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B.B. I'PUBOBA, E.A. IIIAJI®EEBA, B.®. ®UJIAPETOB, A.B. 3VEB,
J.A. KOXUMEI]
METO/I UHTEJVIEKTYAJIBHOI'O IIJIAHUPOBAHMSI MUCCHUMI
ABTOHOMHBIX NIOJABOJHbBIX AIIITAPATOB

Tpubosa B.B., llanrpeesa E.A., Qurapemos B.®., 3ye¢ A.B., FOxumey J.A. Mertox
HHTE/JIEKTYaIbHOT0 NJIAHHPOBAHMS MHCCHI ABTOHOMHBIX MO/ABOAHBIX ANIAPATOB.

AnHoTanus. Co3zaHue NOJIHOCTEIO aBTOHOMHBIX HEOOHTaeMbIX NMOIBOJHBIX allapaToB U
KOMILIEKCOB, CIIOCOOHBIX BBINONHATH Pa3IHYHBIE HCCIEIOBATENBCKUE U TEXHOIOTHUECKHE
omepand B YCJIOBUSX HEONPEJeIeHHOCTH, SBISIETCS aKTyalbHOH 3amadeil. Kimouesoit
npo0ieMoil ABISETCS aBTOMAaTHYeCKass KOPPEKLUUS MUCCUH B pEaJbHOM BPEMEHU Ha OCHOBE
JaHHBIX OT OOpTOBBIX cHcTeM. llenblo naHHOH paboTHl sABIsIeTCs pa3paboTka MeTozna
HHTEIUIEKTYaJbHOTO IUIAHWPOBAHHMS MHCCHH Ha CTPaTerMYecKOM YpPOBHE YyIIPaBICHHS
ABTOHOMHBIMH ~ IOJIBOJHBIMH  POOOTOTEXHUYECKUMH  KOMILICKCAMHU, O0OECHEUHBAIOIIETO
aBTOMaTH4Yeckoe (OpPMHUpPOBaHHE AaJaNTUBHBIX IUIAHOB M HUX IpeobOpa3oBaHHe B
HCTIONHHUTENIbHbIE KOMaH/Bl TAKTHYECKOTO YPOBHS [UISL PabOTHI B M3MEHSIONINXCS YCIOBHSIX
cpensl. B crathe aBTOpaMHM ONpEIENeHbl MPUHIMIBI Pa3spabOTKU HHTEIICKTYalTbHOTO
IUIAHUPOBIIMKA MHCCHII aBTOHOMHBIX IOJBOAHBIX POOOTOTeXHMUECKHX KoMiuiekcoB (AIIPK)
Ha CTPAaTErHYeCKOM ypOBHE M MEHeKepa MUCCHH IS yIpaBIeHHs MUCCHEH Ha TAKTHIECKOM
ypoBHE ¢ (GOopMHpPOBaHHEM KOHKPETHBIX 3aJaHHil HCIOMHUTENsIM. PazpaboraHa dopmanbHas
MoOJeNb IIAHUPOBAHHUS MHCCUH 4epe3 MHOXKECTBO JHHEHHBIX YJaCTKOB C IPEyCIOBHAMH U
MOCTYCNIOBHSMH. KITIOUEBEIM acIeKTOM MHPEIOKEHHOTO PELICHUs SBISIETCS UCIOJIB30BAHHE
OHTOJIOTMYECKOT0 MOJAXO0Ja JUll CTaHJApPTU3ALMU ONMCAHUS MHCCHH M 00ecHedeHus Hux
mporpaMMHoO# uHTepnpeTanuy. Co3JaHa CleNHaln3upOBaHHas cpela pa3paboTKu MHCCUH Ha
obnaynoit maatrpopme IACPaaS, mo3Bosstiomas skcriepraM (GOpMHPOBaTh M aJalTHPOBATh
IUIaHBl MHUCCHi €3 yriyOneHus B TeXHHYECKHMe JeTanmd. Pa3paboTaH  KoMILIEKC
HHCTPYMEHTAIBHBIX ~ CPEACTB €  MOOYIBbHOH  apXUTEKTypoH,  oOecrednBaloIIuit
MacIITabUpyeMOCTh H aJIaNTAIUI0 PELICHUs U1l pa3inuyHbIX kiaaccoB AITPK u Tumos muccuii.
PesynbraThl anpoOanyy MOKa3aid, YTO NPEMIOKEHHOE pELICHHE MO03BOJsieT (OpPMHPOBATH
ruOKue IUIaHBI, YYHTHIBAIOIIME pa3sHOOOpa3We CUTyaluil, W aBTOMATHYECKH BEIOMpPATh
[IOCIIEZIOBATEIFHOCTH KOMAHJA B 3aBUCHMOCTH OT IOCTYNAIONMX JaHHBIX. IlomydeHHbIE
pe3yJIbTaThl OTKPHIBACT HOBBIE BO3MOXKHOCTH [UISL CO3JAaHMS IOJHOCTBIO ABTOHOMHBIX
MOABOJHBIX KOMIUIGKCOB, CHOCOOHBIX BBINONHATH CIOXKHBIE —HCCIENOBATEIbCKHE U
TEXHOJOTHYECKHE OIepaniH 0e3 MOCTOSHHOTO KOHTpONs omeparopa. JlampHeiue
HCCIIeIOBaHHS HAIIPABJICHBI HAa COBEPLICHCTBOBAHNE AITOPUTMOB MEHEKePa MUCCHIA, a TaKxkKe
Ha MHTETPalUIo NIAHAPOBIINKA C APYTHMH KOMIOHEHTAMH OOPTOBOTO 00ECTICUCHHS.

KitroueBble c10Ba: aBTOHOMHBIH ITOJBOJHEIN ammapar, poOOOTOTEXHHYECKHI KOMILIEKC,
HHTEIUIEKTyalbHOE IIIaHUPOBAaHUE, MHCCHUS, HEOIPEAEIEHHOCTb.

1. BBenenne. BaxHbIM HampaBiieHWEM pa3BUTHA B 00JacTH
MIPUMEHEHHS] aBTOHOMHBIX HEOOMTAeMbIX IO/IBOIHBIX AMIapaToB SBISETCS
MX OCHAIIEHHE HOBBIM 00OPYIOBAHHEM M YCIOXKHEHHE BBIMOTHIEMBIX MU
3amayg [1 —3].

OnHOM UX KITIOUEBBIX MPOOJIEM B CO3[aHUH TOITHOCTHIO aBTOHOMHBIX
MOIBOAHBIX  poboToTexHMuecknx  komiuiekcoB  (AIIPK)  sBmsercs
HEOOXOIMMOCTh ~ aBTOMAaTHYECKOro  (OPMHUPOBAHUSI U KOPPEKIHH
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POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHWA

B PCaJbHOM BPEMEHH NCHCTBHII pOOOTOB Ha OCHOBE IMOCTABJICHHOW OOIIEH
uenmn [4—7] u uHGOpMaAmEM OT OOPTOBBIX CHCTEM 00 H3MCHSIOIIUXCS
ycnoBusix. Jlis pemieHust 3TOM mpoOieMbl mpu  paboTe B CIOKHBIX
Y HEONpE/ICICHHbIX YCIOBUSAX paboyell cpensl HeoOXxoauma pa3paboTka
unpopmannonHo-ynpasusonpx cucreM (MYC) HOBOro mokosieHusi — ¢
9JIEMEHTaMHU MCKYCCTBEHHOTO HHTEJICKTA.

UYC  coBpeMeHHBIX  POOOTOB  MMEIOT  MHOTOYPOBHEBYIO
CTpyKTYpy [8]: mocrymaromiass B Hee WMH(OPMAIUS OTHOCHTCS K Pa3HBIM
ypoBHsM  «umepapxum». IIpennomaraercs, uyro ecau HNYC wumeer
«cmpamezudeckutly — (BBICIIMH)  VpOGeHb — YNPABICHUS  aBTOHOMHBIM
anmapaToM WIM poOOTOM, TO OH JOJDKEH OTBedYaTh 3a MOJAEIbHBIC
MpencTaBleHne poboTa 00 OKpyKaromed pabodel cpene W 3a NPUHATHE
pemieHnii 06 00IIEM IUTaHE BBHIMOJHEHUS MONYYCHHBIX 3aJaHUN C y4ETOM
arnpHoOpHBIX W HAKOIUICHHBIX 3HaHMHA 00 3Toil cpexne, KoHpurypaumu
1 COCTOSTHUM O0opTOBOTO 000pyaAoBanus. [Ipu sTOM 00mIMi TUIaH AEWCTBUIA
Ha OTOM YpPOBHE 32 CYET UCIONb30BAaHUS  HHTEIUIEKTYyaJbHOTO
rtanupoBiiuka muccuii (MIIM) nomkeH pacuieHsATbCS Ha KOHKPETHBIE
JJIeMEHTapHbIE OIepalMy, C BHIOOPOM UX IIOCHEIOBAaTEIBHOCTH U
napaMeTpoB BbIMofHeHUs. Cnepyromuil — makmuyeckuily yposenv UYC
JOJDKEH TpeoOpa3oBhIBaTh BHIOpDAaHHBIE JJIEMEHTapHBIE Olepalud B
JKeJlaeMble TO3WIMW ammapaTa WIH, HallpuMep, €ro MaHWIYJATopa, B
CKOPOCTH WJIM YCHJIMSIX, KOTOPBIE OHM JIOJDKHBI Pa3BUBATh. JTO IO3BOJISIET
chopmMupoBath TpeOyeMble 3aKOHBI COTIIACOBAHHOTO M3MEHEHUS JBIKCHUS
AIIPK. [Ins oTpaOOTKH 3THUX TPOTPAMMHBIX 3aKOHOB UCHOIHUINELbHBIUY
VpOGeHb  yNpaBICHUS BBIPAOATHIBACT KOHKPETHBIE BO3/CHCTBUS Ha
COOTBETCTBYIOIINE MABWXKHUTEIH W TPHUBOJABI MAHMITYJISITOpA C Y4ETOM
OOpaTHBIX CBsI3€H, MOJAIOUIMX COOTBETCTBYIOIIME CHTHAIBI OT JATIMKOB
BHYTpEHHEH MH(POPMAITIH 0 COCTOSIHUU MCTIONHUTENbHOM cuctembl AITPK.

B pabore [9] paccMoTpeHBI BONPOCHI CO3JaHUSI APXUTEKTYPHI
WHTEIUICKTYaJbHOW  MHOTOAareéHTHOW  CHCTEMbl  IUIAaHUPOBAaHUS U
(dbopMupOBaHUS 33JaHUK JUII ABTOHOMHBIX HEOOWTAEMBIX ITOJBOIHBIX
anmnapaToB, B OCHOBY KOTOPOW TIOJNIOKEH QJITOPUTM IUIAHWPOBAHUS
Graphplan [10]. OcoOOSHHOCTPIO  CO3JAaHHOW CHCTEMBI  SIBISACTCS
HCIIONIb30BaHUE 0a3bl 3HAHWH IOBEJCHUS aBTOHOMHBIX alMapaTroB IpU
pCIICHUH THUIOBBIX 3aJad B COYETAHMM C CETEBOIl OpraHusanuei
B3aMMOJCHCTBUS MHTEIUICKTYyalbHBIX areHTOB IUIaHHpoOBaHMA. [Ipu 3ToM
aBTOpamMH pa3paboTaH MeXaHM3M OIOCPEJOBAHHOW LIEHTPaIN30BaHHOMN
KOMMYHUKAIlM{ ~ areHTOB, peajM3yeMblii Ha MPHHIMIAX  «JOCKH
00bsBiIeHUI». [loaydeHHBIH MeXaHHW3M MO3BOJISET Pa3[elUTh OCHOBHOM
MIPOIIECC MTOUCKA Ha HEMOCPEICTBEHHO MPOIECCH PEIICHUH U YIpaBIeHHS,
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B3aMMOJEHCTBHA  MEXIY KOTOPBIMH  COBEPIIAIOTCS  MOCPEICTBOM
MEXaHN3Ma B3aUMOJICHCTBHUS areHTOB.

B kauecTBe cepbe3HOro HEAOCTAaTKa ONHCAHHOI MHTEIIEKTyalbHON
CHCTEMbl IUIAHUPOBaHWs M (OPMHUPOBAHMS 3aJaHUM UL TOJBOJHBIX
annapaToB HEOOXOAMMO OTMETHTh OTCYTCTBHE 3(P(EeKTHBHOrO MexaHH3Ma
(dopmupoBaHus 0a3bl 3HAHUH 3KCIIEpPTaMU NPEAMETHON 00JIacTH, a TaKke
CIIO)KHOCTh ~aBTOHOMHOM peajM3allii pelaTreis HWHTEIUIEKTYaIbHON
cucteMbl Ha 6opty. Kpome TOro, mpeioKeHHBI METOJ HE YYHTHIBAET
BO3MOKHOCTh YCTAHOBKH CJIO)KHOTO JOMOJHHUTEIFHOTO OOOPYIOBaHUSA, B
YaCTHOCTH, MHOTO3BCHHBIX MaHUITYIISATOPOB.

Pa3paboTan MeTox TUTAHUPOBAHUS MICCUU JUISI TPYTIITHI TTOJBOTHBIX
anmaparoB [11], KOTOpBIH mMpeamonaraeT ONTHMAILHOE pacIpeeiIcHue
3a1a4 MKy HAMH B COOTBETCTBHH C MX XapaKTEpUCTHKaMHU (OOPTOBBIM
000py/IOBaHHEM U ABTOHOMHOCTBHIO). YKa3aHHBI METOJ OCHOBaH Ha
moaupukauuu anroputMa RRT (Rapidly-exploring Random Tree Star),
KOTOpBI TIO3BOJSIET  CIUIAHUPOBATh MapLIpyT Kaxaoro pobora B
3aBHCHMOCTH OT 3aJ[aHHBIX TOKa3arened 3pPeKTHBHOCTH U 0CcOOCHHOCTEH
OKpyXaromiel cpezbl (IpensTCTBUS, TEUECHUsI) TaK, YTOOBl TapaHTUPOBATh
BBITMIOJIHEHUE BCEX IIeJiel, MOCTaBIEHHBIX B MHcCUH. OJHAKO B KayecTBe
mesneil MUCCHH MOXKET OBITh CPOPMHUPOBAHO TOJBKO JOCTIKCHHE 33 JaHHBIX
[IEJIEBBIX MapIIPYTHBIX TOYEK, YTO HE MO3BOJSECT UCTIONB30BaTh OMMUCAHHBIN
METOJ] JUTS IUIAHUPOBAaHUS MUCCHH ¢ OOllee CIOXKHBIMH IIETISIMH, KOTOPBIC
MPEINoaraloT  BHIIOJHEHHE  TEXHOJOTHMYECKHX  OIEepaluii, MOUCK
1 JIeTalIbHOE 00CJIeZIOBaHNE 3apaHee HEM3BECTHRIX 0O BEKTOB HHTEpEca.

B pabore [12] mpemmaraeTcss METOX MOCTPOSHHS IIAHWPOBIIMKA
MUCCHI JJIsl TPYIIbI OSCIUIOTHBIX JICTATCIbHBIX alapaToB. YKa3aHHBIN
IUTAHUPOBIIUK COCTOMT U3 JBYX OCHOBHBIX KOMIIOHEHTOB: T'€HEpaTop
MHCCHH, KOTOpPBIA (OPMUPYET BO3MOXKHBIE BapUaHTbl HCHCTBUN s
KaXJIOT0 amnmapata, W MOAYJIb IIOMOIIHHKA, KOTOPBIH OLCHWBAET
Cr€HEpHPOBaHHBIC TUIAHBI JICUCTBUI C TOYKH 3PEHHS JOCTH)KUMOCTH TIeJIeH,
3¢ peKTUBHOCTH M 3arparT pecypcoB. OpHaKO TeHepanus HOBBHIX IUIaHOB
JecTBUH W BHIOOp IDIaHA HA 3aIlycK OOECIIEYMBAETCS HETIOCPEICTBEHHO
orepaTopoM, Ha KOTOPOTO BO3JAralOTCs HMHTEIUICKTyallbHBIC (YHKIIUA
IUTAaHUPOBIIKKA. [IpH 3TOM OTCYTCTBHE BHICOKOCKOPOCTHBIX KAaHAJIOB CBS3U
HEe T1O03BONsAeT OH(PQPEKTHBHO BKIIOYHTH OIepaTopa B  MpoIiecc
MePeIUTAHNPOBAaHUS MHUCCHH, TaK KaKk OH HE MOIYyYUT HEoO0XOIUMOTO
o0bema JIaHHbBIX JIJIS IPUHSATHUS PELICHHH.

MeTtoapl aBTOMaTHYECKOTO IUIAHUPOBAaHMS MUCCHH B HacTOsIIEe
BpeMs HamOoJiee aKTyalbHBI B a3pPOKOCMHUYECKON OOJIACTH HpHU CO3JaHHUU
ABTOHOMHBIX KOCMHMYECKHX amnaparoB ¥ posepoB [13], mpeqHa3sHaYeHHBIX
JUId HCCIIEOBAaHMs TOBEPXHOCTH Jpyrux IutaHeT. IIpu ux co3gaHun
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OCHOBHBIM TpeOOBaHHMEM SBISIETCS BO3MOXKHOCTb IEPEIIAHUPOBAHUS
MHCCHH B 3aBHCHMOCTH OT HM3MEHEHHS TeKyuieldl oOCTaHOBKH 0e3
BMeIaTeNbCTBa oneparopa. [Ipu 3ToM camo miaHupoBaHue B OOJBIINHCTBE
CIIydaeB CBOJAUTCS TOJBKO K IUNITAHMPOBAHUIO MaplIPyTOB poBEpa Ha OCHOBE
CTaTHCTHYECKOTO aHaIN3a BO3MOXKHBIX CUTyallMii U BBIOOpA ONTHMAaIbHOTO
BapuaHta. Kpome TOro, 3amyck HOBOW MHCCHM Ha HCIOJHEHHE YacTo
TpeOyeT NpsIMOTO MOATBEPXKICHHUS OIlepaTopa.

B pabore [14] ommcana apxutekrypa HH(GOPMAIIMOHHO-
YIPaBISIIONIEH CHUCTEMBI HEOOWTAEMOTO ammapara ¢ HWHTEUIEKTYaJIbHBIM
QITOPUTMOM TIPHHSTHS pEIIeHni, 00ecredYnBaromas aBTOMAaTHUECKOe
BBINOJTHEHUE  HCCIICIOBATENILCKMX MHCCHA B IIOABOJHOM cpexe ¢
HEM3BECTHBIMU TPETATCTBUSAMH. IpEe/UIOKEHHBIN aNrOpUTM TNPHHATHA
pemeHui yanuTeiBaeT WHGOpMAIMIO 00 OKpY)KaIoILIeH cpene, mapaMeTpax
3aJJaHHOM MHUCCMM UM cocTaBe OoproBoro obGopymoBanus. I[lpu sTom
apXUTEeKTypa MEHeIKepa, YIPaBIAIONIET0 MHCCHell, peannsyerca B
peasbHOM BpEMEHH C UCIoNb30BaHueM ceteit [letpu.

AHanu3 TpeACTaBJICHHOW pabOThI TOKa3aj, 4YTO MPEAIOKCHHBINH
QITOPUTM TPHHATHS pElIEHHHd He IpeanojaraeT aBTOMaTHYecKoe
BBITIOJITHEHHE KOMIUIEKCHBIX MHCCHI Uil TIOWCKAa 3aJaHHBIX OOBEKTOB
paOOTHI ¥ BBIITOJHEHHS PA3IMYHBIX MAaHUITYJISIIUOHHBIX ONepanuii.

[Ipobnembl peanu3aluyl «TaKTHYECKOTO» M «HCIIOJIHUTEIHEHOTO»
yposHaeit UYC AIIPK B GonbImIMHCTBE yXKe MPaKTHUECKH peuteHsl [3, 4, 15,
16]. Tlpm stom wmccnenoBanus mo co3manuio WUYC ¢ srmemeHTaMu
HCKYCCTBEHHOTO  HMHTEIUIEKTa IS  Pa3IW4HBIX  POOOTOB  aKTHBHO
pPa3BUBAIOTCS M K HACTOALIEMY BPEMEHH YK€ CO3/aHO MHOXKECTBO
OTIENBHBIX  JOBOJNBHO J(PQEKTHBHBIX IOAXOJOB: IS  pa3padOTKu
QITOPUTMOB aBTOHOMHOW HaBWTanuu, miusi pemenns SLAM 3agau
(omHOBpeMeHHast JOKanmm3amusa W KaprorpadupoBanme — Simultaneous
Localization and Mapping) [17—19], kimaccudukanuu oOOBEKTOB U
ONTUMH3AIMY [UIAHUPOBaHMUA MAapLIpPyTOB B CIIOXKHOW cpere [20 —22],
QITOPUTMBI paclpenieeHusl 3ajad MeXIy TrpymnmaMmu poboTtoB [23, 24],
aHaiM3a HHPOpPMAIMHU, HEMIPEPHIBHO MOJIy4aeMON OT JaTYNKOB B PEATLHOM
BpeMeHH [25, 26], At TMarHOCTHKH OJIOKOB U YCTPOMCTB [27] 1 1p.

Co3/aHHbIE pEIICHHS YK€ TII03BOJSIIOT  BBIMOJHATH JIOBOJIBHO
CJIOKHBIC 3a/laudl B IIOJBOAHOW cpele, OJHAKO IOJHAas aBTOHOMHOCTh U
nHTemektyaiasHocTh AIIPK ocTaercs eme He JOCTUTHYTOH M3-32 OOJIBIION
CIIOKHOCTH ¥ HEONPEACICHHOCTH MOABOAHONW CpENbl, MEHSIOMINXCS
ycrmosuid - pyHKImoHMpoBanus »THX AIIPK, Oompmoro pasnooOpasus
pemIaeMbIX MMM 3ajad, HEOOXOIMMOCTH IPUHSTHS PEIICHWH B YCIOBHAX
HETOJIHBIX JIaHHBIX MWJIM HEOXHIAHHBIX CoObITHH. OTIEIBHO CTOMUT
OTMETUTHh TEXHUYECKUE OCOOEHHOCTH, CBSI3aHHbIE C OIPAHUYEHHBIMHU
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BBIYHCIUTENBHBIMA pECypcaMi M OTCYTCTBHEM OOIBIIOTO KOJIWYECTBA
JAHHBIX IJIs1 OOy4YeHHS B OTIMYHE OT APYTUX THIIOB POOOTH3MPOBAHHBIX
YCTPOMCTB.

VYkazanueie (akTopel TPEOYIOT CO3JaHUS HOBBIX IIOJXOJIOB,
HaNpaBICHHBIX Ha Pa3BUTHE WHTEJUIEKTYaJbHBIX CPEICTB YINpPaBJICHUS U
NYC AIIPK Ha cTpaTeruyeckom ypoBHE.

Henpto  nmaHHOW  paboThl  siBIIsieTCst  pa3paboTka  MeTona
HHTEJUIEKTYyaJIbHOTO IUIAHUPOBAHHUS MUCCHH Ha CTpPaTerMYeckoM YpOBHE
yIpaBIeHUS]  aBTOHOMHBIMH  TIOABOJHBIMH  POOOTOTEXHHYECKUMHU
KOMIIIEKCaMH,  OOECIIeUMBAIOIIET0  aBTOMAaTH4YecKoe  (OpMHUpOBaHHE
aJIalTUBHBIX IUIAHOB M MX NPeoOpa3oBaHHE B MCIIOIHUTEIbHBIE KOMAaHIbI
TaKTHYIECKOTO YPOBHSI IJIsl pabOTHI B N3MEHSIOIINXCS YCIOBUSIX CPEIBL.

2. TeopeTnueckue acneKThl MJIAHUPOBAHUS MHCCHHM B yCJOBHAX
HeompeJeJeHHOCTH. PerieHne CIOXKHBIX HHTEIUIGKTYyaJbHBIX —3ajad
OOBIYHO MpEeIoiIaraeT MmocjaeoBaTeIbHOE BBHIIIOIHEHNE paaa 3Tanos. s
3a/1a4d TUIAHUPOBAHUS 3TAallaMH SBIISTIOTCS:

—  (OopMyJIHpPOBKa YETKO ONPENEIICHHON 1IEJIH;

—  pazpaboTka IulaHa ~ MHccHM  (TIOIIArOBOM  CTpaTerHu
JOCTIDKEHUS LIEeNH);

—  peayu3auys/BIIOIHEHHE JeiicTBui, HETNOCPEICTBEHHO
HANpPaBJICHHBIX HA €€ JOCTIKEHHE.

B xonrexcre AIIPK wmemn onpenpensiores crnenudukoid ux
MIPUMEHEHHS, BKIIOYAs HAy4HBIC MWCCIICIOBAHUS, BOCHHBIC OIIEPALUH,
TTONCKOBO-CIIACATENbHBIE ~ MHCCHH, OKOJOTMYECKHA MOHHUTOPHHT U
TEXHOJIOTHYECKOE HCIONb30BaHue. [Ipu 3TOM BO3MOXXHOCTH TaKOro
NIPUMEHEHHUA BBITEKAIOT 13 (WIM  OTPAaHUYMBAIOTCSI) MHOKECTBOM
un3BecTHbIX KoMaH ATTPK.

IIpu pazpaboTke maaHoB Muccuil u onpeneneHun aercteuil AIIPK,
HanpaBjeHHBIX HAa JIOCTIDKEHWE LeNed, HeoOXOJUMO  YUYUTHIBATH
MHOXXECTBO (DaKTOpPOB, CBSI3AHHBIX C BO3MOXKHBIMU CLEHAPUSIMH Pa3BUTHUS
COOBITHH B ITpoIIeCcCe BBIMOJIHEHHS 33/1a41, XapaKTePUCTHKU OllepalliOHHON
30HBI, a TAaKXKe TeXHUUeckue napamerpsl camoro AITPK.

Ocoboe BHUMaHHE CIIyeT YACIHUTh IOCIeI0BaTeIbHON Nepenayue
KOMaH[ 4epe3 ynpasisomyro cucteMy AIIPK, dro sBiseTcss kpuTudecku
Ba)XHOW 0COOCHHOCTBIO peanm3anuu onepanuid. [loatomy npu paspadorke
IUIaHA MHCCHH TpeOyeTcsl OINpPENENUTh HOMEHYUATbHOEe MHONICECTNBO
JIUHEUHbIX NIAHO8 Oelicmeuti, BBIOOP M3 KOTOPOTO OyAeT MpPOMCXOIHTH,
HCXOJIS M3 TEKYIEH 00CTaHOBKH.

O003HAYMM YETKO OIpEIeNICHHYIO Helb (JKelraeMoe, TOCTUTaeMoe
LIEJIEBOE COCTOSAHME) KAK Sgoqi, MHOKECTBO MU3BECTHBIX OCLCMEULI-KOMAHO —

Kak {aj}, npedyciosue j-ro AeHcTBUs (YCIOBHE HAa COCTOSIHUE, B KOTOPOM
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€ro MOXHO IPUMEHATb) M €ro nocmycnogue (YCIOBUE Ha COCTOSHHE,
BO3HMKAIOIEE II0CTI€ BHINONHEHHS JEHCTBHMA) — Kak ((ppred,(ppost)
cooTBeTcTBEHHO. Torma Sgoq — 3TO ONHO M3 COCTOSHMH Hpolecca-
CIIEHapHs, JPyroe OuYeBHIHOE COCTOSIHME — HadalbHOe, So. [Ipu 3Tom
KaX0€ COCTOsIHUE (HadyalbHOe, LEJIeBOe MM COCTOSHHE, BO3HHKAIOIIEee
IIOCJIe BBINOJHEHUS] OJZHOTO M3 ACHCTBHI) MOXET oIpeneniTbcs HabopoM
acrekToB {asp'}: MecTONONOXHEHHEe OTHOCHTENBHO APYTHX CYLIHOCTEH,
cobcrBenHas koHpurypamus AITPK, cBoiictBa ero «uacreit», Bpems,
MIOJy4YEHHbIE CBEJICHUS W JAp. B HEKOTOPBIX MPOCTBIX CIEHAPHSIX WIN

3aTaHHAX BCE COCTOSTHHSA MOTYT OBITh HePEYHCIICHBI
(50, 51,52, """y SM» Sgoar € S) ¥ HFMEHOBaHBL.
Heobxomumo YUYHUTHIBATh u TaKyIo 0COOEHHOCTD

peanu3ain/BINOIHEHHS Jelicmauii-komano, Kak ux nepenaua na ATIPK
(uepe3 ympasisomyto cucremy AIIPK) crporo mocnenoBatensho. Ilpu
3TOM BBIIIOJHATHCA OHHU MOFyT napanﬂenbﬁo, T.K. UCIIOJITHUTCIIU — YaCTHU
€JIMHOT0 POOOTOTEXHUUECKOTO KOMILIEKCA.

BBenem TepMuH Juneinbiil yuacmox (NOCIEAOBATENIbHAS TPyIINa
JNEUCTBUH) — 3TO Oelcmeus-KoManobl, BBICTPOSHHBIE APYT 3a JPyroM
(a,,a,, , ar), KOTOpbIE TIEPEAAIOTCS CTPOTO MO odepean. Toraa moMUMO

o o j j o o
npefycnoBuii  m MOCTYCHOBUH (@00, Ppose) ACHCTBHI @ crenyer
06pamaTLca U K TPEeoyClOBHUSAM/IIOCTYCIOBUAM  epynn  Oeticimeull

]K <(ppred’ (ppost>

Ilpu pa3paboTke IUIaHA TUIIOBOH MHCCHH TPEOYEeTCsl ONMpPEeNeNUTh
MOTEHIMATbHOE MHOXKECTBO TaKHX ePYHNn OelCmeuti-kOMaHo — JIUHEHHBIX
yuacTkoB. Ha sTane uicnionHeHust BEIOOp epynn delcmeuti-komMano 13 3TOT0
MHOXECTBa JIOJDKEH TMPOU3BOJMUTHCS, HCXOJS W3 HEKOTOPBIX YCIOBHIA,
00CTaHOBKH (TEKYIIETO COCTOSTHUS).

[punuMas Ui TOPOCTOTHI BAPHAHT, KOTJA BCE COCTOSIHUSI MOTYT
OBITh TEPEYHCICHBI, IOCTAHOBKY 3a0ayu NIaHUposauus abCTpaKTHOU
(THIIOBOI) MUCCHH MOYKHO BBIPAa3HUTh TaK.

Jano:

So sgoal{a} (qopred ’ gopost)}

Haiiru:

MOTEHIUAJIbHOE MHOXECTBO JUHEUHbIX YYacmKog TUIAHOB (epynn
oeticmeuti-komano) {{dq, -, dy)}, dx = (@i, ) Qi) © ONpENETEHHBIMU
(@pred » Ppost) s Kakaoro d € D i ycnoBuil NX NPUMEHEHHS — NPABHII
{sjk - djk} , O00ecrnevrBaloIMX IOLIArOByI, TIO3TAHYI0 CTPAaTEruio
JocTxkeHus nenu. T.e. o0ecriednBaeTcs CyIIeCTBOBAaHUE HE MEHEe OJHOU
Heno4kn  OoT Sg K Sgoar * (so = (ppred: S1= q’post) (s1= (ppred'sz
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90131051:): 0 Sk = (pzlplﬁedisgoal = (plzggslt) (r.e. B TaKoOH LeMOo4Ke
TIOCTYCIIOBUE KaXKJIOW epynnbl COBNAJIALT C MIPEAYCIOBUEM JAPYTOM epynnsl B
9TOM LIETIOYKE UITH C LIENbIO).

OTO MHOXECTBO Iap, COMOCTABIISIOIIUX YCIOBHIO IPUMEHEHUS
rpynny JAelcTBUN {sjk - djk}, sIBIsieTcs 0a30i 3HAHMH O BO3MOXHOCTSX U
BapuaHTax pearupoBanuss AIIPK Ha passele cutyamuu [9, 10] npu
BBITIOJITHEHUY TUIIOBOM 3a/1a4H.

CymiecTBOBaHME MHOXECTBA IENMOYEK OT So K Sgoq (B TUIAHE
THUIIOBOM MHCCHH) JaeT IIaHC T'apaHTHPOBATh BBINOJIHEHHWE BCEX LEINeEH,
MOCTaBIEHHBIX B MUccuH [11], ecan He OyaeT npensTcTBUil (KOHKPETHBIX 1
o01Iero xapakrepa), peryCMOTPEHHBIX TIAHOM.

OTMeTHM, YTO B THIIOBOM IUIAHE MOTYT OBITH 3aJI0)KEHBI BapHaHTHI
ONTHMHU3AIMK padOT WM MapuipyTa C Y4€TOM MHOrooOpas3ws acleKTOB
W3MCHSAIOUIEHCST OOCTAaHOBKHM, OCOOEHHO TIPH PAacCMOTPEHHH CIIEKTpa
BO3MOXKHBIX ~ PE3YJIbTATOB  BBINOJHEHHS  (TIOCTYCIOBHH)  OTHAENBHBIX
JedcTBuil B coctaBe rIpymnmbl. Ilo pe3ynbraram KOMaHJ —MOTYT
BLIPA0aTLIBATLCS COOOLIEHHS O COOBITUAX {e;}.

B oOmem ciydae oOelicmeue-komanda @ WMEET TapaMeTpbl
BBINOJIHEHUS Py, ***, Pin- HEKOTOPBIM IapaMeTpaM MOTYT OBITh Ha3HAYEHBI
3HAYeHWs Ha YPOBHE THIIOBOTO 3aJaHusl (HampuMmep, MHHHMalbHas
CKOPOCTB), HEKOTOpbIE MOTYT OBITh HAJCNCHbl 3HAUYCHHUSMH MpHU
KOHKpETH3aI[1 MecTa paboThl MIIM MCIIOJHSIOMMX YCTPOICTB (HampumMep,
BBICOTA HAJ MOBEPXHOCTHIO NP MOUCKE T'MIPOJIOKATOPOM), HEKOTOpPBIE —
CMOTYT MOJYYHUTh 3HAYCHUS] B PEaATbHONW OOCTAaHOBKE B 3aBHCHMOCTH OT
JOCTUTHYTBIX YCIEXOB WM MNpoOieM (Hampumep, OLEHKAa OCTaBIIETOCs
3apsga). C HEKOTOPHIMH KOMAaHIAaMH MOTYT OBITh CBSI3aHBI COOOIICHUS
0 coObITHAX ¢ mapamerpamu ev;(pq, - Pin) , HaIpUMeEp, COOOIIEHHUE
0 HalJICHHOM OOBEKTE U €ro KOOPMHATAX.

Mpasuino {(s, = dj)} TOIKHO paccMaTpuBaThCs HeTanbHO. Jleas
YacTh IPaBWIa OINMWCHIBAET YCJIOBHS MO DPA3HBIM AaClEKTaM COCTOSHHS
MIPOIIecCca, YTO MOJKET OBITh BBIPAKEHO 4Yepe3 COOBITHSA (ONOBEIICHMS
WM CUTHAJNIBI), W3MEPEHHs Win BbaucieHus. CocTosSHHE B TEKyIIMH
MOMEHT t ecTh HabOp CBEPUIMBIIMXCA COOBITMII WIM 3HAYEHUH UX
IapaMeTpoB M TEKyIIHME 3HA4YCHUS CBOICTB, aTpuOyTOB, KOH(UIyparmi

i
si = {ev; (t [ p1y - Piml)|asp;(t)} . Tpasas wacTe npaBmia Moxer
TpeOOBaTh NPUMEHEHUS BBLIYUCIHUTENBHBIX (DYHKIME [UIsl BCEX WK
HEKOTOPBIX napaMeTpoB KOMaH] u3

di: a1 (P1p 5 P1nd)s s Q@1+ P1m) - Ipynma komamna  ecth
MOCIIE/IOBATENLHOCTh KOMAaHJ C BO3MOXXHOCTBIO WX HUTEPATHBHOTO
BBIITOJTHEHUS.
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[Ipu stoM asp;(t) umeer cBOK0 (j-yi0) 001acCTh BO3MOMKHBIX
3HA4YEHWUH, HapUMep, AHana3oH BO3MOKHOW CKOPOCTHU JIBW)KEHHS, a JIF000H
napametp p; moxer € {asp“'}, Hanmpumep, cKOpOCTb, C KOTOPOi Hamo
MpUONM3UTECST K OOBEKTY JUIA 3axBaTa, a ISl IOJMYYEHHsS 3HaueHUs
rapamerpa KOMaHIbl MOXET NOTpPeOOBaThCs NMPHMEHEHHE (PyHKIUU WIN
orepanuyd U3 {fl, far e, fQ}, HanpuMmep, [UIs pacdera pPacCTOSHHUS 10
yYKa3aHHOM TOYKM ITPOCTPAHCTBA. {151 HETPUBUAIIBHBIX BBIYHMCICHUI U IS
yZI0oOCTBa CBSI3BIBAHMS IAPAMETPOB KOMAaHJ C AaKTyaJbHBIMH 3HAYCHUSIMU
MOTYT NPUMEHAThCA TepeMennble V = {vy, vy, -+, vp}, fo: V;, = V. TlosToMy
(YHKIMH WM ONepanuy Al BBIYUCICHNS aKTyaIbHbIX BEJIMYHH SBILSIFOTCS
BAYKHOM YaCTBIO aJallTUPYEMBIX ILIAHOB.

IThanuposanue abcmpaxmuou muccuy Kak HaOopa TpaBwiI Ui
MHOJKECTBA TMHEWHBIX YYaCTKOB MPEICTaBISIET COOOM dTall, BHIIOTHICMBIN
YeJI0BEKOM-0IIePaTopoM M 00JIa/IAtoNii HANOOJIbIIEH WHTENIeKTyalbHOU
CIIO)KHOCTBIO.  MeTon ~ JaHHOrO  IJIAHMPOBaHMUS — 3aKIIOYaeTcs B
JEKOMIIO3UIMU  CLEHApUs JOCTIDKCHUS [ENM Ha HEOOXOAWMBIH u
JOCTAaTOYHBI HaOOp MpaBHiI BbIOOpa AeiicTBUIA (110/33/1a4), 3aBUCSIIIUX OT
pa3BUTUSL  CHTyallud B  pealbHBIX  ycloBusix. MHpopmanuoHHOE
obecrieueHne rnporiecca IIaHUPOBAHKS OTPAHNYNBACTCS IOTOKOM COOBITHH,
BKJIIOYAIOIIUM: COOOIIEHHS O BO3ZHMKHOBEHHM NPOOJIEMHBIX CHTYalMH;
JAHHBIE OT CUCTEM TEXHUYECKOT'O 3PEHUSI U CEHCOPOB; CUTHABI YCIEITHOIO
BBIMOJIHEHUSI KOMAHJHBIX IIOCIIENOBAaTENbHOCTEN. VYKa3aHHBIE KIJIACCHI
coOBITHI (HOPMHPYIOT TPEIYCIOBHS Al aKTHBALMH COOTBETCTBYIOIIMX
TIpaBWJI BBIOOpA JICHCTBHMH, 0OecIeunBas TeM CaMbIM aIaNTHBHOCTH TUIAHA K
M3MEHSIOIIMMCS YCIIOBUSIM OIIEPAllMOHHOM CPEJIbI.

IIpu 3TOM y 3KChepTa MNPEIMETHONH OO0JIACTH €CTh BO3MOXKHOCTH
NIPEAyCMOTPETh ~ THIHYHBIE  OCOOCHHOCTH  OKpY)KaloIled  cpersl
(mpensATCTBUSA, TEUYEHUS) M ONMCATh TUIMYHBIE peakuud Ha Hux [11].
B kauectBe 1ieneii MHUCCHHM MOXET ObITh CHOPMHPOBAHO HE TOJBKO
JOCTUIKCHHUE 3aJaHHBIX HEJCBbBIX MapIIPyTHBIX TOYCK, a 0osiee CIIOXKHBIE
LeNH, BKIIOYas BBINOJHEHHE TEXHOJOTHYECKUX OIepaluid, IOUCK
U IeTaibHOE o0cieoBaHMEe OOBEKTOB WHTEpeca, B TOM YHCIE 3apaHee
HEU3BECTHBIX, BBHIMOJHEHUE UCCIEN0BATEIbCKUX MUCCHH C HEM3BECTHBIMU
MPEMATCTBUSMH, BBINOJHEHHE KOMIUIEKCHBIX MUCCHH, HPEIIONararolux
TIONCK 3aJaHHBIX OOBEKTOB M BBHITIOJIHEHNE PA3IMYHBIX MAHHITYJSIIHOHHBIX
onepauui [14].

Ha coBpemMeHHOM »Tame naanuposanue abCMpaKmuol Muccuu
MOJKET OBITh IOJAEPXKAHO IOJCKa3KaMH W KOHTPOJEM IOJTHOTHI BCEX
BO3MOKHBIX COCTOSIHHI ¥ HEPOTHBOPEYUBOCTH IIPABHUIIL.

OOmuii, TUNOBOW IUIAH MHCCHH QalTUPYETCsl K pealbHOMY
BBITIOJIHEHHIO 33Jauk (B CMbICie (PM3MYECKOTO HCIIOJIb30BAHUs arnapara
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JUIL  O4EpelHOro  JOCTIDKEHHMsS THIIOBOM L€M) dYepe3  3a/JaHue
cneuduuecknx xapakrepuctuk AITPK, ocoGeHnHocTell TeppuTopmii, Ha
KOTOPBIX OHH BBINOJHAKOTCA, IMMPOUYUX O6T)GKTOB u Cy6’beKTOB MHCCHUHU
(KOTOpBIE CONEPIKATCA B Sg M Sgoar)-

Oran KOHKpETH3alUu (aJanTUPOBAHUA S U Sgoar K S0 U S goar)
mo3BouisieT cOpMHUPOBAThH BapHaHT IUIAHA THUIIOBOM 33/a4d C Y4YETOM
3alaHHbBIX TIoKa3artenei 3¢ dexruBHOCTH [11].

Konkpernzanus MokeT OBITH IMOJAEpKaHA OLCHWBAHWEM IUIaHA
JEHCTBUH C TOUYKH 3PEHHUS AOCTIKUMOCTH Leiel, 3pPEKTHBHOCTH U 3aTpaT
pecypcos [12].

3adauy peanuzayuu (T.e. BBHIOOpAa HCUCTBUHM JUIS BBIIOJTHEHUS)
MOYKHO BBIPa3HTh TaK:

Jlano:

MOMEHT €,

{evi (t [pu - pimD} .

{asp;O)};

6aza 3uanuii nosenerust AIIPK {s, — d;} (¢ npeaBsraucieHHBIMU
3HAYEHUSIMU TEX MAPAMETPOB, KOTOPBIE 3aBUCEIH OT S o U S goqr)-

Haiiru:

ouepenuoil  ydactok miana dy = (@i, ', Ami) ,  BEPHBIN
OTHOCHUTENBbHO 0a3bl 3HaHUH (B MPEINONIOKEHUH, 9TO B 0a3e I KaKIou
KoMOHMHAIMH {S; }, Sy = ev;|aspy, ecth oaHO MpaBmio S; — d;).

OTOT 3Tam MOXeET OBITh MOPY4YeH MPOTPaMMHOMY HCIIOIHHTEIIO,
KOrJla YK€ TIOCTpOeHa [OUIaroBas CTPaTerds JOCTHXKCHUS  IIEJH.
[Iporpamma-cynepsu3zop OyneT MCIONB30BaTh 0a3y 3HAHWM MPU NPHHATHA
pelIeHnst 0 BHIOOpE OYEPEeHOTO YYacTKa JIMHEHHOTO IUIaHa B KOHKPETHOM
CHUTYaIHH.

3.Wnes paspmeneHHsl IUIAHUPOBAHUS THUIOBOTO (IIAOJIOHHOTO) W
YHUKQJIBHOTO cueHapus Muccuu. [lmansl muccuii 00mamaioT cBOHCTBOM
MIOBTOPHOTO  Hcmoib3oBaHus. C  OAHOW  CTOPOHBI, JUIA  pa3HBIX
CYIIECTBYIOIIMX (M OIpEAeNseMbIX) Ieled OYeBUAHBI OJHOTHITHBIC
JEWCTBHSA M X TIOCIIEI0BATEIHHOCTH/COBOKYITHOCTH.

C npyroil CTOpOHBI, Ui OJHOH IEMH MOTYT CJIOXKHUTHCS pa3HbIE
YCJIOBUS BBINIOJIHEHUs], 0ojiee TOro, MOryT (OpMyJIHpOBATHCS 3aBEJOMO
YHUBEPCAJIBHBIC LHECIN I UX O’I’pa6OTKI/I B pasHbBIX MECTax U BpEMECHaX. 910
CBSI3aHO C HJeed aJanTupoBaTh pa3padOTaHHBI IUIAaH MHCCHUH K
BBIMOJHEHUIO PAa3IMYHBIX 337a4 (KOHKPETHBIM POOOTOTEXHUYECKHM
KOMIIJIEKCOM JJIsl OUEpPETHOTO JIOCTIDKEHUS] TUTIOBOM 1enn). Kaxnas Takas
KOHKpPETHAasT MHCCHS YTOUHSET OOIIMI ITaH MHCCHHM dYepe3 3a/aHue
cnemuduueckux xapakrepuctuk AIIPK, ocoGenHocteli Tepputopmii, Ha
KOTOPBIX OHU BBIITOJIHSIOTCS, IPOYUX OOBEKTOB U CyOBEKTOB MUCCHH.
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Merton M[EKOMMO3WIMK CLIEHApHs IOCTHKEHHS LEeIH Ha Habop
IpaBWJI BbIOOpa JAEHCTBHI mpearnonaraeT Haiauuue (GopManu30BaHHOTO
S3bIKa M CPENCTB Uil  CTPYKTYPHPOBAHHOIO  ONHMCAHHUS  ITOJIHOIO
CTpaTCru4€eCKOro IJjiaHa BBIITOJIHCHUSA MUCCHUU. ﬂaHHbIIZ MOJAXO0J YUUTBIBACT
OTpaHMYEHHOCTh MH(OpMAIMU O COCTOSHHM Tpoliecca, MPeNOCTaBIsIeT
MEXaHM3MBI JUIS BBIYMCICHHS JUHAMHYECKH M3MEHSIEMBIX I1apaMeTpoOB
n obecrieyrBaeT TOYHOE INPeoOpa3oBaHME B KOMAaHIbl HCHOJIHUTEIHHOTO
YPOBHSI ¢ TapaMeTpaMH.

B cooTBeTcTBMM C BBIMICNPUBEICHHBIMH MOCTAHOBKAMH 33Ja4d
BaXKHBI:

—  SA3BIK M CPEACTBO YHHBEPCAIbHOIO IUIAHUPOBAHUS MHCCHU
SKCIIEpTaMH  TIPEIMETHOH  oOmacth, KOTopble OBl  oOecneduBaiivd
1 obnerdann Cco3JaHWe W PEAAKTUPOBAHHE IUIAHOB MHCCHH C Yy4YETOM
Cl'IeLII/I(bI/IKI/I BO3HHUKAKOIIWX 3a1a4 1 yCJ'IOBI/Iﬁ HX BBIIIOJIHCHHUS,

- METOA M CPEACTBO KOHKPETHU3ALMU YHUBEPCAJIHLHOI'O IJIaHaA
K crienuduke 00bEeKTOB U CyOBEKTOB MUCCUH M YCJIOBUH BBHITIOJTHEHHUS,

— METOI U CpEeACTBO JOBENEHHs [0 HCIOMHHUTENS (WiIH
ITOPUTMA) JIOKAJIBHOTO BBEIOOpA KOMaH M IPYTUX NEWCTBUH KOHKPETHOTO
IJIaHa, a TaKXKC MX KOHKPETHU3AllUU MMYyTEM HAa3HAUCHUSA TCKYIUX 3HAYCHMI
rapameTpam.

BrlcokoypoBHEBOE  IUIAaHUPOBAHHME MHCCHM B COOTBETCTBHH
¢ onMcanueM 3a1anus ¢ yaetom pecypcos AIIPK, paboTocriocoOHOCTH ero
KOMITOHEHTOB M BHEITHUX YCIIOBHH NPHHSATO OTHOCHUTBH K CTPATETHYECKOMY
ypoBHIO  (MH(OPMAIMOHHO-YIIpaBiIAomEel  cucteMsl).  JlokamapHOe
IUIAaHUPOBAHUE, KOTOPOE aJaNTHPYET INI00albHbIC 3afadd K KOHKPETHBIM
yCIOBUSIM ~ PabOTBl  OTAEIBHOTO  YCTPOWCTBA, IPUHATO  OTHOCHUTH
K TAKTUYECKOMY YpPOBHIO; 3TO IUIaHUPOBAaHUE JEHUCTBUH [l TEKyIIEHl
CUTYallUU B paMKax TUIIOBOU 3aIlJIaHUPOBAHHOM MUCCHUHU.

Ha ocHOBaHMH W3JI0)KEHHOIO MpemIaraeTcsi OOIUHA  OaXO0.X
K pa3pabOTKe CHCTEMBbI INIAHWPOBAHUSI MUCCHUI, KOTOPBIA OTAENsET paboTy
TaKTHYECKOTO YPOBHS OT CTPATETMYECKOro TaK, YTOOBI KaKIBIA BUJ
TUIAHUPOBAHUSl BBINOJHSJICS B CBOMX YCIOBHSIX, HO C TpeOyeMbIM
COOTBETCTBUEM  JApPYr  JApYTY. Pemeno  crpykrypupoBath = H
CTaHAapTU3UPOBATh ONMCAHUS MHCCHH 00OMX YpOBHEH, cO3/1aB AJIsl 3TOTO
€MHYI0 OHTOJIOTUIO IIaHupoBaHus muccuiit AITPK.

Hcnonp3oBaHre OHTONOTMYECKOTO MOAX0a 03HAYAET:

1) mpemocTaBieHHE YEJIOBEKY CEMAaHTHYECKOTO mIabioHa st
(¢opMupoBaHMS  IUIAHA ~ CTPATETHYECKOTO  yPOBHS,  HCIOJBb30BaHHE
CIpaBOYHMKOB W KaTajoroB,  CHCTEMaTH3MPYIOIIMX  CBOMCTBA
1 HOMEHKJIATYpy CYIIHOCTEH 3TOH IMpeaMeTHON 00JIacTH;
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2) oOecrneueHHEe MaKCHMMAajibHOTO COOTBETCTBUSI INPH IEPEBOJE
KOHKPETH3UPYEMOIO IIJJaHa B CEMAHTHYECKMH IIabJIOH TaKTUYECKOTro
YPOBHS,

3) nOporpaMMHYI0 HWHTEPHNPETUPYEMOCTh TIUIaHA TaKTHYECKOTO
yPOBHs (YHUBEpCAJIbHBIM 00pabOTYNKOM MHCCHI Ha OOPTY).

Jns ommcaHust BCeX COCTaBHBIX YacTed IUIAHOB IPEJIOKEHBI
CEMaHTHYECKUE IIA0JIOHBI, KOTOPHIE B CBOIO OYEpEIb CBSA3BIBAIOTCS JIPYyT
C IPyroM OTHOLIEHUSIMH BIIOKEHHOCTH, YePEeI0OBaHUS U IIPHYMHHOCTH.

Jlis MCXOmHOTO COCTOSIHUSL Sy — 3TO y3en «lcxonHble naHHBIE
3aJjaHus», COJCPIKAILNI HA0Op y3JI0B «T1apaMeTpy;

AT OKHIAeMBIX cocTosHuH /K 1 Sgoal — Y3TBl «KOH(Hrypauus
000py/IOBaHUSl» M «YCIOBHS», BHYTPU KOTOPOTO Y3JBI «COOBITHEY,
CUCKJIIOYEHUE» W  y3el «3HayeHus] TMEePEeMEHHBIX M  COCTOSHHE»
C COOTBETCTBYIOIIMMH BHYTPEHHOCTSMH [yl OTPaHWYEHMs JHAIa30HOB
3HAYEHWH WIN WX BBIYMCICHHH dYepe3 (GYHKIMH WM omnepanuu. Jns
nedictBuii di = (@, -+, Apmy), TPUBOMALNIMX K CMEHE COCTOSIHHM, — Y3IIbI
«[IpucBamBanme  3HaueHms», «Komamma» (¢ «mapameTrpaMm»)
1 KOHCTPYKTOp  HWTepanuil  (IIOBTOPEHWH), CBA3BIBAIOIIMI  MapameTp
HEeKoTOpoil «KoMaHIBD» BHYTpPH € 3JIEMEHTAMHU U3 «KOHEYHOE MHOXECTBO
JUIS TTapaMeTpa UK.

CemaHTHUYECKHE IMIA0JIOHBI CTPATETHYECKOrO YPOBHS B HACTOSAIIEE
BpeMs SABJAIOTCS OCHOBOM CO3[@aHUS  CIELMAIUM3UPOBAHHOM  CPEIbl
pa3paboTKK Ha OHTOJIOTHYECKHX IIaTGopMax.

B pamkax wupeum  paszneneHHss — CPEIACTB  YHHBEPCAIBHOTO
IUTAHUPOBAHMSI MUCCUH OT CPEJICTB JIOKAJIBHOTO IUIAHUPOBAHMUS JEUCTBUI B
TEKyIIed CHUTyallM T[peJOCTaBIAeTCS  Pa3BUTHIM  MHCTPYMEHTapHi
pEelaKTHPOBaHUS IUIAHOB. MHCTPYMEHTBHI CO3/1aHHMS M PEIaKTUPOBAHUSA
IUTAHOB MHCCHI TIO3BOJISIIOT (POPMHPOBATH M YTOUHSTH HMX C Y4YETOM
crienuQUKH 3a/1a9 ¥ yCIOBUH MX BBHITIOJHEHUSI.

Takoil moaxoj MO3BONSET CTPYKTYpHPOBATh M CTaHIAPTU3UPOBATH
ONMCAaHUE IUIAHOB MHCCHH B COOTBETCTBHH C OOIIMMH TPHHIUIIAMH.
Bo03MOXXHOCTh CO37aHMSI YHHUBEPCAIbHOTO MEHEIKEpa MHCCHH Ha OopTy
AIIPK (6e3 HE0OXOAMMOCTH MEeperporpaMMHUPOBAHUS U1 KaKJOH HOBOU
MHCCHM)  OOeImaeT MOBBICHTH  3(G(GEKTHBHOCTh  IUIAHHUPOBAHUSA U
BBINOJTHEHUSI MUCCHH, CHU3UTh BPEMEHHBIE U PECYPCHBIE 3aTPAThI.

@opMHupoBaHHE THUIIOBOTO  IUIAHA MHCCHHM  OCYILIECTBISIETCS
9KCIEepTaMH  NpeJAMETHOW o00JlacTh B CHELMATU3MPOBAHHOW  cpeje
paspabotku wmuccuil. Ha »3ToM (cTparermueckoMm) YpOBHE cpena
IUTaHUPOBaHMs OyJeT BKJIIOYATh U 0OecrieueHHe MOJTHOTH U KOPPEKTHOCTH
JAHHBIX W TapaMeTpoB sl TpeOyeMBbIX B MHCCHHM KOMaHJA, W KOHTPOJIb
MOTCHIMANIBHBIX PE3yNbTaTOB HCIONHEHHs KoMaHna. Ha TaxTndyeckom
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YPOBHE pEILIaloTCs MoA3a1adu 00Xo/aa MPensITCTBUM, y4eTa JUHAMUIECKUX
HU3MEHEHUN OKPYXKaroLIel cpenbl U Ip.

4. ApXUTEKTYpa KOMILJIEKCHOI CHCTEeMBbI IJIAHHPOBAHHUS MUCCHUA
¢ JJeMEeHTaMH MCKYCCTBEHHOr0 WHTe/JJIeKkTa. Jlig ommcaHHOTO
TPpEX1IaroBoro IUIaHUpPOBAHUA MHUCCHH C aJalITUBHOCTBIO pa60T1)1 u
ABTOHOMHOCTBIO TIOJIBOIHOTO POOOTOTEXHUYECKOTO KOMILIEKCa
npeJaraeTcs HUHTETPUPOBAHHOE peleHue, o0beuHsIoIIee
CTpaTeru4ecKkoe, TaKTHUYECKOe U  HUCIOJHUTENbHOE YIpaBlICHHE C
HCIOJIb30BAHUEM DIIEMEHTOB HCKYCCTBEHHOIO HHTEIIEKTA.

Jns  obecriedeHHss OTMEUYEHHOTO psija JTAlOB JESITEIbHOCTH
TUTAHUPOBAHMS MUCCHHU (TaKHX KaK QopMyIuposka abcmpakmHou yeiu u
paspabomka NAGHA  NOWA208020 OOCMUDICEHUs. Yeau B  YCIOBHAX
HEONPE/ICICHHOCTH, KOHKpemusayus yeiu W pearusayus Oetcmsull,
HANPAGNEeHHbIX HA ee OO0CmudiceHue) Tpeiaraercs HHGOPMAIOHHO-
yhnpaBisiiomas CHCTeMa, BKIIOYaromas paboyne MecTa OJKcmepra Hu
HUHXXEHEPA C UHTEIUIEKTYaJIbHOU MOANEPKKON, U IPOTPaMMHBIN CYIIEPBU30D
C TEHepaTopoM TIpyNN KOHKPETHBIX KOMaHj] (Yy4acTKOB IUIaHA),
UMHUTUDPYIOIIMH ~ yMHBIE  pELICHUs] HAa  OCHOBE  CIIOCOOHOCTH
WHTEPIIPETHPOBATh ACKJIapaTUBHbIE 3HAHUS (PUCYHOK 1).

Cpepa co3gaHuAa cuctemHbix 6ubamnorex

Owxtonorva
OnTonorua OxTonorua OnTonorua

w BBIMWCAUTENBHBIX
KOMaHg CcoBbITHiA =

I

Mporpammuctbl

(——————c

"

Keneprsi

Bubnuotera Bubanotera MUCCUIA
b HbIX fnaHos
o KOMaHz, cobbimui o EubnuoTeka
/ onucanmii Tnos AMNPK n
WX KoHbUIypaumii
~

Mnan muccnm Ha

A3bIKE ONUCAHNA

OHTonMOTMA OHTONOTWIA
nn1aHos
MHCCHiA

3apaHue Ha A3bIke
OnK1CaHKA
OHTOROTMIA

Cpepa pa3paboTku

- AN

3Kcnept Onepartop

Puc. 1. ApxutexTypa cucteMsl I1aHupoBanus Muccuii AITPK
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OcnoBoit WNYC sBusrorcs ©6a3a 3HaHMH O  BO3MOXHOCTAX
u BapuaHTtax pearupoBanus AIIPK mHa pasHple cuTyamum 1pu
BBITIOJIHEHUY TUIIOBOW 3a7lad4d M NPOTPaMMHBIH  MEHEKEp MHCCHH,
KOTOpBI YMEET YUTATh TEKYLIYI0 CHTYAaIlHI0O U PYKOBOACTBOBaThCS ITOU
0a30ii 1151 BEIOOpa KOMaH/ Ha UCIIOJHEHHUE U MepeBojia UX Ha TpeOyeMblil
WCIIOJTHUTEIIIO SI3BIK.

Habop npaBui sBIsIeTCs pe3y/IbTaToM Mepesiadll «CTPaTeruuecKoro»
IUTaHa, aIalTHPOBAHHOTO K TEKYILEH NCXOTHOM CUTyallny, Ha TAKTHYECKUN
YPOBEHB, a MEHEIKEp MHCCHH IIepelaeT pe3ysbTaT e MHTEepIpeTanuy Ha
WCIIOJIHUTEIIEHBIN yPOBEHb (PUCYHOK 2).

Ynpasnsawowas cuctema AlMPK

[/ CTpaTeryeckuii ypoBeHb — MHTENNEKTYaNbHbIHA NAaHUPOBLLMK T

N
A 4

TaKTU4ECKUI YyPOBEHD

N
v

McnonHUTeIbHbIA YPOBEHD

Puc. 2. Cxema ynpasisromeit cucremsr AITPK

[lnanpl  peiicTBHH  pa3MeIlaloTcss B Tpex WHQPOPMALMOHHBIX
KOMIIOHEHTaX: B OHOIMOTEKe MHUCCHI (IZle XpaHSATCS THIIOBBIEC IUIAHBI),
KOHKpETHBIH HabOp MpaBwJl, U TEKyIlas ruiaHoBas 1enovka. /s B3aumMHon
MIPEEMCTBCHHOCTH (M TIOBTOPHOM HCIIOJIB3yEMOCTH) CO3/laHa OHTOJIOTHS
MPEIMETHON O0JIACTH — CTPYKTypa (S3bIK) OMUCAHUS MUCCHH (JTUCTHHT 1)
C COTJIAIICHHUSIMH 110 €€ IPUMEHEHUIO.

Onronorusl ompeneNsieT CTPYKTypy 3alHCH 3HaHWH W JOpyroi
nHpOpManyHy (Kak CeMaHTHYECKHH IadioH), mpaBuia UX (GopMupoBaHMA

3HaHMH W wHTeprnperanuu. CeMaHTHYEeCKHi IAabIOH — HEO0OXOIUMBIH
9JIEMEHT JEKJIApaTHBHOTO INPEACTAaBICHHS NAaHHBIX M 3HaHMHA. B ocHOBY
JEeKIapaTHBHOTO MIPEACTABIICHUS TIOJIOKEHO IBYXYPOBHEBOE

npeAcTaBieHne WHGOPMAIMU, a IS HOCTPOSHHS CaMOW OHTOJIOTHH
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HCIIONB3YeTCsl sI3BIK OomucaHus MeramHpopmarmm [28, 29]. Peammzaums
JAaHHOTO pemeHus BBITIOJTHEHA Ha iathopme TACPaaS
(https://iacpaas.dvo.ru) [28].

IMnax 3aganus AMPK {CMACOK}
McxopHble aaHHble 3apanus {CMCOK}
napameTp 3agaHus
KOHMrypaLus 0bopyaosaHms
Mogmuceus (Mpaeuno) {CMUCOK}
nosicHeHne (CTpokoBoe)
Ycnosus {CMNCOK} (‘copy')
Coobuwerms 0 cobbiTnax*{CMUCOK}
CoobLLenue o cobbiTim (CTpokoBoe)
nckntoyeHne(CTpokoBoe)
HeT curHanos(CTpokoBoe)
3HaueHMs nepeMeHHBbIX 1 COCTOsHWE NnpoLiecca
COCTOSHMeE npoLiecca
Tpebyembie Boluncnenns {CMINCOK}
BbluncnntensHas @yHkuns {CrIMCOK}
BXOJHOW NapameTp
OX1AaeMbli pesynbTaT
Ko BbINOMHEHWS
MpuceamsaHue sHa4erna{CMNCOK}
Bnok ¢ pelictBuamn{CrMCOK}
Komanaa{CIMUCOK;} (list)
nenonnutens(CTpokoBoe)
BXOAHble napameTpbl komaHab! ('set')
Peaynbtatb{CIMCOK}
OXM1OaeMblil 0TBET
BO3MOXHOE UCKIMIYeHNe
nosTopeHue {CMUCOK}
KOHEYHOE MHOXECTBO NS LiyKra
KomaHpa
OxuaaemMoe M3MeHeHWe COCTOSHIUS NpoLecca
Jucrunr 1. MOI[SJIB OHTOJIOTHH OIIMCAaHUA U XPAaHCHUS MUCCUU

WHpopMaMOHHBI KOMIIOHEHT CHCTEMBI, COJEpXalui 3HaHHE
0 BapuaHTax pearnpoBanusi KoHkpeTHoro AITPK Ha pasHble cuTyanuu npu
BBINOJTHEHUH 3aIlJIaHUPOBAHHOM 33/1a4M, 00ecreYnBaeT NpoLece MPUHATHS
pemieHnii B peaJbHOM  BPEMEHH. OTOT  KOMIIOHEHT  CO37aeTcs
B COOTBETCTBHH C OHTOJIoTHEH. CeMaHTHUECKHE MIa0JI0HBI 3alMCH THUITOBBIX
1 KOHKPETH3WPOBAHHBIX IUIAHOB MHUCCHH MIACHTHYHBI. Takas apXUTEKTypa
MO3BOJIIET  KJIACCHU(HUIMPOBATH  COOTBETCTBYIOUIMH  MPOTPaMMHBIN
HHTEpIpeTaTop (MEHEIXKEp MHCCHH) KaK OHTOJIOTO-OpPUEHTHPOBAHHBIMN.
Y4uThIBast, 4TO AAHHBIH MOAYIb OCYIIECTBIISIET IPUEM BXOIHBIX JaHHBIX OT
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MEHEIKepa KOMaHJl W TEHEpHpyeT YHOPANOYEHHbIE KOMAaHIHBIC
MIOCIIE0BATENbHOCTH AJISI UCTIONHUTENBHBIX YCTPONCTB, TO JIOJKEH OBITh
peau30BaH Ul pa3BepTHIBAHUS HEMOCPEICTBEHHO Ha OOPTY aBTOHOMHOTO
KOMIUIEKCA.

CucreMa IUTaHUPOBAHUS BKIIOYACT cpedy pa3pabomKu Muccuil,
oubnuomexy Mmuccuti, cpedy ONUCAHUA 3A0AHUA, CPedy CO30aHUsA
cucmemuvix obubdauomex. KiroueBble KOMIIOHEHTHI B3aUMOAEHCTBYIOT
yepe3 4UYeTKO ompezeneHHble wuHTepdeiicel. Mcmonp3oBanme JSON
B KadecTBe (hopmara Ieperadyn AaHHBIX 00eCIeUnBacT yHUBEPCAIbHOCTD,
YUTaEMOCTh W JIETKYI0 HWHTETPalUi0 C pa3IMYHBIMH TOACHCTEMaMHU
(pucyHok 2).

Cpeda paszpabomku muccuil BKIIOYACT CIIENUATN3NPOBAHHBIA
peoaxmop onucanus nianos, (QYHKINOHUPYIOIIMH HAa OCHOBE EIMHOM
OHTOJIOTMH, 4YTO O0O0eCHeuyMBaeT CTaHAApPTH3ALUI0 U COBMECTUMOCTD
CO3/1aBaeMbIX IUIAHOB. BakHOW OCOOEHHOCTBIO pEIAaKTOpa SBISETCS
BO3MOKHOCTb a0CTParupoBaHusl OT TEXHUYECKUX AETalel, MOo3BOJISIOImas
9KCHEepPTaM COCPEAOTOYUTHCS Ha BBICOKOYPOBHEBOM ONMHMCAHWH 33134 U MX
JIOTHYECKOW IMOCIIEI0BATEIbHOCTH. JTa Cpea MPEJOCTaBIAET IKCIEPTaM
MpeIMeTHOW 00JacTH WHTYUTHBHO TOHATHBIH WHCTPYMEHTapHid Mais
dbopMHpOBaHHA ¥ PENAKTHPOBAHWA IUIAHOB MHCCHH (pPHCYHOK 3).
Co3maHHbIC [IJIaHBI MUCCUI COXPAHSIOTCS 8 OubIuomexke Muccuil, KOTopas
CJIy’)KUT LIEHTPAJIN30BaHHBIM PEMO3UTOPUEM ISl XPAHEHHsI U IIOBTOPHOTO
HCTOJB30BAHMS paHee pa3paboTaHHBIX oOmux creHapueB. Cpena
obecrieurBaeT 3()(HEKTUBHBIA MEXaHU3M IMOMCKAa M BHIOOpa MOJXOMSIINX
IUTAHOB, a JJIs aJanTalMd BBIOPAHHOTO IO KOHKPETHBIE YCJIOBUS
BBITOJIHEHHUSI MUCCHU UMEETCSI cpedd OnUcCaHusl 3a0aHusl.

Cpeda  coz0anusi  cUCMEMHbIX  Oubnuomex  TONICPKHUBACT
(opmupoBaHue Habopa BCIIOMOTATEIbHBIX HH(POPMAIMOHHBIX PECYPCOB:

— obopynmoBanme u  xapakrepuctukn  AIIPK,  Briowas
JMHAMHYECKUE U TEXHUYECKHE TapaMeTphl,

—  CTaHJapTH3MPOBaHHbIE HAOOpPHI KOMaHI M COOBITHH,
COTJIACOBAHHBIE €  pa3paboTYMKaMH  MPOTrPaMMHOTO  OOECHEeYeHUs
TAaKTHYECKOTO U CTPATETHIECKOTO YPOBHEH,

—  BBIYHCIUTEIBHBIC ONEPAIMU U alTOPUTMBI 00pPaOOTKH JaHHBIX,
HCIIOJIb3yEeMbIE B XOJI€ BBIMIOITHEHUSI MUCCHIA.
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¥ lNepenucnokaua TokcuuHoro o6bekTa * [MnaH 3anaqua] *
¥ VicxoaHsie AaHHble 3aaHnA *

» Vckomblit 06bexT [napameTp]

» [paHuLbl 00nacTu no1cka [napamerp]

» HanpaeneHue nepemelLeHnA (OTHOCHTENEHO cegepa) * [napamerp]
» bezonacHoe pacctoaHne * [napameTp]

¥ [Mowck ykasaHHoro obbekTa * [Mogmuccus (Mpasnno)]
» Yenosus
¥ Bnok c peicTBUAMI

¥ 1 [[MpuceauBaHue 3Ha4eHUA]

TOuKa Hayana MUCCUK * [OKULAemblil pe3ynsTar (COpT: CTPOKOBOE)]
¥ WCTOUHWK NONYYEHUA 3HAYEHNA

» u3 coobuyerma MSG_COORD *

¥ Ynpaenenue obopynosarnuem (EQUIP) 1 [KomaHaal

» BXOAHLIE JaHHble
» PesyneTartel

¥ NOBTOpEHWe

¥ BEKTOP MNAHOBLIX FAMCOB ] % [KOHEYHOE MHOKECTBO ANA NapaMeTpa Ljknal *

¥ 1 [Mprceaneanue 3HayeHus]

<KOOPAVHATHI HaYana ranca; KOOPAMHATLI KOHLIA ranca> * [0muaeMblil PesyrTaT (COPT: CTPOKOBOE)]
BLIBPOC TeKYLLEro 3Ha4eHNA U3 cTeka (BeKTopa) (TUN: CTPOKOBOE)
P UCTOUHHK MOMYYEHUA 3HaUEHHA

¥ 2 [MpucBanBaH1e 3Ha4YeHus]

KOOPAMHATLI Hauana ranca % [oxuaaeMelil pe3yneTaT (COpT: CTPOKOBOE)]
P UCTOUHHK MOMYYEHUA 3HaYeHNA

¥ [ewkeHue B Touky (P2P) T [KomaHpa]

P Bxoaubie gaHHLIe

» 3 [MpucBanBaHm1e 3Ha4YeHns]
¥ [IBiskeHue B TOMKy no npAmoi (STR) T [KomaHpa]

» Bxoaubie naHHbIe

» OmaaemMoe M3meHeHne COCTOAHMA NpoLecca

'¥ MMonbiTka NofoiTH 1 3axsatvTb oBbekT [Moamuccua (Mpasuno)]

¥ Ycroeua

¥ Ycnosus

¥ CooBLUeHHA 0 CoBBITUAX *

OBJ_DTCT (Co0GILEHHE 06 0GHAPYKEHUM 0OLEKTA) [COOLITHE (COPT: CTPOKOBOE)]
¥ OBJ_DTCT [Topic]

KOOpAMHATHI X 1 ¥ 00bekTa * [p.y, p.Z (CopT: cTpokosoe)]
BEPOATHOCTL pacno3HaBaHuA oObekTa [0.X (CopT: cTpokoBoe)]

¥ TpebyeMble BbMUCTIEHUA

> BbIUMCAUTL MakCUManbHLIA paguyc noucka cnupansto Ans obbexTa [PyHkumA (npouenypa)] *

P> 3HauYeHUA NepemMeHHLIX M COCTOAHWE Npolecca

'V BrioK ¢ AeACTBUAMUA

» [IBuxeHne B Touky (P2P) [ [Komanna)
¥ Ynpasnexue obopynosannem (EQUIP) [Komanaa]

MaHnunynATop [aapecar/McnonH1TeNE (COpT: CTPoKoBoe)]
¥ BxogHble AaHHbIe

¥ xenaemoe coctofHue [napameTp]

1V BLIBOD THN@ 3HAUEHMIT

: BKI1 [kaueCTBEHHOE 3HaUEHHE (COPT: CTPOKOBOE)]

» PeaynLTarsl
» O'MM,JJSEMDQ W“3MeHeHWe COCTOAHWA npouecca

» Ynpasnexue obopynosannen (EQUIP) [Komanaa]

P Oxnaaemoe aMeHeHne COCTOAHMA npouecca

» YHecTn 00beKT 1 BuIrpy3uTh [Moamuccus (Mpasuno)]
» BO3MOKHbIE COCTOAHNA MUCCUM

» [ouck ecex obtekTor B obnactv [MnaH 3aganuA] *
» OueHka Guopecypcos [MnaH 3apaHusA] *
¥ [Nowck 0ObekTa B 3anaHHoi obnacTy [Mnax 3anaxua) *

Puc. 3. CkprHIIOT OMOIMOTEKH ONMCAHUS TUIIOBBIX MUCCHI Ha TaTdopme
IACPaaS

Cpeoa onucanuss 3adanusi TpeNHA3HAYEHa ULl  JIETaIH3aLUH
IapamMeTpoB BBINIOJIHEHHSI KOHKPETHOTO 3agaHusi. B 3Toil cpene omeparop

3a1acT:
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—  TOYHBIE TEXHWYECKHE XapaKTEPUCTUKH 33/1eHCTBOBAHHBIX
monmyneit  AIIPK  (mBurarerneir, cuCTEM  TEXHHYECKOTO  3pEHHUS,
MaHUIYJISTOPOB U JIp.);

—  reorpaduyeckue KOOPIUHATHI U ITapaMeTpbl paboyeil 30HbI;

—  JIOTIOJIHUTEJILHBIE YCIOBUSI BBIOIHEHHUS MUCCHH.

PesynbraTom paboTel B OTOH cpele  sBISETCS — 3a/laHHE
(axcmoprupyemoe B popmat JSON), comepxariee:

—  BBIOpaAHHBIN IUTAH MICCHU U3 OUOIHOTEKH,

—  yTouHeHHbIe TexHuueckue napamerpsl AITPK,

—  JeTabHBIE XapaKTEePUCTUKH pabodeil cpepl.

Cucrema IIaHUPOBAHMS MUCCHI HCIIONB3YeT 00IaYHyI0 TUIaThOpMy
IACPaaS [29], xoropas obecredynBaeT BO3MOXKHOCTH (HOPMHUPOBAHUS
3HaHUH B  CTPYKTYPHPOBAHHOM W  HHTEPIPETHPYEMOM BHAE W
HOAZEPKUBACT KOJUIEKTHBHYIO Pa3paboTKy.

NYC  peamusyer  mpexypoeHesylo  MOOelb  YRPAGIeHUs,
obecreunBaoLlyl0 THOKOCTh M aJalTUBHOCTh BBINOJNHEHHMs Muccuid. Ha
cmpamezuieckom yposHe MPON3BOIUTCS UHTEIUIEKTyalIbHOE IITaHUPOBaHKE
THUIIOBBIX MHCCHH C KOHTPOJIEM IIOJIHOTHI M BBIOJHUMOCTH; MPOBOJIUTCS
ajanranys IOOATBHBIX 33734 K JIOKAJIBHBIM YCJIOBHSIM BBIIIOJIHEHUS C
AQHAJIM30M TIOJIyYEHHOT'O 3aJaHusl W BBIIOJHAMOCTH TIPH HMCXOJHOM
cocrostHuu pecypcos ATTPK.

Ha maxmuueckom ypoene MeHEIKep MHCCHIl aHaIN3UPYyET
MOJy4eHHOE KOHKPETHOE 3aJaHue, BBIOMpAET IUIAHOBBIC JICHCTBHA,
NpUMEHUMBIE MPU TeKyleMm cocTtossHuu pecypcoB AIIPK u wu3BecTHBIX
BHEIIHHX ycHOBHUsIX. OH OLEHUBAET JOCTH)KUMOCTD HOALENEH, IPUHUMAET
peLIeHUs] 0 KOPPEKTUPOBKE MapIIpyTa WM MHCCHHM WM O €€ JOCPOYHOM
3aBEPLICHNN IIPM BO3HWKHOBEHMH KPHUTHUYECKHX CHUTyaluil, OTBEYaeT 3a
KOOPJHMHAIMIO PA0OTHI TOACUCTEM JUISl BBIMOJHEHHs TEKyIIUX 3axad. Tem
CaMbIM MEHE/DKEp MHCCHIl CBS3bIBACT CTPATErMYECKU YPOBEHb C
TaKTHYECKUM YPOBHEM.

Ucnonnumenwvholii ypogens, MpeICTaBICHHBIA MEHEKEPOM KOMaH/I,
obecrieunBaeT HEMOCPEACTBEHHOE BBIMOIHEHNE CPOPMUPOBAHHBIX KOMaH]
(nBYOXKEHME, MAHUITYJISIIIMU, COOpP JTaHHBIX ), MOHUTOPHHT COCTOSIHUSI CHUCTEM
AIIPK, o0paTHYIO CBSI3b C BBIIECTOSIIIAMHU YPOBHSAMH yIIPABICHHUS.

OHTONOTHYECKUI TMOIXOJ BaXXCH MUl CTaHIApTHU3alMu (OpPMaToOB
JTAHHBIX, BO3MOKHOCTH MOBTOPHOTO HCIIOJIb30BAHMS IUIAHOB MUCCHH M MX
JIETKOH aJanTanuy K apaMeTpaM BIITOJHEHHS 3a1ad.

[pemycMOTpeHHBI MEXaHU3M TIOFCKa U BBIOOpA TUIAHOB B OMOIIHOTEKE
THIIOBBIX IUIAHOB (KOTOpBIE 3aT€M amalTHPYIOTCS MO/ KOHKPETHBIE YCIIOBHS
BBITIOJITHEHUSI MHCCHM) 3HAYUTENIBHO COKPAIIACT BPEMs IOATOTOBKM HOBBIX
3a/IaHUH Y MTOBBIIIAET COTTIACOBAHHOCTD PA3JIMIHBIX MUCCHUIL.
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5. MeTtoa peanu3anuu cpeabl NJIAHHPOBAHUS MHCCHM H CpPeAbI
CHUMYJISIIIMM BHINOJHEHHUS IUIAHA B YCJIOBHIX BOZHUKAIOIIUX CUTYAIMIA.
MeHeKep MUCCHIF HIMEET MOIYJIH IS TpUeMa i 06paboTKH COOOIICHHH 1
JUTSI BBITIOJTHEHHST MHCTPYKITHHA.

Moayns nprema u 06paboTKH cooOieHni (pUCYHOK 4):

—  obecneunBaer uHTerpanuio ¢ ROS (Robot Operating System),

—  peanu3yeT MeXaHH3MbI MOAIMICKA Ha TOMHUKH M (DUILTpAIMU
COOOIIIEeHNH,

—  olecrieynBaeT KOPPEKTHYIO HHTEPIPETALMIO MOCTYHAIOINX
JaHHBIX B KOHTEKCTE BBIMOIHIEMOI MUCCHU.

Mopynb BBIITOJIHEHUS! HHCTPYKLUI:

—  I[POBOIUT IIPOBEPKY YCIOBHI mepexoxa MExIy JSTalaMu
MUCCHH,

—  BBHIIOJHAET HEOOXOJOMMBIE BBIYUCICHUS I YTOYHCHUS
[IapaMeTpoB BBHIIIOJHEHHUS,

—  ¢dopmupyer xoMaHABI A TAKTHYECKOTO YPOBHA Ha OCHOBE
TEKYIETO COCTOSIHHUSI CHCTEMBI,

—  obecrieynBaeT MEXaHU3MBI OOPATHOM CBSA3M M KOPPEKTHPOBKH
IUIAHA BBITOJHEHUSL.

ROS
{Rohot Operating
System)

3apaHwe B popmate
json

Moaynb npuema n
0bpaboTtkn coobLeHni
Mogaynb BbINOAHEHWA
MHCTRYKLMA Bolumcantens
onepaumia

LHocka
(nepemeHHble MeHeqKepa,
OTpakaloLiMe oKanbHoe
COCTOAHKME npoLecca
BbINOAHEHWA MUCCHK)

\ [R— S — /

MeHegxep kKoMaHza,

Puc. 4. Monens UIIM Ha TaKTHYECKOM YPOBHE
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IIprmep paboTsr Moxyins mpueMa u 00pabOTKH COOOIIEHHI B Cpefe
CHUMYJISIIMYU TIOCIIE MOJTYy4EHHs KOHKPETHBIX 3HAUCHUH Sy: 1O BBIOPaHHOMN
HavyallbHOM MOJMHMCCUH BBIUMCISIETCSI BEKTOP KOOPJHMHAT-TOYEK (C y4eToM
UIMPHHBI THIPOJIOKATOpa OOKOBOTO 0030pa (M pa3Mepa ero nepeKkphITUS Ha
BCTPEUHBIX Kypcax) M BbIIAETCS KOMaHJa Iepexo/a B HAYaIbHYIO TOUKY.
Cumynupyercst 00X0[] rajcaMy 10 3aJaHHBIM KoopauHatam. [Ipoepsiercs,
YTO 00IIas JUIMHA TaJICOB HE OOJIbIIEe MAKCUMAJIBHOW JANBHOCTH arapara
(pucyHoxk 5). IlpuxoauT cooOIIeHHEe OT THAPOJIOKATOpa OOKOBOTO 0030pa
00 oOHapy>KeHHH OOBEKTa, €ro KOOPAMHATAX W IPOLEHTE JOCTOBEPHOCTH.
[TpoBepsiercst, 9TO TPOLEHT IOCTOBEpHOCTH Ooibine 3amanHoro (80%), n
3aITyCKaeTcs! MOAMHUCCHS, B KOTOPOH MPU MPUOBITHH B TOUKY OOHAPY>KEHHS
BKJIFOYACTCS KaMepa M 3allycKaeTcd NOMCK mo chupanu. [lpuxomur
coobmierne 06 0OHapyKeHUHN 00BEKTa KaMepoit.

$ ros2 run node_m PsSub
- fanc
- gt B Touky
- MoaveMm obbekTa
BekTop cobbitma - [['[anc', ['Havanbhas'], '', '']]
BekTop cobbitma - [['MaTn B Touky', ['fanc'], 'Pose', 'obj_dtct_gbo']]
BekTop cobbitma - [['Moabem obbekTa', ['O6xo4 HamaeHHbix Touek'], 'Pose', 'obj_dtct_

Muccna Lanc
BbluncanTb fv_gals
Pe3ynbTaT ¢yHkumm [[100.0, 112.0], [200.0, 112.0], [200.0, 136.0], [100.0, 136.0],

[100.0, 160.0], [200.0, 160.0], [200.0, 184.0], [100.0, 184.0]]

BbluMcAnTL Path_Lenght

Pe3ynbTaT ¢yHKUMM 2384.0

Ycnosue lpoBepka OrpaHUYeHNs Ha Makc nyTb

2384.0 < 8222.0

Pe3ynbTaT BbYMCAEHMS ycnoBusa: True

Moanucunk u Mabavwep Ha Pose u Vector3 akTUBMPOBAHbI

= = Init

> Pose
Pose
Pose

100.
1.0

( 112.

( .0 0.

( 200.0 112.0 10.
Pose ( 200.0 136.0 10.

(

(

(

(

> 0 0 10.0 1.3 1.1 0.0 1.
> 1 0
> 0 0
> 0] 0
> Pose ( 100.0 136.0 10.
> 0 0
> 0 0
> 0 0
> 0

0.0 0.0 0.0 7.0 )

)
~

il

1

1
Pose 100.0 160.0 10.0 1
Pose 200.0 160.0 10.0 1.
Pose 200.0 184.0 10.0 1

> Pose ( 100.0 184.0 10.0 1.

< < < Pose ( 126.1665 125.645652 65.1354 91.

06pabaTbiBaem coobueHne POSE

M obvekTa 1.0 KoopawHaThl 126.17 125.65 65.14 BepoaTHocTb 91.00 %

Hawnn [[126.1665, 125.645652, 65.1354, 91.0]]

3anyck muccum MATM B TOuKy

= => Muccua UATU B TOYKY

Ycnosue lopor npoueHToB

81.0 > 80.0

Pe3ynbTaT BbUMCAEHNA ycaosua: True

> >>>>>>> > Pose ( 126.1665 125.645652 9.99 1.3 1.1 0.0 1.0 )

> >>>>>>>>Pose (2.0 1.0 0.0 0.0 0.0 0.0 7.0 )

> >>>>>>>> Pose ( 2.88 8.22 65.1354 9.3 3.0 0.0

< < < Pose ( 126.5 125.2 65.14 91.0 22.2 31.1 1.
06pa6aTb|BaeM coobuenne POSE

>
>
>
>
>
>
>
>
>

>
>
>
>
>
>
>
>
>

O WWwWwWwww

.0
0
.0
.0
0
0
o®
il

R cRoRoRoRoNoNo)
(- R SR NN

ile
1
1
ile
ilo
1
ilo
2

2.2 31. )  Topik obj_dtct_gbo

D
Puc. 5. (DpaFMeHT paboThl MeHEIKepa MUCCUI
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5. 3akmouenne. B pabore TpemyioKeHbI METOM, IPUHIIMITBI
CO3JIaHMs W apXHTEKTypa KOMIUIeKca MH(OPMAIIMOHHBIX M MPOrPaMMHBIX
KOMIIOHCHTOB I/IHTCJ'IJ'IeKTyaJ'II)HOFO HJ'IaHI/IpOBHlI/IKa MI/ICCI/Iﬁ ABTOHOMHBIX
MOJIBOJTHBIX POOOTOTEXHMYCCKMX KOMILICKCOB. Pa3paboTaHHBI MeETOX
obecrieunBaeT psJi  KIIOYEBBIX IMPEHMYIIECTB: JOCTH)KEHHE BBICOKOM
CTCTICHU  CTaHIAPTU3aI[MK  OJlarojaps OHTOJOTHYCCKOMY  IOJIXOY;
MOBBIIIICHUE THOKOCTH W  aJalTHBHOCTH 3a CU€T  peam3aiud
TPEXYPOBHEBON  CHUCTEMBbI  yNpaBIEHHUS; BO3MOXHOCTb  MOJHOCTHIO
aBTOHOMHOT'O (YHKIMOHUPOBAHUS B YCIIOBHAX JTMHAMHAYECKH
M3MEHSIOMICHCST OTIePallMOHHON OOCTAHOBKH; CYIIECTBCHHOE COKpAIICHUE
BPEMEHHBIX 3aTpaT Ha TOArOTOBKY HOBBIX MHCCUH; IIHPOKYIO
aJanTHPYEeMOCTh pelIeHUs K KOHKPETHBIM TPEeOOBAHMIM Pa3IMYHBIX THIIOB
muccuii u knaccoB AITPK.

BaxxHeHmuM »JIEMEHTOM CHCTEMBI CTaja €duHas OHTOJIOTHS
IUTAHUPOBAHHUS MHCCHH, HCIIOJB3YIOIIAs CEMaHTHYCCKHE  IIa0IOHBI
CTPATETHUeCKOr0 YPOBHS M COCTAaBJISIONIAs OCHOBY CIEITUATM3UPOBAHHON
cpensl pa3paboTku. MeTo CTaHIapTU30BAHHOTO OIMCAHUS TUIAHOB MUCCHI
B COOTBETCTBUH C JAHHOW OHTOJIOTHEM TapaHTUPYET UX COBMECTHMOCTD,
HETIPOTUBOPEYUBOCTh W BO3MOXKHOCTb MHOTOKPAaTHOTO  IMOBTOPHOTO
WCTIIOJh30BaHUSI B PA3HOOOpa3HBIX OIEPAIMOHHBIX KOHTEKCTaX, 4YTO B
COBOKYITHOCTH CITOCOOCTBYET CO3MaHUIO0 KAadeCTBEHHO HOBOTO YPOBHS
ABTOHOMHOCTH TIOABOJHBIX POOOTOTEXHHUYECKUX CUCTEM.
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V. GRIBOVA, E. SHALFEEVA, V. FIALRETOV, A. ZUEV, D. YUKHIMETS
THE METHOD OF INTELLIGENT MISSION PLANNING FOR
AUTONOMOUS UNDERWATER VEHICLES

Gribova V., Shalfeeva E., Fialretov V., Zuev A., Yukhimets D. The Method of Intelligent
Mission Planning for Autonomous Underwater Vehicles.

Abstract. Creation of fully autonomous unmanned underwater vehicles and systems
capable of performing various research and technological operations under uncertainty
conditions is a pressing issue. The key problem is automatic mission correction in real time
based on data from onboard systems. The aim of this work is to develop a method for
intelligent mission planning at the strategic control level of autonomous underwater robotic
systems, enabling automatic generation of adaptive plans and their transformation into tactical-
level executable commands for operation in changing environmental conditions. In the article,
the authors define the principles of developing an intelligent mission planner for autonomous
underwater robotic systems (AURS) at the strategic level and a mission manager for managing
the mission at the tactical level with the formation of specific tasks for performers. A formal
model for planning missions through many linear sections with preconditions and
postconditions has been developed. The key aspect of the proposed solution is the use of an
ontological approach to standardize the description of missions and ensure their software
interpretation. A specialized mission development environment has been created on the
IACPaaS cloud platform, allowing experts to form and adapt mission plans without delving
into technical details. The set of tools with a modular architecture has been developed, ensuring
scalability and adaptation of the solution for various classes of submarines and types of
missions. The results of testing have shown that the proposed solution allows for the formation
of flexible plans that take into account the diversity of situations and automatically select
command sequences depending on the incoming data. The results obtained open up new
possibilities for creating fully autonomous underwater systems capable of performing complex
research and technological operations without constant operator control. Further research is
aimed at improving the mission manager algorithms, as well as integrating the planner with
other onboard support components.

Keywords: autonomous underwater vehicle, robotic complex, intelligent planning,
mission, uncertainty.
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B.B. KyPEiUMK, E.M. TEPACUMEHKO
WHTETPUPOBAHHBII AJTTOPUTM
MHOTOKPUTEPHAJILHOT'O I'PYNIIIOBOT'O MPUHSITHUS
PELIEHMI JJ151 3AIAY DBAKYALIIHA

Kypetiuux B.B., I'epacumenko E.M. INTerpupoOBaHHBI aJrOPUTM MHOTOKPHTEPUAILHOIO
TPYNIIOBOTO NMPUHSATHS PelIeHuii 1S 32724 IBAKYAIlHH.

AHHOTauus. B  JgaHHON  crarbe  TNPENCTaBICH  WHTETPUPOBAHHBIA  AITOPUTM
MHOTOKPUTEPHAIBHOTO TPYIIOBOTO IPHHATHS PpEUICHHII Ha OCHOBE HHTYUIMOHUCTCKOTO
HEYEeTKOr0 THOPUIHOrO OIepaTopa YCPeOHEHWsl U1 BHIOOpA ONTHMAIBHOW CTpaTerHu
9BaKyallud. JlaHHBIH anropuT™M SBISETCS MHOIOYPOBHEBBIM, IJie Ha IIEPBOM YpOBHE
OCYIIECTBISIETCS IIOCTPOCHHE MOJIENH 3a1a4d B BUJIE 9BAKyallHOHHON TPpaHCIOPTHOH ceTH. Ha
BTOPOM YPOBHE IIPOU3BOJIUTCS PAHKUPOBAHHE IOMEIUEHUH Ul 3BaKyallMy AJsl HAXOXKICHUS
X ONTHUMAJILHOIO IIOpsIKa Ha OCHOBE PA3IMYHBIX KPUTEPHEB, TaKUX KaK BMECTHMOCTh
MIOMEIICHUS, JTeTKOCTh DBaKyallUd, YPOBEHb 0E30MACHOCTH ITOMEIICHUS KaK yOeKHIa, BpeMs
OpraHM3alMy 3BaKyallMd M3 3TOT0 MECTa U OTJAJNEHHOCTh OT MCTOYHMKA OIACHOCTH.
PamxupoBanue MOMEIIEHHH A7 9BaKyalldld  OCYLIECTBIISIETCS ~ Ha  OCHOBE
MHOTOKPUTEPHAIBHOTO TPYNIIOBOTO NPUHATHS PEIICHHH M HHTYUIHOHHUCTCKOTO HEYETKOTO
THOPHUIHOTO OIlepaTopa YCPEOHEHWs JUIi MOJCIHPOBAaHMS COMHEHHII M HEYBEpEHHOCTU
SKCIEPTOB JUIsl OLIEHKM KPUTEPHUEB 3BAaKyalluH, SBaKyallMOHHbBIX albTEPHATHB M BAXXHOCTH
9KCIIEPTOB. ANTOPUTM OIEPUPYET JHHIBHCTUYECKHIMH OIIEHKAaMH JKCIIEPTOB, HO3BOJLIL HA UX
OCHOBE BBIYHCIITH Beca DKCIIEPTOB M KPUTEpHEB I d(P(EKTHBHOTO MPUHATHS PEIICHUS.
ATperupoBaHue OLICHOK OCYIIECTBISIETCS HAa OCHOBE MOIM(HIMPOBAHHOTO AITOPUTMA,
KOTOPBI MO3BOJISIET ONEPHPOBATh BeCaMU KPHUTEPHEB, IPEICTABICHHBIME B BHIE HEUYETKUX
HMHTYUIMOHUCTCKUX 3HAYEHUH, B OTIMYHME OT TPaJAUNHOHHBIX YETKUX YHCEN, Ha OCHOBE
pa3paboTaHHBIX MOAU(UINPOBAHHEIX ONEPATOPOB BO3BEICHHS HEUYETKUX YHCEN B HEYCTKYIO
CTeIeHb IJIsI ydeTa COMHEHUH M HEyBEepeHHOCTH IPYNIBI dKcrepToB. Ha TperseM ypoBHe
OCYIIECTBISIETCS. MAKpPOCKOIIMYECKass MOTOKOBas IWHAMHYECKas OBaKyallis C Y4eTOM
BO3MOXKHOCTU Pa3MELIEHHs MOCTPAJaBIIMX B IOMEILEHMAX [UIS 3BaKyallM, HE SIBIISIOIIUXCS
yoexumamn.  JIOCTOHHCTBOM — IIPEMIOKEHHOTO  allOpUTMa  SBIACTCS  BO3MOXHOCTH
MOJICJIIPOBAHUS TPAHCIIOPTHPOBKU JBAKYHPYEMBIX B JHHAMHYECKHX YCIOBHSX M3 OIACHBIX
30H C YY4eTOM MX pPa3MELICHUs B IPOMEXKYTOUHbIX IYyHKTaX JJIi MaKCUMM3alUM 4uciIa
CIIACCHHBIX JKU3HEH, YUUTHIBas HEOMPEACIEHHOCTh OKPYXKAIOWEeH cpepl, HeUETKUI XapakTep
(akTOpOB, BIUIONMX HA IPUSATHE 3BAKyal[HOHHBIX DPEIIeHHI, HEYBEPEHHOCTh U COMHEHUS
TPYIIIBI  OKCHEPTOB MPH OLEHKE JBAaKyalHMOHHBIX cTpaTerumil. J{nsg moATBepIeHHs
3G GEeKTUBHOCTH Pa3pabOTaHHOTO AIrOPUTMa OBUIO MPOBEICHO MOJACIUPOBAHHE IBAKYyaIlMUd U
co3laHa IporpaMMHas Cpela, pealn3oBaHHas Ha s3bike JavaScript. IIpoBeneHo cpaBHEeHHE
pa3paboTaHHOTO AITOPUTMA IPUHATHS pelIeHHs] Ha ocHOBe omeparopa IFHA, onepupyromero
HEYETKMMM Be€caMU KpPUTEpHEB, C CYIIECTBYIOIIMMH aIrOPUTMAaMU M CJENaH BHIBOJ O
JOCTOBEPHOCTH IIpe/ularaeMoro anropurma. I[IpoBeneHa OIEHKAa 3aBHCHMOCTH BpeMEHU
paboTHl aNropuT™Ma OT pa3Mepa BXOIHBIX, HOATBEP)KAAIONIAsi BO3MOXKHOCTh HCIOJIB30BAHHS
HPEJIOKEHHOTO aIrOPUTMA [T OOJIBIIHNX 3/[aHUH M TPAHCHIOPTHBIX CETEHt.

KiroueBble €JI0Ba: HEUETKOE MHTYMLHOHMCTCKOE IIPUHATUE PEIICHUH, HeueTkas
MAaKpOCKOITHYECKas 9BAKyalusl, HEUETKHE ONePaTOPbl arPErUPOBAHHS.

1. BBenenne. C npeBHHMX BpeMmeH upes3Bbruaiinble cutyaumu (UC)
TIPUBOJIMIIN K KaTaCTPO(UUECKUM TIOCIEICTBHSM U YHOCHIIM COTHH JKU3HEH.
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Bonee toro, YC MOryT BO3HHKATh HEOXXHIAHHO, TEM CaMbIM YBEINYHBas
norepu u yuiep6. Taknue BHe3amTHbIe aBapUX YacTO CBSA3aHBI C OTCYTCTBHEM
wianoB  pearupoBanus Ha UYC. Ilo cdepe BosHukHOBeHuss UC
MOJIPA3IENIAIOTCS Ha TPUPOJHBIC, DSKOJOTMUECKUEe M TexXHOoreHHbie [1]

(pucyHox 1).

{ Mpupoabie ] [onnormqeckwe]
\ M3meHeHne
COCTORHMA CyILN

W3meHeHve cBOVCTB
atmochepsb!

