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Knaccudpmkauusa coctosHusa fepeBbeB
no BU3yasibHbIM AaHHbIM Ha OCHOBE HEUYETKOM JIOTUKHU

A. C. MNataes® 5, acnupaHT, orcid.org/0000-0001-5489-8555

M. H. ®aBopckas?, foKTOp TexH. HayK, npogpeccop, orcid.org/0000-0002-2181-0454, favorskaya@sibsau.ru
aCnOUPCKNI rocyfapCTBEHHbIN YHUBEPCUTET HayK1 U TEXHONOrMN UM. akagemuka M. ®. PelueTHéBa,
KpacHospckuii pabounii nip., 31, KpacHospck, 660037, Po

Sounman ®BY «Pocnecosaiwmta» — «L|3J1 KpacHospckoro kpasi», Akagemropook yi., 50A/Ne 2,
KpacHosipck, 660036, P®

BBepgeHme: [OCTOBEPHAS OLjeHKAa COCTOSIHUSA epeBbeB HEMOCPEACTBEHHO B/IUAET HA MNJ1aHNPOBaHNE 9KOHOMMUYECKUX MO-
Ka3aTeJsieil UCMOo/Ib30BaHUS JIECHbIX PECYPCOB U IKOJIOMMYECKMX Mep o 3alyuTe sieca, No3TOMY KOPPEKTHOe ornpeneseHne
CaHUTaPHOIro COCTOSIHUA Nleca AIBNAETCA aKTyasnbHOW 3afaden. B HacTosLee BpeMsa crieymanncT-aeconaTonor npuHUMaeT
pelueHne 0 TOM, K KaKoW KaTeropum cocTosiHUSI crefyeT OTHECTU uccrefyemMoe AepeBo U y4yacToK jieca B LieJIoM, Ha OCHO-
Be BU3yaslbHOr0 OCMOTPA, PYKOBOACTBYSACh CYObEKTUBHbIMU MpeLCTaBaeHnsIMU 06 0cobeHHOCTAX AepeBbeB. Llenb: pa3pa-
60oTka MeToa knaccucukaymm coCTOsIHUS [ePEBLEB MO CTENeHU rycToTbl KPOHbI, FOANYHOMY NPUPOCTY BETBEW, YChIXaHUIO
BeTBeN U 0TNajy Kopbl Ha OCHOBE HEYETKOM JIOrMKU NMYyTEM CO3[aHNsI XapaKTEPUCTUYECKUX DYHKLMI OIS IMHIBUCTUYECKMX
nepemMeHHbIX «[yCcToTa KpOHbI», «[0ANYHbIA NPUPOCT BETBEN», «YCbixaHne BeTBei», «OTna g Kopbl». PeaynbTaTbl: npennoxeH
MeTo/ Kyaccughukalum COCTOSIHUS lepeBbEB Ha NpUMepe COCHbIl. MeTo 3akntoqaeTcs B npefBapuTesibHoN 06paboTke U3o-
6paxeHuit, BKNItoYaroLei yaaneHme o6bekToB (PoHa, U3BIeYEHUN TEKCTYPHbIX MPU3HAKOB B BUAE PacLUMpeHHbIX BUHAPHbIX
LWaboHOB M MPUMeEHEHUN pa3paboTaHHOIro KOHTPOJIIepa Ha OCHOBE HEYETKOM JIOrnku. lpeanoxeHbl YeTbipe Buaa JIMHIBU-
CTMYECKUX NepeMEHHbIX C COOTBETCTBYHOLMMMU TepMaMu. [118 HUX BHavase 3afjatoTCs XxapaKTepucTuyeckue hyHKYum B Tab-
JIMYHOM BUAE, KOTOPble 3aTeM arnnpoKCUMUPYHOTCS rNagKkuMm OyHKUUSMU. HedeTKuil 10rmyeckuit KOHTPossiep no3BonseT
MonyuynTb 0OBEKTUBHYH OLEHKY COCTOSIHUSI KPOHbI AepeBa. IKcrepuMeHTallbHble UCcefoBaHUs noATBepxXAarT aghpek-
TUBHOCTb pa3paboTaHHoro metoga. MpakTudeckass 3HaYUMOCTb. UCTOIb30BaHUE UHTENNEKTYalbHONW CUCTEMbI Kiaccugpu-
Kauuu cocTOsIHUS flepeBbeB M0 BU3yasbHbIM JaHHbIM OKaXeT CyLLeCTBEHHYIO MOAAEPXKY crieyuanuctam npu obcnefoBaHum
HacaxgeHuin. [penoxeHHbIN B paboTe MeTo 4 N03BOJIAET MOBbICUTb KA4eCTBO MPOBOAUMbIX 06C1e0BaHNI COCTOSIHUSA Jleca,
MWUHUMU3UPOBATbL BJINSIHUE YeSIOBEYECKOro (hakTopa, a TakXe npaBuslbHO OL€HUTb U CNTaHUPOBAaTb KOMIIEKC MePONMPUSATUI
10 3alUMTe JIECHbIX HAaCcaXaeHWN.

KniouyeBble cnoBa — knaccuchukayms, COCTOSIHUE [EPEBLEB, HEYETKAs JIOrMKa, HEYETKMI KOHTposiep, o6paboTka nsobpa-
JKeHWM, TeKCTYPHbI aHanns.

st uutuposanus: [Isiraes A. C., @aopckas M. H. Kinaccuduranus cOCTOSIHUS JePEBbEB I10 BU3YaIbHBIM JaHHBIM HA OCHOBE HEYeTKOI
noruku. Uugopmayuornno-ynpasasoujue cucmemot, 2020, Ne 3, c. 2-11. doi:10.31799/1684-8853-2020-3-2-11

For citation: Pyataev A. S., Favorskaya M. N. Classification of tree stand condition using visual data based on fuzzy logic. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2020, no. 3, pp. 2-11 (In Russian). d0i:10.31799/1684-8853-2020-3-2-11

Beenenue

B Poccuiickoit @enepanum ycTaHOBJIEHA IIKaJa
KaTeropuil COCTOSTHUS JePEeBbEB, BKJIIOUAOIIAs Cle-
nyomiue Kareropum: I — 0e3 mpu3HAKOB ocJiabie-
Husa, II — ocunabaennsie, III — cuapHO ociabJieH-
uble, [V — ycoixariue, V — CBeXKUHM CyX0CTOH (Te-
Kymiero roga) u VI — crapsiii cyXocTol (IIPOIIIBIX
Jet) [1]. UHTerpasbHada OIleHKa COCTOSHUA TePEBHEB
IIPOBOAUTCA IO KOMILJIEKCY BU3YAJbHBIX IPU3HAKOB
(rycToTe 1 IIBETY KPOHBI, HAJTUYUIO U JOJIU YCOXIITUX
BeTBell B KPOHE, COCTOAHUIO KOPHI U JP.).

Wcmonb30oBaHWEe WHTENJIEKTYaJbHON CHUCTEMBbI
OIIEHKY COCTOSHUS IePEeBbEB MOYKET OKAa3aThb CyIIle-
CTBEHHYIO IOAAEPIKKY CIleImaJucTaM npu obcJe-
IOBaHUHU JIECHBIX HacaxkAeHuil. OT KOPPEeKTHOCTU
OIpeieIeHNA CAHUTAPHOTO COCTOAHUA Jieca 3aBU-
CUT IIJIAHMPOBAHNE 9KOHOMHUYECKUX IIOKa3aTesel u
SKOJIOTHUYECKUX Mep II0 BAII[UTE JIeCA, BKIIOUAIOIINX
pa3JINYHbIE CAHUTAPHO-030POBUTEIbHBIE MEPOIIPU-

ATUS, TIOATOMY KOPPEKTHOE OIIpe/ieIeHre CaHuTap-
HOT'O COCTOSIHUSA Jieca ABJISETCS aKTyaJIbHOU 3amia-
ueii. B HacTOsAIIEe BpeMA CIIEIMAJINCT-JIECOIATOJIOT,
PYKOBOJACTBYSCHh CYOBbEKTUBHBIMU IIPEACTABJIEHUS-
Mu 006 0COOEHHOCTAX JePeBheB, Ha OCHOBE BU3YyaJib-
HOTO OCMOTpa NPUHUMAET pPellleHne, K KaKoh Ka-
TErOpUU COCTOSAHUS CJIEAYeT OTHECTU KCCJIeLyeMOoe
JIEPEBO U YUACTOK Jeca B IeJioM. IIpu aToM cTeneHb
T'YCTOTBI KPOHBI KMMEeT OIpelesidiollee 3HaUeHUe
B JaHHOM BOITpOCE.

3amaua SBJIAETCS CJIOYKHOI, TaK KaK, HECMOTDS
Ha HaJWUMe IITKAJbl KaTeTOPUM COCTOSHUA Aepe-
BbEB, OTHECEHIE KOHKPETHOTO [epeBa K TOU WU
WHOM KaTeropuM IIPOUCXOAUT C OOJBIION mOJei
CcyObeKTHUBU3MA W 3aBUCUT IIPEKIe BCETO OT OIIBITA
cuemuaJncra. Tpebyercss paspaboTKa MHTEJLIEKTY-
aJbHBIX PeIlleH’i, OCHOBAHHBIX, B YaCTHOCTH, Ha
HEYeTKOIl JIOTUKeE, KOTopas II03BOJIAET (hopMaJIn30-
BATh IPOIECC KIacCU(PUKAIINYU COCTOSHUS IePEBbEB
I0 00'BEKTUBHBIM BU3YAJIbHBIM IPU3HAKAM.
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AHaJu3 cyiecTBYIOUINX METOA0B
oInpenaeeHus COCTOTHUS TePeBbheB

IInoTHOCTH KPOHBI ABJIAETCS BAKHEUIIUM IIOKA-
3aTeJieM IJId OLEHKU COCTOIHMA AepeBa. Kak mpasu-
JI0, IepeBba GoTorpadUpPyOT CIEeINaJIUCThI-Iecona-
TOJIOTH [IJIS IOJIyUYeHusl HanboJyiee MHPOPMATUBHBIX
CHUMKOB. MeToabl 00paboTKY TaKUX M300pasKeHuit
OCHOBaHBI Ha PA3HBIX CIIOCO0AX CErMEeHTaIUH.

HomycTuMa OIleHKa COCTOSHWS KPOHBI JepeBa
C UCII0JIb30BaHUEM (PpaKTaIbHBIX IPU3HAKOB. B pa-
6oTe [2] paccuuThIBaIMCh IBe (hpaKTaTbHBIE Pa3Mep-
HOCTU — cuJjyarta aepeBa DS u cunyara Koutypa DO
(pasHOCTH 9THX IOKasaresjeil obosHauaerca DSO),
TI0 KOTOPBIM OIIEHUBAJICS ITOKAa3aTeIb IIPO3PAaYHOCTH
KPOHBI JIJIA PA3JIUYHBIX IIOPO] IePEBLEB.

B pabore [3] ncciieroBaHBI HECKOJIBKO CIIOCOOOB 00-
HapyKeHUA JINCTHEB C YUIETOM O0COOEHHOCTE n3o0pa-
JKEeHUI JTepeBbeB Ha ()OHE SAPKO OCBEIlleHHOro Heba u
Hanuuda obsakos. [lokasano, uto metoxm OTIy B mpu-
meHeHnru K RGB-u3o0paskeHUSIM IPUBOIUT K CYIIle-
CTBEHHOMY IIPOIIYCKY MeJIKUX AeTaJjieit. Jlyunium cmo-
cOo00OM SIBJISIETCSI TIOCTPOEHE TUCTOrPaMM, OCOOEHHO
II0 KOMIIOHEHTe HachImeHHocTs — Hue — B 1BeTo-
Bom npoctpaucTse HSI (Hue, Saturation, Intensity).
TekcTypHBII aHaIN3, IPeACTaBJIEHHBIN IPU3HaKaMNI
aMIINTYIbI, HAIPABJIEHUSA U IEPUOAUUHOCTU, CO-
BMECTHO C KOHTYPHBIM aHAJIM30M [I03BOJINJ aBTOPAM
IIPOBECTH KJIACTEPUIAINIO PETOHOB HA OCHOBE METO-
ma C-means. CienyeT OTMETHUTDH, YTO T€ K€ aBTOPbI
[4] onyb6imKOBaiM CBA3AHHYIO CTAThIO, T/ie IIPErJIo-
SKMJIM METOJ aBTOMATUYECKOT'O U3BJIEUEHUA I'DAHUI]L
KPOHBI JlepeBa C IPUMeHeHHeM CILIaliH-(OyHKIIUA.
TTossxe ObLIa IPEATIPUHATA MOIBITKA ITPOBOJUTH MO~
HUTOPUHT COCTOSIHUSA KPOH JepeBbeB [5] ¢ ucmoab3o-
BaHUEM ABYX Mep IIPO3PAYHOCTU KPOHBI, & MMEHHO
KOMIIAKTHOCTU ¥ (paKTaJbHOII pasmepHocTH DSO
[2]. MoHUTOPUHT BBITIOJNHAETCA Ha OCHOBE aHAJIMU3a
TIOCTPOEHHBIX KapT pacupelesieHusa ITPO3PAYHOCTU
B pasHble MOMEHTHI BPEMEHU.

B cooTBeTcTBUU C paspabOTaHHOM METOMMKON
corpynHuku IO:KHOII HaAy4YHO-HCCJIeI0BATEIbCKOMN
crauiuu Jlecuoii cay:koer CIIIA (the U.S. Forest
Service Southern Research Station) paspa6oranu
nporpammy ForestCrowns [6, 7], koTopas paccuu-
THIBAET IIPO3PAYHOCTb KPOHBI (MU KO3(DOUIIUEHT
MIPONYCKAaHMUs CcBeTa) 0 IM(GPOBBIM M300paKeHu’-
AM, TOJYYeHHBIM OT HIUMPOBBIX (poToammapaToB
CO CTaHAAPTHLIMU OOBEKTUBAMU UJIU OOBEKTUBA-
MU THUNA «PBIOUI Tyias» (mosychepuueckumu). Ilpu
STOM HEKOTOPHIE (poTorpadmyr MOKHO UCIOJIH30BATh
[IJIsl OLEHKY IPO3PAYHOCTU KPOH OTAEJIbHBIX Aepe-
BbeB. lIporpamMma I03BOJIAET aHAJIUBUPOBATH Ha-
60p dororpaduii. BRIXOZHBIMU JaHHBIMU IBJIAIOTCA
3HAUeHuA Koa(P(puilmeHTa IIPO3PAYHOCTH OJIA YKa-
3aHHBIX IIOJIL30BaTeJeM obJiacTell M300pasKeHUs.
CpaBHUTEJNbHBIE OIEHKU COCTOSAHUS KPOHBI IIPUBO-
IATcs B pabore [8].

B craTwe [9] npensaraerca meTos pacueTa Koad-
uireHTa ITPO3PAYHOCTH KPOHBI IO OMHAPHBIM M30-
OpasKeHUsAM JlepeBbeB, OCHOBAHHBIII HA aBTOMAaTHYe-
CKOM OIIpeJIeJIeHUY TpeX II0Ka3aTeseil: IJIOTHOCTU
BePXHEU 4aCTU KPOHBI, IIJIOTHOCTH MaKPOOTBEPCTU
W TJIOTHOCTM MUKPOOTBepcTuii. BHauase wussie-
KaeTcsA CUJIYST JAepeBa, 3areM (opMUDYIOTCA cpe-
3bI KPOHBI U CTPOSATCS Ipoduau riyounsl. MHIEKE
IPO3PAUYHOCTY KPOHBI BBIUMCJIAETCA KaK IICEBIO-
B3BEIIIEHHOE CpeJHee II0 SMIIMPUYECKOr (opmyJie,
YUYUTBIBAIOIIIE! BCe TPU MOKasaresid IIoTHocTu. Ha
OCHOBe TIOJTYUEeHHBIX 3HAUeHUIl M300pasKeHus 00b-
eIMHAIOTCA B KJIACTEPHI.

C pasBUTHEM METOJOB INIYOOKOTO O0yUEeHUs II0-
ABJIAIOTCA PabOTHI, OIEHUBAIOIIME COCTOAHUE [e-
peBbeB IO HOBBIM TexHoJsorusaMm. Tak, B [10] kiac-
cuuKamus BUIOB [ePeBbeB U OIleHKa o0beMa 3a-
maca JpPeBEeCHHBI OCYIIECTBJIAIOTCSA IO M300pasKe-
HUSAM, IIOJYUYEHHBIM OT IudpoBoii kamepsl. CemaH-
TUYECKas CEeTMEHTAIUS KPOH M CTBOJIOB BBHITIOJIHA-
eTca Tiry6okoit cerbio UNET, mpenBapuTeabHO 00-
yuenHoit mo moaeau VGG16. B pesyabraTe onpese-
JISTIOTCA TIOPOABI NEePeBbeB M TOACUUTHIBAETCA WX
KoaudyecTBO. OMHAKO B 3TOM MCCJIEIOBAHUU HE YUU-
TBIBAaETCSA COCTOsTHUE JMepeBbeB. B crarwe [11] mpen-
cTaBJieH MeToJ OOHapy'KeHUA KPOH JepPeBhEB Ha
IBETHBIX MB00PAKEHUAX, MOJYUYEHHBIX C UCIIOJb-
30BaHUEM CPEJCTB AUCTAHIIMOHHOTO 30HIUPOBAHUS
(becIMIJIOTHBIX JIeTaTEeJIbLHBIX AlllIapaToB), HA OCHOBE
TJIy0OKOTO 00yUeH’A.

OpurnHaJbHBIA MeTOJA M3MepeHus OOIeil ILIo-
miaay JIMCTHEB B KPOHAX JIePEeBbEB HA OCHOBE MOJe-
JUPOBAHUA MHOTOIIIAT(GHOPMEHHBIX JUJAPHBIX ITaH-
HBIX TI03BOJISIET KOJIMYECTBEHHO OIEHUTH CTENEHb
TEePeKPLITUA KPOH JePeBheB IPU Pas3JNWUYHBIX CTpa-
TermsaxX ckaHupoBaHUs [12]. Beliu mocTpoeHs! IATH
MojieJiell TPeXMEPHBIX BUPTYAJbHBIX JlepeBbeB. [[s
TIOCTPOEHUA CKAHUPOBAHHON TOBEPXHOCTHU JIUCTA U3
TOUYEYHOTO 001aKa UCIIOJIb30BAJICA AJITOPUTM TPUAH-
ryasanuu JlesoHe ¢ aBTOMAaTHYECKUM aJallTUBHBIM
BBIOOPOM IIOPOTa, a ILJIOIafhb JUCTA OIlEHNBAJIACH 110
KOJIMUYECTBY CKAHUPOBAHHBIX TOUEK.

OTMeTHM, UTO CBA3AHHON 3aJa4dell ABJIAETCS Cer-
MeHTaIuA KPoHbI Aepesa [13], koTopas B HacTosIee
BPEMs BBITIOJHAETCS C MCIIOJIb30BAHNEM BU3YaJIbHBIX
U TuAapHbIX naHHbIX [14-16]. KpaTkuii 0630p moka-
3BIBAET, UTO MCCJIEIOBAHUA II0 OI[EHKE COCTOAHMA Jle-
PeBbEB, IPOBOAUMEIE C IIOMOIITHI0 HA3€MHBIX CPEICTB
IOy YeHU N300paKeHni, He IPEeKPAaIaloTCsa U Tpe-
OyIOT ZaJIbHEHIIIEr0 COBEPIIIEHCTBOBAHU .

MeTO]],' R.naccmbmcannn COCTOAHU A NEePpeBbhEB

Merop ompeneseHusl COCTOSHUS JepeBa II0 BU-
3yaJIbHBIM JaHHBIM COCTOUT U3 Tpex oramoB. Ha
IepBOM 3Talle yAasaioT 00beKThl (DOHA, IPUMEHSS
IOpOroByio 06paboTKy. [ajee 1Mo pesyabTaTaM TeK-
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CTYPHOT'O aHaJMU3a OIPEEeJIAI0T I0Ka3aTeJb I'yCTO-
ThI KPOHBI. Ha TpeTbem sTaire IpoOBOJAT OIEHKY CO-
CTOAHUA JepeBa HAa OCHOBE HEUETKON JIOTUKU U OT-
HOCSAT ero K OJTHOM 13 KaTeropuii.

Ynanenue 00eKTOB (poHA

B peanpHBIX ycaoBusx Ha (ororpaduax obce-
IyeMBbIX ePeBbEB IIPUCYTCTBYIOT IIOCTOPOHHIE 00h-
eKThI (DOHA, UTO CYIIECTBEHHO 3aTPYIHAET KJIACCHU-
(buKaIuio CTerneHy I'yCTOTHI KPOHBI IepeBa, I03TOMY
IJIsl YCHEIIHOI'0 AajibHeHInero amajusa Tpebdyercs
OTHEJNTH M300paskeHre mepeBa oT (hpoHA. YIOamdoT
00BbeKThI ()OHA C ITOMOIIbIO TIOPOTOBOM 00PAOOTKU
¢ T100aJIbHBIM IIOPOT'OM, KOTOPBIH OIpeeiaeTcs Ha
OCHOBe TpaineHTa APKOCTHU TUKCEJIOB N300pakeHN A
[17]. T'paguent VI(x, y) BeIUMCIAETCA CJIEAYIOIIUM
obpasom:

VI(x, y) = max (I, (x, y),

1,(x, y)),

rae I() — QyHKIMA, XapaKTepusyIolasa n300paske-
Hue; (X, Y) — KOOPAUHATHI;

I.(x, )=I.(x+1, y)-I,(x-1, y);
Iy(x’ y):Iy(x, y+1)_Iy(x’ !/—1)-

IToporosoe suauenne T BbIUKCIAETCS IO (GOPMYJIe

Y I(x, y)VI(x, y)

T=21Y

2.2 VI(x, y)

Xy

IIpu sToM pabora aaropuTMma ynajeHus (oHa
MOXKET CYIIeCTBeHHO 3aBWCETh OT BBIOOpa I[BETO-
Boii Mmogesn. Tak, nCIoaIbL30BaHIIE IIBETOBOM MOJEJIIT

B Puc. 2. Ypanenue o65eKToB (hoHA HA OCHOBE T'PaUeH-
Ta APKOCTHU W I[BETOBOT'O TOHA MMUKCEJOB: & — HCXOITHOE
usobparxkenue; 0 — 00'BEKT MHTEpPECA

B Fig. 2. Removal of background objects based on in-
tensity gradient and color tone: a — original image; 6 —
object of interest

B Puc. 1. Ynanenue o0beKTOB (DOHA HA OCHOBE I'PafUeH-
Ta APKOCTHU MUKCEJIOB: @ — MCXOJHOe m3o0pakenue; 6 —
00'BEKT MHTEpeca

B Fig. 1. Removal of background objects based on inten-
sity gradient: a — original image; 6 — object of interest

YUYV B HEKOTOPBIX CIAyUYaAX TaeT HEKOPPEKTHBIN pe-
gysbpraTr. Ha puc. 1, @ u 6 mpuBeseH IpuMep TaKOMR
cuTyamnuu, rae 3a GoH IPUHUMAETCS TPKO OCBEIIeH-
Has YacTh CTBOJIA.

Ucnoan3oBanme 1BeroBoit momenu HSB (Hue,
Saturation, Brightness) mossoJinio yecTpaHUTE 5TOT
HexocTaToK (puc. 2, a u 6). CermeHTausa n3oopaske-
HUSA IIPOBOAUTCS IO ABYM IIapaMeTpaM: I[BETOBOMY
tory (Hue) u spkocrtu (Brightness).

IIpu sToM QyHKIMS M300paKeHUs ¢ yaaleHHBI-
Mu obbeKkTaMu (hoHa () mMeeT BUL

* I(x, y) mpu H(x, y)<Ty v B(x, y)<Tp
I'(x, y)=

256 B IPOTUBHOM cJydae

Takum obpasoMm, AJA yaajdeHusa o0beKToB (oHA
IpUMeHEeH MeTOJ IIOPOroBoil 06pabOTKM ¢ II100ajb-
HBIM IIOPOT'OM C IIOMOIIBIO IIBETOBOI Mogean HSB.

TeKcTypHBIN aHAJIN3

L7151 oTIpeiesIe s CTEEHY I'yCTOTHI UCCJIEIYEMO-
ro )parMeHTa KPOHBI UCIOJIH30BAHBI PACIIIMPEHHEIE
JnoxkasbHble OuHapHble Mmabsonbl (Extended Local
Binary Patterns — ELBP), koTopble BEIUUCJIAIOTCSA
caenyIoniuM o6pasoM:

p
ELBP(p)= ). s(I,-1.)-2", *)
n=0
rme p — umcjao ToueKk B okKpecTHocTu ELBP;

s(I,—1)=1,ectu(l,—1)=0,us(,—1,) = 0BOpoTuUs-
HOM cayuae; I, n I, — 3HAUeHUA APKOCTH TEKYIIero
¥ IIEHTPAJILHOTO TUKCEJIOB, IIPEACTABIIAIONINE COO0H
3HAUEeHNE KOMIIOHEHTHI Y I[BETOBOr'O ITPOCTPAHCTBA
YUV [18]. Kak BugHO 13 BeIpaskenus (¥), BEIUUCIIE-
HUe PAaCIIMPEeHHBbIX JIOKAJbHBIX OMHAPHBIX I1a6JI0-
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HOB IIPOMCXOAUWT AHAJOTHMYHO BBIYKCJIEHUIO KJiac-
CHYECKUX JOKAJBHBIX OMHApHBIX I1abgonoB. OtT-
JUYMe PACITUPEeHHBIX JOKAJbHBIX OMHAPHBIX I1a0-
JIOHOB OT KJIACCUYECKUX 3aKJI0UYAeTCSA B CIIOCO0e 1o-
CTPOEHUS THUCTOTPAMM IO IMOJYUYEHHBIM OMHAPHBIM
crporkam. ELBP mo3BoisioT yuecTh TaK1e 0COGeHHO-
CTHU M300paKeHnsI, KaK KOHIIbI INHUI, TPAHU, YIJIbI
U IATHA C UCIOJIL30BAHUEM [JIA KaKJON U3 TaKUX
0CcOOEHHOCTEeH OTHeJNBLHOI0 CTOJIOIIAa TUCTOTPaMMBIL.
Hns Bcex HepaBHOMEPHBIX IITA0JIOHOB IIPU IOCTPOE-
HUY T'UCTOIPAMMBI OTBOJUTCS OTAEJIbHBINA CTOJIOEI.

B xauecTBe MephI Pa3JUuUsa TMCTOTPAMM IieJie-
coo0pas3HO paccumTaTh paccrosume Kyianbaxa —
Jleiibepa

p(p-1)+3 f
DK,L(f’ g): z fmlni,
m=1 Em
roe f U & — TUCTOrPaMMBbI IIEPBOT'O 1 BTOPOT'O M30-
OpaskeHuUs; m — HOMEpP CTOJOIIA.

Perrienvie o cTemeHu I'yCTOThI KPOHBI KCCJIELYe-
MOTO ZiepeBa IPUHUMAETCA MOCJe IoAcYeTa KoIuye-
crBa 0J0KOB ((hparMeHTOB) BBIUMCJIEHHOW T'yCTOTHI
C YUEeTOM UX PaCIOJIOKEHUA: Ha HUIKHEHN, BepXHel
WJIN cpeJHell yacTu aepesa. [[1s 6ojiee TOUHOTO OT-
HeceHUA UB300paKEHUs WCCIeLYeMON TEKCTYPhI
K TOMY WUJIU MHOMY KJIACCY CTEIIEHU I'YCTOTHI KPOHBI
cjenyeT yUHUTHIBATh MaciiTab U pasMep, 3aHUMAae-
MBI IepeBOM Ha M300pasKeHn .

O1eHKAa 1O 1100aIbHBIM IPU3HAKAM
HA OCHOBE HEeUEeTKOM JIOTUKHU

CienyromuM 9TalloM OIpeIesieHUsl CTeIleHUu I'y-
CTOTHI KPOHBI ABJSAETCA COIOCTABJIEHUE OIpele-
JIEHHOTO Ha IPeABIAYIIeM 9Talle MPOIleHTa I'yCTOTHI
KPOHBI CO CTEIleHbI0 TI'YCTOTHI KPOHBI, YKa3aHHON
B Ilocranosaenuu Ilpasurenbcrsa PP ot 20.05.2017
Ne 607 «O IlpaBuiax caHHTapHOII 0E€30MACHOCTU
B Jecax» [1]. CI0XHOCTb TaKOTO COIOCTABJIEHUSA
COCTOUT B Pa3MBITOCTH IIOHSATUM, OIPEIEISIOIINX
KaTeropuio COCTOAHUA o0ciienyeMoro nepesa. [lisa
YCTAHOBJIEHUSA TAKOT'O COOTBETCTBUSA B HACTOAIIEH
paboTe ObIJI HCIIOJB30BAH IIOAXOJ, OCHOBAHHBIN HA
IpUMeHEeHUN HeueTKOH Joruku. [[1a Kasaoi Kare-
TOPUU COCTOSIHUS JePeBa OIPeesieHbl CJIeIyIOIue
JUHTBUCTUYECKUE TmepeMeHHbIe: «['ycToTa KPOHBI»,
«ToguuHBIN MPUPOCT BETBEHN», «YChIXaHe BEeTBE»,
«Ormang xKopel» (Taba. 1).

Broiiu BbIIEIEHBI TPAHUIIBI U BUJ TEPMOB JIUHT-
BUCTHUUYECKUX IIepeMeHHBIX. VIdHauaJbHO XapakTe-
puctTuueckre (GYHKIUU JUHTBUCTUYECKUX IIepe-
MEeHHBIX 3ajalTcda B TabmiuyHom Buzae (tadba. 2—5
IJS YeThbIpeX TUIOB JUHTBUCTHUUECKUX IIepeMeH-
HBIX). B majbpHelIIeM xapaKTepucTUUecKue (yHK-
Uy JIMHTBUCTUYECKUX IlepeMeHHBIX «['ycTora
KpPOHBI» 1 «['OMUYHBIN IPUPOCT BETBEWN», 3aJaHHBIE
B Ta0JIMYHOM BHJE, AMIIPOKCUMUPYIOTCA IVIAJKUMU
dyurnuamu [19] kak Hanbojee 3HAYNMBIE TapaMe-

B Tab6nuya 1.JIuErBUCTUYECKHE IePeMEHHBIE U UX TeP-
mbI [19]

B Table 1. Linguistic variables and their terms [19]

ITepemenHas Tepmbr

T'ycras, paspeskeHHas1, a)ypHas,

T'ycroTa KpoHBI
CUJIBHO a)KypHAaa

HopmanbHBIN, yMeHbIIIEH,
ca0blil, OUeHB CJIAOBIN M1
OTCYTCTBYET

ToguunbIit
IIPUPOCT BETBEH

OTCyTCTBYET, 3aCOXJIN OTAEIbHEIE
BETBHU, yChIXaHUe 10 2/3 KPOHBI,
ycbixaHue 6osiee 2/3 KPOHBL

VYcebixaHue BeTBel

OTcyTCcTBYeT, YaCTUYHBIH,

Ornajg Kopbl .
ALKOP IIOJIHBIIA

B Tab6nuya 2. Y3710Bble TOUKN 3HAYEHUH TE€PMOB JIMHT-
BUCTUUYECKOI mepeMeHHOU «['ycToTa KpOHBI»

B Table 2. Node points of term values of linguistic
variable “Crown density”

K?;Zi??ﬁ T'ycras | Paspeskennass | AkypHas a(;?}?;;::a
100 1 0 0 0
95 0,8 0,2 0 0
90 0,3 0,6 0 0
85 0,1 1 0 0
80 0 1 0 0
75 0 0,6 0,3 0
70 0 0,2 0,6 0
65 0 0 1 0
60 0 0 1 0
55 0 0 0,6 0,2
50 0 0 0,3 0,3
45 0 0 0,2 0,6
40 0 0 0 0,8
35 0 0 0 1
30 0 0 0 1
25 0 0 0 1
20 0 0 0 1
15 0 0 0 1
10 0 0 0 1

0 0 0 1
0 0 0 1

TPBI /I ONIPe/ieIeHUs COCTOAHUA AepeBa. ['paduru
AMIIPOKCUMUPOBAHHLIX TEPMOB [IJIsI YETHIPEX THUIIOB
JIMHIBUCTUYECKUX II€PEMEHHBIX IIPEeCTABJIEHBI Ha
puc. 3—6.
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B Tabruya 3. Y3710Bble TOUKY 3HAYEHUN TEPMOB JIMHT-
BUCTUYECKO mepeMeHHOH «['ofMYHbBIN IPUPOCT BeTBe »
B Table 3. Node points of term values of linguistic
variable “Annual branches growth”

B Tabruya 5. Y310Bble TOYKY 3HAUEHUH TEPMOB JIMHT-
BHUCTUYECKOU mepeMeHHo# «OTmaj KOphI»

B Table 5. Node points of term values of linguistic
variable “Bark falling”

pr\lapnfc'r’ Hopmanbusiil | YmerbineH | CiaGbrit c?ngfﬁz
0 0 0 o )
5 0 0 0 .
10 0 0 0 1
15 0 0 0.2 08
20 0 0.1 0.5 05
25 0 0.2 1 0.2
30 0 0.5 0.5 o1
35 0 0.8 0.2 5
40 0,2 1 0 5
45 0,3 0.8 0 5
50 0,5 0.5 0 5
55 0,7 0.2 0 5
60 0,8 0,1 o 5
65 0,9 0 0 5
70 1 0 o 5
75 1 0 o 5
80 1 0 o 5

B Tab6ruya 4. Y3710Bble TOUKN 3HAUEHUI T€PMOB JIMHT-
BUCTUUYECKOI IepeMeHHOH « Y chIixaHue BeTBei» [19]

B Table 4. Node points of term values of linguistic
variable “Shrinking branches” [19]

Orman Kopsl, % ITonmubrit YacTUUHBIA OrcyTcrByeT
0 0 0 1
10 0 0,5 0,5
20 0 1 0
30 0 1 0
40 0 1 0
50 0 1 0
60 0 1 0
70 0 1 0
80 0 1 0
90 0,5 0,5 0
100 1 0 0
001 S v S

0,71 5 V)
0,6 -
0,5 I X \I \

0.8 1 1 -
|
|

CreneHsb yBEPEHHOCTH

I Y] l
0,4 v
0,3 I / /\ l\
0,2} Fe A
0,11 71— / N \
0 L > - J

0 10 20 30 40 50 60 70 80 90 100
IIpo1eHT IrycTOTHI KPOHBI

rycrasa - — a¥XypHaa

paspeskeHHasd - - - CHJIbHO asKypHas

B Puc. 3. 'paduKky annpoKCUMIPOBAHHBIX TEPMOB JIMHT-
BUCTUUYECKOI nepeMeHHOU «I'ycToTa KPOHBI»

B Fig. 3. Graphs of approximated terms of linguistic
variable “Crown density”

sumaams | | gy | Vomamm
BeTBeit, % BeTBIL 70 2/3 KPOHBL 2/3 KPOHBI
0 1 0 0
10 0,5 0,5 0
20 0 1 0
30 0 1 0
40 0 1 0
50 0 1 0
60 0 1 0
70 0 0,5 0.5
80 0 0 !
90 0 0 !
100 0 0 !

-~
N

0,8 ;
0,7
0,6
0,5
8:; I\[/
0,2

\
O’J ] S
0 510 1520 2530354045 50556065 7075808590
ITpupocT, Mmm

-7
-
[~
|~
N
S

\

CrereHb yBEPEHHOCTH
-
L

~—
-~

\—

— — caal0sIi

HOPMAaJIbHBIN

—— yMeHBbIIIeH = — = OuYeHb cJaabbIi

B Puc. 4. T'padpuKku TepMOB JUHTBUCTUUECKON IIepeMeH-
HOM «'ogUuHBIN TPUPOCT BeTBEH »

B Fig. 4. Graphs of approximated terms of linguistic
variable “Annual branches growth”
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B Puc. 5. I'papuKu TepMOB JUHTBUCTUUYECKOII ITIepPEeMeH-
HOU « YChIXaHUe BEeTBEl »

B Fig. 5. Graphs of approximated terms of linguistic
variable “Shrinking branches”
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0 10 20 30 40 50 60 70 80 90 100
CremneHb yChIXaHU S BETBEH

3aCOXJIM OT/eJIbHBIE BETBU  — — - ychIxaHue 6ojee 2/3
KPOHBI

— — ychIXaHue 10 2/3 KPOHBI
B Puc. 6. I'papuKu TepMOB JUHI'BUCTUUECKOII IepeMeH-
HOI «OTIIam KOPBI»

B Fig. 6. Graphs of approximated terms of linguistic
variable “Bark falling”

Ha ocHOBe xapaKTepUCTUKU KATErOPWIl COCTOA-
HHUH XBOWHBIX TOPOJ, OIIPeAeJeHHBIX IIOCTAHOBJIE-
HueM npaBurtesibctBa P® [1], mocTpoena 6a3a Heuer-
Kux npaBui. Habop HeUeTKUX IIPaBUJI, IIO3BOJIAIO-
Uil caesiaTh 3aKJIUYEeHe O KaTerOPpUU COCTOSHUS
o06ceryeMoro gepeBa, UMeeT CIeYIOIIUil BU.

1. IF («I'ycrora kpoubl» = «I'ycras») AND («IIpu-
poct» = «HopmanbHubiii») AND («YchixaHue Bert-
Beii» = «OrcyTrcTByeT») AND («OTmam Kopbl» =
«OtcyrcrByery) THEN («Cocrosume» = «Bes mpu-
3HAKOB OCJIa0JIEHU ).

2. IF («I'ycrora KpoHbI» = «Paspexennas») AND
(«ITpupoct» = «Ymensbiren») AND («YcrixaHue BeT-
Bei» = «OTmenbHbIe BeTBU 3acoxam») AND («Orman
Kopel» = «OrcyrcrByery) THEN («CocrosiHumes =
«OcnabaeHHoe»).

3.IF («I'ycroTra KpoHBI» = «AKypHas») AND

Kopel» = «OrcyTcTByeT») THEN («CocTogHmME» =
«CuabHO ocsiabIeHHOe»).

4.IF («I'ycrora KpoHBI» = «CHIBHO aXypHAT»)
AND («IIpupoct» = «Cnabwrii» OR «IIpupoct» =
«OrcyrerByers) AND («YcwixaHume BeTBeil» >
«Ycvixauue 6onee 2/3 Kpoubl») AND («Ormag
Kopel» = «OrcyrerByery) THEN («CocrossHue» =
«YchIXaloIee»).

5.IF («I'ycrora KpoHbI» = «CUJIBHO asKypHas»)
AND («IIpupoct» = «OrcyrerByer») AND («¥Ycewixa-
HUe BeTBel» > «YcbixaHue 0Oojee 2/3 KPOHBI»)
AND («Ormag wopbel» = «Hactuunsiity) THEN
(«Cocrosanue» = «CBeKUI CYXOCTOM»).

6. IF («I'ycrora KpoHBI» = «OTCcyTCcTBYeT») AND
«IIpupoct» = «OrcyrecrByer») AND («Yceixanue
BeTBel» > «YcoixaHue Oojee 2/3 KpoHbl») AND
(«Otnag xopel» = «Hactuunsiiiy OR «Orman Ko-
pel» = «Ilomubiiiy) THEN («CocTrosgumes = «Crapsnrit
CYXOCTO¥1»).

HeueTkme npaBuia, BKJIIOYAOINE UHBIE KOMOU-
HAIluM 3HAUEHUU JUHTBUCTUYECKUX IE€PEeMEHHBIX,
BBIXOZAT 32 PAMKH XapaKTEePUCTUKU KaTeropuu
COCTOSAHUUM XBOWHBIX ITOPOL. UTOOBI HE IOJYUYUTH
OTCYTCTBYIOIIle€ B3aKJIOUeHNe, IPUMEHEH CJIeIy-
IOIUI TIOAXOA: BHIOMpPaeTcA He OJHO 3HAUEHUE II0
KasKJIOU JIMHTBUCTUYECKOUN NepeMeHHO, a X MHO-
JKEeCTBO, YIIOPANOYEHHOE IO CTEIeH! YBEPEHHOCTH.
Paccmorpum Takoil cayuail, Korga cucremMa oIpe-
Iejnia CJEeAYIOINNe 3HAYCHUS JUHTBUCTUYECKUX
mepeMeHHBIX (TabJ. 6).

Ecau B3ATHL 3HAUEHUS II€PEMEHHBIX C MaKCH-
MaJIbHOU CTENEeHBI0 YBEPEHHOCTH, TO IIOJYUYEHHOE
peliaiiiee IpaBUJO BEIMJET 3a PAMKU XapaKTepu-
CTUK KaTeropuil coctosaHusda. 1losToMy njsa oleHKu
KaTeropum COCTOSHUS JepeBa C HCIOJIb30BAHUEM
IOCTPOEHHO! 6a3hbl HEUETKMX IIPAaBUJI B KauecTBe
(hazsuGupPoBaHHBIX BXOAHBIX ITIePEMEHHBIX BHIOU-
paroTcs 0JIM3KUE 10 CTeIIeHU YBePEeHHOCTY 3HAUCHU A
(rabu. 7).

Takum o6pa3oM, I'yCcTOTa KPOHBI OyaeT BhIOpaHa
«paspeKeHHasi», HeCMOTDPSA Ha MEHBIIYI0 CTeleHb

B Tab6ruya 6. IlonyyeHHbIe 3HAUEHUS JIMHIBUCTUYE-
CKUX [TIePEMEHHBIX, PACIIPEeJIEHHbIE II0 CTETIeHN YBePeH-
HOCTU

B Table 6. The obtained values of linguistic variables
distributed by degree of confidence

3HaueHUe (CTEIIeHb YBEPEHHOCTH)

T'ycras (0,55);
paspexxkennas (0,45)

ITepemennas

T'ycToTa KpoHBI

Ywmensbires (0,7);
HOpMaJsbHBIH (0,3)

ToguunbIil TpUpPOCT
BeTBeH

3acoxJIi OTAeJbHEIE BETBI

VYcrixaHUE BeTBeEH (0,75); ycerxaHnme 1o 2/3 KPOHEI

0,25

(«ITpupoct» = «Cnaderiis) AND («YcbixaHume BeT- ( )

Bel» = «Yepixaune 10 2/3 Kponbl») AND («OTmar Ornaz KOpb! Orcyrersyer (1)
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B Tabruya 7. 3HAUeHUSA JUHIBUCTUYECKUX IIePEeMeH-
HBIX, COOTBETCTBYIOII[VE PelIaioniemMy IpaBuiry Ne 2

B Table 7. Values of linguistic variables corresponding
to the decision rule no. 2

Ilepemennas 3HaueHune
I'ycToTa KpoHBI Pasperxennas
ToguuubIil mpupoCT
A bup Ymenbiten

BeTBen

3acoxJu OTHeJIbHbIE
BeTBU KPOHEI

VYebixaHue BeTBel

OTnan Kopbl OrcyTcTByeT

MIPUHAJIEKHOCTA YeTKOr0 BXOJLHOI'O 3HAUEHUS, I10-
CKOJIBKY TaKas KOMOMHAIUA 3HAUEHUN JUHTBUCTU-
YeCKUX IIePEeMEeHHBIX Y3Ke COOTBETCTBYET Pellatole-
My mmpaBury Ne 2.

JaHHBIN cITOCO0 TO3BOJISIET HACTPOUTH HEUETKUIA
JIOTUYECKUII KOHTPOJLJIED AJA IPUHATUS PelleHuin
00 OTHECEHUU HCCJIE[yeMOTO IepeBa K OIpeeseH-
HOII KaTeropuu COCTOSTHUS.

QRCHepI/IMeHTaJILHBIe HCCJIea0BaAHUA

IKCcIepuMeHTaJIbHbIe HCCJIENOBAHUS KaduecTBa
pPaboThI AITOPUTMA ONIPeAeIeHns KaTeropuu CoCTo-
SHUS JepeBa IIPOBeJEeHBLI Ha IIPUMepPe COCHBI, TaK
KaK MMeHHO COCHA SABJISIETCA TUITUYHBIM ITPEICTaBU-
TeJieM XBOMHBIX IIOPOJ OopeaJibHOM 30HbI. IIpu mpo-
BEIeHUM 3YKCIEPUMEHTAJbHBIX WCCJIETOBAHUN UC-
TOJIb30BaHO 228 m3006pasKeHUil COCHBI PasIUYHBIX
pasmepoB. MuUHUMAJBHBLII pasMep N300pasKeHus
coctaBua 396 x 452 mukcesnoB. [IpuMepsl UCITOIB30-
BaHHBIX N300pakeHnil IpUBEeHbI Ha puc. 7.

Hua wmccimenoBanusa 35(OOEKTUBHOCTU OIEHKU
CTeNeH! T'YCTOTHI KPOHBI C TOMOIIBIO IIPEIJIOKEeH-
HOT'0O MeToja OBII IIOATOTOBJEH HAabOp JaHHBIX, CO-
mepsxariuii parmeHTsl pasmepom 50 x 50 mumkce-
J0B. @parmMeHThl 00pabaThIBaJNCh B COOTBETCTBUU
¢ TIPeAJOKEeHHBIM MeTomoM. IIpmmepnl m3obOpaske-
HU# (hparMeHTOB KPOHBI PA3JIUYHOMN I'yCTOTHI IIOKAa-
3aHBI HA puc. 8, a—0.

B Puc. 8. ®parmMeHThl KPOHBI COCHBI PA3HOM I'yCTOTHI:
a — rycras; 0 — pasperkeHHas; 8 — ayKypHasi; 2 — CUJIb-
HO a)KypHasi; 0 — OTCYTCTBYIOIIas

B Fig.8. Fragments of a pine crown with different den-
sity: a — thick; 6 — sparse; 8 — openwork; 2 — high
openwork; 0 — missing

T'ucrorpamMMmsbl AJ1a pasinyHbIX (PparMeHTOB KPO-
HBI, IOJIyUYeHHbIe IIpu ucnob3oBanuu ELBP, moka-
3aHBI Ha puc. 9. YcaosHoe obos3HaueHue «Histl» co-
OTBETCTBYeT (DparMeHTy KPOHEI Ha puc. 8, a, «Hist2»
COOTBETCTBYET (pparMeHTy KPOHBI Ha PUC. 8, 6 U T. 1.
Kak Bugzo um3 puc. 9, Ipu yMEHBIIIEHUUW T'yCTOTHI
KPOHBI TPOUCXOAUT YBeJINUeHe KOJINUecTBa HepaB-
HOMepHBIX I1a6yi0H0B ELBP, T. €. Takux 111a6I0H0B,
KOTOpbIE OTBEYAIOT 3a YMEHbLIIeHWEe KOHTYPOB Ha
n300paKeHNN UCCIeAYEMOMA TEKCTYPHI.

Hauuble, TOJIyUYeHHbIE Ha dTalle OIEHKU I'yCTOTHI
KPOHBI Ha OCHOBE THCTOTPAMMHOTI'O IIOJXO0Aa, a TaK-

B Puc. 7. IIpumepsl UCIIOIHL30BAHHBIX N300PaKEeHUH COCHBI
B Fig.7. Examples of pine images

1000
800
600

400 4—]

200 —
0

-1 0 1 2 3 4 5 6 7 8 9 10
mm Histl == Hist3 Histb
Hist2 mm Hist4

B Puc. 9. ELBP-rucTorpamMmsbl JJid pasHbIX ()parMeHTOB
KPOHBI

B Fig. 9. ELBP-histograms for different crown frag-
ments
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JKe IpyTue XapaKTePUCTUKHU epeBa, TaKue KaK cTe-
TIeHb YChIXaHUA BeTBeH, OTIIaa KOPBI U T. I., IOCTY-
TMaloT Ha BXOJ HEUETKOTO JIOTMUYECKOT'0 KOHTPOJLIe-
pa. B kauecTBe mapaMeTpoB pabOThl HEUETKOI'O KOH-
TpoJLJIepa WCIOJIB30BaHBI MMIIMKanuda Mawmanu,
meToq nedasz3upuKaIniu — IepPBbIA MaKCUMYM, TaK
KaK MMEHHO 5TU HACTPOWKM MoKasaJu HaumboJee
OMUBKUI K SKCIIEPTHOMY MHEHUIO CIIEI[MAJINICTa —
JIeCOIIaToJIora — Pe3yJabTaT KJIacCu(MUKAIUY UCCJIe-
nyemoro nepeBa. B Tabi. 8 mpuBeneHbI pe3yabTaThI
KJIacCU()UKAIINU TeCTOBBIX N300pakeHil 1ePeBheB,
BBITIOJTHEHHOM C ITOMOIITBIO TIPEIJIOKEeHHOTO MEeTo1a.
PesynbraThl, IpuBeAeHHbIe B Ta0J. 8, comocTas-
JSJINCH C OIIEHKOI dKcIepTra. JIyullre pes3yabTaThl
TOJIyYMJINCh AJIA Kareropuii I — 0e3 IpU3HAKOB
ocyjabyieHus, V — CBEXHII CyXOCTOH (TEKYyIIero
roga) m VI — crapsiii cyxocroti. Ilorparuunsbie co-
CTOAHUA MeK Iy Kareropuamu II — ociabieHHBIE U
III — cuapHO ocabjieHHBbIe TPYAHO PA3JIUUYKNMBI, a
morpaHuYHBIe cocTosaHusa Kareropuii IIT u IV (ycbr-
XaroIme) OTJINYUTD, UCIIONb3Ys TOJBKO M300paske-
HUA, TPAaKTUYECKN HEBO3MOKHO. IloaTomy 3Haue-
HUSA II0KasaTessl TOYHOCTU KJaccuUuKaIuU s
9TUX KATeropuil IMOJYUYUJINCh CAMBIMH HUSKHUMMU.
Kareropuu V — cBeKUI CyX0CTOI (TEKYIEero roaa)
u VI — crapslii cyxXocToii (IIPOIIJILIX JIET) Pa3ae in-
MBI, TAK KaK HA CTapOM CYXOCTO€ JKMBAs XBOSA OT-
CYTCTBYET IIOJTHOCTHIO, & Ha CBEXKEM CyXOCTOe IIPU-
CYTCTBYET cepad, JKeJTasd UM KPacHO-0ypasa XBOd.
Crenyer OTMETUTH, YTO IIPEAJOMKEHHBIA METOJ
OCHOBAH Ha 00paboTke 2D-m3o00pasKeHU, 1, Caem0-
BaTeJIbHO, BOCCTAHOBUTL 3D-CTPYKTYpy HepeBa He
mpeAcTaBIgeTCA BO3MOXKHBIM. OmHAKO METOX TIO-
Ka3bIBaeT XOPOIIINe Pe3ysabTaThl KJIacCuPuKamuy u

B Tabnuya 8. PesynbraThl KiIacCU(PUKAIUN TECTOBBIX

usobpakeHuit, %
B Table 8. Classification results of test images, %

N\

Beprasa Omubkra Omubkra
Kareropus

KJlaccu(uranusa I pona II pona

I 99,24 0,76 2,04

11 86,11 13,89 12,74
IIulV 83,44 16,56 10,15

A% 98,42 1,58 1,11

VI 98,70 1,30 2,15

crocobeH (popMUPOBaTH O0BEKTUBHYIO OIEHKY CO-
CTOSHUSA JAepeBa, He IpeabaBiad 00abline TpeboBa-
HUS K BEIUHUCIUTEJIbHBIM pecypcaM.

3aKJI0ueHne

B pabGore mpencraBiaeH MeTOn OIEHKHM KaTero-
pUu CaHUTAPHOTO COCTOAHUS AepeBa Ha IpUMepe
cocHbl. MeToz BKJIOUAET yxajeHue (poHA METOJOM
IOPOroBOM 00pabOTKM, TEeKCTYPHBIN aHaau3 Ha Oa-
3e pacIIupPeHHBIX OMHAPHBIX MIA0JOHOB W IIPHUMe-
HeHMte KOHTPOoJIJIepa Ha HeueTKoH Jioruke. KycouHo-
JuHeliHble TpadUKM JUHTBUCTHUUECKUX TIepeMeH-
HBIX AINPOKCUMUPOBAHBI TVIAAKUMYU (DYHKIIUAMU:
IpoBeeHa CILTaWH-aOOpPOKCUMAIUa (QYHKIIUAMU
Taycca. 9KcnepuMeHTaJbHBIE WCCIEJOBAHUSA IIOJ-
TBeP:KAAIT 3(h(PEeKTUBHOCTh Pa3padoTaHHOro aJjro-
puTMma.
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Classification of tree stand condition using visual data based on fuzzy logic

A.S. Pyataev®P?, Post-Graduate Student, orcid.org/0000-0001-5489-8555

M. N. Favorskaya?, Dr. Sc., Tech., Professor, orcid.org/0000-0002-2181-0454, favorskaya@sibsau.ru

aReshetnev Siberian State University of Science and Technology, 31, Krasnoyarsky Rabochy Av., 660037 Krasnoyarsk,
Russian Federation

bBrunch of FBI «Russian Centre of Forest Protection» — «Centre of Forest Protection of Krasnoyarskiy Kray»,
50A/no. 2, Akademgorodok St., 660036, Krasnoyarsk, Russian Federation

Introduction: A reliable assessment of tree condition directly affects the planning of economic indicators for the use of forest
resources and ecological actions for forest protection. Therefore, the correct evaluation of the sanitary state of forest is very important.
At present, the decisions that forest pathologists make about classifying trees or forest areas are based on visual inspection and their
subjective knowledge about the tree features. Purpose: Development of a method for classifying the condition of a tree in terms of its
crown density degree and other features, based on fuzzy logic with characteristic functions for linguistic variables such as “Crown
density”, “Annual branch growth”, “Bark falling off” or “Shrinking branches”. Results: The proposed method classifies the tree
condition using pine as an example. The method consists in preliminary image processing, including the removal of background objects,
extraction of texture features as extended binary patterns, and application of a specially designed controller based on fuzzy logic. We
propose four types of linguistic variables, with their respective terms. For these variables, characteristic functions are specified in
tabular form and then approximated by smooth functions. A fuzzy logic controller allows you to obtain an objective assessment of the
tree crown condition. Experimental studies confirm the effectiveness of the developed method. Practical relevance: The intelligent
system of classifying the tree condition according to visual data can provide a significant support to plantation survey specialists. The
proposed method allows you to improve the quality of forest monitoring, minimize the influence of human factor, and organize the
forest protection in the best possible way.

Keywords — classification, tree condition, fuzzy logic, fuzzy controller, image processing, texture analysis.

