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AHHOTAIUA

Ipenmer nccaenoBanus. Vcenenosan npouecc GopMUpPOBaHUS JMHAMUYECKUX rojIorpaMM B (GoTopedpakTHBHOM
KpUucTallIC€ CUJIMKaTa BUCMYTa HAHOCCKYHIHBIMU JIa3€PHBIMU MUMITYJIbCAMU IPU U3BMEHCHUU AJIMHBI BOJIHBI
u3nyuenus. IIpeanoxxena opuruHanbHas cxeMa 3alicy roJorpaMM AJisl COXpaHEeHHsl epruoaa peleTKy npyu padbore
Ha pa3HBIX JunHaX BonH. MeToa. [IpuMeHeH MeTOa MMIYNbCHOM 3alKuCH AMHAMUYECKUX PEIIETOK HAa OCHOBE
MPEATIOKEHHOW OMTHYECKOH CXeMbl, KOTOPBIN o0ecrednBaeT BBIIIOJHEHUE YCI0BHs bparra mias 3oHIupyomero
n3mydenust. OpUrHHAIBHOCTh CXEMBI 3aKIIFOYAeTCsl B MCIONB30BAaHNH NTEPBBIX MOPSAKOB AU(PPAKIMH TIPOITY CKAIOIeH
J(PaKIIHOHHON PEIICTKH B Ka9ECTBE OIIOPHOI M CUTHAILHON BOJH, a TaK)Ke TEJIECKOITMIECKON CHCTEMBI, IPIMEHEHHON
JUIsL (pUKCAIIUU NIePHO/a 3allMChIBAEMOIl PelIeTKN HEe3aBUCUMO OT HCIIOIb3yeMOU UIMHEI BOJIHB. OCHOBHBIE
pe3yabTarhl. [lomydeHbl KWHETHUECKHE 3aBUCUMOCTH AU(PPAKINOHHONH d(PPEKTHBHOCTH JUHAMUYECKUX T'OJIOrpaMM
B (bOTOpC(bpaKTI/IBHOM KpUCTaJJIE CUJIMKaTa BUCMYTa IPU U3MCHCHUU JIMHBI BOJIHBI 3allIMCBIBAIOIIETO HU3JIyUCHUA
B aKTyaJbHOM CHeKTpajibHOM jauanasone (ot 450 o 600 um). YeranosneH 3)GeKT NPOsSBICHHS KOHKYPUPYIOLIHX
MEXaHH3MOB 3aMUCH KOPOTKO- (COTHH MHKPOCEKYH]) M JONTOKUBYIIUX (CEKYH/IbI) PEHIETOK, BK/IAJ KOTOPBIX 3aBUCHT
OT JUTMHBI BOJIHBI 3aMHCHIBAIOIIETO TONOrpaMMy H3IMydeHus. OTpeneneHa OnTuManbHas ATUHA BOIHBI UIS TOTyYCHUS
Haubomnsineil nudpaxnuonHoit apdexruBHOCTH rosorpamm. [lokazano, 4To U3ITydeHHE B CHHE-3€JICHON 00IacTu
CIIEKTpa MPUBOAUT K NPEUMYICCTBEHHOH 3allMCH KOPOTKOXKHBYIIEH PEIIeTKH, B TO BPeMs KaKk B KpacHOW obiactu
CIEKTpa JOMUHHMPYIOT JOJITOXUBYIHE permeTku. [IpakTnyeckast 3HaYNMocTh. HeoOxonnMocTs MccieioBanuit
(doTopedpakTUBHBIX KPHCTAIUIOB CEMEHCTBA CHIICHUTOB OIPEACICHa UX IIPUMEHEHNEM JUIsl MYJIBTHUIUIEKCHOMN 3aIMCH
JUHAMHYECKHUX TOJIOrpaMM U peaau3alii METOo/a alanTUBHON HHTEp(EpOMETPUH /ISl OTCISKUBAHUS U3MEHEHUI
00BEKTOB B peaibHOM BPEMEHH.

KiroueBble cii0Ba
JUHAMUYECKHE TOJ0rpaMmbl, GoTopedpakTUBHBIE KPUCTAIIbI, CUIMKAT BUCMYTa, UMITyJIbCHas rojorpadus,
mudpaxoHHas 3 HEKTUBHOCTD, IEPECTPONKA TMHBI BOJIHBI

Ccepuaka nas nutupoBanus: [lanenxos U.IN, Tonctux A.JL., Muxciok F0.1., Cacunukos K.A. VimmynabscHas 3anuch
JMHAMMYECKHX TOJOTPaMM B KPHCTAJUIEC CHIIMKATa BUCMYTA IPH W3MEHCHUH JUTMHBI BOJIHBI JJA36PHOTO M3ITy4YeHHUs //
HayuHo-TexHIUYecKrid BeCTHHK HH()OPMAIIMOHHBIX TEXHOIOTHIA, MeXaHUKH U onTuku. 2022. T. 22, Ne 6. C. 1025-1030.
doi: 10.17586/2226-1494-2022-22-6-1025-1030
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Abstract

The formation of dynamic holograms in a photorefractive bismuth silicate crystal by nanosecond laser pulses with a
change in the radiation wavelength is studied. An original scheme for recording holograms is proposed to preserve the
grating period when operating at different wavelengths. The method of pulsed recording of dynamic gratings based
on the proposed optical scheme is applied, which ensures the fulfillment of the Bragg condition for probing radiation.
The originality of the scheme lies in the use of the first orders of diffraction of a transmitting diffraction grating as the
reference and signal waves, as well as a telescopic system used to fix the period of the recorded grating, regardless of the
wavelength used. Kinetic dependences of the diffraction efficiency of dynamic holograms in a photorefractive bismuth
silicate crystal are obtained with a change in the wavelength of recording radiation in the actual spectral range (from
450 nm to 600 nm). The effect of the manifestation of competing recording mechanisms of short-lived (hundreds of
microseconds) and long-lived (seconds) gratings, the contribution of which depends on the wavelength of the radiation
recording the hologram, has been established. The optimal wavelength for obtaining the highest diffraction efficiency
of holograms is determined. It is shown that radiation in the blue-green region of the spectrum leads to the predominant
recording of a short-lived grating, while long-lived gratings dominate in the red region of the spectrum. The need to study
photorefractive crystals of the sillenite family is determined by their use for multiplex recording of dynamic holograms
and the implementation of the adaptive interferometry method to track changes in objects in real time.
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BBenenue

OHO U3 CYIIECTBCHHBIX MPEUMYIIECTB (hoTopedpak-
THUBHBIX KPUCTAJJIOB — BO3MOXKHOCTH 3allUCH U Iepe-
3alKCH B HUX JUHAMUYECKUX TOJIOTPaMM, BpeMsl KHU3HU
KOTOPBIX MOXKET U3MEHSTHCS OT MUKPOCEKYH A0 CEKYH][
U JIaKe 4acoB. DTO OMpPEAENsIeT UX UCIONb30BaHUE B TOJIO-
rpadMueCcKuX CHCTeMax 3alMCH, XpaHEeHUs] U 00padOTKH
WHPOPMAIIHNH, ATaNTUBHBIX HHTepdepomeTpax u ap. [1-5].
®du3ngecKkre MPOIECChl 3allUCH ToJIoTpaMM B (GoToped-
PAaKTHBHBIX KPUCTAJUIaX OCHOBAHBI HAa MPOCTPAHCTBEH-
HOM TIepepacipeaeTICHIN 3apsI0B B Mosie HHTephepupy-
IOIIX CBETOBBIX ITYYKOB [0 MHOTOUMCIIEHHBIM LIEHTPAM,
MMEIOIINM Pa3HOoOOpa3HbIe MPUPOIY BOSHUKHOBEHUS U
xapakrtepuctuku. [1o cBoeil sHepreTHYeCcKo CTPyKType
(dboropedhpakTUBHBIC KPUCTAIIBI CEMEICTBA CUILICHUTOB,
B TOM YHCJIC UCCIIEAYCMbIil B HACTOSINECH paboTe KPHCTaILI
CHJIMKAaTa BUCMYTA, SIBJISIOTCS IINPOKO30HHBIMU MOJTYTIPO-
BOAHUKaMU. [Ip1 5TOM cymiecTBeHHOE BIUSIHUE HA (POPMHU-
pPOBaHUE rOJIOrPAMM OKa3bIBAIOT IPUMECH U CTPYKTYPHBIE
JIe(PEKTHI KPUCTAIUTUYSCKON PEIICTKH, IIPUBOJISAIINE K BO3-
HUKHOBCHHUIO B 3aIIPEIICHHON 30HE JOHOPHBIX M aKIIETITOP-
HBIX YHEPreTHIeCKuX ypoBHeH [6—9]. OCOOEHHOCTD KpH-
CTAJUIOB CHJUICHUTOB — OHOBPEMEHHOE CYIIECTBOBAaHHE
JIONTO- (CeKyHIBI, YaChl) M KOPOTKOKUBYIIIUX JIOBYIIIETHBIX
YpOBHEH (MHKPO- M MUJUTUCEKYH/IBI ), KOTOPBIE MOTYT OBITh
3aceNieHbl B PEe3yNbTaTe MOIVIOMICHUS JIa3epHOTO H3IIyde-
HUS KPUCTAJIJIOM B IIHPOKOM CHEKTPalIbHOM JHaNa3oHe
[10-12]. ITpu sTOM (hopMHpOBaHUE CBETOMHIYLIUPOBAH-
HOTO OTKJIMKA, BBIPAXKAOLIETOCs B JIOKAJIbHOM N3MEHEHUU

TMoKa3aresis pesoMIIeHNs] 1 KodQUIeHTa NONIOICHUS,
MOXET OBITh peaM30BaHO C UCIIOJIB30BAaHUEM KaK Hempe-
PBIBHOTO JIA3€PHOrO U3JIy4eHUs, TaK U MOJ AeHcTBUEM
HAHO- U MUKOCEKYHJHBIX JIa3epHBIX UMIYNbCOB [13, 14].
B paborax [15, 16] moka3aHo, 4TO, IPOSIBIICHHE KOPOTKO-
JKUBYIIUX JIOBYIICUHBIX YPOBHEH CYIIECTBEHHO 3aBHCUT
OT MHTEHCUBHOCTH 3alMCBIBAIOIIETO M3myueHus. [Ipu He-
OONBIINX MHTCHCHBHOCTSIX 3aMUCBIBAIOTCS JOJITOKUBY-
M€ PEUIETKH C BPEMEHEM JKU3HH Ha YPOBHE CEKyH/I, B TO
BpEMSI KaK C YBEJIIMUEHHEM MHTEHCUBHOCTHU MPOSIBIISIOTCS
OBICTpBIC KOMIIOHEHTHI B AWANa30HE COTEH MUKPOCEKYH]I.
OTMeTHM, YTO HCCIIEIOBAHUS BBITIOIIHEHBI Ha OHON JTHHE
BOJHBI 532 HM. BaskHbIll mapameTp 11 3alUCH IMHAMUYe-
CKUX TOJIOFPaMM — HCIOJIb30BaHHUE JJIMHbI BOJIHBI 3aIlU-
CBIBAIOIIETO U3Iy4€HUs], IOCKOJIBKY NP UCIONb30BAHUHI
JIpyTOi AJIMHBI BOJIHBI BO3MOXKHO ITPOSIBIIEHUE Pa3InUHbIX
ocoOeHHOCTel (POPMUPOBAHUS M PEJIAKCALIUK ANHAMUYC-
CKHUX PEIIETOK.

Lenp manHON pabOTHI — ONTHMHU3AINS CIICKTPATBHBIX
YCIIOBHIA UMITYJIECHOH 3aIIFICH TOJIOTPaMM B (hoTopedpak-
TUBHOM KpPHUCTaJJIe CHJIMKATa BUCMyTa. [l MOCTHXKEHUS
MOCTABJICHHOHN LIEJIN ONpPEEICHBI CIEAYIONUINE 3a0a4n:
M3MEPHUTh 3aBUCUMOCTH MHTEHCHBHOCTHU J(parupoBaH-
HOTO CUTHaJIa OT BPEMEHH MPHU UCTIOIb30BAHUM TSI 3aTTHCH
HUMIYJIbCHOTO JIA3€PHOTO U3JIYYEHHUS HA PA3HBIX JUIMHAX
BOJIH; OIPEJCIIUTh BpeMsi (OPMUPOBAHUS U PEIIAKCALIH
JMHAMHYECKHUX PEICTOK; YCTAHOBUTH ONTHMAIIbHbIC JITH-
HBI BOJIH JUISl 3aIIUCU KOPOTKO- U JIOJITOKUBYILUX PEIIETOK.
C nesnbro ONTUMHU3ALUH YCIIOBHH ToJI0TpadUIecKoi 3aHcH
BBITIOJTHEH aHAJIN3 CIIEKTPAIBHBIX 0COOEHHOCTEH (hopMu-
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WN.T. Dapexkos, A.J1. Tonctuk, KO.U. Mukctok, K.A. Cae4HMKOB

POBaHUSI TUHAMUYECKHX TOJIOTPAMM IPH UCTIOJIb30BaHHU
JIA3EPHBIX UMITYJIbCOB Ha Pa3IMYHBIX JUIMHAX BOJH B J[Ha-
na3one ot 450 g0 600 HM.

MeToKa MPoOBeIeHUsI IKCIIEPUMEHTA

15 nccnenoBaHus 3aBUCHUMOCTH aMIUTUTYIHBIX H
BPEMEHHBIX XapaKTEPUCTUK TUHAMUYECKHUX I'OJIOTPAMM B
KpHCTaJlJIe CUIMKaTa BUCMYTa B KAUeCTBE HCTOUHHKA U3ITy-
YyeHus!, (OPMHPYIOILETO rojIorpaMMy, UCIIONB30BaH Iapa-
METPUYECKHUH TeHepaTop ¢ AIUTENbHOCTBIO JIa3€PHBIX UM-
mynbeoB 10 + 1 He ¥ IIMPHUHOM TMHUYU TeHEpaIu O\ MeHee
0,1 amM B BUIuUMOI obmacTtu crekTpa. [lapamerpudeckuii
TeHepaTop BO30YX/IEH M3IYUCHUEM TPETheil TapMOHHUKH
Nd:YAG mazepa. 30HaupoBaHne 00IacTH 3aMUCH TOIO-
rpaMMBbI IPOBEJECHO N3ITyYEHHEM HEIIPEPBIBHOTO I'eNnii-He-
OHOBOTO JIa3epa MOLUIHOCTHIO B HECKOJIIBKO MHJITHBATT.
Vcnonp30BaHue JaHHOTO Jlazepa B KadeCTBE 30H/AA CIIO-
coOCTBOBAJIO HETIPEPHIBHOMY KOHTPOJIIO 3a MPOIlecCaMu
(hOopMHUpOBaHUS U peJIaKCaluy 3aIMCHIBAEMBIX TOJIOTPAMM.
Pazpaborana opurnHanbHas cxema 3anucu (puc. 1), ocHo-
BaHHAas HA MCIOJb30BAHUU JU(PPAKIMOHHONW PENIETKU C
M3BECTHBIM MIEPHOIOM U TEIECKONUUECKOM CHCTEMBI, (hOKY-
CHpYIOIICH NepBble TOPSAKN TU(PAKINN HA NCCIIETyEMbIH
kpuctaint. OTnauTenbHasi 0COOCHHOCTh JTaHHOW CXEMBbI:
TIPY U3MEHEHUH JUTUHBI BOJIHBI 3aIIMCHIBAIOIIETO M3y UCHUS
M3MEHSIETCS YTOII MEXTy IydKaMH, TU()parupoBaHHBIMU B
TUTIOC/MUHYC TIEPBBIE MOPSAKH, YTO MIPUBOJHUT K aBTOMa-
THYECKOW MOACTPONKE M COXPAHEHUIO TIepruoaa (HhopMupy-
eMoii roorpaduueckoil pereTk: He3aBUCHMO OT JUTHHBI
BOJIHBI TTAJAIOIIEr0 U3My4YeHus. B a3ToMm ciyuae nmeer Me-
CTO aBTOMAaTHYECKOE BBIMIOJIHEHHE ycloBus bparra s
BOCCTaHABIIMBAIOIIETO CBETOBOTO Iy4Ka MPU U3MEHEHUN
JUIMHBI BOJIHBI 3alMchIBatoniero u3inydenus. Haomonenne

3a KWHETUKOW pellakcanuy 3aicaHHoMi roJorpaMMBbl 0Cy-
IICCTBIICHO MPHU MIOMOIIHU p-i-n GoToaunona u uudpoBoro
ocumutorpada. Ilapamerpuyeckuii reHepaTop MO3BOINII
TIOJTYYUTh UMITYJIbCHOE JIa3epHOE N3ITyUCHHE B THANa30He
ot 400 HM 10 2 MKM ¢ marom u3MeHenus 0,1 HM, 94To Jaet
BO3MOXHOCTb PabOTaTh BO BCEM CHEKTPAILHOM JHana3o-
HE, aKTyaJbHOM ISl KPHCTAJUIOB CEMENHCTBA CHIIIICHUTOB
(450-600 uM). B manHOM MHTEpBase A KpUCTaIa CH-
JUKaTa BUCMYyTa UMeeT MecTo 3(pPexT poTomHayIHnpo-
BAaHHOTO TOIVIOIIEHHSI, OJTHAKO, IPU HUCIOIb30BaHUN IS
3aMMCH TOJIOTPAMM OJMHOYHBIX JIa3ePHBIX UMITYJIbCOB C
(hukcupoBaHueM sHepruu Ha ypote 1 M/Ix, popmupyemast
9TUM 3((PEKTOM aMILTUTYAHAsT pEIleTKa OKa3bIBaeT IIpe-
HeOpeXMMO MaJloe BIMSHUE Ha O0LIyI0 AU(PPAKIOHHYIO
3¢ PeKTUBHOCTB roorpaMmbl. BEIOOp KOPOTKOBOIIHOBO
rpaHuiel auanazona 450 HM 00yCIIOBICH BBICOKHM TI0-
IJIOIIEHNEM M3JIYYCHHUs] B KPUCTaJUIe CHIIMKATa BUCMYTA
MIPY IPUOIVDKEHNH K JUTMHE BOJIHBI, OTBEYAIOIIEH NPSIMBIM
MEK30HHBIM TepexofaM. B aTom ciydae 3ameueHo Hapy-
IICeHHEe YCIOBHI 00beMHOCTH (popMupyemoii audpakun-
OHHOIl pelIeTKy, U rojlorpaMMa 3alicaHa He B 00beMe
KpHCTajlia, a B IPUrpaHudHOM ciioe. Takoe HapylieHue
CBSI3aHO C TeM, 4TO d(exTrnBHas [ITyOrHA IIPOHNKHOBEHHS
M3JTyYCHUs! B KPUCTAJUI CHIIMKATa BUCMYTa, COIVIACHO 3aK0-
Hy Byrepa, MenbIe hakTHUecKol TOIIMHBI KpUCTAIIA, 1
9TO MPUBOAUT K TOMY, uTo napametp Kieitna Q mensie 10.
[Tpu aTOM rosorpamMma 3amycana He BO BceM 00beMe KpH-
cTajlla, a B IPUIIOBEPXHOCTHOM clioe. /JIMHHOBOJIHOBAS
rpaHUNa BEIOPAHHOTO Jxana3oHa o0ycIoBiIeHa CHIPKEHUEM
TG paknnoHHON 3()(HEKTUBHOCTH U YyBCTBUTEIHHOCTH
KPHCTAJJIOB TIPH 3aIFCH TOJIOTPAMM B KPAacHON 00macTu
CIIEKTpA.

Pe3ynbTar IpOBEIEHHOTO SKCTIEPUMEHTA — IMOTyYEeHHUE
Habopa OCHMIIOTPaMM, CHSITBIX MPU PA3IMYHBIX BPEMEH-

13

12

(SN —
[

V
8 7

Puc. 1. Cxema 3KCIIEpUMEHTAJIBHOM YCTaHOBKU:

] — MMITYJIbCHBIH J1a3ep HA UTTPHI-ATFOMMHUEBOM I'paHaTe ¢ HOHAMU HEOAMMA; 2 — TeHEPaTOp BTOPOW rAPMOHUKH Ha KpUCTAILIe
KDP; 3 — reneparop TpeTbeii rapmonuku Ha kpucramie LBO; 4 — napameTtpudeckuii reneparop Ha kpuctauie BBO; 5 — npusma
MOJTHOTO BHYTPEHHETO OTpaskeHusl; 6 — audpakunoHHAs peneTka; / — cobuparomas nuH3a ¢ f = 350 mm; § — nuadparma;

9 — chepuyeckoe 3epkaio ¢ f= 80 mm; /() — KPUCTAIUT CHIIMKATa BUCMYTa ¢ TUHEHHBIME pasMepamu 10 X 10 x 2 mMm;

11 — HenpepbIBHBIH reJNii-HeOHOBBII Ja3ep; /2 — 3epkaio; /3 — ¢oTonpreMHOe YCTPOUCTBO

Fig. 1. Scheme of the experimental setup, where / — pulsed yttrium-aluminum garnet laser with neodymium ions;

2 — second harmonic generator on a KDP crystal; 3 — third harmonic generator on an LBO crystal; 4 — parametric generator on a
BBO crystal; 5 — prism total internal reflection; 6 — diffraction grating; 7 — converging lens with /= 350 mm; 8§ — diaphragm;
9 — spherical mirror with /= 80 mm; /0 — bismuth silicate crystal with linear dimensions 10 x 10 X 2 mm; // — continuous
helium-neon laser; /2 — mirror; /3 — photodetector
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Puc. 2. OcunutorpamMmbl GOPMUPOBAHHS U peTaKCalliy 3aIMCaHHON rOJI0rPaMMBl, MOJIYUYCHHbIC ITyTeM HaOIIOCHH S 32
T parupoBaHHBIM JTy4YOM TeINH-HEOHOBOTO Jia3epa, ¢ BpeMEHHBIMU pasperneHusMu: 250 He (a), 50 mxc (b), 5 mc (¢), 100 mc (d),
IIPU OCBEILEHUN KPUCTAJUIA JIa3epHBIM UMITYJIbCOM MapaMeTPUYECKOro reHepaTopa ¢ AIMHOM BOIHbI 510 HM U MHTEHCUBHOCTBIO
1 MBt/cm2, tie U — HanpsKeHue, { — BPeMs

Fig. 2. Oscillograms of the formation and relaxation of the recorded hologram obtained by observing the diffracted beam of a
helium-neon laser, with time resolutions: 250 ns (@), 50 ms (b), 5 ms (c), 100 ms (d), when the crystal is illuminated by a laser pulse
of a parametric generator with a wavelength of 510 nm and an intensity of 1 MW/cm2, where U is the voltage, ¢ is the time

HBIX pa3penieHusx (puc. 2). FiameHnenne pasperieHni Heoo-
XOJIMIMO, TaK KakK IPHU UMITYJIbCHOM 3arucu (pOpMUPYIOTCS
KOPOTKO- U AOJIOKUBYUIUEC TOJIOIpaMMbl C BpEMEHaAMU
YKU3HH, OTIIMYAIONTUMHUCS Ha HECKOJIBKO MOPSIIKOB.

PesyabTaThl 1 00CyxKAeHUE

Hudpakunonnsie 3¢gpdexruBrocTH (puc. 3, a, b) HOp-
MHUPOBaHbl HA MAaKCUMaJIbHOE 3HAYCHHE, MOIYICHHOE B
X071€ IKCIIepUMeHTOB. BuiHo, uto mudpakiponHas s dex-
TUBHOCTH (1)) JOJTOKUBYIIEH PEIICTKH MPAKTUIESCKH HE
3aBUCHT OT JUIMHBI BOJIHBI H3TyueHus (L), popMHpyrOIIero
roJiorpamMmy, B TO BpeMs KaK KOPOTKOJKUBYII[asl peleTka
HMeeT MaKCUMYM Ha JUinHe BOJIHBI 470 HM. DTO CBA3aHO C
T€M, YTO MPH TONIIUHE UCCIETYEMOTr0 KPUCTaIIIa, PABHOU
2 MM, Ha 3TOH JJIMHE BOJHBI MPOUCXOAUT Hanboee d¢-
(heKTUBHOE TIOIJIOMICHHE 1 IAIOIIET0 U3ITyUeHUs B 00beMe
kpucrasa. IIpu ncnonb30BaHNN N3ITYYEHUS] C MEHBIICH
JUTMHOHM BOJIHBI ToJIoTpamMMa OyZieT 3alHChIBaThCs B CIIOE
C MEHbIIEHN TONIIMHON, YEM HCCIENyEMBII KPpUCTAILI, a
IIPU MCTIONB30BAHUU M3ITy4eHUs ¢ OONbIIEH IJITHMHON BOII-
HBI — 3aMETHas 4YacTh U3ITyUYeHUs Oy/IeT MPOXOANTH Yepes3
KPHUCTAJUI, HE UCTIBITHIBAS TOTJIOLICHHUE.

Ha puc. 3, ¢, d nmpencTaBieHsl 3aBUCIMOCTH BPEMEHHU
(hOpMUPOBaHUS KOPOTKO- M JOJITOKUBYIIEH PELIETOK OT
JJIMHBI BOJIHBI 3alTUCBIBAIOMICTO U3JTYUYCHHUA. BI/I}IHO, qTO
BpEMsl 3aITUCH KOPOTKOKMBYIIEH PEIIeTKH HAXOANUTCS Ha
YPOBHE HECKOJILKMX COTEH HAHOCEKYH]I, B TO BPEMsI KaK JUIs
JIOJITOKUBYIIEH PEIIETKH ATO BPEMSI COCTABIISIET HECKOIBKO
MWUTACEKYH/I. VI3 TIpe/IcTaBIeHHBIX 3aBUCHMOCTEH TaKKe
MOXHO CJIeNIaTh BBIBOJ], YTO B KOPOTKOBOJIHOBOH 00/1acTh
CIIeKTpa BpeMs (HOPMHUPOBAHHST KOPOTKOXKHUBYIICH PEIIETKH
MaKCHMAaJIbHOE, B TO BPeMsl KaK JIOITOXKUBYILEH — MUHH-
ManbHoe. [Ipy npoiBIKEHNH B JWIMHHOBOJIHOBYIO 00JIacTh
crieKTpa BpeMs (POpPMHUPOBAHUS CTAOMIA3NPYETCS TIpUMep-
HO Ha OJJHOM YpPOBHE JUIsl 00SHX PEIIEeTOK.

Pa3nnuns B HoBeAGHUN AMHAMHYECKUX PEIISTOK JAr0T
OCHOBaHMUA MPECAITOJIOXKUTE PA3HBIC (bI/ISI/I‘IeCKI/Ie MCXaHU3-
MBI X (DOPMHUPOBAHUSI: KOPOTKOKUBYIIAsI pelieTKa o0y-
CJIOBJIEHA JIOKAJILHBIM IIepepacipeielIeHueM IeKTPOHOB
T0 JIOBYILICYHBIM YPOBHSIM, B TO BPEMsI KaK JI0JITOXKUBYILIAsT
pemrerka cBsizaHa ¢ Auddysueit AEeKTPOHOB M0 00BEMY
Kpuctajuia u popmupoBanneM GoropedpakTHBHOTO OT-
KJIMKa 32 CYET TeHEepanny JIEKTPUIECKOTO OISl BHYTPH
KpHCTaJIA.
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Puc. 3. 3aBUCHMOCTH OTHOCHTEJILHOH AudpakiuoHHoit sddexruBroctu (1) (a, b) u Bpemenu popmuposanus () (¢, d) a1 KOPOTKO-
U JOJTOXKUBYIINX PEIISTOK, MOJYUESHHBIX TIPU OCBEIEHUH KPUCTAJIA JIa3ePHBIM HUMITYJIbCOM TTapaMeTPUYECKOro reHeparopa, oT
JUTHHBI BOJTHBI 3aITMCHIBAIOIETO M3TyYeHHs P HHTEHCHBHOCTAX: 1 MBT1/emM? (a, ¢) u 5 MBt1/em2 (b, d).

O0o03HaueHus: KpHUBBIX: ® — KOPOTKO- 1 A — JOJITOKUBYLIAst pEIICTKU

Fig. 3. Dependences of the relative diffraction efficiency (1) (a, b) and formation time (¢) (¢, d) for short- and long-lived gratings
obtained by illuminating the crystal with a laser pulse of a parametric generator on the recording radiation wavelength at intensities:
I MW/cm? (a, ¢) and 5 MW/cm? (b, d).

Curve designations: ® — short- and A — long-lived gratings

3akaouenne

B pabore moxazaHa BO3MOXHOCTb ONTHMH3aLUH yC-
JIOBUI1 3aIMCH TOJIOTPaMM HMITYJILCHBIM JIa3€POM B CIICK-
TpajabHOM Juamna3one ot 450 1o 600 HM B KpHCTaIIIe CUIH-
Kara BUCMyTa. B Xo/ie 9KCriepiMeHTalIbHOIO UCCIISIOBAHMS
YCTaHOBJICHA BBIPAXKEHHAs CIIEKTpaIbHAs 3aBUCHUMOCTh
s¢dexkTuBHOCTH HOPMUPOBAHUS KOPOTKO- U JOJITOKH-
BYIIUX AMHAMUYECKUX PEIICTOK B (poTOpedpakTUBHBIX
KpHCTaJlJIaX CHJIMKAaTa BUCMYTa, HCIOIb3yEMBIX B CHCTE-
Max aJanTuBHOW mHTepdepomeTpun. B pesynbrare pe-
LICHMS 33/1a4H YCTAHOBJICHHS BpeMEHH (OPMUPOBAHUS U
perakcay JUHAMHUYECKUX PEHICTOK B KPUCTAILIE CHIIH-
KaTa BUCMYTa OIIPEAECIICHO, YTO B CHHEW 00JIaCTH CIIeKTpa
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3. Shandarov S.M., Burimov N.I., Kul’chin Yu.N., Romashko R.V.,
Tolstik A.L., Shepelevich V.V. Dynamic Denisyuk holograms in cubic
photorefractive crystals // Quantum Electronics. 2008. V. 38. N 11.
P. 1059-1069. https://doi.org/10.1070/QE2008v038n11ABEH013793

4. Pomamko P.B. AnantuBnas ronorpaduueckas HHTEpHEpOMETPHsL:
TEXHHKa, IPOrpecc U NpHiIoKeHus // BecTHUK JlanbHEBOCTOYHOTO

(450-500 HM) TOMUHHMPYIOIIMMH SIBIISIOTCSI KOPOTKOXKH-
BYIIIME PEHICTKH C BPEMEHAMH XM3HHU Ha YPOBHE COTHH
MUKpOCEeKyHJI. [Ipn cMemeHnu JUIMHBI BOJIHBI 3alHChI-
BAIOILETO M3JIyYCHHS B JJIMHHOBOJIHOBYIO O0JIAcTh CIICK-
Tpa ux nuppakuroHHas Y3PPEKTUBHOCT YMEHBIIACTCS, U
JOMHUHHPYIOIINMH CTaHOBSITCS JOJIT0XKHUBYIIHE PEHICTKH
C BPEMEHEM KHM3HU B HECKOJIbKO ceKyHA. OmpeneneHa
ONTUMAJIbHAS JUIMHA BOJIHBI JUIsI 3aMIUCH JIMHAMHYECKUX
PEILIETOK B CHIINKATe BUCMYTa, KoTopast cocTaBmia 470 HM
IIpU TONIIMHE KpucTamia 2 MM. [lpu 3anucu Ha 3To# 1uin-
HE BOJIHBI (JOPMHUPYEMBIC TUHAMUYECKHE TOJIOTPAMMEI
UMeJIn HanOoJIbIIyI0 U(PPAKINOHHYI0 3()()EKTUBHOCTD
pyu GUKCHUPOBAHHOW SHEPTHH JIA3EPHBIX UMITYJIBCOB Ha
ypoBHe 1 M/Ix.
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AHHOTALUA

IIpeamer uccaenoBanust. DHIOCKOIBI IMPOKO MPUMEHSIOTCS JUIS TMATHOCTUKH PA3IMIHBIX 3a00JIeBaHHI BHYTPEHHUX
opranoB. Hanbosee coBepIieHHbIE YHJOCKOIIBI COIEPIKaT BCTPOCHHBIC B 30H]] MHHHATIOPHBIE TEJICBU3NOHHBIC KAMEPHI,
KOTOpBbIe 00eCIIeYNBAIOT BBICOKOE IIPOCTPAHCTBEHHOE paspereHne. OHAKO TPaJULIHOHHBIC TEICBU3HOHHBIE KaMephl
CYUIECTBEHHO MCKAKAIOT CIIEKTPAJIbHBINA COCTAB MepeiaBaeMOro H300pakeHusl, Tak kak B cucreMe RGB BocniponsBoasT
TOJIBKO OrPaHMYEHHbIE 110 MIMPUHE CIEKTPalibHbIE IMHUU. BMecTe ¢ TeM MOIHBIN ONTHYECKHH CIEKTP H300paKeHus
o0cIieyeMoro BHyTPEHHETO OpraHa HeceT Ooniee o0MMpPHYI0 HHPOPMAIHMIO, KOTOpask MOXKET OKa3aThCs PeLIaroei
TIPU THATHOCTHKE OHKOJIOTUUECKHX 3a0oneBannii. Takum 00pa3oM, BayKHYIO POIIb HTPAET CHEKTPANBHOE pa3pelieHe
n3o0pakerns. Meton. J{iist 5 peKTHBHOTO BBISBICHHST OAHOBPEMEHHO MPOCTPAHCTBEHHOH U CHEKTPAIBHON HH(OpMAIIN
MIPEATIOKEHO MIPUMEHSATH MHOTOCIIEKTPAIbHYI0 00paboTKy. B pesymnbrare 00paboTkn BO3MOXKHO MOTY4YEHHE CEPHU
MOHOXPOMHBIX CyON300paKeHUH, KaKI0€ U3 KOTOPBIX COOTBETCTBYET BEIOPAHHOMY pa3pelracMoMy CIEKTPAIbHOMY
UHTEepBaJly. B kauecTBe CEIEKTHBHOIO AIEMEHTA, IT03BOJISIONIETO B PEAIbHOM BPEMEHHU BBIACIATH CyOH300pakeHus,
UCIIOJIb30BaHbl aKyCTOONTHUECKHE IIepecTparBaeMble GUIBTPbI. [Ipu 3TOM yBenMYeHHE CIEKTPALHOTO Pa3pelleHuUs
COIMPOBOXKAETCS MaJeHHEM MIPOCTPAHCTBEHHOTO paspemieHus. J{is pemenus 3Toi mpobiaeMsl MPeIokKeH HOBBI
THOPUAHBIHN 3HI0CKOII, B KOTOPOM PEANU30BaH METOJ] COBMECTHOTO MPHUMEHEHNUSI TENEBU3MOHHON KaMephI U yCTPOICTBA
MHOTOCIICKTpaNIbHONW 00paboTku. OcHOBHBIE pe3ybTaThbl. [lokazaHo, YTO MPEATOKEHHBII METOA THOPHUIHOMN
9HIOCKOIIUHU JJaeT BO3MOXKHOCTh 00ECHEUUTh BHICOKHE PA3pPEIICHHS: MPOCTPAHCTBEHHOE C MOMOIIBIO KaMephl U
CIIEKTpaJIbHOE (HE MEHEe COTHH Pa3peIINMbIX HHTEPBAIOB) Oarogapst MHOTOCIIEKTpaibHOU 0Opadotke. [Tomyaaembie
ONTHYECKHE M300PaKCHUS ITO3BOJSIOT BBIABISATH YETKUE OdepTaHusi obnactu HoBooOpazoBaHus. Pesynbrarsl
MHOT'OCIIEKTPaJIbHOW 00pabOTKH AMArHOCTHPYIOT 3JI0Ka4eCTBEHHYIO IIPUPOAY HOBooOpaszoBanuil. [Ipexcrasiena
CTPYKTypHas cxeMa NpPEAJI0OKEHHOTI'0 SJHAOCKOIIA, U IMOKa3aHbl IPUHIUIIBI YIIPABJICHUS. OHpC}leHeHbI XapaKTEPUCTUKH
TEeJIEBU3MOHHBIX U MHOTOCHEKTPANbHBIX N300paxenuil. OneHka TMHEHHOCTH XapaKTEPUCTHK aKyCTOONTUYECKHX
(bUIBTPOB MOKa3ajaa BO3MOKHOCTB Iepeaull MAKCUMAIBHOTO 00beMa HH(OPMALINH 32 CUCT IMHEHHOCTH MpeoOpa3oBaHus
CUTHAJa B 3BEHbAX (GUAbTpoB. [IpakTHYecKas 3HAYUMOCTB. Peanus3anust IpeyIoxKEHHOTO METOAAa B KOHCTPYKIINT
THOPHIHOTO SHAOCKOIIA TTO3BOJIIIIA MTOTydYaTh HanOoIee MOIHYI0 CHEKTPAIBHYI0 HHPOPMAIIHIO 0 HOBOOOPA30BaHMIX
1 00ecIeYuTh BO3MOXKHOCTh AMATHOCTUKM paka BHYTPEHHHX OpPraHOB Ha 0ojiee paHHHX CTagUsSX Pa3BUTHSL.

KiioueBnble c10Ba
THOPUIHBIN YHOCKOI, MHOTOCIIEKTPAIBHBII NaTunK, TEJIEBU3NOHHAS KaMepa, IPOCTPaHCTBeHHAsT WH(pOpMAIus,
CTIEKTpalibHas ¥ TpaJIalliOHHAs HH(POPMAIHS, paK BHYTPEHHUX OPTaHOB, PAHHSS TUATHOCTHKA
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Abstract

Endoscopes are widely used to diagnose various internal diseases. The most advanced endoscopes contain miniature
television cameras built into the probe which provide high spatial resolution. However, traditional television cameras
significantly distort the spectral composition of the transmitted image because in the RGB system they reproduce only
limited width spectral lines. However, the full optical spectrum of an image of an internal organ under examination
provides a broader range of information that can be crucial in cancer diagnostics. Thus, the spectral resolution of the
image plays an important role. Multispectral processing has been suggested for efficient detection of both spatial and
spectral information simultaneously. As a result, a series of monochrome sub-images can be obtained, each of which
corresponds to a selected resolved spectral interval. Acousto-optical tunable filters are used as a selective element
allowing real-time extraction of sub-images. However, an increase in spectral resolution is accompanied by a decrease in
spatial resolution. A new hybrid endoscope was suggested to solve this problem. It implements the method of combined
application of a TV camera and a multispectral processing device. It is shown that the suggested method of hybrid
endoscopy makes it possible to ensure high resolutions: spatial resolution with a camera and spectral resolution (no
less than a hundred of resolvable intervals) due to multispectral processing. The resulting optical images reveal a clear
outline of the neoplasm area. The results of multispectral processing diagnose the malignant nature of the neoplasm. A
schematic diagram of the proposed endoscope is presented, and the principles of control are shown. The characteristics
of the television and multispectral images are determined. An estimation of the linearity characteristics of the acousto-
optical filters shows the possibility of transmitting the maximum amount of information due to the linearity of the signal
transformation in the filter sections. Implementation of the proposed method in the design of a hybrid endoscope allowed
obtaining the most complete spectral information about neoplasms and providing an opportunity of diagnostics of cancer
of internal organs at earlier stages of development.

Keywords
hybrid endoscope, multispectral probe, television camera, spatial information, spectral and gray scale information,
cancer of internal organs, early diagnostics
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BBenenue

[Ipu nuarnocTrke psiga 3aboneBaHnil, 0COOEHHO OHKO-
JIOTHUYECKUX, MPUMEHSIOTCS SHJOCKOMBI AJIs1 BU3yaIbHOTO
HaOII0ACHNs (parMeHTOB BHYTPEHHHUX OpraHos. B co-
BPEMCHHBIX 3HAOCKOIIaX MCIIOJIB3YIOTCA BUACOKAMEPHI,
KOTOpBIE TIepealoT N300pakeHNe n3y4aeMoro o0beKTa
Ha 9KpaH MoHuTOpa. [Ipr 3TOM HCKaskaeTcst UK TepsieTcst
3HAYUTENbHAS YaCTh MH(POPMAIIUU O CIIEKTPE OTPAKEHUS
CBETa OT BHYTPEHHETO OpraHa, u3-3a HaJM4Ms OrpaHuye-
HUH TEJICBU3MOHHBIX CHCTEM I10 TPAJALMU U CHEKTPaIbHO-
MY COCTaBy CBETa. DTH NOTEPU U HCKaKCHUS 3HAYUTEIIHHO
YMEHBIIAIOT HAZIGKHOCTh OHKOJIOTHYECKON THarHOCTHKH.

B paborax [1, 2] mokaszano, 4to oOmmii 00beM nHpOp-
ManuH, cofeprKalielcst B 1300pakeHNH, TPOTIOPIIMOHANICH
YHCITy CHEKTPAJIbHBIX HHTEPBAJIOB, Pa3peIIaeMbIX CHUCTE-
MO 00paboTKH. J{71s1 OJTHOBPEMEHHOM TIepeiauu MPOCTPaH-
CTBEHHOMW M CIEKTpalbHOI MH(OpMAINK, IIPH yCIOBUH,
YTO JAHHBIC O IIBETHOM 1/1306pa>1<eH1/11/1 HE MOTYT 6I)ITI> e-
pelaHbl 6e3 MCHOJIB30BaHMSI TPOMEXKYTOYHBIX YCTPOUCTB,
11eJ1eco00pa3Ho MPUMEHSITh METO/I MHOTOCIIEKTPAIbHOM

00paboTku. MeToj BKIIIOUaeT B ce0s OCIIE0BATENBHYIO
nepenayy MHOXKECTBA CyOM300paKeHUH, KaK10€ U3 KOTO-
PBIX COAEPKUT YacTh JAHHBIX O MOJHOM HM300pakeHUH B
Y3KOM CHEKTpajibHOM HMHTepBaje [3, 4] u mo3Boisier uc-
MOJIb30BaTh 10 COTHHU U Oojiee MHTEpBaJoB [5, 6]. B To
JKE BpeMsl M300pakeHue, IepelaHHoe ¢ BUICOKaMephl Ha
MOHHUTOP, COACPIKUT JIUIIb TPH OCHOBHBIX IIBETAa — Kpac-
HBIU, 3€TICHBII U CHHHIA, B PE3yJabTaTe MOTYT OBITH MOTY-
YEeHBI TOJBKO TpH CyOom300pakeHus. CiaenoBareabHO, 00b-
€M CIIeKTpalbHON MH(OpMAIMK, HaOIIOIaeMOH ¢ dKpaHa
MOHHTOpA, TpuMepHO B 30 pa3 MEHbIIE, 0 CPABHEHHUIO
C TIOJTyYSHHBIM aHAJIOTOBBIM M300paKEHHEM C TIOMOIIIBIO
MHOTOCIIEKTpabHOM 00paboTku. K nzo0pakenusm, 00-
Pa30BaHHBIM C ITOMOIIBIO DHIIOCKONIOB, IPEABSBISIOTCS
TpeboBaHMs K HanboJIee MOJHOMY COCTaBy MH(OpMAINU
0 HaOJI0aeMOM O00OBEKTE, B TOM YHCIIE O €ro CIIEeKTpalib-
HBIX XapaKTePUCTHKAX OTPa’KeHHUsI, YTO MO3BOJISIET Oojiee
HaJIOKHO OMPE/IeINTh NaToNoruio. Vckaskenue min norepst
TaKUX JaHHBIX MOXKET IMPUBECTH K OMACHBIM TUATHOCTH-
yecKkuM ommbkaM. B pesymerare copmupoBanacek uues
0 COBMEIICHNHU TEICBU3MOHHOTO W MHOTOCICKTPATHHOTO

1032

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHOOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6


mailto:kvz235@mail.ru
https://orcid.org/0000-0002-2881-4386
mailto:bgurevich48@gmail.com
https://orcid.org/0000-0002-7520-7087
mailto:Abel2004@inbox.ru
https://orcid.org/0000-0001-7605-5743
mailto:svyatkina.vi@edu.spbstu.ru
https://orcid.org/0000-0002-6456-8776

K.B. 3anueHko, b.C. 'ypesuy, A.B. bengses, B.W. CeaTkmHa

(c mepenaueit JaHHBIX 1O ONTOBOJOKHY) METOJIOB Iepe-
Jla4y M300pakeHH B OJJHOM yCTpOICTBE — THOPHIHOM
sHjockone. IIpu 3ToM Hanu4ue B aHATU3UPYEMOM U30-
Opa’keHNN CHEKTPAIbHBIX COCTABIISIIONINX, XapaKTEPHBIX
JUISL OTPaKEHUS CBETA OT TKAHEH W OPraHoB, TOPAKESHHBIX
paKoM, CHUTHAJIM3UPYET O HAJIMYNH 3JI0KaYECTBEHHBIX HO-
BOOOpPa30BaHUH.

Hens paboTsr — pa3paboTka MeToaa THOPUIHON HH-
JOCKONHUH, TTO3BOJISIIONIEI0 MUHUMU3UPOBATh MOTEPHU
CIEKTPAJIbHONW M MPOCTPAHCTBEHHOIN MHpOPMaNUH ITy-
TEM COBMEIICHUS MPOIeNyp Mepeaadn n300pakeHni 1mo
OINITUYCCKOMY MHOT'OCHIEKTPAJIbHOMY U TCJICBU3MOHHOMY
KaHaJlaM.

Ipuanmn geficTBusi TKOPUAHOIO YHAOCKOIA

Ha puc. | mpuBenena cTpykTypHas cxeMa peaan3anun
MPUHITKIA [TPEIJI0KCHHOTO YCTPOHCTBA — THOPHIHOTO
SHJIOCKOTIA.

PaccmorpuM mpuHIMIT pabOThl THOPUIHOTO HOCKO-
na. B BeIOpaHHYIO 00JIACTh MCCIICIOBAHUS BBEACM 30H]I,
CoJIEpIKaIIN BOJIOKOHHBINA CBETOBO/I MOICBETKH / U OITO-
BOJIOKOHHBIH TaTYHK 2 C PErYIUPYOIIUM MUKPOIIPUBOIOM,
a TaKke MUHHUATIOPHYIO BHICOKaMEpy 3 C COOTBETCTBYIO-
oM kabeeM. C MOMOIIBI0 TeICBU3NOHHON KaMephl Ha
KOHTpoIIIepe TeneBu3nonHoro TB kanana BeroepeM ¢par-
MEHT OpraHa, ¥ BBIBEIEM €T0 M300pakeHHE C TIOMOIIHIO
nmaryuka 2. HampaBuM ¢ TOMOIIBIO MUKPOTIPHBO/IA KOHEIT
CBETOBOJA / C MHUKPOJINH30H B CTOPOHY MCCIEAYEMOTO
yuactka. CIeKTpaibHbIil COCTAB M3IyYCHHsI TIOICBETKH BbI-
OepeM UCXO/s U3 MIPUHIINIIA, OTTMCAHHOTO B paboTax [7-9].
BoinosHuM aHanu3 u300paxeHus, CPOPMUPOBAHHOTO K3
JKTyTa ONTOBOJIOKOH TPH MOCTYILICHUH OTPAKCHHOTO CBETa
Ha Bxox faruuka 2. Takum oOpa3oM, J1Ba H300paskeHISI —

NepeiaHHOE ONTOBOJIOKHOM U TeJIeKaMepOl — JIOTIONTHSIOT
npyr apyra. TeneBuznonnoe nzoOpaxeHue jaet Oonee
BBICOKOE pa3pelieHre, a ONTOBOJIOKOHHOE — MEHEee HCKa-
JKCHHBIE CIIEKTPAIBGHYIO ¥ TPaJIAllMOHHYI0 HH(OPMAIIHH.
ITo naHHBIM TEIEBU3UOHHOTO M300paKEHUsI B TIpeeax
BBIOpaHHOTO (PparMeHTta yepe3 MUKPOIPUBO HACTPOUM
OTITOBOJIOKOHHBIN JATYMK HA HOBBIH Y4aCTOK, U TOBTOPUM
MPOLIEYPY JUIS TIOJIyYSHUSI HOBOTO H300payKEeHUSI.

[Ipu HEOOXOAMMOCTH MOKHO BBIOPATh CIEAYIOMIHHA
(parMeHT mcciaeyeMoro opraia JJisi aHajiu3a U MOBTO-
PHTB [EPEUUCICHHbIE MTpoLeaAyphl. Takum oOpazom, Oyaer
Co6paHa C MUHUMAJIbHBIMU MMOTCPSAMU BU3YyaJIbHAs UH-
dhopmarust 06 o0bekTe uccieaoBanus. boiee moapoOHO
OIMCAaHHbIE MPOLEAYPHI MOTYT OBITH IPOAHAIU3UPOBA-
HBI B COOTBETCTBUH C KOHIICTIIIEH MHOTOKPHTEPUAILHOM
ONITUMM3ALNH, CPOPMYINPOBAHHON B BeIyNIeH HAYIHOH
mkone Poccuiickoit denepaunu Ne 3455.2012.8, noxn py-
KOBOJICTBOM Mpodeccopa, JOKTOpa TEXHUUECKUX HAYK
K.B. 3aituenxo. [Ipu TOM HEOOXOANMO MPUCBOUTH Pa3-
JUYHBIM BUJaM HH(OpPMALUU COOTBETCTBYIOIIUE Hepap-
XUYECKHEe BeCOBbIC KO uineHThI. Takue ko3 puineHTh
MOT'YT CYIICCTBEHHO pa3jINn4yarbCsa B 3aBUCUMOCTH OT 3aj1a4,
pelaeMbIX aHaIu3upyeMbIM ycrpoiictBoMm [10]. B gact-
HOCTH, B CUCTCMAX, OPUCHTUPOBAHHLIX Ha BOCHPUATHE
YeJI0BEYECKUM I1a30M, HanboJsiee BEICOKHI BECOBOW KOd(-
(bUnMeHT nprCBanBaeTCs MPOCTPAHCTBEHHON HH(OpManuK
10 TOPU30HTAJIN, HECKOJIBKO MEHBIINH — I10 BEPTUKAJIH,
1 Janee 1o yObIBaHHIO — MH(OPMAIHS 110 BpEMEHH, 1TPO-
CTPAHCTBEHHAs 110 [TyOWHE, IMOJyTOHOBAasE HH(OPMAITHSL,
[[BETOBAsI, CIIEKTpasibHas, (a3oBas U MOJISPU3ALHMOHHAS
[11]. Jmst muarHOCTHYECKOM YK€ CHCTEMBI, OTTUChIBAEMOM
B HACTOSIIEeH paboTe, BaYKHEUITM BHJIOM WH(OpPMAITIN
SIBJISIETCSI CIIEKTPaJIbHAsI, KOTOPOH MPUCBAMBACTCS MAKCH-
MaJbHBINA BeCOBOH K03 uItneHt.

AOIID &

|

Briox
yHpaBICHHS

HcTounnk
MOJTUXPOMHOTO
cBeTa

1,3

brox
(oTonpueMHHKA

I15BM

Konrpomep
TEJIEBU3UOHHOI'O
KaHaa

Puc. 1. CtpykTypHas cxeMa THOPHIHOTO YHIOCKOIA C UCTIOIB30BAHUEM OMOPHOTO TEIEBU3UOHHOTO N300paKEHUs.

1 — BOJIOKOHHBII CBETOBOJI TIOJICBETKH; 2 — ONTOBOJIOKOHHBIH JAaTUHK NEpeladll MOHOXPOMHOTO H300pakeHHsT; 3 — BUJICOKAMEpa;
AOII® — akycroonTuyeckuii nepectpanBaemblii Guinstp; [IDBM — nepcoHanbHbIi KOMITBIOTED

Fig. 1. Structural circuit of the hybrid endoscope which uses the reference television image.

Legend: I — fiber backlight guide; 2 — fiber probe for monochrome image transmission; 3 — TV camera; AOII® — acousto-optic tunable
filter; [I9BM — personal computer
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HepeCTpofma JAJIHHBbI BOJIHBI CBETA JAJISA OCBCIICHUSA
HCCJIeIyeEMOro oprana

OxHO M3 OCHOBHBIX TpeOOBaHWH K THOPUIHOMY JH-
JOCKOIy — OBbICTpas, XKeJaTeJIbHO IporpaMMHasi, epe-
CTpOIiKa JUIMHBI BOJIHBI OCBEILIAIOIIETO MyYKa CBEeTa. DTO
CBSI3aHO C TE€M, YTO BPEMs HAXOKIECHUS 30HIUPYIOLIEH
TOJIOBKH 3HJOCKOIIA B ITOJIOCTHU IIAIIUCHTA IOJI2KHO 6])ITI)
MUHUMHM3UPOBAHO, IOITOMY NPUMEHEHNE MEXaHUYECKU
JIBIDKYIIMXCS JIeTajield 1J1sl CMEHbI JUTMHBI BOJHBI U3JTy4e-
HUS HCKIIOUaeTcs. B kauecTBe MCTOUHMKA M3IIYUYCHHS C
TIEPEMEHHON, MPOTPAMMHO YIPABISIEMON JUIMHON BOJHBI
BBIOpaH OCBETUTEIb Ha 0aze Habopa CBETOIHOIOB, TIOCTPO-
CHHBIIl B COOTBETCTBUH C MPUHIHUIIOM, 3aIlIaTCHTOBAHHBIM
B paborte [6], KOTOpHIif TOKa3aH Ha pHC. 2.

VlcTOYHHUK CBETa COCTOUT U3 YIPABILIEMOTO KOMITBIOTE-
poM OJioKa MUTaHUs, KOTOPBIN MOAAET TOK Ha CBETOAHOABI
B COOTBETCTBHHU C MMOCTYHAIOIIUMHA U3 KOMITBIOTEpA CUTHA-
JaMd. JTO JIaeT BO3MOXKHOCTh YIPABJICHUSI HHTEHCUBHO-
CTBIO U CIICKTPAJIbHBIM COCTAaBOM U3JIYyUYCHHSA IO IMPUYUHE
HaJIMYHsI BOSMOJKHOCTH BKJTIOYEHUSI CBETOJIMOJIOB B IIPOMU3-
BOJILHOH TOCJIEI0BATEILHOCTH, N3MEHEHHS 110/1aBaEMOT0
Ha JII000H M3 CBETOJMOJIOB TOKA, BKJIIOUCHHSI HECKOIBKHUX
TIPOU3BOJIBHBIX CBETOIMO/IOB C 33/TAHHOM HHTEHCHBHOCTEIO.
MukpoonTtryeckas cOopka Mo3BoJIsieT C(HOKYCHPOBATh U3-
JIy4eHHE ¢ Ka)XJJ0ro U3 CBETOAMONIOB Ha 3epKajlo, KOTOpoe
OTpPAXXaeT TO UNTyYeHUE Ha TU(PPAKIHOHHYIO PEIIETKY.
3epKaiio CITyXKHT [T YMEHBIIICHHSI Ta0apUTOB YCTPOUCTBA.

il

MC

CA

BII @
P
Puc. 2. Cxema pabOTBI HCTOYHMKA CBETA C IPOTrPAMMHBIM
YIpaBICHUEM.

BIT — 6ok nutanus; CI] — ceeroanon; MC — MukpoonTuieckas
coopka; J1 — nmun3a; 3 — 3epkano; [P — nudpaxunonHas
perieTka

Fig. 2. Operation circuit of the light source with software
control.
Legend: BI1 — feeding unit; C/] — light emission diode;
MC — micro-optic assembly; JI — lens; 3 — mirror;
JIP — diffraction grating

I/I3Hy‘{eHI/Ie C KaXJ10ro u3 CBCTOAUOA0B, OTPAXKCHHOEC OT
3€pKaJa, nornagact Ha ,HI/I(i)paKHI/IOHHyIO PEHICTKY TaKUM
06pa30M, 4TO JJIA KaKJI0Io M3 ﬂyqeﬁ BBITIOJIHACTCA yCJIO-
BHUC U3 YPABHCHUS:

d(sina + sin ) = mh,

rne d — nepuoa TupaKIUOHHON PEIISTKH; 0 — YTOJ
MEK1y HOPMaJIbIO K AU(PAKLIUOHHOM pelIeTKe U HalpaB-
JIEHUEM PaCIpOCTPAHECHUSI U3JIyUEHHsS] OT CBETOU3IIyda-
IOLIETO AJIEMEHTA; A — JJIMHA BOJIHBI U3IyUYeHUS; B —
yroa audpakuy, U3MEPEHHBIH OTHOCUTEIHLHO HOPMAaIN
K TU(pakInoHHON pemeTke; m — LeN0e YHCI0, KOTOPOe
XapaKkTepu3yeT AN(PPAKIMOHHBIN TTOPSIOK.

B pesynbrare mepBelii AuQpakIInoHHBI TOPSI0K U3-
Jy4YeHUs! OT BCEX CBETOJUOJOB YXOIUT B OJHOM U TOM
ke HarpasieHuu. IlepexiroueHne cBeToano0B obecre-
4yuBaeT rpyOyr0 HaCTPOWKY JJHMHBI BOJIHBI cBeTa. [Tonoca
W3Iy4YEHUsI CBETOAMOIOB COCTaBIsIET npuMepHo 30-50 Hwm.
J171s1 TOBBIIIEHUS CEIEKTUBHOCTH aBTOPAMH MPEAJIOKe-
HO HCIOJIb30BaTh aKyCTOONTHUYECKHE MEePEeCTPAuBaEMble
¢unsTper (AOID) [12, 13], koTOpBIE YIIPABISIOTCS W3-
MEHEHHUEM YacTOThI BHEIIHEr0 CUTHaa, 10JaBaeéMOro Ha
MBE303JIEKTPUIECKI IpeoOpa3oBaTens sueiiku bparra.
BricTponeiicTBre 3TOTO CcenekTuBHOTO meMeHTa (AOIID)
OTPaHNYMBAETCSI BPEMEHEM IIEPECEUCHUs allepTyphl ITydKa
CBeTa, MAJA0MIero Ha S9elKy bparra u BoaHOBEIM (hpoH-
TOM aKyCTHYECKOW BOJHBI. DTO OBICTPOICHCTBHE OMIPEe-
JIICTCSI TaK Ha3bIBAEMOM BpEeMEHHOH aneptypoit T= D/v,
rne D — JIUHEWHBIN pa3Mep anepTypbl MaJarouiero mno-
JIUXPOMHOTO ITy4YKa CBETa, a V — CKOPOCTh aKyCTHUECKON
BOJIHBI B 3BYKOIIpOBOJE siueliku bparra. Benuuuna 1t i
HanOosee 3 PEKTUBHOTO pexknMa padoThl sueliku bparra
13 Napare/uTypyuTa Ha MEJUVICHHOM CABUTOBON aKyCTHYECKON
BoJHE cocrasiser 5—10 Mkc. [IpuMeHeHne MOHOKpUCTaIa
napareJIypuTa B KauecTBE Cpe/ibl 3ByKOIIPOBOAA SIUCHKH
Bporra o0yciioBieHO TeM, YTO OH OPUEHTHPOBAH B OTIpe-
JISIICHHOM KPHCTaJUIOTpauueckoM HaIllpaBIeHUHN U 00e-
CTIEUMBACT MTPOXOKCHHIE CABUTOBOI aKyCTHUECKOI BOJIHBI,
JUTST KOTOPO# 3 (EeKTUBHOCTh aKyCTOONTHYECKOTO B3aM-
MOJICUCTBUSA (T. €. I0JISI CBEeTa, HAMpaBisieMas B MEePBBIN
J(paKIMOHHBII TOPsIIOK) MakcuMasbHa. Mcrosabp3oBaHne
aKyCTHYECKOW MOITHOCTH MopsAaka 1 BT B 3Tux ycrnoBusax
MO3BOJISIET HAIIPABHUTh B EPBbIN TU(PAKIIMOHHBIN MOPSI0K
noutu 100 % moiHOCTH nagarouiero Ha sueiky bparra
ONTUYECKOTO U3ITy4EHHUSL.

TeopeTnyeckue NpeanoOChIIKN UCIOJb30BAHUS
AOII® B kauecTBE CEJIEKTHBHOIO 3JIeMEHTA
B MHOTOCIHEKTPAJIbHBIX JUATHOCTHYECKUX
ycTpoiicTBax

AOII®D, kak 1 MHOTHE ONITUYECKUE U ONITHKO-JIEKTPOH-
HBIC TIPUOOPHI, MOXKET OBITH TPEJICTABICH B BHJC MOCIIE-
JTIOBAaTEIIFHOCTH 3BCHBEB, KAXKIOE U3 KOTOPHIX OMHUCHIBACT
ompeneraeHHoe pu3ngeckoe mpeodpa3oBaHme BXOTHOTO
curHaina [ 14]. B oTimume oT Ipyrux BUIOB aKyCTOOTITHYC-
CKHX YCTPOMCTB, B cxeMarnieckoe npencrasienne AOIID
MOTYT OBITH BKIIOYEHBI TOJIBKO JABa OCHOBHBIX 3BCHA.
B TIEPBOM M3 HHUX BXOJAHOC paCpeACIICHUEC MHTCHCUBHOCTH
CBETa I10 JIUTMHE BOJHBI IIpeodpasyercsi B pacrpeesieHue
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MHTEHCUBHOCTH CBETa MO BPEMEHHU, a BTOPOE 3BEHO (MJIU
rpyIina 3BeHbEB) 00CCICUNBACT ACTEKTUPOBAHUE BBIXOJI-
HOT'0O ONTHYECKOro curHaia. PaccMoTpum nepBoe 3BeHO.

OTMeTuM, 4TO BXOJHON NMYyYOK CBETA MOCTOSHEH BO
BpeMeHH. ETo HHTeHCHBHOCTB / MOYKET OBITH IPEACTaBIICHA
KaK WHTETpaj paclpepeleHIs] NHTCHCUBHOCTH CBETA I10
JUTHHE BOJHBI B MPEACTABISIIONIEM WHTEPEC IHana3oHe.
[Ipu 5TOM BBIXOIHOE pacpe/iesieHne HHTCHCHBHOCTH CBETa
JUTSI TIEPBOTO 3BE€HA MOXKET UMETh BH/]T

dr (dl\(dx
—=l ) (1)
dt  \d\)\dt
IJI€ B IPaBOM YacTH ypaBHEHUS IepBasi IPOU3BOAHASI UH-
TCHCHUBHOCTH CBETA 110 OJIMHEC BOJIHBI, a BTOpaﬂ HpOI/ISBO—

JTHAsT OTIPE/ICTISIeT MPOIIETYPY BBIACICHHUS [UTHHBI BOTHBI.
Torna 3anuiiem

kL= F(o, 1), 2

rae k — pa3MepHbIi K03()(OUITHEHT POITOPIIMOHATEHOCTH;
F(w,f) — cnekTp curraia, BBOZUMOTO B stueliky bparra
AOII® dgepe3 mbe303IEKTPHUECKHIA MPEeoOPa30BaATEITb.
3aBUCHMOCTh U3MEHEHMS BO BPEMEHHU CIIEKTPa U3 ypaB-
HEHUA (2) ompeaessieTcss BTOPHIM COMHOXKHTENEM MPaBoit
yactu ypaBHeHus (1). CnegoBarensHo,

r (d[F(co, t)])

dt

I'=[Lk dt, 3)
0

rae [, — pacnpeneneHne BXOJIHOW HHTEHCUBHOCTH CBETa
110 JJINHE BOJHBI, 1 — BpeMs HAKOIUICHUS, B TEUCHHUE
kotoporo Ha Bbixone AOIID coxpaHseTcs MyvoK CBETa C
OTIPECTICHHBIM BBIJICICHHBIM CIICKTPAIbHBIM HHTEPBAJIOM.
MunumaiibHOE 3HaueHue T OJIN3KO K BPEMEHHOH anepType
npudopa T, T. €. BpeMEeHHU, HEOOX0ANMOMY aKyCTHUECKOMY
BOJIHOBOMY (pOHTY B sueiike bparra st nepecedeHus
arnepTypbl BXOJHOIO CBETOBOIO MTyUKa.

Bripaxkenue (3) cogepxut npoTtuBopeune. [eiicTBu-
TEJBHO, €CIH CHEKTp YIPABIIONIETO CUTHANA, TIOAaBae-
MOTO Ha Ibe30IpeoOpa3oBaTeib, He H3MCHIETCS, TO HH-
TEHCHBHOCTH BBIXOTHOTO CBETA PaBHA HYIIO, YTO CIIEAYET
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u3 BeipaxkeHus (3). OQHAKO 3TO MOKET UMETh MECTO JIHIIIb
B ciiyyae, korja cenekTuBHocTh AOIID He orpanuyeHa, u
OH BBIJICJISIET CBET C HYJIEBOW IIMPUHOMN MOJIOCHI JUIMH BOJIH.
Ha mpaktuke cenexruBHOCTs AOII®D cocTaBnsieT BenuunuHy
AL, KOTOpAast OTpeeIsIeTCs XapaKTePUCTUKAMU T (ppaKkinu
Bpoarra, u MoxeT OBITh pacCYNTaHa M3 TCOPUHU CBSI3aHHBIX
BorH Korenpauka [15]. Torma momyanm

I'= TI kF—(m’ t)(@) 4
*ﬂ oA \dr) @

Takum 00pa3oM, MOXKHO CUHTATh, YTO BEIpaskeHHE (4)
MIPEICTABISIET COOOH MepenaTouHyIo (QyHKIHIO TEPBOTO
3BEHA.

Bropoe 3BeHO npeobpa3zoBaHus CUTHAIA MOKET pac-
CMaTPHUBATHCS KaK COUYETAaHHE TPEX CYyO3BEHbEB C (DYyHKIIN-
SIMH TTpe0Opa3oBaHNi: BXOAHOW MHTEHCUBHOCTH CBETA B
MTHOBEHHYIO KOHLICHTPAIIMIO HOCUTEJIeH TOKa; KOHLIEHTpa-
IIUM HOCHTEJICH TOKa B BEJIMUUHY 3apsijia, HAKOIIEHHOTO
Ha siyelikax (OTONPUEMHHUKA; PACHIPEACICHUS 3apsiia 1o
(hOTONIPUEMHHKY B AJIEKTPUYECKHUI TOK, CHUMAaEeMBbIil C
(horompuemurka [16]. OT™MeTHM, 9TO repeaaTouHast GPyHK-
IIUsI BCEX TpexX CyO3BEHbEB BechbMa ONM3Ka K JIMHEHHOH U
MO3BOJISIET MUHUMH3HPOBATh TIOTEPH MEpeaBaeMoOi NH-
hopmanmn.

3akJ/iouenne

[MpeioxxeHHbI THOPUIHBIIA 9HIO0CKOII, MOXKET obecrie-
YHUTH MOJTy4YEeHHE HauOoJee MOJTHOTO CIEKTPa OTPAKESHUS
OT HUCCIIEJYyEMBIX BHYTPEHHUX OPTaHOB. DTO MO3BOJIUT
TIPUHUMATH JUATHOCTHYCCKUC PEIICHHS TIPH HCCIICIOBAHUT
OHKOJIOTHUECKUX HOBOOOpa3oBaHUit. [Ipu 3TOM HCTOUHIK
MOJIMXPOMHOTO CBETA, UCTIONB3YIOIIIA COBPEMEHHBIE HU3-
KOIITYMSIITIE CBETOANOBI, 00eCTICYNBACT MUHIMH3AIIHIO
MOTepb UHPOPMAITHIH.

PaccMoTpeHHBIN MPUHIAT TOCTPOCHUS THOPUIHO-
T'O 9H/I0CKOIIAa MOXKET OBITh PEa30BaH B raCTPOCKOINH,
OPOHXOCKOIIH, KOJIOHOCKOIIHMH, JarapoCKOMUH 1 BO BCEX
MHBIX BO3MOXKHBIX 00JIacTsX, rie Buaconndopmaius oo
HCCJIEIyeMBIX OpraHax IM03BOJISIET AUarHOCTUPOBATh Ha-
JIMYUE MaTOJIOT UL,
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AHHOTANMSA

IIpeamer uccaenoBanusi. ViccienoBaHbl ONTHYECKUE CXEMBI TUCIIIEEB JOMOJHEHHOH peasbHOCTH BOJIHOBOIHOTO
tHmna. JIucIien, mocTpoeHHbIe Ha OCHOBE 00BbEMHBIX (Da30BBIX I'OJIOTPaMM, OTIIMYAIOTCSI MAJIBIMHU pa3MepaMu, OOJIBITHM
BBIXO/IHBIM 3Pa4KOM U BBICOKMM K03()(HUIIMEHTOM TPOITyCKaHHs B KaHAJIAX MPOSHUPYEMOT0 H300PaKeHUSI U IIPSIMOTO
3penusd. OQHAKO ¢ yBEIMUYEHHUEM amlepTyphl, MOJs 3peHUs U pabouero CrleKTpaabHOIo AMana30Ha yBEeTHUHBAETCS
pa30poc 3HaUEHHH yIyIa MaJeHus Ty4a | ATUHBI BOJHBI U3IIy4eHHs [IPU PEIISeHUH 3aa4i TU(PPAKINH B Pa3HBIX TOUKaX
TIOBEPXHOCTH TOJOTPaMMBL. DTO HAKIAbIBACT OTPAaHUICHHS HAa MPOCTPAHCTBEHHOE Pa3peIleHne 1 JU(GPaKIHOHHYI0
3¢ GeKTUBHOCTD. {51 IPEOJOTICHNS TAaHHOTO SBICHUS NPEIOKEHO HCHONb30BaTh KOMIIO3UTHYIO TOJIOTpaMMy, B
BHzie 00BbeMHON (pa30BOI pemIeTKH, pa3ieICHHONH Ha 30HBI ¢ HE3aBHCUMO M3MEHSIONIMMICS ITapaMeTpaMH HAaKJIOHA
nosoc, GopMoii M TOMIMHOM TostorpaduaecKoro cios, a Takxke nryonHoi Moxymsiiuu. Metoa. [Ipemtoxen aropurm,
KOTOPBIH TT03BOJISIET IPOBOIUTE TPACCHPOBKY JIyda Yepe3 roJorpaMMy, 3alMCaHHyIO IBYMs] TOUSIHBIMH KOT€PEHTHBIMU
MCTOYHHMKAMH ITPU ITOMOIIM BCIIOMOTaTENBHOTO aceprdaeckoro 3epkaia. [lepBoHauanbHas TpacCHPOBKa JTydya B CXeMe
3aIlMCH TOJIOTPAMMBI BBITIOJHEHA C MCIONB30BAHMEM MHHHMH3AINMH (YHKIUM OMIHOOK METOJAMH MOKOOPIHHATHOTO
CITyCcKa M 30JI0TOro cedeHHs. Ha ocHOBe MONTyueHHBIX Pe3yNbTaTOB C TOMOIIBIO YpaBHEHUS Yar(opaa BIUHUCICHB
HaMpaBJIAI0MKe BEKTOPHI AudparupoBanHoro gyda. C HCHONB30BaHUEM PE3yNbTaTOB TPACCUPOBKH Ha 0a3e TeopHu
CBsI3aHHBIX BOJH KorenbHuka onpeneneHa qudpakiuonHas 3 GeKTHBHOCTD TOIOrpaMMEL. [IpeinokeHHbIe arOpUTMBI
peanm3oBaHbl B cpezie Zemax Optics Studio. OcHoBHBIE pe3yabTaThl. [IprMeHeHne NPeCTaBICHHOTO KOMITO3UTHOTO
TOJIOTPAMMHOTO 3JIEMEHTa M CPEJICTB MOJICIUPOBAHNS ero paboTHl MOKAa3aHbl HA IPUMepe ANUCILIEs], paboTaIoIero
B nuanaszone 510-530 um ¢ nosnem 3peHust 7°36" x 5°48" u quaMeTpoM BBIXOJHOTO 3pauka 8 mM. [IpemyioxxeHHbIe
pelLIeHHs TIO3BOJIMIIH TTOBBICUTH AU(PPAKINOHHYO 3P deKTHBHOCTE B 3,45 pa3a, a IPOCTPAHCTBEHHOE Pa3pellieHne Ha
12,7 %, xoTopoe BapbUpyeTcs MO Moo 3peHus B npezenax 0'44"—1'6". IlpakTuyeckasi 3HAYMMOCTb. [Ipumenenne
KOMITO3UTHBIX TOJIOTPaMM MO3BOJHUT CO3/aBaTh JUCIUIEH, OTINYAIONINECS 00Je€ BHICOKMM MPOCTPAHCTBEHHBIM
PpaspelIeHreM 1 SIPKOCTBIO MPOCHHPYEMOT0 N300paKeHNs, a TAKKE PABHOMEPHOCTHIO XapPAKTEPUCTHK IO TOJTIO 3PEHNSI.
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Abstract

Optical designs of waveguide-type augmented reality displays are investigated. Displays based on volume phase
holograms are notable for their small size, large exit pupil and high transmittance both in the projected image channel
and in the direct vision channel. However, with an increase of the aperture, field of view and working spectral range, the
spread of the values of the beam angle of incidence and the wavelength increases when solving the diffraction problem
at different points on the hologram surface which imposes restrictions on spatial resolution and diffraction efficiency.
To overcome this phenomenon, it is proposed to use a composite hologram which represents a volume phase grating
divided into zones with independently varying parameters of the fringes tilt, their shape, the holographic layer thickness
and the refraction index modulation depth. We propose an algorithm that allows ray tracing through a hologram recorded
by two coherent point sources using an auxiliary aspherical mirror. The initial ray tracing in the hologram recording
scheme is performed using the error function minimization by the orthogonal descent and golden section methods.
Based on the results obtained, the directional vectors of the diffracted beam are calculated using the Welford equation.
Using the tracing results, the hologram diffraction efficiency is computed with the Kogelnik’s coupled wave theory. The
proposed algorithms are implemented in the Zemax Optics Studio software. The application of the proposed composite
hologram element and the tools for operation modeling are shown on an example of display operating in the range of
510530 nm with the field of view of 7°36’ x 5°48" and the exit pupil diameter of 8 mm. It is shown that the proposed
solutions make it possible to increase the diffraction efficiency by 3.45 times. At the same time, the spatial resolution
increases by 12.7 % varying across the field of view in the range of 0'44"—1'6". The use of composite holograms allows
one to create displays with higher spatial resolution and brightness of the projected image as well as uniformity of the
characteristics across the field of view.
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diffraction efficiency, volume phase hologram, waveguide holographic display, augmented reality
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BBenenue

TexHosoruu gononHeHHOH peanbHOCcTH (Augmented
Reality, AR) 1o3BosnsitoT COBMEaTh B MOJIE 3PEHUS TOJIb-
30Barelsi chOpMUPOBAHHOE KOMITHIOTEPOM H300paKeHHUE
1 HEMOCPEACTBEHHO HAOIIOAAEMYIO OKPY’KAIOIIYIO CLICHY.
B mocnenHue Toasl OHU MPENCTABIAIOT COO0N OBICTPO
Ppa3BHUBAIOIIYIOCS 00JIaCTh U JOCTUININ YPOBHS CEPUITHOTO
MIPOU3BOACTBA KOMMEPUECKHUX yCTpoHcTB. CyliecTByeT
HECKOJIBKO THUITOB ONTHYECKHUX CHCTEM, HCIIOJIB3YeMbIX B
JIUCIUIESIX JIOTIOJTHEHHOH peaibHOCTH, 00JaIatolUX 0COo-
ObIMHU NpEenMYIIeCTBAMU U HepocTaTkami [ 1, 2].

B uwacTHOCTH, AuMCIIIEH JOTOJHEHHOHN pealbHOCTH
MOJKET OBITh MOCTPOEH Ha 0a3e BOJIHOBOJA C BBOJIOM U
BBIBOJIOM U3JIy4EHHs IMPU MOMOIIM FOJIOIrPAMMHBIX JIe-
MeHTOB. Takoe peneHHe OTINYaeTCs] KOMIIaKTHOCTBIO,
OTHOCHTEJIBHOHN MPOCTOTOW KOHCTPYKIIMH, BBICOKOH sIp-
KOCTBIO U pa3pelieHueM MPOeHUpyeMOoro N300pakeHus
B OTPAaHMYEHHOM MOJI€ 3PEHNUS, a TAKIKE BO3MOKHOCTBHIO
peanu3anuy MHOTOKPATHOTO BBIBOJIA ITyUKa [T yBEIHUe-

HUS 00J1aCTH COTIIACOBAHUS C Ty1a30oM HaOmomarens [3-5].
OpHAKO TIPH YBETUYECHUH TIOJISI 3PSHMUS, allepTyPhI U pado-
Yero CTIEKTPaIHHOTO AMATa30Ha YCIOBUSI BOCCTAHOBICHHUS
TOJIOTPaMMBI 3HAUUTEITFHO M3MEHSIOTCS, YTO TPUBOIHUT K
HEpaBHOMEPHOMY PACIIPEACICHHUIO IPKOCTU U Pa3pEIICHUS
MPOCLUPYEMOT0 U300paKEeHUSI.

B Hacrosiie#t pabore npemiiokeHO CKOMIICHCHPOBATh
OTMCUCHHBIC HCAOCTATKU 3a CYCT UCIIOJIb30BAaHUs KOMIIO-
3uTHOU ronorpammuoil pemetku (KI'P), koropast mpen-
CTaBIISICT OO0 rOJIOTPaMMY, 3aITUCHIBACMYIO ITyTEM CThI-
KOBKH HECKOJBKUX 30H. [Ipu 3TOM B Ka)IIOi Takol 30HE
W3MEHSIFOTCSI XapaKTePUCTUKH, TAKUE KaK TU(PAKIINOHHASL
3(h(heKTHBHOCTD, MONAPU3AIMOHHBIC, JUCTIEPCUOHHEIC U
abepparnuoHHbie cBoiicTBa. OHH BaphUPYIOTCS 3a CUET
M3MCHEHUS YIJIOB MAICHIS B CXEME 3aIrcH, abeppariuii 3a-
MIUCHIBAIOIINX BOIHOBBIX (DPOHTOB M BPEMEHH AKCIIOUIIHH,
KOTOpbIE MOTYT KOHTPOJIUPOBATHCSI JTOKAILHO [6, 7]. Ilpn
3TOM pacyeT U MOJCIHPOBAHNE ONTUYECKOTO dJIeMEHTa
npeJscTaBisieT co00il CPaBHUTEIBHO CIONKHYIO BBIYHC-
JIUTENbHYIO 3anaudy. Js onpeaeneHus: abeppalimoHHbIX
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cBoiictB KI'P HeoOXxoMMO MpoOBECTH TPACCUPOBKY JIyuei
B CXEME 3aIlCH 1 3aTE€M PEIIUTh YPaBHEHUE TPACCUPOBKHU
JUTSL KQXKJIOW TOYKY 3alFCaHHO rojorpaMMer. [l pacyera
madpaknunonHon 3 dexruBHOCTH (/1) roimorpaMMer Tpe-
OyeTcs 3aJaTh MapaMeTPhI €€ CTPYKTYPHI, TAKXKE IIPOBECTH
TPAaCCHUPOBKY JIydeil B CXeMaXx 3aIlliCh W pabOTHI, U Jayee
paccuuTarh 3G HEKTUBHOCTh AU(PPAKINH IS 3aJaHHON
nonspu3anni. Bee ykazaHHBIC BRIYHCICHHS HEOOXOIMMO
MOBTOPUTH I Kax0oi 30H6I KI'P co cBonm Habopom
napameTrpoB. B ciyuae, eciii HEOOXOAMMO MPOBECTH YHC-
JICHHYIO OIITUMU3AIIUIO OINTHYECKOM CHUCTCMBbI, BBIYUCIICHUA
MHOTOKPATHO MOBTOPSIIOTCS B IIUKJIE.

Bprumncnenust MOryT ObITh IPOBEACHBI CYIIECTBYIOIIN-
MH CpPEJICTBAMH MOJICIMPOBAHUSI, PEaIM30BaHHBIMHU B TIPO-
rpaMMHBIX [akerax, Hanpumep Zemax Optics Studio™.
OnHaKo B TaKOM CIlydae OjiHa ONTHYECKast cXeMa JI0JKHA
OBITH MIPECTABICHA HECKOIBKUMH MOJCIISIMI — CXEMaMH
3aIucH B paboThI, 1 MOJEIBIO, YUUTHIBAIOMICH CTPYKTYPY
TOJIOTPAaMMBI TS Kak10# 30HBL. [Ipu 3TOM HEoOXoAMMO
JIOTIOTHUTENFHO TIPOBEPATH COOTBETCTBUE MOENEH apyT
JIpPYTY, B 9aCTHOCTH, CIPABEIMBOCTD JOMYIICHUS O HE-
3HAUUTEILHOM BIMSHUU a0deppaiuii BBICIIUX MOPSIIKOB B
cxeMe 3aricy Ha pacrpezesienue 0.

Ienbp — ynpoienue npouecca moaenupoBanus KI'P 3a
cyeT yHU(]UKAILIMN [TOXO0I0B ¥ BBE/ICHUS Psijia YIIPOLICHHH.

AJITOPUTM TPaCCHPOBKH JIy4ei

IIpennonoxum, uyro npu 3anucu KI'P ucnonbzoBaHbl
BCIIOMOT'aTCJIbHBIC OIITUYCCKUEC JJICMCHTHI JIA q)OpMI/IpO-
BaHUs abeppUpPOBaHHOTO BOJIHOBOrO (pponra. Ha mpak-
TUKE HauboJjee BEpPOSTHO UCIOIb30BaHNUE OHOTO Jedop-
MHUPYEMOro 3epKaja, YCTaHaBIMBAEMOIO B OJHO M3 IJeY
uHTepdepomerpa 3anucu. PaccMorpum 3anmuce u padboty
TOJIOTPaMMHOI! PEIIETKH B TAaKOM MPOCTOM citydae (puc. 1).

[TycTs hopMa MOBEPXHOCTH BCIIOMOTATEIBHOTO 3epKa-
na 3 mpencTaBlicHa ypaBHCHHEM

1/R(X,%2+ Y,? m
Z = % 1) + Yo, (X220, (1)

X2+Y2 pm1
1+/l—(1+k)# !

R2

rae R — paauyc KpUBH3HBI IOBEPXHOCTH B BEPIIMHE;
k — KoHWYeCKas MMOCTOSHHAS, O, p, M — KOAPPUIIHCHT,
MTOPSAOK U 9UCITO KO (DUITHEHTOB aC(HEPUIHOCTH.

W3 ypaBrenus (1) onpenenum HOpMab K HOBEPXHOCTH
B IIPOU3BOJILHOM TOUKE B JIOKAJILHOM CUCTEME KOOPAUHAT
3epkana:

(% oz, 1)
ox,’ oy,

(GZL)Z (aZL)2 '
— |+ +1
[TepeiineM oT moKanbHOH (2) K TIOOANBEHON cHUCTEME

KOOpAMHAT, CBS3aHHOM C MOJJIOXKKOM 4 3alMChIBaEMOM
peIIeTKH:

)

Xy ==X, 3)
YA = —ZLSin(izz — iz]) + YLCOS(izz — i21) + d21sin(l'21), (4)

Zy = Z1cos(iyy — iyy) + Yysin(iyy —iyy) + dyic0s(iyy).  (5)

KoopanHarer BekTopa HOpMali peodpasyeM aHao-
ru4yHo ypaBHeHUsM (3)—(5). KoopauHaTsl TOYeUHBIX HCTOY-
HUKOB 3anucu / U 2 UMEIOT BUJ!

X1 =0, Y, =dcos(iy), Z,; = —d;sin(iy), (6)
Xr2 =0,
Yo = dyy8in(iy) + dypsin(2ip, — iyy), (7)

Y, = dy1c08(ip)) — dypc08(2iy — iny).

Paccunraem HampapISONHE BEKTOPHI JIy4eil B CXeMe,
ucnone3ys ypasaenus (6), (7):

Xa =X, Y= Y00, 24— 7))

V,, = 8

- VX = Xo)? + (Vs — Yo + (2 — Zo)? ®
X-X,Y-Y,,Z-2)

V= 9

N XX+ (Y=Y, +(Z—Z,) 2

Vl (XfA/rl’ Yﬁ leszfzrl) (10)

TNX X (V) (YT

Tpeanonaokum, 4To JJisi BCHOMOTaTenbHOTo 3epkaia 3
JIOJDKHO BBITIOHATHCS YPABHEHUE OTPAIKEHHSI B BEKTOPHOM
thopme. OgHAKO TIPU TAHHOI MTOCTAHOBKE 3a/1a9U OCTACTCS
HEM3BECTHOW MPOMEKYTOUHAS TOUKA — TOUKA MaJCHUS Ha
BCIIOMOTaTe/IbHOE 3epkaio. OHa MOKET ObITh HaMICHA YFKC-
JICHHO KaK HOJIb (DYHKIIUHU OINHOOK, OMMCHIBAIOIICH JTHHY
BEKTOpA OTKJIOHCHHUSI OT YCJIOBHUSI OTPAXKCHUS:

Ferr(XL’ YL) = |N x V21 -Nx V22|' (] 1)

Ecnu nokanbHble KOOPIMHATHI TOYKH MaJCHUs Haiie-
HBI, TO MepelieM K r1o0aabHbIM KoopauHaram (3)—(5) u
3anuiieM Harpasisitorine BekTopsl (8)—(10). [Tonyuennsie
3HAUCHUSI MIOJICTABUM B ypaBHeHUE Yandopaa [8] u paccuu-
TaecM HaNpaBJICHUE TU(PPArHPOBAHHOTO Jy4a B 3aJaHHOU
TOYKE ITaJIeHUsI Ha TOJIOTPaMMYy:

A
Ngx(Vi-Vg = Q;Ns *(Vi—Va), (12)
0

rae O — nopsaok audpakiuuu; A — padoyasi JJIHHA BOJI-
HBI; A — JUIMHA BOJIHBI 3anuch; Ng — BEKTOp HOpPMaiu B
TOYKE IIaACHUsI.

OTMETHM, YTO MPH TAKOM MOIXO/C BO3MOXKHO 3HAYU-
TEIFHO COKPATUTh YUCJIO MEPECMCHHBIX, OMUCHIBAIOIIIX
CXeMy 3al¥cy. BrrauciaeHus st cXeMbl pabOThI U 3aIUCH
B TAKOM CITy4ae MOTYT OBITh BHIITIOITHCHEI B OJTHOW MOJICIIH.
Torma 3aaua CBOAUTCS K YHCICHHOMY PEIICHUIO YpaBHE-
aus (11). IIpu ncrionp3oBannu ypaBaeHus (1) He BOSHHUKIO
0COOBIX TOUCK, PAa3PHIBOB I MHOJKECTBEHHBIX JIOKAJTBHBIX
MHHUMYMOB, U Ja’Ke IPOCTHIC YNCICHHBIE METOBI OKa3a-
JHCh octarouHo 3¢ dexruBHbiMU. Harrpumep, ypaBHeHue
(11) pemmm codyeTaHHEM METOAOB 30JI0TOTO CEUCHUSA U
nokoopauHatHoro cmycka [9, 10]. Ha puc. 2 mokazaHsl
TUIHYHBIC TPa(UKUA CXOMUMOCTH IIPU TPACCHPOBKE Jiyya ¢
HCIIOJIB30BAaHUEM 3TUX METONOB. BHIHO, 4TO B mpenenax
10 maroB MO>KHO IOCTUYb TOYHOCTH B 1 MKM.
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N XAs YA: ZA)

X Yar, Zor)

%, 1
- (X1, Yo, Zn)

Puc. 1. Cxema 3anucy roJorpaMMBbl IIPU IIOMOIIY BCIIOMOTaTeIbHOTO 3epKaia: / 1 2 — TOYeYHbIe HCTOYHUKH 3aIlUCH;
3 — BCIIOMOTATEIbHOE 3epKaNo; 4 — MOIIOKKA; i1, iy, Iy — YIVIbI IIAJICHUS B CXEME 3alMCH; P — TOYKa Ha TOIJIOKKE 4;
V; — BEKTOp IaNaIOIIEro Ha IOMIOKKY JIyda B cXxeMe paboThl 4; V§ — BeKTop AU(ParupoBaHHOIO JIyda B CXeMe pabOThL;
X, Y, Z— nekapToBbI KOOP/IMHATHI TOYKHU MaJCHHs HA TOBEPXHOCTH 3epKajia; HHACKC L — JIOKaJbHAasi CHCTEMa KOOPANHAT,

CBsI3aHHas C BepH.IPIHOﬁ BCIIOMOTaTeJIbLHOTO 3€pKajia; (Xr 5

1%

2> Z,») — KOOPAMHATBI TOUEYHOTO UCTOUHUKA 3AIHCH 2;

(X1, Y,q, Z,1) — KOOpAMHATBI TOUEUHOT'O NCTOYHHUKA 3anucu /; N — BEKTOp HOPMaJIM HA OBEPXHOCTH BCIIOMOTATEILHOTO 3epKaJia
3; (Xy, Yy, Z4) — KOOpAMHATBI TOUKH HA IIOBEPXHOCTH BCIIOMOTrareabHoro 3epkana 3; (X, Yy Z;) — 1100aibHble KOOPAUHATHI
Hayaja JOKaJIbHON CHCTEMBbl KOOPJUHAT

Fig. 1. Scheme of a hologram recording using an auxiliary mirror: / and 2 — recording point sources; 3 — auxiliary mirror;
4 — substrate; iy, i, i, — angles of incidence in the recording scheme, P — a point on the substrate 4,

V,; — the vector of a ray incident on the substrate 4 in the operation scheme, V4 — the diffracted beam vector in the operation
scheme, X, Y, Z — cartesian coordinates of the point of incidence on the mirror surface, L index — the local coordinate system
associated with the vertex of the auxiliary mirror, (X,,, Y,,, Z,,) — coordinates of the recording point source 2, (X,, Y,1, Z,.1) —

coordinates of the recording point source /, N — the normal vector on the auxiliary mirror surface 3, (X}, Y, Z,) — coordinates of a
point on the surface of the auxiliary mirror 3, (X, Y}, Z;,) — global coordinates of the local coordinate system origin
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Puc. 2. I'padhuk YUCIICHHOTO PEIICHUST YPABHEHHS TPACCUPOBKH
JIy4a 4epe3 BCIIOMOIaTeIbHOE 3epKajlo

Fig. 2. Plot of the numerical solution of the raytracing equation
through the auxiliary mirror

AJITOPUTM pacyeTa
Ju(ppaKkUOHHOM P PekTHBHOCTH

B nacrosmeit pabore paccMoTpeHbl 00beMHO-(a30BbIe
TOJIOTpaMMHEIC AJIeMeHTH. Paccuntaem /D Takoro aie-
MEHTa C TIOMOIIBI0 YPaBHEHHUHA TEOPUH CBS3aHHBIX BOJH
Korenpauka [11]. [Ipeanonoxum, 9To TOMIMHUHA CTPYKTY-
PBI TOJIOTPaMMBI BeJTHKA MO CPABHEHUIO C €€ MEPHOI0OM U
JUIMHOM BOJTHBI u3iydenus. [Ipu aToM s ekt koHmdeckoi
qudpakinuu (T. e. Audpakuy B cIyvae, KOrua naarimi
yd 00pa3yeT HEKOTOPBIH YTOM ¢ MIIOCKOCThIO, 3aIaHHOM
BEKTOPOM pEUIeTKH U ee HopMmaibio [12]) cBoauTcs k
MOCTPOCHUIO MPOEKIIMU MaJaoIero JIyda Ha MI0CKOCTh
3anmcH, a JuQparupoBaHHbIA JTyd TPACCUPYETCS TOIb-
Ko B +1 mopsiake mudpaxknun. B obnactn Touky najeHus
Ka)KJIOTO JIyYa Ha TOJIOTPaMMYy dJIEMEHTapHas perieTka
(puc. 3) BoccranoBuTcs. [Ipu 3TOM Takue mapaMeTphl
PELICTKH, KaK YroJl HaKJIOHA I0JI0C ¢ U X 4acToTa N,
OTIPEIEINM C TIOMOIIBIO PE3YITBTATOB TPACCHPOBKHU B CXEME
3ammcH (8)—(9):
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Puc. 3. OnpenencHue nmapaMeTpoB IEMEHTAPHON PEIICTKH
st pacuera aupakunonnoi spdexrusroctu: e = 1/N,, —
TIEPUOJT AIIEMEHTAPHOM PELICTKHU; / — TOJIIMHA CTPYKTYPBI
TOJIOTPAaMMBI; () — YTOJI HAKJIOHA MOJIOCKL; § — yTou maneHus
H3ITyYCeHUsS B CII0€

Fig. 3. Definition of the elementary grating parameters for the

diffraction efficiency calculation: e = 1/N,, — fringes period,

t — hologram structure thickness, ¢ — fringes tilt angle, 6 —
angle of incidence inside the hologram layer

, (shﬁao) . (ﬁnﬂh))
arcsin|—— | + arcsin|———

¢ =90° - & 5 AT

B sin(a,) — sin(a,)

8r }\‘0 ?

(14)

TJe 0 ¥ 0, — YTJIbI MaJICHNs U3JIYyYCHHUS U3 BO3/1yXa B
CXeMe 3allUCH; /1 — CPEIHUH MOoKa3aTesb IPeIOMICHHS
CBETOYYBCTBHUTEIILHOIO MaTepraa,

[Ipeanonoxxum, 4To 3aa9a KOHUIECKOW TH(PPaKITIH B
9TOM CiIydae MOXKET OBITh CBeIeHa K IIOCTPOCHHUIO MIPOEK-
LM TaJaIoIIero Jy4a Ha INIOCKOCTh 3anucy. Torna, ecinu
oCTaJbHBIC MPEANOIoOKeHHs Teopun KorenpHUKa BepHBI,
MOXKHO BBIYUCIHUTh TU(PPAKIMOHHYIO SPPEKTUBHOCTD IS
JBYX COCTOSIHUM MOJSIPU3ALMHU N7p U M7y, U JaJee ompe-
JeNUTh PGEKTUBHOCTD JUISl HETIOJISIPU30BAHHOTO H3ITY-

YeHHs ).
_ SIN* W2 + & s)
e A
2 + 2
= (anz T]TM)’ (16)

rne TM n TE — coCTOSIHUS TIOTSApU3aIig; v i & — mapa-
METpbl, onpenaensiemble kKak TM u TE.

Ant Ant
ViE = e Vg = — = cos(2(0 - @), (17)
MWCxCs MCxCs

= Keos0—0) -
:_7X: Ccos _(p )
2Cs 4 (18)

K\
Cr = cos(9), Cg=cos(p) — zn—ncos(e),

rae y — Ko QUIMEHT OTKIOHEHHs (Da3bl; (¢ — yroi Ha-
KIIOHA TI0JIOC, ONpeesieMblil BekTopamu 3anucu; Cp 1

C¢ — xo3(duLIeHTs HaKIOHA (MHAEKCH R U S COOTBET-
CTBYIOT OIIOPHOW ¥ 0OBEKTHOW BOHAM; An — aMILIUTY1a
MOJYJISLIUH TIOKa3aTelIsl MPEJIOMIICHHST; O — yroJ maaeHus
M3JIyYeHHUs B cioe; A — paboyas JuimHa BOJHBI, K — KO-
3¢hUIICHT MOIIpU3auT

Pacuer I3 mo (15)—(16) TpeOyeT 3amaHus TONIIIMHBI
TOJIOTPaMMBI M aMIUTUTY/IbI MOYIISIAU. OcTasbHbIe TTapa-
METPHI oTnpeaeeHs! mo popmynam (1)—(12). 3to mo3Bomser
00BEIMHNUTH [IBE MOZEIH B OJHY.

Pacuetst mo dopmynam (13)—(18) BbINOJIHEHBI B
oubnuoreke dll, 3agaromieil MOAL30BaTEILCKUI THII 110-
BepxHoctH B cpene Zemax Optics Studio™. TIpu stom
napaMeTpsl, OKa3aHHbIE HA pUC. | U puc. 3 3a1aeT MoJib-
30BaTellb, HAITPABILIIONINI BEKTOP AU(PParupoBaHHOTIO JIyda
orperiesnieH ypasHeHueM (12), a mporyckaHne TOBEPXHOCTH
ypaBHenueM (16). OTmeTnm, 4TO ONMMCAHHBIE AJITOPUTMBI
peaM30BaHbI IPU TPACCHPOBKE KaXKJOTO JIyda B I1OCIIE0-
BaTEIBHOM PEKHME. DTO 03HAYALT, YTO pacueT MOXKET OBbITh
MIPOBEEH ISl TOJIOIPaMMBbl Ha HETIJIOCKOH TOUIOKKE, HO
6e3 yueTa BO3MOKHOTO MHOTOKPATHOTO MTPOXOKACHHUS JTyda
yepe3 MOBEPXHOCTb.

IIpumep pacuera onTHYECKOI CHCTEMBbI

JIJst IeMOHCTpaIUy TIPEATIOKESHHOTO ITOIX0a PACCMO-
TPUM ONTHYECKYIO CHCTEMY BOJHOBOJHOTO IHCILIES CO
CIEeNyIOIMIMMH TUITUYHBIMH XapakTepuctukamu [13—-16]:
CIIeKTpaNbHBIA nuamazoH 510—530 uwM, yriaoBoe momie
3peHus 7°36' x 5°48', mmameTp BBIXOIHOTO 3padka 8 MM,
yAaJeHue BBIXOJHOTO 3pauka 60 mM. OOmuMii BUI onTHYe-
CKOM cxembl Toka3aH Ha puc. 4. [Iyuku ot uznyyaromien
MaTpHIlbl KOJUIMMUPYIOTCS acepUIecKoil MIacTUKOBOM
JIUH30# ¢ POKYCHBIM paccTtosiHueM 60 MM U BBOISATCS B
IUIOCKOTIApAJIJIENbHYIO BOJIHOBOAHYIO INIACTUHY Yepes3 Ipo-
MyCKAOIIyI0 TOJIOTPaMMHYIO pelieTky. Pemerka nmeer
[POCTPAHCTBEHHYIO YacToTy 1920 mm~! 1 pasnenena Ha
TPH 30HBI C HE3aBUCUMO ONTHMHU3UPYEMBIMH ITapaMeTpa-
Mu. BonHoBon BeimosiHeH U3 crekia K8, umeer Tonmuny
1 MM ¥ yCTaHOBIICH TOJ YIJIOM 5° K MamaroeMy IydKy.

Komnosurhas
BBOJHAS
rojorpamma
W3znyyarommas Komnmmarop
MarpuIa

Bomnosox
a3
HaOronaTess

—
7

| BriBognas
roxorpamma

Puc. 4. O0uuii BU ONTUYSCKON CXeMbI BOJHOBOIHOI'O IHCILIES

Fig. 4. General view of the waveguide display optical design
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OTMeTuM, 4TO HaJMuue HeOOJBIIOTO HAKIOHA MTO3BOJIS-
€T YBEJIMYUTh 3a30phl ISl YCTAHOBKH y3Ja U3Tydaromeit
MaTpPULBI U CHU3UThH NPOCTPAHCTBEHHYIO YaCTOTY rOJ0-
rpammsbl. [Tyuok pacnpocTpaHsieTcs 10 BOJIHOBOIY 3a CUET
MIOJIHOTO BHYTPEHHETO OTPAXKEHMS M BBIBOAMUTCS Uepe3
TIPOITYCKAIOIIYIO TOJIOTPAMMY C TOH K€ POCTPAHCTBEHHOM
YaCTOTOM.

Konmmmarop mpezactaisieT co00i OAMHOYHYIO JIHH3Y,
BBINOJIHEHHYIO U3 MOJIMMeTHiIMeTakpuiara. [lepsas mo-
BEPXHOCTh ABJSIETCS ac(hepUIecKoil C BEPIIMHHBIM painy-
coM R = 48,491 MM, KoHMUYECKOI NOCTOSHHOM k = —14,539
u ko3 dunmenramu achepuuanocru oy = 1,143-10-3,
0g=-2,110-10-8, Bropasi moBepXHOCTh — ChepHIecKoit
¢ paguycoM R; = —75,246 mM. IlonoGHbIE HIEMEHTBI 10-
CTaTOYHO THITMYHBI JUISI KPYITHOCEPHUITHBIX ONTHYECCKUX
YCTPOMCTB U MOTYT MU3rOTaBIMBAThCS C MOMOIIBIO TIPEIH-
3MOHHOTO MoJuiupoBaHus [17]. Kosumarop no3Bossiet
MIOJTYYUTh KOJUIMMHPOBAHHBIN ITyYOK XOPOIIETO KadyecTBa
JUI MOHOXPOMAaTHYECKOTO M3ITyUeHHs, HO MpU padoTe ¢
MPOTSKEHHBIM TOJIEM 3pEHUS 00J1a/1aeT OCTATOYHBIMHU
abeppamusmu. Ha puc. 5, ¢ mokazano pacmpeneseHue
CpEIHEKBAPATHUECKOTO PAaNyca TOUCUHON TuarpamMmbl
JUTSL KOJJTUMATOpa B IJIOCKOCTH HAMJIyYIIeld yCTaHOBKHU
npu pacuere B ooparHom xone. KI'P nozBosnsier BBeCTH
JIOTIOJTHUTENIBHYIO KOPPEKIUIO TAaKUX OCTATOYHBIX abep-
pauuii. OTMETUM, YTO UCNOJIb30BAHUE OJAHOIUH30BOIO
KOJUTUMATOPA SIBJISETCS MPEAEIbHBIM CIIy4aeM, O3BOJISIO-
myM OoJiee HarISITHO MTPOJEMOHCTPHPOBATH OCOOCHHOCTH
ucnosb3oBanust KI'P.

Hpyroii 23 eKT, KOTOPEIHA ClienyeT yIecTh IPH pacuyere
KT'P B momoOHOM cxeme, 3aKifodaeTcss B M3MCHCHUH yC-
JIOBUI BOCCTAHOBIICHHS JUIS Pa3HBIX TOYEK T'OJIOTPAMMBI.
Ha puc. 5, b moka3zaHo H3MEHEHHE yIIIa TTaCHNS TIABHOTO
JIy4a 10 CBETOBOM 30HE TonorpaMmbl. O4eBHIHO, YTO TAKOE
M3MEHEHHE MPUBEIET K JOKAIbHBIM U3MeHeHusM (D u,
KaK CJIEJICTBHE, HEPAaBHOMEPHOH SAPKOCTH MPOCLUPYyEMO-
ro n3zobpaxenus. ONTUMHU3AIMS TAPAMETPOB CTPYKTYPEI
TOJIOTPaMMBI ISl OT/IENBHBIX 30H M03BOJISET YMEHBIIUTh
JAHHBIA HEXKENaTeIbHBIN (D (DEKT.
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J171s1 BBIOJIHEHUS] ONTUMU3AIUHU ONPEACIUM Cleny-
0L YCIIOBUS: BBIXOJHON 3pauoK CHUCTEMBI COBMANaeT
CO 3pauKoM I7la3a, ToJ0rpamMMa He COBIAJAeT CO 3paukoM
KOJUIMMALIMOHHOM CUCTEMBI, ITyUKHU JUIsl Pa3HBIX TOYEK MO
3peHHsI pa3JeICHbl B INIOCKOCTH TroJIoTpaMMEbL. JlaHHBIE
YCIIOBHSI ITO3BOJISIOT KOPPEKTUpOBaTh 1D u abeppanun
JUTS Pa3HBIX TOYEK TOJIS 33 CUET pa3OMEeHHS TOIOTPaMMBI
Ha 30HbI U MOCJIEAYIOUIEH HE3aBUCUMOM ONTUMU3ALUU
rnapamMeTpoB otaeabHbIX 30H KI'P.

Ha puc. 5, ¢ noka3sansl ciesbl Iy4KOB ISl Pa3HbIX TO-
YeK I10JIs1 3pEHUs Ha CBETOBOW 30HE BBOJIHOM rOJIOrpaMMBI.

OTMeTHM, 4TO U3BECTHBI PYTUE PEIICHUS, TAKKE UC-
MOJIB3YIOIUE JUIsl MOBBIIMICHUS] XapaKTEPUCTUK BOTHOBO-
JTHOTO JUCIUIEs] N3MEHEHHE MapaMeTpOB CTPYKTYphI Io-
JIOTPaMMHOTO 3JIEMEHTa Mo ero Iuiomanaxe. Hampumep, B
muciuiee Digilens [ 18] ucmonp30BanHa pemeTka ¢ IOCTOsH-
HBIM TIEPHOJIOM U HETIPEPHIBHO H3MEHSFOIIUMCS HAKIIOHOM
TIOJIOC, TTIO3BOJISIONIAs KOMIICHCHPOBATh W3MeHeHne /(D B
3aBHCHMOCTH OT yTia maaeHus. B padore [19] mpeanoxen
BapHaHT C pa30MEeHNEM BBIBOIHOTO AU(PAKIIMOHHOTO dJIe-
MEHTa Ha MHOXXECTBO TUCKPETHBIX JIEMEHTOB C HE3aBH-
CHMO M3MEHSIOMIMMUCS 3HAYCHUSIMU TIEPHO/IA M TONIIIHBI
CTPYKTYpbl. B Hacrosiieil pabore npencTaBieHo pelie-
HUE MPUMEHEHUs] HEeOOJIBIIOTO YNCIa JUCKPETHBIX 30H,
B K&)XXJIOH U3 KOTOPBIX ONTHMH3HPOBAHbI PO TOJIOC
rojorpaMMbl, onpeaessiomuii /129 u ux KkapTuHa mojoc,
3ajaromas abeppannoHHsle cBoicTBa. [logxoxn peanzoBan
Ha 0a3e CyIIeCTBYIONIEH TEXHOIOTHH 3aIUCH (PU3HUECKIX
TOJIOTPaMM U SIBIISICTCS OoJiee THOKUM U TEXHOJIOTHIHBIM,
0COOCHHO B CITydae M3TOTOBJICHUS CAMHUYHOTO ITPOTOTUTIA
WA MAJIOH MapTHH IEMEHTOB.

AJNTOPUTM ONITIMHU3AIINH PACCMATPUBAEMOH ONTTHIECKOI
CXEMBI aHAJIOTHYEH ONMMCAaHHOMY B paborte [6]. YpaBHeHue
MOBEPXHOCTH 3epkana (1) orpaHUYeHO 4-M MOPSAKOM.
Cxema 3arucu BBogHOUM KI'P Ha nyinHe BoytHBI 532 HM, 110-
JydeHHas B pe3yJabraTe, oka3aHa Ha puc. 6. [Tapamerpsl,
OTIMCHIBAIOIINE KXY M3 30H, CBEJCHbI B Tadm. 1.

Wsmepenne nudpakiponHol 23pQEeKTHBHOCTH BBITIOJI-
HEHO I10 CTaHIIAPTHBIM KPHUBBIM TPOIYCKAHUS TSI TPEX

b c

6

A

Eo4 =

3 s

s S

= Q

E

S 2
0

16 Mmm

X, MM

Puc. 5. DpdekTsl, KOMIECHCUPYEMbIE TPH TOMOIIN KOMITO3UTHOM rOJIOTPaMMHOM PEIIETKU: pacipe/ielIiCHHe OCTaTOUHbIX adeppaiuit
KOJUTUMHUPYFOILECH JTMH3BI 1O TIOJTO 3peHHsI (a); N3MEHEHHE yIyia aIeHHs TIAaBHOTO JTyda Ha BBOJHYIO TOJOrPaAMMY IO €€ CBETOBOM
wiomake (b); TuarpamMma 3armoJHEHUST CBETOBON 30HBI TOJIOTPAMMBI (¢)

Fig. 5. The effects compensated with the composite hologram grating: the distribution of residual aberrations of the collimating
lens over the field of view (@); the change in the angle of incidence of the chief ray on the incoupling hologram across its clear
aperture (b); filling diagram of the hologram clear aperture (¢)
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BcmomorarensHoe

3epKaJIo
Tlonmoxkka

ToJIorpaMMbI
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Crpenka nporuda, MKM

Puc. 6. Cxema 3anucyu BBOJHOH rojIorpaMMHON PEIIETKU

Fig. 6. The recording scheme of the incoupling hologram
grating

KOHTPOJIBHBIX TOYeK 1oJst 3penus (puc. 7). Ha rpadu-
Kax I0Ka3aHo pacrpexaencHue /D B MepuInOHAIBHOM
ceyeHnu. Buano, uTo 3HaueHus /IO ocraioTcs mpakTuye-
CKM HEM3MEHHBIMH 110 CaruTTaIbHOMY CEUEHHUIO 3padka.
UcnonszoBanue KI'P ¢ onTUMU3NPOBAaHHOMN CTPYKTYpOM
TO3BOIIIO TTOBBICUTE 13D B 1,08-3,45 pa3 mo cpaBHEHHUIO
C MCXOIHBIM BapUAHTOM, OCHOBAHHOM Ha BBITIOJHEHHUH
ycnoBust bparra, a Takke NOBBICUTH €€ PABHOMEPHOCTb.
BBIMONHNM OLIEHKY BIHMSHHS U3HAYAIBHBIX JAOITYIIEHUH
U ynpoueHui. [y 3Toro cpaBHUM pe3yIbTaThl, OTy4eH-
HBIE C TIOMOIIbI0 Teopyun KorenpHUKA U ¢ HCIIOIb30BaHUEM
YHCIECHHOTO METOJa CTPOTOro aHalln3a CBA3aHHBIX BOJH

a

+3 MM, +4 MM

0 MM, 0 MM

(Rigorous Coupled Wave Analysis, RCWA), peanu3o-
BaHHOTO B mporpamme reticolo [20]. Pe3ynbrarer pacuera
J13 1 TI1aBHOTO JIyda IydKa, IPOXOASIIEro yepes LHeHTp
BBOJIHOM T'OJIOTPaMMBI ISl JaHHBIX METO/IOB IIpEICTaBIIC-
HbI Ha puc. 8. BuaHo, 4TO UCHOJIB30BAHUE YIPOLIEHHOMN
AHATNTHYECKON TEOPHH MPUBOAUT K HEOOIBIION OITHOKE
B TIOJIOKCHUU MakcuMyMa KpuBoil [13. D peKkTHBHOCTh
MOPSAKOB NU(PAKINK, HE YUNTBIBAEMBIX B pacdeTe, He
npeBocxoauT 8 %. [Ipu BBemeHNH B pacdeT yriia KOHHYe-
ckoit nudpakmmu & = 10°, MPEeBOCXOASIICTO YITIOBOEC MMOJIE
3peHust CUCTEMBI, u3MeHenue /[ He mpebimaet 2,8 %, 4To
MOYKHO CUMTATh HE3HAUYUTEIbHBIM OTKIIOHEHUEM.

B nanHOM citydae mpeanoiaokeHue o ToM, YTO TONIIIMHA
CTPYKTYPBI PEIIETKN BEJINKA B CPABHEHUH C €€ TIEPHOIOM H
paboueil JUIMHOI BOJTHBI, BBIITOIHSAETCS HECTPOTO, U I'OJI0-
rpaMma paboTaeT B IPOMEXKYTOUHOM pexkume. OiHaKo, KaKk
yKkaszaHo B [21], s MOMOOHBIX CITydaeB UCTIOTh30BAHHE
TEOPUH CBS3aHHBIX BOJH OCTACTCS MPEIMOYTHTEIbHBIM
B cpaBHEHHH ¢ Teopuerd Pamana—Hara [22]. Kak mokazan
BBINTOJTHEHHBII aHaIN3, BHOCUMAsl JaHHBIM YIPOILICHUEM
ommOKa Ipy BeIYKCIeHUH [|D HeBenuka.

JI71s olleHKH KauecTBa M300paKEHHSI TPUMEHEHBI TO-
yeyHble quarpaMmsl (puc. 9). Ucnons3oBanue KI'P, 3a-
MUCHIBAEMON C TIOMOIIBIO BCIIOMOTAaTENbHOIO 3epKaja,
MO3BOJIMIIO YMEHBIINTH CPEIHEKBAIPATHIECKUN YIIIOBOH
pa3mep nuarpamm ¢ 0'49"-1'14" no 0'44"-1'6".

OTMeTHM, YTO B CIIy4ae 3alliCH BBOJHOMN IOJIONPAaMMBI
C ITOMOIIIBIO BCIIOMOTATEJIFHOTO 3epKaJia H3MEHSIIOTCS Tpe-
0OBaHUS K TOYHOCTH U3TOTOBJICHHS M TIO3UIIMOHNPOBAHMS

-3 MM, —4 MM
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Puc. 7. IIpocTpaHcTBEeHHOE pacmpe/eneHne Tu(pakIHoHHON 3 ()EKTHBHOCTH B TOJIE 3pEHUS C PA3INIHBIMHU JINHESHHBIMH
KOOpJMHATaMU: BepXHUH 1paBelil yrou (3; 4) mum (a); uentp (0; 0) MM (b); HroKHUIL eBbIi yroa (—3; —4) MM (¢)

Fig. 7. Spatial distribution of diffraction efficiency in the field of view with different linear coordinates: upper right corner
(3; 4) mm (a), center (0; 0) mm (b), lower left corner (-3; —4) mm (c)

Tabauya 1. ITapamMeTpbl KOMIO3UTHOI TOJIOTPaMMHOH PEIeTKH

Table 1. Parameters of composite hologram grating

30Ha
ITapametp

Bepxuss Cpennsist Huxwsist
Yron naseHus Ha BCIIOMOIaTeIbHOE 3€pKaJIo 65°6’ 63°12’ 63°36'
Crpenxa mporuda BCIIOMOTraTeIbHOTO 3epKajia, MKM 19,9 18,3 19,1
TosnmuHa rojIorpaMMbl, MKM 3,95 3,74 3,73
AMIIUTYAA MOIYTIALUH 0,062 0,066 0,069
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u metogoM RCWA

Fig. 8. Comparison of the diffraction efficiency calculated by the analytical equations of the Kogelnik theory and the RCWA method
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Fig. 9. Spot diagrams of the waveguide display for 9 control points across the field of view with coordinates (x; y) mm in the plane of

objects
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Ta6/mua 2. I3ameHeHune YYBCTBUTEJIIbHOCTU CUCTEMBI K oImuoKam TMO3UIITUOHUPOBAHUSA

Table 2. Changing the system sensitivity to positioning errors

Homep [Tapametp Ucxonnas cxema Cxema ¢ KI'P
1 Paccrosnue marpuia-KomIMMaTop, yIil. MUH/MM 1,164 0,902
2 PaccrosiHie KOJUTMMATOP-TOIOTpaMMa, yIil. MUH/MM % 1013 1,17 0,001
3 JletieHTpUpOBKa MaTPHUIIA-KOIIIUMATOP 110 X, YIII. MHH/MM 0,007 0,022
4 JletieHTpUpPOBKa MaTPUIA-KOJLUTIMATOP 110 Y, YIII. MHH/MM 0,012 0,046
5 Pa3Bopor Marpuia-KouMMarop 1o X, yri. MUH/Tpaj. 0,030 0,096
6 PazBopot mMaTpuma-kommmarop mo Y, yri. MUH/ Tpaj. 0,022 0,050
7 JleteHTpUPOBKa KOJUIMMATOP-TOJI0rpamMmMa 1o X, yril. MUH/MM 1,14-10-13 3,02-104
8 JletieHTpUpPOBKA KOJUTUMATOP-TOJIOTpaMMa 110 Y, YIII. MHH/MM 9,78-10-14 0,015
9 Pa3BopoT KoutmMaTop-rojorpaMma 1o X, yrji. MUH/Tpa. 1,12:10-5 1,08-104
10 PazBoport xomummmaTop-roiorpaMma 1o Y, yril. MUH/Tpaj. 1,03-10°3 9,19-10-¢

AJIEMEHTOB ONTHYCCKOU cXeMbl. [1oapoOHbIil aHATTN3 BIIH-
staust KI'P Ha 4yBCTBUTENBHOCTh ONTHUYECKUX CUCTEM, B
KOTOPBIX OHA UCIIOJIB3YETCs, K OLIMOKaM M3TOTOBJIICHUS U
cOOpKH OTpeOyeT OTACTHHOTO UcClieoBaHus. [IpuBenemM
CpaBHEHHE YyBCTBUTEIHHOCTH CXEMBI K OIIHOKAM ITO3H-
IUOHUPOBAHUS AIIEMEHTOB, OOIINX IS MCXOTHON U MO-
TUGUITIPOBAHHON CXeM — CBETOM3ITYYAIOMIed MaTPHIIBI
U KOJUIMMUPYIOLLIEH JIMH3bl. PacueT npoBeZieH ¢ IOMOILBIO
CTaHIapPTHBIX UHCTPyMeHTOB Zemax Optics Studio™,
B kauecTBe KpuTepust KauecTBa M300paskeHHsI HCITOIb30BaH
CpEeIHEKBAIpaTUUECKUN pauyC TOUEHHON AuarpaMMbl —
CpeJHee 3HaUeHHE MO MO0 3peHMs. 3HAueHHs 1yBCTBU-
TEJIbHOCTH, TOJTyYEHHBIE JUISl U30JIMPOBAaHHBIX IapaMETPOB
0e3 UCII0JIb30BaHNSI KOMIICHCATOPOB U BBIPAXKEHHBIE KaK
OTHOILIEHHE U3MEHEHUsI KPUTEPHSI K U3MEHEHHUIO KOHCTPYK-
THUBHOTO TTapaMeTpa, TIPUBEICHBI B Ta0II. 2.

BennunHbl 4yBCTBUTENBHOCTH, OTHOCSALIUECS K I10JI0-
JKCHHIO TIIOCKOH TUPPAKITMOHHON PEIMIETKN C MPSIMBIMU
SKBUJUCTAHTHBIMHU IITPUXAMU B [TAPAJIEILHOM ITyUKE, T. €.
€€ JIMHEHHBIM CMEIEHUSIM OTHOCUTEIBHO KOJLIMMATOPA
(mapametpsl 2, 7 u 8, Tabi. 2), MPaKTUYECKHU PABHBI HYIIIO.
Kax u cienoBano oxkuaarh, IpOAOIbHOE U TONEPEUHOE
CMEIIECHHUS TaKOH KJIaCCHUECKOM PeIIeTKH HUKAaK He CKa3bl-
BAaeTCs HA BBIOPAHHBIX KPUTEPHSIX Ka4eCTBA H300paKeHMSI.
[Mockoneky KI'P 3armceiBaercst abepprpoBaHHBIMY ITyYKa-
MU, IITPUXU PEIIETKU HE SBJISIOTCS CTPOTO MPSIMOIUHEN-
HBIMU U KBUUCTAHTHBIMU, a CX€Ma C HEH HE CTPOro MH-
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3akiaouenue

[TpencTaBieH Moaxo K MOAEINPOBAHUIO ONTHIECKUX
CHCTEM C KOMITO3UTHBIMHU TOJIOTPAMMHBIMH 3JIEMEHTAMH.
IIpu HanmuuuM psAna JONyLIEHUH K CXEME 3alluCU roJo-
TPAMMHOTO 3JIEMEHTa MOXKHO BBIITOJIHUTH PacueT U OIl-
THMHU3AIMIO ero abeppanuii, a Takxke IUPPaKUOHHON
3¢ (GEKTUBHOCTH B ¢AMHOIN Moenu. Peann3oBansl mpe-
JIOKCHHBIE aJITOPUTMBI B IIPOIPAMMHOM IIPOLYKTe Zemax
Optics StudioTM.

Ha npumepe KOMIAaKTHOTO MOHOXPOMHOTO JHCIIIES
JIOTIOJTHEHHOM PealbHOCTH ¢ mojieM 3peHus 7°36'x5°48" n
BBIXOJHBIM 3pa4KoM § MM MPOJEMOHCTPHUPOBAH TPOIECC
pacueTa M aHanu3a pabOTHl KOMITO3UTHON TOJIOTPAaMMBI.
B wacTtHOCTH, MOKa3aHBI MOBBIIICHUS AU(GPAKIHOHHON
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AHHOTAIUA

ITpeamer uccienoBanus. B padore npeayiokeH MeTos HHPPaKpacHOH CIIEKTPOCKOITNH AJIsi 0ObEKTUBHOTO KOHTPOJIS
KJIESIIIIEr0 COCTaBa MpH NMpon3BojcTBe Oymary. J{iis mpokieiikn GymMaru ¢ 1ebio HOBBIIIEHHS MEXaHUUECKOH TPOYHOCTH
W CHIDKEHHUS BOJOTOIIOIICHHS HCHONB3YIOTCs THApododusupyronye Marepuansl. Oaun n3 Hanbdonee 3¢ (HeKTUBHBIX
W HCIIONB3YEMBIX TUAPO(GOOU3UPYIOMINX MaTepruaioB — KaHU(OIb U3 COCHOBOI KMBHUIBL. B paboTe mccienoBaHbl
CBOMCTBA HOBOTO KJISSI HA OCHOBE KaHU(OIH 13 JKUBHI[HI YEPEIITHEBOTO IePeBa IS NCIIONB30BAHUS €T0 MPH IMPOKIICHKE
B OyMayKHOH Macce, ¢ I[eIbI0 PACIIMPEHHsT HOMEHKJIATYPhI TPOKJICHBAIONINX BEIIECTB U CHIDKEHUS JOJIM NMIOPTHON
COCTaBIISIIOIICH B CTPYKTYpe MECTHOTO OyMasKHOTO Ipor3BoacTBa. MeTon. J{ist npeHTHhUKamy Kiiest Ha KaHU(OIBHOI
OCHOBE 13 )KMBHIIBI YEPEIITHEBOTO JIepeBa HCIOIb30BaH METOJ HH(PPAKPACHOU CIIEKTPOCKONNH. BeTpoeHHOE yeTpoiicTBO
C QJIMa3HbIM KPHUCTAJIOM yHUBepcaibHOro u komnakraoro MK-®ypee ciekrpomerpa Nicolet iS50 ot Thermo Scientific
MO3BOJIMIIO 3aPETUCTPUPOBAThH CHEKTPhI B CPEIHEM U JajibHeM MH(PaKpacHbIX AManaszoHax BIUIOTh 10 100 cm!.
O dexTHBHOCTH MPOKIEHKN 00pa3oB OymMaru ucciae0BaHa M0 CTaHIAPTHBIM METOAMKAM M OLEHEHa IO CJIETYIOIIIM
CBOWCTBaM: IJIOTHOCT, IPOYHOCTH HA Pa3phIB IIPU PACTSHKEHUN HA Pa3phIBHON MaIlIHHE, TOBEPXHOCTHAS BIIUTHIBAEMOCTh
IIPU OTHOCTOPOHHEM cMaunBaHuH. OCHOBHBIE pe3yabTaThbl. [1o HH(ppaKpacHBIM CIIEKTpaM Ha OCHOBAHMU OIM30CTH
XMMHYECKOTO COCTaBa BBISBIEHA HACHTHYHOCTD IIPOKJIENBAIONIETO BEIICCTBA U3 KMBHUIIBI YEPEITHEBOTO JIEpeBa KIIEI0 13
COCHOBOM JKMBHIIBI, HCIIOJIB3yeMOTO JUIsl CpaBHEeHHs. CPaBHUTENIBHBII aHAJIM3 MEXaHWYECKNX U OBEPXHOCTHBIX CBOWCTB
00pa3uoB Oymaru IMoATBEPII BOZMOXKHOCTb HCHOJIB30BAHUS HCCIEAYEMOI0 MPOKIIEHBAIOIIETO BEIIECTBA, TAK KaK
TIOJTy4€eHbI 3HAYEHUS CBOMCTB, ONIM3KHUE K KJICI0, IPUMEHEHHOMY Ul cpaBHEHHS. [Ipu 3TOM 1ienecooOpa3HbIM sBIIsSETCA
no0aBlieHHE B IIpeIaraéMoe BEIECTBO CYXOro IIEJIIIONI03HOT0 ChIphs B mpesenax ot 1 1o 1,5 rua 100 r. [lpakTuyeckas
3HAYUMOCTD. [IpuMenenne Metosia HHGPaKPaCHON CHEKTPOCKOINH AJIS SKCIPECC-aHaIn3a COCTaBa MPOKIEHBAIOIIETO
BEIECTBA SBISCTCS TEPCHEKTHBHBIM, TaK KaK ITOSABIISETCS BO3MOKHOCTD YIIPABIECHHS TEXHOJIOTHIECKIM IIPOLECCOM 1
CO3/IaHNE NMPOKIECHHBIX BU0B OyMaKHOH IPOIYKINH C 3aJaHHBIMH CBOMCTBAMH, 00SCTICINBAIOIIIMH Ka4eCTBO MEIaTH
0e3 IoTeph MEIKUX JeTallel H300pakeHnsl.