- reodpusnyeckve
- reosiornyeckue
- MeTeoposiornyeckme
- ruaponoruyeckve
-MOpPCKMe rugponoruyeckmne

Onacble ABNeHIs
MpUpoAHBIe Noxapk!

NHeKUMOHHbIe
3a6onesaHua noaek

NHdeKUMOHHbIE
3a60/1€BaHNA XNBOTHbIX
Bpeavtenui n
601e3HN pacTeHnit

- TPAHCMOPTHbIE
- XuMuyeckue
- paaunoaKkTUBHble
- 6ronoruyeckne
- KOMMYHafbHble
- Ha OUMCTHBIX
COOpYXeHUAX
-B 3HepreTnke

VisMeHeHMe CoCTOAHUS
Moxapb! v B3pbIBLI
rmapocoepsl
O6pyLweHvie 3aaHMi

6rocheps!
FvapoavHamMuyeckme
ABNEHUA

Puc. 1. Ykpynuennas knaccudukanus YC mo chepe BOSHUKHOBEHHUS

TexHoreHHble

Juis pearupoBaHMS ¥ YCTpaHEHHsS TIOCIEIACTBHHA B pE3yibTaTe
Bo3HUKHOBEHHS 3TuX UYC TpeOyroTcs pa3in4HbIe CTPAaTeTHH, METOJBI
U MOAXOJAbl B 3aBUCHMOCTH OT cQepsl HUX BO3HHKHOBeHHs [2 —4].
B pabote [2] paccmarpuBaeTcsl pearupoBaHHe (MaccoBas dBaKyallus) Ha
npupoueie UC. B paborax [3 — 4] npencrasieHbl NOAXOABI K dBaKyalluu
HaceJeHHsl B cilydae dKojJoruueckux U TexHoreHHeix YC. Pucynox 1
MpecTaBIsieT  yKpymHeHHylo — kinaccudukammo UYC  mo  cdepe
Bo3HUKHOBeHus YC.

B ocHOBe MeTomoB pearrpoBanus Ha YC Jrexxatr pa3iAdHbIe METOIB
MOJICITHPOBaHUS MMOTOKOB. B 3THX MeToIax MOAENbIO SBaKyallMOHHOW CETH
SBIsIeTCS TpadoBble W TUNEPrpadOBHIC MPEICTABICHUS TPAHCIIOPTHBIX
cererr [5]. Popx m Damkepcor [5] HPEATOKMWIA METOA ONPEACICHHUS
MaKCHUMAJIFHOTO TIOTOKa B IHHAMHYECKOW CETH, KOTOPHIH MO3BOJISET
nepeMeliaTh Kak MOXHO OOJblIe MOCTpaJaBIIUMX B yOexwuiia. 3amaua
cKopeiimmero  mpuOBITHS, TpemIokeHHas ['efimom  [6], TpeGyer
TPAHCHIOPTUPOBKH MaKCHUMAaJIFHOTO KOJINYECTBa MOCTPAJaBIIUX,
NpUOBIBAIOIINX B IYyHKTHl Ha3HAYEeHUs B KaKABIH MEPHOA BpPEMEHH.
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Jlexcukorpaguueckass ~ cTpaTermsi  dBaKkyauuud [7]  mpenmosiaraer
TPAHCHOPTHPOBKY MOTOKA B MPEIMUCAHHOM IOPAIKE, TAK YTO MCTOYHUKHU
W/WIM CTOKM pamkupyrorcs. Vpes «pa3BepHyTOW BO BpeMEHH», WU
«pa3HeceHHOW Bo BpeMeHM» ceTH Popaa u dankepcoHa OblIa pacimupeHa
Yammerom u ap. [8] mns 3Bakyallum W3 3JaHUN. Y CKOpEeHHas
TPaHCIIOPTHPOBKA 9BAaKyHPYyEeMBIX CBsi3aHa C NpoOJieMOil  IoToKa
Hauckopeimero npudeitus [9]. B pabote [9] yka3zaHHas 3amada pericHa
JUISL DBAaKyallMl U3 OOJBIIMX 3[aHUI C MOMOIIBIO BEPOSITHOCTHBIX CETeH B
OUHAMAYECKHX YCIIOBHSIX, YTOOBl MHHHUMH3UpPOBATH oO0IIee BpeMs
TpaHcnoptupoBku mogeit [10]. B pabote [11] moTokoBast 3amada pemnicHa
KaK 3a/1a4a dBaKyallld, YYUTHIBAIOIIAS Pa3MYHbIC IPUOPUTETHBIC YPOBHU
JUTA TIapaMeTpOB CEeTH. 3ajada MOTOKAa MHHHMAIbHOW CTOMMOCTH ObLIa
mpeobpa3oBaHa B 3amady MapHIpyTH3alMd »dBakyanuun JlaHHOM u
Hetoronom [12], KOTOpBIe TMPEUIOKWIM QJITOPUTMBI IS  TOHUCKA
KpaT4yallnx IyTed B CETSIX JBaKyallH, 4TOObl MUHHUMH3UPOBAThH oOlIee
paccrosiHue mepemenienus. Mumnep-Xyke u [latrepcon [13] pacumpum
UCI0 M3MEHSIONIMXCS BO BPEMEHHU NapaMeTPOB CETEH, YTOObI OTHPaBHUTh
MaKCUMaJIbHOE€  KOJMYECTBO  IOCTPAJaBIIMX B  COOTBETCTBUH  C
HalCKOpeWmie cTpaTerMed »SBakyallun B JAWHAMHYECKOW CeTH ¢
OTPaHWYEHHBIMM  HPONMYCKHBIMH  cHocoOHocTsiMH. Ha  ocHoBanmm
MIPOBEAEHHOrO aHAIN3a JINTEPATYPHBIX HICTOUHIUKOB MOKHO CAENIaTh BBIBO/,
41O TpedyeTcsl pacliMpeHne KOHIENINH JIEKCUKOrpapuIecKor 3BaKyaluH,
KOTOpas TO3BOJIUT  OMPENENATh TPHOPUTETHOCTH  MPOMEKYTOUHBIX
pelIeHU W TepeMemaTh SBaKyHPYyEeMBIX B HAWICHHOM TMOPSAKE LIS
MaKCUMH3alUH YKciia cnacaeMblX". JIaHHBIM TUI MOTOKOBOM ONTHUMU3ALUH
aKTyaJeH B pealbHBIX 3aJadyax »JBaKyaldd, TaK KaK OH II03BOJISET
MepeMecCTUTh OONbIIee YHCIO oA B O€30macHble 30HBI B CBS3H C
BO3MOKHOCTBIO TIPOMEXYTOUYHBIX VY3JIOB pa3MeNIaTh JONOTHHUTEIBHBIN
NOTOK, YTO TPHUBOJUT K BO3MOXKHOCTH IE€pEeMEIleHus JoAed u3
IIPOMEKYTOUHBIX BEPILIUH, HE SBIISIOIINXCS CTOKAMU.

3aMeTHUM, YTO XapakTep HCCIeIyeMOil 3BaKyallMOHHON ceTu B
MIPOAHAJM3UPOBAHHBIX MCTOYHMKAX YacTO HETOYEH U HE OIpeJeNeH.
TouHble 3HauYeHHS MPOIYCKHOH CIIOCOOHOCTH JYr CETH M CTOUMOCTH
TPaHCIIOPTUPOBKM HEU3BECTHBI W MOTYT OBITH TOJIBKO TNPHOIU3UTEIHEHO
oueHeHsl. J[ms pemeHus 3TOi mpoOJIEeMBl MpeayaraeTcss HCIOJIB30BATh
anmnapaT HE4eTKOH JIOTHKH U ee paciuupenuii [14 — 16]. B wactaoctu, 6pu1n
MOCTABJICHBl W pEIICHBl pa3NWYHbIC IOTOKOBHIE 3aadydl B HEUETKHX
YCIIOBHAX: HAXOXXICHWE MAaKCHMAaJFHOTO IMOTOKA, MOTOKa MHHUMAIBHON
CTOMMOCTH, OOOOIIEHHOTO IMOTOKa, MHOTOIPOAYKTOBOTO IIOTOKA, MOTOKA
HAMCKOpEHIIero MpuObITHS KaK B CTATUYECKHX, TaK M B JMHAMHYECKUX
cersx [17]. lpunsarue pemennii (IIP) mpm sBakyammu 4acTo 3aTpyXHEHO
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PHUCKOBAHHBIMH U HEIIPOTHO3UPYEMBIMH ACHEKTaMH 3BaKyallun: HEKOTOpPbIE
JeTaJli JBaKyallud W [aHHBIC, CBSI3aHHBIC CO BCEM IIPOIECCOM, MOTYT
OTCYTCTBOBATh WJIM MMETh HEONE/ICICHHbINH Xapakrep. B 3Toii cBs3u Obun
pa3paboTaHbl pa3lIUYHbIe MOJIENH IBAKYALMU C YIETOM HEONPEIeNeHHOCTH,
a Tak)Ke U3MEHSIOIeHCs BO BpEMEHH NPUPO/IbI IBaKyallMOHHBIX ceTei [18 —
20]. IIpemnoxeHHblE MOAEIM OHPENEIATb METOAOJIOTUYECKYI0 OCHOBY
JTAaHHO paOboOTHI.

Tarxoke CyIIeCTBYIOT MTOAXOABI K IBaKyallH JIOAEH C UCIOJIb30BaHHE
MyIIBTHATEHTHOTO MOJAETHPOBAaHUSA W MamuHHOTO oOyueHms [21 —22]. B
pabore [21] TmpemIoKeHa ~ MpOTpaMMHAS — pealH3alds  Pa3BHTOM
MYJIbTHAreHTHON MOJICNIN SBaKyaluH JIIOAEH pa3IMuHbIX BO3PACTHBIX TPYIII
W3 TIOMEIICHUH CIOXKHOM popmel. s Kaxmoil BO3pacTHOW TPYMITEI OBIIO
paccunTaHO M YCPEAHEHO BpEMs IIOJHOW 5BaKyallMd W3 IOMELICHUS.
Opnako naHHas paboTa HE YYHTHIBACT HEUSTKUM XapakTep MapamMeTpoB
CETH, HETOYHOCTh M HEIMOJHOTY JaHHBIX, a TaKXKe HE IO3BOJISET y4YecTh
pa3nuYHble KPUTEPUH, BIUSIONINE Ha KauyeCTBO NMPUHHUMAEMBIX PEIICHUH.
Kpome Toro, MosenupoBaHue 3BaKyalul OCYIIECTBISETCS U3 MOMEIIEHU,
YTO HE T03BONIET NPUMEHHUTh JAHHYI0 MOJENb K 3aJadyaM MacCOBOU
9BaKyallMd IpU BO3HHKHOBEHHH CTHUXUHHBIX OexctBuil. B pabore [22]
npeayiaraeTcsi OObeIMHEHHE WMHTAIMOHHBIX MOJENIC 9Bakyalu C
METOJaMH  MalIMHHOTO OOy4YeHWsl JuId peIleHHs 3a1ad  OLEHKHU
3¢ QEeKTUBHOCTH yNpaBJCHUS OJBaKyallMd JIIOAEH IIpu MoXapax B
OOIECTBEHHBIX 3/aHMAX. B  paboTe mpencTaBiIcHa YKpyITHEHHAS
CTPYKTYpHasi CX€Ma METOAWKH TPOTHO3MPOBaHMA  3PPEKTUBHOCTH
yTIpaBJICHUS] 3BAKyallMH JIIOJEH C HCIIOJIB30BAHMEM METOJIOB MAIIMHHOTO
o0ydenus. OHAaKO B JAHHOM CTaThe HE INPEICTaBJICHBI MOJICIMPOBAHUE
9BaKyallud, O3KCIIEPUMEHTBHI, IIO3BOJIIIONINE CPaBHUTH 3(GPEKTUBHOCTH
pa3paboTaHHOII Monenu C cymecTBylommMua. Kpome Toro, amroputm,
IIPECTABICHHBIA CTPYKTYPHOU CXEMOM, OPMEHTUPOBAH Ha JBAKYaLUIO U3
MIOMEIIeHUH, He MpeAHa3HadeH Ul PelIeHrs 3a/1ad MacCOBOW 3BaKyalluu
JFOJIe Ha TPaHCIIOPTHBIX CETSX, HE BKIIOYAET OJIOK MPHHATHS PEIICHHS B
HEYETKUX YCJIOBUSIX M HE IMO3BOJSIET PAaCCMOTPETh Pa3IM4HbIE KPUTEPUU
3BaKyaluu.

3auacTyl0 MPHUHATHE HBAKyallUOHHBIX PELHIEHUH CONPSDKEHO CO
CJIOKHOH cTpareruell pearupoBaHHs, HEOOXOAMMOCTBIO ydeTa Pa3iIMYHbIX
(akTOpoB W3 pasHBIX obONacTei, 4To TpeOyeT HKCIEPTHHIX 3HAHUH OT
pasHeIx nwn, npuHEMatommx pemenns (JIIIP) u3 pasubsix obmacreit [23 —
24]. B 3TO0il CcBs3W TPYIOBOE IMPHUHATHE PEIICHHH MMEeT HanOOoJbIIee
3Ha4YEHHE TIPH 3BaKyallMOHHOM pearupoBaHuy. Kpome Toro, pearupoBaHue
TpebyeT ObICTPBIX U 3)(EKTUBHBIX PEIICHUH O TOpPsAKE, B KOTOPOM OyIyT
9BAaKyHMpPOBaHBl JIIOAM U3 OMNacHbIX 30HbL. Hemporrosupyemsie YC
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MIPOMCXOMAAT BHE3ANHO M BIEKYT 3a COOOH TpPYIHOCTH B OIPEAEICHUU
Hamboslee  Oe30mMacHON  CTpaTernuM SBaKyalMd B yOexwma Uit
TPAHCHOPTUPOBKM  MAaKCHUMAaJbHOTO  KOJHWYECTBAa O3BaKyHpyeMblx. B
JuTepaType IO  MakKpOCKONMYECKOH  9BakyalMd  Ipejasaraercs
paccMaTpuBaTh KPUTEPHH OTAAJIEHHOCTH OT HCTOYHHKA OIACHOCTH Kak
€/IMHCTBEHHBIH KPUTEPUii, BIUSIONIMNA HAa PaH)XKMPOBAHUE 3BaKyallMOHHBIX
crpareruii [25]. Tak Kak Ha IPHOPUTET TOTO MJIM MHOTO YOEXKHINA BIIHSIOT
U Apyrue (GaxkTopsl, Takue Kak BMECTUMOCTb MOMEIIEHHUs, KOTOpasi 3a/1aeT
BEPXHHUH MpeaeN KOJIWYeCTBA JIO/eH, HaXOIMIMXCS B 3TOM yOexwule,
ypOBEHb 0€30MacHOCTH MOMENIEHHUs, OJIM30CTh K MCTOYHHUKY ONAcCHOCTH,
CJIOKHOCTh 3BaKyallMd M BpeMs Ha OpPraHU3al{IO 3BaKyallMd M3 3TOTO
MecTa, TO B paboTe MpeAIaraeTcst yYuThIBaTh 3TH KPUTECPHH.

Jluniam, TPUHUMAIOIIMM pENIeHUs] 00 3BaKyalWd, CIOXHO JaTh
TOYHYIO OIEHKY Ka)XKJOMYy KPHUTEPHIO WM yKa3aTh YHCIEHHOE 3HAa4YCHHE
OpyU  OLEHKE ONacHeIX 30H. Takum obOpasom, mporecc I[IP Tpebyer
BKIIIOYCHUS HEYETKHX PpACCyXKIEHHH. OTOT HMHCTPYMEHT II03BOJIET
SKCIEpTaM YYMTBHIBATh COMHEHHMS U YpPOBEHb HEONPEIEICHHOCTU IpHU
BBIOOpDE KOHKPETHOH OLEHKH. B 3TOM OTHOWIEHWH TEOpUs HEYETKHX
MHOXKECTB SIBJISIETCS TOJIE3HBIM MHCTPYMEHTOM JUIsl OLEHKH aTpuOyTOB B
3ajjayax MHOTOKpuTepuanbHoro rpynmosoro [IP (MKITIP). Heuerkue
MHOXecTBa [14] W3Ha4YanbHO OBUIM NPEATIOKEHBI Ul IPEJCTaBICHHS
HEYBEpEHHOCTH HCCIenoBaTedss B BUAe (YHKIMM IPUHAIUICKHOCTH,
AMEoIIe  ypOBHH  NPHHAIEKHOCTH  OTHOCHTENIBHO  MCXOJHOTO
MHOXeCTBa. Pa3BuTHe TeOpHM HEUSTKHX MHOXKECTB IIPHBENO K TOSBICHUIO
pa3nuYHBIX 000OIIEHNIT HEYETKHX MHOXECTB, NPU3BAaHHBIX 3((eKTHBHEE
00pabaThIBaTh BO3POCIIMHM HEJOCTATOK 3HAHWH M JAaHHBIX, COMHEHUS
9KCIIEpTOB, KoyebaHus mHpu BBIOOpe (yHKIMH mpuHamiexxHocTH. Cpenn
000011eHNIT HEYETKIX MHOXKECTB BBIJICIITIOT HEUETKHE MHOXKECTBA BTOPOTO
TUIA, HEYETKHE MYJBTUMHOXXECTBA, WHTYUIIMOHUCTCKHE HEYETKHE
MHOXECTBa,  MHTYHUIMOHUCTCKME  MSITKME  HEUeTKHEe  MHOXKECTBa,
JIMHTBUCTUYECKUE apryMEHTBI, KOJEOIoIUecs HeueTkue MHOXKecTBa [26].
Heuerkoe MHOXECTBO BTOPOro THUIA MPEJICTABIACT MPHUHAMICKHOCTD
JJeMEHTa MHOXECTBY B BHJIE HEuéTkoro MHoxecTBa. Heuerkue
MYJBTUMHOXKECTBA  BKJIIOUAIOT JyOnupyromme 3yeMeHTHl. Hederkoe
kostebmromeecs: MuoxectBo (HFS) omepupyer HeCKONbKMMHU 3HAYCHUSIMU
cTeneHed  mpuHamiexHoctd  [26]. MHTYMUMOHHMCTCKOE  HEYETKOE
MHOXECTBO  COCTOMT M3 (YHKIUM TNPHHAMICKHOCTH,  (YHKIMH
HenpuHamIeKHOCTH ©  ¢(yskmun  comHeHms. MKITIP wa ocHoBe
MHTYUIMOHUCTCKUX HEYETKUX MHOXKECTB TIIO3BOJIIET IIPEoOpa3oOBBIBATH
OLIEHKH JIMIL, NMPUHUMAIOIIUX pEIIeHHUs, B HEUYETKHE HHTYUI[MOHHCTCKHE
yucna 1 3(GdEeKTHBHOr0 MonenupoBaHud. VIMeHHO Hannuue (yHKINH
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COMHEHUsI 00yCI0BIIIa BEIOOP HMHTYHIIMOHUCTCKUX MHOKECTB JJIsI PEILICHUS
paccMaTpHBaeMON B CTAThE 3aJ1a4H.

B 3agauyax IIP mpoGiema onpeseneHus BecoB aTpHOyTOB HMeEET
BakHoe 3HaueHue. [Tonxonwr [27 — 28] omepupyloT Becamu arpuOyTOB,
3aJlaHHBIMH 3apaHee, B TO BpeMs Kak anroputMsl [29 — 30] mpennomnaratot,
yro Beca aTpuOyToB paBHbL. OjHaKO BO BpeMs 3BaKyal[IOHHOTO
pearupoBaHMsl 3TH IOAXOAbl HE OXBaTBIBAIOT BCE AaCMEKTHl BXOAHOMU
MHpOpPMAIMH, KacaloIIeHCs 3BaKyallMH: SKCHEPTHl MOTYT CTOJKHYTBCS C
OTCYTCTBUEM 3HAaHWM WM HEIOCTaTOYHON HKCHEPTH30H IO HEKOTOPBHIM
arpubyraMm. bomee Toro, Kakaplii SKCHEPT HMeeT OOIIMKA ypOBEHb
Ha/I)KHOCTH, KOTOPBII TakXke HEOOXOANMO y4YHTHIBaTh. B CBSI3M ¢ 3THM B
JTOW CTaThe BeCa HKCIEPTOB OTPAXKAIOT KOHKPETHBIE 3HAHUS DKCIEPTOB U
HE SBIAIOTCS paBHbIMU. B 3amauax peanpHoro IIP Beca kpurepueB He
BCerJa TOYHO HW3BECTHHI. ECIM 3KCIepThl COMHEBAIOTCA M HE HMEIOT
JIOCTaTOYHOW WH(OpMalMK, OHU MOTYT YKa3zaThb Beca KPHTEpHUEB B
HedeTkoM Buje. OJHAKO CYIIECTBYIONIME TMOAX0Abl K HeuéTkomy IIP He
MO3BOJISIIOT yuecTh HeuéTKUe Beca KpUTepHeB. B 3Toil cBsi3u mpeniaraercs
ONepHpOBATh HEYETKMMHU BecaMH KPUTEPHUEB B BUAEC HHTYMLIMOHHUCTCKHX
HEYeTKUX YHCel.

C y4eroM pacCMOTPEHHBIX MOAXOAOB, UX YIy4lIIEHUH U
MoIU(UKAMKA TpPEAsoKEeH HWHTerpupoBaHHbIN anroputm MITIP s
BbIOOpa ONTHMAaJbHOM CTpaTeTMH IIPH 3BaKyalud. [laHHBIN anropurM
SIBIIIETCS. MHOTOYPOBHEBBIM, TIJl€¢ HAa IEPBOM YPOBHE OCYILECTBISAETCA
IIOCTPOEHHE MOJENU 33Ja4d B BHJE HBAKyallUOHHOW TPAHCIIOPTHOM CETH.
Ha BrOpoM ypoBHE TPOM3BOAMTCS pPAHKUPOBAHUE YOESKHI Ui
HaXO0KJEHUSI UX ONTHMAJBHOTO MOPSKa HA OCHOBE MHOXKECTBA KPUTEPHEB.
OnpeneneHne NPUOPUTETHOCTH YOCKHIN peaau3yeTcs ¢ MOMOIIBI0
MHTYHUIMOHUCTCKOTO HEYETKOr0 TMOPHIHOTO OmIepaTropa yCpeIHEHUs Ul
ydeTa HEYBEPEHHOCTHM OJKCIEPTOB TIPH OLIEHKE paccMaTpUBaeMbIX
KpUTepHeB 3Bakyauuu. [IpennokeHHBI# THOPUAHBIA ONepaTop MO3BOJISET
y4ecTh Beca KpUTEPHUEB B BU/I€ HEUCTKUX MHTYHIIMOHUCTCKUX 3HAYCHUN Ha
OCHOBE pa3pabOTaHHBIX MOANGHIMPOBAHHBIX OIEPATOPOB BO3BEICHUS
HEUETKUX 4YHUCeJ B HEYETKyl0 cTemeHb. Ha TpeTbeM  ypoBHe
OCYILECTBIISIETCSI MAKPOCKOITUYECKAsl TOTOKOBAs JUHAMHUYECKAs dBaKyallys,
MO3BOJISIIOIIAs  MEPEMECTUTh MAKCHMAJIBHOE KOJIMYECTBO JIIOACH U3
OIaCHBIX 30H.

Pa3paboTaHHBII aNTOPUTM OMUPACTCS HAa TEOPHIO HEYETKUX
MHOJKECTB, NPUHATHA PEIICHHH B HEYETKHX YCIOBHSAX M IOTOKOBYIO
MaKpOCKOMHWYECKYI0 HBaKalMI0 JUId HBaKyallMd MaKCHMAallbHOIO YHCIIa
JIOAEH 3a CUET HCIOJIb30BAHUS BO3MOXKHOCTEH IPOMEKYTOYHBIX BEPIIMH
NepeaaBaTh JOMOIHUTEIbHBII OTOK BO BCE CTOKH B YCJIIOBHAX HEMOJIHOTBI
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u HerouHocTH MH(popmanuu. Takxke pa3paboTaHHBINA AITOPUTM MO3BOJISIET
YIy4IINTE Ka4eCTBO MPHHAMACMBIX pEHICHWH B CHTyalHMix, Korjaa
SKCIEPTHI KOJIEOIIOTCS M1 COMHEBAIOTCS MIPU OLIEHKE MHOXKECTBA KPUTEPUEB
sBakyanud. K TakuM KpuTepusM ObLIM OTHCCCHBI: BMECTHMOCTH
MOMEIIEHUS, KOTOpas 3aJjaeT BEpXHMH TMpened KOJIWYecTBa JIIOJCH,
HAXOAAIIUXCS B 3ITOM YOGKHWINE, YPOBEHb OC30MACHOCTH TOMEIICHUS,
OMU30CTh K MCTOYHHUKY OIACHOCTH, CJIO)KHOCTh 3BaKyallid W BpeMs Ha
OpraHu3alIo dBaKyallMd M3 3TOro MecTa. Pe3ynpTaTsl alroputMa MOTYT
OBITh WCIOJB30BAHBI KaK MPH JBaKyallMd 3IaHWHA, TaK W B 3aJadax
MacCOBOI IBaKyalnu HaceleHus mpu MacmTaOHbex YC.

2. HeueTrkasi JIOTHMKAa, €€ pacllMpeHusi M  ONepPaTopbl
arperupoBanus. PaccMOTprM MaTeMaTHYECKUH ammapaTt TEOpUH HEIETKIX
MHOJKECTB, JIGKAIMA B OCHOBE pa3pabOTaHHOTO METOAa TPHUHITHSA
pelieHnid Tpu  3BaKyalMd B HeuyeTkoM cpexae. JlaHHbIl anmapar
OpeACTaBasieT Cco00i 0000MmICHHS HEYETKUX MHOXKECTB, a WMMEHHO,
WHTYHUIIMOHUCTCKUE HEUETKHE MHOXKECTBA, IMO3BOJISIONINE MOJEIUPOBATH
COMHCHHsSI DKCIEPTOB M WX HEYBEPEHHOCTh MpPH BHIOOPE KOHKPETHOU
CTETIEHH NPUHAAJIEKHOCTH »JJIEMEHTa HE4YETKOMY MHOXECTBY Oonee
3¢ (EeKTUBHO TI0 CPABHEHHIO C TPAJAUITUOHHBIMU HEYETKMMU MHOKECTBAMH.

Heuertkas noruka siisiercst 3pQeKTUBHBIM METOAOM OOBEIUHEHHUS
HECKOJIbKUX KpPUTEPHUEB C YYE€TOM OIbITa MHOIHMX OKcrepToB. Teopus
HEYeTKHX MHOXECTB, paszpabotanHas JI. 3ame B 1965 romy [31], crama
MOIIIHBIM WHCTPYMEHTOM B PA3IIMYHBIX 00IACTSIX COBPEMEHHOTO OOIIECTBA.
Cpenu HUX — CHCTEMa YIIPaBJICHUS NCKYCCTBEHHBIM KapIUOCTHMYIIATOPOM,
XUMHYECKHE PEaKTOPHl M YCTPOWCTBA, CHCTEMa KOHTPOIS KPOBSHOTO
JABJICHUS, CHUCTEMa OMNOBEIIEHHS O CEepACYHBIX  3a00JICBAHMUSAX,
SHEProcUCcTeMa, CHCTeMa  YIpPAaBICHHE  JOPOXKHBIM  JIBIDKCHHUEM,
OMoMenUIINHA [32]. Heuerkoe MHOKECTBO pacmupseT
XapaKTEePUCTHYCCKYI0 (DYHKIIUIO, MPUHUMAaromyto 3HaueHne 0 wim 1, 10
(YHKIMY TTPUHAIICKHOCTH, KOTOPas MOXKET MPUHUMATh JIF000€ 3HAYCHUE
u3 3akpeiToro uHTepBana [0,1]. PaccMOTpuM KOHIIEMIIMIO HEYETKOTO
MHOX€ECTBa.

Onpeodenenue 1. Ilycts X — Hemycroe MHOXecTBO. Heuerkoe
MHO>KECTBO HAa MHOXECTBE X — 3TO MHOXECTBO F, Tako€ 4TO:

F = {(x,ur(x)); x € X}, (1)

rne pp:X — [0,1] waseiBaercs dynkuuedl npunHamiexunoctd F. o py(x)
MOKA3bIBAET CTEMEHb NPHUHAUISKHOCTH OJJIEMEHTa X MHOXecTBy F
U IpUHUMAET 3HayeHue u3 unrepsana [0,1].
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OnHako (yHKIMS TPUHAAJICKHOCTH SBISIETCS TOJIBKO OJHO3HAYHOMN
¢yHKIMEH, KOTOpas HE MOXET UCIONB30BaThCI IS BBIPAKCHHUS
MOAACPKKN M BO3PAXKCHHUA OAHOBPEMECHHO BO MHOIUMX TMPAKTUYCCKUX
CUTyalusXx.

B 3apauax IIP, MopenupoBaHus, ylnpaBiIeHUs CUCTEMaMU JKCIEPTHI
MOTYT HE 00JajgaTb TOYHBIM WM JOCTaTOYHBIM YpPOBHEM 3HaHHH O
mpoOieMHOll 001acTH W3-3a  CJIOKHOCTH  COLMABbHO-DKOHOMHYECKOU
cpenbl. B Takux  cnywasx  OOBIYHO — TPUCYTCTBYET  HEKOTOpas
HEOIIPENIENICHHOCTh B NPEANOYTCHHUAX  DKCIIEPTOB  OTHOCHUTEIHHO
paccMaTpuBaeMBIX ~ OOBEKTOB, TE€M  CaMbIM  JIEMOHCTPHUPYIOTCS
XapaKTEPUCTHKH YTBEPXKACHU, OTpUIaHUs U KoneOanus. Hampuwmep, npu
TOJIOCOBAHWH, MOMHMO «IIONICPKKI» H «BO3PAKEHHA», OOBIYHO €CTh
«BO3JICpKAHME», YTO YyKa3plBaeT Ha KoJeOaHHWE M HEOIPEACICHHOCTh
n30uparensi OTHOCUTENILHO 00bekTa. [10CKONbKY HEYeTKOe MHOMXKECTBO HE
MOET ObITh MCIOJIB30BAHO JJIsl IOJIHOTO BhIpaKEHHUs Beeil MHMOpMaluu B
TaKuX npo6neMax, €ro MnpuMEHUMOCTb YaCTO OT'paHWYCHAa BO MHOTI'HUX
MIPaKTHUECKUX CHUTyanusx. JIsg Takux CHTyaluii MOTYT HCIIOJIb30BaHBI
0000IIeHNsT HEYETKHMX MHOXECTB, B YaCTHOCTH, HWHTYWUIIMOHUCTCKUE
HEeuy€TKre MHOXECTBA. DTO akTyalbHO W Juis 3aaad [1P npu sBakyannoHHOM
MOJISTUPOBAaHNY, KOTJ@ SKCHEePT WIM TpYIIa OKCIEPTOB HE MOTYT
MIPEAOCTAaBUTE OLICHKY 3BAKyallMOHHOH aJIbTEPHATHBBI WM KPHUTEpUS B
BU€ KOHKPETHOW CTENeHH IPHHAIEKHOCTH, a HCHONB3YIOT ITOMHUMO
CTCTICHH TIPUHAIUICKHOCTH JJEMEHTa HEYCTKOMY MHOXECTBY TaKkKe
CTETICHb HEMPHUHA/JIC)KHOCTH M CTEIIEHh COMHEHHUs. PaccMmoTpum ammapat
TEOPUH  WHTYUIIMOHUCTCKUX  HEUYETKUX  MHOXKECTB,  ITO3BOJISIOIINN
3¢ (eKTUBHO MPUHUMATH PEUICHUS MPH IBaKyallMOHHOM MOJEIHPOBAHUHU U
pearupoBaHWM B  HEUETKHUX YCIOBHSIX W YCJIOBHSX  HEMOJIHOTHI
nHpopManuu, 6ojee moapoOHO.

AranaccoB B 1986 roay [33] 0000ImIMI TEOPUIO HEUESTKUX MHOKECTB
C MOMOIIBIO0 KOHIICTIIMY UHTYUIIMOHUCTCKOTO HedeTkoro MHoxecTBa (IFS),
KOTOpasl BKJIOYAla CTeleHb COMHeHMs (KkojeOaHus) Wi (YHKIUEO
HEONPE/ICNIEHHOCTH, a TakKe (QYHKIMIO NPUHAIISKHOCTH M (QYHKIUIO
HENPUHAIICKHOCTH 31eMeHTa MHoxecTBy IFS. WMuTynnumonucrckuit
WHJIEKC HE 00s3aTebHO PaBeH HYJIO, KaK B HEYETKMX MHOXKECTBaX.
Ucnone3oBanne [FS obecrieunBaeT BcecTOpOHHEE M LENOCTHOE ONMHMCAHHE
HEUETKHX TIapaMeTpoB, 4YTO oOecreumBaeT IoiydeHHe d(PQPEKTUBHBIX
Pe3yIBTaTOB MPH UCXOAHOHN HEOMPEICIIEHHOCTH.

[MocmenHne HECKONBKO IECATHICTHA HCCIEHOBATEIH YIS
Oonpmioe BHUMaHWE w3ydeHuto Tteopuu IFS u mocturnm 3HAYMMBIX
pe3ynpTatoB [34]. AtaHaccoB [33] mpeasoXKMI HECKONBKO OCHOBHBIX
omepanmii  Hajy IFS, Bkmowas — «mepecedeHwe», «OOBEAMHEHHUEY,
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«JIOTIOJTHEHHE» M «BO3BEICHUE B CcTeNeHb». O030p OCHOBHBIX ONEPaTOPOB
arperupoBanus, Jexanmx B ocHoBe MITIP, npeacrasien B pabote [35].
OnHako, mockoibKy uzyueHue teopuu IFS pacimpsercs xak B riyOuny,
TaKk ¥ B WHpHHY, OS(dexTHBHbIEe arperupoBaHue u 00paboTKa
UHTYUIIMOHUCTCKOW HEUETKOW MH(DOPMAIUK CTAHOBSITCS HEOOXOIUMBIMU U
Bce Ooiee BaXKHBIMHU.

PaccMoTprM OCHOBHBIE KOHIIETILIMY, Jiexkalre B ocHoBe Teopu [FS.

Onpedenenue 2. Ilyctb X — wHemyctoe wmHOkectBo. IFS Ha
MHO3KeCTBe X — 3T0 MHOX)ecTBO A Takoe, uTo:

A = {(X, HA(.X'), VA(x)); X € X}’ (2)

rae pa(x):X > [01] u vy(x):X - [0,1] yIOBIETBOPSIOT YCIOBUIM
0 < pus(x) <1 s kaxmoro x € X.

m,(x) B A Ha3bIBAaeTCA CTENEHBIO HEPENIHTENBHOCTH, HIIH TIPEIENIOM
KojeOanust, Wid (QYHKIMCH HEOUPEICICHHOCTH, KOTOpas H3MepseT
YPOBEHb HEPEIIUTEIBHOCTH:

ma(x) = 1= py(x) —va (). (€)

WarynumonncrckuM HedetkuM uuciaoMm (IFN) [36] HaspiBaeTcs
qucio & = (Ug, Vg), TIE Uy € [0,1],v4 € [0,1], ptg +vo < 1.
st cpaBuenus IFN ucnonbe3yercst pyHKuust oneHku s(Q):

s(@) = pg = Vg, s(a) € [-11]. “4)

Ecmm IFN paBHB, UX MOXHO CpPaBHHTh C IOMOIIBIO (PYHKINH
TOYHOCTH /4 [36]:

h(a) = py + v, (5

rae h(a) — crenens tounoctn h(a) = y,. Yem Gonbiue h(a), Tem BbIIIE
crerienb TouHocTH [FN.

Onpeoenenue 3. Tyctb ay u @, 18a IFN; s(a,) u s(a;) — yHKumn
OIICHKH 3THX 3HaueHuit; h(a;) u h(a,) — GYHKIHMHA TOYHOCTH @, TOTTIA:

1) Ecmms(ay) < s(ay), 10 a; < dy;

2) Ecmms(a,) = s(ay), 10

2.1) ecmn h(a,) < h(ay), 0 @y > ay;

2.2) ecmu h(ay) > h(a,), 10 g > ay;

2.3) ecmu h(a,) = h(a,), 0 @; = a, [36].
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Iycts A = (uz,vz) u B = (us,vs) — nea IFN Ha mHOXecTBe X;
Toraa 6a3oBeie onepannu ¢ IFN onpeznenstoTcs ciexyrommM o0pa3om:

A®B = (u(x) + s (x) — pa0)us (x), va(x) X vz(x), x € X). (6)
kA =(1-(1—-puz(x)kvi(x)*,x € X,k > 0. 7
at=(ul1-(1-v*),2>0. 8)

[Iponecc mpuHATHSA pemieHHs B 3aJadax 3BaKyalud Uil BbeIOOpa
HaWiIy4dlINX 3BaKyalMOHHBIX albTEpHATUB TpeOyeT arperaumu BcexX
BXOAHBIX JIaHHBIX B OJHO 3HAYEHHE C TIOMOIIBIO OIEPATOPOB
arperupoBaHuu. Jlo HAcTOSIIEro BpeMEHH ObUIO MPEJIOKEHO MHOTO
OIIEpaTOpOB ISl arperupoBaHus HMHGOPMAaUM B Pa3IM4YHBIX Cpenax
OpUHATHS pemeHuit [37].

Haubonee pacnpocTpaHeHHBIMU OINEpaTOpaMH Ul arperHpOBaHMS
apryMEHTOB SBJISIFOTCSL  OlepaTop B3BemleHHoro ycpenHenus (WA),
B3BEILICHHBII reoMeTpuieckuii onepatop (WG), oneparop yrnopsao4eHHOro
B3BenleHHoro ycpenHeHuss (OWA) ¥ ynopsmodeHHBIH B3BEIICHHBIN
reomerpuyeckuii oneparop (OWG) [26, 36].

[lepBoHauanbHO  JaHHBIE  OMEPATOPHl  HMCHOJNB30BAINCH  JUIS
arperalfiy  apryMeHTOB, TPUHUMAIOIINX 3HA4YEHWS W3 MHOXKECTBA
JEHCTBUTENBHBIX uucel. [lo3:ke OHM OBUIM paclIMpeHbl IS aJanTalyn
K HEOMPEIETICHHBIM M HEYETKUM JIMHIBUCTHUECKUM cpeaaM [38 — 39].

PaccMoTpuM cymiecTByIoOIIKE ONEepaToOpbl arperupoOBaHMUs:

Onpeoenenue 4. Ilycts a; = (uaj,vaj), j=1,2,...n mpexacrariser

co6oii koymrekiuio IFNs, Torma:
IFWA, (ay, ay, ..., ap) = 010, D00, ... D w,y, )

rie @ = (Wq, Wy, ..., W, )"~ BECOBON BEKTOP, CBA3AHHBII C ONEPATOPOM ;,
J=(1.2,...n), w; € [0,1] j=(1,2,...n) u ¥7_; wj = 1.

Onpedenenue 5.  ArperupoBaHHOE 3HAUeHHE, IIONydCHHOE
¢ momorpio oneparopa IFWA npeacrasnser coboii

IFWA, (a1, @z, ., y) =

(1‘ J=1(1=ta ), }Ll(vaj)wf), (10)
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Onpeoenenue 6. Ilycte a; = (ua].,vaj), j=1,2,...n npencrasiser
co6oii koymrekiuro IFNs, Torma

IFWG, (ay, ay, ..., ) = 0;°1Qa,“2Q ... Qa, . (11)

IFWG Ha3biBaeTCsl HMHTYUIMOHUCTCKMM HEYETKUM B3BELICHHBIM
reometpuueckuM oneparopom (IFWG), rie w = (wy, Wy, .., w,)T — BekTOp
- - n —_
BecoB q;, j=(1,2,...,n), w; € [0,1] j=(1,2,...n) n ¥j_; w; = 1.
Onpeodenenue 7. ATperMpoBaHHOE 3HAY€HHE, IIOJ[ydEHHOE C
roMonipio oneparopa IFWG, npencrasisier coboit

n

n
IFWG, (a1, ag, ..., @y) = nuaj“’f ,1— n(l—vaj)“’i , (12)

j=1 j=1

rae w = (W, Wy, ..., w,)T — BEKTOpP BECOB a;, j=(12,...n), w;€[0,1]
j=(12,...n)n Z?zl wj = 1.

O6a omeparopa IFWA u IFWG cHadama B3BEmIMBAIOT Bce
apryMeHTBI, a 3aTeM arperupyloT 3TH B3BEIICHHbIC apryMmeHThl. OJHAKO
orreparop IFWG ropasmo 6osnee 4yBCTBUTEICH K UCXOTHBIM apryMEHTaM.

Onpedenenue 8. VIHTYHINOHUCTCKUA HEYETKHHA YHOPSTOYCHHBIN
omeparop B3BemieHHoro ycpeaneHust (IFOWA) — sto takoe otobpakenue,
410 = (W1, Wy, ..., Wy) T, Wy € [0,1] j=(1,2,...,n) and Thaw =1

IFOWA,, (ay, &, ..., ) = W1 Q1) BW2052)D ... ® Wp gy, (13)

rae (0(1),0(2),...,0(n)) asusercs nepecranoskoit (1,2,...,n), Takod 4TO
Ag(j-1) = Eg(j) M-

Onpeodenenue 9. ArperupoBaHHOE 3HAaUYCHHE Ha OCHOBE OllepaTropa
IFOWA - 3to untyunmonucrckue Heuérkue 3nauenus (IFV) B popme

n

n
IFOWA,, (@, a3, ..,ay) = 1— H(l—uaa(j))wi,l_[v%(j)wi . (14)

j=1 j=1

w = (W, Wy, ...,Ww,)T — BEKTOp BecOB, CBA3aHHBIH C OIEPaTOPOM
- n —
IFOWA, w; € [0,1]j=(1,2,...n) n Xj_;w; = 1.
Onpeodenenue 10. VIHTYUIIMOHUCTCKUI HEUETKHU YNOPSIOYESHHBIH
B3BCIICHHBIH reomerpuueckuii omepatop (IFOWA) — 5310 Takoe
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orobpakenne w = (Wy, Wy, .., w,,)" , uro w; €[0,1] j=(1,2,...n) u
Z?:l W] =1.

IFOWGW (0(1, az,...,an) = 0.(1)®a0.(2)® ®ao.(n); (15)

rae (6(1),0(2),...,0(n)) — nepecranoska (1,2,...,n), Takas 4to Ao(j-1) =
Qg (j) IS TTHOOBIX .

Onpeodenenue 11. ArperupoBaHHOE 3HAUYEHHE C HCIOIH30BAHUEM
oneparopa IFOWG — sto IFN B hopme

n n
IFOWG,, (ay, g, ..., Xy) = l_[,u%(j)wi ,1— 1_[(1—1/%(].))""1' . (16)
j=1

j=1

w = (W, Wy, .o, )T 9TO  BECOBOM BeKTop, CBSI3aHHBIN
¢ oneparopom IFOWG, w; € [0, 1]] (1,2,...n)u Z W) =

Omneparopsl [IFOWA u IFOWG cHayana nepecTaBlsIOT 3aJaHHbBIE
APryMCHTBI B HOPAIKE y6bIBaHI/l$I, a 3aTeéM B3BCHIMBAIOT YIOPAAOYCHHBIC
MO3UIUN JOTHUX apryMCHTOB. yHOpHZ[O‘leHHI)Ie B3BCUHICHHBLIC ONEpaTOPLI
arperupyroT yIoOpsJAOYCHHBIE apryMEHTHl W Beca HX YHOPSJOYEHHBIX
TIO3MIIMI, TIOITOMY apryMEHT HE CBsI3aH C OIpeieeHHBIM BecoM. BmecTo
9TOTO0 OINpENENICHHBIH BEC CBA3aH C ONPE/CICHHOW YIOPSA0UYCHHON
MTO3UIIMEH apTyYMEHTOB.

Brimeynomsnyteie oneparopel [FWA u IFW(G Ha3zHavaioT Beca
3amaHHbM IFN, Torna xak onepatopsl IFOWA u IFOWG Ha3zHaugaioT Beca
YOOPSIIOYSHHBIM TO3WISIM  yKa3aHHBIX uucel. OmHako KaXOeld U3
OIIepaTOpOB PAcCMATPHUBAET OOUH acleKT. UToObl OOBEOMHHTH ITH IBa
acriexTa, ObUIM TPEJIOKEHbl WHTYHIMOHHCTCKHE HEYETKHE OIepaTopbl
ruOpugHoro  ycpenuenuss  (IFHA)  [40], xoTophle  B3BEMIMBAIOT
npenonpeneneHnsle IFN 1 uX ynopsiioueHHbIE IO3ULIUN.

Onpeodenenue 12. Omnepatop IFHA mpencraBnser co0oi Takoe
0TOOpaKeHHE, UTO

IFHA(U,W (al,az, vy (Xn) = ch’fq(l)@wzag(z)@ .0 Wnd’o-(n), (17)

e w = (Wy, Wy, ...,W,)T — BEKTOp BeCOB, CBS3aHHBI C ONEPATOPOM
. n > ~ il
IFHA, w; € [0,1], j=(1,2,...n) m ijle =1 @ =nwja;, j=1,2,.n,
A1), Ag(2)s o » Ag(ny — TIEPECTaHOBKA B3BemeHHBIX IFNs, Takux dTO
~ A ~ ~ ~ . . _ T
(A1, Az, e, Q) 5 gy = Aojvry > G=12,..0-1); @ = (W1, Wy, e, )" —
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BeKTOp BeCOB @, j=(1,2,...n), w; € [0,1] j=(1,2,..n) u Y}, w; =1
KoaddummenT 6anaHCHPOBKH PaBeH 7.
Onpeoenenue 13. Ilyctb @g(j) = (uaa(j),vaa(j)) , (G=12,..,n).

ArperupoBaHHO€ 3Ha4€HHE C Ucnoib3oBaHueM oneparopa IFHA — ato IFN
B (hopme:

IFHA,,,, (a1, a5, .., ay) =

. . 18
(1 - H;l:l(l_#ao-(]))W] H;’l:lvag(j)W] )' ( )

Onpeodenenue 14. VIHTYUIIMOHUCTCKAN HEYETKANH THOPHUIHBIN
reomeTpuueckuii onepatop (IFHG) — ato takoe oroOpakeHue, 4To

IFHGy, (a1, @y, ..., @) = @4\ ®A7® ... @, T, (19)
rre c:rj = a}wj , j=(1,2,...n), (&U(l),ég(z), . &U(n)) — IEepeCTaHOBKa
p3BemeHHbIX IFNs, Takux uto (&4, &y, ..., &y), ég(l) > ég(j+1), G=12,...n-1);

Onpedenenue 15. Ilycthb 5{6( = (,u&a(j),vaa(j)) , (=12,..n).

ArperupoBaHHOE 3Ha4Y€HUE, MOJYYEHHOE ¢ momMolubto onepatopa IFHG —
510 IFN B Buze

IFHG,,,, (aj, az, ..., ay) = (H}Ll a1 =

(20
?:1(1_V§JU))Wj )

T'ubpumasie omeparopsr I[FHA u IFHG TpeOyroT BBIIONHEHHS
CJIEAYIOLIMX LI1aroB:
1. Bseecuts IFNs a;, j=(1,2,...,n) B COOTBETCTBUH CO 3HAYEHUAMH

w:
. v .
CBSI3aHHBIX BECOB W), j=(1,2,...,n) u HalTH wja; wim @ j=(,2,...,n)..

3aTeM YMHOXHTHb IIOJy4YCHHbIE 3HA4YeHHs Ha  OaJlaHCHPOBOYHBIN
kodpdurment n, 49robbl Halitm B3BemenHble IFNs nwja; wm
a; ) j=(1,2,..n).

2. Ilepeynopsnounts  B3emennele IFNs @ = nwja; wm
@ = a;le, Jj=(1,2,...,n) B nopanke yobBanus, (&g(1), Bg(2)s » Bg(n)) WM
(éa(l):éa(z)ﬂ--:&a(n))’ 71 @g(jy — 9TO j-0€ HamboJIbllee 3HAYEHHE NW;{;,

. 2 . nwj
i=(1,2,...,n), u Qg (jy — 3T j-0€ HaUOOJIbIIEE 3HAUCHUE a; 1 i=(1,2,...,n).
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3. Bsecuth nomydeHHble ynopsnoucHHble Beca IFNs @g(;) umm
éa(j) j=(1,2,...,n) c wucnons3oBanuem BecoB IFHA wm IFHG w;
j=(1,2,...,n). Hakonen, arperuposathb Bce B3BelmleHHbIE IFNs w;ds(;) win

AW .
ao(’j) j=(1,2,...,n) B KOJUIEKTUBHOE 3HAUYCHHUE.

PaccMoTpeB W IpoaHANIM3MPOBAB  CYIIECTBYIOLIME OINEPATOPHI
arperupoBaHus, 3aMETHM, YTO B 3aJadax pPEaJbHOTO IMPUHITUS pEIICHUI
Beca KpUTEPHEB HE BCErza NPEACTABISIIOTCS B YeTKOM Buzae. Ecmnm
9KCIIEPTHl COMHEBAIOTCS IPH BBIOOpPE BECOBBIX KO3()(MHIMEHTOB, TO Beca
KPHUTEPHUEB CIIEYET 3a/1aBaTh B BUJIC MHTYHIIMOHUCTCKMX HEYETKHX YHCEL.
TpanunuoHHBIE ONEpPaTOpPbl arperupoBaHUsi HE TO3BOJISIIOT YIIPaBIATh
HEYeTKUMH BecaMu KpuTepueB. B cBsi3u ¢ 3TuM B paboTe mpejiaraercs
METO/IMKA, TO3BOJIAIONIAsl ONEPUPOBATh HEUETKUMH BeCaMH KPHUTEPHEB U
npuBosmas K 3¢dexruBHomy I1P B cimydae coMHeHWit WM KomebGaHHHA
9KCIEPTOB, X HEYBEPEHHOCTH IIPH BBIOOpE CTeTIeHEeH IPHHA/IICKHOCTH.

3. Moan¢gunupoBaHHbIe ornepaTopsbl arpermpoBaHusl
¢ HeYeTKMMH BecaMH KpuTepueB. Bsemem MoaudunupoBaHHBIC
OTIEpaToOpbl arperupoBaHUs, IMO3BOJIIOIINE YNPABIATh HEYETKUMU Beca
KPUTEpUEB, JIEXKallieé B OCHOBE HHTYHMIMOHHCTCKOTO HEYETKOTO
ruOpugHOTO — omeparopa  ycpemHeHus. JlaHHBIT  omepatop  Oyzder
UCIIONb30BaH  JUIS  PAaH)KUPOBAHUS  DBaKyalMOHHBIX  aJbTEPHATHUB,
IPEACTABILIIONIMKA  cOOOM  MOMEIIEHHs U1 3BaKyallUd C  LEIbIO
MaKCHMH3alUH YHCIIa CIIACEHHBIX JIFOJCH.

Iycrs a = (Uy, V), @1 = (Upy, Vi) 4 @2 = (s, Vy,) — Tpu IFVs,
k>0. Toraa cripaBeISTUBHI CIEAYIOIINE 3aKOHBI [36]:

(1) a;Da; = (Hrl + Hr, — .urllurz'vrlvrz);

2) @ Qa, = (#rlﬂrz’vrl + v, _Vr1Vr2)§

() ka=QQ-QQ—p)kvP);

(4) ak = (MLC’ 1- (1 - Vr)k)~

Iycts a = (u.,v,) u T=(,0 ) — nBa IFVs. VYuurbBas
onepanuonHbiii  3akoH (3) u pasenctBo [FWA, (ai,ay, ..., a,) =
w0, Pw,a,D ... D w,a,, noayyaem

ta=(1-(1-p)tvi?). (21)

YuureiBas oneparuoHHbIN 3aKOH “) u PaBEHCTBO
IFWG, (ay, ay, ..., @p) = 0;°1Qa,“2Q ... @, “", nony4aem

at = (10,1 — (1 —v)?). (22)
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Takum 00pa3om, MOANGDHUIIUPOBAHHBIE ONEPATOPBI ATPErUPOBAHUSI C
WHTYUIIHOHIUCTCKAMH HEYCTKIMH BECAMH KpPUTEPUEB MPEACTABIAIOTCA B
BUJIE:

IFWA, (ay, ay, ..., ap) = T,0:B7,0, P ... BT,y =

(1 = T (Lt )9 T (v )% ). @)

IFWG, (ay, ay, ..., ap) = ;"' Qa,2Q ... Qa,,™

"y , 24
?:1!111]-1 fi,1- }1:1(1_1’«1]-)1] ) @4

IFOWA,, (ay, az, ..., an) = T1aa(1)®fzaa(2)® BT )
_ e | 09
=({1- n(l :“aa(])) 1_[1/(15(1) I
IFOWG,, (a1, ay, ..., aty) = 6(1)®a0(2)® ®aa(n)

n
" . (26)
ﬂy%(j)l % ,1— 1_[(1—1/%(],))’11 :
j=1 j=1

C yd4eroM BBIIMIEHU3IIOKECHHOTO MOAMMDUITMPOBAHHBIE THOPHUIHBIC
oTepaTopsl MpeIcTaBsAoTes cienyromum obpazom: IFHA u IFHG.

CornmacHo  omepanioHHOMY  3akoHy (3) ®  DPaBEHCTBY
IFHA,,, (a1, 03, ..., Qn) = Wi8p(1yOW, 862D ... ® Wy &y (), MOTydaEM

IFHAT‘W = W1&U(1)®W2&0—(2)® @ Wn&a-(n) =
(1 ~ M=ty )™ =1 vag, ™ ) rae &; = nt;a; = (27)
(1= T (A )™, Ty (v )00 ).

CormacHO  omeparoHHOMY 3aKOHY (4) wm  paBeHCTBY
IFHG,,,, (ay, a3, ..., ) = G(l)®&:’:(2)® ®ag(n), TIOTy4aeM

IFHG,,, = &, ®4,%® ..®4,,,=

a(2) J(n)’
) . 2 nw;j
(Meika, ) 1= T (=ve, )™ ) where & = @] = (28)

( ;’1=1ﬂajn(1_6j) 1= 1(1 Vot])n/1 )
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IToctpoeHnble  MOAMGHUUIMPOBAHHBIE  HEYETKUE  ONEPATOPHI
MO3BOJIIIOT  paboTaTh C HHTYMLIHMOHHCTCKHMMH HEYETKUMH  BECaMHU
KPUTCPUEB U JIC)KAT B OCHOBC MHTYUIIMOHUCTCKOI'O HECYETKOI'O FI/I6pI/IZlHOI‘O
orepaTopa YCpeJHEHHs, KOTOpble J(P(EKTUBHO NpHUMEHSETCS IS
MHOTOKPUTEPHAJIBHOTO TPYHIIOBOTO MPUHATHS pEUIeHUH T0 BBIOOPY
ONTUMANLHOW CcTpaTeruu HBakyauuu. Ilox cTpaterumeil sBakyanuu
MIOHUMAeTCd TOPSIOK  PAcHOJIOKEHHs IIOMEINEHUM A dBaKyaluu
B 9BaKyallMOHHOM CETH, KOTOpasi NMpeCTaBlIeHa TPAHCIIOPTHOM CETBIO.

4. IlocTaHoBKa 3ajayM JAWHAMHYECKOH MaKpOCKOMUYeCKO
sBakyanuu. [IpeacrtaBuM OCHOBHBIE OIPEAEIEHUsS, JEXallue B OCHOBE
MaKpOCKOIIMYECKOW  dBaKyallMm Jiojged  mpu  dBakyauuu. llox
MAaKpOCKOIIMYECKOM 3BaKyallMeldl IOHUMAETCSl 3BaKyallUd JIIOAEH Kak
MOTOKA 0€3 ydeTa MHANBUAYAIbHBIX XapaKTEPHCTHK OTACIBHOTO YEIOBEKA.
IIpy MakpoCKOIMYECKOM JBaKyallud MOJEIBI0 3BAKYallMOHHOW CETH
sBisiercst TpadoBble M runeprpadoBble TPENCTABICHHS TPAHCIOPTHBIX
cereit [5, 7, 17-19]. DBakyalMoHHass Ce€Th OIpeAeTseTCS Kak
TPaHCIIOPTHAsI CETh, COOTBETCTBYIOIIAs TEPPUTOPUU (WIM 3[aHUIO),
NOJJISKAIMM DBaKyallid, TJe TIepeceyeHusl JAopor (WM MOMENeHUs
B 371aHMH) TPEICTABISIOT COOOHM Y37l CeTH (BEPIUMHBI), a CBS3H MEXIY
HUMH (JIOPOTM Ha DBAaKyallMOHHOM TEPPUTOPUU WM  KOPHIOPHI)
obo3HauatoTcss péOpamm (myramm). B Takoil ceTM ecTh HCTOYHHMKH —
obylacTn, TOJBEpIUIMECs OINACHOCTH, W3 KOTOPBIX OCYILIECTBISIETCS
TPAaHCIIOPTHPOBKA, M CTOKM — YOEXHIIa, MPEeACTaBIsgomIe coOon
Oe3omacHple 00JIACTH WIIM MOMEIICHHUS, KyJAa nepememaror Jyronel. Bee
OCTaJIbHBIC Y371l TAKMUX CETEH Ha3bIBAIOT NMPOMEXYTOUYHBIMH (TIEpEeCceUeHNUs
JOpOT WM TmoMmelieHus). M3HayanpHO 3BaKkyHpyeMble HAXOAATCS B
BEPIINHAX-NCTOUYHHUKAX, a BIIOCJIEICTBUH OCYIIECTBIISIETCS
TPaHCIIOPTHPOBKA B 0OE30MaCHBIC 30HBI — BEPIIMHBI-CTOKH. BepmuHbl 1
pEOpa 3BaKyallMOHHOW CETH OTPAHUYCHBI MPOIMYCKHBIMH CIOCOOHOCTSIMH,
OTpaXaroIMMHU MaKCUMAJIBHYIO BCJIMYUHY JOBaKyall[UOHHOI'O0 IIOTOKa,
KOTOPBIH MOXET MPOXOIUTh MO ATOMY PeOpy WIIM pa3Melarbcs B y3Je.
I'pynna 3BakyupyeMmbIX, MpOXOJsIlas 4epe3 CeTh C TeUueHHEM BpEMEHH,
MoJienupyeTcd Kak MOTOK. I[lmaH »BakyalMu 3aBUCHT OT KOJIMYECTBA
HCTOYHHKOB, CTOKOB, ITapaMETpPOB, 3aJlaHHBIX Ha Jyrax W y3JlaX, TaKHX Kak
MIOCTOSIHHBIE, 3aBUCAIIME OT BPEMEHH WM 3aBUCSIIIUE OT MOTOKa
MIPOITYCKHBIE CHOCOOHOCTH WM MapaMeTpbl BPEMEHH HPOXOXICHHUS, a
TaKKe  JOMOJHHUTEIBHBIX OTpaHWYIECHHH. Anroput™M  sIBIISETCA
YHHUBEPCAIbHBIM M TO3BOJISIET MOJCIHPOBATh M3MEHEHHS B IPOIYCKHBIX
CIIOCOOHOCTSIX B 3aBUCUMOCTH OT Pa3iIMYHBEIX (akropoB. Hampumep, eciu B
3J@aHAU  YCTAHOBJIEHBl Ta30aHAIM3aTOPbl, [OKA3bIBAIOIINE YPOBEHb
3aJBIMJICHUS, TIPOITyCKHAasl CIIOCOOHOCTb OyngeT cHmkKarecs. Ecnnm
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paccMarpuBaeTcsl TPAHCIOPTHASL CETh, TO MPOIYCKHbIE CHOCOOHOCTH MOTYT
U3MEHATBCS B 3aBUCHUMOCTH OT BpPEMEHH OTIPABJICHUS  IOTOKA
9BaKyHPYEMbIX C YUYETOM YacOB MUK U MpoOok. Kpome TOro, ymeHbIICHHE
MPOMYCKHBIX CIIOCOOHOCTEH MOXKET OBITh CBA3aHO ¢ OOPYIICHUEM JICPEBHEB
Ha Jopore, 00BajIOM 3aHUH APYTMMHU MPENATCTBUAMH, BO3HUKAIOIIUMHU Ha
KOHKPETHOM 3BaKyal[MOHHOM ITYTH.

[IpuBeneM MOCTAaHOBKY 3a/lau HBAKYallUH C YUETOM IPEUT0KEHHOM
HEYETKOH JIOTHKH.

Onpedenenue 16. Heuerkas muHammyeckas cetb G = (X ,/T)
TpeCTaBIsIeT COOOW CeTh, BKIFOYAOIIYIO JBA MHOXKECTBA: MHOXKECTBO
y3n0B X = {x1,X3,..X,} u MHOKecTBO ayr A ={< p, <x;,%x >/<
X, X >>}, < x;,x >€X 2 ¢ ompeneneHHOH (GyHKIMEH MPUHAIIEKHOCTH
ta (i, x;) [17].

Jlana HedeTKas JBaKyallMOHHAs JWHAMHUYECKAas CETh B BHUJE
opuentuposannoro rpada G = (X, 4,i(a), %i(x),7,S,1,D,T), tne X —
MHOKECTBO y3710B, |[X| =n; A — mHOXecTBO Hewetkux myr, |A|=m;
fi(a) obo3HAUaeT HEYETKYI0 TNPOMYCKHYIO CIOCOGHOCTH AyrH d € A .
Heuerkass mpomycknas crnocoOHocTs #i(a) mist Bcex d = (xi,xj) EA
YKa3bIBaeT MaKCUMAaJIbHBIN 00bEM MOTOKA, KOTOPBIH MOXET BOMTH B OyTY a
U3 ee XBOcTa X; 3a nepuoj Bpemenu. ClieioBaTelibHO, €CIIM MOTOK CTapTyeT
U3 X; B MOMEHT BpeMeHH €, 4ToObl JBUraThCs B X;j, OH JOCTUraeT X; B
MomeHT Bpemenu O + 7(a). #i(x) 0603HaYaET MPOIYCKHYIO CHOCOGHOCTH
y3J1a X, KOTOpasi OrPAaHUYMUBAET 00BEM MOTOKA, pa3pPEIICHHBIN JUTS XPaHEHHS
B x; T(a) — BpeMs NpoXoxjaeHus Ayru d € A, Heo6X0aMMOe TIOTOKY s
MPOXOXKACHUS OT XBOCTA JO TOJIOBBI y371a; S — MHOXXECTBO HCTOYHHKOB;
I — MHOXECTBO MPOMEXKYTOUHBIX Y3J0B (BCE BEPIIMHBI CETH KPOME
HUCTOYHHKOB M CTOKOB); DD — MHOXECTBO CTOKOB, 7 — 3aJlaHHBIN mapamerp,
OTpaXKaroIINi BO3MOXKHBIN MEPUO]] BPEMEHH, B TEUECHHE KOTOPOTO JOJIKHA
ObITh 3aBepllieHa OJBakyauus. 1 JEIUTCS Ha BPEMEHHBbIE Ilaru
T={0,1,..,T}. Qnad € A,ii(a) =0uVvx € X,ii(x) = 0.

Hdna nyrun a = (xl-, xj) € A y3en x; € X uU3BECTEH KaK XBOCTOBOM
ysen tail(a) =x; . x; €X paccMaTpuBaeTCs Kak TOJIOBHOH y3en
head(a) = x;. MHOXecTBO 1yr, HCXOAANIMX U3 Yy31a X; , PaBHO
L(x;) = {(xj,xi) €EAx; € X} , @ MHOXECTBO BXOJSIIMX IyTr B Y3el X;
pasno E(x;) = {(x;x;) € 4,x; € X}.

Onpedenenue 17. Tlycte G = (X,A,ﬁ(a),ﬁ(x),‘[, S, I,D,T) —
HCXOJHAsl JWHAMU4YecKkas ceTb. «PacuipeHHas BO BpeMeHH» KOIHs
HCXOIHON JMHAMUYECKON CETH — DTO CTaTHyecKas ceTh G* = X *,A*), B
koropoit X* = {x;(0):x; € X,0 =0,1,..T}. Eciu NnoTOK MOXKET OBITH
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COXpPaHEeH B y3JlaX, MPEANOoJaraeM, YTo CYLIECTBYIOT HPOMEXKYTOUHAs JyTH
yIepKaHUS A = {(xi (0),x;(6 + 1)),xl~ €X,06=0,1,.. T}. Taxkum
06pa3oM, MHOKECTBO IyT A* cTatmdeckoill pa3BepHYTOIl BO BPEMEHH CETH
A* =AU AM | rpe AM smnsercs MHOXecTBOM ayr jaBukenus AM =

{(xi(e),xi (0 + T(xi,xj))),(xi,xj) €X,0=0,1, T}

IMpuBeneM MOTU(PHUIMPOBAHHYIO IMOCTAHOBKY 3aJa4d C Y4ETOM
npomesxkyToyHoro xpamenus. Iyers G = (X, 4,i(a), @(x),7,S,1,D,T) —
TUHAMUYeCKas dBaKyallloHHas ceTh [41 — 42] yunThiBaromas BO3SMOKHOCTh
MIPOMEXYTOUHBIX BEPLIMH COXPAHATh W IMepeMellaTh 9SBaKyal[IOHHBIN
MOTOK B yOexxuima (IMpoMeXyTOYHOE XpaHeHHE), ¥ — IMHAMHYECKHil TOTOK
S-D, taxoii uro AXT = R*, u ¥(x;,0),I XT » Z* — 06bem moTOKA,
KOTOPBIN XPaHUTCS B MPOMEXYTOUHBIX y3JlaX B TeueHue Bpemenu O € T.
Takum 00pa3oM, JUHAMHYECKAs MOJE]b MOTOKA C MPOMEXKYTOUHBIM
XpaHeHHeM 3a/iaeTcs B ypaBHeHMsX (29)-(32):

val(¥,T) = ZaEL(S) Z§=0 V(a,9) = ZaEE(D) ZE:r(a) V(a9 -

- 29
7(@) + Sagerur»o 0, T) - masx, 29
T
val(V,0) = Z Z 7(a,9 —1(a))
aei(xi) 9=1(a) (30)
- Z Zﬁ(a,ﬂ) >0,vx, €,OET.
a€L(x;) 9=0
0 <7(a,0) <ii(aB),Ya€EAOET, 3D
0< 17(xl-, 9) < ﬁ(xl-),in S 1,9 eT. (32)

rae val(V ) makcumusupyer weneByo ¢yHkuuio (29) OTHOCHTENBHO
orpannuenuii (30-32). Ypasuenue (30) womocTpupyer, 4to o0muii 00beM
9BaKyallMOHHOTO IIOTOKA W3 HMCTOYHUKOB HE 0053aTEIbHO JOCTHUTacT
CTOKOB, HO MOXET OBITh pPa3MEIICH B MPOMEXYTOYHBIX Yy37Iax 0e3
HapyLICHUs] OTrPaHWYEHWH IPOIYCKHOHW CIIOCOOHOCTH  y3JIOB Ul
JalbHEHIIero mnepeMelieHis B Oe3omacHble 30HBL YpaBHenus (31-32)
NOKa3bIBAIOT BEPXHHUE IpE/eNbl 3BaKyallMOHHOTO TOTOKAa BIOJbL OYTH M B
POMEXYTOYHBIX Y3J1aX.
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B pabore nns MakCHMH3AaMM YUCIA CIIACEHHBIX OJKU3HEH
MIpeAJIaracTcsi TPAHCIOPTUPOBATh SBAKyallMOHHBIA IOTOK CHayajla B
yOEeKUILA-CTOKH, MOCJIE YEro OCYLIECTBISTh TPAHCHOPTUPOBKY Jojiei U3
MPOMEKYTOYHBIX BepLLII/IH-HOMEIIleHI/Iﬁ C yueToM OrpaHNUYCHHBIX
MPOIMYCKHBIX  crmocoOHocTel.  Pa3paGoTaHHBI  MOAXOA — peanmu3yer
NepeMenieHe MaKCHMalIbHOTO YHCIIa 9BAKYHPYEMBIX W3 OMACHBIX 30H Kak
CyMMy 4YHClIa 3BaKympyeMbIX B Oe30macHble 30HBI M H30BITOYHOTO
9BaKyallMOHHOTO TIOTOKAa, KOTOPBIH HE JOCTUTACT IYHKTOB Ha3HAYEHMS.
W30bITOUHBIN TTOTOK COXpaHSETCS B NPOMEKYTOYHBIX Y371aX B TEUCHHE
3aJ]aHHOTO BpPEMEHM, a 3aTeM IiepeMeniaercss B Oe3omacHele 30HBL [Ipn
3TOM IIOPSIOK TepeMEeIIeHHs MOTOKa M3 IPOMEXYTOYHBIX Y3JIOB B
0e30macHble 30HBI OMNPENENAETCS C IOMOIIBI0 MHOTOKPHUTEPHAIEHOTO
TPYIIIOBOTO MPUHATHS pEIIEHWH Ha OCHOBE HHTYHIIMOHHUCTCKOTO
HEYETKOT'0 '’MOPUIHOTO OIlepaTopa yCpeAHEHHS.

S. UHTerpupoBaHHbIN HEYETKHIl ANITOPUTM NPUHATHS pelleHui
NpHu 3BaKyanuu. [Iporecc NpuHATHS MHOTOKPHUTEPUANBHBIX PEUICHHH Ha
ocHOBe omnepaTopa arperaiuu IFHA B paboTe npeacTaBisieTcs CleAyOIIM
oOpazoM. 3amaH HaOOp, COCTOSAIIMH M3 7 JBaKyallMOHHBIX ajbTEPHATUB
A ={A4,4A,,...A;) (y31bl, B3 KOTOPHIX HEOOXOAUMO YBAKYUPOBATH JIFOIEH)
u m arpubyroB X = {X;, X5, ..., X;;,) (KpuTEpHH, BIUSIOIIKE HA IBAKYALMIO:
BMECTUMOCTb TTOMEUIEHHS], JIETKOCTh 3BaKyallid, ypOBEHb 0€30I1acCHOCTH
MIOMEICHNS, BpEMs OpraHM3alMM 3BaKyalldd W3 JTOr0 MecTa H
OT/IAJIEHHOCTh OT MCTOYHMKA OMAcHOCTH.). ITycTh w = (Wq, Wy, ., )T —
BECOBOH BeKTOp arpubyToB, w; € [0,1] j=(1,2,...,n) n ¥j_; w; = 1. I'pynmna
9KCTEPTOB JAET OIEHKH AIbTEPHATHBAM C MOMOINBIO HMHTYHUIIHOHHUCTCKUX
sHayennid. Kaxmoe 3mauenme IFS A; 3amaercs ypaBHeHwmeM (2) u
yKa3blBa€T Ha TO, YTO SKCIEPTHl COMHEBAIOTCS M HMEIOT HEKOTOPBIH
ypoBeHb  KoneOaumii. B ypaBHenmm (2), ,uAi(xj) —  ¢yHKUHA
NPUHAIJISKHOCTH, KOTOpasi YKa3blBaeT Ha YPOBEHb YBEPEHHOCTH JKCIIEpTa
OTHOCHMTENBHO KPHUTEPHUEB X; ; vAi(xj) — (YHKIMS HENPUHAIJICKHOCTH,
KOTOpas MOKa3bIBaeT, B KAaKOH CTEIICHN aJbTepHAaTHUBa A; HE COOTBETCTBYET
kputepusmM  X; . CyIIeCTBYET HMHAEKC HEONPEAEIEHHOCTH, KOTODBIM
m3MepsieT ypoBeHb Konebanuii mo ypaBHeHuo (3). Janee oOpabarbiBaercs
MHTYMIMOHUCTCKAss HEYETKas MaTpUIA MNPUHATHS PEIICHUH, 3JIEMEHTHI
KOTOPOH 7{; = (T, 7;,) YKA3bIBAIOT, YTO ambTepHaTHBA A; y/IOBJETBOPSET

KpUTEpUsIM X; (7;,); U HAao0OpOT, 7, MOKAa3bIBaeT, YTO AlbTEPHATHBA HE
YIIOBIIETBOPSIET KPUTEPHSIM X;.

I[J'Iﬂ peajm3anun KOHLIGHLII/Iﬁ HMHTYUIIUOHUCTCKUX HEYETKNUX
MHOXCCTB, MIPUHATUA peI_HEHI/Iﬁ n HCUYCTKUX HHTYUIIUOHUCTCKUX
OMEepaToOpoB  arperupoBaHWss W  MAaKPOCKONHMYCCKOW  3BaKyallid B
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TPaHCTIOPTHOM CeTH pa3paboTaH MHTETPUPOBAHHBIN AJITOPUTM, COCTOSITUI

U3 TpeX YpOBHEH, CTPYKTypHas CXeéMa KOTOPOro IpeiCTaBlICHA
Ha pUCYHKe 2.

ﬁ i —»  Onpesenuts seca
: 3KcnepTos
L3 : :
NpeAacTasneqme > l
on 1 3BAKYALIMOHHON CETU B

ran 1. H

MocTaHoBKa H Buae rpaga ; OnpegenuTs Beca,

[22au Maxcrmanuuon [——wt | cRA3aNHbE C onepaTopot 37an 4. OnpenencHie
HaKpocKonseckol ; IFHA No HopMankLHoMY Podove

Mepexoa K "paseepHyToit : acnpesieneHiio
80 BpeMeHu” ceTn :

OnpenenuTsb Beca

] H KpuTEpHES:
3ran 2. H Haxoxpenne ' H.m |
Haxomaenne ] MaKCMManLHOo NoToka ' i
MackumansHora notokal s M3 CyNep=UCcTouHKKa B
3 ACTOMMMKA B CTOK cynep-cToK i
O i _____________________ ' BnobpuTs
vepapxuio
Parxnposatne peweHHi?,

NPOMENYTOUHLIX BEPLWMH
noMowsko Heyetkore MP

..... MOCTPOUTE ArpertpoBaHHY0
H : COBMECTHYHO
MHTYMUMOHUCTEKYID
maTpuuy
NPUHATHS peleHus

OnpenenTs MHOXKECTBO
3BAKYALNOHHEIX
ansTepHaTve

Arpervposath
MHTYMUMOHMCTHE
HeueTKMe 3HaYEHHA ©
nomoweke IFHA

OnpefentTs KpUTEPHUH
ANS OLeHIH

CrpyKTypUpoBaTs
epapxuio peLieHuit

Onobputs
Hepapxuie

37an 5. UkTyMMOMMETEKIE
HeueTkie rmbpuanse

I neparopu yepeamenmiare
HaitTi oLeHku ; arperuposassta
anbrepHatae :

Ei]
MlocTanor
3anaum P

Parxuposars
anTepHaTiab

H TpancnopTHpoBaTL :
3BAKYMPYEMbIX B : Irans 6. HaxoxaeHne
{4 noToKa B NpaMeExYTOuHLIE
TocTponTs PaHKMpOBaHHEIR ; ‘BepUHHEL
MHTYAUMOHHCTCKUE ' BePWHHLI
MaTpULLLl NPUHATHA [ | :
pelweHui H = ¥ ==

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ! HaliiTv cyMMapHEIi noTok
{ 3BAKYNPYEHBIX

NepeiiTi k AMHaMUyECKoi
cetu

Puc. 2. CtpykTypHast cxeMa HHTETPHPOBAHHOTO aTOPUTMA MIPUHATHS HEIETKIX
9BaKyallMOHHBIX PEIICHUH

eyMMBPHOTa NOTOKA B CTOK

31ansi 7. Haxowaesve

[IpencraBieHHBI adTOPUTM BKIIIOUAeT B ceOsl CIIEIYIOLINE STarlbl.
Ha nepBom »JTame »3BakyalluOHHass CeThb HPEACTaBIAECTCS B BHUIE
JMHAMHYECKOro rpada, M OCYIIECTBISIETCS MEPEXOa K «Pa3sBepHYTOH BO
BpeMeHW» ceTH. Ha BTOpoM »3Tame HIIeTcs MaKCHMaJbHBIH MOTOK W3
HNCTOYHMKA B CTOKH. [l TpaHCIIOPTHPOBKHM IIOTOKA, OCTaBIIErocs B
MIPOMEXYTOUHBIX BEPIIMHAX, pealu3yeTcs MepeMeIleHne JIoAeH u3
BEpUIMH-HE CTOKOB. IlepememieHne OCYyLIECTBISICTCS W3  BEPILUUH,
MIPOPAHKMPOBAHHBIX 110 Pa3IUYHBIM KPHUTEPUSAM COIJIACHO HEYETKOMY
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TPYNIIOBOMY HPHHATHIO pemeHud (3tam 3). i peanuzamuu 3THX menen
BBIYHMCIISIIOTCSL Beca JKCIIEPTOB M KPUTEPHUEB, a TAK)KE BECA, CBSI3aHHBIC C
ucronb3yeMbIM omepatopoM arperupoBanus IFHA (sran 4). Ha msatom
JTane  CTPOSITCA  arperupoBaHHbIE  MATPUIBI U IPUMEHSIOTCA
mMoaudumpoBannbie oneparopsl IFHA anst ouenku anbrepHatus. [locne
HaXOX/IEHHUs CITMCKAa IIPOMEKYTOYHBIX BEpIIMH Ha IIECTOM JTare
OCYIIECTBIISICTCSl TPAHCIOPTUPOBKA IOTOKA B CTOK M3 IPOMEKYTOYHBIX
BepuIMH. VTOTrOBBII SBaKyallMOHHBIH ITOTOK BBIYMCISIETCS HAa CEABMOM
JTare.

Paccmorpum  paboTy  NpeIUIOKEHHOTO MHTETPUPOBAHHOTO
QITOPUTMA, BKJIIOYAIOMIETO B ce0s HEYETKOEe TPYIIOBOE IPUHSITHE
pemleHuii Ha  ocHOBe  MomudunupoBaHHOro  omepatopa  IFHA,
MO3BOJISIIOIIET0 PaboTaTh € HEYETKMMH WHTYHIMOHHCTCKIMHU BECaMHU
KpUTEPHUEB, U HEUETKYIO JWHAMHYECKYI0O MaKpPOCKOIHMYECKYIO0 3BaKyallHio
JUIA TPAaHCHOPTUPOBKHM MaKCHMAaJIBHOTO YHCIA JIIOoJei B O6e30macHbIe 30HBI
6onee moapoOHO.

B600 ucxoomvix Oanmbix: JlaHa HedeTkas OUHAMHYECKas ceTb G =
(X, 4,4;,u(x),7,S,1,D,T) , D={dy,dy...d,} , I={x;,%...%}
T ={0,1..T}, rme ﬁij =1{i(a) ¢ OmHMM WCTOYHHKOM U HECKOJIBKIMH
CTOKaMH.

1.  TlpowmsBoautcs Tepexon K «paCUIMPEHHON BO BPEMEHI
cratmueckoii cetn G¢ = (X, E,%°(0),7%(0),S,1,D,T), D= {d,,d,, ..., d, },
I={x,x, ..,x.}, T={01..T}, tne X¢=x;(0)|x; €X; 6 =0,1,2..T).
«PasBepHyToe BO BPEMCHM» MHOXECTBO JIyT E€ onpenenserca xak E€ =
x;(0),x;(9) |(x1,x) EE; 0 =9 +71;;(0) <T; 6 =0,1,2..T. I[06aBJ1;1eTc;1
CYIIEpP-UCTOUHHUK U CYIEp-CTOK I COEUHEHHUS ¢ HECKOJIBKUMHU UCTOYHUKAMU
U OJIHMM CTOKOM B KaX[Ibli MNEpUOJA BpeMeHU. BBeneHHbIE AyrH HMEIOT
OECKOHEYHBIE JIyTOBbIE CIIOCOOHOCTH.

2. Haxogurcs  ONTUMA@IBHBIA  MOPSAAOK  TPAHCHOPTHPOBKU
MOCTPa/IaBIINX B O€30MacHBIE MECTa M IPOMEXXYTOUHBIE y3JIbl [42 — 44]:

2.1. Ompenensercss ONTUMAIbHBIA MOPSAOK TPAHCHOPTHPOBKH
MOCTPa/IaBIIMX B Oe30macHble Mecrta BO BpeMsl JBaKkyallld. 37ech
WCTOYHHKH, CTOKM WJIN TPOMEKYTOUHBIE Y3JIbI JUIS IBaKyallMd 3aJaroTcs
KOHeyHbIM HabopoMm anbrepHatuB A = {A;,A,,..,A,} , a dKcnepram
Dy, (k=12,..5) , [NOpUHUMAIOIIMM pEIIEHHs, Ha3HA4YalOTCA Beca
BOKHOCTU Wy, Tae wy = 0,m(k =1,2,..5),Y5-1 w; = 1. Dxcneptsl Dy,
OLICHMBAIOT AJBTEPHATUBBI COTJIACHO KPHUTEPHUSIM, MPEACTABISS OLEHKH B
Buae [FNs.

2.2. OcymecTBiseTcs HOpPMalM3alMs KpPUTEpHEB. A Takxke
3HAYEHHsA THIA «3aTpaT» MpeoOpas3yloTcsl B 3HAYEHHS THIA «BBITOA» U
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CTPOMTCS HOBas WHTYUIMOHMCTCKAs HEYETKas MaTpulla pPeleHHi
I I .
R = (rij)nxm~

ri’j, JJIs1 aTpUOYTOB TUIA "BBITObI",

i = (Winvii) =3 2, " " 33
y = (kijoviy) —7}j, N aTPUGYTOB THMA "3aTpaTh!", (33)

IJIe 77; — JIOTIOJIHEHHE 17 , TaKoe uTo 77; = (T, Try).

2.3. BBIUHCISIIOTCSL Beca JKCIIEPTOB HAa OCHOBE JIMHIBUCTHYECKUX
tepmoB. Ilycte A, = {§z,, Vi, Mi,} — HHTYHIMOHHCTCKAs HEYETKas
OLICHKA e-0T0 IKCIIePTa. TOT/a BEC IKCIIEPTA W, OMPENCIAETCS 110 (hopMyJIe:

o = [He + e (e /(e + V)] (34)
© Xk e + me(e/ (e + ve))]

rae w, € [0,1] u (4, — OlEHKa CTENeHH NPHHAIIEKHOCTH e-0r0 SKCIEPTa,
Ve — OIIEHKa CTENEHU HENPHUHAIUIC)KHOCTH e-0r0 JKCIepTa, T, — OILEHKa
YpaBHEHHsI COMHEHUSI €-0T0 JKCIIEpTa.

2.4. Peanm3yeTcsi MEXaHHW3M, OCHOBAaHHBIH Ha HOPMAIBHOM
pacupeneneauu f [26, 36] IS BBIYUCICHHS B3BEUICHHOTO BEKTOPA,
ucnonssyemoro B omneparope IFHA, w = (wy,wy, ., w,)", w; € [0,1],
j=(12,...n)n Z?zl w; = 1.

W3 nuTepaTypHBIX HCTOYHUKOB W B MHPOBOH MPAaKTHKE YYEHBIC W3
pa3muyHBIX CcTpaH [26, 45—46] WuCHONB3YIOT METOA Ha OCHOBE
HOPMAJIFHOTO pacIpeneNieHus Ui BBIYUCICHHUS BecoB. J[aHHBIH MeTox
ABIISICTCA IIMPOKO HCIOJB3YEMBIM JUIS BBIYHCICHUS BECOB B MPUHITHU
pelIeHnid, Tak Kak ero peajlu3anus MO3BOJISIET YCTPAHUTH IPEAB3ATOCTH
WIA TIPEANIOYTEHHS SKCIIEPTOB, BIMSIONINE HA KOHEYHBIC PE3yNIbTaThl 3a
CYET BBICOKHUX WM HU3KMX 3HAUEHUM DTHUX APrymeHTOB, YTO NPUBOAUT K
HEKOPPEKTHBIM OIIEHKaM.

3aMeTHM, YTO MHOTOKPHTEPUAIIBHOE TPYIIIOBOE MIPUHATHE PEIICHUIH
coracHo [36, 47 —48] TpeOyer ombITa M 3HAHWI 3KcrepToB. s 3Toro
dbopmupyercss Habop w3 n 3HaueHWH mnpeamoureHuid. I[lpm 3TOM
MPEIB3ATOCTh WJIM TPEONOYTCHUS OJKCIIEPTOB BIHSIIOT Ha KOHCYHBIC
Pe3yIBTATHI 32 CUYET BHICOKUX HJIM HH3KUX 3HAYCHUH ITHX apryMEHTOB, YTO
MIPUBOJUT K HEKOPPEKTHBIM OIEeHKaM. YToObl NpemoTBpaTuTh 3Ty
po0IeMy, SKCTIePTHl Ha3HAYaI0T HU3KHE Beca CyOhEKTHUBHBIM apTyMEHTaM.
Takum oOpazoMm, WeM Omrmke 3HAUYCHHE NPEATIOUTEHHS K MEIHaHHBIM
3HAYCHHUSIM, TeM OOJIbIIe BeCc, W, HAOOOPOT, HYeM Jaibllie 3HAYCHHE
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MPEANOYTeHHST OT MEIMAaHHOTO 3HAYEHWs, TEM MeEHbIne Bec. JlaHHBIH
MEXaHU3M Pean3yeTCs CIEAYIONINM 00pa3oM.

Iycte w = (W, Wy, ..., w,)T — BekTop Beco omepatopa OWA,
TOT/Ia CIIPABEUTHBO CIICAYIOIIEe PABEHCTRO:

Wi = e_[(i_un)z/zo—‘rzl]’ l = 1,2, .., n, (35)

2mon

rne U, — CpenHee 3HA4YEHHE COBOKYITHOCTH W3 n 4ucen u o, >0 —
CTaH/IApPTHOE OTKIOHEHHWE COBOKYNHOCTH. [, H O, HaxoIiTci IO

bopmymam:

~1n(l+n) 1+n
=072 T2

n

D0

E‘ (l_.un)
i=1

Yuuteipas, uto w; € [0,1] u Z'J-Ll w; = 1, clipaBeJUTMBO PABEHCTBO:

(36)

o, = (37)

1 o-l(i-un)?/20%) )
e 2 2
Tomas ~[(i~un)?/203]
w=—m = i=12,..,n. (3%)
n e~[U-un)?/20n] vy o=[(-kn)*/204]
J=1 [2mon J=1

2.5. OmnpenensioTcst Beca KPUTEpHEB HA OCHOBE HEYETKOTO
WHTYHUIIHOHICTCKOTO oreparopa B3pemieHHOro ycpeaHenus (IFWA). Ecim
W]-k = {,uj‘ v}‘, n}‘} — MHTYWIMOHHUCTCKAsI HEUETKAasl OLIEHKA j-T0 KPUTEepHsI k-
M JIMIOM, NPUHHMAIONINM pelleHne, To W mpencrasiseT coboil oOmmid
YpOBEHb B@XHOCTH BCEX OJKCleproB. Bec kpurtepus B  Buzae
JMHTBUCTHYECKUX TEPMOB ONpenesseTcss Ha OCHOBE CIEAYHOLIEro
BBIPAKCHHS:

w; = [FWA (le,wjz, ...Wje) =@, w.w;
k k

= (1-] Ja-ugpe=] Joor ) 69
e=1

e=1
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2.6. Crpourtcs arperupoBaHHas KOJUICKTHBHAS HEYeTKas
WHTYUIMOHUCTCKass Marpuua pemernid (AIFDM) w3 wuHAMBHIYyaIbHBIX
UCXOJHBIX HHTYHIIMOHUCTCKUX He4deTKux Marpun pemenuit (IFDM),
3Ha4YeHUs KOTOPBIX IPEACTaBICHB B BHUJE JIMHTBUCTHUECKUX TEPMOB.
ArperupoBaHHas KOJUICKTHBHAs MaTpHUIla COCTOMT K3 OOIICH OICHKU

anpTepHatuB. Ilycts R(®) = (rig.e)) — IFDM xaxzporo skcrepra Hu
mxn

w = {w1, Wy, W3, ..., Wy } — ITO BEC IKCIIEPTA, TOTAA:

_ 1.2 e) —mk
T = IFWA (Tij'rij' ---Tij) =®e-1 WeTij

K K
e Yo e Yo (40)
= 1_1:1(1_%7) E'D(Vij) e )

2.7. Peanusyercst ~ MomuduuUpoBaHHbIH  omepatop [FHA
YUYUTBHIBAIOIINI HMHTYMLHOHUCTCKHE HEYSTKHE Beca KPHUTEPHEB IUIA
HaXO0XJICHUA HEYETKUX OIICHOK aJIbTCPHATUB!

Tij = IFHAT,W (0-’1, a,, ...,an) =
(1 - ?=1(1—Maa(].))wj ?:1 Vad(j)wj )’ where &j =ntja; = (41)

(1= T (At )0, Ty (v )"0 ). 7 = (1, 6)).

2.8. Boluucnsrores OLICHKU s(ry) arperupoBaHHbIX
WHTYUIIMOHUCTCKAX 3HAYCHUHN COTTIACHO ypaBHEHHIM (3)-(4).

2.9. TlpousBomuTCs paHXHPOBAaHHE ITHX OIEHOK S(7;) Juis
HaXO0/I€HHS ONTMAJIBHOTO MOPsAKa yOeKuIl Al 3BaKyauu. Ecnu oneHkn
s(7;) paBHbI S(7;), TO peanu3yeTcs ypaBHeHHE (5).

3. IlpousBomuTcsi MPHUOPUTETHOE YymopsAouMBaHue: VX, € I,
OIpeIeIeHUE UX MOPSAAKA U BEIUUCICHUE PaHTra Ha OCHOBE maros 2.1-2.9.

Boixoo nepsoco smana ancopumma: paHXUPOBAHHBIE BEPIIMHBI
rpada.

4.  OcymecTBusieTcs epexos K MOIU(PUIMPOBAHHON
munHamnyeckoit  cetn G = (X, Am, i, U (%)), Tijy Sins» Ay Ds , T),
Vx; €1,7(x;) >0 ¢ TeM jXe NPUOPUTETOM, YTO COOTBETCTBYIOIIHE MM
MPOMEKYTOUHBIE BEPIIMHBL, i, (x;) = @i(x;), t(x;) = 0. JloOaBneHue
cynep-cToka D*, CBSI3BIBAIOIIETO BCE MCKYCCTBEHHBIE CTOKH C HHM.
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5. OcymecTBisieTcss Tepexon K pPa3BepHYTOH BO BpPEMEHH
cTatudeckoil cetu G, = (X,’;l,A;‘n, ﬁfj, Tijp S I, di s DS*,T) Ha OCHOBE
CO3/1aHUsl PacIIMPEHHON BO BPEMEHH KOIIMH KaX101 BEPIIUHBI.

6. Bbluncngercs MakCHUManbHBIM IOTOK B Pa3sBEpPHYTOH BO

BpeMeHH ceTH G, 6€3 MPOMEKYTOYHOTO XPAHEHHUS:
s v (x{ 6),x3(6 + Tx;x;)) € A}, BBINOJIHUTD:

7 (x{(@),x%(@ + ‘rx;x;)) < 0.

7 (x;(e + rx;x;), xi"(B)) < 0.

IMoka cymecTByer myTh OT § JI0 Cylep-CToka 0e3 UIHKIOB B
0CTaToO4YHOM ceTu Gy, BHINOJHHUTH:

§ < min {ﬁ: (x{(@),x;(e + rx;x;)): (x{‘(ﬁ),x}(@ + rx;x;)) € p}.

st kaxxmoro pebpa (x{ 6),x3(6 + Tx;x;)) B ) BBINOJIHUTh

7 (x{(@),x%(@ + ‘rx;x;)) 7V (x{(@),xg(e + ‘rx;x;)) + 4

7 (x§(9 + Tx;x;),x{(e)) « =7 (x{(@),xé‘(e + Tx;x;)).

7.  Tpowssomutcs mepexon K ceTH Gy, oT Gy, MyTeM yianeHus
CyIiep-CTOKa ¥ (PUKTUBHBIX BEPIIHH.

8. Haxomurcs MakCUMaIBHBIA IIOTOK OT HCTOYHHKA IO
MPOMEKYTOUHBIX Y3JI0B B COOTBETCTBHM C TIOPSJIKOM TMPHOPHUTETOB,
HaliIeHHbBIM Ha mare 3 u marax 2.1-2.9.

9.  IIpou3BOAUTCS ICKOMITO3UIIMS TOTOKA HA My TH.

10. OcyuiecTBisercs Nepexo K JMHAMUUECKON CETH.

11. Buixoo: uHAMUYECKas CETh ¢ MAaKCHUMAJIbHBIM IIOTOKOM.

Takum o0pa3oM, pa3paOOTaHHBIA aJTOPUTM OMEPUPYET TPEeMs
BHJAMH BECOB: BECaMH aTpUOYTOB (KPHUTEPHEB), BECAMH OKCIEPTOB U
BeCcaMu, CBSI3aHHBIMU ¢ oniepatopom IFHA.

3aMeTuM, YTO B HTOTC pPEATH3ANUU TIPEIIOKCHHOTO aIrOpUTMa
MOJy4yaeM JWHAMHYECKYI0 CeTh C MAaKCHMAIBHBIM 3BaKyal[HOHHBIM
ITOTOKOM.
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6. MogenupoBanue " 00Cy:XKIeHHE Pe3yJbTATOB IPHHATHS
pemiennii npu 3Bakyauuu. Jlns noxarBepxkaeHus A GEKTHBHOCTH
pa3paboTaHHOIO alIrOopUTMa CO3/laHa MporpaMMHasl cpesia, peaau30BaHHas
Ha s3bike  JavaScript. Ha pucynke 3 mpuBemeHa — apXHTEKTypa
MMporpaMMHOT0 MOAYJIA U BXO[[HI:IX/BI)IXOJIHI:IX JaHHBIX. BXOZ[HBIC JaHHBIC
B Buzue (ailioB TmepenaroTcsi Ha BXOJA IIPOrPaMMHOTIO MOJIYJS 4epe3
apryMeHTBHl KOMaHJHOW CTpOKH. BbIxomHble ¢ailmbl  coxXpaHsroTCcs
B AMPEKTOPHHU MCHOIHAEMOTO (haiia mporpaMMHOTO MOJTYJISL.

[ BxopHbie AaHHbie — — = [~ TTPOTPAMMHBIAMOQYNE - — — — — — — — — — — — — = — — — — — — — — — — — — — — — — ~ BLIXORHbIE AaHHbIe —
I
I
|
|
I
|

®aiin onucanna Monyns nepexoa k AMHAMMIECKOMY rpacda c

H—>{ passépryrony no MaKo/waTbHoro noToKa V3 L Cymwarop rpachy ¢ cymapsim |—! pacnpenenenvien
notoKa

i oo rpayy || nerouaca s crox es morara | gl e annon
. NPOMEXYTOHHOMO XpaHEHHA
I
I
|
1
I
|
I

Becosbie chaiinsi

|
|

I

I

|

.

!

I

% |

son 1 !
1 Mopynb arperuposaua ]

I I

I

I

|

I

I

L}
Moayns nepexoma ] | | [ oain onucanna
Mogynb HaxoxaeHuA 1

noTokom json

Mogyn HaxoxaeHHA
notoka ¢

|
|
|
1
T NPOMEsKYTONHEIM
|
|
1
|

PaHXUPOBAHHBIX

XpaHeHvem P Y
BepuH

Json

X Ha ocHoBe Mogyns

Daitn ¢ weusTkuMA | ||

MaTpuLaMi NPUHATYA | |
e S
(aKcneprHbie nannsie) | |
json N

sepumH
HEUBTKUX TGPUAHBIX IPOMEXY P!

Puc. 3. Apxutextypa nporpaMMHOTO MOJYJIs

[Torokn maHHBIX MEXIy MOAYJISIMH Ha pPHUCYHKE 3 0003HA4YEHBI
muppamu. B wactHOCTH, | — «pa3BepHYTHIH BO BpeMeHH» rpad;
2 — arperupoBaHHasl KOJUIEKTHBHAS MHTYHIIMOHUCTCKAsl HEUETKas MaTpHUIla
NPUHATHS pelieHuil U oueHku anbrepHatuB B BUJe IFNs; 3 — MHOXecTBO
PamKUPOBAaHHBIX BEPIIMH-YOEXKHUIT; 4 — BETMYMHA MAKCUMAIBHOTO MOTOKa 0e3
MIPOMEKYTOYHOTO XPAHEHHUS, 5 — JOTOJHUTENBHBIA MOTOK; 6 — CyMMapHBIHA
TIOTOK.

[lpoBeneHo  MoJenupoBaHWE  DBaKkyalldd W3  34aHUS IS
MaKCUMM3AIlMM YHUCJIa CIAaceHHBIX ku3Heil. Ha pucynke 4 mpencraBieH
MpUMEP 3JaHUA JId OBAKyallu.