For citation: Pyataev A. S., Favorskaya M. N. Classification of tree stand condition using visual data based on fuzzy logic. Informatsionno-
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ApanTUBHas MHOronoporoBas ceneKuusi o6 beKToB
Ha U306pa)KeHusIX B CHCTeMaX JUCTAHLMOHHOIO
30HAMPOBaHUA

B. I0. Bonkos® S, nokTop TexH. Hayk, npocheccop, orcid.org/0000-0001-8552-4775, vl_volk@mail.ru
aCaHKT-lleTepOyprckuii rocyapCTBEHHbIN YHUBEPCUTET ad3pOKOCMUYECKOro NPUBopOoCTPOEHUS,

B. Mopckas yn., 67, CaHkT-lleTepbypr, 190000, P®

SCaHKT-MeTepbyprekuit rocyapCTBEHHbIN 3/IEKTPOTEXHUYECKMI yHuBepeuTeT «J13TW», Mpogheccopa
lonoBa yn., 5, CaHKT-INeTepbypr, 197376, P®

BBegeHue: o6HapyxeHue, cenekymsi u aHann3 o6bekToB MHTepeca Ha LuGpPOoBbIX U306paxeHUsIX ABASIOTCSA BaXHeNLIen 3a-
fiaveii B cucteMax QUCTaHLUMOHHOIO 30HAMPOBAHUSI U TEXHUYECKOro 3peHust. I3BeCcTHble MeToAbl MOPOroBOro 06HapyXXeHus u
cenekymu 06bEKTOB He UCMOJIb3YHOT pe3ysibTaTbl 06paboTKM, MOITOMY He 06ecreYnBaloT HU3KYH BEPOSITHOCTb JIOXKHbIX TPEBOT
Y 1710X0 COXPaHSOT (hopMY BblfiensieMblX 00bEKTOB. IMeeTCs J0BOIbHO Masio pe3ysibTaToB KOJIMYECTBEHHOM OLjeHKM KayecTBa
Takux anropuTMOB Kak Ha MofesbHbIX, TakK U Ha peasibHbiX u3obpaxeHusix. Llenb: nccnegosanne aghceKTMBHOCTU anropuT-
MOB 06HapyXeHWsl, Bbl4e/IeHUs U JIOKaIn3aLmm 06 beKTOB MHTEPECa, UCMOMb3YOLLMX CeNeKLuo 00bEKTOB M0 reOMEeTPUYECKUM
XapakTepucTMKaM, B yC/IOBUSIX arpuUOPHOI HeornpeneseHHOCT OTHOCUTENIbHO CBOMCTB OOBbEKTOB U (hOHa NMpu coxpaHeHun
bopMbI cenekTupyemMbix 06 beKTOB. Pe3ynbTaTbl: MosyyYeHbl U UCCejoBaHbl XapaKTEPUCTUKMN airopuTMOB 0BHaPYXXeHUS U Bbl-
fieneHnst 06 beKTOB UHTepeca Ha TeCTOBbIX MOAEISIX MOHOXPOMHbIX M306paxeHuni. PeanmaoBaHHble MPOrpaMMHO, aaropuTMbl
UCrosb3YHT MHOIOMOPOroByto 06paboTKy, KoTopasi faeT Habop ABOMYHbIX CPE30B. 3TO MO3BOJISIET MPOBOAUTHL MOpchosioruye-
CKYto 06paboTKy 06bEKTOB Ha KaX[OM cpe3e B LefifX aHanm3a ux reoMeTpudeckux xapakTepucTuk U nocniegyroiiero otbopa
110 reOMeTPUYECKUM KPUTEPUSM C YHETOM 3chcheKTa NepKonsiLum, KOTOPbIN NPUBOANUT K MU3MEHEHUIO MioLaan 1 pparMeHTa-
Uun 06bekToB. B pe3ynbTaTe aHanm3a aTUX MU3MEHEHWUI yCTaHaB/IMBAETCSA afanTUBHbINA MOPOr 0bHapyXXeHUs1 A1s1 Kaxoro ns
Bbl6paHHbIX 06bEKTOB. Cenekyunsi No3BOJISIET 3HAYNTESIbHO CHU3UTb KOJIMYECTBO JI0OXHbIX cpabaTbiBaHWUI Mpy 0B6HapyXXeHUn u
yCTaHOBUTbL Noporu 6osiee HU3KOro YPOBHS, YTO MOBbILLIAET BEPOSTHOCTb MPaBUIbHOr0 0BHapyXXeHWs1 MIHTEPECYHLLUX 06bEKTOB.
MpepcTaBneHbl xapakTepUCTUKU 0BHaPYXeHUs1 U pe3ysibTaTbl 06paboTKM TECTOBbIX Mofener N300paxeHui, a Takxe pe3ysib-
TaTbl cenekymn o6 beKToB Ha peaslbHOM TeNleBU3NOHHOM U PafnosIoOKaLMoOHHOM U306paxeHuu, nogTeepxaarolumne a¢hhekTns-
HOCTb PacCMOTPEHHbIX anroputMoB. lMpakTuyeckass 3HAYUMOCTb: anropuTMbl CrioCoBHbI Bosiee ahheKTUBHO CeNleKTUPOBaTh
00beKTbl Ha U300paXeHUsIX pas3/IMYHON NPUPOAbI, MOJTy4YaeMblX B cCUCTEMaX [UCTaHLUMOHHOIO 30HAMUPOBaHWS, cCUCTeMax ucce-
Jl0BaHUsI MaTepuasioB U B cUCTEMaxX MeAULMHCKON AMarHOCTUKN. X MUKpONpoLeccopHas peannsauuns CylLeCTBEHHO MpolLye,
yeM peanu3auusi yHUBepcasbHbIX 00y4yaeMbiX anropuTMoB Ha 6a3e HeMPOHHBIX CETEN.

KntoueBbie cnnioBa — MHOronoporoBasi o6pa60TKa, cenekymnsa 00bEKTOB, nepkosnasauus, afganTuBHbIN rnopor, cenekyuns npun-

3HAKOB, KPUTEPUM CErMEHTaLUM.

st uuruposanus: Bonkos B. 0. AjantuBHasi MHOrOIOPOrosas cesieKnusi 00'beKTOB HAa M306PaKeHUX B CUCTEMAaX AMCTAHIMOHHOTO
soHAupoBaHuA. HH(opmayuonno-ynpasrsiouue cucmemst, 2020, Ne 3, ¢. 12-24. doi:10.31799/1684-8853-2020-3-12-24
For citation: Volkov V. Yu. Adaptive multi-threshold object selection in remote sensing images. Informatsionno-upravliaiushchie
sistemy [Information and Control Systems], 2020, no. 3, pp. 12—24 (In Russian). d0i:10.31799/1684-8853-2020-3-12-24

BBenenue

IIpoGieMbl 00HAPY KEHUS, CEJeKITNU U JIOKAJIH-
3anuu 00LEKTOB MHTEpeca Ha M300pasKeHuAX pas-
JINYHOU IIPUPOALI BECbMA AKTYaIbHBLI I MHTEHCUBHO
M3yYalTCcAd. ITU 3aJaUM PEIlaioTCsA TeJIeBU3NOHHbI-
MU, THPPAKPACHBIMY, JIA3EPHLIMHA U PaJHOJJIOKAIIN-
OHHBIMU CHUCTEeMaMM HaOJIONeHUsS C CUHTe3WPOBAaH-
HBIMU aneprypamu [1-5].

CerMmeHTanusa u300paskeHUA HA OTAEJIbHBIE 00h-
eKTBHI OOBIUHO OCHOBAHA HA TAKUX XapaKTePUCTU-
KaX, KaK OTHOPOJHOCTH MHTEHCUBHOCTHU U COOTBET-
crBue [[BeTOB. OCHOBHLIMHU CBOMCTBAMHU 00'EEKTOB II0
OTHOILIEHHUIO K (DOHY ABJSIOTCA NX KOMIAKTHOCTD U
M30JINPOBAHHOCTL. PernoHaJibHbIe METOAbI OCHOBA-
HBI Ha CBOICTBax o0JlacTell M Ha TPEIIIOJIOMKEeHUN,
YTO cocemHmMe MMUKCEJU B Ipeaeaax 00JacTu 00beK-
Ta UMeIOT 0oJjiee UM MeHee CXOAHBIe 3HaueHuA [4].

ITogpoOHBITT 0030p METOJ0B CErMeHTaIluu OO0BeK-
TOB, KOTOpbIE JOCTATOUHO YHUBEPCAJBbHBI IJIS Pas-
JUYHBIX TPUJIOMKEHUN aHaau3a m3o0paskeHuii, 6es
OrpaHUYEHUsI CHUCTEMaMM JUCTAHIIMOHHOTO 30HMIU-
poBaHNs, MHUKPOCKOIIMYECKOH WJIM OMOMEIUIIMH-
CKOI1 BU3yamsaiuu, IpuBeeH B pabore [5].
MmuoromoporoBass o6paboTKa cBs3aHa ¢ IIpPeood-
pasoBaHMEM WCXOJHOTO MOHOXPOMHOTO M300paske-
HUA B HaOOp OMHaApPHBIX cJ0oeB. B ciryuae mocraTou-
HO OOJIBIIIOTO YWCJIA TTOPOTOBBIX 3HAUEHUN MOKHO
TPEAIIoJIOKUTE, UTO TAKOe ITpeodpasoBanme He IPU-
BOJIUT K moTepe nadopmanuu. B To :xe BpeMms oopa-
00TKa MBOMYHBIX M300pasKeHuii mpoire u ObICTpee,
yem o0OpaboTKa mM300pasKeHuil B OTTEHKaX CEeporo.
Pasauunble TpuMeHeHHsS MHOTOIOPOTOBOM ob6pa-
OOTKM [IJIS CerMeHTAIllN M300paskeHuil Oblau pac-
CMOTPEHBI B MHOTOUMCJIEHHBIX PaboTax, HaIpUMep
[6-13]. Kak mpaBmio, MHOTOIIOPOTOBasg CErMeHTa-
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1S OCHOBaHA Ha CBOMCTBAX T'MCTOTPAMMBI MCXOZ-
HOTr'0 M300pasKeHnsi, IPUYEM IIOCTeTHUM I1aroM siB-
JIsIeTCs BBIOOP ONTUMAJIBHOTO IIOPOT'OBOTO 3HAUEHU .
CgolicTBa 00'LEKTOB MHTEpPEca U Pe3yJbTaTbl UX Ce-
JIeKIIUY TTPU ATOM HUKAK He YUUTHIBAIOTCS U HE UC-
TOJIB3YIOTCS B aJITOPUTME 00pabOTKU.

B manHOIT cTaThe pasBUBaeTCA U KOJUYECTBEHHO
aHaAJM3UPYEeTCA OPUTHHAJNLHBIM TOAXOM K aHaJIu3y
MOHOXPOMHBIX U300pasKeHni1, OCHOBAHHBIII HA MHOI'O-
TIOPOT'OBOI 00paboTKe ¢ yueToM 3 GheKTa ITePKOJIAIAN
(mpocaunBauus) [14-16]. Crenuduyeckoit 0cobGeHHO-
CTBIO TIOZIXO/Ia ABJISIETCS TO, YTO CETMEHTAITNS U OTOOD
OCYIIIECTBJISIOTCS HA OCHOBE aIlOCTEPUOPHOM HH(MOP-
MAaIi¥ II0CJIe MOJYUeHNsI OMHAPHBIX CJIOEB [JIS Psga
TIOPOTOBBIX 3HaueHuil. OCHOBHAA WIeA 3aKJIIOYAETCA
B TOM, UTOOBbI MCKJIIOUUTH ITPEBAPUTEIbHOE 00yue-
HUe, a TapaMeTphl aJITOPUTMa CeJeKIUU O0HEKTOB
HaCTpaMBaTh AJIA KasKJOr0 M300paKeHus, a 3aTeM U
IJIA KaXKJI0ro 00'beKTa B OTAeIbHOCTU. TaKoil moaxon,
TI03BOJIAET CBA3ATh CBOMCTBA 00'bEKTa Ha COCETHUX OU-
HaAPHBIX CJIOSAX U IOCTPOUTH TPEXMEPHYIO MepapXude-
CKYIO CTPYKTYPY AJIs IOCJIEeYIOIIE CerMeHTaI V.

IhdeKT mepKoNANUN CBA3AH C IPOCAYUBaAHUEM
MMyCTHIX TMHUKCeJel B 00JIacTh, 3aHUMAaeMy0 00beK-
TOM, IIPU YBEeJIWUYEHUHN MOPOTOBBIX 3HAUEHUI, UTO
B KOHEUYHOM HTOTe IIPUBOIUT K €ro PaspyIIeHuio 1
TOABJIEHUIO HOBBIX O0BEKTOB M3 00pPa30BaBIIUXCS
dparmenTos [14, 15]. Berumcasaa msMeHEHUA ILJIO-
magy A KasKIOro 00beKTa, MOKHO BBECTH YCJIO-
BUA €ro CYII[eCTBOBAHUA Ha HEKOTOPOH COBOKYII-
HOCTHU [IOPOrOB M OIIPEIEeJIUTh TPEeXMEPHYIO mepap-
XUUYECKYI0 CTPYKTYpPY, Te TPETbUM Hu3MepeHUeM
Oymet 3Hauenue mmopora. Ilociae 3D-peKoHCTPYKIINHT
BCE€ MHTEepeCyIoIue 00 beKTHI MOT'YT OBITH OTOOPAHBI
C WCIIOJIb30BAaHUEM PAa3JIUYHBIX KPUTEPUEB, TAKUX
KaK KO3((PUIUEeHT MNePKOJAINU, TeOMeTPUUYECKUe
XapaKTePUCTUKU UJIU ITapaMeTPhl TeKCTYPHI [16].

Cejexknua 00'b€KTOB Ha OCHOBE
MHOTOIIOPOTOBOI 06padoTKH

YT006BLI peasn30BaTh CeJEKIIUI0 00heKTa, Heoo-
XOJAMMO OIMCATH X YUECTh IPU 00paboTKe OKuaae-
MbIe cBoiicTBa o6bekTa. Kak mpaBuiio, HabIOmaeT-
cq ocTpas HeXBaTka MH@opMmanuu 00 00beKTax, 3a
UCKJIIOUCHNEM THUINYHBIX PasMepOB M HEKOTOPBIX
IIPEIIOJIOKEHN O ILIOMagu, Iepumerpe, (opme
u opueHTanuu. HoBas umes COCTOUT B TOM, UTOOBI
BBIOpPATh M YCTAHOBUTH OIITHMAJIBHOE IIOPOTOBOE
3HAUeHIe Ha OCHOBE Pe3yJILTATOB CeJIEKIINU 00beK-
TOB B MHOT'OIIOPOT'OBOM CTPYKTYPE AJISI JOCTUMKEHUS
HAWJIYYIIero pe3yabTaTa, OMNpasich Ha all0CTEPHUOP-
HYI0 THQPOPMAIUIO. ITOT HOAXO ObIJI IIEPBOHAYA D"
HO TIpeasosKeH B pabore [17] Aia BuImeIeHUS MEJIKO-
MAacIITa0HBIX 00'bEKTOB.

ILnomans o0beKTa ABJISETCA OUeHb d(P(PEeKTUB-
HBEIM IIPU3HAKOM [IJIsI BBIJEIeHUA OOBEKTOB IIPU

MHOTOIOPOT0BO# 06paboTke [16]. Cio:KHOCTH pea-
JIM3aIUy aJITOPUTMOB 3aKJII0UaeTCsA B HEOOXOIMMO-
CTU YKasbIBaTh a0COJIOTHBIE 3HAUEHUA ILJIOIIAAU
B nuKceasax. OOBIUHO MOYKHO NCKJIIOUNTH U3 PACCMO-
TPeHUsI HeDOJIbIIe 00beKThl, KOTOPhbIe BOSHUKAIOT
u3 (GoHA UIU ABIAIOTCI MEJIKHUMU (parMeHTaMu
KPYIHBIX O00BEKTOB, ITOABEPTIINXCA Pa3pPYIIEeHUI0
Ha 5TOM IIOpOTre. JTO IT03BOJISAET YIPOCTUTDH AJITO-
PUTM U YCKOPUTH BblumciieHus. OgHaxKo peasusa-
musa MHOToOMAcCINTa0HOUW 00paboTKu TpebyeT MHBA-
PUaHTHBIX IPU3HAKOB 00HEKTOB.

B upeasne npna xaskmoro o0beKTa MHTEpPeca Tpe-
OyeTcs cBOe TIOPOT0BOEe 3HAUEHUE, U TaKWe aJfallTUB-
HbI€e JIOKAJIbHBIE IIOPOT'Y MOT'YT OBITH ChOPMUPOBAHBI
C TIOMOIITBIO JIOKAJbHBIX (CKOJMB3AIINX) OKOH, B IIpe-
JIesax KOTOPBIX (DOH cumTaeTcs OJHOpomHBIM [18].
Taxme mMeToanbl TPeOYIOT AIPHUOPHOIO 3HAHUS pPas-
Mepa u (popMbI HHTEPECYIOIero 00beKTa, B IPOTUB-
HOM CJIyJae BOSHUKAIOT 3HAUUTEJbHbIE NCKAMKEHUS
¢opmsbl o6bekTa. [Ipu MaabIxX pasMepax OKOH IO OT-
HOIIIEHUWIO K pasMepaM 00BbeKTa BOSHUKAaeT a(hdexT
nudepeHIIIPOBaHUA (POpPMBI, B PE3yJbTaTe UYETO0
TMOAABJAIOTCA IIEHTPaJbHBIE 00JacT OOBEKTOB.
Kpome Toro, ucrosib30BaHMe JIOKAJIbHOI'O OKHA, KO-
TOPOE OXBAaTHIBAET 00'BEKT U IPUJIETATOIITNI YUACTOK
(oma, IPUBOIUT K ITOTEPe paspelneHus 6JJu3Ko pac-
OJIOKEHHBIX 00BLEKTOB 1 MOAABJIEHIIO OJHOT0 00'b-
eKTa COCeIHNMH O0BEeKTaMI, KOTOphIe IIOMagaoT
B 00J1aCTH ATOTO OKHA.

PaccmarpuBaembiii 37ech IIOAXOJ OCHOBAaH Ha
MHOT'OIIOPOT0BOI 00paboTke. OAUH U3 METOHOB IIPe-
moJjiaraeT yCTaHOBJIEHME IIOpora AJA KasKIoil Kare-
TOPUYU UHTEPECYIONINX 00 beKTOB, KOTOPbII BHIOKUPA-
eTcdA IO 3aaHHOMYy KpuTtepuio [16, 17, 19]. B aTom
caydae MOT'YT MCIIOJIb30BAThCS PA3JIMUYHbIe ITapaMe-
TPBI AJIs1 OMUCAHUS KAaTeropuu 00'beKTOB, TaAKNe KaK
pasMep obmeKTa mau ero (opma. VIHBapuaHTHBIE
mapamMeTphl, TaKue KaK OTHOIIEHWEe ILJIOIagu Ie-
puMeTpa K ILJIOIIAAX, KO3(pPPUIIMEHT YAJIUHEHUSI
OITMCHIBAIOIIET0 AJIJIUIICA U APYTHe TeoMeTpUYecKIie
UJIN TEKCTYPHBbIE XapaKTePUCTUKMU, 0ojiee YAOOHBI
IS aHajau3a pPas3HOMACHITA0OHBIX M300paKeHu’H.
Ha kaxgomM OMHapHOM CJIO€ CEeJIeKTHUPYIOTCA 00b-
eKTBI, YIOBJETBOPAIOIINE 3aJaHHBIM TeOMeTpudYe-
CKMM CBOMCTBaM, a IIOPOT OMHAPUIAIIUY OIS TAKUX
00'bEeKTOB YCTaHABIMBAETCA TAKUM 00pa3oM, UTOOBI
MOJYYUTH MAKCUMAaJbHOE KOJTMUYECTBO BBIAEJIEeHHBIX
00bEeKTOB MAHHOI KaTeropuu (MJIM UX IITHUKCeJei)
C yueToM TpedyeMoro coxpaHeHus ()OPMbI 00HEKTOB
[19]. 9ToT mporecc MOKeT OBITH AaBTOMATHU3UPOBAH,
YTO IPUBOAUT K AJAIITUBHBIM METOJaM YCTAHOBKU
mopora.

OrHaKo Takoi croco0 He IIOAXOIUT OJIs 00beK-
TOB, Pa3JIUUAIONINXCS II0 TLJIOINAAN W WHTEHCHUBHO-
cru. VIHBapuaHTHBIE TeoMeTpPHUYEeCKUe IPU3HAKU
B 3HAUUTEJIbHOU CTEIeHU IIPeOI0JIeBaI0OT BhINIEYKa-
3aHHOe orpanmuenue. OTHUM U3 TAaKUX MPUSHAKOB
ABJIAETCS OTHOIIEHUE IlepuMeTpa O0beKTa B KBaj-
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pare K mjomanu obbexTa: Py = P2/47S. Bror npu-
3HAK XapaKTepu3yeT KOMIIaKTHOCTb obbexTa [16].
Hopmupyromuit KoadduiineHT 471 BBOZUTCA IJIA
TOr0, 4TOOBI 00ECIIeunTh eAMHUYHOEe 3HAaueHUe KO-
spdumnmerHTa AJaA Haumbojgee KOMIAKTHOTO O0BEeK-
Ta, KOTOPBIM sBJAeTcA Kpyr. IIlymMoBbIe U (hOHOBBIE
00'beKThI OOBIYHO XapaKTEePU3YITCA «(PpaKTaaIbHbI-
MU I'DaHHUIAMU», TIOITOMY UX 3HaUeHus Py HaMHOTO
npesBblnamT exuauily. O0beKTHI MHTEepeca, OTJIU-
Jaroneca KOMIIAKTHON ()OPMOIi, UMEIOT MEHbIIINE
3HAUEHUA KO9(PUIIMEHTOB, UeM IIIYMOBbIe O0bEK-
THI, YTO IIO3BOJIAET OOHAPYKMBATH U BBIJEIATH UX
Ha IIyMHOM ()OHE.

Jpyrum reoMmeTpuuecKUM MHBAPUAHTOM ABJISIET-
cA Ko3(h(PUITMEHT IIPOTAKEHHOCTH INIaBHOU OCHU OITU-
CBIBAIOIIEro ajumnca: P, = nL2/4S. B sToM ciayuae
HUCIIONB3yeTcs 0oJiee CIVIasKeHHAs OIleHKa ITPOTH-
SKEHHOCTU I'PAaHUIBI 00'bEKTa 10 CPAaBHEHUIO C TIEPU-
meTpoM. I[J1s1 Kpyra oH TaK:Ke paBeH equnuiie [16].

IIpu ucnonws3oBannu Kospdunuentos Py u Pj
IOPOTOBBIA YPOBEHb MOJKET OBLITh YCTAHOBJIEH MIJIS
KasKJOTO 13 BRIOPAHHBIX 00'HEKTOB IT0 MUHUMAJIBHO-
My 3HAQUEHUIO 5TOro Koa(p(pullmeHTa Ha olpenesieH-
HOM OMHapHOM cpese. B aToM ciryuae ompeendaoTesa
aJanTUBHBIE JIOKAJbHBIE IIOPOTH. OTU METOABI IIO-
3BOJIAIOT 3HAUYUTEJIHHO CHUBUTH KOJMUECTBO JIOMK-
HBIX cpabaTbIBaHUI NP OO0HAPYKEHUU, a TaKiKe
HUCIIOJIb30BATh MOPOTU 0OoJiee HU3KOTO YPOBHA, UTO
TIOBBINIAET BEPOATHOCTH IIPABUJILHOTO OOHApYIKe-
HUSA UHTEPecyoIux 00beKT0B. OCHOBHBIMU TPYI-
HOCTAMU Ha 3TOM IYTU ABJAETCA OIIPeJesieHNne Ha-
06opa IIOPOTOBBIX YPOBHEMH, OTHOCAIIUXCA K JTaHHOMY
00'BEKTY, 1 3aJJaHUe TPaBUJI (POPMUPOBAHUA HOBBIX
00'bEKTOB U3 OTKOJIOBIINXCSA (DPATrMEHTOB. OTU TPYI-
HOCTH OBIJIM YCIIEIITHO IIPeoAoJieHbl B paborax [16,
17, 19], rme, onHako, He OBLJIO KOJIUYECTBEHHBIX OIle-
HOK IIOJIyYaeMbIX Pe3yJIbTaTOB OOHAPY KEHUSA U BBI-
IeJeHns1 00beKTOB.

B mamHOI cTaThe UCCIEAYIOTCA XapaKTEPUCTUKHI
KauecTBa aJTOPUTMOB, KOTOPBIe IIPOTPAMMHO pea-
JM30BaHBI HA OCHOBE Ueil MHOTOIIOPOTOBOM CeJeK-
IUU C WCIOJb30BaHMEM YKAa3aHHBIX I'eOMeTpuye-
CKUX IPU3HAKOB.

Hepapxuueckas cTpyKTypa
Ha 0CHOBE MHOTOIIOPOTOBO¥ 00Pa0OTKH
¢ yueToM 3(h(eKTa IeprOJIAIUN

YT006BI BHIOPATH JOKAJBHBIN ITOPOT, HEOOXOIMMO
YCTAHOBUTH OTHOIIEHUS MEXKAY OTHeJbHBIMU Ou-
HaApPHBIMU CJOAMU U ONPEAeSUTh, UTO TAHHBIN TUK-
ceJib IPUHAJIEIKUT OTHOMY U TOMY K€ UJI HOBOMY
00'bEKTY, KOTOPBIN IIOABJIAETCS HA HOBOM OMHAPHOM
cJioe BMECTO IpeabIayIiero ms-sa spderra dpar-
MEHTAIluM IIPU YBEJUYEHUU IIOPOTOBOTO YPOBHA.
AJropuTM [0JIXKE€H YCTaHABJIWBATDL CBA3SU MEMKIY
TIUKCEeJAMU ¢ OAUHAKOBBIMU KOOPAMHATAMM Ha pPas-

HBIX OMHAPHBIX CJI0AX. ITocse BBeIeHM A HEKOTOPOTO
mapamMeTpa, OIPeIessioIero 3aJaHHOe COOTHOIIe-
HUe MEeXAY II0IaaaMy 00beKTa Ha PAa3HBIX CJI0AX,
MOKeT ObITh Cc(OpMUPOBaHA TpexMepHas uepap-
xuyecKad CTPpyKTypa. OHa cTpouTcsa Ha 6ase OmHO-
ro 6mHapHOro (6esioro) 00beKTa, MOJYUEHHOTO IIPHU
HYJIEBOM IIOPOTOBOM 3HAUEHWU W COBIIAJAFOIIErO II0
IJIOIIIalNl CO BCeM m30o0paskeHueM. s perreHusA
9TOM 3aJjauy UCIIOJb3YeTCsI CTPYKTYPa, OCHOBAHHASA
Ha 3((PeKTe MEePKOJAINNU, MCCIEIOBAHUE KOTOPOU
HauaTo B pabore [16].

PaccmoTpum OmMHapusayioo MOHOXPOMHOI'O M30-
opaskenusda I(x, y), roe I — UHTEHCUBHOCTH, & X, Y —
KOOPAUHATHI ITUKCEJEel, C MOMOIIbI0 II00aJIbLHOTO
nopora T. B pesyabrare moJsiyyaeTcsa OMHAPHBINA CJIOMH
(cpes) By: {Bp=1, ecnu I(x, y) 2 T; By =0, ecinu
I(x, y) < T}, B KOTOPOM IIOAMHOKECTBO eIUHUIL IIPEJ-
CTaBJIAET MHTEpPecyIoue 00 beKThI (IIepeIHuH I1JI1aH),
Takue KaK 3JaHWus, COOPY:KeHUsA, TPAHCIIOPTHBHIE
cpezncTBa, beperoBas JUHUS, a IOJIMHOYKECTBO HYJIeH
OTHOCUTCSI K (DOHY, KOTOPBIA OIpeaessieTcs JIaH.-
maToM obaacTy HAOIIOAEHN. YBeJIUnUeHre Iopora
OPUBOIUT K «IIPOCAYMBAHUIO» HyJeil Ha OMHapPHBIX
n300paKeHnAX, B pes3yJabTaTe KOTOPOTO IIJIOIIAJU
00BbEKTOB YMEHBIIIAIOTCs, a Jajiee OHU (hparMeHTu-
pyiorcsa (pasBaJMBaIOTCs) HA YaCTH, KayKaad U3 KO-
TOPBIX MOJYKET JIN0O MPUHAAIEKATh UCXOTHOMY 00b-
eKTy, JI1u00 00pa30BaTh HOBBIA OOBEKT HA STOM CJIOE.
31ech MCHoIb30BAHBI 0003HAUECHM I, BBeIeHHBIE B pa-
6ore [19]. Bce momenupyeMble 1 HcCIenyemMble M30-
OpaskeHUs IIPEJCTABJIAIOTCA B IUMPoBOM (opmare
B AuamnasoHe mHTeHcuBHOCTeH oT 0 10 255.

Haunewm ¢ mysnesBoro nopora T =0, xorga I(x, y) > 0
YIOBJIETBOPAETCA AJIA BCETO U300paskeHus, o0pasysa
TaKUM 00pa3oM OMHAPHBIN CJI0M, COAEePIKAIIUN OIUH
TJIO0ANBHBIA M30JUPOBAHHBIN OOBEKT ILJIOIIATBIO
S, 1 3aHUMAIOIK IONTHBINE pasMep M300paKeHNs.
ITycts mopor T yBenmuuBaerca Ha AT, Tak 4UTO He-
KOTOPBIE TUKCEJIU MOABIAIOTCSI HUKe HOBOT'O IIOPO-
ra AT, a cBepXy cO3[aeTcsA HOBBIYT OMHAPHBINA CJIOH,
ynosaetBopsatonuii I(x, y) > AT. Ecau AT otHOCcuU-
TeJIbHO HEBEJINKO U U3 00'beKTa MCKJIIOUeHAa JIUIIb
MaJiasg JacTh IMHUKceJel, TO II00aJbHBIN M30JIUPO-
BaHHBIN 00'EKT OCTAETCS eAUHCTBEHHBIM, HECMOTPS
Ha yMeHbIIIeHKe ero miomanu: Sy < S,.

IIpu pasnbHeliIIeM yBeJIWYEHUHW IIOPOTa [OJIs
IUKCeJel ¢ MHTEHCUBHOCTHIO HUMKE IIOpOra CTaHO-
BUTCS JOCTATOUYHO OOJBIINON AJISA TOTO, YTOOBI 3THU
MIUKCEJIU CJIUBAJINCh BMECTe, 00pasys YepHble IIATHA
B u3o0pakeHUU. B KOHEUHOM cUeTe 5TO IPUBOILUT
K 00pa30BaHMIO PA3PHIBOB B MCXOAHOM 00'HEKTE U OT-
JIeJIEHUIO OT HEero (pparMeHTOoB. ITOT BUJ U3MEHEeHU I
(azoBOrO0 COCTOSAHUA WM3BECTEH KaK IEPKOJIAINA
[14]. ITocsie paspyleHna UCXOJHOTO 00beKTa Ha ero
MecTe opMupyeTca Habop hparMeHTOB, KasKIbIi U3
KOTOPBIX MOJKET ObITH er0 IpeeMHUKOM. B aToM ciry-
yae HeoOXOAUMO PeIlUTD, CYIeCTBYET JIU ITIPEeMHUK
HCXOJHOT0 00'beKTa BOOOIIe UM UCXOAHBIA O0BLEeKT
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YVHUUYTOXKEH U Bce (hparMeHThbI, KOTOpPbIE MOABJIA-
IOTCS, ABJAIOTCA HOBBIMU OOBbeKTamMu. [Jig 3TOTO
BBOAUWTCSA IMapaMeTp, XapaKTepU3YIONNuN yCTOHUU-
BOCTBH KaiK/IOI'0 N30JIMPOBAHHOIO 00BEKTA IIPU U3Me-
Hennu nopora. OH CBABAaH CO CKOPOCTHIO, C KOTOPOH
IJIOIIAb M30JUPOBAHHOIO O0BEKTAa YMEHBIIAETCS
IIpy yBeJudeHuu mopora. IIpoBoguiiocsk paccmorpe-
HUe JaHHoTo s derTa [16], HO 6e3 KOJIUUeCTBEHHO
OIIEHKHU er0 BAUAHUA Ha 9P(PEeKTUBHOCTH CeJIeKI[UU
00'BEKTOB.

Has1 KasKaoro u3 JBYX CMEKHBIX CJIOEB OTHOIIIE-
Hue Kg = Sy, \p/ Sy XapaKkTepusyeT JOJIIO CBA3aHHBIX
MUKCceJel, XpaHAMUXCA BHYTPH H30JHUPOBAHHOTO
oobekTa. IlanbHelilllee yBeJnueHUE TOPOra OCTAB-
JAgeT Bce OOJIbIIIee UWMCJIO MUKCesell 00beKTa HUKe
HOBBIX moporoB 1T + EAT, roe k=0, 1, ... ecTsb 11€J0€
YnCJIO caoeB. 3HaYeHNe Ky 3aBUCUT OT ABYX CMeEXK-
HBIX 3HAUEHUH II0pora, 1 ero MOKHO CUUTATDH XapaK-
TEePUCTUKON OKUIAEMOM CTOMKOCTU (YCTONUMBOCTHU
ILIOMIAAN) AJIsI O0'bEKTa 110 MePe YBeJIUUYEeHUs IIopora.
Ero yuer 1mos3BoJisieT cBsi3aTh KasKIble JBa COCEIHUX
OMHAPHBIX CJIOA JJIA BEHIOPAHHOTO O0'BEKTA.

ITora orrommenne K¢ paBHO UK GOJIBIIE ITOJOBHU-
HBI, 00'bEKT B BEPXHEM CJIOe MOXKET PacCMaTpUBaTh-
cs KaK ONHO3HAUYHBIN MPeeMHUK 00heKTa B HUKHEM
cjioe, KOTOPBINI OKa3bIBAETCA €ro eIWHCTBEHHBIM
IIPEeAIIIeCTBEHHUKOM UK 0a30BBIM 00BEeKTOM. Hciau
0a30BBIN O00'BEKT TOYHO pasjeseH MommojiaM, TO 00a
(bparmenTa, 3a BBIUETOM IIHKCeJel, 00pa3yIomux
IIPOMEXYTOK, MMEIOT MEeHBIIIYIO ILIOIanb, yeM S, /2,
¥ TaKUM 00pa3oM Ha 9TOM MeCTe IIOABJISIOTCS ABa HO-
BBIX 00bexTa. HauabHbBIT OMHAPHBIA CJIOH AJIs HO-
BOTO 00'beKTa (hOPMUPYETCS B MOMEHT IPOCAYMBAHU S
TIpeIIeCTBeHHUKA, a 3aTeM HOBBII 00'eKT HaKAaTILIN-
BaeT JaJibHelIIne OWHAPHBIE IIPEACTABICHUSA IJIs
Pa3IMYHBIX IOPOTOBLIX 3HAaUeHMH T', 0 Tex Iop, Io-
Ka OyJeT BBINOJHATBCA yciaosue I(x, y) > T,. Ilycrs
00BbeKT BOSHUKAET MPU IIOPOTOBOM 3HaueHuU T, ero
6asoBas miomanb Sp yMeHbIIaeTca mo K ciaoam o
TexX MOop, ITIOKA He IIPOMU30IIeT OAHO 13 IBYX COOBITIIA:
1) oGBexT HCUeBaeT, T. €. Sy (kg7 = 0; 2) 00BeKT Te-
psIeT YCTOHUMBOCT, T. €. Ha (K + 1)-M cJjioe oTHOITIeHe
Srix1ar / Srigar CTAHOBATCA MEHBIE 3aJaHHOTO
3HAYEHUS Kp (momrycTUMBITT KO3(PUIITNEHT YCTONYU-
BOCTH WJIU TIEPCUCTEHTHOCTU). B mocsienmem ciayuae
00'BEKT CUMTAETCS «IIOTUOIIINM», a er0 OCTaTKH ((hpar-
MEHTBI) 00pasyIoT HOBbIe 00BEKTHI [16].

W3meHeHMe TIIOIALY 34 BPeMs CYIIeCTBOBAHUSA
00BbeKTa Sy gap / Sy MO¥HO pacCMaTPUBATh KAK €ro
Koa(hpunuenT nepronaanuu P,. SHaueHHe IOPOIo-
BOro ypoBHA T cumTaeTcs IIOPOTOM IIePKOJIAINL
T, nna parHOrO 00BEKTa. KoshpumuenTt nepromusa-
UM YaCTUYHO XapaKTepusyeT TEKCTYpPy IIOBepX-
HOCTU 00beKTa. Eciin 00beKT nmMeeT IJIOCKYIO Bep-
IIUHY C TOCTOSAHHBLIM 3HAUCHWEM WHTEHCHUBHOCTU
I(x, y) = const, TO OH IOJHOCTHIO MCUE3aET 3a OAVH
TIOPOTOBBIN ITIAT, a ero KO3(MP(PUIIMEeHT IePKOJAINN
P,=1. B srom ciy4yae BeIUYMHA WHTEHCUBHOCTHU

cama 1o cebe He BIUAET HA BeJIUUYNHY KOd(pDuIineH-
Ta MEePKOJIAINU, T. €. OH OKAa3bIBAETCSA MHBAPUAHT-
HBIM K TaKUM IIpeoOpasoBaHUAM, KaK CABUT WU
Maciirabupopanme wusobpaskeHus. IIycTb 0OBEKT
IJIABHO MEHSAET CBOI0 MHTEHCHUBHOCTH, T. €. MMeeT
HeOOJIBIIION I'PafueHT UHTeHCUBHOCTHU. Torma Hacue-
JIOBaHUE MEXKIy COCeIHUMM CJOAMM C BO3pacTalo-
UM IIOPOTOM OYeT COXPAHATHCA O TeX IIOP, IOKa
Sty krar2KpSrigar- Ecin 00BeKT «I0IroKuBY-
muii», TO ero Koag)unuent neproaanun P, MoxkeT
oKasaTbcsa HebosbmuMm [16].

s yBesmueHUs AeTau3aliuid MOYKHO 3aJaThb
Kp =1, uTo ABJAETCA CaMBIM JKEeCTKUM TpebGoBa-
HUEM, KOT/[a ITOTePs Jake OJHOTO MUKCEeJs JJId UC-
XOIHOT0 00'beKTa IPUBOIUT K 00pa30BaHUIO HOBOTO
o0bexTa. B aToM ciyuae KayKIbIA CIIENYIOITUNA BO3-
pacTaIuil MOPOT AaeT HOBYIO KOJJIEKIIUIO 00BbEeK-
ToB. HanmpoTus, BLIOOD Kp = 0,5 mpuBOAUT K 3HAUU-
TeJIFHOMY YMEHBIIIEHUIO O0IIEro YMCJIa TPEXMEPHBIX
00'bEKTOB, OXBATBHLIBAIOIIUX HECKOJBHKO OMHAPHBIX
caoeB. Eciiz ycTaHOBUTH 3HAUEHUE Kp, menbIee 0,5,
TO KaKABIM U30JIUPOBAHHBIN 00LEKT B HUIKHEM CJIOE
MOXKET UMeTh 60Jiee OHOTO ITOCJIe0BATEILHOTO 130~
JINPOBAHHOTO 00'bEKTa B BEPXHEM CJIO€, UTO IIPUBO-
IUT K HeogHO3HaYHOCTH [19].

Pesynbrar OuHapusanum o6beKTa MPU Pa3HBIX
moporax IpejicTaBJeH Ha puc. 1, a—e.

Ucxomuswiii o6bekT (ipu T =0) ¢ pocTom mopora
MeIJIEHHO TePseT CBOIO ILIOMIAAE (ero KOs UIIEeHT
IepcucTeHTHOCTH K g GOIbINe TOJIOBUHBI) U JPOOUTCSA
(bparmenTHpPYyeTCs) Ha ABe YacTu Ipu nopore T = 17
(cm. puc. 1, 2). Ogun u3 ¢parmenToB (Ha puc. 1, 2
CJIeBA) MCUE3aeT IIOCJIE CBOEr0 IIOPOra IIePKOJIAIINN
T,, = 21. Ero KoapdunuenT nepxoaanuu P, oueHb
maJ, on menbIre 0,01. Bropoii ¢pparmenrt (1a puc. 1, 2
cIIpaBa) MMeeT HECKOJBbKO 0oJiee BBICOKUI Koadhdu-
IUEeHT NepKoJIANuY, pasubIi 0,12.

3aBUCUMOCTH TLJIOMIameli ()parMeHTOB W KO0a(d-
(unuenToB mnepcucreHTHOCTH K¢ TOKasaHBI Ha
puc. 2, a u 6. YcTaHOBKA MUHUMAJbHOTO 3HAUCHUA
Kp Bolrtie 0,5 yMeHbIIaeT BpeMs »KU3HU KaKJ0T0 13
(pparMeHTOB.

Ecau wusobpaskeHue COEPIKUT TOJBKO CJIY-
YaWHBIA IIyM, T. €. UHTEHCUBHOCTL OECIOPSAJ0YHO
pacIpeziesieHa IO BCeEMY M300pasKeHUI0, TO PAacCIo-
JIOJKeHNe NUKCceJeld, KOTOpble ITOABJIAIOTCA HUMKE
CJIeIYIONIeTo IOPora, TaKsKe ABJIAETCA CIyUalHBIM.
TeopeTryeCcKU XOPOIIIO U3BECTHO [8], UTO A 6GeCcKo-
HEYHOT'0 pasMepa m300pasKeHusd U YUCToro (hOHOBO-
To IIyMa KO3(h(PUIIMEeHT MepPKOJANNYT UHBAPUAHTEH
K pacIpeesieHUIO ITyMa u paBeH P, ~ 0,593.

B pesynbrare Takoro moaxoma (GopMHUPYeTCs
TpexMepHas MepapxmuecKas CTPYKTypa, comep:Ka-
m1as BCe BhIJeJIeHHbIE 00beKThI, B KOTOPOI KaKAbIi
IUKCceJab OOJIbIIe He MIPUHAMJIEKUT OTHOMY OUHAap-
HOMY CJIOIO, & MOJKET COOTBETCTBOBATH HECKOJBKUM
OMHAPHBIM CJIOAM B CTPYKType. Ha ocHOBe 9TOI KOH-
CTPYKIIMN MOXKHO O0OOIIUTL cerMeHTaInio n3o0pa-
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B Puc. 1. PparmeHTanus o6beKTa B pesyabraTre 3¢ deKTa IepKOJIAINY IPU BO3PACTAHUY IIOPOTa: @ — UCXOITHBIN 00BEKT;
0 — UHTEHCUBHOCTb U300paKeHUs; 8, 2 — OMHAPHBIE CPE3bI

B Fig. 1.0bject fragmentation as a result of the percolation effect when the threshold increases: a — the source object;
0 — image intensity; 6, 2 — binary slices
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B Puc. 2. 3aBUCUMOCTHU: @ — TLIOIAAel GparMeHTOB OT YBeJINUeHNA mopora: 1 — ImepBbIi (pparMeHT; 2 — BTOPOM (ppar-
MeHT; 3 — o0Ifasa miomanb; 6 — K03(M(MUINEHTOB IEPCUCTEHTHOCTH ()PAaTMEHTOB OT IIOPOTOBOTO YPOBHA: I — MIEPBHIH
¢dparmenT; 2 — BTOPOU (pparmMeHT

B Fig. 2. Dependencies: a — change in the area of fragments with an increase in the threshold: I — the first fragment;

2 — the second fragment; 3 — total area; 6 — the object’s persistence coefficients on the threshold level: I — the first
fragment; 2 — the second fragment
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SKeHUH U BbleJeHre 00 beKTOB. [[J1 3TOro BBOgATCA
OTrPAaHUYEHUA IO MJIOMIANYN BBIJEJIEHHBIX 00BEKTOB
W IPYTMM TeOMeTPHUUYECKUM MpU3HaKaM, XapakTe-
PUSYOIIUM KOMIAKTHOCTb U opmy. 1a KasKka0oro
BBIOPAHHOTO 00'bEKTa, KOTOPHIN IPOXOIUT Uepes He-
CKOJIbKO OMHAPHBIX CJIOEB B TPEXMEPHOM IIPEeICTAB-
JIeHUU, ONTHUMAJbHBINA IIOPOT Topt, COOTBETCTBYIO-
Uil CJIOI0 C ero JYUIIUM IIJIOCKUM IIPeJCTaBJIECHU-
eM, MOKeT ObITh BBIOPAH II0 Pa3JINYHBIM I'€OMeTPHU-
YeCKUM UJIU TeKCTYPHBIM KpUTEpUaM. HaCTHBIMU
IpuMepaMu TaKUX KPUTEPUEB ABJIAIOTCSA objacTu
WJIN JOUAIas3oHbI 00JiacTell BBIOPAHHBIX OOBEKTOB
[16, 19].

AHaIOTUYHYIO TPEXMEPHYIO CTPYKTYPY MOK-
HO IIOJIYyYHUTh, IIOHUIKASA IOPOT C €r0 HAWBBICIIIETO
ypoBHA 10 HyAs [20]. dTo mpeacTaBieHne UMEET TO
IIPEUMYIIIECTBO, UTO CHAuYaJjia BbIOMpAIOTCsa Hambo-
Jjlee MHTEHCUBHBIE OO0BEKTHI, 00pasyoliue MU30JIU-
PoOBaHHBIE KJIaCTePhl. 3[eCh MEPKOIAIUI TPUBOIUT
K CIUAHUIO JBYX UJIU OoJiee 00BEKTOB, UTO TaKIKe
COOTBETCTBYET PaspyIIeHUI0 HCXOMHBIX OOBEKTOB
U TIOSABJIEHUWIO HOBBIX. HemocTaTkoM 9TOT0 mOAXona
SABJIAETCS TO, UTO BCE MeJKOMacHITabHble 00'bEKTHI,
0o0HApPY'KEeHHBIe B BEPXHUX CJIOAX, HOJIXKHBI COXpa-
HATHCA [0 Te€X IIOP, IIOKA He OyIeT BhIACHEHO, ABJIS-
IOTCA JIM OHU IIPeeMHuKaMu 00jiee KPYIIHBIX 00b-
€KTOB C MaJbIMU KO3(ppuiimeHTaMU NePKOJAINN 1
COOTBETCTBYIOT Ji NX 0a30BbIe Pa3MepPhl BBEJIEHHBIM
orpaHUYeHUAM. TaKOHW IOAXOM MOIKET YBEJUUYUTH
BBIYUCJIUTEIBHYIO CJIIOKHOCTH aJITOPUTMA.

Cenexknua 00'b€KTOB C HCII0JIb30BAHIEM
aJanTUBHOIO riI00aJbLHOI0 IIOPOra

T'nobanpHBIM OPOT XOPOIIO paboTaeT Ipu oOHA-
PY/KEHUM U CeJIeKIMU T'PYINbl OZHOPOIHBIX KOM-
TMaKTHBIX (WJIM IIPOTAMKEHHBIX) 00BEKTOB HA OIHO-
poxHOoM mrymMoBoM (oHe. PaccmoTpum ciyuaii, Kor-
Ia 1300pasKeHle COAEPKUT P MOX0KUX 00beKTOB,
KOTOpbIe HeOOXOOUMO BBIAENUTH. Ha KamaoMm 6u-
HaApHOM CJIo€ BBIOMPAIOTCSA 00'BEKThI, YIOBJIETBOPA-
IOIIKe 3aJaHHBIM CBOMCTBAM, a IIOPOT OMHAPU3AI[UN
IJIsl TAKUX O0'BEKTOB BBIOMpAETCd TaKUM 00pas3oM,
YTOOBI MOJYUYUTHL MaKCHUMAaJbHOE KOJHUUYECTBO 00B-
€KTOB JaHHOM Kareropuu (MU UX MUKceJel) ¢ yue-
TOM TPeOyeMoro coxpaHeHus (POPMbI 00bEKTa. ITOT
IIPOIECC MOJKET ObITH ABTOMATU3UPOBAH, UTO IIPUBO-
IUT K aJalTUBHBIM [IOPOT'OBBIM METOHLAM.

IIpocreiinmmaa cemexkmusa OCHOBaHA Ha ILJIOIIAIU
00beKTOB. B HEKOTOPBIX CIAyUadX UMEeTCA alrpuop-
Hasdg HHPOPMAIIUS O TUINYHOM PasMepe WK IJIOIa-
a1 00beKToB. CIUIITKOM MeJKNe O0BEeKTHI ClIeayeT
WCKJIIOUUTDh U3 PACCMOTPEHHS, UTO SHAUUTEIHHO
CHUJKAET BBIUUCIUTENBHYIO CJIOKHOCTH AaJITOPUT-
moB. Takum 06pas3oM, MUHUMAJIbHAS IJIOIIALb 005"
exTa S, ; ABJIAETCA OJHHM U3 IIapaMeTPOB HACTPOIi-
KU aJTOpUTMA.

PesynbrarThl MOJETUPOBAHUA CEJIEKIIUU II0 ILJIO-
mIaau mokasaHbl Ha puc. 3. Mcxomuoe n3odpaskeHmne
(puc. 3, a) comep:kuT 49 KBagPaTHHIX 00HEKTOB pas-
mepoM 16 x 16 muKceseii Ha CTaHZAPTHOM IaycCo-
BOM IITyMOBOM (poue. OTHOIIIeHUE CUTHAJ/IITyM (OT-
HOCUTEJBbHBIN CABUT UM OTKJIOHEHUE MaTeMaTude-
CKOro OKuaaumus) d B KaXKI0M ITuKcese paBHo 1,163.
IIpu BBICOKMX IIOPOTOBBIX 3HAUEHUAX HEKOTOPHIE
00'BEKTHI MOT'YT OBITH IOTEPAHBI. [leTeKTOp ¢ mopo-
rom Heiimama — IlupcoHa maeT BEpOATHOCTD JIOMK-
Hoit TpeBoru F = 0,01 B KaskgoM nmukceJie (puc. 3, 0),
HO BEPOSTHOCTH OOHAPYIKEHUS COCTABJISIET TOJBKO
D =0,12, mosToMy 00'€KTHI CUJIBHO (pparMeHTHUPO-
BaHBbI U HU OJWH He COXPAaHSET CBOI KBaJIPATHYIO
dopmy.

Mo:kHO BUIETH ABa TUIIA UCKAKEHUN U IIOMeX:
mpomajaHue ToOUeK U paspyiineHue (hparMeHTAIIH )
00'BbEeKTa [IJIs1 TIOpora BBICOKOI'0 YPOBHA (CM. puc. 3, 6);
mpu 0ojiee HUBKUX IIOPOTOBBIX 3HAUEHUAX (hopma
00'bEKTOB MCKarKaeTcAa (PPaKTaJbHBIM IITyMOM, KO-
TOPBINA CYIIIECTBEHHO (DparMeHTHUPYeT IrPaHUIbI 00'b-
exToB (puc. 3, 6). @PpaKTaJIbHbIE IITYMOBbLIE paspac-
TaHUSA MOSABJIAIOTCA U BHE 00'HEKTOB.

IITuporo wucmoabdyembiii gerektop OTcy na-
eT CJAUIIKOM MHOI'O JIOXKHBIX TpeBor (pumc. 3, 8).
3aBHUCUMOCTH UHMCJIa OTCEJIEKTUPOBAHHBIX 00bEKTOB
OT ITOPOT'OBOT'O 3HAUEHNU A MMOKas3aHa Ha puc. 3, 2. [Ipu
CeJIeKIIMU O0BEeKTOB II0 ILJIOIIAAY C OrPaHUYEHUEM
S,in = 150 npuemiemMoe uCKaKeHNe IPAHUI, 00beK-
TOB JOCTUTAETCS IIPU ITOporosoM suHauenuu T = 133
(puc. 3, 0).

BeposTHOCTS JI0:KHOM TPEBOTM 3aBUCUT OT MUHU-
MaJIbHOH ILTOaAn S, ; OOHAPYKEHHBIX 00BEKTOB,
KaK II0Ka3aHo Ha puc. 4, a B Jlorapu(@MuuecKoM Mac-
mitabe. KpuBble MoJyUeHbl IyTEeM MOJIEIUPOBAHUA.
15 3afaHHOTO IOPOTa U AJIA KaK ol obJacTu, mpe-
BBIIIAOIIEH IO IJIOIAAM TpaHumy S .. (KoTopas
YKJIQABIBAETCA B MUKCEIAX BIOJIb TOPUBOHTAIHLHON
0CH), PACCYUTAHO KOJHUUECTBO IIPEBBIIEHU IITyMa,
KOTOpOe HOPMUPOBAHO K 00Imel momiaau mojisd. Ock
OpAMHAT IIPEACTaBJISAET CcO0O0I MeCATUUHBIN Jiora-
pudM 3TOr0 HOPMHPOBAHHOTO 3HAUEHUS, KOTOPBIMI
COOTBETCTBYET PACUETHOM CTEHeHUW BEPOATHOCTHU
JIO}KHOU TPEBOTH.

