOPSIOIINE
(dopMmyne 3HAYCHHS HaXOMWINCh Obl ONMKEe K BCTpOeHHOW (opmyne
(pucynok 3). Takoe NpPOCTPAHCTBO IIO3BOJSET OBICTPO NPOBOJUTH
MPUOIN3NUTENIFHBIE TIPOBEPKH 3HAYCHWH W HCHOJB3YeTCS IS OLEHKH
(YHKINHN JTOTHYECKUX TOTEPh, KOTOPHIE PETyIpH3NPYIOT HEHPOHHYIO CETh
JUISL pEILIeHUs] 11eJIEBOU 3a/1auu.
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OR Semantic Regularization: Q) Layern o Formula + Satisfying Assign.
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LENSR " by OR nodes Learned Embedding Space

Puc. 3. Pacompenne knaccnueckoit GCN nocpenctBoM BHeapeHUs GopMyi
MPONO3HUIMOHHON JIOTHKH [27]

2.1.2. PacnipeneiienHasi Heifiponnas apxutektypa. B [28]
MPEJCTaBICHA CTPYKTYpa, KOTopas 00beUHSCT TTyOOKHe HEHPOHHBIC CETH
C JIOTMYECKUMH TIpaBWJIaMH IIEpBOTO  IOPSAAKA, YTO  IIO3BOJIWIIO
WHTErPUPOBATh YEJIOBEUECKHE 3HAHUS M HAMEPEHHUSI B HEHPOHHBIE MOJICIH.
B uacTHOCTH, TpeIOKeHa MTEepaTHBHAS MPOLEAypa, KOTOpas MepeHOCUT
CTPYKTYPHUPOBAHHYIO HH(DOPMAIIUIO IOTMYECKUX TPABKII B BECa HEUPOHHBIX
cereil. [lepeHOC OCyIECTBISETCS Yepe3 O0ydarolyl0 CeTh, MOCTPOCHHYIO
C MCHOJIb30BaHUEM NpUHIKTA aroCTEPUOPHOIA peryJsipU3aIiH.
Hcnonp3ytoTest [Be ceTH — y4uTeldb W ydeHHUK. CeTb-ydHTellh CHauania
YYUTCS HMUTHPOBATh JIOTHYECKHE NpaBHia, 3aJaHHbIC AHATMTHUYCCKH.
3areM, CeThb-y4HTeNb MCIONB3YyeTCS Ui OOy4YeHHUS CeTH-YUCHHKA.
Ha ka0l urepaluu ceThb-yuUTElb OOHOBIISIETCS IyTEM IMPOCHUPOBAHUS
CeTH-yuYeHHKa B  IOJNPOCTPAHCTBO,  OIPAaHHYEHHOE  MpaBHJIAMH,
B pe3yJibTaTe 4Yero OHa IMpuoOpeTaeT K ejaemble CBOHCTBA. CeTb-yUEHUK
OOHOBIISIETCSL TIyTeM OalaHCHPOBAHHUS MEXIy alnpOKCHMHPOBAHHEM CETH-
YUUTeNsT W TpeJICKa3aHueM HMCTHHHBIX pe3yJIbTaTOB Ha oOOydarolieit
BBIOOpPKE (PUCYHOK 4).

-
¢ Paoto| s

] \ projection_ - = =|= ===~ -
q(ylx) N Ve —
back
teacher propagation student
o q(y|x) pe v|x)
logic rules
L J

meled daﬂ
Puc. 4. Vicrnionp30BaHUe TAphl CETh-YUUTEIb — CETh-yUCHHK ISl BHEAPCHHUSI
JIOTHYECKHX TPABHII B HEHPOHHYTO ceTh [28]
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B pa6ote [29] B KavyecTBe CHMBOJBHBIX 3HAHUH HCIOJIB3YIOTCS
nornyeckue mnpaswia. OOyueHue BBINONHSAETCS B 1Ba dTama. CHauvana
MOJIeNIb MAIIMHHOT'O O0Yy4eHHs, TIOCTPOCHHAsi HA OCHOBE HEHPOHHOM ceTH,
oOy4aercs TOJBKO Ha NpaBHIax, KOTOPbIE MOTYT OIMCHIBaTh TpeOyemble
3aKOHOMEPHOCTH JIOBOJBHO Tpy0O (C BEPOSTHOCTHIO, OTIIMYHON OT 1).
3arem, Ha dTare yTOYHEHHUS MOJACTHh 00yJIaeTCs «KJIACCHIECKUM) CII0COO0M
Ha npuMepax. JlaHHBIH MOJX0/1 MO3BOJIMI aBTOPaM CYIECTBEHHO YCKOPUTH
CXOIMMOCTB MOJIENIH B TIpoLiecce O0yUeHNS.

2.2. TpanchopManHoHHAas apXUTEKTypa. Pa6ora [30]
MPEACTABISIET KOMIUIEKCHYIO CXEMy, OOBEAMHSIONIYI0 CHMBOJIBHBIN
1 CyOCHMBONBHBI ~TOAXOOBI, ¥ OOBEIWHSACT pPE3yNbTaThl  PabOTHI
HECKOJBKHX ~ HCCIEJOBATEIbCKUX TPYHIm. Jta cxema (PHUCYHOK 5)
paccMarpuBaeT CoueTaHHe CHMBOJBHOTO M HEHPOCETEBOro OOy4YeHHUs Kak
TpexsTamHbli  mporiecc: 1) BBeJ€HHE  CHMBOJILHOH  HH(pOpMAIHU
B HEHPOHHYIO C€Th, TeM CaMbIM (YaCTUYHO) OMNpEeHeNsAs TOIMOJIOTHIO
Y HAYalbHBIC BECOBBIC MMApaMETPhl CETH; 2) YTOYHEHHE O3TOH CeTH
C IIOMOIIBI0 YHUCJICHHOI'O METOJa ONTHUMH3AIMH, Takoro Kak oOparHoe
pacIpocTpaHeHHE, BO3MOXHO, HOJA PYKOBOJCTBOM CHMBOJBHBIX 3HAHWH;
3) u3BJICYCHUE CHMBOJIBHBIX IIPaBWJ, KOTOpbIE TOYHO HPEICTABIAIOT
3HaHMS, COJEprKaluecss B OOy4eHHOW ceTH. XOTsS 3TH TPH KOMIIOHEHTa
00pa3yroT MOJIHYI0 KapTHHY: NPHOIM3HTENBFHO IPaBHIbHAS CHMBOJIBHAS
nHpopmanmss Ha BXojae M Ooiee TOYHAas CHMBOJIbHAsS HWH(OpMAaLus
Ha BBIXOJIE, B TO € BpPEMsS OHHM MOTYT H3y4YaThbCsl HE3aBHUCHUMO JpPYT

OT Jpyra.

Htorosnie
CHMBOJIbHEIE
3HAHUS

Ucxoausie
CHMBOJILHEIE
3HAHHS

BcraBka [pumeps N3Bneuenue

A

4

Hrorosast
HEHpOHHas CeTh

Hcxonnas
HEHpPOHHas CEeTh

YTouHeHUEe

Puc. 5. [Togxon k 00bETMHEHHIO CHMBOIIBHBIX M CyOCHMBOIBHBIX 3HAHUI

Informatics and Automation. 2023. Vol. 22 No. 3. ISSN 2713-3192 (print) 587
ISSN 2713-3206 (online) www.ia.spcras.ru



WNCKYCCTBEHHbLIV UHTENNEKT, MHXEHEPWA OAHHBIX 1 3HAHUI

2.3. 'n6punas MOIyJIbHAsI apXUTEKTYpa

2.3.1. CBoOoHO cBsi3aHHAsi apxuTekTypa. B nccnenosannu [31]
npeasaraercs copMectHast OycrunroBas cucrema (Collaboratively Boosting
Framework / CBF) ans urepaTuBHOrO OOBEAMHEHHUS MOXYJS IIyOOKOTO
00y4YeHUsI U MOJYJIsl OHTOJOTMYECKUX paccykaeHuid. Moayss riryOokoro
00ydYeHHs WCIONB3YyeT apXUTEKTypy TIyOOKOH HEHpOHHOH ceTm mis
cemanTnueckoil cermenramuu (Deep Semantic Segmentation Network /
DSSN) u mpuHMMaeT Ha BXOI HHTETPALMIO MCXOIHOTO H300paKCHHUS |
JIOTHYECKH BBIBEJICHHBIC 3HAHMA (KaHAJBl JIOTHYECKOro BBIBOJa). Kpome
TOTO, MOIyIh OHTOJIOTHYECKHX paccykaeHnit COCTOUT u3
BHYTPUTaKCOHOMHYECKHMX ¥ BHETAKCOHOMHYECKHX paccyxaeHuil. bonee
KOHKPETHO — BHYTPHUTAaKCOHOMHUYECKHE paCCyXKICHHS HENOCPEACTBEHHO
UCTIPABJISIIOT HEMPABUIIbHBIE KIACCU(HUKAIMKA MOAYJIsSI TIyOOKOro o0ydeHHs
HAa OCHOBC 3HAHWH O MPOOJIEMHON OO0JACTH, YTO SIBJISACTCS KIIOYOM K
yiaydmieHnio  3ddexktuBHOCTH  KiIaccubukanuy. BHeETaKCOHOMHUYECKHE
paccyXJIeHHs HalpaBJeHbl Ha CO3/laHHE KaHAJOB JIOTHYECKOTO BBIBOJA 32
IpefenaMy TeKyIleld TAKCOHOMUU AN yiydieHus xapakrepuctuk DSSN B
HCXOJHOM TIPOCTpaHCTBE H300paxkeHHH. C OAHOH CTOPOHBI, IMOJB3YSACH
CCBUIOYHBIMH KaHJIAMH M3 MOJIYJIS OHTOJIOTHYECKHX PacCCyKACHHH,
MOJyNb TIIyOOKOTro OOydYeHHMs, MCIONB3YIOIINI HHTETPAIMIO HCXOIHOTO
n300paXeHUsT M YKa3aHHBIX BBINIE KaHAJIOB, MOXKET JOCTHYb JIYYIIHX
Pe3yIbTaTOB KJIAacCH(HUKANNH, YeM IPH MCIOIB30BAHUH TOJIBKO HCXOIHOTO
n3obpaxkerus. C npyroil CTOpPOHBI, JydIIne pe3yibTaThl KIAacCH(PHUKALNH,
MOJIyY€HHbIE C TOMOIIBI0 MOAYJS TIyOOKOTO OOydeHus, eme Oomblie
MOBBIIIAIOT  3(PQPEKTUBHOCTh  pabOTBl  MOAYJSL  OHTOJOTHYECKHX
paccyxaeHuil.

Asropel  cratbu  [32] paccmarpuBarOT mpoOseMbl  (HAapUMED,
mpo0ieMy  TPOTHO3UPOBAHHMS  CBOHCTB ~ XMMHYECKUX  COSIMHEHUM)
CO CICAYIOLIMMH XapaKTepUCTHKaMHU: 1) TaHHBIE €CTECTBEHHBIM 00pa3oM
npencraBieHsl B Buae rpado; 2) o0beM NOCTYIHBIX JAHHBIX OOBIYHO
HEBEJMK; M 3) UMCIOTCSI 3HAYUTENBHBIC 3HAHUS O MPOOJIEMHOH o0macty,
OOBIYHO BBIP2KEHHbIE B HEKOTOpOH CHUMBOJIbHOH ¢opme (mpaBwmia,
TaKCOHOMHHM, OTpaHMYEHHs W Jpyrue). B cratbe paccmarpuBaroTcs
rpadossie HeiipoHHble ceTh (GNN), K KOTOPBIM NPUMEHSETCS MEXaHU3M
«oboramenust BepmuH» («vertex-enrichment»), a HWTOTOBBIA KJacc
HeHpoHHBIX ceTei HasbiBaeTcsi VEGNN. B oTnuume OT KilacCHYeCKHX
rpadoB, B KOTOPHIX OTHOIICHHS CBS3bIBAIOT Mapbl BEPIINH, MEXaHU3M
oborarmmeHus] MO3BOJISIET CBA3BIBATH OOJNBIIE, YeM IPOCTO Maphl BEPIIHH.
Hanpumep, ecim MoJekyiny mpencTaBuUTh B BHIe rpada (¢ aromamu
B KayecTBE BEpUIMH U pebpoM, OOO3HAYAIOMUM CBA3b MEXIy Mapoit
BEpIINH), TO OEH30JIbHOE KOJIBIIO — 3TO CBSI3b MEXK/Y IIECTHIO PA3INYHBIMU

588 MHdopmaTuka 1 aBTomaTtndaums. 2023. Tom 22 Ne 3. ISSN 2713-3192 (neu.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

BEpUIMHAMH, C  HEKOTOPHIMH  CIHENU(UUYECKMMH  OrPaHUYCHHUSMH
Ha BepuiMHBlL M pebpa. IlpencraBieHHble B cTaTbe  PE3yJIbTAThI
MOATBEPKAAIOT CIACAYIOLINE BHIBOIBIL: &) BKIIOUCHHE 3HAHUIT 0 IPOOIEMHOM
obmacTu ImyTeM OO0OTAIlEHHsT BEPIIMH MOXET 3HAYMUTEIbHO YIYy4IINThH
npousBoauTenbHOCcTs GNN (mpousBoautensHocTs VEGNN 3HauuTensHO
Beire, weM GNN); 0) BKIIOYEHHE CHCNUPHUIESCKUX ST  JOMEHA
OTHOIIEHHWH, MOCTPOEHHBIX C IOMOIIBI0 HMHIYKTUBHOTO JIOTHYECKOIO
nporpammupoBanus (Inductive Logic Programming / ILP), ymyumaer
npousBonuTenbHOCTh VEGNN. B memom, moirydeHHBIE pPe3yJIbTaThI
CBUJICTENBCTBYIOT O TOM, 4T0 B GNN MOXHO BKIIOYHTH CHMBOJIBHBIC
3HaHUS O MpobieMHO# obmacty, ¥ uto ILP MOXeT urpaTe BaKHYIO pOIb
B O6eCHe‘IeHI/II/I BBICOKOYPOBHEBBIX OTHOmeHHﬁ, KOTOpbIC HCJICTKO
00HAPYKUTH C TIOMOIIBIO KiIaccruueckux GNN.

B cratbe [33] ommcaH OCHOBaHHBIH Ha TpaBWiIax Crocoo
00beIMHEHNUS HECKOJBKUX HMCKYCCTBEHHBIX HEHUPOHHBIX cerei
C CUMBOJIBHBIMU  PACCYXJACHUAMU  JJId paGOTLI C AHHOTUPOBAHHBIMH
KapTaMH MeCTHOCTH (pHUCYHOK 6). CucTeMa yIpaBiieHHs TPaHCIIOPTHBIM
CPEICTBOM Ha OCHOBE aHHOTHPOBAHHBIX KapT OTCIIEKHMBAET IOJ0KECHUE
TPAaHCIIOPTHOTO CpPEACTBA HA KapTeé W OOHOBISET MJaHHBIE KapT.
OHa peoCTaBIsIeT MOJYNI0  «apOWTp» CHMBOJBHYIO HH(OPMALHUIO
O HaNpaBJICHUHW, B KOTOPOM HYXXHO JBHTaTbCs, 4YTOOBI CIEIOBAThH
3aIUIAaHUPOBAHHOMY MapLIpyTy, U O MECTHOCTH, C KOTOPOH aBTOMOOWIIb
CTaJIKUBAcTCsl B JaHHbIM MOMEHT. HelipoceTeBble MOIyJIH B OCHOBHOM
3aﬂeﬁCTBOBaHBI JUI1  OICHKH O6CTaHOBKI/I U BOXICHUA TPAHCIIOPTHOT'O
cpezcTBa.

ApOutp <
Hanpasnenue
ABIKCHIT, OsxumaeMoe
OKpYXKEHHe
Hanpasnenue
JIBYKEHHUS
HetipocereBsie
MOy \
AHHOTHPOBaHHBIC
OO6HoBNEHUE p
KapThI

Puc. 6. KOMITIOHEHTBI CHCTEMBI ynpaBJICHUS TPAHCIIOPTHBIM CPEACTBOM Ha OCHOBE
AHHOTUPOBAHHBIX KapT U UX B3aMMOﬂeﬁCTBHe
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B pabore [34] mpeanoxena moxenb kiaccubukauu (yHKIUI
LUTUPOBAHUsL, 00BEIMHSIOIASI OHTOJIOTHH CO CBEPTOYHBIMU HEHPOHHBIMHU
ceTssMH. B MoJenM OHTONOTMHM HCHOJB3YIOTCS Ui CEMaHTHYECKOTO
MIPE/ICTAaBIICHUS XapaKTePUCTHK aBTOPA U IUTAT. JTO MpPEACTAaBICHUE Jlayee
BKJIIOUCHO B HEHWPOCETEeBYI0 MOJENb sl IOCenylomel Kiaccudukanyun
LUTAT.

B [35] ommcan cxoxuil THOPHOHBIN pEKOMEHIATEIBHBIN IOAXOM
Ha OCHOBE OHTOJIOTHM W HEWPOHHOH ceTH B 00IacTH KHHO, KOTOPBIH
o0penuHSICT (QUIBTPAIIMIO HAa OCHOBE KOHTCHTA W KOJIAOOpaTHBHYIO
¢unpTpanmio. Ilpudem ero Momynb TeHEpanuu PEKOMEHTAUUH MOXKET
UCTIONB30BaTh MX WM IO OTAENBHOCTH, Wian BMecTe. llokazaHo, 4TO
MOJOOHBI THOPHIHBIM PEKOMEHJAATEJIbHBIH TMOAXOA MOXET peliaTh
TpaIMLUMOHHbIE MNPOOJIEMBl PEKOMEHIYIOIIMX CHCTEM, TaKue Kak
W3BJICYCHUE INPH3HAKOB, MpEICKa3aHWe WHTEHCUBHOCTH, Pa3pEeKEHHOCTD
MaTpHLBI U IPOOIIEMY XOJIOAHOTO CTapTa.

Emre oHa noxoxast  paboTa [36] OpUCHTHPOBaHA
Ha KiaccU(UKaMI0 MaTeHTOB B 001acTW MenuiuHbl. McxoaHeiMu
JAHHBIMH JJIS1 MOJEIT MAaIlMHHOTO OOYYCHHMS SIBIISIOTCS KITIOYEBBIE CIIOBA,
HaliJleHHbIE B TEKCTEC IIaT€HTa, M COOTBETCTBYIONINE UM (pparMeHTHI
MIPEABAPUTEIHHO ITOCTPOSHHOM OHTONIOTHH ITpobIeMHOI obnacTu. B paborte
[37] BemoMHACTCS KiIacTepu3alys JOKYMEHTOB, OCHOBaHHAas Ha TOM JKE
npuHnune, B padore [38] — knaccudukaims BO3ACHCTBHI JIeKapCTB,
aBpabore [39] — momcka W KiIacCH(pUKALUK OTHOUIEHHH B TEKCTax.
ABTOpBI paboT MOKAa3bIBAIOT, YTO PE3yNbTaThl OOYYEHMS MPEATIOKECHHBIX
UMM MOJIeJIel IPEBOCXOAT CYLIECTBYIOIIUE, a TaK)Ke TPEOYIOT MEHBILETo
yuciia 00ydJaronux NpuMepoB.

O6parHass cxema wucmons3yercsi B pabore [40] — onToONOTHS
UCIIONIb3YeTCsS Ha 3aBepUIAONIEeM dTare KiIacCu(pHUKauuu H300paKeHHH.
B nannoO#l pabore cHavana pemraercs 3ajada CErMEHTAIMH, PE3yJbTaTOM
KOTOpOH sBisieTcss Habop OOHApPY)KEHHBIX Ha HW300paXKCHHH OOBEKTOB.
JlanHble  OOBEKTHI COOTHOCATCS C  KOHIENTaMH  MpPEeABAPUTEIHHO
TIOCTPOEHHOW OHTOJIOTHEW, a 3aTeM BBHINOJHAETCA IMOJCYeT Hauboiee
BEPOSITHOTO KJacca, K KOTOPOMY MOXET OTHOCHTBCS paccMaTpHBacMoe
n3obpaxenne. Iloaxon TO3BONMI CYMIECTBEHHO YMEHBUIMTH YHCIIO
oOyyaromux MpUMEpoB (HAmpuUMep, Ui YCIEIIHOTO PacHO3HABAHUS
6ackeTOONBHBIX W (YTOOJNBHBIX MSYEH aBTOPHI HCHOJIB30BATH HAOOD
JAHHBIX BCEeTO M3 15 m3o0pakeHui).

2.3.2. /KecTko cBsi3aHHasi apxuTeKkTypa. B pabore [41]
NPE/CTaBICHA METOJOJIOTUSl  HCIIOJb30BaHUSl  CHMBOJIBHBIX  3HAHUI
B IITyOOKOM 00ydYeHHH, OCHOBaHHAsi HA CEMAaHTHYECKOW (YHKIIMH MOTEPb,
KOTOpasi YCTaHaBJIMBAET CBs3b MEXIy BEKTOPaMH BBIXOJIOB HEHpPOHHOI
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CeTU W JIOTMYECKMMH OTPaHUYEHHSIMH. JTa (QYHKIHS MOTEph MOKa3bIBACT,
HACKOJIBKO OJIM3Ka HEHPOHHAs CeTh K yJIOBJIETBOPEHUIO OTpaHUUYCHUH Ha ee
BBIXOZIe. DKCIIEpUMEHTAaJIbHAsI OIEHKA ITOKa3bIBACT, YTO OHA 3(P(PEKTUBHO
HampasisieT o0y4aeMyl0 HEWpOHHYIO CeThb Ha JOCTIKeHHe (OJM3KHX
K JIy4IlIUM) pe3yJIbTaTOB B MHOTOKJIaCCOBOI kiaccudukauuu. bonee toro,
OHA 3HAYUTEIILHO MOBBIMACT CIIOCOOHOCT HEHPOHHON CETH IIPEACKA3bIBATH
CTPYKTYPHPOBaHHBIE OOBEKTHI, TAKHE KaK PAHXHPOBaHMA M MyTH. Takne
JVCKPETHBIEC MOHSITHS BEChMa CIIOKHBI [T OOY4EHHS, U TECHAst MHTETPALUs
IyOOKOoro oOydeHHs M METOJOB CHMBOJBHBIX PACCYXICHHH ITO3BOJISET
CYIIECTBEHHO MOBBICHTE €T0 3P (EKTHBHOCTD.

Asropel  pabotel  [42] mpemmarator apxurektypy NeurASP,
OCHOBAaHHYI0 Ha JIByX KOMIIOHEHTax. /[aHHBIH IOAXOJ OCHOBAaH Ha paHee
omucanHoi wumee [43], KoTopas mpemiaraeT KOHIEMIUIO OMUCAHUS
BEPOSITHOCTHBIX  JIOTMYECKUX Mogzenei. IlepBblii KOMIIOHEHT — 3TO
HEeWpOHHAs CeTh, KOTOpas BhIJAET BEPOSTHOCTH (HaKTOB, 00padaThIBACMBIX
BTOPBIM KOMIIOHEHTOM — MAIIMHOW 00pa®oTKu mpaBui / HAOOPOB OTBETOB
(rule (answer set) engine). Takas apXUTEKTypa MO3BOJSCT IEPCHECTH
Harpy3Ky 10 o00paboTKe JIOTHYSCKMX TpaBHI (CHMBOJIBHBIX 3HAHUIN)
C HEHpOHHOH ceTH Ha MamMHHYI0 00paboTKy mnpaBmi. B pesymbrarte,
MOJENIM MAIIMHHOTO OOY4YCHHS, TOCTPOCHHBIE HAa OCHOBE APXUTEKTYPEHI
NeurASP, nemMoHCTpUpPYIOT OYEHb OBICTPYIO CXOAMMOCTH B IIpOIECCE
0o0y4eHust, 4To 1M03BOJsieT 00y4yaTh MX Ha MaJbIX JaHHBIX. BO3MOXHBIM
HEJIOCTaTKOM JIaHHOTO MOJXOJia SIBJISETCS TO, YTO OH OPUEHTHUPOBaH Ha
JIOTHYECKHE 3HaHMA M HE MoXeT paborate ¢ anreOpandecKuMu
BBIPAKEHUSIMH (KPOME CaMBIX MPOCTHIX).

B pa6orte [44] npexacTaBieHs! ABa MOAX0a K PEIICHUIO POOIEMBI
abnykuuu (IpoIecC TMOMCKAa BXOJHBIX 3HAYEHUH, KOTOpPBIE MPHBOJIST
K BBIYHCIICHHIO OTIPEICJICHHOTO BHIXOJHOTO 3HAUEHHMS1) B HEHPOHHBIX CETSIX.
B oxHOM M3 HUX HCHONB3yeTCs KOHHEKIIMOHWCTCKAs MOJAlIbHAs JOTHKA
W TIepeBO/] TMOJIOKEHNH XOpHa B MOJANbHBIC TOJIOKEHUS UL CO3IAaHUS
aHcamMOJsl HEHpPOHHBIX CeTei, KOTOpPBIH BBIYHUCISACT aOJyKTHBHBIE
0OBSICHEHHUS TI0 TPHHIMITY «CBEpPXy BHU3». Jpyroil monxoj oObenuHSET
HEeWpO-CUMBOJILHBIE CHCTEMBI u abIyKTHBHOE JIOTHYecKoe
NIPOrpaMMHpPOBaHUE W TpeJlaracT HEHPOHHYIO apXUTEKTYpy, KOTopas
BBHINIOJIHAET OoJiee CHCTEeMaTHYeCKOE BBIYHCICHHE aJIbTEPHATHBHBIX
aOIyKTUBHBIX OOBSCHEHHMH «CHH3y BBepx». O0a moaxona HCIOIB3YIOT
CTaH/apTHBIE APXUTEKTYPbl HEHPOHHBIX CETei, KOTOPHIE YK€ U3BECTHBI KaK
BBICOKO3(D(peKTHBHBIE B TPAKTHUECKUX NPWIOKEHUSIX I OOy4eHHs.
B otiimume ot npyrux paboT, maHHas paboTa OPHEHTUPOBAaHA HA YCUJICHHE
MHTErpaluy JIOTHYECKOT0 BBIBO/IA U 00Yy4EHHs TaK, 4TOObI HEHPOHHAs CETh
obecrieunBaa OBl MEXaHM3MBl JUIS  KOTHUTHBHBIX  BBIYHMCIICHWH,
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WHIYKTUBHOTO OOYYEHHMsS M THIIOTETUYECKHX pacCyXJICHHH, a JIOTuKa
obecrieunBana OBl CTPOrOCTH M BO3MOXKHOCTb OOBSICHEHHMs, OOJeryas
B3aUMOJICHICTBUE C BHELIHUM MHPOM. ABTOpPHI HE CMOIJIH OIPEAEIUTDH
MIPEUMYIECTBO OJJHOTO M3 ITOJIXOJIOB HAJl IPYTHM.

2.3.3. [loiHOCTBI0O MHTErpUPOBaHHAs apXHTeKTypa. B pabore
[45] npencraBiena cxema OnML, kotopas 00ydYaeT HHTEPIPETHPYEMYIO
MOZENb C MOMOIIBI0 OCHOBAaHHOTO HAa OHTOJOTMH METOJA BBIOOPKH, IUISL
OOBSICHEHHSI ~ arHOCTHYECKMX ~ MOJENe  IpeAcKa3aHuss (PHCYHOK 7).
B otnuume oT Opyrux anropuTMOB, IAHHBIH aNrOpPUTM YYUTHIBACT
KOHTEKCTHYIO KOPPEJIALMIO MEXIY CIOBAMH, OIMCAaHHBIMU B MPEIMETHBIX
OHTOJIOTHUSX, U TeHEepalid CEMaHTHYEeCKHX OOBsCHeHHH. UTOOBI Cy3UTh
MPOCTPAHCTBO IOUCKA OOBSCHEHHH, YTO SIBJISAETCS OCHOBHOW MpoOieMoit
JUIMHHBIX M CJIOKHBIX TEKCTOBBIX JaHHBIX, pa3paboTaH o00y4yaeMblit
aIroput™  (OPMUPOBAHUSI  «SIKOpCH»,  MO3BOJSIONIMA  U3BICKAThH
00bsicCHEHUs JIOKaNbHO. [IpHBeieHHBIE DKCIIEPUMEHTHI Ha JIBYX Habopax
JaHHBIX IIOKa3bIBAIOT, YTO NAaHHBIN IIOXOJ TIeHepupyeT Oosee TOYHBIE
U riy0oKKe OOBSICHEHHUS 110 CPABHEHUIO ¢ 0A30BBIMU TTOIX0/IAMH.

TIpenckaspiBaromas TIpomexyTo4HbIC
MOZIelb 00BsCHEHUS

O0y4aeMble
«IKODSD»

CoMIumpoBaHue ¢

HCIIOJIb30BaHHEM

OHTOJIOTUH

DyHKIHSA
oTeph

Bxonusie
JIaHHbIE

X

N3Bneuenne
uHbOpMaIU

CeMaHTHYECKHE
00BSICHEHUS

Puc. 7. Uudopmanuonubie motoku B cxeme OnML

3. Ucnoaib3oBaHMe OHTOJIOTMIT /UIsl OOBSICHEHMSI Pe3yJIbTaTOB
HeHpOHHBIX ceTeil. OOBACHUMBIA HCKYyCCTBEHHBIH HHTEJUIEKT SBIIAETCS
MEPCIICKTUBHBIM ~ HAMpaBJICHWEM WCClieqoBanuii [46] u  okassiBaercs
BOCTPEOOBaHHBIM B DAa3IMYHBIX TPHUKJIAJHBIX O00NacTIX — HaIpUMep,
Mmenuiune [47], obpasoBanuu [48]. Maer akTuBHas pa3paboTka METOIOB
00BbsicHeHUs] HeHpoHHBIX ceTeil [1, 49] — 3HAUYMMBIM HampaBjeHHEM IMPH
pa3paboTke MeTOJOB OOBSCHEHHs SBISETCS HCIIOJNL30BAaHHE CHMBOJIBHBIX
CTPYKTYp, TOHATHBIX 4YenoBeKy (Hampumep, mnpasun [50], mpuuuHHO-
crencTBeHHbIX cBssei [51]). B naHHOW cTaThe akLEHT TaKKe CHAeNaH
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Ha MeToax oOecreyeHus: OOBSICHUMOCTH 32 CYET HCIIOJIb30BAHUS
CUMBOJIBHBIX ~ CTPYKTYp, OJHAaKO B  KayecTBE TaKuX CTPYKTyp
paccMaTpHBarOTCsl OHTOJIOTHY IPOOJIEMHOMN 00IaCTH.

OCHOBHBIMH ~ 3ajauaMM  0030pa  SBISETCS  MJICHTU(HKALUS
CYLIECTBYIOIUX ~ METO/JOB  OHTOJOTO-OPHEHTHPOBAHHOTO  OOBSICHEHUS
U BBUIBJICHAE OCHOBHBIX TEXHHYECKHX M METOMOJOTHYECKUX IPOOIIeM,
CBSI3aHHBIX C ITOJI00HBIM OOBSICHEHHEM.

B nccnenoBaHny MOCTAaBICHBI CIEYIOMINE BOIPOCHL:

1. Kakme CcymecTBYIOT IIOCTaHOBKH (pa3HOBHIHOCTH) 3amayl
OHTOJIOTO-OPHUCHTUPOBAHHOTO OOBICHEHNUS?

2. Kak oHTOMOTMM  WCHONB3YIOTCS  IIsI  (POPMHPOBAHUS
00bsicCHeHUI1?

3. Kak Biusier MCrojpb30BaHHE OHTOJIOTHHA Ha «IOHHMMAaeMOCTBY
00BsICHEHUI (crmocoGHOCTB TI0JIb30BATEIS MHTEPIIPETHPOBATh
NpeAIoKeHHOe 00BICHEHHUE U JIeNlaTh BHIBOJIBI HA €0 OCHOBE)?

4. Kak u3MepseTcs KauecTBO METO/I0B O0BSICHEHUS?

5. Bimsger s 0OBSICHUMOCTL Ha TOYHOCTh IPEICKa3aHUM
HEHUpOHHOM ceTu?

JlaHHBI pa3fgen CTPYKTypHpPOBaH B COOTBETCTBHM C OTBETAMH
Ha MTOCTABJICHHBIE BOTIPOCHI.

ITomumo 3TOTO, OTMEUAETCS, KAKHE UMEHHO OHTOJOTHH Yallle BCETO
UCTIONB3YIOTCS B MOAOOHBIX IyONMKAnMAX, W B KaKUX IPUKIATHBIX
obnactsix Jenaercs OOJbLIE BCEro MOMBITOK 00ECHEYHTh OHTOJIOTO-
OPUEHTHPOBAHHYIO 00BSICHUMOCTb.

Uto KacaeTcsi WCMONB3yeMbIX OHTOJOTHH, TO B OOJBITUHCTBE
cllyyaeB d3TO HeOOJbIIME OHTOJOIMH, CKOHCTPYMPOBAHHBIE aBTOPAMH.
WHoraa 3ti oHTONOTHH cocTaBiieHbl Ha sizbike OWL, HO B GONbIIMHCTBE
CJIyyaeB OMHUCHIBAIOTCSI TPOCTO KaKk HA0OP BhICKA3bIBAHUI JIECKPHUITIIMOHHO
JOTHKA WIN HWepapXWul NOHATHUIH (KOTOopas SBISETCS JHIIb OCHOBOM
onroyoruu). LIMpOKO W3BECTHBIE OHTOJOTMU HCHONB3YIOTCS  JIMIIb
B HECKOJIbKHX pabortax — 3to Gene Ontology — GO [52, 53], ICD-9 [54]
u uepapxus noustuit WordNet [55].

Cpenn obisacTeil MPAaKTUUECKMX NMPUMEHEHUH (BIOJHE O0XHAAEMO)
nuaupyeT MenunuHa [52 — 54, 56 — 58]. Ha Bropom mecte — punaHcs! [56 —
58]. B 3HauMTENBHOM YacTH MyONMKALNA PACCMATPHBAIOTCS JIOCTATOYHO
YCIIOBHbIE  TPHUMEpPbI, HE HWMEIOIIME BBIPAKEHHON  IpPaKTHYECKOU
HaINpaBJICHHOCTH.

B 1enom, mo3uIMOHUPOBATh OHTOJOI0-OPUEHTHPOBAHHBIE METOJIbI
OOBSICHEHUS] HEWPOHHBIX CeTell Cpein BCeX MPOYMX METOIO0B MOXKHO
ciaenyromM  obpazoM. B mopmaBmistonieM  OOJBIIMHCTBE  METOZOB
OOBSICHEHUS! ~ HEHPOHHBIX  ceTeld  IMoJ  OOBSCHEHHEM  IOHHUMAIOT
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uAeHTH(UKALWIO BXOJOB M 4YacTed Mojaenu (HampuMep, HEWpOHOB),
B HaMOOJIBILICH CTENEHH «OTBETCTBEHHBIX» 32 pe3yjbTaT. B KOHTEKcTe
HEKOTOPBIX 33ja4 (Hampumep, INpeickazaHue (EHOTHUIA IO SKCHPECCUH
TCHOB) TMOJOOHBIE METOJIbl HE TMO3BOJSIOT TIOJNYYUTh ITOHUMAaeMoe
oObsicHeHne. OOBSCHEHHE JOJDKHO OBITh  JIONOJHEHO  3HAHHSIMHU
npobnemuoit obmactu [52]. B psme myGumukarmii oTMedaeTes, 4T0 MHOTHE
METOABl OOBSCHEHMH NpenHa3HAa4eHBI, B MEPBYID OdYEpedb, I
cnenuanicToB mo MU, a He s KOHEYHBIX MOJb30Barelieil [2], u nens
HMHTETPaliy HEHPOCETEBBIX MOJENIEH M CUMBOJBHBIX 3HAHMH 3aKIII09AETCs
MMEHHO B MOBBIIICHUN HHTEPIPETHPYEMOCTH JUII KOHEYHOTO TT0JIb30BATEIIS.

IIpu 3TOM HYXHO INOMHHTB, YTO JIO0OH MOAXOJ K IOCTHKECHHIO
00BSCHUMOCTH MCXOAUT U3 TOTO, YTO Ha HEKOTOPOM ypOBHE aOCTpaKLIUH
yxKe He Tpebyercst mambHeiimmx o0bscHeHuit [59]. B 3tom cmeicre,
OHTOJIOTO-OPUEHTUPOBAHHbIE METOJIBl U «KJIACCHYECKHE» (Hampumep,
rpaguentabie (GradCAM) wiu MeTOoabl, OCHOBAaHHbIE HA OKKIIFO3HSIX),
3aHMMAIOT pa3Hble HUIIM (BBIOMPAIOT pa3iMYHbIe YPOBHU aOCTpaKIUH, MPH
KOTOpBIX OOBSCHEHUs HE HYXHbI). B  OOJBUIMHCTBE OHTOJIOrO-
OPHEHTHPOBAHHBIX METOJOB NPEIOJIAracTCsl, 4TO 3a]a4a HEHPOHHON CeTH
MOXeT OBITh pa3buTa Ha ABE MOA3aAaYd — 1) TEpPeXox OT «CBIPHIX»
HaOIoIeHNH (IaHHBIX) K MOHATHSAM (CHMBOJIaM), 2) TIOJTy4YeHHE KOHSTHOTO
pe3yibTaTta MOCPEACTBOM MaHUIYJSIUH ¢ MOHATHAMH (cuMmBoiamu). Ilpu
9TOM OOBSCHACMOM 4YacThiO SBISETCS HMEHHO CHMBOJbBHAs, a IepBas
moj3ajgaya — TMepexoAx K CHMBOJAM — CUHTaeTcss He TpeOdyromen
oObsicHeHWit. B To BpemMs kak B  Kiaccuueckux (M Oosee
pactmpoCTpaHEHHBIX) METOJaX Hallu4he CHMBOJBHOW COCTaBJISIONICH
BOOOINE HWTHOPUpPYETCA, U OOBACHEHHE CTPOMTCS HAa OCHOBE MCXOIHBIX
IIPU3HAKOB 33Jaud (BXOJOB HEHPOHHOH CETH), 9TO MMEET JIBa CIEJCTBHS.
Bo-mepBBIX, yKa3zaHHOE [ONyIIEHHE B  ONPEAEICHHOW  CTEIEeHHU
OTpaHMYMBaET 00JIaCTh NPUMEHEHNUS OHTOJIOT0-OPUEHTHPOBAHHBIX METOZOB
— JUIA TOTO, YTOOBI MX NMPHUMEHEHHE ObUIO Iesieco00pa3HbIM J0JDKHA OBITh
BO3MOXKHOCTh  JICHCTBUTEIILHO C(HOPMUPOBATh pEIICHHE 3aladdl  Kak
CHUMBOJIbHOHM (B YacCTHOCTH, JOJDKEH CYIIECTBOBATh aJCKBATHBIM HabOp
CHMBOJIOB, 4YTOOBI IIeJeBas IIEpeMEHHasi MOIIa ObITh C HMX ITOMOIIBIO
BBIpa)KeHa). BO-BTOPBIX, OHTOJOTr0-OPHEHTHPOBAHHBIE M KIACCHYECKHE
METOJBI MOTYT IOCTAaTOYHO 3((EKTUBHO TOTOIHATE APYT ApyTa, hopMupys
0OBSICHEHHUS Ha PAa3HBIX YPOBHAX aOCTPaKINN.

3.1. ITocTaHOBKH 3a1a4yu OHT0JI0T0-OPHUEHTHPOBAHHOT O
00bsICHEeHHs1 HeHpOHHBIX ceTell. B obOmactm OOBSCHUMBIX MoOjeNeH
MaIIMHHOTO o00ydeHus (He O00s3aTebHO OHTOJIOTO-OPHEHTHPOBAHHBIX )
MIPUHATO HOAPA3AEIATh METOIBI IO ABYM KPUTEPHUSIM:
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1. Xapaktep B3aMMOCBSI3M IPOLECCOB IIOJNyYCHHUS pe3yJIbTaTa
MOJIETIH U TTOJTy4EHHS 0OBSICHEHUS.

2. Xapakrep OOBSICHEHHUS — CBSI3aHO JIM OHO C OJHUM 00pa3loOM
WM 001IeH JIOTHKOM paboThl MOJIENTH MAIlIMHHOTO O0yUYeHUSI.