KiioueBnble c1oBa
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U TIOBEPXHOCTHBIC CBOMCTBA OyMaru
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Abstract

The paper proposes a method of infrared spectroscopy for objective control of the adhesive composition in the production
of paper. For sizing paper, in order to increase mechanical strength and reduce water absorption, water-repellent materials
are used. One of the most effective and used water-repellent material is ordinary pine resin rosin which is in short supply
for the Republic of Uzbekistan. The paper investigates the properties of a new adhesive based on rosin from cherry resin
for use in mass sizing in order to expand the range of sizing agents and reduce the share of imported components in
the structure of local paper production. Infrared spectroscopy was used to identify the rosin-based glue from the resin
of the cherry tree. The built-in device with a diamond crystal of the universal and compact Thermo Scientific Nicolet
iS50 IR Fourier spectrometer made it possible to register spectra in the mid and far IR ranges up to 100 cm~!. The
efficiency of sizing paper samples was studied by standard methods and evaluated by the following properties: density,
tensile strength at stretching on a tensile machine, surface absorbency with one-sided wetting. Infrared spectra revealed
the identity of the sizing agent from the resin of the cherry tree to the glue from the pine resin, taken for comparison,
because their chemical composition is the same. A comparative analysis of the mechanical and surface properties of
paper samples confirmed the possibility of using the studied sizing agent, since the obtained values are close to each
other, while it is advisable to add in the range from 1 to 1.5 g per 100 g of dry cellulose raw materials. The use of
infrared spectroscopy for express analysis of the composition of the sizing agent is promising, since it becomes possible
to control the technological process and create glued types of paper products with desired properties that ensure print
quality without loss of fine image details.
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BBenenune

JUisl TMHAMHUYECKOTO Pa3BUTHS 1IEIUTIOI03HO-0OyMaK-
HOW NPOMBIIIJICHHOCTH M3-3a JIe(UINUTA U JOPOTOBU3HbI
HCIIOJIb3YEMbIX OCHOBHBIX M BCIIOMOTATEIbHBIX KOMIIO-
HEHTOB OyMa)KHOI Macchl OCTPO BCTAET BOMPOC CO3aHUS
HOBBIX KOMITO3UIIMI M MaTepHalioB U3 BTOPUYHBIX PECyp-
coB. [Ipobneme mepepabOTKH BTOPUYHBIX PECYPCOB JUIS
JaTbHEHIIero HCIOIb30BaHUS B Ka4€CTBE KOMIIOHEHTOB
OyMa)XHOH Macchl IOCBAIICHBI MHOTOYNCIICHHbBIE PabOThI
YUYEHBIX M CHEIHAJINCTOB 3TOH OTpaciid. 3aMeTUM, 4TO
BHEJPEHNE HOBBIX MaTepHaOB B IIEJIIION03HO-0OyMaKHOH
HPOMBIIIJICHHOCTH TpeOyeT pacliupeHust 00bEKTHBHBIX
MeToZI0B KOHTpoJst. OfuH n3 Hanbonee MHPOPMATHBHBIX
METOJI0B MJICHTU(PHUKALUK MaTepHaIoB — MeTOo/ HH(pa-
kpacuoii (MK) criekTpockomnum.

B pabotax [1-3] ans cHkeHus norpednenus aedu-
LUTHOTO JIPEBECHOTO CHIPbS B KauyecTBE OCHOBHOTO HC-
TI0JIb30BaHbl BTOPUYHBIC BOJIOKHA, [IOJIy4aeMbIe B Pe3yJlb-
Tare mporecca nepepadoTKH MaKyJIaTyphl HIIH U3 OTXOI0B
IPOM3BOJCTBA. Pa3paboTaHbl TEXHOIOTHU MTPOU3BOJCTBA
OyMaru U3 eKerogHo BO30OHOBIISIOLINXCS U UMCIOLINXCS B
0OJIBIIOM KOJIMYECTBE PACTHTEIBHBIX MATEPHAIIOB — CEJlb-
CKOXO3MCTBEHHBIX OTXOA0B [4—8], OTXOZ0B TEKCTUIHLHON
[9-11] u dpapmaueBTryeckoit orpacieit [12, 13].

B paborax [14—16] ju1s moaTBep K 1eHNsT BO3SMOXHOCTH
MCTIONB30BAHMS LIEJUTIONIO3HOM MacChl U3 BHYTPEHHETO CII0S
KOpBI BETBEH TYTOBOTO JiepeBa MCCIE0BaHbl (prU3HNKo-Me-
XaHWYECKHE, TTOBEPXHOCTHBIC W ONITHYECKNE CBONCTBA.
JleHcnTOMETpHUYECKOe N MUKPOCKOITIYECKOE HCCIICIOBAHNS
MEYATHO-TEXHNUECKNX CBOMCTB OyMaru BBISIBUIN BO3MOXK-
HOCTb MX MCIOJIb30BAHMS IIPHU [IEYATH MAJIOBSI3KMMH T1€4ar-
HbIMH Kpackamu [17, 18].

Jlyist eyaty BSI3KUMH KpackaMH TIOBEpXHOCTh OyMaru
JIOJDKHA OBITH CTOMKOW K BOJIC M OPraHMYECKUM COEIMHE-
HUSIM, TI03TOMY TPUMEHSIIOT THAPO(YOOU3UPYIOIINE MTPO-
KJenBaromye Bemecrna [19, 20].

B 3aBucumocTH OT BHJI@ LIEIUTIONO3bI, KA9€CTBA MPO-
M3BOJICTBEHHOHN BOABI M IPYyTUX (PaKTOPOB HCIOJIB3YIOTCS
pas3IuyuHbIe MpOKIIenBatoIue BemecTsa. OTciona cienyer,
YTO HE CYIIECTBYET YHUBEPCAIBHOTO KJEsl, TIPUTOJHOTO
JUISL pa3IMYHBIX YCIOBUU paboThl OyMakHOU (aOpHKu.
HaunOonee xiraccndeckuM MPOKIEHBAIOIIM MaTePHAIOM
ABIseTCs Oelbli Kiel (comepxaHue cBOOOTHON CMOIIBI
15-25 %) u3 *xuBH4YHON KaHNU(}OJIN, KOTOPBIA MPUTOICH
JUIsl IIUPOKOTo accopriuMenTa Oymar. KanudonbHblil Kiei
OCaXJIaeTCsl Ha BOJIOKHAX OyMa)KHOM Macchl M B poLiecce
CYHIKH OyMaru IUIaBUTCS, PACTEKaeTCsl MO TTOBEPXHOCTH
BOJIOKOH, 00pa3ysl CIIOIIHYIO IIJICHKY M, TEM CaMbIM, 00e-
CIIEUMBACT YCPHMIIO- U BOJIOHETIPOHUIIAEMOCTb OyMarH.
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MprMeHeHe MeToA0B MHDPAKPACHOW CNEKTPOCKOMNUN B UCCNEN0BaHNM COCTABOB AJ151 NPOKelkn Gymaru

Ienp HacTosIICH paOOTHl — M3YYCHUE BO3MOMKHOCTH
npumenenus UK crnekTpockonuu mist uaeHTUGHUKAITUN
KJIesl Ha KaHU(OJIBLHON OCHOBE W3 YKHBHIIBI YCPEITHEBOTO
JIepeBa, UCIIOIB3yEeMOT0 TIPH IPOKJICHKe B OyMakHOH Macce
BMECTO KaHU(OJIU U3 COCHOBO# )KUBHI[bI, KOTOPBII SIBJISICT-
cs meurrom st PecryOnukn Y36ekucTaH.

J1ist TOCTHOIKEHHUSI eI HEOOXOAMMO PEIIHTh CIEIYIO-
Y€ 3a1a4u:

— BBINOJHUTh UICHTU(UKAILUIO KIIesl, TOJYYSHHOTO U3
JKHBHIIBI YCPEITHEBOTO JCPEBA, a TAKIKE IPOBECTH CPaB-
HUTEJIbHBII aHAJIN3 €ro CIIEKTPa CO CIIEKTPOM HCIIOJb-
3yemoro oopasia metonom MK criekrpockonuu;

— st onieHKH 3P (PEKTUBHOCTH JECHCTBHSI MPOKIICHBA-
IOLIEro BEIeCTBa CKIEUTh 00pa3ubl Oymaru u3 Ie-
JIFOJIO3HOM MacChl BETOK TYTOBOTO JiepeBa KaHU(OIIb-
HBIM KJICEM U3 )KHBHIIBI YCPCITHEBOTO JIEPEBa U KIICEM
U3 COCHOBOM JKUBHIIBI M BBITOJHUTH UX CPABHEHHE;

— HCCIIE/IOBATh CTEICHb BIUSHUS MPOKJICHUBAIOIIETO Be-
[IeCTBA Ha MEXaHUYECKUE U TOBEPXHOCTHBIE CBOICTBA
Oymarw;

— M3Y4YUTh CBOMCTBA OyMark u MpeijioKUTh PEKOMEH/Ia-
LUH 110 IPUMEHCHHIO.

O0beKThI H METOAbI UCCJICT0OBAHUSA

Jnst uaeHTHUKanuy Kies 1elecoo0pa3Ho UCTIONb30-
Batb VK crniekrpockonmio ¢ ¢hypbe-peodpa3oBaHueM, mpe-
BOCXOZISIIIYO ONTHYECKHE ITPUOOPHI O NHPOPMATUBHOCTH
1 00eCHeYHBarOILy0 BBICOKOE pa3pelleHHe.

@ypbe-CHEeKTPOMETP MOCTPOEH 10 NPUHLUITY HUHTEp-
(bepomerpa MaiikeabCoHa, B KOTOPOM HCCIICIYEMOEC U3ITy-
YEHHUE CIIY)KHUT UCTOYHUKOM OCBEIICHHS, a OTHO M3 3€pKaJ
HMEET OTPEJICIICHHYIO TOCTOSTHHYIO CKOPOCTH JBHKECHUS
(puc. 1, b). [lony4yeHnHast KprBasi, ONKCHIBAIOIIAS 3aBUCH-
MOCTB OTCYETa ITPUEMHHKA OT Pa3HOCTH X01a JIydeid, mocie
(dypbe-aHan3a IMEeT BHJI pacIipe/ieNICH s HHTEHCUBHOCTH
M3IYYCHHUS TI0 JITMHAM BOJH (dacToTam) [21].

B manHO# paboTe MCIMONB30BaH YHUBEPCATHHBIN U
komnakTHeiii UK-®ypbe cniekrpomerp Nicolet iS50! ot
Thermo Scientific maboparopun HU3NKO-XUMUIECKUX Me-
TO0B uccienoBanuit? (puc. 1). ITo QyHKIMOHAIbHBIM
BO3MOXHOCTAM, TEXHUYCCKUM ITapaMeTpaM U IMPOCTOTE
sKcIuTyataiuu crekrpometpy Nicolet iS50 aHamoros Her
[22].

BerpoenHoe ycTpOICTBO € ajaMa3HbIM KPHCTAILIOM,
nmeromiee coOCTBEHHBIH JETEKTOP, TTO3BOJISIET PETHCTPHU-
poBaTh CHEKTPHI B cpenHeM U nanbHem MK nuamazonax
BioTh 10 100 cm~!. CnocobHoCTh mprbopa paborars B
IIPOKOM CHEKTpajbHOM auanazone (ot pansHero UK 1o
BUANMON 00JIaCTH) JIETKO MACHTH(UIMPYET HeOpraHnyie-
CKHE KOMITOHEHTHI B TIonMepax. [1pu coBMecTHOM nprMe-
HEHHUHU BCTPOEHHOTO YCTPOICTBA B PEXMME HAPYIIEHHOTO
monHoro BHyTpeHHero otpaxenus (HIIBO) u ycrpoiictsa
aBTOMATUUYECKOM CMEHBI CBETOACTIUTEIIA CIICKTPEI B CPEI-
HEM U JaJIbHEM UK JuamasoHax MOTryT 6I)ITI) aBTOMaTHu-

I [Dnekrponnsiii pecypc]. Peskum poctyna: http://www.bvr.
by/oborudovanie/molekulyarnyi-analiz/ik-fure-spektrometry-1/
ik-fure-spektrometr-nicolet-is50 (1ara oopamienus: 10.02.2022).

2 [Dnextpounblii pecype]. Pexxnm mocrymna: https://biochem.
uz (nara oopamenus: 10.02.2022).

YECKH 3apETUCTPUPOBAHBI U «CIIUTHD) C UCTIOIb30BAHUEM
nporpammsbl Ha Visual Basic [uist mosry4eHust IMHOTO CIieK-
Tpa B auanasone ot 4000 no 100 em! [23].

Mertoa UK criekTpockonuu NpuMeHEeH AJisl UACHTHU-
(hukanuy Kies U3 KUBHUIBI YSPEIIHEBOTO JIepeBa, Mpel-
HA3HAYCHHOTO JJIs MPOKJICHKN BOJIOKHUCTONW MAacCCHI U3
IEJUTIONO03BI BETOK TYTOBOTO JIEPEBA, C IETBIO PACIIIMPEHUS
HOMCHKJIATYPbI MMPOKJICHBAIOIINX BEIIECTB M CHUKCHIS
JI0JIM UMIIOPTHOM COCTABIISIIOLLEH B CTPYKTYPE MECTHOIO
OGyMa)XHOTO ITPOU3BO/ICTBA.

B kauecTBe 00BEKTOB MCCIIEIOBAHMS UCIIOIB30BAHBI
KJIEH U3 CBIPOI CMOJIbI (KUBHIIBI) YEPEIIHEBOTO JIepeBa
n 00pasiel OymMaru u3 1eUIIoNI03HOI MacChl BHYTPEHHEH
KOpBI BETOK TyTOBOI'O JIEPEBa.

[TomyueHHbIH K€l U3 CBIPOIT CMOJIBI (KMBUIIBI) YEpELI-
HEBOTO Jiepesa npH Temreparype 85-95 °C Obul BeIllapeH
JUTSL OYMCTKH OT CKHUITUAApa U IPYTHX JETyYUX BEIIECTB,
coJiepXKaHue KOTOPBIX B CHIPOIl cMoie cocTaBiseT 25 %.
B momyuerHOM 0€3 HCTIOTB30BAHMUS XUMHUIECKAX CPEICTB
HaTypaJIbHOM MPOIYKTE COACpP’KaHHE BOJBI COCTABUIIO
He 6omee 0,5 % mpH 0CTaTOYHOM KHUCIOTHOCTH He Oojee
0,3 %.

Juist oueHky 3P HeKTHBHOCTH AEHCTBHUS TPOKICUBAIO-
IIETO BEIIeCTBA Ha JIMCTOOTIMBHOM amiapare MOoITy4eHbI
OyMakHble OTIUBKU Maccoil 80 + 2 r/M2, MpOKIJICCHHBIE
B Macce KaHH(OJIBHBIM KJIEEM M3 KHMBHUIBI YEPEITHEBOTO
JlepeBa U KJIEeM U3 COCHOBOM >KMBHIIbl. MexaHU4ecKue
U TIOBEPXHOCTHBIE CBOKCTBA OyMaru McclieJJoBaHbI MO
meroaukam Ha ocHoBanuu: TOCT 27015-863 — onpe-
nenena mwiotHocTh; TOCT 13525.1-794 — npo4yHOCTD
Ha pa3pbIB MPH PACTSIKEHUH Ha Pa3pBIBHON MaIllWHE;
T'OCT 12605-97 (ISO 535-91)5 — noBepXHOCTHAS BIIK-
THIBAEMOCTD TIPH OTHOCTOPOHHEM CMAauyMBaHHM.

Pe3y.]'leaTl)I HCCJICA0BAHUSA U UX oﬁcymzlelme

B pesynbrare ananmsa moxydeHbl CIIEKTPhl 00pasIioB,
KOTOphIe mpencTaBieHsl Ha puc. 2. UK crekTpsl ckop-
PEKTHPOBAHbI C UCTIOJIE30BAHNEM AITOPUTMA KOPPEKIINU
npuctaBku HBIIO, Bxomsmiero B mporpaMMHBIN MakeT
OMNIC. Cpasuenune MK crieKTpoB pOKIEHBAIOIIETO Be-
IIIECTBA U3 YKUBHUIIBI YEPEIIHEBOTO JiepeBa (pUcC. 2, @) U KIiest
13 COCHOBOM JKUBHIIBI, B3ATOTO IS CpaBHEHUs (puc. 2, b)
MOKAa3bIBACT, YTO XUMUYECKHUI1 COCTaB UX OJIM30K.

B cpaBHUBaeMBIX cleKTpax MPUCYTCTBYIOT XapaKTe-
puctryeckue nonocsl nomomeHus C=0-CBA3U LUKIU-
YeCKOW aHTUAPUIHON TPYIHIBI C MAaKCUMyMOM Iipu 1636
u 2123 cm~l. Kpome Toro, B 060HX CHEKTPAX UMEIOTCSI
nonocel 2848 u 3343 M1, oTBeyaroIME 32 CUMMETPUYHBIE
M aCHMMETpHYHBIE BaJleHTHbIE KosteOannss C—H-cBsi3eii me-

3TOCT 27015-86 Bymara u kapToH. MeTOo/ibI Onpe/ieieH s
TOJIIMHBL, IVIOTHOCTH U yAeNIbHOro oosema. Beenen 01.01.88. M.:
WznarenscTBO cTangapros, 1986. 4 c.

4TOCT 13525.1-79 Tonydabpukarsl BonokHucThIE. Bymara
¥ KapToH. MeTOo/IbI onpeesieHHs] MPOYHOCTH Ha Pa3phIB U YIJTH-
Henust npu pactsbkenun. Beepen 01.07.80. M.: M3narenscTBo
cranaapros, 2007. 5 c.

5 TOCT 12605-97 (MCO 535-91) Bymara u kaproH. MeTox
OornpeacjIcHus HOBerHOCTHOﬁ BIIMTBIBAEMOCTU BOABI IIPpU OO~
HocTOpoHHEM cMaunBaHuu (Merton Ko60a). Beenen 01.07.2001.
M.: UznarensctBO cTanmapros, 2001. 8 c.
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IIpucraska
KOMOHMHAILIHOHHOTO VYerpoiicTBo
pacceuBaHUuA CMEHBI

CBCTOJICIIUTEIICH

Berpoennoe
YCTpPOICTBO
HBIIO

Puc. 1. UK-®ypoe cnexrpomerp Nicolet iS50: o6muii Buz (a) 1 ontudeckast cucrema (b).

1 — ucTo4HMK cBeTa; 2 — QortonpueMuuk; 3y, 3,, 33 — 3epkana; C/I — cseronenurens; K — komnencarop; Y — ycTpoicTBo,
n3Mepsiionee pasHocTs xoxa; JIj, JI, — muuser; O, O, O, — NHTEHCHBHOCTD BOJIHBI B IUIeYe HHTEpdepoMeTpa

Fig. 1. FTIR spectrometer Nicolet iS50: general view (a) and optical system (b).

I — light source; 2 — photodetector; 3;, 3,, 33 — mirrors; CJ| — beam splitter; K — compensator; ¥ — a device that measures the path
difference; JI;, JI, — lenses; O, Q;, O, — wave intensity in the interferometer arm

THJICHOBBIX U METHJIBHBIX I'PYTI (PEHAHTPEHOBOTO CKeJIeTa
CMOJISIHBIX KUCIOT Kauugonu; 1636 cm—| — xapakrepu-
CTHYECKasl 10J0ca BAJICHTHBIX KojeOauuii C=O-rpymiisl
B kapOokcunbHOU Tpynne COOH nns HeHaCHIIIEHHBIX
kucnot; 1463, 1400, 1382, 1360 cm! — rpynna nosoc
TIOTJIOIICHNUS, XapaKTepHu3yoiias ae(opMaoHHbIe (TI10-
CKHMe HOKHUYHBIC) Koebanuss C—H-cBSI3u METHIIEHOBBIX
Y METHJIBHBIX IPYI (DEHAHTPEHOBOTO CKeJIeTa CMOJISTHBIX
kucnor kauudonu; 1261 cM~! — BanenTHbIE KONeOaHMsI
C—O-cBsi3u B KapOOKCHIIbHOI rpymine. B cBs3u ¢ Tem, 4to
B KJIee MIPUCYTCTBYET MOYEBHHA, JUISI KOTOPOI XapakTepHO
B obmactu 3345 cm! momormenne N—H-rpynmesl, T0 1aH-
Hasl 1oJIoca TakXke Oblla HaleHa B MCCIIEAyeMbIX CIICK-
Tpax. Kak cienyer u3 ananusa pe3ysnbTaToB 00paboOTKH
CIIEKTPOB 110 TOMCKOBOH 0a3e, KaueCTBEHHBIN U YaCTUYHO
KOJIMYECTBEHHBII COCTaB COBIMAAAIOT B 000OMX 00pasIax.
Ha ocHOBaHMM pacCMOTPEHHBIX YKCIIEPHMEHTAIBHBIX
JIAaHHBIX, KOTOpble BKIOUa0T MK crekTpsl KieeB U3 Ku-
BUIIBI uepenHeBoro aepesa (o0pasnsr AAS-atr-TITLP-
SadriddinovA-1) u u3 suBHIBI cOCHBI (00pa3ubl AAS-
atr-TITLP-SadriddinovA-2) MOxxHO yTBepkIarh, 4YTO HUX
COCTaB UACHTHYCH.

st onieHku 3(p(heKTHBHOCTH AEHCTBHUS MTPOKIICHUBAIO-
LIIETO BELIECTBa OIpe/ielieHa IPOYHOCTh Ha Pa3pbiB IPU
pacTsbkeHnn Ha pa3psiBHO# Mammae o TOCT 13525.1-791
B cootBercTBHE € MeTOI0M, 00pa3ers ObIT 3aKpeIlieH B 3a-
JKMMax pa3pbIBHON MAIIMHBI, HE KACAsICh €T0 UCIIBITYEeMOM
4acTH, ¢ cuiioi HaTshkeHus He 6onee 0,3 H. B pesymbrare
OIIPEZIEIIEHO YCHUIINE, BBI3BIBAIOIIEE pa3pymieHne oopasia
1 €T0 YAJIMHEHHE 10 MOMEHTA Pa3phIBa.

ITOCT 13525.1-79 Tonydabpukarsl BONOKHUCTbIE. Bymara
1 KapTOH. MeTO}Ibl OINpEACTICHUA TPOYHOCTH HaA Pa3pbIB U YIJIU-
HeHus npu pactshkeHud. Beenen 01.07.80. M.: M3natenscTBO
crangapTos, 2007. 5 c.

PaspeiBHas pmiHa L BRIYHCICHA IO (hOpMYyIIe:

L _bF

>

m

rae F — paspymaroriee ycuiue; /[, — HOMHHAIBHOE pac-
CTOSIHME MEXKILy 3a)KUMaMu; m — Macca 1 M2 oOpasia.

3HayeHue npeiesa MPOYHOCTH MPH PACTSHKEHUH G Pac-
CUUTAHO TI0 (popmyJie:

c="—,

bh

rae h — tonmHa oopasiia Oymaru; b — mupuHa odpasia
Oymarm.

OTHOCUTENBbHAs NOTPELIHOCTh ONPEAEICHUS Mpeiena
IPOYHOCTH MPH pacTskeHUH He npessimaeT £10 % npu
JI0BepHUTENbHOM BeposiTHOCTH 0,95.

CpaBHUTENBHBIN aHAJIA3 MEXaHUYECKUX CBOUCTB 00-
pa31oB OymMaru HOATBEPANI BO3MOXKHOCTh MCIIOJIB30Ba-
HUSI MICCIIEAYEMOTO MTPOKIICHBAOIIETO BEIIECTBA, TaK KaK
MOJIyYeHBI 3HAUEHUS, OJIN3KUE OPYT K APYTY, IPU 3TOM
1esecoo0pa3Ho 100aBICHNE TPOKIICHBAIOIIETO BEIeCTBa
B npeaenax ot 1 g0 1,5 r Ha 100 r cyxoro nemIono3Horo
CBIPBS, TAK KaK yBEJIHYECHHUE JT00aBKH JI0 2 T CII0COOCTBYET
YMEHBIICHUIO MEKBOJIOKOHHBIX CIJI CBSA3U Ha 21 %.

JI71sl BBISIBIIGHUS CTENEHU BIMSIHUS MPOKJIEHBAIOIIETO
BellecTBa Ha THIpo(oOHOCTh Oymaru ornpejnesieHa Io-
BEPXHOCTHAsl BIUTHIBAEMOCTh IIPU OJJHOCTOPOHHEM CMa-
yuanuu (FTOCT 12605-97 (ISO 535-91)2) no merony

2TOCT 12605-97 (MCO 535-91) bBymara u kapToH. MeTox
OonpeacjIcHus HOBCpXHOCTHOﬁ BIIMTBIBAEMOCTU BOABI IIPU OO~
HocTopoHHeM cmaunBanuu (Mertox Ko66a). Beenen 01.07.2001.
M.: UznarenscTBO cTangapros, 2001. 8 c.
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Puc. 2. IndpakpacHbie CHEKTPbI MPOKJICHBAIOIIETO BEIIECTBA M3 )KMBHUIIBI YSPEIIHEBOTO AepeBa (¢) U Kiies U3 COCHOBOM JKHBHIIBI,
HCTIONIB3YyEeMOTO ISl cpaBHEHUs (D)

Fig. 2. Infrared spectra sizing agent from cherry tree resin («) and glue from pine resin taken for comparison (b)

Ko606(30), myTem ompeiesieHrst MaCChl BOJIBI, TOTIIOMICHHOMN
MOBEPXHOCTBIO OyMard IpHu CMadyMBaHUH OJHOW CTOPOHEI
HCTIBITYEeMOT0 0Opasia

K066(30) = 100("’!2 — ml),

rae my; U mp — MaccChbl o6pa3ua J0 " I10CJIC HCIBITAaHHH.

P€3yJ'H>TaTBI I/ICCJIG,HOBaHI/Iﬁ 3aBUCHMOCTHU CBOMCTB 6y-
Maru OT BHJd NPOKJICUBAOIICIO BCUICCTBA U COACPIKAHNUA
HAIMIOJHUTEIIA NPHUBCACHBI B Ta6J'II/II_[e.

B xoze aHann3a MoBEpXHOCTHBIX CBOMCTB 00pa3loB
Oymaru (Tabnuma) BEIIBICHA YPPEKTUBHOCTD MPOKICHKI
ot 22,5 1o 30 % c yBenmueHneM J00aBICHUS MTPOKICHBA-
JOILIETO KJIesl, YTO MOYKHO OOBSICHUTD YILIOTHEHHEM CTPYK-
TYpPBI, KOTOPask MPENATCTBYET NPOHNKHOBEHHUIO BOIHBIX
PacTBOPOB.
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Tabruya. Mexanndeckne U MOBEPXHOCTHBIE CBOMCTBA OyMaru U3 [eJUTI0JI03HOH MacChl BHYTPEHHEH KOPBI BETOK TYTOBOTO JiepeBa

Table. Mechanical and surface properties of paper from the cellulose pulp of the inner bark of mulberry branches

Macca BBOZMMOTO CgoiictBa Oymaru
cBazytromero Ha 100 r cyxoro
LEMTIONI03HOTO ChIPBA, T MEXaHHYIECKHE MIOBEPXHOCTHBIC
Homep
oOpasua W3 )KUBHIBI TIpOHOCTE npenen IIOBEPXHOCTHAs
13 KUBHLBI | IUIOTHOCTH, | paspyLIaroliee Ha 13ruo, BJIQXKHOCTb,
YepelIHEeBOTo . HPOYHOCTH, | BIUTHIBAEMOCTS,
COCHBI r/em? ycwe, H YUCIIO JIBOHHBIX %
nepesa MIla r/m2
neperndoB
1 1,0 — 0,65 69,0 1395 55,7 40 9.3
2 1,5 — 0,67 65,1 1203 52,2 31 8,8
3 2,0 — 0,68 55,1 1180 44,3 28 8,2
4 — 1,0 0,65 71,0 1394 56,0 41 9,2
5 — 1,5 0,66 66,2 1205 51,8 30 8,8
6 — 2,0 0,68 54,0 1164 43,8 25 8,1
3aki04eHue MEKBOJIOKOHHBIX cnIT cBsi3u Ha 21 %. BrisiBnena s dex-

CpaBHeHHE MHPPAKPACHBIX CHEKTPOB MPOKICHBAIO-
IIETO BelecTBa U3 )KHUBUIIBI YEPEIIHEBOTO JIepeBa U KJiest
13 COCHOBOM >KMBHIIBI, MCIIOJIb3YEMOTO JUIsl CPaBHEHHUS,
roka3ayio OJM3KHE 3HAYEeHHS] XUMHUECKOTO COCTaBa.
CpaBHHTEIBHBIN aHAIN3 MEXaHUYECKUX CBOICTB TaKXke
TTOATBEPANI BO3MOXKHOCTB HCTIOJIB30BAHHS HCCIIETyEMOTO
TIPOKJIEUBAIOIIETO BEIIECTBA HAPABHE C KIIEEM U3 COCHOBOM
KUBHIEL. [Ipu 3TOM 11emeco0Opa3HbIM ABIETCS T00aBiIe-
HUE KJIesl U3 )KUBUIIbI YEPELTHEBOTO JIepeBa B MIPe/iesiaX OT
1 1o 1,5 r ma 100 r cyXoro meuIioI03HOTO CBHIPhs, TaK Kak
yBEJIMYCHUE T00ABKH JI0 2 T' CIIOCOOCTBYET YMEHBIICHHUIO
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AHHOTALUA

IIpeamer uccaexoBanus. PaccMoTpeHa 3aadya ONTUMH3ANNHT [TAPaMETPOB MATPHIIBI BUICOKAMEPHI IS CHIKEHHS
HM30BITOYHOCTH HH(POPMATUBHOCTH BHICOCHTHANA. AKTYaTbHOCTh TEMBI O0OYCIIOBJIEHA CYIECTBYIOMIEH N30BITOYHOCTHIO
(hopMHpPYyEeMBIX MaTPUIIAMU BHICOCUTHAJIOB B PA3HBIX YACTSIX 30HBI HAOIIOJCHUS M, KaK CIEACTBUE, U30BITOUHOM
3arpy3koil yCTpOWCTB nepeaadn, XpaHeHus 1 00padoTKu curHajioB. JlaHHas 3ajada pemieHa MmyTeM JOCTHKSHUS
PaBHOMEPHOCTH PACIIPEICNICHNUsI INIOTHOCTH ITUKCEIIOB 110 30He HaOMoeH s MeToMKa OCHOBaHa Ha PELICHNUH 3a/1a91
IPOrpaMMHBIM CIIOCOOOM B OTIIMYHE OT CYIIECTBYIOLIMX PELICHUN, UCIOIb3YIOUINX alapaTHble MeToabl. MeToz.
[Ipeanoxxen MeTox mpenCcTaBIeHHs 30HBI 0030pa KaK COBOKYITHOCTH MOAMHO)KECTB IPOCTPAHCTBA 3a7a4 HAOIIOAECHUS C
TOCTIEYIOIIEH ee pparMeHTanueit. 3agauu HaOMOACHUS ONPEACIAIOT TPeOyeMy0 MHHUMAIBbHYIO ITIOTHOCTh ITUKCEIOB
B pasHbIX PparMeHTax. OcHOBHBIE pe3ybTaThl. OCyIIECTBICHA CETMEHTAIINS MAaTPHIIBI B COOTBETCTBHU C pa3MepaMu
(hparMeHTOB 30HBI HAOIIOACHHS U 3aJJaHHBIM JONMYCTHMBIM TUATIa30HOM H3MEHEHHS PacHpeeICHHs TUIOTHOCTH
MIIKCENIOB B 30He 0030pa TenekaMmepsl. [IpeokeHsl o0s3aTebHbIE U TOTIOJHUTENbHBIE KPUTEPHH ONTHMHU3AINN
pacupeneneuus. ChopMynupoBaHa METOIMKA ONTUMHU3ANUU. B cooTBeTcTBUHU ¢ KO3(DHUIIMEHTOM H30BITOYHOCTH
pacmpeieneHus MII0THOCTU MTUKCEIOB B CEIMEHTaX IPOU3BEICHO 00beIMHEHUE TMKCENIOB B TPYIIIbI, pa3jinuHbIe B
pa3HbIX cerMeHTax. [IpuBeneHbl IpuMepsl pelieHus 3a/1ad ONTHUMU3ALUK [0 pa3HeIM KputepusMm. [IpakTuuyeckas
3HAYUMOCTb. [IpennokeHHbII MOAX0A MO3BOIMI MUHUMHU3UPOBATh U30BITOYHOCTH MIOTHOCTH MHUKCENIOB H, KaK
CIIC/ICTBHE, CHU3UTDH 3arpy3Ky KaHAIOB CBS3M, 00BEM MaMATH YCTPOHCTB XpaHEHHs BUACOMH(MOPMAINH U TPEOOBAHHS
K MPOU3BOIUTEIHHOCTH YCTPOHCTB 00pabOTKH BUAEOCUTHAIOB. Periena 3anada (OpMUPOBAHUS HEMPEPBIBHOTO
n300pakeHNsI 30HBI HaOMroneHus. Pe3yapTaTsl paboThl MOTYT HAiiTH MpUMEHEHHe IIpu 00paboTKe BUISOCHTHANIOB U
pa3paboTKe HOBBIX TeJeKaMep CHCTEM HaOIIoIeHsI.

KiioueBrble c1oBa
pacripe/ieJieHUe IIOTHOCTH MUKCEIOB, MJIOTHOCT MHKCENIOB, 3a/1a4a HaOIOCHNUS, MaTpHIla KaMephbl, 30Ha 0030pa

Ceblnka puis nutupoBanusi: Boinxonckuil B.B., KoBanesckuil B.A. MeToauka onTuMu3anuyu pacrupeaeieHus
TUIOTHOCTH MUKCEJIOB 110 30He HalOmoneHns // HayuHo-TeXHUYeCKii BECTHUK HH(OPMAIMOHHBIX TEXHOJIOTUH, MEXaHUKN
u ontuku. 2022. T. 22, Ne 6. C. 1055-1062. doi: 10.17586/2226-1494-2022-22-6-1055-1062

Distribution optimization method of pixel density by surveillance area
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Abstract

The task of optimizing the parameters of the video camera matrix to reduce the redundancy of the generated video signal
is considered. The relevance of the topic is due to the existing redundancy of video signals generated by matrices in
different parts of the observation zone and, as a result, excessive loading of signal transmission, storage and processing
devices. The problem is solved by achieving a uniform distribution of pixel density over the observation area. The
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MeTtoavka ontumusaummn pacnpeneneHuns ni1oTHOCTU NMUKCESOB MO 30He HabnoaeHus

methodology is based on solving the problem programmatically, unlike existing solutions using hardware methods.
It is based on the representation of the view area as a set of subsets of the observation task space with its subsequent
fragmentation in accordance with the observation tasks being solved which determine the required minimum pixel
density in different fragments. To solve the problem, the matrix is segmented in according to the size of the fragments
of the observation area and the specified allowable range of changes in the distribution of pixel density in the viewing
area of the camera. Mandatory and additional distribution optimization criteria are proposed. The optimization technique
is formulated. In according to the redundancy coefficient of the pixel density distribution in different segments, pixels
are combined into groups that are different in different segments. Examples of solving optimization problems according
to different criteria are given. The proposed approach makes it possible to minimize the pixel density redundancy and
thereby reduce the load on communication channels, the amount of memory in video information storage devices, and
the performance requirements for video signal processing devices. In this case, the problem of forming a continuous
image of the observation zone is also solved. Results could be used for video signal processing and design of new

cameras for video surveillance systems.
Keywords

pixel density distribution, pixel density, observation task, camera matrix, view area

For citation: Volkhonskiy V.V., Kovalevskiy V.A. Distribution optimization method of pixel density by surveillance area.
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no. 6, pp. 1055-1062
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BBenenue

Jst penieHus 3a/1a4 TEJIEBU3NOHHOTO HAOIIOAEHHS He-
00x0nMo c(hOpMHUPOBATH BHICON300paskeHUE TPEOyeMOro
kagecTBa. OneHKa KauecTBa BUCON300paKeHHs TIPOU3BO-
JIATCSI C MCIIONBb30BAHNEM PA3IMUHBIX XapaKTEPHCTHK, HO
CHCTEMa TEJICBU3NOHHOTO HAOIIOACHNS PACCMaTpUBACTCS C
TOYKHM 3PEHHUS MOTYyUSHNSI MAKCUMAaIbHO HH(OPMATHBHOTO
HU300paKeHUsT KOHTPOIMPYEMOU 30HbI. THPOPMATHBHOCTH
BUJICON300PAKEHHUS 3aBUCUT OT MHOTHX XapaKTEPUCTUK U
napameTpoB 000PYIOBaHHsI CHCTEMbI HAOIONEHUSI, & TAKKe
CIOCOOOB U YCIIOBHIA €0 MCIOb30BaHus. OTMETUM, YTO
HanOoJiee BaXKHBIN KPUTEPUH OLIEHKH MH()OPMATHBHO-
CTH — CTelIeHb JIeTATN3aIMN N300pasKeHUsI, XapaKTepH3Yy-
I011asi BO3MOXKHOCTh Pa3indaTh MeNkue jgeranu. CrerneHb
JIeTaIn3alH U300paskeHNns], B CBOIO OYEpe/lb, OTpe/ess-
eTcst IOTHOCTHIO nukcenoB (ITI1) B pa3auuHBIX YacTsIX
30HBI HaOmoneHusa. Heooxonnmoe 3uauenue [1I1 3amaercs
BBIOpaHHOW 3amavell HaOMOneHUs (MOHUTOPHHT, O0OHAPY-
JKeHHUe, 0030p, pacrio3HaBaHUE WM MICHTH(HUKAINA) B
HanOosee AanbHel Touke 30HbI 0030pa [1]. Kak pesynbrar,
B CHJTy OCOOCHHOCTEH (hOPMUPOBAHHSI BHICOU300pasKCHNS,
[II1 B 6GMIKHUX YaCTSIX 30HBI 0030pa OKa3bIBACTCS BBIIIE
HEOoOX0IMMOI — BOJIM3H TeJIeBU3NOHHOI KaMepbl OHa MO-
YKET MHOTOKPATHO NPEBbIIIaTh MUHUMAaJIbHO HEOOXOMMBII
YPOBEHb. JTO NPUBOIUT K TOMY, UTO 3HAYUTEIIbHAS YaCTh
N300pakKEeHUs COJIEPIKUT N30BITOUHYI0O HH(POPMALIUIO H,
Kak CJIC/ICTBHE, HEOTIPABAAHHO YBEINYNBAIOTCS: 3arpy3Ka
KaHaJla CBsI3M, 00BEM MaMsATH YCTPOICTB XpaHEHHs BUjIe-
ocHWrHalla U TpeOOBaHMUA K pecypcaM CpeicTB 00paboTKH
BUJICOCHTHANA. B pe3ynmsrare Bo3pacTaeT UTOTOBasi CTOU-
MOCTH 000PYIOBaHHS CUCTEMBI I CHIKAETCST OBICTPOICH-
CTBHE.

Takum oOpa3zom, cyiiecTByer mpodiiemMa J0CTHKECHUSL:
HeoOxonnmon MuHuMansHO# [1I1 B nanbHel 4acTi 30HBI
BH/ICOHAOJIONCHUS U 00CCIICUCHHSI PABHOMEPHOCTH Pac-
nipesenenus 111 o 3one HaOmonenus. M3BecTHs! psij Me-
TOJIOB M CIIOCOOOB WX PealIu3aliii, KOTOpbIe MOTYT PEIINTh
po0ieMy MOJIYUYSHHs BHJICOM300pakeHHsI TpedyeMoro
kadectBa [2—11]. OnHAKO OHU MPUBOIAT JUOO K 3aMETHOMY
YCIO)KHEHUIO TEXHUYECKNX PEIICHNH, a CIIeI0BATeNbHO, U
K YBEITMYEHUIO CTONMOCTH, THO0 K (hOpMIPOBAHUIO HA0O-
pa OTAETBHBIX BHICON300paKeHNH, Pa3IMUHBIX yIaCTKOB

3a/IaHHON 30HBI HAOMIONICHUSI C IEPEKPBITHUSIMU MITH TIPOITY-
CKaM¥ B TOW WJIM WHOM 4acTu 30HHI [ 1, 12]. Takue ycmox-
HEHUsI PEIICHNH 3aMETHO 3aTPYIHSIOT paboTy OIepaTopos,
0COOEHHO BO BHEIITATHBIX CUTYANUAX U CHIDKAIOT 3 hek-
THUBHOCTb CUCTEMBI TEJIEBU3HOHHOTO HalOmoneHus. I1o stoit
npuYKHe 3aja4a (OpMHUPOBAHHS €IMHOTO BUAEOM300pa-
JKSHUS 30HbI HAOMIO/IEH!sI ¢ TpeOyeMBbIMHU MapaMeTpaMmHu,
B IepBY0 ouepelb ¢ 3ananHoi I1I1, B uneanbHOM citydae
PaBHOMEPHO pacIpe/IelIeHHOM 110 BCei 30He HaOOIeH S,
SIBJISIETCSI AKTyaJIbHOM.

Jist pa3paboTky MeToANKH, oOecreunBaronell paBHo-
MepHoe n3menenne 3nadenus [1I1 as penenust 3a1aHHOM
3a7a9u HaOIIOAEHNs, TpeOyeTcsl BBIIOIHUTE: aHAJIN3 0CO-
OeHHOCTEH (hOopMHUPOBAHUS H300PAKCHHS B PA3TUIHBIX
4acTsIX 30HBI 0030pa, CpaBHEHNE M3BECTHBIX PEIICHUI
9TOH poOIeMBI M (HOPMYITHPOBKY KPUTEPHEB OLIEHKH PaB-
HomepHoctH [1I1. B pe3ynsrate HeoOx0mumMo pazpadboTarb
METOJUKY PELICHUs IT0CTAaBICHHOM 3a1auu. Taxke BaXHO
HUMCTHh BO3MOXHOCTb HpOFpaMMHOﬁ aBTOMaTu3aluu mnpo-
Hecca ajanTaluuy apaMmeTpoB TEICBU3HOHHOW KaMephl K
KOHKPETHBIM YCJIOBUSIM JUIsl IOJyYSHHUS €IMHOTO N300pa-
JKEHUSI 30HBI HAOJIOZCHUs O€3 MPOIYCKOB U MEPEKPHITHI
30H 0030pa. [Ipn 3TOM O4YEBUIHO, YTO A/IAIITUBHO MEHSThH
napameTpbl KaMepbl ¢ COOTBETCTBYIOIICH KOMITEHCAneH
HACcTPOEK BO3MOXKHO TOJIBKO C MCIIOIB30BAHUEM DIIEKTPOH-
HBIX PEryJIHpOBOK ee mapameTpoB. B Hacrosmeii pabore
MPEUIOKEHO PEIICHHE TIEPEUNCIICHHBIX BOIIPOCOB.

3ona 3¢ pexTUBHOrO 0630pa

C TouKM 3peHHs pelIeHus 3a1a4d HaOIIoAeHus, 1ere-
coo0pa3Ho yunThIBaTh Xapakrep pacnpeaenenus [1I1 mo
30HE 0030pa M BIMSHIE HA 3TO PACTIPEACIICHUE PA3THIHBIX
ocobeHHocTel (hOpMBI 30HBI 0030pa KaMephbl, MOI0KEHUS
B Hell cyObekTa mim oobekra Habmonerns (COH) u mapa-
METPOB YCTAaHOBKH KaMepbl (MECTa U BBICOTHI yCTAaHOBKH,
YIJIOB HAaKJIOHA, TOBOPOTA U 0030pa).

B oOmiem ciyyae ocHOBHBIE TpeOOBaHUS K OpMHU-
pyeMoMy BHI€OM300paKeHUIO BCEil 30HBI HAOIIONEHUS
JOJIKHBI 6])ITI) CJICAYIOINMMU:

— noctmwxkenne MuHuMaibHoit 111, Tpebyemoii mist pe-

IIEHUs 3aJJaHHOM 3a7a4n HaOJIOJCHNs, BO BCEH 30HE

0030pa;
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— obecrieuenue paBHomMepHoro pacnpenenenus [1I1 mo
Bcell 30He HAOJIIOCHHUS TIPH 3aJaHHBIX KPUTEPHUSIX U
OTpaHUYCHUSIX;

— (QopMHUpOBaHHE €MHOTO BUACOM300payKEHNUS, TIOJTHO-
CTBIO TIEPEKPHIBAIOIIETO BCIO 30HY HaOIOCHUS Oe3 He
MIPOCMATPUBAEMBIX YIACTKOB U MTEPEKPHITHSI.

Hns onenku xapakrepa pacnpeneneaus [1I1 reo6xo-
JUMO TIPOAHAIN3UPOBATH 0COOCHHOCTH (HOPMUPOBAHUS
30HBI 0030pa Kameprl. B obmiem cirydae 30Ha 0030pa Te-
JICBU3MOHHOW KaMephbl MPEICTABIISIET COO0H KOCOYTOIbHYIO
nupamuy (puc. 1, MyHKTUPHBIE JTUHUH).

[Ipeanonoxum, uto 30Ha HaOMIOAEHUsT — 00IACTb
Bo3MmoskHOTO HaxoxkeHuss COH. B cBoro ouepenn, 30Ha
HaOJIIOACHUS JIOJDKHA TTOJIHOCTBIO MEPEKPBIBATHCS 30HOM
0030pa TeJIeBU3NOHHON KaMepbl, TTOATOMY IIPOCTPAHCTBO
HaOoieHnst — Best 00acThb 30HbI 0030pa. [IpocTpancTBo
HaOMIoIeHNs, YUNUThIBas peanbHoe pacnpenenenue I111 B
9TOM MIPOCTPAHCTBE, MOYKHO MPEICTABUTH COBOKYITHOCTBIO
TIOJTIPOCTPAHCTB PA3HBIX 3aaa4 HaOmoneHus. Pasmepsl,
KaK IpOCTpPaHCTBA HAOIIONCHHUS, TaK M MOATPOCTPAHCTB
3a1a4y HaOMOIeH!s, OyIyT 3aBUCETh OT periaeMoil 3a1aun
HAOJIFOICHHUS, TTAPAMETPOB KaK CaMOi TCIICBU3NOHHOM Ka-
MEpBI, TaK U €€ YCTaHOBKH, 1 mapamerpo COH.

®dopma 30HbI 0030pa, MOKA3aHHAs HA PUC. 1, SBISIETCS
TEOPETHYECKON, TaK KaK MOXKET (POPMHUPOBATHCSI BUICOU-
300paxenue modoro COH, nonaznatomero B 30Hy. OHaKO
JUISL pEIICHNS 331249 HAOIIOICHNST HEOOXOMMBI OITpe/ielIeH-
Hele 3HaueHws [111. V3-3a 3T0TO0 10 HabHOCTH 30HA 0030pa
OyzieT OrpaHMYMBATHCS BO3MOKHOCTBIO JOCTHKEHHS ATHX
sHadeHmni. Taxxke, kpome momagarns COH B 30HY 0030pa,
B ONIDKHEH 30HE OyIyT OrpaHUYCHHS, CBSI3aHHBIC C TITyOH-
HOW PEe3KOCTH U NCKaKEeHISIMH [ 1], KoTophIe B HaCTOSIICH
paboTe HEe yIUTHIBAIOTCA.

C ydJeToM yMOMSHYTBIX CBOWCTB 30HBI 0030pa MOX-
HO TOBOPHTB O MPOCTPAHCTBE Z BO3MOXKHOTO HAXOXK/IE-
Hust COH, B koTopoMm (hopmupyeTcst ero u300pakeHue ¢

= IToBepxHOCTH paBHOM

2 \\ 4
sddexTuBHOrO 0630pa NN e
N\

~
N
Y%

Puc. 1. 3ona 0630pa KaMepBbl.

L ax — MaKCUMaJIbHO BO3MOKHOE PacCTOsHUE; LB u LT —
paccTosiHUS 10 BepXHEH M HIKHEH JacTeil Tena uenoBeka; H —
BBICOTA YCTAHOBKM KaMepbl. IIyHKTHpHbIC TMHUM — 30Ha 0030pa
TEJIEBU3UOHHON KaMephl

Fig. 1. Camera field of view.

L ax 1s the maximum possible distance; L? and L¥ are distances
to the upper and lower parts of the human body; H is camera

installation height. Dashed lines — TV camera field of view

TOH mau nHO¥ nHpopmaTuBHOCTHIO. [locnennss Oyner
onpenensatecd 1 B mecte nHaxoxnaenuss COH. B cuy
JIMCKPETHOCTH BUACOCHTHANA, (GOpMHUPYeMOro MaTpHieit
KaMepsbl, n300paxkeHne OyJeT COCTOATh U3 AJIEMEHTap-
HBIX 3JIEMEHTOB, pa3Mep KOTOPBIX CPABHUM C pa3MEpoM
COH u 3aBUCHT OT pacCTOSIHUS 10 KaMephl, yIiia 0030pa 1
paspemeHns MaTpunbl. B pesynbrate MOXXKHO TOBOPHUTE O
COBOKYITHOCTH DJIEMEHTOB Z;; MHOXCCTBA Z IPOCTPAHCTBA
HaOmoneHus. [onokeHne Ka10ro 371eMEeHTa MHOKECTBA
zj =f, 0, \yj), rmei=1,...,.Lj=1,...,J; [ uJ— gucio
CTPOK M CTOJIOLIOB MaTPHIIbI KAMEPBI B IPOCTPAHCTBE Ha-
OmoneHust OyayT QyHKIMEH MaIbHOCTH /, & TAKKE YIJIOB
®;, 1 \y; HanpasyeHus Ha ij-i onement COH otHoCHTEIBHO
OCH KaMephl.

Beenem nonstue 30nul 9¢ghpexmugnoeco oozopa (320),
KaK 9acTH 30HBI 0030pa, B KOTOPOH BBITIOJIHSIOTCS TpeOoBa-
Hus 1o 3aganHou [1I1. dusndeckn o naneHOCTH 320 OY-
JIET OTPaHUIMBATHCS MOBEPXHOCTHIO paBHOIt [1IT (puc. 1),
HaXO/AMICHCS Ha MAKCHMaJIBHO BO3MOXKHOM PAcCTOSHUH
L. Haxoxneanss COH. B xaxmoM ij-oM aneMeHTe 3Toi
cthepuueckoit moBepxuoctu [111 omnHakoBa. 3aMeTHM, YTO
BBIOOp paccTosiHUsA L, 3aBUCUT OT (POPMBI 1 TIOJIOKEHHS
camoro COH otHOcHTenpHO KaMephl. Tak, 1id yenoBe-
Ka 3TO MOTYT OBITh PACCTOSIHUS 10 BepxHeil L? (romoBa
CTOSIILIIETO) WM HIDKHEH LY (HOTH WIIM TOJIOBA JICHKAIIETO)
yacTell Tesa, HapUMep s UACHTU(UKAIMH CTOSIIETO
WJIN JIE’KA9YEero YeJIOBeKa.

C yueToM HEOOXOIUMOCTH JTOCTHXEHHs TpeOyeMoit
TIIT Dp0 BO BCEH 30HBI 0030pa MHOXKECTBO Z IPOCTPAHCTBA
HaOJIIOICHNST MOYKHO IIPEACTaBUTh B BU/IE COBOKYITHOCTH
ZcZy, Z\,2Zy, ..., Ly, Zg:1] TOOIMHOKECTB Z; Pa3HBIX
3amaq HaOmoaeHus. [Ipu 3ToM MHOXKECTBO Z BKITIOYaeT
B cebsa nogmHoxectBa Z = Zy, tne k=0, 1, ..., K+ 1.
[TonMHOXeCTBa ONPENESIOTCS MPOCTPAHCTBEHHBIMU 00-
JIaCTSIMU 30HBI 0030pa, B KOTOPBIX PELIAIOTCS pa3linuHble
3a1aun HaOmoneHus. iM MOXKHO IOCTaBUTH B COOTBET-
CTBHME 3HAYCHUsI MHJCKcA k, HapUMep JUIs THIIOBBIX 3a-
nad HaOmroneHus cyobekra [1], caeayrommum oopa3om:
1 — unenrndukanus, 2 — pacnosHaBanue, 3 — 0030p,
4 — oOHapyXeHne, 5 — MOHHMTOPHHI, a Takxke 0 — Kax
4acTh 30HbI 0030pa HEYBEPEHHBIX MONAaHMs U HACHTU(H-
karuu COH B 3Ty 30HY M 6 — HEYBEpPEHHOTO TTOTIAAaHMS
1 MOHHTOpPUHTA. B 4acTHBIX ciydasx APYTrHX 0OBEKTOB
HaONIONCHHS ¥, CIETOBATEIbHO, HHBIX (HOPMYITHUPOBOK
3aaa4 HaOmoneHus: win TpedoBanuit k [T 3T HHIEKCH
MOTYT OBITH ApyrumH [1].

Bo MHOTHX MMpakTHYECKUX CIIyyasX, B YACTHOCTH, KOTJIa
BBICOTA YCTAHOBKM KaMepbl 3HAYUTEIBHO MEHBIIIE TIPO-
TSOKEHHOCTH 30HBI 0030pa, JIOMYyCTHMO paccMaTpuBaTh
JIByMEpHOE M300pa)keHHe 30HbI 0030pa KaK MPOEKIHH Ha
TOPU3OHTAIIBHYIO INIOCKOCTH (puc. 2). [Ipn 3TOM rpanunipt
MOZIMHOXKECTB B CIIy4ae MajbIX yIJIOB 0030pa JIOIyCTHMO
cyutarh npsMbiMi!. MOXKHO TOBOPUTH O JIByX OCHOBHBIX
mozensix COH. Dto pacnpenenennsiii COH — consmepu-
MBIH 110 pa3Mepam ¢ pazmepamu 350, U KBa3UTOUCUHBIH,
pa3Mepsl KOTOPOTO HaMHOTO MeHbIIe pazmepoB 350. Torma
JIByMEPHOE NIpeACTaBIeHUE OyIeT MPUMEHNMO JUISl CITydast

I Panomera cameras [DnekTponHbiii pecypc]. Pexxum pocty-
na: https://www.dallmeier.com/technology/panomera-cameras/
(mara obpamenus: 29.09.2022).
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MeTtoavka ontumusaummn pacnpeneneHuns ni1oTHOCTU NMUKCESOB MO 30He HabnoaeHus

MonuropuHr

OO0HapyKeHue ——

Pacriosnasanue 030D g >7 N
Wnentudukars )f /x
v\

|:|;n Z | 7 |~ %] 2 % Z,

7, \\/ X X\

% —1

K, K, K, K; K, Ks |Ks

Puc. 2. ]IBymepHOe n300pakeHHe NPOTHKEHHOM 30HBI 0030pa.

Wuaekcbl 0003Ha4aoT: 0 — yacTh 30HbI 0030pa HEYBEPEHHBIX
MOMaIaHus U MACHTU(GUKAINN CyObeKTa WM 00beKTa HAOMIOICHHS;
6 — 4acTh 30HBI 0030pa HEYBEPEHHBIX TONAIAHUsI © MOHUTOPHHTA,

1-5 — noxmHOXkecTBa 30HHI A3 dekTHBHOrO 0030pa

Fig. 2. 2D image of an extended field of view.

Indices indicate: 0 is part of the viewing area of uncertain hits and
identification of the subject or object of observation; 6 is part of the
area of view of uncertain hits and monitoring; 1-5 are subsets of the

effective view area

KBa3UTOYEYHOTO 00BEKTa HAOIIOACHHS, JINOO KPUTHUECKI
BXHOTO JUISI PEHICHMSI 3a1a4l HAOIIOCHUS dJIeMEHTa
COH, nanpumep miaza. Ho B 6oree o0mem ciryuae HeoOxo-
JIMMO YYHTBIBaTh pasmep U nonoxkenne COH, Bkirodas ero
BO3MOXKHBIE HAKIIOH M ITIOBOPOT OTHOCHTEJIBHO KaMephI IIPH
PpasHBIX pa3Mepax GOpMBbI U pa3Mepa B Pa3HBIX IIOCKOCTSIX
WIIH paKypcax.

Cnoco0bl J0CTHAKEHUS] PABHOMeEPHOIi
MJIOTHOCTH MUKCEJIOB

V3BeCTHBI HECKOIBKO TEXHUUECKUX PEHICHNH, T03BOIIA-
IOMINX B OMPEJICNICHHON CTENeHH PeIINTh 33a1ady JI0CTHKe-
Hus pasHoMepHOi [111. Hanbonee s pekTHBHBIE permeHus:
1) mepexpbITHE 30HBI HAOMIONEHHSI 30HaAMHU 0030pa OT/IEeIh-

HBIX KaMep, YCTAaHOBJICHHBIX B OJTHOM HJI HECKOIBKUX

MecTax B 3aBUCUMOCTHU OT TpeOyeMOoro pakypca;

2) ycCTaHOBKa MYJIbTUMOIYIbHOM KaMephl C HE3aBUCUMOMN

OpHEeHTaIel Moy e, 00ecIIeunBaIOINX TTOJTHOE T1e-

PEeKpBITHE 30HBI 0030pa (puc. 3).

SSEEN

Puc. 3. DopmupoBanue 30HbI 0030pa MyITETUMOTYIBHBIMH
KaMepaMH.

Pasnuynble yacTu o01Ieit 30HBI 0030pa COOTBETCTBYIOT 30HAM
0030pa, HOpMHUPYEMBIM KaXKIbIM MOJIYJIEM «KaMepa-00beKTHB»
Fig. 3. Formation of the view area by multimodule cameras.

Different parts of the total view area corresponding to the area of
view formed by each module “camera-lens”

Takum 00pazom, HEOOXOIMMO HCIIOIb30BAHHE HECKOIb-
KHX KaMmep WM yCTPOMCTBA, COCTOSIIETO U3 HECKOIBKHUX
MOJyJIe — «KaMepa-oObeKTUBY», KaKbIH M3 KOTOPBIX
KOHTPOJIUPYET YacTh 00IIel 30HbI 0030pa ¢ MOCIeyoei
CTBIKOBKOW OT/IETIHBIX H300pa’KeHUH B €AMHOE LIEJI0E JUTS
HCIIONTE30BaHUA B TIporecce Habmonenus [12]. Dto mo-
3BOJISIET TOCTHYb 3aMETHOTO YIyYIICHHUs] pABHOMEPHOCTH
pacmpenenenus [1I1. Oqraxo qocTUTAETCS 3HAYNTEIEHBIM
YCIIO)KHEHHEM alMapaTHON 4acTH KOHCTPYKIHMHU H MPO-
rpaMMHOT0 obecrieueHus, U, KaKk CleACTBHe, OOIbIINX
BBIYMCIIMTEIBHBIX PECypcoB. B pesyibrare uMmeer Mecto
3aMETHOE YIOPOKAaHHUE YCTPOHCTBA.

Pewennst 1 1 2 TpeOyroT BBITIOIHEHUE Psijia ICHCTBUH,
CBSI3aHHBIX C PETYJIMPOBKAMH YIJIOB HAKIIOHA, I0BOPOTA
1 0030pa, U BBICOTHI YCTAHOBKH OT/EJIBHBIX KaMep WM
mopyreit (puc. 3). Kpome Toro, BO3HUKAET HEOOXOIUMOCTD
MOBBIIIEHHOH TOYHOCTH PETYINPOBOK /ISl CTHIKOBKH M30-
OpakeHMIi OTAEIBHBIX KaMep B OTHO o01iee H300paxeHue.
ABTOMaTH3aIMs Mpolecca HACTPOUKH MPAKTHIECKH HE
peann3oBaHa.

Wnest, no3Bossironasl yCTpaHUTh TIEPEUNCIICHHBIC He-
JIOCTAaTKH, JISKUT B OCHOBE MYJITUMOJYJIHON TEJICBHU3HU-
oHHOU Kamepbl!, obecnieunsaromieil HeoOoxomumyto IIT u
ee paBHOMEPHOCTH BJIOJIb 30HBI 0030pa [13—15]. Kpome
TOTO, B TAKMX KaMepax BO3MOXHO (POPMUPOBAaHHE 30H
a¢dexTuBHOrO 0030pa ¢ TOYHO KCIIUTBIM» H300paKe-
HUEM. DTO pelIeHUE aHAJIOTMYHO PEIICHUIO 2 1 MOXKET
OBITH peaar30BaHO Ha JTAIE M3TOTOBICHMS YCTPOMCTBA.
[Ipn 5TOM B OTHOM KOpITyCE YCTAHABIMBACTCS HECKOIBKO
MOJyJIeH KaMep ¢ 3apaHee 1Mo 00paHHBIMH 3aBOJICKUMH
YCTaHOBKaMH, MTO3BOJIIOIINME COCTBIKOBATH TOUYHO (hop-
MHpyeMbIe IMU U300paXeHUS U YMEHBIIUTH pa3opoc [1I1
T0 30HE BUJCOKOHTPOIIA. Penienue 2 10CTaTOuHO CI0KHOE
x0Tl U dpexTuBHOE. [1aBHOE MPEUMYIIECTBO — TOYHO
«CHINTOE» N300pAKEHUE NIPH OTCYTCTBUH HEOOXOIMMOCTH
CJIOXKHBIX PETyJIMPOBOK IMOJIOXKEHHSI OTACIBHBIX KaMep U
noadopa UX mapaMeTpoB, a TaK)Ke MOJOKEHHS (BBICOTHI
YCTaHOBKH, YIJIOB IIOBOPOTa M HakjoHa). OTMETHM, YTO
B PACCMOTPEHHBIX CIIydasX OTCYTCTBYET BO3MOXHOCTb
ABTOMAaTH3MPOBAHHOTO BHIOOpa MapamMeTpoB KaMephl JUIs
aJIanTanyuy K KOHKPETHBIM yCIOBHUSIM HAOIIOCHUSL.

B pesynbrare MOXKHO TOBOPHTH O LIEI€CO00pa3HOCTH
pa3paboTKH MoaX0/a, MO3BOJSIONIETO ONTHMU3HPOBATH
pacnpenenenue [T s 3a0aHHBIX YCIOBUN YCTaHOBKH.

Kpurtepuu ontuMu3anuu pacnpeneaeHust

Jlois perieHus 3a1auu ONTHMU3ALUK PacIpeeIICHUs
[IIT HeoOxoaMMO CPOPMYIINPOBATH KPUTEPUH ONITHMHU3A-
un. [TTaBHBIMH 1 00513aTETIbHBIMY KPUTEPUSIMU SIBIISTIOTCSI:
1) obecrnedyeHre MUHIMAITBEHO TpeOyeMoit Dp0 [IT o Bceit

30HE HAOIIOICHUS mei“ > Dpo, e D, u DpO — dakTu-

YecKoe ¥ MUHUMaJIbHO TpeOyemoe 3Hauenus I111;

2) HaIMYUE 33JaHHOTO JIOMYCTUMOTO JMara3oHa n3MeHe-
s 3Hadenwit [IITAD = D,max — D min (mu6o 3ananmoe
MaKCHMAIIbHO jormyctumoe D, M4 snagenne I1IT anano-
THUYHO KpUTEpHIO 1.

I Panomera cameras [Dnektponusiii pecypc]. Pexxum nocry-
na: https://www.dallmeier.com/technology/panomera-cameras/
(mara obpamenus: 29.09.2022).
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Taxoke MOTYT MPUMEHSATHCS JOMOTHUTEIbHBIC KPUTE-
pHUH, B TOM YHUCJIC Pa3HbIC JUIsI PA3IUYHBIX (PPArMEHTOB
30HBI 0030pa, BEIOOP KOTOPBIX 3aBHCHUT OT KOHKPETHOMH
3a/1a4u, HaIpuMep:

1) MUHMMYM MakCHMaJIBHOIO 3Ha4eHUs min{max D,max};
2) MHUHHMAaJbHBIA TUara3oH u3MeHeHus 3Hadenni [111
mln{D max _ ) mm};
P P .
3) paBHO3HaYHBIC MaKCHUMyMbI 3HadeHuii IIIT D, nmax =

= memax; A
4) paBHO3HAUYHBIC MUHUMYMBI 3HaueHUH 111 D pmin

= [ mmin_

WHIEKCHI «n» U «m» COOTBETCTBYIOT Pa3HbIM (pparMeH-
TaM 30HbI 0030pa.

OTMETHM, Y4TO KPUTSPHH MOTYT (DOPMYIHPOBATHCS IS
Bcel wiu otaenbHoM yactu 330; moboe 3Hauenue [111
B 1000# Touke 3050 M0KHO OBITH OOJIBIIEC WIIM PABHO
3a7anHoMy 3HaueHuto T1I1 Dp > Dpo, HEOOXOIUMOMY ISt
peIIeHNs OCTAaBICHHON 3a/1a9i HAOIIONCHMUS; HCIIOIB30-
BaHWE JTOTIONTHATEIBHBIX KPUTEPUEB HE MCKIIOYACT TPHU-
MEHEHHS IPYTUX KPUTEPUEB, T. €. BOSMOKHBI KOMOWHAITNN
KPUTEPHUEB, HAIPUMEP JTOTIOTHUTEIbHBIC KpuTepun 1 u 3
win 3 u 4.

MeToauka OoNTHMHU3ALNHA pacnpeaejacHus
INIOTHOCTH IMUKCEJI0B

BBeneM OCHOBHBIE OTIpeeNeHUs, HEOOXOAUMBIE IS
TTOHUMAHHUS TIPOIIecca METONUKN ONTHMH3AIINH.

Kosgpgpuyuenm uzovimounocmu K,, — oTHOIIEHNE pe-
anpHOM [1I1 Dp K Tpebyemoi Dpo B MaTrpuIe B LIEJIOM WU
m-OM cerMeHTe. 3HaueHne Kod(duireHTa n30bITOYHOCTH
OoJIbIlIe €AMHUIIBI COOTBETCTBYET M3iuiIHe Oosbioit I111,
a MEHbIIIEe eTUHUIBI — HEJAO0CTAaTOYHOM JUIsl pelieHus mo-
CTaBJIEHHOI! 3a71a4n HAOIIOICHMSI.

Yenosnoe paspewenue m-ro cerMeHTa MaTpHIbI KaMe-
psl R,Y = R,/R,° — KOIM4eCTBO MUKCEIOB R,Y CEIMEH-
Ta MaTPHIIBI, HCTIOIB3yeMOe sl GOPMUPOBAHUS YACTH
o0miero BUIe0n300pakeHUsT COOTBETCTBYIONIEMY ITOMY
CETMEHTY. YCIIOBHOE pa3pelieHre ONPEeaeTCs] OTHOIIIe-
HueMm: R,Y = R,0/K,, tne R,0 — paspelieHue cerMenTa;
K, — x03bGunueHT n30bITOYHOCTH.

Hopmuposanusie (omnocumensnvle) napamempsl s
TIOBBIILICHHs OOIIHOCTH pe3ysbTaToB, Tak kak [1I1 3aBu-
CHUT OT paccTosiHus L oT TeneBu3noHHON kamepsl 10 COH
u paspemenus RO marpunsl renekameps [1]. K Takum
napaMeTpaM MOXKHO OTHecTu: HopMmupoBaHHyto I1I1, ciy-
JKAIIYFO JUTSL PEIICHUS 3a/1a9U HAOTOICHHUS DpH =D /Dpo;
HOPMHPOBAaHHYO OTHOCHTENBHYIO HasibHOCTh LH=L/L . |
rae L — paccTosHHe OT KaMephl 10 TOYKH 30HBI 0030pa;
L. —PaccTosHue 10 AANTbHEH TpaHHIIB! 30HBI 0030pa. Toraa
TIepexo/T K peaTbHBIM 3HAUCHHSM OCYIIIECTBIISCTCS YMHOMKE-
HHEM HOPMHUPOBAHHBIX ITAPAMETPOB Ha 3HAYCHUS PeaTbHBIX.

Bo3MmoxHOCTH pelieHus MoCTaBJICHHON 3a1a4yu ¢
PaccMOTPEHHBIMU TPEOOBAHUSIMH U OT'PAHUYCHUSIMH 10
c(OpMyIMPOBaHHBIM KPUTEPHUSIM OCHOBaHA Ha CJIEYIOIIEH
METOJIUKE.

1. OcymiectBieHa parMeHTaIUs 30HBI 0030pa KaMephbl
B COOTBETCTBHUH C MOAMHOKECTBAMH 3aJiad Haluoze-
HU, T. €. copmupoBana 390. Paspemenne MaTpuiibt
BEIOpPAaHO HAa OCHOBE TPEOOBAHMIA IO PEIICHUIO 33/1a9H
HaOIIroneHus B naybHel Touke 3D0.

2. JIns MOAMHOXKECTB 3a/a4 HAOJFOICHUS BBIOUPAOTCS
COOTBETCTBYIOIIIUE /71-€ CETMEHTHI MaTPHIIbI, (POPMUPY-
1omue n3oopakenue yuactkos 320 (puc. 2) mpoTsKeH-
HOCTBIO L,,. Il yIpolLeHus BOCIPUITHUS IByMEpHOE
N300pakeHNe MOXKET OBITh NPEACTaBICHO HE BCEH Ma-
TPULEH, a TOJIBKO OJHOW €€ BEPTUKAJIbHON YacTbIO.

3. B coOoTBEeTCTBHH C 3aJaHHBIM KPUTEPHEM OTIPE/ICTICHBI
K02 PUITHEHT N30BITOYHOCTH M YCIOBHOE pa3perie-
HHE CETMEHTOB MaTPHIbI AJsl (POPMHUPOBAHHUS BUJEO-
N300pakeHusi COOTBETCTBYOIUX (parmenToB 320.
Koa¢hdumpeHT n30bITOUHOCTH ONPEICIICH 110 AalbHEH
rpaHuile COOTBETCTBYOIIEro pparmenrta 350.

4. B coOTBETCTBUU CO 3HAYCHHEM KOIPPUIIMEHTA U3-
OBITOYHOCTH B Ka)KIOM CETMEHTE BBIJICJICHBI IPYIIIIbI
nuKcenoB pazmepoM K, X K,,,, 13 KOTOPBIX MOMKET ObITh
WCIIOIBb30BAH OJMH CEIMEHT MJIM I'DYTINa CETMEHTOB
¢ rocleayomeil ux 00paboTKOHM MO ONpeaeIeHHOMY
AITOPUTMY IS TPe0OPa30BAHMS B OJIUH.

IIpumepsbl onTHMHU3ALUH

[IpuBenem nmpuMepsl pelieHns NOCTaBICHHON 3a1a4u
JUIS HEKOTOPBIX KpUTepueB. sl MPOCTOTHI PacCMOTPUM
ciIy4ail Tpex 3amad HaOMIoIeHHs M, COOTBETCTBEHHO, HC-
IMOJIB30BaHUA TPEX CETMEHTOB MAaTPHUIIbI.

Bo3bmeM B kauecTBe KpUTEPHUSI KOMOMHUPOBAHHBIA —
JIBa 00s13aTeNIbHBIX mein > DpO u AD = D,max — mein,
a TaK)Ke PAaBHBIC 3HAYCHHS KAK MAKCHMYMOB D), nmax =
= D,"™m2X, TaKk ¥ MUHUMyMOB D, *min = [, mmin TITT.

J11st BBITIOJTHEHNS 33/IaHHBIX KPUTEPHEB OCYIIIECTBUM
CJIE/TyIOIIHE ICHCTBYSL.

1. ®parmeHTaImIO Bceit 30HBI 0030pa HA YIaCTKH, B TIpe-
nenax kortopsix [T u3mensercs B 3aJaHHBIX IpeAesax.

2. CerMeHTaUIO MaTPHUIIBI KAMEPHI Ha YYACTKH, OTHOCH-
TEeJbHBIE Pa3MepPbl KOTOPBIX OMPEIEISIOTCS COOTBET-
CTBYIOLIMMH OTHOCHTEIILHBIMU pa3mepam (hparMeHToB
30HBI 0030pa.

3. V3MeHeHHeE yCIOBHOTO pa3pelIeH s CETMEHTa MaTPHUIIbI
TeJeKaMephbl MyTeM O00bEAMHEHNs] HECKOIBKUX ITHK-
CeJIOB B IpyIIbl. [Ipy 9TOM KOJIWYECTBO NMUKCENIOB B
rpymIe onpejaensercs TpedyeMbIM pa3peliecHueM B
COOTBETCTBYIOIIEM (hparMeHTe 30HbI 0030pa U yUNTHI-
Baercs kod(pduruenTom uzobITodHOCTH K, PAaBHBIM
KOJIMYECTBY OOBEIMHIEMBIX COCETHUX ITMKCEIIOB IO
TOpU30HTANN U BepTuKaiu. [lepexon ot ogHoTO dhpar-
MEHTa K JIpyroMy onpezessercs focrmkennem HIT D,
YCTaHOBJIEHHOTO IOpora mea" B COOTBETCTBYIOLIEM
M-OM CETMEHTE MaTpPUIIBL.

BrimosnHuM npeoOpa3oBaHus B COOTBETCTBUU C BBI-
LIEU3JI0KEHHBIM NopsaakoM. Ui npuMepa paccMOTPUM
TUMUYHBIA Clydail BUJIGOKOHTPOJIS MPOTSHKEHHOW 30HBI
0030pa ¢ 9-KpaTHBIM W3MEHEHHUEM MAKCUMaJIbHON U MU-
HUMAJIBHOH 1aTbHOCTEH, IPUBO/ISIIIMM K TAKOMY JKE H3Me-
uennto I1I1 o 30me 0630pa u paspeniennemM RO MaTpHIlbl
TeJIeKaMephl.

Puc. 4 miroctpupyeT HCHOIB30BaHIE TPEIOKEHHOM
metonuku. Ha puc. 4, a moka3aHsl: XapakTep MCXOIHOTO
pacnpesenenus I D, mo 30He, onpenensemMelii paspe-
menneM RO MaTpuIlbl TeleKaMepbl i JalbHOCTBIO L,y
(xpuBas /, mMyHKTHpHAs JUHH); MOTYyYEHHOE pacipese-
nenne peanbHoil [1I1 (kpuBas 2, crutomHas JUHHUA) B pe-
3YyJIbTAaTC CErMCHTAIIUN MMUKCECJIOB MaTpUIlbl U YCTPaHCHUA
u30bITOuHOCTH; peanbHast [T D, nyist Broporo gparmenta
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Puc. 4. PacnpesneneHne MIOTHOCTH MTUKCENOB (@) ¥ CETMEHTAIMU MaTpHUIE (b) 10 KPUTEPHUIO PaBHO3HAYHBIX MAKCHMYMOB
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Fig. 4. Distribution of pixel density () and matrix segmentation (b) according to the criterion of equivalent maximums and
minimums

(xpuBas 3, muHuA WTpuX-yHKTHpP). Ha puc. 4, b mokazana
CErMEHTAINsI MaTPHUIIbI, COOTBETCTBYIOMIAs (PparMeHTALIH
30HBI 0030pa Ha yJaCTKH ¢ uHamMu Ly, L,, Ly, onpenensie-
MbIMH BbIxozioM 3Hauenui [1I1 3a 3agannbie npesesns! u co-
OTBETCTBYIOIINE UM KOA()PHUIMEHTHI H30bITOUHOCTH K| = 1,
K,=2,K;=4.
Ha puc. 4, b npuBeeHO pacrpeiejeHle CerMeHTOB
MaTpHIIBI C YYETOM IPYNIUPOBAHUS MUKCEIOB HA OCHOBE
COOTBETCTBYIOIUX KOd(dunuenTos K,,. Pazmeps! cermen-

TOB CBSI3aHBI C pa3MepaMu (pparMeHTOB 30HBI KOAPDHUITH-
eHTaMH b,,, paBHBIMH OTHOILIECHUIO Pa3MepOB (hparMeHTOB
u umHbl AL = L. — L, 30HBI 0030pa b,s = L, S/ALS,
b,/ = L,/IAL/. B nepsom dparmente D,” = D,0. Bo BTo-
POM — ¢ JUIMHOM Ly u K, = 2 00beuHAI0TCs 110 4 TIHKcesta
B Ipynmy (2 x 2). B tperbeM — 1o 16 nukcenos (K3 = 4).
OTHOCHTENBHBIN pa3Mep (hparMeHTOB 30HbI 0030pa COOT-
BETCTBYET OTHOCHTEIBbHBIM Pa3MepaM CerMEHTOB MATPHUIIbI
b,/ =b,*=b,. BunHo, 4TO 110 CPABHEHUIO C HCXOLHBIM
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Puc. 5. Pacnipenienenne mIOTHOCTH UKCENOB (@) M CETMEHTAIIMN MaTPHUIbI (b) 10 KPUTEPUIO PaBHBIX 3HAYCHUI MAaKCHMYMOB
Fig. 5. Distribution of pixel density (@) and matrix segmentation (b) according to the criterion of equal values of maximums
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B.B. BonxoHckui, B.A. KoBanesckuim

pacmipenenenuem, [111 B pa3HbIx hparMeHTax HAXOAUTCS B
3aJJaHHBIX [IPeZieIax, YTO COOTBETCTBYET YCIOBUIM 3a7a4n
U UCIIOJIb3yEMOMY KPUTEPUIO.

V3MeHnM JONONHUTENBHBIA KPUTEPHH — BBIOEpEM C
PaBHBIMH 3HAYCHHUSIMH TOIBKO MakcuMyMoB 111 D, nmax =
= mema". [Ipormenypa onTUMHU3AIMN B 3TOM Cliydae He Oy-
JIET OTIINYAThCS OT MCIOIb30BaHHOM paHee. Ho B omimunn
OT IIPEABLIYIEro NPUMEPa MUHUMYMBI HE TOJIBKO HAXOZAT-
Cs B 33/IaHHOM MHTEpBaJje OT mein o meax, HO Y UMEIOT
OOuIbIIIMe 3HAYCHUS B ONIMKHUX (hparMeHTax v OOJBIIYI0
PaBHOMEPHOCTh pacmupeesieHus puc. 5, a. Buano, uto
YHCIIO CETMEHTOB MaTPUIIbI Bo3pacTaet (puc. 5, b).

3akJjouenne

BerInonHeH aHaIN3 U3BECTHBIX MOAXO/I0B K pacCcMaTpu-
BaeMOH 3ajjaue ONTUMM3ALUU paclpeesIeHHs] TNIOTHOCTU
ITUKCEJIOB ¥ cr1oco00B ux peanmsanud. [IpemioxeHo mpesn-
cTaBJieHne 30HbI 3 (PEeKTHBHOTO 0030pa KaK COBOKYITHOCTH
TTOJJMHOKECTB MTPOCTPAHCTB PA3HBIX 3a/1a4 HAOIIOCHHS
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JUISL pa3inaHbIX (parMeHToB 30HbI. [Ipeaokena MeToauka
ONTUMU3ALUY PACIPEIEICHUs TNIOTHOCTH ITUKCEIIOB 110
30He 3(h(eKTHBHOTO 0030pa 1 CHOPMYITUPOBAHBI OCHOBHBIC
W JIOTIOJHUTENIbHBIC KPUTEPUH ONTHMHU3AIMH. MeTomuka
NPOMUTIOCTPUPOBaHA MIPUMEPAMHU €€ HCIIOJIb30BaHUS C
Pa3HBIMH KPUTCPHSIMH.

PesynbpraTsl paGoTHI MMO3BOJISIOT aBTOMaTH3HPOBATh
HpoIece aJaNTalnuy TapaMeTpOB TeJICBU3NOHHON KaMepbl
K YCJIOBUSIM HaOJIONCHNS HAa OCHOBE JaHHBIX O MOJIOKEHUH
(dhparmeHTOB 30HBI 3G hekTHBHOTO 0030pa. TeM caMbiM
MHUHUMU3UPOBATH I/I36BITO‘IHOCTI) INIOTHOCTH ITMKCECJIOB U,
KaK CJIEACTBHE, CHU3HUTh 3arpy3Ky KaHaJOB CBSI3U, 00bEM
MaMsTH yCTPONCTB XpaHEHHs BUACOMH(POPMAIMH U Tpe-
0OBaHMS K IPOU3BOAUTEIBHOCTH YCTPOUCTB 00paboTKH
BUJICOCUTHAJIOB. [Ipy 5TOM aBTOMaTH4ecKH pemaercs u
3a7ada (pOpMHUPOBAHUS HETIPEPHIBHOTO M300payKEHUS KOH-
TPOJHUPYEMOIi 30HBI.

Pesysnbrarel paboTHl MOTYT HaWTH NPUMEHEHHUE TIPU
00paboTKe BHICOCUTHATIOB B HOBBIX TeJIEKaMepax CHCTEM
HaOJIIONEHUS.
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Abstract

In the manufacturing process, Computer Numerical Control is widely used to process products that require a high level
of accuracy. It is found that during product processing, Computer Numerical Control is still unable to fully counteract the
influence of vibration and the presence of uneven product surfaces. In this paper, the stabilization mechanism developed,
known as the Modified Stewart platform, which has a 3 Degrees of Freedom and can rotate around the X and Y axes and
move translationally along the Z axis. This platform can be used to improve the accuracy and stability of the Computer
Numeric Control tool. In this research, the positioning accuracy of the Modified Stewart platform has been evaluated.
In this research, a mock-up or prototype and a simulation model of the Modified Stewart platform was developed. The
data to be studied is the inclination angle of the platform. In the experiment, to determine the positioning error, the
variable being changed acquires not only the linear movement, but also the angle of the X-Y plane. By changing the angle
contained in the X-Y plane, it can be seen the influence of the X-Y angle on the position error or angle of the Z-4 plane.
The simulation was carried out on MATLAB. The mathematical model in this study is to find the platform position or
angle. To simplify the calculation, the Modified Stewart platform was depicted in the form of a trapezoid. The results of
the angle in the simulation will be compared with the result of the angle on the mock-up Modified Stewart platform. The
trapezoidal parameter used in the simulation corresponds to the parameters on the mock-up modified Stewart platform.
The simulation provided information about the angle of inclination, height, length of its sides, and the relative length of
sides. It was found that the position or angle movement of the platform is in accordance with the calculation or simulation
model that has been developed, and the positioning error data of the platform is very small and it changes constantly.
It should be noted that the presented method can be used to evaluate the platform positioning error and consequential
calibration of the mechanisms with spatial kinematic. The positioning error at various mobile links positions is changing,
but during the movement in just one direction it remains almost constant. The position error caused by the platform
mechanism can be minimized by redesigning the platform and using components that can provide a much more precise
movement, moreover, using the preliminary measurements it is possible to build a table containing corrections for the
control program to access the correct position of the moving platform. The accuracy and the stability of its movement
can be improved and the platform can be applied to Computer Numerical Control. The method developed allows to
estimate the moving platform positioning error of the mechanism with spatial kinematic. Thus, the method developed
can be eliminated or compensated. It is possible to calibrate the moving platform movements in automatic mode as well.

Keywords
modified stewart platform, computer numeric control, CNC, control, vibration, stabilization
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AHHOTAIUS

IIpeamet ucenenosanus. B mporecce N3roToBIeHUS U3JIEMHI C BEICOKOH CTENEHBIO TOYHOCTH ITUPOKO UCTIONB3YETCS
000py0BaHNE C YUCTOBBIM IIPOrPaMMHBIM yTIpaBieHHeM. M3BeCTHO, 4TO B IPOIECCE M3TOTOBICHHS N3/IEIHI YHNCTOBbIE
MIPOTPaMMHBIE YCTPOHCTBA 0 CHX MOP HE MO3BOJSIOT CKOMIIEHCHPOBAThH BIMSHIE BUOpPANil U CBI3aHHOE C HIMHU
TMIOSIBIICHUE HEPOBHOCTEH HAa MOBepXHOCTH m3nenuil. [Ipemnoxena mogudunnposannas miargopma Crioapra, KoTopast
obnaiaer TpeMst CTENEeHsIMH CBOOO/BI M MOXKET BpaIaThCs BIOJIbL Ocei X M Y, U JIMHEHHO ImepeMeIaTses BA0JIb OCH
Z. Taxkas ruatdopma MOKET OBITH HCIIOIb30BaHA JUISl yBEIMUYCHNSI TOYHOCTH M CTa0MIM3allMU B 00OPYIOBaHUU C
YHCJIOBBIM IIPOrPAaMMHBIM yIIpaBiIeHHEM. BrIoHeHa OlleHKa TOYHOCTH TO3UIIMOHUPOBAHUS MOAN(DHUINPOBAHHOMN
wiatdopmbl Crioapra. MeToa. Pa3paboTanbl MakeT W CUMYISIIHOHHAS MOJENb MOAU(PHUIMPOBAHHON MIaT(OPMBI
Crroapra. B kauecTBe JaHHBIX A7 CpaBHEHMs HCIOJIB30BaHbl yIVIbI HAKJIOHA MiaTopmbl. B xozne sxcriepuMenTa st
OTIpezeNeHHs OIUOKN MO3UIMOHUPOBAHUS U3MEHEHA HE TONBKO BEJIMUMHA JIMHEHHOTO MepeMeIieH s, HO U yTol B
IIOCKOCTH X—Y, N3MEHEeHHE KOTOPOTO MTOKA3all0 BIMSHIE HA BEIMYHHY OMIMOKY BBICTABICHHS yIJIa B INIOCKOCTH Z—A.
Cumymsinus nposenera B nporpamme MATLAB. B pesynbrare moy4eH yroi moBopora miarhopmsl. BeImonHeHO
CpaBHEHHE PEe3yJIbTaTOB pacueTa yIJIOB HAKJIOHA MOAEIH U MakeTa MOAM(UIHMPOBAaHHOH ruatdopMel CTioapTa ¢
COOTBETCTBYIOIIMMH pa3MepaMu. Mojeib IpeocTaBisieT JaHHbIe 00 yIiie HaKJIOHa, BBICOTE, JUIMHE CTOPOH H MX
OTHOCHTEJIBHOM yIuInHeHUH. Pe3yabraThl. OOHApY)XeHO, 4TO YIIIOBOE MepeMenieHHe IIaTGpOpMbl COrIacyeTcst
C MpeIBapUTEIbHO BBIYUCISIEMBIM MOJIOKEHUEM COIIACHO pa3pabOTaHHOW CHUMYJSLMOHHOW MOJAEIH, a OmuoKa
MO3UIMOHUPOBAHUS Masla U MOoCTOosAHHA. [IpeioskeHHBI METOA MOXKET OBITh MPUMEHEH JAJS OLEHKH OIIHOKH
MO3UIMOHUPOBAHMS TIATGOPMBI U JaJbHEHIIeH KaTuOpOBKH MEXaHU3MOB C MIPOCTPAHCTBEHHON KMHEMaTHKOH. B
XOJIe TIepEeMEIeHHs TTOBIKHOTO 3B€Ha M3MEHEHHE ero MPOCTPAHCTBEHHOTO TOIOKEHHSI BIUSIET Ha BOZMOKHOCTh
NIePEMEICHHs OCTANBHBIX 3BeHbEB. [Ipy 3TOM BeIMUYMHA OMIMOKHU MO3WIMOHUPOBAHUS IIPH PA3HBIX MOJIOKEHHIX
MIOJIBUKHBIX 3BEHbEB M3MeHseTcs. 1lokazaHo, YTO B OZHOM HANpaBICHUM [IOIPEHIHOCTH OCTAETCs IPaKTHUECKU
Hen3MeHHOI1. [TorpenHocTs MexaHu3Ma MO3UIIMOHUPOBAHNS TNIAT(HOPMBI MOKET OBITh YMEHBIIICHA ITyTEM H3MCHEHHS
KOHCTPYKIMH IIaT(OPMBI U UCIIOIB30BaHMs JieTalieid, obeciednBaromyx Oonee ToqyHoe rnepemerienne. Ha ocnoBanuu
HpeBapUTEIbHBIX U3MEPEHUH BO3MOXKHO MOCTPOCHHUE TAOIHUIIBI C MONPaBKaMHU, K KOTOPOil OyneT oOpariarbes
YIpaBJIAIoNIas NPorpaMMa Jjs KOPPEeKTHPOBKU IPOCTPAHCTBEHHOTO TIOJI0KEHUS MOBIKHOI miargopmel. TouHOCTH
1 TIOBTOPSIEMOCTb TEPEMEIICHUH MOTYT OBITh YIyYIIEeHBI, UTO MO3BOJISET MPUMEHNUTH MIaThopMy B 000pyI0BaHIU
C YHCIIOBBIM IIPOTPaMMHBEIM yrpasiaeHueM. [IpakTuyeckas 3HaYnMocTh. PazpaboTanHas METOAMKA TTO3BONISET
MIPOBOANTH OLIEHKY ITOTPENTHOCTH IMO3UIIHOHUPOBAHMS TTOBIKHON MIaTGOPMBEI MEXaHU3Ma C MPOCTPAHCTBEHHON
kuHeMartukoi. TakuM 06pa3zom, ommoOKa MO3UIMOHUPOBAHNS MOIBIDKHOM TIIaTGOPMBI MOXKET OBITH YMEHBIIEHA, JIHO0
ckomreHcupoBaHna. [IpencrasisieTcs BO3MOXKHBIM 00ecIiedeHne KaTnOpOBKY ITOABIKHOMN IUIAaT(GOPMBI B aBTOMaTHIECKOM
peKume.

Kirouesble ciio0Ba

mMozuduimpoBanHas ruardpopma CTroapTa, YHUCIOBOE IPOrPaAMMHOE YIIpaBiIeHHe, BUOPAIHsl, CTA0MIN3aIns

Ccplika pis nutupoBanus: Pusku MLA., ®enocos 10.B. Onenka ommobku u pa3paboTka METOIUKH KOMIICHCAIINT
HOTPEIIHOCTH TO3ULHOHNPOBAHKS 000PYI0BaHHMsI C YUCIOBBIM POrPaMMHBIM yrpasieHuem // Hay4uno-Texnudeckuit

BECTHUK MH()OPMAIMOHHBIX TEXHOJOIUil, Mexanuku u ontuku. 2022. T. 22, Ne 6. C. 1063-1071 (na auri. 53.). doi:
10.17586/2226-1494-2022-22-6-1063-1071

Introduction

The manufacturing process is a very complex one
that involves many interactions between humans and
machines. In the manufacturing process of a product,
the thing that is very concerned is the quality of the
product [1, 2]. Currently, the manufacturing process is
more modern, which means that it relies on the use of
machines to process its products compared to processes
carried out by humans. So the quality of the product is
very dependent on the results of the production machine
process. In the manufacturing process, one of the causes
of decreased product quality from production machines
is vibration. This vibration reduces the accuracy of the
production machine so that it can reduce the quality of
the manufactured product. Moreover, if the product is

measured in micron units, the accuracy of the machine is
very important. This usually happens in the manufacturing
process of electronic products or other sensitive products
that require a high level of accuracy or a very small error. In
the manufacturing process, for the processing of products
that require a high level of accuracy, it is necessary to
use Computer Numerical Control (CNC). However, it is
found that during product processing, CNC is still unable
to fully counteract the influence of vibration, thus reducing
accuracy and increasing error, and reducing the quality of
the product. It is also known that in addition to vibration,
another factor that causes a decrease in CNC accuracy is
the presence of uneven product surfaces. This is because
there are differences in calculations between the program
on the CNC and the actual product surface. CNC cannot
know and detect the surface flatness of the product being
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processed and cannot move adaptively to it [3-5]. To
increase the accuracy of the CNC and reduce errors caused
by vibration and uneven product surfaces, a stabilization
system is needed.

Vibration stabilization systems have been widely
developed and applied to various devices such as cameras.
The stabilization system on the camera is needed to reduce
the influence of vibration on the optical part so as to provide
better results. There are several technologies applied in
the development of camera optical stabilization systems.
Stabilization system technology uses a voice-coil actuator
mechanism [6]. In addition, there are also stabilization
systems using Shape Memory Alloy actuator mechanism
and piezoelectric motors [7, 8]. Previously developed
stabilization systems provide good results and can reduce
the influence of vibrations on the camera optic, thereby
improving the image quality of the camera. However, a
stabilization system that can move automatically on the
camera optic mechanism has never been developed and
applied to CNC. Unlike the mechanism on the camera, the
stabilization system on the CNC is applied to its head. In
that way it will increase the stability and resistance of the
CNC to vibration so as to increase the accuracy and quality
of the processed product.

CNC requires a stability mechanism that can not only
withstand vibration but also can provide good results
when processing products with uneven surfaces. To be
able to achieve the intended stability, a mechanism that
can move freely or has several degrees of freedom (DOF)
is needed. It is known that there is a mechanism, called
the Stewart platform that has the ability to move freely up
to 6 DOFs. Stewart platform can move rotationally and
translationally relating to 3 axes: X, Y, and Z [9]. With
such capabilities, if the Stewart platform can be controlled
properly, this mechanism can solve the problems found in
CNC. Research on the Stewart platform has been carried
out and applied to various types of fields. The results
showed that the Stewart platform is able to provide the
movement with a high level of accuracy [10—12]. Other
research results show that the Stewart platform is able to
provide stability and is effective in reducing the vibrations
generated [13]. Therefore, based on previous research, if
the Stewart platform is applied to CNC, it will increase the
accuracy and stability of the vibration generated, so it will
improve the quality of the processed products. However,
the Stewart platform with 6 DOFs is less effective to be
applied to a CNC mechanism that only moves on 2 axes
(X'and Y) and only requires 3 DOFs of movement from the
Stewart platform, namely rotational on the X and Y axes
and translational on the Z axis. Stewart platform that only
has 3 DOFs are referred to as Modified Stewart platform.
The Modified Stewart platform has the same working
principle as the regular Stewart platform, except that the
DOF movement is limited. The Modified Stewart platform
has the advantage of providing simplicity and convenience
in its control system [14].

Before being applied to the CNC, it is necessary to
conduct further research on the mechanism of the Modified
Stewart platform. Therefore, the Modified Stewart platform
is the object of this research. Several experiments were
conducted to determine the accuracy and stability of the

Modified Stewart platform. In this research, a mock-up or
prototype and a simulation model of the Modified Stewart
platform was developed. Furthermore, experiments were
conducted on the mock-up and simulation model using the
same parameters. The experimental data between the mock-
up and simulation model will be compared and analyzed
so that the Modified Stewart platform can be further
evaluated. The results of the evaluation can be used to
show the performance and development and improvement
of the Modified Stewart platform so that later the Modified
Stewart platform can be applied and improve the stability
and accuracy of the CNC.

Modified Stewart platform

The Stewart platform is a manipulator device used
to control position and movement. The Stewart platform
consists of 2 fixed parts, the base and the platform. In
addition, there are 6 legs that can be controlled in length.
Originally, the Stewart platform was intended for the
creation of flight simulators [15]. The Stewart platform
mechanism consists of a triangular platform supported
by ball joints and adjustable legs. With this mechanism,
the Stewart platform has 6 DOFs. The advantage of
the 6 DOFs Stewart platform is high accuracy and the
ability to move easily at any desired angle and position.
Therefore, Stewart platforms are widely used in structures
with robotic applications such as the National Advance
Driving Simulator. The angular displacement of the Stewart
platform is greatly influenced by the length of the platform
legs. However, the length of the platform legs also affects
the length of the other legs [16]. The following figure is the
scheme of the Stewart platform, Modified Stewart platform,
and Design 3D of the Mock-up Modified Stewart platform
(Fig. 1).

The Modified Stewart platform is an Original Stewart
platform that has been modified. The Modified Stewart
platform has only 4 legs, so this results in the Modified
Stewart platform being able to move only in 3 DOFs.
However, in general, the working principle of the Modified
Stewart platform is the same as the Original Stewart
platform. The movements of the Modified Stewart platform
include rotating around the X and Y axes and translating
along the Z axis. This is because the Modified Stewart
platform will be used on CNC. The following figure is
a mock-up of the Modified Stewart platform used in this
research, with 3 main parts, namely: platform, legs, and
base (Fig. 2).

In the mock-up Modified Stewart platform, there
are several electronic components used to support its
movement and mechanism, namely linear motor and
Gyroscope sensor. The linear motor is used to drive the legs
of the Modified Stewart platform and the Gyroscope sensor
is used to detect the tilt of the platform. In the development
of the Modified Stewart platform, there are parameters that
have been obtained mechanically. For more details, here are
the parameters of the mock-up Modified Stewart platform
that has been developed (Table 1).

The linear motor movement is controlled using input
steps where the legs of the Modified Stewart platform
will increase in length by 0.002815 mm every 1 step. The
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b
P4
P3 Platform
B4 \\ Leg
Base
B3

Fig. 1. Scheme of: Stewart platform (a); Modified Stewart platform (b); design 3D of mock-up Modified Stewart platform (c).
P1 — P6 is joint section in the platform, B1 — B6 is joint section in the base

Hmax = 102.6 mm

74 :
~ Hmin=91.3 mm

P 4

Fig. 2. Mock-up Modified Stewart platform. X, Y, Z, 4:
coordinates of the Modified Stewart platform with the angular
rotation; Hmin and Amax: the height of the Modified Stewart

platform with translational movement

Table 1. Mock-up Modified Stewart platform parameters

Parameter Value
Max steps 4000
Steps per, mm 0.002815
Height Maximum, mm 102.6
Height Minimum, mm 91.3
Base Length, mm 117.3
Platform Length, mm 88.6

parameters of the Modified Stewart platform will also be
used as parameters of the simulation model. The platform
can rotate by a maximum of 7°18" on the X and Y axes.
In the Z axis, the platform can move translationally by
maximum of 11.3 mm.

Mathematical model of Modified Stewart platform

To be able to make a simulation of a system, a
mathematical model is needed. A mathematical model is
obtained from the mechanical design and electronic system
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parameters of the mock-up Modified Stewart platform. The
mathematical model in this study is to find the platform
position or angle. To simplify the calculation, the Modified
Stewart platform is depicted in the form of a trapezoid. The
following figure is a trapezoid used in the modeling of the
mock-up platform (Fig. 3).

The DC and 4B sides of the trapezoid always have the
same size (constant). Increasing the lengths on the AD and
BC sides is called delta (A). Delta greatly affects the angle
of the trapezoid. The angle on the trapezoid is called theta
(©). In addition to the slope of the trapezoid, the delta or
the increasing of length BC and AD sides will affect the
lengths of the ¢ side. It is because the more inclined the
trapezoid or platform, the longer the ¢ side will be. The
mathematical model of the modified Stewart platform can
be described as follows.

To determine BC and AD sides, you can use the
Pythagorean formula as follows:

BC2=(H+A)2+ (c+A)?,
AD? = (H - A2+ (c + A)2

Let us determine the height (H) of the trapezoid if the
lengths of sides BC and 4D are known.

e VAD? = (c + AP +VBC = (c + A))
) :

Let us now determine the angle of inclination of the
platform or trapezoid ®, then use the cosine formula. It
is because the BC and AD sides have different lengths
causing the platform to rotate at a fixed point. The rotation
of the platform moves in the form of a circle, so determine
the angle of inclination using the cosine formula. The
derivation of the cosine formula from Fig. 3 of the platform
is explained in the equation below:

DCY DC
A2 = (2—) + (hO)? — 2 cos @(2—) (hO).

To obtain 20, we use the following formula:
_AB-2(c+A)
5 .

hO

So, to get the angle of the platform, we use the
following equation:

® = arc cos

(¢ (ABZ(c+A)
ol

From the equation, the inclination of the platform can
be determined based on the lengths of the BC and AD sides
of the trapezoid. The equation is used to create a simulation
of the modified Stewart platform. The results of the angle in
the simulation will be compared with the result of the angle
on the mock-up Modified Stewart platform.

Simulation of Modified Stewart platform

The simulation is carried out on MATLAB which aims
to be able to easily calculate and determine the angle of
inclination of the platform based on the length of BC and
AD sides of the trapezoid. Like on the mock-up Modified
Stewart platform, input on the simulation is a signal (steps).
In addition, to be able to make a simulation, it requires a
reference height from the platform. In the simulation, the
reference height is 97 mm. Like the mathematical model
described previously, the Modified Stewart platform is
calculated in the form of a trapezoid. The trapezoidal
parameter used in the simulation corresponds to the
parameters on the mock-up Modified Stewart platform.
The following figure is a simulation program and interface
of the Modified Stewart platform (Fig. 4).

The simulation can provide information about the angle
of inclination, height, length of BC and AD sides, and the
relative length of Bg and Ae sides. All this information is

Cos

a b
DC
D ’ll C
| | |
| | |
| LR
| | | |
| | | |
a I B I
A
¢ ! Ehe e+ ¢ f Ele+
AB AB

Fig. 3. Trapezoid of modeling Modified Stewart platform: normal trapezoid (@); inclined trapezoid (b); platform rotation (c); 4 is the

center point of platform in trapezoid; H is the height of trapezoid; o is the moving angle of point DAe; P is the moving angle of point

CBg; e, g and O are the moving point of trapezoid; fis the center point of base in trapezoid, A is the value that occur when platform is
in inclined condition
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Fig. 4. Simulation program of Modified Stewart platform

obtained only by providing input in the form of steps. The
simulation process was obtained from the mathematical
model of the Modified Stewart platform that was carried
out previously.

Now verify the results of the simulation, it can be done
by comparing it with the trapezoid drawing in CAD. If there
is an error in the calculation of the angle in simulation, the
angle in CAD will give a different result. Simulations are
used to verify the results of the mock-up Modified Stewart
platform. Without simulation, it is difficult to determine the
success of the working process of the mock-up Modified
Stewart platform. The simulation also aims to get a more
accurate value and can be used as a reference parameter to
develop the Modified Stewart platform.

Evaluation of positioning error
on Modified Stewart platform

The experiment aims to determine the position error on
the Modified Stewart platform by comparing the platform
angular position data to the platform simulation model.
To be able to determine the position error on the platform,
there are several conditions specified in this experiment.
The data to be compared is the inclination angle of the
platform in the Z—4 plane. The input of the simulation and
mock-up platform is the steps, starting from 0—-2000 steps.
The reference height on the platform with simulation is
97 mm. In the experiment, to determine the level of position
error, the variable that is changed is not only the movement

of steps but also the angle of the X—Y plane. The value of
the experimental X—Y angle is 0°; 3°24'; 4°12"; 5°48'. By
changing the angle contained in the X—Y plane, it can be
seen the effect of the X—Y angle on the position error or
angle of the Z—A plane. The following figure is a graph of
the evaluation result between the mock-up and simulation
of the Modified Stewart platform with an X=Y plane (Fig. 5).

From the experiments that have been conducted, it is
known that the position or angle error of the Z—4 plane
is strongly influenced by changes in the angle of the X—Y
plane. The platform angle on the Z—4 plane with an X-Y
angle of 0° has good results, meaning that the Z—4 angle
of the platform is the same as the angle from the model
simulation. There is no significant difference between the
model and experiment data of the platform. The position
error of the platform is only located at steps 1600, 1800,
and 2000. Changing the Z—-4 angle relative X—Y by 3°24'
has slightly unfavourable results, meaning that there is an
angle difference between the model data and the experiment
platform obtained. There is a position error on the Z—4
plane of the platform, but overall, the angle obtained by
the Z—A platform has shown that the movement of the
platform position is in accordance with the movement
in the simulation model. This also applies to the position
of the Z—A4 angle with respect to the X—Y angle of 4°12'
and 5°48' and the position error of the angle is relatively
constant and stable.

The position or angle error of the platform is caused by
several factors, including mechanical factors. The Modified
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Fig. 5. Mock-up vs simulation of Modified Stewart platform with X—Y plane: 0° (a); 3°24' (b); 4°12' (c); 5°48' (d)

Stewart platform has 3 DOFs that can rotate around the
X-Y axes and is translational along the Z axis. To perform
such movements, the Modified Stewart platform has a
complex mechanism. The complex movement here means
that the movement of one part affects the movement of
other parts. On the other hand, this complex mechanism
causes inaccuracies in the position or angle of the platform
itself. The position error caused by the platform mechanism
can be minimized by redesigning the platform and using
components that can provide a much more precise
movement, in addition to calculating the mechanical
connections contained in the mechanical design of the
platform.

In the experiment, it was found that the angular
movements X—Y affected the position or angle of Z—4,
causing a position or angle error. However, the simulation

model does not allow taking into account the influence of
the X—Y plane on the movement of the Z—4 position. This
can be possible if there is mechanical movement data of
the platform or the influence of the X—Y plane on Z—4 is
known mathematically and is clear. However, it can be said
in general that the movement generated by the platform is
in accordance with the calculations and simulation models
that have been developed. Admittedly, the movement of
the platform is not perfect, but the error rate of the position
or angle of the platform is small and it moves constantly.

The method of error compensation
on the Modified Stewart platform

The Modified Stewart platform is a complex
mechanism. This is obtained from the research results
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where one part will affect other parts. Based on the result

of the research that has been done, to be able to compensate

for errors on the Modified Stewart platform, it is carried out
in the following method.

1. Calibration. Before working with the Modified Stewart
platform, all movements regarding to the X, Y, and Z
axes were confirmed to be in the correct position. In this
research, the X—Y and Z—A4 planes were at a 0° angle.
Calibration cannot be done on only one side, as the
position error of either side will increase the position
or angle error of the Modified Stewart platform.

2. Data acquisition. The data collected in this research
on the Modified Stewart platform is angular. From the
research that has been done, data acquisition cannot
be done only once. It is necessary to collect data
repeatedly, intending to see the level of stability of the
movement of the platform. Due to its complexity, data
acquisition must be done by applying many conditions
and must be done regarding to both X—Y and Z—A4
planes. As shown in the research, data was collected
on the Z—A4 plane with the X—Y plane located at angles
of 0°; 3°24'; 4°12'; 5°48'. This needs to be done to
determine the influence of the other side on the position
or angle error of the platform.

3. Mathematical modelling and simulation. Modelling
and simulation play an important role in determining
the error compensation of the Modified Stewart
platform. Simulation modelling acts as a reference
and verifies the angular data provided by the Modified
Stewart platform. Without the results of simulation
modelling, it will be very difficult to determine the
position error on the platform. However, it should be
noted that the Modified Stewart platform has a complex
mechanism, so modelling needs to be done with in-
depth calculations such as kinematic calculations and
SO on.

4. Data analysis. After the data on the Modified Stewart
platform and simulation are obtained, the next step
is to analyze them. Both data are compared and
observed, whether angular data from the Modified
Stewart platform matches the simulation data. As in
the research, repeated experiments are carried out
and the trend of the data generated by the Modified
Stewart platform is seen. Furthermore, the trend will
be analyzed to determine the equation contained in
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AHHOTALHUA

Ipeamer uccaegoBanus. Paccmorpena 3aaua KOMICHCANH BHEIIHUX HEM3BECTHBIX BO3MYIICHHH 11O BBEIXOAY
NIPH HEM3MEPHMOM BEKTOPE COCTOSHHS JJIS KJlacca JIMHEHHBIX CHCTEM C 3ara3bIBaHHEM B KaHaJle YIpPaBJICHUS.
[IpenmnonaraeTcs, 94T0 BO3MYIIEHHE SIBISICTCS BBHIXOJOM aBTOHOMHOTO JIMHEHHOTro reHeparopa. Metoa. J{ist oneHKkn
BO3MYILEHUS IIOCTPOCH ClielUaIbHbli HaOmronarens. Ha ocHOBe oueHOK HaOmronarelns chopMUpPOBAaHA CUCTEMA C
PAacCIIMPEHHBIM BEKTOPOM COCTOSHMS, JUISl KOTOPOI ITOCTPOEH PEryIsTop, 00eCeunBarONIUi KOMIIEHCAIMIO BO3MYIIEHHUSI.
OcHoBHbIe pe3yJbTaThl. [IpencTaBieH MeTOI KOMIIEHCAIINH 10 BHIXOAY BHEITHUX BO3MYIIEHUH IS KIacca TMHEHHBIX
CHCTEM C BXOIHBIM 3arasablBaHueM. [IpeanoxkeHHbIi moaxo] He TpedyeT HACHTH()UKANN TapaMeTPOB BO3MYIIIECHHUS.
PaboTocnocoOHOCTD MOTYYSHHOTO Pe3yNbTaTa MOATBEP KCHA C UCTIOIh30BAHNEM KOMITBIOTEPHOTO MOJEINPOBAHHUS
B cpene MATLAB Simulink. IIpakTuyeckas 3Ha4uMocTh. Pa3paboTaHHEI anTOpUTM MOXKET OBITH 3(PEKTUBHO
TIPUMEHEH IS KJlacca 3a/1ad, CBSI3aHHBIX C KOMIICHCAIMEl Kaukn B KOPaOeIbHBIX CHCTEMaX, B YIIPABICHUH IBIKEHIEM
POOOTOTEXHHYECKNX KOMILIEKCOB Pa3IMYHOTO BUJIA U IPYTHX.

KnawueBble cjioBa
BHEIIHEE BO3MYIIEHHE, JINHEHHBIE CUCTEMBI, a/IalTUBHOE YIIpaBlIeHHEe, KOMIICH AL BO3MYIIICHUH, 3ara3/ibIBaHle
Buaarogapnoctu

HccnenoBanie BBIIOIHEHO TIPH MOJIEpKKe MUHUCTEPCTBA HAYKH U BBICIIEro oOpa3oBanus Poccuiickoit @eneparuu,
roc3aganue Ne 2019-0898.

Cceplaka a1 nutupoBanus: byit B.X., Mapryn A.A. KomneHcanus BHEIIHUX BO3MYIIEHUI 110 BBIXOAY AJs Kjlacca
JMHEHHBIX CHCTEM C 3ama3/blBaHUeM B KaHayle yrpasieHus // HayuHo-TeXHHYEeCKHH BECTHUK MH(MOPMAIIMOHHBIX
TEXHOJIOTHH, MexaHuku U onTuku. 2022. T. 22, Ne 6. C. 1072-1077. doi: 10.17586/2226-1494-2022-22-6-1072-1077

Compensation of output external disturbances for a class of linear systems
with control delay
Van Huan Bui!, Alexey A. Margun2™*

1.2 ITMO University, Saint Petersburg, 197101, Russian Federation
2 Institute for Problems in Mechanical Engineering of the Russian Academy of Sciences, Saint Petersburg, 199178,
Russian Federation

! buinguyenkhanh201095@gmail.com, https://orcid.org/0000-0002-6563-1909
2 alexeimargun@gmail.com™, https://orcid.org/0000-0002-5333-0594

Abstract

The paper considers the problem of the output external unknown disturbance compensation under unmeasurable state
vector for a class of linear systems with the control channel delay. It is assumed that the disturbance is the output of
an autonomous linear generator. A special observer was built to estimate the disturbance. A system with an extended
state vector is formed on the base of the observer’s estimates. A controller that provides disturbance compensation is
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B.X. byi, A.A. MapryH

proposed. An algorithm for the output external disturbances compensation for a class of linear systems with input delay
is presented. This method does not require identification of disturbance parameters. The performance of the proposed
algorithm was confirmed using computer simulation in the MATLAB Simulink software. The developed algorithm
can be effectively applied to a class of problems related to rocking compensation in ship systems, control of robotic

complexes various kinds, etc.
Keywords

external disturbances, linear systems, adaptive control, disturbance compensation, delay
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BBenenue

B nmocnennue necsatunetus ¢ OBICTPBIM Pa3BUTHEM
HayKH U TEXHUKHU 001aCTh MPUMEHEHHUS CHCTEM aBTOMAaTu-
YeCKOTo YIpaBJICHHs] CTAHOBUTCS Bce Oosiee U Ooee Mmiu-
poxoil. OfHa U3 BaKHEHUIINX 3aja4 PU MPOEKTUPOBAHUU
CHCTEM yIpaBJIeHUS — 3a7a4ua KOMIIEHCALUH BO3MYIIIEHHIA,
HanpuMep, B pOOOTOTEXHUYECKNX KOMIUIEKcax, Oecru-
JOTHBIX JIETATEIbHBIX almaparax, KOCMUYECKHX armapa-
Tax, THAPABINYECKUX CUCTeMax W T. A. [1-4]. M3Becten
P TIOAXOJOB /ISl PELICHUST JaHHOW 3axaun. OCHOBHBIE
pe3ynbTaThl UCCIEJOBAaHUN U pa3pabOTOK MPEIoNaralT
MIOCTPOCHNE HE3aBUCHMBIX aJITOPUTMOB MJCHTH(UKAIINY,
OLICHUBAIOIIKX (ha3bl, YACTOTHI U AMILIUTY/IbI BO3MYIIICHHH,
MPEJICTABIAEMBIX B BHJIE MYJIBTUTAPMOHUYECKUX CUTHAJIOB.
[IpenMyIiecTBO AaHHBIX METOJOB 3aKJIIOUAETCS B TOM,
4T0 paboTa MJACHTHU(HKATOpA HE 3aBUCUT OT PETYISTOPA,
YTO MO3BOJISIET MPUMEHSITh Pa3IMuHble METObI yIpaBie-
Hus ¥ komneHcanuu [5—8]. IIpu 3ToMm Ha mpakTuke, Ipu
OTCYTCTBHU HE3aTyXarolllero Bo30yKICHUs perpeccopa,
MIPUMEHEHNE AJITOPUTMOB MICHTU(UKALINN OKa3bIBACT-
cst HerppexktuBHBIM [9]. C mpyroil CTOPOHBI, HEKOTOPEIC
WCCIIEIOBAHMS MCIIONB3YIOT TTOAXO/ TPSIMOM a/laliTHBHOM
xommencanuu [10-14]. Kak mpaBuio, ams 3TOTO CTPOST
HaOJI0/1aTeNb BHEIIHUX BO3MYIICHUH 1 OJIOK perynsTopa,
HCIIONB3YIOMNN OIEHKY HAOIIoaTeNss U BEKTOP COCTOS-
HUsl 00beKTa yrpasieHus. OTMETHM, YTO YacCTO BEKTOP
COCTOSIHUSI HEIOCTYTICH JUIS U3MEPEHHUs, a YCTaHOBKaA J0-
TTOJTHUTENBHBIX JaTUYUKOB SIBISIETCA AOPOrOCTOSIIECH MK
HEBO3MOJKHA U3-32 TEXHOIOTMYECKUX OrpaHHUCHUH.

B nannoii pabore a1t perieHus: ONMCaHHON MPOOIeMbI
TIPEIOKEH METO/| 4IaTHBHOTO yIpaBleHUs, o0ecreun-
BAIOIIUI KOMIICHCAIMIO BHEITHUX BO3MYIICHUH 110 M3Me-
PUMOMY BBIXO/ly CHCTEMBI B YCIIOBHSIX 3alla3/IbIBaHUS B
KaHase ynpasieHus. /s OleHKH BO3MYIIEHUS TIOCTPOEH
CIIenMaIbHEIN HaOmonarens. KoMeHcammio odeceqynBaeT
PETYISITOP, NCHONIB3YIOMNH PACIIMPEHHYIO MOJIEb CUCTE-
MBI, ¥ aJITOPUTM a/IalTalllH.

BeironHum nocrpoenye HabroIaTesisi BHEITHUX BO3MY-
IIEHUH U CHHTE3 3aKOHA YIPABICHUS M aJTOpPUTMa ajal-
TaIUH.

Jaist nonTBep K IeHUs paboTOCHOCOOHOCTH NPEIIOKEH-
HOTO PEHIEHUS OCYIECTBUM KOMIIBIOTEPHOE MOAEIUPOBA-
HUE C UCHOIb30BaHHEM IporpamMmHoi cpeast MATLAB
Simulink.

IlocTanoBKa 3a1a4n

PaccmoTpuM KI1acc TMHENHHBIX yCTOMYMBBIX BO3MYIIECH-
HBIX OOBEKTOB yIPABJICHHS BUJIA!

X() = Ax(?) + Bu(t — 1) + df(¢),
() = CIx(1),

rae x(7) € R" — Hew3MepuMBbIi BEKTOP COCTOSHUS 00b-
ekTa ympasieHus; u(t — 1) € R — curnan ynpasieHus ¢
3amasabiBanueM; y(f) € R — usmepsiemblit BbIX01 00b-
ekta ynpasienus; f(t) € R — Hemsmepumoe orpaHudeH-
Hoe BHemHee Bo3mynienue; A € R B e R, C € R,
d € R” — u3BecTHBIC MOCTOSHHBIC MATPHIIBI; T — U3BECT-
HOE TTIOCTOSIHHOE 3aIta3/ibIBaHue.

[Tpeamnonoxxum, 4TO BHEIIHEe Bo3MylieHue f{¢) npen-
CTaBIsIeT cOOON MYJIBTHUIAPMOHNYECKUIT CUTHAIT:

)

n
A0 =Y Asin(og + @) + Ay,
i=0
1€ HEU3BECTHbIE A1, ..., A; — aMIUIUTYIBL, O, ..., ©; —
YacTOThl; @y, ..., §; — da3sl; Agy, ..., Ag; — CMEIIECHUS.
TpeOyeTcst o6ecTiednTh KOMICHCAINIO BHEITHETO BO3-
MYIIEHHS MO BBIXO/Y C YUETOM CJIETYIOUINX AOMYIIEeHHH.
Honymenue 1. [Tapsl U3BECTHBIX MOCTOSHHBIX MATPHIL
(A, B) u (A, C) ynpapnsiembl 1 HaOJI01a€Mbl COOTBET-
CTBEHHO. Marpuua A — rypauieBa.
Jonymenue 2. 3Ha4eHUs BEKTOpPA COCTOSIHUS 00bEKTa
HEM3MEPUMBI U JIOCTYIHBI TOJIBKO CUTHANBI u(f) U Y(f).
Jomymenne 3. BHerHee Bo3MyIICHUE f{f) OrpaHIUYCHO
1 MOXET OBITh IIPEJICTABIEHO KAaK BBIXOJ JINHEHHOTO aBTO-
HOMHOT'O F'€éHeparopa ¢ HEM3BECTHBIMU Napamerpami [15]:

2(1) = T'z(?) {&(t) = GE(1) + LAY )
H=hTa(t) A1) = OTE(f) ' @)

rae z(f) € R4 — Hen3MepUMBIii BEKTOP COCTOSIHUS TeHepa-
topa Bo3mymienus; I' € R9*¢ — HensBecTHas MOCTOSTHHAS
Marpuiia, COOCTBEHHbIE YHCIIa KOTOPOH HEKpPaTHBI U JIeXkKaT
na MauMoii ocu; h” € R1*¢ — HensBecTHBIN MOCTOAHHBIHA
BekTop; &(f) — perpeccop; G — rypBuIleBa MaTpUILIa;
L — nocrostHHbIi BekTOp; 07 — BEeKTOp HEU3BECTHBIX
MOCTOSIHHBIX MapaMeTpOB, 3aBUCSIINHA OT MapaMeTpoB
BO3MyIIeHHUs. be3 morepn 00MIHOCTH NPEINONIOKIM, YTO
napa (I, h7) monHocThIO HAGMIOMaeMa U Pa3MEepPHOCTh aB-
TOHOMHOTO TeHepartopa ¢ u3BectHa. G u L nponsBonbHO
BEIOpaHBI Tak, 9To0k mapa (G, L) SBisiack MOTHOCTHIO
YIPABIISEMO.
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Taxum 06pa30M, BHCHIHEC BO3MYIICHHUEC MOXKCET OBITH
PACCMOTPECHO B KAUCCTBE MYJIbTUT'APMOHUYCCKOI'O CUTHAJIa
C HCU3BCCTHBIMU IMapaMETpaMu, HO C U3BECTHBIM OI'pPaHU-
YCHHBIM KOJIMYCCTBOM I'apMOHUK.

Haoaronaresb Bo3MyLLeHUs

Tak KaKk 3HAYEHHE BEKTOpPA COCTOSIHUS 0ObEKTa HEO-
CTYITHO, U3BECTHBI TOJILKO 3HAYEHHsI CUTHAJIA YITPABICHHS
u(t — 7) u BeIXO/A 00BEKTA (), MOCTPOUM HAOIIOIATEIh
cocrostaust JIroenOeprepa MoNHOTO MOPSIIKa BUA:

=A% +Bu(t—1) + Ky - 9)

§=CT} @)

rie X € R” — onenka Bextopa cocrosiuus; € R — onenka
3HaueHns Bbixona; K — marpuria Habnronarens, onpenens-
eMas pa3paboTUHKOM.

O0603HauMM OIIMOKY OIIEHKH COCTOSIHMA €, = X — X.
JmHamMuuecKkas MoelTb OIMMOKH HaOTIONEHU HMEET BHI

&, =x—%=(A-KCDe, +df
A
e=y—p=Cle,

e >

e A, = A — KC7, marpuna K BeiOpana Takum o6pasom,
4TOOBI MaTpHLia A, ABIUIACH IYPBHULIEBOH (U1 oOecrede-
HUS YCTOHUMBOCTH HaOmonaresist). M3 cucremsl ypaBHEHHI
(1) u (3) momyunm

e=W,(s)[f], “4)

e € — OT(QHIBTPOBAHHOE COINIACOBAHHOE BO3MYIIICHUE;
W, (s) = CT(sI - A,)"'d — acummnToTHyeckn ycroidu-
Basl mepenaToyHas QyHKIHs ¢ TYPBUIEBBIM 3HAMEHA-
teneM. B (2) mokxaszaHo, 9TO BO3MYIIICHHE MOXKET OBITH
MPENICTABIICHO B BHE JTHHEHHON perpeccun f(1) = 0TE(7).
IMepenuiem ypasuenue (4) B Buze € = W, (s)[07€] u BbI-
HeceM Marpuiy 07 3a ckoOKu:

e=0TW (s)[] = eTgﬁ (5)

rne &= W (s)[8] mm &= gi_g[ﬁ]; a(s), B(s) — MOTUHOMBI

C U3BCCTHBIMU ITOCTOSAHHBIMHA KOB(l)(I)I/IHI/IeHTaMI/I. C ,prFOﬁ

. + . + :
CTOPOHBI, § = (\G_\élﬂ{) S ug = (9—6}‘-9—7) % . Ucnons3ys
s&=Qt
npeobpaszoBanue Jlamraca, MOXydnuM { » » TOTHa
s&= Q%

BIL---1=PBQI.]
a@)[...]=a(Q)[...]

(X(S)éf* €. O6osznaunm Q! o) ToT/a:

Qlg=¢. (6)

. Otkyna nocne psizia npeodpasosa-

HUH

C yueToMm cucTteMbl ypaBHeHHU (2) u BelpakeHus (5)
copMupyeM creayronuii HaOIoAaTeNlb BO3MYIIECHUSL

E=GE=Lp-9), (7)

re §;— BEKTOP COCTOSIHHSI HAOTIOATENs C IIPOM3BOTIBHBI-
MM Ha4YaJIbHBIMH YCJIOBUSMMU.

Ha6nronatens (7) MOXeT OBITH MPEICTABICH B BUIC
ABTOHOMHOM MOJICIIH:

E()=(G+LONE (). )
Pewas ypasuenue (8) [6], momyunm
E(t-1 =P, )

riae P = e(GHLoT)r,

Jlanee TpeOyeTcst CKOMIIEHCUPOBATh BHEILITHEE BO3MY-
MEHUEC OJHOBPEMEHHO YCTpaHAd HETATUBHOC BJIUAHUC
3¢ ¢ekra 3ana3apIBaHus.

CuHTe3 3aK0HA YNIPaBJIeHNUs H AJITOPUTMA aianTanun

JI1s1 KoMIIeHCcallMy BHEIIHUX BO3MYIIEHUH OCTPOUM
perymarop Ha ocHOBe pabots [16]. [lepeBenem koopauHa-
Thl BHCIIHUX BOBMyH_IeHI/Iﬁ B CUCTEMY KOOpAWHAT BEKTOpa
COCTOSIHUSI OOBEKTa, UCTIONB3YSI MaTPHILy IPEOOpa30BaHUsI
M. Oubka napameTpuuecKoro OTCISKMBAHUS COCTOSHUS
00BEKTa IPUMET BUJT

e(n) = x(1) - ME(). (10)
Ipomuddhepentponas (10), moryanm

¢=Ae+[AM — M(G + LOT) + dO7T]E(1) + Bu(t — 7).

Ecsm criextpsr Matpui A (Red; < 0) u G = (G + L87)
(+jm;) HE mepecekaroTcs, TO CYLUIECTBYET 3HaYCHHE ¥ Ta-
KO€, 4TO

AM — M(G + L07) = By” — d0r. (11)
BLIXOHHOﬁ CUT'HaJI O6I>GKTa yupaBJICHUSA UMCCT BUI
y = CTe + CTME(?). (12)

CymiectBytoT Marpuiibl M 1 ¥, KOTOpBIE SIBIISIIOTCS pe-
mreHusiMu ypaBHeHui (11)—(12) u Ha3pIBatoTCA ypaBHEHUS-
mu @pancuca uimu peryssitopa [12]. CnenoBarenbHO, MOXK-
HO czienathb BeIBOA, 4To ypaBHeHHs (11)—(12) nmeror Xots
OBl 0/1HO perenue, eciu crnekTpbl MaTpull A (Red; <0) u
G = (G + LO7)(+jw,) He nepeceKaroTcs.

TTonyuumM MosIEeb OIMOKH
é=Ae+B[ylE@) tu(t—r
{ [w?&(0) + u( )]‘ (13)
y=CTe

C yuderom ypaBHenust (6) cucrema ypaBHeHui (13)
HPUMET BHUJ

{é=Ae+B[\|1T§/(t)+u(tt)]’ (14
y=CTe
e \I_,T = ‘I,TQ—I.
[Toncrasus Beipaxenue (9) B (14), momydanm
é=Ae+B[ME(r—1)+u(t-1)]
y=CTe ’
e 17 = y7P. BoiGepeM 3aK0H YIPaBICHHS U = — ﬁT%fI/I

MOJIy4YuM MOACIb OIIHOKHU 3aMKHyTOI71 CHCTCMBI:
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é=Ae+BR(r— & (1— 1)

e (15)

e 77(1— 1) =7 —n7(¢ — T) — napameTpuyecKas oumoKa.

Mopeb OIIMOKH U CHHTE3 ajiropurMa aganrauvu

Jst ycTpaHeHusl HETaTUBHOTO BIMSIHUS 3aMa3bIBaHUS
chopMHpyeM pacIIUPEHHBIN BEKTOP COCTOSHHUSL:

e=e+ % (16)
[JIe CHTHAJ ) onpeiessiercs o Gpopmyie

7= Ax+ BT —1) - D& (1 —1). (17)

[NoncraBus cucremy ypaBnenwuii (15) u Beipaskenue (17)
B (16), nocie psima mpeoOpazoBaHUi MOTYyIUM

é=Ae+BiTE(r 1),
y=CTe.