ITOT aHAJM3 UCHOJIB3YeTCA A 3amauu OOHa-
DPY/KeHHus, B KOTOPOIl OOBEKT BBIJEISIETCS IIYTEeM
CPaBHEHUS NHTEHCUBHOCTH B KaKJIOM IIUKCeJIe C I10-
POroBBIM ypOBHEM T'yp, YAOBJIETBODSIONIUM KDH-
Tepuio Heitimana — Ilupcona. PaccmoTpum 3amauy
obHapy:kKeHUs 6e3 yuera (popMbI 00BEKTa, KOTOpas
00BIYHO HEM3BECTHAa, HO ee COXPaHeHUe JKeJaTesIb-
HO I mociyenyiomei cesnexkmuu. IIycts MBI mme-
eM CIBUT B MaTeMaTHUUYECKOM OKUIAHUU B 00JIaCTHU
CHUTrHAJIa AJIs1 TayCccoBa IIIyMOBOTO II0JIA (CM., HAIPU-
Mep, puc. 3). IIpu oTcyTCTBUU CeleKIINU 00bEKTOB
BEPOSITHOCTL OOHAPYKEHUS AJA KaKJoro IIHnKce-
JIA B CUTHAJBHOM IIOJIe BBIYUCJAETCA IO (hopMyJse
D=1-®(typ —d), tne ® — wuHTErpas BepoAT-

Ne3,2020 N\
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B Puc. 3. Cesexnusa KBaIpaTHBIX 00BEKTOB B I'ayCCOBOM IITyMe: @ — HCXOAHOe n300paskeHume; 6 — IOPOT II0 KPUTEPUIO
Heiimana — ITupcona; 6 — mopor OTcy; 2 — 3aBUCHMOCTD YHCJIa OTCEJIEKTUPOBAHHBIX 00BEKTOB OT ITopora; 0 — pe3yJabTaT
CeJIeKITUHU IO ILIOIaJH ¢ IOMOIIbIO aJalTUBHOrO IiiobaxbHOro nopora npu S, ; =150 (11BeToBasa IMIKaIa COOTBETCTBYET
3HAYEHMUIO IIJIOI[A/IN COOTBETCTBYIOIETO O0BEKT)

B Fig. 3. Selection of square objects in Gaussian noise: a — the original image; 6 — the threshold for the Neyman —
Pearson criterion; 6 — the Otsu threshold; 2 — the dependence of the number of selected objects from the threshold;
0 — the result of selection by area using an adaptive global threshold (the color scale corresponds to the area of corre-
sponding object)
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B Puc. 4. XapakTeprUCTUKY OOHADPYIKEHUSI: @ — 3aBUCUMOCTH CTEIIeHU IIPEBBIIIIeHUS ITopora A mryma (Jrorapudma Bepo-
ATHOCTHU JIOKHOM TPeBOTH) OT Iaomanu S, ; ; KpuBkle 1—5 COOTBETCTBYIOT BO3PACTAIOINMUM I0POroBbIM ypoBHaAM T' = 150,
155, 160, 165, 170; 6 — xapaKTepUCTUKU OOHAPYIKEHUA IJIA KaxKaoro nukcend: 1, 3 — merexkrop Heiimana — Ilupcona
mnaF =0,32uF =0,01; 2 — cenexnusa oobexToB ¢ S, ;) = 150

B Fig. 4. Detection characteristics: @ — dependence of the degree of exceeding the threshold for noise (logarithm of
false alarm probability) on the S, , area; curves 1-5 correspond to increasing threshold levels T = 150, 155, 160, 165,
170; 6 — detection characteristics tor each pixel: curves 1, 3 — Neyman — Pearson detector for F =0,32 and F =0,01;
curve 2 — selection of objects with S ; =150
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nocru Jlammnaca; typ = Typ/C — HOPMHUDPOBAHHBIN por [acT B3HAUYUTEJBHO OOJIBIIYI0 BEPOATHOCTH
K CpeJHEeKBaJpPaTUUYeCKOMY 3HAUCHHUIO IITyMa IIOPOT go:xHOM TpeBoru (0,32), uTo MOKasaHO KpUBOI I
IS TOJYUYeHWUs 3aJaHHOU BEPOATHOCTH JIOMKHOM Ha puc. 4, 6.
TpeBoru F; d — oTHolIeHue curHaj/mym (aedaek- XapaKTepuCcTHKa OOHAPYIKEHUS OJIA KaxKIo-
IS PeIIaIneil CTAaTUCTUKY). JTa XapaKTePUCTUKA TO THUKCEJA B CIAydae CeJIeKIIUU O00BEeKTOB ITPOXO-
o0HapyKeHUs IMoKasaHa KpuBoit 3 Ha puc. 4, 6 1 OIUT MEXKJY STUMHU ABYMA JUHUAMU (IUHUA 2 HaA
F =0,01 nu mHOpMHPOBAHHOrO mopora typ =2,326. puc. 4, 6). Pe3ynbraThl IOJYyYEeHBI IYTEM MOJAEJINPO-
Ochb x mMOKa3bLIBAET OTHOIIIeHNE curHaJ/myMm d (med- BaHUA, IO3TOMY OChb OPAUHAT IIPEJCTABJIAET OLIEHKY
aeknuio). IToporoBasa gediexiius aaa obecrneueHUS BeposATHOCTH oOOHapy:keHus. IloporoBas npedJiek-
BEPOATHOCTU TPaABUJIBHOTO obHapy:keHus D =0,5 UA I BEPOATHOCTU IMPAaBUJILHOTO O0HAPY:KEHUA
pasua d(0,5) = 2,326. D = 0,5 rerreps pasua 0,5, uTo oGecreunBaeT yBeJIu-

B ciyuae cenmexiuu 00'beKTOB IIPEAIIOIAraeTcs, YyeHUe OTHOIIIeHUA CUTHAJ/IITyM IpuMepHo Ha 6 nb.
uTO 00JIaCTh CUTHAJIA 0O0JIbIlle, UeM ImapameTp S, ;. , Eciu umeerca ungopmamnua o ¢opMe CUTHAIBLHO
KOTOPBIA HUCIIOJIB3YEeTCSA B aJITOPUTME. YAAJIeHNe He- 00JIaCTH, TO XapaKTePUCTUKA MOMKET ObITh YJIyUIlle-
OOJBININX IITYMOBBIX OOBEKTOB W3 IBOMYHOTO M30- Ha IpuMeHeHreM HaKOIJIeHU .
OpasKeHUsT MOKEeT YMEHBIITUTh KOJIUUECTBO JIOMKHBIX CToUT OTMETHTh, YTO AaJANTAIllUA IIOPOTOBOIO
TPEBOT UJIV IOPOT OOHADPY KEHUA AJIA 3aJaHHOTO 3Ha- YPOBHS 10 MAKCUMYMY OTCEJIEKTUPYEMBIX 00'HEKTOB
YeHUsI BEPOSATHOCTHU JIOKHOI TpeBoru. CiencTBrueM MMeeT CMBICJI B T€X CUTYaIluaX, KOr/a CIleHa Comep-
orbopa ¥ yHaJeHUA MeJKUX OOBEKTOB ABJISAETCA JKUT JOCTATOYHOE X KoJimuecTBo. Kpome Toro, sToT
BO3MOJKHOCTb CHUJKEHUSA IIOPOTOBOTO YPOBHA IIPU METOJ TaeT HECKOJIbKO MeHbIllee 3HAUEHWEe II0POTOo-
COXpPaHEHNU HU3KOU BEPOATHOCTH JIOMKHON TPEBOI'M BOT'O YPOBHS, €CJIU TPeboBaTh COXpaHeHUs (OPMBIL.
Ipy 00HAPYKEHUU ITOJIE3HBIX 00BEeKTOB. UeM 60JIb- ITU HeIOCTATKU MOXKHO ITOIIBITATHCS YCTPAHUTD IIPU-
1lle IJIOMIAAb IITYMOBBIX OOBEKTOB, IIOMJIEKAIIUX MeHEeHVEM I'eOMEeTPUYECKUX NHBAPUaHTOB B COOTBET-
yIaJeHuio, TeM HUKe ITOPOT OOHAPYIKEeHUA MOYKeT CTBUU C TIOIXOJIOM, IIPEIJI0KEeHHBIM B padore [16].
OBITH YCTAHOBJIEH IIPU TOI K€ BEPOATHOCTU JIOMKHOM
TpeBoru. B To jKe BpeMs CeJIeK M II03BOJISET CoXpa-
HUTH HU3KOEe 3HAUEHUe TI0pora O0HapyKeHuA 6e3 yBe- Cenexiusa 00'b€KTOB C UCIIOJIb30BaAHNEM
JIMYEHUS BEePOATHOCTH JIOMKHOI TPEBOT'M, UTO B pe- aJalTUBHOIO JOKAJBHOIO IIOPOra
3yJIbTaTe JaeT yBeJuueHUe BEePOATHOCTU IIPaBUJIb- Ha OCHOBe reOMeTPUUYECKUX KpUTepueB
Horo obHapyskenud. luaa S ; =150 B aroii 3agaue
CeJIeKIMA JaeT HOPMHPOBAHHBIN mopor fyp = 0,47 PaccmoTpuM cHauasia OwWHApPU3AIIUIO Taycco-
BMecTto 2,326 B ciayuae perektopa Heiimana — Ba IIYMOBOIO MOJA ¢ orpamumdenuem S ; =10,
ITupcona. IToHsaTHO, uTO 0e3 CeJEeKIIMU TaKOM IIO- KOTOpPOe MOJKET CYIIeCTBEHHO YMEHBIINUTL UYHCJIO

n
PSmax F

" » g m——
400 / \ 0,8 \
350 / \ 0,7 \
300 / 0,6 \

250 \ 0,5 \

200 / \1 0,4 \
150 / \ 0,3 \
100 / 0,2 2 \

2 N 1
50 0,1 \Q
0 ———— — 0
130 135 140 145 150 155 160 165 170 T 05 0 100 150 200 250 300 T

B Puc. 5. PesyabraTsl 00pabOTKM rayccoBa IIIyMa: @ — YKCJIO 00BEeKTOB n (KpuBas 1) 1 MaKCUMAaJbHBIN KOd(OUIILEHT
yanuHeHu:a nepumerpa Pg . mocie Beigenenusa obaactu ¢ S, = 10 (kpuBas 2); 6 — BepOATHOCTH O0HADYKEHUSA IITyMO-
BBIX BEIOPOCOB IIPH IIPOCTON OMHapu3anuu (Kpusas 1) u mocje IpegBapUTeIbHOTO Belenenusa obnactu ¢ S ;= 10 (xpu-

Bad 2) B 3aBUCUMOCTY OT IIOpOTa

B Fig. 5. Results of processing Gaussian noise: a — he number of objects n (curve 1) and the maximum coefficient of
perimeter elongation Pg .. after selecting the area with S ; =10 (curve 2); 6 — the probability of detecting noise emis-
sions during simple binarization (curve I) and after preliminary selection of the area with S, ; =10 (curve 2), depending
on the threshold

N2 3, 2020 AN VIHDOPMALIVIOHHO-YMPABASIIOLLVIE CUCTEMBI N\ 19



7/ OBPABOTKA NH®OPMALIV V1 YIIPABAEHVE /

M30JIMPOBAHHBIX OOBEKTOB IIOCJTE OMHApPU3AI[UU.
3aBUCUMOCTH YMCJIa 00 BEKTOB 71 OT IIOPOTOBOTO 3HA-
yenusa T mokasaHa Ha puc. 5, a (MuHUA 1), rIe MakK-
cuMaJibHOe Y1cJIo 00 beKToB paBHO 500.

KpuBas 2 (cm. puc. 5, a) mpeacTaBiasieT 3aBUCH-
MOCTBH MaKCHMaJbHOTO (II0 BceM 00beKTaM B JaHHOM
cpese) Koa(punuenTa yaauHeHus nepumerpa P,
oT moporoBoro 3HaueHus. OueBUIHO, UTO Koahdu-
nueHt Pg . mocTuraeT GOJBIINX 3HAYEHWH (37ech
oroy1o 90) aya MIyMOBBIX 00BEKTOB € (DpaKTAIbLHBI-
MU CTpPyKTypamu. IlpeaBapurenbHasi CEJEKIU IO
TJIOIIAIY YMEHbBIIIaeT BEPOATHOCTH BOSHUKHOBEHU S
IITYMOBBIX BBIOPOCOB B 00JIACTU BBICOKUX ITOPOT'OB
(puc. 5, 0, KpuBas 2) MO CPAaBHEHUIO C MPOCTOI Ou-
Hapusanuein (KpuBaa ). IIpu sTom mpeceneKnusa
IPaKTUYECKHU He BIUAET Ha 3HAUEeHUA KOa(P(hUIlneH-
TOB YAJUHEHNS mepuMeTpa Py I OCTAaIbHBIX 00~
€KTOB.

HNuTepecHo uccienoBarh a(h(HheKTUBHOCTH OTPAHU-
YeHWH HAa MaKCUMaJbHOE 3HaUeHUe Kod(ddummenra
yannHeHns nepumerpa Pg. OueBUIHO, CeIeKINA 110
Py npuBOAUT K JOIOJHUTEILHOMY yAaIeHNIO IIIyMO-
BBIX 00'bEKTOB, NUMEIOIINX CJAUIITKOM OOJbIITne Koad-
(urueHTs! yaIuHeHUA iepuMeTpa. O:Kumgaercs, 4To
9TU 00'bEKTHI UMeIOT (hpaKTaIbHEIE CTPYKTYPHI U HE
IPEeICTABJSAIOT CO00Ii 00beKTHI MHTEPeca. SHAUeHNe
Py, . ABIAETCA BTOPLIM BaXKHBIM IIapaMeTPOM JJId
amalTUBHOU CeJIeKIIUU O0BeKTOB. AJTropuTM yna-
aseT 00beKTsl ¢ Py > Pg, ., KOTOpPBIe OABJAIOTCA
IIPU OIIPe/ie/IeHHBIX 3HAUEHUAX IIOPOra.

B pesynbTrare celleKIIMHT 00BbEKTOB 10 Py KpUBLIe
Ha puc. 6 TprobpeTarT IPOBaJ IPU HUSKUX IIOPOTOo-
BBIX 3HaueHUAX. Kak BUIHO 13 aHAJIM3a OTpaHUYe-
HUM Ha K09 PUIINEHT YAJTNHEHU ST, aJITOPUTM MOKET
YMEHBIIUTH BEPOSTHOCTD JIOJKHOI TPEBOr'W B 3a1aue
o0Hapy:KeHUs OJid HEeKOTOPbIX 3HAUEHWI ITopora.
9To mpuBOAUT K 0ojiee s3(PPeKTUBHOMY OOHApYKe-
HUIO TIPU 9TUX 3HAUEHUAX IIOPOTa JIPYTUX 00HEKTOB
C MEHBIIIUMU 3HAUEHUAMU P, HO BBIUTPBIII 32 BUCUT
OT 3TOT0 3HaUeHus Py, KOTOpoe, B CBOIO OUepelb, 3a-

logF
0
-0,5 !
o 3V7/Q\2\ 6
-1,5 4

MV

0 0,5 1 1,5 2 2,5 3 3,5 4 T/o
B Puc. 6. 3aBucumocTu JyiorapudmMa BepOATHOCTU IIpe-
BBIIIIEHUH (CTEIIeHN BEPOATHOCTU JIOMKHOU TPEBOTH) OT
HOPMHUPOBaHHOTO Topora aaa S, ;. = 10 u Py, . =1000,
300, 100, 10, 3 (xkpuBsle I—5); KpuBasa 6 — 6e3 ceIeKIIUU

B Fig. 6. Dependences of the logarithm of the probability
of exceeding (the degree of probability of a false alarm) on
the normalized threshold for S ; =10 and Py, . =1000,

min

300, 100, 10, 3 (curves 1-5); curve 6 — w1thoutaselect10n

BUCHUT OT mtopora. Takum o6pas3oM, BEIUTPHIII CYIIe-
CTBEHHO 3aBUCHUT OT (D)OPMbBI 00beKTa 1 (hOPMBI yaa-
JIEHHBIX 00beKTOB. C IPyroii CTOPOHELI, JaHHBIN BUT,
ceJeKIUMU paboTaeT He3aBUCHUMO OT abCOJTIOTHBIX
pPasMepoB CeJeKTUPYEMbIX 00beKTOB, T. €. HaHHBIN
MeTon OOHAPYKeHUA U BBIJEJEeHUA KOMIAKTHBIX
00'beKTOB NHBapUAHTEH K MacIITa0y 1300paKeHns.

IIpakTUYecKkue mpuMephl 00PaAOOTKHI
JUCTAHIMOHHBIX HAOJIOXeHUI

PaccmoTpuM TeleBUBMOHHOE M300paKkeHUme
(puc. 7, a). 3agaua COCTOUT B TOM, UTOOBI BHIOPATDH U
JIOKAJIN30BAaTh 3JaHUs B 9TOH ciieHe. M3obOparkeHue

50 100 150 200 250 300 350 400 450 500

B Puc. 7. Cesneknusa 06 beKTOB Ha TEJIEBU3UOHHOM U300paKeHUU IPU Kp =0,5; S

50
100
150

200§

50 100 150 200 250 300 350 400 450 500

min =180u Pg, . =50: a — ucxopnoe

HSOGpa?HeHI/Ie 6 — pe3yJbpTaThl CeJIEKIITUN, APKOCTHb 00'BEKTOB COOTBETCTBYET 3HAUEHUAM aJalITUBHOI'O ITopora

B Fig.7.Selection of objects in the TV image at K, = 0,5; S,

=150and Py .. =50:a — original image; 6 — results of

selection, brightness of objects corresponds to adaptlve thres Tolds
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B Puc. 8. Aganranusa IOpOroBbIX YPOBHEI: @ — 3aBUCUMOCTH aJalTUBHBIX ITIOPOTOBBIX 3HAUYEHUI OT HOMepa 00heKTa;
0 — Tunnunas U-o0pasHas KpUBas ONMTUMUI3AIIUYT IT0POoTa

B Fig. 8. Threshold level adaptation: a — dependence of adaptive threshold values on the object’s number; 6 — typical
U-shaped curve for optimizing the threshold
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B Puc. 9. AnanusupyeMble n300pakeHns U COOTBETCTBYIOIME OMHapHBIe cpe3bl ¢ moporoM mo OTey: a — u3obpaskeHue,
TIOJIyYeHHOE C TIOMOIIBI0 PAaJNO0JIOKATOPA C CHHTE3UPOBAHHOM anlepTypoii; 0 — 3CKU3 MECTHOCTH; 6 U 2 — COOTBETCTBYIOIINE
OMHApPHBIE CPE3EI

B Fig.9.Images analyzed and corresponding binary slices with Otsu threshold: a — image obtained using a synthesized
aperture radar; 6 — sketch of the terrain; 6 and 2 — corresponding binary slices
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B Puc. 10. PesyabraThl 00paboTKU C MPUMEHEHNEM CeJeKIINU 00beKTOB, IPeACTaBIeHHble 3HAUCHUAMU IIJIOIaAeil BbI-
IleJIEHHBIX 00'bEKTOB: @ — JJIA U300paKeHus, IIOJYYEeHHOr0 C IOMOIIbI0 PALUOJIOKATOPA C CUHTEe3UPOBAHHON alepTypoii;

0 — IIJIsI CKeT4Ya MECTHOCTU

B Fig. 10. The results of processing with object selection which are represented by area values: a — for image obtained
using a synthesized aperture radar; 6 — for the sketch of terrain

comep:kuT 82 00BEKTa, KOTOPBHIE CEJIEKTUPYIOTCA
C TOMOIIBIO JIOKAJIBHOT'O aJAIllTUBHOIO Mopora JJis
Ka)kgoro ooOmwexTa. IIpemsmaraeMblii cIoco0 Impu-
menserca npu K, =0,5; S,;, =150 u Pg, .. =50.
PesyabTaThl cesleKIIuM IIpecTaBJIeHbl Ha puc. 7, 0.

AnanTuUBHBINA JIOKAJBHBIN IOPOT BBIYUCJISAETCSA
IS KasKJI0ro 00'beKTa C IIOMOIIBIO IIPOoIlecca OIITH-
MUBAaIUU, B X0Ze KOTOPOTO MOPOT YCTaHaBIUBAETCS
o MuHUMYMY Pg. OnTuMa/IbHBEIE 3HAYEHNA II0POr0B
IJis Bcex 82 00beKTOB IIPeNCcTaBJIeHbl Ha puc. 8, a,
T7le OCh X COAEPIKUT HOMepa N30 IMPOBAHHBIX 00bEK-
ToB. Tunuunas U-obpasHas KpUBas ONTUMUIAIUNI
IpeacTaBJieHa Ha puc. 8, 0.

PagmosiokanuonHoe wu3o0paskeHue MeCTHOCTH,
TMOJIYUYeHHOe C IIOMOIIBIO PaJAUOJOKAIIMOHHON CTaH-
IIUU C CUHTE3UPOBAHHOU allepTypHOI pelieTKou, u
9CKU3 IJIS 3TOM 00JIacTU IIOKa3aHbI Ha puc. 9, a u 0.
Yacto mpobiiemMa 3aKJUYaeTcsi B OO0beqUHEHUHU
¢dparMeHTOB (3a/1aua COMMOCTABJIEHNA UJIU PETUCTPA-
MUY 1300pakeHuii), 1 OMHUM U3 BOBMOYKHBIX pellre-
HUH ABJIAETCA CeJEeKIIUA ONHUX U TeX yKe 00beKTOB
Ha Pa3HBIX U300PaKEeHUAX, KOTOPhIE 3aTeM HUCIIOJIb-
3yI0TCA AJ1A (DOPMUPOBAHUS OIIOPHBIX TOUEK.

B sTom cayuae riobasibHBIE mOpor paboTaeTr He
OUYeHb XOPOITio. BuHapHBIe N300paKeHUA Oy YeHBI
¢ momoInbio agropurma Orey (puc. 9, 8, 2). Bonpimas
YacTb 00BEKTOB YHUUTOMKEHA.

Wcnonb3oBaume amalTHUBHOTO JIOKAJBHOTO IIO-
pora ¢ BeIleJIeHuEeM 00'beKTOB II0 ILJIOMIAN C YIeTOM
Koo punuenTa Py I03BOJIAET MOJIYYUTh DAL IIPEJ-
CTaBJIEHUI IJIs BBIJEJEHHBIX O0BEKTOB, OTJINYAIO-
muxcsa oToOpaskaeMbIM IIapaMeTpoM. Pes3yibTaThbl
ceJIEKIIUM IIpefcTaBieHbl Ha puc. 10, a u 6, roe Ap-
KOCTHAsA WHAWKAIIMA COOTBETCTBYET ILJIOIIANIM
00'BEKTOB.

Hcmonb3yeMblii METOJ, TTO3BOJISET MOJTYUYNTEL Habop
PaBIUYHBIX OMHAPHBIX CPE30B, COAEPIKAIIUX TeoMe-
TPUYECKUe TPU3HAKU CeJIEKTUPYEMBIX 00BEKTOB AJIA
pellleHnsA 3aau COIIOCTABJIEHUS U COBMEIEHUS M30-
OpaskeHuil, (POPMUPYEMbIX PA3SHOPOAHBIMU JaTUNKA-
MU.

3aKIoueHue

UccnemoBaHbl XapaKTEPUCTUKU  aJTOPUTMOB
aJalTUBHON CeJeKIIUM KOMIAKTHBLIX O0BLEKTOB HAa
n300paKeHuaX. AJITOPUTMBI pPeaU30BAHBI IIPO-
rpaMMHO Ha OCHOBe HAYaJbHOM MHOT'OIIOPOT'OBOI
00paboTKM MCXOTHOTO IU(PPOBOTO M30OpaAKeHUd,
B pes3yJbTaTe uero co3gaeTcsa HECKOJIbKO OMHAPHBIX
caoeB. Ha ocuoBe addeKTa mepKoJIAInum («IIpocavun-
BaHUs» HYJIell B OMHAPHOM CJIOe) YCTaHABJINBAIOTCS
CBSI3U MEXKY CJIOSIMU, POPMUPYETCS U UCCIeNYeTCs
TpexMepHasd HepapxuuecKkasd CTPYKTypa, Tae Tpe-
Theil KOOPAMHATON BLICTYIIAeT IIOPOT'OBbIl YPOBEHb.

ITocime cenmexkIuu M30JIMPOBAHHBIX OOBEKTOB
B KaKJJOM U3 OMHAPHBIX CJIOEB HAXOAATCA CJIOU, CO-
JIepsKalue ero Haujaydiliee mpecTaBIeHre ¢ TOUKKN
3peHUsA WUCIOJIb3yeMOTO TeOMEeTPUUECKOT0 KpHTe-
pud, HarpuMep MUHAMYyMa KoapuiipeHTa yajiuHe-
HUS mepuMeTpa o0beKTa. KiatoueBas uaes aJaropur-
Ma 3aKJIIOUYaeTcs B TOM, UTO peIleHre OCHOBAaHO Ha
aIoCTepUOPHON MH(pOPMAIMK O CBOMCTBAX O0BEK-
TOB, KOTOPbIe MOT'YT OBITH BEIOPAHBI 13 KaKI0T0 Ou-
HAPHOTO CJIOSA, U B IIOUCKEe HAWJIYUIIIEro CJIOS C TOU-
KU 3peHUusd TeOMEeTPUUYECKUX CBOMCTB ITUX O0BEK-
ToB. Mlcrio1b3ys 9Ty nH(GOPMAI1I0, MOKHO YCIIEIITHO
perarh 3aJauu aJalTUBHON CeJeKITUN, YCTaHABIIN-
Basl JIOKAJbHBIN MOPOTOBBIM YPOBEHb IJII KaXKIOTO
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13 00'bEKTOB HHTEPECA, IIPU 9TOM COXPAHATH (YOPMY
00'beKTa, HeCMOTPSA Ha HeCTaIlMOHAPHBIN (POH.
HoBble pe3ysbTaThbl 3aKJIIOUAIOTCSA B MOJNYyUYeHUU
KOJMYECTBEHHBIX XapaKTEPUCTUK dPPEeKTUBHOCTU
Ipu OOHAPYKEeHU U KOMIIAKTHBIX 00HEKTOB U B MCCJIe-
IOBAHUY BJIUSHUA Ha HUX ITapaMeTPOB aJITOPUTMOB.
A TecToBOU 3amaum OOHAPY:KEHUsS KBaaparT-
HBIX O0BEKTOB B TayCCOBOM IITyMe€ IIOJIyYeHBI 3a-
BUCHUMOCTHM BEPOSITHOCTHU JIOMKHOW TPEBOTM OT MU-
HUMAJBHON TJIOMIAAN CeJIEKTUPYEMbBIX OOBHEKTOB
U XapaKTEPUCTUKU OOHAPYIKEHUA I KPUTEpUs
Hetimana — Ilupcona. IlonydyeHbI OIeHKY BHIUTPHI-
1I1a B OTHOIIEHUY CUTHAJ/IITYM IIPU CEJIEKINN 00b-

€KTOB II0 Iomanu. Vcmonb3oBaHME aJalTUBHOMN
CeJIEKIIUU 110 KOA(PPUIMEHTY YAJUHEHUS IIepumMe-
Tpa 00BEeKTa TaKiKe obecmeunBaeT BBHIUTPHINI B OT-
HOIIIEHUU CUTHAJI/IITYyM He MeHee 6 nb.

WccnemoBanusa KadecTBa CeJEKIINU KOMIIAKTHBIX
(IATEHHBIX) 00BEKTOB HA TUIIOBBIX 3AIITYMJIEHHBIX MO-
JeJIbHBIX W PeajibHbIX TEeJIeBUSMOHHBIX, WH(paKpac-
HBIX ¥ PaJUOJIOKAIIMOHHBIX U300PaKEHUAX ITOKA3aJIn
pPaboTocIIoco0HOCTh U 3(P(PEeKTUBHOCTL PACCMOTPEHHO-
ro ajgroputMma. [Ipm sTOM HAOGIIOZAINCH MUHUMAJIb-
HbIE UCKaKeHUA UX I'PAHUIl 00HEKTOB II0 CPABHEHUIO
C WM3BECTHBIMU AJTOPUTMAMU CErMEHTAIINM IIPU JI0-
BOJILHO HUBKUX OTHOITIEHUAX CUTHAJI/IITYM.
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Adaptive multi-threshold object selection in remote sensing images

V. Yu. Volkov®P, Dr. Sc., Tech., Professor, orcid.org/0000-0001-8552-4775, vl_volk@mail.ru

aSaint-Petersburg State University of Aerospace Instrumentation, 67, B. Morskaia St., 190000, Saint-Petersburg,
Russian Federation

bSaint-Petersburg Electrotechnical University «LETI», 5, Prof. Popov St., 197376, Saint-Petersburg, Russian
Federation

Introduction: Detection, selection and analysis of objects of interest in digital images is a major problem for remote sensing
and technical vision systems. The known methods of threshold detection and selection of objects avoid using the processing results,
therefore not providing a low probability of false alarms, and not keeping the shape of the selected objects well enough. There are only
few results from the studies about quantifying the quality of such algorithms on either model or real images. Purpose: Studying the
effectiveness of algorithms for detecting, selecting, and localizing objects of interest using their geometric characteristics, when the
object properties and background are a priori uncertain, and the shape of the selected objects is kept unchanged. Results: We have
obtained and studied the characteristics of algorithms for detecting and selecting objects of interest on test models of monochrome
images. These software-implemented algorithms use multi-threshold processing, providing a set of binary slices. This makes it possible
to perform morphological processing of objects on each slice in order to analyze their geometric characteristics and then select them
according to geometric criteria, taking into account the percolation effect which causes changes in the area, and fragmentation of the
objects. As a result of analyzing these changes, an adaptive detection threshold is set for each of the selected objects. The selection
allows you to significantly reduce the number of false positives during the detection and to use lower thresholds, increasing the correct
detection probability. We present the detection characteristics and the results of test model processing, as well as the results of object
selection on a real television and radar image, confirming the effectiveness of the considered algorithms. Practical relevance: The
proposed algorithms can more effectively select objects on images of various nature obtained in remote sensing, material research or
medical diagnostics systems. Their microprocessor implementation is much simpler than the implementation of universal trainable
neural network algorithms.

Keywords — multi-threshold processing, object selection, percolation, adaptive threshold, feature selection, segmentation criteria.

For citation: Volkov V. Yu. Adaptive multi-threshold object selection in remote sensing images. Informatsionno-upravliaiushchie
sistemy [Information and Control Systems], 2020, no. 3, pp. 12—-24 (In Russian). doi:10.31799/1684-8853-2020-3-12-24
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ANropuTM BblUYMCIIEHUs1 3HaYeHUH BeCOB CUHANCOB NepBoro
CJ1051 HeiPOHHOM CEeTH Ha OCHOBE MeTPUYECKUX MeTof 0B
pacno3HaBaHus. Yactb 2!

. LL. FesigapoB?, kaHf. TeXH. HayK, foueHT, orcid.org/0000-0002-3881-0629, plbaku2010@gmail.com
AUNHCTUTYT cucTeM ynpaBneHns HaumoHanbHoM akageMumn Hayk AsepbargxaHa, baxtusp Barabsage yn., 9,
baky, Az 1141, AsepbaiigxaH

BBepgeHue: MeTpuyeckue MeToAbl Pacro3HaBaHus Mo3BOJISIKOT NPeABapUTEIbHO U CTPOro ONpeaensiTb CTPYKTYPbl HEVPOH-
HbIX CeTen MPSMOro pacrnpocTpaHeHUs, a UMEHHO KOJIMYECTBO HEMPOHOB, C/I0EB U CBSI3el Ha OCHOBE HayaslbHbIX napamMeTpoB
3afjaum pacrno3HaBaHusi. OHU TakXe [arT BO3ZMOXHOCTb Ha OCHOBE METPUYECKMX BblPaXeHWU 6/IN30CTN aHaNMTUYECKM BbIYUC-
JISITb BECA CUHAMNCOB HEMPOHOB ceTu. lNpoLenypa HaCTPOKM /151 AaHHbIX CETEN BKIOYAET B cebsi Nocef0BaTe/IbHOE aHaIMTH-
4eckoe BblYMCIIEHNE 3HAYEHUS KaX oro Beca cuHarica B TabnuLe BECOB AJ151 HEMPOHOB HY/IEBOIO UM NEPBOro CJI0S, YTO M03BO-
JISIET yXe Ha Ha4YanbHOM aTare 6e3 MPUMEHEHNS airopuTMOB 00yYeHUS MOTyYNTb PABOTOCMOCOOHYH HEMPOHHYH CETb MPSIMOro
pacrnpocTpaHeHus. 3aTeM HeNMPOHHbIE CETU MPAMOro PacnpoCTPaHEHNsI MOryT [006YYaTbCA M3BECTHLIMU anropuTMamum obyye-
HWS, 4TO B LJ€JIOM YCKOPSIET MpoLeaypbl ux co3naHus n obydeHus. Lienb: onpefennTtb, CKOMbKO BPEMEHN TpebyeT npoLecc Bbl-
YUCNEHNS] 3HAYEHUI BECOB U, COOTBETCTBEHHO, HACKOJIbKO SABASIETCA onpaBAaHHbIM MpefBapUTeslbHOE BblYUCTIEHNE 3HAYEHWUI
BECOB HEMPOHHOM CETU NPSIMOro pacrnpocTpaHeHus. Pe3ynbTaTbl: NPeL/I0XEH U peain3oBaH aaroputM aBToMaTM3npoBaHHOMO
BbIYMCIIEHUS BCEX 3HAYEHUI TabnL BECOB CUHAINCOB AJ151 HYJIEBOrO 1 MepPBOro C/10sl MPUMEHNTENIbHO K 3afaye pacro3HaBaHus
YepHO-6€es1biX 0HOTOHHbIX 306paXxeHni cumBosioB. OnucaHne npensaraeMoro aaropuTMa fnpuBeAEHo B NPOrpaMMHoON cpege
Builder C++. PaccMoTpeHa BO3MOXHOCTb ONTUMMU3UPOBATL MPOLJECC BbIYUCIIEHUST BECOB CMHAINCOB B LIENISAX YCKOPEHUST BCEro
anropuTMa. BbinosHeHa oleHKa 3aTpaynBaeMoro BpeMEHU Ha BbIYUCIIEHWNE 3TUX BECOB AJ151 Pa3HbIX KOHGUrypaLmii HEMPOHHbIX
ceTeli Ha OCHOBE METPUYECKMX METOLO0B pacrno3HaBaHus. [puBeeHbl npuMepbl co3naHusa Tabnaul BECOB CUMHAINCOB COrlacHoO
pPaccMOTPEHHOMY afiropuTMy. Pe3ynbTaTbl BblYUCAEHUS TabAUL, MOKa3bIBAOT, YTO Ha NPOLEAYPY aHa/IMTUYECKOro BbIYUCTEHUS
BECOB HEVPOHHOM CETU MOTPAYEHbl CYNTAHHbIE CEKYHAbI, MUHYTbI, YTO HUKAK He CPaBHUMO CO BPEMEHEM, HEOOXOAUMbIM LIS
00yy4eHunsi HelpoHHoW ceTu. lpaKkTuYeckass 3HaYUMOCTb. aHa/IMTUYECKOE BblYUCHEHNE 3HAYEHUI BECOB HEMPOHHOM CETH ro-
3BOJIAET CYLECTBEHHO YCKOPUTL NpoLeaypy co3faHnsi n oby4yeHus HEMPOHHOU CEeTU MPAMOro pacrnpocTpaHeHus. Ha ocHose
MpensIoXeHHOro anropuTMa MoXeT ObITb TakXXe peann3oBaH M anropuTM BbIYMCIIEHUS TPEXMEPHbIX TabnmL BecoB asisi 6osnee
CJIOXHbIX, YePHO-6€/bIX Y LIBETHbIX MOAYTOHHbIX, U306paXeHui.

KntoueBbie cnoBa — HellpOHHbIE CETH, BECOBbIE U MOPOroBble 3HAYEHUS], HEHPOKOMIbIOTED, anropuTMbl 0ByYeHUs, Npo-
rpamMMupoBaHne HENPOHHbLIX CETEM.

s mutupoBanus: leiigapos I1. III. AiropuT™ BEIUNCIEHNA 3HAUEHU I BECOB CUHAIICOB IIEPBOTO CJIOSA HEHIPOHHOM CeTH Ha OCHOBE METPH-
YeCKHUX MeTOZOB pacrosHaBanusd. Y. 2. Hugopmayuonno-ynpasasiowue cucmemst, 2020, Ne 3, c. 25—38. doi:10.31799/1684-8853-2020-
3-25-38

For citation: Geidarov P. Sh. Algorithm for calculating synapse weights of the first layer of a neural network on the base of metric
recognition methods. Part 2. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2020, no. 3, pp. 25-38 (In
Russian). doi:10.31799/1684-8853-2020-3-25-38

Ouemca BpeMEeHU BBIYUCJTIEHU A
Ta0JINI BECOB

C yBesnuyeHMEeM pPa3MEPHOCTH TaOJUIILI BECOB
CUHAIICOB KOJIMYECTBO CBA3EH HeEWpoOHa IIEPBOTO
cyaosa yBeauuuBaerca. OHO PaBHO KOJUUYECTBY sSue-
€K B Ta0JINIIE BECOB U OIIPEEJISIeTCS 10 BHIPAYKEHUIO
Nepasess = CR, THe C — KoJmdecTBO CTOJIOIOB; B —
KOJIMYECTBO CTPOK TaOJIUIILI BecoB. IIpu sToM BpeMs
BBIUWCJIEHUN TaKiKe yBeauumBaercdA. s oumeHKU
BpeMeHU BBIUUCJIEeHUA 3HAUEHU A BECOB CUHATICOB HC-
moJb3oBajiach BecTpoernHas B C++ pyukiua clock(),
KOoTopas BLIBOJUT BpeMs B MUJIJIUCEKYHIaX B HaUa-
ae pyurnuu Izmeneniye X0 YO() u mocie 3aBep-

1 Oxonuanue. Hauamo cMm. HHpOpMAYUOHHO-YNPABL-
touwgue cucmemvt,2020,Ne 2, c. 20-30.d0i:10.31799/1684-
8853-2020-2-20-30

ITIeHWsT BBIYMCJEHUSA TaOJUIIBI BeCcOB. Pe3ysbTarThl
BBIUUTAIOTCS, IIEPEBOASATCS B CEKYHIbI, I UTOTOBOE
BpeMsA BBIUUCJICHUS TaOJUIILI BECOB BBIBOAUTCS B
CTaTyCHYIO MaHeJ b (pOpMbI (cM. puc. 4):

start = clock();

end = clock();

timework = end — start;

timework = timework/1000;

Forml—>StatusBarl—>SimpleText = “Bpems 8vl-
yucnenus” + FloatToStr(timework) + “c”;

151 TabIUIT BECOB, IPUBEAEHHBIX HA pPHUC. 8, OBLIO
TOTpavYeHo BPeMsi, COOTBETCTBEHHO [JIS KaXK/I0I0 CHIM-
Bosa: t, =0,078 ¢ u ¢{;=0,093 c. ITu gaHHLIE OBLIN
TMOJIyYeHbl Ha KOMIIBIOTEPE C MCIIOJIb30BAHMEM IIPO-
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1meccopa co CKopocThio padboTs! 2,8 I'T' 1 omepaTuBHOI
naMmaTeio 1 I'B. IIpu ucnonssoBauuu 6oJiee GBICTPHIX
KOH(UTryparmii BpeMsA BEIYNCIEHUA OYAeT MEeHBIIIE.

Tabauilbl BECOB HA PUC. 8 ABIAIOTCS TAOIUIIAMU
BecoB cuHaiicoB HyJsesoro caosa HC. Ecau 8 HC ma
OCHOBE METPUYECKOT0 MeTOJa PACIO3HABAHUA WC-
noab3yeTcs N 5TAaJI0OHOB, TO IIOHAZOOUTCSA B OOIIeM
KosimyecTBe N Tabuui BecoB. Ecau peanusyercsa HC
0e3 HYJIEBOT'O CJIOSI, TO MOCKOJBKY s N 9TaJIOHOB
TpebyeTrca n = N(N — 1) HelipOHOB IepBOTO CJIOA (CM.
puc. 2), TO CTOJBKO JKe IOTPedyeTcs 1 TaOJIUI] BECOB,
aubo moHazoburcsa n=N(N —1)/2 HelpoHOB g
csxaroii cxembl HC [26]. ITpu sTom oxHa Tabauiia Be-
COB CHHAIICOB HEHPOHA IEePBOr'o CJIOS Wl.’j ompeze-
JIgeTcsa KaK PasHOCTBb ABYX TaOJIUIl BECOB HYJIEBOTO
cJos Wl.(o), W;O):

Wl%.) =wO W]("). (16)

Hanpuwmep, eciu B Beipaskenuu (16) i u j cooTBet-
CTBYIOT cUMBOJIaM «A» 1 «C», IpuBeIeHHLIM Ha puc. 8,
To B HC 6e3 HyeBOro cj0sa TabIuIla BeCOB HeMpoHa
IIEPBOT'0 CJIOSA Wg,)c OymeT BBIMVISAAETH TaK, KaK II0-
KasaHo Ha puc. 9.

Torma BpeMs BBIUMCJIEHUS TaOJIMII BECOB CHHAII-
coB T nyis BceX HEMPOHOB HYJIEBOT'O CJIOA OTIPEIEJINT-
ca Kak T=nx tcp, Tle n — KOJUYECTBO HEHPOHOB
IIEPBOT'O WJIK BTOPOTO CIIOH; ¢, — CPe/jHee BPeMs Bbl-
YUCJIEeHUA OAHOIT TabJIMIThI BecOB cuHatncoB. K mpume-
Py, ecJIii MbI, ICXO/s U3 PUC. 8, OIIpeeiaeM cpeIHee
BpeMsI BBIUMCJIEHUS TaOJUITLI BECOB CHMHAIICOB Kak
tcp =(0,078 + 0,093)/2 = 0,0855 ¢, To Ay 3amauu pac-
MMO3HABAHUSA aJI()aBUTHBIX CMBOJIOB C KOJIMYECTBOM
pacmosHaBaeMbIX 00pa30B, paBHBIM 30, B KOTOPOM

¢ 1 2 3 4 5 & 7 8 9 10 11 12 13 14 15
ol 21| 15| 11} 7| 3| 1| O] 0 0| O] 1| 4| B| 12| 18|25
1| 21| 15| &) 5| 2| 1| o ©f 0O O] 1| Z| 5| 10| 16|24
2l 23| 15| 9| 4] 1| 0] 0o -1| -1 -1] -1| 1| 4] 8| 13|20
3 18| 13| 8| 4] 1| 0| -1| -z| -4| -4| -2| 0| 2| 5| 10|17
4l 17\ 10| 5| 2| 0] -1| -z| -5 -7| -8 -5| -2| 0] 4| 9|l&
5 13| 8| 4| 1) -1| -4| -5 -7|-11|-12| -8| -5| -1] 3| &|l2
gl 1o 5| 2| 0] -2| -5 -9|-11|-14|-17|-13| -B| 4| 0] 4| &
7| 5| 4| 1] -1| -4| -B|-12|-16|-21|-24|-18|-13| -B| -4| 0| 3
8 8| 4| 1| -1| -4| -5|-15|-21|-30|-31|-25|-18|-13| -5| -7| -4
gl 51 2| 1| -1| -4| -B|-12|-19|-24|-24|-17|-13| -B| -5| -3| O
1o 4 1) © -1f -2| -5|-10|-13|-16|-16|-13| -B| -5| -2| 0O 1
11 2| 1) ©| of -1| -4| -5| -8| 8] 8| -8| -5 -2| -1| 0O 1
1z 1| 0] © o©f 0] 0] -1| -3 -3| -3| -3| -1| -1] 0] 0Of 1
13 0] 0 © of 1| 4| 3| 3 3| 3| 3| 0f 0] 0] of 1
14 -1 -1 ©| 1| 2| 5| 9| 9 95 S5 5 2z 1] 0] 0f-1
15 -5] -2| -1| 1| 4| 8| 13| 16| 16| 13| 8| 5| 2| 1| -1f-2

B Puc. 9. Tabnuia BeCOB CUHAIICOB [IJIA HelipOHA IIEPBO-
T'0 ¢cJIOs ceTH 6e3 HYJIeBOTO CJIOS, OIIPe/[eIeHHBIX I IIaphI
STAJIOHHBIX TTEYATHBIX CUMBOJIOB «A» 1 «C» ¢ pasaMepHO-
cThio 16 x 16

B Fig. 9. Table of weights for a neuron of the first layer
of a neural network without a zero layer, defined for a
pair samples printed characters “A” and “C” with a di-
mension of 16 x 16

LA KasKIoro 06pasa MCIIOJIb3yeTCs B CPEIHEM II0 TPU
sTaJyioHa (uTo B 1esioM coctaBiaserT 90 sTajioHOB), IO-
HamobuTcsa BpeMs BbruuciaeHua T = 90 x tep® 7 ¢ pasa
HC ¢ myneBbim caoem, T =90 x 89 x tcp ~ 6,23 MuH
IJIsT apXUTeKTyphl paciupenuoir HC 6e3 myseBoro
caos (em. puc. 2) u T =90 x 89 x tep /2~ 3 MUH I
coxkaroit cxembl HC.

Hy:xH0 oT™mMeTuTs, uTo ipu 06yuernuu HC Kiaaccu-
YeCKUMU aJITOPUTMAaMU BPeMs TPeOyeTCs 3HAUUTE b
HO 0oJIbIIIee, KOTOPOe M3MepAeTCA YacaMu, a MHOTIA
u cyTkamu. Takum o6pasoM, BHIUMCJICHNE 3HAUCHUS
BECOB CHHAIICOB IIpeJjiaraeéMbIM aJTOPUTMOM CyIIie-
CTBEHHO BLIUT'PHIBAET 110 BPEMEH!U, IIPU STOM CO31aeT-
ca ysxe paboratomniag HC, KoTopas MOKeT ellie u 10-
00yuaThCs KJIAaCCUUYECKUMU aJITOPUTMAaMU.

IIpumepst

IIpumep 1. Cozmanue HC u npumeHeHue
BBIYUCJIEHHBIX BECOBBIX 3HAYEHH I CHHATICOB
IJI HaGopa u300paskeHna OyKB

IIpusenem marnagabiii npumep HC aasa sagaunm
pacmosHaBaHUA ITeCTH 00Pa30B PYKOIMCHBIX OYKB
A, B, E, M, N, Z (puc. 10). Ina narmreit sagauu N = 8
(ROIMUECTBO 3TAJIOHOB); 00pasdy cuMBoJa «A» u «B»
COOTBETCTBYET II0 [Ba STAJIOHA, HaNMEHOBaHHBIE
Kak Al, A2, B1, B2. [Ina HarIAMHOCTA U IPOCTOTHI
mpumMepa OyZeM TaKsKe MCIIoJab3oBaTh cxemy HC c
HYJIEBBIM CJIOEM (CM. puc. 3).

Hcxopgsa n3 ycnoBudA 3amauy KOJIMYECTBO HENPO-
HOB HYJIEBOTO CJOsA Ny =8; KOJUUYeCTBO HeHpPOHOB
IIepBOro cJIod 1y = 8 x 7 = 56; KoIuuecTBO HeIPOHOB
BTOPOTO CJIOSI PABHO KOJHUYECTBY ITAJIOHOB: 71, = 8;
KOJIMYECTBO HEHWPOHOB TPETHEro CJIOS PaBHO KO-
JIuYecTBy 00pasoB: ng=6. PasMepHOCTH TabIMIIBI
BECOB CHHAIICOB NPHUMEM paBHOU 8 X 8, M, TaKuUM
00pas3oM, KOJIUUECTBO CBA3el OJHOTO HelipoHa HyJIe-
Boro cJios Oymer paBuo 64. Ha puc. 10 mpuBegeHbl
TAOJUILI BECOB CHHAICOB [OJIA KayKIOT0 HelpoHa
HYJIEBOTO CJIOS, BBIUMCJIEHHBIE OIMCAHHBIM BBIIIIE
crmocobom. Kammomy HepOHY HYJIE€BOT'O CJI0S COOT-
BETCTBYeT OJHA BBLIUMCJIECHHAs TabJyuIila BEeCOB CHU-
HAIICOB COIJIACHO MX PACIIOJIOMKeHno Ha puc. 10, T. e.
TIEePpBOMY HEWPOHY HYJEBOTO CJIOS COOTBETCTBYET
TabJIMIla BECOB CUHATICOB, OMpeAeieHHAs 9TaJ0HOM
«Al», BTOpOMY HEpOHY — 3TaJoHOM «A2», TpeThe-
My HeWpoHY — 3TajoHOM «Bl», ueTBepTOMY HEIpO-
HY — 9TaJ0oHOM «B2», maTomMy HEHPOHY — 5TaJIOHOM
«E», mecTomy HelipoHY — 5TasoHOM «M>», cegpbMoMYy
HENPOHY — 3TaJIoOHOM «N», BOCBMOMY HEHPOHY —
9TAJIOHOM «Z». B 5TOM Ke MOpSAAKe OIpenessiiOTCs
¥ BBIXOABI BTOPOTO cosi. Beixoasl HC (BBIXOABI Tpe-
TBETO CJIOS) OIPEeIeISIOTCA B CAeAYIOIeM IIoOpsaKe:
o0pasy «A» coorBercTByeT 1-it BbIXOH, «B» — 2-ii,
«BE» — 3-11, «M» — 4-11, «N» — 5-i1, «Z» — 6-11 BbI-
xon. B KauecTBe BXOZHOTO TECTUPYEMOTI'O CHMBOJA
OymeM MCIOJb30BaTh 3HAUEHE PYKOINCHOTO CUMBO-
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B Puc. 10. dranonusie cumBossl Al, A2, B1, B2, E, M, N, Z c padMepHOCTHIO MATPUITHI pa30meHnd n3o0paskeHuii 8 x 8 u
COOTBETCTBYIOII[/ie UM TA0JIUIIbI BECOB CUHAIICOB HEIPOHOB HYJIEBOTO CJIOS

B Fig. 10. Samples symbols A1, A2, B1, B2, E, M, N, Z with the dimension of the image partition matrix 8 x 8 and the

corresponding tables of weights of neurons of the zero layer

aa «N», mpuBeneHHOro Ha puc. 11, a. 9To 03HAUAaerT,
YTO B CJIydyae IPaBUJbHOCTH Y3HABAHUS BXOIHOTO
cumBosia HC 5-i1 Beixonm HC moskeH aKTUBU3UPO-
BaTbcA (cTaThb paBHBIM 1), Torga KakK OCTaJbHBIE
BBIXO/IBI JOJIKHEI ObITh paBHBI 0. Ha puc. 11, 6 upu-
BeJleHa OWHapHasA MaTpUIla BXOAHOTO TeCTUpPYe-
MOr'o cuMBoJa ¢ puc. 11, a ¢ pa3aMepHOCTBIO TaKIKe
8 x 8. Ilpy mHpUMeHEHMH TEeCTHPYEeMOro CHMBOJIA
(cMm. puc. 11, a) onpegenum ¢popMUpyeMble 3SHAUSHU S
cocToAHMI U akTuBanuii Bcex HeliponoB HC. Ha
puc. 12 mpuBeneHb! TAOJIUITBI YMHOMKEHUH OMHAPHON
MAaTPUIHI BXOAHOTO cuMBoJia (cM. puc. 11, a) Ha Tab-
JuIkl BecoB (cM. puc. 10), a Tak:Ke 3HAUEHUA COCTO-
STHUSI HeIIPOHOB, OIIpe/iesisieMble KaK

Sw® =3 xw. (17)

3mech Mg HYJIEBOTO CJIOA WCIOJB3VIOTCA HEM-
POHBI, V KOTOPBIX 3HAUECHUA (QYHKIUU aKTUBAIUU
HePOHA PaBHBI 3HAUEHUIO COCTOSIHUA HEHPOHA:

F(Sw©) = SwO. (18)

3HaueHUA QYHKIIUHA COCTOSHIIT HEMPOHOB IIePBO-
T'O CJIOA ONIPEEIAIOTCA 0 BEIPAKEHUIO

Sw) = Sw® — S1uw®, (19)
L, 3 J

e i M j — IMOPSIAKOBBbIE HOMEPA IIOMAPHO CPaBHU-
BaeMbIX TAJIOHOB. B Tabi. 1 mpuBegeHbl 3HAUCHU A
GYHKIIUHA cocTOAHUN Beex 8 X 7 = 56 HelIpOHOB mep-
BOTO cJI0s1. DYHKITNY aKTUBAIIUY HEHPOHOB IIEPBOTO

cyos f(SwS)) OIIPeNeaAI0TCS 110 BEIPaKeHUIO
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f(Swl.(}j)) =1, ecan Swi(,lj) <0
(20)

f(Swi(’lj)) =0, ecau Swi(,lj) >0

3HaueHUsA BCeX BBIXOJIOB f(Swl(’lj)) HEePOHOB Iiep-
BOT'O CJIOA TpuBeAeHBI B Ta0a. 2. Kaskabiii HeiipoH
BTOPOT'O CJIOSI 00'beINHAET CEMb BBIXOIOB HEIIPOHOB
IIEPBOTO CJIOSI, B KOTOPBIX B BhIpaskeHuu (19) wn-
IeKC i COOTBETCTBYET OZHOMY U TOMY K€ TaJIOHY.
Hamnpumep, mepBulii HEIiPOH BTOPOT'O CJIOS COEINHEH
C CeMbIO HePpOHAMU IIePBOro cJjIod, rae i B (19) u (20)

01234567

7

i ap Ry I TR |

0)

e = I T I S ST U

R =R 1=] =1 [=RL=] =]
ala|lk|e|k|r|k]|al-
[ R [EO) Py JEey PRy R iy P

Ll Lol =R =N =] L] L= L] L8

SR IR E=RE=0 =N =01=] F ]

(= N=T D= Nl FE o 0 Y )
[=Q N~ [~ =Nl el R ] )
[=Hi=]I=RisRIsN =N Ll )

B Puc. 11. TecTupyeMblii pyKOIIMCHBIIN cuMBOJI «N» (a)
u OMHapHasA MaTpUIla X TeCTUPYEeMOTo cuMBoJa (6)

B Fig.11. Test handwritten character “N” (a) and bina-
ry matrix of the test character X (0)

(0) (0) ) (0)
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B Puc. 12. Tabauipl 3HaUEeHUI ITPOUBBENeHUN OMHAPHONI MATPUIBI X TECTUPYEMOTO (BXOJHOT'0) CUMBOJIA C TaOJIUIIAMU
BECOB CHHATICOB HEPOHOB HyJeBoro cios WO u sHauenns GpyHKuil cocToanuns Sw(?) HelipoHOB HYIEBOTO CII0S

B Fig. 12. Tables of product values of the binary matrix X of the test (input) symbol with tables of weights of the zero
layer neurons WO and values of the state functions pyrrunit Sw(® of zero layer neurons

B Tab6auya 1. 3Hauenus QyHKIUH COCTOAHMIH Swl(lj) (19) HeHPOHOB IIEPBOTO CJIOA

B Table 1. Values of state functions Swlilj) (19) neurons of the first layer

Cumsou, i, Cuwmsou, j, Swj(O)

Sw;(0) Al, 1,35 A2,2,34 B1, 3, 15 B2, 4,31 E, 5,14 M, 6, 51 N, 7,11 Z, 8,27
Al, 1,35 1 20 4 21 -16 24 8
A2,2,34 -1 19 3 20 -17 23 7
B1, 3,15 -20 -19 -16 1 -36 4 -12
B2, 4, 31 -4 -3 16 17 -20 20 4

E, 5, 14 -21 -20 -1 =17 =37 3 -13
M, 6, 51 16 17 36 20 37 40 24
N, 7,11 -24 -23 -4 -20 -3 -40 -16
Z, 8, 27 -8 =7 12 -4 13 —24 16
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B Tabruya 2. 3HaueHUA BHIXOL0B HEIIPOHOB II€PBOT'0, BTOPOTO U TPETHETO CJIOA
B Table 2. The values of the outputs of the neurons of the first, second and third layer

Cumsou, j
Bropoii cioit Tpetuii cioit
Cuwson,i | AL1 | A2,2 | BL3 | B2,4 | E5 | M6 | N7 | 78
F(Sw() Sw | fSw) Swlg),
Al 1 1 20 4 21 -16 24 8 1 0 0
0+0=0
A2, 2 -1 19 3 20 -17 23 7 2 0
B1, 3 -20 -19 -16 1 -36 4 -12 5 0 0
0+0=0
B2,4 -4 -3 16 17 -20 20 4 3 0
E, 5 -21 -20 -1 -17 -37 3 -13 6 0 0 0
M, 6 16 17 36 20 37 40 24 0 0 0 0
N, 7 -24 -23 -4 -20 -3 -40 -16 7 1 1 1
Z, 8 -8 -7 12 -4 13 —24 16 4 0 0 0
ompenensier artamon «Al»: f(SwE, o), FSWP, &), Snl(e3) _ ZK 1((1X f( Sn}m))' (23)
’ > ]: £
F(Sw R po)s FSWRy ), FSwWRy )y FSW Ry ), FSwW R ).
CoO0TBETCTBEHHO, aKTUBHBIA BBIXOJ i-T'0 HEMPOHA BTO- f( S nl(e3)) —1, ecim S n;z3) >0
poro cJioa olpefenseT CXOXKECTb BXOAZHOI'O Paclos- (24)

HaBaeMOTO 3JIEMEHTa K 3TaJIoHy «Al». AHaJIOrMYHO
U II0 IPYTHM HeHPOHAM BTOPOTO CJIos. PYHKIIUU CO-
CTOSTHUA HEHPOHA BTOPOTO CJIOS [JIA PACIIUPEHHBIX
cxeM puc. 2, 3 oIpemeasioTCs CIeAYIONINM 00pas3oM
[26, 27]:

2 N-1 1)\.
SnP =ay L F(sni)): @1)
f(Sn,(f)) =1, ecimt Sn,(ez) >a(N-1)= H,Ezz)
» (22)

f(Snf)) ~0, ecnn Sn{? < a(N-1)= HP

rae N — KOJIMUeCTBO 3TAJIOHOB; 0. — IIOCTOSIHHAS Be-
JMYNHA, ONpefesdolas 3HadeHne Beca w2 BXOA-
HBIX CBsA3ell HEPOHOB BTOPOTO ¢JI0A. B mamuoM mpu-
mepe o= 1; H® =o(N — 1) — nopor HelipoHa BTO-
poro cios. IIoCKONIBKY AJIA JaHHOTO IpHIMepa KoLl
Yecmeo amaaoH08 PasHo 80cbMu, TO Topor Hf? =17
IJIs1 BCeX HEHPOHOB BTOPOro cjos. B Tabi. 2 moka-
3aHBI TaKKe 3HaUeHHUA QPYyHKUMI cocroaHuii Sw?
axkruBanuu f(Sw{?) HefIPOHOB BTOPOTrO CJIOS COrIAC-
HO TpUBeAEeHHBIM BbIpaskeHuaMm (21), (22). MokHO
BU/IeTh, UTO y:Ke Ha OTOM dTale 7-ii BBIXOJ BTOPO-
T'0O CJIOS, COOTBETCTBYIONINIT 9TAaJIOHY «N», IBJIA€TCS
aKTuBHBIM. B Tpersem cioe HC BrimosHAETCA 00B-
efliHeHNe HefipOHOB OJHOro 00pa3a B OZHOM Heipo-
He. [[J1s JaHHOTO IpUMepa TPETUH CJIOU HeoOXOoAUM
JIJIS TIEPBOTO ¥ BTOPOTO 00pa3oB «A» 1 «B», TOCKOIE-
Ky 5TU 00passl UMEIOT II0 [/BA BTAJI0HA U UX BBIXOZEI
00beNHAIOTCA B HeHPOHAX TPeThero ciosd. MyHK-
nuu cocroanusa Snfd u f(Snf®) akTusanun Heiipo-
HAa TPeThETro CJIOS OIPeeIAI0TC CIeyIouM obpa-
30M:

f(Snlg?’)) =0, ecan Sn}f) <0

rae K — KoamuecTBO 9TaJIOHOB B k-M 00pase; oL — II0-
CTOSTHHOE 3HaUeHUe, Ompeesidiolnee 3HaUeHIe Beca
cBA3eil HEPOHOB TpeThero caos wfd), KA KaHHOTO
mpuMepa TakKe o = 1.