O06a 3T KpUTEpHUsi OCTAIOTCS BIIOJIHE BAIUAHBIMU M NPUMEHUTEIBEHO
K OHTOJIOTO-OPHUCHTHPOBAHHBIM OOBSICHEHHSM — IPAKTUYECKH B KaXIOM
KJacce METOJIOB, TTOPOKTaEMOM O00HOM KIaccuuKanuei,
K HACTOSIIEMY MOMEHTY TMPEIJIOXKEHBI W  CIIOCOOBI  HCIIOJIB30BAHUS
onTonorui. OcraHoBUMCS TTOApoOHEe Ha STUX KiIaccax.

Ilo xapakTepy B3aMMOCBS3M IIpoliecca IOMYYEHHUS pe3yibTara
MOJIENH M Tpoliecca MOIydeHHs OOBSICHEHHS Pa3/eiAioT CaMOOOBICHUMBIE
MOJIETA W Tak Ha3biBaeMble POSt-hOC (PEeTpOCIEKTUBHBIE) METOJIBL.
B niepBom cirydae oObsICHEHHE TOPOXKIACTCS OTHOBPEMEHHO C Pe3yJIbTaTOM
MOJENH M, B KaKOM-TO CMBICJIE, HEOTheMyIeMO OT Hero. Jlisi omucaHus
3TOr0 Kiacca MOJENe HWHOTAa HCmoib3yloT Metadopy glass-box
(«CTEKJISIHHBIM SIIUK»), UMES B BHAY, YTO JIOTHKA NPHHSATHS PELICHUS
BHJHAa CKBO3b €T0 «CTEHKW». Bo BTOpOM ciyuyae cam crmoco0 MOIydeHus
pe3ynbTata SBISETCS MEHEE MOHMUMAeMbIM, M AL €ro HHTEpHpETaINH
TpeOyeTcsi MCIOIb30BaHWE KaKOH-TO JOINOJIHUTEIBHOW HH(PacTpyKTyphI
(Mozenu, anroputMa W T.L). Jns ommcaHMs TMONOOHBIX MOJENEH 4YacTo
ucnonb3yercs meradopa black-box («uepHsiit smk»), a perpocneKTHBHBII
METOJ OOBSCHEHHS 1aeT HaOII0AaTeNto (BCeria KOCBEHHOE) MIPEACTABICHNE
0 TOM, Kak Takas Mojeilbp MoxkeT paborars. CyIiecTByeT IOBOJIEHO
nonynsipHas Touka 3penust [60], YTO IS OTBETCTBEHHBIX MPUMCHCHHI
IUIOXM HE TOJBKO TPAJMLIUOHHBIE «YEepHbIE SIIMKW», HO W HX
PETPOCIIEKTUBHBIE OOBSICHEHUS, M HACTOSIIEEe JOBEPHE BBI3BIBAIOT TOJIBKO
caMOOOBSICHUMBIE MOJeNu. B 3TOM cMbICIe HCHOIB30BAHHE «UEPHBIX
SIIIUKOB» U MX PETPOCIIEKTHBHBIX OOBSICHEHHH SIBIISIETCS B KAKOW-TO Mepe
KOMITPOMHCCOM.

ITo xapakTepy 0OBsICHEHNSI METO/BI IPUHATO JNEIUTh HAa JOKAIbHbBIE
n robanbHble. [N00ambHBIE METOBI MO3BOJISIIOT OOBSICHUTH BCIO JIOTHKY
paboTty Mojenu (HarmpuMmep, NPeICTaBUTh €€ B BHJIE HOHSITHOTO YEIOBEKY
aJITOPUTMa), & JIOKaJIbHBIE — JIMIIb OOBSICHHUTH, TIOYEMY OBUI MOJydYeH TOT
WIN WHOM pe3ysbTaT Uil KOHKPETHOro oOpas3ua (Harmpumep, Kakue
MIPU3HAKH BHECIH B 3TO HAMOOJBINNIT BKIIAT).

3.1.1. Camoob6bsichumbie (self-explainable) monenau. OcHOBHOM
TEXHHUKOH, UCTIOIE3YEeMOH B Pa3NYHBIX CaMOOOBSCHIMBIX HEHPOCETEBBIX
MOJIENIAX, SIBJISETCS SIBHOE OINPENIEICHHE COOTBETCTBHUS MEXIY (KaXIIbIM)
KOHIIEITOM OHTOJOTMH M KakKUM-IHOO 3JeMeHTOM (JIu00 IeIbIM
(hparMeHTOM) HEHPOHHOM CETH.
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[Tpu 5TOM HEHWpOHBI, COOTBETCTBYIOIIUE KOHLENTaM, MOTYT OBITH
KaK BHYTPCHHHMH y3JaMu ceTH (Hampumep, B [52] HelipoHHas ceTh MMeeT
HEepapXU4ecKyl0 CTPYKTYpY, OIpEAeNIsIeMyl0 CTPYKTYpOH OHTOJOTHUH),
TaK ¥ — DJTOT BapHaHT BCTpedaeTcss Hambosiee 4yacTo — 0Opa3oBBIBATH
MOCJIEAHU# cioii HelipoHHo# cetu [53, 55, 59, 61, 62], mpu 3ToM CTpyKTYpa
CeTH HAMOMUHACT CTPYKTYpY, UCIONB3yEeMyI0 Ipu MHOro3Haunoi (multi-
label) knaccudukanmm.

OCHOBHBIM MEXaHHW3MOM YCTaHOBIJICHHS COOTBETCTBUSI MEKIY
HElipOHaMU W KOHIENTaMH SBJISETCS (QYHKIUS IMOTEeph. B mpocreiimem
cilydae, KOTJja BCE HEHPOHBI, CBSI3aHHBIC C KOHIIENITAMH, Pa3MEINAOTCS B
TocJIeTHeM cJioe, GYHKIUS MOTepb MOKET OBITH OOBIKHOBEHHOH (Harpumep,
OvHapHasi SHTPOIHA). 37eCh COOTBETCTBHE JOCTHIaeTcs Oiarojaaps TOMy,
YTO KaXIIplii 00pa3er o0yyarorieil BHIOOPKH TOJDKEH OBITh pa3MeueH BCEMU
KOHLIENTaMH, K KOTOPbIM OH OTHOCHUTCSI, COOTBETCTBEHHO, IpelCKa3aHue
KaXJIOro M3 HEHPOHOB-KOHIENITOB HENOCPEICTBEHHO YYHUTBHIBAIOTCS B
pacueTe 3HaueHHWA (QYHKIMH MOTEpb. bojee CIIOKHBIA BapHaHT —
JIOIIOJIHUTENBEHO OTPa3uTh B (YHKIMU TNOTEPh KAaKUE-TO M3 JIOTHUECKHX
OrpaHWYCHUI, OMMCaHHBIX B OHToJormu. Tak, B [52] ¢yHkums moTtepsb
COINCpP)KUT 1INTpad Ha CHIy TakuX CBsA3ed Mexay HeWpoHaMu
(k03¢ ¢uIIEeHTOB), KOTOPBIC HE OMMMCAHBI B OHTOJIOTHH.

IMocne wpeHTHOUKAIMM KOHIENTOB caM  pE3YyJibTaT MOJEIH
(opMupyeTCs ¢ MOMOIIBIO KaKOT0-IH00 OOBICHUMOro MeToza (Harpumep,
noructideckoit perpeccun [53, 55, 61, 62]) WM MaNIHHOW JIOTHIECKOTO
BeiBoZia [59]. Takum 06pa3om, MOJTYyYCHHBIH pe3yJbTaT OKa3bIBACTCS
TPAaKTyeM YK€ B TEPMHHaX OHTOJIOTHH MO CHOCO0Y CBOErO IMOJy4EHHS.
OnmHako CBs3b C MCXOAHBIMHM TIPH3HAKaMH, KaK MNPaBHJIO, OKa3bIBAETCS
3a TIpeJiesiaMi YPOBHSI aOCTpaKIUK, pacCMaTpUBaeMOro COOTBETCTBYIOIIUM
METOJIOM (BBOZHOE 3aMEYaHUe MPO PA3INYHbIE YPOBHU O0BICHEHU).

Cxoxpe uIed MOTYT HCIIOJIB30BaThCd M JUIS JIOTIOJHUTEIHHOU
BepU(UKaIUK NpeAcKasaHuid «depHoro smmka». Tak, B [63] npennaraercs
KOHLENIUSI  OOBSICHUMOHW  CHCTEMBI  pacllO3HaBaHMS, B  KOTOPOM
UCTIONB3YETCS CBOEr0 poja «ABOWMHAas INPOBEPKa» — IOMHMO LEJICBOM
MOJIENM KJIaCCU(PUKAMKM 00yJaroTCsl MOJENU A KaKAOTO M3 BAXKHBIX
(o ompeeNeHNI0) CBOUCTB 00BEKTa (OMPEICICHHBIX B OHTOJIOTHH), M €CIIH
BCE TMpeICKa3aHHs OKAa3bIBAIOTCS COTJIACOBAHHBIMH, TO IIOJIb30BATEIb
MOXET MOJYYHTh W CaM PEe3yJIbTaT KIacCUPHUKAMH M ero OObsSCHEHHE,
WHa4e — IpeLyNnpexIeHIe O HECOrJIaCOBaHHOCTH.

MeHee pacnpoCTpaHEHHOW TEXHUKOW SBISETCS MOAM(DHUKAITISL
HCXOJHOTO MNPU3HAKOBOI'O IMPOCTPAHCTBA, MOIBITKA CHelaTh ero OoJjee
Harpy>KeHHbIM CEMaHTHYECKH M 3a CYEeT JITOr0 CJelaTh CTaHAapTHbHIE
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MeTonbl OOBsiCHEHHMs1 Oojee MOHATHBIMU Hecrenuanucry. IlomoGHoe
pelieHre npeaaraercs, Hanpumep, B [64].

3.1.2. PerpocnexTuBHbie  (post-hOC) MeToabl  OOBSICHEHHS.
OCHOBHBIM IIOJIXOJOM K TIOCTPOCHUIO PETPOCIEKTUBHBIX OHTOJIOTO-
OPHEHTHPOBAHHBIX ~ METONOB  OOBSICHEHMSI  SIBJISIETCS  IOCTPOCHHUE
OOBSICHIMOW anmpoKCUMAanuH (TIPHOIIKSHNS) MOJEITN «HUSPHOTO SIITHKAY,
TO €CThb TaKOIl MoJeny, KoTopas OyAeT JaBaTh MPHOIU3UTEIEHO TAKHE JKE
pE3yNbTaThl, YTO M MOJETb «UCPHBIM SMUK». [Ipy 3TOM anmpokcHUMarys
MOXeT OBITh Kak mIoOanmpHOW (A mo0oW 007acTH MPU3HAKOBOTO
MIPOCTPAHCTBA), TaK M JIOKAJbHOW (IJI1 «OKPECTHOCTH» OIIPEAEICHHOTO
obpasia).

B pamxax »3Toro moxxoma ObulO HaiieHO JBa Merona (UTO
XapaKkTepHO, B O0OMX METOJaX B POJIM alIPOKCUMHUPYIOUIEH MOJEH
BBICTyMaeT jepeBo pemienuid). B mepsom [56 —58] — onronorus
UCTIONb3YEeTCS MPH IOCTPOCHHM JepeBa PEIeHUH ISl MOBBILICHHUS €ro
HHTEpIpeTHpYeMoCcTH. [Ipu OlleHKe NOTeHIMANIbHBIX pa30ueHuil (B Xoje
MOCTPOEHHSI JiepeBa pEIICHUH) aBTOPbl METOAA YYHTHIBAIOT OOIIHOCTH
KOHILIENTa II0 €ro TMOJOXKCHWI0 B OHTOJIOTHH, CTapasch CHadaiga
UCIMONb30BaTh Oosiee obmue. Bo BTopoM [54] — OHTONOTHH HCIHONB3YIOTCS
Ui (POPMHPOBAaHUSA CHHTETUYECKOH oOydaromiell BRIOOPKH i 0O0y4eHUS
anmpoKcHMaTopa B OKPECTHOCTH OOBsCHAeMOro obpasma. B wactHOCTH,
OHTOJIOTHH IIO3BOJIIOT: a) OTOOpaTh CEMaHTHYECKH OnmM3KHe 0oOpasIbl
(ucropun  Oone3HH, B KOTOPBIX €CTh ONM3KHE KOJbl Oone3Heil),
0) chopMHUpOBaTh CHHTETUYECKHE HWCTOPUM, BBIYEPKHBAsi CEMaHTHUYECKH
OJIM3KHE COCTOSIHUSL.

OnHOM M3 Cephe3HBIX MPOOJEM, CBA3AHHBIX C PETPOCIEKTUBHBIM
OOBSICHEHHEM C TIOMOILBIO  aNlPOKCUMAaTOPOB, SBISETCS TO, 4YTO
anmpoKCUMaTop, B CYIIHOCTH, JIMIIb KOCBEHHO CBsI3aH C OOBSCHIEMOI
MO/JIETIBIO.

[MpuHOMIMATEHO WHBIM TTOJIXOJ0M K OHTOJIOTO-OPHEHTHPOBAHHOMY
PETPOCTIEKTHBHOMY OOBSICHEHUIO HEHPOHHBIX CEeTEH SIBIISIETCS TTOIXO, HAes
KoTOporo mpemioxeHa B [65] u passuBaercs B [66,67]. B [65, 66]
MIOKa3aHo, YTO BHYTPEHHHE IIPEACTAaBICHUS HEHPOHHON ceTH, oOydeHHON
PEILICHUIO ONpEAETIEHHOM 3a/1auu, TPH ONPENENICHHBIX YCIOBHAX MOTYT
OBITH COTMOCTABIIEHBI C KOHIIENITAMH OHTOJIOTHH MPOOJIEMHON 00JIaCTH. DTO
MO3BOJISIET, B 4YaCTHOCTH, ONPEACINTh HA0Op KOHLEITOB OHTOJIOTHH,
CBA3aHHBIX C o00pasioM, o0pabaThIBaeMBIM CEThIO, W CHOPMHPOBATH
00BsICHEHHE KaK OHTOJIOTWYECKHWH BBIBOJ Ha 0a3e u3BecTHOro Habopa
koHmenToB. OxHOW U3 mpoOieM 34ech SBISETCS IOWCK MHOXECTBA
HEWpPOHOB CETH, AaKTHUBAIlMM KOTOPBIX Haubojee HHPOPMATHUBHBI IS

Informatics and Automation. 2023. Vol. 22 No. 3. ISSN 2713-3192 (print) 597
ISSN 2713-3206 (online) www.ia.spcras.ru



WNCKYCCTBEHHbLIV UHTENNEKT, MHXEHEPWA OAHHBIX 1 3HAHUI

W3BJICYECHUS] TOTO WJIM MHOTO KOHLENTAa. AJNTOPUTMBI JUIsl PEIICHHUs 3TOH
3aj1a4M TpeIoKeHbI B paboTax [65] u [67].

3.2. Ucnoab3oBanue OHTOJIOTHii s dopmuposanus
00bsicHeHMIi. BBISBICHO HECKOJIBKO CIIOCOOOB MCIIOJIL30BAHHS OHTOJIOTHIM
1151 QOPMHUPOBAHHUS CAMHUX OOBSICHEHHUH.

Bo3mokHO, Hanbojiee OYEBHMOHBIN CIOCOO — 3TO HCIOJIB30BaHHUE
JIOTMYECKNX MaIWH BbIBoAa. CHadana ¢ IOMOIINBI KaKOro-iambo crmocoba
(BRIXOZSIIETO 32 paMKH (POPMHUPYEMBIX OOBSCHEHHH) BBIACHAETCS HaOOP
KOHIICTITOB, CBS3aHHBIX C 00pa3moM. 3aTeM, cuuTas oOpaser] aHOHUMHBIM
WHIUBHIOM  OHTONIOTMH,  (opMupyeTcs  HabOp  BBICKa3bIBaHHIA,
CBSI3BIBAIOIIMX €0 C HAWJCHHBIMH KOHIENnTaMu. HakoHel, WHUIUHPYETCS
JIOTUYECKUI BBIBO/, HO3BOJ’IHIOH1HI>1 Ha OCHOBC IIOJIYUYCHHOTO TaKUM
oOpazoM omucaHus oOpaslja W ONpeleNieHHH KOHIIETITOB, OIMCAHHBIX
B OHTOJIOTHH, TMOJYYHUTH (baKT MPpUHAJICKHOCTH KOHIICNITAa HEJICBOMY
Kiaccy (kiaccy, Ha omnpeJielieHHe KOTOporo o0yueHa oObsiCHsIeMasi MOJIEIb).
COBOKyHHOCTL aKCHUuoM, 3aﬂeﬁCTBOBaHHLIX Ipyu 3TOM, U MpaBUJI BbIBOJA
00pasyror 00BsSICHEHHE. Taxkoe 00BsICHEHHE, onuparomieecs
Ha (OpMabHYIO0 JIOTHKY, mpemitaraetcs B pabote [65]. s HeOombimux
OHTOJIOTHH Takasi CXeMa MOXeET OBbITh CYIIECTBEHHO YCKOPEHA MOCPEICTBOM
MOJITOTOBKK CHEIUANbHBIX TEH30pOB W mpousBoauthcss Ha GPU [59].
Cremyer 3aMeTHTh, YTO BBIJCICHHE CBSI3AHHBIX KOHIENITOB 3a4aCTyIO
SIBIISIETCSI BEPOSTHOCTHBIM, YTO MOJKET YYUTHIBATHCS U MAIUHOW BBIBOAA.
OObsiCHEHHE TaK)Ke MOXKET (OPMHUPOBATHCS Kak OOOOIIEHHE C MMOMOIIBIO
HHIYKTHBHOTO JIOTHYECKOro mporpammupoBanus [68]. B [63] Taxxe
UCIIONIb3YEeTCsl BapHallusl 3TOT0 CHoco0a, TOJIBKO MPOU3BOAMTCS CPAaBHEHUE
LEJIEBOr0  Kjacca, IOJYYeHHOr0 C TIOMOLIBIO BBIBOJA, M  KJacca,
MOJY4YEHHOTO C TOMOIIbI0 OPHUIMHAIBHON Mojenn (KOTOPYI HYXHO
OOBSICHUTB) — €CIM pe3yjibTaThl pa3jIM4aloTCs, TO MOJIb30BATENb
YBEIOMIISIETCSI O HU3KOH YBEPEHHOCTH CUCTEMBI KiIacCU(UKAIINY.

B psiie paccMOTPEHHBIX METOJOB OHTOJIOTHH HCIIOJIB3YHOTCS
KOCBeHHO. OHH MO3BOJIIIOT TMOJYYHTh HAOOP HEKOTOPBIX IMPHU3HAKOB,
XOpOIIO TOHSATHBIX [OJb30BATEI0, a 3HAYMT, JENAl0T JIF0ObIe METObI
00BSICHEHUSI, TIOKA3bIBAIOIIUE BIMSHUE [TPU3HAKOB HAa UTOTOBBINA PE3yJIbTAT
MoJienH, OoJiee MOHSATHBIMU KOHEYHOMY Housb3oBarernto. Crofa, Harpumep,
MOYXHO OTHECTH MHOECTBO CaMOOOBICHUMBIX M0)1enef/'1, B KOTOPBIX
BBIACIISICTCS clon KOHIEIITOB, HAL KOTOPBIM OIPEACIIACTCA JIOTUCTHICCKaA
perpeccust [55, 62], u Hekoropeie apyrue [52, 69]. TTockonbKky MHOTHE
CcaMOOOBSICHUMBIE MOJICTIH MPEAINOJIaraloT YCTaHOBJCGHHE OJHO3HAYHOM
CBs3U MEKITY HeﬁpOHOM N KOHILCIITOM, TO MCTO/JbI, ITOKA3bIBAOIINEC BKJIA
HelipoHa B mpejckaszanue (Hampumep, Layer-wise relevance propagation),
CTaHOBsATCI Ooyee  coxepxartenpHbiMH  [52].  [loxoxuit mpuHLHI
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UCTonb3yeTcs u B pabote [64], rae mpeanaraeTcsi co3qaHie CeNUaIbHBIX
JIETKO MHTEPNPETHPYEMbIX CEeMaHTHYSCKHX MOPH3HAKOB (aTpuOYyTOB)
KJIacCUPUIMPYEMBIX OOBEKTOB.

Emie Gonee omocpeoBaHHO OHTOJNOTMH HCIONB3YIOTCS B METOAAX
[56 — 58]. 3neck 00BsICHEHHS CIIEAYIOT U3 ACPEeBa PEIICHHUIT (OMpeAeSIOTCS
IyTeM B JiepeBe OT KOPHS 0 JIUCTA), HO y3IIbl 3TOTO JepeBa YHOPSI0YCHBI
B COOTBETCTBHH C OOLIHOCTBIO TEPMHHOB, ONPENEIIeMO OHTOJIOTHEH, 9TO
MOTEHIUAJIBHO JIeNIaeT ero 0ojiee HHTEPIPETHPYEMBIM.

B [54] oHTOmOTMM HE WCIONB3YIOTCA st OOBscHeHHH. OHH
HCTIONB3YIOTCS U1 (OPMHUPOBAHUS CHHTETHUECKOW O0ydJaromeil BEIOOPKU
101t OOy4YeHUS alllPOKCUMATOpa B OKPECTHOCTH OOBSCHIEMOT0 IpHMepa.

OCHOBHBIE ~ MOAXOABI K  [OCTAHOBKE  3aJa4d  OHTOJIOrO-
OpPHEHTHPOBAHHOTO HEWPO-CUMBOJIHYECKOTO HHTEJIICKTa u
COOTBETCTBYIOIIIUE  METOIbI  (POPMHUPOBAHUS  OOBICHCHUH  CBEICHBI
B Tabmie 1.

Ta6muna 1. OCHOBHBIE KJIACCH METOJIOB OHTOJIOTO-OPUEHTHPOBAHHOTO OOBSCHEHHUS
HelpoceTeBbIX Mozeneil

Knace MexaHH3M 00BSICHEHUS PaboTsl
KOHIIENTHI COOTBETCTBYIOT [52]
BHYTPEHHHM y3J1aM CEeTH
KOHIIENTHI COOTBETCTBYIOT [53, 55, 61, 62]
CaMo00BsICHUMas | MOCIEAHEMY CIIOI0, JIOTHCTHYCCKAsS
MOJIEITb perpeccust
KoHIIENThI COOTBETCTBYIOT [59]
MIOCJIEAHEMY CJIOKO, JIOTHYECKHI BBIBOJL
CeMaHTHYECKHE BXOIHbIC MPU3HAKH [64]
ATIPOKCHMAIHS CETH IEPEBOM [56 — 58]
P . | peueHuit
CTPOCTICKTHBHAI 7y oToOpakeHus (aKTHBALI [65, 67]
HEeHpOHHOH ceTH B KOHLENTHI)

3.3. Biusinue OHTOJIOTM HA IOHMMAEMOCTL OOLSICHEHMIA.
HecMoTpss Ha TO, YTO «IIOHUMAEMOCTH» OOBICHEHHN SBIAETCS OJIHUM
13 OCHOBOIIOJIATAIOIINX BOIMPOCOB, B TOJABJISIONIEM OOJBIIMHCTBE padoT
HE MPUBOJUTCS MOAOOHON OIEHKH, aBTOPHI OTPAHUYUBAIOTCS JIMIITL OOIIUM
TE3MCOM O TOM, YTO MCTIOJIB30BaHUE TIOHSATHBIX IKCIIEPTY KOHIICTITOB JeTacT
00BsicHeHHE OoJiee MOHUMAaeMbIM. [10CKOIIbKY HUKAKOW YUCIICHHON OLICHKU
00BIYHO HE MPOBOAUTCS, TO, OYCBHIHO, HE CIIOKWIOCH M YCTOSBIIUXCS
METOIUK OLEHKH HOJI00HOr0 BIMSHUS.

EnuncrBeHHON paboToil (3TO LUKI MyOMUKanWil OJHUX M TEX XKe
aBTOPOB, B KOTOPBIX MU3JIaraeTcs, B CYyIIHOCTH, OJIMH U TOT K€ aJITOPUTM —
TREPAN), rme [nemaeTcs TONBITKA OSKCIICPUMEHTAIBHO  OICHUTH
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MOHUMAEMOCTh OHTOJIOr0-OPHEHTHPOBAHHBIX O0OBSCHEHU, sBjsieTcs [56 —
58]. DkcrnepuMeHTaIbHOE HCCIEAOBAHHE OCHOBAHO HA HCIOJIb30BAHHUU
HAOOpPOB JAHHBIX W3 00JacTH MeAWIUHBI U (puHAHCOB. HCHBITYeMBIM
(He ABJSFOIUMCS KCTIIEPTAMHU B 00JIACTH MAIIMHHOTO OOYYCHHUS W aHAJIH3a
JIAHHBIX) TMOCJE TOKa3a OOIINEro pOJMKa O JEPeBbAX PEHICHUH OBLIO
MIPEUTOKEHO JBE 3aavuu:

—  wraccupukanus (IeMOHCTPUPYETCS OOBEKT M AEPEBO PEUICHHUH,
HY’KHO OCYIIECTBHUTH KIACCUPHUKAINIO, MCIIONB3YS TAaHHOE IEPEBO);

—  WHCHEKTHpPOBaHWE (ONCHUTh WCTUHHOCTD BBICKA3BIBAHUA —
HaTpUMep, «BBl MYXXYMHA, Ball JOXOJ BIHMACT HAa BEPOSTHOCTH BBITAYH
KpeIuTay).

ITo 3amayam ¢uUKCHpOBaach MPABHILHOCTh OTBETa, YBEPEHHOCTb,
BpeMsl, MOHATHOCTH JiepeBa (M0 CyOBEKTHBHOH OIIEHKE HCIBITYEMOrO).
BbuTo MOKa3aHo, YTO MOCTPOCHHUE ECPEBBEB PEIICHUI C YUETOM OHTOJIOTUI
JICHCTBUTEIHHO MO3BOJISCT YIPOCTHTh PabOTy ¢ HUMHM (M CAETaTh UX Oosee
MIOHATHBIMH).

[To Bcelt BHAMMOCTH, MONOOHBIN MOAXO] K OIEHKE MOHUMAeMOCTH,
B paMKax KOTOPOTO OIICHWBACTCS CIIOCOOHOCTP JIIOJCH MHTEPIPETHPOBATH
TE VT WHBIC BUABI OOBSCHEHUH, SBISCTCS JOCTATOYHO TEPCIICKTHBHBIM.

JlocTaTouHO OIOCPEIOBAaHHOW, HO TEM HE MEHee IOTEHIHAIbHO
MOJIE3HON OIEHKON (MPUMEHUTEIBHO K HEKOTOPHIM BHAaM OOBSICHCHHI)
SIBIISICTCS CTPYKTYPHAS CIIOKHOCTh. B 4aCTHOCTH, OHAa OKa3bIBAETCS XOPOIIO
MPUMEHHUMa K METOJaM PETPOCIEKTHBHOIO OOBSICHEHUS C MOMOIIBIO
anmpOKCHMAIINK CETH JIEPeBOM petieHuit [54].

3.4. Ouenka kavecTBa MeTOda OOBbSCHeHWil. [IOMHUMO OILEHKH
MMOHUMAEMOCTH TOJTy4aeMbIX OOBSICHCHHU, KOTOPAasi, KAK OTMEUEHO BHIIIIE,
MPAKTUYECCKH HUKEM HE MPOBOIMTCS, METObI (POPMHUPOBAHUS OOBICHESHUIA
MOTYT OIIEHHBATHCS 10 CIICAYIOIIAM XapaKTEPUCTUKAM.

JJis METOTOB aIpOKCHUMAIINH

—  npocroBeprocth  (fidelity) — TounocTs Bocmpou3BenCHMS
OOBSICHIMOW MOZETBhI0 «YEPHOTO SIIMKa» HAa CHHTETHYSCKUX IMpPHMEepax,
Ha KOTOPBIX 00ydaeTcs 00BICHSIOMAs MOIENb (almpoKCUMAIHs);

— mnonanganue (hit) — coBmameHue mnpejacka3aHUil OOBACHUMOMN
ANMPOKCUMAIIHH U «IEPHOTO SIIIIUKAY.

it peTPOCHCKTHBHBIX OOBSCHEHHWH C IMOMOIINBIO H3BIICUCHUS
KOHIICTITOB BaXKHBIM OKa3bIBAETCS TOYHOCTH BBIZACIACHHUS KOHIICIITOB.
CootBeTcTBEHHO, B [65] OOBsACHSIONIas MOJEIb OLIEHMBAETCS IO TOMY,
HCIIONB3YET JIK O0BICHEHUE TOIBKO PEICBAHTHBIC 00Pa3Ily KOHIICITHI.

3.5. Biusinue OOBACHUMOCTH HA TOYHOCTHh NpeACKa3aHMii
HellpoHHO# ceTH. PeTpocrnekTuBHBIE METOIBI OOBSICHEHUS HE OKa3bIBAIOT
BIMSIHUSL Ha TOYHOCTh TpPEICKa3aHUd HEeHUpoHHOH ceth (B ITOM
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3aKJII0YaeTcsl OAMH W3 CYIIECTBEHHBIX IUIIOCOB, CBSI3aHHBIX C HX
UCIIOJIb30BAHHEM ).

Yro kacaeTcs caMOOOBSCHUMBIX CETEH, TO CHUTyalus HE CTOJb
OIHO3HayHAa. B OoJbIIMHCTBE MCCIEAOBaHWI NpPUBHECEHHE B MOJEIb
OOBACHUMOCTH TPHUBOJMIO K HEOONBIION Aerpajaliu MpeacKa3aTeibHON
cuwnbl  (Tounoctw) [52,55-58, 61,63]. Hackompko KpuTHYHA 9Ta
JeTpajialiis M0 CPAaBHEHUIO C MPUOOPETCHHBIM MOHMMAHHUEM MOJICIIH,
OYEBH/IHO, 3aBUCUT OT 33/1aH.

Tem He MeHee, B ONPEICICHHBIX  CIIydYasXx, OHTOJOrO-
OpPHEHTHPOBaHHAsI O0BSICHUMOCTD HE BPEAUT Ka4eCTBY Npejckazanuil. Taxk,
aBropbl  [54] yKas3pIBarOT, UYTO KAueCTBO MPEACKa3aHWN OHTOJOTO-
OpUCHTUPOBAHHON  OOBSICHMMOW  MOJCIH  OKa3ajioch  XyXKe, YeM
HEMHTEPIPETUPYEMOH, OJHAKO JIydlle, YeM HHTepIpeTupyeMor 0Oe3
UCTIONB30BaHKsl  OHToNoruit. B [62] oTMeuaercs, dYTO KauecTBO
NpeACcKa3aHui MOJENN Takoe K€, KaK U y HEUHTEPIPETUPYEMOU MOJENH,
HO oOy4yeHnue TpeOyer MeHbIIEro uucia mnpumepoB. Hakowem, B [53]
Ka4yeCcTBO OKA3aJIOCh Ja)Ke JIydlle, YeM B HEUHTEPIPETUPYEMBIX MOIEIIAX.
[Mo00HBIE BHYIIAIOIIAE ONTUMU3M PE3YJIbTAThl CBS3BIBAIOTCS C TEM, YTO
B HEKOTOPBIX CIIy4asiX 0ObICHUMOCTH COMPOBOXKIACTCS MEPEHOCOM 3HAHHIA,
3aKOJIMPOBAaHHBIX B BUJE OHTOJOTHH, B HEHPOHHYIO ceTh. Takoi mepeHoc
croco0eH Kak YCKOPUTH oOydeHWe, TaK M MO3BOJNHUTH JOOUTHCS Ooiee
Ka4eCTBEHHBIX MPeCKa3aHuU.

4. 3aknioueHue. B 0030pe mpeacTaBieHBl MOAXOABI K CO3AAHHUIO
HUHTCJUICKTYQJIbHBIX CUCTEM C HUCIIOJIBb30BAHWUEM METOAOB MAIIMHHOTO
00yueHwUs, APXUTEKTYD, 00BEAMHSAIOIINX CHUMBOJIbHBIE 3HAaHUS
u cyOcuMBOJNIbHBIE — (HeipoceTeBble) 3HaHMsA, a TaKkkKe  Mojeiel
pEeACTABIICHUA CHMBOJIBHBIX 3HAHUH B HeﬁpOHHLIX CEeTAX
C UCIOJIb30BaHUEM OHTOJIOTU.

OHTOJIOTHYECKOE  MOJICIIMPOBAHUE MPUMEHSETCS Ha  Pa3HBIX
ypoBHsiX. Tak, BBLACISAIOT 0a30BbIe OHTOJIOTHH (MM OHTOJIOTHH BEPXHErO
YPOBHS), OHTOJIOTHMH 3aJa4, OHTOJOIMH TNpoOJeMHbIX obxacteil. Ha
HACTOSIIMA MOMEHT, MOJABISIIONIEe OOJBIUIMHCTBO METOJOB OHTOJIOTO-
OPUEHTHPOBAHHOTO HEHPO-CHUMBOJIMYECKOTO WHTEIEKTa OPUEHTHPOBAHO
Ha UCIOJIBb30BaHHE OHTOJOTHIA MPOOIEMHBIX 00JIacTel — OHU MPUMEHSIOTCS
KaKk B Ka4Y€CTBC alpHUOPHBIX 3HAHUH JUIA TIOBBIIICHUS KadeCTBa 4YUCTO
HEHpPOCETeBBIX peIIeHUH, Tak ® U1 NPpOOIEeMHO-OPHEHTHPOBAHHBIX
ob6wsicaenuil. ITockoNbKY pacCMOTpEHHBIE METOBI MCIIONB3YIOT, B IEPBYIO
o4epenb, CTPYKTYPY OHTOJIOTHH, OIPENEIAEMYIO SA3BIKOM, Ha KOTOPOM
peanu3oBaHa OHTOJIOTHS (M COOTBETCTBYIONIEH TECKPHITIIMOHHON JIOTHKOIT),
9TO CBsA3aHO, IIO Bcell BUAUMOCTH, C TEM, YTO HCIIOJBb30BAHHUEC KOHICIITOB
OHTOJIOTUH MpOOJIEeMHOI 00JacTh siBisieTcss HamOoJee BOCTPEOOBAHHBIM
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(U1 9KcmepTa), HEXENMH C KAKUMH-TO OTPaHMYEHHMSMH CaMHUX METOJIOB.
Tak, oHTOJIOTHS 3a/1a4 MOXET 0Ka3aThCs BOCTPEOOBAHHON NPH MOCTPOCHUH
WU-arentoB and  kimaccupuKauuu WM (GOPMHPOBAHUS  CTPYKTYp
IIPOIIECCOB.

Ioxxonst K CO3/1aHUIO UHTEJUIEKTYaJIbHbIX cucTeM
C UCTIONTF30BAaHUEM METOJIOB MAIIMHHOTO OOYyYeHHS B OOJbBIICH CTEeleHH
OPHUEHTUPOBAHbl HAa Pa3IMYHbIE MAKPO-CLIEHAPUH HCIIOJIB30BaHUSI METOIOB
MaIIMHHOTO OOYYeHHUs B HMHTEIUICKTYalbHBIX CHUcTeMax. [loka3zaHo, 4TO
«HefipoceTeBO€  TPHUOMIDKECHHE» B  OCHOBHOM OpPHEHTHPOBAaHO Ha
HCTIONB30BaHUE METOJOB MAIIMHHOTO OOYYeHHUS Ui almpOKCHUMAIUU
HMEIOLMXCS 3HAHUM C IOMOLIBI0 HEWPOHHBIX CETEH; «HEHPOCETEBOE
paccykIeHHe» — Ha pealu3aldi0 METOJOB JIOTHYECKOTo BBIBOJA
W IOKa3aTeNbCTBA  TEOPEM;  «HHTPOCHEKHUsS» — Ha  OoOyueHue
HCKYCCTBEHHBIX HEHPOHHBIX CETEH B MPOILECCEe «HAOIIOACHHUS» 32 APYTUMH
Mojenmsimu MU a «uHTErppoBaHHOE MOTyYeHHE 3HAHUI» — Ha 00yueHHe
HUCKYCCTBEHHBIX HEWPOHHBIX CeTell B Tpolecce «HAOMIOACHUI» 3a
9KCIEpTaMH, 4YTO B HauWOOJBILEH CTENEHH COOTBETCTBYET IPOIIECCaM,
MIPOUCXOISAIINAM TP KOJTA00PATUBHOH ITOAACPKKE IPHHSATHS PEIICHIUH.

ApPXUTEKTYpHl, = OOBCAMHSIONINE  CHMBOJBHBIC  3HAHUA W
cyOcuMBONBHBIE — (HEHpoceTeBble)  3HAHMSA, B  CBOK  odepensp,
OpUEHTHPOBAaHBl UMECHHO Ha OOBEIWHCHHE yKa3aHHBIX 3HAHUH B CIUHBIC
KOMOWHHUPOBAHHBIC MOJICIIA HE 3aBHCHMO OT CIICHAPHEB WX HCIOIH30BaHUS.
Ha mnacrodmmii MOMEHT MpPEIIOKEHO IOCTATOYHO MHOIO apXHUTEKTyp
MPEJCTaBJIEHUS CUMBOJIBHBIX 3HAHUN B HEMPOHHBIX ceTsAx. PaccmMoTpeHHble
paboThl  MOKa3bIBalOT 0oJiee  BBICOKYIO  A(QQEeKTUBHOCT,  Mozesei
MAaIIMHHOTO 00y4YeHHs, KOMOMHUPYIOIUX CHMBOJBHBIE M CyOCHMBOJIBHBIE
(HeiipoceTeBble)  3HAHUS, 1O  CPaBHEHHIO C  «KJIACCHUECKHMIDY
HepoceTeBBIMU MOJETSIMH IO IOKa3aTelsiM TouyHocTH. Kpome Toro, xak
MpaBWjIoO, OOyYeHHEe TakMX KOMOWHHPOBAaHHBIX Mojeneil  Tpedyer
CYIIECTBEHHO MEHBIIUX O0BEMOB OOYYAIOMIMX ITaHHBIX, YTO IO3BOJIICT
TOBOPUTH O BO3MOXKHOCTH MX OOYYCHHS Ha MAllbIX NAaHHBIX. BOJBIIMHCTBO
U3 PacCMOTPEHHBIX apXUTEKTyp KOMOWHHPOBAaHHBIX MOZAEICH W Mojeneit
MIPEJCTAaBICHAS CHMBOJILHBIX 3HAHHH B HHUX pPaBHO S(QQEKTHUBHBI H WX
BEIOOp B TEPBYIO OuYEpeAb OIpEeAeNseTcs pelaeMoil KOHKpPETHOH
MPUKJIAIHOM 3amaueii (Tabauma 2).

Tak, B ciay4ae Hamuuus OTHCIBHBIX OHTOJOTHH, OIHCBHIBAIOIINX
3HaHUS TpoONeMHOI 007acTH, KOTOpBIE SBISIOTCA AWHAMHYHBIMHU
(pa3BUBAIOIIMMUCS), 1EIECO00Pa3HO PUMEHEHNE THOPUIHOW MOIYJILHOMN
ApXUTEKTYpHl, pa3leisaiomell CHMBOJIBHBIE M HEHpOCETeBBIC 3HAHUS,
ITOCKOJIBKY B 3TOM CIlydae CHMBOJIBHBIC 3HAHUS MOTYT KOPPEKTHPOBATHCS
B HEKOTOPOW CTEIEHH, He 3aTparuBas HelpocereBble. B mpoTuBHOM ciydae
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(pabota co CTaTHYHBLIMH 3HAHUSAMU), yHUDUIUPOBAHHAS
U TpaHcOpMaIOHHasl apXHUTEKTYPhl BBIMISIAT OoJiee MPUBICKATEIHHO
B CHJIly THOKOCTH W MHOrooOpa3us CIOCOOOB BHEIPCHHUS CHMBOJIBHBIX
3HAHUI B HEUPOCETEBBIE MOJIEIIH.