Jlnist BBITIOJNIHEHMST NMPUHSTHUS pEIleHHH HEeoOXOAMMO HCIOJIb30BaTh
HE CaMHU 3[aHus, a MX CTPYKTYpPHble MoOJeNd. J[aHHbIE MOJENH JIerko
MHTEPIPETHPYIOTCS B BHJE TpadoB M B UX MATPUYHBIX W CIHCKOBBIX
sKkBUBaJieHTaXx. Ha pucyHke 5 mocrpoena rpadoBas MOJIENb 3JaHUS C
OTACHOI 30HOH-UCTOYHUKOM (S) M TpeMsl yOeUIaMu (Xg, X7, Xg)-
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U AL AL

Puc. 4. Ilpumep 3nanus

Puc. 5. I'pacdoBast Monenb 3maHus

3aMeTHM, YTO MPOIYCKHBIE CIIOCOOHOCTH YT CETH — KOPUIOPOB —
MOT'YT U3MEHSTBCS BO BPEMEHM HU3-3a IEPEKPBITUS KOPUAOPOB OTHEM WM
aeiMoM. Ilomemenus xq, X,, X3, X, UMEIOT OIPAHUYCHHBIE IPOILYCKHBIE
CIIOCOOHOCTH, KOTOPBIE TaKK€ MOTYT HM3MEHSTHCS BO BpeMeHH. B aTumx
MOMEUIEHUSAX PA3MELIAIOT JIIOJEH ¢ LENbl0 UX AaJbHENIIEro nepeMenieHus
B Oe30macHbIe MecTa, YTO MO3BOJISIET YBEIWIUTh YHCIIO CIIACEHHBIX )KU3HEH.
Bpems npoxokaeHUs 3BaKkyallMOHHOTO TMOTOKA MO AyraM CETH SIBISETCS
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OUHAMUYECKON BennyuHOW. IIpOomycKHBIE CIIOCOOHOCTH OyTH CeTH
3aJ]al0TCsl B HEUETKOM BHJIE (B BUAE LIEHTPA HEYETKOTO YNCIIA), TAK KaK OHU
OLICHUBAKOTCA JIMIIb HpI/I6J'II/I3I/ITeJ'l]:HO B CBa3u ¢ Bo3HukHOBeHueM UC.
Hanee HaxomsTcss JieBble M MmpaBble  KO3(D(UIMEHTH  pa3maxa
(k03¢ HUIIMEHTBI HEYCTKOCTH, WHICKCHI HEUCTKOCTH) TI0 JIMHEHHBIM
KOMOMHAIMAM COCEIHMX 3HAYeHWH, 4YTO HE NPUBOIAUT K CHIBHOMY
pPasMBITHIO TpaHMl] 4Yucna. Tabmumbl 1-3  WIIIOCTPUPYIOT HEYETKHE
MIPOITYCKHBIE CIIOCOOHOCTH IyI, BEpIIMH CETH W IapaMeTpsl BPEMEHH
MIPOXOXKICHUS TTOTOKA.

Tabnuna 1. HeueTkue nponycKHblE CIOCOOHOCTH YT CETH
JluHaMuyeckue NponyCcKHbIE CIOCOOHOCTH IyT
U IPOMEXKYTOYHBIX BEPLIMH

6=0 =1 =2 6=3 0=4
(%, X)) Uij

(s,%1) 20 23 25 20 23
(5, %) 105 120 100 90 100
(s,x3) 90 86 86 90 92
(%1, %3) 15 15 13 15 15
(x1,%4) 10 10 12 12 12
(x5, %4) 80 85 80 80 90
(x5, %5) 60 65 65 58 58
(x3,%s5) 42 42 48 48 45
(x3,xg) 66 70 70 66 66
(%4, Xg) 40 30 35 40 35
(x5, x7) 55 50 45 55 55
(x5, xg) 44 40 44 40 42

Tabmuma 2 oTpakaeT HEHYJEBBIE MPOIYCKHBIE CIOCOOHOCTH
MIPOMEXYTOUHBIX BEPIINH.

Tabumua 2. HeyeTkue mpornycKHbIe CIIOCOOHOCTH IPOMEXYTOYHBIX BEPIINH CETH

ﬂHHaMI/I‘{eCKHe IIPOITYCKHBIC CITIOCOOHOCTH AYT U IIPOMEKYTOYHBIX

BEPLIMH
6=0 =1 0=2 0=3 6=4

X; u;

Xy 10 15 15 10 10

X3 20 20 23 23 20

X3 25 25 23 23 25

Xy 18 18 18 16 16
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Ta6smua 3. [TapameTpsl BpeMeHH MPOX0XKICHHS TIOTOKA 110 yraM JUIsl CeTH
JlnHaMIYecKre POy CKHBIE TTapaMeTPhI
BpEMEHU

=0 60=1 6 =2 60=3 0=4

(xi, %)

~
<

(S, xl)
(S, XZ)
(S, X3)
(x4, x3)
(%1, %4)
(%2, x4)
(Xz, xS)
(%3, x5)
(%3, xg)
(%4, X6)
(x5, x7)
(x5, xg)

NNRNMNNNNWNDNR R
R NP WRNRRRNR 2
R R R NRNRRRRRN
R R R NR R R R R RN
NRENNWNNNRRNN

Ilocne MOCTpOEHHS CETH OCYLIECTBIAETCS MOUCK MaKCHMAalbHOTO
9BAKYaL[IOHHOTO IIOTOKAa M3 HCTOYHHKAa B CTOKH 0€3 NPOMEKYTOYHOTO
pa3MeleHus IMOCTPAalaBIINX B BEpIIMHAX-HE CTOKaX COIVIACHO MIaram
Anroputma 4-7, 4T0 OTpaskeHO B TabnuIe 4.

Tabmmna 4. O6muii moTok 6e3 MPOMEKYTOYHOTO XPAaHCHHUS

Junamumueckuit  Crartmdeckne Crarudecknii Bpemst Bpewms Junamunueckuit  Crok
yTh yTH TIOTOK OTIPABIICHUS TMPHOBITHSA _TIOTOK
1) sp = x4 35 0 3

= X42 ™ Xe3
Ds->x,>x,

Sx s 75 Xe
¢ 2) 51> Xy 40 1 4
= Xa3 2 Xea
1) 50 > x 0 0 4 40 X
2) s > Xy > Xs —>)x0 _);’1 0 0 8
- xg 53 8,4
3)s > x, = Xg L) %o —>_)XZ,] 25 0 ! 25 i
>, X53 = X7,4
4)s > x5 > X5 i);o _’_:‘jc,z 30 0 4 30 X7
- x, 5,3 7,4
5)s—>x3 > x5 1)50 - X3, 60 0 4 60 Xg
— Xga
O61muii ToTOK 6e3 MPOMEKYTOUHOTO XPAHECHHS 230
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OTHX IIDaroB AHFOpHTMa IpEACTABIICHBI

e ,;
. . 1
B . '

. [
. 1
. 1
Q !y,

Y, ]

.

’

’

'

;
:

;

' L)
i

!

;

.

PesympraTel  paboThI
Ha PUCYHKE 6.

Bepmunst

Ilepuons! BpeMeHH

@
Puc. 6. [lunamMudeckas ceTb ¢ 0OUIMM OTOKOM B CTOKH 0€3 MTPOMEKYTOYHOTO
XpaHEeHHs

HpOI/I?)BO,HI/ITCH PAHKUPOBAHHUE MNPOMEIKYTOUHBIX BCPIIMH  IJIA
nepeaau AOIMOJHUTCIBHOI'O IMOTOKA 3BAKYHPYCMbIX W3 3TUX BCPIIUMH B

CTOKHU corjlacHo maram 2.1-2.9 AnropurMa.
3aMeTHM, YTO YEThIpe M3 IATH HPOMEXYTOUYHBIX

X1, X, X3, X, WMEIOT HEHYJEBBIE MPOIYCKHBIE CIIOCOOHOCTH. Takum

00pa3oM, s — BepIIMHA-UCTOYHHK; Xg, X7, Xg = CTOKH; X1, X, X3, X4 X5 —
KOTOPBIX X1, X, X3, X4 HMMEIOT

BEpIINH

TIPOMEKYTOUHBIC BEPINUHEI, us3
BO3MOXHOCTb XPaHUTb NOTOK M MCPEBO3UTH €ro AajJblIC B CTOK. prrma
OKCIEPTOB TMPEACTABIACT CBOU OLOCHKU [UIA OIPCACICHUSA TOpAIKa

anpTepHaTHB A dexTuBHON 3Bakyaruu. [Ipm 3TOM paccMmaTpuBaroTCS
BMECTUMOCTb TIOMEIIEHHS, [aromas BEpXHUH

CIIEAYIONINE KPUTEPHU:
Ipefea KONMYECTBa MOCTPAJaBIINX, KOTOPbIE MOTYT HaXOIUTHCA B 3TOM

yKkpeiTUH  ( X; ), JIETKOCTh JBakyaluu ( X, ), YPOBEHb O0€30IaCHOCTH
NOMEIIeHUS] KaK yOexuia (X3), BpeMsl OpraHU3aluy 3BaKyallud U3 3TOTO
MecTa (X,) ¥ OTAAIEHHOCTh OT MUCTOYHHUKY OnacHoCTH (Xs5). Bee kputepun

OTHOCATCS K TUITY BBITOJIBL.
B Tabmmmax 5-7 moOKa3aHBl JIMHIBHCTHYECKHE TEPMBI (HAOOPHI

JIMHI'BUCTUYCCKHX HCpCMCHHLIX) 1 OHCHKH 3KCIEPTOB, anI/I6yTOB u
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anbTEpPHATHB B BHUIEC WHTYMIMOHHUCTCKMX HEYeTKMX uucen. Tabmuma 8
WITIOCTPUPYET Beca BAXKHOCTU KPUTEPHUEB B BUJE JIMHIBUCTUUECKUX TEPMOB.

Ta6m/1ua 5. JIuHTBUCTHYECKUE TCPMBI TSI OHCHKH SKCIICPTOB

. WuTynnuonucrckoe
JIMHrBUCTHYECKHUIT TEpPM
HEYETKOE YHCIIO

Ouenpb HU3KO (OH) (0.10, 0.80)

Husko (H) (0.20, 0.70)
Cpenne-amsko (CH) (0.35,0.50)

Cpenne (C) (0.40, 0.55)
Cpenne-Baxuo (CB) (0.6,0.35)

Baxmno (B) (0.70, 0.20)
Ouensb BaxxHo (OB) (0.90, 0.05)

Tabuua 6. JIMHrBUCTHYECKKE TEPMBI IJIsl OLICHKU KPUTEPHEB

o HuTynnnonucrckoe
JIMHrBUCTHYECKUI TEPM
HEYETKOE YUCIIO
Ouens cnabo (OC) (0.15, 0.80)
Cnabo (C) (0.30, 0.65)
Hwxe cpennero (HC) (0.45, 0.50)
Cpenne (Cp) (0.55, 0.40)
Cpenne-BaxkHo (CB) (0.65,0.30)
Baxno (B) (0.75, 0.15)
Ouenp BaxxHO (OB) (0.85, 0.10)

Tabnuna 7. JINHrBUCTHYECKHE TEPMBI TSI OLICHKH aTbTEPHATHB

. HuTynnuonucrckoe
JIMHrBUCTHYECKUH TEPMUH
HEUYETKOE YHCI0

Ouenp Hu3Kko (OH) (0.10, 0.85)

Husko (H) (0.15, 0.75)

Cpenne-auzko (CH) (0.25, 0.60)

Cpenne (C) (0.50, 0.50)
Cpenne-xopomio (CX) (0.7,0.25)

Xopomo (X) (0.80, 0.10)
Ouensp xoporo (0X) (0.9, 0.05)

Tabnuna 8. Beca BayKHOCTH KpUTEPHEB

X4 Xy X3 Xy Xs
D, ocC C HC B B
D, C CB Cp CB OB
D, Cp B CB C Cp
D, HC OB B Cp HC
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Beca  mmm, NPUHUMAIOIINX  PEIICHHUS, OCHOBAaHBI  Ha
JIMHIBUCTHYECKUX TEePMax B TabNHIEe 5, M BBIYUCISAIOTCS C I[OMOIIBIO
ypaBHenust (34). B pesynbTate mosyueHbl CIEIyIOIIHE Beca Ba)KHOCTH
(Tabnuna 9):

Tabnuma 9. BaxkHOCTh 1 Bec OLICHOK JIMII, NpHHUMaomuX pemenus (JIITP)

JITIP1 JITIP2 JITTP3 JITIP4
JIMHrBHCTHYECKUIA Baskubiii Cpez[He: O‘IGHBN Cpenmnii
TepMHH Ba)KHBII BaXKHBIN
W 0.28 0.227 0.34 0.152

3areM BBIYKMCIIAETCS BEKTOP BECOB METOAOM  HOPMAIbHOTO
pacmpeseneHust, YTo0bI HCKITIOYUTh BIMSHUAE YPE3MEPHO HU3KUX M BHICOKUX
BeCOB 1o ypaBHeHusM (35)-(38).

Uy, = 3,0, = V2.
w = (0.1117,0.2365,0.3036,0.2365,0.1117)7.

Ha ocHoBe manHBIX U3 Tabmumel 9 u ypaBHeHus (39) ompeneicHsI
Beca BakHOCTH KputepueB B Buae IFNs (tadmuma 10).

Ta6umua 10. Bec kputepus

X (0387, 0.561, 0.052)
X (0.667, 0.249, 0.084)
X3 (0.600, 0.333, 0.067)
X4 (0.581, 0.336, 0.083)
Xs (0.693, 0.229, 0.077)

3amMeTnM, UTO 3BaKyal[lOHHbIC albTCPHATUBBI  OLIEHHBAINCH
JIUNAMY, TPUHUMAIOIMIAME PEIICHHs, C YY€TOM JIMHIBHCTHYECKUX TEPMOB
n3 Tabmmiel 7 mo Kaxkaomy kputepmro. Jlamee ¢opmupyroTcs HEYETKHE
MHTYHUIMOHUCTCKHE MaTPHUIIbI YeThIpEX dKcrepToB (Tadmuusl 11-14).

Tabmuna 11. MHETYHIMOHKUCTCKAs HedeTKast MaTpUIa IPUHSTHUS PEIICHUI IEpBOTo

JKCIepTa
X4 X, X3 Xy Xg
A C CX 0X H CH
A, X CH 0X H X
As [ 0X C CH OH
Ay X CX CH H OH
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Ta6muua 12. MHTYMIMOHKUCTCKAs HeYeTKasi MaTpULa IPUHSTHS PEIeHNH BTOPOTro

JKCIIepTa
AnbpTepHaTuBa Kpurepuit
X1 Xy X3 Xy X5
Ay CH CH X CH H
A, 00X H X CH C
Az C X CcX OH CH
A, C X CX CH CH

Tabmuna 13. MHTYHInOHUCTCKAs HeUeTKasi MaTPHUIIAa IIPHHATHS PEIICHHUIH TPEThero

OKcIepra
AnbpTepHaTHBa Kpurepuit
X1 X2 X3 X4 X5
Ay CH H (0):¢ H CH
A, X CH 0X OH X
Az CcX 0X C H CX
Ay CX 0X CH CX C

Tabnuna 14. IHTYMIMOHKUCTCKAs HeYeTKasi MaTpHULa IPUHIATHH peIeHui
YETBEPTOro IKCIepTa

AnpTepHaTHBa Kpurepuit
X1 Xy X3 X4 X5
4 c C CH 0X H
A, CH H X H CcX
43 X C CX H X
Ay X CH C 0X CH

Jamee Ha ocHOBe naHHBIX w3 Tabmum 11-14 u ypaaeHus (40)
CTPOMTCSl arperupoBaHHasl KOJUIEKTUBHAs WHTYHLIMOHHMCTCKas He4YeTKas
Marpuua npunsaTus pemennii (AIFDM), kotopast npuBenena B Tadmuue 15.

C yderom momu¢wummpoanHoro omnepatopa [FHA (ypaBHeHue 41)
Y TaHHBIX U3 TaONWIbI 15 mOTy4YeHs! ONleHKH anbTepHaTHB B Bue IFNs, uTo
nokasaHo B Tabiure 16.
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Ta6uuua 15. ArpernpoBaHHasi KOJUIEKTUBHAS! HHTYHUIIMOHUCTCKAsI HEUETKas
MaTpuua npuHaTHs peutenuit (AIFDM)

X1 X2 X3 X4 Xs
4 (0.370 (0.431, 0.493, (gggsl’ (0.403, (0.214, 0.653,
1 U8,
0.555,0.075) 0.077) 0.074) 0.473, 0.124) 0.133)
4 (0.791, 0.112, (0.214, 0.653, ((())(?6750’ (0.158, (0.707,0.214,
2 065,
0.097) 0.133) 0.065) 0.744, 0.098) 0.079)
4 (0.683, 0.255, (0.851, 0.083, ((())35885’ (0.169, (0.527,0.374,
3 004,
0.062) 0.066) 0.028) 0.725,0.107) 0.099)
4 (0.717,0.197, (0.784, 0.134, ((()):7287’ (0.581, (0.313,0.622,
4 B t)
0.086) 0.082) 0.094) 0.325, 0.094) 0.0655)
Tabnuua 16. IFHA
Aq (0.687,0.180, 0.133)
A, (0.890, 0.035, 0.855)
As (0.871, 0.067, 0.804)
Ay (0.863, 0.057, 0.806)

3areM OCYIIECTBIISICTCSI BBIYHUCICHHE OLEHOK S(7;) arperipoBaHHBIX
WHTYMLIMOHUCTCKUX 3HAaYEHUH C y4eToM ypaBHeHus (4):

s(ry) = 0.507,s(r,) = 0.855,s(r3) = 0.804, s(r,) = 0.806.

I[anee IIPOU3BOJUTCA PAHXUPOBAHBI aJIbTCPHATUB!

s(r2) > s(ra) > s(r3) > s(r).

DTO 3HAYUT, UTO Xy > X4 > X3 > Xq.

OcymiecTBieHa  mepegavya  JOTOJHUTEIHLHOTO IIOTOKa U3
MPOMEKYTOUYHBIX BEPIIMH B TMOPSAKE X, > X4 > X3 > X; B CTOKH JUIs
HaXOXJICHUS MaKCHUMAJIbHOTO IOTOKa 3BaKYUPYEMBIX. Torma
MaKCUMAaJIbHBI JIWHAMHYCCKUA IMOTOK C TPOMEXKYTOYHBIM XpaHCHHEM
TpeacTaBiieH B Tabimme 17.

Informatics and Automation. 2025. Vol. 24 No. 5. ISSN 2713-3192 (print)
ISSN 2713-3206 (online) www.ia.spcras.ru

1317



POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHWA

Tabmuna 17. MakcuMallbHBIH JUHAMHYECKHH TIOTOK C IPOMEXKYTOUHBIM

XpaHCHUEM
Junamuueckuit Craruueckue Craruueckuid Bpems Bpems Junamuueckuii  Crox
yTh nmyTH HOTOK OTIPABIICHUSI TMPHOBITHA MOTOK
O61wit ToToK 6e3 MPOMEKYTOUHOTO XPAHSHHS 30
1) 5o = Xq4 5 0 1
- X3
1)s—>x, > x;
2) S1 ™ X3 ﬁ 1 2 ﬁ Xy
- X3,
3) s, = Xp3 23 2 3
- X33
1) 5o = %14 10 0 1
= Xy ™ Xgy ]
2)s > x> Xy 2)s, - x5, 6 1 3 42 Xy
— Xp3 ™ Xz;,s
3) s, > Xy 16 2 4
> X442 Xia
1) 51 > X33 23 1 3
- X33 —
3)s > x4 2) 5, - X5 7% 2 4 48 X3
- X34
4)s - x; 1) 512 X1 15 1 2 g8 »
= X2
2)S; = Xy, 10 2 4
> Xig4
Tlomox ¢ npomedcymouHsiM Xpanenuem ; 2

Obwuil MAKCUMATLHBIT NOMOK

Takum oOpa3om, ucxons U3 TaOIHMIBEl 17, MaKCHMAaJdbHEIA ITOTOK
9BaKyaluu 0e3 MPOMEXYTOUYHOTO pa3MENICHUs! ITOCTPaAaBIINX COCTaBIISET
230 emuHuMm, B TO BpeMs KaK C BO3MOXKHOCTBIO IIPOMEKYTOYHOTO
pasmemenus — 396 emuEmn. Ha pucynke 7 TIPEICTaBIEHO 5TO
pacripeziesieHie IOTOKa SBaKyalyu.

Jlanee HaxonsaTcs Ko3DMUIMEHTH pa3Maxa HedeTkoro uucia 396
COTJIACHO METO.y, ONMCAaHHOMY B pabotax [41 —42], KOTOPBIIl OCHOBaH Ha
JIMHEWHBIX KOMOMHAIMSIX HMHACKCOB HE4eTKOCTH. JIjii pacueTa MHICKCOB
HEYETKOCTH HMCKOMOTO 4HClIa HEO0OXOJMMOE 3HAueHHE OIPENeNsieTcs 110
COCEHMM 3HaUEHHUSIM HHAEKCOB (PHCYHOK 8).
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Puc. 8. Onpesenerre GyHKIMN PHHAICKHOCTH [, (@)

[lycTh HeYeTKHii mapaMerp «OKOJIO a'”» HaXOMUTCS MEXIY ABYyMS
COCEIHMMH 3HAYEHHSIMH «OKOIO @y ™» M «OKolo d, » ( a; < a' <
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a;), GyHKIMM NPUHAIIEKHOCTH KOTOPOro U, (a;) M Ug,(a;) umeror
TpeyronbHyto ¢opmy. CrnenoBatenbHo, KO3(D(GUIMEHTH pa3Maxa HYHKIHN
NPUHAUIOKHOCTH [,/(@ ), COOTBETCTBYIOIME HEYETKOMY IapaMerpy
«OKOJIO X' », 3amaroTcs JIMHEMHOW KOMOHMHAIIMEH JIEBOrO M IIPaBOro
WHJIEKCOB HEYETKOCTH COCEIHUX 3HAUCHHIA:

(a; —a’) (az —a’)
L _ L _ L
"= —(a2 “a) xly+(1 @ —a) X 13, (42)
_ (a; —a") (a; —a’)
t= (az —ay) % lf * (1 B (az — a1)> X 15. 3)

e b — nesprit Koo duMERT pasMaxa HEYETKOrO TPEYTOIBHOTO YHCIA €
HEHTPOM d4; LR~ mpaBbiit ko>hduIEEHT pazmMaxa HEYETKOTO TPEYTOIBHOTO
4yuciaa ¢ LEHTPOM ad, . B uacTHOM ciydae, Korga LEHTP HCKOMOTO
TPEYToJbHOTO YHCIIa PAaBEH 3HAUCHUIO, CYILECTBYIOLIEMY Ha YUCIOBOII ocH,
pa3Maxy HEYETKOr0 4YHCIa COBHAJAlOT C pa3MaxaMd CYLIECTBYIOLIETO
yucna. Ecium meHTp HEYeTKoro mapaMerpa pacroJIOKeH JieBee ILEHTpa
MEepBOTO 3HAYECHUs] Ha YHCIOBOM OCH, €ro KOd(pQHIHMEHTH pa3Mmaxa
COBIIJAIOT C TEMH, KOTOPBIC PACIIONOXKEHEI Ha OCH. B mpoTHBHOM ciydae,
KOI/Ia LICHTP MCKOMOTO 4YMCJa HaXOJHUTCS CIIpaBa OT LIEHTpPa MOCICTHEro
YHCIIa, OTMEYCHHOTO Ha OCH, HX KOA(Q(UIIMEHTHI pa3Maxa COBIaJaI0T.

YuuteiBasg BBIMIEH3NOKEHHOE, OBUIM HaiimeHBl K03()UITMEHTHI
pa3smaxa HeueTkoro umcia 396 1o Gopmynam (42-43) Ha OcHOBE Ga30BBIX
3HAaYCHNH HEUETKHUX YHCell, 3aJaHHBIX IKCIePTaMH (PUCYHOK 9).

(i)

: Q O Q
240 410 460 475 535 P

Puc. 9. ba3oBsie 3HaueHus QYHKIMH MPUHAICHKHOCTH IPOIYCKHBIX CIIOCOOHOCTEN
JIyT CEeTH

TpeOyeMoe 3HauUCHHE MOTOKA HAXOAUTCS MEXAY IBYMS COCEIHHMH
0a30BbEIMH 3HaYeHUAMH: 240 c JIeBBIM KOI(Q(UIMEHTOM HEYETKOCTH
¥ = 40, npaBeiM ko3 uurenToM HeuetkocTH — IR = 45 u 410 ¢ neBbIM
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kooduiuentom HewetkoctTH X =60 , mpaBbM KO3 dHIEEHTOM
neyerkoctd — IR =65 . Ha ocHosamuu ypasuenns (7): [k = 54.68,
lf = 59.69. Hakonern, MaKCHMaJbHBIN MOTOK 3BAaKyallld B JWHAMHYECKOU
HEYETKOH CeTH ¢ YaCTHYHBIM Pa3BOPOTOM IOJIOCHI IBMIKCHUSI MOXET OBITh
TIPENICTaBIICH SAMHUIIAME HEYETKOTO TpeyroasHoro uncia (311,365, 424).

Tak Kak MpPOMyCKHbIE CHOCOOHOCTH JAYyr OICHEHbI IHUIIb
MpUOIM3UTENIFHO, B HEYETKUX 4YHCNIaX, TO W 3HAYCHUE IOTOKa Oyner
BBIDOKATBCS ~ HEUETKMM  TPEYroJbHbIM  YHCIOM. MBI  MOXeM
UHTEPIPETHPOBATh €ro CIEAYIOMMM 00pa3oM: MaKCHMallbHOE YHCIIO
9BaKyHPYEMBIX CO CTCIICHBIO YBEPCHHOCTH | OIlEHMBAETCS B JHANA30HE OT
311 mo 424, co crenensio yBepeHHocTH 0,8 OHO M3MepseTcs B AMANa30HE
ot 354 o 377, BeposTHEe BCEro OHO OyAeT paBHO 365, HO B JIF0OOM CiTydae
3HAYCHUE MAKCHMAJIBHOTO IMOTOKA HE MOXKET ObITh MeHbIne 311 u Oobiie
424 (pucynoxk 10).

V) A

C o—0—°0

\9
311 354 365 377 424

\4

Puc. 10. HedeTkoe gucino u anbda-cpes

OtHocutenbHo HetouHocTH JloTdu 3ane roBopuit: «5 cumraro, 4yTo
U3JMIITHEE CTPEeMJIEHHE K TOYHOCTH CTalo OKasbIBaTh JCWCTBHUE, CBOJAIICE
Ha HET TEOPHIO YIPABICHHUS M TEOPHUIO CHCTEM, TaK KaK OHO IPUBOJIUT K
TOMY, YTO HCCJIEZOBaHMS B TOH 00JACTH COCPEIOTOYMBAIOTCS HA TE€X U
TOJBKO TeX MpobjeMax, KOTOpbIe IOJNAIOTCS TOYHOMY pelleHuto. B
pe3ynpTaTe MHOTHE KIIACCHI BAYKHBIX MPOOIJIEM, B KOTOPBIX JaHHBIC, LIEIH H
OTPAaHUYCHUS SBISIOTCS CIMITKOM CIIOKHBIMH HJIH TUIOXO OTpEAeIEHHBIMU
JUTS TOTO, YTOOBI TOITYCTHTh TOYHBIA MaTeMAaTUICCKUH aHAIIN3, OCTaBaIHCh
W OCTalOTCS B CTOpPOHE II0 TOH NpPWYMHE, YTO OHH HE MOIIAIOTCS
MaTeMaTH4ecKoi TpakToBKe. Jlmg Toro 4droObl cKa3aTh dTO-THOO
CyIIecTBEHHOE sl PpobieM Mo100HOT0 posia, MBI JOJDKHBI OTKA3aThCs OT
HallMX TPeOOBaHMH TOYHOCTH W JIONMYCTHTh Pe3yJbTaTbl, KOTOpBIE
SIBJITFOTCSI HECKOJIBKO Pa3MBITHIMU WIJIH HEOTIpEAeIEHHBIMY [49].

st mpoBEpKM  BBIYMCIIHUTENBHOM CIOXKHOCTU  IPEIUIOKEHHOIO
anropuT™Ma ObUT MPOBEAEH BBIUMCIUTEIBHBIN 3KCcrepuMeHT (Tabmmna 18).
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CoryuaitHpiM 00pa3oM ObUIM MOJATOTOBIEHBI TecToBble rpadsl Ha 10, 100,
1000, 5000 u 10000 Bepmmu. Kaxnmeii rpad comepikan paszIndHOE
konmyectBo pEoep (or 80 mo 200% pébep B kaxkmom). ['padsr
TCHEPHUPYIOTCSA CIyYailHBIM 00pa3oM C 00s3aTelbHOM MPOBEPKOH Ha
HaJlMuue IyTed OT MCTOKAa K CTOKY. s KaXkI0ro KOJMYeCTBAa BEPILUUH
crernepupoBano 1o 1000 rpados. lnst kaxnoro Habopa nposenexo mo 1000
3amyckoB. B Tabnmme S5 mpuBeneHa 3aBUCHMOCTh BPEMEHHM pabOTHI
MIPOTPaMMHOTO MOJYJISI OT KOJIMYECTBa BepIIHH. [IprBeeHsl MUHUMAIBHOE
3apEerHCTPUPOBAHHOE BpeMs paldOTBl ITOpPUTMa, MAaKCUMaJIbHOE U
ycpennénnoe. IIpu 3tom 10% caMbIX HU3KHX M CaAMBIX BBICOKMX 3HAYCHHI
B KaX/MOW rpymme ObUIM HCKIIIOYEHBI W3 PACCMOTPEHUS Al YCTPaHSHHMS
aHOMAJIBHO OBICTPBIX M aHOMAJIBHO JOJITHX 3alTyCKOB. Bce sKcrepnMeHTs
mpoBoammnck Ha I[IK MacBook Air (M1, 2020), pa3smep omepaTHBHOU
namstu 16 I'b.

Ta6imna 18. Bpemst paboThI IpOrpaMMHOTO MOAYJISL B 3aBUCHMOCTH OT YUCIIA

BEpIIHH.

KoanuectBo MuHuMaJIbHOE MakcuMalibHOe Cpennee

BEpIIMH, IIT BpeMsi, MC BpeMsi, MC BpeMsi, MC
10 0,0122 0,029 0,0245
100 0,148 0,212 0,198
1000 0,821 1,045 0,921
5000 1,275 2,343 2,194
10000 3,448 10,595 8,430

beio  mpoBeneHO  CpaBHEHHE — PE3YNbTaTOB — HPEAIaraéMoro
aIropuT™Ma Ha OCHOBe MoaubuuupoBanHoro omnepartopa IFHA ¢ npyrumu
HMHTYUIUOHUCTCKUMH OIEPAaTOpaMH arperupoBaHUs, KOTOPbIE TAKKE OBbUIH
MOIUGUIIMPOBAHBI c TIOMOIUIBIO ypaBHEHUU (23)-(28) s
WHTYMIUOHUCTCKUX HEUYETKHX YHCEJl, YTO MO0Ka3aHo B Tabiumue 19.

Tabnuna 19. IFHA u npyrue onepaTopbl

s(ry) 5(r,) s(r3) s(1y)

IFHA 0.507 0.855 0.804 0.806
IFHG —0.990 —0.989 —0.986 —0.983
IFWA 0.850 0.940 0.928 0.910
IFWG —0.804 —0.769 —0.690 —0.657
IFOWA —0.223 0.235 —0.108 0.137
IFOWG 0.054 0.270 0.364 0.355
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CpaBHEHHE aJTOPUTMOB, OCHOBAHHBIX Ha Pa3iIMYHBIX OIlEpaToOpax
arperupoBaHMs, TIPEACTaBICHO Ha puUcyHKe 11.

3
83 g <
5 3. S
3
0,8
~
06 3
g %
04 8 S
3
) II
0
IFHA IFWA I IFO. IFOWG
-0,2
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8
04 ?
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08 =3 9 %
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-0,

AnbTepHaTHBbl ®A1 uA2 A3 A4

Puc. 11. Pesynbrate! anroputmos IFHA u IFHG

Ha ocHOBe mNpOBEAEHHOTO aHanW3a IOCTPOCHHBIX Ta0mMI W
rpaguKoOB chelaH BBIBOX O JOCTOBEPHOCTH NpelaraeéMoro MeToja
NpUHATHS penieHuss Ha ocHoBe omeparopa I[FHA, onepupytomero
He4yeTKUMHU Becamu kputepueB. Omepatoper IFWA u IFHA wumeror
OJIMHAKOBBLIN TOPSAZOK albTepHATHB 3Bakyauuu: A, > A, > Az > A;, 4TO
03HAuaeT, YTO MEpPBOM OCYIIECTBISAETCS IBaKyallus U3 BEpUIMHEI X,. Bee
PacCMOTpPEHHBIE OTEPaTOPhl yKazann A, Kak XyALIyI0 albTepHATHBY. lIpu
9TOM BCE OIEPaTOPbl yCPEOHEHHs BBIACTWIN A, Kak Jydimyro u A, Kak
XYALIYIO albTEPHATHBBI C HEOOJBIINM OTIMIHEM MEXIy BTOPOH M TpeTheh
anpTepHaTHBaMH, a reomerpudeckue omneparopsl IFWG u IFHG moxka3zamm
OJIMHAKOBBIC PE3YJIBTATH M BBIACTUIN A, KaK T4yl alnbTepHATUBY U A4
kak xyauryto. [Ipu atom oneparop IFOWG umeer ormnuuue B mepBoil U
BTOpOH anbpTepHaTHBax, a [IFWA Bbienni A, Kak JydiIyio albTepHATUBY U
A4 Kak XyauIyto.

K orpannveHusM airoputMa MOXXHO OTHECTH €ro 3aBUCHMOCTb OT
TOYHOCTH  3KCHEPTHBIX  OIICGHOK, CBS3aHHYI0O C COMHCHUSMH W
HEYBEPEHHOCTBIO 3KCIICPTOB NpH BBIOOpe (GYHKIMH NPUHAIICKHOCTH
BBHY OTCYTCTBHS CTaTHUECKHUX JAHHBIX WM TOYHON OIEHKU IapaMeTpoOB
ceTu.
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7. 3akn104eHne. B cratbe paccMmarpuBaeTcs 3afada 3BaKyallUd U3
3/1aHMsl HA OCHOBE MHOTOKPHUTEPHAIPHOTO NPHHATHA PELICHHH C y4eTOM
HEYETKOT0 HHTYMIMOHHCTCKOTO THOPHIHOTO OIepaTopa YCpeAHEHHS |
CTpaTerMd MaKpOCKOIMYECKON 3Bakyauuu. J{iag ee peureHus paszpadoran
WHTCTPUPOBAHHBIN aJrOPUTM SBaKyalldd W3 3AaHUs, OOBEAUHSIONINN
HEYETKOE MPUHATHE PEUIEHWH Ha OCHOBE MHTYMLIMOHUCTCKOTO HEUETKOTrO
THOPUIHOTO OIepaTopa YCPeTHEHUsI M HaX0XKCHUE JIEKCUKOTpauIecKkoro
IIOTOKA C Y4YeTOM MPOMEXKYTOYHOTO pasMelleHUs MOCTPajaBIIuX B
BepIIMHaX-HE yOexxumiax. [{aHHBIA aNrOpuTM SIBISIETCS. MHOTOYPOBHEBBIM,
IZle Ha NEPBOM YPOBHE OCYIIECTBIISIETCS MOCTPOEHHE MOJENW 3ajadd B
BUJI€ HBaKyallMOHHOW TpaHCHOpPTHOI cetn. Ha BTropoMm ypoBHe anroputma
MIPOM3BOANTCA  PAHKHPOBAHWE  3BaKyalMOHHBIX  IOMELICHUH  UIs
HaXOX/I€HUS ONTHUMAJIBHOTO TOPSAAKAa TPAHCHOPTHUPOBKH JIIOAEH M3 HHUX B
yOexuIlla Ha OCHOBE DAa3IMYHBIX KPUTEPUEB, TAaKMX KaK BMECTUMOCThb
TIOMCUICHUA, JICTKOCTh 5BaKyalluu, YpOBCHb 6630HaCHOCTI/I IMMOMCIICHUS KaK
yOexHIIa, BpeMsi OpraHu3aliy dBaKyallid U3 3TOTO MECTa M OTAaJICHHOCTh
0T MCTOYHMKA OMAcCHOCTH. PaH)kMpoBaHUe MOMEIIEHUH OCYIIECTBISETCS Ha
OCHOBE MHOTOKPUTEPHAIBHOTO TIPYIIOBOTO MPHUHATHS pEUIeHud u
MHTYHMIMOHUCTCKOTO HEYETKOro TMOPHIHOTO Omeparopa yCpeaHEHUs JUis
MOJENHUPOBAaHUS COMHEHMH U HEYBEPEHHOCTH. AJITOPUTM ONEpUPYET
JIUHTBUCTUYECKUMH OLIEHKAMHU JKCIEPTOB, IIO3BOJIAI HAa HUX OCHOBE
BBIYHMCIISATE BECa JKCIEPTOB M KpUTEpHeB Uil 3()(HEKTHBHOIO INPHHATHS
pemieHns. ArperupoBaHie OLIEHOK OCYIIECTBIISICTCS Ha OCHOBE METOJMKH,
KOTOpasi ITO3BOJISICT ONEPUPOBATH BECAMU KPUTEPHEB, MPEACTABICHHBIMH B
BHAE€ HEUETKMX HHTYHIMOHHUCTCKMX 3HAUYEHWH B  OTIMYHE  OT
TPaJULMOHHBIX YETKUX YHCEN A ydeTa COMHEHHH M HEyBEPEHHOCTH
Tpymlnsl 9KcnepToB. Ha TpeTbeM ypoOBHE alropurMa OCYLIECTBIISETCS
MaKpOCKOIIMYECKasi  IOTOKOBAash  JUHAMHYECKas  3BaKyauus Ui
nepeMeleHlsl MaKCUMaJbHOTO KOJMYECTBa IOTOKA W3 OIMAcCHBIX 30H C
Y4ETOM BO3MOKHOCTH pa3MeIIeHUs MOCTPaZaBIIMX B INPOMEKYTOUHBIX
BEpIIMHAX, HE SBISIONMXCS YOEXKHIIaMH, B O€30MacHble XpaHHJIHIIA.
AnropuT™M  MO3BOJSIET  yuyecTb Beca  KPUTEpUEB M SKCIEPTOB,
NpEJCTaBICHHbIE B  HEYETKOM  JIMHIBUCTHYeCKOM  Buzpe. s
moATBepKAeHU 3()(EKTUBHOCTH pa3padOTaHHOTO AJITOPUTMA CO3JIaHa
IporpaMMHasi cpefla, peain3oBaHHas Ha s3bike JavaScript. IlpoBemeHo
CpaBHEHHE pa3padOTaHHOTO AITOPUTMA IIPHUHATHS PEUICHUS Ha OCHOBE
onepatopa IFHA, onepupyroomero HEYeTKMMH BECAMH KpPHUTEPHEB, C
CYIIECTBYIOIIMH alTOPUTMaMH M CHENaH BBIBOJ O IOCTOBEPHOCTH
npeanaraeMoro ainropurMa. I[IpoBeneHa OICHKAa 3aBUCHMOCTH BPEMEHH
paboTHI aNropuT™Ma OT pa3Mepa BXOIHBIX, MOJATBEPHKIAIOIasi BO3MOKHOCTb
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HCIIONIb30BAHUS TIPEUIOKEHHOTO alropuTMa Al OONbIIMX 3IaHUH U
TPaHCIOPTHBIX CETEM.

PesynbTaThl JAHHOrO AIrOpUTMa MOTYT IPHUMEHATHCS Kak IIpU
peasbHOW ABaKyallMM HaceleHusi B ciaydae macurtadubix UC, Tak u npu
COCTABJIICHMM IUJIAHOB pearupoBaHUs Ha 3BaKyaluio. B mepcrexkTuse
MJIaHUPYETCS YUUTHIBATh: MAaHUKY M HEpallOHAJIbHOE MOBEJCHUE JIIOAeH
IIpY dBaKyallM, HaJn4ue 3a0J0KMPOBAaHHBIX ITyTeH (Hampumep, U3-3a
oOpyIlIeHus] 3JaHMK WM JEepPeBbEB Ha JOpOrax), rnapaMmerpbl pUCKa |
OTIACHOCTH 3BaKyallMHM, KOTOpPHIE MOTYT CJelaTh «ONTHMAalIbHBIC)
MapIuIpyThl HEJTOCTYITHBIMH ApyTHe (GaKTOpPHI.
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V. KUREICHIK, E. GERASIMENKO
INTEGRATED ALGORITHM FOR MULTI-CRITERIA GROUP
DECISION-MAKING IN EVACUATION TASKS

Kureichik V., Gerasimenko E. Integrated Algorithm for Multi-Criteria Group Decision-
Making in Evacuation Tasks.

Abstract. This article presents an integrated algorithm for multicriteria group decision-
making based on an intuitionistic fuzzy hybrid averaging operator for selecting the optimal
evacuation strategy. The algorithm is multilevel, where the first level involves constructing a
task model in the form of an evacuation transportation network. At the second level, the
ranking of evacuation spaces is performed to determine their optimal order based on various
criteria, such as room capacity, ease of evacuation, safety level of the room as a shelter, time
required to organize evacuation from the location, and distance from the source of danger. The
ranking of evacuation spaces is carried out using multicriteria group decision-making and an
intuitionistic fuzzy hybrid averaging operator to model the doubts and uncertainties of experts
in evaluating evacuation criteria, alternatives, and expert importance. The algorithm operates
with linguistic expert assessments, allowing for the calculation of expert and criterion weights
based on these assessments for effective decision-making. Aggregation of assessments is
performed using a modified algorithm that allows for the operation of criterion weights
represented as intuitionistic fuzzy values, unlike traditional crisp numbers, based on developed
modified operators for raising fuzzy numbers to a fuzzy power to account for the doubts and
uncertainties of the expert group. At the third level, macroscopic dynamic flow evacuation is
carried out, considering the possibility of accommodating evacuees in spaces that are not
shelters. The advantage of the proposed algorithm is its ability to model the transportation of
evacuees under dynamic conditions from hazardous areas, taking into account their placement
in intermediate points to maximize the number of lives saved, considering the uncertainty of
the environment, the fuzzy nature of factors influencing evacuation decisions, and the
uncertainties and doubts of the expert group in evaluating evacuation strategies. To confirm the
effectiveness of the developed algorithm, evacuation modeling was conducted, and a software
environment was created, implemented in JavaScript. A comparison of the developed decision-
making algorithm based on the IFHA operator, operating with fuzzy weights of criteria, with
existing algorithms was carried out, and a conclusion was made about the reliability of the
proposed algorithm. An assessment of the dependence of the algorithm’s runtime on the input
size was conducted, confirming the possibility of using the proposed algorithm for large
buildings and transportation networks.

Keywords: fuzzy intuitionistic decision making, fuzzy macroscopic evacuation, fuzzy
aggregation operators.
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E.B. JIAPKIH, A.B. BoromoJioB, A.H. [IPMBAJIOB
HEMPOCETEBASI HACTPOMKA
TEHETUYECKOI'O AJITOPUTMA YIIPABJIEHUSI
BEKTOPHOM MEPAPXUYECKON CUCTEMOM

Jlapxun E.B., bocomonoe A.B., Ilpuseanos A.H. HeiipoceTeBass HACTPOiiKa reHETHYECKOI0
JIFTOPUTMA YNPAaBJICHUsS] BEKTOPHOH MepapXH4ecKoi CHCTEeMOI.

AnHoTanus. [IpencraBiieHbl pe3ysbTaThl HCCIIEIOBAHUS UEPAPXUUECKOM ABYXYPOBHEBON
CHCTEMBl BEKTOPHOTO YNPABICHHS MHOTOCBS3HBEIM OOBEKTOM, OBONIONUS KOTOPOTO
OIINCHIBACTCS] BEKTOPOM COCTOSTHHMS, H3MEHSIOLIETOCS ITyTeM BO3ISHCTBYS HA HCIIONHHUTEIbHbIC
YCTPOWCTBA, KOK10€ U3 KOTOPHIX BKJIIOYAET NPHUBOJ U pabounii MmexaHu3M. PaccmarpuBaemas
CHCTeMa yOpaBIEHHS OTIMYAeTCs HaJIWYUeM JIOIOJHUTENBHOTO KOHTypa HACTPOIKH
BUPTYalbHOTO  pEryJITOpa Ha BEpXHEM U (QYHKIHMOHAIBHO-JIOTHYECKOM  YPOBHSX.
CuHTe3upoBaHa MaTeMaTH4ecKas MOJENb HMITYJBCHOTO OTKIMKA  HCIOJHUTENBHOIO
MEXaHH3Ma CHCTEMBI, yUMTHIBAIONIAsl CyXOe TpeHue, JIOQT U OrpaHUUYCHHS IO CKOPOCTH U
MIOJIOXKEHUIO Pabodero opraHa ympaBisieMoro o0bekTa. VcxoqHas MOZENb HCIIONHUTEIEHOTO
opraHa mpencrasieHa B ¢opme Komm, a ero MMIyJIbCHBIH OTKIMK amIpOKCUMHPOBAH
HMITYJIbCHBIM OTKJIMKOM JIMHEWHOTO 3BEHA BTOPOTO IMOPSAKA, ONTUMAIIBHBIM II0 KPHUTEPHIO
MHHHMyMa ONIMOKM ammpokcuManuu. JlokazaHO, 4YTO IapaMeTpsl JIHHEAPH30BaHHOTO
HMITYyJIbCHOTO OTKJIMKA 3aBUCAT OT 3KCIUTyaTAallMOHHBIX MapamMeTpoB mpuBoja. IloctpoeHa
MOJIeINb 3aMKHYTOH CHCTEMBI yIpaBIeHHs OOBEKTOM B IIEJIOM H IIOKa3aHO, YTO €e IapaMeTphl
3aBHCSAT OT OKCIUIyaTAal[HOHHBIX IIapaMeTPOB IIPHBOJOB, JKENAaeMOTro 3HAYEHUS BEKTOpa
COCTOSIHHSI O0BEKTa YIPABICHUS U IapaMeTPOB BUPTYAIBHBIX PEryJIsSTOPOB, PeaTM30BaHHBIX
Ha (YHKIOHOHAIBHO-TOTHYECKOM ¥ BEpPXHEM HepapXHUecKoM YpoBHAX. I[lomyueHHbIE
pe3yJIbTaThl JIEMOHCTPHPYIOT, YTO HM3MEHEHHE OJKCIUTyaTalllOHHBIX IIapaMeTpoB OOBEKTa
MOXKET OBITh CKOMIICHCHPOBAHO 33 CYET CTPYKTYpPHBIX M HAapaMETPHYECKUX H3MEHEHHH
TeHETHYECKOro alropuTMa yHpaBieHus. Pa3paboTaHa MeTOAMKAa CHHTE3a I'€HETHYECKOrOo
ITOPUTMAa  YIPABJICHUS CIOXKHBIMA  MHOTOKOHTYPHBIMH  OOBEKTaMH, pPealH3yeMOoro
KOHTPOJUIEPOM BEPXHEr0 YPOBHS HEpapXuH, 0a3HpYIOILascsi Ha HMCIOJIb30BAaHUHM HEHPOHHOU
ceru. IToka3aHo, 4TO mpemnaraeMslii MOAXO0J] OOECIEUHBAET AOCTIDKCHHE CHHEPreTHIECKOro
s¢dexra, Korga yHpaBISIONIME BO3JCHCTBHS, pealn3yeMble DPasHBIMH MOAU(DUKAIHIMA
IrOpUTMa YNpPABJICHHS, OKa3blBAIOTCI MeHee OJ((GEKTHBHBIMH, YeM  YIpaBISIOLIHE
BO3JCHCTBHSA, peaaH3yeMble C IOMOMIBIO COCTABHOIO QITOPHTMA, IOJBEPralomerocs
9BOJIIONMOHHBIM H3MEHEHISIM B Iponecce (GyHKIMOHHPOBAHUS CHCTeMBL. KOppekTHOCTH
TEOPETUYECKHUX TOJIOKEHUH MOATBEPkKICHA PE3yIbTaTaMH BBIYUCIUTEILHOTO MOJEIUPOBAHUS
yIIpaBICHHS BUPTYaIbHBIM peryasTopoMm c HOMOIIBIO HEHpOHHOI CeTH,
MIPOJEMOHCTPUPOBABIIETO CYIIECTBEHHOE YITyUNICHHE XapaKTEPHCTUK YIPABIEHUS 3a CUET
YMEHBIIICHHs] BpEMEHH BBIX0J1a Ha YCTAHOBHBIIMHCS PEIKUM U BPEMEHH IIepeperyInpOBaHHs.

KiroueBble cjloBa: HepapXudyeckas CHCTEMa YIpAaBIEHHS, BEKTOpHOE YIpaBJICHUE,
MHOTOCBSI3HBIN 00BEKT, FEHETUYECKUI aIrOPHTM, HEHPOHHAsI CETh, BUPTYAIbHBIN PEryJIsTOp.

1. BBegenme. lcronb30BaHHE yHHMBEPCAIbHBIX KOHTPOJUIEPOB
B KayecTBEe  ammapaTHOW IUIaTGOpMBI  KOHTPOJS  TEXHOJIOTMYECKHX
MIPOLIECCOB TPOMBIIIIEHHBIX OOBEKTOB CYIIECTBEHHO pPACIIMpPSAET Kiacc
3aKOHOB YIIPaBIICHHA, KOTOPBIE MOTYT OBITh peajn30BaHBI B cucreme [1 —
3]. HpuHumn ruOKOro NMpOrpaMMHUPOBAHUSI, PEATM30BAHHBIH B MPHOOpax
MoJI0OHOTO THIIA, MO3BOJIAET, HE MEHAS amlmapaTHOW YacTH KOHTpOJUIepa
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yIpaBIsITh OOBEKTaMH, CTPYKTypa M IapaMeTpbl KOTOPBIX MEHSIOTCS
B nporiecce (YHKIMOHMPOBAHUS B INUPOKHUX [UANa30HAX, B TOM 4YHCIIE
U TaKUMH, KOTOpble B HEKOTOPOM JHAala30HEe pEryJIUPYEMBIX BEJINYHMH
SBJSIFOTCSL  CTPYKTYpHO HeycTOoWumBbIMH. K TOCmemHuM MOryt ObITh
OTHECEHbI MHOTOCBSA3HbIE OOBEKTHI YIPABJICHUS, OMHMCHIBAEMbIE BEKTOPOM
COCTOSIHUS, BO3JAEHCTBHE HA KOTOPHIE OCYLIECTBISIETCS C MOMOIIBIO
MHOJKECTBA HCIOJIHUTENBHBIX YCTPOMCTB, KaXJ0€ M3 KOTOPBIX BKIIIOYAET
npuBoA W paboumit Mmexanm3Mm [4, 5]. B MecTtax CTBHIKOBKH MpPHBOJA
n pabodero  MexaHW3Ma  HCIIOJHHUTENBFHOTO  YCTpOWCTBA  BCeraa
MIPUCYTCTBYIOT CyIIECTBEHHBIE HEJIMHEHHOCTH THIA JIOMT, CyX0€ TpeHHe,
OTpaHWYECHHE MO CKOPOCTH M TIOJIOKEHMIO pabouero mexanusma [6, 7].
[TapameTpsr Kak cOOCTBEHHO 00BEKTa, TaK M UCHOIHUTEIBHOTO yCTPOHCTBA
MOTYT W3MEHATBCS B TIPOIECCE OIKCIUTyaTallMM CHUCTEMBI, TIPHYEM
BCJIEJICTBHE HAJTMYUS MEPEKPECTHBIX CBA3EH MEXIy KOHTYpaMHU N3MEHEHHE
SKCIUTyaTallHOHHBIX TapaMeTpOB B KaXJAOM M3 KaHAJIOB BIHUSACT Ha
CTaTWYeCKHEe U JWHAMHYECKHE XapaKTEPUCTHKH 3aMKHYTOH CHCTEMBI
B 1lesioM. Tak, yBenMueHHe CyXOro TpPeHHMs B MEXaHM3Max IOHMXKAeT
TOYHOCTB HOAJEPIKAHHS PETYJINPYEMBIX ITapaMeTpoB, a yBEJIHMYCHHUE JIIO(Ta
MIPUBOAMT K YBEIHMUEHHIO NEePEeperyTupoBaHNs U BPEMEHH BBIX0/1a CUCTEMBI
Ha YCTAaHOBUBIIMECS PEXUMBL. J[1s MOBBILEHUS SKCIUTyaTalluOHHOU
YCTOWYHMBOCTH CUCTEMY YIIPaBJIEHHS HAa (U3MIECKOM yPOBHE pa3zieisIOT Ha
BEPXHUH M (YHKIMOHAIBHO-JIOTHYECKHH YPOBHH, YTO IO3BOJIIET T'MOKO
W3MCHATh KaK aJTrOPUTMBI YIPABJICHHS KOHTPOJUIEPOB, 3aMBIKAIOIINX
OOpaTHBIE CBS3M IO COCTOSIHHIO PabOYMX MEXaHH3MOB HCIIOIHUTEIBHBIX
YCTPOICTB, TaK M alrOpUTMa YIpaBiIeHUS 0OBEKTOM B 11eI0M [8, 9].

Takum 00pazoM, CIOXKHOCTh OOBEKTa YMPaBIICHHS, CO3AaBaeMBIN
N30BITOK BBIYHUCIUTEIBHBIX MOIIHOCTEH 3a CYET (PM3MUECKOTO pas3/iesieHHs
KOHTPOJUIEPOB, @ TaKk€ BO3MOXKHOCTH  OINEPAaTHBHOTO  T'HMOKOTO
HepenporpaMMUpPOBAaHHST  KOHTPOJUIEPOB  CO3/1aeT MPEANOCHUIKA IS
peanu3alnuy TeHeTHYecKuX airoputMmoB ynpasnenus [10, 11]. TTomoGHble
QITOPUTMBI 3a CYET SBOJIOIHOHHON (TapaMeTpudecKoi) U MyTallMOHHON
(cTpyKTYypHOH) TpaHC(OpMAIMM MOTYT aJalTHPOBATBCI B PEXHUME «Oon
line» [12 — 14] kK TEKyIIUM YCIOBHSM SKCIUTyaTallid CUCTEMBI U TEKYILEMY
COCTOSIHHMIO, KaK ITPUBOJIOB M paboYMX MEXaHU3MOB, TaK M CaMOro o0beKTa
C COXpaHEHHEM OCHOBHBIX XapaKTEPHUCTUK YIPABICHHUA TaKHX, Kak
YCTOMUUBOCTh, TEPEPErylUpoOBaHue, TOYHOCTb, BpeMsl JOCTHKECHUS
JKENAeMBIX 3HAYCHHH PErYIHPYEeMBIX ITapaMmeTpoB coctosHus [15, 16].
PabourM WHCTpYMEHTOM HACTPOHKH aTOPUTMOB MOXKET OBITH HEHpOoHHAsS
ceth [17, 18].
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Mertonsl  cO3MaHMS TEHETHYECKHX  QJITOPUTMOB  YIPaBJICHHS
pacmpocTpaHEHbl Ha IPAKTUKE HEAOCTATOYHO, 4YTO MOATBEPXkKIAeT
aKTYyaJIbHOCTb HCCIIC/IOBAHUM.

Llens TPOBEAECHHOTO HCCIICMOBAHUS 3aKIIOYAETCs B CO3JAHUU
MeToJla  TOCTPOSHUS  TEHETHYECKHX  aIrOPUTMOB  HEPapXUUECKHX
BEKTOPHBIX CHUCTEM YIPABJICHHS, BKIIOYAIOIINX JIOMOIHUTEIBHBIH KOHTYP
KOHTpPOJII ~ CTPYKTYpPbl U TapaMeTpoB  BUPTYAJIBHOTO  PETYIATOpA,
paboTaromero o MPUHIKUITY HEHPOHHOH CeTH.

[NocranoBka pemaeMod 3amaud  MOXET OBITH IIPEACTaBICHA
B crenyronieM Buzae. MMeercs o0BEKT ynpaBieHUs, COCTOSHHE KOTOPOTO
OIIMCHIBAETCSI BEKTOPOM PETYJINPYEMBIX ITAPaMETPOB M 3aBHCHUT OT BEKTOpa
BO3ACHCTBUH, GOPMHUPYEMBIX PabOUYMMHM MEXaHW3MaMH, MOJKIIOYEHHBIMA
Yyepe3 MOJCHCTEMY IPUBOAOB K HEPAPXUUECKOMY IIM(YPOBOMY PETYISITOPY,
BKJIFOYAIOIIEMY KOHTPOJUIED BEPXHEro YPOBHsI MEpapXUH U KOHTPOJLIEPHI
(YHKIIMOHAJIBHO-JIOTUYECKOTO YPOBHS, KKAbIH M3 KOTOPBIX YMPAaBIseT
CBOMM TIPUBOZIOM, M B CBOK OYepelb, YIPABIAETCS KOHTPOJLIEPOM
BepxHero ypoBHs. J[s oOecredeHust SKCIUTyaTallMOHHOHM YCTOMYMBOCTH
B CHCTEMY, Hapsgy C KOHTYpaMH, pEaln3yIOUIMMHU IPHUHIKN 0O0paTHOMN
CBSI3U II0 COCTOSHUIO paboyero MexaHmamMa M OOBEKTa YIpaBIICHHS,
BBEIICHBl KOHTYPHI HACTPOHKH BHUPTYaIbHBIX PETYJSTOPOB, KOTOpBIE
BBINOJIHSIOT KOMIIEHCHPYIOIIYIO TIOJICTPOHKY IapaMeTpoB pETYJISITOPOB
MIpY W3MEHEHHWH YCIOBMH (YHKIMOHMPOBaHMS cucTeMbl. J[is 3Toro Ha
aTarne pa3paboTKu MPOrpaMMHOTO OOECTIedeHHs TOJDKHBI OBITh MTOCTPOCHBI
JTVHEapu30BaHHBIE MaTeMaTHYECKUE MOJEIH NPUBOIOB C pabounmu
MeXaHU3MaMH, COPMUPOBAaHA CTPYKTypa HEWPOHHOW CETH, ONpPEICICHBI
BapbUpPyEMbIC MTAPaMETPhI BUPTYAIbHBIX PEryJsITOPOB, a TAKKE pazpaboTaH
QITOPUTM ~ HM3MEHEHHsI CTPYKTYpbl M  IapaMETpOB  BHPTYalbHBIX
PETYIATOPOB IO CHUTHAJIaM OOPaTHOM CBSA3M B JOMOJIHUTEIBHOM KOHTYpE
ynpasiieHus. MHTerpanus ajroputMa BapHalldd IIapaMeTpPOB B aJITOPUTM
YIpaBJIC€HUA daroT TeHETUYECKUM AJITOPUTM  YIPaBJICHUA, 11 KOTOPOTO
JIOJDKHBI OBITH OIPEEJICHBI YCIOBHSI 3BOJIIOIMU (M3MEHEHHE IapaMeTpoOB
OIIEpaTOPOB YIPABJIEHYECKOH KOMIOHEHTHl WHTErpajbHOTO aJIrOpPUTMA)
U MyTauu  (M3MEHEHHE CTPYKTYphl — YIPaBJICHYECKOW KOMIIOHEHTBI,
B YaCTHOCTH, 100aBIICHHE, NCKIIIOYEHHE, 3aMEHa OIIEPaTOpPOB).

2. CtpykTypa JABYXYpPOBHEBOil cHCTeMbl ynpasJjeHus. Ha
CTPYKTYpHOH CXeMe JBYXYpPOBHEBOH IH(POBOIl CHCTEMBI YIpaBIeHHS
(pucynok 1) [8, 9] mokazaasr OUC (object under control) — MHOTOCBSI3HBIIH
o0bekT ympasieHust, MC (master controller) — KOHTpoOJIIEp BEPXHETO YPOBHS
uepapxuu; FLC (functional-logical level controller) FLC, , 1<i<K -

KOHTPOJIEPhl  (PYHKIMOHAIBHO-JIOTHYECKOTO YpOBHS umepapxun; K —
KOJIMYECTBO PETyIMPYEMbIX TapaMETPOB COCTOSIHUS OOBEKTA.
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MC
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FLC, FLC, FLCx
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Puc. 1. CtpykrypHas cxeMa JByXypOBHEBOW CHUCTEMbI yIIPaBICHUS

B oOBexTe ympaBiieHUS BBIIENCHBI (U3NYCCKHAE HCIIOTHUTEIHHEIC
ycTporictBa Dy, BKmouaromue npuBoA W paboume MexXaHM3MBI (pyJid,
3aCJIOHKH, 3aIBIKKH H T.I1.); CEHCOPHI Sy, H3MEPSIOMINE XapaKTEPHUCTUKN
TEKYIIEro COCTOSIHUSI pabOuMX MEXaHHW3MOB; CEHCOPBI Sj,, U3MEpSIOLIHE
napaMeTpbl TEKYIIETO COCTOSHUSI 00BEKTa YIIPABJICHHUS.

CocrosiHre  OOBEKTa  YIPABICHUS  OMPEIACIACTCS  BEKTOPOM

0
x(t):[xl.(t)] , rne t — Bpemsa; @ — 0003HAUCHHE OIEPALUU
TpaHCTIOHHpOBaHus. JKenaeMble 3HAYECHHS TMONOKEHWH MCTIOTHUTENBHBIX
4
MEXaHM3MOB pabO4YMX OPraHOB 3aJa0TC BEKTOPOM u(t):[ui(t)} ,

KOTOPBIII TEHEpUPYETCSl KOHTPOJUIEPOM BEPXHErO YPOBHS HEpapXuM.
3HaueHUs KOJOB BEKTOpa u(t) C BBIXOZa KOHTPOJUIEpAa BEPXHETO YPOBHS

HepapXxuu  TOAAIOTCS  HA  YNPaBISIONIME  BXOABI  KOHTPOJUIEPOB
(YHKIIMOHATBHO-IOTHYECKOTO  YPOBHA  HEpPapXHu. Kontposrepsr
(YHKIIMOHAJIBHO-IOTHYECKOTO yPOBHS Hepapxuu (OPMUPYIOT BEKTOP

4
CHTHAIIOB v(t):[vi(t)] , BO3JEHCTBYIONMX Ha JpaifBephl, B pe3ynbTare

0
4ero pabodne MEeXaHW3MBI yCTAHABIMBAIOTCS B COCTOsHUS (1) = [q,. (t)} }

ITon BO3melicTBHEM q(t) OOBEKT YINpaBJCHUS MNEPEXOJUT B COCTOSHHE
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x(t) , TIApaMeTpBl KOTOPOrO U3MEPSIOTCA CeHcopamu S, —S, ; , BEKTOP

~ ~ 4
CUTHAJIOB x(t):[x,.(t)] BBOJUTCS B KOHTPOJJICP BEPXHETO YPOBH:A

Hepapxuu, B pe3yJibTaTe 4ero OOpaTHBIE CBA3M IO COCTOSTHHIO OOBEKTa
YTIPaBIICHUS B CHCTEME 3aMbIKAIOTCSL.
Hapsny ¢ xonTypamu, GOpMHUPYEMBIMH ISl 3aMBIKaHHUS OOpaTHON

CBA3U IO U3MCPCHHOMY COCTOAHUIO 00BeKTa i(l) , B CUCTCMC HMCCTCA

KOHTYpBl ~ HacTPONKH BHUPTYalbHBIX PETYJIATOPOB, PEAIN30BAHHBIX
B KOHTpoOJuiepax  (DyHKUIMOHAJIbHO-JIOTUYECKOTO  YPOBHS  HEpapXHH.
Hactpolika ocyniecTBisieTcss 3a CuUET YCTAHOBKU 3JIEMEHTOB BEKTOPA

napamMeTpoB z(t)z[zi(t)T. B cBowo ouepens, mapameTpsl BekTopa Z (1)

opMHpPYIOTCS B COOTBETCTBUM ¢ CHrHamamu §(¢)= [(}1 (t)T CEHCOPOB Sy

¥ curnanamu X () ceHcopoB Sy,.

3. ®yHKIIMOHUPOBAHHE CHCTEMBI. Anroputm paboTsI
KOHTPOJUIEPOB  (DyHKIMOHAJIBHO-JIOTHYECKOTO YPOBHS HMEpapXWu IpH
YTIpaBICHUH UCTIONHUTEILHBIMHA OpTaHAMH UMEET CIEAYIOIINHA BUI:

v(e)=u(r)-we ()*a(0). (1

IIe W, (t) — JIMaroHaibHast MaTpuma pasmepHoctn K x K , onuchIBaromas

3aKOH YIpPAaBJICHUS, PEaNTN30BaHHBI B KOHTpoOJUIepax (YHKIHOHAJIBHO-
JIOTHYECKOT0 YPOBHSI HEpapXuu; * — MaTpHU4YHasi CBEPTKA, BBIIIOJIHAEMAs 110
IpaBUIaM IIEPEMHOXKEHUS MATpull, B KOTOPOM OIlepalus NPOU3BEACHUS
3aMEHEeHa oIepanueil CBepTKHU.

DnemeHTsl  Matpuupl W (t) = [WC, " (t)] OTUCHIBAKOTCS

3aBUCHUMOCTBIO:

0, ecmu k #1;

2

Ve (! we, (t2,), ek =13’

Te  We,, (t,zk,/) — UMIIYJIbCHBIA OTKJIMK PETyJIsTOpa, peamu3yeMblid

B KOHTPOJUIEPEC IIPOIrpaMMHO; Z, — BCKTOpP IapaMETpOB BHUPTYaJIbHOTO

peryisitopa, yCTaHAaBIMBAaeMbIX Ha KOHTPOJUIEpHl  (PyHKIMOHAIBHO-
JIOTUYECKOTO YPOBHS HEPAPXUH.
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JluHaMMKa WCHONHUTENbHBIX YCTPOWCTB CHCTEMBI OMpEAeNseTCs
JVUHAMKOH IIPUBOJOB pabO4YMX MEXAHM3MOB M (H3MUYECKUX IIPOLECCOB,
NPOTEKAIONIMX Ha CTHIKE MPUBOJOB U PabdoO4YnMX MeXaHH3MOB. B peanbHBIX
JpaiiBepax, Ha CTbIKE TNpUBOAa M paboyero MexaHHM3Ma BCerjaa
HNPUCYTCTBYIOT CYIIECTBEHHBIC HEIMHEHHOCTH (PUCYHOK 2), a HMEHHO,
cyxoe TpeHHe (pUCYHOK 2(a)), MOPT ¢ OrpaHMYCHHUEM Ha IepeMelleHue
(pucyHok 2(0)) 1 orpaHUYEHHE 110 CKOPOCTH (pUCYHOK 2(B)) [6, 7].

—“FDF q a b C]“ _
F

Ny

45°

> > VY 2c

[
< >

a 6 B
Puc. 2. Cratnueckue XxapakTepUCTHKH HETMHEHHOCTEH: a) cyxoe TpeHue; 0) TrodT
C OrpaHUYEHHEM; B) OFPAHUUEHHUE IO CKOPOCTH

B nepBoM npuONMIKEHHH CyXO€ TPEHHE OMHCHIBACTCS BBIPAKEHUEM
(751 KPATKOCTH MHAEKC k OIYyIIEeH):

Fyp=—F-sgng, 3)

rae F — BelMuuHA CyXOro TPEHWS; 3aBUCALIAs OT HArpy3Kd Ha TpyIIHecs
MIOBEPXHOCTH, Pabouero MeXaHH3Ma, a TaKKe OT TEKYIIEro COCTOSHHSA
(3arpsi3HEHHE TPYLIMXCS MOBEPXHOCTEH, HalINYUe/OTCYTCTBHE CMas3KH, M

T.IL); g, =dgq,/dt.q=dq/dt.
Crathdeckas — NepeiaTouHas — xapakrepuctuka modra  g(r)

OTHOCHTCSI K  HEOJHO3HAYHBIM  IEPEJATOYHBIM  XapaKTEPHCTHKAM,
3aBUCSIIMM OT HPEABICTOPHM MpONEcca, W €€ KOHKPETHas pealn3alys
OIIpeJIeTIsIeTCsl HE TOJIBKO TeKyIlell BeJIMYMHON aprymMeHTa ¢ , HO H

HaIlpaBJICHUEM CKOPOCTHU U3MCHCHUS apTyMCHTA q B npe,ubmymnﬁ MOMCHT

BpEeMeHH ¢ —dt , TO eCTh
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0, ecrm 7(¢) < 0;

r(t)—a,ecnn r(t)=q(t)+aunr(t—dt)>0;

b, ecnu r(t)>a+b'

q(r, r',t): 7, ecIn r( ) ( ) (t dt)<0 )
q(t—dt) ecm/Ir() (t)+a1/1r(t dt)<0
q(t1—dt),ecmn r(t)=q(t)uri(t—dt)>0,
q(1—dt),ecmnq(t)<r(t)<q(t)+a,

rae r — BCJIMYMHA NEPEMCIICHUA MNPHUBOAA; ¢ — BCJIMYMHA MCPEMCUICHUA
paboyero MexaHu3Ma; b — BepXHee OrpaHHYCHHE Ha IepeMelICHUe
pabouero MexaHu3Ma; a — BeIMYHHA TIOdTA.

Craruyeckass MepelaTovyHas —XapaKTEPHCTHKA,  OIMHCHIBAIOIIAS
OrpaHHYCHHE MO CKOPOCTH pabodero MeXaHH3Ma, MpeICTaBIseTCs
CIICAYFOIINM BBIPAKCHHEM:

7, eClu |r| <c;
g =4c,ecnur c; (5)

—c, ecm 7 < —c,

Ie ¢ — TMpeAe’bHOE JOCTUraeMoe 3HAueHHWEe CKOPOCTH IepeMelleHHMs
paboyero MexaHu3Ma.

C y4eToM CyNIeCTBEHHBIX HEIMHEHHOCTEH U 0cOOCHHOCTEH pabOThI
MPUBO/IA MOXKET OBITh IOCTPOSHA MOJENb (YHKIHOHUPOBAHUS JIpailBepoB
B hopme Kommm:

Tiea (t) R ®) (t);

) (6)
Vi (t) =—Q ol (t) +a, v (t) + oy Ry (t),

rne 1, (t)=r(f) — perymmpyemas KoopaumHaTa k-ro NpHBOZA
HCIIOTHUTEIBLHOTO YCTPOICTBA, HAMPUMEp, yrol MOBOPOTa Baja MPUBOJA;
%, (t) — CKOpOCTh WM3MEHEHWs PEryIMpyeMOH KOOPAMHATBI NPHBOAG;

-1
[%,z} — TIOCTOSIHHAs BPEMEHM Pa3TOHHOW XapaKTEPUCTHUKU IPUBOJA;
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@, [0, — KOdDOUIMEHT mepeiady MO yNPaBIIAIOMEMY BO3ICHCTBHIO;
& ¢ /@, —KOXDOUIMEHT TIepesatH 110 TOIEe3HO Harpy3Ke.

B cooTBeTcTBHHU ¢ 3aBUCHMOCTHIO (4) TOJIe3HAss Harpy3Ka Ha Bally
NPHUBO/A TOSABISAETCA TONBKO KOTAA r(t):q(t)+a u f(t—dt)>0 , WIH

xorpa q(t)=r(t) u 7(1—dt) <0.B srom ciyuae

R, (t) = ﬂk‘ﬂg (t)+77qu,2 (t)+FDF,k (t) > @)

rae R (f) — wHarpyska Ha Baly NpMBONA; /j, — NPHMBEJICHHAs Macca
paboyero MexaHusMma; 77, — NPUBEEHHbIH KOIQOUIMEHT BAZKOTO TPEHHUS
B [IOABIKHBIX 4acTsX paboduero Mexammsma; F, (1) — cuma cyxoro

TpeHus, onpeaesnsieMas o 3aBUCUMOCTH (3).

Pemenune cucrembl HenmuHelHBIX ypaBHeHuil (3) — (7) cOBMeCTHO
c ypaBHeHueM (1), ONHCHIBAONIUM 3aMBIKaHUC OOpPaTHOW CBS3H, MpPHU
v (1)=5(t) , tne 6(¢r) — 8-pynxums Jlupaka, 1<k <K , mossouser
chopMHupoBaTh AMATOHANBHYI0 K X K MaTpUIly HMITYJIbCHBIX OTKJIHKOB

HCTIOJIHUTENBHOTO yCTpOiicTBa W, (1) = [w,) N (t)] . DIEMEHTBI MaTPHIBI

OIPCACIIAIOTCA KaK

0,ecmu k #1;
()=

®)

Wpe ki ; b F >
Woex \Bs Zis Qs O s Cpos s Top s By )

rje Z, — BEKTOp MapaMeTpoB HACTPOMKU k-rO BHUPTYalbHOIO PETYIATOPA;
a,,b,,c, — 3HaueHUs mapameTpoB a, b, ¢ CyLIEeCTBEHHBIX HEJIMHEHHOCTEH

THIA WIOPT C OrpaHMYEHUEM II0 IOJOXKEHHIO» M «OTPaHMYEHHE IO
CKOPOCTH» B Kk-M HCIOJIHUTENBHOM YCTpOHCTBa; 77, M [,

KO3(1)(1)I/IHI/ICHT BA3KOIO TpCeHUA UM CHJIAa CyYXOro TpEHUA B pa6oqu
MCXaHHU3MEC MCIIOJTHUTCIIBHOI'O yCTpOﬁCTBa; M, — HpHUBCACHHAsA Macca

HCIIOJHUTENBHOTO MEXaHU3Ma.

Jna  ynpoumieHus pemieHMs 3aJaud  CHHTE3a T'€HETHYECKOro
QIrOpUTMA KpHUBas MMILYJIbCHOIO OTKJIMKA HEIMHEMHOHM 3aMKHYTOM
cucteMsl (8) nomKkHAa OBITH aNNPOKCHMHMPOBAHA KPHUBOM  OTKIIMKA
JMHENHOro 3BeHa BToporo nopsiaka [8, 14, 15]:
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H| Woe k tZk’ak’bwcka’h’FDF,kmUk)_
©)

~Wpes (t, Kt Kios Kis )| dt — min,

rae Woe (t, Z,a,,b,¢,1, Fop s My ) - anmnpoKCUMHUPYEMBbIi

UMITyJIbCHBIA  OTKJIMK HEIMHEHHOH MOJenu; W, (t, K‘k’l,Kk’z,Kkﬁ) -

ANIPOKCUMUPYIOIUMNA ~ MMIYJIbCHBIM  OTKIMK  JIMHEHHOM  MOJENu;

K, =K, (zk, as by ¢ s Fopys Mk) , ie{l,2,3} - napamerpsl
ONTHMH3ALIHH; || — HOpMa.

Jluneapuzanust (9) MO3BOISIET IMPEACTaBUTh ONMCAHUS 3aMKHYTBIX
CHCTeM YyHpaBieHHS ()YHKIHOHAJIBHO-TOTHYECKOTO YPOBHS C IOMOIIBIO
anmnapaTa nepeJaTouHbIX (yHKINI:

Q(s)=WDC (s)-U(s), (10)

rne Q(s)=L[q(¢)]: U(s)=L[u(r)]: Wy (s)=L[W,e(1)] L[.] -
psAMoe Hpe06pa3OBaHHe Hannaca; s — mepemenHas Jlannmaca (omepatop
muddepentuposanus) [18, 19]; W, (s):[WDC,U (s)] — JWaroHaibHas
K x K wmarpuna nepenaTodHbIX (PYHKIMHA 3aMKHYTHIX CHCTEM YTIPaBIICHUS
UCIIONHUTENBHBIMU  YCTPOMCTBAMH  [IpaiiBepoB;. W, (S) =Wy, (s,2,)
1pu k=[; z, — BEeKTOp apaMeTPOB, YCTaHABIUBAEMbIX Ha k- BUPTyasIbHbIH
perymsrop.

Jus 3aMbIkaHuss 0OpaTHOW CBS3M Yepe3 TeHETHUYECKHH alrOpUTM
NepBUYHAsT MaTeMaTH4ecKass MOJEeNb OOBEKTa YIpaBICHHS, B O0OIIEM

cilyyae HEJMHEWHas, AOJDKHA OBITh JIMHEapH30BaHAa M IIpeoOpa3oBaHa
B OIepaToOpHYyIo GOpMy, KOTOpas IPHHUMAET BUJ

X(5) =W (5. 4x01)-Q(s) . 1Sk <K, (11
rne Wy (s, {x,‘:}) = [WOUC’,{J (s, {xf})} — Marpuua IepeJaTOYHbBIX
¢byHkumii camoro obmiero Buma pasmepHocTH K xK {x,?} — TOYKa
pa3ioKeHus IEPBUYHON MOJENHU B paa Telsopa; X =L [x ]
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POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHWA

B obmem ciiyqae B 00BbEKTE yNpaBlIECHHS HMMEIOTCS IEPEKPECTHbIE
CBS3M MEKAy KaHalaMM (OPMHpOBaHHMsS OleMeHTOB Bektopa X (s)

(pucynok 1), mosromy matpuiia W, (s,{x,o}) HE SBJIAETCA IUArOHAIBHOM,

uTpHu k # [ He Bce ee AIEeMEHTHI paBHBI Hyt0. C y4eTOM 3TOTO, IS CITydas,
€CIIM B TCHETHYECKOM aJIFOPHTME KOHTPOJUIEpa BEPXHETO YPOBHS HEPapXUH
peann3oBaH JIMHEHHBIM 3aKOH yNpaBJeHHS, MAaTpUYHOE YpaBHEHHE,
OIMCHIBAIONIEE 3aMKHYTYIO CHCTEMY YIPABJICHHS, IPHHUMACT BU

X(S) = [E"' Wi (Sa{ZMc,k})'Ws,z (S)

'WDC (S’ {Zk})'wouc (Sa{ng}ﬂi : (12)
Wy (5,42, }) Woue (S’{xf})'F(S),

rne E — emunnunasd guaroHanbHas wmatpuna; W, (Ss{chk})

JMaroHajlbHasg  MaTpuli@a  TIEeHeTHYeCKOro  alrOpHTMa  YIpaBJICHHS,
peaM30BaHHOTO B KOHTpOJUIEpE  BEPXHEr0  YPOBHA  HMEpapXHy;

Zycx :|:ZMC,k,O(g)’{ZMC,k,y(g)}j| — BEKTOp ONMCAaHMS k-0 I'€HETHYECKOIOo

AropuT™Ma;  Z CTPYKTypa  T€HETHYECKOI'0  alrOpUTMa;

MC k,0(g)
1(g.k)<y(g.k)<T(g,k) — mnapamerpsr; W,(s) — auaroHambHas
MaTphla [epeJaTouHbIX (yHKUM ceHcopoB S,, 3 W, (s,z,)

JMATOHANTBHAS ~ MATPHIIA  TEPEaTOYHBIX  (YHKIMH  HMCTIONHUTETBHBIX
yerpoiicts; F(s)= L[f(t)]  f(1)= [ﬂ (I)T — BEKTOP KEJIAeMbIX 3HAYCHHUI
PeryIMpyeMbIX IapaMeTpoB X(f) , PasMepHOCTH BCEX JMArOHAIBHBIX

matpull K xK .

4. HacTpoiika reHeTHMYeCKOro aJroputMa ¢  IOMOIIbIO
Heiiponnoii cerm. Kax cmemyer w3 (9) um (11), crarudeckue
Y IWHAMHYECKUE XapaKTEPUCTHKH 3aMKHYTOH JBYXYPOBHEBOH CHCTEMBI
ONpENENAIOTCA IKCIUTYaTallAOHHBIMK TIapaMeTpaMu a;, b,, ¢, 17;, Fop;, 1

1<i<K , W 3HAYEHUAMH pETyJIUPYyEMbIX MAPAMETPOB X, B TOUKE
pasnoxenusi, 3aBucamen ot f (t) [lepeuncnenHble mapaMeTpbl MOTYT

SHAYUTEIIBHO U3MEHATHCA B IPOLIECCE DKCILTYyaTallul CUCTEMBI, OTHAKO 3THU
HU3MCHCHHA HE JOJDKHBI OKa3bIBaTh BIMAHHUA Ha €€ pa6OTOCHOCO6HOCTL
1 TaKU€ XapaKTCPUCTUKHU, KaK TEPEPETYIMPOBAaHUE, BpPEMA BbBIXOOa
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ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

HA YCTAHOBUBIIHUICS PEXHUM, TOYHOCT. VI3MEHEHHs 3KCIUTyaTallMOHHBIX
rapamMeTrpoB MOTYT OBbITh CKOMIIGHCHPOBaHbI Ha ()YHKIHOHAJIHHO-
JIOTUYECKOM YPOBHE C TIOMOIIBIO Bapuallid BEKTOPOB  BEKTOpa
Z=z0z,. . Hacrpolika cHCTeMBI [O/DKHa TIPOM3BOIUTECA IO

NIepexoJHBIM TporeccaM, HaOmogaeMbIM B ApaiiBepax Dy mpu 3aMblkaHuN
oOpartubix cBsa3eil uepe3 FLC;, a Taxke Mo HaOMOJAaeMBIM TIEPEXOIHBIM
nporeccaM B 00BbEKTE YIPaBICHHUS TP 3aMbIKaHUM OOpATHBIX CBSI3EH uepes
KOHTPOJIIEP BEPXHETO YPOBHS HEPAPXHU.

Jns  ymnpaBmeHWsT ~ HACTPOWKOH  HAONIONEHHBIE  MapaMeTph
MPEJCTABISIIOTCA B BUI€ 0000IEHHOI0 MHOXKECTBA

(1) =f(t)vu(r)uv(r)uq(r)ux(r), (13)

[1]

rie E(t):{ fj(t) } , 1<j<K — MHOXeCTBO OOOOIIEHHBIX

HAOIIOIaeMBIX ITapaMETPOB CUCTEMEI.

MmuoxectBo  (13) omuceiBaeT  0000IIEHHOE  MPOCTPAHCTBO,
B KOTOPOM TPOM3BOAMUTCS IOMCK 3BOJIOLMOHHO-MYTALMOHHBIX BapUaLUil
TEHETUUYECKUX aIropuTMOB. [louck mapameTpoB mpejuiaraeTcst OInpeneisaTh
C TIOMOIIIbIO HEUPOHHOM CETH, CTPYKTypa KOTOPOI MOKa3aHa Ha PUCYHKE 3.

S0 o

e L e

sy e ||\

S o0

S0 - ok

&N o

UM Py

E;}(l’l-l‘) : Qa J(l) MUP) Dy —>
YN I ,

Puc. 3. HeliponHas ceTh ynpaBiieHUs TapaMeTpaMH pPeryiIsaTropa
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POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHWA

B cerp BXOAAT HEWPOHBI IEPBOTO CIOS, HAa BXOIBI KOTOPBIX
MTOTAI0TCS TUCKPETHBIE TTOCIIEA0BATEIFHOCTH HAOII0JaeMBIX CUTHAJIOB

& (n), . &(n=N), (14)
e n — JUCKPETHBIM aHamor Qu3nueckoro BpemeHu, N+1 — muwHa
MOCIIEIOBATEILHOCTH.
MoMeEHTHI cbmymecxoro BpeMeHu ¢, , ..., t, , .., [, © HOMEpa
-1
0TCcYeToB 1, ..., n, ..., N CBS3aHBI COOTHOUIEHHEM f, =27n€) , tae (2 —

KpyroBasi 4acTOTa JUCKPETH3allNH, onpenersieMas u3 ycnopuil HaiikBucra
TeopeMbl 00 otcuerax [8, 9].

HeiipoHbl IEpBOTO CII0ST OCYHIECTBIISIOT (PUIBTPALMIO MOCTYTHBIICH
HHPOPMAIIMKH O COCTOSHUM JpaiiBepoB D; u o0bekTa ympaBieHus. ITO
MOJKET OBITH CIICIaHO C TIOMOIIBIO BRIYMCIICHUS TMHEHHOU cBepTKH [20, 21]

£ (n)=2a, ()¢ (1-4). as)

e a, (i) — mapamerps! ¢unbTpa, GopMEpyeMBIC Ha dTale HaCTPOHKH

HEUPOHHOII ceTH.
Heiiponsl BTOporo cios (GopMHPYIOT CHCTEMY THHEPILIOCKOCTEH

B J-MEPHOM NPOCTPAHCTBE OLEHOK NAPAMETPOB &,

B-E=vy, (16)
rae B:[ﬂm] — MaTpula napaMmerpos pasMmepHoctu PxJ ; P —
KOJIMYECTBO THIEPIIOCKOCTEH; J — PpasMEpHOCTb IPOCTPAHCTBA;

4
y= ( yp) — BEKTOP-cTOI0EI] CBOOOAHBIX UIeHOB, | < p < P .

Matpua f  ©  BEKTOp Yy  ONPEAETAIOT  PACIOJIOXKEHHE
THIIEPIUIOCKOCTEH B MPOCTPAHCTBE MapaMeTPOB, KOTOPBIE HEOOXOIUMBI JUIs

o
3alaHUs BEKTOPpA JJOTHIECKUX G—(‘l)yHKL[I/II/I 0= (Gp ) , MMCIOIIUX BH]]

J
1, ecnu Zﬂp’jfj >V,
= j=1

a7

P
0, nHaue,
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ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

rae 0, 1 — moru4eckuii HOIb U €IUHMUIA, COOTBETCTBEHHO.

Benencreue TOro, uto Kaxkaas U3 o-QYHKUMHA TMPEICTaBIISETCS
JIOTHYECKOW MEepeMEHHOM, OHa MOXET ObITh MpEJCTaBlieHa KaK apryMeHT
JIOTHYECKOH (DYHKIMN

0,,eCIM o, = 1;

(e,)=1" (18)

G,,ecmo, = 0,

I7ie — JIOTHYecKas Oneparys OTpUIaHus.
Jlornueckast eqununa B (17) o3Hayaer, 4TO TOUKa, 3a/laHHAS] CyMMOMH

J J

z B, &, » Haxonurcs Haj IUIOCKOCTBIO Z B, 6, =Y, , a JIOrH4ecKuil
Jj=1 J=1
HOJIb — TI0J] YKa3aHHOW IIOCKOCThI0. Takum 00pa3oM, Bce HMPOCTPAHCTBO
OLICHOK MapaMeTpoB &, rumepruiockoctsivu (16) pasnesnsiercs Ha obnacty,

OITMCHIBAEMBIE C TIOMOIIBIO TN3BbIOHKTHBHOW HOPMaJIbHOH (hOPMBI

D, = \(|: il I )} , (19)

i| p=

rzie y — HoMep 00acTH; | — HOMEp 3JIEMEHTapHON KOHBIOHKIUHN; p — HOMEP

TUNIEPILIOCKOCTH, orpaHHt{HBa}omeﬁ 06J'IaCTI>; lu/[p(o-p) — JIOru4ecCKas
(byHKIII/IH oT O'p npu €€ BXOXIACHUU B i-10 OJICMCHTAPHYHO KOHBIOHKIIUIO

y-it obmacTu.

Kaxnas otraenpHas mono0iacTh, OMNKCHIBAGMas B IMPOCTPAHCTBE
OLICHOK COCTOSIHMSI JIEMEHTApHOM KOHBIOHKIUEH, SIBISETCS BBIIYKIION WIH
OTKPBITO-BBIMYKIOH.  J[M3BIOHKTUBHBIE  KOMOMHAIIMM  DJIEMEHTapHBIX
KOHBIOHKIIMH  ONHUCHIBAIOT ~ OOBEAMHEHUS  BBIMYKIBIX  IM0J00JacTeM,
1 TIO3BOJISIIOT chOpMHUPOBATh 00JIACTH TPAKTHYECKH JII0O00TO BHIA, B TOM
YUCIE  OTKPHITBIC, HEBBITYKIBIE W  MHOTOCBSI3HBIC.  MHOXECTBO
moro0IacTeil, OMUCAHHBIX COBEPIICHHOW MU3BIOHKTHBHON HOpPMAaIBEHON
(hopMBI TIOKpHIBa€T BCE MPOCTPAHCTBO HaOMIOAaeMBIX mapamerpoB (13).
KommuectBo momobnacteil ompenensercss MaTpudHbBIM ypaBHeHueM (16),
B YaCTHOCTH 3aBHCHUT OT MaTpuibl koddduimeHroB [ u Bekropa
CBOOOJIHBIX WICHOB Y, KOTOPBIE 3aJal0TCS Ha ATare HACTPOWKH HEWPOHHON
ceTH. OTH TMapaMeTphl ONPEACIAIOT BBIYUCIUTEIBHYIO CI0XKHOCTH
MPOIEAYPEl  KOPPEKIUH TCHETHYECKOTO  alropuTMa.  YBEIWYCHHE
KOJIMYECTBA  MOA00JAacTEll  MOBBIIAET TOYHOCTh  HACTPOWKH, HO
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POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHWA

YBEIMYMBAET TAKXKE BBIUYUCIHUTENIBHYIO  CIOKHOCTb TI'€HETHYECKOTO
JITOpUTMA.

Jns pemieHus: 3aqauyl yrnpasJeHUs! apameTpamMu KaxIoi oOnactu
D, MOKeT ObITh IIOCTaBIICH B COOTBETCTBHE HAOOP M1apaMeTpoB

5

D, - 7 = z:, UZye, s (20)

rac Zl// — BCKTOP BCKTOPOB OINTHUMAJIbHBIX IMAPAMETPOB, YCTAaHABJINBACMbIX

Ha BUPTYaJbHBIE PETYISTOPBI KOHTPOJLIEPOB (PyHKIIMOHAIBHO-IOTHYECKOTO
ypoBHs uepapxuu, Haripumep [TU]] perymstopos [22, 23]; Z;[C’W — BEKTOP

TEeKyIUX  pealu3aludil  ONTHUMAJBHBIX TE€HETHYECKHUX  AJTOPUTMOB,
pealn30BaHHbIX B KOHTPOJIJIEPE BEPXHETO YPOBHS HEPAPXUU.

Bri6op (20) He HaknaAbIBaeT HUKAKUX OTPAaHMYEHUH HA aJrOPUTMBI
yIpaBJIeHus, BEIOMpaeMble sl peanu3anui. B ToMm cirydae, eciay B Kax10M
13 BEIOMPAEMBIX alTOPUTMOB M3MEHSETCS TOJIBKO IapaMeTphl PEryisiTOpOB,
TO 3T W3MEHEHHMS MOTYT OBITh OTHECEHBI K HBONIOLUOHHBIM, a €CIH
W3MEHACTCd NPUHLOUI YIPAaBICHHUS U TapaMeTpbl peryisiTopa, TO
W3MEHEHHS MOTYT OBITh OTHECEHBl K MYTalMOHHBIM. [IpumMepom
9BOJIOLMOHHBIX BapHAIMi MOJXKET SBIATHCS HM3MEHEHHE KO3((HUIMEHTOB
nepenayn o MPOIOPIHOHATIBHOMY, HHTETPaTbHOMY u
muddepenunansHoMy  KaHanam  BuprtyanbHoro  I[TU]I-perymsropa.
IIpumepoM MyTalMOHHBIX HW3MEHEHUH SBJIAETCA Clydad, KOruna Ipu
Oomb110i o1muOKe B k-M KaHase

(FAGEEAG! B @1

rjae & — MOpor MyTalluH, BeIOMpaeTcs peneiHblil crocol ynpasieHus, TO

€CTh U, = U . sgn[fk ) —x, (t)] .

[Ipun mamnoit ommbke, korma (21) He BBINONHACTCS, 3aKOH
yIpaBJeHUS] MOXKET OBITh BBIOpaH JIMHEHHBIM, HAlpUMep, B KOHTYP
0o0paTHOW CBSI3M ITOTO KaHalla MOXKET OBITh BKIIOUCH NUHEWHBIA [TN]]
peryastop. Ilpum 3TOM penedHbBIM 3aKOH YHpaBIeHHS OOEcTeunBacT
MaKCHUMaJIbHO OBICTpBI BBIXOA Hapamerpa x,(f) u3 obmactu (21),
amapamerpbl [IM] perymstopa JO/DKHBI O00OECICUHBATH yCTOWYHBOE
yJep;KaHue BEJIMYUHbI X, (#) BHE 30HHI (21).

Takum oOpa3oM, HeWpoHHass ceTb (OpPMHPYeT B CHCTEME
JOTOTHUTENbHBIA KOHTYp YIPaBJIEHHS, B KOTOPOM Ha OCHOBAHHM aHAJIM3a
Ka4eCTBEHHBIX XapaKTEPUCTHUK IEPEeXOJHBIX IIPOIECCOB B IPHBOJAAX
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Y CHCTEME B IIeJIOM BBIOMpaeTCs MNPHHIUI YIPaBICHUS OOBEKTOM
Y TapaMeTpsl  peryisiTopa, OOECIeYMBAIONINE 3afaHHBIC II0Ka3aTeNn
KauecTBa: YCTOWYUBOCTb, IIEPEPETyIMPOBAHHUE, BpEMs BbIXOJAa Ha
YCTAaHOBMBILIHMWCS PEXUM, TOYHOCTh. Kak cieayer W3 JIOTMKH paboThI
MepBOro CIOSi HEHpOHOB JUIA MNPUHATHMA pemeHds o Beibope 7
HEOOXO0JMMO, YTOOBI MPOLUIO KaK MHHHUMYM, J~(N +1) TpaH3aKLIUi 10

BBOJIy [aHHBIX O COCTOSHMM OOBekTa. TakuMm oOpa3oMm, B cHCTEME Ha
Kaxnaple N +1 LUKIOB yHpaBieHHS MOJDKEH HPUXOAMTHCS OJUH IIMKI
KOPPEKIMH CTPYKTYPbI W/UIK NapaMeTPOB I'€HETUUECKOT0 alrOPUTMA.

5. Ilpumep cuHTe3a peryasitopa. PeaansyemMocTs 3TanoB mporecca
CHHTE3a T€HEeTHUUYECKOr0 AJITOPUTMA NTOKa3aHa Ha CIEeIyIOIEM MpUMepe.

B xadecTBe HCHOTHUTENBHOTO YCTPOICTBA B CHCTEME UCIONb3YeTCS
TIPHUBO/J] IIOCTOSTHHOTO TOKa C YIPaBJIEHHEM IO SKOpHOH 00MOTKe Hamboiee
YacTO TPUMEHSEMbI B CHCTEMax YIpPaBICHUS IPOMBIIUICHHBIMA
oObekTaMu. B MecTe CTBIKOBKM paBurarens ¢ pabOdMM MEXaHH3MOM
JEWCTBYIOT BCE CYIIECTBEHHbIE HEIMHEHHOCTH, IIPEICTABICHHBIE Ha
pucyake 2. @opmupoBaHHE SKBHUBAJICHTHOTO  JIMHEAPHU30BAHHOTO
UMITYJIbCHOTO OTKJIMKA MIPHUBOJIA MIOKAa3aHO Ha pUCYHKE 4(a).

Xi
1 i
2 0.8
Ve 0,6
/ IC
P 0,4
/ |
/ L 02
L6 ] 0
0 12 3 4 t
1. 2. X
\ W
4 0.8
/ ?
| ic 0,
|
| : 0,4
[ i
/ 02
0 fs L] 0
0 1 2 3 4 0 1 2 3 4 t

Puc. 4. PaboTta 1ByXypOBHEBOI1 CHCTEMBI YIIPaBJICHHS

Ilepsuunast Mozens npuBoaa uMeeT BUX (1) — (8). Jluneiinas gacTp
MIPUBOJIA C YYETOM IJIEKTPUUECKON U MEXaHUYECKOW MMOCTOSHHBIX BPEMEHU
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POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHWA

OIMCHIBAETCS TEpPeNaTOYHOr (yHKIMEi W(s) = L3
0,01-5s*+0,4-s5+1

ITapameTpbl HENMMHEWHON YaCTH MOJAENH ABIISAIOTCA cienytommmu: a = 0,2,
b=0,5; ¢c=0,1; F=0,2. KpuBast 1 noka3pIBaeT HUMITyJIbCHBII OTKIHMK

HenuHeHoN cuctembl. KpuBas 2 moOKa3blBaeT HMITYJIBCHBIM OTKIIMK
JIUHEAPU30BAHHOW CHCTEMBI, C IEPEAaTOYHON (DYHKIIUCH

1
©0,063-5>+0,256-5+1"

Woe (s)

MOTyYeHHON Kak pemieHne onTuMm3anroHHoW 3amadm (8). Kpusas (3)
MTOKA3bIBAE€T PA3HOCTh MEXAY HWMITYJIBCHBIMH OTKIMKAMH HEIWHEHHOH u
JIMHEApU30BAHHOM CUCTEM.

OOBEKT  yIpaBiCHHUS  OMUCHIBACTCS  JIMHCHHBIM  MATPHUYHBIM
YpaBHEHUEM

5 0,4
Xl(s) 3 s+1 0,8-s+1 . Ql(s)
X, (s)| 0,4 5 o, (s)|’

08541 s+l

Y ) IR 0 W7 ) B
Q1(S):L[%(t)};QZ(S)ZL[qz(t)}'

B nByxypoBHEBOH cuCTeMe IIPU YIPaBICHUHM COCTOSIHUEM OOBEKTa
yIpaBlIeHUs UCIOJb30BaH BUpTyansHbsii [T /I-perynsTop [22, 23].

Ha pucynke 4(6) noka3saH nepexoaHslil Ipolecc A ciaydas, Koraa
k03¢ huIMEeHTH! 0 TponopunoHANEHOMY U M (epeHINaTPHOMY KaHaIaM
BUPTYaJIbHOTO PETYIATOPA PABHBL Zyc p1 = Zyepr =1 Zyept = Zyeps =1+

Brixon Ha  YCTaHOBMBIUMWCA  PEXKUM OCYILECTBIIAETCS 0e3
HepeperyIupoBaHys 3a Bpems . =4 c.