W3 Tabii. 2 MOXKHO BUIETh, UTO B UTOTE [JIS BXO[-
HOT'O CUMBOJIA Ha puc. 11, a aKTuBU3UpyeTcA 5-i BbI-
xox HC, coorBercTByIomuii o6pasy «N».

IIpumep 2. Cosmanue u ooyuenune HC
Ha ocHoBe 6a3sI uupp MNIST

B mamaom mpumepe HC cosgaercs u gasee o0y-
yaercsa Ha 6aze MNIST (puc. 13). HaGop sTamoHOB
Habupaercsa us 0aspl MNIST, pasmeprocTh Taban-
IIbI BECOB CUHATIICOB OIIPEEISAEeTCA TaKKe Ha OCHOBE
pasMepHOCTH MaTPUILbI n300paskeHuit 6assr MNIST,
TIpeBbIIas ee B ABa pasa (28 x 56). [lanabHeliee q0-
o0yueHme CeTH BhIMOJHIEeTCA TaKKe Ha 6ase MNIST.
s omeHKu 9O HEKTUBHOCTH IMTOJYUYEHHOI ceTu 00-
yuenue Toi ke HC BhIIOSHAETCA U KJIACCUUECKUM
CcII0co00OM CO CIayUYaiiHOW MHUIMAJJIN3aIlell Bcex Be-
coB HC. Pe3ysbpTaThl CpaBHUBAIOTCA.

Hamomunuwm, uro 6asa MNIST cocTouT 13 obyua-
forreii 6aswl, B KoTopyio BxoxaT 60 000 uzobpaske-
HUH PYKOIIMCHBIX UMD, ¥ KOHTPOJIBHOU (T€CTOBOIN)
6a3bI, coctosineii us 10 000 o6pas1ioB M300paKeHn
mudp. Kammoii 6ase Taxkske Impuaraercsa cBos 6a-
3a HAaMMEHOBAHUM 1U@p, MOPAAOK PACIIOIOMKEHUS
KOTOPBIX TAKOH K€, KAK U MOPANOK PACIOIOKEHNA
usobpaskeHuil mudp B o0yUaroneil 1 KOHTPOJIbLHOI
b6asax. MzoOpakenusa 1mudp B 6a3ax OMMCAHBI B BU-
e MaTpuilbl Iudp pasmepHocThiO 28 x 28. Karkgasa
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File Edit Commands Setting

Swi=0 Your=0
1 Swi=0 Your=0
2 Sw3=1 Yout=1
3 Swi=0 Your=0
4 Swi=0 Yout=0 w

Baza TecTupoeanuA [0, 10000]

Kaon3nox F ik j
10
tls A Etalons |3-20 j'

Back propagation ‘ Recognize Delete Add

TECTHRYEMBIF CHRBON 2 COOTBETCTEYET Dfpasy 2

B Puc. 13. TIporpaMMHBIN MOAYJIb IJis PACIIO3HABAHUS
u o0yuenus usodpakenuii 6assr MNIST, peanusoBaHHBIN
B cpene Builder C++

B Fig. 13. Software module for recognition and train-
ing of images of the MNIST base, implemented in the
Builder C++ environment

nudpa MaTPUIBl ONPENeIdeT 3HAUeHWEe TOHAJIBHO-
CTHU OJHOTO NMUKCeJs n3obpaskeHus 1iudpol B fuama-
3one [0, 255].

B xauecTBe 9TaJIOHOB OBLJIO BBIOPAHO IO TPHU
obpasia ms3o0OpakeHUl ITUPP OT KayKIoro oodpa-
3a. Uroro ucnosns3oBasock 30 sTtasoHoB (puc. 14).
ITaJIOHBI OBLIM BHIOPAHBI MHTYUTHUBHO U3 IIE€PBBIX
250 nzobpaskeHu mu@p KOHTPoabHOM 6a3b1 MNIST.
Hapg xaXapIM BBIOPDAHHBIM 9TAJIOHOM IIPUBEIEHO
HauMeHOBaHUe u300paskeHUs, Hampumep 2 35, B
KoTopoM IiepBad ntudpa 2 yKkasbiBaeT o6pas, KOTOpO-
My OpUHAIJIEKUT U300parkeHue Iu@pbl, Yucjao 35
YKa3bIBaeT IOPATKOBBIN HOMED JaHHOT'O 1300pake-
Hua nudpsl B 6ase MNIST. ITocKoIbKY KOJIHMYECTBO
9TaJI0HOB paBHO 30, TO B COOTBETCTBUU C ApXUTEK-
typoit HC, peanmsyiomux MeTpPHUUYECKUEe MeTObI
pacro3HaBaHUSA, KOJUUYECTBO HEHUPOHOB BTOPOIO
cJios OyzeT paBHO Takske 30. OTaJOHBI B paccCMaTpu-
BaeMOM 3ajiaue PacIoIOKeHbl B TAKOU Ke IIOCJeI0-
BaTeJIbHOCTH, KaK Ha puc. 14. CHauaja croJberr c
uzobpaskeHuamMu mudpsl «0», moTroMm mudpsl «1» u
T. 1. B cooTBeTCTBUM C STUM CXeMa CEeTH Ha puc. 2

0 157 1135 2172 32 4 121 5102 6 21 70 8 128 9 125

BOEBBEARER

0 25 5 120 5 217 T 64 % 61 9 151

*EIIIIIE

0 _28 1_46 13 3 63 4 56 5 797 4 9 20

BENPEHOBEOEGA

B Puc. 14. BeiOpauHble 9TAJIOHBI U3 KOHTPOJIbHO 0a3bI
MNIST

B Fig. 14. Selected samples from the MNIST control
base

ompefesseT W BBIXOABI BTOPOTO cjosd. KommuecTBO
HEeiPOHOB TPETHEro CJOS PAaBHO KOJUYECTBY pac-
mmosHaBaeMbIX o6pasos nudp: n® = 10. Kasasrit i-it
BBIXO/] TPETHEr0 CJI0A OIIPeeIseT IPUHAAJIEKHOCTh
pacmosHaBaeMoro sJeMeHTa K i-My o0pasy Imu@pbI.
TTopsagok o6pas3oB MU onpenesieH MocIeqoBaTE b
moor 0 1o 9.

KonmuectBo HeilipooB mepsBoro cigos nlD) =
=30 x 29 =870. B mporiecce pacmo3HaBaHUA WU
00yueHus AJIA KasKI0T0 BXOJAHOTO PACIIO3HaBaeMOT0
M300pasKeHns COCTABJIAETCS OMHAPHAS MaTpuUIila, Ko-
TOopas, B OTJINYUE OT IIePBOTr0 IIpruMepa Ha puc. 11, 0,
OymeT COCTOATH U3 ABYX uacTeil. B mepBoit uacTu 6u-
HAPHON MAaTPUIBl €IUHUIILI OMIPEIE/ISIOT CBETJIbIe
MUKCeJIU n300paskeHns, 3HaUueH I KOTOPhIX >150, u
HA000pOT, HYJIU OIPEeAe AT 3aTeMHEeHHbIe ITUKCe-
JI ©300paskeHusa, 3HaUueHUsI KoTopbix <150. [Ipyras
YacTh MaTPUILbI 3€PKAJIbHO TPOTUBOIIOJIOKHA, OIIPe-
JlesigeT akTUBHBIMU (= 1) TeMHBIE TMKceau m300pa-
sxenuii (<150) u HeakTuBHBIMUY (= 0) CBETIIBIE TUKCE-
Jau usobpaskenuii (>150). CooTBeTcTBEHHO, pa3mep-
HOCTb OMHapHOU MaTpuibl paBHa 28 x 56. Karxnaa
TabJIUIla BECOB CUHATICOB HYJIEBOT'O CJIOS COpa3MepHa
c OMHAPHOII MaTPHUIlEH 1 COCTOUT TAKJKe U3 IBYX Ya-
creit (puc. 15, a u 0).

CooTBeTCTBEHHO, TabJIMIla BECOB CHUHAIICOB IIEP-
BOT'0 CJIOS OTIpefiesisieTcs Ha OcHOBe BeIpaskenusd (19).

IIpe:xkme uem mauath oOyuenue HC (cm. puc. 2)
asroput™MoM back propagation, He06X0qUMO IIPOBE-
CTU HEKOTOPbIe TPeoOpa30oBaHus B ceTU. II0OCKOIBKY
3HAUEHUS BECOB CHHAIICOB IIEPBOTO CJIOS IIOJIYYAFOT-
cs GOJBIITMMY, B OCHOBHOM pacIojaraioTcs B Auala-
3oHe [0, 100], yTo He peKOMEHAYETCA JJIs aJITOPUTMAa
back propagation, To Kaxkmoe sHaueHUe Beca CUHATI-
coB nepBoro cjiod geautcsa Ha 100, uTo He MeHAET pe-
3yJABTAaTUBHOCTD IMOJyUYeHHOU ceTu. Ha puc. 16, a u 6
TIpUBeIeH IpPUMep TAabJIUIILI BECOB CUHATICOB IIEPBO-
TO CJIOsI, BBIUMCJEHHBIX MJIs Maphbl 9TaJIoHOB 2172
u 5 102. Takum o6pasoM, A KaKJOTO HEWpoHA
mepBoro cJjios BbIuucisercsa 870 Tabuuil BecoB cu-
HatcoB. IIpu 5TOM HYYKHO OTMETUTH, YTO B JaHHOM
npumepe mpu o0yuennu HC HelipoOHbI HYJIEBOTO CJIOS
He KCIIOJIB3YIOTCS, PACCMATPUBATHCA OYAET TOJIBKO
TmoJyueHHasd TpPexcJaoliHasa ceThb (M. puc. 2).

Heifiponnasa ceTb Ha puc. 2 ABJIAETCA CETHIO MIPH-
MOTO PACIIPOCTPaHEHUsA, HO IIPU 9TOM BTOPOH W Tpe-
TUH CJION He ABJSAIOTCS IOJHOCBA3HBIMU. B padore [5]
OBLIU TPUBEAEHbBI 0000IEHHbBIN AJITOPUTM CO3TAaHUS
nosHocBas3Ho HC u BuIUMCIeHUSA 3HAUYEHUH BECOB
CHHAIICOB BTOPOI'O U TPETHEro CJIOS, IIPU KOTOPBIX
COXpaHseTcs ITepBoHavYaIbHAA JIOTHKA PAGOTHI CEeTH.
Ho B mpocTeiimiem cayuae 13 cXeMbl Ha PUC. 2 TOJHO-
cBasuyio HC Mo:KHO OTyuYnTh f0OABJIEHIEM BCeX He-
JIOCTAIOIINX CBs3eil BTOPOTr'0 U TPEThero CJIosd, 3Haue-
HUS BECOB CUHAIICOB KOTOPBIX OYIYT IMPUPABHEHBI K
Hy10. B 3TOM city4ae jioruka paboThI ceTH Ha puc. 2
Tak:ke He uamMeHurtcsa. Ha puc. 17, a u 6 nupuBeneHbI
3HAUEHUS BECOB CBA3EH HEHPOHOB BTOPOT'O U TPEThe-
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B Puc. 15. Tabauna BecoB cuHatcoB HyJieBoro cyod HC pns aranona 2_172: a — pas yacTu OMHAPHOM TaOJIUIIBI, B KOTO-
Poii cBeTabIM nHuKceaaM (>150) nsobpaskeHus COOTBETCTBYET 1; 6 — 1A uacTu OMHAPHOIT TabJIUIBI, B KOTOPOH 3aTeMHEH-

HbIM nuKceasaMm (<150) coorBercTByet 1

B Fig. 15. Table of weights of the neural network zero layer for sample 2_172: a — for the part of the binary table in
which light pixels (>150) of the image correspond to 1; 6 — for the part of the binary table in which the darkened pixels

(<150) correspond 1

T'0 CJIOS, PACIIOJIOYKEHHBIX TOPUBOHTAIBHO B CTPOKAX.
Hanpuwmep, Ha puc. 17, 6 KOJIUUECTBO II0CIeI0BATEIb-
HBIX eIUHUI] B CTPOKE OMpemessieTCsa KOJUUEeCTBOM
STaJIOHOB, IPUHAJIEKAIIIUX OLHOMY 00pasy mudpsbl.
B manHOM IpuMepe 9TO 3HAUEHUE ONMHAKOBO [IJIS
Bcex 00pas3oB u paBHO TpeM (cMm. puc. 14). Hamg xaox-
JIOU CTPOKOI TaK Ke IPUBeIeHbI IIOPOrOBbIe 3HAUCHU A
HEeHPOHOB, MpeICTaBJIeHHbIe B KaueCTBe Beca CUHAT-
ca, IPOTHUBOTOJIOKHOTO TI0 3HAKY IIOPOTOBOMY 3HaAUe-
HuIo Hefiponos: Wh2 = —H [2) = -29.

B kauecTBe QYHKINU aKTHUBAIIUYU HEHPOHOB HC-
[I0JIb30BAJIACH CUIMOUAHASA QYHKIIUSA aKTUBAIIUNA

1

1+eS¥

f(Sw)= (25)

ITockoOaBKY IJIsI CXeMBI CeTH Ha puc. 2 BCe Beco-
Bble 3HAUEHUS CUHAIICOB HEMPOHOB BTOPOTO U Tpe-
THEro CJIOSA ABJIAIOTCS IIOJOMKUTEJIbHBIMU, TO U BCE
BBIXOABI HEHPOHOB TPETHETO CJIOSA, BHEIUUCJIEHHBIE C
CUrMOUIHON (pyHKIMel akTuBanuu (25), Oojblie
0,5. 9T0 MOk HO Hab0AATh B Ta0JI. 3, IIe mpuBee-
HBI BBIXOJIBI TPETHETO CJIOSA IIPU PACIIO3HABAHUY 130~
opaskenua 2_174 (cm. puc. 13). VI3 Tabs. 3 MOKHO
TaK:Ke BUAETDb, YTO BBIXOM, COOTBETCTBYIOIINII IIpa-
BUJIBHOMY 00pasy mudpsl (3-if BBIX0OJ ¢ HOMEpOM 2),
uMeer Hambosblee 3Hauenume >0,51. Hcexomsa us
9TOr0 B KauecTBe IpaBUJa CPABHEHUS HA BBIXOME

HC 6n110 mcoosansosano suauenue He 0,5, a 0,51.
Hpyroil mcnonb3yeMblii B JaHHOM IIpUMeEpPe CIIoco0
oIIpeieSIeHNs aKTUBHOCTHY BBIXO[Ia HEPOHA TPEThe-
ro cJoA — IO HanbOJbIIeMy 3HAUeHHIO BhIXOAa Y
HC. Hanpumep, Kak mokasaHo B TabJ. 3, HanbOJIb-
ree 3HaUeHUe MPUHAAJIECKUT TPETheMY BBIXOLY C
HOMEPOM 2, COOTBETCTBYIOILIEMY 00pasy Iu(pPhI «2».

B urore Ha Bech mportiecc cospaunua HC u Berumc-
JIEHUsI BCEX BECOB CUHAIICOB (B TOM UMCJIe M BECOB
CHHAIICOB HYJIEBOI'O CJIOS) B IIPOIPAMMHOM MOMIYJIe
puc. 13 6b1y10 3a(puKCHUPOBAHO 00Illee IMOTPaUEeHHOE
BpeMd t,, = 0,5469 c. 9T0 3HAUUTEJHHO MEHbLIIIE,
UeM IPUBEAEHHbIE IPEIbIAYIINE OIIEHKY, JajKe C yUue-
TOM GOJIBIIIEl PasMepHOCTH TabJUIILI BECOB CHHAI-
coB (28 x 64). CBsaA3aHO 9TO, BUAUMO, C cCAMUM (POp-
MaTOM ITpecTaBIeHns n3oopakennii B 6ase MNIST,
HOCKOJIbKY nsoopaskenusa 6assl MNIST npencrasie-
HBI YK€ B BUJE TEKCTa CO BHAUEHUAMU IIUKCeJIel,
T. e. nas usobpaskennir 6assl MNIST me Tpebyercs
BBIIIOJTHATH TONUKCEJIbHOE CKAHUPOBAHUE AYEEK
n300pakKeHunii, Kak 9TO [OeJajioCh B IIPEABIAYIIEM
mpuMepe.

B Tabis. 4 mpuBeneHbI pe3yJbTaThl paclio3HaBa-
Hus KoHTposbHOU 6a3k1 MNIST (10 000 uzobpaske-
HUiT) Ha ocHOBe moayueHHol HC ¢ BBIUMCIEHHBIMU
BecaMU CHUHAIICOB C UCIIOJb30BaHMEM KaK II0po-
TOBOM, TaK W CUTMOMUAHON (PYHKIMMU aKTUBAIIUU.
Tak:Ke IpUBeIeHbI KOJIUUYECTBO U IPOIEHT IIPABUIb-
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B Puc. 16. Tabiuma BeCOB CUHAIICOB IIEPBOTO CJIOA IJIs HeHPOHA, BHIIOJHSAIONIETO cpaBHeHue 9TajJoHoB 2 172 u 5 102:
a — IJid YacTu OMHAPHOM MaTPUIILI, B KOTOPOIT CBETIBIM MUKCEJAM usoopaykenus (>150) coorBercTByer 1; 6 — a1 yacTu
OMHAPHOM MAaTPUILLI, B KOTOPOIl 3aTeMHEHHBIM MTUKCceJIAM nsoopakernus (<150) coorsercTayeT 1

B Fig. 16. The table of weights of the first layer for a neuron comparing the samples 2_172 and 5_102: a — for the part
of the binary matrix in which light pixels of the image (>150) correspond to 1; 6 — for the part of the binary matrix in

which the darkened pixels of the image (<150) matches 1
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Wh2 =-29
0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000:
Wh2 =-29
0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Wh3 =0
111000000000000000000000000000
Wh3 =0
000111000000000000000000000000
Wh3 =0
000000111000000000000000000000
Wh3 =0
000000000111000000000000000000
Wh3 =0
000000000000111000000000000000
Wh3 =0
000000000000000111000000000000
Wh3 =0
000000000000000000111000000000
Wh3 =0
000000000000000000000111000000
Wh3 =0
000000000000000000000000111000
Wh3 =0
000000000000000000000000000111

B Puc. 17. PparmMeHT BeCOB CUHAIICOB JJIs BTOPOTO ¢JI0s () 1 Bce Beca CUHAIICOB TPEThero ¢josd (0)
B Fig. 17. A fragment of weights for the second layer (a) and all weights of the third layer (6)
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B Tab6ruya 3. Berxozns! Tperhero ciod HC ¢ moporoBoii u CUrMOUIHOM GYHKIIMEH aKTUBAIIUY DU PACIIO3HABAHNY CIMBO-

na 2 174 (cMm. puc. 13) us KouTpoabHOH 6a3s1 MNIST

B Table 3. Outputs of the third layer of a neural network with a threshold and sigmoidal activation function upon
recognition of the 2_174 symbol (see Fig. 13) from the MNIST control base

DyHKIUA aKTUBAIAN
noporosast CUIMOMAHA A
Brixon Sw3 Y, Brixon Sw3 Y, .
0 0 0 0 0,000270242677595017 0,500067560668988
1 0 0 1 3,43951083407716E-6 0,500000859877708
2 1 1 2 0,0526576299057448 0,513161366435398
3 0 0 3 0,0109778057331013 0,502744423871947
4 0 0 4 9,28464982946175E-6 0,500002321162457
5 0 0 5 0,000934588149375769 0,500233647020337
6 0 0 () 0,000250751415905857 0,500062687853648
7 0 0 7 1,20144980966343E-7 0,500000030036245
8 0 0 8 0,014626235919069 0,503656493794839
9 0 0 9 0,00149247436075622 0,50037311852093

B Tab6ruya 4. Pesynbrarsl pacnosdHaBanua KoOHTPoabHOI 6a3bsl MNIST (10 000 cumBosI0B) 6e3 00yueHu A
B Table 4. MNIST control base recognition results (10 000 characters) without learning

DYHKIUA aKTUBAIUNA
moporosas CHUTMOUZHASA
s i P, % s i p, %
s0 =834 i0 =980 p0 =85 s0 =962 i0 =980 p0 =98
s1 =968 il =1135 pl =85 s1 =872 il =1135 pl =76
s2 =530 i2 =1032 p2 =51 s2 =530 i2 =1032 p2 =51
s3 =454 i3 =1010 p3 =44 s3 =420 i3 = 1010 p3 =41
s4 =410 i4 =982 p4 =41 s4 =487 i4 =982 p4 =49
s5 =411 i5 =892 p5 =46 5 =421 i5 =892 p5 =47
56 =586 i6 =958 p6 =61 s6 =151 i6 =958 p6 =15
s7 =556 i7 =1028 p7 =54 s7 =499 i7 =1028 p7 =48
§8 =773 i8 =974 p8 =179 8 =298 i8 =974 p8 =30
s9 =750 i9 = 1009 p9="74 s9 =227 i9 =1009 p9 =22
Hroro: s =6272,i =10 000, p =62 % HNroro: s =4867,i =10 000, p =48 %

HO UAeHTU(MUIINPOBAHHBIX 00HEKTOB KOHTPOJLHOI
6aser MNIST oTaenbHO AJ1d KaxI0ro oopasa mudpsl
(sj, pj, rme j — HamMeHOBaHMe 00pasa), a TaKKe IIPu-
BOAUTCA 0O0Iee KOJUYECTBO M300pasKeHUil ij mJisa
KasKaoro j-obpasa B KOHTpoJibHOM 6aze MNIST.

ITo gamHbIM TabJ. 4 MOMXHO BHAETH, UTO OOIIee
KOJIMYECTBO IIPABUJIbHO UACHTH(PUIINPOBAHHBIX 130~
opasxenuit MNIST cocrasusio 62 % miss HC ¢ mopo-
roBo#l (pyuKIuel akTusanuu u 48 % ¢ curMouaHOI

dyurnueit akrusamuu. Ilagerane 10 48 % o0bsACHS-
eTcs TeM, UTO YCTAaHOBJIEHHOE MPABUJIO IIPOBEPKU
Ha BbIxXozme (>0,51) B HEKOTOPBIX CAYUYAAX TPUBOIUT
K OImmOKaM aKTUBAIIMU OJHOBPEMEHHO HECKOJbKUX
BBIXO/IOB TPETHErO CJIOSI, & B HEKOTOPBIX CIyYasdx,
HAa000poT, K ToMy, uTo Ha Beixone HC HeT aKTUBHBIX
BBIXO/IOB, B Pe3yJbTaTe Yero UTOr0BOE KOJMUYECTBO
TPABUJIBHO Y3HAHHBIX M300paKeHUil YMEHbIIaeTCs
Ha 14 %. B meficTBUTENIHLHOCTU IIOTEHITHAJ BBIUMC-

Ne3,2020 N\

VIHDOPMALIVIOHHO-YMPABASIIOLLVIE CUCTEMBI N\ 33



7 VH®OPMAUMOHHO-YNPABASIOLLVE CUCTEMbI

JIEHHBIX 3HAUEHUII BECOB CMHAIICOB COXPAHSIETC U C
CUTMOUIHON (PYHKIIMEl aKTHUBAIIM, UTO IIOATBEPIK-
IaeTcsA TaKiKe Paclio3HaBaHWEM KOHTPOJIBHOHN 06asbl
MNIST HC c curmoupgHoit (pyHKIIVEll aKTUBAIlUU U
¢ mpoBepKoii Ha Beixone HC mo HamboabIitieMy 3HaUe-
HUIO BeIXoAa Y;. B arom ciyuae pesynsrar HC c cur-
MONIHON (DYHKIIMEH aKTHUBAIIUN UJeHTUYCH Pe3yib-
taty HC ¢ moporoBoit (pyHKITHEH aKTUBAIIUN U PABEH
raxxe 62 %.

Ob6yuenme HC BBIDOJIHAJNOCH CTOXACTUYECKUM
aJropuTMOM oOOpaTHOro pacmnpoctpanenusa (back
propagation) ¢ HCIOJIb30BAaHMEM O0ydYaloIlleil BbI-
6opku MNIST, cocrosiieit u3 60 000 uzobpaskeHMii.
IlompaBKY BHOCUJIMCH IIOCJIE KaKAOr'0 IIPEICTaBJIe-
HUA HOBOT'O O0'bEKTa Ha BXOJBI CETU U TOJIBKO B CJIY-
yae HaJUYUs OIINOKY pacnosdHaBauusa Ha Beixone HC.
ITpu o6yuyeHMM aKTUBHOCTD BBIXO/A OIEHUBAJIACH TIO
mpaBuay >0,51. Iid Kamkaoro sKcIepuMeHTa 00y-
yenns HC 1CIoOIb30BaINCh TPU SIMOXHU, U3 KOTOPBIX
TepBhIe ABe 06yuaanch co ckopoctwio nk =0,1, a mo-
caenHsas co ckopocThbio nk = 0,02. Omrnboka obyueHust
BBIUNCJIAIACH 1A KaK0H 910X U IO (hopMYyJIe

| Ry N,
Sur SELELE A Ao} e

7

rze y{co’") — mpuHATOe MpaBUIBHOE 3HAUEHUE k-TO
BBIXOJJa TPETHEro CJos, [Jis aKTHBHOI'O BBIXOJA
y}f"”) =0,7, g HeaKTUBHOTO y](:"r’) =0,2; P — xo-
JAYECTBO HEIPaBUJIBHO UAEHTUDUIIAPOBAHHBIX
usobpaskenuit obyuatorreir 6assr MNIST, gia xorto-
PBIX B IIpPOIlecce SIIOXU HeJIaNCh ITPABKU BECOB CU-
HAIICOB aJIFOPUTMOM OOPATHOI'0 PACIPOCTPAHEHUS
OITOKHU.

B Tab6i. 5 mpuBeneHb pe3yabTaThl 00YUEeHU I10-
ayuenHoii HC Kak ¢ mpegBapUTeIbHO BBIUNCICHHBI-
MU 3HaueHuAMU BecoB cuHarncoB HC, Tak u Kjaccu-
YeCKUM 00pasoM — CO CIAYyUYaMHON MHUIHMATN3AI[HI-
eli BecoB CHHAIICOB. B Tabi. 5 MOMXHO BUAETh, YTO
Ui ciaydas oOydYeHUs C HpPeIBapUTEJbHO BBIUKC-
JEHHBIMU BecaMU Pe3yJIbTAThI II0 BCEM ITapaMeTpaM
¥ Ha BCeX TPeX 9MIoXax JyUIlle IO CPABHEHUIO C pe-
syapraTamMu oboyuenuss HC co ciayuaiiHoil mHUIIMA-
Ju3alnuei BecoB cuHarncos. IIpu aTom ob1tiee Bpems,
norpauenHoe Ha oOyueHume HC c mpeaBapuTeabHO
BBIUMCJIEHHBIMY BeCcaMU CHUHATIICOB, Ha 2 U 50 MuH
(499 — 329 = 170 MmuH) MeHBbIIIE.

B Tabs. 6 mpuBeneHbI Pe3yabTAThI IPOBEPKU II0-
ayuenunorn HC mocie KasKmoil smoxu OO0ydYeHUsS Ha
KouTposbHOT 6a3e MNIST (10 000 m3o6paskeHmii).
IIpoBepka BBIIONIHANACh KaK 1o mpaBuay >0,51

B Tabruya 5. CpaBHeHUME pedyabraToB 06yueHua HC mo ob6yuatomeit Bei6opke MNIST (60 000 m3obparkeHwnit) 4y Kam-

oM BIIOXU O0yUeHU

B Table 5. Comparison of the results of training the neural network in the training set MNIST (60 000 images) for each

epohe of training

O6yuenue HC ¢ nmpeagBapuTeIbHO BHIYUCIEHHBIMU O6yuenue HC co cryuaiiHoit nHUIIMA I3[ e
CropocTh BecamMu BecoB B auamna3oHe [—-0,5; 0,5]
Ne
o0yueHUs 0 o,
SIIOXT 5 oroxe KosnuecTBO o YBHAHHBIX Bpeus, KosuuecrBo % y3HaHHBIX Bpews,
Y3HAHHBIX usobpaske- S, Y3HAHHBIX usobpake- S,
n300paKeHni HUN MUH n300paKeHu HUH MHH
1 0,1 43932 73 1199 159 35370 59 1935 256
2 0,1 49748 83 737 98 46033 76 1051 139
3 0,02 52285 87 545 72 49195 82 784 104
O611tee BpeMs 00y4yeHUA 329 O6i1iee BpeMs 00yYeHU A 499

B Tab6ruya 6. CpaBHeHHE pedynbraToB o0yueHus HC ¢ mpoBepkoil Ha KOHTpoIbHOI BeIGopKe MNIST (10 000 uso6paske-
HU) IJIA KaXKI0M SII0OXUW O0yUeHU A

B Table 6. Comparison of the results of training a neural network with testing on a control sample MNIST (10 000 images)

for each era of training

Oobyuenue HC ¢ mpegBapuTeIbHO BEIUNCIEHHBIMU O6yuenue HC co coyuaiiHON MHUITNAIN3AI[HEH
Becamu BECOB
CxopocThb
Ne orroxn obyuenus KosmuecTBO y3HAHHBIX Konuuecrso ysnanmex KosnuecTBo y3HAHHBIX Komwaecrso ysnanmpix
B amioxe uso0parkeHuit usoGpasenit usobpakeHuit u30Gpaserit
0 HanbOIBIIEMY 10 HaubOIBIIIEMY
o nmpasuay >0,51 o npasuiay >0,51
3HAYEHUIO 3HAYEHUIO
1 0,1 8140 9145 7506 8894
2 0,1 8557 9282 8022 9116
3 0,02 8764 9449 8194 9256
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Ha BBIXOJIe TPETHhEro CJ0s, TaK W M0 HaubOoIbIIeMy
3HAUEHHUIO BBLIXOJA TPEThero cjos. B Taba. 6 Tax-
JKe MOXKHO BUIETb, UTO Ha BCeX 3II0XaxX KOJuYe-
CTBO Y3HAHHBLIX M300pa’KeHnil KOHTPOJbHOM 0asbl
MNIST 6oabitte gusa caydasa ooyuernus HC ¢ mpen-
BapUTEJIbHO BBIUMCJIEHHLIMU Becamu. HambosbIiee
KOJIMYECTBO Y3HAHHBIX N300paKeHuii ObIJIO JOCTUT-
HYTO mocJje TpeTbeil snoxu obyuenusa HC c¢ mpen-
BAPUTEJbHO BBIYNCJIEHHLIMU BeCaMU CHHAIICOB U
C TIPOBEPKOH IO HAMOOJBIIEMY 3HAUEHUIO BBIXOIOB
TPEThEro CJos, uTo cocTaBuyio 9449 nzobpaskeHuii,
94 %. PesynbrarTsl Ta0J. 5 1 6 MOMXHO O0'BICHUTD
TeM, UTO AJITOPUTM O0YUEHUS OTTATKUBAETCS OT TeX
HauvaJbHBIX Pe3yJIbTaToB, KoTophle HC y:ke ummeer.
To ecTh MOKHO CKa3aTh, YTO YeM 00JIbIlIe HAaUaJIbHA T
pesyiabsraruBHOCTL HC, TeM Gobliie y aaropuTma 0o-
YUYeHUsT BO3SMOYKHOCTU W BPEMEHU [JIs TOTO, UTOOBI
IobpaThbes o 6oJiee JYUIINX Pe3yabTaTOB 00y YeHU I
3a ogHYy 910xy. Ilo aTOl ke IpPUUYUHE C JYUYIINMHI
HAUYaJbHBIMU PEe3yJabTaTaMu (C BbIUMCJIEHHLIMU Be-
caMmu CHUHAIICOB) aJIrOPUTMy OOydUYeHUs TpedyeTrcs
MeHbIIIe BpeMeHU Ha 00yueHue cetu. [Ipu aToM MOK-
HO TaKJsKe CKasaTb, UTO C OOJBIIUM KOJUYECTBOM
BBIOpDAHHBIX STAJIOHOB (0OJBIIE UeM TPU Ha OAUH
o0pas) HauaIbHasa Pe3yJIbTaTUBHOCTE CeTH Oblia ObI
TaksKe 0oJsblire (>62 %), COOTBETCTBEHHO, U PE3YJIb-
TaThbl, IPUBEIeHHbIE B TabJ. 5 1 6, MOTJIN OBITH erlfe
0oJiee BBIPAKEHHBIMU.

BeiBOaBI

Takum 00pasoM, IPOIECC BBIUYMCIEHUS TaOJIUIL
BecoB cuHarncoB HC Ha ocHOBe METPHUUYECKUX METO-
OB PACIIO3HABAHUS IIPU MOMOIIM CYIIECTBYIOIIIUX
BBIUMCJUTEIbHBIX CPEICTB ITO3BOJISAET CYIeCTBEH-
HO YCKOPUTH IIPOIeAyphl co3nanus u ooyuenus HC.
B BaBucuMocCTH OT MapaMeTpOB STAJIOHHBIX U30-
OpaskeHHUil: pasMepoB H300pasKeHUil, KOJUUYEeCTBa

IUKceJel, — a TaKiKe B 3aBUCUMOCTHU OT Pa3MepHO-
CTU TaOJUITBI BECOB U OOIIETO KOJMYECTBA dTAJIOHOB
BpeMsA BBIUMCJIEHUS BECOB HWCUUCIAETCA CUUTAH-
HBIMU TOJIAMHU CEKYHJA M MUHYT. ITO O3HAUAET, UTO
TIpoIelypa BLIUMCICHUS 3HAUEHU BECOB CHHATICOB
HC mosBoJisieT BBITIOJHUTL CYI[ECTBEHHBIN CKAUOK
0o BpeMeHHU B IIpoiiecce cos3manusa u ooyuenus HC.
Haumenbiliee BpeMs BBIUUCJICHUS 3HAUEHUH BECOB
OyZeT cBOMCTBEHHO IJid apxuTeKTyphl HC ¢ HyJIeBbIM
caoeM (CM. puc. 3), TIOCKOJIBbKY JJIs 3TOH apXUTEeKTY-
PBI KOIUUECTBO TAOJIUIT BECOB OyIeT MUHUMAJIBLHO 1
PaABHO KOJIMYECTBY UCIIOJIb3YEeMbIX 9TAJIOHOB.

Hy:xHo TaKkike OTMETUTH, UTO B KauecTBe 00beK-
TOB PacCIO3HABAHUS MOT'YT UCIIOJb30BAThHCS HE TOJIb-
KO OTHOTOHHBIE UepHO-0eJible M300paskeHus, HO U
0oJsiee CI0KHBIE 00'bEKTHI, HAIIPUMED, IOJYTOHHBIE
yepHO-06esble 1 IBeTHBIE n300paskeHusa. B aTux cay-
yasgxX MCHOJb3yeMble MeTpHUUYecKre Mepbl 0JIM30CTU
MOT'YT OBITH GoJiee CaOKHBIMU. [ maHHOTO CIIy-
yas, KaK OQUH W3 BapUAHTOB, TAaOJUIILI BECOB AJIA
HOJIYTOHHBIX UepHO-0eJIbIX wu300paskeHuii OyayT
TPeXMEPHBIMU, a AJIA IIBETHBIX M300paKeHuil, mo-
MHMO TPEeXMEPHOCTH TabOJUIl, OAUH 00pas3eI-oTaoH
IBETHOT'O M300pa’keHusI MOYKeT OBLITh IIPeACTaBJIeH
HECKOJbKUMU YepPHO-0eJIbIMI 9TaJIOHAMU B COOTBET-
CTBUM C KOJIMUECTBOM IIBETOBOII raMMBbI IIBETHOT'O
usobpaskenud (RGB, CMYK u T. 1.). B KauecTBe BbI-
pasKeHus Mepbl 0JIM30CTH MOYKET OBbITh, HAIIPUMED,
WCIIOJb30BAHO BBIPpAKEHUE CpeIHEeKBaIpPaTUUHON
pasHoCTU B TPeXMepHOM IIpocTpaHcTBe. IIpu sToMm B
PaccMOTPEHHOM BBIIIIE aJITOPUTMe AUYEHKU TPexMep-
HOM TabIUITBI BECOB OYAYT IepedupaThCsa He TOJIbKO
mo ocu X, Y, HO emie u 110 ocu Z. CooTBEeTCTBEHHO,
Ias1 OoJiee CIOMKHBIX 3a7ad MOTpedyeTcs 1 GoJIbIIe
STAJIOHOB 1 O0JIbIIIasA PA3MEPHOCTE TAOJIMI] BECOB CU-
HamcoB. C yBeJIMYeHHEM STUX IIapaMETPOB Pe3yJIb-
TatuBHOCTh HC OymeT Tak:Ke yBeJIWUYMBATHCS, HO
IpU 3TOM OyAYT YBEJIUUUBATHCSI U KOJIMUECTBO HEM-
POHOB, 1 KostnuecTBO cBA3eit HC.
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Algorithm for calculating synapse weights of the first layer of a neural network on the base of metric recognition
methods. Part 2

P. Sh. Geidarov?, PhD, Tech., Associate Professor, orcid.org/0000-0002-3881-0629, plbaku2010@gmail.com
aAzerbaijan National Academy of Sciences Institute of Control Systems, 9, Bahtijar Vagabzade St., Az 1141, Baku,
Azerbaijan

Introduction: Metric recognition methods make it possible to preliminarily and strictly determine the structures of feed-forward
neural networks, namely, the number of neurons, layers, and connections based on the initial parameters of the recognition problem.
They also make it possible to analytically calculate the synapse weights of network neurons based on metric expressions. The setup
procedure for these networks includes a sequential analytical calculation of the values of each synapse weight in the weight table for
neurons of the zero or first layer, which allows us to obtain a working feed-forward neural network at the initial stage without the use
of training algorithms. Then feed-forward neural networks can be trained by well-known learning algorithms, which generally speeds
up the process of their creation and training. Purpose: To determine how much time the process of calculating the values of weights
requires and, accordingly, how reasonable it is to preliminarily calculate the weights of a feed-forward neural network. Results: An
algorithm is proposed and implemented for the automated calculation of all values of synapse weight tables for the zero and first layers
as applied to the task of recognizing black-and-white monochrome symbol images. The proposed algorithm is described in the Builder
C++ software environment. The possibility of optimizing the process of calculating the weights of synapses in order to accelerate the
entire algorithm is considered. The time spent on calculating these weights for different configurations of neural networks based
on metric recognition methods is estimated. Examples of creating and calculating synapse weight tables according to the considered
algorithm are given. According to them, the analytical calculation of the weights of a neural network takes just seconds or minutes,
being in no way comparable to the time necessary for training a neural network. Practical relevance: Analytical calculation of the
weights of a neural network can significantly accelerate the process of creating and training a feed-forward neural network. Based on
the proposed algorithm, we can implement one for calculating three-dimensional weight tables for more complex images, either black-
and-white or color grayscale ones.

Keywords — neural networks, weight and threshold values, neurocomputer, learning algorithms, programming of neural networks.

For citation: Geidarov P. Sh. Algorithm for calculating synapse weights of the first layer of a neural network on the base of metric
recognition methods. Part 2. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2020, no. 3, pp. 25-38 (In
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YBaskaeMble aBTOPHI!

IIpu moaroToBKe pyKomucei crareii HEO0OX0JMMO PYKOBOJACTBOBATHCS CJIEIYIOIUMU PEeKOMEHIAIUIMU.

CraTby JOKHBI COLEPIKATh UBJI0KeHNe HOBBIX HAYUHBIX Pe3yabTaToB. HasBaHue cTaThy HOJIYKHO OBITH KPATKUM, HO HHGOPMATUB-
HbIM. B Ha3BaHUU HEJOMYyCTUMO UCIIOJIb30BaHME COKpallleHnil, KpoMme cambixX o01tenpuaaTeix (PAH, P®, CAIIP u T. 11.).

O0BeM cTaTbu (TEKCT, TAOJIUIIBI, UJLIIOCTPAIIUE U Oubanorpadus) He LOJKEeH IPEBBIIIATh 9KBUBaleHTa B 20 CTpaHuUIl, HalleuaTaHHBIX
Ha Oymare ¢opmara A4 Ha oxHOI1 cropoHe uepes 1,5 unrepBana Word mpudrom Times New Roman pasmepom 13, moJist He MeHee ABYX
CaHTUMETPOB.

O0s3aTeTbLHBIMU dJIeMeHTaMu O0OPMJIEHUS CTATbU ABIAOTCA: nHAeKc YK, sarmaBue, nHunuansl u pamMuiusa apropa (aBTOpOB),
yJueHas CTeIleHb, 3BaHUe (IPK OTCYTCTBUYU — [JOJI’KHOCTH), IIOJIHOE Ha3BaHUe OPraHU3aI[Ny, AHHOTAI[UA U KJII0UeBhIie CJI0Ba HA PYCCKOM
u a"rauiickom a3bikax, ORCID u 91eKTPOHHBIH afpec 0JHOrO U3 aBTOPOB. IIpu HanmMcaHWY aHHOTALIMK He HCIOJb3yiiTe ab0peBuaTyp u
He JleJiaiiTe CCHIIIOK Ha UCTOUHUKU B CIIMICKe JIUuTepaTypsl. [IpefgocraBidaiiTe MOAPUCYHOUHBIE IOATINCH U Ha3BaHUA Ta0JIUI] HA PYCCKOM U
AHTIUHCKOM A3BIKAX.

CraTbpu aBTOPOB, He UMEIOIIUX YYEHO! CTEIIeH!, PEKOMEHIyeTCcA Iy0JINKOBATh B COABTOPCTBE C HAYUYHBIM PYKOBOIUTEJIEM, HAJIUYNE
MOJNNCYA HAYYHOTO PYKOBOAUTENA HA PYKOIUCHU 00A3aTEIbHO; B CIyUuae CaAMOCTOATEJNBHON IIyOaUKaIuy 0053aTebHO IIPEJOCTABIIANTE
3aBepPEeHHYIO II0 MeCTy PaboThl PEKOMEHJAIUI0 HAYUHOTO PYKOBOJUTENA C YKasaHueM ero (paMuiny, NUMeHHU, OTIeCTBa, MeCTa paboThl,
IOJIKHOCTH, YIYEHOTO 3BaHUA, YUEHO! CTEIIeHU.

dopmyasr Habupaiite B Word, He ncnoib3ys GopmyabHblil pegakrop (Mathtype mnu Equation), mpu Heo6XoguMOCTH MOKHO HC-
IOJIb30BAaTh (DOPMYJIBHEBIHM pefaKkTop; A1 Habopa ofHOI (hOPMYJIbI He HCIOJB3YiHTe ABa pefaKkTopa; npu Habope GopMya B GOPMYIHLHOM
PelaKTope 3HAKM IIPENIMHAHNUA, OTpaHNYMBalonine (hopMysry, Habupaiite BMecTe ¢ (DOPMYJIOH; IJIA YCTAHOBKY pasmepa mpudra HUKOTAa
He IoJb3yiiTech BKIangkoi Other..., nucrnosnpayiiTe 3aBoOJCKMEe YCTAHOBKY PENAKTOPa, He MOATOHANTE pasMep CHMBOJIOB B (DOPMYJIax IOK
pasmep mpudTa B TEKCTE CTAThU, HEe PACTATUBANTE U He CKUMaiiTe MBIIIBI0 (DOPMYJIbI, BCTABJIEHHEIE B TEKCT; B GOPMYyJIax He OTAeAliTe
npobesamMu 8HaKu: + = —.

Hna mabopa popmysn B Word HuKorga He ucnosbdyiiTe KoncTpyKkTop (Ha BepxHeil nmanenu: «Pabora ¢ popmynamu» — «KoHCTPYK-
TOP» ), TAK KaK 9TOT Pecypc IpefHadHaueH TOJIbKO [JJIs BHYTPEHHET0 UCI0ab30BaHusa B Word U He ITOAePKUBAaETCA IPOrpaMMaMu, IIpef-
Ha3HAYEHHBIMU JJIF U3TOTOBJIEHUA OPUTHHAI-MaKeTa JKypHaJa.

IIpu HaGope CUMBOJIOB B TEKCTE IIOMHUTE, YTO CUMBOJIbI, 0003HAYaeMbIe JIATUHCKUMU OYKBaMu, HaOUPAIOTCA CBETJBIM KYDPCUBOM,
PYCCKUMU U TPEUECKUMU — CBETJIBIM IPAMBIM, BEKTOPHI X MATPUIIBI — IPAMBIM IOy KUPHBIM IIIPI(TOM.

WimrocTpanyuu IpeiocTaBIATCA OTAeIbHBIMU UCXOAHBIMY (haiiiaMu, MOANAIIUMUCA PeJaKTUPOBAHIIO:

— PUCYHKH, rpaduKu, AuarpaMMbl, OJIOK-CXEeMbI IIPEJOCTABIIANTE B BUE OTAEJIbHBIX MCXOAHBIX (hailyioB, IOANAIOIMINXCA PeJaKTU-
POBaAHUIO, UCIIOJIb3YsI BEKTOPHBIE TporpamMMbl: Visio (*.vsd, *.vsdx); Coreldraw (*.cdr); Excel (*.x1s); Word (*.docx); Adobe Illustrator
(*.ai); AutoCad (*.dxf); Matlab (*.ps, *.pdf wiu skcmopT B popmar *.ai);

— ecJiu peJJakTop, B KOTOPOM BBI m3roraBinBaeTe PUCYHOK, He II03BOJISIET COXPAHUTE B BEKTOPHOM (hopMaTe, UCIOIb3yiiTe (DYHKIIUIO
9KcrmopTa (TOJIBKO IT0 OTHOIIEHUIO K MCXOTHOMY PUCYHKY), Hanpumep, B dopmar *.ai, *.esp, *.wmf, *.emf, *.svg;
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B3BeLleHHbIN yYeT anpuopHOM U onbiTHOM UHhopMmaLum
B 3aj,aue oueHuBaHua 3chpcheKTMBHOCTU (PYHKLIMOHMPOBAHUSA
CUCTEMbI YnpaBJieHus Npu pacnpefeneHuy Yucna ucnbiTaHuu

no 3aKoHy lNackansa

B. H. ApceHbeB?, LOKTOP TexH. Hayk, npogpeccop, orcid.org/0000-0001-6424-5320, vladar56@mail.ru

A. [l. XoMOHeHKO0?, [OKTOp TEXH. HayK, npocpeccop, orcid.org/0000-0003-0411-258X

A. A. igpeHKNH?, KaH. TeXH. HayK, foueHT, orcid.org/0000-0003-2089-7460

aBoeHHO-KoCcMuYeckas akagemusi uM. A. @. Moxarickoro, XaaHoBckas Hab., 13, CaHkT-leTepbypr, 197198, P®

MocTaHoBKa Npo6eMbli: /151 M0JIyYeHUsT YCTONYMBbIX OLIEHOK rMoKasaTenen a¢hpeKTUBHOCTY (DYHKLMOHUPOBAHUS CUCTEM
ynpaBneHUsi NepcrneKTUBHbIX 06bEKTOB HEOOXOAMUMO MPOBECTHU UCTbITaHUS GOMbLIONO YUCIA OMbITHbIX 06Pa3L0B, YTO He Bcerha
yAaeTcs Ha npakTuke. [oBbICUTb Ka4yeCcTBO OLeHMBaHUs NokasaTtenei a¢pheKTUBHOCTU CUCTEMbI MOXHO MyTeM COBMECTHOM
06paboTku MHChopMaLmm, UMetoLLeCs 40 MPOBEAEHNUS HATYPHbIX UCTIbITAHWUI U MPEACTaBAEHHON anpuopHbIMU OLeHKaMm Co-
OTBETCTBYIOLMX MOKA3aTeneH, 1 OMbITHON MHCDOPMALMK, MOSTYHEeHHOM M0 pe3yNbTaTaM UCMbITaHWi onbITHbIX 06pasLos. Jns
onpegeneHusl anocTepuopHbIX OLEHOK roka3saTesneil 3pheKTUBHOCTH, yYUTbIBAIOLLMUX Pe3Y/bTaTbl APUOPHBIX U OMbITHBIX UC-
ciefoBaHui, He06X04MMO HalTU UX hyHKLMOHASIbHYIO 3aBUCUMOCTb OT anpuOPHOM M OMbITHOM OLeHOK nokasaTenei agpghek-
TUBHOCTU U ONPEAENUTb ee napameTpbl. Ljenb: KomnnekcHas o6paboTka pesysibTaToB anpuOpPHbIX U OMbITHbIX UCCIIE[0BAHMI
CUCTEMbI yNpaB/IeHNUsl U arnoCTePUOPHOE OLeHNBaHME rokasaTesnen a¢hhekTUBHOCTH. Pe3ynbTaTbl: MPeaioxeH MeTos OLeHu-
BaHWS 3PPEKTUBHOCTU (PYHKLMOHUPOBAHUS CUCTEMbI YNIPABJIEHUS MYTEM KOMIMIEKCUPOBAHUS anpyuopHbIX U OMbITHBIX OLJEHOK
nokasaresnei aghheKTUBHOCTH, HalAEHHbIX 4O MPOBEAEHUS UCMbITaHWIi CUCTEMbI U B MPOLIECCE UCTIbITAHUI OrpaHUYeHHOro
yucna onbITHbIX 06pa3LoB. [TokazaHa BOZMOXHOCTb €ro NMPUMEHEHHS, KOTAa pe3ysbTaTbl anpuopHbIX U OMbITHLIX UCCIe[0Ba-
HuWii NpefcTaBeHbl TOYeYHbIMM OLeHKaMu NokasaTtenei a¢pheKTUBHOCTYM U UCMOb30BaHNE U3BECTHbLIX METOOB 3aTPYAHEHO.
Mony4eHbl aHaNUTUYECKME BbIPAXEHNS /151 aNOCTEPUOPHON OL|EHKMU BEPOSITHOCTY BbIMOTIHEHUS] CUCTEMON YNPaBIIEHNS 3a4a4m
GhyHKUMOHUPOBAHMSA U MoKa3aTesiel, UCMOosb3YeMbIX AJIS UCCe[0BaHUS BAUSHUS anpyuopHoi MHGOpMaLMmu Ha TOYHOCTb 3ToM
OLIEHKM M YUCII0 UCTIbITaHWi. PaboTocrnoco6HOCTb MeToAa NPOJEMOHCTPUPOBAHA HA akTyasbHOM npuMepe. B oTanyume oT us-
BECTHbIX MOAXO0A0B, OH YUUTbIBAET GIM30CTb anpuUOPHbIX OLEHOK K OMbITHbIM. MpaKTUYecKas 3HaYMMOCTb: MPELI0KEHHbINA
Mo4X04 K OLieHUBaHMIO 3hPeKTUBHOCTU (DYHKLMOHMPOBAHUSI CUCTEMbI YNIPABIIEHNS ABISIETCS JOCTAaTOYHO OOLLMUM, MOCKOJIbKY
M03BOSIAET KOMMIEKCUPOBATL MH(POPMALMIO, MOSTyYEHHYHO Ha PasNYHbIX dTanax UCCNef0BaHUs CUCTEMbI, CyLLECTBEHHO MO-
BbICUTb TOYHOCTb OLeHUBaHUS nokasaTeseil 3GhheKTUBHOCTU U ONPERENNTL BbIMIPbILL B YUCIIE UCTIbITAHUIA BO BCEX CATyqasX,
Korjga pesynbTaTbl anpuopPHbIX UCCeA0BaHNIA HE MPOTMBOPEYAT OMbITHbIM JaHHbIM.

KnioyeBblie cnoBa — cuctema yrnpasJsieHus, 3(pheKTUBHOCTb (OYHKLIMOHUPOBAHUS, arpuopHas UHopmMaLus, onbITHbIe
JAaHHble, BbIMTPbILL B TOYHOCTH, BbIUIPbILL B YUCSIE UCTIbITAHMUI.

Jas uutuposanus: Apcenbes B. H., Xomonenko A. [1., Aaperxkus A. A. BaBellleHHBII yUYeT allpUOPHOI ¥ ONBITHON NHGOPMAIIVY B 3aa-
ye oreHnBaHUA 9 (PEKTUBHOCTY (PYyHKIIMOHUPOBAHNA CUCTEMBI YIIPABJIEHUA IIPU PACIIPeeJeHUHN UKCJIa UCIIBITAHUM 0 3aK0oHy IlacKasis.
HHugpopmayuonno-ynpasasouwue cucmemst, 2020, Ne 3, c. 39—47. doi:10.31799/1684-8853-2020-3-39-47

For citation: Arseniev V. N., Khomonenko A. D., Yadrenkin A. A. Weighed ranking of aprioristic and experimental data in control
system functioning efficiency estimation problem with Pascal-distributed number of tests. Informatsionno-upravliaiushchie sistemy
[Information and Control Systems], 2020, no. 3, pp. 39—47 (In Russian). doi:10.31799/1684-8853-2020-3-39-47

BBenenue

s moydyeHUa YCTOMYMBBIX OIIEHOK IIOKAasare-
aert 3PPeKTUBHOCTU (PYHKIIMOHUPOBAHUS CHUCTEM
yupasjerus (CY) mepcrmeKTUBHBIX 00BEKTOB HE00-
XOANMO MMETH Pe3yJabTaThl NCHBITAHUN JOCTATOUHO
0OJIBITIOrO UHCJIa OIIBLITHBIX 00pasiioB. Ha mpakTuke,
B CUJIy M3BECTHBIX IPUYUH, 00ECIEUUTH Tpebyemoe
YHCJIO UCTIBITAHUH TaJeKO He BCeraa IIpecTaBIIAeT-
¢ BO3MOXHBIM. OTHUM 13 ITyTell ITOBBIIIIeHN A Kade-
CTBa OIleHUBaHUs IOKasaTeseil 9(h(HeKTUBHOCTU CU-
CTE€MBI U YMEHBIIIeHU S YNCJIa HATYPHBIX UCITBITAHUHT
SABJISETCS NCIIOJb30BaHUE AIIPUOPHOI MHMOPMAIINH,
HAKOIJIEHHOM 10 TPOBeAeHUA ucnbiTanui [1].