Bocronb3yeMcest METOJIOM PACIIUPEHHON OIMUOKH.
[eperumrem (18) B Buae

y=WEME(r-1],

e W(s) = CT(sT - A)!B.

(18)

. Aj\}:yij}’
P=y-nTW(s)[E(r - D= WEt-0]= " (19)
=NW()[E(r -]

Ha ocHnoBe ypasuenus (19) moctpoum craHIapTHBIN
QITOPUTM aJlanTalnu:

il =YW - .

B pesynbrare MOXKHO cienarh BbIBOJ, YTO €CJIM BHEII-
HHUE BO3MYIIEHUS YCTOWUMBBI, OTPAHUYEHBI U U3BECTHO

YHCJIO TAPMOHHK, TO C BBIOOPOM KOI(DPHITUCHTA aJarTaluni
v > 0 ciexgyer obecriedeHnEe aCUMITTOTUYECKOM CXOITUMO-
CTH BEKTOpa MapaMETPUICCKUX OIMIHOOK f](t) K HYIIO IIpH
t — 0.

MartemMaTudeckoe MoaeJqUpoBaHUe

Jlist mpoBepKH paboTOCTIOCOOHOCTH U 3PHEKTUBHO-
CTH TIPEJIOKCHHOTO TIOIX0/1a BBIIIOJIHUM KOMITBIOTCPHOE
MOJICITUPOBAHUE C MCIIOJIH30BAHUEM IIPOTPAMMHON CPEIbI
MATLAB Simulink.

PaccMoTpuM 00BEKT ympaBIIeHHS BTOPOTO MOPSIIKa,
UMEIOIUN BU:

X(¢) = Ax(?) + Bu(t — 1) + df(¢) 1
{y(r) ~ CTx(r) > x(0) =[o]’

A~ e[l er-n o
MEATs a2 '

[TycTh BO3MymIatOIIEe BO3ACHCTBHE UMEET BU: f{f) =
= 5sin(f).

[Toctpoum Habmonarens Jlroenbeprepa (4) co ciemyto-
men marpunei: K = el
P 69
3aZ[aI[I/IM 3HAYCHUA MaTpUIlbl MOJCIIU OILICHKU COCTOsA-
Hus Habmronarens (8):
0]
i

G _[ 0 1 ] L=
-3 47

Ha pucynke rnokaszaHsl Iepexo/iHble POLECCHl B 3aM-
KHYTOH CHCTEME IpH 3HAYCHUH 3ama3/blBaHus T = 1¢ npu
ko dunmenrax axantanuu y = 5 (pUCYHOK, a, ¢, €)
vy = 15 (pucyHox, b, d, f).

[IpencraBiaeHHbIe pe3yIbTaThl MOJICTUPOBAHHUS JEMOH-
CTPUPYIOT 3P PEKTUBHOCTH U pabOTOCIIOCOOHOCTH MTPEIIO-
JKEHHOTO pemieHns. JJaHHBIH 1morxo/] o6eceunBaeT aciM-
HNTOTUYECKYIO CXOANMOCTH BBIXOJHOTO CUTHANA ¥ K HYIIO
npu ¢ — co. BUHO, 4TO NpHU yBeNn4eHHN KOAPPUIIeHTA

u a u b
—) 8f —u(r
4+ L 4
L ] 4|
0 | & B
L 0 ]
0 20 40 60 80 t,c 0 20 40 60 80 t,c
c d
| — s | i
— M2 —Me
0 20 40 60 80 1 20 40 60 80 e
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Pucynoxk. ['padyku nepexonHbIX MPOLECCOB PH 3ama3ablBaHuN T = 1¢ 1 Ko3pPUIIEeHTOB agantammu Y =5 u y = 15: curaana
ynpasnenus u(t) (a, b); oueHox ﬁl, ﬁz (¢, d); BerxozmHOTO curnana y(f) (e, f)

Figura. Transient processes with delay t = s for adaptation coefficients y = 5 and y = 15: control signal u(¢) (a, b);
estimations 0, 1, (¢, d); output signal y(¢) (e, f)

aIanTalyi ) yIaI0Ch TOCTUYb JTYUIIETO OBICTPOACHCTBHS
B CHCTEME.

3akaouenne

B pa60Te paccMOTpCHA 3aJa4a KOMIICHCAllUHU 11O BbI-
XOOy BHCUTHUX HEU3BECTHBIX BOBMyIJ.IeHI/Iﬁ JJId Kjacca
JIMHEWHBIX CHCTEM C IIPOM3BOJIBHBIM 3alia3bIBAHUEM Ha
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Bxojie. [IpeIoKeHHBIH aaropuT™M 00eCIedynBaeT orpa-
HUYEHHOCTh BCEX CUTHAJIOB B CHCTEME U CXOAUMOCTH pe-
TYJIMPYEMOTO0 BbIXoAa K Hymo. [IpenMyniecTBo naHHOro
MOJIXO0/Ia 3aKJIFOUACTCsl B TOM, YTO HE TPEOYeTCsl UICHTHU-
(bukaysi mapaMeTpoB BO3MYILeHHs. B nanpHeiimem pac-
CMOTPEHHOE PEIICHUEC MOXKET OBITh PACIIMPEHO Ha KIIACC
00BEKTOB C HEM3BECTHBIMU ITApaMETPaMU M HEU3BECTHBIM
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Abstract

Although nanoparticle production techniques are well-known, getting nanoparticles with specific characteristics that
enable their application as biosensors is an entirely other problem. Many issues occur as a result of employing the method
for producing repeatable and time-stable nanostructures. We created AgInS, nanoparticles as colloidal quantum dots
in a variety of methods to test the efficiency of the synthesis process on the optical characteristics of the nanoparticles,
as well as their size, composition, absorption, and luminescence spectra. The capillary electrophoresis (CE) approach
for AgInS, production was employed, with modifications in solvent and temperature, to get nanocrystal (NC) particles.
The researchers discovered that Ag accumulation in the InS lattice promotes deformation which leads to structural
defects. Consequently, the direction of a nanoparticle light band may now be changed. The features of mixed AgInS,
nanoparticles have been examined with respect to different fabrication procedures, surface stability, and metal impurity
incorporation. One band dominates in the luminescence spectra of Ag In,_ .S, nanoparticles. The relationship between
the stoichiometric ratio, luminescence amplitude, line width, and the maximum wavelength is investigated. The average
size of the received nanocrystals was determined using dynamic light scattering studies. The computed nanoparticle
diameter range has an average particle size of 3-3.5 nm.
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AHHOTAIUA

MeTobl MOJydeHUs] HAHOYACTHIL XOPOIIIO U3BECTHBI, OJJHAKO CTAOMIIBHO MOBTOPSIEMOE MOJyUYCHUE HAHOYACTHIL C
OJIMHAKOBBIMH CHELU(PUISCKIMHU XapaKTepHUCTHKAMHU, TIO3BOJISIIOLMMH MX HCIOJIB30BaTh B KA4€CTBE OMOCEHCOPOB, B
HacTosIee BpeMs IpecTaBisieT co0oi mpodiaemy. [Ipodiema MHOTHX METOIOB 3aKJIFOYAETCS B MOTYYCHUN PE3YIbTaTOB
C XOpOUIeH BOCTIPOM3BOIUMOCTBIO ONTHYECKUX CBOHCTB M MX CTAOMIBHOCTHIO BO BpeMeHH. B paboTe mosrydeHst
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A.K. Ahmad, A.H. Mohammed, A.A. Skaptsov

HaHouacTuibl AgInS, B BUE KOJUIOMJHBIX KBAaHTOBBIX TOUEK Pa3IMYHBIMU METOJaMU. BbInonHeH aHammu3 mnpouecca
CHUHTE3A, KOTOpblﬁ BJIMACT HA ONITUYCCKUE XapaKTECPUCTUKU HAHOYACTHUILL, UX pasMEp, COCTaB, CIICKTPbI MOITIOEHUA U
JIOMHHECHEHIMH. [I1s TomyueHus] HAaHOKPHCTAITMYECKHX YaCTHIL ITPU U3roToBneHnu AgInS, npuMeHeH KanuuIsipHbIT
anekTpodopes ¢ Moau(UKANUIMA PaCTBOPUTENSI U TeMreparypbl. OOHApYKEHO, YTO HAKOIUIEHHE Ag B pelIeTKe
InS cnocoGcTByeT nedopmarnym, KOTopas MPUBOTUT K CTPYKTYPHBIM Ae(peKTaM H, CIEeI0BaTEIbHO, K CMEIICHUIO
CHEKTPAITBHOM MOIOCH JIIOMUHECIEHINH. Vccae0Banbl XapaKTepUCTHKN CMEIIAaHHBIX HanodacThly AgInS, mpu
PA3IHYHBIX BapHALUSAX TEXHOJIOTHMH M3TOTOBJICHUS, CTAOMIBHOCTH MOBEPXHOCTH U BKIIIOYCHUS METAJUINIECKUX
npumMeceil. ITokazaHo, 4TO B cleKTpax JIIOMHUHECIeHIUN HaHoyacTul Ag In;_ S, 1OMHHHpYET O/HaA IOJIOCa.
HccnenoBana 3aBUCUMOCTD MEXIY CTEXHOMETPUYECKUM COOTHOLICHHEM, aMIUTUTY/ION JTFOMUHECICHIIMH, ITUPHHON
JIMHUM U MAKCUMAaJIbHOM JJIMHOM BOJIHBL. CpefHHui pa3Mep MOoITyYeHHbIX HAHOKPHCTAIIOB ONPEAENIEH C UCIIONb30BaHUEM

MEeTo/ia TMHAMUUECKOTO CBeTopaccessHus. PacueTHbIil pasMep HAaHOUACTHUIl COCTABUI B cpeHEM 3—3,5 HM.

KiioueBbie cjioBa

AglInS,, KBaHTOBBIE TOUKH, JIIOMHHECIIEHIINS, CHHTE3 HAHOCTPYKTYP, ONOCEHCOPHI

Cecepuaka s nuruposanus: Axman A K., Moxammen A.X., CkanoB A.A. JIIOMUHECIIEHTHBII METO/] HCCIIEIOBAHUS
pocTa KBaHTOBBIX Touek AgInS, / Hayuno-TexHuueckuii BECTHIK HH(OPMAIMOHHBIX TEXHOIOTHH, MEXaHUKH U ONITHKH.
2022. T. 22, Ne 6. C. 1078-1084 (Ha anrt. s13.). doi: 10.17586/2226-1494-2022-22-6-1078-1084

Introduction

In recent years, AgInS, nanocrystals have garnered
a great deal of interest among semiconductors of groups
I, 11, and VI due to their various benefits, such as their
customizable optical characteristics, high extinction
coefficients, high quantum yields, diverse emission
spectra, and photochemical durability. Several techniques,
mostly based on thermolytic one-of-a-kind metallic-
sulfur complexes or direct metallic response cations and
sulphur with suitable covering reagents [1, 2], have been
published for the ternary synthesis of AgInS, with varied
sizes. Metallic cations are typically coupled with amines or
dodecanethiol to form complex metallic precursors, such
as Colloidal Quantum Dots (CODs), which offer particles
with controlled outgrowth [3]. Sulfur can be derived from
elemental sulphur, thiols, dithiocarbamates, or carbon
disulfide, all of which are soluble in organic solvents [4, 5].
Metallic thiolates or dithiocarbamates have been used as a
source of both metal cations and sulfur [6].

Recently, it has been observed that studies and research
focus on the use of CQDs. They are 2—10 nm long
semiconductor nanocrystals that blend the physical and
chemical properties of molecules with the optoelectronic
properties of semiconductors. Quantum dots (QDs) have
high fluorescence brightness and are more resistant to
picture bleaching than fluorophores making them excellent
candidates for long-term study. The author recommended
against conjugating CQDs derived from non-toxic AgInS,/
ZnS compounds with nanoparticles of other types.

Using novel synthesis techniques and materials, it is
possible to increase the quantum yield of QDs significantly.
CQDs play a crucial role in the current world, particularly
for biomedical applications where they may be used to
identify or pinpoint various illnesses and subsequently to
provide medicine locally utilizing the same circuit class
therapy but with a vaccine medication. In this context, the
development of CQD-based labeling for less hazardous
semiconductors of groups I-III and VI, such as CulnS,
and AglInS,, appears promising. This form of CQD is
distinguished by the ability to tune the emission band
from the visible to the near-infrared region and by the
comparatively long lifetime of an excited state. This study
aims to investigate the feasibility of using AgInS,-based

QDs for fluorescence imaging of biological objects and to
compare their performance with that of fluorescent dyes
immobilized on the surface of nanoparticles.

Indium silver disulfide is a semiconductor that
has shown promise in solar photovoltaics [7, 8]. This
semiconductor has potential applications in photocells
that concentrate solar energy, in cascade structures with
a gradient in width, and in noisy zones. The combination
of indium disulfide with ribs and, for example, indium di-
selenide copper with a common base of CdS can result in
a tenfold improvement in efficiency [9, 10]. By matching
the crystal lattices of the semiconductors mentioned
above, AgInS, has a high optical absorption (greater than
104 em 1), strong radiation resistance, and low dissipation.
Space charge parameters and effective carrier separation
may be modified in many multilayer structures, leading to
an active investigation of such combinations. AgInS, bulk
crystals and films have received little attention. The goal of
this effort is to semi-study AgInS, films and their electrical,
physical, and optical characteristics.

These materials, like AgInS,, are semiconductors
belonging to the III group; in the visible and near-ultraviolet
spectrum they exhibit enormous gaps range and significant
deactivation rates. Because of their luminous qualities, such
combinations pique much interest as an alternative for a
more dangerous cadmium-containing quantum. Currently,
many experiments utilise luminous semiconductors (such
as AglnS,) that may be used as Nano thermometers
by relying on ambient temperature. As a result, when
samples containing AgInS, nanoparticles (4 nm in size
on average) are heated, a drop in fluorescence intensity
and spectrum shift is detected concurrently, both under
single and two-photon excitation. The connection between
fluctuations in the peak wavelength of the radiation is
linear with temperature for AgInS,. Currently, luminous
nanoparticles are utilized to assess cell temperature
in various applications [11, 12]. Laser thermolysis is a
significant and promising medical sector, particularly in
various operations and treatments.

Photothermolysis employs a variety of photosensitizers,
the most effective of which being plasmon-resonant
nanoparticles (Plasmon Resonance Nanoparticles)
[13, 14]. Due to limited laser radiation absorption when
warming the nanoparticles delivered into the tumor
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site, laser photothermolysis does little harm to hygiene
cells of biological tissue around the tumor. In reality,
the fundamental limitation of its efficacy is the problem
of unwanted heating of adjacent tissue which also
involves normal cells at risk and induces the initiation
of coagulation. The heating process must thus be
monitored to accomplish biological tissue coagulation in
the complete tumor volume and to halt irradiation after
disease eradication. Inadequate heating may promote tumor
development, while excessive heating may cause healthy
biological tissue to clot. As a result, the advancement of
the laser photothermolysis process is hampered by a lack
of trustworthy or reliable methods for determining optimal
exposure settings. Direct and fast detection of thermal fields
in organic tissue near Plasmon resonance nanoparticles is
feasible for tissue heating control. Several non-invasive
thermometry procedures include radiation ultrasound and
magnetic resonance imaging.

Despite encouraging results, these approaches are often
constrained by their lack of temporal resolution. During
photothermolysis, when heating, the biological tissue is
specifically marked by non-contact temperature scaling
of the surface with a thermal imager or measuring the
inside temperature at specific spots with a thermocouple.
However, denying the ultimate domination of the heat
process interaction and propagation of laser light in tumor
materials causes uncertainty in calculating the interior
temperature from the obtained surface temperature division
with the aforementioned data. As a result, controlled
photothermolysis becomes much more challenging. As
a result, identifying in real time the spatial distribution
of temperature inside biological entities remains crucial.
In this scenario, the approach is to create a nanosensor
that can forecast the incidence of tissue coagulation that
is irreversible. We investigated how temperature affects
the luminescence spectra of nanoparticles in aqueous
and biological contexts. As the temperature rises, the
fluorescence intensity of AgInS, nanoparticles in water
decreases, and a temperature change of 25 °C cause a line
shift by 5 nm to the luminescence peak. Furthermore, it
was evident that the location of the luminescence peak
of AgInS, nanoparticles is influenced by the medium. By
heating the AgInS, nanoparticles in biological specimens,
the peak luminescence shifts linearly to longer wavelengths,
where the maximum shear rate is 0.459 + 0.035 nm.

We created AgInS, nanoparticles in various methods
to assess the influence of the synthesis process on the
condition and optical features of nanoparticles, to explore
their luminescence spectra, absorption, size, and structure.
Colloidal QDs exhibit critical optical properties that are
proportional to particle size. Similar to the box model in
quantum mechanics, as the border dimensions drop, the
energy of each state rises. Subsequent to photon absorption,
the valence and conduction hands of the QDs are quantized
as a result of the excited state which is an electron-hole
pair with dimensions lower than the exciton Bohr radius.
This quantization may be demonstrated in QD absorption
spectra where discrete low-energy transitions are seen in
a clean, monodisperse sample. A particle size function
provides the Band edge energy of a QD (E) and is given by
the following equation [15]:

E-FE +( hz (lf,ellg)_i_( h2 (lﬁh.[h)_ 1.862
4

2m, 1° 2my, 1° 2er

In the equation above, E, is the bulk semiconductor
band gap where the name originally appeared. The second
and third terms, with o2., and o2,;, are solutions (or
“zeros”) to the Bessel function for quantum numbers » and
1, respectively, giving information about the electron/hole
kinetic energy.

The Bessel function method solves the Schrodinger
equation under initial spherical conditions and computes
the kinetic energy of the electron/hole. Size dependency
is related to kinetic energy via QD radius (r) in Bessel
function solutions. m, and m,, incorporate effective electron/
hole masses. The approximation of the effective mass
compensates for the periodic potential of the semiconductor
lattice by changing a particle volume and considering it as a
smooth particle. The final term (fourth term) is a first-order
correction for the coulomb attraction between the electron
and hole where e is the charge of an electron and ¢ is the
dielectric constant of the material.

Two nanoparticle solution synthesis processes have
been agreed upon the high and low temperature methods.
The above growth rate equation can explain why the effects
of the temperature differ from those of the calculation based
on the total gas equation with monomer concentrations
handled with vapor pressure [16].

G 20
Cr=Cooexp( )ZCOO 1+ ,
nNKT rNK;T

o 20
C.=Cuexp|———|=C(1+———|.
r.NKT r NKpT

where C,, is vapor pressure; C, is the concentration of
monomers at the nanocrystal surface; and C, is the
concentration of monomers far away from the crystal
surface. The dependent growth rate temperature for crystal
radius  is given by the following equation [16]

e |

= - 1
dt  N*K,T O

r. r/)
where 7, is the critical radius at which the phase transition
occurs; N is the number of atoms per unit volume; o is the
surface tension; B is the diffusion coefficient; K is the
Boltzmann constan, and 7 is the temperature.

Based on the crystal radius » in Eq. (1), the word in
parentheses defines whether a crystal has a positively
or negatively increasing rate of size. When r = r,, the
crystalline phases are in equilibrium with zero crystal
growth rate. When > r, the crystal will grow. When r <r,,
the crystal will shrink. Ostwald ripening is a technique that
aims to widen the size range of crystals while lowering
the concentration of the resultant nanoparticles. Smaller
crystals contract while bigger crystals develop. In Fig. 1,
the form of Eq. (1) is shown. It is significant to remember
that when » = 2r,, the maximum growth rate may be
calculated. The smaller crystals develop considerably
quicker than the bigger crystals, and the average size is
focused, resulting in a very narrow size distribution if the
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Growth rate, dr/dt
=)

do
S
!

rir,

Fig. 1. An illustration form of the Eq. (1), illustrates the modes
of size and dimension broadening specified by the average
crystal radius r, <r <2r,and r > 2r,, respectively [16]

entire size range is greater than this number. In reality, the
typical technique repeatedly uses a monomer solution with
a high enough concentration [17, 18].

Materials and Synthesis procedures

We developed a technique for producing isolated
AgInS, nanoparticles with great size uniformity in an
orthoxyle solution at high temperatures [19]. To boost
luminous yield, we devised a method for synthesizing
mixed AglInS, nanoparticles [20] which had a higher
luminescence production than AgS or InS particles. The
lattice period is also affected by changes in the Silver-
to-Indium ratio. At a particular ratio, the structure varies
from cubic for InS to hexagonal for AgS. Using diffuse
transmission and reflection spectra, the kinetics of particle
production and their characteristics were investigated.
During synthesis durations up to 90 min, the solution
absorption edge shifts to the short-wavelength area for
diffuse transmission spectra. Following that, the edge
gradually moves toward the long-wavelength region.
As the contribution of the scattered signal is minimal in
the region of significant absorption, the displacements

a

Ag; . In,S; Nanoparticles Synthesis

Base metal salt

. . ——\ solution
A solution of an impurity /

metal salt

Ammonia (NH,;)OH % ¥ -

Ammonium sulfide 2\

(NH,4),S
l Water-bath

v g Thioglycolic acid
HSCH,COOH

are generated just by variations in the absorption of the
solution components. One can explain the shift to the
short-wavelength area by a sulfur drop which causes a
large rise in the absorption coefficient in the 300-320 nm
wavelength range. As the synthesis period rises, the size
of the nanoparticles induces a shift to longer wavelengths.
More complex behaviour is exhibited by reflection spectra.
One might cause a simultaneous alteration in particle
size, concentration, and refractive index of the medium.
Techniques for manufacturing AgInS, nanoparticles at
low and high temperatures were devised. The impact of
the circumstances during synthesis on the formation and
properties of nanoparticles was investigated. Depending
on the concentration and according to an evaluation of the
acquired absorption spectra of AgInS, nanoparticles, the
location of the nanoparticles absorption edge shifts during
the duration of the synthesis period for high-temperature
synthesis. With an increase the ultrasonic action duration on
the sample, the absorption edge in diffuse reflection spectra
shifts by a short wavelength.

For AgInS, synthesis, with variations in solvent and
temperature, portions of cold toluene were removed at
various intervals and inputted for various Nano-Crystal
(NC) sizes. The reaction mixture has a total volume of
30 ml. Base metal salt aqueous solution is: 0.71 ml
of 0.1 M InCls; Thioglycolic Acid aqueous solution is:
0.6 ml of 1 M; concentrated ammonia is 0.3 ml; ammonium
sulphide aqueous solution is: 0.174 ml of 2.9 M; 10 ml of
0.005 M silver nitrate aqueous solution was dripped in at a
rate of 3 ml/hour. Following the NC synthesis, the ethanol
cycle was centrifuged three times with toluene and then
dissolved in toluene for storage. However, importantly, not
the case that QDs may induce acute toxic effects, rather
than that the aggregation of QD ions in key organs, as seen
in vivo, might create significant chronic toxic consequences
[21]. As seen in Fig. 2, a, b, we devised a revolutionary
control technique by flashing a 405 nm laser on the
solution during the synthesis and luminescence spectra
were analyzed every 10s. Then the spectra were analyzed.
A QE Pro spectrometer (Ocean Optics, USA), a 405 nm
laser (200 mW), optical fibers, and filters are used in the
experiment. Every ten seconds, the luminescence spectrum

Spectrometer
Ocean Optics QE Pro

Diode laser
405 nm, 200 mW/cm?

Mode:
1 Spectrum/10 sec

Fig. 2. Synthesis Control Methodology; HSCH,COOH
a — aqueous nanoparticle synthesis, » — nanoparticle synthesis control method
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of the reaction solution was recorded using a one-second
laser stimulation.

Results and Discussions

The effects of the stoichiometric coefficient on the
optical properties Ag In;_.S, nanoparticles, amplitude,
wavelength of the peak of the luminescence band, and
width of AgInS, nanoparticles are depicted in Fig. 3. The
maximum luminescence wavelength moves to the IR region
when the stoichiometric coefficient (x) changes. It is also
worth noting that the amplitude begins to fall at a certain
value.

The nanoparticles are identified by the altered InS
structure induced by the presence of AgS impurities,
according to X-ray analysis. Fig. 4 depicts the X-ray
diffraction (XRD) spectra of doped QDs with various
ratios of indium to silver (1:0.05, 1:0.1, 1:0.2, and 1:0.3).
In general, relative intensity increases with an increase
in silver ratio; nevertheless, there is no discernible shift
in 20 values. This shows that silver contributes to the
diffraction of InAg/ZnS QDs doped with silver. The
absence of a specific silver peak demonstrates the excellent
incorporation of Ag,S into the InAg matrix.

The X-ray fluorescence (XRF) patterns of Ag In;_.S,
with different In concentrations (x: 0.03—0.18) and pure
AgS are shown in Fig. 5. The structure is cubic in nature.
Ag concentration is being increased.

According to our findings, one cane infers the
temperature sensitivity of luminescence of AglnS,
nanoparticles in terms of both the spectrum position and
intensity of the luminescence maximum. The variation is
caused by the energy states distortion of light and surface
defects. In Ag,In;_,S, samples, a transition in the structural
phase from cubic to hexagonal and a temperature alteration
change to a lower region occurs with an increase in Ag
concentration.

Dynamic light scattering experiments were used to
measure the average size of the received nanocrystals. The
measurements were taken using a laser analyzer with a
particle size of SZ100 (Horiba Jobin Yvon, Kyoto, Japan)
and a measuring range for nanoparticle diameters ranging

Amplitude

AglIn, S 700
Ll 032 300
0.15- I
L600 =
o
0.10- =
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2000 TR
L500 S &
0.05- 2
0.00- -400
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Fig. 3. Controlled synthesis of Ag,In; .S, nanoparticles.
Ilustrates the relation between the wavelength, the amplitude,
and the width of AgInS, nanoparticles with the stoichiometric

coefficient x
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Fig. 4. XRD spectra of silver doped quantum dots with varying
Ag:In ratios
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Fig. 6. The average particle size

from 0.3 nm to 8 nm. Forks have an average particle size
of 3-3.5 nm (Fig. 6).

Conclusion

To increase luminescence yield, we devised a method
for producing mixed AgInS, nanoparticles which have a
higher luminescence yield than AgS or InS particles. When
a certain ratio is reached, the arrangement of InS shifts to
hexagonal for AgS. At lower substrate temperatures, the
composition generates a hexagonal phase. As a result, it
is now possible to change the orientation of a nanoparticle
light band. The properties of mixed AgInS, nanoparticles for
various production procedures, surface stability, and metal
impurity introduction were examined. The link between the
line width, maximum wavelength, luminescence amplitude,
and the stoichiometric ratio is depicted in Fig. 3. It was
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proven that adjusting the stoichiometric ratio of In and
Ag in Ag In;_ S, nanoparticles does not allow for the
maximum luminescence wavelength in biological tissue
transparency. According to the data, from this it can be
drawn that the synthesis of Ag,In; .S, nanoparticles
(at x 0.25) does not permit the formation of nanoparticles
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AHHOTALUA

Ipenmer uccaenopanus. Coenunenus [11-V-N SBISIOTCS MepCIeKTUBHBIM KJIACCOM TBEPBIX PACTBOPOB, KOTOPHIE
MOT'YT aKTHBHO HCIIOJIb30BATHCS B ONTOAIEKTPOHHBIX IPHOOpax, paboTaroNMX B IIHPOKOM CIIEKTPAILHOM JHaIa30He
BILTOTH 10 3 MKM. COeMHEeHNUS TaKkyKe MPUMEHSIOTCS JUTsl yBeIn4eHHs (P GEeKTHBHOCTH (HOTOIETEKTOPOB, JIa3epoOB B
BOJIOKOHHO-ONTHYECKUX JIMHUAX CBS3U M TEIEKOMMYHHKAIIMOHHBIX CHCTeMax. B paboTe nccienoBaHbl 0COOEHHOCTH
pa3IMYHBIX CIIOCOOOB MOJYUYSHHs HOBBIX IMONYNPOBOAHUKOBBIX MaTepuanoB I1I-V-N. Toukue muenkun InGaAsN
MOJTyYIeHbI METOIOM UMITYJIECHOTO JIa3epHOTO HamblIeHns Ha nonoxkkax GaAs (100) u Si (100) B armocdepe akTHBHOTO
(onoBoro raza. Meron. MimynbcHOe J1a3epHOE HaNbUICHWE TOHKHUX MJIEHOK InGaAsN mpoBeneHo ¢ HCIOoIb30BaHHEM
mumenn Ing o,Gag ggAs B armocdepe 0co00 TUCTOH aproHo-a30THOH cMecH npu fanenusx 2, 5 n 10 Ila. B xauecTse
MCTOYHHKA JIA3ePHOTO M3JTydeHHs HCIob3oBaics nasep AY G:Nd3" ¢ wmiHo# BoaHBI 532 HM (BTOpasi TapMOHHUKa),
TUIOTHOCTBIO SHEPTUH JIa3epHOTO u3myueHus 2,3 JI/CM2, 4acTOTOil ClIeoBaHUs UMITYIbCOB 15 Il U IIIHTETbHOCTHIO
umnynsca 10 He. Temneparypa nomnoxku cocraBuna 350 °C, Bpems HanbuieHUst 60 MuH. OCHOBHBIE pEe3yJbTaThI.
[Tokxa3aHo, 4YTO MOBEPXHOCTh TOHKUX IUIEHOK TEKCTypUPOBaHA MUKPOKAIUIIMH. YCTAHOBJIECHO, YTO MUKPOKAIJIM Ha
TMMOBEPXHOCTU TOHKOM TJICHKHU OGpaSOBaHLI METAJNIMYECKUM UHIANEM, a UX PACIIPEACICHUE 110 TOBEPXHOCTH IIJICHKU B
OCHOBHOM YTOPsIIOUEHO B Bujie TUHUMNA. [Tono6HOE ABIEHNE MOKHO OOBSCHUTH HATMYHEM AUCIOKAINI HECOOTBETCTBHS.
Cpennuii pa3Mep MUKpoKareib Ha nmosepxHocTH ieHkn InGaAsN Ha GaAs (100) oxono 30 HM, a X TIOTHOCTH HE
npesbimana 0,076 Mxm 2. s cpaBHEHHUS B IUIEHKaX, MOTyYIEHHBIX Ha Si moyuioxkkax npu nasiernn 2 [1a, HanGombimas
TUTOTHOCTH MHKpoKarneiab — 0,26 Mxm 2. HanMmeHbIas IIoTHOCTs MUKpOKarens Ha moBepxaoctH (0,17 Mrm—2)
3aukcupoBaHa B oOpasuax Tonkoi mieHkn InGaAsN na Si (100), noryuennoit npu gasiaennn 10 ITa. Otmeueno,
YTO WHTEHCHBHOCTb JIOKAJIbHOU (hOHOHHOM KonebaTenbHoit Moabl (Local Vibrational Modes, LVM) InN na wactore
430 cm~! Bo3pacTaer ¢ yBeNMYEHHEM JIABJICHHS APTOHHO-a30THOM CMECH TIPU MUMITYJIbCHOM JIa3€PHOM HAIbIIEHAN B
CIEeKTpax KOMOMHAIMOHHOTO paccesHus ieHok InGaAsN Ha Si. O6HapykeHbl pOHOHHBIE MOJIBI BTOPOTO MOPSIIKA:
LVM InN na gacrore 450 cv~! u LVM GaN — 470 cm!. Jlannoe 0GHapyKeHHE TTOATBEPKAAET HATIMYNE a30Ta B TOHKON
wienke InGaAsN, orydeHHON METOIOM UMITYIbCHOTO JIa3epHOro HambluieHus. [1oka3aHo, 9To yBelIn4eHNe JaBICHUs
aproHO-a30THOH Ta30BOi cMecH MPH UMITYIbCHOM Ja3€PHOM HAIBIICHHN CIIOCOOCTBYET YBEINUEHHIO KOHIICHTPAIINT
azora B TOHKHX TieHKaX InGaAsN Ha Si. YcraHOBIIEHO, 4TO KOHIICHTpAIWs a30Ta B TuieHKax InGaAsN, momy4eHHbIX
npu gasrernu 10 ITa na mommoxkkax GaAs (100) u Si (100), pasnudaercst He3HaUUTENIBHO U cocTaBisier 1,9 u 1,8 %
cooTBeTcTBEeHHO. [IpakTiueckas 3HaunMocTb. [IpencraBieHHbIe pe3ysbTaThl MOTYT OBITH UCIIONB30BAaHBI IIPU CO3/IaHUH
Ha OCHOBE IOJYYEHHBIX TOHKHX IUIeHOK InGaAsN BbICOKOA()(EKTHBHBIX (OTOAIEKTPHUECKUX Npeodpa3oBareneii,
($OTOAETEKTOPOB OIMIKHETO U CPEAHEro HHPPAKPACHOTO TUANa3oHa 10 3 MKM.
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III-V-N/Si
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Abstract

III-V-N compounds are a promising class of solid solutions that have the prospect of being used in optoelectronic devices
operating in a wide spectral range up to 3 um, as well as for increasing the efficiency of photodetectors, lasers in fiber-
optic communication lines and telecommunication systems. In this work, the features of various methods for obtaining
new III-V-N semiconductor materials are investigated. Thin InGaAsN films were obtained by pulsed laser deposition on
GaAs (100) and Si (100) substrates in an active background gas atmosphere. Pulsed laser deposition of thin InGaAsN
films was carried out using an In; (,Ga ggAs target in an atmosphere of a highly pure argon-nitrogen mixture at a
pressure of 2, 5, and 10 Pa. The source of laser radiation was an AYG:Nd3* laser with a wavelength of 532 nm (second
harmonic), laser radiation energy density of 2.3 J/cm?2, pulse repetition rate of 15 Hz, and pulse duration of 10 ns. The
substrate temperature was 350 °C, the deposition time was 60 minutes. It is shown that the surface of thin films is textured
with microdroplets. It has been established that microdroplets on the surface of a thin film are formed by metallic indium.
It has been established that the distribution of indium microdroplets over the film surface is mainly ordered in the form
of lines. This phenomenon can be explained by the presence of misfit dislocations. The average size of microdroplets
on the surface of the InGaAsN film on GaAs (100) was about 30 nm, and their density did not exceed 0.076 um=2. For
comparison, in films obtained on Si substrates at a pressure of 2 Pa, the highest microdroplet density was 0.26 pm2.
The lowest density of microdroplets on the surface (0.17 um2) was noted in samples of a thin film of InGaAsN on Si
(100) obtained at a pressure of 10 Pa. It is noted that the intensity of the local phonon vibrational mode LVM InN at a
frequency of 430 cm! increases with increasing pressure of the argon-nitrogen mixture during pulsed laser deposition
in the Raman scattering spectra of InGaAsN films on Si. In the Raman spectra of InGaAsN films on Si, second-order
phonon modes LVM InN and LVM GaN were detected at frequencies of 450 cm~! about 470 cm™!, respectively. This
confirms the presence of nitrogen in a thin InGaAsN film obtained by pulsed laser deposition. It is shown that an increase
in the pressure of the argon-nitrogen gas mixture during pulsed laser deposition contributes to an increase in the nitrogen
concentration in thin InGaAsN films on Si. It has been established that the nitrogen concentration in InGaAsN films
obtained at a pressure of 10 Pa on GaAs (100) and Si (100) substrates differs insignificantly and amounts to 1.9 % and
1.8 %, respectively. The presented results will make it possible to create highly efficient photoelectric converters and
photodetectors for the near and mid-infrared range up to 3 um based on the obtained InGaAsN thin films.
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BBenenue

B nauane XXI Beka npon301UI0 CTPEMUTENBLHOE pa3BU-
THE METOZIOB [TOJTyYEHHs SIIUTAKCHATIBHBIX TOHKHX IJIEHOK
u retepocTpykTyp coenunenui [11-V-N (pa36apneHHbIe HU-
TPUJIBI) C COZIEPKaHUEM a30Ta Ha YPOBHE HECKOJIBKHX TPO-
uentoB (GaAsN, GaPN) [1]. HauGonee nepcrnekTUBHBII
YEeTHIPEXKOMIIOHEHTHBIN TBep bl pacTBop — InGaAsN,
KOTOPBIH MOKET OBITH BBIPAIIEH MPH YCIOBHH COIJIAco-
BaHMs 110 IOCTOSIHHOM peleTke K nouoxkke GaAs, nim ¢

HaMpPsDKCHUSAMH Ha noyiokke Si. [IpubopHOe mpuMeHeHHEe
ToHKUX TuieHOK InGaAsN Ha momnoxkax GaAs u Si Ha-
IIJIO B TUOJHBIX Ja3epax [2], U3aydaromux B JUarna3oHe
1,3—1,55 MxM, cBeloAMOaX U COJTHEUHBIX 3JIeMeHTax [3].
OCHOBHBIC METOJIBI IMOTYYCHHSI TOHKUX TUICHOK pa30aB-
JICHHBIX HUTPHUJIOB Ha CETONHSIIHUAN JEHb — MOJICKYIISp-
HO-JTy9deBasi AIUTAKCHUSI M OCAXKICHUEC METAILIOPT aHIICCKIX
COCIMHEHMI U3 Ta30B0# (a3pl. C MOMOIIBIO STHX METOIOB
MOJTyYCHBI MMUTaKCHATbHBIC TOHKHE TUIeHKH InGaAsN/
GaAs ¢ moneii azoTta okoio 2 % [4]. OTMeTnM, 9T0 MpU
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YBEJIMYEHHUHU JI0JIU a30Ta CTPYKTYpHBIE CBOMCTBA TOHKHUX
MJIEHOK YXYALIUIN CBO€ KauyeCTBO Ha CTOJIBKO, YTO 3TO
JIMIIAIIO MX TPUOOPHOTO MPUMEHCHHSI.

B paGore [5] ycraHoBieHo, 4TO OCHOBHAs ITPUYMHA
JTAHHOTO YXY/IIICHNS] — HEPAaBHOBECHBIC yCIIOBHS MTOJTyYe-
HUSI pa30aBICHHBIX HUTPUIOB ITPYU OTHOCHTEIIFHO HU3KHX
TeMIepaTypax, KOTOPbIE SABISIOTCS HEOOXOAMMBIMHU /IS
BCTpanmBaHus aroMoB azora B coeauHenus III-V. U3-3a
9TOT0 B TOHKMX IUIEHKaX C MOBBIIICHHBIM COJIEPKAHNEM
azora (oT 2 1o 4 %) IPOUCXOAHUT TOCTATOYHO CUIBHOE
nedexkroodpasosanue. [Ipodiema aedexkroodpazoBaHus
B TOHKHUX IJIEHKaX pa30aBICHHBIX HUTPHUJOB — KPUTH-
yecKui (pakTop MX MPUOOPHOTO MPUMEHEHHS, KOTOPBII
TpeOyeT MpocThiX 1 A(P(HEeKTUBHBIX METOMOB peleHus [6].
OMHMM U3 TaKMX CIOCOOOB MOXKET CTaTh MPUMEHEHHE
METOJa UIMITYIILCHOTO J1a3epHoro Hanbuienus (UJIH) [7, 8]
JUISL TIOJyYeHUs Pa30aBICHHBIX HUTPHU/IOB HA Pa3INYHBIX
tunax noayoxek. UJIH, B ominune MOJIeKyJIIpHO-JI1y4€BOi
SMHUTAKCHH, SBISIETCS AUCKPETHBIM MeTooM. K Tomy ke
npu MJIH pa3baBineHHBIX HUTPUAOB NCTOYHUKOM a30Ta
ABJIAETCS Ta30Basi CMECh 0COO0 YHCTOTO aproHa M MOJIEKY-
JIIPHOTO a30Ta (aKTUBHBIN (POHOBBIN Ta3). AKTHBALIUS a30-
Ta MPOUCXO/IUT 3a cYeT 00pa30BaHusl IIA3MEHHOTO (akena
IIPY BO3JICWCTBUM JIa3€PHBIX UMITYJIbCOB HA MMOBEPXHOCTh
muieHd. B pabore [9] moiydeHs! snuTakCHaTbHbBIE CII0OU
GaN,As,_, Ha nomioxkax GaAs merogom MJIH mumienu
GaAs B armocepe ammuaka. J{udpaxums peHTTeHOBCKHX
JIyded ¢ BBICOKMM pa3pelleHHeM I0Ka3aja, 4To Cylle-
CTBYET ITIOPOTOBOE JIaBJICHHE aMMHAaKa, BBIIIE KOTOPOTO
KOHIICHTpANXs a30Ta B IJICHKE YBEJIMYHUBACTCS JINHEHHO
BMECTE C yBEIMUEHHEM JaBlIcHHUA amMMHuaka. OTMeTHM,
YTO B COBPEMEHHBIX HAYYHBIX PabOTax OTCYTCTBYIOT HC-
CJIeIOBaHUS 0 MorydeHuo mieHok InGaAsN meTomom
WJIH na nomtoxkax GaAs u Si, HO oKa3zaHa MepcreKTrBa
co3manus mpubopoB Ha ux ocHose [10].

enp HacTosmelH pabOThl — MOTYYEHHUE TOHKUX ILIe-
Hok InGaAsN Ha nomnoxkax Sim GaAs u uccieoBaHne
BIIUSIHUSL JJaBJIEHUS! aproHo-a30THOH cMmecu npu MJIH Ha
CTPYKTYPY TOHKHX IIICHOK.

MarepuaJjibl M MeTOAbI

WNJIH Tonkux nuneHok InGaAsN Ha mommox-
kax GaAs (001) u Si (001) BBIOJHEHO M3 MHIICHU
Ing 0,Gag ggAs, cHOPMUPOBAHHON METOAOM XOJIOIHOTO
npeccoBaHus. [yt MoydeHUs] MUIIEHN MCIIOIb30BaHEI
nopoiuku GaAs u InAs, KoTopble ObIIH IIEpPEeTepThI B TEUE-
HUE 2 4, a 3aTeM IPOCEsSHBI Ha CUTAX C Pa3MEPOM STUCHKHI
20 mxMm. [lanee npu moMoIyd OJHOOCHOTO IPECCOBAHUS
mox nasieHueM 207 MIla copmMupoBaHa MOHOTUTHAS
MHIICHb In0,0zGaO’()gAS.

JlazepHOe M3Ty4YeHHUE C ATUHON BOJMHBEI 532 HM co-
KyCHpPOBaHO Ha MOBEPXHOCTH MHUIICHHU TOJ yIriioM 45°.
YacToTa MOBTOPEHUSI UMITYJILCOB cocTaBmia 15 I, amum-
TEJIBHOCTH JIa3epHOTO UMIynbca 10 HC, pacXoAMMOCTh
nazepHoro uanydeHus 1-2 mpajn. [Ipu momomu JUH3H ¢
(doxycHbIM paccTosiHueM 190 MM J1azepHOE H3ITydeHHE
c(hOKYCHPOBAaHO Ha MOBEPXHOCTH MUILICHH B IISITHO ANaMe-
TpoM 0,34 MM, IIIOTHOCTb PHEPIUU UMITYJIbCA IIPH 3TOM CO-
crasuna 2,3 J/cM2. 3HaueHue IIIOTHOCTH SHEPTHH JIa3ep-
HOTO M3JTy4eHNUs BEIOpaHa MCXO/IS N3 SKCIIEPUMEHTAITBHBIX

N2 +Ar
@ 0 @ Bakyymnas kamepa
' ' 4 [Momnoxkonepxarens
Hoz[nomKa
ATMOC(bepa KsapueBoe okHO

N2 + Ar

X
@ |

I’IMHYHLC JIunza

Jlazep
YAG:Nd*

TypOoMoneKynspHbIi HacoC

Puc. 1. Cxema UMITYITbCHOTO JTA3€PHOTO HAMBIICHHS TOHKIX
mwieHok InGaAsN Ha Si u GaAs: [ — Bpamaromuiics
Jieprkaresib MUIIEHH; 2 — MUIIEHb Ing o,Gag ggAs;

3 — KBapIeBOC OKHO; 4 — TUIA3MEHHBIN (aKer; 5 — MOUT0KKA
Si unn GaAs; 6 — MOUTOKKOIEPKATEb C HArPEBATEIICM;

7 — TO/IBOJl aprOHO-a30THOM Ta30BoOi cMecH; 8§ — BaKyyMHast
Kamepa
Fig. 1. Scheme of pulsed laser deposition of InGaAsN thin films
on Si and GaAs: / — rotating target holder; 2 — Ing (,Ga 9gAS
target; 3 — quartz window; 4 — plasma torch; 5 — Si or GaAs
substrate; 6 — substrate holder with a heater; 7 — supply of
argon-nitrogen gas mixture; § — vacuum chamber

pe3ybTaToB, ONMCAHHbIX B padote [7]. PaccTosinue ot mu-
IIEHH 10 NOAI0KKU 50 MM, a TOJIIIMHA HANbUIIEMbIX CIIOEB
Haxoautcs B quanazoHe 150—170 am. [pouece HanbuieHHS
ocyuiecTBiieH rnpu temneparype noaynoxku 400 °C. Cxema
nponecca MJIH nokasana Ha puc. 1.

Ha maganpHOM STame 00beM BaKyyMHOH KaMephl OT-
kayeH 10 104 ITa, nanee oGbeM KaMepbl ObLI U30JUPO-
BaH, U Mo0aBiieHa cMech 0c000 YHMCTOTO aproHa W a30Ta.
OO0BeMHas 0711 a30Ta B apTOHO-a30THON CMECH COCTaBIIS-
na 80 %, a 3HaueHus napieHus cmecu: 2, 5 u 10 Ia.

C moMOIIbI0 CKAHUPYIOIIETO IEKTPOHHOTO MUKPO-
ckomna (COM) MIRA3-LMH c cucremoii onpeaeneHus
anemeHnTHoro cocraBa AZtecEnergy Standart/X-max 20,
BBITIOJIHEHO uccienoBanrne COM-u300paxkeHui 1 u3Mepe-
HHE COCTaBa CMECH Ha ITOBEPXHOCTH MHUIIECHH U 00pa3LoB
TOHKHUX TICHOK.

CriexTpsl KOMOMHAIIMOHHOTO pacCestHusI CBETa I0-
Jy4eHBI C UCIIOTB30BaHUEM CHeKTpoMeTpa inVia Raman
Microscope Renishaw.

Pe3yabTarhbl U 06Cy:K1EHUE

Ha puc. 2, a, b npencrasinensl COM-u3o0paxeHus
MOp(hOJIOTUH TTOBEPXHOCTH TOHKOM TuieHKH InGaAsN Ha
nomnoxkax GaAs (001), momydeHHOW NpH aBICHUH ap-
roHo-a30THOM razosoi cmecu 10 Ila. M3 npencraBneHHbIX
n300paKeHU BUAHO, YTO TIOBEPXHOCTH TUICHKHU CIUIOMIHAS
M COCTOWT M3 3€PEH, YTO XapaKTEPHO IS TIICHOK € TIOJIHU-
KpUCTAINIMUECKOH CTpyKTypoil. Kpome 3Toro, Ha HOBEpXHO-
CTH BceX 00pa3l0oB TOHKUX IJICHOK IIPUCYTCTBYIOT MUKPO-
Karun (puc. 2, b), Hanmuune KOTOphIX TunmyHo st MJIH.

ITo pe3ynpraTaM peHTT€HOIHEPTOANCIIEPCHOHHOTO HIe-
MEHTHOTO aHaJIN3a IUIEHKH YCTAaHOBJICHO, YTO MUKPOKAIUTH
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Puc. 2. COM-n306pakenus noBepxHocTy ToHKoH mreHKH InGaAsN na GaAs (a) 1 KpeMHNeBo# (b) MOATIOKKAX 1 MUKPOKAIeb
uHawsA (¢, d)
Fig. 2. SEM images of the surface of a thin InGaAsN film on () GaAs and (b) silicon substrates and (¢, ) indium microdroplets

00pa30BaHbl METAIHYECKUM HHAMEM, a KOHICHTPALHS
azota B meHke InGaAsN cocrasmuser 1,9 %. Cpenauit
pa3Mep MHKpOKaresib Ha MOBEPXHOCTH IJICHKU COCTaBUII
0K0710 30 HM, & MX IUIOTHOCTH He TpeBbimaet 0,076 MKkM—2,
YcTaHOBIICHO, YTO paclpeielieHHe MUKPOKAIIeIb HHUS B
OCHOBHOM YTIOPSIJIOYEHO B BUJIE JIMHUH, KOTOPBIE TIOKA3aHbI
Ha pUCyHKe OenbIM 1BeToM. [Ipearnonoxkum, 4To 310 cBs3a-
HO C HaJIM4MeM JIUCIOKAINI HECOOTBETCTBHSI, TAaK KaK pac-
COIIaCOBAHUS MOCTOSHHBIX PELICTKH IICHKH H TTOIIOKKH
(Aa/a) cocraBmstor st InGaAsN va GaAs oxomo 0,23 %,
g InGaAsN na Si ue 6oiee 3,9 %.

Jis Torkux mieHok InGaAsN, morydeHHBIX Ha KpeM-
HHEBBIX MOJUI0KKAX, 3aMeTHA OOJIbIIIAs INIOTHOCTH MUKPO-
KaIljlb Ha MOBEPXHOCTH. OTMETHM, YTO HPHU YBEJIUYCHUH
JIaBJICHHS aproHO-a30THOM ra3oBoii cmecu ot 2 1o 10 [a
IUIOTHOCTh MHUKpOKaIelb WH/ANST yMeHbImiack. J{is o00-
pasna mieHky rnpu nasiaennu 2 [1a nomyyena HanOonbias

IUIOTHOCTH MUKpoOKamnenb — 0,26 MkM—2, Hanmenpmast
IIIOTHOCTH MUKpOKarneb 0,17 MkmM—2 oTMedeHa Ui 00-
pasua tonkoi mienku InGaAsN npu nasnenuu 10 ITa
(puc. 2, ¢).

Konnenrtpanus azora B miuenkax InGaAsN Ha Si, no-
JyuyeHHBIX npu jnasieHusx 2 u 5 I[la, cocraBuna 1,1 %, B
TO BpeMs Kak npu fainennu 10 ITa ormeuena Hanbosbmas
KOHIIeHTparws azora — 1,8 %.

Ha puc. 3, a m300pakeHbI CIIeKTPHI KOMOHMHAITHOHHOTO
paccesHus TOHKHX MIeHOK InGaAsN Ha moutoxke Si ipn
JABJIICHWN aproHO-a30THOM CMECH MpH 3HAYCHHAX 2, 5 U
10 ITa. Ha cnekTpax KOMOMHAI[MOHHOTO PACCEsIHUSI Hau-
0O0JIBIIIEHl MHTEHCUBHOCTRLIO 00IaMaeT MOJa JIHHHOBOII-
HOBOTO IIOIIEPEYHOr0 OITHYECKOro (POHOHA KPEMHHUEBOIL
nomiokku LO na wacrore 512 cm~!. Kpowme sroro, npu-
CYTCTBYIOT MEHEE UHTCHCHUBHBIE MOJIbI KDEMHUS, CBSI3aH-
HBIE C TIONEPEYHBIMHU aKyCTHUECKHUMHU (POHOHAMH TIEPBOTO
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Puc. 3. CriekTpbl KOMOHHAIIMOHHOTO paccesiHus cBeTa: TOHKUX 11eHoK InGaAsN na nomnoxke Si (@), mumienu InGaAs u ToHKOM
wieHku InGaAsN na nognoxke GaAs (b), momydeHHbIE TIPH BO3ICHCTBUY JaBICHUS aprOHHO-a30THON Ta30BOI cMecH

Fig. 3. Raman spectra of InGaAsN thin films on Si substrates (a), InGaAs target and InGaAsN thin film on GaAs (b), obtained at the
pressure of an argon-nitrogen gas mixture

(transverse acoustic) TA na gacrore 240 cm~! u BrOporo
nopsiikoB 2TA ua wacrore 300 cm !, komOuHaIws more-
peuHbIx ontuyeckux (transverse optical, TO) u akycTuue-
ckux Moz TO + TA waGiromaercst Ha gactorax 615 cM1 u
672 cm! coorBercTBenno [11].

Ha criexrpax puc. 3, ¢ HACHTUOUITHPYIOTCS TPOIOITH-
vele LO- n monepeunsie TO-monbr GaAs u InAs [12].
WnTencuBrnocts Moa LO-InAs, LO-GaAs u TO-GaAs yBe-
JUYUBACTCS TIPH TOBBIIIEHUH TaBICHUS apTOHO-a30THOMN
cmec. [IpearnonokuTensHo, 3TO CBA3aHO C HATMYHEM (a3o-
BBIX BKJIIOUEHHH B TUIeHKax. Hanmdne Ha ciektpe Bubpanu-
OHHOI1 poHOHHOU KosebarenbHoi Mokl (Local Vibrational
Modes, LVM) InN na yacrtore 430 cM ! moarsepskaaer
BXOJKeHHUe aToMOB a3oTa B InGaAs [13]. B ¢Bsi3u ¢ HU3kUM
COJIep’)KaHueM a30Ta B IJIEHKEe MHTeHCUBHOCTh LVM InN
OTHOCHUTEIBHO HEBEJINKA, OTHAKO BUJTHO, YTO C POCTOM J1aB-
JICHUs] OHA Bo3pacraeT. [loydyeHHble JaHHbIC COBMAIAIOT
C pe3yabpTaTaMu, MpeICTaBICHHBIME B pabdorax [14, 15].

Ha pwuc. 3, b mpencTaBieHbl CIIEKTPBI KOMOMHAIIHOH-
HOTO paccestuust Mutenn Ing o, Gag g3 AS 1 TOHKOH TUIEHKH
InGaAsN, nonaydeHHOH MpH IaBIEHUU aprOHO-a30THON
cmecu 10 ITa. Ha criekrpax toHko# mieHku InGaAsN xo-
pomo 3aMeTHbI BhIcOKonHTeHCcHBHBIE LO-GaAs 291 cm!

u TO-GaAs 283 cm!, casannsle ¢ nmomnoxkoin GaAs.
Taxxxe MoxxHO HneHTHGUIMpoBaTh Moy LVM InN Bropo-
ro nopsiaka Ha yactore 450 cv~! u LVM GaN — 470 cm 1,
BO3MOXXHO OHHM CBSI3aHBI C TAKUMH KOH(UTYPALMSIMHU, KaK
Iny,N u GayN [16], KoTOpble NPUCYTCTBYIOT B IOJIy4YE€HHON
ToHKOM 1uieHke InGaAsN.

3akJ/ioueHne

AHaIM3upysl SKCIICPUMCHTAIBHBIC JTAHHBIC, TTOTYYCH-
HBIC B PAMKaX HACTOSINEH padOThI, MOXKHO CJI€JIaTh BBIBO/I,
YTO YBEIHUYCHHEC ABIICHUS aprOHO-a30THOM ra30BOM cMe-
CH IIPH UMITYJIECHOM JIa3€PHOM HAIBUICHUH CIIOCOOCTBY-
€T YBEIIMYCHUIO KOHIICHTPAIINH a30Ta B TOHKHUX TUICHKAX
InGaAsN na momroxke Si. [TokazaHO, 9TO KOHIICHTPAITUSL
azoTa B TuieHKax InGaAsN, mOTydeHHBIX TP AaBICHUN
10 ITa na momnoxkkax GaAs u Si, pa3nngaercs He3HAUH-
TeapHO U cocrapisieT 1,9 u 1,8 % coorBeTcTBeHHO. B criek-
Tpax KOMOMHAIIMOHHOTO PACCESHISI CBETA TOHKHX IJICHOK
0OHapYIKEeHBI JIOKaJIbHbIC KojtebarenbHbie Mol LVM InN
1 LVM GaN, uto noaTBepkIaeT HaIn4ue a30Ta B TOHKOM
mienke InGaAsN, monydeHHOW METOOM UMITYJIBCHOTO
JIA3EPHOTO HAIBLICHUS.
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AHHOTaNMA

IIpeamer ucciaenoBanus. VMccienosano pacnpeneneHne KOHIEHTPAIUT JIEKTPOHOB B OHOPOIHO JIETHPOBAHHBIX
kpemuueM cBepxpemeTkax AlGaAs/GaAs ¢ Tommmuamu ciaoeB 1,5/10 HM U pa3THIHBIM KOJHYECTBOM KBaHTOBBIX
M. Meroa. CTpyKTypbl ¢ OJUHAKOBBIMU I1IapaMeTpaMH CIOEB U YPOBHEM JETHPOBaHUs, colepxamue 3, 5 u 25
NIEPUOIOB, BEIPAIICHEl HA YCTAHOBKE MOJIEKYIIPHO-ITyYKOBOW snuTakcuu. [Ipodmim KOHIeHTpanuy HocUTelel B
CTPYKTypax OmnpeseeHbl MeTOJIOM BOJIBT-(hapaaHoro NpoQHINPOBaHHUS SKCIIEPUMEHTAIBHO U C TIOMOIIBIO YHCICHHOTO
mozenupoBays. OCHOBHBIE pe3yJIbTaThl. B pesysbrare aHain3a SKCHePUMEHTAIBHBIX BOJIBT-(hapaHbIX XapaKTePHCTHK
TOJTy4€EHO, YTO KOHIEHTPALKMs HOCUTENEN 3aps/ia PACTET ¢ yBEIMYEHHEM YUCIIA KBAHTOBBIX M 0T 7,1-1016 em—3 (st
Tpex am) 10 9,2:1016 M3 (st 25-T1 sim) ipu yposHe sieruposanns 1017 cm—3. Ha mpoduiisix KOHIEHTpAUy y 4acTi
00pa3110B HAOMIOAAIOTCSI TIIOCKHE YJaCTKU HACHIIIEHHS B 00JIACTAX, COOTBETCTBYIOMINX CcBepXperreTke. Konnentpanum,
MOTYYEeHHBIE U3 KOMIIBIOTEPHOTO MOJIEINPOBAHNUS, COOTBETCTBYIOT SKCIEPHUMEHTAIBHBIM JAHHBIM C TOYHOCTBIO B
npenenax 10 %. [IpakTnueckast 3HaYnMocTh. Bonsr-hapanHoe npodrmpoBanne No3BoIMIO OMPEeTUTE MPO(GUIb
KOHIICHTPAIK HOCHTEJIeH 110 IyOnHe B CBepXpelIeTkax ¢ y3kuMu Oapbepamu. HecMoTpst Ha TO, 9TO METOJ JaeT
MIPEJCTABICHUE O PACIPEIEICHUH «KaXYyIIEeHCs» KOHLEHTPAllud HOCUTENIEH, €ro MOJKHO HCIIOJIb30BaTh JJIsl OLIEHKU
XapakTepa pacrpeeseHus JIETUPYoLel IpUMecH B FeTepOCTPYKTYPax ¢ CHIBHO CBSI3aHHBIMU KBAHTOBBIMHU SIMAMH.
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Abstract

Electron density distribution in uniformly doped AlGaAs/GaAs superlattices with respective layer thicknesses 1.5/10 nm
and a different number of quantum wells was investigated. Experimental samples containing 3, 5 and 25 periods with the
same layer parameters were grown by molecular beam epitaxy. Capacitance-voltage profiling was used to determine the
carrier concentration profiles in the structures both numerically and experimentally. During the analysis of experimental
capacitance-voltage characteristics it was found that the maximum electron concentration increases with an increase
in the number of quantum wells starting from 7,1-1016 cm=3 for 3 wells up to 9,2:1016 cm=3 for 25 wells with overall
superlattice doping level of 1017 cm3. In some samples saturation areas are observed on the concentration profiles, that
are associated with the region of superlattice. Concentration values, obtained from computer modeling, correspond to the
experimental data with an error of less than 10 %. Capacitance-voltage profiling is a suitable technique for determining
the carrier concentration profiles in thin barrier superlattices. Despite the fact that the method provides distribution of
the “apparent” carrier concentration profile, it can be used to estimate the dopant atoms distribution in the strongly
coupled quantum well heterostructures.
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BBenenue

Ha 0a3e A3;B5 rerepocTpykTyp ¢ KBaHTOBBIMU SIMaMU
y’Ke JOJITUE TOABI Peau3yeTcss MHOKECTBO MPUIOKCHHUH
TMIOJTYTIPOBOHUKOBOH CBEPXBBICOKOYACTOTHOM 2JIEKTPOHH-
KH ¥ ONITOIEKTPOHUKH [ 1, 2]. Cpemu mpruMeHEeHUH SITUTaK-
CHAJIBHBIX KBAHTOBOPA3MEPHBIX T€TEPOCTPYKTYP OTMETUM
cBepXMHoTOTepruoansie cBepxpemerkn AlGaAs/GaAs ¢
CHJIBHO CBSI3aHHBIMU KBaHTOBBIMHM SIMaMH, H3JIy4aroLIye B
TeparepioBoM auamnasone [3]. [Ipu uzroroBneHuun moao0-
HBIX CTPYKTYp TpeOyeTcs OCYIIECTBISATh MPEIU3UOHHbIH
KOHTPOJIb YPOBHS JIESTHPOBAHMS CJIOEB M MPOduIIst pac-
MIPEe/ICIICHNsI aTOMOB ITPUMECH, TaK KaK OT HUX HAIPSIMYIO
3aBUCHT 4aCTOTa U3JTy4CHHUS U 9PPEKTUBHOCTh F'eHEPaLIUH
B TEparepuoBoii 00JIacTh CHeKTpa.

Haubonbliyto TOY4HOCTh ONpeneNeHus TPOQHIIs MpHu-
MECH B DTMHUTAKCHANBHBIX cl0siX GaAs MpenocTaBisioT
KIaccuaeckoe BobT-(hapannoe (C-V, capacitance-voltage)
poUINpOBaHUE ¥ METO Ha OCHOBE ddexra Xomna [4].
OTmeTnMm, 9To m3Mepenue rpdexra Xomaa JaeT MperacTas-
JIeHUE JIUIIb O CPEIHEM 3HAYCHUH KOHLEHTPALUH HOCH-
Tesel, a He pPaclpeieseHHI0 UX 10 CTPYKTYpe, KOTOpoe

MPUHIIAITAATHFHO BAYKHO JIJISI MHOTOTICPUOTHBIX TOJICTBIX
TeTEePOCTPYKTYP, OPUCHTUPOBAHHBIX HA CO3/IaHHE Teparep-
IIOBBIX NCTOYHUKOB. B CBS3M ¢ 3TUM B HacTosAmIeH padoTe
JUTS FICCIICIOBAHUS PACIIPE/ICIICHISI SIICKTPOHOB B CBEpXpe-
nretke BeiOpan meron C-V mpodunmupoBanust. MeTox oc-
HOBaH Ha 3aBUCUMOCTH MUPUHB! I 1 emkoct C obractu
MPOCTPAHCTBECHHOTO 3apsijia, 00pa3yrOICHCs Ha TPAHUIIC
METaJLI-IIOIYIIPOBOAHUK, OT MPUIOKEHHOTO HAMPSHKCHUS
cmereHus. [Ipoduits KOHIIEHTPAIUK HOCUTENIEH 1 (a Tak-
JKe TIPO(MITb 3alIeraHus IIPHUMECH ) KOCBEHHO OTIPENCIIACTCS
U3 BOJBT-(PapaJHON XapaKTePUCTUKHU 110 POopMyJIe:

2 (daicyy !
nWw)y=—"—"— TR

1
qes&S” M

€605
C
e ¢ — 3apsiI ANMEKTPOHA; &g — OTHOCHTEIIbHAS JIHIICK-
TpUYECKas IPOHUIIAEMOCTh MaTepHaIIa; £) — IUIICKTPHU-
YecKast MPOHULAEMOCTh BaKyyMa; S? — IUIOIIa b KOHTAKTa

METaJUI-TIONTYTIPOBOAHUK; V — MPUIIOKEHHOE HAMIPSKCHNE
CMETICHHS.
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HaxoxneHue pacnpeneneHns anekTpoHoB B cBepxpelueTkax AlGaAs/GaAs ¢ y3kumm apbepamu...

d®opmanbao C-V npodunupoBaHue MpeaocTaBiser
nH(popManuio 0 HeKoil APPEeKTUBHON (MM «KaKyIel-
cs», apparent) KOHIIEHTPAI[MM OCHOBHBIX HocuTesel. Ee
po(HIIh MIPEACTABIACT COO0H YCPEeTHCHHYIO (PYHKITHIO,
paspelienne KOTopoil orpaHnYuBaeTcs 1e0aeBCKOH JIIH-
HOM 9KpaHnpoBanus. Kaxymascs KOHIEHTpALHs B 00IeM
Cllydae He paBHAa HU NCTUHHON KOHIIEHTPAINH 3IEKTPOHOB,
HU KOHLIEHTPALUH JIETUPYIOIIEH PUMECH B CTPYKTYpE,
OJJHAKO, UX MOXKHO CUHTATh NMPUOIMKEHHO COBIIA/NAI0-
v [5]. Hanpumep, C-V npodunupoBanue mpuMeHs-
eTCs JUIsl HAXOXKJIEHUS TIPOQ IS 3aJieraHusl IPUMECH B
GaAs-cBepxpelieTkax B OCHOBHOM C HIMPOKUMH Oapbe-
pamu [6-8]. WccrnenoBanus pacrpeneiaeHusi HOCUTeNen B
CBEPXpELIETKaX C CHILHO CBSI3aHHBIMU KBAHTOBBIMU SIMaMU
¢ omoursto C-V nmpoduimupoBanus B HaydHBIX paboTax
npeAcTaBieHsbl pexe [8]. 3aMeTHM, 4TO paHee NaHHBIM
METOJIOM HE HMCCIIE/I0BAIaCh 3aBUCHMOCTh KOHIIEHTPAaIuN
3JIEKTPOHOB OT YHCJIA TIEPHOJIOB CBEPXPEILIECTKH.

Cpenn cymiecTBYIOIINX SKCIIEPUMEHTABHBIX CIIOCO00B
OTIPEJIENICHNS YPOBHS JIETHPOBAHUS B TETEPOCTPYKTypax
merox C-V npodrmpoBaHust BEIIETISIETCS OTHOCUTEIBHOM
TPYA03aTPAaTHOCTHIO, TAK KaK TpeOyeT HaJIu4Ms repexoa
METaJI-II0JIyIIPOBOJIHUK, & 3HAYHUT IPEIBAPUTEIHHOTO
(dbopMupOBaHUs HA SKCIICPUMEHTAIBHOM 00pas3Iie TUOI-
HoW crpykTypsl THra lorTku. Kpome toro, npu pabore
C TOJICTBIMH CTPYKTYpPaMH, TAKUMH KaK T€T€POCTPYKTYPBI
¢ OOJBIINM KOJMYECTBOM KBAHTOBBIX SIM, CIIEAYET y4H-
THIBaTh, 4YTO MaKCUMaJIbHAs TIIyOMHA MPOQUINPOBAHNUS
OrpaHHWYeHa BCIIEACTBHE BOSHUKHOBEHUS JIEKTPUIECKOTO
Ipo0OOst TIPH BEICOKMX HANPSHKEHUSX 0OPATHOTO CMEICHHSI.

Oﬁpai&llbl N METOAUKA IKCIIePUMEHTa

Paccmorpum A3B5 cBepXpeIIeTKH, COCTOAMINE U3 OfI-
HOPOJHO NerupoBanubix kpemuuem 1017 cm—3 Gapbepos
Al ,Gag gAs n kBanToBbIX M GaAs Tonumnoi 1,5 u 10 am
COOTBETCTBEHHO. JlaHHbIE CBEPXPEIIETKN UMEIOT KOH(PHTY-
pALIO CIIOEB, ONTHMAIIBHYO JUTSl TeHEPALIH TepareproBo-
TO U3My4eHus [9], HO MeHbIIee KOJTMYECTBO MEPUOIOB —
3, 5 u 25. CrnoeBoif aAu3aifH CTPYKTYp BKIIOYAET CHIBHO
nerupoBaHablii 10 HM GaAs KOHTaKTHBIN CIIOH, a TakKe
BepxHuit 400 am 1 HwkHINA 200 HM GaAs c1ou-00KIaIKu ¢
nerupoBanueM 3-1016 cm3. DkcnepuMeHTabHbIE 00pasIbl
BBIpAILEHbl METOAOM MOJEKYISPHO-ITyYKOBOM AMUTAKCUU
Ha ycraHoBke Riber MBE49 Ha nByXa1oiiMOBBIX «epi-
ready» mpoBomsmux moanoxkax GaAs ¢ opueHTanuei
(100).

[Tpoduny KOHIEHTpAMK CBOOOJHBIX JIEKTPOHOB 110
IIyOMHE B TaHHBIX CTPYKTYpax OIMpPEeNIEHBI C NCIOIb-
3oBaHneM MeToaukn C-V mpoduianpoBaHus MO YHC-
JIEHHO CMOJEIMPOBAHHBIM U IO 3KCIIEPUMEHTAIBHBIM
BOJIBT-(hapagHBIM XapakTrepucTukaM. KommbsioTepHoe mMo-
nenupoBaHne C-V KpUBBIX BBINOJIHEHO C HCIIOIb30BaHHU-
em nporpammuoro obecnedenns AFORS-HET 2.5 [10].
DKCrepUMEHTaIbHBIE BOJIBT-(apaHble XapaKTePUCTUKU
JIAHHBIX 00Pa31I0B IOIYYEHBI C TOMOIIIBIO TPEIU3HOHHOTO
LCR-metrpa KEYSIGHT E4980A-001. M3mepenust BoION-
HEHBI P KOMHATHOM Temmneparype Ha yactore | MI' B
Juarna3oHe oOpaTHBIX HanpspKeHUi cMemienust or 0 110
—12 B. JInst ocymiecTBiIeHHs SKCIIEpUMEHTa OBLITN 1O/~
TOTOBJICHBI TECTOBBIE CTPYKTYPBI C MacCCHBAMH JINOJOB

[IToTTKH, Mepea U3TOTOBICHUEM KOTOPBIX MPOU3BEICHO
TpaBJeHUE CHJIBHO JIETHPOBAHHOTO KOHTAKTHOTO CIIOS
GaAs. Jlanee MeTo10M BaKyyMHOI'O TEPMHUYECKOTO HAIIbI-
JICHUS HA TTOBEPXHOCTH OTKPBIBIIETOCS CIOS-00KIIaAKH
GaAs nanbuteHs! Kpyrossle Au/Ge xonrakTsl LoTTkw, a ¢
TBUTBHON CTOPOHBI 00PA3IIOB K MOMIOKKE /7-TUMA chopmu-
POBaH CIUIOLIHONW OMUYECKHUI KOHTAKT.

Pe3ysbrarhl U 00Cy:KIeHHE

Bun pacnpenenenust KOHIEHTPALUU HOCUTENIEH B BbI-
palleHHbIX 00pa3nax ObUT TEOPETHUYECKH MpeAcKa3aH Ha
OCHOBE CMOJICITHPOBAHHBIX BOIBT-(PapaTHBIX XapaKTe-
puctuk u ypasHenus (1). Ha pucynke, a mpencrasieHo
CpaBHEHHE MPOQHIICH KaXyIIecss KOHIIEHTPAIINH, TIOTy-
YEHHBIX U3 pacueTHBIX C-V KpUBBIX, IS CBEPXPEIICTOK
C Tpems, ImAThIo U 25-10 epuogamu. CormacHO pesyibra-
TaM MOJICTMPOBAHUS, pPACIpeeNieHIe MIEKTPOHOB MMEET
MaKCUMyM B 00JIaCTH CBEPXPEHICTKH, IJIe MPOUCXOIUT
AKKyMyJaLus Hocutene. OCIUIAIIY 3HaYeHUH KOHIIeH-
TpalnH, COOTBETCTBYIOIIME 00JacTsIM OapbepoB U KBaH-
TOBBIX 5IM, HE HAaOJIIOAAJINCh, TaK KaK TOJIIIMHBI OapbepoB
HE MPEeBBICHIN J1e0aeBCKOM JUIMHBI, U Pa3pellnTh UX IO
r1yonHe HeBo3MOXHO. [Toka3ano, 4To HECMOTpS OJMHA-
KOBYIO CTETICHB JISTHPOBAHMUS BO BCeX 00pa3max, 3HAYCHUS
Ka)XyIIeHCs KOHIICHTPAIIH AJIEKTPOHOB YBEIMIUBAINCH
C POCTOM YHCIIa TIEPHOIOB B CTPYKType. MakcuMaIbHBIE
KOHIICHTPAIINH 3JIEKTPOHOB B CBEPXPEIIETKE 10 Pe3yiIb-
TaTaM MOJCITUPOBAHNUS IS CTPYKTYP COCTaBHIIN: C TPEMS
nepuogamu — 6,6-1016 cM—3, ¢ marero — 8,6:1016 cm3, ¢
25-10 — 9,8:1016 cm3.

Jist obpasiia ¢ 25-10 neprogaMu pacipeieiieHUe dJIeK-
TPOHOB [IPUXOUT B HAachIIeHue rpu 3HadeHun 1017 cm3,
YTO COBIAJAET CO CTENEHBIO PETHAMEPEHHOI0 JIETUPOBA-
HUS CJIOEB, 00pa3yronux cBepxperieTky. Mexons nu3 mpo-
TSDKCHHOCTH YYacTKa HACBIICHUS M pa3pelIeHns] METO/a,
AIEKTPOHBI JOJDKHEI OBITH JAETIOKATH30BAHBI TIPAKTHICCKA
0 BCEH 001aCTH CBEPXPEIICTKH.

Ipodumm kaxxymieiicss KOHIIEHTPAIIMA HOCHUTEIEH 3a-
psna, mpeAcTaBiIeHHBIC HA PUCYHOK, b, paCCUUTAHBI 110
IKCIIEPUMEHTAIILHBIM BOJIBT-(hapaJHbIM XapaKTepPUCTHKAM.
W3mepenus BonbT-(hapa HbIX XapaKTEPUCTHK IS CTPYKTY-
PHI C 25-10 IepHOIaMH BHITIONHEHB! B OTPAaHUYCHHOM JHa-
Ma30He TOJIIMH J10 550 HM OT TOBEPXHOCTHU. DTO CBSI3AHO C
POCTOM TOKA YTEUKH MPH OOJIBIINX HANPSDKEHUSIX 00paTHO-
ro cmemienust (ceoime 10 B), 3aTpyaHsiommm KOppeKTHbIE
n3mepenust. J[is Bcex 00pas3ioB SKCIIepUMEHTaIbHAs KOH-
LIEHTPAINS AIEKTPOHOB B BEpXHEM ciroe-o0kianke GaAs ¢
BBICOKOH TOYHOCTBIO COBITAJACT C 3aJ0KEHHOH CTEIICHBIO
JICTUPOBAHMUS, YTO TIO3BOJIICT TOBOPUTH O JIOCTOBEPHOCTH
U3MEPEHU U BO3MOYKHOCTH TIPOBECTH aHAIH3 TpoduIeit
KOHIICHTPAIINH B MHTEPECYIONIeH Hac 00IacTH cBepXpe-
IETKH.

[Mpodunu kaxymiencs: KOHIIEHTPAIUA UMEIOT €IH-
CTBEHHBIN APKO BBIPAKEHHBIN UK, COOTBETCTBYOIUN
HAKOIUICHUIO 3JICKTPOHOB B KBAHTOBBLIX AMax, 4YTO COIJIa-
cyeTcsl ¢ pe3ynbTaTaMi MOJAEIHPOBaHUs. YIIUPEHHE Ha
JIEBOM IIJIeUe pacrpeaeeHust Hocuteneld odpasua ¢ 3-ms
KBaHTOBBIMH siMaMH B 00nactu toimuH oT 300 mo 400 HM
MIPE/IITONIOKHUTENIFHO CBSI3aHO C AU(Qy3Ueh AEKTPOHOB B
400-uM citoii GaAs. [TomoOHBIE «XBOCTBI» HAOIIONATNCH
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Pucynox. TIpodunu kaxyImuxcest KOHIEHTpanuii ceepxpemerok Aly ,Ga, gAs/GaAs, coneprkamux 3, 5 1 25 KBAHTOBBIX 5M,
HOJTy4eHHbIE U3 CMOJIEIMPOBAHHBIX (@) ¥ DKCIIEPUMEHTANIBHBIX (b) BOJIBT-(hapasHbIX XapaKTepPUCTHK.

X — 1yOuHa oT HoBepXHOCTH 00pasia, K5 — kBaHTOBas siMa

Figure. Apparent concentration profiles of Al, ,Ga, gAs/GaAs superlattices with 3, 5 and 25 periods, obtained from numerically
simulated (@) and experimental (b) capacitance-voltage characteristics. x represents the distance from the sample surface.

K — quantum well

Ha KPUBBIX, MOIyYEHHBIX U3 MOACIUPOBAHNUS (PHCYHOK, @),
JUISL KaX10TO M3 00pasioB. CMeIeHne MUKOB pacipene-
JICHUSI, COOTBETCTBYIOMINX CBEPXPEIIETKAM C PA3ITHIHBIM
KOJIMYECTBOM TIEPHOJIOB, BEPOSITHO CBSI3aHO C TEM, UTO B
pe3yabTare TpaBIeHHUs KOHTAaKTHOTO c10s1 GaAs UTOTOBBIE
TOJIIIMHBI CTPABICHHBIX CJIOEB y pa3HbIX 00pa3loB OTIHN-
YaJKCh.

B cooTBeTcTBUM C pe3yabTaraMH TEOPETHYECKOTO MO-
JETUPOBAHUS Ha KPUBBIX HAOJIFOJACTCS POCT aOCOJIOT-
HBIX 3HAYE€HHUI KOHLEHTPALMH PONOPLHUOHAIBHO YBEIIN-
YEHHIO YNCIIa KBAHTOBBIX SIM B CTPYKTYpE OT /I PaBHOTO
7,1-1016 cm—3 (st Tpex nepuonos) 10 9,2:1016 cvm—3 (s
25-TH epuooB). AOCONIOTHBIC 3HAYCHUS 71 ISl BCEX
00pa3I0B COOTBETCTBYIOT 3HAYCHUSIM, MPEICKA3aHHBIM
MOJICIMPOBAHNEM, C TIOIPENIHOCTEIO B mpeaenax 10 %.
VY cTpyKTYp, comepyKammx 5 u 25 siM, HacTyTaeT HACHIIIIe-
HUE KOHIIEHTPALMU HOCHUTENEeH Ha TIyonHe mopsaaka 460
u 500 HM OT TOBEpXHOCTH COOTBETCTBEHHO. B oOmacTsax
HACBILICHUSI PACIIPE/ICNICHNE DIIEKTPOHOB UMEET IIOCKHIA
Y4YaCTOK, KOTOPBIH YKa3bIBAET, YTO JIEKTPOHBI JIEJIOKAIIN-
30BaHbI U PaACIPEIENICHBI 110 CBEPXPELIETKE OJHOPOIHO.
JlonoHUTENBHBIX 0COOEHHOCTEH B BHJIe MAKCHMYMOB Ha
MPOQUISIX KOHIEHTPALUK HE HAOIIOAAETCsI, YTO TOBOPUT
00 orcyTcTBUM (MIYKTyannid TOJNIIUMH SMUTAKCHATBHBIX
cioeB [8]. Takum obpazom, meton C-V npodmimpoBaHus
MOJKET SIBIISITHCS IOTIOTHUTEIBHBIM METOJOM KOHTPOJIS
CTPYKTYPHOTO KaueCTBa CBEPXPEIIETOK.

3akiouenne

B paboTe BBINOIHEHO MCCIEIOBAHUE PACTIPEICICHUS
cBoOOIHBIX HOcuTeNeH 3apsina B AlGaAs/GaAs cBepxpe-
IIETKAaX C CUJIBHO CBSI3aHHBIMU KBaHTOBBIMH SIMaMH C HC-
MOJIb30BAHUEM METOIMKH BOJBT-(hapaaHOro MPOPUITHPO-
BaHUs. M3 3KCIIEpUMEHTAIBHBIX MPOdHICH KaxyIeics
KOHOCHTpaun HOCUTEJIEH BBIABJIICHO, YTO CBO6OJIHI:I€
MEKTPOHBI 3P PEKTUBHO HAKAIIUBAIOTCSA B KBAHTOBBIX
sMaxX M MX KOHIIEHTpAlUsl YBEIMYMBACTCS C POCTOM YHC-
Jla TIEPHO/IOB CBEPXPELICTKH, YTO TAK)KE COTNIACyeTcs C
pesyabraraMu MojenupoBanus. [y yactu o6pasios Ha-
OmnromaeTcst HaChIIIEHNUE KOHIIEHTPAIUU JIEKTPOHOB, IIPH
9TOM JIEKTPOHBI PACTIPE/IENICHBl PABHOMEPHO MO 00/1acTH
cBepxpemeTky. [Ipu cpaBHEHUH TEOPETHUECKUX NMPOpH-
JIel pacripeseneHusl HOCUTENEN ¢ 3KCIEpUMEHTaIbHBIMU
BBISICHEHO, UYTO a0COIIOTHBIC 3HAYCHUSI KOHIICHTPAIHii,
MOJTy4EHHBIE U3 YHCICHHOTO MOJEINPOBAHUS, SIBISIOTCS
3aBbINICHHBIMU, TEM HEC MCHEC OTKIIOHCHHE HE MPCBLIIIACT
10 %. Takum oOpa3oM, MOJIETUPOBaHKE BOJIBT-(hapaJHbIX
XapaKTePUCTHUK SBJISCTCS 3(PPEKTUBHBIM MTOIXOI0M IS
MpECKa3aHNs XapaKTepa pacrpee’eHuss HOCUTEeNeH B
CBEpXpelIEeTKax ¢ Y3KUMH OapbepaMu.

OT™MeTHM, 4TO BOJBT-(hapagHoe NpoQUIMpPOBaHUE SIB-
JSIETCSI METOJIOM, TTOAXOSIINM ISl OLICHKU HE TOJIBKO pac-
TIpeJieNIeH s HOCUTeNeH, Ho 1 puMecH. [1pn aToMm cremyer
y4ecTb, UTO B T€TEPOCTPYKTYPAX CO CIOXKHBIM 30HHBIM
CTPOEHHEM CMOJICIIMPOBAHHAS MIIM U3MEPEHHAS! METOIOM
C-V nmpodunupoBaHus KOHIIEHTPANHAS MOXET HE aBaTh
TOYHOTO BHA MPO(UIIS 3aJIeTaHUs TIPUMECH.
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HaxoxneHue pacnpeneneHns anekTpoHoB B cBepxpelueTkax AlGaAs/GaAs ¢ y3kumm apbepamu...
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AHHOTAIUA

Ipeamer uccienoBanusi. ccie10BaHO BIMSIHEE BHELIHETO IEKTPUYESCKOTO OJIsl HA JIFIOMUHECLICHTHBIE XapaKTePUCTUKN
HAaHOYACTHIL CyJIb(uia cepedpa, BHEAPEHHbIX B IUICHKY HA OCHOBE ONTHYECKH MTACCUBHOM AUNICKTPUYECKOI MaTPHIIBL.
Metoa. MccnenoBanne TIOMUHECIIEHTHBIX XapaKTEPUCTHK BHIMOIHEHO METOJAMHU ONTHYECKON CIEKTPOCKONHNH, a
TaKKe BPEMsAPa3pPEHICHHON CIEKTPOCKONNH C MPUMEHEHHEM TEXHUKH BPEMSIKOPPEIUPOBAHHOTO CUETA OJUHOYHBIX
(oToHOB. Mophonorust HaHOYACTHI] N3yUCHA IPH TIOMOIIH IPOCBEUUBAIONIEH MIEKTPOHHON MUKPOCKOHH. OCHOBHBIE
pe3yabTaThl. [Tloka3aHo, 4To momenieHre HaHOYACTHUII CyIb(hHIa cepedpa BO BHEITHEE IEKTPHUIESCKOE MOJIC IPUBOJUT
K YBEJIMYEHUIO MHTCHCUBHOCTH II0JIOCHI PEKOMOMHAI[OHHON JIIOMUHECIIEHIINN, a TaKXKe K YCKOPEHHIO TIPOIECCOB
peraKcaru IeKTPOHHOTO BO30YKACHUS. DTOT Y3QPEKT MOKHO OOBSICHUTD TEM, YTO NIEKTPUUESCKOE MOJIC YBEIMYHBACT
CKOPOCTb TPAHCIIOPTA CBOOOJHBIX ABIPOK K JICKTPOHHBIM JIOBYIIKAM, KOTOPBIC UTPAIOT POJIb LIEHTPOB U3JIyUaTeIbHOI
pexomOunauuu. IlpakTuyeckasi 3HaunMocTh. [TokazaHo, 4TO HaHOYACTHLBI Ccynbduaa cepedpa MoOryT ObITh
3 (HEKTUBHO MCIIOIb30BAHbI B KAYE€CTBE AKTUBHBIX CIIOEB OPraHUYECKHX CBETOM3IIYYaIOIINX AMOOB, I7I¢ BHEIIHEE
nose nopsinka 500 kB/cM He mpuBeaeT K yXyALICHUIO UX Pa00vnX JTIOMHHECLECHTHBIX XapaKTCPUCTHUK.
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Abstract

The effect of an external electric field on the luminescence characteristics of silver sulfide nanoparticles embedded
in a film based on an optically passive dielectric matrix has been studied. The luminescence characteristics were
studied using methods of optical and time-resolved spectroscopy involving the time-correlated single-photon counting
technique. The morphology of the nanoparticles was studied using transmission electron microscopy. It was shown that
in an external electric field, an increase in the intensity of the recombination luminescence band is observed for silver
sulfide nanoparticles, together with an increase in the electronic relaxation rate. This effect is explained by the fact
that the electric field enhances the transport of free holes to electron traps which are radiative recombination centers.
The observed effects indicate that silver sulfide nanoparticles can be effectively used as active layers of organic light-
emitting diodes, where an external field of the order of 500 kV/cm will not lead to a deterioration in their operating
luminescence characteristics.
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semiconductor nanoparticles, silver sulfide, recombination luminescence, luminescence decays, external electric field
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BBenenue

B macTosmee BpemMs MepCcreKTHBHBIMA NCTOYHIKAMHI
CBETa SABIAIOTCS OPTAHWYCCKIE CBETOM3ITYYAIOIINE THOIBI
[1-5]. Takue ycTpoiicTBa SKOHOMHYHBI, 00JIaAI0T HU3KOH
ceOCCTOMMOCTBIO M MOT'YT OBITh HAHECCHBI HA THOKHE MO/~
JIOKKH. Bonpimmx YCIIEX0B B CO3JITaHUN OPraHNYCCKUX CBEC-
TOAUOOOB }1061/1.]'11/10]) IIpH UCTI0JIb30BAHUMN aKTUBHBIX CJIOCB
Ha OCHOBE IMOJIYIIPOBOJHHUKOBBIX HAHOKPUCTAIIOB [6].
Takue TFOMUHECIICHTHBIC MaTEPUAITBI TIO3BOJISTIOT CO3/1aTh
CBETOM3ITYYAIOIINE YCTPOMCTBA C BRICOKOW KBAHTOBOH (-
(heKTHBHOCTBIO U B MCHBIIICH CTEIICHH TTOIBEPIKCHBI JIeTpa-
JIAIIAH 110 CPABHEHUIO C OPTaHWICCKIMH JIIOMHUHO(DOPaMH.
OTMeTHM, 9TO IMEIOIINECS Ha CETOIHATHAN ICHb YCIeXH
JOCTUTHYTHI U BUITUMOH o0nactu criektpa. [Ipiuvenenme
TTOTYTIPOBOJHUKOBBIX HAHOKPHUCTAJUIOB TSI CO3/TaHUS MH-
(hpakpacHBIX CBETOJUOI0OB MUCCIETOBAHO CYIIECTBEHHO
MCHBIIC, XOTs TAKUC paGOTBI OKa3bIBAIOTCA aKTyaJIbHBIMU
U UMCIOT MHOXXECTBO NMPUMCHCHUHU, HApuUMep B cdepe
ManMHHOTO 3penus [7]. Hanboree moaxoasummMu MaTepu-

ajyiaMu ISl MCIIOJIb30BaHMsI B KAYECTBE JIFOMUHECIIEHTHBIX
CJIOEB B OPraHUYECKUX CBETOAMOAAX JJIsi HH(paKpacHOi
00J1acTh CHEeKTpa SIBISIOTCS HAHOYACTHUIIBI HA OCHOBE Yy3-
KO30HHBIX NOJYIPOBOAHUKOB, U, B YaCTHOCTHU, HA OCHOBE
KOJUTOMJIHBIX CepUueCKUil KBAHTOBBIX TOYEK Cynbduaa
cepebpa (Ag,S) [8-11].

Co3nanue opraHuuecKuX CBETOIHO/IOB TpeOyeT BCecTo-
POHHETO M3YYCHUS MaTepuaja aKTUBHOTO W3IYJaroIlero
ciost. B 9TOM cityuae BayKHBI HE TOJIBKO JTFOMHUHECIICHTHBIC
CBOWCTBA, HO M MX 3aBHCUMOCTh OT BHEIIHETO JIEKTPH-
YECKOIO TO0JIs, BO3HUKAIOUIETO B CTPYKTYPE CBETOU3IY-
yatomiero ycrpoiictsa [12, 13]. Jlnst HanouacTur Ag,S
MCCIIe/IOBAHNS 3aBUCUMOCTH JIIOMUHECIIEHTHBIX CBOMCTB OT
BHCHIHETO 3JICKTPUYIECCKOIO IOJIA ABJIAOTCA CAMHUYHBIMU U
HE TI03BOJIAIOT MOJIyYHUTh MOJIHYIO KAPTUHY IIPOUCXOIALINX
B HAHOYACTHIAX MTPOIIECCOB.

B Hacrosieii paboTe uccie10BaHO BIUSHUC BHEIITHETO
ANIEKTPUYECKOTO 0TS Ha JIIOMUHECIICHTHBIE XapaKTePUCTH-
K1 HaHOYacTHIl Ag,S, MOIyYEHHBIX METOIOM (POTOMH/TYIIH-
POBaHHOTO CHHTE3a B STHJICHIITHKOJIC.
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CnekTpasibHble U KNHETUYECKNE CBOCTBA KBAHTOBLIX TOYEK Cybduraa cepebpa BO BHELLHEM 3JIEKTPUYECKOM Mosie

Texnuka IKCIIePpUMEHTA

Cunres HaHOYacTHIl AZ,S OBUT POBEAEH C ITOMOIIBIO
TEXHUKN (POTOWHAYIIMPOBAHHOTO POCTA B 3TUIICHIIIUKOJIE,
obecrieurBaroIIeii MaCCUBAIMIO UX [TOBEPXHOCTHU C TIOMO-
110 2-MEPKAaNTOIPONINOHOBOH KHCIIOTHI [ 14]. B xagecTBe
HCTOYHHKA cepedpa UCTIOIb30BaH HUTPAT cepedpa, a HCTOY-
HUKa Cepbl — 2-MEPKAITOIPOINMOHOBAsI KHCIIOTa, B3ATas
B MOJIIPHOM COOTHOILICHHH, B JIBa Pa3a MPEBBIIIAIONIIM
KOJIMUECTBO HHUTpara cepedpa. CHHTE3 NMPOBEJCH B CTe-
KIISTHHOM KoJIOe, TepMOCTaTHPOBAHHOM NPH TeMIleparype
25 °C u npu NOCTOSHHOM NEPEMEIINBAHNN MarHUTHON
memrankoi. B 30 M1 STHISHITIMKOISA IIOMENIEH 2,4 MMOIb
HUTpaTa cepebpa, a 3aTeM nobdaBieH 4,8 MMOIb 2-Mep-
KalTOTPOTTMOHOBOM KHUCIOTHI TAK)XX€ B BHIE pacTBOpa B
STHJICHIIAKOIE. POCT HAHOYACTHIT OCYIIIECTBICH B TEMHOM
TIOMETIICHUH B TCYCHUE CYTOK. YMEHBIIICHHUE UCTICPCHH Pe-
3yJIBTHPYIOIIMX HAHOYACTHUI] 10 pa3MepaM peayn30BaHo C
MTOMOIIIBIO (POTOJIH3A MTPU OOTYUCHUH TIOTYYSHHOTO PaCcTBO-
pa u3IyuyeHueM Jiazepa ¢ IJIMHON BosHbl 405 HM U cpeHei
MortHocThio 100 MBT npy mocTostHHOM niepeMenBaHuy B
TedeHne cyTok. [locie nposeneHus npoueaypsl poTomsa
HAHOYACTHIIBI OBLTH BEIICP)KAaHBI B TEMHOTE B TCUCHUE TPEX
CYTOK JUTSl CTaOMIIM3AINH.

HanowacTurs! ObIUTH BHEAPEHBI C MIOMOIIBI0 MH(HITH-
TpAIMX TTOTYYSHHOTO PACTBOPA B ONITHYCCKH ITACCUBHYIO
TUAIIEKTPHYECKYI0 OPTaHUYECKYI0 MaTPHUIly Ha OCHOBE
TTOTYIIPOHUIIAEMON MEMOpPaHBI U3 PETCHEPUPOBAHHON I1eIT-
JIFOJI03bI TOJIIIMHON 5 MKM; XapaKTepHbIe pa3Mepsl Mop
MeMOpaHbI COCTABHIIH MOPAIKA 3 HM.

KoHTpoIb pa3MepoB CHHTE3MPOBAHHBIX HAHOYACTHI]
MPOBEJICH C TIOMOILIBIO ITPOCBEYUBAIOIIEH JIEKTPOHHOU MU-
KPOCKOITUH ¢ ipuMeHenneM cucremsl Carl Zeiss Libra 120.

Jiist onpenesieHust BIUSIHUS SIEKTPUIECKOTO MOJIsl Ha
JIIOMMHECIICHTHBIC CBOWCTBAa HAHOYACTHIl AZ,S M3rOTOB-
JIeHa cepusi 00pas3IoB, COCTOSIIINX U3 ABYX CTEKJISTHHBIX
TTOJNTOKEK C HAHECEHHBIMHU TIOJTYTIPO3PAYHBIMH AIIEKTPOIa-
MH Ha OCHOBE OKCHJIa HHAMS-0I0BA, TTOKPBITHIMH TUICHKOH
MOJUCTUPOJIA TONIIMHON 5 MKM. Mexay 3i1eKTpogaMu
TIOMEIIIEH COHIBUY U3 IJICHKH Te(IIOHA TONIIHHON 5 MKM,
MeMOpaHbI ¢ BHEIPEHHBIMU HaHOYacTUIaMu Ag,S, U ele
OJIHOW aHAJOTMYHOU MUICHKH Teduiona. B pesynbrare 00-
pasubl UMEIOT CTPYKTYPY, COOTBETCTBYIOILIYIO MJIOCKO-
My KOHJICHCATOPY TOJIIMHOM 25 MKM, HMEIOIIEMy MOJy-
MIpO3pavyHbIe 00KIAIKH, B 00BEM JUDIEKTPUKA KOTOPOTO
TIOMEIEHBI UccienyeMble HaHoYacTUIbl. Hanpsokenue
CMEIICHNUS Ha MOIyYEHHbIE KOHJICHCATOPHI MTOJAaHO C BBI-
COKOBOJIBTHOTO MCTOYHUKA MOCTOSTHHOT'O HAIMPSIKCHUS
Tesla TV-2, mo3Borsttoniero 3a1aBarh HanpspkeHne ot 0 10
1500 B. Ilpu 5TOM B 00BEME AMANIEKTPHUKA KOHIECHCATOPA
OBLTO CO3/TaHO TIOCTOSIHHOE DJIEKTpHUYecKoe moje ot 0 1o
500 xB/cM ¢ ydeToM AMANEKTPUIECKON MPOHHUIIAEMOCTH
HCIIONIB3YEMBIX MAaTEepPHalOB. YKa3aHHbBIC 3HAYCHUS OIS
ABJIAIOTCA XapaKTCPHBIMU IJIs1 OPraHUYCCKHUX CBETOU3ITY-
YaOUIHUX JIHOJIOB.

CHCKTpI)I JIIOMUHECUHCHINU UCCICAOBAHHBIX HAHOKPH-
CTaJIJIOB U3MEPEHBI C MOMOIIBIO BOJIOKOHHOTO CIIEKTPO-
metpa Ocean Optics Maya 2000 Pro, 9yBCTBUTEIBHOTO B
muarazone 200—-1100 am. Bo30yxaenne Obu1o ocyIiect-
BJICHO ¢ romolbio Jazepa PicoQuant LDH-C-400, us-
mydatomiero B oomactu 405 HM co cpenHel MOMIHOCTHIO

5 MBT. 3Mepenye KHHETHKH JTFOMUHECIIEHIINH OBLIO Mpo-
BEJICHO METOZIOM BPEMSKOPPEIHMPOBAHHOTO CUETA OTUHOY-
HBIX (DOTOHOB C UCIIOJIb30BaHNEM Koppeistopa PicoQuant
TimeHarp 100. IIpr 5TOM CHUrHaJ JTIIOMUHECIICHIINN PETH-
CTPHPOBAIIH C ITOMOIIBIO (POTOINEKTPOHHOTO YMHOKUTEIIS
PicoQuant PMA-C 192-N-M, 9yBCTBUTEIFHOTO B 00IACTH
250-850 am. ITomoca neTekTHpOBaHUS IMTUPUHON TTOPSIKA
5 HM BBIP€3aHa C HOMOIILBIO YCTAaHOBIEHHOTO Tieper (oTo-
IEKTPOHHBIM YMHOKUTEIIEM MOHOXPOMATOPA.

Pe3yJ'II)TaT])I H UX 06cy>1<11e}me

W3zo0paxkenne ancamOIsi HAHOYACTHI AZ,S, TTOTyUYeH-
HOE C ITOMOIIBIO TPOCBEUNBAIOMIETO JIEKTPOHHOTO MU-
KPOCKOIIa, IPEICTaBIICHO Ha puC. |. AHANMN3 N300pakeHUs
MoKa3aJ, 4TO CPEJHUH pa3Mep HaHOYACTHI[ COCTABISIET
2,7 HM, a qucniepcus o pasMepam He npesbimaet 20 %.

CriekTpbl POTOMOMUHECIICHITUH aHCAMOJIs HAHOYACTHI]
Ag,S, NOMEIIEHHBIX B 3JIEKTPUYECKOE MOJIE C Pa3IuuHON
HaNpsHKEHHOCTHIO, MTPECTABICHBI Ha pHC. 2, a. B ciexrpe
HaOJII0aeTCsl IPKO BBIPAKEHHBIH MaKCHUMyM B 00JIacTH
sHepruii 1,4 3B, oTBevaronuii peKOMOWHAIIMOHHOW JIFOMH-
HecueHuuu [ 15-17], npu 3ToM mMpUHA CHEKTpa Ha NOTy-
BBICOTE cocTaBmiia okoyio 320 MdB. IToMmenienne Hanoya-
CTHII B JJICKTPHUYECKOE MOJIE TIPUBENIO K CKAYKOOOpa3HOMY
YBEJIMUEHUIO HHTEHCHBHOCTH IOJIOCHI JIIOMHUHECLICHIINH.
OT™MeTHM, 4TO ¢ POCTOM MOJISI HHTEHCUBHOCTH MOHOTOHHO
YMEHBIIAeTcs, a popMa CIEKTPOB (POTONFOMIHECIICHIINHT 1
MOJIOKECHUE €€ MAKCUMYMa CYILIIECTBEHHO HE U3MEHSIOTCSI.
JIist HaTIIATHOCTH Ha puUC. 2, b IpecTaBlIeHa 3aBUCUMOCTh
MHTErpaia CeKTpa peKOMOWHAMOHHOW JIIOMUHECHEHIIH
TI0 SHEPTUHM JUIs1 HaHOUACTHIL Cyib(puia cepedpa oT Hanpsi-
JKEHHOCTH 2JIEKTPUYECKOTO OIS, YBETHUCHHE IEKTpUYe-
ckoro noitst oT 100 1o 500 kB/cM puBENIO K MPaKTHYECKH
JMHEHHOMY YMEHBILICHNIO HHTEHCHBHOCTH PEKOMOHMHAIIN-
onHoM nonocel ot 100 % 1o 92 %. JlanbHeiiee ysenuye-
HUE HaNpsDKEHHOCTH HIIEKTPUYECKOTO TOJIST HE TPOBOAN-
JIOCB B CHUTY DJIIEKTPUIECKOTO TIpobos o0pasia.

Kunetndyeckne 3aBUCHMOCTH MHTEHCHBHOCTH (o-
TOJIOMUHECIEHIINN HAHOYACTHIl Ag,S MPU PAa3IUUHBIX

Puc. 1. 300paskenne HaHOUACTHI] Ag,S, TTOIy4IeHHOE C
MTOMOIIIBIO MPOCBEYHBAOIIETO MIEKTPOHHOTO MHKPOCKOIIA

Fig. 1. Transmission electron microscope image of Ag,S
nanoparticles
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Puc. 2. CiekTps! (HOTONIOMUHECIIEHIIMN HAHOYACTUI] AZ,S BO BHEIITHEM SIEKTPHUECKOM T0Je (@); 3aBUCUMOCTh HHTEHCUBHOCTH
(hOTOMIOMUHECIIEHIINY HAHOYACTUI] Ag,S OT BHEITHETO SIEKTPUIECKOTO0 Mo (b)

Fig. 2. Photoluminescence spectra for Ag,S nanoparticles in an external electric field (a); dependence of the photoluminescence
intensity of Ag,S nanoparticles vs. the external electric field (b)
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Puc. 3. Kunetnueckue 3aBucuMocty /() GpOTONMOMUHECIICHIINN HAHOYACTUI] AZ,S, N3MEPEHHBIE IIPU Pa3IHIHBIX 3HAYCHHSX
BHEIITHETO JIEKTPHIECKOTO 1M0JIst (@); 3aBUCUMOCTh MHTerpasia S KHHETHIEeCKUX KPUBEIX /(£) o BpeMenn ¢ B pezenax 0-650 He ot
BEJIMYHMHBI BHEIITHETO AIIEKTPUUECKOro nous (b).

Ha Bpe3ke 4epHbIM 1IBETOM M300pakeHa 3aBUCHMOCTH /(f), 3eTIeHbIM — TeOMeTpHUYecKasi HHTEPIpeTalus HHTerpana S

Fig. 3. Photoluminescence decays /(¢) for Ag,S nanoparticles measured at different values of the external electric field (a);
dependence of integrated decays S within range 0—650 ns vs. the external electric field (b). The inset shows the /(¢) dependence
(black); the green field shows the geometric interpretation of the integral S

BEJIMYMHAX BHEIIHETO AJIEKTPUUYECKOTO OIS NPEACTaB-
JIEHBI Ha pHUC. 3, a. 3aBUCUMOCTH HUMEIOT CYIIECTBEHHO
HEOKCIOHEHIMAIBHBIN BUI. BUaHO, 4TO NIpU BKITIOYEHUU
AIIEKTPUUYECKOTO TIOJISI IIPOUCXOUT YCKOPEHHE TIPOLIECCOB
peJaKkcanuy »IeKTPOHHOTO BO30YXaeH . [J1st TOro 4To0b!
YCTaHOBUTH Ka4€CTBEHHOE MOBE/ICHIE KNHETHIECKHX 3aBH-
CHMOCTEH NP U3MEHEHHUH BEIIMYMHBI BHELIIHETO JICKTPHU-
YeCKOro IMoJIs, MOCTPOCHBI 3aBUCUMOCTH HUHTErpasa S oT
KHHETHYECKUX KPHBBIX JIOMHHECLEHIMH /() HAHOYACTHIL
Mo BpeMeHH ¢ B npeaenax ot 0 mo 650 HC mpu pas3mmd-
HBIX 3HAQUCHMAX HAINPSDKCHHOCTH JIEKTPUYECKOTO MOJIS
(puc. 3, b). B obnacTu HYJIEBOTO JIEKTPUUYESCKOTO TOJIS
BeNWYHMHA HHTErpasia MaKCuMalbHa; pu nojsx ot 100 ro
500 xB/cm 5Ta Benn4MHA YMEHBIIAETCSI U U3MEHSIETCS C
POCTOM T0JISI HEMOHOTOHHO.

Habironaemble SKcriepiMEHTaIbHBIE PE3YIIBTaThl MOX-
HO OOBSICHUTBH CIEAYIOIMM 00pa3oM. YCKOpeHHe Iporec-
COB pEJIaKCaIMN AIIEKTPOHHOTO BO30OY)KICHUS M yBEIHUe-
HHE HHTEHCUBHOCTH JIFOMUHECLICHIIUH OIPEACIISACTCS TEM,
YTO HJIEKTPUYECKOE OJIE YBEIMYNBACT CKOPOCTH TPAHCIIOP-

Ta CBOOOJIHBIX JBIPOK K DJIEKTPOHHBIM JIOBYIIKAM, UTPAIO-
UM POJIb LIEHTPOB M3Iy4aTeNnbHON pekomOuHarun [18].
CHIDKEeHHE MHTETrPaJIbHON HHTEHCUBHOCTH (hOTOIFOMHUHEC-
LEHI[UU C POCTOM IOJISI MOXKET OBITh OOBSICHEHO 00MIeH
(oromerpasanyiell MHTCHCUBHOCTH JIIOMUHECLICHIINN Ha-
Houactull [19] B pe3ynbrare AIUTEILHOTO KOMOWHUPOBAH-
HOTO BO3IEHCTBUSI BO30YK/IAIOIIETO Ja3ePHOTO U3y YCHUS
1 BHEIITHETO 3JIEKTPUIECKOTO TIOJIS.

3akjoueHue

B pabore 3kcriepuMeHTAIBbHO MTOKAa3aHO, YTO BHEIITHEE
JJCKTPUICCKOE TIOJIC MOXKET U3MCHSATh HHTCHCHBHOCTh
JIOMUHECIICHITUN HAaHOYACTHII CyIb(puaa cepedpa, a Tak-
)K€ BIIMATH HA CKOPOCTh MPOUCXOMASIIMX B HUX MPOIECCOB
penakcaruu dEKTPOHHOTo Bo30yxaeHus. Tem He MeHee,
MOJIyYEHHbIC U3MEHEHHs JIIOMUHECIICHTHBIX CBOWCTB B
noisix ot 100 mo 500 kB/cM He SBIAIOTCS CyIIeCTBEHHBIMU
JUISL TOTO, YTOOBI YTBEPIK/IATh, YTO HAHOYACTHUIIBI CYIbduIa
cepebpa He MOAXOMST /IS CO3/IaHUs Ha MX OCHOBE Opra-
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CnekTpasibHble U KNHETUYECKME CBOMCTBA KBAHTOBbLIX TOYEK CyNbduraa cepebpa BO BHELLUHEM 3JIEKTPUHECKOM MNoJie

HUYECKHX CBETOM3IIyHYaIOMIMX JTHO/M0B. Takum o0paszom,
MOJy4E€HHBIE PE3YJIbTaThl CBUIETEILCTBYIOT O TOM, UTO Ha-
HOYACTHUIIBI Cy/Ib(duia cepedpa MOTryT ObITh UCIIOIBE30BaHbI
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AHHOTALUA

Ipeamer uccaenoBanusi. KonuuecTBeHHbIN MOCTOWHBIN aHATN3 TTOBEPXHOCTHBIX CIIOEB TOHKUX TJICHOK MPOBOJAT C
TIOMOIIBIO METO/Ia PEHTICHOBCKOH (DOTORIEKTPOHHOM CIIEKTPOCKOIINY 110 PACIETHOH MOJIEITH, KOTOPast IIPEAIIONAaraer,
YTO TOBEPXHOCTHBIE CJION 00pa3iia OHOPOIAHBI U IUIOCKONapaienbHbl. OHAKO MPAKTHYECKH J1I00ast OBEPXHOCTh
yIABTPATOHKOH IJICHKH HepoBHas. MccieqoBanne Takoil MOBEPXHOCTH MO MOJICNHU IIOCKOMAapaslIeIbHBIX CIOEB
MOXET MPHUBECTH K HEKOPPEKTHBIM pesyiabTraTtaM. B Hacrosmieil paboTe Juist aHaiau3a yIbTPATOHKOW IMICHKH
MIPEJUIOKEHO MCIIOIb30BaTh MOJIENIb HEOAHOPOIHOTO CTOXACTHYECKOTO HAHOCTPYKTYPHPOBAHHOTO TTOBEPXHOCTHOTO
ciosi. Metoa. TT0OBEpXHOCTHBIE CTOXaCTHYECKHE HAHOCTPYKTYPUPOBAHHBIC HEOJHOPOAHOCTH OTHCAHBI (PyHKIMET
HOPMAaJIBHOTO pacrpejesicHus ['aycca n ONpeieNsoTes TpeMs mapaMeTpaMu: aucrepcus (pa3dpoc TOJIHH 110
CIIOI0), CpPeJHssT ¥ MaKCHUMallbHasl TOJIIMHEI MOBEPXHOCTHOTO ClIos. BriepBrle ompesesieH BU PEHTIE€HOBCKOTO
(OTOPIEKTPOHHOTO CIIEKTPa HEOAHOPOAHON CTOXAaCTUYECKOH HAHOCTPYKTYPHPOBAHHON MOBEPXHOCTH C TIOMOIILIO
(GYHKLMH pOKACHUS U IPOXOKACHNUS (DOTOIIEKTPOHOB Uepe3 MOBEPXHOCTHBIH ci10ii. PazpaboTanHas Mosieslb OCHOBaHa
Ha CJIC/IYIOIINX MPE/NOIOKEHUSX: (POTOTEKTPOHBI POXKIAIOTCS B BELIECTBE H JABIIKYTCS PSIMO-BIIepe (TpruoIimKeHne
Straight Line Approximation) mo HOpManu K MOBEPXHOCTH, INIOTHOCTh UX MOTOKAa OcCJiabeBaeT B CJIOE MO 3aKOHY
Bbyrepa—JlambepTa; (OTOIEKTPOHBI C PA3TMYHBIMU SHEPTUSMH TEPAIOT YHEPTHIO T0-Pa3HOMY; HOTEPH dHEPIHU
(HOTOAIEKTPOHOB B 00BEME U Ha TIOBEPXHOCTH CJIOSE pa3anyHbl. OCHOBHBIE Pe3yJIbTaThl. BBITOIHEHO MOICTHPOBAHUE
PEHTICHOBCKHX (DOTODIEKTPOHHBIX CIEKTPOB OKHMCJICHHONH METAJJIMYECKOH IUIGHKU MO CICAYIOIINM MOJCISM:
OZHOPOJIHBIE IUIOCKOIAPAJIIETBHBIE CIION, OCTPOBKOBBIH M HEOXHOPOIHBIN CTOXaCTUUECKHUI HAHOCTPYKTYPHPOBAHHEIE
MOBEPXHOCTHBIE clIon. OTpeseneHsl TpaHHIbl TIPIMEHNMOCTH MOJIeIel OTHOPOIHBIX IUIOCKONAapalIeIbHBIX CIIOEB 1
HPOCTOTO MEPHOANYECKH OCTPOBKOBOTO HAHOCTPYKTYPHPOBAHHOTO TOBEPXHOCTHOTO CJIOS ISl aHAJIN3a HEOAHOPOAHOM
CTOXAaCTUYECKOW HAHOCTPYKTYPUPOBAHHOM MTOBEPXHOCTH. [IpH HEKOTOPHIX MapaMeTpax HeOHOPOJHOTO CTOXACTHYECKOTO
MOBEPXHOCTHOT'O CJIOSE MOJIENb OJTHOPO/HBIX IIOCKONIAPAIIISIBHBIX CIIOEB ITOKA3bIBACT YAOBICTBOPUTEIBHBIC PE3YIIbTaThl
MOCJIOMHOro ananu3a. ITokazaHo, 4TO MOJIENIb IPOCTOrO MEPUOANYECKH HAHOCTPYKTYPHPOBAHHOTO OCTPOBKOBOTO
CIIOSI JIaeT Hea/IeKBAaTHBIC PEe3yNbTaThl IPH aHAJIN3e HEOJAHOPOAHOI cTOXacTHUeCckoi moBepxHocTH. IIpakTHyeckas
3HAYUMOCTB. [IpoBe/ieHHbIC B paboTe MCCIIEA0BAHUS TTOKA3ad, YTO /Ui 00Jiee TOYHOTrO MOCIOHHOIro aHaJn3a
HEOJHOPOJIHOH YIIBTPATOHKOH TIEHKH HEOOXOIMMO YUHTHIBATE HEOJHOPOJHOCTD PEaTbHO IIOBEPXHOCTH, B IPOTUBHOM
Cllydae MOoTy4eHHBIe Pe3ylIbTaThl OyayT He COOTBETCTBOBATH (DAKTHUYECKUM.

KiioueBrnle c10Ba

MOCJIOMHBIN (ha30BBIN aHAIN3, TOPU3OHTATBHBIC HEOTHOPOJHOCTH, IIEPOXOBATOCThH MOBEPXHOCTH, HAHOPA3MCPHBIC
wieHku, PODC
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Abstract

Quantitative analysis of thin films surface is performed by means of X-ray electron spectroscopy (XPS) according to a
calculation model assuming surface layers of the target to be homogeneous and parallel. However, almost every surface
of an ultra-thin film is rough. A study of such surface using the plane-parallel layer model will lead to incorrect results.
This work proposes to use the model of inhomogeneous stochastic nano-structured surface layer for ultra-thin film
profiling. Surface stochastic nano-structured inhomogeneities are described by the normal Gauss distribution function.
To determine these inhomogeneities, three parameters are specified: dispersion (spread of thicknesses by the layer),
mean and maximal thickness of the surface layer. For the first time, the type of X-ray photoelectron spectrum of an
inhomogeneous stochastic nano-structured surface is found that is determined by functions of photoelectron production
and transmission through that surface layer. The designed model is based on the following assumptions: photoelectrons
are produced in substance and travel straight-forward (Straight Line Approximation) along the surface, photoelectron flux
density decreases in the layer according to the Bouguer—Lambert law, photoelectrons of different energies lose energy
differently, photoelectron energy losses in bulk and on surface differ. Modeling of X-ray photoelectron spectra of an
oxidized metal film is performed using different models: homogeneous plane-parallel layers, an island nano-structured
surface layer and an inhomogeneous stochastic nano-structured surface layer. Ranges of applicability of plane-parallel
layer models and simple periodical nano-structured island surface layer for inhomogeneous stochastic nano-structured
surface profiling are determined. The model of homogeneous plane-parallel layers shows satisfactory profiling results
by some values of parameters of an inhomogeneous stochastic surface layer. It is shown that the model of a simple
periodically nano-structured island layer leads to inadequate results by profiling of an inhomogeneous stochastic surface.
The investigation shows that for more accurate profiling of an inhomogeneous ultra-thin film, it is necessary to consider
inhomogeneity of a real surface, otherwise the calculated results would not match the true profile.

Keywords
phase profiling, horizontal inhomogeneities, surface roughness, nano-sized films, XPS
For citation: Lukyantsev D.S., Lubenchenko A.V., Ivanov D.A., Lubenchenko O.1., Fedotov A.S. Influence of nano-sized

horizontal inhomogeneities on surface profiling by means of XPS. Scientific and Technical Journal of Information Technologies,
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BBeueHne I'paHHHUKOB. B MOJCJIb MMOMECIICHAa r'UCTOrpaMMa yrijia Ha-

KJIOHa MHOT'OT'paHHUKOB, U3BJICUCHHASA U3 KAaPThl BBICOT

IToBepXHOCTB YNBTPATOHKOM IIEHKH MOKHO UCCIIEHO-
BaTh HEpa3pyLIAIMM METOJJOM PEHTI€HOBCKOW (POTO-
aexTpoHHo# cnekrpockonuu (PODC). Ipu nocnoitnom
(ha30BOM aHAIIN3E TAKUX IUIEHOK TOJIIMHEI CIIOEB OOBIYHO
ONPEACIISIOT MO OAHOCIONHOM [ 1] nian MHOTrOCIONHHOM [2]
MOJIEJISIM, OCHOBaHHBIM Ha JIOIYIIEHNH, YTO BCE CIOH 00-
pasna SBISIOTCS OTHOPOAHBIMH M TII0CKOTIAPAIIIETbHBIMH.
ITocrnoiinblii aHaIM3 TOPUZOHTAILHO POBHBIX YJIBTPATOHKUX
MJIEHOK, IPOBEIEHHBIN 110 MHOTOCJIIOHHON MOAEINH, AAET
xXopotrre pe3ynsTatsl [3—5]. Ecian moBepXHOCTB peacTaB-
JIeHa B BUJIE OJIMHAKOBBIX OCTPOBKOBBIX HAHOCTPYKTYP, TO
JUTSl aHaliu3a MOYKHO TIPUMEHHUTh PacueTHYI0 MOjelb [6].
B pabotax [7-10] nomyueHsl MOAETbHBIE PEHTTEHOBCKHE
(hOTOANIEKTPOHHBIE CHEKTPBI JUIsl Pa3JIMUHBIX JIBYMEPHBIX
HEPOBHOCTEN Ha MOBEPXHOCTH, B TOM YUCIE AJIS MJIOTHO
YKOMIUICKTOBAaHHBIX OJIMHAKOBBIX cep. Mozeinb opnHako-
BBIX Chep MoKazasia XOpOoIIe pe3ysbTarThl IIPU MOCIOHHOM
(ha3oBOM aHaAIM3€ HAHOPA3MEPHBIX MOPOIIKOOOPA3HBIX
XUMHUYECKUX KaTanu3aropos [11].

B pabore [12] mpoBeneH MOCIOHHbIH (ha30BBI aHATH3
puIIeHBIX TOBEPXHOCTEH OKHMCIEHHOTO KPEMHUS U aJlio-
MUHHSI C TIOMOIIBIO MOJIEIH, B KOTOPOH IIEPOXOBATOCTh
MIOBEPXHOCTH CMOAEIUPOBAaHA HAOOPOM MaJIbIX MHOTO-

MOBEPXHOCTH, IOJIY4YEHHO! ¢ IOMOIIbIO aTOMHO-CHIJIOBOI
MHUKPOCKOITUH, ¥ BBIYMCIICHBI MHTEHCUBHOCTH JIUISl KAXKIO-
TO OTJENBHOTO AIIEMEHTA MOBEPXHOCTH. [laHHAs MOJENh
TIPH TIO/IaBJISIONIEM OOJBINMHCTBE TPaHel ¢ Ooyree BBICO-
KIM YIJIOM HaKJIOHA ITOKa3ana 0ojee TOUHbBIE PE3YIIbTaThI
110 CPABHEHHIO C MOJENbBIO TIOCKONIAPAIIIETbHBIX CIO0EB.
[Toxokuit moaxo Mconb30BaH B padorte [13], Ho o Gonee
YOPOIIEHHOMY aJITOPUTMY, KOTOPBIH MpPUBET K OOJbIIeH
HETOYHOCTHU PEe3yJbTaToB.

B [14] noka3aHo, 4TO peajbHas MOBEPXHOCTH YIbTpa-
TOHKOM TJIEHKU HEPOBHAsI M MOJKET UMETh HEOTHOPOJHOCTH
pa3nuuHbIX pazmepoB U Gopmel. B [15] uccienoBansl Me-
Tog0oM PODC noBepXHOCTU pa3NUYHON CTENIEHU HEOIHO-
POIHOCTH ¥ TIOJyYEHHBIC PE3yJIbTaThl MOKA3AJIN, YTO BHJ
MOBEPXHOCTH 00pa3Iia BIMSET Ha HHTEHCUBHOCTH U (hOpMY
PEHTTEHOBCKOTO (DOTOIIEKTPOHHOTO CHUTHAA. TakuM 00-
pa3oM, MOXKHO CAEIaTh BBIBOJ, YTO MPUMEHEHUE MOJIEIN
OJHOPOJAHBIX MIOCKOTAPAIICIBHBIX CIOEB AJS aHAIN3a
HEOJIHOPOJIHOM MOBEPXHOCTH YJABTPATOHKOM IJICHKU MPH-
BOJUT K HEaJIeKBAaTHBIM pPe3ylIbTaTaM.

B nacrostiieit pabore 1t aHaM3a YIbTPATOHKOM TUIeH-
KM MIPEAJIOKEHO UCII0IBb30BaTh MOJIEIb HEOTHOPOJHOTO
CTOXaCTUYECKOI0 HAHOCTPYKTYPHOTO MOBEPXHOCTHOTO
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BnngaHne HaHopa3MepHbIX TOPU30HTasIbHbIX HEOAHOPOAHOCTEN Ha NMOC/IOMHbIA aHaNn3 NOBEPXHOCT!. ..

-0
rl’rl':r.':r'r:r r

b

Puc. 1. Mopenu MOBEpXHOCTHBIX CIIOEB: OJHOPOJHOTO IIOCKOIapaLIebHOTO (Mozelb 1) (a); 0CTpOBKOBOTO
HaHOCTPYKTYPHPOBAHHOTO (MOielib 2) (b); cTOXaCTHYECKOTr0 HAHOCTPYKTYPHUPOBAaHHOTO (MOJeNb 3) (¢)

Fig. 1. Surface layer models: homogeneous plane-parallel (model 1) (a); islet nano-structured (model 2) (b); stochastic nano-
structured (c)

CJI0$1, KOTOPAst, IPEAIOI0KHUTENbHO, JTyUILe TOAXOAUT AJIs
OTMCAaHMs CIy4yalHON IIepOXOBATOCTU MOBEPXHOCTU. B
paboTte paccCMOTPEH HOPMaJIbHBIH BBUIET (POTOATEKTPOHOB
13 TIOBEPXHOCTH 00pasia. J{Js onpeneneHus BUIa peHTre-
HOBCKOTO (DOTORNIEKTPOHHOTO CIIEKTPa OT CTOXaCTHIECKOTO
TTOBEPXHOCTHOTO CJIOA pelIeHa 3a/1a4a IPOXOKAeHUS (HOTO-
3JIEKTPOHOB CKBO3b 3TOT CJIOH.

PaCCMOTpI/IM TpUu MOACIU MOBEPXHOCTHBIX CJIIOCB
(puc. 1), u o pe3ysbraram MocIOHHOro (Ha3oBOro aHalu-
3a yHLTpaTOHKOﬁ IMJICHKW MOJIY4YUM TOJIIIWHBI CJIOCB JJId
OJTHOM U TOM K€ MOBEPXHOCTH.

TeopeTuyeckoe onucaHue
($h0oT03/1eKTPOHHOI IMUCCHH

OcHOBHbBI€ NPEINOJIOKEHUs] U A0MYLIEeHUs] PelIeH s
[Ipennonoxum, 4To Mpy ONPENEIEHU HHTEHCUBHOCTH I10-
TOKa ()OTOAIEKTPOHOB, MTPOXOSIIMX CKBO3b OBEPXHOCT-
HBIN CJI0H BemecTBa, (POTOAIEKTPOHBI MOTYT POXKAATHCS B
J1000# TOYKE MMOBEPXHOCTHOIO CIIOSl U MOANOKKH. [Tocie
poxzieHust POTOAIEKTPOHBI B BELIECTBE ABMIKYTCS HpS-
Mo-Brepen (npubmmxenue Straight Line Approximation)
110 HOpMaJIM K TTOBEpXHOCTH. [Ipu ABMKEHUH TNIOTHOCTD
MOTOKa (hOTORIEKTPOHOB OCIA0EBAET MO IKCIIOHECHINAIIb-
HOMYy 3aKkoHy byrepa—JlamGepra. [Tprdem (oToamekTpoHsL,
POXJIEHHbIE C PA3HOM KMHETUUYECKON 3HEpPruei, TepstoT
SHEPTHIO N0-Pa3HOMY. DTO YUUTHIBAETCSI MOJIEIBHBIM (-
(bepeHIuanbHbIM CeUeHHEeM HEeypyroro paccestuus [2].
[Tpu nBMKEHHH K HOBEPXHOCTH (POTOIIEKTPOHBI IPOXOAST
IpaHuIy pasjena JIByX cpell (Harmpumep, MOUIokKKa — Ho-
BEPXHOCTHBIU CJIO¥), HAa KOTOpOW Halmonaercst ocnade-
HUE TIOTOKa (POTORNEKTPOHOB. Jliist yuera JaHHOW 0COOeH-
HOCTH BBEJIEM paszzielieHHe MJIa3MOHHBIX II0TE€Pb SHEPTUU
Ha 00BEMHBIC U TIOBEPXHOCTHBIC [2].

@®yukuust GpoTodIeKTPOHHON IMuccum. HTeHCcHB-
HOCTb TTOTOKa (DOTOIIEKTPOHOB, POXKACHHBIX B ITOIIOXK-
Ke-TI0TyOSCKOHEYHOM CII0€, ONpeneuM (QyHKIHeH GoTo-
AIIEKTPOHHOI SMuccnu [16]:

Qint = 700 ionhin(E — A)7L,

TJ€ 1y — aTOMHasl KOHLIEHTPAIs YacTHIl B BEIECTBE;
Gjpn — A depeHnaIbHoe CeYeHIe HOHU3AINHY; A, — IJIH-
Ha CBOOOTHOTO IpoOera MeX Ty HEYIIPYTUMH aKTaMK COyIape-
Hust; E—enunnanas marpuna; A = Toeplitz(X;,), X, — aud-
(dbepeHIMaIbPHOE CCUCHUE HEYyNpyroro paccesHus [16].

Just mogenu 1 (puc. 2, @) pOTOdIEKTPOHBI MOTYT PO-
JKJAThCS B MOJJIOXKKE, IPOXOAUTh CKBO3b OJHOPOAHBIN
TUTOCKOTIApaJLIEITbHBIHN ci10# (Qg,) ¥ POXKIATHCS B TOBEPX-
HOCcTHOM citoe (Q,). B TakoM cirydae nmomydnM cymMMapHyro
MHTEHCHUBHOCTbH MOTOKA (DOTOIIEKTPOHOB!