B cucTemax komutabopaTUBHOW MOICPIKKH MPUHSATHUS PEIICHUH, KaK
TPaBUIIO, IENECOO0PA3HO HCIONB30BAaHHEe HECKONBKHX onTomoruit [70],
OXBAaTBHIBAIOMINX PA3JIMYHBIC ACIEKTHl MPOOJEMBI, YTO OO0YCIIaBIMBaET
MPEOIOYTUTEIFHOCTS TPUMECHEHUS HMEHHO THOPHUAHOM MOIyITBHON
apxuTekTypsl. llpm »3TOM, HEO0OXOAMMOCTH IBYCTOPOHHErOo oOOMeHa
3HaHMSIMH MeXITy dYenmoBekoM u MU moapasymeBaeT NIpUMEHEHHE ee
MTOJTHOCTRIO HWHTETPHPOBAHHOTO BapuaHTa. Bompoc o BBIOOpe Moaemu
Hpe[[CTaBHCHI/IH 3HaHPII71 B JAHHOM cnyqae CTAaHOBHUTCA MCHECC aKTyaJ’ILHLIM,
MIOCKOJIbKY 3HaHUs HE BCTPAaWBAIOTCS HANIPSIMYIO B HEHPOCETEBbIE MOJCIH.

Tabmuna 2. [IpenmyInecTBa 1 HEJOCTATKU aAPXUTEKTYP, OOBEIMHSIONIE
CHMBOJIbHBIC 3HAHUSI U HeHPOCETeBbIe 3HAHUS

ApPXUTEKTYpHI, IIpeumymecrsa Henocratku
00BeIUHSAIOIIHE

CHMBOJIbHBIC 3HAHUA U

HelpoceTeBble 3HaHUs

YHnuuupoBaHHast — MHoroo6pasue ciocobos — CymecTBeHHas
BHEJPEHUS] CHMBOJIBHBIX 3aBHCUMOCTh
3HAHUI B HeHpoceTeBbIe CHMBOJIBHBIX H
MOJIETIH. CyOCHUMBOJIBHBIX

3HaHUH ApYyr OT
Jpyra.

TpancdopmarmonHas — MHoroo6pasue crioco6oB — OrpaHuueHHas
BHEJIPEHUS CHMBOJIBHBIX obnacth
3HaHUU B HEUPOCETEBbIE HCHOJIb30BaHMUS.
MOJIETIH.

— CnocoOGHOCTD U3BIICUCHUS
CHMBOJIbHBIX 3HAHHUH W3
CcyOCHMBOJIBHBIX.

I'nGpunnas MoxynbHas | — CHMBONBHBIE U — OrpaHuYeHHEIE
CyOCHMBOJIBHBIC 3HAHNS B MEXaHU3MBI
3HAYUTENILHON CTeTIeHN B3aMMOJICHCTBUS
HE3aBUCUMBI pYT OT ApyTa. CHUMBOJIBHBIX H

CyOCHMBOJIBHBIX
3HaHHH.

OCHOBHBIE PEKOMEHJAIMM TI0 BBIOOPY METOMOB OOBSCHEHHS,
chopMyIHpOBaHHBIE B pe3yibraTe o0030pa, CBeaeHbl B Tabmuie 3.
[Mpeumy1iecTBOM caMOOOBSCHUMBIX CETeH, KaK MPaBUIIO, SIBISIETCS TO, YTO
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B HUX 1mpouecc (GOpMHUpPOBaHMS OOBSICHEHUS HAIpSIMYIO CBs3aH
C TIOJIy4eHHEM pe3ysbTaTa, a 3Ha4yuT, OObSCHEHHE B OONbLIEH CTENEeHU
OIUCHIBAET JIOTUKY IPUHSITUS pelieHus ceTblo. OHAKO B TaKMX MOZAEIAX
3a4acTyl0 HAaKJaJbIBAIOTCS OIpPE/CICHHbIE OrPaHWYEHHsT Ha CTPYKTYpYy
CeTH, YTO MOXET CHW)XaThb €€ KayecTBO (TOYHOCTh IIOJIy4aeMBIX
pe3ynbraToB). IIpenMymecTBOM ke PEeTPOCIICKTUBHBIX METOIOB SIBIISCTCS
TO, YTO OHU NOTEHIWAJIBHO MOTYT IPHMEHSTHCS K JIOOBIM CeTAM (B TOM
YHCIIe ¥ K TeM, IIPOoLecc 00yYeHHs KOTOPHIX He KOHTPOJIHPYETCS), OTHAKO
MEXIy pealbHOW JIOTHKOH PabOTHI CETH U €€ OHTOJIOI0-OPHEHTHPOBAHHBIM
00BACHEHHEM BO3MOXKHO PACXOXKICHHE.

OpHoii w3 HamboJiee CEphEe3HBIX HMCCIEOBATEIBECKAX TIPo0IeM,
BBIABJICHHBIX B XOJ€ 0630pa, SABJIACTCA OTCYTCTBUEC HpHHﬂTOﬁ 1 HIUPOKO
HCHOHBSyeMOﬁ MCTOAUKU 1JI1 OLCHKH IIOHUMACMOCTHU O6LﬂCHeHHﬁ u,
B YaCTHOCTH, BJIMSAHUA HCIIOJIb30BaHUA OHTOJIOTHMH Ha ITOHUMAaEMOCTb.

Bcepasu ¢ 3TUM  menecooOpasHBIM — NPEACTABIAECTCS  NPOBEJCHHE
HCCJICJOBAaHHUM, HAIpaBICHHBIX Ha pPa3padOTKy TaKOH METOAWKH, 4YTO
MOTEHLUMAJbHO  MOXXET  OKa3aTh  WHTErpalMOHHBIA  3(pQeKkT  Ha

paccMaTpuBaeMyro 00IacTs.

Tabmuna 3. [IpenmymecTBa 1 HEJOCTATKU ITOJXO00B K OHTOJIOTO-
OpHEHTHPOBAHHOMY OOBSCHEHUIO HEHPOHHBIX CeTEl

TToxxoxn K
IIpeumymectBa Henocrarku
00BSICHEHHUIO
CamooObsicnumas | —  Ilpomecc popmupoBanus | —  HakmageiBarorcst
Moae/b 0OBSCHEHHS HATIPSIMYTO OIpECICHHBIC
CBSI3aH C MOJIy4YeHUEM OrpaHUUYCHUS Ha
pe3yibTaTa, a 3HauuT, CTPYKTYpY CETH, YTO
o0bsicHeHHe B OombIIei MOJKET CHUXATh €€
CTEINEHH OINUCHIBAET JIOTHKY KauecTBO (TOYHOCTD
MPUHATHSA PEIIEHHS CEThIO. HOJTy4aeMbIX
pe3yIbTaToB).
PerpocnexTuBHbIl | — [ToTeHuunanbHO MOTYT —  Bo3moxno
HMPUMEHSTHCS K JIIOOBIM CETSIM | PACXOXKJCHUE MEXIY
(B TOM YHCIIE H K TEM, peanbHOM JTOruKOH
nporecc 00ydIeHHsT KOTOPBIX paboTsI ceTn 1 ee
HE KOHTPOJIUPYETCs). OOBSCHEHHEM.

Yro kacaercs KOHKPETHBIX ME€TOJ0B OHTOJIOTO-OPHUECHTHUPOBAHHOI'O

0OBSICHEHUS! HEHPOHHBIX CeTeH, TO Hamboyiee MePCHEKTHBHBIMHE SIBIISIOTCS
CIIEAYIOLNE HAIIPABICHHS:

1.  PerpocnexTuBHBIE
anMpOKCUMAIHH,

OOBSICHEHHUS, TIOCTPOCHHBIE HE Ha
a Ha MHCCIENOBAaHUM BHYTPEHHMX IIPEICTABIICHUH,
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MOPOXKIAEMBIX TNIyOOKUMH HEWPOHHBIMH CeTsIMU. [loTeHIMalbHO OHU
MIPUMEHUMBI K JIIOOBIM CETSIM, FapaHTHPOBAaHHO HE BEAYT K Jerpaganuu
NpeACKa3aHud W MOTYT IIOMOYb UW30€XaTh  «pa3pblBay  MEXKIY
MIPEACKa3aHUAMH «UEPHOTO SIIUKa» U almpoKCUMaropa, XapakTepHOTo JJIs
00BsICHEHUIT Yepe3 alnpoKCUMAIHIO.

2. CamMo000BICHUMEBIE MOJIEIIH, HCTIONB3YIOIIHE 3HAHUS
mpobiemMHoi#t obmacty, 3akoaupoBaHHBIE B (hopme oHTONOTHH. [TomoOHBIE
Pa3sHOBHIHOCTH CaMOOOBSICHUMBIX MOJENIEH MOTYT 00€CIIednBaTh KadeCTBO
MIPEACKa3aHUH HE XyXKe, YeM y HEHHTEPIIPETHPYEMbIX MOJEICH, OJHAKO
IIPU 3TOM 00€CIeYNBaOT OOBSICHIMOCTD B «HAWIYUIIIEM» BapHaHTE — KOT/Ia
caM Tporecc (HOPMHPOBAHUS PEHICHUSI M €r0 OOBSICHEHHWE COBMAJAIOT.
[Mono6HbIe 3B deKThl XapaKTepHbl, HAIPUMEp, U BapHaHTOB TMOPUIHOMN
MOJIYJIbHOH apXUTEKTYpbl HCIIOJIb30BaHHS ANPUOPHBIX 3HAHMH (C y4eTOM
TOTO, YTO OOBSCHUMOHN SIBIAETCS TOJBKO Ta YacTh pe3yJbTara, KOTOpas
CBsA3aHa ¢ pabOTON MAIlIMH BBEIBOJIA).

B memoM, MeTombl  OHTOJIOrO-OPMEHTHPOBAHHOTO  HEHpO-
CHUMBOJIUYECKOTO MHTEJUIEKTa OPHEHTHPOBAHBI Ha peuieHue
MIPEUMYIIECTBEHHO 3a1a4 KIacCH(HUKAIMU, B KOTOPBIX HCIIOIb3YyEMBbIC
OHTOJIOTMHM 3aJaloT aJCKBaTHYIO IOHATHHHYIO 0a3y (ecim Habop
KOHIIETITOB, MIpeayCMaTPUBAEMBIX OHTOJIOTHEH, OKa3bIBaeTCA
HEJIOCTaTOYHBIM JUIS BBIpa)KCHHMS NTpaBmIa KIacCH(UKAIMK, TO U IEHHOCTh
OHTOJIOTO-OPHEHTHPOBAHHOTO  PEIICHHS, CKOpPEee BCEro, OKAKETCS
HeBbICOKOH). TakuM 00pa3oM, orpaHUYeHHEM /ISl IOJOOHBIX METOJ0B HHUX
SIBJISIETCS HAJTMYUE Ka4eCTBEHHBIX, IPOPA00TaHHBIX OHTOJIOTHH, 8 0COOEHHO
MEPCIIEKTUBHBIM ~ MPEJCTABISIETCS] NPUMEHEHHE MOJOOHBIX  METOJI0B
B O0JlacTsIX, TJie Pa3BUTHUI0 W HCIOJb30BAHHUIO OHTOJOTUH yIessieTcs
OoJibllIoe BHUMaHUE (HarpuMep, OMOJIOTHs U MEUIINHA).

Cpenu HamboJiee MEPCIEKTUBHBIX HANpPaBJICHUH Pa3BUTHS METOAOB
OHTOJIOTO-OPHEHTHPOBAHHOTO HEHPO-CUMBOJIMYECKOTO MHTEIUICKTa MOYKHO
BBIJICTIUTH ClIeAyolIe. Bo-TiepBbIX, Mpeo0IieHne OCHOBHBIX OTPaHUYCHUI
(cBA3aHHBIX C HAIMYMEM Ka4eCTBEHHBIX OHTOJIOTHII) IOCPEICTBOM

CO3adaHHuA KOMIIJIICKCHBIX ABTOMATU3UPOBAHHBIX METOOOB,
066CH6‘{I/IB3IOH.[I/IX KaK HU3BJICYCHUEC KOHICIITOB (I/I HaIlOJIHCHHUE OHTOHOFI/II\/’I),
TaK MW HUX HCIOJIB30BAHHUC — OJHUM U3 HyTCﬁ 34€CHh MOXKCET OBITE

KOHBEPIeHIUSI C MOINHBIMU SI3BIKOBBIMH MOJENSAMH M HCCIEIOBAaHUE
BHYTPEHHHX NPEACTAaBICHHN HeHpoceTeBBIX Kiaccupukaropos. Bo-
BTOPBIX, pacHIMpeHre 00JacTH NPUMEHEHHs Ha OoJiee CIOXKHBIE 3aTadu
(3ampenenamMu  kmaccuukanMu) — HampuUMeEp, CO3IaHUE METOJIOB
(dopmMupoBaHN OOBEKTOB Ha OCHOBE T'€HEPATHBHO-COCTI3ATEIBHBIX CeTei
C OrpaHMYCHHSIMH, 32/1aBAEMBIMH C TIOMOIITHIO OHTOJIOTHH.
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N. SHILOV, A. PONOMAREV, A. SMIRNOV
THE ANALYSIS OF ONTOLOGY-BASED NEURO-SYMBOLIC
INTELLIGENCE METHODS FOR COLLABORATIVE DECISION
SUPPORT

Shilov N., Ponomarev A., Smirnov A. The Analysis of Ontology-Based Neuro-Symbolic
Intelligence Methods for Collaborative Decision Support.

Abstract. The neural network approach to Al, which has become especially widespread in
the last decade, has two significant limitations — training of a neural network, as a rule, requires
a very large number of samples (not always available), and the resulting models often are not
well interpretable, which can reduce their credibility. The use of symbols as the basis of
collaborative processes, on the one hand, and the proliferation of neural network Al, on the
other hand, necessitate the synthesis of neural network and symbolic paradigms in relation to
the creation of collaborative decision support systems. The article presents the results of an
analytical review in the field of ontology-oriented neuro-symbolic artificial intelligence with an
emphasis on solving problems of knowledge exchange during collaborative decision support.
Specifically, the review attempts to answer two questions: 1. how symbolic knowledge,
represented as an ontology, can be used to improve Al agents operating on the basis of neural
networks (knowledge transfer from a person to Al agents); 2. how symbolic knowledge,
represented as an ontology, can be used to interpret decisions made by Al agents and explain
these decisions (transfer of knowledge from an Al agent to a person). As a result of the review,
recommendations were formulated on the choice of methods for introducing symbolic
knowledge into neural network models, and promising areas of ontology-oriented methods for
explaining neural networks were identified.

Keywords: neuro-symbolic Al, domain knowledge, machine learning, deep learning,
explainable Al, XAl, ontology.
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MATEMATUYECKOE MOAENMMPOBAHWE N NPUKNAOHAA MATEMATUKA

YIAK 519.8 DOI 10.15622/ia.22.3.5

I'1. AnrasuH, [I.I'. AITASUHA
CXOAUMOCTbD I10 HOPME ITMHAMUMKUA KOJUIEKTUBHOI'O
NOBEJIEHUS B PE®JIEKCUBHOM MO/EJIA OJIUT OIIOJINH
C IUIEPAMU

Aneasun I'H., Aneasuna J[.I. CXOQUMOCTb 1O HOPMe [IHHAMMKH KOJIJIEKTUBHOIO
noBesieHUs B pe)JIeKCHBHOI MO/Ie/ M OJUTONOIHH C THIepaMu.

AnHoTtanusi. PaccmaTpuBaeTcss Mojenb OJNUIONOIMH C  HPOU3BOJBHBIM  UHCIOM
paLHOHANBHBIX areHToB, peduekcupyromux no Kypno mmm Illtakems0Oepry, B yCIOBHAX
HETIONHOH MH(GOPMAIHH UL KIACCHYECKOTO CTydas JINHEHHBIX (yHKINH U3IepiKeK U cIpoca.
Uccnenyercs mpoOieMa  JOCTIDKEHHS  PaBHOBECHs Ha  OCHOBE  MAaTeMaTHYECKOro
MOZEJIHPOBAHUS IIPOLECCOB NPUHATHSA areHTaMH peuieHuil. PaboTbl B 5TOM HampaBlIeHHU
SIBIAIOTCS aKTyaJbHBIMH BBHAY 3HAYUMOCTH IIOHHMAHHS IIPOLECCOB, IPOHMCXOMASAIIMX Ha
pEaNbHBIX PHIHKAX, U COMIKEHUS C HUMHU TEOPETHYECKHX MoJenei. B pamkax nuHammaeckoi
MozenH pPe(IEKCHBHOTO KOJIEKTUBHOTO IIOBEJICHHS KaXIbIi areHT B KaXKIbIH MOMEHT
BPEMEHH KOPPEKTHPYEeT CBOH 00beM BBITYCKa, Jelas IIar B HANPABICHUH BBIIYCKa,
MaKCHMI3HPYIOIIET0 ero HPHOBUIb NIPU O0XHIAeMOM BEIOOpE KOHKYpeHTOB. JlomycTumas
BeJIMYMHA IIara 3ajaercs auama3oHoM. CTaBUTCS M pelIaeTcs 3ajaua IOUCKa JHAra30HOB
JOIyCTUMBIX IAroB AareHToB, KOTOpbIe (OPMYyIHPYIOTCS KaK YCIOBHS, TapaHTHUPYIOIIHE
CXOJMMOCTh IUHAMUKH K PaBHOBeCHIO. HOBU3HY HcclieJOBaHHS ONpe/elsieT HCIIONb30BaHue B
KauecTBe KPUTEPHs CXOJHUMOCTH AUHAMUKH HOPMBI MaTPHIIBI IIEPEX0/ia IOTPELIHOCTEH OT t-ro
K (t+1)-My MomeHTy BpemeHu. [loka3aHo, YTO JMHAMHKA CXOAUTCS, €CIM HOpMa MEHbIIE
€[IMHULBI, HAYMHAs C HEKOTOPOIO MOMEHTa BPEMEHH, M HEBBIIOJIHEHHE 3TOTO KPHUTEPHS
0COOCHHO MpOosBIISET ce0s NP Pa3HOHANPABIEHHOM BbIOOpE, KOTJ]a OJIHU areHThl BBIOUPAIOT
«OopIye» MAard JBIKEHUS K CBOMM TEKYIIUM IEJIM, Jpyrue, Hao00pOT, — «Mable» IIart.
HeBblmonHeHne KpHUTEpUsl TakKe YCHIMBAETCS C POCTOM pHIHKA. Y CTaHOBIEHHI OOIIve
yCJIOBUSI HAa JMANa3oHbl CXOAMMOCTH [MHAMHKH JUIS IIPOU3BOJIHOIO YHCIA areHTOB U
MPEeUIOKEH METOJ IOCTPOCHHS MAKCHMAlIbHBIX TaKHMX AMANa30HOB, YTO TAKXKE COCTABIET
HOBH3HY HccienoBanus. [IpencTaBieHs! pe3yibTaThl PEIeHHs YKa3aHHBIX 3a/ad JUIS YaCTHBIX
CIIy4aeB OJIUTOMNOJIMM, KOTOpBIE SIBIAIOTCA Hauboliee IMMPOKO pPacIpOCTPAHEHHBIMHU Ha
MIPaKTHUKeE.

KiaroueBble CJI0Ba: OJWIONONNS, HENOJHas HWHPOPMHUPOBAHHOCTb, KOJUICKTUBHOE
noBefeHue, pedexcus, HopMa MaTPHIBL, IOTPEIIHOCTH IPOLECCA, JUANA30Hbl CXOIHUMOCTH.

1. BBenenne. B Mozensx ONMIoNOIMM HCIOJIB3YIOTCS Pa3IMYHbIC
MIPEATONIOKEHUST O TIOBEJICHUM PAalMOHAIBHBIX areHTOB M WX B3aUMHOU
MHPOPMHUPOBAHHOCTH.

TpamunuonHo BbENAIOT TOBeneHne 1o KypHo u moBeneHne
o [lIrakens6epry. IloBenenme mno KypHo mnpenmosnaraer, 9To areHr
C IIETPI0 MAKCHMH3ALUU COOCTBEHHOW MPHUOBUIM yCTaHABIHMBaeT 00BEM
BBITyCKA, CYMTasi HEU3MEHHBIMH OOBEMBI BBITyCKa KOHKYpPCHTOB,
T.€. TIOCTIETHUM HE BBITOJHO MEHSTH BBIITYCK JUISl ITOTY4YEHHUS «MTHOBEHHON
npuos» [1]. TloBenenne no IlltakenbOepry 3akiaroyaercsi B TOM, YTO
areHT C LeJNbI0 MaKCUMH3alUH COOCTBEHHOW NPHOBUIM YCTaHABIUBAET
00bEM BBIMYCKa, CYUTAs], YTO BCE OCTAIbHBIE areHThl JeHCTBYIOT 1o KypHo
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U OH TOYHO 3HAeT WX peakiuio (00BEMbI BBHIMYCKA) HA HM3MCHEHHUS €ro
obpema BeITycka [2]. Takoro areHTa Ha3bpIBAIOT JIMACPOM IIO
lTakensOepry. Arenra, JeicTBytomero no KypHo, Ha3pIBalOT BEIOMBIM.
[MoTennuansHO, TUACP UMEET BO3MOXKHOCTD MOJTYYHUTh OOJIBIIYIO TPUOBLTH
W BIOJHE OMNpPaBJaHO, €CIIM pAIMOHANBHBI areHT CTPEMHUTCS CTaTh
mumepoM. [TosToMy miist mccineoBaHUi MPEICTAaBISAIOT HHTEPEC MOJICIH HE
TOIBKO C OJTHAM, HO ¥ C HECKOJIBKUMH Juaepamu [3 — 12].

KanoHnyeckoil nans TEOPETHUKO-UIPOBBIX  MOZENEH  SABISETCS
KOHIIeNUs 00mero (MOTHOTO WIIM COBEPILICHHOTO) 3HAHMWS, IOJIATralomias,
YTO BCS CYIUIECTBEHHAas HWHGOpMAIMA W TPUHIUIG NPUHIATHAS PEUICHUN
areHTaMy BCeM UM U3BECTHBI, BCEM U3BECTHO, YTO BCEM 3TO M3BECTHO U T.J.
1o 6eckoHeuHoctu [13]. Pemienue cooTBeTCTBYIOIIEH UIPhl B HOPMAJIBHON
(dbopmMme mpencraBiser codbol cratmyeckoe paBHoBecue Hoama [14], koTtopoe
JIOCTUTAETCS B pe3yJbTare OJHOKPATHOIO BBHIOOpDAa arcHTaMu CBOMX
nedcTBuil. BMmecte ¢ TeM,  MHOTOYWCJICHHBIE  HCCIEIOBAHHS
CBUJICTENECTBYIOT, YTO JUII KOHKYPEHTHBIX PBIHKOB YCIOBHE O HAIIMYHU
o0IIero 3HaHMA, KaK MPABHJIO, HEBEIMIOJHUMO. B yCIOBHAX KOHKYpCHIIUH
areHTBl YacTO HE 3aWHTEPECOBAaHBI pACKPHIBATh JPYTHMM arcHTaM
nHPOpPMANNIO, SBJLSIOIIYIOCS — CYIIECTBEHHOW [UIA TPHUHATHS — WMHU
aJIeKBaTHBIX perieHnil. Takke TOCTIKCHHIO PaBHOBECHS, MPEICKA3aHHOTO
TEOpHEH, MOTYT TPENATCTBOBATh TakWe (aKTOPHI: OTPAHUICHHOCTH
KOTHUTHBHBIX BO3MOXHOCTEH areHToB, HEO0OXOIMMOCTh YBEPEHHOCTU
KaXX/IOTO areHTa B TOM, YTO BCE OCTaJbHBIE MOTYT BBIYHCIHTH PaBHOBECHE
Hema wu cpemaror 53T0, HemonHAas WHMOOPMUPOBAHHOCTh, HAJIMYHE
HECKOJNbKUX paBHOBecud [15—20]. B cCOOTBETCTBYIOIIUX MOJIEIIX
paBHOBECHE  JOCTUTAeTCS KaK HMCXOJl  HWTEPAllMOHHOTO  Mpollecca
PE(IICKCUBHOIO IPUHATHS areHTaMH PEIICHUH.

JIis TOCTpOCHHs WTEPAaIMOHHOTO Ipollecca B JIAaHHOH CTaThe
B KayecTBe 0a30BOMl  BhIOpaHA WHAWKATOPHAs  MOJCIb  JTUHAMHUKH
KOJUICKTHBHOTO moBeneHus [21]. B momp3y Takoro BbIOOpa MOXKHO
TIPUBECTH CIICAYIOIINE TOBOIBI:

— «<...> B TEOpHUH KOJUICKTHBHOTO TIIOBEACHUS TPAIUINOHHO
CTPOSITC W HW3YYAlOTCS MOJENH JAWHAMHUKH <...> TIOBEJCHUYECKHX
KOMIIOHEHT JAEATENIFHOCTH (BHEIIHE MPOSBISIEMBIX, HaOmomaembix) [11]
CyOBEKTOB (areHTOB) — WX ACHCTBHH W/WIM PE3YNbTAaTOB ICSTEIHHOCTU
[10]» [22] (mpumeuanue: 3nech W HIDKE B IUTHPYEMOM TEKCTE
YKa3bIBAIOTCS aBTOPCKHE CCHUIKHM Ha CBOM IIEPBOMCTOYHUKN);

—  «B otnuume ot Teopuu UTp TEOPUs KOUIEKTUBHOTO MTOBEACHUS
[4 — 6] 3aHMMaeTCs UCClIEJOBaHUEM JUHAMUKH TIOBEJIEHUS! PallMOHATIBHBIX
areHTOB MpPH JOCTATOYHO CJIA0BIX MPEIIOJI0KCHUAX OTHOCHTEIBHO HX
uHpOpMHUpPOBaHHOCTH. Tak, HampuMep, HE Bcerma TpeOyercs Haudue
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CpeIy arcHTOB OOINEro 3HAHHMS OTHOCHTEIbHO MHOXKECTBA arcHTOB,
MHOJKECTB JIOIMyCTUMBIX JICHCTBHHA W ICNIEBBIX (YHKIUH OIMOHCHTOB
[4 — 6]. lnu cuuTaercs, 4TO areHThl HE BCErla NpeACcKa3bIBAIOT MOBECHUE
BCEX OIMOHEHTOB, KaK 3TO HMMeeT MecTo B Teopuu wurp. bornee Toro,
3a4acTyl0  areHThl, TpPUHUMAas  pEIIeHUs, MOTYyT «HE  3HAaTh
0 CYIIECTBOBAHWM» HEKOTOPBIX JPYIMX AareHTOB WM HWMETh O HHX
«arperupoBaHHyI0 HHPopMarmo»» [13];

—  HUCCIICTOBaHHS Mozenei KOJUIEKTHBHOTO TTOBEACHHUS
BIUIOTHYIO  TNPHOMIKAIOTCA K  I[OCTAaHOBKE  3aJad  areHTHOTO
UMHTALMOHHOTO MOJEJIMPOBAHUS U UMEIOT ¢ HUMH MHOTro obuiero. <...>
I'mnore3a WHAMKATOPHOTO TOBEACHUS SBISETCS JIMIIL OJHUM U3
BO3MOXXHBIX  BapHMaHTOB  OIMUCAaHUS  KOJUIGKTUBHOTO  TIOBEICHUS
[32, 39, 41, 45], HO ee UCTIONIB30BAHUE YMECTHO, TaK KakK, C OJJHONH CTOPOHBI,
€e CBOICTBA UCCICIOBaHBI HauOOJIee MOAPOOHO IO CPABHCHUIO C IPYTHMHU
npoleaypaMu, a ¢ APYrod CTOPOHBI — KaK MOKa3bIBAIOT MMHUTAI[MOHHBIE
SKCIEepUMEHTHl  [5, 45, 63], OHa [OOCTaTOYHO AaJEKBATHO OIHUCHIBAET
TOBEJICHHE JII0Je B UMUTALMOHHBIX U JEJIOBBIX Urpax» [23];

—  «llogxonbl TEOpUHM KOJUIEKTUBHOTO TOBEIAECHHSI U TEOPUU UTP
COTJIACOBAHBI B TOM CMBICIIE, YTO W Ta, W JpPYyTras HCCICAYIOT MOBEICHHE
pAIlOHANIFHBIX areHTOB, a PAaBHOBECHS WIPHI, KaK MPaBUIIO, SBISIOTCS
¥ PaBHOBECHSIMH JHHAMHYECKUX TMPOLEAYP KOJUICKTHBHOTO TOBEICHUS
(mammpumMep, paBHOBecme Homa sBisIeTCS paBHOBECHMEM WHAWKATOPHON
MOJIETTN TMHAMUKH KOJUIEKTUBHOTO TIoBeaeHus)» [13].

OmHako, paBHOBECHE NTUHAMUKHA KOJJICKTHBHOTO TIIOBEICHHUS HE
BCETr/Ia JIOCTIDKUMO JaXke B Clydyae, KOTJa B MOJEIH OJIMTOINOJUUA OHO
cymiectByer. Tak /i MOZCIH ¢ JIMHCHHbIMEA (QYHKIMSIMH 3aTpaT U Crpoca
JIMHAMUKA  KOJUIEKTUBHOTO  TOBEJCHHUS  CXOOUTCS K  PHIHOYHOMY
PaBHOBECHIO TIPH JIFOOOM YHCIIC areHTOB, €CITU B KaXKIBIH MOMEHT BPEMEHH
areHTBl KOPPEKTHPYIOT CBOW MPEIBIAYIIAE OOBEMBI BBHITYCKA MAallbIMU
maramu. M3BeCTHO, YTO [WAmma3oHBl IIAroB, Ui KOTOPBIX TUHAMUKA
CXOJUTCS, CYKAIOTCS MPH YBEIMYCHUHM YHUCIIa arcHTOB. [IMHaMuKa Takke
cxomuTest uist Moaenu ayononud KypHo, ecnu KakIpld U3 JBYX areHTOB
JIeNIaeT MAaKCHUMANbHBIA IHar, T.e. B KaXKIbIH MOMEHT BPEMEHH BHIOHpAeET
CBOW HAWIYYIIWH OTBET Ha OXXHIAACMBIH OO0BEM BBHITyCKa KOHKYpEHTA.
Jis Mmozien peIHKa € YHCJIOM arcHTOB OOJNBINE JBYX Takas TUHAMHUKA
pacxXomuTCs, OWHAMHKA YacTO HE CXOMUTCS, €CIIM areHThl BBIOHMPAOT
6onpimwme maru [9, 11, 21, 24].

Hacrosimee wucciiejoBanre MOCBSIIEHO MpoOJeMe OIpeaeeHus
JINAna30HOB IIaroB, B paMKax KOTOPBIX areHThl, KOPPEKTHPYsI, HE3aBUCUMO
JIpyr OT Jpyra, CBOM TMpeAbIAYIIHE OObEMBbI BBITYCKA, MPUXOIST
K PaBHOBECHIO. AKTYaJbHOCTh MPOOJIEMbI ONMPEACISICTCS €€ 3HAYUMOCTBIO
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Ui IOHUMaHUA W PEryJaupoBaHUsA MPOUECCOB KOJUICKTUBHOI'O TMPUHATUA
pelICHU Ha COBPEMEHHBIX KOHKYPEHTHBIX PBIHKAX W COJNIMIKCHUS C HUMH
TeOpeTHYecKnX Mojeneil. JlJii MOoJenu OJNUTOIOJIMK C IPOW3BOJIBHBIM
YHCIIOM areHToB, JeiicTBytomux no Kypuo n\nmm HIrakens6epry, pemenne
JAHHO MPOOIIEMBI HE SBIISETCS 3aBEPIICHHBIM aXKe IS CITydas JIMHEHHBIX
(GyHKIMIA 3aTpaT W CIOpoca — OCHOBHBIE YCIIEXW OTPAHHYECHBI HAOOpPOM
YaCTHBIX CIy4aeB ¢ HEOOIBIIUM YUCIIOM areHToB [25 — 30].

OcoGeHHOCTh HCCIICTOBaHUS oTpenenseT HCTIOb30BaHUE
B Ka4ecTBE KPHUTEPUS CXOAUMOCTH TUHAMHKHA HOPMBI MAaTpPHIIBI Iepexoja
MOTPEUTHOCTeH OT #-ro K (t++1)-My MomeHTy BpeMeHH. s THHEHHON
MOACIN OJIMTOIIOJINHU KpI/ITepI/Iﬁ CXOOAUMOCTHU IO HOpME€ O03HA4Yac€T, 4YTO
HOpMa MaTpulbl IMEPEXoJa AOJDKHaA OBITh MEHBIIIE CAWHUIIbI, Ha4YHWHas
C HEKOTOPOro MOMeHTa BpeMeHH [31].

B mnpoBeseHHOM WCCIIEIOBaHWM TOCTAaBIEHBI M PEIICHBI JIBE
OCHOBHBIE 3a][auH:

1) mpoBepka BHITOJIHUMOCTH KPUTEPHUSI CXOJUMOCTH JHHAMUKH 110
HOpMe JUIS 331aHHOTO JMaIa30Ha I1aros;

2) HaxOXIEHHE TpaHUI] MaKCUMAalbHBIX JUAIa30HOB IIIaroB
areHTOB, TAPAHTHUPYIOMIMX CXOOUMOCTh K pPaBHOBECHIO IHHAMHUKH
KOJUICKTHBHOTO TTOBEICHUS.

2. IMocTtanoBKa 3aga4 uHcciaeqoBaHus. PaccmarpuBaercss MOIeNb
OJIUTOTIONIHH, KOTOPast COCTOUT M3 7 KOHKYPHUPYIOLINX 00beMaMH BEIITyCKa
OHOPOJHOM NPOAYKIMH areHToB. CUWTaeTcs, 4YTO CIPOC OIpelneieH
¢byukipeir Buga (oOpartHoW — (yHKIMEH cnpoca B 3aBHCUMOCTH
OT COBOKYTIHOTO BBIITYCKa areHTOB):

p(Q)=a-bQ, (D)

rae p(Q) — ennHas peIHOYHASA ILICHA, 0= Zie y4i — COBOKYIHBII BBIIYCK 71

areHToB (i eN= {1, ,n}) , ¢, — BBIIIyCK I-T0 areHTa, a U b — mapameTpslL.

[Mapamerp a xapakTepu3yeT MaKCHMaJIbHO BO3MOXKHYIO ILIEHY TOBapa, Ipu
KOTOpoi 00BeM crmpoca OyaeT CTpPEeMHThCS K HYJO, amapamerp b
XapakTepu3yeT HaKJIOH KpHBOH CIIpoca.

[TonHbIe U3AEPKKH ar€HTOB UMEIOT BHU!

(q,)=cq;,+d, 2
rae c¢;,d, — TpelelbHble W TOCTOAHHBIE M3AEPKKM I-IO areHTa,
COOTBETCTBEHHO.
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[eneBbie (hyHKIMK areHTOB 3a/1aHbI BEIPAKCHUCM
Hi(p(Q)a qi) = p(Q)qi i (qi) - man. 3)

ITonaraercs, 4YTO Bech BBIIYCK pPEATU3YETCs, OrPaHUYCHUS
MOIITHOCTH 1 KOAJIUIMN OTCYTCTBYIOT.
CocrosiHue pbIHKAa B MOMEHT BPeMEHH #(r=0,1,2,...) 3anaercs

t t t t
n-MEPHBIM BEKTOpOM { = (% TR PR )

OmnpenenuM 0a30BBIA TpoOIECC, KOTAa CMEHA COCTOSHHUHA pBIHKA
YIOBJIETBOPSICT aKCHOME WHAWKATOpHOTO moBeneHus [20] — B KaKIbId
MOMEHT BpeMeHH (#+1) Kakaplii areHT HaOmroaeT 0ObeMBl BBIITyCKa BCEX
areHTOB, BBIOpaHHBIE HWMH B TPEABIIYIIMA MOMEHT BpEMEHHU f,
U KOPPEKTUPYET CBOM BBINYCK, JAejas Iar B HalpPaBJICHUU TEKYILIEro
TIOJIOXKEHUS LENHU x,(g',) COITAaCHO CIEAYIOIEH HTEPAMOHHON NpoUEaype:

t+1

g =q +7"(x,(¢')—q)). ieN. “4)

3nech /' €[0;1] — MapameTp, HE3aBUCHMO BHIOMPAEMBIH KaX/IbIM

i-M AréHTOM, OIIPEAC/IACT BCIIMYMHY €ro miara K TEKYHICMY IIOJOKCHUIO

cBoeil 1emu. ATEHT MOXET JeNaTh MONHBIN miar, moiaras y/*' =1, TeM

CaMbIM BbIOMpAas CBOM HAWIyYILUH OTBET, «OCTaBaTbCs HA MECTE», BEIOMpast
7" =0, WK JIeNaTh «HETIONHBIA Wary, eciu y'* < (0;1).

Texylee monoxeHne Hen i-ro areHTa x,(q',) — Takoil ero o0bem
BBIITyCKa, KOTOPBIH MaKCUMH3UPOBaJl Obl COOCTBEHHYIO LIEIEBYIO (PYHKIUIO

[P YCIOBUH, YTO B TEKYII[H MOMEHT BPEMEHH OCTAIbHBIC AarcHTHI
BEIOpanmu OBl Te ke 0OBEMBI BEHIMYCKa, YTO W B mpenpiaymuit [13]. 3xecs

t t t t t .
q.; = (‘11 ROOIN MY PR ,q,l) — o0CTaHOBKA i-TO areHTa, BEKTOp 00BHEMOB

BBIITYCKa BCEX arcHTOB B MOMCHT BPEMEHH f, 33 HCKJIIOUCHUEM i-T'0 arcHTa.

ATEHT MOXXET pearupoBaTh Ha ACHCTBUSA OKPYKEHHS OJHUM U3 ABYX
croco0oB: 1) pepnexcupoBare  mo  KypHo;  2) pediekcupoBath
o [lItakens0epry.

OO0o3HauuM: N, — MHOXECTBO areHToB c peakuueil mo KypHo,
N, — MHOXKECTBO areHToB ¢ peakuueil no llrakensbepry; N, UN =N

U N NN, :®,|le|:rlv,ll\lxlzns,nc+n‘s =n.

Omnpenenum pacyeTHble (OPMYJIBI Ul TEKYIIEro MOJIOKEHUS LU
x(q",) 9, 31].
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; = t
Arent i e N, c pebnexcueit mo KypHo, TOUHO 3Has BBITYCKH ¢,

OCTalbHBIX areHTOB B MNpPENbIIyLINH MOMEHT BPEMEHH U HE OXUAas HX
W3MEHEHHs B TEKyLUIMH MOMEHT BPEMEHH, pAaCCUUTHIBACT TEKyllee
T0JI0KEHHE 1M (ONTUMAJIBHBINA OTKIIMK) 1O (hopMyJIe:

hi B Qil

*(g) == )

ArenT i € N, c pednekcueit no llltakens0epry, 3Has BHITYCKH g,

OCTaIbHBIX ar€HTOB B MPEIBIIYIINH MOMEHT BPEMEHH U 0XKU/IAs B TEKYIINI
MOMEHT BPEMEHH OT HUX IoBeaeHus 1o KypHo, momaraer, 4To B TOUHOCTH
3HACT PEAKIMI0 OCTAJIbHBIX arcHTOB Ha CBOU JAEHCTBUS, U PACCUMTHIBACT
TeKyIlee IOJI0KeHUE 1IeTH (ONTUMAIBHBIA OTKIINK) 110 (hopMyie:

n(h — Qix
x,(q",) = —( ) . (6)
1+n
3neck  oGo3HaueHo: K, = a;Ci , 0.= ZMC]; — CyMMapHblii

BBIITYCK «OKPYXXEHHEM» [-TO areHTa (i, j e N).

[Mosicaum Takke OTIMYME pPe(ICKCUBHON MOJENN OJHMIONOJINU
ot knaccnueckoid urpsl llltakensOepra, onpexaensioniee BHIBOJ (OPMYJIBI
(6), 1 MHGDOPMHUPOBAHHOCTH ArCHTOB. 3JI€Ch BBIOOP PEANBbHBIX JEHCTBUI
BCEMH areHTaMH OCYIIECTBIISIETCS CHHXPOHHO (0HOBpeMeHHO). [1ono0HbIH
MPUEM YMPOIIAECT peajbHBIH TPOIECC IOCIENOBATENbHBIX  PEaKIHi
1 aJIeKBaTeH B CIIydae, KOTAa JOCTUTHYTOe paBHOBecHe cTadbmibHO [5, 11].
B urpe IllrakensbOepra nuaep mepBBIM JAeTaeT XOI, KOTOPBIA CTaHOBHUTCS
M3BECTEH JAPYTUM areHTaM. 37ech K€ areHTel ¢ peaknuedl mo KypHo He
3HAIOT XOJa JMIepa, CHHXPOHHOTO cBOeMy xoiay. bomee toro, onum He
3HAIOT, YTO y HUX €CTh JuAep (JHMIepbl), mojaras, YTo OH, KaKk WU Jpyrue
areHThl, OCTABUT CBOW 00BEM BBINyCKa HEM3MEHHBIM (HAINpHMeEp, CYMTas
OCTaJIbHBIX ar€HTOB MEHEE «MHTEJUICKTYaJIbHBIMI», YeM OHU CaMH, HJIH YTO
OIIIOHEHTHI JIOCTHUIIIN PABHOBECHUS M UM HE BBITO/IHO OT HEr'O OTKIIOHHUTHCS).
ArenTsl, aeiicTByomme no KypHo, He 3HAIOT, YTO JpyrMe TakHe areHThI
JIEHCTBYIOT TaK XKe.