Bcro wumeronryrocss mHMOPMAIWIO O KadecTBe
dbyuxmuonupoBanud CY yCJI0BHO MOKHO Pa3IeIuTh

Ha ampuopHyio u onbiTHy0. Ha 00bemM ampuopHOM
uHGoOpMaI U NPaKTUYeCKU HeT OrpaHWYEeHM, HO
JIOCTOBEPHOCTH €€ CYIIIeCTBEHHO 3aBHUCUT OT aIeKBaT-
HOCTHU HCIIOJIb3YeMbIX Mofesieii. ONbITHBIE JaHHEBIE,
KaK IPaBUJIO, OTPAKAIOT PeasibHbIe XapaKTepPUCTHU-
Ku CVY, HO orpaHuueHHI 10 00beMy. IIOBBICUTH [O-
CTOBEPHOCTH OIleHOK ITOKa3aTesell KauecTBa (PpyHK-
IUOHUPOBAHUSA CUCTEMBI B TAKOU JOCTATOUHO YACTO
BCTpeUaroIeiica Ha MPaKTUKe CUTyaIlluu MOYKHO
OyTeM KOMILIEKCHOII 0O0paboOTKM BCell MMerolieiics
AIIPUOPHOM U ONBLITHOU MH(pOpPMAIIUU.

Haunas 3amaya He ABJIAETCA HOBOU, 1 MMEETCSA
PAL METONOB, MO3BOJIAIOIIUX IIPU OIPEeNeJeHHBIX
YCJIOBUAX HAWTH ee pelreHne. YacTh u3 HUX 0a3upy-
eTcs Ha 6aeCOBCKOM IIOAXOe K OIeHWBAHUIO, TPe-
OyroleM HauboJiee IIOJHOM ampUOPHOII MHEOpMA-
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uu [2—9]. OCHOBHBIM OrpaHUYEHUEM 3TOTO IIOAX0a
SIBJISIETCSI HEOLHO3HAYHOCTb, KOTOPYIO OH JOIYyCKa-
€T IIpU BHIOOPE alPUOPHBIX PacIpeneseHun, 1, KaK
CJIeICTBUE, IIPOTHUBOPEUMBOCTHL (B pPAJE CJIyYaeB)
TIOJIyJaeMbIX Pe3yabTaToB. Kpome TOro, mpu ero uc-
TOJIb30BAHUU HEe YUUTHIBAETCA 0JIM30CTH alIPUOPHOMH
nH(poOpMaIK K pedyJbTaTaM HUCIIbITaHUi. B MeTOmE
JUHEHHOr0 O0beIMHEeHUS AITPUOPHBIX U OIMBITHBIX
OITeHOK [IJIs OIIPeieSIeHU S IIapaMeTPOB MOeIu Heoo-
XOAMMO, YTOOBI 00€ OLIEHKU ABJISINCH HECMEIIleHHbI-
MU 1 OBLJIM U3BECTHBI UX AVCIEPCUH (TP MHOTOMED-
HBIX IIOKA3aTeJdX KadeCTBa — KOPPEJAINOHHBIE
marpuilkl) [3, 5]. ATu ycioBUA He BCcerga BBITTOJIHSI-
orcsa. CII0KHOCTL NPUMEHEHUS MeTOHa KOppeJiu-
POBAHHBIX IPOIECCOB CBA3aHA C HEOOXOJUMOCTBHIO
OIIpeleIATh B3aUMHYIO KOPPEJSIUOHHYI0 MaTpu-
Iy BBIXOAHBIX CUTHAJIOB MOMENIN U cucTteMsI [5, 10].
B meTome mapamMeTpuyecKMX (MYHKIIUI WCIOJIB3Y-
IOTCS AAAUTUBHBIE M MYJIbTUIINKATABHBIE MOIEJIN
00'beIMHEeHNS AIPUOPHBIX U OIBITHBIX OIIEHOK [D,
11, 12]. ITockonbKy mapamMeTpbl MOfeJieli B 00IeM
ciiyyae HeJIWHEHHO 3aBUCAT OT MOMEHTOB aIlpPUOp-
HOM OIIEHKHU, TO IPUMeHeHe NX Ha IPaKTUKe YacTo
3aTpynHeHO. Peltenus 3ajaun amocTepUOPHOTO Olie-
HUBAHUSA TPU OTCYTCTBUU AaIPUOPHOTO pacipese-
JIEHUSI B HEKOTOPBIX YACTHBIX CIYyUYasX IIPUBEIEHBI
B paborax [13, 14].

CienyeT OTMETUTH, UTO KAYECTBO allPUOPHOMN MH-
bopmanmuy MOXKeT 3HAUUTETIHHO BIUATH HE TOJBKO
Ha [JOCTOBEPHOCTH IIOJyYaeMbIX alOCTEPUOPHBIX
oleHOK xapakrepuctuk CVY, HO 1 Ha YMCJIO HUCIILITA-
HUM. OTO CTAHOBUTCA OCOOEHHO aKTyaJILHBIM Ha 3a-
KJIOUUTEJIbHBIX 9TAllaX CO3MaHUSA MePCIeKTUBHBIX
00BEKTOB, KOT[a IIPOBOAATCA IOPOTOCTOAIIVE WC-
MIBITAHUS UX ONBITHBIX 00Pa3IIoB.

XopormuM aKTyaJbHBIM aHaJOTOM paccMaTpuBa-
€MOM 3a/lauy MOYKET CJIYKUTh TECTUPOBAHME Ha OC-
HOBE KOHEUHBIX aBTOMATOB (JeTePMUHUPOBAHHBIX 1
HeJeTepPMUHUPOBAHHBIX), UCIIOJIb3yeMOe B MHTEepaK-
TUBHBIX JUCKPETHBIX CUCTEMAaX IIPU IIOCTPOEHUN Te-
CTOBBIX IIOCJIEIOBATEILHOCTEN.

B uacTHOCTH, AJA mpuMepa 3IeCh MOYKHO Ha-
3BaTh CUHTE3 IIPOBEPSIOIINX TECTOB IJIS TEeJIeKOM-
MYHUKAIIMOHHBIX MPOTOK0J0B [15]. B crarhe [16]
paccMaTpuBaeTcsa Mpo0jieMa CHHTEe3a IIPOBEPSIo-
WX TOCJIeIOBATEIBHOCTEN A HEJeTePMUHUPO-
BaHHBIX cIenupUKaInil, BOSHUKAIOIIUX B KOM-
TMHIOTEPHBIX TPUJIOKEHUIX, a B padore [17] — Bo-
IIPOCHI IIOCTPOEHUS AJAITUBHOM IIPOBEPAIONIEH U
aIanTUBHOM pas3inyaloIieil MocaeI0BaTeIbHOCTEI.
B crarwe [18] mokasano, UTO KJacc aBTOMAaTOB 6e3
CIUAHUUA CONEPIKUT MHOMKECTBO HCIIOJb3yeMBbIX
B PA3JUYHBIX TPUJTOMKEHUIX JeTePMUHUPOBAHHBIX
aBTOMATOB.

Eme ogauMu OMM3KMMM UM aKTyaJbHBIMH aHAa-
JloraM¥ peIllaeMOi HaMU 3aJadyu, Ha HAIl BIITIAL,
CHYIKAaT 3aJaduM: TECTHUPOBAHUS HAMEKHOCTU MIJIS
KPUTUYECKUX MH(MOPMAIMOHHBIX CHUCTEM Ha OCHO-

Be OIIEHWBAHUA CJHydYaWHBIX cocTrosuumit [19]; Te-
CTUPOBAHUA IIPOTPAMMHOr0O 00ecIlieueHus Ha dTare
ero paspaboTKu ¢ moOMOINbI0 MozaesupoBaHus [20];
MaTeMaTUUYeCKOTr0 MOJAEeJIUPOBAHUA TECTUPOBAHUA
HAJEeKHOCTU IIPOrPAaMMHOI0 O0eCIieyeHUs C Heco-
BepIteHHO# oTaakoi [21]. IIpu aTom B paborax [15—
21] me paccMaTpuBalTCA AETAJIBLHO 3aJaduu BbIOOpA
mapamMeTpoB, OIPEAeSAIOIINX Beca AalpPUOPHOM u
OIIBLITHOM MH(MOPMAIINU HPU OIeHUBAHUYN MCKOMBIX
ToKasaTeJiel.

ITocTanoBKa 3a5auM aNIOCTEPUOPHOTO
OIleHMBaHUS NMOKa3aTeiiei 3(h(PeKTHBHOCTHU
CHUCTEMBbI

ITosaraercsi, 4TO MCIBITAHKE OIBITHOTO 00Opas-
Ia IIPOIILJIO YCHEeIITHO, €CJAU OblJIa HOCTUTHYTA IeJIb
dyurmuonupoBanus CY. BepoarHocTs Toro, uTo CY
PeILINuT IIOCTaBJIEHHbIE 3a4a4l IIPK OLHOM HCIIBITA-
HUU, OCTAETCs IIOCTOSHHOM U PaBHA p.

Ecau cinyuaiinasa BeamuymHA X>0 IpeaCcTaBJIA-
eT YMCJI0 He3aBUCHMBIX HCIBITAHWMA, KOTOPLIE He-
00X0AMMO TIPOBECTU IJIS TOTO, UTOOBI POBHO M U3
HUX OBIJIN YCIIeITHBIMHY, TO 3aKOH pacipeaeeHns ee
OIIPefieJISeTCA BEPOATHOCTSMU TOT'O, UTO YKCJIO HC-
OBITaHUH OyAeT PaBHO X:

P(X’ = x;p) —cmilp™(1-p)* T,

x=m,m+1, m+2, ..., (1)

rge C™5' — umco coveranmii us x — 1 mo m — 1.

HauHasa ¢opMyJia OIUCHIBAET pacIpeneseHe
ITackana (oTpurmaresnbHOEe OMHOMUAJILHOE paclpe-
nesnenne) [22]. VIsBeCTHBI COOTHOIIEHNA, CBA3BIBAIO-
I[1e MaTeMaTuIecKoe oxkunanne My ¥ JUCIEPCUIO
Df( HEe0O0XOIMMOT0 UNCJIa UCTIBITAHUN X C BEPOAT-
HOCTBIO p:

My =m/p; DX:m(l—p)/pz. 2)

I ToJMydYeHUs OIBITHON OIeHKU BepPOSTHO-
CTU IIPOBEJEHBLI WCIIBLITAHUSA OIBITHBIX 00pPasIioB,
BRIOUaromue N, cepuii. VCObITaHWA B KasKOon
cepuu IPOBOAUJINCH IO IOJYUYEHUsS M YCIEIIHBIX
pesyiabTaToB. Hucio ucnbeiTaHuii B 1-it cepuu cocra-
BHUJIO Xy, BO 2-ff — Xy u T. A., B N -ii cepun — XN,
ITonaraercsi, 4To Pe3yabTATHI UCOBITAHUII M3BECT-
HBIMU METOJAAMU IIPUBEAEHBI K €IUHBIM YCJIOBUSIM
U IIPEJCTaBJISIOT BBIOOPKY M3 OJHOUM reHepaibHOM
COBOKYIHOCTH.

Ha »sramax, OpeAIlecTBYIOIINX MWCILITAHUAM
OIIBLITHBIX 00PAa3IoB, IOJyUYeHA anmpuopHad (pacuer-
Hasd) OIleHKa P, BEPOATHOCTHU TOTO, YTO LeJb oymer
JOCTUTHYTA IPU OJHOM wuchbiTaHuu. OHA MOXKeET
OBITH ITepecunTaHa IPU U3MEHEHUHN YCJIOBUM MCITBI-
TaHUM.

40 7 VHOOPMALVIOHHO-YMPABASIOLLVIE CUCTEMBI
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Heob6xopuMo HafTH aloCTePHOPHYIO OIEHKY p,
ATO¥ BEPOSATHOCTH, YUUTHIBAIOIIYIO allPUOPHYIO MH-
(hopmanuio 1 pes3yabTaThl UCIILITAHUH.

ChopmysnupoBaHHasa 3ajava, II0 CyTH JeJja, CBO-
INUTCA K 000CHOBAHUWIO CTPYKTYPHI M BHIOOPY Iapa-
MeTPOB (PYHKIIMOHAJBbHON 3aBHCHUMOCTH AIlOCTEPU-
OPHOH OIIEHKH p, OT aIpHOPHOI Py H OIBITHOHI P,
OITEHOK BEPOATHOCTH p. [{JI ee pelleHus mpeiara-
eTCsA MCII0JIb30BATh METO]] IPUOPUTETA ONBITHON WH-
dbopmamun [23, 24].

IIOJquIH{MIBaIH)CTe[HIOIH{Oii(HIeIHRM
BEPOATHOCTHU JOCTUXRECHU A 1LEJIN

B meToze mpuopuTeTa OIBITHON WHMOPMAIUU
CHavaJia o pe3yJIbTaTaM UCIBITAHUI OIIPelessaeTCa
OIleHKa MaKCHUMaJILHOTO IPAaBAONoq0o0us (OIbITHAS
OII€HKA) p, BepOATHOCTH p [2].

s sToro no BEIOOPKe X;,i=1,N, cocTaBusercd
byHKIIMS TpaBaOIOa00Msa

No N No
HP(X = xi;p) =Tlcedp™(1-p)* ™.  ®

i=1 i=1

OmnbITHAA OLEHKA P, MOKHA 00ecIIedynBaTh MakK-
cuMyM 5Toi QyHKIUHN. [I714 oIpeseeHsA OIeHKH P,
B MaHHOM CJIyYae MOJKHO HCIOJIb30BATHh HEOOXOmu-
MoOe ycJI0Bue MaKcuMyMa (GpyHKIIUY ITPaBIOTOA00M
nan jgorapudma sToli GYHKIIUU, TOCKOJbKY 3aKOH
pacmpegesnenus Ilackansa yIOBJIETBOPSET YCJIOBUIO
perynsapsoctu [22]. Heobxoxmmoe yciaoBue MaKcu-
MyMa UMeeT BU/I

NO
aZm[c;'jj P (1- p)"i"”] ap‘ -0
DP=p,

i=1

NI

mN,/p, +mN, [(1- p,) Zx (1-p,)=0.

Pertenmem 1ocjeHEr0 ypaBHEHHUS SABJIACTCS
OIIBITHAS OLIEHKA BEPOSITHOCTH TOro, uro CY mocTur-
HET IIeJIM IPYU OJHOM WCIILITAHIM:

NO
PER @)
i=1

dyHKIUIO IpaBaomonodus (3) MoKHO IIpeodpa-
30BaTh K BUAY

N, 1

_ xX.—m
[P (1-p)" ™ =
i=1

N, No
HCJTZ:% mN, (1 p)Zx -mN,

IlogcranoBka B TOCJIeHIOIO (DOPMYJIY CYMMBI
o
in =mN, / Po» TOJNyUeHHOU U3 ypaBHeHus: (4), na-

eT HOBOEe BhIpasKeHue IJjid QyHKIuu (3)

L(po» ) = Cop™Vo (1= p)™Ne /27D 5)

NO
Ifle mocTosIHHASA BenuunHa C, = HC;':,%.

i=1

PaccmarpuBaeTrca craructuyeckas rumnoresa H:

p=p, O TOM, YTO BEPOSATHOCTb JOCTUXKEHHS LeJN
IIPY4 OOJHOM MCHBITAHUU PaBHA e€e allpUOPHOU OIleH-
Ke. [ TIPOBEpPKU STOM THUIOTE3bI HCIIOJIL3yeTCs
BeJIMUMHA OTHOINEHWA IIpaBAoIomobus, Koropas,
daKTHUYECKH, XapaKTepusyeT O0JU30CTb AIIPUOPHOIL
nH@OPMAINUU K ONBITHBIM AaHHBIM. OHA BBIUUCIIA-
eTcsd 110 (popmyiie

L(posp)|,,.
L(Po>P) pep,

) CoP5"N° (1-pp

:[&Jm 0[1—ppij0(1/po_1)‘ ©
po 1_po

Orcroza BumHo, uto 0<Vv <1, mpuueM MaKcu-
MaJbHOe 3HaueHMe V' = 1 JocTHUTraeTcs IIPU COBIIAje-
HUU allPUOPHOM U OIIBITHOH OIIEHOK, T. €. IIPU Pp =Dy
B sToM cryuae ux oM B aIIOCTEPUOPHOM OIleHKe TI0-
JIaraloTCs PaBHBIMU. [IpM 3HAUUTEIHHOM OTINUNU
OIIEHOK P ¥ P, BEIMUMHA OTHOIIIEHUSA IIPABAOION00M A
(6) 6yzmer mazna (v ~ 0) 1 Bec aIprOpHOH WH(POPMA-
VY B aIIOCTEPUOPHOM OIleHKe OyneT OIM30K K HYJIIO.

KauecTBO ONIBITHOW OIEHKH p, 3aBUCUT OT YMCJIA
ncnelTanuii N. g onpejeneHns KadecTBa allpu-
ODHOII OITeHKY BBOAUTCS BEJINUYNHA

(po’pp)
L(po’po)

)mN0 (1/py-1)

V¥ =

N, =Vv*N,. )
Torma mpu cupaBexsmBocTU runoTes3sl H: p = Py
00 OJHOPOSHOCTH AIIPHUOPHON 1 ONBITHON MHMOPMA-
nuu QYHKIIUA
N, mN,(1/p,-1
L(ppsp)= o™ (1- py™ /Bl ()
TIe Cp = const, MOoKeT paccMaTpuBaThCA KaK (DyHK-
nus, XapakTepusylollasd paclipejiesieHUe ampuop-
HO OIIeHKU Py» & IPOUSBeZieHNe dyurmuii (5) u (8)

L(p)=L(pp»P)L(Po»p) =

- Cpcopm(Np+No) (1- p)m[Np(l/pp—1)+No(1/p0_1)}

©)
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— KaK (QyHKIUsS, XapaKTepusayiollas paclipejesie-
Hue 00enX OLeHOK: P, U Py

Il151 openesleHNs allOCTePHOPHOIL OIeHKH p, Be-
POATHOCTY P WCHOJb3YyeTCA HEeOOXOZVMOEe YCJIOBUE
mMaxkcumyMa pyarnun (9) dln L( p)/ap|p:p =0, KO-
TOpOE JaeT ypaBHEHUE B

m(NO+Np)/pa—m[Np(1/pp—1)+
+No(1/po_1)]/(1_pa)20'

PerrtenueM MOJyUEeHHOTO YPABHEHUSA SABJIACTCSA
aTrocTepuopHas OIeHKa BEPOSTHOCTU P TOTO, UTO
eJb OyZeT JOCTUTHYTa HPu OgHOM ucubiTaHuu CY:

_ popp(NO—i-Np): PoPp(1+v¥)
Nopp+Nppo PptV¥ D,

PoPp 10)
v
+
1+v"‘pp 1+v*

a

Po

OTcroza BUAHO, UTO alIOCTEPUOPHAA OI[€HKA ABJIA-
eTcs HeJIMHEeMHOM (pyHKITMeH OT B3BeIlIeHHbIX 3HaUe-
HUUN alpuOpPHON M ONBITHOU OIeHOK BEPOATHOCTH pP.
"3 popmyasr (10) Tak:ke ciemyer, 4TO IpOIeAypa
OpoBepKU runoTessl H 00 OMHOPOSHOCTH BCEU MMe-
o1elica nHPOPMAIINN He ABJAETCA 00sI3aTeIbHO].
HeticTBuTeIbHO, IPU V¥ ~ 1, T. €. IpU OJIU30CTU aIIPU-
OPHOM U ONIBITHOM OIEHOK (pp ~p,), alloCTePHOPHA
OLIEHKA P, ~ P, = P,,. IIpu v* = 0, T. . mpu CyIIIeCTBEH-
HOM OTKJIOHEHUU PEe3yJIbTATOB alIPUOPHBIX MCCJIEN0-
BaHUII OT JAHHBIX, MOJYUYEHHBIX B IIPOIIECCE HCIIbI-
TaHU, allOCTEPUOPHAas OIeHKa OJIM3Ka K OIBITHOI
(p,~p,) u ampuopHas uHpopMaNua (HaKTHIeCKU
uraopupyetcs. IIpu 0 < v¥ <1 ombITHasA U anmpuop-
Had OIEHKU BXOJAAT B aIIOCTEPUOPHYIO OIIEHKY C pas-
HBIMU BecaMu, IIPUUYEM BeC OIBITHOUN mHGOPMAaI[UU
Bcerja IpeBHIIIAeT Bec anpuopHoii. Hanpumep, ecau
B (popmy:te (6) momosxuts mN, = 20, To Ipu Pp= 0,5
u p,=0,9 orHomenue mpaspomonobus v¥ =0,0003
U anpuopHasa nH(poOpMAIUA, B CUJIY ee CYIeCTBEeH-
HOT'O OTJIMYUS OT ONBITHBIX NAHHBIX, OUYEHH CJIa060
BJINMAET Ha AaIlOCTePHOPHYIO OLeHKY: p,=0,8998.
IIpu Pp= 0,8 u p,= 0,9 oTHOmeEHNe IPaBAONOL00M
v¥*=0,4425 u BAUAHNE aIPHUOPHON HH(OpPMAIIIU
CTAHOBUTCSA CYII[ECTBEHHBIM. JTO BUIHO W IO allo-
CTepuopHO# omenke p, ~ 0,86. Ilpu manpHelimem
BO3paCTaHUM OTHOIIIEHUS IPaBI0II0A00uA (IPU Ipu-
ONMMKeHUN alpUuOPHON WHQMOPMAIIUU K OIBITHBIM
JaHHBIM, COIEPIKAIIINM JOCTOBEPHYIO MH(MOPMAIIIO
o xapakrepuctukax C¥Y) Bec anpuopHoii mHGOPMA-
MY B AIlOCTEPUOPHOI OIeHKEe TaKiKe BO3pacTaer.
Tak, mpu Pp= 0,85 u p,=0,9 orHOIIeHNe IpaBAO-
mopobusa v¥=0,7850 u p, ~ 0,88, a mpu Py = 0,9 u
p,=0,9 orHOomeHue mpaspomonobus v¥=1 u p,=
=DPo=Pp = 0,9.

Ecimn anpuopHas wmHGOPMAIUS OTCYTCTBYET, TO
aIoCTEpUOPHAS OLIEHKA BEPOSATHOCTU, KAK BUIHO U3
dopmysl (10), 6ymeT cOBIIaAATh C OIEHKON MaKCHUMAaJThb-
HOT'O ITPABJOION00KSA P, TIOTYUEHHOH 110 Pe3yIbTaTam
HATYPHBIX UCIILITAHUN OIBITHLIX 00PA3IIOB CUCTEMBL.

Onpez(eJIeHne BBIMI'DBIIIA
B KayeCTBe OlleHUBAHHUA

W3z popmynsr (7) ciegyer, 4To anpruopHas OIEH-
Ka p, MOJKeT PacCMarpuBaThCA KaK OIEHKA, MOJy-
YeHHAs 10 HEKOTOPOH T'UIIOTEeTHUYECKOIl BBIOODKE,
BKJIIOUAIONel Pe3yJIbTaThl Np =E[N,]=E[V'N,] ce-
puii ucnbitauuii, rae E[] — GpyHKIIUSA OKPYyTIJIeHU S
Io Osmskaiiiero 1eJioro umcia. Torma MOMKHO IIO-
JIaraTh, UTO allOCTEPHOPHAA OLleHKA p, MOJydeHa 1o
pesynbraram N, = N + Np cepuil UCObITaAHUM, U pac-
CMAaTPUBATDh BEJITUUYNHY

Sum =E[V¥N,], 1)

KaK YMCJIO JOTOJTHUTENbHBIX CePUIl UCTIBITaHUI, KO-
TOpOE JaeT yUueT allPUOPHON nHGOPMAIIUU B IIPOIle-
JIlype OIleHMBaHUA BePOATHOCTH P.

W3 nocrepneir (popMyabl BUAHO, ITO O, ,, BABUCHUT
OT GJIN30CTH AIIPUOPHOIL OIEHKHU K OIBITHOM, T. €. OT
BeJIMYMHBI OTHOIIEHU S ITPAaBAOIION00uA, onIpe/easie-
Moii 1o popmy.ie (6). Hem 6rmike arrpropHas HHPOP-
Mamusa K ONBITHOM, TeM 0OJIbIIe BLIMT'PHIII B UKCJIE
VICIIBITAHU.

B kauecTBe mokasaresis, XapaKTepu3yIoIero Bhl-
WTPBINIT B TOUHOCTU OIIEHUBAHUSA, UCIIOJIb3yETCA OT-
HOCUTEJIbHAA BeJIUUNHA

D, -D
8, =L —Pa100%, (12)

Dpo
e Dpo u Dpa — JUCIIEPCUU OIEHOK p, U P, COOT-

BETCTBEHHO.
IIpubam:xeHHOE 3HAUEHUE TUCIIEPCUN Dp OIIBIT-
o o
HOM OIEHKM P, BEPOSITHOCTH TOT'O, YTO IIeJb oymer
AJOCTUTHYTAa IIPX OAHOM HCIIBITAHUN CY, MOJHO IIO-
JIYUYUTHh, BOCIIOJIB30BABIIINCH M3BECTHBIM pPacIipene-
JIeHHeM OIeHKH P, KOTOPOe COrIacHoO [25] mmeeT Bup,
A _ \_ ~mNg+l N m+2 mN,/po—mN,
P(p, _p)_CmNo/poﬂp oM (1- p) ,
mN, mN,
] ’ geee e
mN,+1 mN,+2

po=1 (13)

3Has 3aKOH pacipe/eIeH s, MOYKHO HANTH MOMEH-

NO
TBI OIIBITHOM OLleHKHU p,. IlocKOIBRY p, = mN,, in,
i=1

NO

TO, 0003HAUUB S, = in =mN,/ p,, HaiifieM BbIparKe-
i=1

HHe JIJI HA4aJIbHOI'O MOMEHTA k-To opA/Ka OLeHKH P,
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M|t |= Y pkP(ho = p)=
Do

_ kmN,+1 N, m+2 mN,/p,—mN, _
= 3 PECmN PR (1= p) e P
Po

s,+1

_ Z(Nom/so )k CN0m+1pNom+2 (1_ p)sO—NOm ,
SO

so=Nm,Nm+1, Nm+2, ...

g mpuOIMIKEeHHOr0 BBIUUCJIEHUA HaYaJIbHOTO
MOMeHTa k-To IOPALKA OLeHKH P, MOXKEeT HCII0Ib30-
BaThCcA popMysIa

M|:IA7§':| ~ Z(Nom/so )k C;(\’/iriwlp(z)\foerz (1 ~ Do )so—Nom .

So

Torma npubaM;KeHHOE 3HAUEHNE AVCIEPCUU OITBIT-
HOI OIIEHKI

Dy, ~M[ B} |-(M[p.))"- (14)

B cuny cpemaHHBIX IPEAIONOKEHUU, KaK yiKe
0TMEeYaJIoCh BEIIIE, AII0OCTEPUOPHYIO OLICHKY P, BEepo-
SATHOCTHY P MOYKHO PAaCCMOTPETb KaK OIEHKY, IT0JIy-
YeHHYIO II0 pedyabraraMm N, = N, + Np cepuil UCIbI-
TaHuii. B aTom cayuae opmysa AJiA OonpenesIeHU s
IpuGJIMKEHHOT0 3HAUeHN A qucnepeun D), amocre-
PHODPHOM OIeHKH p, aHAJIOTHYHA (hopMy.JIe f14), T. €.

Dy, =~ M| p3 |-(M[5,])%, (15)
roe
k
M5t ]~% Nsam Core R R (L py )
S,

a

s,=N,m,Nm+1,NNm+2,..;k=1,2.

IlogcTaHoBKa 3HAUEHUHI Dp0 u DPa’ TOTYYEeHHbBIX
no gopmyiiam (14), (15), B mpaByio 4acTh BhIPAYKEHUS
(12) nosBoJsiseT CpPaBHUTH IPUOIMIKEHHBIE 3HAYEHUSA
IUCIIePCU aIllOCTEePUOPHOI OIEHKUW M OIIBITHOM OITleH-
KU, TIOJTyYEHHOH TOJIBKO II0 Pe3yJIbTaTaM HAaTYPHBIX UC-
TILITAHUI OMBITHBIX 00Pa3Il0B, ¥ UCCJIEN0BATD BIMSHIE
aTpPUOPHOM MH(pOPMAIINY HA TOYHOCTD OIIEHUBAHMA.

Ouenku maTeMaTHyecKOro oskupanus M % u
Aucuepcuu D)A( CAyYAWHON BEeIUYUHBI X, YUUTHI-
BAIOIIie Pe3yJIbTAaThl alIPUOPHBLIX HCCJIEIOBAHUN U
HATYPHBIX WCIBITAHUI, ONPEAEJIAIOTCSA B COOTBET-
cTBuu ¢ hopmysaMu (2) myTeM MMOACTAHOBKU B HUX
BMECTO BEPOATHOCTH P €€ allOCTePUOPHOIL OIEHKH P, .

IIpumep npuMeHeHUT MeTOaa
aImoCTEepPHOPHOTO OlLleHUBAHU A

OpmHoii M3 OCHOBHBIX IIOJICHCTEM aBTOMATU3UPO-
BaaHOi C¥Y mojeraMu caMOJIETOB KPYIIHOTO aspo-

IpoMa fABJSAETCA CHUCTeMa JaJbHEr0 OOHAPY:KEeHUSA
U yopaBiieHus. B ee cocTaB BXOAUT PaaroIOKaTOPD
NaJIbHET0 OOHApYsKeHWs, NIpeSHA3HAUEHHBIN IJId
0o0HapPy KeHUA BO3AYIITHBIX 00bEeKTOB. BepoATHOCTH
HOJIYUEHUsI OTMETK! 00 00beKTe Ha sKpaHe pamuo-
JIOKaTopa Ipu OJHOM 000pOTe aHTeHHBI PaBHA P.

O06beKT cunTaeTcs 00HAPYKEHHBIM, €CJIX OT HETO
moayueHo aBe ormeTKHu (m = 2). ITo pesyabraTraM Mo-
IeJIUPOBAHUSA IIpoliecca OOHADPYKEHUA BO3IYIITHBIX
00'BEKTOB TOJyUeHa pacueTHas OIleHKa Pp= 0,6 Be-
POSATHOCTH p.

Briiz mpoBeneHbl 4YeThIPE HCIBITAHUS Paguo-
jmoxaropa (N,=4) B ofMHAKOBBIX ycnoBuax. Ilpu
IIePBOM HCIILITAHWUY [IJIsI OOHAPYKEHUSA BO3IYIITHOTO
00beKTa MOTPEOOBAJIOCH UETHIPE 000pOTa aHTEHHBI
(x; = 4), IpK1 BTOPOM — III€CTh 060POTOB (X4 = 6), Ipu
TpeTbeM — IATh (X5 = 5), IPU YeTBEPTOM — UYeThIpe
(xy=4).

TpebyeTcsa onpenennuTb:

1) artocTEepUOPHYI0 BEPOATHOCTH TOT'0, UTO MAJISA
oOHapy:KeHusd 00'beKTa IIPUIETCS cAeaTh He 6oJiee
ISATH 000POTOB AHTEHHBI;

2) MUHUMAaJbHOE YHCJI0 000POTOB aAHTEHHBI, He-
ob0xomuMoe 151 00HAPY KeHUI BO3MYIITHOTO 00 beKTa
¢ BepoATHOCTBIO He MeHee 0, 8.

Penrenue nepBoii 3agaun

BeposaruocTh TOro, UTO AJIs O0OHAPYKEHUA 00b-
eKTa IPUJETCS cesaTh He 60Jiee IATU 000POTOB aH-
TEeHHBI, MOYKHO HalTU 110 (hopmyJie

P(z <X <5 p)= %C&pl (1-p)°7 =
i=

1 . . .
=1-Y.¢ip' (1-p)°".
i=0

Ha ee ocrOBe orpeneJisieTCcAa alipuOpPHOE 3HAaUEeHUe
BEPOATHOCTHU

A > i i -
P, =P(2<X <5 p, )= %Cépf,(l—pp)f) i
i=
5 ) .
=>'¢L-0,6'-0,4°7 ~0,91.
i=2

ITo maHHBIM HATYPHBIX WCOBITAHUN PagUO0JIO-
KaTopa pPacCUMTHIBAETCA OIeHKAa MaKCUMAaJbLHOTO
IPaBAOIIOA00MST BEPOSTHOCTU IMOJYUYCHUS OTMETKU
00 00'beKTe Ha dKpaHe PAAUOJIOKATOpPA IPU OJHOM
o6opoTe aHTeHHEI [cM. hopmyay (4)]

24 8

:—:—z0,42.
Po= 6544 19

CooTrBeTcTByIOIIasA €l ONBITHAS OIIEHKA BEPOST-
HOCTH TOT'O, UTO JJIsI OOHAPYKEHNUA 00bEKTA IIPUAETCA
cIenarh He 60Jiee AT 000POTOB aHTEHHbBI, IMEeT B/
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5. .
P, =P(2ng5; p0)=ZCgpf,(1—po)5 P =
i=2
5 . . .
=L -0,42".0,58°7 ~0,70.
i=2

OTHoIlleHNEe IPaBAOIOA00M A, XapaKTepU3yIollee
0JIM30CTH PE3YJILTATOB MONETUPOBAHUA K TaHHBIM
HATYPHBIX UCIILITAHUI, PACCUUTHIBACTCS 110 (POpMYy-
ae (6):

v¥ % 0,29.

Torzma, B coorBercTBUHU ¢ hopmyJioii (10), amocre-
PUOpHAs OIeHKA BEPOATHOCTHU IOJYUEHUA OTMETKU
00 00'beKTe Ha SKpaHe paguoJIOKaTopa IIPU OTHOM
obopoTe anTeHHEI p, ~ 0,45, a BLIUIPHIII B UHCTE
WCOBITAHUN coriacHo (opmyse (11) 8, =1, . e.
aloCTePHOPHYIO OIEHKY p, BEPOATHOCTH P MOKHO
paccMaTpuBaTh KakK OIEHKY, IOJYUYEHHYIO II0 IIATH
HUCIIBITAHUSAM PaIUO0JOKATOpA.

IIo ¢opmynam (14) u (15) monyueHbl mPUOIU-
JKeHHbIe 3HAUEHUA AUCIIEPCUU ONBITHON M arocTe-
PHUOPHOI OIIEHOK BEPOATHOCTH p: Dp0 ~0,0113 u
Dpa ~0,0101. Nx noacranoBKka B popmy.ry (12) mo-
KasaJja, 4YTO yYeT alpuopHOl MHAOPMAIIMU II03BO-
JINJI IOBBICUTH TOUHOCTH OLIEHMBAHUA IIPUMEPHO Ha
10 %.

AmnocrepuopHas OlleHKa BEPOATHOCTU TOT'O, UTO
IJis oOHapysKeHusA o0'beKTa HPHUAeTCS CIeaTh He
60s1ee AT 000POTOB AHTEHHBI:

5. y
P, =P(2SXS5; pa):ZCép;(l—Pa)E’ b=
i=2
5. . .
=>CL-0,45'-0,55° 7 ~0,75.
i=2

Orcroma BugHO, uto P, < P, < Pp, IpUYeM OIleH-
Ka P, Gnmsxe K ombITHOI omeHKe P, yem K ampuop-
HOIT Pp. 9TO CBA3AHO C OTHOCUTEIbHO HeﬁanmHM
3HAUEHHEM OTHOIIEHHUS IIPaBAOIOA00MS V', OIIpe-
IessroIero coryacuo gopmysae (10) Bec ampuopHOit
nHpoOpMaITUU (pp) B 4ITIOCTEPUOPHON OIeHKe P, BePO-
SATHOCTH D.

Pemenne Bropoi 3agauu

MunumasbHOE 4HMCIO 0GOPOTOB aHTEHHBI X g,
HeoOxoAMMoOe [Jisi O0HaPYKeHUs 00'beKTa C BEPOsT-
HocThIO He MeHee (0,8, 3aBUCHUT OT BEpPOSTHOCTH P,
T. €. X g = XO,S(P)’ 1 MOJKeT OBITH HaliIeHO 13 BbI-

parKeHndA P(2 <X<Xpgs p) 20,8, KoTOpOE 9KBUBA-
XO,S ) .
12 12
JIHTHO YCJIOBUIO ) Cx, 4P (1-p)
i=2
MuruMaabHBIE 3HAYEHUS UYMCJIA 060p0TOB aH-
TeHHBI, 00eclleYNBaIOIINe YHOBJIETBODEHUE 3STOTO

Xog-i

>0,8.

VCJIOBUSA IIPU OLEHKAX P, P, U P, BEPOATHOCTH D,
PaBHBI, COOTBETCTBEHHO: Xo,s(Pp) =4, Xog(p,)=Tn
Xo,8(P,) = 6.

TaxuM 00pasoM, IPU OTPAHUYEHHBIX UCILITAHU-
fAX PaAMOJIOKaTOpa ydeT aIpHOpHOHN wmHMopMamum
TIO3BOJIMJI CKOPPEKTUPOBATH BBIBOJALI O KadyecTBe
ero (pyHKIIMOHUPOBAHUA W YTOUYHUTH TPeGOBAHUS
K CKOPOCTHU BpAIT[eHNs aHTeHHBI.

3aKaouyeHune

IIpenno:KeHHBIA MTOAXO0MA K OIEeHUBAHUIO BEPOAT-
HOCTH TOTO, uTo CVY pemuT mocTaBjIeHHBLIE 3aJaul
IpU OAHOKPATHOM e€e IPUMEHEeHUU, MOKET OBLITHh
WCIIOJIB30BAH [JIS PEIIeHUs pAga APYTUX MIPaKTH-
YeCKUX 3aadu. OTO 00YCJOBJIEHO IITUPOKUM PACIIPO-
cTpaHeHUeM 3aKoHa pacupenenenus [Tackansa. Tak,
00beM BBIOOPKM, HEOOXOAMMOM AJIA IOJYUYeHUs Ha-
mepes 3aJaHHOTO UHCJIa 00BEKTOB C OIpeesIeHHbBI-
MU CBOMCTBAMU IIPU UX CAyUYaHOM M3BJIEUEHUU U3
TeHepaJibHON COBOKYITHOCTU, HMOAUYMHEH STOMY 3a-
Kouy. OH mcrmosab3yeTcA B 3ajJadyax OINTUMAJIBLHOTO
pe3epBUPOBAHUS JIEMEHTOB, B TEOPUU CTPEILOBI,
TIpU PeIlleHun 3a1au, CBI3AHHBIX C HCCJIeJOBAHUEM
JIOJITOBEYHOCTH CHUCTEMBI, UMEIOIel ompeeeHHoe
YUCJIO PE3EPBHBIX 9JIEMEHTOB, IIPHU OIIPeIeJeHUN KO-
JuuecTBa ocobeli JaHHOTO BUla B BRIOOPKAX 13 OMO-
JIOTHYECKUX TOMYJISAINi, B CTATUCTUKE HECUACTHBIX
caydaeB U 3a00JieBaHUH, a TaAKKe B APYTUX IIPUJIO-
sKeHuaX. [losyueHHBIE BBIIIE Pe3yJIbTaThl, HA HAII
B3IJIAI, MOTYT OBITH WCIOJb30BAHBLI IIPU OIlEHWBA-
HUU COCTOAHUMN CJIOMKHBIX 00'HEKTOB C IIOMOIITHIO WH-
BapuaHTOB [26], TpU MIaHUPOBAHUYU NCHBITAHUN U
OIIEHMBAaHUM XapaKTEPUCTUK CIOMKHBIX cucteM [27],
TIPU OIEHNBAHUU COCTOAHUN MH(POPMAIIMOHHBIX CH-
CTeM Ha OCHOBE MCHOJb30BAHUA (PYHKIINU SHTPOIINN
[28].
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Introduction: In order to steadily estimate the efficiency of control systems for new objects, a great number of prototypes should be
tested, which is not always possible in practice. The estimation quality can be improved by joint processing of the a priori information
you have before the tests by analyzing certain indicators, and the data obtained from the tests. To estimate the efficiency a posteriori,
taking into account both the a priori knowledge and the test results, you have to find their functional dependence on each of them,
and specify the parameters of this dependence. Purpose: Integrated processing of the results from both aprioristic and experimental
research of a control system, and obtaining posterior estimations of the efficiency indices. Results: A control system efficiency
estimation method is proposed, which integrates the aprioristic and experimental estimations of the efficiency indices obtained a priori
and during a limited number of tests of system prototypes. It can be used when the results of aprioristic research and the tests are
presented by point estimations of the efficiency indices, and the most common methods are difficult to apply. We present analytical
expressions for posterior estimation of the probability that the system will perform its task, along with the indicators which are used
to study the influence of the aprioristic information on the estimation accuracy and number of tests. The working capacity of the
method is illustrated by a real-life example. This approach, unlike others, takes into account how close the aprioristic estimations are
to the experimental ones. Practical relevance: The proposed approach is universal enough, as it allows you to integrate the information
obtained at various stages of studying the system, and essentially improve the efficiency estimation accuracy, specifying the gain in the
number of tests in all the cases when the aprioristic research results are in consonance with the experimental data.

Keywords — control system, efficiency of functioning, aprioristic information, experimental data, gain in accuracy, gain in number
of tests.
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KackapgHo-nepapxmyeckoe MogenupoBaHue B 3agaydax
aHanu3a AUHAMMKU PECYPCHbIX XapaKTepUCTUK CIOXHbIX
cucTem
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A. B. CKaTKoB?, JOKTOp TeXH. HayK, npocpeccop, orcid.org/0000-0002-5678-9587
aCeBacTonNoIbCKUI rocyfapcTBeHHbIN yHuBepcuteT, CeBacTonosb, YHuBepcutetckas yn., 33, 299053, Po

MocTaHoBKa npobneMbl: on1McaHue AMHAMUKU PECYPCHBIX XapaKTEPUCTUK CIIOXHBIX cucTeM 06YCroBIMBAET HeobXoAM-
MOCTb [EeKOMMO3ULUN ONTUMU3ALMOHHbIX 3a[ay U feTanmu3aumnio ypoBHel npeacTaB/ieH!ss CUCTEM, YTO MOPOXAaeT MoMMo-
AenbHOCTb. B 3afjayax, rae TpebyeTcs nocTpoeHne NoMMoesbHbIX KOMIIEKCOB, UMEILLUX CIIOXHbIE CBSI3U MEXAY MOLENsIMH,
MPpUMeHEeHWE TOJIbKO MepapXnyeckoi TONosIorMu KOMMIEKCOB Mojereli He obecreynBaeT B3auMOCBsI3b (haKTOpOB AMHAMUKU
MO enMpoBaHuUs U y4eT obbema flaHHbIX Ha KaX oM UepapxmyeckoM ypoBHE U He OTpaxaeT napaMeTpuyeckKyro USMEHYUBOCTb
9KCMepUMEHTOB Ha Kax[oM ypoBHe. Llenb: paspaboTka MeTO[0/I0rMM MOCTPOEHUS MOAMMOLEbHbIX KOMI/IEKCOB B paMKax
KackaHO-nepapxu4yeckux CTPyKTyp u (hopMuUpoBaHMe OLEHOYHOrO (PyHKLMOHaNa C y4eTOM MPUHLMNA ero nepMaHeHTHOCTU
[A7151 MOAEIMPOBaHUS PECYPCHbIX XapaKTEPUCTUK CIIOXHbIX CUCTEM NPU UCCe[0BaHUN AMHAMUKN AerpafalLoHHbIX 0TKa30B U
MornosIHeHUs: pecypcoB. MeToabl: CUCTEMHbIN aHann3 U CTPYKTYPHbIN CUHTE3 MoAesel, BCTPOeHHble Mogeny MapkoBa ¢ KBa-
3UMNOrIOLaKoLLUM COCTOSTHUEM Ha JIOKaslbHOM YpPOBHE MOIMMOAENIbHOIO KOMriekca. Pe3ynbTaTbl: chopMynmMpoBaH npuHLMI
MepMaHeHTHOCTN OLeHOYHOro (hyHKLMOHANa, HAa OCHOBE KOTOPOro peann3oBaH MOAX0S K pelleHuto 3afay noaaepxXKu npu-
HSITUSI PeLLIEHUI Mo pecypCcHoN 0becrneyeHHOCTH CIIOXHbIX TEXHUYECKUX CUCTEM MyTeM OnpefesieHnst cTpaTernm o6ciyXuBaHusl.
B obuem cnyyae kackagHo-uepapxudeckasi cxema MogenvMpoBaHus cchopMmUpoBaHa B TPEXMEPHOM (hyHKLMUOHANIbHOM Mpo-
CTpaHCTBe: CTPYKTypa cucTeMbl — Bug (YPOBEHb) MOAENMN — KacKafbl MIaHOB MogenMpoBaHus. [peanoxeHHass METOA010MMs
MOJenMpoBaHus B paMKax KackafjHo-uepapxmyeckoi Tonosornm noammMoLesibHoro KoMraekca Ha OCHoBe NMpuHUmMna nepma-
HEHTHOCTU OL{EHOYHOro ¢hyHKLMOHaNa Mo3BoanIa COXPaHUTb KOHCTAHTHOCTb MPeACTaBUMOCTY CUCTEMHBIX XapaKTepUCcTUK
npu ¢pa30BOM yKPYNHEHUU MPOCTPAHCTBA MOAENUPOBAHUS U TEM CaMbIM PaLUOHaIN3UPOBaTh MN1aHUPOBaHNE IKCHEPUMEH-
TOB. lMpaKTHYecKas 3HAYUMOCTb: pe3y/bTaTbl UCCIIe[0BaHUI UCT0b30BaHbI MPY pa3paboTke u aHam3e JUHaMUKU PEeCypCHOM
o6ecrneyeHHOCTU (hyHKLMOHUPOBAHUS CIIOXKHBIX TEXHUYECKUX cucTeM. [peaioxXeHHbI MoAxXos peann3yeT BO3MOXHOCTb B Mna-
paMeTpu4ecKkoM MOAe/IbHOM NPOCTPAHCTBE CTPOUTh MJ1aHbl UCCIEe[0BaHUI CIIOXHbBIX CUCTEM M Ha OCHOBE NpUHUMMa nepma-
HEHTHOCTU OL{€HOYHOIO (hYHKLIMOHANa COXPaHUTb KOHCTAHTHOCTb MPeACTaBUMOCTU CUCTEMHBIX XapaKTePUCTUK py ¢ha30BoOM
YKPYMHEeHUM MPOCTPaHCTBAa MOAEINPOBaHUSI.

Knio4eBbie cnoBa — nosiMMogesibHbIN KOMIIEKC, KackafgHo-uepapxmdyeckmne mogenu, OL€HOYHbIN d)yHKL[MOHa}'I, AnHamunka
pecypcosB, CJI0XXHble TEXHNYECKNEe CUCTEMbI, MogesIn MapKOBa.
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BBemenue

B 3ajauax aHasm3a XapaKTEPUCTHUK CJIOXKHBIX
CHCTEM WCCJIENOBATENI0 B OOJILIIIUHCTBE CJIyYaeB
MIPUXOAUTCA OCMBICJANBATh IPUYNHHO-CJIEICTBEH-
HBbIe CBS3U, Pa3BOPAUMBAIOIMECS B MHOTOMEDHOM
KOOPAWHATHOM TpocTpaHcTBe. Ilpm mocTpoeHUM
nonuMoenbHbIX KoMmintekcoB (IIMK), mmerommx
CJIOKHBIE CBA3U MEKIY OTHeJIbHBIMU MOZIEJISIMU, eC-
JIV IPUMEHATH TOJIBKO MepapXUYecKyI0 TOIIOJIOTHIO
(MOHOTOTIOJIOTHMIO) MOZEJIeH, MOTYT IOABUTHCA CJe-
IYIOIIYe IpOo0IeMBbI:

1) croxkHOCTL OOecmeueHMsA B3aMMOCBA3U (PaK-
TOPOB JUHAMUKYU MOJEJUPOBAHUS U yueTa o0bemMa
NaHHBIX Ha KaK/JOM HepPapXUUeCKOM YPOBHE;

2) CJI0}KHOCTH OTPAYKEHUA ITapaMeTPUUECKON 13-
MEHUYMBOCTH 9KCIIEPUMEHTOB HA KayKI0M YDPOBHE;

3) yIpoIlieHre MOAEeJIbHON OPraHn3aluy Ha KaiK-
JIOM MepapXniYecKoM YPOBHE,

— YTO MOKET IPUBECTU K HEBOZMOKHOCTH OII€HUTh
KauecTBO MOJEeJN 1 TPeOyeMbIil 00beM JaHHBIX IJIs
MonenupoBanud [1, 2].

WcciemoBanme  pecypcHBIX  XapaKTEPUCTUK
caokHBIX TexHmueckux cucreMm (CTC) peanmsyert-
csA B Ipolleccax aHajim3a WM CHUHTe3a 9TUX CHUCTEM
Ha OCHOBE AHAJIUTUYECKOTO WU WMUTAIVIOHHOTO
TIOJIXOMOB U YaCTO COMPSKEHO ¢ IIPobJieMoii pasMep-
HOCTH, 3aKJIIoUaleiics Kak B o0beMe TpedyeMoii
aIpUOPHOI MH(pOPMAIUY AJIA MOAEJNPOBAHUA, TAaK
M B CTPYKTYPHOM CJOXKHOCTU OTOOpasKeHuit (Moze-
Jieii), peaJau3yIONIUX IIPOIlecc uccaenoBaHus [2—5].
IIpu mocTpoeHWU KOMIIJIEKCOB MOJeJsieil IJis aHa-
ausa pecypcHbIx xapakrepuctuk CTC moaKHBI pe-
marbcA 3aJadun:
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— mepenavu JaHHBIX Pe3yJIbTAaTOB PA0OThI OHO
MOZIeJIN B APYTYI0, UTO IPUBOAUT K POCTY IIPOMEIKY-
TOUHBIX TaHHBIX;

— HUBEJHUPOBAHUSA CJIOMKHOCTH OITHUMU3AI[NOH-
HBIX 3aJay W HeOIPeJeJeHHOCTH XapaKTEePUCTUK
dyurnuonuposanua CTC myTeM QeKOMIIO3UIIUU U
JeTaanu3anuy YPOBHEH IIpeAcTaBIe I MOJeIel;

— CHUIKEHUA TPYAHOCTH B OIIeHKE KauecTBa KOM-
IJIEKCOB MO/eJieii, ITOPOKIeHHBIX UX CTPYKTYPHOI
CJI0KHOCTBIO 1 TOMOJIOTUYECKM MHOTO00Dpa3ueM.

C 0oaHOI CTOPOHBI, IMOJUMOJIEJIBHOCTD ITOPOXKIA-
eTcsA He0OXOAMMOCTHIO MOJIEeIMPOBAHUS Ha OOJIBITIOM
YucJie TPy IepeMeHHbIX, ¢ APYTOoil CTOPOHEI, Tpe-
oyercsa moctpoenne IIMK, B ToM 4unciie A OIeHKHT
KauecTBa caMux mojeJieii [4, 6, 7]. To ecTs moaumo-
IeJIbHOCTL ABJAETCA (PYHKI[MOHAJBLHO-OIIEePaIlOH-
HO#1, UTO CBSABAHO C PA3HOTUIIHOCTHIO 3aja4 MOJIEIU-
pOBaHMA HA PA3JIUUYHBIX YPOBHAX.

ITosuMogeabHBIE KOMILJIEKCHI B OOJIBIIIMHCTBE CBO-
€M TIpeJCTaBJIeHbl MCCJIEeI0BATEIAMI B paMKax ue-
PapXuUecKUX CTPYKTYP, XOTS MOYKHO YTBEpP:KIaTh,
uto ITMK mosxeT (hopMUpoOBaTHCA PA3IUYHLIMU CIIO-
cobamMu, HaIpuMep, IIOCPEICTBOM OObeIUHEHUS pe-
3yJBbTAaTOB KAKJIOU MOMIEJN, BXOAAIIE B KOMILIEKC,
WJIM KacKaaHBIM HapallluBaHUEeM W YTOUYHEHUEM pe-
3yJILTATOB MOJleTupoBaHu4 [4, 5, 8].

UccremoBaHUAMU KaueCTBEHHOTO ITOCTPOEHUSA
KOMILJIEKCOB MOjeJjieil 3aHUMAaJuCh MHOTHWE aBTO-
pBI, HAaIpuMeDp, B pabore [4] KoHCTaTUPYyeETCS, UTO
ocTaeTcs HepeIlleHHOH mpobieMa OlleHUBaHUA Ka-
yecTBa MOjJeJel, YIOPSAJOUYeHUs U OpraHu3amuu
B3aUMOeNCTBUSA PAa3IUUYHBLIX KJACCOB Mojaeseil
IIMK, o60cHOBaHHOI'O CHHTE3a HOBBIX MOJeJIeH Ju-
60 BrIGOpA M3 UHMCJIA YIKE CYIeCTBYIOMINX Moae el
HauboJiee MIPeAIIoOUYTUTEIbHBIX, IPeJHa3HAUeHHBIX
IJIA pellleHusA KOHKPETHBIX NPUKJIATHBIX 3amau
[9-13].

Taxum ob6pazoM, MOAeINPOBAHNE PECYPCHBIX Xa-
PAKTEPUCTUK M YTOUHEHNE TOMOJOTUU MOAETbHBIX
KOMILJIEKCOB ABJISAIOTCS aKTyaJbHBIMHU AJIS OTpacje-
BBIX IPEIIPUATHIH.

IIpyHIUTI TEpPMAaHEHTHOCTH OL[€HOYHOTO
(yHKIIIOHAJIA KAK OCHOBA Peain3aiuu
KaCKaJHO-MePapXnUueCcKoro MOIX0Ia

s pemreHusa 3afaum OIEHKU OCTATOYHOTO pe-
cypca 0yzeM KCIIOJIb30BaTh CJIEAYIOIIYIO CTPYKTYP-
uyio mepapxuio CTC: meranu (ypoBeHb A) — y3JIbI
(ypoBerb B) — arperatsl (ypoBenb C) — cucrTema
B 1esioMm (ypoBerb CTC). O60o3HaUMM OCTATOUHBIE
pecypcsl, TpedyeMble Ha KasKI0OM YPOBHE NepapXuu,
KakK RA, RB, RC, RCTC. [1ns1 onpeneieHHOT0 KJjlacca
cuctem ypoBuu A, B, C, CTC aBASI0TCA €CTeCTBEH-
HBIMU CTPYKTYPHBIMU eIUHUIIAMU, HAIIPUMED, IJIS
cHCTeM B 00JIaCTY MAIIIMHOCTPOCHUS WX MH(MOPMA-
IIMOHHO-YIPaBJIAONIUX cucTeM [14].

C wucnmonb3oBaHMEM TpPadOBBIX OTOOPAKEeHUH
MOKHO OIpEeIeJUTh HEKOTOPYI0 CTPYKTYPY, OCHO-
BaHHYI0 Ha ompenesenHoit meranusanuu CTC, Ko-
TOpas YUYUTHIBAET TPeOyeMblii UJIU OCTATOYHBIN
pecypc Ha KaxgoM sieMeHTHoM yposHe: GN(RN,
M), rne RN — BepIINHBI, COOTBETCTBYIOIIIIE OCTAa-
TOUYHOMY pecypcy ypoBHA N; M — nyru, oTpaska-
IOI[Me BJIMAHNE OCTAaTOYHOTO pecypca KarKIoro
ypoBHaA Ha ocraTouHblii pecypc CTC B menom. s
rpada G,;4 ypoBHA A nyra M ompenesuT BINAHUE
BEeJIMYMHBI OCTATOUYHOTO pecypca Ha Pecypc BBIIIe-
crodAlero ypoBHA: RA, — RB;, k=1, K,j=1,d.
Amnajmornuno ngns  ypoBHer B, C wu CTC:
GP :RB, - RC;; Gf : RC; — RCTC.