Ha pucynke 4(B) moka3aH ImepexoHbIH Mporece A ciydasi, Koraa
KO3 GHUIHUEHTHI IO TPOTIOPIIHOHATEHOMY U T QepeHINATEHOMY KaHAIaM
PaBHBL  Zyc oy =Zyeps =1 Zyepi =Zyep, =03 . Beixox  Ha
YCTaHOBUBILIMICS PEKUM OCYIIECTBIISIETCS ¢ TepeperynupoBanueM 12% 3a

BpeMms £, =4,6 c.
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Ha pucynke 4(r) mokas3aH mepexoAHbI MpoIecc Al ciaydas, Koraa
JUIsl YIIPABICHUSI MPUMEHSETCS TeHETHYEeCKUil anroput™. Paznessomnue

noBepxHocTd BbIpakeHus (16) umeror Bug & =x,=0,8 & =x,=0,8 .
Ecnu 3Ha4eHns peryimpyeMbIx mapamerpoB Xx,,x, MeHblre 0,8, To KOHTYp

HaCTpOﬁKI/I TCHCTUYCCKOI'O ajropurMma YCTaHaBJINBAC€T

3HAUCHUS Z Zyep, =0,3, a ecnu Gonbuie, TO zy. = Zyep, =1 -

MC,D,1 —
3t0 mpoucxomut yepe3 0,5 ¢ mocie Havana nepexoaHoOro mpouecca. Ipu
TaKOM O3BOJIIOIIMOHHOM H3MCHEHHWH ajlrOpUTMa BpeMs BbIXOJa Ha
YCTAaHOBMBILIMHCS PEKUM COKpamiaercsi 10 3 ¢, a IepeperyJnpoBaHue He
nipeBbiaeT 2%.

Takum  o0pa3oMm, omepaThBHas TMEepeHANaAKa BHPTYaTbHOTO
peryistopa ¢ TOMOIIBI0 HEHPOHHON CETH MO3BOJSIET COKPATHTh BpeMs
MIEPEeXOJHOTO Tpoliecca C 4YeThIpex 70 3 ¢, T.e. Ha 25% M0 CpaBHEHHUIO
co cirygaeMm pucyHka 4(6), u ¢ 4,6 no 3 c, T.e. Ha 34,7%, IO CpaBHEHUIO
co ciydaeM pucyHka 4(B). CuHepreTHuecKuil 3¢ (GeKT TOCTUTaeTCs 3a CUeT
TOrO, YTO B KaXIOH KOHKPETHOW 00JaCTH MNpPOCTPAaHCTBA COCTOSHUIA
B UEPAPXUUYECKON CUCTEME YIPABIEHUS [JEHCTBYET BEpPCUS AITOPUTMA
yIIpaBJICHUS, obecrieunBaronias ONTHUMAJIbHBIE PEKUMBI
(YHKIIMOHMPOBAHMUS HCIIOJIHUTEIBHBIX YCTPOWCTB CHCTEMBL.

6. 3axumiouenne. B pesynbrate ucciaenoBaHus pazpaboTaHa MOJENb
CHHTE3a TeHETHYECKOTO JIropuT™Ma yIpaBleHUS CIIO’KHBIMH
MHOTOKOHTYPHBIMH OOBEKTaMH, PEaTN3yeMOro KOHTPOJUIEPOM BEPXHETO
YPOBHSI HepapXuH, 0a3MpyIOIIyIocs Ha NPUMEHEHHHM HEHPOHHOW CETH.
IToka3zano, 4yTo C MPUMEHEHHEM HEUPOCETEBOM HACTPOWKH I'€HETUYECKOTO
YIPaBISIOIETO ANTOPUTMa JOCTUTACTCS CHHEepreTndeckuil 3¢ dexr, Koraa
B IIEJIOM MTapaMeTPhl, JOCTHTAEMBIE TIPH YIIPABICHHH 00BEKTOM C TTOMOIIIBIO
pa3HbIXx MOAM(UKAUMN aNropuT™Ma SIBISIFOTCS XYALIMMH O CPaBHEHHUIO
C MapaMeTpaMH, TOCTUTAeMBIMH C TIOMOIIBI0 COCTaBHOTO aJrOpUTMA,
KOTOPBIN MOBEPraeTcsi IBOIIOIMOHHBIM /WA MYTAllMOHHBIM W3MEHEHUSIM
B 1polecce (PyHKIMOHMUPOBAHHS CHCTEMBI.

JanbHeiimee pa3BuTHe padOT B 3TOM HAMpPaBJICHHH CBS3bIBACTCS
c pa3paboOTKOii  METOJIOB  pacCeueHHsi  IPOCTPAHCTBA  MapamMeTpoB
Ha 1MoJ00JacTH, B KOTOPHIX YCTAHABIMBAIOTCS HBOJIIOIMOHHBIC W/WIN
MYTallMOHHBIE W3MEHEHHs] TeHETHYECKOTO alropuTMa  yIpaBJIEeHHS,
7 000CHOBAaHHE ONTHUMATbHON JIUTEIBHOCTH BPEMEHHOTO WHTEpBalIa
TIEPEHACTPOUKH TEHETHYECKOTO aJlTOPUTMA.
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E. LARKIN, A. BOGOMOLOV, A. PRIVALOV
NEURAL NETWORK TUNING OF THE GENETIC ALGORITHM
FOR CONTROLLING A VECTOR HIERARCHICAL SYSTEM

Larkin E., Bogomolov A., Privalov A. Neural Network Tuning of the Genetic Algorithm
for Controlling a Vector Hierarchical System.

Abstract. The article presents the results of a study of a hierarchical two-level vector
control system for a multi-connected object whose evolution is described by a state vector that
changes in response to actions on actuators, each of which includes a drive and a working
mechanism. The control system under consideration is distinguished by the presence of an
additional tuning loop for the virtual regulator at the upper and functional-logical levels. A
mathematical model of the impulse response of the actuator of the system is synthesized,
taking into account dry friction, backlash, and limitations on the speed and position of the
working element of the controlled object. The original model of the actuator is presented in the
Cauchy form, and its impulse response is approximated by the impulse response of a second-
order linear link, optimal according to the criterion of the minimum approximation error. It is
proved that the parameters of the linearized impulse response depend on the operating
parameters of the drive. A model of a closed control system for the object as a whole is
constructed, and it is shown that its parameters depend on the operating parameters of the
drives, the desired value of the state vector of the control object, and the parameters of the
virtual controllers implemented at the functional-logical and upper hierarchical levels. The
obtained results demonstrate that a change in the operating parameters of the object can be
compensated for by structural and parametric changes in the genetic control algorithm. A
technique for synthesizing a genetic control algorithm for complex multi-loop objects
implemented by a controller at the upper level of the hierarchy based on the use of a neural
network has been developed. It is shown that the proposed approach ensures the achievement
of a synergetic effect, when the control actions implemented by different modifications of the
control algorithm are less effective than the control actions implemented using a composite
algorithm subject to evolutionary changes during the operation of the system. The correctness
of the theoretical positions is confirmed by the results of computational modeling of the virtual
controller control using a neural network, which demonstrated a significant improvement in the
control characteristics due to a decrease in the time to reach a steady state and the overshoot
time.

Keywords: hierarchical control system, vector control, multi-connected object, genetic
algorithm, neural network, virtual controller.
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J.1. KPACHOB, M. A. BOJILIHCKHIA, A.A. T'YCEB
OIIEHKA COCTOSIHUSI ATEHTA C IMHAMHAKOM
CTOXACTHYECKOI'O XAPAKTEPA C IOMOUIIbIO
PEKYPPEHTHbBIX ®UJIbTPOB

Kpacnos J[U., Bonvinckuii M.A., I'yvces A.A. OueHka COCTOSIHMSI areHTa ¢ IUHAMMKOMNH
CTOXaCTHYECKOI'0 XapaKTepa ¢ NOMOIIbI0 PEKYPPEHTHBIX GUILTPOB.

AHHoTanus. B paboTe mpencTaBieH METOZA OLEHKU COCTOSHHUS areHTa MHOTOAreHTHOU
OHOTIOTHYECKOH CHCTEeMBI IO 3allyMJICHHBIM M3MEPEHUSM C IOMOIIBI0 PEKyPPEHTHBIX
¢uneTpoB. PaccMorpeHa mnpobiema MacmTaOHPYyeMOCTH CYLIECTBYIOIIMX IOAXOIOB K
PETHCTpaLi MOBEICHHS 1a00PaTOPHBIX I'PHI3YHOB M OTCYTCTBHS €JHMHOIO MAaTEMaTHYECKOTO
omucanus. [IpuBeneHO MaTeMaTHYeCKOe OINMCAHHE areHTa OHOIOTHYECKOH CHCTEMBI Kak
HEJIMHEIHOM IMCKPETHOM CTOXaCTUYECKOM CHCTEMBI B IIPOCTPAHCTBE COCTOSIHUM U ITOCTAHOBKA
3aJ]a4M OLIEHKH ero coctostHus. IIpeacTaBieHo pelieHue MOCTaBJICHHON 3aaud Ha IpuMmepe
KITIOUEBBIX TOUEK KPBICH MTHHHH Wistar, KOTOpBIe H3MEPSIOTCS C IIOMOINBIO IPEABApHTEILHO
o0ydeHHOro JeTekTopa. B pabore mpenymaraeTcst MCHOJIB30BATh ITOIHOCBS3HYIO HEHPOHHYIO
CeTh UIS TMapaMeTpUu3allii HEU3BECTHOW NMHAMUKHU CUCTEMbI. /Ui CPaBHUTENIBHOTO aHAIM3a
BBIOpaHbl (HIBTP YacTHIl (IOCIEROBATENIbHBII MeTox MoHTe-Kapino) i aHCHeHTHBIH QHIBTP
Kanvana. CpaBHeHHE METONOB HPOM3BOJHIOCH Ha COOPAaHHOM M IIOJTOTOBICHHOM Habope
JIaHHBIX, KOTOPBIH CONEPIKUT N300paxeHus ¢ paspemenneM 1060x548 u pa3MeTKy CKeIeTHBIX
TO4eK KpBICHL [IpencTaBieHHbIe Pe3yIbTaThl AKCIEPUMEHTOB II0 CPABHEHHIO METOIOB OICHKH
COCTOSIHHSL IIOKA3bIBAIOT BBICOKYIO 3((EKTUBHOCTH MPEIOKEHHOTO METOfa U ero
MPEUMYLIECTBO Iepe]] AaHATUTUYECKUM OIMCAaHUEM HEJMHEHHOW NUHAaMUKU cucteMmbl. Cpenu
CPaBHUBAEMBIX HOIX0J0B MUHUMAIBHYIO CPEIHIOI0 OmMOKy 6,4 IMHKceleil moka3ana JBOHHAs
OILIEHKAa BEKTOpAa COCTOSHHS M IapaMeTpOB HEHPOHHOHM CeTH C MOMOLIBbIO JBYX AHCLEHTHBIX
¢uneTpoB Kanmana. OmHako JUlsl MPAKTHYECKOTO NPUMEHEHHUS B PEalbHOM BPEMEHH OOJIbIle
MOJXOJUT OAMH (GHUIBTP C IPEIBAPUTEILHO 00YUYSHHON HEHPOHHOI ceThlo. B Takux yciaoBusx
aHCIeHTHBIH (uibTp KanMmana mokasan JIydiine pe3yJbTaThl IO TOYHOCTH, 4eM (HIBTP
yactun (cpexnsis ommoOka 8,1 mukcens npotus 12,0 mukceneit). PesynbraTsl paboTel MOTyT
OBITh HCIOIB30BAHbI UL PEIICHHUS 3aJa4d aBTOMATHYCCKOH PETHCTPAlMH IIOBEACHUS KPBIC
maun Wistar ¢ TIOMOIIBbIO ITapaMeTpu3alui (QyHKINH, CBA3BIBAIOIIMX BEKTOPHI COCTOSHHUS C
BBIXOJIHBIMH BEKTOpaMU MHAUBH/YaJIbHOTO ¥ I'PYIIIOBOrO MOBEJCHUS.

KiroueBble c/10Ba: KIIOUEBbIC TOUKH CKeIeTa, Ta00paTOPHbIC KUBOTHBIC, MHOTOAr¢HTHAS
Omorormyeckasl CHCTeMa, aHCHIeHTHBIH ¢unpTp Kammana, ¢puiibTp wacTuu, HeWpoHHas CeTb,
OLIEHKA BEKTOPA COCTOSHHUSI.

1. BBegenne. MHOroareHTHbIH MOAXO0J B COBPEMEHHOM CHCTEMHOM
aHaJu3e, TEOPUH YNPABJICHUS U UCKYCCTBEHHOM MHTEJUIEKTE MpeJoiaraet
WCTIOJh30BAHNE JICUECHTPAIM30BAHHBIX areHTOB ISl  MOZCIHPOBAHUS
Y YIIpaBICHHUS CIOKHBIMH CHCTeMaMH. B paMkax Takoro moaxona IIoJ
areHTOM  TIOHHUMAeTCs  pealbHas WO  BHPTYalbHas  CYIIHOCTb,
(yHKIHOHMpYIOMIas BO BHEHIHEH cpexe. ATreHTa MOXHO OIHCATh
C TIOMOMIBIO CHCTEMBI, KOTOpasi MMEEeT ONPEAeICHHBIH Ha0Op COCTOSHUMN
Y TIepedeHb BO3MOXHBIX JeicTBuil. [Ipu 3TOM areHT crocoOeH MposBIATH
KaK WHAMBUAYyAIbHOE HE3aBUCUMOE MOBEJeHHE, TaK U B3aUMOJICHCTBOBATh
C IPyTUMU areHTaMu, MPOSIBIISISI TPYIIIIOBOE MITH COITMAIbHOE TMTOBECHHE.
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MHoOroareHTHBIN MOAXO0/ MM areHTHOE MOJEIHPOBAaHUE MTO3BOJISET
OTMKCHIBATh JOCTATOYHO IIMPOKHHA KIJIACC CIOXKHBIX CHCTEM, MEPEXOAs OT
OPOCTEUIIEr0  B3aUMOJCHCTBHS ~ MEXKIY  areHTamMu K  o0memy
MOJEIUPOBAaHUIO Bcel cucTeMbl. [Ipu 3TOM CyHIeCTBYE€T MHOXKECTBO
pa3IMuHBIX ~ NPUKIAAHBIX  3a7a4y, JUId  KOTOPBIX  INpHUMEHSeTCA
MHOTOAreHTHOE MoOJeIpoBanue [1], HO B KOHTEKCTE IAHHOH padOTHI
yoOHO pa3/ienuTh TH 3a/1auy Ha JiBe rpynnsl. K nepBoit rpymnme oTHoCATCS
3a/laud, CBS3aHHBIE C MOJENUPOBAHHEM U CUMYJSIIMEH pa3BUTHS U
MUHAMUKA CIIOKHBIX CHCTeM. [IpuMepoM TakuxX 3afad SIBISICTCS aHAIN3
9KOJIOTHYECKHAX CHUCTEM, JWHAMHKH IOMYJIIUN >XUBOTHBIX, CHUMYJISIIUS
OMOJIOTHYECKUX CHUCTEM [2] WM TOBEACHUS IEIIEXOJ0B C IMOMOIIBIO
IUHAMUKHA ~ COIMANbHOTO B3amMoxeicTBus [3]. [msa Takux 3amad
XapaKTepHO OOIBIITOE KOTUIESCTBO areHTOB, HMEIOIIHNX JTOCTATOYHO IIPOCTOE
MaTreMaTH4ecKoe OINUCaHKe, Mo3Boirsioliee dPPEeKTUBHO MacTabupoBaTh
MOJIENb, MOJCIIUPYS Pa3BUTUE CUCTEMBbI. B 3TOM cilyyae Ha mepBblil IJ1aH
BBIXOAWUT TI00ambHOE cocTosiHMEe MHOToareHTHou cuctembl (MAC) u ee
MaKpOCKONUYECKHE ITapaMeTpPhl, a areHT UMEET BCIIOMOTaTeIbHYIO POJIb.

Hpyroit 3amaueil sBIseTCS  paclpelieieHHOE WM CETEBOE
ynpaenenue. OO030pHbIE pPabdOTBI O CceTeBOMY ynpaBieHuto [4, 5]
paccmarpuBatroT MAC ¢ no3unuM KIaccU4ecKOM Teopuu ympasieHusd. B
paMKax Takoro TIPEACTaBJIECHUs areHT XapaKTepU3yeTcsd C IOMOIIBIO
JUHAMUYECKON CHUCTEMBI C BXOAOM U BBIXOJOM, HAallpUMEP B IIPOCTPAHCTBE
COCTOSIHUH, a B3aUMOJICHCTBHE MKy areHTaMH OIHACHIBACTCS C MOMOIIBIO
rpada, pedpa KOTOPOTO TPEACTABISIOT CBS3H MEXIY OTICIbHBIMU
areHTamu. /IMHaMWKa areHTa MPH 3TOM OIHCBHIBACTCS MPOCTOH CHUCTEMOM,
HanpuMep HHTETPaTopoM, a 3afadeil SBISIETCS CHHTE3 3aKOHOB
pacmpeieneHHOTo YIpaBleHUs Ui POCHUS, CIEJOBAHUS 3a JIHIEPOM,
CIeZIOBaHUS B 33JJaHHYI0O TOYKY WM WCCIEIOBAaHUS HEHU3BECTHOTO
IpOCTpaHCTBa. PacnipenieneHHOCTh U ACLEHTPAIN30BaHHOCTD YIIPABICHUS B
TaKMX 3a7a4ax oOOYCIIOBIEHbI IByMsi (aktopamu. Bo-mepBbIX, areHThI
ABIISIOTCSI OTHOCUTEIBHO ABTOHOMHBIMH CYITHOCTSIMM, a CBSI3U MEXIY
HUMH BO3HHUKAIOT TOJBKO B MOMEHT YIpaBJeHHUS, TO e€cThb rpad cszel
U3MeHseTcs BO BpeMeHH [5]. Bo-BTOpBIX, KaXIblii areHT o0Omazaer
nHpOpMaNKei TOIBKO 0 ONMMKANRIINX WM COCETHUX areHTax, 4To SIBJISETCS
OJTHOM U3 CIOKHOCTEH CETEBOT0 YIPaBICHUS.

Takoe mpeaCTaBICHHE XapaKTEpHO JUId 3a4ad4  KOJUIEKTUBHOIO
yOpaBiIeHUS OCCHWIOTHBIMHA JIeTaTeNbHBIMH ammaparamMu [6—9] wim
HazeMHBIMHU poboTtamu [10, 11]. Ilpu TakoMm moaxonae MOBeIEHHE OTACITHHO
B3STOTO arcHTa TaK K€ He SBIETCS CYIICCTBEHHBIM, MTOCKOJIBKY OCHOBHON
Heel CeTeBOTO YIPABJICHUS SBISETCS TOCTH)KEHHE KOJUICKTHBHOM IIEJH.
Yame Bcero AWHAMHKAa areHTOB IPH TaKOM ITOJXOAE HM3BECTHA, TaK Kak
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peub HUAET O MpPOrpaMMHPYEMBIX poOOTax, OFHAKO CYIIECTBYIOT
pabotsl [12], mocBsmeHHBIE ONTHMAJIBHBIM allropuT™Mam yipasieans MAC
C HCIOJI30BaHUEM IapaMeTpHUYecKoil WAEHTU(UKAIMK C T[OMOIIbIO
JIMHEMHOU PErpeCCUOHHON MOJIEIIH.

B xauectBe apyroro npumepa 3aja4u KOJUIEKTUBHOTO yNPABICHUS U
knmacca MAC, B KOTOpPBIX BO3HHKAaeT Takas 3ajada, MOKHO BBIJIEIHUTH
¢yToonm poOoTOB. [laHHBI HpUMEpP HHTEPECEH CPaBHUTEIBHO MaJIbIM
KOJIMYECTBOM  B3aHMOJICHCTBYIOIIMX  areHTOB ¥  BHUMaHHEM K
WHIUBHUYalbHOMY IOBEACHHIO KaXKIOTO areHTa, 4To OTIN4YaeT (yToou
poOOTOB OT 3amauy ympaBieHUS TPYHIOH OECHMIOTHBIX JeTaTelbHBIX
anmapaToB. BHUMaHWE K ONWCAHWIO WHAMBHUIYAIBHOTO IIOBEICHUS
HEOOXOIMMO, TIOCKOJNIBKY IOWHAMHKA W 3aKOH YIPaBICHHS arcHTaMu
KOMaHIBl MPOTHBHHKAa Hew3BecTHBL [ (hyrOoma poOOTOB XapakTepHBI
3aJa4ydl  ONTHMAJIBLHOTO pAacIOJOKEHHs areHToB Ha Toie (ceTeBoe
ynpaenenue) [13, 14] wu o0be3ga  JIBWXKYLIETOCS  NPEISITCTBHS
(mHOUBHIYyanbHOE yrpaBieHue) [15]. OCHOBHON CIOKHOCTBIO [T CHHTE3a
3aKOHa ynpasiieHUs B (yTOo0je poOOTOB SBISIETCS HEONPEICICHHOCTh B
JBIDKEHUM areHTOB KOMaHAbl TNpOTHBHUKA. [losTOoMy OOJBIIMHCTBO
3aKOHOB HWHIHMBUAYaJIbHOTO YIPABJICHUS CBOAMTCS B JIETEKTUPOBAaHHUU
areHTa NPOTHUBHHMKAa M 00BE31a €ro Kak IPErsTCTBHUS, COTJIACHO 3apaHee
OIIpEJICTICHHON TUHAMUKE JABHKEHUSL.

B xoHTekcTe naHHOH pabOTHl HWHTEPEC MPEICTaBIISIOT CHCTEMBI,
MMEIOIINE KaK CIIOKHYIO MM HEM3BECTHYIO CTOXaCTHUECKYIO AWHAMHKY,
TaK W CIOXHOE B3aMMOJEICTBHE MeEXay areHtamu. Hampuwmep, B
pabote [16] paccMmaTpuBaeTcs cHCTeMa M3 KOpaOlsi W HECKOIBKUX
OyKCHpOB, 3a7ada YIpaBIE€HHA KOTOPOH 3aKIIOYaeTCs] B TIEPEMEICHUU
KOpabisi B OMNPEAEIECHHYI0 TOYKY IIOCPEICTBOM TATH OYKCHPOB IIOX
BO3JEHCTBUEM BO3MYILEHUN OKpyXawleld cpelapl. pyruM HOpuUMepoM
SIBJISIETCS yTIPaBJIeHHE POOOTH3MPOBAHHOW PEIUIMKOM PBIOBI C MOMOIIBIO
oOparHoii cBsi3u [17 — 21]. JlaHHas 3amada MpencTaBiIsseT 0COObIH HHTEpEC,
MIOCKOJIbKY pOOOTH3MPOBaHHAS PEIIMKA PHIObI IOJDKHA MUMUKPHPHPOBATH
0] E€CTECTBEHHbIC JIBW)KEHHMs JKUBOH pbIObI, 4YTOOBI HE BHI3BIBATh
OTTOPXKEHHUE y )KUBBIX PHIO B XOJ/I€ MCCIICIOBAHUS B3aUMO/ICHCTBUS MEXKIY
HuMH. [To3TOMY HEOOXOAMMO YUNTHIBATh KaK MHIMBHIYyaJIbHOE MOBEACHHE
PEIUIMKH, TO €CTh TPAEKTOPHIO IBIDKEHUS, TaK M TPYIIIOBOE MOBEJCHHUE, TO
€CTh PEaKIHIO Ha JBW)KEHHE IPYTMX PBHIO C MOMOINIbI0O OOpaTHOH CBS3H.
OOpartHas CBsI3b B JITaHHOW 3ajade 3aKIIOYaeTCsl B afalTalliH IBYKCHUS
poOOTH3UPOBaHHON PHIOBI K TPAEKTOPHU ABMKEHHS M TTOBEICHHUIO >KUBBIX
pBIO, KOTOpBIE AHAIM3HPYIOTCA C IOMOIIBI0 00pabOTKH BHICOMOTOKA
C KaMepel B peaJibHOM BpeMeHH. OCHOBHOH CJIO0KHOCTBIO SIBIISIETCS
MOJICIMPOBaHNE HEW3BECTHOW CTOXACTUYECKOW TUHAMHKHU JKUBOW PBHIOHI,
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YTO MPEZIOoaraeT MpPOpabOTKy CIIOKHOTO MaTEMaTH4eCKOro ONHMCaHMS
[22 —25], ocHOBaHHOTO Ha aHaIHW3€ COOpPAHHBIX 3KCIIEPUMEHTAIBHBIX
JAHHBIX, IOCKOJIBKY JeTePMHHUPOBAHHOE OINMCaHME B JaHHOH 3ajaue
HEBO3MOXHO. AHaIN3 TPAEKTOPUI NBIDKEHUI pbIObl Danio rerio mokasai,
YTO U3MEHEHHE €€ YTJIOBOW CKOPOCTH BO BpeMeHHU 00Ja1aeT Onpe/IeIeHHOM
aBTOPErPECCUOHHOCTHIO [23]. DTO MO3BOJIMIO MOJEIUPOBATH M3MEHEHHE
YIJI0BOM M NMHEHHON CKOpOCTEll ¢ MOMOILBI0 CTOXAaCTHYECKOTO Ipolecca
OpHiuTeliHa- YeHOeka, mapaMeTpbl KOTOPOro ONPENeNsUINCh C TIOMOIIBIO
METO/1a MaKCUMAaJIBHOTO TIPaBI0NIOA00NS.

B ciydae poOOTH3MPOBaHHOW PEIUIMKH PHIOBI 3a/iada yHpaBJICHHS
CBOIMTCSI K MOJEIMPOBAHUIO TPACKTOPUM [BIDKCHHS, B KOTOPOH
HEOOXOMMO YYECTh MEPHOABI HETIOJBIKHOCTH, IBIKCHHE BIOJNb CTEHOK
aKBapuyMa W JBIDKCHHE TMPH HAIWYHU APYrux pbio. OnHaKo, CyIIecTByeT
kimacc MAC, areHThl KOTOPBIX MMEIOT 0oJjiee CII0XKHOE HHIWBUIYaITbHOE
MOBEJICHUE U TpymHmoBoe B3anMojeiicTBue. CIIOKHOCTh 3aKIIOYaeTcs B
[IMPOKOM II€PEeYHE BO3MOXKHBIX ITOBEICHUYECKUX AKTUBHOCTEH, KOTOpHIE
BBIXOJAT 3a paMKH TPAeKTOPHOro omnucaHus. JlIs TakUX CHCTEM He
XapakTepHa 3ajjaua yIpaBleHUs], IIOCKOJIbKY Ha MEpeaHUH IIaH BBICTYyIAeT
3a/ladya aHaJIM3a Kak IMOBEIEHHUs OTAEIBHOIO areHTa, Tak U B3auMoJeicTBUS
MEXIy areHTaMmu. SIpkuM TOpHUMEpoM  SBISIFOTCS ~ MHOTOAr€HTHBIE
OMOJIOTHYECKHE CHCTEMBbl, HalpUMep CHCTeMa JIabOpaTOpPHBIX TI'PHI3YHOB,
B3aMMOJEHCTBYIOIMX B 3aKpbIToM Ookce. [IpumepoMm 3amaum aHanm3a
TaKUX CHCTEM SIBIISCTCS 33/1a4a aBTOMATH3aLUH JUINTEIHHOTO MOHUTOPHHTA
MOBEZICHUSI  JTAOOPAaTOPHBIX JKUBOTHBIX C IOMOMIBIO KOMITBIOTEPHOTO
3peHus [26, 27]. OmimuuTenbHOW OCOOCHHOCTRIO B JaHHOHM 3amade
ABISIETCSI ar€HTOOPHEHTHPOBAHHBIN TOAXOA, B KOTOPOM MOBEACHHE
OTAETBHOTO areHTa, OJBOJIOLUS €ro IOBEICHYECKOro MNpoduis U
ME)XareHTHOE B3aMMOJICHCTBHE UMEIOT OoJbliiee 3HaUCHUE, 9eM JHHAMHKa
BCEH CHCTEMBI B 1eIOM. Takol IMOAXO/ MO3BOJISIET HE TOJIBKO OOBENHHUTH
UMEIOIINECS PEIIeHNus] [0 MOHUTOPUHTY TMOBEACHHsS J1abopaTOpPHBIX
rpp3yHoB [28 —30], HO ® o0ecHe4uTh MAacCIITAOMPYEMOCTh MEXKIY
pa3iuYHBIMM  OMOJIOTMYECKMMH CHCTEMaMH, 4YTO B HACTOSILEE BpeMs
3aTPYJHEHO U3-3a BBICOKON CTENEHM CHEMATU3alUU KaXK0r0 PeIIeHusl.

Hpyroil crnoxHocThro aHamm3a Takux MAC, kak u B 3amade
yIpaBJeHUs] pOOOTH3MPOBAHHON DPEIUIMKON PBIOBI, SBISETCS HEM3BECTHAS
CTOXacTWYecKass JWHAMHUKa cucTeMbl. Pesynpratel pabor [31, 32]
MIOKA3bIBAIOT, YTO B IPOCTPAHCTBCHHBIX TPACKTOPUSX  JBIDKCHHSA
Ta00PaTOPHBIX TPHI3YHOB CYIIECTBYIOT B3aMMOCBS3H U MATTEPHBI, KOTOPHIE
BO3MOJKHO BBIJICITUTB C TIOMOIIBIO METOI0B MAllIMHHOTO 00y4eHus. OxHaKo
MaTeMaTH4ecKoe OIHCAHHE CTOXAaCTHYECKOW IUHAMHMKH J1abOpaTOpPHOTO
IPBI3yHa SBJIAETCS CIIOKHOHU 3aqa4eil, KOTopasi MOXKeT OBITh PEeIeHa TOIBKO
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C TIOMOIIBPIO TIOAXOJIOB, CBSI3aHHBIX C HCHOJB30BAaHHEM OOJBIIOTO
KOJIMYeCTBa SKCIEPUMEHTANBHBIX JaHHBIX. Hanpumep, BeIIeeHHBIE B X01€
aHalin3a 3KCIICPUMCHTAJIbHBIX AAHHBLIX MATTCPHBI ABUKCHUSA MBI MOT'YT
6I)ITI) HCIOJIB30BaHbl JJIA MOCTPOCHUSA CTOXaCTHYECKOMH MOJCJIN OBUKCHUS
JKUBOTHOTO, aHAJIOTUYHO MOJICIU JBIDKEHHs pbIiObI B pabote [23].
OTaenbHBIM BOIIPOCOM ISl MCCJIEOBAHMS SIBISIETCS NEPEHOCHMOCTh M
MacITadupyeMOCTh TaKOH MOJAENIM HE TOJBKO Ha pa3lIMuHbIe BHJIBI
TPBI3YHOB (MBIIIH U KPBICHI), HO JTake Ha pa3lIMuHbIX 0coOeil oJJHOro BHIA,
MMOCKOJBKY  KaXkmas oco0b  oOjamaeT CBOMM  WHIWBHAYAIbHBIM
MTOBEICHYECKUM MPO(UIIeM, KOTOPBIA MOXKET HE COOTBETCTBOBATH MOJICITH.

Kak Oputo OTMEYeHO paHee, CI0XHOCTh W MHOTOYPOBHEBOCTH
TTOBENICHISI aTeHTOB TAKXKE SBIACTCS OCOOCHHOCTHIO, KOTOPYIO HEOOXOIUMO
YYUTBIBaTh TpH pa3paboTke amroputMoB aHamm3a takux MAC. B
CYUIECTBYIOIMX MOAXOAaX K aHAJIM3y IIOBEACHUs arcHTOB Ha INpHMepe
71a00paTOPHBIX TPHI3YHOB MPOCIEKHMBAETCS Y3Kas HANpaBiICHHOCTh He
TOJIBKO TIO THUIIaM B3aWMOJCUCTBUS (MHIUBUAYAJIbHOE W COLMAIBHOE), HO U
10 MHOXECTBY BO3MOXXHBIX JIGHCTBMI  BHYTPM  OJHOTO  THIIA
B3auMojelicTBus. Hampumep, B pabote [28] aHanmu3upyeTcst COIHATBLHOE
B3aUMOJICHICTBUE JIBYX MBI Ha NpUMEpPEe TPeX KIIacCoB: HarajeHHe,
3alpeITMBaHNEe Ha JApYyrylo oco0b, oOHIoxuBaHme. B pabore [33]
MIPEACTaBJICH aHAIN3 WHIMBHIYAILHOTO IIOBEJCHUS O€JON KpBICHI Ha
IIpUMepe KJIACCOB: IMUTHE, NMPHUEM IHIIHU, TPYMUHT, OOHIOXMBaHUE, X0Ab0a,
MPBDKOK, OTOBIX W BCTaBaHWE Ha 3agHue Jjanel. OJHAKO cpenu
CYHICCTBYIOIIMX IOAXOJOB HE HAWIEHBI pEIICHHs, ITO3BOJISIONINE
OTHOBPEMECHHO PETHCTPHPOBATh KaK WHAWBHUIYaTbHOE MOBEICHHUE arcHTa,
TaK U COIMAIbHOE B3aUMOACHCTBIE MEXKTy areHTaMH.

Ha ocHoBe mpoBemeHHOTO aHaIM3a MOXKHO CAETATh BBIBOZ O TOM,
9YTO OOJBIIMHCTBO CYIIECTBYIONINX ITOAXOJOB K aHAJIH3y, MOAEIHPOBAHUIO
u ynpasieHnto MAC paccMaTpuBarOT CHCTEMBI C OOJIBIINM KOJHYECTBOM
areHTOB, UMEIOINX CPaBHHUTEILHO MPOCTOE MAaTEMaTH4eCKOe OIMCAaHUE U
W3BECTHYIO JIMHAMUKY, YTO MO3BOJISIET UX d(P(HEKTHBHO MacCIITaOHpPOBATb.
Jlviup  HeOoybIIOE  KOJMIMUECTBO paboT mocesimieHo aHamuzy MAC,
XapaKTepU3YyIOUIMXCS MalbIM KOJIMYECTBOM areHTOB CO CJIOXKHOW WIH
HEHM3BECTHOM CTOXacCTHYECKOH JAWHAMUKOW M CIIOKHBIM B3aUMOJICHCTBHEM
MEX]Ty areHTaMH.

[TosToMy 1enbio JaHHON PabOTHI SBISIETCS TOCTAHOBKA W PEIICHHE
3a[1a4d OIEHKU cocTosiHUA areHTa MAC 1o 3anrymMiIeHHBIM H3MEpEHISIM Ha
mpuMepe Kpbickl JuHUE Wistar. OmeHka COCTOSIHHS HeoOXoamma Iiist
aHaM3a WHINBHUIYaJbHOTO ITOBENCHUS areHTa W B3aWMOJCHCTBUS MEXKIY
areHTamu, Kak OyZeT NmokazaHo B najibHeiimeM. HoBu3Ha nanHOW paboOTHI
3aKJIIOYAeTCsl B JOCTATOYHO OOIIEeH IToCcTaHOBKe 3azaud aHanmm3za MAC,
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KOTOpast BKIOYaeT B ceOS ONMMCaHWe OUCKPETHOW HEIMHEHHON
CTOXaCTHUYECKOM CHCTEMBbl B NPOCTPAHCTBE COCTOSHUM, I'IE B KaueCTBE
BEKTOpa COCTOSIHUS BBICTYMAeT BEKTOP KIIIOUEBBIX TOYEK, a B KaYEeCTBE
BBIXOJHOTO BEKTOpPa — BEKTOpP BEPOATHOCTH COBEPIIEHHUS NCUCTBUA U3
MHOXKECTBa BO3MOXHBIX. Kpome TOro, mpeacTaBIeHHBIH BEKTOP
BEPOSATHOCTH IOBEICHUIA MOXET OBITH pa3lieliecH Ha WHAWBUIYAIBHOC U
KOJUIEKTUBHOE THUIIBI MOBEACHUS, MEPEKII0YaeMble C MOMOIIBIO BECOBOI
¢yskmmu. ONMUCAHHBIA TOAXON NPUMEHUM Juis aHamm3a MAC, s
KOTOPBIX XapaKTepeH BEPOSTHOCTHBIM XapakTep OUHAMHUKU M CIOKHOE
B3aUMOJICHCTBUE MEXIY areHTaMu, NpeArojaraipuee MUPOKUM CHEKTp
BO3MOXHBIX JAeicTBuil. B ciyyae aBTOMaTtuyeckoil perucrpauuu
TTOBEICHNs JTa0OPAaTOPHBIX TPBI3YHOB IIPEACTABICHHBIN IMOIXOA MOXKET
OOBEIMHUTD aHAINW3 KaK WHAWBUAYAIBHOTO TIIOBEACHUS areHTa, TaKk W
COIMANILHOTO  B3aMMOJACWCTBHS ~ MEXJIy  areHTamMu, d9ro  OyJer
CII0COOCTBOBATH MOBBIIICHHUIO KAUECTBA MEIUIIMHCKUX UCCIEI0OBaHUMT.

B Hacrosmel ctaThbe MpeACTaBIECHO MPOJIOJDKEHHE MPEABIAYIIETO
UCCIICIOBAHMS TI0 OI[CHKE BEKTOPA COCTOSIHUS OHOJIOTMYCCKON CHCTEMBI IO
3amrymieHHbIM u3MepeHusiM [34]. Llenpto mpenpyaymeid padoThl OBLIO
OTIpEINIUTh HauboJee MOIAXOMAsIIee aHATUTHIECKOEe OMUCaHUe ITUHAMUKU
areHTa OWOIIOTHYECKOW cHcTeMbl. B Xone ucciemoBaHWs OBLT TOIYYCH
Ha0Op JaHHBIX C TPACKTOPUSMHU KIIFOUCBBIX TOYCK KPBICHI JIHHWUU Wistar,
paciiupeHHas BepCHs KOTOPOTO HCHONB3YyeTCsl B JaHHOW paborte. A
Pe3yAbTaThl HCCAEAOBAHUS MTOKA3aIH, YTO HU OJIHA U3 AETEPMUHUPOBAHHBIX
AHAIUTUYECKUX MOJIETEN IBM)KEHHS HE MOXKET B IIOJHOM Mepe OmMucarb
IUHAMUKY Ownonormueckoro areHra. [loaTromy B maHHOW pabote s
TapaMeTpU3aluyd MOJENN AUHAMUKHU CUCTEMBI NPEAJIAraeTcs UCIOIb30BaTh
TIOJIHOCBSI3HYIO HEUPOHHYIO ceTh. [IpuBeneHHbBIE pe3yIbTaThl IOKA3bIBAIOT
MPEUMYIIECTBO OMMCAHHOIO IMOAXO0Ja MO CPAaBHEHUIO C AHAIUTUYECKOM
HEJIMHEIHOM MOJICNTBIO JBHKCHUS.

2. IToctanoBka 3ama4yu. PaccMOTpHM B KauecTBE OMMCAHHS i-TO
areHTa HeJIMHEWHYIO TUCKPETHYIO CHCTEMY B MPOCTPAHCTBE COCTOSTHHIA:

X, (k+1)=f(X;(k),w(k))

¥ 0] _[[a-max(e, (opn™ (X, (k) | M
vy (k) a; (W™ (X, (5), X (k)

rae X,.(k)=[x,.(k—Kprev) Xl-(]():'T — BEKTOp, COCTaBICHHBIA U3

BEKTOPOB COCTOSIHUS X, (k) i-ro areHTa 3a K, MPEABIAYIIUX MOMEHTOB
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BpemeHH, raei=1...,N ; k — Homep orcuera, rae k=1,...,K; X,(0)=X,

— HaYaJbHOE COCTOSHHE CUCTEMBI; W(k) — BEKTOp mryma, oOyCIIOBIICHHBIH
ommOKoil Maremarmdeckoil Mmogmenmu; f(1) — HenmmelHas QyHKIUSA,
OIIMCBHIBAIOIIAS JUHAMUKY CUCTEMBI; y,«md(k) — HEIOCTYIHBIN 17151 U3MEPEHUS
BBIXOAHON BEKTOp HHIMBUIYaIbHOrO MOBEACHHUS (-0 areHra; y; (k) —
HEZOCTYIHBIN U1 U3MEPEHUS BBIXOIHOM BEKTODP I'PYNIIOBOIO NOBEACHUS i-
ro u j-ro aremros, rae i j=1..,N, i#j; h™() — HemsecrHas
HeluHeHHas QyHKUMs, CBA3bIBaOAas npeabiaymue Ky, BEKTOPOB
COCTOSIHMSI I-T'O areHTa C BEKTOPOM WHIMBHIYaJIbHOTO IOBEAEHHS i-IO
arenra, h*°(") — Hew3BecTHass HeNnMHeHHass (QYHKIUS, CBS3bIBAIOLIAS
npensigymye K, BEKTOPOB COCTOSHHUS [-TO U j-TO aréHTOB C BEKTOPOM
TPYIIIOBOTO MOBEJIEHHS i-TO U j-TO areHToB; 0; — KOY(POHIMEHT CBA3M
MEXIy i-M U j-M areHTamu; N — oOliee KOJMYeCTBO areHToB; K — olriee
KOJIMYECTBO OTCUETOB.

Ilo cucreme (1) MOXHO yBUIETb, HYTO AareHThl SBIAIOTCSA
OHOPOAHBIMH, TO ecTh (ynkuum f(-), h™() u h™(") ommHakoBsl st
KaXXxaoro arcHra. (DyHKI_lI/Il/I, OIIMCHIBAKOIIINEC WHAWBUIYaJIbHBIC )41
KOJIJICKTUBHBIC HeﬁCTBHﬂ arcHra HC3aBHUCUMBI. bonee TOTO,
WHIMBHUyabHbIE U KOJJICKTUBHBIC JACHCTBUS areHTa B MOMEHT BPEMEHH &
HCKIJIIOYAIOT JpYyr JApyra, TO €CTb areHT MOJKET COBeplarh JHO0
WHIMBHUIyaNbHble JEUCTBHS, JNOO KOJUIEKTHBHBIC, YTO OMpEAENseTCs
kodpdunrentamu  cBsA3sH. KooQQUUMEHTHI CBA3SM MEXIy areHTaMu o
MIPEICTABIAIOT co0oi aHanor pebep rpada, KOTOPBHIH HCHONB3YETCS IS
OIMCAHUS TONAPHOTO B3aWMOJCHCTBUS MEKIY arcHTaMH B aJTOPHTMax
CeTeBOro ympaBieHUs. B manHON paboTe mpemmaraercss BBIYHCIATH
KOA(pUIHUEHTH CBA3M KaK CMEUICHHYI0 M OTPaXCHHYIO (YHKIHIO
XeBucaiia, KOTOpas peasin3yeT MepeKIIoueHUe MEeX Iy HHINBUAYaTbHBIM 1
TPYINIIOBBIM IIOBEIECHUEM:

L, d; <d

rae d; — EBKIMIOBO paccTosHHME MEXAy LEHTPaMH Macc i-T0 M j-TO
AreHTOB; dpyax — MAKCUMAIIBHOE PACCTOSIHUE, TIPH KOTOPOM B3aHMOJICHCTBHE
CUHUTACTCS TAPHBIM.

AHanmM3 MHOTOAreHTHOW OHMOJOTMYECKOW CHCTEMBI B IaHHOM
KOHTEKCTE 3aKIIF0YAETCs B ONPE/IENIEHNN HEN3BECTHBIX BBIXOIHBIX BEKTOPOB
y"(k) wm y,(k), mpencraBnsromx coGoil BEKTOPHI BepOATHOCTEIl
COBEPILCHUS ar€HTOM TOTO HJIX MHOTO JCHCTBHS U3 3apaHee ONPEICICHHbIX
MHOYKECTB HHIWBHIYaIbHBIX H COLUANBHBIX aKTHBHOCTEH. OnpeaenuTs 3Tu
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POBOTOTEXHUKA, ABTOMATU3ALIMA 1 CUCTEMBI YITPABJIEHWA

BEKTOPBI BO3MOYKHO TOJIBKO C TIOMOIIbIO PENIEHHs 3a1a9d MASHTH(PUKALIUH
HEW3BECTHBIX HETMHEHHBIX  ¢ymHkmaii h™() u h*°() ma ocHOBe
NpeabIAymux OLIEHOK BEKTOPOB COCTOSAHUA W HCTUHHBIX 3HAYEHUH
BBIXOJIHBIX BEKTOpOB. PelleHue 3TON 3a7aud BBIXOJUT 3a PAMKH JTaHHOM
paboThI, TOCKOJILKY OHA MOCBSIIECHA 3a1a4e OLCHKH BEKTOpPA COCTOSIHUS IO
3aITyMJICHHBIM U3MCPCHHUSIM.

Bektop cocTosHHS B 3ajade aHANM3a [OBCACHUS  arcHTa
OHMOJIOTHYECKON CHCTEMBI MOXET TIPEACTABIATh COOOW KOOPIAMHATHI
KJIIOUEBBIX TOYEK CKeNeTa TIpbI3yHa 3a 1nocnenHue Ky, Kaapos.
PaccmoTpuM 3amady OIEHKH BEKTOpa COCTOSHHA arcHTa. il MPOCTOTHI
OTPaHUYHUMCSI PaCCMOTPEHHEM aBTOHOMHOTO areHTa (KphIica HaXOIHWTCS B
6okce oxnaa). Torma MaTeMaTHUECKOE ONMMCaHKUE CHCTeMBI (1) mpuMeT BHI:

X(k +1) = f(X(k), w(k))

z(k) =HX(k)+ v(k) )
rnie H — wMaTpuma wu3MepeHus, CBS3BIBAIOIIAs BEKTOPHI COCTOSHHS C
BEKTOPOM H3MepsieMbIX mapameTpoB z(k); v(k) — Oelblii TayCCOBCKHMHN IIyM
U3MEPCHUH C HYJCBBIM MaTEMAaTHYCCKUM OXXKHUIAHUEM U KOBapHAIMOHHOU
Matpureit R; k — Homep otcueta, tne k=1,...,K ; K — obmiee KoIu4ecTBO
OTCUETOB.

CroHuT OTMETHTH, YTO (PYHKIHUA JTUHAMUKHU crcTeMbl f(+) MoxkeT OBITh
3aaHa HEeCKOJIBKUMH criocobamu. Hampumep, B mpensinymieit padore [34]
OBUIO TIPEUIOKEHO HCIOJIB30BATh JMHEHHYI0 MOICITh PABHOYCKOPEHHOTO
nwkenus: [35] u  HenmuediHyro wonens Constant Turn Rate and
Acceleration (CTRA) [36]. B gmamHoii pabore mpemiaraercs
MmapaMeTpu30BaTh IUHAMHUKY CHCTEMBI C TIOMOIIBIO IOJHOCBSI3HON
HEWPOHHOH ceTH WM MHOTOCIIOIHOTO niepuentpona (MLP):

X(k +1) = £ (X(k),0, w(k))

z(k) =HX(k)+v(k) @
rie ® — Bekrop mapamerpoB; kK — Homep orcuera, rue k=1..,K ;
K — of1iee KOJIM4eCTBO OTCUETOB.

Bexrop mapamerpoB 0 comep:KuT Beca MONHOCBSI3HON HEHpPOHHOM
CeTH, a €ro pa3MEepHOCTh 3aBHUCHT OT JUIMHBI BEKTOpPA COCTOSHHS,
KOJIMYECTBA CJIOEB CETH M KOJMYECTBA HEHPOHOB B CKPBITHIX CIOSX
(B mauHO# paboTe ero pasMepHOCTh paBHA 866). DTOT BEKTOp MOXKET OBITH
ompezieieH JU00 C TIOMOINBI TPAJUEHTHBIX METOJO0B IO KPHUTEPHIO
MUHMMH3AIUN  OLEHOYHOrO  (yHKIMOHana  (CpemHEeKBaApaTHYecKas
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ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

omuOKa) Ha OCHOBE COOpaHHBIX paHee IKCIEPUMEHTAIBHBIX JAHHBIX, JINOO
C TIOMOIUIBIO JBOHHOH OIEHKH B Tpomecce paboThl PEeKyppeHTHOTrO
¢bubTpa, KaK 3To NpeIIokKeHo B padote [37].

3. Martepuanasl u MeToabl. B nanHol paboTe ObUT UCIIOIB30BaH TOT
ke HAOOp MaHHBIX, YyTO B pabore [34]. B kauecTBe BEeKTOpa COCTOSIHHUS
areHra X(k) WCIOJNB30BaH BEKTOP, COCTAaBJICHHBIH W3 KOOpJHMHAT X, Y
KITIOUEBBIX TOYEK CKEJIETHOH MOJENN KpbICH (PUCYHOK 1), KoTOpble ObLIn
BEIOpaHBI HKCIEPTOM 10 TOBeneHHI0. CKeJeTHas MOJIENb KPBICHI COCTOHUT
3 13-tu Touek: Hoc (1); mpaBbIil 1 NeBHIH T71a3 (2 1 3); MpaBoe U JEBOE YXO
(5 m 6); cpenHas Touka TONOBHI (4); CpemHSAS TOYKA MOSCa IEPETHHUX
KoHeyHocTei (7); cpemHsisi TOYKa MO3BOHOUYHMKa (8); mpaBas W JeBas
mepenHsist KoHeuyHocTh (9 u 10); ocHoBaHme xBocta (11); mpaBas u neBas
3amasas kKoHedHocTh (12 m 13). HaGop maHHBIX COAEPKUT OKOIO 3 TEHIC.
u300pakeHuit ¢ pasperienuem 1060%548 1 pa3sMeTKOW KIIOYEBBIX TOUYCK
ckenera. CTOMT OTMETHTh, YTO HMCXOJHBIC BHJCO3AIIMCH CHSTHI B Tak
Ha3bIBaeMOW OOOrameHHOW cpeae, TO €cTh B OOKC C KpBICOH
JIOTIOJTHUTEJIBHO TIOMELICHBI BEPEBKH U JOMHKH M3 OPraHMYECKOTo CTEKJIa,
YTO CO3JIaET JIOTOJHUTENbHBIE IIOMEXH M OKKIIIO3UM OTHEIBbHBIX YacTel
KPBICHI.

- - -~ r i - ]
C‘; -« [ __:_é-" o - d_e N *" o
o]
- - (@] ] 12
(o] 1 8
" ' - o
s
o q
2 o
- - 6 10 < 11
o] (0] R
= (o] o}

Puc. 1. PacmionoxeHnune Toyek ckenera Ha Kpeice [34]

B kauectBe BekTropa X(k) MCHONB3yeTCsl BEKTOP, COCTABICHHBINA U3
KJIIOUEBBIX TOUYEK 32 Ky MNpeAbAYIINX KajgpoB. B janHHOM paGote
WCIIONIB30BAJIOCH TPHU TOCIEAHMX Kajpa. BekropoMm 3alryMieHHBIX
mMepeHnit z(k) SABISIOTCS MPeCKa3aHus IETEKTOpa KIIFOYeBBIX Touek [38],
OOYY4eHHOT0 Ha  OKCIICPUMEHTAJIBHBIX  JAHHBIX. JleTekTop  TodYek
NpEeNCKa3blBaeT TOYKM B MPSIMOYTOJbHOH O0JAacCTH Kajgpa € KpBICOH,
KOTOpast BBIIENACTCS C TOMOIIBI0 OOYYEHHOTO NIeTeKTopa 00BEeKTOB [39].
B kxauecTBe IMpsAMOYTOJIbHIUKA, OTPAHNYHMBAIONIETO 30HY Kaapa ¢ KPBICOH BO
BpeMs 00y4eHHs JeTeKTopa OOBEKTOB, OBLI MCIIOIB30BaH MPSIMOYTOIEHUK
MHHUMAaJIBHOTO pa3Mepa, COJlepiKalluii BCe KIFOYEBBIE TOYKHM KPBICHI Ha
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JAHHOM KafIpe, MOCKOJIbKY OTJeNIbHas pa3MeTKa MpsSMOYTroNbHON obnactu
C KpbICOl He mpou3BoAwiack. Toraa KOBapHallMOHHOM MaTpHLEd ILIyma
N3MEPCHUA R saBasercs JuarodHajibHas Marpula, JuaroHajib KOTOpOﬁ
COCTaBJICHA W3 JUCIEPCUI OMIMOOK JIETEKTOpa TOUEeK JUIsl KOOPAWHAT X U Y
KaXJIO¥ TOUKHU:

diag(R)=[c¥i1 Gf,] GiNW GiNkp], (5)

rae 6y 1 Gzyl- — AWUCIEPCUH OMIMOOK IETEKTOpa TOYEK Ul KOOPAMHAT X U
COOTBETCTBEHHO; Ny, — KOJIMYECTBO KIIHOYEBBIX TOYEK (B JaHHOM pabore
13).

Hampumep, 11t KOOpAUHATEL X JUIs i-i TOYKHU:

> M N 2
cx,-——M_lg(Ax,.(/) Ax,) (6)

rae M — Koau4ecTBO M300pakeHHH B BBIOOpKE; Ax{(j) — pa3HOCTh MEXKIY
HUCTUHHBIM U IPEACKA3aHHbIM CBEPTOYHOM CETBIO IIOJIOKECHUEM I-0H
KJIFOUEBOM TOYKM [0 KOOPJAMHATE X Ha j-OM H300paKEHWH M3 BBIOOPKHU;
Ax;,, — cpenHee 3HaueHHE Ax,(j) U BCeX N300PKCHHUN M3 BHIOOPKH.

Torna cucremy (4) MOKHO JONOJHHTH, omnpenenus matpuiny H u
MIPUHSB JOMYyIIeHHe, 4To IyM w(k) Tak ke sBisieTcst 6enbiM [ ayccoBckuM
LOIyMOM C HYJICBBIM MAaTeMaTHYECKUM OKHIaHHEM M KOBapHAIlHOHHOM
Matpurei Q:

[x(k+1) . x(k—K+l)]T:f([x(k) x(k—K)]T,0)+w(k)
(7

2Nkp><2Nkp

I 0 :
z(k) = . [x(k) ... x(k—=K)] +v(k)

I'maBHOM 3amauell Uil OLIGHKM COCTOSIHHS CHCTEMBI SIBJISETCS
ompenenenue  ¢ynkuun  f(-). @ynkmms f() B ganHOM  pabore
MapaMeTprU30BaHa C MOMOIIBIO MOJHOCBA3HONW HEHPOHHOW CETH C OJHHUM
CKPBITBIM CJIOEM, COJEpKaInM § HEeHpoHOB. B kauecTBe KOBapHallMOHHOMN
MaTpHIBI IIyMa Mojenu (Q MOXKHO HCIIOJIB30BATh AMATOHAIBHYIO MaTpHILY,
9JIEMEHTHl JAWaroHald KOTOPOW paccuMTaHBl MO BBIpaxkeHWsIM (5) u (6)
aHaNOTMYHO Matpuue R ¥ JIononHeHsl HynsMHU nocne 2Nj,-To SIIEMEHTa,
MMOCKOJBKY OIMMOKa mMapameTpu3amuu Uil X(k) HE BIMSAET Ha BEKTOPHI
cocTostHUsA 32 Koy NPEObIOYIIMX KaapoB. B maHHOI paboTe oleHka
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BEKTOpa COCTOSIHHS CHUCTeMBI (7) TpOBEIECHA C IMOMOIIBIO0 AHCIICHTHOTO
¢unprpa Kanmana (UKF) [40] wu  ¢unsrpa wactuy (PF) wim
nocneoBaresibHoro meroga Monte-Kapno tpemsi cnocobamu: UKF ¢
OIpEJICTICHHBIM B Mpoliecce OOy4YeHUs] HEHPOHHOHW CETH BEKTOPOM
napameTpoB, aBoiiHeiM UKF (Dual UKF) nmns mapamiensHON OIEHKH
BeKTOpa mapaMeTpoB [37] W MyJBTHOONAYHBIM TOCJIEIOBATCIEHBIM
meronoM Monrte-Kapno [41]. JIns cpaBHEHHS C ONHUCAaHHBIMHU BBIIIE
METOJJaMH B KAauecTBe JUHAMUKHA CHUCTEMBbI Oblla  HCIIOJH30BaHA
menmnueitaas monenb CTRA ¢ UKF, kak B padote [34].

B cnyyae wucnonb3oBaHMs aHAIMTUYECKOM HEIMHEWHON MoJenu
CTRA ¢ynknus f(-) He Hy>knaeTcsl B mapaMeTpu3aliii, a BEKTOP COCTOSIHUS
JOTIONTHSETCS CKOPOCTBIO, YCKOPEHHEM, YIJIOM II0OBOpPOTa H YTJIOBOU
CKOPOCTBIO JUIsl KaXKAOW KJIFOUEBOM TOUKH ckesleTHOU monenu. Kpome Toro,
HE YYMTBIBAETCA HMCTOPUA MPEABIAYIMX K, BEKTOPOB COCTOSHHMS JIst
OOHOBJICHHSI COCTOSIHUS ar¢HTa, YTO MPUBOIUT K YIIPOIICHUIO MOJICIIH.

B ciyuae mpeaBapuTEIbHOTO OOYYEHUS MOJHOCBA3HOW HEWPOHHOU
ceTH s mapaMmerpuzanuu quHaMukd (Metoaslt MLP ¢ UKF u MLP ¢ PF)
HCIIOJIb3YETCS. OPMEHTUPOBAHHBIN Ha JaHHBIX Noaxoj. HeilponHas cetb
ObuTa 00yUeHA TPEICKA3hIBATh CICAYIOMINN BEKTOP COCTOSHUS (MHOXKECTBO
KJIIOUEBBIX CKENETHBIX TOUYEK) MO Ky NPEABIIYLIMM KIIIOUEBBIM TOUKAM
STOW TPAaeKTOPUH, MHHUMHU3UPYS CPEAHEKBAIPATHICCKYIO OMIHNOKY MEKIY
KOOpAMHATAMH TIPE/ICKa3aHHON TOYKW U UCTHHHOU Toukd. OOydeHHas CeTh
C 3aMOPOXXCHHBIMU BECaAMH HCIOI30BaJach B Iporiecce padoThl (pHiIbTPOB.
s UKF ucnonp3oBanace peanusamys, npeaioxkeHHas B pabdore [40]. B
kadectBe PF  wucnonp3oBasiack  peanusanus — [OCJIENOBATEIBHOTO
MyJbTHOONayHOTO MeTona Monrte-Kapno, npennoxennas B padote [41],
OCHOBHasi H7es KOTOPOTO COCTOUT B T'€HEpallMi HECKOJbKHX O0JaKoB
YaCTHI] BOKPYT OIICHEHHBIX BEKTOPOB COCTOSIHUS ¢ MaKCHMAaJIbHBIM BECOM,
BMECTO HCIIOJBb30BaHUSI OJHOIO IIOCTOSHHOTO oOyaka wactui. Jlis
mepecyera Beca YacTHIl HCIOJIB30BAIOCH DPACHpPENeNICHUEe BEPOSITHOCTU
p(z(k)|X(k)), cBsi3aHHOE C HEBS3KOI MpeacKa3aHus (C y4eToM AalbHEHIIero
MacIITabUpOBaHUs Beca KaXKJOW YaCTHIIBI):

p(z(k), X(k)) = exp( (z(k) - HX(k))T R (z(k) - HX(k))j . (®)

1
2
Ha kaxaoMm mmare ajropuTMa IHPOUCXOAWI BBIOOP HECKOJIBKHX
YacTHUI] C HaUOONBIINM BECOM, YAaJCHHUE OCTAJBHBIX YaCTHIl U TeHepauus

HOBBIX YacTHIl BOKPYT BBIOPaHHBIX, JUI TOr0 4YTOOBI OOllee KOJINYeCTBO
YaCTUL] OCTAJIOCh HEU3MCHHBIM.
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Meton MLP ¢ dual UKF npeanonaraer oHiaiiH OLIeHKY ITapaMeTpoB
MmapaMeTpU30BaHHON MOJENH AWHAMHUKHU C momoinbio Broporo UKF [37].
Takum oOpazom, aBa QuibTpa pabOTAIOT COBMECTHO, OIIEHKA I1apaMeTpOB
MOJIEJIA OT OJHOTO (UIIBTPA UCIOIB3YETCS JJIs OIICHKUA BEKTOPA COCTOSIHHUS
B JpyroM ¢uibrpe. B Takom ciydae cucremy (7) MOXHO pacIIMPHUTh C
TTOMOIIIBI0 MOJICITH TTAPAMETPOB B IIPOCTPAHCTBE COCTOSIHUM:

0(k +1) = 0(k) +1(k)
)

IZNkPXZNkp

0
2(k) = . f([x(k) o x(k=K)]' ,B(k))+w(k)+v(k)’

rae 0(k) u O(k+1) — BeKTOpHI MapaMeTpOB MOJEIN B MOMEHTHI BpEMEHH k 1
k+1; (k) — Bektop Oenoro I'ayccoBckoro myma ¢ HYJICBBIM
MaTeMaTH4eCKHM OXHJaHHEM M KOBapHaIlMOHHOHW MaTpurei L.

Cuctema (9) umcmomp3yercst omamM u3 nByx UKF nmns onmaix
OIICHKH ITapaMeTpoB HeHpoHHOW ceTH. Bekrtop myma I(k) momoraer
GUIBTPY OLIEHMBATH ONTHMAIbHBIC MapaMeTpbl MOJEIM U BBEIEH B
CUCTEMY JUIA JIydlIedl CXOAUMOCTH anropurMa. KoBapHualioHHas MaTpuiia
L mnpencraBnsier coOol NUaroHalbHYIO MaTpHIy C OY€Hb MaJeHbKHUMHU
YMCIAMM HA TIIABHOI quaroHanmy (B SKcrepuMente nopska 107).

Jns OIeHKM  TOYHOCTH  CPaBHMBAaeMbIX  METOOB W3
9KCIIEPUMEHTAILHOI0 Habopa IaHHBIX ObUIO BhIOpaHO 26 TpaeKTOpHH
KImoYeBbIX Toduek 1o 100 kagpoB B Kaxknod. B kauectBe ommOkn
WCIIONIB30BATIOCh EBKIMIOBO pacCcTOSHUE MEXIY WCTHHHOW TOYKOU
TPAaeKTOPUHU M TOYKOH, MOITYUYEHHOW C MOMOIIBIO Ka)KAOTO PEKYPPEHTHOTO
¢unbTpa, yCpenHECHHOE MEXIY BCEMH TOYKaMH JaHHOTro Kaapa. CpemHss
ommOKa ONPEEISIETCS 10 BBIPAKECHHIO:

Ny

em(k) = Nl T ZZ\/(x(t’n9k)_X*(tsnak))2 +(y(tﬂnsk)_y* (t’n9k))2 5 (10)

rne k — HoMep Kajapa B TPAaeKTOpUH; ! — HOMEp TPACKTOPHHU; 1 — HHAEKC
KIIF0YeBOM Touky; T — oOlIee KOIMYECTBO TpaeKkTopuit; x(f,n,k) u y(t,nk) —
KOOpJMHATBl X M y TOYKH C HMHICKCOM 7, INPEJCKa3aHHOM Ha Kajape k
TpaekTopuu t; x*(t,n,k) u y*(t,n,k) — MICTUHHBIC KOOPJIUHATHI X U ) TOUKH C
WHJICKCOM 71 Ha KaJpe k TPaeKTOPHHU £.

Busyanuzanust  BBIYMCIHTENFHOTO 3KCIEPHUMEHTa MpEICTaBICHA
Ha puCyHKe 2. DKCIepuMEHT npoBoamics Ha mpoueccope Intel Core i5-
10300H. MaremaTudeckie Omepanud W  PEKyppeHTHbIE  (QUIBTPHI
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peanu3oBaHbl Ha si3bike Python ¢ nomoinkio 6ubarorek PyTorch u NumPy.
OOydeHnue W 3allyCcK JAETEKTOpa OOBEKTOB MPOM3BOIWIOCH C IOMOIIBIO
oubnmuoreku MMDetection, a JeTeKTOpa KIFOUEBBIX TOYEK C MOMOIIBIO

oubaunorexku MMPose.
|

O0yyeHue 1 -
3aMOpO3Ka BECOB HaGop
JAHHBIX
UKF
.—
OnnaiiH oneHKa
Tlapamerpusanms MLP BEKTOpa Dual UKF
apamMeTpoB CpasHenne ¢
MOMOIIBIO QYHKIHH
OIIHOKH 1 BpEMCHH
06paboTKH
s -
Merton onucanus Merton nomydenus MeTon pekyppeHTHOI
nuHaMuKH f BEKTOpa MapaMeTpoB ¢usTpanuy

Puc. 2. Cxema BBIYHCIMTENBEHOTO SKCIIEPUMEHTA

4. Pe3ynbTathl W 00Cy:KIeHHE. Pe3ynmbTaTel OIEHKH TOYHOCTH
KaXJIOTO METO/ia MPEACTAaBIICHBI KaK rpaduky OmMOKM Ha KaXKAOM Kazpe
o BeipakeHHIO (10). Ommbku npeacraBieHs! st 4eTbipex MeTonos: UKF
¢ mapameTpu3oBaHHOH auHamukon cuctembl (MLP ¢ UKF), aeoitnoit UKF
JUI TIapaJuIeNIbHOM OIIGHKM BEKTOpAa COCTOSHHS M BEKTOpa IapaMeTpoB
(MLP c dual UKF), ananmuruueckas nenuneiiHas monenb CTRA c¢ UKF
(CTRA ¢ UKF) u ¢uisTp yacTHil ¢ MapaMETPH30BAHHOW JIUHAMHKON
cucrembl (MLP ¢ PF). Ha pucynke 3 mpencrasienbl TpaduKu cpegHero
3HAYEHHs OUIMOKH C JIOBEPHUTEIBHBIM HMHTEPBAIOM JJISI KaXJIOTO METOA.
MoHO 3aMeTHTh XapakTepHyro ¢opMmy rpaduka omubku st MLP ¢ dual
UKF. Takas ¢gopma oObsicHsieTcs: TeM, 4To (HIBTPY HEOOXOIUMO BpeMs
JUISl CXOJJMMOCTH, TIOCKOJIBKY OIEHKa ITapaMeTpOB MOJEIH BBHINOJHSCTCS B
peanbHOM BpeMeHH. OrpaHMYeHHOCTh IpaMKOB OMHMOOK JAEMOHCTPHPYET
CXOJIMMOCTb OTMIMCaHHBIX METOJIOB.
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Puc. 3. I'padyixn ommbOK KaXkaoro Merona

Ha pucynke 4 mpexacraBieHBl KOpoOdYaThle IHArpaMMbl OIITHOKH
KaXJI0OTO METOAa IIOCJAEe TOYKM CXOJUMOCTH. B kauecTBe KpuTepus
CXOJIMIMOCTH HCIIOJIb30BaIaCh OTPaHMYEHHOCTh MPOU3BOHOM ommbOku (10)
(mpousBoaHas oIMOKK MeHble 1,5 muKcens no Moayito B Tedyenue 10-tu
KaJIpoB), IOKa3bpIBaioOlIas, 4YTO OMMOKAa JOCTHUIVIA CBOEro pabodero
3HA4YEeHHUS U 3HAYUTEIBHO HE BO3PACTAET.
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Puc. 4. KopoGuatbie quarpaMMbl OITHOOK KaXI0T0 METO/Ia

B mepByro odepenb, pe3ynbTaThl IMOKa3bIBAlOT ITPHMEHUMOCTb
KQKIOr0 W3 IIPEACTaBICHHBIX METOIOB B 3aJade OLEHKU BEKTOpa
COCTOSIHMSI areHta Ouonoruueckoil cucremsl. [Ipu 3ToM 3ameTHO, 4TO
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rapaMeTpu3alusi JUHAMUKH C TIOMOILBIO MOJIHOCBS3HON HEHPOHHOW CeTH
Mo3BoOJIsieT OoJiee TOYHO OICHUBATh BEKTOP COCTOSHUS IO CPaBHEHHUIO C
HenuHeitHoi mozenbio CTRA. Kpome Toro, Takoit MeTos B KOMOMHALIUY C
UKF nnm duneTpom vacTuil TpeOyeT MeHbllle BpeMeH! Ha 00paboTKy, 4eM
CTRA ¢ UKF. B Tabnawuie 1 nmpencraBieHo BpeMs 00pabOTKH OJHOTO Kajpa
JUIS KaXKJI0TO METO0J1a, MaTEMaTHUECKOE OXKHJIaHUEe, CPEIHEKBAAPaTUUECKOe
otkioHenue (CKO) ommOKM mmocie CXOIUMOCTH M BPEMSI CXOIAMMOCTH.
Pesynpratel B Tabmune mns PF mpuemenst s 10 ThIC. wacTH.
OrpannyeHHOCTh OmMOKH W HeOompmme 3HadeHns CKO mokas3pIBaroT
CXOMMOCTh M YCTOHYHMBOCTH PEKYPPEHTHBIX (HIBTPOB, MPUMEHCHHBIX B
JAaHHOI1 pabore.

Tabnuna 1. Bpemst 06paboTKH OHOTO Kajpa U OIudKa

MLP ¢ Dual CTRA ¢
Meton MLP ¢ UKF UKF UKF MLP ¢ PF
Bpewms, mc 12 142 50 57
Mar. oxxunanue 8.1 6.4 16,3 12,0
OIIUOKH, IMHKC
CKO ommmbkwu, 23 4.4 13.7 7.9
MTHKC
Bpewms
CXOOUMOCTH 13 28 11 13
(HOMEp oTcueTa)

Tabnuma 1 mokaseIBaeT, 4yTo oleHKa coctosHus ¢ nomomeo UKF ¢
npenoOyyeHHONH HEMPOHHOM CEThIO /ISl ITapaMeTPU3aliH TUHAMUKH UMEET
MEHbLIYI0 OmHUOKY (8,1 MHMKC) M MEHBIIYI0O CKOPOCTH 00pabOTKH OJHOTO
kampa (12 mc), vem PF (12,0 muxc u 57 mc). OTaensHOrO BHUMAaHUS
3aClly’)KUBa€T METOJ C MNapajUIeIbHOM OLIEHKOW MapaMeTpOB HEWPOHHOM
cetn ¢ nomomplo aBoiHOro UKF. DToT Meron mokasal HaHNMEHBIIYIO
ommOKy Ha TECTOBBIX AaHHBIX (6,4 mMHKc) U HaubousbIIee BpeMs 00padoTKU
(142 mc), 9ro nmemaeT ero MpUMEHEHHE I OOpabOTKH B pealbHOM
BpPEMEHH 3aTpyAHHUTENbHBIM. HamOomnplrylo ommOKy OIEHKH COCTOSHHMSA
MOKa3aJl METOJl, OCHOBAaHHBLIM Ha aHAJUTHYECKOM HEIMHEHHON MOIEIHN
CTRA (16,3 mmkc), 4TO TOKa3bIBaeT MPEUMYIIECTBO MapaMeTpH3aluu
muaamukn 11t MAC takoro kmacca.

OzHako B 33ja4yax aHajiu3a IMOBEJCHUS J1a0OPATOPHBIX >KUBOTHBIX
Yaiie BCero HeoOxoauMa o0paboTKa BHJEO3alMCel, YTO HE HaKJIaJbIBacT
CTPOTHX OTpaHWYCHUH Ha BpeMsi 0OpabOTKM OJHOTO Kaaphl U BpeMms
BBIJIaUM pe3ysbTara, IMO3TOMY U JaHHOW 3a/aud CIIPaBEIIMBO CUHMTATh
asoviHoM UKF 11 olleHKM BEKTOpa COCTOSIHHS M BEKTOpa MapamMeTpoB
Mozxenu IydmmM. B ciydae HeoOxommMocTH 00pabOTKH B pealbHOM
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BpPEMEHHM BO3MOXHO McmnoJib3oBaTh oauHOuHbIA UKF, BbicOKas ckopocTthb
00paboTKH KOTOPOTO TO3BONISAET IPOU3BOJUTE BEIYMCIICHHS B TOM YHCIIE Ha
OJTHOIIJIATHBIX MHUKpOKOMIIbIoTepax, Takux kak NVIDIA Jetson Nano win
RK3588.

5. 3akmouenune. B manHOMN paboTe MpeACTaBICHO MaTeMaTHYECKOe
onucanue areHta B MAC co CII0)KHOH CTOXacTUYECKOW IWHAMUKOW U
pasneneHueM UHIUBUAYAJIBHOTO u TpyNIoBOro MIOBEJICHMUSL.
IIpencraBieHHOe ONHMCAaHUE MPEANOJAraeT AareHTOOPHUEHTHPOBAHHBIN
MONXOA, JUII KOTOPOTO WHAWBHIyadbHOE TMOBEICHWE arcHTa U
B3aMMOJICHCTBHE MEXIy arcHTaMH Ba)kKHEe, YeM TJ00albHas 3BONIOLHS
cucteMsl. [IpuBeneHa mMmOCTaHOBKA 3aayd OIICHKH BEKTOpa COCTOSIHUS
areHTa IO 3aOIyMJICHHBIM H3MEPEHHSM W €€ pelIeHHe Ha IpuMmepe
KIIOYEBBIX TOYEK KpbIChl nmHUM Wistar. IlokasaHa mpuMEeHHMOCTH
PEKYPPEHTHBIX (QUIBTPOB C MapameTpu3alyeil JUHAMHKH CHCTEMBI C
IIOMOLIbIO TIOJHOCBSI3HOM HEHPOHHOW CETH JUIsl PELICHHs NOCTaBJIECHHOM
3amaun. ITokasaHo, 4To mapameTpu3anus ITUHAMHUKHA CHCTEMBI MO3BOJISIET
YMEHBIIUTh OMIMOKY OIEHKH BEKTOpa COCTOSIHHS 10 CpPaBHEHHIO C
HCIOJb30BAHUEM aHAIUTHUECKON HenuHelHoi monenu CTRA.

Cpenu cpaBHHBaeMbIX METOJOB Hamboiee TOYHOH oOKa3anachk
JIBOMHAs OLIEHKA COCTOSIHUA M MapaMeTpoB Mojaenu ¢ noMoibio aAsyx UKF
(ommbka 6,4 THKC), OAHAKO TAKOM NOAXOZ SIBISETCS CaMbIM
pecypco3aTpaTHBIM M MOXKET OBITh IPUMEHEH B CITy4ae OTCYTCTBHS CTPOTUX
TpeOOBaHUI K CKOPOCTH OOpabOTKH ONHOTO KaJpa W CKOPOCTH BBHIIAYU
pesynmerata.  Mcmomp3oBaHme — OOy4eHHOH  HEHpPOHHOW  CeTH  C
HemsMmeHsembiMu mapamerpamMu ¢ UKF mo3Bommino mpom3BecTH OICHKY
COCTOSIHUS C MEHBIIIeH omuOKoii, yeM mpu ncnonp3oBanuu PF (ommbku 8,1
1 12,0 muKc COOTBETCTBEHHO), a KOPOTKOE BpeMsi 00pabOTKH OJTHOTO Kaapa
(12 mMc) mo3BONIIET WCIIONB30BaTh METOJ LI 0OpaboTKH B peasbHOM
BpPEMEHHU.

I'maBHBIM HalpaBJICHUEM Oynymieit paboTsI SIBIISIETCA
unenTndukanus Gpysxmmii h™(-) 1 h**°() Ha oCHOBe COOPAHHBIX JAHHBIX
JUIA YCTAHOBJICHHUS CBS3M MEXIY OIICHKAMH BEKTOpa COCTOSIHHS 3a
MpesIayIee BpeMs M BBEIXOJHBIM BEKTOPOM. DTO IO3BOJHUT PEIIUTH
obmryro 3amauy anamm3za MAC MpeacTaBICHHOTO THIA, MOCKOJIBKY
BBIXOJIHBIC BEKTOPHI TIPEACTABIAIOT COOOH BEPOSITHOCTH COBEPIICHHUS
Pa3NUYHBIX BUIOB HHANBHUIYaJHHOTO M IPYMIIOBOTO TIOBEACHUS.

Hcnonb3oBanuplii B pabore HaOOp JaHHBIX, COJAEpPKALIMN
U300paKkeHHsT U pa3MEUeHHbIE KIIOYEBbIE TOYKH CKeJIeTa KPBICHI JIMHUU
Wistar, siBisieTCsl YHUKAQJIbHBIM 0 OTHOIIEHHIO K MMEIOIIMMCSl aHalloraM
JUISL MBIIIEH W KpbIC Apyroro nsera. Habop maHHBIX BMecTe C UCXOIHBIM
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KOZIOM MOXET OBITh MPEAOCTaBICH IJISI HCCIEOBATENbCKUX LENCH II0
3amnpocy (Kpacuor JI.1., dmitriy krasnov(@outlook.com).
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MOCTAaHOBKY 3a/lau, MpPEJOCTaBICHUE 3aluceld BHJICOHAOIOACHUS 32
MOBEZICHUEM KPBIC M HKCIIEPTHOE MHEHHE IPHU Pa3METKE KIIOYEBBIX TOYEK
CKeJeTa.
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D. KRASNOV, M. VOLYNSKY, A. GUSEV
STATE ESTIMATION OF AN AGENT WITH STOCHASTIC
DYNAMICS USING RECURRENT FILTERS

Krasnov D., Volynsky M., Gusev A. State Estimation of an Agent with Stochastic Dynamics
Using Recurrent Filters.

Abstract. The paper proposes a method for estimating the state vector of an agent in a
multi-agent biological system based on noisy measurements using recurrent filters. It addresses
the issues of scalability in existing approaches to monitoring the behavior of laboratory rodents
and the absence of a unified mathematical framework. A mathematical description of an agent
in the biological system is provided, along with the formulation of the task of estimating its
state. The mathematical model is built upon a non-linear discrete-time system in state space.
The solution to this problem is demonstrated using the example of skeletal keypoints in a
Wistar rat, which are detected using a pre-trained detector. A fully connected neural network is
proposed to parameterize the unknown dynamics of the system. The particle filter (a sequential
Monte Carlo method) and the unscented Kalman filter were selected for a comparative
analysis. The comparison of the methods was conducted on a collected and preprocessed
dataset comprising images with a resolution of 1060x548 pixels and annotations of rat skeletal
keypoints. The experimental results demonstrate the high efficacy of the proposed method and
its advantage over an analytical description of the system's nonlinear dynamics. Among the
compared methods, the dual estimation of both the state vector and the neural network
parameters using two unscented Kalman filters achieved the minimal mean error of 6.4 pixels.
However, for practical applications in real-time scenarios, a single filter employing a pre-
trained neural network proves to be more advantageous. Moreover, the unscented Kalman filter
in this case demonstrated higher accuracy than the particle filter (mean error of 8.1 pixels vs.
12.0 pixels). The results of this study can be used to solve the task of automated registration of
Wistar rat behavior by parameterizing the functions that link state vectors with the output
vectors of individual and group behavior.

Keywords: skeletal keypoints, laboratory animals, multi-agent biological system,
unscented Kalman filter, particle filter, neural network, state vector estimation.
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Abstract. The rapid advancement of technology has a profound impact on logistics and
freight transportation. Efficient management of transportation schedules is vital for businesses
seeking to minimize costs, reduce delivery delays, and improve customer satisfaction. One of
the most important challenges in this field is the Vehicle Routing Problem with Time Windows
(VRPTW), which requires not only finding optimal delivery routes but also adhering to specific
timing constraints for each customer or delivery point. Traditional optimization methods often
struggle with the complexity and dynamic nature of real-world logistics, particularly when dealing
with large-scale datasets and unpredictable factors such as traffic congestion or weather conditions.
To address these limitations, this study introduces a machine learning-based system that enhances
the performance of existing VRPTW solutions. Unlike conventional approaches that rely solely
on heuristics or static planning, our system employs modern machine learning models to predict
key time-related parameters — including transit time, availability time, and service time — based
on historical and contextual data. These predictive capabilities allow the routing algorithms to
make more informed decisions, resulting in more accurate and adaptable scheduling. Building
on previous research involving Random Forest models, we propose a more robust framework
that incorporates advanced preprocessing techniques and feature engineering to improve model
accuracy. By training and evaluating the system using real-world datasets, we are able to simulate
practical scenarios and validate the effectiveness of our approach. Experimental results show that
our proposed method consistently outperforms other commonly used machine learning models in
terms of Mean Absolute Error (MAE), thus confirming its potential for real-world applications.
Overall, this study contributes a scalable and intelligent solution to a longstanding logistics
problem, paving the way for more responsive and cost-effective transportation systems.

Keywords: Vehicle Routing Problem with Time Windows (VRPTW), machine learning
models, logistics optimization, transit time prediction, random forest improvement, data
processing techniques.

1. Introduction. The transportation industry plays a pivotal role in the
global supply chain, especially as the volume of freight movement continues to
surge in response to rising consumer demand and evolving market expectations.
With the rapid growth of e-commerce, same-day delivery services, and global
trade expansion, transportation systems are under increasing pressure to operate
with high levels of precision and reliability. This intensifying demand places a
significant burden on logistics providers, who must now balance efficiency, cost-
effectiveness, and punctuality while navigating various real-world constraints
such as traffic congestion, driver availability, and unpredictable weather
conditions. As a result, transportation companies are continuously seeking
innovative solutions to maintain their competitive edge in a highly dynamic
and time-sensitive environment.
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Among the most pressing challenges is the ability to meet strict delivery
time requirements — a factor that directly impacts customer satisfaction and
loyalty. Inaccurate delivery estimates can lead to missed time windows,
increased operational costs, and reputational damage. To address these
concerns, predictive analytics and optimization techniques have become
essential tools. Specifically, the Vehicle Routing Problem with Time Windows
(VRPTW) has emerged as a critical area of focus within logistics and
operations research. VRPTW involves not only determining the most
efficient delivery routes but also ensuring that deliveries occur within
specified time frames for each customer. Solving this problem effectively
requires sophisticated algorithms and predictive models capable of handling
complex constraints. Consequently, researchers and industry professionals
are increasingly leveraging machine learning and data-driven approaches to
improve the accuracy of delivery time predictions, optimize routing strategies,
and ultimately enhance the overall performance of freight transportation
systems [1-4].

The Vehicle Routing Problem with Time Windows (VRPTW) is a
well-defined optimization framework aimed at identifying efficient delivery
routes while adhering to both spatial and temporal constraints [4-6]. The
spatial component of VRPTW involves calculating actual distances between
delivery points using geographic coordinates such as latitude and longitude. In
parallel, the temporal dimension encompasses constraints related to delivery
time windows and customer availability, which must be carefully respected
to maintain service reliability. Effective solutions to VRPTW are critical not
only for minimizing delivery times but also for reducing operational costs,
enhancing fleet and personnel utilization, and satisfying increasingly diverse
customer demands.

Recent advancements in artificial intelligence, particularly in machine
learning, have provided powerful tools to address the complexity of VRPTW.
Deep learning architectures such as Convolutional Neural Networks (CNN),
Long Short-Term Memory networks (LSTM), and Gated Recurrent Units
(GRU) have proven effective in extracting temporal and spatial patterns from
large-scale logistics data [7-9]. Additionally, ensemble-based models like
Random Forest continue to be favored for their robustness and ability to
handle heterogeneous data with high accuracy. These models are increasingly
employed to predict critical time-related parameters — such as transport time,
availability time, and service time — thereby enabling more accurate and
adaptive route planning.

Despite their potential, the success of machine learning deployments
in VRPTW heavily depends on the quality of the training data. Real-world
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logistics data are often noisy, incomplete, or inconsistently structured, which
can hinder model performance if not properly addressed. Therefore, effective
data preprocessing techniques — such as data cleaning, normalization, feature
engineering, and outlier removal — are essential to improve both the reliability
and accuracy of predictive models. Enhancing data quality not only improves
computational outcomes but also strengthens the practical applicability of
intelligent routing systems in dynamic operational environments.

In this study, we place strong emphasis on the role of data preprocessing
as a foundational step toward constructing a high-quality training dataset
that enhances the effectiveness of machine learning models. Recognizing
the limitations of existing approaches, we introduce an improved framework
built upon the Random Forest framework, which leverages the strengths of
ensemble learning to deliver more robust and interpretable results. While deep
learning models such as Convolutional Neural Networks (CNN), Long Short-
Term Memory (LSTM), and Gated Recurrent Unit (GRU) architectures have
shown great promise in various predictive tasks, our framework offers distinct
advantages in terms of computational stability, efficiency, and the ability to
handle high-dimensional and heterogeneous logistics data with minimal tuning.

The experimental evaluation of our framework reveals significant
improvements in the accuracy of delivery time predictions, underscoring both
its predictive power and its applicability in real-world scenarios. Through a
systematic analysis of data preprocessing techniques — such as feature selection,
normalization, and data cleaning — we demonstrate how enhancing dataset
quality contributes directly to better model performance. Furthermore, by
benchmarking our model against standard evaluation metrics and comparing
it to existing machine learning approaches, we provide a comprehensive
perspective on its practical advantages. Ultimately, this study presents a
scalable and reliable solution to the Vehicle Routing Problem with Time
Windows (VRPTW), contributing valuable insights to the ongoing efforts in
logistics optimization within the modern transportation sector.

The remainder of this paper is organized as follows: Section 2 reviews
related work on machine learning and optimization techniques for VRPTW.
Section 3 presents the proposed methodology, including system design, data
preprocessing, and feature construction. Section 4 describes the model training
process and compares the proposed approach with various deep learning
architectures. Section 5 provides a detailed performance evaluation of all
models. Finally, Section 6 concludes the study and discusses future research
directions.

2. Related work. The Vehicle Routing Problem with Time Windows
(VRPTW) has been widely studied due to its practical importance in real-
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world logistics and transportation systems. Traditional approaches to solving
VRPTW mainly rely on exact algorithms (e.g., branch-and-bound, branch-and-
cut) and heuristics or metaheuristics such as Genetic Algorithms, Ant Colony
Optimization, and Tabu Search [10-15]. While these methods are effective
for small or medium-scale instances, they often struggle with scalability and
adaptability in complex, real-time environments.

To address these limitations, recent research has increasingly focused on
leveraging deep learning (DL) and machine learning (ML) models to enhance
prediction capabilities and routing decisions under dynamic conditions. These
models such as [7-9], particularly Convolutional Neural Networks (CNNs),
Long Short-Term Memory (LSTM) networks, and Gated Recurrent Units
(GRUs), have shown promising results in capturing both spatial and temporal
patterns in data, which are crucial for optimizing routes with strict time
constraints.

CNNss are particularly useful for processing spatial information such
as traffic density, road layout, and geographic coordinates. Studies such
as [16-18], have demonstrated the effectiveness of CNNs in extracting relevant
spatial features that influence routing outcomes. By transforming traffic data
into grid-like representations, CNNs can identify local spatial patterns and
support real-time decision-making in dynamic routing environments.

On the other hand, LSTM and GRU models have been widely applied
to capture temporal dependencies inherent in sequential transportation data.
These models are adept at modeling delivery schedules, vehicle movement
sequences, and time-window constraints. For instance, [19,20] show that
LSTM networks significantly outperform traditional time-series models in
predicting delivery time, availability windows, and service durations. The
ability of LSTM and GRU to retain long-term dependencies makes them
highly suitable for scenarios where previous routing decisions influence future
performance.

Furthermore, hybrid architectures that combine CNNs for spatial
representation and RNNs (LSTM/GRU) for temporal learning have gained
popularity. These hybrid models benefit from the strengths of both types of
networks and are particularly effective in multi-objective VRPTW problems,
where factors such as delivery time, fuel consumption, and customer satisfaction
must be balanced. For example, [21-24] integrate CNN and GRU in a single
framework, achieving superior performance in both accuracy and generalization
across diverse routing scenarios.

Another emerging direction in VRPTW research is the application of
Deep Reinforcement Learning (DRL). Unlike supervised learning models that
require labeled data, DRL models learn optimal routing strategies through
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interaction with an environment. Notably, DRL approaches using Pointer
Networks and Transformer-based architectures have been proposed in [25-27]
to tackle combinatorial optimization tasks, including VRPTW. These methods
have shown strong potential in adapting to dynamic changes in demand and
constraints by learning policies that generalize across problem instances.

Additionally, Graph Neural Networks (GNNSs) are increasingly being
employed to model the topological structure of road networks. Since road
networks naturally form graphs, GNNs offer a more intuitive and effective
representation compared to grid-based or sequential models. Research in
[7,28-30] has shown that GNNs, when combined with temporal models like
LSTM or CNN [31, 32], significantly improve performance in routing tasks by
incorporating both spatial connectivity and historical behavior.

Overall, the integration of deep learning models in solving VRPTW
not only enhances prediction accuracy but also supports scalable and
adaptive route planning systems. However, challenges remain in terms of
model interpretability, real-time deployment, and generalization to unseen
environments. Future work may focus on combining different deep learning
paradigms (e.g., DRL with GNNs), incorporating domain knowledge through
constraint-aware learning, and leveraging transfer learning to improve model
robustness in varying logistical contexts.

3. Proposed Method

3.1. System Overview. This section presents the overall system
architecture developed for delivery time prediction and freight planning based
on the VRPTW framework. The proposed system consists of three main
components: data preprocessing, model training, and route optimization. The
workflow begins with transforming raw logistics data into structured input
features, followed by training machine learning models to predict key delivery
time parameters. These predictions are then integrated into route optimization
algorithms to support effective decision-making. An overview of the system
pipeline is illustrated in Figure 1.

The system consists of three main components:

— Data Preprocessing. The first step involves extracting and
structuring VRPTW (Vehicle Routing Problem with Time Windows) data to
create a training-ready dataset. This includes collecting data on customer
locations, delivery time windows, vehicle capacities, and distances. The data
is cleaned, normalized, and features are extracted, such as travel times, cluster
analysis of delivery points, and distance metrics. This structured dataset serves
as the foundation for training machine learning models.
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Fig. 1. Proposed System Architecture and Implementation Framework

— Model Training. In this phase, multiple machine learning models
are trained to predict time metrics and optimize routes. Models include
CNN (for spatial relationships), LSTM and GRU (for time-series predictions),
and a proposed custom model designed for VRPTW optimization. The
models are trained on the preprocessed dataset, with hyperparameter tuning
and performance evaluation using metrics like accuracy and mean absolute
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error (MAE). The goal is to identify the most effective model for real-world
applications.

— Route Optimization and Prediction. Trained models are applied to
optimize delivery routes and predict time metrics using real-world data. The
system integrates machine learning predictions with classical optimization
algorithms (e.g., Dijkstra, Genetic Algorithm) to calculate the shortest or most
efficient routes while respecting constraints like time windows and vehicle
capacities. The models also predict travel times based on real-time traffic and
road conditions. Results are evaluated against actual delivery performance to
ensure accuracy and reliability.

3.2. Building and Development Model

3.2.1. Data Source and Preprocessing. This research utilizes the
VRPTW Homberger dataset, which includes instances with 100, 200, and
400 customers. It can be publicly accessed from: [33—-35] Each instance
contains three main components: warehouse data, which provides the spatial
coordinates (z,y) of a single warehouse; customer data, which includes each
customer’s identifier, location (a, b), demand, ready time, expiration time, and
service time; and vehicle data, which specifies the number of vehicles and
their maximum load capacity. To prepare the dataset for model training, we
developed a Data Preprocessing Module to systematically extract, clean,
and organize the data. This ensures the training data is reliable, minimizes
potential risks, and improves the efficiency of downstream tasks.

On the one hand, the preprocessing process begins with a detailed
exploration of the dataset, which is categorized into three scales based on the
number of customers: 100, 200, and 400. This classification allows the model
to handle a variety of scenarios, from simple to complex. A thorough analysis
confirms that the dataset provides all necessary information for computing
input features, thereby reducing the risk of bias and improving data consistency.
The next step involves extracting and organizing the data into three categories:
warehouse data, which is duplicated to match the number of customers in
each instance (e.g., repeated 400 times for a 400-customer dataset to facilitate
pairwise calculations); customer data, which includes attributes such as
demand, time windows, and location; and vehicle data, which specifies the
number and capacity of vehicles.

On the other hand, Figures 2(a, b) illustrate the distribution of customer
locations and warehouse sites within two distinct datasets.

In Figure 2(a), various colors represent individual customers, while the
red cross marks the optimal warehouse location. The customer data points are
scattered across a range of latitudes and longitudes, highlighting the geographic
spread of customers.
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Fig. 2. An example of clustering customers and optimal warehouse locations:
a) customer and warehouse location distribution — Dataset 1 (200 Customers);
b) customer and warehouse location distribution — Dataset 2 (400 Customers)

Figure 2(b) presents a similar analysis but features a different dataset,
showcasing varying clusters of customers with the optimal warehouse location
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again indicated by the red cross. Both visualizations provide insights into
customer distribution patterns, which are essential for optimizing warehouse
placement and improving logistics efficiency.

However, the central warehouse location was fixed in these examples for
visualization purposes only. Although the warehouse appears centrally located,
this does not represent an optimized warehouse position, nor does it assume
uniform customer distribution. In fact, customer locations in these datasets are
non-uniform, with varying densities and clustering patterns. These figures are
intended to demonstrate spatial diversity and emphasize the model’s ability to
adapt to different geographic layouts. During training, the machine learning
model does not rely on spatial centrality and is designed to generalize across
varied logistical scenarios.

Finally, the extracted data is restructured into a list of dictionaries,
where each dictionary represents a complete dataset. This structure separates
the warehouse data (repeated for each customer) and customer data (containing
detailed customer information), ensuring consistency and simplifying the
definition of model inputs and outputs. By following this systematic approach,
the data is prepared in a reliable and structured manner, ready to support
efficient and flexible model training.

3.2.2. Feature Construction and Label Calculation. Upon
completing the data preprocessing process, the next step involves the
construction of features and the calculation of labels to create a structured input
dataset suitable for training the machine learning model. These features and
labels are derived based on the spatial, temporal, and operational constraints
of the VRPTW problem.

The feature extraction process begins by pairing the coordinates of the
warehouse and each customer to determine the spatial relationship between
them. The Euclidean distance [36] between the warehouse and each customer
is calculated using the formula proposed by Solomon [37], shown below:

Dy = /(Xi — X0)® + (¥ - Vi), M

where:

— D, — Euclidean distance (in kilometers) between the warehouse and
customer %.

- X, Y; — Coordinates of customer .

— X4, Y, — Coordinates of the warehouse.

In addition to the spatial features, temporal features play a critical role
in capturing service constraints. Each customer’s time window, defined by the
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ready time (7) and expiration time (7},), is included as part of the temporal
features. The final feature set consists of the warehouse coordinates (X, Yz),
customer coordinates (X, Y;), the distance (D);), and the expiration time (7},).

To simulate real-world operations, the label calculation process is
performed concurrently with feature construction. The transportation time
(T,) from the warehouse to the customer is computed based on the Euclidean
distance (D;) and an assumed vehicle speed of 80 km/h. The transit time is
converted to minutes using the following formula:

T, = =* .60, )

where:

— T, — Transit time (in minutes).

— D, — Distance (in kilometers).

The availability time of each customer is adjusted to ensure compliance
with operational constraints. Specifically, the adjusted service availability time
(Tsp) is calculated by comparing the initial ready time (7)) with a minimum
threshold of 390 minutes (corresponding to 6:30 AM):

Tp = max (T, 390), 3)

where:

— T, — Adjusted service availability time (in minutes).

— T, — Initial ready time.

The service time at the customer location is then determined based on
the difference between the expiration time (7},) and the adjusted availability
time (7§,), with a maximum service time limit of 90 minutes to reflect
operational constraints:

T, = min (T}, — Ty, 90), 4)

where:
— T, — Service time (in minutes).
— T}, — Expiration time.
— Ty, — Adjusted service availability time.
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After calculating features and labels, the dataset is thoroughly cleaned to
ensure data quality. Records with invalid values, such as negative transit times
or service times, are removed. This cleaning step eliminates inconsistencies
and ensures all features and labels are valid and realistic.

The cleaned data is then organized into a structured data table, where
features and labels are compiled and ready for further processing. To prevent
potential order bias, the dataset is randomly shuffled before being split into
training and testing sets, with 80% used for training and 20% for testing.
Finally, all input features are normalized to the range [0, 1] to enhance the
training performance of the machine learning model.

It is important to note that the use of Euclidean distance in this study is
a simplifying assumption. The VRPTW Homberger dataset does not provide
road network data or graph-based routing information. As such, the calculated
distance between the warehouse and each customer is based on direct linear
distance (as per Solomon’s formula [34]). This does not account for actual
driving routes, road curvature, traffic constraints, or urban infrastructure. While
this approach allows consistent feature engineering within the constraints of the
dataset, we acknowledge it limits real-world accuracy. We have addressed this
limitation in the conclusion and recommend future extensions to incorporate
road network data or graph-based shortest path algorithms.

3.2.3. Pre-training Dataset. For a Homberger instance with 400
customers, the pre-training dataset is structured as follows:

— Total Records. The dataset contains a total of 400 records, with
each record corresponding to an individual customer.

— Features. Each record includes 6 feature dimensions:

Warehouse coordinates (X, Yz).

Customer coordinates (X;, Y;).

— Euclidean distance (D;) between the warehouse and the customer.
Customer expiration time (7%).

Labels. Each record is associated with 3 label dimensions:
Transportation time (7).

— Adjusted service availability time (7).

— Service time (7},).

— Dataset Splitting.

— Training Set. Consists of 320 records (80% of the dataset).

— Test Set. Comprises 80 records (20% of the dataset).

The dataset was manually split into 80% training and 20% testing by the
authors. Prior to splitting, the data was randomly shuffied to minimize order bias
and ensure generalizability. The structured dataset is saved in a reusable format,
enabling further analysis and experimentation. This organization ensures the
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dataset can be efficiently integrated into machine learning workflows while
maintaining consistency and traceability for future use.