ArenTsl, BbIOMpatomue neWcteus mo KypHo, 00mamaroT HHU3KHM
(«HymneBbIM») paHrom pedaexcuu. Jlnpepsl obmamaioT Oojiee BBICOKUM
(«mepBBIM»)  paHrOM  peQeKCHH,  CYMTas  BCEX  OCTAJBbHBIX
HepedIekcupyoumMea (areHTaMd ¢ HYJIEBBIM  PaHroM  peduieKChn),
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U B COOTBETCTBHHM C 3THUM IIpEJCKa3bIBAIOT MX BbIOOp. BbiOop nmaepor
Oy/eT OpUeHTUPOBAH HAa HAMJIYYLIMH OTBET Ha Ty 0OCTaHOBKY, KOTOpasi, 110
UX MHEHMIO, JIOJDKHA CIOXUTHCS. Ilpearornaraercs, 4To Bce areHTHl HE
JIONYCKAlOT CYIIECTBOBAHHWSI areHTOB, MMEIOLIMX Takod >xe win Oojee
BBICOKHH paHT pedexcun, 9eM oHu cam [13].

ATEHTBI TOYHO 3HAIOT COOCTBEHHBIC 3aTpaThl U LEIEBYIO (yHKIHIO,
COOCTBEHHYIO0 (YHKIHMIO PeaKklUud x,(g’,), BKIOYas MapamMeTphl Crpoca

anb, paHee TPOM3BENCHHBIH BBIIYCK JPYTMMH areHTaM, HO HeE
pacronaraloT IOCTOBEpHOH MH(pOpManueil OTHOCHTEIBHO HX OXHAAeMBIX
00BEMOB BBIITyCKa, MHOXECTB JOMYCTHMBIX ICUCTBHH, (QyHKIMH 3aTpaT
Y TIETIEBBIX (PYHKITHIA.

[Ipennonaraem, uro B mojenu omnuronoiuu (1)—(3), xkak B urpe

* * * *
B HOpMalbHOH (opme, paBHOBecHe ¢ =(ql,...,ql.,...,qn), MOHUMAaeMOe

KaK CTaThuyeckoe pasBHoBecue Hpamia, cyliectByeT M BCE  areHThI
KOHKYPEHTOCIIOCOOHBI B PaBHOBECHH, T.€. g’ >0 Vie N. B ciyuae

JUHEWHBIX W3ICPKEK areHTOB M JIMHEWHOTO CIpoca CTaTHYeCKOe
paBHOBECHE CYLIECTBYET U €TUHCTBEHHO.

PaBHOBecHe IMHAMHUKHU KOJJICKTHBHOTO ToBeaeHus (4)—(6) sBnsercs
CTaTHYECKUM paBHOBecHeM ¢~ B Mmopenu omuronoimuu (1)—(3), HO He

BCEr/Ia JOCTMKHUMO. YCIOBUS CXOJUMOCTH JMHAMUKH  OTHOCATCS
K mapameTpaMm  p/"', 4MClIy areHToB Ha pPBIHKE W  HAYaJdbHBEIM

>
0_ (0 0 0 o
npubmwkeHusM ¢ =\q;,...,4; ,.-.,q, |. Ilonaraem taxxe, 4ro ¢° > 0.

B nmanHOli paGoTe 0OCYXmalOTCS HOBBIC AaCIEKTHl IOAXOIa
K UCCJIEIOBAHUIO  CXOAUMOCTH MOJENIEH JHMHAMHKH  KOJUIEKTHBHOI'O
MTOBEJICHISI, OCHOBAHHOTO HAa WCIIOJIb30BAaHMH HOPMBI MATPHUIIBI TEpexoja
0T #-T0 K (#+1)-My MOMEHTy BpeMEHH B WUTeparioHHOM Iporecce (4)—(6).
Jnst nmuHEeHHOW MOZAENM OJMTOIOJNMU MOJAXOJ AAET MPOCTOM KpUTEpHit
CXOMMOCTH TI0 HOPME: HOpMa MAaTPHIEI IIEPeXoja MOJDKHA OBITh MEHBIIE
eIMHUIIBI, HAaYWHAs ¢ HeKoToporo momenra Bpemenu [31]. Korma arenTst
HE3aBUCUMO JIpyr OT Jpyra BBIOMpPAIOT IIaru B JHAra3oHe [0;1],

TO KPUTEpUH 10 HOpME, 3a HCKIIOYCHHEM IyOIIOJIMH, HE MOXET OBITh
BeinojiHeH. OCHOBHAsi 3ajjaya CTaTbu Ui W3y4aeMOM IpHKJIaIHOM
JIMHEHHOM MOJIENIM OJIMI'ONOJIMU C TPOU3BOJILHBIM YHCJIOM pallMOHAIBHBIX
areHToB — JUIS 33/IaHHOTO YHMCJIa areHTOB TOJIyYeHUE AMATIa30HOB BEIUYNH
MX IIaroB, NPH KOTOPBIX BHIMOJHSETCS KpUTepuil 1mo Hopme. Torna mpum
JIIOOBIX HaYallbHBIX NPUOIMKEHUsIX ¢° OyJeT rapaHTUpOBaHa CXOAUMOCTb

MOJICNH JTUHAMUKHA KOJUICKTHBHOTO TOBeAeHUs (4)—(6) K paBHOBECHIO,
KOTOpPOE SBJIICTCS CTATHYSCKUM paBHOBecHeM Haiia B MOJIEH OTUTOTIONHAN
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(1)—(3). Taxke He MEHBIIMN HHTEpPEC MPEACTABISET pElICHHE 3aJadu
MIOVCKa MAaKCUMAIIBHBIX TAKHUX IMANa30HOB IIaros.

3. Metoasl uccaenoBanusi. Crnenys pabore [31], mia GasoBoit
mojenu omurononuu (1)—(3) mpuBeaem ¢dopManbHble BBIPKEHHUS UL
BBIYMCIICHUS TIOTPEITHOCTEH HWTEepalMoHHOTO mpotecca (4)—(6), a Taxke
pe3yibTaThl O €ro CXOAMMOCTH K paBHOBecHio Hoamia, ocHOBaHHBIE Ha
HCIIOJIb30BAHUH HOPM MaTpHII IEPEX0a OTPELTHOCTEH.

IIpnu mepexome ot tro K (#+1)-My MOMEHTYy BpeMEHH

t+1 t+1 t+1 t+1 T
HOTPEIIHOCT, UTEPAllMOHHOTO mpouecca & =& ,& ,...,E, =
t+1 * t+1 * t+1 * T
q9 —49-.9 —4,---4, —4q, OIpeleIsIeTCs MaTPUYHBIM
6 r+1 t+1 .t B“’l —
npeobpasoBaHueM ' =B’ (¢+=0,1,2,...), TAC MaTpuua

KJICTOYHOI'O BHJa:

B =B(y" )= e I . 7)

Bnons auaronanu martpuisl (7) MIYyT KBaJpaTHBIE MOAMATPHIIBI
B'*' n B'*', KOTOpbIE ONMPENENAIOTCA KaK:

-y =y [(+n) o =y [(140)
B =B ()= —nyy! [(1+n) 1-pi o =y (14 ) ,
—n2," [(14n)  =n)" [(1+n) -y
L=y =7nf2 o -mh
B =g (| T/ 1 e 2|
y’”:(;/1’“,...,;/1.’“,..., }’1”).
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3necy U janee, Jisl ONpPEAENEHHOCTH, 0JIaraeM, 4ro IEpBbIE 72,
arentoB aeiictBytor mno Illtakensbepry, ocrampHbie — 10 KypHo
t_ ot ot t
uq —(ql,...,qné,qnﬁl,...,qn).
CXoauMOCTh UTEpaloHHOro mpouecca (4)—(6) o3Hayaer, YTO
& =0 1o eBknMIOBOIT HOpME Npu [ —> 0, W MONHOCTHIO OMPENENSETCS

v 1
marpuneil B'"'. EBkimmoBa HOpMa BEKTOpa o ONpenensercs no Gpopmyie

o0
&= Z 1512_. ITocnenoBaTenbHOCTh ~ BEKTOPOB {q’} . CXOIUTCS
Jj= =

K PaBHOBECHIO ¢~ 110 HOpME mipu [ —> 0, GyaeM 3ammchiBaTh Kak ¢ — g .

Hopma BemiecTBeHHO#W MaTpullbl B, MMEMOIIEH 7 CTPOK M 7 CTOJOIOB,
SIBJISIETCS TTOAYMHEHHOW EBKJIMIOBOM BEKTOPHOW HOpME U OMpeessiercs

KakK ||B|| = rﬁa)l( ||Be|| W3 onpeneneHuss HOPMBI CIENYET, YTO HBgH < HBHHgH
=

U Bcex B, & wnn |Be||<|B| mwtBeex B, ||| =1 [32,33].

Torna:
27yl e
=1
7/#1” € 2 7/#1 2 (8)
= max Za—’— —’+Z£. +Z & ——— £.+Ze.
Jel=1 | g ) ' 7
- ieN; tn\n JeN; ieN, JeN,
T £=(&,....6,....6,) — MPOU3BOJILHBIA €IUHUYHBIH BekTop. B (8)

ONyLICH BEPXHHH HHACKC «» Ul KOMIIOHEHT Bektopa &, Kak He
BIIUSAIOIIUHI HA PE3YJIBTAT.
r+1
B TepMHHAX HOPMBI MaTpuIbl B’ MOXHO TpUBECTH ClETyIONINE

Pe3yIBTAThl O CXOIUMOCTH HTEPAMOHHOTO MPOIIEcca.

Jemma 1. [[na cxooumocmu K paenosecuro npoyecca (4)—(6) npu

mobom  mauanbHom  npubaudcenuu  q°  00CMAMOYHO, HAYUHAA  C

HEeKomopo2co mMomeHma t(); 6blNOJIHEeHUS YCII06UA.

HBHI

<l. 9)

JlokazaTenbcTBO JeMMBI TpuBOANTCS B [31].
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TpeboBaHHE HEOTPHULATEIBHOCTH TEKYIIUX BBITYCKOB areHTOB,
BO3HUKAIOIIEE, HAIPUMEpP, C TOUKU 3PEHUS HIKOHOMHUYECKUX OTPaHUYEHUI],
MOJKeT OBITh peaIH30BaHO MPOLIECCOM BU/IA!

qt+l — qt + }/1”1 (xi (qi,) - qlt )’ X; (Qi,) > O; (10)
l 07 xi (qiz) S 0

Ymeepoiwcoenue 1. Eciu Hauunas ¢ Hekomopoz2o MomeHma i,

“BtH

npubnusicenuu ¢°.

<1, mo npoyecc (10), (5)—(6) cxodumcs npu mobom navarsHoMm

JokazarenpcTBo yTBepkaeHus | mpuBoautes B [31].

ITo »Tomy yTBepkmeHHIo, eciam misd npomecca (4)—(6) Hopma
MaTpUlbl IIepexoZa MEHbINe EIMHHULBI, TO OyIeT CXOOUThCS TaKKe
u npouecc (10), (5)—(6), B KOTOpoM HE IOITyCKAIOTCA OTPHIATEIEHBIC
TEKYIHE BBITYCKH.

O0o3HaunM 4yepe3 f(»'*') HOoAKOpeHHOE BhIpakeHue B (8), T.e.:

=3 gi__[_+25] +Z [8—’_28] .

ieN, JEN,

t+1
Ymeepoicoenue 2. Ilycmo eexmopvr ', Y 5 7' maxue, umo

1 1, — 1 t+1, t+1 -+l —t+1
vtelytmet]s [pthwt el v rt=aty BT coe
a,-Hl’ﬁHl [0 1] airﬂ +ﬂ[t+] =1, ie N

Tozoa @ynxyus  f(y'") yooeremeopsem nepasencmeam (12)

u(13):
f(a[“]/t,ﬂ +ﬂlr+177lz+1’”.’a’/+1zt+l +ﬂz+1—:+1 o a'! t+l +ﬁ/+l—l+l)g
< Z Z Z Y- Y, f( t+1 I+l’. t+1) (12)
P G B b B
rae:
t+1 _ ]
aiz+1,ﬂr+1 [0 1] am +ﬂt+l _ Z;H _ Vi Y=
—t+1 _ t+1
vis vi=B,
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VeVt y, =1
J’lf{afﬂ’ﬁ'{“} y,e{a{*‘ ‘ﬂ’,ﬂ} { T ﬁéu}

t+l 1+l t+l—t+l t+l—1+l t+1 1+ t+1—t+1
Fla i+ BT ey +/3 ey BT <

f+ t+1
<Z:05”1 ,.——' (—+Zsj +Zaf” 8i—%[
ieN,

ieN, 1 +n JEN,

] (13)
J

+zﬂz+1 i_L(_+28j +Zﬂil+] . —r+1[€+28

ieN JEeN, ieN, JEN,

Jloka3zarenscTBO yTBep:KAeHH 3 mpuBoAUTCS B [31].
B uactHOCTH, HepaBeHCTBO (12) s cinydas /1 =2 uMeeT BU:

t+1 t+1 t+1 1+l t+1 t+1 t+1 1+l 1+l
flea BT ey e B < el (0 )+

t+1 t+1 —t+l t+1 t+1 pt+l 4l —r+41 t+1 pt+l —t+l —t+]
Bl (7 e B (T ) BB ().

4. Pe3yJbTaThl HcCleI0OBaHUs M UX o0cy:xkaenue. [Ipusenem naero
MOAXOAAa K pEIICHUIO 33Ja4d MPOBEPKH CXOAUMOCTH JHHAMUKHU
JUIA 3aJJaHHOTO JMAaIa30Ha IMI1aroB.

ﬂnﬂ—] )) ,

0603HAYNM 7r+] (ﬁm) (ylm ( £+1 )’ ’%M (,BIM )’ ,}/;H (
}/ltﬂ (,BM) (1 ﬂm) +ﬂt+l7/l (l c N) " fz+1 _ f(}’m (ﬂl+] ))

®opmyma  (13)  mpeoOpasyercss K  HEpPaBEHCTBY  BHja

t+1 t+1
ft+1 Sl_‘f;“ _fcr+1, rae ]: (-fc ) — KBaapaTh4yHas CbOpMa OT n, (}’l()
NEPEMEHHBIX &, ...,&, (gn P ,6‘”). BHauane npoBepsieTcs! BBINOTHEHUE

OTOr0 HEpPaBC€HCTBA JIA KpaﬁHHX TOYEK #-MEPHOI0 NPAMOYTOJIBHOI'O

1+1 —z+1 1+1 —z+l 1+1 —t+|:| Ecmi i

napauieJieumneaa |:]/1 N Y 5 Vi ey }/” sV

KpaifHeit Touku f*' M £*' TOJOKMUTENBHO ONpPEENEHBI, TO 1/ JaHHON
KpaiiHeil Toukn f'*' <1. Eciom mns Bcex kpalHHMX Toduek f'*' <1, TO 1O

HepaBeHCTBY (12) mist nr000# BHyTpeHHEH TOYKH Mapaiviefienueaa oyaer
<, a mo () wm (11) pmns Hee Takke  Oyzmer

"B’” < max [1— fo1 = f*1 <1, Takum 06pasom, wis npouecca (4)—(6) s
X P
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t+l —t+1, RS2 s Lo L =]
BCE€X TOYCK THapauICiCnuIicaa Vi sV seees Vs ’71 seeesVu 5 Va

Oy/IeT BBINOJIHATHCSI KPUTEPHU cXOqUMOCTH (9).

Ecmu y Bcex arentoB ¢ peaknmii mo llltakensOepry oauHakoBble
JeBble U TpaBble TPAHMIBl JUAMNa30HOB, a TaKKe OJUHAKOBBLIE JICBBIE
Y IIpaBble TPaHHUIbl AMANA30HOB M y BCEX areHToB ¢ peakuuil no Kypho,
TO TPYJOEMKOCTb PEIICHHs JAHHOW 3aJa4M CYIIECTBEHHO YMEHBIIAETCS 3a

CUET COKpAIEHHS YMCIIa AHATM3UPYEMBIX KpaiiHuX Touek ¢ 2" 1o (n-2).

K Tomy e, npoBepka Ha MOJIOKHUTEIBHYIO OIPEIEICHHOCTh KBaIPATHYHBIX
(dbopM, cocTaBisIoNIas HanOoIee TPYJAOCMKYIO YacTh 3a/laud, MOXKET ObITh
JIETKO BBINOJIHEHA C UCIIOJIb30BAaHHEM COBPEMEHHBIX HHCTPYMEHTOB
KOMITBIOTEPHOW MaTeMaTHKH JJIsi HOpPM NMPaKTHYECKH JII0O0ro pasMepa.

[MTapamienbHO ¢ 3TOH 3aa4eii penraeTcs 3a1a4a HaX0KICHHUS TPaHHUII
MaKCHUMalbHBIX  JHMANa30HOB  IArOB  areHTOB  (mapajuiesernuneaa
MaKCHUMaJIFHOrO 00beMa), rapaHTHPYIOMIUX CXOJAMMOCTh K PaBHOBECHIO
TUHAMUKA KOJUIEKTUBHOTO TIoBeneHus (4)—(6).

Iepeiinem K pelIeHHIO YKa3aHHBIX 33/1a4.

IIpeobpasyem (13) x Bumy:

S < Z(gi)z_ﬂ(7t+l)+2(gi)2_ﬁ(7t+l)’ (14)

ieN, ieN,

rue:

L= 2, +[+Z j > rs [8"+Za,}z+

ieN, JEN, ieNg 1 +n

£+1 —r+1 r+1 no (i 1| € 2 A (15)
+Z,b’ 1+n(' -7 )28 —m(y, +7, ) ;4‘2‘9/ —+Zej

ieNg

t+1 2 2

L™=y e+ & |- ZT g+ |+

ieN, JeN, ieN, JeN,
1 (16)
t+1 i+l t+l —r+1 f+1
+> B ( )25 2(;/, 7! )g,+zgj g+, |
ieN, JjeN, JeN,

Ymeepowcoenue 3. B moodenu onueononuu (1)—(3) ¢ acenmamu,
peprexcupyrowumu  no Ilmaxenvbepey u Kypro, npoyecc (4)—(6)
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CXOOMWIC}I, eciu  noaodcuUmelbHo onpedejzenbl Keadpamu%bze quprl

f;(}/r+l) u f;(ytﬂ).

Hoxazamenvcmeo. ITycts HOJIOKUTEIBHO OIpeIeNIeHbI
kBafpatuanbie GopMbl £ () u £.(¥""), T.e. £, (") >0 ANd KaxIoro
Habopa JCHCTBUTENBHBIX YMCEN & ,...,s, , HE BCE M3 KOTOPBIX PaBHBI

ng

Hymo, U f.(y""')>0 114 g ,&,, HE BCE U3 KOTOPBIX PAaBHBI HYIIO.

ng+lo 0

Torma f(y"')<1 s KaXgoro Habopa JeHCTBUTENBHBIX YHCEI £,.nE

n o

TaKoro 4To Z(E,-)Z-I-Z(«?,-)z =1. Torma mo (12) u (9) “B’(/l’“)

ieNg ieN,

‘<1.

Mo nemme 1 mpomecc cXomuTcs TPH MAHHBIX 3HAYCHUSAX I1apaMeTpoB
t+l —t4] t+1
vV BT
VYTBepxkaeHue 3 JoKa3zaHo.
Ymeepowcoenue 4. B moodenu onucononuu (1)—(3) ¢ azenmamu,
pegrexcupyrowgumu  no Illmaxenvbepey u Kypno, npoyecc (4)—(6)

t+1  —f+l
cxooumes OJisk OUANA30HA WAL08 |:]/, 5 }/l-H :|, eciiu, HaYUuHas ¢ HeEKomopo2co

MOoMeHma epemenHu tO’ NOJIOACUMETIbHO onpedeﬂenbl ose noc)xwampm;bl,
JJIEMEHNTbL KOMOPbIX UMerom 8UO:

2(1+n) ™ 1+2n
f;;H: ( )lul ( Z’]Hlp

n keN,

o a”n
ﬁ}”{ﬂf“—%}[u’“— ’ J 20 bjeN,i# ).

keN

f;iHl :3(/’ll't+l ”1)+,u, z 77t+1?

keN,

fin] :(Iuir+l _nim-l)_’_( ol _ t+l) Z 77t+l> i,j c NC: i ]

keN,

(18)

30ece i [0;1], ieN;

pt =" [Zf” AT )J

1+n
=i [y e ey -] e
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ol e

" =[(_T”) +p8" (("*‘) ~(z" )2)}/4, ieN.

Jlokazamenvcmeo. JI0Ka3aTEIbCTBO CBOJMTCS K IMPeoOpa3oBaHUSM
(14)—(16). [IpoBeneM uxX Ay BEIyIINX areHTOB. MiMeem:

r+l Z_g —+ Z [Ziﬂ +ﬂi,+1 (Zm _Z{H )}_

ieN, JeN;

—g(mj ezl iy
‘225[—+Z€J " Z[ +Zgj nt =

ieN, JEN, ieN, JEN,

— 2( +Zzgﬂlz+lzg _225771 z j_
ieN; ieN, JeN; ieN; ieN; JEN; ‘
21ut+] 77,-t+1
—Z(Z'gJ’Z Z(%)E P
ieN; \ jeN, ieN,
+1 2
DX PR ol DR P
ieN, JeN, ieNg \ jeN;
t+1
_Z ( 1+n),ul (1+2112)77,- _znéJrlJ_,’_
ieN, n n keN,

Hl_ﬁ t+1_77jt'+1 _ t+1
+ZZ€8 e e R

ieN jeN, \ keN;

JJ1s BeZOMBIX areHTOB MOJO0HBIE MPeoOpa30BaHNUs TAIOT:
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LG =D (&) |4 =3 =D gt |+

ieN, keN,

+Z z 5,-5]- (luim-l _77it+1 )+(,Llj-+l _77;+1)_ z 77;+l

ieN, jeN\i} keN,

Ecmu onpenenurenn thaBHEIX MuHOpoB moamarpui (17) u (18)
TIOJIOKUTETBHBI, TO KBaApaTuuHele GOpMBI £, (") u £ (y'*') sBAAIOTCS
MOJIOKUTENBHO onpeesieHHbIMU [33] W 1Mo yTBepKIEHUI0 3 mpouecc

41—+l t+1
CXOJMTCS TP JAHHBIX 3HAYCHHSX MapaMeTpos ¥, 7, B .
YTBepxaeHue 4 moka3aHo.
B [31] mns omuromonmm KypHO mOKazaHO, YTO M pEIICHHA

BOIIpOCa O CXOAMMOCTH IMPOLECCCOB Ha OCHOBC IMPHUMEHCHUSA HOPM MaTpull,
1

CYILIECTBEHHOE 3HAYEHHE HMMEET pa3Max 3Hau4eHUU ZH " ;71.’“. Korma
areHThl MOTYT JIGHCTBOBATH Pa3HOHAIPABIICHO, BHIOHPAst «OOJbIINE IIaru
JOBIDKCHUS K CBOMM TEKYIIUM IEJSIM, WIH, HAa00OPOT, — «Majble» IIar,
TO MOJIOXKUTENbHAsL ONPEACIEHHOCTh MAaTPULII MEpeXoa IMOTIPEIIHOCTEN
MOJKET HE TOATBEPIKIAThCS, BOIPOC O CXOIMMOCTH 10 HOPME OCTaeTcs Oe3
OTBCTA, XOTA H3 HayLIHI)IX HUCTOYHHUKOB H3BCCTHO, 4YTO HpOI_ICCC CXOOuTcCA.
Tak, mis gyononuu BHIOOp areHTaMH IIAroB B KJIACCHYECKOM JHaIla30He

i

t+1, —t+1
|:}/ s Vi :|=[O, 1] HE TapaHTUPYET CXOAUMOCTH IO HOPMC JIWHAMHUKH

KOJUICKTUBHOI'O ITOBCACHUSA Vﬂ]’”, 2”1 e(O; 1]’ XOTA HU3BCCTHO, 4YTO OHa

cxomurcst [24,27-29]. JInsg pHIHKOB C YMCIOM areHTOB OOJIbIIE JIBYX
¥ JIHana3oHa Waros [0;1] He yAaeTcs HOATBEPAUTH CXOJUMOCTH 110 HOPME

JMHAMUKH HHU JUIS OHOTO Habopa ImapaMeTpoB SB'*'.

C 1menpl0 TPEONONICHHS HEOINPEAEICHHOCTH B MOATBEPXKICHUU
TUIOTE3Bl  «IIpoLlecC cXomuTcsy» st omuromonmuu  Kypro B [31]
MIPEAJIOKEHO OTPaHMYMBATH JAMAIA30HBI BBIOOpA INAroB arcHTaMH.
[Ipu onpenenennn rpaHMI] JUAaNa30HOB HMCXOIWIM W3 TOTO, YTO areHTHI,
BBIOMpass MaKCHUMaJbHO JOITyCTHMBIA IIIar, BRIOMPAIOT CBOI HAWITyYIIHA
OTBET Ha OXKUAAeMble IeiicTBUS KOHKYpeHTOB. IloaTomMy amst HUX Gosnbinme
marv 4YacTo ABJAIOTCA TMPCANOYTHUTCIIBHCS MajlblX I1IIaroB W IpaBbIC
TpaHUIlbl JUAIa30HOB KEJIATCIbHO MMCTh KaK MOYXHO OmKe K CANHUIIC.
Hcxons w3 9TUX TMPENnochUIok, mius ayomonuu KypHO auama3zoH
7 yit e[0,136;1], @ sl peIHKA C  TpEMsl arcHTaMHu JMara3’oH

vty €[0,334;1)  OIPEACIAIOT  IOJNIOXKHTENBHO  ONpPEJIC/ICHHBIC
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NEepeXOAHbIE MAaTPUIIBl IOTPEIIHOCTEeH, MOATOMY MAMHAMHKA CXOIUTCS
K paBHOBECHIO.

[epeiinem x 3agade QopMHpPOBaHHMS TpaHMIl JHANa30HOB
CXOAUMOCTHU TUHAMUKH.

B mepByto ouepens paccMOTPHM IIpaBble TPaHUIBL. DTy 3amady
OyJeM pemaTh NMpU NPEANoNoXKeHusx: 1) euHas npasas rpaHuna », JJIs

BCEX areHToB, AeWcTByromux o llltakens6epry, # MOMEHTOB BPEMEHH f;
2) enuHas TpaBas TIpaHMI@ », JJds BCEX AareHToB, JEHCTBYIOIIMX IO

KypHOo, ¥ MOMEHTOB BpeMeHH f; 3)mpaBas TpaHUId MaKCHUMAIbHO
JIONYCTHMa, B CIy4ae €€ IpEBbILEHUs XOTsS Obl OJHMM areHTOM He
rapaHTHPYeTCs: CXOAUMOCTb Mpoliecca.

Jasee mosie3Hsl OyayT JiemMMa 2 U JieMma 3.

Jemma 2. Ilycmb A Keaopammas mampuya pasmepd m=m
conemenmamu 6udd a,=a,a,=b, i,jeM={1,...,m},i=j. Tozoa

det(A4) = (a—b)m_l [a+(m—1)b].

Jloxazamenbcmeo. BynyT TONE3HBIMH CBOMCTBA ONPEHEIIUTENCH:
1) ompenenuTens HE M3MEHHTCS, €CIIM K JJIEMEHTaM JIIO0OH CTpOKH
MpuOaBUTh  COOTBETCTBYIOIIME  3JIEMEHTHI  KaKOW-IMOO  ApYrow,
YMHOXXEHHBIE Ha OJHO U TO € IPOHU3BOJBHOE YHCIO, 2) ONpeAeIuTeNb
TPEYroJbHOM  KBAJpPaTHOM  MAaTpulbl paBeH  IPOU3BENCHUIO €0
JHUAaroHaJIbHBIX 3JICMCHTOB.

[IpubaBieHueM K diIeMEHTaM KaXJOH CTPOKHM COOTBETCTBYIOIIMX
3JIEMEHTOB CIICAYIOLICH CTPOKH, YMHOKEHHBIX Ha (1), MOJIyYaeM:

a b bl la-b b—a O 0| la—b b-a 0 0
b b b a b b 0 a-b b-a 0

det(4) = - -
b b b a b b b a b b b a

3areM, pa3NOKEHHEM II0 TOCIECIHEH CTPOKE, C HCIIOIb30BAaHHEM
(GopMynBl  BBIYHCICHUS ~ TPEYTONbHBIX  OIpPEACIHTENeH,  HMeeM

det(4)=a(a —b)mil +(m—1)b(a —b)mil =(a —b)mil [a +(m —l)b].

Jlemma 2 nokasaHa.
Jlemma 3. Mampuyer (17) u (18) norosxcumenvro onpedenensvi npu

_ 2(1+n _
I A Gl P R . E )
1+ nn, 1+n,
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Joxazamenvcmeo nemmoi. JIoKa3aTeNnbCTBO MPOBEIEM ISl MATPHIIBI
(17), ans matpuisl (18) oo ananormyno. Umeem /"' =7/ mpu B/ =1

2
" o (17) luiHI:??TH]L, 77,-H]: 77;+IL ,
l+n 1+n

(1 +2n+n’n, )

4l _ ot N\ ST (] 2
fin =2y (1+n)2 (7“ )’
. 2+nn ) _n2 P q
fl‘;*'l:Z}/;l%_%(}/;]) s lajeNs’lij'
Taxxe:

1+n 1+n

—t+1 —t+1 —t+1 —r+1

Ilo gmemme 2  ompemenurens  Marpunbl  (17)  paBeH

il Vs a1 ] .
det(ﬂ(z’“)):[ys 1] [Z_yS_IJ (1+nn-s)[2_(l+nns)75 1]. on

1+n 1+n 1+n

e 2(1+n)

TOJIOKUTEIICH TIpH 2 <L —= HoxameM, 4YTO IIpU BBINOJIHCHUA
1+nn
s

JAaHHOTO HEPABEHCTBA TAKXKE ITOJIOKHUTEIICH ONPEACITUTEIID k-ro riaaBHOTO

MHHOpA 3TOM MaTpULIbI (k<n,). Nmeem
S+ 1+ 2nk +n’n k)7

a+(k—1)b=2— 2(1+nk)—( k)7 [Tpu
1+n 1+n

2 —k —t+l
o 2 2047) o ner a+(k=1)b _2m=k)nr”

: 1+ nn, (14+n)(1+nn,)

Jlemma 3 nokazana.

Juns arenroB ¢ peakuueil no Hlrakensbepry mns ciydaeB n, =1, 2
MIPOLIECC CXOIUTCS, €CIM MpaBas TPaHUIA AUANa30HOB MAaKCHMAallbHA,
T.e. 7/*'=1. Ilpu n, >2 npapas rpaHula Ui CXOJAIIMXCS HPOLECCOB

2n
>
I+n 1+nn,

HE MOXKET OBITh MAaKCHMaJbHOM, IOCKOJIBKY Tak npu

n,=3uN=35 umeem 7' =0,75.
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Jlns arentoB ¢ peakuueii mo Kypro 1mo nemme 3 mms cioydas /1=2
—t+l 4
HMEEM J, <§, MIOTOMY IPOLIECC NPUAET B PaBHOBECHE, KOIla BCE

areHThl BBHIOMPAIOT MaKCHUMalbHBIE ILArd, paBHble eauuune. Jns ciaydas
n=3 nomxkHo GBITL 7'*' <1, TIO3TOMY He TOATBEPKIACTCA CXOTUMOCTH
mpolecca KOTAa BCE areHThl BBIOMPAIOT MaKCHMalbHbBIE IIArd, pPaBHbBIC
emuanne. JIna caydas 71=4 MOXHO IOATBEPINTH CXOMMMOCThH TpOIECCA
TOJIBKO KOT/ia IIIarM areHTOB HE BBIXOAAT 3a IIPaBYIO IPaHUIly JHAIa30Ha,
pasHyI0 7' =0,8.

[MepeiineMm Kk (OpMHUPOBAHMIO JIEBBIX TI'paHMIl JUANa30HOB. OTy
3agady OyaeM pemiaTh Ul areHToB ¢ peakuued no IlltakensOepry npu
NpENNoNoKeHnsIX: 1) eAuHas JeBas TpaHULA j  JUIA BCEX AareHTOB

Y MOMEHTOB BpEMEHM f; 2)B cilydae WX HapylleHHs XoTs Obl OJHUM
areHTOM HE TapaHTHPYeTCsl CXOJMMOCTh Ipolecca; 3) N3BECTHBI EAMHBIC
IpaBbIe IPAHUIBI TUANIA30HOB 7.

[lo neBbIM TrpaHMIAM [AWANA30HOB JUISL areHTOB C peakuuen
o Kypno OyzaeM ucnonb3oBath pe3yabTaTsl padoTs! [31].

Joxaxxem yTBepKIeHHS 5 U 6.

Ymeepowcoenue 5. Ecau 6 onucononuu (1)—(3) ¢ oowum azcenmom
c peakyueti no [llmaxenvbepey u NPOU3BONbHBIM —HUCIOM — A2EHMO8

cpeam;ueﬁ no KypHO, HA4YUHAasl C HEeKomopoco MOMEHmdad 6pemMeHuU ZO’

sedywuil azenm vloupaem wazu 6 ouanasone (0;1], a 6e0ombli azenm —

6 Ouanasome [}/‘,; 7. J , Mo Mampuysl nepexooa nozpewinocmeti 0yoym
t+1

BC

<1la <l, u npoyecc (4)—(6)

NONOACUMENLHO  ONpeOeietbl, ”Bﬁﬂ
cxodumcs. B uacmuocmu, ona eedomwix azemmos no [31], ecnu n =3,
mo [7.:7.|=[0.136:1], ecru n=4, mo [.:7.]=[0,3341).
Hoxazamenvcmeo. Ha ocHOoBaHUM jeMMbl 3 HpaByl0 IpaHULy 77,
AManasoHa CIefyeT B3sTh paBHOW exunuue. Ilpu stom £ (7, )= £, (1) <1.

Ilo (17) mpu pB'*' =0 (MOMHA, YTO BEYIIUM SBISAETCS TEPBBIH areHT)

2
MMEeM, 4TO 4! =y, %, nt :[Z\ %) S =2y, —(7_/‘_ )2‘ HNmeem
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fs(z‘)d mpu y #0. Ho (12) mpu »"' < (0;1] Oyzer fs(7’1t+l)<l

u Bj,+1 <1.

VYTBepxKIeHUE N0KA3aHO.

Ymeepowcoenue 6. Ecau 6 onueononuu (1)—(3) ¢ 0eymsa acenmamu
cpeaxyueti no Illmaxenvbepey u NPOU3BONLHBIM  UYUCTOM — A2EHMO8
¢ peakyueti no KypHo, nauunas c HeKOMoOpo2o MOMeHmd 8pemeHu f,,

sedyuull acenm evloupaem wiazu 8 OUAnda3oHe ( Vs l], a 6e0oMblll a2enm

— 6 JuanasoHe [ Vs Z], mo mMampuysl nepexooa nozpeutHocmeii 6yoym

<1/\“BZ+1 <1, u npoyecc (4)—(6)

cxooumcsl. J[ns 6edyuux acenmoe jy  onpeoensiemcs Kax MeHbuiull KOpeHbs

Bt+1
nOJoAHCUMENbHO 0np€()efl€Hbl, s

1+2n (1+2n)nz;/2
(1+n)2 (1+n)4

6 uacmnocmu, eciu n=4, mo y =0,44, ectu =35, mo y =0,5.

_(1_?/)2:()’ u,

K8AOpamHo2o  ypagHeHus

Jna eedomuix azenmos no [31], ecru n=4, mo [Zf ; Z] = [0,136; 1], eciu

n=>35, mo [Zé : z] =[0,334;1).

Jlokasamenvcmeo. na  Begymmx (IEpBBIX JBYX) arcHTOB
Ha OCHOBAaHHUHM JIEMMBI 3 IIPaBYyIO I'paHMIly 7/, JAWANa30Ha CIEIYeT B3STh

pasHoi emunuue. lpu atom £ (7,7, )= £, (1,1) <1. Tawke no nemme 3

fs(Zs’Zlv)<1’ ecmn y »0. o (17) mpn B=0, gtl=1m y, =1

2
AMeeM 9TO 4 _ n 41 _ n 1 _ — N
> ll'll _Z.\ 577] - Z.& 9/“2 _7.3- b}
1+n 1+n 1+n
n Y 2 n Y n Y
| > =1, L _ 5, _[_j , r+1:1_( j ,
m (751_’_”} Ji Vs (Z) Ttn 2 Z‘\l+n
+ + n 2 n o
fil =it =y, ——( }/3) ——. Omnpezenurens MONTYyYEHHON MaTPHIIEI
= 14+n =7 1+n

H €C IICPBOI0 INIaBHOIO MHHOpA IIOJIOXHUTCIbHBI, €CIM » ~ ONPCACIACTCA

KaK MEHBIINI KOpPEHb KBaJ[paTHOT'O ypaBHEHHSA
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1+2n _(1+2n)n2 2
(l+n)2 (1+n)4

_(1_7) =0, B wuactaoctu, eciu n=4, TO

y, =044, em n=5 10 y =05 Torma f (Zj , 1) <1
u f, (1, 7. ) = f. (Zf , 1) <l. To (12) mpm p,pi'e (Z“ ; 1] Oyner
fs (}/lm-l, 7/;1) <lu BSHI

VYTBepxkIeHUE N0Ka3aHO.

IIpumep. IlycTh Ha pPBIHKE YETHIPE areHTa: IEPBLIE J1Ba — BEAYLIUE,
JIpyrue 1Ba — BEIOMBbIE.

Brawane g1 BegymMX areHTOB PAacCMOTPUM  KJIACCHYECKHH

JIMAaIia30H I1aroB [7/}, ; }ZJ = [O; l]. Mo (17) 4" =0,88", 14" =0,88,",
1+1 —O 64,811+l’ t+l _0 64ﬂt+1, ) ;tl+l — lt+] _0 64ﬂ1+],

2’2*‘ =B 0,648, f”l = fi' =0. OnpenenuTeNy IIaBHBIX MHHOPOB

<1. TIpouecc cxomures.

MATPHLBL C IEMEHTAMHI f;'*' IOJOKHUTEIbHBL, ecni B — 0,644, >0, u,
N0 CUMMETpuH, S5 —0,644/" >0. B wactHOCcTH, 5TO Tak, Koraa
B =g =1, T.e. KaXObI BEAyIIMH areHT BBIOMPAeT MAaKCHMAIbHBIM

mar, cyuradgd €ro HaujiaydYlulMiM OTBE€TOM Ha OXHIacMbIC JIencTBUsS
KOHKYPCHTOB. Korz{a BEAyLIUEC arcHThL HCﬁCTByIOT Pa3sHOHAIIPABJICHO
BBI)I60pe maroB, TO YKa3aHHbIC HCPABCHCTBA MOI'YT HC BbIIOJHATHCA
1 BOIIPOC O CXOAWMOCTH IO HOPME OCTacCTCA 0e3 OTBCTA, XOTA HU3BCCTHO,

4TO  TIPOLECC  CXOAUTCHA v, Bt e(0:1]. Hampumep, eciu
B =1, g =0,1, TO BTOPOE HEPABEHCTBO HE BHINOJIHSIETCS.

W3mennm HIDKHIOIO TpaHUILy JIrarasoHa I1aroB.
[lycts [Z ; }Z] = [0,5; 1]. Hmeem o (17), 4TO:
1 =0,4+0,48"", 147" =0,4+0,48", 1" =0,16+0,488/"",

7o =0,16+0,488:", £ =0,59+0,258" 0,488, fi1=0,59—
0 488/ +0,258:", it = £ =0,4-0,28"" -0,28".