TpeboBaHUA K pecypcaM Ha KaKIOM YPOBHe ue-
papxuu CTC (puc. 1) ompeneastoTcs CaeIyIOIMTUMI
rommorentamu: RCTC(ty, X, D, E), rae t, — Ha-
YaJbHBII MOMEHT BPEMEHU OIeHKHU OCTATOYHOTO pe-
cypca CTC; X, D, E — HEeKOTOpbIe KOHCTPYKTUBHBIE,
TEeXHOJIOTUYECKNe U 9SHepreTuyecKre XapaKTepu-
ctuku ocrarounoro pecypca CTC coorBeTcTBeHHO.
MHOKeCcTBO XapaKTEPUCTUK OCTATOYHOTO pecypca
CTC mosxkeT OBITH pacIINpPeHo, HO B JaHHOM CJyuae
He OKAa3bIBaeT MPUHIIMNUAJLHOTO BIUSHUA Ha pe-
3yJIbTAThl UccaenoBanuA. [I[pyHuMas BO BHUMaHUe
M3MEHUYUBOCTD pacupepesenud pecypcoB CTC ua He-
KOTOPOM OTpe3Ke BpeMeHU :KusHU cuctemsl [0, T,
c yuerom t, ; u t, [0, T], ¢, ; <1, <t,,; MOX-
HO (popmMasm30BaTh AUHAMUKY W3MEHEHUA OCTa-
TOYHOTO Pecypca [IJis Ka'KIOT0 YPOBHS HMepapXuu:
N(t,y) > RN(,), N € {A, B, C, CTC}. [Ina oxHOTO
ypoBHsa uepapxuu CTC paccmaTpuBamTCcA IBa BO3-
MOXKHBIX BapuaHTa (OPMaJbHOTO IIPEICTABICHUS
TpebyeMoro OCTaTOYHOT'O Pecypca: OTHOCUTEJIHHO
IEeJIOCTHOT'O CUCTEMHOTO 00'beKTa JINOO OTHOCUTEIb-
HO MHOJKECTBa JJIEMEHTOB, COCTABJIAIOIIUX 3TOT
00beKT, YUUTHIBASA HPUHIIUN agguTUBHOCTU. [lyisa
OMHOYPOBHEBOII OTHOJIEMEHTHON CHCTEMBI B MO-
MEHT BpeMeHHU ¢, | < 1, < 1,4 TpebyeMbIil ocTaTou-
HBIN Pecypc MOKeT OBITH OIIpefiesieH KaK

R1(t;,) = min{(ag RO(¢;_1) + g1 (Vg t) +
+ 0@y (up, t) + 038y (tp_1) +ogiy (8) + o5e1)}, (1)

rae RO(¢,), R1(¢,_;) — ocrarounkle pecypcsl 0-ro u 1-To
YPOBHEl B COOTBETCTBYIOIE MOMEHTEI BpeMeHH (%),
(¢, v1(vy, t,) — GOYHKIMSA, OnHCHIBAIOIAA yObIBa-
HIE pecypca BCJIeICTBIE BO3IEHCTBUS YCIOBUM BHEIII-
Hel cpefbl, B KoTopoii pyuximonupyet CTC, orpaka-
I0ITaA BIUSHYE STUX YCJIOBUI Ha PECYPCHBIE XapaKTe-
pucturu CTC; ¢,(u;, t,) — QyHKINA, ONMCHIBAIOIIAS
yOBIBaHME PECypCca BCJIEJCTBUE PABIUYHBIX PEIKIMOB
paboTs! (pabounx mukaos CTC); &) — dyHKIUA,
OIMCHIBAIOIIIAS YOBIBAHME PECypca BCJEACTBUE ecTe-
crBeHHBIX mpuuuH Aerpaganuu CTC (ctapeHue, Kop-
pOo3usi, U3HOC, YCTAJIOCTD), OTPAKAIOIIAA UX BIUIHUE
Ha pecypcHBIE XapakTepucTuru [8]; w,(t,) — GyHK-
11, ONMUCHIBAIOIIAS POCT Pecypca BCJEACTBUE IIPO-
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BeZieHUs MPOPUIAKTUUECKHX PaboT (06CaIyKuBaHIe
CTC) ¢ yueTom paboThI IEpPCOHAJA II0 PErIaMeHTy U’
omubOK IepPCoHaIa; & — CaydaiiHaa (PyHKINA, OTpa-
JKarolas WHTEHCUBHOCTh BJIUSHUS HEOIPeIeIeHHO-
CTH YCJIOBUY (DYHKITMOHUPOBAHUS HA PECypPCHBIE Xa-
paxTepucturu CTC; oy—o; — K0a(hOUIIEHTEI, omIpe-
IEJISIOIINE CTeleHb BO3IEeCTBUS YKA3aHHBIX (QYHK-
11l Ha pecypcHbIe xapakTepuctuxku CTC.

OmeHKa rapaHTUPYEeMOr'0o OCTATOUYHOI'O pecypca
IJIs1 OJHOYPOBHEBOI MHOT09JIEMEHTHOM cucTeMbl (1)
MOJKeT OBbITh 3alllcaHa B BUe

R].(tk) = min {(aORO(tk—l) + Otl\lll(l)k, tk) +
je[N=1]

+ 0@y (up, tp) + 03y (Bp_1) + oty (8) +ai581)}. (2)

Hnsa nByx ypoBHeit nepapxuu CTC BTOpOIi ypo-
BeHb MOXKET OBITh TOJIBKO arperaTom, T. €. UMeThb
HYJIeBYIO aaauTuBHOCTL. C yueToMm BbIpaskeHuit (1)
u (2) gina geyxypoBHeBoii CTC B Tex ke IPeIoJio-
JKEHUAX Oy UUM

R1(t,)= min {(agRO;(tp_1)+oqy;(vp, t)+
e N=1]
+ 0 (g, )+ 038 (tp_1) + ot (t) + o5e1)}s
R2(t5) =min{ min {o;R1;(t5,_1);; 3
(12) = min{ min, {o;R1;(t4-1)] ®)

(0 R2(t,—1) + 03y (v, 1)+ 0yPa Uy, t;) +
+ a58o(tp_1) + aglig(ty) + azeg)}.

B oG1iem coryuae sanuiiiem
RN(t,) = mm{rjrg\rfl{ajRj [N - 1](tk_1)};

(09BN (1) + ogyn (v, t) +og@n (U, t) +
+ o5&y (tp—1) + oghy (t) + 07e N )} )

rae R[N — 1](¢,_;) — ocTaTOUHBIHi pecypc Ipejle-
CTBYIOIIEr0 NePaPXUUECKOro YPOBHA (B CBA3U C TEM,
YTO YPOBEHDb MOKET OBITH ITPE/ICTABJIEH MHOKECTBOM

5JIEMEHTOB, CIIPAaBeIJIUBO: min{(x]-Rj [N —1](tk_1)}
jeN

npu j € N); EN(t,_;) — ocTaTOUHBII pecypcC IpeJIe-
CTBYIOIET0 BPeMeHHOTo oTpeska Aasa RN(t,); wy(vy,
t,) — QyHKIMA, omMCHIBaloIlas yObIBaHMe pecypca
BCJIEJICTBUE BO3JAEUCTBUSA YCJOBUU BHEIITHEHN Cpembl,
B KoTopoii pyukimuornupyer CTC, orpakaroiias BIu-
SHUe 3TUX YCJIOBUU HA PecypCcHbIe XapaKTEePUCTUKU
113 N-ro yposaa CTC; ¢y(uy,, t,) — OyHKIIAA, OIUCHI-
BaroIas yObIBaHMEe Pecypca BCJIeICTBHE PA3TUUHBIX
pe:xxumMoB paboTh! (pabounx 1mukgaoB CTC) mxiasa N-To
ypoBra CTC; &y(t,_;) — GyHKIUA, ONMCHIBAIOIIAA
yObIBaHMe pecypca BCJEACTBUE €CTECTBEHHBIX IIPU-
unH gerpaganuu CTC giaa N-ro yposusa CTC; py(t,) —
(byHKIIUsA, OIUCHIBAOIAS POCT Pecypca BCJIEeACTBUE
IPOBeleHUs TPOPUIAKTUUECKUX PaboT (06CTyK1Ba-
Hue CTC) ¢ yueTom paGoThI IEPCOHAJIA IO PETVIAMEH-

Ty 1 omuOoK nepconaa Aasa N-ro yposaa CTC; gy —
cayuaiitHada GyHKIUA, ONUCHIBAIOIIaA yObIBaHUE pe-
cypca BCJIeICTBYE BIUAHUA HEOIIPeAeJeHHOCTH YCJI0-
BU# (DYHKIIMOHMPOBAHUA HA PECYPCHBIE XapaKTepU-
ctuxku CTC; ay—0; — K0oa(pPUIMEeHTHI, oIpeeIaio-
e CTeleHb BO3MeHCTBUSA YKasaHHbIX (DYHKIIUI Ha
pecypcubie xapakTepuctuku CTC.

W3 nByxX cpaBHUBAeMBIX BEJUUNH, MOAJIEKAIIINX
MUHUMM3AIUY B BbIpasKeHusax (3) u (4), Kak mpaBuJio,
MUHUMAaJILHBIM OKa3bIBA€TCA BTOPOE CJIaTaeMoe, T. €.
EN(t,) B mpocreiinemM caydae MOXeT OBITh OIpefie-
neH Kak BN(t,) = 0,RN(t, ;) + Z(.), tie Z(.) = ogyy(Uy,
1) + oy (U, 1) + asEplt,_1) + oglin(Ey) + oy

INIpunyun nepmarnenmnocmu oy,eHO4HOZ0 PYHK-
yuonana (INIIOP) kax ocro6bl. peanudauyuu Ka-
ckadHo-uepapxuieckozo nodxoda. Oupenensioiiee
CHCTEMHOE CBOMCTBO OCYIIECTBJIEHUA KaCKaIHO-Ue-
papxuueckoro npeacraBiaeHusa CTC — coxpanenue
B pPaMKaX CYyIepIO3UIUY OTOOpa’KeHu# psanxa Io-
CJIeIOBATEJILHBIX YPOBHEHN AeTajm3anuud CKBO3HOM
eIVHOI CUCTEeMHOM XapaKTePUCTUKHU IS KaTerOpuu
OIleHOUHOT'O (DYHKIIMOHAJIA IPU UCCJIeIOBaHUY Kade-
cTBa PYHKIIMOHUPOBaHUA (PaboTOCIIOCOOHOCTH) CH-
creMbl. B aTOM 1 coctoutT upes cobaonerus ITTI0OD
B PaMKaX KaCKaJHO-MePapXudIecKoro moaxona K To-
noJiornueckomy onucauuio IIMEK.

Onpegnenenue pecypcHbIX xapakTepuctuk CTC
Ha ocHoBe RN(t,) B BRIpa:keHuu (1) cOOTBETCTBYeT
IITIO® uepes KacKagHO-MEPAPXUUYECKYIO TOIIOJO-
ruio IIMK.

s HexoToporo MaJioro At > 0 u 3aJaHHBIX BeJIU-
YIH OCTATOYHOI'0 Pecypca B HauaJIbHBIN MOMEHT BpeMe-
mm: RA(t,) = ra, RB(t,) = rb, RC(t,) = rc, RCTC(t) = rctc
s t, 4, t, €[0, T t,_y <t, <t,,, OCTATOUHBIE pe-
cypcel CTC B paMKax nepapxuu CTPYKTYPHBIX eIUHIIL
MOT'YT OBITH IIPEJICTABJIEHBI CUCTEMOI OOBIKHOBEHHBIX
JMHEWHBIX AuddepeHIInaJlbHbIX YPAaBHEHUH B IIpe-
TOJIO}KEHNU, UTO ra, rb, rc, rctc puddepeHITUpyeMsbl,
a (pyHKIIUU, CTOSAIIME CIIPaBa, — HEeIpepbIBHBI HA pac-
CMAaTPUBAEMOM BPEMEHHOM MHTePBAJIE:

dRA(2) B
dt
+ 04 4 Wy t) + OB E Aty 1) + 0 A () + 0t e 4

A A
o RA(tk_1)+OL3 \VA(Uk, tk)+

LB _pf RB (1 1)+ B (o, 0+

+BLORWys )+ BEER(tp1) +BENA () + B R
%:QCRC(%A)‘*C??WC(U}N tp)+ > (5)
+ S oo Uy, ty) +eSEc(tp1) + c§ucty) +cSee
—dchf(tk) = t§TCRCTCtyy) +

crC cre
+13" "VWere (g, )+ 14 “9crc Uy, t) +

cTC cTC cTC
+15" “Eerc(tr-1)+16" Mere(r)+17" “ecTC
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rae (xf), Bf), c(C,), r(C)T ¢ — mapaMeTphl, OIpPeaesia-
[OIl[Ie CTeleHb BO3AEUCTBUSA COOTBETCTBYIOIIUX
byHKIU HA pecypcHBIe xapaKkTepuctuku CTC.

Cucrema (5) ABJIsIeTCS OIMCAHNEM PECYPCHBIX 3a-
BHUCUMOCTEHN U MOJKET OBITH CTPYKTYPHO YCJIOXKHEHA
3a CUeT BBeJEeHUA HEJIUMHEHHOCTU B JOKAJBHBIX 00-
JaCTsX, a TaKyKe MOJYKeT OBbITh IIpeACcTaBJieHa B 6es-
pasMepHOIi (hopMe C COXpPaHEHUEM TOH JKe HOTAI[UH.
CyliecTBOBaHME peIIeHus CUCTEMBI (5) rapaHTHPY-
eTcsa Teopemoit Koitu 1 BO3MOYKHO IO KOHEUHO-Pas-
HOCTHOII cXeMe C yUYeTOM HadaJIbHBIX yCJ0BuUii (pac-
Ipefe/ieHNs Pecypca B MOMEHT BpeMeHH i) TP 3a-
JaHUU HeoIpeneJeHHbIX KOMIIOHEHT AeTePMUHUPO-
BAHHBIMH MPOTHOCTUYECKUMU 3HAUEHUAMU UCXOMIS
13 KOHKpeTHHIX ycyoBuil paborel CTC. ITocKOIBKY
QYHEIUH Yy, @y, &y ABIAIOTCA HEOTPHUIATEIbHBI-
MU, BBITYKJBIMU, CJIeI0BaTEeIbHO, ITPABbIe YACTHU He
TOJBKO HETIPEPBIBHBI, HO U YAOBJIETBOPAIOT YCJIOBUIO
JIunmuria. [[as cucremsbl (5) rapaHTUPYETCS CYIIe-
CTBOBaHUE PEIeHUs U er0 eJUHCTBEHHOCTD JJIA 3a-
ITaHHBIX HAUYaJbHBIX YCJIOBUI.

IIpumenenue IITIOP nya omHOYpPOBHEBOU CUCTe-
MBI IIO3BOJIAET C(HOPMYJIUPOBATH CYIEPHO3UILUIO
oToOpaKeHus JeTalnu3alluy eIUHON CUCTeMHOMN Xa-
PAKTEPUCTUKY KaTeropuu OlleHOUHOIo (hyHKIIMOHA-
Ja KauecTBa QYHKIIMOHUPOBaHU (paboTOCTIOCOOHO-
CTU) CUCTEMBEI B IBYX (hopMax (LA arperupoBaHHOMN
¥ CTPYKTYPHO aJIUTUBHOU CUCTEMBI).

s nByxypoBHeBoi cuctembl IITIO® mosBosisgeT
chopMyJSIMPOBATh COXPaHEHUE IIPU CYNEepPIO3UIUU
0TOOpa’KeHMIl [BYX IIOCJIEeIOBATEJIHLHBIX YPOBHEH
JeTaqus3alnuy CKBO3HOU eQWHOI CHCTEMHOI Xapak-

TEPUCTUKU KaTerOpUU OIEHOUHOTO (PYyHKIIMOHAJA
KauecTBa (PyHKIIMOHUPOBAHUSA (pPaboTOCIOCOOHO-
CTH) CUCTEMBI IIPU IIePexofie OT CTPYKTYPHOU anau-
TUBHOCTH (Ha IIEPBOM YPOBHE) K arperupoBaHuio (Ha
BTOPOM).

IIpu perrenuu 3agaum OOBEKT U IPEAMET UCCJIE-
MOBaHUSA IIPEICTABJIEHBI KOMILIEKCOM HCCJIeYEeMbIX
IpoIeccoB, UTO mopo:kmaeT ¢opmupoBanue IIMK.
CrpykTypHas cxema wuepapxuu wmozeaein B IIMEK
(puc. 1) cOmep:XUT TPU OCHOBHBIX YPOBHSA: BEPXHUIA
¥ BHYTPEHHUH YPOBHU, CBA3aHHBIE C MOJEIIMU 9KC-
mJIyaTaliid U PecypcHOil 00ecIieueHHOCTH, U ypPO-
BEeHb KBaJIMMETPUU Mojesiei. [JaHHOe CTPYKTypHOE
peaCcTaB/ieHNe HepapXuu U KacKaJoB Moeseit
B IIMK umasmrocTpupyeT HaAKOILJIEHUE CTEIeHEeH CBO-
00IbI MOIEJMPOBAHUs, HAIIPUMED, B PpaMKax KBa-
JIMIMETPUYECKOI0 aHaIn3a (DOPMUPYETCH HAKOILIA-
eMas CJIOYKHOCTH COTJIACHO ILJIAaHAM MOJEeJIUPOBAHUA
I1(), uTo OTpaskeHo B KACKAHBIX MOJIEJIAX TeKYIIero
YPOBHA.

B zamavax amaimsa JUHAMUKYU PECYpPCHBIX Xa-
paxrepuctuk CTC HeoOxogmMo MMETH OOLINMPHBIN
SKCIIEPUMEHTAJbHBIA MaTepuaJl, UTo B PAJe CAyUaeB
3aTPYIHUTEJIBHO WU HeBO3MOsKHO. CienoBaTe/bHO,
KaK Ha CTaJuU CO3NAHMUA, TaK U Ha CTAIUU IKCILIY-
artanuu CTC pecypcHBI aHaJn3 MOYKET OBITH OCY-
IIEeCTBJIEH HA OCHOBE MMUTAIMOHHOTO MOZEJINPOBA-
aua (UM) [15-18].

IIpumenenme cKpBITHIX Mogeaeir Mapkosa (CMM)
K aHaJm3y HaJEeKHOCTU W IIPOTHO3MPOBAHUIO Xa-
pakrepuctuk CTC B M mupoko pacopocTpaHeHO.
PesynbraTel MomenupoBaHUA HE BO BCEX CIyUYadX

F_) ePXHUI yPOBEHb MOeI
MOJEJIN SKCILIYATAINN CHCPEM
¥ PEeCypPCHOM 00ecIeueHHOCTH

Brermraue mogenn IIPOIeCCoB

|

] _—

] BryTpeHHUII yPOBEHH MO,
V MOJIeJIN 9KCILIyaTaluy cueTeM

| BuyTpeHHUE Momeau npobgeécma

—

Hepapxusa mozgeneit

I o e

—_—— e

v

% | O1eHKA KauecTBa MOJIeJIe

BJIOYKEHHBIN

AHajau3 IponeccoB IKCIIyaTaluy CUCTEMBbI:
IIPOIECC PECYPCHOM HBOJIIOIMYU CUCTEMBI
IIPOIIECC Jerpafaiuyl CUCTEeMbI

Bo03MOKHBIN KJacc MOJeJIen:
mporecc rubesu U pasMHOMKEHU S

' Racxa,z: JIOKAQJIbHBIX MOJieJieii BHEIITHEr 0 YDPOBHA

AHau3 nNpoueccoB SKCIIyaTAIUH CHCTEeMBbI:
IIPOILIECC PECYPCHOM 9BOIIOIUH

151 QUKCUPOBAHHOTO HAYAJIBHOI'O PACIIPEeIeHU
pecypcoB

Bo3MOKHBII KJIacc MOAeJIen:
KBasuCTalMOHAPHBIE Mojean MapKoBa
(C IOTJIOIIAIOIIIUMHY COCTOSHUIMU

IKackaz moxansHbIX Mogemeit BHYTPEHHEro yPOBHA 1 KBa3WIIOIVIOI[AIOIIUMY COCTOTHUAMM)

Ha ocuose moznenu Mapkosa

(C IOTJIOIAOIIMY COCTOSTHUAMU
¥ KBa3UIIOTJIOIAOII[MMH
COCTOAHUSIMUI)

yd
“Kacxan JIOKAJIBbHBIX KBAJIMMETPUYECKUX Mo,ueneﬁ

B Puc. 1. CTpyKTypHOe IIpe/icTaBJIeHNe NepapXun 1 Kackaaos mojeneit 8 [IMK
B Fig. 1. Structural representation of hierarchy and cascades of models in a multi-model complex
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Kackansl mianos
MOJZIeTNDOBAHUA

]

Moeseit

|
|
| H?(nj, l]', kj, Oj, Sj>
|
|
|
|

CTC

—— 4

Cueunapun: Cueunapun: i
C1,C2,C3 | C1,C2

BHemrHuii ypoBeHb

Moeae:

Ierpasanusa-pecype
(Mmozesb rubenu
¥ PA3MHOKEHUSA)

BHyTpeHHUI ypOBEeHB YpoBeHb KBaJIHMETPUH

Momeet: MomeJeit:
aHaJIN3 UHTEHCUBHOCTH  OIEHKA CTATUCTUYECKOM
PaCcXOLOBaHUS PECYPCOB YCTOMYUBOCTHU

(mogmens MapkoBa)

B Puc. 2. KackagHo-uepapxuueckoe 0600II[eHHOEe CTPYKTYPHOE IIPeJCTaBJIeHNe: @ — IIPOCTPAHCTB MOJENN — CTPYK-
Typ — ILJIAHOB MOJEJUPOBAHUA; 6 — MOJUMOIEeJIbHOI0 KOMILIEeK ca AJIA aHaJIn3a pecypcHbIxX xapakrepuctuk CTC

B Fig. 2. Cascade-hierarchical generalized structural representation: a — model spaces — structures — modeling
plans; 6 — a multi-model complex for analyzing the resource characteristics of the CTS

OKa3bIBAIOTCS PENPEe3eHTaTUBHBIMU U JOCTOBEP-
HBIMU, B CBABU C BTUM I[eJIecO00pa3HO pa3BUBATh
MeXaHU3Mbl DPeIIeHus 3aJadu aHaimsa JUHAMUKU
CTC c yueToM OIleHKU KauecTBa PEIeHul B paMKaX
CMM.

IIpu mcciemoBaHUUM PECYPCHBIX XapaKTEPUCTUK
CTC na ocuoBe IM c¢ yuerom IITIO® B psaze ciyua-
€B KacKa HOe IIpecTaBIeHre MOeJeil MOKeT ObITh
OCYIIIECTBJIEHO TIOCJENOBATEJIbHOCTHIO IIJIAHOB 9KC-
nepumenTos II () — II, , (). Ha puc. 2, a u 6 cxema-
TUYECKU ITOKA3aHbI IIPOCTPAHCTBO MOJIEIN — CTPYK-
TYpPbI — IJIAHBI MOAEJIUPOBAaHUS U 0000IIeHHAA cXe-
Ma KacKaIHO-mepapXuduecKoro MOAEJTUPOBAHUA IIPU
aHause pecypcHbIx xapakTepuctuk CTC.

IInaHbl UMUTAITMOHHBIX SKCIEPUMEHTOB MOTYT
OLITH TIpeACTaBJIEHBI B Buae Kopreska Il(n, I, k, 0),
rIe n — CKaJsap, 3aJaolUil YKCJIO CreHePUPOBaH-
HBIX TIepexogoB CMM, n = |N ; L, — BauHA m-i nenu
Mapxkoga, [ =|L|; K — KpaTHOCTbL 3aIIyCKOB MOJEJNH,
k=|K|; 0.0k MHOTOMEpHAas MaTpUIla, KOTopas
MOJKeT COIep:KaTh Pe3yJbTaThl IEePBUYHON CTATHU-
ctruku. Takum obpasom, ecsiu 0003HAUUTH D — MHO-
MKeCTBO JOIYCTUMBIX T1aHoB (J = |D|), To H](nj, lj, kj,
6j> — peaJyiudyeMbliii iaH. Takum o6pas3oM, KacKa-
Has cocraBiasgiomasgs IIMK mpencraBieHa pasHBIM
(bYHKIIMOHAJIBHBIM HAIIOJHEHHEM, WMEIOIINM, CO-
OTBETCTBEHHO, HAKOIIJIAEMYIO CJIOKHOCTH COTJIACHO
nyanam II().

Ha ocHoBe mpuHIIUIIA ITePMaHEHTHOCTU OIEHOY-
HOro (YHKI[MOHAJIA KAaK OCHOBBI peajnsaliui Ka-
CKATHO-MEPAPXUUECKOT0 IIOAXO0Ja OCYIIECTBJIEHO
o0beMHEHe B paMKaX KacKaJHO-MepapXxuuecKoro
CTPYKTYPHOTO IIPECTABJIEHUS MO/eJieli B BUIe IPO-
CTpPaHCTBA MOZEJNM — CTPYKTypbl — miaaHbsl IIMK
IJIs aHaJu3a pecypcHbIX xapakrepuctuk CTC.

IIpumep peanausanuu KacKaIHO-
HepapXuyecKoro moaxona

P MOJAETUPOBAHUU PECYPCHBIX
xapakTepuctug CTC

ITenpio MomenMpOBaHUSA ABJIAETCA (POPMUPOBA-
Hue IIMK, Ha ocHOBe KOTOPOTO HEOOXOAMMO MPO-
BECTU OIIEHKY pecypcHbIX xapakrtepuctur CTC,
YTO COOTBETCTBYET BBOAY BEPXHETO U BJIOKEHHOTO
TOAYPOBHEII 1 HECKOJbKUX CIIEHAPUeB, OIpeIeseH-
HBIX JUIIOM, ITpuHUMatoniuMm perrenus (JIIIP), kak
ycaoBusa (pyurmuonuposanus CTC Ha Kakaom us
YPOBHe1.

PaccmorpuMm mporiecc gerpafanuu HEKOTODOI
TeXHUUYECKO! cucteMbl (ypoBeHb mepapxumu: CTC),
YPaBHOBEIIIMBAEMBIH ITUKJIAMU TIOTOJTHEHUI Pecyp-
ca: merpajaldoOHHBIN IIPOllecC — IIOMOJIHEHUE pe-
cypca (JII-ITP) [13]. Cxema MomeIMPOBAHUS MOYKET
OLITH peasM30BaHa HA OCHOBE OOOOIIEHHOTO OIILI-
Ta CTOXACTUYECKOTO MOJAEJIUPOBAHUA W C YUETOM
KJIacCU(PUKAIINU MOJEJIbHBIX CXEM, IPEIJIOKEHHBIX

b

MK
B patore [5]: schemaP,, :(Sy, S1, «s Sy) — ”Pl]

rge P, — [AMCKPETHO-CTOXaCTHUYecKas MOJeJb
(P-cxema), MOJIeJIb C OYKUJaeMbIM Pe3yJIbTaTOM B BU-
MLK

e MaTpUIlbl; —> OyaeM 0003HAUAThH OTOOpaKeHme,
OCYIIeCTBJIAeMOe MUMUTAI[MOHHON Mopmenabio M JIC’K 5

roe I, K — unaekco! nepapxuu u Kackazga [IIMK co-

OTBETCTBEHHO.

IIpomecc OII-TIP CTC moskeT OBITH IpeAcTaBIeH
MoOZiesibl0 MapKoBa ¢ AUCKPETHBIMU COCTOSHUSMU:
S, — HavyaJIpHOE COCTOAHNE CHUCTEeMEI; S, — 7-e co-
CTOSIHVE, B KOTOPOM OKAa3bIBAETCS CHUCTEMa II0CJIe
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n-ro mepexoza; S,; — HEKOTOPOe COCTOsHLe Jerpaja-
muu CTC (kBasunorsomiaiiee (KII)), mocae koro-
POTO IIPU AOCTUKEHUU IPeNeJbHO HUBKOTO YPOBHA
obecnieueHHOCTH pecypcoM P,(t) cucreMa IepexosuT
B IIpeleJibHOe IIOTJIOIIAOINee COCTOSHIE Sp; 7‘;‘; —
VHTEHCUBHOCTD IIePeX0/ia U3 COCTOSAHUA i B COCTOS-
HUE j.

CorsiacHO M3BECTHOI aHAJIUTUYECKOUN cXeMe pe-
IIeHUs SJaHHOUM 3aJadYyll Ha OCHOBE MOJEJIU Imbeiu 1
pasmMHOKeHUusA, BeposaTHocTu npedbiBarnusa CTC B co-
CTOSAHUAX MOYKHO 3amucaTh cucTeMmoi nuddepen-
IUaJbHBIX ypaBHeHUI Kosmoropora ¢ yueToM HOp-
MUPOBKH U IIPU YCJIOBUU, UTO HAUAJIHHOE pacIpeme-
JleHue BeposATHocTelr umeer Bun Py(t) =1, P(t) =0,
w, Pyt)=0. PuHanbHOE 3HAUEHHE BePOATHOCTH
npebrerBarua CTC B cocroanuu P ¢ KII-cocTosrnem
S, onpefiesisieTCs IO U3BECTHBIM (hOpMYJIaM (MOZJe b
rubesau U PasMHOKEHU).

s paccmarpuBaemoro mpoiiecca III-ITP CTC
B TeueHMe HEKOTOPOTO BPEMEHM ¢ COIVIACHO CXeMe
MofennpoBaHua schema P, momydeHo criexyrolee
CceMeMCTBO KPUBBIX, OTPAKAIOIINX U3MEHEHUe pac-
npefeieHns BePOSTHOCTell HpeObIBAHUS B COCTO-
AHUAX OTHOCUTEJBHO CIleHapreB W3MEHEHUA WH-
TEHCHBHOCTH A;; (T. €. OT PABHOBECHA BETOK MOAEJN
HOII-IIP) (taba. 1, puc. 3). [lna ynobcTBa 3anucu Ie-
peMeHHBIX B TabJi. 1 BBeJleHbI 0003HAUEHUA I[eTIOUEK
IepexofloB U UX MHTEHCUBHOCTEH: o = (Ay; —> Ay —>
Koz = Aa )| (hyg < Aoy < hgy < Ays), THe «, dopmu-
pyet Tpu cuieHapus Cj, ONMCHIBAIOIINX Pa3JINUHBIE
curyanuu o [III-ITP. IlTar usmeHeHusa Kij - kjk npu-
HaT A =0,2.

Ananus pes3yabTaTOB MOJEJIVUPOBAHUA, IIPE.I-
CTaBJIEHHBIX Ha PHUC. 3, IIO3BOJIMJ CAEJIATh P BBI-
BO/IOB.

1. ITpu ommcaHWUM YCJIOBUII MOAEINPOBAHUS IIO-
TPeOOBaJIOCh BBOAUTEL JOIOJHUTEJbHBIE MepeMeH-
HbIe ¥ KOHCTAHTEHI (0, A, C)), YTO YCIO0MKHIIIO MO
BEPXHEr0 yPOBHsS. OTO COOTBETCTBYET BBOJY BJIO-
JKEHHOT'0 ITIOAYPOBHS, B KOTOPOM IPOM3BEIeHA 3aMe-

MOAEANPOBAHVE CUCTEM N NPOLECCOB
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Ha IIePEeMEHHBIX; BEIOPAHLI TPU CIIEHAPUA U YeThbIpe
pasIMYHBIX Ko dunmenTa o,.

2.C TOYKM 3peHUs COAepP:KaTeJHLHOTO acIlieKTa
MOJEJIMPOBAHUSA CJeJyeT OTMEeTHUThb, UYTO CIleHa-
puu M3MEeHEHUA IIapaMeTPOB MOJeJIU 3HAUUTEIHHO
BIUAIOT Ha BepoATHOCTH npedbiBanusa CTC B KII-
cocrosaan’ S,. IIpn M3BeCTHBIX HHTEHCUBHOCTAX Kij
HaXO0KIeHNEe BEPOATHOCTH HE COCTABUT TPyna, HO
B CUTyanuu, Koraa A, He 3aJaHbl, MOJeINPOBaHUE
BO3BMOYKHO TOJIBKO Ha OCHOBE CIIEHAPHOT'O TIOIX0/A.

3. Mozmenb BepxHEro ypoBHSA IIO3BOJIMJIA IIOJIY-
YUTH IPeIBAPUTEIbHBIE OIIEHKY PacIpeeeHIA Be-
POATHOCTEH IIPU IPUHATOM HCXOJHOM pacipenese-
"Huu pecypca CTC. IInsa cuenapueB Cl, C2 cpemuue
usmeHeHusa AP, cocrasuiu 0,35.

CiiemoBaTesibHO, AJIA MOJEJU BHYTPEHHEro YPOB-
Hs, OTpaskamlneidl (pyHKIMOHWPOBAHUE CUCTEMBI
C yYeTOM OCTaTOYHOTO pecypca, IeJiecoo0pasHo yuu-
THIBATH TOJIYUYEHHYI0O HA BEPXHEM YPOBHE OIEHKY
AP,. CoraacHo (5), Tpebyemsriii pecypc g3 CTC B mo-
MeHT BPeMeHH £, 171 BEDXHET0 YPOBHA MOJ[eTHPOBa-
HUA MOJKET ObITH OIIPeZieJIeH CIeTYIOIINM 00pa3oM:

~

Bepostaocts I
coooooooo
= Do o s Tty 100 ©

’ O P o3 Oy
--—-C1 0,509 0,441 0,359 0,144
—C2 0,867 0,834 0,783 0,527
——C3 0,843 0,81 0,76 0,508

B Puc. 3. luarpamMMa OIleHOK BEPOATHOCTEH IIpeOhIBa-
Hua CTC B KII-cocToanuu S, OT COOTHOIIEHN A NHTEHCHUB-
HOCTeM 7»1-]- TIIPOIECCOB B MOJIEJIN BEPXHEr0 YPOBHA

B Fig. 3. Chart of estimates of the probability of CTS

stay in the quasi-absorbing state, S; depends on the ratio
Xij of the process intensities in the upper-level model

B Tab6ruya 1. 3HaueHUA UBMEHEHUA NHTEHCUBHOCTEH 7‘1‘]‘ nepexonoB CTC gs Mogesi BepXHEr0 YPOBHSA
B Table 1. Values for changing transition intensities Xi]- CTS for the top-level model

VHTEeHCUBHOCTH B CIleHapuax

Onucanue creHapus

o; = gy = ra) gty A = 0,2

4 Qg O3 Oy
Cuenapuii Cl: mocTerreHHOE CHUKEHe 0,5-0,9) / 0,4-0,9) / (0,3-0,9) / 0,1-0,7) /
unTercuBHocTH IIP Ha one cHmxenna 11 (0,7-0,1) (0,7-0,1) (0,7-0,1) (0,7-0,1)
Cuenapuii C2: mocTerneHHOe IIOBLIIITeHNe (0,5-0,9) / 0,4-0,9) / (0,3-0,9) / 0,1-0,7) /
unaTercuBHocTu 11 u ITP (0,1-0,7) (0,1-0,7) (0,1-0,7) (0,1-0,7)
Cuenapuii C3: poct uatencusuoctu JI1 mpu _ _ _ _
HeHSMEHHOM HHTeHCHBHOCTH TP (0,5-0,99) /0,1 | (0,4-0,99) /0,1 (0,3-0,9) /0,1 (0,1-0,7) /0,1

Ne3,2020 N\
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RCTC(t,) = agRCTC(t;1) + agycrc (Vg t)+

+ay@cre U, ty) +asiere (tp-1) + aghere (ty) +

+ozecre = agRCTC(8, 1) + K () +aghcrc(ty), (6)
rae K(-) = K(oagyercy, t) + o0 Qopc(u,, t,) +
+ osEorety_1) + Eores RCTC(t, ) — Tpebyemblit
pecypc auas arperatoB CTC; pope(t,) — byHKIIUA 06-
cay:xxuBanus CTC, koTopas HapaIlluBaeT ee pecypc
RCTC(ty)) + ARCTC(t;), BCNeACcTBHe UYero BEpPOSAT-
HocTh npedbiBanuA CTC B KII P, camsxaerca. C yde-
TOM Tpex creHapues Cj, ONMUCHIBAIOIIUX PA3INUHBIE

curyanuu 1o [III-ITP, nmeer mecTo cucTeMa ypaBHe-
HUU KaK YacTHBIN caydait cucteM (4) u (5):

RCTC (t,) = aS'RCTCC (1, 1) +

+ 991 + oSk (t)

RCTC®2(t,) = 052 RCTC 2 (t),_1) +

+ 992()+ a2 ty) ’
RCTC®3(t) = 0S2RCTCC3 (4, 1)+

c3 C3, C3
+377 () + a7 uerc ()

(7

rae Koa(pPUIIEeHTHI ag)l, ag)z, ocg)?’ OIIPEeTAIOTCA
yeaoBuaMu pyukiunonuposanua CTC mo kaxgomy
U3 CIleHapUeB.

Perrenue cuctemsl (7) MOKeT OBITH Peain30BaHO
JI0OBIM MBBECTHBIM METOJIOM, YUYMTHIBAA ITOJIyUeH-
Hble OIeHKH AP;, OJHAKO B CBA3H CO CJIO0KHOCTBIO
TEeXHUUYECKOTO IIpeicTaBieHnsa cucteMa (7) He Bcerga
MOKeT OBbITh 3((HEKTUBHBIM UHCTPYMEHTOM.

Ha ocHoBe ($a30BOr0 YKPYHIHEHUS MOJEJIHHOTO
npexncraaeHusa CTC giaa Biao:xkennoin mogenu [IIMKE,
CBSIBAHHOM C OIIEHKOU PAacXOJ0BAHUS PECYPCOB B 3a-
BUCUMOCTH OT CIleHapUs NHTEHCUBHOCTH PACXOJ0Ba-
HUA pecypcoB B :kusHenHoMm 1tukje CTC, Bciony na-
Jlee paccMaTpuBaeTCA BIOKEHHaA Moaes b MapKoBa
(BMM) 6e3 mOTJIOIIAIOIINX COCTOAHUHA B pPaMKaxX
CTAIlMOHAPHOTO (KBAa3MCTAIMOHAPHOTO) pPEsKMMOB.

m

B!
B cienyromeM (pa3oBOM IIPOCTPAHCTBE COCTOSHUMA
cucremsl: S ={S,, Sy, Sy, S3, S,}, rme ||Pij|| — Marpu-
na nepexonos BMM; (S, S;, Sy, S5, Sy — mocieno-
BaTeJbHOCTE cocToAaHuT BMM; £ — umciio 3arycKoB
MOJes, 38 KOTOPOe CUCTEMAa U3 IIEePBOHAYAJIHLHOTO
COCTOSHUA TepeisieT B TePMUHAJIbHOE COCTOSHUE,
i
HOBJIEHHAS» MaTPHUIla IMEPeXOJHBIX BEPOATHOCTEH,
coziepIRaIas CTaTUCTUIECKUe OleHKY P;: Sy — pa-
6ouee cocroarue CTC, S; — cocroanue orxkaza CTC,
Sy, — CcOCTOsSHMe IONOJHEHWS pecypca CHCTeMbI
mocye oTkasa CTC, S; — cocrosiHMe mpoduIaKTH-
ku CTC (B momenu He (puKcupyeTcs, paboTaeT MU
TIPOCTAWBAET CUCTEMA B MOMEHT OTIOJTHEHUS pPecyp-
ca), S, — cocrosanue c6oa CTC (10 cocroanue, U3
KOTOPOTr'0 MOKeT ObITh OCYIIECTBJICH IIepeXos JIM0o
B COCTOSHUE OTKAasa, BCJEJ 3a KOTOPHIM TpedyeTrcsa
TIOTIOJTHEHUE Pecypca, Jubo B HauaJIbHOE COCTOSHUE
0e3 MONOIHEeHNA Pecypca; TaKUM 00pas3oM, S, — 3TO
COCTOAHUE, IPU KOTOpoM momnosHeHme pecypca CTC
He Tpebyetcs [7, 19, 20]). Ha puc. 4 npuBeneHsI Irpa-
¢o1 nepexomos Takom CTC.

BBenem KoshPUIIMEHT paCcXoJOBaHUA PeCyp-
COB KaK HOPMUPOBAHHBIM IIOKa3aTesb, OTPasKaio-
U MHTEHCUBHOCTH IMHAMUKK PECyPCOB PasJinu-
HBIX TuUmoB B j-M coctosuauu CTC, RCIj (Resource
Consumption Index). Torma o6iuii moTpedIAeMbIii

J
pecypc CTC moskeT OBITH OTIpeiesieH Kak Z n-RCI i
j=1
TIe n — 4YacToTa 3axola B Kaxkaoe cocTosdare BMM.
C yueToM [IJIATEIBHOCTH JIOKAJBLHOTO JKU3HEHHOTO
J
MUKJA TOJNYyYUM Zn~RCI j-t. Paccmorpum miaH
j=1

BMM crpoutca mo cxeme schemaA:"Pij ||—>

OIIMChIBaeMoe ManI/IHeﬁ — <«BOCCTa-

b

H?<nj, lj, kj, 9]-, Zj>, roe Z]- — WHTEHCUBHOCTb

pacxomoBaHus pecypcoB B j-M cocrognuu CTC.
B Ta6s. 2 nmpuBeneHbI pe3yIbTAaThl MOAEeINPOBAHUS

0,33

0,238

B Puc. 4. Tpad nepexonos ajus cocrosguuiit CTC ¢ yueTom 0CTaTOYHOI0 pecypca IJIsi MOJeJIV BHYTPEHHEero yPOBHA: a — 6e3

IIONIOJIHEHUA Pecypca; 0 — ¢ IOIOoJHeHeM pecypcea, Sy

B Fig. 4. Transition graph for CTS states with a residual resource for an internal-level model: ¢ — without adding

resources; 6 — with the completion of the resource, S
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B Tabruya 2. Pedynbrarsl MogenupoBanus RCI jsarpar
npu sxcmyaranuu CTC B 3aBUCHMOCTY OT Pa3HBIX CIleHA~
PUEB MHTEHCUBHOCTU PACXOJOBAHUSA PECYPCOB B MOIENIHU
BHYTPEHHEr0 YPOBHSA

B Table 2. Results of RCI i simulation of costs during
the operation of the CTS depending on different scenarios
of expenditure intensity resources in the internal level
model

M HTEeHCUBHOCTD OO0t
3HaueHUe
CocrosHime RCI. pacxogoBaHUS M3PacxoJ0BaH-
CHCTEMEI 7 pecypcoB HBIN pecypc
C, C, C, Cy C, C,
Sy 0,5 36,4 | 14, 56
S; 0,2 9,38 9, 384
S, 0,2 |0,2| 8,39 | 8,392 | 56,94 | 40, 66
S3 0,1 2,62 5,24
Sy 0,01 0,15 | 3,084

J

Y n-RCI;. Tlox cuenapuem C;, i=|C| B npegmo-
j=1
JKEHHOM METOJie TeKYII[er0 YPOBHSA MOJeJINPOBAHUS
TIOHUMAaeTCA COOBITHME WU TPyNIa COOBITUI, IIPU-
pogamux CTC B KII-cocrosaHue, 4TO CBSI3aHO C M3-
MeHeHVeM NHTEHCUBHOCTU PACXOA0BAaHUS PECYDCOB:

C; 1< P |e(S;), RCI; >, tie P'm — onement ma-

By
B KajaoMm S;; RCI ; — KO2((UIIEHT PACXOJOBAHUSA
pecypcoB. B Tabsa. 2 paccMOTpeHBI IBa CIleHAPUS:
C,:RCI ; TIDY PasHBIX ¢(S,), onpenenennnix JIIIP, u
Cy:RCI ; IPU PABHBIX c(S,) nnsa Bcex S;. Cuenapuii C;
COOTBETCTBYeT curyanuu, xKorga JIITP mpoussogut
paHXHUpoBaHUe ¢(S;), YTO OIpeJesIAeTCa PA3JIUYHbI-
MU YPOBHAMU 00€CTIEUYeHHOCTY MPOPUIAKTUKY UIU
orkasa CTC. Ina C, xapakTepHO HeHTpaIbHOE OT-
Hortrrerue JIITP K cTtouMocTu mpeObIBAHUS B KAXKIOM
COCTOSIHIU CHCTEMEI S;.

ITonyueHHBIE pPe3yJabTATHI MOAEIUPOBAHUA (CM.
Tabs. 2) orpakarT s3aBucumocTb RCI oT pasimy-
HEIX cIeHapueB oOciaysxuBanusa. Haa S,(C,) mpu
c(Sy(Cy) = 0,5 ormocutrenpno Sy(C,) mpu c(Sy(Cy))
RCI ; OTIMYAETCSA B 2,5 pasa.

B oTinune oT MOAeS M BEPXHEro YPOBHSA ULCJIO
ClleHapueB, OTPAKAIOI[UX BapUaHTHI WHTEHCHUB-
HOCTU PAaCXOJOBAaHUsS PECYPCOB, APYroe: TPU B MO-
e BEPXHEro YPOBHA U ABa B MOJEJU BHYTPEHHE-
ro, — UYTO HIPUBOAUT K CJOXKHON MHTEPIPEeTAIluu’
TMOCTAaHOBKU JKCIEPUMEHTOB IIPU MOAEJHUPOBAHUM.
C yuerom nByx cuenapues C;, C,, OIHCBIBAIOIINX
PasIMYHBIE CUTYAIlMU PACXOLOBAHMUA pecypca Ha oc-
HOBe Koa(pummenta RCI » MOXXHO BaIliCaTh CHCTe-
My ypaBHEHUI KaK YaCTHBIN caydail cucTeMsl (4) o
arajoruu ¢ (7).

TPUILBI

; ¢(S;) — croumocTs npedsiBarHuA CTC

WccrnenoBanue AMHAMUKU PECYPCHBIX Xapak-
TEPUCTUK CHCTeM OOYCJIOBJIMBAET HEOOXOAMMOCTDH
MEKOMIIOBUIINY ONTUMUBAIIMOHHBIX 3aJad U JeTa-
JUBAIUI0 YPOBHEH IIpeACTaBJIEHUSA WCCJIeIYeMbIX
CHUCTEM, IIOPOXKJAOIYI0 IIOJUMOAEIBHOCTD, UTO,
B CBOIO OUepeb, IJd PElIeHua IPUKJIATHBIX 3a1ad
BHAUYUTEJHbHO YCJIOMKHSAET IIPOIIeCC MOIeJIUPOBAHUS
[20, 22—29]. ABTOpPCKUIi ITOAXO[ TIO3BOJINJI Ha OCHOBE
MIPEeIJIOKEeHHON MeTomooruu (hOpMaaIn30BaTh Ka-
CKaTHO-MEePAPXUUECKUHN MOAXON U 00€CIeUUTh YIIO-
pamoueHHOCTh nocTpoenus IIMK ninsa npukiamgHoOi
obsacTu, hopMaIu3aIuio OreHoK u ¢ yuerom [ITIOD
TMOJIYUYUTH KOMILJIEKCHI OIIEHOK B Ka'KIOM KacKame
BCEeX YPOBHEU Nepapxumu.

3aKJI0ueHne

B Bagauax aHaimsa pecypcHBIX IIOKa3aTeJjen
CTC uacTo BO3HHKaeT mpobsieMa (HOPMYIUPOBKU
0000IIeHHBIX BBIBOJOB (PYHKIIMOHUPOBAHUS CHU-
cTeMBbl, a AJd 0oJiee 00'bEeKTUBHON OIleHKU Heo0X0-
IUM OOJIBIINI 00'beM JaHHBIX. OTOT (haKTOp TPeby-
er moctpoerusa IIMK, uMmerommux CIOKHBIE CBA3U
MeKay mMomensMu (IpU mepenadye TJaHHBIX U3 Of-
HOM MOAeJU B APYTryi0). B aToM ciayuae mpumeHe-
HUe OJHOT0, HallpUMep NepapxXmuduecKoro, TUIa MO-
neneii B IIMK mo:xeT nmpuBecTu K psany mpobJem,
CBA3AHHBIX CO CJOYKHOCTHIO MAEHTUPUKAIUU U
yuyeTa B3aWMMOCBSA3U (PAKTOPOB JUHAMHUKHN MOZE-
JUPOBaHUA, yueTa 0o0beMa JaHHBIX Ha KaKIOM
nepapxXmuuecKoM YPOBHe, HAJIUUKNEM IIapaMeTpuyue-
CKOM M3MEHUYUBOCTHU SKCIIEPMMEHTOB Ha KaiKIOM
ypOBHE.

B mpepsoskenHO# aBTOpaMM METOIOJIOTUM Ka-
CKamHO-mepapxXuyuecKasa CxXeMa MOAeJTUPOBaHUS
chopMupoBaHa B TPEXMEPHOM IapaMeTPUUYECKOM
TIPOCTPAHCTBE: CTPYKTypa cucTeMbl — BuUj (ypo-
BeHb) MOJeJ I — KacKabl IIJIAHOB MOIEJIUPOBAHUA.
Kackaguo-uepapxuueckas Tomojgorusa IIMK mosso-
JInjia MUHUMU3UPOBATh YKa3aHHBIe TP0O0JIeMbI, a Ha
ocHOBe chOPMYJTUPOBAHHOT'O IPUHITUIIA IEPMAaHEHT-
HOCTH OIIEHOYHOTO (PYHKIIMOHAJIA COXPAHUTHL KOH-
CTAHTHOCTH IIPEACTABUMOCTH CHCTEMHBIX XapaKTe-
pucTuUK mpu (PasoBOM YKPYIHEHUHU IIPOCTPAHCTBA
MozenupoBaHus. llanbHeiilliee pasBUTHE KCCJENO-
BaHUU IIJIAaHUPYETCA B HAIIPABJIEHUU UCCIEJOBAHUS
WX TOIOJIOTHMYECKUX ITapaMeTpPOB U (DOPMUPOBAHUS
cxXeM IMIPUHSATUSA PellleHnH Ha Pa3HBIX YPOBHAX U THU-
max 3ajmad.

duHAHCOBA MOAAEPKKA

WccnenoBanue BBITIOJTHEHO ITPU (DMHAHCOBOM MO~
nep:xkke Poccuiickoro ¢Qouza QyHIaMeHTaJIbHBIX
uccyenoBanuii (rpaaTser Ne 19-29-06015/19, 19-29-
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Introduction: Describing the dynamically changing resource characteristics of a complex system makes it necessary to decompose
the optimization problems and itemize the system representation levels. This leads to multi-model approaches. In problems which
require the construction of multi-model complexes with sophisticated links between the models, the sole use of hierarchical topology
of model complexes does not guarantee that the modeling dynamics factors are connected and the data volume is taken into account
at each hierarchical level. It also does not reflect the parametric variability of experiments at each level. Purpose: Developing a
technique for constructing multi-model complexes within cascade-hierarchical structures, and forming the evaluation functionality
taking into account the principle of its permanence for modeling the resource characteristics of complex systems when studying the
dynamics of degradation failures and replacement of resources. Methods: System analysis and structural synthesis of models; embedded
Markov models with quasi-absorbing state at the local level of a multi-model complex. Results: The principle of permanent evaluation
functionality is formulated. It allows you to implement an approach to the problems of decision support for resource provision in
complex technical systems by determining the service strategy. In general, a cascade-hierarchical modeling scheme is formed in a three-
dimensional functional space: system structure — model type (level) — modeling plan cascades. The proposed modeling methodology
within the cascade-hierarchical topology of a multi-model complex on the base of the permanent evaluation functionality principle
allows you to keep the constancy of the representability of system characteristics under the phase enlargement of the modeling space,
and thereby rationalize the planning of your experiments. Practical relevance: The results of the research were used in the development
and analysis of the dynamics of resource security of complex technical systems. The proposed approach makes it possible to formulate
research plans for complex systems in a parametric model space.

Keywords — multi-model complex, cascade-hierarchical models, evaluation functionality, resource dynamics, complex technical
systems, Markov models.
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YBAXXAEMbIE ABTOPbDI!
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SCIENCE INDEX. Ilocie Toro Kax Bwr saperucrpupyereck Ha caiitte HOB (http://elibrary.ru/
defaultx.asp), 6yzer cosgama Baia inuHas cTpaHUYKA, COIEPIKAaHTe KOTOPOU COCTABAT He TOJIBKO
Bamn IIepCOHAJIbHBIEC TaHHbIE, HO 1 II€ePEeUYEeHBb BCEX Bamux meuaTHBIX TPYyAOB, UMEIOIINXCA B 6a3e
mauHbIX HOB, BKJIOUasa quccepTalinm, IaTeHTHI U Te3UCHI K KOHDEPEHITNAM, a TAaK/Ke CPaBHUTEIb-
Hble nHAeKCHl mutupoBanus: PUHII (Poccuiickuii MHAEKC HAYYHOI'O IIUTUPOBAHUA), h (MHIEKC
Xwupira) or Web of Science u h ot Scopus. ITocie cosgaums: 6a3oBoro BapranTa Baiieii mepcoHab-
HOI cTpaHunbl Bl mosyunTe KOZ fOCTYIIa, KOTOPBIH IT03BOIUT BaM pegakTupoBaTs nHGOPMAaIuio,
IIoMoras co3JaBaTh MaKCUMAaJbHO O0BEKTUBHYIO KapTHUHY Balieil HayYHON aKTUBHOCTYU U ITUTU-
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Introduction: Distributed denial-of-service (DDoS) has become a common attack type in cyber security. Apart from the
conventional DDoS attacks, software-defined networks also face some other typical DDoS attacks, such as flow-table attack or
controller attack. One of the most recent solutions to detect a DDoS attack is using machine learning algorithms to classify the
traffic. Purpose: Analysis of applying machine learning algorithms in order to prevent DDoS attacks in software-defined network.
Results: A comparison of six algorithms (random forest, decision tree, naive Bayes, support vector machine, multilayer perceptron,
k-nearest neighbors) with accuracy and process time as the criteria has shown that a decision tree and naive Bayes are the most
suitable algorithms for DDoS attack detection. As compared to other algorithms, they have higher accuracy, faster processing
time and lower resource consumption. The main features that identify malicious traffic compared to normal one are the number
of bytes in a flow, time flow, Ethernet source address, and Ethernet destination address. A flow-table attack can be detected
easier than a bandwidth attack, as all the six algorithms can predict this type with a high accuracy. Practical relevance: Important
features which play a supporting role in correct data classification facilitate the development of a DDoS protection system with
a smaller dataset, focusing only on the necessary data. The algorithms more suitable for machine learning can help us to detect
DDoS attacks in software-defined networks more accurately.

Keywords — DDoS, machine learning algorithms, flow-table attack, bandwidth attack.
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Introduction

Nowadays, software defined network (SDN) is
becoming increasingly popular due to the benefits
it provides, such as scalability, flexibility, moni-
toring [1]. SDN architecture separates the network
control from forwarding devices and enables the
controller to become directly programmable. The
controller processes the packets and decides wheth-
er the packets will be forwarded in the switch or
dropped. Due to its centralized nature, the control-
ler can get a global view of the network, and it helps
the network administrators to adjust the network
traffic flow dynamically [2]. Besides, for network
components to interact with each other, several ap-
plication programming interfaces were developed
with this network model, typically the OpenFlow
(OF) protocol [3].

However, the SDN network also faces many se-
curity threats [4]. When management becomes cen-
tralized, it will be easier for the administration, but
it will also be easier to be collapsed under attacks.
One of the attacks that have the most devastating
effect on an SDN network is the distributed deni-
al-of-service (DDoS) attack [5]. It is explained based
on the distinct characteristics of the SDN network.
In the SDN network, besides conventional DDoS at-
tacks by taking up network resources, causing the

system to be paralyzed, we also face other types of
attacks. For example, instead of attacking with a
large number of large packets to occupy bandwidth,
the attacker will constantly flood the network with
strange packets so that the controller is forced to
create new rules for these packets and write them
in flow-table. Then, the table on the switch will in-
crease until there is no more space to new rules, and
as a consequence, the time to respond to each new
requisition increased [6].