Q:=Qp +Qy,
Q12 = Qiue X Tin(d) 1 Qy = Qyps * (E — Ty (d)),

()

rae T;,(d) — dynkuus nponyckanust (OTOIIEKTPOHOB
CKBO3b OJTHOPOJIHBIN IIOCKONAPAJUIEIIbHBIN CJIOH BEILIECTBA
tosmuHou d [17].

Ecnu noBepXHOCTb NPEACTABICHA B BUE OCTPOBKOBBIX
HAHOCTPYKTYp (Mozens 2) (puc. 2, b), To dyHKIHs doTo-
JNEKTPOHHOU IMHUCCUU OyIeT omnpeseneHa (poToIIeKTPo-
HaMH, POKICHHBIMH B TTIOJUTOXKKE U BBUICTEBIINMH CKBO3b
OCTPOBOK TTOBEPXHOCTHOTO cIost (Qg,) WIM MHUHYS 3TOT
cioit (Qjpf), POXKIECHHBIMHE B OCTPOBKE ITOBEPXHOCTHOTO
ciost (Q,). IHTEHCHBHOCTD MOTOKA (POTOINIEKTPOHOB IS
OCTPOBKOBOH MOJICTTH UMEET BUJIL:

Qy=(1-0) X Qs+ ax (Qq2 T Qy), 2

So
TJIC 0. = — — CTCTICHB 3aIIOJTHCHHUS TIOBEPXHOCTHOTO CIIOS;
1
Sy — cyMMapHas MJomagb OCTPOBKOB; S| — IUIOMAIb
BCEH NMOBEPXHOCTH.
DYHKINIO MPOITyCKaHUs U Mojienel 1 u 2 onpeaenum
BbIpakeHueM [16]:

d
Tu(d) = [ EXiddz = ) (E — A)-leTuneATs,
0
B cityqae ¢ MOzenbio €O CTOXaCTHYECKUM HaHOCTPYK-
TYPHBIM TIOBEPXHOCTHBIM clioeM (Momens 3) (puc. 2, ¢)
HMHTEHCHBHOCTB MOTOKA ()OTORICKTPOHOB ONPEIEISETCS
BBIP)KCHUEM:!

Qe =Q12 7 Qy,
QlZ = Qinf x Tin(dmaxa S, dcp)

u Q2 = Qinf X (E - Tin(dma)U o, dcp))a (3)

r1e Tiy(dmay, 0, dep) — dyHKIWS IOy cKanust pOTodIeK-
TPOHOB CKBO3b CTOXaCTHUUYECKUH CJION BELIECTBA, KOTOpast
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@

Puc. 2. CxeMaTHIHOE TIPOXOXKICHHE IIEKTPOHOB Uepe3 IIOBEPXHOCTHEIE CI0H A1t MoaenH 1 (a), monenu 2 (b) u monenu 3 (c).

e

&
-

1 — moju10KKa; 2 — MOBEPXHOCTHBIH CIION

Fig. 2. Schematic passage of electrons through surface layers for model 1 (a), model 2 (b) and model 3 (¢).
1 — substrate; 2 — surface layer

omnpezensercs cpeaneit (d.,,) 1 MaKCUMAIbHOMH (dy,y) TONI-
L[MHAMH CJI0s1, & TAKXKE AUCIICPCUCH TOJIIIUHBI CI10s (G).

@OyHKIHUSA NPOIyCKaHus (OT0IEKTPOHOB
CKBO3b CTOXaCTHYeCKHUIl CJI0i

Jl1st cTOXacTU4ECKON HAaHOCTPYKTYPUPOBAaHHON MOJie-
nu 3 (puc. 2, ¢) ciydailHbIi XapakTep HEOJHOPOTHOCTEH
MMOBEPXHOCTHOIO CJIOs 3aaeTcst PyHKIUEH MIOTHOCTH
BEPOSTHOCTH HOPMAJILHOTO pacrnpesenenus ['aycca:
7(dfdcp)2

(20)?

€ s
\2no?

KOTOpasi OTpeesieTcs CpeaHeil TOMIUHON CIIos (dcp),
JHCTIepcHell — pa30opoCcOM BBICOT 110 MMOBEPXHOCTH (G) U
cirydaitHol BenmunHoil (d). lanHyro GyHKIINI0 Heo0Xou-
MO OTrpaHHUYUTH B MPEACIaX TOJIIMHBI ITOBEPXHOCTHOTO
cnost (puc. 3). Jl7st 5Toro BBEIEM yCIOBHE HOPMUPOBKHU:

Pd) =

dmax
| P(z)ydz=1,
0
0,8
. 0,6 f
5
% / 26\ |
§" 0,4 4
~ j
0,2 -
’ dmin =0
dcp dmax 1
0 v N VY. N L
1 2
d, um

Puc. 3. Bua GyHKIUH TITIOTHOCTH BEPOSITHOCTH HOPMAJILHOTO
pacnpenenenus ['aycca, HopMupoBaHHOH B npenenax ot 0 10
dmax
Fig. 3. Normal distribution normalized within the limits from 0

to d,

max

7€ d,,,x OTPAHUYNBACTCSI MAKCUMAIbHOM TOJIIIMHOM CIIOSL;

z— cnyqaﬁﬂaﬂ BCJIMYMHA.

Just monenu 3 (puc. 2, ¢) GyHKIMIO nporryckanus ¢o-
TO3JIEKTPOHOB CKBO3b CTOXACTHYECKHH ITOBEPXHOCTHBIN
CIIOH OIPE/ICITUM BBIPAYKCHHEM:

dmax (zdep)?
2
Tin(dmaw o, dcp): J. 2@ @F x
o V2rmo

“4)

Z
x e~ (E—Xin)kindz.

Jlyis TosTydeHusl aHAIMTHYECKOTO PEIICHHsSI BBIpaXke-
HuA (4) ynoO6HO BBecTH 0e3pa3MepHYIO TOIIIUHY CIIOS
d

T = . [lommyunm aHaINTHYECKOE BBIpAXKEHUE (DYHKIINU
in

MPOMyCKaHHs (POTOIIEKTPOHOB CKBO3b CTOXACTUUECCKHUH

[IOBEPXHOCTHBIH CIIOM:

G,
Tin(Tmax- O Tcp) = @emGz x

2

50 50
x [ Y LONGHD + 1, )21 = 3 LG, D)L, (5)
k=1 k=1
G-t gL o EA g
ol LT 26,
}"in
(71)k+l
=p2- (1, B2 L=——""—.
" e L= o e 1)1

BripaskeHue (5) CONEpKUT PsAbl, CYMMY KOTOPBIX
JIOCTaTOYHO OrpaHUYUTh 50 YjJeHaMM, B TAKOM Cly4ae
PSLIL CXOUTCS ¥ TIOTPEITHOCTh pacueTa COCTaBIIsIeT MeHee
0,01 %

MopennpoBaHue PpeHTTeHOBCKUX (DOTOIIEKTPOH-
HBIX CNIeKTPOB. MosiennpoBaHue peHTTeHOBCKUX (oTo-
3JIEKTPOHHBIX CIIEKTPOB BBIMOJIHEHO I TPEX Mozeei
munienen (puc. 2) mo BeipakenusM (1)—(3). B xagecTse
Marepuasa IMoII0KKH BEIOpaH HHOOMI, TOBEPXHOCTHBII
CIION IS BCEX MOJEIEH COCTOUT U3 IMEHTAOKCHIA HHOOUS
Nb,Os. IlepBoHaUaIBHO AT ONPEACICHHBIX TapaMETPOB
(hyHKIMY HOpMaJIbHOTO pacnpenenenus ["aycca nocrpo-
€H CIeKTP MOJEIH 3 CO CTOXaCTHUECKUM HAaHOCTPYKTYp-
HBIM cJ10eM (puc. 2, ¢), KOTOPBIA IPUHST 3a JeHCTBUTEIb-
HBIH. B pesynbrare npouenypsl GUTHHTA 110 aIrOpUTMY
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Fig. 4. X-ray photoelectron spectrum of line Nb 3d: spectra of models (@); enlarged parts of the spectra for the ranges from 214 up to
290 eV (b); and from 198 up to 213 eV (c)

JleBenrepna—MakkaBapaa JeMCTBUTENBHBIN CIIEKTP OMUCAH
o mozeisim 1 (puc. 2, a) u 2 (puc. 2, b). B xauecrtse npu-
Mepa Ha pHC. 4 MTPe/ICTaBIEeHbI PE3yJIbTaThl MOACIUPOBAHUS
PeHTreHOBCKUX (poToasiekTpoHHBIX (PDD) criekTpoB anHUN
Nb 3d g5 mapaMeTpoB CTOXaCTUUECKOTIO CI0sl dyy . = 9 HM,
6 =2, dy, = 4 M. CrieKTpbl, IOy YeHHBIC 110 MOAessIM | 1
2, HeJOCTATOYHO OITMCHIBAIOT CIIEKTP HEOIHOPOIHOM CTOXa-
CTHYECKOI ToBepXHOCTHU. 111 TOIpoOHOTO MCCIeIOBaHMUS
MIPUMEHUMOCTH Mozeneil | 1 2 BBIIOTHEHA Cepus MOoje-
JIMPOBAHUH AJIsl PA3IMIHBIX TAPAMETPOB CTOXaCTHUECKOTO
1108t (dpax, O dep)-

Pe3y.]'leaT])I H 06cy>1<)1e}me

3amaguM HEOJHOPOIHYIO TIOBEPXHOCTh HOPMAIBHBIM
pacnpenenenueM ['aycca i pa3HbIX JUCIEPCUI TONIIUH
(puc. 5, b), MakcumanbsHOM (pHC. 5, d) U CpeTHEN TOMIIIMHEI
(puc. 5, f) noBepxHOCTHOTO ci1ost. CpaBHEHHE PE3yIETaTOB
TMIOCJIOMHOTO aHaIu3a JAJIsl Pa3IMYHbIX (DYHKIHH CTOXaCTH-
YeCKOM MOBEPXHOCTH MPUBEIEHO Ha puc. 5, a, ¢, e. Jlnd
TOYHOCTH ONHMCAHHUSI PEHTTEHOBCKOTO (POTOAIEKTPOHHO-
TO CHEKTpa BBEJIEM CpeHEe KBaPaTHYHOE OTKIOHEHHE.
3HavyeHue paBHOE | CBHJIIETENIBCTBYET O HOJHOM OIHCA-
HUU JCHCTBUTEIIBHOTO CIIEKTpa BHIOPAHHON MOJEINbIO.
BrImonHnM cpaBHEHHE TOJIIUHBI CII0S, TOTYUYSHHO 110
monensaM 1 1 2 (dygneneit)> €O CPEAHEN TOTIMMHON CIIOS

CTOXAaCTUYECKOH MOACTH (o actuuceroii)- ECIH OTHOLICHUE
TOJIIMH CJIOEB PaBHO 1, TO MOXXKHO TOBOPHUTH O MPABUJIb-
HOM OITMCAaHWH HEOTHOPOJHOM MOBEPXHOCTH BHIOPAHHOM
MOJIEIIBIO.

PesynbraTsl aHanu3a A pa3nuyHON JUCIEPCHU TOJI-
IIMHBI 105 (pHC. 5, @) TTOKA3bIBAIOT, YTO TP YBEIMICHUH
pa3bpoca BBICOT MOJIENb 2 HEYIOBICTBOPUTEIHEHO OMHICHI-
BAET CIIEKTP CTOXaCTUYECKON MOJIEIH, OTKJIOHEHHS TOJIINH
cocrasisieT 10 30 % mpu cpemHeM KBaIpaTHIHOM OTKIIOHE-
HIH 0Kouto 32 %. B TakoM citydae onncanue HOBEPXHOCTH
MOZIENBIO | IPUBOJUT K 3aBBIIICHHOMY 3HAYEHHIO TOJIIH-
Hbl Ha 30 % mpu Tounoct 95 %.

ITocioiiHblii aHAIN3 IOBEPXHOCTY Ul PA3JIMYHON MaK-
CUMaJIbHOM TOJIIMHBI 05 (pUC. 5, ¢) OKazal, 4To MpH
YTOJIIEHUU CJIOS CHEKTP MojeNnu | mpakTHUecKU MoJI-
HOCTBIO MOBTOPSAET AECHCTBUTEINBHBIN, IIPU TOM paccuu-
TaHHasl TOJIIMHA OKa3bIBaeTcs npuMepHo Ha 40 % Bble
(akTrueckoit. OnMcaHne CTOXacTHYECKOW ITOBEPXHOCTH
MOJIETIBIO 2 CHOBA JIa€T HEKOPPEKTHBIEC PE3YIBTAaThl, MOX-
HO HPEIIOI0KNTh, YTO 3TO CBS3aHO C CHIIBHO HEOJIHO-
POIHON MOBEPXHOCTHIO. Mojienb 1 XOpowo OnuchBaeT
IIOBEPXHOCTb IIPU MAaKCUMaJbHOW TOJIIMHE CIOSI 5 HM,
a TIpu OONBIIMX TONIIMHAX JACT CUJIBHO 3aBbIIICHHBIC
Pe3yNbTaTHI.

Ha puc. 5, e npuBeneHbl pe3ybTaThl IOCIOMHOIO aHa-
J3a Juisl pa3auyHoN cpenHen TonmuHbl cios. [Ipu cpen-
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Fig. 5. Comparison of layer profiling results (a, ¢, e) for various stochastic surfaces (b, d, f)

Hel TonmuHe 1,3 HM MoJenb 1 TOYHO ONKMCHEIBAET BHUJ,
JeHCTBUTEIBHOTO CIIEKTPa, HO 3HAYEHUE PACCUUTAHHOM
TOJIMHBI 3aHMKeHo Ha 10 % 1mo cpaBHEHHUIO CO CpeaHer
TONIIIMHON MOJIEIH CTOXacTHUECKOTO cinos. [Tpu mosBieHnn
IBIPOK (TIPH YBEIMYCHUU CPEIHEH TONIIUHBI) HA CHIBHO
HEOIHOPOIHON TIOBEPXHOCTH MOAETH 2 HE MPUTOTHA IS
aHaIM3a MUIICHH, a MOJENb | TaeT 3aBBIIICHHBIC PE3YIIb-
tarel Ha 30 %.

3akaouenue

B paGore npeanoxena Mojielib CTOXaCTHYECKOH Ha-
HOpPa3MEPHOIN MOBEPXHOCTH YJIbTPATOHKOW MIICHKH.
PesynbraTel OCIOHHOTO aHaK3a OBEPXHOCTH Pa3HBIMU
MOJICJISIMU TTOKA3aJTH, YTO OIIMCAHKUE CTOXACTHYCCKOW HAaHO-
pa3MepHOH MOBEPXHOCTH MOJCIISIMH TII0CKOTIAPAJIISITBHBIX
CJIOEB M OCTPOBKOBBIX HAHOCTPYKTYD SIBISICTCS 3aTPyIHU-
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TenbHBIM. HO TeM He MeHee, CITi TIOBEPXHOCTh CTPEMHTCSI
K OJIHOPOJIHOH, T. €. KOrjia pa3dpoc BBICOT HEOOIBIIIOH, TO
MOJIEJTh TUIOCKONAPALISIIbHBIX CII0EB MMOKA3BIBAET XOPOIINE
PEe3yIBTAThI TIOCIOWHOTO aHak3a. Mojienb OCTPOBKOBBIX
HAHOCTPYKTYP HEYJa4HO OMKCBHIBACT PA3IMYHbIE HEOTHO-
POAHOCTH Ha MOBepXHOCTU. Takum oOpazom, st boree
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AHHOTaNMS

IIpeamer uccaenopanms. IIpencraBiensl pe3yabTaThl MCCIEN0BaHUS JIOMUHECIIEHTHBIX CBOMCTB OPraHUYECKUX
CBETOM3ITY4YalONIUX AUOI0B HA OCHOBE HOBBIX JTIOMHHECIIEHTHBIX COSTMHEHUH, COAEPKAIIIX KyMapUHOBBIH ()parMeHT.
MeTtoa. V3roToBnenne CBETOM3TYJAONINX JUOAOB MIPOBEACHO METOJAMH IEHTPU(PYTUPOBAHHUS U TEPMUIECKOTO
HaIbUICHUS B BaKyyM€ B YCIIOBUSX YUCTOI KOMHATBhI. Mi3MepeHne XapakKTepUCTHK CBETOJHOI0B BBIIIOIHEHO METOAAMH
ONTUYECKOH CHEKTPOCKOIUY, a TaKKe AIEKTpUYecKuMU MeTofaMu. OCHOBHBIE Pe3yJbTaThbl. DKCIEPUMEHTAIBHO
M0Ka3aHo, 4TO (pOPMUPOBAHNE AKTHBHOTI'O CJIOSI CBETOANO/A HAa OCHOBE JIIOMHHECIIEHTHBIX COSANHEHHH, COePIKAIINX
KyMapHHOBOE SJIPO, IIPUBOUT K 00PA30BAHUIO TUMEPOB, CIIEKTP JFOMUHECIICHIIMN KOTOPBIX CYIIECTBEHHO OTIIMYAETCS OT
CIEKTpa UCXOJHOTO COCANHEHUS B pacTBope Tosryona. [IpeoOpa3oBanue CTpyKTypbl COSANHEHNUS IPUBEIO K M3MEHEHHIO
BOJIBTAMIIEPHBIX XapAKTEPUCTUK PE3YyJILTUPYIOIIETO YCTPOWCTBA U CIIEKTPOB CBeueHMs. JlaHHble H3MepeHHs BOSHUKIN
W3-32 pa3IUuMi JIEKTPOHHON CTPYKTYpPBl UCCIEAYEMBIX COSAMHEHUM, a TAK)Ke pPa3HUIIbI 3HAUEHUH MOJIBUKHOCTEHN
HOCHTeNeH 3apsiia ¥ BRICOT HOTEHIIHAIBHEIX 0aphepoB, BOSHUKAIONINX HA TeTePOTPAHHMIIE C IPYTUMU PAadOINMH CIOSIMU
cseroguona. Ilpakruyeckas 3Ha4UMOCTb. [loiTydeHHBIE PE3yIbTaThl MOIYT CIY’KUTh OCHOBOW JJISI CUCTEMATHU3aL1H
3HAHUU O 3aBUCHUMOCTH CBOWCTB HOBBIX JIOMHHECLIEHTHBIX COCAMHEHUI, B COCTaB KOTOPBIX BXOAUT KyMapUHOBOE
SAPO, OT X CTPYKTYpbl. CTPYKTYpBI, pa3paboTaHHbIe B paMKaX paboThl, MOTYT CTaTh MPOTOTHIIAMH ST TIPOMBIIILICHHO
BBIIYCKAaEMbIX CBETOM3ITYYAIOIINX YCTPOUCTB, H3TyYatOIUX B TOM YHCIIe OEbIi CBET.
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Abstract

The results of studying the luminescent properties of organic light-emitting diodes based on new luminescent compounds
containing a coumarin fragment are presented. The light-emitting diodes were fabricated by spin-coating and thermal
evaporation in an argon atmosphere in a clean room. Measurements of the LED characteristics were carried out by optical
spectroscopy, as well as by electrical methods. It has been experimentally shown that deposition of an OLED active layer
based on luminescent compounds containing a coumarin core can lead to the formation of dimers, the luminescence
spectra of which differ significantly from the corresponding spectra of the original materials in toluene. A variation in
the structure of the compound leads to a change in both the current-voltage characteristics of the resulting device and the
luminescence spectra. These changes appeared due to the difference in the electronic structure of these materials as well
as due to different values of charge carrier mobilities and the potential barriers at the heterointerface with other OLED
layers. The results obtained may serve as the basis for systematizing knowledge about the dependence of the properties
of new luminescent materials, which include a coumarin core, on their structure. The developed structures can become
prototypes for industrially produced light-emitting devices that specifically emit white light.

Keywords

coumarin dyes, organic light-emitting diodes, electroluminescence, structure-properties relationship, current-voltage
characteristics
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BBenenue

OjiHa U3 aKTyaJbHBIX 3a/1a4 B MOCIIEIHEEe BpeMs —
cosnanue d3(pPEeKTUBHBIX, CTAOMIBHBIX M JIOJITOBETHBIX
NCTOYHUKOB HSHy‘{eHI/Iﬂ JJI 3a1a4 OCBCIICHUA U UHOAU-
Karuu. O}IHI/IM U3 Moaxoa0B K peHIeHI/I}O )IaHHOﬁ 3aga4u

SIBJISIETCS. U3TOTOBJIEHUE OPTAaHUYECKUX CBETOU3IIYyYalo-
IUX JUOJIOB Ha OCHOBE Kak opranuyeckux [1, 2], Tak u
HEOpraHM4ecKux [3—6] TIOMUHECIIEHTHBIX MaTEPHUAJIOB.
Vcnonb3oBaHue MOJOOHBIX YCTPOUCTB MO3BOJISIET TOOUTh-
Csl BBICOKUX 3HAYEHUN SIPKOCTH CBEUECHHUS C [MOBEPXHOCTH
Oonpmoi wromaau. Kpome Toro, AucIuien Ha OCHOBE Op-
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OpraHquCKme cBeTonsnyvawouwme gnoabl C HOBbIMU KpacutTendaMmm Ha OCHOBE KyMapuHa

TaHUYECKUX CBETOMOJIOB 00J1a/Jal0T CYIIECTBEHHBIM ITpe-
HMYILECTBOM Iepe/]] KUAKOKPUCTAIUTMYECKUMH TTaHEISIMH,
ITOCKOJIBKY OHM UMEIOT MaKCHMaJIbHO BO3MOXHBIH yroJ
0030pa, a TaKKe MMPOKUH I[BETOBOW OXBAT.

Tem He MeHee, K HACTOSIIEMY BPEMEHHU HE pelieHa
mpobiema 1mogdoopa HaJAEKHBIX U B TO XKe BpeMs Jele-
BBIX MaTepHajioB, 00ECTICUNBAIOMINX BBICOKHE MOKA3aTEIN
s dexTuBHOCTH cBeueHud. Mcmonb3yemMbie B TPOMBIII-
JIEHHBIX 00pa3lax JIOMHHECIEHTHbIE MaTEPHUAIIbI, KaK
MPaBUIIO, MOCTPOCHBI HA OCHOBE METAJNIOPTaHUYECKUX
KOMILIEKCOB [7, 8], B CBOIf COCTaB BKJIIOUAIOIINX METAIJIBI
MIaTuHOBOM rpynmsl [9—-11]. DTu coequHeHNs OKa3bIBa-
I0TCSI JIOPOTMMH HE TOJIBKO B CHUTy CTOMMOCTH MCXOIHBIX
IIPEKypCOPOB, HO U M3-3a OOJIBLION CTOMMOCTH CHHTE3a.
B Hacrosimei paboTe ucciaeaoBaHbl OpraHMYECKHE CBETO-
W3IyYaronlie AUO/bI, H3TOTOBIEHHBIC HA OCHOBE HOBBIX
JIIOMAHECLEHTHBIX MaTe€PUaJIOB, COAEPKALIMX KyMapHHO-
BBIM ()parMeHT. DT MaTepHallbl ACUIEBB U MOTYT OBITH
HCKIIOYATEIHHO NEPCIIEKTUBHBIMU Oyrarogapsi mporiec-
caM TepMOCTHMYIHPOBAHHOH 3a/1epKaHHOI (pryopeciieH-
uu [12].

Texnuka IKCIIEPUMEHTA

J1s M3roTOBIEHUS CBETOIUOMIOB B COOTBETCTBHUU C
METOJMKOH, TpeicTaBIeHHON B padote [13], ObuTH CHH-
TE3WPOBAHBI /IBA HOBBIX COCAMHCHMUS, COCPKAIINX KY-
MapuHOBOE sApo. K KymMaprHOBOMY sSpy B MOJOKEHHE 3
OBUTH TIPUKPETITICHBI MACCHBHBIC 3aMECTUTEITH Ha OCHOBE:
antpaneHna ((E)-3-(3-(anTpanen-9-mn)akpunownn)-2H-xpo-
MeH-2-0H (coequHeHne A) U KapOOKCUIBHOMN IPYIIIBI (3THII
7-(nuaTHIIaMUHO)-2-0Kkc0-2H-xpomMeH-3-kapOokcuar (co-
enuHeHue B) ¢ mobaBiieHHEM B TIOJIOKCHHUE 7 TUITUIIAMU-
HOBOH rpymnmnsl (puc. 1).

CrexTpbl SKCTUHKIMH TIOJIyYCHBI JUIsi pACTBOPOB HC-
CJICZIOBAHHBIX COCTMHECHUI B TOJIyOJIe ¢ KOHIIEHTpAIHEH
2,5-10-3 mMr/mi ¢ momomsio crekrpodoromerpa Perkin-
ElmerLambda 45, gyBCTBUTEIHHOTO B AMANIa30HE JIIUH
BorH 190-1100 aM. M3MepeHus poBeIeHBI B KBapIIEBBIX
KIOBETax C UIMHOW onmTHyeckoro myTu 10 MM 1 mpo3pad-
HbIX — B Ananazone 200-2000 HM.

W3mepeHus CIEKTPOB JIIOMUHECHEHIIMH MIPU DIIEK-
TPUUYECKOM MJIM ONTHYECKOM BO30YK/IEHHH BBIITOJHEHBI
C MOMOIIbI0 BOJIOKOHHOTO MUHHU-II3C-cexkTpomerpa
OceanOpticsMaya 2000 Pro, ¢ pabounm uarna3oHOM UTHH
BoiH 200—-1100 HM. {71t onTHuecKoro Bo30yKAEHUs MTpH-
Mensuics nazep PicoQuantLDH-C 400, paboTaromuii B

UMITYJIbCHOM PEKUME C JJIUTEIBHOCTBIO UMITyJIbca 75 IIC,
4acTOTOM ciieoBaHus UMIyabcoB 40 MI'1, u u3myvaromuit
Ha JuinHe BONHEL 405 HM. B KadecTBe 00pa3IoB HCIIOIb-
30BaHBI T€ K€ PACTBOPHI, YTO U MPU U3MEPEHHUHU CIIEKTPOB
9KCTUHKIINH.

W3rotoBneHne opraHMYeCcKUX CBETOM3IYUAIONINX JH-
0JI0B NTPOU3BEICHO B yCIOBUAX YHCTON KOMHATHI, 000-
PYAOBAHHOM MEPUYATOUHBIMU OOKCAaMHU C aprOHOBOM at-
Mocdepoii, comeprkarieii He 6onee 100 ppm kuciaopona u
300 ppm Bojibl. B O0Kcax mpoBeICHBI Oepaiiii HAHSCCHUS
TOHKHUX IIJICHOK U3 XKHJKOH (ha3bl METOJIOM LEHTpUyIu-
poBanust (spin-coating). MeTonoM LEHTPUPYTHPOBAHUS
Ha JUOJbl HAHECEHBI CIIOU OPTaHUYECKOTO JIBIPOYHOTO
nnkexrupytorero ciaost PEDOT:PSS u3 BogHOro pactsopa,
JBIPOYHOTO TpaHcmopTHOTo cinost poly-TPD u3 pacrso-
pa B xJyopOeH3o0uIe, a TaK)Ke MUCCIIETOBAaHHBIX JIIOMUHEC-
IIEHTHBIX COEANHEHUH 13 pacTBopa B Toiyose. Hanecenue
JIEKTPOOB, & TAKKE AIEKTPOHHOTO TPAHCIIOPTHOTO CIIOS
TPBi ocymiecTBICHO ¢ TOMOIIBI0 BCTPOCHHON B apro-
HOBBIN MEePUaTOYHBIA OOKC HANBUINTEIHHON YCTaHOBKH
LeyboldUnivex 300, mo3Bosstomieil HAHECTH HECKOIBKUX
pabounx Cl0oeB pa3NTUYHbIX MaTepHUaoB 06e3 HapyIIeHUs
BaKkyyMa. B kauecTBe kKaTo/a Mociie0BaTeIbHO HAaHECCHbI
nBa ciost: LiF tommmnoit 1 aM u Al— 100 HMm. B kauectse
aHO/1a MCIOIb30BaHbl CTEKIISIHHBIE MTO/IOXKKHU C TIPeIBapU-
TEJIbHO HAaHECEHHBIM cJioeM okcuja naaus-oiosa (ITO)
nponssoactea LumTec (TaiiBans).

W3mepenne BOIbTaMIIEpHBIX XapaKTEPHCTHK BBITIOHE-
HO C TIOMOIITHIO YCTAaHOBKH Ha OCHOBE BoibT™MeTpa B7-78/1,
ammepmetpa Keithley 6485, a Takxe nmuHeitHOTO cTabuU-
JTU3UPOBAHHOTO WcTouyHWKa muTanus MotechPPS 2017,
YTPaBISIEMOTO € TIOMOIIBIO MIEPCOHAIBHOTO KOMITBIOTEPA.

PeSy.]'ll)TaT])I H UX 06cy>l<)1e}me

PesynbraTel U3MepeHHS CHEKTPOB IKCTUHKIINU U
(hayopecuienuu coequHeHnd A u B mpexcraBieHsl Ha
puc. 2. Y coenuHeHHs A Kpail MOTIOICHUS HAOIIOMaeTcs
B obnactu 25 000 cm~!, a B o6mactu 28 000-30 000 cm!
BUJHO IIJIATO C XapaKTePHBIM 3HAYCHHEM KOd(PPHUIHEHTA
srcTUHKIMH Ttopsiaka 1,0-104 n-mons1-cm1. C yBenunue-
HHEM BOJHOBOTO YHCJIa 3aMETHO CYIIECTBEHHOE YBEIH-
YeHHe ONTHYECKOTo mormiomeHud. Ilpu 3Tom MakcuMym
(hiryopecleHIMN y COCAUHEHHSI A PacIioioxKeH B 001acTH
17700 cm~! u uMeer mMpUHY HA MOIYBBICOTE MOPSIKA
3000 cM !, oH OKa3bIBAETCS CYIIECTBEHHO CABUHYTHIM 10
OTHOIIECHHUIO K Kparo noronieHus Ha 7300 em—L. Otmernm,

0
Qi*ﬂ
7 0 0

Z NN
Jo,

Puc. 1. CtpykrypHble hopMybl nccinenoBanubix coequnennil: (E)-3-(3-(antpanen-9-un)akpunonn)-2H-xpomen-2-ou (A);
9T 7-(AUITUIAMHUHO)-2-0Kkco-2H-xpomeH-3-kapOokcunar (B)

Fig. 1. Structural formulas of the studied compounds: (E)-3-(3-(anthracen-9-yl)acryloyl)-2H-chromen-2-one (A),
ethyl 7-(diethylamino)-2-oxo-2H-chromen-3-carboxylate (B)
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Fig. 2. Extinction (curve /) and fluorescence (curve 2) spectra for compounds A and B

YTO ATO MOXKET OBITh CBSI3aHO C M3MEHEHHEM KOH(opMa-
LY CJIIOKHOM MOJIEKYJIBI, CONEPIKAILEH KyMapUHOBBIN
U aHTPAICHOBBIA (parMeHThl, IPU MOTIIONCHUN KBaHTA
BO30yxIeHus [ 14].

VY coennHenust B MakcuMyM moriomieHust Habiosa-
ercst B obmactu 24 300 cm !, mpu aToM ero mupuHa Ha
nomyBsicote cocrasisier 2900 cvm1. Tlonoca umeer crox-
HYIO CTPYKTYPY M COCTOUT KaK MUHUMYM U3 JBYX dJIe-
MEHTApHBIX TMoNoc. Bo3HHKHOBEHUE O0Iee BHICOKOIHEP-
TeTHYECKOH MOJIOCH 00YCIOBICHO, MPEAOIOKUTENBHO,
o0pa3oBaHHEM IUMEPOB B NCCIIEIOBAHHOM pacTBope [15].
MakcumyM (IyopecHeHIInHA PacioloKeH 3epKaIbHO U
naxoaurcs B obmactu 22 700 em!, a ero mmpuHa Ha mo-
nysbicote coctasisier 2100 cm 1. TTonoxkenue 6ecHOHOH-
HOU JIMHUK HaxoauTcs B oOactu 23 400 cvm . Bennuuna
K03 PHUIMEHTAa IKCTUHKIIUN B MAKCUMYME MOTJIOICHHS
cocrasyset 6,4-104 1-mons!-cm!. B o6mactu 30 000 vt
KOO QUIMEHT IKCTHHKIUY TaaeT 0 3HaYCHUH Mopsiika
2,7-103 i-monb~!-cM1, a 3aTem, ¢ pOCTOM BOJHOBOTO YHC-
J71a, YBEITMYHUBACTCS.

HccnenoBanue 3IEKTPONIOMUHECIICHIINT TTPOBEIe-
HO Ha 00pasmax CBETOM3IIYYAIOIIHUX ITHOI0B, MMEIOIIHX

1, oTH. ef.

._.
[ele) [\
P I P R R

N

e eemm el

(=]

15000 25000 E, cm!

cnenyromyto crpykrypy: ITO/PEDOT:PSS (50 um)/poly-
TPD (20 um)/uccnenyemoe coenunenue/ TPBi (20 um)/LiF
(1 am)/Al (100 aM). CHEKTpBI DIEKTPOTIOMUHECIICHIIUH
M3rOTOBJIEHHBIX CTPYKTYp MPEACTaBIEHbI HAa PUC. 3, a.

B crniekTpe 31eKTpOSIOMUHECIICHIINN CBETOIMO/Ia Ha
OCHOBE COCJIMHEHUS A, MOJIy4eHHOM NpPH HaNpsIKCHUH
6,5 B, naburonaercs makcumyM B oOactu 17 200 em!,
YTO MPAKTHYCCKH MTOTHOCTHIO0 COOTBETCTBYET ITOJIOKCHUIO
MaKCHMyMa TOJIOCH! (PIyOpeCHeHIINN COSAMHEHUS TIPH OTI-
THYECKOM BO30yKaeHuH. OTMETHM, Y4TO BUIHO HEOOIBIIIOE
YBEJIMYCHNE IHPUHBI MOJIOCH Ha TOTYBBICOTE, KOTOpas
cocrasuia 3200 cm!. B o6nactu 22 000-28 000 cm ! Ha-
6momaercsa cnaboe CBEUCHHE, CBA3AHHOE C JIIOMUHECIICH-
el Tpancrnoptaoro ciost TPBI, moBropsomiero crekrp
(iryopecueHImu 3Toro ciost [16].

B criekrpe 251eKTpoIFOMUHECIIEHIIMH YCTPOMCTBA, U3r0-
TOBJIGHHOTO Ha OCHOBE COEIMHEHMs B, npu npunoxeHnn
HanpsDkeHus 5 B HaOMromaroTes iBa SIPKO BBIPAKCHHBIX
MakcumyMma B 00mactsax 21 600 u 18 300 cmL. ITepssiii
MaKCHMYM COOTBETCTBYET MaKCUMYMY (PIIyOpeCIICHITII
TP ONITHYECKOM BO30YKIEHUH, HaOMOMaBIIeMycsi B 00-
aactu 22 700 cMl, U CABUHYT B HU3KOIHEPTETUYECKYHO

1, MA/cM?

U,B

Puc. 3. CriekTpbl 3JIeKTPOTIOMUHECLICHINH (@) U BOJIBTAMIICPHBIE XapaKTEPUCTHKHU (b) CBETOJMOIHBIX CTPYKTYP, H3TOTOBJICHHBIX Ha
ocHoBe coenunenuii (A) u (B)

Fig. 3. Electroluminescence spectra (a) and current—voltage characteristics (b) of LED structures based on compounds (A) and (B)
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obnactb Ha 1100 cm!. Bropoii MakcuMyM He HaOIIOIaCst
B criekTpe (uryopecieHIMn pacTBOPOB U CBs3aH ¢ 00pa3o-
BaHMEM JuMepoB [17] npu U3roTOBICHUH U3TYyYarOIIEro
CJIOSl CBETOINO/IA.

BonprammnepHbie XapaKTePUCTUKU UCCIEIOBAHHBIX
CBETOIUOTHBIX CTPYKTYp TPEACTABICHBI Ha puC. 3, b, 1
WMEIOT XapaKTEPHBIN ISl OPTaHUIECKUX CBETOIMOIOB He-
JIMHENHBIN BUA. BUIHO, 4TO HanpsKeHNe BKIIIOUEHUS CBe-
TO/INO/A, N3TOTOBJIIEHHOTO HA OCHOBE COCTMHEHHS A, paBHO
npumMepHo 3 B, a qnisa coequnenus B — 4 B. [Tony4yennas
pa3HUIlA MPEANOIOKUTEIFHO CBA3aHa C Pa3IMYUeM BEJIH-
YUH MOJBUKHOCTEW HOCUTEJIEH 3apsiia B UCCIIEAYEMBbIX
coenuueHusx [18]. Takke pazHuIa MOKET OMPEIEIATHCS
Pa3IMYHBIMU BBICOTaMU MMOTCHIIMAIBHBIX Oapbepos [19],
BO3HUKAIOLIMX HA TPAHHUIAX C IPYTUMH CIIOSMH CBETO-
JIUOJIOB.
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3akJ/iouenne

B pabote u3roToBICHBI HCTOYHUKU CBETA HOBOTO TO-
KOJIEHHSI — OPTraHUYEeCKHUE CBETOM3IIYUArOIHe JTHOJIbI Ha
OCHOBE HOBBIX JJIOMHHECIIEHTHBIX COCAMHEHUN, Co/iep-
KAIUX KYMapuHOBOE SAPO. DKCIEPUMEHTAIBHO MMOKa-
3aHO, YTO B PsiJie CIIy4aeB B aKTHBHOM CJIO€ CBETOHOJIA
MOTyT (hOPMHUPOBATHCS TUMEPBI, KOTOPBIE CYIIECTBEHHBIM
00pa3oM M3MEHSIOT CIIEKTP JIEKTPOITIOMUHECIECHIINHU 110
CPaBHCHUIO C JIIOMHUHECIICHIIUCH TIPH ONITHYECKOM BO30YK-
JIEHUH. DTO MOKET OKA3aThCsl IPEUMYIIECTBOM, OCOOEHHO
B Cllydyae, KOrja HeoOXOAMMO CO3/aTh HCTOYHHUKH OEI0ro
ceeueHus. [lomydeHHble pe3ynbTaThl ABISIOTCS OCHOBOU
JUTSl YCTaHOBJICHHS CBSI3U MEXK/IY CTPYKTYPOU U JIFOMUHEC-
HEHTHBIMH CBOMCTBAMH HOBBIX KYMapHHOBBIX COCIMHEHHI.
CylieCTBEHHOE OTIIMYUE CIIEKTPOB AJIEKTPOIIOMHUHECIICH-
[[U CBUJICTENILCTBYET O BAXKHOCTU M3TOTOBJICHUS CBETO/IU-
OJIHBIX CTPYKTYP, MMOCKOJIBKY TPOIECChI TFIOMUHECIICHIIUH
B HUX MOTYT CYIIECTBEHHBIM 00pa30M OTIIMYATHCS OT TEX,
YTO HAOIIOMAIOTCS TP ONITHIECKOM BO30YKICHHH.
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Abstract

Friction Stir Processing (FSP) is a technology in which the microstructure of a material, as well as the mechanical
properties of this material, is enhanced by the action of friction with a special tool. There are many applications for FSP
materials which are in high demand in various industries, including aerospace, shipbuilding, instrumentation, and many
others. The paper presents a study of a hybrid composite made from silicon carbide powder and rice husk (RHP) as
reinforcement, included in the A16082 aluminum alloy. The study of the characteristics of the fabricated composite was
performed using an optical microscope, field emission scanning electron microscope (FESEM), X-ray diffraction (XRD)
method. Tensile strength (UTS) and hardness were determined. It was revealed by microscopy that a modification of the
microstructure occurs on the surface of the composite. X-ray diffraction analysis showed the presence in the spectrum
of elements similar to the Al/SiC/RHP hybrid composition. It is shown that UTS tensile strength and Brinell hardness
is being increased by factors of 1.36 and 1.75, respectively, compared to base aluminum material.
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AHHOTAIUS

Oo6pabotka Tpernem ¢ nepemennBanueM (Friction Stir Processing, FSP) — TexHosorusi, B KOTOpOil MUKPOCTPYKTypa
MarepHaia U ero MeXaHMIeCKUe CBOMCTBA YCHITMBAIOTCS 33 CUET BO3ACHCTBHS TPEHHUS CIICHUATbHBIM HHCTPYMEHTOM.
Cy1ecTByeT MHOXKECTBO IPHMEHEHHI MaTepUaioB, MOIy9IaeMbIX MeTooM FSP, KOTOpbIe HCIIOb3yIOTCS B PA3IIMYHbBIX
OTPACISIX MPOMBIIUICHHOCTH, B TOM YKCIIE a3POKOCMHUUYECKOM, CyI0CTPOCHHUH, IPHOOPOCTPOCHHN U MHOTHX JPYTHX.
B pabote npencraBieHo HccIen0BaHHE THOPUAHOTO KOMITO3HTA, N3TOTABIMBAEMOT0 U3 MTOPOIIKOB KapOHa KPEeMHHS
(SiC) u Rice Husk Powder (RHP) B kauecTBe apMUPYIOLIETO AJIEMEHTA, BKJIFOYAEMOTO B aTFOMUHUEBBIN crutaB Al6082.
HccnenoBanue XapakTepUCTHK M3TOTOBICHHOTO KOMIIO3UTA BBINOJIHEHO C IPHMEHEHHEM ONTHYECKOr0 MHUKPOCKOIIA,
ABTOOMHCCHOHHOTO CKaHUPYIOIIEro IEKTPOHHOT0 MHKPOCKOIA PEHTICHOBCKUM AU(PPAKIIMOHHBIM METOIOM.
Omnpe/enensl NPOYHOCTh HAa PACTSDKEHHE W TBEPAOCTh. METOIOM MUKPOCKOIUH BBISIBICHO, YTO HA MOBEPXHOCTH
KOMITO3UTA TIPOMCXOIUT MOAN(DHUKAIINS MUKPOCTPYKTYPbI. PEHTT€HOCTPYKTYPHBII aHAIIN3 [OKa3aJl HAJMYUe B CIEKTPE
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Fabrication and characterization of hybrid composite of AI6082/SiC/rice husk powder using friction stir processing

9JIEMEHTOB, aHAJIOTHYHBIX THOpuHON Kommo3uiun Al/SiC/RHP. [lokazano yBennueHne NpoYHOCTH HA PaCTsHKEHHE U
TBepaocTH 1o bpunuento B 1,36 u 1,75 paza COOTBETCTBEHHO 10 CPABHEHUIO C OCHOBHBIM aJTIOMUHUEBBIM MATEPUAJIOM.

KiioueBnle c10Ba

00paboTKa TPEeHHEM ¢ epeMeLInBaHUEM, THOPU/IHBII KOMIIO3HT, KapOU/I KPeMHUS, OPOLIOK PHCOBOMH LICITYXH, HPEIes

MIPOYHOCTH HA PACTSDKEHHUE, TBEPIOCTD

Ccplaka past nurupoBanusi: Kymap H., I'ynra I1., Cunrx P.K. M3rotoBnenue n xapakTepucTuka TuOpUIHOTO
xommo3uta Al6082/SiC/moponok prcoBoi METyXH, MOTy4aeMOoro MeTo1oM (GPUKIMOHHOTO NepeMernuBanms // Hayuno-
TEXHUYECKHUI BECTHUK HH()OPMAIIMOHHBIX TEXHOJOTHH, MexaHUKH 1 onTHKA. 2022. T. 22, No 6. C. 1119-1126 (na aHr.

s13.). doi: 10.17586/2226-1494-2022-22-6-1119-1126

Introduction

In the current scenario of the industry, every industrialist
wants to use good material getting some superior quality
mechanical properties on that material. There are various
processes from which composite material is fabricated. For
example, that processes are used in powder metallurgy,
casting, diffusion bonding and much more. After
fabrication, there is lot of waste as well as defects have also
been produced, but out of these, Friction Stir Processing
(FSP) has lower drawbacks while fabrication as compared
to other processes. For this reason, FSP has been used
to improve or modify their microstructure by solid-state
plastic deformation which will help utilize them in different
structural domains as well as in metallurgical industries.
FSP came in 1991 after a few years of friction stir welding
[1] which formed the basis of the manufacturing process.
In FSP, pin of tool is inserted on the groove by applying
axial force at a particular rpm. Plastic deformation has
taken place when sufficient heat is generated and there is
micro structural modification occurred by using different
reinforcements on it. The schematic diagram of the FSP is
shown in Fig. 1.

FSP can be done on various materials like magnesium,
aluminum, copper, zinc, etc. At the same time, aluminum
has a low weight, as well as good strength, that is why
it is preferable for various applications due to having
these properties [2]. For this research aluminum 6082 was
chosen. To enhance the microstructure of the material by
using FSP, some additive (called reinforcement) is added.
Silicon Carbide (SiC) and Rice Husk Powder (RHP) are
used as reinforcement.

SiC is ceramic nature type material which is a quite
common material used in industry. There are various useful

Nugget Zone

Fig. 1. Schematic diagram of friction stir processing

properties of SiC material. For example, it has high thermal
shock resistance. It has also high strength as well as high
hardness and high wear resistance properties. For this
reason, SiC was chosen as reinforcement for our research.
Hybrid composites use many types of reinforcement in
a single matrix intending to achieve a synergistic impact
between the qualities of the reinforcements and the overall
properties of the composite [3]. RHP is an agricultural
waste material that is produced from rice mills. It is also
burned after the crop grows and mixed in the air due to
having tiny particles and forms various unwanted gases.
These gases produce unwanted containment which is very
dangerous for the lungs. This waste has created many
health-related issues while mixing these particles in the
air. But due to showing its mechanical properties, it can be
the best while using a hybrid composite. It has enormous
potential to increase strength as well as hardness [4].
It has also a wear resistance nature. So, by using these
reinforcements, it will not only reduce the waste but also
make an eco-friendly environment.

Literature Review

Fuse et al., [5], examined the effect of process
parameters, i.e., number of passes, bobbin tool and
rotational speed on Al 6064 when using FSP. The result
revealed that with the use of bobbin tool at the third passes
of FSP maximum hardness is achieved, i.e., 95.11 HV
which is 28 times more than in the base material.

Maji et al., [6], examined the tool traverse speed, no. of
passes, rotational speed, and plunge depth on Al 7075-T6
when using FSP. Results revealed that grain size is reduced
to 5.69 from 32.34 um at a lower traverse speed in the 2nd
pass of processing.

Saravanakumar et al., [7], analyzed the effect of process
parameters, i.e., rotational speed, transverse speed and
axial force on Cu when using FSP. They revealed that
18 % volume reinforced rice husk ash has maximum wear
resistance of 5.3-10~5 mm3/Nm due to having an increase
in hardness.

Parbhu et al., [8], reported the effect of the process
parameters, i.c., tool material, tool rotation direction,
tool rotation speed and feed rate on Al 6082 when using
FSP. Results show that a composite abrasion resistance
is increased twice compared to the base material while
incorporating CaCos.

Patil et al., [9], investigated the effect of the process
parameters, i.e., downward axial force, rotational speed,
tool traverse speed, and tilt angle on Al 7075 when using
FSP. Authors concluded that higher micro hardness of
604 HV was achieved in linear lined holes pattern which
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means it has superior hardness than the zigzag lined holes
pattern and grooves pattern.

Liu et al., [10], examined the effect of process
parameters, i.c., tool rotation speed, traverse speed, and
tilt angle on Al 7075 when using FSP. Results revealed
that with the addition of scandium its strength drops in
comparison to the T6 original sample whereas the damping
force increases with the addition of the scandium.

Luo et al., [11], investigated the effect of the process
parameters, i.¢., tool rotating direction, transverse direction,
and multi-pass on AZ61 when using FSP. Results concluded
that, when using a multipass FSP, grain size is refined to
7.8 um due to having dynamic recrystallization.

Nadammal et al., [12], reported the effect of process
parameters, i.e., tool plunge depth, tool rotation rate,
and traverse speed on Al 5086 when using FSP. Results
revealed that because of the comparatively reduced heat
input received and the resistance supplied by some of the
shear texture components, the creation of such a weak
texture can occur towards the bottom of the nugget zone.

By analysing these research papers, we can say that
FSP finds application in various domains. These authors
are generally used aluminum as a base material due to
having a lower weight with good strength. So, in this
research, we also use aluminum as a base material. But as
a hybrid reinforcement, SiC (2 wt.%) and RHP (2, 4 and
6 wt.%) were used. This mixed hybrid composite will not
only reduce the cost of material by the utilization of waste
material RHP but also reduce environmental pollution.
After fabrication, their different characterisation, like
optical microscopic, X-ray Diffraction (XRD), tensile and
hardness, were also examined. So, it will be beneficial for
industrialists as well as for researchers to utilize the process
in the best way.

Materials and Methods

For this fabrication, rectangular plate of Al 6082 with
dimensions (80 x 95 x 10 mm) is taken as a base material
which has the following chemical composition: Aluminum
(Al) — 95.2 wt.%; Silicon (Si) — 1.3 wt.%; Magnesium
(Mg) — 1.2 wt.%; Manganese (Mn) — 1.0 wt.%; Iron
(Fe) — 0.5 wt.%; Chromium (Cr) — 0.25 wt.%; Zinc
(Zn) — 0.2 wt.%; Titanium (Ti) — 0.1 wt.%; Copper
(Cu) — 0.1 wt.%.

For this reinforcement, SiC is taken which has
extremely high thermal shock resistance. Used SiC
reinforcement is shown in Fig. 2.

For the hybrid composite, another reinforcement is
used, i.e., RHP. The Scanning Electron Microscope (SEM)
image of RHP is illustrated in Fig. 3. The average size of
RHP is 58 pm. From SEM image, the structure of the RHP
is observed.

The chemical composition with their wt.% of RHP is
identified with the help of the Energy dispersive X-ray
(EDX) spectrometer. Its spectrum is illustrated in the
Fig. 4. From EDX spectrum, maximum amount of elements
observed in RHP are C and Ni followed by Cu, Mg, Ca
and Zn.

Groove is prepared on the plate with the shaper
machine, which is shown in Fig. 5. Dimension of the

Fig. 2. SiC reinforcement. The average size of the SiC particles
is 150 pm

EHT = 10.00 kV Signal A= SE2

WD = 16.0 mm

Gun Vacuum = 1.12e-09 mbar W

Mag= 1.00KX

Fig. 3. SEM image of RHP. The average size of RHP is 58 pm

groove is (6 X 6 mm). Reinforcements (SiC and RHP) are
inserted into the groove of the plate.

For FSP, threaded tool is taken. It is made up of high
carbon and high chromium steel which was analyzed in the
study of various literature reviews; there the information
was found that tools made of these materials are suitable
for the fabrication of aluminum alloys [13]. The diameter

Fig. 4. EDX spectrum of the RHP
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Fig. 5. Grooving on the sample

of the shoulder is 16 mm whereas the length of the pin is
8 mm and the diameter of the pin is 6 mm (it is shown in
Fig. 6).

Process parameters have a vital role in the FSP. There
are various process parameters like rotation speed, rotation
direction, traverse speed, tilt angle, pin profile, shoulder

6 mm

8 mm

16 mm

Fig. 6. Threaded tool pin profile

diameter, and much more. Out of these, some process
parameters have been adopted, for example, the rotation
speed is taken equal to 1500 rpm, the traverse speed is
taken equal to 50 mm/min and the tilt angle is taken equal
to 3° to show the effect on the material.

Experimentation

FSP was implemented on the vertical milling machine.
The set-up of the FSP for fabrication of hybrid composite
AA6082/SiC/RHP is illustrated in Fig. 7. Using a threaded
tool, the fabrication was completed. The tool has been
inserted into the collet. The tool shoulder contacts the
workpiece when an axial downward force is applied,
while the pin is put into the sample groove on which
reinforcements are inserted on it. While the shoulder
comes into contact, workpiece with revolving at 1500 rpm
speed creates friction, and then plastic deformation takes

Fig. 7. FSP set-up machine
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Fig. 8. Fabricated hybrid composite AA6082/SiC/RHP

place on FSP Zone. The traverse speed, on the other hand,
aids in the movement of the workpiece in the processing
direction as well as the deposition of material from back
to forth. This process is continuously taking place after the
processing tool is removed by the removal of axial force,
and the power supply is off.

A fabricated sample of hybrid composite AA6082/SiC/
RHP is shown in Fig. 8.

Results and Discussions

Microstructural Analysis
An optical microscope is used to show the
macrostructural change in the material. All the fabricated

1C—2% 7)

SiC

150 m

-

RHP —4 % §

hybrid composite of AA6082/SiC/RHP is examined under
the microscope on the composite sample with the size
10 x 10 mm (Fig. 9). Before examining, the sample is
rubbed on the emery paper of the grit no. 400, 600, 800,
1200 and 1500. Then the rubbed sample is polished with
the chemical powder Al,O5. This chemical powder is
used to better surface finish as well as to clear structure.
The polished sample is also etched with HNO; solution
to enhance the contrast on the surface so that the
microstructure can be seen easily.

Fig. 9, a shows the microscopic view of base material
without fabrication in which no defect on the material
found. This is confirmed by the examining different
sides under an optical microscope and it was found that
there is not any porosity as well as available cracks on
unprocessed workplace. Fig. 9, b shows the fabricated
composite microscopic image in which 2 wt.% of SiC as
well as 2 wt.% of powder of rice husk reinforcement is
mixed. Fig. 9, ¢ shows the microscopic image of fabricated
composite on which 2 % SiC and 4 % powder of rice husk
is mixed as a wt. percentage of the base material. Similarly,
Fig. 9, d shows the fabricated composite microscopic
image on which reinforcement 2 % SiC and 6 % RHP are
incorporated with wt. percentage of the base material. It
can be seen from these analyzed microscopic images that a
superior microstructure is achieved in the sample on which
2 % SiC and 4 % powder of rice husk are mixed. There
takes place a proper mixture between the reinforcement
and the base material. Due to plastic deformation, good
dynamic recrystallization takes place with threaded tools
creating a better microstructure than in the base material.
Due to medium rpm, i.e., 1500 rpm, there is sufficient
heat generated which helps microns reinforcements to
mix properly. Similarly, tilt angle of 3° also helps to get
sufficient friction produced between shoulder of tool and
surface of workpiece. As a result, process parameters are
also affected the microstructure of the composite.

SiC—2%
RHP — 6 %

150 pm

Fig. 9. Microstructure of: base material AA6082 (a); AA6082/SiC/2 % RHP (b); AA6082/SiC/4 % RHP (c); AA6082/SiC/6 % RHP (d)
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SiC —2 %
RHP —4 %

EHT = 20.00 kV Signal A = SE2
WD = 10.3mm Mag= 500X

Systemn Vacuum = 261606 mbar [—
Gun Vacuum = 1.10e-09 mbar

Fig. 10. FESEM of fabricated AA6082/SiC/RHP hybrid
composite

To get further analysis, Field Emission Scanning
Electron Microscope (FESEM) is also used for that
fabricated composite to get more information on the
microstructure (Fig. 10).

From FESEM analysis, it was observed that the correct
distribution of the reinforcement, i.e., SiC, as well as the
RHP on the fabricated composite, was received. These
microns reinforcements are identified by the showing
brighter particles of reinforcements distributed over the
aluminium metal matrix. Sufficient plastic deformation
occurred at a proper tilt angle which helps the better
distribution of particles due to sufficient heat generated
between the tool shoulder and workpiece. As a result, a
fabricated hybrid composite with modified microstructure
is obtained. To get elemental analysis information an EDX
spectrum is also used which is illustrated in Fig. 11.

EDX spectrum of the fabricated AA6082/SiC/RHP
hybrid composite gives the detailed information about
elements used with their wt. percentage on that composite.
Maximum amount of C, Si, and Mg is found followed by
the Fe, Zn, and Ni on the aluminum matrix. So, the EDX
spectrum can confirm that there is a presence of elements
on the aluminum matrix which are also observed on the
EDX spectrum of RHP. These elements are very useful
for strengthening the material as well as to increase the
hardness of a material. Also EDX spectrum confirms that

Fig. 11. EDX spectrum of fabricated AA6082/SiC/RHP hybrid
composite

there is proper utilization of reinforcement elements on the
metal matrix.

XRD analysis

XRD is used to detect the phase of crystalline structure
and also detect the various compound formations from the
presence of elements. XRD characterization is done from
the IIT Roorkee Lab, India. XRD is done by using Bruker
D-8 advanced diffractometer with CuK radiation. The
samples were scanned at 2 keps with a scanning speed of
12 °/min while rotating the MiniFlex (300/600) goniometer
in the 20 range of 5-90°.

The XRD result in Fig. 12 shows that the compound
formation has taken place from the same element as the
elemental composition of base material AA6082. There
also got information that no harmful effects present for
machining compound formation.

Fig. 13 shows the XRD result of the fabricated
hybrid composite of AA6082/SiC/RHP. The result of the
XRD revealed that different compounds and elements
are observed on the different peaks. A compound like
SiO, is hard in nature as well as it has also beneficial to
improve the hardness of the composite. Similarly, there
is also observed MgO which is physically and chemically
stable at high temperatures. The compound, as well as
elements which are observed on the peak of the fabricated
hybrid composite AA6082/SiC/RHP, were very useful in
enhancing the mechanical properties.

2.0-10°1 Al(FeMn)Si Meas. data:Base-7—
» 1.5:10°1
5
2
g 1 105 | AlgMH;Si
g
5101 Mn,Si AlMn
0.0 ; ; : . L
20 40 60 80
20, deg
Fig. 12. XRD of base material AA6082
2.5-10° ALOs  Meas. data:Rise HUK-9—
2.0-10° 1
&
? 1.5-10° 1
a C
o
E 110 .
Si0, Mgo
5-10*1
J Fe
0.0 T ¥ T :
20 40 60 80
20, deg

Fig. 13. XRD of AA6082/SiC/RHP
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Ultimate Tensile Strength

After fabrication, ultimate tensile strength is also
measured with the help of a tensometer at NIET Greater
Noida, India material science lab. From the tensometer it
was found that the fabricated composite has the following
ultimate tensile strength which is shown in Fig. 14.

The ultimate tensile strength of the fabricated composite
shows different data as the varying reinforcement wt. %.
The maximum ultimate tensile strength is achieved in the
sample on which reinforced 2 % SiC whereas the 4 %
powder of rice husk. The used reinforcement increases the
material strength up to a point of 4 wt. % of RHP, but beyond
that, it decreases its value when utilising 6 wt. % of RHP.

Due to the agglomeration of reinforcement, the tensile
strength has decreased at 6 wt. % but, while increasing
reinforcement up to 4 %, the proper mixing happens and
sufficient plastic deformation has occurred as a resulting
tensile strength is increased. The tensile strength is found
to be higher than the base material, also due to the used
suitable process parameter. This contributes to the flow
of the material, and mixing with reinforcement particles
at 1500 rpm is very appropriate. Dinaharan et al., [14],
showed a similar result, the tensile strength is increased,
while mixing the rice husk as reinforcement in the Al 6061
alloy, because the composite has more grain refinement
than the aluminium matrix, so the tensile strength is
increased according to the Hall-Petch equation.

Hardness

Hardness is also measured on the Brinell Hardness
testing machine at the material science lab NIET Greater
Noida, India. Hardness is measured at five points on the
fabricated composite and we take an average of them to
achieve good accuracy. The hardness of that fabricated
composite is shown in Fig. 15.

Ultimate tensile strength

206.98
183.51 196.54

150 I
— 5 = S

Base

4 6
wt. % — RHP

Ultimate tensile strength, MPa

= wt. % — RHP = Ultimate tensile strength

1
0q

jg. 14. Ultimate tensile strength of fabricated hybrid composite
AA6082/SiC/RHP

References

1. Thomas W.M., Nicholas E.D., Needham J.C., Murch M.G., Temple-
Smith P., Dawes C.J. Friction stir butt welding. International Patent
Application PCT/GB92/02203, 1991.

2. Dhayalan R., Kalaiselvan K., Sathiskumar R. Characterization of
AA6063/SiC-Gr surface composites produced by FSP technique.
Procedia Engineering, 2014, vol. 97, pp. 625-631. https://doi.
org/10.1016/j.proeng.2014.12.291

3. Shahzad A. Investigation into fatigue strength of natural/synthetic
fiber-based composite materials. Mechanical and Physical Testing of
Biocomposites, Fibre-Reinforced Composites and Hybrid Composites,
2019, pp. 215-239. https://doi.org/10.1016/B978-0-08-102292-
4.00012-6

Hardness
o 79.84
= 65.46
_"3’ 49
<
S| - o i S
& |
5
E‘ | —— [——=-] |
T Base 2 4 6
wt. % — RHP
= wt. % — RHP = Hardness value, HB

Fig. 15. Hardness of fabricated hybrid composite AA6082/SiC/
RHP

The hardness of the fabricated composite shows
increasing order up to a certain limit; after that it is
decreased which is shown in Fig. 15. The maximum
hardness achieved is 85.98 HB on which reinforcement
of 2 % SiC as well as 4 % RHP is mixed as a wt. % on
Al 6082 alloy. The hardness is drastically increased due to
the threaded tool creating proper mixing with of powder of
rice husk and SiC, both have good bond formation while
mixing with aluminum. Fatchurrohman et al., [15], also
showed similar result due to the inclusion of tiny eutectics
particles by the mixing of RHP in the main aluminium
matrix which also has resulted in increased hardness.

Conclusions

A hybrid composite of AA6082/SiC/RHP is successfully
fabricated with help of FSP. Fabricated composite has
also been tested by different characterization to show
their bonding as well as their mechanical properties. The
optical microscope and FESEM show that a modified
microstructure is obtained compared to the base material,
whereas the EDX spectrum shows the presence of elements
that are similar to those found in EDX spectrum of RHP
on the aluminium matrix. Similarly, from the XRD result it
was found that the observed compounds as well as elements
on the peak are helpful in nature and also improve the
nature of composites. There is also ultimate tensile strength
as well as the hardness are increased 1.36 times and
1.75 times, respectively, compared to the base material. So
the fabricated hybrid composite has superior microstructure
as well as improved mechanical strength and is also useful
for various applications.
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Abstract

Over the past few years, the devices in Wireless Sensor Networks (WSN) are growing exponentially due to the emergence
of many sophisticated applications. This tremendous growth leads to serious security challenges, and the devices of
WSN should be protected from various attacks. WSN can be configured dynamically without fixed infrastructure and the
devices can be talked with one another in an ad-hoc manner. Due to the dynamic nature of WSN, routing is considered
as the challenging task that should be performed efficiently with robust routing mechanism. Even though many routing
schemes have been emerged for WSN, they are not well scalable in very large-scale environment. This work introduces
multi path routing strategy, and the routing will be selected based on trusted nodes. First, the trusted nodes are identified
using trusted metrics of each node in the network. These metrics are calculated based on the threshold value of nodes.
Then, secure routing is established by isolating node capturing attacks from the path. The performance of the work is
analyzed in terms of packet loss, computational time and throughput. The paper compares the performance with the state-
of-the-art routing schemes such as EMBTR (Enhanced Multi Attribute Based Attack Resistance), TSRM (Trust based
secure routing model), and TARF (Trust-aware routing framework for WSNs). The outcome of the simulation shows
that the proposed scheme outperforms the other state-of-the-work in terms of computational cost, throughput, and delay.
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AHHOTaNMSA

3a Mocle/IHIE HECKOJIBKO JIET KOJIMYECTBO YCTPOUCTB, MCIIOIB3YEMbIX B OECIIPOBOAHBIX CEHCOPHBIX ceTsx (Wireless
Sensor Networks, WSN), pacteT B reoMeTpHueCKOil Mporpeccuu. JJaHHBI pOCT CBS3aH C MOSBICHHEM MHOXECTBA
CIIOXHBIX TPUIIOKEHUH, UTO MMPUBOANT K CEPbEe3HBIM Mpobiemam Oe3omacHOCTH. YeTporicTBa B WSN TOIKHBI
OBITH 3AIIUIIEHBI OT BO3AEHCTBHS pa3IHUHBIX arak. CeTH MOXKHO HACTPOHUTH JUHAMHUYECKH 0e3 (UKCHPOBAHHOI
HHQPACTPYKTYPHI, a UX yCTPOHCTBA MOT'YT OOMEHHUBATHCS JAaHHBEIMH JAPYT ¢ JpyroM B pexume ad-hoc. 13-
3a AuHaAMHUYecKod npupoasl WSN-MapupyTH3anust CYuTaeTCs CIOKHON 3a/1auei, kotopast oynkHa 3G dekTuBHO
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A multi-path secure routing for the detection of node capturing attack in wireless sensor network

BBINOJTHATHCS C TIOMOIIIBIO HAZIGKHOTO MexaHn3Ma. HecMoTpst Ha To, 4TO JUIsl TAKHX CeTeil pa3paboTaHo MHOXKECTBO CXEM
MapIIpyTH3alMH1, OHU IUIOXO0 MaciuTabupyorcs. B paboTe npe/crapieHa cTpareris MHOTOITYTEBOIT MapIIpy TH3aIHH.
MapupyTHu3anus BbIOpaHa Ha OCHOBE JOBEPEHHBIX y3JI0B, KOTOPble MACHTU(GHUIIMPOBAHBI C HCIIOIb30BAHUEM
JIOBEPEHHBIX MOKa3aTeNel KaX0To y3/1a B ceTH. MeTpHUKH paccuuTaHbl Ha OCHOBE IIOPOTOBOTO 3HAYCHHUS Y3JIOB U JlaJiee
yCTaHOBJICHA Oe30IaCHast MapLIPYTH3ALHs C TOMOIIBIO H30JIALMH OT ITYTH Y3J1a, IEPEXBATHIBAIOLIETO aTaku. BBIOIHEH
QHAJIN3 TIPOM3BOAUTEIILHOCTH PabOTHI CETH C TOUKH 3PEHUS MMOTEPU MAKeTOB, BDEMEHH BBIYMCICHHN U TPOITYCKHOM
criocobHoCTH. TIpUBEICHO CpaBHEHUE TPOM3BOAUTEIBHOCTH C COBPEMEHHBIMH CXeMaMU MapLIpyTH3alUH, TAKHMH
Kak pacIIMpeHHas yCTOHYMBOCTB K aTakaM Ha OCHOBe Heckolbkux arpudyTos (Enhanced Multi Attribute Based Attack
Resistance, EMBTR), mozens 6e3onacHoii mapipytusaiuu Ha ocHoBe noBepus (Trust based Secure Routing Model,
TSRM) u undpactpykrypa Mapuipyruzannu ¢ noaaepxkkoit gosepust aiust WSN (Trust-Aware Routing Framework for
WSNs, TARF). Pesynbrar MmonenupoBaHus okasai, YTo NPeUIoKEHHAs CXeMa IPEBOCXOANUT APYTHe BAPUAHTHI C TOUKH
3PEHHMS BBIYUCIIUTEIIBHBIX 3aTPAT, MPOITYCKHOI CIIOCOOHOCTH U 3a/ICPIKKH.

KiroueBsie ciioBa
MapHIpyTH3anus, 0e30MacHOCTh, 3aXBaT y3ma, WSN
Ccepuika pis uurtupoanus: Komanrmanman /., Centun Kymap A. MuoromyTeBas 6e30macHasi MapIipyTH3ans

IUIsl OOHApY)KEHHsI aTaKH C 3aXBaTOM y3ja B OECIpOBOJHON CeHCOpHOW ceTu // HaydHO-TeXHUYeCKUi BECTHHUK
NHOOPMANMOHHEIX TEXHOIOTHH, MexaHnku u ontuku. 2022. T. 22, Ne 6. C. 1127-1135 (ma aurxn. s3.). doi:

10.17586/2226-1494-2022-22-6-1127-1135

Introduction

Wireless Sensor Network (WSN) is a type of wireless
network where group of sensors are deployed in any
environment to sense the surroundings. The sensed data
will be transferred to the recipient through intermediate
nodes or Base Station (BS). Since the sensors are deployed
in any environment, many security violations are possible
including physical attacks. The applications of WSN
are emerged in many real time applications such as
surveillance, health care, agriculture and many areas. Most
of the applications of WSN carry user’s private data that
needs to be protected from the attackers. Therefore, security
is crucial for WSN application to face the challenges in
current and future applications. The main focus of the paper
is secure routing because multiple hops are possible for
the WSN data to reach its destination. If any of the nodes
in the path is compromised, then the security of the entire
network is questionable [1-3]. Many routing attacks are
possible during the routing process. Some of the attacks
are DoS, packet forwarding, selective packet, wormhole,
black hole, node capturing attacks, and much more [4-6].
DoS attack will shut the service of the whole system by
sending frequent number of packets in the intention of
flooding the bandwidth. Selective forwarding attack will
not let the specific sender to reach the destination just
by drop the packets selectively. In general, there are two
classifications of attacks: active attack and passive attack.
During the execution of active attack, the attacker will put
some efforts to harm the confidential data of the user. In
case of passive attack, attacker will not harm the system;
however they will just monitor the communication channel
in order to steal the user’s credentials. This work focuses on
node capturing attack since this attack is the combination
of active attack and passive attack that could harm the
environment more than any other attacks. This attack
is considered as the most catastrophic one because the
node captured by the invader will steal the cryptographic
information of the network and cause malicious function
inside the network. Thus, the confidentiality and integrity
of the system cannot be preserved. The invader can do
variety of malfunction to damage the security of the system
[7]. First, it turns a normal node into a malicious node.

Then it will gradually increase the number of malicious
nodes in the network. The security mechanism for the
system is categorized as low level and high-level security
mechanisms. Low level attacks depend on the lower layers
of networks. Network layer and other low-level layers
should be protected against attack such as jamming attack
and DoS attack. Session hijacking, caching, spoofing replay
attacks are some of the attacks of higher layers. Despite
WSN is challenging to variety of attacks, routing attack
should be prevented to safeguard the private data of the
user. The architecture of WSN consists of entity such as
user, internet, BS, and sensor nodes. The deployment of
sensor nodes has done as cluster-based technique. User
can request the data from the sensor through internet.
Request and response will be transferred to the intended
node through many intermediate nodes or BS. Here each
node can act as both router and data collector. The primary
security requirement to safeguard the sensors in WSN is to
protect the communication channel. Since the deployment
of sensors can be in anywhere environment, many attacks
in the network are possible during the communication of
cluster nodes. This work considers node capturing attack to
protect the WSN environment from this attack. Many works
have been evolved for the prevention of node capturing
from WSN. During the execution of node capturing, the
adversary will modify the sensitive details of the captured
node and redeploy it to the network. This captured node
will act as a regular node and communicate with the other
nodes in the cluster. All the nodes in the cluster will share
the confidential information such as cryptographic key and
other shared keys without the knowledge of malicious node
present in the network. The further section of the paper is
divided to four parts. In the first part, the work discusses the
literature of various related works for the detection of node
capturing attack. Second part introduces the proposed work
and the discussion about the novelty of how it differs from
other works. In the third part, the results of the proposed
work are discussed. Finally, the work is concluded.

Related works

There are various trust related schemes were employed
in the previous works for the security of routing in WSN.
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In [8], authors introduced a new approach called program
integrity verification for the detection of node captured
attack. The proposed technique is embedded in the access
point of the cluster in order to safeguard the content of
program memory. Additionally, the content of the data to
be communicated is encrypted with hash-based encryption
scheme in order to avoid any modification during transit.
Authors claim that the proposed work can efficiently
elude the node capture attack. However, the proposed
method depends on the strong encryption scheme which
makes the key generation process inefficient that leads
to increased time complexity. Authors in [9] proposed
a replica detection technique where they compared the
earlier schemes for replica detection. The performances of
the schemes are compared in terms of time, cost, energy,
and packet delivery rate. The authors conclude that RED
detection method achieves better detection rate among
all the schemes. However, location dependent schemes
are not efficient because it incurs memory overhead to
save the location related information. Lin & Wu, 2016
[10], proposed a novel method for enhancing the efficiency
of node capturing detection. First, authors developed a
model to identify the unique behavior of node capturing
attack. Then, they designed a countermeasure to defense
against this attack. The proposed Matrix based model is
well efficient in terms of detection rate and time. However,
the computational complexity degrades the performance
of the work that leads to increased energy. Authors in
[11] discuss the importance of eluding node capturing in
WSN environment. The authors proposed a multi factor
authentication scheme for the prevention of node capturing
attack. The researchers first investigated the signature of
the attack and the capabilities of adversaries performing
node capturing attack. The work also classified the
different types of node capturing technique executed by the
adversaries and modeled each type to find its nature. Even
though, the suggested framework can be useful for creating
secure path, the work increases the time complexity in
processing multi factor authentication. In [12], authors
proposed trusted routing schemes based on trusted metrics.
The work computed the trusted value for each node in the
network. Then the nodes are selected in the communication
path based on the trusted value stored in a node. This value
is calculated from the behavior of each node during the
communication in the network. The performance of the
work was analyzed in terms of node’s reliability rate,
stability rate, and elapsed time. Authors claimed that
the work outperforms the other related works with their
Quality of Service metrics. However, there is no proper
evident shown in the work about the practical complexity
in selecting the best route among all the possible trusted
routes. Authors in [13] proposed an efficient security
scheme for the isolation of blackhole, wormhole, and gray-
hole attack with a single solution. In this work, trustworthy
path can be established based on the capability-based model
introduced here. However, it is unclear how efficiently the
proposed model is in protecting against all three attacks in
a single solution.

From the literature studies, we came to understanding
that most of the current model focused on eliminating
the attacks without properly investigating about the

computational complexity in the detection process of
their solutions. Each solution in the existing schemes is
proportional to one another. We also learnt that creating
trust relation between the nodes in the cluster make the
routing process more secure. To make the detection process
more efficient, we proposed a secure routing scheme with
reduced energy, computational cost and delay.

The proposed secure routing scheme

The work proposed a trust based secure routing based
on enhanced Ad-hoc On Demand Vector protocol. The
main objective of the work is to elude node capturing with
reduced time and cost. To achieve this, we use only few
parameters for consideration during the computational
work process. The main target of the attacker is network
layer because this layer is responsible for addressing, and
packet delivery. Many attacks are possible to redirect the
packet into attacker’s destination. To combat the node
capturing efficiently and to provide a trusted route, the
work introduces the detection methods such as taken based
authentication, and threshold based trusted metrics.

Token based authentication

A token-based protocol is proposed for authentication
of devices before they send data to other devices. A token
is generated in a form of ticket which needs to be shown
before accessing any device in the network. This token is
created based on the information about the device such as
device id, random key, and the access rights. If a device
wants to communicate with other device in the cluster,
both sender and receiver need to be mutually authenticated
before start its transmission process. This protocol consists
of two phases. In phase 1, token generation process
takes place. In phase 2, application of AES GCM based
encryption is applied. The token will be generated based
on the rights R;, device identifier ID; and Random number
RAND,. The random number used in the protocol is to
protect the network from forgery. After the token is crated,
it is hashed and encrypted with public key.

Fig. 1 shows the architecture of the proposed token-
based scheme. If device A wants to connect with device
B, it will send the token to device B. The token consist
of details such as device identifier ID;, Rights that the
device possess to access a resource ‘7’ are hashed and
encrypted with encryption key £ using AES algorithm.
After receiving the token from device A, device B will
decrypt the token using public key which is made available
publicly in the cluster. Then it will check the hash function
for any modification. If the token is valid, then device A
will be allowed to access device B. Similarly, device B will
initiate the same process for verification. In this way both
devices are mutually authenticated. For the encryption of
token, AES GCM based algorithm is used in the work. This
algorithm supports both authentication and confidentiality.

The input of the algorithm is Starting Variable for
generating pseudo random number, public key to be used
for encryption, plain text and authentication field. The
output of the algorithm is encrypted text. Starting Variable
can be generated by a device during communication process
to perform authenticated encryption. Authentication file is
used to authenticate the address of the sender and receiver.
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Fig. 1. The proposed Architecture

The token-based authentication protocol is designed
based on the delegation model which consists of three
devices such as Sensor device, Coordinator, and Gateway
device. Coordinator node acts as a key distribution device,
it establishes a secret key, then shares it with the other two
devices such as Sensor node and the gateway node. There
is an assumption that the Sensor and the Coordinator have a
pre-established trust relationship and they share symmetric
key K but the devices don’t have direct communication.
However, there is direct communication possible for the
gateway device with both the Sensor and the Coordinator.
The result of this protocol is a symmetric key to be shared
between gateway and sensor.

The Sensor, the Gateway, and the coordinator are
denoted by S, G and C respectively in the following
discussion.

The steps involved in the protocol specifications is
given below:

1. G—S: {Nonce;, ID;}

The protocol session is initiated by the gateway
node by sending a message | to Sensor node S. The
trust relationship is established by sharing a symmetric
key K. G sends this message to S by generating Noncei
with its identifier ID; and send it to S in cleartext.

2. §— G: {Nonce;, ID;, Nonce;, D, ID¢}

Sensor node S will not have any knowledge about
gateway node G. However, it sends message 2 to
Coordinator C to perform authentication and delegation.

This message consists of information about all the three
entities, S, C, and G, and nonce values from S and G.

3. G — C: {Nonce;, ID;, Nonce;, IDg, ID}

After the message 2 is received, G first verifies the
message 1 with its Noncej and ID;. It ensures duplicate
identification has not occurred, i.e., IDg, ID; and 1D,
IDg and IDg, ID(. After the successful verification,
the gateway node G will forward message 3 to the
coordinator node of S.

4. C— G: {Nonce,, IDg, Noncej, IDg, ID(, Noncey, g*}

When message 3 is received, C has to perform the
following verification:

— Check the identification information received.

— Authenticate G.

— Sensor node S; is fixed.

— G’s request for access on S can be granted.

— Authentication and authorization are based on G’s
identity. Authorization can be done with additional
information required in different situations. In that
case, data can be validated by C and G through
protocol exchange with the help of message 4, 5 and 6.
Later Nonces can be established by S, D-H-key K,

and the data g* to build message 4, which is similar to

message 1 of SIGMA protocol.

The message generated here will comprise all
the nonce Nonce; in order to improve the three way
communication. The gateway node G will prevent the
chance of a DoS attack on C.
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5. G — C: {Nonce;, Nonce,, Nonces, g, S (g*/|g"),
[IDs, PUKG]Ks}

Here messages 4, 5 and 6 are used to authenticate C
and G mutually. Initially G performs authentication by
verifying nonce values and the value g received from
message 3. Then message 5 is sent from the gateway
node G, which is related to the SIGMA protocol in
message 2, then MAC value is computed based on
identity of G, nonce values, identifiers using its public
key certificate PUK.

The key K can be obtained from the equations:

K ;= f(h(Nonce,|[Nonce,|[Nonces), g%), (1)

K =f(K, 1). ()

In the above equations (1) and (2), K, and K are
the decryption keys of any symmetric key, respectively.
f(h) represents the hash function to be generated. g¥
represent the data generated by gateway node for device
X and device Y.

6. C— G: {a, b, S(&'llg"). [PUK K}

The following verifications are done by C
— All the nonce values, PUK, and IDg verified

against message 4.

— PUKG; is verified and authorize G for a key to be

received by S.

— The signature in the PUK; SG (g¥/|g) is verified.
— The public value g, is verified.
— Ky 1is used to verify the MAC on [IDg, PUK;]KG.

In the above step, g¥, g” are the data generated by
gateway node for device X and device Y, K, is the
exchange of secret key and K| is the symmetric key.

Threshold based resistance to node capturing

The threshold-based protocol is also introduced in the
work to elude the node capturing from the route. The type
of attack that we consider for evaluation is node capturing
attack. It is assumed that all the nodes in the WSN are
randomly distributed in the cluster, and communication
can take place in both single hop and multi hop [14-16].
Behavior of each node is identified and a threshold value is
fixed for each node in the network and the details are stored
in BS based on their activities. This threshold value is fixed
for a node from its sending behavior in a particular time
gap. If any node exceeds the threshold, then it is identified
as suspicious node. Then the algorithm will compute route
analysis. During this analysis, the algorithm will check the
distance of the suspicious node. If the distance of the node

is in one hop, then it is possible to detect the attack easily
[17-20]. If the node is in multi hop distance, then it will
check all the nodes in the network in route analysis process.
If it is confirmed that the node sends more than allowed,
then the node is considered as malicious node and it will
be removed from the network. The main characteristics of
the proposed work, its advantages and disadvantages are
given in Table 1.

Results and discussion

The implementation of the proposed work is simulated
in real time scenario. The simulation parameter is shown
in Table 2. The performance of the work is evaluated in
terms of energy, delay, and throughput under 2 different
conditions.

1) WSN with node capturing under normal condition
2) WSN with node capturing under Mountain Safety

Research (MSR), Trust-Aware Routing Framework

for WSNs (TARF), Trust based Secure Routing Model

(TSRM), and Enhanced Multi Attribute Based Attack

Resistance (EMBTR).

There are two sets of simulation performed to evaluate
the performance of the proposed work. In the first set, we
did the evaluation under traffic intervals. The time of the
interval is specified from 1s to 10s. Traffic interval under 1s
is considered as fast and 10s is considered as slow.

Performance analysis under traffic interval
in terms of energy, delay, and throughput

Fig. 2 shows the results of the work by considering
energy, delay, and throughput under traffic interval from
Is to 10s. From the results, we observed that the proposed
MSR enhances the energy, delay, and throughput by
analyzing the network traffic and isolate the node capturing
attempt. The important reason for the improved energy
is that the MSR detects the node which performs node
capturing and removes it from the network. Thereby
saves the energy that may rise because of that malicious
node. The reason for minimum delay is that the work can
effectively detect the attack and isolate it from the network
that gives the way for other nodes to continue their work
without extra delay. Execution of this attack in one node
can spread the same to many nodes in the network which
will make the other nodes to wait for accessing the channel
long time. After applying MSR, throughput is improved by
reducing the waiting time of the nodes in the network under
without attack condition.

Table 1. Summary of proposed work

Characteristics Advantages Disadvantages
Key pre distribution Combination of secret key and public key Sharing of key
Shared key discovery Secured communication path through pair | Broadcasting of messages related to shared

wise key

key

Authenticated encryption

Supports both authentication and encryption

Software implementation is complex

Threshold based countermeasure

Easily detect the attacker node based on the
threshold value stored in each node

Path analysis in multi hop network is difficult
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Table 2. Simulation parameters

Parameter

Setting

Interface

Wireless channel

Antenna

Omni direction

Access control

MACS80.2.15.4

Routing

Ad-hoc on demand

Number of nodes

50

Power, mW

35

Energy level, J

100

a

—&— Node Capturing /i’
—&—MSR

b

60

| —&— Node Capturing
—&—MSR

Delay, ms

0 . . . R ) . . . 10t . . . . . . . .
1 3 5 7 9 1 3 5 7 9
Interval, s Interval, s
C
100 T T - :

| —e— MSR

—=— Node Capturing

o]
(=}
T

Throughput, %

(o))
(=]

Interval, s

Fig. 2. Energy analysis (a), delay analysis (b) and throughput (¢) in the interval of traffic with attack and MSR

Performance analysis with increased attacker nodes

Fig. 3 shows the outcome of the work by considering
energy, delay, and throughput under increased malicious
nodes. From the graph, we observed that the performance
of the network has been significantly improved after
applying MSR. This improvement is due to the efficient
mechanism of the proposed work in defensing the attack.
The proposed work is effective against increased malicious
nodes in the network by detecting multiple attacks that
happened in the network. The work achieves reduced

energy than the other schemes such as TARF, TSRM, and
EMBTR due to the removal of node capturing attacks
by considering only trusted nodes in the network. The
algorithm will select the trusted path based on the trusted
metrics calculated for each node. All the trusted nodes in
the network are selected as a route for data transmission
which leads to reduction in energy. The work achieves
better delay and throughput than the other schemes because
of the reduction in waiting time and the response in sensing
for node availability.
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Fig. 3. Energy analysis (a), latency (b) and throughput (¢) analyzes with increased number of malicious nodes

Conclusion

The work presents a multi path secure routing scheme
MSR. Since the WSN nodes can be deployed in any
environment such as military, hospital, banking and many
more areas, there should be a strong security mechanism to
protect the sensitive data. In our proposed work, a secure
channel based on trusted nodes can be established for the
transmission of data. Each node should possess a token for
authentication before accessing any device. Only trusted
nodes are participated during the communication process.
This trusted node is identified based on the threshold value
stored on each node in the network. Threshold value is the
average number of data sent and received for a particular
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AHHOTALHUA

Ipeamer ucciaenosanus. [IpeacraBieH MeTON ONMHUCAHUS BEIYUCIUTEILHBIX MEXAHU3MOB U JOKYMEHTHPOBAHUS
BBIUUCIUTEIBHBIX IIaTdopM. HoBU3HA MeToa 3aKiII09aeTcsl B UCIIOIB30BAHNN YHU(DUIIMPOBAHHBIX CPEACTB IS
JOKYMEHTHUPOBAHUS HA Pa3HBIX YPOBHAX I'PaHYJIPHOCTHU allapaTHOTO, IPOIPAMMHOIO M MHCTPYMEHTAIbHOI'O
obecrieueHus, a TaKXKe PEKOH(OUTYPHUPYEMbIX (MHTEIUIEKTYalIbHbBIX, aJJallTHBHBIX) KOMIIOHEHT. MeTox M03BOJIseT
MIPE/ICTABIATh B IOHATHOM BHJI€ BBIYHCIUTEIbHBIC CUCTEMbl C HECTAHIAPTHBIMHM apXUTEKTYPHBIMU PELICHUSIMH.
Meton. IIpeioxeHHbIl METO 3aKII0YAETCs B OMMCAHUU MICATbHOM MOJIENN BBIYUCIUTENbHON MIaTGOPMBI C ee
nocrnexyomueil uTepaTuBHoi aeranusanueir. OcoOEHHOCTh METOAAa — HAIUUYUE €ANHOTO IS Pa3IUYHBIX CUCTEM
sIpa, KOTOPOE MCHONB3YETCsl Ul YIPOIIEHNsI ONMICAHNI U CTPYKTypHpoBaHus nH(opManuu. Sapo BKmodaeT B ceds
YHHBEPCAJIbHBIC IEMEHTHI M CO3/[aHO Ha OCHOBE aHATH3a OOJBIIOr0 KOMMYECTBA apXUTEKTYDP BBITHCIHTEIBHBIX
cucreM. OcHoBHBIe pe3yabTaThl. C HCIIOIB30BAaHHEM IPEIIOKEHHOTO METO/IA ONMCAHBI IIPHHIUITEI OPraHU3alnN
IIMPOKOTO CHEKTPa BEMYUCINTENBHBIX IU1aTdopM. PaccMoTpensr crnenyromnue miatgopMbl: 0000IIeHHbIE TPOIIECCOPHI
C KJIACCHYECKOW apXHUTEKTYPOH, KOTOpast SIBIISIETCS pa3BUTHEM NpHHIMIIOB (GoH-HeiimMana; nmporpamMmmHo-amnmapaTHsie
CUCTEeMBI Ha 6a3e MHUKPOKOHTPOJIJIEPOB; ONEPAMOHHBIE CUCTEMbI O0IIEero Ha3HAYeHHs; KPYITHOTPAHYISIPHbBIE U
MEJIKOTPaHYJISPHBIE PEKOHDUTYPUPYEMbIE BHIUUCIUTEIBHBIE CHCTEMBI; CHEIMATU3UPOBAHHbIE POLECCOPHI U
YCKOPHUTEIH; UCKYCCTBEHHBbIE HeipoHHBIE ceTH. IIpakTuyeckass 3HaYUMOCTb. [IpeanokeHHbI MeTO] MOXKET OBITh
HCIONB30BaH I CTPYKTYPHUPOBAHUS MH(POPMAINK KaK MO0 TPAJUIHMOHHBIM, TaK U MO aKTHBHO PAa3BUBAIOLINMCS
HaIpaBIeHUSIM: PEeKOH(DUTYPHUPYEMBIM BEIUHCIUTEILHBIM CHCTEMaM 1 CIEIHaI3HPOBaHHBIM mporieccopaM. Ha ocHoe
MeTozia co3ana o01mast 6a3a yHHBEpCAIbHBIX BRIUUCIUTEILHBIX MEXaHU3MOB, TIPUTOHEIX JUISI HCTIOJIB30BAHMS B PA3HBIX
y3J1aX CHCTEMBI, JUIsl 0O0BEKTOB Pa3HOW IPaHy/IIPHOCTH IPOTPAMMHBIMH, allIapaTHBIMU U HHBIMH CPEJICTBAMH, HA Pa3HON
2JIeMEeHTHOI 6a3e. Pe3ynbrarsl paboThl MOTYT OBITH MOJE3HBI CHCTEMHBIM apXUTEKTOPaM JUIsl IOKYMEHTHPOBAHHMS
CJIOKHBIX BBIYHCIIUTEIBHBIX KOMIIOHEHT, COCTOAIIMX U3 IIPOrPAMMHBIX, alllapaTHBIX U MPOYMX MeXaHu3MoB. Merox
HAIpPaBJICH Ha yIPOLICHHE TIOBTOPHOTO HCIIONB30BAHNS BEIYUCIIHTEIHBIX MEXaHH3MOB U TIPU3BaH OOJIErYUTh TEHEPALIUIO
HOBBIX apXUTEKTYPHBIX pelreHui. Takxke MeTon MOXKET ObITh Moe3eH NpH 00yYeHUH NMPOQHUILHBIX CIIEIUAINUCTOB,
TIOCKOJIBKY TTO3BOJISIET IEMOHCTPUPOBATh OCHOBHBIE MIPUHIUITBI BBIYUCIUTEIBHON TEXHUKH.

KnroueBsbie ci10Ba
ApXUTEKTypa BBIYUCIUTEIBHON CHCTEMBI, ADXUTEKTYPHOE OITHCAHNE, BRIYUCIUTEIbHAS TIaTGOpMa, BEITUCIHTEIBHBIN
MEXaHH3M, peKOH(UTyprupyemast cucremMa, IMHaMIIecKasi peKOH(PUTyparust
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9.I lopbayes

Abstract

The article describes a method for documenting the principles of functioning and internal organization of computing
platforms, including reconfigurable computing systems and non-standard processor architectures. The novelty is in using
of unified tools to describe: the design process and the computing process, hardware, software and tools, computing
components of different granularity. The proposed approach is to describe computing platform as an ideal model that
represents abstract algorithms for fulfilling functional requirements without specifying of how to implement it. Then the
iterative model refinement follows including selection of physical implementation options, specifying the technological
stacks, and additional mechanisms that provide the specified system qualities. A feature of the method is a kernel used
for structuring information, classifying and describing the computational mechanisms the system consists of. The
kernel includes elements common for different systems and is based on the analysis of a large number of computing
architectures. The method describes the principles of the organization of platforms which are usually not considered
together. These are: generalized processors with classical architecture which is an evolution of the von Neumann
principles; systems based on microcontrollers; operating systems; large- and small-granular reconfigurable systems;
specialized processors and accelerators; artificial neural networks. The proposed method can be used to structure
information in both traditional and rapidly developing areas: reconfigurable systems and specialized processors. Based on
the method, it is possible to create a common database of computing mechanisms suitable for use in different functional
units of the system and at different levels of granularity. The results of the work can be useful for system architects
to describe complex computing mechanisms consisting of software, hardware and dynamically generated adaptive
“intelligent” components which will simplify their reuse and can be used to generate new architectural solutions. Also,
the proposed method can be used in the process of training specialists, for a visual demonstration of the basic principles

of computer technology.
Keywords

architecture, architectural description, computing systems, computing mechanisms, reconfigurable systems
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BBenenune

CoBpeMeHHasi KOMITbIOTepHAsi HHAYCTPHS CIOKHA U
pasjesieHa Ha CaMOCTOsITeNIbHbIE, 000COOJIEHHO Pa3BUBAIO-
IMECs HAMIPABJICHUS (HAIIPUMEp, pa3padoTKa IPOrpaMMHO-
To M ammaparHoro obecrieuenus). Kak ciencrsue, MHOTHE
CIEIHMATNCTBI KOMIIETCHTHBI JIUIIb B KAKOK-TO y3KOU 00I1a-
CTH, IJIOXO MPE/ICTABIISIS, YTO MPOUCXOJIUT 3a €€ TPAHUIIAMHU.

CeMaHTHYECKas M TEXHOJIOTHYECKasl Pa300IIeHHOCTh
CHELHAINCTOB MPOAOIIKACT CTPEMUTENILHO PACTH C Pa3-
BUTHEM PEKOHPUTYPHUPYEMBIX cucteM [l] um obmimem
OPUTMHAJIBHBIX aPXUTEKTYP U KOHLENLMHI, HallpuMep:
NISC-cucrem [2], BeiunciaeHuii ¢ naMsaTeio [3] u B ma-
MsTH [4], mpouieccopoB GpyHKIIMOHAIBLHOTO YPOBHS [5],
WARP-mponieccopos [6] u ap. Kaxkgoe u3 HecTaHAapTHBIX
APXUTEKTYPHBIX PEIICHHUH TPeOyeT YHUKAILHOIO HHCTPY-
MEHTapUs 1 KOMIIETEHINH pa3paboT4nKoB, o0aaet coo-
CTBEHHBIM Ha0OPOM XapaKTePHUCTHK (IIPOU3BOUTEIIFHOCTS,
HAJIe)KHOCTh, CTOMMOCTb, CJIIOXKHOCTD H T. J1.).

Heo0xoaMMOCTh n3yueHus HeCTaHIaPTHBIX ApXUTEKTYP
BBIYHCITUTEIILHBIX CUCTEM CBSI3aHA C OKOHYAHHEM JICHCTBHUS
«3akona Mypa» 1 MOUCKOM HOBBIX MyTei MOBBIILIEHUS -
(heKTHBHOCTH BBIYMCIICHHIA, B TOM YHCIIE 38 CUET [TPEoJIoIie-
HUSI IPOOJIEMBI «OyTHUIOYHOTO TOPJIBIIIKAY) KIACCHYECKHX
apxuTeKTyp [4].

OnHa u3 mpodieM — 00OMeH HH(POPMAIHEeH MEXKIY CO-
TPYIHUKAaMH 00 HCIIOJIb30BAHHBIX B TPOEKTAX apXUTEKTyp-
HBIX PEIICHHSIX M IIEPEHOC CMEIIaHHBIX NPOrpaMMHO-aIl-
MAPATHBIX PEIICHUN MEXKIY Pa3HBIMH BBIYHACITATCIIEHBIMU
mwiatopmamu [7]. B aToMm cirydae oOmmienpuHsaTOE pasie-
Jenue Ha nporpammHoe odecreuenue (I10) u anmaparypy
HEAPPEKTHUBHO U MOXKET CHU3UTH MPOU3BOAUTEIHHOCTH
KOMaH/IbI Pa3pabdOoTINKOB.

B HEKOTOPBIX MPOrpaMMHO-AMIAPATHBIX PEIICHUSIX
OT/ICTIbHbBIE JICHCTBHUS, OOBIYHO BBIMOIHIEMbIE BO BPEMs

pa3paboTKH, cMemaTes B 00J1acTh (PyHKIMOHUPOBAHUS
(nmm HaoGopot). Knaccndukanum pekoHGUTryprupyeMbIX
CHUCTEM ¥ CHUCTEM, PEaTH3YIONINX MMapauIeIbHbIC BHIYHC-
JICHUS, 9aCTO OTEPUPYIOT MOHATHEM «TPaHYISIPHOCTHY,
KOTOpOE MOYKET OTHOCHTHCS KaK K pa30MEHHIO aNTOPUTMOB
Ha COCTABIIONINE, TaK U K TaHHBIM.

B cBs3u ¢ 3TiM HeoOXoaMa pa3paboTka criocoda peru-
cTpanuu HauboJsiee 3HaYMMON HHPOPMAIIMHU O paccMaTpu-
BaCMbIX aPXUTEKTYpaxX U BBIYMCIUTEIbHBIX MEXaHU3MAaX
0e3 MCKYCCTBEHHOTO Pa3JieJIeHus] Ha POTrpaMMHOe, all-
napaTHoOe ¥ MHCTPYMEHTAILHOE 00ECIeUeHH s, Ha JTaIlbI
MIPOEKTUPOBAHMS U HEIIOCPEICTBEHHOTO NCIIOIHEHUS JIIsI
00BEKTOB Pa3HOM I'PaHyISIPHOCTH.

Ecnu roBopuTh 00 M3BECTHBIX PENICHHUSX, MTO3BOJISIO-
IIMX OMHCATh MPUHIHITEI (DYHKITHOHUPOBAHUS BBIYUCIIH-
TEJNBHBIX CHCTEM, B IIEPBYIO OYEpEb CICAYET YIIOMSIHYTh
TTOHSATHE «MOJIENIN BRIYHCICHUIY [8]. Moaenu BErauCIeHHIA
ompenensoT (opMaIbHBIC TTPaBUIa U OTPAaHIMYCHHS, OTIH-
CBIBAIOIIHE TIOBE/ICHUE BEIYNCIUTEIFHON CHCTEMBI HITH €€
BUPTYaJILHOTO TPEICTABICHHUSI.

Jluist onricaHus annaparypbl BBIYUCIUTEIbHBIX CHCTEM
Ha apXUTEKTYPHOM YPOBHE CYyIIECTBYET 1IeJIbIi HA0OP SI3bI-
KOB onucaHust apxuTekTypsl [9]. K coxxanenuto, oHu B oc-
HOBHOM Y3KO CIIEIHaJIN3UPOBAHbI U NMEIOT 3HAYUTEIIbHbIC
OTpaHUYCHUSI.

JI0BOITEHO YHHBEPCAITBHBIC ApXUTEKTYPHBIC OTIHCAHUS
JIOCTYTIHBI Yepe3 CO3IaHNe BRICOKOYPOBHEBBIX MOJICIICH B
paMKax METOHOJIOTHH MOJEITFHO-OPHUEHTUPOBAHHOTO TIPO-
extupoBanus [10]. JlaHHAS METOIOIOTHS TIONACPKABACTCS
PSIOM IIUPOKO MCTIONB3YEMBIX B HHAYCTPUU HHCTPYMEH-
TOB, Takux kak Simulink u LabVIEW. OtaensHbiM Ha-
MIPaBJICHUEM SIBIISIETCSI TeHEPAIIUs alapaTyphbl C OMOIIBIO
cpencts HLS [11].

Pacnpoctpaneno onucanue [1O U BRIUMCIUTENBHBIX
cucteM Ha ocHoBe si3bika UML [12] u ero mogMHOKecTBa
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SysML [13]. OTu s13bIKH IIMPOKO MOIIECPIKUBAIOTCS pa3HO-
00pa3HbIMU HHCTPYMEHTAILHBIMU CPEACTBAMU, HATIPHIMED
cpenoit monenupoBanust Capella u meromom ARCADIA
[14].

B cmabo ¢opmann3oBaHHON 00NaCTH MPOTPaMMHOM
WH)XCHEPUH, T7Ie pa3paboTUNKN CTOJIKHYIINCH CO CXOKUMHU
npobmemamu (O0NBIIOE KOTHISCTBO PA3NUYHBIX CYITHO-
CTEH, KOTOPBIE CIIOKHO KIACCHU(PUIIMPOBATh, CPABHUBATD U
OIMCBIBATH), UCIIONB3yeTCs cranaapt Essence!, co3nannblii
JUISL OTTUCAHMsSI U IPUMEHEHHS Ha MIPAaKTHKE METO/IOB IPO-
IPaMMHOHN UH>KEHEPUH.

Hwu onH 13 ONMCcaHHBIX MOAXO/0B B IIOJIHOM Mepe He
YIOBIIETBOPSIET 3a/IaHHBIM TPEOOBAHMSIM.

Onucanmne MoaeIn

OTnpaBHON TOYKOW ISl ONTMCAHUS CIICITUATH3UPOBAH-
HBIX BBIYUCIIUTCIIBHBIX aPXUTCKTYP U BEIYUCIIUTCIIBHBIX ME-
XaHNU3MOB NPEIOKEHO B3ATh HEKYIO HJICANbHYIO MOJIEIb,
aHayor abCoOJIOTHO YEPHOTO TeJla ¥ JPYTHX IOJA00HBIX
¢usndeckux Mojeneil. Mojenb JoKHA OBITH PUTOTHA
JUISL OTIMCAHMS KaK MOKHO OOJIBILIETO KOJMYECTBA pa3Ho-
00pa3HBIX BBIUYUCIUTEIFHBIX MEXaHU3MOB 1 Iu1aTdopm, a
TaKXe 0ToOpakaTb HanboJiee 3HaYNMbIC ACTIEKTHI (hyHK-
LMOHUPOBAHMS ¥ KU3HEHHOTO LIUKJIA TP MAaKCUMaJIbHOM
npocrote st Bocupustus. ChopMmynupyem onpeneneHne
BBIYMCIUTENBHON MIaTGOpMBI KaK HaOOpa MPOrpaMMHBIX
1 anmaparHbIX CPeICTB (MM CTaHJapTa UX OpPraHMu3aliN)
JUISL pealn3alyy MPUKIIAJHBIX BBIYUCICHHUH, a BBIYNCIIHU-
TCJIBHOTO MCXaHHM3Ma — KaK YIPOUICHHOT'O IMPHUHIOUIIA
(YHKIIMOHUPOBAHUS U OPraHU3alluK OTIEIBHOIO acleKTa
WJIU DJIEMEHTA BBIYMCIIUTEIBHON TIIaT(OPMBI.

Juist co3manust Mojen Hanbosiee MepCreKTUBEH 01
X0JI, peIOKeHHbIN B crannapre Essence. [Tono6HO BbI-
JICTICHUIO OOIIETO s1pa U3 YHUBEPCAIBHBIX SJIEMEHTOB JIIS
METO/I0B U MPAKTHK POrpaMMHOI nHxeHepuu B Essence,
B 0071aCTH BBIYMCIUTEIFHON TEXHUKH TaKKe MOXKHO BBI-
JIETUTH 00IIee AP0 — OCHOBY ISl OMMCAHHS IIMPOKOTO
CIIEKTPa BBIYHUCINUTEIBHBIX CUCTEM U MEXaHU3MOB. SIapo
Essence Bkiro4aeT B cedsl yHUBEPCAIBHBIE SJIEMEHTHI M HE
3aBUCHUT OT KOHKPETHBIX peaTM3aluil U UX MPAKTHYECKUX
HpHMeHeHHﬁ. OT}ICJ’[BHBIC OJICMCHTBI BBIJICIICHBI U3 00JIb-
IIOTO KOJIMYECTBA KOHKPETHBIX IIPUMEPOB, a BCE peaan3a-
IIUM OMUCAHBI KaK HAJICTPOWKH MOBEpX HEM3MEHHOTO S/pa.

OauH U3 MPOCTEHIUX CIOCOO0B OMUCAHUS 00BCK-
Ta — €ro NpeACTaBIEHUE B BUJIE «UEPHOTO SIIUKa, KOIna
OITMCBIBACTCS] B3aUMOICHCTBHE 00BEKTA C BHEIIHIM MHPOM
1 peaKkiU¥ Ha BHEUIHHWE pa3Apa)KUTelld, a BHyTPEHHee
YCTPOMCTBO HE pacKpbiBaeTcs. Takoll «UepHBIN SIIUK»
TIPUHSAT 33 OCHOBY ITPEAJIOKCHHON MOJIEIIH.

Cucrema, paccMarpuBaeMasi Kak «9IEpHBIN SIIUK», Ka-
KUM-TT00 00pa3oM MPOU3BOIUT MPeoOpa3oBaHMe MOIaBac-
MO Ha BXOJI SHEPTUH (COOTBETCTBYIOIIHE YPOBHHA KOTOPOI
MOTYT UHTCPIIPETUPOBATHECA KaK JIaHHBIC) N3 HCKOTOPBIX
BXOOHBIX 3HAYEHUH B COOTBECTCTBYIOIIINE UM BBIXOOHBIC.
Kpome 3toro, B 0011eM cirydae BBIYUCIUTEIbHBIC (M HE

I Essence — Kernel and Language for Software Engineering
Methods (Essence), v1.2., 300 c. [DnekrpoHHBIi pecypc]. Pexum
nocryna: https://www.omg.org/spec/Essence/1.2/PDF, cBo6ox-
HBIW. SI3. anr. (mara obpamenus: 13.11.2022).

TOJIBKO) CUCTEMBI MOTYT UMETh BO3MOXKHOCTH COXPAHSITh
COCTOSIHHE.

J11s1 cMCTeMBI KaK «4epHOTO SIIIMKA» MOYKHO BBIJICIHTH
cietytomye 0000IeHHbIE ICHCTBHS MM 3Tarlbl (yHKIIHO-
HUPOBAHMS, KOTOPbIE COCTABIISIIOT OCHOBY sIIpa:

1) dreHue BXOMOB;

2) BBIUHCIICHHC,

3) coxpaHeHHe BHYTPEHHETO COCTOSHUS;
4) 3ammch BBIXOOB.

OTMeTuM, 4TO J100ast cucTemMa 00s13aTeIbHO JOJDKHA
BBIMOJHATH XOTS OBI 4acTh MEPEUYNCICHHBIX HeﬁCTBHﬁ.
OnucaHHOE AP0 — OCHOBA WACAIBLHON MOJIENIN CHUCTE-
MBI, Ha KOTOPYIO HajcTpauBaeTcs ee Ooiiee mojapooHoe
OIUCAaHUe.

Tax kak Mojenp upeanbHas, CYMTaeM, YTO BCE JICH-
CTBUSI IPOU3BOJISITCSI MTHOBEHHO, 00BEMBI OJIOKOB TIAMSITEH
OecKOHEUHBI, U He TpeOyeTcst TONMOIHUTENIBbHBIX TeHCTBHH,
HalpuMep 00eCTIeUeHHsI CUCTEMbI SHEpTHEH, HEOOXOANMOM
JUTS TNTAaTHOTO (hyHKIMOHUPOBAHMS.

IIpumem, 4uto nepexon OT AEUCTBUS K IEUCTBUIO UJIET
CBEpPXY BHHU3 C BO3MOXKHBIMH BO3BpaTaMM Ha3aJ U MOBTO-
PEHHUEM OTJIEIIBHBIX UTEPAIMi CTOJIBKO Pa3, CKOJIbKO HE0O-
XO0OUMO. OTMCTI/IM, YTO B OTACJIBHBIX CIIydasaXx MOXET 6I)ITI)
JIpYroi MopsoK ACHCTBUN.

[Tpu paccMOTpeHHH BBIYMCIUTENS B KOHTEKCTE HKH3-
HEHHOTO IMKJIa, HEOOXOMMO Yy4eCTh TaKue JACHCTBUSI, KaK
CO3JJaHME U YHUUYTOXKEHHE 00bekTa. KOHTEeKCT BBIUMCIIN-
TEJIHOM TEXHUKH JEIaeT ONPaBIaHHBIM BBIJICJICHHE ClIe-
JYIOIINX 9TAIlOB B CO3/IaHUU O0OBEKTA: CO3JJAHUE PeasbHO
CylIecTByIoIel B (PU3NIECKOM MUpPE U (PUKCHPOBAHHOU
OCHOBBI (amIapaTHOTO 00ECIIEYeHNs) U €€ TTPOTPaMMHUPO-
BaHHUe. B 1aHHOM Citydae mporpaMMHUpOBaHHE HEOOXOIMMO
MOHUMATh KaK IMPOrPaMMHPOBAHUE B IIMPOKOM CMBICIIE,
BKJIIOUAsl CO3/[aHNe M TIOCIEIYIONIYIO 3aliCh B IIEJIEBOC
YCTPOMCTBO MPOrpaMM, HACTPOEK, KOHPHUTypalui mpo-
IrpaMMUPYEMOM JIOTUKHU U T. 1.

OTMETUM OTIIMYHE MEKIY CO3JaHueM (QU3NYEeCKOM
OCHOBBHI U ee nporpamMmMmupoBanueM. Co3nanue dusznye-
CKOH OCHOBBI IIPOM3BOANTCS TOJIBKO OJUH Pas, MPH CO3-
JAHUU CHCTEMBI, M 3aKJIa/IbIBaeT HEU3MEHHBIC Ha BCEX
JTanax >KU3HEHHOTO LUKJIA MPUHIMIIGI (€CIM OCTaBUTh
3a CKOOKaMH JIerpaJjaliiio KOMIIOHEHTOB, TOMEXH U T. 11.).
IIporpammupoBaHre MOXKET (HO HE 00s3aTEIBHO TOIKHO)
MPOU3BOAUTHCS OOJIBIIE OJHOTO pa3a, SIBHO U 3aMETHO
M3MCHSISI CBOWCTBA CHCTEMBI.

O000I1IEHHO MOJKHO BBIICITUTh CIICAYFOIIHE STAITbI JKU3-
HCHHOI'O IIUKJIa HeKOTOpOﬁ CHCTEMBI, ITOJACHCTEMBI HJIU
aneMeHTa a1apa. [Ipu HeoOX0MUMOCTH OHU MOTYT Bapbu-
POBaThCSI U IOMONHSATHCS (IPUBEICHHBIN CITUCOK — JIUIITh
OJIMH M3 BO3MOXKHBIX BapUAHTOB MPEJICTABICHHS):

— (uKcalys OCHOBHBIX PUHIMIIOB ()YHKIIMOHUPOBAHHUS

CHCTEMBI;

— CO3/IaHMe MHCTPYMEHTapHs U1 pa3paOOTKH araparypbl;
— pa3paboTKa anmaparypsl;

— co3maHue HHCTpyMeHTapus s pazpadorku I10;

— pazpabotka I10;

— CO371aHMe UHCTPYMEHTapust i 3arpysku 110;

— 3arpy3ka [10;

— HHUIOUaJIn3a1usa CUCTCMBI,

— 1mTarHoe QyHKIMOHUPOBAHUE;

— YHHYTOXKCHHE.
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9.I lopbayes

OnwcanHast MOJICITh TPUMCHIMA JIJIsl TPOCTHIX CHCTEM,
WK 711 HEOONBIINX MOJCUCTEM, BXOAAIINX B CIOKHBIE
cucteMbl. 111 MOBEPXHOCTHOTO IIOHUMAHHUSI APXUTEKTYPhI
¥ 0COOCHHOCTEH (DYHKITMOHUPOBAHUS CJIOKHON CHCTEMBI B
[IEJIOM €€ HEeOOXOIMMO MIPEACTABIATE Ha 00Jiee AeTaTbHOM
ypoBHe. TakuM ypoBHEM MOXKET CTaTh MPEICTaBICHUE
CHCTEMBI KaK B3aMMOJCHCTBYIOINX «ICPHBIX SIITIKOBY —
aTOMapHBIX BRIUMCIUTENEH, KaXKAbIA 13 KOTOPBIX OCYIIECT-
BJISIET KAKOE-TO MpOCTeiIiee JeCTBIE B COCTABE CUCTEMBI.

TeM caMbIM MOKHO MOJIYYHTh €CTECTBCHHYIO TIaBAO-
U_IyIO rpaHHuy, HOSBOJ’IS[IOH_IyIO IIOBBIIIATH UJIN ITOHMXXAThb
ypoBeHb abcTpakuun. CHavansa B caMoM IrpyOooM mpuoIu-
JKCHUHU MBI PACCMATPHUBACM CUCTEMY KaK «UCPHBIH SIIHKY;
KOTJIa 3TOT0 HEJAO0CTATOYHO — KaK CUCTEMY B3aMMOJICH-
CTBYIOIIUX «YCPHBIX SIMIUKOBY; KOTIIA M 3TOTO HEIOCTATOU-
HO — Ka)XKIIBI U3 «YCPHBIX SIIHKOBY, COCTABIIIONINX CH-
CTEMy, pacCMaTpHBaeM KaK CHCTEMY B3aUMOJICHCTBYIOIINX
«UYEPHBIX AMIUKOBY», M TaK JI0 TEX TOP, ITOKA HE TOCTHTACTCS
HYKHBIH YPOBCHB JICTaTN3AIIHH.

CucTemMy «4epHBIX SIIAKOB» YK€ HE OIHMCATh MpPO-
CTBIMU JEHCTBUSAMU 1—4, paccpeOTOYCHHBIMHU 10 dTaraM
JKU3HCHHOI'O IUKJIA. PC3yJ'lI)TaTBI BBI‘II/ICHGHI/Iﬁ CUCTCMBI KaK
L[EJIOT0 €CTh MIPOU3BOJAHAS OT PE3YJIbTATOB BBHIYHCICHUI
KaX10T0 U3 COCTABJIAHOIINX CI/ICTeMy «qeprIx SAUIUKOB»
U 3aBUCSIT OT TOTO, KAK OHU B3aUMOJICHCTBYIOT.

[Ipu mepexone OT MPENCTaBICHHS CHCTEMbI KaK «4ep-
HOTO SIIIIUKa» K MPEICTABICHUIO0 CHCTEMBI KaK B3aUMOJICH-
CTBYIOIIHX «YCPHBIX SMIUKOBY TOSIBISCTCS HCOOXOAUMOCTb
OIHCATh YCTPOMCTBO 00CCIIEUNBAIOIICH CPEebl — TO, Ka-
KM 00pa30M BBEIYHCIHATEIBHBIC OJIOKH, OJIOKU TaMSTH,
BXOJIBI ¥ BEIXO/BI OOBEIMHSIOTCS B €IMHOE LI€JI0E U OJ1aro-
JIaps 9eMy OHH MOJTY4aroT BO3MOXHOCTH (PYHKIIMOHHUPO-
BaTh BMECTE, peliasi HEKOTOphIe 00IIre 3a1a4u.

O6ecnieunBaromias cpeaa UacaTbHONH MOAETH JTOJKHA
BBITIOJTHATH J1B€ (DYHKIIMHU: [ICPEMEIIIATh JAHHBIC MEIKITY BbI-
YUCITUTEIBHBIMHU OJI0KaMHM, OJIOKaMH TTaMSITEeH, BXOAaMU U
BBIXO/IaMH, U CHHXPOHU3UPOBATh BEIUUCIICHHS OTICIBHBIX
BBIYHCIUTEILHBIX OJIOKOB.

Ha »ToM 3Tare JIOrHYHO BBIACIUTD YIIPABJICHHS TaHHBIMH
Y BBIYUCIICHUSIMH. [Ipr 3TOM 001acTh YIpaBIeHUS BEIYUCTIC-
HMSIMU HE BKJIFOYAET B ce0sT cCaMU BEIYHMCIIEHNS] — OHA TOJIBKO
BBIABIISICT IPUIMHHO-CIICICTBEHHBIC CBS3U U 00ECIICUUBACT
Tepeaady yrpaBiIeHHs KOHKPETHBIM BEIYHCIUTEISIM, «Hdep-
HBIM SIIITAKaM», B KOTOPBIX W MMPOU3BOIAATCS BBIYHCICHNS.

[ monydeHus ONnMcaHus MOAEIN BCEH CUCTEMBI
HEOOXOAMMO OMKCAaTh B3aUMOICHCTBHE TPEX 00JacTei:
«qepme SAIIUKOB» WUJIN <<aTOMapHI:IX)> BBI‘-II/ICJ'IGHI/II\/II; noa-
CUCTEMBI praBJ’IeHI/Iﬂ BBIYUCIIUTCIAMU, IMOACHCTEMBbI
yIpaBJIeHUs TaHHBIMU. BMecTe nanHbIe o0nactu GopMupy-
FOT SIIPO MJICATBHOM MOJIEIH CUCTEMBI IIPH PACCMOTPCHUN
€e KaK CHCTEMBI «YCpHBIX SIMUKOBY. Kaxnoe neicTaue,
KOTOpOe (OPMHPYET SAPO BBIUUCIUTECIBHON CUCTEMEI,
JIOJDKHO 00€ecreynBaThCs ENOYKOM JIEHCTBUI U DTAIOB
JKM3HEHHOT'O [IMKJIA.

[oxyuenne nHGOpMaIUH O KETAEMOM IMTOBEICHUHT
CHCTEMBI U ee «00ydeHnn» (HarpuMep, aHaau3 QyHKIH-
OHAIIBHBIX TPeOOBaHMI, HAMCAHNUE YIOBICTBOPSIOMICH
HM TIPOTPaMMBbI U € MPOIINBKA), MOTYT BBIITOJIHATHCS Ha
JTarnax Co3IaHMs CUCTEMbI HJIH B Mporecce GpyHKIIHOHUPO-
BaHMS JIJIs1 CaMOOOYJaroIIMXCsl CHCTeM. B mocieanem ciy-
yae 00y4YCHHE MOXKHO J00aBHUTh B PACIIUPCHHBIN BAPHAHT

sapa JUTsk KaKJI0UW U3 TIOJICKCTEM, HHaue 00ydeHue B sIpo
HE BKJIFOYAeTCsI M BXOJHT B ITPOIIECC MPOSKTHPOBAHUSL.

[Toxcucrema ynpaBiaeHUs! BEIYUCICHUSMHU BKIIOYa-
eT CIIe/lyIolHe dTanbl (yHKIMOHUPOBAHUS (BapHaHT 0e3
BO3MOKHOCTH CaMOOOYUEHHUSI): OTIPEAEIICHHE CIIETYIOIIEro
BBIYHCIICHUS IO TIPEBIAYIIEMY; 3aITyCK BEIYMCICHUS.

[MoncncreMs! ynpaBieHus JaHHBIMH BKJTFOIAET CIEITYIO-
Iye 3Tarbl GyHKIHOHUPOBAHMS: YTEHHE BXO0B CHCTEMBI,
6710KOB TTaMATEH, BBIXOJOB BBIYMCIUTENICH; KOMMYTALIHS
JaHHBIX BHYTPHU CUCTEMbI; 3alIMCh JAaHHBIX B BBIYUCIIUTEIIN,
OJI0KH ITaMSITH 1 BbIXOAbI CHCTEMBI.

Camoo0y4eHue MOXeT ObITh J00aBJICHO B JIIOOYIO U3
JIBYX TOJICHCTEM M B caM BblumciauTedb. CamooOydeHne
BKJIIOYAET B ceOsl MOJyueHHUE U 3arpy3Ky (pean3aruio)
npaBuI pyHKIMOHUPOBAHHSI.

[TpencraBieHHas MOJEb MOXKET OBITH MCIIOIB30BAHA
JUIsl OTIMCAHMSI MEXaHN3MOB pa3HOH rpanHyisipHOCTH. B Ka-
YeCTBE TPAJAIil IPaHyIIPHOCTH ISl BBIYHCICHUH MOXKHO
BBIJICNIUTH: WHCTPYKIINIO, 0a30BEIH OJIOK, (PYHKITHIO U ITPO-
necc. I paHyIsIpHOCTD AT TaHHBIX BKIIFOYACT: OUT JAHHBIX,
J000€ KOJTMYECTBO OUT JaHHBIX (OANT, CIIOBO), MAKET JIaH-
HBIX, (Qaiii u ap. [Ipr HeoOXOANMOCTH MOYKHO HapSIy C
U (pPOBBIMU paccMaTPUBATh aHAJIOTOBBIE CUTHAJIBI.

IIpumeps! HCIOJIB30BAHUSI MOAECIH

KoppexTHOCTh MOnEnu OblIa IpOBEpEeHA HA CIIETY-
IOIUX MPUMEpax: OCHOBHBIC apXUTEKTYPHBIC PEIICHIS,
HCIIONB3yeMbI€ B TUITHYHOM COBPEMEHHOM IIPOIIECCOPE;
IporpaMma Juisi MUKPOKOHTPOJIIEpa; IporpaMmMupyemast
noruyeckas naterpanbHas cxema (FPGA); onepannonnas
cucTema; rpoueccop GpyHKIHoHansHOro ypoBss (Function-
Level Processor); maremMarnueckasi MOAEIb MEPIENTPOHA.
bruta paccmoTrpena kiaccu(uKanus BHIYMCIUTENBHBIX
MEXaHM3MOB, 00ECIIEUMBAIOIINX HAIKHYIO pabOTy OJICH-
CTEMBI TIAMSITH C PA3HOTUITHBIMHU OJIOKAMH B KOHTPOJLIEPAX
JUTS. OTBETCTBEHHBIX ITPHMCHCHH.

[IpuBenem mpuMep OMHUCAHUS APXUTEKTYPHl TUITHY-
HOTO COBPEMEHHOTO TIporieccopa (PUCYHOK), B KOTOPOM
WCTIONB30BaHbI MPUHIUIE (hoH-HeliMana U cTaHmapTHBIE
apXUTEKTypHBIE penieHns. [Iprumep BeIOpaH Kak Hanboee
YHUBEPCAJIbHBIN U NOHITHBIA IIMPOKOMY Kpyry cIenua-
JIUCTOB, MCTOA MOXET 6I)ITI) UCIIOJIB30BaH JIs1 OIIMCAHUs
Oonee CHeI_II/I(bI/ILIHI)IX 1 HCCTAaHAAPTHBIX BBIYUCIUTCIIBHBIX
APXHUTEKTYP.

Ha cxeme noka3zassl ToJIbKO Hanbosee BakKHbIE MOMEH-
THI, TAroIIxe 0a30BOC MOHUMAHUE YCTPOUCTBA TPOIIECCO-
pa — OCHOBBI, BRIHECCHHBIC Ha BEPXHUI YPOBEHB OITHCA-
Hus. [Ipu HeoOXomUMOCTH OoJee NeTaIbHOTO OIUCAHS
M000i U3 2JIEMEHTOB, MPEACTABICHHBIN Ha cxeme (Kak
9Tarn GyHKIIMOHUPOBAHUS, TAK U 3Tal KU3HEHHOTO IINKJIA)
MOKET OBITH pacmucaH 6oiee moapoOHO (Ha OTACIbHOMN
CXEMe WM B «TelIe» OCHOBHOM CXeMBbl). AHAIOTHYHBIM
00pa3oM OINHCaHbl BCE BCIIOMOTATENIbHBIE MEXaHH3Mbl —
KOHTPOJIJIEP NPEephIBAHUN, MEXaHU3MbI PAOOTBI CO CTEKOM,
K311, KOHBEWep MpolLieccopa, CpesicTBa pacnapaieInBaHus
Ha ypOBHE WHCTPYKIMH U JIp.

Ha «BepxHui ypoBEeHB» ONMCAHUS BEIHECEHBI CIIEYIO-
II[ME TPUHITAITEI 1 MCXaHHU3MBI:

— YHHBepcaJu3anus U pasJejeHue pecypca BO Bpe-

MEHH — HCIOJIb30BaHUE OJHOT'0 YHHUBEPCAIBHOTO

Hay4HO-TexXHUYeCcKni1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6

1139



MeTopn AOKYMEHTMPOBaHWS apXUTEKTYPHbIX PELLEHWI BbIMUCIUTESNbHBIX MNAaThopm

(yHKIIMOHAIBHOTO OJI0Ka, apu()METHKO-TOrHYECKOTO
ycrpoiictsa (AJIY) nporeccopa st BBITOJTHEHHS pas-
JIUYHBIX OTICPAITHIA;

— WCIIOJIb30BaHKE [IMHBI JAHHBIX I0J] YIIPABICHUEM OT-
JIEITBHO HO0aBICHHBIX B MPOTPaMMHBIN KOJl HHCTPYK-
Uit — mpoctoe 60a30BoOe ICHCTBHE, «CUUTATh TAHHBIC
CO BXOJIIOB CHUCTEMBI/N3 OJIOKOB IMaMSITH/C BBIXOIOB
BBIYMCIIUTENENY, PA3I0KEHHOE B LIENIOUKY JEHCTBUH,
BBITIOJTHSAEMBIX CHauaja MpoTpaMMHUCTOM TIPH HaIHca-
HUH [IPOrPaMMBI, a 3aTeM MPOIIECCOPOM B MPOIIECCE e¢
HCITOJTHEHUST;

— ¢dopMHUpPOBaHUE MOCJCAOBATCIHBHOCTH BBIMTOJHCHUS
oIepanuil ¢ MOMOIIBE0 MEXaHU3MOB YIIPABJICHUS TIPO-
rPaMMHBIM CUCTUYUKOM M HAITUCAHHOTO BPYYHYIO IPO-
rPaMMHICTOM QJITOPUTMA, XPAHSIIETOCS B TIAMSITH.

Ha pucyHke mpencTaBlieH ¢IHHBINA alropuT™M (QyHK-
OHOHUPOBAHUS W CO3JIaHUS CUCTEMBI C pa3/ieJiCHUEeM Ha
TPH dTana XU3HCHHOTO LUKJIA: (QyHKIIMOHUPOBAHUE, CO-
3laHMe ammapaTtHoTo obecmedenus; cozmanue 110 (mpu
HE0OXOMMOCTH KOTHYECTBO ATAOB MOXKHO YBEIHUHUTH,
n00aBWB, HAIPUMEDP: M3TOTOBICHUE CHCTEMBI, 3aTPy3Ky
ITO, mHUIManM3anuio 1 T. 1.). [OpU30HTATBHO OpPHECH-
TUPOBAHHBIC ISTHYTOJBHUKH B 00JacTH, 0003HAUYCHHOMN
kak «KRUNTIME PROCESS», onuchIBaroT BIYHUCIUTEb-
HBII MPOLIECC — JCHCTBUS, TPOU3BOIMMBIC CHCTEMON Ha
srane (pyHKIHOHUPOBaHUs. BepTUKaIbHO OPUECHTHPO-
BaHHBIC ISITHYTOJBHUKU B 00JIACTSIX, 0003HAYCHHBIX KaK
«HARDWARE DESIGN» u «SOFTWARE DESIGN»,
OITHCHIBAIOT JCHUCTBHUS, IPOU3BOAMMBIC Ha ATAIaX CO3IaHUS
anmapatypsl 1 [1O cooTBeTCTBEHHO, 0€3 KOTOPBIX CaMO
(YHKIMOHHUPOBaHHUE CHCTEMBI HEBO3MOKHO.