Onpenenutens MEPBOrO TIABHOTO MHHOpAa MATpHIlsl (17) mojoxuTeneH
v Bt B e[0:1]. OrnpenenuTens BTOPOTO TJIABHOTO MHHOPA MaTPHIIBI

(16) Tarke momoxureneH Vv B, B e[0;1], MOCKONBKY BBIPaKEHHE

~t+1 pt+l t+1 pr+l "
S A — S £ mocne  IpeoOpa3’oBaHMIT  CBOAMTCS K - BBIPAXKCHHIO

0,1881+0, 0243( 2 2t+1) 016( o+l 2t+1) +0, 5329ﬂt+1 t+l’
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KoTopoe Oonbiie Hymst. [lo yTBepkaeHHI0 4 YCIOBUS CXOJIUMOCTH
Mpolecca BBINOJHSIOTCA. A 1O YTBEPXKICHHIO 6 HIDKHSS TpaHHIA
Jara3oHa, TapaHTHPYIOMIET0 CXOJUMOCTh 10 HOpPME TNPOIEeCca, MOXKET
OBITh YMCHBIIICHA.

B zaBepmieHMHM cTaThH TPENJIOKHM MeETOX  (popMupOBaHHS
MaKCHMaJlbHBIX ~ JHANa30HOB IAroB, TapaHTHPYIONNX CXOAUMOCTH
MIPOIECCOB KOJUIEKTUBHOTO TOBEICHUS B JMHCWHOW MOJENU OIUTOIONAN
(1)=(3) ¢ TpOW3BOIBHBEIM YHCIOM areHToB, AeWcTByoumx mno Kypro
u HlTakensbepry, KOTOpBIA OBUT HCIONB30BAH TIPU  OKA3aTeIbCTBE
yTBepkIeHu 5 1 6. CyTh METO/Ia COCTOUT B CIEAYIOIIEM:

. 1. Onpenenstorcst Uis BCeX MOMEHTOB BpEMEHH ¢ eIuHasi JIst
BellyllUX W €[IuHas Ul BEJOMBIX areHTOB IIpaBble IPaHULBI », H 7,

COOTBETCTBEHHO, ~ JMaNasOHOB  BbIOOpa  1apameTpoB  p/*' (ie N).

[lo nemme 3 enunas rpaHuIa JUIs BEOYIIMX AareHTOB ONpeaeIsieTcs

2(1+n)

1—;1 » JJISI BEJOMBIX areéHTOB — M3 YCIJIOBHS
+nn

s

U3 ycluoBus ), = Mmin

7. =min ;1

c

Tak nns BemyluX areHToB NIpH n, =1,2 HMMEEM MAaKCHMAJbHO

BO3MOHYIO TpaHuIly 7, =1, IpH n_ > 2 TpaBas I'PaHHIA HE MOXKET ObITh
MaKCHMAaJIbHOM, B YaCTHOCTH, IIpH 1, =3 U 1l =5 umeem 7. =0,75.

Jns BEZOMBIX areHTOB IIpH n =2 HMeEeM y, =1, mpu n =3 —
7. =1 (npumeuanue: 31ech cama IpaHULa HE BKJIIOYAETCA B JMANa3OH),
n,=4-7y=08 n =5-%=2/3ur.n

3HaueHue ), ONpEAeNseT B AuanasoHe [0;1] MaKCHMalbHOS
3HAQYEHUE I1apaMeTpa, Uil  KOTOPOrO  IOJIOKHUTEIBHO  OIPEACIICHA
kBagpatndHas ¢dopma (14) £ ("), ecan J’;H :7;” = .= ,[1” :}75-
Taxxke Y. OIpelnenser B JIuana3oHe [o; 1] MaKCHUMaJbHOE€ 3HA4YCHHUE
ImapaMeTpa, Uil KOTOpPOTO ITOJIOKHUTEIBHO OIpeleseHa KBaJpaTh4dHas

t+1 t+1 v

1
(bOpMa (16) .ff(7r+1)’ ecin }/:lj+1 = 7/”5*'2 e :)/n :}/c‘
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R I £ _ = 1 _ o+l _ =
TOFﬂa, €ClIn }/l _}/2 - "'_}/nf _}/s u }/1134-1 _}/”.s+2_"'_)/” _76’ TO
A"y <1 mia xaxporo Habopa NEHCTBHTENBHBIX YHCEIN ErinE,
2 2
TAaKOro 4TO Z(gi) +Z(8i) =1.
ieN ieN,

m. 2. Onpenenstorcst UisE BCeX MOMEHTOB BpEMEHH ¢ eauHas st
BEYIIMX M €JUHas JUld BEJOMBIX areHTOB JIEBBIE TPAaHULBI » M j |

COOTBETCTBCHHO, [MANIa30HOB BHIOOpa mapaMeTpoB /' (i e N). st aToro
peuIatoTest (n, —1) 3a/a4 Ha MOJIOXKHUTEIbHYIO ONPEACICHHOCTD MATPHULL ISt
BEIyLIMX areHTOB U (n,—1) 3a/ad Ha MOJIOXKUTEIbHYIO OMPEICIeHHOCTh

MAaTpHIIL JUI BeIOMBIX areHToB. CyTh 3TUX 3a/1a4 COCTOUT B CJIEAYIOIIEM.
3amaya 1 nis ciayvasi, Korja OJuH BeIyLIUH areHT U OJUH BEIOMBIi
areHT BBIOMPAIOT HIDKHIOI TPAHUILY, a OCTAJbHBIC — BEPXHIOI TPaHUILY
Mara3oHa.
3amaya | mo BemymmMm areHTaM. IlycTh, I OIpPENENeHHOCTH,

TEPBBII  areHT BBHIOWpaeT HIDKHIOW Tpanuiy. Ilo (17) mis HaGopa

t+1 t+1 t+1 t+1 —
napamerpos  Jy =).)y =73 ==Y, =V nonoxus B =0

t+1 _ pt+l _ _ t+l_1
np —M _"'_ﬂnv — L omnpeacssieM DJCEMCEHTbBI MAaTPHUIIbI. HyCTb
¥.., — MHHHAMAJIBHOC 3HAYCHUC Iapamerpa j-, MNpPH KOTOPOM MaTpuia
TIOJIOKUTCIIBHO OIIpEACICHa, a ﬁ — TOJIOXKHUTEIIBHO ONpEaCICHHAasA

o t+1 _
KBaJpaTu4Has JopMa, COOTBETCTBYIOIAs ATOM Marpuue mpu Yy =7 .

3agaua 1 mo BemoMbIM arenTaM. IlycTs, JUIS ONpeNENEHHOCTH,
(n,+1)-# areHT BBIOMpaeT HuKHIOW rpanuuy. Ilo (18) mis Habopa

t+l _

o _ t+l o+l _ = t+l
apaMeTpoB }/nﬁl - Z’ ynSJrZ - yn5+3 ==Y Ve»  TIONOKUB n+l T 0

t+1 _ pt+l _ t+l_1
U Fy+2 —ﬂnxg _'--—ﬂn — L omnpeacisieM OJSJIEMECHTBI MaTpPHUIIbI. HyCTB

¥.., — MHHHMAJIbHOE 3HAYCHUE IApaMeTpa -, IIPU KOTOPOM MaTpHULA

t+1
nonokurenbHo  onpenenena. Torna npu 7, 4 =)«  TOIOKHUTEIBHO

onpejieneHa KBajpaTtudHas Gopma f, COOTBETCTBYIOLIAs 3TOH MaTpHIIE.
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t+1 t+1 t+1 _ t+1
[ostomy ams  wabopa )1 =J.s)y =03 ==V, =
t+1 _ 2 R = _ =
7na+l_Z!‘(l)’}/nx-ﬂ_}/nj.+3_"'_7n _7C u Z(S,-)zzl HMEEM 110 (13)
ieN
f<1-f.—f. <l

Taxkoli ke BBIBOJ UMEET MECTO, KOTa JIF000W OIMH areHT BEIOMpAeT
HIDKHIOIO TPaHULLy, a APYTHUE — BEPXHIOIO TPaHUILy JUarna3oHa.

3amada 2 i caydas, KOTrJa JBa BEeAyIIHX M JBa BEIOMBIX arcHTa
BEIOMPAIOT HIDKHIOI TPAHWIy, a OCTAIBHBIE — BEPXHIO TPaHUILY
Mana3oHa.

3amaya 2 mo BemymuM areHTaMm. IlycTs, Ans ONpenesneHHOCTH,

MepBHIC JBAa areHTa BHIOWPAIOT HIDKHIOK TPAHHUILY. Ho (17) nna mabopa
t+1 t+1 t+1 t+1

napameTpoB Yy =Yy =),V TV == 7/ 75, MOJIOYKHB

=gt =0 Wu ﬂ}Hl = Hl = —ﬁm =1, ofpeneNnseM JJIEMEHTHI
matpuipl. Ilycte 5 , — MUHUMaNbHOE 3HAYCHUE MApamerpa j, MPH
KOTOPOM MATpHIIA TOJOXKUTEIBHO ONpEieNcHa, a f, — MONOXHTEIBHO
orpejiesieHHast KBajpaTtuuHas (opMa, COOTBETCTBYIOLIAs 3TOW MaTpHUIIEe IPU
]/t+l _ }/?—1 =ZM) .

3amaya 2 mo BemoMbIM areHTaM. IlycTe, Ans ompenesneHHOCTH,
(n, +1)-A U (n  +2) -0 areHTHl BbI6HpaIOT HIDKHIOIO rpanuiy. Ilo (17) ans

41 _ +1 _ =
Ha60pa napamMeTpoB 7/}1A+l - j/r/ +2 j/’ 7/}1 +3 }/nx+4 T T 7/}1 - 76’
t+1 _ pt+l 0
onpenenaeM 3JIEMEHTHI MaTpPHLBI, OJIOXXUB ﬂnsﬂ = ﬁnﬂ =
t+1 t+1 t+1
u Py~ ,B,1A+4 == ﬂn = 1, . Ilyctp ¥ .. — MHUHHMAJbHOC 3HAYCHHE

napamMeTpa IIpU KOTOPOM MaTpula IOJIOXKHUTCIBHO OIPCACIICHA. TOFZ[EI
V)

1 o+l
npu 7,“1 —7/,,‘_+2 =7.» TOJOXHUTEIbHO OIpeAeNieHa KBaJpaTHYHas

dopma f,, COOTBETCTBYIOIIAs 3TOH MaTPHUIIE.

H03TOMy I Ha60pa mapamMeTpoB
t+1 4l t+1 1+l = t+1 _ t+l
71 _7/2 _Z:(Z)’73 _]/4 _”._}/”s _7/.3" 7/71.;+1_7nx+2_1"(2)’
t+1 o+l ol =
7n.s+3_)/n$+4_"'_}/n =7 u Z(é’i)2:1 HMeEM o (13)
ieN
f<1-f.—-f. <l
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Taxko¥ e BBIBOJ UMEET MECTO, KOT/ia JIFoObIe JBa areHTa BEIOUPAOT
HWKHIOIO TPaHUIy, OCTAJIbHBIC — BEPXHIOKO TPAHHUITY JHANa30HA.
TTonoOHBIM obpazom OTIpEICTISIOTCS Vs Vowrr oo Yoo

Uy s Vaws eV e - PaccmoTpuM 3amaud  ompeneNneHus IMOCIEeIHUX

apaMeTpoB B OTUX CIIUCKaX.
3amauya (n _1) 110 BEOyIIUM M 3a7a4a (n _1) 0 BEJIOMBIM areHTam,

Korjaa (n _1) BeAyIIHNX U (n _1) BEIOMBIX arcHTOB BLI6I/Ipa}OT HWXHIOIO

TpaHUIy, a OIWH BEAYIIMH W OIWH BEIOMBIH — BEPXHIOI TPaHUILY
Mana3oHa.
3amaua (n, —1) TIO BEAYLUMM arcHTam. [Tycts, 111 onpeAeneHHOCTH,

NEPBBIE (n, —1) AreHTOB BBIOMPAIOT HIDKHIOIO IpaHMLy, a 72, - areHr —

BEPXHIOIO  TPaHUILY. o 17 JUTS Habopa  mapaMeTpoB
t+1 t+1 t+1 ﬂtﬂ _ =
no=n =Yy =Y TV, ONpenenseM  OIEMEHTBI  MaTPHIIBL,
t+1 _ pt+l _ _opttl t+l
TIOJIOXKUB =P, == ﬁny—l =0 y ﬂns =1. Ilyctb Y

MUHHUMAJIBHOEC 3HA4YCHUE TIapaMeTpa v, IIpyu  KOTOPOM  MaTpula

MOJIOXKHUTCIIBHO OIPCJC/ICHA, a ﬂ — THOJIOKUTCIIBHO OINPCACIICHHAA

KBaJpaTU4YHas Q)OpMa, COOTBETCTBYHOIIIAA 3TOM MaTrpune IIpu
yt +1 t+ _ t+1

)/2 - }/n -1 = )/s‘(n.rl) .
3anaua (n, —1) MO BEIOMBIM areHTam. I1ycTh, IS OTpesieNeHHOCTH,

IePBBIC (n,—1) AreHTOB BBIOMPAIOT HWKHIOKW TPAaHMULY, a A-ii areHT —

BEPXHIOIO TpaHUILy. Ho (18) JUTST Habopa napameTpoB
t+ o+l t+1
Voot =Vns2 = -1 7,7 70 OTpeJieNiieM DJJIEMEHTBl MAaTPUIIBI,
t+1 t+1 t+1
= : = = 1
MOJIOKUB ﬂ,,ﬁl ﬂﬂ,ﬂ ﬂnl 0 u At =1. Ilycts Yewn
MHWHHUMAJIBHOC 3HA4YCHUC napamMeTpa ¥, pu KOTOpOM MaTpuna
t+1 4l ot
nonoxutenbHo onpenenena. Torma mpu 7, o =7V, 020 ==V = Ve

HOJIOKUTEIBHO OIpeleeHa KBaapaTuuHas (gopMma f,, COOTBETCTBYIOLLAS

3TOM MaTpHIIE.

t+l t+1 o
H03T0My s HaOopa mapaMmeTpoB )i =), =V =
t+1 t+ t+l _ —
Z"H’)/ 75’ }/n+1 }/n+2 . n—l_ZC(m»-li’ y =V.om Z(€‘)2=
ieN
umeem 1o (13) f<1—f, — f. <1.
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Takoit e BBIBOJ MMEET MECTO, KOLAa JHOObIE (n —1) BEdyUIUX
areHTOB U JIIOOBIE (1, —1) BEJAOMbIX areHTOB BBIOMPAIOT HIKHIOK PAHHLLY,

a OCTAaBHIMECS arC€HThI — BEPXHIOIO I'PAHUIY AWalla30Ha.
n.3. B ClIy4dac, KOorjaa BC€ arcHThI BBI6I/IpaIOT HM)KHIOIO I'paHuly y

B CBOMX JMama3oHax, Marpunel ¢ oanemeHtamu  (16) wu  (17)
U COOTBETCTBYIOLIME WM  KBaJgpaTU4Hble  (OPMBI  IOJOKHTEIBHO
ONpesieTIeHsl, €CIM = 0. B 2JToM nerko yOemuTbcs MOBTOPSA

JIOKa3aTeJIbCTBO JIEMMBI 3 Juisi HYokHel rpanunbl. Torma f <1 juis Habopa
t+1 _ 4l I 5 U = BN = B R =
mnapametpoB ), =)y ==Y, ==V, 0=V, ==Y, =V npu
YCIIOBHH, YTO HOJIb HE BXOAUT B CIUHBIN THAITa30H.
. 4. EauHas HIKHSIS TpaHWIA OWANA30HOB OIpENeNseTcs Ui

BEJlyIIUX areHTOB U3 YCIOBUA y, = max{ym) si=1(n, —1)}, JUTS. BEIOMBIX
7 AL :

areHTOB U3 YCIOBUS ¥ = max{ym si=1(n, —1)}.
z i
Ha ocHoBanmm HepaBeHcTBa (12) B yTBEpKACHUH 2 UMEEM, UTO IS

JINATIa30HOB [7/,\ ; Z] u [}/4 ; Z] , TapameTpoB o', 5" [0;1]
1 1 .
(05; T+p =lieN ), a TaKKe BEKTOPOB BHA

t+1 _ t+1 t+l — t+1 t+l— t+1 t+] — t+1
]/ _(al Zx-l—ﬁl ]/s ""’an? Z»V-I—ﬂnY ]/s’aanZc—l—ﬂnﬁlyc""’an Z[‘l‘

+pB"'y) BBINONHAETCA HepaBeHCTBO f(y'*')<1. Torma mo (8), (11)

”Bm (}/M)

6. 3axmouenue. HacTtosmee  aHanMTHYeCKOe  MCCIIEIOBaHHE
MOCBSIIEHO TpoOJeMe BBISBICHUS YCIOBHH CXOOUMOCTH TUHAMUKH
KOJUIEKTUBHOI'O TIOBEJEHMsI K paBHOBecH0O Hbma Ha KOHKYpPEHTHBIX
PBIHKaX C MPOM3BOJILHBIM YHCIIOM areHToB, jAeicTByromux no KypHo umu
Takensbepry, mis ciydas JUHEWHBIX (YHKIMA 3aTpaT © CIpoca.
OcCHOBHOE BHUMAaHHUE YAENSAETCS TOWUCKY OrpaHWYCHWA Ha JHana3oHBI
JIOITyCTUMBIX OTKIIUKOB areHTOB, KOTOPBIE (DOPMYTUPYIOTCS KaK YCIIOBHS,
TapaHTHPYIOIIHE CXOJUMOCTh JuHAMHKH. OCOOCHHOCTh WCCIETOBAHUS
ONpenesieT UCIOJb30BaHNE B KAUECTBE KPUTEPUSA CXOOUMOCTH JTUHAMHUKHU
HOPMBI MATPHIBI TIEpEX0/a IMOTPEUIHOCTeH OT #-T0 K (t+1)-My MOMEHTY
BpEMEHHU.

Jus moboro dmcina JHIECPOB W BEAOMBIX AarcHTOB Ha PBIHKE
TIOCTABJIEHbI U PELIEHBI JBE OCHOBHBIC 3aJaud: IPOBEPKA BBHIIOJIHUMOCTH
KpUTEpHsI CXOAHMMOCTH [IMHAMHUKH IO HOPME IJs 3aJaHHOIO Juana3oHa

<1 u nponecc (4)—(6) cxoaures.
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I1aroB; HaXOXKJCHUE TPAHUI] MaKCUMaJIbHBIX JUAlla30HOB IIAroB areHTOB,
TapaHTHPYIOMINX CXOAWMOCTb JIMHAMHMKH KOJJIEKTUBHOTO IIOBEIICHHUS
K paBHOBecHo Hama.

B pamkax penieHus yka3aHHBIX 3aJ1ad IIOKa3aHO, YTO HEBBIIIOJIHEHHE
KpHUTEpUsl 1O HOpME (eciaM HOpMa MAaTpHUIIBl TEpexoja IOTPEHIHOCTEeH
Oonplle WIM paBHA COUHWIE) OCOOEHHO TMPOSBISAET ceds TpHu
Pa3HOHAIIPABICHHOM BBIOOpE, KOTJIa OJJHH arcHTHI BBIOMPAIOT «OOJBIIHE»
IIary ABMKEHHS K CBOMM TEKYIIUM LEISIM, ApyTrue, Ha000poT, — «MaJbIe»
Iard, a TaKkkKe YCHIMBAETCS C POCTOM 4YHCIa AareHTOB HAa pBHIHKE.
YcraHoBIEHB! 00LIME AT TF0O0r0 YHCiia areHTOB YCJIOBHSA Ha TUAINla30HBI
CXOJIMOCTH JJMHAMUK.

[MpennoxkeH MeTOA TOCTPOCHUS MaKCHMalbHBIX JHAlla30HOB
CXOIMMOCTH 10 HOpMe JauHaMuku. IlokazaHo, YTO MakCHUMalbHbIE
JMana3oHbl HE 3aBHCSAT OT MapaMeTpoB DPhIHKA M areHTOB, HO 3aBUCST
OT YMCJla areHTOB Ha pbIHKE. MeToa MNO03BOJIseT, (PUKCHUPOBaB IPaBYIO
TPaHMILY, HAXOIUTh HIKHIOIO TPAHUILy JHara3oHa CXOIUMOCTH.

[IpencraBnensl pe3ynbTaThl pEUICHUS yKa3aHHBIX 3agad Uil
YaCTHBIX CIy4aeB OJIUTOIIOJIMH, KOTOpBIE SBIIIOTCS HanOoJiee MIMPOKO
pacipocTpaHeHHBIMH Ha TpakTHKe. B dWacTHOCTH, JUIi  pBIHKOB
C HEOONBIIUM YHCIIOM areHTOB MO MPEATI0KEHHOMY METOIY PacCUHTAHbBI
MaKCHMAaJIbHBIE JIMaNa30HbI [1aroB.

IToxazano Taxxke, uto aquHamuka (10), (5), (6), B KOTOpO# B KaXIbIH
MOMEHT BPEMEHH BBINOIHEHB! YCIOBHS KOHKYPEHTOCIIOCOOHOCTH arcHTOB,
OyZIeT CXOAUTBCS, €CITU CXOTUTCS 10 HopMe 06a30BbIif mporiecc (4)—(6).

Pe3ynbraThl ~ HWcClieOBaHUS  MOTYT  UMETh  TEOPETHYECKOE
Y MIPUKJIaJHOE 3HA4YCHHE AJIsl NOHMMAaHHMs, ONEPAaTHBHOTO pPearnpoBaHUs
U PETYJMPOBaHUSl  KOJUIGKTHBHOTO  IIOBEACHHS  Ha  COBPEMEHHBIX
KOHKYPEHTHBIX pbIHKaX. [lys1 Gosee riryOOKOro M3y4eHHs KOJUIEKTHBHOTO
MOBEICHUS 0CcO0EHHO Ba)KHBIM MIPEACTaBISETCS pasButne
9KCIEPUMEHTAIBHBIX ~ MCCIIC[IOBAHUM,  YYUTHIBAIOUIMX  MEHSIOIINECS
CUTyallMM T10 SKOHOMHYECKHM OIPAHHUYCHHMSAM M HEIMHEHHOCTb CBSI3EH,
MIONCK PalMOHAIBHBIX PEIIeHWH M OOMMX 3aKOHOMEPHOCTEH Ha OCHOBE
aHaJM3a Pe3yIbTATOB BHIYMCIUTEIBHBIX SKCIIEPUMEHTOB.
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G. ALGAZIN, D. ALGAZINA
CONVERGENCE IN NORM OF COLLECTIVE BEHAVIOR
DYNAMICS IN THE REFLEXIVE MODEL OF OLIGOPOLY WITH
LEADERS

Algazin G., Algazina D. Convergence in Norm of Collective Behavior Dynamics in the
Reflexive Model of Oligopoly with Leaders.

Abstract. A model of oligopoly with an arbitrary number of rational agents that are
reflexive according to Cournot or Stackelberg, under the conditions of incomplete information
for the classical case of linear functions of costs and demand is considered. The problem of
achieving equilibrium based on mathematical modeling agents' decision-making processes is
investigated. Works in this direction are relevant due to the importance of understanding the
processes in real markets and the convergence of theoretical models with them. In the
framework of a dynamic model of reflexive collective behavior, each agent at each moment
adjusts its output, making a step in the direction of output maximizing its profit under the
expected choice of competitors. The permissible step value is set by the range. This article sets
and solves the problem of finding the ranges of permissible steps of agents, which are
formulated as conditions that guarantee the convergence of dynamics to equilibrium. The
novelty of the study is determined by the use of the norm of the error transition matrix from the
t-th to (t+1)-moment of time as a criterion of the dynamics convergence. It is shown that the
dynamics converge if the norm is less than unity, starting at some point in time, and the failure
to fulfill this criterion especially manifests itself in multidirectional choice, when some agents
choose "big" steps towards their current goals, while others, on the contrary, choose "small"
steps. Failure to meet the criterion also increases as the market grows. The general conditions
for the ranges of convergence of dynamics for an arbitrary number of agents are established,
and a method for constructing the maximum such ranges is proposed, which also constitutes
the novelty of the study. The results of solving the above problems for particular cases of
oligopoly, which are the most widespread in practice, are presented.

Keywords: oligopoly, incomplete awareness, collective behavior, reflexion, matrix norm,
process errors, convergence ranges.
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MINIMIZATION OF PEAK EFFECT IN THE FREE MOTION OF
LINEAR SYSTEMS WITH RESTRICTED CONTROL

Dudarenko N., Vunder N., Melnikov V., Zhilenkov A. Minimization of Peak Effect in the Free
Motion of Linear Systems with Restricted Control.

Abstract. A peak effect minimization problem in the free motion of linear systems is
considered in the paper. The paper proposes an iterative procedure for the peak effect minimization
using a combination of the recently proposed gramian-based approach and the theory of using the
condition number of an eigenvectors matrix for the upper bound estimations of the system state
processes.

Minimization of control costs is based on the analysis of the singular value decomposition of a
gramian of control costs, followed by the formation of major and minor estimations of the gramian.
Minimization of peak effect in the trajectories of free movement of systems is carried out by
minimizing the condition number of the eigenvectors matrix of the matrix of a stable closed-loop
system, while the state matrix with the desired eigenvalues and eigenvectors is designed with
the generalized modal control. The development of an iterative algorithm for the peak effect
minimization in the trajectories of linear systems under any non-zero initial conditions with
restricted control is based on an aggregated index. The index takes into account both the estimate
of the gramian of control costs and the condition number of the eigenvectors matrix of the stable
closed-loop system. Minimization of the aggregated index makes it possible to ensure minimal
deviations in the trajectories of free movement of systems of the considered class.

The procedure is applied to a system of two satellites with restricted control, where peak
effects in satellites relative trajectories are minimized. Two cases of peak affect minimization are
considered. In the first case, the peak effect minimization in the trajectories of free movement
of satellites is carried out only by minimizing the gramian of control costs. In the second case,
the peak effect minimization is realized using the developed algorithm. The results illustrate the
efficiency of the procedure and indicate the decrease of the peak effect for the satellites relative
trajectories.

Keywords: condition number, control costs, restricted control, free motion, gramian, peak
effect, satellites, upper bounds.

1. Introduction. In recent years, the peak effect problem is actively
investigated [1 — 4]. Peak effects in the free motion of a linear system occur
due to nonzero initial conditions in the absence of an exogenous input signal.
The problem is not new. First of all, the relationship between system poles
and the behaviour of the transition process of a system were investigated by
A.A. Feldbaum in the paper [5], which initiated the research of the peak effect
problem. Then, the problem of large deviations was continued in the works [6]
and [7], where the relationship between the peak effect level and the transient
attenuation rate was revealed. Later, the peak effect was also found in systems,
where poles had a different location from the one that causes an increase in the
attenuation rate of the transient process [8]. The problem was presented for
switching systems in [9] and for cascade control systems in [8], where the result
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of R.N. Izmailov was generalized to obtain estimations of the deviations for
the outputs. Recent papers [3, 10] continued the study in that field for different
values of system poles, and new results for estimations of the upper bound of
deviations were obtained with the linear matrix inequality [3] and with the
condition number of the eigenvectors matrix [10]. Also, it was investigated
that the peak effect depends on a matrix representation.

The peak effect minimization problem is also relevant to fluid flow
control. The scientists James F. Whidborne and John McKernan consider an
equivalent problem to provide minimization of the transient energy growth [11],
that is used actively nowadays in the fluid flow control field [12 — 15].

The peak minimization problem is actual for the stabilization systems
[3] and the tracking systems [9]. In this paper, the problem of peak effect
minimization for stabilization systems with restricted control is considered. The
peak effect in the researched system appears due to nonzero initial conditions
and restricted control. Therefore, the aim of this paper is to propose a procedure
for the peak effect minimization for stabilization systems with restricted control.
The procedure is based on a combination of the recently proposed gramian-
based approach and the theory of the usage of the condition number of an
eigenvectors matrix for the upper bound estimations of system processes. The
proposed procedure is applied to a satellite system, where the effectiveness of
the procedure is illustrated.

The paper is laid out as follows. In Section 2, the approach for the
estimation of peak effect in the free motion of linear continuous-time systems
based on the calculation of the condition number of the eigenvectors matrix
is described. Then, the gramian-based method for the estimation of control
costs is discussed in Section 3. An iterative procedure for the minimization
of the peak effect in the free motion of linear continuous-time systems with
input saturation is proposed in Section 4. Then, the system of the two satellites’
relative motion is described in Section 5 and the modelling of the system
is presented without taking into account restricted control. In Section 6 the
proposed procedure is applied to the satellite system with restricted control to
provide the peak effect minimization. The results are discussed and the paper
is finished with some concluding remarks.

2. Minimization of peak effect in linear continuous-time systems. A
procedure for the minimization of peak effect in a linear continuous-time system
with restricted control includes the step, where the upper bound estimation of
the free motion of the system should be obtained. For this purpose, the approach
based on the calculation of the condition number of the eigenvectors matrix
of the system state matrix is used and described in the section. The approach
allows us to get the upper bound estimation of the process in dynamics.
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Assume a linear continuous-time plant is given in the following form:

(t) = Ax() + Bu(t):x(0),
y(t) =Cx(t), (D

where x € R",u € R",y € R™ are the state vector, the input vector and the
output vector, respectively; x(0) € R" is vector of nonzero initial conditions;
A e R B e R™ C e R"™" are the state matrix, the input matrix and the
output matrix of the corresponding dimensions, respectively. It is assumed the
pair of matrices (A, B) is controllable matrix pair.

The control law is designed with the pole-placement technique in the
form:

u(t) = —Kx(t), 2

where matrix K € R™" consists of the coefficients of the controller provided
the required spectrum of eigenvectors and eigenvalues of the state matrix
F = (A — BK) of the closed-loop system (1). The feedback matrix K can be
calculated with the Sylvester equation:

MA—AM = —BH,K = HM ™", (3)

where A is n X n matrix described the desired dynamics of the system, matrix
M = row{M;;i = 1,n} is the invertible square matrix of eigenvectors of matrix
F, matrix H € R™" is chosen such that a pair (A,H) is observable. At
the same time, the control input u is restricted and satisfies an inequality
—Umax S U < Upgay-

Then, the closed-loop system (1) can be described in the following
state-space form:

x=Fx(1); x(0) = x(1)|,_g )

where F € R"™" is a stable state matrix of the closed-loop system with the
eigenvalues A; < 0,i = 1,n. Note, if the original system (4) is unstable, it may
not be possible to globally stabilize it under restricted control.

Lemma 1: For the linear system in the form (4) the upper bound
estimation sup{||x(z)||} for the process ||x(¢)|| can be given as:

le(0)|| < sup{lx(2) |} = C{M3eH" | x(0)], (5)
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where matrix M = row{M;;i = 1,n} is the invertible square matrix of
eigenvectors of matrix F, C{M} is the condition number of matrix M [16, 17],
A is the maximum eigenvalue of matrix F, defining the degree of stability n
of the system (4) according to the expression 1) = |Ay|. The norm of initial
conditions x(0) is fixed, that ||x(0)|| = const.

Proof: The corresponding assertion is proved in [10]. However, for
completeness, we give the detailed proof. Assessment of the upper bound of
large deviations in the free motion of the continuous-time system (4) is based
on the representation of the state matrix F in the following form:

MA =FM, (6)

where A is a diagonal matrix of eigenvalues, M is a square matrix whose
columns are the n linearly independent eigenvectors of F. The solution of
equation (4) takes the form:

x(t) = €!"x(0). (7
Using (7) and (6), we get:
x(t) = e"'x(0) = Mdiag{e"";i = T,n}M~'x(0). (8)

Let us form an upper bound for the processes of x(¢) in the following
form:

1x(1)]| = llexp(F1)x(0)[| = ||Mdiag{e*;i = T,n}M~"'x(0)|| <
e L e ©)
|M|| - ||diag{e";i=T,n}||- ||M~1]| - [[x(0)]].
Note, that C{M} = ||[M|| ||M~"|| is condition number [18], [16] of the matrix
M. Then, expression (9) can be rewritten as:

Ix(@)[] < C{M}e " [Ix(0)], (10)

where 7 is degree of stability of the system (4) defined as 1 = max |A;]; i = 1,n.
Therefore, the degree of sufficiency of the upper boundlof the process
|x(7)|| is defined by condition number C{M} of the eigenvectors matrix of
matrix F.
Remark 1: The upper bound sup{||x(¢)||} of the process ||x(¢)|| with
minimum sufficiency satisfies the following equations:

k()| < sup{lx(2) |} = C{d}eM" | x(0)], (11)
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where matrix M is a modified matrix of eigenvectors of matrix F, containing
eigenvectors of unity norm [16, 17] in relation to the equality:

M =M - diag{(|M;,)"" ;i =T,n}. (12)

Remark 2: The upper bound ||x(¢)|| of autonomous system process
with the initial states {||x(0)||,# = 0} exceeds its value in C{M} times.

Remark 3: The upper bound is an exponential function. Therefore, the
upper bound sup{||x(¢)||} covers the process ||x(¢)||, containing deviation at
the asymptotic tendency to zero.

Therefore, the peak effect minimization in linear continuous-time
systems can be realized with the minimum value of the condition number
of the eigenvectors matrix C{M}. At the same time, the minimum condition
number is provided by the assignment of the required structure of eigenvectors
that can be described as:

C(M) = min(C{row(M; = E)}& &) = 1:i =T (13)

It can be concluded, the peak effect minimization can be provided by the
structure of the eigenvectors that delivers the minimum to the condition
number of the eigenvectors matrix of the state matrix. The problem (13)
is a nondifferentiable optimization problem, that can be solved using one of
the nonlinear programming algorithms [19].

3. Minimization of peak effect in linear continuous-time systems
with restricted control. In this section, the linear continuous-time system (1)
is considered for the case of restricted control and defined as:

u(t) = —Kx(t), —Umax S UK Ugy- (14)

The gramian-based approach is used for the purpose to minimize the peak
effect in the system. An appropriate gramian can be obtained on the functional
basis of control costs [10, 20]. Thus, for the case of the control law:

u(t) = Kx(t) = Ke"x(0), (15)

for the system (1) can be proved the following Lemma.
Lemma 2: An upper bound and a lower bound of energy consumption
[21] for the control (15) of the system (1) can be defined as:

max |[Uas]| = eyl {Wor } 1 (O)]] (16)
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and: o
min [|Ua|| = o2 (W} [|x(0) ], (17)

‘min

where Qmax and Oip are the maximum and the minimum singular values of
the gramian on control costs, respectively. The norm of initial conditions x(0)
is fixed, that ||x(0)|| = const.

Proof: Let us assume the square of the Euclidean norm of the control
vector as energy consumption E, for the control of a system. Then, if we
consider an element U; = o) of a linear function space LQT, T={t:0<
t < oo}, then for the square of the Euclidean norm of the element U; of the
functional space, we can write the following representation:

t
E,=|U|* = [u" (T)u(T)dT =
;O (18)
=xT(0) [ef" "KTKeF"dTx(0),
0

t
. T . .
where [ef *KTKel'"dt = Wy (t) is called a gramian on control costs or a
0

control costs gramian [20]. The gramian on control costs on infinite time
interval satisfies the condition lim Wy (r) = Wy and it is the solution of the
t—o0

matrix Lyapunov equation:
FTWy +WyF = —K'K. (19)
Then, if we consider the time function (18) in infinite time interval, we get:

lim |02 = 5" (0) lim Wy (1)x(0) = " (0)Wyx(0) = [U=|I*,  (20)

where Wy € R"*" is a solution of the equation (19).

Using singular value decomposition of the control costs gramian Wy
we can estimate the upper and lower bounds of control costs on an initial state
sphere x(0):

U= = (" (0)Wyx(0)) '/, @1
oWy} [(0)]| < (U]l < o2 (W} [1x(0)])- (22)
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The Lemma is proved.

That means the gramian on control costs is an estimation of energy
costs for the control law realization. The estimation of the control costs allows
us to find the optimal pole placement for a closed-loop researched system using
the upper bound (16) for the control cost minimization. The restriction to the
control —u,4, < u < gy should be taken into account together with the upper
bound (16) of the control cost. This allows us to take the following approach.

Approach to the peak effect minimization. The peak effect
minimization for linear continuous-time systems with restricted control (1), (14)
can be realized with the minimization of the condition number of the
eigenvector matrix and the minimization of the upper bound of the control
costs.

The approach to the peak effect minimization for linear continuous-time
systems with restricted control is realised on the consideration of two indexes
together, that are the upper bound of the control cost arL/azx{WU} and the
condition number of the eigenvector matrix C{M}. That indexes can be
aggregated together due to the property of the condition number changing
within the interval 1 < C{*} < oc. Then, the aggregated index takes the form:

J(C,U) = apla{wy }ci{m}. (23)

The index J(C, U) takes into account as condition number of the eigenvector
matrix as the control costs. Then, it is reasonable to use the index as a
mathematical tool for the peak effect minimization. It should be noted the
functional J(C, U) is not convex and may have several minimums (local
minimums).

4. Procedure for the peak effect minimization. The procedure for
peak effect minimization in linear continuous-time systems with restricted
control can be realized according to the following steps:

1) Define a continuous-time system in the form (1);

2) Form an aggregated index J(C,U) in the form (23):

o specify initial eigenvalues Ag = diag{Ao; € [Amin,0);i = 1, n} of the
state matrix F of a closed-loop system (4), where A, provides the required
stability degree of the system;

* calculate a feedback matrix K with the Sylvester equation (3);

* calculate the state matrix F = (A — BK) of a closed-loop system;

* calculate the condition number C{M} of eigenvectors matrix and the
gramian of control costs (19) to get the index J(C,U);
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3) Find the minimum of above the specified index J(C,U) subject
to A = diag{Ai € [Amin,0);i = 1, n} using one of nonlinear programming
algorithms [19, 22];

4) Fix the results in the form of the coeflicients k; of the feedback matrix
K, that provide the minimum of peak effect in the free motion of the system
with control saturation;

5) Simulate the system and analyze the performances.

The combination of methods provides the peak effect minimization in the free
motion of continuous-time systems with restricted control.

5. Example. As an example, the trajectory of the relative motion of two
satellites moving in a circumcircle orbit in the central gravitational field of the
Earth is considered [23]. The design is based on the linearized dynamic model
of the satellite system. The behavior of the system with restricted control is
considered.

The example section consists of two subsections. The first subsection
describes the behaviour of the system for two cases: 1) the input saturation
is not taken into account; 2) the input saturation is taken into account at the
control design stage. It is illustrated, that limitation on control has a significant
impact on the system’s behavior and can lead the system to stability loss. The
minimization problem of the peak effect for the satellites relative trajectories
with the proposed procedure is considered in the second subsection. The
simulation results demonstrate the efficiency of the procedure.

5.1. Modelling of two satellites system. The linearized equations of
the relative motion of satellites are given in the state space form (1), where:

o1 0 0 0
0 0 0 20 I

A=1o o o 1 ['B=] o|u=700)
0 20 3w* 0 0

Here, x = [ X12 X12 212 212 ] is the system state vector, where
x12 denotes the difference in coordinates of the second and the first satellites,
X12 = X3 — X1, 212 = 22 — 21 The control input « is described by the saturation
function @(y) = sat(up,y) and satisfies an inequality —t4nay < # < Umays
Unmax = 2.4 % 1079m /52,

The averaged angular velocity @ of the satellites in orbit satisfies the
expression @ = +/[L/a3, where t = GM, G is the gravitational constant, M is
the mass of the central body, and a is the semimajor axis of the satellite’s orbit.
In this case, for the Earth, u = 398.603 x 10°m’s2, @ = 0.001172.
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The control law is designed with the pole-placement technique in
the form (2). The coefficients of the controller K = | ki k> k3 k4 |
is assigned to provide the required spectrum of eigenvalues for the matrix
of the closed-loop system F = A — BK. Note, the condition number of the
eigenvectors matrix of the states matrix A is C(A) = 1.49 x 10'°.

Consider the behavior of the satellites relative trajectories,
when there is no restriction on control and control is designed in
the form (2). The coefficients of the controller k; are defined to
minimize the condition number of the eigenvector matrix (13), which
are K = [ —0.0001 0.1265 0,0024 1.2165 ]

The simulation results for the satellite’s coordinates x1, and z1, with the
defined initial conditions x5 (0) = 200m, %12(0) = 0.025m/s, z12(0) = —50m,
212(0) = —0.025m/s and the satellites relative trajectories on the (x,z) plane
are depicted in Figures 1 and 2, respectively. The simulation time is confined
to 77y, = 54000s = 15h. Let us consider regulation time 7, when the relative
trajectory on the (x,z) plane reaches the circle with given radius R and does

not leave it then, therefore ¢, = max(,/ x%z + Z%z > R) [23]. It is assumed that
t
collision is escaped within this circle.