There have been several proposed solutions to
solve this problem. For example, drop packets,
block port, redirection, control bandwidth, deep
packet inspection, network reconfiguration, and
topology change; each solution has its advantages
and disadvantages [5]. However, for the above at-
tack mitigation techniques to be effective, SDN
needs to implement effective DDoS attack detec-
tion techniques. The paper [5] introduces several
methods for detecting DDoS attacks, such as using
entropy [7], traffic pattern analysis [8], connection
rate [9], machine learning [6, 10]. Among them,
DDoS detection techniques using machine learning
have received much attention in the computational
intelligence community [11].

This technique is not new. There have been many
studies considering the ability of machine learning
to classify traffic on the SDN environment as in
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[12-15]. However, due to the variety of algorithms,
each machine learning algorithm (simplified here
by ML-algorithms) has its own approach to the
problem, maybe appropriate, maybe not, but it gives
us more options to solve the problem, as well as to
pick out the algorithm that best suits the goal of de-
tecting DDoS attack.

In this paper, besides focusing on how to apply
machine learning to detect DDoS in the SDN en-
vironment, we will implement six different ML-
algorithms, making comparisons based on some
criteria to expand the choice and finding the opti-
mal solution. These algorithms are random forest
(RF), decision tree (DT), naive Bayes (NB), sup-
port vector machine (SVM), multilayer perceptron
(MLP), k-nearest neighbors (KNN), all supported
by Python libraries.

Related works

In[16], Braga et al. proposed a lightweight meth-
od for DDoS attack detection based on traffic flow
features. This method is implemented over a NOX-
based network, where OF switches keep Flow Tables
with statistics about all active flows. This system
monitors NOX switches at regular intervals and
uses self-organizing maps to classify the traffic as
normal or malicious.

The authors in [17] introduced a deep learning
based multi-vector DDoS detection system in a SDN
environment. A DDoS detection system that incor-
porates stacked autoencoder based deep learning
approach in an SDN environment was implemented.
The authors evaluated its performance on a dataset
that consists of normal Internet traffic and vari-
ous DDoS attacks. However, as every packet has to
be collected for extracting features, this approach
may limit the performance of the controller in large
networks.

In [18], Giotis et al. combined an OpenFlow and
sFlow for anomaly detection to reduce processing
overhead in native OF statistics collection. It de-
signs a modular mechanism that permits anomaly
detection and mitigation on SDN environments, in-
cluding collector, anomaly detection and anomaly
mitigation. It leverages the packet sampling capa-
bility of sFlow to acquire scalability improvements
and to reduce the required communication between
switches and OF controllers. However, as the imple-
mentation was based on flow sampling using sFlow,
false-positive was quite high in attack detection.

In [19], Ashraf et al. aimed to handle intrusion
and DDoS attacks in the SDN environment applying
machine learning techniques. However, they on-
ly analyzed various machine learning techniques,
such as support vector machine, fuzzy logic, deci-
sion tree, neural networks, and Bayesian networks

7

(BayesNet), which can be used to detect DDoS at-
tacks in the networking system and no further ex-
planation of how to detect and mitigate DDoS at-
tack was given.

Kokila et al. in [13] explored the possibility of
launching DDoS attacks and detection of DDoS us-
ing the SVM classifier. The experiments are carried
out using the DARPA dataset. They suggested that
the use of a support vector machine for detection
of DDoS with a previously trained dataset will give
the least false-positive results compared with other
machine learning techniques.

Dao et al. in [20] presented a solution based on the
IP-filtering technique to defeat DDoS attacks. The
proposed scheme analyzes user behaviour and uses
it to assign the timeouts for the flow entries. Long
timeouts are used for trusted users’ flows, while a
short timeout is assigned for malicious ones. It works
well when the attack traffic is not very massive.
However, this solution drops all malicious traffic,
which may be problematic for false-positive flows.

In [21], Nanda et al. propose using machine
learning algorithms, trained on historical network
attack data, to identify the potential malicious con-
nections and potential attack destinations. They
used four ML-algorithms: DT, BayesNet, decision
table and NB to predict the host that will be at-
tacked based on the historical data. The SDN con-
troller uses the prediction results to define securi-
ty rules to protect the potentially vulnerable hosts
and restrict the access of potential attackers by
blocking the entire subnet.

Our paper is motivated by Santos’s paper [6],
in which the authors managed to exploit differ-
ent kinds of machine learning algorithms to avoid
three types of DDoS attacks (controller attack, flow
table attack, and bandwidth attack). However, they
only focused on the typical attack type of SDN net-
works. In our paper, we are going to consider both
conventional and typical DDoS attacks. We also add
more ML-algorithms as well as modify some param-
eters to make a comprehensive comparison and try
to find out appropriate algorithms for detecting
DDoS attacks in the SDN environment.

Machine learning algorithms
for DDoS detection

In this paper, we will implement six different
ML-algorithms, making comparisons based on
some criteria to expand the choice and finding the
optimal solution. These algorithms are RF, DT, NB,
SVM, MLP, KNN [22].

Decision tree. The DT is one of the classification
techniques, which performs classification through
a learning tree. In the tree, each node represents
a feature (attribute) of a data, all branches repre-
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sent the conjunctions of features that lead to clas-
sifications, and each leaf node is a class label. The
unlabeled sample can be classified by comparing
its feature values with the nodes of the DT. The DT
has many advantages, such as intuitive knowledge
expression, simple implementation, and high clas-
sification accuracy. However, due to its instability,
even a small change in the training dataset can re-
sult in significant changes in the DT-model.
Random forest. The RF-algorithm, also known
as random decision forest, can be used for classifi-
cation and regression tasks. A RF consists of many
DTs. This algorithm works well on the large train-
ing dataset and reduces instability (relative to DT).
However, it has low training speed. The steps to
classify a new data sample by using a RF-algorithm

\
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are: a) put the data sample to each tree in the forest;
b) each tree gives a classification result, which is
the tree’s “vote”; c) the data sample will be classi-
fied into the class, which has the most votes.
k-nearest neighbors. The KNN is a supervised
learning technique, where the classification of a
data sample is determined based on the k nearest
neighbors of that unclassified sample. The process
of the KNN-algorithm is very simple: if most of the
KNN belong to a specific class, the unclassified
sample will be classified into that class. This algo-
rithm is simple to implement but computationally
expensive due to the distance calculation of each
training data sample to classify a new sample.
Naive Bayes uses Bayesian theory that pre-
dicts the type of the unknown samples based on

B Table 1. Hyperparameters and ML-algorithms

Models Hyperparameters Description
criterion The function to measure the quality of a split
Decision | splitter The strategy used to choose the split at each node
tree min_samples_split | The minimum number of samples required to split an internal node
min_samples_leaf The minimum number of samples required to be at a leaf node
n_estimators The number of trees in the forest
Random | criterion The function to measure the quality of a split
forest min_samples_split | The minimum number of samples required to split an internal node
min_samples_leaf The minimum number of samples required to be at a leaf node
Naive . A portion of the largest variance of all features that is added to variances for
Bayes var_smoothing calculation stability
n_neighbors The number of neighbors to use
weights Weight function used in prediction
k-nearest | leaf_size Leaf size passed to BallTree or KDTree
neighbor | Power parameter for the Minkowski metric
metric The distance metric to use for the tree
algorithm Auto between: ball_tree, kd_tree, brute
Kernel Specifies the kernel type to be used in the algorithm
Support Gamma Kernel coefficient for ‘rbf’, ‘poly’ and ‘sigmoid’
vector C Regularization parameter
machine Tol Tolerance for stopping criterion
max_iter Hard limit on iterations within solver
hidden_layer sizes | The ith element represents the number of neurons in the ith hidden layer
activation Activation function for the hidden layer
solver The solver for weight optimization
ﬁgi?}l):zgi alpha L2 penalty (regularization term) parameter
max_iter The maximum number of iterations
tol Tolerance for optimization
max_fun The maximum number of loss function calls
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prior probability using the training samples. The
Bayesian classification model relies on statistical
analysis and Bayesian theory that consists of the
Bayesian learning. The NB-algorithm operates by
segregating the training set into an attribute vec-
tor and a decision variable. The algorithm also as-
sumes that every member of the attribute vector
independently acts on the decision variables.

Support vector machine. SVM is another popular
supervised learning method, which has been wide-
ly used in classification and pattern recognition.
The basic idea of SVM is to map the input vectors
into a high-dimensional feature space. This map-
ping is achieved by applying different kernel func-
tions, such as linear, polynomial and radial based
function (RBF). The objective of SVM is to find a
separating hyperplane in the feature space to maxi-
mize the margin between different classes. The dis-
advantage of this algorithm is hard to train large
datasets because the training is computationally
expensive.

Multilayer perceptron. The MLP is a class of
feedforward artificial neural network and has
been widely adopted neural network for intrusion
detection in conventional systems. An MLP con-
sists of at least three layers of nodes: an input lay-
er, a hidden layer, and an output layer. Except for
the input nodes, each node is a neuron that uses a
nonlinear activation function. MLP utilizes a su-
pervised learning technique called backpropaga-
tion for training. Its multiple layers and non-linear
activation distinguish MLP from a linear percep-
tron. It can distinguish data that is not linearly
separable.

Each algorithm has its own strengths. We will
test each algorithm as well as compare them togeth-
er to select the optimal algorithm for the detection
of DDoS attacks in the SDN network. Table 1 shows
the hyperparameters used in this experiment asso-
ciated with the respective machine learning algo-
rithm.

The studied features used to build the model for
the algorithms are shown in Table 2.

The number of studied featuresisup to 14, which
is almost all of the data that we can get from the
flow-table through OpenFlow Switch. Among the
above features, not all features help to detect abnor-
mal and normal traffic classification. However, at
this time, it is not known which features will play a
decisive role in detecting DDoS attacks, so the mod-
els will be built based on all these features. At the
end of the experiment, we can review and take out
the important features table to find out which fea-
tures will play a decisive role in this case. Because
the characteristics of each algorithm are differ-
ent, important features are particular parameters
that can only be derived when studying DT and RF.
However, these features still help identify the fea-

7

B Table 2. Description of studied features

Ne Features Description

0 | Byte_count Number of bytes in a flow

1 | Cookie _Opaqw_ucf controller-issued
identifier

Eth_src Ethernet source address
3 | Eth_dst Ethernet destination address
. Time flow has been alive in
4 | Duration_nsec
- nanoseconds
. Time flow has been alive in
5 | Duration_sec
- seconds
6 | Hard timeout Max time before discarding
- (seconds)

7 | Idle_timeout Idle time before discarding
(seconds)

8 | In_port Port ID

9 | Max len Max length to send to the

- controller

10 | Packet_count | Number of packets in the flows

11 | Priority The priority level of a flow entry

12 | Port Output port

13 | Table_id The IP of the table to put the
flow in

14 | Type Type of action

tures needed to reduce data in building models of
other algorithms.

Goals and implementation plan

Goals

The primary purpose of our experiment is to
find ways to apply machine learning to detect DDoS
attacks in SDN networks. Besides, another goal that
we are aiming at in this paper is to compare differ-
ent ML-algorithms as a solution to the problem, be-
cause each algorithm has its own characteristics.

Based on [23], the basic criteria to evaluate a
model in detecting abnormal traffic such as DDoS
include accuracy, data quality, correctness, and ef-
ficiency. In this paper, since all the tests take place
in a simulation environment, and there is always a
difference between simulation data and actual col-
lected data, we will not perform an evaluation based
on data quality.

Usually, with classification problems for any
model of machine learning, accuracy criterion is a
suitable criterion for evaluation. It indicates how
much percentage of a model’s accuracy is rated,
which makes it easy to visualize. For processing
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time, this is the time for a model to classify a flow
from input into normal traffic or abnormal traffic.
In other words, the accuracy and processing time
criteria will represent the efficacy and efficiency
of the machine learning model, respectively. Also,
to evaluate the algorithms more objectively, we rely
on information from the receiver operating charac-
teristic (ROC) curve (correctness) [6] to be able to
choose the suitable model.

Planning

Network architecture

The entire experiment is carried out on Ubuntu
18.04 virtual machine VMware with hardware con-
figuration Core i5-5200U (2.2 GHz, 4 cores, 4 pro-
cessors), 2 GB of RAM, and 40 GB hard drive space.
Mininet VN (version 2.3.0d6) is used for creating the
SDN network with an RYU controller (version 4.32),
one OpenFlow Switch and three hosts, as shown in
Fig. 1.

Methods of attacks

In addition to conventional attacks to a host
or a group of hosts such as UDP flood, ping flood
or smurf attack (collectively called bandwidth at-
tacks), SDN network can also be attacked by new
DDosS attack types due to its own structural charac-
teristics such as controller attack, flow-table attack
[6]. Therefore, to be able to study objectively and
more fully, we will try the bandwidth attack and the
flow-table attack in SDN at the same time.

For flow-table attack, we will use Scapy tool to
continuously send packets from different addresses
(there are 20,000 randomly generated Ips saved in
a file) to the attacked device. When the switch re-
ceives this type of packet, it creates a new rule and
adds to its flow-table. As the number of incoming
packets grows, the number of entries in flow-table
increases and leads to overloading, causing a delay
in responding to other requests from the controller.
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For bandwidth attack, we will focus on taking
up the network bandwidth by continuously flooding
large packets (256—512 KB) to hosts in the network.
We will combine many different types, including
ICMP flood, TCP SYN flood and UDP flood. We
use the hping3 tool to get the best results. Unlike
flow-table attack when it only focuses on increasing
the number of entries in the flow-table as quickly
as possible, for this attack method instead of focus-
ing on the number of attacker machines, we focus
on packet-flood rate (pps — packets per second) and
packet size to take up the network bandwidth.

Figure 2 shows the average network traffic under
a DDoS attack with bandwidth attack (pps ~ 120,000).

We can see a huge difference comparing to nor-
mal traffic shown in Fig. 3. Normal traffic is sim-
ulated using Scapy. UDP, HTTP, ICMP packets are
continuously created for sending inside the net-
work, generating reasonable traffic (pps ~ 1.000).

Experiment Execution

Data Collection

To collect the necessary data from the switch’s
flow-table, we built a separate module. This module
is responsible for reading entries in the flow-table
every second, recording the required information
into a data file, and labelling it.
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‘We then use hping3 from one of the three hosts
inside the network (see Fiig. 1) to create a bandwidth
attack on the remaining hosts. Similarly, we use
Scapy to create flow-table attack as well as normal
traffic.

In the end, the data collected is 7500 data for
each type (2500 data of the dataflow table for band-
width attack, 2500 for flow-table attack, and 2500
for normal traffic). Based on this data set, we will
create two separate datasets: train dataset and test
dataset for the next process.

Building model

We use the training dataset prepared above to
build the models. After that, we will check with the
test dataset to get the best results. To avoid mod-
el overfitting (especially for NB, KNN, SVM, and
MLP), standardization of the values of the features
was applied to the data using StandardScaler in
scikit-learn [24].

Next is the process of tuning hyperparameters.
We use the GridSearch technique (from Sklearn
Library) to find the best hyperparameters set. It
helps to build a suitable model that is highly effec-
tive.

After having obtained a reasonable hyperpa-
rameter set, during the next training period, we
use cross-validation to avoid algorithms’ overfit-
ting with the training dataset. Specifically, we use
Stratified K Fold [24] with ten folds and then evalu-
ate the returned results, from which the conclusion
is made.

Results

After the process of tuning hyperparameter, we
obtain the following parameters, as in Table 3.

The main objective of this study is to apply ma-
chine learning to detect DDoS attacks, compare
algorithms, and build a model that can classify as
many types of traffic as possible. Therefore, from
the initial data (7500 data of dataflow table, 2500
of each type), we will create six different datasets,
including train/test datasets for normal traffic and
bandwidth attack traffic (ratio 1:1); train/test data-
sets for normal traffic and flow-table attack traffic
(ratio 1:1); finally, train/test datasets for all three
traffic types at once (ratio 1:1:1).

To evaluate the accuracy of the ML-algorithms
for each attack simulated, we use the following for-
mula [6]:

Number of correct classifications
Accuracy =

Total of samples

The accuracy is a statistical value that deter-
mines how close our ML-algorithm is to the ideal. If

7

B Table 3. The best hyperparameters set for each ML-
algorithm

Model Hyperparameter Value
n_estimators 10
Random criterion Gini
forest min_samples_split 2
min_samples_leaf 1
Criterion Gini
Decision tree Splitter Best
min_samples_split 2
min_samples_leaf 1
Naive Bayes | var_smoothing le-9
n_neighbors 3
weights Uniform
k-nearest | leaf size 30
neighbors | 2
metric Minkowski
algorithm Auto
Kernel Rbf
Support Gamma Auto
vector C le+5
machine Tol 1e-3
Max_iter -1
hidden_layer sizes 5,)
activation Relu
solver Lbfgs
mer | apna
max_iter 2000
Tol le-4
max_fun 2000

this value is 1 (100 %), it means that the algorithm
has no error and classifies the data perfectly.

Figure 4 shows a comparison of the accuracy of
ML-algorithms.

It is easy to realize that for the current problem,
the lazy learner algorithm — KNN is entirely in-
appropriate. It gives results with low accuracy for
bandwidth attack. For flow-table attack, although
the results are quite good, it is inferior to the re-
maining algorithms.

The two algorithms SVM and MLP are useful
algorithms for this problem with high accuracy.
However, SVM still has many errors in the classifi-
cation of bandwidth attack.

The other three algorithms are RF, DT, and NB
are excellent algorithms with an almost absolute
precise classification capability.
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Besides accuracy, we also use process time for
comparison. Fig. 5 presents this comparison.

As we can see, the two algorithms RF and KNN,
take too much time to process compared to other al-
gorithms. Among the remaining four algorithms,
although the DT has a faster processing speed than
NB, SVM, and MLP, all four algorithms show that
they are consistent with the traffic classification.

Besides, in this paper, we also build ROC curve
graphs in the model evaluation phase by cross-vali-
dation for each algorithm in each attack.

The ROC curve represents a relation between
true positive rate — represented by the percentage
of data classified as malicious that is really mali-
cious and false positive rate — the percentage of
data classified as normal, but that is malicious.
This curve is very used in the machine learning to
choose a good point for the classifiers, given by the
point above the central curve in which the distance
between them is maximum.

To determine a good model, we need to consider
the shape of the curve as well as the rate of false
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prediction and the rate of omission depending on
the characteristics of each specific case.

In the graphs, we also show the area under curve
(AUC) metric, that is, the area under the curve.
When this metric is higher, then the classification
is better. Fig. 6, a—f presents the ROC curve for all
algorithms.

Analysis and interpretation

Based on the results we have obtained above,
we can say that the type of algorithm lazy learn-
er — KNN is not appropriate for DDoS detection.
Because the accuracy prediction rate is low, and it
takes a lot of processing time. The reason may be
due to the similarity between the traffics at the
start of the attack. It leads to misjudging the re-
sults because the evaluation is based on nearby
neighbors. At the same time, for KNN, the process
to make predictions always takes place when new
data is received, meaning it requires a longer time
to calculate and produce results.

The two algorithms, SVM and MLP, are useful
algorithms, capable of applying in detecting DDoS
attack with high accuracy and the processing speed
is not slow, which is at an average level. However,
looking at ROC curve with cross-validation, we
found that there are still quite large errors for some
data groups; this is relatively understandable be-
cause, for SVM, when the noise appears, the hyper-
plane cannot divide the data exactly, but most are
still acceptable.

The other three algorithms, RF, DT, and NB, are
all excellent algorithms with almost exact classifi-
cation ability, showing the suitability of these al-
gorithms for the classification of anomalies traffic
and normal traffic. Nevertheless, although the RF
has almost absolute accuracy, it takes a lot of time
to process. The number of trees (10 trees) explains
this. Each tree consumes a particular time, re-
sulting in significantly increased time. Therefore,
when we need high processing speed and low re-
source consumption, RF will not be appreciated as
DT and NB algorithms.

In contrast to RF, both DT and NB algorithms
have very fast processing speed. For the DT-
algorithm, the fast processing speed is explained
by its advantage. After training to build a deci-
sion, the next classification of this algorithm will
not need much calculation. For NB, this is always
considered an easy algorithm to implement and
train even with small data sets. NB is a light-
weight algorithm, but the results are still very
good.

With such results, DT and NB are suitable algo-
rithms for the problem of detecting DDoS attacks in
the SDN network.
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In terms of attack type, the data shows that
flow-table attack is a more recognizable type of at-
tack than a bandwidth attack using the above algo-
rithms.

We also try to check the features, which play a
supporting role (important features) to the process
of correctly classifying data for the DT-algorithm.
Features that play the essential role are byte count,
duration_sec, packet count, and some other fea-
tures. It is also to be expected because, with DDoS
attacks, the large amount of incoming packets
makes packet count change a lot compared to nor-
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Ne of feature in Table 2
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B Fig. 7. Importance of each feature

B Table 4. Important features for classification

mal traffic’s packet count. Same with byte count.
However, most of the features that we collect from
OpenFlow Switch are almost useless. The result is
shown in Fig. 7.

Table 4 presents the features according to its
importance for the detection of the anomalies.

Conclusion

The benefits of SDN network to overcome the
drawbacks of a traditional network model are un-
disputed, but there are also certain limitations. For
example, the entire system will collapse if the con-
troller receives a DDoS attack and cannot respond
to other valid requests. But based on what we have
tested above and the results we have obtained, the
application of ML-algorithms to detect these DDoS
attacks is entirely possible, and gives very good re-
sults.

We tested six different ML-algorithms includ-
ing RF, NB, KNN, SVM, MLP, and DT, to classify
different types of traffic, including normal traf-
fic, bandwidth attack traffic, and flow-table attack
traffic. We have proved that DT, as well as NB, are
suitable algorithms for DDoS attack detection (high
accuracy and fast processing time, consume less re-
source compared to other algorithms).

Besides, we also pointed out that the main fea-
tures that identify malicious traffic compared
to normal traffic. It will make it easier to build a
DDoS protection system with a more compact data-
set, focusing only on the data needed.

Furthermore, we realized that flow-table attack
is a more easily discovered attack than Bandwidth
attack, as all six algorithms can predict this type
with high accuracy. The efficiency of bandwidth at-
tack detection is lower, so we need to focus more on
this type to improve the predictive results.

In future work, we will focus on data quality cri-
teria by comparing the results of detection between
simulation dataset and real dataset.

Position Feature Description
1st Byte_count Number of bytes in a flow
ond Duration sec Tlme flow has been alive
- in seconds
3rd Packet_count Number of packets in the
flows
4th Eth_src Ethernet source address
5th | Duration nsec T1me flow has been alive
= in nanoseconds
6th Eth_dst Ethernet destination
address
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CpaBHeHUe aJITOPUTMOB MAIIWHHOTO 00y4eHus npu ooHapy:xeunu DDoS-aTak B mporpaMMHO-0onpesesieMbIX CeTIX
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BBenmenmue: pacupeesieHHas aTaka TAIA «0TKa3 B o6cay:kuBaHun» (DDoS) craia momyasapHBIM TUIIOM aTak B KubepbesomnacHocTu. [1o-
MuMoO 00bIuHBIX DD0S-aTak, mporpaMMHO-OIIPeiesigseMble CeTH CTAJIKUBAIOTCA ¢ HEKOTOPhIMU APyruMu tTunudabiMu DDoS-atakamu, Ta-
KUMHU KaK aTaka ¢ UCII0JIb30BaHNEM IIOTOKOBOM TaOIUIILI U aTaKa KOHTPoJIepa. OMHUM 13 CAMBIX MOCJIEIHUX PEIeHNH AJ1s1 O0HADYKEeHU
DDoS-arak siBJIsieTCs UCIIOJb30BaHUe aJITOPUTMOB MAIIMHHOTO 00yUeHusA I Kiaaccuduranuu rpadura. Ilenas: aHains mnpuMeHeHUA ajl-
TOPUTMOB MAIIIMHHOT'O 00yUYeHUs AJs IpenoTBpaiiernsa DDoS-aTak mporpaMMHO-0OIIpeieiseMbIX ceTeli. Pe3yIbTaThl: CpaBHEHUE IIIeCTH
aJIrOpUTMOB (CIydYalHbIN JIeC, [ePEeBO PeIleHnl, HAUBHBIN 0aileCOBCKUI METO/], MAIlIMHA OIMTIOPHBIX BEKTOPOB, MHOTOCJIOMHBIH ITIePCEIITPOH,
k-6makaiiinue cocequ) Mo KPUTEPUSAM TOYHOCTD M BpeMs 00pabOTKH ITOKa3aJIo, YTO JePeBO PeIlleHn, KaK U HAaUBHBIN 0aileCOBCKUA, sB-
JISTIOTCSA JIYYIIUMU aJITOPUTMaMU JJid o0HapyskeHuss DDoS-aTak (BbICOKasa TOUHOCTH U ObICTPOE BpeMs 00paboTKU, MeHbIIIee TOoTpedIeHre
PECYpCOB IO CPABHEHUIO C APYTHMH aJTOPUTMaMU). Y KasaHbl U MPOAHATNSUPOBAHBI OCHOBHBIE ()YHKIINK, KOTOPbIE UAEHTU(DUIUDYIOT
BPEJOHOCHBIH TpaUK 10 CPABHEHUIO C OOBIUHBIM TPa(@UKOM: KOJHNYECTBO OAaiTOB B IIOTOKE, IOTOK BpemeHu, Ethernet-agpec ncrounuka,
Ethernet-agpec nasumauenus. ITo pesyabraTaM MCCJIEeIOBAHUI CleJIaH BBIBOJ, UTO aTaKa C UCIOJIb30BAHUEM TAOJIUIBI IIOTOKOB SIBJISETCSA
6oJiee JIETKOI [yiA OOHAPYIKEHUS, UeM aTaKa II0 IIPOIIyCKHOU crocobHocTu. IIpaKkTHYeckass 3SHAUMMOCTh: OCHOBHBIE (QYHKIINU, KOTOPHIE
HUrPAioT BCIIOMOTaTeIbHYIO POJIb B IIPOIlecce IPAaBUIbHOMN KIacCu(PUKaIu JaHHBIX, 00JI€TYalOT CO3aHue CUCTeMBI 3aIuThl oT DDoS-aTak
c 6oJiee KOMIIAKTHBIM HA60POM JAaHHBIX, BKJIIOUAIOIIIMM TOJbKO HEOOXOAMMbIE JaHHbIe. AJITOPUTMBI, KOTOPbIe 0oJiee MOAXONAT AJId Ma-
IIMHHOT'0 O0yYeHU s, IOMOTYT TOUHee 00Hapy:KuBaTh DD0oS-aTaky B IpOrpaMMHO-OIIPEEIAEMBIX CETAX.

Karouessie ciiroBa — DDoS, anropuTMbl MalluHHOTO 00yUeHUS, aTaKa 10 TabJIuIle IIOTOKOB, aTaKa II0 IPOIIYCKHOM CIIOCOOHOCTH.

HMas uutuposanusa: Le D. T., Dao M. H., Nguyen Q. L. T. Comparison of machine learning algorithms for DDoS attack detection in SDN.
Hupopmayuornno-ynpasasoujue cucmemst, 2020, Ne 3, c. 59-70. doi:10.31799/1684-8853-2020-3-59-70
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BBegieHue: CyLLeCTBEHHbIN NMPOrpecc B pasBUTUM KBAHTOBbIX BbIYUCTIEHWI BblABUHYI NPo6sieMy MOCTPOEHUS MOCTKBAHTO-
BbIX ABYXKJIHOYEBbIX KPUMTOrpachuuyecKmx anropuTMoB 1 MPOTOKOJIOB, T. €. KPUMTOCXEM, KOTOpPbIe 6blin 6bl CTOMKUMU K aTakam
C MCrMoJIb30BaHNEM KBAHTOBbIX KOMIMbIOTEPOB. Ha OCHOBE CKPbITOM 3a[4aun AUCKPETHOIO lorapupMmpoBaHns paspaboTaHbl
MpaKTUYHbIE MOCTKBAHTOBbIE CXeMbI LinchpoBoii nognucy. MpeacTaBnseT uHTepec pa3paboTka Ha ee OCHOBE MOCTKBAHTOBbIX
MpoToKOI0B cnernoi nognucu. Lienb: paspaboTka NpoTOKOJI0B CEnoy noan1Mcu Ha OCHOBE BbIYMCITTENbHOM TPYAHOCTMU CKPbI-
TOV 3afa41 QUCKPETHOIO JIorapucMmpoBaHus. MeTog: MpuMeHeHNe OCNENIOLMX MHOXUTENEN, KOTOPble BHOCATCS KIIMEHTOM
B X0e NMPOTOKO/1a C/enoy MoAnmucy npu nepegayde nognvucaHTy napaMeTpoB, He06XoAUMbIX 41 hOPMUPOBAHMS CENon noj-
nvcu. Pe3ynbTatbl: npefsioxeH crnocob BHECEHUS OCENSIOWMX MHOXUTENEN ABYX TUMOB, NIEBbIX U MPaBblX, 4TO obecnequ-
BaeT BO3MOXHOCTb Peasm30BaTh MPOTOKOJIbI CIEMNOM MOAMACU HA OCHOBE anropuTMOB LMchpOBO# NOAMMCH C MPOBEPOYHBIM
ypaBHEHUEM, 3a[jJaBaeMbIM B HEKOMMYTATUBHbIX anrebpandeckux cTpyktypax. C npumeHeHneM aToro crocoba pa3paboTaHbl
HOBbI€ MPOTOKOJIbI CIEMON MOAMNUCH, OCHOBAHHbIE HA BbIYMCITUTENIbHON TPYAHOCTY CKPbITON 3a4a4un QUCKPETHOIo Iorapugmm-
poBaHus. B kauecTBe anrebpanyeckoro HocuTens paspaboTaHHbIX MPOTOKOJIOB UCMOb30BaHbl KOHEYHbIE HEKOMMYTaTUBHbIE
accounaTmBHble anredpbl fBYX TUMOB: C I7106a/1bHOM [BYXCTOPOHHEN eAUHNLIEN U C BOJbLIMM MHOXECTBOM I7106a/1bHbIX IEBbIX
eauHuy. MpakTuyeckas 3HaAYNMOCTb: MPEAJIOKEHHbIE MPOTOKO/IbI 06/1afal0T JOCTATOYHO BbICOKOH MPOU3BOAUTENBHOCTLIO U
YA06HbI 415 MPOrpaMMHOM U annapaTHoM peannsaymm.

KntoueBbie cnoBa — oCTKBaHTOBbIE KPUNTOCXEMbI, KOMIbIOTEPHASA 6e30nacHoOCTb, 3awurta MHCpOpMaL{MM, OJIEKTPOHHasA
mebposan nognuck, caenas nognucb, 3agadya AUCKPeTHoro HOFapMCbMMpOBaHMﬂ, HEKOMMYTaTUBHble accolynaTuBHble alre-
6pbl, BbIYNCJIUTEJIBHO CJ1I0XKHaA 3agadva.

HMast putupoBanus: MoamossH /1. H., Mongossu A. A., I'ypesiaos II. FO. IIpoToKoJIBI cyiemnoi iudpoBoii MOAINCHA Ha OCHOBE CKPBITOM 3a-
ady ZUCKPETHOro jorapupmupoBanud. Hugpopmayuonno-ynpasnsiowue cucmemst, 2020, Ne 3, ¢. 71-78. doi:10.31799/1684-8853-2020-
3-71-78

For citation: Moldovyan D. N., Moldovyan A. A., Gurianov D. Yu. Blind signature protocols based on hidden discrete logarithm problem.
Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2020, no. 3, pp. 71-78 (In Russian). doi:10.31799/1684-

8853-2020-3-71-78

BBemenue

B cBsi3u ¢ osxugaHeM IOoABJIEHUA B OJIMsKaiiee
IecATUIETHE TPAKTUYECKU AOCTYIIHOTO KBAaHTOBO-
ro0 KOMIIBIOTEPA, JJIs KOTOPOrO M3BECTHBI MOJMHO-
MUaJbHBIE AJITOPUTMBI DPelleHmA 3azauu (haKTo-
pusanuu[1, 2] 1 3agaun TUCKPETHOTO JOTapU(OMUPO-
Bauus (31JI) [3, 4], B mocaenuee BpeMs aKTUBHO Be-
IYTCA MCCJENOBAHUSA IO PaspabOTKe MOCTKBAHTOBBIX
IBYXKJIIOUEBBIX KpUIITOCXeM [5—7], T. e. KpPUIITO-
rparYeCcKUX aJTOPUTMOB M IIPOTOKOJIOB C OTKDHI-
TBIM KJIIOUOM, KOTODPBIE€ ABJIAIOTCA BBIUUCIUTEIHHO
9 (PeKTUBHBIMU IPU UX peausalid Ha OOBIYHBIX
KOMIIBIOTEPAX ¥ UMEIOT CBEPXIIOJUHOMUAJILHYIO
CTOMKOCTh K aTaKaM C MCIIOJIb30BAHMEM KBaHTOBBIX
KOMITBIOTEPOB.

OgHuM M3 HampaBJIEHUUA B 00JaCTH IIOCTKBAH-
TOBOU Kpunrorpadguu ABjIsgeTcsa paspaboTKa IIOCT-
KBAHTOBBIX JBYXKJIIOUEBBIX KPUIITOCXEM HA OCHOBE

BBIUNCJIUTEJIbHON TPYAHOCTH CKPBITOM 3aJauu JIHC-
KperHoro JorapupmupoBauusa (C3IJI) [8, 9]. Iro
HaIpaBJieHWe IIPeACTAaBJIAET MPAKTUUYECKUN UHTe-
pec He TOJBKO JJIA IPUMEHEHUA B IIOCTKBAHTOBYIO
3py, HO TaKiKe W B HACTOsAIee BpPeMsd, IOCKOJBKY
KPHUIITOCXEMbI JAHHOTO TUIA MMEIT CPABHUTEIBHO
BBICOKYIO IIPOUBBOAUTENIHHOCTh U MOTYT COCTABUTH
KOHKYDEHIIHIO KPUIITOCXeMaM, OCHOBAHHBIM Ha BbI-
yucauTeabHON TpyaHoctu 3IJI Ha sIIUITHYECKON
KPHUBOIi.

B BaBucumocTu ot THIa paspabaThbIBa€MOM KPUII-
TOCHUCTEMBI C OTKPBITBIM KJIIOUOM IIPUMEHSAIOTCS pas-
"bie opmbl C3/1JI. Pasnuunbie Bepcuu MPOTOKOJIOB
COTJIACOBAHMA CEKPETHOTO KJIUa II0 OTKPBITOMY
KaHaJy, OCHOBAHHBIX HA BBIYUCIUTEJIBHON TPY.-
"octu C3IJI, paccmarpuBaioTcsa B paborax [8—10].
AunroputM oTKpBITOrO ImMuppoBaHuA onucaH B [9], a
CXeMBblI 9JIeKTPOHHOI 1udpoBoi nmognucu (1) —
B paborax [11-13]. B psme BaKHBIX MPAKTUUYECKUX
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MIPUJIOKEHUH (HalpuMep, CUCTEMaX TaHOIrO 3JIeK-
TPOHHOI'O I'OJIOCOBAHUSA U 9JI€KTPOHHBIX JeHer) YHU-
KaJbHYIO POJIb UTPAIOT HIPOTOKOJBI ciermoit IIIII,
MIO3BOJISIOIIME PeIIaTh 3ajauy o0eclieyeHUs HeoT-
CJIEXKMBAeMOCTN (AHOHUMHOCTH) IIOJIb30BaTeJIeH.
B cBA3U ¢ 9TUM 3HAUUTEJIbHBIII WHTEPEC IIPEeJCTaB-
JasieT paspaboTka mpoTokoJoB ciaemnoir IIIII, ocwo-
BaAHHBIX Ha BRIUUCIUTEIbHOI caokHocT C3IIJI.

B mammoii cTaThe IIpeAcTaBJIEHBI ABA IIPOTOKOJIA
cjernoi mudpoBoil moAIMCH, padpaboTaHHBIE C HC-
nosab3oBaHmeM wu3BecTHbIX cxem OIIIII, ocHoBaH-
HBIX HaA BBIYMCAUTENbHOU caokHOocTM C3IJI. IMnsa
TIOCTPOEHUA IIPOTOKOJIOB CJIETION ITOAIINCU WCIIOJIB-
30BaH M3BECTHBI MexauHusM [14, 15] BHeceHuAaA u
yoaJIeHUs OCJEILIAIONINX MHOMKUTEJIEeH B cxeMax
IIIII, ocuoBanubix Ha 3IJI B MUKIMYECKON KOHEY-
Hoit rpynme. OgHAKO YKa3aHHBINM MeXaHU3M ObLI
MoauMUIIUPOBaH ¢ yueToM ocobeHHocteit C3IJI,
(hopmysupyemMoii B KOHEYHBIX HEKOMMYTATHUBHBIX
acconuatuBHbIX anredpax (KHAA). HoBrie BHeceH-
HBIE 9JIEMEHTHI IOCTPOEHUS CXEeMbI CJIETION ITOAIINCH
CBA3AHBI C T€M, UTO OAWH U3 JBYX UCIOJIb3YEMBIX
OCJICTLIIAIOIINX MHOMKHUTEJIeH WrpaeT pOJIb JIEBOT'O
omepaHa OIepaIuy YMHOKEHNA, a BTOPOI — POJIb
IIPaBOro OllepaH/Ia.

CkpsITas 3agaya JUCKPETHOTO
Jorapu(@MupoOBaHuA

Tunosaa 3[1JI BOSHUKAaET IIPU TOCTPOEHUU KPUTI-
TOCXEM C OTKPBITHIM KJIIOUOM B KOHEUHBIX ITUKJINYe-
CKUX I'DYIIAaxX IPOCTOTO MOPAJKA ®, B KOTOPBIX OT-
KPBITBIA KJIIOU Y' BBIUUCJISETCA 110 (hopmyae

Y = G%, 1)

rne G — 9JeMeHT, ABJIAIONINNACA TeHepaTopoM TPYII-
TIBI ¥ UMEIOIIIIH ITOPSI0K ; TPEOyeTCs BEIUNCIUTD He-
usBecTHOe IeJoe uncao 0 < x < ®, KOTopoe Has3bIBa-
eTCs JUYHBLIM CeKPEeTHBIM KJIIOUOM II0JIb30BATENIA, AB-
JISTIOIIErocs BJIAZEJIbIIEM OTKPBITOrO KJooda Y', T. €.
TI0JIL30BATEJIA, KOTOPBIHM BBHIOPAJ CAyUalHOE YKCTO X
¥ TI0 HEMY BBIUMCJIVJI 3HAUeHe Y.

Hna samanus C3IJI TpebyeTca HCIOIH30BATH
KOHEUHBIe ajrebpanuecKre CTPYKTYPhl, B KOTOPBIX
COZEPIKUTCS OUEHDb 0OJIBIIOE YKCJIO PA3JIUUYHBIX KO-
HEUHBIX IMUKJINYECKUX TI'PYHI B KAuecTBe IIOJMHO-
JKECTB ee DJIEMEHTOB, IIPUYEeM OSTH MOAMHOYKECTBA
He mepecekarorcsa. Hampumep, C3OJI popmynupy-
eTcsi B KOHEUHBIX HEKOMMYTATHUBHBIX Ipymmax [7]
u 8 KHAA [9, 13]. Ortsmune C3[1JI, ncronbsyemoit
nia moctpoenus cxem IIIII, ot obsrunoit 3MJI co-
CTOHUT B TOM, YTO OTKPBITHIN KJIOU (POPMHUPYETCS
B BUJe 9JIeMEHTOB Y 1 Z U3 ABYX PA3HBIX ITUKJINUE-
CKUX I'PYIII, KaXKAasd U3 KOTOPBIX OTJIMYHA OT I'PYI-
bI, TEeHEePUPYEeMON BCEBO3MOKHBIMU CTEIeHIMU
asnemenTa G. IIpu 9ToM B KauecTBe MaCKUPYIOIIUX

omeparuii, 0ToOpakarIux 3JeMeHTH Y' u G B aj1e-
MeHTbl Y W Z, BbIOMpAIOTCA Omepamuu aBTOMOph-
HOoTrO [8] mau romomopduOTO [9, 12] 0oTOOPaAKEHUTA.
Binaromapa B3auMMHOM KOMMYTATHBHOCTH TaKHUX
MacCKHUPYIOIINX OIIepaluii ¢ onepaiyeil BO3BeIeHU s
B CTemeHb obecreuynBaeTcA KOPPEKTHOCTH IIPOIle-
nypbl npoBepku noxauHHOCTH IIII o oTKpBITOMY
riatouy (Y, Z) B cayuae, ecau cxema JILIT B 6a30Boii
IMUKJIUYECKO IpyIilie, TeHepupyemoir saemenTom G,
paboTaeT KOPPEKTHO IIPU UCIIOJIb30BAHUU OTKPBITO-
ro kitoua (Y', G). IsyueHre U3BECTHBIX IPOTOKOJIOB
AIIII, ocHOBaHHBIX HA BEIYUCJIUTEIBHOMN CIOKHOCTU
C30JI, moxka3bIBaeT, YTO OHU TPEACTABJISIIOT COOOI
moauduIMpoBaHHbIe Bepcuu npoTokosioB IIIII, oc-
HOBAaHHBIX HA BBIUYUCIUTENbHON caokHOCTH 3IIJI 1
TOCTPOEHHLIX B SBHO 3aJaHHON KOHEUHOM ITUKJIU-
YeCKOU I'PyIIlle IIPOCTOro mopAaaka. Ilpu saTom Mmomu-
¢unmpoBaHme COCTOUT B MACKUPOBAHUY 3JIEMEHTOB
0a30BOM ITUKJNYECKOI I'PYIIbI, B KOTOPOI BBIIIOJI-
HAeTcs 0asoBad olepalnusa BO3BENEHUs B CTEIEHb
JOCTaTOYHO OOJIBIIIOTO pasMepa, KOTopas BHOCUT
OCHOBHO BKJIaJ B o0ecIeueHre CTOMKOCTH KPUIITO-
cxeMbl. BaskHOU 3aaueil, MeOIIEN TeOPETUUECKOe
¥ IPaKTHUUYEeCKOe 3HAUYeHNe, SIBJISeTCS UCCIeI0BaHNIe
BBIUHMCJIUTEIHLHOMN CJA0KHOCTH PEIeHUA PAa3IUUHBIX
dopm C3IJI. CymrecTBeHHBIM BKJIQJOM B 9TOM Ha-
IpaBJeHUU SABJAA0OTCA PaboTsl [16—18], BbITTOIHEH-
gole qua C3IJI, 3amaHHOI B KOHEUHOIT ajredpe KBa-
TEePHUOHOB.

Tuns! aaredpanuyeckux Hocuresei cxem IIIIT
Ha ocHoBe C3/1J1

3aganne KHAA

PaccmoTpum m-MepHOE BEKTOPHOE IPOCTPAHCTBO
HaJ KOHEUHBIM IIpocThIM mtosieM GF(p), roe p — mpo-
croe uncio. Ero sjgemMeHTaMu ABJISIOTCS BEKTODHI,
KOTOpBbIE MOTYT OBITH 3alMCAaHBI B BUIE YIIOPANO-
YeHHBIX HaO0pOB s1eMeHTOB moasi GF(p), T. e. B BU-
ne A =(ayp ay, .., Q, ), TOe a; — KOOPAUHATEHI,
WJIN B BUJIe BCEBO3MOYKHBIX CYMM OJHOKOMIIOHEHT-
HBIX BEKTOPOB, T. e. B Buje A = ape, + a;e; + ... +
+ a,, ;e, ;> Toe e, — O0asnuCHBLIE BEKTOPHI. B BeKTOP-
HOM IIPOCTPAHCTBE OIIPENeJeHBI OIepaIusa CJIOKe-
HUA BEKTOPOB U OIlepalis YMHOMKEeHUs BeKTopa Ha
CKaJIsAp. BeKTOpPHOE IIPOCTPAHCTBO C AOMOJHUTEIBHO
oIlpefleJIeHHOU ollepanueil BeKTOPHOI'0O YMHOXKeHUA
(o), T. e. yMHOK€EHUA IPOU3BOJIBbHBIX IBYX BEKTOPOB

m-1 m-1
A= zi:O ae; n B= Zi:() b;e;, Koropas ABIgETCA

IUCTPUOYTUBHOI CJieBa U CIIpaBa OTHOCUTEJIBHO OIle-
paiuu cJI0KeHusA, Ha3bIBaeTCs M -MepPHOIi aJIre0poii.

Omeparnusi BEKTOPHOI'O YMHOMKEHHS C YKasaH-
HBIM CBOMCTBOM MOJKET OBITh 3a/laHa IO CJIeAYIOIEeH

dopmye:

m-1gm-1
AoB= Zj:O zj:O aib]-ei ° ej, (2)
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B KOTOpPOI IIpeAamojiaraeTcs TMOACTAHOBKA BMECTO
Ka’KJOTo IIPOM3BEAEHUA YIIOPAJOYEHHBIX map Oa-
3WCHBIX BEKTOPOB HEKOTOPOTO OJHOKOMIIOHEHTHOTO
BEKTOpa B COOTBETCTBUU C TaK Ha3bIBaeMOU Tabu-
el yMHOMKeHuA 6a3uCHBIX BeKTOPOB. Ilocse Takoii
TOJICTAHOBKHY TIpaBasi vacTb (opMyJsl (2) B obIemM
caydJae ImpeJcTaBJseT co00i m-MepHbIil BEKTOD, T. €.
9JIEMEHT paccMaTpPUBAeMOr0 BEKTOPHOI'O IIPOCTPAaH-
ctBa. IIpu ucmosb3oBaHUU TAOJIUI YMHOKEHHUSA Oa-
3WCHBIX BEKTOPOB, 3aJalOIUX HEKOMMYTATUBHYIO
acCOIIMATUBHYIO OIEPAaINio YMHOXKEHUSA BEKTOPOB,
nonyuaem KHAA.

Cxema IIIII 8 KHAA c 60ab1IuM MHOKECTBOM
TJ100aJIBHBIX JI€BBIX €IMHUIL

B crarwve [19] onucana cxema IIIII, samanmasa
B ueTsIpexMepHoit KHAA, comepsxaiieti p? rio6ais-
HBIX JIeBbIX enuHuI. Onepanusa yMHOMKEHUSA B JaH-
HOIT ajrebpe 3amaHa 110 TabJIKUIe YMHOMKEHIs Oa3uc-
HBIX BEKTOpOB (Tabs. 1). MHOKecTBO I106aJbHBIX
JIEBBIX €JUHUIL OIIUCHIBAETCSA (DOPMYJIOit

L:(l(), i, b, l3)=(d, h,1-d, —h), ®3)

rned,h=0,1,...,p—1.

Kaxxgasa rmobanbHad jJgeBad egquHuia L 3amaer
roMoMop(gHbIe 0TOOpaKeHUsI pacCMaTPUBAaeMOH aJi-
reOpwI caenyionux AByx TumoB [19]. Onepamus ro-
MOMOPGHOTO OTOOPAKEeH A IePBOT0 TUIIA OIIPeIeIsd-
ercd 110 (popmyie

op(X) = Xo L, @)

rIe nepeMeHHas X mpoberaer Bce 3HAUEHUA B aJire-
6pe. OneparIiis roMOMOP(HOTO 0TOOPaKEeHU A BTOPO-
T'0 TUIIA ONIPEEIAETCS 10 (POPMYJIe

v(X) =Bo Xo A, ()
e GUKCUPOBaHHBIE BEKTOPHI A 1 B yIoBIeTBOPAIOT

ycaoBuio Ao B = L u mepemernnasa X mpoberaet Bce
3HaueHudA B ajreope. IIpororunom cxemsr IIIII, oc-

B Tabruya 1. 3aganmne onepanuu ymHoKeHus B KHAA
P2 rno6anbHLIX JeBBIX efuHUI [19], Toe 1 — KBagpaTud-
HBIH HeBbIUeT B GF(p)

B Table 1. Setting the operation of multiplication in
KNAA p? global left units [19], where n — is a quadratic
non-residue in GF(p)

o e e e, eg
€o €o € €s €3
e e ue, eg peqy
€s €o € €s €3
eg e pe eg pey

HOBaHHOU Ha BbBIYUCIAUTENbHOI TpynHocTu C3IJI u
mpeaJiosKeHHOU B pabore [19], aBaserca cxema ST
ITroppa [20]. B xKauecTBe XapaKTEPUCTUKY KOHEU-
"oro noJia GF(p), Hany kKoTopeiM 3anana KHAA, BwI-
bupaetca 256-6uToBOe UMCJIO BUAA P = eq, TOe e —
HeOOJIBIITIOe YeTHOE YKCJIO (HaIIpuMep, MMeIoIee pas-
panHocTh OoT 2 10 16 6uT) U ¢ — IMpocTOoe YUCIo HOJIB-
mroro pasmepa. MoKHO JIETKO CTeHeEpUPOBAThL 3HAUe-
HUE p TaKoe, UTO CTPYKTYPHBIN Koddduiiuent u = 2
OyZeT KBaAPATUYHBIM HEBBHIUETOM II0 MOZYJIIO P.

IIponenypa ¢opMupOBaHUA OTKPBITOTO KJIIOYA
OIIMChIBAETCS CJEAYIOIIUM 00pa3oM.

1. BeibpaTh cayuaiiible 4YeThbIpeXMepHBIe BeK-
Topbl A, A’ 1 N, BCeBO3MOKHbBIE€ CTEIIEHU KaKIOTO
M3 KOTOPBIX T€HEePUPYIOT IMTUKJINUYECKYI0 IPYIIIY THO-
pAnKa g, IpuYeM yYKa3aHHbIE TPU BEKTOpPA ABJIAIOT-
Cd IOIapHO He IePEeCTaHOBOYHBIMU.

2. Ucnionws3ys popmyay (3), BLIUUCIUTD ABE CJIY-
yaliHble IVI00AJIbHBIE JeBble equHubl L u L.

3. Beruucsiuth BekTOp B’ KaK peleHue ypaBHe-
Huss A'o B’ = L.

4. Beruucauth BeKTOp B Kak pellienue ypaBHe-
Hus Ao B = L.

5. BEIUUCIUTE TOPAJOK O ITUKJINYECKON TPYII-
bl, TeHepuUpyeMoi BeKTopoM B'.

6. Boruncauthk BekTop T Kak pellleHue ypaBHe-
Hug Ao T = Bo 1,

7. CreHepupoBaTh pPaBHOBEPOSTHOE HEOTPHUIIA-
TeJIbHOE YUCJIO0 X < ¢ U BBIUUCJIUTH BEKTOp Y =
= BoN*o Ao L.

8. Brrumcuth BeKTOp Z = B'o No A,

9. Baars BekTopsl Y, Z 1 T B KauecTBe OTKPBHITOTO
KJII04a.

Ormerum, uto BekTopel A, A, B, B, L, L', N u unc-
JI0O X ABJIAIOTCS CEKPEeTHBIMU 3djaeMeHTaMu. OmHAKO
TOJBKO 3HaueHus B, A, N u x aABIAOTCA 3JIeMeHTa-
MU JIMYHOTO CEKPETHOTO KJI0Ya, IIOCKOJIBKY TOJIBKO
OHY HYKHBI IJis Beruucaenusa OLI1.

Brolunciienne 3HaueHUS MOAIMCU BBITIOJHACTCS
IO CJIEYIOIEeMY aJITOPUTMY.

1. Bei6pars cayuaiiHoe HaTypaJbHOE YUCJo kB < ¢
U BRIYMCJIUTH BeKTop V = Bo N¥o A/,

2. Beruuciautk mnepBhIii  ssemeHT OIII v =
= F,(M, V), rae F,, — HeKoTopasa cuenupuupoBaH-
HaA XOUI-PYHKIUA.

3. Beruuciuthk BTOpoit snement IIIII s: s =k +
+ xv mod q.

ITudpoBoit mOANINCHIO K SJIIEKTPOHHOMY JOKYMEH-
Ty M siBasierTcsa mapa uucel (v, S).

IIpomenypa mIpPOBEpKM MOAJUHHOCTU IIOAINCU
(v, S) BKJIIOUAET CJIeAYIOIUe Iaru.

1. Beruucauts BeKTOp V': V' = Y Vo To Z5.

2. BerumeauTs sHaueHue XaI-QyHKIUYA U’ OT J0-
KymeHTa M, K KOTOPOMY IpHCOeAWHEH BEKTOp V':
v =F,(M, V).

3. Eciu v’ = v, To mognuck (v, S) IPUHUMAETCS
KaK MNOAJIMHHAA. B IPOTUBHOM ciiydae IMOAINUCH OT-
Bepraercs.
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Cxema IIIII 8 KHAA c rno6aabHOI
IBYXCTOPOHHEH eIuHUIIe

B pa6ore [13] mpenmoskxena cxema OIIII, 3aman-
Has B yeTbipexmepuoii KHAA ¢ rimo6anbHON ABYX-
cropoHHel equaUIell E, B KOTOPOI omepanua BeK-
TOPHOT'O YMHOKEHUA OIIpeieseHa 10 TabJuIe yMHO-
JKeHusA 0a3MCHBIX BeKTOPOB (Tabi. 2). Paccmorpum
HeKOoTOopble pesdyabTarhl [13], ucHmosL3yeMble IpU
mocTpoeHn yKaszauHoi cxembl JII1.

T'nobanpHasA OBYXCTOPOHHAA enmHUIA E MoXer
OBITH BBIYMCJICHA TI0 (DOPMYJIe

1 1 1 A
E:( , ) ) j (6)
A-1"1-A 1-1 A-1

Eciu 17151 HEKOTOPBIX BEKTOPOB A = (@, a1, Ay, A3)
BeKTOpHOe ypaBHeHUe Buga Xo A=E umeer enmn-
cTBeHHOe pemleHne X =A"l, To BeKTOpHOe ypaBHe-
Hre Ao X =E Takike nMMeeT eIMHCTBEHHOE PeIlleHNe
X = AL, Bexkrop Al maspIBaeTca 06paTHEIM II0 OTHO-
mIeHnio K BeKTopy A. IIpusHaxom o0paTHMOCTH BEK-
Topa A =(a,, ay, @y, 3) ABJIAETCA HEPABEHCTBO BUA

a9 # ayag. (7

BexToper G =(g, &1, &9, &3), KOODAMHATEI KOTO-
PBIX YJOBJIETBOPSAIOT PABEHCTBY g8y = £S5, ABIA-
IoTcA HeoOpaTuMbIMHU. PaccmarpuBaemas ajrebpa
BKJIIOUYaeT HEKOTOpbIe IIOJMHOKeCTBa SJIEMEHTOB,
KOTOpbIe MeHMCTBYIOT HAa HEKOTOPBIA (PHUKCHUPOBAH-
HBIF HeoOpaTUMbI# BeKTOP G 1 BCEBO3MOYKHBIE €TI0
crenenu G* Kax okaIbHBIe JeBble efuHUILL. TaKaxe
MOKHO BBIJIEJIUTh MHOKECTBa JIOKAJbHBIX TPaBBIX
eIMHUIIL.