B cooTBeTCTBHHM C MPEITIOKEHHBIM YCTPOUCTBOM sI7Ipa,
JeHCcTBUS dTana (QyHKIIMOHUPOBAHUS PA3NCICHBI HA TPU
nojcucteMbl: BerancicHus (Computations); moacucreMa
ynpaeieHus BeraucieHussMu (Computation management
subsystem, KOTOpO#l B IPOIIECCOPE COOTBETCTBYET OJIOK,
00b19HO HazbiBaeMbii «Countrol Unity, CU); moacuctema
ympasieHus naHHeIME (Data management subsystem).
OTmeTnM, 9To Kakaoe JeiicTBre dTana (pyHKIMOHUPOBa-
HUSI OTHOCHUTCS K OJHOMY U3 0a30BBIX ACHUCTBHIA Apa, 000-
3HAYCHHBIX HC6OJ'IBIHI/IMI/I IpAMOYTOJIBHUKAMH, B KOTOPBIC
OHHU BIIMCBIBAKOTCA. HaHpI/IMep, JJIA TIOACUCTEMBI YIIpaBJIC-
HUS BBIYUCIICHUSMH 3TO: OMPEICICHUE CIICAYIOIICTO BbI-
YHCIICHUs 10 npepLayneMy (Select next computation), ko-
TOPOE 3aKIIFOYACTCSI B UTCHUU PETHCTPa CUCTUMKA KOMAH]T
(PC) u 3anyck Berunciaenus (Launch next computation),
KOTOPBIH MOIpa3yMeBaeT MO cOOOH 3arpy3Ky COOTBETCTBY-
foreit komauael B peructp komaua (IR).

B ommcanHOM mpuMepe 00ydeHHE BBIYUCIUTEIBHOTO
6moxa cuctemsr — AJIY (ALU) npormeccopa — mpouc-
XOIIUT HA 3Talax CO3aHHUs armapaTypsl U pa3paboTKu ap-
xutekTypsl koman[ (ISA). Ha pucynke 1ot 3Tam 0o003Ha-
yeH kak TRAINING (ISA design). I[TociienoBareabHOCTh
BBITIOJIHEHMSI OTAEIBHBIX omepanuii ¢ momousio AJIY u
KOMMYTAI¥sI JAHHBIX BHYTPH CHCTEMBbI (DOPMHUPYIOTCSI Ha
atane cozaanus [10 u o603nauenHs! kak « Writing Programy.
Ha cxeme aBa s1eMeHTa ¢ TAKMM Ha3BaHUEM, I1OCKOJIb-
Ky B IIEPBOM CJIy4ac MOJIPa3yMeBacTCsl UCKIIOYUTEIBHO
(hopMupOBaHUE TTOCICIOBATEIFHOCTH BBIYHCICHUH, a BO
BTOpOM — JI00aBIICHHE B IPOTPaMMY OTICITBHBIX HHCTPYK-
LM, 00eCIIeYnBaOIIMX B3aUMOIEUCTBHE C MaMAThIO. TeM
HE MeHee 00e 3TH pabOTHI BBITIOIHSAIOTCS POTPAMMICTOM
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DESIGN CU design Memory bus ALU design Memory (ISA design) Memory bus
design design design design design
- —_— = - _—
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Pucynox. Ilpumep 10KyMEHTHUPOBAHUSI OCHOBHBIX APXUTEKTYPHBIX PEIIEHUH TUITMUHOTO COBPEMEHHOTO MUKPOIIpoLieccopa
Figure. An example of documenting the basic architectural solutions of a typical modern microprocessor
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9.I lopbayes

npu Hanucanuu [10 1 00BIYHO HE PA3AENAIOTCS Ha CaMo-
CTOSITENBHBIC CYIIHOCTH.

3akarouenne

B pabore npeuioxkeH METo/1 IOKyMEHTUPOBAHUST apXHU-
TEKTYPHBIX PEIICHUH BBIYMCIUTENBHBIX IIIaThopM 0e30T-
HOCHUTEJIBHO K CIIOCOOY MX KOHEYHOH peann3aiyu, Korjaa
B €/IMHBIX TEPMHHAX OMHUCBIBAIOTCS: TPOIIECC MPOEKTHU-
POBaHMs U BBIYMCIMTENBHBIN MpOIece, anmnaparypa, npo-
rpaMMHOe ofecrieueHne u nHecTpyMeHTapuid. [1naBatommit
YPOBEHb a0CTPAKIMH MO3BOJISIET TTOMYYUTh OIMCAHUS IS
00OBEKTOB Pa3HOH I'PaHyIIPHOCTH BBIUMCICHUH U JaHHBIX.

Merton npenocTasisieT 0coOble MpaBuiIa CTPYKTypH-
poBaHus HHPOPMAUHN 00 OPTAaHU3AIMH BHIYHUCIUTEIBHBIX
IaTGOPM H O TIPOTEKAOINX B HUX mporeccax. OCHOBHAs
LeJb MeToa — 00prda co CIOKHOCTBHIO U YIIPOIIECHHE
obmeHa nH(OpMaIHel ¢ OTHOBPEMEHHBIM YBEINUCHHUEM ¢
o0Obema (paccMarprBaeTcsi OTHOBPEMEHHO IPOrPaMMHOE
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obecrieueHue, armnaparypa 1 HHCTPYMEHTAIIbHbIC aCIIeKThI
CO3/IaHUS CUCTEMBI).

Vcnonb3oBaHue MeToa JaeT BO3MOKHOCTD B3IVISIHYTh
MO0-HOBOMY Ha MHOTHE BOMPOCHI M MO3BOJISIET T€HEPUPO-
BaTh HOBbIE HeCTaHAAPTHBIE pemeHus. OHO U3 IIaBHBIX
JIOCTOMHCTB METO/1a — HANIJHOCTb NIPEICTABIECHHUS TIPO-
TEKAIOIINX B CUCTEME MPOLECCOB M BO3MOXKHOCTD BBIJE-
JICHUS OCHOBHOH CyTH (DyHKIIMOHWPOBAHHS CHCTEMBI —
00pa3yromuX €€ BBIYMCIUTENbHBIX MEXaHU3MOB, MJIST UX
OT/JICITHHOTO ONMMCAHMS U JAaJbHEHUIIET0 MOBTOPHOTO HC-
MOJIb30BAHUS.

[IpencraBieHHbII METO B IEPBYIO OUEpe/b PeAHa3HA-
YeH U1 CUCTEMHBIX apXUTEKTOPOB U TEXHUUECKUX MHCa-
Teleid, HO MOKET OBITh UCIIONB30BaH B Ipoliecce 00yueHust
CHELMAINCTOB COOTBETCTBYIOIIMX HampaBiieHui. B gact-
HOCTH, METOJI TIpomie arpodario B Yausepcutere M”TMO
B paMKax MarucTtepckoil nporpammsl «KoMIbroTepHbIE
CUCTEMBI U TEXHOIIOTHI.
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Abstract

Automatic Speech Recognition (ASR) systems are experiencing an active introduction into our daily lives, simplifying
the way we interact with electronic devices. The advent of end-to-end approaches has only accelerated this process.
However, the constant evolution and a high degree of inflection of the Russian language lead to the problem of
recognizing new words outside the vocabulary (Out Of Vocabulary, OOV) because they did not take part in the training
process of the ASR system. In such a case, the ASR model tends to predict the most similar word from the training data
which leads to a recognition error. This is especially true for ASR models that use decoding based on a Weighted Finite
State Transducer (WFST), since they are obviously limited by the list of vocabulary words that may appear as a result of
recognition. In this paper, this problem is investigated on the basis of an open data set of the Russian language (common
voice) and an integrated ASR system using the WFST decoder. A method for retraining an integral ASR system based
on the discriminative loss function MMI (maximum mutual information) and a method for decoding the integral model
using a TG graph are proposed. Discriminative learning allows smoothing the probability distribution of acoustic class
prediction, thus adding more variability in the recognition results. Decoding using the TG graph, in turn, is not limited
to recognizing only vocabulary words and allows the use of a language model trained on a large amount of external
text data. An eight-hour subset from the common voice base is used as a test set. The total number of OOV words in
this test sample is 18.1 %. The results show that the use of the proposed methods allows to reduce the word recognition
error (Word Error Rate, WER) by 3 % in absolute value relative to the standard method of decoding integral models
(beam search), while maintaining the ability to recognize OOV words at a comparable level. The use of the proposed
methods should improve the overall quality of recognition of ASR systems and make such systems more resistant to
the recognition of new words that were not involved in the learning process.
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automatic speech recognition, end-to-end ASR, discriminative training, OOV words, weighted finite state transducer
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AHHOTAIUA
ITpenmet uccaemnoBanusi. CucTeMbl aBTOMAaTHYECKOTO pacro3HaBanus peun (Automatic Speech Recognition, ASR)
AKTUBHO BHEPSAIOTCA B HAIly ITOBCEAHEBHYIO )KNU3Hb, TEM CaMbIM YIIpOILIas CH0006 B3al/IMOllel\/'ICTBI/Iﬂ C DJICKTPOHHBIMU
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Improving out of vocabulary words recognition accuracy for an end-to-end Russian speech recognition system

ycrpoiictBamu. PazButne unTerpansHbix (end-to-end) mMoaxoq0B TONBKO yCKOPSIET JIAaHHBIN mpoliecc. TeM He MeHee
MMOCTOsIHHAs 3BOJJIFOIIUA U GOHbLLlaﬂ CTCIICHb (bJ'[eKTI/IBHOCTI/I PYCCKOTO sA3bIKa MPUBOIAAT K npo6neme pacno3HaBaHUsA
HOBBIX BHe crioBapHbix (Out Of Vocabulary, OOV) ciioB, koTopble He IPUHUMAIIM y4acTHe B Mpolecce o0ydeHus
ASR-cucremsl ipu ee cozganun. B c¢Bsa3u ¢ 3tum ASR-Mozens MOXKET IPOrHO3UPOBATh HanOoIee MOX0KEe CIOBO M3
00y4aromux JaHHBIX, YTO BIEYET K OMMOKe pacmo3HaBaHus. OcoOeHHO 310 KacaeTcss ASR-Mozeneid, HCmob3yomuX
JIEKOAMPOBAHNE Ha OCHOBE B3BelIeHHOTo KoHeuHoro aBromara (Weighted Finite State Transducer, WFST), Tax kax
OHU 3aBEJIOMO OTPAHUYEHBI CIIUCKOM CIIOBAPHEIX CJIOB, KOTOPBIE MOTYT HMOSIBUTHCS B Pe3ylbTaTe PacIio3HaBaHUSI.
BrimonneHo nccienoBaHue IpoOIeMbl Ha OCHOBE OTKPBITOH 0a3bl PyCcCKOTO sI3bIKa (Common voice) U MHTerpabHON
ASR-cucremsl, ucnions3ytomien WEST-nexonep. Metoa. [Ipemioxen meron noo0ydenust uuterpaibHoit ASR-cuctembl
Ha OCHOBE JMCKpUMHUHATHBHOHN QyHKIMHU moteps MMI (Maximum Mutual Information) 1 merona nekoaupoBaHus
UHTErpansHoi Moaenu ¢ nomoupio TG rpada. JJuckpuMuHaTHBHOE 00y4eHHE TTO3BOIMIO CIIAANTD pacipeeeHne
BEPOSTHOCTEH MpecKa3aHust aKyCTHYECKHX KIIACCOB, J00ABUB TaKUM 00pa3oM OOJIBIIYIO BAPHATHBHOCTh B PE3YJIbTATe
pacrnio3HaBaHus. Tak Kak jexoaupoBaHue ¢ momonpio TG rpada He UMeeT orpaHHMYeHHIl Ha PacliO3HABAHHUE TOIBKO
CIIOBAPHBIX CJIOB, OHO MO3BOJIMJIO MCIIOJIB30BATh S3bIKOBYIO MOJIC/b, O0OYUCHHYO Ha OOJIBIIIOM KOJIMYECTBE BHELIHHX
TEKCTOBBIX JaHHBIX. OCHOBHBIE Pe3yabTaThl. B KauecTBe TECTOBOrO MHOXECTBA HCIOJIB30BaHA BOCEMUYACOBast
noziBeIOOpKa U3 6a3bl common voice. O6miee uncino OOV-ciioB B TecToBOIt BIOOpKe cocTaBmio 18,1 %. [Tony4yennsie
Ppe3yJbTaThl MOKA3aJIH, YTO HCIOJIB30BAHUE MPEUIOKSHHBIX METOJIOB COKPATHIIO TIOCJIOBHYIO OIIMOKY pacrio3HaBaHHs
Ha 3 % B aOCOJIIOTHOM 3HAYE€HHH OTHOCHUTENILHO CTaHIAPTHOTO METO/Ia JICKOANPOBAHMS MHTErPaIbHbIX Mojesei. [Ipu
9TOM COXPAaHMJIACh BO3MOXKHOCTb pacrnosHaBanust OOV-ciioB Ha cpaBHUMOM ypoBHe. IIpakTHyeckasi 3HAYUMOCTD.
Vcrnonb30BaHNE MPEATOKEHHBIX METOJIOB MOXKET YJIyUIIHTh 00lIee KauecTBO pacrno3HaBanus ASR-cucrem u clienarb
nx Gosiee yCTOWYMBBIME K PACIIO3HABAHHIO HOBBIX CJIOB, KOTOPBIC HE YYacTBOBAIIM B Hpoliecce 00ydeHNsT MOJIEIH.

KiroueBble cioBa
ABTOMAaTHYECKOE PACIIO3HABAHUE PEUM, HHTETPAIbHBIC CHCTEMBI, TUCKpUMHUHATHBHOE o0yuenune, OOV-cioBa,
B3BCIICHHBIN KOHCYHBIN aBTOMAT

Ceblika s quTupoBanusa: Aunapycenko A.1O., Pomanenko A.H. IloBplleHre TOYHOCTH pacHO3HABAHUS
BHECIIOBAPHBIX CJIOB JUIT MHTETPAJLHON CHCTEMBI aBTOMAaTHYECKOTO pacllo3HABaHUsS pycckoil peun // Haywamno-
TEeXHUYECKHH BECTHHK MH()OPMAIOHHBIX TEXHOJIOTHH, MexaHuKH U ontuku. 2022. T. 22, Ne 6. C. 1143-1149 (na
aHr. 513.). doi: 10.17586/2226-1494-2022-22-6-1143-1149

Introduction

The active development of artificial deep neural
networks has led to a significant breakthrough in Automatic
Speech Recognition (ASR) tasks. For a long time, the
conventional hybrid approach to building ASR systems
[1] was dominant in this area. However, it is a complex
and lengthy process of obtaining separate modules that are
eventually combined into a single system. This encouraged
the development of end-to-end learning methods for ASR
models [2] the task of which is to combine all modules
into one deep neural network. Unlike the conventional
hybrid approach, the end-to-end method learns to generate
text from an input audio signal directly without using
an intermediate signal representation. This approach
dramatically simplifies building and training an ASR
system, showing high recognition accuracy comparable
with conventional systems. In many ASR tasks, it is
already the best solution [3, 4] which only increases the
scientific community’s attention to the development of this
technology.

However, the constant evolution (emergence of new
words) and a high degree of inflection (a large number
of different spellings of the same word) of the Russian
language leads to the degradation of the recognition
accuracy of ASR systems since such “new” words may
not be present in the training data. These words are called
Out Of Vocabulary (OOV) words. The words in the training
data are called IV (in vocabulary) words. Conventional
methods, by definition, are not capable of recognizing
new words since their decoder is pre-limited by the list of
words (lexicon) presented in training data. To tackle this
problem, such OOV words can be added to the lexicon
graph [5], but it is necessary to know the list of OOV words

in advance. To recognize words previously unknown to the
model, there is a method of adding the unk subgraph [6];
it can recognize new words in cases where the ASR model
could not find the corresponding IV word. This is achieved
by adding a phoneme subgraph with arbitrary transitions
within itself which allows generating new sequences
of phonemes that are then converted into words. Such
unk subgraph is integrated into the lexicon graph which
has only known paths based on IV words. However, the
accuracy of this method is far from perfect. A comparison
of OOV word recognition techniques for classical ASR
systems is considered in [7].

End-to-end ASR models in the recognition process
produce separate target acoustic units; it can be letters
(graphemes) or pieces of words (subwords) consisting
of several letters. Such a method is theoretically capable
of recognizing OOV words, but in practice, this can lead
to degradation of the overall recognition accuracy. The
model may be wrong in IV word recognition because it
does not have a lexicon constraint during the decoding
process, as it does in the conventional hybrid model. With a
limited number of training data (less than 100—150 hours of
transcribed data), this problem only gets worse. To improve
this situation, BPE (Byte pair encoding) augmentation
[8] of acoustic classes can be used generating new word
divisions into acoustic units during each training epoch. A
comparison of conventional hybrid and end-to-end ASR
systems for the Russian language can be found in [9].

There is a method for combining an encoder trained
in end-to-end mode with a WFST (Weighted Finite State
Transducer) decoder used for conventional systems [10].
This approach allows using external text data to train the
language model and make fewer mistakes in recognizing IV
words due to the presence of a lexicon. This combines the
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strengths of end-to-end systems (robust encoders trained in
end-to-end mode) and a strong language model integrated
into the WFST graph from the classical system. However,
the lexicon still limits this approach making it impossible
to recognize OOV words.

This paper proposes a WFST graph method to decode
an end-to-end model unrestricted by a predetermined
lexicon L. Instead of TLG, the TG graph is used in which
the language model is based on graphemes. We also use the
discriminative MMI (Maximum Mutual Information) loss
function for finetuning the pre-trained end-to-end model
similarly from [11] which further increases the accuracy
of OOV word recognition by smoothing the probabilities
of acoustic unit prediction. The final model reduces the
overall WER (Word Error Rate) by 3 % in absolute value
relative to the baseline end-to-end decoding algorithm
while retaining the ability to recognize OOV words on the
same level.

Decoding method

The conventional hybrid ASR system is divided into
two main components: acoustic and language models. The
classifier of target acoustic units (phonemes, graphemes,
subwords), based on a deep neural network, usually acts
as an acoustic model. Its task is to predict the probability
distribution of acoustic units on each short segment
(25 ms long) of the input signal. The language model is
integrated into the decoding module and generates the
most probable word sequences based on the predictions
received from the acoustic model. The lexicon sets the
rules for dividing words into acoustic units mapping each
word from the training data to the corresponding sequence
of acoustic units. For example, if graphemes are used as
acoustic units, then the lexicon will display the rules for
splitting each word into letters. The final decoding graph
for the conventional hybrid ASR system is a WFST that
sequentially transforms the outputs of the acoustic model
into the final recognition result in the text. Such a graph is
a composition of four separate graphs:

— H — topology graph for acoustic model outputs;
converts acoustic model outputs (tying states) to
context-sensitive acoustic classes (such as triphons).

— C — transition graph from context-dependent acoustic
classes to context-independent ones (for example, from
triphons to phonemes).

— L — lexicon.

— G — word language model.

As a result, we get the HCLG graph which is used in
the process of decoding the conventional hybrid system.

For end-to-end ASR systems, it is possible to use such a
WEST graph for decoding [10] since its encoder also plays
the role of an acoustic model. To do this, it is necessary
to replace the HC subgraph of the conventional model
with T, the graph of the CTC (Connectionist Temporal
Classification) topology. As a result, a TLG graph is
obtained which can decode the results of recognition of
the end-to-end model. This method uses both approaches
strengths: an encoder based on the latest architectures,
trained in end-to-end mode, and a WFST graph with a

powerful language model. However, due to the L graph
presence, this method cannot recognize OOV words.

To solve this problem, we propose to remove the L
graph from the composition of the decoding graph. As a
result, we get a TG graph, where G is already a grapheme
language model instead of a word one. Using positional
graphemes as acoustic units makes it possible to directly
restore the sequence of words from the results of such “non-
word” recognition. This approach retains all the advantages
of the hybrid method of decoding the end-to-end model
using the WFST graph and makes it possible to recognize
new OOV words by getting rid of the lexicon restriction.

Discriminative finetuning

To improve the recognition accuracy of end-to-end
systems, one can use discriminative training methods based
on MMI objective function [11]. In contrast to the MMI
finetuning for the conventional hybrid system, in the end-
to-end approach, the loss function is calculated immediately
over the entire input signal, leading to extensive memory
consumption. The compact CTC topology can be used
to combeat this, it described in detail in [12]. Additional
finetuning of the pre-trained end-to-end model for a certain
number of epochs with the MMI loss function can have a
beneficial effect on the accuracy of the final system. Our
experiments show that this approach improves the overall
recognition accuracy and leads to a noticeable improvement
in OOV word recognition. This effect may be because
the model trained only on the CTC loss function initially
has excessively high probabilities for predictions, which
was already noted earlier in [13]. Additional finetuning
with MMI allows smoothing out this “peaky” behavior
and increases the probability of recognition of alternative
acoustic units improving the recognition accuracy of
OOV words. An example of comparing the probability
distribution by acoustic units for a model trained only on
CTC loss and then finetuned with MMI loss is shown in
Fig. 1.

Data set

An open database of the Russian language common
voice [14] is used to train and test ASR models for the
proposed method. This database consists of voice recordings
from users’ personal devices (smartphones, PCs, etc.). The
sampling rate of audio files is adjusted to 16000 Hz. The
entire data available for download from the original source
was divided into a train (104 hours and 38 minutes) and
a test set (8 hours and 16 minutes). The number of OOV
words for the selected test set was 18.1 %. It is important
to note that this is a percentage of the total words spoken
on the test, not a percentage of unique OOV words.

As an acoustic feature, 80-dimensional log-Mel
filterbank coefficients are used, to be calculated with a
window of 25 ms and a step of 10 ms. In order to reduce
the effect of model overfitting, SpeecAugment [15] is used.
The number of frequency masks is 2 with a mask range of
30 bins. The number of time masks is 2 with a length of
40 ms.
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Fig. 1. Comparison of the acoustic units distribution probabilities of the end-to-end model for two training options: only with the
CTC loss function (@) and the use of additional training with 10 MMI epoches (). The dotted line indicates the probability of a blank
symbol. Continuous lines correspond to the remaining acoustic units

ASR system

The acoustic model (encoder) of our end-to-end
ASR system is Conformer [16] — a deep neural network
architecture based on the attention mechanism and local
convolution blocks. This architecture works effectively
with a long-term and local context within utterances (for
example, with whole words and individual graphemes). In
this work, we use a 12-layer Conformer with the size of
the attention mechanism embedding of 320. The number
of attention heads is 8. The size of fully connected layers is
1024, and the size of the conformer convolution block is 5.

The Joint CTC-Attention mode (the weight of the CTC
loss function is 0.3) is used for training the end-to-end
model. An attention decoder part based on the Transformer
architecture [17] consists of 6 layers with an attention
mechanism size of 320. The number of attention heads
is 8, and the size of fully connected layers is 1024. This
block is also used for decoding in the beam search mode.
The weight of the encoder block is 0.3. Adam algorithm is
used as an optimizer with 16000 warm-up steps to a peak
learning rate of 0.002, followed by a quadratic decrease.
The total number of training epochs is 100.

For decoding in conventional hybrid mode, a WFST
graph is used based on the Kaldi toolkit [18]. For language
modeling, a 3-gram word language model is used in the
case of the TLG.fst graph and a 7-gram grapheme language
model for the TG.fst graph.

The word error rate (WER) metric is used to evaluate
the overall accuracy of speech recognition. OOV word
recognition accuracy is measured using Character Error
Rate (OOV-CER) and Word Error Rate (OOV-WER)
for specific OOV words. As an implementation of such
a metric, the texterrors! are used. It is worth noting that

! Available at: https://github.com/RuABraun/texterrors
(accessed: 15.11.2022).

WER is the highest priority indicator in comparing the
accuracy of model recognition. OOV-CER and OOV-
WER are secondary metrics that show only OOV words
recognition accuracy.

All experiments were carried out in the ESPnet speech
recognition toolkit [19].

Experiment results

As baseline values for comparison with subsequent
modifications, the speech recognition accuracy of the
end-to-end model was investigated using a standard beam
search decoding algorithm. The influence of the choice
of acoustic units for ASR system modeling was also
investigated. The results of these experiments are presented
in Table 1. Subwords were obtained using sentencepice
tokenizer with 250 BPE units. Additionally, the effect
of BPE augmentation with bpe alpha 0.1 (dp0.1) on the
recognition accuracy of OOV words was tested. It can be
concluded that the graphemes units work the best for this
task. The BPE model shows a slightly better WER, but
noticeably loses in OOV word recognition. BPE dropout
helps improve OOV recognition but messes up WER a lot.

The following experiments use the WFST graph to
decode the predictions of the end-to-end model encoder.
Table 2 shows that the transition from TLG.fst to TG.fst
can significantly reduce the OOV-CER/WER and the

Table 1. Decoding the end-to-end model using the beam search
algorithm for different acoustic units, %

Acoustic units WER OOV-CER | OOV-WER
Graphemes 30.5 28.8 58.1
BPE 250 30.4 32.8 62.2
BPE 250 + dp0.1 375 32.6 60.0
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Table 2. Results for the WFST decoding method of the end-to-end model using TLG.fst and TG.fst, %

Training criterion Graph WER OOV-CER OOV-WER
CTC-Att TLG.fst 343 51.9 100.0
CTC-Att TG fst 29.7 33.6 62.4
CTC-Att+MMI TLG.fst 335 50.9 100.0
CTC-Att+MMI TG fst 27.5 31.0 60.4

overall WER. At the same time, additional finetuning for
ten epochs using the MMI loss function provides a further
improvement in both WER and OOV metrics.

Table 3 compares the baseline beam search with our
best result from Table 2. The method of adding the unk
subgraph was also tested. It can be seen that baseline beam
search is the best for recognition of OOV words but shows
that WER is 3 % worse than TG.fst + MMI which still
works well with OOV words and is inferior in OOV metrics
quite a bit. Model with the unk subgraph is also capable of
recognizing OOV words but lags far behind in WER and
OOV metrics.

Additional analysis of recognition results indicates that
most of the recognized OOV words in about 96.3 % differ
from IV words by no more than three letters. It means that
the proposed method works well with the inflection of the
language (small changes in the ending, word prefix, etc.).
Recognition of a new OOV word that is not similar to an
existing [V word is rare. As a measure of the proximity of
two words, the Levenshtein distance is used. It is defined
as the minimum number of single-character operations
(insertions, deletions, and replacements) required to
convert one character sequence to another. A complete
distribution of the number of correctly recognized OOV
words depending on the Levenshtein distance to the nearest
IV word from the training set can be seen in Fig. 2.

Table 4 shows an example of recognized OOVs and IV
words closest to them.

Table 4. An example of recognized OOV words and IV words
closest to them. Grapheme differences are highlighted in bold

00V v Le\{enshtein
distance
OOIIMPHBIM OOIIMPHBIH 1
HEMHOTUMH HEMHOTUM 1
iarpopmoit w1aThopMbl 2
MOATUINYT MOATHUCH 3
BO3HArpaKJ1eHO BO3HArpaJuTh 4

Table 3. Comparison of the best results for different recognition
methods of the same end-to-end ASR model, %

Method WER OOV-CER | OOV-WER
Baseline beam search 30.5 28.8 58.1
TG.fst + MMI 27.5 31.0 60.4
TLG.fst + unk subgraph | 32.1 37.5 74.1
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Fig. 2. Distribution of the number of correctly recognized OOV
words depending on the Levenshtein distance to the nearest [V
word

Conclusion

This paper considers the problem of OOV word
recognition for the Russian language using the end-to-
end ASR system. The possibilities of OOV recognition
were explored using the beam search decoding algorithm
compared to the WFST decoding graph. The proposed
methods of using the TG.fst graph and discriminative MMI
finetuning allowed reducing the overall WER by 3 % in
absolute value compared to the beam search decoding while
maintaining a high level of recognition ability for OOV
words obtained as a result of the inflection of the Russian
language. Our method is also significantly superior to the
existing approach based on using the unk graph.

As further research, it is planned to improve the
grapheme language model (G graph) by increasing the
number of N-grams. It is assumed that the bigger context
of the language model will help to deal better with OOV
word recognition.
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AHHOTaNMS

Ipeamer ucciaenoBanus. [llupokoe pacupocTpaHeHHe KHOCPPU3ZMUSCKUX CUCTEM, & TAKIKE MOBCEMECTHAs
MHTETPaIMs BEIYMCIUTENbHBIX PECYPCOB B (PU3HUECKHE CYIIHOCTH NIPUBEIH K MOBBIIIEHUIO PHCKOB MTPEIHAMEPEHHBIX
U CcIy4ailHbIX MHOHMJACHTOB 0e30macHOCTH. B ¢Bs3M ¢ 3TUM mpuobOpeTaeT 0colyro aKkTyalbHOCTh pa3padoTka
HOBBIX M COBEPIICHCTBOBAHHE CYIIECTBYIOIINX METOJOB M CPEJCTB MOHUTOPHHTA Takux cucteM. Co3maBaemble U
MOJICpPHHA3UPYEMBIE METOIBI IOIDKHBI 00J1a1aTh MTOBBIIICHHOH ITOTHOTOH M TOYHOCTHIO HICHTH(HUKAINH, B 0COOCHHOCTH
JUIE 00BEKTOB KPUTHYECKOH nHppacTpykTypsl. Metoa. IIpemioxken opuruHaabHbIN MeTox 00pabOTKH JaHHBIX
MOHHUTOPUHIA COCTOSHUS KHOEpPHU3NIECKUX CHCTEM HAa OCHOBE aHAJIN3a BPEMEHHBIX PSIIOB C IPHMEHEHHEM BECOBBIX
k02 PHUIIMEHTOB 3HAYMMOCTH B KauecTBE IOCTOOPabOTKM pe3ysbTaToB Kiaccudukanun. MeTox oTin4aercs ot
CYHIECTBYOLIUX KOM6I/IHPlpOBaHHblM moAXoA0M, COYECTAOUIUM IIPUMEHECHHUE B CUCTEMAaxX MOHUTOPUHIA CO6bITHﬁ
nHGOPMALMOHHON U QYHKIMOHAILHOH 0e30macHoCTH. XapaKkTepu3yeTcs HCIIOIb30BaHUEM aHCaMOIIs J1ePEeBbEB
PpeLIeHNUH, a TaKkKe MapajuieNIbHO padOoTaoNINX KIaCCH()UKATOPOB U BECOBBIX Kod(duirenToB OunidepHa npu aHanmse
COBOKYITHOCTH HamOosiee HH()OPMATHBHBIX PH3HAKOB, TOMYIEHHBIX U3 BPEMEHHBIX Ps0oB. OCHOBHbIE Pe3yJIbTaThI.
[TpumeHnMOCTs MeTOa 000CHOBAHA NIPY MOMOIIH BEYHCIUTEIFHOTO YKCIEPUMEHTA HA H3BECTHOM Ha0Ope JTaHHBIX,
XapaKTepu3ylomeM (yHKIHOHHPOBAHNE NHPOPMAIIMOHHON M (U3UUECKON COCTABIMIOMNX IMPU OCYIIECTBICHUN
Pa3IMYHBIX THIIOB aTaK HAa KOMIIOHEHTHI SKCIIEPUMEHTAIFHOTO CTeHAa KHOep(hU3NISCKOI CHCTEMbI BOTOOUNCTKH.
To4HOCTh MACHTU(GHUKALUY 10 CPABHEHMIO C JIYIIMMH MTOJXOAAaMH, IPEACTABICHHBIMI B HAYYHBIX paboTax mpu
HCIIOJIb30BaHUK Pa3paboTaHHOTO METONa, yBenuumiachk Ha 1,45 %, monnora — ua 4,45 % u coctaBuia 99,85 % mis
oboux nokazareneil. IIpakTuyeckasi 3HAYUMOCTh. [lomydeHHbIE Pe3yabTaThl aJaNTUPOBAHBI JUIA MPAKTUYECKOTO
HCTIONBb30BAHUS B CHCTEMAaX MACHTU(UKAIIMN COCTOSHUS KHOEPPHU3MIECKUX CUCTEM. TeopeTudeckas 3HAYMMOCTh
COCTOUT B BO3MOJKHOCTH HCIIOIB30BaHMS PE3yIbTATOB HCCIETOBAHUS MPU MPOCKTUPOBAHUH CHCTEM MOHHUTOPHHTA
MHPOPMAITMOHHOW M (HYHKIIMOHAIBFHON 0€30MacCHOCTH KHOSP(PU3NUESCKUX CHCTEM.

KiioueBble c1oBa
CHCTEMBl MOHHUTOPWHTA, aHAJINW3 BPEMEHHBIX DPAI0B, KHOeppU3UIECKHEe CUCTEMBI, BBISBICHHE aHOMAIHI,
“HpOpMAIMOHHAS 0e30MaCHOCTh, (PYHKIIMOHAIBHAST 0€30IIaCHOCTD, PEIIAIONIHNE ICPEBhS
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Method for monitoring the state of elements of cyber-physical systems based
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Abstract
The wide spread of cyber-physical systems, as well as the widespread integration of computing resources into physical
entities, have led to an increase in the risks of deliberate and accidental security incidents. In this regard, the development
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of new methods and tools and improvement of the existing ones for monitoring such systems is of particular relevance.
The methods being created and modernized should have increased recall and precision of identification, especially for
critical infrastructure objects. An original method for processing data for monitoring the state of cyber-physical systems
based on time series analysis using significance weights as a post-processing of classification results was proposed. The
method differs from the existing ones by the combined approach that combines the use events of information security
and functional safety in monitoring systems. It is characterized by the use of an ensemble of decision trees as well as
parallel classifiers and Fishburn weight coefficients in the analysis of the set of the most informative features obtained
from time series. The applicability of the method was substantiated by conducting of a computational experiment on a
known data set which characterizes the functioning of the information and physical components in the implementation
of various types of attacks on the components of the experimental stand of the cyber-physical water treatment system.
When using the developed method, the identification precision increased by 1.45 % compared to the best approaches
presented in other scientific works, and the recall increased by 4.45 % and amounted to 99.85 % for both indicators.
The results obtained are adapted for practical use in systems for identifying the state of cyber-physical systems. The
theoretical significance lies in the possibility of using the results of the study in the design of systems for monitoring
the information security and functional safety of cyber-physical systems.

Keywords
monitoring systems, time series analysis, cyber-physical systems, identification of anomalies, information security,
functional safety, decision trees
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BBenenue

CrnusiHre MHPOPMAIMOHHBIX TEXHOJIOTHH M ITPOMBIII-
JICHHBIX NPOLIECCOB, HaONI0AaeMoe B MOCIETHIE TO/IbI B
Pa3BUTHH TEXHOJIOTUYECKOH MH(PACTPYKTYPHI, IPUBEIIO K
TpaHc(opMaIy IPHUHIHUIIOB ITIOCTPOCHUSI IPOU3BOJICTBEH-
HBIX 00BEKTOB M IIUPOKOMY PacIpOCTpaHEeHUI0 Knbepdu-
smueckux cucreM (KOC).

Ha coBpemennom stane passutus KOC ormeuaer-
Csl TIOBBIIICHUE CTEMEHN MHTEIICKTYaIbHOCTH CHCTEM
YTIpaBJICHUS, NX aBTOHOMHOCTH H aJIallTHBHOCTH, BMECTE
C 9THM CTPEMHUTEIBHO BO3pacTaeT 00beM 00padaTeiBaeMoit
nHpOPMAINH, MIEPEaBaCMOM OT Pa3INYHBIX CEHCOPOB U
nataukoB [1]. JlaHHBIE CUCTEMBI SIBISIOTCS CIOKHBIMU U

pacrpe/ieieHHBIMHU, YTO TaKXe BEJEeT K BOZHUKHOBEHHIO
psina npobiieM, CBSI3aHHBIX C UX PabOTOCHOCOOHOCTBIO U
nnpopmarronHoii 6ezonacHoctsio (Mb) [2]. Takum obpa-
30M, HEOOXOTMMO OOecIedeH e TIOCTOSTHHOTO MOHUTOPHH-
ra cocrosiausi KOC, B TOM YHCIIe OLIEHKH 3alHUIICHHOCTH,
IPH 3TOM KpaifHe Ba)KHBIM SIBIISICTCS Y4eT BPEMEHHBIX
HapaMeTpoB MOTEHIIHAIBHBIX HHIUCHTOB O€30IaCHOCTH.

Cpenn ocHOBHBEIX ysa3BuMocTeld KOC MoxHO BBIAE-
JIMTh: BOSMOJKHOCTD MPOCIYIINBAHUS KaHAJIOB, OCBUIKY
«BHEIUIHHUX» MaKETOB, OCYIIECTBICHNE (PU3NIECKOTO JI0-
CTyIa 3JI0yMbIIUICHHUKA K 00bekTy KDC, HemocTarou-
HYIO CTaHAAPTHU3allUIO UHTCIJICKTYaJIbHBIX aJITOPUTMOB
MapuIpyTH3aliH, YYUTHIBAIOIIUX COCTOSIHUE ceTH | Jip. Ha
puc. 1 mpuBeeHbI THITOBBIE IECTPYKTUBHbIE BO3ACHCTBUS

ATtaku 0TKa3a B 06CJ'Iy)KI/IBaHI/II/I

Bupycsl, 4epBu, IIIHOHCKOE
porpaMMHoe obecredeHme

‘YpoBeHb
MIPUITOKCHUN

Y

Danscudukarys ganapix KOC
Y TIO/IMEHA YITPABIISIOLIMX KOMaH/I

Moaudukarms mporpaMMHOro
obecrieyeHs, BHEIPEHNE
MIPOTPAMMHBIX 3aKJIaI0K U 1P.

Odanbcudukanys nHGoOpMaIUH
0 MapuLIpyTH3aLKH

Ataka 1o TUIY «Y€JIOBEK

Cerepoit nocepeauHe»

YPOBEHD

BosneiicTBus
Ha neMeHTsl KOC

Y

ATaky 10 TUITy «BOPOHKa»,
«4epBOTOYMHA»

Araku cOpoca ITakeToB U Jp.

BHezapeHue anmapaTHbIX 3aKJIaI0K

Duznueckuit
YpOBEHb

Y

3alrymiieHUEe paJiloCUrHaza

ATaky UCTOLIECHUS PECYPCOB U JIp.

Puc. 1. Yrpo3sl 0e30MaCHOCTH Ha PA3IHYHBIX YPOBHIX KHOCPPUIHUECKUX CUCTEM

Fig. 1. Security threats at different levels of the cyber-physical systems
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Ha aneMeHThl KOC Ha pa3iauyHbIX YPOBHSX: (PU3HYECKOM,
CETEBOM U YPOBHE MPHIIOKEHUI.

VYnpaBieHne HHIUACHTaMU 0€3011aCHOCTH, BKIIOYas
UX BBISIBICHUE, (PUKCAIINIO, TTPEICKA3aHNE — MOCTOSIHHBIN
CJIOXKHBII TIpoIiecc HAOMIONEHHS U aHAIIN3a PEe3yJIbTaTOB
coOBITHIf 0€30ITaCHOCTH 1 MHBIX JaHHbIX. [lomoOHOTO posa
MOHHUTOPHHT MPEICTABISET OO0 KOMIJIEKCHYIO 3ajia-
4y 1o paboTe ¢ yrpo3amu u Hapymenusmu b, a Takke
TEXHOJIOTHUECKUMHU COOSMH U OTKa3aMH, OCIIOKHEHHBIMU
Pa3HOPOIHOCTHIO MPOMBIIIJICHHBIX CETEBBIX YCTPONHCTB
U IPOTOKOJIOB, KOJTUYECTBOM JAAHHBIX U CKOPOCTHIO UX
MOCTyIIeHHs. JoMoMHUTEIbHYIO TPOOIEeMy MTPEa0CTaB-
JISIeT HEOOXOAMMOCTh a/lalTallii CPEJICTB MOHUTOPHH-
ra B JMHaMHUYECKH MEHSIOLIMXCS ycloBHsX. Mexons u3
9TOTO, NMEPCIEKTUBHON 3a/aueil siBisieTcsl pa3padoTka
METOJ0B MOHUTOPUHTA COCTOsIHUS MeMeHToB KDC ¢
LeJbI0 o0ecredeHnsl NX KOMIUIEKCHOW MH(OpPMannoH-
HO-(pyHKIIMOHAIIBHON 0€3011aCHOCTH, a TAKXKE YCTOHIMBOTO
(DYHKIIMOHUPOBAHWS B YCIOBHUSIX HAINYUS HH(POPMAIINOH-
HBIX yIPO3 U aTaK.

CymecTByOImKe METOIbI U TEXHOJIOTHU B OOIbIIEH
Mepe OPHMEHTHPOBAHBI HA KIACCHYECKNE KOMITbIOTEPHBIC
Wi HHQOPMALIMOHHBIE CUCTEMBI [3—5], UTO OrpaHHYUBAET
BO3MOXKHOCTb ux nmpumeHeHus: B KOC. McnonelyeMble Ha
CCTOIHSIIHUN JICHb peleHus [6, 7] He o0nanaroT gocTa-
TOYHBIM (DYHKIIMOHAIIOM, 0OecTiedrBaroInM Y (PEKTHBHBIH
MOHHTOPHHT B PEKHUME PEabHOTO BPEMEHH, YTO BHI3bIBACT
psin mpobieM obecriedeHnss HHGOPMAITMOHHO-(YHKIINO-
HaJIbHOM 0€3011aCHOCTH, CBSI3aHHBIX C AHAIN30M COCTOSIHUS
oTaenpHBIX ycTpoiicTB KDC. B cBs3H ¢ 3TUM BO3HUKACT
0OBEKTHBHAsI HEOOXOANMOCTh Pa3BUTHUS M aAANTALNH Me-
TOJIOB MaT€MaTHIECKOro 00ECHeUeHNs CHeUuann3upo-
BAaHHBIX MH()OPMALMOHHBIX CUCTEM, HHTETPUPYEMBIX B
K®C, B 1ensix NpoTUBO/ICHCTBHS BHEIIHUM U BHYTPEHHUM
JIECTPYKTUBHBIM BO3JICHCTBHSIM.

Hacrosimast pabora — joruueckoe npojionkeHne padboT
(8, 9].

IlocTanoBKa 3agaun

PaccmoTpum 3amauy kiaccu(UKAUKU BPEMEHHBIX
PSZIOB, XapaKTePU3YIOLUX COCTOSIHUE UH(OPMAIHMOH-
HO-(yHKIMOHAIBHON O0e3onmacHocT KOC. [Tycts nmeet-
cst BpeMeHHOl psint X = {{x(t)), Xp(t), ..., xs(t1)}, {x1(5),
Xo(t), -y X5(t2) }s -y {X1(2)s Xa(L0)s -0 X(2,) } 5 KOKTOMY
KOPTEXY KOTOPOTO COOTBETCTBYET HA0OP XapaKTEPHUCTHK
MHGOPMALMOHHBIX WK Qu3nueckux nporeccoB KOC B
JUCKPETHBIH MOMEHT BPEMEHU; {C1, ..., C;} — MHOXKECTBO
cocrostamit KOC, | — 9ncino naeHTHPUIUPYEMBIX COCTOS-
uuit KOC; C = {C, C}} — MHOXECTBO pacCMaTpUBaeMBbIX
cocrossauii. Kaxaerii snement KOC MokeT HaXOIUTHCS
B omacHoM (C|) mnu 6e3omacHoM (paspemeHHOM) (Cp)
coctostaun. Cy = {cy, €, ..., Ci}> C1 = {Chr1> Chras -5 C1}»
k — uuncno 6e3onacHbIx coctosuuii KOC.

Tpebyercs onpeaenuts coctosaue KOC (meTka
KJlacca ¢), K KOTOpOMY OTHOCHTCSI 110JIaBaeMblii Ha BXOJ
9JIEMEHT BpeMeHHOro psiaa. Jlius oOyueHus Monenu He-
00XOMMO TOJIYYHUTh XapaKTEPUCTUKY IPOTEKAIOIINX
NH(POPMAIMOHHBIX M (PU3MUYECKHUX MPOILECCOB KaXI0TO0
paccmarpuBaemoro coctostuusi KOC. dopmuposanue 00-
y4aromeil BRBIOOPKH MOXKET NTPOU3BOANUTHCS, HAIPUMED, C

UCIIOJIb30BaHUEM IPOIPAMMHOTO 00ECIICUeHNST JUIsl aBTO-
MaTH3MPOBAHHOTO aHAJIN3a CETEBOTO TpaduKa.

Mertka kiacca coctosinus KOC ¢ B TUCKpETHBIH MO-
MEHT BPEMEHH / OTIMCHIBACTCS C UCTIOIb30BAHNUEM TIpe/Ia-
raeMoro B paboTe MeToa NPy MOMOIIHN Psijia OTOOPAHHBIX
cornacHo pabote [8] Hanbomee HHPOPMATUBHBIX MPU3HA-
KOB!

€= W@ (g 15 Xp 05 wevs Xpg)s Aoy 15 Xy 2y vy Xpg)s v
an(xt,l’ xt,27 ERRE) x[,s))a
ceC, X, € Df, § <<,

rae C — MHOXECTBO paccMaTpuBaeMbIX cocTossHn KOC;
W — arperupyromas GyHKUYs; ay, dy, ..., d, — KIACCH-
(uumpyrore anropuTTBL; X, ; — 3HAYCHHUs IIPU3HAKOB B
JMCKPETHBII MOMEHT BPEMEHH; [)y— MHOXECTBO [Ny CTH-
MBIX 3HQUEHHUI MPU3HAKOB; § — KOJIMYECTBO OTOOPAHHBIX
HanOosiee MH(MOPMATHBHBIX IIPU3HAKOB; S — 0011Iee KOJIu-
YECTBO JIOCTYITHBIX TIPU3HAKOB.

Lenb paboTsl — pa3paboTka MeTo/a, 00ecIeunBao-
IIEr0 YBEJIMUCHNE TIOJIHOTHI M TOYHOCTH WICHTU(UKALIUH
COCTOSTHMSI HH(OPMALIOHHO-(DYHKIIMOHAILHOM Oe30macHo-
ctr KOC 3a cuer ucnonp30BaHms B CHCTEME MOHUTOPHHTA
3HAYEHUH BPEMEHHBIX PSIJIOB 32 MIPEIIIECTBYIONIE MOMEH-
THI BPEMEHH C TIPUMEHEHHEM BECOBBIX KO3()(HUIIMEHTOB
3HAYUMOCTH.

Meton peunieHusi MOCTABJICHHOM 321241

B paGote npuMeHeH 1 HCCIeI0BaH ajlrOpUTM Ha OCHOBE
JIEPEBLEB PEIICHUH, KOTOPBII OTHOCHUTCS K TPYTIIIE JIOTHHE-
ckux Kinaccudukaropos [10]. CyTs anroputMma 3aKkIrodacT-
Csl B IOCTPOSHNH OMHAPHOTO JIEPEBa, BO BHYTPEHHHX y371axX
KOTOPOTO PACIIONAratoTCs TPEIUKATE, a B JINCTaX — METKH
kiaccoB ¢; (i =1, ..., [). KopeHs nepeBbeB pemenuii conep-
JKHUT y3€lT IPUHSTHS PEIICHNs Ha OCHOBE aHaJIM3a Hanboiee
MH(GOPMATHBHOTO NPU3HAKA, 10 MEpe yIaJeHHUs U NpH
JlaJbHEHIIEM IOCTPOCHUM JACPEBbEB PELIECHUI UCIIONIb3Y-
I0TCSl MeHee UH(QOPMATHBHBIE PU3HAKHU (110 YOBIBAaHHIO
nH(opMaTUBHOCTH). JINCTOBBIC BEpPIIMHBI COAEPIKAT 3HA-
YEeHUs! KJIAaCcCOB, ONPE/EICHHBIX Ha dTarne (OpMUPOBAHUS
oOyuaroreil BBIOOpKH. BBIOOp MMpeankaroB ocyIiecTBICH
C TIOMOIIBIO0 KpUTEpHEeB nHpopMaTHBHOCTH [11].

B OunapHOM n1epeBe perieHuit:

— KaXII0¥ BHyTPEHHEW BEPIIUHE V MpUMTHCaHa (PyHKIIHS
(nmm npenukar) B X — {0, 1};

— Ka)KJI0M JIMCTOBOM BEPILIMHE V MPUIIKCAH TTPOTHO3 —
onHO u3 / Bo3amMoxkHbIX coctosuuit KOC ¢; € C.
[Ipenukars! B, CpaBHUBAIOT 3HAYEHHUE OJHOTO U3 MPH-

3HAKOB C IIOPOIOM T,

BV(X;j7 Tv) = [xj < tv]-

AuropuT™ a(X), HaUUHAasl C KOPHEBO BEPLINHEI V), BbI-
yucIsieT 3Hadenue Gpynkmmu Bq. Ecim ono paBHO HyIIO, TO
QJITOPUTM TIEPEXOIUT B JIEBYIO JOUEPHIOIO BEPIINHY, HHAYE
B IIPaBYI0, TIOCJIE YEro BBIUUCISIET 3HAYCHUE MPEUKATa B
HOBOU BepIIMHE U JIeJaeT NePEeX0/l UK BJIEBO, WM BIpa-
Bo. [Ipouecc nponomkaercs, moka He OyJAeT AOCTUTHYTa
JUCTOBAas BEPIIMHA; aJrOPUTM BO3BpallaeT TOT KJacc,
KOTOPBII MPUMHUCAH 3TOH BEpIIUHE.
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B.B. CemeHoB

Taxum 00pa3om, 1mojaBast Ha BXOJ HCXOAHBIC 3HAYCHHS B
MOMEHT BPEMEHH £, TIOCTPOCHHBIH aJITOPUTM a(X) Ha OCHO-
Be oOyyatoriero Habopa GpopMHpYET OTBET — OJHY U3 Me-
TOK KJ1acca ¢; € C, accoluupoBaHHyIo0 ¢ coctosHreM KOC.

K®C — cnoxnas cucrema, KaKIablid 21€EMEHT KOTOPOH
MOJKET TIO/IBePraThCsl OTICIBHBIM BHIaM JIECTPYKTHBHBIX
BO3JEHCTBUI U atak. JlaHHbIE, MOCTyMAOMIKE OT PA3JIUY-
HBIX 3neMeHToB KDC, MoryT 0051a1aTh HHANBUTYaTbHBIMU
cBOMCTBaMU. B CBA3M ¢ 3TUM BO3HMKAET 3a/la4ya UACHTH-
(buKanmy COCTOSIHUS TS KITAaCCH(PHUKATOPOB, 00JIaIA0IINX
CBOUMMM KOMIICTCHIIMAMU Ha HO}IBLI60pKaX.

Bpemennoii psa X coCTOUT U3 3HAUEHUM MPU3HAKOB B
m momeHToB. [1o Metomny OyrcTpamna (bootstrap) u3 Bcero
MHOJKECTBA PAaBHOBEPOSITHO BBIOMPAETCS m/n BEKTOPOB
MIPU3HAKOB, KKIBIA M3 KOTOPBIX COOTBETCTBYET OIpeE/ie-
JEHHOMY MOMEHTY BpeMeHH. OTMETHM, 4TO U3-3a BO3-
BpAIIICHUS HEKOTOPBIC 3JICMECHTHI B MTOJMHOXKECTBAX MO-
T'yT TOBTOPsITECS. O003HAYNM HOBYIO BBIOOpPKY uepes X .
[oBTOpSsis potIeMypy 7 pa3, CTeHEPHPYEM 71 TIOABBIOOPOK
X1, Xo, oony X

IIpuMennmM n mapamiebHO paboTalmuX Kiaccuu-
KaTopoOB JJId YBEJIIMYCHUA CKOPOCTHU MOJTYYCHUS UTOTOBBIX
pe3ynbTaroB. Vcnonb3yem arperupyronyo GyHKIUO [
I yIydleHus CTa6I/IJ'H)HOCTI/I 1 TOYHOCTHU aJITOPHUTMOB.
[TpuHIMIBI TOCTPOCHUS aHCaMOIIs MapaiebHO padboTa-
IOLIMX KIacCHU(PUKATOPOB:

— TeHepalwys ¢ TOMOIIBLIO OyTCTpAIIa 71 BHIOOPOK pa3mep-
HOCTBIO m/n X § 7S KaXKJ10r0 KIacCU(pUKaTopa a;—a,,;

— HE3aBHCUMOE 00YYEHHE KaXKIOTO AIEMEHTapHOTO KIIac-
cuduxaropa (anroputM a,—a,, OupeeaeHHbI Ha CBO-
€M TIOIIPOCTPAHCTBE) Ha 3apaHee pa3MEeueHHOM Habope
JAHHBIX (00y4YeHHE C YIUTEIIeM);

— HEe3aBHUCHUMasl KJIacCU(pUKALUS KaXK O TOABBIOOPKH X,
X5, ..., X, Ha KaKJIOM 3 IOIIPOCTPAHCTB;

— HPUHATHEC OKOHYATCIbHOI'O PCUICHUA O MMPUHAJICIKHO-
CTH 00BEKTa OJHOMY M3 COCTOSTHUH.

B knaccuyecknx moaxoaax MpH UCIOJNb30BaHUM aH-
cambieil kiraccuuKaTopoB OKOHYATENIBHOE PELICHHE O
MIPUHA/IISKHOCTH 3JIEMEHTOB BPEMEHHOTO psijia olpesie-
nenHoMy coctosiHuio KOC npuHumMaeTcs OqHUM U3 crie-
JYOIIIX METOJIOB.

— Komncencyc: ecnu Bce aeMeHTapHbIe KITacCH(PUKATOPBI
TIPUCBOIIIN ONTHY U Ty K€ METKY MHOXKECTBY 3HAYCHHUI
MIPU3HAKOB B MOMEHT BPEMEHH £, TO TAKOW 0OBEKT OymeT
OTHECEH K BEIOpaHHOMY Ki1accy. KoHCeHcyc nocTmRuM
He Bcerya.

— IIpocroe OOMBIIMHCTBO: O0BEKTY IPHCBAMBACTCS METKA
TOTO KJ1acca, KOTOPBIN OMPEAETTUIIO I HETO OOJBIIMH-
CTBO JJIEMEHTAPHBIX KJIACCU(HKATOPOB.

[Ipu uCHnoNb30BaHMU «MOMEHTAIBHBIX CHUMKOBY B
JUCKPETHBIH MOMEHT BPEMEHHU HE BCEra J0CTUTAeTCs
HeoOXouMast OJTHOTA ¥ TOYHOCTD HACHTU(UKAIIUH COCTO-
staust KOC. Kpome Toro, Ha pakTHKe HanOoIiee BaKHBIMU
SIBIISTFOTCS 3HAYCHUS COCTOSHHN, KOTOPBIC PUOIIKEHBI K
TEKyIIeMy MOMEHTY BpeMeHH [9]. 171 yBeTmdeHus OTHO-
TBI ¥ TOYHOCTH TIPEIaraeTCsl BBECTH BPEMEHHOH OTPE30K
uaeHTHGUKAIUN N, TPEICTABISIONTNI COO0H CKOIB3sIIee
OKHO OT #;_p| O TEKyIIEero MOMEHTa BPEMEHH ¢;, U Be-
COBBIE KO3(D(DHULUEHTHI p;, YUUTHIBAIOLINE CTEIECHb Ipe]-
MOYTEHHUs] OJIHUX PE3YyJbTATOB MACHTH()HUKALNN JIPYTHM

(puc. 2).

Hauaio ataku

Ch, PN Cp, P... Ca> P3 Ca P2
| | J |

Caapl t
!

T T 1 1 1
i N+l i lio i1 Z;

Puc. 2. BpemeHHOH rpauK HACHTUGHUKALUHE aTaKK C yYETOM
K02(UINEHTOB 3HAUUMOCTH

Fig. 2. Time schedule of attack identification which takes into
account the coefficients of significance

B paccmarpuBaemMoM cityuae ¢;, — 0e30macHOe COCTo-
aune KOC; ¢, — cocrosanue, B kotopom KOC Haxoaurcs
M0J] aTaKyIUUM HH()OPMALMOHHBIM WIH (HU3HYECKIM
Bo3JeiicTBUEeM. BecoBbie K03(h(DUITMEHTHI JTOIKHBI YI0B-
JIETBOPSITH CIIEIYIOMINM TPEOOBAHUSIM:

— YYHTHIBaTh BPEMEHHOW OTPE30K MACHTU(UKAUH N,
TIPEJICTABIISIONINI cO00H 3HaYeHNE BEJIMINHBI BPEMEH-
HOTO MHTEPBAIA, 32 KOTOPBII aHAIM3UPYEMbIC JaHHbIC
TIOZIATOTCSI HA BXOJ] QJITOPUTMA, PEaTH3yIOLIEro PeIo-
JKEHHBIN METO]T;

— 110001 K03(pGULIHEHT p;,| NOIKEH OBITH MEHBIIE
Pi(Vpiy<ppi€[l,N]).

Jy1st cucTeMbl yOBIBAFOIIETO TIPEAIIOYTECHHSI, COCTOSIICH
u3 N anbTepHATUB, MPEIJI0KEHO UCIIOIB30BaTh BECOBhIE
K0d((HUIIMEHTBI, CHUKAIOLIMECS TI0 PaBHITy aprudmeTnye-
cKoif mporpeccun. BecoBbie koadduueHTs Oundepna —
panMoHalIbHbIE APOOH, B UUCIHTENIE KOTOPBIX PAaCIONIoKe-
HBI yOBIBAIOIIHE HA €AMHUITY 2JIEMEHTBI HaTypaJIbHOTO psijia
ot N 1o 1, a B 3HamMeHaTene — cymMMa apu(MeTHIecKor
nporpeccun N MEepBBIX WICHOB HATYPAIBHOTO Psijia C Ia-
rom 1.

1
rn=Nri=ri - 1LK=}Yr,p=", (1)

i=1 K
IJie r; — SIEMEHTBI HaTypaJlbHOro psina; K — cymma apud-
METHYECKOH porpeccun N MepBbIX WICHOB HATYPaIBbHOTO
psina ¢ marom 1; p; — BecoBoi KOA((UIMEHT 3HAUNMOCTH
pe3ynbTara HAeHTU(GUKAIUN JUTS AUCKPETHOTO MOMEHTA

BpeMeHHU; N — BPEMEHHOH OTPE30K HICHTU(PHUKAIINH.

Anpodanusi MeToaa

C mempio MpaKTHUECKON pean3aii pa3padoTaHHOTO
METO/a UICHTUPHUKAIINHN cOCTOSHIS dreMeHToB KDC Ha
OCHOBE aHaJIN3a BPEMEHHBIX PSOB BBITIOTHAM PacYeTHBIN
SKCTIEPIMEHT HaJ HabopoM naHHbIX [12]. MccnemoBaTenn
13 CHHTammypCcKoro YHUBEPCUTETa TEXHOIOTUN U AU3aliHa
(Singapore University of Technology and Design) cmope-
JIMPOBAJIA pa3/IMYHBIC TUIILI aTaK HAa KOMIIOHECHTBI OKCIIC-
pumenTansHoro crenga KOC Bogoounctku. s uccneno-
BaHUS BEIOPAHBI aTaKH, KOTOPBIE IPOUCXO/IHUIIN: Ha Pa3HBIX
ypoBasix KOC; Bxirouanu B ceOsi OUH WIH HECKOJIBKO
9TAIOB; UMEJH PA3IMYHYIO ITPOJIOJDKUTEIILHOCTD U 3aTpa-
ruBajin pasHbie ypoBHH KDC; OOIBIIMHCTBO aTak UMEIN
BO3/ICHCTBHE HAa TEXHOJIOTHUYCCKHUH MPOIIEeCC.

B tabn. | mpencTaBieHBl THIB U KOIWYECTBO aTak
(obmiee kommaecTBO — 41).

W3 momy4eHHOTO ceTeBOro Tpaduka MEKIY CHCTEMOH
SCADA (Supervisory Control And Data Acquisition) u
MPOrpaMMUPYEMbIMH JIOTHYECKUMHU KOHTPOJLIEpaMu cop-
MHUPOBaHbI BpEMEHHBIE PSI/IbI, CoAepIKalie NHYOPMAIHIO
co Bcex poctynHbx natunkoB KOC. [l ananusa Bpe-
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MeToa MOHUTOPUHIa COCTOAHUSA 3IEMEHTOB KVI6epq)I/I3VI‘-IeCKI/IX CNCTEM Ha OCHOBE aHan3a BpeMEHHbIX pAan0B

Tabnuya 1. Turnbl aTak Ha KUOSPPU3MUESCKIE CHCTEMbI BOJI00-
YUCTKU

Table 1. Types of attacks on cyber-physical systems of water
treatment

KonuuectBo
aTak

Tuner atak

OpHoCcTaauiiHBIC U OIHOHANPABICHHBIC 26

OZ[HO CTaZ[PIﬁHI;Ie MHOT'OHAITpaBJICHHBIC

MHorocrauitHbIe 1 MHOT'OHaITPpaBJICHHBIC

4
MHorocraauiiHble OTHOHANPABIEHHbIE 2
4
5

be3 Bo3zeiicTBUS HAa TEXHOIOTMYECKHUH MPOLIECC

MEHHBIX PSJ0B, XapaKTepHU3yIOMNX (yHKIMOHHPOBAHUE
K®C, npumeneno nporpammuoe obecnieaeane MATLAB
R2022a. ®opmupoBaHue JEPEBHEB PEIICHIA, X aHCAM-
6meit u mocienyromas KiIacCu(pUKALUs BHIIIOTHEHA PH
oMoy npuiokenus Classification Learner App.

VcxonHble aHHBIC Uil pealiu3aliiy pa3paboTaHHOTo
METOZa NPENCTABISIOT YUCIEHHbIN JIBYMEpPHbII MacCUB
944 919 x 51. B cTpokax pacnoyioKeHbl 3HAYEHUS Bpe-
MEHHOTO psiJia, PETHCTPUPYEMBIE Pa3 B CEKYH/TY, & CTOJIOLBI
YIOPSIIOYEHBI 110 UCTOYHHUKAM ITOJTy4eHUs! HH(OpPMAIUHU OT
K®C. Habop naHHBIX pa3MeUeH M0 Ki1accaM (COCTOSIHUSIM),
Ka)XJJOMy BPEMEHHOMY psily TIOCTaBJICHA B COOTBETCTBUE
MeTKa Kiacca {cy, ..., C41}-

B Hauane nporiecca OIEeHUBAHNS COCTOSIHUS SJIEMEHTOB
K®C dopmupyercst oOygaromas BEIOOpKa U3 BPEMEHHBIX
PSZOB, COCTABICHHBIX U3 3HAUYCHUH MapaMeTpoB QyHK-
nnonnpoBaHusi KOC 1 cOOTBETCTBYIOMINX UM METOK CO-
CTOSIHUH (KJ1accoB). MeTO0M paBHOMEPHOTO CITy4aifHOTO
COMIUIMHTA C BO3BPATOM (POPMHUPYETCS 71 TIOJIBBIOOPOK.

ANTOpUTMBI a|—a, Ha OCHOBE JIEPEBBLEB PEIICHHI 00Y-
YaroTCs KaXK/Ibli Ha CBOEH MO/IBBIOOPKE HE3aBUCHMO JPYT
OT JIpyra, KJ1acCU(UKATOPBI HE UCIIPABIISIIOT OLIMOKH APYT
Jpyra, a KOMIEHCUPYIOT UX IIPH T0J0COBaHUU. bazoBble
KJIACCHU(HUKATOPHI B TAKOM CIIydae SIBISIOTCS HE3aBHUCH-
MBIMH 32 CUeT 00ydYeHUs Ha PAa3INYHBIX MOJBBIOOPKAX.
Ha cragnm naeHTH(UKALINE COCTOSHUS aHATM3UPYEMbIe
MOKAa3aTeIH 3a OTPE30K BPEMEHH NN, MPeICTaBIAIONINE
coboit kopren X* = { {1 (#; u1)s Xo(f n1)s - Xl 1)}
v X0 Emg), Xo(tiny), s X1} X0 (8), Xp(8), -, x(8)
TOAar0TCA Ha BXO/[ BHINICYKa3aHHBIX KJ'IaCCI/Iq)I/IHI/IpyIOH_H/IX
AIITOPUTMOB.

Kax bl anroput™ a,—a, renepupyer N OTBETOB Ha
3aJJaHHOM BPEMEHHOM OTpe3Ke, KOTOphIe MoCcToOpadarsl-
BAIOTCSI HAa IIEPBOM 3Tare ¢ MCIIOJIb30BAaHUEM BECOBBIX
ko3¢ punmenToB OumbdepHa, MpUIAIONNX OOJIBIINH BeC
Oosee MO3HUM pe3ynbraTaM uaeHTHGuKanun. Takum
00pa3zoM, METKa KJ1acca OpeelIsieTcs IyTeM B3BELICHHO-
ro 0000ImIEeHNsI Pe3yabTaTOB KIaCCU(PHUKAINN Ha OTPE3KE
BpeMeHn N. BecoBbie k03(GUINEHTHI p; U pa3nnIHbIX
MOMEHTOB BPEMEHHM CYMMHUPYIOTCSI B TOM CIIy4dae, eciii
MpeacKa3aHHbIe KIACChl COBMAatoT. B Tabm. 2 mpuBeaeH
MIpUMep NPUMEHEHHUS paccyuTaHHbIX 1o (hopmysie (1) ko-
3¢ dUINEHTOB A1 Klaccu(puKaTopa da;.

5 7
Cymma k03 HUIIMEHTOB JUIS €37 PaBHA 155 13
3
cig — s C yueToM BECOBBIX KOA(PPHUIIMEHTOB 3HAUHU-

Tabnuya 2. TlpuMep NPUMEHEHHS BECOBBIX KOI(DGHUIIUEHTOB 15
N=5
Table 2. An example of applying weigh coefficients for N =5

Boewst Becogoit Mertka kimacca
p K02 dUIIEHT COCTOSTHUSI
5
I I C37
4
li 5 C35
3
lio 5 €35
2
li3 5 18
1
lig 5 C1g

MOCTHU pe3ynbTaToM OyZeT MeTKa Kiacca c3s. B ciyuae
paBeHcTBa KO3 PUIIMEHTOB Iepe]] KiaccaMu BeIOepeM
TOT KJIacC, KOTOPBIN OBUI ONpEesieH isi OoJiee MO3IHEro
MOMEHTa BPEMEHU.

OxoHYaTeNbHOE pelIeHre IPUMeEM 3a cueT 00o0mIe-
HUSI PE3yNIbTaTOB, TOJyYCHHBIX Ha TPEIBIAYILIEM 3Tare U
M0 KaKAOMY KIacCH(PHUKATOPY d[—a,. VITOTOBBIN pe3yib-
TaT ONPEIEINUM NMPOCTHIM OOJIBIINHCTBOM PE3YJIbTaTOB.
[IpumeHnM HedeTHBIE 11, YTOOBI M30€KaTh CIIydan paBHOTO
YHCJIa FOJI0COB ISl OTIAMYAIOIINXCS KIIACCOB ¢. biok-cxema
aJIrOpUTMa IIpeCTaBIeHa Ha pHcC. 3.

ITosyyeHHbIE pe3yJibTAThI

Pa3paborannslii MeTO]] 32 cueT KOMOWHHPOBAHHOTO
MIOJIX0/1a TIO3BOJINJI, HE YBEIIMYUBAs YHCIA OTOOPAHHBIX
coracHo [8] mpHU3HAKOB, CYIIECTBEHHO IMTOBBICUTH TIOKA3a-
TEIN Ka4ecTBa KiaccuuKaiuu 1 ObICTPOTY pearupoBaHus
Ha uHIaeHTe b u ¢pusndeckue Bosneiicteus na KOC.
Ha puc. 4 B cpaBHEHHM IOKa3aHbI PE3yJIbTaThl IPUMEHE-
HUS TPEJJI0AKEHHOT0 MOAX0/1a U CTAaHIapTHOTO METOo/a,
HE yYUTHIBAIOIIETO CTEIEHb MPEATIOUTEHUSI PE3yIIbTaTOB
UACHTH(DUKAIIMY B Pa3IMYHbIC TUCKPETHBIC MOMCHTBI Bpe-
Menu. [Tpu N = 1 peuienue 3a1auu CBOAUTCA K OINpeesie-
Huto coctosinust KOC B 1UCKpPETHBIM MOMEHT BPEMEHH.
IIprmenenwe pa3paboTaHHOTO ITOIXO0/A TTO3BOIHIIO TIOBBI-
cuth F-Mepy 1o cpaBHEHHIO CO CTaHIAPTHBIM METOJIOM.
Wcxonst n3 aHanmm3a TUCTOTPAMMBI CIETIaeéM BBIBO, YTO
ONTHUMAJIbHOE 3HAYCHHE — BEJIMUMHA OTPe3Ka UACHTH(HU-
karuu N = 4. OTMETUM, 4TO JaJIbHEHIIIee yBEIUUEeHUE OT-
pe3Kka MpakTHYeCKU He MPUBOAUT K YBEIHYeHHIO F-Mephl.
Penraroruii pakrop asist BBIOOpa BEIUYHUHBI CKOJIB3SIIETO
okHa N 1 KOJIMYecTBa KJIacCU(PpHUKATOPOB /1 — MaKCUMHU3a-
st F-Mepbl pe3ynnbTaTtoB KilacCH(pUKAIUIY TSI KOHTPOJIU-
pyemoit KOC.

BeinonauM cpaBHEHNE pe3yIbTaTOB HACTOSIIIIETO HCCIe-
JTIOBaHUS C NAaHHBIMU, TIOTYICHHBIMH B HAYYHBIX paboTax
[13—-19]. CpaBHeHHUE POBEACHO HA WACHTUIHOM Habope
WCXONIHBIX JaHHBIX, BBIZCICHBI PUMEHEHHBIC TPYTHMHI
HCCIIeIOBATEISIMU METOIBI (Taod. 3).

Ha puc. 5, a npeacrasiena guarpaMma TOYHOCTH
(precision). Kak BUJJHO, TOY4HOCTb HJICHTH()UKAIINU COCTO-
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Puc. 3. bnok-cxema anroputMa WICHTH(OUKAIINN COCTOSHUS KHOCPPU3MUECKIX CUCTEM

Fig. 3. Block diagram of the algorithm for identifying the state of cyber-physical systems state
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staus d5ieMeHToB KOC ¢ npuMeHeHneM pa3paboTaHHOTO
METO/[a CYILIECTBEHHO BBIIIIE, YeM B pabOTax APYrUX UCCIIe-
JloBaresei, MPUMEHHUBIINX WHBIE TI0 pUpoje Kinaccudu-
KaTOpPbI ¥ METOJIBI TIPEIBAPUTEIIBHON 00Pa0OTKU TaHHBIX.

PazpaboTaHHbII METO ITO3BOJIFII TAK)KE TIOBBICHTH TTOJI-
Hoty (recall) unenrudukannu cocrosuust KOC (puc. 5, b).
MeTtoauku ¢ BRICOKOH TOTHOTOW KJIACCH(HKAIIH TIPEIITOY-
TUTETBHEE IS PACTIO3HABAHHS PaHEe HEM3BECTHBIX THUIIOB
anomanuit [20].

Takum 00pa3zoM, IPOaHATTIM3UPOBAHHBIE PAOOTHI IPYTHX
HCCIIeJ0BATENEH XapaKTEPU3YOTCSl OTHOCUTEIbHO HU3KOM
NMoTHOTOM naeHTH(uKamu coctosiHuid KOC, uro siBsiercst
UX CYIIECTBEHHBIM HEJJOCTATKOM, TOCKOJIbKY TaKHe MOJICITH
MOTYT WACHTH()UIMPOBATh 3HAYUTEIILHOE YHCIIO aTaK Ha
K®C kax 6e30macHble COCTOSHHSI.
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Tabnuya 3. ViccnenoBaHus, ¢ KOTOPBIMU IIPOU3BEICHO CPABHEHUE PE3YJILTaTOB

Table 3. Studies against which the results were compared

ABTOpBI HICCIIEIOBAHUN IIpumeHnsieMsblil MeTOL O603HaueHne Hcrounuk
Kravchik M., Shabtai A. | OgHOMepHBIE CBEpTOUHBIE HEHPOHHBIE CETH 1D CHC [13]
(One-Dimensional Convolutional Neural Networks) (1D CNN)
Shalyga D., Filonov P., | MHOTOCIOHHEIH MeprienTpoH MII [14]
Lavrentyev A. (Multilayered Perceptron) (MLP)
CBepToYHbIC HEHPOHHBIE CETH CHC
(Convolutional Neural Networks) (CNN)
PexyppeHTHbIC HEIIPOHHBIE CETU PHC
(Recurrent Neural Networks) (RNN)
Inoue J., Yamagata Y., | ['ryounnsie Helipornsie Cetn I'HC [15]
Chen Y., Poskitt C.M., | (Deep Neural Networks) (DNN)
Sun J. OHOKIACCOBBI METOI OMOpHBIX BeKTOpoB (One-Class MOB
Support Vector Machines) (OCSVM)
Kravchik M., Shabtai A. | ABTosHKOHED AK [16]
(Autoencoder) (AE)
Elnour M., Meskin N., | U3onupyromue seca (Isolation Forests) 150! [17]
Khan K., Jain R. (IF)
Li D., Chen D., Jin B., | I'ereparuBHO-cocTsizarenbHble ceTn (Generative Adversarial T'CHC [18]
Shi L., Goh J., Ng S.K. Networks) (GAN)
Gomez A., Maimo L., | HeiiporHsle ceTu ¢ 105roif KpaTKOCPOYHOH MaMsThIO LSTM UHC [19]
Celdran A., Clemente F. | (Long Short-Term Memory Neural Networks) (LSTM NN)
a b
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Fig. 5. Comparison of precision («) and recall (b) of identification of the cyber-physical systems state

3akiaouenne

B paOore npezcTaBiieH MeToj ] 00pabOTKH JaHHBIX MO-
HUTOPUHTA COCTOSTHUS HH(OPMAIMOHHO-(DYHKIIMOHATIBHOM
Oe3ormacHOCTH KHOep(HU3NUECKUX CHCTEM Ha OCHOBE aHa-
JIM3a BPEMEHHBIX PSIIOB C IPUMEHEHHEM BECOBBIX KOA(]-
¢unreHToB 3HaYMMOCTH. MeTo/1 UMeeT Ba)KHOE 3HAYCHHE
JUISL COBEPIIEHCTBOBAHMUS CPEACTB 00CCIICUCHHS ayIuTa
YU MOHUTOPHHTA COCTOSHHS 00BEKTa, HAXOAAIICTOCS IO
BO3/ICHCTBHEM YTPO3 HAPYIICHHUS €T0 HHPOPMAIIMOHHOHN 1
(yHKIMOHATBHOM OE30IIACHOCTH, a TAKKE paccieIOBaHMU
WHITICHTOB HH()OPMAIIMOHHON 0€30MIacHOCTH B aBTOMa-
THU3UPOBAHHBIX MH(POPMAIIMOHHBIX CHCTEMaX.

IIpensioxkeHHbI METO/ TO3BOJIMI CYIIECTBEHHO TMO-
BBICUTH CKOPOCTH I/IZ[eHTI/I(pI/IKaHI/II/I COCTOSIHUS JJIEMECHTOB

KnOep(U3NIECKIX CHCTEM 3a CUET IIPUMEHEHHST aHCaMOIIs
mapauIebHO paboTaIMUX KiIacCuPUKATOPOB. OmHOKH
M3-3a CITyJaifHBIX OTKIOHEHHUH MapaMeTpoB (yHKIINOHU-
poBaHUs KNOEPPUINIECKUX CUCTEM COKPAIIAIOTCS C TO-
MOII[BI0 00OOIIEHNUS M B3BEIICHHOTO YCPETHEHUS PE3YITb-
TaTOB MACHTH()UKAIIUK HA BPEMECHHOM OTpe3ke. TOuHOCTh
I/I}ICHTI/I(i)I/IKaLII/II/I, IO CpaBHCHUIO C JIYUIIHNMHU IOAXOJaMU,
MMpeACTaBJICHHBIMH B HAYYHBIX pa60Tax, IIpu HUCIIOJIB30-
BaHMHU pa3paboTaHHOTO MeToza yBenuumiach Ha 1,45 %,
nonuota — Ha 4,45 % u coctaBuia 99,85 % ans odoux
nokazareseil. CHUKEeHNE BBIYMCIUTENBHBIX 3aTpar U yBe-
JMYEHUE CKOPOCTH MJICHTH(UKAIIMN COCTOSIHUS DIIEMEHTOB
KHOepPU3NIECKUX CHCTEM — pemalonme GakTopsl Ipu
OCYIIECTBICHUN MOHUTOPHHTA M BOCCTAHOBJIEHHH 0€30-
MacHOTo (PyHKIIMOHUPOBAHNS.
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B.B. CemeHoB

Pa3paboTaHHbIll METO[ SIBJISIETCSL HOBOM ajbTCpPHATH-
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HEHImx TNEPCHCKTUB UCCICAOBAHU MOXKHO OTMCTUTD pa3-

12.

14.

Jluteparypa

Shukalov A.V., Zakoldaev D.A., Zharinov 1.O., Zharinov O.0.
Control, computing and communication in industrial cyberphysical
systems with feedback // Journal of Physics: Conference Series. 2021.
V. 2094. N 4. P. 042036. https://doi.org/10.1088/1742-
6596/2094/4/042036

Korenko U.B., Kpubens A.M., Jlayra O.C., Caenko U.b. Ananus
porecca caMonog00Hs CeTeBOro Tpauka Kak Mmoaxos K oGHapysKe-
HUIO KnOepaTak Ha KOMIbIOTEpHBIC ceTH // DnekTpocBssb. 2020.
Ne 12. C. 54-59. https://doi.org/10.34832/ELSV.2020.13.12.008
Bacunbes B.U., Bynsun A.M., I'Bo3nes B.E., Kaprak B.M.,
Arapckas E.A. Obecrnieuenne nHGOPMAIHOHHON 6e30MaCHOCTH KH-
Oepdusnueckux 0OBEKTOB HA OCHOBE MPOTHO3MPOBAHUS M OOHApY-
JKEHHSI aHOMAJIMI UX cOCTOsTHUS // CHCTEeMBI YIPaBJICHHs, CBS3H U
6esomacHoctr. 2021. Ne 6. C. 90—119. https://doi.org/10.24412/2410-
9916-2021-6-90-119

3erkaa JI.I1., TTaBnenko E.FO. Tomeocrarnyeckas crparerus 6e30-
nacHOCTH kubepdrsnyeckux cucreM // Ipobnembl HHGOPMATHOHHO
6e3omacnoct. Komnbrorepusie cuctemsl. 2017. Ne 3. C. 9-23.
SaiinieBa E.A., 3erxxna [I.I1., [TonraBuesa M.A. Hcnonb3oBanne
rpaoBOTO MPEACTABICHHUS U TPELEICHTHOTO aHAIM3a JUIS OLCHKH
3alIMIIEHHOCTH KOMIBIOTEPHBIX cucteM // [Tpobnemsr nHdopmarm-
oHHOI1 6e3omnacHocTH. Komibrotepasie cuctembl. 2019. Ne 2. C. 136—
148.

Lavrova D.S. An approach to developing the SIEM system for the
Internet of Things // Automatic Control and Computer Sciences. 2016.
V. 50. N 8. P. 673-681. https://doi.org/10.3103/S0146411616080125
Bacusbes 10.C., 3ersknaa I1./1., 3erkma JI.IT. Obecnieuenue Gesomac-
HOCTH aBTOMATH3HPOBAHHBIX CHCTEM YIIPABICHHS TEXHOIOTHIECKH-
MH MpolleccaMu Ha 00BbEKTax ruapodHepretTuxu // MsBecTus
Poccwuiickoii akanemun Hayk. DHepretuka. 2016. Ne 3. C. 49-61.
Cemenos B.B. ITogxoxn x hopMupoBaHUIO HHPOPMATHBHEIX IIPHU3HA-
KOB B 3371a4aX MOHHTOPUHIAa HH(OPMALHOHHO GE30MaCHOCTH KH-
Oeppusnyeckux cucreM // HayuHO-TeXHHYECKUiT BECTHUK HH(OpPMa-
IIUOHHBIX TEXHOJIOTHH, MeXaHUKH U onTuku. 2021. T. 21. Ne 6.
C. 887-894. https://doi.org/10.17586/2226-1494-2021-21-6-887-894
CemenoB B.B. OuennBanue cocTosiHuUsI HH)OPMAIIMOHHO# Oe3omac-
HOCTH Ha OCHOBE aHaJIM3a BPEMEHHBIX psinoB // HayuHo-TexHnIecKuit
BecTHUK [ToBomkes. 2021. Ne 10. C. 127-129.

. Kruegel C., Toth T. Using decision trees to improve signature-based

intrusion detection // Lecture Notes in Computer Science (including
subseries Lecture Notes in Artificial Intelligence and Lecture Notes
in Bioinformatics). 2003. V. 2820. P. 173-191. https://doi.
org/10.1007/978-3-540-45248-5 10

. Cagli E., Dumas C., Prouff E. Convolutional neural networks with

data augmentation against jitter-based countermeasures // Lecture
Notes in Computer Science (including subseries Lecture Notes in
Artificial Intelligence and Lecture Notes in Bioinformatics). 2017.
V. 10529. P. 45-68. https://doi.org/10.1007/978-3-319-66787-4 3

Goh J., Adepu S., Junejo K.N., Mathur A. A dataset to support
research in the design of secure water treatment systems // Lecture
Notes in Computer Science (including subseries Lecture Notes in
Artificial Intelligence and Lecture Notes in Bioinformatics). 2017.
V. 10242. P. 88-99. https://doi.org/10.1007/978-3-319-71368-7_8

. Kravchik M., Shabtai A. Detecting cyber attacks in industrial control

systems using convolutional neural networks // Proc. of the 47th
Workshop on Cyber-Physical Systems Security and PrivaCy. 2018.
P. 72-83. https://doi.org/10.1145/3264888.3264896

Shalyga D., Filonov P., Lavrentyev A. Anomaly detection for water
treatment system based on neural network with automatic architecture
optimization // arXiv. 2018. arXiv:1807.07282. https://doi.
org/10.48550/arXiv.1807.07282

. Inoue J., Yamagata Y., Chen Y., Poskitt C.M., Sun J. Anomaly

detection for a water treatment system using unsupervised machine
learning // Proc. of the 17th IEEE International Conference on Data
Mining Workshops (ICDMW). 2017. P. 1058—1065. https://doi.
org/10.1109/ICDMW.2017.149

pa60TI<y MCTOZI0B U MCTOJHUK HpOTHBOﬂeﬁCTBHH BBIABJICH-
HbIM Hapylm€HHUAM Ha OCHOBC IIpUHIMIIA OGpaTHOﬁ CBsA3H
B pEKUME PCAJIbHOI'O BPEMCHHU.

11.

12.

14.

15.

References

Shukalov A.V., Zakoldaev D.A., Zharinov 1.O., Zharinov O.0.
Control, computing and communication in industrial cyberphysical
systems with feedback. Journal of Physics: Conference Series, 2021,
vol. 2094, no. 4, pp. 042036. https://doi.org/10.1088/1742-
6596/2094/4/042036

Kotenko I.V., Kribel A.M., Lauta O.S., Saenko 1.B. Analysis of the
process of selfsimilarity of network traffic as an approach to detecting
cyber attacks on computer networks. Electrosvyvaz Magazine, 2020,
no. 12, pp. 54-59. (in Russian). https://doi.org/10.34832/
ELSV.2020.13.12.008

Vasilyev V.I., Vulfin A.M., Gvozdev V.E., Kartak V.M. Atarskaya E.A.
Ensuring information security of cyber-physical objects based on
predicting and detecting anomalies in their state. Systems of Control,
Communication and Security, 2021, no. 6, pp. 90—119. (in Russian).
https://doi.org/10.24412/2410-9916-2021-6-90-119

Zegzhda D.P., Pavlenko E.Y. Homeostatic security of cyber-physical
systems. Information Security Problems. Computer Systems, 2017,
no. 3, pp. 9-23. (in Russian)

Zaitceva E.A., Zegzhda D.P., Poltavtseva M.A. Applying of graph
representation and case-based reasoning for security evaluation of
computer systems. /nformation Security Problems. Computer
Systems, 2019, no. 2, pp. 136—148. (in Russian)

Lavrova D.S. An approach to developing the SIEM system for the
Internet of Things. Automatic Control and Computer Sciences, 2016,
vol. 50, no. 8, pp. 673-681. https://doi.org/10.3103/
S0146411616080125

Vasiliev Y.S., Zegzhda P.D., Zegzhda D.P. Providing security for
automated process control systems at hydropower engineering
facilities. Thermal Engineering, 2016, vol. 63, no. 13, pp. 948-956.
https://doi.org/10.1134/S0040601516130073

Semenov V.V. An approach to the identification of the state of
elements in cyber-physical systems based on principal component
analysis. Scientific and Technical Journal of Information
Technologies, Mechanics and Optics, 2021, vol. 21, no. 6, pp. 887—
894. (in Russian). https://doi.org/10.17586/2226-1494-2021-21-6-
887-894

Semenov V.V. Assessment of information security state based on
analysis of time series. Scientific and Technical Volga region Bulletin,
2021, no. 10, pp. 127-129. (in Russian)

. Kruegel C., Toth T. Using decision trees to improve signature-based

intrusion detection. Lecture Notes in Computer Science (including
subseries Lecture Notes in Artificial Intelligence and Lecture Notes
in Bioinformatics), 2003, vol. 2820, pp. 173-191. https://doi.
org/10.1007/978-3-540-45248-5_10

Cagli E., Dumas C., Prouff E. Convolutional neural networks with
data augmentation against jitter-based countermeasures. Lecture Notes
in Computer Science (including subseries Lecture Notes in Artificial
Intelligence and Lecture Notes in Bioinformatics), 2017, vol. 10529,
pp. 45-68. https://doi.org/10.1007/978-3-319-66787-4 3

Goh J., Adepu S., Junejo K.N., Mathur A. A dataset to support
research in the design of secure water treatment systems. Lecture
Notes in Computer Science (including subseries Lecture Notes in
Artificial Intelligence and Lecture Notes in Bioinformatics), 2017,
vol. 10242, pp. 88-99. https://doi.org/10.1007/978-3-319-71368-7_8

. Kravchik M., Shabtai A. Detecting cyber attacks in industrial control

systems using convolutional neural networks. Proc. of the 47"
Workshop on Cyber-Physical Systems Security and PrivaCy, 2018,
pp. 72-83. https://doi.org/10.1145/3264888.3264896

Shalyga D., Filonov P., Lavrentyev A. Anomaly detection for water
treatment system based on neural network with automatic architecture
optimization. arXiv, 2018, arXiv:1807.07282. https://doi.
org/10.48550/arXiv.1807.07282

Inoue J., Yamagata Y., Chen Y., Poskitt C.M., Sun J. Anomaly
detection for a water treatment system using unsupervised machine
learning. Proc. of the 17" IEEE International Conference on Data

Hay4HO-TexXHUYeCcKni1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6

1157


https://doi.org/10.1088/1742-6596/2094/4/042036
https://doi.org/10.1088/1742-6596/2094/4/042036
https://doi.org/10.34832/ELSV.2020.13.12.008
https://doi.org/10.24412/2410-9916-2021-6-90-119
https://doi.org/10.24412/2410-9916-2021-6-90-119
https://doi.org/10.3103/S0146411616080125
https://doi.org/10.17586/2226-1494-2021-21-6-887-894
https://doi.org/10.1007/978-3-540-45248-5_10
https://doi.org/10.1007/978-3-540-45248-5_10
https://doi.org/10.1007/978-3-319-66787-4_3
https://doi.org/10.1007/978-3-319-71368-7_8
https://doi.org/10.1145/3264888.3264896
https://doi.org/10.48550/arXiv.1807.07282
https://doi.org/10.48550/arXiv.1807.07282
https://doi.org/10.1109/ICDMW.2017.149
https://doi.org/10.1109/ICDMW.2017.149
https://doi.org/10.1088/1742-6596/2094/4/042036
https://doi.org/10.1088/1742-6596/2094/4/042036
https://doi.org/10.34832/ELSV.2020.13.12.008
https://doi.org/10.34832/ELSV.2020.13.12.008
https://doi.org/10.24412/2410-9916-2021-6-90-119
https://doi.org/10.3103/S0146411616080125
https://doi.org/10.3103/S0146411616080125
https://doi.org/10.1134/S0040601516130073
https://doi.org/10.17586/2226-1494-2021-21-6-887-894
https://doi.org/10.17586/2226-1494-2021-21-6-887-894
https://doi.org/10.1007/978-3-540-45248-5_10
https://doi.org/10.1007/978-3-540-45248-5_10
https://doi.org/10.1007/978-3-319-66787-4_3
https://doi.org/10.1007/978-3-319-71368-7_8
https://doi.org/10.1145/3264888.3264896
https://doi.org/10.48550/arXiv.1807.07282
https://doi.org/10.48550/arXiv.1807.07282

MeToa MOHUTOPUHIa COCTOAHUSA 3IEMEHTOB KVI6epq)I/I3VI‘-IeCKI/IX CNCTEM Ha OCHOBE aHan3a BpeMEHHbIX pAan0B

17.

18.

19.

20.

. Kravchik M., Shabtai A. Efficient cyber attack detection in industrial

control systems using lightweight neural networks and PCA // IEEE
Transactions on Dependable and Secure Computing. 2022. V. 19. N 4.
P. 2179-2197. https://doi.org/10.1109/TDSC.2021.3050101

Elnour M., Meskin N., Khan K., Jain R. A dual-isolation-forests-based
attack detection framework for industrial control systems // IEEE
Access. 2020. V. 8. P. 36639-36651. https://doi.org/10.1109/
ACCESS.2020.2975066

Li D., Chen D., Jin B., Shi L., Goh J., Ng S.-K. MAD-GAN:
Multivariate anomaly detection for time series data with generative
adversarial networks // Lecture Notes in Computer Science (including
subseries Lecture Notes in Artificial Intelligence and Lecture Notes
in Bioinformatics). 2019. V. 11730. P. 703-716. https://doi.
org/10.1007/978-3-030-30490-4_56

Gomez A., Maim¢ L., Celdran A., Clemente F. MADICS: A
methodology for anomaly detection in industrial control systems //
Symmetry. 2020. V. 12. N 10. P. 1583. https://doi.org/10.3390/
sym12101583

Taiipymuna JI.A., Korenxo 1.B. Ananu3 Mozeneit nrydokoro o0yye-
HUS IS 3371a4 OOHApYKeHUsI CETEBBIX aHOMalnii MIHTepHeTa Bemieit
// NadopmannonHo-ynpasisiomue cuctemsl. 2021. Ne 1. C. 28-37.
https://doi.org/10.31799/1684-8853-2021-1-28-37

ABTOp

CemeHoB BukTop BUKTOPOBHY — KaH/IM/1aT TEXHUYECKUX HAYK, MJIa/l-
mmii HayqIHbIA coTpyaHuK, CankT-IleTepOyprekuii denepanbHbIi Hece-
noBarenbekuil eHTp Poccuiickoii akanemnu Hayk, Cankr-IletepOypr,
199178, Poccwuiickas Oeneparumst, §§ 57204123255, https://orcid.org/0000-
0002-7216-769X, v.semenov(@spcras.ru

Cmambs nocmynuna 6 pedaxyuio 20.06.2022
Ooobpena nocne peyenzuposanus 03.10.2022
Ipunsma x nevamu 22.11.2022

QIO

20.

Mining Workshops (ICDMW), 2017, pp. 1058-1065. https://doi.
org/10.1109/ICDMW.2017.149

. Kravchik M., Shabtai A. Efficient cyber attack detection in industrial

control systems using lightweight neural networks and PCA. IEEE
Transactions on Dependable and Secure Computing, 2022, vol. 19,
no. 4, pp. 2179-2197. https://doi.org/10.1109/TDSC.2021.3050101

. Elnour M., Meskin N., Khan K., Jain R. A dual-isolation-forests-based

attack detection framework for industrial control systems. /EEE
Access, 2020, vol. 8, pp. 36639-36651. https://doi.org/10.1109/
ACCESS.2020.2975066

. Li D., Chen D., Jin B., Shi L., Goh J., Ng S.-K. MAD-GAN:

Multivariate anomaly detection for time series data with generative
adversarial networks. Lecture Notes in Computer Science (including
subseries Lecture Notes in Artificial Intelligence and Lecture Notes
in Bioinformatics), 2019, vol. 11730, pp. 703—716. https://doi.
org/10.1007/978-3-030-30490-4_56

. Gomez A., Maim¢6 L., Celdran A., Clemente F. MADICS: A

methodology for anomaly detection in industrial control systems.
Symmetry, 2020, vol. 12, no. 10, pp. 1583. https://doi.org/10.3390/
sym12101583

Gaifulina D.A., Kotenko I.V. Analysis of deep learning models for
network anomaly detection in Internet of Things. Informatsionno-
Upravliaiushchie Sistemy, 2021, no. 1, pp. 28-37. (in Russian).
https://doi.org/10.31799/1684-8853-2021-1-28-37

Author

Viktor V. Semenov — PhD, Junior Researcher, St. Petersburg Federal
Research Center of the Russian Academy of Sciences, Saint Petersburg,
199178, Russian Federation, g 57204123255, https://orcid.org/0000-
0002-7216-769X, v.semenov(@spcras.ru

Received 20.06.2022
Approved after reviewing 03.10.2022
Accepted 22.11.2022

Pa6oTa focTynHa no nMueH3umn
Creative Commons
«Attribution-NonCommercial»

1158

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHOOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6


https://doi.org/10.1109/TDSC.2021.3050101
https://doi.org/10.1109/ACCESS.2020.2975066
https://doi.org/10.1109/ACCESS.2020.2975066
https://doi.org/10.1007/978-3-030-30490-4_56
https://doi.org/10.1007/978-3-030-30490-4_56
https://doi.org/10.3390/sym12101583
https://doi.org/10.3390/sym12101583
https://doi.org/10.31799/1684-8853-2021-1-28-37
https://orcid.org/0000-0002-7216-769X
https://orcid.org/0000-0002-7216-769X
mailto:v.semenov@spcras.ru
https://doi.org/10.1109/ICDMW.2017.149
https://doi.org/10.1109/ICDMW.2017.149
https://doi.org/10.1109/TDSC.2021.3050101
https://doi.org/10.1109/ACCESS.2020.2975066
https://doi.org/10.1109/ACCESS.2020.2975066
https://doi.org/10.1007/978-3-030-30490-4_56
https://doi.org/10.1007/978-3-030-30490-4_56
https://doi.org/10.3390/sym12101583
https://doi.org/10.3390/sym12101583
https://doi.org/10.31799/1684-8853-2021-1-28-37
https://orcid.org/0000-0002-7216-769X
https://orcid.org/0000-0002-7216-769X
mailto:v.semenov@spcras.ru

HAYYHO-TEXHUYECKMI BECTHUK MH®OPMALIMOHHBIX TEXHOIOM I, MEXAHVKI 1 OMTUKN

° HosIGpb—aekabpb 2022 Tom 22 N2 6 http://ntv.ifmo.ru/ HAYYHO-TEXHMUMECKWM BECTHMK
I IITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX IEXH“"“[““, MEXAH“K“ “ n"]“m
November—December 2022 Vol. 22 No 6 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2022-22-6-1159-1165
YK 004.9

HpI/IMEHEHl/Ie BOJIHOBOM MOJIeJIM TEeKCTA K 3aJa4ue CEeHTUMEHT-aHaJIn3a

Amnacracus Cepreesna I'pysnesal®™, Poqnon Hukonaesna IOpnen2,
Hrops Anexcanaposuy becemepTHBIIH3

1.23 Vausepcurer UTMO, Cankr-IletepOypr, 197101, Poccniickas ®enepanust

1 prog.anastasia@gmail.com™, https://orcid.org/0000-0003-4963-0823
2 rodion@juryev.ru, https://orcid.org/0000-0003-1146-2617
3 bessmertny@itmo.ru, https://orcid.org/0000-0001-6711-6399

AHHOTALUA

IIpeamer ucciaenoBanus. VccienoBana BOJIHOBasE MOJEIb IIPEICTABICHUS KOPOTKUX TEKCTOB Ha PYCCKOM SI3BIKE.
Mopens sBIIsIeTCsl OXHOM M3 peann3anuil TUCTPUOYTUBHONW CEMAaHTUKH. B Mojenayn ydTeHBl HE TOJIBKO YaCTOTHI
BCTPEYAEMOCTH CJIOB B TEKCTE, HO U X B3alMHOE BIIMSHUE. MITOroM peann3aiyu MOJIENIH CIIyKUT HOBBIIIEHUE TOUHOCTH
aHaJIM3a TOHAIBHOCTH KOPOTKUX TeKCTOB. MeToa. OCHOBY OIIpeAEICHUs B3aUMOCBSI3el MEXIY TEKCTOM M TEPMUHOM
COCTaBIISIET PacueT aMILIUTY/bl BEPOSTHOCTH ONN30CTH TEKCTAa K TEPMHUHY C UCIOJIb30BAHUEM BOJIHOBOM MoOjenu.
Tepmun, obnanaonuii HanOOIBIICH aMIUIUTYAONH BEPOSTHOCTH, CUUTAETCS Hambosiee TOYHO COOTBETCTBYIOLINM
CMBICITy TeKcTa. BoTHOBast MOJETb MO3BOMSET YIECTh TOT (DAKT, UYTO U3BECTHBIC METOMBI ONPEAEIIAIOT AHTOHIMBI KaK
CeMaHTHUYECKH ONM3KHe JIeKcnueckre enuHnIbl. OCHOBHBIE Pe3yJbTaThl. [ SKCIIepIMEHTATBLHOTO UCCIICIOBAHUS
MIPEUTOKEHHOTO METO/Ia BEIOPAHO PEIICHHE 3a1aul CeHTIMEHT-aHaIN3a, TO €CTh HAX0XK/ICHHUSI COOTBETCTBYS OT3HIBOB
[10JIb30BaTelIeH 0 MOKYIKaX Ha MapKeTIUIeHce KlaccaM «II03UTUBHBIIY U «HEraTuBHbIIN». B pe3ynbrare skcrepumMenra
HOJIy4eHa TOYHOCTb OLICHKH TOHAJIBHOCTH TeKCTa 110 76,4 %, 4TO MPEBBIIACT TOUHOCTD KJIACCUYECKOIO MO/IX0/1a, a TAKKE
U3BECTHBLIX METOAUK CCHTUMCHT-aHaJIM3a JJIs1 PyCCKOI'O SA3bIKa. BEIsBIIEHO 3HAYUTEIBLHOE BIMSHUE TAKUX nmapamMeTpoB
MOJIeNn, KaKk BbIOOp 0a3ucHOM AMCTPHOYTHBHO-CEMaHTHYECKON MOJIENIH, BBIOOP KOHTPOJIBHON TOUYKH IS pacyera
BOJTHOBBIX YHCEII, yUeT BIMSHHUS aHTOHUMOB Ha TOYHOCTH Kaaccudukaruu. [IpencraBnenHas Moenb Mokasaa BEICOKYIO
TOYHOCTDH B BBEISIBICHHU B3aHMOCBS3eH TEKCTa C HE MPUCYTCTBYIOIMIMMH B HEM sBHO HMoHATHAMH. IIpakTHyeckast
3HAYHUMOCTb. [Ipe/IoKEeHHBIH METOL MOXKET yCIICIITHO MPUMEHATHCSA KaK MaTeMaTHUecKasl OCHOBA PEHICHUsS 3a/1a4d
CEHTUMEHT-aHanu3a. IloryueHHble pe3ynbTaThl I0Ka3ald IOTCHIMAIbHbIC BO3MOKHOCTH UCIIOIb30BaHUS BOJHOBOM
MOJIeNU B 00JaCTAX, TPEOYIONMX KJIacCU(pUKAUK TEKCTOB 10 KOCBEHHBIM ITPU3HAKAM, HalIPUMeED, IS OTIPEAeICHHs
2JIEMEHTOB IICUXOJIOTNYECKOro IOPTPETa aBTopa.
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Abstract
Authors researched the wave model of text representation which is one of the implementations of distributive semantics.
This model takes into account not only the frequency of words occurrence in the text, but also their mutual location.
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[MpMeHeHre BONTHOBOW MOAENMN TEKCTA K 3aa4e CEHTMMEHT-aHanmsa

The purpose of the study: to increase the accuracy of the analysis of the tonality of short texts based on the wave model.
The method of determining the relationship between the text and the term is based on the calculation of the probability
amplitude of the text and term proximity using a wave model. The term with the highest probability amplitude is
considered to correspond most closely to the meaning of the text. The wave model allowed taking into account the
fact that well-known methods define antonyms as semantically close lexical units. For the experimental study of this
technique, a solution to the problem of sentiment analysis was chosen, exactly, finding the correspondence of user
reviews about the product to the classes “positive” and “negative”. As a result, the accuracy of the text tonality defining
was obtained up to 76.4 %, which exceeds the accuracy of the classical approach as well as the well-known methods
of sentiment analysis for the Russian language. In addition, authors detected significant influence on classification
accuracy of such model parameters as the choice of a basic distributive semantic model, the choice of a control point for
calculating wave numbers, taking into account the influence of antonyms. The presented model has shown high accuracy
in identifying the relationships of the text with concepts that are not explicitly present in it and can be successfully used
as a mathematical basis for solving problems of sentiment analysis. In addition, the results obtained indicate the potential
use of the wave model in other areas that require the classification of texts by indirect signs, for example, to determine
the elements of author psychological portrait.
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sentiment analysis, classification, natural language processing, wave model, quantum-like model
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BBenenue

[TpoGnembl COBPEMEHHBIX TOAXOA0B K CCHTHMEHT-
aHaJM3y CBS3aHBI C BBICOKOH Pa3MEpHOCTBHIO IAHHBIX H
Hen30eXHO BO3HUKAIOIICH HEOHO3HAYHOCTBIO B TEKCTaX.
Pe3ysbTaTHBHOCT TEXHUK CEHTUMEHT-aHaIN3a OrpaHude-
Ha B HACTOSIIIEE BPEMsI ISl QHIVIMHCKOTO SI3bIKa TOYHOCTBIO
oxo110 70—80 % B 3aBUCHMOCTH OT IPHUMEHIEMOTO HHCTPY-
MeHTapus [1]. s pycckoro s3bIka TOYHOCTh paclio3HaBa-
HUS IPOJIEMOHCTPUPOBAHA B OT/ICIbHBIX HCCIIEIOBAHUSIX OT
60 1o 73 % [2]. B T0 e BpeMst BOCTpeOOBaHHOCTh CCHTH-
MEHT-aHaJIN3a B MUPOBOM U POCCHUICKOM CErMEHTaX pacTeT
C Ka)X/JIbIM T'0JIOM, YTO ITOKa3bIBAET CTATHCTHKA 3alPOCOB
Ha nonyisipaoM pecypee Google Trends!. I'paduk pocra
YHCIIa 3aIPOCOB 32 IMOCIIEIHIE TOJIbl TOKA3aH Ha PHCYHKE.

Llens paboOTBI — COBEPIICHCTBOBAaHHE METOJOB CEH-
THUMEHT-aHaJIM3a JUISl BBISBIICHUS 2JICMEHTOB OHTOJIOTHH B
MOBEJEHUH MOJIb30BaTENIEH

Cocrosinue npoodJieMbl H MOCTAHOBKA 32/1a4HU

CeHTHMEHT-aHaIU3 — OJHA M3 MOIYJSPHBIX 3a/1ad
KOMITBIOTEPHOHN JIMHTBUCTHKH. [IepBbIe METONBI CEHTH-
MEHT-aHajan3a 0a3upoBaliCh HA PA3MEUCHHBIX CIIOBAPIX
OIICHOYHBIX cJ0B [3, 4]. [IpumeHeHue cmoBapei mo3Bo-
JISI€T HE TONBKO YNPOCTUTH OLIEHKY TOHAJIBHOCTU TEK-
CTa, HO M CKOPPEKTHPOBATh €ro Mpu HeoOxomumocTu [S].
OrpaHuveHHEM SIBISIETCS CIIOBaph, COCTABICHHUE KOTO-
poro TpeOyeT BpEMEHH, a OJJHH M T€ JKe CJIOBA B Pa3HbIX
KOHTEKCTax MOTYT UMETh pa3Hyl0 SMOLMOHAIBHYIO OKpa-
CKy. AJIbTEpHATHBA CJIOBAPHOMY MOAXO/Y — KOPITyCHas
JIMHTBUCTHKA, M, B YACTHOCTH, AUCTPUOYTHBHAS TUITOTE3a
Xappuca [6], corIacHO KOTOPOH €J10Ba, 4aCTO BCTpeYaro-
muecs B IOXOKEM KOHTEKCTE, MMEIOT CXOKUH cMbIci. B
JTAHHOM CITydae CJIOBA U TEKCTHI ITPE/ICTABICHBI BEKTOPAMHU

I Google Trends. [Dnexkrponnsiii pecypc]. URL: https://
trends.google.es/trends/explore?date=all&q=sentiment%20
analysis (nata oopamenus: 14.09.2022).

B FMJIOEPTOBOM IPOCTPAHCTBE, & OJIM30CTh CIIOB U TEKCTOB
OTIpeieIeHbI €BKITNI0BOM MepOil MIIM KOCHHYCHBIM PaccTo-
sHueM. [locneHue ucceioBanms B 001aCTH CEHTUMEHT-a-
HaJln3a omucaHbl B padborax [7—10], roe obmeit mpobiremoit
SIBIISIETCSL CEMaHTHUECKasi HEPA3IMUUMOCTh AHTOHUMOB.

Oxkouno 30 et Ha3aJl K aHalu3y TEKCTOB CTaJd NpH-
MCHSATH KBAaHTOBYIO TEOpHIO BeposiTHOCcTe# [11-16].
OCHOBHOE OTIMYHE KBAHTOBOW TECOPUH OT KOIMOTOPOB-
CKO — HaJTU4ne AOTONTHUTEIFHOTO TTapameTpa — (asbl,
3a CUET KOTOPOW MPOHUCXOTUT UHTEPPEPEHINS aMILUTUTY]
BEpOSITHOCTEN. B CBSA3M € 3TUM MPEII0KEHO UCII0NIb30BATh
arrapar KBAaHTOBOW TEOPHH JUIsl KIIACCU(HUKALIMH TEKCTOB,
4TOOBI B OTJIMYHE OT U3BECTHBIX METOIOB, 0a3UPYIOIINXCS
Ha «MEIIKE CJIOBY, YUYUTHIBATh B3aMMHOE PAaCIONOKEHUE
cioB B TekcTe. B pabdote [17] pazpaborana BOIHOBAsI MO-
JIeJb, KOTOpasi TI03BOJIMIIA YUECTh HHTEP(EPEHINIO TIPU
aHaJIM3€e TEKCTOB. 3a/1aul CEHTUMEHT-aHaIM3a 4acTo CBsI3a-
HBI C HCOOXOMMOCTBIO BBISIBIICHUS HESIBHBIX B3aNMOCBSI3CH
U KJIacCH(UKAIIUU TEKCTOB 10 KOCBEHHBIM MPU3HAKAM.
B TekcTe MOTYT OTCYTCTBOBATH SBHBIC YKa3aHUS Ha TO, K
KaKOMy SMOITMOHATBHOMY TIOJIFOCY — MO3UTHBHOMY HIIH
HEeTaTHBHOMY — OH Omrpke. Tem He MeHee, HabOop UCTIONb-
3YEMBIX CJIOB, CTPOCHHUE MPEATIOKEHNI TO3BOJISIOT YeT0Be-
Ky MOHSTH OOIIYI0 IMOLIMOHAIIBHYIO TOHAIBHOCTh TEKCTA.
3ajada HacTosIIel paboThl — MPOBEPHUTH, MOXKET JIM BBE-
JICHUE JIOTIOHUTEIBHOTO MapaMeTpa — (as3bl — oKa3aTh
MOJIOKUTEIBHOE BIMSIHAE HAa TOUHOCTDH KiacCU(UKALUH
TEKCTOB 110 KOCBEHHBIM ITPU3HAKAM.

Kparkoe onucanue BOJIHOBOW MoJeJ N

PaccMoTprM BO3MOXKHOCTB TPUMEHEHHUS] KBAHTOBO-T10-
JIOOHO BOJTHOBOHM MOJIETH MPEACTABIECHUS TEKCTOBOW HH-
(hopmanuu TS BBISIBICHHS TOHATLHOCTH TeKcTa. OTMETUM
OCHOBHBIE MOMEHTBI BOJIHOBOHM MOJIeIH, TTOIpoOHOE OIu-
caHHe KOTOpOi npuBeeHo B padore [17].

B pamkax BOJHOBOW MOJENN TEKCT MPEICTABICH B
BUJIC aHCAMOJIIS JIEMEHTAPHBIX YaCTHII, T/IE KaKI0e CII0-
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Ilepuon Bpemenu, rog — MecsI

Pucynoxk. lnarpaMma pocTa 3arpocoB «CeHTUMeHT-aHanu3ay ¢ 2004 nmo 2022 roxs! (Bo BceM Mupe). UepenoBaHue 1{BETOB
HCIOJIB30BAHO JUISl YITyYLICHUS 3pUTEILHOTO BOCIIPUATHS AuarpaMMsl. J{0J1s 3apoCcoB PacCUMTaHa OTHOCHTEIFHO MAKCUMAIILHOTO
YHCIIa 3aIPOCOB B MECSAI] 32 UCCIIEYEMbIH MEPUOJT

Figure. Diagram of “sentiment analysis” requests growth from 2004 to 2022 (worldwide). The share of the requests is calculated
relative to the maximum number of requests per month for the study period

BO — OT/eNbHas yacTuia. [loBeneHre 4acTUIlbl ONMCAHO
BOJIHOBOH (pyHKIIMEH, COOTBETCTBYIOLICH Chepuueckon
BoJHE [18], MHTEHCUBHOCTB KOTOPOH OMpeaesseT aMILIt-
TY/ly BEpPOATHOCTH JETEKTUPOBAHUS YaCTUIIbI B TOUKE IPO-
crpaHcTBa. [loBenenue ancamOIIsl SJIeMEHTapHBIX YacTHIL
OITMCAHO TTAKETOM C(PEepUIECKHUX BOJIH, CyMMapHasi NHTEH-
CHUBHOCTb KOTOPOTO OTPAXKAaeT aMILIUTYAY BEPOSTHOCTH
oOHapyKeHHs BCETO aHCaMOIIsl B TOYKAaX MPOCTPAHCTBA.
Takoil NpUHINI JISKUT B OCHOBE KJIACCU(HUKAILINH TEKCTOB
C MCIIOJIB30BAaHNEM BOJIHOBOUM Mozenu. Popmyia pacuera
aMIIIUTY/bl BEPOSITHOCTH NPUHAICKHOCTH TEKCTa K He-
KoTopoMmy Kiaccy / mmeeT Buz [17]

JEINTy

(1
(PnO):

M1 M 4 4,
+2x 3 ¥ ——cos(krlj r1n+(p]0
J=1 n=j+175 Ty

rae /; — MHTEHCUBHOCTH BOJHOBOI'O MAKETa B TOUKE ITPO-
CTPAHCTBa, COOTBETCTBYIOMIEH Kiaccy /; M — 9uciio BOIH
B [TaKeTe (YHCIO CIIOB B TEKCTE); A;, A, — YHCIIO BXOK-
JACHHUHN COOTBETCTBYIOHIUX CJIOB B MCXOJAHBIU TCKCT, l”/j —_—
CEMaHTHYECKOE PACCTOSIHUE MEXKIY TEKCTOM / M CIIOBOM
J (BemumumHa, 0OpaTHas CEMaHTUYECKOW OJM30CTH, pac-
CUNTAHHOW HA NPeA0OydYEeHHON AUCTPHOYTUBHO-CEMaH-
THUYeCcKoll s3bIk0oBOM Mozenu [19]); k;, k, — HexoTOpbIe
BOJTHOBBIC YHCIIA.

B pamkax ncmons3yeMbIx 0a3uCHBIX MOJIENICH CeMaHTH-
Yeckast ONMI30CTh MPHHAMACT 3HAYCHUS B HHTEpBAle oT —1
10 1. CemMaHTHYECKIE pACCTOSHHS H3MEHSIOTCS B IAAITa30-
Hax oT | o +oo0 u oT —1 ;10 —c0. Paccumrannas aMmumuTyna
BEPOSTHOCTH MOXET OBITH OOJIbIIIE 1, UTO HE IPOTUBOPEUUT
MPUHIIUIIAM KBaHTOBOITIOOOHBIX MOJICIICH.

[IpeneOpexeM Haua bHBIMU (azamu Pjo> Ppo M A
pacyeToB MCIOJIb3YEM YIPOILEHHYIO MOH(DUKALIUIO ypaB-
Henus (1):

NG

MM 4.4,
+2x Y Z——cos(krl] k1)

J=Ln=j17 Ty

2

Hccnenyem npruMeHeHUe HECKOIbKUX MOZAEIEH, Ipeno-
CTaBJIslEMbIX MHTEPHET-pecypcoM RusVectores!: HKPS +
+ Bukunenusa (HaunmoHanbsHBIA KOPIYC PyCCKOTO SA3BI-
Ka + pycckosi3biuHas Bukunenus) 3a HostOpp 2021 roxa;
HogoctHoii kopryc u kopmyc Taiira 3a 2019 roj. [Tpuunna
BbIOOpa JIAaHHBIX MOJIeNIeil — HaJIM4Ke ClIoBapel jocTa-
To4HO OosBIIOro 06BheMa (okoso 249 000 ci1oB KaKIbIH).
Kpome Toro, na noprane RusVectores peanuzoBaH mpo-
rpaMMHBIN HHTEp(dEiic MPUIOKEHNS, KOTOPBII yIpomaer
00pabOTKy MaHHBIX IS aHAIIN3A.

JJ1st BEIYMCIICHNS BOJHOBBIX YHCEN kj, k, HCIIOIB3yeM
cremyromme coodpaxenus. Haifiem KOHTPOIBHYIO TOUKY
MPOCTPAHCTBA, B KOTOPOI CyMMapHasi ”HTEHCUBHOCTb BOJI-
HOBOTO ITaKeTa Oy/IeT MPEIIOoN0KNTETPHO MAKCUMAIbHOM.
JLis1 nocTiKeHns: MakCUMyMa HHTEHCHBHOCTH HEOOXO/IIMO,
4yT0OBI (pa3bl BCEX BOJH B JIAHHOW TOYKE OBLTH PABHBI —
BOJIHOBBIE YK CJIa JJOJDKHBI OBITH 00PATHO IPOIIOPLIUOHAIIb-
HBI PAaCCTOSIHUSIM 710 KOHTPOJIbHOM ToukH. B pabore [17] B
KayeCcTBE KOHTPOJIBHON TOUKH OBLIT NCTIOIBb30BaH LIEHTPOU]T
aHcaMOIs1 yacTul (Tekcra). 31ech TakKe MPUMEHNM pac-
YeT BOJHOBBIX YHCET OTHOCHTEIBHO IEHTPOUIA TEKCTa.
JlonONTHUTENIFHO, B KaU€CTBE KOHTPOJILHOM TOUKH, HCIOJb-
3yeM 3apaHee ONPEACIICHHBII KOHTEKCT TOBECTBOBAHUS, UTO
MIO3BOJIMT MOBBICUTH TOYHOCTH Kinaccupukanuu Ha 3,7 %.

B ucxonHblil anropuTM BHECEM U3MEHEHUE I KOp-
peKIuK MPOOIEMbI BBICOKOW CEMaHTHUYECKON OJIU30CTH
AQHTOHMMOB B 0a3HMCHBIX JUCTPUOYTHBHO-CEMAHTHUECKUX

I RusVectores [Dnexrpounsiii pecypc]. URL: https://
rusvectores.org/ (mara obpamenus: 05.05.2022).
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MOJIETISIX. 3aMETUM, YTO YacTO Mapbl MPOTUBOIOJIOKHBIX
110 3HAYEHUIO CJIOB [TOKA3bIBAIOT BHICOKHUE MOJIOKUTEIbHbIE
BCJIMYMHBI CEMAaHTHYCCKOM OJIM30CTH BMECTO OXKHUJAc-
MBIX 3HaUeHUH, Onm3kux K —1. Tak, Hampumep, B MOIeITH
HKPSI+Bukumnenus cioBa «Oeblity 1 «9epHBIN) 00Ta1atoT
ceMaHTH4ecKoil 6mu3ocThio 0,732, a «IITI0X0i» U «XOpo-
ity — 0,770, T. €. OHA HHTEPIIPETHPYIOTCS KaK CHHOHH-
MBI, YTO TIPOTUBOPEUHT YEIOBEUECKOH JoruKe. OYeBHIIHO,
YTO BBICOKAsI CMBICJIOBAast OIM30CTh TEPMUHOB, OTH3KHUX
K TMOHATHIM «IIJIOXOW» M «XOPOIIUN», MOXKET 0COOCHHO
HETaTUBHO CKa3aThCs Ha pPe3ysibTaTax aHajiu3a TEeKCTa C
LIEJIBIO OTIPEICICHHUS] OTHOIICHUS MOJIb30BATEIIS K KA9eCTBY
ToBapa. DTa mpodiieMa OTMEUCHA BO BCEX MPUMCHCHHBIX B
HacTosiIIeH paboTe 0a3UCHBIX TUCTPUOYTHBHO-CEMAHTHYC-
ckux mozensix. [IpeaBapurenbHplil aHaIM3 MOAETICH OHOTO
n3 nydmux npoektoB Russian Distributional Thesaurus
[20] moka3zai, YTO OHU TAKXe HE JUIIEHbl YKa3aHHOTO
HenmocTaTtka. {1 94acTHYHOM KOMITCHCAITHH TIPOOIIEMBI CH-
HOHUMHYHOCTH aHTOHHMOB HCITOJIH30BaH IIPOCTOH MTPHEM
nHBepcuu. Ecnm mapa cioB o0iamgaeT MOI0KUTEIbHON
CEMaHTHYECKON OJIM30CTHIO M B TO K€ BPEMs PACIIO3HACT-
Csl KaK rapa aHTOHMMOB, 3HaK CEMAHTHYCCKON OJIN30CTH
MEHSIETCS Ha IPOTUBOINOJIOKHBIN. Takoi oaxo/ no3BoIni
YBEIUYUATH TOYHOCTH KJIACCH(PHUKAIINU TEKCTOB.

Kaaccndgukanus oT36IBOB N0JIb30BaTeIeH

JUis SKCTIEpIMEHTATBHOTO MCCIIEAOBAHIS BO3MOKHO-
CcTeil MpUMEHEHHSI BOJHOBOM MOJIEJIM B PEIICHUH 3aj1a4
OLICHKH O6H.[eCTBCHHOFO MHCHUS 0To6pam)1 KOMMCHTa-
puun HOHL3OBaTeJ’Ieﬁ, IMMOCBAIICHHBIC PA3JIMYHBIM MOJIC-
JsiM cMapToHOB B MHTepHeT-Marasune « Wildberries»!.
KomMmeHnTapuu pacrpeneseHsl Mo AByM KjlaccaM: Hera-
TUBHBIH U TIO3UTHUBHBIN. V3HavyaipHO pacnpenesieHne Bbl-
ITOJIHEHO B COOTBETCTBHMH C KOJUYECTBOM «3BE3/1», BbI-
CTaBJICHHBIX ITOJIB30BATEISIMH. YETBIpE U MATH «3BE31»
pacIeHUBaINCh KaK TO3UTHBHBIN KOMMEHTApHU, OIHA
1 JABE — KaK HeraTWBHBIA. OT3BIBBI, OTMEUCHHEIC Tpe-
M «3BE3IaMM», OBITH OTHECEHBI K YCIOBHOMY KIlaccy
«HEUTpaIbHBII», HE YIaCTBOBABIIEMY B KIaCCH(UKAIINN.
B mporniecce xmaccuukanuy K «HEUTPATBHOMY» KIIACCy
ObLITH MMPUCOCANHECHBI KOMMCHTApPUH, KOTOPBIC HE y/iaBa-
JIOCh OTHECTU K MO3BUTUBHOMY HJIM HETATUBHOMY KJjlacCaM
B COOTBCTCTBUHU C 3aJaHHBIMH KPUTCPHUAMU. M3navanbpHOE
pacrpesiesieHue Mo KinaccaM MpHUILUIOCh NePEeCMOTPETh, TakK
KaK «3Be3/1bI» BBICTABIISUIUCH TIOJIb30BATEISIMU HE CTOJIBKO
3a caM IPOJAYKT, CKOJIBKO 32 paboTy cepBHCa B IIEJIOM,
MIO9TOMY B II€JIOM ITO3UTHUBHBII KOMMEHTapUii MOIya co-
TIPOBOX/IaTh OIHA «3BE3l1a» M3-3a MpoOiIeM, HaIpuMep, ¢
noctaBkoil. OKOHYATENBHOE paclpeie]ICHHe 110 KilaccaM
OBLTO CKOPPEKTHPOBAHO B COOTBETCTBUHU CO CMBICTIOM OT-
361BOB. Beero 66110 oTo6pano 100 MO3UTHBHBIX OT3HIBOB
(detwipe u TATH «3Be3m») U 100 HEeTaTUBHBIX (OHA U JIBE
«3Be371bI»). BerpetuBmmecs npu ot6ope 16 0T3HIBOB, OT-
MCUCHHBIC TPEM «3BE3AaMU» OBLTH OTHECEHBI K «HEH-
TpaJlbHOMY» Kjaccy. B 1iesoM HelTpalibHble OT3bIBbI Ha-
Omroanuck perko. YenoBek ckopee Bcero He OyaeT nmucarhb
OT3BIB, €CITH €My HEeuero cKasaTh, a TOBap HE IPOU3BEI

I Mapxermneiic « Wildberries» [Dnexrponnsiit pecypc]. URL:
https://www.wildberries.ru/ (rara obpamenus: 22.05.2022).

HU TIOJIO)KUTEIBHOTO, HU OTPUIIATEILHOTO BIICUATICHHUS.
Iocie yrouHeHMs] 00BEKTUBHBIX KJIACCOB B COOTBETCTBUU
CO CMBICJIOM TEKCTOB IMOJYUYEHO CIeAylouiee pacipee-
nenue: 102 mo3uTuBHBIX 0T3bIBA, 106 — HETaTUBHBIX U
8 — He#TpanbHBIX. J[THHA OT3BIBOB BaphHUPOBAIACh OT
JByX 10 124 cnos.

B mporiecce kmaccuguKaIiy BRIIOIHEH PacueT aMILIH-
TYABI BEPOATHOCTH MPUHAIICKHOCTH KAKIOTO OT3BIBA K
HETaTHBHOMY ¥ MTO3UTUBHOMY KJIACCAM C UCTIOIF30BAHUEM
BOJIHOBOM Mozenu. Ha ocHOBaHMM TIOTYYSHHBIX aMILTATY/L
BEPOSTHOCTH JIJISl KAKJIOTO KIIAcca, OCYIIECTBIEH pacyer
BEPOSATHOCTH NMPUHAIICHKHOCTH TEKCTa:

1

Pi=z
X1
i1

3)

rae P, — BEpOsSTHOCTB NPUHAIICHKHOCTH TEKCTA K KIacCy
[; I, — amMIuIITY1a BEpOSTHOCTH NPHHAICKHOCTH TEKCTa K
Kiaccy; C — KomM4ecTBO KiaccoB. [Ipu mpeBapuTenbHbIX
pacdeTax 0OHapY>KEHO, YTO MOJIENb CTA0OMIBHO OTHOCHT K
MO3UTHBHOMY KJIACCy TTOYTH B JiBa pa3a OOJIbIe OT3hIBOB,
4Y€M K HETaTUBHOMY, IIPU TOM, YTO 06’BCKTI/IBHO KaXXaoMy 13
KJIaCCOB COOTBETCTBOBAJIO TIPUMEPHO PAaBHOE YUCIIO KOM-
MEHTapHeB. B CBsI3M ¢ 9THM NP UCTIOIB30BaHUH BOJTHOBOH
MOJIENHN KilaccaM MPUCBOEH MOHMKAIOIMNI Kod(durmeHt
U yuYTeH B pacuere BeposiTHocTel. [Ipu 3ToM ypaBHEHUE
(3) mpuHsiIO BUI

_ (1-D) x1,
S(U-Dyx1,

i=1

P,

rae D; — noHmxkaromuii koagguuueHT kinacca /. PacaeTst
MOKa3aJIM, YTO ONTHMaJIbHbIC 3HAUEHUS MOHIDKAIOIIETO
ko3¢ UIIeHTa I MO3UTHBHOTO KJIACCa PACIIONaraloTCs
B nntepnaie ot 0,4 mo 0,6, mis HeraruBHoro — 0 MpHU
WCIOJIb30BAaHUU BOJHOBOU Mozenu. /g kinaccuueckoi
MozeH (€BKIN0Ba Mepa ceMaHThdeckoit ommsoctu (EM))
NPUMEHEHNE NOHIKAOMHUX K03 UIIMEHTOB HE ITPUBEIIO
K TIOBBIIIEHUIO TOYHOCTH, TIO9TOMY JJIsl HEE pacyer Be-
positHOCTH BEINosHeH 110 Gopmyrte (3). [To pesynsraram
pacdeToB MCCIEOBaHHBIA TEKCT OTHECEH K Kiaccy /, mpu
YCIIOBHH, YTO BEPOSATHOCTh MPUHAUIC)KHOCTH K HEMY TIpe-
BbICHJIA MOPOroByro Benuunny 50,5 %. Ecnu Takoil kiacc
HE 0OHapyKeH, TO TEKCT CYNTACTCS HEKJIacCU(UIIPOBaH-
HBIM 1 OTHOCHUTCSI K KHEHTpaIbHOMY» KIIaccy.