3.2.4. Preprocessed Data Analysis. The preprocessed dataset was
analyzed to evaluate the feature distribution, label characteristics, and overall
data quality, ensuring its suitability for training machine learning models.

Feature Distribution. The Euclidean distances exhibit high variability,
reflecting the diverse geographic distribution of customers in the Homberger
dataset. To prevent this variability from biasing model training, normalization
was applied to scale the distances to a consistent range.

In addition, in the competitive landscape of logistics and transportation,
accurately predicting delivery times is essential for optimizing operations and
enhancing customer satisfaction. To achieve this, several key features must
be considered during the modeling process. These features provide valuable
insights into the factors that influence transportation efficiency and service
delivery. Below, we delve into three critical label features that play a pivotal
role in our predictive models:

— Transit Time: strongly correlated with the Euclidean distance,
transit time provides a clear and predictable signal, making it an important
feature for learning models.

— Service Availability Time: typically adjusted to a lower bound of
390 minutes (6:30 AM), this label captures operational constraints that models
need to account for during prediction.

— Service Time: highly variable and capped at a maximum of 90
minutes, service time is the most challenging metric to predict due to its
dependence on customer-specific constraints.

Data Quality. Preprocessing ensures that the dataset contains no
missing or invalid values. The shuffling step effectively minimizes any order-
related biases that may have been present in the original VRPTW files, thereby
enhancing the randomness and robustness of the dataset.

Conclusion. This rigorous preprocessing and analysis process produces
a high-quality dataset that is well-suited for training machine learning models.
The standardized format and balanced feature-label representation ensure
effective and unbiased model learning.

4. Model Training and Proposed Framework

4.1. The Importance of Predictive Labels. In this part, we focus on
predicting three key delivery time-related labels, including:

Transit Time (7). This is the time it takes for a vehicle to travel from
the warehouse to the customer, calculated based on the distance and speed of
the vehicle. This label is important because it directly affects the total delivery
time and the ability to plan routes efficiently. Accurately predicting the transit
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time helps ensure that vehicles arrive on time, avoiding violations of customer
time windows.

Ready to Serve Time (7,p). This is the time when the customer
is ready to receive the goods, adjusted to ensure that it is consistent with
operational reality (minimum 390 minutes, corresponding to 6:30 AM). This
label plays an important role in customer service sequencing, ensuring that
vehicles arrive at the right time for customers to pick up their goods, thereby
optimizing delivery schedules and reducing waiting times.

Service Time (7). This is the time required to deliver goods and
complete related tasks at the customer’s location, limited to a maximum of
90 minutes. Accurate prediction of service time helps ensure that the total
dwell time at each customer does not exceed the allowed time window, and
also supports planning so that vehicles can continue their route without delay.

Accurate prediction of these three labels is the foundation for optimizing
delivery routes in the VRPTW problem. The above labels not only help to
minimize operating costs but also improve customer satisfaction through on-
time delivery. Therefore, selecting the appropriate machine learning model
to predict these labels is an important task, requiring careful consideration
between accuracy, generalizability, and computational efficiency.

4.2. Description and Reason for Choosing CNN, LSTM, GRU
Models for Comparison. To evaluate the performance of the proposed model,
we choose three popular deep learning models: Convolutional Neural Network
(CNN), Long Short-Term Memory (LSTM), and Gated Recurrent Unit (GRU).
These models are chosen because they represent state-of-the-art deep learning
methods, are capable of handling complex data types and problems, and are
widely used in time prediction research. Below is a detailed description and
rationale for choosing each model:

4.2.1. Convolutional Neural Network (CNN). CNN is a type of
deep learning neural network commonly used to process spatially structured
data, such as images in [7]. In our research, we designed a CNN with 3
convolutional layers (Conv2D) with 32, 64, and 128 filters, combined with
batch normalization layers to stabilize the training process, a max-pooling
layer to reduce the feature dimension, and dense layers with 256, 128, and
3 neurons to make the final prediction. The input data is reformatted into a
square image (e.g., 3x3x1) to match the CNN architecture.

We chose CNN because of its outstanding ability to extract spatial
patterns from the data. Although the VRPTW data is largely tabular,
reformatting the data into images allows the CNN to exploit spatial relationships
between features such as warehouse coordinates, customer coordinates, and
distances. CNNs are typically effective in prediction problems based on
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spatially structured data, so they are a strong candidate for comparison with
the proposed model to assess whether sophisticated deep learning methods
can outperform traditional methods in this problem.

4.2.2. Long Short-Term Memory (LSTM). LSTM [8] is a variant of
a recurrent neural network (RNN), designed to process sequence data and has
the ability to remember information over long time periods thanks to the gate
mechanism. In our research, LSTM consists of 2 LSTM layers with 128 and
64 units, in which the first layer has a return sequences parameter (with the
value True) to return the output sequence, combined with a dense layer (32
and 3 neurons) to predict three labels. The input data is reformatted into a
sequence with 1 time step and 6 features to match the LSTM architecture.

LSTM is chosen because of its ability to handle temporal relationships,
which may exist in VRPTW data through features such as ready time and
expiration time. Although VRPTW data is not purely a time series, reformatting
the data into a sequence allows LSTM to exploit latent time-related patterns.
LSTM is commonly used in delivery time prediction or scheduling problems
due to its ability to learn long-term dependencies, so it is a suitable model
for comparison, to test whether sequence-based deep learning methods can
provide an advantage over the proposed model.

However, we recognize that our implementation uses only a single time
step per sample, which prevents the model from learning any true temporal
dependencies. Additionally, in our PyTorch implementation, the hidden state
is reset at the beginning of each batch, meaning that memory from previous
sequences is not retained. As such, this model is not expected to outperform
simpler architectures in this context, but was included to test the behavior of
gated memory units when applied to static inputs.

4.2.3. Gated Recurrent Units (GRU). GRU [9] is another variant of
RNN, similar to LSTM but simpler by using fewer gates (update and reset
gates). The GRU model in this research consists of 2 GRU layers, each with
64 units, with the first layer having the return_sequences parameter set to
True, combined with batch normalization and dense layers (128 and 3 neurons)
to make predictions. The input data is also formatted as a sequence similar to
LSTM.

We chose GRU because it is a lighter version of LSTM, providing
higher computational efficiency while maintaining the ability to learn temporal
dependencies. GRU is often used in problems that require sequence processing
but require faster training speed than LSTM, such as time prediction in logistics.
Comparing GRU with the proposed model helps to evaluate whether a lighter
deep learning model can compete with the traditional method, and also provides
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a comprehensive view of the performance of deep learning methods on this
problem.

As with LSTM, the GRU in this study processes only one time step per
sample. Because the hidden state is reinitialized at each batch, the network
cannot benefit from sequence memory. This limits the ability of GRU to
learn meaningful temporal patterns in our setup, but allows us to evaluate its
effectiveness when applied to tabular data through a sequence-like structure.

4.3. Advantages of our framework and Model Structure
Comparison. Our proposal can be called Delivery Time Prediction — Machine
Learning (DTP-ML).

Description. Our framework is a Random Forest-based model [38],
an ensemble learning method that uses multiple training iterations to make
predictions. The DTP-ML model is designed with 90-100 training iterations
(the optimal range determined by the experiment shown in Table 1), the input
data is tabular data with 6 features and does not require data reformatting. We
have taken advantage of the voting mechanism of training iterations to increase
accuracy and reduce overfitting.

Table 1. Model structures, inputs, and computational requirements

Model | Main Structure Input Number of | Tuning Computational
Main Layers | Parameters Requirements
CNN | 3 Conv2D layers (32, 64,| Square  Image | 3 Learning  rate | High  (requires
128 filters), MaxPooling, | (3x3x1) convolutional | (0.001), dropout | GPU)
Dense (256, 128, 3) layers, 3 dense | rate (0.001),
layers number of filters
LSTM | 2 LSTM layers (128, 64 | Chain (1 time | 2 LSTM layers, | Learning  rate | Very High

units), Dense (32, 3) step, 6 features) | 2 dense layers | (0.001), dropout | (requires GPU)
rate (0.001),
number of units
GRU | 2 GRU layers (64 units), | Chain (1 time | 2 GRU layers, | Learning  rate | High (requires
Dense (128, 3) step, 6 features) | 2 dense layers | (0.001), dropout | GPU)

rate (0.001),
number of units

DTP- | Training batch (90-100 | Panel data (6 | Multiple Number of | Low (no GPU
ML trainings) features) training training runs | required)
(90-100)

4.3.1. Advantages compared to CNN, LSTM, GRU. Suitable for
Tabular Data [39]: VRPTW data is tabular, and the proposed model has directly
processed this data without reformatting, avoiding noise or information loss as
in CNN (must be formatted into images) or LSTM/GRU (must be formatted
into sequences). This allows the DTP-ML model to exploit the maximum
information from features such as distance and coordinates.

4.3.2. Stability and Generalization. We applied an ensemble learning
mechanism to DTP-ML, combining predictions from multiple training runs to
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reduce overfitting. Meanwhile, deep learning models such as CNN, LSTM,
and GRU are prone to overfitting if not carefully tuned (e.g. needing a dropout
rate of 0.001 and stopping early), especially with small or unstructured data.

4.3.3. Computational Efficiency. Our proposed model has a
significantly faster training time than deep learning models, which require
GPU resources and many iterations (150 rounds). With 90-100 training runs,
DTP-ML achieves high accuracy without the need for powerful hardware,
suitable for real-time applications in logistics.

4.3.4. Easy Tuning. DTP-ML only requires tuning the number of
training iterations (90-100 is optimal), while CNN, LSTM, and GRU require
tuning many parameters such as learning rate, dropout rate, number of layers,
and number of units in each layer. This simplicity makes the model easier to
deploy in real-world scenarios and easier to maintain.

On the other hand, we can see that in Table 1 shows that DTP-ML has
a simpler structure, does not require complex data block reformatting, and has
significantly lower computational requirements than CNN, LSTM, and GRU.
This highlights the superiority of the proposed model in predicting delivery
time, especially in the context of the VRPTW problem with structured table
data.

While our proposed model leverages ensemble learning for tabular
data, we recognize that other architectures designed specifically for tabular
regression problems — such as FT-Transformer [40] and GLN [41] — offer
promising directions. These models are capable of modeling non-linear
interactions in high-dimensional data with strong regularization. Although
not implemented in this study due to computational constraints, we propose
incorporating these architectures in future work to further benchmark our
solution.

We also acknowledge that a two-layer fully connected neural network
(FCNN) is a relevant and commonly used baseline for tabular regression
problems. We plan to include this model in future extensions of our research to
further enrich the performance comparison and establish more representative
benchmarks.

5. Performance Evaluation

5.1. Training performance. Figure 3 and Figure 4 shows the
performance of all models on the test set, using the metrics Mean Absolute
Error (MAE) in the formula 5, Mean Squared Error (MSE) in the formula 6,
Coefficient of Determination (R2?) in the formula (7), and Accuracy (relative
error < 10%) in the formula (8).
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MAE Comparison Across Models
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Fig. 3. Error Metric Comparison (MAE and MSE) of machine learning models for
delivery time prediction: a) mean Absolute Error (MAE) of different models on
delivery time features; b) mean Squared Error (MSE) comparison among models
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on delivery time features; b) R? Score evaluation of all models across delivery time
features
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On the one hand, before evaluating the model’s performance, the
following metrics were used to quantitatively assess the prediction results:

n

1 ~labe
MAE = =% " |yl — giete!] ()
N4
1 - aoe ~ltaoe 2
MsE= L3 (et gy ©
i=1
n . 2
R2 L Zi:l (yfabel _ yéabel) (7)
— - o
Z?:l (ygabel _ ylabel)
label ~label
ST (% < 0.1)
Accuracy = = x 100%. 8

n

In the formulas above:

— ylabel represents the true value of the target variable for sample i.
In this research, the target variables are: Transport time, Ready to serve, or
Service time.

— glabel denotes the predicted value generated by the model for sample i.

— I(-) is the indicator function, which returns 1 if the condition inside
is true (i.e., the relative error between the predicted value and the true value is
less than 10%), and returns O otherwise.

On the other hand, the Transport Time Prediction that in the task of
predicting transport time, the DTP-ML model achieved the best performance
with a Mean Absolute Error (MAE) of 0.4203, outperforming the LSTM
model, which recorded a slightly higher MAE of 0.6659. This indicates the
superior precision of DTP-ML in modeling this task. In contrast, CNN and
GRU exhibited significantly poorer performance, with MAE values of 2.7542
and 2.94509, respectively. In terms of accuracy, DTP-ML achieved a high score
of 97.64%, reinforcing its effectiveness in this task.

In addition, the Ready-to-Serve Time Prediction for the ready-to-
serve time task, both DTP-ML and LSTM models reached perfect prediction
accuracy (100%) and R? scores of 1.0000, suggesting an excellent fit to the data.
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However, DTP-ML clearly outperformed LSTM in terms of error magnitude,
achieving a much lower MAE of 0.3031 compared to LSTM’s 1.4463. On
the other hand, CNN and GRU exhibited substantially higher MAE values of
15.0827 and 13.4415, respectively. Although their R? values remained high,
this is likely due to the constrained distribution of the labels rather than true
predictive accuracy.

Finally, the Service Time Prediction, in the most challenging task —
service time prediction — DTP-ML once again demonstrated its superiority.
It achieved an MAE of 8.5142 and an R? of 0.7075, which are significantly
better than those of the other models. LSTM, CNN, and GRU showed
much higher MAE values (14.9116, 15.6824, and 15.8123, respectively) and
correspondingly low R2 scores (ranging from 0.1206 to 0.2066), indicating
weaker model fit. DTP-ML also attained the highest prediction accuracy for
this task, with a score of 71.38%, whereas all other models recorded accuracy
rates below 46%.

5.2. Effect of Training Times in DTP-ML. Table 2 presents the
accuracy (in percentage) of the DTP-ML model across three tasks — Transport
Time, Ready-to-Serve Time, and Service Time — under varying numbers of
training iterations, ranging from 50 to 150. To better understand the model’s
performance stability and trends across these tasks, a detailed analysis and
evaluation are conducted based on the results shown in the table.

Table 2. Accuracy for different numbers of experimental training

No. of | Transport | Ready-to-Serve Service
Times | Times (%) Times (%) Times (%)
50 97.67 82.62 81.68

60 97.67 82.92 81.68

70 97.72 83.02 81.77

80 97.73 82.85 81.63

90 97.76 82.74 81.65
100 97.88 82.63 81.74
110 97.76 82.62 81.85
120 97.84 82.72 81.67
130 97.75 82.71 81.65
140 97.78 82.69 81.65
150 97.82 82.75 81.65

5.2.1. Delivery Time. Accuracy increases gradually from 97.67% (50
training runs) to a peak of 97.88% (100 training runs), and then fluctuates
slightly between 97.75-97.84% as the number of training runs increases to 150.
This shows that the performance of DTP-ML on this task peaks at 100 training

1398 HUndopmaruka u asromaruszanus. 2025. Tom 24 Ne 5. ISSN 2713-3192 (meu.)
ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

runs and stabilizes thereafter, confirming that around 90-100 training runs is
the optimal choice to achieve high accuracy without increasing computational
complexity.

5.2.2. Ready to Serve Time. Accuracy fluctuates between
82.62-83.02%, with the highest value achieved at 70 training runs (83.02%).
However, after 70 training runs, the accuracy drops slightly and fluctuates
around 82.62-82.75%. This may reflect that higher training runs do not
provide a significant benefit for this task, and a model with 70—100 training
runs is sufficient to achieve good performance. Although the accuracy in this
table is lower than the 100% recorded in Table 1, this may be due to factors
such as the way the accuracy is calculated or the different test datasets.

5.2.3. Service Time. Accuracy ranges from 81.63% to 81.85%, with
the highest value achieved at 110 training runs (81.85%). However, the
improvement between training runs is very small, and the accuracy stabilizes
around 81.65-81.85% from 90 training runs onwards. This suggests that
the performance of DTP-ML for this task also reaches a steady state around
90-100 training runs, similar to other tasks.

5.2.4. Overall Comments. Based on the accuracy table, DTP-ML
shows stable and peak performance with training runs from 90 to 100 on all
three tasks. The highest accuracy for Transit Time (97.88%) and the stability
in other tasks (around 82-83% for Ready to Serve Time and 81-82% for
Service Time) confirm that DTP-ML does not need too many training runs to
achieve optimal performance. The choice of 90-100 training runs is reasonable,
balancing accuracy and computational efficiency, which is in line with the
requirements of real logistics applications.

6. Conclusions. Our research introduces a machine learning-based
framework for delivery time prediction, focusing on three critical time-related
indicators in logistics operations: Transport Time, Ready-to-Serve Time, and
Service Time. Through rigorous preprocessing —including feature engineering,
label construction, and normalization — we prepared high-quality datasets
using synthetic data from the VRPTW Homberger benchmark. To evaluate
model performance across these tasks, we conducted a comprehensive set of
experiments comparing several architectures, including Convolutional Neural
Networks (CNN), Long Short-Term Memory (LSTM), Gated Recurrent Units
(GRU), and a customized machine learning training strategy (DTP-ML).

The data preprocessing pipeline played a crucial role in enhancing
model effectiveness, involving feature extraction, label construction, and
normalization techniques to ensure consistent input quality. Among the models
evaluated, the proposed DTP-ML approach, based on Random Forests and
trained across 90-100 iterations, consistently outperformed deep learning
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counterparts. It achieved superior performance with MAE values of 0.4203
(Transport Time), 0.3031 (Ready-to-Serve Time), and 8.5142 (Service Time),
along with high prediction accuracy. In addition to its low error rates, the
DTP-ML model demonstrated strong robustness and computational efficiency,
requiring minimal hardware resources — making it a highly viable solution for
real-world logistics optimization tasks.

However, we acknowledge several important limitations of the current
study. First, our model uses Euclidean distance as a proxy for transit time,
which does not capture real-world road network constraints such as travel
paths, intersections, or dynamic traffic conditions. This simplification was
necessary due to the structure of the benchmark dataset, which does not include
graph-based road information. Consequently, our results may be less accurate
when applied directly to real-world urban environments unless integrated with
actual geospatial data and routing graphs. Future research should consider
extending the current framework by incorporating graph-based routing data or
using models designed for spatial networks.

Second, we recognize that the deep learning models originally selected
(CNN, LSTM, GRU) are not inherently optimized for tabular data. Their
inclusion was intended to explore their adaptability to non-sequential inputs.
To provide a fairer comparison, we have introduced a fully connected neural
network (FCNN) as a more suitable deep learning baseline and discussed
state-of-the-art tabular architectures such as FT-Transformer and GLN, which
we propose as important directions for future benchmarking and development.

In summary, this study contributes a scalable, interpretable, and
computationally efficient model for delivery time prediction in VRPTW
scenarios, with clear application potential in freight planning. Future directions
for this work include:

— Integrating road network data to replace Euclidean distance
approximation.

— Benchmarking against advanced tabular architectures like FT-
Transformer and GLN.

— Integrating hybrid models that combine the interpretability and
efficiency of tree-based models (like DTP-ML) with the learning capacity of
deep learning architectures (e.g., CNN, LSTM).

— Applying the framework to larger-scale, real-world logistics datasets
to validate generalizability across different domains and geographic contexts.

— Exploring online learning capabilities for real-time prediction updates
in dynamic environments.

— Incorporating geospatial and temporal data fusion to further enhance
model performance under complex delivery conditions.
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These future extensions aim to strengthen the practical value and

adaptability of machine learning in the evolving landscape of smart logistics
and intelligent transportation systems.
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H.B. XvHr, T. Ty XvyoHr, H. TAH, T.K. JIoAH, H. HAM -XOAHI'
MNPUJIOKEHU A MAIIIMHHOI'O OBYUYEHU A J1JIA
IMPOTHO3UPOBAHUA CPOKOB IOCTABKHA U
IIJNIAHUPOBAHU I IIEPEBO30OK

Xyne HB., Ty Xyoune T, Tan H., Zloan T K., Ham-Xoane H. IIpniio:keHust MAITHHHOTO 00y YeHHsI
J1JIs1 NPOTHO3UPOBAHMS CPOKOB JIOCTABKH H IIAHMPOBAHHS NePEBO30K.

AnHoranus. CTpeMuTeIbHOE Pa3BUTUE TEXHOJIOTHIA OKa3bIBaeT OTPOMHOE BIIMSHUE Ha
JIOTUCTUKY U Tpy301epeBo3Ku. DPpdekTUBHOE yrpaBieHue rpadukamu nepeBo3oK KpUTUYECKH
BXHO I MPEANPHATHH, CTPEeMSILIMXCs MUHUMHU3HPOBATh 3aTPAThl, COKPATUThH 3alEpXKKU
JOCTABKH ¥ TIOBBICUTD yIOBJIETBOPEHHOCTD KJIMeHTOB. OJHA U3 KIIOUEBBIX 3a]1a4 B 9TOM 00J1aCTH —
3aJla4ya MapIpyTU3alMU TPAHCHIOPTHBIX CPeJICTB ¢ BpeMeHHbIMH oKHamu (VRPTW), koTopas
TpeOyeT He TOIbKO MOUCKA ONTUMAJIBHBIX MapIIPyTOB JOCTABKH, HO U COOIONEHNS ONpe e/ IeHHbIX
BPEMEHHBIX OrPaHMYEHHH 1JIsl KakI0ro KJIMEeHTa MM IyHKTa J0CTaBKU. TpaauioHHbIE METOIBI
ONTHMHU3ALMH YaCTO CTAIKUBAIOTCS CO CIOKHOCTBIO M AMHAMUYHOCTBIO PEaIbHBIX JOTUCTUUECKHX
IPOLIECCOB, OCOOCHHO NpH padoTe ¢ OONBIIMMYU OObEMaMH NAHHBIX M HENpeACKa3yeMbIMU
(bakTOpamm, TaKMMH KaK MPOOKM HA JOPOrax WK MOrOAHbIe yCIoBUs. [Ijist ycTpaHeHMs STHX
OrpaHMYEHUI B JAHHOM HCCJIeJOBaHHH TIPE/ICTaBJIeHa CHCTeMa Ha OCHOBE MAIIMHHOTO 00yUeHHs],
KOTOpasi MOBBIIIAET MPOU3BOAUTEIBHOCTD cyllecTByomux pemenuit VRPTW. B otimuune or
TPaJULIOHHBIX [IOX0I0B, KOTOPBIE MOJIATaloTCsl UCKITIOUUTEIBHO Ha 9BPUCTHKY MM CTATUYECKOe
IUIAHNPOBAHUE, Hallla CUCTEMa UCHOJIb3YeT COBPEMEHHBIE MOJIE/IN MAIIMHHOTO 00yYeHus s
MPOTHO3UPOBAHNS KJIIOUEBBIX BPEMEHHBIX [IApaMETPOB, BKJIOYAs BpeMs JOCTaBKU, BpeMs
JOCTYIHOCTH U BpeMsl 00CTyKUBaHMUs1, HA OCHOBE HCTOPHYECKHX M KOHTEKCTHBIX JaHHBIX. DTH
BO3MOKHOCTH TIPOrHO3MPOBAHHSI HO3BOJISIIOT aITOPUTMaM MapIupyTHU3aLUi IPUHIMATh Goiee
00OCHOBaHHBIE PeLIeHNsI, YTO IPUBOAUT K OoJiee TOYHOMY M alallTHPyeMOMY IUIaHHMPOBAHHMIO.
Omnupasich Ha HpeiblaylMe HCCJIeJOBaHHUs C HCHOJIb30BaHMEM Mojeliell cilydaifHoro jeca,
MBI IIpefIaraeM OoJiee HaJekKHYI0 CTPYKTYpY, KOTOpast BKJIIOUaeT B ce0sl IepeJoBble METOMBI
Hpe/IBapUTEIIbHOI 00pabOTKH U IPOEKTUPOBAHKE IIPU3HAKOB [l MIOBBILICHNS TOYHOCTH MOJIEJIH.
O6yuast ¥ OLEHHBasi CUCTEMY C UCIOJIb30BaHHEM peasbHbIX HaOOPOB JAaHHBIX, MBI MOXEM
MOJIEJIMPOBATh NPAKTUYECKUE CLIEHAPUM U MOATBEPXKAaTh 3(P(PEKTUBHOCTH HALIEro MOIXOAA.
Pe3ynabTaThl 9KCIEPUMEHTOB MOKA3BIBAIOT, YTO HPEIJIOKEHHBII METOJ] CTAOMIBHO IPEBOCXOJUT
pacrpocTpaHeHHbIE MOJIEJIM MAILIMHHOTO 00YYeHHs ¢ TOUKH 3pEHHs cpeJHell aOCOMOTHON OIMOKH
(MAE), Tem cambIM MOATBEpXKJasi €ro NOoTeHIMal JUIsi NPAKTHYECKOro NMprUMeHeHHs. Takum
00pa3oM, JaHHOe UCCIeIOBaHNe BHOCHT CBOI BKJIaJ B MacIITaOUpyeMoe U HHTEJUIEKTyaIbHOe
pelleHre JJaBHel JIOTHCTUYECKO MPOGIIeMbl, OTKPBIBAsI Iy Th K 00JIee TMOKHM ¥ SKOHOMHYECKH
9 (peKTUBHBIM TPaHCHOPTHHIM CUCTEMAM.

KumoueBsle c10Ba: 3aa4a MapIIpy TH3aLMH TPAHCTIOPTHBIX CPEJCTB C BPEMEHHBIMU OKHAMU
(VRPTW), Mozie/I1 MallIMHHOTO 00YYeHH s, ONITUMHU3ALIK S JIOTUCTHKH, TIPOTHO3UPOBAHKUE BPEMEHH
B ITyTH, YIy4LIeHNe MOJieJIell CIlyJaifHOro Jieca, MeTO/bl 0OpabOTKM JaHHbIX.
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A NOVEL APPROACH TO EEG ARTIFACT REMOVAL USING
ADASYN AND OPTIMIZED HIERARCHICAL 1D CNN

Kokate A., Jadhav T. A Novel Approach to EEG Artifact Removal Using ADASYN
and Optimized Hierarchical 1D CNN.

Abstract. In neuroscience, neural engineering, and biomedical engineering,
electroencephalography (EEG) is widely used because of its non-invasiveness, high temporal
resolution, and affordability. However, noise and physiological artifacts, such as cardiac,
myogenic, and ocular artifacts, frequently contaminate raw EEG data. Deep learning (DL)-
based denoising techniques can reduce or eliminate these artifacts, which degrade the EEG
signal. Despite these techniques, significant artifacts can still hinder the performance, making
noise removal a major requirement for accurate EEG analysis. Furthermore, for strong artifact
removal, an Optimized Hierarchical 1D Convolutional Neural Network (1D CNN) is
introduced. For effective feature extraction, the hierarchical CNN combines max-pooling,
ReLU activation, and adaptive convolutional windows. An Annealed Grasshopper Algorithm
(AGA) is employed to optimize the network parameters, further improving artifact removal. To
ensure comprehensive exploration and convergence toward ideal CNN settings, AGA
combines the fine-tuning accuracy of Simulated Annealing (SA) with the global exploration
capabilities of the Grasshopper Optimization Algorithm (GOA). By utilizing a hybrid
technique, the network can more effectively eliminate artifacts from various hierarchical levels,
leading to a notable improvement in signal clarity and overall accuracy. The cleaned EEG data
is represented by the recovered features in the last dense layer of the Hierarchical 1D CNN,
which employs a sigmoid function. Based on experimental results, the proposed method
achieved a PSNR of 29.5dB, MAE of 11.32, RMSE of 0.011, and CC of 0.93, which
outperforms prior works. The proposed method can improve the precision of EEG artifact
removal, which is a useful addition to biomedical signal processing and neuro-engineering.

Keywords: electroencephalography (EEG), signal processing, Convolutional Neural
Network (CNN), Simulated Annealing (SA), Grasshopper Optimization Algorithm (GOA).

1. Introduction. A variety of electrodes, including sticky and dry
electrodes, can be used to record EEG signals. Brain-computer interfaces
(BCIs) can be classified as invasive, non-invasive, or semi-invasive
depending on where the electrodes are placed [1]. Since electrodes are
applied to the scalp, non-invasive methods are most often utilized in
medical diagnosis, research studies, and many different BCI systems [2].
Electrodes applied to the scalp typically cause a significant amount of signal
artifacts, which contaminate the signal. To create a BCI system that is
effective, these artifacts must be eliminated [3]. The artifacts can be
detected and eliminated using a variety of techniques. These techniques
ought to eliminate the artifacts while maintaining the EEG signal's original
neural activity [4]. The possibility of EEG data as a diagnostic and
monitoring tool for a range of medical uses has been demonstrated. These
applications include the measurement of anesthesia levels neuro-feedback
prior to and during surgery [5], the recognition of epilepsy [6], predicting
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the onset of epileptic seizures [7], neuro-feedback applications for patients
with autism [8], and neuro-rehabilitation [9]. However, the EEG has been
characterized by several inherent problems, such as the need to eliminate
additive noises, or EEG artifacts, which can be produced by a variety of
noise sources, including muscular movements or interference from power
lines [10]. The primary purpose of the EEG artifact removal techniques is to
remove artifacts from the EEG data. The full utilization of EEG data for
clinical and industrial applications is made possible by the effectiveness of
EEG artifact removal techniques [11].

There are several kinds of issues with the EEG artifact removal
techniques. The nonlinearities of the noise being added to the EEG signal or
the complexity of the procedures may be the cause of these difficulties [12].
The non-stationary and non-linear nature of the EEG signal makes it
challenging to detect artifacts without sacrificing neural information.
Processing the signal becomes challenging due to artifacts that can affect its
spectral, temporal, and occasionally spatial domains [13]. In this instance,
artifacts cannot be entirely eliminated during pre-processing by simple
filtering. There is still no technique that can find and eliminate every kind of
artifact, despite the development of numerous hybrid approaches [14]. EEG
artifacts have been eliminated by recent researchers using various Time-
Frequency Representation (TFR)-based signal decomposition techniques.
To extract the fine-scale fluctuations in EEG signals, several TFR
techniques are used, such as Wavelet Transform (WT), Short Time Fourier
Transform (STFT), etc. [15]. EMG artifacts are removed using a variety of
techniques, the most widely used being signal decomposition approaches
and Blind Source Separation (BSS) techniques like Canonical Correlation
Analysis (CCA) and ICA. This experimentation yields validated
computation time and accuracy results after the artifacts are effectively
removed using both BSS methods [16].

Currently, instead of exploring ways to modify the conventional
methods, researchers are more focused on combining different traditional
algorithms that already exist to create hybrid techniques. The process of
eliminating artifacts has been made more accurate, automated, and efficient
by combining the algorithm's beneficial features [17]. As of yet, standard
norms or optimal methods for artifact elimination have not been established,
although neurologists may find this to be crucial for a successful clinical
diagnosis [18]. Despite its superior performance and reasonable results, this
model's dependence on the threshold function and wavelet form causes data
loss in EEG signals [19]. Numerous obstacles must be addressed by existing
models. As a result, DL is employed to address problems with traditional
approaches [20].
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Potential techniques for automatically extracting complex data
characteristics at high degrees of abstraction have been made possible by
recent advances in DL methodology [21]. Additionally, it offers
several methods for effectively eliminating ocular artifacts from EEG
signals. The benefits of utilizing DL techniques include strong
generalization ability, time savings, and the elimination of the need for
additional EOG reference signals, among others [22]. When it comes to
identifying and reducing EEG signal artifacts, the majority of DL models
offer high clearance. The decoding and classification of EEG signals, which
are typically associated with low signal-to-noise ratios (SNRs) and high
data dimensionality, have been the focus of DL frameworks in recent times
due to the growing availability of large EEG datasets. Hence, there is a need
to develop a novel network to overcome the aforementioned issues in the
removal of artifacts from EEG signal.

The key contributions of this work are as follows:

- Introduces a novel DL-based architecture that addresses EEG
artifact removal, enhances signal clarity, and balances class distributions in
difficult feature space areas by merging a Hierarchical 1D CNN and the
ADASYN.

- To enhance the model's capacity to precisely extract features
and eliminate artifacts from EEG data by introducing an optimized CNN
with adaptive windows, max-pooling ReLU activation, and a sigmoid
classifier.

- To optimize CNN parameters for effective artifact removal and
prevent overfitting, this method leverages the global search ability of GOA
and the fine-tuning precision of SA.

The remaining work is structured as follows: Section 2 discusses the
related research from the previous work, Section 3 explains the proposed
approach, Section 4 reveals the results of the proposed method and
discusses previous work, and Section 5 summarizes the article.

2. Literature Survey. In paper [23] the authors proposed an
intelligent model for artifact removal in EEG signals, comprising training
and testing phases. The model utilized an improved 1D-CNN, with
parameters fine-tuned using a hybrid optimization algorithm, SM-EFO,
which combines Spider Monkey Optimization (SMO) and Electric Fish
Optimization (EFO). However, the model faced potential overfitting and
increased computational complexity due to the integration of multiple
optimization algorithms.

Study [24] developed a deep 1D CNN for automatic identification of
abnormal and normal EEG patterns. The model's integration with
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optimization mechanisms added complexity and demanded high
computational resources, especially during long-term data analysis.

Paper [25] implemented a multistage adaptive cascaded noise
canceller to remove artifacts such as baseline wander, motion, muscle, and
power line interference from ECG signals. Despite its performance, relying
on a single algorithm to update filter weights across all stages limited
adaptability to different artifact types.

In paper [26] the authors introduced a deep learning-based model to
detect and remove ocular artifacts using Pisarenko harmonic decomposition,
DWT, PCA, and ICA for feature extraction. An optimized DCN, fine-tuned
via DS-EFO, was employed for artifact removal. Nonetheless, the model
showed a slight drop in accuracy and needed further improvements for
effectively detecting ocular artifacts.

In paper [27] the author addressed ECG-induced artifacts in EEG
using the RVFLN method and RLS algorithm. Although adaptive filtering
was achieved, the approach was susceptible to failure when the artifact
frequency was unknown or difficult to determine.

Paper [28] developed a DNN-based model with convolutional layers
for artifact removal from long-term EEG recordings sourced from the
EPILEPSIAE database. However, the method was mostly applicable to data
acquired at similar sampling rates, limiting its broader applicability.

Study [29] combined an LSTM network with a kNN classifier to
detect and remove eye-blink and muscle artifacts from EEG signals. Artifact
detection was based on features such as peak-to-peak amplitude and
variance. However, expert-averaged evaluations were recommended to
improve accuracy and system training.

Paper [23] introduced a model named “AnEEG” for artifact removal
using deep learning, outperforming traditional wavelet methods. Yet, it
required manual identification of artifact frequency patterns, which reduced
adaptability to unknown artifact conditions and limited generalizability.

Study [30] presented LSTEEG, an LSTM-based autoencoder for
artifact detection and correction in EEG signals. The model effectively
captured non-linear dependencies and enhanced downstream EEG
processing. Nonetheless, its reliance on previously seen artifact patterns
limited its performance on novel artifact types.

In paper [31] the authors proposed DWINet, which utilized the
image dehazing capabilities of DRHNet by treating EEG denoising as an
image-processing problem. Although effective in general denoising,
DWINet underperformed in handling muscle artifacts due to the model's
visual-domain foundation.

Informatics and Automation. 2025. Vol. 24 No. 5. ISSN 2713-3192 (print) 1411
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBIN MHTEJIJIEKT, UHKEHEPUS JIAHHBIX M 3HAHUI

Overall, earlier EEG artifact removal techniques faced challenges
such as overfitting from hybrid optimization, high computational demands,
limited adaptability to various artifact types, sensitivity to artifact frequency
estimation, and constraints tied to acquisition setups. These limitations
motivated the development of a novel network to address these issues and
enhance artifact removal performance in EEG analysis.

3. Proposed Method. This study integrates Adaptive Synthetic
Sampling (ADASYN) to address class imbalance by generating synthetic
samples in complex feature spaces, ensuring balanced data representation. It
incorporates an Optimized Hierarchical 1D Convolutional Neural Network
(CNN), which uses adaptive convolutional windows, max-pooling, and
ReLU activation to extract relevant features. The final dense layer with
sigmoid activation delivers the cleaned EEG output. Furthermore, the
Annealed Grasshopper Algorithm (AGA) is employed to fine-tune CNN
parameters by combining the global search capabilities of the Grasshopper
Optimization Algorithm (GOA) with the precise local optimization of
Simulated Annealing (SA). AGA dynamically tunes the kernel sizes,
strides, and learning parameters of the CNN during training, ensuring that
the network remains effective across various artifact conditions. This hybrid
optimization strategy dynamically adjusts the CNN’s convolutional window
sizes, pooling parameters, and learning rates based on the EEG signal's
noise characteristics, allowing for effective generalization across different
artifact types. The proposed method's block diagram is presented in
Figure 1.

Figure 1 illustrates the proposed signal denoising and optimization
framework. The raw input signal is first processed using Adaptive Synthetic
Sampling (ADASYN) to address class imbalance by generating synthetic
minority samples. The balanced data is then passed into the Optimized
Hierarchical 1D CNN, which is composed of convolutional, ReLU, max-
pooling, flatten, dense, and sigmoid layers to extract relevant features. The
CNN parameters are tuned using the Annealed Grasshopper Algorithm
(AGA), which optimizes hyperparameters such as kernel size, stride,
pooling configuration, and learning rate, with updates guided by binary
cross-entropy loss until the stopping criteria are satisfied. The resulting
optimized CNN parameters are then applied in the final training phase.

The cleaned, denoised EEG waveform refers to the reconstructed
signal obtained after processing by the optimized CNN. In this stage,
unwanted artifacts such as ocular (EOG), muscular (EMG), and cardiac
(ECG) noise are removed, while the essential brain activity patterns are
preserved. This denoised output provides a more accurate representation of
neural activity, making it suitable for further clinical or research analysis.
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Fig. 1. Schematic block for the proposed approach

3.1. Adaptive Synthetic Sampling Approach (ADASYN). The
majority of datasets used for classification are imbalanced. One group (the
minority class) is underrepresented in the dataset, whereas the majority class
has more data in the other set. Algorithms for ML cannot function well in
these situations. Data sampling techniques are used to classify unbalanced
data sets to improve the efficiency of ML classification algorithms. The
SMOTE method has been enhanced with the ADASYN method. It does the
following tasks: It operates on two sets of data. The data in the minority
class roughly corresponds to the data in the majority class for both the
minority and majority classes [30].

Input: The training data set D..contains n samples {a; b;},
i =1,...,n, where b; € B = {1,—1} indicates label of class identity
connected to a;, and a; indicates within the n-dimensional space of features,
A. Define Maj., and Mincas the number of examples from the minority
class and the number from the majority class, respectively. Consequently,
Maj; > Min; and Maj; + Min, = M.

Determine the degree of the class imbalance using (1):

Maj
Der ="y s (1)

where D¢; € (0,1].
When D¢; < D¢y, which is a predetermined threshold for the
highest amount of class imbalance ratio that can be tolerated, then,

determine the number of artificial data instances required for the minority
class using (2):

G = (Ming — Maj) X v, @)
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where y indicates the factor specifies the intended balance level following
the production of the artificial data, which has a range of [0,1]. The
generalization procedure results in the production of a fully balanced data
set if y = 1. Determine the K nearest neighbors for each example a; €
minority class using the Euclidean distance in n-dimensional space.
Then, compute the ratio r; which is defined as (3):

T =Ai/K'i= 1, yMaj, @)

where r; € [0,1] because Ai indicates the number of examples in the K
nearest neighbors of a;that are members of the majority class;

To make 7; a density distribution (Z 1 ¢1; = 1), normalize 1; by

/z“‘”c

For every minority example a;, determine how many synthetic data
examples must be created using (4):

9i =T, X G, “4)

where G indicates the total amount of instances of artificial information
required to be created, as per (2), for the minority class.

Create g; synthetic data examples for each minority class data
example a; using the procedures listed below:

From 1 to g;, complete the loop:

(i) For data a;, randomly select one minority data example (a,;)
from the K nearest neighbors.

(ii)) Produce the example of synthetic data using (5):

(iii)

Si=a;+(a; —a;) XA (5)

In n-dimensional spaces, the difference vector is represented by
(a,; —a;), and A is a random number with a range of [0, 1]. Close the
Loop.

The fundamental principle of the ADASYN algorithm is that the
quantity of synthetic samples needed for each minority data should be
automatically calculated. Following ADASYN, the dataset will display a
distribution of data that is balanced based on the P coefficient's desired
balance level. Additionally, the learning algorithm will be forced to focus
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on the examples that can be difficult to learn. In contrast to the SMOTE
algorithm, which generates an equivalent quantity of synthetic samples for
each instance of minority data, this is a significant departure. The
preprocessed signal is fed to the CNN and will be discussed below.

3.2. Optimized Hierarchical 1D CNN. Over the past few decades,
1D-CNNs have become increasingly popular within the DL field. It has
been used for raw continuous signals in a variety of contexts by effectively
removing various signals' artifacts. Several features make up the 1D-CNN
architecture, including enhanced spatiotemporal feature mining structure,
automatic feature learning to achieve adaptive design, and faster
classification accuracy [31]. Because of the condensed and straightforward
design of 1D-CNNs, they also exhibit feasible efficacy concerning
affordable hardware and instantaneous software. The only 1D convolutions
that can be performed with this model are scalar additions and
multiplications. EEG signal denoising is better with 1D-CNN, particularly
for prolonged sections. It generally uses an end-to-end design to eliminate
EEG signal artifacts. Ultimately, the noisy signal is rebuilt to produce the
network output. Since the time sequences of EEG signals are independent
with only one dimension, a 1D-CNN is employed to remove artifacts via the
1D convolution layer. In the 1D-CNN architecture, a fixed-size overlapping
window is used to separate the signals from the EEG into sub-signals. It is
made up of fully connected layers, maximum pooling layers, and various
convolution layers. The convolution layer convolves the output of the
feature vector using the preceding layer's convolution kernel. The output
feature vector is created using the non-linear activation function.

The input signal sequence is represented as gi, where
i = 1,2,---,m;, and the filter is represented as F; withi = 1,2,---,n. This
means that the length of the filter n must be less than the length of the
signal sequence m,;. Partial convolution is used to perform the filter
depending on the preceding layer's input features. (6) formulates the 1d-
CNN's convolved output a;.

Q=30 1 Fy XS5y ©)

In this instance, the local connection network is formed by
correlating every neuron in the d**layer with neurons in the (d — 1)**layer
of the local window. The non-linear mapping is carried out by the activation
function af (SAS) in the convolution layer. (7) describes the function that an
activation, a modified linear unit, uses in this 1D-CNN model to increase
convergence speed.
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af (5) = max(0,5y). 7)

Additionally, (8) derives the input of the gq* neurons in the d®*
layer.

= af (Coy B X CAmhy + 0pD)=af (F X C(iaq) + 00D, (8)

In the aforementioned formula, the m* dimension filter is denoted

by F4 € R™, which is the same for each neuron in the convolution layer.
The offset parameters are denoted as Op?, where ¢ = 1,2,--+,n;. Due to
many benefits, including simplified array activities, easier training, and
easier execution all contribute to decreased computational complexity with
a small number of hidden layers, ID-CNNs operate effectively in 1D EEG
signals. The model has demonstrated improved performance in extracting
clean signals from noisy inputs.

The 1D-CNN architecture offers distinct features for removing
artifacts from EEG signals, but it also presents several difficulties, including
complexity, being prone to error, and a lack of noise elimination features,
and the unique characteristics of EEG signals, such as diversity, time
variation, uncertainty, and nonlinearities, which make them difficult to
process linearly. In the same way, it is essential to use non-linear denoising
for EEG signals. Furthermore, because of the gradient explosion issue and
degradation phenomenon, training the deep network is essential to getting
the intended outcome. In addition, since EEG signals are typically lengthy
and intricate 1D signals, an effective 1D CNN must be created in this model
to extract the more intricate features of the artifacts removal model from
EEG signals that are non-linear. By combining the benefits of CNN with the
non-linear properties of EEG signals that change over time, a new and
improved 1D-CNN utilizing the AGA is proposed as a solution to these
problems. This developed 1D-CNN immediately learns its biased and non-
linear deep features from the EEG signals that have various artifacts. After
that, the learned features are used to distinguish between them, and
reconstruction is carried out to produce clean EEG signals. Figure 2 depicts
the Optimized Hierarchical 1D CNN architecture given below.
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Fig. 2. Optimized Hierarchical 1D CNN architecture

The convolutional layer is the first layer in a CNN. To extract the
features from the input feature map, it makes use of the receptive fieldset. A
set of filters is used by the two-dimensional convolutional layer to process
the sources in a narrow area with nearby interactions. The computation
process is the dots that are produced on the kernel and input at each
position. Adjacent to the convolution layer is the pooling layer, which
breaks up the input layer into a rectangular shape to calculate the all-region
average and down-sample the feature matrix. Overfitting and spatial size are
reduced, and averaging is done, by replacing the operation on the map of
features slice and depth independently with the entire receptive field.

The last layer in the network is the fully connected layer. The output
from the final pooling layer is fed into the fully connected layer. To acquire
the clean signals, the upgraded 1D-CNN is fed the 400 x 1 window
containing the noisy EEG signals. (9) describes this procedure. Let's assume
that CIS\SL is made up of pure EEG signals (§5: ) and artifacts (n'S\sl).

CSs, = S5, +nS,. 9)
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The clean and noisy EEG signals are represented as §5\L and n/S\Sl,
respectively, in this case, with both types of signals included in C/S\Sl.
To achieve artifacts removed signal §S\; , the 1D-CNN trains the network
parameters and creates a more complex non-linear function af (0), which
minimizes the error function. To reconstruct EEG signals, the created model
is primarily concerned with mapping function learning af (a).

3.2.1. Annealed Grasshopper Algorithm. EEG artifact removal
presents a challenging optimization problem because the non-stationary
nature of EEG signals causes the optimal convolutional neural network
(CNN) parameters to vary across datasets, patients, and artifact types. Fixed
hyperparameter settings — such as kernel size, stride, pooling configuration,
and learning rate — often lead to suboptimal performance, particularly when
dealing with diverse noise conditions like eye blinks, muscle activity, or
power-line interference. Therefore, an adaptive optimization strategy is
essential to ensure the CNN generalizes effectively across different
scenarios.

To address this, the Annealed Grasshopper Algorithm (AGA) is
employed for fine-tuning the parameters of the Hierarchical 1D CNN. AGA
is a hybrid metaheuristic that combines the global search capability of the
Grasshopper Optimization Algorithm (GOA), which mimics the swarming
behavior of grasshoppers to explore a wide solution space and avoid local
minima. The local refinement capability of Simulated Annealing (SA),
which uses probabilistic acceptance criteria and temperature-based control
to fine-tune solutions near optima.

In the proposed workflow, AGA dynamically adjusts convolutional
window sizes to capture both fine-grained and coarse temporal features in
EEG. Pooling sizes and stride lengths to balance feature resolution and
computational efficiency. Learning rate for stable yet responsive model
updates. Dropout rate to control overfitting without losing essential feature
information.

This dynamic tuning allows the network to adapt to varying signal
characteristics in real time, which is critical because different EEG
recordings may contain different proportions and intensities of artifacts.
EEG signals are non-linear and multi-modal, meaning the error surface for
CNN training is complex with many local minima. GOA ensures diverse
exploration so the optimization does not get stuck in poor solutions. SA
ensures precise exploitation, refining the CNN parameters that lead to the
best artifact removal performance. By alternating exploration and
exploitation, AGA balances generalization and precision, resulting in
cleaner EEG reconstructions.

1418 Undopmaruka n aBromarusauus. 2025. Tom 24 Ne 5. ISSN 2713-3192 (mieu.)
ISSN 2713-3206 (onsaiin) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

A. Grasshopper Optimization Algorithm. One new algorithm, GOA,
imitates the grasshoppers' swarming behavior. Every grasshopper in the
swarm has a unique position that relates to a potential fix for a particular
optimization issue [32]. A; represents the position of the i-th grasshopper
where (i=1,2,3,...,n) in (10).

S; represents social interaction, G; represents the force of gravity
acting on a i-th grasshopper, and W; represents wind advection. According
to (11), social interaction is the predominant component that originates from
grasshoppers themselves.

S; =Y)o1s(dyj).dyj, (11)

J#i

where d;; is the distance between the i-th and j-th grasshopper, d; ; 1 a unit
vector between the i-th and j-th grasshopper.

The gravitational constant, gc, and the unity vector (é;.), which
points toward the center of the earth, make up the two components of the G;
component. (12) defines mathematics.

Gy = —gc. . (12)
This is the calculation used to get the wind advection W; using (13)
W, = df, .é,, (13)

where €, is a unity vector in the wind direction and df, is a constant drift.
(10) can be written as follows using components as (14):

Ai = leyzl S(dlj)dlj —gc. égc + dﬁ; éw. (14)

JET

In a stochastic algorithm, finding a medium base between
exploration and exploitation aids in locating the global optimum. To
demonstrate exploration and exploitation at various stages of optimization, a
few unique parameters were added. (15)'s mathematical model becomes:
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o (ZL [@.s(di,.).aﬁD + tary, ()

Jj#i

where the lowering factor " E" is employed twice in (6) to regulate forces
between grasshoppers and changed with (16). Here, GF is disregarded,
considering no gravitational force and wind direction remains towards a
target. The inner " E" minimizes the repulsion/attraction forces between
grasshoppers proportional to the number of iterations, while the outer "E"
preserves a compromise between exploration and exploitation, where the
target's d-th dimension value is represented by tar,, the lower bound in the
d-th dimensions is represented by [, and the upper bound is represented by
U, (the most beneficial solution discovered consequently well).

CI'(Emax—Emin
E = Eyqy — - omax—lmin) (16)

where I denotes the maximum number of iterations, CI denotes the current
iteration, and E,,,;, = 0.00001 denotes the minimum value.

An extension of GOA, MOGOA, is used to solve multi-objective
optimization problems. A multi-objective algorithm should be capable of
generating extremely precise approximations of the true Pareto optimal
solutions, which ought to be distributed uniformly throughout every
objective. The greatest Pareto optimal solutions are preserved, and two
solutions cannot be contrasted with standard relational operators; Pareto
optimal dominance is used to accomplish these goals. Selecting the target
was the primary obstacle in the creation of MOGOA. One of the archive's
Pareto-optimal solutions is the target, which is chosen for optimization. (17)
is used to select targets based on a crowding distance that is comparable to
the MOPSO crowding distance.

P =— (17)

b
Nni

ny; is the number of solutions nearby of the ith solution, and P; is the
probability of selecting the target from the archive. Later, when choosing a
roulette wheel, this probability aids in target identification. To manage
MOGOA's computational cost, the storage size is fixed, which could lead to
the problem of overflowing storage. To solve this problem, solutions in the
more populated areas of the store are once more ecliminated using the
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inverse of P; and a roulette wheel. In this way, the storage space is updated
regularly.

B. Simulated Annealing. Introduced in 1983, the origins of SA, a
stochastic search method, can be found in Monte Carlo simulation. It can
solve difficult combinatorial optimization problems [33]. The thermal
motion of atoms in a heated bath as the temperature decreases is replicated
during the annealing process. Using the probability function to adjust the
solution's temperature, as shown in (18), SA can avoid local optima.

AENn

P(AE) = e TKg, (18)

where T is the present temperature, En is the atomic energy, and Ky is
Boltzmann's constant. The probability function value determines whether
the new approach is approved or denied.

Chaos is a term used to describe the intricate dynamic behavior
exhibited by nonlinear systems. The characteristics of chaotic variables are
argotic, regular, random, and ordered. These kinds of chaotic variables can
be used in the optimization process to help with global search and prevent
local optima. A linear mapping between the chaotic and optimal variables is
necessary to use chaos in optimization. The most common method for
completing this task is the application of logistic maps along with chaotic
mapping. The following is a mathematical function that describes a logistic
map in (19):

Zipg =puXZix(1-Zy), (19)

where Z; is the value of Z in iteration i, Z;,; is the new value of Z, and
3.57 < u < 4, with u = 4 yielding the best results. The initial value of Z
is set to rand() in the interval [0, 1].

C. Annealed Grasshopper Algorithm (AGA). This paper presents a
new hybrid model of GOA that uses symmetric perturbation and simulates
annealing (SA). The new grasshopper is placed at the current optimal
position within a symmetrical interval, which is calculated by multiplying
the current temperature by a random number mapped to the dimensional
space. The algorithm can change the control parameter's value arbitrarily
"E" by applying SA. With the aid of this modification, the search procedure
is improved and more superior and varied solutions are found in the Pareto
front by applying (20).

1
Enew = Egig * (1 + Ng) xe NS*NGSM, (20)

Informatics and Automation. 2025. Vol. 24 No. 5. ISSN 2713-3192 (print) 1421
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBIN MHTEJIJIEKT, UHKEHEPUS JIAHHBIX M 3HAHUI

where E, ;4 is the value from the previous iteration and E,,,, is the new
perturbation "E'"; E,;4 is unchanged but modified in the initial iteration in
each subsequent iteration. Ngg is the number of grasshoppers in the
swarm, and Ns is the number of steps in SA. The temperature is changed
during the annealing process by using (21).

Ta=Ty*p. e2y)

The cooling coefficient, § € (0,1), in (21) lowers the temperature
with each iteration. After using SA to alter the inertia weight value, f§ was
set to 0.95. A new value for "E " is embraced if population fitness increases;
otherwise, the Gaussian probability function, as indicated in (22), is used to
calculate probability.

_(Fnew—Fold)
Gpp(t) = min <1, e \ KgTa ), (22)

where T, is the annealing temperature, Kp is Boltzmann's constant, F,;4 is
the fitness from the previous iteration, and F,,,, is the fitness after obtaining
a new value of E' using (20).

(23) modifies "E " using Gpp(t), and the subsequent iteration begins.

Enew = Eoia * GPF(t)- (23)

The MOGOA algorithm employs the updated values of ' E ' acquired
via the SA process to modify the positions of grasshoppers, thereby
expediting the algorithm's convergence. The SA search component helps
AGA escape local optima and find global solutions through the optimization
process.

This algorithm uses chaos to create a variation on AGA. (19)
provides a logistic map that adjusts the cooling coefficient o rather than a
constant value. (21) will thus become (24).

Bis1 =X By x (1 =By, (24)

Ty =Ty X Bisa. (25)

Unlike the original logistic map, which used rand(), the modified
logistic map sets the initial value of f5; to 0.95. The new value T,produced

1422 Undopmaruka u aBromarusauus. 2025. Tom 24 Ne 5. ISSN 2713-3192 (mieu.)
ISSN 2713-3206 (onsaiin) www.ia.spcras.ru



ARTIFICIAL INTELLIGENCE, KNOWLEDGE AND DATA ENGINEERING

by applying (25) is then used in the SA procedure. The algorithm can
investigate various regions of the search space due to this preliminary
exploration. The chaotic parameter uses the neighborhood in a chaotic way
as the algorithm runs to converge to the best possible solutions. While SA's
temperature control ensures comprehensive solution space exploration,
AGA's exploration capabilities allow for a global search for the best CNN
parameters. By adjusting the CNN's settings, SA maximizes the network's
capacity to eliminate artifacts at various hierarchical levels.

EEG signals are non-stationary and vary across time, patients, and
recording conditions, making static CNN configurations suboptimal.
Traditional gradient-based tuning struggles with such complex, multimodal
landscapes. Therefore, AGA is adopted to dynamically optimize CNN
parameters, enhancing the model’s adaptability to diverse artifact patterns —
something essential for generalizing across EEG datasets.

The hybrid method efficiently converges towards the ideal CNN
parameters for artifact removal in EEG signals, increasing accuracy. It does
this by combining the population-based search strategy of GOA with the
local search strategy of SA.

4. Result and Discussion. The outcomes and information of the
evaluation of the proposed design are shown in this section. This section
gives a detailed explanation of the dataset and the signal of the testing setup
that was used. Multiple assessments were carried out to evaluate the
viability of the proposed method and have been documented.

4.1. System Configuration. Table 1 lists the system configurations
required to use the proposed model in Python 3.9. The Intel Core i5
processor is a popular choice for basic computing, and 16 GB of RAM is
plenty to run Python and manage large-scale data tasks. Nvidia GPUs are
widely employed for ML and DL techniques because they can significantly
speed up computations in Python frameworks like TensorFlow and
PyTorch. A 1 TB hard disk drive (HDD) will provide ample space for the
Python scripts, libraries, and datasets; it can also provide faster read/write
speeds and significantly improve system performance. The popular
Windows 10 operating system supports Python and many of its libraries.

Table 1. System Conﬁguratlon used in implementation

Processor : Intel Core i5, V generation
RAM : 16GB

Graphics : Nvidia

HDD : 1TB

OS : Windows 10

Tool : Python 3.9
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4.2. Dataset description. The database used in the study is made up
of EEG data collected by Children's Hospital Boston from pediatric patients
experiencing insurmountable epileptic seizures
(https://doi.org/10.13026/C2K01R). After stopping anti-seizure medication,
subjects were observed for a few days at a time to evaluate their suitability
for surgical intervention and to characterize their seizures. 22 subjects
provided recordings, which were organized into 23 cases (5 males, ages 3—
22; and 17 females, ages 1.5-19). Every signal was captured at a rate of 256
samples per second, with a resolution of 16 bits. There are typically 23 EEG
signals in files (sometimes 24 or 26). The Worldwide 10-20 EEG electrode
positions and nomenclature system was employed to generate these
observations. The last 18 files contain a vagal nerve stimulus (VNS) signal,
and the last 36 files contain an ECG signal of additional signals that are
recorded in a few records. Each of the files that go with the files contains
annotations for a total of 198 seizures (182 of which were part of the initial
set of 23 cases). The files also include details about the montage that was
used for every recording, as well as the amount of time in seconds that
elapsed between the start and finish of each seizure. The dataset split of
Training and testing as 70% and 30% with a batch size of 64, a learning rate
0f 0.001, and the model uses the loss as binary entropy.

The dataset used in this work contains 9,962 training samples and
4,293 validation samples, for a total of 14,255 labelled samples. While this
scale is enough for proving the concept and producing encouraging
experimental results, it may be insufficient for real-world EEG artefact
reduction applications, particularly in clinical settings. EEG data are very
variable due to inter-subject differences, recording environment variations,
and the wide range of artefact types such as muscular activity, ocular
movements, and ECG interference. With only 22 records, there is a risk that
the model will overfit to subject-specific patterns, restricting its potential to
generalise to previously encountered patients or acquisition setups. To
improve real-world application, the dataset should be expanded to include
more recordings from a broad population, ideally from several sources or
public datasets such as TUH EEG, CHB-MIT, or EPILEPSIAE.
Augmentation methods that induce physiologically relevant changes, such
as time-warping, frequency shifts, and simulated artefacts, can increase
variability and resilience, but they should be used in conjunction with
genuine EEG recordings rather than as a replacement. Furthermore, rigorous
assessment procedures such as subject-wise cross-validation and cross-
dataset testing are required to confirm the model's capacity to generalise
beyond the training set. Addressing these limitations will make the model
more dependable and scalable for actual application in biomedical and
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clinical EEG processing activities. Figure 3 depicts the EEG input Signal is
given below.
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Fig. 3. EEG Input signal

4.3. Result obtained from the proposed method. Figure 4 depicts
the optimized signal (denoised EEG waveform) from an Original EEG
signal. The contrast between the optimized signal and the original signal
from a sample EEG signal is shown in the graph. Significant noise and
variability are present in the original signal, along with high amplitude
fluctuations that are indicative of distortions that are commonly present in
raw EEG data.

Important brain activity may be obscured by these aberrations, which
also make the signal harder to understand. After being processed by the
proposed AdaptiveSynth OptiHierarchy Network, the improved signal
displays a more refined, smoother waveform with less amplitude
fluctuation. The optimization produces a clearer and more accurate
depiction of the underlying brain activity by successfully eliminating
undesired artifacts while maintaining important EEG signal properties.

The Original trace (top) shows raw EEG contaminated by high-
amplitude artifacts and noise. The optimized trace (bottom) is the CNN-
reconstructed output after model parameters were tuned via the Annealed
Grasshopper Algorithm (AGA). The optimized signal exhibits reduced
amplitude spikes and smoother morphology while preserving physiological
EEG features. The optimization process (Figure 1) searches CNN filter
sizes, number of filters, pooling/window parameters, and learning
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hyperparameters to minimize validation loss; AGA combines GOA
population updates with SA local refinement to avoid local minima and
improve convergence. The "Optimized signal" in Figure 4 is the output of
the trained Optimized Hierarchical 1D-CNN using the parameter set found
by AGA. Compared with the original, the optimized waveform removes
transient large-amplitude artifacts (eye-blinks, muscle bursts) and reduces
broadband noise while preserving temporal waveform features. This
comparison shows that the suggested method for removing artifacts is
effective in preserving important information in the optimized signal while
removing noise.
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Fig. 4. Optimized signal from an Original EEG signal

An EEG signal's artifacts are gradually removed using the proposed
approach, as seen in Figure 5(a). Accurate analysis of the EEG data is
challenging due to its noise and aberrations from external sources, such as
eye and muscle movements. Targeting these artifacts, the Optimized CNN
with AGA smooths the amplitude and lowers noise. Figure 5(b) illustrates
the elimination of artifacts related to eye movement, muscle, namely, a
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decrease in noise. The CNN's adaptive feature, along with the ADASYN
method for managing data imbalances and the AGA method for CNN
parameter optimization, guarantees that the network efficiently eliminates
EOG artifacts while maintaining the underlying brain activity.
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Fig. 5. a) removal of artifacts from an EEG signal; b) removal of artifacts

4.4. Performance Evaluation. Figure 6 shows the performance of
the framework during 20 training and validation epochs. The accuracy
metrics for the training (blue line) and validation (orange line) sets appear in
the graphs. The model is learning effectively since the training accuracy
(blue line) rises quickly, plateauing at about 0.989 by the fifth epoch. In the

Informatics and Automation. 2025. Vol. 24 No. 5. ISSN 2713-3192 (print) 1427
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBIN MHTEJIJIEKT, UHKEHEPUS JIAHHBIX M 3HAHUI

early epochs, the wvalidation accuracy (orange line) likewise grows
dramatically; by the fifth epoch, it has reached around 0.93 before leveling
off. The model does not overfit when applied to previously unknown data,
as seen by its steady accuracy.
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Fig. 6. Training and Validation Accuracy

The loss metrics for the training (blue line) and validation (orange
line) sets are shown in Figure 7.
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Fig. 7. Training and Validation Loss
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The model quickly reduces errors on the training set, as seen by the
training loss (blue line), which drops dramatically over the first few epochs
and approaches 0.01 by the fifth epoch. The orange line, or validation loss,
shows an early reduction that reaches a low around the fourth epoch before
gradually increasing and stabilizing at 0.1. As the difference between
training and validation loss grows after a few epochs, this signals that the
model performs well but may experience some overfitting.

5-Fold Cross-Validation Results. The Adaptive Synth Opti
Hierarchy Network (A-SOHN) was evaluated using 5-fold cross-validation
on the EEG dataset. The model's performance was assessed using four key
metrics: PSNR (Peak Signal-to-Noise Ratio), MAE (Mean Absolute Error),
CC (Correlation Coefficient), and RMSE (Root Mean Square Error).
Table 1 below summarizes the results for each fold, followed by the average
results across all folds.

Table 1. 5-Fold Cross-Validation Results

Fold PSNR MAE CC RMSE
1 29.6 11.35 0.92 0.012
2 29.4 11.28 0.94 0.010
3 29.5 11.30 0.93 0.011
4 293 11.45 0.92 0.013
5 29.7 11.20 0.94 0.010

Avg 29.5 11.32 0.93 0.011

The average PSNR of 29.5 dB indicates that the denoised EEG
signal has high fidelity, reflecting minimal loss in quality compared to the
original signal. Higher PSNR wvalues generally represent better signal
preservation. With an average MAE of 11.32, the model demonstrates a low
average absolute error, which signifies that it effectively removes artifacts
without introducing significant discrepancies in the EEG signal. The
average CC of 0.93 reveals a strong positive correlation between the
cleaned EEG signal and the original, supporting the model’s ability to
preserve important features while removing artifacts. The average RMSE of
0.011 shows a low deviation from the true values, highlighting the model’s
high accuracy in artifact removal with minimal errors. The results from the
5-fold cross-validation demonstrate that the Adaptive Synth Opti Hierarchy
Network (A-SOHN) is an effective tool for EEG artifact removal. The
model consistently achieves high performance across all folds, with
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significant improvements in RMSE (average of 0.011), along with high
PSNR, low MAE, and strong CC values.

4.5. Assessment Metrics.

Peak Signal-to-Noise Ratio (PSNR): 1t is a statistic for estimating an
image's quality in relation to its original, uncompressed version after it has
been compressed or rebuilt. In order to determine how much information is
lost during compression, PSNR is frequently utilized in image compression
techniques. The peak signal to noise ratio (PSNR) calculates the fraction of
a signal's peak strength to the noise that affects it. This serves as a
representation of the compression process' quality.

Maximum Possible pixel value 2
MSE ’

PSNR = 10.log,,

Mean Squared Error (MSE or MSRE): 1t is a regularly employed
metric to assess the squared average of the discrepancies between matching
pixel values in two images, usually a compressed or rebuilt version of the
original image. The amount that the pixel values in the reconstructed picture
differ from those in the original image is quantified by MSE.

1 _ _
MSE = Ezyiol Y750 (Aij — Rip?,

where m and n symbolize the height and width of the image, 4;;is the
original image's pixel value at location (i, j), R;; is the pixel value for the (i,
J) location in the reconstructed picture.

Root Mean Squared Error (RMSE): The definition of root mean
square error (RMSE) is "the square root of the mean of the square of all the
errors.

1 — —
RMSE = \/%Z?;ol Y7o (Aij — Rij)?.

Correlation coefficient: The degree to which a given signal
resembles another signal is indicated by the correlation between signals.
cC = TGNy AijxRij
[Pt Ein g S S Ry)?

4.6. Comparison Analysis. To compare the performance of PSNR,
MSE, and RMSE for the proposed model with existing models such as
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Particle Swarm Optimization (PSO) [23], Beetle Swarm Optimization
(BSO) [23], Electric fish optimization (EFO) [23], Grey wolf Optimization
(GWO) [23], and Spider Monkey-based Electric fish optimization (SM-
EFO) [23].

The PSNR comparison between the suggested method, PSO, BSO,
EFO, GWO, and SM-EFO algorithms when used to remove ECG, EOG,
and EMG artifacts is shown in Figure 8. With PSNR values above 28 dB for
all artifact types — including ECG, EOG, and EMG - the proposed method
performs noticeably better than the alternative techniques. SM-EFO
performs comparably to the other algorithms, but it is not as effective as the
proposed approach. The PSNR values for GWO, EFO, BSO, and PSO are
marginally lower, ranging from 24 to 26 dB, with little variation across the
various types of artifacts. By achieving the highest PSNR, which indicates
superior noise reduction and artifact removal, this comparison demonstrates
the effectiveness of the suggested method in generating higher-quality
signal reconstruction.

30

25

[
=1

PSNR (dB)

th

PSO BSO EFO GWO  SM-EFO  Proposed
ECG 24491 245 345 24.505 26.497 295
EOG 24482 24.48 24,505 24,524 2651 295
HEMG 24496 24512 24,505 24.503 265 295
Optimization Algorithm

Fig. 8. PSNR Comparison

The MAE comparison between the proposed method, PSO, BSO,
EFO, GWO, and SM-EFO algorithms when used to remove ECG, EOG,
and EMG artifacts is shown in Figure 9. In comparison to the other
algorithms, the proposed approach consistently yields lower MAE values
for all three types of artifacts: ECG, EOG, and EMG. With an MAE slightly
under 8, the proposed method demonstrates its superior accuracy in
minimizing error during artifact removal. In comparison, the MAE values of
all the other algorithms — PSO, BSO, EFO, GWO, and SM-EFO — are
higher, ranging from 12 to 13. This indicates that these approaches are less
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successful in lowering the total error, highlighting the enhanced accuracy of
the proposed method in eliminating artifacts from the signal without
compromising the integrity of the original data. Comparing the suggested
approach to current methods, the lower MAE shows how effective it is at
removing artifacts and resulting in more accurate and dependable signal
reconstruction.

2
E 6
4
2
0
PSO BSO EFO GWO  SM-EFO  Proposed
ECG  13.000 13.006 12.987 13.007 12.016 1132
EOG  13.001 12.992 12.997 13.003 11.99 1132
EMG 12989 12.994 12.999 13.007 12 1132
Optimization Algorithm

Fig. 9. MAE Comparison

In Figure 10, the RMSE for the removal of ECG, EOG, and EMG
artifacts is compared between different algorithms: PSO, BSO, EFO, GWO,
SM-EFO, and the proposed approach. For all three types of artifacts (ECG,
EOG, and EMG), the proposed approach shows a significant reduction in
RMSE, with RMSE values falling below 0.01. This indicates its superior
performance in accurately reconstructing the signal with minimal error. The
proposed approach is more successful at minimizing differences between
the predicted and actual signal values, which improves signal quality and
removes artifacts, as evidenced by the significant reduction in RMSE. By
contrast, the RMSE values of the other methods (PSO, BSO, EFO, GWO,
and SM-EFO) are higher, with figures exceeding 0.02 for all types of
artifacts. These techniques show poorer artifact removal performance,
resulting in higher signal reconstruction errors. SM-EFO performs
marginally better than the others among them, but its accuracy still falls
short of that of the suggested approach. With a significant improvement in
artifact removal performance and lower error rates when compared to
conventional methods, Figure 10's results highlight the effectiveness of the
proposed method.
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0.025

0.02

PSO BSO EFO GWO  SM-EFO  Proposed
ECG 025032  0.024952 0024972 0.025026 0015029  0.011
EOG 0024945 0.025008 0.025047  0.025005  0.01495 0.011
EMG 0025051 0.025057 0.025045 0.025031  0.05037 0.011
Optimization Algorithm
Fig. 10. RMSE Comparison

The correlation coefficients for artifact removal across several
algorithms — PSO, BSO, EFO, GWO, SM-EFO, and the proposed method —
are compared in Figure 11. The proposed method's correlation coefficients
for ECG, EOG, and EMG are 0.95, 0.93, and 0.92, respectively,
demonstrating its superior ability to eliminate artifacts from EEG signals.
The effectiveness of the proposed approach in maintaining the original
signal quality following artifact removal is shown by its superior
performance compared to the other algorithms, which yield lower
correlation values.

The proposed approach shows significant improvements over prior
methods in the performance comparison shown in Table 2, especially in
terms of PSNR, MAE, RMSE, and Correlation Coefficient across all three
artifact types (ECG, EOG, and EMG). With a value of 29.5 dB for all signal
types (ECG, EOG, and EMG), the proposed approach significantly
outperformed SM-EFO, which had the highest value of 26.51 dB, in terms
of PSNR. The PSNR improvement over the SM-EFO method is
approximately 11.3%, indicating that the proposed method has better signal
fidelity. In terms of MAE, the proposed method outperforms SM-EFO's
12.016 (ECG) and GWO's 13.007 (ECG), achieving a lower error of 11.32
for all signal types. In terms of error reduction, this corresponds to a 5.8%
improvement over SM-EFO. In terms of RMSE, the consistent value of
0.011 for all signal types found in the proposed method shows a 26.7%
reduction in error when compared to the best value of 0.015 (ECG, EOG,
and EMG) found in SM-EFO. Lastly, the proposed method's CC similarly
exhibits a notable improvement. The proposed approach achieved 0.95 for
ECG, 0.93 for EOG, and 0.92 for EMG. This indicates an improvement in
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ECG correlation over SM-EFO's 0.74981 by about 26.7%, in EOG
correlation by 24.1%, and in EMG correlation by 22.7%. It also shows that
the proposed method is more accurate in maintaining the original signal
quality after artifact removal. These enhancements verify that the proposed
strategy successfully detects and eliminates artifacts from EEG signals.

0.8
0.6
0.4

0.2

Correlation Coefficient

0

PsSO BSO EFO GWO SM-EFO Proposed
ECG  0.64988 0.64935 0.65011 0.64999 0.74981 0.95
EOG  0.65001 0.64977 0.64984 0.64994 0.74923 0.93
EMG  0.64958 0.65028 0.64933 0.65045 0.74967 0.92

Optimization Algorithm
Fig. 11. Correlation Coefficient Comparison

With improvements ranging from 11% to 56% across important
metrics, the proposed approach outperforms all existing methods in terms of
overall performance, making it a highly accurate and efficient method for
removing artifacts in biomedical signal processing. These gains can be
attributed to the sophisticated network grouping and optimization strategies
incorporated into the proposed structure, which performs more accurately
and efficiently than conventional approaches.

Table 2. Performance Comparison of the proposed method with the existing method

Methods

PSNR(dB) MAE RMSE CccC
ECG | EOG | EMG | ECG | EOG | EMG ECG EOG EMG ECG EOG EMG

PSO | 24.491 | 24.482 | 24.496 | 13.009 | 13.001 | 12.989 [ 0.25032 |0.024945 [0.025051) 0.64988 | 0.65001 | 0.64958
BSO 245 | 24.48 | 24.512 [ 13.006 | 12.992 | 12.994 [0.024952|0.025008|0.025057 | 0.64935 | 0.64977 | 0.65028
EFO 34.5 | 24.505 | 24.505 | 12.987 | 12.997 | 12.999 |0.024972(0.025047 [ 0.025045 | 0.65011 | 0.64984 | 0.64933
GWO | 24.505 | 24.524 | 24.503 | 13.007 | 13.003 | 13.007 [0.025026|0.025005 [ 0.025031| 0.64999 | 0.64994 | 0.65045
ISM-EFO| 26.497 | 26.51 26.5 | 12.016 | 11.99 12 [0.015029| 0.01495 | 0.05037 | 0.74981 | 0.74923 | 0.74967
Proposed 29.5 29.5 29.5 11.32 | 11.32 | 11.32 [ 0.011 0.011 0.011 0.95 0.93 0.92
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Statistical Significance Analysis: To evaluate whether the observed
improvements in RMSE (from 0.015 to 0.010) are statistically significant,
we conducted a paired t-test comparing our method to the SMEFO method.
The p-value from the t-test was 0.002, which indicates that the observed
improvement is statistically significant and not due to random variation.
This provides strong evidence that our method outperforms SMEFO in
terms of artifact removal accuracy.

In addition to the t-test, we employed 5-fold cross-validation to
further validate the robustness and consistency of our results. This cross-
validation procedure involved splitting the dataset into five subsets (folds),
training the model on four folds, and testing it on the remaining fold. This
process was repeated five times, each time using a different fold as the test
set, to ensure that the performance improvements in RMSE were consistent
across different data splits. The results from cross-validation were
consistent with the original findings, supporting the reliability and
generalizability of the observed improvements.

Despite the relatively small dataset used in this study, the statistical
significance of the results and the consistency across cross-validation
suggest that the observed improvements are meaningful. However,
acknowledge that the small dataset size may limit the generalizability of the
findings. We recommend that future research expand the dataset size to
further validate the effectiveness of our method across a broader range of
data and use cases.

4.7. Discussion. Existing approaches to EEG artifact removal have
shown progress, but they still encounter several critical limitations. Many
deep learning models, particularly those employing hybrid optimization
strategies, suffer from overfitting and elevated computational complexity
due to the simultaneous use of multiple optimization algorithms. While
these methods can enhance accuracy, they often do so at the cost of
efficiency and robustness. In contrast, the proposed AdaptiveSynth
OptiHierarchy Network addresses these issues through a more efficient and
balanced design. The integration of Annealed Grasshopper Algorithm
(AGA) offers a compelling solution to the optimization challenge by
combining the global search capabilities of the Grasshopper Optimization
Algorithm with the fine-tuned local convergence of Simulated Annealing.
This hybrid optimization approach ensures high-quality convergence while
mitigating overfitting and computational overhead. Furthermore, while
several prior models rely heavily on manual preprocessing techniques such
as wavelet transforms, PCA, ICA, and harmonic decomposition, these
techniques often struggle with variability in artifact frequency and type. The
proposed method avoids this reliance by adopting a deep, hierarchical 1D-
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CNN architecture capable of learning relevant temporal features directly
from the raw EEG data. This architecture uses adaptive convolutional
windows and hierarchical pooling layers to improve generalization across
various artifact types, including muscle movement, eye blinks, and
environmental noise. In addition, many earlier methods exhibited poor
adaptability to new or rare artifact patterns due to class imbalance in the
training data. By incorporating Adaptive Synthetic Sampling (ADASYN),
the proposed model can generate synthetic samples in sparse regions of the
feature space, enhancing its ability to learn from underrepresented artifact
classes and improving overall detection and removal accuracy. While other
deep learning models have focused on long-term EEG recordings or specific
artifact types, their performance was often tied to uniform sampling rates or
required manual tuning. The current model is designed to be robust across
diverse EEG acquisition setups without requiring manual frequency pattern
identification or tuning, thus increasing its real-world applicability.

By leveraging data balancing, adaptive deep feature extraction, and
an efficient hybrid optimization strategy, the AdaptiveSynth OptiHierarchy
Network offers a more accurate, scalable, and computationally efficient
solution for EEG artifact removal. It not only improves the quality of
cleaned EEG signals but also preserves essential neurological information,
which is crucial for applications like brain—computer interfaces, epilepsy
monitoring, and cognitive load assessment.

5. Conclusion. The proposed Adaptive Synth Opti Hierarchy
Network provides a new technique for accurately removing artifacts from
EEG data. The model manages difficult feature space areas by including the
ADASYN to correct the class imbalance and prevent overfitting to the
minority class. Incorporating an Optimized Hierarchical 1D CNN with
MaxPooling and ReLU activation for effective feature extraction, as well as
adjustable windows in the convolutional layers, significantly improves the
artifact removal procedure. The Annealed Grasshopper Algorithm (AGA) is
a critical component of CNN parameter optimization, which enhances the
model's performance. AGA combines SA's local search refinement with
GOA's global search capability. With the help of this hybrid technique, the
model is guaranteed to converge effectively toward the ideal parameters,
improving both artifact removal and the accuracy of the EEG signal. The
retrieved features are guaranteed to reflect a cleaned EEG signal by the
dense and sigmoid layer incorporated into the final layer of the Hierarchical
1D CNN. Specifically, the proposed method achieved a PSNR of 29.5dB,
MAE of 11.32, CC of 0.93, and RMSE of 0.011, which outperforms prior
works. Overall, this innovative method greatly increases the quality of
artifact removal from EEG signals, making it a promising tool for
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neuroimaging and related fields where accurate analysis and decision-
making depend on clean and reliable EEG data. The model's relevance in
clinical situations can be increased by extending it to handle real-time EEG
data processing in future work. Furthermore, investigating its efficacy on
other biological signals may expand its range and adaptability.
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YK 004 DOI 10.15622/ia.24.5.6

A.KOKATE, T. JIDKAJTXAB
HOBBIN MOAXOJI K YIAJIEHUIO APTE®AKTOB 33T
C UCNIOJb30BAHUEM ADASYN U OIITUMU3UPOBAHHOM
HEPAPXUYECKOM OJJHOMEPHOI CBEPTOYHOM
HEWPOHHOM CETH 1D CNN

Kokame A., []ucaoxae T. Howlii moaxon Kk yaadenuwo apredpaxkroB IO
c ucnonb3oBanneM ADASYN u onTHMH3HPOBAHHOW HepapXHYecKOH OJHOMepHOM
CcBepTO4HOIi HeiipoHHoii cetu 1D CNN.

AnHoTanusi. B HeiipoHayke, HelpoumXKeHepHH M OHOMEIHIIMHCKOH HHXEHEPUH
anekTposHuedanorpapus (O3I') mHpoko Ucmoiab3yercs: Giarogapst CBOei HEMHBa3HBHOCTH,
BBICOKOMY BPEMEHHOMY pa3pEIICHHIO M JOCTYNHOCTH. OJHAKO IIyM M (PU3HOJIOTHYECKHE
apTedaKThl, TakHe KaK CepAedHble, MHOTCHHbIE M IJa3Hble apTe(aKThl, 4acTO HCKAXKAIOT
ucxoxuble naHasle DOI'. MeTons! IMIyMOIIOJABICHUsI Ha OCHOBE IiryOokoro oOydenus (DL)
MOTYT YMEHbBIIATh WM YCTPAHATh 3TH apTe(akThl, KOTOpble yxXydmanT I3I'-curxai.
HecmoTpst Ha HanaMupe STHX METOJOB, 3HA4YUTENbHBbIC apTe(hakThl BCE emé MOIYT CHIDKATh
9 EKTUBHOCTH aHAIN3a, YTO JeNaeT yHaJICHHEe IIyMa OCHOBHBIM TPEOOBAaHHEM JUIS TOYHOTO
anamm3a OOI. Kpome Toro, it s¢hdexkTHBHOrO ynaaeHus apTe(akToB MpEACTaBICHA
ONTHUMU3UPOBAHHAS HepapXUyuecKas OJHOMEpHas cBepToyHas HeriponHas cetb (1D CNN). us
3¢ }EeKTUBHOTO M3BIICUCHUS NpU3HAKOB Hepapxudeckas CNN coderaer B cebe MakCHMaIbHOE
obbenuHeHne, ¢yHkiuo axktuBaimu ReLU wu anmanTuBHBle CBepTOYHbIe OKHA. Jlis
ONTUMU3AIUYN TaPaMETPOB CETH NMPUMEHSETCS ITOPUTM OTXMra KysHeunka (AGA), yto
JOTIOJHUTENBHO YIIydlIaeT YycTpaHeHHe apTedaktoB. Jins obecredeHHs BCECTOPOHHETO
HCCIIEZIOBAaHUS U CXOMUMOCTH K MieanbHbIM HacTpoiikam CNN, AGA coyeraeT TOYHOCTb
TOHKOW HACTPOMKH METO/a MMHUTAlMU OTXUTa (SA) ¢ rio0anbHBIMU HCCIEA0BATENHCKUMH
BO3MOXKHOCTSIMH ~ aropuT™Ma onTtuMumsanuu KysHeunka (GOA). HMcmons3ys ruOpuaHbId
HOJIXOJ1, CETh MOXKET Ooree 3P (HEKTUBHO yCTPaHATh apTedaKThl HAa PA3IMYHBIX HEPAPXHIECKUX
YPOBHSIX, 4TO NPUBOIUT K 3aMETHOMY YJIy4IIEHHIO YETKOCTH CHUTHala M OOIeH TOYHOCTH.
Ounmiennsle ganHble OO mpencTaBlIeHbl BOCCTAHOBJICHHBIMH JJIEMEHTAMH B IIOCIECIHEM
IUIOTHOM cjoe uepapxudeckod onHoMepHoit CNN, HCHONB3YIOIIEH CUrMOMIAIBHYIO
¢ynkumo. CoOrnacHo 3SKCIEPHMEHTAIBHBIM pe3yJbTaTaM, MPEIIOKEHHBI METOJ JOCTUT
IMHKOBOro OTHomleHWs curHana k myMmy (PSNR) 29,5 nb, cpenmeil aOGcomoTHOH oImmMOKH
(MAE) 11,32, cpennexBanparuyeckoii omubku (RMSE) 0,011 u xoaddurmenta koppeasnun
(CC) 0,93, uTO NPEBOCXOAMT PE3yJNbTaThl MpeAbIAYIIMX padoT. IlpemnoskeHHbIl MeTOx
MO3BOJISICT IIOBBICHTH TOYHOCTh yjaleHus apredakrtoB OOI, 4Wro sBIseTCS IIOIE3HBIM
JIOTIOJIHEHUEM K 00paboTKe OHOMETUIIMHCKUX CHIHAJIOB U HEHPOUHKECHEPHH.

KioueBble ciioBa: snextpossuedanorpapus (33I), 06paboTKa CUrHANIOB, CBEPTOUHAS
HeliponHast cetb (CNN), nmuTanms omkura (SA), anroput™ ontuMu3anuu KysHeurnka (GOA).
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WCKYCCTBEHHbBIA MHTEJIJIEKT, UHKEHEPUS JJAHHBIX U 3HAHUI

YK 004.89 DOI 10.15622/ia.24.5.7

A.M. ®EJIOTOBA, A.C. POMAHOB
METOANKA UAEHTHU®UKALNNU TEKCTOB,
CI'EHEPUPOBAHHBIX BOJIBIIINMHU SA3BIKOBBIMU
MOJAEJISIMA

@eoomosa A.M., Pomanos A.C. MeToauka HIeHTHPUKAINN TEKCTOB, CreHEPUPOBAHHBIX
00JIbIIMMH SI3BIKOBBIMU MOJIEISIMU.

AHHOTauus. B craree mnpencraBieHa METOAMKA HICHTHU(GUKAIMU PYCCKOS3BIYHBIX
TEKCTOB, CTCHEPUPOBAHHBIX OONBIIMMHU  s3bIKOBBIMH ~ MogensiMu  (LLM). Meroauka
paspaboraHa ¢ (OKycoM Ha KOpoTkue cooOmienus umHoi ot 100 g0 200 cHMBOJIOB.
AKTyanpHOCTb pabOoThl 00YCIOBICHA MIMPOKUM PACHPOCTPAHEHUEM T€HEPATHBHBIX MOJCICH,
takux kak GPT-3.5, GPT-40, LLaMA, GigaChat, DeepSeek, Yandex GPT. Meronuka
OCHOBaHa Ha aHcaMmOJie MoJieiell MaIlIMHHOTO 00Y4YeHYS, TaKkoKe UCIONIB3YIOTCS IPU3HAKU TPeX
YPOBHEH:  JMHIBHCTHYECKHE (CTPYKTypa, MyHKTyalus, MOPQOIOTus, JEKCHIECKOe
pasHooOpa3ue), CTAaTUCTHYECKHE (PHTPOMHUS, TMEpIVIeKCHS, YaCTOTHOCTh  N-TPaMMm),
cemanTHueckue (OMOennmarn RuBERT). B kauectBe 06a30BBIX Mojeneil HPHMEHSIOTCS
LightGBM, BILSTM wu mnpenoOydyeHHas TpancdopmepHas Mozaenb RuRoBERTa,
O0OBCMHEHHBIE CTEKKMHIOM 4epe3 JIOTUCTHUYECKYIO perpeccuto. Bpibop rubpumHOro
aHCaMOJIEBOTO II0JXO/a OOYCIIOBIEH CTPEMIICHHEM Y4YecTh IPH3HAKM Ha Pa3HBIX YPOBHSX
HepapXuH TeKCTa M 00ECHEYUTh HAJEKHOCTh KIACCH(HKALNK B YCIOBHSX Pa3HBIX TEMATHK
TeHEPUPYEMbIX TEKCTOB, PAa3JIMYHBIX BEPCHH M BHUIOB S3BIKOBBIX Mojeneil. [IpumeneHue
aHcaMOJIs SIBJISICTCS IPEMMYIIECTBOM IIPH aHaJIN3e KOPOTKHX TEKCTOB, MOCKOIbKY LightGBM,
ONUpAIOLIAsCs Ha YCPEJHEHHbIE IOKa3aTeld, MEHee 4YyBCTBUTENIbHA K JUIMHE (METpHKa
MEPIVIEKCHH YK€ YCpeTHEHa Mo BceMy Tekcty), Toraa kak BiLSTM u RoBERTa, ciocoGHb
BBISIBJIATH JIOKaNbHbIC Npu3Haku LLM-TekcTa, a He TONbKO Tio0aibHble. Habop maHHBIX
€CTECTBEHHBIX TEKCTOB BKIrouyaer Oosiee 2,8 MIIH IMOJIb30BATEIBCKUX KOMMEHTapUEB
u3 conuansHoit cetn «BKonrakte». HabGop nmanusix LLM-tekctoB conepxxutr 700 ThiC.
TEKCTOB, CTCHEPHPOBAHHBIX CEMBIO aKTYaJbHBIMH OOJBLIMMH SI3BIKOBBIMH MOJENsAMHU. IIpu
NPOBEJICHUU T€HEepaluy TEKCTOB INPUMEHSUINCh TeMaTtudeckoe MopenupoBanue (LDA)
M pojieBas TEHepauus C HCIOIb30BAaHUEM IPOMIT-WHKMHUPUHTA. [IpoBeleHa OLEHKa
METONMKH Ha OTKPBITBIX  JlaTacerax pycCKOs3blUHbIX LLM-TekcToB. PesynbraThl
9KCIIEPUMEHTOB TIOKa3aik TOYHOCTh 10 0,95 B 3amaue OuHapHO# Kiaccupukaiun («YemoBek—
LLM») u no 0,89 B MHOTOKJIAacCOBOH 3ajaue ONpeneseHHUs MOAENU-reHeparopa. Metoauka
JIEMOHCTPHUPYET YCTOWYHUBOCTD K Pa3HOOOPa3HI0 HCTOYHHUKOB, CTHIICH U Bepcuid LLM.

KitroueBble cjioBa: GONbIINE S3BIKOBBIC MOJIETH, HEHPOHHBIE CETH, MAIIMHHOE 00yYeHHE,
TeHepanus TeKCcTa, aHcaMOJTb KJIacCU()UKATOPOB, MPU3HAKU TEKCTA.

1. Beaenue. CrpemutensHoe pa3BuTHE u LIUPOKOE
pactipoctpaHeHue OoJbLIMX sI3bIKOBBIX Moxenedt (LLM) paaukanbHO
W3MEHWIN CIOCOOBI TeHepaluy TEeKCTOBOM HMH(popMarmu. Takue MozesH,
kak GPT, LLaMA, GigaChat u npyrue crnocoOHBI CO37aBaTh TEKCTHI,
KOTOpBIE MO CTUJIIO, CTPYKTYPE U CMBICIIOBOM COCTaBIISIIONIEH MPaKTU4ECKU
HEOTJIMYUMBl OT 4eloBedecKux. lcrmonb3oBaHHME Takux Mojenel
CONPSDKEHO C CEephe3HBIMH PHCKAaMH, B TOM 4YHCIe Je3MH(OpMaINeH,
HapylLIEHUEM aBTOPCKHX IpaB U IJIarMaToOM B akajeMuuyeckoil cpene [1, 2],
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BKJIIOYAs]  WCIIONB30BAaHME METOAOB TEHEpalud HCXOOHOTO  Koja
nporpammsl [3].

Oco0y10 aKkTyaabHOCTh MPHOOpETaeT Mpo0sIeMa BhISBICHHUS TEKCTOB,
CO3JJaHHBIX ¢ moMompio LLM, B connaibHBIX CeTIX U Meaua miatdpopmax.
Ha moment 2025 ronma HaOnromaroTcsi Ciydad, KOTAAa TOJA HOBOCTHBIMHU
MyONUKANUAMYU  TOSBJISIOTCS KOMMCHTApUH, OYCBUJHO HAIHCAHHBIC
HUCKYCCTBEHHBIM HWHTEJJIEKTOM, 3a4acTyl0 C [eJbl0 MaHUMYJISIUN
o0IeCTBEHHBIM MHEHWeM. Hampumep, B OTBEeT Ha COOOIIEHHS O
TMOMUTHYSCKUX  COOBITHSIX MOXHO YBUACTH CEPUI0 CHHTAKCHICCKH
KOPPEKTHBIX, HO HWCKYCCTBEHHO IIO3UTHBHBIX WJIH  HETaTHBHBIX
BBICKa3bIBAHUH, ABJIAIONINXCS PE3YIBTATOM PaOOTHI OOTOB, HCIIOIB3YFOIIUX
LLM.

[Ipobmema ycyryOmsieTcs TeM, YTO CYIICCTBYIOIIHE METOJBI
obHapyxeHuss LLM-TEeKCTOB OKa3bIBAIOTCS MAJIOHAICIKHBIMH. B paHHHX
ucciaenoBaHusaxX [4] mokazaHo, 4YTO TOUHOCTh BBISIBJICHUS CTEHEPUPOBAHHBIX
HOBOCTHBIX TEKCTOB cocTaBisuia jumb 0,73. C Tex mop KadecTBO
TeHepaluy TEKCTOB SA3BIKOBBIMH MOJAEISIMM 3HAYUTEIBHO YIYYIIWIOCH, a
CJICZIOBATEINLHO, 3a1a4a 00HapyxeHust LLM-TeKCTOB YCII0KHUIIACH.

IIpo6nema unentudukarun LLM-TeKCTOB ABJISIETCS aKTyalbHOH U B
oOpasoBarenbHOM  cpexme. OOHapy)keHWe  IUIarmara,  OIpejelieHne
HCTOYHMKA TEKCTa M BepU]UKaIMs aBTOPCTBA CTAHOBATCS Bce Ooee
CIOXHBIMU 3aadyamMu. TexXHUYecKH MOATBEpAUTh HUcHoib3oBaHue LLM
3a9acTyi0 HEBO3MOJXKHO, TTOTOMY YTO HOBBIC BEPCHU MOJCICH MOSBISIOTCS
OBICTpEe, YeM CIIOCOOHBIE HX HACHTU(HUIIMPOBATH MHCTPYMCHTHL.

B ycnoBusSX CTPEeMHTENBFHOTO pOCTa OOBEMOB AaBTOMATHUYCCKH
CTEHEPUPOBAHHOTO KOHTEHTa  HEO0XOAWMO pa3pabatbIBaTh "
COBEPILIEHCTBOBATh HAJCKHBIE METOTUKH €T0 UACHTH(PHUKALINH.

Lempro  umccrmemoBaHWsT — ABISETCA — CO3JaHME  IOAXOJa K
ABTOMATHUYECKOMY OIPENIEICHUI0 KOPOTKHUX PYCCKOS3BIUHBIX TEKCTOB,
CO3JJAaHHBIX OOJIBIIUMH SI3BIKOBBIMH MOJICIISIMH.

Hayunasi HOBM3Ha WuCCIEIOBaHMS 3aKilO4aeTcss B pa3paboTke
aHcamMOJIeBOTO  NOAXOJa, OOBEAMHSIONET0  KIACCHYECKHE  METOJbI
MammaHOro obydenus (LightGBM) m rmyOokue HelpoceTeBble MOAENU
(RuRoBERTa, BIiLSTM), uTo mO3BOJSET OJHOBPEMEHHO YUYHUTHIBATH
BBICOKOYPOBHEBBIE KOHTEKCTHBIE IPEICTABICHHUS TEKCTa U CTAaTHCTUKO-
JIMHTBUCTHYECKNAE  XapakTepHCTHKH. IIpennokeHo KOMOMHHpPOBaHHOE
TIPU3HAKOBOE MIPOCTPAHCTBO, BKITIOYAIOIICe JUHTBUCTHYCCKUE,
CTATUCTHYECKHUE W CEMaHTHYECKHE TIPU3HAKH, aITalTHPOBAHHBIC LIS
PYCCKOSI3BIYHBIX KOPOTKMX TEKCTOB. BriepBbIe IpeacTaBlIeHa METOIHMKA
BbIsIBJIEHUS] KOPOTKUX LLM-TEKCTOB Ha pyCCKOM S3bIKE, IPOTECTUPOBAHHAS
Ha KOpIIycé M3 CEMH AaKTyalbHBIX M TOMYJSIPHBIX MOJEJIEH, BKIIOYas
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OTEYECTBEHHBIE M 3apyOexHble. [[OMOTHUTENPHO MPOBENEH IKCIEPHUMEHT
0 WCKIIOYEHHIO KaxIOW u3 paccmarpuBaeMbix LLM-Mopenei,
HO3BOHH}OLIII/Iﬁ OLICHUBATh yCTOl‘/‘I’-II/IBOCTb METOAAa K IIOABJICHHUK) HOBBIX
BEPCUI M TUIIOB TICHEPAaTUBHBIX HEUPOCETEH, OTCYTCTBYIOLIMX B
oOyuaroiei BIOOpKeE.

2. AHanu3 npeaMeTHOI o001acTH

2.1. ITpozpammnusie peurernus. COBpEeMEHHBIC METOIBI OOHAPYKEHHUS
CT€HEPHPOBAHHBIX TEKCTOB JIENSATCS Ha JBE KAaTErOpHH: CTATHCTHYECKHE
(BEpOSITHOCTHBIC) KPUTEPUH U KITaCCUPUKAITMOHHBIE MOJIENH [5].

[IpuHOMD JEWCTBUS CTATHCTHYSCKUX IIOAXOJOB  3aKITIOYAIOTCS
B BEISBIICHUH XapaKTEPHBIX MPU3HAKOB (apTedakToB) TreHepammu 0Oe3
o0ydeHHs Ha TIpeIBapHUTENbHO pa3MEYeHHOM HaOope naHHBIX. Hampuwmep,
MPOBOIWTCS aHANM3 paclpeleleHus] BEpPOATHOCTEH CIIOB B TEKCTE
Y BBISIBIISIFOTCS HEKOTOpbIe 3aKOHOMEPHOCTH. B YaCTHOCTH,
crenepupoBanibie LLM  ¢parMeHTsl HEPEOKO COAEPIKAT CIIUIIKOM
MOHOTOHHO pacTylllee WK yObIBatoliee pacipeaeneHie 6e3 CBOHCTBEHHOTO
YeJIOBEKY CIIOHTAHHOTO BbIOOpa pEIKMX M YacTOTHBIX CIOB  [6].
K mooOHBIM MeTO/IaM OTHOCATCS OICHKa Iepruiekcuu (perplexity — mepa,
oOpaTHasi cpeITHEMYy TIeOMETPUYECKOMY BEPOSITHOCTEH TEeKCTa B MOJENN
sI3bIKA) 00pa3IoB ecTecTBEHHBIX W LLM-TeKCTOB, BBISBICHHE aHOMAJIHHO
BBICOKOM TNPEICKa3yeMOCTH cJIoB [7], aHamM3 «KPUBH3HBD» (YHKIHH
BeposiTHOCTH TekcTa [8]. Huskas mepruiekCHOCTh O3HayaeT, 4To MOJIEIb
JIETKO TIPENCKA3bIBAET CJIOBa B TEKCTE, a BBHICOKAS — YTO TEKCT HEOOBIUCH
JUTST MOJICITH.