MHo:KecTBO JTOKAJIBHBIX JIEBBIX efuHUIl L, cooT-
BETCTBYIOIUX BeKTOpy &, omuchiBaeTcsa GopMyaIoit
[13]

L=(lp, b, b, I3) =
8o —(rgy+8&2)d g2 —(hgo +82)h @®)

b h’ b
80 82 8o + 82

d,

B Tabruya 2. YMHOKeHVEe 6a3UCHBIX BEKTOPOB B UETHI-
pexmepnoit KHAA ¢ rio6aibHOM ABYyXCTOPOHHEH eJUHA-
meit (A= 1) [13]

B Table 2. Multiplication of basis vectors in four-
dimensional KNAA with global two-sided unit (A # 1) [13]

o e e e, eg
e Aeg heq e, e;
€ €o € €o €
e, Ley Aeg e, eg
€3 €2 €3 €2 €3

rned, h =0, 1, ..., p— 1. MHOXecTBO (8) IOKaJIBbHBIX
JIEBBIX eJUHUIL COJEePKUT B cebe p2 — p 06pPATHMBIX
BEKTOPOB U p HEOOPATUMBIX BEKTOPOB pPaccMaTpuBa-
eMOIi aJIreopsl.

Mmo:xecTBO JJOKAJTBHBIX TIPaBbIX eguHUIL R, cooT-
BETCTBYIOIIIX BCEBO3MOYKHBIM HATYPAJbHBLIM CTeIle-
HAM HeobpaTuMoro BektTopa G, omucbkiBaeTcsa (hopMy-
Jioii [13]

R=(rp, 11, 13, 13) =
go-(Mgo+g1)d g -(\g+&)h
8o t81 ’ 8o +81

= d, h, » 9

rned, h =0, 1, ..., p — 1. B mHO:XecTBe (9) JIOKAIB-
HBIX IIPaBbIX €IUHUIL COJAEPIKATCA 00paTuMble U He-
obpatumble BeKTOPHI paccmarpuBaemoit KHAA. Ko-
JIAYECTBO IIePBLIX PABHO p2 — p, 8 BTOPBIX — p.

ITepeceuenne muOkecTB (8) u (9) samaer p pas-
JIMYHBIX ABYXCTOPOHHUX JIOKAJBHBIX €TUHUIL IJIA
BeKTOpOB Buja G* mpu mpon3BoIbHOM HATYPAILHOM
yucyae k > 1, 13 KOTOPBIX HEOOPATUMBIM 3JIEMEHTOM
paccmarpuBaemoii KHAA saBiisieTcss eIMHCTBEHHBIN
BeKTOp, obo3HauaeMblil Kak Eg u npecrasiaiomuii
co00il eTUHUYHBIN 5JI€MEeHT IIUKJINUYECKOU I'PYIIIIbI,
TeHEPUPYEMOH BCEBO3MOYKHBIMHU CTEIIEHSAMU BeK-
Topa G. 3HaueHUe JOKAJBHOU ABYXCTOPOHHEI enu-
munel Eg MoxHO HaliTu mo ¢gopmyne Eg=G®, roe
® — TOPANOK BeKTopa G, ABIAIOIUNICA AeJIUTEIEM
unciaa p2 — 1. U3 Beipasenuii (8) u (9) B crarbe [13]
BBIBOJAUTCS CJIEIYIOIIEe BEIPAKeHNE, KOTOPOEe NMeeT
3HAUUTEJHbHO MEHBINYI0 BBIUMCIUTENBLHYIO CJIOMK-
HOCTbH II0 CPABHEHUIO C OIlepaIiell BO3BEIEHUA B CTe-
TIeHb M®:

8y gb"(xgb'ng)k,

EG & k
80 8o t+81
—(Agg + k
h, 8081 (2 8o gl)gl , (10)
80 + 8081

-1
roe k= gg (kgg + 8081 + 8082 + glgz) .

B kauecTBe CKpPBITONM IUKJIUUYECKON TI'PYIIIIHI,
B KOTODPOH BBINIOJIHAETCA 0as3oBas omepalusa BO3-
BeZleHus B cremneHb, cxema OIIII [13] ucnoabayer
TPYIIy, TeHepUpyeMyIo HeoOpaTuMbIM BeKTopoM G.
JIerko BUAETH, YTO IJiA IPOU3BOJHLHOTO 06paTUMO-
ro BekTopa R m3 mHOKecTBa (9) JIOKAJTBbHBIX IIpa-
BBIX €JUHUIl U IIPOM3BOJILHOTO HATYPaJbHOTO 3HA-
ueHHd k cipaBeAauBo paBeHCTBO Ro GF = (Ro G)*.
BzaumMHaA KOMMYTATUBHOCTb OIEPAIUU YMHOMKE-
HUSA CJIeBa Ha MPAaBYIO eMUHUILY U OTIePaIluU BO3BeE-
JIeHUsA B CTelleHb B 0a30BOI IIUKJINYECKOUN I'pyIIe
TIO3BOJIAIOT MCIIOJIL30BATh IEPBYIO B KauecTBe Ma-
crupymoIen oneparnuu npu 3agaauu C3IJI.

Opyroil Tun mucrosb3yeMoii MacKupylomieil ome-
panum samaercsa mo gopmyne Z = R'oGo A, rme
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R’ — oOpaTuMblit BEKTOP M3 MHOYKECTBA JIOKAJTbHBIX
mpaBbix eguHaUIl (9); A — ob6paTuUMbBIA BEKTOp, Ta-
KOH, UTO IJIA HEKOTOPOH JIOKAJIbHOU JIEBOU €IUHU-
bl L BeimonHsercss paBercTBo Ao R’ = L. asa jro-
00ro HaTypaJbHOT'O YNMCJA Kk BBINIOJHAETCA YCIOBUE
B3aMMHOI KOMMYTaTUBHOCTH C OIlepaliueii Bo3Beze-
Hus B crenerb: (R'o Go A)f = R'o GFo A.

B pabGote [13] mpeasaraerca cienyiomias IIPoO-
menypa (GopMHUPOBAHUS OTKPBITOI'O KJIOUA B BHUE
mapsl 4eThIpexXMepHBIX BeKTOPOoB (Y, Z), uCIoan3y-
[oIfasa JBa YKasaHHBIX THUIIA MACKUPYIOIINUX Olepa-
.

1. BeibpaTs cayudaiiHblii HeoOpaTuMbIil BeKTOop G,
JIOKQJILHBIH MOPALOK KOTOPOI'O PABEH IIPOCTOMY UKC-
ay q.

2. I'enepupys cayuaiiable mapsl sHauenuii (d, k) u
ucronb3ya hopmyiry (9), BEBIYUCIUTE JBE JIOKAJIbHBIE
npasble efuHUILI Ry 1 Ry, ABAAONIMECA OOPATHMBI-
MU 3JIeMeHTaMu paccmarpuBaemoit KHAA.

3. 'enepupys ciayuaiinble mapbl sHaueHui (d, h)
U UCIOJIb3yA (hopmyny (8), BBIUUCIUTE CIYyUYaNHYIO
JIOKaJIbHYIO JIEBYIO equHUIy L, ABIAONIyIoCA oOpa-
TUMBIM 3JIEMEHTOM aJIre0pshI.

4. BEIUMCIUTh UYeTHIPEXMEPHBIN BeKTOp A wu3
ypaBHeHusa Ao R, = L.

5. CremepupoBaTh CaydyaiiHOe HATypaJbHOE UMC-
JI0 X < ¢ ¥ BBIYUCJIUTD OTKPBITHINA KJIIOY B BUE TTaphI
YeThIPEeXMEPHbBIX BEKTOPOB Y U Z:

Y=R,0G%Z=Ry0GoA.

JIMYHBIM CEKPETHBIM KJIIOUOM IIOJIIMCAHTA ABJIA-
eTcsa ueTBepka 3HaueHuil x, G, R; u A. Ilpouenypa
Beiumcyaenus OIII K sjeKTpOHHOMY HOKyMeHTYy M
BKJIIOUAET CJIeAYIOINe IIIaTH.

1. CrenepupoBaTh ciydyaiiHOe HaTypaJbHOE UNC-
Jo k <gq.

2. BerumesauTh (pukcaTop B BUE UeTHIPEXMEPHO-
ro Bekropa W =R, 0 G#o A.

3. Berumcauts nepseiii anemenT JIIII kak 3uaue-
Hue Xam-QyHKnuu e = F,(M, W), rne F; — HeKoTo-
pasd Xoul-(PyHKIUA, SBIAIONIAACA YaCThI0 IPOTOKO-
aa IITII.

4. Beruucauts BTopoit anemenT I1III B Buae nBo-
WYHOTO YUCA §:

s =k + ex mod q.

IIpoBeprka mogaumuHOocTH IIIII (6, s) K MOKyMeH-
Ty M BBITIOJHAETCA C HUCIOJH30BAHUEM OTKPBITOTO
roua (Y, Z) 1o cienyoiemMy aJiropurmy.

1. Berunconrs 3HauerHne Bekropa W =Y ©oZ°,

2. IlpucoefuHUB K JOKYMEHTy BeKTOp W, BBI-
YUCJIUTH 3HAUEeHUE XaUl-QyHKIuu € = F, (M , W)

3. CpaBHuUTL 3HaueHuss ¢ u e. Eciau é=e, TO
MOANNCH (e, 8) MpuHUMaeTcAa Kak nmogauaHaa IJIIII.
Ecau é # e, To moanucs (e, s) OTKJIOHSIETCS KaK JIOMK-
nasa IIII.

IIporokoas! caemnoi IIIIT

B HEKOTOpBIX cHenuaJbHBIX WHPOPMAIITMOHHBIX
TEXHOJIOTUAX, HAIIPUMEDP B CUCTEMAaX 3JIEKTPOHHBIX
nmerer [21], ogHUM U3 Ba’KHBIX TPeOOBAHUUN ABJIA-
eTca obecileueHrie HEOTCJEKNBAEMOCTH (AHOHUM-
HOCTH) IoJIb3oBaTeselt. [lJia peleHusA 9TOW 3ajauu
B pabore [22] BmepBble OB HIPENJIOKEH MeXaHU3M
dopmupoBanua OIIIII «Becaenyo», peasndyeMblii
C IIOMOIIbIO ITPOTOKOJIOB CJIETION moammcu. B mpo-
TOKOJIaX MaHHOT'O THUIIA YYAaCTBYIOT JBa CyO'beKTa:
1) kmeHT, (GOPMUPYIONTUHA SJIEKTPOHHBINA TOKYMEHT
¥ YKeJIAIOIUI IOy YUTh HOJINHHY O TIOAINICEH IPYTo-
T'O JIUIA K 9TOMY JOKYMEHTY, U 2) IOAIUCAHT, BHIYUC-
JIAIOINI HEKOTOpble ITapaMeTPHI (3JIEMEeHTHI CJIeIoN
TOAIINCHY) U TepeJaloninii uX 3HaUeHuA KJIUEHTY, U3
KOTOPBIX TIOCJETHUIN BbIUMCIAAET omauauyo LTI,
IIpoBepka MOAIMHHOCTY MIOAIINCH, TIOJIYUSHHON KJIK-
€HTOM, OCYIIECTBJIAETCS II0 TOMY K€ aJTOPUTMY, KaK
¥ TIPOBEPKA OOBIYHOM MOAINCH.

IIpu sTOM 1O HAHHBIM, MCIIOJIb30BAHHBIM B XOE
TIPOTOKOJIA CJIEIION MOAMUCH, KJIWEHT He MOXKeT IIO-
JYyYUTh WHGOPMAIIUIO O JUYHOM CEKPETHOM KJIIOUue
TOANIMCAHTA, a TOAINCAHT HEe MOYKET OIHO3HAUYHO
YCTAHOBUTH CBS3h HEKOTOPOrO BBITOJHEHHOTO IIPO-
TOKOJIA CJIETION TOJITVICU C HEKOTOPBHIM 3JIEKTPOHHBIM
JTOKYMEHTOM W TPWJIOKEHHON K HEMY HONJIUHHON
AIII (mpenmosiaraeTcs, 4TO IMOAIIMCAHT MHOTOKPATHO
BBITIOJTHSAJ TIOAIIMCHIBAHNE MOKYMEHTOB <«BCJIEIIYIO»).
ITocnemuuii MOMeHT HasbIBaeTcs TpeboBammeM o0e-
CIIeUeHU s HeOTCJIEIKMBAEMOCTHU I0JIb30BaTe e, KOTO-
poe IpeabABIAETCA K IPOTOKOJIAM CJIETION TTOAIINCH.

ITepBriit mpoTokoa cuaemnoit IIIII 6611 peananso-
BaH Ha ocHOBe cxeMbl mognucu RSA [23], ocHoBaH-
HOM Ha BBIUMCJUTEJIBHOHN CJIOMKHOCTH 3amadu (ax-
Topusanuu. B pajbHelIeM ObLIM pas3padoTaHBI
mpoToKoJbl ciaemnoit JIIII, ocHOBaHHBIEe Ha BBIYUC-
aurenbHOM caoxkHOocTu 3I1JI [14]. B 060ux cayuaax
AHOHMMHOCTH KJMWEHTa 00ecmeurnBaeTcsd MeXaH!3-
MOM BHECEHUS B CJIENYIO MMOAIINCH OJHOTO UJIU ABYX
CIIVUaMHBIX OCJICIJIAIOINUX MHOMKuTesneir. Ilocie
Oy YeHUS CJACTOI MMOAIINCH OT IOAMUCAHTA KJINECHT
yIaJaseT OCJIEIJIANe MHOKUTENU, B Pe3yabTaTe
Yero moJiyuyaeT MOAJIUHHYIO HOANNCH. IIPOTOKOJIBI
CJIETION IIOAIIMCYU MOT'YT OBITH Peajin30BaHbl HA OCHO-
Be pAga usBecTHbIX cxeM IIIII, Hampumep, Ha OCHO-
Be RSA [23], cxemsr ITnoppa [20], TOCT P 34.10—-94
uT'OCT P 34.10-2001 [24, 25].

IIporokos! caemoii IIIII, ocHoBaHHBIE
HAa BBIYUCIUTEIbHOU caoxuHocTu C3/1J1

Hcnmoan3zoBanne KHAA ¢ mHOKecTBOM
TJI00aJbHBIX JIEBBIX €TUHUIL

IIpotoxos caemoit IIIII, ocHOBaHHBINI HA CXeMe
IIIII us crarbu [19], onuchIBaeTCA CaeqyIOIIUM 006~
pasom.
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1. I[TogmucaHT TeHEPUPYET CJIAydYailHOe YHUCJIO
k < ¢ u BBIYHMCJSAET BeKTOP-(puKcarop. 3aTeM OH Ha-
IpaBisgeT BeKTop-(puKcaTop V KJIHMEHTY, HMeoIe-
My HaMmepeHue cdopMmupoBarh nogiauHHy0 IIIIT
TIOAICAaHTa K HEKOTOPOMY HOKYMeHTY M.

2. KnueuT BoIOUpaeT aABa CAyUYaHHBIX PABHOBEPO-
SATHBIX HATYPAJIBHBIX YHUCJA T < ¢ U € < ¢, UCIOJIb3YA
KOTOpBIe BBIYUCJIAET JIeBbIMl Y' U mpaBblil Z° ocien-
JAOIAe MHOMHUTEIN. 3aTeM OH MOAU(PUIUPYeT
BeKTOp-uKcarop V 1o dopmyte V=Y"oVoZ® u
BBIUMCJIAET IIePBBIH aJleMeHT nognucu v = F,(M, V).

3. ITo 3HAUeHMWIO U KJIWEHT (POPMUPYET IIE€PBHIH
BJIEMEHT CJIETION MOAIINCH B BUie HATYPAJBHOTO UMC-
Ja U =v+1tmodq u mepegaer ero mMOAIKUCAHTY.

4. ITogmiucaHT BBIYKCJISET BTOPOIH JJIEMEHT §
cjemnoii moxmucu mo Gopmyses =k+vxmodgq, rme
X — 3HaUeHUEe JJUYHOTO CEKPETHOT'O KJIIOUa IIOAIIN-
caHTa. 3aTeM 3HAUeHUE S NepelaeTcs KJIUEHTY.

5. [TonyunB BTOPOIl SJIEMEHT CJIEIION IIOAIINCH,
KJIMEHT BBIUMCJAET 3HAUeHue S=S +emodq, KOTo-
poe ABJIAETCA BTOPLIM 3JIEMEHTOM S ITOAJIMHHON IO
TIHCH.

Ha BnIXOme 9TOr0 IMIPOTOKOJA KJIUEHT IOJyYaeT
TIOJJIMHHYI0 IMOATNCH (U, S) K JOKYMEHTY, KOTOPBIH
OBl HEJOCTYIIEH IOJNUCAHTY B XOJ€e IIPOTOKOJIA.
JoxazaTeIbCTBO KOPPEKTHOCTH PABOTHI IIPOTOKOJIA
COCTOUT B TOM, YTOOBI JOKAa3aTh, UTO IOJyUYEeHHAA
kauenTom OIIII mpoxomuT mporenypy IPOBEPKU
TIOJIMHHOCTY TONIUCYU, KaK IPaBUJIbHAA IOIJIUH-
Hasg noanuch. JlefiCTBUTENILHO, IIOJaBasi HAa BXO[
IIPOBEPOYHON IPOIleAYPHI MOATNCH (U, §), TOJIYUUM
cJenyolee J0Ka3aTeIbCTBO:

V!:Y—U OTOZS :Y_(E_T) OTOZ§+S —
=Y oY VoToZ 0Zf =Y o VoZf =
v’ =F, (M, V')=F, (M, V)=v.

ITocKOJBKY BBITIOJIHAETCSA YCJI0BUE V' = U, TO IIOJ-
ucs (v, s) npuHEIMaeTca Kak nognuraHaa I K xo-
KymeHTY M.

AHAJIOTMYHBIM CIIOCOOOM APYTHe U3BECTHEIE CXe-
mbI SILIT, ocHOBaHHBIE HA BEIUYUCIUTEIBHON TPYIHO-
ctu C3[1JI n mcnonp3yomnue B KauecTBe ajredpau-
yeckoro Hocutensa KHAA ¢ 6osbmiuM MHOXKECTBOM
ONHOCTOPOHHUX €IUHUIl, TAKIKEe MOT'YT IPUMEHATh-
cA AJiAg pasdpaboTKU IPOTOKOJIOB cieroi IIIII.

HUcnoaszosanne KHAA c riro6axsHoit
IBYXCTOPOHHEH eTUHUIIeH

B nporokose caemoit LI, ocHoBaHHOM Ha cxeMme
IIIII u3 craTbu [13], BBITTOTHAIOTCSA CIEIYIOITNE ITIaTH.

1. ChopmupoBaB ciaydaiiHOe paBHOBEPOSITHOE
HaTypaJbHOE YMCI0 k < ¢, HOANMCAHT BBIUHCIIAET
BeKkTOp-urcarop W =R;o G*oA. Barem om mepe-
naeT BeKTOp-uKcarop W KJIHEHTY, IMeoIeMy Ha-
MepeHmne moayuuTh nmoxauaHyo JIIII mommucamTa
K JOKyMeHTy M.

2. KnueHT BBIOMpPAaET ABa CAyUaiiHBIX PABHOBEPO-
ATHBIX HATypaJabHBIX yncia 0 <1 <qu 0 <g < g, uc-
TOJIB3YS KOTOPBIE BBIUMCJIAET JIEBLIH Y' U IpaBbIid Z°
OCJIETLJIAIOII e MHOMKHUTEJNN. 3aTeM OH Moaupuiu-
pyerT BeKkTOp-(purcarop 1o popmyre W =Y o WoZ®
¥ BBIUMCJIAET NepBhIi aaeMmenT e JIIII B Bume sHaue-
HUA Xom-pyHKINT € = F) (M, W).

3. ITepBriit ssemenT ciemnoit I e BeruucIAeT-
¢ KJaueHToM 1o ¢opmyJsie e =e+tmodg u Hampas-
JIAeTCA MOAIIVCAHTY.

4. ITonmrcaHT HAXOOUT 3SHAUEHE BTOPOT'O dJIEMEH-
Ta S cJjenoii moanucu mo opmyse s =k+exmodg,
Toe X — JIMYHBIA CEKPEeTHBIN KJII0YW IOAIHUCAHTA.
3HaueHNe S MepemaeTcs KINEHTY.

5. Mlciosib3ys BTOPOIt 97IEMEHT S CJIeIoi MOAINICH,
KJIMEeHT BBIUUCJISIET 3HaUeHue S =S +&mod g, KoTopoe
SABJIAETCA BTOPHIM 3JIEMEHTOM ITOAJTMHHOM ITOAIVICH.

ITonryuenHasa KJIMEHTOM MHOAIIUCH (e, S) K IOKY-
MeHTY M IpoXOoauT IIPOIENYPY IPOBEPKU IIOAIINCH
Kak nogyunaHada JIIII. leficTBUTENHLHO, IPU UCIOJIb-
30BaHUM OTKPBITOTO KJtoua (Y, Z) B XoZle OCYIIecT-
BJIEHUA TPOIeAYPHI IpoBepKu moanuuHHOCTH IIIII
nMeeM CJeAyIolee T0Ka3aTeabCTBO:

W — Y—e OZS _ Y_E+T oz§+£ —
=Y oY €0Zf0ZE =Y o VoZE =
=&=Fy(M, W)=F,(M, W)=e.

B cooTBeTcTBUM ¢ TPOBEPOUHOM IIPOIEAYPOIL IPHU
BBITIOJTHEHUU YCJIOBUA € =e MOAINCH (e, S) IPUHU-
MaeTcsd KaK IOJJNHHAA, T. €. ONUCAHHBIN IIPOTOKOJI
CJIETION TIOZIIVICH ABJIAETCA KOPPEKTHBIM.

3aKJIoueHne

IIpenoxeHbl peasus3aiuii ABYX IPOTOKOJIOB CJie-
TIOI TIOAIIVICY, OCHOBAHHBIX HA BBIUUCIUTEIHHON TPY-
soctu C3[JI. B rauectBe 6a30BbIx cxem JLIII ncmomns-
30BaHbl cxeMbl OIIII, anrebpanyecKUMU HOCUTEIAMU
KOTOPBIX SABISIOTCS uYeThbipexMmepHble KHAA nByx
pasHBIX TUIOB. IIpemsosKeHHbIe TPOTOKOJBI IIPEe.I-
CTaBJIAIOT WHTEpPeC KaK KaHAWIATHl Ha TOCTKBAHTO-
BBIe TPOTOKOJIEI cirerioii ALIII. OcobeHHOCTHI0 TTOCTPO-
€HUS IIPOTOKOJIOB CJIETION TOITMCH, OCHOBAHHBIX HA
BeIUMCINTENBHON TpyaHOoCcTU C3JI, ABJIsAETCS TO, UTO
ONMH 13 BHOCUMBIX OCJICILIAIONTNX MHOMKUTEJEH 0JI-
JKeH UTpaTh POJIb IIPABOrO OIIePAH/Ia, & BTOPO — POJIb
JieBoro onepaHja. [lanHasa cruenmuduKa CBA3aHa C TEM,
uTO aJredpandyecKUMU HOCUTEJAMU TaKUX IIPOTOKO-
JIOB SIBJISIIOTCSI HEKOMMYTATUBHEIE aJIre0p5I.

duHAHCOBAA MOAAEPKKA

Pabora BBIIOSTHEHA TPU YACTUUHOM (hUHAHCOBOM
nongep:;xkke PODU (rpaunt Ne 18-07-00932-a).
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Introduction: The progress in the development of quantum computing has raised the problem of constructing post-quantum public-key
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Introduction: Currently, the first versions of 5G communication standard networks are being deployed and discussions are
underway on further development of cellular networks and transition to the 6G standard. Once the Internet of Things is fully
developed, it will function within the framework of Massive Machine-Type Communications. Its performance will need to satisfy
a number of requirements: very high energy efficiency, relatively low delay and fairly reliable communication. Due to the nature
of the traffic, it is impossible to develop a channel resource sharing policy and thus random multiple access procedures will be
employed. A class of unblocked algorithms with orthogonal preambles may be used to increase the efficiency of random access.
Purpose: To calculate the lower bound of the average delay for the class of unblocked random multiple access algorithms using
orthogonal preambles. Results: We propose a model of a system with a potentially unlimited number of users who utilize random
unblocked access to transmit data over a common communication channel using orthogonal preambles. For an infinite number
of preambles, we prove that up to an input arrival rate of 0.5671, the system is stable. We obtain a closed-form expression for the
average delay in a stable system depending on the intensity of the input arrival rate. We also demonstrate that this expression is
the lower bound for the average delay in a system with a finite number of preambles. We perform a simulation in the case of a finite
number of preambles which shows that with an increase in the number of preambles, the input arrival rate at which the system
is stable approaches 0.5671, and the average delay tends to the lower bound. With an input arrival rate not exceeding 0.3, about
100 orthogonal preambles are sufficient to reach the lower bound. Practical relevance: The obtained bound allows us to estimate
the lower average delay in the class of algorithms under consideration. Its application allows us to determine the possibility of
using such a class of algorithms at the stage of designing random multiple access systems from the point of view of limitations
on the average delay.
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Introduction

Currently, the first versions of 5G communica-
tion standard networks are being deployed and new
versions will be developed in the near future [1-3].
Within the framework of the fifth generation net-
works, three main types of communication will be
distinguished: enhanced Mobile Broadband, Ultra-
Reliable Low Latency Communication, and Massive
Machine-Type Communications (mMTC) [4]. In
further development of cellular networks, and the
transition to the 6G standard, these key scenarios
are expected to remain relevant, but the level of
requirements for the main characteristics will in-
crease[1, 3]. The functionality of the currently pop-
ular idea of the Internet of Things (IoT) is expected
to be within the framework of the mMTC scenario
[3, 5]. For this type of communication there are a
number of requirements for performance charac-
teristics: very high energy efficiency, relatively low
latency and fairly reliable communication [1]. The
task of meeting these requirements is difficult, due

to the features of IoT traffic. A huge number of de-
vices generate data periodically and unpredictably.
Due to the number of devices in the network and the
characteristics of the formation of data traffic, it
is difficult to develop an effective channel resource
allocation policy [4, 5]. Therefore, in the framework
of this scenario, it is assumed that random multiple
access procedures are used when devices access the
shared resource uncoordinated, as well as without
the need for a connection establishment and com-
munication with the resource manager [5].

The 5G standard is advancing as the primary
performance tool for IoT communications, thanks
to the development of 5G New Radio. However, the
revolutionary forecast for 5G networks was reduced
exclusively to work on mmWave, and that would not
allow for the operation of IoT systems taking into
account the increasing number of devices and ser-
vices [6]. When applying mmWave communication
to cellular systems, an important problem that can
negate its advantages is multiple access, namely be-
cause of the high energy consumption and high cost
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of equipment [6]. However, this is only the first pre-
requisite for the development of IoT technology and
future versions of cellular standards will require
new solutions in this direction.

In this paper, we are going to consider the use
of orthogonal preambles for data transmission
in mMTC scenarios. A similar approach to data
transmission using orthogonal preambles is con-
sidered in [7]. The algorithm considered there
involves work in two stages. At the first stage,
users transmit preambles, then they receive in-
formation about which slot the user who sent a
particular preamble will utilize. The base station
then allocates preamble resources for data trans-
missions. At the second stage, the user transmits
data to the allocated time-frequency resource in
accordance with the transmitted preamble and the
received information. In [7], the authors note that
with a limited number of preambles, the system
can quickly become unstable, therefore, it con-
siders a variant of the lossy algorithm. That is, if
several users transmit under the preamble in the
allocated resource, then the message is lost. We
note further the following features. When work-
ing with losses, the system is always stable. When
data is divided into two types and the operation of
the system into two distinct stages, the user has
to constantly monitor the channel output and the
stages in the system, even if he does not have a
message to transmit. At the command of the mes-
sage, the user will have to wait for the next first
stage of the system, postponing his transfer. This
algorithm can be attributed to the class of blocked
algorithms. The term blocked and non-blocked
algorithms was first introduced in the works of
B. S. Tsybakov (see, for example, [8]). The features
of these types of algorithms are also discussed in
[9, 10]. A blocked algorithm runs in sessions. The
user can transmit only in the first slot of the ses-
sion, if the user appeared in the system during
the session; then the user blocks his transmission
until the start of the next session. Therefore, this
algorithm is called blocked. An algorithm related
to this type in the framework of the mMTC sce-
nario was also considered in [11], in which, unlike
in [7], there is no separation of messages into two
types and no losses of messages. One of the dis-
advantages of this class of algorithms is the con-
stant listening to the channel, even in the absence
of a message ready for transmission by the user.
As one of mMTC traffic characteristics is a rare
message from the user, the constant monitoring of
the channel adversely affects the energy efficien-
cy of the system. For transmitting devices, with
a limitation on complexity and energy efficiency,
a significant role is played by delays between the
appearance of a message from a user and its trans-
mission to a communication channel. Therefore,

more efficient algorithms are those in which, when
a user has a message, it is transmitted in the next
slot without any wait. Algorithms with this prop-
erty form a class of non-blocked algorithms. With
this approach, the user will listen to the channel
only after the first transmission of the message
that appears with him and until it is transmitted,
and not continuously, as in blocked algorithms.

In this paper, we will consider an unblocked ran-
dom multiple access algorithm using orthogonal
preambles. The data transfer mode can be divided
into two types. The first type is the first transmis-
sion of a message that occurs in a nearby slot. In
the event of a collision, the preamble information
will be used by the base station to schedule the
time-sharing mode. The second type, in the event
of a collision during the first transmission, is the
message that is resent in accordance with the sched-
ule received from the base station. For this algo-
rithm, assuming an infinite number of preambles,
we obtain a lower bound for the average number
of users, the delay and the maximum input arriv-
al rate at which the system is stable. We will also
demonstrate the performance of the algorithm with
a finite number of preambles for some implemen-
tation of the system, with lossless operation and
a different number of preambles. We will further
provide a comparison of the simulation results and
the obtained lower bound.

System model

We will make a number of assumptions on the
operation of the algorithm which will facilitate our
analysis of the system characteristics.

Assumption 1. Messages for all users have the
same length. The transmission time of one message
is taken as a unit of time. The entire transmission
time in the channel is divided into slots that cor-
respond to the transmission time of one message.
User messages consist of the service part (random-
ly selected preamble from some set) and data. Users
know exactly the moments of breaking into slots
and can transmit only at the beginning of the next
slot (synchronous system).

Assumption 2. There are three possible events in
the slot:

“Empty” (E), if no one was transmitting in the
slot;

“Success” (S), if one user transmitted in the slot.
In this case, the base station correctly receives both
the preamble and the message itself;

“Conflict” (C), if more than one user was trans-
mitted in one slot. That message cannot be correctly
received by the base station. Preamble numbers are
accepted correctly, even if several users choose one
preamble.
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Assumption 3. The base station transmits infor-
mation about the event that occurred in the channel
and additional information necessary for the algo-
rithm to work (for example, a list of preambles in-
volved in the conflict).

Assumption 4. An infinite number of users is
assumed. The number of new messages that appear
in the system in one slot is distributed according to
the Poisson law with the parameter A, where is the
intensity of the input arrival rate.

Assumption 5. There is an infinite number of or-
thogonal preambles.

According to assumption 4, each message ap-
pearing in the system will be considered a new user
who leaves the system after the transmission of this
message.

Algorithm for users.

1. The user, when it has a message, selects one
of the preambles in a random fashion. And it trans-
mits a message consisting of the selected preamble
and data at the beginning of the next slot.

2. The user receives information from the base
station and acts in accordance with it:

“Success”: the user deletes the message because
it was sent successfully;

“Conflict”: the user delays the transmission of
its message to the slot allocated under its preamble
in accordance with the schedule received from the
base station.

The algorithm of the base station for an infinite
number of preambles.

The base station receives information from the
channel and operates depending on the events in the
channel:

“Empty”: the base station informs all users of
the “Empty” event;

“Success”: the base station informs all users
about the “Success” event along with the number
of the received preamble. If the system was in the
time-sharing mode, the base station removes this
preamble from the schedule;

“Conflict”: the base station reports a “Conflict”
along with the numbers of the preambles involved
in it. The base station makes or adjusts the schedule
based on the detected preambles and reports it to
users.

An example of the algorithm operation is present-
ed in Fig. 1. According to assumptions 1 and 5, all
users appearing in the system select unique orthog-
onal preambles. Assume that there are 5 users (Uj,
U,, U;, Uy, Uy). At the beginning of the second slot,
the first user (U;), which has a message, sends it to
the channel and the event that occurs is “Success”.
In the second slot, messages appear for users U, and
U;, which are transmitted in the third slot and the
event “Conflict” occurs. The base station correctly
decodes the numbers of the preambles involved in
the conflict and schedules the next two slots. The

Schedule Schedule

A
\ 4
A
A

Pr; | Pryg | Pry Pry, | Pry

A 4

| E SPrl CPrLZ SPrz CPr3 5 SPr3 SPr4 SPr5
102 i 3 i 40 51 61 7 i 8 1t
Uy(Pry) Uy(Pry)  Uy(Pry)
Us(Prg) Ux(Pry)

\4

B Fig. 1. An example of an unblocking random multiple
access algorithm with orthogonal preambles

second user successfully sends the message accord-
ing to the schedule. Users U, and Uy appear in the
fourth slot. In the fifth slot, they transmit messages,
thereby causing a conflict and interrupting the cur-
rent schedule. The base station decodes the numbers
of the preambles involved in the conflict, adjusts the
schedule, and informs its users. In the sixth through
eighth slots, no new messages appear, and users
(Us_5), successfully transmit their messages accord-
ing to the schedule.

Remark 1. In real systems, there cannot be an
infinite number of preambles, and assumption 5 is
not valid for such systems. In the case of a limited
number of preambles, it is necessary to additionally
determine the rule of operation of the algorithm in
the case when a “Conflict” occurs in one frequen-
cy-time resource, and several users choose the same
preamble.

System analysis

In the system under consideration, messages
can appear during the slot and affect the system in
the next slot. So if the system is in the time-shar-
ing mode, the message that appears during the slot
will cause a conflict in the next slot. To take into
account such events when describing the number of
active users in the system using a recurrence equa-
tion, one needs to use a two-dimensional Markov
chain (for example, [12]). The use of such a model
makes an exact analysis of the system impossible.
Therefore, for our analysis, we will use an auxiliary
system in which messages can appear only at the be-
ginning of the slot and therefore can be transmitted
immediately. An example showing the difference
between the basic and auxiliary systems is shown
in Fig. 2.

By comparing the basic and auxiliary systems,
one can prove the following statement.

Statement 1. Let N(L) be the average number of
users in the main system, and let @()) be the aver-
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Uy

Basic system | E | E | S | E | E | C |
U, U,Us
Uy

Auxiliarysysteml E | S | E | E | C | - |

! f

Uy Uy Us

B Fig. 2. The difference between the basic and auxiliary
systems

age number of users in the auxiliary system, where
A is the input stream intensity. The following equal-
ity holds:

N =Q(\)+A. (1)

We perform further calculations for the auxilia-
ry system. Denote by @, by the number of users in
the slot with number k. Then the number of users in
the next slot satisfies the following recursive equa-
tion describing the operation of the system:

Qpi1 =@+ Vi —1(V =1) x
x I(Q =0)-I(Vy =0)I(Q > 0), )

where V), is the number of users appearing in the
slot with number k&, and I (statement) is the indicator
function, which takes values:

1, true

I{stat t;= .
{statement} {O, false

Using expression (2), one can easily analyze the
stability of the system. Suppose that initially @, = ¢
where ¢ is a large value. Then

E[Q -Q @ =ql=h-e". )

Stability is ensured when the value of the ex-
pression (3) is negative (see [13]). This is equivalent
to A < e, a solution to this inequality can be found
using the Lambert function (W) [14], and we obtain
L<W(@1) =~ 0.5671.

We will assume that the system works indefi-
nitely. If the system is stable, then @, and @, have
the same distribution, and, in particular, the same
moments. We take the mathematical expectation of
the left and right sides of formula (2) and get

E[Qp1]1=
=E[Q]+A—he *ng—e M (1-7p),

where by m, we denote the stationary probability
that the system is empty. Using that E[Q,, ;] = E[Q,],
we can write

A=he Fmg+e M (1-ng), )

which implies

e

_ et )
0" e a-n)

T

Squaring the right- and the left-hand sides of
formula (2) and taking the mathematical expecta-
tion, we obtain the following expression:

E[(Q,1)?1= E[(Q,)%]+ (A% +2) +
+ (ke_xno - e_K 1-my))+

+ 2E[Q, 1A - 2E[Q),]e " — 2he . (6)

Using E[(Q,.,)?]1=E[(®,)?] and using formula
(6), we obtain
0=22+21-2 E[Q,1(e " —1)—2he  ny.

Next, using expression (5) we obtain the equa-
tion

2E[Q, 1(e ™ — 1) =22 + 21— 21 e -1
F -2’
which implies
—A
22e21-2° ‘;‘
E[Q]- (=Y
2e™ —1)
AEA-n)+2n(1-et) )

2™ —1)(1-1)

Expression (7) determines the average number
of users in the auxiliary system at k& — o, with a
fixed A < 0.5671. Let us denote the right-hand side
of expression (7) by Q(1). Using statement 1, the
average number of users in the main system is de-
fined as:

A2A-n)+201-e7") e
2 —)(A-1)

2221 +2e7 -2)

Co2e-na-n

N =

®

Using Little’s theorem [15] and expression (8),
we can determine the average delay D in the main
system as

82 7 VHOOPMALVIOHHO-YMPABASIOLLVIE CUCTEMBI

7/ Ne3,2020



\ NH®OPMAUWNOHHBLIE KAHAABLI 1 CPEADI N\

-\
poBING] o 2-A142e7" 1) oo o
A 2 —1)(1-1)

Remark 2. The addition of 0.5 in formula (9) is
determined by the fact that the synchronous system
is considered (see assumption 1) and we thus need to
take into account the average waiting time for the
next slot.

Numerical results

In this section we present simulation results for
the system under consideration for a different num-
ber of preambles. Taking into account Remark 1,
for a finite number of preambles, we modify the al-
gorithm as follows. If a user finds itself in a conflict
situation and at the same time the base station de-
tects only one preamble, then the users participat-
ing in such a conflict will retransmit their message

with probability pzmin(Ni, IJ, where L is the
a
number of orthogonal preambles and N, is the num-
ber of users who have a message ready for trans-
mission at the time of the start another slot. It is
worth noting that in real systems, knowledge of the
value N, may not be available, but there are works
[16, 17] in which methods for its evaluation are pro-
posed. Such a modification of the algorithm for a
finite number of preambles is logical, but it may
not achieve the best performance. However, its in-
fluence on the performance of the system decreases
with an increase in the number of preambles.
Figure 3 illustrates the average delay in the
system for different values of the number of pre-

7
6.5}
6
5.5¢
51
4.5+
e
3.51%
3t
2.5}

Delay, slot

20750 100 150 200 250 300 350 400 450 500
Number of preambles
— Bound (A=0.3)
s Simulation (A=0.3)
Bound (A=e"1)

o Simulation (A=e"1)
--- Bound (A =0.4)
Simulation (A=0.4)

B Fig. 4. Values of an average delay from the number of
preambles for input arrival rate equal to 0.3, e ! and 0.4

Delay, slot
o

=~
T

Q

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
A, packets/slot

0 4 preambles x 32 preambles 100 000 preambles

16 preambles ¢ 64 preambles — Bound

B Fig. 3. The dependence of the average delay on the in-
tensity of the input arrival rate for a different number of
preambles

ambles. The bound calculated by formula (9) is also
shown. One can be see from the graph that with a
small number of preambles, the delay values go to
infinity earlier than the maximum input arrival
rate obtained previously (0.5671) at which the sys-
tem is stable. This is due to the fact that with a fi-
nite number of preambles this intensity is lower and
tends to the obtained value with an increase in the
number of preambles. One can also see that with an
increase in the number of preambles, the average
delay values approach the lower bound.

Figure 4 shows the dependence of the average
delay in the system for fixed values of the input ar-
rival rate (0.3, el and 0.4) on the number of orthog-
onal preambles. For instance, for an input stream
intensity of 0.3, about 100 preambles are enough to
reach the obtained bound.

Conclusion

We considered an unblocked random access al-
gorithm using orthogonal preambles. When a mes-
sage appears, users immediately send it. Messages
consist of data and orthogonal preambles. The base
station uses information about orthogonal pream-
bles in the event of a conflict to construct a sched-
ule that is reported to users. We introduced an aux-
iliary system under the assumption of an infinite
number of preambles and carried out its rigorous
analysis. We showed that the system with a large
number of preambles is stable for arrival intensities
up to the value A =0.5671. We also obtained lower
bounds for the average number of users and the av-
erage delay in the system. We further presented re-
sults of modeling with a finite number of preambles
with some additional modification of the algorithm.
A simulation has shown that with an increase in
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the number of preambles, the maximum intensity
of the input arrival rate approaches the calculated
one, and the delay approaches the obtained bound.
The results of our simulation showed that at an in-
put arrival rate of 0.3, about 100 orthogonal pream-
bles are sufficient to reach the lower bound. When
using a finite number of preambles, there are var-
ious ways of implementing the algorithm in case
of conflicts with the intersection of preambles for

different users. A logical continuation of the work
is the search for an algorithm that provides an aver-
age delay closest to the received lower bound.
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HuskHAA rpaHuLa JJIS cpeJHel 3aJePKKN B He0JOKUPOBAHHOM aJITOPUTMe CIyJaifHOTO JOCTYIA C OPTOrOHAJIBHBIMH
npeamMoyJiaMu
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A. M. TropJIHKOB?, JOKTOP TeXH. HAYK, mpodeccop, orcid.org/0000-0001-7132-094X, turlikov@k36.org
aCaukT-IleTepOypreKkuii rocyfapcTBeHHbBIN YHUBEPCUTET adPOKOCMUYECKOro npubopoctpoenusd, B. Mopckas yai., 67,
Caukr-Ilerepbypr, 190000, P®

6IIIkona MaTeMaTHUeCKIX ¥ KOMIILIOTEDHBIX HAayK, Y HUBepCUTeT Xepuora— yarra, daun6ypr, EH14 4AS, CoegumHeHHOE
KoponescTBO

BBenenne: B HacCTOsIIee BpeMs pa3BOPAauMBAIOTCS IIePBbI€ BEPCUU ceTel cTangapTa cBA3u 5G U BeAyTCA PaCCy KAEHUA O JalbHeHIeM
Pa3BUTHU COTOBBIX CETel U mepexoie K craufapry 6G. @yHKIIMOHNPOBaHYE PA3BUBAIOIIEICS Ule NHTEPHETA Bellleil IIJIaHUPYEeTCA B paM-
Kax CIleHapUsA MacCOBOU MEKMAIINHHON CBASY, K KOTOPOMY UMeeTcsA PAL TpeOOBaHUil: OUeHb BEICOKAA 9HeProaGdeKTUBHOCTH, OTHOCH-
TeJILHO HeBLICOKAs 3aZiePiKKa U JOCTATOYHO HaZerKHas CBA3b. [IpemosaraeTcss UCIOIb30BAHTE IPOLEAYD CIYyUaHOIO MHOXKECTBEHHOI'O
OCTyIIa, TaK KaK BBUAY 0COOEHHOCTEH Tpad)mKa HEBO3MOYKHO paspaboTaTh MOJUTUKY Pas3fejeHusa PecypcoB KaHasa. [[yid moBbInieHUA
9(hGeKTUBHOCTU CIYUANHOTO JOCTYIa MOYKHO IPUMEHATH KJIACC HeOJIOKMPOBAHHBIX &JITOPUTMOB, HCIIOJb3YIOIINX OPTOTOHAIBHEIE IIpe-
aM6Oyuinl. Ilesn: pacueT HUYKHEI TPaHUIBI CPEJHEH 3aJePiKKU AJs Kilacca HeOJIOKMPOBAHHBIX aJITOPUTMOB CIyYaHOIO MHOKECTBEHHOTO
OCTYyIIa C MCIIOJb30BAaHMEM OPTOTOHAJIBHBIX IIpeaMOys. Pe3yabTaThl: IpeyIo}KeHa MOJEJb CUCTEMBI C IOTEHIINATBHO HEOTPDAHUYEHHBIM
YHCJIOM a00HEHTOB, KOTOPHIE UCIIOJIb3YIOT CIyUaliHBIH HeOJIOKUPOBAHHBIHM JOCTYII A1 TepeJjaull JaHHBIX 10 00111eMy KaHaJy CBASH C IIPU-
MeHeHUeM OPTOTOHAJIbHBIX mpeaMOyJi. {15 6eCKOHEYHOro Yucia mpeaMOyJ JoOKa3aHo, YTO A0 NHTEHCUBHOCTU BXOJHOTO IIOTOKA, PABHOM
0,5671, cucrema paboraer crabuiabHO. ITosiyueHO 3aMKHYTOE BBIpAKEHUe [JIA pacuera cpegHell 3aflep:KKU B CTAOMJIBLHON cucTeMe B 3a-
BHUCHMOCTH OT MHTEHCHUBHOCTU BXOZHOTO ITOTOKa. OG0CHOBAHO, UTO 9TO BEIPAKEHUE ABJIAETCA HU)KHEH IpaHuIell AJd cpegHell 3aIepoKKy
B CHCTeMe C KOHEUHBIM YMCJIOM IpeaMOyJ. {15 KOHEUHOTOo YmcJia IpeaMOyJi BHIIOJHEHO UMUTAIIMOHHOE MogeanpoBanue. PesyabTaTsl
MOJIeIMPOBAHUA MOKA3aJIY, YTO IIPU YBeJINUEHUY YNCJIa IpeaM0yJ MHTEHCUBHOCTH BXOJHOTO ITIOTOKA, IIPU KOTOPO# cucTeMa paboTaer cra-
6unbHO, npubamxaerca k 0,5671, a cpegHaa 3aLep:KKa CTPEMUTCA K HUKHel rpaHuIie. IIpu MHTeHCHBHOCTH BXOJHOIO ITIOTOKA, He Ipe-
Boimairei 0,3, rocrarouno nopsagka 100 opToroHaJbHBIX IpeaMOyJI A1 JOCTUKEHU HUKHell rpaHuIlbl. IIpakTudeckas 3HAYUMOCTb:
TIOJIyueHHas TPAHUIA JaeT BOBMOKHOCTD OIIEeHUTh CHU3Y CPeIHION 3a/IeP/KKY B ONUCAHHOM KJacce aJropuTmMos. Ee ncrob3oBaHMe TO3BO-
JISeT ONIPeJeJIUTh BOBMOKHOCTE IPUMEHEHNUA PACCMOTPEHHOTO0 KJIacca aJIrOPUTMOB C TOUKY 3PEHUA OTPAHUYEHUH 110 cpegHell 3aepiKKe
Ha CTaAUU IPOEKTUPOBAHUSA CUCTEM CIAYUANHOr0O MHOYKECTBEHHOTO JOCTYIIA.

KiroueBrplie cioBa — CiIy4yailHBINT MHOYKECTBEHHBIH JOCTYII, IIpe/ieibHAs NHTEHCUBHOCTS BXOJHOTO IIOTOKA, CPeAHAA 3alePyKKa, Ipe-
amOysie, mMTC, IoT.

s mutupoBanus: Burkov A. A., Shneer S. V., Turlikov A. M. Lower bound for average delay in unblocked random access algorithm
with orthogonal preambles. Hugopmayuonro-ynpasasiowue cucmemst, 2020, Ne 3, c. 79—-85. doi:10.31799/1684-8853-2020-3-79-85
For citation: Burkov A. A., Shneer S. V., Turlikov A. M. Lower bound for average delay in unblocked random access algorithm
with orthogonal preambles. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2020, no. 3, pp. 79-85.
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OHHBIX TeXHOJIOTHUHA U KOMIIBIOTEP- T I/IH(I)OpMaI_U/IOHHI)IX CucCTeM u 3a-
Anexcanap Anngpei
B HEIX cucreM CeBacTOIMOIBLCKOrO I0- . IUTH KH(OPMAIUY, 3By IOI[A
JaTUMUPOBUY MuxaiitoBuyu

CYAapCTBEHHOTO  YHUBEPCHUTETA,
skcept PAH, saciy:eHHBIH pa-
00THUK 00pa3oBaHUs ABTOHOMHOM
Pecniy6siuku Kpsim.

B 1969 rogy oxomumsn CeBacro-
TOJIbCKUH TPUOOPOCTPOUTETBHBII
WHCTUTYT 0 crienuaibHocTy «Ma-
TEeMaTUUYeCKUe ¥ CYETHO-Delaro-
mye TpubOopHI U YCTPOICTBAY.

B 1983 roay sammTui amccepra-
I[MIO0 Ha COMCKAHNE yUeHOH CcTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
fAsnserca asropom 6Gosee 300 mHa-
VUHBIX TyOIUKAIINI.

O6acTh HayYHBIX MHTEPECOB —
CHCTeMHBII aHAJIN3, ICCIe0BAHIEe
omepanuii, TpPUKJIagHASA MaTeMa-
THKA, MOJEJINPOBaHYUE, TUCIEHHbIE
METOZBI, PACIpeleeHHbIe BBIUNC-
JIUTeNbHbIE CUCTEMBI, aBTOMATU3H-
POBaHHbIE CUCTEMBI YIIPABICHU.
9. agpec: kvt.sevntu@gmail.com

kKadenpoit MHGOKOMMYHUKAIIMOH-
HbIXx cucrem Cauxr-Ilerep6ypr-
CKOT'O YHHUBEPCHUTETA a3POKOCMU-
YEeCKOr0 IPHOOPOCTPOEHNU .

B 1980 roxy oxonumt JleHuHrpas-
CKHIl WMHCTUTYT ABUAIMOHHOTO
IpubOOPOCTPOEHUS TI0 CIIEI[AATBHO-
cru «MH(OPMAIUOHHBIE CHCTEMbI
YIpaBIEHUI».

B 2011 roapy samuruia guccepra-
I[UI0 HA COMCKAaHVE YUeHOH creme-
HU JOKTOPA TEXHUYIECKUX HAYK.
SABnsercsa aBropom 6osee 80 Hayu-
HBIX ITyOJuKaLUH,

O6sacTh HAYYHBIX HHTEPECOB —
MHOTr0a00HEHTHEIE CUCTEMEI CBS3H,
CHCTEMBI [IUCTAHI[MOHHOTO 00yue-
HUA, TPOTOKONBI Ilepefavuul JaH-
HBIX B PeaJIbHOM MaciiTabe Bpeme-
HY, aJTOPUTMBI CIKATHUA BULEOUH-
¢opmarnuu.

9. agpec: turlikov@vu.spb.ru

DPABOPCKAdA
Maprapura
Hurxonaesna

IIpodeccop, 3aBexyromas Kaden-
poil MH(OPMATHKUA U BBIYKMCIU-
TeapHOM TexHUKU Cubupckoro
TOCYJAapCTBEHHOTO YHUBEPCUTETA
HAYKY U TEXHOJIOTUII UM. aKajeMu-
ka M. @. Pemernésa, Kpacnosapck.
B 1980 rogy oxonumma Pribwma-
CKUT aBUAIIMOHHBINA TeXHOJOIIYe-
CKUIT HHCTUTYT IO CIIENNATbHOCTH
«KoHCTpynpoBaHUe U IIPOU3BOA-
CTBO  BJIEKTPOHHO-BBIUUCIUTEH"
HOIT aIimapaTypsl».

B 2011 rogy sammuruia gumccepra-
IIMIO0 Ha COMCKAHNE yUYeHOH CTele-
HU JOKTOPA TeXHUIECKIX HAYK.
fAsnserca aBropom okoso 160 mHa-
VUHBIX yOJUKAIHI.

O6GacTh HayYHBIX WHTEPECOB —
pacmosHaBaHue 00pas3oB, 1ud-
poBasi o0paboTKa u300paKeHuit,
KJIACTEDHBIH aHANIWU3, WHTEJJIEeK-
TyaJbHbIE TEXHOJOTUU 00pabOTKM
IaHHBIX U P.

9. agpec: favorskaya@sibsau.ru

XOMOHEHEKO
Amnaroauit
Avurpuesuyu

IIpodeccop, saBexyiomuii xaden-
Poii MH(MOPMAI[MOHHBIX U BBHIUKC-
JIUTeNbHBIX cucTeM IleTepOyprexo-
r'0 TOCYAAPCTBEHHOT'O YHUBEPCUTE-
Ta myTei coobmenus Vmmeparopa
Aunercannpa I.

B 1975 rogy oxomumn BoeHHbIi
uH)KeHepHBIT KpacHo3HaMeHHBIH
uHCTUTYT UM. A. ®. Morkaiickoro
[0 CIEHATBHOCTH «IIEKTPOHHO-
BBIUUCJIUTEIbHAA TEXHUKAY.

B 1991 rogy samuTui auccepra-
IO HA COMCKAHWE YUEHOH CTele-
HU JJOKTOPA TEXHUIECKUX HAYK.
SABnserca aBropom 6osree 190 Hayy-
HBIX IIyOJIUKAIuil U 25 aBTOPCKUX
CBU/IETEIHCTB HA H300peTeHus.
O6sacTh HAYYHBIX MHTEPECOB —
YICIeHHbIe METOBI TEOPUH Macco-
BOTO O0OCIYKUBAHUSA, IPOIPAMMU-
poBaHUe, KOMIbIOTEpHAA Gesomac-
HOCTb, 0asbl JAHHBIX U WH(OPMAa-
[MOHHBIE CHUCTEMBI, CHCTEMBI HC-
KYCCTBEHHOT'0 NHTEJIJIEKTA.

9. agpec: khomon@mail.ru

IITHEEP
Bcesoaon
Baaguciaasosuu

ITOIEHT IIKOJBI MATEMATUYECKUX
¥ KOMIBIOTEDPHBIX HAYK YHUBEPCHU-
rera Xepuora—Yarra (Heriot—
Watt University), BenuxoGpura-
HUA.

B 2003 oxoHuMI € OTIMUMEM MeXa-
HUKO-MaTeMaTHUeCKUN PaKyIbTeT
HoBocuGupCKOro rocyaapcTBeHHO-
IO YHUBEPCUTETA IO CIEIUATIBHO-
cru «Maremaruka».

B 2006 roxy samurua guccepra-
MO0 HA COUCKAHVE YYEHOH CTeleHN
PhD B yHusepcurere Xepuora—
Varra (Heriot—Watt University).
SBnserca aBTopom 35 Hayu-
HBIX MyOJIUKAIAI.

O06JiacTh HAYYHBIX UHTEPECOB —
IPUKJIAAHAA BEPOATHOCTb.

9. agpec: v.shneer@hw.ac.uk

SAAPEHKHNH
Amnngpeit
AnexcanapoBuyu

IlonenT, HayaJdbHUK Kadeapsl
0OpTOBBIX HH(MOPMAIMOHHBIX U
U3MEPUTENBHBIX KOMILIEKCOB Bo-
€HHO-KOCMUYECKOI aKazeMuu
um. A. ®. Moxaiickoro, CauKT-
ITerepOypr.

B 1995 romy okonuma Boenuyio
MH)KEHEePHO-KOCMUYECKYI0 aKaje-
muio uM. A. ®@. Mokatickoro mo
crenuanbHocT  «ONTHKO-9JIeK-
TPOHHBIE IPUOOPHI U CUCTEMBI».

B 2003 roxy samwmTui guccepTa-
[MI0 HA COMCKAaHWE YUEHOH CTele-
HU KaHAUATA TEXHUUECKUX HAYK.
fABnserca aBropom 50 HayuHBIX
nyOauKaIuii.

O6sacTh HAYyYHBIX HHTEPECOB —
MEeTOZbI AHAIN3a U CUHTe3a CUCTEM
VIpPaBJEHUSA JIeTaTeJbHBIX allla-
paros.

9. anpec: andrei_nikita@mail.ru
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