BrimonHuM pacueTsl ¢ HCIOAB30BAaHHEM Oa3MCHOM
monenu HKPS + Bukunenusi. B pacuerax mpumMeHuUM
JITOPUTMBbL: pacyeT €BKJIUJOBOM MEpbl CEMAHTUYECKOM
6nmuzoctu (EM); BomHOBast MOZielib, B KOTOPOH B KauecTBe
KOHTpOﬂbHOﬁ TOYKHU I pacdy€Ta BOJIHOBLIX YHCEJT UCIIOJIb-
30BaH 1eHTp Macc Tekcta (BM LIMT); BonHoBas Moneb,
B KOTOPO# BOJHOBBIE YMCIJIa PACCUUTAHBI OTHOCHTEIIEHO
KoHTekcTa «cMaprdon» (BM K); BomHoBast Mmonens, B
KOTOPOH BOJIHOBBIC YHCIIA PACCUUTAHBI OTHOCHTEIHHO KOH-
TEKCTa «CMapTHOH» C yUeTOM HHBEPCUH aHTOHUMOB (BM
KW). [TomyueHHast TOYHOCTH KIaccU(UKAIIIH IPUBEACHA
B Tabm. 1.

Hawnmyurryro To4HOCTE Kiaccu(ukanuy nokasaia BoJi-
HoBast Moziels BM KU, ¢ ncrnonnb30BaHnEM KOTOPOH BBITTO-
HUM CEpHUIO PACUETOB MCCIIEOBAHUS BIUAHNSA Oa3UCHOMN
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Tabnuya 1. TouHOCTH KiIaccH(HUKAILMU OT3BIBOB MOJIb30BaTelel Ha 6asucHoi monenn HKPS + Bukunenus, %

Table 1. Precision of user reviews classification based on the distributive-semantic model NRC + Wikipedia, %

AnropuTM™Bl
Kitace
EM BM LIMT D, = 0,6 BMK D, =0.6 BM KU D, = 0,6
[lo3uTHBHBIN 78,4 71,5 68,6 70,6
HerarusHsrit 47,1 68,9 78,3 79,2
HeliTpanbHblit 25,0 12,5 0 0
OOmuii uror 61,1 70,8 70,8 72,2

Ilpumeuanue. D — BbIOpaHHbIC 3HAYCHUS TIOHIKAIOLIET0 K03 (HIIMEeHTa TO3UTUBHOTO Kilacca

Ta6ﬂuz4a 2. Tounocth KJ'IaCCI/I(i)I/IKaIII/II/I JUUIST BOJTHOBOM MOA€IH € paciC€TOM BOJIHOBBIX YUCEJI OTHOCUTEIIbHO KOHTEKCTA, %

Table 2. Classification precision for wave model with wave number calculation based on context, %

BasucHble Moxenn
Knace HKPSI + Bukunmeanst HosocrHoit kopiyc Kopmyc Taiira HKPSI + Bukunenus u Taiira
D, =06 D, =045 D, =045 D, =045
[To3uTHBHBII 70,6 53,9 80,4 80,4
HerarusHbli 79,2 87,8 68,9 78,3
Heiitpanbubii 0 0 0 0
OO6umii uTor 72,2 68,5 71,8 76,4

pruetmﬁue. Dn — BLIﬁpaHHBIe 3HA4YCHU A ITOHMXXAIOIICTO KO3¢)¢)I/IHI/ISHT3 MO3UTHUBHOI'O KJIacCa

JIUCTpUOYTHBHO-CEMaHTHYECKOM Mozienu. B pacuerax mpu-
MEHHM Mojienu HHTepHeT-pecypcoB: HKPS + Buxunenns,
HoBoctHo# koprtyc, kopryc Taiira u komOuHaum0o Moze-
neit HKPS + Bukunenus u Taiira. B komOunaiimn Mmozeneit
JUIS. PacueToB MCIOJIb30BAHO cpesiHee apudmMeTnieckoe
ceMaHTHYeCKHUX Osnzocreil. TouHOCTh KiaccuduKanuu
NpuBeJieHa B Taou. 2.

B Tabn. 1 u 2 npuBeneHsl HaWTydIIne 3Ha4CHUS TOU-
HOCTEH, MOIy4YeHHBbIE AJIS1 KaKI0T0 aIrOPUTMa U MOJIEINN.
B pamkax BBIOpaHHBIX ITapaMEeTPOB BOJHOBOM MoOnEIN
BM KU He ObI1 BepHO pacmo3HaH HU OIWH U3 OT3BIBOB,
OTHOCSIIUXCS K «HEUTpaJIbHOMY» Kiaccy. B 1aHHOM uc-
CIIEZIOBAHMU HE NPEINPUHIMAINCh HUKAKHe [aru Ui 1o-
BBIIIICHUS TOYHOCTH OTIPE/ICNICHHS TAHHOTO KJlacca, TaK KaK
OH OJIHOBPEMEHHO M MaJIOUUCIICHHBIN, U MaJO3HAYMMbIH
JUTS TIeJICH CeHTUMEHT-aHamu3a. TeM He MeHee, BOpoc 00
OTCYTCTBUH BEPHO PACMO3HAHHBIX JJAHHBIX HA 9TOM KJacce
TpeOyeT JOMOIHNUTEIBHOTO OCMBICIICHHS M TIPOBEPKH, BO3-
MO>KHO, 3TO JJOMIOJTHUTENIBHO yKa3bIBaeT Ha MHTEP(EPEeHIH-
OHHYIO TIPHPOJTYy CAMOTO MCCIIEAYEMOTr0o 00bEKTa.

BruiBoabI

B pesysibrare paboThl BOJHOBAs MOJCIb HE TOJIBKO
oKasaja paboToCImoCOOHOCTh, HO M TIPOJEMOHCTPHPOBAIIA
MPEBBIIIICHUE TOYHOCTH KJIACCH(DUKAIIUY 110 CPABHCHUIO C
TpamuIMOHHBIME Mozesivu. Kak mokaszaHo B Ta0i. 2, mo
OTACIBHBIM THIIAM KJIACCU(HUKAIIMHA TOYHOCTH JOCTUTACT
87,8 %, TIpu 3TOM B 00IIEM UTOTE CPEIHSS TOYHOCTH JIO-
cturna 76,4 %, aro Ha 3,4 % TpeBBIIIAcT aHATOTHIHEIC
TTOKA3aTeNN TPATUIIMOHHBIX MOJIEIEH IS PYCCKOS3BITHBIX
TEKCTOB. JlaHHBIC PE3yNBTATHI OTYyYEHBI Oarogaps mpo-
CTBIM MaTEeMaTHYECKUM BBIUYHCICHUSIM, HE TPEOYIOITIM

TTOBBIIICHHBIX BBIYACIUTEIBHBIX MOIIHOCTEH OT MOIB30-
BaTcid, YTO ABJIACTCA AOIMOJTHUTCIBHBIM MPEUMYIICCTBOM
[IPY BHEAPEHUU HOBOW CUCTEMBbI HA IPAKTUKE U IIO3BOJISIET
OCYILIECTBUTD paclapajuie]MBaHue Mpollecca aHalnza.
AnropuT™mBl, pazpaboTaHHble Ha 0a3ze BOJHOBOM MOjeH,
MOT'YT CTaTh XOPOILIUM JIOTIOJHEHHEM K CIIEKTPY CYILECTBY-
FOIIMX METOJIUK CEHTUMEHT-aHanm3a [7-10, 21-23].

[Toy4eHHbIC IKCIICPUMEHTABHBIC JAHHBIC TTO3BOJISTIOT
CeTaTh BBIBOJ O MOJIOKUATEIFHOM BIUSHUH yYeTa HHTEP-
(hepeHIINN Ha KITACCH(PUKALNUIO TEKCTOB MO0 KOCBEHHBIM
npu3HakaMm. Kak BuaHO W3 ypaBHEHUS (2) BOJTHOBAsS MO-
JIeJb OTIIMYAETCSl OT €BKJIMAOBOW MEpbl CEMaHTHUUECKOMI
OIM30CTH TOJBKO HAJTMYHEM YJICHA, OTBEYAIOIIETO 3a WH-
TepdepeHIio, MOITOMY UMEHHO y4eT UHTep(hepeHIInU
MMO3BOJIACT AOCTHYb 3aMETHOTO YBCIUUYCHHUSA TOYHOCTHU
KiaccuduKamm.

BrIcokast TOUHOCTb, TOCTUTHYTAs! B KJIACCU()UKAIIUH T10
HESIBHBIM ITPU3HAKAM, TIO3BOJISICT JOITYCTUTh ITOCIICYIOIIES
pacIupeHne MPUMEHUMOCTH BOJTHOBOM MOJICNH IO JTFOOBIX
TPYTUX 00BEKTOB MCCIICHOBAHMUS (HAIIPUMED, B INTEPATYPE
MIPECTABIICHBI TIPEIIOKCHIS TI0 aHAIN3Y MY3BIKaJIbHBIX
JaHHBIX [24]).

3akJ/ioueHnne

besycnoBHO, a5 TOTHOMACIITAOHOTO MPUMEHEHHUS
BOJIHOBO MOJIEJIN OCTAIOTCSI OTPAHUYEHMS], B IEPBYIO OYe-
PEIb 3TO KacaeTcsi MPaBIIILHOTO 10100pa BEIYUCIUTEIBHO-
ro 6azuca, 4To BO MHOTO 3aBHCHUT OT HCKYCCTBA aHAIIUTHKA,
pabotaro1rero ¢ MarepuanioM. Tem He MeHee, TOCTHKEHNE
BBIYUCIUTENIFHOW TOYHOCTH, MTPOIEMOHCTPUPOBAHHOH B
paboTe, O3BOJISIET CEATh CIIEe OANH IIar B HAIPaBICHUN
pelIeHus 3a1a4n Kiaccu(pUKaU TEKCTOB.
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AHHOTANMA

IIpeamer ucciaenoBanusi. PaccMOTpeHb! aaropuTMbl ONEPATUBHON aBTOMATU3MPOBAHHOW OLIEHKU IapaMeTpOB
AMEKTPOKAPANOTPAMMBI B YCIOBUSIX OTCYTCTBHS CIEIMATH3UPOBAHHOTO 000PYAOBAHNS U TPO(MIBHBIX CIICIUAIICTOB.
MeToa. DnekTpokapauorpaMmMa NalreHTa 3anrucala Ha OyMakKHYO JICHTY, KoTopasi coTtorpadupoBaHa Ha MOOWIEHBII
TeneoH Bpaya IMEPBUYHOTO 3B€HA M 00paboTaHa CreHaIn3UPOBAHHEIM MprtoxkeHneM. C MOMOIIBIO TPHIIOKCHNUS
BEITIOJTHEHA OIH(ppoBKa (hoTorpadupyeMoro n300paskeHuUst 3EKTPOKapIHOTPaMMBI, OIIEHKa € OCHOBHBIX ITapaMeTpPOB,
a TakXKe pacueT KpUTepueB il AnpPepeHInanbHON THarHOCTHKN OTJEIbHBIX 3200JIeBaHNHN 110 MPUOIHIKSHHBIM
¢dopmymnam. Kpome Toro, orrhpoBaHHOE N300pasKeHHE IEKTPOKapIHOrPAMMBI IIepeiaeTcsi Ha cepBep U 00padaTbIBaeTCst
C HOMOIIBIO CHCTEMBI MAIIMHHOTO 00y4yeHus. OCHOBHBIE pe3yJbTaThl. Pa3paboTaHbl aaropuT™Mel OLU(POBKH U
aHallu3a 3JIeKTPOKAPANOTPAMMBI, KOTOPbIe MOT'YT OBITh MCIIOIb30BAHbI AJIsl OL[EHKH €€ 3JIEMEHTOB, BaXKHBIX AT
muarHocTuku. CpemHss omuOKa onpeaeneHs OJI0KEHU Hanboee CIKHBIX (CIIaXCHHBIX) MUKOB — 3y0110B P
n T — cocraBuna He 6oxee 0,1 Mm. [IpemnokeH anropuT™M KPUTEPHATHHOTO aHAIN3A IEKTPOKAPIHOTPAMMBI IS
TOAIEPKKH Jud(hepeHHaNbHON JHarHOCTHKN OCTPOTro HH(pAapKTa MHOKapaa ¢ moabeMoM cermenTa ST n cunapoMa
paHHEH perosIpu3anny KeTyI0IKOB, KOTOPEIH obecneunt 3HaueHus Tounoct 0,85 u F-mepsr 0,74. [Ipencrasien
QJIBTEPHATHBHBIN aITOPUTM Ha OCHOBE INTyOOKOH HEHPOHHOM CEeTH, KOTOPBIH 00€CIIeurBacT JIydIIie 3HaYSHUsI TOYHOCTH
u F-mepbr — 0,96 u 0,88, HO TpeOyeT OOMBIINX 3aTpar BEIYMCIUTEIBHBIX PECYPCOB U BBITIOJIHEHUSI paCUETOB Ha CepBEpE.
IpakTHyeckasi 3HAYUMOCTb. AJITOPUTMBI PeasIN30BaHbl B BH/e Habopa OMOIHoTeuHbIX QyHKIHA. OHE MOTYT OBITH
HCTIONB30BAHbI KAK CAMOCTOSITENIBHO, TAK U B COCTABE MOJTHOMACINTAOHOM CHCTEMBI OIEPKKH IPUHATHS KITMHUUECKUX
peleHuii A7 aBTOMAaTH3UPOBAHHON OIEHKH MapaMeTPOB AIEKTPOKapAUOTPAMMBI HA OCHOBE KIHEHT-CEpBEPHON
apXUTEKTypHl. Bece pesymnbTraTsl pacdeToB COBMECTHO ¢ (hoTorpadmeil HCXOMHOH 3IeKTPOKapAHOTpaMMbI MOTYT OBITh
OTIEPaTUBHO MEepeaaHbl KBATH(HIMPOBAHHOMY KapANOJIOTY C IeIbI0 AUCTAHIMOHHOTO MTOTyUeHNUS] KOHCYIETaTHBHOTO
3aKIIIOUCHUS.

Kirouesblie ciioBa

COVID-19, cuctema noaaepXKu KIMHUYECKUX pCIHICHUN, aBTOMATU3MPOBAHHAs OLICHKAa IapaMeTpoB
ANIEKTPOKAPMOTPAMMBI, OJIEPKKa T depeHInanbHOM AMarHOCTHKI
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Abstract

Algorithms for prompt automated evaluation of electrocardiogram parameters in the absence of specialized equipment
and specialized specialists are considered. The patient’s electrocardiogram is recorded on a paper tape, then it is
photographed on the primary care doctor’s mobile phone and processed by a specialized application. The application
digitizes the photographed image of the electrocardiogram, evaluates its main parameters as well as calculates criteria
for the differential diagnosis of certain diseases using approximate formulas. In addition, the digitized electrocardiogram
image is transmitted to the server and processed using a machine learning system. Algorithms for digitizing and
analyzing an electrocardiogram have been developed that make it possible to evaluate its elements that are important
for diagnosis, and the average error in determining the position of the most complex (smoothed) peaks — P and T
waves — was no more than 0.1 mm. An algorithm for the criteria analysis of an electrocardiogram is proposed to
support the differential diagnosis of acute myocardial infarction with ST segment elevation and early ventricular
repolarization syndrome which provides accuracy values of 0.85 and F-scores of 0.74. An alternative algorithm based
on a deep neural network is proposed which provides the best values — 0.96 and 0.88, respectively, but requires large
computing resources and is executed on the server. The algorithms are implemented as a set of library functions. They
can be used both independently and as part of a full-scale clinical decision support system for automated evaluation of
electrocardiogram parameters based on a client-server architecture. In addition, all calculation results, together with a
photograph of the original electrocardiogram, can be promptly transferred to a qualified cardiologist in order to receive

an advisory opinion remotely.
Keywords

COVID-19, clinical decision support system, automated evaluation of electrocardiogram parameters, support for

differential diagnosis
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BBenenue

MupoBoii onbIT 60pBOBI ¢ manaemueir COVID-19 no-
Ka3aJj, 4To HauboJjiee TSKEI0e TeUeHUE 0OJIC3HU U Haubo-
Jiee HeOJIaronpusITHbIE MTPOTHO3bI MPUXOISATCS HAa OOJIb-
HBIX, UIMEIOIIUX COMYTCTBYOIMe 3aboieBanus. Cpeau
COIYTCTBYIOIINX 3200JIeBaHUI BeIyIIee MECTO 3aHUMAIOT
cepreuno-cocyaucteie 3aboneBanns (CC3). CornacHo
onenkam [1], nannune CC3 B 3,4 pa3a yBeIUYUBAET Tsl-
xecth TeueHns COVID-19 n Gonee uem B 23 pasza —
CMEpPTHOCTb.

B oTimdne oT MEIIEHHO pa3BHBAIOIINXCS 3a00JeBa-
HUH, TakuxX Kak oHkojorusi, CC3 gacTo mposBIAOT ceOs
Kak KatacTpodsl, TpeOyIomue NPUHATAS HEMEIJICHHOTO

1 000CHOBAHHOTO PELICHHsI HA YPOBHE 3BEHA CKOPOU M
HEOTJIOKHOM MEAMLMHCKON NOMOIIU. B ycinoBusx na-
nemun COVID-19 B aToM 3BeHe Haliro[anach HEXBaTKa
CHEIUAINCTOB, KOTOPYIO CUCTEMBI 3/[paBOOXPAHEHUS BO
BCEM MHUPE KOMIIEHCHPYIOT, B IEPBYIO OYEPE/b, 3a CUET
MIPUBIICUCHUS Bpauyell HENPO(HUIBHBIX CIICIUAIBHOCTEH
WM UHTEPHOB [2, 3], KOTOPBIM CJI0KHO MPUHATH KBaJIH-
(ummpoBanHoe pemenne otHocutensHo CC3. Kpome Toro,
nepenpoduanpoBaHe MEAUINHCKNX yUPEKICHUH MO
HYK[IbI TIaHIEMHH TIPUBEJIO K COKPAILECHUIO YUCIIa CHEIHU-
amm3upoBaHHBIX CC3-KOeK U OCYIIECTBICHUIO MEP TIPOTHB
TaKoOM paHee IIMPOKO MPAKTUKOBABUIEHCS TaKTUKU, KaK
runepanarfoctuka octpbix CC3 ¢ mocneayonmm yTou-
HEHHUEM JIarHo3a B cranuonape [4].
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AMmuiuTyna

ABTOMAaTM3MPOBAHHAsA OLeHKA NapaMeTPOoB 3NEKTPOKaApPANOrpamMm B ycnosusax naHgemum COVID-19

OcHoBHoe cpeactBo quarnoctuku CC3 Ha ypOBHE CKO-
pO¥ ¥ HEOTJIOXKHOU MEAUIIMHCKON MOMOIIU — DIIEKTPO-
kapauorpamma (OKI) (puc. 1). OgHako TOYHOCTH UHTEP-
nperarun DK cylecTBEeHHO OTIUYASTCsI B 3aBHCUMOCTH
0T KBaJu(pUKaIUU HHTepIpeTaropa. Hampumep, cortacHO
HCCIICIOBAHUIO B paboTe [5], TouHOCTh pacurdpoBku KT
COCTaBIIsACT: y Kapanoioros 63,2—-86,7 %, y MpakTHKYyIO-
X Bpaden 57,6-79,5 %, a y MeIMKOB HU3IIETO 3BeHA U
HenporIbHON KBayMuKau (011 KOTOPBIX TPH TaH-
nemMuu Bo3pacraert) 48,1-63,6 %.

IlocTanoBka 3agauu

Takum ob6pasom, B ycrnoBusax maugemun COVID-19
0Cc00yI0 aKTyaJIbHOCTh MPHUOOPETH CHCTEMBI MOIICPKKI
npusaTHs KmHIdecknx pemrenuii (CIIKP) mo CC3, mpu-
4eM Ba)KHO MPEIOTBPATUTH KaK OMIMOKH IEepBOTro poja (13-
OBITOYHO TSDKEJIBIN TUATHO3 M TOCITUTAIM3AIUS 0€3 0CTPOit
HEOOXOMMOCTH), TaK U OMIHOKH BTOPOTo poja (HEI0OICH-
Ka CepPbEe3HOCTH COCTOsIHUSI 00JbHOTO). IlepcrieKTHBHBIM
TIO/IXO/IOM 3/1€Ch TIPH3HAHBI CUCTEMbI aBTOMAaTH3UPOBAHHOM
nuarHoctuku CC3 [6, 7], B nepByto ouepesib, Ha OCHOBE
aBTOMAaTH3UPOBAHHOTO ornpenenaeHus napamerpos DKI
[8]. OT™eTHM, UTO HECMOTPS HA BIEYATISIOIINE YCIEXH,
B JIaHHOI 00JTaCTH OCTaeTCA eIle MHOTO HEPEIICHHBIX TIPO-
6mem [9], cpemu koTOphIX B acnekre manaemun COVID-19
BaYKHO BBIICTHUTH CIICAYIOIINE.

Heoocmamounas mounocms oyenxu napamempos IKI.
Juarnoctuka CC3 mo OKI' ocHOBaHa Ha pe3ynbpraTax n3-
MepeHHH BPEeMEHHBIX MapaMeTpoB BCeX 3yOLIOB U UHTEP-
BaJIOB, KOTOPBIE CYLIECTBEHHO Pa3JIMYalOTCs 110 CTEIEeHH
BBIPQKCHHOCTH U BapuadeabHOCTH (pHc. 1, a). Hampumep,
AaBTOMAaTH3MPOBaHHAs OIICHKA OTKJIOHEHHWH CHHYCOBOTO
putma (1. e. RR-uHTEpBana) MoXeT ObITH BBIIIOJHEHA C
TOYHOCTBIO 110 99 % [10]. ITpu aToM unTepBans: PQ, PR u
QT n3mepuTh rOpasIo CIOKHEE N3-3a CIIIAYKEHHOH (hOPMBI
3yoroB P u T; B pe3ynbprare pu HAXOXKICHUH CBSI3aHHBIX
¢ aumu nipr3HakoB Ha DKI TtouHOCTH Mamaet 1o 79,2 % u
HKke [8]. B ¢BA3M ¢ 9THM, Kak MOKa3bIBaeT aHAIN3 Hay4-
HBIX pabot nocnenuux et [11, 12], pokyc nccnenoBanuit
Bce OOJIBIIIE CABUTACTCA C IMOBBIIICHNUS TOYHOCTH OLICHKH
OKI B 1menoM Ha MOANEPKKY JUATHOCTHKU OTAEIBHBIX
3a00JIeBaHUil, CBSI3aHHBIX C AHAJIIM30M KOHKPETHBIX (par-
menToB DKIT.

MB+ !

Heobxooumocms cneyuanuzuposannoco ob6opyoosa-
nusi. TlpakTH4eckn Bce Mpe/ICTaBICHHbIE B COBPEMEHHBIX
Hay4YHBIX PabdOTax W HA KOMMEPUYECKOM YPOBHE CHCTEMBI
aBTOMaTH3upoBaHHOro ananusa DKI' mpeamonarator nc-
1oJib30BaHKue NHU(POBOro AnMEeKTpoKapanorpada, ocHa-
IIEHHOTO COOTBETCTBYIONIEH KOMITBIOTEPHON CHCTEMOI
[13]. B 3BeHE nepBUYHOI MEIMKO-CAHUTAPHOH TIOMOIIH B
OTZeNBHBIX pernoHax Poccnu, a Takke B pa3BUBAIOIIUXCS
cTpaHax HabmomaeTcs qeUInuT Takoro o0opyaI0BaHUS,
HPOSIBUBLINICS B OOJIBIIEH CTEIIEHU B yCIOBHAX NaHAEMUH
COVID-19. MHorue Opurajpsl CKOpoii TOMOIIN UMEIOT B
CBOEM pacIOpsHKEHUH TOJIBKO dJIeKTpokapauorpad c 3a-
nckro DK Ha OymaxkHol niente (puc. 1, b) 1 MOOMIIBHBIH
TeneoH B KauecTBE KOMITBIOTEPHO cucTeMbl. CHcTeM aB-
Tomaru3upoBanHoro aHanuza JKI s Takoro komriekra
000py/10BaHuUs B JOCTYITHOM aBTOpaM Hay4HOH JINTeparype
HE HaiiieHo.

Heobxooumocms onepamugnozo noiyueHus Keaiu-
Guyuposannou koucyromayuu. JIroosie CITKP npuHIn-
MHUAJIBHO SIBJISIOTCS] KOHCYJIBTAaTUBHBIMU, T. €. HE CHUMa-
10T HeoOxomumocTH oneHkn DK kBanuuIumpoBaHHBIM
CIIEIHATCTOM-KapAH0I0roM. M3BECTHO, YTO OpraHn30BaTh
TaKyl0 OLEHKY IOCPEICTBOM JINYHOTO KOHTAKTa y3KOIr'o
CIIelMAJINCTa U MalueHTa (Ha JOMY WM B CTAIlMOHAPE)
B ycnoBusix nanjemun COVID-19 npobnemaruyno. J{is
9TOr0 HEOOXOIMMO UCIIOIB30BATh JAMCTAHIIMOHHBIE POPMBI
B3aUMOJICHCTBHS, B TOM YHCIIE TOCPEICTBOM MOOMIIEHOTO
TejedoHa Kak Haubosee JJOCTYITHOTO B 3TOM CHUTyalluu
CpeJICTBA Tepeaadn n300pakeHHs.

[lepcrieKTHBHBIN Iy Th MTPEOAONICHNS YKa3aHHBIX TPO0-
nem — noctpoerue CIIKP nns aBTomMaTtn3smpoBaHHOU
onenkn napameTpoB DKI' Ha 0CHOBE KIMEHT-CEpBEPHOI
apXUTEKTyphl. IIpr 3TOM KIMEHTCKast 4acTh peajn30BaHa
B BUJIE MOOMJIBHOTO MPUJIOKEHHS, YCTAHOBICHHOTO Ha
TenaedoH Bpaya MepBUYHOTO 3BeHa. Bpau caumaer DKI
nanueHTa Ha OyMakKHYIO JICHTY Kapauorpada u ¢oro-
rpadupyet ee Ha MOOWIBbHBINA TededoH. [Ipunoxenue
BBINOJIHSET OLM(POBKY M300paKEHUsI U aBTOMaTH3UPO-
BaHHYIO OIIGHKY OCHOBHBIX mapamerpoB DKI, koropsie
0TOOparkaroTCsl Ha PKpaHe Tesie)oHa, a TAKIKE IIPOU3BOIAUT
pacdet KputepueB Ui Tu(pepeHaIbHON THarHoCTHKN
OT/ICNBHBIX 3a00J1€BaHNH 0 MPHOIIKEHHBIM (hOPMYITam.
Jlist yTouHeHus nuarHo3a onudpoBaHHOE M300pakeHne
OKT MoxeT mepenaBaTsCs Ha cepBep, Iae 00padbaThIBaeTCs

Puc. 1. XapakTepHsle HHTEpBaJbI (¢) U (HparMeHT IEKTPOKapANOrpaMMBI B 3arucu Ha Oymare (b).
P, R, Q, S, T, U—3y6usi; PR, ST — cermentsr; QRS, RR, PR, QT, TP — unTeppabt

Fig. 1. Typical ECG intervals (a); fragment of an ECG recorded on paper (b)
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C MTOMOIIBIO CUCTEMBI MAIIMHHOTO 00y4eHus. Bee pe3yib-
TaThl PacueTOB COBMECTHO ¢ (hororpadueii ucxonuoi IKI°
MOTYT OBITH TIepe/laHbl KBATH(YUINPOBAHHOMY KapIHOJIOTY
C 1IETIBI0 TUCTAHIIMOHHOTO MOTY4EHHs KOHCYJIBTaTHBHOTO
3aKITFOYCHUSL.

Anroputm o6padotku DKI' ¢ ucmonp3oBaHHEM MO-
O6unpHOTO TenehoHa OBLT MPEACTaBICH aBTOPaMHU Ha
MeXIyHapomaHoi koH(epernuu [14]. Llens HacToAmen
pabOTBI — pa3BUTHE WU B HANPABICHUU CO3/IaHMS TIOJI-
nomacmTabHoit CITKP. PaccMOTpeHBI KITIOUEBbIE aceK-
Tbl coznanust CITKP: onudposka ucxonnoit DKI' Ha Oy-
Ma’)KHOH JICHTE, aBTOMATU3MPOBAHHAS OIIEHKA OCHOBHBIX
napamerpoB OKI' u noBbIeHHe pOOACTHOCTH OICHKH.
OmnpeziesnieHbl BO3MOYKHOCTH MOAJIEPKKU T dhepeHnnas-
HOMW JINarHOCTHKH IPH OCTPOM KOPOHAPHOM CHHJPOME Ha
OCHOBE KPUTEPHAIBHON OLIEHKH U MAIIMHHOTO O0y4YeHUSI.
PaccmoTpen npuMep KIMHUYECKH 3HAYMMOH 3a]1aqy BbI-
SIBIICHUSI IPU3HAKOB JUTS IOIACPKKHU T depeHranbHoNn
JUAarHOCTHKH OCTPOTO MH(APKTAa MUOKAp/a C MOABEMOM
cermenTa ST u cuHApPOMA paHHEH PEMOIAPU3AIIUH HKEITy-
JIOUKOB.

ABTOMATH3HPOBAHHAS OLICHKA
0CHOBHBIX napamerpoB JKI

B ananorossix snexrpoxapauorpadax IKI peructpu-
pyeTcst Ha CTeNMalibHOW TEeTIOBOM OyMare ¢ HaHECEHHOM
MUJUIMMETPOBOM CETKOM KPAacCHOI0 OTTEHKA, KOTOpasi McC-
MOJIb3yeTCs ISl BU3yalbHOM oleHkH napamerpoB DKI
(aMITUTYZAHOTO M BPEMEHHOTO MacuiTabda CUIHAJOB).
Taxum obpazom, s oundpoBku Gororpaduu Oymaxk-
Hoit DKI" HeoOxoanMo pa3nesinTh M300pakeHusT CUrHasna
U perucTpannoHHoi cetku. C 3TOH LEJbIO BBIIOIHEHA
CPaBHHTEIIbHASI OL[CHKA TPEX MOAXO/0B!

1) crnekTpaixbHON (GHUIBTPAIINU TOCPEICTBOM MACKHPOBa-
HUS B 11BeTOBOM Monen HSV;

2) TOpOTOBOW (IIIBTPAIINH KaHaja grayscale B ITOIyTOHO-
BOM n300pakerny [13];

3) amanTuBHOW OMHApU3aNKK (ABTOMATHYECKOE OIpee-
JIEHHWE TTopora JJIsl OT/IENbHBIX 30H U300paxenus) [15].
OTMeTHM, 4TO TOAXOA 3 MOKa3al HaWIy4Illue pe3ysb-

tarbl. Kak 1okasaim pe3ynbrarbl 5KCIIEpPUMEHTOB, BO H30e-

YKaHUE BO3MOXKHBIX HTYMOBBIX 3(D()EKTOB K OTIICIICHHOMY

N300paKEHNIO CUTHAJIA 11eJIeCO00Pa3HO MPUMEHSTH (QHIIBTP

laycca u MmequanHbIA QUIBTP.

Pa3paboranHbIil anroput™ oUPPOBKH (poTorpadum
OKTI' coCTOMT W3 CIEAYIONINX IIAroB: aJalTHBHAs OWHAa-
puzanus n3obpaxkenus DKI'; puapTpamust moxrydeHHOTO
curaana OKI'; pacder macmTaba CeTKH 1O €€ OTACICHHOMY
n300pakeHmio. Pe3ynpratom omudpoBKH SBIAETCS OTHO-
MEpHBI MacCHB aMIUIUTYJIHBIX 3HaueHui curHaiga DKIT,
ABTOMAaTHYCCKHU HpI/IBe)IeHHBIf/'I K OJHOMY M3 CTaHAapTU30-
BaHHBIX BPEMEHHBIX MacuITaboB. [Ipumep BU3yann3aun
ouudposannoro curnana DKI npencrasien Ha puc. 2.

Kak mokaspiBaeT mpakTuka, MeJAHaHHbIC 3HAUCHHS
(m3ommuum) OKI' MoryT mpereprieBaTb HU3KOUACTOTHBIE
M3MEHEHHS KaK 3a CUET HApyILICHHs peXuMa IMUTaHHs
steKTpokapauorpada, Tak u 3a c4eT PU3NOIOTHICCKUX
TIposIBIeHMH marenTa. [y ycrpanenus 3Toro 3 pexra B
mporecce mpeaoopaboTKH CUTHAIA MCTIONB30BaH (QUIIBTP
Barrepsopra (puc. 3).

~

Amruryna, MM
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0 40 80
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Puc. 2. OnudpoBaHHEIA CUTHAI AIEKTPOKAPHOTPAMMBI
Fig. 2. Digitized ECG signal
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AMnuryna, MM
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0 200 ' 400
Bpewmsi, mc

Puc. 3. Ycrpanenue cMeleHus! U30JIMHUM: 3€JIeHbIH — CUTHA
CO CMEICHHEM H30JMHUH, KEJIThI — CHIHAJ C YCTPAHEHHBIM
CMeEIeHHEeM M30IMHUH
Fig. 3. Elimination of isoline shift: green — signal with isoline
shift, yellow — signal with corrected isoline shift

B pabGorax [16, 17] moka3aHo, 4TO IIJIsl OLCHKH Bpe-
MEHHOTO TIOJIOKEHUS 0TAenbHbIX 3yonoB DKI' npeamnou-
TUTEIBHBI METONIBI HAa OCHOBE BEHBIIET-IIPEOOPA3OBAHHIIA,
pealm30BaHHBIC, B YACTHOCTH, B IITUPOKO PACIIPOCTPAHCH-
nHom nakere NeuroKit!. BelosHeHHbIE SKCIIEPUMEHTHI
B HacTosIel padoTe moaTBepAmIn dPPEKTUBHOCTD Ta-
KOTO TIoAxoa Juisl moncka nmukoB 3yoroB DKI (puc. 4, a).
Mexay TeM IpH OTpeeNeHU  TPAHuUI] 3yOII0B, 0COOCHHO
TakuX «MATKHX», kak P u T, moaxos mokaszan HemocTarod-
HYIO YCTOHUMBOCTH (HAONIOIaeTCsl CMEIIEHNE U IIepeHaso-
JKEHUE TPaHUYHBIX ToYeK — pHuc. 4, b). CraTucruueckas
00paboTKa MOTYy4YEeHHBIX 3HAYCHUH 110 MeTony [ 18] Takke
oKazajiach HeZOCTaTouHO d(h(GeKTHBHON. B cBsI3M ¢ aTUM
TpaHUIIBI 3yOILI0B BHIYMCIICHBI HA OCHOBE IPEIOKCHHOTO B
KIIMHUYEeCKUX pekomeHaanusx [19, 20] merona [21]. Mertox
COCTOWT B TIOMCKE MaKCHMaJbHOTO MM MHHUMAIBEHOTO
TpaJFieHTa Ha OHOM M3 YCIOBHBIX ITOJIOBHH OLIEHIBAEMO-
ro 3yoma OKI' i mocTpoeHHN KacaTeabHO, TIPOXOIsIIeh
yepes3 ToUKy rpagaueHTa (puc. 5). IIpoekius Toukn mepece-
YEeHHUS KacaTeIbHOW M M30JIMHUH HETIOCPEACTBEHHO HA CaM
CHUTHAaJI IPUHUMAETCS 32 IPaHuUIly 3yOla.

I NeuroKit’s documentation [Dsnexrponnbiii pecypc]. Pexum
nocryna: https:/rpanderson-neurokit2.readthedocs.io/en/latest/
index.html (nara oopamenus: 20.11.2022).
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)

Puc. 4. Onpenenenus: nukoB (naket NeuroKit, GpyHkims
delineate, metox peak) (@) u rpauur (maket NeuroKit, GpyHKIus
delineate, meton dwt) (b) 3yOLIOB 2/IEKTPOKAPIUOTPAMMBI
Fig. 4. a — determination of ECG wave peaks (NeuroKit
package, delineate function, peak method); b — determination
of ECG wave boundaries (NeuroKit package, delineate
function, dwt method)

J171st OLIeHKH pa3paboTaHHBIX aJTOPUTMOB HCTIOIb30BaH
MyOIMYHO JTOCTYITHBIN gataceT [22], COCTOSIIMIA U3 3au-
ceit OKI, Ha KOTOPBIX BpadyaMH-KapIUOJIOTaMU BPYUYHYIO
pa3meuensl ToukH nukoB R, P, T 3y6roB. B pe3synbrare
9KCHEPUMEHTOB CPEJIHsIsl OLIMOKA OIPEIEICHHST OJIOKEHUSI
mukoB DKI cocrauna He 6osee 0,1 mm juist 3yoroB Pu T

8{ \
\
\
= \
g !
X .
=
20
<
4
0 ' 100 200
Bpewms, mc

Puc. 5. Cxema omnpefiesieHus rpaHulLl 3yOL0B
3IIEKTPOKAPINOTPAMMBI IO METOAY KacaTeIbHBIX

Fig. 5. Scheme for determining the boundaries of ECG teeth
using the tangent method

n 0,6 MM 11 R. BeibopouHoe Bu3yanbHOe 00ciienoBanue
MCIIOJIb30BAaHHOT'O J1aTaceTa BBISIBHIIO HAIMYUE BHIOPOCOB
(HeBepHO pa3MEUYCHHBIX TTOJIOKESHUH MTMKOB) HMEHHO IS
3ybma R.

Pa3zpaboTanHble aIrOPUTMBI OLU(PPOBKN M aHAIIN3a
OKT peanm3oBanbl Ha si3eike Python B Bume Habopa Ou-
omoTteunsix gyaxmmid. [Tpn sTOM Ha BXOAe QpyHKIMH Ha-
xomutcs portorpaduyaeckoe m3odpakerne IKI' B popmare
.jpg, a Ha BBIXOJE — HAOOp 3Ha4YeHHH smeMenToB DKI':
aMIuUTynbl 3yoroB R, P, T, jymmtensHocTh HHTEpBAioB RR
n QT, a Takxke cermentoB ST u PR.

BrisiBJIeHHe IPU3HAKOB
JUIS1 OIIEPsKKHU Tu(PepeHIHATBbHON THATHOCTHKHA
HHPAPKTA MHOKapAa ¢ noabemMom cermenra ST
W CHH/IPOMA pPaHHeil penoJIsipu3aluu KeJyT104K0B
HA OCHOBE ABTOMATH3HPOBAHHON OLIEHKH
napametpoB DKI'

B kauecTBe OJHOHU M3 KIIMHMYECKM 3HAUMMBIX 3a]a4
paccMoTpuM TU(PEepeHInaIbHYI0 THarHOCTUKY TaKHX
COCTOSIHUH, KaK ocTpbli nHpapkT muokapaa (OMM) c
nogabemoM (anesanueii) cermenta ST (ST-OMM) u cun-
IpOM paHHeH peroisipu3anuu xemynoukoB (CPPXK/ER),
KOTOpBIH Taxke nposiisiercs Ha DK B BUje ogpema cer-
menTta ST (puc. 6). Eciu ST-OMIM — xu3HEyTpoKaromee
COCTOSIHHE, KOTOpOE TpeOyeT HEMEATICHHOH rOCIUTaIn3a-
in, To CPPXK/ER paccmarpuBaetcst Kak (peHOTUITNIECKUI
BapUaHT HOPMBI, XOTS M aCCOLIMUPYETCS C TOBBIICHUEM
pHUCKa BHE3aIIHOM cepieuHol cMepTH. B ycnoBusx nanae-
muu COVID-19 nuddepennpanbHas JUarHocTUKa COCTO-
sauit ST-OMM u CPPXX/ER HemocpencTBeHHO Ha MecTe,
Ha ocHOBe aHanm3a Tojibpko OKI, T. e. 0e3 rocnuranu3anuu
U JIOTIOJTHUTEIIBHBIX 00CIICIOBaHUH, IPUOOpETaeT 0COOYI0
B)KHOCTb ¥ OIHOBPEMEHHO BBI3BIBAET OCOOBIC 3aTpy/He-
HUS Y MEJJUKOB 3B€HA CKOPOW M HEOTIIOKHOW METUIIMHCKON
TTOMOIIIH.

OTMeTHM, 4TO B HayYHOW JHMTEpaType NMpeACTaBICH
psin padoT, B KOTOPHIX 3aaa4a AU QPepeHnnaIbHoON ara-

\
t
| T
P J :
' p\ il MBaHHH\
7\ fl | T
M30JIMHUS Q ' HE | |
ST-cerment |
S
|

Puc. 6. OneBanus cermenta ST Ha anekTpokapauorpamme Bo 11
OTBEJICHUN

Fig. 6. Elevation of the ST segment on the electrocardiogram in
lead IT
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raHocTuku coctostauit ST-OMM u CPPX/ER perraercst kak
JIBYXKJIacCOBas KiIaccu(hUKAIMs Ha HA0OPE MPU3HAKOB, U3-
BrekaeMbIx U3 DKI. Kak nmokasan cpaBHUTEIbHBIN aHAIIN3
JTUTEPATyphl, HAaWTy4IIas 3((HeKTHBHOCTh YCTAaHOBIICHA
B pabore [22], Tae Ha OCHOBE MHOTOMEPHOW JIMHCHHON
perpeccur MoCTPOSH KPUTEPUH pa3aeNieHHsI CICTYIOIIETO
BH[A:

(1,196 x STE60 V3) + (0,059 x OTc) —
(0,326 x RA V4) > O, @)

rane STE60 V3 — 3umauenne ST-piaeBanuu B OTBEACHUHN
V3, mm; OTc — 3Ha4eHHE KOPPUTHPOBAHHOTO WHTEPBAIA
QT, mc; RA V4 — 3HaueHHWe aMIUIUTYABI TMKa R B oTBe-
neann V4, MM (puBesieHHe K 6e3pa3MepHBIM eIUHHUIIAM
YUYTEHO B HOPMUPOBOYHBIX K03 duireHTax). [Ipu moporo-
BOM 3HaueHHU Q > 23,4 MpUHUMAETCs pellieHne 0 HATMYUH
ST-OUM, npu QO < 23,4 — o CPPXX/ER.

B [23] nist BeIBOAA perpeccuoHHoi Gopmyist (1) uc-
MI0JIB30BAH JaTaceT, coAepKamuil Toapko ciaydyan OUM
riepetHel JTokanu3anun. B HacTosimei padore, ncxosns u3
pe3yibTaToB padboThl [23], MPOBEICHO YTOYHEHUE perpec-
CHOHHBIX K03()()MIIMEHTOB HAa OCHOBE OTKPHITOTO JjaTaceTa
[24], comepxamero OKI' ¢ mHpapkTaMn pa3TUIHBIX TH-
moB. JIJis 3TOTO MCIONB30BaH (pparMeHT HabOpa JaHHBIX
[24], conepxammii 159 3ammceii DK, mpuHaamexammx K
cocrostausim ST-OWM (49 3anuceit) u CPPXX/ER (110 3a-
nuceit). [Ipumenenne popmysl (1) Ha 9TOM JlaraceTe o
3HAUUTEJIBHO OoJiee HU3KHE MoKa3aresin 3PPEKTUBHOCTH
pa3oueHus, yem B [23] (Tabm. 1).

Jnst periennst npooiembl 3(p(HEKTUBHOCTH BINOJIHEHA
Moudukanus Gopmy:sl (1): onTUMHU3aLUs TOPOTOBOTO
3HaueHus1 ) 6e3 N3MEHEHHsI OCTAIBHBIX K03()(UIIMEHTOB
1 OTpaHUYCHNE MaKCHMallbHOM aMIunTy sl muka R. B pe-
synbrare hopmyna (1) mpeodpasoBaHa K BUIY

(1,0 x STEG0 ¥'3) + (0,06 x QTc) — )
— (0,5 x min(RA4 V4, 10,5)) > 27,1. 2)

Jnst cHUKeHHs BEPOSITHOCTH IepeoOyueHUs POn3Be-
JICHO JOTIONIHUTENIbHOE 1000y4YeHHEe MOJIENIN Ha JAaTaceTe
[24] mpu moMoIIM JTOTUCTHYECKON PErPEeCcCHH ¢ Kpocc-Ba-
Jaujanyen Ha Tpex pa3zdoueHusix oOydvaronieil BbIOOPKH.
Torna nonyuennas moaudukanus ncxoaHoit popmysr (1)
HUMEEeT BH]

(2,9 x STE60 ¥'3) + (0,3 x QTc) —
— (1,7 x min(RA V4, 19)) > 126.9. )

W3 ananunza Tabn. 1 BUIHO, 4TO MOAU(UKAIMS KPHU-
tepus (1) k popme (2) mo3BoIMIA MTOTYUUTH IIPAKTHYE-
CKH MICXO/THO 3asIBJICHHBIC 3HAUCHUSI TOUHOCTH TP CyIIle-
CTBEHHOM YyBeJIMUeHUH pobacTHOCTH. [Ipn HeoOXomuMocCTH
JTATbHEHIIIETO YBEJIIMUEHHS pOOACTHOCTH KPUTEPHATBHOTO
Metona (popmyna (3)) mpuXoaUTCS UATH HA HEKOTOPOE
CHIDKeHHE TOYHOCTH H F1-mepsl. BakHO mOAUepKHYTH,
YTO pa3pabOTaHHbIE AITOPUTMBI OTIeHKH KpuTtepus (2) u (3)
HeTpeOoBaTeNIbHbI K BBIYUCIUTEIBHBIM pECypcam U MOTYT
OBITh JIETKO pa3MeIleHbl B BUJIE aBTOHOMHOT'O TIPHIIOMKEHHS
Ha OOJIBIIMHCTBE MOJIE/Iel MOOMIBHBIX Tee(OHOB, pac-
npocTpaHeHHbIX B Poccuu.

OTMeTHM, YTO BONPOC BIIMSIHUSI KOHKPETHOH JIOKaIIU-
3aI[M O4ara HapyHIeHHsI KpPOBOCHAOKEHHMS, KaK M JPYTHX
MIPEANKTOPOB, MPE/ICTABISICT CAMOCTOATEILHBIN HHTEpEC
W BBIXOAMT 3@ PAMKH JaHHOW paboThI, 1IEJIb KOTOPOH —
MI0Ka3aTh BO3MOKHOCTH WHCTPYMEHTAIBHON MOAJEPKKH
nuddepeHTuanbHON JHATHOCTUKHA OCTPBIX COCTOSHUN
CEpIIEYHO-COCYAUCTON CUCTEMBI HAa IIPUMEPE KOHKPETHOM
Mapbl COCTOSTHUM.

AJbTepHATUBHBIA NOAXO0 K NojAepKKke quddepeHin-
anpHOi tuarnoctrku cocrostuuiit ST-OUM u CPPXK/ER —
MOJIXOJ] HA OCHOBE IIYOOKHMX HEHpPOHHBIX ceteil [25, 26].
Jlyisl DKCiepuMeHTa HCIOIb30BaHa CeTh C apXUTEKTYPOi
ConvNet [27], koTopasi BKJIIOYAET B ce0sl YEeTHIPE TPYIIIIBI
CBEPTOYHBIX CJIOEB U CIIOH JMHEHHOW TpaHchopMaIyy.

Pesynprarsr Hactpoiiku cetn CPPXK/ER u ST-OVM,
COOTBETCTBEHHO, MIUTIOCTPUPYIOTCs Ha rpadukax fl-me-
pet (puc. 7, a, b u puc. 8, a, b), noreps (puc. 7, ¢, d u
puc. 8, ¢, d), Tounoctu (puc. 7, e, fu puc. 8, e, f), TOIHOTHI
(puc. 7, g, h u puc. 8, g, h), cnemuduanoctu (puc. 7, i, j
u puc. 8, i, j). I'padhuxu 1eMOHCTPUPYIOT JOCTIKCHHUE
HE0OXOTUMBIX MOKa3aTenei HeHPOHHOW CeTH MpH CpaB-
HUTEJIBHO HEOOJBIIOM KOJMUYECTBE UTEpalnii 00y4yeHusl,
YTO MOXKHO CUUTATh JIOCTOMHCTBOM HCIIOJIb3YyEeMOil apXu-
TeKTypbl. Kpome Toro, cienyer nog4epkHyTh, 4TO 9TH pe-
3yJIBTaThl IOCTUTHYTHI HA JOCTATOYHO MajOM KOJINYECTBE
00y4aroIux IPUMEPOB, UTO SIBISICTCS OYEHb LIEHHBIM JIJIS
noJ/IepKKK AU hepeHInaNbHON TMarHOCTUKHA CPaBHU-
TEIIBHO PEIKO BCTPEYAIOIIMXCS 3a00JICBAHMMN, JJIs1 KOTOPBIX
KOJIMYECTBO KIMHUYECKHX CITyJaeB B MOMYIISIIMU TPUHIIN-
MTHAJTEHO HEBEJTHKO (JTaXke B TAKOM OOBEMHOM JlaTacere, Kak
[22], Takux cirydaeB Bcero 220).

KonnuecTBeHnHbIe oneHKH 3)(HEKTUBHOCTH pa3pabo-
TAQHHOTO AJTOPUTMA TIOJICPIKKHU TUPPEepeHIIMaTbHON 1~
arnoctuku cocrosuuit ST-OM u CPPIXK/ER Ha ocHoBe
r1yOOKOro 00yueHHs TIpeICTaBIeHbI B Ta0I. 2.

HecmoTpst Ha TO, 4TO KOHKpETHAs! peau3alysi auro-
putMma (B BuJe 00y4E€HHOM HEHPOHHOM CETH) MOXET OBITh

Tabnuya 1. CpaBHUTEINIbHAS OLIEHKA Y(QPEKTHBHOCTH PA3INYHBIX MOAU(DHUKALIMI KPUTEPHS

Table 1. Comparative evaluation of the effectiveness of various criterion modifications

Mertpukn
Jaracer Bun xpurepus —
TownocTs (accuracy) Tounocrts (precision) ITomnora Fl-mepa
[23] (1) 0,88 0,84 0,86 0,85
(1) 0,64 0,44 0,78 0,56
[24] 2) 0,85 0,76 0,71 0,74
3) 0,79 0,63 0,69 0,66
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f1_score/test “ fl_score/train b
0,851 1
| 0,85
0,75 ]
0,651 0,65
0,551 0,45
o 10 2 o 10 2
Loss/test ¢ Loss/train d
0,45 ]
0,351 0.45
0,25 ]
| 0,25
0,151 ]
0,05 0,05
o 10 20 o 10 20
.. e . . f
Precision/test Precision/train
1 0,9-
0,75 |
1 0,7
0,557 0.5
0,351 0,3
o 10 20 o 10 20
Recall/test g Recall/train h
0,95 ]
| 0,851
0,85+ ]
0.751 0.65
0,65 0,45
o 10 20 o 10 2
Specificity/test ! Specificity/train J
0.8 0,84
0.4 0.4
0 0-
o 10 20 o 10 20

Puc. 7. I'pauku pe3ynsTaToB HACTPOUKU Moaenu mpu onpeaenenun cocrtosaus CPPXK: Fl1-meps (fl-score) (a, b), motepu (loss)
(¢, d), Tounoctu (precision) (e, f), moanotsI (recall) (g, h), cnenuduunoctu (specificity) (7, /). [To ropuzonTann — gucio nrepanuit
Fig. 7. Results of model tuning when determining the EVRS: graphs of the F1-score (a, b), loss (¢, d), precision (e, f), recall (g, h),

specificity (i, j). Horizontal — number of iterations

Hay4HO-TeXHN4eCKnin BECTHUK MHPOPMALNOHHbBIX TEXHONOMMIA, MEXaHUKKN 1 onTukn, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6

1172



A.C. BatbsiH, H.®. l'ycaposa, H.B. lo6peHko n ap.

f1 score/test a f1_score/train b
0,94 ]
] 0,8 -
0,54 ]
1 0.4 -
0,1 0
o 10 2 o 10 20
Loss]test ¢ Loss/train d
0,41 0,41
021 021
0- — 0-
o 10 20 o 10 20
Precision/test ¢ Precision/train
0,9- ]
i 0,8-
0,51 04
0,1- 0-
o 10 20 o 10 = 20
Reca_ll/test g R_ecall/train h
0.9 * 08l
0,5 0,41
0,1: 0_
o 10 2 o 10 20
Specificity/test i Specificity/train J
0.9 0,851
0,74 0,651
0,51 0,45
o 10 20 o 10 20

Puc. 8. Tpapukn pe3yabTaToB HACTPOMKKM MOJIEIH MPU ONPEACTICHHH COCTOSHHSI OCTPOro uHbpapkTa Muokapaa: rpadpuku F1-mepsl
(f1-score) (a, b), morepu (loss) (¢, d), Toaunoctu (precision) (e, f), momHoTsI (recall) (g, #), cnemnduanoctu (specificity) (7, j). [lo
TOPU30HTAIN — YHCIIO UTepaInit

Fig. 8. Results of model tuning when determining the AMI: graphs of the f1-score (a, b), loss (c, d), precision (e, f), recall (g, &),
specificity (7, j). Horizontal — number of iterations
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Tabnuya 2. Ouenka 3¢ GeKTUBHOCTH aJTOPUTMOB Ha OCHOBE TIIYOOKOTO 00yUeHHSI

Table 2. Evaluation of the effectiveness of algorithms based on deep learning

[Jaracer CocrosiHue TounocTs (accuracy) TouHOCTS (precision) ITonuora Fl-mepa
4] ST-OUM 0,96 0,85 0,86 0,88
CPPX/ER 0,91 0,85 0,92 0,88

peasim3oBaHa B BHJE aBTOHOMHOT'O TIPHJIOXKEHUSI JJIsl MO-

OmibHOTO TenedoHa, C TOUKU 3PEHUsI BO3MOXKHOCTEH MO-

J(UKAIMK ¥ T000yUYEeHHsT HA BHOBB ITOCTYIIAIONIHME KIIMHH-

YecKHue JaHHBIC [1eJIeCO00pa3HO pa3MeIeHNuE TTPHIIOKECHUS

Ha cepsepe U oOpalieHue K HeMy depe3 ceTb MHTepHeT.

OTMeTHM, 4TO aJirOPUTM Peain30BaH Ha si3bike Python B

BHJe Habopa OMOMMOTEYHBIX (YHKIIHIA, BXOIOM KOTOPOTO

sBrsieTcst curaan DKI B mudpoBoM BHE, a BBRIXOJOM —

OyIieBo 3HaYCHHE TIPU3HAKA 3a00JICBaHIS C MAPKUPOBAHHOI

BEPOSITHOCTBIO.

CpaBHuTeNbHAS OllcHKA 3()(HEKTUBHOCTH Pa3IHYHBIX
Moau(pUKaLuil KpuTepruanabHoro noxxoaa (tadm. 1) u noxu-
X0JIa Ha OCHOBE TITyOOKOT0 00yueHus (Tabi1. 2) Mo3BoIHIIA
CcleNarh CIeIYIOINE BHIBOJIbI:

— 9((eKTUBHOCTh aBTOMATU3MPOBAaHHOM andepeHnn-
anbHOM auarHoctuku cocrossuuii ST-OUM u CPPIK/
ER MOXeT CHIIbHO 3aBHCETh OT JIAaHHBIX, HA KOTOPBIX
MIPOBOIUTCSE O0YyUYCHUE METO/IA;

— HECMOTPsI Ha TO, YTO KpuTepuii Bua (2) mokasaj Hau-
JTy4mive mokaszatend 3pGeKTHBHOCTH, ¢ TOYKH 3PEHUS
poOacTHOCTH K JaHHBIM IIeTIECO00Pa3HO UCTIONB30BATh
Monens (3);

— TO/XO0J] Ha OCHOBE TIIyOOKOTo 0OyYeHHS MOKAa3bIBAET
ydiryto 3(GpPeKTUBHOCTh, HO TPEOYET MOMOIHUTEIIb-
HOW OLIEHKH POOACTHOCTH Ha ajJbTCPHATUBHBIX JlaTa-
CeTax, 4YTO ABJACTCA IMPEAMETOM ﬂaﬂbHeﬁlﬂHX HcCcliie-
JIOBAHUH.

3akaouenne

B ycnosusix nmangemun COVID-19 ckopast kapauomno-
THYCCKasd MOMOIIb BO BCEM MUPEC UCTIBITBIBACT TPYAHOCTH,
CBSI3aHHBIE C HEXBATKOU HpO(bI/IJ'II)HI)IX CIICIIMAJINCTOB U
CHeNMATM3UPOBAHHOTO 000pynoBanus. B cBsi3u ¢ aTuM
0CcOo0yI0 3HAYMMOCTh NPUOOPETAET MOCTPOCHUE CUCTEM
TOJIICPKKU TIPUHSATHS KIIMHUYSCKUX PEHICHUN /ISl aB-
TOMAaTH3UPOBAHHON OLIEHKU MMapaMeTPOB AIEKTPOKApAN-
OorpaMMbl Ha OCHOBE KJIMEHT-CEPBEPHOI apXHUTEKTYyPHI.
PaccMoTpeHBI KITIOUEBBIE aCHIEKTHI CO3/IaHNS CHCTEMBI TTOJI-
JEPKKHU MPUHATHS KIMHUYECKUX PEHICHUI: onudpoBKa
HCXOIHOW OyMaKHOU 3IEKTPOKAPIHOTPAMMBI 1 aBTOMATH-
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3MPOBaHHAsI OI[CHKA OCHOBHBIX €€ MapaMeTPOB C MOMOIIBIO
MPUIOKEHHUSI, yCTAHABIMBAEMOI0 HA MOOHJIBHBIN TeseoH
Bpaya MepBUYHOIO 3BEHA, a TaKXkKe MojiepkKa tuddepeH-
[UAJIBHON JMAarHOCTUKK 3a00JIeBaHNil Ha OCHOBAX KpHTe-
pUAIBHON OLEHKH M MallMHHOTO 00y4yeHus. B kauectse
HpUMepa MpHBe/ieHa KITMHIYECKU 3HaYnMast 3a1a4a audde-
PEHIMATBHON THarHOCTUKN HH(]ApKTa MHOKap/a C TOIb-
emoM (ameBarueit) cermenta ST (ST-OMIM) u cunnpoma
panHel penorsiuparyn xenyaoukoB (CPPX/ER).

Pa3paboranHbie anTOPUTMBI OIU(POBKU U aHANIN3A
3EKTPOKAPANOTPAMMBI O3BOJININ B ABTOMAaTHUYECKOM
pexxume 1 06e3 NOoAKIIUeHHs K ceTd VIHTepHeT OleHUTh
HauboJiee 3HAYMMBbIC DIIEMEHTBI JIEKTPOKAPINOTPAMMEI
(amrututynbl 3youoB R, P, T, 1uTenbHOCTh HHTEPBAIOB
RR u QT, a Taxoke cermentoB ST u PR). I1pu aToMm cpeansis
omMOKa ONpPE/CICHNS MOJOXKECHHSI Hanbosee CI0XKHBIX
(crTaXKeHHBIX ) MUKOB AJIEKTPOKapANOrpaMMBI (3yO1oB P u
T) — ne Gomee 0,1 mm.

Paspabotan anroput™ it monnepkku auddepenim-
anpHOM muarnoctuku cocrostanii ST-OMM u CPPXX/ER na
OCHOBE KPUTEPHAIIBHOTO aHATIN3a IEKTPOKAPANOTPAMMBI.
IIpemnoskeHHbIN anropuT™ padoTaeT 0e3 MOIKIIOUCHHS K
cetu MuTepHeT 1 obecneunBaet 3HaueHUs ToaHOCTH 0,85
u F-mepst 0,74. PazpaboTan ansTepHaTHBHBIN alTOPUTM Ha
OCHOBE [JTyOOKO#1 HEHPOHHOU CeTH, KOTOPBIi 0OeceyrBa-
et nyumme 3HadeHus — 0,96 u 0,88 cooTBETCTBEHHO, HO
TpeOyeT noaKItoueHus K cetn MHTepHer.

Bce anroputmsel peann3oBaHbl Ha si3pike Python B
BUJICc HA0Opa OMOIMOTEUHBIX (PYHKIIHI U BXOIST B COCTAaB
co3naBaemoii B YHuBepcutere UTMO oubmmoreku ECG
Recognition Library, pasMelieHHON B OTKPBITOM f10cTyme!.
OHM MOTYT OBITH HCTIOJIb30BAaHBI KAK CAMOCTOSITEIILHO, TAK
M B COCTaBE MOJHOMACIITA0OHOM CHCTEMBI TTIOJIEP>KKH MIPH-
HSTHS KIIMHUYECKUX PEIICHUH AJIs1 aBTOMaTU3UPOBAHHON
OLIEHKH IapaMeTPOB HIIEKTPOKAPIUOrpaMMbl HA OCHOBE
KJIMEHT-CEPBEPHOI apXUTEKTYPbl, KOTOPAst SBIISICTCS NPeI-
METOM JallbHEeHIIIe paboThl aBTOPOB.

I [Dnexrponnsiit pecypc]. Pesxxknm moctyma: https:/github.
com/Med-Al-Lab/ECG-Recognition-Library (mara obpamieHus:
20.11.2022).

References

1. Yu J.-N., Wu B.-B., Yang J., Lei X.-L., Shen W.-Q. Cardio-
cerebrovascular disease is associated with severity and mortality of
COVID-19: A systematic review and meta-analysis. Biological
Research for Nursing, 2021, vol. 23, no. 2, pp. 258-269. https://doi.
org/10.1177/1099800420951984

2. Abir M., Nelson Ch., Chan E.W., Al-Ibrahim H., Cutter Ch., Patel K.,
Bogar A. Critical care surge response strategies for the 2020
COVID-19 outbreak in the United States. Santa Monica, CA: RAND
Corporation, 2020. Available at: https://www.rand.org/pubs/research
reports/RRA164-1.html (accessed: 09.09.2021).

1174

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHOOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6


https://github.com/Med-AI-Lab/ECG-Recognition-Library
https://github.com/Med-AI-Lab/ECG-Recognition-Library
https://doi.org/10.1177/1099800420951984
https://doi.org/10.1177/1099800420951984
https://www.rand.org/pubs/research_reports/RRA164-1.html
https://doi.org/10.1177/1099800420951984
https://doi.org/10.1177/1099800420951984
https://www.rand.org/pubs/research_reports/RRA164-1.html
https://www.rand.org/pubs/research_reports/RRA164-1.html

A.C. BatbsiH, H.®. l'ycaposa, H.B. lo6peHko n ap.

14.

17.

org/pubs/research_reports/RRA164-1.html (nara oOpamenus:
09.09.2021).

Health systems resilience during COVID-19: Lessons for building
back better / ed. by A. Sagan, E. Webb, 1. de la Mata, J. Figueras, M.
McKee, N. Azzopardi-Muscat. WHO Regional Office for Europe,
2021.

Wang N.C., Jain S.K., Estes N.A.M., Barrington W.W., Bazaz R.,
Bhonsale A., Kancharla K., Shalaby A.A., Voigt A.H., Saba S. Priority
plan for invasive cardiac electrophysiology procedures during the
coronavirus disease 2019 (COVID-19) pandemic // Journal of
Cardiovascular Electrophysiology. 2020. V. 31. N 6. P. 1255-1258.
https://doi.org/10.1111/jce.14478

Cook D.A., Oh S., Pusic M.V. Accuracy of physicians’
electrocardiogram interpretations: A systematic review and meta-
analysis / JAMA Internal Medicine. 2020. V. 180. N 11. P. 1461~
1471. https://doi.org/10.1001/jamainternmed.2020.3989

Javeed A., Khan S.U., Ali L., Ali S., Imrana Y., Rahman A. Machine
learning-based automated diagnostic systems developed for heart
failure prediction using different types of data modalities: A
systematic review and future directions // Computational and
Mathematical Methods in Medicine. 2022. V. 2022. P. 9288452.
https://doi.org/10.1155/2022/9288452

Martin-Isla C., Campello V.M., Izquierdo C., Raisi-Estabragh Z.,
BaeBler B., Petersen S.E., Lekadir K. Image-based cardiac diagnosis
with machine learning: A review // Frontiers in Cardiovascular
Medicine. 2020. V. 7. P. 1. https://doi.org/10.3389/fcvm.2020.00001
Attia Z.1., Noseworthy P.A., Lopez-Jimenez F., Asirvatham S.J.,
Deshmukh A.J., Gersh B.J., Carter R.E., Yao X., Rabinstein A.A.,
Erickson B.J., Kapa S., Friedman P.A. An artificial intelligence-
enabled ECG algorithm for the identification of patients with atrial
fibrillation during sinus rhythm: A retrospective analysis of outcome
prediction // Lancet. 2019. V. 394. P. 861-867. https://doi.org/10.1016/
S0140-6736(19)31721-0

Katoh T., Yashima M., Takahashi N., Watanabe E., Tkeda T.,
Kasamaki Y., Sumitomo N., Ueda N., Morita H., Hiraoka M. Expert
consensus document on automated diagnosis of the electrocardiogram:
The task force on automated diagnosis of the electrocardiogram in
Japan. Part 2: Current status of inappropriate automated diagnosis is
widely used electrocardiographs in Japan // Journal of Arrhythmia.
2021. V. 37.N 6. P. 1427-1433. https://doi.org/10.1002/joa3.12646

. Sangaiah A., Arumugam M., Bian G. An intelligent learning approach

for improving ECG signal classification and arrhythmia analysis //
Artificial Intelligence in Medicine. 2020. V. 103. P. 101788. https:/
doi.org/10.1016/j.artmed.2019.101788

. Tse G., Lee S., Li A., Chang D., Li G., Zhou J., Liu T., Zhang Q.

Automated electrocardiogram analysis identifies novel predictors of
ventricular arrhythmias in brugada syndrome // Frontiers in
Cardiovascular Medicine. 2021. V. 7. P. 618254. https://doi.
org/10.3389/fcvm.2020.618254

. Rueda C., Fernandez 1., Larriba Y., Rodriguez-Collado A., Canedo C.

Compelling new electrocardiographic markers for automatic diagnosis
// Computer Methods and Programs in Biomedicine. 2022. V. 221.
P. 106807. https://doi.org/10.1016/j.cmpb.2022.106807

. Fortune J.D., Coppa N.E., Haq K.T., Patel H., Tereshchenko L.G.

Digitizing ECG image: new fully automated method. 2021
[Dnexrponnsiii pecypc]. URL: https://www.medrxiv.org/content/10.
1101/2021.07.13.21260461v1.full.pdf (nara obpamenus: 25.04.2022)
Vatian A., Peredreev D., Rodiontsev K., Murzina A., Klevtsova E.,
Tatarinova A., Treshkur T., Shalyto A., Gusarova N. Helping
paramedics in assessing a patient’s condition based on ECG by means
of mobile phone // Proc. of the International Conferences ICT,
Society, and Human Beings 2021; Web Based Communities and
Social Media 2021; and e-Health 2021. 2021. P. 144-151. https://doi.
org/10.33965/¢h2021_2021061018

. Agrawal S. Image Processing in Python — The Computer Vision

Techniques. 2021 [DnexTponHBIH pecypc]. https://www.
analyticsvidhya.com/blog/2021/08/image—processing—in—python—
the—computer—vision—techniques/ (nara odpamenus: 25.04.2022)

. Park J.-S., Lee S.-W., Park U. R Peak detection method using wavelet

transform and modified shannon energy envelope // Journal of
Healthcare Engineering. 2017. V. 2017. P. 4901017. https://doi.
org/10.1155/2017/4901017

Nouira I., Abdallah A.B., Bedoui M.H., Dogui M. A robust R peak
detection algorithm using wavelet transform for heart rate variability
studies // International Journal on Electrical Engineering and

3.

11.

13.

14.

16.

17.

Health systems resilience during COVID-19: Lessons for building
back better. Ed. by A. Sagan, E. Webb, 1. de la Mata, J. Figueras, M.
McKee, N. Azzopardi-Muscat. WHO Regional Office for Europe,
2021.

Wang N.C., Jain S.K., Estes N.A.M., Barrington W.W., Bazaz R.,
Bhonsale A., Kancharla K., Shalaby A.A., Voigt A.H., Saba S.,
Priority plan for invasive cardiac electrophysiology procedures during
the coronavirus disease 2019 (COVID-19) pandemic. Journal of
Cardiovascular Electrophysiology, 2020, vol. 31, no. 6, pp. 1255—
1258. https://doi.org/10.1111/jce.14478

Cook D.A., Oh S., Pusic M.V. Accuracy of physicians’
electrocardiogram interpretations: A systematic review and meta-
analysis. JAMA Internal Medicine, 2020, vol. 180, no. 11, pp. 1461—
1471. https://doi.org/10.1001/jamainternmed.2020.3989

Javeed A., Khan S.U., Ali L., Ali S., Imrana Y., Rahman A. Machine
learning-based automated diagnostic systems developed for heart
failure prediction using different types of data modalities:
A systematic review and future directions. Computational and
Mathematical Methods in Medicine, 2022, vol. 2022, pp. 9288452.
https://doi.org/10.1155/2022/9288452

Martin-Isla C., Campello V.M., Izquierdo C., Raisi-Estabragh Z.,
BaeBler B., Petersen S.E., Lekadir K. Image-based cardiac diagnosis
with machine learning: A review. Frontiers in Cardiovascular
Medicine, 2020, vol. 7, pp. 1. https://doi.org/10.3389/
fevm.2020.00001

Attia Z.1., Noseworthy P.A., Lopez-Jimenez F., Asirvatham S.J.,
Deshmukh A.J., Gersh B.J., Carter R.E., Yao X., Rabinstein A.A.,
Erickson B.J., Kapa S., Friedman P.A. An artificial intelligence-
enabled ECG algorithm for the identification of patients with atrial
fibrillation during sinus rhythm: A retrospective analysis of outcome
prediction. Lancet, 2019, vol. 394, pp. 861-867. https://doi.
org/10.1016/S0140-6736(19)31721-0

Katoh T., Yashima M., Takahashi N., Watanabe E., Tkeda T., Kasamaki
Y., Sumitomo N., Ueda N., Morita H., Hiraoka M. Expert consensus
document on automated diagnosis of the electrocardiogram: The task
force on automated diagnosis of the electrocardiogram in Japan. Part
2: Current status of inappropriate automated diagnosis is widely used
electrocardiographs in Japan. Journal of Arrhythmia, 2021, vol. 37,
no. 6, pp. 1427-1433. https://doi.org/10.1002/joa3.12646

. Sangaiah A., Arumugam M., Bian G. An intelligent learning approach

for improving ECG signal classification and arrhythmia analysis.
Artificial Intelligence in Medicine, 2020, vol. 103, pp. 101788. https://
doi.org/10.1016/j.artmed.2019.101788

Tse G., Lee S., Li A., Chang D., Li G., Zhou J., Liu T., Zhang Q.
Automated electrocardiogram analysis identifies novel predictors of
ventricular arrhythmias in brugada syndrome. Frontiers in
Cardiovascular Medicine, 2021, vol. 7, pp. 618254. https://doi.
org/10.3389/fcvm.2020.618254

. Rueda C., Fernandez I., Larriba Y., Rodriguez-Collado A., Canedo C.

Compelling new electrocardiographic markers for automatic
diagnosis. Computer Methods and Programs in Biomedicine, 2022,
vol. 221, pp. 106807. https://doi.org/10.1016/j.cmpb.2022.106807
Fortune J.D., Coppa N.E., Haq K.T., Patel H., Tereshchenko L.G.
Digitizing ECG image: new fully automated method. 2021. Available
at: https://www.medrxiv.org/content/10.1101/2021.07.13.2126046
1v1.full.pdf (accessed: 25.04.2022)

Vatian A., Peredreev D., Rodiontsev K., Murzina A., Klevtsova E.,
Tatarinova A., Treshkur T., Shalyto A., Gusarova N. Helping
paramedics in assessing a patient’s condition based on ECG by means
of mobile phone. Proc. of the International Conferences ICT, Society,
and Human Beings 2021; Web Based Communities and Social Media
2021; and e-Health 2021, 2021, pp. 144-151. https://doi.
org/10.33965/€h2021 2021061018

. Agrawal S. Image Processing in Python — The Computer Vision

Techniques. 2021. Available at: https://www.analyticsvidhya.com/
blog/2021/08/image—processing—in—python—the—computer—vision—
techniques/ (accessed: 25.04.2022)

Park J.-S., Lee S.-W., Park U. R Peak detection method using wavelet
transform and modified shannon energy envelope. Journal of
Healthcare Engineering, 2017, vol. 2017, pp. 4901017. https://doi.
org/10.1155/2017/4901017

Nouira 1., Abdallah A.B., Bedoui M.H., Dogui M. A robust R peak
detection algorithm using wavelet transform for heart rate variability
studies. International Journal on Electrical Engineering and
Informatics, 2013, vol. 5, no. 3, pp. 270-284. https://doi.org/10.15676/
ijeei.2013.5.3.3

Hay4HO-TexXHUYeCcKni1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6

1175


https://www.rand.org/pubs/research_reports/RRA164-1.html
https://doi.org/10.1111/jce.14478
https://doi.org/10.1001/jamainternmed.2020.3989
https://doi.org/10.1155/2022/9288452
https://doi.org/10.3389/fcvm.2020.00001
https://doi.org/10.1016/S0140-6736(19)31721-0
https://doi.org/10.1016/S0140-6736(19)31721-0
https://doi.org/10.1002/joa3.12646
https://doi.org/10.1016/j.artmed.2019.101788
https://doi.org/10.1016/j.artmed.2019.101788
https://doi.org/10.3389/fcvm.2020.618254
https://doi.org/10.3389/fcvm.2020.618254
https://doi.org/10.1016/j.cmpb.2022.106807
https://www.medrxiv.org/content/10.1101/2021.07.13.21260461v1.full.pdf
https://www.medrxiv.org/content/10.1101/2021.07.13.21260461v1.full.pdf
https://doi.org/10.33965/eh2021_202106l018
https://doi.org/10.33965/eh2021_202106l018
https://www.analyticsvidhya.com/blog/2021/08/image–processing–in–python–the–computer–vision–techniques/
https://www.analyticsvidhya.com/blog/2021/08/image–processing–in–python–the–computer–vision–techniques/
https://doi.org/10.1155/2017/4901017
https://doi.org/10.1155/2017/4901017
https://doi.org/10.1111/jce.14478
https://doi.org/10.1001/jamainternmed.2020.3989
https://doi.org/10.1155/2022/9288452
https://doi.org/10.3389/fcvm.2020.00001
https://doi.org/10.3389/fcvm.2020.00001
https://doi.org/10.1016/S0140-6736(19)31721-0
https://doi.org/10.1016/S0140-6736(19)31721-0
https://doi.org/10.1002/joa3.12646
https://doi.org/10.1016/j.artmed.2019.101788
https://doi.org/10.1016/j.artmed.2019.101788
https://doi.org/10.3389/fcvm.2020.618254
https://doi.org/10.3389/fcvm.2020.618254
https://doi.org/10.1016/j.cmpb.2022.106807
https://www.medrxiv.org/content/10.1101/2021.07.13.21260461v1.full.pdf
https://www.medrxiv.org/content/10.1101/2021.07.13.21260461v1.full.pdf
https://doi.org/10.33965/eh2021_202106l018
https://doi.org/10.33965/eh2021_202106l018
https://www.analyticsvidhya.com/blog/2021/08/image–processing–in–python–the–computer–vision–techniques/
https://www.analyticsvidhya.com/blog/2021/08/image–processing–in–python–the–computer–vision–techniques/
https://doi.org/10.1155/2017/4901017
https://doi.org/10.1155/2017/4901017
https://doi.org/10.15676/ijeei.2013.5.3.3
https://doi.org/10.15676/ijeei.2013.5.3.3

ABTOMAaTM3MPOBAHHAsA OLeHKA NapaMeTPOoB 3NEKTPOKaApPANOrpamMm B ycnosusax naHgemum COVID-19

Informatics. 2013. V. 5. N 3. P. 270-284. https://doi.org/10.15676/
ijeei.2013.5.3.3

18. Bae T.W., Kwon K.K. ECG PQRST complex detector and heart rate
variability analysis using temporal characteristics of fiducial points //
Biomedical Signal Processing and Control. 2021. V. 66. P. 102291.
https://doi.org/10.1016/j.bspc.2020.102291

19. Camm A.J., Malik M., Yap Y.G. Acquired Long QT Syndrome.
Blacwell Futura, 2004. 208 p.

20. HaumoHajbHbIC POCCHHCKIE PEKOMEHAALHNH I10 TIPUMEHEHUIO METO-
JIMKH XOJITEPOBCKOTO MOHUTOPUPOBAHHS B KIMHUYECKON MPaKTHKE
(mpoexT) [Dnexrponnsiit pecypc]. URL: https://scardio.ru/content/
images/recommendation/HM.pdf. (zata obpamenus: 20.09.2022).

21. Goldenberg 1., Moss A.J., Zareba W. QT interval: how to measure it
and what is “normal” // Journal of Cardiovascular Electrophysiology.
2006. V. 17. N 3. P.333-336. https://doi.
org/10.1111/1.1540-8167.2006.00408.x

22. Kalyakulina A., Yusipov I., Moskalenko V., Nikolskiy A.,
Kosonogov K., Zolotykh N., Ivanchenko M. Lobachevsky University
Electrocardiography Database [Dnexrponnsiii pecypc]. URL: https:/
physionet.org/content/ludb/1.0.1/ (nara obparmenus: 20.09.2022).

23. Smith S.W,, Khalil A., Henry T.D., Rosas M., Chang R.J., Heller K.,
Scharrer E., Ghorashi M., Pearce L.A. Electrocardiographic
differentiation of early repolarization from subtle anterior ST-segment
elevation myocardial infarction // Annals of Emergency Medicine.
2012. V. 60. N 1. P. 45-56.¢2. https://doi.org/10.1016/j.
annemergmed.2012.02.015

24. Liu F.F,, Liu C., Zhao L., Zhang X., Wu X., Xu X,, Liu Y., Ma C.,
Wei S., He Z., Li J., Yin K., Eddie N. An open access database for
evaluating the algorithms of electrocardiogram rhythm and
morphology abnormality detection // Journal of Medical Imaging and
Health Informatics. 2018. V. 8. N 7. P. 1368-1373. https://doi.
org/10.1166/jmihi.2018.2442

25. Choi H.Y., Kim W., Kang G.H., Jang Y.S., Lee Y., Kim J.G., Lee N.,
Shin D.G., Bae W., Song Y. Diagnostic accuracy of the deep learning
model for the detection of ST elevation myocardial infarction on
electrocardiogram // Journal of Personalized Medicine. 2022. V. 12.
N 3. P. 336. https://doi.org/10.3390/jpm 12030336

26. Chang K.-C., Hsieh P.-H., Wu M.-Y., Wang Y.-C., Wei J.-T.,
Shih E.S.C., Hwang M.-J., Lin W.-Y., Lin W.-T., Lee K.-J.,
Wang T.-H. Usefulness of multi-labelling artificial intelligence in
detecting rhythm disorders and acute ST-elevation myocardial
infarction on 12-lead electrocardiogram // European Heart Journal -
Digital Health. 2021. V. 2. N 2. P. 299-310. https://doi.org/10.1093/
chjdh/ztab029

27. Liu Z., Mao H., Wu C.-Y., Feichtenhofer C., Darrell T., Xie S.
A ConvNet for the 2020s // Proc. of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition, CVPR. 2022. P. 11966—
11976. https://doi.org/10.1109/CVPR52688.2022.01167

ABTOpBI

Barbsn Anekcanapa CepreeBHa — KaHAM/JIAT TEXHUYECKUX HayK,
nouent, Yausepcurer UTMO, Cankr-IletepOypr, 197101, Poccuiickast
Denepanns, {§ 57191870868, https://orcid.org/0000-0002-5483-716X,
alexvatyan@gmail.com

I'ycapoBa Haranus ®@enopoBHa — KaHIMUJAT TEXHUYECKUX HAYK,
cTaplIMii HayuHbIi cOTpyAHUK, foueHT, Yausepcurer UTMO, Cankr-
IerepOypr, 197101, Poccniickas ®enepaunst, 8 57162764200, https:/
orcid.org/0000-0002-1361-6037, natfed@list.ru

Jlo6penko Haranbsi BukTopoBHAa — KaHIUIAT TEXHUYECKUX HAyK,
nouent, Yauusepcurer UTMO, Caunkr-IlerepOypr, 197101, Poccuiickas
Denepanst, §f 56499375200, https://orcid.org/0000-0001-6206-8033,
graziokisa@yandex.ru

3mueBckuii JJanua AjnekcanapoBuy — ctyzeHt, Yausepcuter U'TMO,
Cankr-IletepOypr, 197101, Poccuiickas ®enepanus, https://orcid.
org/0000-0002-0077-794X, danil.zmievskiy@gmail.com

Kadbimes Makcum BacniabeBuy — acriupant, Yausepcurer UTMO,
Cankr-IletepOypr, 197101, Poccuiickas ®enepanus, https://orcid.
0rg/0000-0002-1006-0408, maxk6971@gmail.com

TMonesas Tarbsina AHapeeBHa — niporpammuct, Yausepcurer UTMO,
Cankrt-IletepOypr, 197101, Poccuiickas eneparus, g 57193708570,
https://orcid.org/0000-0001-6131-0019, tanusha2406(@gmail.com
TarapuHoBa AHHA AHJApeeBHAa — KaHAUIAT MEAUIUHCKUX HayK, CTap-
1M HayYHBIA COTPYIHUK, CTAPIINI HayIHBINH COTPYIHUK, HanmoHambHbIi
MEIMLMHCKUH rccenoBatenbekuil ieHTp uM. B.A. Anmasosa, CaHKT-

18. Bae T.W., Kwon K.K. ECG PQRST complex detector and heart rate
variability analysis using temporal characteristics of fiducial points.
Biomedical Signal Processing and Control, 2021, vol. 66, pp. 102291.
https://doi.org/10.1016/j.bspc.2020.102291

19. Camm A.J., Malik M., Yap Y.G. Acquired Long QT Syndrome.
Blacwell Futura, 2004, 208 p.

20. National Russian recommendations for the use of Holter monitoring
in clinical practice (draft). Available at: https://scardio.ru/content/
images/recommendation/HM.pdf. (accessed: 20.09.2022). (in
Russian)

21. Goldenberg 1., Moss A.J., Zareba W. QT interval: how to measure it
and what is “normal”. Journal of Cardiovascular Electrophysiology,
2006, vol. 17, no. 3, pp. 333-336. https://doi.
org/10.1111/j.1540-8167.2006.00408.x

22. Kalyakulina A., Yusipov I., Moskalenko V., Nikolskiy A.,
Kosonogov K., Zolotykh N., Ivanchenko M. Lobachevsky University
Electrocardiography Database. Available at: https://physionet.org/
content/ludb/1.0.1/ (accessed: 20.09.2022).

23. Smith S.W,, Khalil A., Henry T.D., Rosas M., Chang R.J., Heller K.,
Scharrer E., Ghorashi M., Pearce L.A. Electrocardiographic
differentiation of early repolarization from subtle anterior ST-segment
elevation myocardial infarction. Annals of Emergency Medicine,
2012, vol. 60, no. 1, pp. 45-56.e2. https://doi.org/10.1016/].
annemergmed.2012.02.015

24. Liu F.E, Liu C., Zhao L., Zhang X., Wu X., Xu X., Liu Y., Ma C., Wei
S., He Z., Li J., Yin K., Eddie N. An open access database for
evaluating the algorithms of electrocardiogram rhythm and
morphology abnormality detection. Journal of Medical Imaging and
Health Informatics, 2018, vol. 8, no. 7, pp. 1368—1373. https://doi.
org/10.1166/jmihi.2018.2442

25. Choi H.Y., Kim W., Kang G.H., Jang Y.S., Lee Y., Kim J.G., Lee N.,
Shin D.G., Bae W., Song Y. Diagnostic accuracy of the deep learning
model for the detection of ST elevation myocardial infarction on
electrocardiogram. Journal of Personalized Medicine, 2022, vol. 12,
no. 3, pp. 336. https://doi.org/10.3390/jpm12030336

26. Chang K.-C., Hsieh P.-H., Wu M.-Y., Wang Y.-C., Wei J.-T.,
Shih E.S.C., Hwang M.-J., Lin W.-Y., Lin W.-T., Lee K.-J.,
Wang T.-H. Usefulness of multi-labelling artificial intelligence in
detecting rhythm disorders and acute ST-elevation myocardial
infarction on 12-lead electrocardiogram. European Heart Journal —
Digital Health, 2021, vol. 2, no. 2, pp. 299-310. https://doi.
org/10.1093/ehjdh/ztab029

27. Liu Z., Mao H., Wu C.-Y., Feichtenhofer C., Darrell T., Xie S. A
ConvNet for the 2020s. Proc. of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition, CVPR, 2022, pp. 11966~
11976. https://doi.org/10.1109/CVPR52688.2022.01167

Authors

Alexandra S. Vatian — PhD, Associate Professor, ITMO University,
Saint Petersburg, 197101, Russian Federation, §g§ 57191870868, https://
orcid.org/0000-0002-5483-716X, alexvatyan@gmail.com

Natalia F. Gusarova — PhD, Senior Researcher, Associate Professor,
ITMO University, Saint Petersburg, 197101, Russian Federation,
57162764200, https://orcid.org/0000-0002-1361-6037, natfed@list.ru

Natalia V. Dobrenko — PhD, Associate Professor, ITMO University,
Saint Petersburg, 197101, Russian Federation, {§ 56499375200, https://
orcid.org/0000-0001-6206-8033, graziokisa@yandex.ru

Danil A. Zmievsky — Student, ITMO University, Saint Petersburg,
197101, Russian Federation, https://orcid.org/0000-0002-0077-794X,
danil.zmievskiy@gmail.com

Maxim A. Kabyshev — PhD Student, ITMO University, Saint Petersburg,
197101, Russian Federation, https://orcid.org/0000-0002-1006-0408,
maxk6971@gmail.com

Tatiana A. Polevaya — Software Developer, ITMO University, Saint
Petersburg, 197101, Russian Federation, §g 57193708570, https://orcid.
org/0000-0001-6131-0019, tanusha2406@gmail.com

Anna A. Tatarinova — PhD (Medicine), Senior Researcher, Senior
Researcher, Almazov National Medical Research Centre, Saint Petersburg,

1176

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHOOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6


https://doi.org/10.15676/ijeei.2013.5.3.3
https://doi.org/10.15676/ijeei.2013.5.3.3
https://doi.org/10.1016/j.bspc.2020.102291
https://scardio.ru/content/images/recommendation/HM.pdf
https://scardio.ru/content/images/recommendation/HM.pdf
https://doi.org/10.1111/j.1540-8167.2006.00408.x
https://doi.org/10.1111/j.1540-8167.2006.00408.x
https://physionet.org/content/ludb/1.0.1/
https://physionet.org/content/ludb/1.0.1/
https://doi.org/10.1016/j.annemergmed.2012.02.015
https://doi.org/10.1016/j.annemergmed.2012.02.015
https://doi.org/10.1166/jmihi.2018.2442
https://doi.org/10.1166/jmihi.2018.2442
https://doi.org/10.3390/jpm12030336
https://doi.org/10.1093/ehjdh/ztab029
https://doi.org/10.1093/ehjdh/ztab029
https://doi.org/10.1109/CVPR52688.2022.01167
https://orcid.org/0000-0002-5483-716X
mailto:alexvatyan@gmail.com
https://orcid.org/0000-0002-1361-6037
https://orcid.org/0000-0002-1361-6037
mailto:natfed@list.ru
https://orcid.org/0000-0001-6206-8033
mailto:graziokisa@yandex.ru
https://orcid.org/0000-0002-0077-794X
https://orcid.org/0000-0002-0077-794X
mailto:danil.zmievskiy@gmail.com
https://orcid.org/0000-0002-1006-0408
https://orcid.org/0000-0002-1006-0408
mailto:maxk6971@gmail.com
https://orcid.org/0000-0001-6131-0019
mailto:tanusha2406@gmail.com
https://doi.org/10.1016/j.bspc.2020.102291
https://scardio.ru/content/images/recommendation/HM.pdf
https://scardio.ru/content/images/recommendation/HM.pdf
https://doi.org/10.1111/j.1540-8167.2006.00408.x
https://doi.org/10.1111/j.1540-8167.2006.00408.x
https://physionet.org/content/ludb/1.0.1/
https://physionet.org/content/ludb/1.0.1/
https://doi.org/10.1016/j.annemergmed.2012.02.015
https://doi.org/10.1016/j.annemergmed.2012.02.015
https://doi.org/10.1166/jmihi.2018.2442
https://doi.org/10.1166/jmihi.2018.2442
https://doi.org/10.3390/jpm12030336
https://doi.org/10.1093/ehjdh/ztab029
https://doi.org/10.1093/ehjdh/ztab029
https://doi.org/10.1109/CVPR52688.2022.01167
https://orcid.org/0000-0002-5483-716X
https://orcid.org/0000-0002-5483-716X
mailto:alexvatyan@gmail.com
https://orcid.org/0000-0002-1361-6037
mailto:natfed@list.ru
https://orcid.org/0000-0001-6206-8033
https://orcid.org/0000-0001-6206-8033
mailto:graziokisa@yandex.ru
https://orcid.org/0000-0002-0077-794X
mailto:danil.zmievskiy@gmail.com
https://orcid.org/0000-0002-1006-0408
mailto:maxk6971@gmail.com
https://orcid.org/0000-0001-6131-0019
https://orcid.org/0000-0001-6131-0019
mailto:tanusha2406@gmail.com

A.C. BatbsiH, H.®. l'ycaposa, H.B. lo6peHko n ap.

IMerepOypr, 197341, Poccniickas Deneparus, { 6603195545, https://
orcid.org/0000-0002-9046-2457, antsvet.18@mail.ru

Tomunos Ban BsiuecaaBoBHY — cTapInnii 1a00paHT, YHHBEPCUTET
WUTMO, Canxr-Ilerepbypr, 197101, Poccniickas ®deneparms, https://orcid.
org/0000-0003-1886-2867, ivan-tomilov3@yandex.ru

Cmamvws nocmynuna 6 pedaxyuto 15.08.2022
Ooobpena nocne peyenzuposanus 28.10.2022
Ipunama x newamu 29.11.2022

@0l

197341, Russian Federation, f§ 6603195545, https://orcid.org/0000-0002-
9046-2457, antsvet.18@mail.ru

Ivan V. Tomilov — Senior Laboratory Assistant, ITMO University, Saint
Petersburg, 197101, Russian Federation, https://orcid.org/0000-0003-
1886-2867, ivan-tomilov3@yandex.ru

Received 15.08.2022
Approved after reviewing 28.10.2022
Accepted 29.11.2022

Pa6oTta nocTynHa no nuueHsum
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TexXHUYeCcKni1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 6

Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6

1177


https://orcid.org/0000-0002-9046-2457
https://orcid.org/0000-0002-9046-2457
mailto:antsvet.18@mail.ru
https://orcid.org/0000-0003-1886-2867
https://orcid.org/0000-0003-1886-2867
mailto:ivan-tomilov3@yandex.ru
https://orcid.org/0000-0002-9046-2457
https://orcid.org/0000-0002-9046-2457
mailto:antsvet.18@mail.ru
https://orcid.org/0000-0003-1886-2867
https://orcid.org/0000-0003-1886-2867
mailto:ivan-tomilov3@yandex.ru

HAYYHO-TEXHUYECKIMI BECTHUK MHOOPMALIMOHHBIX TEXHOMOM I, MEXAHMKI 1 OMTUKN

° HOAGPb-aekabpb 2022 Tom 22 N2 6 http://ntv.ifmo.ru/ HAYYHO-TEXHMMECKMMA BECTHMUK
IIITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX IEXH“““"""' MEXAH“K“ “ m"“m
November-December 2022 Vol. 22 No 6 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2022-22-6-1178-1186
VK 004.8+ 65.011.56

MyJsibTHATEHTHAs AIaNITHBHASI MAPIIPYTH3AUA AaTeHTAMHU-KJIOHAMH
Ha OCHOBE€ MHOI'OT0JIOBOI'O BHYTPEHHEIN0 BHUMAaHHUA C UCITOJIB30BAHUEM oﬁyqe}mn
C MOIKPeNnJIeHueM

Tumodeii Anexcanaposuy I'pubanosl, Anapeii Anexcanapopuy OuiabueHKoB2>,
Apryp AnexcanapoBuy A3apos3, Anarosmii AGpamosuy IlanbiTod

1.23.4 Yuusepcurer UTMO, Canxr-Iletepoypr, 197101, Poccuiickas denepaius
3 Ceepo-3ananubiii MHCTHTYT ynpasienus — ¢punnan PAHXul'C, Cankr-IletepOypr, 199178, Poccuiickas
Denepanus

I t.hrybanau@gmail.com, https://orcid.org/0000-0002-1151-3405

2 afilchenkov@itmo.ru™, https://orcid.org/0000-0002-1133-8432

3 artur-azarov(@yandex.ru, https://orcid.org/0000-0003-3240-597X
4 shalyto@mail.ifmo.ru, https://orcid.org/0000-0002-2723-2077

AHHOTaNMA

IIpeamer ucceqoBanus. PerynspHeIM yCIOBHEM, XapaKTEePHBIM ISl MTAKeTHOW MapIIpyTH3alMy, a TaKkXkKe 3a/1ad
TPAHCIIOPTUPOBKH T'PY30B M YHPABICHUS TOTOKAMH, SBISIETCS M3MEHUUBOCTH Tpada, Ha KOTOPOM OCYIIECTBISCTCS
MapHIpyTH3anus. TO YCIOBHE YUUTBHIBAIOT aJITOPUTMEI aallTUBHON MapHIpyTH3alKH, UCIIOIb3YIomue o0ydeHne
¢ nozxkperuieHreM. OJJHAKO NMPH 3HAUYUTEIBHBIX H3MEHEHHSX Ipada CyIIecTBYIONMM alropuTMaM MapupyTH3aluH
Tpebyercs noiHoe nepeodyyeHne. Metoa. [IpeioxkeH HOBBIH METOJI, OCHOBAHHBII HAa MyJITHAI€HTHOM MOJICTMPOBAHUH
C areHTaMHU-KJIOHAMHU, C UCIIOJIb30BAHUEM HOBOW apXUTEKTYphbl HEHPOHHOW CETH ¢ MHOTOI'OJOBBIM BHYTPEHHUM
BHMMaHHEM, KOTOpasi Ipe1o0ydeHa B paMKax MapagnurMbl 00ydeHHs ¢ HECKOJIBKHX B3IUISI0B. AT€HT B TaKOH mapagurme
HCTIONB3YET BEPIINHY KAaK BXO, @ €T0 KJIOHBI TOMEIIEHBI B BEPIINHBI rpada 1 0CyIIECTBIAIOT BEIOOP cocesa, KOTOPOMY
cremyeT nepenars 00beKT. OCHOBHBIE Pe3yJIbTaThl. BBITONHEH CpaBHUTENBHBIN AHAIIN3 C CYIIECTBYIOMINM aITOPUTMOM
MyJIbTHATEHTHOU MapuipyTu3anuu DON-LE-routing Mo CIeAyOUINM dTanam: MpeaodydeHne U cuMyasinus. Jius
KayJI0r0 3Tara PaCCMOTPEHBI 3aIlyCKU C IIOMOLLBIO U3MEHEHHS TOIIOJIOIMHU B IIPOLECCE TECTUPOBAHUS UM CUMYIIALHH.
DKCIIEpUMEHTHI MTOKa3aJIH, YTO IPEII0NKECHHBIH METO MOBBIIICHNS aIallTUBHOCTH oOecredynBaeT IIo0abHyI0
aJIaNITHBHOCTB, YBEJIMYNBAsi BPEMs JIOCTaBKHU IPH INI00AIBHBIX U3MEHEHHUSIX He Oostee ueM Ha 14,5 % oT onTHMansHoro.
IpakTHyeckas 3HAYNMOCTB. [Ipe/yIOKSHHBIH METO MOXKET OBITh UCIIOJIB30BAH JUISl PEILCHUS 3a/1a4 MapIIpy TH3ALHN
CO CIIOKHBIMU (DyHKLHSAMH OLEHKH NMyTH M AMHAMHYECKH MEHSIOLIMMHUCS TOHMOJOTMAMH rpadoB, HAIIpUMED, B
TPAHCHOPTHOM JIOTUCTUKE U IS yIIPABICHUS] KOHBEHEPHBIMU JIEHTAMH Ha TIPOM3BOJICTBE.
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Abstract

A regular condition, typical for packet routing, for the problem of cargo transportation, and for the problem of flow
control, is the variability of the graph. Reinforcement learning based adaptive routing algorithms are designed to solve
the routing problem with this condition. However, with significant changes in the graph, the existing routing algorithms
require complete retraining. To handle this challenge, we propose a novel method based on multi-agent modeling with
twin-agents for which new neural network architecture with multi-headed internal attention is proposed, pre-trained
within the framework of the multi-view learning paradigm. An agent in such a paradigm uses a vertex as an input, twins
of the main agent are placed at the vertices of the graph and select a neighbor to which the object should be transferred.
We carried out a comparative analysis with the existing DON-LE-routing multi-agent routing algorithm on two stages:
pre-training and simulation. In both cases, launches were considered by changing the topology during testing or
simulation. Experiments have shown that the proposed adaptability enhancement method provides global adaptability by
increasing delivery time only by 14.5 % after global changes occur. The proposed method can be used to solve routing
problems with complex path evaluation functions and dynamically changing graph topologies, for example, in transport
logistics and for managing conveyor belts in production.
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BBenenune

3aaua MapuIpyTU3alUU COCTOUT B IIOMCKE ONTUMAITb-
HOTO IyTH MEXJY JAByMs BepuimHamu B rpade [1]. Jus
pelIeHNs AaHHOHN KJIaCCHYEeCKON ONTHUMH3AIMOHHOM Mo-
CTaHOBKH IIPUMEHSIOTCSI aJlTOPUTMBI TUCKPETHOW MaTe-
MaTHKH, KOTOPbIE MOXKHO pa3/IejUTh Ha J[Ba THUMA: JIUC-
TAHIIMOHHO-BEKTOPHBIE allTOPUTMEI (distance-vector) [2]
W aITOPUTMEBI COCTOSHUS KaHama cBs3u (link-state) [3],
HCIIOJIb3YIOLIUE AJITOPUTMbI KpaTUalIIUX MyTEH.

Bonee crnoxHbIe TOCTAHOBKHM yYHTBIBAIOT crienu(pu-
Ky MPEeIMETHBIX 00iacTell NiIu KOHKPETHBIX YCIIOBHH, B
KOTOPBIX HEOOXOANMO OCYIIECTBIISITh MapIIPYTH3ALHIO.
PerynspHbIM yciaoBHUEM, XapaKTepHBIM IS MaKeTHOMN
MapIIpyTH3aLUH, a TAKXKe 3a/1a4 TPAHCTIOPTHPOBKH TPY30B
U yIpaBJICHUS [TOTOKAMH, SIBJISIETCSI K3BMEHYHMBOCTH rpada,
Ha KOTOPOM OCYIIECTBJICHA MapLIpyTH3alus. AanTUBHAS
Mapupytusanus [4, 5] — HampaBieHue UCCIENOBAHUN, B
KOTOPOM HpeAIoNaraeTcs HaXoIuTh PELICHHs [UIsl 3a/1a4i
MapIIpyTH3aI{H, YCTOWYUBBIC K TAKOTO POJIa N3MEHEHHSIM.
ANTOpPUTMBI aJaNTHBHON MapIIpyTH3allMd OCHOBAHBI HA
MaIIMHHOM OOYYEHUH ¥ NPEHMYIIECTBEHHO HCIIONb3YIOT
MYJIBTHAreHTHBIH TTOX0/l HAa OCHOBE O0yUYEHUS C TTOJKpe-
wieHueM [6, 7]. OTMeTHM, YTO MOABISIOTCS HAYYHBIC pa-
00TBI, OCHOBAHHbIE Ha JPYI'HX NPUHIUIIAX MAIIUHHOTO
oOyueHus1, HaIpuUMep — Ha HUCIIOJIb30BAHUU TpaHCOp-
MepoB [8].

V3MeHeHHs B TONOJIOTMH MOKHO YCIIOBHO pa3feiuTh
Ha JIOKaJIbHbIE U mo0anbHble. JIoKanbHbIe — ynaneHue

OJIHOM BEpIIMHBI HJIH OJTHOTO pedpa, I100alIbHbIe — CyIIie-
CTBEHHOE M3MEHEHHe Bcel Torosoruu rpada, Hampumep,
€ro yBeJIMYCHHE WJIM YMEHbIICHHE B /1Ba pa3a. Tak kKak
TEKYIIME aITOPUTMBI MAPIIPYTH3AINH C HCTIOJIb30BAHUEM
00ydYeHHs C TOAKPEINICHHEM B CBOCH OCHOBE COIEpIKAT
MyJbTHareHTHOEe o0yueHue [9, 10], oHn OYeHB XOpOIIO
ATaNTHPYIOTCS K JOKATBHBIM H3MEHEHHUAM, KOTOPBIC TTPO-
UCXOMAT B KOHTEKCTE OTHOHN BepmIuHBI. OHAKO B CITydae
r100aIbHBIX U3MEHEHUN 3TUM aJrOpUTMaM Tpedyercs
MOJIHOE TIepeoOyUeHne, TaKk KaK OHH aJIalITUPOBAHBI CIIle
K cTapoMy rpady.

B Hacrosiiieit pabore npenyiokeH ajJropuTM, peliaro-
Ui TpodieMy T100aTbHOM alanTal|y ¢ NCTIOIb30BaHUEM
00y4eHHMSI C MOAKPETIIICHUEM.

AJITOPUTMBI MAPIIPYTH3ALUH

MapumpyTH3anus ¥ aIanTUBHASI MAPIIPYTH3AIHS.
[Mycts pau rpad G =(V, E), E = {(u,v,param)u,v € V}, te
param — cBOWCTBa pedpa, Takue Kak MPOITyCKHasi CIOC00-
HOCTB MJIM 3ajiep)KKa. Takke MOTyT ObITh U3BECTHBI J10-
MOJIHUTEITHHBIE TAPAMETPBI B 3aBUCMOCTH OT KOHKPETHOM
obJsacTyl MPUMEHEHHUSI, B TOM YUCIIE U K BEPIIMHAM. 33/1aHa
CTOMMOCTbD JIOCTABKH 00BEKTA MKy KaXK/I0H Mapo Bep-
WH cost(u,v,cont), Tae u,v € V' 1 cont — 00CTOATETHCTBA
nepeaadn (Hampumep, Bpems).

BOoJBIIMHCTBO COBPEMEHHBIX aJITOPUTMOB a/IalITHBHOM
MapIIpyTH3alMy HalpaBieHbl Ha pPabOTy CO BPEMEHEM HITH
CTOMMOCTBIO JIOCTaBKH, KOTOPBIE 33/1al0TCsl IIOpedepHO, U
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MyJ'IbTVIaFeHTHaFI aganTMBHaaA MapLlIpyTmn3aumnsa areHTaMmn-KnoHaMu...

BpeMs (CTOMMOCTh) MapuIpyTa — KaK CyMMa 3HauCHHI
(GyHKIUI U1 Kaxoro pedpa, NpuHaUIeKaIero Mapii-
pyty. Takue QyHKINN Ha3bIBAIOTCS AEKOMITIO3UPYEMBIMH.
B Gonee ci10kHOM ciTydae OIEHKA PEIICHHUS] MOXKET IPOU3-
BOJIMTHCS HEIEKOMIIO3UPYEMBIMH (DYHKIHSIMH.

VI3MeHeHMs B TOIIOJIOTHH BBITIOJIHUM ITyTeM yHAaJICHUS
WU BOccTaHOBIeHUS pebep. Ctpororo u GpopMarbHOTO
pa3aeneHust Ha JIOKAIbHbIE ¥ TNI00aIbHbIE H3MEHEHNS MPO-
BECTH HE MPEACTABIACTCS BO3MOKHBIM, OHAKO, HA30BEM
M3MEHEHHE JIOKaJIbHBIM, €CJIM OHO BKIIFOYAET YAAICHNUE UITH
BOCCTAHOBJICHHE OJIHOTO pedpa Ha 3HAYUTEIHHOM MpOMe-
JKYTKE BPEMEHH, YTOOBI QJITOPUTM YCIIeNl IPOBECTH ajarl-
TaIMIO 1 1TOKa3aTh PeJIeBaHTHBIEC Pe3ybTarhl. [T100a1bpHbIe
HM3MEHEHHs] — yJaJeHnue, BOCCTaHOBIICHHE, JI00aBICHUE
BEpIIMH U COOTBETCTBYIOLIUX UM pedep.

Jast oneHKY 1100aJIbHBIX M3MEHEHUH BBEIEM TIOHSTHE
d-okpecTHOCTH Tpada. §-0KPeCTHOCTh HCXOIHOTO Tpada
G = (V, E) — mo6oii rpad, OTyICHHBIN U3 HCXOIHOTO C
TIOMOIIBIO yAAJICHUS WK T00ABIEHUS O BEPIINH U3 WIIH
B rpad. Takum o6paszom, HOBBIA rpad G' = (V', E') Gynet
YAOBJIETBOPSATH CIEAYIOIEMY HEPaBEHCTRY: | V] — o < [V'| <
<|V] + 8.

AJITOPUTMBI 3/IaNITHBHON MapIIPyTH3AIIHH HeJeKOM-
no3upyemsix pyHknmii. st perenust npoodiaeMsl U3Me-
HEHUI B TOMOJIOTHH OOJIBIIIOE PACIIPOCTPAHEHHUE TTOTY YU
QJITOPUTMBI, UCTIOJIB3YIOINE 00yUYESHHUE C TIOIKPETLICHHEM.
PonoHnauanbHUKOM TakUX aaropuTMoB cran Q-routing [10],
TIPUMEHSIONMNH MYIIBTHAT€HTHBIN MOJX0/ JUIs 00y4YeHNsI.
B nmaHHOM anropuTMe KajkJOW BEpIIMHE COOTBETCTBYET
OT/ICJIbHBIN HE3aBUCUMBIH areHT, KOTOPBI OTBEYACT TOJb-
KO 32 MapIIpyTH3aLUIO Yepe3 OAHY CBOIO BepmmHy. Camu
areHThI NCHOJIB3YIOT AJITOPUTM O0YUIEHHS C MOAKPETIIICHH-
em Q-learning [11], KOTOPBIN MOCIIE KaXKIOTO TTOITYyUCHUS
Harpajbl 00HOBISCT (YHKIIUIO TTOJIC3HOCTH () COCTOSIHHHI,
Ha OCHOBE KOTOPOM BIIOCIICACTBHK OyIeT BhIOpaHa CTpa-
Terusi NpUHATHUS pelieHus. B O-routing kaxaoMy areHty
cooTBeTcTBYeT Tabnuna Q(n,d) ¢ OllcHKAMU MUHUAMAJIb-
HOW CTOMMOCTH IIYTH OT TEKYIel BEpPIINHBI JO BEPIIUHbI
d, eciu ciielyronel BepIInHON Ha MyTH Oy/eT BepLIMHA
1, KOTOpasi OOHOBIISICTCSI 32 CYET KOMMYHUKAIIUH MEXKIY
areHTaMu 10cIe epechUIoK. Takas MoJielb 0Ka3ajia CBOIO
5 PEKTUBHOCTD IPH JIOKAIBHBIX N3MEHEHHSX U TI0Ka3asa
BBICOKHMH YPOBEHb a/IallTAIIMH 110 CPABHEHHMIO C TUCTAHIIN-
OHHO-BEKTOPHBIMH AJITOPUTMAMHU U aJITOPUTMAMH COCTO-
STHUS KaHana cBs3u. OnHako anroput™m Q-routing mpen-
ToJIaraeT, 4YTo ONTUMHU3yeMast (GYHKIIHS JIEKOMIIO3UpyeMa.

Bonee coBpeMeHHbIE peLIeHHs! JUIsl alllpOKCUMAIUH
O-dyHkimn ucnonb3ytoT nrydbokue cetu. Ileppoit Obuta
npemioxena Deep O-Network (DON) [12]. Ha ocHoBe
9TOTO peleHus pa3padoTaH ajJropuT™M MapUIpyTH3aLUN
DON-routing [13], o0benunstomuii anroputm Q-routing
u uneu DON, KOTOPbIH IPUBHEC CIIEAYIOIINE U3MEHEHHS.
— Bwmecto Tabmuimel Q ucnoiap30BaHa HEHPOHHAS CETh C

TIPSMBIM PacIpOCTPaHEHHEM, @ OOHOBJIEHHSI IPOUCXO-

JISIT B €€ Becax MPH IMOMOIIH TPAJHEHTHOTO CITyCKa.
— OmneHka MUHIMAIBHOW CTOMMOCTH ITyTH OT TEKyIIeH

BEPUINHBI 10 KOHEUHOH 3aMEHEHa Ha MaTeMaTHIECKOE

OXKHMJJAHUE OIICHOK TIPH BO3MOYKHBIX MEPexXo/iax.

— /[l npuHATHS pelleHus O CIeyIOLleil BepluuHe B

IIyTH BMECTO MPOCTOTO HAXOXICHUSI MHHUMYMa cpe-

JI1 BOBMOXKHBIX TIEPEXO0JI0B MCIOJIBb30BaHa (YHKITHS

Softmax [14], koTOpas MpUMEHEHA K TOJIyYCHHBIM 3Ha-

YEHHSIM.

— Hcnonp3oBan starn npeo0yueHus ¢ OMOIIBI0 00yde-
HUSI ¢ yuuTeseM. JlaHHble 11t ipetoOyueHns creHepy-
pPOBaHBI CIIy4alHBIM 00pa3oM Ha MMeoIIeMcs rpage
0e3 M3MEHEHHH, a B KaueCTBE NMPaBUILHOTO OTBETA
B3ATA JJTIHA KpaTdaifiiero myTH (anroputv JleiKeTpsr).
ApXHTEKTypa HEHPOCETH — CEeTh MPSIMOTO PACIpPO-

CTpaHEHUS C ABYMs CIOSIMH 10 64 Heiipona. B xagecTse

(DYyHKITUY aKTUBAIMH BBIOPAH TUIEPOOTMUESCKUI TaHTEHC.

Ha Bxon HEHpOHHOM CeTH MONAIOTCS BEPIUIMHBI B one-hot

KOAUPOBAaHUM: TCKylllasd BCpIINHA, KOHECYHAd BCpIIMHA

00BeKTa U COCen TeKyIlel BeplnHbl. Takke B Ka4ecTBe

JIOTIOJTHUTEIIBHOTO MapaMeTpa Ha BXO[ ITOJJaeTCsl MaTpHLa

CMEXHOCTH Tpada.

Anroput™m DQON-routing noxkasan npuemieMsle pe-
3yJBTaThl JUISI ONTHMHU3AIMHN CIOKHBIX (YHKINH, OLCHH-
BAIOIINX KAaueCTBO JOCTABKH, OJTHAKO €T0 HEIO0CTATKOM
SIBIIICTCS pa3Mep HEHPOHHOH ceTH. DTOT pa3Mep 3aBUCUT
OT pa3Mepa caMoro rpada, Tak Kak Ha ero BbIxoze chopmu-
pOBaH BEKTOp MpEACKa3aHU JUIs BCEX BEPIINH.

Crnemyromym JTOTHYHBIM yCOBEPIICHCTBOBAHNEM all-
roputma DQON-routing ctan DQON-LE-routing [15]. Bce
OCHOBHBIE KOMIIOHEHTHI anroputMa DON-routing octapie-
HbI, U3MCHCHUS HOCAT TOYCUHBIN XapakTep U CliyKar ajid
n30aBJICHHS OT €r0 HeJJOCTaTKOB: BMECTO one-hot Kogupo-
BaHMS TOJAIONINXCS Ha BXOJ BEPIIMH MCIOIB30BaHbI HX
rpadoBble BEKTOPHBIE IIPE/ICTABICHHS] HA OCHOBE aJITOPHUT-
Ma Laplacian Eigenmaps (LE) [16]; Ha Bx01€e Tpada moaa-
IOTCSI HE BCE COCEIIM Cpasy, a TOIBKO OJMH, M aHAJIOTHIHO
Ha BBIXOJIE TOJTyHaeTCsl IPEACKa3aHNne TOJIBKO [UIsl OJHOTO
KOHKPETHOTO coceria; (GyHKIMEel akTHBAIIMK BMECTO THUIIEp-
OongecKkoro Tanrenca crana ReLu: max(x, 0).

Onucanne pa3p360TaHHOFO MeETOoaAa

OcHoOBHBIE N0JI02KeHUSI HOBOTO MeToaa. [Ipenna-
raeMblii METOJ] OCHOBAH Ha TPEX UICSX.

1. AJITOpHUTM JOJDKEH PAcCMATPUBATh TEKYILYHO BEPIIUHY
Kak BXoJ. /laHHBIN anroput™, Oyay4u 00yUeHHBIM,
MO3BOJISIET T0OABJISITh HOBBIE BEPIIMHBI K TOMOJIOTHH,
He mepeo0ydasich KK/l pa3 Ha HOBOM. B pesyisrare
HCCIIE/IOBAaHUI BO3MOXKHBIX CIIOCOOOB peali3alii JJaH-
HOM M/Ien OCYILECTBIICH Mepexo]l Ha 00y4YeHHe MOJIEeIIH
Ha BceM rpade, a He Ha Ka)K/10i BEepIINHE OTAEIBHO.
[Nonmy4eHHBI aNTOPUTM OCTACTCS MYJIBTHATCHTHBIM, Of1-
HAKO BCC arcHTHI SIBJSIFOTCS KJIOHaMu (twin agents) [17].

2. BcuencTBue oTkaza OT MyJbTHareHTHOCTH, MOJEIb
€JIMHOTO areHTa JIOJDKHA OBITh CIIOXKHEE, YeM MOJe-
JIM areHTOB, HCIOIb3YIOIUXCS B PACCMOTPEHHBIX B
pazjerne « AJIrOpUTMbI MAPIIPYTU3ALUNY» AITOPUTMAX,
MOCKOJIBKY OH JOJDKEH OBITH CIIOCOOCH OIepHpoBaTh
nHpOpMAIen Kak o rpade B IeJIOM, TaK U O CUTYaI[lH
B KOHKPETHBIX BEpIINHAX.

3. OOyucHHE CIOKHBIX Mojesell TpedyeT OoJbineld 00-
yuaromiei BIOOPKHU, OAITOMY HCIOJIB30BAHO MHOXE-
CTBCHHOC Mpeao0yueHre Ha rpadax pa3HOro pasMepa
B IIpefieiax HEKOTOPOil §-0KPEeCTHOCTH M3HAYAIILHOTO
rpada. JlanHoe ycioBue 1aeT BO3MOXKHOCTB ITPUMEHE-
HUsl Ipe1oOydeHHON MO/IeN Ha JII0O0M ciydyailHOM
rpade B 3TOH 3-OKPECTHOCTH.
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Panee B npenoOyueHnn Juisi 0HOTO rpada UCrob30-
BaJIOCh OOJIBIIOE KOJIMYECTBO CHHTETHUYECKHUX JIaHHBIX,
Ha HECKOJIBKO TTOPSKOB MTPEBBILIAIOIIEE pa3Mephl CaMOro
rpada. DTo 1aBaio BO3MOKHOCTH OOY4YHTh HEHPOHHYIO
CeTh MaKCUMAJIFHO TOYHO 11071 KOHKPETHBIN rpad. B HOBOM
MOJIX0/I¢ HET HEOOXOANMMOCTH B TOYHOM OOYUECHHH MOJ
KOHKPETHBIH rpad, 6oee Toro, OHO MOXKET YXyAIIaTh pe-
3yNbTaThl, TaK KaK KaX/bIH pa3 OyneT BO3ZHUKATh TpodieMa
nepeoOydeHns HEHPOHHON ceTn Ha KaxkaoMm rpade. s
yCTenTHOH paboThl peAo0yUeHHe TOIKHO OXBaThIBATh KaK
MOXKHO OOJIbllle pa3HOW MH(POPMAIMU OT pa3HbIX rpados
u3 6-okpecTHoCTH. [10 ATOM MpUYKHE JUTs KaXkJI0T0 HOBOTO
rpada npu MHO)KECTBEHHOM OOYYEHUH TeHEpUpPYyeTCsl He-
00sb1I0M HAOOP CUHTETHYECKHX JIaHHBIX, YTO MO3BOJISIET
YBEIMYHUTH YUCII0 rPpadoB, HCIOJIB3YEMBIX IIPH 00yUCHHH.
Takast 3a1aua B MalmMHHOM OOy4YCHUH NMEET Ha3BaHHE
o0y4eHHue ¢ HeCKOIBKHX B3MIAOB (few-shot learning) [18]
1 3aKJII0YaeTCs B TOM, YTO HEHpOHHas ceTh oOydaeTcs Ha
JIAHHBIX, COIEPKAINX B ce0€ OrpaHNYEHHOE KOJIMYECTBO
nHpopMarmn. Takoi crrocod 0GydeH s TI03BOIISET MOICITH
OBITH O0JIee OOOOIIEHHOM, YTO B KOHTEKCTE 3a4a4M HACTO-
snieil paboThl 03HAYAET CIIOCOOHOCTH 0000IIATHCS 1O Tpa-
(dam. TpaauunoHHBIE MOJEITH, O0YUYCHHBIC KIACCHYCCKUM
Croco0OM, HE CIIOCOOHBI pa3inyaTh KJIACChl, OTCYTCTBYIO-
e B 00yyJaromeM Habope JaHHbIX, B TO BPEMS KaK METOJ
00yueHHMs C HECKOJIBKHX B3IVISIIOB TI03BOJISIET HEHPOHHBIM
CeTSIM pa3zelsiTh JIBa U OoJiee KIaccoB, KOTOPBIX HET B
00yJaroInX JaHHBIX.

MyJbTHAreHTHOE YIpaBJieHHe ¢ aTeHTAMH-KJI0HA-
MH. /7151 COXpaHEHUs] COBMECTHMOCTH C MOJICJIBIO MYJIBTH-
areHTHOTO OOy4YECHHUS UCTIOIb30BAaHO MHOKECTBO arcHTOB.
Bce areHTsl, NpUKpEIUIEHHBIE K BEPIINHAM, HMEIOT BTO-
POCTENEHHBIN XapaKTep U MPUBS3aHbI K OJHOMY JIOTIOJI-
HUTEJIbHO BBEICHHOMY INIABHOMY areHTYy, NIEPEAaroIlero
JIOTUKy 00pabOTKHU pelIeHuil 110 MapuIpy TH3AINH.

VYrpasiisitoriast MoZIeN b OCHOBaHa Ha OTIIPABIICHUSIX CO-
O0IIEHHH MEX/Ty areHTaMH, KOTOPBIE OIPEEISIOT UX JIOTH-

src=AreHT-1
| dst=Arent-2

Ky noBezieHust. OCHOBHBIC COOOIIICHHS OBIBAIOT IBYX BHIIOB:
HEOOXOANMOCTh COBEPILHTH KaKoe-To JeHcTBHE (T1epeciarh
00BEKT JUIsl MapUIPYTH3ALMHK); TIOJIydeHne HOBOH MH Op-
Manuu (Harpajsl 3a COBEpPUICHHOE paHHEe JCHCTBHUE).
Taxxe UMEIOTCS APYTHE CITy)KeOHBIE COOOMIEHUS, KOTO-
pBIe HEOOXOIMMBI JIJIs TIOJTHOLIEHHOH paOOThl CHMYJISIIHH.

B ympasnstomeit cucreme KakJblil BTOPOCTENEHHbIN
areHT XpaHWT B ceOe HIh HHPOPMAIHIO O TOM, K KaKoi
BEPIIMHE OH ITPUHA/IJICKHUT, M CCHUIKY Ha IJIABHOTO arcHTa.
[Tpu nosyueHnu cooOIIeHNsT BTOPOCTEIICHHBIE areHThI T1e-
PECBhUIAIOT ero TIIABHOMY areHTy, 100aBIisisi K COOOILICHUIO
nH(OPMALIUIO O CBOCH BEpIIHHE.

O6paboTka COOOIIECHHI INTABHBIM ar¢HTOM CXOXa C
AQHAJIOIMYHOW 00pabOTKOM JIFOOBIM U3 areHTOB pPaccMo-
TPEHHBIX paHee alNropuTMoB. J[o6aBuM (QyHKIIMOHAT ISt
MOJ/ICP’KKN COOOIIEHUI OT BTOPOCTEIIEHHBIX arecHTOB H
YTeHUS] HHPOPMAIINH O BEPIIHHE, KOTOpas TeIeph MpHU-
XOIUT BMECTE C COOOIICHHEM, a HE XPAHUTCS B CAMOM
areHte. Ml3MeHeHust B cxemMe B3aMMOJICHCTBHSI ar€HTOB IIPU
MCXOTHOM MYJIFTHAT€HTHOM YTIPAaBJICHUH U YIIPABICHUHU Ha
OCHOBE areHTOB-KJIOHOB ITOKa3aHbI Ha puC. 1.

ApxuTexkTypa HelipoHHOM ceTH. PaccMoTpuM BXOJ
npejuiaraemMoil HeliponHoi ceru. [Ipu ogHOM areHte MH-
(hopmarHy TOJIBKO O TEKYIIEH U KOHEYHOW BEpIINHAX HEJl0-
CTaTOYHO, TAK KaK HEWPOHHAsI CETh TETeph JIOIKHA JIeIIaTh
npeJcKa3aHusl B KOHTEKCTe Bcero rpada. s pemenus
JTAHHOM 3a/1aui HeoO0X0MMO MOOYEpEeHO MOoAaBaTh Ha
BXOJI BEKTOPHBIE IIPE/ICTABICHUS BCEX COCE/ICH BEPIINHEI,
B KOTOPYIO TIpHUIIET 00BeKT. Takoii jke MOAX0 MPIUMEHEH
u B anroputme DON-LE-routing. KitoueBoe oTimune —
mo0aBICHNE MaTPHUIIBI CMEKHOCTH K BXOJHBIM TIEPEMCH-
HBIM, TaK Kak HEOOXOAMMO, 9TOOBI HEHpOHHAs CeTh OblIa
Croco0Ha TOICTPaNBaThCs M 00ydaThCs Ha Tpadax pa3HbIX
pasMepoB U TOMOJIOTHA, 2 UHHOPMAITUU O COCETHUX BEp-
[IMHAX B TAKOM CJIy4ae HEJ0CTaTOYHO.

OTMCTI/IM, qTO [[O6aBJ'IeHI/IC MaTpuibl CMEKHOCTHU JJId
UCTIONIBb30BaHMs Ha Tpadax pa3HbIX pa3MepHOCTEil 100aB-

src=AreHT-1
| dst=Arenr-2

I'naBHBIN

7 mepexon ¥ mepecsuika
COOBITHI .z COOBITHS
pedpa Ui .'  OT areHTOB-KJIOHOB
MapuIpyTH3aluy , * K [JIABHOMY areHTy

Puc. 1. VI3menenue cxemMbl B3aUMOJICHCTBHSI arC€HTOB B YIPABJISIOIIEH MOJICITH

SCr — TEKyllasd BEpIINHA, dst — BEpIIMHA HA3HAYCHUA

Fig. 1. Changes in the agent interaction schemes in the control model, scr is the operating vertex, dst is the destination vertex
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JISIFOT HOBYIO ITPOOJIEMY, CYyTh KOTOPOW COCTOHT B TOM, UTO
YHCJIO 3HAYEHUH Ha BXOJIe Y HEMPOHHOW CEeTH He SBISIET-
csl KOHCTaHTOH. B oCHOBY peieHust mpoOiIeMbl BXOIUT
noHsATne 6-okpectHocTy rpada. 3HadeHne 6 3amaerTcs u
(ukcupyeTcst B caMOM Havajie paboThl aJlTOPUTMA, T103-
TOMY YHCIIO BEPIIMH B HAaHOOJBIIEM BO3MOXKHOM Tpade B
TIPOLIECCEe BCEX M3MEHEHHH OyAeT PaBHO 7y, = V] + 8. D10
OrpaHMYEHUE MTO3BOJISET ME€PENaBaTh HA BXOA HEHPOHHOU
CETU MAaTPUILy CMEKHOCTH BCEI/Ia OIIPEAEICHHOTO pa3Me-
pa My X Mpays KOTOpPas OyIeT 3aIlOoJIHATHCS HYJICBBIMU
CTPOKaMH M CTOJIOIIaMHU B Cilyyae, Koria TeKylui rpad He
MaKCHMaJIbHOTO pa3mepa.

Jist TOro 4TOOBI YBEIMYHUTH CIIOKHOCTH MOJIEIH, HC-
10J1b30BaH MEXaHNW3M MHOTOTOJIOBOTO BHYTPEHHET0 BHUMA-
Hus (multi-head self-attention) [19], ciocoOHBIH K BBISBIIC-
HUIO 3aKOHOMEPHOCTH MEXKY Pa3HECEHHBIMU 110 BPEMEHU
T10/1a91 BXOJaMHU.