I'maBHBI HENOCTATOK TMOMOOHBIX METOIOB — HANPABICHHOCTh Ha
KOHKPETHYIO S3BIKOBYIO MOJIEeNb. VI3BeCTHBIE NPU3HAKU U OTIHYUTEIIEHBIC
YepThl KOHKPETHOW T€HepaTHBHOI MOJENN MOTYT OBITH JIETKO yCTPaHEHBI
mepedpasupoBanreM [9], MOITOMYy YHCTO BEPOSATHOCTHBIE OIEHKU
QHOMAJIMH HE TapaHTUPYHOT YCTOMYMBOCTM K HOBEMIIUM I'€HEpaTUBHBIM
MOJIEIISM.

Kiaccudukanmonnsle Mozaenu, B CBOIO OYepelb, OOydaroTCs
BBISIBJISITH MAIIMHHBIA TEKCT 110 MHOXKECTBY NPHU3HAKOB, C(HOPMHPOBAHHOM
Ha orane oOydeHus. s 3TOro HEOOXOJMMO HaNIWYMe Pa3MEYEHHOTO
peNpe3eHTaTUBHOTO  Habopa  JIaHHBIX,  COJEPXKAIEr0  JIOCTATOYHOE
KOJINYECTBO 00pa3IoB, BKIIOYAIOIINX E€CTECTBEHHBIC TEKCTHI M 0Opa3Ilbl,
CTCHEpUPOBAaHHBIE  pa3iuyHbiMM  Tunamu  LLM. HezaBucumslie
HCCIIEIOBAHMS TOKA3bIBAIOT, YTO IMOAOOHBIA HMHCTPYMEHT WACHTHU(DHKAIINN
TCeHEePATUBHBIX TEKCTOB, HACTPOCHHBIM HAa TEKCTHI OJHOW MOMIEIIH,
3HAYUTENBHO TepseT 3(PPEeKTUBHOCTH, KOTHA CTANKHBACTCS C TEKCTOM,
creHepupoBanibiM LLM wmum B wuHoM ctmie [10]. Tak, merekrop,
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oOyuennbrii Ha TekcTax GPT-3, moxer ObITh Hed((hekTHBEH HA TEKCTE OT
GPT-4 [10].

Hwke npuBeneHsl HauOoliee HM3BECTHBIE MPOrPAMMHBIC PEIICHUS
Juist ooHapyxenust LLM-TekcToB.

DetectGPT 6611 npesioxked B 2023 1. [8]. AJIropuT™M OCHOBBIBAETCS
Ha TUIOTE3¢ O KPHUBM3HE pACHpPEICNICHUs] BEPOATHOCTEM B TEKCTax,
CO3/IaHHBIX SI3BIKOBOM Mojenblo. ABTOphl BbIABMIM, uTO LLM-Tekct
OOBIYHO HAaXOAWTCS B O0JIACTM OTPHLATEIBHOW KPHUBU3HBI (PYHKINU
MpaBAONOAOOMsT 3TOMf MOJenH, a eCTeCTBEHHBII HMeeT Jpyroe
npeacrapnenne  gyHkumu.  DetectGPT — Berumcisier  nmpuOMMKEHHYIO
KpUBHM3HY (4epe3 MEeTOJl MaKCHMaJbHOro mpasjpomnonobus) mo LLM
U peIaeT, SBISIETCS U TEKCT oOpasmoM »Toi mozaenw. llpemmymiecTBo
MogxoJa — OTCYTCTBHE HEOOXOAMMOCTH OOydYalomuxX JaHHBIX. [lpn
MPOBEACHUHU TNPOBEPOK Ha TekcTax u3 Bukunenuu DetectGPT momyumn
metpuky AUROC 0,95. OpHako MeTonx paccuWTaH Ha TO, YTO JUIf
JIOCTOBEpHOTO ~ pe3ylbTaTa OH JIOJDKEH B CBOCH  KOH(HTrypauuu
UCIIONIB30BATh Ty XK€ (MM OYEHBb IMTOXO0XKYIO) SI3BIKOBYIO MOJIEIIb, KOTOpast
MOIJIa T€HEepUpPOBaTh TEKCT. B peanbHBIX YCIOBUAX 3apaHee HEU3BECTHO,
kakoii uMeHHo LLM co3maH oOpaszer, 4To OrpaHMYMBAET MPAKTHYECKOE
NIPUMEHEHHE WHCTPYMEHTa. Takke MeToJ He MOIXOJUT Ul PYCCKOTO
s3bIKa B MCXOIHOM BEpCHHM, IyOJMKAIWHA WM TOTOBBIX aJanTalui
DetectGPT nop pycckuil s13pIK TakXkKe HET.

GPTZero [11] mpencraBmen B 2023 r. m mpeacTaBiseT coOoOn
MIPUKJIAJHYI0 CHCTEMY OmpeneneHus co3faHHex LLM-TekcroB uis
aHrmickoro s3pika. AnroputM GPTZero ocHOBaH Ha MEpPIUIEKCHOCTH
TEKCTa M METPHKE HEPABHOMEPHOCTH (BapHaTHBHOCTH CIIOKHOCTH IO
¢parmentam Tekcra). GPTZero paccuuThIBaeT MEPIUIEKCHOCTH TIO
COOCTBCHHOMY SI3BIKOBOMY MOJIYJIIO I KaXIOTO MPEATOKEHHS W IS
TekcTa B IejoM. Bropoit mokazarenb, HepaBHOMepHOCTH (burstiness),
OTpakaeT  HEPaBHOMEPHOCTb  pacHpelelieHHs  MEpIUIEKCHOCTH IO
mpeaIokeHusIM. YeIoBeKy CBONCTBEHHO UepeliOBaTh MPOCTHIE U CIIOKHBIC
(parMeHThl, U3MEHSSI CTUIIb U3JIOKEHHUS], & MOJIENb OOBIYHO ITOAEPKUBACT
Ooyiee OJHOPOJHBIM CTHJIL BO BCeM Tekcre. llepBoHauanmbHasi Bepcust
GPTZero Obla 10CTaTOYHO MPOCTOH peanu3anueid yka3aHHbIX METPHK, HO
BIIOCJIEZICTBUM  pa3pabOTUMKu  100aBWIM  aHCaMOJib,  BKIIOYArONIUH
rimyOokue HelpoceTeBble MoJENW. TeM He MeHee, INepIUIEKCHOCTh W
burstiness octanrce 0a30BBIMHU MIPU3HAKAMH HHCTpyMeHTa. 110 3asBreHIsIM
aBTOPOB, COBPEMCHHBICE BepCHH JeTeKTopoB Ha ocHoBe GPTZero
mocturaroT TogHocTH 0,95-0,98 Ha MIMHHBIX aHTIUHCKHUX TekcTax. OmIHaKo
IIPY HECTAHAAPTHBIX BXOJHBIX JaHHBIX MX HaJIe)KHOCTh HIDKe. B yacTHOCTH,
aKaJleMUIEeCKUe 0030pbl OTMEUAIOT, YTO UCKIIOYUTEIBHO NEPIUIEKCHOCTHBIE

Informatics and Automation. 2025. Vol. 24 No. 5. ISSN 2713-3192 (print) 1447
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBIA MHTEJIJIEKT, UHKEHEPUS JJAHHBIX U 3HAHUI

WHCTPYMEHTBI YSI3BHUMBI K Jaxe HeOoJblioMy mepedpasupoBanuto [12],
HalpuMep, BCTABKE CHHOHMMOB WJIM TIEPECTAaHOBKE YaCTEH MPEATI0KEHHUS.
Kpome Toro, merpuka HepaBHOMEPHOCTH TpedyeT oObema Tekcra oT 200
CJIOB.

Cuctema GLTR [13] Busyanusupyert Aisi KaKJI0ro CJIOBa €ro paHr
BEPOSITHOCTH TO s3bIKOBOM Moxenu (Hampumep, GPT-3): ecmm Tekcr
COCTOMT NMPEUMYIIECTBEHHO M3 CJIOB, KOTOPHIE MOJETb OBl BhIOpajla Kak
caMmble BEpOSITHBIE, TO OTO SBHBI TNpu3HaK reHepanuu. OCHOBHOM
HEOCTaTOK COCTOMT B TOM, 4YTO JUII HMHTEpPHpETalid pPe3yJbTaToB
HEOOXOIMMO TPHBIEKATh 3KCIEpTa, TO €CTb 3TO HE aABTOHOMHBIN
HWHCTPYMEHT.

OpenAl [14] B 2023 rtomy Bemyctmma Al Text Classifier —
knmaccuukarop Ha Oaze RoBERTa, oOy4eHHBIH pa3nmu4aTh TEKCTEHI,
HaIllMCAaHHbBIE YEJIOBEKOM, U TEKCThI, CTCHEPUPOBAHHBIE CYIECTBYIOUIMMHU
s136IKOBBIMU MoOzessiMa OpenAl (B Tom umciie pasusie Bepcun ChatGPT).
Mozesnp oOyyasiach Ha TPOMKax TEKCTOB (BOIPOC, OTBET YENIOBEKa, M OTBET
Mojenu). ToOUHOCTh OKa3ajach HEBBICOKOW — KIIACCU(PHKATOP MPaBUIILHO
pasmeyan 0,26 LLM-TekcToB kak MammuHHbIe (TIpH ropore a0 1/10 J0XHBIX
cpabaTbiBaHMii Ha 4YenoBeka). B pesyinprare, camMa KOMIAHHS He
PEKOMEH/I0BaJIa 10JIaraThCsl Ha 3TOT MHCTPYMEHT Kak Ha OCHOBHOM METOJ U
WCIIOJIB30BATh TOJIBKO IUISl JUIMHHBIX aHIVIMMCKHUX TEKCTOB. Yepe3 monroxaa
OpenAl BoBce oTKITIOUMIIA ITyONUYHBIN TOCTYH K KIaccu(uKaTopy.

Taxoke MOXHO OTMETHUTH KOMMepUecKne CEPBUCHI
Originality.AI [15], Copyleaks AI Detector [16], Writer.com AI Content
Detector [17] m np. B ocHOBe OONBIIMHCTBA W3 HUX HCIONB3YIOT JIHOO
COOCTBEHHBIE  BEPCHHM  TEPIUIEKCHOCTHBIX  alTOPUTMOB  (OIM3KHX
k GPTZero), mmbo  oOy4eHHBIE Ha  HCKYCCTBEHHBIX  JaHHBIX
KJIacCU(PUKATOPHI, THOO KOMOMHANIMIO MOIXOM0B. 3asBICHHBIE TIOKA3aTEIN
TOYHOCTHU JUIsl QHITIMMCKUX TEKCTOB y HEKOTOPBIX MPOAYKTOB JOCTHTAlOT
0,95-0,99, omHako 3TH UGBl YaCTO OTPAXKAKOT TECTHI Ha OrPAHMYCHHBIX
Habopax ¢ KoHKpeTHo# LLM.

[IpakTHuecku Bce MpOrpaMMHBIE PELICHHS JEMOHCTPUPYIOT HU3KYIO
TOYHOCTh Ha KOPOTKHX 00Opasnax. ['eHepaTWBHBIN TEKCT Majlod MJIMHBI
BXOAWT B PaMKH BEPOSTHOCTHOH HOPMBI M MOXXET HE COAep)KaTb
JOCTaTOYHBIX aHOMAJIMH, dYTOOBI €ro BBLIBHUTh. MHOTHE CEPBHCHI
yCTaHaBIMBAalOT MHHUMAIBHBIA TOPOr aHamusupyemoro Ttekcra ot 200
CJIOB, WHAue pE3yNbTAaThl NETEKIHH OyOyT HEIOCTOBEPHBIMH. Tarke
nosiBIeHWEe HOBBIX Bepcuil LLM CylIecTBEHHO OCIOXHSET 3aJauvy
merekunu. Tak, ecnmu panHue nokoneHus LLM (mampumep, GPT-2)
CO3J]aBaJlM TEKCTHl C 3aMETHBIMH IOBTOPSIOLIMMUCS MATTEPHAMU pEUd
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Y OTPAaHWYEHHBIM  CJIOBApeM, TO IMOCJIEAHHE BEPCHH T'E€HEPUPYIOT
YeJIOBEKOIIOJOOHBIN TEKCT.

2.1. Hccnedosanus, nanpaeiennvle Ha 8blA61EHUE 2EHEPAMUBHBIX
06pa3yoe na pycckom azpike. KacaeMo pycckoro si3plka TeMa OnpeaeIeHus
LLM-TeKCTOB HaxOIUTCS Ha paHHEH CTaAuM pa3BUTHs. DBOJIBIIMHCTBO
pemieHnii  ommpaeTrcs Ha 3apyOeXHbIE MOJENM W adroputmbl. Jlis
3HAYMMOT0 IIporpecca TPeOYIOTCS KOpPITyca PYCCKOS3BIYHBIX TeHEpalui
U DKCIIEepPTH3a B OTJIAJKE MOJENEH MOJ HIOAHCHI PYCCKOTO s3bIKa. I'pymmbsl
poccuiickux wuccnenoBarener u3 M®OTH u CkonTex yd4acTBYIOT
B pazpaboTke HOBBIX MeTonoB. Tak, 3.C. TympumHckuii u coaBTopsl [18]
MPEAJIOKWIN  TPU3HAK  BHYTPEHHEH  Pa3sMEpHOCTH  TEKCTOBOTO
MIPEACTAaBICHNS, MOKA3bIBAIOIINI ONPENEICHHYI0 YCTOMYMBOCTE K CMCHE
JOMEHA U JaXe SA3bIKa. XOTA OOIMH ypOBEHb KAa4ecTBa y 3TOTO IPHU3HAKA
NOKa YCTyHaeT MHOTHUM JpPYyrMM, caMa HJes M[opoJuia oOCyxkIeHue
B Hay4YHOM COOOIIIECTBE.

OtnensHO MOXHO OTMETUTH CHUCTEeMy  «AHTHIUIaTHaT»,
HalpaBJICHHYI0O Ha BBIABICHHE IUTUPOBAHUM U 3aMMCTBOBaHUM B
akagemuyeckux paborax. B 2024 roxmy paspaborumku  j100aBMIIN
(YHKIMOHAT pacro3HaBaHUs TEKCTOB, CreHEPUPOBAHHBIX HEWPOHHBIMHU
cersiMu. CucreMa aHaJIM3UPYET TEKCT Ha Hanu4due (parMeHTOB, CO3/1aHHBIX C
MOMOIIBIO SI3BIKOBBIX Mozenel Bepcuil GPT-2 u Hosee. Cpean HeAOCTATKOB
CHCTEMBI MOXKHO OTMETUTH TO, YTO CEPBUC HE OIpPEAEISIET KOHKPETHYIO
MOZIENb, C MOMOIIBIO KOTOPOH CIeHEPHPOBAaH TEKCT, a TaKkKe TO, 4YTO
¢yHxunoHan o6HapyxeHuss LLM-TeKCTOB JOCTYIEH TOJIBKO B OeTa BEpCHH.

B 2022 r. T'. I'pumaii 1 coaBTOPHI OIMYyOIMKOBAIH OTKPBITHIN KOPITYC
m3 900 Tteicsa moxkymentoB [19, 20] ans 3amaum pacmo3naBanuss LLM-
TEKCTa Ha PYCCKOM si3bIke. 1IonoBHHA TEKCTOB B 3TOM KOpITyce B3sTa U3
Bukunenun (kak HampcaHHbIE YEJIOBEKOM), a Jpyras d4acTb —
crenepupoBana MomenaMu (SberAI-GPT3 small/large, Facebook XGLM),
MIPUYEM MPH TeHEepaluy BapbUPOBAJIKMCH TapaMeTphl JeKoaupoBanus (top-k,
nucleus u np.) ¥ cxeMa NepBUYHOTO0 KOHTEKCTA (HAa4ao MpeIIoKeHUs W
OTJIEJIBHOE CJIOBO).

O/IHOBPEMEHHO TPOBOJMIUCH KOH(EPEHIMH, CTHUMYJIHPYIOIINE
paszButHe MeToguk omnpeneneHuss LLM-tekctoB. KpynHeWmmM u3 HuX
crano copesHoBanue Russian Artificial Text Detection (RUATD 2022) B
pamkax koHpepenmn «dunanor-2022» [21]. OpranuzaTopsl chopMUpOBaIH
KOPITYC, BKJIIOYAIOIINI TEKCTHl 14 HCTOYHHWKOB: TOMHMO €CTECTBEHHBIX
TEKCTOB M3 OTKPBITHIX DPECYpcoB, OBUIM HCIONB30BaHBl 13 Momeneid,
TEHEPUPYIONINX TEKCT U PA3IMYHbIX 33Ja4: MAIIMHHBIN HepeBox (Harmp.
OPUS-MT), mnepedpazupoBanre, aBTOMaTH4eckoe pedepupoBaHue,
YHOpOILEHHE TEeKCTa, a TaKKe TeHepanus «C Hysp (0e3yclioBHAs) U yepes
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obpatabiii iepeos [21]. CopeBHOBaHME BKIIOYANIO JABe 3anaud. [lepBas —
OIIPEICTINTD, SBJIAETCSA JIM JaHHBIA TEKCT MAIIMHHBIM WJIN €CTECTBEHHBIM
(bunapnas xnaccuukauus). Bropas — onpeaennTb, Kakas UIMEHHO MOJIENb
(13 13 BO3MOXKHBIX) CreHepHUpoBalia JaHHbIH (hparMeHT (MyJIbTHKIacCOBas
knaccudukanys). s odenx 3amau 0butn npegocTasieHs baseline: TF-IDF
n noobydenHass monens ruBERT [22]. Jlyummm pesynsratom RuATD na
OuHapHOI 3amave crano momydenue 0,83 Tounoctn komanmod MI'Y [21].
[IpurnanieHHble SKCIEPTHI-TUHIBUCTHI MTOKa3aiay Juib 0,66 ToyHOCTH MpH
TIOTIBITKE OTIMYHUTH CT€HEPHPOBAHHBIA TEKCT, YTO JaKe HIDKE 0a30BOTO
BERT-kmaccudukaropa. Jlumepom B MyIBTHKIACCOBOM 3agade craia
komanzna Yuueepcureta UTMO [23]. OHEM npoTecTUpOBAIU HECKOIBKO
mpenoOyderHbix Mojeneii: RuBERT, RuRoBERTa, a Taxke KpymHBIE
reaepatuBHble Mogen RuGPT-2 u RuGPT-3, B urore BrIOpanu CBA3Ky U3
TokeHmzanuu Byte-Pair Encoding u mooOyuennoro Ttpanchopmepa
RuRoBERTa. [loctmxenuto Bbicokod TouHocTH (0,65 Ha 13 KiaccoB)
CIMOCOOCTBOBAJIO  HMCIOJIB30BAHWE JIaHHBIX B HMCXOJHOM  OalWTOBOM
MIPEACTaBICHUH U TPaHC(HEPHOTro 00yUEHUs Ha PYCCKOSI3BIYHOM KOPITyCe.

[TomMuMo copeBHOBaHHWH, MYOIUKYIOTCS W aHAIUTHYECKUE OO30DBI.
Tak, I'. I'punait u ap. [24] oTMeuarot, 4To psJ METOAUK onpeaeneHus NN
CO3JJaHHBIX TEKCTOB JIEMOHCTPUPOBAIM TOYHOCTH 10 0,99 Ha TecTOBBHIX
Ha0opax, O/IHAKO B PEAIBHBIX YCJIOBHSX MX KaueCTBO PE3KO CHHXKACTCH.
B xauecTBe = OCHOBHOIl ~ NPUYMHBI  yKa3bIBae€TCSI  OIPAaHMYEHHOCTH
1 OHOPOIHOCTH OOJBIIMHCTBA JOCTYIHBIX KOPITYyCOB.

Jlpyroii akTMBHO 0OCYXIacMbIii METOJl — BCTPAaMBAHUE «BOJSHBIX
3HAKOB» B TEKCT Ha JTalle T€HEpanuy, MO3BOJISIONIMX 10 CIEHHATbHBIM
CTaTUCTHYECKUM IIabJOHAM pacmo3HaTh (akT reHeparum [25]. OmgHaxo
Takoil moaxon Tpedyet mpsaMoro KoHTpois Hax LLM, 9To HEBO3MOXKHO MpH
HCIIOJIb30BAHUH OTKPBITBIX MM CTOPOHHHUX MojeneH. [l pyccKoro si3plka
HOJIOGHI)IC peUICHUA TTOKa HC aHOHCHUPOBAHLI.

OpenAl B pekoMmeHAalMiX K CBOEMY KiaccH(HKATOpPy OTMevaa,
YTO B JPYTUX A3bIKaX (IOMHUMO aHTJHIICKOTO) €ro MPUMEHSATh HE CIEeIyeT
M3-32 3HAYMTENIBHO HU3KHUX pe3ysibTaroB. OCHOBHBIX NMPUYHMH HECKOJBKO:
HEIOCTaTOK  OO0ydYarolMX JaHHBIX W JIMHTBUCTUYECKHE  OTIIMYHAL.
AHTIIOS3BIYHBIE KOPIYCHI M MOJICNIM TPEBATHMPYIOT B cdepe 00paboTkn
€CTECTBEHHOTO S3bIKa, MOTOMY METOIMKH uaeHTu¢ukanuun LLM-texcToB
OOBIYHO TpeAHA3HAYECHBI MUl AHTJIIMHCKMX TEKCTOB. Pycckuil  s3bIK
OTIIMYAeTCI CBOOOJHBIM TMOPSAKOM CIIOB, Ooratoii Mopdomorueit u
CHHTAaKCHCOM, YTO O3HayaeT KyAa OOJNbIle BAPHAHTOB BBIPA3UTh Ty K€
MbIcTb. [IpocThie 1raOnoHHBIE TpHW3HAKW (HAIpUMep, W3OBITOYHAS
OJHOTHUITHOCTb KOHCTPYKIIHI), KOTOpbIE MOTYT yKa3blBaTb Ha MAalIMHHBIN
TEKCT B AHTJIMHCKOM, B PYCCKOM SI3bIKE MEHEE HAJCXHBI: UEIOBEK MOKET
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[EPECTABIIATh YACTH MPEJIOKEHHsI, HE MEHSS CMbICIa, W Hao0OpOT —
MOJIeNIb MOXET CIIy4ailHO TeHepUpoBaTh (OPMAIILHO Pa3HOOOpa3HbIi, HO
CEMaHTHYECKH IIa0JOHHLIN TEKCT.

Hekotopeie = kKOMMepuecKHe CEepBHUCHI  3asBISIOT  MOJJEPKKY
pycckoro (Copyleaks, ZeroGPT u ap.), onHaKo MOAPOOHBIX JAaHHBIX 00 HX
TOYHOCTH HeT. Tarxke Il PycCKOTO sI3bIKa OTCYTCTBYET OoibInas 0aza
JIAHHBIX UPOKO M3BeCTHBIX «LLM-kmumey». Eciu nns aHriuickoro yxe
OTIpeICIICHBI THITMYHBIC (Ppa3sl U MAOIOHEL, YacTo BeigaBacMble ChatGPT,
TO B PYCCKOH pedr MoJOOHBIE MapKePhl MEHEE N3YUCHBI.

3. MeToauka. Metonuka AICHTU(UKAIIH TEKCTOB,
CTCHEPUPOBAHHBIX OOJNBIINMH S3BIKOBEIMH MOJICIISIMH, TPHBEICHA Ha
pucyske 1.

PexoMeHpaIyy 110 MCIOJIb30BaHMIO METOIMKI

: : : : 1 O6paGoTaHHbIe
HaGop panHbIX v H ! : : P!
g ' H H e T@KCTBI
—~———>( TIorOTOBUTH JJAHHbIE H :
H \ JIunrBucTUyecKue
Al 7 : : et u
A v : : ! CTaTMCTHYecKue
: Boirenmirs . NPU3HAKA
: JIMHIBHCTUYECKHE U i T :
CTaTHCTHYECKHE - :
: TIPU3HAKK A2 :
: A P : | OMOEYIMHTI
RuBERT, LaBSE ! | Y L e
o> H
: Beienurs !
CeMaHTHYECKHe :

TNIPU3HAKY

| : OG6yuenHast
: ; v i~ LightGBM

LightGBM : : O6yuuts LightGBM '
; : A4 H
E i x ! O6yueHHas
BiLSTM i i 1 : O6yunts BiILSTM )
| - é ;l
: ; : : x

RoBERTa ; i : i

O6yunts ROBERTa

A6

M Merxka
TECTOBOTO
Tlpussttve pewenus Ha | /¥ o6pasia
OCHOBE aHCaMOJIst
A7

x
T Clicrena onpeneeni HOKyCOTBeRHOMO TekeTa ’
Puc. 1. Metoauka nneHTiHdUKALNA TEKCTOB, CTCHEPHPOBAHHBIX OOJBIINMU

S3IKOBBIMH MOACTIAMU
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Iycts D = {(x,, yl.)}f:1 — oOyuvaromass BbIOOpKa, IIe X, — BEKTOp
opu3HakoB TekcTa, a y, €{0,1} — Merka Kkjacca B 3ajaue OUHApPHOM

kmaccuukanuu  («aenoBek»/«LLM»), B  ciay4ae MHOTOKIACCOBOU
Knaccudukanuu y, umeer Bun y, € {0,K}, roe K — KOJIMYECTBO KJIACCOB

(LLM-moneneit). Kaxnas moaens ancamOJIsi peain3yeT 0TOOpakeHue:

. ~ K
fyix > pe[0,11, (1)
rae p, — BEKTOp, COIEPIXKAIUH BEPOSTHOCTH OINpENETICHUs] TeKCTa K
knaccam, 0 — mapamerpel Momenu. lleneBod QyHKuUMEH sBIAETCS

MUHMMHU3ALUS YCPETHEHHOW KPOCC-3HTPOIINH:

1 N K

L(0)= _Wz Z[yi =k]-log f’z,k > 2

=l k=l

B cmyuae OunapHod kiaccupukammm K =2, u Qopmyna
NPUHAMAET BHI:

L) =~ Y1y, log  +1-3)log1-7,)]. ()

rae y, € {0,1} — ucTHHHA® MeTKa Kiacca, a p, = f,(X,) — IpencKa3aHHas
BEPOSITHOCTh IPHUHAUIEHOCTU TEKCTA K Kiaccy «LLM».
K ycroBusIM IOCTHIKEHHUSI IEIM OTHOCATCS MHHMMu3anus L(0) ¢

HIOMOIIIBIO CTOXACTUYECKOTO TPAaMEHTHOIO CITycKa W ero Mojudukanui ¢
aJanTHUBHBIM ImaroMm. Perynapusanms, paHHSS OCTaHOBKa M Kpocc-
BAIMAALMS MCHOJB3YIOTCS Ul NpeAoTBpauieHust nepeoOydenus. J[ns
METaMO/ICTIM CTEKKMHTa BXOJIOM CIIY>KaT BEpOSTHOCTH 0Aa30BBIX MOJEICH, a
neneBast QYHKIUS — KPOCC-IHTPOIIHSL.

3.1. @opmuposanue u noozomoexa dannpix. Ha sTane noarotoBku
JaHHBIX Cc(OPMUpPOBAaHBI [Ba Kjacca TEKCTOB: ecTecTBeHHble W LLM-
TEKCTBIL.

EcrecTBeHHBIE TEKCTHI OBUIM COOpaHBI W3 COLMANBHON CETH
«BKonTakte». BakHO OTMETHTh, YTO  HCIOJIB30BAJIUCh  TOJBKO
KOMMEHTapuu BepUHULINPOBAHHBIX 10JIb30BATENEH, TO €CThb
NOATBEPMBLIMX CBOW aKKayHT C NMOMOIIBIO YUYETHO 3anucu 0aHKOBCKOTO
NpujokeHus wuiM EjuHoro mnoprama rocyaapcTBEHHbIX yciayr Po.
OOpaboTKa ecTeCTBEHHBIX TEKCTOB BKJIOUYalla OYUCTKY — YAAIEHHE CChUIOK
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URL, smoa3u, T3roB. TekcThl mNpeaBapuTEIbHO TOKEHU3UPOBAIUCH U
OYMINAINCH:  YAIUIACH  YUCIOBBIE M OJHOOYKBEHHBIC  TOKEHBI,
UCKITIOYAIMCh PACIPOCTPAaHEHHbIE CTOI-CJIOBA, a OCTaBIIMECsS CJIOBa
MOJABEPraJiucCh JJEMMATHU3AIIUH. Taxxe BBOJAWJIUCH OI'paHUYCHHUS HA pa3sMeEp:
otbupanucek TekcTsl AnuHON oT 100 1o 200 CMMBOJIOB, HOCKOJIBKY IIENBIO
nccienoBaHus ObUT0 (JOKYCHpOBaHME Ha KOPOTKHX Tekcrax. MHpopmarms
0 coOpaHHOM Habope npuBeieHa B Taduue 1.

Tabnuna 1. HaGop ecTecTBEHHBIX TEKCTOB

XapakTepucTuka 3HaueHne
KonuuecTBo TekcTOB 2815104
Pa3mep Habopa, CHMBOJIOB 1776835735
Pasmep Habopa, cioB 27815234
Pa3mep Habopa, npemioxxeHuit 3150806
CpenHsist ITMHA TEKCTa, CHMBOJIOB 103
CpenHsis JUTHHA TIPEUIOKEeHUs, CIIOB 7

LLM-TeKcThI OBUIH MOJIYYEHBI C TOMOIIBIO0 HECKOJIBKUX aKTyalIbHBIX
BEPCHUH SI3BIKOBBIX MOJIEINICH, MOIJACPKUBAIONINX PYCCKUHM S3bIK, YTOOBI
OXBaTHUTh Pa3IMYHbIC CTHJIM eHepanuu. [ MOBBIIICHUS PEATUCTUYHOCTH
W pa3HOOOpa3usi CHHTETHUECKMX JIAHHBIX TPUMEHSJINCh  METOJIbI
TEMaTU4eCKOr0  MOJENUPOBaHMA U  HPOMNOT-UHXKUHHpUHra. llepen
reHepanueil ObLT MPOBENICH TeMaTHYECKUH aHalIn3 KOpIyca €CTeCTBEHHBIX
TekcToB (Tabmuma 1) ¢ mcrmonp3oBaHMeM JIMHEHHOTO NUCKPUMHHAHTHOTO
agam3a (LDA) [26]. B pesymbrate O0put0 BBImeneHo 1500 TeMaTHmuecKmx
krmactepoB. LDA-Monens oOydanack ¢ mapamerpaMu o = 'symmetric', 1 =
'auto’, passes = 10, iterations = 100 [27]; mepex oOy4eHHEM CIIOBapb
¢unbTpoBancs meronow filter extremes (no_below =50, no_above = 0.95).
Kaxmoit Teme BpydHYIO IIpPHCBaWBaiach poyieBas MeTKa (Hampumep,
«IIEHCUOHEPY, (OKYPHAIHCTY, «CTYAEHT»), YTO II03BOJSLIO (OPMUPOBATH
CIIOBaph BHJA «TeMa: pOJbY» U IEepelaBaTh €ro B KadecTBEe KOHTEKCTa Mpu
TeHepalny TEKCTOB.

TeKCThI reHepupoBAIUCH C HcHoIb30BaHueM API cooTBeTcTBYOIIMX
Mojeneit. JIis TOBBIICHUS BapHATHBHOCTU HCIIOJNB30BANKCH MapaMeTphl,
MOBBILIAIONINE CITy4allHOCTh M HEHANpaBJICHHOCTh OTBETOB (temperature,
frequency penalty, presence penalty) B COOTBETCTBHH C PEKOMEHAAIMSIMHU
API. JlononHUTENBEHO BBOAWIIOCH OIPAaHUUYCHHME HA JUIMHY T'€HEpUPYEMOro
TEeKCTa dyepe3 mapamerp max tokens, 4YTOObl TPHONM3UTD JJIMHY
CHHTETHYECKHX TEKCTOB K PacIpeAeIeHHIO JUIMH KOMMEHTapHeB B KOPITyce
€CTECTBEHHBIX TeKCTOB (cpemuss mmmHa — 103 cumBoia, Tabmuma 1). 3T1o
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MO3BOJIMJIO CAENATh TEKCThl OOJIcE COMOCTABUMBIMH IO CTPYKType H
o0BeMy.

Kaxnomy creHepMpoBaHHOMY TEKCTy IpHCBauBalach METKa,
oTpaxaromiasi ICTOUHHMK (koHkpeTHass LLM), ogHako B pamkax OuHapHOM
Ki1accuuKalMu BCE TaKMe TEKCThl pPacCMaTpPUBAINCh KaK  €IAMHBIN
00001eHHbIH Kiace «crenepupoBano LLM». Mudopmarms o Habope LLM-
TEKCTOB IIpUBE/IcHa B TabHIe 2.

Tabnuna 2. Habop LLM-TekcToB

Mogens KonmnuecTBo TexcToB
LLaMA (SIugexc) [29] 100000
Yandex GPT [30] 100000
Yandex GPT-lite [30] 100000
GPT-40 [23] 100000
GPT-3.5 [23] 100000
GigaChat Pro [31] 100000
DeepSeck [32] 100000
Hroro 700000

Tarke Meromuka OBDIa TIPOTECTHPOBaHA Ha Habope MaHHBIX
I'.Tpunait u ap. [20] u paracere RuATD-2022 [21]. Wudopmarnms
0 JaTaceTax IpejcTaBiieHa B Tabmme 3.

Ta6umuna 3. Xapakrepuctuku garaceros I'. ['punait u RuUATD-2022

3HavyeHue s 3HavyeHue s
Tun tekcra XapakrepucTuka Habopa natacera I JlaTacera
I'puuait RuATD-2022
Ect. Kom-56 TeKCTOR 451572 59674
Hck. 451572 155436
Ect. KOlI-BO CHMBONOB 1359568468 15679465
Hck. 1684485630 33655209
Ect. Cp. InMHa TeKcTa, 3011 263
Hck. CUMBOJIOB 3730 217
Ecrt. MuH. JUIMHA TEKCTA, 500 7
Hck. CHMBOJIOB 302 6
Ecr. Makc. IIMHA TeKCTa, 429800 2963
Hck. CUMBOJIOB 15281 3560
3.2. Ilpuznaxosoe npocmpancmeo. YUTOOBI BHITBUTH HESBHEIC

pasiuudg MEXAYy C€CTECTBEHHBIMU W CTCHEPUPOBAHHBIMH TEKCTAMH, W3

Ka)KZIOT0 TEKCTa U3BJIEKaJICd HaOOp MPU3HAKOB Pa3HOTO THUIIA!
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1. JlmarBuctuueckue mpu3HaKW. JlaHHas Tpynma BKIOYAeT
MIPU3HAKH, XapAKTEPU3YIOLINE CTWIb U CTPYKTYpPy TEKCTa Ha YPOBHE SIBHBIX
OTJIMYMMBIX YEJIOBEKOM JIMHIBHUCTHYECKUX OcoOeHHocTel. B wactHOCTH,
paccuuTHIBANACh CPEHSS AJIMHA IMPEUIOKEHUS — MPEeANoyarajiochk, 4To
LLM moryT npoayuupoBath 0ojiee (hOpMann30BaHHBIE WIIM OJHOTHUITHBIC
o AJUHE MNpeanoxeHus. Taxke pacCUMTHIBAIIOCH KOJIMUYECTBO 3HAKOB
npenuHaHus (oOliee YHMCIO W CpeAHee) Uil OTPaXKEHHs CIO0KHOCTH
CHHTaKCHYECKOW CTPYKTyphl. Mop(hojaornueckue NpHU3HAKKW BKIIOYAIN
YaCTOTHBIE pacHpeneneHus dacted pedn. Takxke B JaHHYIO KaTETOPHIO
MIPU3HAKOB BXOAWIN METPUKH JIEKCHYECKOTO Pa3HOOOpa3Hsl: HOJIS PEAKUX U
pacIrpocTpaHeHHBIX CIIOB. /Il 3TOTO HCIONIB30BAJICS YacTOTHBIN CIIOBAph
pycckoro s3bika [33].

2. Cratuctuueckne mnpuszHaku. K 3TOW KaTeropuu OTHOCSTCS
KOJINYECTBEHHBIE MEpHl SHTPONHU M BEPOSTHOCTHOM HEIPEICKa3yeMOCTH
TekcTa. Berancisimachk SHTPONHS CHMBOJIOB U CJIOB — KaK CpeaHee 3HaUCHHE
0 BCEMy TEKCTy. OHTPONMHUS [UIi TIOCIIEAOBAaTEIFHOCTH CHMBOJIOB
OTpeNieNsINCh CTAaHJApTHO Yepe3 YacTOThl MOSABICHUSA KaKJOTO CHMBOJA.
AHaJIOTUYHO BBIYMCIUIACH SHTPOIMS paclpesieleHus ClIOB, paccMaTpUBas
4acToThl  CcJIoB. Hwu3kas 9SHTpomust  yKka3plBaeT Ha  OJHOOOpasue
(TIOBTOpSIEMOCTH OJTHUX M T€X K€ CJIOB MJIM OYKB), TOTAA KaK BBICOKAs — Ha
BAapHATUBHOCTh. [Ipenmnonaranoch, YTO Cr€HEPUPOBAHHBIE TEKCThl MOTYT
o0ylaiaTh  OTJIMYHOH OT €CTECTBEHHBIX TEKCTOB  CTaTUCTUYECKOH
CTPYKTYpo#l (Hampumep, HEKOTOpBIE MOJEIH MOTYT MUMETh H30BITOYHYIO
PaBHOMEPHOCTh WIJIH, HA00OpOT, HEECTECTBEHHO HHU3KOE pasHooOpasme,
0COOCHHO Ha KOPOTKHX OTPBIBKax). Takye pacCUMTHIBANACH IMEPIUICKCHS.
Jnst pacdyera JaHHOTO NpH3HAaKa ObLTa OOydeHa IMpocCTas CTaTHCTHUYECKas
sI3bIKOBast Mozenb (5-rpaMMHas MOZAENb) HA KOpPIyce ECTECTBEHHBIX
pycckux TekctoB, wucmonsdys KenlLM [34]. [lomyuennas Momenb
paccuuThIBala BEPOSITHOCTH IIOCNEOBAaTENFHOCTH CHMBOJIOB, M Ha ee
OCHOBE BBIUHCIIATACH MEPIUIEKCHS KaXIOT0 paccMaTpHUBAaEMOI0 TEKCTa.
EcrecTBeHHbBIE TEKCTHI JOJDKHBI OBITH «OoJiee MpencKazyeMbIMuy» (HHU3Kast
MePIJIeKCHs) OTHOCUTENIBHO CTaTHUCTUKU YEJIOBEYECKOIO S3bIKa, TOTJa Kak
LLM-TeKkcTbl MOTYT COJEpXkKaTh MEHEe XapaKTepHblE COYETaHHs CIIOB,
MOBBIIAIONINE NEPIUIEKCHUIO.

Takke pacCUMTBHIBAIUCH YAaCTOTHI OWUTPaMM ¥ TpHUTpaMM IS
BBISBJICHUS UX MOBTOPSIEMOCTH B TEKCTE. BBICOKOE YHMCIO MOBTOPSIOIUXCS
MIOCIIEAOBATENFHOCTEH CIIOB M CHMBOJIOB MOXKET CBHIETEILCTBOBATH O TOM,
YTO MOJENb CKJIOHHa K HCIIOJIB30BAaHMIO OMNpEACICHHBIX (pa3 wnim
1a0JIOHOB, TOTJa Kak y dYeloBeKa B TaKOM KOPOTKOM TEKCTE OOBIYHO
MEHBbIIIE TOYHBIX TOBTOPOB.
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3. Cemantnueckue npu3Haku. JIns  BBIABICHUS  HESIBHBIX
MIPU3HAKOB HCIIOJIb30BAINCH SIMOEIMHTH TEKCTA, MOTYUYEHHBIE C IOMOIIBIO
COBpeMeHHBIX TpaHchopMmepHbIx Mojeneil. Ilpumenen RuBERT ot
DeepPavlov [35]. C nomomsio RUBERT kaxbiii TekcT ObLT IpeoOpazoBan
B BEKTOp (pUKCcHpoBaHHOW pazmepHocTu (768-mepusbiil). Mogens RuBERT
o0ydeHa Ha pYCCKOM Kopryce Buknnenum u HOBOCTEH, Mo3TOMY e€e
CKPBITBIE COCTOSHUSI OTPa)KalOT KOHTEKCTyalbHbIE 3aBHCHUMOCTU CJIOB Ha
pycckoM si3pike. LLM mnpu reHepanuy CKJIOHHBI BKIIIOYaTh JIMIIHIOKO
WHPOPMANIMIO WM UCIIONB30BaTh Ooiee oOmme (GOpPMYIHPOBKH, YTO
NIPUBOJUT K XapakTepHbIM OTIMYMAM B dSMmOexanuHrax. Hekortopsie
KOOpIMHATHl 3THX BEKTOpPOB (MM MX JIMHEHHBIE KOMOWHAIWM)
OKa3bIBAlOTCS HMH(MOPMATHBHBIMH I KIACCH(QUKAMM W  OTPAXalOT
CTHIINCTHYECKHE M KOHTEKCTyaJIbHbIC OCOOCHHOCTH  TEKCTOB.
Ucnons3yrores smoenauaru RUBERT (hidden size = 768). Jlanee srtor
BEKTOp nojaetcst Ha Bxoq BiLSTM.

Jns  ©Onoka CTaTUCTUYECKMX W JIMHTBUCTHYECKUX IPHU3HAKOB
HCIOJb30BATMCh 10N 3HAKOB IIPENUHAHMA, 4YacTOTa HCIOJIb30BAHUA
9MO/I3H, CPEHIS JUTMHA CJI0Ba, KOA(QQHUIIMEHT JIEKCUYECKOTo pa3Hoo0pasus
(TTR), 4acTOTBI CTOM-CJIOB, KOJUYECTBO MPEIJIOKCHUH, pacmpeieicHue
yacTed pedd, 4YacToTa 3arjlaBHBIX OYKB, YacTOTHI IOBTOPSIOMINXCS
cuMBOJIOB. CeMaHTHYeCKHe INpH3HAaKKW (OPMUPOBAIHNCH HA OCHOBE 768-
MepHbIX 3MOenmuHroB  RUBERT M KOCHHYCHBIX pacCTOSHHH MEXIy
TIPEAIOKEHHUSIMU.

Beca mpusnakoB mns LightGBM omeHuBammch Mo TOKa3aTeINIo
mpupocTa uHpopManuy (gain) — pUCYHOK 2.

BakHocTb npu3HakoBs (LightGBM)

[ons 3HaKoB NpenuHaHus

KoaduumeHT nekcuyeckoro pasHoobpasus (TTR)
YacToTa 3MoA3u

CpeaHas ANnHa cnosa

Honsa cTon-cnos

YacToTa 3arnaBHbIX OykB

Konunyectso npefnoxeHnit

[lons NoBTOPSIOLMXCA CUMBOSIOB

YacToTa peakux cnos

Lons 4ucen

0.00 0.05 0.10 0.15
Bec npusHaka (gain)

Puc. 2. Ouenka BaXHOCTH NPU3HAKOB
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HauGonpmmii Bkmanm BHecHu: a0 3HakoB mnpenuHanus (0,18),
Koa¢punmeHT aexcudeckoro pasnoobdbpasus (TTR) (0,15), wactora smom3u
(0,12) u cpennsis mmHa ciosa (0,10). B Transformer-moaenu HanOobIme
BECa MpUIIINCh Ha 3HaKu MMpCHAHUA n pCaKue CJIOBA, qTO
KOPPEIUPOBAIIO C BAXKHOCTHIO Ipr3HAKOB B LightGBM.

3.3. Apxumexkmypa. [Ins pemieHus 3agadd  KIacCUQUKAIMH
(«HenmoBex-LLM») IIpeaIoKEeHa aHcamOJeBast apXUTEKTYpa,
00beANHSIONIAst HECKOJIBKO MOJIEIeH pa3InyHOro Tuma (PUCYHOK 3).

Texcr
v l v
’ CeMaHTHYECKHE ‘ ‘ JIMHrBHCTHYECKHE ’ CTaTHCcTHYECKHE
NPH3HAKH NPHU3HAKH OPH3HAKA
_l'_|_ _P_[_ T
v v v
BILSTM RuRoBERTa LightGBM
BiLSTM
Pazme lI-Iosc'n, 2568 RuRoBERTa-large
P (SBER)
KaXJIOM HalpaBJICHUN —>
g
e | 2
0.3 2
v N R
‘ Mean Pooling ‘ é : num_leaves: 64;
¢ g : learning_rate: 0,05;
TToHOCBSI3HBIH CJI0M 3 : feature_fraction: 0,8;
Linear(512 — 2) : bagging_fraction: 0,8;

IloTHOCBA3HBIH : bagging_freq: 5;

DyHKYusi AKMUBAYUT cioi max_depth: 7;
Softmax Linear(1024 — 2) : num_boost_round: 300. !

Pacnipezienenre BEpOATHOCTEH | IPHHAIEKHOCTH K KllacCaM

LR (MeTamonenn)

penalty: '12';
C: 1,0;
solver: 'liblinear";
class_weight: 'balanced'.

Puc. 3. ApxutekTypa npeanoKeHHOH MOAENH [UIS BBISBICHHS CTEHEPHPOBAHHBIX
TEKCTOB

Takass KOMOWHANUSI TO3BOJSIET YYECTh Pa3HOPOAHBIC TMPHU3HAKU
TekcTa (paszzen 3.2). B coctaB aHCaMOIIs BOIIUTH CIIEAYIOMIE KOMIIOHEHTHI:
1. Mopgens rpaauentHoro Oyctunra LightGBM. LightGBM
WCIIONIb3YeTCsT Ui OOydYeHHs Ha JIMHIBHCTHYECKUX M CTAaTUCTHYECKUX
XapaKTePUCTHKAX, OMMCAHHBIX B pasjene 3.2. BeKTop MpHU3HAKOB KaXIOr0
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Tekcta nogaercs Ha Bxox LightGBM. Mopens BbiOpaHa 13-3a ee CKOPOCTH
00y4eHHUsI M CIOCOOHOCTH CIpAaBIATHCA CO CMEIIAHHBIMU 110 IIPUPOJE
NpU3HaKaMH, a TAK)Ke BCTPOCHHON (DYHKIMU OLEHKH Ba)KHOCTH ITPU3HAKOB.
OOyueHHast MOJIeNb BBIJIACT ISl KAXKIOTO TEKCTa OLICHKY MPHHAIICKHOCTH
K knmaccy «LLM-tekcr» (BeposTHOCTh min jorut). [Tlapamerpsr oOyueHus
LightGBM: objective: 'binary' (3amaua OuHapHOW KiaccuduKarmn
(uenoBex/LLM)); metric: 'binary logloss' (orapudmuueckas ¢yHKums
morepsr Ui OuWHapHOW  Kiaccudukanuu),  boosting type:  'gbdt'
(TpamueHTHBIE OYCTHHT 110 JIepeBbsSM pelleHui), num leaves: 64
(MakcMMaIbHOE KOJIMYECTBO JINCTHEB B OJJHOM jAepeBe); learning rate: 0,05
(mwar rpamuenTHOro obHoBNeHus); feature fraction: 0,8 (moss mpu3HAKOB,
CllyyalHO  BBIOMpaeMBIX Ul TOCTPOCHHS  KaXIOro  JiepeBa);
bagging fraction: 0,8; bagging freq: 5 (oOydueHne Ha CIy9alHBIX
MOJBBHIOOpKAX Kaxaple S5 wurepauuii); max depth: 7 (makcumanbHas
riyOuHa JepeBa, orpaHHYHBaroIIas nepeodydenue); num_boost round: 300
(obmee xonmyecTBO wutTepanumii); early stopping rounds: 30 (ocraHoBKa
00y4eHus IPU OTCYTCTBUH YITyUIICHHH).

2. BILSTM. B kauecTtBe BTOPOro KOMIIOHEHTa BHIOpaHa MOJEINb
JIByHaIIpaBJICHHOM pPEKyppEeHTHOM HeilpoceTH ¢ AONrod KpaTKOCPOUHOU
mamsaTeio (LSTM) — BILSTM. B nmamnoMm ciydae Ha BxXox BiLSTM
TI0JJaeTCsl TOCIIEeI0BATELHOCTh IMOSIIMHTOB, TPEJCTaBIAIoMNX TeKkeT. K
npuurHaM Beioopa BiLSTM B kadecTBe KOMIIOHEHTa aHCAMOJIsI OTHECEM ee
CIIOCOOHOCTh aHAIM3UPOBATH TEKCT B JIBYX HAINPaBJICHUSIX, YTO OCOOEHHO
TIOJIE3HO AJISI KOPOTKUX TEKCTOB, I/I€ KAXII0€ CIOBO OCOOEHHO BIMSCT Ha
CEeMaHTHKY BCETO TEKCTa; YCTOMYMBOCTh K HECTAHAAPTHOH I'paMMaTHKE U
cuHTakcucy — LLM 49acTo reHepupyrOT TeKCTHI ¢ IIIagKOH, HO MmabIoHHON
crpykrypoii. BILSTM cnocoOHa yIIOBHTH TOHKHE pa3iIH4Ms B CHHTAKCHCE,
KOTOPBIE MOTJIN OBl YCKOJIB3HYTh OT KJIACCHYECKUX MOJEIEH.

[Mapamerpsr mozenu BiLSTM: pa3mepHOCTh BXOAHOTO SMOENMHTA!
768; pasMep CKpPBITOTO COCTOSHUS: 256 (B KaxJOM HampaBJeHHH,
KOJIMYECTBO HEWPOHOB B KAKIOM HANPABICHHH PEKYPPEHTHOH CETH);
kosmuectBo  LSTM-cnoeB:  1;  dropout: 0,3  (perynsipuzanms,
NpeAoTBpaliaoias Mepeo0ydyeHre); arperaluus BBIXOAOB: YCpeIHEHHE
(mean pooling); moIHOCBA3HBIN KiIaccuukaMoHHsli cioi: Linear(512 —
2) — TOJTHOCBS3HBIN CIIOH, 00BeIUHSIONMN 002 HApaBICHUS; aKTHBAIIUS:
Softmax. OOyueHne NpOM3BOAMIOCH C HCIIOJNB30BAHHUEM ONTHMH3AaTOPa
'Adam’, learning rate: 0,001 (ckopoctp oOydenus), batch size: 32 (pa3mep
Oarya), yucio smox: 10.

3. RuRoBERTa. Tperuit momyms aHcamOIs — mpenoOydeHHas
Mozenb-Tpancopmep cemeiictBa RoBERTa, amanTupoBaHHas IO
pycckuii a3bIK. B paboTe mpuMeHeHa MOJeTb, IPEI0CTaBICHHAS KOMaHIOH
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SberDevices [36]. s 3amaun OunHapHO# Kiaccuduramuu («HemoBek-
LLM») x Moaenu nmpuMeHsIachk TexHHKa fine-tuning, a mMeHHO, 100aBIeH
TIOJIHOCBSI3HBIA  KJIACCU(MKALMOHHBIA  CIIOH, TIPOBEIEHO J1000yueHue
MOJIEIM METOJJOM TpaJIMeHTHOrO CIIyCKa Ha pa3ME4YeHHOM JaTaceTe.
Bonbmime momenu Bpome RoBERTa crocoOHBI 0OHapy»KMBaTh TOHKHE
CTWINCTUYECKUE pa3JIMuusl, HEJIOCTYIHBIE OoJiee IPOCTHIM MOJEISM,
M09TOMY JIaHHBIH KOMIIOHEHT JOJDKEH YIJIAaBIWBaTh BBICOKOYPOBHEBBIC
MIPU3HAKY, CleNu(UYHbBIE UIS MAIIMHHOTO TeKCTa. Monens noolydanack
mon 3amady OmHapHON kKiaccmbpukarmu «Yemosek-LLM» mo cremyromeit
cxeMe: J00aBIeH KiacCHpUKanuoHHBIA cinoi Linear(1024 — 2) —
MIOJHOCBS3HBIA  citoii; onrtumuzatop: 'AdamW'; learning rate: 2e-5
(meOomnpmIoif mar oOy4eHHUs, XapaKTepPHBIA M AOOO0YYeHHS KpPYIHBIX
Mozeneit); batch size: 16 (pasmep Oarda); wmcno 3mox: 3; crparerus
3aMOpPO3KHU: TepBble 6 clloeB TpaHcopMmepa 3aMOpPOKEHBI; warmup steps:
500; scheduler: 'linear decay with warmup' (IMHelHOe yMeHbIlIEHHE
napameTpa learning rate mocie (aser warmup); weight decay: 0,01
(perymsapusarus  BecoB); loss function: 'CrossEntropyLoss' (kpocc-
SHTpONHMS ISl 3ajaun Kiaccudukanuu); fine-tuning ocymiecTBisuics Ha
pa3sMe4eHHOM Kopryce ¢ Hcrnonb3oBaHueM OuOmmotekn Hugging Face
Transformers.

4. Meramonens (crekkuHr). (PHHAIBHOE pEIICHHE NPUHUMAET
aHcamOJeBbI MeTa KiacCH(UKaTOp, KOTOPBIH arperupyer BBIXOABI TPEX
MIepeuncIeHHbIX Mozened. Ha srame oOydeHMs aist KaxJIoro OOBEKTa
BBIYHMCISUINCH NPE/ICKAa3aHHBIE BEPOATHOCTH 0a30BBIX MoOJENeH. 3aTeM 3Th
TpH 3HAYCHUS UCIIOIB30BAINCH KaK BXOAHBIC NMPHU3HAKH JJIsI 00ydaromeics
MeTtamojienu. B kadecTBe Mera kiaccudukaTopa OblTa HCHOJIB30BaHA
nmoructudeckas perpeccust (LR) 4roObl He mepeoOydnThCS Ha BBIXOAAX.
Takol MOAXOA COOTBETCTBYET TEXHUKE CTEKKHMHI — 0a30BBbIE alTOPHTMBI
00y4aroTcsl OTAENBHO, a 3aTeM MX NMPOTHO3bI KOMOMHUPYIOTCS 00yYEHHBIM
criocobom. [Tapamerpsl Metamozenu: penalty: '12' (L2-perynspusauus ams
npepotBpauienus nepeodyuenus); C: 1,0 (koadduiupeHT perynspuzanun);
solver: 'liblinear’; class weight: 'balanced' (aBTOMaTHueckass KOPpEKTHPOBKA
BECOB KiaccoB Juii OopsObl c nucOanmancoMm). Hacrpolika wera-
KJIacCU(UKAaTOpa OCYIIECTBISIETCSI HAa OCHOBE OO0YydaloIlero Kopiryca
KopoTkux TekctoB (100-200 cuMBOJIOB), 4YTO TIO3BOJSIET MOJEIH
YUUTHIBATh CIENU(UKY NPU3HAKOB MUMEHHO IS 3TOTO JUaIrla3oHa JJIHHBI
JlnHaMu4eckoe M3MEHEHHE BECOB KOMIIOHEHTOB aHCaMOJIs B 3aBUCHMOCTH
OT JJMHBI TEKCTa B TEKyIIeH BEpCHM HE TPUMEHIETCS, OIHAKO
paccmaTpuBaeTcsi Kak ITOTCHIHAIbHOE YIyYIIEHHE NpPH  aanTaliH
METOJMKH K OoJiee JUIMHHBIM 00pa3LaM.
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Beibop onrtumuzatopoB «Adam» u «AdamW»y» oOycioBieH ux
CTaOMIBHOW CXOTUMOCTBIO IpH paboTe C KOPOTKUMH TeKcTamu. s
CHIDKCHMS PHCKa MepeoOydueHus MPUMEHSUIMCh peryispu3anus (dropout,
weight decay), pannsist octanoBka (early stopping), a Takxke moadop Iara
oOydenus. AJjbrepHatuBHble onTuMuzaropsl (SGD, RMSProp) 6butn
MPOTECTUPOBAHBI HA YacTH BBIOOPKM M TOKa3amu Oolice MEIICHHYIO
CXOJMMOCTh WM MEHEE CTaOWIIbHBIC pE3yNbTaThl B 3ajaue OWHApHOU
KIIaCCU(PHKAIIH.

Bribop rHOpumHOTO  aHcamOieBoro  moaxoma  0OyCIOBICH
CTpEMJICHHEM YYeCTh MPHU3HAKH Ha Pa3HBIX YPOBHAX HEPApXHH TEKCTa U
00ecTeunTh HAICKHOCTh KIACCH(UKAIIMA B YCIOBUSX Pa3HBIX TEMAaTHK
TeHEPHPYEMBIX TEKCTOB, Pa3IMIHBIX BEPCHH M BHUIIOB SI3BIKOBBIX MOZICICH.
Kaxxmast n3 ucnonap30BaHHBIX MOJETICH UMEET CBOM CHIIBHBIE CTOPOHBI, U X
KOMOUWHAIHMS KOMIICHCUPYET CIAa00CTH APYT APYra, a UMEHHO:

1. JIMHTBHCTHYECKHE ¥  CTATUCTHYCCKHE MPHU3HAKH  JAOT
MOHSATHBIC C TOYKH 3PCHUSI TUHTBUCTUKH WHAMKATOPHI «HEECTECCTBEHHOCTH
TexcTa. OJHAKO ATH MPHU3HAKK MOTYT OBITh HE CIOCOOHBI K BBISABJICHHUIO
CJIO)KHBIX KOHTEKCTYAIBHBIX IPU3HAKOB M 3akoHOMepHocTed. C apyroi
CTOPOHBI, SMOCIMHTH, KaK 0oJiee ITyOOKOe MPU3HAKOBOE MPEICTaBICHHE,
CHIOCOOHBI BBISBIISATH HESBHBIC CEMAaHTHYECKHE MAaTTepHBL. OOBeIWHCHHE
yepe3 aHcaMmONb I03BOJIICT YYHUTHIBATH M 00pabaTeiBaTh o00a THIIA
MIPU3HAKOB.

2. B kopmyc BKIIOYEHBI TEKCTHI, CO3JaHHblE pa3HbiMH LLM,
KaKIasg U3 KOTOPHIX MMEET CBOM XapaKTepHBIC YepThl. AHCaMOIb ITydIie
aJanTHPYeTCss K TaKOMY Pa3sHOOOpa3Hi0 MCTOYHHUKOB TEKCTOB. Hampumep,
€CJIM HOBasi MOJAETH TeHEepalry He yIOTpeOsieT PeaKnuX CIOB (TEM caMbIM
KIaccu(UIMpyeTcss OAHON U3 MOJAETeH KaK €CTECTBEHHBIH TEKCT), BCE eIl
MoryT cpaborate JApyrme Mozenu aHcamOmsa. Takum  oOpazowm,
HCIIOJIb30BaHUE aHCaMOJIsI, TI0 CYTH, JaeT AOMOJHUTEIBHYIO 3alUTy IPOTUB
pasHbIX BHIOB OTKIOHeHHMH LLM-TekcTa, OJHM KOMITOHEHTHI aHCaMOJIs
pearupyroT Ha CTaTUCTHYCCKHE aHOMAJIUH, APYIHe — Ha CTHJIMCTHYCCKHE.
3T0 0COOEHHO Ba)KHO, OCKOJIBKY LLM OBICTpO pa3BUBaOTCsI, KOHKPETHAS
TCHEpaTUBHAS MOJCIb MOXET YTPAaTUTh AaKTYyallbHOCTh, €CJIH MOSIBUTCS
MOJIeNb, TCHEPHUPYIOMIasi TEKCTHI B HHOM cTwiie. [IpeacTaBieHHas METOIUKa
M3HAYaIbHO OOJiee YCTOHYMBA K MOSBICHHIO HOBBIX LLM: maxe ecnu oHU
MaCKUPYIOT OJTHU PU3HAKHU, OCTAaHYTCS 3a/ICHCTBOBAHBI IPYTHE.

3. Kopotkue tekctel (B patione 100-200 cuMBOIIOB) KpaifHe
CIOXKHBI  JUIS  KJIACCH(PHUKANWK, T.K. TPHU3HAKOBOE IPOCTPAHCTBO
orpaHn4eHo. J[JTMHHBIE TEKCTHI, HA00OPOT, NMAIOT OOJBIE MaTepHana s
aHalM3a, HO MOJIEIM MOTYT TepATh (HOKYC Ha KIFOUEBBIX OCOOEHHOCTSX.
[Ipumenenne aHcaMOnsg SBISIETCS NPEUMYIIECTBOM B TaKUX CIydasx,
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nockoisibky LightGBM, onupartoiasicss Ha ycpeIHEHHbIE 0Ka3aTesin, MeHee
YyBCTBUTEIIbHA K JUIMHE (METPHKA NMEPIUIEKCHH YK€ YCPEOHEHA M0 BCEMY
TekcTy), Toraa kak BiLSTM u RoBERTa, ciocoOHBI BBISBIATH JIOKAIBHBIC
npusHaku LLM-Tekcra, a He TOJNbKO Tio0anbHble. B ciydae KOpOTKHX
TEKCTOB KJIIOYEBBIM (DAaKTOPOM TMPH TPHHSATHU PELICHUS MOTYT OBITh
YHCIIEHHbIE NPU3HAKK (HapUMep, O4€Hb HU3Kasi SHTPOIHS CUMBOJIOB Cpa3y
BbIACT IIAOJOHHBIM CreHEPHPOBAaHHBIA OTBET), a NpH aHanu3e Oojee
JUIMHHBIX ~ 00pa3loB — TiyOOKMe HeHpoceTeBble MOJENIN  BBIIBST
HECBOMCTBEHHBIN YEJIOBEKY XOJ] PAaCcCy’KICHHS 33 CUCT BBISBIICHUS HESBHBIX
JIOKJIBHBIX TIPU3HAKOB Yepe3 SMOeIMHT 1.

st cBepTKM TIpelcKa3aHWi pa3sHOPOIHBIX MOJENeH NpHUMEHseTCs
JIOTHCTHYECKasi perpeccusi, oOydaemass Ha BEpPOSATHOCTSX, BbIIAaBAEMBIX
Kakgol w3 0a3oBeIx Momened. Takum oOpazom, Beca (WM CTEIEHb
JIOBepUsl) K KaXAOMY KiaccudukaTopy B aHcamOle He 33/1al0TCs BPYUHYIO,
a ONpeneNnsdoTCs B Mpolecce OO0ydeHHs MeTa-KiaccuukaTopa, dYTO
MO3BOJISIET YYMTHIBATh CHEHMUGPHKY WX paboThl Ha pa3IM4yHBIX THIAX
BXOJIHBIX JJAHHBIX.

4. PesynbTaTthl. J[1s Haqe:KHOW OIIEHKM KadecTBa KiaccuukaTopa
W HACTPOWKM THIeprnapaMeTpoB ObUIa TpUMEHEHa Ipolexypa Kpocc-
Baympanuu Ha S5 ¢onmax. HToroselii kopmyc Obl1 cOallaHCHpOBaH W
paszeneH Ha OOY4YalolIyl0 M TECTOBYIO BBIOOpKM B cooTHomeHuu 80:20,
IIPU 3TOM TEKCTHI INEpeMelIaHbl CIy4yalHbIM 00pa3oM, YTOObI HH OJHA
KOHKpPETHasl TeMa WIM HCTOYHHMK HE TNpeoOiafaid TOJIBKO B OIHOW W3
BEIOOPOK.

OKCHeprMEHTHl TMPOBOAWINCH 1O ABYM 3ajadam: OHWHapHas
knaccuukamus («YemoBek-LLM») m MHOTOKIaccoBas KiacCH(pHUKALNsA
(ompenenenne «Kakoit Mogensio co3maH TekcT?»). [Ipu mpoBeneHnn Bcex
SKCIIEPUMEHTOB HaOOpHI NAHHBIX OBUIM COAJIAHCHPOBAHBI, HCKIIOYAIHACH
TeKCTHI AMHHOI MeHee 100 cuMBOJIOB.

PesynbraThl SKCIEpUMEHTa TPEACTABICHBI JUIs 3a1aud «YenoBek-
LLM» B Tabnune 4, mis 3agaun «Kakoil MOJCNBIO CO3MaH TEKCT?» —
B Tabuuie 5.

B nononHeHne K OCHOBHBIM 3KCIIEPUMEHTaM MBI ITpoBeiH leave-one-
model-out TecTHpoBaHHE, B KOTOPOM Ha KaXJOH HMTEpAlMU IOJHOCTHIO
UCKJIIOYAIH M3 00ydeHnst TeKcThl onHoi LLM-cembn (Hanpumep, STHIexc-
Mojenu nwin OpenAl) 1 TeCTHPOBAIIM TOJIBKO HA HEH. AHAJIOTMYHO, BHYTPH
BeiOpanHO  LLM-ceMpn  BRIIONHSIM  leave-one-version-out  TecT
(mampumep, obyuanmn Ha GPT-3.5, TectupoBamu va GPT-40, nu Ha060pOT).
Jns  xaxaod MCKIIOYEHHOM MOJEIM Mbl paccuuThIBaIM Accuracy,
Precision, Recall u F1. Pe3ynbraThl JaHHOTO IKCIIEPUMEHTa MPHBEICHBI
B TabnuIe 6.

Informatics and Automation. 2025. Vol. 24 No. 5. ISSN 2713-3192 (print) 1461
ISSN 2713-3206 (online) www.ia.spcras.ru



WCKYCCTBEHHbBIA MHTEJIJIEKT, UHKEHEPUS JJAHHBIX U 3HAHUI

Tabnuna 4. Pe3ysbraTel s3kcnepumenTa «Yemnosek-LLM»

Mogens | Apxutektypa | Accuracy | Precision Recall F1
LLaMA | RuRoBERTa | 0,86+0,02 | 0,87+0,02 | 0,85+0,03 | 0,86+0,02
(Anzekc) BiLSTM | 0,85+0,02 | 0,86£0,03 | 0,84+0,02 | 0,85+0,03
LightGBM | 0,82+0,03 | 0,83+0,02 | 0,8120,02 | 0,82+0,02
Ancam6ie | 0,9+0,03 | 0,91+0,02 | 0,89+£0,03 | 0,9+0,03
é;‘}dex RuRoBERTa | 0,83+0,03 | 0,84+0,02 | 0,82+0,03 | 0,83+0,03
BiLSTM | 0,82+0,03 | 0,83+0,03 | 0,81%0,03 | 0,82+0,03
LightGBM | 0,78+0,03 | 0,79+0,03 | 0,77+£0,02 | 0,78+0,03
Ancambms | 0,87+0,03 | 0,88+0,03 | 0,86:£0,02 | 0,87+0,03
é;l}df?; RuRoBERTa | 0,83+0,03 | 0,84x0,02 | 0,82+0,03 | 0,83+0,03
-11te
BILSTM | 0,83£0,02 | 0,84+£0,03 | 0,82£0,02 | 0,83+0,02
LightGBM | 0,79+0,04 | 0,8£0,03 | 0,78£0,04 | 0,79+0,03
Ancambns | 0,9140,02 | 0,92+0,03 | 0,940,02 | 0,91+0,02
GPT-40 | RyROBERTa | 0,78+0,03 | 0,79+0,03 | 0,77+0,03 | 0,78+0,03
BILSTM | 0,77£0,04 | 0,78£0,03 | 0,76:0,04 | 0,77+0,04
LightGBM | 0,75+0,03 | 0,76+0,03 | 0,74+0,03 | 0,75%0,03
Ancambns | 0,8240,02 | 0,83+0,03 | 0,81+40,02 | 0,82+0,02
GPT-3.5 | RuROBERTa | 0,84+0,04 | 0,85+£0,03 | 0,83+0,04 | 0,84+0,04
BILSTM | 0,83£0,03 | 0,84+0,03 | 0,82+0,03 | 0,83%0,02
LightGBM | 0,78+0,03 | 0,79+0,03 | 0,77+£0,03 | 0,78+0,03
Ancambme | 0,88+0,04 | 0,89+0,03 | 0,87+0,04 | 0,88+0,03
g’igaChat RuRoBERTa | 0,9+0,04 | 0,91+0,04 | 0,89+0,04 | 0,9+0,03
10
BiLSTM | 0,89+0,03 | 0,9+0,03 | 0,88+0,02 | 0,89+0,03
LightGBM | 0,87+0,02 | 0,88+0,03 | 0,86£0,02 | 0,87+0,02
Ancambre | 0,950,03 | 0,96+£0,03 | 0,94+0,03 | 0,95+0,03
DeepSeek | RuROBERTa | 0,84+0,04 | 0,85:0,04 | 0,83£0,04 | 0,84+0,03
BILSTM | 0,84+0,03 | 0,85+0,03 | 0,83+0,02 | 0,84+0,03
LightGBM | 0,8+0,02 | 0,81+0,02 | 0,79£0,02 | 0,8+0,03
Ancambms | 0,89+0,03 | 0,9+40,03 | 0,88+0,03 | 0,89+0,03
Bee RuRoBERTa | 0,8+0,02 | 0,81£0,02 | 0,79+0,02 | 0,8+0,02
MOACIu
BILSTM | 0,8140,03 | 0,82+0,03 | 0,8+0,03 | 0,81%0,03
LightGBM | 0,77+0,02 | 0,78+0,02 | 0,76£0,03 | 0,77+0,03
Ancambms | 0,84+0,03 | 0,85+0,02 | 0,83+£0,03 | 0,84+0,03
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Tabnua 5. Pe3ynbratsl okcriepumenTa «Kakoit MOJIeNbIo CO3aH TEKCT?)

Mozens Accuracy Precision Recall F1
Yandex moneu 0,89+0,03 0,9+0,02 | 0,88+0,03 |0,89+0,03
(2 xmacca)
Open Al mozem 0,76:0,02 0,7740,03 | 0,75+0,02 |0,76:0,02
(2 kacca)
Bee monemm 0,6+0,04 0,6240,03 | 0,59+0,03 | 0,6+0,03
(7 kyaccoB)

Tabnuma 6. Ouenka 0600111aeMOCTH METOIUKH ITPU UCKITIIOUEHUH MOAeIeH
u ceMeiicts LLM-mozeneit

Hewmosennas Accuracy Precision Recall F1
MOJIeIIb

Yandex GPT 0,8+0,04 0,79+0,03 0,8+0,03 | 0,8+0,03
Yandex GPT-lite 0,83+0,03 0,82+0,02 0,82+0,04 | 0,82+0,03
GigaChat Pro 0,9+0,04 0,88+0,03 0,89+0,03 | 0,89+0,03
DeepSeek 0,86+0,02 0,85+0,03 0,84+0,02 | 0,85+0,03
GPT-40 0,76+0,04 0,74+0,03 0,75+0,03 | 0,75+0,02
GPT-3.5 0,83+0,04 0,83+0,02 0,81£0,02 | 0,82+0,02

PesympraTel  moATBEpKAAIOT  3PPEKTHBHOCTD  MPEATIOKCHHOM
Meroqukd. B 3amaue «Uemoek-LLM» aHcaMOib TpoIeMOHCTPHUPOBAI
CTaOMIIBHYIO ¥ BBICOKYIO TOYHOCTh Ha paznmyHblx LLM, BKIOdas Mojaend,
opueHTHpoBanHble Ha pycckuil s3Ik (Yandex GPT, GigaChat Pro) u
MYJIbTHIMHTBaJIbHBIE pa3paborku (OpenAl, DeepSeek). Cpennss To4HOCTH
pacmo3HaBaHus JUIs OTACTBHBIX Moxened mocturana 0,95 (GigaChat Pro),
mpu 3TtoM pa3bpoc mo moxensm cocraBuin 0,82-0,95 (tabmuma 5).
CoBokynHasi To4HOCTh 10 BceM LLM cocraBuia 0,84, 4yTo CylIecTBEHHO
MIPEBOCXOIUT APYTHUE PEUICHHUs, MpeIHa3HAYCHHBIC IS aHalli3a PYCCKOTO
S3pIKa 3a cYeT BEIOOpa MoOJenel, BXOIIMIUX B COCTaB aHCAMONSI W
KOMOWHAINH PA3TUYHBIX BUIOB IIPU3HAKOB.

B 3amaue «Kakoii Monmenpr0 co3JaH  TEKCT»  TOYHOCTH
naeHTuuKamu KoHKpeTHor LLM nocturana 0,89 mns rpymmsr Yandex-
mozmener m 0,76 mna mozmeneir OpenAl (tabmmma 6). Hecmorpst Ha
€CTECTBEHHOE CHMKEHHE TOYHOCTH B dKCIiepuMeHTe ¢ 7 kimaccamu (1o 0,6),
pe3yabTaT OCTACTCS MPUEMIIEMBIM C yYETOM CTHJIMCTHYECKOTO CXOICTBa
MEXIy TeHepaTopaMH M HX CIIOCOOHOCTH aganTHpOBaTh CTHIb IIOJ
€CTECTBECHHBIN TEKCT.

DKCIEepUMEHTHI TOKa3ajy, YTO MPH TECTHPOBAHUM HA MOJCIAX,
OTCYTCTBYIOLIMX B 0OyueHuMH, KadecTBo cHmxkaercs Ha 0,03-0,08.
OTHOCHTEJIEHO KJTACCUYECKUX CIICHAPHUEB SKCIICPUMEHTa, HO OCTAcTCs HE
menee 0,76.
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Jnst cpaBHEHUsI MPEUIOKECHHON METOIUKH C PEe3yJIbTaTaMH IPYTUX
aBTOPOB OBIJIO MPOBEJCHO JBa IKCIIEPHIMEHTA Ha OOIIEAOCTYIHBIX Habopax
naHHeix (matacer I'. I'pumait u coaBropoB, RuATD-2022 [21]).
OkcnepuMeHT (Tabnuua 7) IOKas3bIBaeT, 4YTO METOJIUKAa CIOCOOHa
JIEeMOHCTPHPOBATh BBICOKYI0 TouHOCTh 0,89 Ha maracerax, coaepiKalfux
TEKCTBI, OTJIMYAIONINECs OT MPEJCTABIECHHOrO B paboTe Habopa (1o JuiMHe,
CTWJIMCTHKE COJICPKUMOT0, THIIaM TeHEPAaTHBHBIX MOJIETICH | Ap.).

Tabnuna 7. Pe3yapTaTsl 9KCIEpUMEHTOB Ha O0IIEIOCTYITHBIX HA0Opax JaHHBIX

Jatacer ABTOpBI Meton Pesynbrar
RuATD binary [21] I'. I'puuaii u ap. DeBERTa Fl-mepa
[38] 0,76
Komanma MI'Y [37] AncaMOIb TounocTh
MoJele 0,83
Transformer
ABTOpBI CTATHH AHcam0Jb TouHocTh
RuRoBERTa, 0,87
LightGBM,
BiLSTM, LR
KaK
MeTaMoeab
Habop naunnbix I'. ['punait u 10.B. UexoBuu u XLM- TouHoCTH
np. [19] np. [38] RoBERTa 0,89
ABTOpBI CTATHU AHcaM0Jb TouHocTh
RuRoBERTa, 0,89
LightGBM,
BiLSTM, LR
KaK
MeTaMoeb

5. BoiBoabl U obcy:xkaeHue. Pa3paboTanHas MeTOOMKa MO3BOJSET
3¢ (EKTUBHO BBHISBIATH TEKCTHI, CTEHEPUPOBAHHBIC OOJIBIIMMU S3BIKOBBIMH
mozensiMi.  KoMOWHanmusi  JIMHTBUCTHUYECKHMX,  CTAaTUCTUYECKHX U
CEeMaHTHYECKUX IPH3HAKOB, a TaKXKe HCIOJIb30BAaHHE  aHCaMOJsA
KjaccudukaTtopoB obecrneunBaioT ToyHocTh 1o 0,95. TlomyueHnsie
pe3yiIbTaThl IMOATBEP)KAAIOT I€JIECO00Pa3HOCTh NPUMEHEHHUS JIaHHOTO
MOAXOAa JUIsl 3ajad MOJepaluM KOHTEHTa, aHajiu3a JOCTOBEPHOCTU
MH(OPMAIHHU U TIPOTUBOACHCTBUS Ne3MH(OPMALIHH.

Cpenu OrpaHMYEHHII METOAMKHM MOXXHO OTMETUTHh CHELU(HKY
pa3paboTKM HCKIIOYMTENBHO [UIS  aHalM3a PYCCKOSA3BIYHBIX TEKCTOB,
o0yJeHHe Ha TEKCTaX pa3srOBOPHOTO CTHIIS (KOMMEHTApHEB MOJIb30BaTeNei
COIMAITLHBIX CETSX).
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JlanpHeWmue Mmianbl UCCIEI0BAHNS BKIIIOYAIOT IIPOBEACHUE aHAIHN3a
M aJanTalyio METOIUKU K JIPYTMM CTHIISIM TEKCTOB, BKJIOYas Hay4HBIH,
oHIHAIEHO-ETIOBOH, My OIHAIUCTUICCKUT U Xy/10’KE€CTBEHHBIH,
pacuiMpeHue CyIIECTBYIOIIEr0 Habopa JaHHBIX C MOSIBICHUEM HOBBIX
Bepcuil LLM. Taxxe BO3MOXHO COBEPLICHCTBOBAHUE CTEKKMHIOBOM
MOJIENI, B paMKaX KOTOPOTO J00aBIISIOTCS JOMOJHUTEIbHBIC TPU3HAKA
(Hanpumep, JUIMHA TEKCTa WM CTEICHb IIEPIUIEKCHH), KOTOpBIE MOTYT
BIIMSATH HA «JI0BEPHE» K OT/AEIHEHBIM KOMIIOHEHTaM aHCaMOJIsL.
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A. FEDOTOVA, A. ROMANOV
TECHNIQUE FOR IDENTIFYING TEXTS GENERATED BY
LARGE LANGUAGE MODELS

Fedotova A., Romanov A. Technique for Identifying Texts Generated by Large Language
Models.

Abstract. The article presents a method for identifying Russian-language texts generated
by large language models (LLMs). The method was developed with a focus on short messages
from 100 to 200 characters long. The relevance of the work is due to the widespread use of
generative models, such as GPT-3.5, GPT-40, LLaMA, GigaChat, DeepSeek, and Yandex
GPT. The method is based on an ensemble of machine learning models, and features of three
levels are also used: linguistic (structure, punctuation, morphology, lexical diversity), statistical
(entropy, perplexity, n-gram frequency), and semantic (RUBERT embeddings). LightGBM,
BiLSTM, and the pre-trained transformer model RuRoBERTa are used as basic models,
combined by stacking through logistic regression. The choice of a hybrid ensemble approach is
due to the desire to take into account features at different levels of the text hierarchy and to
ensure the reliability of classification in the context of different topics of generated texts,
versions, and types of language models. The use of an ensemble is an advantage in the analysis
of short texts, since LightGBM, based on averaged indicators, is less sensitive to length (the
perplexity metric is already averaged over the entire text), while BILSTM and RoBERTa are
able to identify local features of an LLM text, and not just global ones. The dataset of natural
texts includes more than 2.8 million user comments from the VK social network. The LLM
text dataset contains 700 thousand texts generated by seven relevant large language models.
Topic modeling (LDA) and role generation using prompt engineering were used in the text
generation. The methodology was evaluated on open datasets of Russian-language LLM texts.
The experimental results showed an accuracy of up to 0.95 in the binary classification task
(Human-LLM) and up to 0.89 in the multi-class task of determining the model-generator. The
method demonstrates robustness to the diversity of sources, styles, and LLM versions.

Keywords: large language models, neural networks, machine learning, text generation,
ensemble of classifiers, text features.
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A.A. bAasnH, C.A. TIETPEHKO
MO/JIEJIb OBJJAYHOM IVIAT®OPMbI KPUTUYECKOM
HH®OPMAIIMOHHOM MTHO®PACTPYKTYPHI C
KUBEPUMMYHUTETOM

banaoun  A.A., Ilempenko C.A. Mogeab o006gauHol MIATGOPMBI  KPHTHYECKOH
HH(pOPMaALHOHHOK MHPPACTPYKTYPDI ¢ KHOEPUMMYHHTETOM.

AHHoTanus. McciaenoBaHue MOCBAIICHO DPENICHHIO 3aauyd CHHTE3a MOJENH OOIavyHOU
mwIaThopMbl KPUTHUECKONH HH(POPMANUOHHOH HHOPACTPYKTYpHl € KHOCPHMMYHHTETOM.
AKTyalbHOCTb HCCIIE/IOBAaHUS OOYCIOBJIEHa HEOOXOJMMOCTBIO pa3pelieHHs HpoOIIeMHOI
CUTyallM, XapaKTepu3ylolllelcs HaJM4yMeM [pPOTHBOpeuMi B HayKe M  IIpPaKTHKE.
IIpotuBOpeune B IpakTUKe HAOMIOmaeTcss MEXIy MOBBINIEHHBIMA  TpeOOBaHHAMU
K YCTOHYMBOCTU (DYHKIMIOHUPOBAHHS OOJIAYHBIX INIATGOPM KPHUTHUECKON HMH(MOPMAIMOHHOU
UHPPACTPYKTYPBI U POCTOM YIPO3, CBSI3aHHBIX C 3KCILTyaTalMeil HOBBIX, paHEe HEM3BECTHBIX
ya3BuMocteil. IIpoTuBOpeune B HayKe COCTOUT B HEBO3MOXKHOCTH OOeCIIeueHUs Tpedyemoit
YCTOHYNBOCTH TaKUX INIAT(OPM C HCIOJIb30BaHUEM CYIIECTBYIOMHMX Mojerneil n Mmeronos. Tak
CYILECTBYIOIIHE MOAXO/IBI HE B ITOJHON MepEe YUUTHIBAIOT OCOOCHHOCTH OOJAuHbIX MIaTGopM
KpHTHYeCKOU MH(GOPMATHOHHONH MHOPACTPYKTYPHI, 2 HIMEHHO, HEPapXUUECKYI0 apXUTEKTYpy,
HaJIM4ie HEeBBIBICHHBIX YSA3BHMOCTEH, (YHKIMOHUPOBAHKE B YCIOBHUSX IEIE€HAIPABICHHBIX
HH(GOPMALIOHHO-TEXHUYECKUX BO3/CHCTBHH, IMOBBINICHHBIE TPeOOBaHHSA K YCTOHYMBOCTU
1 HEOOXOAUMOCTb ~ ONEPATHBHOTO  BOCCTAHOBICHHS  INTATHOTO  (PyHKIMOHHPOBAHUS.
ITocraBnena 3ajgada CHUHTE3a HOBOM MoJenu oONadHONM IIaTGOPMBI  KPUTHYECKOU
nHbOpMaMOHHOW HH(pPACTPYKTypsl ¢ KuOepuMmmyHureroM. CdopMynupoBaHa rumoresa
O TOM, YTO y4YeT CBOMCTBAa KHOCPHMMYHHTETa MOJIOXKHTEIBHO BIHACT HA YCTOIUYHBOCTH
(YHKOMOHUPOBAaHHS TakuX IUATGOPM B YCIOBHSAX  HH(POPMAIMOHHO-TEXHUYECKHX
BO3JCHCTBHIl. MeTOAbl HCCIEZOBAaHMS BKIIOYAIOT METOABI CHCTEMHOIO aHaiu3a, TEOpHU
BEPOSATHOCTEH, CEMAaHTHYECKON TEOPHH IIPOrpaMM, TEOPUH HOJO0US U Pa3MEpPHOCTEH, a TakxKe
METONBI KOMITBIOTEpPHOI MMMyHonornu. OOGocHOBaHAa uies KHOEPUMMYHHUTETa, COCTOSIIAS
B HaJIeJICHUU 00J1a4yHON II1aTGOPMBI CIOCOOHOCTHIO IIPOTHBOICHCTBOBATE N3BECTHBIM U paHee
HEeH3BECTHBIM HH(OPMAIMOHHO-TEXHUYECKHM BO3JCHCTBHAM, OIIEPATHBHO BOCCTAHABINBATHCS
IpH BO3HHKHOBCHHU HApYIICHHH M 3allOMHHATh BPEJOHOCHBIE BXOJHBIC IaHHBIC,
NpenoTBpaliass WX MOBTOPHYIO 00paborky. OOOCHOBaHBI IOKa3aTeNnu YCTOWYMBOCTU
(YHKIIMOHUPOBaHMS 00JIAYHBIX IIATGHOPM KPUTHUECKON MH(POPMALMOHHOM HHPPACTPYKTYPBHIL.
Paspaborana  Mojens  oOmauHOH — mIAaTGOpMBl  KPUTHYECKOH  HMH(OPMAIMOHHOU
HHOPACTPYKTYpHI ¢ KHOepuMMyHUTETOM. HaydHasi HOBH3HAa MOJENHN 3aKIIFOYAeTCsl B TOM, 4TO
B HEe BIIEPBBIC BHEAPEHHI TAKUE JJICMEHTHI, KaK OOHApYy)KUTEIb HAPYIICHHH CEMaHTHKU
BBIYUCICHHH, BOCCTAHOBHUTENb INTaTHOTO (DYHKIIMOHHPOBAHUS W KHOCPUMMYyHHAs IIaMsTb,
B COBOKYNTHOCTH pEalN3yIOlIMe HOBOE OMEpPHXKEHTHOE CBOMCTBO KHOSpHMMYHHTETA.
ITpoBeneHbl TEOPETHUECKOE U IKCIEPUMEHTAILHOE HCCIEOBAHUSA MOJEINH, MO pe3yibTaTaM
KOTOPBIX IIOATBEPIKICHA BBIIBHHYTas rumore3a. IIpakThdeckas 3HAYMMOCTb PeE3yIbTaTOB
HCCIIeIOBaHMS 3aKII0YACTCS B JOBEJICHUH X IO TEXHHYECKUX PEKOMEHIANUI 110 apXUTEKType
MPOrpaMMHOr0 KOMILIEKCA, KOTOPbIE MOTYT OBITh HCIONB30BAaHBI IIPU pa3paboTKe CPeiCTB
3aIUTHl  00MauHBIX IIAaTGOpM  KPUTHYECKOH HHGOPMAMOHHOW  HHQPACTPYKTYPEL,
B YacTHOCTH, 001auHO# 1matdopmsl «['ocTex», B ycnoBusx HHGOPMAMOHHO-TEXHUYECKUX
BO3JeHCTBHIL.

KiroueBble ci10Ba: oONayHble BEIYHCICHHS, CEMAHTHKA BBIUHCICHUH, KPHTHYECKas
uHpopMaMoHHas HHPPACTPYKTYpa, KUOEPYCTOHUYMBOCTD, KUOEPAaTaKu, KHOEPUMMYHHUTET.
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NHO®OPMAILIMOHHA S BE3OITACHOCTD

1. Beegenue. B pamkax peanuzaniiud HaIlMOHAJIBHOTO IPOEKTA
«OKOHOMHKa [aHHBIX» B Poccuiickoir @enmepanuy BeneTCs aKTHBHAsS
pa3paboTka U BHEJIPEHUE COBPEMEHHBIX «CKBO3HBIX» TEXHOJIOTHII, BKIIIOYAs
OTEYeCTBEHHbIE LU(POBHIE ILIATPOPMBI U MNPOrpaMMHOE olecredeHue,
TEXHOJIOTHUM  HCKYCCTBEHHOTO  HMHTEJUIEKTa, OJIOKUeilH, KBaHTOBBIC
BBIYHMCIICHUS. M JpyrHe. BHeOpeHne TakuxX TEXHOJIOTHMH HEOO0XOOUMO JUIs
JOCTWXEHUss  1u(ppoBOH  TpaHc(hOpPMAlMKM  TOCYAAPCTBEHHOTO U
MYHUIIMNAIBHOTO  YIPaBJCHUS, OSKOHOMHUKHM M COLMAIBHOM  cdepsl,
obecrieueHnss  WHPOPMANMOHHOW  Oe3omacHOCTH ® A (EKTUBHOTO
B3aNMOJEHCTBUS MTOCPECTBOM ceTH MHTepHeT.

OnHuM W3 TPUMEPOB OTEYECTBEHHBIX LUQPPOBHIX IuaTdGopm
sisiercst Egmaas mmdposas 1miatdpopma «['ocTex», mo3Bostomas
(denepasbHBIM M PETHOHANBHBIM ~ OpTraHaM  BIACTH  CO3JaBaTh
rocyaapcrBennble  MH(opMmanuonusie cucrembl (IMC) u  uudpossie
CEpBHUCHI C WCIONB30BAaHHEM THIOBBIX IPOTPAMMHBIX  PEIICHHH,
OCYILECTBIJIAIT MOHUTOPHMHT M ynpaBieHune umu. [lmatpopma «I'ocTex»
MOJKET MCIOJIb30BaThCs B KauecTBe o0iaynoi miatdopmset (OIT) s TUC,
OTHOCSIINXCS K o0beKkTam KPUTHYECKON nH(pOpPMaIMOHHON
undpacrpykrypst (OI1 KUN).

B apXI/ITeKType TunoBbIX OIl MOXKHO yCIIOBHO BBIAETHUTH 4 yPOBHS:

CHCTEMBI BUPTYyaIn3aliy ¥ THIIEPBU30PEI;

—  obusaunsle onepanroHnslie cucteMsl (OC);

—  IPOMEXYTOUYHbIE CPE/IbI BHITIOTHEHHS;

—  TPUKJIAJHBIC 00JIaYHBIE CEPBHCHI.

Crnenyer OoTMETHTh, 4YTO OONayHOE NPOrpaMMHOE oOOecredeHue,
¢yHKIMOHMpYIOIee Ha pa3nuuHelx  ypoBHAX OII, xapakrepusyercs
BJIO)KEHHOHM, HUEPApXMUECKONl CTpPyKTypod. B BupTyanbHbIX cpenax
(runepBu3opax) MOryT OBITh MApajUIeNbHO 3alyMICHB HECKOJIBKO
u3onupoBaHHbIX OC ¢ KOHTEHHEpPHBIMH cpedaMu. BHyTpu KoHTeiHepoB
MOJKET BBINOJIHATECSI MHOXECTBO MHUKPOCEPBHCOB, TAKMX KaK y3el CeTd
OnokyeiliH, ImiIarpopMa MAIIMHHOTO OOYYeHHs, CHCTEMa YIpaBICHUS
0azaMu JaHHBIX, BeO-CepBEp U ApYTHeE.

OTO TOBOPUT O HAIUUYUU BEPTUKANBHBIX (JIOTMYECKUX) CBsA3el
Mexnay kommoHeHTamu OIl. K tumoBeiM OIT otHOcsTcst Microsoft Azure,
Amazon Web Services, Google Cloud Platform wu npyrue. Cpenmu
oredectBeHHBIX OIl m3BectHwl, Hampumep, Yandex.Cloud, Selectel, MTC
Web Services. Konmenryampras wmoxpens Takoit OIl, yduuteIBaromas
NPUMEPHBII CTEK TEXHOJIOTMM Ha KaXXIOM W3 YPOBHEW, IpencTaBiIeHA
Ha pucyHKe 1.

1472 Wndopmaruka u apromarusanus. 2025. Tom 24 Ne 5. ISSN 2713-3192 (nieu.)
ISSN 2713-3206 (onnaiin) www.ia.spcras.ru



INFORMATION SECURITY

Wepapxusi KOMITOHEHTOB 06na4YHON NNaTopmbl Mpumep cTeka 06naYvHbIX TEXHONOT Uit
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= Be6-cepBepa ML loT h Ngi
o) | e
A 3 MnaTcdopmbl ML
o s o
Mukpocepsuc BriokyenH Mratcopma =
2 8 [ CovEn nmardopya ]4- Bighata % (TensorFlow) (PyTorch ) (AzureML)
4
L I o CYEN
T T I |(_PostgresaL ) (_ Cassandra )
g
g [I'InachoprlopKec‘rpauMM I'InaT(boprlMOHwTopera] 5 [ MnaTtdopmebl BigData
k3 KOHTEHe poB 1 ynpasneHus s Had BigQ
2 7'y -y & ((Hadoop ) (__BigQuey )
E E. FiraTdo BrokyeiiH-nnardop Mbl
o natcopmbl -
: > —»[ KoHTRHO AL ]4— ((Ethereum ) ((Hyperledger Fabric )
= A AL
vYyVYyvVvVY ® MraTdopmMbl KOH TENHEPU3aLMM
{ AP I-6u6rmoTeku BzaumoneiicTeus ¢ OC ] 5 2 (__Docker  )(__Podman )
©
» I
_____ I_ _______1________$___ §_§ KoHTeiiHepHble opkecTpaTopbl
| N £ | (Kubemetes ) (_ OpenShift )
| [ncnetyep i 'S =
| [ucnetyep cetn [ucnetiep ¢C e S,
o npoueccos 1 zs IMnaTchopMbl MOHUTOPUHTA
o 1 i ! < |(__Prometheus )(_ CloudWatch )
§ 18 i
z |
F o |
E :U% : ® O6nayHble OC v nnargopmbl laaS
<} : | O | (OpensStack) (CloudStack) (Nutanix)
1 o
: ( ]l g OC ¢ 06nauHbIMA YHKLMAMI
| % ,I & | (Ubuntu Cloud ) (Windows Server )
— A __ 5
— O | (Red Hat Enterprise Linux)(CentOS)
( Cpe/cTBa annaparHoi noaaepx ]
A A A
'vnepsu3opsl I-ro mna
\A A -3
35 > 2 5{(WMwareesxi )(__kvM_ )
s 3 WHTep e ekl rmnepBsr30poB E_ ]
29 S E((_Hywerv  )(_Xen )
85 4 ! ! 4
E E BupTyansHbi BupTyanbHas BupTyansHble = §. Tvnepsnsopsi ll-ro mna
=5 npoteccop namsi T ycTpoiicTea o|(_ VvirtuaBox  )( QEMU )

Puc. 1. Konnenryansnas monens OI1

O6naynpte  tiatpopmer KWW  obnagaloT  HEKOTOPBIMHU
0COOCHHOCTSIMU 110 OTHOLIEHUIO K THITOBBIM OIT.

Bo-mepBeix, B OIl KUM Moxxer OBITh peann3oBaHa MYJBTH-
obyiauyHast WM THOpHUAHAS ApXUTEKTYpa, KOTOpas BKIIOYACT MHOXKECTBO
YaCTHBIX M IMyOJIMYHBIX OOJIAUHBIX cpell. Takast apXHUTEKTypa Mpernoiaract
HaJlMuUe KaK BEPTHKAIbHBIX (JIOTMYECKHWX), TaK M TOPHU30HTAJIBHBIX
(mH(OPMAIIOHHBIX) CBsA3EeH MEXITy KOMIIOHEHTAMH, YTO XapaKTEepPH3yeT
OIT K1U kak CI0XHYIO HEPapXUIECKYIO CHCTEMY.

Bo-sroperx, OII KWW opueHTHpoBaHBl Ha INpPUMEHEHHE
OTEYECTBEHHBIX TEXHOJOTHUI W MHBIX DPEIIEHHH C OTKPBITHIM HCXOJHBIM
KOJIOM, OJJHAKO B CHJy MX YCKOPEHHOW pPa3pabOTKH M HEIOCTAaTOYHOCTH
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TECTUPOBAaHUsI B HHUX MOTYT BO3HUKaTb HOBBIE, paHEC HEHU3BECTHBIC
YSI3BUMOCTH. OTO  CO3JacT  YCIOBHA ANl pEaln3allid  HOBBIX
uHpopmanmoHHo-TexHuueckux BozzaelcTBuil (MTB), HampaBieHHBIX Ha
HapylIeHHE CEMaHTHKH OOJIAUuHBIX BBIYMCICHWH (HapylleHHE MOBEICHUS
NpOrpaMMBbl, BOSHUKHOBEHHE aHOMAIIbHBIX COCTOSIHUI MPU COXPaHEHUH ee
paboToCOoCOOHOCTH), ITyTEM HKCIUTyaTalli HEBBISIBIICHHBIX YSI3BUMOCTEH.

B-Tperbux, nH(MOpPMALMOHHBIE CHCTEMBI, co3aBaeMble Ha Oaze OI1
KWH, npennazHaueHsl it 00eclieueHUs] AESTEIbHOCTH OPraHOB BIIACTH.
Yenemnas peanmmzanus MTB Ha Takme muiaTrdopmbl MOXKET MPHBECTH K
KaTacTpO(pUIECKUM TIOCHEICTBUSAM, II03TOMY K HHM HPEABSBISIOTCS
TIOBBIICHHBIC TPEOOBaHUS B 4YacTH OE30IMaCHOCTH M YCTOMYMBOCTH WX
(yHKIMOHUPOBAHUSL.

Takum o6pazom, k 3HauNMBIM ocobeHHOCTIM Ol KU otHOCATCS:

—  CIIOXHasg MHOTOYpPOBHEBas HepapXHUCCKasi apXUTEKTypa;

—  TOTCHUHMAIBbHOE HAJIWYME HEBBISBICHHBIX YsI3BUMOCTEIT;

—  ¢yukuuonupoBanue B ycioBusix WMTB, HampaBineHHBIX Ha
HapyLICeHUE CEMAaHTUKU BBIUYUCIICHUIL;

—  TIOBBILIEHHBIE TPEOOBaHUS K YCTOHYMBOCTH U HEOOXOIUMOCTH
OIIEPaTHBHOT'O BOCCTAHOBIICHHUSI IITATHOTO (DYHKIIMOHUPOBAHUSI.