300

200 7

X12, m

100 [ ]

60 . .
10 15

o
(é)]

time, h
Fig. 1. Satellites relative trajectories x»(¢) and z;2(¢) with nonzero initial conditions.
The control u(r) is not restricted
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% initial point
trajectory
50 - —— = vicinity e
terminal point
77N &
g Of h 1
&
N
501 1
-100 1
0 50 100 150 200 250
Xqp M

Fig. 2. Satellites relative trajectories on the (x,z) plane with nonzero initial conditions.
The control u(z) is not restricted

It can be observed that the peak effect exists in the stable satellites
relative trajectories xi2(f) and zj2(¢). And it is about 270 m for the
trajectories x2(¢), and it is about 17 m for the trajectories zja(¢).
Here, the regulation time t, = 33148s = 9.2k, and a minimum of the
condition number C(M) = 1467 of the eigenvectors matrix was found for
A={-0.0996 —0.0001 —0.0248 —0.002}.

For the case of restricted control |u| < umax with the same feedback
coeflicients k; the situation is changed. The closed-loop system becomes
unstable. The behavior of the satellites relative trajectories takes the curves
represented in Figures 3 and 4, respectively. Therefore, limitation on control
has a significant impact on the system’s behavior and can lead the system to
stability loss.
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-500

-1000 !
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time, h
Fig. 3. Satellites relative trajectories x15(¢) and z1»(#) with nonzero initial conditions
and the restricted control |u| < umax

600 * initial point |
trajectory
400 J

200 1

Zip M
o

-200 1

-400 1

-600 1

0 500 1000 1500

X, M
Fig. 4. Satellites relative trajectories on the (x,z) plane with nonzero initial conditions

and the restricted control |u| < umax

5.2. Minimization of peak effect for the satellites relative
trajectories. In this section, the proposed iterative procedure for the peak
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effect minimization is applied to the satellites system. It should be noted, an
interval for the eigenvalues search is limited by the channels capacity [23] and
the range of admissible algebraic spectrum of eigenvalues is varied within the
interval ; € [—1,0).

First of all, the case of minimization of control costs is considered. The
coefficients of the controller k; are defined to provide the condition (16), that
are K =[ —9.12-107° 0.0018 3.24-107° —8.6-107° |.

The simulation results for the satellite’s coordinates x> and zj» with
above defined initial conditions and the satellites relative trajectories on the
(x,z) plane are depicted in Figures 5 and 6, respectively. Here, the regulation
time 7 = 31810s = 8.83A, and a minimum of the gramian on control costs
W, = 0.0317 was found for A = {—0.0004 —0.0004 —0.0004 —0.0004}.

2000
1500

€
& 1000

x
500

time, h

Fig. 5. Satellites relative trajectories x15(¢) and z1»(#) with nonzero initial conditions
and the restricted control |u| < umax. Minimization of peak effect by the minimization
of control costs
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400 + terminal point |
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Xipr M

Fig. 6. Satellites relative trajectories on the (x,z) plane with nonzero initial conditions
and the restricted control |u| < umax. Minimization of peak effect by the minimization
of control costs

It can be seen, the researched system is stable and has a peak effect of
about 1800 m for the satellite’s coordinate xj, and it is about 220 m for the
satellite’s coordinate z157.

Then, the case of peak effect minimization with the aggregated
index J(C,U) in the form (23) is considered and minimization of the
condition number of eigenvectors matrix together with the singular
value of the gramian on the control costs is realized by the controller
K= [ —9.65-107% 0.006 1.28-107° 0.004 } .

The simulation results for the satellite’s coordinates xj, and zj2 with
above defined initial conditions and the satellites relative trajectories on the (x,z)
plane are depicted in Figures 7 and 8, respectively. Here, the regulation time
t, = 57765s = 16h and the minimum of the aggregated index J(C,U) = 804.11
were found for A = {—0.0006 —0.0033 —0.0021 —0.0001}. Obviously,
the peak effect is minimized and reaches 1300m for the satellite’s coordinate
x12 and 190m for the satellite’s coordinate z1,. But it should be noted, the peak
effect minimization leads to the regulation time changing. So, the regulation
time, in this case, was increased almost twice.
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Fig. 7. Satellites relative trajectories xj2(#) and z1»(¢) with nonzero initial conditions
and the restricted control |u| < umax. Minimization of peak effect with the proposed

procedure
800
% initial point
600 trajectory min W,
| trajectory min J(C,U) |
400 == = vicinity
200 terminal point
c L
~
N 0 ’—@
-200 [
-400 [
-600 [
-800 - : ‘ ‘
0 500 1000 1500 2000
X m

12’
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and the restricted control |u| < umax. Minimization of peak effect with the proposed
procedure

660 WHdpopmaTuka n aBTomatmsaums. 2023. Tom 22 Ne 3. ISSN 2713-3192 (neu.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



MATHEMATICAL MODELING AND APPLIED MATHEMATICS

Figure 9 illustrates the norm of the state vector ||x(¢)|| and the restricted
control u for different values of the controller coefficients K;. The plots are
presented for the cases of eigenvalues deviations from the proposed values A
for 20% in one direction and in the other one. It can be seen, that the proposed
controller allows us to find an optimal compromise between the control costs
and the peak effect in the trajectories of the free movement of satellites.

1500

£ 1000

(Il

500

0 5 10 15
time, h
Fig. 9. Plots of the state vector ||x(¢)|| and the restricted control u for different values of
the controller coefficients K;

6. Conclusion. The aim of the paper was to minimize the peak effect
in stabilization systems under any non-zero initial conditions with restricted
control. The iterative procedure was suggested for the peak effect minimization
problem. The procedure was based on a combination of the recently proposed
gramian-based approach and the theory of using the condition number of the
eigenvector matrix for the upper bound estimations of the system processes. It
was established the correct structure of eigenvectors that delivers the minimum
value to the condition number of the eigenvector matrix of the closed-loop
system should be considered together with the maximum singular value of a
gramian on control costs to provide the peak effect minimization to the system’s
behaviour.

The procedure was applied to the system of two satellites. Minimization
of peak effect for the satellites relative trajectories was reached. The simulation
results demonstrated the efficiency of the procedure.
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As future work, it is supposed to consider the case of the system with
restricted control and input additive uncertainties to study the peak effect in
the system.
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H.A. IVIAPEHKO, H.A. BYHJEP, B.I'. MEJIbBHUKOB, A.A. )KUJIEHKOB
MUHHUMUN3AIIA OTKJIOHEHUI B TPAEKTOPUAX
CBOBO/IHOI'O IBUKEHU A JIMHEMHBIX CUCTEM C
OI'PAHUYEHU AMMU 110 YITPABJIEHUIO

[yoapenxo H.A., Bynoep H.A., Meavrukog B.I', 2Kunenkos A.A. MUHHUMH3A1iisI OTKJIOHEHHIT B
TPaeKTOPHSIX CBOGOIHOTO ABICKEHNs JJHHENHBIX CHCTEM ¢ OrPaHHYEHHSIMH 10 YNPABJIEHHIO.

AnHoTanus. PaccmaTpuBaercs 3agada MUHAMH3ALUM OTKJIOHEHUH B TPAeKTOPHUSX
CBOOOIHOrO IBWIKEHHMs JIMHEHHBIX CHUCTEM C OIpaHMYEHHsIMH 110 ymnpasieHuo. Ipemioxen
UTEPAaTUBHBIA aITOPUTM [ MHHMMM3ALMU OTKJIOHEHUH C MCIIONB30BAHHUEM TEXHOJIOTHU
CHCTEMHBIX TPAMHAHOB H YHCJIa 00YCJIOBICHHOCTH MaTPULIbI COOCTBEHHBIX BEKTOPOB YCTONUMUBOMN
cucTeMbl. MUHMMU3alMsl 3aTpaT Ha yHpaBleHHE Oa3upyeTCsl Ha aHAIM3€ CHHTYISPHOTO
PasJIoKeHHs rpaMUaHa 3aTpaT Ha YIpaBJeHHe C IocaeAyomuM (popMUpOBaHIEM MakOPAHTHBIX U
MHHOPAHTHBIX I'PAMUAHHBIX OEHOK. MUHUMHU3aLisl OTKJIOHEHUH B TPAEKTOPHUSAX CBOOOJHOIO
JBIKEHHSI CHCTEM OCYIIECTBIISETCS IyTeM MUHUMU3AIUH YHCIa 00YCIOBIEHHOCTH MaTpPULIBI
COOCTBEHHBIX BEKTOPOB MAaTPHUIIBI COCTOSIHUS 3AMKHYTON CHCTEMBI, IIPH 3TOM MaTPHULIA COCTOSIHUS
C JKeJIAEMBIMH CIIEKTPaMH COOCTBEHHBIX YHCEN M COOCTBEHHBIX BEKTOPOB KOHCTPYHMpYETCs
Ha OCHOBE OOOOIIEHHOrO0 MOJAJBHOTO YINpapjieHHA. B ocHOBe pa3pabOTKM HTEpaTHBHOTO
aIropuT™Ma A1 MUHMMH3ALUU OTKJIOHEHUH B TPA@KTOPUSIX IBUKEHUs JTUHEHHBIX CHCTEM IIpU
HEHYJIEBBIX HaUQJIBHBIX YCJIOBUSIX C OTPAaHMYCHUSIMU IO YIPABJICHHUIO JIEKUT arperupoBaHHbII
MOKa3aTeJb, MO3BOJAIOIINNA COPMHUPOBATh CUCTEMY C MMHHMMAJbHBIMU OTKJIOHEHUSIMU B
TPAeKTOPHSIX ee CBOOOJHOTO JBIKEHHsI IIPA MIUHUMAJIbHBIX 3aTpaTax Ha ynpasieHue. [JaHHbIi
MoKa3aTesb YYUTHIBAET OJHOBPEMEHHO KaK OLIEHKY I'paMuaHa 3aTpaT Ha yIpaBJlIeHUE, TaK 1
YUCJIO 00YCIOBICHHOCTU MATPHIIbl COOCTBEHHBIX BEKTOPOB YCTOHUIMBOM 3aMKHYTOH CHCTEMBL.
MuHMMU3AIMS arperupoBaHHOTO IIOKa3aTeJIs IO3BOJISIET 00eCIeYUTh MUHIMAJIBHBIE OTKJIOHEHHUS
B TPAGKTOPHUsX CBOOOJHOrO JBMXEHUSI CHUCTEM pPacCMaTpPUBAEMOrO Kjacca. AJIFOPUTM
arnpoOMpOBaH Ha IIPUMepe CHCTEMbI C OrPaHUYEHHBIM BXOJOM, ONUCHIBAIOIIEH OTHOCUTEJIBHOE
JBIDKEHME JIBYX CIIyTHHKOB. PaccMoTpeHoO /Ba cilyyast MUHMMU3ALUK OTKJIOHEHHH. B mepsom
Cllyuae MUHMMU3ALMs OTKJIOHEHHH B TPAEKTOPHSX CBOOOJHOTO IBIDKEHUS CITyTHUKOB BBITOJTHEHA
TOJIBKO 32 CYET MUHMMU3ALMK IPaMiaHa 3aTpaT Ha ynpapjeHue. Bo BTOpoM cilydyae MUHMMU3ALUS
OTKJIOHEHUH OCYIIECTBICHA C IPUMEHEHHeM pa3paboTaHHOro anroputma. IlomyueHHbe
Ppe3y/bTaThl WILTOCTPUPYIOT 3(M(PEKTUBHOCTD MPEUIOKEHHOIO aIropuT™Ma U YMEHbIIEHUE
BEJIMYMHbI OTKJIOHEHUI B TPA€KTOPUAX OTHOCUTEIILHOTO JIBUKEHHsI CITy THUKOB.

KuroueBble c10Ba: 4ucio 00yCIOBICHHOCTH, 3aTpaThl Ha yIpaBJieHUe, OrpaHMYeHHe 10
BXOJy, CBOOOJJHOE JIBUKEHHE, FpaMuaH, 3(p(eKT BCIUIeCKa, CIy THUKH, OLIEHKA CBEPXY.
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DESIGNING OF 2D-1IR FILTER USING A FUSED ESMA-PELICAN
OPTIMIZATION ALGORITHM (FEPOA)

Sharma R., Sharma K., Varma T. Designing of 2D-1IR Filter Using a Fused ESMA-Pelican
Optimization Algorithm (FEPOA).

Abstract. Many Digital Signal Processing (DSP) applications and electronic gadgets today
require digital filtering. Different optimization algorithms have been used to obtain fast and
improved results. Several researchers have used Enhanced Slime Mould Algorithm for
designing the 2D IIR filter. However, it is observed that the Enhanced Slime Mould Algorithm
did not achieve a better solution structure and had a slower convergence rate. In order to
overcome the issue a fused ESMA-pelican Optimization Algorithm (FEPOA) is utilized for
designing the 2D IIR filter which incorporates the pelican Optimization Algorithm with the
Enhanced slime Mould Algorithm (ESMA). At first, the Chaotic Approach is utilized to
initialize the population which provides the high-quality population with excellent population
diversity, after that the position of population members is to identify and correct the individual
in the boundary search region. After that, by the pelican Tactical Approach is to examine the
search space and exploration power of the FEPOA, then the Fitness is calculated randomly,
and the best solution will be upgraded and then moved towards the iterations. It repeats the
FEPOA phases until the execution completes. Then the best solution gives the optimal
solution, which enhances the speed of convergence, convergence accuracy and the
performances of FEPOA. The FEPOA is then implemented in the IIR filter to improve the
overall filter design. The results provided by FEPOA accomplish the necessary fitness and best
solution for 200 iterations, and the amplitude response will achieve the maximum value for
=2,4,8 as well as the execution time of 3.0158s, which is much quicker than the other Genetic
Algorithms often used for 2D IR filters.

Keywords: FEPOA, IIR filter, population member, FIR filter, Chaotic approach, Pelican's
tactical approach.

1. Introduction. Digital filters are a fundamental component of
digital systems because they filter recorded signals in DSP, which artefacts
and sound might taint. DSP and allied fields like multimedia content
analysis and digital transportation have extensively used and placed a high
value on digital filters. On the other hand, the drawbacks and issues with
creating such filters have prompted researchers to abandon conventional
design methods in favor of time and money-saving, cost-effective solutions.
The impulse response length often separates digital filtering into two
categories: Finite Impulse Response (FIR) and Infinite Impulse Response
(IIR). 1R filtering systems are used more frequently than analogous FIR
systems because they have a smaller group delay, lower computational cost
(less order), and considerably higher and better accuracy in satisfying the
performance criteria [1]. On the other hand, because the IIR filter has
feedback, the impulse response has an indefinite length [2]. Because its
transfer function contains poles, the construction of an IIR filter has proven
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to be difficult. An IIR transfer method's phase response becomes nonlinear,
and its magnitude response drifts due to the quantized correlation
coefficients of the denominator coefficients, which leads to instability. As a
result, multiple efforts were undertaken to utilize various optimization
techniques to provide the best possible filter response [3]. Dealing with
their stability limitations is one of the key challenges in their optimal
designs, as there are no needed and adequate convex stability situations for
filters of a higher order [4]. Various scholars have described various
algorithms in recent years to handle optimization challenges. Some of them
have been given here in common. A population-based method called
Harmony Search (HS), which draws inspiration from music, has effectively
solved global optimization issues [5]. A hybrid optimization method, which
integrates the Moth Flame Optimization (MFO) methodology, as well as the
Variable Neighbor Search (VNS) heuristic, has also been developed for an
Infinite Impulse Response (IIR) filter [6]. A hybrid technique called
the P Norm Optimization and ANN are combined or integrated for Auto
Adaptive 1IR Filter [7]. Invasive Weed Optimization (IWO) is a meta-
heuristic technique that is used in the research to construct an order eight
high-pass filter with Infinite Impulse Response (IIR) [8]. A Differential
Evolution technique that combines polar and rectangular coordinates has
been used for IIR Filter [9]. A digital filter with IIR was created using the
hybrid optimization methodology and employed with the Dynamic-Static
Topology of Particle Swarm Optimization (DS-PSO) method [10]. The
system of roughly linear-phase recursive digital filters is explored using a
constrained optimization approach. The concept is based on limited
optimization techniques for IR digital filters with nearly linear stages [11].
A bio-inspired meta-heuristic Biogeography-Based Optimization (BBO)
process is used for IIR Filter. This algorithm mimics various species'
migration and mutation processes, allowing habitat structures. [12]. A new
metaheuristic technique called Average Differential Evolution with Local
Search (ADE-LS) has been developed and used to find unidentified IIR
devices [13]. These are some of the algorithms used for the IR filter design.
Over the past few decades, the formulation and usage of metaheuristics to
solve optimization problems have become prominent. A wide range of
research investigations has been recently sparked by formulating practical
optimization issues and their effective resolution using metaheuristic
algorithms [14]. The Contribution of the Paper is enumerated as:

—  The Pelican Optimization Method and ESMA are combined to
create a hybrid algorithm, which improves performance by speeding up
convergence, increasing convergence rate, and improving convergence
precision.
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—  The population is initialized using a chaotic technique. Then
using a pelican's tactical strategy, each member of the population is located
and transported toward the area that was found to correct them to the
boundary search region. Then all the updating and iteration processes are
performed, and the Fitness is randomly determined and identified. The best
candidate solution is finally presented as the best answer.

The remainder of the paper is structured as follows: The relevant
studies in earlier technology are described in Section I, the design of the
2D 1IR filter is shown in Section Ill, the proposed method is listed in
Section 1V, the outcomes are reviewed in Section V, and the study is ended
in Section VI.

2. Related works. Several types of research have been carried out
for IR Filters in digital signal processing. Some of the research has been
analyzed in the following literature survey.

In study [15] the authors developed a metaheuristic algorithm,
ESMA (Enhanced Slime Mould Algorithm). ESMA is an enhanced strategy
of SMA. The proposed ESMA's efficient and exceptional performance has
achieved the initially anticipated improvement in SMA. Although ESMA
has performed exceptionally well, it still has certain flaws. As an
illustration, ESMA's convergence precision is not always optimum. There is
still an opportunity for the development of convergence accuracy. On the
one hand, innovative tactics for improving ESMA's performance should be
considered in future work. On the other hand, the suggested approach might
address more optimization issues in more areas.

Study [16] proposed a parallel-pipeline-created finite impulse
response (FIR) filter. FPGA device is used to implement the suggested IIR
design. So in terms of signal processing, FIR-based IIR architecture is more
appealing than selective. However, the digital filter's operating speed drops
as the word length increases.

According to paper [17], constructing adaptive finite impulse
response filters is a linear optimization technique, whereas designing
adaptive IIR filters in the appearance of observation noise is a nonlinear
optimization challenge. A mean square technique and a multi-innovation
least mean square method are created for the IIR filters with AR noise, and
their convergence is analyzed.

In paper [18] the authors proposed the computation of the unknown
IR filter's parameters in this research using a cutting-edge optimization
method called the dragonfly algorithm (DA). The implemented dragonfly
method obtains the minimal MSE value and estimates the system
coefficients close to the actual value. Compared to BA, CSO, and PSO, the
simulated outcomes imitate the procedure's effectiveness. Future problems
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involving identifying complicated and nonlinear systems can be solved
using this technique.

Study [19] proposed the optimal design of IIR filters addressed in
this study using two forms of ant colony optimization, the ant organization
and the ant colony scheme. The pole positions utilizing optimal coefficients
have demonstrated the stability of the developed filters. The lower MSE
values are attained via the ACS algorithm.

In paper [20] the authors suggested a unique population-based
optimization technique called the Firefly Algorithm (FA), which imitates
the attraction and flashing behavior of fireflies, and has demonstrated
promising results in treating global optimization issues. The empirical
results demonstrate that IFA can stabilize global exploration with local
exploitation. Compared to previous FA versions, it provides the best
solutions — at least in terms of comparable outcomes for the bulk of the 12
global optimization issues. We also evaluate IFA's efficiency and efficacy
by employing it to address well-known design problems with IIR filters.
The experimental results and comparisons show that IFA outperforms
various meta-heuristics in solution accuracy, resilience, and convergence
rate.

In study [21] the authors proposed that Combining Joint
Photographic Experts Group (JPEG) firmness is an adaptive approach. The
ECG signal was fed through the approximately linear IR filter to filter out
noise from ECG measurements. The advantage of nearly-linear IR filters
over conventional IIR is that the pass-through signal filter is not distorted.
With recent advancements, the JPEG compression method is now suitable
for 1d signals with quality greater than 8 bits. It has also been optimized for
microcontroller units (MCUs) with slow processing speeds. To reduce the
degree of signal distortion after the filter, we can alter the number of
overlap phases, although doing so would increase the delay and duration of
the filter.

An analytical synthesis process creates lower zero/L2 sensitivity
metrics relating to sparse standard state transformation function is suggested
in this study for obtaining an ideal IIR state-space realization, or minimal
pole-zero as well as pole-L2 sensitivity realizations, according to
paper [22]. Strong robustness and a maximum of 4n + 1 multiplications per
output sample are features of the proposed nth-order realization that help it
maintain computational efficiency while preventing output distortion and
instability. The suggested approach might incorporate adaptive IIR filter
design, parallel signal processing, multidimensional signal processing, and
multi-input and multi-output (MIMO) signal processing.
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Study [23] proposed an evolutionary technique to create reliable
IIR filters for binaural audio equalization. The filters' second-order sections
(SOSs) are arranged in a cascade, and the gravitational search algorithm
(GSA) is employed. IIR filter stability was added as a restriction in this
study. The problem may be rewritten in the coming years to include
steadiness as a penalty term within the fitness function. Additional
limitations or penalties may be required to prevent straightforward solutions
like those presented in this research. Because the offered procedures are
heuristic, the hyperparameters search can potentially be expanded by
starting many batch tests to find improved results.

A brand-new technique for creating a reliable digital IIR filter in the
frequency domain was put out by the authors [24]. The technique uses the
Quantum PSO with artificial bee colony (ABC) algorithms, which improve
performance in passband and stopband regions. By employing the novel
discovery and replacement process of the scout bee from the ABC
algorithm, the suggested method modifies the QPSO methodology.
Although there is a slight rise in processing complexity, efficiency in terms
of fidelity parameters is much enhanced.

We anticipated some of the difficulties ahead based on the studies
mentioned above, which are listed below. From the above analysis, ESMA
still has shortcomings in Convergence accuracy. In Parallel-pipeline based
FIR filter, the digital filter's operating speed drops as the word length
increases. On the JPEG compression approach, we can modify the number
of overlap models to decrease the amount of signal distortion after the filter,
but doing so would lengthen the filter's delay and duration. In Gravitational
Search Algorithm (GSA), the IR filter's stability was added as a restriction.
In the hybrid QPSO and ABC algorithm, effectiveness in terms of fidelity
constraints is greatly improved, albeit at the expense of slightly more
complicated computation. A more efficient method should be suggested to
address the drawbacks above, which are enumerated in the below segment.

3. Design of 2-D IIR filter. The structure of the Nth order 2-D
IIR filter with the Transfer function can be written as:

Z?’_OZI-V_ w;ziz)

_ =0 &j=0UijZ122 _

H(Zl'ZZ) = HO N ,uoo 1, (1)
M= (A +vez1+Wiza+x2122)

where {u;j, vy, wi, x, } are filter coefficients. Let the frequencies wl,
w2€[-mmn],z,= e ®,and z, = e /2.

Identifying a transfer function H(z1, z2) similar to (1) is required for
the design of 2D filters so that the magnitude function
M(w,, w,) = H(e7/®1,e7/®2) approximates the desired amplitude
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response Md (wl, w2) in some optimal sense. This approximation can be
attained by reducing ¢, where:

¢ = (p(uij'vk,' Wk'xk'HO) = ZZ;:O ZZ;:o[lM(wl! wZ)l - Md(wlr wZ)]pv (2)

where w; = (n/Nl)n1' Wy = (7T/Nz)n2 and p is the positive integer.
Therefore, minimizing the difference between the filter's real and desired
amplitude response at the N1xN2 gird points is the major objective. The
stabilization criteria are met because the denominator only has elements
of the first degree:

|Uk+Wk|—1<xk<1—|vk—Wk|,fOrk:1,2, ...... N. (3)

As a result, the restricted minimization issue described below can be

used to describe the design challenge of 2D recursive filters: minimizing
b =Tl oo ZnioolIM(wy, 03)] — My(wy, w5)]P while adhering to the
limitations indicated in (3).

The transfer function of the second-order 2D filter is displayed
below, assuming N=2:

— 2 2
H(zy,2;) = Ho(Ugg + Ug12Z2 + U2y + UgoZy + UpoZi + Up1Z12Z;, +
UipZ1Z2 + Up 2225 + Uppz222) X (14 012y + WiZy + X1212,) X (4)
(1 + vz, + Wyzy + x,212,)) 7L

Substitute z; = e /1, and z, = e /¥2 in (4), then M(w,, w,) is
given by:

M(w;, wz) = Ho[(ugo + Uo1Po1 + Uo2Poz + U1oP10 + Uz0P20 T+
Up1P11 + UiaPrz + UziP21 + UzaP22) X (X) 71 = j(Uo1go1 + )
Ug2Joz t+ U10g10 T U20920 + U11911 + U12912 T+ U21921 +
Upg22) X (X)71],

where:

X =[(1 4+ v1p10 + WiPo1 + X1P11) — J(V1 910 + W1Go1 + X1911)] X

[(X + vyp10 + WaDo1 + X2P11) — j (V2910 + W2G01 + X2911)], 6
_ (6)
Pap = cos(aw, + bw,),
Jap = sin(aw, + bw,) for a, b=0,1,2.
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From (6), M(w,, w,) can be written as:

M(a, ) = Ho (Gt ——), )

(Vir=JV1D(V2Rr—JjV21)
where:

Ur = (Ugo + Up1Po1 + Up2Po2 + UioP10 + UzeP20 + Ur1P11 +
U2P12 + Uz1D21 + Uz2P22), Up = (Uo1901 + Uo2902 T+ Ur0910 +
Uz0920 + U11911 + U12012 T U121 + U22022), Vig = (8)
(1 + v1p10 + WiPo1 + X1P011), Vir = (V1910 + W1go1 + X1911), Var =
(1 + vap10 + WoPo1 + X2P11), Var = (V2910 + W2gor + X2911)-

The 2D IR filter's magnitude response will be seen as follows:

ub+U}?
IM(wy, )| = Hy————— ©)

,I(V12R+V121)(V22R+V221)

The 2D IR filter is now designed to mitigate prior technologies'
drawbacks. The optimization algorithm applied in the 2D IIR filter will be
seen in the next phase.

4. Designing of 2d-1IR filter using a fused ESMA-Pelican
Optimization Algorithm (FEPOA). Over the past few decades,
metaheuristic algorithms (MA) have experienced tremendous progress and
have found success in various domains. Many new MAs have been created
to create IIR filters in recent years. Enhanced Slime Mould Algorithm
(ESMA) is a metaheuristic procedure developed to overcome the
shortcomings of the Slime Mould System for the application of IIR Filter
design problems, but it still has some limitations. For the structure of the
IR filter, ESMA did not perform well compared to other algorithms.
ESMA algorithm has a lower convergence speed and does not attain a better
solution structure. Also, ESMA did not achieve a faster convergence rate
and better convergence precision. ESMA's convergence accuracy is
suboptimal and still has to be improved. Thus a new technique should be
drawn to overcome the inadequacies.

We have suggested a new Fused ESMA-Pelican Optimization
Algorithm to address these issues in the designed 2D IIR Filter. To increase
the convergence speed, rate, and precision and get better performance, the
Pelican Optimization Algorithm is combined with ESMA and made a
hybrid algorithm. The first and foremost step in the optimization process is
population initialization, done by the Chaotic approach. It creates a group of
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a good standard with good starting population diversity, a high convergence
rate, etc. After initialization, now the position of population members
should be identified and corrected since there is a chance that some
individuals can be beyond the boundary search region. By simulating the
pelican's tactical approach, the scanning of the search space and the
exploration power of the FEPOA may be improved. This approach
identifies the population member's location and then moves towards the
identified area to correct them to the boundary search region. Then the
Fitness is calculated and identified at random. This procedure increases the
local search and exploitation power. The program then repeats the following
repetition, updating the top candidate answer (every population element
represents a contender option) and repeating the different FEPOA stages
until the entire execution is finished. The program repetitions' top candidate
solution is offered as the best possible answer. From this, the convergence
rate is enhanced. Overall the speed of convergence, convergence precision
and convergence accuracy in the final solution is increased, and the
performance of the proposed FEPOA is improved. The IIR Filter design is
now using the proposed FEPOA technique.

The following Figure 1 shows the block diagram of the proposed
work, designing a 2D-IIR Filter Using a Fused ESMA-Pelican Optimization
Algorithm (FEPOA).

Start y

¥

Initialize the Population by Chaotic
\ Approach

[}

Correct the Position of Population
Members to the Boundary Search Region

¥

Fitness Calculation )

i

( Identify the Fitness At Random )

!

\ Further Updation/Iteration Process )
End )

Fig. 1. Block Diagram of Designing 2D-1IR Filter Using a Fused ESMA-Pelican
Optimization Algorithm (FEPOA)

%
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4.1. Chaotic approach for Population Initialization. Ergodicity,
pseudo-randomness, and sensitivity to beginning conditions are features of
chaos. Chaos theory has thus been applied in numerous domains during the
last few decades, including parameter optimization, feature selection, and
chaotic control. The use of chaotic mapping to improve metaheuristic
algorithms such as chaotic factor management, chaotic initiation, and
chaotic local search has grown significantly in recent years. This study
creates a chaotic sequence using the logistic chaos map. The logistic map
has the following formulation and is one of the most straightforward and
popular chaotic sequences:

ajy1 = ¢.a;(1 —q;), (10)

where ¢ is the control parameter when ¢ = 4, the logic series emerges
chaotic a; indicates the chaotic sequence value of the jth slime mould,
ay € (0, 1), and a, is utilized to constitute a primary populace of slime
mould.

The diversity of the inhabitants can be improved; convergence can
happen faster, there is a lower danger of entering a tiny local number, and
the quality of the solution is higher. The initial population for most
metaheuristic algorithms is dispersed uniformly and randomly. This method
might result in the methods entering a local minimum because of its slow
convergence rate and low population characteristics. And previous research
has shown that the community chaos initiation technique is superior to the
initial solution. To boost the initial population variety, the first population in
this section is formed using a logical chaotic value, and the chaotic
disturbance is then added to it. The following equation describes below:

Ai e = Wik -Ajk (1)

where ;. is the kth rate of the logistic series of the jth slime mould and
Aj . is the jth slime mould's situation with chaotic disturbance.

Equation (12) generates the population members statistically based
on the situation's bottom and higher bound:

aj = by +rand - (hy —by) j =12, ...... M, k=12,.... n, (12)
where M is the number of members of a population, n is the number of

issue variables, and the rand is a random variable in the range [0, 1], and
a; . is the value of the kth variable indicated by the jth candidate solution,
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by is the kth bottom bound, and h; is the kth higher bound of problem
variables.

4.2. Pelican tactical approach. A matrix known as the population
matrix in equation (13) is used to identify the pelican population members
in the FEPOA. In this matrix, each row denotes a candidate solution, and
each column denotes a suggested value for each parameter in a dilemma:

[Al] a1 o Qg - Ap
A= | A] | = aj,l a]-_k aj,n , (13)
[AMJ l aM,l aM.k aM‘nJ

Mxn MXxn
where A is the pelican population matrices and 4; is the jth pelican.

Every member of the population in the envisaged FEPOA is a
pelican, a candidate fix for the issue. As a result, the optimal solution of the
given scenario can be evaluated depending on the potential options.
Equation (14) describes the use of a vector known as the objective function
vector to forecast the parameters acquired for the objective function:

Gy G(A1)
c=|6| = [G(A,.)] , (14)
dM Mx1 G(AM) Mx1

where Gj is the objective value of the function of the jth feasible solution,
and G is the objective function vector. To improve candidate solutions, the
suggested FEPOA resemble the actions and tactics used by pelicans during
attacks and hunt determination. There are two steps to this pelican's tactical
approach:

4.2.1. Search stage. During the initial stage, the pelicans locate the
member's location and then hover toward it. Modelling this pelican's tactical
approach allows for scanning of the search area and enables the proposed
FEPOA to investigate new areas of the search area. The member's
placement in the search space is produced randomly, which is a key aspect
of FEPOA. It strengthens FEPOA!'s ability to conduct a precise search in the
problem-solving domain. The ideas above and the pelican's approach to the
member's location are statistically predicted in equation (15):
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, (15)

21— {aj,k +rand - (m;j —1I-a;;), G <G;
jk T

aj +rand - (a;,—m;), else

where a; depends on stage 1, the new position of the jth pelican in the kth
level. 1is a chance quantity that can either be one or two. m; is the location
of the member in the kth dimension, and G; is its objective function value.
The element I is a quantity that, at random, might be either 1 or 2. For each
iteration and member, this parameter is chosen at random. When this
parameter's value equals two, a member experiences more movement,
which may take them to fresher regions of the search space. As a result,
parameter I influences the FEPOA's ability to precisely examine the search
area. If the value of the objective function at that site is enhanced, the new
role for a pelican in the proposed FEPOA is accepted. The mechanism is
stopped from moving to less-than-ideal locations in this type of updating,
sometimes referred to as effective updating. Equation (16) provides
a representation of this process:

, (16)

A; else

AL, G < G;

Aj — { J ) J

where Afl is the new status of the jth pelican and G}-S1 is its objective
function value based on stage 1.

4.2.2. Manipulation stage. The pelicans distribute their location
around the area in the second phase after they arrive to move the members
upward before gathering them in their search area. Pelicans captured more
people in the attacked region due to this tactic. The proposed FEPOA
converges to select regional locations due to replicating this pelicans'
behavior. This procedure improves FEPOA's capability for local search and
exploitation. For the algorithm to converge to a better solution, it is necessary
to investigate the locations near the pelican site mathematically. Equation (17)
describes this pelican behavior as it is engaged in searching given below:

a2 = aj +X- (1 - ;) - (2.rand — 1) - a;, 1)

where a7 is the innovative position of the jth pelican in the kth dimension

based on Stage 2, X is a constant, which is equal to 0.2, X - (1 - %) is the

neighborhood radius of a;, . While i is the iteration counter, | is the
maximum quantity of iterations. The radius of the population members'
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local search areas to find a more effective solution is represented by the
coefficient X -(1—5). This coefficient can be used to increase the

FEPOA's exploitation power and get the problem nearer to the optimal
global solution. A bigger region around each member is taken into account
in the beginning iterations since the value of this coefficient is high. The
radius of each member's neighborhood gets smaller as the method replicates

higher because the X - (1 - ;) coefficient diminishes. It allows us to survey

the space about every person in the group with fewer but more accurate

stages, allowing the FEPOA to converge to answers that are nearer to the

worldwide (or even precisely worldwide) ideal depending on the usage

paradigm. At this stage, the new pelican location has also been accepted or

rejected through effective upgrading, which is given as equation (18):
A%, G2 < G;

Aj = { J J J (18)

Aj else

where 477 is the jth pelican's innovative position, then G2 is depending on
stage 2's objective function value. When several population members were
already improved depending on the initial and second levels, the best
candidate solution up to that point will be upgraded following the new
population status as well as the variables of the goal component. The
algorithm moves on to the following iteration, repeating the various phases
of the suggested FEPOA based on Equations (15)—(18) until the full
execution is complete. As a quasi-optimal response to the stated issue, the
best candidate solution discovered through algorithm iterations is shown at
the end. The suggested FEPOA's computational complexity depends on four
concepts: algorithm initialization, fitness function calculation, generation of
a member, and solution upgrading. The initialization of the algorithms has a
computational complexity O(M). Each population element evaluates the
optimal solution in both phases in every iteration. Therefore, the evaluation
of the fitness function has a O(2 -1+ M) computational complexity. The
computational complexity of generating members is 0(I) + O(I - n), where
the member is formed and evaluated at every repetition. The quantity of M
population members with n dimensions during each cycle should be
changed twice. Therefore, the computational difficulty of updating solutions
is0(2-1-M -n). As aresult, the suggested FEPOA's overall computational
complexity is equivalent to O(M +1-(1+n)-(1+ 2-M)). The Figure 2
represents the Flow chart for the Fused ESMA-Pelican Optimization
Algorithm (FEPOA) is given below.
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dj is updated it represent
the new Pelican Position

Initialize the Population
by chaotic Approach

Ly FEETH
a3 Function is
jl‘(‘alculaled

Population Members to the
Boundary Search Region by
Pelican’s tactical Approach

Correct the Position of

aj is updated it represent
the new Pelican Position

Fitness Calculation

Identify the Fitness

at Random

al Function is
J:k Calculated

Output best
model

Fig. 2. Flow chart for the Fused ESMA-Pelican Optimization Algorithm (FEPOA)

Algorithm 1. Fused ESMA-Pelican Optimization Algorithm (FEPOA)

Step 1:
Step 2:
Step 3:
Step 4
Step 5:
Step 6:
Step 7:
Step 8:
Step &

Step 10:
Step 11:
Step 12:
Step 13:
Step 14:
Step 15:
Step 16:
Step 17:
Step 18:
Step 19:
Step 20:
Step 21:
Step 22:

Start FEPOA
Input : optimization issue data
Initialize the position of the population members and correct the position
Calculate the fitness function and identify randomly
Fori=1I
Originate the position of members at randotm
For I=1:M
Stage 1:Search Stage (migrate towards the members)
ForK=1mn
Evaluate recent condition of the kth dimension vsing Eq.(13)
End
Upgrade the jth population member using Eq.(14)
Stage 2:Manipulation Stage
ForK=1mn
Evaluate recent condition of the kth dimension vsing Eq.(15)
End
Upgrade the jth population member using Eq.(16)
End
Upgrade best candidate Solution
End
Cuutput: Best candidate solution attained by FEPOA
End FEPOA
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As a result, the proposed FEPOA algorithm is applied to the
IIR filter design. In that algorithm, the speed of convergence, convergence
precision and convergence accuracy in the final solution is increased, and
the performance is also increased in the overall filter design.

5. Simulation results and discussion. This part provides examples
of the proposed technique's implementation outcomes with comparative
findings. The Proposed method is simulated via MATLAB R2021a on
Intel(R)core(TM)i5 10400 CPU@2.66 GHz, 4 GB RAM.

Figure 3 depicts the plot between the normalized Frequency Vs
Magnitude. The graph reveals that if the normalized Frequency is zero, the
magnitude will be high as well as if the normalized Frequency is increased,
then the magnitude tends to decrease gradually. Also, it attains zero in
magnitude when the normalized Frequency attains high.

3 Magnitude of Frequency Response (dB)

Magnitude
e o 9o
o> o © -

e
N

0
0 0.2 0.4 0.6 0.8 1
Normalized Frequency (x = rad/sample)

Fig. 3. Magnitude of Frequency Response in IR Filter

Figure 4 reveals the passband group delay in the IIR filter design.
In that graph, the group delay in the passband is between 0.4x rad/sample to
0.7 m rad/sample.

Passband Group Delay (samples)

_A

o

Group Delay
8 3

-30

-40
0 0.2 0.4 0.6 0.8 1

Normalized Frequency (x = rad/sample)

Fig. 4. Passband Group delay
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Figure 5 reveals that the magnitude output will also increase when
the normalized frequency increases. As in the pass band region, the
normalized Frequency between 0.38 7 rad/sample to 0.42 & rad/sample, the
frequency response magnitude will attain a maximum of 55dB.

Magnitude of Frequency Response (dB)

S

0 0.2 0.4 0.6 0.8 1
Normalized Frequency (x = rad/sample)
Fig. 5. Magnitude of Frequency Response with output

Figure 6 represents the fitness calculation of the Proposed FEPOA,
considering the 200 iterations. In the initial stage, the Fitness will be high,
which diminishes the convergence. If the iteration increases, the Fitness of
the FEPOA will not enhance the convergence nor give the best candidate
solution.

FEPOA
0.25
0.2
a 0.15
Q
£
w 0.1
0.05
0
0 50 100 150 200
Iteration

Fig. 6. Fitness calculation

Figure 7 reveals that the amplitude response that yields the proposed
FEPOA has the best solution in the 1IR filter design with a pass band that
will attain 0.82 with p = 2.
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Amplitude Response p=2

2 -2
w
Fig. 7. Amplitude Response for the 2D IIR filter design with p = 2
Figure 8 reveals that the amplitude response that yields the proposed
FEPOA has the best solution in the IIR filter design with a pass band that
will attain 0.9 with p = 4.