MHororonoBoe BHIMaHNE B TPEIIaracMoi apXuTek-
Type npuMeHsieTcs ABax/ibl. I1epBblil cioii BHUMaHUSA pac-
MIPOCTPAHAETCS HA BEKTOPHBIE ITPEACTABICHUS BEPIINH Ha
BXOJI€ JUISl HAXOXKICHNUSI 3aBUCUMOCTEH B HUX. J{jist BTOporo
CJIOA MEXaHW3Ma BHUMaHMS K PE3yJIbTaTy MEPBOTO CIIOs
n00aBIsAeTCs BEKTOP TOTO K€ pa3Mepa, OTBEUAIOINH 3a
MaTpHILy CMEKHOCTH.

Ha puc. 2 npencrasiena cxema paboThl MexaHH3Ma
BHUMaHWUs JUIsl Ipe0Opa3oBaHusi BEKTOPHOTO TIpeJICTaBIIe-
HUS TEKYIeH BEpLIMHBI SCF, NCHOIB3YSI HHPOPMAIUIO O
BEKTOPHBIX MPEACTABICHHUIX KOHEUHON U CMEXHOU Bep-
muH. B kauectBe query, key M value ncronb30BaHO OHO
1 TO K€ BXOJHOE BEKTOPHOE IPEJICTABICHHE COOTBETCTBY-
IOILEH BEPILUHBI.

JpyruMm BakKHBIM aCIIEKTOM apXUTEKTYpbl HEMPOHHOH
CETH SABJIAIOTCS CIION HopManu3anuu. Hopmanuzarms npe-

JIOTBpAIlaeT CUILHOEC M3MEHEHUE JUara3oHa 3HaueHUI
B CJIOSIX, YTO MPUBOJUT K TOMY, YTO MOJIEJIb 00ydaercs
ObicTpee M 00JagaeT Jydme crocoOHOCThI0 K 000011e-
Huto [20].

J11st MCnosTb30BaHMsI BTOPOTO CJIOSI MEXaHW3Ma BHUMa-
HHUS C TTOMOIIBIO TTPOCTOH CETH MPSMOTO PACTIPOCTPAHEHHS,
COCTOSIIIEH M3 JIBYX CIIOEB, MAaTpHIla CMEKHOCTH Mpeoo-
Pa30BBIBAETCS] B BEKTOP TOW XK€ [UIMHBI, YTO U BEKTOPHOE
MIPEJICTABICHUE BEPIIMH. 3aTeM dTOT BEKTOP J00ABISICTCS
K U3BMCHCHHBIM ITOCJIC TICPBOT'O CJIOA MEXaHWU3Ma BHUMAaHUA
BCKTOPHBIM ITPEACTABICHUAM BEPIIHMH HAa BXOAC, U IOIYy-
YCHHBIE YEThIPE BEKTOpa IEPEAAOTCSI HA BTOPOU CIIOK.

B cBsi3u ¢ TeM, 4TO coii HEMPOHHOM CETH, MPeNICTaB-
JSIFOIMH CETh MPSMOTO PACHPOCTPAHEHHST HEJOCTATOUCH
JUISL TTIOKPBITHST BO3POCIIETO KOJTMYECTBA BXOIHBIX JaHHBIX,
OH OBUT pacIIMPEH /10 YETHIPEX JINHEHHBIH CIIOEB U OJTHOTO
dropout-cniost [21]. Taxke yBEINYCHO YHCIO HEHPOHOB B
JIMHEHHBIX CJIOSIX. APXUTEKTYpa HOBOM HEUPOHHOM CETH
TIpeicTaBICHA Ha pHC. 3.

IIpenodyuyenus arenta. [IpenoOydeHne BEIIOIHEHO HA
CHHTETUYECKU CTEHEPHPOBAHHBIX JAHHBIX I10]] CYIIECTBY-
IOIIYI0 HEHPOHHYIO CeTh B KOHKpeTHOM rpade. [Ipormecc
npenoOydyeHusi pa3oUT Ha HECKOJIBKO JTaloB, B Hayaje
Ka)XXJIOr0 U3 KOTOPBIX rpad) U3MEHSETCs MyTeM Y/IalIeHHs
wim fo06asienus O BepmnH. TakuM 00pa3oMm, 3a cUeT ¢a-
MIUTUPOBAHHMS alllIPOKCUMHUPYETCsI peto0yueHHe Ha BcexX
rpadax n3 d-okpectHoctu rpada G. CyMmapHO HTepannit
npeoOydeHnst Ha §-OKPECTHOCTSIX MPOM3BOUTCS JOCTa-
TOYHO MHOTO, HO ISl KaXKJIOTO OTAEIBHOTO rpada u3 3Toi
OKPECTHOCTH MX OCYILECTBIISIETCS JOCTATOYHO Masio. B pe-
3yabpTaTe HeHPOHHAS ceTh 00ydaeTcs Ha OONBIIOM KOJTHYe-
CTBE PA3PO3HEHHBIX JIAHHBIX, YTO MO3BOJIET €if OXBATUTh
1 00y4nTHCS HA BCEH O-OKPECTHOCTH rpada.
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Fig. 2. Scheme of the self-attention mechanism for processing an input vertex scr
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Fig. 3. The proposed architecture of the neural network of the
agent

['eHepanus CHHTETHYECKUX JaHHBIX JUIs IPE00yYSHUsT
COIPOBOXKAETCSI JIOTIOIHUTEIBHBIM [TAPaMeTPOM, KOTOPBIN
O3HAUaeT, Ha CKOJILKO M B KaKyl0 CTOPOHY HY)KHO H3MEHUTh
rpad. YianeHne BepIIrH IIPOUCXOAUT CITydaliHbIM 00pa3zomM
1 COIPOBOXKIACTCSI TIPOBEPKOIl CBAZHOCTH ITOJIyUYCHHOTO
rpada. [Ipu noGaBeHnn BepuH TpedyeTcs 1 oOaBICHIEe
HOBBIX CIyJalHBIX pedep, YMCI0 KOTOPBIX OIPEACIIIeTCS
TaKXKe CIydaliHbIM 00pa3oM B Ipesenax HEKOTOPOro JAu-
arasoHa, KOTOPBIN 337aeTCsl B 3aBUCHMOCTH OT Pa3MEpPOB
H3HAYaIbHOTO rpada. B xauecTBe JaHHBIX HCIOIb3YIOTCS
CJIe/lyIOIIMe 3HAUYCHHMSI: ClIydaiiHasi HadyalbHasi U KOHeuHast
BCPUIMHBI;, OJHA U3 BeplﬂHH-COCGI{Cﬁ; HauMCHbIIass CTOH-
MOCTB ITyTH OT CTapTOBOW BEPIIUHBI JO KOHEYHOMH, Mpo-
XOJISIILIETO YePe3 COOTBETCTBYIOILYIO CMEKHYIO BEPILHUHY;
MarpHIia CMEXHOCTH rpada s BO3SMOKHOCTH ITOJICUETa BEK-
TOPHBIX MPEACTaBICHUI BEPIIMH BO BPeMs IIPeI00yYeHNSI.

Marpuna cMeXHOCTH B T€HEPATOpPEe CHHTETHYECKNUX
JIAHHBIX TIEPEIaeTCsl 3aBEIOMO OOJIBIIOrO pa3Mepa JJIst To-
KPBITHS BCe d-okpecTHOCTH. [Ip 3TOM BO Bpems Tipemnod-
YUEHUS JJIs OZICUETa BEKTOPHBIX MTPEICTABICHHUHN BEPIINH
MaTpHIla TpaHc(HOPMHUPYETCS B CBOCH OPUTHHAIBHBIN BH/T
0e3 JTUITHUX CTPOK U CTOIOIIOB. DTO HEOOXOIUMO IS KOP-
PEKTHOIO MOACYETa BEKTOPHBIX NPEACTABICHUN BEPLIMH
anroputmomM LE [16].

Onucanue padoTsl arenTa. 3a npeo0yueHUueM Cliey-
et (aza pabOTHI areHTa B cpelie. ATCHT HCIOJIB3YET Ty JKE
HEWpPOHHYIO CETh, KOTOPAsi MIPOIILIA CTa HIO MTPE00yYeHNMSI,
W II09TOMY CO3/1aeT 3HAYUTEJIbHBIH MPUPOCT B MMOKa3a-
TessIX MeTpHK. Tak kak 0Oy4eHUIO ¢ MOAKPEIICHHEM He
MPUXOJUTCS cOOMPaTh MH(POPMAIUIO C HYJISI, 3TO MOXKET
MIPUBECTU K TOMY, YTO HEHPOCETh «HE COMIETCS» K ONTHU-
MaJIbHOMY PEIEHHIO Jake B MpocTeimux ciydasx [13].

B cBsi3u ¢ ©13MEHEHHOH apXUTEKTYpPOH HEHPOHHOM CeTH,
AITOPUTM OOYyYEHUsS C MOJKPEIUICHHNEM, OTBEUAIOIINN 3a
MHTEPIPETHPYEMBIN PE3yIIbTaT MapIIpyTH3aINN — OIpe-
JIeTICHNE CIEAYIOEH BEPIINHBI Ha Iy TH, COCTOUT U3 CJIe-
JYIOIINX IIaros.

[Tar 1. HeiipoHHasi ceTh BO3BpaIIaeT OXKUIAAEMYIO
CTOMMOCTD ITYTHU 10 KOHEYHOM BEPUIMHEBI IIPH MEPEXOIC B
KOHKPETHOTO COCe/a.

ar 2. 3amycrus miar 1 uist kaxaoro cocena, GopMu-
pyeTcsl CIIMCOK CTOMMOCTEH BO3MOXHBIX ITyTeil. BriOpaB
MHUHHUMAJIBHBIN MyTh U3 MTOIyYEHHOTO CITUCKa, MOXXHO OBLIO
OBI epeliTH B COOTBETCTBYIOMIETO cocea, HO ATO — Jie-
TEPMUHUCTHYECKAs CTPATEeTHs, U OHA HE TMOAXOAMT JUIIS
UCTIONB3YEMOTO TTOIX0/1a.

[ar 3. K mony4eHHOMY CITUCKY IPUMEHHUM CTaHIapT-
Hyto pyskmmio Sofimax [14] ans momydeHus pacmpenene-
HUSI BEPOSITHOCTHBIX IIEPEX0J0B, GOPMUPYS TEM CaMbIM
CTOXaCTHYECKYIO CTPATEr IO areHTa.

[ITar 4. Ha ocHOBE TOJYYEHHOTO paclpeaeeHus Ciy-
yaliHBIM 00pa3oM BeIOEpeM cocefa, K KOTOpoMy OyaeT
COBEpILIEH NEePEXO/I.

3KCHepHMeHTaJII>HOG HCCJICIOBAHUE

[TpoBeneHO 3KCIIEPUMEHTAIBHOE HCCIIEI0BAHNE, KOTO-
poe coCcTOuT U3 AByX yacTeil. B mepBoii yacTu ucciejoBaH
3Tl MpeaoOydYeHus, Ha KOTOPOM ITPOBEPEHO, UTO pas3pa-
OOTaHHBIN AJTOPUTM JICHCTBUTEIILHO YIYUIIACT KAYeCTBO
paboTHI IPU YBEITMYESHNH YHCIIA ITOAABAEMBIX €MY Ha BXOJ
rpagoB. Bo Bropoii 4acTu npoBeJieHO CpaBHEHHE C aJro-
purmoMm DON-LE-routing [15].

Jnist 3amycka rmporecca nmpeaoOydeHus: OJUH U3 TIIaB-
HBIX TIApaMETPOB — 3HAUCHHE O, B OKPECTHOCTH KOTOPOTO
M3MEHSIOTCS Tpadbl M MPOMCXOAUT 00ydeHue. B kauecTse
MCXOMHOTO Tpada AN IKCTIEPUMEHTOB BBIOepeM Tpad C
12 Bepmmuamu u 17 pebpamu.

J11st cpaBHEHUSI HCTIONb3YEM CUMYIISIIHOHHYIO CHCTEMY,
Ha KOTOPO MpOBeIeHO HccieoBanue anroputmMa DON-LE-
routing. B cucteme cMozenpyeM KOHBEHEPHYIO CUCTEMY,
1 ONITUMHU3UPYEMYIO (DYHKIIUIO, KOTOPAs SIBISIETCS] CyMMOM
BPEMEHH JIOCTaBKU U 3aTPaueHHON Ha repesady dJIeKTpo-
9HEPTHH, 3aBUCSIIEH OT MapUIPyTU3AIHHA BCEX CYMOK.

PesynbraTsl npegodydenusi pa3padoTaHHOIO Me-
Toa. B mpenoOydyeHnn ucmoab3yeM METO HECKOIBKHX
B3INIAIOB. B pesynbrare crenepupyem OObIIOe YHCIIO Tpa-
(hoB pa3HBIX pa3MepOB N3 §-OKPECTHOCTH NCXOIHOTO Tpada
MyTEeM YJaJIeHUs CITyqalHBIX BEPIIMH C COOTBETCTBYIOIIN-
MH pebpaMu WM J0OaBIEHNS HOBBIX CITyJaifHO CTeHEepPHPO-
BaHHBIX BepmnH. OTMETHM, YTO HA BXOJ HEHPOHHOHN CETH
noagaBaJICA OFpaHI/I‘IeHHHﬁ Ha6op CHUHTCTHYCCKUX OTaHHBIX
JUISL Ka)KJI0TO CreHepUPOBAHHOTO rpada.

3HaueHue O YBEJIMYUM UTEPATHBHO OT 3aIlyCcKa K 3aIly-
CKy, TAKMM 00pa3oM MPOBEPsisl MOJEIb HA BCE OOJBIINX
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Fig. 4. Results of pre-training withd =1 (a) 18 = 5 (b)

U OOJBIINX M3MEHEHHSX. B kadecTBe QyHKIMHU MOTEPH
BEIOpaHa cpemHeKBaapaTnyHas ommoka. Ha puc. 4 moka-
3aHBI 3TaIBI PE3YIIETATOB MPEI00YUCHHUS ISl CTAPTOBOTO U
TTOCIIE/THETO MCCIIEeIOBAaHHBIX 3HAUeHMH O. Dtam | — mpe-
no0ydeHue C TPaJIueHTHBIM CITyCKOM, KOTOPOE JUTUTCS 10
MOMEHTA NEPECEUEHUS] C KPAaCHON MYHKTUPHOW JIMHUEH.
Oram 2 — mpoBepKa HEHPOHHON CETH.

BunHo, uro Ha rpadukax mnpu srane | KpuBble cTa-
6I/IJ'H>HO CXOOATCA C NPUCYTCTBUEM IMUKOB, KOTOPBIE COOT-
BETCTBYIOT MOMEHTaM W3MEHEHHUs rpada. 3HaueHHUs! TUKOB
yOBIBAIOT, BCIIEICTBUE YETO MOXKHO CJEJIaTh BBIBOJ, 4TO
HeWpOHHas CETh YCIICITHO 00yJaeTcs B TEKyIIeH d-oKpecT-
HOCTH, 1 TIPY M3MEHEHHH TOIIOJIOTHU OHA He nepeolydaeT-
CsI C HYIISI, O Y€M B TOM YHCJIC CBHICTEIILCTBYET PE3yIIETaThI
stama 2. OTMeTHM, YTO cpasy Mocje TOCTIKCHUS MHKa
(byHKIIS OMMOKN CTPEMUTETHHO UAET BHU3, YTO O3HAYACT
ycnenrHoe o0ydeHne HeHPOHHOW CEeTH U B paMKaX OJHOTO
rpada.

Tax kak 1enb MpeayIaraéMoro ajiropuT™Ma — BBIIBUTD
€ro criocoOHOCTh a/IANITUPOBATHCS K KAK MOYKHO OOJIbIINM
U3MCHCHUAM, IPOU3BEAEM 3allyCK C YBCJIMYCHHBIM 3HaA-
yenueMm o (puc. 4, b). BumHo, 4T0 Tpe/uIoKEeHHBIH METO
YCIIEIIHO CIPABIIAETCs Jake IMPU U3MEHEHUSIX TOIOIOTUU
B JIBa pasa.

CpaBHeHHe ¢ CylIeCTBYIOIINM aJropuTmMoM. B kaue-
CTBE CpaBHEHU IpenoOydeHus BEIOpaH anroputM DON-
LE-routing, Tak Kak OH TOKa3all JIYIIHE Pe3yIbTaThl B
aIaNTUBHON MapIIpyTH3aIni. Pe3ysTaTsl cpaBHEHUS TIPH
3HAYCHUH O = 3 IpeCTaBlIeHBI Ha pHc. 5. BuaHo, 9To mpen-
JIO)KEHHBIN B JAHHOW paboTe HOBBIM METO/ 3HAYUTEIHLHO
MIPEBOCXOAMT TMoKazaTenu anroputma DON-LE-routing.

Jist cpaBHEHHMST PE3YJIBTaTOB CUMYJISILIAK ObLT B3SIT aJi-
roput™ DON-LE-routing B €AMHCTBEHHOM SK3EMILIIpE.
[ocne npenodyucnus anroput™m DON-LE-routing v HOBBIT
METOJ1 3aIlyIIEeHbl B CUMYJILIUOHHONW MOJIENH, B KOTOPYIO
Obl1a J100aBIeHa BOSMOXKHOCTD TIOJIHOCTBIO M3MEHSTH TO-
MOJIOTHIO. Pe3ynbTarel 3ayCKOB peACTaBIEHbI Ha puc. 0.

U3 puc. 6, a BUIHO, 9TO MOCIIC N3MEHEHHUS TOTIOJIOTHH,
KOTOPOE TPOU30ILIO0 B CEPEAMHE BCCH CHUMYIISIIIAU, aJTro-
put™ DON-LE-routing 6onee 4eM B TISITh pa3 yXYIIIII

CBOE KauecTBO, MOCJIE YEro JO00yUHIICS, OHAKO BCE CIIe
HE IOCTUT TIEPBOHAYANBHBIX TMoKa3areneit. [Ipu stom ms
pa3paboTaHHOTO METO/Ia U3MCHEHUE TOIIOJIOTHH HUKAK HE
TTOBITUSIIO HA PE3YIBTATHI.

Ha puc. 6, b B mporiecce CUMYISIIAA BBIITOTHEHO IBA
M3MEHEHUSI TOMOJIOTHH. 3aMETHO OOJIBIIIOE TIPEBOCXOCTBO
HOBOTO MeTO/Ia, HaJ cymecTByommM DON-LE-routing.

B paccMOTpeHHBIX IKCIIepUMEHTaX 3HaUYeHUE CPETHETO
BPEMEHHU JIOCTaBKH pa3pab0TaHHOIO ajropuT™a Ipu IIo-
OabHBIX U3MEHEHUSX YBEIMYMBAIOCH HE Ooyiee YeM Ha
14,5 % B otnuue ot anropurma DON-LE-routing, y KOTO-
poro cpeHee BpeMsi JOCTaBKH YBEIMYMBAIOCH B pa3bl. Ha
OCHOBE ITPOBEACHHBIX IKCIIEPUMEHTOB MOKHO 3aKITFOUHTh,
YTO MPEIOKEHHBIN METOJT YCIICIITHO CXOAMUTCS KaK Ha ATa-
T1e TIpe00yIeHUs, TaK U TPH TTOCIEAYIOMICH CUMYIISAIINH C
HCTIOTH30BAaHNEM OOYUICHHS C MOAKPEIUICHUEM.

—— HoBbrit meTon
—— DQN-LE-routing

150

. T T

0 © 200 400 600
Yucio 3mox

CpenHekBapaTnyHas OIKHOKa, OTH. €]I.

Puc. 5. CpaBHEHHE Pe3yabTATOB MPEA00YUIECHUS] HOBOTO METOAA
u anroputma DON-LE-routing B HECKOIBKUX dK3EMIUIIPAX CO
3Ha4YeHueM O = 3

Fig. 5. Comparison of the pre-training results of the new
method and the DON-LE-routing algorithm in several instances
with the value § =3
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3akiarouenne

B pabote mpeniioxkeH METO MOBBIIECHHS aJalTUBHO-
CTHU aJITOpuUTMa MyﬂbTHaFeHTHOﬁ MapupyTu3anuu, Cro-
COOHBIN afanTUpoOBaThCs K JIIOOBIM M3MEHEHHSIM Tpada,
pa3pabOTaHHBINA C yYETOM ITOJXO0J0B, HCIIOJIb3YIOIINXCS
B CYLIECTBYIOIUX PELICHHUSX B 001aCTH 00ydeHHsI C O/~
KpEeIJICHUEM, ¥ ¢ IPUMEHEHUEM HOBOTO MOAX0/a, KaK U B
caMoil CTPYKType ¥ KOMIIOHEHTax aJrOpUTMa, TaK U JUIS
00y4eHHsT HeUPOCEeTH.

BrimonHeHO cpaBHEHHE MeTOAa ¢ anroput™Mom DON-
LE-routing, IBISIFOIIMMCS TIOCIIEIHAM ¥ HAWITYUIINM aJIro-
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AHHOTAIUA

IIpeamer ucciaenoBanus. PaccmorpeHa 3ajauya MaplipyTU3allMUd CUCTEMbl KOHBEHEPHBIX JICHT Ha OCHOBE
MYJBTHAr€HTHOI'O OAX0/1a. B 60J'lbLLII/IHCTBe JAHHBIX KOHBeﬁeprIX CUCTEM Gal"a)I(HbIX JIEHT B a3pOIIopTax UCIIOJIb3yHOTCA
AJITOPUTMbI MapHIPyTHU3aAIMH, OCHOBAHHBIE HA PyYHOM MOJEINPOBAHUH MOBEAEHNUs KOHBeiepoB. Takoil moaxoa mioxo
Macmtabupyem. HoBble ncenenoBanus B 001acTi MAaIMHHOTO 00yUeHHUS IPEAIAraloT PelaTh 3a4a4y MapIIpy TH3aIHN
¢ moMoIIbI0 00ydeHus ¢ nonkperieaneM. Metoa. ChopMynHpoBaH MOAX0A K COBMECTHOMY OOyUEHHIO areHTOB H
BEKTOPHBIX IpesicTaBieHuii rpada. B pamxax noxxona mpemtoxen anroputm OSDNE, ncnions3yromuii areatoB DON
1 BeKTOpHEIe npencraBiennss SDNE. OcHOBHBIe pe3yJIbTaThl. BrloaHeH cpaBHUTENBHEIN aHATIH3 pa3paboTaHHOTOo
AITOPUTMA C AITOPUTMAaMM MYJIBTHAreHTHOH MaplipyTH3anuu 0e3 coBMmecTHOro oOydeHus. Ha ocHoBaHuHM
pe3ynbsraroB padotsl anroputva OSDNE cienaH BbIBOI O €ro 3PQEKTUBHOCTH [Tl ONTHMHU3AIMHA BPEMEHH JI0CTaBKH
Y QHEPronoTpeOIeH:s B KOHBEHEPHBIX CHCTeMax. AJITOPUTM TTO3BOJIHII COKPATUTh CpelHee BpeMs I0CTaBKU Ha 6 % 1o
CPaBHEHHIO C TydInuM aHanoroM. IIpakTuyeckasi 3HAYUMOCTb. Pa3paboTaHHbINA MOIXO MOXKET OBITh UCTIOTb30BAH
JUIS PEHIeHNUs 33134 MapIIPyTH3AIUH CO CIOXKHBIMHE (QYHKINSAMH OLEHKH MyTH U ANHAMHYECKN MEHSIOMIMMHUCS
TOMOJIOTHAMHE TPagoB, a MPEUTOKEHHBIN ANTOPUTM — JUIS YIPaBICHHs KOHBEHEPHBIMH JICHTAMHU B a3PONOPTax U B
LIEXOBBIX TPOU3BOACTBAX.

KuoueBble ciioBa

MYJIBTHAreHTHOE 00yUeHue, 00yUeHNUE C MOAKPEIICHUEM, a[AITUBHASI MAPIIPY TU3ALIHSI, KOHBEHEPHBIC JICHTHI, rpad)oBOE
MpeJICTaBICHNUE

Buarogapnoctu

HccnenoBanue BIMOIHEHO 3a cueT rpanTa Poccuiickoro HayuHoro donma (mpoekt Ne 20-19-00700).

Ccpuika s nutupoBanus: PeiokuH K.E., ®unpueHkoB A.A., A3apoB A.A., 3abamra A.C., [llanmeiro A.A. CoBmecTHOE
00y4YeHHE areHTOB M BEKTOPHBIX MPEICTABICHUI rpaoB B 3ajaue yIpaBlIeHUs] KOHBeHepHbIMH JeHTamu // HaydHo-
TEeXHUYECKHil BECTHUK MH(OPMAIMOHHBIX TEXHOJIOTHH, MeXaHuku u ontuku. 2022. T. 22, Ne 6. C. 1187-1196. doi:
10.17586/2226-1494-2022-22-6-1187-1196

© Ppi6un K.E., ®unbuenkoB A.A., Azapo A.A., 3abamra A.C., [llansito A.A., 2022

Hay4HO-TexXHUYeCcKni1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6

1187


http://ntv.ifmo.ru/
http://ntv.ifmo.ru/en/
mailto:matveich1903@gmail.com
https://orcid.org/0000-0003-0856-4276
mailto:afilchenkov@itmo.ru
https://orcid.org/0000-0002-1133-8432
mailto:artur-azarov@yandex.ru
https://orcid.org/0000-0003-3240-597X
mailto:azabashta@itmo.ru
https://orcid.org/0000-0002-7494-4309
mailto:shalyto@mail.ifmo.ru
https://orcid.org/0000-0002-2723-2077

CoBMeCTHOEe 0Oy4eHMEe areHTOB U BEKTOPHbIX NPeAcTaBneHnin rpadoB B 3aa4e ynpaBieHsl KOHBENEPHbIMY TEHTaMun

Joint learning of agents and graph embeddings in a conveyor belt control problem

Konstantin E. Rybkin!, Andrey A. Filchenkov2><, Artur A. Azarov3,
Alexey S. Zabashta4, Anatoly A. ShalytoS

1.23.45 ITMO University, Saint Petersburg, 197101, Russian Federation
3 North-West Institute of Management — branch of the Russian Presidential Academy of National Economy and
Public Administration, Saint Petersburg, 199178, Russian Federation

I matveich1903@gmail.com, https://orcid.org/0000-0003-0856-4276
2 afilchenkov@itmo.ru™, https://orcid.org/0000-0002-1133-8432

3 artur-azarov(@yandex.ru, https://orcid.org/0000-0003-3240-597X

4 azabashta@itmo.ru, https://orcid.org/0000-0002-7494-4309

5 shalyto@mail.ifmo.ru, https://orcid.org/0000-0002-2723-2077

Abstract

We focus on the problem of routing a conveyor belts system based on a multi-agent approach. Most of these airport
baggage belt conveyor systems use routing algorithms based on manual simulation of conveyor behavior. This approach
does not scale well, and new research in machine learning proposes to solve the routing problem using reinforcement
learning. To solve this problem, we propose an approach to joint learning of agents and vector representations of a graph.
Within this approach, we develop a OSDNE algorithm, which uses DON agents and SDNE embeddings. A comparative
analysis was carried out with multi-agent routing algorithms without joint learning. The results of the OSDNE algorithm
showed its effectiveness in optimizing the delivery time and energy consumption in conveyor systems as it helped to
reduce mean delivery time by 6 %. The proposed approach can be used to solve routing problems with complex path
estimation functions and dynamically changing graph topologies, and the proposed algorithm can be used to control
conveyor belts at airports and in manufacturing workshops.
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BBenenue

B 2019 romy MupoBO# maccakuporoTOK BO3AYIITHOTO
TpaHcmopTa coctaBui 4,5 Mapa nmaccaxupoB B rox [1].
HecMoTps Ha cymiecTBEHHOE CHMKEHUE STOTO MoKa3are-
Jisl, BBI3BAHHOI'O AMUJEMUEH KOpOHABUPYCa, HHAYCTPHUS
rpa)KIaHCKOH aBHAIMK OBICTPO pa3BuBaeTcs. Hampumep,
YHUCJIO MEPEBE3EHHBIX MaccaxxupoB B Mapte 2022 roga Ha
BHYTPEHHHUX percax MOXKET J1aXKe MPEBBICUTh AaHATOTMYHBIH
riokasarenb B Mapre 2019 roza [2]. 46 % Bcex nmoteps Oara-
Ka MIPOMCXOIUT M3-3a OMIMOOK MPH €TO TPAHCIIOPTHPOBKE,
YTO MPUBOAUT K MHOTOMUJUTHOHHBIM YOBITKAM aBHAaKOM-
MaHui exeroano [3].

Ha cerogusiiumii 7eHp B OONMBIIMHCTBE TAKUX KOHBE-
epHBIX CHCTEM Oara’kHbIX JICHT B a3PONOPTaX MCHOIB3YIOT-
Csl aITOPUTMBI MapIIPyTU3allMH, OCHOBAHHbBIE HA PYYHOM
MOJIETMPOBAHUHU TIOBEJICHUSI KOHBEWEPOB Ha OTIEIbHBIX
yuactkax cetu [4]. Takol moaxo/ miIoxo Macumradupyem,
TaK Kak JUIsl KaXKJA0W KOHKPETHOM CHCTEMbl IPUXOIUTCS
3aHOBO peajn30BBIBaTh airopuT™M. HoBble uccienoBanus
B 00JIACTH MAIIMHHOTO O0YYCHHS MPEIJIATaloT PEeIlaTh 3a-
Jlavqy MapIIpyTA3AIAN C IIOMOIIBI0 O0YUCHUS C ITOIKPETLIe-
HueM. OCHOBHBIM ITOIXO/IOM SIBJISICTCS MYJTBTHATCHTHBIN
[5—7], mpu KOTOPOM areHTHI, ITIOMEIIEHHBIC B BEPIITUHBI HITH
TPaHCTIOPTUPYEMBIE 00BEKTHI, MPHHUMAIOT PEIICHHE O TOM,
KyJa Janee CleAyeT mepeMeniath 00bekT. Takue areHTsl
3apaHee 00y9aroTCs CTpPATeTHsIM MPUHATHS PEUICHUN B
paMkax oOyueHHs C OAKPEIICHHEM.

[TpuHIMNIHANBEHBINA BOIPOC 1U3aiiHa MO00HOT0 poja
pELICHUH — Ha KaKOM YPOBHE XPaHUTCSI HHPOPMALIUS O
rpade. MyJabTHareHTHOCTh TPE/IIIONIAracT, YTO areHTHI UMe-

0T JIMIIb OIPaHUYEHHOE TIpeJIcTaBIeHue o rpade. B anro-
putme DON-LE [8] npeanokeHo UCTIOb30BaTh BEKTOPHBIE
NpeJICTaBIICHUS] BEPILUH rpada, U, TaKUM 00pa3oM, areHThI
00y4aroTcst MPUHUMATh PELICHHs HA OCHOBE BBIPA0OTaHHO-
ro BEKTOPHOro npejcranieHus. Clieq0BaTeIbHO, areHThl
paboTaroT ¢ orpaHMYEHHBIM TpeICTaBIcHuEM Tpada, Ko-
TOpPOE CTPOUTCSI BHE 3aBUCUMOCTH OT PEIIAEMOH 3a/1auu.

B nacrosmeii paboTe pacCMOTPEH BOIIPOC O TOM, MOXK-
HO JIM COBMECTUTB B paMKaX MAIIMHHOTO OOY4EHUS 1 MyIlb-
THAreHTHOTO MO/X0/1a 00y4eHUE CTpaTerusiM MPUHSATHUS
pEIICHHIA O TPAHCIIOPTUPOBKE M MPEACTABICHUH rpadoB.

Iens paboThl — pa3padoTKa aJropuT™Ma OO0yUCHHUS
BCKTOPHOTI'O MPEACTABJICHUA BEPUINH COBMCCTHO C MYJIBTU-
AreHTHOM CUCTEMOMU [UIsl PELICHUS 3a/1a4ud MapLIPpyTU3aLuu
Ha KOHBEHEPHBIX JICHTAX.

3agaya MapIIPpyTH3aALMH U ee PelICHUs

3agaya TpaHCIOPTHPOBKHU I'PY30B. 3a/1aqy TPaHCIIOP-
THUPOBKH TPY30B (337a4y MapIIpyTH3aHH) MOKHO OTHCATh
CJIE/TyIOLIMM 00pa3oM: HEOOXOIMMO COCTaBUTh TaKOM OI-
TUMaJbHBIA MapIIPyT IPy30B U3 TOUEK UX OTIIPABIICHUS
B TOYKH IpHEMa TaKKUM 00pa3oM, 4yTOObI 3aTpayeHHOE Ha
TPAHCIOPTUPOBKY BPEMsI M/MIIM CTOMMOCTD OBIJIM MHHU-
MaJIbHBIMH.

Jlnst periennst JaHHOH 33/1a41 TIPETIOKEHO MHOXKECTBO
MOAXO0/I0B, HAIPUMEP, CUMILJIEKC-METOA [9] Wiu MeTon
MOCJIEA0BATEILHOTO 3aMI0HEHHS MAaTPHUIBI TUIaHa (METOA
ceBepo-3amanHoro yria) [10]. Oxrako Hambomee rpdex-
THUBHBIC METO/IbI PEIICHNS HA CETOAHSIIHUN 1eHb 0CHOBA-
HbI Ha TeopuH rpagos..
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K.E. PbibkuH, A.A. ®unbueHkoB, A.A. Azapos, A.C. 3abaluTa, A.A.LLlanbito

Cy1iecTByIOIIHE alrOPUTMbI MapIIPy TU3ALMHY, UCIIOTb-
3yrolye rpagoBoe MpeiCTaBIeHUue, MOXKHO pa3/IelIuTh Ha
JIBa KJlacca: JUIsl CTaTUYECKOW M TMHAMHUYECKOW Mapuipy-
TH3anuy. Tak Kak paccMarprBacMasi aBTOPaMH HACTOSICH
paboTHI crcTeMa KOHBEHEpOB TUHAMHUYeCKash (KOHBEHEepHI
MOTYT BBIXOJJMUTh U3 CTPOSI 1 OCTAHABIMBATHLCS ), TO OCHOB-
HOE BHUMaHME YJCINM JHHAMUYECKHUM aJITOPUTMaM Ha
rpagax.

MOXHO BBIIETIUTH TPH OCHOBHBIX KaT€rOPHHU TAKHX aJIro-
PUTMOB. JIMCTaHITMOHHO-BEKTOPHBIE aTOPUTMEI (distance-
vector) [11], Hapumep anropuTmsel B ipotokoiax IGRP
(Interior Gateway Routing Protocol) [12] u RIP (Routing
Information Protocol) [13], koTopble OCHOBaHBI Ha ayro-
purme bemvana—®opna [14]. Kaxapiii y3en rpada xpaHur
BEKTOP PACCTOSHUH /10 Ka)<JI0T0 COCEHEro y3ua. J{jist kax-
JIOTO TIPUXOMAIIETO OOBEKTa BHICUUTHIBACTCS ONITUMAIIBHBII
cocell, Ha OCHOBE XpaHUMOTO B y3je BekTopa. B ciyuae
M3MEHEHUS JIOKAJIBHOW TOIMOJIOTHH (HANpuMep, B Cilydae
0OpbIBa CBS3M C OMHUM W3 y3IJIOB), HH(OpMAIHSI 00 STOM
COOBITHH TTEPEIaeTCsI BCEM COCEISIM, A T€, B CBOIO OUEPETb,
MOT'YT pacIpOCTpaHUTh €€ pajee. JJaHHbII METOI XOPOLLIO
paboTaeT TOJbKO B HEOONBIIMX CETSAX, TaK KaK MPH Mac-
1ITaOUPOBAHNK CHIILHO YBEJIMUMBACTCSI HArpy3Ka Ha CeTh
U3-32 HIHTEHCUBHOIO 0OMeHa nH(opMaruen Mex1y y3iamu.

Anroput™mbl cocTostaus cBsizu (link-state) [15], Takue
kak OLSR (Optimized Link State Routing Protocol) [16],
UCTONB3YIOT anroputM Jeiketpsel [17]. B kaxaom y3ie
CEeTH XPaHUTCS MaTpHIla CMEXKHOCTH BCETo rpada co cTou-
MOCTBIO ITyTel Mex1y y3namu. [Ipu U3MEeHEeHnH TOTOIOT A
ceTr (0OpBIBE WM BOCCTAHOBIICHHUH CBSI3U) MH(POPMAITHISL
0 coOBITHM TIepeaaeTcs cpa3y BceM ysnaM. Ha mpaxtuke,
Kak IIPaBUJIO, UCTIONB3YIOTCS CTATHUECKHUE I PEAKO 00-
HOBJISIEMbIE TAOIHIIBI.

TpeThe ceMeiicTBO 00pa30BaHO aNTOPUTMAaMHU Ha OC-
HOBe 00y4YeHHMs ¢ MoAKpernyeHneM [18], mepBbM U3 KOTO-
poIx siBisuics: Q-routing [3], e kaxaas BepiinHa B rpade
HE3aBHCUMBII areHT, a cpesioi BeicTynaeT rpad. Kaxabiit
areHT XpaHUuT B TOM MJM MHOM BHUjAe MH(popManuo od
ontumansHoM nytu Q,(d, n;), rue i — UHIEKC areHra,
d — BepllIMHA HA3HAYEHUs], 1; — MHAEKC COCea arcHTa i.
3HaueHneM Takux QyHKIWH O OyneT ABIATHCS OLEHOYHAs
CTOMMOCTbH HIEpEeMEIeHNS 00BEKTa 10 IyHKTA HA3HAYCHHS
yepe3 BEPIINHY 7.

Anroputm Q-routing 3aAChIBaeT HHPOPMAIIHIO O 3Ha-
yeHUsAX Q) B TaOJIUIIBI, OTHAKO COBPEMEHHBIE allTOPUTMBI [ 7,
8, 19] anmpoxcumupyrot GpyHxmuio O mpy MOMOIIHN ITy60-
KHUX HEMPOHHBIX ceTell. Mcnonb3yeM AaHHbIN OAXO/, TaK
KaK OH ITOKa3bIBACT JIYYIIHE PE3YJIBTAThI JUIsl ONTHMHU3ALINN
KOHBEHEpHBIX JIeHT [8].

Anzopumm DON-LE. ]Jns koppeKTHOW paboOThI a-
rOpHUTMa HeHpoceTeBOro 00y4eHus: HeoOX0ANMO Ipeod-
pa3oBarh HOMepa BepIIUH Ipada B HEKOTOPOE BEKTOPHOE
MIPE/ICTABIICHHE, B TPOTUBHOM CIIydae CETh MOXKET CIeIIaTh
JIOXKHBIN BBIBOJL 00 YMOPSJOYCHHOCTH BEPIINH B COOT-
BETCTBUU C HyMepamueir. B padote [8] mus anroputma
DQON-LE ncnions30BaHbl aITOPUTMBI 00yIEHHUS BEKTOPHBIX
TIpe/ICTaBICHUH BepIIUH — Hanbosee 3(h(HEeKTUBHO B dKCIIe-
pUMEHTaxX Tokaszan cedst anroput™ Laplacian Eigenmaps
(LE) [20]. HecmoTpst Ha MPOCTOTY peanu3anuu, Meton LE
XOpOLIO pabOTaeT B CHCTEMaX C MEHSIOIUMHUCS TOIOJIO-
THSIMH.

IIpuBenem onucanue peanuzamuu anroputMa DON-LE
[8], ucnionp3oBaHHOTO B HAcTOsIICH paboTe. Ha Bxox B aj-
TOPUTM TIOJIaINM I'pad 1 3aryCTHM aJITOPUTM Mpeaolyde-
HUSI areHTOB M TpaOBBIX IpecTaBiaeHui. [Ipenodyuenne
Ba)KHO JUISl KAY€CTBEHHOM pabOThI aJITOPUTMOB O0yUCHHUS C
MOZIKPETUICHNEM, HHAaYEe CXOIMMOCTh K TOUKE ONTUMYMa BO
BPEMSI NCTIOJTHEHHS aJITOPUTMA MOXKET ITOTPeOOBATH OYEHb
Gompimroro yncna ureparmii. [IpenoOyderne mpon3oiaeT Ha
(huKCUpOBaHHOM cTaTHYHOM Tpade. Bee areHTs mpenod-
YHaroTCs MapauIeNIbHO C BEKTOPHBIMU MIPEICTABICHUSIMH,
IIPUYEM BeCa HEHPOHHBIX CETEH BCEX areHTOB U 3HAYECHHUs
BEKTOPHBIX MpeCTaBiIeHN LE, OOHOBISIFOTCS OJIMHAKO-
Bo. [lonyueHHbIe npeao0yUeHHBIC MOICIN COXPAHUM B
(haliuTbl ISl TOCIIEYIOIIEr0 MCIIOJIb30BaHUsI Ha CTAIUH
UCTIOJTHEHUSL.

Jlanee 3amycTuM OCHOBHYIO 4acTh aJITOPUTMa — CH-
MYJISIIMIO paOOThl KOHBEHEPOB MO 3aJaHHOMY CIICHAPHIO.
EcTh HECKOJIBKO THIIOB BO3MOMKHBIX COOBITHH: MOCTYILIE-
HHE /1 HOBBIX TPY30B M3 TOUEK BXO/1a C 3a/laHHBIM BPEMEH-
HBIM HHTEPBAJIOM; TIOJIOMKA OJJHOTO MJIM HECKOJIBKHUX KOH-
BeiepOB M MX BOCCTaHOBICHKE. [IpuHIMI paboTH areHTa
B OCHOBHOH 4acTH ONHILIEM CIIEAYIOUM 00pa3oM.

1. B mapmpyTtu3zarop, K KOTOpOMY MPHUBS3aH areHT, MpU-
XOJHUT I'Py3.

2. Homepa BepiMH, COOTBETCTBYIOIIUE TEKYIIIEMY areHTy,
IIYHKTY Ha3HA4YEHMs I'Py3a U COCEM TEKYIIEro areHra,
npeoOpasyeM B BEKTOPHOE MPE/ICTABICHUE C TOMOIIBIO
anropuT™a LE, mogydasi Ha BBIXOZIE BEKTOPHI V;, d U n;
COOTBETCTBEHHO.

3. TlomyueHHbIe BEKTOPHI (HOPMUPYIOT MATPUILY pazMepa
3k x m, Te k — pa3MepHOCTb BEKTOPHBIX IPE/ICTaBIIC-
HUIA; m — 9rciio cocenei BepmHbl. ChopMupoBaHHAS
MaTpuLa [101aeTCsl Ha BXOJ HEMPOHHOM CETH, Ha BBIXO-
Jie KOTOPOH TOJIy4YHUM BEKTOp pazmepa m X | ¢ oLeHKa-
MU HaWTy4IINX COCEAeH AT MepeHanpaBieHus rpysa.
C nomoupro GyHk1mu Sofimax [21] BeiOepem HanTyy-
1IEro coceza.

4. TlomyuuBiieecss B3aUMOJEHCTBHE areHTa CO Cpeaoi
(Tpoiika: cocTosiHne—/IeiCTBHE—HArpaaa) 3aHECeM BO
BHYTPEHHIOIO ITaMsTh areHTa M BEIOEpPEM HEKOTOpOe
CilydaifHOEe TOZIMHOXKECTBO MPOU3OLICIINX COOBITHH
JUIsl €TO 1000ydeHMS.

5. DBrimonHIM 00HOBIICHHE BECOB HEUPOHHOU CETH arcHTa,
B KaU4eCTBE HArpaJibl MepeiaiuM MpeicKa3aHHbIe 3HA-
YEHUS] BEPOSTHOCTHU IMEPEX0/Ia B COCEIHIOI0 BEPIINHY.
[TaMsITh areHTa UMEET HEKOTOPBINA (PUKCHPOBAHHBIH
00BeM, TakiM 00pa3oM 1000ydYeHHE TPOBEEM TOJILKO
Ha HEJABHO MMPOU3O0IIEAIITNX COOBITHUSX.
OnHOBpEeMEHHO ¢ paboToil areHTa MPOUCXOAUT J1000y-

YEHHE CBSI3aHHOTO C HUM BEKTOPHOTO MpeacTasieHus. [1pu

N3MEHEHHH TOTIOJIOTHHY rpada cOOCTBEHHBIE BEKTOPHI Ma-

TpuLbl LE HEOOXOIMMO II€PEeCUnTaTh 3aHOBO C TIOMOIIBIO

anroputMa DON-LE. Takum 06pa3om, 1000ydeHHE areHTa

1 BEKTOPHOTO MPE/ICTABICHHS Ha 3Tale CUMYJISINN HUKaK

HE B3aUMOCBSI3aHO.

Auaroputm QSNDE

CoBMecTHOe 00yueHHe aTeHTOB U BEKTOPHOTO Mpe/-
craBjaenus. B anropurme DON-LE BEKTOpHOE NPEACTaB-
nenue rpagda o0ydaercst OTICIBHO U HE3aBUCHMO OT 00y-
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YEHHsI areHTOB, OCYIIECTRIISIONINX MapIIPyTH3ALHUIO 110
sToMy rpady. BeiOpaHHbIIl a1roput™ BEeKTOPHOTO Ipe-
craBieHus: LE nondupaer oroOpakeHUE U3 MHOXKECTBA
BEpIIMH B BEKTOPHOE IPOCTPAHCTBO HA OCHOBE TEOPETHU-
KO-MH(OPMAIMOHHBIX IIPUHIUIIOB O€3 BIUSHUA 3a]a4H, KO-
TOpasi pEelIaeTCsl areHTaMH. ATEHTBI BBIHYK/ICHBI paboTaTh
C TaKUM TPE/ICTABICHUEM.

Chopmymupyem moaxox COBMECTHOTO OOYUICHNUS areH-
TOB ¥ BEKTOPHOT'O MPE/ICTABICHUS, B KOTOPOM HEHPOHHBIE
CeTH, OCYILECTBIISIIONIIE BEKTOPHOE MPE/ICTaBICHNE Ipa-
(OB, TOJKHBI 00yUaTHCS 110 OIUOKAM areHTOB, BBITTOJIHS-
IOLIMX MaplIpyTH3aLUI0 Ha OCHOBE MCIIOJb3yEMbIX UMHU
nipencrapiaeHuid. Takoi MoIXox MOKET y4ecTh B BEKTOPHOM
TIPE/ICTABICHUH CIIOKHYIO HH()OPMAIIHIO U3 HEJAEKOMITO3HU-
pyeMbIX (QyHKIUH CTOMMOCTH.

Bonee dpopmansho, mycTs I — MHOXeEcTBO rpados;
Embeddings — cemeticTBo oToOpaskeHwmii £ u3 v € V' MHO-
xkectBa BepiiuH rpada G, G € I' B HeKOTOpOE BEKTOPHOE
TIPOCTPAHCTBO, IIEMEHTOM 3TOTO CEMEHCTRA SBIISIETCS aJITo-
put™ LE. BBezieM Takke napaMeTpruaeckoe ceMencTBo {Qg}
0c@ ATMPOKCUMAIINI CTPATETHii areHTOB B MYJIBTHAT€HTHOM
anroput™me Mapupytuzanud MULTIAGENT, npuuem kasx-
blii aneMeHT cemelicta Oy IPUHUMAET Ha BXOJ] BEKTOPHOE
NPECTaBICHUE COOTBETCTBYIOLICH areHTy BEpPLIMHBI i.

Jus rpada G € I' v 3a1anHOI Mepbl OMIMOKH alropyT-
Ma Mapipytusanuy L 3aj1a4a 00y4eHus: areHToB Mapuipy-
TH3AIMU UMEET BH]

arg min L(MULTIAGENT((Q4 (EG)))r. )
{0;}.0,€0
u E BeiOupaetcs He3aBUCHUMO OT L.

BelenuM napameTpuueckoe ceMeicTBO oToOpake-
Huil {E,,}cp. 3a0aua cosmecmnozo obyuenus azenmos
U BEKMOPHO2O NPeOCMAGIeHsl CTABUTCSI CIICTYIOIIM 00-
pazom:

arg {f;}ifu L(MULTIAGENT((Qg, (Ey(v))i1_17)-
0,€0,ye¥

[Mockonpky O MpUHUMAET pe3yasTar padoTsl £ B Ka-
YeCTBE apryMEHTa, PELICHUE TaKOH 3aJadu MOXKET ObITh
HalAEHO 3a cueT BbIOOpa MoxenH (TTyOoKoi HEeHpOoHHOM
cetn) jiist £ v pa3paboTKu alNropuT™Ma COBMECTHOTO 00Y-
yeHus Qu E.

Bb160op Monenn aist 00y4aeMOro BeKTOPHOIO mpe-
cTaBJIeHHUsl. BbIieM Tpy OCHOBHBIE TPYIIIBI AJITOPUTMOB
IIPE/ICTAaBICHUI BEPIINH B AMHAMUYecKuX rpadax [22]:

1) anmroputmbl MaTpuuHO#N (aktopuzamuu: LE [20],
HOPE [23];

2) anropuTMBI Ha OCHOBE CIy4ailHOTO 00X0Ja BEPIIUH
(random walk): node2vec [24];

3) anropuTMBI TITyOOKOTO OOYYCHHS: HA OCHOBE aBTOKO-
OUPOBIIMKOB, Structural Deep Network Embedding
(SDNE) [25]; ¢ ucionb30BaHHEM PEKYPPEHTHBIX CIIOEB,
dyngraph2vec [26] u DGNN [27]; Ha ocHOBE rpad)OBbIX
HEWpOHHBIX ceTeit [28].

HecMoTpst Ha IPUMEHUMOCTB BCEX NEPEUMCIICHHBIX aJl-
TOPUTMOB K PELICHHIO 33/1a4K BEKTOPHOTO MTPE/ICTABICHUS
BEpILIMH B KOHBEHEPHOI cUCTeME, UIMEHHO alroput™ SDNE
B3SIT 32 OCHOBY JJISl peajM3alliil COBMECTHOTO OOy4YeHUs
BEKTOPHBIX TPEACTABICHUI 1 areHToB. BeIOOp ocHOBaH

Ha HECMOCOOHOCTHU IPYTUX aJrOPUTMOB 3PHEKTHBHO 00-
MEHUBAThCsI MH(OPMAIMEl 0 COCEISIX C areHTOM Ha dTare
n000y4yeHus 0e3 CyIiecTBEeHHON NMepecTpOnKN apXHUTeK-
TYPBI HCXOJTHOTO anropuTMa. B cBoio ouepens, B 0OCHOBE
anropur™Ma SDNE nexuT HeHpOHHAs CeTh, YTO MO3BOJIUT
ee 1000y4uTh Ha HH(OPMAINK OT areHTa ¢ TIOMOIIBIO TTPO-
TaJKUBaHUs rpaaneHTa. OTMETHM, 9TO HECMOTPSI Ha TO,
YTO B OCHOBE MeTOHOB ¢ LSTM Takxke NekaT HeHpOHHBIE
CeTH, UX NPUMEHEHHUE K 3aJade MapUIpyTU3aLUU UMEET
MaJio MPaKkTHYECKOTO CMbICIA, MOCKOJIbKY U3MEHEHUS TO-
NOJIOrHH (II0JIOMKa/BOCCTAHOBJICHUE KOHBEHEPHOM JICHTHI)
MPOMCXOJMT HE CTOJb YacTo. Mcnonb3oBanue rpadoBbix
HEMPOHHBIX CeTeil 3aTpaTHO 10 BPEMEHHU U HE MOAXOJIUT
JUIsl aJlallTUBHOW MapiipyTtusanud. [IpuBeneM onucanue
anroputma SDNE.

Bynem Ha3bIBaTh BEPIIMHBI OJIM3KUMH JPYT JIPYTy OTHO-
CHUTEJILHO METPUKH OJIM30CTH IIEPBOTO TTOPSAKA, €CIIA OHH
cMmexHble. COOTBETCTBEHHO, OJIM30CTHIO BTOPOTO MOPSIIKA
JUTS TIapbl BEPIIUH SIBISIETCS] HAJTMYNE OOIINX BEPIINH B
K)XJIOM U3 JIByX MHOXKECTB MX COCEZeH OONbIIe HEKOTO-
poro 3amaHHoro 3HaueHus. Anroput™m SDNE nipeoOpasyer
BEpIUIMHBI rpad)a B HEKOTOPOE BEKTOPHOE MPOCTPAHCTBO,
COXpaHss OMU30CTh BEPIINH OTHOCUTEIIBHO METPHUK OITH30-
CTH IIEPBOTO M BTOPOTO MOPsiAKoB. OOyueHne HAX0XKICHHIO
OJM30CTH TIEPBOTO TOPSI/IKA SIBISIECTCS 3a1a4eii 00ydeHHs
C y4HUTeJIeM, IIOCKOJIbKY UMeeTcsl mHpopManus o pedpax
Mexay BepmrHaMu. C Apyroil cTOpoHBI, 1Ist 00ydeHHs
OIM30CTH BTOPOTO TMOPSI/IKA MPABMIBHBIX METOK HET, U
MOZIENb JI0JDKHA YMETh caMa HaXOJIUTh 3aKOHOMEPHOCTH.
Taxum 00pa3oM, MOTYUYNUM MOTYYHPABIIEMYIO MOJCIHb
00yJeHHS alTOpUTMA.

ApXHUTEKTypa HEHPOHHOI CeTH MPEACTaBISIET aBTO-
KOAMPOBIIHK C OAHUM MM HECKOJIBKMMHU BHYTPEHHUMHU
ciosimu (puc. 1).

3aiaua aBTOKOIMPOBIINKA — MUHUMH3UPOBATH CIIEY-
FOIIYI0 (DYHKITUIO OIIMOKH:

Lmix = Lan + a['lst + VLreg =
n
= 2R = x5 © b;+ o X s lE(x;) — E(x)|I3 +

n
=1 ij=1

I

1K
+ VEZ lIx; — xl[2

=1
TIe X; — BEKTOp CMEXHOCTHU BEPIINHEI i; b; = 1, ecnn
s;;=0, mnage b; =P > 1; s € G, , — SNEMEHT MATPHULIbI

emexHocTH G, ,; E(X;) — BEKTOPHOE TIPE/CTABICHUE IS
i-0if BepIInHbL; Lo, — ¢bynkus L2-peryssipusanuu, uc-
HOJIb3YeMOH Ul IPeAOTBpaIleHHs IepeoOydeHus; o 1
v — k0o punmeHTs GYHKIMN peryispu3aluy.
AJITOPHTM COBMECTHOIO 00y4eHHSI CeTH areHTa H
ceTH BEKTOPHOTO NpeacTasieHus rpada. 3aguxcupyem
Beca JICKOAMPOBIINKA CETH U JI000yUNM KOJUPOBIIUK Ha
TEKyIIeH TOMoJIoruu rpada, IMoJIMEHNB IPAAUEHT Ha BbI-
XOJIHOM CJIOC KOJMPOBIINKA Ha TPATUCHT, MOIYUCHHBIN
OT areHTa, Ha OCHOBE KOTOPOTO TP MOMOIIN 00paTHOTO
cmycka o0HOBHM Beca. TakuM 0Opa3om, KOTUPOBIIUK Oy-
JeT 1000y4eH Ha aKTyaJlbHOM COCTOSTHUM CBOETO arcHTa.
ITocne pacnpocTpaHeHus TpagueHTa OOHYIUM MaMATh
BEKTOPHOTI'O IPEJICTABIIEHHS 10 CIEAYIOLIEr0O BbI30Ba MIPO-

eIy PHI.
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Puc. 1. Apxurexrypa SDNE [25]
Fig. 1. SDNE architecture [25]

Onumem GpopMajibHO, KaK HPOUCXOIUT PACIIPOCTPaHE-
HHE IPajIMeHTa OT ceTH areHTa Qg K CETH BEKTOPHOTO Tpe/-
crasienust E,,. Ha mare 1000y4enns arenra Q' BRIYUCTUM
sHauenue Qyukiun noreps L(Qg). C moMomuipo MeTona
00paTHOro PacIpOCTPAHEHKs OIIMOKH MOIyYMM 3HAUYCHUE
rpaauenta Vo = 0L((Qg)/00. Omyckas maru mnepecdera
rapamMeTpoB BO BHYTPEHHHUX CJIOSIX, BBIITUILIEM HTOTOBBI
BEKTOP TPAJUEHTOB:

[ OLoss; ]
OE,(x;)
OLoss;

d b
OE\,(x7)
OLoss;

i

| OEy(x/) |

Loss; = L(Q(E\y(x,), Ey(x?), Ey(X/))),

IIe X; — BEKTOpP CMEXKHOCTH IJISI TEKyIIeH BEpIIUHEI 7
x4 — BEKTOP CMEKHOCTH JIUIsl BEPIIUHbI TOYKH Ha3Hade-
HUS; X — BEKTOP JUIA j-TO COCE/IA TEKYIUEH BEPIINHBL.
OOHOBUM COOTBETCTBYIOIINE CTPOKH MaTPHIIBI TpaJieH-

TOB:
Vx[] < Vxj] + OLoss;
x[j] < Vx; —_—
' l aEw(Xi)

W3mennM nmapaMeTpbl KOAUPOBIIHMKA, UCTIONIB3Ys 00par-
HOE PacHpOCTPaHEHNE IPAJUEHTA OMINOKHA M BBIYUCIUM
TpajlueHT:

_ aE\v(Xz’)
oy

B nanHOM ciydyae BMecTO 3HaYCHUs (PYHKIIMH MTOTECPh
Ha BBIXOJTHOW CJIOW KOJMPOBIIMKA ITOJAAM BeKTOp 1 X k,
rae kK — pa3MepHOCTh BEKTOPHOTO TIpe/ICTaBICHUs. B pe-

Vy

3yJbTare Mocie 00paTHOrO PacpOCTPaHEHUs! IpaUeHTa
CKBO3b CKPBITBIC CJIOU IOJYYHUM:

aEw(Vi)
ov,

1

VE\V(Vi) —

Paccuuraem rpaguent no G, ,:

OL(0p) ® OLoss; OE,(x,)
aGn,n E.A 6E‘,,(X,) aX,-

E

rae ® — npoussenenne Kponekepa.

ApxuTeKkTypa u onucanue aaropurma OSDNE. Ha
BXOJI aJITOPUTMa MTOJATNM MaTpPHUIly cMekHOCTH Tpada G,
G, - Apxutekrypa OSDNE CONEPKUT apXUTEKTYpy arcH-
Ta, COBMAAONIYI0 ¢ anmroputMoM DON-LE, 1 apXUTEKTypy
BEKTOPHOTO MpezcTaBiaeHus rpada, coBnazaroltyio ¢ SDNE
(puc. 2).

Oran npenodyuennss OSDNE 1MOTHOCTBIO COBNAJIACT C
npenoOyuenuem B DON-LE.

Ha srare 1oo0y4eHus HCIOJIB3yeM aIrOpUTM COBMECT-
HOTO 00yYeHUs BECOB CETEH areHTa M BEKTOPHOTO TIpel-
crasyienns rpada. J{ist 3Toro BBeieM BHY TPEHHIOIO ITaMSITh
BEKTOPHBIX IPEACTABICHUA M, 4, TJI€ 1 — YHCIIO BEPLIMH
rpada. Ha mare noobydenust arenta () 3amuineM B Ia-
MSATH TOJIyYUBIIUICSA YaCTUYHBIA IPAJAUEHT T10 BXOJHBIM
NEPEMEHHBIM, KOTOPBIH UMECT BUL (Igyuq Agrads Migrad)-
Jo6aBuM rpaseHThbl K COOTBETCTBYIOMMM CTpokam M, ;.
[Tpu coBepieHNH 33AAHHOTO YUCIIA UTEPATUI TOOOYISHHUS
areHTa, 3allyCKaeTcsl poleaypa 0OpaTHOTo pacipocTpaHe-
HUS rpaguenTa 1no cetu SDNE.

[Ipu u3meHeHnn TOMOJIOrHH rpad)a BEKTOPHBIC MPE/-
CTaBJICHMs J0OOy4aloTCs Tak ke, Kak 1 B DON-LE, ojgHako
CKOPOCTb JI000YUYEHUS ICKOJIMPOBIIMKA OyIeT BBIIIE, YeM y
KOJIMPOBILMKA. DTO HEOOXOMMO 110 TOH IPUYNHE, YTO Beca
KOJIMPOBIIMKA TOMOJIHUTEIFHO OOHOBIISUINCH BMECTeE ¢ 00-
HOBJICHHEM BECOB CETH arcHTa, M03TOMY IS JTydIei cXo-
JMMOCTH JICKOJUPOBIINK JI0JDKEH 1000ydaThes ObIcTpee.
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Marpuna cmexnoctu G, ,, G
Yo V1 v
v 0 5 1 BEKTOP CMEKHOCTH pa3zMepa 7
1 5 0 1 !
> X; pasmepa n (I
V2 1 1 0 1 1
1 RelLU 1
KOIePOBIIMEK || | Y 1
I CKPBITBIE CIIOU :
d obpaTHOE
X X xil pacnpé)CTpaHeHne : ReLU I
A 1
obparHoe
v v v ommbku Q-network 1 E pasmepa k ! 9
e o ; bacrpocTpanenue
; CJION BEKTOPHBIX
. 1 OIIUOKH
J . 1 IpeJICTaBICHUI | ZexoniepoBIKa
E(x;) ExY) | Ex)) [ ReLU X
1 1
X X CKPBITHIC CIIOU 1
MMOTHOCBSI3HEIN cioit, 64 [* = = = ACKONEPOBINHK |
HelpoHa € - == lReLU 1
1 1
ReLU 1 A 1
v 1 X; pazmepa n =
MOJIHOCBSI3HEIN cj10ii, 64 1
HelipoHa 1 obparHoe SDNE
1
ACIPOCTPaHEHHE
ReLU y PACHPOCTD
, . OmuOKH
IOJIHOCBSI3HBIN ci10i, 64 1 Q-network
HellpoHa 1
1
1
v 1
BoIOOp | _ _ ______t
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Q-cemsb

Puc. 2. Apxurexrypa OSDNE.
G — rpad, nomaBaemblii Ha Bxo1; SDNE — apXuTeKTypa 0fHOTro 0J0Ka aBToKoupoBIinka (puc. 1); O-cems — apxutekrypa areata DON
Fig. 2. OSDNE architecture
G is input graph. SDNE is the architecture of one SDNE autoencoder block (Fig. 1).
QO-network is the architecture of an agent’s Q-network (DON)

3KCHepHMeHT3JH)HO€ HCCJIeJ0OBAHUE anropnTMa
OSDNE

CuMynsiiMOHHAsA Cpe/a VIl TeCTUpoBaHusl. TecTu-
pOBaHKE AITOPUTMA BBIIIOJIHAM B CUMYJIIIMOHHON cpere
DQN-routing, 9T0 MOTHBUPOBAHO PSAIOM MPUYIUH. Bo-
TIEPBBIX, CPeJia TO3BOJISIET CUMYINPOBAaTh paboTy KOHBEH-
€pOB MaKCHMAaJIbHO MPUOIMKEHHO K PEaTbHBIM yCIOBHAM.
Bo-BTOpBIX, Cpefa AaeT BO3MOKHOCTD BBITIOIIHUTH CPaB-
HEHHE B YI0OHOM BHJE C CYIIECTBYIOIINMH MOAXOIAMH K
00y4eHHIO BEKTOPHBIX MPECTABICHHUH.

IIponiecc cumynsanuu paboThl KOHBEHEPHBIX CUCTEM
MIpeHa3Ha4YeH JUIsl paboThl C AUCKPETHO-COOBITUHHBIMU
MOJIEISIMU — CUCTEMOI KOHBEHEPOB ISl TPAaHCIIOPTUPOBKU
rpy3oB. [IpuopurerHas 3amada B paboTe KOHBEiiepoB —
TIPEIOTBpAIICHHIE CTOJIKHOBEHUH Oaraxa. [IpuHumMaromue
MapIIpyTH3aTOPbl HCXOST U3 EPBOOUEPETHOM 3a1a4H OI1-
TUMH3ALMH YHCIIa CTOIKHOBEHHH (B H€alie PABHOMY HYIIIO).

CumynsnuoHHAas Cpela MO3BOJSET PacCUUTHIBATH
OCHOBHBIE METPUKHU 3()(HEKTUBHOCTH JTOCTABKH 10 KOH-
BeliepHOIl JIeHTe: BpeMsl I0CTaBKHU Ipy3a, U3MepseMoe B
CEeKyHJIaX, U 3aTPayMBaeMyl0 Ha 3TO JJIEKTPOIHEPTHIO,
M3MEPSEMYIO B YCIOBHBIX €IMHUIIAX CUMYJISIITUOHHON CH-
creMbl. [locnenuss MeTpuka sIBJISIETCS HEJEKOMIIO3UPY-
€MOH, MOCKOJIbKY YUUTBHIBAET 3aTparhl Ha MepeMelleHHe
KOHBEHEPHOU JIEHTHI, Ha KOTOPOH MOTYT OAHOBPEMEHHO
HaXOIUTHCS CPa3y HECKOIBKO MEPEeMEIIaeMbIX 00BEKTOB.
Taxke cucTeMa yUYuThIBAET YMCIIO CTOJIKHOBEHUH Mepeme-
IIa€MBIX OOBLEKTOB.

ITomecTuM areHTsl B MapIIPyTU3aTOPbl, KOTOPBIE CTOSAT
B TOYKAX COWICHEHHI KOHBEMEpPOB M OTBEYAIOT 32 U3MEHE-
HUE IyTH I'py3a 1O IyHKTa Ha3HadyeHus. Mecra mapuipy-
THU3aTOPOB B KOHBEHEpE 3a/1aIMM PACCTOSIHUEM OT Hadaja
KOHBelepa /10 TOUKH COUICHEeHUs. BhImoHuM rmpeodpaso-
BaHNE KOHBEHEPHOW CUCTEMBI B Ipad), IPU 3TOM MapIuipy-
TU3aTOPBI U IyHKTHI OTIIPABKU/TIPUEMA IPY30B SBIISIOTCS
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BepiInHaMu Tpada, a 4acTH KOHBEHEepOB — ero pedpamu.
[Tpumep takoro rpada npeacrasieH Ha puc. 3.

W | 5 E «—
T 14
4
- 13
i 6 :l B
MER=
11 12
1 2
7 ==  Ip—
R T > 7 |«
! 9 10
I mME
3 o —

Puc. 3. Ilpumep KOHBEHEPHOI CUCTEMBI U €€ MpeIcTaBIeHre B Bue rpada [7].

A n B — nauano xonsetiepa; W, X, Y, Z — TOUKH COWIICHEHNS

Fig. 3. An example of a conveyor system and its representation as a graph [7], A and B and conveyer entry points, W, X, Y, Z are
diverters

TexHudyeckne 0cO0EHHOCTH pealHU3aALNMUU.
[IpencraBum pazpabOTaHHBIN MOIY/Ib TEHEPAINU TAHHBIX
it ipenodydenns monenu OSDNE, KOTOpEIA coOupaet
TaHHBIE TS TipetoOyueHns Ha 3aganHoM Tpade. [ernepartop
HaXONT MHAEKCHI HEHYJIEBBIX IEMEHTOB B MaTPHIIE CMEX-
HOCTH U BBIJJAET HA UX OCHOBE CIIMCOK I1ap COOTBETCTBYIO-
MUX UM BepiuH. [lodydeHHbIe BEPIIMHBI TEpeIaoTcs Ha
Bxof anroputMma OSDNE.

[lepen HauasoM cpaBHEHHs MPOU3BEJEM OTOOp T'H-
neprnapametpoB moaenu QSDNE ¢ ucnonb30BaHUEM
oubnuoreku hyperopt [29]. OTOOpP BBITOIHUM Ha CTaIUK
npenodydeHust Moen 0e3 MCIOIb30BaHNs PealbHBIX
creHapues noseneHus. Yucno nrepanuit meroga OSDNE
mpuMeM paBHbIM 500, IPU ATOM ONTHMATBHBIN K03(Ddu-
nuent obydyenus — 0,02. Kpome rumepmapamMeTpoB, O~
OepeM ONTUMAaJIbHOE YHCIIO CIOEB B aBTOKOJHPOBIIUKE.
ABTOKOAMPOBIINK MUMEET MO OJHOMY CKPBITOMY CIIOIO B
15 HEHPOHOB KaXK/BIH B KOAUPOBIIHUKE U IEKOTUPOBIITHKE.
Pa3mMep BBIXOIHOTO BEKTOPHOTO MpecTaBiIeHus paBeH 10.
Ha srame npenoOyueHuss KOMUPOBIINK U ASKOIUPOBIIUK
00yueHBI C OIMHAKOBOW CKOPOCTHIO.

Cpasnenne OSDNE c npyrumu anropurmamu. Tak
KaK IPUMEHEHUE BEKTOPHBIX NPEICTaBICHUN Hepa3phIBHO
CBSI3aHO C ONTHUMM3aLUEH pelleHns 3a1aud MapLuIpyTU3a-
11U, TO U CPABHEHHUE AIITOPUTMOB BEKTOPHOIO MPEICTaB-
JCHHS BEPIIUH MIPOU3BEJEM B KOHTEKCTE ONTHMHU3ALUI
METPHUK pabOThl CUMYJISIIIMOHHONW CHCTEMBI. BhImonHum
CpPaBHEHHE MO CIEIYIOIINM METPUKAM: CPEIHEE BPEMs
JIOCTaBKH TPy3a, CpefHee sHepronoTpediieHne Bcei cu-
CTEMBI U YUCIIO CTOJIKHOBEHHH CyMOK. J[yis yMeHbIIeHus

JICTIepCHH TTpou3BeieM 1o 20 3aIycKoB Ha KaXJIOM CIie-
HapHH.

[IpoBenem cpaBHEHHE YeThIpex anroputMos: LE [20],
node2vec [24], SDNE [25] u QSDNE. OT™MeTHM, 9TO BEK-
TOPHBIE MIPE/ICTABICHNS J000yJaINCh TOIBKO B CIIydae a-
roput™Ma OSDNE, a anroput™ LE cootBerctByeT DON-LE.

Paccmotpum niBa cuieHapust 3anucu cuctemsl. [lepBbiii
creHapuii (0a30BbIi) MPEANONaraeT ABE MOJOMKH Pa3HBIX
KOHBEHEPOB U MOCJIEAYIOLIEE UX BOCCTAaHOBIIEHUE. Bo BTO-
POM crieHapuH (yCIOKHEHHOM) YBEJIMYeHa HHTEHCUBHOCTh
WN3MEHEHHMs TOTOJIOTHHU Tpada: Ipu MEHbIIEM KOJINYECTBE
3arpy’kaeMoro Ha JICHTHI Oaraka, COOBITHS TIOJIOMKH U
BOCCTAHOBJICHUS] KOHBEHEPOB CTAJIN MMPOUCXOIUTD Yallle.
B sTOM cueHapum TecTHPOBAIOCH, Kak () (EKTUBHO aro-
put™M OSDNE criocoOeH mpucriocadInBaThCs K M3MCHEHH-
SIM OKPYKEHHSI TI0 CPABHEHHUIO C OCTAIBHBIMHU MTOAXOJaMH.
Pezynbrars! paboThI aITOPUTMOB IIPEICTABIEHBI B TaOIHIIE
u Ha puc. 4. IlonyueHHbIe pe3yabTaThl 10 CPETHEMY BpE-
MEHHU JOCTaBKH CTATUCTUUECKH 3HAYUMBI TIPH TTapaMeTpe
p-value, Kotopsiii pasen 1079

Ha puc. 4, a BuaHo, uro anroputm OSDNE 605bIiyto
4acTh PabOThl UMEET JIyUllIne Pe3yJbTaThl, YeM peain3a-
st LE. U3 puc. 4, b cnenyer, uro rpadux OSDNE Benet
ce0st poBHEE, a 3HAYUT, OBICTPEE MPOUCXOIUT a/lAITaIMs
K U3MeHeHusM B rpade. HecMoTpst Ha TO, 4TO pe3ynbTaThl
HE SIBIISTIOTCS CTATHCTHYECKN 3HAYMMBIMH, OHH TIO3BOJISTIOT
roBopuTh, uT0 OSDNE He MeHee 3((eKTHBCH HA JAHHOM
cueHapuu, yeM meton LE. Tem He MeHee, C YUETOM BBbI-
IIEU3JI0KEHHOT0, €T0 MCIIOIb30BAaHNE MOKET OBITH Ooliee
BOCTPEOOBAHO Ha peabHBIX IIPUMEPAXx.
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Tabnuya. CpaBHEHNE BPEMEHH JOCTABKH B 0a30BOM M YCIIOKHEHHOM CIICHAPHSAX

Table. Comparison of delivery time in basic and advanced scenarios

MunumanbHoe MaxkcumaibHOE
AJITOPUTM BEKTOPHOTO Cpennee Bpemst 10CTaBKH, ¢ BpeMst IOCTABKH, C BpeMs T0CTaBKH, C Yucio
npezacraBieHus rpada CTOJIKHOBEHHIA
0a30BbIl | YCIOKHEHHBIH | 0a30BbIM | YCIOKHEHHBIH | 0a30BBI | YCIOXKHEHHBIH
LE 53,49 53,04 40,56 40,46 74,64 74,73 0
node2vec 57,67 58,06 41,19 41,24 78,89 79,77 0
SDNE 59,19 59,99 41,22 41,21 79,68 80,88 0
OSDNE 50,49 52,63 39,43 41,29 75,75 76,97 0
a b
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Puc. 4. CpaBaenne QSDNE ¢ 1pyruMH aIropuTMamMy Ha 6a30BOM M YCIIOKHEHHOM CLICHAPHSIX T10 TTapaMeTpam: BPeMs JI0CTABKH
(a, b) u sneprus (c, d)

Fig. 4. Comparison of OSDNE with other algorithms in the basic and advanced scenarios in terms of parameters: delivery time (a, b)
and energy (c, d)

OTnenbHO pacCMOTPUM TpapUKi METPUKHA — YHEPTo-
norpednenus (puc. 4, ¢, d). MoxHO 3ameTuTh, ut0 OQSDNE
s¢dexTrBHEE anroput™a LE M CTaHIAPTHOMN peain3ainun
SDNE.

Hecmotpst Ha TO, 4TO MOJIyYeHHBIE pPe3ybTaThl M0 yC-
JIOKHEHHOMY cluieHaputo i OSDNE He moka3anu cyle-
CTBEHHYIO Pa3HUILy B DHEPronoTpeOICHUHU C alTOPUTMOM
node2vec, Hellb3s1 CKa3aTh, 4TO node2vec SBISICTCS JTy4IIAM
JUISL MCTIONIb30BAHMS. JTO JJOKA3aHO pe3yJbTaTaMH CTaTHh-
CTHYECKOTO TecTa (110 sHepronoTpedienuto nodelvec He
obxomut craructuaecku OSDNE) 1 ¢ IOMOIIBIO CpaBHE-
HUS aJITOPUTMOB O CPEIHEMY BPEMEHHU J10CTaBKH. [Ipn
9TOM AITOPHUTM node2vec TOKa3an OAWH U3 XyAUINX pe-
3yABTaTOB, TorAa Kak OSDNE yMEHBIINI CpeIHEe BpeMs
JIOCTaBKH Ha 6 % IO CPAaBHEHHUIO C JIyUIINM PE3yJIbTaToM,
KOTOPBI OBIIT TOCTUTHYT aaTOpUTMOM LE.

3akaouenne

B pabote npeiokeH moaxoa COBMECTHOTO O0yUCHUS
arcHTOB M BEKTOPHBIX MIPEACTABICHUI rpada B mapagurme
MYJIBTHATCHTHOW MapIIPyTH3aIl[id Ha OCHOBE TITyOOKO-
r0 00y4YCHUS C MOIKPETUICHUEM, ¥ MPEJIOKCH alTOPHTM
OSDNE, peanu3yroluil 5TOT MOAXO/ JUIsl pELLEHUs 3a/1aun
MapIIpyTH3aUU B CHCTEME KOHBCHEPHBIX JICHT.

Pesymnbratsl paboTs! anroputMa OSDNE O3BONNIHN TO-
BOPUTH O €ro 3PPEKTUBHOCTH ISl ONITUMH3AIINN BPEMEHI
JIOCTaBKU ¥ DHEPTOMOTPEOICHNST B KOHBEHEPHBIX CHCTEMAX.

PazpaboTaHHbII TOIX0/] MOYKET OBITH UCITOIB30BAH JIJIS
pelIeHusI 3a7a4 MapIIPYTH3ALUHA CO CIOKHBIMU (DyHKITH-
SIMU OI[€HKHU MYTH U TUHAMUYECKH MEHSIOUUMHUCS TO-
nosiorusiMu rpados. [IpemoKeHHBIH aITOPUTM MOKET
MPUMEHSTHCS JIJIs1 YIPaBIECHUS! KOHBEHEPHBIMU JIECHTAMU B
a’pONopTax M B LIEXOBBIX MPOU3BOJICTBAX.
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AHHOTaNMSI

IIpeamer uccaenoBanus. [IpencrapiaeHsl pe3ynbTaTbl YUCIEHHOTO MOJIETMPOBAHUS MPOIEcca MEPEHOCa U3ITyYEeHHs B
Ta30)KUAKOCTHBIX MeHax. {71 ucciaenoBaHms MepeHoca 30HANPYIONIETO H3TyIEHNs B Ta305KUIKOCTHBIX TIEHOTIOI00HBIX
cpelax Ha Pa3lIMYHBIX dTarax CTAPEHUS MPENIOKEH METOJ YHCIeHHOro Mozenuposanus Monrte-Kapmo. st ydera
TIepeoTpakKeHNs Ha TpaHuIax pas/ena AByX (a3 mpuMeHneHna MeToanka Ha ocHose (opmyrt Openernst. Meroa. B xauectse
MOJIETTEHOM CpeJIbl PACCMOTPEHBI STYEHCThIE CTPYKTYPhI KelbBHHA, IMUTHPYIOIIHE Ta30BbIe My3BIPHKU B )KUIKON MaTpHUIIe
B IIpoliecce ctapeHus (coarsening), MpeACTaBIISIONIEM MEPEXo/l MEHONOT00HON Cpebl OT «BIAXKHOW» K «CYXOi».
Tono6HBI ITepexo JUist H30JIMPOBAHHON CHCTEMBI 00YCIIOBICH MEICHHBIM CTeKaHHEM YKHAKOCTH MO CTEHKaM ra30BbIX
syeek U KaHaimam [lmaro—['u60ca BeaeacTBUE BIMSHUS TPABUTAIIMOHHOM CHJIBI. B mporiecce 3BOMOIHK TPOUCXOIUT
yMeHbIIIeHnEe 00bEMHOMN J0JH JKUJIKOH (ha3bl M yBEIIMUEHUE CPETHETO Pa3Mepa ra30BbIX AdeeK MEeHOMOJ00HOMH Cpebl.
TpexmepHas sgencTas CTpyKTypa Ha Pa3HbIX dTarax dBOJIOIMHU MPEACTaBICHA KaK CHCTEMA MJIOTHOYITaKOBAaHHBIX
YTIOPSITOUEHHBIX C(ep HITH TETPaAeKadIPOB Pa3INIHBIX TEOMETPUIECKUX PAa3MEPOB B 3aBUCUMOCTH OT JUINTEIEHOCTH
nporecca crapernus. OcHOBHBbIe pe3yJbTaThl. Ha ocHOBe 4ncieHHOro MojaennupoBanus MerogqomM Monte-Kapio
n popmyn OpeHens moxydeHs! 3HAYCHUS KOA(PQUIIMEHTOB NMPOIYCKaHHUsI H 00PaTHOTO PACCESTHUS 30HANPYIONIIETO
H3ITyYCHUS! JUTS Ta30)KUIKOCTHOH IeHbl. [TomydeHHbIe pe3ysibTaThl XOPOIIO KOPPEIUPYIOT CO CHIEKTPOMETPHIECKUMHU
M3MEpEeHUsIMHI BCIIEHEHHOM sxuakoctu npoussoacta Gillete (Gillete shaving cream). [IpuBeien ananu3 BIUsHUS
(dakTopa aHU3O0TPOIHMH CPE/bl Ha CPEIHIOI ONTHYECKYIO JIMHY 30HAMpYIolero u3iaydeHus. [IpakTuueckas
3HAYMMOCTb. Pa3paboTka TEOPETUUECKHX MOJIXO/I0B K IMArHOCTHKE BYX()a3HBIX IIEHONOA00HBIX MATEPUAIIOB O3BOJIUT
ONTHMH3HMPOBATH CUHTE3 BCIIEHEHHBIX MaTEPHAIOB C 3aJlaHHBIMH PEOIOTHYECKUMU U CTPYKTYPHBIMU CBOHCTBAMH U
TOBBICHTH () PEKTUBHOCTE OIICHKN (PYHKIIMOHAIBHBIX MTAPAMETPOB MTOTOOHBIX MAaTePHAIIOB.
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Simulation of radiative transfer in gas-liquid foams
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Abstract
The results of the radiation light transfer in the gas-liquid foams are presented. To study the probing light transfer in
gas-liquid foam-like media at different stages of aging, a Monte Carlo numerical simulation method is proposed. To
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MoaenmpoBaHue NpoLLecCoB NnepeHoca NayvyeHnst B ra3oXmnaKkoCTHbIX NeHax

take into account the re-reflections at the phase interfaces, the approach based on the Fresnel formula is applied. Kelvin
cells structures are considered as a model medium, imitating gas bubbles in a liquid matrix during aging (coarsening),
which represents the transition of a foam-like medium from “wet” to “dry”. Such transition is caused by the slow liquid
flow along the gas cells walls and Plateau-Gibbs channels due to the influence of the gravitational force in an isolated
system. During the evolution process, the volume fraction of the liquid phase decreases and the average size of the
gas cells of the foam-like medium increases. The three-dimensional cellular structure at different evolution stages is
represented as a system of close-packed ordered spheres or tetradecahedrons of various geometric sizes depending on
the aging process duration. The Monte Carlo modeling of the radiation light transfer in scattering two-phase foam-like
media, taking into account the redistribution at the interfaces of two phases by use of Fresnel formulas at different
coursing stages, is presented. The transmittance and backscattering coefficients of a probing light are obtained using
the Monte Carlo numerical simulations and Fresnel formulas for the gas-liquid foams. The obtained results are well
correlated with the spectrometric measurements of the foamed liquid produced by Gillete (Gillete shaving cream). The
influence of the anisotropy factor on the optical length of the probing light was carried out. The development of the
theoretical approaches to the diagnostics of the two-phase foam-like materials makes it possible to synthesize foamed
materials with established rheological and structural properties to increase and improve the efficiency of evaluating of
the functional characteristics for such materials.

Keywords

gas-liquid foams, Kelvin cell, transmission coefficient, Monte Carlo simulation, Fresnel formulas
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BBenenune

JIByx(azHble IeHONOI00HbIE CTPYKTYPBI IIPEJICTABISIOT
OOJIBIION MHTEPEC ISl HAYKH, TPOMBIIIUICHHOCTH U OHOMe-
munuHb [ 1-3]. Ckaddona-TeXHOIOTHH aKTHBHO HCIIONB3Y-
10TCsI B OMOMEIMIIMHE JUIsl TAKUX 3371a4, KaK BbIpalBaHNe
TPEXMEPHBIX KIICTOYHBIX KOHCTPYKIIUH, 00CCIICUCHUS K3~
HENIeSITeTBHOCTH KIIETOK B TIporiecce (POPMHUPOBAHUS OTIpe-
JICIICHHBIX THITOB JKUBBIX TKaHEH B TKaHEBOW MHKCHEPUHU
[4-9]. Cxaddommsr MOTYT OBITH pa3pabOTaHBI Ha OCHOBE
CHHTETHYECKUX U MPUPOJHBIX MaTEpPHaIOB, B YaCTHO-
CTH, OMOAKTHUBHOHN KEpPaMHUKH, CTEKOJI, MOJIUMEPOB HIIH
HAaHOKOMMO3UTOB [9—13]. OnuH U3 MEPCIEKTUBHBIX METO-
JIOB U3roTOBJICHUs CKadOoIII0B OCHOBAH HA BCIICHUBAHUU
TIPE/IBAPUTEIBHO TIACTU(HUIIMPOBAHHBIX OMOCOBMECTUMBIX
MOJMMEPOB C MOMOIIBIO Ta3a UM CBEPXKPUTHUECKON KU~
xoct [14, 15]. CrpykrypHsie napameTpsl 3D-ckadomnios
OIpEe/IeIISIIOT (PYHKIMOHAJIbHBIE CBOWCTBA OMOMaTepHasIoB.
Muxpockonmr9IecKue mopsI (pasmepom Ooee 50 MKM) BITH-
SIFOT Ha opMy U pa3mep HopMHpyeMOr TKaHU, ME30CKO-
mr9ecKue mopsl (pasmepoM 1-50 MkM) 3amaroT GyHKIUN
KJIETOK B TIPOIIECCE X CHHTE3a, & HAHOCKOIIIYECKUE TTOPHI
(pa3smepom Mmernee | MKM) ompenensioT 3(PeKTUBHOCTD
nudQy3nuu MUTaTeIbHBIX BemecTs [16].

Paspabotka 3(h(h)eKTHBHBIX METOZOB OMTUYCCKOH aua-
THOCTHKH ISl OLIEHKH CTPYKTYPHBIX [ApaMeTPOB CHHTE3H-
POBaHHBIX BBICOKOIIOPHCTBIX MaTpUII, HAIIPUMEp pacrpe-
JIeJICHUS TIOp TI0 pa3mepaM U (opme, a TakKe CTEIICHU HX
B3aNMOCBSI3H, aKTyaJbHAs U BaXKHAS 3a/1a4a.

[Tensr mogpaspensorcs Ha cyxue (0ObeMHas 0
x)unkoro kommoneHta meHee 0,1-0,15) u BraxxHBIC (00B-
eMHas J0JIs KHJIKOTo KoMmmoHeHTa 6omee 0,1-0,15).
DOKcnepuMeHTaIbHBIE UCCISIOBAHUS MPOIECCOB Mepe-
HOCA DJEKTPOMATHUTHOTO M3IYYCHUS BO BCIICEHEHHBIX
KUIKOCTSAX U BIMSHUE TaKUX CTPYKTYPHBIX ITapaMeTpOB,
KaK CpeHUI pa3Mep ra30BbIX My3bIpel 1 00beMHast 10
KHUJKOH (as3bl B MeHe, MPOBOIMINCH MHOTHMH TPYIIIaMH
uccienosaresieil. B yactHocTH, rpynmna y4eHbIX BO IIia-

Be ¢ JI. /lypnanom unccienoBaia CTpyKTypHbIe U (DyHK-
[UOHAJIbHBIE 0COOCHHOCTH BCIICHEHHBIX XKUAKOCTEH B
npolecce UX CTapeHUs] METOJIaMH CIIEKTPOCKOIINHU T (]-
(hy3uOHHOTO TIpomycKaHus U AU (Qy3MOHHO-BOTHOBOM
cnekrpockonuu [17]. IlnHaMuUKa TpEHUPOBAHUS KUIKOM
(a3bl BO BCIICHEHHBIX JKUAKOCTIX ONMUCAHA PAIOM YpaB-
HeHn#, popmupyromux equayio monens [18-21]. dms
Pa3BUTHUS IKCIEPHUMEHTAIBHBIX METOIUK HCCIICIOBAHUS
BJIMSIHUSI CTPYKTYPHBIX OCOOCHHOCTEH Ta30KH/IKOCTHBIX
TIeH Ha MX ONTHYECKUE CBOMCTBA HEOOX0AMMA a/IeKBaTHAs
MareMaTH4ecKasi MOJIeNIb PACCESIHUS IIEKTPOMAarHUTHOTO
M3JIyYeHHUs B TOAOOHBIX Cpeiax.

Onucanne MeTo1a U OCHOBHBIE pe3yabTaThl
MOJEINPOBAHUA

['a305KUIKOCTHBIE TIEHBI MOXXHO PacCMOTPETh, Kak
SYEUCTYIO CTPYKTYPY, COCTOSIIYIO U3 Ta30BBIX SUYEEK C
MEePeropoJKaMu M3 IUIEHOK YXHJIKOCTH, IpU 3ToM (opma
MepEeroposIoK M XapakTep UX IepecedeHHsl OMUChIBAIOTCS
3axoHamu Ilnaro.

IIpouecc crapenns neHsl (coarsening) U, COOTBETCTBEH-
HO, TIEPEXO0]] OT «BIAKHOI» K «cyXoi» mene (wet to dry
transition) compoBoXaaeTcs TpaHnchopmarueir hopmsl
sg9eeK OT c(hepruIecKoil K MHOTOTPaHHOH, yBEIHUYECHHEM
CpeIHEero pa3Mepa ra30BOi SYCHKH U yObIBaHHEM 00beM-
HOW JTOJH KUAKOW MaTpuIls! (puc. 1). 10T mpomecc o0y-
CJIOBJIEH YaCTUYHBIM HCTIAPEHHEM JKHJIKOH (ha3bl B Ciryuae
HEU30JMPOBAHHOM, OTKPBITONW CUCTEMBI U €€ APEHAKOM Ha
JTHO KIOBETBI, BbI3BAHHBIM IPaBUTAIIMOHHBIMU d(PEeKTamMu.
CXJIOTIBIBAHUE U KOAJIECLICHIINS Ta30BbIX My3bIpel TPHBO-
JIUT K TIEPECTPONKAM BHYTPH SUCHCTOM CTPYKTYPBI.

B npomiecce BOIONNY CUCTEMBI H3MEHSIETCSI MEXaHH3M
paccesiHus cBeta. Ha HauasbHBIX 3Tarax cTapeHHsl MEeHbI
paccesiHie M3ITyYeHUS TPOMCXOANT Ha Ta30BBIX ITy3BIPSIX
B KHKOW MaTpHIle, a Ha MOCIEeTHUX dTarax — Ha CTPYyK-
TYPHBIX JIEMEHTAX CyXOH IEHBI, TaK HA3bIBAEMBIX KaHaJIaxX
ITmaro—Iu606ca [22]. B mporiecce 9icIeHHOTO MOJCTHPOBA-
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Puc. 1. Dotorpadun BCIeHEHHOU JKUAKOCTH JUT pazHoro BpemeHu craperus nensl: 500 ¢ (a) u 60 000 ¢ (b)
Fig. 1. Photographs of the foamed liquid at the different foam aging time: 500 s (a); 60000 s ()

HUS B KaUeCTBE MEHOMOI00HOM Cpe/ibl pACCMOTPHM MOHO-
JIMCIEPCHYI0 COTO00PA3HYI0 MOJIEIb IJIOTHOYaKOBAHHBIX
9NIEeMEHTApPHBIX sTYEEK, UMEIOIMNX (pOpMy yCEeUEHHBIX OKTa-
91pOB paBHOTrO 0OBbeMa. Takas s;tuercrast CTpyKTypa BIiep-
BbIe OblIa yrnomsinyTa B 1887 1. kak crpykrypa KenbBuHa.

YpaBHEHHE, OIMCHIBAIOIIEE TPAHCHOPMALHIO STIEUCTOM
CTPYKTYPBI IIEHBI OT «BIAKHON» K «CYXO#» M, COOTBET-
CTBEHHO, ITEPEX0]] OT cheprudeckoil popMbI K MHOTOTpaH-
HOM, UMEET BHJ

1 1 p
hocta(x7 ».2)+ ;hdodeca()@ ¥, 2) =

hcube(xs Y, Z) + _p
a
=7, (1)

7€ @ 1 b — OMHCBHIBAIOT T€OMETPUYECKHE CBOIICTBA MHO-
TOrPaHHUKOB, BIIMCAHHBIX B chepy (HarpuMep, Ynciio CTo-
POH); r — pazauyc chepbl, U3 KOTOPoit hopMuUpyercs: MHO-
TOTPAaHHHK; p — OIPEAENSET ITOIUIIPAIBHOCTD (CTENeHb
OJIM30CTH MHOTOTPAHHHUKOB K cepe).

Ecnmu p — 2, To dopma stueliku chepuueckasi, eciiu

p — ©, TO s4elika nmeeT GpopMy MHOTOTpaHHHKA [23].
VYpaBHenue Tpanchopmary chepsl B MHOTOIPaHHUK:

hcube(xa Vs Z) = ‘x|p + D}V] + |Z|P (2)

st p = 2 ypaBHenue (2) 3agaet cdepy paauyca r, st
P — 0 9TO ypaBHEHHE OIUCHIBAET KyO ¢ JUIMHOM pedpa 2r.

YpaBHeHUE TpaHchopManuu cPepbl B IPABUIbHBII
OKTa’Ip:

hacta(xay9 Z) = |x +y+z|p + |7X+y +Z|p + |X*y +Z|‘D +
+x+y—zP.
YpaBHenue pomobonoaekadnpuIecKoii popMer chepsr:
hdodeca(x>y5 Z) = |x +.V}p + |x7y|17 + b}+ZV’+ b;,z}p +
+|x +z]P + |x — z[P.

Slueiika KenbBrHA B popMe yCEUEHHOTO OKTadIpa OIH-
ceiBaeTcs ypaBHeHHeM (1), Tne a = b = 1,5355 (puc. 2).

BrinonHuM mMonenupoBaHue pacnpoCTpaHEHUS pac-
CESHHOT'O CPeIOi 30HAUPYIOIIEro U3Iy4eHUs Ha dTale
«BIIAKHON» TA30)KUIKOCTHOM MEHBI B CPEJie C OMOIIBIO
meroza MonTe-Kapiio, 1 Ha dTare «cyxoi» NeHbl B paMm-
KaxX FeOMETPUUCCKOH ONTHKHU C MCHOIB30BaHUEM (hOPMYIT
Openens. B kauecTBe KPUTHYECKOTO TTapaMeTpa, Xapak-
TEPU3YIOLIETO TEPEX0]] «BIaKHAsI—CyXash» IEHA, BEIOpaH
CPEIHUIT paliyC Ta30BBIX My3bIPeil 7, = 10 MKM.

Ha nepBbIx 3Tamnax 3BOIONNH MOZEINb «BIAKHOI» Ta30-
KHUIKOCTHOH HEHBI IPEACTABIISIET COO0H CHCTEMY Ta30BBIX
my3bIpeil B xuakoctu. Cpesa HMeeT CleqyIomue napame-
TphL: OecKOHEUHYIO mMpuHYy, TonmuHy 3000 MM, K03hdu-
[ueHT paccesaus [, = 0,177 Mxm !, Mastbiit koadGurmeHt
nornomenust p, = 10-1 mxm1.

W3 majaromero oHOHAIIPaBIEHHOTO MakeTa (pOTOHOB
BbIOpaHa M OTMEUECHA OJ[HA TIapLIUaIbHAsl KOMIIOHEHTA HITH
omuH GoToH. DOTOH, pacHPOCTPAHSSICh B CPE/IE, UCITBITHI-
BACT aKThl PACCESIHUS, TIPH HTOM TPACKTOPHS IBIKCHIS
(hoToHa 3a/1aHa HANPABJIAIONIMMHI KOCHHYCAMH M ONTHYE-
CKOW NIIMHOH IyTH (OTOHA (PACCTOSTHHUEM, ITPOXOIIMBIM
(hOTOHOM 10 TIOCTIEAYIOIIETO aKTa PACCESHU).

Ha nepBoM 1mare reHepupyem HalpaBIsSOLINe KOCH-
HYCBI, KOTOpPBIE OIPEJIEIISIOTCS Ha OCHOBE yIJIa PACCEsHUS

¥ B BUIE:
1 1- 2
cos9=—(1+g2— s ,
2g 1—g+2gy

TJe X — CllydaifHasi BEIMIMHA, PABHOMEPHO paclpesieNieH-
Has Ha uHTepBate [0, 1]; g — mapaMeTp aHU30TPOIHH.

Ha cnenxyromem mare cay4aifHBIM 00pa3oM 3a1aguM
ONTHYECKYIO AIUHY MyTH (OTOHA, C MOMOIILI0 Habopa
PaBHOMEPHO PaCIPEIEIIEHHBIX CIIy4alHbIX YU CEIL.

Wudopmanus o jiuHe nytH GOTOHA U HANpaBIIsIo-
MIMX KOCHHYCaX COXpPaHUM B MaTpUILy U 3aruiiemM B Qaii.
[larnee cremepupyeM HOBOE 3HaUCHHUE YIJIa U JUTHHBI ITpo0e-
ra oroHa. [ToBropsiem npoueypy /10 Tex mop, noka GoToH
HE JOCTHI'HET 33JJaHHON ITyOWHBI BHYTPH CPE/bl MIIH HE
BBUIETHT U3 CPE/Ibl B HANPABICHUN, OOPaTHOM Ia/IAI0NIEMYy
n3nmydeHunto. Beibepem cnemyronii GpoTon u3 Habopa u
MIOBTOPUM BCIO MTPOIIEAYPY.

Hay4HO-TexXHUYeCcKni1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6

1199



MopenvpoBaHue NpoLLEeCCOB NepeHoca N3nyyeHns B ra3oXuaKOCTHbIX NeHax

100 Mxm

—

Puc. 2. Chepuueckas u MHOrorpanHast Gopmbl siueex KenbBrHa, IMUTHPYIOIIUX ra30BbIe SUSHKN IEHOMOA00HO# Cpeibl Ha pa3HbIX
aTamna ee crapeHust: p =5 (a); p =50 (b)

Fig. 2. The spherical and the polyhedral shapes of Kelvin cells imitating the gas cells of a foam-like medium at the different aging
stages: p =5 (a); p =50 (b)

Ha mocrienyromux 3Tamax 3BOJIONIH ITEHBI MOJEITh
«CYXOi1» Ta30’KUIKOCTHOM TEHBI MPEICTABISICT CHCTEMY
TUIOTHOYTIAaKOBAaHHBIX s'Yeek KenmbBHHA OMMHAKOBOTO pas-
Mepa.

ITokazaTenu mpeToMIICHHUS Ta30BBIX SYECK U TMepe-
rOPOJIOK M3 XKMJKOM NJIEHKH paBHbl 1y = 1 1 ny = 1,34
COOTBETCTBEHHO. TeopeTuueckue 3HaUYCHUS CPEHETO
pa3Mepa ra3oBbIX My3bIpeH U 00BEMHOU JOJU KHUIKOU
(a3, KCIIOIB3yEMbIC ITPU MOJICITMPOBAHKH TIPOIIecca CTa-
pEeHUs TICHOMOMO0HON Cpe/ibl, BEIOpaHBI UCXOIS U3 IKC-
MIePUMCHTAIBHBIX UCCIICIOBAHUI MPOLECCOB IBOIIOIUN
mreHsl pomsBocTBa Gillette (Gillete shaving cream) [24].
OO0BeMHasT TOIIS KUIKOCTH PACCUUTAHA IO TONIIIHE CIIOS
JIPCHUPOBAHHON JKUIKOCTH Ha JHE KIOBETHI B IPOIIECCE
SBOJIIOLIMY TIEHBI OT «BIAKHOW» K «Cyxoil». Ha HauambHbIX
JTarax 3BOJIOLUU NeHbl 10J1s xuakoctd — 0,1 = 0,01.
OOwbemMHast 10I1s1 KUIKOU (hasbl U CPETHUN pa3Mep Ta30BbIX
A4YeeK paccMaTpHUBaeMOM MEHOMOI00HOH CpeIbl IPECTaB-
JIeH B Tabauie. MakcuMaibHOE BPEMsl CTAPCHUS STUCH-
CTOW CTPYKTYPHI B TIPOIIECCE MOJCIUPOBAHUS COCTABUIIO
180 000 c.

CoObITHE OTPaKCHHS WIIH TIPEIIOMIICHHS HA TPAHHUIIC
paszaena «OKUAKOCTHAS TUICHKA-Ta30Bast siuCiKay Orpese-

JICHO CITy4aiHbIM 00pa3oM NpH CpaBHEHHHU Kod(duimenrta
OTPaKeHHS, paCCYMTAHHOTO 10 (hopmynam PpeHens, co
CIIy4yailHOW BEJIMYMHOM PABHOMEPHO pacIpeeIeHHON Ha
uaTepnaine [0, 1]. Paccuntaem ko3 dunment odpaTHoro
paccestHus A7 Caydasi OTIMYHOTO OT HOPMAJILHOTO Ta-
JCHUS:

1 sin*(a, — a,) N tg(o, — o)
2 \sinX(o, + o) tg¥(a;+ )/

e O ¥ 0, — YIJIBI HaJCHHUs ¥ IPETOMIICHHSI.

B xone monenupoBaHus naket (OTOHOB pacrnpocTpa-
HsJICS B siuencTol cpene. [lapiuanbHbie cocTaBisiomue,
HCITBITABINIE MHOTOKPATHOE B3aMMOJICHCTBHE C KaHATAMH
[Tnaro—I'n60ca (rpannnaMu paszesa «KHUJAKOCTHAs IICH-
Ka-Ta30Bas siueiika») u ¢ y3namu kaHanos [lnaro—['n60ca
(TOukKHM mepeceyeHHs KUAKOCTHBIX TICHOK), U IOCTHT-
IIKE 33/IaHHON TTyOMHBI, BHOCHITH BKJIaJ B KO3 (GHUIHECHT
NPOMYCKaHHMsI, @ COCTABILIFOLINE, PACCESHHBIC HAa3al — B
K03 PUIeHT 00pPaTHOTO paccestHuSI.

B 4nCIEHHOM KCIIEPHMEHTE BBITIOTHUM MOJICITHPOBa-
HHE PacCesHHs 30HIMPYIOLIEr0 H3TyUeHHUs Ha CTPYKTYp-
HBIX DJIEMEHTAX Ta305KUIKOCTHOU MEHBI ¢ Pa3THYHBIMU

Tabnuya. O6beMHast OIS )KUAKOW (a3bl M CPEIAHUI PaIyC ra30BbIX TYeeK EHOOM00HOM Cpeabl

Table. The volume fraction of the liquid phase and the mean radius of the foam-like medium gas bubbles

Cpennuii paanyc ra3oBbIX My3bIpeil, MKM

O6beMHast 10151 JKUIKOH (hasbl

MopnenupoBanue Teopernueckue 3HaUCHHS MopnenunpoBanue Teopernueckue 3HaUCHUS
8,7 8,0 0,10 0,10
13,5 14,0 0,10 0,09
26,2 25,0 0,09 0,09
74,8 75,0 0,08 0,08
140,0 140,0 0,06 0,06
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A.A. VicaeBa, E.A. VicaeBa, A.B. lNaHTiOKOB

3HAUEHUSIMU ITapaMeTpa p U paauycoB siueek . CBeToBoe
T10J1e, PacCesTHHOE MCCIIelyeMOit cpeiol M (popMHpyIoIee
CHTHAJI, PEJICTABISIET CYNEPIO3UIHIO MapPIHAIBHBIX CO-
CTaBJIAIOUINX, KOTOPbIE PacIpOCTPAHEHbI B CpeJie Ha pas-
JMYHYIO TIIyOWHY U, COOTBETCTBEHHO, UMCIOT PA3IMYHBIC
3HAYCHHs ONTUYCCKHX JUTMH TyTeil. [Ipu aToM mapuuas-
HBIE COCTABIISIOIINE COACPIKAT HHPOPMALIUIO O 3HAYCHHSIX
XapaKTePUCTUK MOABIKHOCTH PACCEUBAIOIIUX CTPYKTYP.
MHTEHCUBHOCTH MPOIIEIIETO U PACCESIHHOTO U3YYEHUI
cofeprKaT MHPOPMALUIO O PEOPraHU3aLMU IA30BbIX T4EeK,
HPOUCXOJIIIEH B IPOLIECCE CTAPEHHs IIEHONOI00HO# cpe-
Ibl. B Xo071¢ MofeupoBaHus MpoBeIeHa OIICHKa KO3 du-
IUEHTOB MPOIYCKaHUA U 06paTHOFO paccesaHus N3J1y4YCHUA
B 3aBHCUMOCTH OT XapaKTEPUCTHUK, 33/1aI0IIUX T€OMETPHIO
STMEUCTOM CTPYKTYPbI T'a305KHIKOCTHON TIEHBI.

Koa¢dunuents: odparHoOro paccessus R, 1 Ipomycka-
HUs T, 30HIUPYIONIETO NEHONON00HYIO Cpey U3JTyYeHHS,
HUMEIOT BHJ

Ibs
Iy

Rb:

A

,T=—, )

rJie UHTEHCUBHOCTH M3lyueHus: [, — oOpaTHOpacce-
SIHHOTO IIEHOIIO00HON cpesoi; [, — mpolIeIIero a
3a7laHHYI0 NIyOUHY B II€HONON00HOMH cpene; I — 30H1U-
PYIOILETO.

3aBucuMOCTH KO3(PPHUIIHNEHTOB, TIOIyIEHHBIE 1O (Hop-
mysie (3) ¢ TOMOIIBI0 MOIEITUPOBAHMS METOIOM MOHTe-
Kapiio u yderom mepeoTpakeHus Ha IpaHUIax pasjiela
nByX (a3 ¢ momoinsio hopmya Openens Ui pa3iInaHbIX
XapaKTEPUCTUK SYEUCTOU CTPYKTYPbl CUCTEMBI, IIPEACTaB-
JICHBI Ha pHuc. 3.

[Tony4yeHnHble yncieHHbIe 3HaYCHUST KOdPPHUIIMEHTOB
MIPOITYCKaHUs JUIsl MOJCIIbHOM STYEUCTOH CpeJibl COOTBET-
CTBYIOT 3HaYCHHUAM KOA(PPHUIMCHTA POITYCKAHUS TTEHBI
mpousBoactea Gillette (Gillete shaving cream), momydeH-
HBIM SKCIIEPUMEHTAIIBHO C UCIIOJIB30BAHUEM CIIEKTPOMETpa
Ocean Optics QE65000 [24]. Cpenuuii paanyc ra3oBBIX
AYEeK, UCIIONIb3yEMBIH TIPH MOIECIUPOBAHNH, U3MEHSIICS
ot 9 1o 140 MKM, IpU ATOM MOJTYUYEHHOE MPOIyCKaHUE
AYCHCTON CTPYKTYPHI U3MEHANOCH B mpexaenax ot 0,04
1o 0,21, a ko PpUIUEHT NPONYCKaHHs TIeHbI TIPOU3BO/I-
ctBa Gillette m3mensuics B npenernax ot 0,07 mo 0,23. Tlpu

aHaJIN3€e PACCESHHBIX KOMIIOHEHT 30HIUPYIOLIET0 U3Iyye-
HYSI HAOJIOAIMCh YBEJIMYCHHUE JOJIM PACCESIHHOTO BIIEPE
W3JIyYCHHSI 1 YMEHBIICHUE JJOJIM 00paTHO PaccessHHOTO
nsnydenus. llepexon OT «BIaXXHON» K «CyXoi» TeHe
mpuBel K Tpanchopmanuu Gopmbl siueliku KenbBuHA OT
chepryueckoil K MHOTOTPaHHOH M, COOTBETCTBEHHO, YBe-
JTUYEHUIO 3HAUYSHUA p. [IpH 5TOM ITPOMCXOIUT yBETHUCHIE
ko3¢ ¢urmenta npomyckanus cpenst ot 0,04 1o 0,19.

I"a30BbIE Iy3bIpU B AYEUCTON CTPYKTYpPE IUIOTHO yIla-
KOBaHbI U 00J1a7aI0T BBICOKOHN Koppensmnueit. Paccesnue
B TOMOOHBIX CTPYKTypax HOCHUT HETHIIMYHBIH Xapakrep,
B YaCTHOCTHU MpPHU YBCIUYCHHUU BPECMEHU CTAPCHUA TICHBI
MIPOUCXO/UT MEPEXO OT PACCESHUs Ha ra30BBIX sdUeHKax
(Ha paHHMX JTanax CTapeHHs) K PACCEeSIHUIO HA CTPYK-
TYPHBIX JIEMEHTaX IEHbI (Ha IMO3IHHUX dTarax CTapeHws).
Takue n3MEHEHHsI BIMSIIOT Ha ONTHYECKUE TTapaMeTphI:
TPaHCIIOPTHYIO JIUHY /,. (pACCTOSHUE, HA KOTOPOM IIPOMC-
XOIUT N3MEHECHUE PEKUMA PACCESHUS OT HAIPaBICHHOTO
k mudy3HOMY); IITHHY paccesHus / (cpeaHee pacCTOSHNE
B cpelie, IPOXOAMMOE AIEKTPOMAarHUTHON BOJHOW OT Iep-
BOTO aKTa PAacCesHUs 10 MOCIEIYIOIIEro); aHH30TPOIHIO
paccesHHs cBeTa g (CpeIHUN KOCHHYC yIla pacCcesHus
ANIEKTPOMATHUTHOTO H3JTy4eHHS).

Beinosnnen ananu3 BiusHUs (GaKTOpa aHU30TPOIIHU
paccesiHUsI Ha CpeHee 3Haue€HHe ONTHYECKOM JTHHBI TyTH
30HUPYIOLIET0 U3NyueHus (puc. 4).

B nporiecce 3BosroImY MEHONOT00HO CTPYKTYPBI yBe-
JMYMBaeTCsl 00beMHast OIS Ta30BBIX ITy3bIpel U U3MEHSICT-
Csl ITIOTHOCTH PAcCEUBAIOIINX IICHTPOB, U, KaK CIEICTBUE,
KpPaTHOCTH paccesHus. B pe3ynbrare MpOUCXOAUT YBEIHU-
YCHHUE ONTHYCCKOHN JTHUHBI ITyTH PACCEeSHHOTO M3ITYICHUS
(puc. 4).

Pazpaborannas MoIenIs Cpeabl MO3BOJMIA ONMUCATH
WU3MEHSIOLIUICS MEXaHNU3M PacCesHUs, 3aKIIIOHAIOIIUNCS B
Mepexofie OT PACCesHHsI CBETa Ha CHCTEME ra30BBIX ITy3bI-
peii B )KUJIKOCTH K PACCESHHIO Ha CTPYKTYPHBIX AJIEMEHTaX
«cyxoi» nenbl — kananax [Inaro—I'uooca [22].

MonenupoBaHue NepeHoca U3ITyUeHUs B Ta30XKUIKOCT-
HOHM neHe MetogoM MonTe-Kapno Ha manbix BpeMeHax
SBOJIIOLMH CUCTEMBI M IEPEXOJ] K TEOMETPUUECKON ONTHUKE
Ha OOJBIINX BPEMEHAX JBOJIOIHH JEMOHCTPHUPYET CIIO-
COOHOCTB BRIOPAHHOTO TIO/IX0/Ia K OMUCAHHIO (hU3NIECKIX
MIPOIIECCOB, MPOTEKAIOIIUX B Ta30’KUAKOCTHBIX TICHAX.

- “ 02r b A 1,0 ¢ ¢
. 7} ° 1
0,2 | - | ‘:\\ a2
/ ////// < A 0’9 L \‘1‘\\\\\\
T I~ L A 3 » e
01l o2 0.1 P = T T,
s ' /// 0,8 L A N
0,0 . . . . . . . 0,0 s | 0,7 . . , . .
0 40 80 120 0 30 40 0 50 100
7, MKM p 7, MKM

Puc. 3. Koabdumuents: npomyckanus (7) (a, b) n o6parHoro paccestuust (R;,) (¢) n3mydeHust A pa3IndHbIX XapaKTEPHCTHUK
SYEHCTOM CTPYKTYPBI CHCTEMBI [P 3HaUCHUsIX napamerpa: p = 24 (kpusast /); p = 50 (xpuBast 2)

Fig. 3. The transmission (7)) (@, b) and backscattering coefficients (R,) (¢) of the radiation for various characteristics of the parameter
value: p = 24 (curve 1); p = 50 (curve 2)

Hay4HO-TexXHUYeCcKni1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6

1201



MoaenmpoBaHue NpoLLecCoB NnepeHoca NayvyeHnst B ra3oXmnaKkoCTHbIX NeHax

0,6

0,4
AY
v
0,2
0’0 1 1 1 1 1
0,05 0,07 0,09
€

b
120
280
= ]
~ -
40 /
0 ° 1 ! ! |
0,1 0,3 0.5

g

Puc. 4. BocCTaHOBICHHbBIE 3aBHCUMOCTH 10 9KCIIEPUMEHTAIBHBIM JIAHHBIM: [IApaMeTpa aHU30TPOIIHH PACCESHHS OT 00BEMHOI 10K
JKUIKOU (pa3bl B IIPOIIECCE IBONIOIMHU MTEHOMOM00HO# cpebl [24] (a); cpelHero 3Ha4eHus ONTHYECKON [THHBI Ty TH 30HIUPYOIIET0
W3JYYCHUS OT aHU30TPOIHH PaCCesiHUs cpebl (D).

Crpernka — 3BOJIOIHSI CHCTEMBI TI0 MEpPE €€ CTapeHHs

Fig. 4. The experimentally reconstructed dependence: of the scattering anisotropy parameter on the liquid phase volume fraction
[24] (@); of the average optical path length of the probing radiation on the medium anisotropy parameter (b).

The arrow shows the evolution of aging system

3akaouenne

B pabore paccMoTpeH MOX0/1 ¢ MCIOJIb30BaHuEM (op-
Myn dpenens u uucineHHoro Meroga Monre-Kapno nns
HCCIICZIOBAHUS IEPEHOCA M3ITYyICHUS B TYCUCTHIX CTPYKTY-
pax, IMUTHPYIOIIHMX [EHOMOA00HBIE CPeIbl HAa Pa3IMUHbBIX
JTarnax cTapeHwus.

YBenumaenue ko3 UIIIeHTa POy CKaHUS 30HANPYIO-
IIET0 M3Iy4eHHs, HaOI0aeMoe TIPH NePexosie OT «BIIakK-
HOI» K «CyXO0i» TIeHe, 00yCIOBICHO HE TOJIBKO YBEIHICHHU-
€M IrecOMETPUICCKUX PasMEPOB I'a30BbIX AUYCCK KenpBuna B
xuaKoi dase, Ho U TpaHchopmalmeil situeek ot chepuye-
CKOM K MHOTOTPaHHOU (opme.

Koa¢pdunmenTs! nponyckaHust U3Iy4eHUs, TOITydeH-
HBIE B pE3yJbTaTe MOJACIUPOBAHUS U M3MEHSIONIUECS B
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npenenax 0,04-0,21, IeMOHCTPHPYIOT XOPOIIYIO CXOIU-
MOCTb C 9KCHEPUMEHTAIBHBIMU CIIEKTPOMETPUIECCKIMHU
M3MEPEeHUAMH KO3 (UIHEHTA MTPOMYyCKAHUSA BCIICHEHHOM
sxkuarocta 0,07-0,23. Takum 00pa3om, It HHTEPIPETALINT
IKCIIEPUMEHTAIIBHBIX UCCIIEI0BAHN I'a30)KUIKOCTHBIX TIEH
Ha paHHMX dTarax CTapeHUs MOXKET OBITh MCIIOIb30BaHA
TpexmMepHas siuercrasi crpykrypa KenbBuna co cdepuue-
CKOI1 (hOpMOI, Ha MO3HMX ATaNax CTAPEHUs] — CUCTEMa
s4yeek KenpBrHAa MHOTOTpAaHHOW ()OPMBI.

[Tomy4eHHbIE pe3ysbTaThl MOTYT OBITH HCTIOIB30BAHbI
JUISl pa3BUTHSL KOTEPEHTHO-ONTHYECKUX METOJ0B MOpP(O-
(DYHKIIMOHATIBHOM TNarHOCTHKH TOMOOHBIX CHCTEM B pe-
JKMME PEabHOTO BPEMEHH.
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AHHOTALUA

IIpenmer uccienoBanusi. COBpeMeHHbIE aKyCTUKO-DMUCCHOHHbIE JUArHOCTHYECKUE CUCTEMBI U KOMIUIEKCHI SIBIISTIOTCS
YyBCTBHUTEIBHBIM HHCTPYMEHTOM OOHAPYXCHUSI Pa3BUBAIOMIUXCS JC(PEKTOB MPU MOHUTOPUHTE TEXHHUYECKOTO
COCTOSIHUSI 00BEKTOB B YCJIOBHUSIX 3KCIUTyaTAllHOHHBIX HArPy30K Ha paHHUX crafusx. CyleCTBEHHOE OrpaHHUYCHHE
MPUMEHCHHUS METOJa aKyCTUYCCKOU SMUCCHHM — CJIOKHOCTh BBIICJICHUS CHTHAIOB Ha (POHE aKyCTHUYCCKHUX U
3JIEKTPOMArHUTHBIX NTOMeX. BiusHue nmomex mpu perucTpanuy aKkyCTHYECKOH SMHCCHHU CYIECTBEHHO 3aTPYyAHSACT
HMHTEPHPETALHNIO €€ MapaMeTPOB, XapAKTEPHU3YIOIINX TEXHUIECKOE COCTOSHIE 00BeKTa KOHTPOJs. (s mOBBILICHHS
3HAYCHUS BEITUYMHBI CUTHAII/TIOMEXa ¥ JOCTOBEPHOCTH IMOIYUYCHHBIX PE3yIbTATOB KOHTPOJS MPH KOIWYECTBCHHOM
OIIEHKE TapaMeTPOB dSMHCCUH UCIIOIB3YIOT METONBI PHIBTPAlUK. PaccMOTpEHO BIUSHHUE BEJIMYMHBI CHTHAI/TIOMEXa
Ha MOTPEIIHOCTh U3MEPEHUS MapaMeTPOB aKyCTUUYCCKOW IMUCCUH, BHIPAOOTAHHBIX IPH KOMIICHCAIIMH ITOMEX C
MTOMOIIBIO MOJMHOMUAIIBHOTO MeTo/a GpuibTpanun. MeToa. B 0CHOBY cTaTHCTHYCCKOW MOJEIU ONPEICICHUS
BIIMSTHHS BEJIMUMHBI CHUT'HAJI/TIOMEXa Ha TIOrPEITHOCTh H3MEPCHHS ITAPAMETPOB aKyCTUUCCKOI IMUCCHUU MOJIOKEH METOJT
MAIIMHHOTO 00yUeHUsT — JIMHEHHOI perpeccru. 3aBUCUMOCTb TOTPEIITHOCTH U3MEPCHHUS OT BEJIMYMHBI CUTHAJ/TIOMEXa
anMnpoKCUMUPOBAaHA METOOM HAaMMEHBILINX KBAJIPAaTOB M BU3yaJIM3UPOBAHA C IOMOLIBIO cKaTeporpaMMbl. OCHOBHBIE
pe3yabTarbl. BeisBieHno, yto npu npumeHeHnu ¢uiasrpa barrepBopTa BennYMHA OTHOCUTENBHOM MOTPEIIHOCTH
HM3MEPEHUI MapaMeTPOB aKyCTHYECKOH AIMUCCHH HE MPEBBIAET 3 %, 4TO HA MOPSIKH HIKE 3HAYCHHHN, IOTyYEHHBIX IS
¢unsrpa beccens u BeiiBner-uibrpa Ha ocHOBe MaTepuHckol pyHkimuy [lobemmu 8-ro mopsiika. YCTaHOBIICHA BHICOKAS
oOparHasi He cly4aifHas KOppessnuoHHas cBsi3b (7 > 0,9), 00yciIoBICHHAsS CHIKCHUEM 3HAYCHUN OTHOCUTEILHOU
MOrPEIHOCTH U3MEPEHHI MapamMeTpOB IMUCCUU W MOBBIIICHUEM BEJIIMYHMHBI CUTHal/moMexa. Pa3paborannas
CTaTUCTUYECCKASI MOJICITb OMTUCHIBACT BIIMSHUC BEIMYUHBI CUTHAJ/TIOMEXa Ha 3HAYCHUE OTHOCUTEIILHOM MOIPEITHOCTH TPH
OLICHKE TTapaMETPOB aKyCTUUECKOH IMUCCHU. DYHKIIMOHUPOBAHHUE MPEUIOKEHHON MOJICIN MOATBEPIKICHO BEIYUCICHUEM
k03 PUIMEHTA IETEPMUHALIMN U IPOBEPKHU €ro CTaTUCTHYeCcKoi 3HaunMocTu. IpakTnyeckast 3Ha4nMocThb. [TokasaHo,
4yTO mpuMeHeHne GuiabTpa barTepBopTa ANS KOMIIEHCAMK MOMEX CYIIECTBEHHO MOBBIIACT HHPOPMATUBHOCTH
Pe3yNbTaTOB U3MEPEHHI MapaMeTPOB aKyCTHYECKON smMuccHr. PaspaboTaHHas CTaTUCTUYECKAs MOAETHh MOKET OBITh
HCTIOJh30BaHa MPH CO3AHUU HOBBIX WIIM YCOBEPIICHCTBOBAHUU CYIICCTBYIOIINX AHATHOCTHYCCKUAX KOMIUICKCOB U
cucteM 00pabOTKH JAHHBIX JJIS TOBBIIICHHS JJOCTOBEPHOCTH PE3YJIBTATOB aKyCTHYECKOTO KOHTPOJIS.
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Abstract

Modern acoustic emission diagnostic systems and complexes are a sensitive tool for detecting developing defects at
an early stage when monitoring the technical condition of objects under operational loads. A significant limitation of
the application acoustic emission method is the difficulty in isolating signals against the background of acoustic and
electromagnetic interference. The effect of interference during acoustic emission recording significantly complicates
the interpretation of parameters that characterize the technical condition of the test object. To increase the value signal-
to-noise ratio and increase the reliability of the results of acoustic emission testing in the quantitative assessment of
parameters, filtering methods are used. The subject of this study is the study of the effect of signal-to-noise ratio value on
the measurement error acoustic emission parameters formatted during noise compensation using the polynomial filtering
method. The basis of the statistical model characterizing the effect of signal-to-noise ratio value on the measurement
error acoustic emission parameters is based on the machine learning method — linear regression. The dependence of
the measurement error on the signal-to-noise ratio value was approximated by the least-squares method and visualized
using a scattergram. It was found that when using the Butterworth filter, the relative measurement error acoustic
emission parameters do not exceed 3 %, which are orders of magnitude lower than the values obtained for the Bessel
filter and Daubechies mother functions 8 based on wavelet filter. A high inverse non-random correlation was established
(r>0.9), due to a decrease in the values of the relative measurement error emission parameters and an increase in the
signal-to-noise ratio value. The developed statistical model describes the effect of the signal-to-noise ratio value on
the value relative error in estimating the acoustic emission parameters. The adequacy of the developed model was
confirmed by calculating the coefficient of determination and checking its statistical significance. It is shown that the
use of Butterworth filter to compensate for interference significantly increases the information content of the results of
measurements of acoustic emission parameters. The developed statistical model can be used in the development of new
or improvement of existing complexes and systems for processing acoustic emission data to improve the reliability of
the results of acoustic testing.

Keywords

statistical processing, measurement accuracy improvement, acoustic emission, signal-to-noise ratio, non-destructive
testing, noise, Butterworth filter, wavelet filter, Bessel filter

For citation: FedorovA.V., Altay Y., Stepanova K.A., Kuzivanov D.O. The effect of signal-to-noise ratio value on the error in

measuring acoustic emission parameters: statistical assessment. Scientific and Technical Journal of Information Technologies,
Mechanics and Optics, 2022, vol. 22, no. 6, pp. 12051215 (in Russian). doi: 10.17586/2226-1494-2022-22-6-1205-1215

Beenenue n3MepeHunst MHPOPMAIMOHHBIX COCTABIISIONIUX U TIPUBOJIUT

K HCBO3MOXXHOCTH KOppeKTHOﬁ HUHTEpIIpETAlIUN COOBITHIA

B akycTHko-3MHUCCHOHHON AUArHOCTHUKE JJIs YMEHb-
HICHUsI IOIPEITHOCTH U3MEPEHHUI MapaMeTPOB CUTHAJIOB
aKycTHueckoil amuccun (AD) BaxKHON HAayyHO-TEXHUYE-
CKOU 3aj1a4eil sABsCTCS pa3paboTKa MOMEXOYCTONYHBBIX
METOJI0B 00pabOTKH aKyCTO-IMHUCCHOHHOW MH(pOPMAIINH.
AXTyanbHOCTBH 00YCIIOBJIEHA TEM, YTO TOMEX0YCTOHYUBBIC
METO/IbI BO MHOTOM TTO3BOJISIFOT IIPOTHBOCTOSITH MCKAXKal0-
IIUM JEHCTBUSIM TTOMEX, BHI3BAHHBIX BIMSHUEM BHEITHUX
¢axropos. K BHemHNM (hakTOpam mpu MPOBEICHUHN KOH-
Tpoist AD 1 dKCIITyaTani 00bEKTa CIEIyeT OTHECTH I10-
MEXH, BO3HUKAIOIMINE TIPH pa0OTE CUIIOBBIX MEKTPUUECKUX
YCTaHOBOK, HAaBOJISIIIIUE NEKTPHUECCKUE UMITYIIBChI B H3MeE-
PHUTEIBHBIA TPAKT, IPU CBapKe, B X0/Ie MEXaHOOOPaOOTKH
u (pe3epoBaHNU 00BEKTA KOHTPOJIIS,, OT HAIPYIKAFOIIETO
YCTpOMCTBA, PU KaBUTALMU, TPU UCTEUEHUHN KUJIKOCTH U
raza u jip. [1-6].