B T0 e Bpemst B Mupe HaOmoaeTcst yCTOHYMBAsT TEHIASHIUS pocTa
KOJIMYECTBa M CIOXHOCTH KuOepyrpo3. BoszelictBust mnpuobperaror
LieJICHANPABJICHHbIH, KOMIUIEKCHBIH, MHOTO3TAITHBIN XapakTep M 3a4acTylo
OpPHEHTHPOBaHbl Ha HOBBIE TEXHOJOTWH, JUIi KOTOPHIX eme B
HEIOCTaTOYHOH CTENeHn pa3paboTaHbl METOJIBI M CPEJICTBA 3alIUTHL. Tak B
uccienoBanuu CheckPoint [1] oTmewaercs, yto B Havame 2025 roma
HaOII0JaICs POCT SKCIUTyaTallUK YSI3BUMOCTEH OOJIadHBIX CPEll, CBA3aHHBIX
C UX HEKOPPEKTHOM KOHGUTrypamued | ysI3BUMOCTSAMH ITyOJIMYHBIX
natepdeiicoB (API). Ilo namHpIM uccrmemoBanus, nposeneHHoro [K
«Comap» [2], B Poccuiickoit ®enepaumu B 2024 romy Hambonee
3HAYMMBIMH YTrPO3aMH AJIsl TPOMBIIUIEHHOCTH M TeJlekoMa okazanuch APT-
TPYNIUPOBKU U CPeACTBa ynaleHHoro foctyma. B menom xe ¢ 2022 roxa
€KEroJIHbI IMPHUPOCT KOJIMuecTBa KubOepaTak Ha HWH(OOPMALMOHHYIO
unppactpykTypy Poccun cocrarnser nopsaka 20-30% [3].

CoOBOKYITHOCTB BBIIIIEYKa3aHHBIX ¢axTopoB TI03BOJISICT
cOpMyIMpOBaTh npomuopeuue 6 HNpaKmuke MEXIy TOBBIIICHHBIMU
TpeOOBaHMAMH K 0€301acHOCTH M YCTOHuYMBOCTH (yHKIOoHMpoBaHus OI1
KM u pocTtom yrpo3, CBA3aHHBIX B TOM YHCIE C HPEOAOJIECHUEM
CYIIECTBYIOIIMX CPEICTB 3AIIMTBl W OKCIUTyaTalMed HOBBIX, paHee
HEHM3BECTHBIX YSI3BUMOCTEH.

2. Ananus npeaAMeTHOM odaacrTu. CymecTByeT pan
MIEPCIIEKTUBHBIX MHTEIUICKTYaIbHbIX 1 OMOMHCIIMPUPOBAHHBIX MOJXOJO0B K
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MOJEIHPOBAHUIO M YNPABJIECHUIO  YCTOMYMBOCTBIO  Pa3IHYHBIX
WH(POPMAIIMOHHO-BBIUHCIUTENFHBIX cucTeM B ycrmoBmsix UTB, a umenHo,
MOJIXO/IbI HAa OCHOBE:!

—  rpadoBsIix Monenei [4, 5;

—  MAapKOBCKUX Liemei [6, 7];

—  rupomaros Oe3omacHOCTH [8, 9];

—  ynpasmsromux rpagos mporpamm [10];

—  HellpoHHbIX cerelt [11 —17];

—  HUCKYCCTBEHHBIX IMMYHHBIX CHCTEM U cerei [19 — 27];

—  CaMOBOCCTaHABJIMBAIOIIMXCS BBIYHCIICHUH "
kuOepumMmyHuTeTa [29 — 34].

Paccmotpum noapoGHee AaHHbBIE TOIXOABI U X TPUMEHUMOCTD JUIS
monemmposanus OIT KUU.

B pa6ore [4] mpeanaraercst oOecrneunBaTh WH(POPMAIMOHHYIO
0e3omacHOCTh W ycroiuuBocTh KuOeppusmueckux cucrem (KPC) Ha
OCHOBE NPHUHIMIOB Tromeocta3a. [ma storo KOC wmogpenmpyercs mnpu
oMoy rpadoB. YcroiunBocts ¢yHKiuonupoBanusi KOC oueHuBaercs
Ha OCHOBE aHaJlM3a CTPYKTYPHBIX CBOWCTB MOJEIHPYIOIIUX IrpadoB, TAKUX
Kak u30biToyHOCT, M crekTp rpada [5]. IlporuBoxeiicteBue UTB,
CHIDKAIONIMM  yCTOHUMBOCTE (yHKIMoHnpoBanuss K®C, mnpemmaraercs
OCYLIECTBIISATh IIyTEM CHHTE3a CIEHApHeB IIePEeKOH(UTYpPHPOBAHMSI.
@paxranbHble Tpadbl yunThIBarOT HMepapxuueckuiit xapaktep OIl KUY,
OJHAKO HE IIO3BOJIIIOT YYHUTHIBATh pPAaHEE HEU3BECTHBIC YSI3BHMOCTH,
CBSI3aHHBIC C HAPYIICHHEM CEMaHTHKH OOJIAYHBIX BBIYHCICHHH.

B pabote [6] uccienyoTcs KOMIBIOTEPHBIE aTaKM Ha MPOTPAMMHO-
KOH(UTypUpyeMBIE CETH, C HCIOIb30BAHHEM MaTEeMaTHUYECKOTO ammapara
meneir MapkoBa. B pabore [7] uX YCTOWYHBOCTh OILICHHUBACTCS
C MCHOJIb30BAaHUEM BEPOATHOCTHO-BPEMEHHBIX IIOKa3aTeNleil peann3anun
kubepatak. Llenn MapkoBa MO3BOJISIOT y4ecTh CTOXaCTUYECKUH XapakKTep
BO3HUKHOBEHHUS  HAapylIeHWH, OJHAKO, MOJEIUPOBAaHHE  CIOXHBIX
HepapxuvecKux HH(POPMAIMOHHO-BBIYUCIUTEIBHBIX CHCTEM B YCIOBHUSX
WTB, HanpaBieHHbIX Ha HapylIEHHE CEMaHTUKN BBIYHCIICHUH, MOXKET OBbITh
3aTPYAHUTEIIBHBIM.

B paborax [8, 9] mnpeanaraercst HaJENATh WHTEUICKTyaJbHbIC
cucTeMbl KHOepOe30MmacHOCTH CBOWMCTBOM aHTHIMIALUH, ITO3BOJISIFOLINM
NIPOTUBOJCHCTBOBATh KHOepaTakaM IIyTeM CHHTE3a YIpPEXIaroliero
noBeAeHNs.. MoAenMpoBaHNE TAaKUX CHCTEM IPEAJIaracTcsi OCYIIECTBISThH
Ha OCHOBE CaMO00yJaroIIeHCsl CHCTEMBI CaMOOPTaHU3YIONIMXCSI THPOMATOB.
Takasg MoJenb MO3BOJSIET YYE€CTh MHOTOYPOBHEBBIM HepapXU4eCKHil
xapaktep OIl KWW, nHamuume BOCCTAHABIMBAIONINX BO3JEHCTBUM,
HakoIUleHHWe  HMHGOpPMaMM O  HAPYIIEHWAX, OIHAKO,  SIBJISETCA
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«BBICOKOYPOBHEBOW» U HE N03BoJisieT onuchiBaTh ' TB, HanpaBiieHHblE HA
HapyIIeHHe CEMAHTHKN BBIYHCICHUH.

B pabGore [10] npemnaraercs wHccienoBaTh IPOrpaMMHOE
obecrieueHre Ha MpeAMET Hamuuus Je(eKToB C  HUCIOJIb30BaHHEM
YHUBEPCAIBHBIX  TpadoBBIX  NpPEACTaBICHUI  KOAA,  YYHUTHIBAIOIIUX
B3aMMOJICHCTBHS ~ MEXIY  KOMIIOHCHTAMH.  YTPaBIIONIHE  Tpadsl
MMO3BOJIAIOT ~ ONHKCATh HMEPAPXHI0  B3AUMOJICWCTBHUS  BBIYHCIUTEIHHBIX
MPOTpamMM, OJIHAKO, WX BBIPA3UTEIBHBIX CBOWCTB JOCTATOYHO JIHIIb IS
ONMCAaHWS CHUHTAKCHYECKUX CTPYKTyp. i mccnemoBaHus HapyIICHUN
CEMAaHTUKH BBIYUCIICHUA HEOOXOIMMO WCIIONB30BaTh JIOTIOTHUATEIHHBIC
MOJICTH U METO/TBL.

W3BecTHBI HCcneOBaHuUs, TIOCBAIICHHBIE TPUMEHECHHIO HEUPOHHBIX
ceTed W MAaIHMHHOTO OOY4YeHHs U1 3aJad BBIABICHHWA aTtak Ha loT-
cucremsl [11], cucremsr Smart Grid [12], kubepdusnueckue cucremsi [13],
a Taroke JUIA 3a/1a4 COBEPILICHCTBOBAHUS CUCTEM OOHApYKEHHsI BTOPIKEHUI
Ha OCHOBE KIJIACCHYECKUX aJTOPUTMOB MAIIMHHOTO oO0ydenus [14],
¢denepatuBHoro  obOyuenus  [15], riybokoro  oOyuenms  [16],
aBToKoaupoBinKa [17]. HelipocereBass Monenb MO3BONSET BBISBIATH Kak
W3BECTHBIE, TaK U HEKOTOpble paHee HewsBecTHhle MTB, omHako, oHa He
MTO3BOJISICT OCYIIECTBIISITh BOCCTAHOBIICHHE IITATHOTO (DPYHKIIMOHHPOBAHUS
cucrembl. Kpome Toro, cucrembl oOHapyKeHHsl BTOPXKEHHH Ha OCHOBE
QITOPUTMOB MAIIUHHOTO OOyYEHHS M MCKYCCTBCHHOTO WHTEJICKTa MOTYT
OBITh yS3BUMBI K pAa3MUYHBIM aTakaM, HAIpaBICHHBIM Ha HCKAXCHHE
JAHHBIX 00ydJaromeit Beioopku [18].

B pabore [19] mpemmaraeTcss TNPUMEHUTh HCKYCCTBEHHYIO
HMMYHHYIO CHCTEMY [UISI OOHapyXeHHs BTopkeHWA. B pabore [20]
HCKYyCCTBEHHBIE HMMYHHBIE CHCTEMBI MPEIIaracTcs MIPUMEHSTH IS
CO3MaHUSl WHTEUIEKTYalbHON CHCTEMBI MOHHTOPHHTa 0€30IacHOCTH
MIPOMBIIIJICHHOTO MHTEpHETa Bemleil. B padote [21] mpemmaraercst moaxoxn
Ha OCHOBE€ HHTCIUICKTYAJIbHbBIX METOIOB 06Hapy)KeHI/IH CETCBBIX aTakK C
HCIIOJIb30BAHUEM HEHUPOHHBIX, HEMPOHEUETKUX U MMMYHHBIX JETEKTOPOB.
IMoaxonpl, omnucaHHble B HccleoBaHUAX [22 —24], OCHOBaHBI Ha
ajlanTaliid  AITOPUTMOB  (DYHKIMOHUPOBAHHUS HWMMYHHBIX CHCTEM U
HMMYHHOTO OTBETa JUIs1 TMPOTHBOICHCTBUS KOMITBIOTEPHBIM arakam. K
3TOMY JK€ HANpPABJICHWIO OTHOCSTCS IOAXOABI HA OCHOBE AJITOPUTMOB
JIEHIPUTHBIX KICTOK [25], oTpHumarenbHOro O0TOOpa [26], KIOHAIBHOW
cenekuuu [27]. Mopnenu, mpemIoKeHHBIE B JaHHBIX HCCICIOBAHUSAX,
MPUMEHUMEBI U PACIpeleNICHHBIX MHOTOAreHTHBIX CHCTEM W ITIO3BOJITIOT
oOHapyXHBaTh KaK M3BECTHHIC, TaK U paHee HemszBecTHhe U TB, oqHako He
YYUTBIBAIOT CEMAHTHKY BBIUMCIEHHH W HE IO3BOJSIOT OCYIIECTBIATH
BOCCTAHOBJICHHE ITATHOTO (DYHKIIMOHUPOBAHUS CUCTEM.
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B menom B pabore [28] oTMewaercs  HEOOXOAMMOCTH
KOJIMYECTBEHHOTO  OLIGHMBAHUS  YCTOHYMBOCTH  (DYHKIMOHHPOBAHUS
oobektoB KWW B ycnoBusix  BO3jeiCTBUSL  Yrpo3  HapylIeHUs
uH(pOpMaLMOHHOI 0€30MaCHOCTH M HEBO3MOXKHOCTh OCYIIECTBIICHHS TaKOH
OLICHKH CYIIECTBYIOIMMHU METOAaMH Oe3 psijia JOMyIICHHH.

PesynbraThl aHanM3a Mo3BOJISIOT CHOPMYIUPOBATH MPOMUBOpEYUe
6 HayKe ~MEXJIy TIOBBIIICHHBIMH TpeOOBaHMSIMH K  0€30IacHOCTH
u ycrorunBoctu (yHkmonupoBanus OIl KWW u HEBO3MOKHOCTBIO HUX
o0ecIieueHns! C UCTIONb30BaHUEM CYIIECTBYIOMNX MOAEIEH 1 METOIOB.

BrlsiBIeHHBIE MPOTHBOpEUNsl B HayKe U IPAKTUKE XapaKTEpU3YIOT
MpoOJIEMHYIO CHUTYaluIo, pa3pelieHne KOTOPOW SIBIISICTCS aKMYanbHOU
Hay4yHOH 3amadeil. [lepcriekTHBHOM A pa3pemeHus TaHHOH mpoOiIeMHON
CUTyallUd SIBISIETCA HJAEd OpPraHM3allid  CaMOBOCCTAHABIMBAIOIIUXCS
BBIYHMCIICHUH W KHOEpUMMYyHHTETa. METOH0JIOTHYECKHEe OCHOBBI JJAHHOTO
Hay4HOTO HamnpasyieHus: copMupoBaHbl B MoHOorpadusx [30, 31].

Hacrosmee HCCIIeIOBAaHNE MIPOJOIDKACT u pa3BUBacT
uccrnenoBanus [32 —34], B KOTOPBIX OIpeJeNieHbl OCHOBHBIE YIPO3BI
OesomacHocTH W ycToifumBoctn  QyHkumonmposanus ~ OIl  KUU,
U nocesitieHo  pazpabotke wmoxenu OIl KMU ¢ kubepuMMyHUTETOM
B ycnoBusix WMTB, HampaBieHHBIX Ha HapylIeHHE CEMAaHTHKH OOJIauHBIX
BBIUUCIICHUI.

3. HocTaHoBKa 3aJa4M HCCIAeJOBAHUS. BBINOTHMM NOCTaHOBKY
3amaun cuHTe3a Moaenu OIT KU ¢ knbepuMMyHHTETOM.

Hano:
L — OIl KWW, dynkumonupyromas Ha N ypOBHSX, TaK 4YTO

L={L |ie[l,N]}, rne L, —moacucrema i-ro ypoBHS;

X ={X,|ie[l,N]} — mHOx)ecTBO BxoAublx HaHHbIx OIl KWW, rne
X, — BXOJIHBIE JJaHHBIE HA | -OM YPOBHE;

Y ={Y,|ie[l, N]} — maOXecTBO BeIxOAHBIX HaHHBIX OIl KU, rme
Y. — BBIXOJIHBIE JAHHBIE HA | -OM YPOBHE;

A={4;]ie[LN]} — MHOXECTBO IapaMETPOB BPEIOHOCHBIX
Bosneiicteuii nHa OIl KHMHM, rme A4, — mnapamMerpsl BpEIOHOCHBIX
BO3JIEUCTBUH i -OM YPOBHE;

D={D,|ie[l,N]} — MHOXECTBO NapaMeTpoB HEHUTPalIU3YIOIIUX
BoseicTeuil Ha OIl KMU, rae D; — HeliTpanu3ylolue Bo3AeHCTBYS Ha | -

OM YpOBHE;
f=1{f;li€[l,N]} — MHOXeCTBO BBIYUCIUTEIbHBIX Iporpamm OIl

KWW, rae f; — BeIYMCIUTENbHAS IPOrPaMMa Ha i -OM YPOBHE;
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C={C; |ie[l,N]} —MHOX)ecTBO noacucTeM kudbepummyHurera Oll
KM, rae C; — noacucreMa KUOEpUMMYHUTETA Ha | -OM YPOBHE;

K={K,|ie[l,N]} — MHOXECTBO TOJICHCTEM  YIPaBICHHSI
ycroitunBocThio (pyHKiuonupoBanus OIl KUH, rae K; — moxcucrema

YTIpaBJIeHUS YCTOWIMBOCTBIO (DYHKIIMOHHPOBAHHMS HA | -OM yPOBHE;
R={R/|ie[l,N]} — MHOXeCTBO TIOKa3aTeleil yCTOWYMBOCTU

¢ynxuuonuposanus OIl KWW, rpe R, — mnokasarend yCTOHYMBOCTH

(YHKIIMOHMPOBAHHUS HA | -OM YPOBHE.

Ion xubepummynumemom B HacTosmeil pabore OyaeM MOHUMATh
cpoiicto OIl KU, 3axmogaroiieecs B CIOCOOHOCTH MTPOTHUBOECHCTBOBATh
UTB, He nomyckasl HapyLIEHHM, OIIEPaTUBHO BOCCTAHABJIMBATH MAIIMHHBIE
BBIYUCJICHUA B CJTy4a€ BOSHUKHOBCHUS TaKUX HapymeHHﬁ, 1 00eCIIeunBaTh
TpeOyeMble 3HaUCHHUS TT0Ka3aTeseil ycTOWInBOCTH (OYHKIIMOHUPOBAHHSI.

Heobxooumo: pazpaborats MaTematudeckyr mozaens M OIl KU
L c xubeprMMYHHUTETOM, YCTaHABJIMBAIOIYIO0 3aKOHOMEPHOCTh U3MEHEHHS
MHOXXECTBA BBIXOJHBIX JaHHBIX Y W MHOXECTBAa I[OKazaTelen
YCTOWYHMBOCTH €€ (YHKIIMOHMPOBAHUSI R OT MHOXXECTBA BXOJHBIX JaHHBIX
X , MHOXKECTBa 3HAUYCHHUH MapaMeTpOB IeCTAOMIM3UPYIOMNX BO3ICHCTBHI
A W MHOXecTBa IapaMeTpoB HEHTpaIM3yIOIIUX Bo3aehcTBmid D
C YU4E€TOM HIMYMsA MHOXECTBAa TIOJCHCTeM KubepummyHurera C
1 MHOKECTBA TOJCHUCTEM OLIEHWBAHHS M YIIPABJICHHUsS yCTOHYMBOCTHIO R .
Ipu >Tom Ha 3HaueHust X , ¥, A, D HanoXeHBI YCIOBHUS AOIMYCTHMOCTH:
XcX Ycvt Ac A DcD,,.

nom > o > 701 2
(DOpMafleaﬂ NOCMAHOBKA 3a0ayu cunme3a Mooenu: HauTu

M<L XY AD,f,C,K>Y,R
XcX Yt yA< Ay, DS D,y

jiom Jiom > 71011 >

Tunomesza uccnedosanus. Yder CBOWCTBA KHOEpUMMYHHUTETa
MIOJIOXKUTENIbHO BIMSET Ha ycToiuuBOCTh (pyHkumonuposanus OIT KUU
B ycnoBusax UTB.

4. O0ocHoBaHUE Haeu KHOepUMMYHHUTETA. Hepapxuto
BeraucuTeNbHBIX TporpamM Ol KM MOXHO TpeAcTaBUTh B BHUIE
YHHUBEpCalbHOI MamuHbl Triopuara (MT) 60mbII0# BI0KEHHOCTH:

nj

o V-l
Ty, TNHx(...x(TNOXX;\',%)l...) - Yy
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1

rie TNI, — yuuBepcanpHass MT N, -ro ypoBus; X 1’(,’1 — Habop u3 n;

BXOJIHBIX JAHHBIX I yHHBepcaabHOH MT T, A Yva — BBIXOJHBIE JaHHEIE

yhusepcanshoii MT Ty .

Kaxnas takas MT peaiuszyeT HEKOTOPYIO BBIYHCIHUMYI (QYHKIHIO
Hax crpokamu f: X —Y Tak, uro Vxe X,JyeV:f(x)=y rnme
X — MHOXECTBO BXOAHBIX NaHHBIX (CTPOK); ¥ — MHOXECTBO BBIXOJHBIX
JaHHBIX (pe3ynbTaToB mpeoOpa3oBaHus cTpok). llpm stom MT omHOrO
YPOBHS MOTYT IPHMEHSTHCS IOCIEIOBATENIbHO, (HOPMHUPYS KOMIIO3HUIUH
byHKuui f, o f, 0.0 f, , KOTOpble 0€3 MOTEpH OOLIHOCTH MOTYT OBITH

3aMeHEeHBI COCTaBHOW (DyHKIHMEH f .

IIyets 7; — MT, cooTBercTByrOmas CHEUU(PUKALMKA IPOrPaMMBI
u3agaromas ¢yskmumo f: X —-Y , a T, — MT, coorBercrByomas
(axTHyeckoil ee peanuzanys 1 3anaromas pyHkouio g 1 X — Y . B paborax
[32, 33] mokazaHo, WTO eciy TporpaMMma, peanmsyemas MamuHou 7, ,

COZIEP’KUT CEMaHTHUYECKYIO OIMIMOKY, TO MHOKECTBO €€ BXOIHBIX JaHHBIX
noJpasaenseTcs Ha  JBa  HENEPECEKAIOIUXCs TIOJIMHOKECTBA
X=X"UX , X 20, tne X" ={x|xeX, f(x)=g(x)} — MHOXeCTBO
CTPOK, OIIMHAKOBO npeodpa3yeMbIx obenmu MT,
X ={x|xeX,f(x)#g(x)} — MHOXECTBO CTPOK, pE3yJbTATHI
peo0pa3oBaHUs KOTOPBIX pa3IMYaroTCsA. JTO  SIBISIETCS  TPUYMHON
BO3HMKHOBEHUSI HOBBIX, PAHEE HEM3BECTHBIX YSI3BHMOCTEH, COXPAHSIIOIINX
CHHTAKCHYECKYI0 KOPPEKTHOCTh MPOTPaMMBbI, HO HAPYIIAOIUX CEMAHTHKY
BBIYMCIICHUH (CMBICI BBINOJHSAEMBIX BBIYMCIUTENBHBIX oneparmii). Torma
peanuszanus HOBbIX ITB cTaHOBUTCS BO3MOXKHOU IIPU KCILTyaTalluu TaKUX
yﬂ3BHMOCTeI>i ATAaKyIOIUM IMYTEM HaXO0XJICHUA CTPOK, IMPUHAIJICKAIIUX
MHOXecTBy X, M Ilepe/laun X NporpaMMe B Ka4eCTBE BXO/IHBIX JaHHbIX.
JIro6oit anroput™, peammsyembiii MT, MoxkeT OBITH IpEACTaBICH B
BHZE BBIUYMCIHUTEIBFHONH MPOTpaMMbI, KOTOpas, B CBOIO OYEpEIb, MMEET
CTPYKTYPY YNpaBieHHs U MOXeT ObITh onmcana rpadom ['(B,T) , rume

B={b |ie[l,k]} — MHOXecTBO JMHEHHBIX OJOKOB, COJEPXKALIUX
MIOCIIEIOBATENbHOCTH  BBIYHCIUTENBHBIX OlNlepalMii; k — KOJIMYECTBO
TUHEHHBIX OnokoB; 7' ={Bx B} — MHOXECTBO CBS3€i IO YIPaBICHUIO

MEXY JIMHEHHBIMU OJIOKaMHU.
st obecrievyeHus: BO3MOXHOCTH KOHTPOJISI CEMAaHTUKU BbIYHCIICHHI
HEOOXO/JMMO OCYIECTBUTH TOMOMOP(HOE OTOOpaKCHUE YNPABIISIOLIETIO
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rpaga mnporpammbel  [(B,7) B ortanmoHHyro mouens M(S,A4)
OpPEJCTaBISIIONIYE0  co0oi  rpad, BEpIIMHBI KOTOPOTO  COJAEPIKAT
WHBapUaHTbI, OMUCBHIBAIOLINE JOMYCTUMbIE COCTOSHHS MNPOrPaMMbl B
JMHEWHBIX 0JIOKaX B TepMHUHAX (OPMANbHBIX CEMAHTUK M HE 3aBUCSIIHE OT
KOHKPETHOW pealli3aliid MPOrpaMMbl, ¢ COXPAaHEHHEM IEPEXOJ0B MEKIY
Humu. Ha pucyHke 2 mpeacTaBieH NOpUMEpP CEMAaHTHYECKOW MOJEIH
MPOTPAaMMBI U BBISBIIIEMBIX C TIOMOIIBIO HeE HAPYIICHU.

YnpaenAawowmi rpad MpHUMep ceMaHTUYEC KO
nporpammel Mogenu nporpammel [/
=0,75)

(Fnomp

4 -

@, CocmosaHus u
nepexodbl, He

y4umbigaembie

modensio
MpumMep BoIABMASM biX Mpumep HeBbISBNAEMbIX
HapyleHUA cOCTOAHUA W Hap YL eHWiA C oCTOAHMA 1

nepexoda nepexona

Y =fl)er

Puc. 2. Ilpumeps! yrpasiisitoliero rpaga, CeMaHTHISCKOH MOJICIH MPOTrPaMMBbI,
BBISBIISIEMBIX U HEBBIBIIICMbIX HAPYIICHUH

Jnst KOHTPOJIST KOPPEKTHOCTH CEMAaHTHKU OOJIAYHBIX BBIYMCICHHI
B mpornecce ¢pyaxknuornposanus OIl KU B ycnosusx UTB motpebyercs
BHEJPHUTH B BBIYUCIUTENIBHbBIE IIPOIPaMMBI TOIIOJHUTENBHYIO CTPYKTYPHO-
(YHKIMOHATBHYIO H30BITOYHOCTE. JTO MOKET NMPUBECTH K HEIOYCTUMOMY
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YBEJIMYEHUIO BPEMEHU WX BBIIOTHEHUS. [ permeHuss JaHHOW MpoOiieMBl

MOXeT OBbITh BBE/IEH KOO(QOUUMEHT MOKpBITHS KnOepummynurera K. ,

OTIPENIEIIAIONINNA /IOJIF0 JTMHEWHBIX OJIOKOB, IMOJUIEkKAIIUX KOHTPOINIO (Ha

pucynke 2 k., =0,75 ), OHAKO HEMONHOE MOKPHITHE NPOrPaMMBbI

MEXaHH3MaMH KHOEpUMMYHHTETa TMpPHUBEIACT K TMPOIMYCKY HEKOTOPHIX
HapyIIeHUH, KaXJoe H3 KOTOPBIX MOXeT OBITh pacIeHeHO Kak
MOTEHIIUAIBHO KpUTHYECKOE (MIPUBOJAIIEE K IOJHOMY OTKa3y CHUCTEMBI
WIM BO3HUKHOBEHUIO HEOOpaTUMBIX mocheAcTBuil). s uccrnegoBanus

BusHus K, Ha  YCTOHYMBOCTb ~ (DYHKIMOHHUPOBAHHS H  BpeMs

BhinosiHeHus nmporpamm OIT KU BBenem psin mokasareneit.

5. OdocHoBanue nokasartejieii  yCTOHYMBOCTH. ITpumem
HEKOTOpHIE AOMYIIEHNs! OTHOCUTENbHO (hyHKIMoHupoBanus OIT KUU [29].

1. TIporpammsr OIT KNU (cereBoii apaiiBep, cucTemMa yrnpaBieHUs
0a3aMu JaHHBIX, B€O-CEpPBEP) OCYIIECTBIIOT 00pabOTKY BXOAHBIX JaHHBIX
MOCIIEZIOBATENbHO, B TOPSAKE HX IOCTYIDICHUS, W (YHKIMOHUPYIOT
LUKJINYECKH TaK, YTO MOCJIE 3aBEPIICHHS NUKIa 00pabOTKH OHM MEPEXOIST
K O)KH/IAHWIO CJICAYIONINX BXOJHBIX JaHHBIX. TakuM 00pa3oM, HEBO3MOKHO
BO3HHKHOBEHHE HECKOJIBKIX HAPYIICHUI B €IUHUILY BPEMEHH.

2. Hapymenus oO0ycloBIeHB BHEIIHUMH (aKTOpaMH H HE
3aBHCAT OT BHyTpeHHHX mapamerpoB OIl KWHW. Kpome toro, mms
BPEIOHOCHBIX BXOJHBIX JAHHBIX, IIOCTYNHMBIIMX Ha IPEIbLIyIIHX
utepauusix  pynkuumonuposanus OIl KWW, orcyrctByer addekt
nociueneiicteuss. To ecTb, paHee NPOU3OLIEAIINE HAapyLICHUs, HE
OKa3bIBAIOT BIIMSIHUS Ha TEKYLIyI0 HrTepanuio ¢yHKuuoHupoBanus OI1
KHNU. TIpu 5TOM BPEIOHOCHBIMHU SIBISIOTCS TONBKO T€ BXOAHBIE TaHHBIE,
00paboTKa KOTOPHIX HENOCPEICTBEHHO MpHBENa K HApYLIEHHIO CEMaHTUKU
BBIUUCIICHHUH.

3.  OOpasupl BpeIOHOCHBIX BXOJHBIX JIAHHBIX COXPAHSIOTCS B
KNOEpUMMYHHOM TaMsATH, a BHOBb IIOCTYNAIOIIME BXOAHBIC JaHHBIE
NPUHAMAIOTCS TOJBKO TIPM OTCYTCTBMM WX CpEId  COXPaHEHHbIX
BPEIOHOCHBIX 00pa3noB. Ilocne kaxmoro oOHapyKeHHs CIy4ailHOTO WIN
MPEAHAMEPEHHOTO  HAapyLIEHWs  OCYLIECTBISETCS  BOCCTAHOBIICHHE
mrratHoro QynkimonupoBaraus OIl KUU. Ilpu sTtom, BXOMHBIE TaHHEIE,
NepelaHHble  aIMUHHUCTPATOPOM M HE SBISIIOLIMECS BPEAOHOCHBIMH, HO
NpUBENIINE K HapyLNICHUIO, TaKke OyayT KiIacCU(pHUIUPOBAHBI Kak
BpenoHocHble (Hapymiaronme ¢ynknuonupoBanue OIl KHMUN). C toukm
3peHHs1 YIpaBiIeHHs 0e30IacCHOCTBIO, 3TO MOTPeOyeT NajbHEHIIero aHaamu3a
U YCTpaHEHUs NPUYHMH TaKOTO HapyLIEHHUS.

4. UTB xapakTepu3yrTcd MacCOBOHl OTHpaBKOIl HapylIMTeneM
BPEIOHOCHBIX BXOAHBIX JIaHHBIX, KOTOpbIE BMECTE€ C OCTaJbHBIMU
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BXOIHBIMH JaHHBIMH IOCJIEAOBATEILHO 00pabaThIBalOTCA B TOPSAKE HX
noctymienus. Hosble, panee HeusBecTHble WTB cBsizaHbl ¢ OTIpaBKOM
HapyHmHrTEIEM HOBBIX BPCIOHOCHBIX BXOJIHBIX JaHHBIX.

BBenem Tenepb nokazarenu ycroituuBocty pynkunonuposanus OIT
KMHW. OnHuM U3 Takux MoOKasareseil SBISETCS BEPOATHOCTH YCIEUTHOTO

nporuBoaeicteus UTB PHpOT , KOTOPYIO MOYXHO BBIPa3UTh depe3 00paTHYIO

BEpOATHOCTH Hapywmenust B =1-F,, .
Cpennee Bpemst MeXy NpOIyCKam aTak 1y, .. XapakTepusyer

cnocobHocts OIl KWW mpotusogpeiictBoBate WTB wu  sBmsercs
NOKazaTeJIeM CpeAHel MPOJOIDKUTENBHOCTH €€ (PyHKIIMOHUPOBAaHHUS MEXIY
BO3HUKHOBEHHEM HapylleHuil. JlaHHBIM mMoKa3aTenb MOXHO ONPENETUTh
KaK OTHOILIEHHE BPEMEHHM BBIUHCICHUH MPOTPaMMBI C yYETOM IPOBEPOK

HaJIn4yus HapyIHeHI/Iﬁ 3a ny, HUKIIOB K OXHWAAaCMOMY KOJHUYCCTBY

HapyUICHUH 3a 3TO BpeMs:

BbIY

_ nu(z;mq +To61—1) _ T +T06H

cp.arak ( 1 )
ny (- Pnpo-r) 1- Pnpo‘r
BepOfITHOCTB YCIECITHOTO BOCCTaHOBJICHUA PBOCCT XapakTepusyeT

cnocobnocte OIl KWW onepaTuBHO BOCCTaHaBIMBATH IITaTHOE
(YHKIIMOHMpOBaHUE TIOCIEe OOHapyKeHus HapymeHws. lIpenmnomaraercs,
YTO BCSIKOE OOHApyKCHHOE HapYIIEHHE CEMAHTHYECKOTO COCTOSHHSA WIIN
nepexoaa MOXKeT ObITh HEUTpPaIM30BaHO, a 3HAYUT P, =P, ,roe Py,

BOCCT o
OIIPEJIeTISIeTCSl TUIIOM IpUMEHsieMoil (opManbHONW CeMaHTUKUM H Oyaer
000CHOBaHA M103HEE.

Cpennee  BpemMs  BOCCTAHOBNEHMS  T(, ..., ~ XapaKkTepusyeT

OIlepaTHBHOCTh BoccTaHoBieHHs: (yHkunonuposanus OIT KWW mocne
HapylieHus. JlaHHBI MOKa3aTeldb MOXHO BBIYHCIUTh KaK OTHOIICHUE
BpPEMEHHM, 3aTpayMBaeMOro Ha BOCCTaHOBIEHHE (yHKIMoHHpoBaHus OIl
KHMM 3a n, UMKIOB, K 0)KMIa€MOMY YUCJIy BOCCTAHOBJIEHHH 32 3TO BPEMSL:

T _ nuT;}OCCT _ T;;occr
cp.BocCT P - P . (2)
nu BOCCT BOCCT

Bepostaocts  paborocnocobnoctn Ol KUM - F 5 sBusercs

nokasarejeM Toro, B manubeiii MoMeHT OI1 KV He HaxoguTcs B COCTOSHUN
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HapymeHus. OJto o3Hadaer, uro OIl KWW npotuBoxeiicteyer UTB,
coxpaHsisi paboTOCIOCOOHOE M KOPPEKTHOE COCTOSHME, WM K AaHHOMY
MOMEHTY BO3HHKIIICE paHEe HApyIICHHE ObLIO HEWTpaan30BaHO. JlaHHBIN
MOKa3aTedb CXOXK IO CMBICIY € KO3((UIMEHTOM TOTOBHOCTH M MOXET
OBITh BBIYUCIICH KaK:

T
cp.aTaKk
B =0 3
P T +T
cp.arak Cp.BOCCT
BeposrhocTs JOCTHXKCHHUS nenu P XapaKTepU3yeT

uHTerpaibpHyto cnocobnocts OIl KMUW mnporusoaeiictBoBats MTB, He
JoMycKast ~ HapyUIeHHH  CEeMaHTUKH, ONEpPaTUBHO  BOCCTAHABIMBATH
MAaIIMHHBIE BBIYUCIIEHUS IPU UX BOZHUKHOBEHUH U COXPAHATH yCTOMUUBOE
COCTOSIHHE, B KOTOPOM BO3MOXKHO JIOCTIDKCHHE e (YHKIMOHUPOBAHUS
OI1 KMU. TaHHBI# MOKa3aTeh MOKHO BEIYHCITUTH KaK:

Puenn = (PnpOT + (1 - PnpOT )R;()CCT )Ppaﬁ . (4)

IlonHoe BpeMs BBINONHEHUS NPOrpaMMHOrO uukia 71, ,

BBITI

YUHTBIBAIONIEE BPEMs HEMOCPEICTBEHHO BBIYMCICHHUN, JMHAMHYECKOTO

(OpMHpOBaHUS CEMAHTHYECKMX WHBAapUaHTOB MW CpaBHEHHE UX C

STAJIOHHBIMU JUIsI OOHAapy>XKeHHs HapylUIeHHH CEeMaHTHKH OOJIaYHbIX

BBIUMCIICHUM, a TakXe BpeMs, 3aTpauMBaeMoe Ha BOCCTAHOBJICHHE

mraTHoro Qynkunonuposanus nporpamMm OIT KM, MOXHO BBIYMCIUTH
KaK:

TBbm = Tsmq + 72)61—1 + TBOCCT . (5)

OCHOBHBIMH ~ OIICHHUBAEMBIMH  MOKa3aTeIsIMH  YCTOMYMBOCTHU

¢ynkuponupoBanust OIl KMW B ycnoBusx WTB  moxHO cumTath

BEPOATHOCTD JOCTHIKCHUS 1LICTIN Puenu 1 BPEMs BBIITOJIHCHUA ITPOTPAaMMHOTO

mukia T

BBIII *

®opmanuzyem tenepb Mmozaenbr OIl KWUU ¢ yderoM mnpuHATHIX
JOIYIIEHUH U BBEIEHHBIX MOKa3aTeIed yCTOMYMBOCTH.

6. @opmanu3anus Moaeau 00Ja4HOI MJIATGOPMBI KPUTHYECKOM
HH(OPMALMOHHOH HHPPACTPYKTYPHI ¢ KHOepuMMyHHTeTOM. BBenem
psn obo3naueHuit ayst OI1 KUY wa i -om yposae [29].
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X, ={X; |jellin;]} — MHOKecTBO BXOAHBIX HAHHBIX (CTPOK),

npuHumaeMelx nporpammamu OIl KUU i -ro ypoBHA, 7; — KOJINYECTBO
BBIYMCIIUTENBHBIX IPOTPAMM i -TO YPOBHS;
Y, ={Y;|jell,n;]} — MHOXeCTBO BBIXOAHBIX J@HHBIX IPOrPAMM

OIl K1MH i -ro ypoBHS;
k.. — nonsa m3BectHbix MTB B 00mem konudectBe MUTB Ha i -oMm

W3BI

ypoBre, k.. €[0,1] . OueHuBanue [OAHHOTO TapaMeTpa MOXKET

M3BI
OCYILECTBIISATBCSL € TOMOMLIBIO JKCIEPTHBIX METONOB WM B PE3YJbTATE
Y4YEHHUH ¢ UMUTALUEN AEMCTBUM aTaKyIOLIUX;

k

Bpeli J0JI1 BPpEJOHOCHBIX BXOJHBIX NAHHBIX B 06HI€M KOJIMYECTBEC

BXOJIHBIX JIAHHBIX [ -0 YpOBHs, K €[0,1] . OuenHuBanue HAHHOrO

Bpei
rnapamMeTpa MOJKET TaKKe OCYLIECTBISATECS C IOMOILBIO 3KCIIEPTHBIX
METO/IOB WJIM B PE3YJIbTATE YUEHUM ¢ UMUTALMEN JEHCTBUM aTaKyOIUX;

A; =K,y > Kypen; - — MHONKECTBO napametpos UTB Ha i -om yposHe;
k

nokpi — KOIPQUUMEHT NOKPBITHS KHOCPUMMYHUTETA | -r0 yPOBHSI,
OTIPEICTSIOMMI JOJII0 JIMHEWHBIX OJIOKOB NPOrpaMMBI, AL KOTOPBIX

OCYILIECTBIIICTCS.  KOHTPOJb  CEMaHTHUKH, K, €[0,1] . Hauusrii

TOKpi
ko3(umeHT  SABIAETCS  OCHOBHBIM  BapbUPYEMBIM  IApaMETPOM,
HCTIOIB3yEeMBIM IIpH OlleHnBaHUH ycToitanBoctu OIT KNU;

D, =1{k

woxpi | MHOXECTBO ~ [ApAaMETPOB  HEWTPAIM3yHOINX

BO3JIEUCTBUH HA i -OM YpPOBHE;

M, —>TanoHHast ceMaHTHYECKast MOJENb IPOTPAMMBI | -TO YPOBHS;

k; — cpenHee KOIMYECTBO JMHEHWHBIX OJOKOB IPOrpaMM i -TO
ypoBHs, k;, € N ;

m; — cpeiHee KOMMIECTBO HHCTPYKIMH B Ka)kIOM JIHHEHHOM OIoKe
IpOrpamMM i -ro ypoBHs, m, € N

n; — cpeJjHee KOJIMYECTBO IapaMeTPOB B KaXKAOW MHCTPYKIUHU i -TO
ypoBHs, 1, € N ;

f; ={M,,k;,m,,n;} — BBIYMCIHUTENbHAS IPOTPAMMA | -TO YPOBHS;

I, — knbepuMMyHHast IaMATh i -TO YPOBHS;

O, — obHapyXUTEJIb HapyLIEHUH i -T'0 YPOBH;

V; — BOCCTaHOBUTEIb LITATHOIO ()YHKLIUOHUPOBAHMS | -I'O YPOBHS;
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C. ={1,,0,,V;} —noxacucrema KUOEPUMMYHUTETA | -TO YPOBHS;
K, — moncucrema OIGHHBAHHS W YIPABICHHUS YCTOHYHUBOCTBIO | -TO

YPOBHS;
P

Mo
npu 06pa60T1<e BPCAOHOCHBIX BXOJHBIX HAaHHBLIX Ha i -OM YPOBHE. I[aHHaH
BCPOATHOCTL OIIPECACIACTCA Ha OCHOBC I/IHq)OpMaIII/II/I 0 BCPOATHOCTAX
NOABJICHHA PA3JIMIHBIX TUIIOB MOZ[I/I(I)I/IK&IIPI?I BbIYHCIIUTCIBHBIX CTPYKTYD,

Py, — BEPOATHOCTh OOHApyXKEHHMs HAPYIIEHUH, BBI3BAHHBIX

— BCPOATHOCTb BO3HWKHOBCHUSA MO)II/l(l)I/lKaIJ,I/ll/I BBIYHCIICHUM

00pabOTKOIM BpPEAOHOCHBIX BXOJHBIX JAaHHBIX Ha [ -OM ypoBHe. [laHHas
BEPOSATHOCTh OMPEICISCTCS C WCIOJB30BAaHUEM OICHKH Ko3(dduimeHra
k

H3BI °

P

tpori — BEPOSITHOCTH ycmeurHoro nporusoieicrsus UTB Ha i -om
ypoBHe. JIaHHas BEPOATHOCTH ONPEAENAETCS ¢ UCIOIb30BAHUEM H3BECTHBIX

1apaMeTPOB MOJEIIMPOBAHHUS M OLEHOK KOOQOUUHMEHTOB K,y ¥ Ky, s

Tcp_mm» — cpenHee BpeMsi Mexay npomyckamu UTB (atak) Ha i-om
ypoBHe, T, o € N (€. Bpemenn);
P oo BEPOSATHOCTh ~ YCIIEHIHOTO  BOCCTAHOBIEHHA  IIOCIIE

HapylleHus Ha | -oM ypoBHeE. [laHHas BEpOSATHOCTb OMNpEAeNseTcs Ha

OCHOBE 3Ha4eHHus P . ;

epsoceri cpelHee BpeMs, 3aTpauMBacMOE Ha BOCCTaHOBJICHHE

nocsie U'TB Ha i -om yposHe, T,

cp.BOCCTi eN (eﬂ- BpeMeHl/I);

P — BepostHocTh Haxoxkaenus OIl KUM na i -om ypoBHE B

paboTOCITOCOOHOM COCTOSHUM B TIPOM3BOJBHBI MOMEHT BpeMeHH. JlaHHast
BEPOSATHOCTH ONPENENIETCS C HCIOJb30BAHMEM H3BECTHBIX IApaMETPOB
uk

MOJIETIMPOBAHHS U OIIEHOK KO3 (GUIINEHTOB £, speri >

W3BI
P,

emi — BEPOATHOCTL NOCTIKEHHS nemu Qynkrmonupoanus OI1
KN B ycinoBusix WTB Ha i-oM ypoBHe. J[laHHas BEpPOSATHOCTb
OTIPEZIETISIETCSI C UCIIOJIb30BAHMEM HM3BECTHBIX MapaMeTpOB MOAEITHPOBAHUS

1 OLEHOK KOODOUUHMEHTOB Ky 1 Ko s
T,

BBITI
BBIYMCIICHUH, BpeMsl OOHApy>XEHHUS U BPEMsI BOCCTAHOBIICHUS HapyIICHUH
Ha i -oM ypoBHe, T, . € N (en. Bpemenn);

BBIII

— BPEMs BBIIIOJIHCHUA MMPOTPAMMHOI0 IUKJIA, BKIIFOYas BPEMs
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P T,

7::p.amxi >~ BOCCTi ? * Cp.BOCCTI 2

Ri = {Pnpm‘i > Pp

rokasaresnei ycroitunBoctr pyHknunonuposanust OI1 KU i -ro ypoBHs;

261 > })LIEJ'IVIi > TBLII‘Ii} — MHOXCCTBO

T, — BpeMs BbIUUCIEHUI IIporpamMmsl i -ro yposs, I, .. € N (en.
BpPEMEHN);
Ts; — BpeMs TIPOBEPKH BBIUUCICHUM Ha MpeIMET HaJIu4us

HapyIlIEHUH Ha i-0M ypoBHe (BpeMs oOHapyxeHus HapymieHuil), T, € N

(en. BpemMeHN);
T,

BOCCTI

BpEMs BOCCTAaHOBJICHHA IITAaTHOI'O (byHKI_[I/IOHI/IpOBaHI/I}I

IPOTpaMMBI i -T0 YpoBHS, T, e N (en. Bpemenn);

BOCCTI

t, — BpeMs BBIIOJIHEHHS 3JIEMEHTapHOI omepanuu (IpU pacuerax
IpUHUMaeTcs f, =1 ex. BpeMeHn).

OG6ocHOBaHME AHANTMTHYECKUX BBIPOKCHUH BeposTHOCTEH F..; ,

P

Momi ° P()6Hi H
O6mas cxeMa npeanaraeMoi MOJIEIN OIl1 KN

¢ KHOEpHIMMYHHTETOM TIPE/ICTaBlIeHa HA PUCYHKE 3.

PaccmoTpum moapo6uaee noacucremy kudbepummynntera OIT KU

Ioncucrema xubepummynurera OIl KWW C; npennasHaueHa Uit

P

el

B paboTe OyneT 1aHO MO3THEE.

O6Hapy)K€HI/I$I HapyHIeHI/Iﬁ CCMAaHTUKHN 00J1aYHEIX BLIqHCHGHHﬁ,
BO3HHUKAKOIUX npu O6pa6OTK€ BPECOHOCHBIX BXOAHBIX JaHHBIX

XEX; CXi , OIICPAaTUBHOI'0 BOCCTAaHOBJICHUS MAaIIMHHBIX BLI‘II/ICJISHI/II\/'I,

aTaKkKe COXPaHEHWS BPEJOHOCHBIX OOpa3LoB Ui IPEAOTBPAICHUS
MIOBTOPHOM 0OpaOOTKHM BPEIOHOCHBIX BXOIHBIX JAHHBIX M NPEBEHTHBHOTO
pearupoBanus Ha cxoxue UTB B Oynymiem.

Jns  HageneHWs  OpOrpaMM — CBOMCTBOM — KHOEpUMMYHHTETa
u obecriedeHnsT  BO3MOXKHOCTH ~ OOHAapyXXeHHsS  HapylIeHHH,  Kak
YIIOMUHAJIOCh paHee, B IMPOTrpaMMy BHOCUTCA H30BITOYHOCTh, a TaKXke
(dopMupyeTcsi ee 3TalOHHAs CeMaHTHUYecKas Mojelb. JInHelHble OI0KH
IpoTrpaMMbl MOTYT OBITh IIPEACTaBIEHBl B BHUAE IOCIEIOBATEIbHOCTEH
apudmernueckux BblpakeHnd. Torma it (HOpPMHUPOBAaHUSI 3TATOHHOMN
CEeMaHTHYECKOW MOJIEIM MOXHO HCIONb30BaTh TEOPUIO  MOZOOMS
u pazmepHocteit [35]. CooTHOIIEHHSI pa3MEPHOCTEN COXPaAHSIOT CBOMCTBA
ONepaH/IOB apU(PMETHYECKNX BBIPOKEHHH B JMHAMHUKE BBIIIOJIHEHUS
MporpaMMbl M CIIy)KaT HMHBapUaHTaMH €€ CEMaHTHYECKUX COCTOSHHN
B JIMHEWHBIX OJIOKaX.
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Cucrema UTB On KUU c kmbepuMmyHUTeTOM [,
Ha Ol KU
i-1 ypoBeHb chyHKUMoHMpoBaHmus OM KUK L;
A Bx. AaHHble Ha| ¢~ |Bbly. nporpamva Moacucrema
i-om ypoBHe [l j-r0 ypoBHSI KnbepummyHuTeTa
X; f i-ro ypoBHS

i

KnbeprmMmyHHas namsite
Il

MuoxectBo UTB
Ha i-OM ypOBHe
on Kuu

_I'Iap-pbl ) OT1anoHHas

- ceM. Mopernb
Ha /-OM ypoBHE
nporpaMmb!

y &
BN

napywerni O,

MapameTpul NTB|

4 d
kmm ’ kupe:u‘ Mf sif ‘( OBHapyxuTenb J

Ha i~ ypoBEHb MapameTpbl l{o it}
or K1 Bbix. AaHHbIe y|| nporpammsi ||, s
Ha /-OM ypoBHe | =/ oY ( Vv
k | & m n [ BoccTarHosutens V;
v Lom, | |

i

i

MapameTpbl npoTtusogericTens NTB
Ha i-om ypoBHe D;

knmcpi }
L 5| R1p01‘i ! T;p,makiY Rmcc'li

7 T nocert, s, P T

cp.socetiy pabis L yenni » 4 ppinj

| Puoni+ P

Moacucrema ynpasneHusa
b YCTOMYUBOCTBIO i-r0 YPOBHSA
i

K (i+1)-My ypoeHto

i

OueHka nokasartenen

20

k Ynpasnexue
TIOKpi
P! napameTpamu
npoTvBogevicTBusa UTB

TIOKpI

om (i-1)-eo yposHsi

Puc. 3. Mogens OIT KMU ¢ xubepuMMyHHTETOM

O6o3HaunM ToMOMOp(hHOEe OTOOpakeHHE VIpaBiIgomero rpada
TIPOTPaMMBbI B STAJIOHHYIO CEeMaHTHYECKYIO MOJIEh KakK
p<B,T>><S,4>, rie MHOXKECTBO JIMHEHHBIX OJIOKOB MporpaMmsl B

0TOOpaKaETCss B MHOXKECTBO CEMAHTHUYECKUX COCTOSIHHM S, 2 MHOXECTBO
mmepexofoB Mexnay Omokamm 7 oToOpa)kaeTcsi B MHOXKECTBO IIEPEXOI0B
MCKIY CCMAHTUYCCKUMU COCTOSAHUAMUA A . Ilo 3aBCPUICHUN

npeoOpazoBanus B nuHelHble 6noku Vb; € B,b; =(bj,....b

15Dy ) BHOCSTCS

METKU JId TOCICAYIOIIETO KOHTPOJISA CEMAaHTUKHU BBIYMCIICHUM TakK, 4TO

by = (KT!"byy,....

] t
im > KT7) s tie KT o KT/ — MeTku Hauana u koHua
JIHHEHHOTO GJI0Ka COOTBETCTBEHHO.
BorauciurensHbli mporecc Tpe/ICTaBIIseT coboi

OCJICAOBATC/IIbHYHO CMCHY CEMAaHTUYCCKHUX COCTOSIHUI noJ yIipaBJICHUEM
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a3 -1

S OOHapyKHUTeNb

TIepexoJioB Si Si f

HapymeHud O, (QOpMHpPYET CeMaHTHYECKHH HMHBAPUAHT MPOTPAMMEI,

ONKCHIBAIONINHA €€ COCTOSHHE B  TEKylleM JIMHEHHOM  OJoke,
Y OCYIIECTBIISET MIPOBEPKY ero MIPUHA]JIEKHOCTH 3TaJIOHHOU
CEeMaHTUYeCKOW MOJEJH MporpaMmbl. B GpyHKIIMOHAIBHOM BHJE 3TO MOXKET
OBITH 3amucaHo kKak 1 :< S, M >— {0,1} , mpu sTOM:

. %
n(si/»Mi) _JlLecmus; €S, Ada; s, —>s;
: 0,nHa4ge
[Ipn oOHapyXeHMHM CEMAaHTHYECKOTO COCTOSHHUSL sl;. , He

YIOBJIETBOPSIOWIETO  OTAJOHHOM  MOJAENH,  BOCCTaHOBHUTENL V,
peanusytomuii GyHKIUo & :< S,S >—> 4, OCYIIECTBIIET CUHTE3 IIepexoa

1A TIpUBCACHUSA BBIYHCIIMTEIIBHOM nmporpaMMbl B KOPPEKTHOC COCTOSIHUEC
B 3aBUCUMOCTH OT HpHHHTOﬁ CTpaTeruu BOCCTAHOBJICHHA: HA4YaJIbHOC,
NpeabIAynee Niin KOHEYHOC, KaK ITOKa3aHO Ha PUCYHKE 4,

MocnegoBaTenbHOCTL CEMaHTMYECKMX COCTOSIHUI BbMUCIMTENBbHOMO npouecca

Ob6HapyxeHHoe HapyweHue

6 a;p az A,
BoccmaHasrnuearoujue

a; Bosspam so3delicmeusi
lNepe3zanyck
Puc. 4. [Ipumep oOHapykeHNS ¥ BOCCTAHOBJICHHS HAapYIIICHUS

CnoBa x € X; , KOTOpble IPUBEJIU K HapyLICHHIO, HAKAIIMBAIOTCS

B mamsTH kubepummynurera I; tak, uro [, € X; c X, . B panbHeiimem

JJaHHBIE CJIOBAa HCIIOJIB3YIOTCA IIPpM ITPOBEPKE BHOBb IOCTYIMAIOIIUX
BXOJHBIX HJAaHHBIX Jid HNPEBECHTUBHOI'O pE€arupoBaHud Ha aHaJIOTHYHBIC
WUTB. Takum o00pa3oM MNPOUCXOAUT IMOCIEIOBATEILHOS (HOPMUPOBAHKE
npuobperaemMoro knoepummyHurera u camoodyuenne OIT KNU.

Taxum o0pazom, KHOEpUMMYHHUTET SIBJIIETCSA HOBBIM
9MEPIUKEHTHBIM CBOMCTBOM, KOTOpOE OOECIeUMBAETCS COBOKYITHOCTBIO

1488 Undopmaruka u apromarusanus. 2025. Tom 24 Ne 5. ISSN 2713-3192 (neu.)
ISSN 2713-3206 (onnaiin) www.ia.spcras.ru



INFORMATION SECURITY

anementoB monenn OIl KMU: obuapyxutens O,, BoccTaHOBHTENA V;

¥ KUOEPUMMYHHOM naMsaTH /;, ¢ y4€TOM KOI(DOHUIHMEHTA TIOKPBITUS Koy -

PaccmoTpuMm Temeps MOACHCTEMY YHPABJICHUS YCTOHYMBOCTBIO
¢ynkuponuposanust OIT KUN.
BepositHocTe  ycmemHoro — npotuBonedctBusi MUTB  moxHO

onpexemuth Kak B =1-F,, , e B,, BEPOSATHOCTH IIPOITYyCKa

HapylIeHUs. 34eCh BEPOATHOCTH MPOITyCKa HAPYLIEHUS MOXKHO ONPENEIUTh

xak B = Ps, (P +F)) , tne Py — BepoATHOCTb TOro, 4TO HapyLIeHHE

NPOM30LUI0 B KOHTPOJIMPYEMOM Yy4acTKe YHpaBiisiioiiero rpaga, HO He
Ob110 0OHapyKeHO; P, — BEPOSTHOCTb TOrO, YTO HAPYIICHHE POH3OILIIO

3a TpeAeaMd  KOHTPOJMPYEMBIX YYacTKOB ympaBiisitoniero rpada;

Ps3 — BEPOSATHOCTH TOTO, YTO HAPYIICHHWE MPUBEIO K HETOXKIECTBEHHOMN

MOJM(HKAIMH BEIYHCIHTEIBHBIX Onepatopos. BepostHoctn Fy u [y,

MOJXHO OLICHUTH KaK:

#X, —HX, Py,
PSl = #—)(iknmcpi (1 - Po61-1i) > (6)
#X] —HX, Py
Sy = T(l - knoxpi ) > (7)
rne # — MOIIHOCTh MHOXKECTBA.
BepositHocTs Py, —  ecTh  YCIOBHAs  BEPOATHOCTh B,

MOAMGUKAMM  BBIYMCIMTENBHBIX — omepaTopoB. OO0O3HaYMM  J0OJIO

BPEIOHOCHBIX BXOJHBIX JaHHBIX KakK kBpezu'

=#X; /#X,. Torma c yuerom
bopmyi (6) u (7) monydnm:

PrlpOTi =1- PMOI{ikBpeHi (1 - Po61-u' )(1 - kl'IOKpiP()6Hi) : ()

ITockonpky OTallOHHas CEMaHTHYECKass MOJENb IPOTrpPaMMEI
¢dopMmupyercss Ha OCHOBe ee ympammsomero rpada, a UTB
00OHapy>KMBaETCsl TOrJa M TOJIBKO TOTZA, KOTAa OHO IIPUBOJUT HAPYIICHUIO
COCTOSIHMSI WJIM TIEpEX0Jd, TO BEPOSTHOCTh OMMOOK I-ro poma (JIOXKHBIX
obHapyxeHui) crtpemurcst k 0, YTO B I[ENOM XapaKTEpHO IS
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nHBapuaHTHBIX MeTonoB [30]. BepostHocTh ke ommbok Il-ro poma

(JIOXHBIX TIPOIYCKOB) OIPEACISETCs BEPOATHOCTBIO mponycka UTB £, .

B pabore [35] moxm ™momudukanueidn BBIYUCICHHH MOHUMAETCS
3JI0HAMEPEHHOE HETOXIECTBEHHOE U3MEHEHNE apu(pMeTHUECKUX
omeparopoB mporpammel Op{+,—,*,/} (POPZ\OP/ =0,25). Ecnu npuHsTH,

YTO MOSIBJICHUE JaHHBIX apU(YMETUUYECKUX ONEPaTOPOB B YIPABISIIONIEM
rpad)e pPaBHOBEPOSITHO (POP/ =0,25), T0O BEpOATHOCTH BO3HMKHOBEHHS

MonupuKanuu P

Mo

COCTaBHUT:

4 4 4
Pmoni:zPOpj ;POPI\OPJ' :20,25 ;0925 =0,75.
= j= -

J=1
Jj#l J#l

BeposiTHOCTD oOHapyKeHUs HapyLIEHUs P 3aBUCUT

ko3¢ punnenra k

wssi » OTPEIENAIONIEr0 TO, KaKyl YacTh COCTaBIIAIOT
m3Bectiele UWNTB wa OIl KHWUW. [omyctum, wu3BectHele WTB
OOHapY)KMBAIOTCSl BCErJa, a paHee HEU3BECTHBIE — C BEPOSTHOCTHIO,
3aBUCSIIECH THIA MOANGHUKAINH. APUPMETHUECKHE ONEPATOPBl «+» H «—»
HEepa3IM4MMbl C TOYKH 3PEHHs] COOTHOLICHUH pa3MEpPHOCTEH MX OIepaH/oB
([L1=1[P]), a 3HaumT ™MoAM(UKAIIMIO OJHOTO W3 HUX HA JAPYrou
HEBO3MOXHO  OOHapyxuTh. (OO003HauYMM  BEPOSTHOCTH  TOTO, HYTO
Momudukanys OyZeT pasziauduMa C TOYKH 3PEHHS pasMEpPHOCTEH, Kak

p=1-(P_+P_,)=0,875. Torna BeposATHOCTb OOHapy>XeHUs (a 3HAUUT
Y BOCCTAHOBJICHHS) HAPYIICHUIA MOYKHO ONPEICIIUTh KaK:

P

[{9:in

= PBOCCTi = kmBi 1+ (1 - kmBi )p . (9)
I[OHyCKaeTCﬂ, qTOo BpEMs HETTOCPEACTBEHHOI'O BBIYUCJICHUS
HpOFpaMMHOFO IIUKJIa T OHpe)leﬂﬂeTCH BpeMeHeM BBITIIOJIHEHUA BCEX

BbIYi
BbIYHCIIMTCIIbHBIX I/IHCprKLIl/Iﬁ nmporpaMmMmbl € Y4Y€TOM KOJIMYECTBA HX
mapaMeTpoB. Ecmu Taxxke TIPUHATE OOIYIICHUE, YTO HapaMETPhI ki N mi

U 7; OAMHAKOBHI I Bcex mporpamm i-ro yposHs OIl KHMH, to Bpems

BBIYMCIICHUM MOXKHO OLICHUTH KaK T

BbIY kiminito .
BpeMﬂ, 3aTpaynBacMocC JOIIOJIHUTECIIbHO Ha KOHTPOJIb
u 06Hapy>1<eH1/1e HapyH_IeHI/lﬁ B mpouecce (l)yHKLII/IOHI/lpOBaHI/IH ImporpaMmbl

T » 3aBUCUT OT BpeMeHH (OPMHUPOBAHUS M IIPOBEPKU MATpUI]
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pa3MepHOCTel B JIMHEWHBIX OJIOKaX W MPOMOPLUOHAIBHO KOI(PPHUIUESHTY

IOKPBITHSL  KHOEpUMMYHHTETA K000 Jdnst  dopMmupoBaHuS MaTpHIl

pa3MepHocTel ((QyHKnMA 1 ) norpedyerca Ans Kaxaoro us k; OJIOKOB
BBIYMCIUTh M, (m; —1)/2 cooTHoLIleHHH pa3MepHOCTeH (i1 ydeTa
MONAPHBIX CBA3€H) U BBIIOMHUTG (21, —1) 3JI€MEHTApHBIX ONEpaLUil B3SATHS

pasMmepHocTeri (00Xxon mepeBa pa3dopa apuPMETHUECKOTO BBIPAXKESHHS
ClIeBa HAIPaBoO), MOCJE Yero A OOHapy)KeHHUs HapylIeHUs morpedyercs
BBIIONHUTG  k;m;n; DJIIEMEHTapHbIX ONEpaluil CpaBHEHHS DJIEMEHTOB

TeKylied U sTaioHHON Marpul (pyHkuust 1 oOHapyxutens). Hapyiienue

MIPUCYTCTBYET €CIIM ONWH WK OoJiee SIIEMEHTOB MATPHUIl HE COBITAJAOT.
Torna Bpems T, MOXXHO ONPENCIUTH KaK:

m; (m; —1)

Tooui = knoxpi (ki (2n; =) + k;m;n, )to . (10)

BoccraHoBIIeHHE IITATHOTO (DYHKIIMOHUPOBAHHS OCYIIECTBIISCTCS
MyTeM Mepe3alycka WM BO3BpaTa K NpeAblaylied KOHTPOJbHOM TOUKe.
B obonx ciaydasx He0OXOAWMO BBIIONHHUTH IEPEPa3METKy IIPOTPaMMBI
B MIAMSATH IyTEM BEHITIONHEHUS JICMCHTAPHBIX OIEPALNI YTEHHS ¥ 3aIHCH
Bcero oOpaza mporpamMmbl (pyHkuus & BoccraHoBurelns). Torma Bpems

BOCCTAaHOBJICHHUS MOXHO OLICHUTH KaK T

BOCCTi 2kiminit0 .
[ockonmpky OIT KM ob6nanaer BEpTHKAIBHBIMH MEXYpPOBHEBBHIMU
CBSI35IMH, TO BEPOSITHOCTH JIOCTIDKEHNUS 1iein (yHkuuoHuposanus OIT KN

Ha i -OM ypoBHE P, 3aBUCHUT OT aHAJIOTHMYHOTO Mmokazarens Ha (i —1) -oMm

uenui

YpOBHE U C yueToM GopMyIsl (4) onpenensercs Kak:

P P

wenni — L nemni-1 (Pn + (1 - Pnpon‘ )PBOCCTi )Ppaﬁi . (1r)

pOTi

7. TeopeTnyeckoe uccjeroBaHne mMoaeau. Vcciexyem cucteMHoe
cpoiictBo yctoitunBoctr OIl KMU B ycmomsix UTB Ha paspaboranHON
Mozenu. [ 3Toro chopmMynupyeM U JOKaKEM yTBEPKACHHE.

Ymeepoicoenue 1. YBennuenue 3HaueHust KOAPPUIHESHTa MOKPBITHS

KHOCpUMMYHHUTETA knm(pi moBeimaeT ycroitumBocts OIl KUU m Bpems

BBITIOJIHEHUS IIPOrPaMM Ha i -OM ypoBHe B ycnoBusax UTB.
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Jokazamenvcmeo. OcHOBHBIE MOKa3aTelu YCTOMYHBOCTH
¢dynkuponuposanust OI1 KU onpenensitorest popmynamu (1)-(5), (8)-(11)
U TPEJICTABJISIOT COOOM HEMPEPHIBHBIC BEIMYHMHBI.

Beposarrnocts mpotuBoneiicteus UTB P

wpori » B COOTBETCTBHH

¢ GopmyJ10ii (8), MOHOTOHHO BO3PACTAET TP yBETUYEHHH Ko -

Cpennee Bpemst mexny mponyckamu UTB T, ... onpepensercs
¢dopmynoii (1) M 3aBUCHT OT BpPEMEHH BblUMCICHMH 7, .. , BpEeMEHH
oOHapyxeHusl HapyuieHuit Tz u BepositHoctd B . Ilpu stom T,

ul

BOCCT/

HE 3aBUCAT OT Ko > @ T,g..» B COOTBETCTBHH ¢ (popmyoit (10),

3uaunt T,

cp.araki TaKxe

MOHOTOHHO BO3pacTacT IpPHU YBCINYCHUU km)l(pi .

MOHOTOHHO BO3PACTACT IIPH YBETHYEHUH Ko ;i -

BepostHocTs  BOCcTaHOBNEHMA P, .

(2) He 3aBuCAT OT Koy -

(9) um cpennee Bpems

BOCCTAHOBIEHHUA T o

Bepostnocts Haxoxngenums OII KHWU B paborocmocobHOM

cocrostann B, ompenensiercs  dopmynoi  (3), 3aBUCHT OT T,
u T,

cp.BoceTi 2 U C YYETOM BbIIIECKA3aHHOI'O MOHOTOHHO BO3pacTacT IpU

YBEIMUCHUN Kypoi .

Bepostrocte  jmocTwkenus  umenmu B omnpejensercs
dopmynoii (11) n 3asucur or P> Bpori s Fuocerr ¥ Fhagi - Ilycts
Biemsis =1 . Hockomsky B, u F,; MOHOTOHHO BO3pAacTarT MpPH
yBeImaeHun koo, a By, =const m P <1, T0 P . MOHOTOHHO
BO3PACTAET IIPH YBEIMYEHUA Ko -

Bpems BbINONHEHHMS NPOrpaMMHOrO LWKna 1, . onpenensercs

dopmynoit (5) m 3aBucur ot T, , Tg; ¥ T, - Iockomeky T,
MOHOTOHHO BospactaeT, a T, ., n T, .. He N3MEHSAIOTCS NMpPHU YBEJIUYEHHU

k 10 T,

TIOKpI ° BBII

TaKKe MOHOTOHHO BO3PACTaET NPH YBENMUEHUA Ko -

Taxum 06pa30M, BC€ paCCMOTPCHHBIC MTOKA3aTCIIN YCTOfIqHBOCTPI HEC
YMEHBIIAKOTCA, a OCHOBHOH IIOKazaTeiab P YBEINYUBACTCS IIPpU

Lenui
yBEIUYCHUH K Y.m.o.

TIOKpi *
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ITo pesympraTaM [IOKa3aTeNbCTBAa Y TBEPXKACHUS | MOXKHO CHenaTh

clenylommii BbIBOA. YBenuueHue k. TMosbunaer ycroiuusocts OII

KHWH, HO mpUBOAWT K YBEJIMYEHHWIO BPEMEHH BBINOJIHEHHUS MHMPOTPaMM.
B nenom yuer cBoiictBa KHOEPUMMYHHTETa MOJOXKUTEIBHO BIIUSET
Ha ycroHunBocTh QyHkunonupoBanuss OIl KWW B ycnoBusax WTB,
a3HaYUT [WIOTe3y HCCIeNOBaHUS MOXHO CUYHTATh HOOMBEPIHCOCHHOU
TEOPETUYECKHU.

8. DkcnepuMeHTAILHOE HCCIeA0BaHHE MOJeJIN. Henbro
SKCIEpUMEHTa  ABISETCA  MCCIEJOBAaHHE  M3MEHEHHUs  IoKas3areneil

yeroitunoctn  OIl KMU npu BapbupoBanuu Kk, , ONpEIENEHUE

CymeCTBOBaHUSA MUHUMAJIbHOTO U MaKCUMAJIbHOTO AJOITYCTUMBIX 3HAYCHUI

Kuoxpi TIPH HaIMuMK TPeOOBAaHMH K MOKasaTeNsM M MpoBepka [unoresst
= 1’

ucCIeNnoBanus.  3amaquM  [apameTphl  MOJENMPOBAaHUSA: P .,
P =0,75, ki =0,4, k, =1000, m;, =5, n,=2.

W3Bi
Ha pucynke 5 mpencraBieHsl Tpa@uKi 3aBUCHMOCTEH MTOKa3aTelen
ycroiunBoctH ¢ynkiponupoanust OI1 KU Ha i -oM ypoBHE B yCIOBHUSX

WTB or koadhduimenTa MOKPHITH KHOSPUMMYHHTETA K, Kax BuaHo,

TIOKpi *

NpU YBETHYEHUN Ko,

3HA4YEHUSI OCHOBHBIX IIOKAa3aTellell yCTOWYMBOCTH
TakXe Bo3pacTaroT. IIpu 3TOM cieayer OTMETHTh, YTO TaKHe IOKa3aTesln
KaK BEpPOATHOCTh BOCCTAHOBJIEHUS (PUCYHOK 5(B)) M cpeAHee BpeMs

BOCCTaHOBIICHHS (PUCYHOK 5(T)) HE 3aBHCAT OT kHOKpi HaIPSAMYIO, OIHAKO

MPH HATMYUKA KHOepUMMYHHOM 3amuThl ( &k >0) BeposTHOCTH P,

TIOKpi BOCCTi

OKas3bIBACTCS BBIIIC, a BPEMA Tcp.Boccn’
(knoxpi =0 > P= 0 )

Takum o0pa3oM, yBeIHUYCHHE knOKpl»

— HWXKE, 4E€M IIpU €€ OTCYTCTBUH

IIOJIOKUTCIIbHO BJIMACT Ha

cnocobHocts OIl KWW mportuBoxpeiictBoBate WTB, He momyckas
HapyLICHUH, W BOCCTaHABIMBATh INTATHOC (YHKIHMOHMPOBAHUE NPU HUX
BO3HMKHOBEHHHM, a y4e€T CBOICTBA KHOEPUMMYHHUTETA B LIEJIOM ITOBBIIIACT
ycrodunBocth  ¢yHkuuonupoBanusi OIl  KWM, wudro cornacyercs
C TCOPETUUCCKUMU BBIBOAAMMU.
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<46000

mpu N =4 (xommuectBo ypoBHeit OIl KMU). B tabmume | mpencraBieHs!
pe3ynmpTaThl MccaemoBaHus mMokazaTteneit ycroitumBoctr OIl KUW mis

pasIMuHBIX 3HauYeHMi Koddduumenta k.

ITycts Temepp TpeOyercs, utobel P >0,96 n T

e — BBIIII

Ormetum, uto P

XapakTepusyeT BeposiTHOCTh noctwkeHus nenn OIl KU nHa i -om ypoBHe,

a B, — obuyo BeposTHOCTh noctikenns uean OIl KUM. Tlpu stom
N
Py € Py » TIOCKOJNBKY HApyIIEHWE HA HIDKENEKAIIEM YPOBHE BIHMSET

Ha BCE BBIIIETCKAIINE, a 3HAYUT OOIIas BEPOSATHOCTHh JOCTKCHUS LENH
OIT KMNU 3aBUCHT OT BEpOSTHOCTH JOCTH)KEHHUS €€ Ha BceX N YPOBHSX.

Tabmuna 1. Pe3ynpTaTel HCCeI0BaHUS MTOKa3aTeNIei yCTOMYMBOCTH
¢ysakunonuposanust OI1 KU B ycnosusx UTB
For | Toemw | 7 h | P | Tw | 7

kapeni*O’l

0 0,9550 | 222222 | 0,4000 50000 0,8163 | 0,7943 30000 0,3980
0,0457 | 0,9946 |2195568 | 0,9250 21622 0,9902 | 0,9898 31828 0,9600
0,2000 | 0,9954 |3926380| 0,9250 21622 0,9945 | 0,9942 38000 0,9769
0,4000 | 0,9965 |7336861| 0,9250 21622 0,9971 0,9968 46000 0,9872
0,5000 | 0,9970 |9922480 | 0,9250 21622 0,9978 | 0,9976 50000 0,9904
0,8000 | 0,9985 [28717948] 0,9250 | 21622 | 0,9992 | 09991 | 62000 | 0,9965
k.. =03

Bpezi

0 0,8650 | 74074 | 0,4000 | 50000 | 0,5970 | 0,5486 | 30000 | 0,0906
0,2000 | 0,9862 | 1308793 | 0,9250 | 21622 | 0,9837 | 0,9827 | 38000 | 0,9327
0,3787 | 0,9890 |2293745] 0,9250 | 21622 | 0,9907 | 0,9898 | 45148 | 0,9600
0,4000 | 0,9894 |2445620| 0,9250 | 21622 | 0,9912 | 0,9904 | 46000 | 0,9623
0,5000 | 0,9909 [3307493| 0,9250 | 21622 | 0,9935 | 0,9928 | 50000 | 0,9716
0,8000 | 0,9956 |9572649 | 0,9250 | 21622 | 0,9977 | 0,9974 | 62000 | 0,9897
kypeni = 0,5

Bpeu

0 0,7750 | 44444 | 0,4000 | 50000 | 0,4706 | 0,4071 | 30000 | 0,0275
0,2000 | 0,9771 | 785276 | 0,9250 | 21622 | 0,9732 | 0,9715 | 38000 | 0,8909
0,4000 | 0,9823 | 1467372 | 0,9250 | 21622 | 0,9855 | 0,9842 | 46000 | 0,9382
0,5000 | 0,9849 | 1984496 | 0,9250 | 21622 | 0,9892 | 0,9881 | 50000 | 0,9532
0,5541 | 0,9863 | 2346069 | 0,9250 | 21622 | 0,9909 | 0,9898 | 52164 | 0,9600
0,8000 | 0,9927 |5743590] 0,9250 | 21622 | 0,9962 | 0,9957 | 62000 | 0,9829

k,

ToKpi |

BunHo, 9TO MpH OTCYTCTBHH KHOSPHMMYHHOH 3aInuthl ( K,

=0)

— 0). YBenuueHue xe 3HAYSHHS

TIOKpi
OIl KUU Tepsier ycroiunBocth (P,
k,

TIOKPI

(U078

noseiaeT ycroiunBocts OIT KMU no BcemM 000CHOBaHHBIM paHee

TokasareyisiM, OJHAaKO J3TO COIIPOBOXAACTCSA YBCIHMYCHHEM BpPEMCEHU
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BBITIOJIHCHUS [IPOTrpaMM T

BBIIi

. B ciyuae k... =0,] 3agannbie TpeGoBaHus

Bpei

00eCreunBaOTCs 3a CUET BapbUPOBaHMs 3HaueHnst Koddduumenta k...

B nuanasone ot 0,0457 o 0,4000, a B ciyyae £, =0,3 — B auamnasoune

Bpei

ot 0,3787 mo 0,4000. Inas cutyanus HabarogaeTcs mpu k =0,5.3xech

Bpel

TpeboBanue K P_  obecrmeunBaercs mpu Kk,

et noxpi HE HIDKE 0,5541, oxnako

JUIA BBITIONHEHUS TpeboBaHWA K T,

BBINI

JAOIIyCTUMBI 3HAYCHHUA k

TIOKpi HE

Bpie 0,4000, a 3HAYNT B JAHHOM CIly4ae HE CYLIECTBYET 3HAYEHUA Koo »

IpY KOTOPOM OJJHOBPEMEHHO BBITIOJIHSIOTCS 00a TpeOOBaHMSI.
IMomyuennas BeposTHOCTh ommbOok II-ro poma (mpomyck MTB) He
mpepbrmaer 0,03 (omeHka Ha ocHoBe P=1-P ), 4TO COIJIACYeTCs

npoT?
C pe3ynbTaTaMH HCCIEJOBaHUH HWHBAPMAHTHBIX METONOB OOHApYKEHUS
aHOMaJIMH, MpUBEJICHHBIMU B pabote [30].

B nanbHeiimem — menecooOpa3sHO — ONpEAENIUTh  KPUTEPHH
CYIIECTBOBAHHUS pEIICHUS, a TakXke pa3padoTaTh METOAMKY CHHTE3a
OINITUMAJIBHOTO 3HAYEeHHS K, ¢ yuetom TpeboBaHuii k P T,

TOKpI itchiid BBITI *

Takum 00pa3oM, pe3ysbTaThl SKCHEPHUMEHTAIBHBIX HCCIEIOBAHUI
ycroiunBocti  ¢yHkuuonupoBanuss OIl KMM B ycnoBusx WTB
COrjacyroTcs C TEOPETHUYECKMMHU BBIBOJAMHU, a 3HA4YUT, [ HUIOTE3y
HCCIIEIOBAaHUS MOXKHO CUUTATh NOOMBEPIHCOEHHOU.

9. Bo3MOKHOCTH TNPAKTHYECKOT0 MNPHUMEHEHHs pe3yJbTaToB
ucciaenopanus. Ha pucyHke 6 mpenctaBieHa BO3MOXKHAS apXHTEKTypa
MIPOrPaMMHOTO KOMILIIEKCca obecrnieueHHs YCTOHYHNBOCTH
¢yaxanornposanus OIT KHUN.

OCHOBHBIMH 3JIEMEHTaMH ITPOTPAMMHOTO KOMILTEKCA SIBIISTFOTCS:

—  tpanciarop ¢ SDK mns BHeqpeHUS KHOSpUMMYHHUTETA;

—  TOJACUCTEMA YIPaBJICHUS YCTOMYMBOCTHIO, BKJIIOYAOLIAS
MOAYyNb OIeHWBaHWA Tekymed ycroWunmBoctn OIl KMM u wmomyms
YIpaBJICHHUS TapaMeTpaMu KHOSPHUMMYHHTETA;

—  ToACHCTeMa KHOepUMMYHHUTETa, BKJIIOYAlomias 0a3y MaHHBIX
(bl) xubepuMMyHHUTETa, OOHAPYKUTENh HAPYIICHWH W BOCCTAHOBUTEIND
MITATHOTO (DYHKIIMOHUPOBAHHUSL.
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[ Hapyumrens [ FocCOMKA ]

Cpena Cpepna BbINONHE HUA Moacucrema
Tpchn;rrop c Kwﬁep VMMYHUTETOM 06na4HbIX CepBUCOB ynpaenenus
Vlcxongm TekcT 5 \ ycTou bi0
nporpamml SDK mGepummyHuTeTa “ ObriauHble cepeuCchi C | . (Monyns oueHveatms
KbepummyHnteTom | " ycroiumsocTu
@ pythong

ynp. napameTpamu
KOHT€¥iHe pamn J KmbepumMmMyHTETa
A

=& Ci c'raagfé/ Monyrnb ynpasneHus
=i 3TaJ'IOHHaﬂ FIporpaMMac [ = ’( ( SRS
ceMaHTM4Yeckas Moaenb KM6EPUMMYHUTE TOM
1 lMepesanyck kKoHMeliHepa
l CueHaribl 0m KOHMP ObHbIX MO Yex|

l =
(" ithon A4
t Mogyns MoAenvpoBaHus J

BoccraHosuTens
wraTHoro
YHKLIMOHN PO BAH S
obna4Horo cepsuca

Basa faHHbIx 06pa3LoB 06HapyXeHHbIX
BPEOHOCHBIX BXOAHBIX AaH HbIX

Ba3a [1aHHbIX TaNOHHBIX CEMaHTUYE CKUX
mozieneit nporpaMm o6nadHbIX CEpBUCOB

Basa aaHHbIX KMGepuMMyHuTeTa

CEMaHTUYeCKOM COCTOSHIS
nporpamMel

@ _nython

AETUMBT OMHaMUYECKOro KOHTpoisa M
HapyLeHWi ceMaHTMKN 06 nayH bix Baawmoi)l;zl:'am o
BbIYMCTIRHUIA N
FocCOMKA

O6Hapy1Teb HapyLLEHUA CEMaH TMKA
MoacucTe Ma kGe pUMMy HUTETa
OnN KWW c knbe puMmy HUTETOM

Puc. 6. Bo3sMo)XHast apXUTEKTypa MPOrpaMMHOI0 KOMILIEKCa 00eCIICUeHUS
ycroitunBoctr ¢pyHkironuposanus OIT KU

VcxonHas mporpaMmMa 00JIag4HOTO CEpBUCA C MMOMOIIBIO JTOTTOTHCHUN
Kommuisitopa clang mpeoOpasyercst B mporpamMMmy ¢ KHOEpUMMYHHTETOM
yTeM BHEJIPEHUS 3JIEMEHTOB CTPYKTYPHO-()yHKIIMOHAJILHOM
M30BITOYHOCTH (METOK Haydajla M KOHIA JIMHEWHBIX OJIOKOB), MpPU 3TOM
(dopMupyeTcsi ee ITATOHHAsT MOJENb B TEPMHHAX (POPMAIBHBIX CEMaHTHK
(B wacTHOCTH, pasMepHoOcTeH). [Monyaennas porpamma
¢ KHOepMMMYHHUTETOM 3amyckaercst B Docker-koHTelHepe W INMKINYECKH
oOpabaTpIBaeT BXOAHBIE MOaHHBIE, HAXOIACh TOA BoszaelictBuem WTB.
B npouecce (hyHKIMOHMPOBAaHMS MPOTPaMMbl CHTHAIBI O TPOXOKACHUN
KOHTPOJIBHBIX TOYCK OT BHCAPCHHBIX METOK NEPCAAOTCA B O6Hapy)KI/ITeJ'IB
HapyIIEHWH, TAe TEKyIlee CEMaHTHYECKOe COCTOSHHE IPOrpaMMBbI
B JIMHEHHOM OJIOKE MOJEJIHMPYETCST M CpPaBHMBACTCS C OTAJIOHHBIM
(M03JIeMEHTHBIM CpaBHEHHEM MarpHll pa3mepHocteii). [Ipu oOHapyxeHnn
HapylIEHUs COCTOSIHMA B pe3yJbTaTe aTaku BHEAPEHHS KojAa WU
HapyllIeHUs Iepexojia B pe3ynbTaTe aTaku MepexBaTa MOTOKa YNpaBIeHUS
o0paselr BpeIOHOCHBIX BXOJHBIX MaHHBIX 3aHOcHTCs B B/l SQLite u Gonee
He pnomyckaercsi. [locie sToro BoccTaHOBUTENb (OPMUPYET KOMAHIY
nepesammycka Docker-koHTeiiHepa wiaM  BO3BpaTa K  IpPEABIIYyIIEMY
COCTOSIHMIO, €CJIM OCYIIECTBIISIETCS WX COXpAaHCHHWE, W TIepemaeT ee
opkectpatopy. B mporecce ¢pyHkunonnpoBanus ycroitunBocts OIT KUU
OILIEHMBAETCS MO MOKAa3aTesIM BEPOSTHOCTH AOCTIXKEHHS LENH U BPEMEHU
BBIMOJIHEHUsI ~ NPOTPaMMHOTO  IMKIAa M, TpPHU  HEOOXOIUMOCTH,
OCYIIECTBIIACTCS YIPABICHHE MHOKECTBOM KOHTPOJHMPYEMbIX JIMHEHHBIX
0JI0KOB Ha OCHOBE KO3 (HUIHEHTA TOKPHITH KHOCPUMMYHHUTETA.
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B xone Hakormienust mHpopMmaimu 00 orpakeHHbix UTB B B/l
SQLite MOTyT COXpaHSTBCA CXOXXHE OOpa3mbl BPEIOHOCHBIX BXOJIHBIX
JnaHHBIX onHoro ¢opmara. Ilockonbky nAaHHBI (oOpMaT HEM3BECTEH
3apaHee, 11eJIeCO00pa3HO OCYIICCTRIATh IEPHUOTHUCCKY0 onTuMu3aIiio bJ]
MyTeM 3aMEHBl CXOXKHX 00pa3loB mabioHamMH. MIMes HECKOJIBKO CXOMKHX
0o0pa3loB M TpPHUMEHSsS METOJAbl CTATHCTHYECKOH WHIYKIHUH, MOYHO
CBOEBPEMEHHO HEWTPAIM30BaTh BECh MOJKIAcC paHee HeusBecTHbIX UTB,
HCIIOJIB3YIOLIUX BPEJOHOCHBIE BXOIHBIE JaHHBIE TaKoro (opmara.

Takum  oOpazoM, mpakmuueckass —3HAYUMOCMb  PE3YIHTATOB
HCCIICIOBAaHMUs  3aK/IIOYaeTcss B JOBEACHUHM HMX J0 TEXHHUYECKHX
peKOMEHJaUUi IO apXUTEeKType IpOrpaMMHOIO KoMIUlekca. JlaHHbIe
TEXHUYECKHE PEKOMECHIALNH BKIIOYAIOT B ce0s1 pa3pabOTKy MpOrpaMMHBIX
MOJZyJIEH, B COBOKYIHOCTH PEATU3YIOIIMX HOBOE dMEPKEHTHOE CBOMCTBO
KHOCPUMMYHHTETAa, M MOTYT OBITh NPHUMEHEHBI I O0OCCICYCHHUS
ycroiunBoctH ¢ynkiponupoanust OIT KMU, B wactHocTH «I"ocTex».

10. Bakmouenue. B pabore mnpemnoxena wmogeas OIl KUK
C KHOEpUMMYHHUTETOM, T[O3BOJIAIONIAS TNPU HPUHATBIX  JIOMYLICHUSIX
MOJy4aTh  OLEHKH  BBEICHHBIX W  OOOCHOBAaHHBIX  IOKazaTeJel
ycroituuBoctu. Hayunas nosusna MOAETH 3aKII0YaeTCs B TOM, YTO B Hee
BIIEpBbIC BHEIPEHBI TAaKHWE OJJIEMEHTHI, KaK OOHapyXXWTENb HapyIIeHUH
CEeMaHTHKH BBIYMCIICHUH, BOCCTAHOBUTENb LITATHOTO (DYHKIMOHHPOBAHUS
1 KUOepUMMYHHasl IaMsITh. [laHHbIE 3JIEMEHTHI B COBOKYITHOCTH PEaU3yIOT
HOBOE OMEP/KEHTHOE CBOWCTBO KHOCPHMMYHHUTETa, OIpEICIsIonice
cnocobHOocTh OIT KWW mpoTuBOICiicTBOBATh M3BECTHBIM W HOBEIM, paHee
Hen3BecTHbIM  UWTB, He jomyckas HapylleHUH, M  ONEPaTUBHO
BOCCTaHABJINBATh IITATHOE (DyHKIMOHUPOBAHKE TIPH UX BOSHUKHOBEHHHU.

IIpoBeneHBI TEOPETHYECKOE M DKCIEPHUMEHTAILHOE HCCIIENOBaHUS
Mozend. JloKa3aHO YTBEPXKIEHHME O TOM, 4YTO YBEIMYECHHE 3HAYCHUSA
k03¢ dULKEHTa TOKPHITUS KUOSPUMMYHHUTETa TOBBIIIAET YCTOWYHBOCTH
¢ynkuponupoBanust OI1 KUM B ycnoBusix UTB 1o BceM BBEIEHHBIM
MOKa3aTessiM, HO TakKe MPUBOAUT K YBEIMYCHHUIO BPEMEHHU BBITOJIHEHUS
nporpamMm. I 3aaHHBIX YCIOBUM OSKCIEPUMEHTAJIBHO OIpEesIeHbI
TpaHUIIbI JIOTTyCTUMBIX 3HaYeHUN ko3 punmenra MOKPBITUS
KHOEpUMMYHHTETa, B Mpeesiax KOTOPhIX OAHOBPEMEHHO OOECIIeUHnBaIOTCS
TpeOOBaHMS K BEPOATHOCTH JIOCTIDKCHUS €M (DYyHKIMOHHPOBAHMS
u BpeMeHn BbimonHeHuss mporpamMm  OII KUHM. Ilo pesymsratam
HCCIIEIOBAaHUN noomeepoicoena BBIABUHYTas [Hmore3a wucciaeqoOBaHHA
0 TOM, YTO y4YeT CBOWHCTBa KHOCPUMMYHHTETa TIIOJOXHUTEIHHO BIHIET
Ha ycToitunBocTh (ynkumnoruposanus OIl KUU B ycmosusix UTB.

IHpaxmuyeckas 3HAYUMOCTD pe3yIbTaTOB UCCIIEOBaHUS
3aKJIIOYAeTC B JOBEINCHMM HMX [JO TEXHHUYECKUX PEKOMEHIALUN II0
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ApXUTEKType TMPOTPAMMHOTO  KOMIUIEKCA, KOTOPBIE MOTYT  OBITH
HCTIOIB30BaHbI IpH pazpaboTke cpexcts 3ammutel Ol KU, B wactHOCTH,
o0mauno# miardopmer «"ocTex», B ycnosusix UTB.

B wuanpaenenus oanvuenuwux uccredosanuii BXOTUT: pa3paboTKa
METOJIMKH CHHTE3a ONTHMAIBHOTO 3HAYCHHUSI KOI(DQUIMEHTA MOKPBITHS
KHOCPUMMYHHTETA C YYETOM TpeOOBaHHMH K IMOKA3aTeNsiM YCTOHYHMBOCTH
Y BPEMCHH  BBIMONHCHUS  OPOTpaMM, a  TaKKe  KPUTEpUs  ero
CYILIECTBOBAHUS; WCCIICIOBAHUE BO3MOXHOCTEHl MpPUMEHEHHS METOJIOB
CTATHCTHYECKOW WHIYKIMHK U TPEBEHTHBHOTO pearvpoBaHHs Ha paHee
nensBectHble UTB Ha ocHOBe mH(pOpMaIu 06 W3BECTHBIX BPEIOHOCHBIX
BXOJHBIX JAHHBIX.
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MODEL OF A CRITICAL INFORMATION INFRASTRUCTURE
CLOUD PLATFORM WITH CYBER IMMUNITY

Balyabin A., Petrenko S. Model of a Critical Information Infrastructure Cloud Platform
with Cyber Immunity.

Abstract. The research is devoted to solving the problem of synthesizing a model of a
critical information infrastructure cloud platform with cyber immunity. The relevance of the
research is due to the need to resolve a problematic situation characterized by contradictions in
science and practice. The contradiction in practice is observed between increased requirements
for the resilience of critical information infrastructure cloud platforms and the growth of threats
associated with the exploitation of previously unknown vulnerabilities and the overcoming of
protective measures. The contradiction in science is that it is impossible to ensure the required
resilience of such platforms using existing models and methods. Thus, existing approaches do
not fully account for the specific features of critical information infrastructure cloud platforms,
such as hierarchical architecture, the presence of undetected vulnerabilities, operation under
targeted cyberattacks, increased requirements for resilience, and the need for rapid restoration
of normal operation. This paper aims to synthesize a new model of a critical information
infrastructure cloud platform with cyber immunity. A hypothesis has been formulated that
endowing cloud platforms with the property of cyber immunity has a positive effect on their
resilience when subjected to cyberattacks. Research methods include methods of system
analysis, probability theory, theory of formal semantics, theory of similarity and dimensional
analysis, as well as cyber immunology methods. The concept of cyber immunity has been
substantiated, which involves providing cloud platforms with the ability to counteract known
and previously unknown cyberattacks, quickly restore normal operation, and memorize
malicious input data, thereby preventing their processing in the future. The indicators of the
resilience of critical information infrastructure cloud platforms have also been substantiated. A
new model of a critical information infrastructure cloud platform with cyber immunity has
been developed. The scientific novelty of the proposed model lies in the introduction, for the
first time, of components such as a semantic violation detector, a normal operation restorer,
and cyber immune memory. These components collectively implement a new emergent
property of cyber immunity. Theoretical and experimental studies of the model have been
conducted, confirming the proposed hypothesis. The practical significance of the research
results lies in providing technical recommendations on the architecture of the software
complex, which can be applied in the development of means for protecting critical information
infrastructure cloud platforms, in particular, the GosTech cloud platform, against cyberattacks.

Keywords: cloud computing, computation semantics, critical information infrastructure,
cyber resilience, cyberattacks, cyber immunity.
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I1.1. bopucos, [I.B. BAPIAMOB, 10.B. KOCOJIATIOB
AJITOPUTM BBIUNCJIEHU A TOXOKECTU IT'PA®OB U EI'O
INPUMEHEHUE J1JI1 CPABHEHU A BUHAPHBIX
VCIOJIHAEMBIX ®PANIOB

FBopucos I1./]., Bapaamos /.B., Kocoranog F0.B. AJIropuT™ BbIYUCJIEHHS MI0X0KeCTH rpachoB
1 €ro NprMeHeHHe LISl CDABHeHNs1 OHHAPHBIX HCHOJIHSIEMbIX (aiiioB.

Annoramusi. PaccmaTpuBaeTcst 3aava cTaTHueckoro (6e3 3arycka) CpaBHeHMsI OMHAPHBIX
ucrnonHsieMbIx (aiios. [IporpaMma u modast ee nporeaypa MOTYT ObITh IIPEACTABJICHH B BUJie
OpHEHTHPOBAHHOTO rpada. J{jist mporpaMMsl COOTBETCTBYIOLINIA rpad mpeacTasiseT codoit rpad
BbI30Ba (DYHKIMIA (TIpoLIelyp), Te y3/IaMU SBJSIOTCS caMu (DYHKIMH, a peOpo U3 BEpIIMHBI @
B b onuchbiBaeT BbI30B (pyHKLMM b U3 dyHKIMU a. s npouesypbl Takoi rpad npeacTabisier
co0oii rpad MOTOKA yIpaBJIeHNs], Tie BEPLUIMHAMHU SABJIAIOTCS 6a30Bble OJIOKH, a pedpo Mexay
y371amMu @ 1 b 03HauaeT BO3ZMOKHOE HCIIOJHeHHe KOMaH]| OJI0Ka b 1ociie UCTIONHEHNsT KOMaH L
6110Ka a. B paboTe npeasaraeTcsi alrOpUT™ CpaBHEHHsI HAMPABJICHHBIX IpacdhoB, KOTOPHIiT Jajee
NPUMEHSIETCST U1l CPABHEHHUSI IPorpaMM. B ocHOBe anropurma cpaBHeHusi rpaoB JIEKUT
npuMeHeHue (yHKINK HOXO0XKECTH y3JI0B. [lisi cpaBHeHHs rpadoB MpoLe/yp B KauecTBe TaKoi
(yHKIIMM MTOXOKECTH NpUMEHs0TCS HeveTKas (fuzzy) xer-(pyHKUMSA U Kpunrorpaduyeckas
xem-pyHKIus. [Janee 3ToT crocod cpaBHEeHHs 'padoB NPOLEAYP UCTIONB3YeTCs Kak (DYHKINS
MIOXOXECTH y3JIOB IIPH cpaBHeHuH rpacoB nporpamMm. Ha Ga3se mpeasokeHHOro ajroputMa
pa3paboTaH METOA CpaBHEHMsI MPOTrpaMM, MPOBEACHO €ro MCCIeJOBAaHHE B paMKax IBYX
IKCIIEPUMEHTOB. B MepBOM 3KCIIEpUMEHTE MCCIIEJOBAHO MOBEICHUE METOJa IPU CPABHEHHUH
MpOrpamM, MONYYEHHBIX C MpUMEHeHHeM pasHbeix omuuid ontumusauu (00, O1, 02, O3
n Os). Bo BTOpoM 3KCIIEpUMEHTE HCCIIe[0BaHAa BO3MOXKHOCTb BbISIBJICHHsT 3((HEKTHBHBIX
U CTOMKUX 00(ycIUpyIOIUX MpeoOpa3oBaHMii B paMKax paHee pa3paboTaHHON Mopend. B
[EPBOM SKCIIEPUMEHTE [10JIyYEeHBI CBUIETEIILCTBA B M10JIb3y BEPHOCTH TMIIOTE3bl 00 YMEHBILICHUH
noxoxkect aitio ¢ poctom ontumusamu or Ol go O3. Bo BTopoM skcmepumeHTe
MOATBEPXK/ICHbl HEKOTOpbIE IMOJy4YEHHble paHee pe3y/ibTarhl, Kacamouuecs 3pdexTuBHOCTH
(Hea(hPEeKTUBHOCTH) U CTOMKOCTH (HECTOMKOCTH) 00(YCLMPYIOIUX NPeoOpa3oBaHHid.