Amplitude Response p=4

2,2

Fig. 8. Amplitude Response for the 2D IIR filter design with p = 4

Figure 9 reveals that the amplitude response that yields the proposed
FEPOA has the best solution in the 1IR filter design with a pass band that
will attain 0.98 with p = 8.
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Amplitude Response p=8

-2w -2

Fig. 9. Amplitude Response for the 2D IIR filter design with p = 8

Table 1 describes the coefficients values compared with prior
algorithms such as Genetic Algorithm (GA), Particle swarm Optimization
(PSO), Simulated Annealing based Particle Swarm Optimization (SAPSO)
with FEPOA gives the best results for 2D IR filter.

Table 1. Best Results for 2D IR filter coefficients for various approaches with p =

2
Coefficients | GA[25] | PSO [26] SAPSO [27] FEPOA
u01 1.8162 1.8569 0.3069 0.2680
u02 -1.1060 1.5657 -0.9806 1.2145
ulo 0.0712 -1.638 0.1681 -0.2460
ull -2.5132 0.7365 -0.0431 0.0843
ul2 0.4279 1.4300 -0.1820 -0.1653
u20 0.5926 0.6666 -0.7270 0.5127
u21 -1.3690 1.4897 -0.3249 0.2456
u22 2.4326 0.1710 1.6358 1.5628
vl -0.8662 -0.6196 -1.4201 -1.2364
v2 -0.8907 -0.9312 -0.9178 -0.8952
wl -0.8531 -0.6380 -0.6530 -0.6290
w2 -0.8388 -0.9328 -0.9127 -0.8910
x1 0.7346 0.3233 1.0081 0.9578
X2 0.8025 0.8829 0.8545 0.8321
HO 0.0009 0.0002 0.0022 0.0019
[0} 6.0276 3.0475 2.629 2.1153
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Tables 2 and 3 depict the comparison of prior algorithms such as
Genetic Algorithm (GA), Particle swarm Optimization (PSO), Simulated
Annealing based Particle Swarm Optimization (SAPSO), Cuckoo Search
Algorithm (CSA) and Improved Global Best Guided Cuckoo Search
Algorithm (CSA) with proposed FEPOA in terms of the best and worst case
as well as mean, variance and time. The computation time attained less
when compared with the prior technique with the proposed FEPOA.

Table 2. Comparison table for various approaches in terms of the best and worst
case with different p values

Algorithm p=2 p=4 p=8
Best Worst Best Worst Best Worst
GA 3.1574 7.4938 0.2596 0.8510 0.0025 0.0145
PSO 2.7527 5.3467 0.1359 0.4566 6.34x10-04 7.2x10-03

SAPSO 2.629 5.6744 0.1309 0.3663 6.82x10-04 0.0044

CSA [28] 2.4831 4.6001 0.1672 0.3762 0.0031 0.0179

IGCSA [29]| 2.4495 2.5869 0.1278 0.3481 5.42x10-04 | 3.97x10-03

Proposed

FEPOA 2.1153 1.7893 0.1186 0.2784 4.23x10-04 | 2.18x10-03

Table 3. Comparison table for various approaches in terms of Mean, Variance and
Average time

p=2 p=4 p=38 Average
Mean VAR Mean VAR Mean VAR time (s)

GA 4.6137 0.6160 0.4300| 0.0688 0.0066 |7.08x10-06| 69.71
PSO 3.24 0.45611 0.236 | 0.00765 |2.28x10-03|2.25x10-06| 46.26
SAPSO | 2.629 0.6296 0.230 | 0.00521 0.0027 |1.25x10-06| 30.07
CSA 3.08 0.382 0.2831| 0.00378 0.00508 [9.005x10-06/ 16.67

IGCSA | 2.46 | 7.45x10-04 |0.1766| 3.92x10-03 | 0.00129 [1.39x10-06| 9.43

Proposed
FEPOA

Algorithm

2.15 | 6.25x10-04 | 0.0956 | 2.18x10-03 | 0.000845 [1.025x10-06/ 3.0518

6. Conclusion. In this paper, a fused ESMA-pelican Optimization
Algorithm (FEPOA) is proposed to attain the convergence speed and
precision and create the IIR Filter. In the Proposed FEPOA, initially, the 2D
IIR filter is created, and FEPOA is applied in the IIR filter. At first, the
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population initialization is done by the Chaotic approach which gives the
population diversity, and position of the population is identified and
corrected by the individual in the boundary search region. Then the pelican
Optimization Algorithm is examined for the search space and exploration
power, after that randomly calculated the fitness value. The best solution is
updated before moving on to iterations, and the FEPOA phases are repeated
until the execution is completed. The best solution gives the optimal
solution for the proposed FEPOA, which enhanced the performances such
as speed of convergence, convergence precision and convergence accuracy.
The results obtained through FEPOA achieved desired fitness and best
solution for 200 iterations, and the amplitude response attained the
maximum value for p = 2,4,8 as well as the execution time achieved with
3.0158s, which is significantly faster than the other Genetic Algorithms
generally used for 2D IIR filters. Thus, the overall 2D IIR Filter design
performance was enhanced.
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P. IlIAPMA, K. IIIAPMA, T. BAPMA
MNPOEKTUPOBAHHUE 2D-BUX-®UJBTPA C
HUCITOJIb30BAHUEM AJITOPUTMA OIITUMUN3ALINU FUSED
ESMA-PELICAN OPTIMIZATION ALGORITHM (FEPOA)

Ulapma P., Ulapma K., Bapma T. IlpoexkTupoBanue 2D-BUX-puibTpa ¢ HCNOJIL30BAHHEM
aaroputma ontumusanuu Fused ESMA-Pelican Optimization Algorithm (FEPOA).

AnHoTammsi. MHorue npwioxkeHuns 1udpooii  00paborku  curnamoB  (DSP)
U 3JIEKTPOHHbIE T'aKEThI CErofiHs TpeOyioT uudpoBoil duisrpanuu. [ nomydeHus ObICTPBIX
U YIy4IOIeHHBIX pPE3yJIbTaTOB HCIIOIB30BAIHCH Ppa3IHYHble AJITOPHTMBI ONTUMHU3AIHN.
Hexotopsie uccnenoparenn ucnons3opanu Enhanced Slime Mold Algorithm ms paspadorkn
2D BUX-¢punprpa. OnHako ObUIO 3aMEUYEHO, YTO JAHHBIA AITOPUTM HE OOecredm1 Jyduiei
CTPYKTYphl pDelIeHHs U HMeN Ooiee HU3KYI0 CKOPOCTh CXOOMMOCTH. UTOOBI pEMmHUTh 3Ty
npobuiemy, Juist paspabotku 2D BUX-dunerpa ncnonesyercs anmropurM ontumusanmu Fused
ESMA-Pelican Optimization Algorithm (FEPOA), xotopsiit 06seaunser Pelican Optimization
Algorithm ¢ Enhanced Slime Mould Algorithm (ESMA). Chavana ansi MHHIMaIH3aLHA
IO JISILIH HCIIOJIB3YETCS Xa0TUYECKUH HOJIXOJ, KOTOPBIif obecrieunBaeT
BBICOKOKAYECTBEHHYIO MOIMYJIAIMIO C IPEBOCXOAHBIM pa3sHOOOpa3ueM, Mocie Yero MO3UIIUs
YICHOB IOy 3aKII0YacTCs B MICHTU(DUKANUA U KOPPEKTHPOBKE OCOOM B IPAaHHYHOM
obnactu moucka. ITocie 9Toro ¢ MOMOIIBIO TAKTHYECKOro noaxona nenukaxa (Pelican Tactical
Approach) uzyyaercs IpoCTPaHCTBO MOUCKA U HccaenoBaTenbekoi MmouHoctd FEPOA, nmotom
CITy9aifHBIM 00Pa30M BBIYUCISCTCS IPUTOJHOCTh, H OOHOBIIETCS Jydllee PEelIeHHe, a 3aTeM
oHo nepememiaercss k urepauusMm. Pasel FEPOA moBropsrorcst 10 TexX IOp, MOKa He
3aBepUINTCs BhIMONHeHMe. Jlanee sydiiee pelleHHe AaeT ONTUMAlIbHOE pelleHue, KOTopoe
MOBBINIAET CKOPOCTh CXOJMMOCTH, TOYHOCTb CXOAMUMOCTH H Hpom3BoguTensHocTs FEPOA.
3arem FEPOA peanusyercs B BUX-punbtpe 11s yimydieHus o0meil KOHCTPYKIHU (GUIIbTpa.
Pesynbratel, mnpenocrtaBieHusle FEPOA, nocturaior  HeoOXOAMMOH  NMPUTOTHOCTH
u Hammydmero pemeHus mrst 200 uTepanmuii, a aMIUIMTyAHAsS XapaKTePUCTHKA JOCTHUTaeT
MaKCHMaJbHOTO 3Ha4yeHus it = 2,4,8, a Takxe Bpems BbinoiaHeHus 3,0158 ¢, 4yro HamHOrO
ObICTpee, 4YeM JApYyrue TEHETHMYECKHE alrOpPUTMBI, 4acTo Hcmoib3dyembie it 2D BUX-
unpTpOB.

Kmwouesbie ciaosa: FEPOA, BUX-bunerp, winen mnonymaumu, KUX-dunstp,
Xa0THYECKHH MOJX0/1, TAKTHYECKUH rmoaxo Ilennkana.
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B.A. BOEBOJMH
MOJAEJIb OHEHKHN OYHKLIHUOHAJBHON YCTOMYUBOCTHU
9JIEMEHTOB I/IH(I)OPMAIII/IOHHOI7I HH®PACTPYKTYPBI JUIAA
YCJOBUH BO3I[EI7ICTBI/I$I MHOXECTBA KOMIIBIOTEPHBIX
ATAK

Boegooun B.A. Moaeab oOHeHKH (YHKIHOHAJIBHOH YCTOHYHMBOCTH 3JIeMeHTOB
HHPOPMANMOHHONH  MHQPACTPYKTYpPbl I8  YCJIOBMil  BO3/IeHiCTBMSI  MHOKeCTBa
KOMIILIOTEPHBIX aTaK.

AnHoTtanus. I[IpuBoIITCS CBEACHUS O HOBOM IOAXOJE K NMPUIOXKCHUIO METOJOB TEOPHHI
MOJTyMAapKOBCKUX IIPOLECCOB IS pPEIeHHs NPUKIAAHOM 3aJayd IO OLIEHUBAHUIO
(QYHKIHOHAIBHONH yCTOWYMBOCTH JJIEMEHTOB, BXOMAIIMX B COCTaB HH(MOPMAIMOHHOM
HHOPaCTPYKTYpHl, PyHKINOHUPYIOIIEH B yCIOBUSX BO3ICHCTBHS MHOXKECTBA KOMITBIOTEPHBIX
aTak. 3ajada OLCHUBAHUS (YHKIHOHAIBHON YCTOMYHMBOCTH CBOOHTCS K 3a4ave IMOUCKA
(YHKIMH KUBYYIECTH HCCIICyEMOro IEMEHTa U ONPE/ENICHHUIO €¢ IKCTPEMabHbIX 3HAUYCHHUIL.
OOOCHOBEIBa€TCS  aKTyalbHOCTh ~ HCCIENOBaHWA. B OCHOBe OOOCHOBAaHMS — JISKHT
[PEANOIOKEHHEe O TOM, 4YTO KOJIMYECTBEHHbIE METOIbl HCCIENOBAHHSA YCTOMYHBOCTU
TEeXHUYECKUX CHCTEM, KOTOPBIMHU OIEPUPYET TeOopusl HaJEKHOCTU, HE BCErha MOTYT OBITh
NPUMEHEHBl JUI1  OLEHKH O KUBYYeCTH. YTOUHSIOTCS IIOHATHS «yCTOWYMBOCTE» U
«KOMIbIOTepHas artaka». Dopmyimpyrotcs BepOaibHas ¥ (opMaibHas ITOCTAHOBKU 3ajad
uccieoBanysa. HoBU3HA HOIyYeHHBIX pe3yJbTaTOB 3aKIIOYAeTCA B NMPUMEHEHHM U3BECTHBIX
METONOB Ul pElICHHs] NPAaKTHYeCKd 3HAYMMON 3aJadd B HOBOH IIOCTaHOBKE C YYETOM
OTpaHWYEHHS Ha pEecypc, BBIICNCHHBIM JUI TOAIEPKAHUS HKUBYUECTH HCCIIETyEeMOro
JJIEMEHTa, NPU YCIOBUH MPHUHATUS IPOU3BOIBHBIX 3aKOHOB pACHpEENeHHUs CIIydaiHBIX
BpEMEH peau3aliy KOMIBIOTEPHBIX aTak H BPEMEH BOCCTAHOBIICHUS (DYHKIFIOHAJIA dJIEMEHTa.
IlpuBomsTcs peKOMeHZAaWMK 1O (HOPMHPOBAHMIO HCXONHBIX JAHHBIX, COJEpIKaHHE
YKPYIHEHHBIX ~JTallOB MOJENUPOBAHHA M TECTOBBIH @pHMep I JAEeMOHCTpAlHU
paboTocriocoOHOCTH Mojenu. IIpuBOAATCS pe3ysbTaThl TECTOBOIO MOJEIMPOBAHUS B BHIE
rpaduKkoB (YHKIHH >KUBYYecTH. [loiydeHHOE NMpPUIOKEHHE MOXET OBITh HCIOJIB30BAHO Ha
MPAaKTHKE JUIS MOCTPOCHMS (PYHKIMM JKMBYYECTH TIPU PEANH3ANU 10 TPEX KOMIBIOTEPHBIX
aTak, a TaKkKe KaK WHCTPYMEHT [UII OLCHUBAHMS JIOCTOBEPHOCTH AaHAJOTHYHBIX
CTaTHCTHYECKHX Mojeineil. OrpaHudeHHe OOBSICHIETCS NPOTPECCHBHBIM BO3PACTAHHUEM
Pa3MepHOCTH AHATUTUYECKOM MOAENM M CHH)KEHHEM BO3MOMKHOCTH €€ COJepKaTelbHOU
HHTEPIIPETAIN.

KroueBble cioBa: HH(OpPMAIMOHHAS HHQPACTPYKTypa, dJIEMEHT HH(OPMAIIHOHHON
nHOPACTPYKTYpHl, (yHKIUOHAIBHAS YCTOHYMBOCTb, (DYHKIUS >KHBYYECTH, KOMIIBIOTEpHAs
aTaka, ayguT WH(OPMAIMOHHOW O0€30IIacCHOCTH, IOJyMapKOBCKHE IIPOIECCHI, YIPO3bI
MH(POPMAIMOHHOH 6e30MTaCHOCTH.

1. Beenenune. OtHomeHus B oOnacTH oOecIieueHHs] yCTOWYNBOCTH
(yHKIMOHUPOBaHUS HH(OPMAMOHHON HHbpacTpykTypsl (W) B ycmoBmsx
KOMIIBIOTEPHBIX ~ aTak  peryJupyrorcs  (enepalbHbIMH  3aKOHAMHU:
a) or 27.07.2006 Ne 149-®3 «O06 wuHbpopmanuu, HHOOPMAIHOHHBIX
TEXHOJIOTUSIX W O 3amure uHpopmanuu» 0) ot 26.07.2017 Ne 187-®3
«O 6e30macHOCTH  KpUTHYECKOW HWHMOPMAIIMOHHON  WMH(PACTPYKTYPHI
Poccwuiickoii ®enepanni» U COMYyTCTBYIOIIUMH UM TIOA3aKOHHBIMU aKTaMH.
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CBefieHHs O AMHAMHKE KOMIBIOTEPHBIX aTak, KOTOPbIE COMPOBOXKAAIOT 3TU
otHomeHus, npuseneHsl B [1 —3]. DddekTiBHOE peryaupoBaHHe TaKHUX
OTHOIIEHMH  BO3MOXKHO, €CIIM  OpraHbl  yIpaBieHus  00JajaroT
HHCTPYMEHTOM, MO3BOJISIOIIUM CBOEBPEMEHHO U JIOCTOBEPHO OLEHUTH
YCTOMYUBOCTh (PYHKITMOHUPOBAHHS COOTBETCTBYIoMICH NN.

Takolt HHCTPYMEHT MOKET OBITh BOCTPEOOBaH:

1. Jlumamuy, YIIPaBISIOMIUMHU MPOTpaMMOn ayanTa
nHpopmannonHok Oe3omacHoctn (MB), mpum pa3paboTke mporpaMMbl
1 METOJIUK ayIuTa.

2.  Opranamu ymnpasnenus Wb mpu obecriedeHUH YCTOHYHBOCTH
¢ynkunonnpoBanust MU B yemoBusax KA mos:

a. BbIpabOTKM  TpeOOBaHMH K  YCTOHYMBOCTH  MpHU
B3aMMOCHCTBHUH C 3aKa3UYUKOM,

0. NPOrHO3MPOBaHWS  OOCTAaHOBKHM,  KOTOpas  MOXET
CIIOKUTBCS B YCIOBUAX BO3AelcTBUA yrpo3 Ub;

B. OICHKH OS((EKTUBHOCTH CHCTEMBI BOCCTAaHOBJICHHUS
¢dynkuuonansHocT UU;

I. 00OCHOBaHHA pEIICHUS NPU IMOATOTOBKE MPEATIOKCHHUN
o OromKeTHpoBaHUIO Mep obecnieueHust Ub.

3. Jlumamwu, OCyIIECTBILTIONIMMH olleHuBaHue puckoB b ¢ mensio
000CHOBaHHMS CTPAXOBBIX TAPHU(POB (B MEPCIICKTUBE).

OdunmaapHOTO OTIpe/ICTICHAS TIOHSATHUS «YCTOWYIHBOCTBY»
npuMeHuTenbHo K VI B HOpMAaTHBHBIX MPABOBBIX aKTax HE MPHBOAMTCH,
IIO3TOMY 3a OCHOBY B3fTO aJalTHPOBAHHOE OMNpEeSICHHE, NMPUBEACHHOE
B[4]. Takum ob6pasom, mmox (yHKIHOHATBHOW ycToitunBocThIO WU
(«dyHKIIMOHANBHASL ~ YCTOMYMBOCTE») TOHHMAETCSl €€  CIOCOOHOCTh
COXpaHATh  JIMOO  CBOEBPEMEHHO  BOCCTAaHABIMBaTH  Tpebyemylo
(YHKIMOHAIBHOCTD B PA3JIMYHBIX YCIOBUSIX OOCTAHOBKH.

Taxke YTOYHEHO TIOHATHE «KOMITbIOTepHass ataka»y (KA) -—
BO3ICHCTBUE YIpo3 HapymieHHs HHPOPMAIIMOHHON Oe30macHOCTH Ha
AJIeMEHTHI HH()OPMAIMOHHOH MH(PPACTPYKTYphl 00beKTa HH(POPMAaTH3AIINY,
HaTpaBJICHHOE Ha YHHUYTOXXCHHE, PACKPBITHE, W3MEHEHHE, OJIOKHpOBaHME,
KpaxKy, TOJyYeHHE HECaHKIMOHHPOBAHHOTO JOCTyHma K HH()OpMAITHH.
Henpto KA MoryT OBITH 3JIEMEHTHI pa3IMYHON IPHUPOABI, HAIpUMeEp
TEXHUYECKHE CPENICTBA, IPOTrPaMMHBIE CPEJICTBA, YEIIOBEK, TPYIIIHI JIFOJCH,
KOTOPBIE B PE3yNIbTaTe YCHEIIHONW aTaku TEePSIIOT TpeOyeMblil (pyHKITHOHAIT.
[TosToMy 3TO TOHATHE HECKOJIBKO IIHpe Mo 00BEMy, YeM HpPHUBEAECHHOE
B (emepambHOM 3akoHe OT 26.07.2017 r. Ne 187-®3 «O 6e3omacHoCTH
KPUTHUYECKOU nHGOPMATMOHHON HHOPACTPYKTYPHI Poccuiickoi
Odenepanumy, CT. 2, 1. 4.
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Jns ouenuBanMs (PyHKIMOHAIBHOHM ycToitumBoctn WU B nenom
TpeOyIOTCS HCXOIHBIE JAaHHBIE, COJEp)KAIlUe OLEHKH YCTOWYHBOCTH
(YHKIMOHaNIA OTAENBHBIX IEMEHTOB, BXo KX B coctaB M. OraenbHble
anementsl UN (DneMeHThI) paccMaTpHBAIOTCS 0€3 ydeTa MX BHYTpEHHEH
CTPYKTYPBI, (PU3UUECKOIl MPpUpOoIbl U MecTa B cocTaBe M.

JUIs INTaTHBIX YCIOBUII HMeEETCS NOTEHIHANbHAs BO3MOXXHOCTb
JOOBITh  PENpPE3CHTATHBHYIO  CTATHCTHKY  YacTHBIX  IIOKas3aTeseit
YCTOHYMBOCTH, 4YTO TMO3BOJSIET  HCIONB30BaTh  JUId  OLICHUBaHHSA
YCTOWYHMBOCTH DJIEMEHTOB KOJIMYECTBEHHBIE METOABI TEOPUH HAJEKHOCTH.
Jpyrumu CIOBaMH, CIydaiHbIE SIBJICHHS, CONPOBOXKIAIOIIHE MPOIECC
IIPUMEHEHHA, HOCAT CTOXACTHYECKYI0 HEOINPENENIEHHOCTh, YTO MO3BOMISET
HCIOJIb30BaTh ACUMIITOTHYECKUE OLCHKU COOTBETCTBYIOIIMX IOKA3aTENCH.
3Has OLIEHKU YCTOWYMBOCTH OTJEIBHBIX DJIEMEHTOB B INTATHBIX YCIOBHSIX
MIPUMEHEHHUS, NPEJICTABIACTCS BO3MOXKHBIM OIICHUTH JJIS 3TUX JK€ YCIOBHH
¢yHKIMOHANBHYI0  ycroiumBocth MW B wmemom.  PesymbraTh
(yHIaMEHTaNbHBIX HCCIIEOBaHUH B O0JIACTM TEOPHU HAIEIKHOCTH
CIIOXHBIX TEXHHYECKHX CHCTeM TpuBeneHsl B [5, 6]. ITlpunoxeHwuro
METOJIOB TE€OPHHM HAIECKHOCTH AN OLEHKH YCTOMYMBOCTH TEXHHYECKHX
cucrteM, (yHKIMOHHPYIOIIMX B INTaTHBIX  YCJIOBHAX, ITOCBSIICHBI
myOIMKAaUH POCCUICKUX M 3apyOekHBIX mcciaenoBareneii [7 — 13]. Takum
o0pa3oM,  pe3yJpTaThl  PETPOCIHEKTHBHOTO  aHAIM3a  HMMEIOLICHCs
JIUTEpaTyphl MO3BOJIIOT yTBEPKIAATh, YTO CETOMHS MMEETCA NOCTAaTOYHBIN
HAy4HBI 3a4en [UId peleHus 3aJadyd OLEHUBAHMA (YyHKIMOHAIHHON
YCTOMYMBOCTH 3J1eMeHTOB M 115l INTaTHBIX YCIOBUI €€ IPUMEHEHUSL.

JUis  ycloBMM  HEIITATHOIO TNPUMEHEHHs  pelpe3eHTaTHBHAs
CTaTUCTHKA OTCYTCTBYET B NPHUHIHUIIE, YTO MOPOXKIAET psia 0coOEHHOCTEH
mpu oneHke (QyHKIHoHaMbHOW ycroumBoctn WM. Takas curyanus
CBsI3aHa, IIPEXKIE BCEro, C TEM, YTO CAMM HEIUTATHBIEC YCIOBUS IOPOXKICHBI
BozneicTBueM yrpo3 Mb. Bo3nelcTBust yrpo3 MOKHO NO3ULMOHUPOBATH
KaK peJKUe SBJICHMS, UX JIUTEIHFHOCTh HETpeIcKasyemMa, caMa 00CTaHOBKa
IIPU HEINTATHBIX YCIOBHAX BECbMa HECTAOMJIbHA, a HEONPEIEICHHOCTh
4acTO HOCUT TMOBEIEHYECKUI XapakTep. B 3THX yCIOBUSX HpOLECCHI
UCCIEIyeMbIX  COOBITHH  HEeNb3sd  IpPUHATE HU  CTallMOHApHBIMH,
HH DPrOJIMYECKIMHU, HHM CTOXacTHdecknMH. Ha3BaHHBIE OCOOCHHOCTH He
NO3BOJISIIOT B TIOJHOW MeEpe IPUMEHUTh KJIACCHUUYECKHE  METOJIbI
MaTeMaTHYECKONM CTAaTUCTUKM W TEOpUU BeposiTHocTed. [l pemieHus
3amadn  Tpebyercs  pa3paboTka  CIENUANbHBIX  METOJOB  OIEHKH
(yHKINOHATBHOM yCTOIUMBOCTH c y4eToM BBIIIICHA3BAHHBIX
ocobenHocteil. Pa3zpaboTke cHenuanbHBIX TOAXOJOB K ONPEACICHUIO
(YHKIMOHATIBHON YCTONYMBOCTH CITydailHBIX SBICHHH HECTOXACTHYECKOM
TIPUPOJIBI Ul OLIEHMBAHHS YCTOMYMBOCTH KPHUTHUECKOH MH(PacTpyKTyphI
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nocesuieHbl mybnukamun [14 — 33]. OpgHako B Ha3BaHHBIX MyOIHKAIMAX
MIPU MOJIEIUPOBAHUM HE YUUTHIBAIOTCS OTPAHUYEHHUS Ha Pecypc, KOTOPBIi
HUMEETCs ISl BOCCTAHOBIICHHS (DYHKIIMOHATBHOCTH JJICMEHTA.

2. MocranoBka 3amaum. Ilycte 3amana Hekas WU oObekra
UHPOPMATU3AIUH, COACPIKAIIas CEMEHCTBO B3aMMOYBS3aHHBIX DJICMEHTOB.
Wudopmannonnas nHOPACTPYKTYpa, B COCTaB KOTOPOU BXOIAT OTHENbHBIC
OnemenTsl, moasepraeTcs KA. Ha srane npoektupoBanus U mis kaxxmaoro
13 DJIeMEHTOB OBUIH pealn30BaHbI CIICHANBFHBIE MEPHI, 00ECIICUNBAIOIINE
Hekyro ux 3ammumeHHocTb oT KA. bonee toro, B craBe MU wumeercs
cHUCTeMa BOCCTAHOBICHHS ee (yHKIMOHama, oOrajgaromas HEKHM
MIPOU3BOJICTBEHHBIM MOTEHIMAIOM (pecypcoM). CHcTeMa BOCCTAaHOBIICHUS
pearupyet Ha nopaxenue MU mocpencTBoM BOCCTaHOBJICHHS MOPAXKESHHBIX
DJIeMEHTOB, B pe3yJIbTaTe Yero BOCCTAHABIMBacTCs e¢ (yHKImoHad. [Ipu
3TOM PacCXOAyeTCsl COOTBETCTBYIOLINI PECYypC CUCTEMBI BOCCTAHOBJICHUSI.

Jonywenue. Jlns pemieHus 3aAaud TNPUHATO JONYIIEHHE, CYThb
KOTOPOT'0 3aKJI0YaeTcsi B TOM, YTO (YHKIHS yCTOWYHMBOCTH DJIEMEHTa Ha
3amanHoM wuHTepBane Bpemenu (0, T] peamusammu KA mnpencraBmsiercs
B BHZIC KOMIIO3UINH JIBYX HE3aBUCUMBIX (DYHKIIMOHAJIOB. JTa KOMIO3HIIUSI
UMeeT BUJ:

v(tu, AT, A, 1, P) =K (t,u, AT)o(t, 4, 1, P), (1)

rae v(t, U, AT, A, u, P) — dyHkuums ycroiunBoctr DjieMeHTa;

t — BpeMeHHO! nTapamMeTp OICeHKH (DYHKIIMH YCTOWIHBOCTH;

U — rmokas3aTeidb Oe30TKa3sHOCTH M BOCCTAHABIMBAEMOCTH OJJEeMEHTa
B IITATHBIX ycrnoBusx mnpumenenus, U = {T,, T.}, tme Tu — cpenmsis
HapaOOTKa Ha OTKa3 DJEMEHTAa B IITAaTHBIX YCIOBHAX; | — CpelHEe BpeMs
BOCCTaHOBJICHUSI pabOTOCHOCOOHOCTH DJiieMeHTa. 3HAueHHs YaCTHBIX
ToKazaTened  BO3MOXKHO MOJYyYUTh  HAa  OCHOBE 00paboTkn
COOTBETCTBYIOIINX CTaTUCTHYECKUX [aHHBIX, MOJYYEHHBIX B HITATHBIX
YCIIOBUSIX TIPUMEHEHUSI WIIN U3 DKCIUTyaTallMOHHON JIOKYMEHTALNH;

AT — mepuoJ; BpeMeHH OT Havalia 10 OKOHYaHUs Bo3AercTBUi KA;

A = {F, n, T} — xapakrepuctuka KA, rune F — coBokynmHOCTb (yHKIHMI
pacrpeeseH s Cly4aiHpIX HHTEPBAJIOB BPEMEHH M)j A0 ouepenHoH i-if KA,
F = {Fi(t)}, rme Fi(t) — dyHkuus pacnpeaeneHus ciIy4yailHOTO 1)i HHTEpBaa
Bpemenu g0 i-it KA, i = 1, 2, ..., n, n — xomuyectBo KA, T — momeHT
BpPEMEHH OKOHYAHUS BO3AEHCTBUI yrpo3 MH(MOPMAIIMOHHOW 0e3011acHOCTH
(KA);

| — YacTHBIA MOKa3aTeJb >KUBYYECTH DJIEMEHTa, XapaKTepU3YIOINi
€ro CIIoCOOHOCTh BOCCTAHABIMBATH HAPYILICHHBII B pe3yJIbTaTe YCIEHIHBIX
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KA o¢yukawonan, p = {T,;, G}, tme T, ={7;, 75} — COBOKYIHOCTbH
HIDKHETO ¥ BEPXHET0 HHTEPBAJIOB BPEMEHU BOCCTAHOBJICHHS (DYHKI[HOHAJA,

G — coBOKYMHOCTh (DyHKIUIH pacmpeneneHus CliydallHbIX HHTEPBAJIOB
BPEMEHH BOCCTaHOBIICHHs (yHKIHOHAIA OjeMeHTa mocie I-ii KA,
G={Gi(t)},i=1,...,n,n—uucno KA, 7} — oueHka HIKHETO MHTEPBaIa
BOCCTaHOBNCHHs (yHKUHOHaNa mocie i-i KA, 77, — OLEHKa BEpXHEro
HHTEpBaja BOCCTaHOBJIEeHMA (yHKIHOHada mocie I-ii KA. Ornenka
napameTpoB {7, 7. } OCYLIECTBISACTCS JTHOO C MOMOIIBI IKCIEPTHBIX

METOJIOB, JIN0O B pe3yJIbTaTe COOTBETCTBYIOIINX YUCHHUH, IEJIOBBIX UTP WIN
creluanbHbIX uccienoBanuii [34, 35];

P — COBOKYMHOCTh YAaCTHBIX ITOKa3aTeJeH >KUBYYECTH OIJIEMEHTA,
XapaKTepu3ymomas ero 3alldIIeHHOCTb, T.€. CIIOCOOHOCTh COXPaHATH
TpeOyeMblid (YHKITMOHAT B pe3ynbrare oTpaxkeHuss KA. B kauecTBe Takoro
MoKa3aTessl MPUHITA COBOKYITHOCTH BEPOSATHOCTEH MOpaKeHHs DIIEMEHTA
npu orpaxenun KA, P = {pi}, rae pi — BepoATHOCTh NOpaXeHHs DIeMeHTa
mpu i-i KA, i = 1, ... n, n — uncno KA. OueHka BepOSTHOCTEH Pi
OCYIIECTBIISICTCS. JHOO C TIOMOIIBIO OKCIEPTHBIX METOIOB, JHOO
J00BbIBacTCS B Pe3yJbTaTe COOTBETCTBYIOIIMX YYEHHH, JENOBBIX UIP WU
CTaTUCTUYECKOTO MOJICITUPOBAHHS;

Kor(u, t) = Kr(u) P(t, AT) —  HecranuoHapHBIA  KOIPPHUIIHEHT
ONEpaTHBHOW TOTOBHOCTH OJIEMEHTA, ONpENessieMblii BEPOSTHOCTBIO €ro
0e30TKa3HOW paboThl B TeueHHEe BpeMeHH peanu3auni KA u ycTpanenus ee
nocnencteuii, AT =(0,T], rme Kr(u) — xo3dpdumment roToBHOCTH
DneMeHTa, pacCUMTaHHBIM JUIsl IITAaTHBIX YCJIOBHH €ro MNpPUMEHEHHs,
P(t, AT) — BeposTHOCTH 6€30TKa3HOMH pabOTHl DJIEMEHTA B TEUEHUE TIEPUOIA
BpemeHHu AT;

o(t, A, W, P) — pyukuus sxuBydectu DieMeHTa B yciaoBusx KA.

Jlnst  OONBIIMHCTBA MPAKTHYECKUX ciaydaeB 3Hadenue Kor(U)
Ha nepuosie BpeMeHn AT o4eHb OJHM3KO K €JUHHIC, a 3HaYCHUE (QYHKIINU
KMBYYeCTH  Ha  3TOM  JK€  IIepHOJie  HEM3MEPHUMO  MEHbIIIe
o(t, A, yu, P) << Kor(u) [17]. C yuerom sTOr0 yrBepkaeHusi hopmyiy (1)
MOJKHO IIPUBECTH K BUY:

V(ty 7\'1 lvlvy ui P) = (p(tl }\” l"l’ P)’

T.c. QYHKIOUS YCTOHYMBOCTM DieMeHTa, Jsl ycioBuii KA, mMoxer OBITh
MPUOJIMKEHHO 3aMeHEeHA (DYHKIHCH KUBYUYCCTH.

B kadecTBe moKazaTelei, XapaKTepH3yIOMHNX (YHKIMIO )KUBYYECTH,
npeajgaraercs HCIOJIb30BaTh [I0Ka3aTesu, XapaKTepu3yloume
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9KCTpeMalIbHbIe  3HA4YeHUs (YHKIUM OJKUBYYECTH, HE  3aBHCSIIUE
oT BpeMeHH. Harpumep, TakMMH 1OKa3aTeNsIMH MOTYT OBITh:
a. HauMeHblllee 3HauYeHHEe (YHKIUM IKUBYYECTH OJIEMEHTa
Ha 3a7aHHOM uHTepBaie Bpemend (0, T], ¢, = trT(loirT1]go(t, A, 1, P) ;
€Y,
0. cpemHee 3HaueHHWe ~ (QYHKIUM  OJKUBYYEeCTH  ODJEMEHTA

.
Ha 3aaHHOM uHTepBaie Bpemenu (0, T]: ¢, = %Ig)(t, A, U, P) dt;
0

B. KO3(QOHUIMEHT IKUBYyYECTH OJIEMEHTa, XapaKTepU3YIOMINi
BEPOSITHOCTh  COCTOSIHUSL «(YHKIMOHAJEH» B JIOOOH NPOU3BOJIBHBIN
momeHt  Bpemenu te(0, TJ: k{p :["J;n (p(t,/I, M, P),rz[e T -

n—>N
NPOTHO3UPYEMBI ~ MakCHUMaJbHBIE ~ MOMEHT BpPEMEHH  peaju3aluu
MHOXKecTBa KA, KOTOpBI ompenensercs ¢ TOMOIIBIO AKCIIEPTHBIX
MetonoB; N — MakcmManpHOe mporHosmpyemoe umcio KA B cocrase
MHOXECTBa, KOTOPOE TaKXKE OIPENEeNIsIeTCS C TOMOIIBI0 JKCIIEPTHBIX
METOJIOB.

Panee aBTOpOM HccieqOBaIach BOSMOXKHOCTh PEHICHHS IMOIOOHOMN
3aa4d C MOMOINBI0 CTAaTHCTHYECKOTO MOJEIHPOBAaHUS MeToaoM MoHTe-
Kapno. Bbuti nosy4eHsl MoJ0kKUTENIbHBIE Pe3yIbTaThl, aBTOPCKUI MOAXO
K MoJenupoBaHuto npusencH B [32, 33]. [Ipu 3TOM UCXOAHBIC JaHHBIC IS
MO/JICTIMPOBAHHUS TOOBIBAIIUCH DKCIIEPTHBIMU MeToAaMu. Kpome sKkcrepTHhIX
METOJIOB HCTOUYHMKOM MCXOJHBIX JTAHHBIX MOTYT OBITh Pe3yJIbTaThl YUeHHH,
JICTIOBBIX WP WK CIeUUaIbHbIe MeTO/bl uccienoBanuii [34]. [Ipumenenne
METOJIOB CTaTUCTHYECKOI0 MOJICJIMPOBAHUSI BECbMa PECYPCOEMKO C TOYKU
3peHHus BpeMeHH. BpeMs MOIemupoBaHHA MOXET OBITh CpPaBHHUMO
cnepuogoM KA, 4TO OTpHIATENHPHO CKa3bIBACTCS HAa CBOCBPEMEHHOCTH
OIICHKH, KOTOpas IMPOCTO MOXET IOTEPSITh CBOIO aKTyalbHOCTh. Tarxke
MPOOJIEMHBIM SIBIIICTCS BOTPOC OICHKH OCTOBEPHOCTH IMOJTYYaeMbIX
pe3yIBTaTOB CTATHCTHYECKOTO MOJCIUPOBAHHSA, IS STOTO TPeOyroTCs
JIbTEPHATHBHBIE METO/IbI OLICHUBaHMUS.

B 9T0il cBSI3M BO3HUKA€T PE30HHBIM BOIPOC: a BO3MOXKHO JIU
MOCTPOUTh  AHAIUTHYECKYI0  (MaTeMaTH4YeCKyl0) MOJellb, KOTOopas
0 IOOBITHIM ~ UCXOAHBIM  JAHHBIM  MO3BOJIMJIA OBl  HOCPEICTBOM
MaTeMaTHYeCKHX pacyeToOB MOJYYHUTh OICHKY (YHKIUH IKHUBYYECTH
OnemenTa ans ycnoBuit KA? [l mosrydeHust OTBETa Ha 3TOT BOIPOC ObLIa
nccie 0BaHa BO3MOXKHOCTb MPUMEHEHHUS METOJI0B TEOpHUH
MOJTyMapKOBCKHUX TIPOLIECCOB.

B [17,30,31] npuBeneHsl (yHIAMEHTAIbHBIE OCHOBAaHHUS IS
TIPMWJIOKEHUST OOIINX MAapKOBCKUX ITOTOKOB COOBITHH, M TIOKa3aHa MX CBS3b
C MapKOBCKMMH QJIJUTUBHBIMU IIPOLIECCAMH M IPOLECCaMH MapKOBCKOTO
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BOCCTaHOBJICHUS, PAacCMOTPEHBl  BaXHBIE JUII HMX  IPAKTHYECKUX
NIPWIOKEHUI YacTHBIE CIy4ad TaKUX IIOTOKOB. AHaiIM3 ITyOnuKanui
Ha 0003HAUYEHHYIO TeMy IIO3BOJISIET  yTBEpXKIaTh, 4YTO  BOIPOCAM
MIPAaKTHYECKOT0 MPUMEHEHHSI METO/IOB TEOPUH TTOJlyMapKOBCKHX ITPOLIECCOB
MOCBALICHO  3HAYWTENbHOE unciao pabor [37—43]. Pesymbrathl
PETPOCIIEKTHBHOTO HCCJICAOBAHUS HA3BaHHBIX ITyONMKAlWii IO3BOISIOT
yTBEp)KAaTh, UYTO B OCHOBHOM IIPEUIAaracTcsi IOJIXOJ, OCHOBAHHBIM
Ha aCUMITOTHYECKUX OLEHKAX YCTOHYMBOCTH, YTO HE MOJXKET SBIATHCS HE
cropHeIM. Mozenupyemble mpouecchl, 0e3 rpyObIX MOIYIICHUH, HENb3s
NPUHATh CTAallMOHApHBIMH, CIEJOBAaTEIbHO, YCPEOHEHHBIE WCXOIHBIC
JaHHBIE MOTYT JaBaTh 3HAYMTEIBHYIO IOTPEIIHOCTh B  OIEHKax
ycrodunBocT. Ilmoc k 3ToMy 3a mpeaenamu mpeiaMeTa ITyOnukarui
ocTanach KOHKPETH3aIMsl METOJOB TEOPUH IOITyMapKOBCKHX IIPOIECCOB
JUIi  yCIOBMH OrpaHMYEHUS Ha pecypc, C IOMOIIBI0 KOTOPOIo
NOAACPKUBACTC  caM  MOJIyMapKoBckui  mpouecc. Ilpu  sTtom
HE YUMTBIBAeTCSI BO3MOXKHOCTh IIE€pexofa IOJyMapKOBCKOIO IIpoliecca
B HEBO3BPAaTHOE COCTOSHHE 10 HCUEPIIaHHUIO pecypca.