Cpenu nepeyrciIeHHbIX TOMeX 0ClIabJIeHue AIEKTPH-
YeCKOH TIOMEXU UMITYJIbCHOTO MPOUCXOXKACHHUS — HETPHU-
BHaJIbHAs 3a1a4a [4, 5]. DT0 cBsI3aHO € TeM, YTO MoMexa
MMEeT He TOJIBKO CyMMY JIeTepPMUHHPOBAHHBIX KOMITOHEHT,
HO ¥ BapHabEIbHOCTh B 3HAYCHHUAX AMIUTUTYIbl KaXKIOH
KOMITOHEHTHI. BinsiHre 1aHHOH MOMEXH CHIKAeT TOYHOCTD

AD. Jln1s1 yMEHBIICHUSI UCKAKCHUH U OCITa0JICHUS BIMSIHAS
MOMEXU Ha COCTaBIISIIONUE curHaga AD NpUMEHSIOT pas-
JMYHbIE METO/bI (PUIIBTPAINH, YCTOMYHMBEIE K AEHCTBUSAM
noMex. OnHaKo mpu pa3zpaboTke METOAO0B (QHIBTPAINH
moMex AD BaKHO COXpaHEHHUE (OpMBI HH(POPMAITMOHHOM
COCTABIISIIONICH, HECYIIeH MarHOCTHIECKYI0 HWH(pOopMa-
IIUIO PE3YNBTAaTOB aKyCTHYECKOTO KOHTpOsL. TakuMm 00-
paszoM, cpeail U3BECTHBIX METOJIOB 00paOOTKH CUTHAJIOB
AKTYaJIbHOCTh IPUOOPETACT MOMCK METOIOB (PHIIBTPALIUH,
o0ecrieunBaoIMX MUHUMAJIbHOCTh UCKaKEHUS! (POPMBI
nH(OpPMaIMOHHO# cocTaBIsitoNIeH curHaia AD Ha BBIXOJE
¢$unsTpoB.

0030p MeT010B PUILTPALMHU CUTHAJIOB AD

B pabore [7] ans ymMeHbIICHHUS TOTPEITHOCTH U3MeEpe-
HUS ¥ TOBBIMICHUS 3HAYCHUS BEJIUYMHBI CUTHAI/TIOMEXa
BBIMOJIHCH aHAJIM3 METOI0B 00paboTKK curHaia AD, KOTo-
PBIi MOKa3aJ1, YTO HIMPOKOE MPUMCHEHUE HAIILTH CIIOCOOBI
BEHBIIET-(DUIBTPALINH, SMITUPHUCCKON MOIOBOM JIEKOMIIO-
3UIUH, KJIACTEPHOTO aHAJIN3a U MPOCTPAHCTBEHHO-BpE-
MeHHOU 00paboTku. B xome aHanm3a ocoboe BHUMaHUE
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yIEJeHO TONCKY 0coOeHHOCTelH MeTonoB. Bo-nepBhIx,
MIPOCTBIX U BBICOKOTOYHBIX METOJOB IO MaTeMaTUYECKON
peanmzanuu. Bo-BTOphIX, 0COOCHHOCTSIM CHCTEMBI 00pa-
00TKH, HAITPUMEP OTCYTCTBHIO HEOOXOMMOCTH HCTIONB30-
BaHMUS CXEMBbI (PIIBTPALIMN BBICOKUX MTOPSIIKOB, BIMSIOIINX
Ha (GopmMy curHama, BBIOOpaM MaTeMaTH4yecKoro Oasmca
PAas3JIoKEHHSI CUTHAJIA ¥ CTICIIMAIBHBIX OTIOPHBIX KaHAJIOB,
TpeOyomuX OTACTFHONW (OPMBI CHTHAJIA TIOMEXH TS €€
¢unpTpanun. B pesynbrare aHanmza METOI0B 00pabOTKH
JaHHBIX AD JUIsl BHICOKOTOUHOH (DMIIBTpAIY, MAKCUMAJIb-
HOTO OcTa0IeHHs TOMEX MTPU MUHUMAJIBbHBIX HCKAKEHUAX
(dbopmbel curHanaoB AD, yCTaHOBJICHA IPUMEHUMOCTh Me-
TOJIOB MOJIMHOMHAJTIBHOW (DHIIBTpAIMH, TPEICTABISIONINX
co0oii onTuManbHbIi Kiace GuibTpoB [5]. MuHUMaIbHOE
HCKakeHHe (OpMbI curHasiia AD HE0OXOANMO ISl Jallb-
HelnIel OleHKN WX WH(OPMATHBHBIX MTAPaMETPOB NPHU
OIIPEEIEHNH TEXHMUYECKOTO COCTOSIHNS 00BEKTa KOHTPO-
a5t [8]. Hanname nckakeHUH yBETMUUBAET MOTPEIIHOCTh
OLICHKN MapaMeTpoB AD U, KaK CIEJCTBHE, JOCTOBEPHOCTD
PE3yABTaTOB KOHTPOJIS.

ITpuMeHUMOCTh METOIOB TIOTMHOMHUAIBHON (PrIbTpa-
UK 00yCIOBJICHA BO3MOKHOCTBIO BAPHATUBHOIN HACTPOUKN
XapaKTepUCTHK (UIIbTPAIMU B 3aBUCHUMOCTH OT I1apame-
TPOB CUrHaIOB AD /715l BbIACICHHS HH(POPMALIMOHHBIX CO-
CTaBJISIONINX U3 3aLIYMJIEHHONH CMECH CUTHAJIa ¥ TOMEXU.
[Ipu cunTe3e GUIBTPOB JAHHOTO KJ1acca MPUHSTO MCIIONb-
30BaTh OJUHOM barrepBopra, pexxe noauHOMbI beccens,
UYeorimiesa [9] u, B psize ciayvaes, momunHoM Herotona [10].
OTO CBSA3aHO C TEM, UYTO (PUIBTPHI, AIMPOKCUMHUPOBAH-
HBIE TIOJIMHOMOM baTTepBopTa B Monocax MpoImyCKaHUs
CUTHAJa U TOJABJICHUS TIOMEXH, HE UMEIOT ITyJIbCaIHii,
YaCTOTHAS XapaKTepUCTHUKA U KOAIP(PUIHECHT yCUICHUSA
(bumpTpa HE 3aBUCAT OT TOPSAJIKA (CTETIEHH) MOJIMHOMA U
SIBIISTFOTCSI PABHOMEPHBIMH, MOHOTOHHBIMH U CTa0WIIbHBIMU
IPY CPAaBHEHUH C TIepeurCIIeHHbIME (UiIbTpaMu. Bo Bpemst
00paboTKH cUTrHANIOB (PHIIBTPHI ¢ TOJIMHOMOM barrepBopra
o0ecreunBaloT BEIPaOOTKY HAaUMEHBIIMX 3HAYCHHUH CO0-
CTBEHHOH OIMOKH, 00YCIOBIEHHOHN MX XapaKTepUCTHKA-
Mu. OTMETHM, YTO KOpHHU NOIMHOMOB barrepsopra [5] n
Heiorona [11, 12] ¢ GunomuansHoi cTpykTypoit [10] sB-
JISIFOTCS OOIIETIPUHSTHIM BUJIOM Pa3MEIICHUS B KPYTOBYIO
CTPYKTYpY KOpHEH NepenaTouHoN (QpyHKIUH, YTO JENIAeT
CHUCTeMY (QHWIBTPAINN YCTOWYUBOHW M OoJlee MpeArnouTH-
TEJNBHOM JJIS MPAKTHYECKOTO MPUMEHEHNUS TPH 00padoTke
CHUTHAJIOB.

B pabote [13] ans ynydineHUs TOMEX03alUIIICHHO-
CTH TpakTa PETUCTPAIH CUTHAJIOB AD BIIEpBbIE MpeIo-
JKEHO HCIIO0JIb30BaTh aHAJIOTOBYIO TOIOJIOTHIO (DUIBTPOB
BartepBopTa Ha ONEpallMOHHBIX YCUIUTEISIX. Tornonorus
peanu3oBaHa B BHUJI€ aBTOMATUYECKH MEPEeCTPanBaeMbIX
YeThIPEX JABYX3BCHHBIX aKTUBHBIX (DMIBTPOB HIDKHUX U
BEPXHUX YaCTOT Ha OCHOBE ONEPALMOHHBIX yCHIUTENIEH
[13]. Takas peanuzarys GUIETPOB MO3BOIHIIA YIYYIIHTH
TTOMEXO03AIUIIICHHOCTh CHCTEMBI PETHCTPAIlNN CUT'HAJIOB.
OnHako, B CHITy U3MEHEHHUS apaMeTPOB U CTPYKTYPHI
curHaNOB AD, a TakKe BIUAIONINX TIOMEX B PE3yIbTaTe
aHAJIOrOBOM (pMIBTPAINH, IPOUCXOJUT HEAOCTATOYHOE
LIyMOIIO/JIaBlicHHe. B CBsI3M 9THM periaroTces 3a1a4u ud-
POBBIX METOIOB 00PabOTKK CHUTHAIOB AD I CHUKCHUS
BJIMSIHUS TOMEX Ha BBIXOJIE CPEACTB aHAJIOroBOH (HIIBTpa-
uuu [5]. Hammune He ocnaOlieHHBIX TOMEX CYIIECTBEHHO

CHHDKAET JIOCTOBEPHOCTh M MH(POPMATUBHOCTH aHAIM3a
curHanoB AD. B cBs3u ¢ 3TUM BakHOI 3a1aueil sBiseTcs
MIPUMEHEHNE METOJ10B I (POBOH (ritbTpanuu.

B pabotax [5, 7, 8] BbIsBICHO, UTO peanu3anus nud-
POBBIX (PMIIBTPOB, ANMPOKCHMHUPOBAHHBIX MTOJIMHOMAMH
BarrepBopra mig ¢punpTpanun momex, SBISIETCS MEHee
popabOTaHHOH IS perIeHus 3aaa4u nudpoBoit odpa-
60Tku curHanoB AD. [IpoBeieH cpaBHUTENBHBIN aHAIN3 U
JlaHa oleHka 3QPEKTUBHOCTH METOIOB MU(PPOBOH (HHITh-
TPAaIUH, & UMEHHO MOJMHOMHAIBHBIX (QHIBTPOB BEPXHUX
W HIDKHKX YacToT barrepBopra, beccess i yMeHbIIeHUsI
MOTPEIIHOCTH U3MEPEHNUs mapaMeTpoB AD U MOBBIIICHUS
3HAYEHUS] BEJIMYMHBI CUTHAJI/TIOMEXa. YCTaHOBIICHO, YTO
COYETaHNE METOJIOB CIEKTPAJILHOIO aHaAIN3a U BapuaTHB-
HOHM HaCTPOWKH MapaMeTpoB (GpHIIBTPOB MO3BOJISIIOT MaKCH-
MU3UPOBATh BEJIMYMHY CHTHaj/ioMexa [5, 14] u cHu3nThH
MOTPEIIHOCTh U3MEPEHUS AMIUIUTYIHBIX 1 BPEMEHHBIX
mapameTpoB curaaia [8]. B paborax [8, 14] mokazaHo, 94T0O
Cpei METOJIOB MOJIMHOMHAIBHON (PMIIBTPANH BBICOKYTO
TOYHOCTH 00pabOTKM cuTHama AD MPHU MUHUMATbHBIX
UCKa)XEHUSAX NH(POPMATUBHBIX COCTABIISIOIIUX CHUTHAIA
AKyCTHYECKOM IMHUCCUU CIIOCOOHBI 00€CTeYUTh (UITb-
TPBI, ANMPOKCUMHUPOBAHHbBIE MOJIMHOMOM barrepBopra.
Cpenu ¢punbrpoB barrepBopra BEICOKHE 3HAYECHUS BEJIHU-
YMHBI CUTHAJI/TIOMEXa U HaNMEHbIllee 3HAYCHUE MOrpell-
HOCTH M3MepeHus napametrpoB AD HaOI01a10Ch LIS
MOJIMHOMHUAJIBHOTO (PMIIBTPA BBICOKOM 4acTOTHI. JTO TIO-
3BOJIIJIO 00OCHOBATH BHIOOP JIAHHOTO METO/IA JUTS OLICHKH
B3aUMOCBSI3M NH(POPMALMOHHBIX COCTABIIAIONINX CUTHAJIA
1 TIOMEX TP MHOTOKAHAJIBHOW PErHCTpalui JaHHBIX AD
[5,7].

B ommmame ot [5, 7, 8, 14], B HacTosmieii padore pac-
CMOTpEHA CTaTUCTHUYECKAs OLICHKA BIMSHUS BEIUYNHBI
CHTHAJI/TIOMeXa Ha MOrPEHIHOCTh M3MEPEHHS THarHOCTHYC-
CKHX rapaMeTpoB AD, BbIpaOOTaHHBIX Ha BBIXO/IE METO/IOB
MOJMHOMHUANIbHOU n(poBoi ¢uisrpanun barrepsopra,
KOTOpasi CPaBHUBAETCS C 3aPEKOMCH/IOBABIIMMH CEOs
dunprpamu BeiiBnera [15] u beccens [8]. s mommHO-
MHUAJIBHBIX METOIO0B U(POBOI (GHIBTPALUU TPUMEHEHO
TIOHSITHE «(QHUIIBTP BBIPA0ATHIBACT», COTNIACHO BBEICHHOM
tepmuHONornu B MoHOrpaduu b.P. Jleuna [16] mpu ompe-
JICTICHNU BO3MOXHOCTEH (MIIbTpa Ut 0OpabOTKH CHTHA-
o AD. OTmetnM, 49T0 B pabote [16] moHATHE «PUIBTP
BbIpa0aTeIBaeT» OBIIO MPUMEHEHO B KOHTEKCTE COITIACO-
BaHHOH (DUIBTpAIlMU CUTHAIOB. BMecTO 00IIenpruHATOrO
OTHOIIICHUSI CUT'HAJI/IIYM PUMEHEHO MOHSTHE «CUTHAJ/
TIOMeXay, TaK KaK PacCMaTPHUBAIOTCS PE3YNIbTAaThl BIUSHUSL
MIOMEXH Ha MOTPEIIHOCTh N3MEPEHUs mapaMeTpoB AD.

Llens vicciieoBaHusl COCTOMUT B pa3pabOTKE CTAaTUCTHU-
4EeCKOW MOJIEIM PErpecCUOHHOM 3aBUCUMOCTH BEJTMYUHEI
CUTHAJI/TIOMeXa OT MOTPEIIHOCTH U3MEPEHHS TapaMeTpOB
AD Ha BBIXO/Ie METO/IOB TOJIMHOMHAIBHOHN (QMIIBTpanny.
Mopenb, XapakTepu3yIomas BIMSHUS BEIIUYUHBI CUTHAI/
TIOMEeXa Ha MOTPEeIIHOCTh M3MEpEeHNs apaMeTpoB AD pas-
paboTaHa Ha OCHOBE METO/Ia MAITUHHOTO OOYYCHUST —
TuHEWHOHN perpeccun. Bribop merona mis pa3paboTku
MoJIel 000CHOBAH €ro paboTOCIIOCOOHOCTHIO U BHICOKOM
YYBCTBUTEIBHOCTHIO K aHAIN3UPYEMBIM JaHHBIM [17], a
TaKkKe OTCYTCTBHEM TpeOOBaHUII 1O crenuaibHOMY 00-
YYEHHUIO BBIOOPOK AD JaHHBIX, MOJIYYEHHBIX C 00bEKTa
KOHTPOJISL.
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IlocTanoBka 3aga4u

Paccmotpum, mo ananoruu ¢ padoroit [14], 3agaay
00paboTku curHana AD Buaa:

*(q) = 5(9) + @), (1)
&)= S A;sin (Zn%k " <p,-), )
=1 1

TJie ¢ — OTCYETHI U3MepeHwii; s(q) — curnan AJ; E(q) —
nmoMexa; m — 4YUCJI0O TaApMOHUK ITOMEXH, A[ — aMIlIuTyaa
i-Oli TapMOHYKH [IOMEXH; f; — 4acToTa UICHTU(UIINPOBAH-
Holl momexH [5, 7] B ananasone ot 400 no 1200 k' £ —
yacTora Auckpern3anuu nomexu 4 MI'; k — nopsiikoBbIit
HOMEp OTCUETOB [IOMEXH; (; — HadaibHas (a3za curHama
i-0¥f TapMOHUKH ITOMEXH.

[Tpn o6pabotke curnana AD HEOOXOIMMO PEIIUTH 3a-
Jlady BBIICIICHUsI COCTABIIOMHX () MyTeM QUIbTpaLuu
aHAIN3UPYEMOTO CHTHAJIA X(g), PETHCTPUPYEMOTO B IHC-
KPETHBIE MOMEHTBI BpEMEHHU ¢ = (1, ..., {,;, OT IOMEXH &(q).

JaHHas 3a1a4a pereHa Ipy AOIyLIIeHHH, YTO aMILIH-
TyJla BAMSIONICH moMexu (2) N3BECTHA, YTO SBISETCS THITO-
BbIM JOIMYHMICHUEM NIPU PEHICHUNU aHAJOTUYHBIX 3a1a4 I
NPEJICTABICHUsI PE3YyJIbTaTOB 00pabOTKH.

MarepuaJj 1 MeTOJ HCCJIeJOBAHUS

MarepuaJn uccijegoBanusi. VIcXonHbIM MaTepHaAIOM
HCCTICIOBAHU TIPH pa3pabOTKe MOJEIH PErpeCcCHOHHON 3a-
BHCHMOCTH CITy’>KaT 3Ha4YCHUs OTHOIICHHs CHTHAJI/TIoMexa
1 OTHOCHUTEIIbHOM MOrPEIIHOCTH, U3MEPEHHBIC TIPU peasu-
3anuK aIuTHBHON cMecH (1) copMUpOBaHHOTO CUTHAJIA
AD [8] n nomexu (2) [14] Ha BbIXOzIE METOOB LKU(DPOBOIL
¢unprpanuyu. CormacHo JOMYyLIEHUIO, PACCMOTPECHHOMY
B paszznene «IloctanoBka 3amaumy», Juisl peanus3anuu pas-
JIMYHOTO HAOOpa BXOJHBIX JaHHBIX AD aJyINTHBHAs CMECh
CUTHaJIa COPMHUPOBAHA IIPH 3HAYCHUSIX 3aITYMICHHOCTH:
—10 nb, =5 nb, 0 1B, 5 nb, 10 nb [14].

MeTton uccienoBanusi. CHHTE3 THPPOBBIX QUIBTPOB
¢ OCCKOHEYHOH MMITYIThCHON XapaKTePHCTUKOH, a NMEH-
HO QHUIBTPOB BepxHHUX "acToT barrepBopra u beccens,
OCYIIECTBJIEHA B HOPMUPOBAHHOM AMAIA30HE MPH ITOMO-
1T (PUITBTPOB-aHAIOTOB C HCIOIB30BaHUEM OMIMHEHHOTO
npeoOpazoBanus [5, 14]. Bo uzbexanue BHOCUMOTO HC-
Ka)KaIoILEero BO3ACHCTBUS (pUiIbTpaMy BHICOKUX ITOPSIIKOB
Ha MapaMeTpsl curHana AD U yMEHbIIEHHUsI TPOMO3/IKOCTH
BBIYHCIICHUSI TIepeIaTOYHON (pyHKIMYU (UIABTPOB, OBLIN BbI-

OpaHbl TOJTUHOMBI BTOpOTro nopsiaka (n=12) [5, 7, 8]. dus
paccMarpuBaeMbIX OECKOHEYHBIX UMITYJILCHBIX XapaKTepH-
CTHK (MIIBTPOB BBIOpaHa 4acToTra cpesa chopMUpOBaHHOM
MH(QOPMAIMOHHON cocTaBIIsIIONIeH curHana AD, paBHas
240 xI'y npu yactore auckperusauuu 4 MI'n [8, 14]. Ha
OCHOBAaHWHM JaHHBIX YaCTOT PACCUMTAHA MEPEIATOUHAS
dysxus nmudpoBeix GuIbTpoB barTepBopra u beccens
n = 2. PaccunTanHble nepenaTouHble (PyHKINU HETIPEPHIB-
HBIX (PUITBTPOB BHICOKHX YacTOT M WX OMITMHEWHOE Tpeoo-
paszoBaHMe MPEICTaBIEHBI B Ta0M. 1.

Jnst obecrieueHUs: MUHUMAJIbHBIX MCKAXKCHUH WH-
(hopManmoHHON CoCTaBIIsAIOIIEH 00padaThIBAEMOI0 CHT-
HaJja MCIIOJIb30BaIaCh JByHAINpaBieHHas QUIbTpaius.
OTMeTnM, 4TO B OTIIMYUE OT OIHOHAIIPABICHHOHN (DUIIBTpa-
IIY CUTHAJIA B BUJE «BXOJI-BBIXO», MOJI IByHAITPABICHHOM
¢unprpanueit moHumaeTcsi 00paboTka curHama «B 00e
cropoHs». Ilpn Takoii ¢prisTpanuu curnaissl AD obpa-
0aTBIBAIOTCS B TIPSIMOM, a 3aTeM B 00paTHOM HaIpaBJICHHU-
sx [7]. Bo3Hukaronme HCKakKeHHsI, BHOCUMBIE CHCTEMOM
(unpTpanuu, B3aMMHO KOMIEHCHpYIoTcsl. CTpyKTypHas
cXeMa JABYHAIIPaBICHHON pean3anuy GUIETPOB BEICOKOI
YacTOTHI, @ TAKXKE MX CBEPTKA B YaCTOTHOW 00macTH AJs
00paboTku curHamoB AD mpeacTaBicHsl B padote [14].

BeiiBner-Gunbrpanys curHaia BbITIOJHEHA Ha OCHOBE
MSITKOM 1oporoBoii oopadotku (soft threshold) mpu BeIOOpe
MarepuHCKol BeiBneT-pyHnkuu JJodemm 8-ro mopsiaka
IIaJKOCTU U 8-r0 ypoBHs pasnoxkeHus [15]. lanHble na-
paMeTpsl BeHBIET-QUIBTPALIMN ISl OLCHKH U CPaBHEHUS
PE3yNBTaTUBHOCTH 00pabOTKH BBIOpaHBI U3 paboThI [15].
CrnemyeT OTMETHTH, YTO BeiBieT-QpyHknus Jlobenn BbI-
OpaHHOTO TOPSIKA U YPOBHS PA3JIOKeHHS CUTHANA B [15]
MPUMEHEHBI UCXOSI U3 CIOCOOHOCTH JAHHOTO METOA IS
BBIJICTICHUS MH(POPMATUBHBIX TTApaMeTPOB curHanma AD nipu
HHM3KHX 3HAUYCHUSX BEJIMYMHBI CUTHAJ/TIOMEXa.

CornacHo pexomenaanuu [18], oTHOcuTeNnbHAs TO-
IPEIIHOCTh M3MEPCeHUH (8) OleHEHA IS CICAYIOIHX Ia-
pameTpoB AD: cpeHee KBapaTH4eCcKoe OTKIOHEHHE (Op)),
cpeaHekBaziparuueckoe 3Hauenue curnana (Ucys), ammin-
tyna curnana (U), sueprernueckuii napamerp MARSE
(Measured Area of the Rectified Signal Envelope — u3-
MepeHHas IUIomaas orubaromieii curaana). Berbop me-
PEUYNCICHHBIX apaMeTpoB AD 000CHOBaH TEM, YTO OHU
IPHU KOHTPOJIE TEXHUIECKOTO COCTOSHUS MHCTPYMEHTA
ABIIAIOTCS] YyBCTBUTEIBHBIMHU K BBISIBICHUIO CBA3EH cO
cpoiictBamu uctounnka AD [18]. Cratuctnyeckue mapa-
METPBI XapaKTEPU3YIOT: OTKIOHEHHE OTCUETOB AMILIUTY-
JIbl aHAJIU3UPYEMOTO CUTHAIa OTHOCUTEIBHO CPEIHEro

Tabauya 1. Tlepenartounast pyHKIHS PaCCUUTAHHBIX (QHIBTPOB BEPXHUX YACTOT

Table 1. Transfer function of calculated high-pass filter

Iepenarounsle GpyHKIHU

[Monunom dunsTpa, A(s)

HerpepbIBHAs, W(s)

nuckpertHast, W(z)

Barrepsopra 52
2+ 1,414Q05 + Q2

s2+0,176s + 0,015

0,915z2 1,831z + 0,915
221,824z + 0,832

Beccens 52
2+ 1,732Q0s + Q2

s2+0,216s + 0,015

0,899z2 — 1,798z + 0,899
z2—1,791z + 0,805

IIpumeuanue. s — KOMIUICKCHAs [IEPEMEHHAst HEIPEPBIBHOI nepenaTtouHoi GyHKuun GuibTpa; - — 4yactora cpesa QUiIbTpa; z — KoM-
TUIEKCHAs TIEpeMEHHast TUCKPETHOH epefaTouHol GyHKIuu QUIbTpa.
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3HaueHus (Gy;), MOIIHOCTH MM JEHCTBYIOLIETO 3HAYECHUS
curnana (Ucgz) ¥ MAaKCUMAaJIbHOM aMIUIUTY/BI JIEKTPU-
yeckoro HampspkeHus curnana (U). I[Mapamerp MARSE
XapakTepu3yeT BKJIa] aMIUINTY/Ibl KojeOaHnH 31eKTpuye-
CKOTO HalpspKeHUs B OOIIyI0 SHEepruio curuaiga AD, pac-
CUHMTBIBAEMYIO TT0/] TUTOIIA/IBIO MITH KBaZAPATOM OTHOAIOIIEH
nMmnynbcea. Orubaromas curaana AD — crernuaibHas JTH-
HUSI, 00BEIUHAIONIAs BEPIIUHBI AMIUTUTY/IBI TTOJTOKHTEIb-
HOH MONTyBOJHBI aHANM3UpyeMoro curHana [18]. Pacaer
MIEPEYNCIIEHHBIX aMIUIUTYAHBIX TAPAMETPOB OCYILIECTBICH
IIPU MCTIOJI30BAaHUH BCTPOCHHBIX KOMaH/ MPOTPaMMHOI
cpeast MATLAB. IIpu BeIYHCICHUHM OTHOCHUTEIBHON T1O-
TPELIHOCTH MEePEUNCICHHBIX apaMeTPOB MO UCXOAHON
(dopmoii curHana (3TajJoHOM) IpuHATA (opMa IKCIEPH-
MEHTaJILHO-TECTOBOTO curHaia AD, copMupoBaHHAs B

padore [8]. Cxema 00paOOTKH U BBIYHCIICHUS TAPAMETPOB
rokasaHa Ha puc. 1.

Craructuyueckast MOJIEyb, XapaKTePHU3yIONast BIHSIHUS
BEJIMYMHBI CUTHAJI/TIOMEXa Ha 3HAYCHUE OTHOCHTEIBHOM
MOTPENIHOCTH TPH OLIEHKE mapaMeTpoB AD, paspaboraHa
C ITOMOMIBIO JINHEHHOM perpeccuu. 3aBUCUMOCTh MOTPEII-
HOCTH U3MEPEHUS OT BEJIMYMHBI CUTHAJ/TIOMEXa arIpokK-
CHMHPOBaHA METO/IOM HAMMEHBIIINX KBAJIPATOB M BH3YyaJlH-
3MPOBAaHA NPH MTOMOIIM CKaTePOTrPaMMBbl, H300paxaromiei
pacrpenenaeHue IByX IEPEMEHHBIX MEXAY BEIMYUHAMU
CUTHAJI/TIOMEXa U OTHOCHUTEJIbHOW MOrPELUIHOCTH U3Me-
penus nmapameTpoB AD (mpenukrop). Bei6op BenndauHbI
CUTHaJI/TiomMexa JUIsi PerpecCHOHHOIN 3aBUCUMOCTH 000-
CHOBaHa TEM, 4TO JIaHHbIH KpUTEpHi HanboJee MOIHO Xa-
paKkTepu3yeT yCTOHYMBOCTh CUCTEMBI 00pabOTKH CHUTHAIIA

Pacuer 6y, Uy,

3ananue
cur"ana AD >
s(@) 5(q)

U = max(s(q))

MARSE, U

- /IN— 1Y
oy = mq;(si(q) W u= qu::lsi(q)'
1 L s
Vo= |7 glsiZ(q)_ MARSE = ngls’f(q)-

e L — cpeHee 3HaueHne, [N — YnciIo n3MepeHuit

&9

3anganue curnana &(q)
Jutst GOPMHUPOBAHUS

x(g) =s(q) +&(q)

s(q)

x(q)

Pacuer SNR_mocne 0o6paboTku

Pacuer SNR_no 06paboTku

N N
E,S(q)z Ounsrpanus x(q) E‘l s(g)y?
SNR =101g " < JUIst TIOJTY YeHHsL & SNR =101g| "
3 ((9) ~ 5(9))’ @) @) ) 3. (+(q) — 5(9))’
g=1 g=1

PacyeT morpenHoCcTH MeX/Iy apaMeTpamMi CUTHAIIOB s(q) 1 S(q)

Pacuer 6y, l}cma f], MARSE

N 1 N
MARSE = | —Y.52(q).
ngls (@)

U= max(s(q)).

- 1 X, 1Y, _
Su= [Foi26@-w n=3i0). dou=""3,

Pacuer 8o, $Ucks, Ou, Surse
6y—G
Y100 %
Ucxs — U
SUps = cxs — Uekk 1000,
K3
MARSE — MARSE
R V7T A 0
B U-U 3aBeplieHue
dy= T -100 % 00paboTku

Puc. 1. Cxema 00pabOTKH CHTHAJIa aKyCTHYECKOH SMHICCHI

Fig. 1. Acoustic emission signal processing scheme
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K HUCKa)Karollell moMexe s YMEHbIICHHs MOTPELUTHOCTH
H3MepeHus napaMmerpoB AD.

CBs3b BEJIMYMHBI CUT'HAJI/TIOMEXA U OTHOCHUTEIBLHOM
TIOTPENTHOCTHIO OIIEHEHa C MOMOIIBI0 KoadduIienTa nap-
Hol koppesinuu [Tupcona r. Cuita KOppENsSLUOHHON CBA3U
OIpe/eNeHa Mo OUEHOUHON wKane Yenokka: rg 4 o7 —
YMEpEHHas1 CBA3b, }"0’770,9 — BBICOKas CB3b, r0,970’99 -
BecbMa BBICOKas CBS3b [19]. AIeKBaTHOCTH MOCTPOCHHOMN
PETPECCUOHHOM MonieH orleHeHa KoddduimenToM aerep-
MuHanuu R2. KoppeasiuoHHas CBA3b CUMTANIACH 3HAYUMOI
1 HecIy4aiHoil mpu ypoBHe 3HauuMocTH p < 0,05.

Pe3yabTaThl ucesie1oBaHuii

BrImmomHIM OTIEHKY BIHSTHUS BEIMYHUHBI CUTHAJI/ TIOMEXa
HAa MTOTPEITHOCTh U3MEpeHNs mapameTpoB AD mocie Guib-
TpaIiH 3alIyMJICHHBIX CUTHAIOB I 3HadueHuil: —10 b,
=5 nb, 0 n1b, 5 nb, 10 nb [14]. Ha puc. 2 nns ¢punstpa
BarrepBopra nmoka3aHbl 3aBUCUMOCTH MKy BETHUHHAMUA
CUTHAJI/TIOMEXa 70 U mocie 00padoTku curuaios AD B
BHJIC CKaTePOrPaMMBbI.

W3 npeacraBieHHBIX HA pUC. 2 3aBUCUMOCTEH ciie-
IIyeT, 94TO B CHIIy YMCHBIIICHUS 3HAYCHUS CUTHAJ/TIOMEXa
3aIIyMJICHHOTO CUTHaja Ha —| 1B MOBBITIIAlOTCS 3HAYCHUS
BEIMYHHEI CUTHAI/TIOMEXa mociie 00padoTku. Pesynprar
OILICHKH TTapHOH KOPPEISIIMOHHON B3aWMOCBSI3H MOKAa3all,
YTO MEXITy M3MEPECHUSIMH BEITMYNHBI CUTHAJ/TIOMeXa JT0
mocie 00pabOTKH MPUCYTCTBYET CTATUCTUICCKH 3HATNMAs
BBICOKAst 00paTHast KOPPEIALHOHHAS B3aUMOCBS3b, & UIMCH-
Ho: r=-0,972, R?2 = 0,946 nipu p = 0,005. JlanHOE yTBEPK-
JICHHUE XapaKTePU3yeT YMCHbBIICHHE BIUSHHS COCTABIISIO-
el moMexu Ha curHail AD 3a CUeT MOBBIICHNS BEIMYUHBI
CHTHaJI/TIoMexa Ha BbIXozie (UIbTpa. ITO MO3BOIHUIO BbI-
Oparh 3HAYCHUS CUTHAJ/TIOMEXa JUTS TaTbHEHINCH OIIeHKH,
MTOCTPOCHUS 3aBUCMOCTH U Pa3pabOTKH CTATUCTHYCCKON
MOJICTTH BIUSHUS 00CYK/IaeMOH BEIIMYUHBI Ha TIOTPEII-
HOCTh W3MepeHus mapameTpoB AD. CkareporpaMMBbI pe-
TPECCHOHHBIX 3aBUCUMOCTEH MPECTaBICHBI Ha PHC. 3.

Pe3yipTaThl CTaTHCTUYECKOTO MOJICITUPOBAHS CBHIC-
TEJIBCTBYIOT O TOM, YTO C YBETHUIECHHEM 3HAYCHUH BEITHUH-
HbI CHT'HAJI/TIOMeXa YMEHbBIIAIOTCS 3HAYCHHUSI TOTPELTHO-
CTH H3MepeHHus mapameTpoB AD Ha Beixoae ¢uibTpa [S].
Bennunna norpemHocTt He npeBsimaeT 3 %. Bmecte ¢
TEM MEX]y 3HAUCHHUSME BEJIMUMHBI CUTHAJI/TIOMEXa U OTHO-
CUTEJIBHOM MOTPEITHOCTRIO CYIIECTBYET 0OpaTHas Koppe-
JISIITUOHHAS CBSI3b, XapaKTePU3YIONIast YOBIBAHMUS 3HAUCHUIHA
MOTPEHIHOCTH U3MepeHuil napamerpos AD. 3anuieM cTa-
TUCTHYCCKYIO MOJICIb, XapaKTCPU3YIOIYIO TAaHHYIO CBS3b,
C ITOMOIITHIO YpaBHEHUS JIMHEHHOH perpeccud, ee pyHKIU-
OHAJILHOCTH OLEHUM KOO PHUIMEHTOM JeTepMuHalu R2,
a CHJTY CBSI3W KOPPEJANneii 7 0 3HAYCHUIO 3HAYUMOCTH P
MOJIeITH.

Jliis metona ¢puibTparuu [5], OCHOBAaHHOTO Ha (PHIIBTPE
BarrepBopTa, MoyueHsl ClAeIyIONINe 3HAYCHHUS:

Voo =—3,584-10-5-CII + 2,904, R2 = 0,964, p = 0,002;

You = —4,625:10-5-CIT + 2,244
npu r=-0,871, R2 = 0,759, p = 0,050;

Vscxz = —3,584:10-3-CII + 2,904
npu = 0,981, R2 = 0,964, p = 0,002;

~
(=)

(o))
(==}

W
o

Curnai/nomexa nocie, 1b
N
=)

W
S

-10 0 10
Curnai/momexa_ 10, 1b

Puc. 2. 3aBUCUMOCTH BEJIMYHUH CUTHAJ/TIOMEXA JI0 U TIOCIIe
00paboTKu

® 3MEPEHHbIC JJAHHBIC; —— JINHUS PETPECCHH;
=== JIOBEPUTEIIbHBIA HHTEPBAI

Fig. 2. Signal-to-noise ratio dependence before and after
processing

Curve designations: e measured data; — is the regression line;
--- confidence interval

Vsmarse = —1,5-1073-CIT + 2,902
npu 7 = 0,963, R2 = 0,928, p = 0,008,

e CI1 — 3Hauenune mokasaress CUTHAJI/TIOMeXa.

PesynpTar perpecCHOHHOTO aHalW3a MOATBEPIUIT
BJIMSIHAC BEJIMYUHBI CUTHAJI/TIOMEXa Ha MOTPEIIHOCTD M3~
MepeHnit mapameTpoB AD. PakT JaHHOTO BIUSHUS MOJ-
TBEPIKIACTCSI CTATUCTUYICCKU 3HAYMMOM CUIIbHON 00paTHON
KOppeJIsueil MeX/y BEIHUNHON CUTHAJ/TIOMEXa M OTHO-
CHUTEBHON NOrpenHoCThi0. MunumaibHoe (R2 = 0,759) u
MakcumanbHoe (R? = 0,964) snauenus kod>pduuuenra me-
TepMUHANNY (U1 MeToza [5]) Onmke K eNuHUIIe, KOTopast
XapaKTepU3yeT TOYHOCTh TIOCTPOCHHOMN CTAaTHCTUYECCKON
Mopenu. CTaTHucTHYecKast MOJeTIh CYMTACTCS TOYHOH, KoTa
BeNMMYIMHA K03 (PUITHeHTa TeTepMUHAIIN ONMKE K SIIITHA-
ne [7]. B naHHOM HCCIIeI0BaHUM 3HAUYECHUS 3HAYUMOCTH
npu p = 0,05 unmu p < 0,05 onpenendroT HeCIy4alHOCTh
KOPPEISIIIUOHHBIX cBsized. ClieyeT TakKe OTMETHTh, YTO
napameTpsl AD, U3MEpEeHHbIE PU BBHICOKUX 3HAYEHUAX
BEJIMYMHBI CUTHAJ/TIOMEXa, MOTYT OBITh HEOOXOIUMBbI-
MU JUIS. UCTIOJIB30BAHUS MIPH TPOBEICHUM TPEIUKTHBHOMN
AHAJIUTUKH TEXHUYECKOTO COCTOSIHUS 00BEKTa KOHTPO-
s [20].

Oobcy:xnenue

AMIUIMTYIHBIE TTapaMEeTPhl CUTHAJIOB JEMOHCTPUPY-
0T HAMJTYYIIYI0 KOPPEJISIMOHHYIO CBSI3h CO CBOMCTBAMU
ucTouHuKa AD, HaZeNIeMbIMU OOBEKT KOHTPOJIS, U OTH-
CBIBAIOT HEPreTUYECKOE COJIEPIKAHUE aKyCTHUECKUX SIBJIe-
Huii [18]. OaHaKko HA TOYHOCTb U IOCTOBEPHOCTH OLIEHKH
AMIUTUTYIHBIX apaMeTpoB AD CUIIBHO BIUSIOT MOMEXH,
CHIDKAs BEJIMYMHY CUTHAJ/TIOMEXa M YBEIHYNBAs TIOTPEIIl-
HOCTP OIIGHKH TTapamMeTpoB AD.

PaccmatprBaeMble TaHHBIC HCCIICIOBAHIS JEMOHCTPH-
PYIOT CTaTUCTHYECKU 3HAYMMOE BIIMSHUE BETMYMHBI CUT-
HaJI/IOMeXa Ha OTHOCHTENBHYIO TIOTPEITHOCTD TP OIICHKE
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Puc. 3. Pe3ynbrarsl MOTPENIHOCTH U3MEPEHHS IAPAMETPOB aKyCTHYECKON YMUCCUH B 3aBUCHUMOCTH OT BEJIMYMHBI CUTHAJI/TIOMEXa JUIst
¢dunbrpa barrepsopra [S]: 6y (a); U (b); Ucks (¢); MARSE (d)

® I3MEpEHHBIE JaHHBIE; — JINHUS PETPECCHHU; === JOBEPUTEIbHBII HHTEPBAI

Fig. 3. Error of measurement of the acoustic emission parameters in dependence value signal-to-noise ratio for Butterworth filters
[5]: oy (@); U (b); Ugyes (¢); MARSE (d)

Curve designations: e measured data; — is the regression line; === confidence interval

napameTpoB AD. BennunHa OTHOCUTENBHON NOTPELIHOCTU
n3MepeHuil napamerpos AD He mpesbicuna 3 % Ipu 3Ha-
yeHun curHan/momexa 71 nb. lanublil pe3ynbrar oOHa-
pyXeH Juis (GUIBTPa, anmpoOKCHMHUPOBAHHOTO ITOTMHOMOM
Barrepopra [5]. 1 monTBep K IeHNS BIUSHUS BETNINHBI
CHUT'HAJI/TIOMEXa Ha OTHOCHUTEJILHYIO MOTPELTHOCTh PaccMa-
TpHUBaEMbIE PE3YIbTAThl OBUIN TOBEPTHYTH CPABHEHHIO
C UMEIOIIMMHUCS MeToaamMu GuiibTparuu momex AD. Jlist
cpaBHeHus BbIOpaHbl GuibTpsl beccens [8] u BeiiBnera
[15], craTucTHueckue 3aBUCUMOCTH KOTOPBIX MOKAa3aHbI
B Ta0I. 2.

W3 3aBucumocTel, MpeacTaBIeHHbIX B Ta0l. 2, BUJI-
HO, YTO aHaJoruyHo GuibTpy barrepBopra B cuiy yBe-
JMYEHUS BEJINYMHBI CUTHAJ/TIOMeXa yObIBaeT 3HAUCHUE
OTHOCHTEJIBHOM norpemHocTH. OHaKo, €CIIM CPAaBHUTH
BEJIMYMHY OTHOCHTEIBHOM MOTPEIIHOCTH MEX]ly COOOH,
GbunpTp, aNMPOKCUMHUPOBAHHEIN MoTHHOMOM beccems
(Tabm. 2) Ha BBIXOZE CHCTEMBI 00pabOTKM CHUTHANA, Ha-
JeNsieT MOrpemHocTh 10 82 % npu 25 nb, B TOo Bpems
Kak JUIi MeToza BeiiBieT-(GpuibTpanuy JaHHas BeIHIHHA
cocrasuiio 83 % npu 8 nb. B padore [21, C. 60] nokazano,
YTO BEJTMYMHA OTHOCHUTEJIEHON TIOrPEIIHOCTHU B OMPEIens-

eMBIX MapameTpax curuaiga AD MOXeT ObITh HEeyCTOHYMBA
M HaxXoOguThCs B nuana3one ot 29,22 % mo 82,72 %, coot-
BETCTBCHHO.

[TomyuenHble pe3ysbTaThl OLEHKH B HACTOSIIEH padoTe
MIOKAa3aJIM, YTO BEIWIMHBI OTHOCUTEIBHOM TOTPEIIHOCTH
qutst punneTpoB beccens u BeliBeTa HAXOAATCSI BHYTpHU 00-
CY’KJJaéMOT0 JHana30Ha NOrPeLTHOCTel, COIacHo padoTe
[21, C. 60], Torma kak auist pazpaboTaHHOTO MeTOnA [S5] OHU
coctaBuin He 6omee 3 %.

Bricokoe 3HaueHUE BEIMUMHBI OTHOCUTEIBHOM IIOIpelLl-
HOCTH CBSI3aHO C TE€M, YTO BO BpeMsi 00pabOTKH (HIIBTPEI
Bbeccens [8] u BetiBiera [15] criocoOHBI HE TOJBKO 3a-
JICP)KUBATh IOMEXH, HO U CIJIaXXHBATh, U UCKAKaTh aM-
TUTNTYAHBIE COCTABIISIONINE HKCIIEPUMEHTAILHO-TECTOBOM
(hopMBI cHTHAINA, YTO TaKXKe HAOJIIOAIOCh B PE3yNIbTaTax
uccrnenoBannii [14]. Be#BneT-GuibTp MOMUMO CIIIa)KHBa-
HUS THPOPMAIIMOHHBIX COCTABIIOMUX AD, pa3MBIBacT
hopmy curgaia, 9to OpII0 OOHAPYKEHO B paboTax [22, 23].
3aMeTHM, YTO paHee OTMEYAIOCh MOBBIIICHUE PE3yIIbTa-
THUBHOCTH 00paOOTKH CIIOKHO CTPYKTYPHPOBAHHBIX CUTHA-
JIOB TP UCTIOJIb30BaHUK (GuibTpoB: barrepBopra B padbore
[24], Beccens B [25] u BeliBneT B [26]. Ilpu pazmudHbIX

Hay4HO-TexXHUYeCcKni1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 6
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 6

1211



CraTtucTtumyeckas oueHKa BANSHUS BENINYUHDI CUrHas/nomMexa Ha NorpeLwHOCTb U3MEPEHNS NapamMeTposB...

Tabnuya 2. CpaBHEHHE MOTPEIIHOCTEH U3MEPEHHUS TTAPAMETPOB aKyCTHUECKO SMUCCHU B 3aBUCUMOCTH OT BEJIMYUH CHUTHAJ/TIOMEXa
st puieTpoB beccens [8] u BeliBiet

Table 2. Comparison of measurement errors of acoustic emission parameters depending on the signal/noise values for the Bessel filter
[8] and the wavelet filter
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HabOpax BXOIHBIX JJAaHHBIX N3MEPEHHUH TTOBBIIICHNE PE3YJIb-
TaTUBHOCTH 00paboTKK curHaia juist puiisrpa barrepsopra
TaKKe ObLIIO OOHAPYKEHO B [26].

Mexy 3HaUCHUSIMH BEJIMYUH CUTHAJI/TIOMEXa M OTHO-
CUTENBHBIX TorpenrHocTelt s ¢puibTpoB beccens [§8] u
BeliBiera [15] cymecTByeT oOpaTHAas CBS3b.

[TpuBenem nmoka3zarenu cBA3M U1l METO/A (DPHITBTPALINH,
ocHOoBaHHOTO Ha pusTpe beccemns [14]:

Yo = —0,013-CIT + 81,912
pu =-0,810, R2 = 0,657, p = 0,009;

ysy=-9-104CIT + 79,173
npu r =-0,928, R?2 = 0,862, p = 0,022;

Ysciz =—0,013-CIT + 81,919
npu 7 = —0,818, R2 = 0,669, p = 0,090;

Ysmarse = —0,007-CIT + 81,781
npr 7 = 0,738, R2 = 0,546, p = 0,153,

U 17 BeWiBneT-GmibTparm [ 15]:

V5o = —0,029-CIT + 80,467
npu r =—0,847, R2 = 0,718, p = 0,069;

ys=—0,048-CIT + 82,702
npu r=-0,687, R2 = 0,473, p = 0,199;

Ysckz = —0,029-CII + 80,465
npu » =-0,848, R2= 0,719, p = 0,069;

Vesmarse = —0,037-CIT + 80,343
npu r =-0,867, R2= 0,753, p = 0,056.

B Teopun cratucTryeckoil 00pabOTKU H3MEPEHUI TpH-
HSITO CYUTATh CYIIECTBOBAHHE BHICOKOH CBSI3M MOTyUSHHOMH
3aBUCHMOCTH, €CITH BETMIHHA KO3(D(DHUIIHEHTA KOPPEISIINT
r>0,700.

B nactosimeit pabote 3HadeHus koddduimenta xop-
PeNAIUH IS KaXI0M OCTPOSHHOM 3aBHCUMOCTH COCTa-
BWJIM JIMANIa30HbI: UIss MeTtoga oopadotku [5] r = —0,871
o r=—0,981 mpu p < 0,05; st puisTpa beccens [8]
r=-0,738 no r = —0,928 pu p < 0,05 u p > 0,05; st
Metoaa (unsrparuu [15] r = —-0,687 no r = —0,867 npu
p > 0,05. Beicokast cCTaTUCTHUYECKU 3HAYMMasi B3aUMOC-
BSI3b TOKa3aTeJel CUTHAJ/TIOMEXa U OTHOCHUTEIBHOM T0-
TPEUIHOCTH I MeTos1a [5] 0OBsICHSIETCS MOBBIIIEHUEM
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PE3YIBTaTUBHOCTH 00pabOTKH CUTHAIOB AD 1O TOYHOCTHU
U roMexoycToiuuBocTH [14]. B cBsi3u co ciaboii pe3yiib-
TaTUBHOCTHIO PuiIbTpoB BeitBier [15] u beccens [8] mo
TOYHOCTH W ITOMEXOYCTOWYHBOCTH (Ta0II. 2) 3HAUYCHHS KO-
3¢ PHUIHEHTa KOPPEIALNH, XapaKTePH3YIOIIETO CHITY CBS3U
MTOCTPOCHHOW 3aBUCUMOCTH, HAMHOTO HIDKE, YeM [T Me-
TOJla, OCHOBaHHOTO Ha puisTpe barrepsopra [5].

Koo duuuent nerepmunaiuu R2 perpecCMoOHHOM MO-
JIeNd JUIsl IPEJIOKEHHOT0 MeToia [S] UMeeT 3HauYeHHe
R2> 0,759, 00bsICHAIONIEE CXOAMMOCT TAHHBIX U3MEPEHMI
C JIMHKEH perpeccuu npu cpaBHeHuu ¢ GpubsTpamu beccenst
R2> 0,546 [8] u BeiiBnera R2 > 0,473 [15], nony4eHHbIX
TIPY TIOMOIIY JTMHCHHON MOJICIIH.

[IpoBeneHHBIC MCCICAOBAHUS TIOKA3AIH, YTO CHUXKE-
HUE MOTPEITHOCTH U3MEPCHHUN apaMeTpoB AD criocoOeH
obecreunTh MeTol1 00pabOTKH, OCHOBAHHBIN Ha MCIIOIB30-
BaHUH (pripTpa barTepBopra. 3TO 00YCIOBIEHO BHICOKOM
MTOMEXOYCTOHYNBOCTHIO TAaHHOTO MeToxa oOpabotku [14].
HoBusHa micciemoBanus 3akiIrodaeTes B TOM, YTO IS TT0-
BBIIICHUS JOCTOBEPHOCTH OIIEHKHU mapamMeTpoB AD Ha oc-
HOBE IPUMEHEHUST PUIIBTPOB pa3pabOoTaHa CTaTUCTHIECKAS
MOJICJIb, OITUCHIBAOIIAS BIIMSHUC BEIMIUHBI CUTHAJI/TIOME-
Xa Ha MOTPENIHOCTh U3MepeHuil. PaHee olleHKa JaHHOTO
BJIUSIHUS B CYNICCTBYIOIIMX HAyYHBIX paboTax HE ObLia
JIOCTaTOYHO PACCMOTpPEHA.

JlanpHEeHIIMM MCCICIOBAaHUEM MOXET OBITh CTaTH-
CTHYCCKAsl OLICHKA mapaMmeTpoB AD, XapaKTepU3yIOIIHX
BTOPHUYHBIC JUATHOCTHYCCKIE TIOKazaTean AD U ee 3HaYH-
MOCTH JUTSl HATYPHBIX H3MEPEHUH TIPU peai3auil Iudpo-
Boro ¢uibTpa barrepBopTa.

3akjoueHue

B pabore npencrasineH pe3yinbTaT CTaTHCTHYECKON
OIICHKH BJIMSHUS BEJIMYMHBI CUTHAJ/TIOMEXA Ha TOTpell-
HOCTb U3MEPEHHS [TapaMeTPOB aKyCTHYECKOH SMUCCHU NIPH
mudpoBoii 00padoTke curHanoB (punsTpamu barrepsopra,
Beccemnst u BefiBner. Mexxay BeTMYWHAME CHTHAJ/TTIOMEXa
M OTHOCHUTEJIBHON MOTPEITHOCTH U3MEPEHHsI ITapaMeTPOB
yCTaHOBJIEHA 00paTHasl BHICOKAs CTaTUCTUUECKH 3HAUUMAs
KOppPEJISIIUOHHAS B3aMMOCBS3b. YCTAaHOBJIEHO, YTO MPH
BBICOKHX 3HAUEHUSIX BEJIMYMHBI CUTHAJ/ToMexa (QuibTp
barrepBopTa criocobeH o0ecrednTh OTHOCUTEIBHYIO TI0-
IPEIIHOCTh M3MEPEHUs IMarHOCTHUECKUX MapaMeTpoB
AKyCTHYECKOM dMHUCCUH, HE NMPEeBBINIAONTYI0 3 % Ipu oT-
HOIIEHNH curHai/momexa 71 nb.
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AHHOTANMSA

IIpenmet uccaemnoBanusi. M3mMepenne TeIONPOBOAHOCTH METOJOM CTallMOHAPHOTO TEPMOOTPAXKESHUSI OCHOBAHO HA
s dexre Harpesa KUccIeayeMOro 00pasia Ja3epHbIM H3IyueHHeM. MOIHOCTh OTPaXKEHHOTO OT 00pasia H3IydeHus
OIpeieNsieTcs ¢ MOMOIIBIO JOTOIHUTEIBHOTO 30HAUPYIOIIEro asepa. M3menenue kosdduiuenta orpaxkeHus
HCCIIeTyeMOro MaTepHana Ipu HarpeBe MpOMOPIHOHATBHO H3MEHEHHIO TeMIepaTypsl obpasna. Ilornomennas
MaTepHasoM MOIIHOCTh M3ITy4YEHUs BBICTYNAET B KadyeCTBE O0OBEMHOTO MCTOYHHKA TEIIOTH. BenmumHa
TEIUIONPOBOJHOCTH PACCUYMTAHA B COOTBETCTBHH C 3aKOHOM TeronpoBogHocTn Dypre. [Ipu 3Tom ycranoska
CTaIMOHAPHOTO TEPMOOTPaXKEHNSI TpeOyeT KaTMOPOBKH, TO €CTh IPOBE/ICHHS N3MEPEHHI TEIIONPOBOIHOCTH STATOHHBIX
o6pasnoB. Bernunna xammbpoBouHoro kodddunnenTa, B CBOI0 04epesb, 3aBHCUT OT XapaKTePUCTHUK HCIIOIb3yeMbIX
B yCTaHOBKE J1a3epoB. B pabore mpeuoxena yncienHas MoJiellb Harpesa o0pasiia, Mo3BOJISIONIAs YIUTEIBATh (hopMy
W IMaMeTp My4Ka MaaloIiero U3JydeH s, pacupe/ieseHie MOITHOCTH H3IyYeHHUs 110 TUIOMIAM MydKa, Ko UIneHT
HOIVIOLIEHNSI ¥ OTpakeH st MaTeprana. [Ipeaioxkena MeTo/mKa onpeeeHns Kodp(UIHEHTOB OTPAKSHHUS U MOIIONICHHS
00pasnoB, BKIIOYAIONIAs YKCIIEPUMEHTAIbHbIE H3MEPEHUS U pacueTsl ¢ yuetoM 3ddexra Padbpu—Ilepo. Merton.
HccnenoBanus BBITIOMHEHBI T 00pa3IloB repMaHusl, KpEMHHS, apceHnaa ramms u cutania. O6mydeHne npoBeaeHo
JMOTHBIM OTHOMOJOBBIM Ja3epOM B HEMPEPHIBHOM pexXHMe ¢ JUInHO# BoiaHBI 980 HM. Pacmpenenenne MOMHOCTH
T1a/IAfOIIETO U3ITyYSHUs 110 TUIOMIAAN ITyYKa allPOKCHMHPOBAHO B COOTBETCTBHH C (yHKUHMeH ['aycca B mporpamme
OriginPro. BeimonHeno u3MepeHne MOIIHOCTH M3IYYeHNUs], IPOLIE/IIeT0 Yepe3 00pa3ibl 1 OTPaKCHHOTO OT HHX.
TemnepaTypa 00pa3ioB npu 0OIYUYESHNUH OIpe/eIeHa MPH NOMOIIH TerIoBu3opa. KoadhuuuenTs oTpaxkeHus n
MOMJIOMIEHHUsT 00pa3LoB UCCIeTyeMbIX MaTepHAJIOB MOIYYEHBI 110 PE3yIbTaTaM M3MEPEHUs] MOLIHOCTH M3ITyYeHHUs
C HCIIOJIb30BAHNEM MaTEeMaTHUECKO MOAETH B3aUMOJEHCTBHS MI0CKOoosipu3oBanHoro TE anekrpoMarHuTHOTO
n3nnydeHnsi ¢ Mmarepuanom. CpaBHEHHE PE3yNIbTaTOB pacueTa ¢ U3BECTHBIMU JAHHBIMU 7151 00pa31ioB repMaHMs, KDEMHUS
1 CUTaJIa TIOKA3aJlo X COOTBETCTBHE. [IIst apceHn 1a rajiust OTMEYEHO PACXOXKACHUE PEe3yIbTaToOB pacieTa ¢ JaHHBIMH,
TIOTYYEHHBIMH APYTHMH nccienosarensiMu. C 1enpio u3ydeHus 00pasoB apceHn/1a Tajuins MIpUMEHEeHa MOJIelb,
yuautsiBaromas 3¢ pexr Pabpu-Ilepo, a onTudeckne CBOHCTBA OMPEIENICHbl YHCICHHO, MyTeM ITOMCKa MUHIMYyMa
MOJIyJel ImepeaaToYHbIX (QYHKIHH IMPOIISANIeT0 U OTPaXXeHHOTo n3nydeHuil B nporpamme MATLAB. Moxens
9JIEKTPOMArHUTHOTO HarpeBa MCClielyeMbIX 00pa3loB peanu3oBaHa B mporpamMmmuoil cpere COMSOL Multiphysics.
OcHoBHBIE pe3yJabTaThl. [Ipeuiokena MeTouka onpeieaeHns KodQ HUIIEHTOB OTPAKEHHS U TIOITIOIICHHUS MaTepUaoB,
HCCIIeTyeMbIX METOJIOM CTAIL[MOHAPHOTO TepMOOTpaskeH s1. [IpeicTaBieHHast MOENb MO3BOJISIET YUeCTh (hOpMY, LIUPUHY
My4Ka U PacTpeAeNeHne MOITHOCTH U3ITy4eHHs, a TAKXKE BETUUHHY TTOIIONIEHHON MOITHOCTH U3TyUeHUs AT KaXJ0T0
oOpasna. Pasznnuune pacueTHBIX 3HAYEHUH TeMmeparypsl o0pasia ¢ pe3yabTaTaMH U3MEpeHHH He mpeBbimaeT 9 %.
IIpakTHyeckasi 3HAYUMOCTb. MoeTb MOXKET OBITh MMPUMEHEHA AT U3MEPEHHsI TeIIONPOBOAHOCTH 00BEMHBIX U
TOHKOIUIEHOYHBIX MAaTepPHAJIOB C MaJIOM3yUeHHBIMH CBOHCTBAMU.
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Abstract

The measurement of thermal conductivity by the method of steady-state thermoreflectance is based on the effect of
heating the sample by laser radiation. The power of reflected radiation from the sample is measured using an additional
probe laser. The change in the reflection coefficient of the studied material due to the heating is proportional to the
change of the sample temperature. The radiation power absorbed by the material acts as a volumetric heat source.
The value of thermal conductivity is calculated according to the Fourier’s law of thermal conductivity. A steady-state
thermoreflectance setup requires calibration, i.e., thermal conductivity measurement of reference samples. The value
of the calibration coefficient, in turn, depends on the characteristics of the lasers used in the setup. In this work, a
numerical model of sample heating is proposed which allows considering the shape and diameter of the incident radiation
beam, the distribution of radiation power over the beam area, and the absorption and reflection coefficients of the
material. A methodology for samples reflection and absorption coefficients determination, including measurements and
calculations considering the Fabry-Perot effect, is proposed. The study was performed for the samples of germanium,
silicon, gallium arsenide, and sitall. The irradiation was performed with a continuous wave single-mode diode laser
with a wavelength of 980 nm. The incident radiation power distribution over the beam area was approximated according
to the Gaussian function in the OriginPro software. The radiation power that passed through the samples and reflected
from them was measured. The temperature of the samples during irradiation was measured with a thermal imager. The
reflection and absorption coefficients of the samples were determined from the results of radiation power measurements
using a mathematical model of the interaction of plane-polarized TE electromagnetic radiation with the material.
Comparison of the calculation results with the literature data for germanium, silicon, and sitall samples showed their
correspondence. For gallium arsenide there was a discrepancy between the calculation results and the literature data.
For gallium arsenide samples, a model considering the Fabry-Perot effect was used, and the optical properties were
determined numerically by searching for the minimum modules of the transfer functions of the transmitted and reflected
radiation in the Matlab program. The model of electromagnetic heating of the investigated samples was implemented
in the COMSOL Multiphysics software. A method for the determination of the reflection and absorption coefficients
of materials investigated by the steady-state thermorflectance is proposed. The proposed model allows considering
beam shape, width and distribution of the radiation power as well as the value of the absorbed radiation power for each
sample. The difference between the calculated values of the sample temperature and the measurement results does
not exceed 9 %. The model can be applied to measure the thermal conductivity of bulk and thin-film materials with
unknown properties.

Keywords
steady-state thermoreflectance, thermal conductivity coefficient, optical methods for thermal conductivity measurement,
electromagnetic heating modelling
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MogpenvposaHue npoLecca CTauyoHapHOro TePMOOTPAXEHNSA A1 U3MEPEHNSA TEMIONPOBOAHOCTN MaTeEPUanos

BBenenue

W3MepenHne TermIonpoBOJHOCTH MaTepHAIOB ONTHYC-
CKHMH METOJaMH UMeEeT A MPEUMYIIECTB, TAKHX KaK
OTCYTCTBHE KOHTAKTOB M KOHTAaKTHOTO COIPOTHBIICHHS,
BBICOKAsi CKOPOCTh, BO3MOKHOCTBH MPOBOJIUTH U3MeEpe-
HUE HECKOJIBKHX 00pa3loB OJHOBPEMEHHO, MUHUMHU3a-
1S BEPOSITHOCTH MOBPEXACHUs oOpasia. Hanuuue Beex
9THX MPEUMYIIECTB JIeNaeT ONTHIECKNE METO/bI Hanbo-
JIee MOAXOMSIINMHU AJIsi U3MEPEHUs TEIIONPOBOAHOCTH
TOHKHUX INICHOK — OOBEKTOB ¢ TOJMIHHON OT 10 HM 10
2,5 MKM, H TOJICTBIX TJICHOK — OOBEKTOB C TOJIIUHON OT
2 1o 100 mxwm [1]. M3Mepenue TemnonpoBOAHOCTH TOHKUX
IUICHOK — OPHUTHHAIBHAS 3a/a4a, U PeIIeHUs] KOTOPOH
HEBO3MOJKHO HICIIONIB30BATh KIIACCHYECKUE METOIBI M3Me-
peHunii, pazpaboTaHHbIe AT 00BEMHBIX 00pa3moB. s
MTOJJOOHBIX M3MEPEHUH B TIOCIEIHEE BPEMs YacTO MPHMe-
HAIOTCS HECTAIlMOHAPHBIE ONTHYECKHE METOMBI: METOJ
JIa3epHOM BCTBIMIKH [2], TEPMOOTPAKEHHE B YaCTOTHOU
[3] u BpemeHnHoI [4] obnacTsx. OQHAKO JaHHBIC METOIbI
HE TO3BOJISIOT HEMOCPEICTBEHHO MOIYYUTh BEJIUYUHY Te-
rtonpoBoaHocTH. Kak mpaBuito, B pe3ysbsrare n3MepeHunit
BO3MOXKHO TOJYYUTh 3aBUCHMOCTH TEMIEpaTyphl Teja
OT BPEMEHHN BO3/IEHCTBUA. 3Has JaHHYIO 3aBUCUMOCTb,
MOYKHO pacCUMTaTh BEIHMYHHY TEMIICPATypOIPOBOTHOCTH
U J1ajee, Mociie MPOBEICHIS JOTIOTHUTEIFHBIX N3MEPCHUN
TEIUIOEMKOCTH ¥ TUIOTHOCTH MaTepuaia, — Kod(duirmert
TerIonpoBogHOCTH. OOpaboTKa Pe3ynbTaTOB U3MEPEHUS
TaKXKe CBSA3aHa C HEOOXOIMMOCTHIO TOYHOTO OTPEICICHHUS
(azoBoro capura curuaiga. Bece 9T0 BHOCHT TpyAHOCTH B
00paboOTKy pe3y/IbTaToOB, YBEJIUUHUBACT BPEMs UCCIICIO0-
BaHMsI, TIPUBOJAMUT K TEXHOJOIMYECKON CIOKHOCTH YyCTa-
HOBOK U TOBBIIICHUIO HEOMPEAEICHHOCTH PE3ylbTaToOB
HU3MepeHuil.

Meton cranmonapHoro tepmoorpaxenus (CTO)
(steady-state thermoreflectance [5]) — omTnueckuii Me-
TOJ U3MEPEHUS TEIUIOTPOBOAHOCTH, KOTOPBIH, IIPH ITOM,
otHOCHTCS K ctannoHapHeIM. CTO obnagaeT rraBHBIM
MIPEUMYIIIECTBOM CTAIlMOHAPHBIX METOAOB — IO3BOJISET
HETIOCPEICTBEHHO OMPEISIUTh BETUINHY TETUIOPOBOIHO-
cTH, 00pabaThIBasi Pe3ynbTaThl IKCIIEPUMEHTA MIPU TTIOMO-
1 3akoHa Dypre [6]. 3a cUeT TOro, 4TO METOJ SBISIETCS
OIITHYECKHUM, Y/IAeTCsl HUBEJIMPOBATH HEJOCTATKH, XapaK-
TEpHbIE ISl KIIACCUUECKMX HEONTUYECKUX CTA[OHAPHBIX
METO/IOB: JJIUTEIbHOE BpeMs MPOBEACHUS U3MEPEHUI;
HCIIOJIb30BaHNE KOHTAKTOB; BHICOKYIO YYBCTBHTEILHOCTh
K TIOTEpsIM Ha KOHBEKIHIO U JTy4uCThIi Terutooomen. CTO
TIOIXOANT KaK JUISl N3MEPEHUsI 00bEMHBIX MaTepHaJIOB, TaK
Y JI7IS TOJICTBIX ¥ TOHKHX ITJICHOK.

[Ipu CTO HarpeB OCyIIECTBISACTCA JTa3epOM, MOIY-
JUPOBAHHBIM MPSMOYTOIBHBIM CUTHAJIOM, YTO ITO3BOJISI-
€T TOCTHUYh CTAIHOHAPHOTO PEKUMa 3a BPEMsI MOPSIIKa
JECATKOB MHUKpocekyHa. [Ipu n3mepenun obpasimsl, Kak
MIPaBUJIO, MTOKPHIBAIOTCSA TOHKON METaJNINYECKON IIIeH-
KO C M3BECTHBIM KOA(PPHUIUEHTOM OTPaXKEHHs, KOTOPbIN
U3MEHsIeTCA MPU Harpee. DTO U3MEHEHHUE OTCIICKHUBACT-
csl ckanupyromuM uctounukom. Merog CTO npennosken
CPaBHHTEJILHO HEJIABHO U YK€ UCIIOIb30BaH JIIsl UCCIIEI0-
BaHMS TEIUIONPOBOIHOCTH 00pa3IOB JHOKCHAA KPEMHUS,
OKCH/JIa AIIOMHUHUSI, 00pa3oB aMasa M KBaplia, 1 MoKasal
BBICOKYIO TOUHOCTb u3Mepenuii [5]. CTO no3BomsieT u3me-

PSATB Kak MPOJI0IBbHYIO, TAK U MONEPEUHYIO COCTABIAIOIINE
TEIUIONPOBOTHOCTH.

OtHocurenbHOE n3MeHenue orpaxenust AR/R npu CTO
MPONOPIIMOHAIEHO OTHOCUTEIEHOMY M3MEHEHHIO Harpsi-
xkeHus AV/V, uamepseMoMy TEeTEeKTOPOM MOITHOCTH U3-
Jy4YeHUs 30HIUPYIOMIEro na3epa. Bemmunna AV/V, B cBOIO
odepenb, IPOMOPIHNOHATIbHA A0COIIOTHOMY U3MEHEHHIO
temneparypsl AT nccnemxyeMoro odpasma, Tak uto AV/V =
= Bro’AT, tae Brg — KOIPPUIHEHT TEPMOOTPAKEHHS
Marepuaga METaJUIMYeCKOT0 MOKPHITUS TU00 obOpasiia.
[IpuHuMmast 3Ha4eHue Pro HOCTOSHHBIM, MOKHO pacCdu-
tath AT. [Ipu nomomu odpasia ¢ U3BECTHOM TEILIONPO-
BOJTHOCTBIO, 3HAasi MOIIHOCTh MOMIONIEHHOTO U3ITy4eHHs,
BO3MOJKHO IpOBejieHNe KainopoBku ycranoBku CTO —
omnpezesieHne kanuOpoBodyHoro koadpdunuenta. [locie
MIPOBEACHUS KAINOPOBKH BO3MOYKHO H3MEPHUTH TEIUIONPO-
BOZHOCTB JIpyTrHX 00pa3IoB.

Jns mposenenust kanuOpoBku yctanoBku CTO mene-
c000pa3HO MPUMEHSTH YHCICHHOE MozienupoBanue. Llennb
JTAaHHOI pabOTHI — CO3JaHNe U BepU(UKAIUS YUCICHHON
MOJIENTH HarpeBa Pa3iInuHbIX 00pa3oB MATEPUAIIOB 32 CUET
MOTJIOIIEHUS 3JIEKTpoMarHuTHoOro m3nydenus npu CTO,
MO3BOJIAIONIEH MPOBOANUTH OLIEHKY IOJIA TeMIepaTypsl B
oOpasue. Mozesb yUYUTHIBAET ONTHYECKUE CBOWMCTBA UC-
clleyeMbIX 00pa3loB M Xapakrep u3irydeHus (hopmy u
Juamerp ryuka). Bepudukanus Mmojeny BkirodaeT B ce0st
M3MEpPEeHUE TeMIIEPATyPHOTO 110151 B 00pa3iax Mpy MOMOIIH
TEIUIOBU30Pa U CPABHEHUE PE3YIIBTATOB MOAEIUPOBAHUS C
9KCTIEPUMEHTOM.

MeTox ucciienoBaHus

B skcnepuMeHTaNbHOM 4acTy MPOBEICHBI N3MEPEHUSI
JuaMeTpa Mmydka najaromero usiaydenus. OnpejpeneHa
(yHKIHMS 3aBUCHMOCTH MOIIHOCTH M3JIy4EHHS OT TOIe-
PEUHO KOOPIUHATHI. BEITOIHEHB! M3MEPEHHST MOIITHOCTH
MAJArOIIeT0, MPOMIEANIETO H OTPAXKEHHOTO OT 00pa3IoB
W3ITYYCHUH, a TaKXKe TeMITepaTypsl 00pasoB ¢ UCIIONB30-
BaHMEM TETUIOBH30DA.

O06paboTKa pe3yasTaToOB SKCIEPUMEHTa U MOACTHPOBa-
HUE BKIIFOYAJH B Ce0s: allPOKCUMAIINIO SKCIIEPIMEHTAITb-
HOM 3aBUCUMOCTH MOIIHOCTH M3ITy4YEHHs OT MONEpPEeUHON
KOOpJIMHATHI NIpH oMoty GpyHkuuu [aycca; pacuer crau-
JIAPTHBIX OTKJIIOHEHHH; pacyeT Ko3(h(HUIMEHTa OTPasKEHUS
U TIOIVIOIICHUS UCCIICNYEMbIX 00Pa3IoB MPH TOMOIIHU 00-
PabOTKH JJAaHHBIX O MOIIHOCTH I13/IAI0IIET0, TIPOLIEAIIEro
1 OTPAKCHHOTO M3JIyYCHHS; YNCIICHHOE MOJCIMPOBAHHUE
Ipolecca MNEKTPOMArHNTHOTO HarpeBa MCCIETyeMBbIX 00-
pasIoB.

Hcceaenyemble o0pa3ubl. VccnenoBanue BBIIOIHEHO
Ha YeThIpeX o0pa3iax: MOHOKPUCTAIITNICCKII repma-
nuii (Ge)!, Boipamennsiii MmeTogoM Yoxpanbckoro (Ha-
npapjieHue pocTa B1ojib ocu C;); MOHOKPHCTAIUIMYECKUI
kpemuui (Si)2; MOHOKPHUCTAIIMYECKHUI apCEeHK]T TallIust

I [Dnexrponnsiii pecype]. Pesxxum pocrymna: https://www.
tydexoptics.com/ru/materials/for_transmission_optics/
germanium/ (nara obpamenus: 28.09.2022).

2 [Dnekrponnslii pecype]. Pesxum mocryna: https:/www.
tydexoptics.com/ru/materials/for_transmission_optics/silicon/
(mara obpamenus: 28.09.2022).
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(GaAs)!, BepaieHnbIi MeTogoM YoXpanbeKoro (Harmpas- e DKCIIEPHMEHT Hodel Gauss
nenue pocra Boib ocu Cs) u curamt CT-50-12. Tpu o- 30 [ ~(max(@Pu(xyd)/el 2 naen V;ﬁ,:(_‘é”-gif;?m?}’
Mot Mukpomerpa (Micron 414780, kinace Tounoctu — 1, ———AMMpOKCHMATIHA

rorpenrHocTh 0,5 MKM) MPOBEICHBI H3MEPEHNUST TOJIIMHBI
[, n nuamerpa d; 00pasuoB. [eomeTpuueckue napamerpsl
00pa3IoB mpencTaBIeHB! B Ta0M. 1.

XapakTepucTuku u3aydenusi. OOpasisl TponuTn
o0irydeHne HEMPEePhIBHBIM JIa3€PHBIM U3Iy4YCHNUEM (THII
Jlazepa — JIMOHbBIN, OJJTHOMOJIOBBIM, MaKCUMaJIbHAsl MOIII-
HOCTh 2 BT) Ha mymne Bonubl 980 HM. M3Mepenne 3Haue- S I Y "2 R O O O e e e R
HUSI MOLITHOCTH W3JIy4€HUs] B 3aBUCHMOCTH OT IONeped-
HOW KOOpPAMHATHI TIPOBEACHO TPU MOMOIIM METO/Ia HOXKa
®yxko3. B pesynbrare MoJIy4eHbl 3aBUCUMOCTH IIOCIIE: | | | | |
T pepeHIIIPOBAHSI 10 X-KOOpAUHATE (TOYKH Ha puc. 1) -2,0 -1,0 0,0 1,0 2,0
U anmpoOKCUMAIIUH TIPU HOMOIIN (YHKIMH HOPMAJIBLHOTO X-KOOpAMHATE, MM
pactipenenieHus (CIUTOHas JIUHUS Ha puc. 1). 3HaueHHe Puc. 1. Ampokcumanst yHKIHH NPOH3BOHOMN Maaromeit
CTaHAapTHOI'O OTKJIOHCHUA G paCCUUTAHO B IIPOTPaMMe MOIL[HOCTH M3JTy4€HHUS 10 MOIEPEYHOI KOOPANHATE TIPU
OriginPro. I[Ipon3BoaHas MOITHOCTH U3Ty4eHUs P 110 mo- HOMOLIK (PYHKLME HOPMAJILHOTO PAacIpe/e/CHuUsI
TePEIHOH KOOP/IMHATE MMEET BUJL: Fig. 1. Approximation of the incident radiation power derivative

dP,(x) with respect to the transverse coord}nate using a normal
— = (P (0, \N/2))e 2005, distribution function
X

Y0 0.00441 1 0.63485
xc 0.00905 + 0.01407

- 127116 £ 0.04417
o w

A 49.2852 +2.28017
Reduced Chi- 1.04443
R-Square (CO 0.99357
Adj. R-Square 0.99182

dPi(x)/dx, MBT/MM

rae P;, — WHTerpajbHas BEJIMYMHA MOIIHOCTH; X — TIO- a
nepedHas KOOpJUHATa; Wy — YABOEHHOE CTaHAAapTHOE
OTKJIOHCHHE.
dPin(x)
MaxkcumanbHoe 3HaueHue GpyHKuuu ———Pp,,. co-
dx
crasuio 30,9 MB1/MM, 3Hauenne P, — 49,3 + 2,3 MBT,

(O
3Ha4YE€HUE CTAHIAPTHOTO OTKIOHEHUA ¢ = — = 0,64 MM.
2

[IupuHa mydka pacCuMTaHa KaK PacCTOSTHUE MEXKIY
TOYKaMH (ITyHKTHUpHas JIMHKS HA pHC. 1), COOTBETCTBYIO-
LMY 3HAUYEHHUIO MOIITHOCTH, PABHOI:

de(x))

B
fx —4p 0

e MM

max (

Takum oOpaszoM, mMuUpHHA ITyYKa COCTaBHiIa 2,5 MM.

H3mepeHne MOIIHOCTH NMA/A0IIEr0, MPOIIeAIIero
yepe3 o0pa3en U 0TPA’KeHHOT0 OT 00pa3La U3JIyYeHHs.
W3mepenus BeimonHeHs! potogeTekropoM (VLP-2000,
nipezen mmMepernit 2 Bt, morpenrHocTs m3mepernii 0,06 Bt
(3 %)). Ha puc. 2, a n3obpakeHa cxema KCIIEpUMEHTA I10
U3MEPEHHIO MOIIIHOCTH MPOIIE/IIEro uepe3 o0paszert u3iy-
YeHHs IPU HOPMAJIbHOM MaJIeHUH U3Ty4YeHUs Ha 00pasell.
Ha puc. 2, b nokazaHa cxema U3MEpeHUst MOIIHOCTH OTpa-
YKEHHOTO OT 00paslia M3JIyueHHs TpH NaJICHUU My4YKa Ha
oOpaser oz yriioM o = 45°. Yroi majeHus peryaupoBajcs
TIPY OMOIIM MEXaHHMYECKOTO POTaTopa MPOU3BOJICTBA KOM- p

Puc. 2. Cxema sxcriepuMenTa. 3MepeHne MOIHOCTH
MIPOMIEANIETO U3IIyYeHHsT HOPMAJIBHO K INIOCKOCTH o0Opasma ()

I [Dnextponnsiii pecypc]. Pexum goctyna: https://www. 1 OTPAXEHHOTO M3ITyUYEeHUsI O yriIoM o = 45° (b).
tydexoptics.com/ru/materials/for transmission_optics/gaas/ (nara B — yroi npenomieHns; / — HCTOYHHK H3TydeHns; 2 — obpasers;
obpamenus: 28.09.2022). 3 — JIeTeKTop, U3MEPSIOLIHIl MOIHOCTD M3JIyYCHHUSI

2 [DnexTponnblii pecype]. Pexxum moctyna: http://speckip.
ru/product/podlozhka_sitallovaya_st 50 1 1 _0_6.html (nara Fig. 2. The scheme of the experiment. Measurement of the
obpamenus: 28.09.2022). transmitted radiation power normal to the sample plane (a);

measurement of the reflected radiation power at an incident

3 [DnekTpounslii pecypc]. Pexum gocrtyna: https://
angle o = 45° ().

cyberleninka.ru/article/n/sovremennyy-kolichestvennyy-tenevoy-

metod-s-primeneniem-sredstv-kompyuternyh-tehnologiy/viewer B — refraction angle, / — radiation source, 2 — sample,
(mara obpamenus: 28.09.2022). 3 — detector measuring radiation power
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MogpenvposaHue npoLecca CTauyoHapHOro TePMOOTPAXEHNSA A1 U3MEPEHNSA TEMIONPOBOAHOCTN MaTeEPUanos

Tabnuya 1. Teometprdeckue mapameTpbl 00pasioB. Pe3yapTarsl H3MEPEHHUs MOLIHOCTH MaIakoIIero, MPOIICSIIIETO U OTPAKEHHOTO
U3ITyYeHHS

Table 1. Geometric parameters of the samples. The results of the measurement of incident, transmitted, and reflected radiation power

Marepuan
ITapamerp

Ge Si Curamn CT-50-1 GaAs

Jlnametp obpasna dy, MM 17,0 15,5 55,0 25,4
TonuuHa obpasua iy, MM 0,90 0,40 0,53 1,95
najaomero Py, 54 250 250 665

MorHocTs u3inydenus, MBT npomeanero Py, 0,01 1,60 8,40 237
OTpa’keHHOTO P, q 18,8 81,0 26,4 274,0

nanun Standa LLC. Pe3ynbsrars! n3mepeHuii npe/cTaBieHbl
B Tabm. 1.

O0padoTka pe3yaIbTaTOB H3MepeHHs
U pacyeT KOI()(PUIHMEHTOB OTPAKeHHSs
U MOIJIOLeHHs HcCIeayeMbIX 00pa31oB

Bocnonbs3yeMcs MmaTemMaTHuecKo MOJIEbIO JUIsl B3a-
UMOJACHUCTBUS 3JIEKTPOMArHUTHOTrO u3nyueHus ¢ TE-
noJisipu3alment ¢ MarepuasioM [7]. 3Hast MOLTHOCTH Majiato-
miero Py, npomennero P ¥ OTpakeHHOro P, q N3Iy4eHHI
BBITIOTHUM pacueT Kod(PPHUINEHTOB NporrycKanus I 1 OT-
paxenus R:

T Py )
Pin’
refl

R= P )

Paccuntaem aMIUIMTYyAHBINH KO3(QOHUINEHT OTPaXKEHUS
p Ha TPaHUIIE pa3zieia «BO3IyX—00pa3emy:

p=1R. 3)

Hcnonb3ys 3akon Openers:

cosa — 1,cos 3

“4)

p= )
cosa + n,cos

U BBIPOKEHHE JUISl yIVIA MPEJIOMIICHHUS, TTOJIyYEHHOTO U3
3akoHa CHemnyca

ina )’ 5)

MOYKHO BBIPA3UTh MMOKA3aTeN b MPEIOMIICHUS B Marepuae
ng gepes p

ng=T, (6)

IJe O U 3 — yIJIbl HAJICHUS. U TPEIOMIICHUS M3ITyUCHUS;
MOKa3areb MPEIOMIICHISI BO3/IyXa paBeH 1.
Paccunraem ko3 pUIUEHT IKCTUHKIMY & 110 opmy:e:

1 _ns In|H 7
“[(nsﬂ)Z] Pl @

rae |Hy| = \T — nepenarounas GyHKIHs; O — yrioBas
9acToTa; ¢ — CKOPOCTb CBETA.

A
A

Koadpduuuent nornomenus o
4rk,
oy = ,
Yo

®)

rJe A — JUTHA BOJIHBI.

Pacyer onTu4eckux cBOWCTB 00pa3Lo0OB € y4eTOM
3dppexra @adpu—Ilepo. s obpasna GaAs 3HaueHHE
ToKasareysl MPeJOMIICHHS, pacCUUTaHHOEe 1o (hopmyie
(6) cocraBmno 4,2, B TO BpeMs Kak B pabdore [8] — 3,52
(Tabm. 2). Pa3zaura 3naueHUil MOXeT ObITh OOBSICHEHA TT0-
BTOPHBIM OTPaXCHHEM M3JIyUCHHUs Ha TPaHUIIE pa3jiena
cpen «obpaszen—Bo3/1yx», 00yCIOBICHHBIM HU3KUM KOA(-
(burmeHToM TIOTVIONIEHNEM apceHnaa rayums. J{ist momyde-
HUs OoJIee TOUHOTO pe3ysIbTaTa He0OXOANMO HCIIONb30BATh
mozenb ¢ yderoM 3ddexra Dadpu—Ilepo [7], onuckiBato-
IIyI0 OTPayKEHHE M MPOITyCKaHNe Ha IPAHHMIIE pa3Jielia Cpes
«o0pazer—Bo3ayx». B 3TOM ciydae TakKe HCIONIB3YIOTCS
dopmyust (1), (2) u (4)—~(6), npu ycnosuw, aro popmyna (3)
3aMeHsieTcs 0oJee CIIOKHON MOJICITBIO.

ITycTh T — KOMITICKCHBIH aMITTATYTHBIH KO(PQUITHESHT
MPOIMyCKaHWsI HA TPaHMIIE pas3zieia «BO3ayXx—o0Opaszer,
T' U p’ — KOMIUIEKCHBIC aMIUTUTYAHbBIE KOA()PHUITHEHTHI
MPOIYyCKaHNs M OTPAXKEHUS Ha TPAaHUIIEC pasjena «odpa-
3€L—BO3AYX». DTH KOIPPHUILHEHTE MOXHO BBIPa3UTh 4e-
pe3 KOMIUIEKCHBIN MOKa3areib MPEeIoOMIICHHsT MaTepralia
o0pasia 7, U yrisl o B:

,= n,cosP — cosa
A b
n,cosP + cosa

2coso

= ~ 5
cosa + n,cosp
o 2n,cosf
A 5
n,cosf + cosa

ng=n,—jk,.

Beipaskenue Jiist MOJTYIIs [iepeaTouHoi (yHKINUH Po-
IIeIIero u3mydenus |H | Oynet uMeTsb BUL:

|Ho| = Bd_ NT =

|Ein|
4n, ©)
R

>

ol —
{T(ks +j[ns - 1])}FP

rae |Ey| 1 |E;,| — MOIyan aMIITUTY/IbI HAIPSKEHHOCTH JJIEK-
TPHUYECKOTO OIS TTPOILE/IIIETO ¥ MaJalolIero n3IyYeHNH.
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Dpdexr Dadpu—Ilepo:

— R (Dlﬁ -1
FP=1{1-p2exp|-2jn,—|; (10)
c
rae lg = [/cosp — paccrosiHue, IPOHJCHHOE BOIHON B
oOpas3tre.
oncrapmnss (10) B (9) momyunm:

———exp
n

ol
———(k;+jln; — 1])}
c

1 - p”exp

Lo/
_2jns B]
C

Monynb nepenatouHoN GyHKIMH OTPAKEHHOTO H3ITy-
4yeHust |H | MOXKET OBITH MPEICTABICH B BUJIE OTHOILICHUS
MOIYJIA aMIITATYABI HAIPAKCHHOCTH DJICKTPUYCCKOTO ITOJIA

OTPa’KEHHOTO M3Ty4eHUs |E.q| K |Em|:

|E’\'rcﬂ‘
|E

|1:IR|: =VR.

in‘

ITpu sToM BeIpaxkeHue 1y |E,.q| OyneT UMeTh BUA:

|Erenll = |PIEin| + TT'p'exp)

n (Dlﬁ ~ A
C

Paznmenum neByro W mpaByro 9acTh ypaBHeHus (11) Ha
‘Ein‘:

tt'p'exp

L0l = 4
— 24, 22| FPIE,|
c

Bl |plE:

,\ . in| + _
IE o |E,

m|

(12)

in‘

VYnpomast n noncrasisist B (12) Beipakenne (10), mo-
TYYUM:

o [ . (DZB]
TTp'exp |- 2jn,—
c

|Hg|= |p+
1 —p”exp

o]l
—ZjﬁS—B]
C

Pacuer 3nauenuit Ko>(pOUIMEHTOB 7 U Kk TIPOBEJIEH TTy-
TeM ontuMusatuu GyHkuumii |H 1| u |Hy| B cpene MATLAB
IIPY TIOMOIIM TOMCKa MUHUMYMa 3Ha4eHHs (DYHKIIHH.

CpaBHUM 3Ha4€HUA 1, U k, 111 00pa3LloB repMaHus,
KPEMHHUSI ¥ CHTaJIJIa C JaHHBIMH, OJyYeHHBIMH B paboTax

[8—11]. Pe3ynbTars! pacueToB COBMNAIM C JAHHBIMU JIPYTUX
uccnenosareneit (tadmn. 2). Koadduuuent noromenus B
obpasnax paccuuTbiBajcs o Gopmyie (8).

YuciieHHOE MO/IeJIUPOBAHHE
3J1eKTPOMArHUTHOTO HarpeBa o0pa3noB

CrauyoHapHasi MOJIeJIb HarpeBa MCCieayeMbIX 00pas-
LIOB NIPH B3aMMOJEHCTBUH C 3JIEKTPOMArHUTHBIM H3JTyue-
HHUEM CO3JIaHa IPH ITOMOILU METO/[a KOHEUHBIX AJIEMEHTOB
[12] 8 mporpamme COMSOL Multiphysics. st Mmogenupo-
BaHUSI IIPUMEHEH MOJIYIIb TEILIONePEiaqn B TBepIoM Teie! .
HemocpencTBeHHOE MOAETHPOBAHUE AIIEKTPOMATHUTHOTO
W3JTyYeHUS He TIPOBOAMIOCH, TAK KaK Takas 3ajada TpedyeT
pazOuTHs MOIENN Ha KOHEYHBIE 3JIEMEHTHI C Pa3MepoM
e menee 100-200 am (10-20 % OT AIMHBI BOTHBI), YTO
MPUBOJIUT K KpaliHE HU3KOM MPOU3BOIUTEILHOCTH pacuyeTa
N HEBO3MOXHOCTH €T0 MMPOBECACHUA. BwmecTo »Toro pu-
MEHEHO COOTBETCTBYIOIIEE TEIIOBOE TPAHUYHOE YCIOBUE
B MOJIyJIe TEIIONEpe/iaul B TBEPJOM Telie — O0ObEeMHBbIH
UCTOYHUK TeIoThl Q. DyHxuus Q;, BKIIOUaIa KaK ONTHU-
YecKre CBOMCTBA MaTeprala, Tak M MapaMeTpsl Iydka. ITo
MO3BOJIUIIO ITPOBECTH J0CTOBepHOE 3D-MoenupoBaHue co
CpETHIM BPEMEHEM pacueTa MopsiKa HECKOJIBKIX CEKYH/I.
Moperns Obla pa3duTa Ha KOHSYHBIE SIIEMEHTHI B (hopMe Te-
TPadIpPOB, ¢ Ooiee METKUM pa30HeHIEM B IICHTpEe 00pasiia.

Temmogmsnyeckue cBoiicTBa Marepuanos Ge, Si, GaAs
B3ATHI U3 BcTpoeHHoi oubnunoreku COMSOL, cBoiicTBa
cutamia CT-50-1 6butn B3aTHI U3 [13] 1 pencTaBieHb B
tab1. 3. Koadduunent reruoornadun orq, XapakTepusyo-
K MpoIecC KOHBEKTHBHOTO TEII00OMEHa, PACCUUTAaH C
MPUMEHEHHEM Teopuu ropodust [ 14].

HawanpHast Temriepatypa Bcex 2JIEMEHTOB CUMTAJIACh
paBHOM koMHaTHOM U coctasisuia 24°C. Ilpu atoMm ypas-
HEHHUE TEIJIOBOTO OajlaHCca UMEET BH]

dr
pCpE +Vq =0,

€ p — IUIOTHOCTD, Cp — yAaecjbHasA TCIJIOEMKOCTh MTPpU
IIOCTOAHHOM JAaBJICHUH, T — abcomroTHAas TeMIeparypa,

1 Heat Transfer Module User’s Guide [DnekTpoHHbIi pecypc].
Pexxum nocryma: https://doc.comsol.com/5.4/doc/com.comsol.
help.heat/HeatTransferModuleUsersGuide.pdf (zara o6pamienws:
28.09.2022).

Tabnuya 2. OnTnveckue cBoicTBa 00pasoB

Table 2. Optical properties of the samples

Mapaerp Marepuan

Ge Si Curana CT-50-1 GaAs

Koadpdunment orpaxenus R 0,39 0,32 0,11 0,38

Kosdppuunent nponyckanus 7' 0,00 0,01 0,03 0,37

[Noka3zarens npenoMaeHus n, pacuet 4,31 3,64 1,96 3,50
JaHHbIe padot [8—10] 4,38 [9] 3,58 [10] — 3,52 [8]

Koa¢durment skernakmun kg, 102 | pacyer 20,30 0,08 0,05 1,50
nanHele pador [9, 10, 11] 23,20 [9] 0,08 [10] — 1,55 [11]

Kos¢durment nornormeHnst oy, M1 264-103 108.,3 59,8 21,0
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Tabauya 3. Ternodusmyeckre CBOCTBA MaTePUAIOB M ITapaMeTPhl TEINIO0OMeHa

Table 3. Thermophysical properties of the samples and the parameters of heat and mass transfer

Marepnan
Ilapamerp
Ge Si Curann CT-50-1 GaAs
[lnoTHOCTS p, KI/M3 5320 2330 2460 5320
Ternoemxocts Cp,, Jhi/(xr K) 320 703 920 327
Koa(duuueHT TemionpoBoIHOCTH Ay, BT/(M-K) 61,0 162,0 1,2 51,8
Koaduiment remmooraadu org, Br/(M2-K) 5,2 5,3 3,9 4.7

Q;, — 0ObeMHBIN UCTOYHUK TeIlla; V( — IUBEPreHIHs
BEKTOpa MJIOTHOCTH TEIUIOBOTO MOTOKA.

PaccunTtaeMm BEKTOp MIOTHOCTH TEIJIOBOTO MOTOKA IO
3axoHy Dypse:

q= 7}\'TCHJIVT >

€ Ao, — K03 uIMeHT Teronposoanoctu; VI — rpa-
JMEHT TEeMIIepPaTyphbI.

Oynkiwms Q;, BKIIOYaeT B cedst PyHKINIO HOPMATEHOTO
pacmipeneneHus o KOOpJuHaTaM X U ), MO3BOJISIOIIYIO
Y4HUTBIBaTh (POPMY ITyUKa, U 3aTyXaHUE 3JIEKTPOMArHUT-
HOTO M3ITy4YeHUsI B Marepuale 3a CUeT MOMIOIIEHHs BIOJb
z-xoopauHatsl [15]. I[IpuHuMas 3HaAYCHUS CTaHIAPTHBIX
OTKJIOHCHNUH G, ¥ G, PABHBIMH APYT APYTY U G, ¥ IPUHH-
Mast 32 Ha4aJi0 KOOp/MHAT LIEHTp 00pasiia ¢ KoOpANHATaAMHU
(0,0,0), BeIpaxkeHue OyaeT UMETh BUJ:

s [ﬂ]
Oin(x, »,2) = Qg1 = R)— e 03 et leae,
o

IIpu MonenupoBaHUM yUTE€M KOHBEKTHUBHBIA U Jy4H-

CTBI Ter1006MeH ! :
NGgopp = aTO(T OKp T)’

! Heat Transfer Module User’s Guide [DmnekTpoHHbIi pecypc].

Pexxum noctyna: https://doc.comsol.com/5.4/doc/com.comsol.

help.heat/HeatTransferModuleUsersGuide.pdf (nara oOparmenmus:
28.09.2022).

a
Ml | 24,5°C
“;’ oM M2 | 248°C
M3 | 250°C

7nqnyq = 86C]S(T(?Kp - T4)’

I7Ie 1 — BEKTOP HOPMAJIH; € — CTCIICHb YCPHOTHI TETIA;
6 — HocrosHHas Credana—bonblMaHa; (g, 1 Ay —
BEKTOpa IJIOTHOCTH TEILIOBOTO MOTOKA (KOHBEKTHBHOTO U
nylmcmvro COOTBETCTBEHHO); 7, oxp —— TEMIIEPATypa OKpy-
JKaroIeit cpensl, paBHas 24°C.

Pe3yabTaThl M 00cyKAeHUS

Jlnist Beex McciemyeMbIX 00pa3IoB BEIIOJIHIM U3MeEpe-
HHE TEMIIEPaTypPHOTO MOJIS IPH MOTIOMICHHUH T1a/IA0IIET0
u3ydeHus. VismMepeHns npoBeaeM IpH MOMOILH TeIIo-
Bu3opa Testo 881 ¢ TemrepaTypHO# 4yBCTBUTEIHHOCTHIO
1o 50 MK. PesynmeraTsl pacdera moins TeMneparypsl B 00-
pasnax M KCIepUMEHTaIbHbIE TEPMOIPaMMBbI PEICTaB-
JeHsl Ha puc. 3. Ha akcnepuMeHTalbHBIX TEpMOTpaM-
Mmax (puc. 3, a, ¢, e, k) IpeACTaBICHO TOJE TeMIepaTyp
B 00pasiie 1 JIOKaJibHbIC 3HAUCHUs B Toukax M1, M2 u
M3. Paccunrannoe nose Temneparypsl (puc. 3, b, d, f, ) B
o0pa3nax MpeiCTaBIeHo I CTOPOHBI 00pasiia, 00paTHO
00mydaemMoil cTopoHe (C 3TOH K€ CTOPOHBI CHUMAJIHCh
TEPMOTPaMMBl).

[IpoBenem aHANIN3 U3MEHEHUS TEMIIEPATypbl OTHOCH-
TENBHO ee HadambHoro 3HaueHus (24°C), momrydeHHON pr
pacdere AT}, ., ¥ B pesyiasrare skcrepumenta AT, .. [l
metona CTO mHTEpec mpencTaBIsieT TeMreparypa B 00ia-
CTH OOITy4eHHUS ITy4KOM, T. €. B IeHTpe o0pasma (Touxa M3

b
A 2483223 X107 M
- 0o 5
24.83
24,825
24.82
24,815
¥ 24.81408
y
ZL‘X

Puc. 3. DKcriepuMeHTaIBHBIC TEPMOTPAMMBI U pacdeThl ToJei Temrepatyp oopasuos: Ge (a, b); Si (¢, d); curamna CT-50-1 (e, f)
u GaAs (k, )

Fig. 3. Experimental temperature patterns and calculation of the samples temperature fields: Ge (a, b); Si (c, d); sitall CT-50-1 (e, ),
and GaAs (k, /)
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c d
Ml 24,9 °C
d, o™ M2 26,0 °C
2 M3 28,3 °C
e A 28,2349
28 28,23
28,22
28,21
26 28,2
28,19
v 28,18755
24
d, cm z__Xx
W
e S

A 29,46449

-10 0 10 MM
29
-10
27
0
25 10
WV 24,07577 J&,
X MM
o
k /
MIl 26,9 °C
d, em M2 26,6 °C
M 27,0 °
3 70°C T, °C A 2725975
27,24
27,22
272
27,18
V¥ 27,16494
d, cm Z_ X
y

Puc. 3. DxcniepuMeHTaIbHBIC TEPMOTPAMMBI M pacdeTsl oseil Temmeparyp odpasnos: Ge (a, b); Si (c, d); curamna CT-50-1 (e, f)
u GaAs (k, /)

Fig. 3. Experimental temperature patterns and calculation of the samples temperature fields: Ge (a, b); Si (c, d); sitall CT-50-1 (e, /),
and GaAs (k, /)

Ha HKCIIEPUMEHTAIILHBIX TepMorpaMmax). B Takom ciryuae [Tonyuum 3HaYeHUS BETMYHMHBI & JUIst 00pa3uos: 3,7 %
OTKJIOHCHHUE JaHHBIX pacdyeTa oT dkcuepuMeHTanbHbIXx  (Ge), 1,6 % (Si), 5 % (curamt CT-50-1) u 8,3 % (GaAs).
JIAHHBIX COCTABUT:

( ATpac-{ — AT /AT, ) 100%.
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MogpenvposaHue npoLecca CTauyoHapHOro TePMOOTPAXEHNSA A1 U3MEPEHNSA TEMIONPOBOAHOCTN MaTeEPUanos

3akJjoueHne

Ha ocHoBe npeaioxKeHHOM METOIUKHU CO3/1aHa YHC-
JIEHHas MOJIeJb HarpeBa MaTepuajoB MpU MOMIOMEHUN
AJIEKTPOMATHUTHOTO n3nydeHus. CpaBHEHUE pe3yabTaToB
pacdera TeMIieparypsl B 00pas3iax U 9KCIepUMEHTaIbHBIX
M3MEpeHNnil oKa3alo, 4To PacXOKCHUE JJaHHBIX HE IIpe-
BoimaeT 9 %. Ilomy4ueHHBIN pe3ynbTaT TOBOPHUT 00 ajek-
BaTHOCTHU BBIOpaHHOU Moxenu. [IpeacTaBneHHass MOACTH
MOXET OBITh MCIOJIB30BaHa AJISI KATMOPOBKN YCTAHOBKH
CTaIMOHAPHOTO TEPMOOTPAXKEHNUS C MPUMEHEHUEM 3TaJIOH-
HOro oOpasua, HarpuMep carndupa, a TakKe Ha U3y4EeHHBIX
TOHKOIUICHOYHBIX 00pa3iax (Hampumep, Ha TOHKUX IJICH-
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KaxX KPEeMHHs) U TaKMX HU3KOPa3MEPHBIX 00BEKTaxX, KaKk
rpadeH. B nanpHelmem npeaioxKeHHbIH METOJ U yCTa-
HOBKa MOTYT NPUMEHSTbHCS JUISL NCCIIEJOBAHMUS TEIUIONPO-
BOJHOCTH TOHKHX IJICHOK HOBBIX MaT€pHaIoB.

[Ipemnoxena meroauka pacuera kod(duirenTa norno-
IIEHUs, KOTOpasi BaXKHA JUIsI TOYHON OIICHKH KOJIMYECTBa
TIOTJIOIICHHOW 00pa3lioM MOIIHOCTH M3Iy4eHHUs. JTO He-
00X0IMMO TS OTIpeieeH s (PaKTHYECKOTO TEILIOBOTO TI0-
TOKa IIPU pacdeTe TeronpoBoaHocTy. ITokasano, 4o s
00pas3Ii0B C BEICOKUM MOIIIONICHUEM, TAKUX KaK FepMaHuii,
JIOCTATOYHO MpocToi Mozesu. J{ist 00pa3ioB ¢ HU3KUM
MOIVIOIIEHUEM, TAaKUX KaK apCeHUJI rajuius, HeoOXxoauma
MoJIelThb, yuuThiBaromias 3gdexr dadpu—Ilepo.
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AHHOTAIUA

Ipeamet ucciaenoBanus. PaccMorpena npo6iaemMa KOMIIBIOTEPHOTO MOJEIHPOBaHUs ()(EKTHBHBIX IBIKUTEICH
THIIA BUHT B KoJblie. [10 ONBITY IPUMEHEHHs B PYJIEBBIX (DEHECTPOHAX BEPTOJIETOB CIAPEHHBIX JIONACTEH M3BECTHO,
YTO Takas KOHQUTypalus co3JaeT MEHbIIE IIyMa 10 CPABHEHMIO C PABHOMEPHBIM PACION0KEHUEM JIomacTel
1Mo Ookpyx)HOCTH. OJHAKO MOTOK 32 TAKMM BHHTOM MEHEe PaBHOMEPHBII, YeM y OOBIYHOTO BHHTA B Komibue. s
OECHHIIOTHBIX BO3AYIIHBIX CyZOB MYIBTHKONITEPHOTO THIA M a3POTAKCH KITIOUEBOU MPOOIEMOil SBIsSETCS MOJIeT Ha
pexnMmax B3JeTa M IOCAAKH, a TaKXKe aKyCTHYECKHE U BUXPEBBIE ITOJIS, CO3/IaBaeMble ABIKUTEISIMA HA JTaHHBIX
pexumax. CHIKEHHE YPOBHS IITyMa y IBIDKATEINCH cO ClTapeHHBIMH JIOTTACTSIMU TOTEHITHAIBHO MOYKET COIPOBOXKAATHCS
YCUJICHHEM HECTAI[OHAPHBIX BUXPEBBIX BO3IEHCTBHI Ha JIeTaTeIbHBIN almapar, a Takke CHIDKEHUEM YACIBHO TSATH.
B nanHO#f paboTre mpeaokeHa METOMKA YUCICHHOTO MOJICIMPOBAHUSI BUHTOKOJIBLEBBIX JIBI)KUTEICH Ha pexUMe
B3JIeTa U MOCAAKH, ONPEICICHUN ONTHMAIBHOTO YIJIa MKy JIONACTAMH, a TaK)Ke B CPAaBHEHHH BHHTOKOJIBIIEBOTO
JBUKUTENS CO CIIapEHHBIMU X-00pa3HBIMHU JIOMACTAMU ¢ OOBIYHBIMU BHHTaMu. MeToa. PacueT TypOyneHTHBIX
TEUCHMH BBITIOJHEH C UCIIOIB30BaHUEM HECTAIIMOHAPHBIX OCPEIHEHHBIX N0 PeifHonbacy ypaBHenuit HaBpe—Crokca ¢
npusiedeHrneM moxaenu Shear Stress Transport (SST) Moxenu TypOyTeHTHOCTH U MOJETUPOBAHHSI KPYITHBIX BUXpPEH C
MIPUMEHEHNEM Mojienu nojceTouHoi Baskoctt WALE (Wall-Adapting Local Eddy-viscosity). B pacuerax ucrnons3oBana
momudukanus y—Rey Transition SST monenn typOynentHoctr JIsHrrpu—MeHTepa, B KOTOPOil HMEIOTCS COOTHOILICHHS
JUISL KPUTEPHS NTePeMekaeMOCTH. DTO TTO3BOJIMIIO YUECTh JJAMUHAPHO-TYpOYJISHTHBIH MEpeXo] U IOSBICHHE TOHKHX
JIAaMHHAPHBIX OTPBIBHBIX IMTy3bIPEH, BIUSIONIMX KaK Ha TATYy BUHTA, TAK U Ha HEPABHOMEPHOCTH TEUCHHMS 32 HUM.
TCCTI/IpoBaHI/Ie MPOBEACHO HA YETBHIPEXJIONMACTHBIX BUHTOKOJBUEBLIX NBUXUTEIAX IO U3BECTHBIM pE3yJbTaTaM
9TAJIOHHBIX HKCIIEPUMEHTOB [[eHTpaIbHOrO a3pOruIPOIMHAMHYECKOr0 MHCTUTYTa MMeHH npodeccopa H.E. XKykosckoro.
OcHoBHBbIe pe3yabTaThl. TectupoBanue y—Rey Transition Shear Stress Transport (tSST) momenu TypOyneHTHOCTH
JIsarTpu—MeHTepa 1mokasao, 4To OHa JIydire cTaHgapTHol SST-Mozen BOCIPOM3BOANT 3aBUCHMOCTD KO3 DHIIEHTOB
TSTU ¥ MOITHOCTH OT yTIJIa yCTAHOBKH JlomacTeil. PacdueTs! mokasann HalMdne 4eTKO BBIPAXKEHHOTO ONTHMyMa MO
YIIy MEX/y CIIapSHHBIMH JIONACTSIMU. BEIToIHEHHOE CpaBHEHNE TPEXIIONACTHOTO, MECTIIIONACTHOTO ONHAPHOTO 1
IIECTHIIONACTHOTO CO CJIBOCHHBIMH JIOIACTSMH BHHTOKOJIBIEBBIX ABHKUTEIICH TTIOATBEPANIIO, YTO ITOCICAHUH BapUaHT
HMEEeT HECKOJIBKO JIydIINe XapaKTePUCTUKH TATH M CO3JaeT CYIIECTBEHHO MEHBIINH ypOBEHb IIIyMa Ha MECTHOCTH.
ITpakTHYecKkasi 3HAYUMOCTD. VIccrie10BaHHbIE XapaKTEPHUCTHKN BUHTOKOJIBLIEBOTO BHKUTEIS TPOAEMOHCTPHPOBAITIH
MePCHEeKTUBBI IPUMEHEHUS] BUHTOB CO CIBOSHHBIMHU JIOMIACTAMH B BO3AYIIHBIX CylaX C BEPTHKAIbHBIM B3JIETOM U
nocaakoil. OTpaboTanHas YUCICHHAs METOANKA MOXKET ObITh HEMOCPEICTBEHHO MCTIONb30BaHa ISl TPOMBIIIEHHBIX
pacdeToB BUHTOB M BEHTHUIISITOPOB.

KiioueBble cjioBa
OCCIIIOTHBII JICTaTeIBHBIN armapar, 0eCIIIOTHOE BO3AYIIHOE CYIHO, BAHTOKOIBIIOBOM JBIKHTEIb, MATEMAaTHIECKOEC
W KOMITBIOTEPHOE MOJICTTHPOBAHKE, ONITUMH3ALUS, (DEHECTPOH
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Abstract

The problem of simulation of efficient ducted fan type propulsors is considered. From experience of operation of twin
blades in fantails of helicopters, it is known that this configuration creates less noise compared to a uniform arrangement
of the blades around the circumference. However, the flow behind such fan is less uniform than that of a conventional
ducted fan. For multicopter-type unmanned aircraft and air taxis, the key problem is flight in take-off and landing modes
as well as acoustic and vortex fields created by propulsors in these modes. The decrease in the noise level in propellers
with twin blades can potentially be accompanied by an increase in non-stationary vortex effects on the aircraft as well
as a decrease in specific thrust. The objectives were to develop a method for simulation of ducted fan propellers in the
takeoff and landing mode, to determine the optimal angle between the blades, and to compare a ducted fan with twin
X-shaped blades to conventional blade position. Turbulent flows were calculated using transient Reynold-averaged
Navier-Stokes equations, complemented by SST turbulence model, and large eddy simulation with WALE subgrid
viscosity model. The calculations used the modification y—Rey Transition SST of the Langtry-Menter turbulence model,
where there are relations for the intermittency criterion, which made it possible to consider the laminar-turbulent
transition and the appearance of thin laminar separation bubbles that affect both the thrust of the propeller and the non-
uniformity of the flow behind it. Testing was carried out on four-bladed propellers according to the known results of
the TsAGI reference experiments. Testing of the y—Rey Transition SST Langtry-Menter turbulence model showed that
it reproduces the dependence of the thrust coefficient and power factor on the blade angle better than the standard SST
model. Calculations have shown that there is a clearly defined optimum angle between the paired blades. A comparison
of three-bladed, six-bladed single and six-bladed propellers with twin blades showed that the latter option has slightly
better thrust characteristics and creates a significantly lower noise level on the ground. The studied characteristics of
ducted fans demonstrate the prospects for the use of propellers with twin blades in aircraft with vertical takeoff and
landing. The developed numerical method can be directly used for industrial calculations of propellers and fans.

Keywords
unmanned aerial vehicle, unmanned aircraft, ducted fan, modeling and simulation, optimization, fenestron
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Benenue PYJEBOro BHHTA Ha BepTojieTax. Takue BUHTHI MOTYYHIIN

Ha3BaHWE (EHECTPOH (3apETHUCTPUPOBAHHOE Ha3BaHHUE,

enp paboTel — pa3paboTka METO/Ia YUCICHHOTO MO-  NpHHaJUIexKallee koMmnanuu Eurocopter, B HacTosiee
JeTNPOBaHUS BUHTOKONBIEBBIX nBmkutTeneit (BK/) muc-  Bpems Airbus Helicopters). CriapeHHBIE JIONACTH TAKKe
CJIeZIOBaHUE BUHTOB CO CITAPCHHBIMU JIONACTAMH (pHUC. 1).  MOJyYHIIM BIEPBBIC pacpoCTpaHCHUE HA (EHECTPOHAX
BuHT B Konblie SABISETCA O0Nee CIOKHBIM JBIDKUTENEM,  BEPTOJICTOB KaK 00JICe «TUXUCY IBHKUTEIIH, YeM OOBIUHBIC

YeM BUHT. BriepBble OH MIMPOKO OBbIT IPIMEHEH B KAYECTBE  BHUHTBHI.
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MartemaTtnyeckoe 1 KOMMNbIOTEPHOE MOLENNPOBAHUE ...

Puc. 1. DerecTpoH CO CrIapEHHBIMU JIOMACTSIME BEPTOJIETA
Ka-62

Fig. 1. Fenestron with twin blades of the Ka-62 helicopter

Cpenu MoTEHIUATBHBIX TPAHCIOPTHBIX Majioraba-
PUTHBIX OCCIUIOTHBIX JieTaTebHBIX ammaparoB (BJIA)
MOJIy4YuJs pa3BUTHC HOBBIM KJ1acc CPaBHUTCJIIbBHO HE-
60J'II)HJI/IX MYJBTUPOTOPHBIX JIETATCJIbHBIX alnaparoB.
KBaspoxonreps! (JieTaTenbHbIE anmapaThbl ¢ YeTHIPbMS
HECYIIMMHU BUHTAaMH, JIBE Mapbl U3 KOTOPHIX BPAIIAIOTCS
B IIPOTHBOIIOJIOXKHBIX HalpaBICHUsIX) 00JIaJa0T PsiioM
MIPEUMYIIECTB (KOMIIAKTHOCTh, MAHEBPEHHOCTbD, MaJast
B3JICTHASI Macca MPH 3HAYUTEILHON Macce IOJIe3HON Ha-
rpy3kn) nepen apyrumu tamamu BJIA [1]. [dns obecrie-
yeHns YPPEKTUBHOTO PYHKITHOHUPOBAHUS HA PA3ITHIHBIX
pEeKUMax IoJIeTa Ha 3Tare MPOEeKTHPOBaHMS HEOOXOIUMO
KOMIIJIEKCHOE PElleHHe psija IPo0OIeM, CBA3aHHbIX C yIyd-
INEHHUEM a3pOANMHAMHUYCCKUX XapaKTCPUCTHUK JICTATCIIbHOI'O
arrapara 1 €ro pasjimuHbIX CUCTEM. B YaCTHOCTH, BaA’)KHBIM
SIBIISIETCSI BOIPOC, CBSI3aHHBIN C ONpE/eIeHUEeM XapaKTe-
PHUCTUK BUHTOBOTO JBMIKHTEIS U €T0 BIUSHUS HAa ApYyrue
yactu BJIA [2]. Imeromuecs pe3ynbTaThl YUCICHHBIX U
9KCIIEPUMEHTAIILHBIX MCCIIeJOBAHUH ITOKa3aJIH, 4TO paboTa
BHUHTOBOTO JBM)KUTEISI OKa3bIBACT CYIICCTBEHHOE BIUSIHUC
Ha a3pOJJMHAMUYECKHE CHIIBI 1 MOMECHTHBIE XapaKTePHCTH-
ku BJIA [3, 4].

Viydmenne a3poguHaMUYECKUX U a3POAKyCTHUECKUX
XapaKTePUCTHK KBAJPOKONTEPA TECHO CBS3aHO C OMpeee-
HHEM ONTUMANTLHBIX TapameTpoB BK/I. Ota 3amaqa siBisiet-
Cs1 CJIOKHOM M MHOTOKPUTEPUAIbHOM, HAJIMUKE KOJIbLIA €1Le
OoJiee yCIOKHSIET aHAIN3, TaK Kak J00aBIISIFOTCS JIOTIOTHU-
TCJIBHBIC MEPEMEHHBIC, ONTUCBIBAIOINEC BSaMMOHCﬂCTBHe
BUHTA ¥ POQHUINPOBaHHOTO KaHaia [5-9].

OnvH 13 MHCTPYMEHTOB ONTUMHU3AINH CYIIECTBYOIINX
U [TOMCKA HOBBIX CXEM U KOMIIOHOBOK BJIA — wncienHoe
MonenupoBanue. IIpu 3ToM UMeeTcss BOZMOKHOCTh HE
TOJIBKO PACCUMTHIBATh TATOBBIE Xapakrepuctukn BK/I,
HO U UCCIIEN0BATh TeueHne, (hopmupyronieecs 3a BUHTOM.
B pa6ote [10] BeimonmHEH 0030p IKCIIEPUMEHTANBHBIX U
YUCIIEHHBIX McciaenoBaHuii. McciieqoBanus ABMKUTENEH
10J00HOr0 THIA OCYIIECTBISIIOTCS METOIOM HATYPHOTO
skcniepuMenTa [11-14] u yncneHHBIMH METOAAMH, B TOM
guciae RANS/URANS [15-17] u Buxpepa3pelaromumu
MOJX0JIaMH K MOJEIUPOBAHHUIO TYPOYICHTHBIX T€UECHUI
[18]. CpaBHenue pesynpTaToB pacueta TeueHnus B BK/,
TIePEMENIAIOIEMCS CO CKOJIBKEHHEM, C OKCTIEPUMEHTAIIb-

HBIMH JaHHBIMU [19] nmpogemMoHCTpUpPOBAIN XOpoIiee
cosmnajieHne. PazpaboranHble MPOrpaMMHBIE CPE/ICTBA B
HacTosIIEe BPEMsI ITO3BOJISIIOT MOJICITMPOBATH OCOOCHHOCTH
00TeKaHMs KaK N30JIMPOBAHHOTO HECYIIETO BUHTA C yTIPY-
THUMH JIOTIACTSIMH, COBEPLIAIONIMMH MaX0BOE JIBUXKEHUE,
KaK y BEPTOJICTA, TAK U COBMECTHO C (PIO3EILIKEM U pyIie-
BBIM BUHTOM [20-22]. B wacTHOCTH, BUXpepa3pelIaronine
METOIBI MOACTMPOBAHUS TypOyTeHTHBIX TeueHmid Detached
Eddy Simulation (DES) npumenstrores B pabote [23] mms
pemIeHHs CONPSHKEHHOM 3a1a4n pacdeTa a3poyIpyron ae-
(hopmaruu Jionacreil BEpToJIeTHOrO BUHTA.

BaxHoe 3HaueHHEe Takke MPUOOpeTaeT aHAIHU3 aKy-
cThueckoro mryma, reepupyemoro BK/I u BJIA B nienom.
Perucrpanus 1 00paboTKa aKyCTHYECKOIO CHI'Haa peji-
CTaBIIsICT MHTEpec Ui uaeHTnuKayy bJIA u BeimomnHse-
MOTO UM MaHEBpa, a TAKXKe JUIs U3BJICUCHHS HH(POpMAIINH,
TIOJIE3HOM JUIsI KOHTPOJIS 32 MECTOTIONIOKEHUEM U TTapaMe-
Tpamu ABMKeHus. JKecTkie TpeOOBaHMUs 110 YPOBHIO IIyMa
Ha MECTHOCTH NpeabsaBistorces K BJIA TpancnopTHoro Ha-
3HaueHUs U OyayIieMy HepCcrieKTUBHOMY BHY TPAHCIIOP-
Ta — ad9POTAKCH.

B03MOXXHOCTH TI0O MOJEITUPOBAHUIO a3POAMHAMUKHI
BHUHTOB, KOTOPBIC OTKPBIBAOTCA C MOABJICHUEM HEJIMHEH-
HOI HECTaLlMOHAPHOM BUXPEBOU TEOPUU BUHTA Ha OCHOBE
TOHKOIl Hecylell MOBEPXHOCTH, MO3BOJIUIN MPUCTYNUTh
K HCCIIEIOBAHUIO a3POAKyCTUUYECKUX XapaKTepPUCTUK BUH-
TOB B JaJIbHEM Iosie. MeToJ onpeAeneHus] HeTMHEHHbIX
A9POAMHAMHMUYECKUX XAPAKTEPUCTUK B HECTALMOHAPHON
MIOCTAaHOBKE Ha OCHOBE TOHKOM HecCyIled MOBEPXHOCTH
mpeacTaBieH B pabote [24]. B [25] cmonenupoBano oOTe-
KaHUe NIeCTUIONACTHOTO BUHTA C Hcnonb3oBanueM TVD-
cxeM (Total Variation Diminishing) Ha TeTpasapanbHOit
CeTKe, a PacyeT aKyCTHUECKOTO IIyMa B JaJbHEM II0JIe
IIPOU3BEJEH C NMOMOIbIO MeToAuKH Pokca Yuiuibsmca—
XoxkuHrca. JlaHHas METOJIMKA UCIIOIb30BaHA B HACTOSIIICH
pabore. MozpenupoBanue 0O0TEKaHUsI HECYIIEro BUHTA B
o01ieM ciryyae JBM)KEHHUSI, OTIPEJICIEHUE ero aspoinHa-
MHUYECKHUX U aKyCTMYECKUX XapaKTEePUCTHK IIPOBEIEHBI B
pabotax [26, 27].

Jlist u3ydeHus: 3aKOHOMEPHOCTEH JABHKEHUS KBaapa-
KOIITEPa YaCTO MCIIOJIB3YyEeTCsl MaTeMaTHYecKasi MOJIEIb,
OITMCHIBAIOIIAST IBM)KEHNE TBEPZOTO TEJIa C MIECTHIO CTeTIe-
HSMH cBOOOIHI [28, 29], KOTOpas MOKET IPIUMEHSATHCS U C
YUETOM YBEJINYEHHS HOIBEMHON CHIIBI 33 CYET 3KPAHHOTO
3¢ dexTa, BOSHUKAIOIETO BOIM3H MoBepXHOCTH 3eMin [30].

B nannoit paboTe npeanokeHa METOMKA YHCICHHOTO
9KCIIEPUMEHTA U uccienoBaH BUHT B Konblie BK3X-K6 co
CABOCHHBIMH JIoTIacTAMU (puc. 2), rae K6 — tum nonactu.

I'eomeTpuyeckasi MoeJib

PaccMOTpuM reoMeTpHUYECKy0 MOENb CO CIENyIo-
IMMMH TapaMeTpaMM: yToJl CMELICHUs J0nacTeil BUHTA
B ABYXPAIHOW KOHQHUTYypanuu Ay, IpoIoIbHOE CMelle-
Hue Jsioniacteit 8, yron otkinoHenus BK][ ot Beprukamy v.
BenuunHbl Ay 1 3 SIBISIFOTCSI BADBUPYEMBIMH U TIOJUIEKAT
ONTHMU3AIMH, YTOJI HAKJIOHA — BHEIIHsIA IepEMEHHast WITH
napameTp peraeMoi 3aiauu y (mpumeM y = 0).

s cpaBHenus BeIOpansl BKJ ¢ Tpex-, ueTsipex- u
MIECTHIIONACHBIMHU BUHTaMH (pHC. 3, a—C), a TaKkKe JABYX-
PSTHBIM IIECTIIIONIACTHBIM BUHTOM (puc. 3, d). OtpaboTka
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Puc. 2. Cxema uccielyeMoro BUHTOKOJIBIIEBOTO JBIXKUTENS: Ay — yroil CMELleHHUs jonacTeil BuHTa; D — nuamerp BUHTA;
8 — IpONIOJIBHOE CMELLEHHE JonacTei; L — 0ceBasi HPOTSHKEHHOCTh BUHTOKOJIBLEBOTO JIBHKUTENS; U — CKOPOCTh Haberarouero
[I0TOKA; Y — YTOJI OTKJIOHEHHS! BUHTOKOJIBIICBOTO ABMKUTEIIS OT BEPTUKAJIN.

a—sunnpuy=0;b—sugupuy#0

Fig. 2. Scheme of the researched ducted fan: Ay — displacement angle of the fan blades; D — fan diameter; & — longitudinal
displacement of the blades; L — axial extension of the ducted fan; U — incoming flow velocity; y — angle of deviation of the ducted
fan from the vertical

Puc. 3. BUHTOKOJIBIICBBIC JIBIKUTEIH, BRIOPAHHBIC [T CPaBHUTENBHBIX HccienoBanuii: BK3-K6 (a), BK4-K6 (b), BK6-K6 (c¢),
BK3 x 3-K6 (d)

Fig. 3. Ducted fans selected for comparative studies

YHUCJIEHHOM MeToauku BbinoiaHeHa Ha BK/I ¢ yetbipexiio-
nmacTHBIM BuHTOM BK4-K184B.

MogenupoBaHre BBITIOJIHEHO IS JHAMETPOB: BUHTA
D,, paBaom 760 mm, u BTynku Bunta — 0,258 D, npu
XapaKTepuCTHKax: Jonacteid BUHTOB K6 (puc. 4) u BUHTa
K184B (puc. 5). OTHOCHTENbHAS IUMPUHA JIONACTH NIPU-
asita b = 0,0875.

Bo BHyTpeHHuX cedeHHsX jomacTu BuHTa K6 1m0
r < 0,572R ucnons3oBansl npoduiu [1-117, Bo BHem-
Hux — npodunu I1-105a. ¥V npoduns I1-105a kpususHa
noctosiHHasA = 7 % (TOpU30HTANBHBIN ydacTok f= 7 %

1§

W

puc. 4, ), y npoduis [1-117 mensiercs 1o 3a1<0Hyj_f= 11—

(kpuBONIMHENHBIH yyacTok nipu 7 < 0,6, puc. 4, ).

Vros yCTaHOBKH JIONIACTEH @) 75 HA OTHOCUTENILHOM pa-
myce 7 =r/R = 0,75, tne R — paauyc BUHTA 33]1aH Ha YPOB-
HE ¢ 75 = 28°. JlanHbIii pasMep yria BeIOpaH UCXO/Is U3 U3-
BECTHBIX Y(D(DEKTUBHBIX YITIOB YCTAHOBKH CYIIECTBYIOIINX
TSDKEIOHArPYKEHHBIX BUHTOB M yIJIa TIOBOPOTA MPOGHIIs
Ha KOMeJIe JIOTIaTK!, KOTOPBIH He TOJKEH MpeBhImars 90°.

PacuerHast 00;1acTh M PA3HOCTHAS CETKA

PacyerHast 001acTh COCTOUT M3 Bpallatonencst (poTop)
U CTaIlMOHAPHOM (cTarop) momodnactei, ais yyeta B3au-

a b
09 b
b c, %
-0,8
30
fi%
10 + 204
f
5+ 10 |
0 1 1 1 1
0,5 1,0 0,5 ‘\1,0
r L_10 r

Puc. 4. TeomeTpruuecKre XapaKTEpUCTHKH JIONIACTH BUHTA K6:J_’
U b — OTHOCHTENIbHBIC KPUBHU3HA U IMPUHA Ipoduits (a);
C — OTHOCHUTEJIbHAs TOIIMHA NPODUIIS U (¢ — KPYyTKa JIOIMAcTH
(b); ¥ — OTHOCHUTEINBHBIN pagUyC CEUCHHS JIOTIACTH

Fig. 4. Geometric characteristics of the K6 fan blade f—
relative profile curvature; b — relative fan blade width (a);
¢ — relative profile thickness; ¢ — blade twist (b); 7 — relative
sectional radius of the fan blade
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MartemaTtnyeckoe 1 KOMMNbIOTEPHOE MOLENNPOBAHUE ...
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Puc. 5. CpaBuenne xapakrepuctuk jornactu Buara K184/K184B u camonetHbix BUHTOB (a—d) u cepun npoduei (e, f).

221n (nepemuuit) u 2213 (3axHuil) — BUHTHI camonera AH-22; AB-68 — BunT camonera Au-24; [1-117