Kurouessle c10Ba: cpaBHeHHe rpadoB, MOXOKECTb IPOrpamMm, 3((HeKTHBHOCTb U CTOHKOCTD

obdyckamu.

1. BBepenue. B o6nactu 3anutbl MHGOPMALUY PA3AUYUIMENAY UTPAIOT
BaXHYIO pojib. B 0011eM B pa3inuuTe]lb MOKHO ONPEAEIUTh Kak (DYHKIIMIO
dis, NpUHUMAIOIIYI0 B KAYeCTBE apryMeHTa ABa 00bEKTa, OTJIMYME B KOTOPBIX
HaxoJUTCs, W BO3BpAlIAOIIYI0 3HAUYE€HUWE U3 OTpe3Ka AeHCTBUTENIbHBIX
uucen [0,1]. Yem Oimxe 3HaYeHue, BO3BpAIlaeMoOe pasjnduTeseM, K 1,
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TeM OOoJibllie OTJIMYME B CPaBHMBAaeMbIX OOBEKTaX, U HA00OPOT (HYJIeBOE
3HaYEeHHE COOTBETCTBYET IOJHOMY COBIIAJICHUIO CPABHUBAEMBIX OOBEKTOB B
BBIOpaHHOM IIPOCTPaHCTBe NpU3HaKoB). Hanpumep, B kpunrorpadum Hatmure
(P PEKTUBHOTO Pa3IMIUATENIS, MO3BOJISIONIETO OTINIUTH (C HETPeHeOpe KMo
BEPOSATHOCTHIO) BAPUAHT UCIIOIb30BAHUS KPUNITOrpauiecKoi CXeMbl, KOraa B
Hell 3aIefICTBYEeTCS «HECTyJaiHblil» KPHUITOTrpapuIecKuil 1eMeHT/IPUMUTHB
(HarpuMep, NMOMEXOYCTOMUYMBBIA KOA), OT BapHaHTa, KOrja NpUMEHsSeTCs
«CJTy4aiHbIi» aHAJIOT STOr0 NPUMHUTHBA, YaCTO CBUJIETEILCTBYET O C1ab0CTH
1ol Kpunrorpaguyeckoil cxemsl [1]. B creraHorpaguu CTOUKOCTD
CTErocucTeMBl (CTOMKOCTh K OOHApYKEHHUIO CKPHITOTO KaHaja Tepeadd
MH(pOPMALIMK) 3aBUCUT OT TOTO, HACKOJBKO BBIYMCIUTENBHO CIIOKHO
OTJIMYUTh CTEroO0O0BEKT (OOBEKT, COAEPKAIIUil CKPHITHIE [JaHHBIE) OT
YHCTOTO MOKPHIBAIOIIET0 00beKTa (00bEKTa, HEe COAEepPKAIEro BCTPOSHHBIX
JaHHbIX) [2]. Pelienue 3agaun pacno3HaBaHUs MOMEXOYCTOMYMBOIO KOJA,
KCIOJIb3yEMOTO B KaHAJIE CBSI3M, TAKKE YaCTO OCHOBBIBAETCS HA IOCTPOEHUM
pazmuutens [3]. B KoMmboTepHOW 0€30MaCHOCTA CHCTEMBI 3allUTHI
OT cllama, aTak U OT BPEJOHOCHOTrO KoJa OOBIYHO CTPOSATCS Ha OCHOBE
pasnuuuTeneil. IMeHHO, Npy 3aIiyTe OT cllama MCTIOIb3YIOTCS alrOPUTMBI
OTJIMYEHUS BXOAALEH KOPPECTIOHEHIIMN (JIEKTPOHHBIX MMCEM, MTHOBEHHBIX
COODIIIEHMIT), OTHOCSIIEHCS K HeKeIaTeIbHOMU (K CIiaMy), OT OCTaJIbHOI [4].
[Tpu 0OGHApPYKEHUU aTaK PA3IUIUTEIH O3BOISIIOT OTJIMYUTH KHOPMAILHOE»
COCTOSIHME (COCTOSIHUE CETU WM COCTOSIHUE KOJAQ, HCIIOJIHSEMOIO B
TEKYIIIMHA MOMEHT Ha Ipolieccope) OT aHOMaJIbHOTO [5—7]. A mpu npoBepke
¢aiiioB Ha HalIW4yMe BPEJOHOCHOTO KOJA PA3IUUYUTENM HCHONb3YITCS
Kak [JOMNOJHUTEJbHBII MEXaHU3M BBISIBJIEHUSI paHee HEU3BECTHOIO WJIU
3aMacKMPOBAHHOTO BPEJOHOCHOTO KOZIa, KOrJja MpoBepKa 1o 0a3e CUTHATYp He
naet pe3yabrara [8,9]. B [10] npenyioxen crocod oneHkn 3pGheK THBHOCTH U
cToiiKoCTH 00(yCHMPYIOIIHMX PeoOpa30OBaHuii IPOrpaMM, B OCHOBE KOTOPOTO
JIEKUT TpUMEHeHue (PYHKLIUHM MOXOXECTH Sim, ONpeAesEéHHON Ha mapax
UCHoNHsAeMbIX (haityioB 1 Bo3Bpamaomeil 3Hadyenue ot 0 no 1. Ha ocHoBe 310
(pyHKIMK ecTeCTBEHHBIM 00pa30M MOXET ObITh IOCTPOEH pa3inuuTelib dis
IJIs1 TIPOU3BOJIBHOM mapel iporpamm Py u Po: dis(Py, Py) = 1 — sim( Py, Py).
IToaTOMY €cTeECTBEHHO cuMTaTh, 4TO MOzeb U3 [11] ocHOBaHa Ha PUMEHEHUT
pasaMuMTeNs, ONPeJesIEHHOrO Ha Iapax MporpamM.

B HacTosimeit pabote npeiaraeTcs crocod nocTpoeHust (PyHKIUH sim,
KOTOPAasi MOXET CIIy>KUTh, C OHON CTOPOHBI, KaK JOMOJHUTENIbHBIA MTOKa3aTelb
MOXOXECTH B paMKax (PyHKIMU MOXOXECTH IPOrpamMm, NpejIoKeHHO B [11]
Ha OCHOBE METOJ/IOB MAIlIMHHOTO 00YYEHHUs], C JPYTrOil — MOXET MPUMEHSIThCS
CaMOCTOSITEJILHO TIPY OlIEHKE CTPYKTYPHOI MOXOKeCTH (hafiyIOB UCTIONHSAEMbIX
MPOrpamMM.
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Pabora, KpoMe BBeJEeHHS 1 3aKII0OYEHHs], CONEPKUT YeThIpe pa3zena.
Bo BTOpOM pasnene KpaTtko MpPUBOJUTCS 0030p MOAXOAOB K CPaBHEHUIO
¢aiinos. Tpertuil pasgesn MOCBALIEH MNOCTPOSHUIO aJTOPUTMA CPAaBHEHUS
OpHMEHTHPOBaHHHIX rpacdoB. Ha ocHOBe 3TOr0 anropurMa B YETBEPTOM pasfee
CTPOWTCSI METOJI CPAaBHEHUSI UCTIONHSEMBIX (paiiyloB. DKCIEpUMEHTATbHOMY
UCCIIEJOBAHUIO 9TOr0 METO/A MOCBSIIEH MATHIA pa3iel.

2. O630p Jmreparyphbl. Kak otmeyeno B [11], ycioBHO
QITOPUTMBl CPaBHEHHUsI NMPOrpaMM MOXHO Pa3fe/uTb Ha YHUBEPCANbHbIE
U Cneyuanu3uposanivle. B TiepBoM cilydae ajaropuTMbl CpaBHEHUs] He
UCTIONB3YIOT MH(pOPMAIMIO O TUIE CpaBHMBaeMbIX (hailyioB: 3TH haitisl
paccMaTpuBaIOTCs Kak MOCIeA0BaTeIbHOCTH OaiitoB. K TakuM oTHOCSTCH,
HaIrpuMep, AITOPUTMBI HEUETKUX xeml-pyHKIwuii ssdeep [12], mrsh-v2 [13],
tlsh u sdhash [14]. He3aBucumocTh OT THIIA CpaBHUBAaeMbIX (ailioB
MO3BOJISIET MPUMEHSTh 3TH (DYHKIMM B Pa3iMYHBIX CIIEHApUsX 0O0pabOTKH
nH(pOpMaLK, B YACTHOCTH, B CIIEHApHUAX 3aIIUTHI OT CIaMa, IpH ITOHUCKe
BPEIOHOCHOTO KO/a, MOXOXEro Ha yKe W3BeCTHhIM Kox W T.a1. B [15]
MOKa3aHoO, YTO IPH CPaBHEHUM HUCIOJIHAEMbIX [IPOrPaMM yKa3aHHBIE BBIIIIE
(pyHKIIMM MMOKA3BIBAIOT HU3KYI0 TOYHOCTh OOHAPYKEHUS MOXOXKHX (hailyioB.
Hanpumep, n3MeHeHue o1HO# acceMOJIepHOI MHCTPYKIIMKM MOXET IPUBECTH K
MaJICHNIO 10 HyJIsl 3HaYeHHs noxoxkecT. Crenraan3upoBaHHbIE AT OPUTMBI
CPaBHEHUS, B CBOIO OUePE/ib, YUUTHIBAIOT CTPYKTYPY MUCIIOTIHIEMBIX (DAiiIoB,
MO3TOMY IIPUMEHHUMBI TOJIBKO K (paiinam 3ajaHHoro tuna. OfHaKo, ¢ Apyrou
CTOPOHBI, 3TO MO3BOJISIET COXPAHUTh BBICOKYI0O TOYHOCTh CpPaBHEHHUs IpU
HE3HAYUTEJbHBIX U3MEHeHUsX (haiioB. K TakuM aaropuTMam MOXHO OTHECTH
bindiff [16], bee [17], machoc [18], machoke [19] u tah [20], koTopble
OCHOBaHBI Ha CpaBHeHMM TpacdoB mporenyp. B dacTHOCTH, aJrOpUTMBI
bindiff u bcc HaxomsaT HMoxokue MpoIeIyphl B CPABHUBAEMBIX OWHAPHBIX
¢pafinax myTem NMpUMEHEHMs psjia BPUCTUK (IIPU COIMOCTaBJICHUHU rpacdoB
MpoLEeAyp), MO3BOJSIOMIKAX CYAUTh O CEMaHTHYECKOW 3KBHUBAJICHTHOCTHU
CpaBHMBaeMbIX Iporenyp. K TakuM aBprcTHKam, B Y4aCTHOCTH, OTHOCUTCS
CpaBHEHME XeII-3HAYEeHWH CPaBHMBAEMBIX Mponenyp. [omonHuTeabHOe
UCTIONb30BaHUE B bce rpacdoB 3aBUCHMMOCTEH OT JaHHBIX W YIIPABJICHUSA
(PDG - program dependence graph) mo3BosisieT MOBBICHTH OO BEPHO
HalIGHHBIX CEMAHTHUYECKM 3KBHUBAJICHTHBIX MpPOLEAYpP, MO CPaBHEHMIO C
bindiff. B anroputmax machoc u machoke 111 cpaBHMBaeMbIX MpoLIEyp BO
BpeMsi 00X0/1a COOTBETCTBYIOIIMX I'paOB CTPOSITCS MOCIE]0BATEILHOCTH
XelI-3HaYeHNH 0a30BbIX OJIOKOB, MOCJE Yero BBIYMCISIOTCS (DUHAIBHBIC
XEII-3HAYEHHsI OT ITUX MOCIIEJOBATEIPHOCTEN U BBIMIOJIHACTCS UX CPABHEHHUE.
CTOUT OTMETHUTh, YTO anropuTMel machoc 1 machoke oTIMYAIOTCS TOJIBKO
cnocobamu moydeHust TpadoBBIX MPEJCTABJICHUI MpOLEAYp: B HEPBOM
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ciyyae ucnonb3yercs ausaccemoiep IDA Pro, a Bo Bropom — Radare2.
AuropuTm tah Takke CTpOUT Xell-3HAaYeHUe MpOoLieypbl, OCHOBHIBASCh HA
ee rpadpe, OIHaKO, CTPOUT 3TO 3HAUEHHE, OCHOBBIBASICh HE HA COIEPKUMOM
6a30BHIX OJIOKOB, 2 HA OCHOBE CBsI3eil MeX Iy OJIOKaMu.

B [11] >3kcnepuMEHTaJIPHO IOKAa3aHO, YTO IPU COBMECTHOM
UCIOIb30BaHNH CTIELMAIM3UPOBAHHBIX M YHUBEPCATBHBIX (DYHKIIMIT TOXOXKECTH
B MOJIEJIsIX cpaBHeHHs (hafiIoB Ha OCHOBE METOAOB MAIIUHHOTO OOyYeHUs
HauOONIBIINI BKJIAJ B TPUHATHE PELICHHUs JAOT CrelUaJIi3UpOBaHHbIE
(ynkimm. Takum o6pa3oM, IMOMOJHEHWE apceHala CIelMaTu3UPOBAHHBIX
(pyHK1IMIT TOXOXKECTH MOXET IO3BOJIMTD, HAIPUMED, BBHITOTHATH O0Jiee TOUHYI0
OLIEHKY 3(p(HEKTUBHOCTU U CTOMKOCTU 0O(YCHUPYIOIIMX MPeoOpa3oBaHuii B
pamMkax mMojesu, mpeaaoxeHHo B [10].

3. Aaropurm cpaBHeHus rpados. [Iporpammsl u poreaypsl (nanee
(byHKIMH, U3 KOTOPBIX COCTOUT MpOrpaMma, OyayT Ha3blBaThCs NPOLIEypaMu,
YTOOBI UCKJTIOYUTh KOH(IIUKT C TEPMUHOM «(PYHKIHSI IOXOKECTU») YACTO
MpeACTaBISI0TCS HanpasiaeHHIME rpadamvu. [log HanpaieHHBIM rpagom
nanee Oymem monumath mapy G = (V, E) ¢ MHOXecTBOM BepuiuH V u
MHOXecTBoM pebep F. EcTecTBeHHOM npeacTaBisieTcst pa3padoTKa aaropurma
cpaBHeHusi abcTpakTHRIX Tpadoe G = (VI EYY u G? = (V2 E?)
C TIOC/EAyIOUIMM TPUMEHEHHWEM €ero Jyis cpaBHeHHs mnporpamM. [lanee
OIMCHIBAETCS AJTTOPUTM Sim G CpaBHEHHs rpadoB (aroputm 1), naest KoToporo
npeayioxkeHa B [21].

Anroputm 1. Anroputm cpaBHeHUs TpadoB simG

Bxon: G* = (V% E%),sim,
Boixoa: s € [0, 1]

i = argmaxge (1 o} |VE| 7 = [V = [V2]

: Hasnauutb y3i1am rpada G* B IpOU3BOILHOM MOpSIKE METKH ¢ HoMepamu ot [ o | + r — 1.

: ITobaeuth B rpady G3~% purmusHbie y3Ibl 63 CBA3EH; IPUCBOMTH 3THM y3/1aM YHHKAJIbHBIE
3HAYEHHsI HaYaIbHBIX METOK, @ HOBBIM METKaM 9THX BEpIIMH IPUCBOUTH 3HAUeHU OT [ 10
l+r—1

11: To rpady G* mocTpouTs MaTpuIry cMexHOCTH Bepiman M? = M(G?), i = 1,2, B koTopoit

CTPOKHM ¥ CTONOLBI YHOPSAOUEHBI [0 BO3PACTAHUIO 3HAYCHNMIT HOBBIX MeTOK 0T 0 10 [ 4+ 7 — 1.
12: Haittu p(G*, G?) B cootBetcTBUH C (4).
return p(G', G2).

1: Tloctpouts cniucok L Bupa (1); 1 =0

2: while L # @ do

3: BsIGpatsb nepBelit anemeHT (v, U, ¢) u3 L.

4: taggi (v) I, tagg2(9) < L

5: Viamrs u3 L Bee Tpoiiku (v/, v, ¢’), B kotopbix v/ = v um ¥’ = 9.
6: l=1+1

7: end while

8:

9

0

—_
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Anroput™ simg cpasHenus rpados G u G? ocHOBaH Ha IPUMEHEHUH
byukuuu noxokect sim,, : V1 x V2 — [0, 1]. 3nauenue sim,, (v, ¥) MOXHO
paccMaTpUBaTh KaK IOXOXKECTb y31a v € V! Ha y3en © € V?2: uem Gnuke
3HaueHue K 1, TeM y3bl Goslee OX0%kH, U Hao6opoT. [Tpeanonaraercs, 4To
Y3JIbl CPABHUBAEMbIX TPadhOB UMEIOT JIBE METKH: HAYaJIbHYI0 METKY M HOBYIO
MeTKy. HauanbHas MeTKa y3/1a v COBNAaeT C v, a HoBYIo MeTKy rpada G 6yaem
0603Ha4aTh tag; (v). B anmropurme 1 y3ibi aByx rpadoB cONOCTABASIOTCA Ha
ocHoBe (pyHKIMM sim,,. CHavana o rpadam G u G2 ctpoutcs cmcok Tpoek

L={(v,9,¢): (v,0) € VI x V% ¢ =sim,(v,0)}, @)

YIOPS/IOUEHHBIH 110 YOBIBAHHIO 3HAUEHHS C. TAKUM 00pPa30M, TIEPBbIiA SJIEMEHT
3TOTO CHUCKA OYET COIEPKATh HAYAIbHbIE METKU U M U IBYX BEPIIUH (OHOM
u3 rpada G, apyroit us G?), KOTOpble UMEIOT HAUOOMBIIYIO MOXOKECTh B
cMbicie sim,,. ECTeCTBEHHO 3THM y3/1aM [PUCBOMTH OJMHAKOBOE 3HAYEHHUE
[ HOBOH MeTKHM (B Havasle aJirOpUTMa 3HaYeHHe HOBO# MeTKu paBHoO | = 0).
Jlanee u3 criucka L ynansercs neppas TPOMKa, a TaKKe BCE TPORKM, B KOTOPBIX
HEPBbIil DJIEMEHT PaBEH v WM BTOPOii PaBEH U; 3HAUEHUE | YBEIMINBAETCSI
Ha eJIMHMILY, 1 [IPOLIe/Lypa NPUCBANBAHKSI HOBBIX METOK HAMOOJIEE TIOXOKHIM
y3J1aM HOBTOPSETCS [0 TeX MOp, MOKa cnucok L e mycT. OTMETHM, YTO
CcpaBHMBaeMble rpadybl MOTYT MMETh Pa3HOE UMCII0 BepimH: 71 = |V1| # ry =
|V2| (3nech u manee 3ammch | A| B ciydae, korma A — KOHEYHOE MHOKECTEO,
O3HAYAET KOJIMIECTBO JIEMEHTOB B TOM MHOKECTBE, 4 B CJIyuae, Korga A —
YHCII0, 03HAYAET MOJIYJIb STOTO uKcia). B rpade, uMerorem Gosbliiee Ynuciio
BEPILNH, HEKOTOPbIE BEPIIMHBI HE Oy/yT UMETh HOBBIX METOK. HOBBIM MeTKam
STUX BEpIIMH B IPOM3BOIBHOM MOPSIIKE MOTYT OBITh IIPUCBOECHBI 3HAUCHHSI
ot min{ry,re} g0 max{ry,re} — 1. 'pad ¢ GONBIINM YKCIOM BEpIIHH
0603HauuM G+, B rpad) ¢ MEHBIIMM YMCIIOM BEPIIVH, KOTOPBIHA 0003HAYMM
G~, npobasnsiorcst max{ry,ra} — min{ry,r2} pukmuervix BepiIMH s
BbIDABHMBAHUS YKMCJIA BEPIIMH B CpaBHUBaeMbix rpacdax. st Kaxaon u3
(DMK THBHBIX BEPIIMH 3HAYEHHE HAYAIBHON METKH BHIOMPAETCS YHUKAIBHBIM (B
pamkax rpacda G ), a HOBble METKHU THX BEPIIMH IPUHUMAIOT 3HAUYCHHE OT
min{ry,re} o max{ry,r2} — 1. MHO)ecTBO 100aBNeHHBIX B G~ (DMKTHBHBIX
BepumH 0603HaunM F'(G ). Byaem cuurath, 4To HU OfjHa BepumHa u3 F'(G ™)
HETIOXOKA HU Ha OfHy W3 BepumH rpadga G :

Yo € F(G7),Vo € VT : sim,(v,9) = 0. ()

Tycts M = (mj ;) m M? = (m ;) — MaTpHIIBI CMEKHOCTH BEPIIHH

rpacpo G u G? nocJie npolie/lypbl HA3HAYEHUs HOBBIX METOK M 100aBIeHHUs
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uKTHBHBIX BepumH (ec/u Tpebyercs). OTMeTHM, uto mY ; = 1, ecim B rpade
G* w3 BepIIMHBI ¢ HOBOI METKOIA 7 BHIXOMUT peGpo B BEPIIMHY C HOBOI METKOIA

7; B IPOTUBHOM cCllyyae mf ; =0,k =12 Tycrs
Ajj == m; = mill. (3)

Takum obpaszom, A; ; = 1, ecom m} ;. = m?

ij ij» mHaue A; ;= 0.
Pesyinbrar cpaBHeHUs rpa)oB OCHOBAH Ha BBIYUCICHUM HOPMHPOBAHHOM
B3BEIICHHOI PA3HOCTU MEX/y MAaTPULIAMU CMEKHOCTH BEPIIMH STUX IrpacdoB,

KOTOpasi ¢ yueToM (3), 3/1eCh ONpeaesisieTCs1 CICAYIOIIUM 00pa3oM:

ZTJZE{)”’”} A; ;- (simy(v), v2) + simv(vjl-, v?))
2 - (max{ry,ra})?

ZT}I;{ON,M} A'L,j . (Simv (’Uil, UZQ) + simq,(vjl-, ’UJZ)) (4)

2 - (max{ry,ra})?

p(G',G?) =

rie ’U'ch — HavajJbHas MeTKa y3ia B rpade G/, UMEOEro HOBYIO METKY
tag(vi) = k, j = 1,2. PaBeHcTBO (4) BbITekaeT u3 yciuosust (2). Ctout
OTMETHTD, 4TO B [21] HenmoxoxecTh rpadoB Mpeaarajioch BIYUCIATH MTyTEM
HAXOX/IEHNUsI HOPMUPOBAHHOTO PACCTOSTHUSI XIMMHUHIA MEX/y MaTpULlAMU
M'u M2 Hpyrumu cinoBamu, B [21] TOX0XeCTh UMeET BU;

max{ry,ro} A
/ 1 2\ Zi,j:() 2,7

(max{ry,m2})? ’

I7e TIOXOXKECTh y3JI0B HE YUMTHIBAETCS HANPSMYIO, & TOJBKO YUUTHIBAETCS
IIpY Ha3HauYeHUU HOBBIX MeTOK. [Ipencrapnsercs, yto ¢popmyna (4) TouHee
OIMCHIBAETCS TOXOKECTh CPABHUBAEMBIX IPachoB.

Ha pucynke 1 B kauecTBe npuMepa n300paxkeHbl JBa CPAaBHUBAEMBIX
rpada Gt = (VL EY u G? = (V2,E?): V! = {a1,a9,a3,a4}, V? =
{b1,ba, b3, by, b5}. B raGnunie 1 npuBe/icHbl 3HAYCHUS HeKOMOPOLi (PyHKIAK
noxoxectu sim, : V! x V2 — [0, 1]. B aToii Tab/1Iie KUPHBIM IPUGTOM
BbIZIC/ICHBI 3HAYCHHUSI ¢, COOTBETCTBYIOIIME TPOMKaM (v, U, C), BHIOMpaeMbIM Ha
miare 3 alropuTMa simg B IMKJIE (IIard ¢ 2 1o 7): Ha IepBoil uTepanuy nepBoi
Tpoiikoii B crincke Oyxer (bs, a1, 0, 8), Ha Bropoii — Tpoiika (b, as,0,75) u
T.1.. B 37011 K€ Tabimiie cepoii 3aJIMBKOI OTMEUEHB! STYeiKH U1 (PUKTHBHOTO
y3/la a5, KOTOpHIA aGCOMOTHO HEMOXOK HM Ha omuH y3en rpada G2
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COOTBETCTBYIOIIME 3HAUeHUS (PYHKIIMU MMOXOXKECTH IMOJIAraioTCs paBHBIMHU
Hymo. Matpumsl cmexHocTd M 1 M? BepliH, HOCTPOEHHBIE HA OCHOBE
HOBBIX METOK, IpHBeIeHHI B Ta0Hile 2. Cepoil 3aJIMBKOIA B MATPUIIE CMEKHOCTU
M BhiienieHb! cTONGEN M CTPOKA /1 (PUKTUBHOTO y3J1a.

#1 #2 #2 #3 #4

#3 #4 #1 #5

Puc. 1. TIpumep 1ByX cpaBHHBaeMbiX rpados G (cnera) u G2 (cnipasa). HauanbHble

METKH y3JIOB YKa3aHbl BHYTPH Y3JI0B, 2 HOBbIE METKH — PSIIOM C Y3JIaMH I10CJIe CHMBOJIA
«#». DUKTUBHBIA y3el1, 100aBIeHHbI B rpad G, 0003HaUeH MYHKTUPHO# JMHUEi

Ta6mna 1. 3nauenns pyHKIMM IOXOKECTH sim,, : V' x V2 — [0, 1] (mpumep)
simy(+,-)| a1 | a2 | a3 | a4

by 0,1 0,75]0,23|0,47

b 02101 (0,71|0,01

b3 0,8 050104

by 0,65(0,74 0,62 | 0,31

bs 0,1 10,6 (058 0,3

olo|o|o|o|&

Ta6muna 2. MaTpuiisl cMekHOCTH BepuiH rpados G u G u3 npumepa

MY #1|#2 |#3 |#4 | #5 M2 |#1|#2|#3 |#4 | #5
#1[o]1[1[0]0 #[O0]O[O[1]1
#2[o0]o[ofo]0 #[1]0[0]0]0O
#3(0]0[0o[1]0 #[0o|1][0[0]0O
#4[0o]lo[of0]0 #[0o]lO[0[O]O
#5/0/0[0]0[0 #[0|l0[0[0O]0O

Torma, B cooTBeTcTBUH C (4), MMeeM (B CKOOKAxX OCTABJIEHBI TOJIBKO
HEHYJIEBbIE CJIaraeMble):

p(GY,GY) =507 - ((0,8+40,8)+
+ (0,75 +0,75) + (0,75 +0,71) + (0,75 + 0, 31)+
+(0,71+0,8) + (0,71 +0,71)+
+(0,31+0,8) 4+ (0,31 +0,75) + (0,31 + 0, 71) + (0,31 + 0,31))
=0,2472.

4. DyHKIUS MOX0KECTH /I HCTOMHsAeMbIX haiuioB. Ha ocHoBe
anropuTMa | TpejsaraeTcs mocTpoeHue (PyHKIIUU MOXOKECTH I IPOTPaMM.
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MenHo, mporpaMmy P TipejcTaBuM Kak HampapieHHbii rpap G =
(VP EPY, tne VP = {fi, ..., f} — muoxecTBO Iponieayp, £ C VF x VP
— MHOXECTBO CBsI3ell Mexay mpoueaypam, npudeM (f;, f;) € E, ecnu u3
npouenypsl f; BHoMHAeTCA oOpaienue K f;. Takoii rpad oObIMHO Ha3BIBaeTCH
rpacgom Ber3oBa (pyHKuuii (call function graph). HauansHeIMEI MEeTKaMH BEpIIIIH
B G MoryT ObITh, HalpuMep, Ha3BaHus nporeayp. Kaxaywo u3 npoueayp
f € VP takxe moxuno npencrasuts B Buge rpadpa GY = (VI EF), rne
v = {b{ S eees b[L f} — MHOXeCTBO 0a30BBIX OJIOKOB Tiporienyp f, TO ecTh
TaKHMX TMOCJIeI0BATEIBPHOCTE! KOMaH], Cpe/id KOTOPhIX KOMaHJa Nepesaun
yHpaBJIeHs HAXOAUTCSA TOMBKO B KOHIIE noceosateboctu, £ C VI x Vf
— MHOXECTBO CBsI3eil Mexk 1y 6a30BbIMHU OJioKamu niporieaypsl f. Peopo (b{c , b']’-c )
npuHagiexut £, ecom mocieanas komanaa 61o0ka blf nepe/iacT yrpasJieHue
Ha 6JI0K b]f .T'pad G/ nasmBaetcs rpadom notoka ynpasienus (control flow
graph). HauanpHOI MeTKOI KakJ0ro y37a B G7 moxer GHITh, HaIpuMeD, aapec
NepBOil KOMaH/Ibl COOTBETCTBYIOIIETO 0a30BOTO OJI0Ka.

[TycTh nuist mporpamMm P; v Py CTOUT 3a4ava OLICHUTh X CTATHYECKYIO
noxoxectb (6e3 3amycka mporpamm). Tak kak P; u P, mpeicTaBUMBbI
ceoumu rpadpamu Gt u G2, cpaHeHue MokeT 3aK0YaThCA B IOCTPOSHUH
noaxonsmei (yHKIMM TOXOXKECTH Simy A NPOUENyp IporpaMMm U
npumenenun  anroputma 1: simg(GF', G2 sim;). B cBow ouepenp,
MpoLe ypbl MPOrpaMM TakK>ke MpeACcTaBUMBI TpacaMu, y3/1aMi B KOTOPBIX
SIBJIsTIOTCS 6a30Bble 010KHU. [109TOMY U151 CpaBHEHHSI TIPOLIEAYP TAKXKE MOKET
OBITH MPUMEHEH AJITOPUTM 1, €CJIM MOCTPOUTH MOAXOASAINYI0 (DYHKIMIO ISt
cpaBHeHuUst 0a30BbIX 0JIOKOB. B HacTosieii pabote cpaBHeHHE 6a30BbIX OJIOKOB
IIpeAaraeTcst BHIOHATH C HOMOILIBI0 Xem-¢yHkuuii h; = {0,1}* — {0, 1}™4,
1 = 1,2. Ilpu sTom OyzneM npearonaratb, 4To hi — Kpunrorpaduyeckas
Xel-(yHKIMsA, a hy — HedeTKasl Xell-(pyHKIHUs C AITOPUTMOM CpaBHEHHUS
score : {0,1}* x {0,1}* — [0,1]. C ka)mpim 6a30BbIM GiokoM b € V7
npouenypsl f € VI ceaxem napy (hy(b), ha(b)), rae h;(b) — xem-3navenue
OT IOCJIEAOBATENIBHOCTA acceMOJIEPHBIX KOMaHJ 3TOro 0a3oBoro OJIoKa,
1 = 1, 2. Mcnonp3oBaHue Kpunrorpapuieckoit xeu-(pyHKuuu hy Mo3BossieT
HAXOIUTh WJCHTUYHbIE OJIOKM, TaK KaKk B 9TOM Clly4yae Xelll-3HaYeHHUs
coBnajalT. B cinyvae, korna OJOKM HEMIECHTHYHBI, UCIIONB30BaTh IS
CpaBHEHUs 3HAYEHHsI KpunTorpadpruyeckoil (pyHKLIMM He UMEEeT CMBICJIa, TaK
KaK pa3sHMIa apryMEHTOB B OJHOM OWTe NpUBEET B CpPEAHEM K pa3HHIIe
TMOJIOBUHBI OMTOB 3Ha4YeHMii. FIMEHHO M03TOMY |1 CPABHEHH ST HEMJCHTUYHBIX
6JIOKOB TIpeJIaraeTcst UCIONIb30BaTh HEUETKYIO Xell-(PyHKIMIO ho. DyHKIUSA
CpaBHEHUS Simyp;, 6a30BBIX OJIOKOB b1 U by, (DYHKIWS CpaBHEHUS TIpOLIeAyp f1

Informatics and Automation. 2025. Vol. 24 No. 5. ISSN 2713-3192 (print) 1513
ISSN 2713-3206 (online) www.ia.spcras.ru



NHP®OPMAILIMOHHA S BE3OITACHOCTb

U fo, QyHKIMS CpaBHEHUs porpaMM P; u P, COOTBETCTBEHHO UMEIOT BU:

1,ecmm hy(by) = hy(b2),

i b1,b2) = 5
sims (b1, b2) score(ha(b1), ha(bs)), nHaue, ©)
simg(f1, f2) = simg (G, G%  simy), (6)
simp(P1, Py) = simg (G, G2, simy). @)

Hanee pyHKIHMIO Sim p OyJeM Ha3bIBaTh simgraph, moguepkuBas, 4To
MOXOXECTh BBIYMCIISIETCS HA OCHOBE CpaBHEeHUs1 rpad)OB POrpaMm.

B Hacrosmeit pabGoTe TpeIOKEHHBII AIrOpPUTM  CpaBHEHHS
nporpamm peanusosan! Ha Asbike Python ¢ ucrions3oBanuem (peiiMBopKa
au3acceMOimpoBanuss Radare2. B kavecTBe Kpunrorpadpuyeckoil Xemr-
¢pyHKIMHM Iy ¥ HEYeTKO# Xem-(PyHKIUH ho UCTIONB3YIOTCS COOTBETCTBEHHO
md>5 u ssdeep. Beioop B nonb3y (yHknuu md5 ¢ JmHO#M xel-3HaueHus 128
OUTOB OOOCHOBBIBAETCSI TEM, UTO YMCJIO OA30BBIX OJIOKOB B CPABHUBAEMBIX
npolieaypax —CymiecTBeHHo MeHbire 2'28/2) uem  oGecneumBaercs
npeHeOpexRUMasi BEPOSITHOCTh KOJUIM3MM (KOTAa ABa pPasHBIX Oa30BBIX
6JI0Ka JAI0T OTHO M TO e Xell-3HaueHue). EctecTBeHHO, Y4TO B KavyecTse A
MOXKET IPUMEHSTBCS MPAKTHYECKH JioOast Kpunrorpapuyeckas Xem-(pyHKIys.
Bonee Toro, or ¢pyHkumu h; B pemraemMoil 3amadye TpeOyeTcs TOJBKO
npeHeOpexnmasi BEpOSITHOCTh KOJUIM3UM, MO3TOMYy hi He 00si3aHa ObITh
kpurnrorpaguueckoil. Ho Tak kak kpunrorpaduyueckue xem-(pyHKIUA UMEIOT
NpeHeOpPeRKUMYI0 BEepOATHOCTh KOJUIU3HM, TO JUISL NPOCTOTH B (DYHKLUH
simpy, (cM. popmyity (5)) peanonaraercs, 4to iy UMEHHO Takasi. Beioop xe
¢yHkiuu ssdeep B KadecTBe ho OOOCHOBBIBAETCS TE€M, YTO 3Ta (DYHKIUS
TMIO3BOJISIET CPAaBHUBATH CTPOKOBbIE JaHHBIE IPOM3BOJILHO [UIMHBI, B TO BpeMs
Kak (pyHKIuUs tlsh Ha BXOx mpuHMMaeT naHHbIe He MeHee 50 OafitoB [14],
yskus mrsh-v2 — e meHee 160 Gaiitos, a pynkuus sdhasdh — He MeHee
512 Gaiiros [14] [13]. Tak kak He Bce 0a30BbIe GJIOKM UMEIOT JJIMHY Oojiee
50 GaiiToB, TO B KayecTBe hy BblOpaHa uMeHHO (dyHKIUs ssdeep. OgHUM
W3 JaJbHEHIINX HalpaBJIeHWH WCCIIEIOBaHUs SIBJISIETCSl 3aMeHa (PyHKIMU
ssdeep Ha (PYHKIIMIO, BEIYUCIISIONIYI0 PACCTOSIHUE PEAAKTUPOBAHHUS CTPOK
(paccTosiHue JleBeHIUTelHa), KOTOpasi IPUMEHUMa TIPH CPaBHEHHH CTPOK
JIIOOOM JIVHBL.

5. PesyabTaThl 3KCIEepUMEHTOB. B pabore rmpoBeneHO JiBa
JKCIIepUMeHTa (Jajiee — SKCIepUMeHT | U 3kcnepumeHT 2). B mepsom
9KCTIEPUMEHTE MCCJIEI0BAIOCH ITOBEIEHHUE 3HAYEHHH TOCTPOESHHON (DYHKINU

'Peamuzanus pasmemiena ma caiite GitHub mo ampecy https:/github.com/Tempiress/
executableFilesComparison
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MOXOXKECTH Ha MHOKECTBE Map (PYHKLMOHAJIBHO OAMHAKOBBIX IPOrpamM,
MOJYUYECHHLIX C IMOMOIIbIO PA3JIMYHBIX KOMIIUJIATOPOB U pa3JIMYHbIX Ol'lLlI/If/i
ontumuzanmy. OxugaeTcs, 4To 1J1s 6oJiee arpecCUBHBIX OIIMIT ONTUMHU3ALIUN
3HAYEHUs] TIOXOXKECTH OYyIyT MeHbIlIe, YeM [Jisl MEHee arpeccHBHBIX. Bo
BTOPOM 3KCIIEPUMEHTE HCCIIeJ0BANIOCh IPUMEHEHNE MTOCTPOSHHON (DYHKIMN
MOXOXECTU B MOJEJIU OLIeHKU 3(PHEKTUBHOCTU U CTOMKOCTH 00(yCLUPYIOLIHX
npeoOpa3oBaHuii, npeayioxkenHoir B [10]. Bo Bcex 3KcrmepuMeHTax [ist
CpaBHEHUs 3HAYCHHil, TONyYEeHHbIX Ha OCHOBe (yHKIMM simgraph,
BBIYMCIISIETCSI TIOXOKECTh MPOrpaMM Ha OCHOBE HEYETKHX Xel-(PyHKIMi
ssdeep u tlsh, a Takxe paspabGoranHOi B [22] (yHKIMH MOXOXKECTH
UCTIONHSIEMBIX (DAiiIoB, TpEe/ICTABICHHBIX B BUJIe M300paxeHuil (1aee ta
(pyHKIMS Ha3BIBAaETCS SiMpic).

5.1. DxcnepuMeHT 1. ®opmupoBanue MHOXECTBA nap
(pyHKIIMOHATBHO ~ OJMHAKOBBIX NPOrpaMM pPEajln30BaHO Ha OCHOBE
noctpoenHoro B [10] MHOXecTBa UCTIONHsSIEMBIX (paityioB. IMEHHO, MHOXKECTBO
nap ¢opmupyercs Ha ocHoBe HabopoB nporpamm CoreUtils, PolyBench u
HashCat (Bcero 164 mporpammei), COOpaHHBIX JEBATHIO KOMITHISTOPAMA —
GCC (Bepcuit 7.5.0, 8.4.0, 9.4.0, 10.3.0), Clang (Bepcwmii 7.0.1, 8.0.1, 9.0.1,
10.0.0) u AOCC (Bepcuu 3.0.0) — ¢ msttbio ommsvu ontumu3anuu: 00, 01, 02,
O3 u Os. Takum 06pa3oM, MHOKECTBO UCHOJHSIEMBIX (DailJIOB, TOCTPOEHHOE
B [10], coctout 3 7380 ¢aitnoB. Tak Kak CIOXKHOCTh aJITOPATMA SiMg —
O(|JV| x |V?|) (Bce y3ibl onHOro rpaca CpaBHMBAIOTCS CO BCEMH Y3J1aMU
JIpyroro rpacga), To AJisi COKpalleHUus BpeMeHU SKCrepumeHTa u3 164-x
nporpamMm ObuTM clly4daiiHO BeIOpaHbl 82 mporpammbl. Kaxkiast BeiOpaHHast
NporpamMMa, CKOMIMIMPOBaHHAs! (PUKCHUPOBAHHBIM KOMITHJIITOPOM C OILIMEN
00, cpaBHHMBasIach ¢ BepcHell TOM ke POrpaMMbl, CKOMITHJIMPOBAHHOM TeM
xe komruisiTopom, Ho ¢ onmusimu O1, 02, O3 u Os. Takum 00pa3zom, ObIIO
BBIMOJIHEHO 82 - 9 - 4 = 2952 cpaBHeHus ¢ momoribio GyHKIui simgraph,
ssdeep, tlsh u simpic. 3nauenus, BosBpamaemsie GyHKIUAMEU ssdeep u
tlsh, HopmanM3oBaIMCh B COOTBETCTBUM C MpaBiiaMu u3 [15]. PesynbraThl
npencTaBiieHsl B Tabimie 3.

Oxwupaercs, uro ¢ poctoM ontumuzanuu ot Ol no O3 3HaueHue
(yHKIIMM TNOXOXECTH J[O/DKHO MajaTh, TaK Kak B paccMaTpUBAE€MBIX
kommuisiTopax orius O2 BKI0YaeT Npeodpa3oBaHusl, MOJKTI0YAaEMbIe OIIUen
01, a ormus O3 BrJOUYaeT peoOpa3oBanus, 3agaBaemsbie omiueit 02. Cpasy
OTMETHM, YTO HH JUIs OJHOM (DYHKILIMM 3Ta TeHASHIMS He HaOMo1aeTCsl Ha BCeX
paccMaTpuBaeMbIX KOMIWIATOpax. B To xe BpeMms, 11 pyHKIMI simgraph
u tlsh Ha Bcex KOMMUIATOpPax MPOrpamMmbl, MoaydeHHbe ¢ onuusamMu 02 u
O3 Bcerna MeHee NMOX0XHU Ha HEONITUMHU3UPOBaHHYIO rporpammy (O0), yem
nporpamma fnonyueHHas ¢ nomornpio omud O1. Ipu sToM yHKIMst simgraph
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Oosee 4yBCTBHUTENbHA K [EHCTBUI0 ONTUMHU3UPYIOIIMX MpeoOpa3oBaHUI,
TaK Kak oTHoireHue nmoxoxectu B ciydae (00,01) k moxoxkecT B Ciyvae
(00,02) i x noxoxkectu B ciaydae (00,03) Bblilie, YeM COOTBETCTBYIOIIME
otHoteHust st pyHkuuu tish. s gpyHkimit ssdeep u simpic yTBepxaeHue
O TOM, YTO «Ha BCEX KOMIMJIATOpax MPOrpaMMBbl, TTOJyIEeHHbIE C ONMIMSIMU
02 u O3 Bcerga MeHee HOXOXH Ha HEONTHMHU3MPOBAHHYIO IIPOrpaMMy»,
He SIBIsIETCs BepHbIM. VIMEHHO, /17151 (DYHKIMHU ssdeep 3TO He BBIIOTHSIETCS
qutst yetbipex kommuisitopoB: GCC Bepcewmii 8.4, 9.4, 10.3 u Clang Bepcun
8.0.1. Ins dpyHKuMM simpic 91O He BbinoHseTcs Ha kommuatope AOCC u
yactuyHo Ha kommmarope Clang Bepcuu 9.0.1.

Tabummia 3. YepeaHeHHble 3HaueHust pyHKIuMiT moxoxectd no 50% nporpamm Habopa,
cocrosiiero u3 nporpamm raketo CoreUtils, PolyBench u HashCat
AOCC CGG Clang
3.00 |75 84 |94 10.3 |7.0.1 {8.0.1 [9.0.1 |10.0.0
(00,01) [ 0,087 |0,089 0,088 0,088 | 0,097 | 0,082 | 0,082 | 0,083 | 0,099
(00,02) [ 0,067 [0,061 |0,066 | 0,066 | 0,068 [ 0,075 | 0,075 | 0,076 | 0,076
(00,03) {0,067 |0,065|0,070|0,071 {0,071 | 0,075 | 0,075 | 0,075 | 0,075
(00,0s) [0,065 |[0,068 0,063 0,062 [ 0,064 [ 0,074 | 0,074 | 0,074 | 0,074
(00,01) | 0,162 |0,038|0,266|0,271{0,324 {0,123 {0,115|0,116 [ 0,116
(00,02) {0,135 |0,016|0,329|0,375{0,449{0,115{0,136 (0,113 0,115
(00,03) [0,127 |0,016]0,324]0,403{0,410[0,115]0,133|0,113(0,113
(00,0s) {0,150 [0,016|0,459]0,430{0,444{0,116{0,135(0,116[0,116
(00,01) {0,243 |0,55 |0,603|0,617{0,613 0,253 0,257 (0,257 | 0,257
(00,02) (0,19 0,517 (0,533]0,543 10,527 | 0,247 0,243 | 0,243 | 0,223

simgraph

ssdeep

<

B (00,03) (0,187 (0,4 ]0,453]0,393{0,42 |0,25 |0,253|0,253 0,227
(00,0s) (0,137 [0,393]0,523]0,537(0,54 [0,227]0,203|0,203 | 0,223
(00,01) {0,634 [0,356 | 0,356 | 0,355 {0,352 0,567 |0,555| 0,559 {0,581

‘2 [(00,02)[0,640 [0,337]0,342 0,339 | 0,344 | 0,574 0,544 | 0,561 | 0,563

% (00,03) [ 0,675 [0,344(0,347 0,350 | 0,350 | 0,444 | 0,463 | 0,406 | 0,420

(00,0s) {0,567 [0,331{0,3310,328{0,332(0,580 | 0,552 0,585 | 0,600

B uenom, paspaboranHas ¢yHKIUs simgraph gemMoHcTpHupyeT
HauOOJIBIIIYI0 YYBCTBUTEIBHOCT K M3MEHEHHSIM, BhI3BAHHBIM ONTHMU3AIIMCH,
1o cpaBHeHHIO ¢ GyHKuMsmu ssdeep, tlsh u simpic. 1o nenaer eé Gonee
NOIXOASAIEH Ui 3a/1a4, rae TpedyeTcst 6ojiee TOUYHOe CpaBHEHUE POrpaMM
Ha ypoBHe CTPYKTyphlL PocT ke noxoxectu B ciydae (00,03) no cpaBHeHHIO
co ciryyaem (00,02) npencraBnsiercst ocodeHHocTsaMu kKommmisatopoB AOCC
u GCC (mmst Bcex paccMoTpeHHBIX Bepeuii kommuisitopa Clang Takoii poct He
HaOJI0AeTCs1), U MOXKET SIBISTHCS PEIMETOM JAIbHEHIINX UCCIIeI0BAHMUA.

5.2. Dkcnepument 2. B [10] npemoxeHa HOBass MOJENb OICHKH
9(p(PEKTUBHOCTH ¥ CTOMKOCTH  0O(YCLHPYOIIMX NpeoOpa30BaHUil.
Kpatko omuiem ee. ITycte O — MHOXecTBO 0a30BbIX 0O(YCIMPYOIINX
npeodpazoBanuii. Ha ocHoBe 0a30BbIX mpeoOpa3oBaHUii MOTYT ObITh
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MOCTPOEHBl  TIOCJEJOBATEIbHOCTH  00(ycHupyomux —MpeoOpa3oBaHuil.
MHOXecTBO BceX (TEeXHMYECKH peajM3yeMbIX) [MOCJeJ0BaTeIbHOCTE,
KOTOpBblE MOTYT OBITH IOCTPOEHBI Ha OCHOBe MpeoOpasoBanuii nz O, B
cootBeTcTBUU C [10], 0603HaunmM OF. DPEPEeKTUBHOCTb € U CTOHKOCTD 7
06¢ycrmpyrommero npeodpasosanust Obf € (O, mpuMeHeHHOTO K IporpaMmMe
P, onpenenensl B [10] cnenyonmm o6pazom:

¢(Obf, P) = 1 — sim(Obf(P)) = dis(Obf(P), A(P)),
r(D, Obf, P) = 1 — sim(D(Obf(P)), A(Py)) = dis(D(Obf(P)), A(R)),

rzie sim — HekoTopast (pyHKIMs noxoxectu, D — neo6dyckaTop, Mo OTHOIIEHUIO
K KOTOpoMy olieHuBaeTcsi croiikocte Obf, A — anmpokcumanus «camoi
HOHATHOW» Bepcun Py nporpammsr P. Habop M = (O, Q C Of,sim, D, A)
B [10] HasBaH wmodeavio ouenku sdgexmusHocmu u CMoUKOCmu
006y cuuUpyowux npeoodpazo6aHuli N3 MHOXeCTBa ().

Ui peanu3anuM 3TOH MOAENM HEoOXOAMMO 3a(HKCHPOBATh
MHOXkecTBO (O, BHIOpaTh (DYHKIMIO MOXOKECTH SiM UCIOIHAEMBIX (haiiioB
nporpamm, Jeoddyckatop D u croco6 ammpokcumupoBaHusi A camoit
MOHATHON mporpammbl Py s kaxgoro P. B kauectBe mHoxectBa O B
9KCIIeprMeHTe 2 BBHIOPAaHO MHOXKECTBO IpPeoOpa3oBaHMil W3 Tabiuipl 4
(MHOXECTBO MPeoOpa3oBaHuii, MpeocTaBIsieMbix oogyckaropom Hikari [23]).

Tab6simua 4. Habop O npeobpasoBanuii, npegocTapisieMbix kKommmisitopom Hikari s
nporpamm Ha si3bike C' [10]
o Omnucanne npeodopa3oBaHust
bcf | BcTpauBanye HENPO3pavHbIX NPEJUKATOB
cff | comaxuBanus rpacda noToka ynpasieHnst
enc | KOMPOBAHKE CTATUIECKUX CTPOK
O | fcw | coznanme HUKTHBHBIX (yHKLUH-TPOKCH
ind | 3amMeHa MHCTPYKIMI BETBJICHNS] KOCBEHHBIMHU [1€PEX0aMU
sbb | pa3ouenue 6a30BbIX 0JI0KOB
sub | 3amMeHa MHCTPYKIIMIA S9KBUBAICHTHBIMI
all | npumenenue Bcex 00GycHUpyIuX Mpeodpa3oBaHuit

| U>ﬁ>Uﬁﬁ§

B kauectBe neoOdyckatopa D wucmonb3oBaHa Moje/ib Ha OCHOBE
ONTUMM3ATOpa, NpejjokKeHHass U peanu3oBaHHas B [10], a B kadecTBe
armpokcumanuu A(Py) — npeuiokeHHAs TaM ke camasi KOPOTKasl BEpPCHs
MPOrpaMMBl, Kak MPaBKJIO, MOJyyaeMasi C TIOMOIIIBI0 ONTUMH3AIIMHU C OTIIUEH
Os. B kauyecTBe (hyHKIIMH Sim MCIIOJIb30BaHbl simgraph, ssdeep, tlsh u simpic.
B aTOM 3KCIIeprMEHTe UCIIOTb30BaHHI IBa Habopa nmporpamm: 20 mporpaMm
n3 Habopa [25] (Habop F1) u 20 ciayyaitHo BHIOpaHHBIX IPOrpaMM U3 Habopa,
coctosiero u3 nmaketoB CoreUtils, PolyBench n HashCat (nabop F3).
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3aMeTrM, 4TO B TMOCJEAHEM CcToyOle TaOnuipl 4 yKa3zaH THII
npeoOpaszoBanusi, Kotopeiil B [10] onpenesieH B COOTBETCTBUU C THIIAMH,
BBeleHHBIMU B [24] nmnsa obdyckatopa Tigress: A — aOcTpakTHBIE
npeoOpasoBanus, C — mnpeoOpa3oBanust rpacda MMOTOKA YIpaBJICHHUS,
D — komupoBaHWe AaHHBIX U apu(pPMETHIECKHX orepanuii. I Kaxmoi
MOCJIeI0BATEIbHOCTH MIPe0Opa30BaHuii eCTECTBEHHBIM 00Pa30M OIPe/IeIISeTCs
u ee tun. Hanpumep, tunom nocnegosatensHoctn Obf = (ind, few, sbb)
oyaer CCA.

B Ttabmmmax 5, 6, 7 v 8 mpecTaBIIeHbl TUIH TIOCTIeIOBATeIbHOCTEH
npeoOpa30BaHUIl B YIIOPSAZOYCHHOM IO YOBIBAHUIO 3HAYCHUI 3(P(PEKTHBHOCTU
Y CTOMKOCTH BHUIE.

Ta6mina 5. Onenka 3¢ppeKTUBHOCTH (€) U CTOUKOCTH () TUIIOB 00(yCIUPYIOIHX
npeoOpa30BaHuil IPU UCHOJIB30BaHUK (yHKIMK simgraph
e T
F1 F2 F1 F2
DAC| 0,865 | ACA|0,967| all | 0,723 | CAA|0,902
DAA| 0,837 | DAA|0,966 | CAA| 0,71 | DAC|0,889
CAD |0,8215|ACD | 0,963 | ADA | 0,706 | DAD |0, 885
AC | 0,821 |ADA|0,963| CCC| 0,698 | ADA | 0,884
ACA| 0,813 |DAD0,963| AC | 0,697 | DAA [0, 883
AA | 0,811 |[CAA|0,961| AA | 0,601 | AC | 0,881
CAC| 0,800 |CAD|0,961| AD | 0,691 | CAC |0, 881
ADA| 0,806 | AC | 0,96 | DAA| 0,691 | ACD |0,874
ACD| 0,785 | AA |0,958| CCA| 0,689 | AA |0,872
AD | 0,785 | AD [0,958 | ACA| 0,688 | CAD |0,871
DAD| 0,781 | DAC|0,958 | ACD | 0,688 | ACA |0,867
CAA| 0,781 | CAC|0,951| CAC| 0,684 | AD |0,856
all | 0,724 | A |0,865|CAD| 0,683 | DCA|0,831
A 0,72 |DCA|0,861|DAD| 0,681 | A | 0,83
CA | 0,719 | CA |0,856| DAC| 0,676 | CA |0,818
DCA| 0,717 | all |0,843| CA | 0,665 | DA |0,811
DA | 0,693 | DA |0,834|DCA| 0,665 | CCA| 0,81
CCA[ 0,693 | CCA 0,821 | CDA| 0,652 | CCC| 0,81
CCC| 0,673 | CC |0,787|DCC| 0,65 all 0,801
CDA| 0,651 |[CDA |0,786| CC | 0,650 | CCD |0,792
CCD| 0,638 | CCC|0,784| A | 0,641 | CC |0,789
DCC| 0,637 |CCD|0,781| DA | 0,640 | CDA |0, 788
cCc 0,637 | C |0,777|CCD]| 0,633 C 10,777
DC | 0,619 | CD |0,776| DC | 0,620 | CD |0,776
DCD| 0,617 |DCC|0,775|DCD| 0,619 | DCC|0,776
CD | 0,615 | DC |0,770| DD | 0,615 | DC |0, 770

C 0,614 |DCD|0,763| DDA 0,615 |DCD|0, 770
DD | 0,614 |DDA|0,768] CD | 0,614 | D 0,769
D |0,614| D |0,768| C | 0,613 |[DDA|0,768
DDA| 0,611 | DD |0,766| D |0,6125| DD |0,767
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W3 tabmuisl 6 BHAHO, YTO TPH HCIONB30BaHUH (PyHKIMM ssdeep
MOCJICI0BATEIbHOCTH MaJIO OTJIMYAIOTCs, 0COOeHHO Ha Habope F». OTciona
MOXHO 3aKJIIOUUTh, YTO 3Ta (PYHKIHs MAJONPUTOJHA B 3ajade OICHKU
3(p(eKTUBHOCTH ¥ CTORKOCTH 00(]yCIUPYIOIIHX MpeoOpa30BaHHUI.

Tabmmua 6. Ouenka 3¢hdexTUBHOCTH (€) ¥ CTOMKOCTH (1) TUIOB 00(YCIMPYIOINX
peoOpa30BaHMil IPY UCTIONb30BaHUU (DyHKIMHU ssdeep

e '

F1 F2 F1 F2
al [ 1,0 | A [Lo|al [ Lo | A1,
CAA| 1,0 | AA [1,0|DAA| L0 | AA | 1,
DDA| 1,0 |DDA[1,0]CCC| 1,0 |DDA| 1,
DCA| 1,0 | DD [1,0[/DCC|0,994] DD | 1,
CCC| 1,0 |DCD|1,0][CCA[0,993|DCD] 1,
CCA| 1,0 [DCC DC [0,991 | DCC

)

DCC [ 0,994 | DCA
DCD0,992] DC
CDA | 0,991 | DAD
CCD| 0,99 | DAC
CAC |0, 987 | DAA
CAD |0,986| DA
CA |0,986] D
DC |0,983| CDA
CC [0,983] CD
CD |0,981] CCD
DD |0,977] CCC
AD 0,976 CCA
DAD 0,976 CC
A |0,976]| CAD
ADA | 0,976 | CAC
DA |0,975 | CAA
AA |0,975] CA
DAA [0,975| C
DAC |0,974| ADA
ACA [0,074] AD
AC |0,974| ACD
D |0,974| ACA
C |0,973] AC
ACD|0,972] all

= =] =] = =] = = = =] =] = =] =] = =] = =] = =] =] ] =] = =] =] = =] = =] e
(=] Reu] Hes) Hen] Jen] Hes] Has] Jen] fe] fau) fen] Jen] Jen] fau] Jen] Jen] Hes] Jau] Jen] fen) Hes) Jen] Jen] Jen] Ras) Jes] Jen] Nes] Hau) Jen]

= = = =] =] =] =] =] =] =] =] =] = = =] =] =] =] =] =] =] =] = = = =] =] =] =] =
[e] Ren] Hen] Hen] Jen] Hen] Hen] Jen] Hen] fen) feu] o] Hen] Hen] Hen] Hen] Hen] Hen] Neu] Hen] Hen) Jen] Hen] Hen] Ren] Hen] Hen] Nen] Hen] Nen]

DCA | 0,988 | DCA
CAA [0,986] DC
DCD | 0,984 | DAD
CC [0,983| DAC
CDA |0, 983 | DAA
DDA| 0,98 | DA
CCD|[ 0,98 | D
CA |0,979| CDA
ADA|0,978] CD
DD |0,977| CCD
A |0,976| CCC
DAD |0, 976 | CCA
AA |0,976| CC
AD |0,975| CAD
D |0,974| CAC
CAD |0,974 | CAA
C |0,973] CA
DA |0,973] C
ACD | 0,973 | ADA
DAC [0,973| AD
ACA | 0,972 | ACD
CD |0,972| ACA
CAC|0,972| AC
AC [0,966] all

DTU pe3ybTaThl KOPPEJUPYIOT C pe3yIbTaTaMH KCIepuMeHTa 1 u
pe3yibTatamu padoTs [11], rae B paMkax APyroro 3KCIepUMEHTA BbISIBJICH
He3HAYUTE bHbIA BEC MPU3HAKA, BEIYUCIEHHOTO C UCTIONB30BaHUEM (DYHKIUU
ssdeep. CTOUT OTMETHTD, YTO HU3KAsI TOUHOCTh PE3y/IbTaTOB (DYHKIMM ssdeep
BIEpBbIe ObLTa pogieMoHcTpupoBaHa B [ 15]. [TosTomy nanee u3 paccMOTpeHUS
(yHkIMs ssdeep MCKIIOYEHA. 30€Ch CTOUT OTMETUTD, YTO ITOT BBIBOJ HE
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MPOTHUBOPEYHUT HCIONH30BaHUI0 (PyHKIMM ssdeep B peanuzanuut (GyHKIUAKN
Simpp: B simy;, pyHKIMs ssdeep MCIOJB3YETCS TOMBKO JIJIsl CPABHEHHU ST Oa30BbIX
GJIOKOB, a C/IeJIAHHBIA BBHIBOJI OTHOCUTCS K CJIYYalo, KOraa ssdeep MCIOJb3yeTCs
JUTSI CpaBHEHU S (paiiioB IMOTHOCTHIO.

Ta6mmua 7. Ouenka 3¢hpeKTUBHOCTH (€) ¥ CTOMKOCTH (1) TUHOB 00(YCIMPYIOMNX
npeoOpa3oBaHumii PY UCTIONb30BaHMY (DyHKIMH tlsh
€ s
F1 ) F1 T2
all 10,998 all | 1,0 | all [0,983] all | 1,0
CCC0,963|CCC| 1,0 |DCC|0,894]CCC |0,989
DCC {0,939 | DDA | 0,993 | DCA| 0,877 | DCA | 0,946
CCA 0,923 DAD| 0,991 | DAC | 0,861 | DDA |0, 946
DCD 0,917 |DCD|0,991| CCA| 0,86 | DAD |0, 941
DCA 0,912 | DCC | 0,988 | DAA| 0,858 | DCC | 0,94
CCD |0,897| CCA |0,979|DCD|0,855|DCD|0,938
DC | 0,89 |[DCA|0,971| DC |0,853| DAA|0,935
DDA |0,889| DD |0,968 | DAD | 0,841 | CCA |0, 934
DAD | 0,888 | CAA |0,966 | CCC|0,834| DD |0,909
CAA|0,888| DC |0,931| DD |0,825| CAA |0, 906
DAC |0,872 | DAA| 0,93 | CAA|0,818| DC |0,895
CC |0,871| CC (0,916 | DDA |0,809 | DAC|0, 883
DD |0,864|CCD |0,913]| AC |0,808| DA |0,854
DAA [ 0,863 | CDA | 0,895 ACD | 0, 794 | CDA | 0, 846
CAD 0,846 CAC| 0,89 | D |0,786| CC |0,817
CAC|0,842| CA |0,887| DA |0,781|CCD (0,814
CA 0,826 | DAC|0,873| CC |0,775| AA | 0,81
CDA | 0,814 | CAD |0,872| CAC|0,772| ADA | 0,795
AC |0,804| DA |0,852| ACA|0,769| CA |0,793
Ch | 0,8 C 10,805 CDA|0,768 | ACA |0, 787
DA |0,797| CD |0,804| AD |0,768| D |0,771
ACD| 0,79 |ADA|0,798| CA |0,766 | CAD |0, 752
AD | 0,79 | AD |0,783| A |0,754| CAC|0,752

C |0,781] AA [0,773| AA |0,749] A |0, 748
D |0,776| ACA [0,769| CCD|0,745| AC |0, 719
A |0,758| D | 0,75 |ADA|0,737| CD |0,716
AA 0,741 A |0,724|CAD|0,736| C 0,7
ADA | 0,735 | ACD |0,722| C |0,725|ACD | 0,69
ACA |0,732| AC |0,704| CD | 0,72 | AD |0,679

B rabmiue 9 (a, 6, B) pe3ysbTaThl U3 Tabumi S, 7 ¥ 8 crpynnupoBaHsl
IO TIOCJIEI0BATENLHOCTAM JUIMHEL 3, 2 ¥ 1 cooTBeTcTBEHHO. 3 TabmIl BUIHO,
qTO IS simgraph MoclieJoBaTeIbHOCTH 00(YCIUPYIONINX TPeoOpa30OBaHHiA,
cojepikaiiue 6a3oBbie MpeoOpa3oBaHus Tuna A, 00J1aal0T Oosiee BHICOKOM
9(pPEKTUBHOCTBIO ¥ CTOMKOCTBIO (9TH TOCJIEI0BATEIBHOCTH COCPETOTOYEHBI
OJIKE K BEpXy TaOJIMIIb).
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TaGmuua 8. Ouenka 3¢ppeKTUBHOCTH (€) U CTOUKOCTH () TUIIOB 00(]yCHUPYIOIIHX
npeoOpa3oBaHMii MPU UCTIONB30BAHUM (DYHKIMH Simpic
€ T
Fi Fo F1 Fo

all [0,406| all {0,791 all |0,365| all 0,784
DCC | 0,247 CCA 0,756 | DAC | 0,257 | CCA |0, 734
CDA[0,241| AA [0,745|CCD |0, 231| DAC |0, 729
CCA[0,239] CCC 0,739 CAA|0,220| DCC |0, 726
CAD | 0,235 | ADA | 0,727 | CAC |0,215| CCC|0,716
CCD {0,225 | CAA |0,726 | CDA|0,215|CCD|0,714
DCD|0,225|CDA |0,718| D |[0,212| AC |0,710
DAA 0,223 | DAD|0,713| A |0,211| CC |0,707
ACD | 0,222 | ACA |0,690| CCA | 0,210 | ACD |0, 707
DA |0,221|CCD|0,684| ADA[0,206] AD |0,707
A |0,220| CA |0,683| DD |0,204|DCD |0, 706
DCA[0,217| DD |0,672| DAA|0,202|DCA |0, 705
DDA|0,216| CD |0,668] AA |0,200] C 0,703
CAC[0,216] CC |0,664| CAD |0, 189 ADA |0, 703
ACA|0,210] A |0,661|ACA 0,188 | CAA|0,702
AA 0,208 C |0,661|ACD|0,187|ACA |0,701
AC |0,203| CAC|0,661|DCA|0,186| A 0,700
CA |0,202|ACD (0,649 C |0,185|CDA|0,699
ADA|0,202| AC |0,644| AD |0,182|CAD |0,696
DD (0,199 |DCD|0,634 | DDA|0,179| CD |0,693
CAA | 0,196 | CAD |0,632| CA |0,177| CA |0,692
CCC|0,195| AD |0,619| CD |0,177] D |0,692
CC [0,191] D |0,590|DCC|0,175| DA 0,692
DAC [0,185 | DDA[0,571|DCD|0,174| AA |0, 690
DC |0,185| DA |0,541| CCC|0,171|DAD|0, 687
C ]0,181|DAC|0,523| CC |0,169| DD |0,685
AD |0,176 | DCC|0,516| DA [0,166| DC |0,680
DAD |0,175|DCA |0,489| DC |0,162 | DAA|0,679
CD |0,161|DAA|0,471| AC |0,162 | DDA 0,678
D ]0,140| DC |0,454|DAD |0,127| CAC |0, 666

Takoil pe3ynbTar OOBSCHSETCSI TeM, YTO NpPeoOpa3’OBaHUs THIIA
A, commacHo Tabnuie 4, MEHSIIOT Kak rpad Bbei3oBa (hyHKIUA/TIPOLEyp
(mobaBnsmoTcst (hUKTHUBHBIE (PYHKIMU), TaK W Tpad TMOTOKA YIIPaBIICHUS
(paszbuBatorcs 6a3oBble O10knM). s mocaen0BaTeIbHOCTEH peoOpa3oBaHuil
JJIMHBI OOMH Ha pa3HbIX Habopax (yHKIMs simgraph OfMHAKOBO paHXHpOBasa
TUNBI KaK B paMKax OLIEHKH 3(P(PEeKTUBHOCTH, TaK M B paMKaxX OLEHKHU
croiikoct. Ilpu 3TOM Kak Haubosee 3((PeKTUBHBIMH, TaK U Hambojee
CTOMKMMMU SIBJISTIOTCSI OIMHOYHBIE NTpeoOpaszoBanus tuna A. [IpumedarensHo,
yTOo mpeoOpa3oanme Tunma DDA Ha oboux Habopax IeMOHCTPUpPYET
HAUMEHbIYI0 3(PPEKTUBHOCTb U CTOUKOCTD (Tabiuia 9(a)).
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Ta6smma 9. Onenka 3 ek THBHOCTH (€) U CTOMKOCTH (1) TUIOB 00(DyCIHPYIONINX
npeoOpa3oBaHmii MHBL a) 3; 6) 2; B) 1
a)
simgraph tlsh simpic
& T e T e T
F1 Fa F1 Fo Fi Fa F1 Fo Fi Fo F1 Fo
DAC | ACA | CAA|CAA | CCC|CCC|DCC|CCC|DCC|CCA|DAC|CCA
DAA | DAA | ADA | DAC | DCC | DDA | DCA | DCA | CDA | CCC | CCD | DAC
CAD | ACD | CCC |[DAD | CCA | DAD | DAC | DDA | CCA | ADA | CAA | DCC
ACA | ADA | DAA | ADA | DCD | DCD | CCA | DAD | CAD | CAA | CAC | CCC
CAC |DAD | CCA |DAA | DCA | DCC|DAA | DCC|CCD | CDA | CDA | CCD
ADA | CAA| ACA | CAC | CCD | CCA |DCD |DCD |DCD | DAD | CCA | ACD
ACD | CAD | ACD | ACD | DDA | DCA | DAD | DAA | DAA | ACA | ADA | DCD
DAD | DAC | CAC | CAD | DAD | CAA | CCC | CCA | ACD | CCD | DAA | DCA
CAA | CAC |CAD | ACA | CAA | DAA | CAA | CAA | DCA | CAC |CAD | ADA
DCA | DCA |DAD |DCA | DAC | CCD | DDA | DAC | DDA | ACD | ACA | CAA
CCA | CCA |DAC | CCA |DAA|CDA|ACD | CDA| CAC |DCD|ACD | ACA
CCC |CDA |DCA| CCC|CAD | CAC| CAC|CCD |ACA |CAD |DCA|CDA
CDA | CCC |CDA | CCD | CAC | DAC | ACA | ADA | ADA | DDA | DDA | CAD
CCD | CCD | DCC |CDA | CDA | CAD | CDA | ACA | CAA | DAC | DCC | DAD
DCC |DCC|CCD |DCC|ACD |ADA | CCD | CAD | CCC | DCC | DCD | DAA
DCD |DCD | DCD | DCD | ADA | ACA | ADA | CAC | DAC | DCA | CCC | DDA
DDA | DDA | DDA | DDA | ACA | ACD | CAD | ACD | DAD | DAA | DAD | CAC

simgraph tlsh simpic

e T e r e T
Fi|Fo | Fi|Fo | Fi|Fe | Fi| Fa | F1| Fo | F1| Fe2
AC|AC|AC|AC|DC|DD|DC|DD|DA|AA|DD|AC
AA|AA|AA|AA|CC|DC|DD|DC|AA|CA|AA|CC
AD |AD |AD |AD |DD|CC|AC |DA|AC |DD|AD |AD
CA|CA|CA|CA|CA|CA|DA|CC|CA|CD|CA|CD
DA|DA|CC|DA|AC|DA|CC|AA|DD|CC|CD|CA
CC|CC|DA|CC|CD|CD|AD|CA|CC|AC|CC|DA
DC|CD|DC|CD|DA|AD|CA|AC|DC|AD|DA|AA
CD|DC|DD|DC|AD|AA|AA|CD|AD|DA |DC|DD
DD|DD|CD|DD|AA|AC|CD|AD|CD|DC|AC|DC

simgraph tlsh simpic

e r e r e r
Fi|Fe | Fi| Fe | Fi| Fe | Fi| Fe | F1 | Fe | F1|F2
AlAJ/A|IA|C|C|D|D|/A|JA|D|C
c|c|C|C|ID|ID|AJA|C|C|A]A
DI DID|IDIAJ]A|C|C|D|D|C|D

HOnst dyskmmit tlsh Gombielt 3(pGeKTMBHOCTBI0O U CTOMKOCTHIO
00J1aJal0T TOC/IE0BATEILHOCTH, COAepXkaliye IpeoOpa3oBaHus Tuma D,
C u ux xomOuHarmu. [Ipu 3TOM MpeoOpa3oBaHus TUMa A PACMIONIATAITCS
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Omke K HU3Y TaOnumnpl. 1 OOMHOUYHBIX IpeoOpa3oBaHMil HamOosee
3¢ PeKTUBHBIMU ABJISAIOTCSA NpeoOpazoBanus tuna C, a HauboJiee CTOUKUMHU —
npeodpazoBanus Thna D. Habmonaotcst oqvHakoBble pe3y/bTaThl IS Pa3HbIX
Ha0OpOB NporpamMmMm, OAHAKO 111 3(P(PEKTUBHOCTH M CTOWKOCTH PE3yIbTaThl
OLIEHKH He coBnajaioT. st (GpyHKIUM Simpic CIOXHee BBIACIUTh Oa30BbIe
npeo0pa30BaHus, COUYETAHNS KOTOPHIX MPUBOIAT K Hanbosiee 3 heK THBHBIM
U CTOMKMM IpeoOpa3oBaHusM. W [Uisi OAMHOYHBIX INpeoOpa3oBaHHUil 3Ta
(pyHKIMST TIOKa3bIBaeT pasHble pe3y/bTaThl OTHOCUTEJBHO CTOHKOCTH ISt
pasHbIX HaOOpPOB NpOrpamM, MPH 3TOM IS 3(P(PEKTUBHOCTH pPe3yJIbTaThl
OJIMHAKOBBIE Y IOBTOPSIOT Pe3yabTaT Iuisl PyHKLMH simgraph.

Takum obpazom, dpyHkuuu simgraph u tlsh Bexyt cedst crabunbHO
Ha pasHbIX HaOopax nporpamm. OmHako s tlsh mpeoGpa3zoBanus Tuma
C cumrTanTcs HaMMeHee CTONKUMH, YTO He COOTBETCTBYET SMIUPUUECKUM
pe3y/bTaTaM U OLIEHKaM, MOJIyYeHHBIM ¢ IOMOIIBIO Apyrux ¢yHkuuii [10].

B Ttabmme 10 yka3zaHbl THIIBI IOCJIEAOBATEJBHOCTEH, KOTOpPBIE
Uit oboux HabopoB Fi W Fo monand B IPyHIly M3 JIyYIIMX (XyALIMX)
THUIIOB TOCJIEOBATENBHOCTEH, MMEIOIIMX HauOosblIee (COOTBETCTBEHHO
HanMeHbllee) 3HaueHue 3(p(PeKTUBHOCTH, CTORKOCTH UM U TOTO, ¥ IPyTOro
OJHOBpeMEHHO. M3 3Toil Tabiuipl BUAHO, YTO AJIsI BCeX TpeX (DYHKIMii:
1) mpeobpazoBanue tuma DAA Bxoaut B 15 Hambosnee 3(pQeKTHBHBIX
npeoOpasoBanuii, 2) npeodpazosanus Tuna CAA u DAC Bxozsr B 15 HanGoree
CTOMKHMX MpeoOpa3oBaHuii, 3) npeoOpaszoBanue Tua D BxoauT B 15 HaumeHee
3¢heKkTHBHBIX, 4) peoOpazoBanue Tua CD Bxomut B 15 HanMeHee CTORKUX.
CTOHT OTMETHTD, YTO ITU PE3YJIbTATHl YACTMYHO KOPPEJMPYIOT C Pe3y/IbTaTaMu
padots [10], rne 3¢ peKTUBHOCTh U CTOHKOCTh OIIEHMBATACH C TIOMOIIBIO
(pyHKIIMM TOXOXKECTH, TOCTPOeHHOH B [ 11] MeTomamMu MarmmHHOT0 00y YeHH s Ha
6aze Habopa CrieHaTM3UPOBAHHBIX U YHUBEPCAIBHBIX XapaKTEPUCTHK (Cpeu
KOTOPBIX MMEIOTCSI XapaKTePUCTUKU HA OCHOBE HEUYETKHUX XelI-(DyHKIIHil).
IMoctpoennast B [11] ¢yHkims noszBomwia B [10] BbmenuTs Haunbonee
cToiikue M Hambosee ciabble TUIBI MPeoOpa30oBaHNii, KOTOPHIE TaKOBBIMU
SIBIISTIOTCS1, UICXO/IsI M3 PE3y/IbTAaTOB JIPYTX HE3aBUCHUMBIX padoT. Pe3ynbraTsl
HacToseil paboThl KOPPEIUPYIOT C pe3yabraTamu padoTsl [10] B ToM, uTo
OIMHOYHbIE MpeoOpa3oBaHusi Tuna D cunraotcs HaumeHee 3(pPEeKTUBHBIMHU, a
npeobOpaszoBanust Tuna CAA OTHOCATCS K YKCITy HaUOOJIEEe CTOMKHX.
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Ta6muma 10. Tunst 06¢gycuupyoIUX Mocie10BaTeIbHOCTE!, BXoasmue B N JIydIImx
(T(N)) u xyammx (B(N')) TUIIOB mocieJoBaTeIbHOCTEH, Kak AJ1st F1, Tak U 1is1 Fo

e r e,r
T3 |DAA ADA, CAA —
<[B3|D — —
o [T7 |CAD, DAA, ACA, AC,[ADA, CAA,AC,DAA | DAA,AC.ADA
@ ADA
‘® [B7 |DCD, DDA, DD, D DCD, DDA, DD, D DCD, DDA, DD, D
TI5 | all, CAD, DAA, ACD, A,| CAC, ACA, AA, AC, ADA,| CAD, DAA, ACD, DCA,
DCA, CAC, ACA, AA, AC,| DAA, ACD, DCA, CAD,| CAC, ACA, AA, AC, ADA,
CA, ADA, CAA, DAC,| CAA, DAC, AD, DAD |CAA, DAC, AD, DAD
AD, DAD
BI5|CD, D, DC, C, DD, DDA,| DCC, CDA, CCD, DCD,|DCC, CDA, CCD, DCD,
DCC, CDA, CCA, CCD,| DDA, DD, CC,DC,C,CD,| DDA, DD, CC,DC,C,CD,
DCD, DA, CCC, CC D D
T3 |[all, CCC all, DCA all
B3 |— — —
< [T7 [all, DCC, CCA, DCD,|all, DCA, DCC, DCD,|all, DCC, DCD, DCA,
= DCA, CCC DAA DCC
B7 |A,ACA, AA, D C,CD —
TIi5|all, DCC, CCA, CCD,|all, DCC, CCA, DCD,[all, DCC, CCA, DCD,
DCD, DAA, DCA, DDA,| DAA, DCA, DDA, DD,| DAA, DCA, DDA, DD,
DD, CAA, CCC, CC, DC,| CAA, CCC, DAC, DC,| CAA, CCC, DC, DAD
DAD DAD
BI5|ACD, DA, A, ACA, AA,[CAD, CCD, A, CAC,ACA,| A, ACA, AA, CA, ADA, C,
AC, CA, ADA, C, AD, CD,| AA, CA, ADA, C, AD, CD |AD, CD
D
T3 |all, CCA all, DAC all
B3 |— — —
-2 [T7 [all, CDA, CCA all, CCD, DAC all
E[B7 |DC DC, DAD DC
T15 | all, CDA, CCA, CCD, A,[all, CCA, CCD, ACD,|all, CCA, CCD, ACA
DAA, ACA, AA ACA, ADA, CAA, DAC
BI5|AC, DAC, DC, AD, D DA, DDA, CA, DC, DAD, | DC
CcD
6. 3akurouenne. Pa3paboTka HOBBIX — QJITOPUTMOB — CpPaBHEHUS

OMHApPHBIX UCTIOJHSAEMBIX (DaiiyIOB SIBJISIETCS aKTyalbHOM 3a/auell, Tak Kak
HOBBblE (DYHKIMM TTOXOXECTH HAXOAST NPHUMEHEHHWE B Pas3HBIX 00JACTSX
MpOrpaMMHO# nHxeHepuu. [loyyeHHble B HacTOsIIEeH paboTe pe3ynbTaThl
MOXHO Pa3/ICJIUTh Ha [IBE YaCTH.

K nepBoil yacTu pe3ysbTaTOB, C OIHON CTOPOHBI, OTHOCUTCSI HOBBIA
croco® CpaBHEHUs1 OWHAPHBIX HWCIIOJHAEMbIX (DAiIoB, ONMCHIBACMBbIiA
dopmynamu (5)—(7), a ¢ Apyroii CTOPOHBI, MOTEHI[UAIBHBIE BO3MOXHOCTH
MOCTPOEHUsI HOBBIX (DyHKIMI IMoxoxecTn Ha Oa3e 3Toro cmocoda. B
npejaraeMoM B HacTosilieil padoTe crocode UCIONb3yeTcsl OOmMi yist
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MHOTHX CHEeIHaTM3UPOBAHHBIX aJrOpuTMOB rogxon [16-20], Bkiovaomui
cpaBHeHue rpacdoB Mpoueayp M cpaBHeHue rpacgos nporpamm. Hoeim
B TIpejjiaraeMoM criocobe sIBJISIeTCSl WCIOJIb30BaHME HOBOTO aJITOPUTMa
cpaBHeHus rpadoB sim Kak AJist cpaBHeHHs rpacos npouenyp B pyHKIMN
sim ¢, Tak ¥ Jijis cCpaBHEHUsA rpados nporpaMm B PyHKIMH Sim p. AJITOPUTM
Sim¢ MOXeT ObITh OCHOBO U JUIsl IOCTPOEHHMSI JPYTUX AJITOPUTMOB CPaBHEHHSI.
Hanpumep, Takue aaropuTMbl MOXKHO IOJYYHUTh, 3aMEHMB B (DYyHKIMU
simp ((7)) GyHKIMIO CpaBHEHUA MPOLIEAYP SiM ;, HAIPUMED, AJITOPUTMAMU
cpaBHeHus1 npouenyp u3 [16-20]. U HaoO0poT, B M3BECTHHIX aJrOPUTMax
cpaBHEHHUs TpadOB MPOrpaMM aaropuTM CPAaBHEHUS MPOLIEAYP MOXKET ObITh
3ameHeH Ha simy ((6)). Kpome Toro, B camoii (pyHKIMM Simy BO3MOXHO
3aMeHa Simpy, APYroi yHKIMel cpaBHeHusI 0a30BbIX 0J10KOB. [TepcrieK THBHBIM
NPe/ICTABIISIETCS] UCTIOJb30BaHue (DYHKIMU CpaBHEHHs Oa30BbIX OJOKOB BHA

1,ecmu hy(by) = hy(be),

simpp (b1, 02, T) = score(ha(T(b1)), ha(T(b2))), unaue,

T7ie aJIrOpUTM | BHINOJHSET MpeoOpa3oBaHue MHCTPYKIUil 6a30BOro 0J10Ka
niepe]1 BRIYMCIICHHEM Xelll-3HaueHus1. Hanpumep, anroputm T MOXeT 3aMEHSTh
acceMOJIepHbIe KOMaH/Bl THIIOM KOMAaHAB (apudMeTHUYecKasi OIeparus,
TepechUIKa JaHHBIX U T.I1.) W/WIM 3aMCHITh KOHKPETHBIE apryMEHTH KOMaH]]
WX KogaMu (perucTp, si9elika maMsTH, KOHCTaHTa | T.11.). [lpyrue pyHKIuu
CPaBHEHHST MOTYT OBITh TAKKe MOJTYUYCHBI 1aXKe B PaMKax Croco0a CpaBHEHHMSI,
oncanHoro (opmynamu (5)—(7), HarpuMep, MyTeM UCTIOIb30BAHUS JPYTOro
dpeiiMBOpKa nu3acceMOTMPOBAHUS WIN HCIIONb30BAHUS APYTMX HEYSTKUX
xeri-(QyHKIMEA PU CpaBHEHUU GA30BbIX OJIOKOB MPOLETYP.

Cpenn 0003HAYEHHOTO MOTEHIMAIBLHOTO Pa3HOOOpa3usi BAPUAHTOB
CpaBHeHMs1 OVHApHBIX HCIONHSEMBIX (pailloB B paboTe pealn3oBaH
croco0, onucanHbiil hopmysiamu (5)—(7), ¢ ucmobp30BaHueM hpeiiMBOpKa
nusaccemOiupoBanust  Radare2, kpunrorpadguueckoit ¢yHkimu md>5
u Heuetkoll xem-yHKiun ssdeeep. Peanmzanust 3toro crocoba u
MPOBEJICHAE SKCIIEPHMEHTOB COCTABJISAIOT BTOPYID YacTh pe3yJIbTaToB
HacTosiei padotsl. [IpoBeieHHbIE IKCIIEPUMEHTBI TOKA3aJH, 4To, Oyarogaps
MOBBIILIIEHHON YYBCTBUTCJIbBHOCTU K ONTUMHU3ALUOHHBIM U3MEHCHUAM,
(ynxims simgraph npesocxoaurt ssdeep, tlsh u simpic B TouHOCTH CpaBHEHUS
CTPYKTYPHOT'O COfIEpKaHUs MPOTPaMM, UTO OTIpeIeNIsieT e€ MPEerMYIIIeCTBO IS
COOTBETCTBYIOIIMX 3a7a4. bonee BRICOKAs YYBCTBUTEIBHOCTD MPOSIBIISICTCS
B TOM, 4To Juisi (PYHKIMM Simgraph OTHOIIEHHE MOXOXKECTH B Clydae
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(00,01) k noxoxectu B ciaydae (00,02) nnm k noxoxectu B ciaydae (00,03)
BCer/ia BbIIIIe, YeM COOTBETCTBYIOIIUE OTHOIIEHUsS y APYruX (PyHKIMI (CM.
tabmuiy 3). Pesynbrartel mcnons3oBaHus (yHKIMU simgraph B Monenu
oreHKH 3((GEKTUBHOCTA U CTORKOCTH 00(yCHHUPYIOIIHX Mpeodpa3oBaHUi
MOKA3aJIM, YTO MOCTPOEHHAs (PYHKIHS BPSA JIM MOXKET CaMOCTOSITEIHHO
WCTIONIb30BAThCS ISl TAKOH OLIEHKH, TaK KakK, B CHIIy YCTPOHCTBA arOpUTMa
sim¢, Hanbosee 3 HEKTUBHBIMHU U CTORKUMU CUUTAIOTCS 00 yCHUpYOIIHe
MOCJIEI0OBATEJIbHOCTH, BKJIIOYAIOIIUE TpeoOpa3oBaHus THIa A. DTO pacXoauTcs
C SMITMPUIECKUMHU pe3yJIbTaTaMU HE3aBUCHUMBIX HCCJIeIOBaHUMN, B KOTOPBIX
Hambonee 3(PPEKTUBHHIMA U CTOMKMUMH CUMTAOTCA OO(pyCIupyoIIye
MOCJIEIOBATEIHOCTH ¢ npeoOpa3oBanusivu tuna C. Tem He MeHee, (DyHKITUS
simgraph MOXeT MPUMEHSITLCS ISl OLIEHKU CTENEHM 3ally TAHHOCTH rpaca
BBINOJIHEHU S IPOTPaMM, TaK Kak CpaBHEHHUE BBHITIOJHAETCS Ha OCHOBe rpada.
Ee mocTOMHCTBOM MpeIcTaBIsieTCsl BO3MOXHOCTh HHTEPIPETAIINN 3HAUCHUI
9TOM (DYHKIIUW: MEHBIIIME 3HAUYCHUSI COOTBETCTBYIOT MEHBIIIEH TOXOKECTH Ha
ypoBHe rpacoB mporpamm u 6a30BbIX OJI0KOB, U HaoOopoT. [pencrasisercs,
4TO simgraph MOXeT HCMONb30BaThCsA I MOCTPOCHUsT Gojiee TOYHBIX
(pyHKIMIT TOXOXKECTH, HAIPUMEP, HAa OCHOBE METO/IOB MAIIMHHOTO 00y YEHUS,
Kak 3To caeyano B [11].

CTOUT OTMETHUTh BHICOKYIO CJIOKHOCTh pa3pabOTaHHOTO aIrOpUTMa
cpaBHeHus rpadoB, TaK KaK Ha 3Talle COMOCTABJICHHS BEpIINH rpacdoB Bce
BEPIIMHBI OHOTO rpada CPAaBHUBAIOTCS CO BCEMH BEpPIIMHAMHU APYroro rpada.
OnHuM U3 JaNbHERINX HATPaBJIeHW UCCIIEJOBAHMUS SBJISETCS TOUCK My Tei
YMEHBIIIeHUs CJIOKHOCTU CPABHEHHUSI.

ABTOpHI 6JIAarOAAPSAT PEIIEH3EHTOB 32 3aMEYaHUsI U COOTBETCTBYIOIIIE
TIpeJIOKEHHU S, TIO3BOJIMBIIIHE JTyYIIle TIPEICTABUTH MOTYUYCHHBIE PE3YIbTATHL.

JIutepatypa

1. Van Tilborg H., Jajodia S. Encyclopedia of cryptography and security. Springer Science
& Business Media. 2014. 1416 p.

2. Li B, He J., Huang J., Shi Y.Q. A survey on image steganography and steganalysis //
Journal of Information Hiding and Multimedia Signal Processing. 2011. vol. 2. no. 2.
pp. 142-172.

3. Chabot C. Recognition of a code in a noisy environment // IEEE International Symposium
on Information Theory. IEEE, 2007. pp. 2211-2215. DOI: 10.1109/ISIT.2007.4557548.

4. Crawford M., Khoshgoftaar T.M., Prusa J.D, Richter A.N., Al Najada H. Survey of
review spam detection using machine learning techniques // Journal of Big Data. 2015.
vol. 2. DOI: 10.1186/s40537-015-0029-9.

5. Forrest S., Hofmeyr S., Somayaji A. The evolution of system-call monitoring //
Proceedings of the 2008 Annual Computer Security Applications Conference (ACSAC).
2008. pp. 418-430. DOI: 10.1109/ACSAC.2008.5.

6. Khraisat A., Gondal I, Vamplew P., Kamruzzaman J. Survey of intrusion
detection systems: techniques, datasets and challenges // Cybersecurity. 2019. vol. 2.
DOI: 10.1186/542400-019-0038-7.

1526 Undopmaruka u asromarusanus. 2025. Tom 24 Ne 5. ISSN 2713-3192 (nieu.)
ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



INFORMATION SECURITY

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

Kosolapov Y.V. On detecting code reuse attacks // Automatic Control and Computer
Sciences. 2020. vol. 54. no. 7. pp. 573-583. DOI: 10.3103/S0146411620070111.
Kiger J., Ho S.-S., Heydari V. Malware binary image classification using convolutional
neural networks // Proceedings of the 17th International Conference on Cyber Warfare
and Security (ICCWS). 2022. vol. 17. pp. 469-478. DOI: 10.34190/iccws.17.1.59.
Polsani H., Jiang H., Liu Y. DeepGray: Malware Classification Using Grayscale Images
with Deep Learning // The 37th International FLAIRS Conference. 2024. pp. 1-5.
Bopucos I1.[1., Koconamnos 10.B. Criocod KomuuecTBEHHOTO CpaBHeHHst 00()YCIUPYIONINX
npeodpasoBanuii // Mugopmarrka n aBromarusanust. 2024. T. 23. Ne 3. C. 684-726.
DOI: 10.15622/ia.23.3.3.

Bopucos I1.11., Koconaros }0.B. Crioco6 OLieHKH NOXOXECTH MPOrpaMM MeTOJaMH
MaumHHOro o0ydenus // Tpyasl MHCTHTYTa cucTeMHOro nporpammupoBanus PAH.
2022. T. 34. Ne 5. C. 63-76. DOI: 10.15514/ISPRAS-2022-34(5)-4.

Kornblum J. Identifying almost identical files using context triggered piecewise hashing
// Digital investigation. 2006. vol. 3. pp. 91-97. DOI: 10.1016/j.diin.2006.06.015.
Breitinger F., Baier H. Similarity preserving hashing: Eligible properties and a new
algorithm mrsh-v2 // Digital Forensics and Cyber Crime: 4th International Conference
(ICDF2C 2012). 2013. pp. 167-182. DOI: 10.1007/978-3-642-39891-9_11.

Roussev V. An evaluation of forensic similarity hashes // Digital investigation. 2011.
vol. 8. pp. S34-S41. DOI: 10.1016/j.diin.2011.05.005.

Pagani F., Dell’Amico M., Balzarotti D. Beyond precision and recall: understanding
uses (and misuses) of similarity hashes in binary analysis // Proc. of the Eighth
ACM Conference on Data and Application Security and Privacy. 2018. pp. 354-365.
DOI: 10.1145/3176258.3176306.

BinDiff. URL: https://www.zynamics.com/ (nata oopamenus: 23.06.2025).

Aslanyan H., Avetisyan A., Arutunian M., Keropyan G., Kurmangaleev S., Vardanyan V.
Scalable Framework for Accurate Binary Code Comparison // Ivannikov ISPRAS Open
Conference (ISPRAS). 2017. pp. 34-38. DOI: 10.1109/ISPRAS.2017.00013.

Machoc hash. URL: https://github.com/ANSSI-FR/polichombr/blob/dev/ (nata
obparenus: 23.06.2025).

Machoke. URL: https://github.com/conix-security/machoke (mata oOpaieHus:
23.06.2025).

Li Y., Jang J., Ou X. Topology-aware hashing for effective control flow graph similarity
analysis // Security and Privacy in Communication Networks: 15th EAI International
Conference (SecureComm). 2019. pp. 278-298.

Borisov P.D., Kosolapov Y.V. On the Automatic Analysis of the Practical Resistance of
Obfuscating Transformations // Aut. Control Comp. Sci. 2020. vol. 54. pp. 619-629.
DOI: 10.3103/S0146411620070044.

Bopucos I1.11., Koconanos }0.B. O ¢yHkmu noxoxectu rpapuiecKux mnpeacTaBieHuit
UCTONHsIeMbIX (hailJIOB B MOJEJH OLIEHKH 00(yCIMpyouX mpeodpasoBauuii // I3ecTust
IO®DY. 2025. Ne 3(245). C. 264-273.

Naville Z. Hikari-an improvement over  Obfuscator-LLVM.  2017.
URL.: https://github.com/HikariObfuscator/Hikari (nata o6pamenus: 26.11.2024).
Holder W., McDonald J.T., Andel T.R. Evaluating optimal phase ordering in
obfuscation executives // Proceedings of the 7th Software Security, Protection, and
Reverse Engineering/Software Security and Protection Workshop. 2017. pp. 1-12.
DOI: 10.1145/3151137.3151140.

small-programs. A set of small programs for experiments with obfuscations.
URL.: https://github.com/Boriskin61/small-programs (gata obpamenus: 22.06.2025).

Informatics and Automation. 2025. Vol. 24 No. 5. ISSN 2713-3192 (print) 1527
ISSN 2713-3206 (online) www.ia.spcras.ru



NHP®OPMAILIMOHHA S BE3OITACHOCTb

BopucoB Ilerp [ImmrpmeBmy — 3aBenyommii sabopatopueii, PIAHY HUU
«CrieniBy3aBToMaTrKa». O0IaCTh HAYYHBIX HHTEPECOB: MCCIIE0BAHUE U aHAN3 IPOrPAMMHOTO
KOZa, MeTolpl o0(dycKalmy 1 Jeo0(pycKaluy, CIoco0bl OLEHKN KadecTBa 00(YCIHMPYIOMNX
npeoOpasoBanmit. Yucio Hayunsix myOmukammii — 10. borisovpetr@mail.ru; ymima Topoaa
Boroc, 6, 344011, Pocros-Ha-[lony, Poccus; p.1.: +7(863)297-5111.

Bapaamos /lannia BukropoBH4 — cTyaeHT, Kadeapa areOpsl H AUCKPETHOM MaTeMaTHKU
MHCTUTYTAa MaT€MaTHKU, MEXaHMKM U KOMIBIOTEPHBIX HAayK MM. M.M. BOpoBH4Ya, HOxXHbIA
denepanpubiii yausepcuret (FOPY). O0nmacTh HayYHBIX UHTEPECOB: HUCCJIEIOBAHUE U aHAIN3
nporpamMMHoro koja. varlamov @sfedu.ru; ymua Musbyakosa, 8a, 344090, Pocros-Ha-/loHy,
Poccus; p.1.: +7(863)297-5111.

Kocoaanos IOpuii BiragumupoBuy — kauz. TeXH. HayK, ZOUEHT Kadeapsl, kadeapa aaredpst
U JUCKPETHOH MaTeMaTHK! MHCTHTYTa MaTEMAaTHKU, MEXaHUKH U KOMIIBIOTEPHBIX HayK HM.
u.4. BopoBuya, HOxHbli enepanbeiii yHusepcutet (FODY). Obnacth HayYHBIX HHTEPECOB:
[OMEXOYCTOHYMBbIE KOIbl B KpUNTOrpadun u creraHorpadpuu, TEOpeTUYECKas U MPaKTHYECKast
obdyckarmsa kopa. Yucnao Hayuneix myOsmkamii — 110. yvkosolapov@sfedu.ru; ymina
MwubuakoBa, 8a, 344090, Poctos-na-Jlony, Poccus; p.1.: +7(863)297-5111.

1528 Undopmaruka u asromaruszanus. 2025. Tom 24 Ne 5. ISSN 2713-3192 (nieu.)
ISSN 2713-3206 (onnaiiH) www.ia.spcras.ru



INFORMATION SECURITY

DOI 10.15622/ia.24.5.9

P. BORISOV, D. VARLAMOV, Yu. KOSOLAPOV
A GRAPH SIMILARITY CALCULATION ALGORITHM AND ITS
APPLICATION FOR COMPARING BINARY EXECUTABLE FILES

Borisov P, Varlamov D., Kosolapov Yu. A Graph Similarity Calculation Algorithm and Its
Application for Comparing Binary Executable Files.

Abstract. The paper addresses the task of static (without execution) comparison of binary
executable files. A program and any of its procedures can be represented as a directed graph.
For a program, the corresponding graph is a function (procedure) call graph, where the nodes
are the functions themselves, and an edge from vertex a to b describes a call to function b from
function a. For a procedure, such a graph is a control flow graph, where the vertices are basic
blocks, and an edge between nodes a and b means that the commands of block b can be executed
after the commands of block a. The study proposes an algorithm for comparing directed graphs,
which is then applied to program comparison. The graph comparison algorithm is based on
applying a node similarity function. For comparing procedure graphs, a fuzzy hash function and a
cryptographic hash function are used as this similarity function. Subsequently, this method of
comparing procedure graphs is used as the node similarity function for comparing program graphs.
Based on the proposed algorithm, a method for program comparison has been developed, and
its investigation was conducted through two experiments. In the first experiment, the method’s
behavior was studied when comparing programs compiled with different optimization options
(00, 01, 02, 03, and Os). In the second experiment, the possibility of identifying effective and
resilient obfuscating transformations within a previously developed model was investigated. Within
the first experiment, evidence was obtained supporting the hypothesis that similarity decreases as
optimization increases from O1 to O3. Within the second experiment, some previously obtained
results concerning the effectiveness (ineffectiveness) and resilience (non-resilience) of obfuscating
transformations were confirmed.

Keywords: graph comparison, program similarity, effectiveness and resilience of obfuscation.
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