VYTouHeHHas 3aJada OLEHMBAHUA >KMBydecTH OneMeHTa K KA
C Y4E€TOM HMEIOIIETocss pecypca (OpMyIHpyeTcsl CIEeIyIOmHM 00pa3oM:
KOHKPETU3UPOBaTh IIOCTAHOBKY 3amauu (1) ¢ ydeToM orpaHWYeHHH
Ha UMCIOIIMICS, At oOecledeHHs O KUBYYECTH OJEMEHTa, pecypc
B ycnoBusix KA.

Ilpu  yrouHenwn, ¢opmanpHas mocTaHoBka  3amaun (1)
KOHKPETU3UPYETCs U MPHOOpETaeT BU/:

v(t AT, U, 2, 4, P,T1,,TT™) =Koy (1, AT, U)(t, 4, g1, P, T, TT™),

IJIc YaCTHBIA IJIAH BOCCTAHOBJICHHs (YHKIHOHATa OJIEMEHTa O/DKEH
YAOBIETBOPSTH CIEAYIOIIAM OTPAHUYEHUSIM:

o ={z"}={R™ <R, D™ <D},

rae IT'={n"} — cOBOKYNHOCTH aNbTEPHATMBHBIX ILUIAHOB BOCCTAHOBJICHHS
¢yHKIMOHATAa DJIEeMEHTa, yIOBICTBOPSIOMNX OTPAaHUIECHUSIM Ha PECypc.
IIpu 3Tom:
a) Ilo— nmokasarens, XapaKTepU3yOIINi Tpebyembie
ITPOU3BOACTBEHHLIC BO3MO>XXHOCTH IOACUCTEMBI BOCCTAaHOBJICHUSA
(dyHKIMOHANA!

o = {Ro, Do},
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rae Ro = {roi} — COBOKYMHOCTB THIIOB pacXoIyeMOro pecypca, HMEOIIEerocst
B COCTaBE CHCTEMBI BOCCTAHOBJICHHs (PYHKIIMOHANA JJIsl BOCCTAHOBIIEHUS
Onemenra, i= 1, 2,..., M; M— YKCIO THOOB PAacCXOAYEeMOro pecypca
(mpuMep pacxomyeMoro pecypca — 3alacHble YaCTH, PACXOAHBIA MaTepuan
u 1.11.); Do= {do} — coBokymHOCTH THIIOB BO30GHOBISIEMOTO pecypca,
HMEIOIIETOCs B COCTABE CHCTEMbI BOCCTAHOBICHHs (GyHKIMOHama, i= 1,
2,..., k, k — wumcimo THDOB BO300HOBISEMOro pecypca (Ipumep
BO300HOBISIEMOTO peCypca — JIOOH, HW3MEpPHTEIbHBIC NPHOOPHI M T.IL,
KOTOPBIC MOTYT HCIIOIB30BATHCS MHOTOKPATHO);

0) moKa3areib, XapaKTepU3YOILIHi TpeOyeMble IPOU3BOICTBECHHBIC

BO3MOKHOCTH pacueTa BOCCTaHOBIeHms: I17 = {RT", DT"}, [OKA3aTelNb,

XapaKTepHSyIOH.[I/Iﬁ Tpe6yeMLIe IMPOU3BOACTBCHHBIC BO3MOXXHOCTH pacycTa
T T
BOCCTAaHOBJICHHUA, TO€ R’ Z{I] p} — COBOKYITHOCTb COOTBCTCTBYIOIINX

eIMHMIl PACXOAyeMOro pecypca KaKIOro THIA, TPeOYyeMBIX Ui
BOCCTAHOBIICHHS  (PYHKIIMOHANIA OJeMeHTa Tocie ycrmemHol KA,
i= 1, 2,..., m, m— uucio TpeOyeMbIX THIIOB PacXOJyeMOro pecypca;

T T
D?= {ri p} — COBOKYITHOCTB THIIOB BO30OHOBIIIEMOTO pecypca, TpedyeMoro

JUISL BOCCTAHOBICHMs (PyHKIMOHAma, i = 1, 2, ..., K, K — gucimo tpebyembix
THUIIOB BO300HOBIISIEMOTO pecypca.

IMocTaBneHHas 3a/1a4a peanach B iBa dTama:

1) onpenenenue oneparopa A: (t)=A{t, AT, F, G, P, n, Iy, I1™};

2) ompenencHUe MUHHMYyMa ¢dbyHKIHMOHANA
o, =tr€1(1()ig]¢(t, AT, A, u, P, T, TT™).

HaunGosnee CcIOXHBIM, HEOZHO3HAYHBEIM M  HeQOpPMAIU3yeMbIM
SBJISCTCS 3Talm OOOCHOBaHWS BBIOOpa oOmeparopa Uil COBOKYIHOCTH
npou3BONBHBIX  3akoHOB pacnpenenenus F={Fi(t)} u G={Gi(t)}
M Pa3IMYHBIX BepOsITHOCTEH mopaxenus Dnementa npu KA, P = {Pi}.

TpeboBanust K  OOCCIEUEHHIO  XKUBYYECTH  HOPMHPOBAHBI
B OJ3aKOHHBIX aKTaX K COOTBETCTBYIOIIUM (helepanbHbIM 3aKOHAM
M B COOTBETCTBYIOIMX HOPMATHUBHBIX TPABOBBIX JOKyMeHTax. Ilpu
MOJICIMPOBAHUH YYHUTHIBAJIOCH OIPaHHYCHHE HA MMEIOIIUICS pecypc s
BOCCTaHOBJNeHHs (QyHKIMOHANA DiieMeHTa B ycnoBusax KA, mis dero 6bu10
BBEJICHO IMOHATHE HEBO3BPATHOTO COCTOSHHS OJIeMEHTa, B KOTOPOE
OH MOXET TMepeTH U3-3a HCYEPIaHUs pecypca, BBIICICHHOTO s
BOCCTaHOBJICHHS €ro (DyHKIMOHANA.

J1s MonenupoBaHus mpouece (GpyHKIHOHUPOBAHUs DiieMeHTa ObLI
MPENCTaBICH B BHJAE HMEPAPXUYECKOTO OPUCHTHPOBAHHOTO Tpada Tuma
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JiepeBa, COICpIKAlIero OJHY HAYANbHYH0 Zi W M KOHEYHBIX BEPIIMH
(pucyHoK 1).

v v.oo¥
Fu(d=0 Fulf)=0 Fu()=0 Funl1)=0

Puc. 1. I'pa¢ nepexonoB mporecca BOCCTaHOBICHHS (yHKIMOHATIA DlleMeHTa
utst yenosuit KA

HauanpHoit BepmmHe rpada COOTBETCTBYET MOMEHT Hauaia
MHOkecTBa KA u cocrosinne Dinemenra «dyHkunonanen»: to = 0, z; = 1
(«dynkimonanen»). Yepes caydaiinbiii npomexytok Bpemenu (fo+ mi),
pactipenenennsiii mo 3akony Fi(t) =P{(to + mi) < t}, Daemenr
noasepraercs KA. B pesymprare KA OH MoxeT OBITh TOpaXkeH
C BepOATHOCTRIO P1 wim He mopaxken ¢ BepostHOCcThIO (1 — P1). Ecm KA
OblTa yCIHEnrHoH, To0 DieMeHT B MOMEHT Bpemenu (tp + m1) mepexomut
Bcocrosiune 2, =0 («He GYHKIHOHATEH») W HAYWHASTCS MPOIECC
BOCCTAQHOBNCHHS  ero  (YHKIHOHATAa, TMpPd  3TOM  PacXOIyercs
COOTBeTCTBYIOIME  pecypc  II° = {RTP , DT"} . B pesynbrare

BOCCTAaHOBJICHUS (PYHKIIMOHAIBLHOCTH JJIEMEHTa, Yepe3 CIy4aiHblil nepruo
BPEMEHH T2, OH BO3BpAIaeTCs B COCTOSIHNE «(hyHKIMOHAICH». CirydaitHbIN
MEpHO BpEMEHH Tz pacnpenened no 3akony Ga(t) = P{(to + m1 + 12) < t},
IIPA ATOM PACXOJyETCs COOTBETCTBYIOMINH, (PUKCUPOBAHHBIN IS KaXKIOTO
BOCCTAaHOBIIEHHS, pecypc 117 = {RT", DT"}.

B pesymnbraTe BOCCTaHOBIEHHS DJIEMEHT IEPEXOTUT B COCTOSHHE
Z5=1 W BHOBb TIOABEPraeTcs, 4epe3 CIy4allHBIA IMEpHOa BPEMEHH Ts,
ouepenHoit KA. IIpu 3ToM ciry4aifHBIN IEpHOX BPEMEHH Ms paclpeneneH
mo 3akony Fs(t) = P{(to + m1 + 12 + ms) < t} u 1.0 Ecim Daemenr
B pesyibraTe mepBoii KA coxpaHHT (yHKIHMOHAIBHOCTH, OH IIE€PEXOIHT
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B HOBOE€ COCTOSIHUE Z3 = |, KOTOpOE OTJIMYaeTCsa OT COCTOSIHUS Z1 = 1 Apyroit
BEPOSATHOCThIO TopakeHust Pz wiu Hemopaxenus (1 — Ps). Ilpu yuere
OTPaHMYCHUI Ha pecypc CIIy4aiHBI MPOLECC MOXKET OBITh 3aBEpIICH
HEBO3BPATHBIMU COCTOSIHUAMHU (Ha pucyHke 1 310 22 u 2g). J[us
BOCCTaHOBJICHUS (YHKIIMOHATBHOCTH DneMeHTa Tpebyercs
COOTBETCTBYIOIIUN pecypc:

Tp — T T
T = 20" < Rop, maxd (1) <dg, (1), @
ieM, *
rie  Mi—wmHOxecTBO  ycmemHbIx  KA; riij — TpebyembIil I

BOCCTAHOBICHHS (YHKIIHOHAIBHOCTH DJIEMEHTa PACXOAyeMbIil pecypc j-ro
Buza, npu i-i ycnemnoii KA; Ry; — umerommiics pacxoyemslii pecypc j-ro

BHJIA.

o o Tp
Takum 06pa30M, CYMMAapHbIM H3PACXOAOBaHHBIU PECYpPC Z I’ij
ieM,

HE NOJIKCH IMPCBBIIIATH HMemmHﬁCﬂ - ROj , B IPOTUBHOM CJIy1dac Ipouecc

MEPEeXOIUT B  HEBO3BPAaTHOE  COCTOSHHE  «HE  (DyHKIIMOHAJICH»
0 MCYEPIIaHHIO pecypcea.
MakcumanbHasi — MOTPEOHOCTH B BO30OHOBIISIEMOM  pecypce

o T
B TeKymmii MomeHT Bpemenn Maxd[’(t) He moMKHA mpeBBIATH
ieM,

UMEIOIIMICS Ha 3TOT >X€ MOMEHT BPEMEHHM BO30OHOBIISIEMBIH pecypc
dy; (t) WHpIMH clOBaMM, OAMH W TOT K€ NPUOOp WIM CIEHHAIUCT

HE JIOJDKEH MPHUMEHSTHCA B OAHO M TO JK€ BpeMs B pa3HBIX MecCTax.
B npotuBHOM cilyyae TpolecC NEPEXOAUT B HEBO3BPATHOE COCTOSHHE.
B pe3ynpraTe  HEBO3BpPAaTHBIM  BEpIIMHAM  MOTYT  COOTBETCTBOBATH
M IPOMEKYTOYHBIE COCTOSTHUS TIOTHOTO Tpada (Ha pucyHke 1 3T0 24 u Zg),
B KOTOPBIX JJIeMEHT Tak M ocTaHercd B cocTosHHM Zi = 0. IloaTomy
aKTyaJbHBIMHM YaCTHBIMH 3aJladaMU IIPH OIIEHKE >KUBYYECTH OJEMEHTa
SIBIISIIOTCSL:

a.  OIIEHKa BEPOSITHOCTU TOTO, YTO B MOMEHT BpeMeHH t DieMeHT
OyzeT rnmopaxkeH, HO He Oy/IeT BOCCTaHOBJICHA €r0 (PYHKIIMOHAILHOCTD H3-3a
ncUepHaHus pecypca, onpeelnsieMasl HepaBeHCTBOM (2);

6. OIEHKAa MHUHMMAQJILHOTO 3HAueHUS (YHKIUH O KUBYYECTH

@, = rr(10| Q]gp(t) , @ TAK)KE BPEMEHH HACTYIUICHUSI 3TOTO0 MHHAMYMa tm.
te(0,
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HauanpHyto BepuIMHY Z1 M KaKAYI0 KOHEYHYIO BEpIIMHY Zyi
COCAMHSET TMyTh, COAEPXKAIIMHA BEPIIMHBI, KOTOPHIM COIIOCTaBJICHEI
COOTBETCTBYIOIINE COCTOSIHUS OJeMeHTa, a pedpaM CONOCTaBJICHBI
BEPOSITHOCTH TMepexoJa B OTH COCTOSHMA. KakaoMy COCTOSHHUIO Z;
cooTBeTcTBYeT (yHKIMA pacnpenenenus Fi(t) coywaitHoro BpemeHu
peanuzanuu i-it KA — 1. IIpu 3T0M ¢ BepositHocThio Pj, zi = 0, ecnu i-s1 KA
obuta yememHo#t, u (1—Pj), zi = 1, ecnu i-1 KA Obina HeycnemHoil.
Cocrostaue Zyi = 1, rie V — WHIEKC KOHEYHO# BEPIIMHBI U COOTBETCTBYET
OKOHYaHHIO MHOKecTBa KA mpu ycrnoBum, 4To HMEIOIErocs pecypca Oyaer
mocrarouno I17 > I .

WHIeKCHl | BCeX IOCHEAYIOMIMX COCTOSHUM Zj = 1 NpeBBIIIaloT
MHIEKCHI | TpeaplAyIux cocTosiauil, | > 1. Yucmo BepumH rpada
COOTBETCTBYIOIIMX COCTOSIHMIT OjeMeHTa OyAeT OJHO3HAYHO 3aBHUCETh
oruncia KA — n. Tlpu stoM oOlnee YHUCIO BO3MOMHBIX COCTOSHHI
Onemenra Mg = 3 - 2" —2 (BBIBEACHO SMIHPHUYECKH 0€3 CTPOroro
JoKazarenseTa). Yucno mormomamommx coctosuuii m = 2" Ywucno K+
cocrosiumii Zi = 1 u uncno K- cocrostamii zj = 0, 6e3 ydeTa MOTIOMAKOIINX
COCTOSIHHH, paBHbI K+ = k- =2"— 1,

IIpu noucke perieHus ObLUTH NPUHATHI CIEAYIONINE AOMYIICHUS:

a.  BEPOSTHOCTb TI€PEXOJAa Tijj M3 COCTOSIHUS Zi B COCTOSIHUE Zj
Ha KQ&KXJIOM IIYTH 3aBUCUT TOJIBKO OT COCTOSHUA Zi U HE 3aBUCHUT
OT TPEIBICTOPUH MPOIIecca, T.€. MyTH K COCTOSHHUIO Zj, T.€. IPUHUMAEM, 4TO
poriecc o0agaeT CBONCTBOM «0e3 IOoCIeAeHCTRISY,

6. CHy‘IaﬁHBIe BCJIMYMHBI Mi U Ti U UX 3aKOHBI paCOpE€AaCICHUA
HE3aBHCHUMBI,

B. IPOIECC BOCCTAHOBICHUS 3aBEpIIAeTCs B Cilydae, eciu
3aKOHYMJICS ~ COOTBETCTBYIOLIMH pecypc (2), mpormecc Mepexoaur
B HEBO3BPATHOE COCTOSIHHE U ODJIEMEHT ocraercsi B coctosiHun Z = 0
(Ha pucynke 1 3TO COCTOSIHHSI MO HOMEpaMH Za, Zg). U3 HEBO3BPAaTHOTO
COCTOSIHHSL ~ HPOLECC  MOMET  BBIATH  TOJNBKO IPU  TOJYyYCHUHU
JIOTIOJIHUTENBHOTO pecypca;

I.  Tpolecc NEePeXOAMUT B IOTJIOLIAIONIeE COCTOSHUE C Zvi = 1,
B cmuty npexpameHust KA.

Takum obpazom, I onpeneneHus onepaTopa A py MPON3BOIBHBIX
3akoHax pacnpenenenus Fi(t) u Gi(t), 3a1aHHBIX BEPOATHOCTAX MOPAKEHUS
Pi u orpannuenusx Ha pecypc (2) npeacTaBisieTcss BO3MOKHBIM IPUMEHUTH
TIOJTYMapKOBCKYIO MOJIEJIb IIPOIIECCa BOCCTAHOBJICHHS (DyHKIMOHAIBHOCTH
DjeMeHTa B YCJIOBHMSX OTpPaHHUYCHHs Ha pecypc. Mojelb OIHCHIBAaeTCs
CTYIEHYATHIM CITyYaiHBIM IIPOLIECCOM, KOTOPBIH 3a1aeTCsl:

a.  BEpOSATHOCTSIMHM IEpeXona Tij;
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0. 3aKoHaMHM paclpeAeieHHs BpPEeMEHH IpeObIBaHMS IIpolecca
B Kax oM u3 coctosauit Fi(t) u Gi(t);

B.  OrpaHMYeHueM (2).

[Tpn MonenmupoBaHUH ClielyeT YUUThIBATh OCOOEHHOCTH Ipoliecca:

1. TIlpomecc He sBIsSETCS SProOAWYECKUM, T.K. OH COJECPIKUT
MHOKECTBO HEBO3BPATHBIX U IMOTJIOIMAIOMINX COCTOSHUM, YTO HE TO3BOJISET
MIPUMEHHUTH aCHMIITOTHIECKHE OIEHKH CITyYalfHBIX BEJIHMYHUH Ti U 1;.

2.  JITUTensHOCTh COBOKYITHOCTH IOCHenoBaTelbHbIX KA wmMeeT
KOHEYHOE  3HAa4YeHWe, YTO TaKkKe  MPEIsITCTBYeT  MPUMEHECHHUIO
ACHIMITTOTHYECKUX OIEHOK UL OIIEHKHU JKUBYUYECTH DJIEMEHTA.

3. Tlpum moctpoeHmn rpada  YUHUTHIBAIOTCS  OTPAHUICHHS
Ha pecypc (2).

4. BepoaTHOCTh Tepexona Tij M3 COCTOSHHS Zi B COCTOSHHE Zj
MIPUHUMAET CJICAYIOIINE 3HAYCHIS:

— mij=0,ecnu i > | WK eClU Zj U Zj HE SABIAIOTCS CMEKHBIMU
BEPIIUHAMU;

— mj=Pi,ecmuzi=1uz=0;

— TEijzl—Pi,eCJ'II/IZi:Zj:].;

- mj=l,ecmmzi=0muz=1.

5. VYcimoBuas  ¢yHkums — pacnpepenenus  Fij(t)  Bpemenu
npeObIBaHUs Tpolecca B JIOOOM i-M COCTOSIHHM paBHAa 0e3yCIOBHOM
(GYHKIMM pacrpelesieHus BpeMEHH MpeObIBaHUS Ipoliecca B ITOM
COCTOSIHUU. JIeMCTBUTENBHO, COCTOSIHUIO Zi = 1, M3 KOTOPOTO BO3MOMXEH
nepexof B coctosiHue Z- = 0 ¢ BeposTHOCTBIO Pi nipu nmopaskeHHH DiieMeHTa
WM B cocTosiHMe Z+=1 c BepossTHocThiO (1 —Pj) mpm HemopaxeHun
DreMeHTa, COOTBETCTBYET Oe3yciaoBHas (GyHKiMs pacnupenenenus Fi(t),
ompejernsieMast ¢ MoMoIpio u3BecTHoro [6, 17, 30] Beipakenus Fi(t) = PiFi
(t) + (1 - P;) Fis(t), rtme ¢ynkums pacnpenenenuss Fi(t) coyuaiinoro
BpPEMEHHU epexo/ia U3 COCTOSHUI Zi B cocTosiHue Z = 0 mpu peanusanuu i-i
KA; Pi— BeposiTHOCTh MopaxkeHusi DiieMeHTa npu peanusaimu i-it KA;
Fi+(t) — pyHkums  pacnpespeneHus  CIy4alHOTO  BpEMEHH  Mepexoja
U3 COCTOSIHU Zi B cocTosiaue Z = 1 mpu peanusaiuu i-it KA. YuuteiBas, 4to
3aKOH pachpejielieHnss BpeMeHdn a0 i-i KA He 3aBHCHUT OT MOpakeHUs
OneMeHTa B pesyibraTe mnpenmecTByonmx KA, crnpaBeninBo paBEeHCTBO
Fi(t) = Fis(t), mosromy Fi(t) = Fi(t). CocrostHuto zi = 0 OymeT Takke
COOTBETCTBOBATh OJHA W Ta ke (yHkuus pacnpeneneaus: Gi(t) = Gis(t),
T.K. TIEPEXOJI M3 3TOTO COCTOSIHUS OCYIIECTBIIIETCS C BEPOSATHOCTHIO Ti+ = 1,
3a HCKIIOYEHHWEM Cciydas, Korma OyaeT wucuepmaH pecype Ui
BOCCTaHOBJICHHsI (YHKIMOHAIBHOCTH DieMeHTa. B 3ToM cirydae mporecc
Tiepei/IeT B MOTIIONIAIONIee COCTOSHIE 10 HCUEPIIaHMIO pecypca.
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3. Pemienne 3amaum. Jlos MoAenMpOBaHUS OBUIO  BBIACICHO
MHOeCTBO MHAeKcoB N+ cocTosuuii snemenra zi = 1, i € N+, 1 MHOXeCTBO
ungexcoB N_ cocrosamit z; = 0, j € N.. OueBumHO, 4TO (QYHKIHUSA
KUBYYCCTH, XapaKTCPHU3YIOIIas BEPOSITHOCTh HAXOXKICHHS OJIEMEHTa
B COCTOSIHUHM «(YHKI[HOHAJICH» B MOMEHT BpeMcHH i, OyleT paBHA cymMMe
BepositHocTed  P1i(t) Haxoxmenuss DieMeHTa B COCTOSIHUSIX, HMMEHOIIHX
uHACKChl N+, MpHU YCIOBUH, YTO B HaYajdbHBIA MOMEHT BpemeHu fp = 0
OH HAXOJUJICS B COCTOSIHUU Zi = 1, T.e.:

= Pli t),
NZ ® 3

n'<r,

rae N+ — MHOkecTBO MHIEKCOB Nt = 21— 1, COOTBETCTBYIONIIMX COCTOSHUIO
DieMeHTa «(PYHKIIHOHAIEHY.

BepositHoctrt  P1i(t)  mO3MIMOHHpYOTCS  KaKk — MHTEPBAJIbHO-
[EPEXOHbIE, KOTOPHIC ONPEICISIOTCS C IOMOIIBIO CHCTEMBI JIMHCHHBIX
HHTErpalbHBIX ypaBHeHHUA. Cama Haes MaTeMaTHYECKOro MOZIEIMPOBAHUS
JUIS CTAllMOHAPHBIX YCJIOBHIM M IPU OTCYTCTBHM OTPaHHUUYCHHI Ha pecypc
npusenena B [17, 30]:

t)=[1-F(t)]s; + Z”lkj.flk (7) g (t-7)dz; (4)
gklt r [1 F ]5kl+2ﬁkrjfkr (t— T)dT (5)

reN_

rae i € Ny kK, re N 8 =1 mpu K =i; & = 0 mpu K = i; fi(r) u fue(t) —
YCJIOBHBIC IUIOTHOCTH PacHpeNesieHHs] CIy4aiHOro BPEMEHHU INpeObIBAHUS
OJieMeHTa B COCTOSHMM Z1 M Zx cootrBeTrcTBeHHO; N = Ni U N. —
COBOKYITHOCTh ~MH/IEKCOB BCEX BO3MOXXHBIX COCTOSIHUI  DJeMeHTa.
3HaueHusA 0, (t —T) ompenensirores 1o Gopmyae (5).

[lepBrIit wien B ypaBHeHHH (4) onpenessieT BEpOsSTHOCTh TOTO, YTO
OJeMeHT OCTaHeTCS B COCTOSHUM Z3 A0 MOMeHTa BpeMeHu t. Bropoit dien
B (4) — BEpOATHOCTH TOCIIEMOBATENHFHOCTH COOBITHI mMepexoma DiIeMeHTa
M3 71 B Zx K MOMEHTY T M M3 COCTOSIHHS Zk B COCTOSIHHE Zj 338 OCTaBILEecs
Bpemst (t — 1). BeposATHOCTH YaCTHBIX MEPEXOI0B CYMMHUPYIOTCS MO BCEM
MPOMEXYTOUYHBIM COCTOSIHHSIM Zk, B KOTOPbIE BO3MOXKHBI HEPEXO/IbI
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U3 HAYAJIBHOI'O COCTOSIHUS Z1, ¥ HMHTETPUPYIOTCS MO BCEM BO3MOXKHBIM
BpeMeHaM repexona T Mexay 0 u t.

Jnst CHMDKEHUsI CIIOKHOCTH IPOLEAYPHl ONpeaesteHus (YHKIHUN
KHBYYECTH BO BPEMEHHOW MIKame mnapamerpa (YHKIHH MPUMEHSIOCH
npeoOpasoBanue Jlarmaca. Takum o0pa3zoM, mpoleaypa OIpenesIeHUs
orepaTopa A BKIIOYaja ClIeyOLIHE [aru:

1. omnpeneneHne  COBOKYIIHOCTH  BO3MOXHBIX  COCTOSIHHM
Onemenrta Z ={zi}, i=1,2, ..., Mo, Mo =1, 2, ..., 3 - 2" — 2 u mocTpoeHue
TOJIHOTO Tpada mepexoioB;

2. ompexmeneHue coBokymHoctH wmHmekcoB N+ = {z; = 1},
i= 1, 2, veey My, TIE Mt = 2n+1* 1,

3. TIOCTPOCHHE COOTHOUICHHH IUIi WHTEPBAIBHO-TIEPEXOJHBIX
BeposiTHOCTeH P1i(t), i €N+ ¢ mcnone3oBaHWEM BBIpaXKEHHH, ITOIYYCHHBIX
B pe3ynbraTe mnpeoOpazoBaHui Jlammaca W COOTBETCTBYIOIIMX —TAOIHIl
peoOpa3oOBaHMUIA;

4. ompezneneHue OOLIETO BBIpaKCHHS U1 (PyHKINH KHBYYECTH
¢(t) ¢ ucronpzoBanreM hopmysl (3).

Jus  oToOpakeHHMsI caMOil TpeajaracMod HWAEH  IOJydYCHHS
AHATUTHYECKOTO BBIpaXKeHHs (DYHKIUH KuBydecTH O(t) HIDKE MPUBOAATCS
JIBa TECTOBBIX [IPUMEpPa €€ BBIBEACHHUS.

I[Mporenypa ananuTrveckoro BerancieHus P1i(t) BecbMa rpomosakas,
MO3TOMY PEKOMEHIYeTCs NOAXOIMTh K NMPHUMEHEHHI0 METOAa B3BEIICHHO
B KQKJOM KOHKPETHOM Clly4ae MpPU OTHOCHTENILHO HEOOJBLIOM YHCIe
BO3JeHCTBUM. [[s1 MPOU3BOJIBHOTO YHUCIA BO3AEUCTBUN PEKOMEHIYETCS
NIPUMEHATh COOTBETCTBYIOIME TporpaMmsl Juii OBM, peanusyromue
YHUCJIOBBIE METOABI MM METOIBl CTATHCTHYECKOTO MOJEIUPOBAHMS.
[IpencraBnser wuHTEepec mnpuMeHeHue wmertoga Monte-Kapno. Wnes
W pe3yibTaT TNPHMEHEHHs 3TOr0 METoJa amnpoOMpOBaHBI  aBTOPOM,
pe3ynbTatsl npuBeaeHs! B [32, 33].

4. TecroBprii mpumep. Ilycte umcno KA n=1. Tpebyercs
onpenenuts QYHKIHMIO KHUBY4YecTH DiaeMeHTa @(t). MHOXECTBO COCTOSHUI
OnemeHTa U rpad Mepexo/10B NPeICTaBICH Ha PUCYHKE 2.

Puc. 2. I'pad mepexonos mpu n = 1
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CewmeiicTBo unaekcos cocrosauit N+ = {1, 3, 4}, B xoTtopsix zi = 1.
B pesynbrate npeodpasoBanuii Jlamnaca nomaydaem:

1

ﬂl(s):;[l—fl(s)}
Fis(S)%Plfl(S)gz(S);

u(s) = S-R)1,(5)

BelenpruBeIcHHOE CEMEHCTBO (DOPMYJI, OTPaKAIOIIUX HHIIEKCHI
coctrossuuii N+,  Oyzer 3aBuceTh OT  HUMEIOIIETOCS  pecypca
U peCypCOEMKOCTH BOCCTAaHOBHUTENBHBIX padoT.

B pe3yibTaTe TIPUMEHEHHUS MaTeMaTUYECKON MOZENH
C IpUMECHEHHEM TIpeoOpa3zoBaHusa Jlammaca moiydaeM pe3yJbTHPYIOIIee
BBIPA)KEHUE!

P(s)= YR (s) = [1- 1,(5) [+ R F.(8)0.(5)+ S (1-R) £, (s).

ieN,

~ 11 1

Tpeo6pasosas, nomyuaem: @(s)==+=PR f (s)g,(s)-=P f,(s).
S S S
Ipumensis o6paTHoe npeobpasosanue Jlamaca, morydaem:

t

0(t)=1-RR (t)+R[F (t-7)g, (r)dr;

(p(t)zl—PlFl(t)+|31F1(t)*gz (t)' (6)

rjae 3HaK ¥ O3HAyaeT  Omepaluio  CBEPTKH  JOBYX  (YHKIIHM.
IMpu MOIETUPOBAHMK TPUHUMAETCS JONYIIEHHE, YTO HepPaBeHCTBO (2)
BeITIONHSIETCS. Ha Tekymem »dTame uccienoBaHus Tpad TepexojoB
U CEMEHCTBO MHICKCOB COCTOSIHHMNA (hopmupyroTcs BpydHyto. Iloctpoenue
aIropuT™Ma, IO3BOJISIOLIETO aBTOMATU3UPOBATH IPOLECC, HAXOIUTCS
3a paMKaMM HacToALIEro uccienopanus. IIpu moucke pemieHus cienyer
YYUTHIBATh YCIOBHE HEpaBeHCTBA (2).
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5. PesysbTaThl MoaenupoBaHusl. Pe3yibTaThl MOAENMpOBaHUS
NIPUBEJICHB HA PUCYHKaX 3-5.

o(t) TIpH paBHOMEPHOM 3aKOHE PACTIPEIETCHEA T H T
1,0

=07 * =1y £ =24

09 A

08
07

06

0,5
04 4

03 4

0,2 1

01 1 t,u

0,0 + + + + + + + + + + + + + !

-
N
w
&
v
)
~
3
[}
=
o
-
[
-
N
P
w
-
IS

Puc. 3. IToBenenue GpyHKUUM xuBydecTd @ (1) IpH U3MEHEHMH HUKHEN TPAHULIBI

B
BPEMEHU BOCCTAHOBJICHUA tH q)yHKIII/IOHa.HLHOCTI/I DyieMeHTa

9(t)
1,0 3
09 4

08 A
07 -
0,6 -
05 -
04 -
03 A

0,2 A

01 A

0,0 + + T + + + + + + + + + +

tu
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Puc. 4. Oyukiust sxuBydectd @ (t) Ipu K3MEHEHHU BEPOSITHOCTH MOPAKEHUS
DneMeHTa

[epBble nBa pe3ynbTara MONYUYSHBI NPH ANIPOKCUMAIUK (QyHKINI
pacnpeneneHus CIydalHbIX BpEeMEH JO BO3JCHCTBUA NPOTHBHHUKA
1 BOCCTaHOBJICHNS! (yHKIHOHama OJIEMEHTa pPaBHOMEPHBIM 3aKOHOM
pacnpeneneHus. AHanu3 pe3yiIbTaTOB IO3BONAET YTBEPXKAAThb, YTO BHJ
byukuun @(t), B TOM 4YuCiIe U MUHAMAIBHOE ¢ 3HaYeHHE Qm U BpeMs tm
3aBUCAT OT BEPOSTHOCTH TNoOpaxeHus P (3ammmieHHocTH) OiaeMeHTa
(pucyHok 4), xapakrtepuctuk KA, a Takke OT MNPOU3BOACTBEHHOU
BO3MO>KHOCTH CHCTEMBI BOCCTAaHOBJICHHUS (DYHKIIMOHAIA.
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Ha pucyHke 5 mnpuBeneHbl pe3ylbTaThl IOCTPOEHHS (QYHKINUU
KMBYYECTH IIpU anmpoKcuManud (YHKUUH pacrnpenesieHnss CiydaiiHbIX
BpPEMEH JI0 BO3JCHCTBUSI NMPOTUBHHMKA W BOCCTAHOBJIEHUS (YHKIHMOHAsA
DneMeHTa SKCIIOHEHINAIbHBIM 3aKOHOM PaclpeaeeHHs.

()
10

09 F
08
07 F
06
05 P=01 P=03 P03
0a |

03

mpH A= p

02 |

L

0,0

1 5 9 1317 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97

Puc. 5. Tlosenenue GpyHkuun sxuBydectd @ (t) mpu U3MEHEHUH BEPOSITHOCTH
MopaxkeHus: DJIeMeHTa

IlpuMeHeHHe 3TOTO 3aKOHA pacHpefeleHHs IO3BONSET MOTY4YHTh
Oonee MPOCTY0 MaTeMaTHYeCKyl0 MOJelb B BHUAE AaHAIUTHYECKOH
3aBUCHMOCTH. [Ipy HEKOTOPBIX YCIOBHMSX Takas 3aMeHa MPUBOAUT
K HE3HAUNUTEIbHOW MOTPENTHOCTH M MOXET OBITh BIIOJHE MJOIyCTHUMA.
HccnenoBanne BeNWYMHBI TaKOH MOTPENTHOCTH HAaXOIWTCS HAa CTaJnu
3aBEpIICHHS, Pe3yJIbTaThl OyAyT NPUBEICHBI B IPyTroH ITyONHKaIyy.

W3 mnonydeHHOro cooTHoumieHus (6) HMHTYHTHBHO BBIBEJICHBI,
Ha Ka4eCTBEHHOM YPOBHE, CIICIyIOIIME MpeAeibHbIe CBOMCTBA (QYHKIHMH
KHUBYUYECTH:

1) (0) =1, 3sHaduenue HYHKIMH KUBYUESCTH B HAYAIbHBII MOMEHT
BPEMEHH paBHO 1;

2) limp(t)=1, B orcyrctBun KA Fy(t) =0, crexoBarensho,
t—o

IpeieNbHOe 3HaueHWe (yHKIMHM JKUBYYEeCTH OJIEeMEHTa B 3TOM Cllydae
paBHO €AUHULIE,

3) o, Pi=0)=1, eciiu BepOSATHOCTH TOPAKEHHs DIIEMEHTA TIPU
KA paBHBI HymO (3T0O MOXeT OBITH B CiIydae, €CIId CPEACTBA MOPAKCHUS
MIPOTHBHHKA CIa0Bl TMOO0 PyOeXy 3amuTH DJIEMEHTa CHJIBHBI) 3HAYCHHE
GyHKIMS KUBy4deCTH DJIeMEHTa Takke paBHO enuHuIe. llepeuncreHHbe
YTBEP>KJAECHUS HE IPOTUBOPEUAT JIOTUKE BELIEH.

6. 3akuouenne. Takum 00pa3oMm, pe3yiabTaThl HCCIEIOBaHUI
MO3BOJISIIOT ~ yTBEpXKJarh, 4YTO JUISI  AyAMTOPCKOTO  OLCHWBAHMUSA
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(GyHKIMOHATIBHON  kuBydecTH  dyeMeHToB WU u  mocTpoeHus
COOTBETCTBYIOIICH MPOrpaMMBbI ayJIUTa BO3MOXKHO MPUMEHEHHE U3BECTHBIX
METOJIOB TCOPHH TOTyMapKOBCKHX IPOLIECCOB.

HccrnenoBanre TmpeMeTa TEOPHH IOJyMAapKOBCKHX —IPOLECCOB
MOKa3bIBACT, YTO Ui PEHICHHS ITOCTABICHHOW 3aJaud CYHMICCTBEHHBIM
SIBIISICTCA MOAWGUKAINS TIOIYMAapKOBCKOW MOJENH C IEeNbl0  ydeTa
OTpaHMYCHUNA HA pecypc, KOTOPBIA MOIJAEPKHBACT pealbHBIN IpoIece
(yHKITMOHHPOBAHMS DJIeMeHTa B yciaoBHax KA.

Pa3paboranHbplii  TOAX04 ~— IenecooOpa3HO — MPUMEHATh  MPH
OTHOCHTENBFHO HebompmmoM konmdecTBe KA, Kak TOKaszal SKCIEPHUMEHT,
He Oonbie Tpex. [lpu yBenmmueHnn uncina KA BelpakeHHs ISl QYHKITTH
KUBYYCCTHU CTAHOBIATCA BEChbMa TPOMO3AKUMU nu TPYAHO
HHTEPIPETUPYEMBbIMU, MO3TOMY TpeOyeTcss aBTOMAaTH3alus mpoliecca
MOJICTTUPOBAHUSL.

HpeﬂﬂaraeMmﬁ moaxona MOXET 6I>ITI) NMPUMEHCH U1 OUCHUBAHUA
JIOCTOBEPHOCTH CTATUCTHYCCKHX MOJCJCH Ha BBIOOpPKAaxX HE OOJbBIIE Tpex
1 GOPMHUPOBAHUS  3aKJIIOYCHHS, MO0 aHAJOTHHM, O JOCTOBEPHOCTH
CTaTUCTUYECKHUX MOJICIICH sl OONBIINX N, YTO BAXKHO IS MPAKTUKH.
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V. VOEVODIN
A MODEL FOR ASSESSING THE FUNCTIONAL STABILITY OF
INFORMATION INFRASTRUCTURE ELEMENTS FOR
CONDITIONS OF EXPOSURE TO MULTIPLE COMPUTER
ATTACKS

Voevodin V. A Model for Assessing the Functional Stability of Information Infrastructure
Elements for Conditions of Exposure to Multiple Computer Attacks.

Abstract. Information is given about a new approach to the application of methods of the
theory of semi-Markov processes to solve the applied problem of assessing the functional
stability of elements that make up the information infrastructure, functioning under the
influence of multiple computer attacks. The task of assessing functional stability is reduced to
the task of finding the survivability function of the element under study and determining its
extreme values. The relevance of the study is substantiated. The rationale is based on the
assumption that quantitative methods of studying the stability of technical systems, which
operate on the theory of reliability, cannot always be used to assess survivability. The concepts
of «stability» and «computer attack» are being clarified. Verbal and formal statements of
research tasks are formulated. The novelty of the results obtained lies in the application of
well-known methods to solve a practically significant problem in a new formulation, taking
into account the limitations on the resource allocated to maintain the survivability of the
element under study, provided that arbitrary distribution laws are adopted for the random times
of the implementation of computer attacks and the recovery times of the functional element.
Recommendations on the formation of initial data, the content of the enlarged stages of
modeling and a test case to demonstrate the performance of the model are given. The results of
the test simulation are presented in the form of graphs of the survivability function. The
resulting application can be used in practice to construct a survivability function when
implementing up to three computer attacks, as well as a tool for evaluating the reliability of
analogous statistical models. The limitation is explained by a progressive increase in the
dimension of the analytical model and a decrease in the possibility of its meaningful
interpretation.

Keywords: information infrastructure, information infrastructure element, functional
stability, survivability function, computer attack, information security audit, semi-Markov
processes, threats to information security.
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